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Abstract

Low-frequency instability in AC electric traction power systems has come to be a
concern in recent years. Power oscillations in the range of 10-30 % of the system’s
fundamental frequency are reported from all over the world after the introduction of
large numbers of rail vehicles being equipped with modern power electronic traction
chain solutions. The disturbance of rail traffic has been especially noticeable in Norway,
where the railway power supply contains rotary frequency converters which show a
poorly damped electromechanical eigenfrequency of approximately 1.6 Hz.

The overall goal of the present thesis is to acquire knowledge concerning stability in the
traction power system, focusing mainly on the low-frequency oscillations and
interaction between electric rail vehicles and this particular rotary converter. An
important part of this work is to establish a connection between the fields of both power
electronics and power system analysis.

The problem is approached by the development and study of basic differential equations
and characteristics for the two main dynamical components in the system — the
synchronous-synchronous rotary frequency converter and the advanced electric rail
vehicle. These simplified models are used to obtain a better understanding of the
dynamical behaviour of a full converter-vehicle simulation model which is studied by
the use of both time simulations and linear analysis (eigenvalues and frequency
responses). The developed vehicle model is open and independent of any specific
vehicle manufacturer. The model’s basic validity however is investigated by
comparison with measurements performed on a real-life electric rail vehicle.

This thesis focuses on the small-signal behaviour of the power system in the mentioned
low-frequency range. Detailed analytical investigations of the complex single-phase AC
power system is difficult, thus most of the analytical studies in present thesis focusing
on the active power oscillations are carried out by several simplifications. The largest
simplification is the assumption of the AC voltage and current in phase and only
considering their amplitude values. This is useful for initial understanding, but is
insufficient when phase angles are to be taken into account.

Therefore the simplified analytical considerations by principle are compared with the
complete AC power system model in a rotating reference frame as commonly utilised
for large power systems. However, for this full simulation model it has been found that
traditional power system simplifications by use of standard RMS-values are insufficient
in correctly representing the instability phenomenon compared with a more realistic
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instantaneous value model. Fast network dynamics and vehicle current controller which
are commonly neglected, have to be included as well and consequently an enhanced
RMS model is proposed.

Two characteristics of the state-of-the-art electric rail vehicle are found to be of
importantance. First, a control objective of the vehicle is to keep the power consumption
constant and independent of the power supply conditions. This constant power load
characteristic is shown to result in a positive feedback loop and basically violate a
stability criterion derived for the rotary converter. Second, the time variance of a single-
phase system results in several filter time constants giving dynamics in the low-
frequency range. Of particular importance is the DC-link voltage control loop. These
dynamics might additionally reduce the stability margins.

This study’s main contribution is as a foundation for further investigation into low-
frequency traction power system stability, especially in regard to the open vehicle
model that is developed and discussed. A further focus should be on an understanding
of more of the aspects of the AC system interaction and how to include this in a feasible
method for power system study, in which the inner and commonly hidden details of the
complex components are included, although not specifically disclosed.
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1 Introduction

This chapter introduces this thesis within the topic of traction power system stability.
Based on the background of the work and a review of previous research, goals and
research questions are established. The outline of the report is concluded with main
contributions and a publication overview.

1.1 Background

Both railway systems and power systems are complex, and there are many factors
which influence each other. The challenge is to make all the systems’ components
interact without operational disturbance. Commonly, the phrase ‘electrical system
compatibility’ (ESC) is used to describe how electric components interact with each
other in this complex system (Schmidt, et al. [154]). This system includes the electric
rail vehicles (locomotives), the power supply infrastructure and the electrical
telecommunication, interlocking and signalling infrastructure.

Experience has demonstrated that introducing a new electric rail vehicle into an existing
railway infrastructure often leads to new and unexpected issues since the vehicle and the
infrastructure may be incompatible. Many projects have experienced so-called teething
trouble when the commercial operation of a new vehicle is scheduled.

One such issue is low-frequency power oscillations, which have taken place at several
locations worldwide and may lead to system instability. The situation is precarious in
Norway where standard European rail vehicles introduced into the railway system often
do not comply with the existing power supply. A simplified sketch of the worst case
Norwegian traction power system is given in Figure 1-1.

Rotary converter

| Long line Advanced electric rail vehicle
7%‘\'@@'@‘@ | — o3

3~ 50 Hz system i 1~ 16 % Hz system <D D>

If{A

VOO @IOONY

Figure 1-1: Sketch of a simple electric traction power system with a rotary converter and an
advanced electric rail vehicle

Electric trains in Norway are mainly supplied via the overhead contact line from
frequency converters along the railway lines. These converters are needed as the railway
operates at a different power frequency than the main public grid. A long distance
between the converter stations results in a relatively weak grid. Several of these
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converters are rotating electric machines that show a poorly damped eigenfrequency in
the range of 1.6 Hz. The Swedish electric traction power system shares this
characteristic, which differs though from the typical railway power supply in continental
Europe since this type of frequency converters is typically not used.

Lack of compatibility between rail vehicles and these poorly damped rotary converters
may have several unfortunate consequences (Toftevaag and Palsson [178]). As
mentioned, the oscillations are a challenge for new rail vehicles and stable operation
may be obstructed; the vehicles may not function properly or not operate at all.
Operational problems and traffic delays are expensive in terms of time and cost for both
the vehicle manufacturer and train operator, with the people who suffer the most in the
end being the train passengers and taxpayers. Additionally, the infrastructure manager
fears extra mechanical stress and damage to the rotary converters. Experience has
shown that low-frequency oscillations also cause flickers given by voltage fluctuations
in the main public grid. The first occurrence of this happened in 1998 and was largely
exposed in the media (e.g. Abelsen, et al. [4]).

As an example, Figure 1-2 shows the annual delays caused by power system problems
in a limited part of the Norwegian traction power system when new vehicles were
gradually introduced from 2002 (Danielsen and Toftevaag [56]). The situation was
improved by changes in the system.

60

48 £

24+

Delays [Hours per year]
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00 N | ! . ! ! !

2002 2003 2004 2005 2006

Year

Figure 1-2: Annual delays caused by power system problems for selected years in the railway
system.

New rail vehicles have become more and more technically optimised and advanced.
Hence, they have often gotten the description of being ‘advanced electric rail vehicles’,
though the development of new technical solutions may result in system
incompatibility. In general, wide system compatibility is important due to the
requirement of interoperability and cross-border rail traffic (Hill [82]). In other words,
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one vehicle should be able to operate in several different countries that may contain
different infrastructure characteristics.

The trains within the railway network are operated by different companies that own or
rent the rail vehicles. A new rail vehicle has to be declared compatible to the existing
traction power system before being put into operation. In Norway, this declaration is
given by the Norwegian National Rail Administration (Jernbaneverket) which plans,
builds, maintains, owns and manages the state railway infrastructure. Therefore,
Jernbaneverket is also responsible for the power supply’s condition. The final
acceptance of the vehicle is given by the Norwegian Railway Inspectorate (Statens
Jernbanetilsyn) based on this declaration.

Nevertheless, detailed information about how each new rail vehicle is designed and
works internally is not given to Jernbaneverket during such a compatibility
investigation. Instead, the focus is on the characteristics of the interface between the
vehicle and the railway system. For low-frequency dynamics, no such interface
characterisation has been commonly agreed upon, but low-frequency compatibility
phenomena are still young and need more investigation and knowledge.

In order to understand the physical relationship regarding the experienced low-
frequency instability and in order to be able to take action to improve the power supply
conditions, Jernbaneverket decided in 2004 to support a deeper study through a PhD
work.

1.2 Previous research

Even if the low-frequency oscillation issue in the railway context must be characterised
as young, some research has already been published and is well-known among the
experts’ community. Many of these publications describe the issue from a practical
point of view based on experiences from real life. These experiences are also collected
and shortly described within a different context in Chapter 2. For the reader who is not
familiar with traction power system stability, it might be of value to read that chapter
before continuing through this section about previous research.

The first observations of heavy low-frequency oscillations in the Norwegian rotary
converters caused by rail vehicles were made when introducing the NSB locomotive
class El 18 back in 1996. Investigations, measurements, modelling and simulation
studies have been carried out internally by the infrastructure side at Jernbaneverket in
cooperation with SINTEF Energy Research, and a summary of the knowledge gained
was published by Toftevaag and Palsson [178]. The rotary converters used were found
to have a poorly damped electromechanical eigenfrequency of approximately 1.6 Hz.
This poor damping was explained by the absence of explicit damper windings in the
converter’s synchronous motor’s rotor. One excitation source for these oscillations was
found to be the rail vehicle’s adhesion controller that on wet or slippery rails may cause
the vehicle power to rapidly change in order to operate on the maximum friction limit
between rail and wheel. Unfortunately, these power changes coincided with the rotary

Steinar Danielsen 3



Electric traction power system stability

converter’s eigenfrequency, i.e., resulting in forced oscillations at a frequency where the
damping is weak.

Over the past 10 years, these experiences and the emerging questions which always
follow have been the source for several student master projects at the Norwegian
University of Science and Technology. Garten [70] and Aschenbrenner [13] modelled
the rotary converter. Stensby [168] studied and developed a power system stabiliser
(PSS) together with different rotary converter excitation systems. Johannessen and Bruu
[91] studied the phenomenon of self excitation effects between the poorly damped
rotary converter and the series capacitors used in order to compensate the overhead
contact line reactance.

On the vehicle side, work has also been conducted in order to make the advanced
electric rail vehicles function within the characteristic Norwegian railway infrastructure.
Meyer and Ljunggren [121] reported that there may be some interaction phenomena
between the rotary converter and the electric vehicle control system, as in such a weak
network they form a noticeable closed feedback loop. The powerful Iron ORE
locomotive used in the Norwegian-Swedish line between Narvik and Kiruna was
reported to have acted with a slight damping on the rotary converters’ oscillations.

In as late as 2009, it was reported that these weak and poorly damped network
characteristics present a large challenge when introducing new vehicles into the
Norwegian and Swedish infrastructure (Kratz and Pawlak [105]). Some train
manufacturers even bring new vehicles to Norway for pre-testing and experience
collection before completion and acceptance testing in order to improve and ensure
compatibility (Kaeser, et al. [99]). However, the detailed results from this recent
research have not yet been published.

The field of electrical system compatibility is large and was the main impetus behind
the European research project ESCARV — Electrical System Compatibility for
Advanced Rail Vehicles (Schmidt, et al. [154] and Henning, et al. [81]). Meyer [119]
gives an overview of all the various electrical compatibility phenomena that may result
in interaction problems between an AC rail vehicle and the infrastructure. This spans
from DC currents, slow transients, low-frequency oscillations, active and reactive power
control and limitations, electrical resonance instability, overvoltages due to harmonics,
and the influence of electromagnetic fields on track circuits.

For that reason, one of the stability issues within the ESCARV project was over low-
frequency power oscillations, though electrical resonances between inductances and
capacitances and the excitation of those received more focus. This instability can occur
at frequencies higher than typically three times the system’s fundamental frequencies. A
reasonable explanation for this focus is that these oscillations were better known due to
specific accidents, e.g. the 165-Hz instability case in Switzerland as reported by Meyer
and Schoning [122].
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The ESCARYV project further focused on the interface between the rail vehicles and the
power supply (Hill [82]), and the electrical resonance phenomenon even got its own
stability criterion — the input admittance criterion as mathematically proven by Paice
and Meyer [135]. Admittance represents the transfer function from a voltage
disturbance to the current output for an electric component. The criterion guarantees a
stable system if the real part of the input admittance is positive at frequencies where the
imaginary part is zero. That means that a vehicle is not allowed to have a negative input
admittance (i.e., inject current) at power supply resonance frequencies.

One benefit of such an interface criterion is that it is not necessary to know the details of
the technical solution inside the rail vehicle in order to perform compatibility studies.
As a result, the vehicle manufacturer can still keep its design secrets. A methodology
for a stability study was presented by Lortscher, et al. [114]. This methodology has been
developed in such a way that it is possible to measure both infrastructure and vehicle
frequency responses relatively simply (Meyer and van-Alphen [125]).

This input admittance criterion has been a template when the low-frequency qualities of
rail vehicles has later been studied. For a long time due to non-linear behaviour, no
methodology for investigation except time domain simulations has been established
(Meyer [118]). The challenge then is to study the stability and design the system with a
reasonable stability criterion that is not too conservative (Sudhoff et al. [93]).

Prols and Strobl [148] further developed the input admittance criterion in their study of
low-frequency stability together with the Nyquist criterion known from general control
theory. The approach was based on so-called harmonic transfer functions (HTF) that
described couplings among different frequencies as shown by Mollerstedt [130]. For
non-linear and time-variant systems, these frequency couplings may have to be
considered. The large advantage of this approach is claimed to be an extensive reduction
in the amount of time taken to perform stability studies when each vehicle is modelled
by transfer functions instead of performing time consuming time domain simulations.

As a part of the explanation of the 5-Hz oscillation and instability in Ziirich
(Switzerland) which occurred, Menth and Meyer [116] proposed another approach. An
advanced rail vehicle is explained to have dynamics below the fundamental system
frequency due to the power time variance that is inherent in all single-phase systems.
This time variance limits the bandwidth of the vehicle’s active power control. The study
showed that it was sufficient to model the power supply system as an ideal voltage
source and the network impedance was mainly determined by the line impedance and
short circuit impedance of the substation. It was also claimed that a situation with more
than one vehicle could be modelled by multiplying the line current from one vehicle so
that the voltage drop over the network impedance of n vehicles is n times the voltage
drop caused by one single vehicle.

These low-frequency dynamics by Menth and Meyer [116] are proposed to be
represented by four transfer functions in a two-axis (d and g) system, such as is
commonly considered for three-phase systems with the methodology summarised by
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Harnefors [72]. Harnefors, et al. [74] propose how this two-axis approach can be used
for stability investigations of a three-phase voltage source converter (VSC) based on
input admittance considerations. The references [116] and [74] both represent an
important input for present thesis, especially when it comes to development of the
vehicle model in Chapter 5 and the input admittance considerations in Chapter 8.

Debruyne [60] reports on a 3-Hz oscillation and instability in the railway area of
Washington, DC in the US. The reason for this instability is explained as the negative
dynamic impedance the rail vehicle represents in the power system when the vehicle
aims to keep the power demand constant. That is, when the line voltage decreases, the
vehicle line current has to increase correspondingly in order to keep their product
constant. As a solution, a simple but effective dynamic impedance compensation
algorithm was implemented for all rail vehicles in the network and stability was
achieved. This compensation ensured that the sign of the current change always equals
the sign of the voltage change at given frequencies, i.e., making the vehicle act like a
passive component such as a resistor at the oscillation frequency.

Most published research in advanced rail vehicle control concerns the motor side in
favour of the line side. Consequently the there are only a few detailed publications
describing the vehicle in this low-frequency phenomena in existence. Unfortunately,
many of the publications reporting on practical experience do not include basic detailed
theoretical explanations which could help readers who are inexperienced in the field to
get started working on it. None of the referred publications reports a stability analysis of
the complete vehicle and rotary converter system and explains why this system is
vulnerable to instability. Furthermore, the publications proposing input admittance
considerations for low-frequency instability in railway AC systems are short in
interpretation and examples.

1.3 Scope of work
1.3.1 General

The low-frequency instability may be investigated in several ways. There are two main
groups of engineers working in this field who have different backgrounds and will thus
choose different approaches. The rail vehicle is designed by engineers with a
background in the field of power electronics, who have deep insight into electric motor
drives. The infrastructure manager’s engineers who operate the power system may have
an overview of the system, but they do not have a detailed knowledge of all the
system’s components. As a consequence, the exchange of information and an
understanding of each other’s publications may prove to be difficult.

1.3.2 Objective

The overall goal of this PhD study is to obtain knowledge about the stability of traction
power systems, with a primary focus put on low-frequency power oscillations and
interaction between electric rail vehicles and the rotary frequency converter. An
important part of the work will be to establish a connection between the field of power
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electronics and the field of power system analysis. Based on these studies and the
acquired knowledge, a concept or methodology for an integrated stability analysis of
traction power systems should be investigated. Through the use of this methodology,
possible remedies to improve or stabilise the power system will be studied.

1.3.3 Research questions

Based on this background, previous research and the general problem formulation
mentioned above, the following research questions may be established:

Is it possible to use traditional power system analysis tools and methods to study
the low-frequency instability in traction power systems?

e How and what influences the synchronous-synchronous rotary frequency
converter’s low-frequency electromechanical swing equation?

e How does an advanced rail vehicle work in view of the observed low-frequency
instability?

e How do input admittance considerations work in terms of low-frequency
instability?

These questions will be discussed in Section 9.2.

1.3.4 Limitations

This study is to be carried out on power system analysis level. A detailed study of the
various power system components such as the synchronous machines and rail vehicles
is not the main topic. However, some detailed knowledge with regard to some of these
components is required, especially in fulfilling the goal of increasing knowledge about
rail vehicles.

Furthermore, a focus has been put on the interaction between the rotary converter and
the rail vehicle. Investigations on remedies for the rotary converter side, e.g. power
system stabilisers are leaved out, as this is a topic for another internal project to be
carried out with the cooperation of both the Norwegian and Swedish National Rail
Administrations.

This thesis also focuses on the field of small-signal stability, i.e., the inherent attributes
of the entire dynamical power system that are normally studied and described by use of
small-signal linear methods such as eigenvalue analysis. The analyses are also limited to
phenomena in the low-frequency range, i.e., below the system’s fundamental frequency.
Due to non-linearities and non-continuous controllers in the power supply and rail
vehicles, compatibility issues related to larger disturbances may also occur. Yet before
treating these phenomena, sufficient small-signal stability has to be ensured.

Steinar Danielsen 7



Electric traction power system stability

1.3.5 Approach

The present study is a combination of theoretical derivation, modelling, simulation,
measurements and experience from real life. On every topic, there has been a way of
working chosen that best illustrates the point with less effort. Often, simplified
expressions which describe the points in an easily understandable way are established
instead of using detailed, complex and fully correct expressions which make the topic
more difficult to interpret.

The practical experience originates from measurements and observations on real-life
vehicles. The author of the present thesis has participated at 17 days/nights of testing in
the role of test leader, power supply organiser, project staff or observer. Several of the
tests are connected to the LFSTAB (Low-Frequency STABIlity) project, a joint venture
between Bombardier Transportation and the Norwegian and Swedish National Rail
Administrations.

1.4 Main contributions
The main contributions of this thesis are:

e A collection and short presentation of reported traction power system instability
events and stability studies published during recent years. These events are
categorised in view of traditional power system stability classification. Such a
review has not been published before and is given in Chapter 2.

e The development and study of a second-order electromechanical swing equation
for a synchronous-synchronous rotary frequency converter. This simplified
model describes the main characteristics of the rotary converter’s low-frequency
oscillations, and comparisons to more detailed models and measurements are
performed. Publication attempted in [59] and reported in Chapter 3

e The development, evaluation and stability analysis of advanced electric rail
vehicle models in view of their low-frequency behaviour. The detailed
development and description of the line-side of a rail vehicle is based on
fragments found in the available literature which is compiled into a complete
model. Such a comparison between a single-phase power electronic converter in
instantaneous value mode and RMS mode has not previously been found. This is
published in [52] and reported in Chapter 5.

e An analytical development and study of the basics of the advanced electric rail
vehicle’s low-frequency DC-link voltage control eigenmode. The results are
compared with the detailed vehicle model by use of small-signal stability
analysis. Detailed information about this phenomenon is not found published
before. Partly published in [54] and reported in Chapter 6.

e Study of the low-frequency interaction between an advanced rail vehicle and the
power supply with a rotary converter, by use of both time simulations and small-
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signal stability analysis (linear analysis). Models of the two components,
respectively, are merged into one common system. Such a study is not reported
before and is partly published in [58]/[57] and [53] and reported in Chapter 7.

e The application of the analytically derived simplified second-order rotary
converter’s swing equation and rail vehicle’s DC-link voltage control mode
models in an input admittance and output impedance consideration for low-
frequency dynamics. Such a qualitative explanation of one possible reason for
the low-frequency instability phenomena experienced in traction power systems
has not been reported before. Partly published in [54]/[55] and [34] and reported
in Chapter 8.

1.5 OQutline of the thesis

The outline of the thesis is as follows:

e Chapter 1 introduces this thesis within the topic of traction power system
stability. Based on the background of the work and a review of previous
research, goals and research questions are established. An outline of the report is
concluded with main contributions and a publication overview.

e Chapter 2 gives an introduction to electric traction power supply, electric rail
vehicles and power system stability that might prove useful to read before
continuing in this thesis. Different instability events and stability studies
reported from traction power systems are categorised according to traditional
power system instability classifications.

e Chapter 3 presents the development of a second-order swing equation for a
synchronous-synchronous rotary converter which describes the main
characteristic of the converter oscillations that have been experienced. The
results from this equation are compared with measurements and more detailed
higher-order models. A stability criterion in view of single-phase load voltage
dependency is proposed.

e Chapter 4 explains various concepts of power system modelling that will be
compared in the stability studies later in this thesis. An enhanced RMS mode is
proposed as a compromise between instantaneous value modelling and standard
RMS mode modelling.

e Chapter 5 presents a complex and fully developed model of the line-side part of
an advanced electric rail vehicle. Step-by-step, each controller is explained and a
comparison between time-variant instantaneous-value modelling and time-
invariant RMS modelling is investigated. The complete models are evaluated in
view of the dynamics observed by a load step response and a long line stability
test.
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e Chapter 6 develops the main characteristics of the low-frequency eigenmode for
the DC-link voltage control of an advanced electric rail vehicle. A simple
second-order model is compared with the fully developed model of the vehicle
and measurements on a real-life vehicle. The eigenmode’s sensitivity to vehicle
parameters and operating point is studied.

e Chapter 7 chapter reports on a study of the interaction between the rotary
converter and the developed advanced rail vehicle model conducted by use of
traditional power system stability investigations, i.e., linear analysis and time
simulations. Various methods for stability improvement are investigated and a
reason for the observed instability is proposed. The main principles are
compared with measurements on a real rail vehicle.

e Chapter 8 introduces considerations in the frequency domain of system stability
based on input admittance of the rail vehicle and output impedance of the rotary
converter. Simplified analytical frequency responses are discussed in view of a
derived stability criterion. Input admittances of the full vehicle simulation
models are also calculated and discussed.

e Chapter 9 includes a discussion of the results obtained in the previous chapters
and presents answers to the research questions, conclusions and suggestions for
further work.

The majority of the chapters contain a discussion and conclusion of the work performed
and the results gained in each respective chapter. An overall discussion and conclusion
of the work in this thesis is given in Chapter 9.

In order to support the understanding of modelling and stability study carried out in this
thesis, introduction to linear analysis is given in Appendix C.

1.6 List of publications

Parts of the work reported in this thesis have been described in the following
publications (listed chronologically):

Journal paper with peer review:

[52] S. Danielsen, O. B. Fosso, M. Molinas, J. A. Suul and T. Toftevaag, Simplified
models of a single-phase power electronic inverter for railway power system

stability analysis — development and evaluation, Electric Power System
Research. 80 (2), pp. 204-214, 2010.

International conference papers presented:

[56] S. Danielsen and T. Toftevaag, Experiences with respect to low frequency
instability from the operation of advanced electric rail vehicles in a traction
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[58]

[53]

[54]

power system with rotary converters. MET2007 8th International Conference
‘Drives and Supply Systems for Modern Electric Traction’. Warsaw, Poland, pp.
51-57,2007.

S. Danielsen, T. Toftevaag and O. B. Fosso, Application of linear analysis in
traction power system stability studies. Computers in Railways XI: Computer
System Design and Operation in the Railway and Other Transit Systems. Toledo,
Spain, pp. 401-410, 2008.

S. Danielsen, O. B. Fosso and T. Toftevaag, Use of participation factors and
parameter sensitivities in study and improvement of low-frequency stability
between electrical rail vehicle and power supply. /3th European Conference on
Power Electronics and Applications, 2009. EPE '09. pp. 1-10, 2009.

S. Danielsen, M. Molinas, T. Toftevaag and O. B. Fosso, Constant Power Load
Characteristic’s Influence On The Low-Frequency Interaction Between
Advanced Electrical Rail Vehicle And Railway Traction Power Supply With
Rotary Converters. MET 2009 9th International Conference ‘Modern Electric
Traction’. Gdansk, Poland, pp. 89-94, 2009.

The following papers have been submitted for publication:

[59]

[57]

[55]

S. Danielsen, T. Toftevaag and O. B. Fosso, Swing equation for synchronous-

synchronous rotary frequency converters. Electric Power System Research.
Submitted in 2009.

S. Danielsen, T. Toftevaag and O. B. Fosso, Application of linear analysis in
railway power system stability studies, Power Supply, Energy Management and
Catenary Problems. Invited for publication in 2009.

S. Danielsen, M. Molinas, T. Toftevaag and O. B. Fosso, Constant Power Load
Characteristic’s Influence On The Low-Frequency Interaction Between
Advanced Electrical Rail Vehicle And Railway Traction Power Supply With
Rotary Converters. Electromotion. Invited for publication in 17 (1). 2010.

Additionally, the author of present thesis has contributed to the following publications:

[14]

[80]

H. Y. Assefa, S. Danielsen and M. Molinas, Impact of PWM switching on
modeling of low frequency power oscillation in electrical rail vehicle. Power
Electronics and Applications, 2009. EPE '09. 13th European Conference on. pp.
1-9, 20009.

C. Heising, M. Oettmeier, V. Staudt, A. Steimel and S. Danielsen, Improvement
of Low-Frequency Railway Power System Stability Using an Advanced
Multivariable Control Concept. 35th Annual Conference of the IEEE Industrial
Electronics Society (IECON). Porto, Portugal, pp. 560-565, 2009.
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[34] L. Buhrkall, S. Danielsen, A. Eisele, M. Bergman and J. Galic, Low-frequency
oscillations in the Scandinavian railway power supply — Part 1: Basic
considerations, Elektrische Bahnen. 108 (1-2) pp. 56-64, 2010

[35] L. Buhrkall, S. Danielsen, A. Eisele, M. Bergman and J. Galic, Low-frequency
oscillations in the Scandinavian railway power supply — Part 2: Tests of traction
units, Elektrische Bahnen. Accepted for publication in 108 (3), 2010

The author has also been invited to give the following presentations (title was free to
choose):

[50] S. Danielsen, Vehicle related low frequency oscillations in the Norwegian rail
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[49] S. Danielsen, Low-frequency instability and oscillations in railway power
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The author has been a member of the CENELEC TC9 X Railway applications working
group C11 “Technical Criteria for Coordination: Power Supply / Rolling stock’ since
fall 20009.
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2 Electric traction power systems and stability

This chapter gives an introduction to electric traction power supply, electric rail
vehicles and power system stability that could be useful to read before continuing in this
thesis. Different instability events and stability studies reported from traction power
systems are categorised according to traditional power system instability
classifications.

2.1 Introduction

This chapter could be useful for the reader who is not familiar with electric traction
power systems or power system stability. Additionally, the collection and review of
work already performed and published within this narrow field may be valuable for
those who want to go into deeper detail or perform further research in this area.

In this thesis, the term ‘electric traction power system’' is used to describe the total
system of components used for the generation/conversion, transmission and
consumption of energy for electric railway transport. This is based on the definition of
the ‘electric traction system’ as the ‘railway electrical distribution system network used
to provide energy for rollings stock’” in EN50163 [40]. Kiessling, et al. [102] use the
term ‘traction power supply system’ for the same system. The majority of energy
consumed in the system is used for the propulsion of electric trains, i.e., for traction
purposes, though, part of the energy is used for auxillaries in both the infrastructure and
the trains (comfort and control equipment). It is not explicitly clear from the two
referred definitions that the electric trains are included as a part of the traction system or
not, but in this thesis they are.

An electric train may consist of one or several physical units. They may be locomotives
which purpose is to move the rail cars that carry the train’s load, i.e., passenger or
freight wagons, although the cars can also be self-powered so that no locomotive is
needed. These are often called electric single or multiple units. In this thesis, the term
‘vehicle’ is generally used to describe the mobile traction power consuming load. The
power needed for the propulsion of the vehicle is focused on in this thesis.

Thus, the electric traction power system consists of the power supply (fixed
installations) being the generation/conversion and transmission equipment, and the
loads being the electric rail vehicles (rolling stock). Other loads in the system are not
treated in this thesis.

! Though the word "railway’ may be more self-explanatory for the unexperienced reader than *traction’.
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2.2 Electric traction power supply

2.2.1 Electrification systems

Electrified railway systems have benefits in terms of both transport capacity and the
environment compared with railway systems based on fossil energy carriers such as oil
and coal. The history of railway electrification and its extensiveness is well documented
in the technical literature, i.e., by Kiessling, et al. [102], Steimel [163] or Ostlund [188].
In the context of this thesis, it can however be summarised that the Norwegian State
Railway’s first electrified railway was the line between Christiania (now Oslo) and
Drammen that opened in 1923.

The electrical system chosen in Norway was an AC single-phase system which had a
nominal voltage of 15 kV and a fundamental frequency of 16 % Hz. This system was
considered to be better both economically and technically for conventional railways
than the concurrent proposed DC systems. Austria, Germany, Sweden and Switzerland
also chose to electrify their rail systems in the beginning of the 20™ century, and
selected the same system. The low fundamental frequency made it possible to both
transfer power over longer distances by use of transformers and to maintain relatively
easy control of the speed of the vehicle by the use of AC series commutator motors.

Due to the enormous progress in power electronics for vehicle control, countries that
started to employ AC electrification typically after World War II chose the single-phase
25-kV 50-Hz system. Today, international standards allow only 25 kV 50 Hz or 3 kV
DC for new systems, though existing 15-kV 16 %:-Hz systems are allowed to be
extended.

An overhead contact line is commonly used for transferring the electric energy to the
moving rail vehicle. Continuous and reliable transmission of energy from the contact
line is ensured by a sliding current collector on the vehicle’s roof. In order to close the
current loop, the so-called return current flows through the vehicle’s wheels and the
rails back to the feeding or generation point. In some cases, the return current is
collected into special return conductors by the use of booster transformers.

Figure 2-1 shows a principle sketch of the Norwegian national railway power supply.
The development from 1923 to today and further plans can be vaguely seen along the
horizontal axis. The details will be introduced in the following sections.

2.2.2 Centralised feeding

From the beginning, the electrified line between Christiania and Drammen was supplied
via a high voltage transmission line from a hydro power station that generated directly
on the railway’s frequency (Blacutts, et al. [28]) as shown on the picture’s left side.
Such a direct generating system is still used today to a large extent in Austria, Germany
and Switzerland where large power stations supply the rail network by use of 110 or
130-kV lines. This is called centralised feeding. Such a network may also be partially
fed by a frequency conversion from the public 50-Hz network. The traction power
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system is not necessarily synchronised to the rest of the country’s main power system,
and asynchronous-synchronous frequency converters can be used. The frequency-
coupling between the main public network and the asynchronous railway network is
said to be elastic and allows for an active power control through the converters by use of
speed-droop characteristics. In order to avoid direct current in the asynchronous motor’s
rotors under low-load conditions, the reference frequency in the centralised railway
power supply is changed to 16.70 Hz (Linder and Heinze [111]).
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converter

' High voltage transmisgion network
55KV =227 KV, 16 213 Hz
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station @
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Return conductor I 30KV sformer
W - il Positiv feeder
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Figure 2-1: Principle sketch of the Norwegian electric traction power system and its supply.

2.2.3 Decentralised feeding

In Norway and Sweden, it was found to be beneficial to feed the railway from the
overall interconnected three-phase 50-Hz public grid by use of rotating synchronous-
synchronous converters. This is called decentralised feeding and includes a stiff
frequency coupling between the two networks as the railway’s fundamental frequency is
exactly 50/3 = 16 % Hz. The majority of the energy consumed by rail traffic in Norway
and Sweden today is converted from 50 Hz in a number of converter stations along the
railway lines (Johnsen and Nyebak [95]).

The rotary converter can be found in the middle of the picture in Figure 2-1, and will be
further explained and investigated in Section 2.2.4 and Chapter 3. To a lesser extent,
synchronous-synchronous converters are also used in the eastern part of Germany which
is not connected to the rest of the German traction power system. These converters have
been studied by Biesenack [24] and Stoltze [169] in view of steady-state and dynamic
operation, respectively.
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In such a frequency-stift system, the possibilities for controlling the power flow are
limited to the use of the automatic voltage regulators on the converters’ motor and
generator. Active and reactive power flow is difficult to control independently of each
other as both are influenced by the voltage amplitude.

On some lines, series capacitors have been used to compensate for the line’s reactance,
reducing the impedance between the feeding point and the train.

Over the last 20 years, static frequency converters have been put into service,
sometimes in addition to, and sometimes as a replacement for rotary converters. The
static converters will not be a further topic in this thesis.

In the future, Jernbaneverket is aiming at introducing the so-called autotransformer
(AT) system for the long radial lines in Norway, as can be seen in the lower right corner
of Figure 2-1. This system utilises a negative feeder with the potential of —15 kV in
addition to the overhead contact line and positive feeder at +15 kV. The auto
transformers located every ~10 km along the line make it possible to transfer power at
30 kV closer to the train, thus reducing the equivalent line impedance and voltage drop.
The AT system is in use on some lines in Sweden (Biilund, et al. [39]), and is also being
discussed for use in Germany (Zynovchenko, et al. [187]). Due to the high number of
tunnels and cuttings in Norway, the Norwegian system will be designed differently in
order to maintain a balanced impedance for the different phases (Varju [180]).

2.2.4 Rotary converters and their operation

The Norwegian and Swedish rotary synchronous-synchronous frequency converters are
discrete motor-generator sets and are in present thesis referred to as rotary converters.
They consist of one single-phase 16 %-Hz synchronous generator (SG) that is driven
directly by a three-phase 50-Hz synchronous motor (SM) as shown in Figure 2-2. The
typical rating is 3-10 MV A per unit. Frequency conversion is obtained due to the ratio
between the number of the machine’s rotor poles which is 4/12 = 1/3. Both motor and
generator are equipped with their respective excitation system that includes both an
automatic voltage regulator (AVR) and DC or AC brushless field machines.

The rotary converters in Norway are located in converter stations along the electrified
railway lines at a distance of 20 to 90 km apart, with two or three converter units
frequently located at each station. The number of converters in service is adapted to the
hourly variation of power demand dictated by the amount of train traffic. Most of the
converter units are placed on rail carriages in order to simplify maintenance and
adapting the capacity to the long-term power demand.
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Figure 2-2: A drawing from Lundberg [113] of a transportable rotary converter with a
synchronous motor (right) and a synchronous generator (left). In both ends of the

shaft, there are corresponding field machines.

Such a rotary converter can be operated in three different modes:
e [Interconnected mode: In normal operation, both three-phase utility grid and
single-phase traction power systems are interconnected as shown in Figure 2-3.

The power supply to one train is then supported by several converters in parallel.

e [slanded mode: The sectioning in the three-phase network and railway line
maintenance frequently requires the overhead contact line to be sectioned. This

causes the island operation of one converter (station) to directly feed the trains

on the specific section. There is no connection between the single-phase

generator and other generators as shown in Figure 1-1.

® Reactive compensation mode: A rotary converter may also be used as a
synchronous condenser to support the single-phase voltage by the use of reactive
power production without a three-phase power supply (Berggren [20]).
However, it is seldomly used and is not in the focus of this work.
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(300-400 kV)

Public distribution network
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Figure 2-3: Single line diagram of a traction power system with rotary converters connected to

the public utility grid.
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The island operating mode as shown in Figure 1-1 is known to represent the most severe
operating conditions regarding low-frequency instability (Danielsen and Toftevaag
[56]). Hence, such conditions are focused on in this thesis. A reference case will be used
for the majority of the analysis, and is described in detail in Appendix B.1.

The rotary converters used in Austria, Germany and Switzerland, where the frequency
coupling between the 50-Hz and 16 %3-Hz networks is elastic, utilises an asynchronous
motor instead of the synchronous motor previously mentioned. Such rotary converters
were still available in 1997 (Pfeiffer, et al. [147]), but today the marked is too small for
supplying new single-phase generators (Steimel [165]) and power-electronic solutions
are increasingly used.

2.3 Electric AC rail vehicles

The basics of electric rail vehicles and their historical development is well documented
in the technical literature, e.g. by Steimel [163] and Ostlund [188]. However, a short
summary follows.

Electric rail vehicles differ from most other types of vehicles such as electric cars and
busses?, electric aircrafts and all electric ships in one important respect which is that rail
vehicles are constantly connected to the power supply system during operation, while
these other modes of transport carry the energy needed for propulsion onboard.
Therefore, rail vehicles are more bound to the railway infrastructure, and interaction
issues are more likely to arise.

2.3.1 Tap-changer rail vehicles

The selected traction power system’s fundamental frequency has historical roots and is
related to the available technology at the beginning of the previous century. It relates to
the principle normally used for the speed control of an electric motor and thereby the
train. This principle was based on a single-phase AC series commutator motor operating
on a low frequency which is essentially equal to a DC motor that has armature and field
winding in series. When the magnetic flux in both windings simultaneously changes
direction due to current alternation, the motor torque direction remains unchanged. To
avoid commutation problems, the motor is operated on low fundamental frequencies,
which explains the need for frequency conversion as described in Section 2.2. The
rotational speed of such a DC motor is proportional to its armature voltage. Speed
control is therefore carried out by tap-changing on the vehicle’s main step-down
transformer’s secondary or primary side. Rail vehicles from this category are still
strongly in use.

? Trolley buses excepted.
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2.3.2 Phase angle controlled or thyristor controlled rail vehicles

The progress of power electronic development introduced new solutions for control of
the traction motor. The first application of power electronics was the diode-bridge
rectification of the motor voltage, but the speed control of the DC motor was still
carried out by transformer tap-changing.

The large benefits of power electronics however was realised by the thyristor. Thyristor
vehicles, or the phase angle controlled vehicles, have dominated the Swedish rail
network since the 1970s. The voltage applied on the DC motors is rectified by a half
controlled thyristor bridge, making the torque control of the motor continuous instead of
stepwise. The large disadvantage of this technology is a large reactive power
consumption and harmonic current production as studied by Olofsson [134].

2.3.3 Advanced electric rail vehicles

The vast technological developments of the last 20 years within the field of power
electronics and digital control has resulted in the state-of-the-art use of the robust and
compact three-phas)e induction motor in traction drives. Such vehicles with advanced
power semiconductors and modern microcomputer control systems are often called
‘advanced rail vehicles’. Other descriptions of these vehicles may be ‘inverter vehicles’,
‘asynchronous motor vehicles’ or ‘four-quadrant converter (4QC) vehicles’.

A principal sketch of this type of vehicle showing its main electrical components is
given in Figure 2-4. There is a line side and motor side of the intermediate DC-link. The
vehicle’s interface to the rest of the power system is a voltage-source converter (VSC),
mentioned as the ‘line-side converter’, behind a step-down transformer. The line-side
converter’s task is to supply the DC-link capacitance with energy from the overhead
contact line in order to keep the DC-link voltage constant. The DC-link capacitance is
the energy source for the motor VSC, often called the motor-side inverter’, and the
induction motor.

For high-power locomotives, Gate Turn-Off (GTO) thyristors as semiconductors has
been common until recently, but the use of Insulated-Gate Bipolar Transistors (IGBT) is
increasing as the development proceeds. In order to reduce harmonics the
semiconductors are commonly switched with a pulse-width modulated (PWM) pattern.
Typical rating of such a four-axle universal locomotive is up to 6.4 MW measured on
wheel (Steimel [163]).

3 Can also be seen referred to as ’line converter’, ’line inverter’, ’four-quadrant converter’ or ’active
rectifier unit’.
* Can also be seen referred to as “motor inverter’, motor converter’ or ’traction converter’
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Figure 2-4: a) Sketch of an electric advanced rail vehicle with its main electrical components.
b) More detailed sketch of the traction chain including the semiconductors and DC-
link filters.

The line-side converter is able to operate in all four quadrants, independently
controlling active and reactive power. Great features of this technology are the
possibility for feeding power back into the network when regenerative braking and
improving active power flow by inductive and capacitive reactive power (Appun and
Lienau [12]). By adaption, such an advanced electric rail vehicle can be capable of
operating in both 15-kV 16 %-Hz and 25-kV 50-Hz power systems (‘two-system
vehicle’) and even on 1.5 and/or 3 kV DC supply (‘multisystem vehicle’).

Further development and research this type of vehicle focuses on reduction of energy
consumption, weight, noise, life-cycle costs and engineering effort together with
improved reliability (Bakran [16] and Mermet-Guyennet [117]). Technologies of
interests in this relation are e.g. the medium frequency line-side transformer and
permanent magnet synchronous traction motor.

This category of rail vehicles is focused on in this thesis and studied more in detail in
Chapters 5 and 6.
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2.4 Stability in traction power systems

In this section, a proposed power system stability definition and classification is referred
to. Further, this classification is applied on reported traction power system events and
studies regarding stability. A further discussion of the classification is given in Section
9.14.

2.4.1 Power system stability definition and classification
Kundur, et al. [107] propose the following definition of power system stability:

Power system stability is the ability of an electric power system, for a
given initial operation condition, to regain a state of operating
equilibrium after being subjected to a physical disturbance, with most
system variables bounded so that practically the entire system remains
intact.

Thus, the stability of an electric power system is a property of the system’s motion
around an equilibrium set, and is a balance between opposing forces. If the system is
unstable, it will result in a runaway or run-down situation.

Power system stability is classified based on the physical nature of the resulting mode
of instability as indicated by:

e the main system variable in which instability can be observed;

e the size of the disturbance considered; and

e the time span that must be taken into consideration in order to assess stability.

The three main classes of power system stability are:

e Rotor angle stability - refers to the ability of synchronous machines of an
interconnected power system to remain in synchronism after being subjected to a
disturbance. Rotor angle stability may be lost if the synchronising torque
component or the damping torque component are too small, which can result in
aperiodic or non-oscillatory instability or oscillatory instability, respectively.

o Voltage stability - refers to the ability of the power system to maintain steady-
state voltages at all buses after being subjected to a disturbance. As a last
consequence, voltage instability may result in a blackout or abnormally low
voltages for a significant part of the system, also called a voltage collapse.

e Frequency stability - refers to the ability of the system to maintain a steady-state
frequency following a severe upset resulting in a significant imbalance between
the power generation and load.

Rotor angle instability is referred to as generator driven while voltage instability is often
considered as load driven (Van Cutsem and Vournas [179]).
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2.4.2 Rotor angle stability

2.4.2.1 Synchronising torque

Based on reported work, it seems as if stability against rotary converters stepping out of
synchronism due to large disturbances previously has been the stability question of
major concern. Short circuits on the single-phase side were first investigated by
Biesenack [24], who found that a loss of synchronism would not be of any danger
because of the fast action taken by the relay protection and circuit breaker.

This main conclusion is supported by Olofsson [133], who investigated the rotary
converter connected to the Swedish 130-kV high-voltage transmission line. He
concluded that the rotary converter speed will not increase dramatically with a single-
phase side short circuit like a hydro power generator, because the motor only gives the
power that the generator requires. This conclusion is stated as being valid for the first
swing and is based on simplified converter-motor simulation models.

Eitzmann et al. [65] performed a dynamic system study of the Amtrak 25-Hz traction
system in the US. This system contains synchronous-synchronous rotary converters, and
the study showed that the expected faults did not cause a loss of synchronism. Of
special interest is that the study includes dynamical models of the trains in operation
(phase angle controlled vehicles) as well as the rotary and static frequency converters.

Biesenack and Schmidt [25] studied how the converter finds a new stable working point
after a short time of oscillation when the power flow direction changes, due to
regenerative feedback from trains.

In the only study on a lack of steady-state synchronising torque found, Biesenack [23]
concludes that there is little or no risk for a step out of phase for rotary converters in
parallel operation. Details about the calculation and the base inputs however are not
known.

2.4.2.2 Damping torque

Only studies originating from Norway focus on the lack of damping of synchronous
machines as an issue for traction power systems. Nonetheless, in other studies in which
the time plot of transients or oscillations are provided, it is possible to extract
information that can be compared with the Norwegian results. A comparison of the
relative damping in these cases is given in Table 2-1. As far as the available information
shows, the cases in the table refer to a rotary converter operating in an islanded single-
phase network. However, the loading of the converter may differ from case to case.
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Table 2-1:  Comparison of reported low-frequency oscillation frequencies and damping’ in the
traction power supply with rotary converters.

Case Eigenvalue of Relative Source

swing mode damping
Germany  — 1.4 1/s+;1.6 Hz 14 % Biesenack and Schmidt [25]
Germany —1.01/s+;1.9 Hz 8 % Stoltze [169]
US —-1.61/s+j1.2Hz 21 % Eitzmann, et al. [65]
Norway —-0.61/s+j1.6 Hz 6 % Toftevaag and Pélsson [178]
Norway —031/s+j1.6 Hz 3% Danielsen and Toftevaag [56]

Biesenack [24] showed that such oscillations must be expected due to the basic swing
equation that describes the electromechanical behaviour which is characteristic for all
synchronous machines. In power system stability literature such as written by Kundur
[106] and Machowski, et al. [115], this behaviour is classified as the synchronous
machine’s electromechanical eigenfrequency. Relative damping smaller than 5 % is
generally considered as poor. It is this poor damping that is the background and one of
the topics of this thesis.

For the Norwegian rotary converters, Johannessen and Bruu [91] report about sustained
1.6-Hz oscillations. It is believed that these oscillations are caused by sub-synchronous
resonance, due to the interaction with line reactance compensation by use of series
capacitors in the overhead contact line.

2.4.3 Voltage stability

In traction power system studies, e.g. by Aeberhard and Lortscher [9], a voltage drop is
often treated as a question of the voltage level or voltage quality rather than being a
concern about voltage instability and collapse. In a traction power system without any
reactive power support, the critical voltage for collapse is below the required voltage
level for the opening of the vehicle’s main circuit breaker as required by the European
standard EN50388 [41]. This standard even describes a recommended maximum current
ramp-down as a function of the line voltage characteristic to be implemented in vehicle
software in order to avoid such a breakdown in weak networks.

The standards EN50388 and EN50163 [40] set requirements for the permanent and
temporarily maximum and minimum voltage levels on the vehicle and power supply
side. Too low voltage may result in train delays, as enough power to keep the scheduled
speed cannot be consumed or delivered. This is studied by Biedermannn [22]. A
requirement to reduce the power demand when the line voltage drops then becomes a
requirement to the power supply.

The infrastructure managers often study these voltage levels together with the system’s
power flow in specially designed simulation software that includes models of moving
trains in the power system. Examples of such software are described by Kaiser, et al.
[100] and Stefan [162]. These time simulations are very time consuming to perform,;

> A short introduction of the eigenvalues is given in Appendix C.
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hence, Abrahamsson [7] proposes methods for faster simulation based on neural
networks and Ho, et al. [84] propose investigations based on probabilistic methods.

2.4.4 Frequency stability

Frequency instability has never been reported as an issue in Norway and Sweden, where
the networks are operated synchronously to the overall public power system by a stiff
frequency coupling. However, in the frequency-elastic 16.7-Hz systems, two events of
frequency instability are known.

In Austria, a large number of new electric rail vehicles with regenerative breaking and
energy feedback facility were introduced into the railway system. Due to the mentioned
demand for maintenance, sectioning of the railway network is frequent and necessary. If
a network island is fed from a hydro power station only and there are large trains
feeding energy back on their way down the hilly Alps, the excess energy not used by
other trains may accelerate the hydro generators. A large increase in the island’s
fundamental frequency has been observed. Pechlaner, et al. [139] describe this problem
and propose a frequency droop characteristic to be implemented in the vehicle’s
software in order to limit the power consumption when the fundamental frequency is
low and to limit the power feedback when the fundamental frequency is high.

In the summer of 2005, the Swiss railway network experienced a large blackout ([153]).
This event must be considered as a classic power system collapse, and it started with
one high-voltage transmission line that was disconnected for maintenance. The
remaining line between the generating part and the loaded part of the network became
overloaded and disconnected as well. Due to insufficient operational routines, the part
having a surplus of power production was allowed to accelerate until different
generators were tripped by their own protection devices. The remaining and heavy
loaded part collapsed® in the end, as import from Germany was not enough to cover the
demand, and all electric rail traffic stopped completely.

Jian, et al. [90] reports a simulation study of the German 110-kV railway grid in view of
stability when an increasing number of rotary frequency converters are replaced by
static frequency converters. The worst case is reported to be outage of a 150-MW
generation unit which results in a deficit in power production. Instability is prevented
since the power production from other units is increased due to the ‘active-power-
frequency-characteristic’ implemented, and overload of the static converters is
prevented by a predictive current limiter. Eventually the system finds a new steady-state
operating point.

% It may be difficult to classify this collapse as clearly being frequency instability or voltage instability.
For the context, it is presented together with the rest of the reported event.
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2.4.5 Other types of (in)stability

There are two types of traction power system instabilities that have been experienced
which do not easily fit into the classification proposed by Kundur, et al. [107]. Both of
them include a lack of damping of closed feedback control loops, but at different
frequencies, and do not necessarily include synchronous generators.

2.4.5.1 Electrical resonance stability

Series and shunt resonances between inductances and capacitances in an electric
network seem to not be commonly treated as a power system stability issue, but more as
a phenomenon of travelling waves in high-voltage transmission networks. However, in
1995, the Swiss railways experienced mysterious disturbances in the local commuter
train traffic in the area of Ziirich ([2]). Meyer and Schoning [122] explained the
observed 165-Hz oscillations to be resonances in the Swiss 132 kV high-voltage
networks which were excited by the control system of the advanced electric rail vehicles
of class Re 460 in its effort to shape the vehicle line current as a perfect sine wave. The
combination of a high-voltage network, low system auxiliary power demand (normally
trains parked for heating representing shunt resistances), and the low operation of
passive tap-changer vehicles was explained to reduce the damping of these resonances.
If a vehicle behaves like negative incremental impedance at the system resonance
frequencies, i.e., a decrease in line voltage results in an increase of line current and vice
versa, the closed feedback loop between the vehicle and the power supply may be
unstable. A mathematical description of what occurred in Switzerland is given by
Mollerstedt and Bernhardsson [131].

This phenomenon is called ‘electrical resonance instability’, or ‘linear instability’, since
linear methods are often used for study and explanation, and may be experienced from
three times the system’s fundamental frequency and above. It appears to be a severe
problem in large traction power systems and was an important part of the
aforementioned ESCARV project. The issue still gets a lot of attention when power
system resonances are low, e.g. when introducing cables in connection to tunnels
(Meyer, et al. [123]). The design of the vehicle control system now seems to also take
this issue into account as e.g. shown by Jansson, et al. [89]. Paice and Meyer [135]
define a stability criteria, and the needed information for compatibility and stability
investigations can be measured by frequency sweeps as proposed by Meyer, et al. [120]
and Meyer and van-Alphen [125].

This instability phenomenon must now be considered as well known within the railway
community. Recent stability studies are reported from the high-voltage networks in both
Austria (Wallnberger, et al. [182]) and Switzerland (Aeberhard, et al. [8]).
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2.4.5.2 Low-frequency power oscillations

Of more concern in the electric railway expert’s community today’, is the oscillatory
instability that advanced electric rail vehicles have caused below the system’s
fundamental frequency. The local commuter train system in Ziirich, Switzerland
experienced disturbing 5-Hz oscillations in 2004 (Menth and Meyer [116]), Amtrak has
experienced 3-Hz oscillations in their 25-Hz network in the area of Washington, DC in
the US (Debruyne [60]), and Préls and Strobl [148] have recreated similar instability in
the Siemens test centre’s 50-Hz network as 7-Hz oscillations. In addition, as already
introduced, low-frequency instability has been observed when advanced rail vehicles
are fed from the poorly damped rotary converters in Norway and Sweden. Meyer and
Thoma [124] report that low-frequency oscillations may also be an issue with static
frequency converters.

Table 2-2 summarises a comparison of reported low-frequency oscillations which have
been experienced in various traction power systems with different advanced rail
vehicles. From the table, it can be observed that most of the oscillations are in the
frequency range of 0.1 to 0.3 times the system’s fundamental frequency.

Table 2-2: Comparison of reported low-frequency oscillations in traction power systems,
together with the system’s fundamental frequency and the oscillation frequency
relative to the fundamental frequency

Case Osc. Fund. Relative Reference

freq. freq. osc. freq.

[Hz] [Hz]
Rotary conv., Nor. 1.6 16 % 0.10 Danielsen and Toftevaag [56]
Thionville, France 5 50 0.10 Courtois, et al. [45]
Datong, China 5 50 0.10 No reference found
Washington, DC, US 3 25 0.12 Debruyne [60]
Siemens test, Germ. 7 50 0.14 Prols and Strobl [148]
Ziirich, Switzerland 5 16.7 0.30 Menth and Meyer [116]

The instability in France and China took place where several rail vehicles were at a
standstill in depot or workshop areas with their line-side converters still active and
switching. For that reason, this has sometimes been mentioned as the ‘depot problem’.

This thesis focuses on this low-frequency instability in general and the interaction
between the advanced electric rail vehicle and the poorly damped rotary converter in
particular.

7 At least eight of the presentations at the workshop ‘Interaction’ in Thun, Switzerland, in 2006 and 2009
dealt with this.
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3 Rotary converter electromechanical modelling and
eigenmode

This chapter presents the development of a second-order swing equation for a
synchronous-synchronous rotary converter which describes the main characteristic of
the converter oscillations that have been experienced. The results from this equation are
compared with measurements and more detailed higher-order models. A stability
criterion in view of single-phase load voltage dependency is proposed.

3.1 Introduction

Some AC power systems containing different fundamental power frequencies may be
interconnected by rotary frequency converters or changers (Blalock [29]), and such is
the case for the electric railway power supply in some countries as introduced in Section
2.2. A system frequency of 16.7 Hz is used in Austria, Germany, Norway, Sweden and
Switzerland, where the utility frequency is 50 Hz. Railway supply at 25 Hz can be
found in the US (Eitzmann, et al. [65]), where the utility frequency is 60 Hz. When
interconnecting AC power systems, different types of converters may be used such as a
synchronous-synchronous type, an induction-synchronous type, an adjustable-ratio
induction-synchronous type and a fixed-ratio induction-synchronous type (Burnham

[36]).

In this work, the synchronous-synchronous type is of interest. Stability studies for such
converters used for railway applications are referred in Chapter 2.2.4 and 2.4.2. For
non-railway applications, stability limits, e.g. load limits for remaining in synchronism
when one out of two motor-generator sets operated in parallel is disconnected, has been
studied by LeClair and Krupy [109]. Selenochat, et al. [156] report studies of the
interaction between synchronous-synchronous converters and surrounding power station
generators when the system is subjected to a short circuit. Furthermore, Bizjak, et al.
[26] apply a digital simulation tool for analysing rotary converters in industrial
networks in view of voltage stability, active power swings after disturbances and
loading limits.

Among others, Fowler [68] states that hunting, which term is used for the synchronous
machine alternately speeding up and slowing down, is found to some extent in AC
synchronous motor DC generator sets. These were for example used for feeding of DC
railways from the American 60-Hz main grid. Considerations about hunting of
synchronous-synchronous motor-generator sets have not yet been found, though
Selenochat, et al. [155] investigate the small-signal stability of an isolated power-
transmission link with synchronous-synchronous converters. They conclude that the
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system is stable and that the stability margins can be increased further by use of
automatic field-current regulators on both machines.

Therefore, this chapter aims to present the basic swing equation for a synchronous-
synchronous rotary converter in order to make a simplified platform for studying the
nature of the observed oscillations introduced in Chapter 1.1. By having knowledge of
this fundamental characteristic of the converter, countermeasures are easier to develop
and judge.

A short introduction of eigenvalue analysis, which is used in this chapter, is given in
Appendix C.

3.2 The swing equation

The swing equation is a well-known dynamic representation of synchronous machines,
characterising the fundamentals of the machine’s dynamical electromechanical
behaviour (Kundur [106], Machowski, et al. [115]). The important parameters are the
rotating mass and electrical connection of the machine to the rest of the electric
network, together with information about the machine’s damping, thereby the name
‘electromechanical’. The resulting oscillation involves both changes of the machine’s
rotational speed and the rotor angular displacement relative to a fixed reference.

3.2.1 Single-machine infinite-bus system

A single-machine infinite-bus (SMIB) system is a commonly used term in the literature
(e.g. Kundur [106]), which describes a single synchronous machine (normally a
generator) connected to a stiff voltage source via an impedance (normally the line and
transformer). The stiff voltage source is an aggregation and therefore a representation of
all the other voltage sources in the network.

In general, Newton’s 2" law for a rotating body tells that the product of a mass of
inertia J and rotational acceleration a equals the sum of torques .7 applied:

Ja(t) =X (t) 3.1)

This law can be expanded into Equation (3.2) for a synchronous machine rotating in a
stationary reference system. The angle 6, describes the rotor displacement relative to a
stationary reference and can, by its double and single time derivatives, express angular
acceleration and speed, respectively. The damping impact is reflected by the parameter
D, . The torque subscript m denotes mechanical and e denotes electromagnetic or

electrical, respectively:

dzem (®)
i +D,

J

Ll (-2, (3.2)
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If there is a deviation between the mechanical and electromagnetic torques it will lead to
a change in the machine’s rotating speed by acceleration or deceleration. Any deviation
from the synchronous speed will be opposed by the damping expressed by the damping
constant D. For the sake of simplicity, all losses are neglected

Working with electric power systems, it is often convenient that quantities are expressed
n:

e areference system rotating at the synchronous angular speed o, [rad/s] instead

of being stationary, therefore 6, (1)=9,(¢t)+w,,t where o, is the angular

displacement relative to such a rotating reference;
e clectrical speed and angles instead of mechanical speed and angles,

o(t) = ga)m () and o(t) = §5’" () where p is the number of rotor poles;

e power instead of torque, P(¢) =7(¢) - w(t); and
e a common per unit (subscript pu) system relative to a common base, Sy [MVA].

The rotating mass of the machine in per unit is expressed by the mass inertia
constant H [MWs/MVA].

The consideration of power instead of torque does not imply that the machine rotor
torque balance is replaced by a power balance. It is only a multiplication of @, (¢) that

temporarily simplifies the following considerations of the machine-grid interaction.

After these transformations, the final expression is given in Equation (3.3). It can be
termed as the per unit swing equation of a synchronous machine. This equation
describes the instantaneous power balance of the machine.

2Hw,, (1) dw;; @, D, (t)% =P, (- P, (1) (3.3)

3.2.2 Rotary converter

A synchronous-synchronous rotary frequency converter of the type used in the
Norwegian and Swedish traction power supply consists of two electric machines — the
synchronous generator and motor.

3.2.2.1 Synchronous generator

The single-phase 16 %:-Hz synchronous generator has pg = 4 poles. Its swing equation
(3.4) can be directly derived from Equation (3.3). Capital letter G refers to the generator
and positive power flow direction is defined out from the machine and into the network.

dag,, (1) do,(t
2HG a)Gpu (t) % + DG a)Gpu (t) (;t( ) = PmGpu (t) - Peru (t) (3 '4)

Steinar Danielsen 29



Electric traction power system stability

A deviation from synchronous speed leads to a change in dg, which is the angle between
the internally induced voltage in the generator and a synchronously rotating reference in
the single-phase network as expressed in Equation (3.5). This is also known as the
generator power angle.

ddg (1)
“a W,60q,, (1) = 05 = O (a)Gpu (1)- 1) 3.5)

The fundamental angular frequency is @, =27 f. =27-16% [1/s].

3.2.2.2 Synchronous motor

The three-phase 50-Hz synchronous motor has py,= 12 poles. Since the power transfer
for a motor is opposite from a generator, the swing Equation (3.3) should changed from
generator to motor reference. Capital letter M refers to motor and positive power flow
direction is defined from the network into the machine. This means that the signs of the
mechanical and electrical power should be inverted.

doy, (1) _

DM a)Mpu (t) dt - PeMpu (t) - EnMpu (t) (3 6)

dw, (t
28, 0,0

While a synchronous machine operating as a generator has a power angle leading the
stiff network voltage, a synchronous machine operating as motor has a power angle
lagging the stiff network voltage. Since the positive rotating direction is kept as for the
generator because the two machines are mechanically connected, also the sign of the
power angle is inverted. As for the generator, the following relation applies then for the
speed deviation:

do,(t
#() = a)sM - a)sM a)Mpu (t) = a)sM (1 - a)Mpu (t)) (3 7)

wherew,,, =27 f,, =27-50 [1/s]. The angle J,, is the angle between the internally

induced voltage in the motor and a synchronously rotating reference in the three-phase
network, also known as the motor power angle.

3.2.2.3 Rotary converter

The shaft connecting these two machines may be considered as stiff for the frequency in
question (low-frequency oscillations below the fundamental frequency). The lowest
torsional eigenfrequency of the shaft is expected to be approximately 70 Hz for one of
the types of converters used (Sabery [149]).
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This means that the two machines can be considered as one lumped mass in which the
following applies:
e the total inertia constant is the sum of the two machines’ inertia constants,
H,=H,+H;
e the mechanical power delivered from the motor is equal to the mechanical power
delivered to the generator, P, (¢)=PF,;,, ();

e the per unit speed of the motor is equal to the per unit speed of the generator,

resulting in a common per unit speed, w,, (1) = ®,,,, (1) = @, (t); and

e the power angle of the motor and the power angle of the generator have common
origins in the rotor displacement, resulting in an expression of a common per
8, (1) _6,(1)

unit power angle having a generator reference sign, J,,(¢)= " "
WM sG

ds,, (1)

since the relation =w,,(t)—1 applies.

The two last items on the list above are based on the assumption that the speed of both
the synchronous references is constant. The mechanical power balance implies a
mechanical torque balance as well.

Merging the two machines into one lumped mass, the final swing equation for a
synchronous-synchronous rotary converter reduces to:

(®)

d do (t
2H,50,, (1) 2 =

dt

+ a)pu (t) (DM a)sM + DGa)SG ) = PeMpu (t) - Peru (t) (38)

A block diagram describing the swing Equation (3.8), together with Equation (3.5) and
(3.7) is given in Figure 3-1. The letter s is the Laplace operator. Positive power flow
direction is still into the motor and out from the generator, i.e., from the three-phase side
to the single-phase side.

D <

})EMPM (t) Ma)sM
O (1)
b ds,, o) P

+ 1 o, %— dt O (1)
2H,,.s + s
o, —>
(1)
fzszu (t) D w
G™sG

Figure 3-1: A block diagram for the rotary converter non-linear swing equation.
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It can be seen from the block diagram that the machines share the same rotating mass
and speed. The system also has two inputs, the motor and generator active power,
respectively, and two outputs, the motor and generator power angle, respectively. The
electrical power P,,, for the machines can be divided into two main categories:
e power transfer as a function of the power angle relative to the stiff network
voltage (i.e., the rest of the power system) P,,,; and
e power supply to/from a local load/production P,,. This one is not relevant for
the motor in practice, and will be neglected in all of the following practical
considerations. The generator local load will be discussed in island operating
mode only.

3.3 Linearisation and eigenvalue expression

3.3.1 Operating point

In order to study the low-frequency eigenmode, the swing equation (3.8) should be
linearised. Linearisation is performed and valid for a given operating point only. The
electrical operating point will be considered later, while the mechanical operating point
is at a rotational speed @, (r) ~1.0, thus the per unit electrical power equals the per unit

electromagnetic torque.

The above is a common simplification that is often included in the linearisation process
in the literature (e.g. Machowski, et al. [115] page 143 and Andersson and Fouad [11])
without further significant notice (Kundur [106] page 175), probably due to simplicity,
and has no influence in no-load. However, one should be aware that this simplification
of keeping the turbine power constant instead of the turbine torque, exerts an influence
on the eigenvalues calculated for a governor driven generator (Johansson, et al. [93];
Kaberere, et al. [98]).

In a rotary synchronous-synchronous converter, both of the balancing torques have the
same origin in being machine electromagnetic torques. The simplification by assuming
a unity speed consequently treats them equally.

3.3.2 Linearisation
These two differential equations have to be linearised:

ds, (1)

N (Bpr @) =—

—w, ()1 (3.9)
do,,(t)

dt
1 [ By, EBg, () do,(1)
2H,o| 0,00 @) di

Jp2(5puﬂwpu=t) =
(3.10)

(DMa)sM + D0 )J
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Linearisation of fj results in Ad,, =Aw®,, . Linearisation of f; introduces the linearisation

constants K,,, and K, .. These constants describe the motor respective generator power

transferred to the stiff network as a function of the machines’ power angles and are
commonly referred to as the transient synchronising power coefficients (Machowski, et
al. [115]). They are identical to the transient synchronising torque coefficients if unity
speed is considered and machine armature resistance is neglected, since the air-gap
torque and power are equal (Kundur [106] page 174).

This results in the following linear expressions in which the coefficients’ values will
depend on the electrical operating point:

AT

etMpu

AT

etGpu

=KAo (3.11)
=K,,AS, '

The previously introduced notation used for transferred power and locally supplied
power is used for torque as well.

The linearised swing equation for a rotary converter connected to both stiff networks
should then be as in Equation (3.12). This linear equation is also illustrated by the block
diagram in Figure 3-2.

2HMGA0)pu +(DMa)sM +DGa)SG)Aa)pu +(K1Ma)sM +KlGa)sG)A5pu = AT

elMpu

—A7,,, (3.12)

A z-elMpu A Z-etMpu
K, <
+[+
‘DM Wy
At
eMpu
p— M —”
+ 1 Aa)pu 1 A5pu / 5
O A- |2H,;s s \ R
G
ATeru
DGa)sG
+]+
—»0«—|K |«
A Teleu A z-etGpu

Figure 3-2: A block diagram for a rotary converter linear swing equation.
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In the final step, the linear model represents the characteristic second-order differential
Equation (3.13) which describes the inherent properties of the rotary converter in regard
to the low-frequency electromechanical eigenmode:

2H,;AS,, +(Dyw,, + D )AS,, +(K, 0, +Kg0,, )AS,, =0 (3.13)

Power to/from the local load/production is as a first step assumed to be unaffected by
the power angles’ change, and can then be treated as disturbance variables in a state
space model. The single-phase network load’s influence will be studied in Section 3.4.5.

3.3.3 Eigenvalue expression

Calculating the eigenvalues for Equation (3.13) yields the expression Equation (3.14).
For reasonable values of the D, the eigenvalues will be a complex pair in which the real
part describes the damping of the mode and the imaginary part describes the angular
oscillation frequency wsc = 27 fosc.

2
/1"2 :_DMa)sM +DGa)sG i\/(DMa)sM +DGa)st _ KlMa)sM +K1Ga)sG (314)

4H 4H 2H

MG MG MG

It is possible to develop this Equation (3.14) without the reduction of state variables
from two different power angles for the two machines into one common angle as
performed in Section 3.2.2.3. These two angles are not independent, and due to a
consequent over specification of the system by three state variables, an additional zero-
valued eigenvalue will result.

3.4 Analytical considerations

3.4.1 Electromechanical eigenmode

In the previous section, it was shown how the non-linear swing equation, the
characteristic equation, and the analytical expression for the eigenvalues describing the
low-frequency electromechanical eigenmode for a synchronous-synchronous rotary
converter can be developed. All these equations have a similar structure as the equations
known from the literature for a SMIB system, with the only exception being that the
damping and transient synchronising torques for both the synchronous machines adds
together, respectively. That means that the total damping of the electromechanical
oscillations is the sum of the damping from both motor and generator and similarly for
the synchronising torque.

However, it should be noted that the contribution from each of the machines to the
characteristic dynamic behaviour are weighted by their fundamental frequency due to
the w, factor. The reason for this is that w, is the connection between the common
physical speed and displacement of the rotor, here expressed in per unit, and the
respective electrical angular speeds and angles. A higher electrical speed or frequency
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leads to a larger power angle for the same per unit displacement and hence a larger
torque and power flow.

For the rotary converter considered here, the ratio between the three-phase and single-
phase fundamental electrical frequencies is three. This means that if the motor and
generator have equal coefficients, the machine with the highest fundamental frequency
(i.e., the motor) will dominate and determine both the damping and the oscillation
frequency. This also implies that two per unit identical machines with different
fundamental frequencies will have different damping and electromechanical oscillation
frequencies. This can be demonstrated by Equation (3.15) in which the undamped
natural @, eigenfrequency for a SMIB system (Kundur [106]) is proportional to the

square root of the fundamental frequency.

SN (3.15)

The real part of the eigenvalue for a SMIB system is proportional to the fundamental
frequency. The imaginary part is, if the damping impact is neglected, proportional to the
square root of the fundamental frequency. Therefore, the damping ratio ¢ in Equation
(C.4) will be proportional to the square root of the fundamental frequency, as well as
shown in Equation (3.16).

DY
NG (3.16)
2 2HK,

3.4.2 Power oscillations in interconnected mode

When the power flow through the rotary converter is from the three-phase to the single-
phase network and the converter has a connection to both the network stiff references
(i.e., not the island mode and no local load or production is considered), a phasor
diagram such as Figure 3-3 can be drawn. This is valid for both steady state
considerations and dynamical considerations.

The converter can be excited to oscillations by for example a change in one of the stiff
voltage references’ angle. During such an oscillation, the rotor rotational speed
increases and decreases periodically. This means that the rotor rotates faster and slower
than the synchronous reference. Equation (3.9) and Figure 3-3 show that the power
angles also change, which again influences the power oscillations according to Equation
(3.11). The power angle change referred to the motor or generator’s fundamental
frequency is given by a reading of the respective scale on the figure.
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Stiff 3~ voltage reference

]Aépﬂ Aw, ,. Rotor position and
internally induced
50 faster voltage
Stiff 1~ voltage reference
Scales A6 =A0,,0,

Figure 3-3: A phasor diagram for a rotary converter connected to stiff network voltages on both
three-phase and single-phase side.

When the rotor rotates faster than the synchronous rotating references (@, (¢) > 1), the

following holds:

e the motor power angle decreases, the three-phase network will deliver less
electrical power to the motor, and the electromagnetic torque will decrease and
decelerate the rotor;

e the generator power angle increases, the generator will deliver more electrical
power to the single-phase network, the electromagnetic torque will increase and
decelerate the rotor;

e motor rotor induced eddy currents result in a damping torque that will decelerate
the rotor to the synchronous speed; and

e generator damper winding currents result in a damping torque that will
decelerate the rotor to the synchronous speed.

This means that the motor and generator power (AP, and APgp,) will oscillate
opposite each other in anti-phase, i.e., motor power decreases when generator power
increases. If the transient synchronising torque coefficients for the two machines are
equal, the three-phase power oscillations will have three times the amplitude of the
single-phase power oscillations due to a frequency ratio of three. In general, the ratio
between the three-phase and single-phase power oscillation amplitudes is expressed by
Equation (3.17):

R — A(AB,MW )P—P — KlMa)sM (317)
Ap A(APeszu )pip K. o

These relationships are illustrated by the time simulation in Figure 3-4 based on
Equation (3.13), in which the generator power is changed due to a step in the single-
phase stiff network voltage phase. When the generator power angle changes, there is no
longer an electromagnetic torque balance which consequently results in acceleration of
the rotating mass until a new equilibrium between the motor and generator
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synchronising torques is reached. But because of the moment of inertia, the rotor
overshoots the final position, speeding up more than it should. Due to increasing power
angle, the synchronising torque stops the acceleration and rotor starts to decelerate.
Again, the rotor overshoots the final position, but with a smaller amplitude because of
the energy losses in the system given by machines’ damper windings. Eventually, the
successive oscillations die down and the rotary converter reaches its new steady state.

However, if the torque which brings the rotor back from the position ahead or behind
the equilibrium is larger then the torque which opposes the deviation of the rotor from
this equilibrium, each swing tends to exceed the preceding one in amplitude. The energy
losses are insufficient and the oscillation thus increases in amplitude and becomes
cumulative; this is called hunting (Steinmetz [166]).

g APetMpu
oy AP
o etGpu
3
o
o
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Figure 3-4: Response in active power and speed when single-phase stiff network voltage phase is
changed in a step to zero, resulting in no-load.

The figure also shows that the three-phase and single-phase power oscillations are 90
degrees leading and lagging the rotor speed oscillations, respectively, as expected by the
integrators and signs in Figure 3-2. However, 90 degree phase shifts relative to the
speed create power oscillations against the stiff networks having a zero or neutral
damping impact. The damping of the oscillation is caused by power having components
oscillating in phase with speed such as the second term in Equation (3.13), which
expresses both the motor and the generator damping. The exact phase of the torques
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given by the synchronizing power and damper windings is influenced by the design of
the machine (Steinmetz [166]) and may not in real life be that perfectly orthogonal as
these simplified considerations indicate.

It can also be observed that the motor power oscillation shows larger amplitude than the
generator power oscillation as indicated by Equation (3.17)

3.4.3 Power oscillations in island mode

In island operating mode, the generator electrical power flows to a local load.
Temporarily assuming this load to be neutral, the generator damping and transient
synchronising torque coefficients disappear in the previously shown equations,
D¢ = Kj6 = 0. The influence of the local load on the damping will be discussed in the
next sections. A new block diagram describing the transfer function from single-phase
generator power to three-phase motor power for island operation is shown in Figure 3-5.

D M Py
A])eleu =A z-eleu - 1 A a)pu 1 A5p14 A5M A TelMpu = APelMpu
> > — — Wy > Ky >
- 2H,,.s S
Tr MG

Figure 3-5: A block diagram for island mode operation of the rotary converter.

The transfer function from single-phase power disturbance to three-phase power
oscillation is consequently Equation (3.18). A change in generator power requires a
change in motor power in order to maintain electromechanical torque balance in steady
state. Changed motor power and torque requires a change in the motor power angle, and
due to the inertia of the rotating masses, this cannot be obtained instantly as alreaddy
discussed in Section 3.4.2 and oscillations will result.

AP S
elMpu( ) _ - 1 (318)
Af)eleu(S) 2HMGS +DMa)sMS+K]Ma)sM
The roots of the closed-loop transfer function yield the following eigenvalues:
2
AZZ—DMCUSMi DMa)sM _KlMa)sM (319)
’ 4H,,; 4H,,. 2H,,.

There is no longer a generator power that is related to the machine’s power angle, as
there is no connection to the single-phase stiff voltage. This analytical expression is also
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known for a regular SMIB system, but in present case it is the motor of the rotary
converter that determines the electromechanical mode, and not the generator. This is
different from a non-electric prime mover driven synchronous generator in island
operating mode, which does not have such an electromechanical eigenmode at all.

The frequency ratio of 3 between the two machines no longer has any influence on the
amplitude of the power oscillations as in interconnected operating mode. On the other
hand, based on the fundamentals for such a second order transfer function, it is clear
that there will be an amplification of a periodic single-phase power disturbance through
the converter to the three-phase power if its frequency is close to the converter’s
electromechanical eigenfrequency. This amplification can easily exceed 3 and even
reach 10 if the damping is poor as illustrated by Toftevaag and Palsson [178].

3.4.4 Single-phase side voltage oscillation

The induced voltage in generator stator windings are due to Faraday’s law of induction
related to the machine’s rotational speed. An increase in speed leads to an increase in
generator voltage as will be discussed regarding Equation (4.15). The factor £,
represents the relation between the speed oscillation and the generator voltage
oscillation AUg used in these simplified considerations such that:

Ug(t)=k, @, (t)=Ugs+ AUy (1) =Ugy +k,-Aw,, (2). (3.20)

Ugo 1s the nominal or initial load voltage amplitude (RMS) in per unit.

It can be initially assumed that k, is approximately 1 per unit for an unregulated
generator. However, the generator’s excitation system may exert an influence on this
resulting in k, being frequency dependent. A fast voltage controller may keep the
voltage constant independent of the rotor oscillations, thus resulting in &k, = 0. On the
other hand, an unfortunate tuned voltage controller may amplify the voltage oscillation
and resultin &, > 1.

During an oscillation, the rotary converter speed will oscillate with a given oscillation
frequency wgs. = 27 f,5c, which most likely correspond to its eigenfrequency. Based on
the above analytical considerations, the instantaneous value single-phase output voltage
from the generator is both:
e amplitude modulated due to Equation (3.20); and
e frequency/phase modulated due to the speed/phase oscillation as seen in block
diagrams Figure 3-2 and Figure 3-5.

The resulting single-phase instantaneous value voltage is shown in Equation (3.21).
Note that if the frequency/phase modulation is neglected, the instantaneous value
voltage consists of three frequency components, the fundamental frequency w,g and two
sidebands given by the fundamental frequency plus/minus the oscillation frequency
WG £ wes. The resulting voltage does not contain a frequency component equal to the
oscillation frequency w,s (Buhrkall [32]). When the oscillation frequency is low, as is
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the case here, the sidebands are close to the fundamental frequency. E.g. for the 1.6-Hz
oscillation the sidebands are at 15.0 and 18.3 Hz. Hence, characterising low-frequency
oscillations, it must be distinguished between the modulation frequency and the
instantaneous value frequency component as the first one is close to zero and the second
one is close to the fundamental frequency®.

ug(t) = (\/EUGO +2AU, sin(a)osct))sin((l +Aw, (t))a)sGt)
= \/EUGO sin((1+Aa)pu (t))a)sGt)

J2AU
Ty

< cos (((1 +Aw,, (t)) o, —0,, )t)

V24U,
2

(3.21)

cos (((1 +Aw, (t)) O+, )t)

Amplitude modulation in instantaneous values appears as beating (see Young and
Freedman [184] pages 654-656) between the fundamental frequency and the side bands.
Beats are fluctuations in amplitude produced by to waves of slightly different
frequency. These expressions are mostly known for sound waves.

3.4.5 Single-phase load characteristic influence

A common way to describe electric loads in power systems are by their characteristic
voltage and frequency dependency for both active and reactive power (Kundur [106]).
In this context, only the voltage dependency of the single-phase generator active power
load will be considered without any dynamic behaviour. The actual active power
demand from the load, P, is given by the exponential model in Equation (3.22) where P,
is the initial, reference or desired power, U is the actual load voltage amplitude and U
is the nominal or initial load voltage amplitude.

P(t)=P, (MJW (3.22)

The exponent MP is called the active power voltage exponent. The most commonly
used values are:
e MP = 0: Load power demand is independent of voltage amplitude, and the load
may be referred to as a constant power load (CPL).
e MP = 1: Load power demand is proportional to voltage amplitude, and the load
may be referred to as a constant current load.
e MP = 2: Load power demand is proportional to voltage amplitude squared, and
the load may be referred to as a constant impedance or resistance load.

¥ From the field of signal processing, this shift in frequency is mentioned as ‘frequency translation’,
‘frequency transformation’ or ‘frequency shift’.
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This load model, however, involves several simplifications. First, the voltage
dependency has to be considered within the time frames of the dynamical phenomena
studied. In this case, these are the low-frequency oscillations which last from 1 to 15
seconds with a frequency of 1.5 to 4.5 Hz. Second, a constant power load in a single-
phase system does not exist in reality (see Section 4.6). The power has to be considered
as an average over a fundamental period, i.e., RMS values.

The power demand from a local single-phase load fed from the generator can be
expressed as in Equation (3.23) by inserting (3.20) into (3.22).

k,-o, (t M
Peleu (t) = ])eleMO( Up ( )] (3.23)
GO

Neglecting the motor local load/production Pepy,, and the generator power-transfer
Pepu to the stiff single-phase voltage source, the differential Equation (3.10) that was
linearised in Section 3.3 has to be replaced by Equation (3.24). This equation represents
the rotary converter that operates islanded on the single-phase side, supplying a local
load connected to the generator’s terminals.

do (1)
f2(§pu’wpu>t) :#

MP
1 {f)etMpu (t) _ [)eleuO (ku ’ a)pu (t)J _ d5pl{ (t)

B D w. +D.w
2HMG a)p,,, (t) a)pu (t) UGO dt ( M~ sM G7sG )

(3.24)

The initial voltage Ugy may be assumed to be 1 pu and therefore omitted. Remember
also that the speed operation point is close to the nominal speed 1 pu. The expression
for the generator torque given by Equation (3.23) (tegpu = PeiGpu/@pu) 1s linearised to
Equation (3.25). The exponential expression is in the linearisation process replaced by a
first-order Taylor series.

ATy = AT, = (P k)" (MP=1))Aw, (3.25)
From Equation (3.25) and the corresponding block diagram in Figure 3-6, it can be seen
that a constant current load having MP = 1 will give no speed dependent torque
variation and have neutral damping impact.

A constant power load having MP = 0 will yield a torque opposite to the speed variation
which has the impact of decreasing the damping. The constant power load may be said
to contribute a negative damping. If the rotor speed slows down, the constant power
load will increase the generator electromagnetic torque in order to keep the product of
speed and torque constant. Increased generator torque reduces the speed even more, but
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a total stop is prevented by the motor synchronising torque that increases when the
power angle increases due to the decreased speed. These opposing forces will cyclically
accelerate and decelerate the rotor resulting in the low-frequency oscillations in study. If
the system is unstable, e.g. by the loads negative damping impact being larger than the
motors own damping, the oscillation amplitudes will increase as time lapses.

KIM
D M a)sM <
Az-eMpu
- T80 | [T %%, — AS,
— 2 HMGS M sM
ATeru

| ])eleuO ' kiMP (MP - 1) RS

U

Figure 3-6: A block diagram for a rotary converter linear swing equation with load characteristic
influence.

In contrast, a constant resistance load having MP = 2 will result in a torque oscillation in
phase with the speed, thus increasing the damping, which is called positive damping.
The larger the generator voltage variation is, described by £, the larger the damping
impact will be. The influence is zero in no-load, and increases as the initial load
becomes larger.

Equation (3.26) is an explicit expression of the eigenvalue describing the converter
electromechanical eigenmode in single-phase island operation when the influence of the
local single-phase load’s voltage dependency is taken into consideration. The above
considerations of the torque variation relative to the speed oscillation are directly
reflected in the eigenvalue’s real part and hence the damping of the mode:

2
/11 , — _DMa)rM +PeleuO ,k:/”) (MP—I) i\/(DM(O@M +PeleuO ,kl:WP (MP—I)J _ KIMa)sM (3.26)

4H . 4H,,. 2H

MG

The understanding of &, when MP = 0 is however not obvious since ku0 =1 cancels its
influence. An explanation for this is not found. It might well be due to the
simplifications performed when establishing Equation (3.23). A better representation of
k, in an explicit eigenvalue expression than in Equation (3.26) will be given for a
constant power load in Equation (8.15).
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3.4.6 Stability criterion

Based on the load characteristic considerations in Section 3.4.5, a general criterion to
the torque variation relative to the speed oscillation as shown in Equation (3.27) can be
established. The transfer function from speed oscillation to torque oscillation must have
a phase less than or equal to = 90 degrees, i.¢e., a zero or positive real part.

arg ATL””(S) <90°= Re ATL””(S) 20, s=jo
Aaw(s) ’

Aa(s) res
The criterion is stated in the frequency domain and is generally valid for all frequencies.
From a stability point of view only, such behaviour is safe and advantageous. But for
practical applications such a wide frequency requirement is too stringent and
unnecessary. In this context however, the requirement is of importance in relation to the
rotary converter’s eigenfrequency ,.s = 27 f,.s. It 1s at this frequency that the system
shows its dynamical behaviour with poor damping and amplification of frequency
components nearby.

(3.27)

A load that satisfies the criterion by having a positive real part transfer function may be
classified as ‘passive’, meaning that the energy transferred from the load to the rotary
converter is less than or equal to the energy transferred originally from the converter to
the load. The energy at the frequency of interest is then dissipated in the load (Brogliato,
et al. [31]). The opposite of being ‘passive’ is being ‘active’, i.e., injecting energy into
the system at the oscillation frequency.

This criterion does not imply that the system becomes unstable if it is not fulfilled.
Violation only reduces the total damping of the rotary converter. The degree of violation
determines whether the system will be unstable or not, with the opposite being a load as
modelled here that cannot make the rotary converter unstable if this criterion is satisfied.

3.4.7 Generalisation

The characteristic swing equation and the analytical expression for the
electromechanical mode as shown in Equations (3.13) and (3.14), respectively, are not
valid for a railway rotary frequency converter only. They can be generalised to be valid
for any number of n synchronous machines operating on their respective synchronous
networks, stiffly mechanically connected. The characteristic equation for each of these
machines is added together in Equation (3.28), resulting in the expression for the
eigenvalues shown in Equation (3.29). Such a machine may, for example, be a prime
mover powering two synchronous generators connected to two networks having
different fundamental frequencies’.

? Such a configuration with one turbine powering two synchronous generators connected to respective
networks with different w, was said to exist at Kjosfoss hydro power station in Norway before the recent
refurbishment. However, a connection to both the interconnected 16 %3-Hz traction network and 50-Hz
utility network at the same time, was never experienced.
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> (2H,AS,, +D,0,AS,, +K,0,A,, ) =0 (3.28)

n

z D w, Z Do, ’ z K, o,

—__n + n __n 2
A 43'H, * 43 H, 2>'H, (3-29)

3.4.8 Mechanical analogy

Mechanical analogies of electric systems may facilitate the basic understanding of
power system dynamics. Samuelsson [151] develops analogies for several power system
phenomena.

A mechanical mass-spring analogy to the electric rotary converter for the low-frequency
electromechanical eigenmode can be established as shown in Figure 3-7:

The rotating solid mass of the converter is illustrated as a mass that can slide
back and forth without friction, corresponding to a mass rotating faster and
slower than its synchronous rotating reference system.

This sliding mass is connected to fixed points or walls in both ends,
corresponding to the stiff network voltages.

The mass is connected to the walls by springs which have spring constants that
correspond to the transient synchronising torque coefficient multiplied by the
fundamental frequencies for the two electric machines. From the basics of
mechanical vibration (e.g. Thomson [177]), it is known that two springs in
parallel yield a resulting spring constant K =K +K,, as illustrated by the

development of the electrical equations in previous sections.

The mass is also connected to the walls by dampers which have damping
constants that correspond to the respective damper coefficients multiplied by the
fundamental frequencies of the two electric machines, respectively.

+ —
Aa)pu K
sM lGa)sG

H,.,=H, +H,

y
1

Q) O

D,
ARSRARRRRERRRRRR
ASM = _Aépu@vM
= T T oT 1
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+ «——
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Scales

Figure 3-7: A mechanical mass-spring analogy for the rotary converter connected to stiff network

on both three-phase and single-phase side.
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e The mechanical distance the mass moves when oscillating is a change in
displacement relative to the fixed walls corresponding to the per unit power
angle for the rotary converter.

e The per unit mechanical distance can be converted to actual displacement
relative to the two different references using different scales that correspond to
the two different fundamental network frequencies.

3.5 Numerical example and comparison with measurements

This section includes a numerical example on how the characteristics of the
electromechanical oscillations are calculated for the three operating modes. Finally, the
calculations are compared with measurements performed and reported by Danielsen
[48]. The nomenclature for the angles, impedances and time constants used here is
given in Appendix B.2.

3.5.1 Operating conditions

For the calculations and measurements given in this section, operating in no-load has
been chosen. This choice has the advantage of having no current and hence no voltage
drops, making all calculations easier, i.e., the expression of the damping constant shown
in Section 3.5.5. Additionally, there will be no influence by the dynamical qualities of
the loads in the system, which excludes some uncertainty in both the calculation and the
measurements.

3.5.2 Network model

The network under study is a railway rotary converter rated at 4 MV A, connecting two
synchronous networks as shown in Figure 3-8. This is the most typical converter type
used in Norway (Banverket/Jernbaneverket [17]). Between the motor and the stiff
voltage source Us,, there is a 22-kV three-phase network having a short-circuit capacity
of 248 MVA at node Us and a 22-kV/6.3-kV transformer. Between the generator and
the artificial stiff voltage U, there is a 4.0 kV/16.6 kV step-up transformer and 92 km
of overhead contact line.

Rotary converter

50 Hz network 16 % Hz network
Uss Us Unm Ug U4 Uss

Figure 3-8: A single-line diagram of a network under study.

For the calculations, all resistances for the purpose of simplicity are neglected together
with the influence from the automatic voltage regulators. The stiff network voltages are
assumed to be 1 per unit and the converter is in no-load, i.e., power angles are zero.
Numerical figures for the networks and synchronous machines are given in Appendix
B.2, which also includes an explanation of the synchronous-machine parameters in use.
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3.5.3 Synchronous-machine parameters

Synchronous-machine parameters are received from the former manufacturer of these
up to 50-year-old machines. However, calculation by use of these parameters does not
result in such a poor damping of the electromechanical eigenmode as shown in Table
2-1. The poor damping experienced in Danielsen and Toftevaag [56] is confirmed for
measurements in which the automatic voltage regulator and excitation system are not
active.

In the literature as per Dahl [46], Bonfert [30] and Machowski, et al. [115], the linear
damping D proportional to the machine slip or deviation from synchronous rotational
speed is expressed as Equation (3.30). The parameter abbreviations are explained in
Appendix B.2.

X! _Xﬂ ) X! _ n
—4 4T sin’ § + —L——- T cos’ & (3.30)
(x, +X)) (x +X’)

€ q

D=U;

This damping consists of two terms: the d-axis and the g-axis contribution. Among
others things, each of these is proportional to the difference between the respective
transient and sub-transient reactances. The d-axis parameters are relatively easy to find
as they are given by a short-circuit test (Bonfert [30], Kundur, et al. [107]). Tests
requiring more effort are needed to determine the g-axis data. The damping impact from
the converter motor is provided by eddy currents in the massive poles. Massive pole
rotors increases the X,” compared with machines having damper windings (Bonfert

[30]).

Based on this, it has been chosen to increase the value of X, until the poor damping
that has been experienced in reality is reached in the model, i.e., an increase from 0.24
to 0.34 pu, which corresponds to an increase of 42 %. The X,” over X;” ratio is
increased from 1.45 to 2.0. A typical ratio for machines with massive poles is 1.2 to 1.8
(Bonfert [30]).

Additionally, the given inertia constants (/) do not include the rotating mass of the field
machines. Hence, the received values for the inertia constants are increased by 5 %.

3.5.4 Transient synchronising torque coefficient

The transient synchronising torque coefficient is a linearisation constant reflecting the
change in the electromagnetic torque of the synchronous machine in relation to a change
in the electrical power angle, and has the unit per unit torque per radian. An expression
for this coefficient is shown in Equation (3.31) found by a partial differentiation in the
equation for the salient-pole synchronous-machine transient power-angle characteristic:

az-etu(é‘(;) E,US 2 XL;_X,
K =—= =—2 " cosd, +U; ! cos 20, (3.31)
00’ X, + X, (xe+X;)(xe+X;)
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3.5.5 Damping coefficient

The damping coefficient is an expression of the damping torque given by electrical
damping per speed deviation from the synchronous reference rotational speed. Its value
is both dependent on the construction of the machine (such as damper windings) and the
operating point in study (especially the power angle). The determination of the exact
damping impact from the electrical damping may be a difficult task. A common and
simplified expression for the damping constant D is shown in Equation (3.30).
However, this equation is found to be insufficient when dealing with the large generator
sub-transient quadrature axis time constant, due to the low-resistance damper windings
needed for single-phase machines. Pal [136] (page 6-21) provides a more detailed
expression that takes such time constants into account, together with the oscillation
frequency w,,. to be damped.

DU (X, - X.)T; . (X, —X)T7, i’ 5
(=, +Xd)2 . (x, +X’) T (xe+X£',)2+a)m(x +X”) T
(3.32)
nge (X ) (X;_X;)Tq% cos: S
’ (x +Xq)2+ mc(x +X) T, (xe+X;)2+a);C(xe+X;') T

In the calculation in this section, Equation (3.33) is used. This is a simplification of
Equation (3.32) when the following simplifications are made:
e The converter is studied in no-load, i.e., with power angles that are equal to zero.
The direct axis damping impact is then zero.

e X,” = X, Such a simplification is common for salient pole machines
(Machowski, et al. [115]).

(x; —X")T"
(x, +X') (% +X") Ty

D=U’ (3.33)

3.5.6 Measurements

The measurements are performed for a case in which a local single-phase load is shut
off by use of two multiple operated locomotives that open their main circuit breakers
when consuming power. The stiff single-phase voltage is in the interconnected
operating mode represented by the rest of the single-phase network, including a rotary
converter at a distance of 92 km. This second rotary converter represents a dynamic
behaviour that is not included in the calculation model in Section 3.5.2. A perfectly stiff
single-phase voltage reference was due to practical reasons not available.

The measurements include active automatic voltage regulators for both synchronous
machines. An example of the results for motor (P3) and generator (P/) power for
interconnected and island operation, respectively, is shown in Figure 3-9.
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Figure 3-9: An example of test results for single-phase active power shut-off in interconnected and
island operating mode, respectively.

In interconnected mode there are motor and generator power oscillations, while in
island mode there is no generator power since there are neither local loads nor single-
phase connection to other converters.

The damping and frequency of the oscillation are extracted from the converter step
response by use of the three-phase active power (P3) as input to Equation (C.3) in order
to calculate an apparent eigenvalue. This is done for the 10 first oscillation periods, and
then an average is created.

It can be observed in Figure 3-9 that three-phase and single-phase active power roughly
oscillates in anti-phase as predicted for interconnected operation. Comparing the
amplitude of the power oscillations in Figure 3-9 gives a ratio Ra, of (0.5/0.1=) 5. A
similar calculation for the numerical values in Table 3-1 by use of Equation (3.17) gives
Rxp=5.26.

3.5.7 Comparison between calculations and measurements

The low-frequency electromechanical eigenvalues calculated and measured are
compared in Table 3-1 together with the calculated coefficients for the two machines in
the three different operating modes.
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Table 3-1: A comparison between the calculated and measured electromechanical eigenvalues.
See Section 2.2.4 for explaining of operating modes.

Operating mode Motor Generator Calculated Measured
mode mode
Kive  Du K Do [1/s)2j[Hz]  [1/s] +j [He

Interconnected 227 0014 127 0005 -032+;1.69 —-0.32+;1.66
Island 227 0.015 0.00 0.000 -031=+;1.55 -0.33+,1.57
Reactive comp. 0.00 0.000 1.27 0.032 —0.23+;0.67 Not measured

Inserting the numerical coefficients into Equation (3.14) clearly shows that the three-
phase motor dominates the low-frequency behaviour resulting in an eigenfrequency f.s
in the vicinity of 1.6 Hz. The coefficients are larger for the motor than for the generator,
both in interconnected and island operation. In addition, the coefficients are weighted
three times more due to the frequency ratio. Despite the large generator damper
windings, its contribution to the damping is low due to the weak line connection to the
rest of the single-phase system. Islanding the single-phase side creates no significant
change in the mode. The change in damping coefficients among the different modes is
due to the frequency-dependent damping. The measurements show similar values to the
calculations.

3.5.8 Comparison with higher order models

The developed swing equation of the second order describes in a simplified way the
basics of the low-frequency eigenmode. Real synchronous machines are more complex,
and a common way of representing these in power system studies is by the use of 5™
order models (Kundur [106] and Machowski, et al. [115]). Such a model includes the
rotor speed and power angle, as in the second-order model developed. In addition, three
differential equations describing the dynamics for the field winding and the d-axis and
g-axis damper windings are included. Additionally, the real power system impedances
also have a resistive part.

Modelling the simple power system as described in Section 3.5.2 by means of 5™ order
machine models reveals the eigenvalues shown in Table 3-2 when using the linear
analysis tool in SIMPOW. The simulated eigenvalues are compared with the calculated
and measured eigenvalues in Section 3.5.7.

Table 3-2: A comparison between simulated, calculated and measured electromechanical
eigenvalues. Units are [1/s] and [Hz]

Operating mode Simulated mode  Calculated mode Measured
with with mode
5™ order model 2" order model
Interconnected —0.39+£/1.77 —0.32£/1.69 —0.32+/1.66
Island —0.34 +;1.59 —0.31+/1.55 —0.33 +51.57
Reactive compensation —0.12+/0.76 —0.23 £/0.67 Not measured
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The table shows similarities between the eigenvalues found in island operation. In
interconnected and reactive compensation mode, larger differences can be observed.
These differences are not studied further, though some deviation due to a different level
of model detailing must be expected as described by Johansson, et al. [93].

3.6 Mode sensitivity to surrounding networks and loads

It could be of interest to study how the damping and frequency of the rotary converter’s
low-frequency electromechanical mode is influenced by changes in the surrounding
three-phase and single-phase networks. The calculation of the eigenvalues is done by
the simple second-order model developed in this thesis. Only one rotary converter unit
in each converter station is considered.

3.6.1 Three-phase network

The characteristics of the three-phase network may be divided into two categories: its
nominal voltage Uy and short-circuit capacity Ss.. The minimum, typical and maximum
figures for the Norwegian power supply can be found in the document which describes
the characteristics of the infrastructure (Banverket/Jernbaneverket [17]). The apparent
short-circuit power is related on the network side of the converter-station three-phase
transformer, and is assumed to be without contribution from the rotary-converter motor
itself. The results for the islanded single-phase network are shown in Table 3-3:

Table 3-3: A comparison of low-frequency mode for different three-phase networks. Units are

[1/s] and [Hz].
Sse Min: 11 kV Typical: 66 kV Max: 132 kV
Min: 70 MVA -0.27+1.49 -0.26=+,1.47 -0.21£,1.39
Typical: 250 MVA -0.31£,1.55 —0.30+/1.54 -0.24£,1.45
Max: 2500 MVA —0.33 £/1.58 —0.32£/1.57 —0.26+/1.47

This table indicates no large differences in the electromechanical mode for the different
combinations of three-phase network nominal voltage and short circuit capacity, and the
essential poor damping is kept. However, we observe that the increased short-capacity
results in increased damping and oscillation frequency of the mode as the network
impedance Z, is as indicated by Equation (3.34) proportional to S, inverse. A change
in Uy alone when S, is kept constant has no influence, but a higher primary voltage
requires another transformer with a higher inductance which reduces both damping and
oscillation frequency accordingly.

7, ==~ (3.34)

3.6.2 Single-phase network

The single-phase network can be characterised by the distances to the next converter
stations and the type of line used. Two line types are compared, the conventional 15-kV
overhead contact line and the new proposed autotransformer system on +15/~15 kV.
The distance between the two following converter stations is varied in the normal steps
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of 40, 80, 120 and 160 km for both systems. An equivalent stiff single-phase network
bus is considered to be the combination of the next stations in both directions. That is,
the distance to the stiff network bus is 40 km in a system in which the distance is 80 km
between two stations.

A typical three-phase network of 66 kV/250 MVA is used. The typical line impedance
for conventional overhead contact line is given in Banverket/Jernbaneverket [17], and
the expected line impedance between positive and negative feeder inclusive
autotransformers is found in Varju [180]. The results are shown in Table 3-4.

Table 3-4: A comparison of low frequency mode for different single-phase networks. The units
are [1/s] and [Hz].

Distance between Conventional overhead  Autotransformer system
converter stations contact line 15 kV +15/-15 kV
40 km —0.42 +,1.73 —0.50+,1.75
80 km -0.36+,1.71 —0.46 £/1.74
120 km -0.34+£/1.70 —0.43 £/1.73
160 km —0.32 £;1.69 —0.40 £;1.73

The results indicate a tendency for an increased damping as the distance between
converter stations decreases or an AT-system is introduced. In both cases, the line
impedance is decreased, though no large increase in the converter damping can be
expected. The results are based on the simplification of modelling the next stations as
voltage sources without internal impedance, which overestimates the damping. Detailed
modelling may reduce the differences between the cases even more.

3.6.3 Single-phase load characteristic

The single-phase load voltage-dependency characteristic in Equation (3.26) is found to
have an influence on the converter’s damping. This contribution to the eigenvalue’s real
part is shown in Equation (3.35).

P k) - (MP -1
DMP — eleuO 414H ( ) (3.35)
MG

Table 3-5 shows a comparison between the three main types of load characteristic and
their influence on the eigenvalue in question. The generator is supplying a nominal load,
and an automatic voltage regulator is not being used. The influence calculated by use of
Equation (3.35) is compared with the eigenvalue calculated in SIMPOW with the 5™
order synchronous-machine models introduced in Section 3.5.8. The neutral constant-
current load is used as a reference.
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Table 3-5: The eigenvalues for different single-phase load voltage dependency characteristics.
The units are [1/s] and [Hz].

MP Eigenvalue Load characteristic Load characteristic
5™ order model influence 5" order influence Equation
model 3.35)
0 —0.3627 +j1.6164 +0.0694 +0.0668
1 —0.4321 +1.6164 0.0000 0.0000
2 —0.5099 +;1.6161 —0.0777 —0.0668

The direction and size of the influence calculated by Equation (3.35) are reflected by the
differences between the eigenvalues based on the 5™ order machine models. The
constant power load is reducing the system’s damping of the rotary converter’s
eigenfrequency. It should be commented though that the influence is low (15%)
compared with the actual value of the eigenvalues’ real parts, even for this poorly
damped converter.

By comparing the eigenvalues for the 5™ order models at neutral nominal constant
current load in Table 3-5 with the no-load case in Table 3-2, it can be observed that the
mode damping has increased. This is due to the increased load and changed motor
power angle resulting in an increase in d-axis damping corresponding to Equation
(3.30). This more than compensates for the corresponding decrease in g-axis damping.

3.7 Discussion and conclusion

3.7.1 Discussion

3.7.1.1 Measurement considerations

The measurements reported support the theoretical development and considerations
presented in this chapter. However, it is not immediately clear that Figure 3-4 and
Figure 3-9 show the same response. The measured responses have oscillation
amplitudes that are much lower than the initial values. This is due to an imperfect step
in single-phase power, as the main circuit breakers of the two multiply operated
locomotives did not open at exactly the same instant, but instead there was an
unfortunate time delay. A closer study though, as in Table 3-1, reveals that the
oscillation damping and frequency correspond.

The measurements also confirm that three-phase and single-phase powers oscillate
against each other in anti-phase in interconnected operating mode. It should be noted,
however, that even if the power oscillations in low-frequency electromechanical mode
are in anti-phase, the steady state or quasi-stationary power varies in phase, i.e., an
increase in generator power increases the motor power as shown in the figures.

The measured oscillation in the interconnected mode does not have a perfect
exponential decay as in the island mode. This is probably due to the excitation of and
interaction with the next rotary converter on the line, as the single-phase power is much
distorted. When single-phase power oscillation is more than 180 degrees phase shifted
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relative to three-phase power, as seen from 2 to 4 s in Figure 3-9, the oscillation
amplitude decay is low. The damping is then also low due to single-phase power
containing a component in anti-phase of the speed oscillations. When single-phase
power is less than 180 degrees phase shifted relative to three-phase power, as seen from
1 to 2 s, the oscillation amplitude decay and damping is high due to a component in
phase with the speed. Hence, the damping found based on the measurement is
calculated as an average over 10 oscillation periods.

3.7.1.2 Reason for poor damping

Experience and measurements (e.g. Toftevaag and Palsson [178] and Danielsen and
Toftevaag [56]) shows that the rotary converter has a poorly damped eigenfrequency.
However, calculations based on the synchronous machine parameters received from the
former converter manufacturer do not reflect this poor damping. It has not been possible
to explain as to why the converter shows such a poor damping in real life and the
received parameters do not.

One suggestion for the reduction of the machine damping that has been proposed and
introductorily studied by Garten [70] is the fact that most of the converters are placed on
railway carriages which includes leaf springs as shown in Figure 2-2. Therefore, the
machine stators may not be expected to be fixed as if they were placed directly on a
fixed foundation (e.g. the floor). Mechanical oscillations in the carriage are reported
when the converter oscillates at electromechanical eigenfrequency. This proposal for
damping reduction in this work has not been followed-up on any further. Instead, the
quadrature axis sub-transient reactance has been increased as described in Section 3.5.3
to reflect the poor damping quality.

The reason for this poor motor damping is investigated and discussed more in detail by
Danielsen [48]. Kundur [106] describes how damping may be reduced in some
situations. At page 752, the field flux variation due to the armature reaction for a
hydraulic generator without damper windings operating at light load and connected to a
line of relatively high resistance to reactance ratio to a large system is explained. At
page 766, the destabilising effect of the AVR is explained for high values of external
system reactance and high generator output. The fact that the rotary converter shows
poor damping in no-load and island mode (motor active only) without active AVR does
not obviously correspond to these described situations. The supplying three-phase grid
has not been considered to have a special high resistance to reactance ratio. Deeper
investigations are needed in order to tell for sure if these phenomena really have
influence on the rotary converter damping or not.

3.7.2 Conclusion

An extended and simplified swing equation for synchronous-synchronous rotary
frequency converters is developed and numerical calculations are supported by
measurements. The converters studied here have a poorly damped electromechanical
eigenfrequency. It has though not been possible to recreate this poor damping based
directly in the models based on the synchronous-machine parameters received from the
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manufacturer. A tuning of the quadrature-axis sub-transient time constant has been
found to be necessary.

The converter’s low-frequency behaviour is dominated by the motor due to its higher
fundamental frequency and stiffer connection to the three-phase network. The
interconnected operating mode resembles a single-machine infinite-bus (SMIB) system
for a prime mover driven generator. However, the island operating mode for the
converter generator differs from the similar operation of a prime mover driven
generator, as the converter motor is still connected to a stiff network on the three-phase
side, and the characteristic second-order electromechanical dynamics is still present.

The two synchronous machines’ oscillation and damping properties come together
when both are connected to their respective power networks. This can be generalised for
any number of synchronous machines connected together as a lumped mass, and their
contribution to the electromechanical mode is weighted by the fundamental frequencies
of their respective networks.

An important characteristic of the rotary converter is that a positive electromagnetic
torque imbalance results in acceleration of rotor, and opposite when negative imbalance.
The voltage characteristic of a local single-phase load supplied from the rotary
converter is found to have an influence on the damping of the converter’s low-
frequency electromechanical eigenmode since it has an impact on the generator
electromechanical torque during a speed oscillation. A constant power load is reducing
the damping and a constant resistance load is increasing the damping, and a constant
current is considered to be neutral. An important qualitative stability criterion is that the
single-phase load should not show a constant power load behaviour at the
eigenfrequency where the converter’s damping is poor. Additionally, it has been
observed that increased loading also increases the motor damping of the eigenmode.

The numerical sensitivity analysis regarding three-phase and single-phase network
parameter variations shows that the stiffness of the networks cannot be expected to have
an influence on the damping of the eigenmode to any serious extent.

3.7.3 Further work

Based on the work in this chapter, further work may be proposed even though nothing
here is new:

e The rotary converter shows a poorly damped electromechanical eigenfrequency.
A common way to damp such oscillations is by use of a power system stabiliser
(PSS). The development and implementation of such a PSS for the rotary
converter should be futher focused on, especially in regard to the motor.

e The damping of the rotary converter eigenfrequency is influenced by the single-
phase load by the generator voltage on speed variation ratio k, as shown in

54 NTNU 2010



3 Rotary converter electromechanical modelling and eigenmode

Equation (3.26). This negative influence could be reduced by use of the
generator AVR, perhaps together with an additional PSS.

e The exact reason for the poor damping of the rotary converter eigenfrequency
has not been found. It might be of interest to further investigate this reason by a
more exact determination of the synchronous-machine parameters and the
influence from the rail carriage oscillations. This activity is however of more as
a curiosity, as the converters are old and no large hardware changes may be
expected.

e The measurement in interconnected operating mode shown in Figure 3-9 is not
illustrating the single-phase power oscillation very well. When opportunity, a
new measurement with a stiffer equivalent single-phase voltage should be
performed and the step disturbance should be performed by one vehicle only.
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This chapter explains various concepts of power system modelling that will be
compared in the stability studies later in this thesis. An enhanced RMS mode is
proposed as a compromise between instantaneous value modelling and standard RMS
mode modelling.

4.1 Introduction

In a traditional three-phase power system with mainly electric machines and passive
loads, it can be argued that low-frequency stability studies by time-domain simulations
and linear analysis can be performed in fundamental frequency (or RMS (root-mean-
square)) mode instead of in time-domain simulations with instantaneous values of
voltage and current values (Kundur [106]). For electromechanical transients it is
normally sufficient to consider the power frequency component of voltages and currents
in an AC network and the mean value of the voltages and currents in a DC network, as
for power flows ([3] page 1228 for a full power converter wind turbine, page 1265 for a
doubly-fed induction generator, page 1455 for a HVDC converter, page 1541 for a
HVDC Light converter, page 1517 for a STATCOM, page 1620 for a railway line
voltage converter, page 1641 for a railway PWM and page 1747 for a rotary converter).

In a power system with dominating non-linear components, particularly in a single-
phase system, these traditional tools may not however be fully valid any more
(Mollerstedt [130]). It would be of great interest and benefit though if already
established and traditional methods for the study of power system stability could be
used in systems with power-electronic components as well. Thus, one objective of this
thesis is to investigate to what extent traditional power system modelling of a power
electronic component reflects low-frequency phenomena in a single-phase system.

4.2 Instantaneous values of voltage and current

The instantaneous value modelling of a power system is close to being reality, and all
experienced phenomena can be represented and tested most realistically. Hence, time
domain modelling and simulation, e.g. in Matlab/Simulink (Menth and Meyer [116]), is
often used in studies of advanced electric rail vehicles in which complex phenomena
may be of interest.

Among the vehicle manufacturers, so-called real-time-simulators (RTS) as described by
Terwiesch, et al. [176] are considered to be a powerful tool. The vehicle digital control
system with all its non-linearities is simulated in real-time together with a power system
model and/or a motor side model. This is often called hardware-in-the loop or software-
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in-the-loop simulations, depending on one’s point of view. On the other hand, Staudt, et
al. [161] describe a method for a high-speed simulation of the same phenomena.

The instantaneous voltages and currents in an AC system in instantaneous value mode
can, if harmonics are neglected and the system is in steady-state, be described as
sinusoidal waves as functions of time ¢ as in Equations (4.1) and (4.2). The
fundamental angular speed is w; = 2m'f; where the fundamental (or synchronous)
frequency is given as f;= 16 %3 Hz in the traction power system considered in this thesis.
A, and B, in Equation (4.1) and 4; and B; in Equation (4.2) together describe the
individual amplitude and phase of the voltage u and current i, respectively.

u(t)=A,cos(wt)+B,sin(w;t) (4.1)
i(t)= A4 cos(w,)+B;sin(wy) (4.2)

\

These instantaneous signals, with fundamental frequency only, can be written in their
complex form (rectangular or exponential form) as rotating phasors as shown in
Equations (4.3) and (4.4) where 6,0 and 6, are initial displacement angles for the
voltage and current, respectively. Yet, it is common to choose a reference, 6, and 6,, for
instantaneous values such that the imaginary parts disappear. U and [ express the peak
values of the voltage and current, respectively.

u(t)=4,cos(wt+0,))+ jB,sin(wt+6,,)
=Ucos(wt+6,)

— ,A 2 +B Zej(a’s“'euo)

— Ue/®1+0.)

(4.3)

i(t)=A cos(wit+6,)+ jB sin(wt+6,)

=1Icos(w,t+0,)

_ 2 2 j(@gt+6;)
=\A +B’e 0

_ I"ej(wAHHi)

(4.4)
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4.3 Reference frames

From a sideline perspective as in Figure 4-1a), the phasors in Equations (4.3) and (4.4)
are seen rotating with the angular speed ws in the complex plane. This is called the
stationary reference frame, and the direction of these phasors is then time-variant, i.e.,
depending on the instant it is considered — even in steady-state.

a) b)

Figure 4-1: a) Stationary reference frame
b) Rotating reference frame

In order to simplify hand calculations and increase simulation speed for power system
analysis, it is common to make use of root-mean-square (RMS) values and a reference
frame rotating at a synchronous speed ws as seen in Figure 4-1b). Hence, this is called
the rotating reference frame, and all steady-state fundamental AC values can in this
frame be expressed by DC values. The arguments of the phasors describe their mutual
displacement from the reference only, and the signals are now time-invariant in steady
state.

Using standard RMS wvalues also implies neglecting fast network transients in
synchronous-machine stators and corresponding series network components (Kundur
[106]). The influence of the changed network frequency in reactance values is also
neglected, thus the number of differential equations describing the network can be
considerably reduced. Using this simplification, the corresponding voltages and currents
are as formulated in Equations (4.5) and (4.6) in which there is no time dependency in
steady state.

- o ) < U
U :_/2(Au COS(QMO)‘FJBH Sln(9u0)) = URe +]Ulm = Ue‘](g““) :—,_2 6'1(9”0) (45)

f—L(A cos(6,,)+ jB sin(6,y)) = I, + jI —Ie"(‘g‘“)——f e/t
_\/5 ; io ) T JD; i0)) = dre T Him = - 5 (4.6)
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The equations have become time-invariant as the w,t term of the angle is omitted. That
does not however mean that the voltage and current cannot change as time goes. They
are still a function of time, and will change when the power system operating state
changes or during transients. It is common to leave out the time dependency () for the
variable notations in rotational reference frame, which is adopted in the following.

The synchronously rotating phasor coordinate system can be considered as a global
synchronously rotating DQ system, in which the direct (D) axis is aligned with the real
(Re) axis and the quadrature (Q) axis is aligned with the imaginary (/m) axis.

In a multi-phase system, a transform between the stationary and the rotating reference
frame can be done instantaneously. For example, a symmetric three-phase system (abc)
might first be transformed to a two-phase stationary af reference frame by use of
abc/af or Clarke’s transform and then to the rotating reference frame by use of af/dq or
Park’s transform. The latter is essential in this thesis, and is shown in Equation (4.7).

u, coswit sinot || u,
= . 4.7)

Ug —sinaol cosal || Ug
Nevertheless, in a single-phase system, an instantaneous transform from one phase to
two phases in stationary reference frame is not possible. The orthogonal S-signal simply
does not exist as there is only one phase. A back transformation from a rotating to a

stationary reference frame is possible though by use of the inverse transformation
matrix used in Equation (4.7), e.g. Equation (4.13).

4.4 Series impedance voltage drop

4.4.1 Instantaneous value and standard RMS

The voltage drop Au(f) or AU over a resistor R and an inductor L can be described as in
Equation (4.8) for instantaneous values and (4.9) for standard RMS values, respectively.

Au(t):R-i(t)+Ld;,(;) 48)

AURe _ R _a)vL ]Re _ R _X IRe (4 9)

AU, | oL R ||I,| |X R |1, '
The term w,L, called the reactance X, leads to the rotationally induced voltage drop
given by the fundamental current alternation. In the model of series inductors
implemented in this thesis such as power lines and transformers the fundamental
frequency is assumed to be constant, i.e., w; = 1 pu. Note that RMS current in Equation

(4.9) is no longer a state variable, i.e., it is allowed to change with an infinite time-
derivative.
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The amplitude of the voltage drop is given by Equation (4.10), while the amplitude of
the current is given by Equation (4.11). This similarly applies to other complex values
such as node voltages and changes in voltages and currents.

AU =|AU, + jAU,, |=JAUL + AUZ, (4.10)
I=|lye+ jl|=\1a + I, (4.11)

4.4.2 Enhanced RMS

For instantaneous-value modelling of three-phase systems, a synchronous rotating
reference frame is often used when synchronous machines are present, as described by
Persson, et al. [145]. This is called dgO-representation of the power system.
Additionally, for the study of three-phase power electronic components, a similar local
synchronously rotating dq reference frame is often established, as shown by for example
Harnefors [72].

An important difference from traditional power system modelling and standard RMS is
that the current is kept as a state variable, including the fast line current dynamics given
by the term L-di/dt. Consequently, the voltage drop over the inductive reactance
becomes as shown in Equation (4.12) when considered in the real and imaginary axis
coordinate system already introduced. In this thesis, this introduction of current as a
state variable is called the ‘enhanced’ RMS mode or ‘RMS L-di/dt’ (in contrast to
‘standard’ RMS mode):

R+1 L ~o,L R+ L _x
|:AURC:| — dt |:]Rc:| — dt |:]ch| (4 12)
AU oL R+ Li T X R+ Li Tim
dt dt

In the stationary reference frame, Equation (4.8) includes one state variable which
results in one non-oscillatory mode, i.e., a real valued eigenvalue. The rotating reference
frame Equation (4.12) includes two state variables which results in two eigenvalues that
together form a complex conjugate pair with an oscillation frequency equal to the
rotational speed of the reference frame (Harnefors [73]). This means that a DC
component in the stationary reference frame will appear as a fundamental frequency AC
component in the rotating reference frame, and vice versa.

In the rotating reference frame the fundamental voltages and currents are as mentioned
time invariant in steady state, i.e., they can be understood as DC values. Note that the
impedance in the diagonal elements of the transfer matrix in Equation (4.12) resembles
the impedance in a DC system as well. The two axes can be understood as two DC
systems that are connected by the reactance w,L. This relationship is utilised further as a
simplification in the analytical considerations in this thesis (Chapters 6 and 8).
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Sun [174] clearly distinguish between modelling in the rotating dg coordinate system by
instantaneously reference frame transformation and phasor-based average modelling
based on RMS values for three-phase systems. The proposed enhanced RMS modelling
for the single-phase system here is a combination of these to approaches.

4.4.3 Comparison

Figure 4-2 shows a comparison of the calculated current by instantaneous values and
RMS values, both with and without including the dynamic voltage term L-di/dt during a
transient. A sinusoidal voltage is imposed to an inductive impedance at voltage zero,
crossing by means of a short circuit at the end of a line connected to an ideal voltage
source. That means that Equations (4.8), (4.9) and (4.12) are used for calculating the
voltage drop over the inductance, respectively.

The RMS mode results are expressed as instantaneous value currents by use of the
transform in Equation (4.13). In standard RMS mode the DC component is absent, as
the current is allowed to change with an infinite time-derivative. The extent of the DC
component of the current in instantaneous value mode is known to be time-variant, i.e.,
dependent on the voltage phase for when the voltage disturbance is imposed, which in
this case at maximum. In enhanced RMS mode, the DC component is time-invariant
and always present at maximum.

i(t)=1,,(t)cos(w,t)—1,, (¢)sin(w,t) (4.13)
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Figure 4-2: Current i(¢) simulated in instantaneous value mode and RMS mode with and without
L-dizdt when a sinusoidal voltage is applied to an inductive impedance.
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4.5 Synchronous-machine stator flux linkages

45.1 Standard RMS

As described in the previous section, the time derivative current is commonly neglected
in the network equations for power system studies. To make the system consistent, it is
also common to neglect the voltage drop given by the time derivative of the
synchronous-machine stator flux Y. This simplification is shown by Kundur [106] to be
counterbalanced by neglecting the machine speed variation’s influence on the stator
winding induced voltage e. That means that the stator-voltage two-axis equations are
often simplified to Equation (4.14). R, is the stator resistance.

E - 1
{ "}{ W"}—R{ d}. (4.14)
£, Va 1,
The simplification of neglecting the influence of the machine’s speed variation implies
fixing it to w,,(¢) = 1.0.

45.2 Enhanced RMS

In enhanced RMS, the simplifications for the stator-voltage equations explained in
Section 4.5.1 are reversed. Equation (4.15) shows these complete equations in the
rotating reference frame.

E - I
o LdWal p | Ve l-r| 4.15)

Eq a)s dt l//q Wd I‘I
For the practical implementation of the synchronous machines in this thesis, the 5™
order model described and developed by Johansson [92] is used, with the only change

that of replacing Equation (4.14) with (4.15)'°. The resulting synchronous-machine
models are therefore of the 7™ order.

4.5.3 Comparison

Figure 4-3 shows a comparison of the calculated current by instantaneous values and
RMS values, both with and without including the voltage term L-di/dt when a short
circuit at voltage zero crossing is applied at the end of a line fed from a synchronous
generator. The line is modelled as described in Section 4.4.3. For the normal and
enhanced RMS modes, the stator induced voltage is calculated according to Equations
(4.14) and (4.15). As there is no instantaneous single-phase synchronous-machine
model available but a three-phase one, the simulations are performed with a three-phase
machine and the results are shown for phase A. The results for the rotating reference
frame models are transformed by use of Equation (4.13).

' The standard fifth order synchronous-machine model in SIMPOW represents a compromise between
these two equations since the first term in Equation (4.15) is excluded while the speed influence in the
second term is included.
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1.5
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Figure 4-3: Current i(?) simulated in instantaneous value mode and RMS mode with and without
L-di/dt when short circuit is applied.

The result, including the synchronous machine, shows an equal pattern as in the case
with the line only.

4.6 Single-phase power availability
The instantaneous electric power p(¢) is known as the product of voltage u(¢) and current

i(9):
p(t)=u()-i(7)

. . (4.16)
=Ucos(mt+6,) Icos(wt+06),)
By selecting ¢ = (Hu -0, ) , the instant power can be expressed as:
Ul
p(t)= TCOS((/))
(4.17)

+%(cos((o)cos (20,t)—sin(p)sin(2w,))

From this we can see that the instantaneous single-phase power is time-variant, having a
frequency equal to twice the fundamental frequency. One may say that the terms with
frequency 2w, = 2-2xf; describe the second harmonic ‘packages’ in which the energy is
delivered (Menth and Meyer [116]). In contrast to three-phase systems in which the sum
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of the time-variant power in all three phases cancels this second-harmonic pulsation, in
single-phase systems it remains.

In RMS mode, the active power P in Equation (4.18) is time-invariant since both U and
[ are time-invariant.

P=Ul cos(9p) (4.18)

As an illustration, imagine the voltage u(f) with U = 1 pu applied to a R = 1 pu resistor
at time ¢ = 0. The resulting current i(f) has /=1 pu, and is in phase with the voltage. The
instantaneous power transferred is described by Equation (4.17) and the RMS power is
described by Equation (4.18). The energy e(¢) dissipated in the resistor for the previous
half fundamental period 752 can be calculated by Equation (4.19).

e(r)= j p(1)dt (4.19)

t

Figure 4-4 shows u(t), i(f) p(¢) and e(¢) as a function of time for different values ([0, 45,
90, 135] degrees) of the voltage-displacement angle 6, after voltage zero crossing. As ¢
is kept constant, 6, is varied correspondingly. From this, it can be understood that the
power availability is time-variant as given by the phase of the voltage and the current.
Close to the voltage zero-crossing there is no power available while at the voltage peak
there is large power available. The corresponding energy from RMS values is shown for
the sake of comparison.
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Figure 4-4: Voltage u(r), current i(z), power p(f) and energy e(?) as a function of time when voltage
is applied at 7= 0 for different values of voltage-displacement angles.
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4.7 Summary

In this chapter, the fundamentals of power system modelling in stationary and rotating
reference frames are explained. Instantaneous value modelling is commonly used for the
single-phase study of advanced electric rail vehicles, while a rotating reference frame
using RMS values is commonly used for larger power systems. For single-phase
systems, modelling in the rotating reference frame is a simplification and an imitation of
the formally allowed reference frame transformation commonly used for three-phase
systems. The big advantage of using this method of modelling is time-invariance and
constant power availability. Two different rotating reference frame models are shown,
both with and without the fast current and flux dynamics in the network inductance and
synchronous-machine stator. The proposed enhanced RMS mode takes the fast current
dynamics of inductors into account, while this is commonly neglected in standard RMS
modelling.

66 NTNU 2010



5 Electric rail vehicle modelling

This chapter presents the full and complex developed model of the line-side part of an
advanced electric rail vehicle. Step-by-step, each controller is explained and a
comparison between time-variant instantaneous-value modelling and time-invariant
RMS modelling is investigated. The complete models are evaluated in view of dynamics
observed by a load step response and a long line stability test.

5.1 Introduction

In this chapter a full and complex model of the line side electric solution of an advanced
electric rail vehicle is developed. It is as far as possible based on fragmental
descriptions found in literature and publications, but the assembly of the different
components and solutions is believed to be new. A complete description of the line side
of an electric rail vehicle like this has not been found published before, thus this model
is a corner stone of present thesis.

The vehicle model is based on the literature and is not related to one specific real
vehicle. This means that the model can be published independently of any vehicle
manufacturer’s industrial secrets. However, it also introduces uncertainty, as there is no
real-life vehicle to compare the model with.

The vehicle model development focuses on the single-phase instantaneous value
solutions since it is under these circumstances a real vehicle has to operate. These
solutions are further represented in a rotating reference frame in order to be used for the
corresponding RMS models that are developed in parallel. Instantaneous value variables
are commonly written with lowercase letters and RMS variables are commonly written
as phasors with uppercase letters. The paralell modelling in both instantaneous values
and RMS values in this chapter may challange this convention, even if it is aimed to use
the letter case that illustrates the each point, equation or figure best according to the
context.

Important parts of the vehicle model in view of low-frequency power oscillations are
more deeply studied and discussed in Chapter 6. An overall discussion of the vehicle
model relevance in this thesis 1s given in Section 9.1.
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5.2 Overview

5.2.1 Block and phasor diagram

The main task for an electric rail vehicle is to convert electric energy delivered from the
overhead contact line into mechanical energy in order to run the train. A more detailed
single-line and signal-flow diagram on how the control system of an advanced electric
rail vehicle in Figure 2-4 may look like is shown in Figure 5-1. The voltage u,.; in the
lower left corner is the line voltage at the vehicle’s current collector.

AC voltage measurement Synchronous rotating controllers
u u
u ] aly, a,B dl
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Figure 5-1: A single line and signal flow diagram of the vehicle model.

In real life, the motor-side load consists of a three-phase induction machine fed by a
motor-side inverter controlling the motor’s torque and, consequently, the train’s speed.
The required electric power is taken from the energy storage in the DC-link. It is the
main task of the line-side converter to maintain this energy storage by controlling the
active power inflow, or outflow if regenerative braking, from/to the line (Menth and
Meyer [116]). Additionally the line-side converter is used to control the power factor at
the transformer upside.

The line-side converter (PWM) and its control system are of primary interest for these
studies. The active power flow is controlled by the voltage controller (VC), keeping the
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DC-link voltage ug, to its reference value u? = 1 pu by calculating the reference active

current i’ for the current controller (CC). Based on the active and reactive current
references i;,ef and i;ef and the measured actual line current i and voltage u,.;, the

current controller gives the reference voltage u'? for the inverter to pulse-width

modulate u,. into an AC voltage u,.. This voltage is referred to as the ‘actuated voltage’
since it is this voltage that the vehicle actually controls. The phase 6, of us is
estimated by the synchronisation controller, the phase-locked loop (PLL), into the angle
OpLL-

The resulting voltage difference, both in amplitude and phase, between u/.  (‘denotes

transformation to the transformer primary side) and the line voltage u, over the
vehicle’s main transformer inductance L, and resistance R, gives the resulting current i,
flowing into the DC-link, as shown by the phasor diagram in Figure 5-2. In no-load
should i, be zero and consequently the vehicle controlled u/, should be equal to the

line voltage ..

g-axis
A _ R
Iac o Uacl = d-axis
v
joL, -1,
Us
Rt Iac
Figure 5-2: A principle phasor diagram for vehicle voltage and current when operating in power

consumption.

Assuming a lossless line-side converter without any energy storage allows the
instantaneous power balance between the AC side and the DC side to be expressed as:

Uy (t)'iac (t):udc (t)'idc (t) (5.1)

The DC-link capacitance (C,) stores the previously mentioned (Section 4.6) time-
variant second-harmonic energy packages from the line side in order to provide the
three-phase motor-side inverter with time-invariant power. The corresponding second-
harmonic ripple in the DC-link voltage is reduced by an LCR filter (L,, C, and R;) tuned
to a resonance of approximately 33.4 Hz as described by Heising, et al. [77].

Buhrkall [33], Steimel [163] and Ostlund [188] describe aspects to consider when
designing the vehicle main transformer and DC-link.
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5.2.2 Overall control objective

To run the train, the power equal to the product of speed and torque is to be kept
constant at its reference. The vehicle’s mechanical power is independent of the line
voltage in steady state when no line power limitation is active. Consequently, from a
power system point of view, the vehicle is seen as a constant power load as the
electrical power demand is kept constant independent of the line voltage. This means
that if the line voltage decreases, the line current must be increased. For a single-phase
system, such a constant power load -characteristic cannot be understood as
instantaneous, but as an average, for example, over one fundamental frequency period.
One fundamental question that will be studied further in this thesis is if this constant
power load characteristic is also valid for the vehicle in the low-frequency range
described in Section 2.4.5.2.

Because such compensation of a voltage change cannot be done immediately due to
transformer and line inductance (Equation (4.8)) and time-variant power availability
(Equation (4.17)), the vehicle must have some type of dynamic behaviour by charging
and discharging its DC-link like any other continuous feedback system, and with a
bandwidth lower than the fundamental frequency of the supplying grid (Menth and
Meyer [116]). This low-frequency dynamic behaviour is of special interest in this thesis.

In this work, the displacement power factor of the vehicle is controlled to be unity at the
interface between the vehicle and the rest of the power system at the transformer upside.
That is to say, i, is controlled to be in phase with u,. by setting the reference current

i;ef: 0. Hence, the vehicle’s reactive power is controlled to zero at all line voltage

levels. A line voltage dependent line power limitation is neither implemented in the
model.

5.2.3 Electric AC circuit

The vehicle is studied in a simplified railway network based on the reference case
described in Section B.1. Here, the difference to the reference case is that the rotary
converter, its single-phase transformer and three-phase feeding is replaced by an ideal
voltage source, illustrated by the electric AC circuit in Figure 5-3.

Voltage source Line Vehicle
7 L R, 7 L R .
ac W ............
T [ U 0. PWM
0 = 1650477 o

Figure 5-3: An electric system in which the vehicle model is tested.
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5.2.4 Simulation and test approach

When comparing the different developed models, a load step response is used. Such a
step-up in load rarely happens in the railway, as most vehicles ramp up their power in
order to avoid jerks'' in the train. However, for investigating the dynamical
performance of the system, such steps are used for rail vehicles as well, e.g. by Heising,
et al. [78], Menth and Meyer [116], Mikus [127] and Stanke [160]. In these previous
works, the DC-link voltage u,. has been found to be a good monitor for the vehicle’s
behaviour. In regarding to low-frequency stability and power oscillations, the DC-link
voltage is a measure of the vehicle’s power exchange and is monitored by both
Debruyne [60], Menth and Meyer [116] and Prols and Strobl [148].

A second method to compare the different models is by the ‘long line stability test’ in
Section 5.7. The vehicle is operated in no-load and the overhead contact line’s length is
increased until the system becomes unstable. This test may be understood as a special
case of the ‘depot problem’ reported in Section 2.4.5.2, in which several rail vehicles
together at a standstill started to oscillate. As described in Section 1.2, Menth and
Meyer [116] report that a situation with several vehicles together may be simplified by
multiplying the current from one single vehicle by the number of vehicles. A practical
interpretation of this is to study one vehicle, but multiply the impedance of the original
overhead contact line length by the number of vehicles instead (Kaeser, et al. [99]).

The time simulations are compared with eigenvalue analysis that is given a short
introduction in Appendix C.

5.3 The model and its simplifications

5.3.1 Electrical components

The model developed in this thesis represents a 6.4 MW universal locomotive with an
overall structure as shown in Figure 2-4. Several hardware frames for such a locomotive
are given in example 17.8 in Steimel [163]. These main frames are adopted here and
include the rating, nominal DC-link voltage, main transformer impedance and ratio,
switching frequency, and the second-harmonic resonance tank resistance and inductance
(L sand C 2).

The second-harmonic resonance-tank resistance R, is adopted from a vehicle model
with the same rating and control system structure described by Mikus [127]. The value
of R, will be an influence on the damping of the second-harmonic filter and its total
impedance, which is a trade-off between damping and the resulting DC-link ripple
amplitude in steady state.

The DC-link capacitor C; has been selected based on the impression of typical
discharge times for this capacitor on a rail vehicle being 26 ms. This choice is further
discussed in Section 6.2.1.

! <Jerk’ is the derivative of acceleration with respect to time, the second derivative of velocity and the
third derivative of position.
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The electrical DC-link components are identical for the instantaneous value and the
RMS mode models. For the main transformer, the internal voltage drop is calculated by
the use of Equations (4.8), (4.9) and (4.12) for the respective simulation models.

The PWM in instantaneous value mode acts as a power balance as shown by Equation
(5.1). The corresponding RMS or rotating reference frame equation is Equation (5.2):

Re(0,. (1)) Re(L, (1)) + 1m(0,. (1) Im(L, (1) =1, (1)1, (1) (5)

The switching of the PWM and the motor side is further explained with its
simplifications in Section 5.3.4.

5.3.2 Control system

Despite of the thorough description of the motor side and its control system in the
literature (e.g. Steimel [163]) and available papers, only a limited amount of
information is provided on how the complete line-side converter control may actually
look like (e.g. Steimel [163] and Ostlund [188]). It has therefore been a major task in
this work to collect the different information available and combine this into a complete
system. It is believed that there might be large variations between the different
manufacturers and the different rail vehicles within what can be considered as state-of-
the-art structure that comprises a proportional-integral controller for keeping the DC-
link voltage constant as a basis.

For the control system, the concept of vector control is chosen in a way in which the
controllers are implemented in a local synchronously rotating dg reference frame as
shown for a rail vehicle, e.g. by Busco, et al. [37]. This choice has the benefit of the
control system being identical for both models in instantaneous value mode and RMS
modes, respectively. A block diagram illustrates this in Figure 5-4. The challenge is
how to transform from the instantaneous value measured single-phase AC voltages and
currents into a vehicle local rotating reference frame. In this work, this is solved by use
of a second-order generalised integrator (SOGI), as will be more deeply explained
together with its imitation as a first-order low-pass filter for use in RMS mode in
Section 5.4.3.

The different controllers and their parameters will be studied more in-depth in the next
sections one by one, with the exception of the DC-link voltage and motor current
measurements which are pure first-order low-pass filters (LPF). Their bandwidth is
selected to 100 Hz'%.

12 A variation between 20 and 500 Hz has been observed in real rail vehicles.
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Instantaneous values / stationary reference frame

uacl (t) illC’ (t)
——{ SOGI ——{ SOGI
u'? (t)
R T A
Rest of CONTROL SYSTEM
Common (ap/dq, PLL, LPF, VC, CC, dg/ap)
A A
U (t I (¢ g
_>“Cl( ) SOGI —>”C( ) SOGI (t)
imitation imitation

RMS / rotating reference frame

Figure 5-4: The principle for the vehicle control system model for both the instantaneous value
and RMS value simulation.

5.3.3 Implementation

The single-phase electric circuit, the PWM and the control system have all been
implemented by use of the Dynamic Simulation Language in SIMPOW. The code for
the vehicle dynamical model implementation is found in Appendix D.

In order to allow a simulation with the described dynamical vehicle model to start at an
arbitrary load operating point, a power flow model of the vehicle is developed as well.
This static model is not explicitly described in this thesis, as the dynamical behaviour is
the focus.

5.3.4 Major simplifications
5.3.4.1 PWM switching

The PWM switching of the semiconductors in instantaneous value mode is not

included; hence the voltage u, =u'? is averaged over one switching period (7y,). It is

usual to consider a time delay from u'? to u,. being equal to half a switching period
(T5,/2) due to the switching itself (Buso and Mattavelli [38]). This delay may be
compensated for by a modification of the dg/af transform as proposed by Harnefors
[73]. Since this delay and the proposed compensation both ideally cancel each other,
they are both neglected in the present model.

Assefa, et al. [14] perform introductory studies of the PWM switching impact on low-
frequency power oscillations. A comparison between a model that includes the
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switching and a model that averages over one switching period is performed. The work
presented indicates a difference between the models, but no conclusive explanation for
this difference is provided. Nevertheless, it has been chosen in the present thesis to not
include semiconductor switching.

The assumption of u,, =u' also imply that the modulation index (Mohan, et al. [128])

is calculated based on the actual DC-link voltage and not the DC-link voltage reference.
This ideally cancels the influence of the modulation index and results in a linear

relationship between u, and u’?

ac

The vehicle model does not include any filters other than the main windings of the main
transformer itself for reduction of switching harmonics. Neither extra filter for
attenuation of switching harmonics in the DC-link is included in this model.

5.3.4.2 Motor side

Only a simple representation of the motor side is included in present model. In a quasi-
stationary state the motor has to keep its power constant. If not, the torque and further
speed reference cannot be fulfilled. However, a motor side acting as a constant power
load for all frequencies, i.e., always increase the motor-side current if the DC-link
voltage drops, will reduce the stability of the DC-link (Mosskull [129]).

There are different ways of manipulating the motor torque in order to stabilise the DC-
link. One such way, which is considered as state of the art, was proposed by Janecke
[97] and Sudhoff, et al. [171] in which the torque reference is given as a DC-link
voltage dependent characteristic. Equation (5.3) expresses this characteristic in terms of

motor-side power puoor Where p'? —is the reference power. MP is the voltage

Motor
dependency where MP = () leaves the motor as a CPL for all frequencies as explained in
Section 3.4.5. Increased MP increases the voltage dependency. The actual DC-link
voltage ugy. 1s compared with a voltage ug. s, filtered by a first-order low-pass filter
having time constant 7¢cp; (Equation (5.4)). In this work MP = 2, giving the motor side
a quadratic voltage dependency for frequencies higher than the low-pass filter
bandwidth is used based on a similar choice by Sandberg [152].

( ) MP
- u, (t
p olor t = pre(f) or dc (5'3)
o (0= P31 {udcﬁm]
iy ()
=— 5.4
Use fin (S) Tfops +1 (5.4)

The influence of the motor side and its control system cannot always be neglected as it
might be a source of instability (Yanhong and Shaotang [183]). However, as the line-
side converter has the main influence on the interaction between the vehicle and the rest
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of the power system (Menth and Meyer [116]), the line-side converter and its control
system is the main focus of this thesis.

This motor power consumption is the only load in the vehicle model. Auxiliary power
consumption for heating, cooling, battery charging, control system power supply etc. is
not included neither from the DC-link nor from a separate transformer winding.

5.3.4.3 Type of controllers used
The control system is implemented with analogue continuous controllers only.

5.3.4.4 Inverter and DC-link structure

The structure of an advanced electric rail vehicle in real life may be more detailed than
shown in Figure 2-4. There may be several DC-links per vehicle and several line- and
motor-side inverters in parallel to each DC-link. In this model, all the vehicle’s DC-
links are aggregated into a large one.

5.4 Synchronisation controller (PLL and SOGI)

In order to ensure the required power flow, the line-side converter has to synchronise
the PWM actuated voltage u,. to the phase of the line voltage u,.;. This section explains
this synchronizing controller, called the phase-locked loop (PLL), and compares the
instantaneous value model with the corresponding RMS model. Such a simple
representation of the synchronisation controller in the rotating reference frame and
comparison to the stationary reference frame implementation has not been found
reported before.

5.4.1 Fundamental voltage phase tracking

A local dg coordinate system has to be created in order to establish the synchronously
rotating reference frame utilised for the vehicle control system. The rotational speed and
phase of this internal dg system is determined by use of a phase-locked loop (PLL)
(Best [21]) that continuously tracks the phase of the line voltage u,.1 as shown by the
block diagram in Figure 5-5.

PD LF VCO
ML’ aﬂ __L|ld1
u

Upr gl o
dq g

A

Kppy, |

Opy;
Figure 5-5: A block diagram for PLL.

The PLL consists of a proportional-integral (PI) controller also called a loop filter (LF)
that controls the quadrature (¢) component of the measured line voltage u,; to zero. This
means that the direct (d) axis in steady-state is oriented in phase with the line voltage
uq1 (Harnefors, et al. [74]). Referring to Figure 4-1, the phase of u,.; and thus u, is
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wit+6) in instantaneous value mode and 6y in RMS mode. However, during transients,
there might be a difference between the real phase 6., of the line voltage and the phase
Oprr due to the dynamics of the entire synchronisation system which will be further
studied in Section 5.4.5.

More information and an explanation of phase-locked loops in general can be found in
the literature by Best [21] and Gardner [69]. For power system applications in
particular, see Ciobotaru, et al. [43] and Karimi-Ghartemani [101].

A feed-forward fixed frequency wj of the voltage controlled oscillator (VCO) is used to
reduce the pull-in time of the PLL, i.e., it starts the simulation in steady-state and the
PLL does not need to detect the network frequency itself. In instantaneous value mode
w5 = wy, but in RMS modes wj = 0 since the entire system is rotating at synchronous
speed w;,. The frequency of the line voltage in per unit values can then be calculated for
instantaneous value mode by Equation (5.5) and for RMS modes by Equation (5.6).

(5.5)

_dGPLL.LJr&:%Jrl (5.6)

odt e, o, o

The phase detector (PD) here in fact is equal to Park’s af/dg transform in Equation
(4.7). In RMS mode, this is a transform between the global synchronously rotating
coordinate system introduced in Section 4.3 and the vehicle internal rotating coordinate
system. In instantaneous value mode, it is a transform between the stationary reference
frame and the vehicle internal rotating reference frame and coordinate system. Hence,
exactly the same structure of the PLL can be used in both modelling modes, with the
only difference being wy.

5.4.2 PLL parameters

The parameters for the PLL, i.e., the gain and time constant Kpp;; and Tipyz, are
selected based on the same pattern as in Ciobotaru, et al. [44] in which the relative
damping is 1 and the settling time is three fundamental periods.

5.4.3 Orthogonal signal generation

In order to perform such a reference frame transform from instantaneous value mode,
two orthogonal instantaneous value signals, a and f, are needed (Ciobotaru, et al. [43]).
However, in a single-phase system, two orthogonal signals as input to the PLL do not
exist. As a result, the second and orthogonal f signal has to be artificially generated.
The simplest method for generating such a signal may be to shift the existing a signal
90 degrees, corresponding to a delay of a quarter of a fundamental period 7,/4. For the
orthogonal signal generation in this single-phase model, a second-order generalised
integrator (SOGI) as described by Ciobotaru, et al. [44] is used. This solution has not
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been found to be reported for use in electric rail vehicles. The most common solution
used in railways is as a Discrete Fourier Transform (DFT) as described by e.g. Kindell
[103] and Bartelt, et al. [18]. For the instantaneous value simulations in this work, the
SOGI is simpler to implement than a DFT.

The SOGI is a second-order band-pass filter having a transfer function from u,.1 to Uy
as in Equation (5.7) and from wu,. to up as in Equation (5.8). As seen in the block
diagram in Figure 5-6, an orthogonal signal us 90 fundamental degrees delayed with
respect to u, can be achieved by an integrator. For simplicity, only the transfer
functions regarding the a-output will be described here, though the same applies to the
[-output.

al

v

+ KSOGI

Figure 5-6: A block diagram of SOGI.

Uy () Koo @5
H — al — SOGI “"s 57
o (5) Uy (8) 87+ Ko 0,5 + @0 S

Uy (S K. . o
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ps (S) u,, (S) $*+ Koo 08 + @ (58

The SOGI’s resonance frequency is tuned to the fundamental frequency w; and the
width of the pass band can be adjusted by the parameter Ksog;. Decreased Ksogr narrows
this band and increases filtering of harmonics, as well as slowing down the dynamic
behaviour during a transient.

Ciobotaru, et al. [44] propose to feed the frequency detected by the PLL, wpy;, to retune
the SOGI resonance when the grid frequency has fluctuations. Here, such a direct
feedback is found to introduce an undesirable additional dynamic impact and is not
used. However, it might be useful in frequency-elastic 16.7-Hz grids if heavily filtered
in order to tune the SOGI for better steady-state behaviour.

The voltage and current signals u,.1, i, and u;;f are sinusoidal in instantaneous value

mode and phasors in RMS mode. The a and f outputs from the SOGIs are also
sinusoidal in instantaneous value mode and they are DC-values in RMS mode.

The SOGI in instantaneous value mode has both a band-pass impact and an
orthogonalisation impact. The dynamics of both these impacts must be represented in
RMS mode models, even though two orthogonal signals are already present: the real
and the imaginary part of the phasor signal.
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It can be shown by performing frequency mapping (Kraniauskas [104]) that a low-pass
filter having a transfer function equal to Equation (5.9) in the rotating reference frame
can be transformed into a band-pass filter having a transfer function equal to Equation
(5.7) in the stationary reference frame.

H (S): utll(s) — KSOG[a)s (59)
' Uyl (S) 8+ K60

Orthogonalisation can be considered as a delay of the instantaneous signal a quarter of a
fundamental period (7y/4). Its transfer function shown in Equation (5.10) has been found
here by a simple curve fitting of its frequency response (see Figure A-3). A similarity to
the first order Pad¢ polynomial approximation for time delay transfer function (e ™)
(Dorf and Bishop [61]) can be seen in the denominator.

u, (s 1

H _t(s) 5.10

Delay (S) uad (S) 7’; E +1 ( )
4.2

For the total SOGI transfer function in RMS mode, a combination of the transfer
functions (5.9) and (5.10) has by curve fitting empirically been found in present work to
result in Equation (5.11). The recorded frequency responses for the instantaneous value
mode SOGI from line voltage amplitude and phase, D = Re(u,.1) and Q = Im(u,), to
the filtered, orthogonalised and Park-transformed line voltages phase and amplitude,
d = uq and q = u,, are shown in Figure 5-7 together with the frequency response of
Equation (5.11).

5
0

-5

-10

-15

Gain [dB]
Phase [deg]

Frequency [Hz] Frequency [Hz]
Figure 5-7: Frequency response of instantaneous value SOGI (dD, gD, dQ and qQ) compared
with the low pass filter transfer function found for the RMS mode SOGI (Hjg/(s))-
KSOGI =0.8.
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The cross-coupling terms gD and dQ are found to have low gain and are thereby
neglected in this continuing work. Furthermore Equation (5.11) is only investigated in
the vicinity of Ksog; = 1. For larger deviations, and especially for Ksogr > 1, the
equation may not be as accurate as Figure 5-7 indicates. Despite this, a low-pass filter
with a transfer function equal to Equation (5.11) is used for the imitation of the SOGI in
RMS mode, as illustrated in Figure 5-4, for both the real and imaginary parts of the
complex signal that is considered.

5.4.4 SOGI parameters

For the SOGI used for line voltage measurements, Kusog; = 0.8 is chosen in order to
filter the large extent of harmonics that can be experienced in railway networks, for
example up to 33 % THD is observed (Banverket/Jernbaneverket [17]).

For the SOGI used for line current measurements, an increase of the bandwidth has
been necessary and Kisogr = 3 is chosen for better damping of the DC-link second-
harmonic resonance. Consequences of this choice are discussed in Section 7.7.1.1.

5.4.5 Step response and time-variance
The response in both the measured line voltage phase 6, and amplitude

u, = Ju, +”51 of the synchronisation system (SOGI+PARK+PLL) has been recorded

for three different disturbances:

1. Step in line voltage phase Af,.; = —13 degrees
2. Step in line voltage amplitude AU,.; =—-0.27 pu )
3. Step in line voltage phase Af ,.; =—13 degrees and amplitude AU,.; =—0.27 pu

The system is in no-load, i.e., PWM is turned off, giving a current i,. = 0. Disturbance
no. 3 corresponds roughly to the voltage change when a load with a unity power factor
is stepped from 0 to 3.67 MW on a 60 km long single-side fed overhead contact line. In
instantaneous value mode, the disturbances are imposed with different voltage-
displacement angles 6,9 = [0, 45, 90, 135] of voltage u,.1.

The angle 8, in instantaneous value mode is calculated by 6,=0p; ;- and in RMS
mode is given by 6,=0p;;.

The results are presented in Figure 5-8. As can be seen, the 6,.,-to-6, (plot a)) and Uacl -

to-u; (plot e)) response is essentially time-invariant and the instantaneous value and
RMS simulations are very similar. There is, however, some time variance in the cross
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-to-6, (plot d)), but in the total disturbance (plot c)

and 1)), this is found to be small. The time-variant response in instantaneous value mode
repeats every 180 degrees.

coupling 6,.1-to-u; (plot b)) and lja

cl

Phase step Amplitude step Phase+ampl step

Phase 0, [deq]

Amplitude u, [pu]

Time [s] Time [s] Time [s]

Figure 5-8: The response of synchronisation system for step in line voltage phase and amplitude,
and comparison between instantaneous value mode (thin curves) and RMS mode
(thick curve). The thin curves represent different time delays for the step after voltage
zero crossing in the order black, red, green and blue for increasing voltage-
displacement angles.

The apparent overshoot in the phase #; due to change in the phase 6,.; is assumed to be
caused by a zero in the PLL’s equivalent transfer function.

5.5 Active power controller / DC-link voltage control (VC)

5.5.1 Control structure

The control of active power consumption from the line is performed by the DC-link
voltage controller (VC), which is a proportional-integral controller (PI) aiming to keep
the DC-link voltage u,. constant on its reference value u;if as shown in the block
diagram in Figure 5-9. Such a PI controller for the DC-link voltage control is applied
for example by Appun and Lienau [12], Busco, et al. [37], Heising, et al. [79], Mikus
[127], Stanke [160], Steimel [163], Ostlund [188] and Venkatesh, et al. [181] and can
therefore be considered as the state of the art.

80 NTNU 2010



5 Electric rail vehicle modelling
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Figure 5-9: A block diagram for DC-link voltage controller (VC).
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The filtered motor current iy, s, Wwhether measured or calculated, is fed forward and
added to the regulator output & resulting in a needed DC current i/ to close the voltage

deviation. This DC current is recalculated to a needed AC current i)/ given by the ratio

between the measured DC voltage w4 » and line voltage wuy. This is the direct-axis
current component in the local rotating dg-system, i.e., the amount of current needed in
phase with the line voltage u,.;.

The design of the DC-link voltage controller raises the need for choosing between
several possible solutions:

e For simplicity, the DC-link voltage reference is kept constant during all
simulations in this thesis. However, some vehicles increase the DC-link voltage
when the motor speed increases in order to improve the torque control and
similarly decrease the voltage at low speed in order to reduce the wear of the
semiconductors.

e The feed forward of the motor current is used to improve the performance, as a
load change is directly compensated for instead of resulting in a change in DC-
link voltage which has to be compensated by the controller itself. This is used in
some vehicles, e.g. by Ostlund [188], Stanke [160] and Mikus [127], but not in
others, e.g. by Busco, et al. [37] and Steimel [163].

e The conversion from i/ to i)Y here is performed based on the actual
measurement of the DC and AC voltages as in Mikus [127]. This introduces
extra feedback loops in the system. Alternatively, this conversion may be based
on a constant factor for the nominal DC and AC voltages as shown by
Bajracharya, et al. [15]. Another option is to not compensate at all. If the motor
current feed forward is not used, this conversion factor might be included in the
VC gain Kpye.

e Transformer losses are not included in this calculation of i’¥ such as by Busco,
et al. [37] and have therefore to be taken care of by the VC integral part.

5.5.2 Parameters

The DC-link voltage controller and the selection of its parameters are further studied
and discussed in Chapter 6.

5.5.3 Step response

A step in the motor power from 0 to 3.67 MW is imposed when the model is connected
to a stiff voltage source through a 60 km long line. The PWM is modelled as a current
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source which injects the required active AC current i’ given by the VC into the power

sref

system, and the required reactive AC current i is still zero. This means that the current

controller (CC) can be considered as being ideal; it is extremely fast and strong without
dynamics. This of course is not physical, as it will result in a close to infinite high
current time derivative and consequently need a very high and short-term voltage peak.
However, this case is used to illustrate the dynamics when CC is ideal as is common for
traditional power system stability analysis.

In instantaneous value mode, the power step is imposed with different voltage-
displacement angles 6,0 = [0, 45, 90, 135] degrees of voltage u,. in order to see the
influence from the time-variant power availability as shown in Figure 4-4.

As mentioned, the DC-link voltage u,4. is a good monitor for vehicle stability regarding
power oscillations, as it is a measure of the vehicle’s power exchange. Its response is
shown in Figure 5-10 for both instantaneous value mode and RMS mode (with and
without fast line current dynamics, Equations (4.9) and (4.12), respectively). In order to
reduce the influence to the plotting of the second harmonic ripple in instantaneous value
mode, all results are filtered by a sliding averaging window of 7,2 before being
presented in the plots. The dominant low-frequency mode in the instantaneous mode
step response is found to be essentially time-invariant, but the time responses show a
difference in oscillation amplitude.

11 I I I [ [ [ [
i i i Inst. value 0 deg
! ! ! Inst. value 45 deg
| | | Inst. value 90 deg
1.05 T o Inst. value 135 deg ||
: : : .......... RMS
e RMS L*di/dt
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m | | | | | | |
[e)) | | | | | | |
8 | | | | | | |
6 | | | | | | |
> | | | | | | |
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Time [s]
Figure 5-10: The response in DC-link voltage u,. when a 3.67 MW step in motor power is imposed
on a 60 km line with ideal current controller. The ticks on the time scale are adapted
to the fundamental system frequency, i.e., two fundamental periods.
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5.5.4 Linear analysis

The step response in Figure 5-10 showed one dominating low frequency mode. Based
on the time plot using Equation (C.3) and linear analysis in SIMPOW, the
corresponding eigenvalues (4) are found for both instantaneous value mode and RMS
modes. The pole placements are shown in Figure 5-11, and the linearisation is
performed in steady-state. In instantaneous value mode, linearisation is performed at
different voltage-displacement angles 6,9 = [0, 45, 90, 135] degrees of line voltage u,,;.
Instantaneous mode is time-variant in steady state, and the state variables’ time
derivative might not be zero. Hence, linearisation is not formally allowed and results in
eigenvalues circulating with the double fundamental frequency. They are therefore
shown with a trajectory and a label with a corresponding 6,9. In some cases, they might
even be difficult to identify at all. The eigenvalues in numerical values are listed in
Appendix E.
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Figure 5-11: A comparison of low frequency mode from linear analysis (unfilled) and a response
from time-domain simulation (filled) for instantaneous value mode (circles), standard
RMS mode (squares), and RMS mode with L di/dt (diamonds).

The RMS mode eigenvalues calculated from the time simulation correspond essentially
to the eigenvalues calculated by linearization.
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5.6 Current controller (CC)

5.6.1 Control structure

The current controller (CC) converts the reference currents given from the active and
reactive (if present) power control into a voltage reference for the PWM and its internal
modulation. Different controller topologies exist, i.e., current control with sinusoidal
reference as shown by Steimel [163] and Ostlund [188] and vector control or two
component control as shown by Busco, et al. [37] and Stanke [160]. The latter is
adopted here with some simplifications, and its block diagram is shown in Figure 5-12.

This choice of vector control has one large advantage — it simplifies the parallel
modelling in instantaneous value mode and RMS mode, as they can use the same
implementation. Even though Zmood, et al. [186] claim to transfer a current controller
from the stationary to the rotating reference frame and vice versa, modelling both modes
equally reduces uncertainty when comparing them.

1
i i;éf Ti s ’ ) l_’:dl
__: KpCC‘ +
x|

Ti s

Figure 5-12: A block diagram for current controller (CC).

The idea of vector control is to let the controllers work with DC-valued signals in the
already introduced rotating reference frame. In such a frame, the active and reactive
power can ideally be controlled independently. Thus the two paths, d and ¢, in the block
diagram. The integrator outputs in steady state correspond to the resistive voltage drop
over the vehicle’s main transformer and are subtracted from the measured line voltages,

uq and ug, resulting in the reference voltages, u;‘?f and u;ef, for the PWM. The two

control loops are decoupled through the cross feeding of the main transformer inductive
voltage drop i4,-X, to cancel the coupling of the two axis introduced by Equations (4.9)
and (4.12). The decoupling used here is simplified since a perfect decoupling during
transient conditions might also be difficult to obtain. The integral part is also used to
remove the steady-state impact of the mismatch between the actual and the control
system parameter given inductances, leading to an imperfect decoupling (Harnefors, et
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al. [74]). The DC-valued voltage references are converted to AC values by use of the
inverse Park’s transform (dgq/of).

The network shown in Figure 5-12 is often mentioned as the vehicle control system
transformer model. From this, it is possible to understand how the vehicle controls its
line power flow by controlling the voltage drop over the main transformer.

5.6.2 Parameters

The CC gain Kpcc is chosen by the internal control model method as applied to a
voltage-source converter with vector control as shown by Harnefors, et al. [74].
However, the same method for the CC integration time Ticc results in a time constant of
several seconds, which is assumed to be too large for this application. A traditional
tuning technique such as the modulus optimum (Bajracharya, et al. [15]) has not
resulted in optimal parameters. A possible reason is the relatively large time constant
for the current measurements (SOGI) which is necessary in single-phase systems, but
not present in three-phase systems. Stanke [160] also observes difficulties in applying
such traditional techniques. A time constant equal to the one selected by Stanke [160]
has been chosen.

5.6.3 Step response

A step in the motor power from 0 to 3.67 MW is again imposed when the model is
connected to a stiff voltage source through a 60 km long line as described for the active
power control in Section 5.5.3, with the results shown in Figure 5-13.
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Figure 5-13: A response in DC-link voltage u,. when a 3.67 MW step in motor power is imposed at
a 60 km line with modelled current controller (CC).
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The frequency and damping of the dominant mode remains essentially time-invariant,
but there is a noticeable difference in the amplitude. The standard RMS mode response
is very different from the instantaneous value mode response. The enhanced RMS mode
with the L-di/dt-term reflects the instantaneous value mode response better, but still with
noticeable deviation.

5.6.4 Linear analysis

Corresponding eigenvalues for the dominating mode for the model including the current
controller are calculated from the time plot (where it is possible) and shown in Figure
5-14. It was not possible to identify all the eigenvalues by linear analysis. The
differences between the three models seen in the step response are reflected in the
eigenvalues. The eigenmode for the instantaneous value model reflect smaller damping
than the enhanced RMS model. The standard RMS model shows largest damping.
These results are further discussed in Section 5.8.1. The eigenvalues in numerical values

are listed in Appendix E.
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Figure 5-14: A comparison of low frequency mode from linear analysis (unfilled) and response in
time plot (filled) for instantaneous value mode (circles), standard RMS mode
(squares) and RMS mode with L di/dt (diamonds).

5.6.5 Parameter sensitivity

For the operation point reached after the 3.67 MW load step at a 60 km line length, the
dominant mode has been tested for sensitivity against changes in the current-controller
parameters, i.e., gain Kpcc and integration time 7icc. The root loci curves from such a
linear data scanning in RMS mode with L-di/dt is shown in Figure 5-15. This figure
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shows that current-controller parameters have a significant impact on low-frequency
stability. By reduction of the controller’s gain it is even possible to turn the system
unstable.

>
[S)]

T

|

|

|

|

|

|

|

|

b

w
[$)]
T
|
|
|
|
|
|
|
|
[

PR NI

Im(%) [Hz]
N
o

2””””’7”’ I i ”””””””””
| parameters in use | |
1.5 T e o R R
o A - I o
o5 | —©— Kece [0.0, 2]
| | —B— Ticc [0.0, 0.5]
0 : : : :
-25 20 -15 -10 5 0 5
Re()) [1/s]

Figure 5-15: Data scanning on dominant mode for the current-controller parameters. Note an
increase of parameter in the direction of the arrows.

5.7 Long line stability test

The stability limit of the different models has been found by gradually increasing the
line length between the voltage source and the vehicle model until the system becomes
unstable. The vehicle is operated at no-load, i.e., motor current i, = 0 in order to avoid
a voltage collapse due to a high line-voltage drop.

The models that assume the current controller to be ideal as described in Section 5.5 are
stable until infinite line length, as they are simply imposing i,. = 0. There is no feedback
from the line voltage to the current.

However, the models with the current controller as modelled in Section 5.6 behave
different. They have to balance the PWM actuated voltage u/_equal to the line voltage

U1 in both amplitude and phase in order to keep i, = 0. If there is a difference, there
will be a voltage drop over the transformer and a current flowing into or out of the DC-
link. This forms a closed feedback loop; line voltage — DC-link voltage — vehicle
control system — line current — line voltage that at a finite line length results in a
sustained low-frequency oscillation. The system then becomes marginally stable.
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Further increase in line length results in instability which corresponds to a pole
(eigenvalue) moving into the right half of the complex plane.

The instantaneous value models are simulated in time-domain until instability occurs.
The stability limits for the RMS models are found by increasing the line length in linear
analysis as shown in Figure 5-16. Such a sensitivity analysis for line length is simple to
perform when the system is in no-load since there is no initial voltage drop and the line
length does not exert an influence on the power-flow operating point. The oscillation
frequency when damping is zero (Re(4) = 0) is observed and shown together with the
corresponding line length in Table 5-1.
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Figure 5-16: The stability limit for the three different models that includes current controller, and
time simulation for instantaneous value mode (left) and linear analysis in steps of 50
km for the RMS modes (right).

Table 5-1:  The stability limit for the different models.

Model Current Stability limit Oscillation
controller [km] frequency f,,. [Hz]

Instantaneous value No o -
Standard RMS No o0 -
Enhanced RMS L-di/dt No 0 -
Instantaneous value Yes 240 3.93
Standard RMS Yes 299 4.02
Enhanced RMS L-di/dt Yes 238 4.26
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The results show that the instantaneous value model with current controller is stable
until a line length of 240 km. The standard RMS mode model is stable until 299 km,
while introducing the L-di/dt term makes the model more conservative and stable until
238 km.

5.8 Discussion and conclusion

5.8.1 Discussion

5.8.1.1 Modelling phenomena and simulation approach

Stability studies should be performed with models reflecting relevant phenomena for the

study. In this chapter, six different models for the single-phase source-line-vehicle

system have been developed and described with different degrees of simplification:

o Models 1 and 2: Instantaneous value mode without and with current controller,
respectively.

o Models 3 and 4: Standard RMS mode without and with current controller,
respectively.

o Models 5 and 6: Enhanced RMS mode including L-di/dt-term without and with
current controller, respectively.

Model no. 2, the instantaneous-value model with current controller, is considered to be
closest to a single-phase real-life solution since this model has the lowest degree of
simplification. Its main simplification is the neglect of the semiconductor switching and
the resulting harmonics. The other five models are therefore compared and discussed
with respect to model no. 2.

5.8.1.2 Control structure and parameters

One task of this work has been to develop and evaluate a representative model of an
electric rail vehicle for introductory studies of low-frequency traction power system
stability. To ensure electrical compatibility between a new electric vehicle and the
power supply, a number of requirements have to be met. Constraints related to
harmonics, transient behaviour, running performance, etc., in addition to space/weight
restrictions onboard the vehicle, may imply non-optimal low-frequency behaviour,
whether intended or not. The focus in the development and testing in this thesis has
been on the low-frequency behaviour and general performance of a vehicle that could
be considered as typical.

As shown, there are several choices to be made in making a control structure. The
chosen solution with a DC-link Pl-controller must be considered as state of the art.
However, Heising, et al. [78] propose a different concept based on multivariable
control, but this solution has not been studied here. It has not been the goal of this
present work to develop a control structure or set of parameters which guarantees stable
operation. In fact, a typical vehicle resulting in an unstable power system as experienced
in reality would be more interesting in order to increase the knowledge about the
phenomena. The interaction between the developed vehicle model and the power supply
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is further studied in Chapters 6 and 7. Additionally, the relevance of the vehicle model
is discussed in Section 9.1.2.

5.8.1.3 Influence of current loop dynamics

Traditional power system modelling implies neglecting current dynamics (Kundur
[106]). For example, Bjorklund, et al. [27] claim that the current control of their three-
phase HVDC Light system is very close to ideal and that standard RMS mode can then
be utilised for dynamical studies of active power modulation and damping in a three-
phase system. Such installations are used for the damping of oscillations up to at least 1
Hz (Johansson, et al. [94]), which represents 2 % of the fundamental frequency in a 50-
Hz system. By contrast, it is found in the present work that this traditional neglect has
had a big influence on the simulation results for oscillations in the range of 10-30% of
fundamental frequency. This is shown in Figure 5-13, Figure 5-15 and Table 5-1.

The current controller is a dynamical component that interacts with the dynamics of the
series line and transformer impedance in a closed loop. Therefore, an enhanced RMS
mode is tested. Including the voltage drop given by the L-di/dt-term influences the
damping and gives better correspondence to the instantaneous value mode than
neglecting it. For a more detailed study of the current control loop influence, see
Section 6.2.6.

The observed importance of the current controller is in accordance with the conclusions
by Liserre, et al. [112] for grid-connected inverters used for renewable energy sources,
though their conclusions cover phenomena at higher frequencies.

5.8.1.4 Influence of state-space averaging on harmonics

Despite the better correspondence of the enhanced RMS model (6) to the instantaneous
value model (2), there is some inconsistency. With load, the enhanced RMS model is
better damped than the instantaneous model, but without load in the long line stability
limit test, it is less damped. Therefore, it is not easily given that the enhanced RMS
model is too optimistic or too pessimistic.

The instantaneous value model is state-space averaged for one switching period, while
the RMS models are state-space averaged for one, alternatively half a, fundamental
period. This is referred to as double averaging (Chen and Sun [42]). Consequently, the
influence from phenomena at higher frequencies than the fundamental may be
disregarded in RMS modes. One difference between RMS mode and instantaneous
value mode is the second-harmonic ripple in the DC-link voltage due to the time-variant
power availability. This ripple is difficult to totally avoid and may spread through the
control system and filters, and influence on the line current in real life and hence the
line-voltage harmonics. The impact from these harmonics on low-frequency behaviour
has not been studied here. In no-load, neither this second-harmonic ripple nor line
current harmonics are present.

Emadi [66] compares two different degrees of simplification due to state-space
averaging in the modelling of power electronic loads that have a constant power load
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(CPL) characteristic in combined AC-DC power systems. In that work, it was
concluded that neglecting DC values on the AC side of an AC-DC converter influenced
the calculated stability margins. This supports the findings in the present work by
including the L-di/dt-term. Emadi additionally found that ripples on the DC-side also
influenced the stability margins. This is interesting with regard to the differences
observed, but not explained, between the instantaneous value model and the enhanced
RMS model.

5.8.1.5 Time-variant versus time invariant modelling

The time-variant power availability in single-phase system is in this work not found to
have a significant impact on the dominating low-frequency power eigenmode as
observed from the time-domain simulations. The oscillation frequency and damping of
this mode remain essentially unchanged independent of the instance of disturbance.
This observation is essential and the justification for making time-invariant
simplifications. For small-signal instability such as the long line stability test, there is no
explicit disturbance and oscillation starts due to the inherent properties of the system.
From this it becomes obvious that the exact time instant of a disturbance is of low
importance.

Figure 5-11 and Figure 5-14 confirm though that the results from linear analysis in a
single-phase instantaneous value system are difficult to interpret. The instantaneous
value system is time periodic due to the sinusoidal voltages and currents (Mdllerstedt
[130]), and there is formally no steady state, i.e., time derivatives of all state variables
are not zero. Circulating eigenvalues have also been observed in three-phase
instantaneous value system studies by Persson and Soder [146].

The impact of the state-space averaging in RMS mode incorporates more than the DC-
link voltage ripple. This averaging applies to all state variables resulting in a real steady
state, and accordingly, linearisation is formally allowed.

Linear analysis with eigenvalues is a powerful tool for power system stability analysis,
even for systems with non-linearity up to a certain degree. In this study, the low-
frequency eigenvalues reflect the time-domain simulation results, even when the current
dynamics are included. Additionally, the simulation time is considerably reduced
compared with instantaneous value mode when the system is in steady-state and the
simulation tool utilises variable simulation time steps (step length is only small when
small time constants are active during transients, etc.).

A disadvantage of the concept of RMS mode is that it may be difficult to represent
time-domain functions correctly in the rotating reference frame, e.g. the SOGI as shown
in Section 5.4.3. The deviation between the instantaneous value SOGI and its rotating
reference frame representation influence on the measured line voltage and current that
are input to the vehicle control system. These measurements are important differences
between the instantaneous value model (2) and the enhanced RMS model (6) as shown
in Figure 5-4. This affect the current measurement especially since the gain used (see
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Section 5.4.4) are on the limit of the rotating reference frame model’s validity. As a
result of this difference, it might be expected slightly different results as well.

Harnefors [72] describes a methodology that transforms components between the three-
phase stationary and the rotating reference frame. This approach can be a candidate for
further and more detailed work.

5.8.1.6 Motor-side modelling

The motor side of the vehicle in this thesis is simplified and modelled as described in
Section 5.3.4.2, though in a real-life vehicle, the motor side must be expected to include
more advanced dynamics. The motor-side inverter’s task is to provide an AC voltage
with an amplitude and phase that results in the required motor torque, and consequently,
the demanded rotational speed. This can be compared with the line-side converter task,
even in no-load (coasting). If the inverters fail to synchronise its actuated voltage to the
line or motor voltage, an undesired exchange of power results which consequently
influences the DC-link voltage. Thus, there is a closed feedback loop between the DC-
link and induction motor through the motor control system. The impact from this
control on the low-frequency behaviour may be focused in further work.

5.8.1.7 Comparison with other models

The dynamic studies of the different models of the rail vehicle here is performed with
the described control structure and parameters. For comparison, the same study is
reported in Danielsen, et al. [52] with a slightly different vehicle model parameters (e.g.
Kisogr = 1). The overall control structure is kept, but the main transformer, DC-link,
measurement filter and VC and CC controller parameters are changed. The motor side is
also modelled as a pure resistor only, i.e., infinite 7fcpy.

These changes results in a change in both the vehicle step responses and long line
stability limits. The observations and main conclusions, however, remain the same. For
example, the enhanced RMS model (6) is better damped than the instantaneous value
model in the load step test, but opposite in the long line stability test.

5.8.2 Conclusion

Simplified models of a single-phase power electronic component representing an
advanced electric rail vehicle have been developed and implemented in a simulation
tool for a power system analysis. Even though the available power in an instantaneous
value mode single-phase system is time-variant, it is found to have only minor influence
on the low-frequency eigenmode of the vehicle, as both the oscillation frequency and
damping remain essentially unchanged. Traditional simplifications used for power
system analysis based on RMS values and the neglecting of a fast current dynamic are
found to be unable to guarantee a correct representation of the dynamic behaviour of the
power-electronic component in this study. An enhanced RMS mode model including
this current dynamics in both the power-electronic component itself and the series
inductances has been developed and proposed. These improvements are found to yield
results that better correspond to the results from instantaneous value mode in both time-

92 NTNU 2010



5 Electric rail vehicle modelling

domain simulations and linear analysis, i.e., eigenvalue calculations. The accuracy is
considered sufficient enough to utilise the enhanced RMS mode model for further low-
frequency stability studies and will be used in Chapter 6 and 7 this thesis.

5.8.3 Further work

The modelling of the advanced electric rail vehicle in this thesis includes several
simplifications as described in Section 5.3.4. Some of these should be investigated
further:

e The influence on low-frequency behaviour from the inverter PWM
semiconductor switching is not completely understood in the work described by
Assefa, et al. [14]. The importance of any possible impact should be judged in
view of a future increase in switching frequency.

e The motor-side influence on low-frequency behaviour as discussed in Section
5.8.1.6. An extension of the model to also include the motor side in more detail
is a possible future task, both with today’s induction motor and with possible
future’s permanent magnet synchronous motor.

e The present model does not include a line-voltage dependent reactive power
control as can be of benefit in weak railway networks together with a line-
voltage line power limitation (e.g. according to EN50388 clause 7 [41]).
Implementation of such controllers is also a possible future task.

e The methodology for rotating reference frame modelling as described by
Harnefors [72] is interesting. A further task could be to investigate this more in
detail with focus on single-phase systems. For the deviation between the
instantaneous value model (2) and enhanced RMS model (6) observed in this
specific case, the SOGI used for measurements of line voltage and current
should be investigated further. This component represents an important
difference between these two models.
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6 Vehicle DC-link voltage control Ilow-frequency
eigenmode

This chapter develops the main characteristics of the low-frequency eigenmode for the
DC-link voltage control of an advanced electric rail vehicle. A simple second-order
model is compared with the fully developed model of the vehicle and measurements on a
real-life vehicle. The eigenmode’s sensitivity to vehicle parameters and operating point
is studied.

6.1 Introduction

The testing of the developed vehicle model in Chapter 5 revealed that the vehicle shows
a dominating low-frequency dynamical behaviour. This behaviour, which is observed in
time-domain simulations when imposing a load step, is also reflected by the eigenvalue
calculations for the corresponding RMS models. It was also observed that the current
controller and the fast current dynamics (L ‘di/dt) had an influence on this low-frequency
dynamic behaviour.

Table 6-1 shows an overview over all the calculated eigenvalues for the full enhanced
RMS vehicle model when consuming 3.67 MW on a 60 km long line (reference case).
The table shows these 18 eigenvalues, their damping ratio and the state variables that
have a participation factor larger than 0.1 (P; > 0.1). A participation factor is measure of
the relative participation of one state variable in one specific eigenmode or vice versa
and is more introduced as a part of linear analysis of power systems in Appendix C.

It can be observed that eigenvalues numbers 12 and 13 have the lowest damping ratio,
and their oscillation frequency corresponds to the dominating mode observed in the
time simulations in Chapter 5. The mode’s main participants are the DC-link voltage
controller, together with the DC-link capacitor and second-harmonic filter-capacitor
voltages. This eigenvalue pair will be focused on later in this chapter.

In this chapter, this low-frequency eigenmode is further studied, first by considerations
made on a simple second-order model, and then by linear analysis of the full vehicle
model from Chapter 5.
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Table 6-1:  Full vehicle model eigenvalues, including main participating state variables.

No. Eigenvalue Damping Main participation
[1/s], [Hz] ratio [%] (participation factor in parenthesis)
] — 678 +;0.00 100 DC-link voltage-measurement filter (2.28) and
Motor current-measurement filter (1.29)
2 3 —15.4+;43.3 5.65 Second-harmonic filter inductance current (0.49),

Second-harmonic filter capacitance voltage (0.29) and
DC-link capacitor voltage (0.20)

4,5 — 111 +,31.7 48.7 Line current (0.20+0.22),
AC current measurement (SOGI) (0.17+0.22) and
Transformer current (0.14+0.17)

6 — 667 +£;0.00 100 DC-link controller (1.19),
Motor current-measurement filter (0.61) and
DC-link voltage-measurement filter (0.48)

7,8 -99.6 +511.1 81.9 AC current measurement (SOGI) (0.53+0.44),
AC voltage measurement (SOGI) (0.20+0.16),
Line current (0.22+0.15) and
Transformer current (0.11+0.08)

9 10 —32.2+£/5.55 67.9 AC voltage measurement (SOGI) (0.28+0.71),
PLL angle (0.57),
AC current measurement (SOGI) (0.15+0.10),
Line current (0.12+0.07),
PLL loop filter (0.18) and
DC-link voltage controller (0.11)

11 —29.7 +£;0.00 100 Second-harmonic filter-capacitor voltage (0.30),
AC voltage measurement (SOGI) (0.10+0.18),
DC-link damping filter (0.22),
PLL angle (0.21) and
PLL loop filter (0.16)

12, 13 —6.69£;2.90 34.5 DC-link voltage controller (0.53),
AC voltage measurement (SOGI) (0.36+0.06),
DC-link capacitor voltage (0.24),
Second-harmonic filter-capacitor voltage (0.17) and
AC current measurement (SOGI) (0.11)

14 ~16.1+0.00 100 PLL loop filter (1.21),
AC voltage measurement (SOGI) (0.06+0.25),
PLL angle (0.33),
DC-link voltage controller (0.21),
DC-link damping filter (0.13) and
DC-link capacitance voltage (0.11)

15,16 —5.46 +,0.08 99.6 AC current controller (0.59+0.48) and
DC-link damping filter (0.23)
17 —6.47 £0.00 100 DC-link damping filter (0.67),

AC current controller (0.24+0.51) and

AC voltage measurement (SOGI) (0.18+0.12)
18 —10.0 £;0.00 100 DC-link damping filter (0.82),

AC voltage measurement (SOGI) (0.40+0.04)

PLL angle (0.12) and

PLL loop filter (0.15)

96 NTNU 2010



6 Vehicle DC-link voltage control low-frequency eigenmode

6.2 DC-link voltage control
6.2.1 DC-link capacitance

6.2.1.1 Typical DC-link design

An important task for the DC-link is to act as a filter for the time-variant supply of
single-phase power in order to supply time-invariant power to the three-phase motor
side. Its presence is important for the selected back-to-back inverter topology chosen,
and the total DC-link energy storage capacity is related to the rated power of the
vehicle.

However, any published complete description for choosing the size of the main
capacitor has not been found and public numbers are rare. Ostlund [188] describes that
the accepted DC-link voltage ripple due to the line-side converter switching influences
the main capacitor size. Furthermore, this capacitance has also to be selected so that the
DC-link contains an amount of energy such that the motor-side inverter control is
stable. According to Steimel [164], motor-side and line-side harmonics and controllers’
response, the main transformer design, the presence of overvoltage-limiting of DC-link
chopper, the sensitivity of force-commutated thyristor converters to DC-voltage ripple,
the range of motor field weakening, and the response of wheel slip-slide control also
influence the selection of the DC-link components.

Steimel [163] and Ostlund [188] describe how the specific second-harmonic filter
capacitor and inductor may be chosen in order to reduce the second-harmonic voltage

ripple.

Table 6-2 shows key information for 10 different vehicles from various vehicle
manufacturers. Most of the vehicles in the list are electric locomotives, only one of
them is an electric multiple unit. The information is given per DC-link if the vehicle
consists of several traction units or traction chains. Together with the physical electrical
values for each vehicle, a normalised or per-unit capacitance equal to the capacitor rated
discharge time 7¢ is given and will be explained in the following. Nominal DC-link
voltage is typically 2.4-2.8 kV due to the rating of available semiconductors (GTO
thyristors) (Steimel [163]).

Even if the DC-link design with one main capacitor and a second-harmonic resonance
tank may be considered as typical, other designs exist as well. Dahler, et al. [47]
describe a vehicle in which the tuned second-harmonic DC-link filter is omitted due to a
significant increase in the DC-link main capacitor. This solution is claimed to be
advantageous for DC-link voltage stability.
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Table 6-2:  DC-link key information for 10 vehicles.

Vehicle f;' Pch Uch Cd Cg TCd TCZ TC
[Hz] [MW] [kV] [mF] [mF] [ms] [ms] [ms]
A 50 0.610 0900 18 3.16 24 4 28
B 1675 3.200  2.600 8.28 7.13 18 15 33
C 50 2.150 2.800 7.8 34 28 12 41
D 1655 3.200  2.800 9 7.67 22 19 41
E 1675  2.000 2.800 6.2 4.75 24 19 43
F 16%  1.980 1.500 24 15.2 27 17 45
G 1625 3.000 2.800 10.6 7 28 18 46
H 1675  3.200 2.800 11 7.67 27 19 46
1 1675 2.400 2400 12 8 29 19 48
J 1675  3.595 3.500 13.8 5.57 47 19 66

6.2.1.2 Normalisation

The per unit capacitance for a capacitor in a DC-system may be defined as the time
needed to discharge the capacitor from nominal voltage Ugy to zero by drawing
constant nominal current /;.y. This nominal current is given by the rated power (Pz.y) of
the component in study or the base power (Spu. or Sy) of the system as I;.x = Paen/Ulen.
Rated power in this context is the maximal power of the converters and DC-link, and
may be up to 15-30 % higher than the continuous power on wheel that is normally
found in the datasheets for rail vehicles.

Solving the basic differential equation for a capacitor i(f) = C-du(t)/dt for the time T¢
when i(f)=-1;.y results in Equation (6.1). The discharge time is dependent on the DC-
link voltage, the capacitance and the rating of the vehicle.

T — C Uch — C chN
C

I dcN

SE=C,, 6.1)

dcN

Table 6-2 compares the normalised discharge times or per-unit DC-link capacitances C,;
for the 10 vehicles. For the 16 %-Hz vehicles, the main capacitor discharge time
typically lies in the range of 24-29 mis, i.e., up to half a fundamental period time, with
an average of 26 ms.

In focus in this thesis are oscillations in the DC-link voltage at low frequency. For low
frequencies, the time derivative of the second-harmonic filter series-inductor current
will be low. Hence, most of the DC-link voltage will stay over the second-harmonic
filter capacitor C,, and Equation (6.1) can then with sufficient accuracy be applied to
this capacitor as well. The typical discharge time according to Table 6-2 is 15-20 ms.

Based on this, the total DC-link capacitance typically is C=C,+C, and the two
capacitors’ discharge times can be added to a total of 39-49 ms.

98 NTNU 2010



6 Vehicle DC-link voltage control low-frequency eigenmode

6.2.1.3 Selection of DC-link parameters

For the vehicle model developed in Chapter 5, the nominal power and DC-link voltage,
together with the second-harmonic resonance filter are given in example 17.4 by
Steimel [163]. The DC-link capacitor C, is chosen for modelling purposes in this thesis
based on the typical DC-link values in Table 6-2. Final parameter values are given in
Appendix B.4.

6.2.2 DC-link voltage controller (VC)

The proportional-integral DC-link voltage controller (VC) as explained in Section 5.5
aims to keep the DC-link voltage at its reference. Its output is the active current
reference for the current controller.

The active power control of the vehicle cannot be infinitely fast. Its bandwidth is limited
by the single-phase time-variant power availability and consequently the system’s
fundamental frequency f;. Close to the line voltage zero crossings, the power availability
is absent. At that instant, there is no reason to have an active power control increasing
the current very quickly if more power is needed. On the other hand, at line voltage
peaks, the power availability is high. Within one half of a period, both one voltage zero
crossing and one voltage peak have surely passed. The average time to wait for the next
zero crossing or peak is a quarter of a fundamental period, which restricts the maximum
bandwidth of the active power control loop.

For dimensioning of the active power control loop, the power availability for simplicity
is approximated by a first-order filter between the demanded direct current /7 and the

resulting current /;. into the DC-link. The filter has unity stationary gain K., and a time
constant T, equal to the average delay or waiting time.

A block diagram of this simple DC-link voltage-control system, including the artificial
filter for power availability, is shown in Figure 6-1. The motor current ., is a
disturbance drawing current out from the DC-link. Therefore, the DC-link energy
storage is a net current integrator. The total DC-link capacitance is represented by its
rated discharge time 7¢ (equal to the per unit capacitance) as the integration time. The
resulting DC-link voltage U, is compared with the reference, and the difference is input
to the PI controller.

[dcni
Uref + + Iref K [ _ 1 U
—d—3O—»Kp, | ' 4l O—»— <
— + TQqS +1 + TCS
1
U Ti,os|x,

Figure 6-1: A block diagram for DC-link voltage and active power control loop assuming single-
phase power availability

Steinar Danielsen 99



Electric traction power system stability

For selecting the VC gain Kpyc and integration time 7iyc, the symmetrical optimum
method can be used. This method is used for control systems in which the open loop
transfer function A(s) (Equation (6.2)) has two poles close to origin, e.g. as in similar
VSC-HVDC systems (Bajracharya, et al. [15]). Optimum phase is reached when
Tiyc = 4T,, and Kpyc = Tc/(2KeqT.y) when a damping ratio of 0.5 is requested.

_ Kpy (1+Tiyes) K, 1
Ti,.s Ts+1 T.s

A(s)

(6.2)

Based on symmetrical optimum design criteria, the VC parameters are given by the
single-phase power availability and the total DC-link capacitance. Thus, the controller’s
integration time is equal to one fundamental line period.

6.2.2.1 Selection of controller parameters

In a real vehicle, there might be a motivation to alter these parameters in order to
improve the vehicle’s transient response. For example, if a vehicle is consuming power
and the motor load is suddenly reduced or cut off or a vehicle in regenerative braking is
exposed to a ‘pantograph bounce’", the DC-link voltage will rapidly raise. It is then
important to have a fast DC-link voltage control in order to protect the semiconductors
from DC-link overvoltage. Additionally, a DC-link chopper which discharges the DC-
link over a resistor may be used. However, extensive use of this chopper may lead to the
resistor being overheated and should consequently be avoided. Such a DC-link chopper
is not included in the present model. In this thesis, controller parameters as calculated
here are used further with only a slight (15%) increase of Kpyc. Final parameter values
are given in Appendix B.4.

6.2.3 DC-link voltage control eigenmode

In order to find a simple analytic expression for the DC-link eigenmode, only two state
variables are considered: the DC-link voltage (Uy.) and the VC integration part (x). The
artificial filter for power availability is neglected and the current controller (CC) is
temporarily considered to be ideal, as introduced in Section 5.5. Hence, the line-side
converter is representing a current source that instantly delivers current according to the

calculated active current reference without any delay, i.e., I)7 =1,.

As the VC output is the demanded direct current, a conversion to d-axis current is
needed by multiplying with the DC/AC voltage ratio as discussed in Section 5.5.1. The
opposite conversion is physically performed by the line-side converter due to the power
balance in Equation (5.1). Simply and ideally, these two conversions cancel each other
and are consequently neglected, i.e., Uye i = Uy and Uy = Uy. In reality, they are not a
perfect inverse as the first is performed in the control system based on measured
voltages and the second is physical. Additionally, U # U, in load conditions due to the
transformer voltage drop. These simplifications are illustrated in Figure 6-2.

' The current collector temporarily looses contact to the overhead contact line along which it is sliding.
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Figure 6-2: A simplification of the control loop.

The system in question after these simplifications is shown by the block diagram in
Figure 6-3. It is assumed nominal DC-link voltage giving U, =U/ =1 pu and for
simplicity, the initial value of the state variable x, = 0.

I dcmi Idc”i
ref . I =1 ref —
U . + KpVC +V+ dc dc =() > L Udc >
> + + I.s
1
Y Ti,es| x,

Figure 6-3: A block diagram for DC-link voltage and active power control loop assuming perfect
power availability.

6.2.3.1 No-load

In no-load, the motor current /;.,, = 0. No feedback from the motor due to DC-link
voltage variations is assumed. This results in the following two linear differential
Equations (6.3) and (6.4) to be considered:

dx, _Kp e,
]pl(XZ’Udc’t):d_;:TVVCC(UdCf _Udc) (63)
au, 1 B
/> (XZ’Udc’t) = dtdc = T_C(xz +Kpye (Udéf Uy )) (6.4)

Based on the differential equation, an explicit expression for the eigenvalues describing
this second-order system can be found in Equation (6.5). Analytical considerations of
this equation can be found in Section 6.2.4.

2

Kp Kp Kp

21,2 —_ VC i |49 _ : |49 (65)
2TC ZTC 1i, T,
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6.2.3.2 Influence from motor load

Under load conditions the motor current /., # 0. If 1;., is fed forward, as indicated in
Figure 6-3, it ideally cancels its influence and can be neglected. Equation (6.5) then
ideally applies in load as well.

If 1., 1s not fed forward, the motor voltage dependence characteristic has an influence
on the eigenmode. In Section 5.3.4.2, the simplified modelling of the motor side is
explained, and the motor power is given a characteristic dependence on the DC-link
voltage in order to stabilise the DC-link voltage. This characteristic is further simplified
into the different load characteristics introduced for the rotary converter in Section 3.4.5
in order to avoid a third state variable. The motor side may then act as a constant power
load independent of the DC-link voltage or act as a constant current load, or as a
constant resistance load dependent on the DC-link voltage given by the parameter MP
equal to 0, 1 and 2, respectively. The differential equation describing the change in the
system compared with no-load is Equation (6.6). The initial load P,,0 = Ugco/Licmo of the
motor has to be taken into consideration as well. Equation (6.7) explicitly expresses the
eigenvalues for the vehicle DC-link eigenmode when the influence of motor load
characteristic is taken into account.

du . 1 e
f‘Z(x29Udc9t): dtdL :T_(xz +Kch (Udcf _Udc)_ldcm) (66)
c
2
. Kp,, +1;n; (MP-1) N \/(prc +1;,,;(MP—1)] - fpVC 67
c c e J

6.2.4 Analytical considerations

In the following, Equations (6.5) and (6.7) will be discussed in order to increase the
understanding of them.

A comparison to the corresponding expressions for the rotary converter, Equations
(3.19) and (3.26), reveals several similarities. First, the rated discharge time 7¢ equal to
the per-unit capacitance for the DC-link appears in the denominator, as the normalised
mass inertia constant H does. They both reflect the energy stored in the system.
According to the equations, increased energy storage will decrease the oscillation
frequency.

Second, the load characteristic has an influence on the eigenvalues in the same manner.
Constant power load decreases the damping, constant current load is neutral, and a
resistance increases the damping. The influence is also proportional to the steady-state
or initial power consumed; however, the size of the influence is different.

In some vehicles, the VC output is an alternating current reference and not a direct
current reference as used for this vehicle, e.g. I/ =1). This means that the
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simplification and cancellation of the AC/DC conversions shown in Figure 6-2 are not
valid. Equation (6.6) becomes non-linear and consequently has to be linearised. This
results in a load influence changing from (MP-1) to (MP-0), meaning a constant power
load being neutral. Alternating current V'C output hence has consequently a damping
1mpact.

Selection of the VC parameters is a compromise between transient response and
damping. As described, the fast response may be desired in order to avoid high DC-link
voltage damaging the semiconductors. A larger Tiyc will not directly result in a better
damping of the DC-link mode described in this simple second-order system, though it
will increase the damping ratio as the oscillation frequency is reduced.

Note that only considering the main capacitor C; as the DC-link capacitance and not
including the second-harmonic filter when choosing control parameters will result in a
lower gain Kpyc and consequently reduce the damping and also possibly lower
oscillation frequency.

6.2.5 Numerical example

Based on Equation (6.7), the eigenvalues describing the DC-link eigenmode are
calculated for the vehicle model parameters in Appendix B.4. For a comparison, the
corresponding eigenvalues for the full vehicle RMS model with an ideal current
controller (CC) introduced in Section 5.5 are calculated by the use of linearisation
functionality in SIMPOW. In addition, the full model used here disregards the motor
current feed forward, has a motor damper filter time 7fcp;, = o (see Equation (5.4)), and
considers a short line length of only 1 km in order to comply with the analytical
calculations. This means that the full model still includes all measurement filters and the
synchronisation controller PLL. The eigenvalues are shown in Table 6-3.

Table 6-3: Comparison between eigenvalues for DC-link voltage control eigenmode calculated by
simplified model and full model. Units are [1/s] and [Hz].

P.o MP Calculated by Calculated for full
Equation (6.7) simulation model
0 - —19.2£,2.62 —17.0+,2.73
1 0 —7.68 +3.84 —5.47+;3.52
1 1 —-19.2£,2.62 —15.6 £2.65
1 2 —-133/-47.9 —-13.8/-37.8

The table shows a correspondence between the eigenvalues calculated based on the
simplified second-order model and the full simulation model with ideal CC. The motor
load characteristic has a significant influence on the damping and frequency of the
vehicle’s eigenmode.

The vehicle mode is largely influenced by the motor characteristic, while the rotary
converter mode in Section 3.6.3 is less influenced by respective load characteristics for
the same relative loading. This can be seen as Kpyc<< Dywsy, while the load power is
given in pu and is equal for the two expressions.
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6.2.6 Influence from current control loop and line impedance

In the simplified approach used in Section 6.2.3, the vehicle line-side converter was
assumed to be an ideal direct current source. In the present section, this assumption will
be studied by means of a simplified model of the current control loop.

6.2.6.1 Simplification

The model under study is shown in Figure 6-4. No measurement filters or
synchronisation controller are included. This means that there are no dynamic
deviations between the voltages and currents in the electric system and the respective
measured voltages and currents used by the control system. The system is fed from an
ideal voltage source. For simplicity, the line and vehicle transformer impedances are
aggregated into one lumped sum. As a consequence, the vehicle interface point between
the vehicle and power supply is moved to the ideal voltage source. This means that the
vehicle line voltage u,.; can be considered as being identical to the stiff voltage source
voltage, but the total physical impedance in the AC network remains unchanged.

Transformer and line
L R -

Ape S

PWM

Figure 6-4: A simple circuit with interface between the vehicle and power system at the voltage
source, i.e., the line impedance is lumped together with the vehicle transformer
impedance.

The actuated voltage u,. at the vehicle line-side converter (PWM) terminals is given by
Uac =(7Ml -1, (R+ jo,L). Transformed into the vehicle’s internal rotating reference

frame, U, and U, are given by Equation (6.8) where s is the Laplace operator d/dt.

U, U, R+sL -olL ||1,
= - ‘ (6.8)

U, U, ol R+sL||l1,
The current controller (CC) is described in Section 5.6.1. Its task is to provide a voltage
reference u’? to the line-side converter pulse-width modulator by comparing the

ac

reference current i’ to the measured i, and calculating the necessary voltage drop over
the transformer impedance based on the line voltage u,.;. For the CC in Figure 5-12, the
calculation of U}’ and U;ef is shown in Equation (6.9). The integral part of the CC is

neglected for simplicity in the present section in order to decrease the number of state
variables, with only the proportional part represented by the gain Kpcc remaining.
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Accordingly, the transformer model voltage drop calculated is purely inductive, as the
resistive part was assumed to be taken care of by the integrator.

uel |u I -1 0 -olLl|/
|:Ui¢f}:|:Udl}_Kpcc |:1dr¢f ]d:|_{ }|:Idj| (6.9)
q ql q - q a)bL 0 q
Assuming the PWM and its modulator to be perfect and without any delays results
inu, =u'? . Bquations (6.8) and (6.9) can thereby be combined into Equation (6.10).

I ]ref -7
g B (6.10)
I | ResL| I -1

q

These simplifications of the current control loop are illustrated by the block diagram in
Figure 6-5. Due to the above simplifications, the transfer function from reference

currents [/ and [ f’ to actual currents /, and , in the rotating reference frame

consists of two decoupled first-order transfer functions. The dotted lines in the diagram
show the cross coupling between the d- and g-axis introduced by Equation (6.8) which
are cancelled by the decoupling in Equation (6.9). It has also been observed that the
assumption to lump the line impedance into the transformer impedance results in the
cancellation of the line voltage influence. The two current control loops may therefore
be considered as independent, at least for the simplified considerations made here. Each
of the two loops now resembles a DC system as discussed in Section 4.4.2.

U U
Iy £— e l+d1 1 1,
Pl ™% U, Ls+R

v

Se——————

_____

_ Kpee :
[ SR EiCE s VRS A ) I
Uql Uql

Figure 6-5: Decoupled current control loops.

v

When the reactive power is controlled to be zero, the vehicle reactive current reference
I;gf =0 as well. Additionally, the PLL orients the vehicle internal rotating reference

frame by controlling the voltage U, =0 as described in Section 5.4.1. As a result, a

major part of the active power consumed by the vehicle in steady state is given by the d-
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axis loop (ref. Equation (5.2): P=U,[l,+U_ I ~U,I,). For reasons of simplicity
here, this is assumed to be valid for low-frequency oscillations as well. Based on this,
the simplified block diagram for the active power control loop in Figure 6-3 is now
combined with the d-axis part of Equation (6.10) and Figure 6-5 to give the DC-link
voltage control block diagram as shown in Figure 6-6.

Kpcc Idc"i
U Yok R+Kpee |1, X= |1 | Ve |
- L o " Tes
U 1 | R+Kp,.
de Ti,es | x,

Figure 6-6: A block diagram for the DC-link voltage and active power control loop, including the
simplified current control loop

The simplified vehicle inverter control consists of two cascaded control loops. The outer
loop controls the DC-link voltage and active power, and the inner loop controls the
vehicle’s AC current. The d-axis current control loop in Figure 6-5 is expressed in
Figure 6-6 as an equivalent first-order filter where the gain K., and time constant 7, are
shown in Equations (6.11) and (6.12).

__Apec 6.11)
" R+Kp.,
r-—L (6.12)
" R+Kp,,

6.2.6.2 Eigenvalue expression

From the roots of the closed loop transfer function H(s) = A(s) / (1 + A(s)) where the
open loop transfer function A(s) is given by Equation (6.2), application of Equation
(6.11) and a further assumption of 7., = 0 in order to avoid an extra state variable, a

similar eigenvalue expression as Equation (6.5) may be established as in Equation
(6.13).

2
Kp,.- Kpec Kp,,.- Kpcc Kp,,.- Kpec
Ve Ve Ve
A, = R+Kp, + R+Kp,. 3 R+Kp,. 6.13)
2 2T, 2T, Ti, T

This expression shows that increased resistance R and decreased current controller gain
Kpcc reduces the damping of the DC-link voltage control mode and to some extent also
the oscillation frequency.
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6.2.6.3 Considerations

The inductance in the loop represents a counter force the current controller has to fight
in order to change the line current. An increased inductance increases the control loop
time constant and decreases its bandwidth. The time constant may be reduced by
increasing the resistance, but that also reduces the loop gain. Table 6-4 shows a
comparison of the low-frequency eigenmode calculated with the second-order model in
Equation (6.5) and the third-order model in Figure 6-6 for 0 and 60 km line. An increase
in impedance reflects a decrease of K, and an increase of 7,,, and leads to a reduction
of mode damping and frequency as partly explained by Equation (6.13).

Table 6-4: A comparison between eigenvalues for the DC-link voltage control eigenmode
calculated by second- and third-order models for different values for the lumped
impedance. The units are [1/s] and [Hz].

Inductance 2" order model 3" order model
Vehicle transformer only —19.2 +£,2.62 —-19.2+,3.05
Vehicle transformer and 60 km line —19.2+,2.62 —13.0+,2.90

The current controller gain Kpcc both decreases the time constant and increases the loop
gain at the same time. Hence, Kpcc increases the current control loop bandwidth,
resulting in a faster fulfilment of the DC-link voltage controller’s requirement for active
current. A reduction of Kpcc will reduce the apparent line power availability and
consequently reduce the damping of the mode as shown in Figure 5-15. Nonetheless,
the bandwidth is limited by the PWM switching frequency. Harnefors and Nee [75]
recommend that the current control loop bandwidth should be smaller than 0.2 times the
switching frequency f;,.

Based on these simplified considerations, we understand that increased line side
impedance has an influence on the power availability seen from the DC-link, with large
impedance causing a reduction in the loop gain. This reduction is compensated by the
current controller by an increased gain.

When including the current control loop in the block diagram in Figure 6-6, we also
understand that feed forward of the motor current cannot perfectly cancel the
disturbance caused by the motor as assumed in Section 6.2.3. How well this disturbance
is cancelled depends on how close the current control loop is to unity. Harnefors and
Nee [75] propose to compensate for imperfections by manipulating the feed forward
signal.

The simplified third-order model described in Section 6.2.6.1 fails to represent the
instability observed in Sections 5.6.5 and 5.7, since the instability phenomenon is not
completely modelled. In Section 8.2.5, the constant power load characteristic’s
influence is introduced and explained.
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6.3 Sensitivity analysis

In this section, the low-frequency eigenmode’s sensitivity to changes in operating point,
control system structure changes and parameter changes for the full electric vehicle
model is studied. The analysis is performed by use of the enhanced RMS model,
including the L di/dt voltage term and current controller (CC) as developed in Chapter
5. The reference operating point of the vehicle is 3.67 MW motor power consumption at
60 km line.

6.3.1 Parameter sensitivity

The low-frequency eigenmode’s sensitivity to change in the various control system
parameters has been calculated and is shown as root-loci curves in Figure 6-7. The
study also includes the DC-link main capacitance C,. Each parameter is changed one at
a time from half to double the original value in 10 equal steps. Arrows indicate the
direction of movement when the value is increased and the centre point corresponds to
mode (12,13) in Table 6-1.

4.5

-

ImG.) [Hz]
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T e —
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N vac (1.67) KpPLL (51) KuSOGI (0.8)
e TivC (0.06) T|PLL (0.079) KiSOGI (3.0)
= KpCC (0.87) o TfCPL (0.15) A TuDC (0.0015)
TiCC (0.180) —=—MP (2) 'I'|DC (0.0015)

— 4 C,(0.0244)

Figure 6-7: Root loci for change in vehicle parameters.
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The plot shows a decrease in both the real and imaginary part of the eigenvalue when
the DC-link capacitance Cy is increased. An increased DC-link voltage controller gain
Kpyc increases the real part and an increased integration time T7iyc decreases the
imaginary part. This is according to the simplified analytic expression for the low-
frequency resonance in Equation (6.5).

Increased current controller gain Kpcc shows an increase in the eigenvalue’s real part,
which corresponds to Equation (6.13). If increased damping of the DC-link low-
frequency mode is a demand, then the VC and CC gains should be increased.

Additionally, it may be observed that the gain of the line voltage and current
measurement SOGI’s have an influence on the root-loci as well. A larger gain means a
smaller filter time constant according to Equation (5.11) and consequently an increased
bandwidth. This may be interpreted as being an advantage to have an accurate line
voltage measurement, while it is an advantage to filter the line current.

The rest of the parameters, i.e., the PLL and DC measurement filters, show a minor
influence here. The motor characteristic has an influence as well, and will be studied
further in the next section.

6.3.2 Motor load characteristic and current feed forward sensitivity

In Section 6.2.3.2, the basic impact from the motor voltage characteristic and the
feeding forward of the motor current on the DC-link voltage control eigenmode was
shown. Table 6-5 shows corresponding information via the eigenvalues found for the
full vehicle model together with the damping ratio. The motor-current feed forward
almost cancels the influence from the motor characteristic, while this characteristic has
a significant influence when not feeding forward. A constant current characteristic
shows equal eigenvalues both with and without feed forward.

Table 6-5: Low-frequency mode eigenvalues for different motor load voltage characteristics.
Units are [1/s], [Hz] and [%], respectively

Case MP  Tfcpr With 1., Without 1.,

[s] feed forward feed forward
Constant power 0 o0 —9.23 +£;4.02 (34.3) —-298+,3.77 (13.9)
Constant current 1 00 —9.27 £3.35 (40.3) —9.27+,3.35(40.3)
Constant resistance 2 0 —8.58 £,2.83 (43.5) —13.1£,2.57 (63.0)
Uy filter eqn. (5.4) 2 0.15 —6.69+,2.90(34.5) —10.0 +£,2.12 (60.0)

For the sake of comparison, the eigenvalues when the DC-link stabilisation filter
(Equation (5.4) is used are shown. This characteristic represents a compromise. Zero
filter time constant (7fcp;) corresponds to a constant power characteristic and infinite
filter time corresponds to a constant resistance characteristic.

6.3.3 Operating point sensitivity

The eigenvalue of the poorest damped low-frequency eigenmode of the vehicle is
calculated for different operating points. The motor power consumption is increased in
steps of 1 MW from no-load to 8 MW. In addition, the line length is increased from
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zero until instability in terms of a voltage collapse or heavy oscillations, in steps of 10
km. For 2 MW load and lower, the steps in line length are 20 km. An increase in line
length represents an increase in both inductance and resistance on the inverter AC side.

Figure 6-8 shows the eigenvalues connected with lines showing an equal load and equal
line length. The eigenvalues (12,13) from the reference case of 3.67 MW are shown as
well. The plot shows a trend in which increased line length and increased load both
decrease the damping and oscillation frequency. This is true for long line and high load,
but is not clear for short line and low load, due to interaction with another eigenmode
outside the diagram. It is only at no-load and 1 MW load that the vehicle shows
oscillatory instability before voltage collapse.

At high load power, the poorest damped low-frequency eigenmode is recognised as the
DC-link voltage control mode, with eigenvalues (12,13) as discussed. At no-load, the
other vehicle low-frequency mode, the eigenvalues (9,10) which have the main
participation from the vehicle control system in general, dominate. In between, there is
interference between these two modes. This interference is the reason for the large
clockwise bow shown by the root loci in Figure 6-8. For other vehicle control system
parameters, the separation of these two resonances at low load and short line length may
be even more visible. Yet, this does not mean that the DC-link and its controller are not
important participants at low load. The time simulations for the long line stability test in
Section 5.7 confirm that the DC-link voltage oscillates in no-load as well.

6

ImQ) [Hz]
w

Re()) [1/s]
—6— 0 MW —— 1MW 2 MW 3 MW 4AMW —6— 5 MW 6 MW —A— 7 MW —<€— 8 MW

15 % damping ratio @  Mode (12,13) ref case
Figure 6-8: Vehicle low-frequency eigenmode sensitivity to change in operating point in terms of
motor power and line length.
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6.4 Participation of state variables

6.4.1 Participation factors

The participation factor for all state variables in the system is calculated according to
Equation (C.7) for the low-frequency eigenmode (12,13). Their amplitudes are
compared in the bar diagram in Figure 6-9.
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Vehicle control system and measurements

Figure 6-9: Participation factors for all state variables in vehicle low-frequency eigenmode.

The most participating state variable is the DC-link voltage controller integrator x.
Together, the capacitor voltage over C; and C, forms a second large participant. This
indicates that it is the DC-link voltage controller mode as described by Equation (6.5)
that is found as mode (12,13). The mode’s eigenfrequency also corresponds to the
expectation from the calculations with the second-order model in Section 6.2.5.
Additionally, the line voltage measurement filter participates significantly. The rest of
the state variables have a medium to low participation.

6.4.2 Time constants

The dynamical system contains several time constants. Some of them are physically
given, some are chosen for the control system, some are chosen for measurement
filtering, and one is the artificial and limiting single-phase power availability. They are
all shown as bars relative to the logarithmic scale in Figure 6-10.
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Figure 6-10: Physical (red), control system chosen (green), measurement filter chosen (blue) and
artificial (pink) time constants in the dynamical system.

The diagram reveals that there are six time constants within the same decade 10-100 ms.
If these were time constants in first-order low-pass filters, they would have all resulted
in a bandwidth of 1.6-16 Hz. The single-phase power availability limits the active
power control loop to a bandwidth of 10 Hz. Based on this consideration, the vehicle
has to have a dynamic behaviour below the fundamental frequency of 16 % Hz as stated
by Menth and Meyer [116].

Some correlation between the state variables that participate in the low-frequency DC-
link voltage controller eigenmode and the proximity of the state variable’s time constant
to the DC-link rated discharge time and voltage controller integration time may be
observed.

6.5 Measurements on areal-life vehicle

Measurements have been performed on a real advanced electric rail vehicle (Danielsen,
etal. [51]). Itis a 5.6 MW (wheel power) four axle freight train locomotive. Its line-side
converter control system software is equal to the standard configuration when the
locomotive is operated in continental Europe 16.7 Hz system, i.e., in Germany and
Switzerland. The control system structure and parameter values differ from the
simulation model developed in this thesis. However, the main structure with a DC-link
voltage PI-controller is present. The DC-link data is among the typical values shown in
Table 6-2.

The vehicle is operated in steady state 2.8 MW power consumption at 10 km from a
single rotary converter in island operating mode. At this stage, sustained oscillations are
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observed in the vehicle DC-link voltage, as well as the line active power. The vehicle
DC-link voltage, together with the line active power is shown in Figure 6-11. Both the
application of Equation (C.3) and an FFT analysis resemble a significant 4 Hz
component.
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Figure 6-11: Measured vehicle DC-link voltage and line active power at stability limit, together
with the frequency spectrum of the line power signal.

Equation (6.5) is applied for the same vehicle when the DC-link voltage controller
parameters (Tiyc = 0.04 s and Kpyc = 1.5 pu'®, Eisele [64]) are given. As the oscillations
are sustained, the real part is zero, and the damping impact on the oscillation frequency
can be neglected. The corresponding undamped eigenfrequency is calculated to
approximately 4.6 Hz by use of Equation (6.14).

1 K
Ty e (6.14)
27\ Tiy - T

'* The gain is given in physical values and converted to per unit by the author of present thesis.

Steinar Danielsen 113



Electric traction power system stability

6.6 Discussion and conclusion

6.6.1 Discussion

6.6.1.1 Participating components in low-frequency dynamics

In this chapter, some of the fundamentals of the vehicle low-frequency dynamics are
studied by both simplified analytical considerations and an analysis on the full
simulation model. Of major importance are the DC-link energy storage and its voltage
controller which have been modelled according to state-of-the-art for the design and
control of the back-to-back converter solution used in electric vehicles today. These
components form the basis of the observed low-frequency eigenmode. Additional
system time constants in the vicinity of the DC-link voltage controller integration time
and the DC-link rated discharge time both participate in and exert an influence on this
mode.

Several of the time constants in the vehicle are determined by the single-phase power
availability which restricts how fast the power control can actually be. Hence, some of
these time constants are difficult to ‘move out’ from the low-frequency range.
Additionally, the time-invariant characteristic of the single-phase system results in a
need for measurement filters, both on the AC- and DC-side of the line-side converter.
For that reason, selection of values for time constants may become a trade-off between
filtering harmonics and low-frequency behaviour. A demand for fast control action to
disturbances has an influence on this selection as well.

This filtering, together with the current control loop, is expected to have a large
influence on the results of the long line stability test (as shown in Section 5.7). Figure
6-8 indicates interaction between the DC-link voltage control mode and another low-
frequency mode when the load power is low (9,10). Here, the measurement filters show
a higher participation. It has also been observed, although not shown, during the present
work, that when the system is at its long line stability limit, the relative participation is
more evenly distributed among the state variables than in the reference case. Still, the
details in filter and current control loop influence remain for further studies.

A new control system is proposed however by Heising, et al. [78] based on a
multivariable control of the line-side converter, where the DC-link voltage controller
has no integral part. One of the important and basic time constants for the low-
frequency mode studied here is thus removed. This solution shows larger stability
margins than does the conventional PI-controller in the long line stability test (Heising,
et al. [80]), though there will still be some time-constants in the low-frequency range
given by physics and measurement filters that will result in some low-frequency
dynamics.

The vehicle model studied here includes only control of the active power to be constant
as given by the motor’s demand. Yet, real vehicles may include a voltage dependent line
active power limitation (as required by EN 50388 [41]) and a voltage dependent on line
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reactive power control (Appun and Lienau [12]), both for supporting operation in weak
networks (high line impedance). These controllers cannot be much slower or faster than
the basic active power control bandwidth of the vehicle, and must observe the same
input signals (measurement of voltage and current) and influence the same physical
variables (voltage and current). Hence, their controller time constants are possibly
located in the low-frequency range, and they may exert an influence on the low-
frequency dynamics and stability as well. Details of this topic remain for further studies.

6.6.1.2 Mode sensitivity to change in paramters value

Change in parameter values, motor characteristics and control structure demonstrate an
influence on the oscillation frequency. There is some correlation between the
components’ participation and the low-frequency mode sensitivity to these components’
parameters, and from this the DC-link voltage controller’s parameters are important.
However, the current controller gain is important as well, even without the current
control loop state variables having a large participation.

The change of operating point shows even larger variations without parameter change.
Additionally, if the DC-link voltage reference is dependent on the motor speed, the DC-
link discharge time constant changes as well. It might therefore be too narrow to focus
on the mode frequency in numbers as a distinct characteristic between different vehicles
without taking the load and outer line impedance into consideration.

The numbers for the low-frequency mode presented here are based on what must be
considered as a traditional design of an electric rail vehicle. The controllers’ bandwidths
are limited in the lower frequencies by the desire to reduce both the physical and
electrical size of the DC-link and in the higher frequencies by the semiconductor’s
switching frequency. Technical developments resulting in other DC-link solutions and
higher switching frequencies may allow for a larger bandwidth separation of the
different controllers, e.g. a larger variety of time constants. This may also change the
low-frequency behaviour, for example, a larger separation of the two vehicle low-
frequency modes as indicated in Figure 6-8. This may also increase the frequency range
of where low-frequency instability may be experienced, and should be a topic for
further investigation.

One proposal for improving the situation regarding the ‘depot problem’ described in
Section 2.4.5.2 can be to reduce the low-frequency dynamics by reducing the
participation from the DC-link voltage controller’s integral part. In no-load, a fast
transient response is less important and the integration time can be increased. For
example, by increasing 7Tiyc to 1 s, the long line stability limit described in Section 5.7
more than doubles to 560 km.
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6.6.1.3 Comparison with measurements and observations

Measurements of the low-frequency mode studied on a real rail vehicle are performed
and compared with calculations of the eigenfrequency by the simplified Equation (6.5).
The results correspond surprisingly well, even though other controller designs, line
length, load operating point and motor-side influence are also expected to influence the
eigenfrequency.

All numerical figures from both the simplified models and the full vehicle model
confirm an eigenfrequency in the range of 0.1-0.3 times the fundamental frequency,
which corresponds to the real life experiences listed in Table 2-2.

6.6.2 Conclusion

The state-of-the-art structure of an advanced electric rail vehicle is studied in view of
low-frequency dynamics. Simplified analytical considerations, analysis on a full vehicle
line-side converter model, and observations on a real-life rail vehicle all show that the
vehicle has an eigenfrequency in the range of 10-30 % of the fundamental frequency.

The main participants in this mode are the DC-link energy storage and its voltage
controller due to the DC-link rated discharge time and the controller’s integration time
being close. Furthermore, several others of the system’s time constants are determined
by the characteristic single-phase second-harmonic pulsating power and are hence fixed
to this time range where the DC-link voltage control eigenmode is located.

Vehicle control system parameters, control system structure and electrical values have
influence on this low-frequency eigenmode. Components showing time constants in the
vicinity of the DC-link rated discharge time and the controller integration time
participate in the mode, and their parameters show an influence on both the mode’s
damping and frequency. If increased damping of the DC-link low-frequency mode is a
demand, then the DC-link voltage controller gain and the AC current controller gain
should be increased. The eigenfrequency can be decreased by increasing either the DC-
link energy storage or the DC-link voltage controller’s integration time.

The motor-side DC-link voltage dependence characteristic influences both the
eigenfrequency and the damping of this mode. For example; a constant power load
characteristic reduces the mode’s damping and increases its eigenfrequency while a
constant resistance load characteristic has opposite influence. A constant current
characteristic is neutral. The influence from this load characteristic can be ideally
cancelled by feeding forward the motor-side current to the DC-link voltage regulator.

The vehicle low-frequency mode is until a certain degree sensitive to the operating point
regarding power consumption and line length to the ideal voltage source. Increasing
load and line length decreases both eigenfrequency and damping and reduces the
system’s stability margins and eventually leads to instability, either low-frequency
oscillations or voltage collapse.
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6.6.3 Further work

In this chapter, the basics of the vehicle’s low-frequency dynamics are analytically
studied based on a simplified approach. However, a real-life vehicle is far more
advanced than the second-order model developed here reflects. Thus, further
investigation of the following is of interest:

e Details in filter and current control loop influence are of importance in order to
understand more of the vehicle’s behaviour. Harnefors, et al. [74] perform
analytical considerations, including this influence on a more general three-phase
voltage-source converter. More detailed analytical investigations of the rail
vehicle is important to understand more of this complex component.

e Line active power limitation and reactive compensation are features which are
utilised under weak power supply conditions. Under such conditions, the
stability margins are observed to be smaller and the low-frequency behaviour of
these controllers is believed to be important.

e The proposed multivariable control concept described by Heising, et al. [78]
should be implemented in a real vehicle and tested correspondingly to obtain
more full scale experience. Outer control loops such as line power limitation and
reactive power control should be added to the multivariable control system in
order to adapt it to realistic operation under weak power supply conditions. In
that way, the potential of this system compared with the state-of-the-art solution
can be investigated.

e [t should also be investigated if there are other methods than the one described
by Heising, et al. [78] that can increase the damping of the vehicle low-
frequency mode, e.g. reduce the dominating DC-link integral part, without
compromising the control system’s transient response.

e By modelling the motor side more in detail than in the present model, its low-
frequency influence can and should be studied.
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This chapter reports on a study of the interaction between the rotary converter and the
developed advanced rail vehicle model conducted by use of traditional power system
stability investigations, i.e., linear analysis and time simulations. Various methods for
stability improvement are investigated and a reason for the observed instability is
proposed. The main principles are compared with measurements on a real rail vehicle.

7.1 Introduction

The traction power system in study was introduced in Chapters 1 and 2 and is sketched
in Figure 1-1. It consists of a rotary frequency converter having a poorly damped
electromechanical eigenfrequency as studied in Chapter 3 and an advanced electric rail
vehicle as studied in Chapters 5 and 6. The components are modelled by use of the
concept with enhanced RMS, including the current dynamics described in Chapter 4 and
5. The system’s operating point is as per the reference case described in Appendix B.1.

7.2 Time domain simulation

A time domain simulation is performed with the simulation model explained in Section
7.1. A step in vehicle motor power of 22 kW is made until the operating point used as
the basis for linearisation in the reference case is reached. The result is a 1.6-Hz
oscillation increasing in amplitude as time passes, as shown in Figure 7-1. As a
consequence of this, the system is therefore unstable.

The figure includes a plot of the important electrical variables in the system, together
with the ‘core’ of the rotary converter oscillation — the rotor speed variation as shown in
Section 3.2. Hence, the speed variation is here used as a reference for considering the
oscillation of the other variables, and is plotted in the same sub-diagram as the vehicle
DC-link voltage. These two important state variables and energy storages oscillate in
anti-phase, i.e., 180 degrees shifted in phase, which indicates an exchange of energy
between them.

The different sub-diagrams in the figure show the comparable variables such as voltage,
current and power for the rotary converter three-phase motor, the single-phase
generator, and the vehicle. The values shown are observed at the three-phase 6.3 kV
busbar, the single-phase 15 kV busbar, and the vehicle’s current collector and interface
to the rest of the power system. The exception to the busbar values are the synchronous
machines’ power angles which are the internal angles in the respective machines. In
addition, the electrical interface values measured by the vehicle’s control system are
shown. For example, the voltage phase determined by the phase-locked loop (as seen in
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the step response in Section 5.5.3) is compared with the exact angle for current collector
voltage. All values are plotted with their respective steady-state values as a reference,
i.e., it is only the deviation from steady state referred to as zero that is shown. Positive
single-phase power direction is out from the generator and into the vehicle.

The essence of the interaction may be summarised as follows:

1. When the converter oscillates due to the load step excitation, the generator
voltage amplitude oscillates in phase. The internal induced generator voltage is
rotor speed dependent due to Equation (4.15). The generator exciter model used
here does not change this relationship; hence, the relation between the generator
voltage and speed, k,, in Equation (3.20) is positive.

2. This voltage amplitude oscillation is observable at the vehicle as well. A line
voltage change will change the power flowing into the vehicle DC-link
according to Equation (5.1), resulting in a change in the DC-link voltage. As the
DC-link controller aims to keep the DC-link voltage constant, the line current
has to be changed accordingly to keep the power input constant. The line current
must therefore be changed in anti-phase to the line voltage oscillation.

3. However, despite constant power load control objective, the vehicle line active
power is not kept perfectly constant. It oscillates in phase with the line current
and hence in anti-phase to the voltage amplitude and converter speed. The
vehicle counteracts the line voltage oscillations too much by the line current
control. This active power oscillation is amplified through the line due to the
losses given by P; = R;"I. From the figure it can be observed that the vehicle
active power oscillation is approximately on third of the generator active power
oscillation, i.e., the line losses represents the remaining two thirds. The resulting
generator electromagnetic torque oscillation violates the stability criterion in
Equation (3.27). Consequently, this active power oscillation has a destabilising
impact.

4. It might be observed as well that the generator reactive power oscillates in phase
with the active generator power to cover the reactive line losses, which is due to
the change in line current. Here, positive reactive power is the load being
inductive, i.e., consuming reactive power. However, the vehicle reactive power
does not constantly equal its zero-valued reference; it oscillates in anti-phase to
line voltage, active power, and generator reactive power. This means that during
the oscillation, the vehicle covers some of the changes in line reactive power
losses. This reactive power oscillation has a stabilising impact, as inductive
behaviour when voltage is high and capacitive behaviour when voltage is low
reduce the line voltage oscillations.

Based on these observations, a closed feedback loop as shown in Figure 7-2 is
proposed. The rotary converter oscillations influence the line voltage, which in turn
influence the DC-link voltage. The DC-link voltage regulator gives the vehicle’s current
reference, and the current influences the generator power; thus balance in
Equation (3.8).
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Figure 7-1: Oscillating electrical variables relative to the converter speed in the unstable reference

case. Rotary converter motor active power in the diagram is divided by 10 in order to
put the power values in the same scale.

Steinar Danielsen 121



Electric traction power system stability

Converter Line
speed | voltage
Line J DC-link
current | voltage

Figure 7-2: A principle sketch of a rotary converter — rail vehicle closed feedback loop.

It can be observed from Figure 7-1 that neither the voltage amplitude, current amplitude
nor voltage phase measurements in the vehicle show large deviations from the real
electrical values, i.e., the measurements are not out of phase with the real values.
However, the lagging angle from the PLL will be studied further in Section 7.4.1.4.

7.3 Linear analysis

7.3.1 System eigenvalues

For the reference case given, the system’s eigenvalues are calculated. Out of a total of
40 eigenvalues (zero-values excluded), the ones having a frequency lower than the
fundamental frequency (Im(4) < f;) and a real part larger than -100 (Re(4) > -100) are
shown in Table 7-1. The table also includes the main participating components in each
mode, i.e., the components having a participation factor larger than 0.1 (|P| > 0.1).
Infrastructure components are marked with a ‘+’ and the vehicle components are
marked with a ‘*’. From these it can be observed that the vehicle, the rotary converter
and both of the synchronous machines’ excitation systems participate in the listed
modes.

Of primary interest here are the eigenvalues with the lowest damping ratio {, see
Equation (C.4), as they will dominate the system’s dynamical response. There are two
important eigenvalue pairs, numbers 21 and 22 and numbers 25 and 26, which have a
damping ratio of +10.0 % and -0.58 %, respectively. The first (21,22) has a main
participation from the vehicle and the second (25,26) a main participation from the
rotary converter. They are recognised as the vehicle and rotary converter modes,
respectively. The rotary converter mode is negatively damped which describes the
system as unstable. Oscillations at the rotary converter’s eigenfrequency of 1.6 Hz will
increase in amplitude as time passes, as seen in the simulation in Section 7.2.

It has also been observed that the vehicle mode is now changed in comparison to the
case in which an ideal voltage source is used instead of the rotary converter in Chapter
6. The relative damping is decreased from 34.2 % to 10.0 %.
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Table 7-1: The eigenvalues calculated for the system, including the main participating

components.
No. Eigenvalue Damping Main participation
[1/s], [Hz] ratio [%] (participation factor in parenthesis)
13,14 —21.0+/6.15 47.8 * Vehicle PLL angle (0.52),
* Vehicle AC-voltage measurements (0.45+0.23),
* Vehicle PLL loop filter (0.17),
* Vehicle AC-current measurements (0.11+0.09) and
* Vehicle DC-link controller (0.10)
17,18 —5.50+,3.03 27.8 + Generator exciter field voltage (0.72) and
* Vehicle DC-link controller (0.14)
19,20 —4.83+£;3.18 23.5 + Motor exciter field voltage (1.00)
21,22 —145+52.29 10.0 * Vehicle DC-link controller (0.45),

* Vehicle AC-voltage measurement (0.17+0.17),

* DC-link voltage (0.16+0.11),

* DC-link damping (0.14),

+ Generator exciter field voltage (0.16),

* Vehicle d-axis current controller (0.11),

+ Generator field winding flux (0.10) and

+ Generator damper winding d-axis flux (0.10)
25,26 +0.06+j1.64 ~0.58  + Motor power angle (0.51),

+ Motor speed (0.27) and

+ Generator speed (0.27)
29,30 —4.85+;0.13 08.6 * Vehicle d- and g-axis current controller (0.50+0.49),

* DC-link damping (0.28),

* Vehicle AC-voltage measurement (0.14+0.06) and

* Vehicle DC-link controller (0.12),
31,32 —-1.73+;0.30 67.6 + Generator exciter regulator voltage (0.81)

+ Generator field winding flux (0.60) and

+ Generator damper winding d-axis flux (0.27)
33,34 -0.93+,0.16 67.9 + Motor field winding flux (0.70) and

+ Motor exciter regulator voltage (0.70)

7.3.2 Participation

7.3.2.1 Participation factors

Table 7-1 reveals that even if the infrastructure and vehicle modes are mostly separated,
they may participate in each other’s modes, e.g. as in eigenvalues (17,18) and (21,22).

Figure 7-3 shows a bar diagram with the participation factors for all of the system’s
state variables regarding the two modes of interest: the vehicle mode (21,22) and rotary
converter mode (25,26).
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Figure 7-3: The participation factors for the vehicle and rotary converter modes.

For the vehicle mode, the pattern shown in Figure 6-9, when the vehicle was fed from
the ideal voltage source, is recognised. There are several state variables participating
with a factor of 0.05 to 0.15 in the vehicle control system, the vehicle DC-link, the
vehicle transformer, and in the generator and its excitation system. However, the basic
Equation (6.5) for the vehicle mode concerning the DC-link voltage and DC-link
voltage controller integral part is still essential due to these two state variables’ large
participation.

The rotary converter mode is different. There are two large participants: the rotary
converter speed and the motor power angle as indicated by the swing equation (3.8).
The participation from other state variables compared with those is relatively low. The
main participants from the vehicle control system are the DC-link voltage controller, the
line voltage measurement and the phase-locked loop. This participation indicates that to
some extent, the rotary converter mode is influenced by the vehicle low-frequency
dynamics. The ratio between their eigenfrequencies is 2.28/1.64 = 1.39, which shows
that they are in each other’s vicinity.

7.3.2.2 Time constants

In line with the pattern for the vehicle when it was fed from the ideal voltage source
alone, all the system’s time constants when the vehicle is fed from the rotary converter,
are shown in Figure 7-4. Both the synchronous machines and their excitation system
add several time constants to the system. The abbreviations used in the legend
correspond to an explanation of each parameter in Appendix B.
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Figure 7-4: The time constants in the complete rotary converter — rail vehicle system: physical
(red), control system chosen (green) and measurement filters (blue).

Of special interest, particularly in view of the low-frequency oscillations, is a time
constant for the rotary converter electromechanics. For synchronous machines, different
types of time constants for the rotating masses may be defined (Machowski, et al. [115]
and Pal [136]). The inertia constant H and the mechanical acceleration time 7, are two
such time constants. However, using Equation (3.15) for the natural oscillation
frequency as a basis, the inertia coefficient M = 2H/wg)s represents the mass when K is
interpreted as the spring constant in the analogue mass-spring-system. The inertia
coefficient M has the unit s* and may be interpreted as the angular momentum (M,, =
Jowguy) referred to the electrical rotational speed: M = Jwgy,. The time constant of
interest is hence the square root of the inertia coefficient, as in Equation (7.1).

T oo =M = 7.1)

a)sM

For the rotary converter under study, this physical time constant is in the same time
range as that studied for the vehicle time constants in Section 6.4.2. T,pcony 18 tWO to
three times the DC-link voltage controller integration time 7iyc and the DC-link
discharge time T¢, respectively. This vicinity indicates that the various dynamical
components can interact in the low-frequency range, as has already been found by time
simulation and the study of the participation factors.
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7.3.3 Sensitivities

7.3.3.1 Vehicle parameter sensitivity

In Section 6.3.1, the vehicle low-frequency mode’s sensitivity to the vehicle control
system parameters values was studied for the reference case. A similar study is
performed for the vehicle parameter value’s influence on the rotary converter mode.
The corresponding root-loci plot is shown in Figure 7-5.
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Figure 7-5: Rotary converter mode root loci plot showing sensitivities to vehicle parameter values.

Tic (

It is observed from the figure that several vehicle control system parameters have an
influence on the damping of the rotary converter eigenfrequency. Only small deviations
from the original values used result in an even more unstable system. The vehicle
control system indeed has an influence on the system’s damping. It is also possible to
improve the stability by altering some parameters, with such an improvement performed
in Section 7.4.1.
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A comparison of Figure 7-5 to the similar sensitivity plot for the vehicle mode in Figure
6-7 reveals a pattern. A change of vehicle parameters in a direction which damps the
vehicle mode or increases its eigenfrequency may have a damping impact on the rotary
converter mode. For example, decreasing the DC-link capacity will, as described by
Equation (6.5), decrease the vehicle oscillation frequency which consequently decreases
the rotary converter damping, and the same applies to the motor power DC-link voltage
dependency as an increase of parameter MP decreases the damping of the vehicle mode
and hence the damping of the rotary converter mode. For the controller (VC, CC, and
PLL) parameters, this impact is further studied in Section 7.4.1. However, this pattern
does not apply to the current measurement filter. An increased gain for the current
SOGI reduces the damping of the vehicle resonance and increases the damping of the
converter resonance.

A similar sensitivity analysis for the other power supply components, such as the
synchronous-machine excitation system, may be performed in order to understand how
to improve the power supply infrastructure. Such a study however is defined outside the
scope of this thesis.

7.3.3.2 Operating point sensitivity

The rotary converter’s electromechanical mode is studied in view of the rail vehicle’s
operating point in the same way as the vehicle mode was studied in Section 6.3.3. The
vehicle load is increased by steps of 1 MW and the overhead contact line length is
increased by steps of 10 km. The corresponding eigenvalues are shown in Figure 7-6.

From this figure, the following observations can be made. The damping is reduced
when the line length is increased and when the vehicle load power is increased, but the
damping is more sensitive to load than to line length. A 600 km long line in no-load has
almost no influence, while the situation with 8 MW power consumption at 0 km line
length is barely stable.

In some cases with a long line and low load power, it has been observed that the vehicle
mode turns unstable before the rotary converter mode (this is not shown explicitly in the
figure).

When comparing with the vehicle mode’s sensitivity to operating point, the following
pattern can be recognised:
e There is a positive correlation between reduced damping and frequency of the
vehicle mode and the reduced damping of the rotary converter mode.
e But the system including the rotary converter is less damped than the vehicle
only and consequently reaches oscillatory instability at shorter line lengths and
lower power consumption.

One observation for both the vehicle mode in Figure 6-8 and rotary converter mode in
Figure 7-6 is reduced damping when the operating point approaches the maximum
transferable power indicated by the nose curves in Figure B-2.
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Figure 7-6: Eigenvalues describing the rotary converter mode when the vehicle operating point is
varied.

7.3.4 Components and characteristics influencing damping

Both measurements and calculations reported in Chapter 3 show that the rotary
converter alone is stable. Additionally, the vehicle at the studied operating point in
chapter 6 was found to be well damped. However, an analysis of the complete system
model in the current chapter shows that the combination of the rotary converter and the
rail vehicle consuming power at long line results in an unstable system. It is of interest
to obtain an impression of which components and characteristics are causing this
reduction in system damping. This is investigated here by adding components and
changing characteristics in the system one by one.

The load condition in the reference case results in a given mechanical torque being
applied to the rotary converter rotor seen from the motor. This motor steady-state torque
is retained in all the various cases tested, i.e., the motor steady-state operating point is
unchanged. However, different load characteristics result in different torque variations
when the converter oscillates. The results are illustrated in Figure 7-7 for the following
seven cases:
1. A constant mechanical torque load is applied to the motor rotor. This means that
the converter generator and the entire single-phase network, including the
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vehicle as known from the previous system study, is temporarily removed. This
is the reference for comparing the other cases’ negative influence on damping.

2. As in Case 1, but the motor AVR is added. The difference between 1 and 2
shows the influence from the motor AVR.

3. Asin Case 2, but the mechanical rotor load is changed from a constant torque to
a constant power characteristic. The difference between 2 and 3 shows the
influence of the changed mechanical load characteristic.

4. As in Case 3, but the mechanical constant power load on the rotor is replaced by
a synchronous generator and transformer supplying a constant electric power
load at the rotary converters single-phase 15 kV busbar. The difference between
3 and 4 shows the influence of changing from a mechanical constant power load
to an electric constant power load, including the generator and transformer. The
constant power load is modelled by Equation (3.22).

5. As in Case 4, but the generator AVR is added. The difference between 4 and 5
shows the influence of the generator AVR.

6. As in Case 5, but the electric constant power load is moved from the 15 kV
busbar to the end of the 60 km long line. The difference between 5 and 6 shows
the influence of the line voltage drop and losses.

7. As in Case 6, but the constant power load is replaced by the dynamical vehicle
model. This is the reference case that was previously studied. The difference
between 6 and 7 shows the influence of the vehicle dynamical behaviour and the
vehicle transformer losses.

1.7
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1.66
1.64
1.62

1.6
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1.56
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Figure 7-7: The reduction of system damping as various components and characteristics are
added one by one (respective eigenvalues marked with a blue asterisk*)
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The results show that approximately one-fifth of the change in damping from Case 1 to
Case 7 is caused by introduction of the converter motor AVR. One-sixth of the damping
is given by the characteristic of the change from constant mechanical torque to constant
mechanical power. The change from a constant mechanical power load to a constant
electric power load at the converter 15-kV busbar has a small influence and the
generator AVR shows a negligible influence. The AVR influence however is not a
central concern here.

The influence of the line voltage drop and losses have a significant influence (Case 6),
above one-quarter, though a constant power load without dynamics is still not able to
make the system unstable at the present operating point. The contribution from the
vehicle dynamics, one-third (Case 7), is therefore of special interest since this is the
change that makes the system unstable, and which is the topic of concern in this thesis.

The time simulation in Section 7.2 shows an oscillating vehicle DC-link voltage. That
proves that the vehicle does not keep its active power consumption constant. The
sensitivities in Figure 7-5 also show that system damping may be changed by altering
the control system parameters. Hence, the contribution from the vehicle dynamics exerts
a significant influence on stability. In Danielsen, et al. [57], the same power system has
been linearised at the same operating point, but with another vehicle model (the one
studied in Danielsen, et al. [52]). The result is a system that is even more unstable
(+0.23 [1/s] £j1.59 [Hz)).

7.4 Stability improvement

Both time simulations and a linear analysis of the rotary converter supplying an
advanced electric rail vehicle show an unstable system in the reference case. It is
thereby of interest to investigate whether the system can be made more stable.

Previous results in the present chapter show that the vehicle dynamic behaviour has an
influence on the system’s stability. Improving this behaviour and reduce its influence on
the rotary converter mode may be solved in different ways. One method is by altering
and tuning the existing control system parameters, while another is to change the
vehicle characteristic from behaving like a de-stabilising constant power load to acting
neutral or actively damping'”. For components that are not synchronous machines, such
a supplementary controller is often mentioned as a power oscillation damper (POD).
Both these methods are investigated in the present section.

Another common method to damp synchronous-machine electromechanical oscillations
is to utilise a power system stabiliser (PSS) as an add-on to the machine’s AVR. This
thesis, however, will focus on measures that can be made on the rail vehicle only.

'3 As opposite to passive damping, e.g. a resistor load
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7.4.1 Improved vehicle parameters

The rotary converter mode’s sensitivity to change in vehicle parameters was studied in
Section 7.3.3.1. Here, the results regarding the vehicle controller parameters are
discussed in more detail.

7.4.1.1 Control system parameter sensitivities

For the two modes of interest, the vehicle and the rotary converter mode, respectively,
the sensitivities for the controller parameters are calculated and shown in the complex
plane in Figure 7-8. The controllers in question are the synchronisation controller
(phase-locked loop PLL), the DC-link voltage controller (VC), and the current
controller (CC). They all have a proportional gain and an integration time constant. The
range for each of these six parameters’ variation is from 0.5 to 2.0 times the original
value given in parenthesis in the figure legend. The step between the markers on the
lines is 10 % of the variation range, i.e., 15 % of its original value, with an arrow
indicating a mode change for increasing the parameter’s value.

Vehicle mode Rotary converter mode
3.5 ‘
1.68
3 1.66
T T 1.64
= 25 =
S S
E E
1.62
2
1.6
1.5 1.58
-0.2 0 0.2 0.4
Re(n) [1/s] Re()) [1/s]
— 5 Kpyc (1.67) —o— T, (0.06) = Kpy; (0.87) o Tie (0.180) Kpg (51) Tig, (0.079)

Figure 7-8: Parameter sensitivities for vehicle (left) and rotary converter (right) modes.

The main observation from the diagrams in Figure 7-8 is that the vehicle mode is more
sensitive to parameter changes than the rotary converter mode. Note that the scales on
the two diagrams’ horizontal axes differ by a factor of 10. However, the parameter
sensitivity is still sufficient to affect the converter mode damping.

Comparing the vehicle and rotary converter modes’ sensitivities reveals that the change
needed for each parameter in order to increase the converter damping corresponds to
either, or both, increasing the damping or increasing the frequency of the vehicle mode.
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This means that the rotary converter mode may be stabilised by moving the vehicle
mode away from the complex plane.

7.4.1.2 Parameter change

Based on the parameter sensitivities, a change in the vehicle control system parameters
may be proposed:

1. Increase of integration time and decrease of gain of the PLL loop filter. This
results in a larger settling time and poorer tracking of the line-voltage phase.

2. Decrease of integration time and increase of gain of the VC. This results in a
faster active power control, as both the integral part and the proportional part of
the controller are increased.

3. Decrease of integration time and increase of gain of the CC. This results in a
faster current control, as both the integral part and the proportional part of the
controller are increased.

In the proposed improvement, these six parameters are changed simultaneously by an
increase or decrease in steps of 10 %. Five steps are performed in the proposed
directions from the original values (0). For comparison, one step (-1) is performed in the
opposite direction.

Figure 7-9 shows the root loci plot when the control parameters are successively
changed as proposed, and arrows indicates the direction of movement. The zoomed
small plot shows that four-five such steps of a 10 % change are needed to increase the
damping of the rotary converter mode until it is equal to the no-load case in Section 3.5,
thus almost neutralising the negative contribution from the vehicle. The participation of
VC and CC in the converter mode is reduced, while PLL participation is slightly
increased. A step in the opposite direction (-1) makes the system even more unstable.

It can be observed that the proposed parameter change increases both the damping and
the oscillation frequency of the vehicle mode, eigenvalues (21,22), as well as the
generator exciter mode (17,18), while the motor exciter mode (19,20) remains
unaffected. However, this parameter change results in a reduced damping of the second
vehicle mode (13,14) in which, according to Table 7-1, the PLL participates to a greater
extent. The same reduction in damping is observed in the 43-Hz mode ((2,3) in Table
6-1) among the DC-link components C,;, C, L, and R, (not included in Figure 7-9).
These two modes will now dominate the vehicle dynamical response. In order to keep
the vehicle low-frequency modes above a 15 % damping ratio, the parameters in Step 4
are chosen.
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Figure 7-9: Root loci for the changed parameter sets, with the converter mode zoomed in on in the
right section of the diagram. 15 % damping ratio is shown as a thin black line.

The system’s low-frequency eigenvalues of interest, the rotary converter and the two
vehicle modes, are shown in numbers for different steps of improvement in Table 7-2.
Besides showing the reference case, the improved parameters for Step 4 are shown.
Corresponding eigenvalues for the partial improvement of each of the three controllers
in the study are shown as well. It can be observed that the change of PLL parameters
contributes most equally to VC and CC together.

Table 7-2:  The three low-frequency eigenvalues for the different steps of stability improvement.
Units are [1/s] and [Hz].

Case (step no.) Converter (25,26) Vehicle (21,22) Vehicle (13,14)
Original reference case (0) +0.06 +;1.64 —-145+;229 -21.0+/6.15
PLL improvement only (4) —0.14 £/1.61 —-236+,2.19 —14.7+5.28
VC improvement only (4) —0.08 £/1.62 —-4.66+;4.09 —15.8+,5.27
CC improvement only (4) —0.08 £/1.62 —-2.82+,239 -27.1+;7.91
VC and CC improvement (4)  —0.16 +;1.61 -927+;391 —159+/7.62
Complete improvement (4) —-0.27+£/1.60 -510+£,2.76 —7.31=+/7.15

7.4.1.3 Time simulation

The quality of the linear analysis is tested by time simulations. In the absence of an
instantaneous value single-phase synchronous-machine model, the simulation is
performed by the enhanced RMS model, though an instantaneous value simulation
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without a rotary converter has also been carried out (not shown here) in order to ensure
that the improved parameters at least work together with an ideal voltage source.

The time simulation of the model where the vehicle is supplied from the rotary
converter is performed by means of a step disturbance. A 100-kW resistor load is
connected to the rotary converter 15-kV busbar. This load is suddenly disconnected in
order to excite the rotary converter’s electromechanical eigenmode. The system’s
operating point after the load rejection corresponds to the reference case.

The response in the converter’s rotational speed, generator and vehicle active and
reactive power, and vehicle line current and voltage together with its DC-link voltage is
shown in Figure 7-10. The responses reflect results from the linear eigenvalue analysis
for both the original and improved (Step 4) set of controller parameters. Mode (13,14)
at 7 Hz can be observed immediately after the disturbance. The PLL is a large
participant in this eigenmode.

With the proposed parameters, the line current and active power control are improved
by being faster and more accurate since the active power control loop bandwidth is
increased. The movement of the vehicle mode away from the rotary converter
eigenfrequency reduces the vehicle dynamics at 1.6 Hz. The vehicle keeps its line
voltage, line current and active power almost constant, independent of the poorly
damped rotary converter oscillations; hence, the DC-link voltage is constant as well. A
constant vehicle active power and a constant current giving constant line losses result in
constant generator active power.

The damping of the rotary converter for an improvement in Step 4 is equal to the
constant power load at generator bus damping shown in Figure 7-7. The parameter
improvement resulting in a constant generator load has cancelled the negative damping
given by the line voltage drop and losses, and the vehicle dynamic behaviour.

It is also important to note that the vehicle reactive power oscillation has increased,
while the generator reactive power oscillation has decreased in amplitude. The vehicle
reactive power oscillation opposite to the line voltage oscillations has been explained in
Section 7.2 to have a damping impact. Here this impact is increased.

In Figure 7-5 it was shown a very unstable case involving a 30-km line and a 6-MW
load with the original vehicle controller parameters. Applying the improved parameter
values (Step 4) on this case shows a damped and still stable system.
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Figure 7-10: System response to a load step with original (thin blue line) and improved (thick red

line) parameters.
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7.4.1.4 PLL’s influence on system damping

From the time simulation in Figure 7-1 it can be observed that the phase angle given by
the PLL lags voltage phase it is supposed to track. The change in phase-locked loop
parameter values shows in Table 7-2 to have a large influence on the damping of the
rotary converter’s electromechanical eigenmode. In this section this influence is
principally studied.

The PLL’s closed-loop transfer function in Equation (7.2), which is based on the block
diagram in Figure 5-5, is shown by its frequency response in Figure 7-11 for the
parameter values used in Steps 0 and 4, respectively. This parameter change results in a
reduced bandwidth of the synchronisation controller. The PLL’s eigenfrequency is
reduced, which consequently results in a larger amplification and phase lag at the rotary
converter’s 1.6-Hz eigenfrequency.

AG,,, (s) _ Tip  Kpp s+ Kpp,
AO(s)  Tipys* +Tipy, Kppy, s+ Kppy,

Hpy,(s)= (7.2)

Bode Diagram
1.5 :

-

Magnitude (abs)

bt
o

450 - __
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90k--__
10

Frequency (Hz)

Figure 7-11: Closed loop frequency response for PLL with paramter values for Step 0 and 4.

The impact of this lagging as seen from a stability point of view is investigated by use
of the basic power-flow Equations (7.3) and (7.4). They describe the active power P and
reactive power Q that flow between two AC power system buses, 4 and B, measured on
bus 4. Power may flow due to voltage amplitude U and/or phase J differences over the
line impedance R + jX. The system in study is shown in Figure 7-12.
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Figure 7-12: Illustration of the system used for the study of the PLL influence on the oscillations.

In most power-flow analysis, it is common to neglect the first term in the active power
fraction and the last term in the reactive power fraction, as the line resistance is often
assumed to be much less then the line reactance (Machowski, et al. [115]).
Consequently, the power flow equations commonly simplify. Such a simplification is
however not obvious in this traction power system as the line resistance is in the same
range as the line reactance (See Appendix B.1).

Based on Equation (7.3), Equation (7.5) shows how the active power from bus A4
changes when the difference between the phase angle between bus 4 and B changes. It
consists of two non-linear terms where the first is a sine function of the angle difference
while the second is a cosine function. The first term will dominate for large phase
differences and the second will dominate for small angles if the two constants Kp; and
Kp; are equal, which they are for R = X.

OP .
mzKPISIH(5A_§B)+KP2COS(5A_53) (7.5)

This relation will now be applied to the interaction between the rotary converter and the
rail vehicle. During a rotary converter oscillation, the generator power angle Adg
according to Equation (3.5) will oscillate 90 degrees, lagging the rotary converter speed
Aw. The vehicle PLL will track the power system’s phase oscillation, but due to the
loop filter, it will show low-pass behaviour with attenuation and phase shift as seen in
Figure 7-11. Hence Afp;; will lag the real power system phase Af,. The PLL gives the
reference phase for the PWM actuated voltage u,., which consequently will lag the real
voltage phase oscillation as well. The difference between Jd¢ and 8p;;, now represents the
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phase difference discussed in Equations (7.3) and (7.5) and will consequently cause a
power flow.

Equation (7.6) shows the relationship between the oscillating angles and the resulting
power oscillation and is illustrated in Figure 7-13. For the sake of readability, all
variables are shown as deviations from their respective steady-state values, hence the A-
values. Since only the influence on the power oscillations given by the phase
oscillations are of interest, the voltage amplitudes are kept constant and for simplicity
equal to 1. Furthermore, even if R is different from X due to the generator impedance
and the converter and vehicle transformers it is assumed in this principle figure such
that R = X as well. These simplifications do not influence on the basic characteristic,
only on the amplitude of the curves.

P =P, +P, =(1-cos(5;—6,, ))+sin(5,—6,,) (7.6)

The initial power flow in the reference case is shown in Figure B-1. Based on this the
initial angle difference between the ds and 0p;, in steady state is the difference between
the transient internal induced voltage in the generator and the actuated vehicle voltage
(Uy,). This steady-state angle difference is used for the non-linear functions.

2.5

2
1.5
1

0.5 1%

Ao Adg ABpi4 APat4 APp14

Figure 7-13: Illustration of angles and resulting active power oscillation relative to the converter
speed oscillation for PLL parameters in Steps 0 and 4. The values of the angles are
multiplied by a factor of 5 and the power oscillations are multiplied by a factor of 100
in order to increase the readability.
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The figure shows a 1.6-Hz rotary converter rotor speed oscillation. Two PLLs are
tracking the resulting phase oscillation. One PLL has the parameter values from Step 0
and the other has the values from Step 4. The slower PLL in Step 4 increases the phase
lag from 6.8 to 13.5 degrees.

The corresponding active power oscillations given the phase difference between Adg
and Afpy; for the two terms, P4; and P,,, in Equation (7.6) are shown as well. Both of
them oscillate essentially in phase with the rotary converter speed and larger phase lag
results in active power and speed oscillation being even more in phase. This in-phase
power oscillation has according to the stability criterion in Section 3.4.6 a damping
impact. Furthermore this positive impact is increased due to the PLL’s amplification,
which is reflected in the curves as well. The relative contribution from the two terms in
Equation (7.6) depends on the initial power system operating point and impedance.
When the angle difference is large and R is larger than X, then the first term will
dominate.

This active power oscillation relationship is however difficult to explicitly observe in
the complete closed loop system simulation, were the resulting voltage angles are a
consequence of the power flow that is given by several other factors than the angle and
PLL alone. The damping given by the PLL is therefore not easily quantified for the
closed-loop system, but the principle consideration in this section indicates the
qualitative influence.

Similar considerations as above can be performed for the reactive power oscillations
caused by the PLL phase tracking deviation as well, though details remains for further
work. The corresponding relationship between the phase difference and the reactive
power flow will differ from Equation (7.5) with one important property; the two terms
will have opposite signs. This means that it is not obviously given in what phase the net
reactive power will oscillate, and it is more sensitive to the network impedance and
operating point than the active power. Furthermore it also depend much on where in the
system the reactive power is observed, at the rotary converter or at the vehicle, as a
majority of the reactive power is due to inductive losses and is not transferred from
generator to the vehicle. Introductory studies indicate that the net reactive power at the
vehicle will oscillate opposite the active power, i.e., in anti-phase to the rotor speed
oscillations and hence amplify the line voltage oscillations. This is, however, not
possible to observe from the full system time simulation in Figure 7-10 where the
reactive power oscillation in the vehicle in phase with the speed are increased due to the
change of VC and CC parameter values as well.

7.4.2 Vehicle active damping

7.4.2.1 Vehicle as a damping device

Active damping of low-frequency oscillations in power systems in order to ensure
stability is being increasingly utilised as the development of power electronic
components proceeds (Machowski, et al. [115] and Hingorani and Gyugyi [83]). Power
oscillation dampers (PODs) may be implemented in series devices such as thyristor-
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controlled series capacitors (TSCS) or shunt devices as static VAR compensators (SVC)
and static compensators (STATCOM), in order to damp local generator
electromechanical oscillations or inter-area power oscillations between different areas
of a power system.

Due to its four-quadrant line-side converter, the advanced rail vehicle is a flexible load
that might be utilised for power system damping. The reactive power may be controlled
independently of the active power consumption. Additionally, the vehicle represents a
large amount of energy storage by both the internal DC-link and the moving train mass,
which could be used for modulating the vehicle’s line-side active power.

7.4.2.2 Controllability

The location to inject a damping signal into the vehicle control system must be in the
summation point of a controller where the oscillations can be influenced and controlled.
This controller cannot be an inner controller in which the damping impact may be
counteracted by an outer controller. By studying the control scheme for the vehicle, e.g.
with a basis in Figure 5-1, the following three different active damping schemes are
suggested:

1. Modulation of the DC-link voltage in order to store the excess energy in the
vehicle’s DC-link. The idea is to increase vehicle line power and the
corresponding current when the line voltage increases, which was first proposed
by Debruyne [60]. The active power consumption of the vehicle is controlled by

the DC-link voltage controller, and therefore the DC-link voltage reference u’

dc

may be modulated. From the rotary converter point of view, this may be
perceived as load modulation, which has been used by Samuelsson [150] to
damp electromechanical oscillations in conventional power systems.

2. Modulation of the line-side converter reactive power flow in order to cancel or

reduce the line voltage amplitude variations caused by the oscillating rotary
l;ef
shown in the block diagram for the vehicle current controller in Figure 5-12.
When the rotary converter accelerates and the line voltage amplitude increases,
the current reference should hence be decreased'® in order to consume reactive
power and decrease the line voltage. An opposite action applies when the
converter decelerates. Table 7-3 shows the amount of reactive power needed to
keep the vehicle line voltage constant when the rotary converter voltage is
increased and decreased by 1 % in the reference case, with only a minor
deviation from unity power factor needed. This essentially results in a constant
current being consumed by the vehicle, resulting in constant line losses. The

converter. This may be achieved by changing the g-axis current reference

'® Note that increased reactive power consumption corresponds to a decrease of the g-axis current due to
the definition of the rotating reference frame in Section 4.3. The g-axis leads the d-axis, while a reactive
inductive current component lags the active component.
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vehicle then acts as a reactive compensator at the oscillation frequency at the
same time as the vehicle active power is kept constant.

3. Modulation of the vehicle’s motor torque in order to store the oscillating energy
in the moving masses. The motor-side inverter is commonly used to damp DC-
link oscillations by use of Equation (5.3), and the motor side may be used to
damp low-frequency line-voltage oscillations by modulating the power reference
P,.ror the torque equivalent. It is expected that an efficient line-side damping by
use of a motor-power modulation requires motor current feed forward as studied
in Section 6.3.2. Otherwise, the motor side will be too hidden behind the line
converter and DC-link. A disadvantage of this method may be that the
mechanical side of the vehicle, the electrical motor side and line side become
more closely connected, and power system oscillations may have an influence
on longitudinal mechanical eigenmodes in the train that are observed in the 0.5-
2.0 Hz range (Ehrler [62]).

Methods 1 and 2 above will be further studied in this section. Method 3, motor power or
torque modulation, will require inclusion of the motor side in the vehicle model used in
this thesis, and is not investigated further here.

Table 7-3: A comparison of vehicle line voltage, line current and reactive power when rotary
converter voltage is changed by 1 % both with and without reactive compensation in
the reference case.

Voltage at rotary Vehicle Vehicle Vehicle Vehicle Line
converter 15 kV- line line reactive  power factor losses

busbar voltage current power [MW]

[kV] [kV] [A] [MVAr]|

16.665 (+1 %) 13.091 280.4 0.0000 1.0000 0.8961
16.665 (+1 %) 12.865 285.7 +0.1979 0.9986 ind 0.9305
16.500 (ref) 12.845 285.7 0.0000 1.0000 0.9305
16.335 (-1 %) 12.874 285.7 —0.2438 0.9978 cap 0.9305
16.335 (-1 %) 12.594 291.4 0.0000 1.0000 0.9678

7.4.2.3 Observability

As input to the POD, a signal must be chosen in which the oscillations are observable.
The vehicle acts as a current source and bases its control on, among other disturbances,
the line voltage. The line voltage consists of amplitude achieved from the measurements
by means of the SOGI and its phase or frequency that can be achieved from the PLL.
Essentially, the voltage amplitude oscillates in phase with the converter speed, while the
phase is 90 degrees lagging. It is simplest and most intuitive to base the damping signal
on the measured line voltage amplitude.

7.4.2.4 Design of active damper (POD)

The intention of the active damping is to make the vehicle compliant with the stability
criterion presented in Equation (3.27). This means that when the rotary converter
accelerates, the vehicle should increase its line power or current demand, with the
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opposite when the rotary converter decelerates. The POD must hence consist of a band-
pass filter allowing the observed 1.6-Hz amplitude oscillations in the line voltage u,.; to
pass through. The block diagram of a general POD is shown in Figure 7-14. The
summation point corresponds to the comparison between reference input x'“ and the
measured system output x in for the DC-link controller Figure 5-9 and the g-axis current
controller in Figure 5-12. The structure corresponds to a traditional PSS structure
(Kundur [106]) and a proposed POD structure for a TCSC (Lin, et al. [110]), as well as
for a STATCOM (Abido [5]).

POD
~ U popiim
Ul 1 TwS T'ZS +1
M Tt Ts+1 Kot 7
1 W Ts+1 Upop
~Upopiim
xref t + e R
x T

Figure 7-14: The general control structure for a power oscillation damper.

The first block in the figure represents the filtering of the line voltage u,.; due to
measurements, and corresponds to the SOGI low-pass filter in Equation (5.11). The
second block is a wash-out filter to remove the steady-state voltage changes, so the
steady-state output from the POD is zero. The third block represents the number of m
lead-lag or lag-lead compensators in order to shift the input signal into an appropriate
phase for the output signal. Finally, the amplification of the POD’s output signal upop
can be controlled by a pure gain, Kpop. This output is kept between the maximum and
minimum limit (fupopin) before being injected into the respective controller’s
summation point.

Three different power oscillation dampers are proposed and compared in the following:

e PODIa aims to damp the rotary converter’s electromechanical mode, especially,
by vehicle DC-link voltage modulation. The pass-band filter created by the
measurement block and the wash-out block is chosen to be symmetrical around
the rotary converter eigenfrequency which results in zero phase of the filter at
1.6 Hz. The output signal should, however, ensure that the vehicle active power
oscillates in phase with the line voltage. A closer inspection of Figure 7-1
reveals that the DC-link voltage oscillation lags the vehicle line power by 50-60
degrees. Hence, the lag compensator has to add a lag of approximately 55
degrees that may be obtained by a single first-order filter. This method, in
choosing the compensation signal phase, is based on the design of dampers, e.g.
as by Lin, et al. [110] and Aboul-Ela, et al. [6]. The lead term in the
compensator numerator may be omitted.
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e PODIb aims to influence the range of low-frequency oscillations which are
experienced as shown in Table 2-2, i.e., 10-30 % of the fundamental frequency,
by DC-link voltage modulation. The pass band created by the wash-out filter is
given its corner frequency equal to 0.1'f; and the measurement filter together
with an additional low-pass filter are given a resulting corner frequency equal to
0.3f;. The lead term in the compensator numerator may be omitted.

e POD2 aims to reduce the line voltage oscillations at the rotary converter
eigenfrequency by means of reactive power modulation. The pass-band filter
created by the measurement block and the wash-out block are chosen to be
symmetrical around the rotary converter eigenfrequency. This results in a zero
phase of the filter at 1.6 Hz, and no extra lead and lag block is used.

For a vehicle with a rating in the same range as the rotary converter, a given speed
increase of the converter should result in an equal increase of the DC-link voltage in
order to store the same amount of energy. A 1 % increase in the line voltage should
result in an approximately 1 % increase in DC-link voltage in order to ensure that the
line current is not changed in the opposite direction. For this reason, Kpop should be in
the range of one in order to result in a neutral behaviour. However, a non-unity
converter speed to terminal voltage relation (k, # 1), the line voltage drop and losses,
and the filter and lag compensator attenuation may be an influence on this. As a result,
the gain may be subject to tuning.

The POD1 (a and b) output signal limiter should ensure that the resulting DC-link
voltage reference (U} +U,,,) is not too high. There is a limit of how high voltage the

vehicle inverter semiconductors can withstand. Additionally, the POD1 should not
interfere with non-oscillatory line voltage changes such as caused for example by load
steps. This applies to both step up and step down. Small-signal damping of oscillations
do not require wide limits. Still, it will be a trade-off against how much damping the
vehicle should contribute with if large oscillations occur.

For POD2, the unity gain equal to POD1 is kept. Moreover, the limit is kept without
further consideration in this thesis.

Table 7-4 shows the proposed parameters for the three power oscillation dampers.
Figure 7-15 shows the resulting POD frequency responses, i.e., their transfer functions
from wu,.; to upop. The output signal from PODIla is lagging as designed, while the
signal from PODI1b is leading. The phase of the output signal for POD2 is zero which
gives the three completely different filter characteristics, and the filters’ attenuation at
1.6 Hz also differs.
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7 Rotary converter — vehicle interaction

7.4.2.5 Linear analysis

The system’s low-frequency eigenvalues when the power oscillation dampers are active
are shown together with the reference case eigenvalues in Figure 7-16.

4.5

4

3.5

3

2.5

2

Im(.) [Hz]

1.5

1

0.5

Re(n) [1/s]
X 17,18 Generator exciter (O 19,20 Motor exciter
21,22 Vehicle 0 25,26 Converter [ 31,32 Generator + exciter

Figure 7-16: System low-frequency root loci when PODs are applied, with rotary converter mode
zoomed in. The marker ‘0’ reflects the reference case without POD. The other
markers are annotated by the POD number, and the 15% damping ratio is indicated
as a thin black line.

All three PODs increase the rotary converter mode damping and are able to stabilise the
system. Thus, the negative damping impact that the vehicle has on the mode is reduced.
A further increase of the POD gain, Kpop, increases the mode damping, but only to a
limited extent. Despite higher filter gain, POD2 is less effective than PODI. Its
potential for a further increase of the gain is also limited. A possible reason for this is
that the reactive power modulation aims to cancel the line voltage oscillation, reducing
the mode’s observability. Any generator active power modulation is a bi-effect. This is
in contrast to an active power modulation which aims to modulate the vehicle and
generator active power in phase with the speed variation. A reduction of the line voltage
oscillation is then a bi-effect.

In all cases, the vehicle mode is better damped when POD is introduced. This is
especially visible for POD1b which was designed for also covering the vehicle mode.

It may however be observed that the vehicle interferes with other low-frequency modes
within the system. This particularly concerns the eigenvalue that describes the dynamics
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of the generator field and damper winding, together with the exciter regulator, no.
(31,32) at 0.3-0.6 Hz. After introduction of the PODs, this mode is significantly more
poorly damped and will dominate the dynamical response. An increase of Kpop
decreases the damping of this mode even more. Analysing the participation factors for
this mode reveals that the POD’s filter transfer functions create a dynamic connection to
the DC-link damping given by the motor power reference manipulation in Equation
(5.3), since they have all time constants in the same range. A decrease of Tfcp, increases
the damping of mode no. (31,32). A decrease of Tfcp; also increases damping of the
rotary converter mode and decreases damping of the vehicle mode without POD in use
(see Figure 7-5 and Figure 6-7, respectively).

A study (not shown here) of operating point sensitivity still indicates a stable system in
the very unstable original case of a 30 km line and 6 MW load in Figure 7-5. However,
the PODs are not able to compensate for all the negative damping impact the vehicle
has on the system compared with rotary converter no-load damping.

7.4.2.6 Time simulations

Time simulations are performed for all of the three proposed PODs, with the results
presented in Figure 7-17, Figure 7-18 and Figure 7-19, respectively. The same load
rejection step disturbance as described in Section 7.4.1.3 is used, and the reference case
without PODs is shown as a reference. In the absence of an instantaneous value model
of the rotary converter, the simulations are performed with the enhanced RMS model.

There are two essential observations. First, the damping impact observed in the linear
analysis is confirmed since all three PODs damp the rotary converter electromechanical
oscillation. Second, there is now another frequency that dominates the response, a 0.3-
0.6-Hz component. This was also foreseen by the linear analysis. Unfortunately, the
presence of this mode makes detailed investigations of the 1.6 Hz behaviour difficult.

For PODla, it is observed'” in Figure 7-17 that the DC-link voltage no longer oscillates
in an opposite manner to the rotary converter speed. When the rotary converter
accelerates, the line voltage increases, although the vehicle line current shows no 1.6-Hz
oscillation and the vehicle acts neutral as designed. An oscillating line voltage and a
constant current result in both an active and reactive power oscillation that is in phase
with the speed oscillation. This has a damping impact on the rotary converter
electromechanical mode, as the behaviour is in compliance with the stability
requirement in Equation (3.27).

Similar observations are made from the plot of the simulation with PODI1b in Figure
7-18. The DC-link voltage is modulated at 1.6 Hz. In contrast to PODla, the vehicle
current now also contains a 1.6 Hz component. This component is in phase with the line
voltage oscillation and increases the damping even more.

7 Tip: Compare the curves at for example time = 2 s where speed is at maximum value.
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POD?2 shows a different behaviour. As it is the reactive power that is modulated, the
DC-link voltage is allowed to still oscillate opposite to the rotary converter speed. This
gives an active power oscillation in anti-phase to the speed oscillation and the stability
requirement in Equation (3.27) is still violated. However, an increased vehicle reactive
power oscillation in phase with the line voltage and rotary converter speed indeed
improves the situation compared with the unstable reference case.

The limiter is, in these cases, not active at all due to the small disturbance.
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Figure 7-17: Simulated responses when POD1a is used. The unstable reference case (thin blue) is
shown for comparison. The POD output signal (thick green) is shown as wupgptl,
together with the vehicle DC-link voltage.
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7.5 Measurements on areal-life vehicle

Measurements have been performed on the same real vehicle as described in Section
6.5. All measurements are performed when the vehicle is fed from one rotary converter
only, as in the reference case for the simulations in present thesis. The rotary converter
used and its AVRs are of the same type as in the simulations. Their three-phase network
differs, however slightly, as it has a voltage level of 22 kV and not 66 kV. Overhead
contact line impedance is previously measured to be 0.183 + j0.211 Q/km (referred to
20° C). Furthermore, the distance from the train to the rotary converter is significantly
shorter than 60 km, as the train starts at 10 km and runs to 20 km.

In the measurements shown here, there is no intervention by the implemented line
power/current limitation or the reactive power compensation. The vehicle is controlled
to provide a unity power factor at the current collector.

7.5.1 Unstable system

The test vehicle is driven away from the converter station, resulting in increased line
length. At a specific distance, the stability limit for the given power demand from the
vehicle is reached. Excited low-frequency oscillations are not damped, but increase in
amplitude as time passes, with one such situation shown in Figure 7-20.

This figure intends to imitate the simulated response of the unstable reference case in
Figure 7-1 by means of combining measurements in the converter station with
measurements on the vehicle, though rotary converter speed and voltage phases were
not measured. The vehicle control system measurements are not included, except for the
logging of the DC-link voltage.

The vehicle is running at 75 km/h and consumes 6.5 MW. The short distance to the
converter station results in a vehicle line voltage of 15.5 kV.

Figure 7-20 reveals an essentially similar pattern as that shown in Figure 7-1. The rotary
converter oscillations are visible in the line voltage, both at the generator and at the
vehicle. The principal observation here is that the line voltage and line current oscillate
opposite each other. The vehicle line active and reactive powers oscillate essentially in
phase with the line current. This is interpreted as the vehicle attempting to keep the
active power equal to its slightly increasing reference despite the line voltage amplitude
oscillation, though it fails. How the DC-link voltage oscillates relative to the other
variables is difficult to state.

By application of Equation (C.3) on the reactive power oscillation curve, an apparent
eigenvalue of +0.24 [1/s] = j1.81 [Hz], as an average over ten oscillation periods, is
calculated.

Steinar Danielsen 151



Electric traction power system stability

DC-link voltage Voltage
60 i i i 600
| | |
P R I SN N
| | !' 400
2014- ,, _ B || __ N
‘ |
|
olll- | LA L | 200
= I WY M s
_ L _ [N _ 1 i
o L] i
|
salt il f Bt k| LS
N 200
60------ F----- T--4--f-----4
| | |
| | |
-80 ‘ ‘ ! -400
152 153 154 155 156 152
Time [s] Time [s]
Current
<
z
=
Time [s] Time [s]
Motor Generator Vehicle

Figure 7-20: The measurement results from an unstable power system, with rotary converter and
rail vehicle (ID004).

152

NTNU 2010



7 Rotary converter — vehicle interaction

Still, there is one difference between the simulated and measured oscillation. For the
simulation model, the reactive power oscillates in phase with the line voltage, as the
measurement shows voltage and reactive power almost in anti-phase. This has an
unfortunate impact as inductive behaviour when the voltage is low, and capacitive
behaviour when the voltage is high amplifies the line voltage oscillations. This
difference compared with the vehicle simulation model is further discussed in Section
7.7.1.

When creating and interpreting the figure there are several elements of uncertainty.
First, there are three different measurement sets to synchronise (rotary converter
measurements, vehicle measurements and vehicle control system registration). Second,
it is difficult to find a real steady state. Third, it is believed that the measurement chain
in the converter station has reduced accuracy. It should also be mentioned that the DC-
link voltage registration sampling is below the Nyquist frequency, and consequently
there is aliasing with the harmonics.

7.5.2 Stability improvement — Test of POD

A power oscillation damper is tested on the rail vehicle in order to investigate its
influence on the system stability. Differences between the simulation model and the real
vehicle apply since the real vehicle control system operates with parameters in physical
units and not per-unit as the simulation model does. The damper algorithm’s band-pass
filter is designed according to Equation (7.7) with a bandwidth of 1 Hz. There is also a
slightly different implementation of the measurement filters as the real vehicle does not
utilise the SOGI, but instead uses a sliding RMS-calculation (Eisele [63]).

The tests are performed as a step disturbance in the line voltage when the test vehicle is
consuming 150 A. The disturbance is created by a second locomotive (in the same test
train) consuming 50 A. This extra load is suddenly removed by opening the second
locomotive’s main circuit breaker, consequently resulting in a line voltage jump.

As a reference, a similar load rejection is performed without the test vehicle in operation
at all. Such a step to no-load is also studied and described in Section 3.5.6. This shows
the system’s original damping which the test-vehicle behaviour has to be compared
with.

The test train is running along the line away from the rotary converter, i.e., the line
length is increasing. First, a step test is performed without active power oscillation
damp, i.e., the same configuration as in Section 7.5.1. Second, a test is performed with
the originally proposed POD gain (Kpop), and finally, this gain was doubled.

Measured step responses in vehicle line voltage and current are compared for the four
different tests in Figure 7-21. For the unstable configuration, the oscillations are
essentially sustained. It is easy to observe that the vehicle current oscillates opposite to
the line voltage. Application of the POD results in damping of the oscillations. The
originally proposed damper gain results in a line current without oscillations, while the
double gain results in a current oscillating in phase with the line voltage.
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Figure 7-21: Step responses in vehicle line voltage and current (measurement IDs 002, 004, 006 and
007, respectively).

Directly after the step disturbance, an oscillation in the line current of approximately 4
Hz may be observed in all three of the loaded cases, which corresponds to the vehicle
DC-link mode as measured in Section 6.5.

The step responses in the line voltage are analysed by use of a Prony Toolbox (Singh
[157]) in Matlab software (Singh [158]) in order to calculate the apparent oscillating
mode, and the results are shown for the rotary converter resonance in Table 7-5. The
model order for the Prony analysis is a trade-off between accuracy for the mode of
interest and the noise and non-linearities’ influence.

Table 7-5:  Results from a Prony analysis of step responses.

Case Electromechanical mode Order  Classification
[1/s], [Hz]

Converter alone -037+/1.6 4 System original

Kpop = 0.0 —0.08+/1.6 10 De-stabilising

Kpop = 0.1 —-0.34+/1.6 10 Neutral

Kpop = 0.2 —0.46+/1.5 14 Damping
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With reference to the rotary converter test which gives the system’s original damping,
the three different configurations of the test with the vehicle as load may be classified.
Damping equal to the original damping is attained by a vehicle being neutral. Poorer
damping is caused by a de-stabilising or negatively damping vehicle, while increased
damping is a result of an actively damping vehicle. The situation with Kpop = 0 is
considered practically unstable, despite the fact that the real part of the apparent
eigenvalue is negative.

The line voltage measurements also show a damped oscillation at very low frequency,
approximately 0.1-0.2 Hz. This mode has not been possible to identify by Prony
analysis, and it is believed that this mode corresponds to the generator and exciter mode
at 0.3-0.6 Hz in the simulation model. It is here, however, far from the poor damping
shown in the simulation model.

7.6 Comparison with traditional power system modelling

The simulation studies and linear analysis performed in this chapter utilise the enhanced
RMS modelling concept introduced in Chapter 4. This implies taking the fast current
dynamics into account and includes the modelling of the vehicle current controller.
According to the study of the vehicle model in Chapter 5, these dynamics demonstrate
an influence on low-frequency stability, and should be included in stability studies.
Traditionally, power system modelling for the study of low-frequency dynamics often
disregards these dynamics.

In Table 7-6, the low-frequency eigenvalues of interest in the reference case are
compared for enhanced RMS with the vehicle current control (CC) loop to standard
RMS without the current control loop. Note that the DC-link voltage regulator (VC) and
phase-locked loop (PLL) are still in use. In addition, the load rejection disturbance test
performed in Sections 7.4.1.3 and 7.4.2.6 is repeated here for comparison between the
various RMS models, with the results shown in Figure 7-22.

Table 7-6: A comparison of low-frequency modes for different methods of modelling in the
reference case. The units are [1/s] and [Hz].

Model Converter Vehicle Vehicle
mode (25,26) mode (21,22) mode (17,18)

Enhanced RMS with CC +0.06 +/1.64 —1.45+,2.29 —21.0+£/6.15

Standard RMS without CC —0.27 £/1.59 —5.57+j1.94 —46.0 £/5.37
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Both eigenvalue analysis and time simulation show that the rotary converter
electromechanical mode is better damped in standard RMS mode than in the enhanced
RMS mode. The damping in standard RMS mode is reduced compared with the
converter no-load damping, although better than in Case 6 with the non-dynamic
constant power load in Section 7.3.4, which at first glance may be surprising. A reason
for this is proposed in the following.

The DC-link voltage controller keeps the DC-link voltage essentially constant after the
first dip given by the disturbance. This results in corresponding constant active power
consumption. The constant power load behaviour emerges as the vehicle current
oscillates opposite the line voltage. The improved damping compared with a pure
constant power load is explained by the reactive power oscillation which is in phase
with the line voltage and converter speed. Its amplitude is higher than in the reference
case with the enhanced RMS model. When the current controller is neglected, there is
no closed reactive current control loop. The active current is controlled by the outer DC-
link voltage control loop.

The phase of the resulting current is given by the phase provided by the PLL, whose
dynamics give a phase error during the oscillation as described in Section 7.4.1.4. The
phase error when the rotary converter accelerates results in a line current lagging the
line voltage and hence inductive power factor. Because of this, reactive power
consumption reduces the line voltage increase which has a damping impact. Similarly,
when the rotary converter decelerates, the line current will lead the line voltage.

This is a different impact from the PLL on the power flow compared with what was
found when the closed current control loop was modelled. Therefore, the type of
modelling has significant influence on the results.

It can also be observed that standard RMS modelling increases the damping of the
vehicle modes when compared with the enhanced RMS model, with their oscillation
frequencies showing a slight decrease.

7.7 Discussion and conclusion

7.7.1 Discussion

7.7.1.1 Model proximity to real-life system

When studying the vehicle-rotary converter interaction, it is important to remember that
the diagrams shown and the numbers listed relate to the specific rail vehicle model
developed in this thesis. Other vehicles having different control system structures and
parameters may behave differently, which has been noted for example when comparing
the simulation model to the measurements of the real rail vehicle.

It has also been observed that the power system behaves slightly differently. The 0.1-0.2
Hz oscillation that is observed for the voltage jump tests in Section 7.5.2 is not found
among the eigenvalues in Table 7-1, and instead, there is a 0.3-0.6 Hz oscillation. This
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observation is not studied further in this thesis, but confirms the fact that the simulation
model and the real system are not completely equal. Further studies should also include
an improvement of the generator exciter in this view.

Nevertheless, such a comparison as was performed with one vehicle also confirms that
the modelled vehicle’s reaction to or interaction with the rotary converter is essentially
realistic. The oscillations are showing a similar pattern in several measurement
variables. The operating points are however different, the vehicle model operates at half
load (3.8 MW) at long line length (60 km) while the real vehicle operates on high power
(6.5 MW) at short line (10-20 km). Figure 6-8 shows the simulation model’s rotary
converter mode for different operating points and indicates that also the combination of
high power consumption and short line length reduces the stability margins and may
result in instability.

There is one variable that differs though: the reactive power oscillation. The modelled
vehicle shows a reactive power oscillation giving a damping impact, while
measurements on the real vehicle show the opposite. The focus in the vehicle modelling
in this thesis has been on the active power control, but further studies should be
performed in relation to the control of the reactive vehicle power.

One reason that the vehicle model behaves differently in regard to reactive power is
discovered to be the current measurement. The SOGI is used in this model as described
in Section 5.4, and has a higher bandwidth than a DFT, which is more commonly used.
A decrease of the current measurement bandwidth reduces the damping of the rotary
converter mode as seen in Figure 7-5. For example, Kisog; = 1 results in an eigenmode
of +0.10 [1/s] £1.63 [Hz]. A time simulation (not shown in this thesis) shows that this
change results in a non-oscillating reactive power at 1.6 Hz.

While real vehicles with a low semiconductor switching frequency often have a passive
shunt filter for harmonic current reduction, this is not included in the developed
simulation model. Qualitatively speaking, a shunt capacitor should increase the reactive
power production at a higher voltage, though the quantitative contribution from a
realistic filter is not considered.

Despite these differences, the stability criterion established for the rotary converter is
equal for all vehicles. It is shown that the proposed power oscillation damper improves
damping on the rotary converter eigenfrequency for both the simulation model and the
real vehicle. This supports the proximity of the developed vehicle model to reality,
together with the power supply modelling.

7.7.1.2 Reason for instability

The rotary converter and the vehicle were both initially stable before being modelled
together in the reference case. It is the combination of these two components into one
system that leads to instability since they both show low-frequency dynamics. In this
case, their eigenfrequencies are not equal, but in the vicinity of each other, i.e., within
the same decade. Several time constants are observed within this range. Participation
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factors show that the vehicle and the rotary converter participate in each other’s modes,
though to a limited extent. The sensitivity analysis shows that the vehicle control system
parameters exert an influence on the damping of the rotary converter. The system can
easily become more unstable by control system parameter altering. From this, it is
concluded that the vehicle dynamics can have a negative impact on the system’s
stability.

This instability is reached even when the vehicle is modelled with only the primary
controllers necessary for operation, i.e., the DC-link voltage controller (VC), the AC
current controller (CC) and the line voltage phase synchronisation controller (PLL). The
most important controller in this view is the VC. Additional controllers such as reactive
power control and line power limitation, as a function of line voltage, were never
modelled nor in intervention in the real vehicle tests, and should be included in further
work.

The participation factors however are not able to explain all the negative influences the
vehicle has on the rotary converter, since their values are too small. There must be
something more that influences the stability. The primary control objective for the
vehicle is to supply the traction motors with the required power. From a power system
point of view, the vehicle behaves like a constant power load. Such a load has itself a
de-stabilising impact on the rotary converter resonance as shown in Section 3.4.5 since
the rotary converter stability criterion is principally violated. Still, the vehicle dynamic
results in a more unstable system than a non-dynamic constant power load does under
the same conditions (see Section 7.3.4).

The constant power load characteristic leads to another observation. When the product
of voltage and current is to be kept constant, the current has to increase when the
voltage decreases, and vice versa. This leads to line active power losses oscillating in
anti-phase to the voltage and converter speed. Accordingly, the violation of the stability
criterion increases when both line length and power consumption increase. In this
traction power system the line resistance cannot be neglected, as it is significant.

The constant power load behaviour alone is not able to explain the instability of the real
rail vehicle. The line length between the rotary converter and the vehicle is too short,
and observations (not referred to earlier in this thesis) of rail vehicles at a standstill or in
coasting oscillating against the rotary converter cannot be explained. Details of these
remain for further investigation.

Changing the vehicle model characteristics by damping its eigenmode and changing its
characteristic into not acting as a constant power load have shown a positive stabilising
impact, confirmed by real life measurements. However, the reason for instability may
be different from the reasons suggested here. A change in the vehicle characteristic to
be voltage dependent such as a resistor at the oscillation frequency might prove to be
effective enough to make the system stable, even if the original reason has not been
solved. Details in these remain for further investigations.
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7.7.1.3 Stability improvements

In this thesis, system stability is improved by changes in the vehicle line-side converter
control in two ways: parameter tuning and active damping.

The proposed improvement of the control parameters implies a reduced phase-locked
loop bandwidth. In order to accept this reduction, the PLL must not be considered as a
phase-tracking device that has only one single task, but rather as a synchronisation
controller that can be tuned like the other controllers in the system. The tuning of the
PLL is essential to increase damping as shown in Section 7.4.1.4, since tuning of the
VC and CC by itself cannot achieve this result. However, the PLL must not be slowed
down to the point that it cannot track the phase satisfactorily during disturbances.
Problems with phase tracking have not been observed in this simulation model, most
likely due to the relatively small parameter change (47 %).

Improving the stability by parameter change seems to imply that the reactive power
originally oscillates in anti-phase to the line voltage, which damps the voltage
oscillations. The study of the PLL phase lagging in Section 7.4.1.4 proposes that the
reactive power should oscillate opposite what is observed for the full model. It might
well be that the impact of the PLL is not large enough to override the inherent
characteristic of the full model. This is not investigated further in present work.

If a vehicle is designed and tuned to have perfect active power control at the rotary
converter eigenfrequency, it still reduces the system’s damping since it violates the
stability criterion. It may be better to concentrate in making the control principle of the
vehicle neutral or damping, instead of focusing on such a perfect tuning. It is as studied
in Chapter 3 and important characteristic of the rotary converter that electromagnetic
torque imbalance results in acceleration or deceleration of its rotor. This surplus or
deficit in kinetic energy can be observed in change in the synchronous generators’
voltage amplitude and phase. The vehicle should act according to this characteristic, and
does so regarding the phase due to the PLL lagging. Similar investigation should be
done in view of the voltage amplitude. Harnefors, et al. [74] propose a three-phase
general voltage source converter controller tuning to avoid instability by decreasing the
VC, PLL and voltage measurement bandwidth as low as possible, preferably below
critical power supply resonances. In order to ensure fast enough transient response, a
change of parameters when a disturbance is detected is proposed. This proposal is not
investigated any further for the traction power system in this thesis, as instead, active
damping has been studied. However, it might be interesting for further work.

Both the parameter tuning and the power oscillation damper implementation indicate
that the potential increase in damping of the rotary converter mode is not unlimited. The
parameter tuning suffers from a reduction in damping of the two other vehicle modes.
The active damping solutions reduce the damping of a power supply resonance at even
lower frequencies than 0.1 times the fundamental frequency. In this thesis, the
improvement of rotary converter mode damping is stopped when other eigenmodes
show a damping ratio of approximately 15 %. Modelling the power supply and rail
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vehicles together as is done here allows for the possibility to discover such unexpected
disadvantages. Improvement can be performed on the system as whole and not on a sub-
system level only.

The parameter improvement performed on the vehicle model studied here may not be
transferable in detail to other vehicles with other control structures. The practical
experience from Buhrkall, et al. [35] is that ‘conventional’ controller tuning is
insufficient to ensure stability with rotary converters at long feeding distances.
However, the basic idea of improvement by damping vehicle dynamics at the rotary
converter eigenfrequency and avoiding the constant power load characteristic is
expected to be valid for all vehicles, with the latter confirmed by tests on real vehicles
(Buhrkall, et al. [34]; Buhrkall, et al. [35]).

Zhe, et al. [185] proposes to modulate the DC-link voltage of a full-scale back-to-back
power converter for grid connection of a variable-speed wind turbine in order to
mitigate flicker due to time-periodic wind turbine speed given by wind-shear and tower-
shadow effects. The solution is essentially equal to POD1a proposed in this thesis and is
reported to be effective in distribution grids where the X/R ratio is small, i.e., a
considerable resistance. Flicker mitigation by reactive power control is reported to be
less effective in such a grid, which is a conclusion that is interesting regarding the
proposed POD?2 in present thesis which shows a limited damping impact in a grid with
small X/R ratio. This is however not studied further in the present thesis.

7.7.2 Conclusion

In this chapter, the interaction between the initially stable but poorly damped rotary
converter together with the initially stable rail vehicle model has been investigated. The
system, when these two components are combined, is unstable for the specific case.
This instability is found to be caused by three main circumstances:

1. The vehicle controls its active power consumption from the line to be constant
by changing the line current opposite to the line voltage oscillation. This
constant power load characteristic principally violates the stability criterion for
the rotary converter electromechanical mode as discussed in Section 3.4.6. An
increase of power consumption and impedance between the rotary converter and
the constant power load reduces converter damping due to line loss oscillations
which additionally violate the stability criterion. The constant power load
characteristic is found to be an important factor for the instability, but is in the
studied case only able to reduce the system’s damping and is not enough to
cause instability alone.

2. The low-frequency vehicle mode studied in Chapter 6 results in vehicle
dynamics at the rotary converter’s eigenfrequency, and vehicle active power is
not necessarily kept constant. The vehicle’s low-frequency dynamics have a
significant influence on system’s stability due to the vicinity to the rotary
converters’ eigenfrequency. These dynamics and consequently the damping of
the rotary converter can be changed by altering the vehicle control system
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structure and parameter values. From Section 6.3.3 it is known that vehicle
mode typically shows a reduction in damping and oscillation frequency when
power consumption and outer impedance are increased, which is in Section
7.3.3.2 shown to worsen the situation. Only small amplification of the rotary
converter’s oscillations is enough to cause instability since the stability margins
are generally small.

3. The vehicle’s control of the reactive power may increase or decrease its stability
margins depending on its oscillation relative to the line voltage. Oscillation in
phase results in damping, while oscillation in anti-phase decreases damping.

It is possible to improve the stability of the system by changing the vehicle dynamics at
the rotary converter eigenfrequency. One approach is to reduce the vehicle’s influence
by damping and increasing the frequency of its own low-frequency DC-link voltage
control eigenmode(s), i.e., move the vehicle mode away from the rotary converter mode
in the complex plane. This however might not be sufficient; as the constant power load
characteristic of the vehicle can still be present. Additionally reducing the phase-locked
loop’s bandwidth may improve the system’s damping. A second method is
implementation of a power oscillation damper in the vehicle that neutralises this
constant power load characteristic. Damping by means of active power modulation is
experienced more effective than reactive power modulation. However, the model
studies reveal that damping of the rotary converter’s eigenmode in either way may be
limited by reducing the stability margins for other eigenmodes in the system.

This conclusion is based mainly on an analysis on the simple vehicle model developed
in Chapters 5, but important aspects are confirmed by observations on a real rail vehicle.

The observed instability is only possible to recreate by use of the enhanced RMS model
that includes the fast network dynamics and the vehicle current controller. Neglection of
the closed current control loop changes the behaviour of the vehicle since the PLL angle
then is giving the displacement of the line current relative the line voltage instead of the
actuated PWM voltage relative the line voltage.

7.7.3 Further work

The work in this chapter brings up several questions and observations. Hence, there is a
great need for further study:

e The present study focuses on the behaviour of the vehicle’s active power, while
it has been observed that the reactive power has a significant influence on the
stability margins as well. It is important to understand why the reactive power
flow oscillates as observed and why there is a difference between measurements
taken from the simulation model and the real life vehicle.

e The improvements by both the tuning of parameters and the design of power
oscillation dampers are in present work performed at a relatively high level.
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More detailed studies are needed to understand the detailed consequences of
both approaches, as maybe some of the proposed improvements are not
practically feasible or violate other stability criterions, or performance
requirements for the system. Another approach to be investigated is the
reduction of controller bandwidth and change of parameter set during a
disturbance as proposed by Harnefors, et al. [74]. Can this be applied to a rail
vehicle without comprising requirements for fast transient response and general
performance?

e An instantaneous value model of the rotary converter would in view of this be
useful. Different vehicle control system solutions may then be tested using this
more realistic model and uncertainties introduced by simplification into a
rotating reference frame are omitted.

e A more analytical and systematic optimisation of the vehicle line-side converter
control should be performed, and relevant dynamics from the motor side should
be included as well. Moreover, the line-side converter control parameters should
be coordinated with both the line-side power oscillation damper and the motor-
side DC-link voltage damping.

e Better damping of the rotary converter itself is expected to improve the system
stability as well, and should still be focused on. This includes both improvement
of present excitation system and possible implementation of power system
stabilisers. More study of the excitation systems influence on the system
stability should be carried out.

e Both the rotary converter and the vehicle eigenmodes showed reduction in
damping when the system’s power transfer capacity was approached. For the
sake of understanding, it could be interesting to investigate if there is a
correlation between the damping and derivative of the line voltage with respect
to power consumption (dU/dP).
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8 Vehicle and rotary converter admittance and
impedance considerations

This chapter introduces considerations in the frequency domain of system stability
based on input admittance of the rail vehicle and output impedance of the rotary
converter. Simplified analytical frequency responses are discussed in view of a derived
stability criterion. Input admittances of the full vehicle simulation models are also
calculated and discussed.

8.1 Introduction

8.1.1 Insufficiency of eigenvalue calculations

In previous chapters in this thesis, eigenvalues of the complete power system, including
the power supply infrastructure and the electric vehicle has been focused on. The
eigenvalues’ real part has been monitored in order to investigate system stability with
regard to the damping of low-frequency oscillations.

It is rare, however, that the complete power system can be studied together based on a
state-space model as has been performed in present thesis. The rotary converter may be
implemented in a real-time simulator, but vehicle dynamics are seldomly represented in
a rotating reference frame in power system analysis software. Real-time simulations
may be of value if adequate power supply models can be provided, though they will still
not provide explicit information of eigenvalues as they are performed in a stationary
reference frame and are hence time variant. Advanced control systems may be difficult
to represent sufficiently in a rotating reference frame, thus eigenvalue analysis are not
appropriate as a method for stability investigation.

In addition, it cannot be expected that vehicle manufacturers will be willing to reveal
enough inside information concerning their vehicles for complete modelling, since such
information are normally treated as a company secrets. For electrical resonance
instability, it has become praxis to provide information about the rail vehicle by use of a
frequency response characteristic as defined on the interface between the vehicle and
the rest of the power supply. This is introduced in the section 8.1.3 as input admittance.

The benefits of such ‘impedance-based approach’ over the traditional ‘state-space
approach’ for small-signal analysis of AC distributed power systems in general are
summarised by Sun [174].
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8.1.2 Power system representation

In this chapter, the power system shown in Figure 1-1 is devided into a source and a
load representing the power supply (rotary converter and overhead contact line) and the
electric rail vehicle, respectively. The interface between them is located at the vehicle’s
connection to the rest of the power system, i.e., at its current collector, as shown in
Figure 8-1.

Power supply Interface Vehicle
I=1,+Al Al
Zsource —> —> |
U, U=U,-AU I, Zioad

Figure 8-1: A power supply (source) and vehicle (load) combined as a power system.

The output from the source is the sum of the steady-state voltage U, and a voltage
variation AU and is given by the Theévenin voltage source Uz, and voltage drop over the
Thévenin-equivalent source impedance Z,,.. The current drawn from the source is
represented by the sum of a steady-state current /y and a current variation A/ given by
the Norton-equivalent impedance Zj.;. These impedances are frequency dependent,
which will be explained further in the next sections.

The negative sign in front of AU is chosen due to pedagocial reasons since increased
current leads to increased voltage drop over Z,,.. and consequently decreased interface
voltage U if Z,uce 1s understood to be positive. This is further discussed in Section
8.1.4. Strictly matemathically, however, it may be more convenient to include this
negative sign into Zsouce-

The voltages and currents are assumed to be represented by time domain signals, scalar
or phasors depending on the application and question in study. The equivalent
impedances may be represented by admittances when useful (Z = 1/Y), and vice versa.

8.1.3 Power system representation for electrical resonance
instability

Electrical resonance instability in traction power systems is introduced in Section

2.4.5.1. For the study of stability margins against electrical resonances in the traction

power system, the vehicle’s input admittance is used as judgement of its qualitative and

quantitative contribution (Lortscher, et al. [114]; Meyer and Schoning [122]).

Figure 8-2 shows a simplified sketch of a vehicle’s admittance, together with an
admittance representing the rest of the power system (source). The input admittance
criterion (IAC) proposed by (Paice and Meyer [135]) requires that the frequency
response of the total network admittance (Yiemork = Ysource™Yioad) should not cross the
negative real axis, that is, that the phase remains between —90 and 90 degrees for all
frequencies. This criterion has commonly been mentioned as the ‘ESCARV’ criterion
after the project in which it was developed.
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A U AI
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Figure 8-2: A power supply (source) and vehicle (load) represented by their admittances as a),
and the total network admittance as b).

A vehicle’s frequency response expressed via its input admittance reflects the change in
current when the voltage changes, i.e., Y = AI/AU, seen from the current collector into
the vehicle. From the IAC mentioned above, it is commonly derived (e.g. Meyer, et al.
[120] ;Wallnberger, et al. [182]) that if the input admittance has a negative real part at
any frequency, the vehicle is capable of causing instabilities combined with critical
resonances in the power system at this frequency. The qualitative input-admittance
criterion is hence that the vehicle’s input admittance should have a positive real part at
frequencies in which resonances may occur. Such a positive real part is commonly
mentioned as being ‘passive’ for this frequency, while the opposite, having a negative
real part is described as being ‘active’.

From a practical viewpoint, stability is preferably ensured by defining a frequency range
in which power supply resonances are allowed to occur, e.g. above 150-200 Hz, and
another frequency range in which a negative real part is allowed, e.g. below 90 Hz as in
Norway and Sweden (Banverket/Jernbaneverket [17]). If such a qualitative approach
where the vehicle and power supply characteristics are separated in frequency cannot be
applied, a detailed complete approach with modelling of the complete power system
must be carried out. A vehicle having negative input admittance at a power supply
resonance does not necessarily result in system instability if the system’s damping is
still sufficient. This complete power system modelling is then performed by
representing the vehicles as black boxes where the frequency response of their input
admittance describes each vehicle’s interface attributes.

8.1.4 System representation for low-frequency instability

A similar input admittance approach for low-frequency instability as for electrical
resonance instability is desirous. The power supply can be understood as a voltage
source, while the vehicle (load) can be modelled as a current source. Figure 8-1
illustrates how these two components connect via the voltage and current. The line
voltage is the power supply output signal, as well as the vehicle input or disturbance
signal. The current is the vehicle output and the power supply input or disturbance. The
power supply transfer function can hence be represented by the voltage change given by
the current change, i.e., impedance Zg,,,c.. Correspondingly the vehicle transfer function
can be represented by the current change given by the voltage change, i.e., admittance
Yload-
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Figure 8-3 expresses the system as a closed control loop. Since the Z,,c. is assumed to
be positive, the change in voltage is subtracted from the Uy, as chosen in Section 8.1.2.
Both power supply and vehicle are assumed to be separately stable, which is not
unreasonable based on the previous studies in Chapters 3, 5 and 6.

UTh "y YIoad Al

AU

ZSOUI’CE

Figure 8-3: A power supply (source) and vehicle (load) combined as a closed loop control system.

The ratios between the electrical components’ output and input signals describe how the
components influence the voltage or current change during an oscillation at a given
frequency. A common expression for the vehicle transfer function is the ‘input
admittance’, which henceforth will be used (Harnefors, et al. [74]), and the rotary
converter transferer function is referred to as the ‘output impedance’'®.

In the following sections of this chapter, a stability criterion based on the dynamical
admittance seen from the rotary converter into the line and vehicle is first proposed and
discussed. Further on, simplified analytical expressions for the rotary converter output
impedance and vehicle input admittance are derived the voltage and current amplitudes
only and only active power are considered. This is of course a simplification, but the
intention is to understand some basics before the considering the more complex AC
power system.

Two methods for the frequency domain analysis of low-frequency instability in AC
traction power systems have already been proposed by Prols and Strobl [148] (where
voltage and current are instantaneous time domain signals) and Menth and Meyer [116]
(where voltage and current are phasors). These are further discussed in Section 8.4.

8.2 Analytical considerations

8.2.1 Rotary converter load input admittance criterion

In Section 3.4.6 a stability criterion, Equation (3.27), for the single-phase load voltage
characteristic was developed in order to prevent instability at the rotary converter’s
eigenfrequency w,.s = 27 fs = 2n°1.6 [rad/s]. The rotary converter generator is a
voltage source and the feedback from the single-phase system is the line current. It is
therefore of interest to express the stability criterion related to voltage and current, i.e.,
as an input admittance criterion for the load seen from the rotary converter.

'S But the ratio/transfer functions can also be observed termed as ‘small-signal’, ‘incremental’ or
‘dynamical” admittance or impedance in different publications.
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A
Re (TG—P(S)j >0, 5= jo (3.27)

Such a criterion is derived from Equation (3.27) by the assumption of:

e The electrical power PeiGpu = TeiGpu' @pu, Which when assuming no losses equals:

e The electrical power Py = Uglg = Ul where I is the generator current,
which means that the unity power factor is taken for simplicity’s sake.

e The relation between the speed and generator voltage oscillation according to
Equation (3.20), resulting in Equation (8.1).

e The relation between the generator voltage and speed oscillation &k, > 0 as
confirmed by the time simulations in Figure 7-1.

Aa)u:AUG _AU
P k k,

u u

(8.1)

Given the above assumptions, a relation between the change in torque and change in
generator current can be found as expressed in Equation (8.2).

AT

elGpu = kuA]G = kuAI (82)
Inserting Equations (8.1) and (8.2) into Equation (3.27) results in a ratio between a
change in voltage and a change in current as described by Equation (8.3). A negative
ratio will violate the stability criterion. For this reason, the load’s input admittance
should have a zero-valued or positive real part at the rotary converter’s eigenfrequency
in order to not reduce the system’s damping, i.e., an increase in voltage should not lead
to a decrease in current.

AU(s) © (8:3)

Re[N—(S)j = Re(Y(s)) 20, s=jo,
Since only the amplitude change of voltage and current is taken into account only, the
dynamics of the AC system is only expressed in d-axis as discussed in Section 4.4.2.
The corresponding voltage on the current change ratio is often mentioned as the DC
impedance for AC system (Nousiainen [132]). Buhrkall, et al. [34], however, mention
this simplification as the ‘RMS-domain’. Since it is based on the ratio between the
current and voltage amplitude modulation and the descriptive term ‘low-frequency
envelope’ admittance is observed in use as well (Nousiainen [132]).

The corresponding impedances, however, do not necessarily conform to the standard
definition of impedances and consequently do not have the properties of impedances
(Chen and Sun [42]). One such property is that the property of two elements in series is
equal to the sum of the impedance of the two elements. The conformity depends on the
calculation method and what aspects that are considered.
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8.2.2 Load voltage characteristic influence

For an electric power load, the relation in Equation (8.4) applies when voltage U and
current / are still assumed to be in phase. P is the initial power given by the product of
Iy and U. Furthermore, the steady-state voltage U is assumed to be 1 pu for simplicity.

MP
P=U-I=U0-IO(U£J =P-U" (8.4)

0

An electric rail vehicle can as described in Section 8.1.4 be considered as a current
source. Solving Equation (8.4) for the current / results in Equation (8.5).

I=Pp-U""! (8.5)

The partial derivation of Equation (8.5) for U based on Taylor’s first-order
representation of the non-linear exponential, results in the load input admittance Y in
Equation (8.6).

ol Al
Y T AU B, -(MP-1) (8.6)
This linearisation shows that a constant power load (MP = 0) results in a negative input
admittance, i.e., a decrease in voltage (negative AU) will result in an increase of current
(positive Al). A constant current load (MP = 1) represents no change in current and thus
a zero valued input admittance. A constant resistance load (MP = 2) represents a
positive input admittance. In complex form, the sign of the input admittance may be
seen by value of the polar coordinate angle (arg(})) where a 180 degree phase shift
represents a negative real part (Re(Y) <0).

This sign is also reflected in Zj,,; in Figure 8-1 such that a constant power load will
result in negative input impedance.

Comparing Equation (8.6) to Equations (3.22), (6.7) and (8.3), it can be concluded that
a negative input admittance of a load has a destabilising impact, while a positive input
admittance has a stabilising impact, and a zero valued input admittance is neutral. This
corresponds to the general understanding of constant power loads in direct current
systems as explained by Jusoh [96].

As discussed in Section 5.2.2, the vehicle power is originally given by the mechanical
speed and torque demand, independent of the line voltage in steady state. In the
following sections it is investigated whether this constant power load characteristic also
holds for disturbances in the low-frequency range of interest in this thesis.
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8.2.3 Vehicle input admittance

A simplified analytical expression of the input admittance for the second-order vehicle
model illustrated by the block diagram in Figure 6-3 is here derived. The DC-link
voltage control open loop transfer function A(s) in Equation (8.7) is obtained from
Equation (6.2) when T, = 0 and K., = 1. In this case, the response to a change in the
current into the DC-link is of interest. The corresponding closed loop transfer function
H(s) = A(s)/(1+A(s)) is unaffected by where it is observed in the closed control loop
(Equation (8.8)). For the sake of simplicity, the motor DC-link voltage dependency is
chosen to be neutral, MP = 1, and can according to Equation (6.7) be neglected.

_Kpy (14 Tiyes) 1

Ti,.s 1.s

A(s) (8.7)

KpycTiyes + Kpye

H(s)=—; > :
Ti, T.s” + Kpy, Ti,.s + Kp,

(8.8)

The vehicle converter is assumed to be lossless and operating with unity power factor,
1.e., the vehicle’s main transformer is temporarily disregarded. The relation between the
DC-side voltage and current (U, and ;) and the AC-side voltage and current (U,. = U
and /,. = I as shown in Figure 8-1) is then given by simplification of the power balance
Equation (5.2) into Equation (8.9).

Upe Loe =Ug 1y (8.9)

ac

By division of U, this leads to an expression for the AC side current as in Equation
(8.10).

[ = Tde _ Zde (8.10)

A partial derivation of Equation (8.10) with regard to the AC side voltage results in an
expression of the input admittance as in Equation (8.11).

Al Al Ol

ac

CLTAU AU, 0U

ac

P
=& 8.11)

This equation corresponds to Equation (8.6) for a constant power load when Uy = 1. The
DC-link power P, equals the motor side power P, in Section 6.2.3.2. It is important
to understand that the outer active control loop of the vehicle, i.e., the DC-link voltage
control loop, has an objective that is independent of the vehicle motor voltage
characteristic. That means that even if MP > 0 for the motor-side inverter as studied in
Section 6.2.3.2, the DC-link voltage control loop with constant DC-link voltage
reference will show constant power load behaviour to the power supply as shown.
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If the vehicle keeps the power constant and independent of the voltage disturbance
frequency, i.e., no low-frequency dynamical behaviour, then the input admittance will
always be negative, which corresponds to Equation (8.6). However, the vehicle active
power control has a limited bandwidth, with the studies in Chapters 5 and 6 showing a
dominating low-frequency eigenmode. The vehicle’s closed loop dynamics are therefore
represented by the closed loop transfer function H(s) in Equation (8.8). For the sake of
simplicity here, the frequency-dependent low-frequency input admittance for the vehicle
is described by Equation (8.12) as a product of the non-dynamic input admittance and
the closed loop dynamics.

Yvehicle(s):chL'H(S):— deQ_, - 2VC vC ' Ve
Ti, 15"+ Kp, Ti,.s+Kp,.

8.12
Uach ( )
It should be noted though that the direct mathematical connection between Equations
(8.11) and (8.8) is difficult to establish as the AC-side variables in the closed-loop

expression are disregarded due to the simplification of 7, =Y . However, Harnefors,

et al. [74] have developed an analytical expression for the corresponding input
admittance for a general three-phase VSC without these simplifications. The basics of
the constant power load input admittance in Equation (8.11) multiplied with the
dynamics as represented by Equation (8.12) are recognised in their Equation (40).

Figure 8-4 shows a comparison of the load input admittance for the second-order
vehicle model (Equation (8.12)) and the non-dynamic constant power load (Equation
(8.11)) for the parameter values explained and derived in Chapter 6.

Based on these expressions, it is observed that the value of the vehicle’s input
admittance as seen from the AC side increases with an increased initial power demand,
and increases as the operating point voltage decreases. The vehicle model and the
constant power load show an equal behaviour below 0.5-1.0 Hz.

The calculated eigenfrequency for this second-order model in Section 6.2.5 at 2.62 Hz
can be observed in the diagram at which the magnitude increases and the phase starts to
shift. This is therefore the active power control loop bandwidth. A reduced damping of
the vehicle mode will result in a larger overshoot around the eigenfrequency. The
impact of these characteristics on the system stability is investigated further in Section
8.2.5.
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Figure 8-4: A comparison of input admittance for the dynamical vehicle model and the non-
dynamical constant power load, with the magnitude in pu.

A line current/power limitation function in the vehicle may reduce the current/power at
low line voltages. Consequently, it will influence on P,y and U,. and limit the possible
amplitude of the input admittance given by Equation (8.11). If and how it will also
change the dynamics of the vehicle is not considered in this thesis.

8.2.4 Rotary converter output impedance

An analytical expression for the output impedance of the second-order rotary converter
model in Chapter 3 is here developed. The converter is considered to be operating in
single-phase side island mode. The output impedance is the ratio between the voltage
amplitude given by the converter relative to the current amplitude given by the load, i.e.,
Zrotaryﬁconverter = AU/AL

Based on the block diagram for this operating condition in Figure 3-5, the transfer
function from the generator electromagnetic torque variation to the rotary converter
speed variation is found. By application of the same assumptions as in Section 8.2.1, an
expression for the output impedance such as in Equation (8.13) is obtained. Its
frequency response is shown in Figure 8-5.

_AU(s) . Aa(s) k,s

e ) _converter S - N 8. 13
rotary _ " ( ) AI(S) ATeru (S) 2HMGSz +DMwsMS +K1M0)SM ( )
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Figure 8-5: A rotary converter output impedance given by the electromechanical eigenmode.

The transfer function is a second-order band-pass filter where the poor rotary converter
damping gives amplification at its eigenfrequency while other frequencies are
attenuated. As a result the output impedance shows a considerable peak at the
eigenfrequency. This means that if a given disturbance in the current is applied with this
frequency, the speed oscillation will result in a large voltage amplitude oscillation. Such
a large current on voltage ration represents large impedance. When the current is
increased, the voltage will decrease and vice versa as can be observed both in the
simulation of the complete model in Figure 7-1 and in the measurements in Figure 7-20.

This output impedance is here given by the electromechanical eigenmode only. For load
changes at lower and higher frequencies, the electromechanical mode is not
continuously excited, and these other changes in output voltage due to current change
are not included. The impacts of the internal stator impedance and the automatic voltage
regulator have to be added, though a part of the AVR influence is represented by the
factor k,. In this simplified approach, this representation is considered to be sufficient.

174 NTNU 2010



8 Vehicle and rotary converter admittance and impedance considerations

8.2.5 Stability consideration

The load input admittance and power supply output impedance developed in Sections
8.2.3 and 8.2.4 are in this section combined into one system as shown in Figure 8-3.

In addition to the output impedance given by the rotary converter’s electromechanical
eigenmode, the power supply also includes the overhead contact line, transformer and
generator impedances. For the sake of simplicity is the vehicle transformer also
included in the source output impedance, i.e., the interface between source and load is
moved to the vehicle PWM terminals. These four series impedances are lumped into the
total resistance and inductance Zj,. = R + jw,L. This representation of the line
impedance is chosen based on two conditions. It corresponds to the d-axis direct
coupling impedance Z;, that will be explained in Section 8.4.2, and with this choice, the
impedance conforms to the standard definition as discussed in Section 8.2.1.

The total source output impedance is the sum of the rotary converter output impedance
and the total line impedance as in Equation (8.14).

Zsource = Zrotaryﬁconverter + Zline (8 14)

The total system open loop transfer function is Zsce  Yioaa. The system will be unstable
if the Nyquist contour of this transfer function encircles the critical point (-1,0) in the
complex plane. This corresponds to a loop gain larger than unity when the phase shift is
180 degrees at a certain frequency. Middlebrook [126] showed that stability can be
guaranteed for a DC system if the magnitude of Z;,,.. 1s always less than the magnitude
of Zipaa =1/Y10aq. This corresponds to a loop gain always less than unity, i.e., a positive
gain margin.

Figure 8-6 shows the frequency response of the source output impedance
(Equation(8.14)) and the inverse of the vehicle input admittance (Equation (8.12)). In
addition, the inverse of the non-dynamic constant power load input admittance
(Equation (8.11)) is shown for comparison. The parameters that are used correspond to
the numbers used in Sections 3.5 and 6.2.5, respectively, and the operating conditions
correspond to the reference case.

The rotary converter eigenmode at 1.6 Hz is easily observable as a peak increase in the
source impedance, while the vehicle low-frequency mode is observable as a reduction in
Zioad- The constant power load characteristic of the vehicle gives a phase shift of 180
degrees below the vehicle’s eigenfrequency. Consequently there is a 180 degree phase
shift of the system’s open loop transfer function giving potential for instability.

Figure 8-7 shows the open loop transfer functions Z,yce’ Yiouq as illustrated in Figure 8-3
for the same system.
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Figure 8-7: Open loop transfer functions (see Figure 8-3) for the source and dynamical vehicle
model and the source and the constant power load.
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The system as it appears here, given the simplifications described earlier and the chosen
parameters, is stable as |Zsource| < |1/Yioaal and |Zsource Yioaa| < 1. Since the phase is 180
degrees, there is only a gain margin as indicated in Figure 8-6 by the distance between
the source impedance and the load impedance. From Figure 8-7 it is derived that the
gain margin is approximately -12 dB. However, the following changes may be applied
to the system:

e Changed line length shifts |Z,,cc] upwards or downwards as indicated by the
lower the arrow on the left hand side in Figure 8-6. Therefore, the margin
between |Zyource| and |1/Y},44 Will be influenced.

e Changed line length changes the line voltage drop and hence changes the voltage
operating point Uy as indicated by the arrows on the left hand side in Figure 8-6.
This, according to Equation (8.12), changes |Y},.4 and consequently shifts |Z;,.4|
upwards or downwards and influences the stability margin.

e Changed initial vehicle power Py will, according to Equation (8.12), change
|Yioad) and consequently shift |Zj,.4 upwards or downwards and influence the
stability margin.

e The vehicle mode damping and/or frequency can be changed due to for example
control system parameter altering or the load operating point P,y. This will
influence the stability margin.

e Changed damping D), of the rotary converter electromechanical mode will
change the impedance peak of Z,,. at 1.6 Hz and consequently influence the
stability margin.

The roots of the closed loop transfer function H(s) = Yepr Zsource / (1 + Yepr Zsource) can
be calculated. In order to avoid a third state variable, the term jw,,.L = sL in Zjy,, 1s
neglected. Hence the line impedance equals R only. An analytical expression for the
eigenvalues is shown in Equation (8.15) and it can be observed how the line impedance
and the load operating point influence the damping of the rotary converter
electromechanical eigenmode. The impact corresponds to the above considerations.

2

k -P, k,-P,
Dy =2 Rd(}O’ Dy =172 Rd; K
A, = 0o T8 N0 4 0o 8L | By By (8.15)
2 4H,,, 4H,,, 2H,,,

The conclusion from this is that an increased line length and vehicle power will reduce
stability margins. This is supported by the operating point sensitivity study in Section
7.3.3.2. The operating point directly influences the gain margin. The fact that the
vehicle has a low-frequency eigenmode worsens the condition compared with a constant
power load without dynamics, so at a given operating point, the system may become
unstable. The resulting oscillation frequency is given by which eigenmode has the
poorest damping, either the rotary converter or the vehicle.
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Similar low-frequency interaction between the source’s and the load’s eigenfrequency is
observed by Hoff and Mulukutla [85] for uninterrupted power supplies (UPS) and
active power factor correction (PFC) power supplies used in computers.

8.2.6 Qualitative stability considerations for system without a rotary
converter

The principle of the stability considerations in Section 8.2.5 can be extended to a power
system without the poorly damped rotary converter. Even then, the traction power
system may become unstable for a given combination of vehicle(s), line length and
power demand. As a result, the undamped oscillation frequency is likely to be given by
the vehicle low-frequency eigenmode as the 1.6 Hz source impedance peak is not
present, though the influence from a change of line length and operating point remains.
In Equation (8.16), the roots of the closed loop transfer function H(s) = Yienicie' Ziine / (1 +
Yienicie'Ziine) 18 calculated in the same way as Equation (8.15). Increased the line length
and load operating point decrease the system’s damping. The sensitivity to line length
and operating point is studied for the full vehicle model in Section 6.3.3 and supports
this interpretation, e.g. the instability indicated for the 1-MW load when the line length
increases over 180 km.

2
R-P R-P R-P
KpVC [1 _ U dc0 ) KpVC (1 _ Uzch j KpVC (1 _ U dc0

A, =- C 2+ i - . j (8.16)

2T, 2T, Ti, T.

Similarly, parts of the instability observed for the long line stability test in Section 5.7
may be qualitatively explained by an extension of the aforementioned considerations.
This may also be interpreted as the ‘depot problem’ described in Section 2.4.5.2. In
these cases, the vehicle attempts to keep its power demand equal to zero. This means
that the PWM has to invert a voltage equal to the line voltage in amplitude and phase in
order to result in no current into the DC-link (as support, see input admittance Yy,
calculated for the full vehicle model in no-load in Figure F-1):

e At a low disturbance frequency, e.g. below 0.1 Hz, it is easy for the vehicle
control system to follow the line voltage to maintain this power balance since
the disturbance is below the system’s bandwidth. As a consequence, the
resulting current is low, the input admittance is small (almost zero) and the
phase is zero.

e At a high disturbance frequency, e.g. above 10 Hz, it is difficult for the vehicle
control system to follow the disturbance in order to maintain the power balance
as the controllers’ bandwidths are limited. The input admittance shows a
significant phase shift (above 360 degrees).

e In the low-frequency range between these two frequencies shows the vehicle its
dynamical behaviour of interest. Any disturbance results in excitation of the DC-
link voltage control mode. The vehicle is partially able to follow this

178 NTNU 2010



8 Vehicle and rotary converter admittance and impedance considerations

disturbance, but not without amplification or attenuation. At a given frequency
the phase shift is 180 degrees. This is the frequency where the DC-link voltage
controller overshoots in its effort to keep the DC-link voltage constant and the
power consumption equal to zero. This results in a positive feedback loop and
the system is prone to instability depending on the gain margin given by the
source impedance and the vehicle input admittance magnitude.

The simplified second-order model used here fails however to recreate this long-line
instability as the measurement filters and PLL are not included. It is believed that the
dynamics of these filters plays an important role in vehicle mode instability, as they
have their bandwidth in the same frequency range and exert an influence on the
vehicle’s ability to follow a line voltage variation, i.e., the transfer function from u,.; to
u,.. Stability in systems without rotary converters should be topic for further study.

8.3 Full vehicle model input admittance numerical example

The input admittance for the full vehicle model developed in this thesis has been
derived as a numerical example as well as for a comparison with both time simulations
and linear analysis of the enhanced RMS model. The input admittance under study is
the change in current amplitude over the change in voltage amplitude ratio seen from
the source-load interface as defined in Section 8.1.2. Five input admittances are
compared in this section:
e the reference case with the original control parameters studied in Sections 7.2
and 7.3;
e the improved control parameters studied in Section 7.4.1;
e the two active power oscillation dampers (PODla and PODI1b) studied in
Section 7.4.2; and
e the reactive power oscillation damper (POD?2) studied in Section 7.4.2.

This study is performed with the enhanced RMS model only.

8.3.1 Simulation model

The input admittances are calculated by use of the power system shown in Figure 8-8,
with the vehicle directly connected to an ideal voltage source. Its steady-state output
voltage corresponds to the line voltage in the reference case, i.e.,
|Uo| = |Uger| = 12.6 kV = 0.84 pu.

Voltage source Vehicle
- L R
! /vvt\/\_-t_ 1~ ) e

PWM

S
S
!

ac

Figure 8-8: The electrical AC circuit in which the vehicle model is tested. The vehicle model
includes the DC-link and motor side, even if it is not shown in the figure.
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8.3.2 Admittance calculation

For the enhanced RMS model, the admittance is calculated by use of a so-called
‘frequency scanning’ ([3]). The system is linearised at the given steady-state operating
point, and all time derivatives (d/df) are replaced by jw,s. A perturbation signal AU
containing magnitude 1 and phase 0 is added to the steady-state voltage Up. The
perturbation frequency is increased from 0.1 Hz to 16 Hz with a resolution of 0.01 Hz.
This corresponds to an amplitude modulation at the low frequencies of interest,
Wosec = 27fose. The response in the line current magnitude and phase is recorded as Al
The frequency dependent admittance Y seen from the converter rotor is hence calculated
by Equation (8.17).

i AT e, _ Alf|Ge,,.)
Ao, !

Y(jo,.) =Al|(j@,.) (8.17)

The perturbation and calculation include amplitude modulation only, i.e., no
phase/frequency modulation is taken into account.

8.3.3 Input admittance frequency responses

Figure 8-9 shows the corresponding frequency responses for the five different control
system versions of the vehicle. Based on the input admittance magnitude and phase, its
real part is calculated. The yellow areas in the diagrams show the range where the
Re(Y) <0 for easier comparison to the criterion in Equation (8.3).

At very low frequencies such as below 0.1 Hz, the vehicle shows essentially no
dynamical behaviour. Its control system compensates for the line voltage oscillations by
changing the line current. The input admittance is negative and equals the value given
by a non-dynamical constant power load. When the oscillation frequency is high, such
as above 10 Hz, the vehicle active power control is not able to react on the line voltage
oscillation without a phase shift. The input admittances’ magnitude close to the
fundamental frequency has not been further investigated in this thesis. These
observations are common for all five models.

The dynamics in the low-frequency range of interest are discussed in the next section,
together with a comparison with the time simulations and linear analysis for the
corresponding models.

8.3.4 Comparison to linear analysis and time simulation

When the oscillation frequency in Figure 8-9 increases, the vehicle exposes its
dynamical behaviour. A 2-3 Hz vehicle eigenmode (mode (12,13) in Table 6-1) in the
original reference case (black curve) is clearly visible as an amplification and start of
phase shift of the line current response, and essentially corresponds to the linear
analysis in Chapter 6. Amplification is noticeable at the rotary converter eigenfrequency
as well. The vehicle compensates for the line voltage oscillation by changing the line
current in order to keep its power consumption constant.
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The input admittance shows that due to the vehicle dynamics, the current is changed
20 % more than a non-dynamic constant power load will do at 1.6 Hz. The vehicle
overshoots as observed in the time simulation in Figure 7-1. This overshooting depends
on the vehicle mode damping which in Section 6.3 was shown to depend on control
system parameters and structure together with the operating point.

One of the results from the improvement of the control system parameters in Section
7.4.1 was a change in the vehicle’s dominating eigenfrequency. This is confirmed by
the frequency response (red curve) in which the mode (21,22) (referred to Table 7-2) at
2-3 Hz is hardly visible compared to the other vehicle mode (13,14) at 6-7 Hz. The
control system’s bandwidth has increased and the input admittance at 1.6 Hz is still
negative. The improved parameters result in less amplification at 1.6 Hz compared to a
non-dynamic load than the original parameters. The frequency response resembles a
constant power load having small dynamics at 1.6 Hz while the time simulation also
resembled a constant current. This should then be reflected by a zero valued input
admittance, which is not observed. This inconsistency shows that changes in the control
system parameters are not reflected correctly in this calculated input admittance. The
reason for this is assumed to be that the impact of the PLL that was found to be
important is not considered when amplitude modulation is studied only.

The first active power oscillation damper, POD1a (blue curve), was designed to increase
the active line current in phase with the line voltage amplitude oscillation at 1.6 Hz
enough to neutralise the negative damping impact from the vehicle. Figure 8-9 shows a
low admittance magnitude with zero phase at a centre frequency close to 1.6 Hz. The
input admittance essentially reflects the time simulation, but further tuning of the closed
loop system is needed to ensure an accurate behaviour as intended. Two vehicle
eigenmodes, one below and one above PODIla’s pass band, may be observed in the
input admittance; this is according to the eigenvalues shown in Figure 7-16.

The input admittance seen for the case with POD1b (magenta curve) shows a positive
real part in the frequency range where it was intended to damp oscillations. The current
leads the voltage at 1.6 Hz as expected by the phase of the band-pass filter seen in
Figure 7-15. The 0.6 Hz oscillation which is seen as a dominating mode in the time
simulation and linear analysis is visible in the input admittance as well.

Both the time simulation and input admittance calculation using POD2 (green curve)
show that the current amplitude oscillates opposite to that of the voltage amplitude. The
difference between the input admittance without POD and with POD2 is small and
cannot explain the improved damping seen in study of the complete system with the
rotary converter. It is not possible to distinguish between active and reactive current by
the present method, i.e., the current phase is not taken into consideration.

These results are further discussed in Section 8.6.1.
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8.4 Admittance and impedance studies for AC systems

Previously in Section 8.2, the power system was, for the sake of simplicity, treated by
voltage and current amplitudes only. In this section, two proposed methods for AC
traction power system considerations are introduced, one in the stationary reference
frame and one in the rotating reference frame. For the latter, the corresponding input
admittances of the full vehicle model developed in this thesis are calculated for both the
instantaneous value model and the enhanced RMS model, which also enables a
comparison between the two.

8.4.1 Stationary reference system

Prols and Strobl [148] propose a method for low-frequency stability investigations of
AC railways by use of input admittances in the stationary reference frame, i.e.,
instantaneous values of single-phase voltage and current. This approach is based on the
method used for the stability analysis of electrical resonance instability as described in
Section 8.1.3. For low-frequency instability, the proposed method focuses on frequency
components close to the fundamental frequency, i.e., the side bands described by
Equation (3.21) rather than the amplitude and frequency modulation. The ESCARV
input admittance criterion is extended to also include control loops as described in
Section 8.1.4.

This method may also take frequency couplings as described by Mollerstedt [130] into
account. This is further explained by Strobl [170], and will not be treated in the present
thesis. Several details of the method are still under investigation and hence not
published. More experience is necessary in order to completely understand this
proposed methodology and to apply it in stability studies.

8.4.2 Rotating reference system

8.4.2.1 Introduction

All the considerations in Sections 8.2 and 8.3 assume voltage and current to be in phase.
In an AC system, however, active power may be transferred due to differences in both
voltage amplitude and voltage phase (see Equation (7.3)). The reactive power flow
influences both the voltage drop and active power losses in the system. Moreover, there
is frequency/phase modulation of the voltage due to the rotary converter oscillations as
described in Equation (3.21). Menth and Meyer [116] propose an approach for AC
railways that intends to take these phenomena into consideration.

This approach can be understood if the simplified system explained in Section 8.2 and
illustrated by Figure 8-3 is used as a basis. In previous sections, the voltage and current
are expressed as scalars. However, in an AC system the voltages and currents at the
fundamental frequency are commonly expressed as phasors, such as in the complex dg
system introduced in Section 4.3. This rotating reference frame is chosen so that the d-

axis is oriented in phase with the vehicle line voltage (Um) as shown in Figure 5-2. For

small-signal studies, a change in d-axis voltage reflects a change in line voltage
amplitude, and a change in g-axis voltage reflects a change in the line voltage phase.
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Figure 8-3 is hence replaced by Figure 8-10'°. This decomposition results in a multiple-
input multiple-output (MIMO) system since both load and source models both have two
input and two output signals. There are furthermore two feedback loops, one for each
axis, as will be explained in the following.

Yioad
M K -
L,
U d E'_/ Al
——0 (atis :

=
v+

v

>0

v

. Zyq
AU . [ qu <
AN Z, 1
¢ dn qu
Lsource
Figure 8-10: The proposed transfer matrices and double feedback loops for AC system stability

studies.

The source and the load are no longer represented by single transfer functions, but
rather by transfer matrices (Harnefors [72]) in which the d- and g-axis can be cross
coupled to each other. Instead of one transfer function, such as Equation (8.12), the
vehicle is now represented by four transfer functions, Y4, Y4y, Yqq and Yy, as shown in
Equation (8.18).

A]d(S) _ Ydd(s) qu(s) AUd(S) - -
ML) || V() V() ]| AU, ()] ° T (8.18)

If the source impedance is a line only as described by Equation (4.12), it can be
included in the loop as shown by Equation (8.19). For a rotary converter, the transfer
matrix has to include the impact of the electromechanical eigenmode as well, i.e., Zy
must correspond to the proposal in Equation (8.13). Further derivations are necessary in
order to determine Z,4, Zy, and Z,,.

AU,(s)| [R+Ls -o L [AL(S)] [Z,(s) Z,)|[AL)] <10
AUs)| | oL R+Ls||AL(s)| | Z,(s) Z,(s)|| AL(s) , 5= jo,,.(8.19)

' The notation, for example ‘gd’, is to be read as ¢(d) (‘g-of-d’), i.e., change in g-axis output as function
of d-axis input.
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The interpretation of these vehicle frequency responses is “possible, but difficult and
still needs more experience’ (Menth and Meyer [116]). Furthermore, Sun [173] claims
that in many cases there is no clear physical interpretation. Nevertheless, these four load
admittances are analytically derived for a controlled three-phase voltage source
converter by Harnefors, et al. [74]. They are expressed in terms of initial power flow,
filter inductance and controller bandwidths. Harnefors, et al. [74] further perform a
stability study in which the Yy, and Y, and their negative real values are emphasised.
Belkhayat [19] derives stability criteria for three-phase systems based on a similar dg-
approach, but concentrates on frequencies above the fundamental frequency. Huang, et
al. [86] propose a method for the measurement of load input impedances in a single-
phase system. A similar approach for the rotating reference system transfer function
representation of a thyristor-controlled series capacitor is performed by Persson [141].

8.4.2.2 Example and interpretation

The vehicle input admittance for the enhanced RMS model is calculated by frequency
scanning (see Section 8.3.2 for the principle). For the instantaneous value model, all the
input admittances are calculated based on time simulations. Each oscillation frequency
is investigated in the instantaneous value model by a quasi-stationary simulation for six

seconds. A modulation of the source voltage U, is performed by the use of Equation

(3.21). The oscillation frequency f,s. is changed from 0 to 16 Hz by increments of '5 or
1 Hz and the current on voltage ration is found by use of Fast Fourier Transform (FFT).
The method used in this calculation is described in Appendix A. As a matter of form,
the corresponding input admittance in no-load is uncommented shown in Appendix F.

The frequency responses for the vehicle model in the present thesis have been
calculated for all of the four input admittances representing the load in Figure 8-10. The
following may be commented on:

e Y, represents the transfer function from a change in voltage amplitude to a
change in current amplitude. The enhanced RMS model response corresponds to
the Y calculated in Section 8.3.3. Both instantaneous value model and enhanced
RMS model responses show the 180 degree phase shift given by the constant
power load characteristic and further, the limited bandwidth of the active power
control loop. The enhanced RMS model however is slightly better damped than
the instantaneous value model, which is also observed in the comparison of time
simulations performed in Section 5.6.3.

e Y, represents the transfer function from a change in voltage amplitude to a
change in current phase. Its magnitude is low compared with Yy, although the
differences between the instantaneous value model and the enhanced RMS
model are noticeable. A dynamic discrepancy between the two models, for
example, in a time simulation together with a rotary converter must thereby be
expected. It is not known why they do not show equal phase at very low
frequencies. One explanation for this is that maybe the correct phase is difficult
to detect in an FFT analysis due to the low magnitude.
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Y4, represents the transfer function from a change in voltage phase to a change in
current amplitude, and its magnitude is in the same range as Y,;. There are
noticeable differences between the instantaneous value model and the enhanced
RMS model. Hence, a dynamic discrepancy between the two models, e.g. in a
time simulation together with a rotary converter must be expected. As the
vehicle does not have any reference for the voltage phase angle, the input
admittance phase at very low frequencies should therefore be zero.

Y,, represents the transfer function from a change in voltage phase to a change in
current phase. The instantaneous value model and the enhanced RMS model
responses correspond well. The vehicle does not have any reference for the
absolute voltage phase angle; it synchronises the phase angle of the current
according to the change in voltage phase angle by use of the PLL. Accordingly,
the phase of Y, at very low frequencies should be zero as indicated by the step
response test of the synchronisation system in Section 5.4.5. When the phase
angle oscillation increases in frequency, the PLL angle lags the voltage angle it
is supposed to track as studied in Section 7.4.1.4; this lagging can be seen in the
phase response as a deviation from zero.

The interpretation of the complete double feedback loop system in Figure 8-10 is still an
unsolved task. Even so, a qualitative judgement of each of the four isolated closed loops
may be performed, i.e., assuming all other elements being zero, and when the source
impedance is a line only:

The loop given by YurZus corresponds to the control loop studied in Section
8.2.5. This can result in a positive feedback due to the 180 degree phase shift in
Y44 given by the constant power load characteristic.

The loop given by Y, Z4, can result in positive feedback depending on the sign
of Re(Y,,). For the vehicle model here, the plot in Figure 8-10 indicates that this
sign is not given, as in the frequency range of interest it may be approximately
90 degrees. Re(Zy;) < 0 as seen from Equation (8.19), so consequently, the
loop’s stability margins are reduced if Re(Yy,) > 0. This means that the stability
margins are probably smaller for the instantaneous value model than for the
enhanced RMS model.

The loop given by Y;,"Z,4 can result in positive feedback, depending on the sign
of Re(Y4,). For the vehicle model here, the plot in Figure 8-10 indicates that this
sign is not given, as in the frequency range of interest; it may be roughly 90
degrees. Re(Z,s) > 0 as seen from Equation (8.19) and as a consequence, the
loop’s stability margins are reduced if Re(Yy,) < 0. This means that the stability
margins are probably larger for the instantaneous value model than for the
enhanced RMS model.

The loop given by Y,,°Z,, is not likely to contribute to instability, as both
Re(Y,,) and Re(Z,,) are positive in the frequency range of interest.
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Figure 8-11: The full vehicle model input admittances in the rotating reference frame. Thick lines
represents the enhanced RMS model, while the thin dotted lines with markers
represent the instantaneous value model.

Since the vehicle input admittance cross couplings show a magnitude approximately
one decade lower than the direct couplings, it is reasonable to believe that it is the
direct-coupling loops which dominate the vehicles dynamic response. The d-axis loop
has essentially positive feedback, while the g-axis loop shows essentially negative
feedback. Hence, the d-axis direct loop will be the one that contributes the most to
instability. The parallell loop given by Y,sZs may have the most influence on the
stability margins, and should therefore be focused on as the next step in further work.

A similar investigation with the full rotary converter model output impedance also
remains for further study. It cannot be excluded that other loops and transfer functions
than the ‘dd’ as studied here have significantly influence on the closed loop stability.
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8.5 Input admittance for a real-life vehicle

The input admittance of the real vehicle observed in Sections 6.5 and 7.5 are determined
by real-time simulations (Eisele [64]; Buhrkall, et al. [34]; Danielsen, et al. [51]). The
case is essentially equal to the calculations for the simulation model in Section 8.3 and
8.4.

The vehicle is directly supplied by a voltage source at 16.5 kV as shown in Figure 8-8,
and this voltage source can be manipulated to create amplitude oscillations in the line
voltage. The amplitude of the disturbance is 500 or 1000 V and the frequency step size
is /3 Hz. The FFT analysis period is 3 s and a rectangular window is used. The vehicle
is operating at full power (one DC-link only) at speed of 70 km/h.

The resulting input admittances are shown in Figure 8-12 for the three configurations
introduced for the measured step-response in Figure 7-21, i.e., Kpop = [0.0, 0.1, 0.2].

At the rotary converter eigenfrequency (1.6 Hz), the original configuration without the
POD shows negative input admittance. The admittance magnitude is increased roughly
20 % at 1.6 Hz compared with its magnitude at very low frequencies, but the real part of
the input admittance is essentially unchanged. Increasing the oscillating frequency
increases the admittance magnitude and introduces a shift in the phase response. This
phase shift indicates an eigenfrequency in the 2-3-Hz range, while measurements in
Section 6.5 are showing a 4-Hz oscillation. The motor DC-link voltage damping as
studied in 6.2.3.2 may be a reason for this discrepancy.

Activating the POD with Kppp = 0.1 essentially neutralises the input admittance at 1.6
Hz due to an almost zero magnitude. Increasing to Kpop = 0.2 results in a positive input
admittance. This behaviour is essentially confirmed by the step-response measurements
in Section 7.5.

At the vehicle’s DC-link controller eigenmode itself at 2-4 Hz, the amplitude of the
input impedance is reduced when the POD is used compared to without POD.
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Figure 8-12: The calculated input admittances for a real vehicle based on real-time simulations.
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8.6 Discussion and conclusion

8.6.1 Discussion

8.6.1.1 Analytical simplifications

This chapter introductorily investigates and discusses the usefulness of input admittance
and output impedance considerations for low-frequency stability studies. The initial and
analytical considerations are based on the second-order rotary converter and vehicle
models that are developed in previous chapters of this thesis. These considerations are
supported by physical explanations and the results are compared with previously
performed time simulations. This is believed to be sufficient for understanding the
basics of the impact from the constant power load behaviour on the converter
oscillations.

On the other side, the analytical considerations performed imply several simplifications
and hence have limitations. They only take into account active power changes during
voltage amplitude modulation. The fact that the rotary converter oscillations result in
frequency/phase modulation of the voltage is not included. In addition, the reactive
power flow and inductive voltage drop (jw,L) are not considered at all. Studies in
previous chapters of this thesis show that both phase modulation and reactive power and
voltage drop indeed have an influence on stability margins. Here, these phenomena are
sacrificed as a first step in understanding what is believed to be the main driving force
for instability. Further work should also include these phenomena.

The choice of this degree of simplification also makes the interface between the power
supply and vehicle non-consistent compared to the definition in Figure 8-1. This means
that it is chosen to include the vehicle transformer impedance in the power supply
impedance and locate the interface at the line-inverter AC terminals where there is also
a reactive power exchange. Alternatively, the expression for vehicle input admittance
would have been more complex. This further reduces the accuracy of simplified
calculations in present chapter.

It is important to note, that despite of the above simplifications, the system must be
treated as an AC system when the initial conditions are calculated, i.e., by use of the
complex AC system equations in Chapter 4. The simplifications only apply to the
dynamical stability considerations as discussed in Sections 4.4.2 and 6.2.6.

For the complete vehicle model, however, the interface is according to Figure 8-1 and
all calculations are performed with the complex AC system equations.

8.6.1.2 Stability criterion and considerations

Several of the simplifcations of the approach used for the analytical considerations are
transferred to the study of the full vehicle model as well. The most important
simplification is how the interface between the rotary converter and the rail vehicle is
defined. Here, only the amplitude of the line voltage and current has been emphasised
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and voltage and current are assumed to be in phase, i.e., there is no reactive power flow
or oscillation. Is this sufficient for stability considerations?

Even if the stability criterion and the corresponding influence from the vehicle are easy
to understand, this interface is not sufficient for a complete description of the
interaction. When focusing on the active power exchange, the calculated input
admittance frequency responses for the full vehicle model are plausible, i.e., the original
parameters and POD1la and —b. But when the interaction tends to be more complex,
such as for the improved parameters of the PLL and the reactive power modulation by
POD?2, the calculated input admittance fails to reflect the time simulations and the linear
analysis of the full system. The simplified input admittance, Y=AI/AU, shows, despite
of being a practical and useful characteristic (Buhrkall, et al. [35]), to be not precise
enough and can therefore not be used in detailed stability studies.

On the other hand, this simplified input admittance describing the constant power load
is still believed to be important. It is one of four input admittances proposed by Menth
and Meyer [116] for AC system studies, and is an approach that is proposed by several
others as well. Parts of the calculated four input admittances for the vehicle model
developed in this thesis can be recognised in the analytical expressions developed by
Harnefors, et al. [74]. And still, this simple input admittance is the only one which
obviously leads to a positive feedback loop and violates the stability criterion. It could
be, as indicated in Section 8.4.2.2, that a stability criterion has to be developed for each
of the three other input admittances as well or one overall criterion for the complete
double feedback loop system.

In general as a first approach, it might be of interest to distinguish between a qualitative
criterion and a quantitative criterion. The open loop transfer function shows 180 degrees
phase shift at the frequency where the rotary converter reveals poor damping.
Consequently, the gain margin is small as indicated in Figure 8-7.

e The quality is related to the phase of the open loop transfer function which is
given by the sign of the vehicle input admittance. The sign of the real part of the
vehicle’s input admittance tells if the qualitative stability criterion as suggested
in Equation (8.3) is violated or not.

e The quantitative requirement may be interpreted as the magnitude of the
admittance’s real part which in this case results in the small gain margin. This
magnitude tells sow much the vehicle influences the stability given the quality
discussed in above.

e A zero-valued real part may however be considered as either of the two above
since neutral is also an important quality.

This quantity is often considered since the qualitative aspect might be too restrictive,
resulting in stability margins that are too large and expencive (Sudhoff, et al. [172]). In
the given traction power system, however, the rail vehicle is supposed to operate under
a wide variation in conditions. From the considerations in Section 8.2.5 it is shown that
the vehicle’s operation point (power consumption, line voltage level and distance to the
rotary converter) has large influence on the gain margin. Hence, a finite quantitative
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requirement for the input admittance may be difficult to establish without limiting the
range of operation.

If a qualitative requirement is generally satisfied, any quantitative change due to
operating conditions is of minor importance, and the system becomes more robust.
Thus, it is of interest to further investigate how much the dynamics of the vehicle
changes under different operating conditions, i.e., how non-linear the vehicle is.

In the limited number of simulation model cases investigated in this thesis, there has not
been any case observed in which the input admittance stability criterion is satisfied but
where the system is unstable. In Section it 9.1.3 will be further discussed if this criterion
is necessary or sufficient. As the power system (rotary converter) has some damping
itself that increases stability margins, it is not given that every violation of the criterion
results in an unstable system.

8.6.2 Conclusion

Based on the simple second-order models developed for the rotary converter and rail
vehicle previously in this thesis, the basics of the vehicle constant power load influence
on low-frequency stability are studied and discussed. The constant power load
characteristic of an electric load generally reduces stability margins as it leads to a
positive feedback loop. This characteristic can be described by a negative input
admittance that increases in value as both power consumption increases and line voltage
decreases. Moreover, the vehicle low-frequency eigenmode caused by the DC-link
voltage control loop worsens this situation further by increasing this negative input
admittance.

In a similar manner, stability margins decrease when the power supply becomes weaker,
1.e., shows larger output impedance given by the impedance between the ideal voltage
source and the interface to the rail vehicle. The poorly damped rotary converter
electromechanical eigenmode adds an additonal resistance peak to the power supply
output impedance at 1.6 Hz. This makes the system prone to instability at that specific
frequency.

These analytical considerations are suitable for explanation of the basics of the
instability phenomenon. An input admittance criterion is proposed based on
assumptions when considering the amplitude of the AC voltage and current only. This
criterion is also tested for the detailed vehicle model in present thesis. It is experienced
that the vehicle may be stable, together with the rotary converter, despite a violation of
this criterion. In spite of quantitative discrepancies, the qualitative damping impact of
the vehicle models with active power oscillation damper is reflected by this input
admittance. However, the simplified input admittance consideration fails when reactive
power and frequency/phase modulation are taken into account.

These latter phenomena are attributes of AC systems and is in Chapter 7 shown to
influence the stability margins. It is important to derive a qualitative input admittance
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criterion that is also takes all the AC system phenomena into account. Such a work
remains to be completed.

8.6.3 Further work

Based on the work presented in this chapter, the following topics for further study are
proposed:

e [t is of importance to understand and take into consideration the impact of
reactive power, inductive voltage drop and frequency/phase modulation.
Therefore more advanced methodologies for stability investigations for AC
power systems are proposed and should be followed up on. It is in that context
also of interest to understand if and how the power supply and vehicle
transformer reactance X = w,L (in the cross couplings of Equation (8.19)) should
be taken into account in Equations (8.15) and (8.16), which as presented in this
thesis only include the resistance R. This is may be of even larger importance in
networks with higher X/R ratio, e.g. 25-kV 50-Hz systems.

e [t is especially of interest to attain an understanding of how the two coupled
feedback loops in Figure 8-10 influence each other. Is it sufficient to treat each
control loop in isolation as in Section 8.4.2.2, or is it necessary to consider all
four at the same time?

e In order to gain deeper understanding of the four input admittances in the
rotating reference frame, it is of interest to investigate if they could be expressed
analytically for a rail vehicle in a similar way as they are derived for a three-
phase voltage source converter by Harnefors, et al. [74]. These expressions
could may be used understand how the input admittances change under different
operating conditions.

e To complete the closed control loop system shown in Figure 8-10, the output
impedance from the rotary converter should be established. Once this has been
accomplished, then the possible qualitative and quantitative influence by the
control loops other than Y;;'Z;; can be investigated. The operating point’s
influence on the rotary converter output impedance should be investigated more
in detail. Ideally, the operating point for both source and load should correspond
in the interface between them when the stability of the complete system is
performed. A further question is: Does the load model used for establishing the
rotary converter output impedance influence on the result?

e Based on the required understanding mentioned above is it necessary to create
stability criteria and a methodology for low-frequency stability investigations of
AC traction power systems. This means a system with more than one source and
one vehicle as studied in this thesis. The vehicles should preferably be
represented by black boxes that reflect the vehicles’ dynamical characteristics,
e.g. by input admittances. Hence, a format of data exchange is needed as well,
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and a method for the measurement/verification of real vehicles’ low-frequency
input admittances should be developed.

e In a longer perspective, if small-signal instability is sufficiently treated by such
input admittance considerations, it could be of interest to investigate whether
large-signal instability can be treated in the same way, which means that
possible discontinuous controllers, such as line power limitation functions in rail
vehicles, can be included in the analysis.
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This chapter includes a discussion of the results obtained in the previous chapters and
presents answers to the research questions, conclusions and suggestions for further
work.

9.1 Discussion

This section includes a discussion of the overall results gained and the methodology and
approach used in the present thesis. More detailed discussions of specific phenomena,
models and results are found in their respective chapters.

9.1.1 Relevance of system modelling

9.1.1.1 In this thesis

In this thesis, it has been chosen to study the experienced low-frequency oscillations
and instability from a traditional power system point of view. This includes modelling
in a rotating reference frame, linearisation and eigenvalue analysis. The rotating
reference frame is closely connected to three-phase systems in which transform to and
from the stationary reference frame can be done at any instant. In a single-phase system,
an instant transform from a stationary to rotating reference frame is not possible. An
orthogonal phase has to be artificially created, and the averaging of voltages and
currents over a fundamental frequency period is needed.

Rotating reference frame modelling for single-phase systems thus represents a
simplification and adaptation to three-phase systems. The second-harmonic power
pulsation due to time-variant power availability is filtered. There are also control system
components that work on the instantaneous values of voltage and current, e.g. the AC
voltage and current measurements. Representation of these in the rotating reference
frame imply simplifications as well, though these simplifications have shown to have
only minor influence when the rail vehicle was studied supplied from an ideal voltage
source via a line. Hence, it is reasonable to conclude that the main reason for the
observed instability is caused essentially by time-invariant phenomena. Harmonics and
time-variant power availability must however be taken into consideration when the
vehicle model is designed, e.g. the controller’s and measurement’s bandwidths, so its
basis is grounded in reality for single-phase systems.

These simplifications into a rotating reference frame give several benefits. It is possible
to utilise tools, such as linear analysis, which are not commonly available for single-
phase instantaneous-value systems. In addition, both amplitude and phase of voltages
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and currents are directly accessible without measurment filters. In that way, it is
possible to observe the quantitative impact of filtering components in the frequency
range of interest, for example the impact of the phase-locked loop. It is also possible to
compare vehicle dynamic behaviour to ideal constant power loads without dynamics,
though such a load does not exist in a single-phase instantaneous-value system.

From a power system point of view, vehicle models in rotating reference frame would
hence be of desire when studying low-frequency oscillations and instability, although
the power system analyst normally has no access to detailed information concerning
specific vehicles to make such models. This is further discussed in Section 9.1.5. The
vehicle manufactures, however, use detailed real-time simulations which ensure
inclusion of most of the relevant non-linear and discontinuous phenomena. One such
phenomenon is the activation and deactivation of limiters. Such limiters are not
included in the studies covered by the present thesis and are impossible to treat with
linearisation as used here.

In the present study, the system which contains both the vehicle and the rotary converter
is studied in the rotating reference frame only. Proposals for improved stability have
been made, both by tuning of the vehicle model’s controllers and by additional active
damping controllers. The proposals are not tested in a real single-phase system to prove
that they actually operate. In order to test the proposals, an instantaneous value model of
a single-phase synchronous generator is needed. The input admittance comparison
between the instantaneous value model and the enhanced RMS model in Section 8.4.2.2
shows differences in the frequency responses and hence different dynamical behaviour
between these two different models must be expected. How large this difference will be
and how it will influence the proposed improvements is however not known. One of the
proposed power oscillation dampers has however been tested on a real vehicle with the
expected results.

It has been shown in the present thesis that the traditional way of power system
modelling for low-frequency oscillation studies is insufficient. The closed current
control loop given by the vehicle current controller and the network impedance has to
be taken into account in order to correctly represent the instability phenomena, which
has been considered in the enhanced RMS model. The most obvious illustration of this
is the long line stability test in Section 5.7, with another example being the influence of
the PLL. In Section 7.4.1.4, it was proposed that the PLL in enhanced RMS modelling
damps the rotary converter oscillations due to active power flow. In contrast, it was
proposed in Section 7.6 how the PLL damps the same oscillations due to reactive power
flow when the same case is modelled in standard RMS without this inner and closed
current control loop.

9.1.1.2 In the future

Even if real-time simulations are probably the most accurate method, such an approach
is presumed not to be usable for large power systems. Today’s real-time simulators
commonly include one vehicle of one type only. Furthermore, the inner details of a
vehicle are commonly kept as a company secret by the manufacturer. A simulation
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study with several different vehicle types from different manufacturers that are
physically modelled is thus not feasible. Therefore a method has to be developed for
future AC traction power system low-frequency stability studies.

A more common way to study such interaction phenomena in electric traction power
systems is due to the above reasons the use of black-box representation. One such
approach for low-frequency dynamics is proposed by Menth and Meyer [116]. This
method implies the numerical linearisation of the vehicle into the rotating reference
frame taking the present non-linear phenomena at the specific operating point into
account. From the point of view of modelling of traditional three-phase power systems,
this complex dg decomposition represents interesting features. First, these four input
admittances are easy to calculate if a physical model in the rotating reference frame
already exists. For principal studies, these admittances can then be obtained faster by
linear analysis than with several time consuming real-time simulations including post-
processing. Second, such a black box might replace a physical vehicle model in a power
system study, as the proposed approach corresponds to the common way of power
system modelling. For example, this has been tested for a thyristor controlled series
capacitor by Persson [141] with promising results. This proposed methodology should
be topic for further research.

The damping of the rotary converter covered by this study is poor, acheiving only a 3 %
damping ratio in no-load. The stability margins are small and hence accurate models are
needed to estimate the condition of the power system in detail. It may be difficult to find
a method that is both accurate and feasible at the same time and thus it is of importance
to find a qualitative and robust stability criterion as will be discussed in Section 9.1.3.

9.1.2 Relevance of developed vehicle model

A large part of this thesis is about the development of an advanced electric rail vehicle
simulation model. This model is based on what is believed to be a typical state-of-the-
art structure. Several resources, including text books, support the understanding of the
main components, which includes the motor-side and line-side converters connected
back-to-back by the intermediate DC-link. The use of a DC-link voltage proportional-
integral controller also seems common. Yet, when starting to study details of these, one
might discover that there are several approaches and solutions that all have their
advantages and disadvantages. When making a concrete model, choices between these
have to be made, which changes the vehicle model from being general to being specific.

Thus, the question is: How transferable are the observations made for this particular
vehicle model to any advanced electrical rail vehicle in general, i.e., to which extent
does this model reflect the possible general dynamic behaviour of a real-life vehicle and
what is model specific? All vehicles work under the same physical laws and with the
same overall control objective. Time-variant electrical power has to be converted into
mechanical power in order to move the train. As long as the main components and the
main structure are common, the main behaviour should be expected to be common as
well. This includes a constant power load behaviour at low frequencies and a low-
frequency eigenmode. However, filtering time constants, disturbance feed-forward
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solutions, control-loop bandwidths and tuning, damping of resonances and so on may
differ due to different methods, conditions, constraints, designs, knowledge and
solutions. Consequently, details in the dynamical behaviour will differ as well.

The parallel modelling of the vehicle in stationary and rotating reference frame has
introduced some constraints. One requirement was that the chosen solutions had to be
possible to implement in both frames with a reasonable amount of effort and in a way
that can easily be compared. This was the reason for choosing the synchronous rotating
current controller. It was also a weighty decision as to whether one should utilise the
SOGI instead of a DFT, which is more commonly used for voltage and current
measurement. The SOGI can be (and is here) given a bandwidth that is higher than the
DFT. This has an influence on low-frequency dynamics, i.e., the voltage measurement
by SOGI gives a 12 degree phase lag at 1.6 Hz, while the DFT based on half a
fundamental-frequency period sliding delay, gives 17 degrees.

The simulation model’s reactive power oscillation observed in Section 7.2 is essentially
in phase with the line voltage and has a damping impact on the oscillations when fed
from the rotary converter. Additionally, the investigations in Section 7.4.1.4 indicate
that the phase lagging of the PLL also has a damping impact. This narrows the possible
causes for the instability seen in the simulation model. The constant power load
behaviour, together with the vehicle low-frequency active power control loop dynamics
has, in this thesis, been pointed out as an important reason for the instability. The active
power control loop clearly shows positive feedback.

This constant power load characteristic is supported by the negative input admittance
calculated for the real vehicle in Section 8.5. The study of the developed model shows a
similar instability phenomenon as reported in the literature and important similarities to
the real vehicle tested have been found. Additionally, one proposed solution for
improving stability (POD1b) has a corresponding positive impact on both the model and
real-life vehicle at the rotary converter’s eigenfrequency, even though the control
system structures are known to be slightly different.

Comparing details in the time simulation comprising the rotary converter performed
with the developed model to measurements on the real vehicle, however, reveals some
similiarities and some differences. The active power and current oscillate in a similar
way relative to the line voltage, but the reactive power oscillations are different. The
detailed reason for the instability caused by the real vehicle may hence be different from
the simulation model’s, since the stability limit is reached at a much shorter line length
in reality than in the simulation model. For the time being, there have not been
published enough characteristics and measurement results to say what is typical low-
frequency behaviour for an advanced electric rail vehicle and what is not. There has also
not been found any other descriptions for reactive power control in the literature other
than the solution that has been implemented in the developed simulation model.

One identified important reason for the instability are the bandwidths of the active and
reactive power control loops. A possible lower bandwidth reduces the constant power
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load behaviour of the vehicle and shifts the focus to other reasons for the observed
instability. When the typical behaviour is known, it will be possible to better quantify
the relevance of the developed model. Based on this, it can be then judged how much
weight should be given to the proposed constant power load explanation.

The future development of vehicles will of course change the view of what a typical or
state-of-the-art structure is. Heising, et al. [80] propose a multi-variable line-side
converter control system without the conventional integral part of the DC-link voltage
controller. Glinka and Marquardt [71] propose a multi-level line-side converter that
eliminates the need for the DC-link second-harmonic resonance tank. Moreover, the
semiconductors’ switching frequency limits the bandwidth of the AC current control
loop, but the development tends towards a higher switching frequency and hence this
constraint is lifted. These developments might exert an influence on low-frequency
vehicle behaviour.

9.1.3 Necessary or sufficient stability criterion

The vehicle line-side converter has two primary tasks: It shall keep the DC-link voltage
at reference value independent of motor power, and it shall control the line-side power
factor. The first task implies a constant power load behaviour that has been emphasised
in this thesis. This behaviour, together with the low-frequency DC-link voltage control
eigenmode, has been used to explain how the vehicle may result in an unstable system
in conjunction with the rotary converter. Active power oscillation has been in focus and
a simple and qualitative stability criterion is expressed as an input admittance
requirement in Section 8.2.

It is shown in Chapter 8 that the stability criterion for the rotary converter is violated by
both the simulation model and the real vehicle. It has also been observed that fulfilment
of the criterion improves the system stability due to application of the power oscillation
damper. This experience tells that a positive input admittance is advantageous for
stability and support the basic theory in Chapter 3.

It 1s, however, reasonable to believe that the influence and importance of the reactive
power oscillations and line voltage frequency/phase modulation are larger than what is
experienced and emphasised in this thesis. Neither damping by use of the PLL nor by
reactive power is reflected well by the simple input admittance studied as shown in
Section 8.3. It is not quantified how much these qualities increase or decrease the
stability margins of the system from the proposed input admittance only.

This is the reason for the double feedback loop approach proposed by Menth and Meyer
[116] as described in Section 8.4, which intends to include both the constant power load
behaviour and the mentioned additional phenomena. The necessity and sufficiency of
the proposed input admittance criterion is difficult to say for sure, since only one single
loop in the double feedback loop in Figure 8-10 is studied in present thesis.
Consequently, more experience and investigations are needed to assert this safely.
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If the simple input admittance criterion is not guaranteed to be sufficient and is also not
shown to be necessary, it might be too stringent to use this as an absolute criterion for
the acceptance of a vehicle in a network with rotary converters. On the other hand, this
criterion is simple to understand and might be a good target for the design of the vehicle
low-frequency behaviour anyway.

9.1.4 System stability in a wider perspective

The classic understanding of low-frequency oscillations as described in Section 2.4 is
only related to the synchronous-machine power angle oscillations. Van Cutsem and
Vournas [179] refer to the oscillations as being ‘generator driven’ while voltage
stability is ‘load driven’, though they pointed out that there is not a clear separation
between these two in the short term. In the case investigated in the present thesis, the
rotary converter power angle oscillations are clearly load driven and results in voltage
amplitude oscillations.

Kundur [106] extends the oscillatory power system instability to also include a ‘control
mode’ associated with poorly tuned exciters, speed governors, HVDC converters and
static VAR compensators. This control mode may include the vehicle mode being
investigated in the present thesis.

It was explained in Chapter 2 that the use of controlled power electronics in railways
increases, both on the vehicle and infrastructure side. This, however, is not only the case
for railways, as a similar development can also be observed in other power systems. Sun
[173] describes how an AC power system until recent years was:

‘largely an electromechanical system where power was almost
exclusively generated by large synchronous generators and mostly
consumed by linear and passive loads (...). This, however, is changing
rapidly in recent years due to the proliferation of renewable energy and
distributed generation technologies on the source side, and energy-
efficient technologies such as solid-state lightning and variable-speed
drives on the load side. (...). As a result, there is a great demand for the
understanding of stability (...) in AC power systems, as well as
methodologies and tools that can be applied to analyse and integrate
such complex systems.’

Both the work performed and referred to in this thesis confirm that stability in power
systems dominated by power electronic components represent a challenging topic. The
load, here represented by the vehicle, indeed has low-frequency dynamic behaviour. It
has been shown that the dynamic load is able make a power system low-frequency
oscillatory unstable, together with a line and an ideal voltage source only. Together with
the rotary converter, the load is able to reduce the system damping, resulting in
instability at the converter’s electromechanical eigenfrequency. Neither of these
instability cases are easy to put in the class defined by Kundur, et al. [107], and are
indeed load-driven. The constant power load characteristic is widely known as a cause
for voltage instability, but not explicitly and previously expressed for low-frequency
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oscillations in AC systems. The classification of power system (in)stability should be
extended to include both load dynamics and constant power characteristics more clearly.

Despite similarities to other power systems regarding the introduction of power
electronic solutions as previously mentioned, traction power systems may also be
special. Most AC railways are single-phase systems. The time-variant electrical
variables in such a system often require filtering. To a large extent, these filters’
bandwidths are given by the system’s fundamental frequency, and they all introduce
dynamics in the same frequency area. In addition, the transmission of 5-15 MW via
high impedance lines is rarely seen in other single-phase systems. The moving loads
result in large and rapid changes in operating points for the system and operating
conditions for the vehicles. For this reason, the vehicles must show a qualitatively
robust behaviour for all interaction phenomena which is valid over the entire range of
operating conditions.

On the other side, even if passive behaviour is found to be of advantage, it cannot be
expected that a vehicle should show a positive real value of the input admittance for all
frequencies. The input admittances calculated for the simulation model and for the real
vehicle shows a negative real value for very low frequencies even when the active
damping controller is applied. A long-term passive characteristic is not even seen on old
tap-changer vehicles: If the voltage drops enough for power consumption to be reduced
and the train’s speed decreases, the locomotive driver simply compensates by changing
the transformer step.

The experience gained from the power oscillation dampers (POD) designed in this
thesis is that new dynamical behaviour is introduced on an even lower frequency. This
means that the vehicle dynamics seen from the network are shifted down in frequency.
Similar experience comes from work with electrical resonance instability as well: When
a particular control is applied in order to act passive above the given frequency limit,
1.e., 90 Hz in Norway and Sweden, dynamics and active behaviour may result directly
below this frequency.

But does this shift of dynamics also imply that the observed instability problems in
railway networks without rotary converters will be shifted down in frequency as well if
all vehicles are equipped with such a POD? The improved design of power oscillation
dampers should aim to make the transition between constant power load behaviour and
neutral or damping smoother without such amplification below 1 Hz as shown in Figure
8-9 for the simulation model. Different damping algorithms should be coordinated with
the rest of the control parameters. Saying that, it is in this thesis not investigated if such
a POD even is a usable remedy in the other stability cases reported in Table 2-2, for
example the ‘depot problem’. Solving these instability problems is a task for the near
future.
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9.1.5 Available information

The development of the vehicle model in this thesis is mainly based on available
literature resources such as text books and scientific papers. Put together, their
fragmental contribution results in an open and complete vehicle model which can be
studied and criticised. The model can be used for principal studies and as a stepping
stone for further investigations.

None of these resources found discuss the complete vehicle in terms of low-frequency
behaviour, which has several probable reasons. First, the low-frequency instability
phenomena that occur are still young. Second, most of the development and research are
performed inside the vehicle manufacturer’s companies and not in universities. Control
structures, solutions and so on are often treated as company secrets. And third, the
number of engineers working within this technical field is limited, which has resulted in
a scarcity of published material.

The lack of available information about complex power system components is not
specifically a railway problem. Persson, et al. [144] describe difficulties experienced by
a utility company in performing a stability analysis of their power system with
windmills from various manufacturers. There is no standardisation of windmill models,
details about the simulation models are normally not given and different default models
in simulation software give different results and stability margins.

If a methodology for an impedance-based approach for system stability can be
established, the need for detailed information about the system’s components compared
to a state-space approach can be reduced.

One disadvantage of the developed model is that there is always an uncertainty with
regard to whether the model is representative enough or not as discussed in Section
9.1.2. For more detailed studies, it is recommended to work in closer collaboration with
a vehicle manufacturer. But as power system stability is a result of several interacting
components, openness about technical problems and solutions is important.

9.2 Answer to research questions

Four research questions were listed in Section 1.3.3. Next follows short answers to these
questions as a summary of this work:

o s it possible to use traditional power system analysis tools and methods to study
the low-frequency instability in traction power systems?
Yes, both time simulation and linear analysis of the developed vehicle model are
able to reflect the experienced instability phenomena, though a condition is that
the vehicle’s current control loop dynamics have to be taken into account. This
means that it is necessary to include both the network dynamics and vehicle
current controller in the model. This loop is commonly neglected in traditional
power system analysis. The usability of such state-space based methods is
however in practice limited due to the available information about the rail
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vehicles and the difficulties in exact representing some single-phase and time-
variant components in the rotating reference frame.

e How and what influences the synchronous-synchronous rotary frequency
converter’s low-frequency electromechanical swing equation?
The swing equation for a rotary converter is an extension of the similar equation
for a single synchronous machine infinite bus system. The converter’s motor is
stiffer connected to the three-phase equivalent network than the generator is
connected to the single-phase equivalent network since the three-phase network
fundamental frequency is higher than the single-phase network frequency.
Hence, it is the motor synchronising torque coefficient and damping that
dominate the low-frequency electromechanical eigenmode.

e How does an advanced rail vehicle work in view of the observed low-frequency
instability?
Seen from the power supply, the vehicle controls the active and reactive power
at its current collector to be constant for the given operating point. The vehicle
shows a dominating eigenmode in the low-frequency range due to the state-of-
the-art DC-link voltage control and bandwidth of measurement filters. The
active power control may react on a low-frequency line voltage amplitude
oscillation by controlling the current opposite. The vehicle’s low-frequency
dynamics may cause an amplification of the oscillation resulting in system
instability or damp the oscillation depening on the configuration of the line-side
converter control system. The study of reactive power control is a task for future.

o How do input admittance considerations work in terms of low-frequency
instability?
Together, the vehicle input admittance and power supply output impedance form
a closed control loop. Due to the vehicle’s objective to control the power
independent of line voltage amplitude changes, its input admittance relative to
the line current amplitude shows a negative real part that results in a positive
feedback loop. This relation can be simply studied by considering the amplitude
of voltage and currents only. In an AC system, however, there are several
circumstances, such as phase angles and reactive power, that influence the
stability margins and the final method for a complete analysis remains for
further study.

9.3 Conclusions

In this thesis, stability in electric traction power systems has been studied. Reported
cases of instability have been surveyed and discussed in view of traditional power
system stability classification. The overall technical development generally introduces
more and more power electronic components into power systems. This changes the
characteristics of the power system and introduces new dynamical phenomena.
Therefore, traditional power system stability classification have to be extended in order
to include and categorise these new phenomena.
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One such instability phenomenon is the low-frequency power oscillation observed in
several different railway networks. A typical oscillation frequency is 10-30 % of the
system’s fundamental frequency. New advanced electric rail vehicles which utilise
power electronic converters are an essential part in this phenomenon. The unstable
interaction experienced between these vehicles and the poorly damped rotary frequency
converters used for the electric traction power supply in Norway have been further
focused on.

In order to acquire knowledge about this low-frequency oscillation phenomenon, a large
part of this work has been to develop a simulation model of such a rail vehicle based on
available resources. The model is thoroughly described and discussed in order to
compensate for the limited amount of information available on this topic. The
simulation model shows essentially similar dynamical behaviour and instability
phenomena as reported from real railways. One condition though is that network and
vehicle current dynamics are included in the model. This closed current control loop has
a large influence on the stability margins, but is commonly neglected in traditional
power system stability studies for this frequency range.

The low-frequency dynamics in such a traction power system are studied by use of a
traditional power system time-invariant method. This includes state-space modelling in
a rotating reference frame and performing a linear eigenvalue analysis together with
time simulations. These methods have been found to yield useful insight into the basics
of the vehicle model’s low-frequency behaviour and its interaction with the rotary
converter, though impedance-based methods may be more practically usable than state-
space based methods. A comparison between a rotating reference system model and a
stationary reference system model show essentially the same low-frequency behaviour.
Even so, it is important to understand that such a rotating reference frame modelling of
a single-phase system represents a simplification with fewer constraints and several
phenomena neglected compared with real life.

Study of the developed model indicates that one important reason for instability in
conjuction with the rotary converter is the vehicle’s characteristic to control the active
power to be constant independently of the supply voltage. In principle, this constant
power load characteristic reduces the stability margins of the system. A vehicle low-
frequency oscillatory eigenmode due to several time constants in the same range may
reduce the margins even more. The dynamics of the DC-link voltage control loop is
shown to be important in that respect.

These observations are supported by simplified basic analytical calculations such as
dynamical impedance and admittance considerations. A constant power load
characteristic basically results in a negative input admittance for the vehicle, which
again results in a positive feedback loop. The stability margins are further reduced since
the rotary converter electromechanical eigenmode results in a peak increase in the
power supply output impedance and consequently increased loop gain at its
eigenfrequency.
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The poor system stability that has been experienced in both the simulation model and
real life can be improved by reducing the constant power load behaviour of the vehicle
at the rotary converter eigenfrequency. Such a characteristic can be reached by
introducing a power oscillation damper function in the vehicle’s control system. The
damping impact of such a function is in principle verified by measurements on a real
vehicle, though the proposed power oscillation dampers are shown in the simulation
model to introduce new dynamics at lower frequencies.

As the vehicle model is based on fragments of information from different sources, it is
appropriate to question its general validity. That includes the low-frequency dynamics
and the proposed hypothesis regarding the main reason for system instability. An
instantaneous value model of the rotary converter is at present missing, and obstructs
study of the system interaction and proposed improvements in a real single-phase
system.

9.4 Further work

There are still open questions that require further work within the field of low-frequency
stability in traction power systems. In each chapter in present thesis, proposals for
further work are given within the respective topic. See Sections 3.7.3, 5.8.3, 6.6.3, 7.7.3
and 8.6.3. Next follows the superior and main proposals for further work:

e The present work focuses mainly on the interaction between the electric rail
vehicle and the rotary converter, but instability is experienced and described also
in systems without this machines. It is not considered in detail whether the
proposed vehicle input admittance stability criterion regarding the rotary
converter’s electromechanical eigenmode (Equation (8.3)) is also feasible for a
system without such specific power supply resonances, i.e. where the low-
frequency dynamics are dominated by the rail vehicles only. This dynamic may
be caused by the vehicle itself or other vehicles in the system. And, will the
instability when applying a POD, then, only be shifted to another frequency? It
is important to address these questions in a further work. Furthermore, a deeper
understanding of the ‘depot problem’ and possible remedies is needed.

e The present thesis focuses on the active power control of the vehicle. However,
the results indicate that the reactive power flow may have a large influence on
stability margins too. Further work is needed in order to understand how the
reactive power in a vehicle is controlled and participates in low-frequency
oscillations.

e Furthermore, it is necessary to study the tuning of the vehicles’ different
controllers in terms of low-frequency stability. The present thesis only considers
one controller at a time, which may not result in the optimal global low-
frequency behaviour. A global optimisation study of the vehicle should therefore
be carried out. Trade-offs between stability and other performance requirements
should be more clearly stated so it is known where possible contradictions are.
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Additionally, all damping algorithms have to be coordinated against each other
as well as to the rest of the vehicle’s control system. In the present thesis, it has
been observed that active damping at one frequency may increase the dynamics
on another frequency, and that different damping algorithms may influence each
other in an unfavourable way.

The focus of the present thesis has been on the vehicle in no-load or power
consumption (traction) mode only, as this is the basic operating mode in which
most instability is experienced. A further study of the dynamical behaviour in
regenerative braking mode should also be carried out. Different outer control
loops (open or closed) such as reactive power compensation and line power
limitation may exert an influence on dynamical behaviour. Such operating
modes are common in weak networks in which the stability margins are already
small and should be addressed in further work.

The traditional state-space approach to study small-signal low-frequency
stability in power system is difficult to apply to the complex single-phase power
electronic components in practice. Therefore an impedance-based approach for
more detailed analysis should be developed. The input admittance
considerations in the present thesis simplify the AC system by only taking the
voltage and current amplitudes into account. This approach is insufficient for
more detailed stability investigations of the complex AC system. Frequency
domain methods for AC systems are proposed by Menth and Meyer [116] and
Prols and Strobl [148], and it is recommended to continue with further work in
this direction. Specifically, the understanding of how a reactive power and
inductive voltage drop can be included in the analysis is of importance as a first
step. Further, the influence from the phase oscillations has to be taken into
consideration. This need is valid for all operating modes and the control system
tunings mentioned above. This work should include both development and an
understanding of the method, the establishment of stability criterion/criteria, and
agreement on a format for information exchange.

If the AC system frequency domain dg approach is widely understood and
accepted, a method for the representation of the vehicle as a black box in
traditional power system analysis software should be developed. The black box
should include the four frequency responses that are intended to describe the
vehicle’s low-frequency dynamics. Persson [141] proposes and thoroughly
describes in this context an approach that is of interest and has shown good
results. This approach is temporarily adapted and suggested for an electric rail
vehicle and shown in Figure 9-1 based on the vehicle model sketched in Figure
8-1. The vehicle is divided into a steady-state model (for example Equation
(8.5)) and a linear dynamical model (for example ¥},,; in Figure 8-10) by low-
pass filters. The Park’s transform and its inverse are used for transforming
phasors from the power system global rotating (DQ) reference system to the
vehicle specific rotating (dg) reference system and vice versa. Unfortunately, the
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study of this idea is not completed within the present thesis. If an electric vehicle
is modelled by this approach in a complete system, perhaps use of linear
analysis, such as in present thesis, can help understanding of the four transfer
functions and how each of them interact with the rest of the system. It is
however still an open question whether the non-linearity of the vehicle will limit
the validity of one set of such frequency responses or if several sets at different
operating points are needed. Further studies regarding this should also address
the matter of necessity of including the L di/dt voltage term in the rest of the
power system model.
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Figure 9-1: A temporarily adapted interface for the black box-modelling of an electric rail vehicle

in power system studies. Subscript ‘s’ denotes steady-state voltage and current while
subscrip ‘t’ denotes transient voltage and current. All signals are phasors except the
phase angle 6,.

Further, if or when the theory for stability analysis of AC power system by
frequency response representation as introduced above proves useful, methods
for determining the vehicle input admittance and power supply output
impedance from real-life measurements should be developed. Huang, et al. [86]
may be useful in that context.

The present thesis focuses on the interaction between electric rail vehicles and
the synchronous-synchronous motor-generator sets. Increase in number of static
frequency converters must however be expected in future. Low-frequency
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oscillations in traction power systems fed by static frequency converters has also
been observed (Meyer and Thoma [124]), which should be included in further
studies. In this respect, also any implemented current limiter should be
considered since they may influence the output voltage from the converter.

Modelling in the rotating reference frame implies simplifications for single-
phase systems. In order to check the validity of rotating reference frame model
simulations in present thesis and how realistic the proposed improvements are,
an instantaneous value model of the rotary converter should be developed. Such
a model will be useful for the vehicle manufacturers as a basis for
implementation of a more accurate power system infrastructure model in their
vehicle real-time simulators.

The classification of power system (in)stability should be extended to include
both load dynamics and constant power characteristics more clearly.
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Appendix A Instantaneous value  model input
admittance calculation method

This appendix describes the method that is used for the calculation of the input
admittance for the instantaneous value vehicle model in Section 8.3.

A.1 Test bench

The vehicle is directly connected to an AC voltage source as shown in Figure A-1, i.e.,
there is no line impedance in between. Even if it is not explicitly shown in the figure,
the vehicle model still includes the DC-link, motor side and control system. The source
and vehicle line voltage and current are measured and used for the input admittance
calculation.

Angle reference Input admittance calculation
I I [
“ap,/ |- !ﬁl—lﬁA—]d-—@ %
—{Delav(T/A — / dg—ILPEHFFT— -
1 1
0 B P q q g dq
s s A — ; —
u u l—‘:'*
b PHeREn—
Delay(T./4 d LPFHFFT}— Y
Up 1 U, AU, *
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> "N Il 1~ |
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e,o—Idqg " u[ PWM

acl

Voltage source Measurements Vehicle model

Figure A-1: A signal flow diagram for the testbench. The thin lines are instantaneous value scalars
and the thick lines are phasors.

The source voltage u,.1(?) is an initial 15-kV 16 %:-Hz single-phase AC source, of which
the voltage amplitude and phase can be manipulated by controlling the d- and g-axis
voltages e; and e, in the synchronously rotating reference frame. The voltage phasor
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U

acl

is originally aligned along the real complex axis such that
Uaclo =| UW]O |+70= Umo | £0°=¢,, + je,,. Small changes (A) in e, and e, leads to a

change in voltage amplitude and phase, respectively, as shown in Figure A-2 and
Equation (A.1).
q — axis

¥

-0 oy » d — axis
edO _| acl0 | ed

Figure A-2: Voltage components in the rotating reference frame.

e, =€, +Ae, = UaclO | +Ae, (A1)
e, =e,+Ae, =0.0+Ae, .

A transformation from the synchronously rotating reference frame is done by Equation
(A.2) (dg/ap). This is the first row in the inverse Park’s transform (inverse of Equation
(4.7)). 65 1s the angle for orientation of the global complex synchronously rotating frame
for the system given by Equation (A.3) where ws is the system fundamental angular
frequency (=27f;). See Figure 4-1 b).

U, =e;cosd —e, sind, (A.2)

0,=[wdt=wt (A3)
0

As we are interested in the d- and g-axis currents as well as the voltages, these must be
calculated. A simple and direct transform from a stationary reference frame to a rotating
reference frame for the single-phase system does not exist such as for a three-phase
system. An artificial second phase therefore has to be created. In this case, a time delay
of a quarter of the fundamental period time (7/4) is used to establish an orthogonal (f)
signal that is 90 fundamental degrees lagging physical signal («). This is a simple way
of orthogonalisation, but it has two disadvantages:
e It has a filtering impact as illustrated in Figure A-3 and shown in
Equation (5.10).
e It produces harmonics, especially when the signal frequency is not exactly
according to the tuning of the delay.

The low filtering impact from the delay on the measured d- and g-axis currents are
compensated for by applying the same method and filtering to the voltage
measurements. The cross couplings between the axes are weak and hence neglected.
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The influence from harmonics are not specifically reduced, but an anti-aliasing low-pass
filter (LPF) (Butterworth of the 7™ order) avoids the folding of harmonics into the Fast
Fourier Transform (FFT) analysis. This filtering is thoroughly described by Persson
[141] (Section 4.8.1).
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Figure A-3: The frequency response of the instantaneous value model of delay compared with the
low-pass filter transfer function in Equation (5.10).

Huang, et al. [86] use the Hilbert transform for orthogonalisation instead. The Hilbert
transform is a mathematical transform that shifts every input signal component 90
degrees lagging relative to the component’s own frequency. However, this transform is
difficult to implement and a good qualitative description of the benefits over a single
delay as used in the present thesis has not been found.

For the transformation from a stationary reference frame to the rotating reference frame
(ap/dq), the angle for orientation of the global complex synchronously rotating fram, 6,
is used as the angle for Park’s transform.

A.2 Frequency sweep

Disturbances in the source voltage u,.(f) amplitude and phase are imposed by
overlaying a sinusoidal voltage with an amplitude of 0.1 pu on the synchronous rotating
source voltages e; and e,, respectively. The overlaying signal is periodic with the
oscillation frequency f,.. The voltage source output is given by Equation (A.4)
combined with Equation (A.2), which is essentially represented by Equation (3.21).
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e, =e,, +0.1sin2z £, _t)=|U,, | +0.1sin27 £, 1)

osc

e, =e,+0.1sin(27 1, 1) = 0.0+ 0.1sin(27 f, 1)

osc osc

(A4)

The amplitude and phase of u,.; is disturbed one at a time by a periodic signal, i.e.,
when the amplitude is changed, the phase change is 0 and vice versa. Huang, et al. [86]
though change both the d- and g-axis component of the source voltage at the same time.

The amplitude of the disturbance (here: 0.1 pu = 1.5 kV) can be discussed. The
amplitude has to be large enough to ensure proper results for the FFT analysis, but it
should be limited depending on what degree of system non-linearity the results should
include. The 10 % amplitude used here is in the range used by Persson [141] for a
similar system identification.

The frequency sweep performed in the present thesis includes the following
frequencies:

e Every 1/3 Hz from 1/3 to 5 Hz

e Every 1/1 Hz from 5 to 16 Hz

An FFT analysis is performed for six seconds of the time simulation result by using a
rectangular window. The chosen period allows both an integer number of fundamental
frequency periods and oscillation frequency periods to be included. The analysis period
starts after the system has come to a quasi-stationary state, i.e., when all transients are
vanished and only the forced oscillations from the periodic change are left. Details
about the FFT algorithm used in this thesis are described by Persson [143].

The results from the FFT analyses are four phasors, Al;, Al,, AU; and AU, that
represent the d- and g-axis voltage and current components at the imposed oscillation
frequency. A change in voltage AU may lead to a change in the current A/. This is
enough information to calculate the corresponding magnitude and phase shift from the
disturbance in voltage to the response in current. In the field of electrical engineering,
the current on voltage ratio is called admittance Y. Altogether, this relieves four
admittances (Menth and Meyer [116]):

Yia= Aly/AU,; — current amplitude change given by voltage amplitude change
Y,a= Al,/AU; — current phase change given by voltage amplitude change

Y4y = Aly/AU, — current amplitude change given by voltage phase change

Y,, = Al,/AU, — current phase change given by voltage phase change

There are two direct terms, d-of-d and g-of-g, and two cross-coupling terms, g-of-d and
d-of-q. When the four admittances are found for all the frequencies in the list above, the
vehicle input admittance frequency response can be plotted as shown in Figure 8-11.
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B.1 Reference case

Throughout this thesis, several numerical examples are provided. Many of these
examples are related to a reference case that is selected as follows.

A transportable synchronous-synchronous rotary frequency converter type ASEA Q38,
as shown in Figure 2-2 having a continuous rating of 4 MVA, is feeding a single-track
railway and one single rail vehicle as shown in Figure 1-1. A single-line diagram in
Figure B-1 shows the steady-state power flow for the reference case.
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Figure B-1: A single-line diagram for the reference case. Active and reactive power is given in
MW and MVAr, and voltage’s magnitude and angle in are given in kV (phase to
phase voltages) and degrees, respectively.

The converter may be overloaded to 5.8 MVA for one hour or § MVA for six minutes
according to Lundberg [113]. It is fed from a 66-kV three-phase system representing a
short-circuit capacity of 250 MVA at the converter three-phase transformer upside. This
converter and three-phase network are most commonly found in Norway
(Banverket/Jernbaneverket [17]). Both the motor and generator include exciters and
automatic voltage controllers (AVR). The motor excitation adjusted so the reactive
power at its terminal equals zero, which gives the reference voltage for the AVR.
Furthermore, if necessary (here it was not) the three-phase transformer tap-changer may
be adjusted (in increments of 300 V) in order to keep the motor voltage as close as
possible to 6.3 kV. The line voltage at the single-phase transformer 15-kV side is
controlled to be 16.5 kV with a zero load-depending slope by use of the AVR. Data for
the converter, the transformers and the regulators are given in Appendix B.1.
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Between the rotary converter and the rail vehicle, there is 60 km of overhead contact
line. This length was chosen since it is the length of line for which a vehicle is required
to operate stably in order to be accepted for operation in Norway and Sweden
(Banverket/Jernbaneverket [17]). The line impedance is (0.19 +0.21) Q/km.

The rail vehicle is based on exercise 17.8 by Steimel [163] and is further introduced and
explained in Chapter 5. It represents a 6.4 MW universal locomotive measured on
wheel. This results in an electrical rating of 7.35 MW. The vehicle is operated on half of
the rated power, i.e., 3.67 MW. This power demand results in a line voltage of 12.6 kV
at the train’s current collector. The line losses increase the total load of the converter to
5 MVA. The detailed load flow is shown in the single-line diagram.

Figure B-2 shows the steady state nose curves (P-V curves) for various loads with unity
power factor fed from a voltage source at 16.5 kV over an overhead contact line. The
reference case operating point is specially marked. It has been observed that the
reference case has a stability margin for a voltage collapse of more than 1 MW (~25 %)
and 15 km (~25 %).
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Figure B-2: Nose curves (P-V curves) for power transfer over an overhead contact line for a load
with unity power factor.
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B.2 Rotary converter parameters

B.2.1 Synchronous machines
The rotary converter synchronous-machine parameters used in this thesis are given in
Table B-1. They have all been received from the former manufacturer of these
machines, but the following changes, as described in Section 3.5.3, apply:
e The inertia constant is increased by 5% to take the exciters into account.
e The motor g-axis sub-transient reactance is increased by 42% in order to adapt
to the poor damping observed in reality (see Section 3.5.3).

Table B-1: Rotary-converter synchronous-machine parameters.

Parameter Unit Motor Generator
Sy — Rated power MVA 4.4 4.0
Uy — Rated voltage kV 6.3 4.0
X, — Stator leakage reactance pu 0.11 0.096
R, — Stator resistance pu 0.0033 0.00175
Xy — D-axis synchronous reactance pu 0.90 1.02
X, — D-axis transient reactance pu 0.24 0.12
X, — D-axis sub-transient reactance pu 0.165 0.10
X, =X, — Q-axis synchronous reactance pu 0.40 0.47
X, — Q-axis sub-transient reactance pu 0.34 0.11
T — D-axis transient time constant S 4.0 8.6
T4’ — D-axis sub-transient time constant S 0.04 0.08
T,0"" — Q-axis sub-transient time constant S 0.10 34
H — Inertia constant MWs/MVA 1.70 1.87

The reactances are unsaturated and saturation in is not included in the model.

B.2.2 Transformers

The parameters for the transformers connecting the rotary converter to the respective
grids used in this thesis are given in Table B-2. The data are found in test protocols.

Table B-2: Rotary-converter transformer parameters.

Parameter Unit Motor  Generator
Sy — Rated power MVA 4.4 4.0
Un; — Rated voltage first winding kV 66 4.0
Un:z — Rated voltage second winding kV 6.3 16.6
ER ;> — Short-circuit resistance pu 0.0054 0.014
EX;> — Short-circuit reactance pu 0.079 0.034

B.3 Automatic voltage regulator parameters

The parameters for the exciters and ASEA YGUA automatic voltage regulators used in
this thesis are given in Table B-3. The standard excitation system model IEEE Type
DCI1A ‘Excitation system with DC commutator exciter’ ([1]) is used. The background
for the different parameter values are:
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e Ty is assumed to be half of the rectifier diode-bridge switching frequency equal
to a quarter of a fundamental period.

e K, is calculated by Stensby [167] based on measurements from Landstrom
[108].

e T, and Tr are measured in Landstrom [108].

e Ky isaccording to Hogberg [87], zero due to rheostat adjustment.

o Tg, VRyyy and VRy4x are found for the motor exciter by Stensby [168]. Similar
measurements and calculations are performed for generator exciter.

e Kpris assumed to be equal to typical values as given by Andersson and Fouad
[11], page 300.

Table B-3: Rotary-converter exciter and automatic voltage regulator parameters.

Parameter Unit Motor Generator
Tr — Regulator input filter time constant ] 0.005 0.015
K4 — Regulator amplifier gain pu 382 382

T, — Regulator amplifier time constant S 0.11 0.11

Kr — Exciter constant related to self-excited field pu 0.0 0.0

Tr — Exciter time constant S 0.46 0.53
Kr— Regulator stabiliser circuit gain pu 0.04 0.04

Tr — Regulator stabiliser circuit time constant S 0.7 0.7
VRyunv — Min value of regulator output pu -2.9 -3.5
VRy4x — Max value of regulator output pu 2.9 3.5

No current (power) dependent voltage charateristic is used (R¢c = X¢ = 0%).
B.4 Vehicle model parameters

B.4.1 Electrical component values

The vehicle’s nominal power is 6.4 MW measured on wheel, which is used as the base
power for the per unit system. Taking losses and 5 % overload into account as shown by
Steimel [163], the rated power is 7.35 MVA. The line-side converter’s switching
frequency is 250 Hz.

The vehicle transformer and DC-link parameters are listed in Table B-4 and Table B-5,
respectively.

Table B-4:  Vehicle transformer parameters.

Parameter Unit Value Source

Sy — Rated power MVA 7.35  Calculated above
Un; — Rated voltage first winding kV 15 Steimel [163]
Un: — Rated voltage second winding kV 1.568 Steimel [163]

ER ;> — Short-circuit resistance pu 0.005 Steimel [163]
EX;> — Short-circuit reactance pu 0.333 Steimel [163]
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Table B-5: Vehicle DC-link parameters.

Parameter Unit Value Source
Uicn — Rated voltage kV 2.8 Steimel [163]
Cs— DC-link capacitor mF 244 =0.0267.35/2.8>

C, — Second-harmonic filter capacitor mF 16.52  Steimel [163]
L, — Second-harmonic filter inductor mH 1.375 Steimel [163]
R, — Second-harmonic filter resistor mQ 30 Mikus [127]

According to Equation (6.1) the DC-link discharge time is:

2 2800[71)
T.=(C, + cz)% - (0.0244+0.01652)[F]& =0.0436[s]
P 7350000[V'4]

B.4.2 Control system parameters

The vehicle control-system parameters used in the original model in this thesis are listed
in Table B-6. The per unit values are related to Sg.,e = 6.4 MW and the transformer
secondary side voltage Upyse = 1.558 kV.

Table B-6: Vehicle control system parameters.

Parameter Unit Value Source
Kusogr — Voltage measurement SOGI gain pu 0.8 Selected
Kisogr — Current measurement SOGI gain pu 3 Selected
Kppr1 — Phase-locked loop gain pu 51 Based on
Ciobotaru,
et al. [43]
Tipr. — Phase-locked loop integration time S 0.079 Based on
Ciobotaru,
et al. [43]
Kpyc — DC-link voltage controller gain pu 1.67  Section
6.2.2
Tiyc — DC-link voltage controller integration time S 0.06  Section
6.2.2
Kpcc— AC current controller gain pu 0.87 Based on
Harnefors,
et al. [74]
Ticc — AC current controller integration time S 180 Stanke [160]
Tupc — DC-link voltage measurement filter bandwidth Hz 100 Selected
Tipc — Motor current measurement filter bandwidth Hz 100 Selected
Tfcpr — Motor damping filter time constant S 0.15 From a real
locomotive,

Eisele [64]
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Appendix C Linear analysis and eigenvalue analysis
introduction

A common way to study small-signal stability in electric power systems is by linear
analysis and eigenvalue considerations (Kundur [106]). Such tools are used to a large
extent in this thesis, and therefore it has a value to introduce these mathematical tools. A
deeper description of linear analysis applied to electric power systems can be found in
the thesis written by Persson ([142] and [141]).

Together with time domain simulations, linear analysis represents a powerful tool. A
dynamical system may be systematically analysed instead of being done by trial and
error only.

Even if linear analysis as described here and eigenvalue considerations are not often
seen in traction power system stability studies, eigenvalue considerations are not new to
railways. That is, it is used to study both the rail-wheel mechanical interaction as done
by Andersson, et al. [10], or the overhead contact line-current collector mechanical
interaction as done by Selvberg [175].

C.1 Linearisation

A dynamical system may be described by a number of characteristic differential
equations, normally based on the physics of the system to be studied. Based on these
equations and information about the initial conditions, the state of the system can be
determined and the system’s response to a disturbance can be calculated.

If a system is non-linear, which a power system normally is (Kundur, et al. [107]), the
system is commonly linearised around an operating point. Then so-called A-values that
describe small deviations of the states from the linearisation point are used. In that way,
the mathematical tools which are used for linear systems can be utilised for non-linear
systems as well, such as traction power systems. The application of these tools is
formally valid in the vicinity of the linearisation point only.

C.2 Eigenvalues

A common way to describe a linear or linearised system is by a state space model as
shown in Equation (C.1). x is the state vector containing the state variables, i.e., the
variables from which the time derivative is to be considered. u is the vector containing
disturbance variables. x is a vector containing the time derivative of the state variables,
andy is called the output vector.
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AX = AAX + BAu

(C.1)
Ay = CAx +DAu

Matrix A is the state matrix and contains important information about the inherent
qualities of the linear or linearised system. B, C and D will not be used further in this
thesis. The roots of the characteristic Equation (C.2), 4, are called the eigenvalues of the
system describing the system’s so-called system modes. I is the identity matrix.

det(A — AT) =0 (C.2)

The number of eigenvalues for a system is equal to the dimension of A and the number
of independent first-order differential equations describing the system. An eigenvalue is
a complex number 4 = ¢ + jw,.,s = 0 + j2af describing a mode of the system in which
the imaginary part describes the oscillation frequency and the real part describes the
damping or time decay of the oscillation.

Complex eigenvalues appear as conjugate pairs. A negative real part identifies a
damped and hence stable mode in which the amplitude of the oscillation will become
zero as time increases after disturbance. A positive real part describes a negatively
damped and hence unstable mode in which the oscillation amplitude will increase as
time increases.

An example of a complex pair of eigenvalues 4,, =— 0.31 [1/s] *;1.55 [Hz] plotted in
the complex plane is shown in Figure C-1 together with the corresponding second-order
system’s impulse response in the time domain. The real parts of the eigenvalues
represent the inverse of the envelope curve’s decay time constant. After one time
constant (1/0), the envelope curve has decreased to 1/e times the initial value y;.

Eigenvalues without imaginary part are non-oscillatory, and the envelope curve in
Figure C-1 will then represent 43 = —0.31 [1/s].

Even if eigenvalues only formally describe linear and linearised systems, their real and
imaginary part represents important attributes that can be used for a simple description
of some transients or oscillations seen in non-linear dynamical systems. For example,
when measuring an oscillation, it might be useful to describe it by its frequency and its
damping or decay. Based on the time domain representation of an eigenvalue describing
a harmonic oscillator (Irgens [88]), Equation (C.3) can be developed and applied on the
curve in Figure C-1 in order to find the apparent or dominating eigenmode.

1 V=Y 1
ﬂ.l, ~ ln( 2 mji] (C.3)
’ L=t V1= Ve L=t
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Figure C-1: A complex pair of eigenvalues and a real valued eigenvalue shown in the complex
plane and their impulse response in time domain.

For more complex responses in which several modes are excited, for example from field
tests or time domain simulations, Prony analysis may be used (Hauer, et al. [76]).
Prony’s method allows for the estimation of frequency, damping, amplitude and phase
components of a uniformly sampled signal.

The damping ratio { determines the rate of decay of the amplitude of the oscillation, i.e.,
how effective the damping is, and is defined as in Equation (C.4).

— e
(o} a,.

C.3 Participation factors

For every eigenvalue 4; there exist two eigenvectors, the right eigenvector @; and the
left eigenvector ¥;. These can be calculated based on the state matrix A as in Equations
(C.5) and (C.6), respectively. The superscript 7' denotes the transpose of the associated
vector.

AD =i®, (C.5)
VA=A (C.6)

The right eigenvector describes the relative activity of the system’s state variable in a

particular mode i, also called the mode shape. The left eigenvector weights the state

variables’ contribution in the /™ mode. One problem in using the eigenvectors
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individually for identifying the relationship between states and modes is that their
elements depend on the state variables’ units and scaling. However, calculating the
participation factors P; for the mode as in Equation (C.7) (Perez-Arriaga, et al. [140]),
the eigenvectors are normalised so that the sum of participation factors associated with
any mode or with any state variable is equal to 1. A participation factor is a measure of
the relative participation of one state variable in one specific mode or vice versa. This
means that it is possible to determine what state variables and hence components that
participate in and dominate one system mode.

P =V o, (C7)

Participation factors are to be understood as indicative and not an exact numbers, i.e.,
they are not as formal as the eigenvalues.

C.4 Simulation tool used

Different power system analysis computer programs include tools for linear analysis
and eigenvalue calculations (Slootweg, et al. [159]). One such program is SIMPOW
(SIMulation of POWer system) that is used for the study of the complex power systems
in this thesis.

SIMPOW is an integrated software for the simulation of power systems (Fankhauser, et
al. [67]). It covers a wide range of network applications, but focuses mainly on dynamic
simulation in time domain and analysis in frequency domain. The software includes an
optimal power flow module that is the basis for further dynamical simulations. Time
domain simulations can be performed in either instantaneous values or by RMS values.
A linear analysis module allows for the linearisation of the system’s differential
equations for eigenvalue analysis (Slootweg, et al. [159]). The user is allowed to tailor
his/her own models of almost all the system’s components by a built-in programming
language if the standard component library is inadequate.

SIMPOW is used for power system analysis by both the Norwegian and Swedish
National Rail Administrations. The standard library includes a wide area of railway
related components such as synchronous-synchronous rotary converters (Palesjo [137]
and [138]) and various types of static converters ([3]). However, an instantaneous value
model of a single-phase synchronous machine does not yet exist and is not developed in
present thesis.
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Appendix D Vehicle dynamical model source code

This appendix includes the Dynamic Simulation Language (DSL) code for modelling
the advanced electrical rail vehicle in both standard and enhanced RMS modes (called
TRANSTA in SIMPOW) and instantaneous values mode (called MASTA in
SIMPOW). The initial load flow and the initialisation of the state variables for the
dynamical simulation are not included in the code shown here:

Il Orthogonalisation (SOGI and SOGI imitation)
IF (ACTYPE.LT.0) THEN !ITRANSTA

UA1T: 1/KUSOGI*(1/WREF+TDELAY)*_D/DT.UA1T
UB1T: 1/KUSOGI*(1/WREF+TDELAY)*_D/DT.UB1T

UPRE(AC1)/NTPU - UALT
UPIMCAC1)/NTPU - UB1T

IAT: 1/KISOGI*(1/WREF+TDELAY)*._.D/DT. IAT
IBT: 1/KISOGI*(1/WREF+TDELAY)*.D/DT.IBT

- PRE(IAC) - IAT
—_PIM(IAC) - IBT

UA1 = UALT
UB1 = UBI1T
1A = IAT
IB = IBT

ELSE !l MASTA

UAIM: _D/DT.UA1M
UB1IM: .D/DT.UB1IM

WREF * (KUSOGI*(UO(ACL)/NTPU-UAIM) - UB1IM)
WREF * UA1IM

IAM: .D/DT.1AM = WREF * (KISOGI*(-10(1AC)-IAM) - IBM)

IBM: .D/DT.IBM = WREF * 1AM
UA1 = UAIM
UB1 = UBIM
1A = 1AM
IB = IBM
ENDIF
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11 PARK Transform

UD1 = UAL*COS(TETA) + UB1*SIN(TETA)
UQL = -UAI*SIN(TETA) + UB1*COS(TETA)
ID = IA*COS(TETA) + IB*SIN(TETA)

1Q = -1A*SIN(TETA) + IB*COS(TETA)

11 PLL

X1: TIPLL * .D/DT.X1 = +UQ1l
IF (ACTYPE.LT.0) THEN IITRANSTA

WT = KPPLL*(X1 + UQ1)
TETAT: .D/DT.TETAT = WT

W = (WT + WREF)/WREF
TETA = TETAT

TETAPLL: _.D/DT.TETAPLL = WT
IF (TETAPLL .GT. 2*PIl) THEN
TETAPLL = TETAPLL - 2*PI
ENDIF
PHASE = TETAPLL + TETATO
ELSE 1! MASTA

WM = WREF + KPPLL*(X1 + UQ1)
TETAM: .D/DT.TETAM = WM

W = WM/WREF
TETA = TETAM

TETAPLL: .D/DT.TETAPLL = WM
IF (TETAPLL .GT. 2*PIl) THEN
TETAPLL = TETAPLL - 2*PI

ENDIF
PHASE = TETAM - FIO

ENDIF

11 DC-link voltage measurement

UDCFIL: TubDC * _.D/DT.UDCFIL = U(BUS2) - UDCFIL

1l Motor current measurement

IDCMFIL: TIDC * _D/DT.IDCMFIL = (IDCM) - IDCMFIL
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Appendix D Vehicle dynamical model

11 Power oscillation damper

UACL1 = SQRT( UD1**2 + UQ1**2 )
UACIW: TW * .D/DT.UACIW = TW * _D/DT.UACL - UACIW
UACIWC: TPOD * .D/DT.UACIWC = UACIW - UACIWC

Il Limiting
IF (KPOD*UACIWC .GT. UPODLIM) THEN
UPOD = UPODLIM
ELSEIF (KPOD*UACIWC .LT. -UPODLIM) THEN

UPOD = -UPODLIM
ELSE

UPOD = KPOD*UAC1WC
ENDIF

11 DC-link voltage controller

IF (PODNO .EQ. 1) THEN

EPS = UDCREF + UPOD - UDCFIL
ELSE

EPS = UDCREF - UDCFIL
ENDIF

X2: TIVC * .D/DT.X2 = EPS * KPVC
KSI = X2 + EPS * KPVC

IDCREF = KSI + IDCMFIL
IDREF = (IDCREF) * UDCFIL/UD1

IF (PODNO .EQ. 2) THEN
IQREF = O - UPOD

ELSE
1QREF

ENDIF

0

11 AC current controller

DID = IDREF - ID
DIQ = IQREF - 1Q

X3D: TICC * .D/DT.X3D = DID * KICC
X3Q: TICC * .D/DT.X3Q = DIQ * KICC

UDREF
UQREF

UD1 - (X3D + DID*KICC) + I1Q*XT
UQL - (X3Q + DIQ*KICC) - ID*XT

11 Inverse PARK Transform

11UAREF = UDREF*COS(-TETA) + UQREF*SIN(-TETA)
11UBREF = -UDREF*SIN(-TETA) + UQREF*COS(-TETA)
UAREF = UDREF*COS(TETA) - UQREF*SIN(TETA)

UBREF = UDREF*SIN(TETA) + UQREF*COS(TETA)
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I PWM current injection
IF (ACTYPE.LT.0) THEN !ITRANSTA

1 AC currents

IF (CC .EQ. 1) THEN !! Use CC
_PRE(IAC): UPRE(BUS1) UAREF
_PIM(IAC): UPIM(BUS1) UBREF

ELSE 1! Bypass CC
_PRE(IAC): _PRE(IAC)
_PIM(IAC): _PIM(1AC)

ENDIF

—(IDREF * COS(TETA) - IQREF * SIN(TETA))
~(IDREF * SIN(TETA) + IQREF * COS(TETA))

1l DC current
1(IDC): U(BUS2)*1(IDC) + _PRE(IAC)*UPRE(BUS1) + _PIM(IAC)*UPIM(BUS1) = 0

ELSE !1IMASTA

11 AC currents
IF (CC _.EQ. 1) THEN !! Use CC
I0(1IAC): UO(BUS1) = UAREF
ELSE 1! Bypass CC
I0(1AC): 10(IAC) = -(IDREF * COS(TETA) - IQREF * SIN(TETA))
ENDIF
11 DC current
IDC: U(BUS2)*IDC + 2*UO(BUS1)*I10(IAC) = 0 [IlActive power balance

ENDIF
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Appendix E Vehicle DC-link

eigenvalues

voltage control

Table E-1 lists the eigenvalues for the vehicle DC-link eigenmode found by time
simulation and linearisation in Sections 5.5.4 and 5.6.4.

Table E-1: Dominant mode. Operation point: 3.67 MW load on a 60 km long line.
Case (model) Current Displacement Eigenvalue Dominant mode
controller angle from time plot
[deg] [1/s] £ j[Hz] [1/s] £+ j|Hz]
Inst. value No 0 +1.51 +;0.08 / -9.06 +;2.80
Not identified
45 -11.3 £,2.47 -8.84 +52.87
90 -22.4+j3.34 -8.99 +;2.73
135 -12.3 £3.37 -8.83 +,2.77
RMS No N/A -10.1 +,2.53 -9.75 +j2.52
RMS L-di/dt No N/A -9.86 £,2.76 -9.52 +2.67
Inst. value Yes 0 +3.65 +,0.00 / -4.84 +j2.85
Not identified
45 Not identified -4.71 +2.84
90 Not identified -4.85+;2.91
135 -18.0+,1.49 -4.57 +2.90
RMS Yes N/A -7.89 £2.56 -8.21 £,2.58
RMS L-di/dt Yes N/A -6.69 +,2.90 -6.43 +£,2.91

Steinar Danielsen

243






Appendix F Vehicle no-load input admittance

Figure F-1 shows the vehicle no-load input admittance calculated by frequency sweeps
of the enhanced RMS model (including the current controller) as described in Section
8.4.2.2. The motor power is zero and the line voltage is 16.5 kV as in the long line
stability test in Section 5.7. The line length between the stiff voltage source and the
vehicle is 0 km. Only the Yy, is considered in this thesis in Section 8.2.6 and it shows a
180 degrees phase shift at 3.36 Hz. Further interpretation of these frequency responces
is needed.

[Y| [pu]

180

<Y [deg]

Figure F-1: Vehicle input admittance in no-load.
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