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Abstract 
The purpose of the thesis was to further investigate the possibility to complement the rotary 
converters with a phase shifting device as a continuation of the work done in the master thesis; Load 
flow control and optimization of Banverkets 132 kV 16 2/3 Hz high voltage grid. With this 
modification, rotating converters can be used almost as flexible as static converters. 

The earlier thesis has come to the conclusion that the best way of compensating the phase 
displacement is with a series inductance. In this thesis the possibility to use capacitors instead of or 
in combination with inductors was investigated. 

To investigate this three different models were built: One for the railway between Häggvik 
(Stockholm) and Boden; the same model that was used in the earlier thesis; it was used to confirm 
the results, one for the railway between Boden and Haparanda and one model that was the same as 
for the Haparanda track but half the distance. The models were built in the simulation program 
SIMPOW. 

The results from the simulations performed for the railway between Boden and Häggvik confirmed 
the results from the earlier thesis, with a series inductance as phase shifter. 

For the railway between Boden and Haparanda one phase shifting device consisting of reactors and 
one consisting of a combination of reactors and capacitors were dimensioned. The railway with half 
the length compared to the Haparanda track was used to see if the length of the track in a low 
impedance transmission system has a large influence of the size of the reactances needed. From the 
simulation the conclusion can be drawn that the track length does not have a large influence when 
suitable reactances are chosen. It is the size of the load and the phase angle that matter when 
choosing reactances. 

For the Haparanda track it is possible to save power. With a phase shifter that consists of reactors 
that is placed in the converter station in Kalix, power savings of 340 MWh/year were achieved. With 
a combination of reactors and capacitors with the capacitors in the converter station in Boden and 
reactors in the converter station in Kalix power savings of 750 MWh/year were achieved. 
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1 Introduction Equation Chapter 1 Section 1 

1.1 Background 
The Swedish railway system is a medium voltage ac system with the voltage 16.5 kV and the 
frequency 16 2/3 Hz, which is fed from the public 50 Hz grid by rotary and static converter stations. 
The Rotary converter is a synchronous-synchronous machine, which means that the railway system 
is synchronous with the 50 Hz grid. Because of that the railway system is synchronous to the 50 Hz 
system, all phase displacements in the 50 Hz grid are transferred to the railway grid. Static 
converters are constructed with the possibility to adjust the phase angle. 

To satisfy the need of more power in the system, 132 kV lines parallel to the railway are used. The 
parallel lines feed only some parts of the Swedish railway system, since this technique is not efficient 
with more than one rotating converter, where phase displacements occur. The railway system is also 
more sensitive to phase displacement when the system is changed from BT to AT systems, to 
manage the need of more power. The main difference between BT and AT is; in an AT system the 
voltage is double, 30 kV, which gives a lower impedances. Seen from the 15 kV side the impedance 
decreases to a fourth. The classic railway system is dimensioned to manage a phase difference of 
10 degrees at 100 km, on the 16 2/3 Hz side. In the system used today the ability to handle phase 
differences varies between different types of feeding system, different types have different 
impedances. When the impedances are reduced, the ability to handle phase differences decrease. The 
phase displacement in the public grid will also come to increase; because of the generated power in 
the south of Sweden is decreasing when closing power plants. This leads to that the distance the 
power has to be transferred, from power plant to consumer, will increase. Only static converter can 
be adjusted to generate voltage with adequate phase. One option to manage the phase displacements 
is to only use static converters instead of the rotating converters, but it is not economical to change 
all the rotating converters to static converters, since approximately half of the converters today are 
rotating converters. 

1.2 Purpose 
The purpose of the thesis is to further investigate the possibility to complement the rotary converters 
with a phase shifting device as a continuation of the work done in the master thesis; Load flow 
control and optimization of Banverkets 132 kV 16 2/3 Hz high voltage grid [4], so the rotating 
converter stations will not have to be changed to static converters stations. The earlier thesis [4] has 
come to the conclusion that the best way to compensate the phase displacement is with a reactor as 
reactance. In this thesis this will be further investigated and also the possibility to use capacitors 
instead of, or in combination with reactors ,will be investigated. 
The compensating device should also be dimensioned for a particular converter station and 
economical evaluated. To investigate and dimension the device some simulations are necessary, the 
simulation will be done in the simulating program SIMPOW.  

 





Electrical Traction System 

3 

2 Electrical Traction System Equation Chapter (Next) Section 2 

2.1 History 
The type of electricity used in the railway grid systems differs between countries. There is no given 
standard - some use DC- and others AC- voltage with different voltages and frequencies,                
see Figure 2.1 

 
Figure 2.1. Electricity type in European railway systems [1]. 

In Sweden the frequency is 16 2/3 Hz and the voltage is 16.5 kV, nominal 15 kV plus 10%. The 
reason to that is: When the electrification started in the beginning of the twentieth century, the motor 
technology at that time in the train did not manage high frequencies and the only available converter 
technology at that time was rotating converters. The rotating converters were fed from the public 
50 Hz power grid, so it was easy to achieve 16 2/3 Hz, which is 50 Hz divided by 3. This was a 
sufficiently low frequency for the motors. When the converter technology has proceeded static 
converters have become a good alternative for the rotary converters, today the electrical traction 
system has both static and rotating converters. As the loads on the railway system grew the need of 
efficient power supply also increased. To satisfy the need of power it was decided in 1985 to build a 
132 kV feeding line from Hallsberg to Jörn (about 900 km) [2]. Figure 2.2 shows the feeding line. In 
1997 the line was extended to Boden. Today some more extensions are made in Mälardalen and the 
south of Norrland. The converters to the line have been replaced with static converters, except for the 
converters in Häggvik and Frövi [3]. 
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Figure 2.2 The 132kV feeding grid in Sweden. 

2.2 Rotary converters  

2.2.1 General 
A rotary converter consists of two shaft coupled synchronous-synchronous machines with salient 
poles, one motor and a generator. The motor has 6 or 12 poles and it is fed by the public 50 Hz 
3 phase grid, the generator has 2 or 4 poles and it is generating a single phase voltage with 16 2/3 Hz 
see Figure 2.3. 

 
Figure 2.3. Rotary converter station. 

The rotary converter stations usually consist of several mobile converter units in parallel. Each 
converter unit consists of one rotary converter and one single phase transformer Figure 2.4. The 
output voltage from the converter station can be varied between 16.5 kV + 2 % and 16.5 kV - 6 %. 
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Figure 2.4. A transportable rotary converter of medium size [2]. 

The rotation of a synchronous machine (motor) depends on the frequency from the feeding grid. The 
rotation speed is given by equation (2.1). 

 120
s

fn
p
⋅

=  (2.1) 

In the equation (2.1) p is the number of poles, f is the frequency and ns are given in rpm. The 
generator and the motor are linked together with a shaft, which means that the rotation speed is the 
same in both machines. In equation (2.2) the outgoing frequency is presented. 

 g
g m

m

p
f f

p
= ⋅  (2.2) 

The results of this is that the generated frequency fg is one third of the frequency that enters the 
converter so the outgoing frequency becomes 16 2/3 Hz. In the Swedish railway grid three different 
models of rotating converters are used. The different models of the converters are; Q24 which 
generates 3000 V and delivers nominally 3.2 MVA, Q38 which generates 4000 V and delivers 
nominally 5.8 MVA and Q48 which generates 5000 V and delivers nominally 10 MVA [3], [7]. 
One big advantage with the rotating converters is that the load on the public 50 Hz grid is always 
symmetrical. Another advantage is that no oscillations are transferred from the railway 16 2/3 Hz 
grid to the 50 Hz grid. Voltage drops that occur on the public grid can be compensated, since the 
synchronous motor can produce reactive power. The voltage from the converter can be held constant 
by regulating the magnetizing current in the generator. The disadvantages are the long start up time, 
typical 2 minutes [1] and the complicated synchronization. In contrast to the static converter 
described below, rotating converter can be heavy overloaded for a short time. 

5 
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2.2.2 Phase shift angle 
In the same way as the frequency, the phase displacement on the public 50 Hz grid will be 
transferred as a third to the 16 2/3 Hz grid. 

 
Figure 2.5. Phasor diagram for a salient pole synchronous machine [2]. 

A phasor diagram for a synchronous machine with salient poles is shown in Figure 2.5. δ is the 
electrical angle; it is defined as the angle between Ē, the open circuit voltage and Ū, the outgoing 
voltage. Xq and Xd are reactances in d- and q- direction. The diagram is drawn per phase and the d- 
and q- axis represent the direct- and quadrature-axis. The model is only valid for fundamental 
frequency and steady state operation. From the phasor diagram in Figure 2.5 the following equations 
can be extracted [2] 

 sin q qU X Iδ = ⋅  (2.3) 

 ( )cosqI I δ ϕ= +  (2.4) 

From equation (2.3) and (2.4) we can derive the electrical angle 

 
cos

arctan
sin

q

q

X I
U X I

δ
δ

δ
⋅

=
+ ⋅

 (2.5) 

The average output power from the generator is defined as 

 cosP U I ϕ= ⋅  (2.6) 

 sinQ U I δ= ⋅  (2.7) 

The equations above give 

 2
q

q

X P
U X Q

δ
⋅

=
+ ⋅

 (2.8) 

The total angle turning function for the rotary converter on the 16 2/3 Hz side is  

 ( )var m gθ δ δ= − +  (2.9) 

 
( ) ( )var 2

50

1 arctan arctan
3

m g
q

m m g g
q q

X P X P

U X Q U X
θ

⋅ ⋅
= − − 2

q

Q+ ⋅ + ⋅
 (2.10) 
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The output voltage angle during load is  

 0 varθ θ θ= +  (2.11) 

where θ0 is the no load angle. 

It is important that the output angles in converters that are working in parallel are the same. 

To keep the operation stabile and to avoid negative reactive current in the converter station, with 
several converters that work in parallel, it is important to decrease the outgoing voltage from the 
generator as the reactive power flows increase [4]. 

It is only possible to add a parallel feeding line to the catenary, to a part of the railway grid fed by 
rotary converters, when the outgoing voltage angles in different converter stations are almost the 
same. 

2.3 Static converters 
There are two types of static converters used in Sweden: cyclo-converter and PWM-converter. The 
converter technology is based on power electronics [5]. 

2.3.1 Cyclo 
The cyclo-converter creates the single phase low frequency voltage direct from the three phase 50 Hz 
grid. This is done by controlling the thyristors in the converter so they generate a single phase 
voltage that looks like a sine wave; the curve is shown in Figure 2.6 

 
Figure 2.6. Principal scheme of a cyclo converter [2]. 

The sine wave has a lot of harmonics. To decrease them and to increase the output power one uses a 
12-pulse connection, with two thyristor bridges connected in series. One of the bridges is fed from a 
∆-connected transformer and the other from a Y-connected transformer Figure 2.7. To decrease the 
harmonics there are filters on both sides of the converter. The filter on the three phase side is also 
used to compensate for the reactive power consumed by the converter [5], see Figure 2.7. 

7 
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Figure 2.7. Cyclo converter with 12-pulse connection [1]. 

2.3.2 PWM 
The PWM-converter, Pulse Width Modulation converter in Figure 2.8, works in three steps; firstly 
the voltage from the 50 Hz public grid is filtered and transformed, then it is rectified in a 12-pulse 
rectifier and in the last step it is modulated to a single phase 16 2/3 Hz voltage and filtered [5], [2]. 
To achieve enough power several converter units have to be connected in parallel as shown in     
Figure 2.9. 

 
Figure 2.8. Principal scheme of a PWM converter [2]. 
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Figure 2.9. Converter station with PWM-converters [1]. 

2.4 Loads in the system 
The loads in the railway system consist of trains. Trains are very complex power consumers since the 
power depends on many different factors, for example weight, track condition, speeds, acceleration 
and type of train. In Sweden the most common type of locomotives are the thyristor and 
asynchronous locomotives. Some common train types are presented in Table 2.1. 

 

Locomotive Type Power 

[MW] 

Weight 

[Tonne] 

Speed 

[km/h] 

IORE 

EL16 

EG3100 

EL15 

RC 
 

X2000 

X50-X54 

Transport Malmbanan 

Conveyance of gods 

Conveyance of gods 

Conveyance of gods 

Conveyance of gods/ 
Passenger train 

Passenger train 

Passenger train 

10.8 

4.44 

6.50 

5.40 

3.6 

 
3.26 

1.59 

300 

129 

132 

132 

77 

 
73 

120 

80 

135 

140 

120 

135/160 

 
200 

180-200 

Table 2.1. Common trains power consumption [6]. 

9 
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2.5 Power supply 
The power in the railway system comes from the public 50 Hz three phase grid through a transformer 
to a converter station where the power is converted to single phase 16 2/3 Hz voltage. Then the 
power goes through a transformer, from the transformer it goes directly to the catenary and in some 
cases also through a feeding line. Illustrated in Figure 2.10.  

 
Figure 2.10. Power transmission with 132 kV feeding line [4]. 

The voltage on the catenary is 15 kV nominal, normally 10 % is added which gives a voltage of 
16.5 kV on the catenary. The thickness of the catenary and return conductors is limited by its weight. 
The catenary also has an inductance and this leads to power drops when the distance between 
feeding points becomes too far [5]. To increase the distances between the converter stations and to 
maintain the voltage level, separate 132 kV feeding lines was built as mentioned earlier. Between the 
converter stations the power goes from the line through a transformer to the catenary, see Figure 
2.10. The feeding line is built up by two 66 kV lines in counter phase to each other. 
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3 Problem and Solution Equation Chapter (Next) Section 3 

3.1 Problems 
When using rotary converters they transmit phase difference from the public 50 Hz grid to the 
railway grid according to Chapter 2.2.2. When you have a parallel feeding grid to the railway the 
phase needs to be approximately the same in the whole network. Also when you have two converter 
stations connected with a low impedance catenary system as the AT system the phase displacement 
needs to be small. Otherwise the power can go in the wrong direction. In Norway there is an example 
of that where there are three converter stations and the station in the middle takes power from the 
railway grid and feeds the public 50 Hz grid [13]. Today no method exists to control the phase 
displacement in rotary converter stations. With the exception of the rotating converters with movable 
stators in U.S [8]. 

Ū2 

Ū1 

Ө2 
Ө1 ref 

 
Figure 3.1. Voltages angles in two converter stations. 

The transmitted phase difference, γ, is defined as the angle between the outgoing voltages from two 
different rotary converter stations; it is shown in Figure 3.1. 

 2 1γ θ θ= −  (3.1) 

The voltages in complex form is  

 1
1

jU U e θ= ⋅  (3.2) 

 ( )12
2

jjU U e U e θ γθ += ⋅ = ⋅  (3.3) 

The apparent power, S, and ohms law gives 

 
* 2

*

S U I US
ZU Z I

⎫= ⋅
⇒ =⎬

= ⋅ ⎭
 (3.4) 

The equations above lead to the following expressions for the apparent power 

 
2 2

1
1 *

1 1

U US *Z Z
= =  (3.5) 

 
2 2
2

2 *
2 2

U US *Z Z
= =  (3.6) 

The impedance from the whole system felt by the rotary converter is 

 jZ Z e ϕ= ⋅  (3.7) 



Problem and Solution 

12 

2Z

1Z

Ө2 
Ө1 ref 

 
Figure 3.2. Impedances angles in two converter stations 

If both converter stations have the same load the impedances in each station are 

 1(
1

jZ Z e )ϕ θ+= ⋅  (3.8) 

 2 1( ) (
2

j jZ Z e Z e )ϕ θ ϕ θ γ+ + += ⋅ = ⋅  (3.9) 

The apparent power can be written as 

 ( 1

2

1
jUS e

Z
)θ ϕ+= ⋅  (3.10) 

 ( ) ( )1 1

2 2

2
j j jU US e e

Z Z
θ γ ϕ θ ϕ e γ+ + += ⋅ = ⋅ ⋅  (3.11) 

If the voltage out from both the stations is the same and the phase difference angle γ is nonzero the 
active and reactive power will differ between the stations see Figure 3.3. 

Im 

2S

1S
γ 

Re 
 

Figure 3.3. The apparent power. 

To be able to connect a parallel feeding line to the system the effects of γ have to be eliminated or 
small and to have the power flow in the desired way you have to control the phase difference. In the 
next section a solution of this problem is presented. 
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3.2 Solutions 
In the earlier thesis [4] the conclusion was: A series reactance is the best solution to the problem. 
With a series reactance you can not control the phase shift γ totally but you can control it 
sufficiently. The idea is to connect an adjustable reactance, X, between the converter station and the 
catenary or the transformer to the feeding grid. The reactance can consist of an inductance or a 
capacitance - or a combination of both. The difference between using a capacitance or an inductance 
is that the inductance has a positive contribution and the capacitance has a negative contribution to 
the angle (index L is for inductance and C is for capacitance). 

 U X I= ⋅  (3.12) 

 LX Lω=  (3.13) 

 1
CX

Cω
=  (3.14) 

 
Figure 3.4. The angular influence on the voltage from an inductance and a capacitance [4]. 

Figure 3.4 shows that the voltage is phase shifted with reference to the current. 

3.2.1 Inductance 
To regulate the phase shift angle γ, a variable inductance is connected to the rotary converter station 
number one. That converter will now experience a different load from the system (index n mark the 
new value) 

 ( )j
nL L nLZ Z X Z e ϕ ϕ+∆= + = ⋅  (3.15) 

which implies  

 ( )1
1 1 1

j
nL L nLZ Z X Z e ϕ θ ϕ+ +∆= + = ⋅  (3.16) 

the generated apparent power will now change to  

 ( )1

2

1
1

j j
n

nL

US e
Z

θ ϕ e ϕ+ ∆= ⋅ ⋅  (3.17) 

 ( )1

2

2
j jUS e

Z
θ ϕ e γ+= ⋅ ⋅  (3.18) 

the difference in angle for the apparent power from rotary converter station one and two has 
decreased. That leads to decreased influence from γ on the system, see Figure 3.5. 
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Im 

2S

1nS

γ-∆φ 

Re 
 

Figure 3.5. Apparent power when a serial inductance is connected. 

The variable inductance can be built up by blocks which have one inductance in parallel with a 
circuit breaker. Then several blocks can be connected in series to achieve requested control steps,   
see Figure 3.6. 

 
Figure 3.6. Example of the serial inductance circuit. 

3.2.2 Capacitance 
To regulate the phase shift angle γ, a variable capacitance is connected to the rotary converter station 
number two. That converter will now experience a different load from the system 

 ( )j
nC C nCZ Z X Z e ϕ ϕ−∆= + = ⋅  (3.19) 

which implies  

 ( )1
2 2 2

j
nC C nCZ Z X Z e ϕ θ γ ϕ+ + −∆= + = ⋅  (3.20) 

the generated apparent power will now change to  

 ( 1

2

1
jUS e

Z
)θ ϕ+= ⋅  (3.21) 

 ( ) (1

2

2
2

j j
n

nC

US e e
Z

)θ ϕ γ+ −∆= ⋅ ⋅ ϕ  (3.22) 

the difference in angle for the apparent power from rotary converter station number one and two has 
decreased. That leads to a decreased influence from γ on the system, see Figure 3.7. 



Problem and Solution 

15 

Im 

2nS

1S

γ-∆φ 

Re 
 

Figure 3.7. Apparent power when a serial capacitance is connected. 

The variable capacitance can be built up by blocks which have one capacitance in parallel with a 
circuit breaker. Then several blocks can be connected in series to achieve the requested control steps, 
see Figure 3.8. 

 
Figure 3.8. Example of the serial capacitance circuit. 

3.2.3 Combination 
If you have a combination of both inductances and capacitances you are able to regulate the phase 
difference in both ways. For example when there are three converter stations in a row and the station 
in the middle first need power from the other stations to manage the load then the angle has to be 
turned in one direction, another time the station has too much power then the angle have to be turned 
in the other direction. Then a combination is probably the best solution. 





Modelling and simulations 

17 

4 Modelling and simulations 
In this chapter the used models and simulations are described. Equation Chapter (Next) Section 4 

4.1 The model of the railway between Häggvik and Boden  
This model is the same as in the earlier thesis work [4]. It is a model over the railway between 
Häggvik and Boden with a parallel 132 kV feeding line. 

4.1.1 Restrictions and general simplifications 
The Swedish railway grid is a very complex system with a lot of factors to account for. The 
complexity is  already shown while studying a small part of the system. The purpose is to study the 
influence of α, the phase difference between the voltages fed to the converter stations on the public 
50 Hz grid, on a railway grid fed by rotary converters and to evaluate the possibility of power flow 
control. To create a model some simplifications and restrictions where made [4]. 

1. The system is symmetrical and this means that the distance between all converter stations and 
transformers are equal throughout the whole model. 

2. All converter stations use only one type of rotary converters, the Q48s. Further, the rotary 
converters in the stations are represented by one rotary converter with a power three times as 
big as one Q48, instead of three Q48s in parallel with each other. To model the rotary 
converter SIMPOWs built-in model was used. The model consists of one 3-phase 
synchronous motor and one 1-phase synchronous generator, which are mounted on the same 
mechanical shaft [10]. For an explicit explanation see Appendix A.5. 

3. The voltage regulator in the converter station is set so the voltage in the feeding point on the 
catenary (InlowX in Appendix A.3) will be 16.5 kV 

4. The trains are modelled as constant loads that are placed symmetrically with the parameters 
active and reactive power. Their movements are considered as disturbances, i.e. on average 
the load is constant. This simplification can be made since the power flow studied is mainly 
depending on the angular difference α. 

5. The change in angular difference α has a large time constant, and it does not occur 
instantaneously. 

6. The 50 Hz net is modelled as a number of strong constant voltage sources with a specified 
phase angle and voltage for each feeding point (slack bus). 

7. The lines are modelled as impedances with the parameters: line length, resistance/km and 
reactance/km. The specific data is given in Appendix A.2 [10]. 

8. The transformers are modelled as ideal transformers with the parameters: in- and out voltage, 
and the short circuit resistance/reactance between winding 1 and 2 [10]. 

4.1.2 A detailed description of the model 
The model is a simplified model of the railway between Boden and Häggvik, Stockholm. The total 
length of the track is set to 1000 km, with six symmetrically distributed converter stations. The 
converter stations consist of three Q48s with one transformer each. Each converter station is 
modelled as one rotary converter and one transformer marked T1 in Appendix A.3. The rated 
production of apparent power in each station is 30 MVA. The model has two types of transformers to 
connect the catenary and the feeding line; they are marked T2 and T3. Transformer T2 has a nominal 
apparent power of 25 MVA and T3 only 16 MVA. The reason for the transformer T2 to be bigger is 
that it should feed the feeding line with power from the converter station, transformer T3 only feed 
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the catenary with power from the feeding line and there are several T3 transformer between the 
converter stations, see Appendix A.3. The transformers are placed symmetrically with a distance of 
50 km in between. Totally 27 transformers are used in the model. To model the load from the trains: 
20 RC-trains, which are using maximal power, are placed symmetrically half-way between every 
transformer along the catenary. The trains’ movement along the catenary is looked upon as a 
negligible disturbance. The series reactances, which compensate for the phase displacement, were 
placed between the rotary converter station and the transformer T2, see Appendix A.3. This 
placement of the reactances was chosen because you want the voltage in the catenary to be 
maximised and the power flow in the feeding line to be controllable. The control of the power flow 
in the feeding line is needed because of the low impedances in the feeding line. The phase difference, 
α, on the three phase public 50 Hz grid, was modeled as α1 degrees at rotary converter one, with a 
linear change down to a zero degrees phase difference, α6, at the rotary converter 6. All data for the 
model can be found in Appendix A. 

 
Diagram 4.1. The power flow out from converter station one to six with no phase difference transferred from the public 

50 Hz grid. 

Models in SIMPOW use the Newton Raphson method to calculate the power flow [13] and are built 
up by nodes. The nodes which connect the rotary converter station and the series reactances, are 
marked Inlow1 through Inlow6 and the node that connect the reactances with the transformer T2 are 
marked contr1 through contr6, see Appendix A.3. With no reactance used the two nodes Inlowi and 
Contri was connected with an ideal line. Since the model is symmetrical and consists of a finite 
number of rotary stations, the stations in the middle experiences more load than those at the ends. 
This edge effect leads to a smaller generation of power in the outer converter stations. Diagram 4.1 
shows the active, reactive and apparent power in Inlow1 through Inlow6 for this case. 

4.1.3 Simulations with variable reactances 
The possibility to use reactance of inductive type to change the power flow was established in the 
earlier thesis work [4]. To verify the results from the earlier simulations with inductive 
compensation, the simulations have been reproduced. The simulations were made for the phase shifts 
α = 0, 15, 30 and 45 degrees. Simulations with a capacitor instead of an inductor were made to 
investigate if there was a change in voltage drops in the lines. 
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4.2 The model of the railway between Boden and Haparanda 
Here the model over the railway, with AT system, between Boden and Haparanda is described. The 
converter stations are located in Boden and in Kalix. 

4.2.1 Restrictions and general simplifications 
The purpose is to study the influences of α, the phase difference between the voltages fed to the 
converter stations on the public 50 Hz grid, on the railway grid fed by rotary converters, between 
Boden and Haparanda and to evaluate the possibility of power flow control. To create a model some 
simplifications and restrictions where made [12]. 

1 The converter stations in Boden use only one type of rotary converters, the Q48s. Further, the 
rotary converters in the station are represented by one rotary converter with four times as big 
power as one Q48, instead of four Q48s in parallel with each other. To model the rotary 
converter the built-in model in SIMPOW was used. The model consists of one 3-phase 
synchronous motor and one 1-phase synchronous generator, which are mounted on the same 
mechanical shaft [10]. For an explicit explanation see Appendix A.5. 

2 The converter stations in Kalix use only one type of rotary converters, the Q48s. Further 
more, the rotary converters in the station are represented by one rotary converter with power 
twice the size as one Q48, instead of two Q48s in parallel with each other. To model the 
rotary converter the built-in model in SIMPOW was used. The model consists of one 3-phase 
synchronous motor and one 1-phase synchronous generator, which are mounted on the same 
mechanical shaft [10]. For an explicit explanation see Appendix A.5. 

3 When a reactor is used as phase shifter or when there is no phase shifter at all the voltage 
regulator for the converter is set, so the outgoing voltage from the converter station (point 
ContrX in Appendix A.3) will be 16.5 kV or as close as possible. When a capacitor is used as 
phase shifter; the voltage regulator for the converter is set so the voltage in the feeding point 
on the catenary (InlowX in Appendix A.3) will be 16.5 kV 

4 The trains are modelled as constant loads that are distributed symmetrically with the 
parameters active- and reactive power. Their movements are considered as disturbances; i.e. 
on average the load is constant. This simplification can be made since the power flow studied 
is mainly depending on the angular difference α. 

5 The change in angular difference α has a large time constant, and it does not occur 
instantaneously. 

6 The 50 Hz net is modelled as stiff constant voltage sources with a specified phase angle and 
voltage for each feeding point (slack bus). 

7 The catenary is modelled as impedance with the parameters: line length, resistance/km, and 
another length impedance reactance/km, initial resistance and reactance [10]. In the feeding 
points the catenary has one start impedance and another impedance/km, which is the normal 
way to model a catenary when a AT-system is used [11]. 

8 The transformers are modelled as ideal transformers with the parameters; in and out voltage, 
the short circuit resistance and reactance between winding 1 and 2 [10]. 

4.2.2 A detailed description of the model 
The model is a simplified model of the railway between Boden and Haparanda. Actually the model 
only comprises the railway between Boden and Kalix, because that is where the converter stations 
are located and it is the power flow between the converter stations that is analyzed. The part between 
Kalix and Haparanda is not interesting to model because there is no power feeding from Haparanda, 
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the power only comes from the converter station in Kalix, because of the long distance between 
Kalix and Boden, so there are no reasons to control the power flow on that railway – the converter 
station in Kalix only has to have the same phase angle as the station in Boden. The total length of the 
track is set to 124 km [12]. The converter station in Boden consists of static converters, but in the 
model the converter station consists of four Q48s with one transformer each, the rated power in the 
model and in the reality is approximate the same. The converter station is modelled as one rotary 
converter and one transformer marked T1 in Appendix A.4. The rated production of apparent power 
is 40 MVA. The converter station in Kalix consists of two Q48s with one transformer each. The 
converter station is modelled as one rotary converter and one transformer marked T2 in 
Appendix A.4. The rated production of apparent power is 20 MVA [12]. To model the load from the 
train; one, two or three RC-trains using maximal power with the power factor cosφ = 0.8 (for a heavy 
loaded train at normal speed for freight traffic, a power factor of cosφ = 0.8 is reasonable) are placed 
symmetrically along the catenary [12]. The trains’ movement along the catenary is looked upon as 
negligible disturbance. The series reactances which compensate for the phase displacement were 
placed between the rotary converter station and the catenary. The phase difference, α, on the three 
phase public 50 Hz grid, was modelled as α degrees at the rotary converter in Kalix. All data for the 
model can be found in Appendix A. 

Models in SIMPOW use the Newton Raphson method to calculate the power flow [13] and are built 
up by nodes. The nodes connecting the rotary converter station and the series reactance, are marked 
contr1 and contr2 and the node that connect the reactance with the catenary are marked Inlow1 and 
Inlow2, see Appendix A.4. With no reactance used the two nodes Inlowi and Contri were connected 
with an ideal line.  

4.2.3 Simulations with variable reactances 
Compensating reactance of inductive type, capacitive type and a mix of both types have been 
simulated. The simulations were made for the phase shifts α = 0, 15, 30 and 45 degrees and for the 
loads; zero trains, one train, two trains and three trains, this gives sixteen simulation cases for each 
reactances type. The simulations were made to see if it was possible to get a higher efficiency in the 
power flow. 

4.3 The model of a 60 km long railway with AT-system 
This model represents a 60 km long railway with AT-system between two rotary converter stations; 
the same model as in Chapter 4.2 was used but with another distance of the track. The purpose to 
have a model with half the length is that the length of the model in Chapter 4.2 is very and unusually 
long. In other places in Sweden, especially in the south, a model of the length 60 km is more suitable 
and before testing the model you can not know if the length has any affect on the results. This model 
is tested to see whether the compensation device can be of use on other railways than the Haparanda-
track.  
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5 Results and Conclusions 

5.1 Railway between Häggvik and Boden Equation Chapter (Next) Section 5 
Under the conditions stated in chapter 4.1, the simulations were performed with the criteria that the 
power flow should be improved. Hopefully the differences in power flow between the converter 
stations will be small. The reasons are: you want the power transmissions to be kept small in order to 
minimize losses so that one converter station will not be over loaded when another station has no 
load and the wish that every converter station will take care of the reactive power locally. 

5.1.1 Series inductances 
From the simulations it can be seen that the power flow can be controlled in the desired direction. 
For each angular difference α = 0, 15, 30 and 45 degrees; a specific combination of reactances 
contributing to an improvement of the power flow was found. In Diagram 5.1 and Diagram 5.2 the 
power flow in Inlow1 through Inlow6, when α is 30 and 45 degrees, with and without series reactance 
are shown. 

 
Diagram 5.1. The active, reactive and apparent power, with and without series inductances in Inlow1 through Inlow6 with 

α = 30 degrees. 
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Diagram 5.2. The active, reactive and apparent power, with and without series inductances in Inlow1 through Inlow6 with 

α = 45 degrees. 

In the diagrams a large improvement in the active-, reactive- and apparent power flow can be seen. 
As desired the difference in power flow between the converter stations has decreased. This is the 
same results that were achieved in the earlier thesis work Load flow control and optimization of 
Banverkets 132 kV 16 2/3 Hz high voltage grid [4]. In the results from the simulation it can also be 
seen that the voltage level in the 132 kV parallel power line will drop with approximately 15 kV, 
while using a series reactor. 

5.1.2 Series capacitances 
From the simulations it can be seen that the power flow can be controlled in the required direction. 
Under the simulations it was seen that it is more difficult to control the power flow with capacitors 
than with reactors. In Diagram 5.3 the power flow in Inlow1 through Inlow6, when α is 30 degrees, 
with and without series capacitances are shown. 
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Diagram 5.3. The active, reactive and apparent power, with and without series capacitor in Inlow1 through Inlow6 with 

α = 30 degrees. 

In the diagram it can be seen that the active power flow in Inlow2 through Inlow5 has increased and 
the active power flow in the endpoints has decreased, without any active power difference in the 
converters. In the results from the simulation it can also be noted that the voltage level in the 132 kV 
parallel power line will increase with approximately 10 kV, when using a series capacitor. 

5.1.3 Combination between series inductances and capacitances 
When using a combination between a series inductance and capacitance it is possible to control the 
power flow in both directions from the converter station. It is also possible to have better control of 
the voltage in the 132 kV feeding line. A combination also gives more control steps than a serial 
inductor or capacitor does alone. 

5.2 Railway between Boden and Haparanda 
Under the conditions stated in Chapter 4.2, the simulations where performed with the criterion that 
the power losses in the catenary should be minimized. For each different angular different α = 15, 30 
and 45 degrees and train loads, suitable reactances were achieved, see Appendix B.1. The 
simulations were started with zero reactance; the reactance was increased as long as the power losses 
were minimized or until the reactances got excessively large. This leads to the curves in all diagrams 
not always showing losses for the same reactances. The presented diagrams are the diagrams that in 
the best way illustrate the loss savings. 
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5.2.1 Series inductances 
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Diagram 5.4. Losses at different X for a phase angle of 45 degrees. 

Diagram 5.4 shows how the active power losses influence different reactances that are of inductive 
type and located in Kalix converter station. This diagram shows that the largest loss reduction is 
achieved for small loads on the catenary. When the load is one train and the phase angle is 
45 degrees a series inductance can save approximately 160 kW and 170 kvar. With a phase angle at 
30 degrees the loss reduction is approximately 60 kW and 120 kvar. When the load is bigger, 
meaning more trains; the loss reduction is not very big (see Appendix B.1). This is because of the 
train and catenary being reactors themselves. The best loss reduction is achieved for small loads and 
big phase angles. 

5.2.2 Series capacitances 
In Diagram 5.5 and Diagram 5.6 the losses in the catenary for 30 and 45 degrees phase angle, with 
different train loads and different reactances are shown. The reactances are of capacitive type and are 
located in Boden converter station. 
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Diagram 5.5. Losses at different X for a phase angle of 30 degrees. 
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Diagram 5.6. Losses at different X for a phase angle of 45 degrees. 
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From the Diagram 5.6 it can be seen that the largest loss reduction is achieved for loads of medium 
size on the catenary. When the load is two trains and the phase angle is 45 degrees a series 
capacitance can save approximately 180 kW and 190 kvar. With a phase angle at 30 degrees the loss 
reduction is approximately 70 kW and 70 kvar. When the load is only one train and the phase angle 
is big the loss reduction is zero (see Appendix B.1.2) but if the phase angle is small it is possible to 
reduce the losses. The best loss reduction is achieved for heavy loads and large phase angles. 

5.2.3 Combination between series inductances and capacitances 
A combination between a series inductance and capacitance is the best alternative. Then it is possible 
to reduce the losses at maximum — if you use an inductance for small loads and big phase angles 
and a capacitor for small loads and small phase angles and for heavy loads and large phase angles. It 
is also possible to control the phase angle in both ways and to control the power flow in both 
directions when a combination of inductances and capacitance is used in the same converter station. 

5.3 A 60 km long railway with AT-system, between two feeding 
stations 

Under the conditions stated in Chapter 4.3 and including the criterion that the power losses in the 
catenary should be minimized the simulations were performed for each angular difference α = 15, 30 
and 45 degrees and each train load, suitable reactances was established, see Appendix B.2. 

The simulations were started with zero reactance; the reactance was increased as long as the power 
losses were minimized or until the reactances got excessively large. This lead to the curves in all 
diagrams not showing losses for the same reactances. 

5.3.1 Series inductances 
Diagram 5.7 shows the active power losses for the catenary when the phase angle is 45 degrees. 
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Diagram 5.7. Losses at different X for a phase angle of 45 degrees. 
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Diagram 5.7 and Appendix B.2 show that the maximum loss reductions with an inductance is 
approximately 145 kW and 3 kvar for 45 degrees phase angle and a load of one train. The loss 
reduction for two trains at 45 degrees phase angle is approximately 60 kW and 60 kvar. For small 
angles compensations with an inductor to reduce the losses is not very good but it is still make it 
possible to control the power flow in the catenary with the inductor. Diagram 5.4, Diagram 5.7 and 
Appendix B show that the suitable compensating inductances for the different loads and phase angles 
are almost the same in both cases. 

5.3.2 Series capacitances 
Diagram 5.8 and Diagram 5.9 show the active power losses in the catenary, when the phase angles 
are 30 and 45 degrees, for different train loads and different reactances. 
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Diagram 5.8. Losses at different X for a phase angle of 30 degrees. 
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Diagram 5.9. Losses at different X for a phase angle of 45 degrees. 

From the Diagram 5.9 it can be seen that the largest loss reduction is achieved for loads of medium 
size on the catenary. When the load is two trains and the phase angle is 45 degrees a series 
capacitance can save approximately 130 kW and 135 kvar. When the load is only one train and the 
phase angle is large, the loss reduction is zero (see Appendix B.2.2) but if the phase angle is small it 
is possible to reduce the losses. The best loss reduction is achieved for heavy loads and large phase 
angles. Diagram 5.5, Diagram 5.6, Diagram 5.8, Diagram 5.9 and Appendix B show that the suitable 
compensating capacitances for the different loads and phase angles are almost the same in both 
cases. 

5.3.3 Combination between series inductances and capacitances 
A combination between a series inductance and capacitance seams to be the best alternative. Then it 
is possible to reduce the losses at maximum. When the loads are small and the phase angles are big 
you use an inductance but you use a capacitor for small loads and small phase angles as well as when 
the loads are heavy and the phase angles are large. A combination between a series inductance and 
capacitance also makes it possible to control the phase angle in both ways and to control the power 
flow in both directions; if the combination is done in the same converter station. From the diagrams 
above and the Appendix B it is possible to draw the conclusion that the distance between the stations 
does not matter very much when choosing suitable reactances. 

5.4 Components 
For choosing suitable components, different suppliers have been contacted and asked if they have 
suitable components, on the basis of the principle circuits in Figure 3.6 and Figure 3.8 which were 
described in chapter 0 and the simulated results in Appendix B. 
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5.4.1 Breakers 
The demands on the breaker I had was, that the breaker should manage to break 1 kV, 16 2/3 Hz and 
500 A. These values are based on the conclusions from the simulations. The breaker only needs to 
break 1 kV (the maximum voltage drop over the reactor/capacitor) because of that the breaker only 
bypasses the reactor/capacitor and never breaks the whole load. The company which had the most 
suitable breakers is Secheron. The breakers are UR6-31 with the rated voltage 1 kV and a rated 
current of 1 kA [14]. It is a small compact DC high-speed current limiting air Circuit-Breaker; it is 
primarily designed for DC traction vehicles. 

5.4.2 Reactors 
The demands on the reactors I had were; that the reactances should vary between 2 and 28 Ω in steps 
that match the reactances in Appendix B as close as possible with as few reactors as possible. It is 
okay if the largest reactor is between 20 and 28 Ω, because the difference in loss savings are small 
when the reactances are over 20 Ω. Other requirements for the reactors are a system voltage of 
16.5 kV and a continuous current of 500 A at 16 2/3 Hz system frequency. The company who 
answered my question first and had reactors that manage this is Trench Austria with the Swedish 
retailer Sweab – Elteknik [16], [17]. They recommend using three reactors with the size of 2, 7 and 
14 Ω; these reactors give the steps 0, 2, 7, 9, 14, 16, 21 and 23 Ω, which match the reactances in 
Appendix B very well. The data for the reactors are presented in Appendix D. An example of another 
company that also has air core reactors is Nokian Capacitors Ltd. 

5.4.3 Capacitors 
The main demand on the capacitors I had was, that the capacitor should vary between 2 and 20 Ω in 
steps that match the reactances in Appendix B as close as possible with as few capacitors as possible. 
Other requirements on the capacitor are a system voltage of 16.5 kV and a continuous current of 
500 A at 16 2/3 Hz system frequency. A company, which had capacitors managing that is Cooper 
Power Systems with the Swedish retailer Sweab – Elteknik [17], [18]. Other companies who have 
capacitors are Nokian Capacitors Ltd and ABB. 

When choosing capacitors, it was shown that the proposal circuit in Figure 3.8 was not the best 
choice to minimize the number of capacitors, see Appendix C. Figure 5.1 shows a better 
configuration of the circuit, in the way to minimize the number of capacitors but the circuit maybe 
has other drawbacks when choosing suitable capacitors. 

 
Figure 5.1. The serial capacitor circuit. 
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If the two capacitor banks in Figure 5.1 have the reactances 14 and 18 Ω, following reactances are 
received 0, 8, 14 and 18 Ω, which match the reactances in Appendix B fairly well. 

The capacitor manufacture has not told me which capacitors that manage the demands that I have, 
they has just say that they have capacitors that manage that. I have contact them several times and 
now I could not wait any longer for data and prices of the capacitors. I have also contacted other 
manufactures, but they have not answered my questions at all. 

5.4.4 Control and protection system 
To control the breaker, which connects the reactances, control equipment is needed. To know how 
the reactances should be connected some input signals are needed. The signals needed are: The phase 
displacement; which is known from statistic data, the load on the railway; which is known from 
measurements or from the timetable over the train traffic and an input signal from the operator; that 
gives the operator a possibility to manually control the power flow. With this input signals and a 
table which shows suitable reactances for different loads and different phase displacement intervals, 
a table like the tables in Appendix B, the control unit should connect a suitable reactance. 

Above this you also need a protection system, especially for the capacitors, to protect them for 
overload, overvoltage, failure, etc. 

5.5 Costs and savings 
The costs are calculated for one compensation construction that has a combination of reactors and 
capacitors. The savings are calculated for the railway between Boden and Haparanda. 

5.5.1 Costs 
The prices of the reactors from Trench are: for the 2 Ω reactor 130 000 SEK, for the 7 Ω reactor 
280 000 SEK and for the 14 Ω reactor 440 000 SEK. The price of the reactors seems to be a little bit 
high, it should not be impossible to build the reactors by our self to a lower price. The Secheron 
UR6-31 breakers prices are 32 000 SEK. Due to that Cooper Power Systems have not told me what 
capacitors they have that match the demands I had and the price of them; I do not have any price of 
the capacitors. For the control and protecting system and other components that are needed, a 
fraction of 15 % of the reactor/capacitor price is reasonable. 

For a phase shifting device that consists of reactors the total price for: one 2 Ω reactor, one 7 Ω 
reactor, one 14 Ω reactor, three breakers and control and protection equipment, are approximately 
1 100 000 SEK. 

For a phase shifting device that consists of capacitors the total price for: one 14 Ω capacitor, one 
18 Ω capacitor, three breakers, control and protection equipment, I do not know the price. As a 
coarse guess assuming the price per ohm for a capacitor being the same as for a reactor. Then the 
prices is approximately 1 250 000 SEK. 

This gives that a phase shifting device that consists of a combination of reactors and capacitors 
approximately costs 2 350 000 SEK. 

5.5.2 Savings 
From the traffic prognosis [19] for the railway between Boden and Haparanda it can be seen that the 
freight volume is 4 390 000 ton/year. I assume that one train consisting of two RC-locomotives can 
take 4000 ton cargo. That gives three freight trains/day, the maximum speed of the train is 80 km/h 
and the length of the railway is 165 km, from that I assume that it takes three hours for one train to 
go from Boden to Haparanda. This gives that the railway has two RC-locomotives load in 
nine hours/day. There are also some passenger trains and some small local fright trains, for this an 
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assumption that one RC-locomotive traffic the railway for three hours/day is reasonable. In 
Appendix E phase differences for the public 50 Hz grid are shown. If the railway in Boden is 
connected to the converter station for the southbound railway, the phase differences in Appendix  E, 
between Häggvik and Boden is the same as the phase differences between Boden and Kalix. The 
phase difference between Boden and Kalix during day time is 30-40 degrees. 

With the compensation reactance steps that are presented in the Chapters 5.4.2 and 5.4.3 the loss 
savings can be calculated, from Appendix B; this is done for two RC-trains 70-200 kW, for one 
RC-train 90-180 kW and when there are no trains 100-220 kW. During the night the phase difference 
is 10 degrees and the loss savings are 0-24 kW. The total mean loss savings per day are  

 9 135 1215h kW kW⋅ =  (5.1) 

 3 135 405h kW kWh⋅ =  (5.2) 

 2 160 320h kW kWh⋅ =  (5.3) 

 10 12 120h kW kWh⋅ =  (5.4) 

  (5.5) 1215 405 320 120 2060kWh kWh kWh kWh kWh+ + + =

With only reactors as compensating, with the reactance steps that are presented in Chapter 5.4.2 the 
loss savings can be calculated from Appendix B. For two RC-trains 7-23 kW, for one RC-train 
60-180 kW and for the cases with no trains the loss savings are the same as for the case with full 
compensating. The total mean loss savings per day are 

 9 15 135h kW kWh⋅ =  (5.6) 

 3 120 360h kW kWh⋅ =  (5.7) 

 2 160 320h kW kWh⋅ =  (5.8) 

 10 12 120h kW kWh⋅ =  (5.9) 

  (5.10) 135 360 320 120 935kWh kWh kWh kWh kWh+ + + =

For one year the savings are 750 MWh with full compensation and 340 MWh with only reactors as 
compensation. The electric price with taxes and other fees is approximately 1 SEK/kWh. The saving 
with the compensating construction is 750 000 SEK/year or 340 000 SEK/year. 

5.5.3 Summary 
To receive maximum loss savings for the railway from Boden to Haparanda phase shift equipment 
that consists of both reactors and capacitors is needed. With the reactors placed in the converter 
station in Kalix and the capacitors placed in Boden, the phase angle can be controlled only in one 
direction but that is enough for this case. Using this type of facility the savings for one year is 
750 000 SEK and the price I do not know due to the capacitor supplier is very slow to answer my 
questions. As a coarse guess assuming the price per ohm for a capacitor being the same as for a 
reactor, then the price is 2 350 000 SEK and it takes 3 year to finance the equipment. 
A simpler alternative is to only use reactors, but then the loss savings are barely the half. Using this 
type of facility the savings for one year is 340 000 SEK and the price is 1 100 000 SEK, it takes 
3.5 years to finance the equipment. For other rotating converter station, mainly in the south of 
Sweden, the loss savings are expected to be comparable or even larger (for the larger converter 
stations). 
It is possible to place the whole phase shift equipment in Boden, if that is to be preferred for 
maintenance purpose, but then the loss savings are not the same. 
To control the power flow in both directions phase shifting equipment is needed in either converter 
stations or that one station is a static converter station, and then the phase angle can be controlled. 
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6 Future Work 
The results in Chapter 5 shows: the possibility to control the power flow from the rotating converters 
with series reactances and the possibility to minimize the power losses in the catenary with series 
reactance. This result is based on the models that are described in Chapter 4. In Chapter 5 suitable 
components are presented for the compensating construction and the principle how the components 
should be connected and controlled. The next step before starting to build the device would be to 
construct the control system; which is described in Chapter 5.4, and make it possible to implement it 
to the existing control system in the converter stations. When the control system is chosen, a 
complete model over the whole system with the control system might have to be built, to study the 
influences that the compensating device has on the railway grid and the 50 Hz public grid. Possible 
things to study are the transients and the oscillations that may occur in the grid when the phase 
shifting reactors and capacitors are connected or disconnected. Suitable protections for the 
components in the compensating device also have to be dimensioned. To have a better price picture, 
next step is to contact a supplier of compensating equipment and let them calculate a price form a 
technical specification of the facility. 
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A. The general model of the simulated systems 

A.1 Description of SIMPOW 
SIMPOW is an advanced system analysing and simulating software [13]. The program is used to 
analyse different types of electrical power system; the focus is on dynamical simulations in both time 
and frequency domains. The development of SIMPOW started 1977 at ASEA since there was a need 
of simulating software for modelling HVDC. Since 2004 SIMPOW is owned by STRI AB. 
SIMPOW can be used for: fault calculations and relay protection studies; power oscillation studies; 
motor start simulations; reactive compensation studies; ferro resonance phenomena; tuning of Power 
System Stabilizer (PSS); voltage stability studies; filter design calculations; inrush current 
calculations; harmonics analysis; Static var Compensator (SVC) design studies; Sub Synchronous 
Torsional Interaction (SSTI) studies; auxiliary power supply studies, e.g. in power plants; fault and 
harmonics calculation in a large underground train power supply system; HVDC; study behaviour of 
a wind farm and to study power flow. 

The program has several parts; following types of calculations/simulations can be made in the 
different parts. 

Power flow 
This part of SIMPOW is used for power flow simulations such as calculation of load flow balance, 
transformer tap settings, influence of shunt capacitance, initial state for dynamic simulations etc.  

While simulating the power flow it is possible to choose between two different calculation methods 
for the power flow, the methods are; dynamic or static. The dynamic method uses a backward 
differentiation method to find the stationary solution and the static method is the Newton Raphson 
method. 

Simulating models: Lines, transformers, series reactors, series capacitors, shunt impedances, voltage 
dependent loads, asynchronous machines, Doubly Fed Induction Generator (DFIG), mechanical 
loads, rotary converters, High Voltage Direct Current (HVDC) converters, Pulse Width Modulation 
(PWM) converters, cyclo converters. It is also possible to create your own models. 

Fault Analysis 
The fault analysis module is used to determine the fault level of for example industrial networks in 
order to check the thermal and electromechanical strength of switchgears, cables and to calculate 
short-circuit currents and for setting of protective relays. 

For the fault analysis simulations there are two different calculation models to choose between, the 
methods are; dynamic method or according to standard IEC60909. The dynamic method uses a 
backward differentiation method to find the stationary solution. 

Possible fault types to study: Three-phase fault to ground, two-phase fault to ground, single-phase 
to ground, two-phase fault, general fault, phase interruption, general phase interruption, travelling 
shunt faults, simultaneous faults 

Dynamic analysis 
You use dynamic analysis for studies of power systems, for example stability studies. 

Possible phenomenon to study: transient angle stability, small-disturbance angle stability, voltage 
stability, frequency stability, harmonic analysis, sub synchronous resonance, ferro resonance, 
machine transients and Electromagnetic Transients (EMT), power system analysis for electric 
traction, etc. 
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Phasor mode 
The Phasor mode is used for feasibility check and tuning of regulators in order to increase the power 
transmission capability and to improve transient stability etc. 

Possible things to study: transient angle stability, small-disturbance angle stability, voltage stability, 
frequency stability, system analysis for power supply of electric traction. 

Dynamical simulating models: lines, transformers, series reactors and capacitors, varistors 
(electronic components with a significant non-ohmic current-voltage characteristic), shunt 
impedances, voltage and frequency dependent loads, synchronous and asynchronous machines, 
double fed asynchronous machines, mechanical loads, turbines, turbine governors, exciters and 
voltage regulators, power system stabilisers, rotary-, HVDC-, PWM- and cyclo converters. It is also 
possible to create own models. 

Instantaneous value mode 
The instantaneous value mode are used for simulation of the detailed dynamic performance of 
induction and synchronous machines during start and load switching conditions, for example in 
industrial power plants with different types, sizes and designs of diesel generators and gas turbine 
sets, etc. 

Typical phenomena that can be studied: sub synchronous phenomenon, ferro resonance, start-up 
of synchronous machine, inrush currents, and harmonics. 

Dynamical simulation models: transformers with magnetising and saturation characteristics, ferro 
resonance models, inertia models, high frequency line model, synchronous machine, asynchronous 
machine, it is also possible to create own models. 
Linear analysis 
For eigenvalue calculation and frequency response techniques in the frequency domain the linear 
analysis is used. These techniques are excellent tools for the study of small signal stability of 
generators and automatic control systems. 

Possible phenomena to study: small-disturbance angle stability, controller interaction, tuning of 
Power System Stabilisers (PSS), sub synchronous resonance, harmonic analysis, etc. 
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A.2 The data used in SIMPOW 
Some relevant data for rotary converter, transformers, lines and loads are shown below [4], [7], [11], 
[12]. 

Rotary converter Q48 

Motor 

Rated power MVA 10.7 

Rated voltage kV 6.3 

Direct axis synchronous reactance, Xd p.u. 1.02 

Quadrature axis synchronous reactance, Xq p.u. 0.49 

Poles  12 

Stator resistance p.u. 0.008 

Generator 

Rated power MVA 10 

Rated voltage kV 5.2 

Direct axis synchronous reactance, Xd p.u. 1.39 

Quadrature axis synchronous reactance, Xq p.u. 0.53 

Poles  4 

Stator resistance p.u. 0.0176

Main transformer 

Rated power kVA 10 

Rated voltage kV 5.2/17 

Short circuit reactance % 4.2 

 

Transformers 

At converter station for 132 kV feeding line 

Rated power MVA 25 

Rated voltage kV 16.5/132 

Short circuit reactance % 5 

Short circuit resistance % 0.3 

Connecting catenary and 132 kV feeding line 

Rated power MVA 16 

Rated voltage kV 16.5/132 

Short circuit reactance % 5 

Short circuit resistance % 0.3 

39 
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Lines 

Catenary Häggvik-Boden 

Type 100 mm2, 2Å 

Resistance Ω/km 0.21 

Reactance Ω/km 0.20 

132kV Feeding line Häggvik-Boden 

Type 132 kV ML 

Resistance Ω/km 0.2048 

Reactance Ω/km 0.2496 

Catenary Boden-Haparanda (reduced to 16.5 kV level) 

Type 120 mm2, 2AT, FÖ 

Resistance initial at feeding point Ω 0.189 

Reactance initial at feeding point Ω 0.293 

Resistance Ω/km 0.0335 

Reactance Ω/km 0.031 

 

Constant power load 

RC-locomotive 

Active power MW 4 

Reactive power Mvar 3 
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A.3 Figure Häggvik to Boden 
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A.4 Figure Boden to Haparanda 
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A.5 Rotary converter model description Equation Chapter (Next) Section 11 
The rotary converter in SIMPOW consists of two synchronous machines, one 3-phase and one 
1-phase, the rotors of which are mounted on the same mechanical shaft [10]. A principal 
configuration is shown in Figure A.1. 

 
Figure A.1. Principal configuration of a rotary converter [10]. 

The 3-phase motor has three stator windings and the 1-phase generator has one stator winding. The 
ratio of the number of the poles in the machines is 3. The field windings are individually excited 
from a direct voltage source. The frequency of the induced voltage is determined by the angular 
velocity of the shaft and the number of poles. 

A.5.1 Synchronous machines 
The principal circuit of a 3-phase, 2-pole synchronous machine, with one field winding and two 
damper windings is shown in Figure A.2. 

 
Figure A.2. A 3-phase, 2-pole synchronous machine [10]. 

The currents in the stator windings are 

 ( ) ( )( )0
ˆ cosa a ai I t t tω φ= +  (11.1) 

 ( ) ( )( )0
ˆ cosb b bi I t t tω φ= +  (11.2) 

 ( ) ( )( )0
ˆ cosc c ci I t t tω φ= +  (11.3) 

where ω0 is the nominal angular frequency. The phasors of their symmetrical component are  

 ( ) ( ) ( )ˆ pj t
p pI t I t e ω=  (11.4) 

 ( ) ( ) ( )ˆ nj t
n nI t I t e ω=  (11.5) 

 ( ) ( ) ( )0
0 0̂

j tI t I t e ω=  (11.6) 
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where the subscripts p, n, 0 denote the positive, negative and zero sequence component. The angular 
velocity of the rotor is 

 ( ) ( )0t ω ωΩ = + ∆ t  (11.7) 

where ω0 is the nominal or rated angular velocity of the shaft, which is the same as the nominal 
angular frequency of the stator current for a 2-pole machine. 

The mmf (magneto motive forces) produced by the stator winding in a 3-phase machine is 

 ( ) ( ) ( ),
2

s
a a

Nm t i t cosυ υ=  (11.8) 

where Ns is the total number of turns of the winding and υ is the angle along the air gap. A 
combination of equations (11.1)-(11.3) and (11.8) gives 

 ( ) ( ) ( )( )( ) ( )((0 0

ˆ
, cos cos

2 2
as

a a

I tNm t t t t tυ υ ω φ υ ω⎡ ⎤= − + + + +⎣ ⎦))aφ  (11.9) 

 ( ) ( ) ( )( ) ( )(0 0

ˆ 2 2, cos cos
2 2 3 3

bs
b b

I tNm t t t t tπ πυ υ ω φ υ ω⎡ ⎤⎛ ⎞ ⎛= − − + + − + +⎜ ⎟ ⎜⎢ ⎥⎝ ⎠ ⎝⎣ ⎦
)bφ
⎞
⎟
⎠

 (11.10) 

 ( ) ( ) ( )( ) ( )(0 0

ˆ 4 4, cos cos
2 2 3 3

cs
c c

I tNm t t t t tπ πυ υ ω φ υ ω⎡ ⎤⎛ ⎞ ⎛= − − + + − + +⎜ ⎟ ⎜⎢ ⎥⎝ ⎠ ⎝⎣ ⎦
)cφ
⎞
⎟
⎠

 (11.11) 

The components of the currents implying for the: 

positive sequence 

 ( ) ( ) ( ) ( )ˆ ˆ ˆ ˆ
a b c pI t I t I t I t= = =  (11.12) 

 

( ) ( )

( ) ( )

( ) ( )

2
3

4
3

a p

b p

c p

t t

t t

t t

φ φ

πφ φ

πφ φ

=

= −

= −

 (11.13) 

negative sequence 

 ( ) ( ) ( ) ( )ˆ ˆ ˆ ˆ
a b c nI t I t I t I t= = =  (11.14) 

 

( ) ( )

( ) ( )

( ) ( )

2
3

4
3

a n

b n

c n

t t

t t

t t

φ φ
πφ φ

πφ φ

=

= +

= +

 (11.15) 

and the zero sequence 

 ( ) ( ) ( ) ( )0
ˆ ˆ ˆ ˆ
a b cI t I t I t I t= = =  (11.16) 

 ( ) ( ) ( ) ( )0a b ct t tφ φ φ φ= = = t  (11.17) 

The resulting mmf-waves are shown in Figure A.3. 
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Figure A.3. Resulting mmf-waves of the positive and negative sequence [10]. 

The peak values of the components of these mmfs in the rotating d- and q- directions 

 ( ) ( ) ( ) ( )(3ˆ ˆ cos
2 2

s
dp p p

N )M t I t tθ φ= t−  (11.18) 

 ( ) ( ) ( ) ( )( 0
3ˆ ˆ cos 2

2 2
s

dn n n
N )M t I t t tω θ φ= + t−  (11.19) 

 ( ) ( ) ( ) ( )3ˆ ˆ cos
2 2 2

s
qp p p

NM t I t t πθ φ⎛= +⎜
⎝ ⎠

t ⎞− ⎟  (11.20) 

 ( ) ( ) ( ) ( )0
3ˆ ˆ cos 2

2 2 2
s

qn n n
NM t I t t t πω θ φ⎛= + +⎜

⎝ ⎠
t ⎞− ⎟  (11.21) 

The peak values of the resulting mmfs in the d- and q- directions are 

 ( ) ( ) ( ) ( ) ( )ˆ ˆ ˆ
2 2

fD
d dp dn D f

NNM t M t M t i t i t= + + +  (11.22) 

 ( ) ( ) ( ) ( )ˆ ˆ ˆ
2

Q
q qp qn Q

N
M t M t M t i t= + +  (11.23) 

where Nf, ND and NQ are the number of turns in the: field, D-damper, and Q-damper windings. 
where if, iD, iQ are the currents in the; field, D-damper and Q-damper windings 

For a 1-phase machine with the sinusoidal current  

 ( ) ( )( )1 1 0 1
ˆ cosi t I t tω φ= +  (11.24) 

in the stator winding, the mmf produced by the stator winding can be calculated in the same way as 
for the 3-phase machine 

 ( ) ( ) ( ) ( )(1
1ˆ ˆ cos

2 2
s

dp
N )1M t I t tθ φ= t−  (11.25) 

 ( ) ( ) ( ) ( )(1 0 1
1ˆ ˆ cos 2

2 2
s

dn
N )M t I t t tω θ φ= + t−  (11.26) 

 ( ) ( ) ( ) ( )1
1ˆ ˆ cos

2 2 2
s

qp
N

1M t I t t πθ φ⎛= +⎜
⎝ ⎠

t ⎞− ⎟  (11.27) 

 ( ) ( ) ( ) ( )1 0 1
1ˆ ˆ cos 2

2 2 2
s

qn
NM t I t t t πω θ φ⎛= + +⎜

⎝ ⎠
t ⎞+ ⎟  (11.28) 
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Assuming linear magnetic conditions allows the total air gap fluxes of one pole in the d- and q- 
directions to be 

 ( )ˆ
d d dM tΦ = Λ  (11.29) 

 ( )ˆ
q q qM tΦ = Λ  (11.30) 

the Λd and Λq are the resulting permeances in the d- and q- directions. The damper winding of a 
synchronous machine is short-circuited. The variation of the linked flux within a damper winding 
will induce a voltage, which will create a current according to 

 ( ) ( )0
d t

Ri t
dt
Ψ

= +  (11.31) 

Ψ(t) is the linked flux of the damper winding. The linked flux for the damper windings, neglecting 
the leakage is 

 ( ) ( )D De dt N tΨ = Φ  (11.32) 

 ( ) ( )Q Qe qt N tΨ = Φ  (11.33) 

where NDe and NQe are the effective number of turns of the windings. The damper windings are 
designed with a low resistance which  allows the resistive voltage drop to be neglected for the 2ω0 
component. It implies that the current will be induced in the damper winding  

 ( ) ( )0
ˆ 2

2
D

dn D
NM t i tω 0+ =  (11.34) 

 ( ) ( )0
ˆ 2

2
Q

qn Q

N
M t i tω 0+ =  (11.35) 

The machines are designed such that components of the mmfs from the stator current will be 
eliminated by the induced current in the damper windings. The mmf:s which are of significance for 
electro-mechanical oscillation analysis are 

 ( ) ( ) ( )ˆ ˆ
2 2

fD
d dp D f

NNM t M t i i t= + +  (11.36) 

 ( ) ( )ˆ ˆ
2

Q
q qp

N
QM t M t i= +  (11.37) 

A.5.2 Equations for modelling of the synchronous machines 
Îs(t) and Фs(t) will be used as the common notation for Îp(t) and Фp(t) for a 3-phase machine and Î1(t) 
and Ф1(t) for a 1-phase machine. 

The phasors of the current in the stator winding is 

 ( ) ( ) ( )sj t
s sI t I t e ω=  (11.38) 

The d- and q- components of the current are 

 ( ) ( ) ( )( )cosd s sI I t t tθ φ= −  (11.39) 

 ( ) ( ) ( ) ( ) ( ) ( )(cos sin
2q s s s s )I I t t t I t t tπθ φ θ φ⎛ ⎞= + − = − −⎜ ⎟

⎝ ⎠
 (11.40) 
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The current in complex form 

 ( ) ( ) ( )j t
d q sI t jI I t e θ−+ =  (11.41) 

The transformation and inverse transformation can be written as 

 
( )
( ) [ ] ( )

( )
d re

q im

I t I t
T

I t I t
⎡ ⎤ ⎡ ⎤

=⎢ ⎥ ⎢ ⎥
⎣ ⎦⎣ ⎦

 (11.42) 

 [ ] ( ) ( )
( ) ( )

cos sin
sin cos

t t
T

t t
θ θ
θ θ

⎡ ⎤
= ⎢ ⎥−⎣ ⎦

 (11.43) 

 ( ) ( ) ( )( ) ( )ˆ ˆ j t
s d qI t I t jI t e θ= +  (11.44) 

 
( )
( )

[ ] ( )
( )

1
ˆˆ

ˆˆ
dre

qim

I tI t
T

I tI t
− ⎡ ⎤⎡ ⎤

= ⎢ ⎥⎢ ⎥
⎢ ⎥⎢ ⎥⎣ ⎦ ⎣ ⎦

 (11.45) 

 [ ] ( ) ( )
( ) ( )

1 cos sin
sin cos

t t
T

t t
θ θ
θ θ

− −⎡ ⎤
= ⎢ ⎥
⎣ ⎦

 (11.46) 

The deviation of the angular velocity from the rated one is determined bye the acceleration of the 
rotor 

 ( ) ( ) ( )(1
e m

d t
T t T t

dt J
ω∆

= − )  (11.47) 

Tm(t) is the mechanical torque on the shaft, which is determined by the load. Te(t) is the electrical 
torque, which is given by the magnetic forces determined by the fluxes and currents of the machine. 
J is the inertia of the rotor and the shaft. 

The mmf equations become  

 ( ) ( ) ( )ˆ ˆ
2 2 2

fs D
d d D

NN N
fM t cI t i i= + + t  (11.48) 

 ( ) ( ) ( )ˆ ˆ
2 2

Qs
q q

NN
QM t cI t i= + t  (11.49) 

c=2/3 for a 3-phase machine and c=1/2 for a 1-phase machine. 

The d- and q- component of the air gap flux are 

 ( )ˆ
d d dM tΦ = Λ  (11.50) 

 ( )ˆ
q q qM tΦ = Λ  (11.51) 

The linked fluxes of the rotor windings 

 ( ) ( ) ( )D De d D Dt N t L I tλΨ = Φ +  (11.52) 

 ( ) ( ) ( )Q Qe q Q Qt N t L I tλΨ = Φ +  (11.53) 

 ( ) ( ) ( )f fe d f ft N t L I tλΨ = Φ +  (11.54) 
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where NDe, NQe and Nfe are the effective numbers of turns of the D- and Q- damper and the field 
windings. Moreover LλD, LλQ and Lλf is the leakage inductances of rotor windings. 

The linked air gap flux of the stator winding is described as 

 ( ) ( ) ( )( ) ( ) ( )0cos cos
2s se d qt N t t t t t tπω θ ω θ0

⎡ ⎤⎛Ψ = Φ + +Φ + +⎜
⎞
⎟⎢ ⎥⎝ ⎠⎣ ⎦

 (11.55) 

where Nse is the effective number of turns of the stator winding. 

The linked air gap flux varies sinusoidaley with time and can also be written as 

 ( ) ( ) ( )( ) ( ) 0Re j t j t
s se d qt N t j t e eθ ω⎡Ψ = Φ + Φ⎣

⎤
⎦  (11.56) 

The linked air gap flux can be described as the phasor 

 ( ) ( ) ( )( ) ( ) ( ) ( )( ) ( )j t j t
s se d q d qt N t j t e t j t eθΨ = Φ + Φ = Ψ + Ψ θ  (11.57) 

The leakage flux is described by the phasor 

 ( ) ( )s s st L I tλ λΨ =  (11.58) 

where Lλs is the leakage inductance of the stator winding. 

The rotor windings are short-circuited 

 ( ) ( )0 D
D D

d t
R i t

dt
Ψ

= +  (11.59) 

 ( ) ( )
0 Q

Q Q

d t
R i t

dt
Ψ

= +  (11.60) 

RD and RQ are the resistances of the windings. The field windings is supplied by a direct voltage 
source (exiter) 

 ( ) ( ) ( )f
f f f

d t
u t R i t

dt
Ψ

= +  (11.61) 

Rf is the resistances of the winding. The phasor of the current in the stator winding are 

 ( ) ( ) ( )( ) ( ) ( )( ) ( ) ( )(0s s s s s s s s s
dU t R I t j t L I t t L I t t
dtλ λω ω= + + ∆ +Ψ + +Ψ )  (11.62) 

Rs are the resistances of the stator windings. The d- and q- component of the phasor of the voltage of 
the stator winding are 

 ( ) ( ) ( ) ( )ˆ ˆ j t
d q sU t jU t U t e θ−+ =  (11.63) 

 ( ) ( ) ( ) ( ) ( )( ) ( ) ( )( )0 0
0

ˆ ˆ ˆ ˆ ˆ ˆ1d s d s q q s d d

t dU t R I t L I t t L I t t
dtλ λ

ω
ω ω

ω
∆⎛ ⎞

= − + + Ψ + +Ψ⎜ ⎟
⎝ ⎠

 (11.64) 

 ( ) ( ) ( ) ( ) ( )( ) ( ) ( )( )0 0
0

ˆ ˆ ˆ ˆ ˆ ˆ1q s q s d d s q q

t dU t R I t L I t t L I t t
dtλ λ

ω
ω ω

ω
∆⎛ ⎞

= − + + Ψ + +Ψ⎜ ⎟
⎝ ⎠

 (11.65) 

The complex power to the machine become 

 ( ) ( ) ( )*
s s sS t cU t I t=  (11.66) 



The general model of the simulated systems 

The real and active power 

 ( ) ( ) ( ) ( ) ( )( )ˆ ˆ ˆ ˆ
s d d q qP t c U t I t U t I t= +  (11.67) 

 ( ) ( ) ( ) ( ) ( )( )ˆ ˆ ˆ ˆ
s q d d qQ t c U t I t U t I t= −  (11.68) 

The power to the mechanical shaft 

 ( ) ( ) ( ) ( ) ( ) ( )( )0
ˆ ˆ ˆ ˆ

e d q q dP t c I t t I t t tω ω⎡ ⎤= − Ψ + Ψ +∆⎣ ⎦  (11.69) 

The electrical torque is 

 ( ) ( ) ( ) ( ) ( )ˆ ˆ ˆ ˆ
e d q q dT t c I t t I t t⎡ ⎤= − Ψ + Ψ⎣ ⎦  (11.70) 

A.5.3 Mechanical shaft 
The rotors of the machines are mounted on the same mechanical shaft. The mechanical angles 
relatively the magnetic axis of phase “a” of the machines is 

 ( ) ( )3 3 1 1
3 1

2   and  m mt
p p

θ θ θ θ= =
2 t  (11.71) 

were p3 and p1 are the number of poles. θ3(t) and θ1(t) are the angular positions of the rotors 
relatively the magnetic axis of the “a”-phase in the machines. The angular θc(t) is included to control 
the phase angle of the induced voltage in the stator winding in order to allow control of the active 
power of a rotary converter operating in parallel with other converters. For a stiff shaft, the 
mechanical angular position of the rotor of the 1-phase machine becomes fixed relatively the rotor in 
the 3-phase machine 

 ( ) ( ) ( )3 1 1
3 1

2 2
ct t

p p
θ θ θ= − t⎡ ⎤⎣ ⎦  (11.72) 

 ( ) ( ) ( )1
1 3

3
c

pt t
p

θ θ θ= + 1 t  (11.73) 

With Tm(t) denoting the mechanical torque and employing motor references for the machines, the 
following mechanical torque shall be used 

 ( ) ( )3m mT t T t=  (11.74) 

 ( ) ( )1m mT t T t= −  (11.75) 

A non stiff shaft may be modelled with the torsional torque 

 ( ) ( ) ( ) ( )( ) ( ) ( ) ( )(1
3 1 1 3 1 1

3 1 1 3

2 2 2
m c

pT t t t t t t t
p p p p

τ θ θ θ θ θ θ )c

⎡ ⎤
= − − = − −⎢ ⎥

⎣ ⎦
 (11.76) 

τ is a constant (radians/kNm) (τ →0 implies a stiff shaft). 

A.5.4 Power flow calculation 
For a power flow calculation, symmetrical, steady-state condition in the system is assumed. It 
implies that the equations for the model of the rotary converter in Chapter A.5.2 and A.5.3 with all 
time derivatives equal to zero. Then a synchronous machine can be represented electrically by its 
phasor diagram, the phasor diagram in Figure A.4 is rotated –π/2 (clock wise) in the complex plane. 
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Figure A.4. Phasor diagram of a synchronous machine . 

The relations between the phasors of the voltage and current can be written: 

For the 3-phase machine 

 3 3 3 3 3 3 3a a a d d q qU R I jX I jX I E= + + + 3a  (11.77) 

 3 3 .a d q3I I I= +  (11.78) 

For the 1-phase machine 

 1 1 1 1 1 1 1a a a d d q qU R I jX I jX I E= + + + 1a  (11.79) 

 1 1a d 1qI I I= +  (11.80) 

Rs are the stator winding resistance. Xd and Xq are the synchronous reactances. The mechanical 
power from the 3-phase machine is equal to that of the 1-phase machine, hence 

 ( ) ( )* * *
3 3 3 3 3 1 1 1 1 1 13 Re Re .a a a a a a a a a a aU I R I I U I U R I I⎡ ⎤− = −⎣ ⎦

*  (11.81) 

The magnitudes of the internal voltage of the machines may be controlled by the field current to keep 
the voltage on a node, e.g. the terminals of the machines, on a specified value i.e. 

  (11.82) 3 1constant  or  constantU U= =

U3 and U1 are the magnitudes of the voltage in the 3-phase system and the 1-phase system, or to keep 
the reactive power to the machine on a specified value i.e. 

 ( ) ( )* *
a3 3 a1 13Im U constant  or  Im U constant a aI I= =  (11.83) 

A.5.5 Summary 
The equations in Chapters A.5.2, A.5.3 and A.5.4 will determine all unknown variables for the 
converter except the real and imaginary components of the terminal voltages of both the machines. 
They are determined by the node equations, which define that the sum of injected currents to a node 
is zero. 

 



Results from the simulations 

B. Results from the simulations 

B.1 Railway between Boden and Haparanda 

B.1.1 Series inductances 
Load Reactance Losses Loss reduction 

Phase 
displacement 

P 
[MW] 

Q 
[Mvar] X [Ω] 

P 
[MW] 

Q 
[Mvar] P [%] Q [%] 

15 0 0 0 0.029 0.029     
30 0 0 0 0.117 0.114     
45 0 0 0 0.259 0.253     
15 0 0 22 0.005 0.005 82.5 82.5
30 0 0 47 0.008 0.008 93.0 93.0
45 0 0 86 0.007 0.007 97.1 97.1
15 4 3 0 0.127 0.124     
30 4 3 0 0.202 0.265     
45 4 3 0 0.335 0.328     
15 8 6 0 0.321 0.321     
30 8 6 0 0.385 0.384     
45 8 6 0 0.457 0.457     
15 12 9 0 0.183 0.219     
30 12 9 0 0.217 0.252     
45 12 9 0 0.320 0.354     
15 4 3 3 0.124 0.122 1.9 1.8
30 4 3 14 0.143 0.140 29.3 47.2
45 4 3 26 0.153 0.150 54.3 54.2
15 8 6 0 0.321 0.321 0.0 0.0
30 8 6 2 0.377 0.377 1.9 1.9
45 8 6 7 0.434 0.433 5.1 5.3
15 12 9 0 0.183 0.219 0.0 0.0
30 12 9 0 0.217 0.252 0.0 0.0
45 12 9 2 0.298 0.334 4.9 4.1

Table B.1. Loss reduction between Boden and Kalix, with inductive compensations in Kalix. 
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B.1.2 Series capacitances 

Load Reactance Losses 
Loss 

reduction 
Phase 
displacement 

P 
[MW] 

Q 
[Mvar] X [Ω] P [MW] Q [Mvar] P [%] Q [%] 

15 0 0 0 0.029 0.029     
30 0 0 0 0.117 0.114     
45 0 0 0 0.259 0.253     
15 4 3 0 0.127 0.124     
30 4 3 0 0.202 0.265     
45 4 3 0 0.336 0.328     
15 8 6 0 0.321 0.321     
30 8 6 0 0.385 0.384     
45 8 6 0 0.510 0.507     
15 12 9 0 0.183 0.220     
30 12 9 0 0.216 0.253     
45 12 9 0 0.319 0.354     
15 4 3 9 0.110 0.107 13.3 13.4 
30 4 3 19 0.110 0.107 45.7 59.5 
45 4 3 0 0.336 0.328 0.0 0.0 
15 8 6 3 0.313 0.313 2.5 2.6 
30 8 6 9 0.313 0.313 18.7 18.4 
45 8 6 14 0.313 0.313 38.6 38.2 
15 12 9 0 0.183 0.220 0.0 0.0 
30 12 9 4 0.183 0.220 15.4 13.2 
45 12 9 8 0.184 0.221 42.5 37.8 

Table B.2. Loss reduction between Boden and Kalix, with capacitive compensations in Boden. 



Results from the simulations 

B.2 A 60 km long railway with AT-system, between to feeding station  

B.2.1 Series inductances 

Load Reactance Losses 
Loss 

reduction 
Phase 
displacement

P 
[MW] 

Q 
[Mvar] X [Ω] P [MW] Q [Mvar] P [%] Q [%] 

15 0 0 0 0.025 0.026     
30 0 0 0 0.098 0.100     
45 0 0 0 0.216 0.221     
15 0 0 16 0.005 0.005 81.7 81.7
30 0 0 38 0.007 0.007 93.3 93.3
45 0 0 78 0.005 0.005 97.7 97.7
15 4 3 0 0.067 0.068     
30 4 3 0 0.123 0.126     
45 4 3 0 0.227 0.232     
15 8 6 0 0.167 0.178     
30 8 6 0 0.208 0.219     
45 8 6 0 0.299 0.312     
15 12 9 0 0.261 0.292     
30 12 9 0 0.286 0.318     
45 12 9 0 0.364 0.398     
15 4 3 2 0.066 0.068 0.7 0.2
30 4 3 15 0.110 0.078 10.5 38.0
45 4 3 28 0.081 0.229 64.4 1.3
15 8 6 0 0.167 0.178 0.0 0.0
30 8 6 1 0.207 0.218 0.7 0.5
45 8 6 8 0.240 0.253 19.7 19.1
15 12 9 0 0.261 0.292 0.0 0.0
30 12 9 0 0.286 0.318 0.0 0.0
45 12 9 1 0.360 0.395 1.1 1.0

Table B.3. Loss reduction for a 60 km long railway grid between two feeding stations, with inductive compensations. 
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B.2.2 Series capacitances 
Load Reactance Losses Loss reduction 

Phase 
displacement 

P 
[MW] 

Q 
[Mvar] X [Ω] P [MW] Q [Mvar] P [%] Q [%] 

15 0 0 0 0.025 0.026     
30 0 0 0 0.098 0.100     
45 0 0 0 0.216 0.221     
15 4 3 0 0.067 0.068     
30 4 3 0 0.123 0.126     
45 4 3 0 0.227 0.233     
15 8 6 0 0.167 0.178     
30 8 6 0 0.208 0.220     
45 8 6 0 0.299 0.313     
15 12 9 0 0.261 0.292     
30 12 9 0 0.286 0.318     
45 12 9 0 0.364 0.399     
15 4 3 7 0.057 0.058 14.9 14.9 
30 4 3 18 0.057 0.058 53.9 53.9 
45 4 3 0 0.227 0.000 0.0 0.0 
15 8 6 2 0.165 0.176 1.1 1.1 
30 8 6 7 0.166 0.176 20.3 19.8 
45 8 6 12 0.167 0.177 44.1 43.3 
15 12 9 0 0.261 0.292 0.0 0.0 
30 12 9 4 0.261 0.292 8.8 8.2 
45 12 9 8 0.262 0.294 28.1 26.3 

Table B.4. Loss reduction for a 60 km long railway grid between two feeding stations, with capacitive compensations. 

 



Dimension of capacitor  

C. Dimension of capacitor Equation Chapter (Next) Section 13 
From Appendix B suitable steps for the reactance in the capacitors are picked to be 8, 14 and 18 Ω. 
The capacitors work in a system with the frequency 16 2/3 Hz, system voltage 16.5 kV and 1 kV 
across the capacitor. When choosing capacitors it is better to know the capacitance then the 
reactance, a recalculation was made, the capacitance is given be equations (13.1) and (13.2). 

 2 fω π=  (13.1) 

 1C= .
j Xω

 (13.2) 

The capacitances for the three steps are 1.194, 0.682 and 0.531 mF. 

As an example of a dimension of suitable capacitors the data in the brochure from Cooper Power 
System, [18], was used. The data for the capacitors was given in voltage, reactive power and for 
60 Hz frequency. To choose suitable capacitors this data need to be recalculated to capacitance. 

 
2UX

Q
=  (13.3) 

U = 19 920 V f =60 Hz ω = 377 rad/s 
Q [kvar] 200 300 400 500 
X [Ω] 1984.0 1322.7 992.0 793.6 
C [mF] 0.023 0.046 0.069 0.092 

Table C.1. Capacitor data. 

To receive the demanded capacitance, suitable capacitors are parallel connected which is shown in 
Table C.2. 

Capacitor size 
Q [kvar] Quantity C [mF] X [Ω] 

500 159 0.531 18 
500 204 0.682 14 
500 357 1.193 8 
500 363 1.213 8 

Table C.2. Number and size of capacitors. 

From the table above it can be seen, to receive the three needed reactance steps it is only needed to 
be two capacitor banks with the reactances 14 and 18 Ω, if the capacitors are connected like the 
circuit in Figure C.1 below. 

 
Figure C.1. The serial capacitor circuit. 
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D. Reactors 

D.1 Two ohms reactor. 
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D.2 Seven ohms reactor 
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D.3 Fourteen ohms reactor. 
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E. Phase difference α during 24-hour period 
Banverkets diagram below shows how α changes, on the 50 Hz grid, during a 24-hour period. The 
data come from measurements. 

 
 




