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Abstract 
 

This thesis deals with direct generated electricity for the Swedish and Norwegian railway systems. The 
form of renewable energy sources that are presented in this thesis is hydropower and a small part is about 
wind power.  

Älvkarleby hydropower plant could give redundancy to the Swedish railway system and at the same time 
solve that problem of locations for static converters close to Stockholm since the land areas close to 
Stockholm are expensive [14]. A conversion of 50 Hz generators into 16  Hz generators in Älvkarleby 
hydropower plant could lower the pressure on the nearby converter stations which this thesis shows, see              
Table 6.6.   

The conversion of a part in Älvkarleby hydropower plant would also strengthen the Swedish railway grid 
as can be seen in Figure 6.11 and Figure 6.12. 

If a malfunction would happen in Häggvik converter station as the case was in the fall 2008 [35] and 
Älvkarleby is functioning it would be possible to have train traffic running. The simulation preformed in 
this thesis shows that it is possible to have reduced traffic and still have the voltage levels in an acceptable 
range, see Figure A 4.3 and Figure A 4.4.  

In 2009 the “132 kV power flow control system” will be introduced for the Swedish railway system. This 
control system together with direct generation by hydropower could make the idea of hydropower 
generation attractive as one alternative renewable energy source.  

Both Norway and Sweden have similar railway systems. The 16  Hz electricity price is increasing in 
Norway and that is one reason why JBV (Jernbaneverket, a company that owns the Norwegian railway 
grid) chose to renovate one of their two hydropower plants that generates low frequency electricity for the 
railway.  

The renovation plans show that JBV sees a profit in renovating their existing low frequency hydropower 
plants.  

These aspects are strong arguments to why a reintroduction of hydropower in Sweden could be one 
alternative solution to more static converters, when dealing with the problem of increasing power 
consumption.  
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1. Introduction 
1.1 Railway 

The railway in the Nordic countries is expanding quite fast. This expansion results in an energy 
consumption that is continuously increasing. The low friction between wheel and rail make the railway a 
good transportation manner for heavy weights of goods and personal transportation. Railway is a low 
energy consumer and the environmental influences are lower compared with buses and cars that run on 
bio-fuel [14]. The increase of railway transportation is resulting in an increase of power need. 
Hydropower could be one alternative to satisfy this increasing power need, sustain the voltage levels at 
the transformer and converter stations, and have better redundancy in the Swedish railway system.  

 

1.2 Background 

The railway system in Sweden is a single phase system with a frequency of 16  Hz and the nominal 
voltage of 15 kV (16,5 kV) at feeding points.  
The Swedish railway grid is fed from the public 50 Hz grid by rotary and static converters. A Rotary 
converter is a synchronous-synchronous machine, which means that the 16  Hz grid is synchronous with 
the 50 Hz public grid. This implies that if a phase or frequency displacement occurs in the public grid it 
will be transferred into the railway grid. Static converters are built in a way that the 16  Hz side phase 
angle can be chosen arbitrarily.  

The railway power consumption during the 1980’s increased drastically and to satisfy the power need a                
132 kV power line was built parallel to the catenary line. This 132 kV power line supplies only some 
parts of the Swedish railway system through transformers, see Figure 2.1.  

In Norway there are two hydropower plants that generate 16  Hz electricity namely Hakavik and 
Kjosfoss hydropower plants.  
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1.3 Purpose 

The purpose of this thesis is to see the possibility to reintroduce direct generated electricity to the railway 
grid in Sweden as a complement to the existing rotary and static converters. This work is supposed to 
enlighten one of many possibilities to satisfy the continuous increase of power consumption. The main 
idea is to replace old 50 Hz generators in old hydropower plants that are mature for replacement.  

One other form of renewable energy source is wind power. This form could be one alternative to satisfy 
the power need. The problem was to find suitable places that have the right wind conditions and at the 
same time are close to the 132 kV power line, AT (Auto Transformer) system or BT (Booster 
transformer) double tracked railway. These requirements were requested by Thomas Stalin at Vattenfall 
AB (Vattenfall is Europe’s fifth largest generator of electricity, is 100 %-owned by the Swedish state).  

Things that are going to be investigated in this thesis are: 

1. How to minimize the power losses in the railway grid with a hydropower plant directly connected 
to the 132 kV power line. 

2. Technical prerequisites. 
3. Economical prerequisites. 
4. Specific locations for these water turbines and wind power farms. 
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2. Electrical Traction System 
2.1 History 

The first major railway electrification in Sweden began in 1902 with Malmbanan. This railway track 
stretched from Narvik in Norway all the way to Gällivare in Sweden. Malmbanan was fed by a 
hydropower plant situated in Porjus Sweden and another one in Nygårds in Norway. The railway system 
was a single phase 16  Hz with the nominal frequency of 15 Hz, and a high voltage power line was 
placed parallel to the catenary line (contact wire) with 80 kV/16 kV transformers with regular intervals. 
The electrification expanded and the need of power increased. To satisfy this need the rotary converter 
was introduced to convert electricity from the public three phase grid into the single phase railway grid. 

The reason why 16  Hz AC is used for the railway is because of the rotary converters. The relation 

between the poles and other aspects gave an optimum frequency of 16  Hz [14]. The optimum frequency 
is a third of 50 Hz which is the frequency of the public grid [14]. The first rotary converters were 
stationary, then the mobile converter was introduced which led to easier maintenance. As the technology 
progressed static converters became a good alternative to rotary converters. 

Nowadays the Swedish railway system uses single phase 16,5 kV with a frequency of 16  Hz, nominal 
15 kV plus 10 % (16,5 kV) at feeding points. The railway grid is fed by the public 50 Hz grid only 
through rotary and static converters.  

Norway uses the same technology as Sweden only that they have not closed down all hydropower plants 
which directly generate electricity to the Norwegian railway grid as have been done in Sweden.  

In the 1980’s the traffic load in Sweden increased, and there were two options to satisfy this need. One 
option was to install more static converters and the other was to build a 132 kV feeding line parallel to the 
railway grid with a few, but large static converters. Sweden went with the second alternative. This feeding 
line was built from Hallsberg to Jörn. The line is 900 km; in 1997 the feeding line was extended to Boden 
in the north and Häggvik outside of Sollentuna in the south which can be seen in Figure 2.1.  
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Figure 2.1 The Swedish 132 kV transmission line  
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In Europe there are two different traction system standards the 50 Hz, 25 kV system and the 16  Hz, 
15 kV system.  

The railway grids differ between countries in Europe. In Figure 2.2 there is a scheme of the differences. 
Sweden, Norway and the northeastern parts of Germany have similar syncronous systems. The remaining 
parts of Germany, Switzerland and Austria have an asyncronous system but both systems have the same 
voltage and frequency namely 15 kV, 16  Hz. 

 

 

Figure 2.2 Different electrical European railway systems [2] 
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This is the significant difference between the Nordic and the central European converting systems. The 
asyncronous system connect the railway grid to the public grid through asynchronous-synchronous 
machines. These machines differ from the traditional synchronous machines because the rotor is 
electrified with three phase current so it produces a field that compensates the variation in frequency. This 
implies that variations in frequency and phase can be compensated through this comparatively more 
advanced system [14]. In Scandinavia and East Germany they use a simpler synchronous-synchronous 
machine. One disadvantage using this technique is that variations of voltage phase angles in the public 
grid can be transferred into the railway grid.  

The reason why Scandinavia uses this technique is because of tradition, and to replace all the 
synchronous-synchronous machines with asynchronous-synchronous machines would cost too much [14]. 
Another advantage with the asynchronous system is that it balances rapid load-changes that can appear in 
a railway traction system [3]. 

 

2.2 Power supply 

The railway systems in Sweden and Norway are mostly fed by the public 50 Hz three phase grids through 
rotary and static converters. There are two forms of rotary converters, in the beginning the converters 
were stationary, in course of time they were replaced by mobile rotary converters. The mobile rotary 
converters are placed on a railway wagon containing a synchronous motor connected to a synchronous 
generator through a stiff axis, see Figure 2.3. The motor is connected and fed by the three phase 50 Hz 
public grid and the generator generates a single phase voltage with a frequency of 16  Hz to the railway 
grid. 

 

 
Figure 2.3 Power transmission with 132 kV feeding line [4] 

The locomotive gets its power through a pantograph (where the train gets it power from) which in turn 
gets its power from the catenary, the pantograph and catenary are shown in Figure 2.4. The catenary 
receives power directly from the converters and the nominal voltage on the catenary is 15 kV, usually an 
extra 10 % is added at feeding points which results in 16,5 kV.  
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The limitations of the catenary are the weight and geometry, the catenary has rather high impedance [14]. 
The line impedance depending on the catenary type can cause perceptual voltage drop between two 
feeding points if the points are too far away from each other or if there are large power transmissions.  

Another way to feed the grid is through static converters. The advantages using this technique are better 
efficiency, cheaper maintenance, and the possibility to control frequency and voltage phase angles. 

 

2.2.1 The AT and BT systems 

The return current in the single phase railway grid has one drawback, it wants to take the ”easy” way back 
i.e. parts of it goes through the ground and rails, see Figure 2.4. 

 

 

 

Figure 2.4 Scheme of a converter station with lines in Sweden 

The reason why the AT and BT systems were introduced was because of the high ground resistance in 
Scandinavia. The high ground resistance complicated the path of the return current through rail and 
ground. The return current and the induced magnetic fields can result in disturbances in the phone and 
signal systems [18].  

The difference between the AT and the BT systems is that with the AT system there is an extra feeding 
line which double the voltage between the catenary and the extra feeding line which is created by a 180 
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degree phase shift between the catenary line and the feeding line which reduces the impedance in a cost 
efficient way compared with BT system [18]. The advantage with the BT system is that it draws the 
current from the rail to the return conductor in a better way compared with the AT system [18] 

There are three forms to reduce the current in the ground and the railway tracks in Sweden, these are the 
AT system, BT system and AT/BT system.  

Here there are some nomenclature that is worth mentioning before explaining the three types: first there is 
“1 Å” which stands for a catenary with one return conductor, second there is “2 Å” that stands for a 
catenary with two return conductors and the last one is “Fö” which stands for an extra feeding line [18]. 
For an AT system “2 AT” stands for double negative feeder [18]. 

The AT technology was introduced in Sweden in 1998. This system includes an extra feeding line “Fö” 
next to the catenary. This extra line is fed with 15 kV in phase opposition, this technique decreases 
impedance which makes it possible to increase the distance between the feeding stations, gives better 
power transmission, and results in reduced return current through the ground and the rail [14]. A scheme 
of the AT system can be seen in Figure 2.5. 

 

 

Figure 2.5 A sketch of the AT system 

The BT technology was first introduced in the 1920’s in Sweden. The BT system uses transformers with a 
ratio of 1:1 and those are placed with about 5 km intervals [14]. The purpose of these transformers is to 
draw the return current to the return conductor. The current in the primary winding induces an emf in the 
secondary winding which in turn draws the return current in the return conductor [11]. The BT system has 
considerable line impedance but in turn it reduces the return current through the ground and rail much 
better compared with the AT system [14]. A scheme of the BT system can be seen in Figure 2.6. 
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Figure 2.6 A sketch of the BT system 

The AT/BT system is a combination of the two technologies mentioned above. This invention extracts the 
best of both worlds, and gives low impedance with a good return current through ground and rail. 
Banverket (the Swedish railway authority) has decided not to build such systems anymore [28]. A scheme 
of the AT/BT system can be seen in Figure 2.7.                       

 

 
Figure 2.7 A sketch of the AT/BT system (here with back-to-back BT’s i.e. two BT transformers placed 

against each other) 
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2.3 Loads 

Loads in the railway system consist of trains. The power consumption of trains is complex because of a 
lot of factors, for example acceleration, speed, weight, track conditions etc. The most common trains in 
Sweden and Norway have thyristor and asynchronous electric motors. Common types of locomotives in 
Sweden and Norway are shown in Table 2.1.  

 

 
Table 2.1 Power consumption of trains in Sweden and Norway 

 

2.4 Rotary converters 

2.4.1 General 

A rotary converter contains a synchronous motor connected to a synchronous generator through a stiff 
axis. The motor has usually 12 poles and it is fed by the three phase public grid. The generator has usually 
four poles and it generates a single phase voltage with a frequency of 16  Hz to the railway grid, see            
Figure 2.8. 
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Figure 2.8 The transmission line with converters 

The rotation of the motor depends on the frequency of the public 50 Hz grid. The frequency ratio is 3:1 
between the generator and the motor in Figure 2.8.   

The rotary converter stations consist of several mobile rotary converter units in parallel. A rotary 
converter consists of a converter and a transformer as can be seen in Figure 2.9. There are three different 
models of converters used in Sweden. The smallest one is called Q24 and it generates 3000 V with the 
delivered nominal power of 3,2 MVA. The other two Q38 and Q48 generate 4000 V respectively 5000 V. 
They deliver nominal power of 5,8 MVA and 10 MVA, respectively. The transformers are denoted as 
Q25, Q39 and Q49 respectively. 
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Figure 2.9 The different rotating converters [8] 

Data Q24/Q25 Q38/Q39 Q48/Q49 
Power 3,1 MVA 5,6 MVA  10 MVA 
Manufactured 66 48 21 
In use 16 48 21 
Year of manufacture 1934-1944 1945-1959 1958-1978 
Weight 128 tonnes 144 tonnes 197 tonnes 
Height 15,7 m 18,0 m 20,0 m 

Table 2.2 Converter information [8] 

The voltage from the converters can be held constant by regulating the magnetization in the generator see 
Chapter 2.6, “Magnetization”. The disadvantage with this technology is that the startup time is about two 
minutes, phase shifts are transferred into the railway grid and synchronization is complicated [2]. 
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2.4.2 Phase shift angle 

Phase shifts in the public grid can be transferred into the railway grid as mentioned in                           
Chapter 1.2, “Background”. The phase shift that is transferred is only a third of that in the public grid 
because of the frequency ratio 3:1 as mentioned in Chapter 2.4.1, “General”. 
 

 
Figure 2.10 Phasor diagram for a synchronous machine with salient poles [5] 

The current is defined positive out from the machine, which means that it works as a generator. This 
model is valid for steady state operation. The electrical angle δ  is the difference between E , internal 
emf and U , the outgoing voltage. The d  and q  denotes the direct and quadrature axes. The reactances 

dX  and qX  are shown in Figure 2.10 in respective directions. Following expressions can be extracted 
from Figure 2.10 

when combining equation (2.1) with equation (2.2), the extraction of the power angle δ   is straight 
forward 

The active and reactive power from the generator is defined by 

qq IXU =δsin   (2.1) 
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Inserting equations (2.4), (2.5) in (2.3), gives equation (2.6)  

this expression shows that the power angle can be expressed by the active and reactive power output from 
the generator, the terminal voltage and the quadrature axis synchronous reactance. Furthermore, the total 
angle-turning for the 16  Hz side of the rotary converter is  

where the variable ϕ   in equation (2.7) is the angle between U  the outgoing voltage and the current I . 

The variable mϕ  is the angle between mU  the outgoing voltage and the current mI  for the motor. The 

angle between gU  the outgoing voltage and the current gI  is gϕ  for the generator. The expression (2.7) 
could be rewritten as 

 

The output voltage angle during load is 

where 0θ  is the no load angle. The output phase angle and characteristics in parallel converters should be 
the same, it is a little bit complicated if it is different types of rotating converters but it is possible, more 
of this in [1]. 

To avoid negative reactive power flows in converter stations and have those operating stable there is a 
decrease in the outgoing generator voltage Ug, see equation (6.1) which in turn make the reactive power 
flow Q  increase [5]. In order to be able to add a parallel feeding line to a catenary, in a part of the railway 
grid fed by rotary converters, the outgoing voltage angles in different converter stations have to be almost 
the same. If the angles are not the same one gets power flows through the railway grid which should 
normally go through the public grid. 
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2.5 Static converters 

2.5.1 Cyclo  

A Cyclo converter takes the three phase voltage from the 50 Hz public grid and creates single phase                
16  Hz voltage. This conversion is done by controlling the gates on several thyristors. These thyristors 
are regular, i.e. they are turned on if there is a positive excitation voltage but the only way to turn off 
these thyristors is to switch off the principal voltage. In this case the thyristor is switched off when 
passing voltage U  changes sign or taken over by the other thyristor which have a higher voltage. The 
output voltage looks like a sine wave with harmonics, see Figure 2.11. 

 

 

Figure 2.11 Scheme of a Cyclo converter [3] 

To decrease the harmonics, prevent influences from both grids to each other and increase the power flow, 
a 12 pulse connection with two bridges connected in series is used [11]. The reason why a 12 pulse 
rectifier is chosen is because it gives a reasonable good sine wave, see Figure 2.11 and the cost of such a 
rectifier is reasonable [14]. The bridge on the 50 Hz side is a Y connected transformer together with a 
Delta connected transformer. The reason why there are two different connections is because the Delta 
connection makes the incoming voltage o30  ahead of the of the Y connection voltage. This decreases 
harmonics and makes the frequency of the first harmonic higher. A Cyclo converter consumes reactive 
power, this problem is solved by compensating with capacitances, see Figure 2.12. Also, there is a filter 
on the 50 Hz side for the single phase power fluctuations.  
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rotating converters since the rotating converters have to be transported to be repaired and the PWM 
converters are easier to maintain [7].  

 

2.6 Magnetization  

The magnetization regulates the reactive power Q . This characteristic is very useful in power systems 
because most of the loads are inductive which means that they require that the feeding points of the grid 
generate reactive power to satisfy this need.  

If U  is the outgoing voltage and the current I  are chosen so they lie in phase, then the generator only 
produces active power. A change of the magnetization results in no change of the active power, the only 
thing that changes is the δ  i.e. the power angle, see equation (2.2) which stands for the angle difference 
between E , internal emf and U , the outgoing voltage. An increase of magnetization would change the 
power angle δ  i.e. the angle would align to a lower value. This leads to a phase change between U and 
I . This angle is called the phase angle ϕ , see equation (2.4) and if this angle is positive i.e. U is ahead 
of I  the generator produces reactive power Q . If the magnetization is decreased so I  is ahead of U , 
then the generator consumes reactive power [6]. 

By controlling the magnetization in the rotor winding one have the possibility to control the reactive 
power injection. The active power is controlled by the generators in the converter stations and turbines in 
hydropower plants [6].  

 

2.7 “  kV power flow control system” 

The “132 kV power flow control system” is introduced to improve the present power flow control. In 
static converters there is the possibility to control the voltage phase angles and voltage amplitudes. Today 
there is only the possibility to control the voltage levels in rotating converters. If a modification of the 
rotating converters is performed according to [4] it could be possible to control the voltage phase angles 
too.  

Unwanted active and reactive power flows in the railway grid which should go through the public grid 
have been appearing since the introduction of the 132 kV power line, one reason is because of the voltage 
phase angles in converter stations that are dependent relatively the falling 50 Hz public grid voltage phase 
angles (falling 50 Hz voltage phase angle from the north to the south of Sweden) [14].  

The reason why the 132 kV power line was introduced was because it has low impedance, which makes it 
possible to place converter stations with larger distances and have large power transmission with reduced 
power losses [14].  

The “132 kV power flow control system” is going to handle data regarding the voltage phase angle 
differences caused by the 50 Hz public grid that are measured from the WAM (Wide Area Measurement) 
grid. The information regarding the voltage phase angle differences is then wireless distributed from a 
central unit to converter stations throughout Sweden and then the converter stations compensate these 
voltage phase angle differences [27].   
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To compensate the voltage phase angle differences caused by the 50 Hz public grid to obtain the voltage 
phase angle differences equal to zero or close to zero i.e. 16  Hz the “132 kV power flow control 
system” is introduced [27].  

Another reason why this “132 kV power flow control system” is introduced is because it is possible to set 
voltage phase differences arbitrarily to control the power flow freely in the case of a malfunction of a 
converter station and a change of power direction is needed [27].  

The use of the “132 kV power flow control system” requires a reference. Today Banverket uses Häggvik 
converter station as a reference, see Figure 5.4. The reason why Häggvik converter station is used is 
because of the firm angle that the rotating converters contribute with [14]. 

There is relatively large repeatability in the voltage phase angle difference in the 50 Hz public grid. This 
implies that it is possible to calculate the average voltage phase angle variation during a day in the 
16  Hz side. The “132 kV power flow control system” calculates the daily voltage phase angle variation 
by using statistics. To make statistics, values have to be measured; these are taken from the WAM-grid 
(Wide Area Measurement) which measures the voltage phase angle differences. These voltage phase 
angle differences are measured one day a week for six weeks. The values to compensate the voltage phase 
angle differences in converter stations are sent one time every day from the central unit to respective 
converter station were the voltage phase angle differences are compensated exactly or very close to zero. 
A more detailed explanation of this “132 kV power flow control system” can be found in [27].     

This “132 kV power flow control system” is going to be introduced during the year 2009 [27]. 
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3 Hydropower plants 
Hydropower plants provide the Swedish public electric power grid and hydropower stands for 
approximately 50 % of the total generated 50 Hz electricity in Sweden. This form of producing electricity 
has two main functions. One is obviously to produce electricity and the other is to be an instantaneous and 
a secondary power reserve. 

 

3.1 General 

A hydropower plant transforms the kinetic energy from falling water into electricity. The hydropower 
plant consists of several parts. The dam raises the water level to create falling water which controls the 
flow. The force of the falling water on the turbine blades causes the wheel to rotate. The turbine converts 
the kinetic energy of falling water into mechanical power. The turbine is connected to a generator through 
a shaft which makes in turn the rotor spin [9]. The generator converts the mechanical energy into 
electrical energy, see Figure 3.1. 

 

Figure 3.1 Water power plant: A: dam, B: power station, C: turbine, D: generator, E: intake gate, F: 
penstock, G: transformer, H: draft tube [9] 
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The generated power is dependent on five parameters depending on the hydropower plant: the efficiency 
η  which is approximately 90 % in an average hydropower plant [13], the water density ρ , the gravity 
acceleration g which is 9,82 m/s 2  in the Nordic countries, the volume of the running water λ and the drop 
height H. 

The generator feeds the grid with the power P  generated through the plant. This electricity is distributed 
through power lines.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HgP ληρ=   (3.1) 
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4 Wind power 
4.1 Technical design 

Most of the wind power plants have the same design. The upper part of a wind power plant consists of a 
generator, gearbox, rotor and a hub. All these components are placed in a wind turbine box upon a 
fundament through a tower. This tower can vary in height. Figure 4.1 represents a wind power plant. 

 

 

Figure 4.1 Describing picture of all the components in a wind power plant [22] 
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4.1.1 Components 

The purpose of the rotor blades is to capture the wind. The rotor blades can change angle, this means that 
the blade angle control can be used to control the utilization and braking of the system. The rotor is 
connected to a hub. This hub is connected to the gearbox through a shaft. The rotor blades rotate with    
20-30 rounds per minute (rotation velocity), the main function of the gearbox is to convert this rotation 
into 1000-2000 rounds per minute. The rotor in a generator requires a high rotation velocity to function 
properly. 

 

4.1.2 Generators and transmission boxes 

There are three types of generators that are in use for wind power plants: 

• Synchronous generator.  

• Induction generator. 

• Rotor fed asynchronous machine. 

The synchronous generator can vary both the voltage and the frequency. This form of generator is not 
commonly used in small scale wind power plants. The machine does not need a gearbox or a mechanical 
brake. This means that it does not require as much maintenance as the other two machines and it have less 
movable parts. It is not dependent on a fixed rotation of the rotor and this is an advantage because the 
wind is not constant. The rotor of this machine can be constantly magnetized which implies that it does 
not need a starting current. To prevent spikes in the grid a special filter is used more of this in [24]. The 
downside is that it requires advanced power electronics to synchronize it to the right phase position. 
Another aspect worth mentioning is that the converter that is used also needs advanced power electronics 
which cost a lot of money [14].  

Most commonly used for wind power plants is the induction generator. The induction generator consumes 
reactive power to get magnetized. This machine has the ability to produce useful power at varying rotor 
speeds, it is more rugged and it contains no brushes. The drawback is that it cannot provide reactive 
power and is a sink of reactive power. The gearbox puts the rotor at a wanted rotation velocity. This 
means that there are gearwheel combinations in the box that changes the rotation velocity of the rotor. 
There are some relations that are important to understand. A small gearwheel reduces the rotation velocity 
but increases the torque and a big gearwheel does the opposite. This is the way to get the wanted rotation 
velocity for the generator.  

The rotor fed asynchronous machine based generator is easier to connect to the railway grid than the 
synchronous machine. This is because the stator automatically aligns to the same phase and frequency as 
the grid that the machine is connected to. This kind of technology is used for larger wind turbines.  
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5 Problem and solutions 

5.1 General problem 

The task is to see if it is possible to reintroduce direct generated electricity for the Swedish railway system 
considering changes in technical and economical aspects. The technical aspect is the main focus of this 
thesis.  

Trains driven by environmentally friendly electricity are necessary to maintain an intact environment. The 
expansion of the infrastructure within railbound traffic in Sweden is resulting in an increase of power 
consumption. 

The Swedish railway energy consumption from the year 2000-2007 [28], can be seen in Figure 5.1.  

 

 

Figure 5.1 A graph over the converted energy from all converters stations in Sweden 

Figure 5.1 shows an increase of power consumption over a seven year time span. Data is missing for the 
year 2003. The forecast of the power need for the railbound traffic is going to increase at the same rate as 
it has done since 2006 [28]. 

The average increase over these seven years is about 40 GWh per year [28]. The increase between the 
years 2000-2001 is a consequence of the expansion of the railway infrastructure [28]. During 2005-2006 
the new power consuming commuter trains X60 were introduced and that could be one major factor to 
why the increase is remarkable high. 
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The Swedish railway grid is fed by the public grid through rotary and static converters.  

The rotary converters have one major disadvantage; it is the major loss in the conversion process. Then 
there is a problem with the transfer of phase displacement from the public grid to the railway grid, this 
problem with phase displacement is however solved and a more detailed explanation of this solution can 
be found in [4].  

When power electronics were introduced to build static converters a new form of converting the 
electricity was introduced, the problem of conversion losses and voltage phase displacement transfer 
could be reduced or even be faded away with this new technology. Static converters are not firmly locked 
i.e. the frequency can be chosen arbitrarily and it is possible to reduce the influence of the voltage phase 
displacement caused by the 50 Hz grid. These static converters have however some disadvantages, 
namely that they cost more, takes up more space than the rotary converters, needs sophisticated 
maintenance and have still power losses [14]. 

Hydropower was used in the beginning of the electrification of the Swedish railway system. The 
advantage with this technology is that it does not operate by a locked synchronous machine. Another 
advantage with hydropower and rotating converters are the possibility to control the reactive flow through 
the magnetization.  

There have been plans during the year 2000 to reintroduce direct generation but economical 
disagreements between Banverket and Vattenfall AB caused problems which resulted in no closure [27].  

Direct generation by hydropower could reinforce the grid as can be seen in Chapter 6, “Case study” 
during the day and then maybe close down the turbines during the low load periods.  

Wind power is another environment friendly way of producing electricity. The problem is to find 
adequate regions for these wind power farms. An approach of how to find these adequate places only 
considering wind conditions, railway tracks and the requirements for placing a wind power plant can be 
seen in Appendix 1. This is a minor part of the thesis. 
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5.1.1 Reduction of the problem 

To have good ground work regarding direct generated electricity for the Swedish railway grid and to 
obtain most of the information, the need of problem reduction is essential. To make a good reduction of 
the problem concerning direct generated electricity by hydropower plants there are some presumptions 
that should be satisfied to find adequate hydropower plants. The hydropower plant could be close to the 
132 kV power line, AT system and BT system, double tracked railway preferably in that order. 

The hydropower plants could preferably be close to Stockholm because the increase of power 
consumption is highest in that region [28]. 

The case study done in this thesis regards the conversion of one hydropower plant and how it influences 
the present Swedish railway grid. A reintroduction of hydropower could be one alternative to install more 
converters. This idea does not require new land area but the 16  Hz generators require space in the 

hydropower plant. The idea is to replace old 50 Hz generators in old hydropower plants with new 16  Hz 
generators.  

Information gathering regarding Hakavik and Kjosfoss hydropower plants and conclusions of the 
discussions between JBV (Jernbaneverket, a company that owns the Norwegian railway grid) and 
Statkraft (the Norwegian equivalent to Vattenfall AB) are presented in Chapter 5.2.1, “Conclusions and 
discussions between JBV and Statkraft regarding Hakavik” and Chapter 5.2.2, “Information regarding 
Kjosfoss”. 

One other form of producing electricity is through wind power. When choosing a location for wind power 
farms there are several aspects that have to be considered. Possible locations for installing wind power 
farms can be found in Appendix 1.  

The solutions to the problems of introducing renewable energy are supposed to give a reasonable view of 
the many possible solutions which in turn solves the problem of increasing power consumption within the 
area of railway feeding. 
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Figure 5.2 Reduction of the problem 
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5.1.2 Problem direct generating electricity by hydropower 

Banverkets plan to satisfy the need of power is to install two new static converters in Älvsjö. In Häggvik 
there are five rotating converters and the idea is to replace two rotating converters with four static 
converters [28]. Further in time the plan is to replace the three remaining rotating converters in Häggvik 
with static converters. The problem with this idea is that the power supply is concentrated in Häggvik 
which makes the railway grid vulnerable.  

In Ånge three 8,2 MVA static converters are going to be replaced with two 15 MVA static converters and 
there is going to be an expansion of the stations in Hallsberg and Älvsjö with two new static converters.  

One problem is to find land areas for these new static converters since the land area prices close to large 
cities like Norway and Sweden are increasing [14]. The reduced number of mechanical machines can 
cause another problem since rotating machines during a short period of time can be heavily overloaded by 
using its thermal inertia [14].  

The power drop in Stockholm 2008-11-18 [35] is a good example of what could happen when the grid is 
too weak. This power drop was caused by a malfunctioning sensor that measures the power need in the 
Stockholm region. This malfunction resulted in that Älvsjö converter station did not deliver the needed 
power. This resulted in a rapid increase of power demand in a short period of time which Häggvik 
converter station could not satisfy. This resulted in an overload of the converter station in Häggvik.  

This rapid power drop was partially caused by the new X60 trains which needs about 750 A to start and 
700 A to run compared with the old trains which only needs 150 A to start and 100 A to run [35]. These 
new trains needs much more electricity than the old ones and because they are planned to replace the old 
ones the generated power need to increase [14].  

When several of these X60 trains are running the power need increases so much that the converters could 
not satisfy this need. The result of this was a domino effect starting with one static converter in Häggvik. 
The safety fuse did its job because of an overload. This shut down of the converter station in Häggvik 
resulted in a total stop of the railway traffic between Gävle and Stockholm. Banverket has admitted that 
they have reached the maximum generation capacity level in Stockholm [28].  

This example shows how vulnerable the grid is. An article of this power drop was in SvD (Svenska 
Dagbladet) [35].   

One solution is to switch out some old 50 Hz generators with new 16  Hz generators in hydropower 
plants and at the same time renovate the whole power plant according to the Norwegian model. The 
introduction of virtual converters explained in Chapter 5.1.3, “One solution to the problem of direct 
generating electricity by hydropower” is one possible way to solve this problem [14].  

A report has been done concerning the possibility to reintroduce direct generated electricity in 
Hölleforsens hydropower plant which lies in Bispgården [16]. 

Hölleforsen hydropower plant is close to the 132 kV power line see Figure 5.3 and the idea was to 
directly connect Hölleforsen hydropower plant to the 132 kV power line [16]. The conclusion of that 
report was that it was not profitable at that time with direct generated electricity by using Hölleforsens 
hydropower plant. Today there are other aspects to consider apart from those in the year 2000. Banverkets 
environmental profile is worth much more today than it was nine years ago because of drastic climate 
changes and Håkan Kols pointed out that the project of “132 kV power flow control system” was not 
realized at that time.  
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Another problem that is pointed out in the report was the possibility of back feeding. During low load 
periods the 16  Hz generators could be closed down. Another alternative could be back feeding, this is 
only done if the remaining 50 Hz generators in the hydropower plant are generating maximum power and 
the electricity price is at a rate that it is economically profitable to back feed through the railway grid to 
the 50 Hz grid considering the transmission losses.  

If one 50 Hz generator was switch out with one 16  Hz generator in Hölleforsen hydropower plant and 
this generator broke down it could be hard to fulfill the N-1 criterion since there is a 35 MW loss of 
generation capacity which is equivalent to a smaller converter station. The N-1 criterion says that if one 
converter is shut down the railway traffic should be affected minimally [14]. Data for the generation in 
Hölleforsen hydropower plant is taken from [16].  

An instant 35 MW loss of generation capacity could lead to an increase of pressure on the converter 
stations in that region [14].  

An aspect that is worth mentioning is that generators in hydropower plants rarely break down [14]. If this 
generator against all odds broke down a possible solution to prevent this large impact on the railway grid 
could be to see if there are other hydropower plants with two smaller generators instead of one large to 
fulfill the N-1 criterion.  

Plans regarding reintroducing direct generated electricity have been on hold since the report [16]. 
Banverket has a problem to satisfy this increasing power need in the Stockholm region because the land 
price is high and it is difficult to find adequate places for static converters [28]. 
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Figure 5.3 A map over the north part of the Swedish railway infrastructure 
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5.1.3 One solution to the problem of direct generating electricity by 
hydropower 

The gain of installing new 16  Hz generators in old hydropower plants in Sweden is that they have a 
lifespan of 50-90 years if the maintenance is continuous compared with the lifespan of a rotating 
converter which is around 30-40 years [14].  

One idea if hydropower plants are used in Sweden is the combination of the new “132 kV power flow 
control system” and the introduction of the virtual converter. The virtual converter is an invented word for 
a hydropower plant with several low frequency generators. Imagine the converter or generators as a black 
box. Rotating converters convert 50 Hz into 16  Hz electricity and a hydropower plant could generate 

directly 16  Hz electricity. Seen from the railway grid it does not matter which one of these techniques is 
used because it is the amount of power which is of interest, not how it is generated.  

Let us assume that a hydropower plant has a number of 50 Hz generators and the power need requires that 
only some of the total number of generators is running. Then an exchange of the 50 Hz generators into 
16  Hz could be realized. This means that there are some 50 Hz generators, some 16  Hz generators and 
the rest of the 50 Hz generators could be on hold for when they are needed. The hydropower plant would 
feed both the 50 Hz grid as well as the railway grid.  

The benefit using the virtual converters is that it could be easier to fulfill the N-1 criterion compared with 
only converting one large generator. 

The virtual converter could maybe be a good long term investment for generating low frequency 
electricity for the railway. It would be interesting to see if it is more profitable to invest in one large 
generator instead of several smaller ones.  

An interesting hydropower plant that could be used for direct generating electricity to the railway grid in 
Sweden lies in Älvkarleby, see Figure 5.4. In Älvkarleby hydropower plant the idea of virtual converter 
could be realized and that could give some redundancy to the railway system in the Stockholm region.  

Älvkarleby hydropower plant is nearly hundred years old and the plant has six turbines which are around 
15‐25 MW. This plant is situated 0,9 km from Dalälvens outflow in the Baltic Sea, see Figure 5.4 [10]. 
The idea is to switch out two of the old 50 Hz three phase generators with two single phase 16  Hz 
generators. If Älvkarleby hydropower plant is connected directly to the 132 kV power line, the idea can 
be seen in Figure 6.4 there are no transformer or converter power losses respectively.  
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Figure 5.4 A map over the south part of the Swedish railway infrastructure 
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5.2 The Norwegian railway system  

The first Norwegian railway was constructed in the year 1854. It was called Hovedbanan and it stretched 
from Kristiania (Oslo) to Eidsvoll, the track was 68 km. The major electrification in Norway began in the 
year 1914 i.e. around the same year as in Sweden; see Chapter 2.1, “History”. The extension of the grid 
continued and today the railway grid is about 4000 km whereas 2500 km is electrified. The Norwegian 
topology is varied there are a lot of mountains and valleys which results in 696 tunnels and 2760 bridges.  

There are only 201 km of double track railway in Norway. There has not been any extensive expansion of 
the Norwegian Railway grid since the year 2000 [13]. 

In Sweden there was a problem with authorities regarding back feeding. This problem is already solved in 
Norway by JBV. They obtained a certificate from the energy authorities in Norway to back feed power to 
the public grid i.e. they are a power producing company. This certificate cost and there is more 
administration to consider when obtaining this certificate [13].  

Sweden has a 132 kV power line and Norway’s equivalent is a 55 kV power line. The power 
consumption of the railway infrastructure has not changed drastically since the year 2000 and that is why 
the extension of the railway power system has decreased in Norway [13].  

In case of an increase of power consumption JBV (Jernbaneverket) prefer to install new static converters 
because investing in new hydropower plants is expensive and it is difficult to obtain permission to build 
new ones [13]. JBV is however very positive to invest in renovations of excising low frequency 
hydropower plants. 

Today there are two hydropower plants that generate 16  Hz electricity namely Hakavik hydropower 
plant and Kjossfoss hydropower plant.  

 

5.2.1 Conclusions and discussions between JBV and Statkraft regarding 
Hakavik 

Hakavik hydropower plant lies 110 km from Oslo and it generates low frequency electricity. Hakavik 
hydropower plant was completed in 1922 and the oldest generator is still running. This power plant is an 
interesting example of how durable the components that were built during the beginning of the previous 
century are. The hydropower plant is one magnificent building, as can be seen in Figure 5.5. 

In Hakavik hydropower plant there are four generators which can produce a nominal value of                   
2,7 MVA and 2,5 MW each. The yearly production of energy is 25 GWh and the mean generated power 
per day since it runs 8 h per day is 8,5 MW. The rotation speed of the turbines is 333 rounds per minute. 
Then there is one generator that is constructed for 50 Hz and it produces 150 kVA. Three of the four 
generators were installed in 1932 and the fourth was installed in 1922. 
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Figure 5.5 Hakavik hydropower plant (the same picture is used in the front page) 

One problem with Hakavik hydropower plant is the turbine pipes that run from the lake Öksne (the dam 
of the power plant) to the hydropower plant.  

Because of safety reasons stated by NVE (Norges vassdrags-og energidirektorat) only one of the two 
pipes is running [13]. The water stream in one turbine pipe is divided in two water streams, this to run 
two of the four Pelton turbines in the hydropower plant [13]. This means that only two of four working 
turbines are in function. If both pipes could be used the hydropower plant could deliver double the 
amount of power i.e. 8 MW since it delivers only 4 MW today [13]. 

 

Figure 5.6 Water pipes in Hakavik. 

The turbine pipes can be seen in Figure 5.6. At least two of the three turbine pipes have to be changed 
according to JBV. These new pipes should according to JBV have the same diameter as the old pipes 
namely 84 cm. A change of diameter could result in a problem because the pipe holders are made for an 
84 cm in diameter pipes and a change of the holder are expensive [13]. The Pelton turbine is dependent of 
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the force of the water stripe which means that velocity of the water is an important factor, more of the 
Pelton and Kaplan turbines in [10]. A reduction of the outer diameter could create a large friction [13]. 
This implies that at least two new 84 cm in diameter turbine pipes could be built preferably three 
according to JBV. If there were three pipes, two could be used and the third could be a reserve in case that 
one of the other two brakes or one of the three pipes is been maintained, then a brake down or a 
maintenance procedure would not affect the railway grid [13]. 

JBV (Jernbaneverket) would like to extract more power from Hakavik hydropower plant, the idea is to 
produce 10 to 12 MW instead of the 4,5 MW that is extracted today [13].  

A suggestion by JBV is to remove one old turbine and replace it with a brand new with higher efficiency. 
Another idea to extract even more power is to install two extra turbines outside the Hakavik hydropower 
plant i.e. there would be six turbines. The reason to keep the old ones would be because they have a 
historical value.  

It could be a gaining to keep the old turbines, these 87 years old turbines could be placed at a museum for 
future generation engineers [13]. Another idea is not destroy the wonderful ambient of the old station with 
new machines but to conserve it and maybe place the new turbines outside the station as Banverket have 
done in Porjus hydropower plant [13].  

The turbines which are in use are 87 years old and they have a bad efficiency compared with new turbines 
[13]. If they are supposed to still run there could be renovation of the old ones and new turbines to 
improve the efficiency of the plant according [13]. 

In Hakavik there are two transformers, both with a turnover of 1:11. The single phase transformers are old 
but they are working. A thing that was noted in Hakavik hydropower plant was that the transformers were 
marked 5 kV to 55 kV i.e. the outgoing voltage is 55 kV. 

The reason is because there is a 55 kV power line in Norway which is the equivalent to the 132 kV power 
line in Sweden [13]. This means that Hakavik hydropower plant directly generates 16  Hz electricity to 
the 55 kV power line. The 55 kV power line is a 27,5 kV and ‐27,5kV double power line [13].  

The system is run with an isolated ground point i.e. there is no grounded mid point in the transformer. If 
there would occur a ground fault the voltage between the remaining line and ground would be 55 kV. The 
earth fault in the system is not compensated by a ground coil because of the small size of the 55 kV grid 
in Norway [14]. 

When placing these new turbines there could be a maintenance check of the other three turbines to make 
sure that they are in good shape, in that case they could be a reserve [14]. Another idea that could be 
considered, if a renovation of the plant is realized is a change of windings if they want to save the old 
generators and maybe even generators with brushless magnetization if new generators are bought they 
cost 10 MNOK each for a 4 MVA generator [32].   

The water flow in Hakavik hydropower plant is controlled manually today a wireless regulation is 
considered by JBV to make the station self-going [13].   

A change of turbine type would improve the efficiency and increase the possible power generation [13].  

One multi jet outflow Pelton turbine could generate almost the same amount as four old turbines i.e. about 
8 MW [32]. This turbine is probably smaller and placed horizontally under the floor in the station with the 
remaining three turbines intact and closed down [13]. As mentioned earlier about the importance of 
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having the station intact for future generations, this solution is probably the best according to [13]. A 
multi jet outflow Pelton turbine can be seen in Figure 5.7. 

 

 

 

 

Figure 5.7 Multi jet Pelton turbine from Peru Lima made by Siemens [9] 

The turbine takes about 30 s to start up and close down [14].  

 

5.2.2 Information regarding Kjosfoss 

Kjosfoss hydropower plant is located 245 km North West of Oslo and this power plant generates a total of 
about 4 MW.  

This plant needed a renovation and the things that were renovated and bought were [38]: 

• Renovation of the turbines and turbine pipes. 

• Control equipment for the plant. 

• New 16  Hz and one 50 Hz generators (the 50 Hz generator is for the auxiliary equipment to run 
the power plant). 

• New transformers 

In addition to the renovation above there were a restoration of hatches in three nearby lakes were the 
power station gets its water from.  

The renovation cost for all the renovation, and new generators and transformers were 65 MSEK [13]. 
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The advantage with renovating Kjosfoss hydropower plant in Norway is that there is no need for a 
transmission fee or to pay a high energy price for the 16  Hz electricity because the hydropower plant is 
JBV (Jernbaneverket) owned as mentioned earlier. 

The reason why an investment of new 16  Hz generators in Kjosfoss and Hakavik power plant is a good 

idea is because the price of 16  Hz electricity has increased during the last years in Norway [13].  

The Norwegian 16  Hz electricity price from year 2000 to 2004 can be seen in Figure 5.8 [32]. 

JBV pays the power producing companies for the 50 Hz electricity that is converted. Since the year 2003 
the price has risen from 226 NOK per MWh to 368 NOK per MWh [38]. When converting the electricity 
JBV has to pay a transmission fee; today this fee is 80 NOK per MWh [38]. Then there is an 
administrative fee which is 7 NOK per MWh [38]. The cost without taxes would be 455 NOK per MWh. 
The tax is about 25 % for bought 16  Hz electricity. The total cost including taxes is 569 NOK per 
MWh. The tax is a fee which the consumers have to pay.  

The change in energy price for a six year period in Norway can be seen in Table 5.1.   

The energy price JBV has to pay to convert 50 Hz 
electricity  

                                                Year 2003 2004 2005 2006 2007 2008
Energy bought from producer (NOK per MWh) 226 248 285 315 340 368
Transmission fee from converter station (NOK 
per MWh) 60 62 65 70 75 80
Administrative fee for JBV (NOK per MWh ) 4 5 5 6 6 7
Total cost of converted energy excluding taxes 
(NOK per MWh) 290 315 355 391 421 455
Total cost of converted energy including taxes 
(25%) (NOK per MWh) 363 394 444 489 526 569

Table 5.1 The Norwegian energy price over six years 
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Figure 5.8 The Norwegian energy price for converted 50 Hz electricity 

The increase of the energy price is one reason why the JBV chose to renovate Kjosfoss [13]. This power 
plant produces 20 GWh per year. By this renovation JBV does not need to buy 16  Hz electricity for 
9,1 MNOK yearly because they own the Kjosfoss hydropower plant. 
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6. Case study 
6.1 Simulation with and without Älvkarleby hydropower plant  

This case study will show the influence of Älvkarleby hydropower plant if it is connected to the present 
Swedish railway grid. The idea is that one or more generators in Älvkarleby hydropower plant will 
generate 16  Hz electricity.  

The particular railway track chosen for this case study is marked in black, see Figure 6.1. The railway 
track is between Ockelbo and Västerås with a parallel 132 kV power line from Ockelbo to Bålsta. 
Älvkarleby hydropower plant is located between Gävle and Tierp and that is why the track from Ockelbo 
to Västerås is interesting, see Figure 6.1.  

The idea is to connect Älvkarleby hydropower plant direct to the 132 kV power line since the 132 kV 
power line is very close to Älvkarleby hydropower plant, see Figure 6.1. The distance between 
Älvkarleby hydropower plant and the 132 kV power line is 0,9 km. 

 

Figure 6.1 The railway track Ockelbo-Häggvik-Bålsta-Västerås and Älvkarleby hydropower plant 

It would be interesting to analyze how a conversion into 16  Hz of one or more generators in Älvkarleby 
hydropower plant would affect the modeled railway grid in Figure 6.4. In addition it would be interesting 
to see how these low frequency generators in Älvkarleby hydropower plant and the converters could run 
to minimize the power losses. 

The consequence if Häggvik converter station is shut down when Älvkarleby hydropower plant is running 
is also simulated. If any train traffic is possible without Häggvik converter station it would be interesting 
to see how many trains could be on the track at the same time. This question is answered in Appendix 4. 
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6.1.1 Restrictions and general simplifications  
A simplified circuit diagram of the real Swedish railway grid in Figure 6.1 is presented in Figure 6.5. To 
model this present Swedish railway grid there had to be some simplifications. 

1. All converter stations in this case study include only one type of rotating converter namely 
Q48’s. For a more detailed explanation of this converter see Chapter 2.4, “Rotary converters”. 

2. The railway tracks from Ockelbo to Storvik and Storvik to Gävle are single BT tracks, see  
Figure 6.1. The two tracks can be seen as one long track from Ockelbo to Gävle since the track 
to Falun and Krylbo is not included in this model, see Figure 6.1. The track from Ockelbo to 
Gävle through Storvik is modeled as one line impedance which is parallel coupled with the BT 
track (line impedance) from Ockelbo to Gävle. 

 
3. There is a BT double tracked railway from Gävle to Häggvik and from Häggvik to Västerås, see 

Figure 6.1. Both line impedances are connected in every transformer station and that made it 
possible to model it as parallel coupled impedances between the transformer station i.e. the line 
impedance is divided by two. 

4. The 50 Hz grid is considered as an infinitely strong grid with a specific voltage and voltage 
phase angle (slack bus).  

5. The train nodes include several trains with the parameters active and reactive power. These train 
nodes include only one train model, see Table 6.1.  

6. The BT catenary and the 132 kV power line are modeled as line impedances which are 
dependent on the distance, the values of the line impedances can be found in Appendix 3. 

7. The Q48 converters are also modeled and equations (6.1)-(6.4) show the link between the 50 Hz 
grid and the 16  Hz grid [1]. 

8. Cargo transports and Älvsjö converter station was not included in the case study to keep the 
model simple. 

 

6.1.2 Model of the power supply system 

The present Swedish power supply system consists of converters which are explained in Chapter 2.4, 
“Rotating converters” and Chapter 2.5, “Static converters”.  

In this simulation only Q48 converters are used as mentioned before. To evaluate the voltage levels and 
voltage phase angles for all nodes, only a static model is used. 

The model chosen for this study is taken from the existing Swedish railway grid, in order to make the case 
study as realistic as possible. 

This case study of the power supply system contains BT catenaries, 132 kV transmission lines, 
transformers, and Q48 converters. 

The BT catenary line impedance is linearly dependant on the distance. To model these BT catenaries a 
suitable choice is a Π-model with the capacitances to the ground equal to zero [18], the impedance is 
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modeled as ZBT, see Figure 6.3. A more detailed explanation of this special catenary type can be found in 
Chapter 2.2.1, “The AT and BT systems in Sweden”.   

The 132 kV power line is also Π-modeled as the BT catenaries and it is also dependant on the distance, 
these are modeled as ZHV, see Figure 6.3. There are two levels of voltages namely the 132 kV power line 
and the BT catenary (15 kV), transformers are used to lower 132 kV into 15 kV.  

These transformers can have two different values, 25 MVA or 16 MVA depending if it is at a feeding point 
or not. The 25 MVA transformers are used at the feeding stations and the 16 MVA transformers are used 
between these feeding points. Figure 6.2 shows how the transformers are placed. 

 

Figure 6.2 Idea of the transformer usage [18] 

As mentioned before there is only one train model chosen for this study. The trains have a maximum 
active power consumption of 4 MW and a maximum reactive power consumption of 0,4 MVAr [1]. The 
reactive power consumption is always one tenth of the active power consumption. The constant train 
loads are denoted as PD and QD, see Figure 6.3. The number of trains included in every train node is 
presented Table 6.1.  

Constant power loads (trains)  
Nodes Active power Reactive power 

Trains 1 (four trains) 16 MW 1,6 MVAr 
Trains 2 (five trains) 20 MW 2,0 MVAr 
Trains 3 (nine trains) 36 MW 3,6 MVAr 
Trains 4 (four trains) 16 MW 1,6 MVAr 

Table 6.1 Train power loads 

Node Trains 1 include four trains, Trains 2 include five trains, the reason why these values were chosen is 
because that is the number  of  trains  that are on the railway track a regular day between Ockelbo and 
Odensala at the same time [42].  

Node Trains 3 include nine trains, the reason why there are so many trains between Odensala and Bålsta 
is because the commuter trains in Stockholm are inculded [42].  
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The last node Trains 4 include four trains which is the number of  trains  that are on the railway track a 
regular day between Bålsa and Västerås at the same time [42].  

Every train node includes many trains wich implies that the voltage drops are overestimated. All of the 
train nodes are placed exactly in the middle between two nearby transformer stations in this case study, it 
is possible to place these train nodes arbitrarily in all of the simulations. 

A model of the impedances can be seen in Figure 6.3. The frequency converters are denoted as FC. The 
transformers at the converter stations are modeled as impedances ZT2. The transformers between the BT 
catenary and 132 kV power line are modeled as ZT  and the BT catenary line impedance is modeled as ZBT. 
The distances to the transformer or converter stations are denoted as d1 and d2, see Figure 6.3. 

   

 

Figure 6.3 A model with converters, BT, double tracked railway and 132 kV power line 

All of the parameters that are used in the simulations in this case study can be found in Appendix 2. 

 

6.1.3 Model of converter stations 

As mentioned before the model only include Q48 converters (10 MVA) i.e. all static converters, as well as 
rotating Q24 and Q38 converters, see Figure 2.9 are interpreted as Q48’s. The converters installed in 
respective station are found in the list below [14]. 

• In Ockelbo there are three static converters, 13 MVA each. 

• In Häggvik there are five rotating converters, 10 MVA each. 

• In Västerås there are two static converters, 15 MVA each. 

The number of Q48 converters used in the model: 



42 
 

• In Ockelbo the model includes four Q48 converters which is approximately three                 
(13 MVA) converters. 

• In Häggvik the model includes five Q48 converters. 

• In Västerås the model includes three Q48 converters. 

The parameters of the Q48 converters that are used in the simulations can be found in Appendix 2. 

To model a converter station it is important to consider the relation between the 16  Hz side and the 
50 Hz side of the converter. In equations (6.1)-(6.4) the relation between these two sides is shown [18]. 
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where the generator side voltage is expressed in kV. The active power and reactive power in                      
equations (6.2)-(6.3) are the injected power on the 16  Hz side. The total amount of absorbed reactive 
power on the 50 Hz side is denoted by Q50 in MVAr. To get the correct catenary voltage U and the right 
phase angle θ it is important to consider the number of converters #conv. The active and reactive power is 
divided by this variable #conv. The phase angle ψ is the phase angle difference between the 50 Hz and the 
16  Hz grids. The phase angle is dependent on the number of converters #conv as can be seen in equation 
(6.3). The short circuit reactance is X50 and θ50 is the no-load phase angle. Both of these are on the 50 Hz 
side. A more detailed explanation of the quadrature reactances can be found in Chapter 2.4.2, “Phase shift 
angle”. The voltage phase angle θ0 is the voltage phase angle on the 50 Hz side. The different voltages of 
the motor and generator are expressed Um and Ug where the indices denote if it is a generator or motor 
[18].  

In a power system there has to be at least one Uθ-node (slack bus), this node is used as a reference i.e. the 
voltage level U is chosen arbitrary and voltage phase angle θ is normally chosen to zero. 

The Uθ-node can be interpreted as the 50 Hz side. The values of the Uθ-node can be found in        
Appendix 2. 
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6.1.4 Model of Älvkarleby hydropower plant 

To model Älvkarleby hydropower plant there are some things to consider. The hydropower plant is going 
to be directly connected to the 132 kV power line. In Figure 6.4 the connection between the hydropower 
plant and the railway grid is shown.  

 
Figure 6.4 Connection between hydro power plant and the 132 kV power line 

In Figure 6.4 the generator is shown on the left. This generator is modeled with the values in               
Table 6.2. 

Hz Generator  
Apparent power 44 MVA 
Cos φ 0,8 

Table 6.2 Values of the chosen 16  Hz generator [16] 

The values in Table 6.2 are taken from an investigation of the reintroduction of hydropower in Sweden 
[16]. The idea in [16] was to replace one 50 Hz generator with one 16  Hz generator in Hölleforsen with 
the values in Table 6.2.  

Data from Table 6.2 were used to model Älvkarleby hydropower plant as one generator.  

Älvkarleby hydropower plant can be modeled as a PQ-node i.e. a node were the generated active power  
and reactive power Q are known. The voltage U and phase angle θ are unknown variables.  

Another way to model Älvkarleby hydropower plant is to model it as a PU-node i.e. a node were the 
generated active power and the voltage U are known. The generated reactive power Q and phase angle θ 
are unknown variables 

Declaring the voltage level U, phase angle θ, active power P and the reactive power Q for Älvkarleby as 
free variables and state the problem as an optimization problem where the total active power losses of the 
railway system are minimized is a third way of modeling.  
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6.1.5 Matlab and GAMS 

The programs used to perform this case study were Matlab and GAMS.  

Matlab is a mathematical program. In the simulations preformed in this case study, this program only did 
tasks that are relatively easy to compute.  

GAMS is a program that is normally used to solve optimization problems. This program is also very 
useful to solve nonlinear equations. 

In the simulation without Älvkarleby hydropower plant the problem was stated as a CNS (Constrained 
Nonlinear System) equation system. The CNS solver to obtain the solution was CONOPT [40].  

In the simulation with Älvkarleby hydropower plant an optimization problem considering the power 
losses was conducted. The optimization problem was stated as an NLP (Nonlinear programming) system. 
The NLP solver to obtain the solution was CONOPT [40].  

In GAMS almost all of the heavy calculations are executed.  

The Newton Raphson method is usually used when performing power flow calculations [41]. In the full 
report [18] there is mentioned that when the railway power supply system was overloaded GAMS is 
better to use than Matlab. GAMS have also a better nonlinear equation solver than Matlab [18].  

Matlab was used to present the results in a manageable way. This required an interaction between Matlab 
and GAMS.  

 

6.2 Solution procedure 

6.2.1 Iteration process and per unit calculation 

A small step iteration process was used because it could be hard for GAMS to find a feasible solution 
when the there are large voltage drops in the railway grid. When conducting the simulation in Appendix 4 
there was such a problem since Häggvik converter station is malfunctioning and one had to be sure that 
the voltage levels and voltage phase angles at the transformer stations and converter stations are not 
totally wrong.  

Nonlinear equations have the specific feature that they sometimes are not solvable or could have several 
solutions.  

In this case there are nonlinear arctan(x) functions in equations (6.2) and (6.3) which go from   to  
when the variable x goes from minus infinity to infinity, respectively. These functions have the 
inclination of zero when x goes to infinity and if the solution is in that range it could be difficult for 
GAMS to find a feasible solution. 

The nonlinear equations (6.2) and (6.3) describe the converters used in this case study, these are 
dependent on the generated power which in turn is dependent on the train loads, see equation (6.14) and 
these train loads are constants, see Table 6.1.  

A scaling of the load was performed in such a way that GAMS solved the problem for scaled loads. The 
number of iterations gives a direct impact on GAMS time to solve the problem. The problem was iterated 
with different steps i.e. the load was scaled with different steps always putting the previous values as start 
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values in the new iteration process until the problem was calculated for the desired values of the train 
loads.  

In the case with Älvkarleby hydropower plant when Häggvik converter station was shut down, this 
solution procedure was conducted because of such a large loss in power generation, more of this in 
Appendix 4.   

The whole solving process was done in per unit denoted as [p.u] (or percent). This method is used 
because it is especially appropriate when dealing with different voltage levels and transformers. The value 
of per unit is defined by 

 variable theof  valuebase
 variable theof  valuerealunit valuePer =  

 (6.5) 

where all of the base values can be found in Appendix 2.  

Some incitement why per unit values is a good method to use in this case study. It is possible to see 
directly the relative voltage drops that are obtained and it is possible to do calculations on the system on 
many voltage levels [41]. 

 

6.2.2 Equations 

To run the simulations in this case study there had to be some equations formulated.  

The admittance matrix Y  is obtained from an admittance grid. There are line admittances between the 
converter stations and transformer admittances; see Chapter 6.1.2, “Model of the power supply system”.  

kjkjkj jBGY +=   (6.6) 

kjkj gG −=   (6.7) 

kjkj bB −=   (6.8) 

where the variables kjG  and kjB  are the real and imaginary parts of the admittance matrix respectively. 

The voltage phase angle difference between two nodes is 

.jkkj θθθ −=   (6.9) 

The idea is to obtain voltage levels and voltage phase angles at every node.  

The power balance equations for the active and reactive power  
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0__ =−− kDkGk PPP   (6.10) 

0__ =−− kDkGk QQQ  
 (6.11) 

where the variables GkP _  and GkQ _  denotes the active and reactive generated power in the modeled 
railway power system. The injected active and reactive power in node  of the power system is denoted as 

kP  and kQ  respectively. 

∑
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The indexes  k  and j  denotes the nodes in the railway power system.  

The variables DkP _  and DkQ _  are vectors with a specific number of nodes. The numbers of trains 
combined with were these train nodes are placed in the model build up these vectors. 
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where GkP _  and GkQ _  are dependent on the number of converters at each converter station as can be seen 

in equation (6.14) and (6.16). The parameter conv# denotes the number of converters at a specific 
converter station. 

The reason why the maximum level for GkP _  and GkQ _  in equation (6.15) and equation (6.17) is eight by 
four is because it gives the maximum possible converted active end reactive power at the converter 
stations in Ockelbo, Häggvik and Västerås, everything is calculated in [p.u.]. 

The equations (6.1)-(6.4) are also used in the simulation since they model the rotating converters used in 
all of the simulations. The variables GP  and GQ

 
in equations (6.1)-(6.4)

 
are dependent on the number of 
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nodes i.e. in this case it is GkP _  and GkQ _ . These variables express the total generation in the converters, 
therefore it is divided by the number of converters per station [18, 1]. 

by assuming that converter stations only can be constituted by Q48’s, the main thing that happens when 
an extra converter is connected to a station is that the phase angle shift becomes lower [18]. 

A more detailed explanation of equations (6.1)-(6.4) can be found in Chapter 6.1.2 “Converter stations”. 

 

6.2.3 Without Älvkarleby hydropower plant 

In the case without Älvkarleby hydropower plant there is not a direct generation node and furthermore it 
was not possible to vary the active power, reactive power, voltage phase angle and voltage levels freely in 
any node. The problem was formulated as a CNS equation system with equations (6.1)-(6.17) to solve the 
voltage levels and voltage phase angles without Älvkarleby hydropower plant.  

In the case without Älvkarleby hydropower plant the number of nodes in the modeled railway power 
system is nineteen, see Figure 6.5.  

[ ]19....1, =jk . 
 (6.18) 

The load  DkP _  and DkQ _  include nineteen elements as can be seen in equation (6.18) in the vector and 
all are zero except for those nodes which include trains i.e. they have a specific position in vector 
dependent on where they are placed. In the simulation without Älvkarleby hydropower plant the element 
positions are the train nodes in Figure 6.5. The parameters DkP _  and DkQ _  denotes the active and 
reactive power consumption at an arbitrarily chosen location in the vector. The values used in the 
simulation without Älvkarleby hydropower plant can be found in Table 6.1. 

 

6.2.4 With Älvkarleby hydropower plant 

In the case with Älvkarleby hydropower plant the problem had to be stated as an NLP problem with the 
major difference that Älvkarleby hydropower plant was added to the circuit diagram in Figure 6.5. The 
new circuit diagram can be seen in Figure 6.9.  

The equations used to solve this optimization problem are almost the same as in the CNS equation system 
case. The major difference is that this problem has to be stated as an optimization problem with an 
objective function and some constraints. The number of nodes was also changed. 

The objective function that was minimized when performing the simulations was.  
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where the variables l  and m  denotes the number of nodes in the new system i.e the indexes in equations 
(6.1)-(6.17) are changed to l  and m ,see Figure 6.9 

[ ]20....1, =ml . 
 (6.20) 

The objective function (6.20) include the power flow equation in both directions which combines the 
admittance matrix Y , voltage phase angle differences lmθ  and the voltage level at a specific node 
denoted as lU  or mU  

))sin()cos((2
lmlmlmlmmlllmlm bgUUUgP θθ +−=     (6.21) 
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   (6.22) 

where 0lmb  is the shunt susceptance of the power line and in this case it is equal to zero.  

The parameters g and b  are the negative real and imaginary part of the Y  matrix respectively. 

The constraints for this problem are: 

0____ =−−+ lDlalvGlGl PPPP  
   (6.23) 

71 __ <<− alvGlP  
   (6.24) 

 
0____ =−−+ lDlalvGlGl QQQQ

 
   (6.25) 

51 __ <<− alvGlQ  
   (6.26) 

where equation (6.6)-(6.17) are also constraints to the problem only with the difference that there is an 
extra node added. An explanation of these equations can be found in Chapter 6.2.1, “Solution procedure”. 

The variable GlP _  is vector with the converted power from every converter station and alvGlP __  is also a 
vector with twenty elements in the vector and all are zero except for the one node which include 
Älvkarleby hydropower plant. 

The parameters DlP_  and DlQ _  are vectors with a specific number of nodes. In the case without 
Älvkarleby hydropower plant there are twenty elements in the vector and all are zero except for those 
nodes which include trains i.e. they have a specific position in vector dependent on where they are placed. 
In the simulation with Älvkarleby hydropower plant the element positions are the train nodes in           
Figure 6.9. The parameters DlP_  and DlQ _  denotes the active and reactive power consumption at an 
arbitrarily chosen location in the vector. The values used in the simulation with Älvkarleby hydropower 
plant can be found in Table 6.1. 

The constraint in [p.u.] for the variables alvGlP __  and  alvGlQ __  
are taken from Table 6.2. 
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The power balance equation in equation (6.23) and equation (6.25) are different from the power balance 
equation in (6.10) and equation (6.11). The reason is because Älvkarleby hydropower plant is included. 

In Appendix 4 there is a simulation preformed with Älvkarleby hydropower plant when Häggvik 
converter station is shut down, the problem was formulated almost the same as the case with Älvkarleby 
hydropower plant only with the exception of Häggvik converter station, more of this in Appendix 4. 
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The voltage levels in [p.u.] for every node in Figure 6.5 can be seen in Figure 6.6. 

                           
Figure 6.6 Voltage levels in [p.u.]  

In Figure 6.6 the voltage levels are denoted in [p.u] and one [p.u] is equal to 132 kV or 15 kV 
respectively depending on the power line. The voltage levels at the transformer stations and pantographs 
from Figure 6.6 were calculated into kV. The voltage levels can be seen in Figure 6.7 and Figure 6.8. 

 

Figure 6.7 Voltage levels at train stations and train nodes 
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Figure 6.8 Voltage levels at the 132 kV power line 

Node fifteen (Trains3) in Figure 6.6 is lower than all of the other nodes and a reason could be that this 
node has the highest load, see Table 6.1.  

The voltage levels at the transformer stations in Figure 6.7 are acceptable since none of these station 
voltage levels are below 14 kV, the restriction in form of reduced trains speeds begin when the voltage 
levels are below 13 kV [14]. A total shut down of a train begins when the voltage levels are around 
11‐12 kV [14]. 

The voltage levels in the 132 kV power line in Ockelbo and Häggvik are higher than the voltage levels in 
the nearby transformer stations as can be seen in Figure 6.8. The reason why the voltage level in the 
132 kV power line is higher in Häggvik than in Odensala and Bålsta is because there are converter 
stations located there, see Figure 6.5. The voltage level in the 132 kV power line is higher in Ockelbo 
than in Gävle for the same reason, see Figure 6.5  

Voltage levels on the pantographs at the train nodes Trains1, Trains2, Trains3 and Trains4 are quite low 
since in the model they are nodes that include a lot of trains, see Table 6.1. 

The lowest transformer station voltage level is in Bålsta with 14,9 kV and that could be a consequence of 
the number of commuter trains in Stockholm which are included in the simulation, see Table 6.1.  

The highest voltage level is in Västerås because the load is not so heavy in that region compared with the 
train traffic between Odensala and Häggvik, see Table 6.1 and there is a converter station in Västerås. 

The voltage levels in the 132 kV power line are quite low and falling from Ockelbo to Bålsta except in 
Häggvik were the voltage level is higher. A reason of the falling voltage level could be that Älvsjö power 
station is not included in the model. Another aspect that influences the voltage levels is the location of the 
loads. Most of the load is located close to the Stockholm region.  

The largest power losses in this simulation were between the converter stations and the train nodes as can 
be seen in Table 6.3. 
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Power losses without Älvkarleby 
Train stations  Power losses in MW 

BT catenary, Ockelbo-Trains 1-Gävle 2,27 MW 
BT catenary, Uppsala-Trains 2-Odensala 1,1 MW 
BT catenary, Häggvik-Trains 3-Bålsta 5,46 MW 
BT catenary, Ockelbo-Trains 4-Bålsta 3,80 MW 
132 kV power line, Tierp-Uppsala 0,078 MW 

Table 6.3 The four largest power losses between converter stations and the largest power loss in the 
132 kV power line in the model Figure 6.5 

In Table 6.3 one can see that the maximum power loss in the 132 kV power line is 0,078 MW and one 
reason could be the large distance between Tierp and Uppsala, see Appendix 2.  

The maximum power losses are between the train nodes and the nearby train stations. The maximum 
power loss is 5,46 MW i.e. the power loss corresponds to a little bit more than an entire train consumption 
of 4 MW.  

One reason could be that in node Trains 3 there are nine trains included in one node and because of the 
high impedance of the BT catenary, see Appendix 2. In reality these nine trains that are at the track at the 
same time in different positions relative to each other and the power loss could probably be lower. 

The values of the converted power and power losses are presented in Table 6.5 and Table 6.6. The reason 
why these values are presented in Chapter 6.2.5, “Comparison between results with and without 
Älvkarleby hydropower plant” is because it is easier to compare those values with the case with 
Älvkarleby hydropower plant. 

In the cases without Älvkarleby hydropower plant the iteration process did not give a different solution 
compared if it was iterated only one time. 
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The voltage levels in [p.u.] for every node including Älvkarleby hydropower plant in Figure 6.9 can be 
seen in Figure 6.10. 

 

Figure 6.10 Voltage levels in [p.u.] including Älvkarleby 

The voltage levels at the transformer stations, converter stations and the pantographs from Figure 6.10 
were calculated into kV. The voltage levels can be seen in Figure 6.11 and Figure 6.12. 

 

Figure 6.11 Voltage levels at train stations and train nodes 
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Figure 6.12 Voltage levels in the 132 kV power line 

The voltage levels in Figure 6.11 are much higher compared with the voltage levels in Figure 6.6. This 
implies that a conversion of Älvkarleby hydropower plant would improve the voltage levels at every 
transformer stations and every train node. 

The upper boundary for Älvkarleby hydropower plant is chosen to 44 MVA with cosφ 0,8 since that was 
declared in Table 6.2. 

The power flow distribution when the power loss is minimized can be seen in Figure A 5.2. All of the 
power generated from Älvkarleby hydropower plant and a part of the power converted in Ockelbo 
converter station is transmitted were the heavy load is situated namely close to Stockholm. This is 
expected since Älvkarleby hydropower plant is directly connected to the 132 kV power line and the 
reason why this 132 kV power line was introduced was to increase the amount of transmitted power over 
larger distances with minor transmission losses. 

The largest power losses in this simulation were between the converter stations and the train nodes as can 
be seen in Table 6.4. The largest power losses are between the same transformer stations, converter 
stations and train nodes as without Älvkarleby hydropower plant, see Table 6.3. The power losses in the 
132 kV power line are very low compared to the losses in the BT catenary.  

Power losses with Älvkarleby 
Train stations  Power flow loss in MW 

BT catenary, Ockelbo-Trains1-Gävle 1,85 MW 
BT catenary, Uppsala-Trains2-Odensala 0,91 MW 
BT catenary, Häggvik-Trains3-Bålsta 4,65 MW 
BT catenary, Ockelbo-Trains4-Bålsta 2,26 MW 
132 kV power line, Tierp-Uppsala 0,38 MW 

Table 6.4 The four largest power losses between converter stations and the largest power loss in the 
132 kV power line in the model Figure 6.9 
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The maximal power loss in the 132 kV power line is between the largest distance between two cities 
namely Tierp and Uppsala, see Appendix 2. The power loss is 0,38 MW and much higher than the power 
loss in Table 6.4. The reason is that much more power is transmitted in this case than in the simulation 
without Älvkarleby, see Appendix 5.  

The maximal power loss in the BT catenary is 4,65 MW and this is smaller compared with the same node 
in Table 6.3. One reason could be that more power is transferred from Älvkarleby hydropower plant to 
node Trains 3.  

In the cases with Älvkarleby hydropower plant the iteration process did not give a different solution 
compared if it was iterated only one time. 

 

6.3.3 Comparison between results with and without Älvkarleby hydropower 
plant 

The interesting part of doing the optimization problem is to see how much power is saved by minimizing 
the power loss in Figure 6.9 and how much the voltage levels are raised. 

The power loss of the system in Figure 6.4 is 16 % and by minimizing the power loss in Figure 6.9 with 
Älvkarleby hydropower plant the power loss is 14 %, see Table 6.5.    

Power losses without Älvkarleby Minimizing power losses with Älvkarleby  
17,29 MW 14,55 MW 

16 % 14 % 
Table 6.5 Power loss values 

Converter output power without Älvkarleby  
Converter output power with Älvkarleby 

with optimization 
Node and converter  Active power Reactive power  Active power Reactive power 
Ockelbo, Q48/Q49 36,69 MW 9,93 MVAr 21,85 MW 1,22 MVAr 
Älvkarleby 
hydropower plant 0 MW 0 MVAr 35,0 MW 10,41 MVAr 
Häggvik, Q48/49 48,11 MW 20,35 MVAr 29,99 MW 13,76 MVAr 
Västerås, Q48/Q49 20,49 MW −0,95 MVAr 15,71 MW −0,0075 MVAr 

Table 6.6 Converted and generated power  

The power loss when Älvkarleby hydropower plant is not connected is 17,29 MW and the power loss is 
reduced to 14,55 MW by connecting Älvkarleby hydropower plant to the Swedish railway grid. 

One reason why the power loss is  14,55 MW and lower than without Älvkarleby hydropower plant could 
be that the direct generated power is directly fed to the 132 kV power line which has lower impedance 
compared to the BT track, see Appendix 2.   

The converted power from the converter stations when Älvkarleby hydropower plant is connected to the 
railway grid is reduced because most of the power is generated from Älvkarleby hydropower plant.  

Älvkarleby hydropower plant reduces the amount of converted electricity at every converter station, in 
Ockelbo with 14,84 MW, in Häggvik with 18,12 MW and in Västerås with 4,78 MW. 
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The conclusion according to Table 6.6 is that a conversion of Älvkarleby hydropower plant would reduce 
the pressure on the converter stations in the surroundings.  

The reactive power losses in the system without Älvkarleby hydropower plant are very high the generated 
reactive power is 29,21 MVAr and the total reactive consumption of the trains, see Table 6.1 is  8,8  MVAr 
this means that there is a total reactive power loss of  20,41 MVar in the system Figure 6.5. The reason is 
that the inductances in the BT catenary are very high, see Appendix 2. 

The reactive power losses in the system with Älvkarleby hydropower plant are also very high the 
generated reactive power is 25,38 MVAr and the total reactive consumption of the trains, see Table 6.1 is  
8,8 MVAr this means that there is a total reactive power loss of 16,58 MVAr in the system                 
Figure 6.9. This is a lower value compared with the case without Älvkarleby hydropower plant. 

In Appendix 4 a simulation with Älvkarleby hydropower plant and without Häggvik converter station was 
preformed. This simulation was preformed to see if it was possible to have any train traffic running if 
such a large loss of power generation would happen as the case was in [35]. It was possible to have train 
traffic running and have acceptable voltage levels even though the number of trains had to be reduced, 
more of this in Appendix 4. 
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7. Conclusion and future work 
7.1 Conclusion 

7.1.1 Hydropower in Sweden and Norway 

A hydropower plant connected to the Swedish railway grid could be a way to solve the problem of finding 
new land areas for new converter station since it is expensive to buy new land areas close to Stockholm 
[28].  

The use of hydropower plants connected to the railway grid is a reality in Norway and in addition to the 
direct generation they have a similar system to the Swedish railway system.  

There are two hydropower plants that currently are feeding the Norwegian railway grid with low 
frequency electricity; these are Kjosfoss and Hakavik.  

Kjosfoss hydropower plant is JBV (Jernbaneverket) owned and were recently restored for 65 MNOK. 
One reason why the JBV renovated this hydropower plant is because of the increasing energy price of 
the 16  Hz electricity, see Figure 5.8. By this renovation JBV does not need to buy 16  Hz electricity 
for 9,1 MNOK yearly because they own the Kjosfoss hydropower plant.  

By renovating Kjosfoss hydropower plant which is JBV owned, JBV show that investments regarding 
direct generation by hydropower is economically profitable in Kjosfoss.   

JBV wants to renovate the other hydropower plant that generates low frequency electricity namely 
Hakavik which lies 110 km from Oslo and it is owned by Statkraft. JBV is in the same problem regarding 
of who is going to pay for the renovation as Banverket was in [16].  

Another reason why this idea of renovation could be a good solution is because JBV has the same 
problem as Banverket regarding expensive new land areas close to the Oslo [13]. 

The conclusion is that it would be interesting to see if JBV and Statkraft solve the issue of who is going to 
pay for the renovation of Hakavik hydropower plan that is Statkraft owned, since Älvkarleby and 
Hölleforsen hydropower plants are owned by Vattenfall AB.  

 

7.1.2 Simulation with Älvkarleby hydropower plant 

This thesis shows that Älvkarleby hydropower plant connected to the 132 kV power line with 16  Hz 
generators gives redundancy to the present Swedish railway grid. This conclusion can be drawn since the 
pressure on the converter stations is reduced as can be seen in Table 6.6.  

With a hydropower plant it would be easier to control the power flow and in this simulation the objective 
was to minimize the power losses of the system. It could be possible to control the voltage levels or to 
control the power flow with the hydropower plant. Voltage control is possible with the present rotating 
converters. 

Älvkarleby hydropower plant would reduce the amount of converted electricity at the converter station in 
Ockelbo with 17 %. In Häggvik the amount of reduced converted electricity is 37 % and in Västerås with 
16 %. The conclusion is that the most of the power is taken from Älvkarleby power plant. In Figure A 5.2 
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the power flow can be seen and the conclusion is that all of the power from Älvkarleby is transmitted 
were the high load is situated namely close to the Stockholm region, see Figure A 5.2.  

A conversion of Älvkarleby hydropower plant which is connected to the present grid would not only 
reinforce the power grid but it would raise the voltage levels at every node, see Figure 6.11 and               
Figure 6.12.  

 

7.2. Future work 

7.2.1 Älvkarleby hydropower plant 

Work could be done regarding the economical possibility to convert Älvkarleby hydropower plant to 
connect it to the 132 kV power line. The hydropower station would need to convert two or more of the 
50 Hz generators into 16  Hz generators to have a virtual converter and maybe a renovation could be 
realized at the same time. The gaining of such an investment is that Älvkarleby hydropower plant 
reinforces the Stockholm region as can be seen by comparing Figure 6.6 and Figure 6.11, since the 
economical part is an important factor it would be interesting to see if it is economically profitable to do 
such an investment.   
There could be simulations done with the “132 kV power flow control system” that is going to be 
introduced in 2009 to see how the power flow control possibility influences the railway grid. Another 
interesting simulation would be to add a hydropower plant to the simulation program TPSS presented in 
[18].  

A simulation with Hölleforsens hydropower plant together with Älvkarleby could also be executed to see 
how these two hydropower plants would affect for the Swedish railway grid. This simulation would 
require an extension of the circuit diagram in Figure 6.9. This hydropower station could also be connected 
to the 132 kV power line since this power line is close to Hölleforsen, see Figure 5.3. 

 

7.2.2 Areas for wind power plants 

It would be interesting to compare the location of wind power farms considering the wind conditions with 
the power losses in the 132 kV power line, AT system or BT system double tracked grid. 

The Volvo car factory in Olofström have portended allot of the employees in Olofström [14], this could 
result that an electrification of the railway track between Olofström and Älmhult it is not economically or 
national economical profitable today. This could also be an interesting future work.  
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Appendix A 
A 1 Wind power 

A 1.1 Connecting wind power farms to the public grid closely located to 
railway converters  

One problem when connecting a wind power plant to the Swedish railway grid is the generator in the 
wind turbine box, see Chapter 4.1 “Technical design”. These generators are almost always 50 Hz which 
means that a converter would be necessary to convert the 50 Hz electricity into 16  Hz electricity.  

The wind power plant would in this case generate electricity to the 50 Hz grid and the 16  Hz grid.  A 
scheme of this idea can be seen in Figure A 1.1. 

 
Figure A 1.1 Generated electricity from wind power plants [8] 

The three-way converter is a form of a connection between the three-phase grid, the wind power plant and 
the railway grid. This connection is done by using inverters/rectifiers to a common DC-link, this solution 
could be applied both on DC railways and AC railways [14], see Figure A 1.2.  
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Figure A 1.2 Three-way converter 

The alternating current generated from the wind power plant in Figure A 1.2 has a varying frequency and 
to prevent these varying frequencies to be transmitted to the 50 Hz and 16  Hz grids the current is 
rectified into DC and then rectified again into AC with a fix frequency. 

Another solution could be to build a synchronous generator without a transmission box and with a free 
frequency. The rotation speed of the rotor in these generators is variable and they adjust themselves to the 
wind velocity. This type of generator has to have around 30 poles and a rotor diameter of several meters 
[24]. The generator can give dynamical problems if it is directly connected to the railway grid since the 
frequency is fluctuating because the rotational speed is varying always adjusting to the wind velocity. To 
make this conversion possible it is necessary to use a converter. These converts are used to convert the 
electricity frequency of the current from the generator to the adequate railway grid frequency [31]. The 
converter kind used to convert electricity frequency is the same as the ones used in newer trains [14]. One 
idea could be to use the same manufacturer that the train uses [31].  

 

A 1.2 Connecting wind power plants direct to the railway grid  

There are several possible ways to connect a wind power plant direct to the Swedish railway grid.  

Wind turbines with a simpler transmission box and a generator with four or six poles, which generates 
16  Hz instead of  50 Hz electricity, could be a solution in longer time perspective. A low frequent wind 
turbine requires a simpler gearbox compared with the 50 Hz gearbox, because the rotation of the rotor in 
a 16  Hz generator is slower compared with the 50 Hz rotor to function proper [14].  

A single phase 16  Hz generator for wind power plants have some disadvantages, the generator which is 
of need is of a special type, namely a single-phase generator which vibrates a whole lot more than the 
three-phased machine, the vibrations can cause problem in the auxiliary equipment in the wind power 
plant and dampers used in newer hydropower plants are too heavy to place in the wind turbine box [14]. 
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There is however a possibility to reduce the vibrations by using a balancing bridge, more of this in 
[31,37]. A way to connect wind turbines to the railway grid can be seen in Figure A 1.3.  

 

Figure A 1.3 Wind turbine with a single phase generator 

A way of reducing the transients caused by the wind power plant is by a phase balancing circuitry so 
called Steinmetz-bridge [24]. This bridge is connected between the one-phased grid and the generator, 
this bridge levels out series of transients between the generator and the single phase grid, more of this in 
[24]. Unfortunately the path from idea to mass production is costly and takes time [14].  

Wind power as an energy source is going to be introduced to the high speed railway line in Belgium. The 
railway grid including the high speed railway line in Belgium is a single phase 50 Hz, 25  kV power 
system. They take the power direct from the three-phase grid without converters. The system is divided 
into sections i.e. one section of the grid is connected to two phases and then the next section is connected 
to another combination of two of the three phases and so on. 

This Belgium project involves an installation of a wind power farm to power the high speed railway line. 
This energy is directly fed into the rail network. The wind farm consists of 20 wind turbines, each one 
with a capacity of 2  MW to 2,5  MW. These turbines will be sited along E20 motor way. This plant is 
supposed to generate 100 GWh a year [33]. One third of the wind power plants are 50 Hz generators that 
only feeds the railway grid and the remaining two thirds are 50 Hz generators that feeds the public grid. 
The wind farm will be financed by a consortium made up of Electrabel (a Belgian energy corporation), 
Infrabel (infrastructure Company which manages Belgian railway) and six other local authorities [33].  

The total budget is 65 € million [33]. Electrabel have calculated by using the energy generated by this 
new wind farm it will be possible to save 60 000 tonnes of CO2 emissions in Belgium [33]. This 
represents a reduction of around 10% of the total CO2  emitted by rail transport (passenger and freight) in 
Belgium in 2007 [33].  

In Sweden it is possible to buy electricity from whichever electricity producer and SJ AB (Statens 
Järnvägar, which is one of Sweden’s train operators) buys renewable electricity [18].  
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A 1.3 Suitable locations for connection of wind power farms to the Swedish 
railway grid 

There are some simplifications done when finding suitable land areas for connection of wind power farms 
to the Swedish railway grid.  

The wind power farm could be connected to the 132 kV power line, AT system or BT system double 
tracked railway grid (line connection) preferably in that order.  

There has not been any consideration of power losses in the 132 kV power line, AT system or BT system 
double tracked railway (line connection). Then there has not been any consideration of the train traffic in 
the areas pointed out in Figure A 1.5 and Figure A 1.6. There could be a problem in connecting a wind 
power farm directly to the railway grid, in the case of a running wind power plant and no train traffic [29]. 

 

A 1.4 Demands for installing a wind power plant  

The first stages when choosing land areas for wind power farms is to analyze the wind conditions in areas 
of interest [22].  

To build wind power farms there has to be some requirements that should be fulfilled [22]: 

• The wind power farms should be 800-900 m from the nearest house to not disturb. 

• The wind power farm should not cause noise above 40 dB close to any houses when the wind is    
8 m/s at 10 m of altitude. 

• The wind power farm should not cause shadows at any houses more than 30 h/year or                        
30 min/day. 

• A wind power farm cannot be built at any nature reserve or military areas.  

The locations of interest should fulfill all these requirements.  

Wind power technology is presented as a very positive energy source when in fact there are some 
drawbacks. There have been discussions of how these wind power plants influences the environment and 
destroys the aerial view more of this in [25]. 

 

A 1.5 Suitable locations for a wind power plant 

In this part of the thesis the idea is to find suitable places for possible wind power plants considering the 
wind conditions and topology. 

The wind conditions according to [21] can be seen in Figure A 1.4 and it shows a mean wind over a year 
at 72 m above the zero-plane displacement.  

The zero-plane displacement is the value of the altitude above ground considering the vegetation and 
houses. Typically the zero-plane displacement is ¾ of the height of the trees in a forest. For example if 
there is a forest with 20 m high trees the calculated mean wind would be for heights 15 m higher over the 
ground surface. In this case a height of 48 m (above the zero-plane displacement) will correspond to a 
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height of 63 m above the ground. The average wind conditions in [m/s] at 72 m above the zero-plane 
displacement are presented in Figure A 1.4. 

 

Figure A 1.4 A map over Sweden and the average wind condition year 2007. 

A wind power plant has to have a mean wind of at least 6.5 m/s to function favorable according to [22]. 
As one can see in Figure A 1.4 there are several locations along Sweden that fulfill that condition. The 
coast and almost the whole south of Sweden have a mean wind over 6.5 m/s.  

By comparing Figure A 1.4 with Figure 5.3 and Figure 5.4 and taking account for the presumptions in 
Chapter A 1.3.1, “Demands for installing a wind power plant”, suitable locations could be marked for a 
placement of a wind power farm. The regions of interest are encircled in Figure A 1.5 and Figure A 1.6. 
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Figure A 1.5 A map of the north Swedish railway grid 
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Figure A 1.6 A map of the south Swedish railway grid 
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In Figure A 1.5 there is a part marked that do not have a railway track, this map is from 2005 an that is 
why Botniabanan which goes from Umeå to Nyland is not shown. This railway track has an AT system 
and it is not finished (2009).  

In Figure A 1.6 there is a part that do not have an electrified railway track. This track is called Blekinge 
kustbana which goes from Karlskrona to Hässleholm. The railway track is a BT system with double 
return conductors [14]. 

In the area around Olofström, see Figure A 1.6 there are plans to place a wind power farm. According to 
[43] these power plants are going to be built close to the unelectrified railway between Älmhult and 
Olofström. This unelectrified track can be seen as gray line in Figure A 1.6. 

The black line in Figure A 1.7 is the unelectrified track and the black dots are the planned wind power 
plants. The plan is build fourteen wind power plants which generate about 3 MW each according to Eulos 
vind AB (a Swedish wind power company).  

The expected yearly production of one wind power plant is 5 000 000 kWh according to Eulos vind AB. 

 

Figure A 1.7 A map over Olofström 
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Before the recession in the beginning of 2009 of the global economy an electrification of the railway track 
between Älmhult and Olofström could have been interesting since Vovlo uses that track to transport car 
parts.  

The car parts are transported by T44 locomotives that run on diesel and these locomotives are not so 
environmentally friendly compared with the electrified trains, depending how the electricity is generated. 

 

 

Figure A 1.8 T44 locomotive 

T44 Locomotive 

Type Diesel electrical locomotive 

Length 15400 mm 

Gross weight 76 tonnes 

Effect 1235 kW 

Velocity 100 km/h 

Manufacturer Nohab and Kalmar 
Verkstads AB 

Between these years they 
were built 

1968-1987 

Nr built 123 

Serial number 259-283, 314-323, 329-416 

Table A 1.1. Data for the T44 locomotive. 
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A calculation of the amount 2CO  that one T44 locomotive contaminate during a year is preformed. There 
were some simplifications. 

• The air resistance of the train was not included in the calculations.  
• The tractive efficiency was not included in the calculations. 
• The average gradient was not included in the calculations. 

The data used to perform the calculations were: 

• The tank volume of the T44 is 3 3m [36]. 

• The working load for transportation from Olofström to Älmhult with a T44 locomotive is                 
535 tonnes according to [43]. 

• The distance between Olofström and Älmhult is 61 km.    

• The fuel consumption of the T44 locomotive is 1,73 l/locomotive km + 0,008 l/-net ton km [30].  

The 2CO  contamination can be calculated with.  

cffco fehE ⋅⋅=
2

  (A 1.1) 

where the amount of 2CO  (
2coE ) is expressed in kg and fh  denotes for the calorific power of diesel 

measured in GJ/m 3 . The emission factor fe  is measured in kg/GJ and cf  denotes the fuel consumption 

in m 3  [39]. 

The total fuel consumption for a transportation of 535 tonnes for 61 km is 366 l and that is 0,366 m 3
. The 

constants fh  and fe  in equation (A 1.1) are parameters for different types of fuel.  

Green Cargo which is the company that is responsible for these locomotives uses Diesel MK1 which is 
the most environmental friendly considering the 2CO   contamination  type of diesel [39], this gives 

according to [30] the parameters 3Gj/m 28.35=fh  and kg/Gj. 72=fe  The amount of 
2coE  using 

equation (A 1.1) and considering the parameters fh  and fe  is 929 kg. This value is the 2CO  
contamination of one train. The total traffic from Olofström to Älmhult during 2007 was 14 trains per day 
according to [43].   

In Table A 1.2 the contamination is presented. The amount of 2CO  during a year is also presented. 

Olofström-Älmhult 
Contamination from T44 locomotives during one 

day 
Contamination fromT44 locomotives during one 

year 
13006kg 4 747 190 kg 

Table A 1.2 Contamination from T44 locomotive 
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A 2 Data used in the simulation 

A 2.1 Data 

The values used to perform the power flow simulation can be seen in Table A 4.1. Most of these values 
come from [18, 1]. 

Parameters Symbols Values Units 

Base values used in 
power flow calculations 

Sb 

Ub132 

Ub16p5 

Ub15 

UbQ4849,m 

UbQ4849,g 

5 

132 

16,5 

15 

6,3 

5,047 

MVA 

kV 

kV 

kV 

kV 

kV 

HV-Line impedance ZHV 

ZT2,16 

ZT2,25 

0,051+j0,062 

0,065+j0,85 

0,037+j0,54 

Ω/km 

Ω 

Ω 

BT-catenary impedance, 
type “109 2Å” between 
Ockelbo-Storvik-Gävle 

ZO-S-G 5,9+j5,6 Ω 

BT-catenary impedance, 
type “109 2Å” 

ZBT 

cBT 

0,21+j0,20 

0 

Ω/km 

nF/km 

The motor side of the 
converter 

UnomQ48Q49,m 

UbQ48Q49,m 

SnomQ48Q49,m 

Xq,m Q48Q49% 

Xq,m Q48Q49,Ω 

6,3 

6,3 

10,7 

49 

1,8176 

kV 

kV 

MVA 

% 

Ω 

The generator side of 
the converter 

Unom Q48Q49,g 

Ub Q48Q49,g 

Snom Q48Q49,g 

Xq,g Q48Q49,% 

Xq,g Q48Q49,Ω 

5,2 

5,047 

10,0 

53 

1,4331 

kV 

kV 

MVA 

% 

Ω 

Numerical values of the 
50 Hz grid 

X50 15 % 
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Q50 

Θ50 

U50 

0 

0 

6,3 

p.u 

rad 

kV 

BT-catenaries, distances 
between train stations 

Ockelbo-Gävle 

Gävle- Tierp 

Tierp-Uppsala 

Uppsala-Odensala 

Odensala-Häggvik 

Häggvik-Bålsta 

Bålsta-Västerås 

41 

51 

53 

25 

29 

32 

47 

km 

km 

km 

km 

km 

km 

km 

Table A 2.1 Data for the simulations in this case study 

 

A 3 Numerical results for simulations with and without Älvkarleby 
hydropower plant  

A 3.1 Results of the simulation in with and without Älvkarleby 

Voltage levels and voltage phase angles for the simulation with and without Älvkarleby can be seen in 
Table A 3.1. 

Railway grid without Älvkarleby Railway grid with Älvkarleby with optimization 
Node Magnitude Angle Node Magnitude Angle 

Ockelbo    BT, 
single track 

16,37 kV −0,8638 Ockelbo     BT, single 
track 

16,48 kV −0,5884 

Gävle        BT, 
single track 

15,71 kV −0,9465 Gävle         BT, single 
track 

16,24 kV −0,6407 

Tierp         BT, 
double track 

 15,82 kV −0,9333 Tierp          BT, double 
track 

16,35 kV −0,6283 

Uppsala     BT, 
double track 

 15,54 kV −0,9641 Uppsala      BT, double 
track 

15,97 kV −0,6637 

Odensala   BT, 
double track 

 15,55 kV −0,9572 Odensala    BT, double 
track 

15,93 kV −0,6643 

Häggvik     BT, 
double track 

 16,29 kV −0,9034 Häggvik      BT, double 
track 

16,36 kV −0,6383 

Bålsta        BT, 
double track 

 14,90 kV −0,9846 Bålsta         BT, double 
track 

15,37 kV −0,7032 

Västerås    BT, 
double track 

 16,50 kV −0,6817 Västerås     BT, double 
track 

16,50 kV −0,5312 

Ockelbo     HV-line 
128,62 kV −0,9142 

Ockelbo     HV-Line 
131,86 kV −0,6110 
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Gävle         HV-line 
127,22 kV −0,9225 

Gävle         HV-Line 
131,45 kV −0,6157 

Tierp          HV-line 
126,45 kV −0,9278 

Tierp          HV-Line 
130,69 kV −0,6222 

Uppsala      HV-line 
125,69 kV −0,9328 

Uppsala      HV-Line 
129,05 kV −0,6333 

Odensala    HV-line 
 125,54 kV −0,9339 

Odensala    HV-Line 
128,42 kV −0,6377 

Häggvik     HV-line 
 126,33 kV −0,9324 

Häggvik     HV-Line 
128,7 kV −0,6391 

Bålsta        HV-line 
 124,70kV −0,6708 

Bålsta        HV-Line 
127,55 kV −0,6406 

Trains 1, 
Pantograph 

12,96 kV −1,0461 
Trains 1, Pantograph 

13,98 kV −0,7487 

Trains 2, 
Pantograph 

14,54 kV −1,0102 
Trains 2, Pantograph 

15,14 kV −0,7109 

Train 3, Pantograph 
12,88 kV −1,0709 

Trains 3, Pantograph 
13,23 kV −0,7928 

Trains 4, 
Pantograph 

 13,92 kV −0,9032 
Trains 4,  Pantograph 

14,32 kV −0,6882 

Table A 3.1 Final values obtained from simulations  

 

A 4 Result with Älvkarleby when Häggvik converter station is shut down 

It would be interesting to see what would happen if a malfunction of Häggvik converter station occurred 
and it had to be shut down when Älvkarleby hydropower plant was running. The problem was solved by 
GAMS with the same equations presented in Chapter 6.2, “Solution process” and the procedure was the 
same as in Chapter 6.2.3, “With Älvkarleby hydropower plant” only with the change that Häggvik 
converter station was shut down.  

The circuit diagram used to perform this simulation is shown in Figure A 4.1. 
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Figure A 4.1 Circuit diagram without Häggvik 

When the converter station in Häggvik was removed from node fifteen, see Figure A 4.1. GAMS could 
not solve the problem with the load in Table 6.1, the message was infeasible solution. There could be 
several reasons why this infeasible solution was obtained. 

One problem why GAMS could not find a feasible solution could be because the voltage drops are too 
large in the system which makes it hard for GAMS to find a feasible solution. 

The upper and lower boundaries in equation (6.15), equation (6.17), equation (6.24) and equation (6.26) 
were removed. The converters and generator had no boundaries at all to see if the solution still was an 
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infeasible. An infeasible solution was still obtained so the next step was to introduce the load scaling 
process mentioned in Chapter 6.2.1, “Iteration process and per unit calculation”. 

The load scaling process was made with different load steps and the result was always infeasible solution 
with the number of trains in Table 6.1.  

Since GAMS could not find a feasible solution with the load in Table 6.1 the next step is to change the 
load location. The load was distributed in several ways including the load scaling process and the result 
was always infeasible solution by GAMS.  

The next step was to remove all the trains than gradually increase the number of trains considering the 
distribution of Table 6.1 until GAMS could find a feasible solution. For every different load in the system 
the load scaling process was preformed. The distribution in Table A 4.3 represents the maximum number 
of trains that can be on the railway track in this system at the same time considering the load scaling 
process.  

The result of doing the simulation with the load in Table A 4.3 is shown in Figure A 4.2, Figure A 4.3 and 
Figure A 4.4.  

 

Figure A 4.2 Voltage levels for every node with Älvkarleby hydropower plant without Häggvik converter 
station 
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Figure A 4.3 Voltage levels for every node with Älvkarleby hydropower plant without Häggvik converter 
station 

 

 

Figure A 4.4 Voltage levels for every node with Älvkarleby hydropower plant without Häggvik converter 
station 

 

16,42 15,89 15,79 15,27 15,1 14,85 14,41

16,5

14,05 14,37

12,06
13,63

0

2

4

6

8

10

12

14

16

18
kV

Voltage levels in kV with Älvkarleby without 
Häggvik

Voltage 
levels in kV 
with 
Älvkarleby 
without 
Häggvik

129,55
128,21 127,8

126,29
123,11

121,63 120,92 120,72

116
118
120
122
124
126
128
130
132

kV

Voltage levels in the 132 kV power line 
with Älvkarleby without Häggvik

Voltage levels in 
the 132 kV 
power line with 
Älvkarleby 
without Häggvik



79 
 

Figure A 4.3 shows that the lowest voltage level at a transformer station is 14,41 kV which is an 
acceptable level. The voltage levels in the 132 kV power line in Figure A 4.4 is also behaving as one can 
expect since the voltage level is decreasing from Ockelbo to Bålsta.  

To obtain a feasible solution a reduction of the total number of trains were needed. In Table A 4.3 one can 
see the maximal number of trains that could be on the track at the same time. In node Trains 1 there were 
four trains and in this case they had to be reduced to three. In node Trains 2 there were five trains and in 
this case they had to be reduced to four. In node Trains 3 there were nine trains and in this case they had 
to be reduced to eight. All of these values are shown in Table A 4.3. 

The values of the converted power and the generated power from Älvkarleby are presented in                  
Table A 4.1. The total power loss in the system is shown in Table A 4.2.  

Converter output power without Älvkarleby  
Node and converter  Active power Reactive power 
Ockelbo, Q48/Q49 40 MW 7,49 MVAr 

Älvkarleby hydro power plant 35 MW 23,81 MVAr 
Häggvik, Q48/49 0 MW 0 MVAr 

Västerås, Q48/Q49 23,20 MW −0,0075 MVAr 
Table A 4.1 converted and generated power 

Power losses with Älvkarleby without Häggvik 
18,20 MW 

17% 
Table A 4.2 The power loss 

Constant power load (Trains) with Häggvik 
Train Nodes Active power Reactive power 

Trains 1 (three trains) 12 MW 0,12 MVAr 
      Trains 2 (five trains) 20 MW 0,20 MVAr 

Trains 3 (eight trains) 32 MW 0,32 MVAr 
      Trains 4 (four trains) 16 MW 0,16 MVAr 

Table A 4.3 The train power consumption 

The voltage levels at the transformer and converter station in Figure A 4.3 are all above 14 kV which is 
totally acceptable [14]. 

In Figure A 4.4 one can see that the voltage level in Häggvik is lower than the voltage level in Odensala 
transformer station. In Figure 6.12 the voltage level in Häggvik is higher than the voltage level in 
Odensala transformer station.  

The conclusion is that when Häggvik converter station is running the voltage levels are higher compared 
if the system is without Häggvik converter station. If Häggvik converter station is shut down there would 
be a high pressure on the remaining converters as can be seen in Table A 4.1 but it would still be possible 
to have trains running even though the number of trains is reduced or that the train speeds are lower. 
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A 5 Power flow scheme 

The total power transmission between all nodes of the circuit diagrams in Figure 6.5 and Figure 6.9 are 
presented in this Appendix. The result with and without Älvkarleby hydropower plant is shown in         
Figure A 5.1 and Figure A 5.2, respectively. 
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