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To my mother who is watching from heaven.

Abstract
Transient stability concerns the ability of a power system to maintain synchronism after a large disturbance. Transient stability plays an important role
in guaranteeing operational security and reliability and has been extensively
studies for large 50 Hz and 60 Hz transmission systems. However, transient
stability of low frequency railway grids has not been properly investigated.
As low frequency railway grids operate at another frequency than the public
grid, conversion of frequency is needed. This conversion is performed by Rotary
Frequency Converters or by Static Frequency Converters. These two types of
converters have a diﬀerent impact on stability. In this thesis, the overall aim
is to obtain knowledge on transient stability in low frequency railway grids,
with focus on the Swedish synchronous-synchronous railway grid with a mix
of Rotary and Static Frequency Converters.
The transient stability problem is approached by developing a simpliﬁed
model of a Static Frequency Converter that can be used for the stability studies in low frequency railways. The Static Frequency Converter is modelled as
single phase generator with an equivalent inertia and damping. However as
Static Frequency converters cannot handle currents much above their ratings,
current limitation is implemented. The current limitation is needed to avoid
unnecessary tripping of the converter during fault or other high current situations. With the model developed for a Static Frequency Converter and with a
simpliﬁed model of a Rotary Frequency Converter, transient stability studies
have been performed for several test systems representing the Swedish railway
grid.
The simulations performed shows the appearance of power oscillations after a large disturbance, between a Static Frequency Converter and a Rotary
Frequency Converter when these are operating in parallel. The simulations
also showed that the systems studied were stable for realistic values of the
fault-clearing time.
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Chapter 1

Introduction
1.1

Background

The Railway grid in Sweden has under the last century undergone various transitions. When the electriﬁcation of the publicly-owned railway system
began at the start of the 20th century, the traction grid was supplied from hydropower plants with a frequency of 15 Hz and was owned by the Swedish State
Railway (Staten Järnvägar) [1, 2]. One of the reasons for choosing that frequency was that the traction motors in that time required a low frequency for
their commutation. Later on, for political reasons it was decided that Swedish
State Rail company would not own its own production facilities and instead it
would buy it power from Vattenfall, the state-owned electricity board. Thus,
it was necessary to construct converters that could alter the frequency from
50 Hz to 15 Hz. Due to the technology available at that time, the closest frequency one could practically achieve to was one third of the public frequency.
The frequency of the Swedish Railway grid was therefore set to 16 23 Hz. In order to achieve this frequency a three phase motor and a single phase generator
were mounted on the same mechanical shaft. The ratio of the number of pole
pairs of the motor and the generator is one third. Such motor-generator sets
are called Rotary Frequency Converters (RFCs), and were built in diﬀerent
sizes. The ﬁrst generation was built on site; the second generation was mobile
and could be transported to a diﬀerent location either by train or truck. The
size of the RFCs of mobile type, and still use today, ranges from 3.2 MVA to
10 MVA [3].
With the introduction of power electronics in the mid-20th century, the
utilization of HVDC was introduced for transport of electricity over large dis1

tances or under water. The same developments also allowed alternative technology for frequency conversion. Instead of constructing RFCs, the utilization
of power electronic based frequency converters started. In 1960 the ﬁrst Static
Frequency Converters (SFCs) were installed in the railway system in Sweden
[4]. The last RFCs were built in 1978 [1] and since then all new converters are
of the static type.
There are several advantages in the use of SFCs compared to RFCs, e.g. a
higher eﬃciency [4] and the ability to much easier change the no-load angular
diﬀerence between the 50 Hz and 16 23 Hz grids [5]. The behaviour of SFCs
during faults and other severe disturbances is however diﬀerent from the behaviour of RFCs. The stability of the combination of SFCs and RFCs has not
been investigated yet.
A more unstable system means in practice that sections of the railway
system would trip, thus aﬀecting railway traﬃc which results in delays and
economic costs for society.

1.2

State-of-the-art

There is a large amount of studies and research available explaining how
the public grid of 50 Hz or 60 Hz operates in comparison to low frequency AC
railway grids. The research done and published on low frequency AC railways
is limited, especially research on stability of low frequency AC railways. The
research that is done mostly originates from central Europe (Germany, Austria,
and Switzerland). However, the low frequency AC railway used in central
European countries diﬀers from the one used in the Nordic countries. Research
on the stability of such grids can be found in references such as [6] and [7].
The research done on stability of the type of low frequency AC railways that
is used in Scandinavia, originates from Norway and Sweden. The research has
increased during the recent years due to that the trains used are more complex;
but the interactions between SFCs, RFCs and the traction system are a whole
are still not well understood. Research on this interaction is found in research
paper and thesis such as [8, 9, 10, 11].
On the big scale, published research on the overall stability system of the
Swedish low frequency AC railway grid has not been done since [12] investigated transient stability in 1989. For more details about the research on low
frequency AC railway grids see Chapter 4.

1.3

Scope of this Work

This work covers two aspects of the low frequency AC railway grid as in use
in Norway and Sweden: its general structure; and its stability during faults
2

and other severe disturbances.
In the ﬁrst part of this work it is introduced how a low frequency AC
railway grid is operated synchronously with the public 50 Hz system and what
kind of supply solutions exist. Also some possible future supply solutions for
railways grid are presented.
The main focus in the second part of the work has been on developing simpliﬁed models for frequency converters to be used in angular stability studies.
Those models and a system model for a number of test systems have been used
to obtain fundamental understanding of the stability of the low frequency AC
railway system. These models in this work describe some of the characteristics of the low frequency AC railway grid that occurs, resulting in a better
understanding of the system.

1.4

Approach

Diﬀerent approaches were used for the two parts of this work. During the
ﬁrst part of the this work, mainly a study of existing literature was used to
obtain knowledge on low frequency AC railway grid. Next to that, one possible
future supply solution, with an HVDC instead of a high-voltage transmission
line, was speciﬁcally studied. That study minimizes the voltage deviation from
nominal level at the train location, and voltage levels at train locations are
compared to the standard supply solutions.
The second part of the work consisted of modelling and simulations. The
conversion of frequency takes place by means of Rotary Frequency Converters(RFC) and Static Frequency Converters(SFC). To investigate transient stability of the low frequency AC railway simpliﬁed model of the SFC was developed and used with a simpliﬁed model of a RFC.
The classical model of a generator was used for the generator of an RFC.
The motor of the RFC is thereby treated as a special kind of turbine. Using the
classical model, focus is on the load angle of the RFC generator. To simplify
the modelling, transfer function has been used to develop a simpliﬁed model of
an SFC. The transfer functions allows for a second order time domain equation
to be derived, resulting in the classical swing equation for an SFC. In order to
keep the current within the SFC rated operating limit, without having to trip
the converter, a simpliﬁed current limitation algorithm is used. As both SFCs
and RFCs are described with the classical swing equation, classical transient
stability studies could be performed. Faults in the railway grid for a number
of diﬀerent test systems have been simulated to investigate the behaviour of
phase angle, power ﬂows and currents.
3

1.5

Contributions

The main contributions of this work are.
• A simplifed model of an SFC has been developed that allows for transient
calculations. This model includes current limitation.
• Stability studies have been performed for faults in diﬀerent test systems.
For systems with only RFCs it is shown that the system is transiently
stable for realistic fault clearing times, as the critical clearing times are
of the order of seconds.
• It has been shown that an RFC and an SFC in a converter station will
oscillate against each other after a fault in the railway grid. The resulting
power oscillations have a frequency of approximately 1.1 Hz. It is also
shown that current oscillations are not only in magnitude, but in phase
angle too.
• The idea of using an HVDC solution for feeding the low frequency AC
railway grid has been investigated further. The preliminaries results
show that losses can be reduced by up to 90 % depending on the catenary
system.
• A review has been done of the operation of the Synchronous-Synchronous
low frequency AC railway system and its diﬀerent types of infrastructure.
The diﬀerence between the low frequency AC railway used in Europe and
Scandinavia has been reviewed as well.

1.6

Outline

The thesis is outlined as follow:
• Chapter 2: This chapter describes the railway system and the components used in that system. It gives a fundamental view on low frequency
operation of AC railways.
• Chapter 3: This chapter gives a general description of the stability
of a power system and brieﬂy describes the mathematical theory that
underlies the classiﬁcation of power system stability.
• Chapter 4: This chapter presents some of the earlier research papers
published on stability phenomena in low frequency AC railways.
4

• Chapter 5: This chapter presents the models developed and used for
frequency converters, especially for the SFC. It also presents a short
summary’s of the papers appended with this thesis, concentrating of the
results and ﬁndings. A discussion is presented especially regarding the
modelling eﬀort.
• Chapter 6: In this chapter the conclusion and future work are presented.

1.7

List of Publications

The following publications are appended with this thesis:
• Paper I: Multimachine transient stability for low frequency AC railways,
presented at Comprail conference, Rome, 2014
• Paper II: Some beneﬁts of HVDC solution for railways, presented at
Nordac Conference, Stockholm, 2014
• Paper III: Transient stability in low frequency AC traction grids with
mixed electronic and rotational generation, submitted to International
Journal on Electric Power Systems Research, 2016.
• Paper IV: Transient stability analysis of low frequency AC railway grids,
submitted and to be presented at Comprail Conference, Madrid, 2016
• Paper V: Stability of 16(2/3) Hz railway traction grid, submitted to IEEE
electriﬁcation magazine, 2016
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Chapter 2

Railway Power Supply
Systems
This chapter gives a brief overview of the low frequency AC railway system.
The diﬀerent types of infrastructure are explained, and a description is given
of the components of interest for railway power supply.

2.1

Standards in Europe

Since the late 1800’s when the electriﬁcation of the railway system began,
the railway power supply has undergone several big changes. The ﬁrst railway
supply systems where DC, but later on when AC power becomes more standard
as it had advantages over DC supply. The power output was higher and
distance between the supply stations could be increased [4]. However, the
European countries selected diﬀerent electriﬁcation systems, due the type of
locomotive technology used, economical reasons, political reasons and based
when the electriﬁcation started. Therefore the European railway electriﬁcation
system became fragmented into ﬁve diﬀerent systems, see Table 2.1. More
detail information about the technical and economic reasons is found in books
such as [4] and articles such as [13] and [14].

2.2

Low frequency AC railway Systems

The choice of single phase low frequency AC railway Systems, as mentioned earlier, was due to several reasons. One of the reasons for choosing
low frequency was the necessity to achieve sparkless commutation of the series
wound motor used in that time [14, 15]. This meant that a separate electrical
6

System
Single phase 25 kV, 50 Hz
Single phase 15 kV, 16 23 Hz
3 kV, DC
1.5 kV, DC
750 V, DC

Countries
UK, France, Finland, Denmark,
Spain
Sweden, Norway, Germany, Austria, Switzerland
Belgium, Spain, Italy
France, Netherlands
UK

Table 2.1: Railway Supply System in some countries in Europe [15]
grid with a lower frequency than the public grid was built for electric traction. This system was introduced in Norway, Sweden, Austria, Germany and
Switzerland. The nominal frequency of the railway grid in the countries is
equal to 16 23 Hz or 16.7 Hz.

2.3
2.3.1

Catenary Systems and High Voltage Transmission
Catenary Systems

There are two types of catenary system depending on the transformer used
for return of the current. These two types of transformers are Booster Transformers (BT) and Auto Transformers (AT) [16]. The catenary system is a
complex mechanical construction compared to regular power lines [5]. In this
work the word catenary is used to describe the whole mechanical and electrical
part of the railway for power transmission to the train.
BT
The BT-system is the most commonly used type of catenary system in
Sweden. The utilization of BT was necessary due to the high ground resistivity
in Sweden. This high ground resistivity leads to decreased return current ﬂow
via rail and ground [4, 13, 17] and increased leakage currents (also called stray
currents) that among other interfaces with communication systems [17].
The BTs are normally located 5 km from each other. In between two BTs
there is a ground connection established between the return conductor and
the rail, see Figure 2.1. By using a BT system, the return current from the
return rail is forced into the return conductor instead of ﬂowing through rails
and elsewhere. Thus, the stray currents are reduced [17]. A typical equivalent
impedance of a BT catenary system is 0.2+j0.2 Ohm/km [18].
7

Figure 2.1: A generalized BT catenary system.
A negative aspect with BT system is that the equivalent impedance is high
compared to an AT system, since the current must ﬂow through every BT
as seen in 2.1. This limitation implies that the distance between converter
stations is limited, otherwise the voltage at the train locations becomes too
low. Low voltage at train location results in operation problem on the train.
For the details of the electrical circuit of the BT, see Appendix C.
AT
Using AT catenary system involves the use of return conductor at negative potential allows instead of a return conductor at ground potential. The
transformer is placed between the negative conductor and the contact line,
see Figure 2.2. The midpoint of the transformer is connected to the rail. In
this way the voltage between the return conductor becomes twice the supply
voltage [13, 16].
As the voltage is doubled the distance between converter station can be
increased and losses are low, compared to a BT catenary system [13, 16, 17].
A typically AT catenary system conﬁguration results in an impedance of 0.03
+j0.31 Ohm/km [18] and the distance between the ATs is typically in the
range of 8 km to 15 km [19].
However, the current distribution in an AT will not be ideal because of the
leakage inductance transformer. This results that some leakage currents will
exist between converter stations, which may result in interference for example
on parallel telecommunication lines and cables [4].

2.3.2

Comparison of AT system and BT system

Using BT catenary systems the return current is forced to the return conductor, resulting in low interference between nearby communication cables.
8

Figure 2.2: A generalized AT catenary system.
Compared to the AT system, the losses are approximately seven times more
higher for a BT system. Thus, the cost of reduced interference because of
leakage currents is increased impedance between converter stations.
Using the AT catenary system the converter stations becomes electrical
closer, but the price is that an additional impedance has to be added to the
train for every AT it is close to [19], and increased leakage current through
the ground. An AT catenary systems makes it more preferable for the return
current to ﬂow in the negative feeder instead in the rail [20], resulting that
current is not forced up to the return conductor as in a BT system.

2.3.3

High Voltage Transmission

In parallel to the catenary a High Voltage Transmission (HV-T) system
can be installed (16 23 Hz in Norway and Sweden, and 16.7 Hz in Austria,
Germany and Switzerland). Introduction of such system increases the power
transfer in the railway system as the series impedance is reduced. This limits
the converter station needed and redundancy of the system increases according
[17].

2.3.4

Supply Solutions

There exist two types of supply solutions to feed the railway
1. Centralised solution, see Figure 2.3
2. Decentralised solution, see Figure 2.4
In the centralised solution the converter stations and power plants are connected to an HV-T line, which in turn feeds the catenary via transformer
substations. This kind of system is highly meshed, which result that the grid
9

is stiﬀ and more redundant according to [14]. This kind of solution is used in
Germany, Austria and Switzerland.

Figure 2.3: Centralised solution.

In the decentralized solution the converter stations are directly connected
to the catenary system. A converter station in the decentralized solution feeds
the catenary system locally. The decentralized solution can be strengthen by
adding a HV-T line, so that the distance between converters stations can be
increased and the catenary is supplied by transformer substations. This kind
of solution is used in Sweden and Norway [14]. The main diﬀerence between
the two types of solution is that converter stations in decentralised solution
locally supply the loads, whereas in the centralised solution the generating
station feeds independently of the location of the load. This result that the
converter stations in a centralised solution aﬀects the public grid diﬀerently
than the converter stations in a decentralised solution.
10

Figure 2.4: Decentralised solution.

2.4

Frequency conversion

As the frequency of the low frequency AC railway grid and the public
grid are diﬀerent, frequency conversion is needed. This conversion is done
in converter stations, were groups of frequency converters operate in parallel.
The two types of frequency converters in use are Rotary Frequency Converters
(RFC) or Static Frequency Converters (SFC). The RFC connects the public
grid and railway grid mechanically, whereas an SFC the connects the public
grid and railway grid electrically [20].

2.4.1

Rotary Frequency Converters

Rotary converters are equipped with either a three phase synchronous motor or a three phase doubly fed induction motor and a single phase synchronous
generator connected via a common shaft. In Sweden and Norway, the motor
is of synchronous type [15].
The three phase grid that supplies the power to the frequency converter,
will see the converter as a symmetrical three phase load. The reactive power
of the synchronous motor can be controlled independently of the active power.
This reactive power can for example be used to compensate voltage drops
in the three phase grid due to the operation of the converter [5]. It is this
11

independent controllability of active and reactive power that became, many
years later, an important argument for the development of VSC-based HVDC.
Another major advantage of using RFCs is that the supplying three phase
grid and the catenary are electrically decoupled. However, rotary converters
have a considerable start-up time and they require synchronization with the
supplying public grid [4].

2.4.2

Static Frequency Converters

There are mainly two types of SFC that are used in railway system: direct
converters and self-commuted converters with an intermediate DC-link [4, 20].
Common for both types of converters is that the output voltage on the single
phase side can be controlled. This is done by delaying the ﬁring angle of the
direct converter or by controlling the phase angle and amplitude for a self
commuted converter. In Sweden the SFCs are controlled in such a way that
their behavior during normal operation mimics the behaviour of an RFC [5,
17, 8, 11]. The main advantage of both types of SFC is that the power is
more easily controlled compared to an RFC. The main disadvantages are their
low overloadability during transient and the lack if physical inertia that would
provide support for both grids.
In the following sections an overview is given of the fundamental properties
of SFCs.
Direct Converters
A direct converter, also called cycloconverter, converts a three phase voltage to a single phase voltage of a diﬀerent frequency. The cycloconverter
consist of two thyristor based converters that both are operated as rectiﬁers.
The output voltage of one of the converter is equal and opposite of the other
converter by controlling the ﬁring angle of the thyristors (also known as the
delay angle α). The condition that the ﬁring angle of the converter has to
fulﬁl to obtain a sinusoidal output voltage is
αP + αN = π

(2.1)

where αP is the ﬁring angle of the positive converter and αN is the ﬁring
angle of the negative inverter. To control the fundamental output voltage of
the cycloconverter, the individual ﬁring angles are controlled.
This type of converter falls in the category of Line Commuted Converters
as it uses the public grid for its commutation. The short circuit power of the
public grid is important and need to be suﬃciently high to ensure proper commutation [4, 21]. As the converter will produce current and voltage harmonics,
harmonics ﬁlters need to be installed on both sides of the converter [4].
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DC-Link Converters
The DC Link converter is a three phase rectiﬁer with a self-commutated
inverter that connects the two AC systems through a common DC link. The
rectiﬁer is either line commutated or self-commutated. If the rectiﬁer is line
commutated, it operates in the same way as one of the rectiﬁers of a direct
converter. The DC voltage is generated by controlling the ﬁring angle. The
expression for the DC voltage is
√
3 2
Uac cos(α)
(2.2)
Udc =
π
where Uac is the AC voltage on three phase side, and α is the ﬁring angle.
If using the self commutated rectiﬁer there is no requirement on the strength
on the public grid, as active and reactive power can be independently controlled
[22, 4]. To limits harmonics distortion, ﬁlters are installed in the AC side as
well on the DC link.
The single phase inverter, which is self commutated, consist of several
individual inverter valves. This is done because each individual inverter valve
can only cope with a limited voltage and current. Thus several inverter valves
are connected in parallel and in series [4]. The output voltage of the single
phase inverter is.

V a = ma
ma =

Udc
2

V̂control
V̂tri

(2.3)
(2.4)

where ma is the amplitude modulation, V̂control is the peak value of the control
signal and V̂tri is a triangular signal used to generate the pulse with modulated
switching signal. By controlling the amplitude modulation the amplitude of
the sinusoidal output voltage can be controlled [22, 21]. In addition reactive
power and active power can be controlled independently on the railway side
of the converter.

2.5

Comparison of Scandinavian and Central
European railway systems

Even though the Scandinavian and Central European countries that use
low frequency AC for the railway power supply, there are some diﬀerences
between these systems that are presented and discussed brieﬂy in this section.
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2.5.1

Asynchronous and Synchronous

In Central Europe the frequency in the railway system is allowed to vary
between 16.17 Hz and 17.0 Hz [7], and frequency control is applied by generators in the railway system. The frequency of the railways system varies
independent of the one of the public grid.
The RFC motor used in central Europe is a three phase double-fed induction motor. The ﬂow between the public grid and railway grid depends on the
frequency deviation between the grids. However, at no load situation the frequency deviation between the public grid and the railway grid becomes zero.
This resulted that the power electronics injected DC current into the the rotor
resulting in unnecessary thermal losses. Therefore the frequency was increased
to 16.7 Hz in Central Europe [14, 15, 23].
In Sweden and Norway the RFC motor is of synchronous type, which result
in that the railway grid has a stiﬀ frequency connection to the public grid. Thus
the power ﬂow between the public grid and railway grid depends on the voltage
angles [8, 24]. Because of this the power ﬂows cannot be easily controlled with
synchronous-synchronous RFC and SFC becomes more advantageous.
It can be concluded that overall the power ﬂow is more easily controlled in
the railway grid in central Europe compared to the Scandinavian grid.

2.5.2

Decentralised vs Centralised

As mentioned earlier there are two types of infrastructure system solutions
for feeding the railway grid. When the electriﬁcation of the railway grid began, Norway and Sweden choose the decentralized solution due to the sparse
population and low initial costs [15]. The central European countries chose
the centralized solution even though it was more expensive. By choosing the
centralized solution, the central European countries made the railway grid system meshed, which resulted in a strong and more fault tolerant grid according
to [14, 15].
The main advantage of the centralised solution is that the grid is meshed
and allows the railway grid owner to act as TSO according to [14, 15]. However, one disadvantage is that the voltages at the catenary cannot be as easily
controlled as with the decentralised solution, due to the usage of transformer
substations.
One of the advantages of the decentralised solution is that converter stations feed the catenary locally, the voltage can be controlled at the point of
connection to the catenary by using voltage droop control (see Chapter V).
This results in control of reactive power and to some extent the active power.
The decentralized system may need more converter stations to keep the
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voltage at acceptable levels if there is a large increase of traﬃc. The centralized solution, even if the initial cost are high in the long run will be more
economically beneﬁcent according to [15].
The catenary system plays an important role as well. Replacing BT catenary systems to AT system for decentralized solutions can be suﬃcient rather
than installing more converters if traﬃc is increased. However, there will be
an uncertainty for future if a change of catenary system is enough to meet
the increased power demand and to keep adequate voltage levels. This results that proper long term simulations should be done to explore the diﬀerent
alternatives.

2.6

An HVDC solution

As traﬃc is increasing due to deregulation of the Swedish railways system, more train operators are allowed to run trains on the same track. As
result of this more power is needed in certain areas. To meet the required
power demand, changes of catenary system or installation of more converters
is required.
Another solution to meet the required power demands it to add an HVDC
supply line in parallel with the railway. Small sized converters of 5 MVA
are installed at an optimal distance from each other. The converters connect
the HVDC supply line with the catenary. If the converters are controlled
in an optimal way, the total power installed could be less compared to the
conventional way. The basics of this alternative solution have been presented
in [25, 26] and in Paper II.
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Chapter 3

Stability and classiﬁcations
This chapter describes the diﬀerent classiﬁcations the stability that have been
identiﬁed in the power system community, and describes brieﬂy the mathematical theories that underlay those classiﬁcations.

3.1

Stability in general

In general, stability is the ability of any kind of system to resist changes or
ﬁnd new equilibrium points after a change. The deﬁnition of stability depends
on the type of physical system studied, meaning that the stability deﬁnition
of a certain physical system may not apply to another one.
There are diﬀerent methods to investigate stability of physical system. This
can be done by performing simulations and ﬁnd when the physical system
becomes unstable or by applying mathematical stability methods.
However, mathematical approaches can be rigorous if the physical system
is complex, such that it contains non diﬀerentiable functions and saturation
for example. The physical system can then be simpliﬁed by making proper
assumptions, such that the mathematical approach can be taken. However
simpliﬁcation done comes at the cost of accuracy of the description of how
the physical system behaves. Numerical simulations can be more adequate to
study the stability of a physical system. However, numerical simulations have
its limitations as they do not guarantee the stability of a physical system even
if the numerical simulation would not diverge.
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3.2
3.2.1

Stability in Power Systems
Mathematical description

A dynamic system can be described by a set of diﬀerential equations according to (3.1). This is a common method for describing the electric power
system, so that the discussion below about stability of dynamic systems applies to electric power system as well. The general mathematical description
for a dynamic system is as follows:
ẋ = f (t, x)

(3.1)

where x is an n-dimensional state vector and f is a vector of functions, which
are continuous and diﬀerential. The steady-state solution to equation (3.1) is
a set of state vector variables x(t) such that ẋ = 0 at the initial time t = 0.
The main objective of stability analysis is to determine how the system
(3.1) behaves when there is a change in the state variables. The stability of
the (power) system can be analysed either by solving the diﬀerential equations
or by using mathematical methods of stability, such as Lyaponov stability
methods [27].
Lyaponov stability
Lyaponov stability methods are a powerful tool to study the stability of a
power system, or any other dynamic system, according to [27]. Stability analysis in the sense of Lyaponov is to study and characterize the equilibrium point
(“steady-state” in electric power systems) for a dynamical system without solving the diﬀerential equations [28]. Instead energy like functions that change
over time are deﬁned and studied. The main beneﬁt of using Lyaponov’s
stability methods is that conclusions can be made about the stability of the
dynamical system without having to solve the diﬀerential equations [28].
Note that strictly speaking the ‘system’ in Lyaponov method is a set of
ordinary diﬀerential equations according to (3.1), which may or may not be
an appropriate description of a physical system (like the electric power system).
With all stability analysis, also with other methods, the assumption is that
the model is an appropriate representation of reality. A further discussion on
this is beyond the scope of this work.

3.2.2

Classiﬁcations of stability in Power Systems

There have been a number of task forces, such as [27, 29, 30, 31] and
committees for deﬁning and classifying the diﬀerent stability issue of a power
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system. The most known one is the IEEE/CIGRE Joint Task Force on Stabillity Terms and Deﬁnitions [27]. By the reference given in [27], a power system
is deﬁned by [31] as follows:
”A network of one or more electrical generating units, loads and/or
power transmission lines, including the associated equipment electrically or mechanically connected to the network.”
With the deﬁnition of a power system given by [31], the proposed stability
deﬁnition given by the IEEE/CIGRE Joint Task Force on Stabillity Terms
and Deﬁnitions is:
”Power system stability is the ability of an electric power system,
for a given initial operating 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.”
From an engineering point of view the system will be considered stable for a
certain time instance (“for a given initial operating condition” in the deﬁnition
above). In reality the power system will be always in motion, as loads ﬂuctuate,
generation is connected and disconnected etc. Strictly speaking any stability
analysis will thus only be valid for just one moment in time.

Figure 3.1: Classiﬁcations of stability according to [27, 32].
As a large power system is complex, simpliﬁcations need to be made so that
the stability can be assessed; speciﬁcally the operational modes that result in
instability have to be observed [27, 33]. This depends on the time span and
18

size of the disturbance. In most discussion on power-system stability, three
types of stability are distinguished: Rotor Angle, Voltage and Frequency, [27,
33], see Figure 3.1. The power system stability is described in the following
sections according to the classiﬁcation introduced by IEEE/CIGRE Joint Task
Force on Stability terms and Deﬁnitions. The classiﬁcation is based on the
main electrical parameter (voltage magnitude, system frequency, or angular
diﬀerence between busses) that shows an increasing deviation from its steadystate or pre-disturbance value.
Rotor angle stability
Rotor angle stability refers to the ability of the synchronous machines in
an interconnected power system to remain synchronism with each other after
being subjected to a disturbance. This kind of stability is often generator
driven, and the time span is only a few seconds [27]. In order to get further understanding of rotor angle stability, the phenomenon is divided in two
subcategories [27].
• Small-signal rotor angle stability. The ability of a power system to preserve synchronism under small disturbances around the equilibrium point
of a linearized power system. Instability occurs often due to lack of
damping torque [27].
• Transient stability. The ability of the power system to preserve synchronism under a severe disturbance, which results in large excursions of the
rotor angles. Transient stability is inﬂuenced by the non-linear relationship between produced power and rotor angle. Transient stability sets
limits to the fault-clearing time and/or to the amount of power that can
be transported over a transmission line. Instability occurs often due to
lack of synchronizing torque [27]. Transient instability is triggered by a
short circuit on a major transmission line during a period of heavy power
transport or due to a short-duration outage (as part of an auto-reclosing
scheme) of such a transmission line.
Voltage Stability
Voltage stability refers to the ability of the power system to maintain the
voltages in equilibrium at all busses, after being subjected to a disturbance
[27]. Voltage stability is load driven: it sets limits on the amount of active
power that can be transported over a given line. Those limits are strongly
dependent on the reactive-power consumption. The time scales can be from a
few seconds to minutes depending on the components; a distinction is thereby
made between short-term voltage stability and long-term voltage stability [27].
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Components that impact voltage stability are for example induction motors
and HVDC lines which mainly impact the short time scale, whereas for example tap-changing transformers and generator current limiters impact the long
time scale.
Frequency Stability
Frequency stability is deﬁned as the ability of a power system to maintain
the frequency at its equilibrium point (i.e. close to the nominal frequency)
after a signiﬁcant imbalance between power production and consumption. Frequency instability may occur as a result of a large capacity generator or large
capacity tie line tripping [34]. Frequency stability can be a short term phenomena, in the scale of some seconds to long term phenomena in the scale up
to minutes. As example of short time phenomena is when the power system
is divided to diﬀerent island, and in one of the islands the frequency drops
rapidly because of a severe shortage of production [27].
Long term frequency instability is according to [27] caused by the control
systems of steam turbines or boiler/reactor protection. These controls are
slow, thus the timescale of interest is in the range of several seconds to several
minutes.
Remark of the classiﬁcation of stability in power systems
As mentioned in [27], power system stability is one single problem. The
reference to diﬀerent types of stability, according to the classiﬁcation, has
an important educational purpose. It is among others to simplify the study
of power system stability and to understand which state variables have the
largest impact on the stability for a given disturbance and in what timescale
the instability occurs. Much of the classiﬁcation mentioned originates from the
theory of Partial stability. In its essence partial stability theory states that
the stability problem for a dynamical system can be solved without respect to
all variables of the system, but just with respect to some of them [35]. This is
one of the explanations of why the classiﬁcation of power system stability, as
presented in [27, 32] has practical use.

3.3

Rotor stability of a Synchronous Machine

Most of the electricity generation in an electrical power system takes place
through synchronous machines. Thus, a necessary condition for a power system, which uses synchronous machines generation, to remain stable is that all
synchronous machines remain in synchronism with each other [27, 36] .
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3.3.1

Swing Equation

The motion of the rotor of a synchronous machine is, like any other motion,
ruled by Newton’s second law of motion, see Equation (3.2). In terms of
rotating machines, the second law of motion states that the net accelerating
torque Ta is equal to the angular acceleration multiplied by the moment of
inertia J of the prime mover and machines combined [33, 36, 37].
d2 θm
= Ta = Tm − Te
(3.2)
dt2
where Tm is the driving torque of a prime mover (an accelerating torque), Te is
the electromagnetic torque (a decelerating torque). The angular displacement
θm , expressed in mechanical degrees, of the rotor is taken with respect to a
stationary reference axis on the stator. The angular reference is taken relative to a synchronously rotating reference frame with a constant speed ωsm ,
resulting in the following expression for the angular displacement
J

θm = ωsm t + δm

(3.3)

where δm is the rotor position, given in mechanical degrees, measured from the
synchronously rotating reference frame. The rotor angular speed is obtained
by diﬀerentiating equation (3.3), resulting in:
dδm
dt
and by diﬀerentiating (3.4), the angular acceleration of the rotor is:
ωm = ωsm +

(3.4)

2
2
dθm
dδm
=
(3.5)
dt2
dt2
By virtue of equation (3.2), the angular acceleration of the rotor, depending
on its acceleration and moment of inertia, is:

d2 δm
= Ta = Tm − Te
(3.6)
dt2
Equation (3.6) can be expressed in terms of power, by multiplication with the
angular speed, resulting in
J

d2 δm
= ωm Ta = ωm Tm − ωm Te →
dt2
d2 δm
Jωm 2 = Pa = Pm − Pe
dt
Jωm
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(3.7)

where Jωm is referred to as the inertia constant abd us related to the kinetic
energy Wk of the rotating masses [37], expressed by
Wk =

1 2
Jω
2 m

(3.8)

Equation (3.7) is expressed in mechanical angles. However the relation between
mechanical angles and electrical angles is
δ=

p
δm
2

(3.9)

and between mechanical speed and electrical speed
ω=

p
ωm
2

(3.10)

where p is the number of poles of synchronous machine. In power system, the
analysis is often done using the p.u. system. Equation (3.7) is expressed in p.u
when dividing it by the rated apparent power SB of the machine
Pm
2 dδ 2
2Wk
Pe
=
ω
−
m ·
2
SB ω m
p dt
SB
SB

(3.11)

From equation (3.11) the per unit inertia constant H [37] can be identiﬁed as
H=

Wk
SB

(3.12)

Thus it is seen from equations (3.12) that H is the per-unit kinetic energy Wk of
the machine at rated speed. Simplifying equation (3.12), the ﬁnal expression
of the swing equation in per unit for a synchronous machine expressed in
electrical angles is:
2H dδ 2
p.u
= Pm
− Pep.u
ωs dt2

(3.13)

A damping term D can be added to represent the damping of the machine.
Thus, the swing equation can be modiﬁed to
2H dδ 2
dδ
p.u
= Pm
+D
− Pep.u
2
ωs dt
dt
The term

2H
ωs

is referred as the inertia coeﬃcient M .
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(3.14)

3.3.2

Stable region of operation

The simplest model for transient stability study of synchronous machines
is to represent the machine by a constant voltage E  behind its transient
reactance X  [37, 33].
Assume that the machine is connected to an inﬁnite bus through a network
with the transmission reactance X (where X  is included). The power transfer
between the generator and inﬁnite bus according to [32, 33, 36, 37] is then
|E  ||V | sin(δ)
(3.15)
X
It is seen that the maximum power transfer between the generator and the
inﬁnite bus is when the angle between these is δ equal to π2 . Increasing the
angular displacement δ from the synchronous rotating reference, will result in
loss of synchronism of the machines compared to the inﬁnite bus.
Combining equation (3.15) and equation (3.14), results in (all the expression are given in p.u, thus (p.u) is omitted)
Pe =

ωs E  V
dδ 2
ωs Pm
−
=
dt2
2H
2HX sin(δ)

(3.16)

In steady state the mechanical power and the electrical power are equal, so that
2
the angular acceleration dδ
dt2 is equal to zero. If the reactance X changes at a
certain time instant t, then the mechanical power and electrical is no longer
2
equal and dδ
dt2 is not equal to zero. Thus the machine will start to accelerate
or decelerate. If no actions are taken the system will become unstable. A
common objective of stability studies is to ﬁnd out how long time is allowed
to pass before the system becomes unstable. This time is called the critical
clearing time. As equation (3.16) is non-linear, numerical methods are needed
to ﬁnd the critical clearing time, in all but a number of trivial cases.
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Chapter 4

Stability in low frequency
railway systems
This chapter give an overview of the literature that is available on stability for
low frequency AC railways.

4.1

Rotor angle stability

Transient stability
One of the major concerns regarding rotor angle stability in low-frequency
railways has traditionally been that rotary converters would lose synchronism
due to a large disturbance. An investigation on how the rotary converters
would behave during a single phase short circuit was made in [38], where it
was concluded that there was no risk to lose synchronism due to the protection
reacting fast enough, according to[38, 8].
A study done in 1989 by [12] investigates transient stability of the Swedish
low-frequency grid. The speciﬁc occasion was that the Swedish Transportation
Administration at that time built a 132 kV single phase supply transmission
line in parallel with the catenary system of 16.5 kV. More details of this line
are given in Section 2.2 and in Paper V. The reason for this line to be built
was to strengthen the railway grid in northern Sweden. It was concluded from
the study presented in [12] that for the railway grid, if connected to a strong
public grid and fed through RFCs, the possibility of loss of synchronism is low.
However, the study did not address the question of how stability is aﬀected
with SFCs introduced.
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In reference [39], Eitzman et al. investigate the transient stability of the
25-Hz Amtrak system in the United States. The system was investigated with
both SFCs and RFCs present. The assessment of stability was done for two
fault locations: a fault close to a converter station with a loss of an RFC;
and a fault on the high voltage transmission line of 138 kV, 25 Hz. The main
conclusion from the investigation was that the system is robust from a stability
point view.
Small signal stability
One of ﬁrst observations of how a railway vehicle interacted with RFCs was
made in Norway in 1996 according [8]. The observations and the modelling
are presented in [40]. It was concluded that the RFCs have a poor damped
electromechanical eigenfrequency of 1.6 Hz, and one of the explanation was
due to the lack of explicit damper windings with the RFCs motor [8].
Conventional small-signal techniques, such as calculation of participation
factors and parameter sensitivity in electrical traction, were used in [9] to investigate the interaction between the railway vehicle and the supply unit, which
was in that study an RFC. The conclusions were that the system damping can
be increased by selecting the control parameters of the train such that the resonant frequency is moved away from the RFC poorly damped eigenfrequency
of 1.6 Hz.
This interaction between an RFC and a railway vehicle is further studied
in [8] where models and new approaches how to study small-signal stability
in low frequency AC railway grids are introduced. It was concluded in [8]
that instability occurred due to the control of the railway vehicle. The vehicle
control is set to a constant power mode, independent of the voltage of the
supply voltage, and this control interacted with the RFC’s poorly damped
eigenfrequency causing instability. It was proposed that the characteristic of
the constant power was reduced at that frequency in order to improve stability.

4.2

Voltage stability

Voltage stability in a railway power system is not such a big concern as
voltage quality and voltage magnitude variations, according to [8]. Already
before voltage collapse can occur the protection of the train will trigger on
undervoltage and open the circuit breaker of the train according to [8, 41].
Removing the load will immediately relieve the system and avoid voltage instability (known as “voltage collapse” in power system stability). This does
however not imply that voltage drops are not an issue. The objective is however not to stay away from the voltage stability limit but to have acceptable
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voltage magnitude so the train can operate satisfactory, with a small risk of
being tripped on undervoltage.
The inﬂuence of the voltage magnitude at the train location and how this
aﬀects train operation is investigated in [41]. It is shown in that study that
no general conclusions can be drawn about the minimum-acceptable voltage
magnitude at the catenary. The reason for this is that low voltage magnitude
will aﬀect diﬀerent trains in diﬀerent ways. However it is also shown that a
voltage above a certain level will not have any negative impact on the traﬃc,
for any train [41].
The infrastructure manager of a railway operator studies the voltage magnitude for diﬀerent section of their railway, so that the power to the trains
is available at an adequate voltage magnitude according to [8]. To obtain information on actual voltage magnitude at the catenary, simulations are often
needed including power ﬂows [8]. The results from such studies are used as
input for investment decisions. Abrahamsson et al. [42] present a method to
determine the optimal operation of the railway power supply. This method is
used for investment decisions to ensure that for example the voltage magnitude
is adequate.

4.3

Frequency stability

In the Swedish and Norwegian railway systems, frequency stability is not
an issue due the stiﬀ frequency connection to the public grid. This is simply
due to the usage of synchronous-synchronous RFCs. Even with SFCs the
control algorithm is such that, at least in normal operation, the frequency in
the railway system is directly linked to the frequency in the public grid.
However, frequency stability may be an issue in the central European countries that uses low frequency AC railways, and frequency studies have been
done for this system.
In a study done in [6] focus is on the impact of replacing or installing new
static frequency converters. The study focuses on how the frequency in the
German 16.7 Hz grid is aﬀected by an outage of 150 MW of infeed from the
public grid through frequency converters. It was concluded that the power
deﬁcit (of 150 MW) would be compensated by the generation units in the
railway system, and the system frequency would converge to a new operating
point.
Another study, done by [7] investigates the frequency stability of a major
part of the Swiss and German Networks, by using diﬀerent signal analysis
tools. The concern is how variation of the fundamental frequency in the railway
system will aﬀect higher order frequencies (“harmonics”), as the fundamental
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frequency is allowed to vary between 16.17 Hz and 17.0 Hz. The conclusion
was that analysis of the harmonics needs to be extended up to 20 kHz, and
that the ﬂuctuating fundamental frequency produces time-varying harmonics
that interfere with the signalling system.
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Chapter 5

Models and Stability
Studies
This chapter presents the results of a number of stability studies that were
performed as part of this work. The chapter describes the models used and how
the calculations have been performed. Furthermore the chapter summarizes
the main ﬁndings and results from each paper, with reference to the appended
papers for more details.

5.1
5.1.1

Models
Train models

In all the publications on stability of railway systems the trains are modelled as constant impedance and their movement is neglected. The movement
of the train during the simulated times (10 to 15 seconds) is small and is
therefore not considered in the studies. Assume as an example that a train
has a speed of 150 km/h. During a simulation of 15 seconds the train will
have moved 625 meters. This assumption makes the modelling less complex.
However, it is known that this train model is limited as in reality the trains
are non-linear moving loads and their impedance depends on the voltage on
the catenary system.
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5.1.2

RFC model

Steady State
In an electric network the voltage magnitudes and phase angles decide size
and direction of the power ﬂows [5]. In order to obtain steady state solutions a
load-ﬂow analysis has to be done, such that the dynamics can be investigated
with the steady-state as initial state.
In Norway and Sweden the RFC is composed of a three phase motor and
a single-phase generator. The voltage phase shift on the generator is therefore
composed of the motor load angle and the generator load angle [5, 12, 24].
The model used to obtain the initial solutions originates from [5, 12, 24].
This model is also presented in Paper I.
From machine theory [32, 33, 37] the phasor diagram of a salient pole
generator is presented in Figure 5.1, from which the load angle δ can be derived. The phasor diagram is acceptable for both single phase and three phase
machines according to [5].

Figure 5.1: Phasor diagram of synchronous machine.
With the phasor diagram present in Figure(5.1) following equations can be
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derived:
U sin(δ) = Xq Iq

(5.1)

Iq = Ia cos(φ + δ)


Xq Ia cos(φ)
δ = arctan
U + Xq Ia sin(φ)

(5.2)

P = U Ia cos(φ)
Q = U Ia sin(φ)

(5.4)

U sin(δ) = Xq Iq
Iq = Ia cos(φ + δ)


Xq Ia cos(φ)
δ = arctan
U + Xq Ia sin(φ)
P = U Ia cos(φ)
Q = U Ia sin(φ)

(5.3)

(5.5)
(5.6)
(5.7)
(5.8)
(5.9)
(5.10)

where Ia is the armature current, Eq is the internal EMF, U is the armature
voltage and φ is the angle between the armature current and voltage. Combining equations (5.9) and (5.10) into equation (5.8), yields that the load angle
of a synchronous machines is expressed by


Xq P
δ = arctan
(5.11)
U 2 + XqQ
The resulting volatge phase shift is the sum of the motor load angle and
the generator load angle. However, the electrical load angle of the motor
(at 50 Hz) corresponds to one third on the single phase side (at 16 2/3 Hz).
Thus, in converter stations the total phase shift between the motor voltage
and generator voltage for a single RFC is:




Xqm P
Xqg P
1
− arctan
(5.12)
ψ = − arctan
2
q
3
U m2 + Xm
Q50
Uig + Xqg Q
where U m is the motor armature voltage, U g is the generator armature voltage,
Q50 is the reactive power consumption/production on the motor side and Q is
the reactive power generated by the single phase generator.
When a converter station is loaded, the voltage phase angle on the public
grid will be aﬀected. Thus the voltage phase angle θ0 of a single RFC on the
three phase according to [5, 17, 20, 24] side is
30

0

θ =θ

50

1
− arctan
3



X50 · P
2
m
U + X50 Q50


(5.13)

where X50 is the transformer on the motor side added with the short circuit
reactance of the public grid, θ50 is the voltage phase angle of one of the three
phases.
The resulting angle on the railway side of the RFC is the
θ = θ0 + ψ

(5.14)

In this work it is assumed that the converter are connected to an inﬁnitely
strong public grid, resulting that inﬂuence of the converter loading on the
three phase grid is neglected.
The output voltage of a converter is controlled by droop control. The droop
control is given as function of the reactive power according to [20]:
Ug = Uref (1 + K

QG
)
SG

(5.15)

It can be seen from equation (5.15) that the generated voltage depends on the
no load catenary voltage Uref , the generated reactive power QG , the rated
power SG of the converter and droop coeﬃcient K according to [20].
Dynamic
The RFC consist of two machines with their own individual inertia. However as they are mounted on the same mechanical shaft the inertia of both
machines can be lumped together as one. The model of the RFC is based
on the ideas presented in [12], which result in that the classical model of a
synchronous generator is used, if the motor is seen as a special kind of turbine.
The classical model of a generator assumes that the internal EMF is constant
during the transient period, and focuses on how the load angle changes during
the disturbance.
Based on Newton’s second law, the swing equation for a synchronous generator is:
d2 δ
(5.16)
M 2 = P m − Pe
dt
where M is the inertia coeﬃcient. The mechanical power is Pm and the electrical power is Pe . As the two machines machines shares the same mechanical
angle and speed, the inertia constants of the motor and generator are added
according to [8]. This result in an inertia coeﬃcient M mg for the generator
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that depends on the nominal angular speed of the railway grid, see Chapter 3.
The resulting swing equation expressed in 16 23 Hz electrical angles is:
2

M

mg) ddt2δ =P50Hz −P16 2 Hz (5.17)
3

where P50Hz is the power drawn from the public grid during steady state. The
ﬁnal swing equation is obtained by adding a damping term D that represents
the damping of the RFC, resulting in
M mg

d2 δ
dδ
= P50Hz − P16 23 Hz
+D
2
dt
dt

(5.18)

expressed in 16 23 Hz angles. The model assumes that the machine system is
lossless, meaning that no power is lost during the frequency conversion. It is
also assumed that the rotor angle coincides with the load angle of the voltage
behind the transient reactance. The power drawn from the grid will vary as
the motor and generator share the same mechanical angle. For simplicity of
the studies done, the power P50Hz is assumed constant during the transient.
In converter stations with more than one RFC, it is assumed that RFCs are
coherent and that they can be modelled as on single machine.

5.1.3

SFC model

The development of this model has been inspired by the articles [39, 43,
44, 45, 46]. The SFC is seen as an equivalent single phase generator. From
machine theory it is known that the load angle of a salient pole machine can
be expressed as in equation (5.11). However, according to [5] the inﬂuence of
the angle on the terminal voltage and reactive power is minor, resulting in the
simpliﬁed load angle equation
δ = arctan(X · P )

(5.19)

where X is the quadrature reactance of a real single phase synchronous machine and P is the active power output. To obtain the same phase shift when
operating in parallel with other units as for example an RFC, the reactance of
the SFC is
P max
C
(5.20)
XSF C = XRF C · RF
max
PSF
C
Equation (5.19) is linearized around zero active power output, which results
in a droop coeﬃcient Kδ which is set to to XSF C . The SFC angle control is
modeled as a block diagram that captures the most essential dynamics from
a system point of view. There are two blocks that are essential, see Figure
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5.2. The ﬁrst block is the low pass ﬁlter needed to obtain the average power
and reject high frequency noise [47]. The cut oﬀ frequency is set to one tenth
of fundamental frequency of the railway. The second block represents the
converter with its droop.

Figure 5.2: Block diagram of the angle compounding
This model, after applying the inverse Laplace transform, results in the
time domain expression:
K2
K1
δ̈(t) +
δ̇(t) = Pref − Pelm
Kδ
Kδ

(5.21)

were K1 = T1 + T2 and K2 = T1 T2 . From (5.21) the equivalent inertia coeﬃcient MSF C and the equivalent damping DSF C can be identiﬁed and equation
(5.21) is expressed as
MSF C δ̈(t) + DSF C δ̇(t) = Pref − Pelm

(5.22)

were Pref is power reference obtained from load ﬂow study. For simplicity of
the studies done Pref is assumed constant during the transient simulations.

5.2

Network Model

The converter units are model as constant voltage sources, the RFCs generators are modeled as constant emf behind its transients reactance. The
SFCs inverter are modeled as constant voltage source behind its transformer
impedance. To reduce the complexity of the network, all nodes other than the
converter nodes are eliminated by using Kron’s reduction formula [33, 37].
The vector of converter currents is I, the vector of internal voltages of the
converters is E, and the node voltages of the network is V. This gives the
following matrix notation for the network equations:

 


0
Ynn Ynm
V
=
(5.23)
t
I
Ynm
Ymm
E
where the index n is the index of bus of the network, and m is the index of
converter. As no current enters or leaves the load buses, equation (5.23) can
be reduced and the currents of the converter expressed by:
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I = Yred E

(5.24)

t
−1
Yred = [Ymm − Ynm
Ynn
Ynm ]

(5.25)

where Yred is the reduced admittance matrix. As it can be seen in (5.24) the
i:th current is dependent on the reduced network and the internal voltages of
the converters. Thus the resulting electrical active and reactive power from
the i:th converter is expressed by
∗
Sei
= Ei∗ Ii
m

Ii =
Ej Yijred

(5.26)
(5.27)

j=1
∗
Pei = [Sei
]
∗
Qei = [Sei ]

(5.28)
(5.29)

The SFC cannot handle overcurrents, and the model includes a current limiting
algorithm that limits the magnitude of the current. This results in that voltage
magnitude ESF C and load angle of the SFC is changed. The current limitation
algorithm used in the model is:
Algorithm 1: Current limitation algorithm
if |ISF C | ≥ |Imax | then
|ISF C | = |Imax |;
Calculate new internal |Enew | and δ;
|Enew | = |Ūtermnial + iX I¯SF C |;
δ =  (Ūtermnial + iX I¯SF C )
else
|ISF C | and |E|
end

5.3

Software used

To obtain initial solutions for the systems investigated, a software program
called Train Power System Simulator (TPSS) is used, presented in [17]. The
software is developed both in MatLab [48] and GAMS [49]. From TPSS the
steady state solution is obtained, and with Matlab Simulink the dynamics of
the system are solved.
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5.4
5.4.1

Simulation and simulation results
Paper I

Paper I studies the transient stability of a Swedish inspired low frequency
AC railway with multiples RFCs. The RFCs are modelled as described by
Equation (5.18) in Section 5.1.2. The system studied is shown in Figure 5.3.
A fault occurs at t = 0.5 seconds between node 2 and 3. This paper has

Figure 5.3: System studied in Paper I.
contributed to the fundamental understanding of how a low frequency AC
railway grid, with only RFCs, behaves during large disturbances. One of the
ﬁndings is that the system can indeed lose angular stability for certain faults.
However the critical clearing time is in the order of second, and long before that
the protection will have removed the fault as the typical fault-clearing time is
200 ms [50]. Resulting from the study is therefore that angular instability is in
practice not an issue for the studied system. Another conclusion from Paper
I is that faults applied in the overhead contact line can be hard to distinguish
from a train which suddenly increases its active power demand.
Figures 5.4 and 5.5 shows the rotor angle oscillations when a fault occurs in
the 132 kV transmission line, for fault-clearing times of 400 ms and slightly over
two seconds, respectively. The system remains stable, within the simulated
time, in the ﬁrst case; it becomes unstable in the second case. The results
presented are in agreement with the results from an earlier study presented in
[12].
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Figure 5.4: Phase angle of converter station 2 and 3, relative to station 1.
Fault clearing time 0.4 s

Figure 5.5: Phase angle of converter station 2 and 3, relative to station 1.
Fault clearing time 2.047 s. Note the diﬀerence in vertical scale compared to
Figure 5.4.
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5.4.2

Paper II

Paper II follows up the idea presented in [25, 51]. The main purpose of
Paper II is to further investigate an HVDC supply line in parallel with the catenary system. The connection of the HVDC supply line and catenary system is
done via converters of 2 MVA or 5 MVA size. By controlling the converter in
an intelligent way the installed power can be reduced compared to the standard solution. In [52] an optimization problem has been formulated where
the main objective was to reduce losses. The problem is formulated as Mixed
Integer Non-Linear Problem, with to unit commitment. In other words the
converters are turned on or oﬀ depending on the optimal solution.
Paper II investigates what happens to the losses when the cost function is to
minimize the voltage deviation at the train location, and compares how much
losses are reduced compared to the standard solutions. The main result is that
with an HVDC feeder solution losses are reduced up to 90 % compared to the
decentralized solution with a BT catenary system, see Table 5.1. Furthermore,
the voltages at the train location are greatly improved compared to decentralized solution and centralized solution with BT catenary system. More details
are presented in Paper II.
PF at train
HVDC with 2
MVA converter
HVDC with 5
MVA converter
Centralized system
Decentralized
system

cos(θ) = 1.0
0.34 MW

cos(θ) = 0.9
0.47 MW

cos(θ) = 0.8
0.72 MW

0.68 MW

0.93 MW

1.32 MW

1.16 MW

1.63 MW

2.26 MW

2.43 MW

4.84 MW

7.30 MW

Table 5.1: Transmission losses with BT system.
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5.4.3

Paper III

In Paper III the models for the SFC and RFC are developed and tested.
The model has been presented earlier in Section 5.1. The models are tested on
a small system, where two cases are investigated. The system studied has two
converter stations. Each converter station has two converter units operating in
parallel. The system investigated is shown in Figure 5.6. The fault is applied
on the line where there are no trains. In the ﬁrst case, the fault is applied
close to converter station 1, and in the second case the fault is applied halfway
between converter station 1 and converter station 2.

Figure 5.6: System investigated in Paper III
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In the ﬁrst case it was found that there were power oscillations in Station
1. The power oscillations from the RFC and SFC are approximately 1.3 Hz
and 1.8 Hz respectively, see Paper III. The current, see Figure 5.7, oscillates
in magnitude.

4

Current (p.u)
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1

1.2
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1.6
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2.4

2.6

Time (s)

Figure 5.7: Currents from RFC (blue) and SFC (red) in case 1; from Paper
III.
In the second case the currents, see Figure 5.8, now oscillate not only in
magnitude but also in phase angle.
The main ﬁnding from this paper is that the fault results in amplitude
oscillations in the converter stations and angular oscillations between those
stations. The RFC and SFC have power oscillation with a frequency of approximately of 1. Hz to 1.3 Hz, depending on the fault location. The RFC
oscillations depend on the construction of the RFC, whereas the oscillations
of the SFC depend on its control system.
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Figure 5.8: Currents from RFC (blue) and SFC (red) in case 1; from Paper
III.
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5.4.4

Paper IV

Paper IV explores further the models developed in Paper III. Here the
system is more stressed as there are two trains consuming 10 MW each at a
power factor 0.99. The distance between trains is 50 km and the total system
has a length of 100 km, see Figure 5.9. The RFC has a power rating of 10
MVA and the SFC has a rating of 15 MVA.

Figure 5.9: System investigated in Paper IV
Three cases are investigated, were faults are applied 25 km, 50 km and 75
km from converter station 1. The ﬁndings are
1. Case 1 (25 km):
(a) RFC only: Power oscillations between the converter stations, frequency about 0.5 Hz.
(b) RFC and SFC : Power oscillations are approximately at 1.2 Hz from
the converter units in station 1.
2. Case 2 (50 km):
(a) RFC only: No power oscillations, the converter stations have the
same impedance to fault and deliver equal power.
(b) RFC and SFC : The converter unis in station 1 have power oscillations, and there are limited power oscillations between the converter
stations.
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3. Case3 (75 km):
(a) RFC only: Power oscillations between the converter stations, frequency about 0.5 Hz.
(b) RFC and SFC : Power oscillations approximately at 1.2 Hz from the
converter units in station 1.
The main ﬁnding is that when the faults were applied at certain distances
the system was stable for all cases. Power oscillation of approximately 0.5 Hz
is observed with only RFC installed in the system. Replacing an RFC with an
SFC in a converter station introduced power oscillations, but reduced power
oscillation between the converter stations.

5.4.5

Paper V

In this paper a general overview of stability issues in the Swedish Traction
grid is presented. Furthermore, this paper further gives an introduction to
the diﬀerent low frequency traction grid systems used across Europe and some
of the diﬀerences between these. The paper presents measurements from two
converter stations in the Swedish railway system
The ﬁrst measurement is of a converter station that is connected to the
high voltage transmission line. The converter station consists of two SFCs
of the same design and one of another design. The SFC of another design
is tripped during the disturbance. A possible explanation is that this SFC is
unable to synchronize after the fault with the other two SFCs. The second
measurement is from a converter station that is not connected to the high
voltage transmission line. The converter station consists of two SFCs of the
same design and one RFC. After fault clearance, the two SFCs oscillate against
each other, both in magnitude and in phase angle, and they also oscillate
against the RFC.
From the measurements it is concluded that oscillations occur not only
between converter stations (as shown in Paper I and II) and between SFCs and
RFCs (as shown in Paper III and Paper IV) but also between individual SFCs.
Even SFCs of the same design do oscillate against each other. Apparently, even
small diﬀerences in design or in currents through the converters, can result in
angular diﬀerences and thus oscillations.
A possible explanation is that small diﬀerences between the converters
makes that diﬀerent SFCs enter and leave the current-limitation mode at different instants in time. This results in a diﬀerent voltage phase angle after the
fault, with oscillations between them as a result. Another possible explanation
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is that the control during the current-limitation mode does not consider any
synchronisation with other converters.
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Chapter 6

Conclusion
This chapter the conclusions are summarize and future work ideas are presented.

6.1

Findings

In this licentiate thesis transient stability studies and modelling of the
Swedish low frequency AC railway system has been presented. Simpliﬁed
models have been developed and used to do the stability studies.
As the SFC has limited over-current abilities, a current limitation has been
implemented. This model was used to investigate how the test system investigated behaves for diﬀerent kinds of fault. It was found that replacing an
RFC with an SFC didn’t cause the test system become unstable after diﬀerent
kinds of faults. The converters units were able to ﬁnd new operating points.
As shown in Paper I, angular stability could be a concern if the critical
clearing times are beyond those that are common in low frequency AC railway
systems, which is 200 ms.
As presented in Chapter 2 and Chapter 4, the railway in Sweden and
Norway follows the frequency of the public grid. This results in that frequency
stability is not a concern.
Operating an RFC with an SFC in parallel, power oscillations were found.
These power oscillations were apparent when the system was subjected to
faults. The oscillations are approximately at 1.25 Hz, present in Paper III.
Converter station with only RFC installed, power oscillation approximately
of 0.5 Hz between the converter stations was found. Thus, after fault angular
oscillations with only RFC will exist, as presented in Paper IV.
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Measurements showed that oscillations even occurred between SFCs of the
same manufacturer and type. Small diﬀerences between converters are apparently suﬃcient to cause angular diﬀerences and thus oscillations as presented
in Paper V.
In another case study a system with only RFC was investigated. The
converter stations were connected to the 132 kV 16 23 Hz line. It was found
that the system were stable for the diﬀerent fault applied.
In all, the developed model for an SFC has captured some of the characteristic that are present in the Swedish low frequency AC railway grid. It showed
that there will be oscillations between SFC and RFC after disturbances.

6.2

Discussion

As power system stability is a multidisciplinary area where electrical machines, power electronics and their control system interact in diﬀerent ways.
Large time has spent to understand and develop models that capture the main
phenomena of interest for the low frequency AC railway whiteout detailed
modelling of every component.
The models develops and used have captured some of the main characteristics of interest of the low frequency AC railway system in Sweden, without
being detailed. For initial system studies, where one is interested to obtain
initial understanding how the system will behave, the models are suﬃcient.
However, a more detailed modelling will give more insight on causes and more
detailed behaviour. Another approach is to solve the equations of the system
in time domain that can captures other phenomena not seen when analysing
with phasor.
Another aspect is that the electrical power delivered of the motor will vary
during transient as the generator is seen as the mechanical power input for the
motor. This have not been modelled, thus the results presented are seen as an
indicator in what frequency range the power oscillation are to occur.
The SFC has been modelled as an equivalent single phase generator seen
from the railway grid. A more detailed modelled should include how the internal control system aﬀects the operation of the converter during the transient.
However, for initial studies, the model presented give indications on how a
more detailed model will behave.
An unexpected ﬁnding was that there were no angular oscillations between
converter stations consisting of only RFCs, when a fault was applied in the
middle of the line connecting the converter stations (see Paper IV). One reason
is that the converter stations see the same impedance to the fault (phase-toground fault). This shows also how diﬃcult it can be to distinguish between a
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real fault and a train that suddenly increases its power demand. The absence
of oscillation may however also be due to the low model order used in the
studies. If a higher order model were used it can be expected that power
oscillations would occur.
Using these models for initial system studies provides the ability to develop
more complex models to investigate a phenomenon of interest that appeared
from the result. This can for example be more detailed model of the SFC
to understand the power oscillations occurred seen in the simulations. The
models used allow for an easy and initial understanding of low frequency AC
railways and are easy to follow, but at the cost of accuracy compared to the
real physical system.

6.3

Recommendations

This thesis has just ”scratched” the surface of a large research area, stability
of low frequency AC railways. Therefore there list research topics can be
long. However, following research topics/ideas have been identiﬁed during
this licentiate:
Modelling
The models developed during this thesis were shown to be suﬃcient to
capture some of the basic characteristics of the transient stability of the low
frequency AC railway. However, more detailed models are needed to obtain
results that are closer to reality. Detailed models of the current limitation algorithms are needed; this includes the criterion for entering current-limitation
mode, the control during current-limitation mode, and the criterion for leaving
current-limitation mode. The SFC model should be improved with more details of its control system, including more characteristics of the internal control
of the SFC. A possibly very important characteristic of the control system is
the implementation of allowing or blocking feedback power (power from the
railway grid to the public grid). This is because the vast majority of the SFCs
in the northern part of Sweden have such blocking implemented.
Interactions
The railway system loads (i.e. the trains) are of non-linear character, and
have diﬀerent control systems. Thus, an investigation is needed of the interaction between RFCs, SFCs and trains after a fault or another severe disturbance.
As the measurements show, the currents in the railway system are strongly
non-sinusoidal, whereas the voltages are less so, shown in Paper V. The converters in the converter stations as well as the converters in the trains are
impacted by this non-sinusoidal currents. This could impact the angular insta46

bilities, but it could also result in instabilities between converters at harmonic
frequencies, a phenomenon that was called ’harmonic instability’ [53] long before it was observed. And even now, the phenomenon is very rare and there
is not even general agreement about its existence and no understanding about
the actual mechanism behind it. The voltage and current distortions in the
railway system is much larger than in the public grid resulting in a stronger
coupling between converters. Because of this, harmonic and other non-linear
interactions should be studies in railway systems with SFCs.
Large system study
It is recommended to perform a large system study, for example on the
northern part of Swedish traction grid, from Stockholm to Boden (a distance
of approximately 950 km). This section of the Swedish railway has a relatively
simple structure, it has the high voltage transmission line of 132 kV 16 23 Hz
system in parallel, and the feeding of this part of the Swedish railway consist
almost entirely of SFCs. From a system point of view it would be beneﬁcial
study the angular stability of the system after replacing the majority of RFCs
with SFCs.
Monitoring
It is recommended to continue monitoring the voltages and currents in the
railway grid and where possible to extend the scope of the monitoring program,
including monitoring of voltages and currents with the trains.
A detailed analysis of the monitoring data should be done, both manually
and automatically. For the latter, for example algorithms should be developed
that detect oscillations in voltage, current and power ﬂow.
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Appendix A

Parameters
Base Voltage
Base Power
Transient reactance RFC
Transformer impedance RFC
Transformer impedance SFC
Line impedance
Inertia constant of RFC
Time constant T1
Time constant T2
Drop coeﬃcient Kδ
Damping Constant RFC
SFC Rating
RFC Rating

16.5 kV.
10 MVA.
0.218 p.u.
0.0446 p.u.
0.0769 p.u.
0.2+0.2i Ω/km
2.27 s
0.6 s.
0.05 s.
0.37
0.06
15 MVA
10 MVA

Table A.1: Parameters used in the simulations.
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Appendix B

Sample Code
This is a sample code for the the network of the block-diagram in Matlab/simulink. This code calculating the currents from the converter units.
The inputs are the internal voltages, load angle, Y-bus matrix and Z-bus matrix. Output is the currents, active, reactive power and voltages.
function [ I1 , I2 , I3 , P1 , P2 , P3 , Q1 , Q2 , Q3 , . . .
,V1 , V2 , V3 , V5 , d e l 2 2 , E22 ] . . .
= p o w e r c a l c ( E1 , E2 , E3 , d e l 1 , del2 , d e l 3 , . . . ,
X1 , X2 , X3 , Y, Z )
I I 1 = ( E1∗exp ( 1 i ∗ d e l 1 ) ) ∗Y( 1 , 1 ) + . . .
( E2∗exp ( 1 i ∗ del2 ) ) ∗Y( 1 , 2 ) + . . .
( E3∗exp ( 1 i ∗ d e l 3 ) ) ∗Y( 1 , 3 ) ;
I I 2 = ( E1∗exp ( 1 i ∗ d e l 1 ) ) ∗Y( 2 , 1 ) + . . .
( E2∗exp ( 1 i ∗ del2 ) )Y( 2 , 2 ) + . . .
( E3∗exp ( 1 i ∗ d e l 3 ) ) ∗Y( 2 , 3 ) ;
I I 3 = ( E1∗exp ( 1 i ∗ d e l 1 ) ) ∗Y( 3 , 1 ) + . . .
( E2∗exp ( 1 i ∗ del2 ) ) ∗Y( 3 , 2 ) + . . .
( E3∗exp ( 1 i ∗ d e l 3 ) ) ∗Y( 3 , 3 ) ;
Imax = 1 . 3 5 ;
i f abs ( I I 2 ) > Imax
I 2 a n g l e=angle ( I I 2 ) ;
I 2 = Imax∗exp ( 1 i ∗ I 2 a n g l e ) ;
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Ibvector = [ II1 I2 0 0 0 II3 ] . ’ ;
Vvector = Z∗ I b v e c t o r ;
V1=Vvector ( 1 ) ;
V2=Vvector ( 2 ) ;
V3=Vvector ( 3 ) ;
V5=Vvector ( 5 ) ;
E22 = Vvector ( 2 ) + 1 i ∗X2∗ I 2 ;
E2=abs ( E22 ) ;
d e l 2 2 = angle ( E22 ) ;
I 1 = ( E1∗exp ( 1 i ∗ d e l 1 ) ) ∗Y( 1 , 1 ) + . . .
( E2∗exp ( 1 i ∗ del2 ) ) ∗Y( 1 , 2 ) + . . .
( E3∗exp ( 1 i ∗ d e l 3 ) ) ∗Y( 1 , 3 ) ;
I 3 = ( E1∗exp ( 1 i ∗ d e l 1 ) ) ∗Y( 3 , 1 ) + . . .
( E2∗exp ( 1 i ∗ del2 ) ) ∗Y( 2 , 3 ) . . .
+ ( E3∗exp ( 1 i ∗ d e l 3 ) ) ∗Y( 3 , 3 ) ;
P1
Q1
P2
Q2
P3
Q3

=
=
=
=
=
=

r e a l ( E1∗exp ( 1 i ∗ d e l 1 ) ∗ conj ( I 1 ) ) ;
imag ( E1∗exp ( 1 i ∗ d e l 1 ) ∗ conj ( I 1 ) ) ;
r e a l ( E2∗exp ( 1 i ∗ d e l 2 2 ) ∗ conj ( I 2 ) ) ;
imag ( E2∗exp ( 1 i ∗ d e l 2 2 ) ∗ conj ( I 2 ) ) ;
r e a l ( E3∗exp ( 1 i ∗ d e l 3 ) ∗ conj ( I 3 ) ) ;
imag ( E3∗exp ( 1 i ∗ d e l 3 ) ∗ conj ( I 3 ) ) ;

else
Ibvector = [ II1 II2 0 0 0 II3 ] . ’ ;
Vvector = Z∗ I b v e c t o r ;
V1=Vvector ( 1 ) ;
V2=Vvector ( 2 ) ;
V3=Vvector ( 3 ) ;
V5=Vvector ( 5 ) ;
d e l 2 2=del2 ;
I 1=I I 1 ;
I 2=I I 2 ;
I 3=I I 3 ;
E22 = E2∗exp ( 1 i ∗ d e l 2 2 ) ;
P1 = r e a l ( E1∗exp ( 1 i ∗ d e l 1 ) ∗ conj ( I 1 ) ) ;
Q1 = imag ( E1∗exp ( 1 i ∗ d e l 1 ) ∗ conj ( I 1 ) ) ;
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P2
Q2
P3
Q3

=
=
=
=

r e a l ( E2∗exp ( 1 i ∗ del2 )
imag ( E2∗exp ( 1 i ∗ del2 )
r e a l ( E3∗exp ( 1 i ∗ d e l 3 )
imag ( E3∗exp ( 1 i ∗ d e l 3 )

end
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∗
∗
∗
∗

conj ( I 2 ) ) ;
conj ( I 2 ) ) ;
conj ( I 3 ) ) ;
conj ( I 3 ) ) ;

Appendix C

Electrical circuit of
catenary transformers
C.1

BT electrical circuit

Booster transformers have an 1:1 winding. The transformer current Ifeeding ,
generated from feeding station, will set up a ﬂux in the core. This ﬂux will
oppose the ﬂux set by the winding connected to the return conductor. The
winding connected to the return conductor will draw the current from the rail,
which set up a electromotive force (emf) equal and opposite to the emf of
Ifeeding , see Figure C.1.

Figure C.1: Electrical circuit of a BT.
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The sum of the currents in a BT is zero, which is derived from the Ampere
turn balance:
N1 Ifeeding − N2 Ireturn = 0
[N1 = N2 ] ⇒ Ifeeding − Ireturn = 0

C.2

(C.1)
(C.2)

Electrical circuit of an AT

Auto transformers have two windings connected in series in one single leg.
If the load is connected to secondary side and applying Ampere turn balance,
the equation becomes :
U2
I1
N2
=
=
U1
(N1 + N2 )
I2

(C.3)

Applying Kirchhoﬀ current law, the currents, see Figure (C.2), can be decided.

Figure C.2: Electrical circuit of an AT.

i1

=

I1

(C.4)

i2

=

i1 − I2 = I1 − I2

(C.5)

where I1 and I2 are the primary and secondary current in the system, respectively. In other words, the negative feeding current and positive feeding
current. The currents i1 and i2 are the current through the windings.
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Assuming that N1 = N2 and applying equations (C.3) and (C.5), i2 = −I1
implies the following:
• That U1 is double the voltage of U2
• The current that goes through the winding will be the same, but opposite
value.
In this case, U1 is the voltage of between negative feeder and the overhead
contact lines, and U2 is voltage between the overhead contact line and ground.
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[3]

Rune Lundberg. “Del IV Omformastationer”. In: Lärobok i Elektroteknik.
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Abstract
With the increasing amount of installed Static Frequency Converters (SFC)
in the low frequency Railway Power Supply System (RPSS) of 16 23 Hz, there
is a need of for knowledge to investigate how such a system behaves with
only or with a small number of Rotary Frequency Converter (RFC). This
is of great importance due to SFCs do not contribute to the system inertia.
Thus, the remaining RFCs have to be able to keep the stability when the
system is subjected to a large disturbance.
Few studies investigate the stability of a RPSS and most of them study
only the behaviour of a RFC in a converter station against an inﬁnite bus
during a disturbance. However, there are very few studies investigating similar conditions for a system with several RFCs in converter stations. Thus,
the aim of this paper is to explain and present some investigated cases of a
multi-machine transient stability study with several RFCs.
The RFC is a three phase synchronous motor and a single phase synchronous generator on the same shaft. By assuming that the shaft is stiﬀ,
the classical swing equation of motion is used. Diﬀerent cases have been
investigated: regenerative braking of a train resulting in a surplus of power
in the RPSS; a fault in the overhead contact line or in the parallel 132 kV
single phase supply line.
In the investigated cases the RFCs are transient stable and the rotor
angle swing oscillatory due to no damping in the system. Thus, the result

indicates that the RFCs maintain synchronism relative to the inﬁnite bus
of the system during regenerative braking or when the system is subjected
to a fault.
By using standard power system techniques, a multi-machine transient
stability study has been done for a RPSS with frequency of 16 23 Hz and the
system investigated is found stable in the investigated cases.
Keywords: Rotary converter, 16 23 Hz AC railways, multi-machine transient stability

1 Introduction
In Sweden, the Railway Power Supply System System of 16 23 Hz (RPSS)
is fed from the 50 Hz public grid through converters stations. A converter
station can consist from one to several Rotary Frequency Converters(RFC)
and Static Frequency Converters(SFC).
The SFC is controlled so they mimic the behaviour of a RFC, so they can
be easily installed and operated with existing RFCs in a converter station.
However the SFC do not contribute to the inertia of the system, and thus it
requires that the remaining RFCs can maintain the RPSS stable with the
transferred kinetic energy from the public grid.
The SFC utilized diﬀerent control schemes, such as Sinusoidal Pulse
Width Modulation (SPWM), to control the power electronic so the proper
frequency, voltage and angle is obtained at the 16 23 Hz side. However, SFC
can generally be not overloaded and some of them cannot cope with feedback power, i.e power from the RPSS to the 50 Hz grid, due to their design
and construction.
The RFC is a three phase synchronous motor and a single phase synchronous generator with the pole pair number p. The motor and generator
are mechanically coupled on the same shaft. The power is transferred from
the motor via the shaft to the generator and the electrical frequencies are
given by (1) according to [1, 2]. The RFC can be overloaded for a limited
time, and have the possibility to handle feedback power. However, they
have long start up times and the phasing-in procedure can be complicated
according to [3].
Motor: f50Hz = 3p · fmech
Generator: f16 23 Hz = p · fmech

(1)

There are a few studies published investigating transient stability of 16 23 Hz
RPSS. However, most of them focus on a Single Machine Inﬁnte Bus system.

Reference [4] investigates the stability of the system when a parallel 132 kV
single phase supply line of 16 23 Hz is built, i.e a centralized system. The 132
kV supply line is fed from the frequency converters and is connected to the
Overhead Contact Line (OCL) through converters, c.f Figure (1).

Figure 1: An example of a centralized system.
The system [4] study is subjected to faults in the 132 kV supply line
and regenerative braking. It was concluded that the converter station with
both SFC and RFC maintain stability against an inﬁnite bus with proper
critical clearing times. The critical clearing time is the maximum time the
protection system has to actions before the system becomes unstable.
Reference [5] provides a general description of a RFC. It describes the
transient stability of parallel operation of several RFCs in a converter station, and studies the stability when regenerative braking suddenly occurs.
However, neither in the both studies considers how several converter stations behave simultaneously to a disturbance or regenerative braking. Therefore there is a need for knowledge to study the behaviour of the RFCs on
several converter stations during a large disturbance and sudden regenerative braking. These studies are important as it provides what type of
requirements is essential for the protection RPSS to avoid severe damage
on the RFCs or other equipment, and provides an overview of the stability
of the system.
In this paper the main objective is to present some studied cases of how
several RFC in a 16 23 Hz RPSS behaves to diﬀerent disturbance. One of
the main assumptions is that the total rotating mass of a RFC is on the
generator. Thus, the generator can be seen a special turbine from the 16 23 Hz
side. Thus, the one axis model of a turbine can be applied [4]. Furthermore,

this paper describes how the RFC are modeled and what considerations
are taken when studying a multi-machine transient stability for a RPSS of
16 23 Hz.

2 Models
2.1 Models of the RFC
2.1.1 Static model
The RFC is synchronously connected to the 50 Hz public grid, which implies
that single phase voltage angle is one third of the 50 Hz grid voltage angle
c.f Equation (2). This implies that there is no need for frequency control in
the RPSS [6].
θ16 23 =

1
θ50
3

(2)

The static model of RFC originates from [6, 7]. The relationship between
the 50 Hz grid and 16 23 Hz grid is described by Equations (3)-(6) and Table
(1) explains the variables used.
U g = 16.5 −
θ0 = θ50 −

QG
#conv · kq

(3)

X50 · PG
1
· arctan
3
(Um )2 + X50 · Q50

(4)

G
G
Xqm · #Pconv
Xqg · #Pconv
1
ψ = − · arctan
−
arctan
3
(Um )2 + Xqm · #Q50
(Ug )2 + Xqg · #QG
conv

0

θ = θ + ψ(PG , QG , U )

(5)

conv

(6)

In a converter station consisting of the same type RFC, the amount of
reactive power and active power injected to the catenary, and the amount
of absorbed reactive power is assumed to be equally dived by the number of
RFC installed. The output voltage at the converter station is controlled to be
kept at 16.5 kV at the point of connection to the catenary. The voltage can
drop if the power demand is high and this relation is described by Equations
(3) and (5). Equation (5) gives also the single phase terminal voltage shift,
when the converter station is unloaded, and equation (6) described the single
phase voltage angle at the generator side [7, 8].

Table 1: Explanation of denotations of rotary converter equations.
Denotation
θ

50

[rad]

Xqm
Xqg
m

U

Description
no-load phase angle, 50 Hz side

[Ω]

quadrature reactance motor

[Ω]

quadrature reactance generator

[kV]

voltage at motor side

g

U [kV]

voltage at generator side

#conv

number of converters

ψ [rad]

phase angle diﬀerence between 50 Hz side
and 16.7 Hz side of converter

PG [MW]
QG [MVAr]

generated active power at generator side
generated reactive power at generator side

Q50 [MVAr]

absorbed reactive power

2.1.2 Dynamic model
The RFC consist of a motor and generator mounted on the same shaft.
Assuming the shaft is stiﬀ and the total rotating mass of the RFC is on the
generator, the RFC can be model as a special turbine [4]. Thus, a regular
model of a synchronous machine can be applied
During a transient period the synchronous machine can be model as voltage source behind its transient reactance [9,10]. The motion of the rotor can
be described with a set of diﬀerential equation, i.e state variables, based on
Newtons second law of motion, c.f Equation (7).
H d2 δ
= (Pm − Pe )
πf0 dt2

(7)

where δ [rad] is position of the rotor; H[s], Pm [W] and Pe [W] is the inertia
constant, mechanical power and electrical power. The inertia constant is one
of the most important quantity in a power system, as it deﬁnes how long
it would take to bring a generator from synchronous speed to standstill,
and also deﬁnes how sensitive the system is for a sudden change in power
production or consumption.

2.2 Multi-machine system model
In order to do multi-machine transient stability studies, the voltages magnitudes and phase angles of a power system has to be known prior to the
event, e.g a fault or regenerative braking. This done by a load-ﬂow study.
In order to simplify the study, following assumptions are made [9, 10].
•
•
•
•
•
•

Loads are converted to equivalent admittance to ground.
Constant ﬂux in the generator, i.e saliency eﬀects are neglected.
The damping of the machines and asynchronous power are neglected.
RFCs in the same converter station are coherent.
The mechanical power is constant during the transient phenomena.
The movement of the train is not considered during the event.

With the result of the load-ﬂow study the current of machines can be calculated and the transient voltage is obtained. The loads that are converted
to admittance are inserted in the admittance matrix Ynn , where n is the
number of nodes, n = 1 . . . j. Adding the m generator nodes to the system,
m = 1 . . . j, the following relation is obtained:
  


In
Ynn Ynm
Vn
=
(8)
t
Im
Ynm
Ymm Em
To reduce the complexity of the problem Kron reduction formula is used.
This implies that all current are set to zero except the generator currents.
Thus, the admittance matrix is reduced to a size of m × m, c.f Equation
(9).
t
−1
Yred = Ymm − Ynm
Ynn
Ynm

(9)

The electrical power of the generators can be expressed by Equation (10).
m

|Ei ||Ej ||Yijred | cos(θij − δi + δj ), i = 1 . . . m
(10)
Pei =
j=1

During steady state, the mechanical power and electrical power are equal.
When a disturbance e.g a fault, the admittance matrix change the system
is not longer in steady state as the electrical power changes. By applying
Equation (7) and transform into state variable model, the swing equation
describing the motion of the rotor is expressed by Equation (11)-(12), where
ω̇ [rad/s] is the deviation from synchronous speed. In this case the synchronous speed is ωs = 2πfs , where fs = 16 23 Hz.

dδi
= ω̇i
dt
dω̇i
πf0
=
(Pmi − Pei )
dt
Hi

(11)
(12)

3 Simulations and Results
3.1 Simulations
The system simulated is represented Figure (1), and distance between the
transformers is 50 km and distance between converter stations is 100 km.
Converter station 1, is the inﬁnite bus of the system installed with 5 RFCs
of type Q48/Q49, and the rest of the stations have one installed RFC each
of the same type. The train is assumed to consume 8 MW.
Simulations are done in GAMS and MatLab, where in GAMS the loadﬂow calculation is done and in MatLab the dynamical part is solved. The
results presented are from four diﬀerent cases, and presents the phase angle
diﬀerence of converter station 2 and 3 relative to the inﬁnite bus. The cases
investigated are:
• Case 1: Continuous regenerative braking, single step from 8 MW consumption to 8 MW generation
• Case 2: Regenerative braking for 2 second, single step from 8 MW
consumption to 8 MW generation. The stops braking after 2 seconds,
single step from 8 MW to zero MW.
• Case 3: Phase-ground fault in the 132 kV supply line, between node
2 and 3. Diﬀerent clearing times.
• Case 4: Phase-ground fault in the 16.5 kV OCL, between node 7 and
8.
3.2 Results
The ﬁgures represent the relative phase angle diﬀerers of each converter
station, dotted line δ21 and the solid line δ31 , of converter station 2 and 3
against converter station 1.
When the train brakes the phase angles will increase to reach its maximum
and then decrease, and the converter stations swing together which can be
seen in ﬁgures (2)-(4) and (6). Thus the system ﬁnds new stable point of
operation. The curves are similar due to the converter stations are of the

same type, and the shift between the curves is due to the distance between
the converter station and the event which implies that the impedance is
diﬀerent.

Figure 2: Case 1. Continuous regenerative braking.

Figure 3: Case 2. Regenerative braking and after two second the train stops.

Figure 4: Case 3. Fault in the 132 kV, fault is cleared at 0.86 ms.

Figure 5: Case 3, unstable. Fault in the 132 kV, fault is cleared at 0.866 ms.

When the fault occurs in the 132 kV supply line and it is cleared 0.86 ms
the system remains stable, which can be seen in Figure (4). However if the
fault is cleared at 0.866 ms the system becomes unstable and the machines
loses synchronism, c.f Figure (5).

Figure 6: Case 4. Fault in the 16.5 kV OCL, fault is cleared after 2 s.

4 Conclusion and Discussions
In all cases investigated the system is transient stable. However in Case
3 the clearing time of the fault can not be longer than 0.86 ms as the
system becomes unstable, i.e the converter stations loses synchronism, c.f
Figure (5).
If the fault occurred in the OCL, as in Case 4, the system see a sudden
increase of power and the rotor angle decreases and start to swing. Here is
also the most challenging part of RPSS protection. The protection equipment must be able to distinguish between a fault or train accelerating.
Thus a fault in the 132 kV parallel supply line is more severe to the system
than a fault in the OCL, due to the most of the power is transferred via the
132 kV line.
The model has it limitation regarding regenerative braking. The fact
is that the trains position changes during braking which implies that the
admittance matrix also changes. However, it can be assumed that impact is
negligible. When the train starts braking the power regenerated back will
be at highest for seconds and the regenerated power will start decease to
zero. The system will come to a steady state, and this is indicated in Figure
(3).
The model used gives substantial of information how converter stations
installed with only RFC behaves during regenerative braking or disturbances. However, further studies are needed to investigate the dynamics

of the SFC. This is of importance due to converter station installed with
both SFC and RFC or just SFC installed will behave diﬀerent during fault or
regenerative braking, and it is not quite understood how the overall system
stability will be then.
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SUMMARY
The demand of electrical power in the Swedish railway system has increased the last years
due to increased rail traffic. However, the transmission losses are high and the ability to keep
an appropriate voltage level is a challenge in parts of the 15 kV, 16 ⅔ Hz single phase system.
In order to reduce the losses an additional HVAC (High Voltage AC) line, in parallel with the
catenary system, was constructed during the 1980ies and 1990ies. Power transformers in large
transformer stations, operating similar to substations, are used for the exchange of power
between the HVAC line and catenary. Thus, the distance between converter stations can be
increased.
One proposed feeding solution to further reduce the losses and improve the voltage level in
the catenary system is the utilization of an HVDC (High Voltage DC) feeder instead of
HVAC lines. The power exchange between the HVDC line and catenary is in the proposed
solution done through small converters. With optimal operation of the converters the losses
can be reduced and the voltage profile of the rail system can be improved, in such way that
the voltage deviation from nominal voltage at the train location is minimized
A unified AC/DC Optimal Power Flow (OPF) model is utilized to investigate the behavior of
an HVDC supply solution. Decision variables are used for optimal operation of the converter
units in order to either minimize the system losses or the deviations from nominal voltage
levels.
The results of the investigated HVDC feeder solution indicates reduced losses and improved
voltage at the catenary compared with the existing feeding solution.
KEYWORDS
16⅔ Hz Railways, HVDC, OPF, load flow,

J. Laury, M.H.J Bollen, L. Abrahamsson, S. Östlund

1.

INTRODUCTION

The railway traffic is increasing and more power is demanded from the Railway Power Supply System
(RPSS). However, the most of the RPSS is relatively weak causing high transmission losses and large
voltage drops, due to most catenary systems in service have high impedance.

1.1

The Present-Day Swedish Railway Feeding System

The Swedish RPSS is today fed from the public grid via converter stations that transform the 50 Hz
power to 15 kV, 16 Hz power.

1.1.1 Decentralized Feeding

Figure 1: Decentralized System Layout

The simplest feeding solution is often called decentralized, c.f figure 1. The converter stations consist
either of rotary frequency converters, static frequency converters based on power electronics, or a mix
of both. The power-electronic based frequency converters are set to mimic the rotary converters in
order to make parallel operation simpler in a converter station [4, 5].

1.1.2 Centralized Feeding
In order to improve the voltage levels and reduce the transmission losses, additional HVAC feeders of
132 kV, 16⅔ Hz have been installed and proven to be cost efficient where used [1]. This kind of
solution is called centralized, c.f figure 2. However, the HVAC feeder solution requires a high level of
land usage that can be difficult to obtain in densely populated areas.

Figure 2: Centralized System layout
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1.2

The Proposed Improvement of the Swedish Railway Feeding System

A RPSS fed through controlled HVDC converters is presented in [2], where the converter proposed
uses a medium frequency transformer to reduce the transformer size [3]. The HVDC cables can be
buried in parallel with the railway, thus requiring less land usage than HVAC overhead lines.
Furthermore, the cable capacitances do not impose the same constraints for DC as for AC.
By following the same ideas as in [2], this paper compares transmission losses and catenary voltage
levels for different types of catenary systems; trains operating with different power factor; varied
converter sizes and spatial distributions; and two different objective functions.
The OPF HVDC feeder solution is formulated as an optimization problem, where there objective is to
either minimize the overall power system losses or minimize the voltage deviations from nominal at
the train locations. However the train position and power consumption vary over time in real-life. This
implies that the results presented sets a theoretical lower bound on how small the losses or how small
the voltage deviations from nominal voltage can be in a given instant of time, if the converters would
have been controlled optimally in a real life situation.

1.3

Catenary systems

In the Swedish railway system there exist two main types of catenary systems: Booster Transformer
(BT) system and Auto Transformer (AT) system.
The BT system is the most common catenary system used in Sweden. The BTs are normally placed 5
km from each other. Between the BTs there is a ground connection to draw up the return current from
the rail to the return conductor. However, the line impedance of the catenary is increased, since the
current must flow through each booster transformer. Thus, the effective power transfer is reduced and
the distance between the converter stations cannot be too large [6].

Figure 3: BT system.

The AT system consists of a negative conductor instead of a return conductor. The Auto Transformer
is placed between the negative conductor and the OCL, the midpoint of the AT is connected to the
(ideally neutral) rail and the effective transfer-voltage is doubled. Thus the current is halved if the
active power is constant. Losses are reduced and it is possible to have longer distance between the
converter stations [4, 6].
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Figure 4: AT system.

2.

MODELS

From a modelling point of view; the converter is divided to an AC side and a DC side, where the AC
side of the converter is connected to the OCL and the DC side to the HVDC feeder. The converter
operates in the all four quadrants of the PQ plane, thus active power can flow from the HVDC grid to
the OCL or vice versa.
It is assumed that the converter unit can provide nominal apparent power at the lowest AC voltage it is
designed for [2]. Thus the nominal apparent power is set to 1 p.u. and the lowest AC voltage is set to
be 0.8 p.u. This implies that the maximum current the converter unit can handle is 1.25 p.u.
The losses of the converter can be modelled as a second order polynomial, assuming inverter mode
operation, c.f. equation (1). The quadratic and linear terms depend on the on the converter AC current
and the constant term represent the no-load losses. If the converter is operating in rectifier mode, the
losses are assumed to be 10% less compared to inverter mode operation. Furthermore, the losses of the
converter are assumed to be independent of the converter rating [1, 2, 3].
ࡼࡸǡ࢜ ൌ Ǥ  ή ࡵ  Ǥ ૢૠ ή ࡵ  Ǥ 

(1)

Binary variables are used to model the operating state of the converter. The binary variable α is used to
model if the converter is operating in rectifier mode or inverter mode. The no-load loss of the
converter contributes significantly to the overall system losses. Thus the binary variable γ is used to
model the unit commitment. The converter unit is turned off when γ is valued zero [6].
A unified AC/DC load flow approach is used [7, 8] to find the optimal power flows that minimize the
overall active power losses or minimize the catenary voltage deviations at the train locations. Thus two
kind of load-flow problems are solved, an AC and a DC load flow problem, and active power is
interchanged between them in the AC/DC connection of the converters. The interchange of active
power, including the converter losses, is described by
(2)
ࡼǡࡰ െ ࡼ࢛࢚ǡ െ ࡼࡸǡ࢙࢝ ൌ .
Further details of the HVDC converter model and the unified AC/DC load-flow can be found in [2, 6].

3.

CASE STUDIES

Four kinds of systems are studied and compared regarding transmission losses and voltage levels for
power factors 1, 0.9 and 0.8 at the train. The systems are
x

5 MVA converters, placed at a distance of 33 km from each other. Installed generating
capacity of 20 MVA.

x

2 MVA converters, placed at a distance of 11 km from each other. Installed generating
capacity of 20 MVA.

x

Decentralized system, converter stations placed 100 km from each other. Installed generating
capacity 40 MVA, due to high transmission losses
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x

Centralized system, converter stations placed at 100 km from each other; transformers in the
range 16 – 25 MVA installed 33 km from each other. Installed generating capacity 20 MVA.

The OCL type is either AT-type or BT-type and the impedances are
x

0.0335 + 0.031j Ω/km (AT)

x

0.2 + 0.2j Ω/km (BT)

In the two catenary models, the HVDC cable impedance is 0.1175 Ω/km and the HVAC cable
impedance is 0.051 + 0 .062i Ω/km.
The trains are assumed to either consume or regenerate 4 MW. Train I and III-IV are consuming active
and reactive power and Train III is regenerating active and reactive power, in order to simulate
extreme voltage conditions. Train III consist of 2 locomotives, thus the consumption is 8 MW.

Figure 5: HVDC feeder solution with 5 MVA converters.

4.
4.1

RESULTS
Losses minimization results

Table 1 presents the transmission losses of the different systems investigated. Transmission losses in
the decentralized system are 10%-30%, the HVDC solution transmission losses are in the range of 2%7% depending of what kind of HVDC system layout is chosen. Thus, the transmission losses have
been reduced up to 90%.
In the HVDC feeder solutions the objective has been set to either minimize the overall system losses
or the catenary voltage level deviations from nominal at the train locations. For the decentralized
system and centralized system a load-flow analysis is done to obtain the transmission losses and
voltages. The losses of the rotary converters are neglected for the two latter kinds of systems.
PF at train

HVDC with 2
MVA converters

HVDC with 5
MVA converters

Centralized
system

Decentralized
system

cos(φ) = 1

0.34

0.68

1.16

2.43

cos(φ) = 0.9

0.47

0.93

1.63

4.84

cos(φ) = 0.8

0.72

1.32

2.26

7.3

Table 1: Transmission losses, BT system [MW].
Table 2 presents the transmission losses for the different systems with an AT catenary system.
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PF at train

HVDC with 2
MVA converters

HVDC with 5
MVA converters

Centralized
system

Decentralized
system

cos(φ) = 1

0.07

0.15

0.18

0.43

cos(φ) = 0.9

0.09

0.19

0.22

0.40

cos(φ) = 0.8

0.12

0.22

0.27

0.52

Table 2: Transmission losses, AT system [MW].
The detailed losses of the HVDC systems are presented in Table 3. The converter losses for the HVDC
2 MVA with BT catenary system has increased with approximately 4% compared to an AT catenary
system; and with 15 % compared with 5 MVA converters. Thus the converter distance and type of
catenary is of importance. If smaller and denser distributed converters are used, the AC transmission losses of
such system can be reduced by at least 50%.

Common for both types of RPSS design proposals is that total converter losses are approximately the
same and losses on the DC cable are similar.
Converter Type and OCL

AC

DC

Converter

Total

2 MVA, AT

0.12

0.03

0.54

0.69

2 MVA, BT

0.72

0.03

0.60

1.40

5 MVA, AT

0.22

0.02

0.57

0.83

5 MVA, BT

1.32

0.03

0.63

1.99

Table 3: Detailed losses [MW] of the HVDC feeder solution, trains operate at cos(φ) = 0.8.

4.2

Voltage deviation minimization results

The voltages of the trains are presented in Table 4 for the different systems with an AT catenary
system and Table 5 for a BT system. The cost function of the HVDC feeder solution has been set to
minimize the voltage difference from nominal voltage at the train locations.
System/ cos(φ)

Train I

Train II

PF at Trains

1

0.9

0.8

HVDC 2 MVA

16.5

16.5

16.5

HVDC 5 MVA

16.5

16.5

Centralized

16.5

Decentralized

16.3

1

0.9

Train III
0.8

1

Train IV

0.9

0.8

16.5 16.5 16.5 16.5

16.3

16.5

16.5 16.5 16.5 16.3

16.3

16.2

16.1

16.0

1

0.9

0.8

16.2 16.5

16.3

16.3

16.3

16.2 16.5

16.3

16.3

16.6 16.5 16.3 16.3

15.8

15.7 16.5

16.2

16.0

16.3 16.1 15.9 16.0

15.5

15.3 16.2

15.8

15.7

Table 4: Voltages at train location, AT System [kV].
System/ cos(φ)

Train I

Train II

PF at Trains

1

0.9

0.8

HVDC 2 MVA

16.3

16.3

16.3

HVDC 5 MVA

16.3

16.3

Centralized

16.3

Decentralized

15.9

1

0.9

Train III
0.8

1

Train IV

0.9

0.8

16.5 16.5 16.5 16.1

15.5

16.2

16.6 16.8 16.8 15.6

16.0

15.9

15.0

14.8

1

0.9

0.8

14.6 16.3

16.2

15.3

14.7

14.2 16.2

15.6

15.1

16.5 16.4 16.4 15.0

13.2

13.0 15.9

15.3

14.6

15.1 14.2 13.8 13.2

9.8

8.2

13.5

12.8

14.3

Table 5: Voltages at train location, BT System [kV].
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With an AT catenary system the voltage levels are acceptable for all cases and system configurations
investigated, as they are in the range of 15-16.5 kV. However, when using a BT catenary system only
the HVDC feeder solution can keep the voltage at the train location above 14 kV. Usually lower
voltage than 14 kV may imply operational complications that may result in lower tractive effort for
certain trains.

5.

CONCLUSION & FUTURE WORK.

The result presented in this paper shows some of the benefits of the OPF operated HVDC feeder
solution, regarding how much losses can be reduced and the voltage levels be evened out at the train
locations. The ability to control power flows resulted in reduced transmission losses and improved
voltage levels at the train location, compared to the existing solution where there is no such ability.
For certain power factors at the train, the total losses of the HVDC feeder solution were less than the
transmission losses of the existing solution, where the losses of the rotary converter are neglected. If
the objective is to minimize the voltage deviation from nominal voltage at the train location, losses
will be higher due to that more reactive power is needed to keep the voltage deviation as low as
possible.
The centralized solution uses high voltage power transformers. The power transformers are in real life
normally located at longer distance than 33 km from each other, thus the comparison may be unfair.
However, even with densely installed power transformers, the HVDC solution outperformed the
centralized solution when the power factor at the trains starts to decrease.
Another main benefit of the HVDC solution is that it is expected that land usage will be less than for
the centralized solution. However more studies and real-time implementation models are required to
investigate other aspects, such as the economic potential.

6.
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1. Introduction
In many countries around the world the railway needs to be single phase by technical reasons
[1]. Low frequency AC for railway is used in Central Europe(Austria, Germany, Switzerland),
Scandinavia(Norway Sweden) and parts in the U.S.
There are two types of LFACTG used; synchronous-synchronous LFACTG and asynchronoussynchronous LFACTG. The latter one is used in the central European countries that uses LFACTG.
In the synchronous-synchronous system, the public grid frequency and the railway grid frequency
are synchronously linked and always exactly a factor three diﬀerent. The frequency is maintained
by the public grid and frequency control is not needed. This is the solution used in Norway and
Sweden. The asynchronous-synchronous railway grid has an independent frequency, and is controlled by converter units and other production units such as hydro power plant. This system is
used in Austria, Germany and Switzerland.
The synchronous-synchronous single phase LFACTG of 16 2/3 Hz, 15 kV in Sweden has been
expanding for the last several years and further expansion is expected. Due to the utilization of a
diﬀerent frequency than the public grid, converters are required for the interconnection between
the public grid and the LFACTG. The two types of converters that are used to feed the LFACTG
are Rotary Frequency Converter (RFC) and power electronic based Static Frequency Converter
(SFC). These converters are installed in converter stations where RFC, SFC or a mix of both and
operates in parallel with each other. In order to facilitate the operation of a converter station with
mixed converters types, the SFC is set to mimic the behavior of a RFC in steady state. However,
the behavior of SFC:s and RFC:s is diﬀerent during disturbances.
Nowadays, when constructing new converter stations the most common converter unit type
installed is SFC. It is however unclear how the railway grid will behave during a disturbance
when more SFCs are added to the system, as the SFCs dynamics are diﬀerent from those of the
RFCs.
The overall performance and system behavior are not well explored in the Scandinavian
LFACTG and there are only few papers investigating power system stability for low frequency
railways, especially when more SFCs are added. There is especially few paper investigating
transient stability of a synchronous-synchronous railwaygrid.
In [2] models of an SFC and an RFC are presented for the Amtrak 25 Hz system. With these
models a transient stability study is done for diﬀerent scenarios such as fault close to a converter
station with a loss of an RFC.
A study done in [3], investigate the transient stability of the Swedish railway grid in association with the building of 132 kV single phase transmission line in parallel with the catenary
system of 16.5 kV. That grid expansion was done to strengthen the traction grid in northern Sweden. However it is hard to obtain a complete assessment of the transient stability of the system
because only one converter station at a time is studied.
A more recent paper [4] studies the transient stability of a LFACTG with multiple RFCs,
using the model presented in [3], where several converter station are studied at the same time.
As there are very few research papers written about stability in LFACTGs; knowledge and
expertise on how to develop models and perform studies has to be found from other comparable
grids where more research has been done. The Swedish LFACTG faces similar challenges as a
microgrid. The deﬁnition of the microgrid is given in [5].
Compared to a microgrid, the Swedish LFACTG cannot operate disconnected from the public
grid, as all electrical power generation is fed from the 50 Hz public grid. However, as more SFCs
are installed, the mechanical coupling between the Swedish LFACTG and the public grid is
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becoming less, and the challenge is how to keep the system stable with mix of both RFC and
SFC.
Similarities in challenges between the microgrid and the Swedish LFACTG is how to keep
the system stable with electronic generation and rotational generation. However, stability of a
microgrid with rotational and electronic based generations has not been well explored as most
research focuses on inverter based microgrids [6]. This is however investigated in [6] which
presents models and conditions for stability of such grid.
The models presented of an inverter in [6] is based on the the concept of Virtual Synchronous
Machines (VSM). The VSM model is developed in [7, 8, 9]. A VSM is a Voltage Source Converter(VSC) that is controlled as a Synchronous Generator (SG). The VSM can be modeled by
utilizing droop control [10] with a low pass ﬁlter. This low pass ﬁlter is necessary for the inverter
to stabilize the inner control loops, as the ﬁlters damps and rejects noise that could disturb the
operation of the VSM [7, 11], and its needed for the average power calculations.
The research question investigated in this paper is how a synchronous-synchronous LFACTG
of the type used in Sweden and Norway, with RFCs and SFCs, behaves after severe disturbance,
which in this paper is a single phase to ground fault.
The main contributions of this paper are: the development a simpliﬁed model of an SFC that
can be used for transient stability studies, and a transient stability study of a LFACTG with RFC
and SFC. The model development has been inspired from the papers [6, 7] and [2]. As an SFC
have less short-term loadability compared to an RFC, the SFC is modelled with current limitation
to avoid tripping of the converter during fault.
The paper is organized as follows: In Section 2 the models used for an RFC and an SFC are
presented. In Section 3 the models are used in two case studies and the results are evaluated.
Section 4 contains conclusion and recommendations for future work.
2. Models
2.1. Steady State Models
In Sweden and Norway the SFC and RFC behaves identically in steady state, resulting in the
same voltage phase shift characteristic [12]. From electrical machine theory, e.g. [13, 14], the
load angle δ of a synchronous machine is a function of the active power P, reactive power Q and
terminal voltage U and is expressed by
δ(P, Q, U) = arctan



Xq P 
U 2 + Xq Q

(1)

were Xq is the quadrature reactance. As the RFC consist of two machines connect to the same
mechanical shaft, the total voltage angle diﬀerence between the 50 Hz terminal and the 16 23 Hz
terminal Ψconv , in 16 23 Hz electrical radians is expressed by




Xqm Pm
Xqg Pg
1
Ψconv = − arctan
−
arctan
g
3
(U m )2 + Xqm Qm
(U g )2 + Xq Qg

(2)

The indices g and m stands for generator motor respectively. It is assumed that the machine
system is lossless which results that Pm is equal to Pg . The ﬁeld voltage on the motor side is
often set to keep the reactive power consumption close to zero [15]. On the generator side, the
voltage magnitude is controlled as a function of reactive power generated. Equation (2) expresses
how much the RFC generator terminal angle will decrease compared to the angle during no-load
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with the assumption that the RFC is connected to an inﬁnitely strong public grid. Thus if no
active power would be ﬂowing through the RFC, the generator terminal voltage angle would be
one third of the 50 Hz side angle expressed ny
θg =

θ50
+ Ψconv
3

(3)

2.2. Dynamical Models
2.2.1. RFC
The synchronous-synchronous RFC phase angle dynamics is described by the classical model
of a generator [10]. The swing equation for the motor and generator are described by
M m δ̈ M = P50Hz − Pm
Mg δ̈G = Pm − P162/3Hz

(4)
(5)

were M m and M g is the inertia coeﬃcient for motor and generator respectively. The mechanical
axis connecting the machines is assumed stiﬀ and the machine system is lossless, resulting that
the mechanical power is same for both machines.
As two machines machines shares the same mechanical angle and speed, the inertia constants
of the motor and generator are added according to [16]. This result in an inertia coeﬃcient M mg
for the generator is calculated, which depends on the nominal angular speed of the railway.
Adding a damping coeﬃcient D, which represents the damping of the RFC, the load angle of the
RFC seen from the railway grid is expressed by equation (6).
M mg δ̈G + Dδ̇G = P50Hz − P162/3Hz

(6)

2.2.2. SFC
From the railway grid, the SFC can be seen as an equivalent single phase generator. From
machine theory it is known that that the angle of a salient pole machine is expressed by equation
(1). According to [17] the inﬂuence of terminal voltage and reactive power is minor, which
implies that the denominator in equation (1) is set to one, resulting in the simpliﬁed relation of
the load angle expressed by:
δ = arctan(XP)

(7)

The droop coeﬃcient used is obtained by linearizing Equation (7). The resulting the droop
coeﬃcient is Kδ is set to X, where value of the quadrature reactance originates from a synchronous single phase generator that is used in a RFC. However, if the SFC is operating in
parallel with an other converter, X is proportional to the installed power so that the angle shift
obtained from converters are the same at converter station terminal.
The angle control of a SFC is modelled with diﬀerent time delays that capture, from a system
point of view, the characteristics of the angle control of an SFC. This angle control is modelled
with two block diagrams; where the left-hand-side block represents the ﬁlter unit and Block
right-hand-side block represent the rest of converter. The ﬁlter unit ﬁlters the instantaneous
measured power signal and gives the average power to the controller [11]. Filtering a signal
results in a certain time delay and will aﬀect how fast the converter will react to a sudden change
of power. This time delay is represented by the time constant T 1 . The time delay introduced by
the ﬁltering is determined by the cut-oﬀ frequency which is set in the simulations to one tenth
4

Figure 1: Block diagram of phase angle dynamics for an SFC.

of the fundamental railway frequency. The time constant T 2 represents how fast the converter
acts on a power change, and is represented by a ﬁrst order transfer function, where the droop is
included, c.f Figure 1.
The signal Pm (s) in Figure 1 is the power that is being measured. The transfer function from
measured power signal to a change in angle is described by.
δ(s) = Kδ

Pm (s)
(1 + (T 1 + T 2 )s + T 1 T 2 s2 )

(8)

Let K1 = T 1 + T 2 and K2 = T 1 T 2 : applying the inverse Laplace transform to equation (8) results
in the time domain diﬀerential equation (9).
K2
K1
δ̈(t) +
δ̇(t) = Pre f − Pm
el
Kδ
Kδ

(9)

where Pre f represents the reference power of the SFC, thus the steady state solution from the
load ﬂow. Let the virtual inertia coeﬃcient of the converter be deﬁned by MS FC = KK2δ and the
damping of the converter by DS FC = KK1δ . Under those assumptions, equation (9) can be rewritten
into equation (10)
MS FC δ̈(t) + DS FC δ̇(t) = Pre f − P16 23 Hz

(10)

It can be observed from Equation (8) that virtual inertia coeﬃcient and virtual damping are
design parameters that depend on the time constants of the measuring unit and on the droop
parameter.
2.3. System modeling and current limitation
The impedance between loads and converter stations changes with time due to the movement
of the trains. This makes modelling of the traction grid more complicated. However, in this
paper it is assumed that the impedances remain constant. As the study focusses on short duration
disturbances, the movement of the train will not aﬀect the grid impedance during the studied time
period. Assuming that the train speed is 200 km/h at 50 km from a station, the train will have
travelled 800 meter during 15 seconds of simulation. This implies that the equivalent impedance
between the train and station will change with 1.7 %.
As the traction grid is connected to the 50 Hz public grid, a disturbance caused in either
the traction grid or 50Hz public grid will aﬀect both grids. However, the study focuses only on
disturbances that originate in the traction grid.
Both types of generation are connected to the public grid, and the public grid will deliver
the power that is required for the traction grid. For simplicity of the study the power delivered
from the public grid is assumed constant during the transient period, and the power reference of
5

the SFC is also assumed constant. The converter units are modelled as constant voltage sources,
the RFCs generators are modelled as constant emf behind their transient reactance, whereas
the SFCs inverter are modelled as constant voltage sources behind their transformer impedance.
Furthermore, RFC of the same type are lumped together into one single machine.
To simplify the analysis of the system, Krons reduction is applied and the trains are modelled
as constant impedance. The resulting electrical active and reactive power from the i:th converter
is expressed by
S ei∗ = Ei∗ Ii
m

Ii =
E j Yired
j

(11)
(12)

j=1

Pei = [S ei∗ ]
Qei = [S ei∗ ]

(13)
(14)

red

where Y is the reduced admittance matrix, E is the internal voltages of the converters and I is
the current output from each converter.
The power electronic components in the SFC cannot handle currents much above their rated
current, not even for a short time. This is due to their sensitivity to temperature rise together
with their short thermal time constant. To avoid the power-electronic components from being
damaged, but without having to regularly disconnect the converter, the current delivered by the
SFC is limited in magnitude. The equivalent voltage magnitude and voltage angle during current
limitation is calculated according to Algorithm (1).
Algorithm 1: Current limitation algorithm
if —IS FC | ≥ |Imax | then
|IS FC | = |Imax |;
Calculate new internal |Enew | and δ;
|Enew | = |Ūtermnial + iX I¯S FC |;
δ = angle(Ūtermnial + iX I¯S FC )
else
|IS FC | and |E|
end
3. Case studies
In order to investigate how the model behaves, two examples are studied, both based on the
system shown in Figure 2. The prefault condition of the system is obtained from a load ﬂow
analysis, utilizing the software developed in [12].
The system simulated has 4 converters units. Station 1 has an SFC and an RFC operating in
parallel. Stations 2 have two RFCs operating in parallel, and RFCs are lumped together into on
single RFC. The distance between the converter stations is 100 km and there are two tracks with
overhead contact line. On one of the tracks, a train is positioned 50 km from Station 1 and 2
respectively. Details of the component models are given in the Appendix.
The cases chosen are illustrative and represent what may happen when faults occur in the
traction grid in diﬀerent locations. In both case studies, the faulted line is disconnected upon
fault clearing equal to 100 ms. Both faults were single phase to ground with a fault.
6

Figure 2: Studied system

• Case:1 Fault in the line where there is no train, close to Station 1.
• Case:2 Fault in the line where there is no train, halfway between Station 1 and Station 2.
3.1. Case 1
The results for Case 1 are shown in Figures 3 through 7. These ﬁgures show that the main
oscillation is between the converter stations, c.f equation (3).
The angular oscillations shown in Figure 3 and the power oscillation, from the RFC in Station
1, in Figure 4 is approximately in the range of 1.25 Hz. During the fault, RFC 2 provides the
higher active power because it has provided for the additional losses due to the fault impedance.
As expected, RFC 1 has much higher current output than the SFC due to the current limitation
of the latter. The diﬀerence in behaviour during fault between the RFC and SFC results in
oscillations after fault clearing. These angular oscillations between RFC and SFC are seen in
Figure 6, where the current varies in magnitude and phase. The reactive power generated by
RFC 1 is higher than the one generated by SFC 1, about 9 times higher due to current limitation
in the SFC, see Figure (5).
The voltage magnitude in Station 1 and 2 drops during fault and after fault clearing there are
oscillation in magnitude, see Figure (7).
The main conclusion drawn from this case is that the converters will not lose synchronism
with each other. The current limitation operates as intended as seen in Figure 3 where the load
angle of the SFC is chopped. Oscillations between the converters in Station 1 will exist after
clearance of the fault.
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Figure 3: The angle of the converters relative the RFC generator in Station 2. Red and blue line are the SFC, respective
the RFC in Station 1.
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Figure 4: The active power generation of the converters. Red and blue line are the SFC, respective the RFC in Station 1.
The yellow line is the RFC in Station 2.
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1. The yellow line is the RFC in Station 2.
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Figure 6: The current of the converters in Station 1 in time domain. Red and blue lines are the SFC and RFC, respectively.
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Figure 7: Voltage in RMS of Station 1 (Blue line) and Station 2 (Red line).
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3.2. Case 2
The results for Case 2 are shown in Figures 8 through 12.
In this case, oscillations occur between the converter stations, but the oscillations are more
visible between the converters in Station 1. At the beginning of the fault it is clear from Figure
8 that the SFC enters current limitation mode. The current limitation algorithm results in a chop
of the load angle of the SFC.
Power oscillations between the converter units are visible in Figure 9 and 10. The SFC contributes most of the active power and reactive power, which means that the RFC single phase
generator does not accelerate. The power oscillation are from the RFC and SFC are approximately 1.3 Hz and 1.8 Hz respectively.
The angular oscillations are visible in Figure 11 where the oscillations are not only in magnitude, but also in angular diﬀerence between the currents. The voltages magnitude oscillates and
the oscillations vanish approximately 4.5 seconds after fault clearing, see Figure 12.
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Figure 8: The active power generation of the converters. Red and blue line are the SFC, respective the RFC in Station 1.
The yellow line is the RFC in Station 2.
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Figure 9: The active power generation of the converters. Red and blue line are the SFC, respective the RFC in Station 1.
The yellow line is the RFC in Station 2.
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Figure 10: The reactive power generation of the converters. Red and blue line are the SFC, respective the RFC in Station
1. The yellow line is the RFC in Station 2.
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Figure 11: The current of the converters in Station 1 in time domain. Red and blue lines are the SFC and RFC, respectively.
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4. Conclusion
This paper presents simpliﬁed models for the RFC and SFC, and uses these to perform a
transient stability analysis for a synchronous-synchronous low frequency AC railway grid. To
protect the power electronics of the SFC against high current, current limitation has been implemented. It is observed that with the current limitation used the SFC behaves diﬀerently for the
studied cases. A fault near the SFC will cause the converter to reduce its active power output and
increase its reactive power output. For a fault longer from the station the converter will supply
more reactive power and active power.
The case studies show that after a large disturbance there will be power oscillations between
the RFC generator and the SFC as shown in Figure 4 and Figure 9. The current will oscillate not
only in magnitude but also in angular diﬀerence between the converters as shown in Figure 6 and
11.
Further studies are needed as well improved models of the SFC to investigate on for example
how much the SFC inverter control impacts the oscillations.
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Appendix
Base Voltage
Base Power
Transient reactance RFC
Transformer impedance RFC
Transformer impedance SFC
Line impedance
Inertia constant of RFC
Time constant T 1
Time constant T 2
Drop coeﬃcient Kδ
Train
SFC Rating
RFC Rating

16.5 kV.
10 MVA.
0.218 p.u.
0.0446 p.u.
0.0769 p.u.
0.2+0.2i ohm/km
2.27 s
0.6 s.
0.05 s.
0.36
P = 4 MW @ cos(φ) = 0.8
S = 15 MVA
S = 10 MVA

Table 1: Parameters used in the simulations.
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Abstract
This paper investigates the replacement of Rotary Frequency Converters
(RFCs) with Static Frequency Converters (SFCs) in the Swedish synchronoussynchronous Railway Power Supply System (RPSS) operating at 16 23 Hz.
There is a need to investigate how such a system behaves when RFCs are
partly replaced with SFCs, as the SFCs do not have any physical inertia.
Most of the transient stability studies published for synchronous-synchronous
RPSS address the behaviour of a single RFC or SFC against an inﬁnite
bus. However, there are very few studies investigating a system with several RFCs, SFCs or a mix of both in the same converter station. This paper
presents the results of a transient stability study with both RFCs and SFCs.
The investigated cases consist of faults at diﬀerent locations, and present
the results when an RFC is replaced with an SFC in a converter station.
Keywords: Rotary Frequency Converters, Static Frequency Converters,
16 23 Hz AC railways, transient stability

1 Introduction
In Sweden, the Railway Power Supply System (RPSS) is operated at 16 23 Hz
and fed from the 50 Hz public grid through converter stations. The RPSS
does not have any power generation; all electrical power is obtained from the

public grid. A converter station consists of one or more Rotary Frequency
Converters (RFCs) and Static Frequency Converters (SFCs).
The RFC consists of a three phase synchronous motor with the pole
number pmotor and single phase synchronous generator with the pole number
pgenerator , mounted on the same mechanical shaft. The active power that the
loads require in the traction grid is transferred from the motor via the shaft
to the generators. The electrical frequency is given by (1) according [1, 2].
The RFC can be overloaded for a limited time, and has the possibility to
handle reverse power ﬂow. However, RFCs have long start up times and the
phasing-in procedure can be complicated [3].
pmotor
fmech
2
(1)
pgenerator
fmech
Generator: f16 23 Hz =
2
The SFC is a three phase rectiﬁer and a single phase inverter with a
common DC link or a high power cycloconverter. The SFC is controlled
to mimic the behaviour of an RFC in steady state so they can be easily
installed and operated in combination with existing RFCs. However, the
SFC cannot be overload in the same way as the RFC and some of the SFCs
cannot cope with reverse power ﬂows.
There are limited published studies on transient stability of the low frequency RPSS compared to the large number of studies on this for the 50
Hz grid; further, most of those studies focus on single machine inﬁnite bus
system. Reference [4] investigates the stability of the RPSS with a parallel
132 kV single phase line of 16 23 Hz i.e. a centralized system.
The system described in [4] has been subjected to faults in the 132 kV
supply line and to regenerative braking. It was concluded that a converter
station could maintain stability for the fault clearing times that are normal
in traction systems. The critical clearing time is the time available to clear
the fault before the system becomes unstable.
Reference [5] provides a general description of an RFC. It also describes
the transient stability of parallel operation of several RFCs in a converter
station, and studies the stability of the RFC when a train is in regenerative
braking.
However, neither study considers the behaviour of a system with multiple
converter stations. Therefore, there is a need for knowledge to study the
behaviour of the converters in several stations during a large disturbance.
These studies are essential for setting requirements on the protection and
they provide essential insight in the stability of the system.
Motor: f50Hz =

This paper presents a transient stability study of what happens when an
RFC are replaced with an SFC. A simpliﬁed dynamical model of the SFC is
used, which is based on the research presented in [6–8]. In the model used
the is SFC described as an equivalent single phase synchronous generator.
For simplicity of the studies done, the RFC motor is seen as a special kind
of turbine seen from the RFC generator based on the ideas presented in [4].
With the proposed models, the converters are represented as a ﬁrst order
model of a synchronous machine [9, 10]. Simulations are performed in Matlab, were the results presented consist of the power from the converter stations and units.

2 Models
2.1 Steady state model
In steady state the RFC and SFC are assumed to behave identically, as was
also assumed in [11]. Because the low frequency AC traction grid is synchronously connected to the public grid, the voltage angle at the terminals
of the converters will be one third of the angle of the 50 Hz grid it is connected to. The steady state model used in the study originates from [11, 12]
and describes the relationship between the 50 Hz grid and 16 23 Hz grid. See
equations (2) through (5); Table 1 explains the variables used.
U g = 16.5 −
θ0 = θ50 −

QG
#conv · kq

(2)

X50 · PG
1
· arctan
3
(Um )2 + X50 · Q50

(3)

G
G
Xqm · #Pconv
Xqg · #Pconv
1
ψ = − · arctan
− arctan
3
(Um )2 + Xqm · #Q50
(Ug )2 + Xqg · #QG
conv

0

θ = θ + ψ(PG , QG , U )

(4)

conv

(5)

In a converter station the reactive power and active power injected to
the catenary are assumed to be divided over the converters installed, by
ratio of their rating. The voltage will drop with increased reactive power
as described by (2) from the reference voltage of 16.5 kV. Equation (4)
describes the single phase terminal voltage shift, when the converter station
is unloaded, and (5) describes the single phase voltage angle at the generator
side [12, 13].

Table 1: Explanation of denotations of rotary converter equations.
Denotation
50

θ [rad]
Xqm [Ω]
Xqg
m

U

Description
no-load phase angle, 50 Hz side
quadrature reactance motor

[Ω]

quadrature reactance generator

[kV]

voltage at motor side

g

U [kV]
#conv
ψ [rad]

voltage at generator side
number of converters
phase angle diﬀerence between 50 Hz side
and 16.7 Hz side of converter

PG [MW]
QG [MVAr]

generated reactive power at generator side

Q50 [MVAr]

absorbed reactive power

generated active power at generator side

2.2 Dynamical models
2.2.1 RFC dynamic model
The RFC consists of a motor and a generator mounted on the same mechanical shaft; the motion of these machines is described by Newtons second law,
c.f. equations (6 - 7)
M m δ̈M = P50Hz − Pm

(6)

(7)
M g δ̈G = Pm − P16 23 Hz
The shaft is assumed to be stiﬀ, and the RFC is assumed to have no
losses. The generator and motor share the same mechanical angle. A result
of this is that the angle can be converter to respective electrical angle by
multiplying with the number of pole pairs of either the motor or generator,
see equation (1). As result of this, the inertia constant can be added and a
inertia coeﬃcient can be calculated. The total load angle expressed in 16 23
Hz angle is given by (8).
(8)
(M mg )δ̈g + Dδ̇g = P50Hz − P16 23 Hz
The subscripts m and g stand for motor and generator, respectively. As
seen in (8), the total mass is placed on the RFC generator. A damping

constant D is added to equation (8) which represent the damping of the
machines.
2.2.2 SFC dynamic model
In this paper the SFC is modelled as a controllable voltage source, where
active power can be controlled independently of reactive power [11]. The
SFC is modelled as an equivalent generator, as seen from the railway grid.
The active power output is controlled through droop control. The angle
compounding is dependent on the ﬁlter that is used to ﬁlter the instantaneous power to obtain an average power [14]. The angle compounding is
represented by two ﬁrst order transfer functions, c.f. Figure 1.

Figure 1: Block diagram of phase angle dynamics for a SFC

The transfer function describing the angle compounding is expressed by
equation (9), where T1 and T2 are time constants describing the time delay
of the ﬁlter and the time delay of the converter.
Pelm (s)
δ(s) = Kδ
(9)
(1 + (T1 + T2 )s + T1 T2 s2 )
where K1 = T1 + T2 and K2 = T1 T2 . Equation (9) is then expressed in time
domain form according to equation (10)
K2
K1
(10)
δ̈(t) +
δ̇(t) = Pref − Pelm
Kδ
Kδ
The angle compounding of the SFC is described as a second order diﬀerential
equation, resembling the classical swing equation.
The SFC cannot be overloaded, not even for a short time, due to the power
electronic devices that it contains. The SFC output current is therefore
limited. This is done by an algorithm that checks if the current magnitude
is above a threshold. If the current is above the threshold, the magnitude
of the current is reduced. A new equivalent voltage and a new angle for the
inverter are calculated to match the maximum current.

2.3 Model of system
As both the RFC and SFC are described with the classical model of a generator, a multimachine transient stability approach according to reference [10]
is used. The trains are described as constant impedances, and the movement
of the trains is not considered. The justiﬁcation why the train movement is
not considered is that the trains will have travelled only 625 m at a velocity
of 150 km/h during the studied time; thus its inﬂuence on the system can
be neglected. Furthermore it is assumed that RFCs or SFCs of the same
type swing together and can therefore be considered as one unit. It is also
assumed that the mechanical angle coincides with the load angle of the RFC
generator.

3 Case studies and Results
3.1 Cases
The studied system consists of two converter stations and two overhead
contact lines that connect the converter stations. Both converter stations
have two converters. The RFC rating is 10 MVA, whereas an SFC has a
rating of 15 MVA. The distance between the converter stations is 100 km.
Trains are positioned 25 km from converter station 1 and converter station
2. The consumption of each train is 10 MW with a power factor equal to
0.99. The distance between the trains is 50 km, see Figure 2.

Figure 2: The system investigated.

In order to study the system when one of the RFCs in converter station 1
is replaced with an SFC, single phase to ground faults are applied according
to the list below.
• Case 1: Fault applied 25 km from converter station 1.
• Case 2: Fault applied 50 km from converter station 1.
• Case 3: Fault applied 75 km from converter station 1.
3.2 Results
When an RFC is replaced with an SFC in converter station 1, the consequence is converter station 1 becomes stronger than converter station 2
regarding installed power. This results that in steady state converter station
1 will deliver more power to the system.
3.2.1 Case 1
When there is only RFC operating in the system, and the fault is applied
25 km from station 1, converter station 1 reduces its power output whereas
converter station 2 increases its power output, see Figure 3. The increase
of power output from converter station 2 is because that station has to
supply the majority of the increased ohmic losses during the fault. After
fault clearing, the converter stations oscillate against each other.
When one of the RFCs is replaced with an SFC, the active power during
the fault from station 1 decreases as the SFC enters current limitation mode,
resulting that converter station 2 has to increase its power output. Power
oscillations in the range of 1.1 Hz to 1.2 Hz are observed from the converter
units in station 1. There are no longer any power oscillations between the
converter stations; instead oscillations occur between the SFC and the RFC
in converter station 1.
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Figure 3: Case 1: Active power from converter stations - RFCs only. Dashed
line - converter station 1. Dotted line - converter station 2.
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Figure 4: Case 1: Active power from converter stations and individual converters RFCs and SFC. Dashed line - converter station 1. Dotted line converter station 2. Solid line- SFC. Dash-dotted line - RFC.

3.2.2 Case 2
From Figure 5 it is concluded that there is no power oscillation because
the two converter stations have the same impedance to the fault, and they
deliver equal active power.
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Figure 5: Case 2: Active power from converter stations - RFCs only. Dashed
line - converter station 1. Dotted line - converter station 2.

Replacing one RFC with an SFC in converter station 1 results in that the
SFC enters current limitation mode during the fault and that it therefore
reduces its active power output. A direct consequence of this is that the
total power output from converter station 1 is reduced. This in turn results
in that converter station 2 increases its power output by approximately
0.05 p.u. Another result of the replacing an RFC with an SFC in converter
station 1 is that power oscillations are introduced, see Figure 6.
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Figure 6: Case 2: Active power from converter stations and individual converters RFCs and SFC. Dashed line - converter station 1. Dotted line converter station 2. Solid line- SFC. Dash-dotted line - RFC.

3.2.3 Case 3
As show in Figure 7 the output power of converter station 2 is reduced as the
fault is closer to this station that to converter station 1. Converter station 1
and 2 oscillate against each other with a frequency of approximately 0.5 Hz,
when only RFCs are present, see Figure 7. From Figure (8) it is concluded
that when one RFC is replaced with an SFC in converter station 1, converter
station 1 slightly reduces its power output during the fault as the SFC
enters current limitation mode. The power oscillations after fault clearing
are approximately 1.2 Hz for the converter units in station 1. However, the
power oscillations between the converter stations are limited.
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Figure 7: Case 3: Active power from converter stations - RFCs only. Dashed
line - converter station 1. Dotted line - converter station 2.
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Figure 8: Case 3: Active power from converter stations and individual converters RFCs and SFC. Dashed line - converter station 1. Dotted line converter station 2. Solid line- SFC. Dash-dotted line - RFC.

4 Conclusions and future work
This paper presents a transient stability study of a low frequency AC railway. The aim of the study is to ﬁnd out what happens with the transient
stability for the system after a fault, when an RFC is replaced with an SFC.
The SFC is modelled with current limitation to investigate the impact of
this on the studied system. The system has two trains consuming total 20
MW at a power factor equal to 0.99.
The system, where the faults were applied 25, 50 and 75 km from a
converter station, was shown to be stable after fault clearance, assuming
realistic fault-clearing times. Replacing a RFC with a SFC did not cause
the system to lose synchronism.
The simulations show the occurrence of power oscillations between converter stations at a frequency of approximately 0.5 Hz when only RFCs are
installed. Replacing an RFC with an SFC in a converter station reduces
the power oscillations between the converter stations, but introduces power
oscillations from the converter units.
Future work is needed to obtain a more detailed description of the RFCs
and SFCs. Such models are needed to be able to investigate and obtain a
better understanding of the converter control system and its inﬂuence on
the overall stability.
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Paper V
Stability of 16 (2/3) Hz railway traction grid

Introduction
With increased use of power electronics for feeding the railway and with the power electronics systems in trains,
concerns about stability of the railway has increased. This is of concerns because the different type of
manufactures of trains and railway power supply systems uses different kinds of design, control strategies and
algorithms. In addition the impedance is becoming lower in some railways systems as BT systems are replaced
with AT systems, resulting that the feeding stations are becoming electrical closer to each other. All of these
together may lead to increased stability issues.
Some of these instabilities mentioned have been observed in the Swedish railway system. This paper will present
some the stability challenges of the Swedish railway grid, and present disturbance and instabilities that occurred.
To readers who are unfamiliar with railway systems, a technical background of railway systems and low
frequency railways is given describing the different systems and infrastructure.

Technical background
Generally
Using electrified railways for transportation is one of the most energy efficient ways for land based
transportation. With regards to carbon dioxide footprints it is even more efficient in countries were the power
systems is almost CO2 free. Furthermore, the train operators in deregulate train markets can chose to buy
electricity from CO2 free energy sources.
Five main different combinations of frequency and voltage level are used as Railway Power Supply System
(RPSS) in Europe: 25 kV, 50 Hz; 15 kV 16 2/3 Hz; 750 V DC; 1500 V DC and 3000 V DC. In the U.S there are
also two kinds of systems. In the north east part of the US a low frequency solution was also chosen where the
nominal voltage is set to 12 kV and the frequency is 25 Hz, whereas the other system solution is 25 kV with the
frequency of 60 Hz.
The reasons behind the different systems are often related to engineering choices and technological limitation at
the time when the railways were electrified. Also political reasons like protecting the national railway industry
were behind some of the decisions to choose or keep certain solutions.

Using DC or low frequency AC implies separated electrical traction grids, because of different electrical
frequency compared to the public grid.

Separated grids properties
Having a traction grid separated from the public grid has several advantages if the railway grid is converter fed.
Such advantages are that disturbance caused in the single phase system will affect the public grids slightly. The
unbalance public grids will no longer be of concern especially in weak parts of the public grid. This is because of
the converter would provide reactive power support. Thus this implies that the single phase voltage can be
independently regulated from the public grid.
The single phase voltage can to an extend also be controlled for transformed fed railways of Load Tap
Transformers are used, and reactive power support for three phase grid could be done with SVC where the public
grid is weak.
However, having an own traction grids results that the grid operator responsibilities increases and that the
equipment can be more costly.

Low Frequency Traction Grids
Three central European countries (Germany, Austria and Switzerland) and two Nordic countries (Sweden and
Norway) chose to electrify their traction grid in the early years of the 20th century with 15 kV, 16 2/3 Hz. One of
the main reasons for choosing low frequency was that the traction motors used in that time. The series-wound
motor can manage both AC and DC, however as there is no DC transformer AC was used. If the AC frequency is
high, then the motor is large and the reactance is large, which result in commuter flashover. Thus low frequency
is needed to obtain sparkless commutations.
Since the introduction of this system about a century ago, the low frequency railway system has undergone many
changes. One of these changes has been the increase of usage of power electronics for feeding. Low frequency
traction grid can be controlled in two different ways, synchronous-synchronous and asynchronous-synchronous.
In central European countries that use low frequency traction, the frequency is allowed to fluctuate between
16.17 Hz and 17 Hz, independent of the frequency in the rest of the power system.
Opposed to the independent frequency used in Central Europe, the frequency of the Nordic countries is fixed to
exactly one third of the power system frequency in the rest of the interconnected power system of 50 Hz

(referred to in the remainder of this article as the “public grid”). The frequency in the Nordic public grid varies
normally between 49.8 and 50.2 Hz see Figure 1, so that the frequency in the traction grid varies between 16.6
and 16.7 Hz. In the remainder of this article, we will refer to the railways system frequency as 16.7 Hz, knowing
that this is technically incorrect.

Figure 1: Frequency variation in the Nordic transmission grid, 10 seconds average, 2016.
Power production in the Scandinavian railway is limited to two small hydro power plants in Norway. Thus,
almost all power fed is to be supplied from the public grid. This implies that the Nordic traction grid can
practically not operate disconnected and independent of the public grid, as the central European traction grid.
The central European traction grid can practically remain in operation after a blackout in the public grid. This is
because to own power plants that generate power directly to the traction system and if the necessary load
shedding is done. This can probably be also done in the North Easter corridor in the U.S, as it also has direct
generation to the low frequency railway.
The utilization of low frequency for traction has the benefit that the reactance for transmission lines and catenary
is lower compared to 50 Hz railway grid, thus reducing the reactive power consumption of the railway grid.
However as the low frequency grid is not a common grid, equipment can be costly and transformers used in the
catenary can be large. Also transformers in older train are larger than for a train adapted to a traction grid of 50

Hz. That disadvantage is however no longer that relevant because of the increasing use of power electronics
converter in the trains.

Power transmission in low frequency traction system
Depending on the transformer used in the catenary systems for return of the current, the catenary system is
named after it. Also low frequency traction grids can be fed by low frequency High Voltage Transmission (HVt) grids as shown in Figure 2 and Figure 3.
BT –System
The main focus of using Booster Transformer (BT) system is that all the return current flows via a return
conductor to the converter station, thus all return current are drawn up from the rail.
As the current has to go through every BT between the converter station and to the train, the equivalent
impedance of such system is large. A typically catenary system configuration with BT results in an impedance of
0.2 +j0.2 Ohm/km. This implies that the distance between the converter stations cannot be large as the voltages
at the load would drop too much and the losses would be too high.
AT-System
Using an Auto Transformer (AT) system, the focus is on increasing the power transmission capacity by a
negative feeder. Compared to a BT system, losses are greatly reduced and distance between the converter
stations can be increased. However the AT system is not as effective as the BT system regarding current return
from the rail, thus resulting in leakage currents.
As the current, compared to the BT system, does not flow every AT the impedance is low. A typically AT
system configuration results in equivalent impedance of 0.03+j0.31 Ohm/km. As the AT system provides low
impedance between converter stations, the distance between converter stations can be increased. However, the
train will see increased impedance for every AT it’s close to.
High Voltage Low Frequency Transmission (HV-T)
An High Voltage Transmission (HV-T) system of 16.7 Hz can be installed in parallel to the catenary system. The
introduction of such system increase the power transfer as the total impedance is reduced.
The converter stations commonly feed into the high voltage transmission grid in many parts of the central
European low frequency traction system as shown in Figure 2 . In the Scandinavian system, the converter

stations feed directly into the 15-kV, 16.7 Hz system and the high voltage transmission system of 16.7 Hz is
connected the catenary system via transformers. The Scandinavian high voltage transmission system of 16.7 Hz
is used in places where it is technical required because the loads are large; see Figure 3 The low frequency
system in U.S has also high transmission line similar to the Scandinavian one.
Thus by using a high voltage transmission system of 16.7 Hz, the allowable distance between the converter
stations is increased. Fewer converters are needed as losses are reduced due to the parallel connection of the high
voltage supply line and the catenary system. The system becomes more redundant, but at the cost of increased
instability.

Figure 2: Example German traction grid system layout.

Figure 3: Example Swedish traction grid system layout.

Conversion between frequencies
As the low frequency railway grid operates at a different frequency than the public grid, conversion of frequency
is needed. This conversion is done either by rotary frequency converters or static frequency converters.
Rotary Frequency Converter
This conversion has traditionally been done using a three phase motor and a single phase generator mounted on
the same mechanical shaft. This is called a “Rotary Frequency Converter” or RFC.
The generator is always a single-phase synchronous machine, but the motor is a:
-

Synchronous machine in the Scandinavian system with its synchronous coupling

-

Induction motor in the central-European system with its asynchronous coupling.

In central Europe the motor is a double-fed induction machine, with variable frequency on the rotor side. The
power flow to the traction grid is then is dependent on the frequency difference between these grids. As the
induction motor is doubly the fed, this restriction does not apply as power can be supplied independently of the
frequency difference. However, at no load situation the frequency deviation between the grids is zero, which
results that DC current is injected into the rotor resulting in unnecessary high losses. Thus, the synchronous
speed of the low frequency railway grid in Europe was increased to 16.7 Hz.

In the Scandinavian system, this frequency difference is zero, due to the usage of synchronous motors. Thus
there is no need for separate frequency control in the traction grid. The power is dependent on the angle
difference between the public grid and traction grid.
The main advantage of using RFC compared to Static frequency converter (see next section) is their overloadability and the supply of inertia to both grids. However, synchronization to the public grid can be complex when
the RFC motor is of synchronous type. Furthermore, the conversion losses and idling losses are higher with
RFC compared to SFC
Common for both types of RFCs, is that they are constructed with extra mechanical damping to reduce the
vibrations caused by the double frequency pulsation of power at 33 1/3 Hz (twice the system frequency) that is
inherent in a single phase system. With the extra mechanical damping combined with the inertia of both
machines, the effect of the double pulsation on the public grid is in practice very small
Static Frequency Converters
With the introduction of power electronics, a new way of conversion of frequency has been introduced. This
could be either a cycloconverter or a three phase rectifier and a single phase inverter with a common DC link,
connecting the traction grid to the public grid. The term Static Frequency Converter (SFC) is used for all kinds’
power electronic converters in contrast to RFC.
The main advantages of SFCs are that they are cheaper; require less maintenance compare to an RFC. In
additions an SFC has lower short circuit current that reduces the risk of thermal overloading of equipment and is
in general more efficient compared to an RFC.
They also allow angle control of the traction grid independent of the angle in the public grid; which is especially
important in the synchronously-coupled Nordic traction grid. This is because the public grid and the railway grid
are differently configured respect to impedances. In addition that loads heavily vary in time and position
independently of each grid. Thus by allowing angle control unwanted power flows are reduced, compared to a
system with RFCs. At the same time as an SFC is more flexible and reacts faster than an RFC to a disturbance,
this veracity can lead to instability, if the SFC is not properly tuned.
Using SFCs requires a lot of filtering, for example the 33 1/3 Hz pulsation caused in the single phase system.

If the SFC is a cycloconverter, the public grid at the point of connection has to be strong as it participates in the
commutation sequence. This is because the cycloconverter consumes considerable amount of reactive power,
depending on operation point. However, weak grids could alternatively be compensated by using SVC.
Another types SFC consists a three phase rectifier, DC link and a single phase inverter and are PWM controlled.
If the SFC is of this type there will be no large reactive uncontrollable loads on public grid side at its point of
connection.
In the DC link filters are installed, which helps to reduce the 33 1/3 Hz and other power pulsations by absorbing
some of the energy that else would flow into public grid. This damping is however less compared to the damping
of an RFC. To create a strong damping, the DC filter capacitors and inductors needs to be large. Large filter
components may result in higher total costs for an SFC installation compared to an RFC installation.

Stability challenges in Swedish Railway System
The strong mechanical coupling between the Swedish public grid and its railway grid ensured certain stability,
but this has now to be tackled differently when using SFC.
In most part of the southern Sweden the catenary system is BT. However, the Swedish Transportation
Administration has started replacing some railways routes that have BT systems to AT systems. As the AT has
lower equivalent impedance compared to BT, the converter stations are then electrically close to each other. This
may lead to increase stability issues.
During the 1990s Sweden strengthened the northern part of the traction grid by constructing a high voltage
transmission system in parallel to the catenary system, as shown in Figure 3.
From the Mälardalen region to Kalix in the north of Sweden, a distance over 1000 km, almost all of the
converter stations connected to the high voltage transmission grid of 16.7 Hz consists entirely of SFCs, with the
exception in the Mälardalen region. Consequently the voltage angles are related to this area. In most of these
converter stations, a major share SFCs cannot cope with power feedback. If an SFC cannot cope with feedback
power, the voltage angle of the SFC is increased so that the power is transported away to another converter unit
that can absorb this power. This may lead to instability as the power has then to flow several hundred km to
another station that can cope with feedback power, or a consuming train. In addition the public grid owner where
the converter stations are place is restrictive with feedback power.

In some converter stations RFC and SFC are operating in parallel. An RFC may have stabilizing effect in the
short time scale as it can produce a large amount of power compared to an SFC. However, the SFC can have a
stabilizing effect in the long time scale as it can maximum power for a long period without being thermally
overloaded as an RFC. Thus a challenge in order to keep the system stable with different types of converters,
despite being from different manufactures. Thus this requires that the converters have a certain compatibility
with each other.
As more SFCs are used in the Swedish railway systems, the challenges have increased. Oscillations that have
existed before may have been more well damped using RFC, but may have increased with the usage of SFC.
However, SFC has also given the possibilities to damp oscillations that couldn’t be done by using RFC.
The Swedish 16 (2/3) Hz railway grid
Sweden has about 12000 km electrified railway. The total installed power of all converters is approximately
1300 MVA, where 60% of the power installed comes from SFCs and the last decades all investment has been on
static frequency converters. Furthermore no development has taken place on rotary frequency converters in a
long time. Some converter stations have a mix of both RFCs and SFCs. The SFC is controlled in such a way that
it mimics the steady state (within the rated limits of the SFC) the behavior of an RFC and to allow easy
installation and operation of parallel converters. The converter stations are usually distributed on a distance a 50
to 200 km between each other depending on the impedances and the expected loading of the traction grid. To
obtain load sharing between the converter stations, the converters are equipped with voltage drop control.

Examples of instabilities issues in the Swedish railway system
As the complexity of the system, due to new technology and different control systems of SFC and trains, the
number of disturbances increased. Thus, the Swedish Transportation administration has set up a number of
advanced measuring units at several converter stations. The measuring units measure current and voltages for
each converter unit in a converter station. When a disturbance occurs, the sample rate of the measuring system is
increased to between 250 Hz and 333.33 Hz. This information is valuable as it gives a more detailed insight on
the behavior of the converter units.

Example 1: Disturbance in part of railway grid with HV-T
Under four occasions in 2012, the high voltage transmission system of 16.7 Hz experienced severe disturbances,
that resulted in large parts being tripped. Common for all occasion was that the high voltage transmission system
of 16.7 Hz was separated from the 15-kV part of the railway system. The operation points and the fault have
occurred at different loading level at the grid, and the causes have been different. The causes have been for
example unexpected large train regenerative braking, or fault along the catenary system.
Figure 5 shows the measured current for the different converters units in a converter station. The converter
station is in a part of the Swedish railway grid that is connected to the high voltage transmission grid. The
converter station contains three SFCs. SFC1 and SFC2 are of same design, whereas SFC3 is of another design.
The current I4 is the current on 15-kV side of the 130/15-kV transformer from the converter station.

Figure 4: Currents of the individual SFCs in a converter station connected to the HV transmission line
The current from the converter station through the 15/130-kV transformer rapidly increases. After approximately
180 ms the transformer trips (the current becomes zero) and the converter station is disconnected from the HV-T.
Note that before the fault (t<0) the current from the converter units have a double frequency component. During
the fault SFC1 and SFC2 (which are of same model) behaves identically. However the double frequency

component is magnified by SFC3 and is the major frequency component during fault. The converter station is
disconnected from high voltage 16.7 Hz transmission system at approximately 200 ms. The interaction of SFC3
with other two SFCs is clearer as they start to have a double frequency component. However, as SFC3 is out of
phase with the other two SFCs, SFC3is tripped at 0.45 seconds probably due to that is out of phase from the
other two SFC. However, the influence of SFC3 is still seen on the current from the other SFCs after SFC3 has
been tripped.

Example 2: Disturbance in a converter station without HV-T
In 2014 a disturbance occurred close to a converter station where one RFC and two SFCs are operating in
parallel. The SFCs are of the same type. What is interesting from this occasion is that it gives a view on how
parallel-operated SFCs and RFCs behave during a large disturbance. Figure 5 shows the voltage at the point of
common connection of the converter station at the 16 .7 Hz side and Figure 6 shows the current from the
individual converter units.

Figure 5: Voltage at point of common connection to the 16.7 Hz system.

Figure 6: Currents of the individual converter units.

Figure 7: Zoom of currents from the converters during fault.

Figure 5 shows that the voltage is distorted and for a quarter cycles the voltage drops almost to zero, which may
indicate that the disturbance is close to the converter station. At approximately zero seconds the current from the
RFC increases to 3.5 kA. At the same time it can be seen that both SFCs enter current limitation as SFC cannot
provide more current compared to the RFC, as seen in Figure 6. During the fault, the SFCs behave almost
identically. However, it seems that SFC1 current limitation threshold is higher set than the SFC2 current
limitation threshold, as seen in Figure 7. It can also be noted that SFC 1 tries to follow both SFC 2 and the RFC
for the first three initial cycles. However, after the three initial cycles it starts to behave independently from other
two converter units.
When the fault is cleared and the SFCs exit current limitation, they oscillate against each other and against the
RFC. Note that that before the fault, the currents of the two SFCs are in phase; whereas after the fault there is a
phase displacement between the current of the SFCs. Thus it seems that the SFCs have found new different
operation points which are no longer the same, even that the SFCs are of same model.

Discussions
The measurements presented show the behavior of RFCs and SFCs during different disturbances. SFCs from
different manufactures will behave differently during disturbances due to different control strategies, designs and
algorithms being used.
This means that requirements have to be set for the SFC behavior during a severe disturbance, such as a fault,
and for how the SFC returns to normal operation after that. Another question that arises is how the different
control systems affect each other. As seen in Figure 6, even when the SFCs are of the same type, the start to
oscillates against each other. However it can be a challenge to write requirements for SFCs during transient state
on how it should behave, as requirements list cannot be to extensive.
Also another challenge, what is normal point of operation for RFCs or SFCs? The converter units provide what
is required from the load. As the load in a railway grid changes in time and position, it can be hard to find a
normal operation point for low frequency traction grids, which makes the dynamics of electrified railway grids
with converters more challenging.
In most part of the world the railway traffic is increasing, requiring strengthening of the traction grids, and the
increase of electrification of the main railways line in some countries. Solutions with power electronic converter

are a good alternative, especially were the public grid is weak. However at the same time concerns about
stability on the railway grid should not be forgotten, as introducing converters will also lead to interactions
between other converters and control systems of the trains, independent of what electrification system used for
the railway.
Using power-electronic converters allows for the implementation of intelligent control algorithms in railway
power supply systems, allowing the power flows to be controlled optimally. This in turn can counteract the
negative effects of replacing RFC with SFC in low frequency traction grids.
The main challenges lie in how to implements this technology in the sense of interactions between converters,
compatibility between newer and older converter technology used in feeding and in consumption in a railway
grid. Thus, using this technology requires a much better understanding of the interaction between static and
rotary frequency converters and even between different static frequency converters. This better understanding
will in turn have to lead to additional requirements on static frequency converters to avoid instabilities.
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