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Abstract 
In this report, the static and dynamic impact on the transmission grid in the 
south of Sweden has been studied when connecting two large wind farms. The 
two wind farms are Lillgrund, 150 MW, and Krieger’s Flak, 640 MW. The 
study has been performed using the software Power System Simulator for 
Engineers, PSS/E. The static study shows no problem with voltage level or 
losses. However, during low load situations, the 135 kV lines between 
Trelleborg and Sege risk becoming overloaded. This problem must be addressed 
before both wind farms are allowed to be connected to the system.  
 
Dynamically, the implementation of a dynamic model for Baltic Cable is vital 
for the study. The cable has dynamic effects, like commutation failure in the 
converter station in Kruseberg, that need to be modelled. The simulations show 
a need to install an SVC if wind turbines equipped with ordinary fixed speed 
induction generators are used. Simulations with General Electric’s dynamic 
model for its 3.6 MW wind turbine show that there is no need to install an SVC 
in order for the voltage to re-establish. However, no comparison with actual 
data has been made so the correctness of the model can not be checked. The 
simulations also show a low impact on the system when disconnecting both 
wind farms simultaneously. Finally, no problems with rotor angle stability have 
been found. 
 
 
Sammanfattning 
I rapporten undersöks den dynamiska och statiska påverkan vid installation av 
två vindkraftsparker till södra Sveriges transmissionsnät. De två 
vindkraftsparkerna är Lillgrund, 150 MW, och Krieger’s Flak, 640 MW. 
Programmet som användes i studien är Power System Simulator for Engineers, 
PSS/E, version 29.5. Den statiska analysen visar inga problem vare sig 
spänningsmässigt eller förlustmässigt. Däremot löper ledningarna mellan 
Trelleborg och Sege en risk att bli överbelastade under sommaren då lasten är 
låg i systemet. 
 
Dynamiskt är det viktigt att Baltic Cable finns med i modellen för systemet. 
Därigenom kan man fånga viktiga dynamiska fenomen som till exempel 
kommuteringsfel i omriktarstationen i Kruseberg. Simuleringarna med standard-
modellen av en vanlig asynkron generator visar ett behov av att installera en 
SVC för att undvika spänningskollaps. Simulering med General Electrics 
modell av deras vindkraftverk på 3.6 MW visar att detta behov försvinner helt. 
Ett problem med modellen är att det inte följer med några jämförelser med 
uppmätta data. Det är därför svårt att säga hur korrekt modellen är. Simuleringar 
visar även låg påverkan vid samtidig urkoppling av vidturbinerna. Dessutom 
visar de inga problem med rotor stabilitet hos de övriga synkronmaskinerna i 
systemet.  
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1 Introduction and objective 
In this chapter the reader is introduced to the investigated topic and the 
objective of the study is formulated. 

1.1 Introduction 
Two large wind farms are planned to be installed in the Baltic Sea. The first one 
is situated on Lillgrund which is located 10 km west of Malmö. The size in MW 
is not yet decided but in this report a size of 150 MW is assumed. The other one 
is going to be built on Krieger’s Flak which is an elevation on the seabed in the 
Baltic Sea, 30 km south of Trelleborg. The area is shared between Sweden, 
Germany and Denmark. At least Sweden and Germany have today plans to 
build offshore wind farms in the area. The Swedish company, Sweden Offshore 
Wind AB, is responsible for constructing the wind farm. The original plan is to 
build a wind farm the size of 640 MW on Krieger’s Flak. Both Lillgrund and 
Krieger’s Flak is going to be connected to Sydkraft power grid and there is a 
need to analyse the impact of the wind farms, both in steady state and 
dynamically. This master thesis is done for Sydkraft Nät AB and done at the 
Royal Institute of Technology, KTH, in Stockholm. 

1.2 Objective 
The goal of this study is to examine the impact on Sydkraft’s powersystem due 
to a possible connection of Krieger’s Flak and Lillgrund. The study is 
performed with the help of the software Power System Simulator for Engineers, 
PSS/E. The study can be divided into two parts: 
 
1 Investigation of static impact using load flow calculations  
2 Dynamic studies to show the impact on the stability of the system 
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2 Background 
In chapter two, the two wind farms are described. The layout, capacity and other 
information about the actual wind farms are included. The intended turbines for 
Krieger’s Flak are equipped with so called double fed induction generators, 
DFIGs. Therefore a short description of the general behaviour of this kind of 
generators can be found in this chapter. Next, the used software, PSS/E, is 
described. The chapter finishes with an overview of the power system in the 
area close to the two wind farms. 

2.1 Krieger’s Flak   
Krieger’s Flak is an elevation on the seabed in the Baltic Sea, 30 km south of 
Trelleborg. It is a Swedish venture and the responsible company is Sweden 
Offshore AB, which is owned by the two German companies, WPD AG and 
Wind-Project GMBH.  
 
One of the things that make Krieger’s Flak interesting is that both Sweden and 
Germany have plans to build large offshore wind farms in the area. An 
interesting idea would then be to connect the countries wind farms. Power could 
then be distributed between the two countries. A problem with this is that the 
countries power systems are not synchronized. An AC connection is therefore 
not possible. Instead an HVDC connection must be used. The advantage with 
this solution is a gain of flexibility. The generated power could then freely be 
distributed between the countries. Furthermore, in case of no active power 
generation in the wind farm, the DC link could be utilised as an ordinary HVDC 
connection between the countries. However, the disadvantage is the cost and 
complexity of the HVDC alternative. In the proposal from Sweden Offshore AB 
the main alternative is AC connection due to cost and already well-established 
technology. An estimation of the cost for both AC and DC alternatives is done 
in [1]. Here the cost for cables, transformers, VSC for the HVDC etc. is 
compared. The only cost that is not included is the cost for buying and installing 
the wind turbines. Also the losses in the system are accounted for. The basic 
alternative with fixed reactors, four three-phase 135 kV cables and two 
transformers out in the see is estimated to 1150 MSEK. A DC alternative with 
two DC lines to the shore is estimated to 2280 MSEK. It has to be decided 
whether this is a reasonable price for the advantage of having an HVDC 
connection. In [1], a simple calculation is done where the economical value is 
estimated. The calculation concludes that the economical benefit is smaller then 
the cost. After a joined decision with Sydkraft, only the AC alternative is 
considered for the study of Krieger’s Flak.   
 
The size of the wind farm at Krieger’s Flak, in terms of active power, is by 
Sweden Offshore proposed to be 640 MW. The power is indented to be 
generated by 128, 5 MW, wind turbines. In the proposal, a turbine from 
REpower is shown. The turbine uses a double fed induction generator. It is 
likely that this will be the kind of turbine used. The farm has a possibility to 
produce 2.1 TWh, assuming an average efficiency of around 27 percent. This 
will mean a fifth of the goal that the Swedish parliament has put up as a target 
for windpower in Sweden. This will mean a major breakthrough for wind power 
in Sweden. 
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The layout of the wind farm is shown in figure 2.1. The green and pink square 
are the two offshore transformers and the crosses are the wind turbines. 
 

 
Fig 2.1 Layout of the wind farm 

 
The wind turbines are placed in six rows with a distance of 900 meters between 
the turbines. A gap of 575 meters separates each row and they are all connected 
with 33 kV cables.  
 
The wind farm is divided in two groups. One consists of 60 turbines or 300 
MW. The turbines of the group are all connected to a transformer that steps up 
the voltage to 135 kV. This is done to minimize the losses associated with the 
transfer of active power to the shore. From the transformer, two AC cables take 
the power to the 135 kV station at Arrie. To do this, 17 km of land cable and 29 
km of sea cables are used [1]. That means a cable length of 46 km. 
 
The second group has the generating capacity of 340 MW, which means 68 
wind turbines. This group is connected to a separate transformer and two cables 
take the power to the 135 kV station in Trelleborg. The lengths of the cables to 
Trelleborg are 38 km. Of this, 9 km are land cables and 29 km sea cables.   
 
Fixed reactors are placed in both Arrie and Trelleborg. An alternative that is put 
forward by Sweden Offshore is to place a Static Var Compensator, SVC, in 
Trelleborg. This will raise the cost of the project. Sweden Offshore is therefore 
reluctant to include this in the plan for the wind farm. Dynamic simulations 
must first be done to find out if a SVC is necessary because of stability 
problems. In this report dynamic simulations are done and the results can be 
used to answer this question. 

2.2 Lillgrund 
Lillgrund is located in the southern part of Öresund, 10 km west of Malmö. The 
choice of turbine has not been made but it is decided that the wind farm will 
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have 48 wind turbines. Each wind turbine will have the rated capacity of more 
then 2 MW. In this report the size of the wind farm is 150 MW. The actual size 
may be smaller or somewhat bigger. The wind farm is going to be connected to 
the 135 kV switchgear station in Bunkeflostrand in Malmö. The grid owner is 
Sydkraft Nät AB and the distance between the switchgear station at 
Bunkeflostrand and the wind farm can be approximated to 10 km. The 
responsible company for the venture is Vattenfall AB.   

2.3 Double fed induction generators 
The generator is responsible for converting wind energy to electrical energy. 
Wind turbines can generally be of two kinds, fixed speed or variable speed. The 
variable speed generally has a higher output in active power. The fixed speed is 
on the other hand simpler and is therefore lower in cost. Variable speed is 
obtained by using inverters. Both synchronous and induction generators can be 
used together with inverters to accomplish this. Recently, turbines equipped 
with so-called double fed induction generators, DFIGs, have gained in 
popularity. In the proposal from Sweden Offshore AB [1], the suggested wind 
turbine for Krieger’s Flak is REpower’s, 5 MW, wind turbine. The turbine is 
equipped with a DFIG.  The arrangement of a DFIG is shown in figure 2.2: 
 

 
Figure 2.2 Double fed induction generator 

 
As can be seen in figure 2.2, the generator is a wound rotor induction generator. 
The rotor is connected to the grid via two converters; hence the name double 
fed. The rotor converter adds a phasor to the rotor circuit. In this way the 
difference in shaft speed can be compensated, giving a desired rotating field in 
the rotor circuit. The speed of the rotorshaft is allowed to vary, giving a better 
power yield from the turbine. Furthermore, the converters can be used to control 
the current feeding the rotor of the generator. The angle can be controlled and 
therefore the reactive power exchanged with the grid is controllable to any 
wanted setpoint, at least in theory. In practise, the gridside converter has to 
handle the current. This sets limits for the reactive power. Nevertheless, for a 
DFIG turbine, the control of reactive and active power is decoupled. This is a 
great advantage and it is one of the reasons for the gained popularity of this 
arrangement.  
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However, a DFIG has a weakness. Ironically, one advantage with the 
arrangement is also its weakness. The rotor converter has to handle only the 
power from the rotor and the excitation of the rotor circuit [2]. This is about 25 
percent of the total generating power. The converters can therefore be made 
smaller, gaining in both cost and size. Therefore also the acceptable rotor 
current is limited, giving a limit in practise. When there is a fault in the system, 
the currents can temporarily exceed the required maximum level. The turbine 
protection system will then block the converter and the DFIG will then function 
as a normal induction generator, consuming reactive power that has to be 
supplied from the network. After a short while the turbines protection will trip 
the unit if the fault does not disappear. This will lead to the loss of generated 
active power which has to be compensated or the whole grid could possible be 
in danger. Furthermore, Svenska Kraftnät, SvK, has issued a proposal for new 
requirements when connecting large wind farms to the grid. In the requirements, 
large wind farms must stay connected even at severe faults in the grid. To find 
out the dynamic impact when disconnecting some wind turbines or the complete 
wind farm, dynamic simulations must be used. 
 
The capacity of producing reactive power at normal operation is, according to 
General Electric themselves, ± 0.1 pf for the companies 3.6 MW wind turbine. 
That means 2.2 MVAr per turbine. For the 5 MW, REpower wind turbine, there 
is no data available but let us say that the converter has the same ratings as the 
one from GE. This means that the part of the wind farm connected to Arrie has a 
capability to produce or consume 125 MVAr and the one connected to 
Trelleborg, roughly ± 150 MVAr. This is a high value but one has to remember 
that this is only when the converter is not blocked and the unit is not tripped. 
Furthermore, the limits may be decreased due to the fact that the converter also 
has to handle some of the generated active power.  

2.4 Power System Simulator for Engineers PSS/E 
The software used in the master thesis is called Power System Simulator for 
Engineers, PSS/E, and is developed by the American company Power 
Technologies, INC. Version 29.5 is used for the project. It is widely spread in 
the power industry to study the impact of changes and updates in the power 
grid. Also fault analysis can be done with the software. It should perhaps be 
mentioned that there is also other software to do this kind of study. One 
example is Simpow that is developed by ABB.  
 
PSS/E contains a dynamic part and a static part. The static part is constantly 
updated and contains for example methods to do linear analysis, load flow 
analysis and optional power flow studies. It is based on Windows technology 
and output of the system can be drawn as graphical diagrams. The diagrams are 
more explained in section 4.2. The transient part, on the other hand, still uses a 
combination of Dos and Windows. Furthermore, it seems to be less maintained 
and have some irritating bugs. The advantage with doing a dynamic study of the 
wind farm in PSS/E is that there is already a dynamic model for the GE 3.6 MW 
wind turbine.   
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2.5 Description of the power system 
The wind farm is to be connected to Sydkraft’s 135 kV power grid. Figure 2.3 
in the end of this chapter shows the part of Sydkraft’s system, which is relevant 
for the study of the wind farm. In the figure a part of the 400 kV is also shown. 
This is owned and controlled by SvK. These lines are used to transport large 
amounts of electrical energy from the northern to southern parts of Sweden. The 
buses and lines with blue color indicate a voltage level of 135 kV, the brown 
400 kV and red 50 kV. 
 
The generation of power in the southern part of Sweden is limited. The area 
mostly relies on the import of power from different sources. The main source is 
the 400 kV lines, transporting power from the hydro plants up in the north of 
Sweden and the nuclear power plants. To this system Barsebäck is also 
connected. Barsebäck is one of Sweden’s four nuclear power plants. The other 
ones are Ringhals, Oskarshamn, and Forsmark. Forsmark is located in the 
middle of Sweden so it has no direct part to play in Sydkraft’s power system. 
But the other three will have. For the region around Krieger’s Flak, Barbsebäck 
is the only one that has a major impact on the load on the powerlines. Barsebäck 
has two reactors, one is already closed and one is to be closed during 2005. How 
to replace Barsebäck is beyond the scope of this report, but in load flow analysis 
the reactor is shut down and the power generation is replaced with electrical 
power generated from hydro plants up in the north. Apart from nuclear, there 
are five other major generation plants in Sydkraft’s area; Heleneholmsverket, 
Karlshamnsverket, Halmstadverket, Öresundsverket and finally Västhamsverket 
in Helsingborg. Karlshamnsverket is a plant equipped with condensing turbines 
that is fuelled with oil. It has three block of roughly 340 MW each where two is 
today active for production. Considering the cost of oil it is not normally used 
but it stands by for the day when the ordinary, cheaper ways of generating 
electricity isn’t enough. Heleneholmsverket is a combined heat and power plant, 
CHP, and have the capacity to produce 130 MW of electric power. A CHP only 
gives electrical power when there is also a need for heat; that means winter and 
possible autumn. Halmstadverket can be regarded as only giving power during 
peak loads. It is equipped with gas turbines with a rated production of 250 MW. 
Öresundsverket is situated in Malmö. Today it has the production capacity of 50 
MW but is only used in emergency situations where the traditional sources are 
not enough. However, Sydkraft plan to upgrade the plant, giving it a capacity of 
generating 460 MW of electrical power. The reactive power capacity is then 
assumed to be in the range from 170 to minus 30 MVAr, which is the same ratio 
as one of the generators in Ringhals. This is assumed because the generator in 
Ringhals and Öresundsverket will roughly have the same active power 
generating capacity. Öresundsverket will have the possibility of generating both 
heat and power, like a CHP. However giving the situation in the area with a 
soon to be closed nuclear reactor, it is maybe going to be active in situations 
where heat is not really needed. The date for a functional plant is not decided 
but given the importance of the plant, it is added in the static investigations. The 
plans are to use natural gas as fuel for the new power plant. Finally there is 
Västhamnsverket in Helsingborg, also a CHP plant with the upgraded capacity 
of roughly 130 MW. Except for the above mentioned generation capabilities, 
they are a number of smaller generation plants. However, because their small 
size, it is not likely that they will affect the steady-state analysis. 
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The big switchgear stations in the area are located in Arrie and Sege.  Both 
stations are connected to the 400 kV system; thus receiving large quantities of 
power. From Arrie, transmission lines take the power to Käglinge and 
Trelleborg where the loads are high. From Trelleborg, power is also fed to the 
east, supporting for example the areas around Östra Klagstorp, Stjärneholm and 
Tomelilla. Finally, Trelleborg also supports the area around Vellinge with 
power. Sege is also vital for the function of Sydkraft’s power system. The major 
part of Malmö is supported this way with power from the 400 kV transmission 
system. Following the line from Sege you can also find that the nuclear power 
plant Barsebäck is also connected to Sege. From Sege, Lund is also supported. 
To the northeast there are Staffanstorp and Södra Sandeby.  
 
Two buses with the level of 135 kV are monitored and their voltages are kept 
within a certain value. The two stations are Arrie and Sege. The voltage level 
should be kept within the range of 137 to 141 kV [3]. The voltages of the 400 
kV stations should in general be between 400 and 420 kV. Therefore there are 
reactors and capacitors to keep the voltage within this span. Large shunts, some 
with capacity to both generate and absorb reactive power, are located in 
different 400 kV stations, for example in Sege and Alvesta. It is therefore 
expected that the voltage level can be controlled within desired range even with 
Krieger’s Flak and Lillgrund connected to the system. Additionally, there are 
also two transformers linking the 400 kV system with the 135 kV in Arrie and 
Sege. Both have tap changers. This will also help to keep the voltage in Sege 
and Arrie within limits. Except for these, there are also a number of fixed shunts 
in the 135 kV power grid. In steady state analysis the focus is when there is 
maximum production in Krieger’s Flak and Lillgrund. When there is zero wind 
production the wind farms will have no steady-state impacts on the power 
system. Maximum wind which leads to rated production of active power could, 
combined with low load in the system, result in excessively high voltage levels. 
In the studies most fixed shunts on the 135 kV level will therefore be switched 
off. When there is too high voltage in the system, this will happen 
automatically. The shunts at 400 kV level is on the other hand switched on or 
off depending on the voltage level in the buses which they are connected to. 
These ones will automatically be adjusted by PSS/E when the load flow is 
solved. 
 
The island of Zealand, a part of Denmark, is also connected to the southern 
system via AC cables. There is both a connection via the 400 kV and 135 kV 
power grids. The connection has roughly a capacity of 2000 MW. But this 
capacity is seldom used. In Denmark, according to [4], a third of their 
generation plants must probably be closed down due to the fact that they don’t 
agree with EU’s environmental laws. Examining the values in PSS/E for winter 
there is a load of 2640 MW. If retiring of the old power plants is considered, the 
total available generation is 3374 MW or 2854 MW depending on if 
Kyndbyverket is shut down or not. Furthermore, it is likely that not all power 
plants will produce maximum power at the same time. A conclusion is therefore 
that the maximum import from Denmark could be set to 400 MW. The bulk part 
of this energy is transferred to the system via the 400 kV station in Söderåsen. 
The flow of active power on the 135 kV cables is considerably lower. 
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The area described in figure 2.3 also shows Baltic Cable. The cable is a DC-link 
between Sweden and Germany and has the capacity of either importing or 
exporting 600 MW. The transforming of AC to DC leads to a reactive power 
consumption of about half the active power transported over the cable. 
Therefore two capacitor banks of 110 MVAr and 165 MVAr are connected to 
the system. The first one is actually more of a filter that removes harmonics and 
must be on during the time when the cable is transporting power. A malfunction 
of this unit will lead to the shutdown of the cable. The time for the other to be 
connected can be chosen freely. In the load flow study, the cable is presumed 
either to export or import at its rated level, which is 600 MW, or be shut down. 
Both capacitor and filter will be connected when the cable has rated values. In 
Kruseberg there is a reactive power production of 110 plus 165 MVAr, a total of 
275 MVAr. The cable will consume roughly 300 MVAr when it is 
importing/exporting at its rated value. Therefore the effect will be a reactive 
power demand of 25 MVAr. The cable is in PSS/E simply modeled as a 
constant PQ load with the value ± 600 MW / 25 MVAr. The negative sign 
means that power is imported and vice versa.  
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Figure 2.3 Schematic overview of the power system  
in the area close to Arrie and Trelleborg. 
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3 Performing load flow studies 
Chapter three gives the necessary information in order to perform a load flow 
study of the wind farms. Load flow is described in general terms together with 
the software and the different outputs that can be obtained. Furthermore, load 
flow models for the wind farms are introduced. The model is a quite simple one-
machine equivalent. This simple model is however enough for the study.   

3.1 Load flow analysis with PSS/E 
To examine the steady state impact of the wind farm, conventional load flow 
studies are used. The theory behind is described in most textbooks covering the 
topic of power system and control [5]. The power system is in load flow studies 
described by a number of buses connected via transformers or branches. The 
branches symbols the power lines, both in air or ground. Both branches and 
transformers are modelled in PSS/E with so-called π-model’s [5].  
 
There are three kinds of buses in a power system. Each bus are associated with 
the following quantities; P, Q, U and θ. The first two are consumed or generated 
active and reactive power and the remaining two are the magnitude and phase 
angle of the voltage in the bus. The buses can be divided in three groups 
depending on which of the four quantities that are known. First there is the 
swing bus where the magnitude and phase angle are set by the user. Only one 
swing bus per system is allowed and after the load flow problem is solved, the 
necessary injection of both active and reactive power in the bus is obtained. A 
swing bus should typically be a bus with high generation capacity. An example 
of a well-chosen swing bus is for example Forsmark or a bus connected to a 
large hydro plant. The second type of bus is a voltage-controlled (PU) bus. This 
is a bus with some kind of generation capability. Here the magnitude of the 
voltage and active power production must be specified. Additionally, the limit 
of the reactive power production in the bus is also set. The limit depends on the 
ratings of the generators. Finally there are the PQ buses in where the net 
reactive- and active powers are specified. This could for example be a bus with 
only load connected to it.   
 
With the specified values for each bus a non-linear relationship between the 
voltages and the currents can be written. In PSS/E the solution of this system is 
atomised and the user can choose between two solution methods; Newton-
Raphson and Gauss-Seidel. Both methods use an iterative approach to solve the 
system. The difference between the two methods is described well with these 
lines: 
 
• “The Gauss-Seidel methods are generally tolerant of power system 

operating conditions involving poor voltage distributions and difficulties 
with generator reactive power allocation, but do not converge well in 
situations where real power transfers are close to the limits of the system. 

• The Newton-Raphson methods are generally tolerant of power system 
situations in which there are difficulties in transferring real power, but are 
prone to failure if there are difficulties in the allocation of generator 
reactive power output or if the solution has a particularly bad voltage 
magnitude profile. 
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• The Gauss-Seidel methods are quite tolerant of poor starting voltage 
estimates, but converge slowly as the voltage estimate gets close to the true 
solution. 

• The Newton-Raphson methods are prone to failure if given a poor starting 
voltage estimate, but are usually superior to the Gauss-Seidel methods once 
the voltage solution has been brought close to the true solution.” [6] 

 
For the study in this report the Newton-Raphson method is used for the 
numerical stability it provides. The load situation during the year varies a lot. 
Therefore two cases are considered. This should show the impact of the wind 
farm during both summer and winter. For the winter period, Sydkraft’s files are 
used where the 50 kV system is modeled. The problem is that the loads have its 
measured maximum value. This is all data that is kept by Sydkraft. At least up 
to now. No minimum data for loads are recorded. Sydkraft has therefore 
provided a snapshot of the system at 5 o’clock in the morning, the first of 
October. The snapshot comes from SvK’s estimator. At five, the load is low so 
the snapshot can represent the system in summer. However, the estimator 
doesn’t give a perfect view of the system. For example, the 50 kV system is not 
represented. Instead the loads are directly attached to the 135 kV system. 
However, the wind farms are connected to the 135 kV system, so this should be 
enough for the study in this report.  

3.2 Output from the load flow analysis 
After the system of non-linear equations is solved using either Newton-Raphson 
or Gauss-Seidel, information about the magnitude and angles of the voltages at 
all buses are presented. Tap ratios of the transformers and information about the 
status of the switched shunts are also available for further study. PSS/E can now 
be told to scan the voltages and report all the buses with a voltage over or under 
a certain limit. This function can be used to check for any abnormal voltage 
levels. 
 
The most effective way of presenting the result of the load flow analysis is to 
use the graphical interface. In PSS/E so-called slides can be drawn with symbols 
for buses, lines and transformers. Example of this kind of slides can be found in 
Appendix A. In the slide powerlines or cables are shown as lines. The user can 
set the information presented over and under the line. There are a number of 
combinations to choose from. In all diagrams, the value next to the arrow is the 
active power flowing on the line. The arrow symbols the direction of the flow. 
The value on the other side of the line shows how much the line is loaded. The 
ratings of the lines in PSS/E may be given three different values. Rate A, B and 
C. Rate C has the lowest value and resembles the rating under normal operation 
during summer when the temperature is high. Rate A is for two situations, 
normal operation in winter and abnormal conditions during summer. The higher 
value is due to the fact that, during temporarily disconnection of the power 
lines, the conductor temperature is allowed to go up to 70 degrees. Rate B 
corresponds to abnormal operation during winter. The loading of the line is 
shown as percentage of the maximum rating. The equation that PSS/E uses to 
calculate the percentage is the following: 
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100% ⋅
×

=
purated

actual

UMVA
MVAloading   (Eq 3.1) 

where,  
22 QPMVAactual +=           (Eq 3.2) 

 
Buses are shown as horizontal or vertical bars. Voltage, bus name and number 
are also presented. Additionally tap ratios for the transformers can be displayed. 
Lines or transformers with a rating higher then 95 percent are shown as dotted 
green lines. Loads are shown as triangles with reactive power to the left and 
active power to the right. The switched shunts are labeled with the amount of 
reactive it either gives or takes from the bus. If the shunt gives reactive power it 
is shown as a capacitor and if it consumes it is shown as a reactor. Finally there 
are the generators that are shown as circles, with the value for the generation of 
active and reactive power to the left and right.  
 
PSS/E can also be used to calculate short circuit currents at different places of 
the system. However, this is not studied. The reason is that an induction 
generator generally contributes very little to the short circuit current after the 
first couple of cycles. In a facility report from American Transmission 
Company it says: 
“Short-circuit impact due to G353 and G354 were not evaluated due the fact 
that the induction generators typically contribute significant short-circuit only 
within the first 1 ~ 1.5 cycles after a fault” [7].       

3.3 Load flow model of Krieger’s Flak 
The load flow model is used for two studies. It is obviously used for the load 
flow study but also used to calculate the initial values for the dynamic 
simulations. This will be more described in the dynamic part of the report. A 
simple model with the wind farm directly attached to the stations at Arrie and 
Trelleborg could be used. This is however not enough for the dynamic 
simulation. Effort is therefore put down to model the wind farm accurately.  
 
The wind farm at Krieger’s Flak consists of the cables, transformers, wind 
turbines and finally reactors. In load flow calculations there is two ways to 
model this depending of the way that the reactive power is controlled within the 
wind farm. As was mentioned in the chapter about the double fed induction 
generator, the advantage with using a DFIG is that it can control the reactive 
power from the turbine independently of the active power output. The planner 
of the wind farm now has to decide how to control the reactive power. There are 
to basic control strategies to choose from. The wind farm can be ordered to keep 
power factor one at the point of the connection to the grid. This is the demand 
that the wind turbines have to handle historically. The turbines will then balance 
the reactive consumption on the lines and transformer so that this control 
strategy is upheld. A very simple model for the wind farm can then be used in 
the load flow study, namely an active power source of 300 and 340 MW in 
Arrie and Sege. 
 
Another method of regulating the reactive power is to use the turbines as 
voltage regulators at the point of interconnection; that is Trelleborg and Arrie. 
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This uses the whole advantage of the double fed induction generator. In case of 
AC faults in the system, the wind farm can be used to stabilize the voltage. It 
then acts as a Static Var Compensator, SVC. Note that there is a significant 
difference between the two. However, all or some of the wind turbines in the 
wind farm can be tripped because of severe fault on the grid and the voltage 
regulating effect will then disappear. Furthermore, the active power generation 
capability will also be lost. In this last approach the farm model must include 
the reactor, the cables, transformers and turbines.  
 
The load flow model used in this report for Krieger’s Flak is shown in figure 
3.1. 
 

 
Figure 3.1 Load flow model of Krieger’s Flak 

 
First there is the fixed shunt reactor. This unit serves two purposes, first it 
compensates for the reactive power production of the lines. Secondly it protects 
the cables from temporary overvoltage [1]. An underground sea cable, unlike an 
overhead powerlines, has a large capacitance but low reactance. Therefore a big 
amount of reactive power is produced even when no active or reactive power is 
transferred over the cable. This, no load reactive production, is with the help of 
PSS/E estimated to roughly 100 MVAr. Therefore a fixed reactor of 100 MVAr 
is needed both at Arrie and Trelleborg. The reactor should be connected to the 
same circuit breaker that disconnects the cable from the main power grid. 
Hereby the reactor is disconnected at the same time as the cable. When the wind 
farm is generating power the reactive production in the cables will decrease. In 
this report it is assumed that this change can be balanced with the help of the 
wind turbines so that the wind farm, under steady state, does not consume or 
feed reactive power to the grid. 
 
Underground cables will take the power from the wind farm to Arrie and 
Trelleborg. In the proposal from Sweden Offshore Wind AB [1] two three-
phase cables are connected in parallel. It is not realistic to only use one cable. 
The cable conducting area will then be too large. Because the cables will be 
used at sea, only copper cables can be considered due to electrochemical 
reasons [1]. The chosen cables are XLPE-cables from ABB and exist in a 
number of difference voltage ratings. The cables from the wind farm to the 
transformer should be 130 kV cables. The ones to Trelleborg need to handle the 
maximum amount of 340 MWs of active power. The ones to Arrie must be able 
to handle 300 MW. The power grid around the wind farms can in normal 
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operation be assumed to control the voltage without the help of the wind farm. 
Therefore the dynamic control of the reactive power is only used when the 
power system is affected by a fault. It can therefore be assumed that the wind 
farm is operating at a power factor close to one. Ratings for the cables are 
normally given in current, not complex power. The following equation can be 
used to convert the necessary complex power rating to maximum current in 
amperes. Note that the value is the resulting current in each phase: 
 

linelineU
SI

−⋅
=

3
  [Eq 3.3] 

 
Where S is apparent power measured in VA and Uline-line is the line-line voltage 
level. The cable must be able to handle the maximum active power that can be 
generated in the wind farm. Additionally, the cable needs to handle the reactive 
power that will flow in the cable. The reactive power is assumed to be 50 MVAr 
for each of the four cables to Arrie and Trelleborg. This is the reactive power 
over the line at no generation in the wind farm. For Arrie, each of the cable 
needs to handle around 150 MW of active power whereas the cable to 
Trelleborg needs to handle 170 MW. By using equation 3.2 the apparent power 
for Arrie is roughly 160 MVA and for Trelleborg 180 MVA. The voltage level 
is 135 kV. The current that will flow through the cables at maximum loading is 
now calculated using equation 3.3: 
 

Arrie: A685
101353

10160
3

6

≈
⋅⋅

⋅  

 

Trelleborg: A740
101353

10170
3

6

≈
⋅⋅

⋅  

 
From [8], a conducting area of 630 mm2 is chosen for Arrie. The cable has the 
rating of 710 A at 60º and 865 A at 90º. There seems to be a large difference 
between needed rating and the one chosen. For the part of the wind farm that is 
going to be connected to Trelleborg, a conducting area of 800 mm2 is needed. 
The cable have a current rating of 790 A at 60º and 960 A at 90º. Note that the 
lower value is considered to be the rating at normal operation. The higher value 
is the current which can be accepted during faults in the power system. 
 
The values need now to be transformed to the values for the π-equivalent of the 
cable in pu. With a choice of three single-core cables in trefoil formation, the 
following values are obtained from [8]: 
 
  R [Ω/km] L [mH/km] C [μF/km] 
Arrie:   0.0283  0.37   0.21 

Trelleborg: 0.0221  0.36  0.23 
 
The cables between the 135 kV stations and the transformer out in the wind 
farm are for Arrie 46 km, and for Trelleborg 38 km. The formula for converting 
the resistance R to per unit is the following: 
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length
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RR
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⎝
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=

2
baseV

 [Eq 3.4] 

 
Where R is the resistance in ohm in real values per km, Vbase is the base voltage 
which is 135 kV and Sbase is the apparent power base which is set to 1000 MVA. 
The length is the length in km of the cable. The inductance need now to be 
converted to a reactance in per unit. This is done with using equation 3.5 where 
f is the system frequency. 
 

length

S
V

fLX

base

base
lpu ⋅

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

2

2π  [Eq 3.5] 

 
Finally the capacitance of the line is transformed to suspentance using equation 
3.6: 
 

length

S
V

fCB

base

base
pu ⋅

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

2

2π   [Eq 3.6] 

 
Inserting the values from equations 3.4, 3.5 and 3.6 the following values in pu 
are obtained: 
 
  R [pu]  Xl [pu]  B [pu] 
Arrie:   0.0714  0.29   0.055 

Trelleborg: 0.0460  0.24  0.050 
 
These values are then used for the π-equivalent. 
 
Out in the wind farm there is a need for two transformers. The voltage is here 
transformed from the wind farm internal voltage level of 33 kV to 135 kV. 
Hereby the losses in transporting the power to the grid are minimized. The data 
for the transformers is taken from a real transformer that is installed at 
Karlshamnsverket. The transformer has a rating of 375 MVA which should be 
enough for the two groups of wind turbines. The transformer has a resistance of 
0.00797 pu and a reactance of 0.29152 pu. The transformer is supposed to have 
an automatically adjusted tap changer on the low voltage side with 19 steps. 
Giving nominal voltage on the low voltage side, the tap changer has the 
possibility to control the voltage between 0.9 and 1.1 pu. The tap-changer will, 
if it is possible, try to keep the voltage between 1 pu to 0.96 pu. 
 
The internal system at 30 kV level with the turbines step-up transformers and 33 
kV cable systems are omitted in the analysis. Calculations with PSS/E show that 
this system gives a reactive power production of roughly 10 MVAr when the 
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turbines do not produce any active power. This is considerably lower then the 
135 kV cabel system. A simplification could therefore be done. 

3.5 Load flow model of Lillgrund 
The load flow model of Lillgrunden is simpler then the one for Krieger’s Flak. 
One important difference is that the cables are much shorter then Krieger’s Flak. 
It is also much smaller. The reactive production in the cable is hence lower so 
the fixed reactor is omitted. The model of the wind farm only includes the cable 
to shore and the transformer from 135 kV to 33 kV. The cable is assumed to be 
a three-core cable of cupper. Using equation 3.3, the maximum current that the 
cable needs to be rated at is: 
 

A641
101353

10150
3

6

≈
⋅⋅

⋅  

 
A XLPE cable from ABB is used with a conducting area of 630 mm2. This is 
the same cable that was used for the cable between Arrie and Krieger’s Flak. 
Similar calculations that were used in section 3.4 leads to the following values 
for the π-equivalent (note that the only change from the calculation made for the 
cable to Arrie is the fact that the length of the cable is shorter): 
 
  R [pu]  Xl  [pu]  B [pu] 
Lillgrund:  0.01553 0.06378 0.0120237 

 
The data for the transformer is supplied by Sydkraft. The data is from a real 
transformer used in Sydkraft’s power grid and it is rated 170 MVA at summer 
temperature; NB 20 degrees. The data for the resistance and reactance of the 
transformer used in the load flow is: 
 
R [pu]:  X [pu]: 
0.02106 0.71145 
 
It is assumed to have an automatic tap changer on the low voltage side. This is 
assumed to have 19 steps and be able to regulate the voltage between 1.1 to 0.9 
pu, assuming nominal voltage at the high level side. The voltage will be 
regulated to an interval between 0.96 and 1 pu. 
 
The PSS/E model for Lillgrunden looks like this used for both load flow and 
initializing the dynamic simulations look like this: 
 

 
Figure 3.2 Load flow model of Lillgrund 
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Additionally, some reconfiguration should be done to the power system close to 
Bunkeflo. The present connections in the area is shown in figure 3.3: 
 

 
Figure 3.3 Sydkraft’s power system close to Bunkeflo. Note that the 

figure shows how the system is configured today 
 
The problem with this configuration is that all active power must flow on the 
line between Bunkeflo and Käglinge. With an active power of 150 MW this is 
not a reasonable configuration. The result will be a constant overload during 
summer and full production. What should be done, and can also be done 
according to Sydkraft, is to close the disconnectors in Limhamn and Lernaken. 
In this way, the generated power is divided on the line between Lernaken and 
Bunkeflo and the line between Käglinge and Bunkeflo. However, care must be 
taken as this means that the stations in the area change from being connected in 
a radial way to a meshed way. For example, the relay protection system must be 
reconfigured. Additionally, the disconnectors at the switchgear station in 
Fosieby could be connected in a way that the load is directly fed from the 
station at Fosieby. Hereby the losses in transferring power from Fosieby and 
Käglinge could be avoided. In all of the simulations and static studies this 
change is done to the system.   
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4 Results from the load flow studies 
The results from the load flow studies are summarised in this chapter. The 
results cover the effect on voltages, loading of the powerlines and losses in 
Sydkraft’s power system. Two different studies are done. One in which the load 
is low which can represent summer. The other is maximum load which will 
happen during wintertime when there is high load in the system. Note that the 
(N-1) criterion is not checked. This criterion tells us that any single part of the 
system, for example one of the powerlines, must be allowed to be disconnected 
without jeopardising the function of the whole or part of the system. The reason 
for omitting this is that higher current values are allowed during abnormal 
operation of the power system. One reason for this is the short time before the 
line automatically is reconnected by the protection system. 

4.1 Load flow analysis during winter conditions 
The analysis is done, using the data for maximum load. There is then a total 
load of 4700 MW in the southern part of Sweden. This is very close to the all 
time high value that was measured in Sydkraft’s power system in January 22nd, 
2004. At this time the load was all together 4 750 MW. The “high load” case is 
valid during wintertime. Rate A is therefore used for the power lines. 
 
The import from Denmark is roughly 200 MW. The import should not play a 
major role in the study. This is due to the fact that the import from Denmark and 
the import from north both mainly feed into the 400 kV station at Sege. 
Therefore, for the area close to the wind farms, it should not matter whether the 
power comes from the north or Denmark. For the power system in general it 
will of course matter but for this study it is assumed not to be an important 
factor.  
 
Baltic Cable is either supposed to import at its rated capacity or be switched off.  
A third case where the cable exported power could also have been considered. 
This is hardly a likely situation. In case of a maximum load there would be a 
definite need to import, not export power. Therefore this case is omitted in the 
study. A switched off Baltic cable is however a possible situation, so maximum 
export is replaced by this case.  
 
It is winter so the CHP plant, Heleneholmsverket is turned on. Both 
Halmstadsverket and Karlshamnsverket are not switched on. This is because 
both are only switched on during extreme situations. Both the case with a full 
functioning Öresundsverket and a switched off plant are studied.   
 
Barsebäck is switched off during the study. To compensate for this, the power 
generation in the hydro plants up in the north of Sweden and Norway are 
increased. It should perhaps be noted that with a switched off Barsebäck, the 
rest of the power plants have to be turned up almost to their maximum. It is 
however not the purpose of this study to examine the impact of a closed 
Barsebäck. There is also a possibility to compensate Barsebäck with the peak 
load power plants, Halmstadverket and Karlhamnsverket. This is not considered 
to be a likely situation so this case is also omitted from the analysis. 
Additionally, this should have a positive impact on the system. The focus of this 
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report should be the worst case so there is a good reason for assuming zero 
production in Halmstadverket and Karlhamnsverket. 
 
Finally, both Oskarshamn and Ringhals generates near its maximum ratings. It 
is winter so both Heleneholmsverket and Västhamnsverket give power to the 
system. However, the peak load/emergency power plants, Karlhamnsverket and 
Halmstad-verket are both switched off because the normal operation of the 
power system is considered.  
 
A study of eight different cases is now performed. The difference between the 
first four and the last four is that the size of Krieger’s Flak is decreased from 
640 MW to 380 MW. The cable to Arrie is removed and all of the generated 
power is fed into the switchgear station at Trelleborg. This is done because 
Sweden Offshore has an idea to perhaps decrease the size of the wind farm by 
installing fewer or smaller wind turbines. However, the 640 MW version is still 
the first choice so the report is focusing on the first four studied cases. 
 
As was mentioned before, there are plans to upgrade Öresundverken, giving it 
the new capacity of 460 MW. Therefore, studies with both an upgraded 
Öresundverk and without it have been performed. Together with the possibility 
of the two different situations for Baltic cable there are altogether eight different 
cases during wintertime. 
 
The first thing to be analysed are the losses in Sydkraft’s power system. This 
includes the losses in the transformers and power lines. The result is shown on 
the next page. Note that both Krieger’s Flak and Lillgrund are not supplying any 
significant reactive power to the grid. The voltage is instead controlled with the 
shunts on the 400 kV system and the two 400 to 135kV transformers in Sege 
and Arrie. 
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Table 4.1 Active losses without wind farm 
 Nr Size Barsebäck Öresundsverket Baltic cable Active losses 
  [MW]     [MW] without wind farm  [MW] 
1 640 Shut off No Export 0 100,6 
2 640 Shut off Yes Export 0 97,3 
3 640 Shut off No Import 600 97,7 
4 640 Shut off Yes Import 600 95,7 
5 380 Shut off No Export 0 100,6 
6 380 Shut off Yes Export 0 97,3 
7 380 Shut off No Import 600 97,7 
8 380 Shut off Yes Import 600 95,7 
 
Table 4.2 Active losses with Lillgrund 
Nr Size Barsebäck Öresundsverket Baltic cable Active losses Difference 
  [MW]     [MW] with Lillgrund [MW] [MW] 

1 640 Shut off No Export 0 99,1 -1,5 
2 640 Shut off Yes Export 0 95,4 -1,9 
3 640 Shut off No Import 600 96,4 -1,3 
4 640 Shut off Yes Import 600 94,5 -1,2 
5 380 Shut off No Export 0 99,1 -1,5 
6 380 Shut off Yes Export 0 95,4 -1,9 
7 380 Shut off No Import 600 96,4 -1,3 
8 380 Shut off Yes Import 600 94,5 -1,2 

 
Table 4.3 Active losses with Krieger’s Flak 
Nr Size Barsebäck Öresundsverket Baltic cable Active losses Difference 
  [MW]     [MW] with Krieger  [MW] [MW] 
1 640 Shut off No Export 0 97,4 -3,2 
2 640 Shut off Yes Export 0 95,5 -1,8 
3 640 Shut off No Import 600 97,2 -0,5 
4 640 Shut off Yes Import 600 98,4 2,7 
5 380 Shut off No Export 0 97,6 -3 
6 380 Shut off Yes Export 0 95,2 -2,1 
7 380 Shut off No Import 600 96,9 -0,8 
8 380 Shut off Yes Import 600 96,6 0,9 

 
Table 4.4 Active losses with Lillgrund and Krieger’s Flak 
Nr Size Barsebäck Öresundsverket Baltic cable Active losses with Difference 
  [MW]     [MW] Lillgrund and Krieger  [MW] [MW] 

1 640 Shut off No Export 0 97,2 -3,4 
2 640 Shut off Yes Export 0 97,3 0 
3 640 Shut off No Import 600 98,5 0,8 
4 640 Shut off Yes Import 600 99,7 4 
5 380 Shut off No Export 0 96,7 -3,9 
6 380 Shut off Yes Export 0 95,0 -2,3 
7 380 Shut off No Import 600 96,7 -1 
8 380 Shut off Yes Import 600 97,2 1,5 
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PSS/E’s automatic report function is used to get the result given in tables 4.1 - 
4.4. The specified area includes all buses that belong to Sydkraft’s power 
system. Looking at the tables, the first conclusion to be drawn is that the losses 
will decrease with roughly 1.5 MW when only Lillgrund is feeding power to the 
grid. The reason is that the generated power is consumed by the loads close to 
the wind farm. This power would otherwise have to be transported over 
Sydkraft’s power lines, resulting in higher losses in the system. 
 
With just Krieger’s Flak connected to the system, see table 4.3, and 
Öresundverken shut off, the result shows a decrease of losses. However, with a 
production in Öresundverken together with maximum import on Baltic cable, 
there are more losses in the system due to the fact that there is now a surplus of 
active power in the area. With the smaller version of Krieger’s Flak there will 
also be a decrease of losses. The reason is that there is not a surplus in the area 
anymore.  
 
Finally there is the case with both Krieger and Lillgrund feeding maximum 
power to the grid. The conclusion is now that the losses will either increase or 
decrease depending on whether Öresundsverket is producing or not. If there is 
production in Öresundsverket the result is an increase of losses for the big 
version of the wind farm. Otherwise there is a decrease of losses in the system. 
Also when there is a smaller size of Krieger’s Flak the losses decreases.    
 
Examination of voltages close to Krieger’s Flak and Lillgrund shows that the 
voltage levels stay within acceptable limits. As was mentioned earlier in the 
report, this is the effect of the transformers between 400 kV and 135 kV and the 
switched shunts connected to the 400 kV system. Note that some of the shunts 
are adjusted to achieve nominal, or close to nominal, voltage levels. This is 
mostly done automatically in PSS/E. 
 
The last thing to be looked at is whether there are any power lines that are 
loaded over their rated values. The result from the load flow studies is 
summarized in table 4.5. 
 
Table 4.5 Lines with higher loads then 60 % 
Case Heavy loaded power lines: (% of rating) 

1 Stjärneholm - Tomelilla 94 Bosarp - Skabersjö 86.7 Trelleborg - Östra klagstorp 76  

2 Stjärneholm - Tomelilla 96.3 Trelleborg - Östra klagstorp 75         

3 Stjärneholm - Tomelilla 101.2 Bosarp - Skabersjö 98.9 Trelleborg - Östra klagstorp 80.3

4 Stjärneholm - Tomelilla 102.4 Bosarp - Skabersjö 79.7 Trelleborg - Östra klagstorp 78.5

5 Stjärneholm - Tomelilla 86.4 Trelleborg - Östra klagstorp 73.1       

6 Stjärneholm - Tomelilla 87.8            

7 Stjärneholm - Tomelilla 92.9 Trelleborg - Östra klagstorp 76.8       

8 Stjärneholm - Tomelilla 94.8 Trelleborg - Östra klagstorp 75.6         

 
 
Except for the above given lines, all of the other lines are low loaded, often with 
a value of around 30 percent of its rated value. The table shows that three lines 
have a problem with loading; Tomelilla – Stjärneholm, Trelleborg - Östra 
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Klagstorp and finally between Skabersjö - Bosarp. The reason for this is that 
these lines are not made for transporting large amounts of power. There are no 
big loads in the area so there has been no need to build a high capacity line in 
the region. However, flow of power cannot be controlled. Therefore, a large 
amount of power will flow on the lines when there is a large amount of active 
power generated at the part of the wind farm connected to Trelleborg. A high 
value is generally not a problem if it doesn’t reach over hundred percent. Note 
that production at rated values would not happen very often, as it means very 
strong winds, in the region of 14 m/s [9]. Furthermore, ratings are calculated 
with low wind speeds. At high wind speeds at Krieger‘s Flak there could 
perhaps be strong winds inland. This gives better cooling to the lines and higher 
load percentage can be allowed. 
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4.2 Load flow study during summer conditions 
The temperature is now high. This has two impacts for the study. The capacity 
of the power lines goes down because there is no cold air to cool them down. As 
was mentioned before, rate C is used during summer. The second thing that 
happens is of course lower load, mainly because of less usage of electric heating 
in houses etc. The total load in Sydkraft’s power system is now assumed to have 
a value of 2 386 MW. That is half of the total load during winter.  
 
It is summer so both Heleneholmsverket and Västhamnsverket are not active. 
The nuclear power plant Barsebäck is switched off. Additionally, both one 
reactor in Oskarshamn and Ringhals is switched off due to maintenance. 
Additionally, Karlhamnsverket is also assumed not to generate any active 
power. The only input of active power in the area close to Krieger’s Flak is then 
Baltic Cable. Two scenarios are studied. These are export or import at rated 
value, NB 600 MW. Öresundsverket is also added to the system. This is done 
like in winter with a generation of 460 MW. If there is shortage of power, it will 
be solved by increasing the power generation in the hydro plants up in the north. 
The studied cases are summarized in table 4.6: 
 
Table 4.6 Table of the different cases 

 
 
 
 
 
 
 
 
 
 

 

Summer with power factor one:     
Nr Size [MW] Barsebäck Öresundsverket Baltic cable 
9 640 Shut off No Export 600 MW 
10 640 Shut off Yes Export 600 MW 
11 640 Shut off No Import 600 MW 
12 640 Shut off Yes Import 600 MW 
13 380 Shut off No Export 600 MW 
14 380 Shut off Yes Export 600 MW 
15 380 Shut off No Import 600 MW 
16 380 Shut off Yes Import 600 MW 

The analysis is started by comparing the active losses before and after the 
connection of the two wind farms. Once again this is done using the automatic 
report function in PSS/E. The specified area includes all of the buses that belong 
to Sydkraft’s powersystem.  The result of the load flow study is shown in table 
4.7 to 4.10. 
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Table 4.7 Active losses without wind farm 
Nr Size Barsebäck Öresundsverket Baltic cable Active losses 
 [MW]   [MW] without wind farm  [MW] 
9 640 Shut off No Export 0 30.7 
10 640 Shut off Yes Export 0 30.3 
11 640 Shut off No Import 600 28.7 
12 640 Shut off Yes Import 600 30.4 
13 380 Shut off No Export 0 30.7 
14 380 Shut off Yes Export 0 30.3 
15 380 Shut off No Import 600 28.7 
16 380 Shut off Yes Import 600 30.4 

 
Table 4.8 Active losses with only Lillgrund 
Nr Size Barsebäck Öresundsverket Baltic cable Active losses Difference 

 [MW]   [MW] with Lillgrund [MW] [MW] 

9 640 Shut off No Export 0 31 0.3 

10 640 Shut off Yes Export 0 32 1.7 

11 640 Shut off No Import 600 29.7 1 

12 640 Shut off Yes Import 600 31.5 1.1 

13 380 Shut off No Export 0 31 0.3 

14 380 Shut off Yes Export 0 32 1.7 

15 380 Shut off No Import 600 29.7 1 

16 380 Shut off Yes Import 600 31.5 1.1 
 
Table 4.9 Active losses with only Krieger’s Flak 
Nr Size Barsebäck Öresundsverket Baltic cable Active losses Difference 
 [MW]   [MW] with Krieger  [MW] [MW] 
9 640 Shut off No Export 0 33.3 2.6 
10 640 Shut off Yes Export 0 33 2.7 
11 640 Shut off No Import 600 35.8 7.1 
12 640 Shut off Yes Import 600 38.3 7.9 
13 380 Shut off No Export 0 32.8 2.1 
14 380 Shut off Yes Export 0 32.5 2.2 
15 380 Shut off No Import 600 33 4.3 
16 380 Shut off Yes Import 600 35.2 4.8 

 
Table 4.10 Active losses with both Lillgrund and Krieger’s Flak 
Nr Size Barsebäck Öresundsverket Baltic cable Active losses with Difference 
 [MW]   [MW] Lillgrund and Krieger [MW] [MW] 

9 640 Shut off No Export 0 34.8 4.1 
10 640 Shut off Yes Export 0 35.2 4.9 
11 640 Shut off No Import 600 39.3 10.6 
12 640 Shut off Yes Import 600 42.2 11.8 
13 380 Shut off No Export 0 33.1 2.4 
14 380 Shut off Yes Export 0 33.4 3.1 
15 380 Shut off No Import 600 35.3 6.6 
16 380 Shut off Yes Import 600 38.0 7.6 
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The result in the tables shows that there is an increase of losses when Baltic 
Cable is importing active power. The reason is that the power from the wind 
farms and the cable both feed power to the area close to Arrie. There will then 
be a surplus of active power. The power has to be transmitted to loads a long 
distance from the two wind farms, leading to high losses in the system. 
Additionally, this will overload some of the powerlines that are not used for 
transmitting this much power. Looking at tables 4.7 to 4.10 it can be concluded 
that the losses in summertime will increase in all studied cases. Even when only 
Lillgrund is connected to the system there is an increase of losses in active 
power. The extra losses are then roughly 1 MW.   
 
The surplus can be seen clearly when only Krieger’s Flak is delivering its 
maximum active power to the system. The worst situation is when 
Öresundsverket is producing maximum power together with maximum import. 
The active power loss is then 7.9 MW. A rough estimate of the losses when only 
Krieger’s Flak is producing active power is 5 MW for a Krieger's Flak with a 
capacity of 640 MW and 3 MW with the small size of Krieger’s Flak.  
 
Finally, the situation becomes worse when both Krieger’s Flak and Lillgrund 
are feeding power to the system. With an assumed size of 640 MW at Krieger’s 
Flak, the losses increase with 3 to 8 MW independent of the presence of 
Öresundsverket. The small difference between production and no production at 
Öresundsverket is mostly due to fact that there are losses when active power is 
transferred to Sege.  
 
Next, the voltage level in the system is considered. Both Arrie and Trelleborg 
are close to the 400 kV system. In the 400 kV system, shunts regulate the 
voltage to a desired level. Additionally, the 135/400 kV transformers in Arrie 
and Sege have tap changers. Together this will have the effect that the voltage is 
kept within acceptable levels.  Note that sometimes a shunt in the 400 kV 
system has been adjusted to keep the voltage. If this is allowed the voltage level 
is kept within an interval of 135 to 141 kV.  
 
Finally the loading of the lines is checked. The diagrams for the different cases 
can be found in appendix A. In table 4.11 the highest load percentages are 
given: 
 
Table 4.11 Heavy loaded powerlines 
Case Heavy loaded power lines: (% of rating) 
9 Bosarp - Hyltarp 130.5 
10 Bosarp - Hyltarp 97.4 

  
   

11 Bosarp - Hyltarp 167.2 Stjärneholm - Tomelilla 111 
12 Bosarp - Hyltarp 130.3 Stjärneholm - Tomelilla 113.3 
13 Bosarp - Trelleborg 93.2 
14 Bosarp - Trelleborg 94.5 
15 Bosarp - Hyltarp 120 
16 Stjärneholm - Tomelilla 100.8  
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The main problem is the two lines that run from Trelleborg to Sege. In cases 
number 9, 10 and 11, the loading exceeds 130 percent while in case 15 there is a 
load of 120 percent of the rated value. Note that in case number 11 there is a 
load of 167 percent of the rated value during summer conditions. The reason for 
the high percentage is that the load is not high enough to consume the major 
part of the active power generated in the area. The power will instead flow on 
the 135 kV lines to Sege. The line from Stjärneholm to Tomelilla is, in case 
number 11, loaded 11 percent above the rated value. This is perhaps not 
something to worry about, considering that there are reasons for allowing this. 
First of all, the rating of the lines is given at practically zero windspeed. For 
strong winds at sea there is maybe also wind inland that will cool the 
powerlines. Furthermore, the wind is less strong in the summer so the 
probability that it blows a wind of about 14 m/s or more is very small. The 
rating is also given at 25 C°. When there is wind, the temperature is perhaps 
lower then this. A load percentage of 167 and 130 percent is however not 
acceptable.  
 
Worth mentioning is the difference between case number 11 and 12. The 
difference is that in case number 12, Öresundsverket is producing 460 MW. 
This considerably changes the flows on the lines to Sege. The reason is the 
following: In case 11 and 12 there is a surplus of active power in the region 
around Arrie and Trelleborg. The surplus must flow either on the two 135 kV 
power lines to Sege, on the 135 kV line to Östra Klagstorp or the 400 kV line 
between Arrie and Sege. All three powerlines is highly loaded with the wind 
farm connected to the power grid. To relieve the stress a higher flow on the 400 
kV is needed. This line is never close to being overloaded and can therefore 
handle a considerable increase of active power. In case number 12, 
Öresundsverket is feeding active power to the area close to Arrie. The need to 
import power from the 400 kV system is then decreased. This will have the 
impact that more active power from the wind farm will take the way over the 
400 kV line, thus relieving the 135 kV lines. 
 
To verify the result of the difference between case number 11 and 12, a 
reduction of the load flow model is done. A smaller part of the power system is 
now considered; the system can be seen in Appendix B. The smaller system has 
three connections to the rest of the system. First there is the connection to the 
400 kV system via Sege. The 400 kV is here assumed to be a strong grid and a 
swing bus is therefore placed in Sege. The rest of the 400 kV system is deleted 
from the model. The two remaining connection are at Mörarp and Hemsjö on 
the 135 kV level. The measured active power that are flowing out to the rest of 
the system, in MW, and the voltages, in kV, are the following for the different 
cases in the load flow study:  
 
Hemsjö:                 
  Case 9 10 11 12 13 14 15 16 
  Active power (MW) 115 80 60 50 135 100 80 40 
  Voltage (kV) 137.5 139.8 137.5 139.4 138.2 138.6 137.1 138.3
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Mörarp:         
  Case 9 10 11 12 13 14 15 16 
  Active power (MW) 0 -37 -36 -67,1 -12 -20 -20 -50 
  Voltage (kV) 136.3 139 136.9 137.7 138.6 137.9 136.7 137.3

 
 
 
Voltage in Sege:               
  Case 9 10 11 12 13 14 15 16 
  Voltage (kV) 403,8 409,9 407,3 408,5 404,8 407,2 406,2 408,4
  Angle (deg) -32,9 -25,56 -14,56 -3.32 -37,58 -29,9 -15,1 -3,6 

 
 
Between case 11 and 12 the difference is not that big. Therefore a simple 
equivalent can be justified both in Hemsjö and Mörarp. At both buses a 
generator with zero active power and infinite reactive power capability is 
connected. The generators will keep the voltage to the specified level. This 
value is set to 138.4 kV for Hemsjö and 137.3 kV for Mörarp which is the 
average of the two studied cases. A constant active load is also connected at 
both buses. This will also be set to the average of the original load flows. That 
means a load of -51 MW in Mörarp and 55 MW in Hemsjö. The voltage in Sege 
is set to 407.9 kV. The result can be seen in Appendix B. Note that the 
percentage is close to the original ones for most lines.  
 
To manage the situation with the two overloaded lines there are four solutions. 
First the lines to Sege can be updated so that their capacity increases. This need 
to be done for both lines from Sege to Bosarp which both has roughly a length 
of about 17 km. Secondly; there is a 400 kV line between Arrie and Sege that 
have a loading of roughly 50 percent of its rated value. The situation would 
greatly improve by forcing the generated power to take this way instead of 
flowing over the 135 kV line. This can be done by installing a series capacitance 
on the line. The result is a lower reactance and as a consequence more active 
power will flow on the line. It is however doubtful weather this much can be 
compensated. Decreasing the reactance also increases the short circuit current 
and there is a maximum value allowed for this current. The third alternative is to 
put a limit on the production of either Krieger’s Flak or Lillgrund or even both 
of them under summertime and early autumn/late spring. Most wind turbines 
have a pitch system with which they can limit the production by turning the 
blades away from the wind. The disadvantage is that active power will be lost. 
A fourth alternative would be to install a SVC to change the voltage profile.  
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5 Dynamic Simulations 
The purpose of the dynamic simulations is to examine whether the wind farms 
will have a negative effect of the transient voltage stability of Sydkraft’s power 
grid. The study is limited to short term voltage stability in the timeframe of 5-10 
seconds. In the study, simulations for both winter and summer conditions are 
made. In summer the active power load is scaled down to 50 percent and the 
reactive to 75 percent.  Different fault studies are done according to the N-1 
criteria. This is a well-known criterion and means that any unit of the power 
system must be allowed to fail without causing the whole system to go unstable. 
The results can be used to examine how quick the faults have to be disconnected 
and could give guidelines about the relay setting in the system. The need to 
install a SVC could also be investigated. 

5.1 Dynamic simulations using PSS/E 
The load flow and dynamic simulations are two different parts of PSS/E. 
However, this does not mean that there is no connection between them. A 
dynamic simulation is always initialized from a solved case. The saved case 
describes the system at time zero. Additional data is used to model the power 
flow units dynamically. The software includes standard models for generators, 
stabilizers, exciters, etc. Furthermore, the user can choose to write own models 
for the different units. The models are written in FORTRAN code. Once both 
load flow and dynamic data is fed to the program, the simulation can start.     
 
The study in this report is focused on short term transient stability, having the 
time frame of roughly 5 seconds. In this timeframe the instability of the system 
can be caused by either short term voltage instabilities or rotor angle instability 
of the synchronous generators in the system.  
 
Rotor angle stability is caused by the acceleration of the rotor of the 
synchronous generators during faults. It can be explained with the help of the so 
called swing equation, equation 5.1, that shows the connection between torque 
and acceleration of the rotor, see [5]. This equation is valid both for a 
synchronous and an induction generator. 
 

em
m TT

dt
dJ −=
ω  [Eq 5.1] 

  
Where 
 Tm  = mechanical torque in N·m 
 Te = electromagnetic torque in N·m 
 J    = combined moment of inertia of generator and turbine, kg·m2

  
ωm  = angular velocity of the rotor, mech. rad/s 

 t = time, s 
 
When an electrical fault occurs in the power system close to a generator, for 
example a three-phase fault, the electromagnetic torque decreases. The 
mechanical torques is however unaffected, because this torque depends on the 
mechanical force on the rotor, i.e. flow of water for a turbine in a hydro plant. 
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This will lead to an acceleration of the rotor angle during the fault. If the faulted 
line is not disconnected fast enough, the system will not be able to force the 
rotor angle back to the steady state value where the mechanical and electrical 
torque is in balance. The rotor angle will then exceed the stability limit of 180°. 
Note that the actual stability angle will be lower. This is what in literature is 
described as a problem with rotor angle stability. In PSS/E this is checked quite 
easily with an automatic scan of the rotor angles of the synchronous generator in 
the system. In the simulations performed in this report the automatic scan is 
turned on and the limit is set to the stability limit of 180°. 
 
Short term voltage stability is on the other hand caused by the reactive demand 
of an induction generator after an electrical fault in the system. This is further 
described in the section 5.4.2 which shows the result from the simulations using 
PSS/E’s standard model of an induction generator.   
 
The transient stability analysis is performed in PSS/E using state space theory. It 
should perhaps be mentioned that there is an option in PSS/E to perform 
something called extended term simulation, having the timeframe of minutes. 
However, this is not used for this study so information of this is omitted. To 
solve the state space equations numerically, PSS/E uses the Second Order 
Modified Euler integration method. The integration step, Δt, can be set by the 
user, but has a minimum value of 0.0083 seconds, which is half of a cycle 
assuming a system frequency of 60 HZ. The step size can be increased by the 
user which speeds up the simulation but can cause numerical instability.  
 
As was mentioned before, the user has a possibility to perform simulation of 
different fault situations. Symmetrical faults can be placed any time at any bus, 
line or transformer. Additionally, the user can disconnect any generator, bus, 
line or transformer from the system. Relay models may also be added to the 
dynamic data and units will then switch off when the relay is sending the 
tripping command and the specified breaker time has passed. This makes PSS/E 
a good tool to simulate faults and conclusions can be made about the necessary 
steps to prevent that voltage instability occur in the system.  
 
One limitation on the dynamic simulation is that transformers have locked taps 
that are not changed during the simulations. However, this should not be a 
problem because most of the tap changers in Sydkraft’s power system are 
controlled manually. Also switched shunts are maintained in the state which 
they were in the load flow case. To have them switching during the dynamic 
simulations they have to be modelled as a SVC in the dynamic file. 

5.3 SvK’s proposal for new requirements for large wind farms 
To give guidelines for connecting large wind farms to the Swedish power grid, 
SvK have issued a proposal for new electrical requirements that has to be 
satisfied by large wind farms [10]. The requirements can be found in Appendix 
C. The first requirement concerns the voltage in the system. The following 
voltage profile must be allowed without a disconnection of the wind farm: First 
an immediate drop to zero that lasts for 0.25 seconds. The voltage is then 
allowed to instantaneously recover to 0.25 percent of the nominal value, 
followed by a 0.5 seconds steady increase back to 90 percent. This voltage is 
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regarded as being the new steady state voltage which means that the wind farm 
has to handle a 10 percent drop in nominal voltage during continuous operation. 
The other graph in Appendix C shows the power reduction that is allowed when 
there is abnormal frequency or voltage in the system.         
 
Furthermore, the wind farm should be able to control the reactive power 
generation or consumption so that the reactive exchange at POI is zero under 
steady-state.    

5.4 Dynamic model to simulate Krieger’s Flak and Lillgrund 
The first thing to be done is to find a model that can be used for the dynamical 
simulations. As was mentioned in the chapter before, both a load flow model 
and a dynamic data file must be specified to run a dynamic simulation. SvK has 
supplied a model for the south of Sweden. The load in Sydkraft’s power system 
is here altogether 4 500 MW. The model can therefore be used when there is 
winter condition with maximum load. Some kind of scaling must be used to 
simulate the system during summer. 
 
The model is now to be modified to simulate Krieger’s Flak and Lillgrund. 
Adaptations have to be made to do this. First of all, the wind farms have to be 
added. Secondly the model has a weakness. Baltic cable is only modelled as a 
constant load. The closeness to the wind farm and the high capacity of the line 
make it necessary to model it dynamically. Finally, the same changes that were 
done to the connections close to Bunkeflo must be done to SvK’s file. That is 
connecting the line between Lernak and Limhamn and reconfiguration the 
disconnector at the switchgear station at Fosieby. 

5.4.1 Dynamic model of a wind farm using GE’s model 
The important thing is here to get an accurate model of the generator. One 
model that is tried is a model developed in PSS/E by General Electric together 
with PTI, the developer of the software. It is a model of General Electrics 3.6 
MW wind turbine which is equipped with a double fed induction generator. The 
used version for this study is 1.2. One problem with choosing this one is that 
only general information about the model is supplied and no equations are 
given. In other words; it is more or less used as a black box. 
 
The 3.6 MW model may be downloaded from PSS/E’s homepage. The package 
includes an IPlan program which is PSS/E’s version of using macros. The IPlan 
program automatically adds the wind turbines to the load flow case, including 
the step-up transformer that transform the voltage from the generator’s 
operating voltage of 3.3 kV to 33 kV. Additionally, it creates the dynamic file 
that is needed to simulate the wind turbine dynamically.  
 
The IPlan-program has a number of steps. The important ones are the following. 
First the user is asked to specify a file that includes bus numbers for the 
collector buses. The user can also choose how many wind turbines that should 
be added to each bus. IPlan then adds an aggregated model of the specified 
number of turbines on the specified collector bus, thus creating a one-machine 
equivalent. This way large wind farms can be simulated as one-machine 
equivalents. As the model of the wind turbine is quite complex, this greatly 
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speeds up the simulation time. After this the user specifies an initializing point 
for the wind turbines. For each wind turbine you can either choose to specify a 
wind speed, angle and shading factor for each turbine or choose to dispatch the 
unit directly. The latter means that the active power generation is chosen as 
percentage of the rated active power generation. The IPlan then calculates the 
wind speed that has to be used to generate this amount of active power. Using 
the former alternative, power curves and wind calculations will be used by the 
IPlan to convert the given data to a value for the active power generation. 
 
The user can also choose which control strategy that should be used for the 
wind turbine’s reactive power generation. As was mentioned in section 2.2, the 
DFIG generator is able to independently control the generation of active and 
reactive power. This is valid as long as voltage is kept between ±10 percent of 
nominal voltage. The wind turbines can either be set to dynamic voltage control 
or power factor control. If the user chooses dynamic voltage regulation, IPlan 
asks for a bus where the voltage should be controlled. This may be the collector 
bus, but could also be a remote bus. In Krieger´s Flak this could for example be 
Arrie and Trelleborg. A voltage set point must also be specified, in per unit. The 
wind turbines will now adjust the reactive power production, trying to keep the 
voltage at the specified level. This can be done, because a connection exists 
between reactive power and voltage. The injection of reactive power to a node 
tends to raise the voltage level and consuming reactive power does the opposite. 
If the user chooses power factor control, a power factor value will be asked for. 
This will, as long as the voltage level is kept between 0.9 and 1.1 pu, lead to a 
constant injection of reactive power, independently of the voltage level in the 
system. 
 
Finally one last thing has to be decided by the user before the IPlan is finished. 
This is the initialising of the relay protection of the wind turbines. The GE relay 
system consists of two parts; under/over voltage protection and frequency 
protection. The user may include one or both of the protection schemes. The 
user may also specify the bus where the relay is measuring the voltage and 
frequency. The default is the generator bus. The relay settings, including the 
breaker time is also tuneable by the user. The manufacturer recommends the 
following levels for the relays: 
 
 Voltage below 15%   : 0.01 seconds 
 Voltage 15% to 50%  : 1.3  seconds 
 Voltage 50% to 90%  : 3.0  seconds 
 Voltage 90% to 110% : continuous 
 Voltage 110% to 115%: 3.0 seconds 
 Voltage 115% to 130%: 1.3 seconds 
 Voltage above 130%  : 0.01 seconds 
 
 Frequency below 47.0 HZ    : 0.02 seconds 
 Frequency 47.0 to 47.5 HZ  : 10 seconds 
 Frequency 47.5 to 51.25 HZ : continuous 
 Frequency 51.25 to 52.0 HZ : 30 seconds 
 Frequency above 52.0 HZ    : 0.02 seconds 
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Note that in SvK’s proposal, see section 5.3, large wind farms must stay 
connected during 0.25 seconds of zero voltage. This is a conflict with the relay 
settings recommended by GE. The simulations are performed often without the 
protection system active. In that way the dynamic behaviour of the system can 
be followed. Furthermore, the proposed wind turbine is the 5 MW from 
REpower. But the choice is not final and therefore it is difficult to know 
anything about the actual relay settings.   
 
After IPlan has received information about the relay system it is finished. The 
turbines together with the step-up transformers are now added as machines in 
the load flow model and a dynamic file is created. The dynamic file contains 
calls for the seven dynamic submodels that together form the complete model of 
the wind turbine. The following dynamic submodels are included in the GE 
package: 
 
“DFIGPQ6; model of the double fed induction generator model including 
provision for rotor control using desired P and Q set-points 
CGECN5; active rotor control model (representation of rotor converter circuit) 
TGPTCH1; pitch angle control model 
TWIND1; wind model allowing wind gusts and ramps to be applied 
TSHAFT2; 2-mass shaft model to represent the effects of the rotor/hub 
connected via a ‘flexible’ shaft to the generator 
GEAER01; aerodynamic model which calculates the aerodynamic torque 
applied to the rotor taking account wind speed, tip speed ratio Lambda, 
performance coefficient Cp etc. 
READCP; model to read the turbine Cp matrix 
FRQTRP; under/over frequency generator tripping relay 
VTGTRP; under/over voltage generator tripping relay” [11] 
 
As can be seen above, the model includes a submodel that represents the rotor 
converter circuit. The grid-side converter is however not modelled. In, [12], 
simulations when only the grid-side converter is operational are performed. This 
would improve the stability for the power grid in case of faults. Whether such 
operation is available for GE’s or REpower’s wind turbines is another question. 
With a tripped rotor converter, the rotor will be short-circuited via a resistance 
to limit the current through the rotor. The generator will now function as an 
ordinary induction generator, consuming reactive power.  
 
The shaft is modelled as a two-massmodel. This is best illustrated in the picture 
below:    

 
Figure 5.1 Two-mass model of the rotor shaft 
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The rotor circuit attached to the rotor blades and the generator shaft is here 
modelled as two masses with their own inertia and angular speed. In between 
there is a flexible shaft and the angle between the two masses is described by γ. 
 
Reactive control is chosen according to the specified control strategy. The user 
have a choice of either controlling the voltage in any specified bus or run it with 
a fixed power factor. This is done in the CGECNN5 model that feed the 
generator with desired P and Q setpoints. The rotor circuit then adjusts the 
currents in order to reach the desired output for P and Q. Additionally P can be 
controlled mechanically by the pitch system. 
 
Finally, the relay models are found in the FRQTRP and VTGTRP submodels. 
The wind turbine will instantly trip when the setting time and the breaker time 
has passed, resulting in disconnection of the wind farms from the power grid. 
When a wind turbine is tripped by the relay model there is no automatic 
reconnection.  

5.4.2 Dynamic model using PSS/E standard model CIMTR3 
Another choice for the model of the wind farm is to use PSS/E’s standard 
model. This is a third order model of a standard induction generator. The 
disadvantage of using this model is that there is a fundamental difference 
between an ordinary induction generator and a DFIG. In an induction generator 
the rotor circuit can not be accessed. It is short circuited which means that there 
is a fixed relationship between Pelec and Qelec that depends on slip. The generator 
will as long as it is connected to the power system consume reactive power. 
That means that the decoupling of P and Q that exists for a DFIG does not exist 
for an ordinary induction generator. The reactive power demand is a big 
problem with the induction generator and the way it varies under a fault in the 
system. To illustrate this, a simulation is run where the response in reactive 
power of a one-machine equivalent of a wind farm is simulated during a three-
phased fault. The system can be seen in figure 5.2:  
 

 
Figure 5.2 Layout of the simple test system 
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The wind farm is connected to bus 9004 and a generator with infinite P and Q is 
connected to bus 2. A fault is applied at bus 1, ‘FELNOD’, from t = 1 to t = 1.1 
sec. The reactive power output from the wind farm is shown in figure 5.3. Note 
that the wind farm is assumed to be fully compensated so that the reactive 
power injected to the system is zero before the fault is applied.  
 

 
Figure 5.3 Reactive power output from the wind farm in MVAr 

 
The curve is explained this way. At time t = 1 a three-phase fault is applied at 
Felnod, see figure 5.2. The result is a voltage step on the terminals of the 
induction generator and a positive step in the reactive output. The same output 
for the reactive power can be found in [12], [13]. In [12], the following is 
written about the decay;  
 
“When fault A occur the active power drops and the generator supplies reactive 
power to the grid with a decaying characteristic given by the rotor circuit time 
constants”.  
 
During the fault, the rotor speed increases, giving a larger negative slip. This is 
because Pelec has decreased to almost zero whereas Pmech is assumed to be the 
same, see equation 5.1. In reality, pitching is used to decrease Pmech. The 
accelerating of the rotor continues until the fault is cleared. The faulty line is 
then tripped and the increase of the turbine’s rotor speed is stopped. However, 
the slip is higher then before the fault occurred which means that the wind 
turbine will consume an increased amount of reactive power. Consuming 
reactive power will lead to a decrease of voltage while the rest of the system 
tries to bring back the voltage to the steady state value of roughly 1 pu. If the 
system is not strong enough and the wind farm is large, the voltage will not re-
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establish and the result is a voltage collapse. A solution would then be to 
disconnect the wind farm, allowing the voltage to re-establish. However, larger 
wind farms cannot be allowed to do this as this means that large power 
production will be lost.           

5.4.3 Single-machine equivalent of an induction generator 
In order to decrease the calculation time for the dynamic simulations, a single-
machine equivalent may be used. Some information about this simplification 
can be found in [12] and [14]. In [12] it is concluded that a single-machine 
equivalent can be used given that two requirements are fulfilled. First, the wind 
farm must have the same type of wind turbines; inertia, rating etc. For the 
simulations in this report this restriction is not a problem. The wind turbines in 
Krieger’s Flak are likely to be of the same kind. The same thing can also be 
assumed for Lillgrund. Secondly, all the turbines need to be at the same 
operation point. This means that the same wind is affecting all the turbines. In 
[12], it is established that the worst case for dynamic stability is when the wind 
farms is producing at their rated values. Therefore in all simulations only 
maximum wind is considered for all the wind turbines which are the worst case 
scenario for the simulations. 
 
For a one machine equivalent, the wind farm is modelled as one single machine. 
The internal grid between the wind turbines is omitted in the model. In, [14], it 
is concluded that this will lead to a slightly higher power output from the wind 
farm. This is because the resistance in the cables are neglected. Furthermore, the 
reactance of the 33 kV cables can be dismissed without causing any large 
differences because of the fact that the reactances of the cables are much lower 
then the ones for the transformers. 

5.5 Dynamic model of Baltic Cable 
The general HVDC concept is quite well explained in ordinary textbooks [5]. 
The subject is only discussed briefly in this report. First of all, a dynamic model 
is vital for a realistic result for the dynamic simulations. Both a load flow model 
and a dynamic model must be present for all the equipment that is to be 
included in the simulations. In steady-state, only one model exists. It is a simple 
model and it is well described in the PSS/E manual [6]. 
 
However, the model from SvK does not include Baltic Cable, neither in steady-
state, nor dynamically. It is here modelled as a constant load which can give 
misleading results in the dynamic simulations. The HVDC connection has it 
own dynamic characteristics and it is therefore vital to include a dynamic model 
for the simulations. One example is the commutation failure of the thyristors in 
the converter station. During a three-phased fault, the voltage will fall rapidly. 
This may lead to commutating failure in the converterstations caused by a too 
small switching margin. There would then be a risk that two switches are open 
at the same time. In order to prevent this from happen, the cable will shut down, 
and the transfer of active power will instantly go down to zero.  
 
There are a number of dynamic models for DC-links in PSS/E. Almost all 
models consider the cable to be in the two basic steady-state modes of control. 
One is when there is a normal voltageprofile in the system. The cable is now 
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controlled, using the rectifier ignation angle, α, which is the angle between the 
zero crossing of the voltage over the thyristor and the firing pulse to the 
thyristor. By decreasing this angle a larger current will flow which will lead to 
higher active power transfer. However, the angle can not be decreased too much 
because this could lead to commutating error. The other mode of operation is 
when there is a low voltage on the rectifier side of the link caused for example 
by a nearby fault. The rectifier will now not be able to control the current 
anymore. Therefore the inverter takes over the control of the DC-current. The 
current is controlled to a value, 10 to 15 percent lower then the current order for 
the normal operation. This is called the current margin. The transition between 
these two periods is called mode shift. The state in between these two steady 
state modes only last for a short period of time. A simple version of the DC-link 
would therefore be to model it as two steady state models, assuming that the 
link is always in one of the two modes. For steady state operation this can be a 
justified simplification. But in dynamic simulations, this is not recommended.  
 
Most of the models in PSS/E use the modelling technique described above for 
the DC-link. But the model, CDCAB1 in PSS/E, also simulates the periods in 
between. It is a model developed by the Technical University of Denmark in 
cooperation with NESA A/S and ABB Power Systems under the sponsorship of 
the Academy of Technical Sciences of Denmark [15]. A more detailed 
description of the model can be found in this report or in PSS/E manual. It is a 
user model written in FORTRAN that uses its own time step that is smaller then 
the one normally used by PSS/E. The model is made for the Kontek-cable. It is 
a DC-link constructed by ABB and it transmits power between Denmark and 
Germany. It has the same capacity of the Baltic Cable and both are constructed 
by ABB at roughly the same time period. An assumption can therefore be made 
that the used technology is similar and it is realistic to use this model also for 
Baltic Cable. A brief comparison between the technical specifications shows 
that for example the VDCOL, which is responsible to limit the DC voltage 
during faults, is identical. A full comparison is however not done. To adapt the 
cable to Baltic Cable a few small changes have been done. The most important 
is to disable the frequency regulation of the cable. The cable has an option to be 
run in a way to give stabilisation of the system frequency. This is however not 
used today due to economical reasons. The emergency power control, EPC, is 
also switched off due to the fact that there is a big difference between both 
settings and how the model work between Kontek and Baltic. Furthermore, 
reading, [15], the report clarifies that the EPC is not accurate to the real link. 
The EPC is triggered when either the voltage in the AC system or the frequency 
deviates from their normal values. If this happens, the active power transferred 
over the cable will be adjusted to help the voltage or frequency to return to their 
normal values. 
 
The model also simulates commutating failure. The converter will then block, 
leading to a zero transfer of active power. The model will automatically do this 
and print a message that this has happened and the cause for it. The reason can 
be that either the margins of the firing pulses for the thyristors is to low or to 
low AC voltage. After some time, the model automatically tries to reconnect the 
DC-cable to the system. This will also happen for Baltic Cable after roughly 
five periods; NB 100 ms. The value for the Kontek cable is lower then this, so 
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this parameter is adjusted to the correct value. Apart from the above changes the 
model is used as it is.  
 
Between the converter station and the AC grid there are transformers to keep a 
steady AC voltage at the terminals to the converter station. These are three one-
phased three winding transformers. Together they form a three-winding 
transformer with a Y/Y/Δ connection. The reason for the delta connection is that 
a 30° phase shift is introduced which removes some of the harmonics in the 
system. Both Baltic and Kontek are connected like this.  
 
Finally the model is added to SvK’s dynamic file. The DC-cable is connected to 
the bus at Kruseberg. The shunt that should compensate for the reactive demand 
is also added. Ideally the 165 MVAr shunt at Kruseberg should be modelled 
dynamically as it will be switched during different operation conditions of the 
DC-cable. The shunts will be switched off when there is to high voltage. The 
major concern in this study is too low voltage. Therefore, this simplification 
does not interfere with the correctness of the simulation results. 
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6 Results from the dynamic simulations  
In this chapter the results from the dynamic simulations are summarized. This 
includes the result from the simulation using the CIMTR3 model and the model 
provided by General Electric for their 3.6 MW wind turbine equipped with a 
double fed induction generator. 

6.1 Results when using PSS/E’s standard model, CIMTR3 
The same load flow model of the wind farms that was used in the static study is 
also used for the dynamic study. The only difference is the adding of the 
transformers which in each wind turbine steps up the voltage from 3.3 kV to 33 
kV. The transformers are modelled as one large transformer and the values 
copied from GE’s model. The generators are represented as three one machine 
equivalents, two for the part of Krieger’s Flak which is connected to Trelleborg 
and Arrie and one for Lillgrund. Each equivalent is dynamically modelled by 
one CIMTR3 model. The parameters for the CIMTR3-model are given in per 
unit so the generating capacities of the one-machine equivalents are easily 
controlled by changing the power base. The values for the parameters of the 
CIMTR3 model are chosen so that the equivalents represent wind farms 
consisting of large turbines, the size of 3 to 5 MW. The values can be found in 
table 6.1. 
 
Table 6.1 Parameters for the CIMTR3 model 

Parameters for CIMTR3  [pu]   
R_s 0,004 Stator resistance 
L_s 0,17 Stator reactance 
Lm 2,66 Magnetising reactance 
R_r 0,0047 Rotor resistance 
L_r 0,1 Rotor reactance 
H 5,157 Inertia (turbine rotor + generator) 
Number of poles 4   

 
The wind farms are now assumed to produce their rated values; 300 MW, 340 
MW and 150 MW. The reason is that this is the worst case scenario in terms of 
stability. After the wind farms are added, Baltic Cable is modelled with the 
Kontek-model described in chapter 5.4.2. Four simulation files are made. The 
first two are considered to be winter. In one file Baltic Cable is exporting 600 
MW whereas in the other, the cable is importing 600 MW. The reason for this is 
that the HVDC connection may block due to commutation failure caused by a 
fault in the system. The result is a loss or a surplus of 600 MW of active power 
in the system, depending on if the cable is importing or exporting. To simulate 
summer condition, the active load is scaled down to 50 percent and the reactive 
to 75 percent. It is important to point out that Barsebäck is shut down. For the 
summer, some nuclear reactors and CHP plants are also shut down. To 
summarize the above, four simulations are done according: 
 
1 Summer (50 % of maximum load) with 600 MW import 
2 Summer (50 % of maximum load) with 600 MW export 
3 Winter (maximum load) with 600 MW import 
4 Winter (maximum load) with 600 MW export 
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The model from SvK does not include any relay models. Therefore lines have to 
be removed manually with a switching command. In Sydkraft’s 135 kV power 
system three disconnection times exists. First there is the momentarily 
disconnection of the lines. Only the breaker time is now considered as the relay 
protection will detect the fault instantly. The relay system in Sydkraft’s power 
system can only detect fault instantly if it happens somewhere within 80 percent 
of the total length of the line. That means that a fault close to one end of the line 
will not be detected by the relay protection at the other end. If such a fault 
happens, the fault is not momentarily disconnected but a disconnection time of 
0.5 seconds must be used. Finally there is a situation that there is a fault in the 
protection system. In that case a disconnection of 1.2 seconds must be 
considered. For faults at the 400 kV to 135 kV transformers a disconnection 
time of 0.1 second is used. The same time is used for a fault in the switchgear 
stations. 
 
The simulations focus on the worst case scenario. Therefore only three-phase 
ground faults are simulated. In PSS/E this fault is simulated by including an 
almost infinite admittance in both ends of the line. This will make the voltage 
drop to zero. The reactance is removed when the fault is cleared. In the 
simulations the line is then tripped and no reclosing is considered. The wind 
farm is assumed to be producing maximum power. According to [12], this 
should give us the worst case scenario. In this report, it is pointed out that if 
there is a good model of the protection system, the situation with maximum 
production is not always the worst case. That is if disconnection of the wind 
turbines can be allowed without causing problems for the power system. The 
reason for this is the following: When the wind turbines are generating rated 
amount of active power, the values that are measured by the protection system 
are close to their tripvalues. A fault will then lead to a quick disconnection of 
one or many wind turbines by the protection system. This may have a positive 
effect for the stability of the system, at least for voltage stability. The reason is 
that reactive consumption from the wind turbine is stopped.  
 
The first fault that is simulated is a three-phase fault on the line between 
Trelleborg and Sege, look at figure 6.1. The fault happens at t = 1 and is cleared 
at t = 1.1 seconds. Communication is installed on the line. Therefore, 
disconnection time can be set to 0.1 seconds. That is of course only valid when 
everything works as it should. During the fault, the rotor of the induction 
generator starts to accelerate. This can lead to a voltage collapse as was 
mentioned in section 5.4.2. The voltage on the terminals of the wind farm 
connected to Trelleborg is shown in the graph below for the four different 
simulations. 
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Figure 6.1 Voltage levels in per unit at the terminals of  

the one-machine equivalent connected to Trelleborg 
 
Looking at the output from the simulation it can be concluded that the worst 
case is when there is summer and low load in the system combined with 
maximum import on Baltic Cable. The reason is that during summer, the wind 
farm has a bigger share of the production. Furthermore, in case of a three-phase 
fault this close to Baltic Cable, the DC-link will disconnect due to commutation 
failure. The result is a loss of 600 MW which have serous negative impact on 
the overall instability of the system. The conclusion from the result in figure 6.1 
is that voltage recovery is not possible for the worst case. Therefore, the wind 
farm has to be disconnected in order for the voltage to re-establish. Another 
alternative would be to install a SVC in the POI. The rotorspeed of the one-
machine equivalent connected to Trelleborg is found in figure 6.2: 
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Figure 6.2 Rotorspeed for the one-machine  

equivalent connected to Trelleborg in pu  
 
The graph clearly shows that in one case the simulation is unstable because the 
rotorspeed moves towards an infinite value. This is summer when there is 
maximum import on Baltic Cable and agrees with the output of the voltages in 
figure 6.1. The reason for the uncontrolled acceleration of the rotor is that the 
voltage is not returning to the nominal value. The low voltage leads to a 
decrease in generated active power, Pelec or Telec. According to equation 5.1 
where Pmech or Tmech is constant (the wind is still blowing), the difference 
between the two values will lead to an acceleration of the rotor. This is the 
acceleration seen in figure 6.2. In the three simulations without voltage collapse, 
the voltage is instead brought back to the nominal value and the acceleration is 
therefore stopped.     
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An interesting question is how far away a three-phase fault can be applied 
without causing a voltage collapse in the system. In order to do this, the worst 
case disconnection time is used, that is the fault is cleared after 1.2 seconds. The 
fault occurs at t = 1 on the line close to Mönsterås. The switchgear station in 
Mönsterås is located to the northeast of Sydkraft’s powersystem and the wind 
farm to the southwest. The distance is therefore considerable. The result is 
shown below in figure 6.3.  
 
 
 

 
Figure 6.3 Voltage levels in Trelleborg when a 

fault occur far away from the wind farms 
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For the worst case scenario, that is summer load and import on Baltic cable, 
there is a voltage collapse in the system. In order to verify this, the rotor speed 
of the 340 MW, one-machine equivalent, connected to Trelleborg is shown in 
figure 6.4. 
 
 

 
Figure 6.4 Rotor speed in pu for the one machine  

equivalent connected to Trelleborg 
 

 43



To verify the difference between low load and high load, the model of Baltic 
Cable is disconnected. A 0.1 seconds three-phase fault is applied at the line 
between Trelleborg and Sege. The voltage at the station in Bunkeflo is shown in 
figure 6.5: 
 
 
 
 

 
Figure 6.5 Voltage at Bunkeflo in pu 

 
As can be seen above the simulation shows a voltage collapse in the wind farm 
at Lillgrund for both simulations. This shows the positive effect on the stability 
that there is with Baltic Cable. Further on, the voltage collapse will occur earlier 
in the system when there is a low load in the system. The effect is that the wind 
farm is more dominant in the system and the voltage collapse will therefore be 
reached quicker. 
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Finally a comparison is made between no wind power and wind power in the 
system. The fault is again applied on the cable between Trelleborg and Sege. 
The fault lasts for 0.1 seconds between t = 1 to t = 1.1 seconds. The voltage in 
Trelleborg is shown in figure 6.6: 
 
 

 
Figure 6.6 Voltages in pu at Trelleborg 

 
 
Figure 6.6 clearly shows the effect of the wind farms. During the fault the 
voltage is kept at a higher level thanks to the reactive power injection from the 
wind farms. However, when the fault is cleared the system without wind farms 
quickly go back to the stable condition of roughly 1 pu whereas the one with the 
wind farms does not reach its steady-state value. 
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6.2 Disconnection of Krieger’s Flak and Lillgrund 
Another interesting simulation is one where both Krieger’s Flak and Lillgrund is 
disconnected from the system. The response is shown below: 
 

 
Figure 6.7 Frequency deviation in pu measured at  

the station Hemsjö in the 400 kV system 
 

 
Figure 6.8 Voltage in pu at the switchgear station at Trelleborg 
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It can be concluded from figure 6.7 and 6.8 that the disconnection of both 
Krieger’s Flak and Lillgrund only leads to small changes in both voltage and 
frequency. Theoretically, a loss of active power should result in a dip in 
frequency. This is also the case in the graph. Note that there are two dips in 
frequency. The large one is due to the regulating effect of the hydroplants up in 
the north. The small one must be caused by other regulating factors in the 
system. The frequency will only go down with 0.15 Hz and the voltage will 
experience a dip of, at the most, 0.05 pu. The conclusion is that the system can 
handle this sort of fault and it can therefore perhaps be argued that a quick 
disconnection of the wind farm can be allowed. There may of course be other 
reasons for keeping the wind farm connected to the system. One reason is for 
example long term voltage stability. 

6.3 Result when using GE’s model in a small test system 
To verify the model the simple testsystem in figure 5.2 is used. A wind farm the 
size of 300 MW is modelled as a one-machine equivalent and connected to bus 
4, “COLL_ARR”.  A three-phase fault is applied at Felnod. The fault occurs at t 
= 1 and it is cleared at t = 1.1. After this, both lines going to Felnod are 
disconnected. Figure 6.9 shows the active power output from the wind turbine. 
Note that the wind speed is assumed to be kept at a value which gives the rated 
active power from the wind turbines. 
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Figure 6.9 Active power measured at the high voltage  

side of the 3.3 to 33 kV step-up transformer 
 
During the fault, the voltage over the terminals of the generator drops to a level 
close to zero. The result is that the generation of active power also decreases to 
almost zero. In fact, the active power has during the time of the short circuit a 
negative value. When the fault is cleared, the active power quickly goes back to 
the same level as before the fault was applied. The steady-state value, where 
mechanical input and electrical output is equal, is not reached instantly. Instead 
oscillations can be seen in the graph. This can be explained by showing a graph 
of the voltage at the terminals of the one-machine equivalent, see figure 6.10: 
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Figure 6.10 Voltage at the terminals of the one machine equivalent in pu 

 
The voltage drops to 0.25 pu due to the applied three-phase fault. When the 
fault is cleared, the voltage recovers quickly, but an oscillation can be seen in 
the graph. This is the reason for the oscillations in the active power output from 
the wind farm. There is also an overshoot somewhere in the range of 0.20 pu. 
The overshoot can be found in all simulations and can be traced to the reactive 
power output from the turbine, figure 6.11: 
 

 
Figure 6.11 Generated reactive power from the wind farm 

   
The reactive power increases with a step when the fault occurs. This behaviour 
resembles the ordinary induction generator. However, when the fault is cleared, 
the reactive power tries to bring the voltage back to the steady state value of 
roughly 1 pu. This is done with large oscillations in the reactive power which 
causes the oscillations in the voltage after the fault. Examining the graph 
closely, the reactive power reaches its two limits of roughly 170 MVAr and 
minus 130 MVAr.  
 
Finally, in figure 6.12, the voltage over the rotor of the generator is shown. The 
two voltages can be calculated by applying Park’s transformation to the three-
phase voltage at the rotor side of the generator. Park’s transformation is not 
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covered in this report. The interested reader can find more information about 
this in for example [5]. The interesting information is that the two voltages go to 
zero, 0.03 seconds after the fault is applied. In other words, the rotor circuit is 
now short-circuited via a resistor, the converter is blocked and all control over P 
and Q are therefore lost. However, instantly when the fault is removed, the 
voltages recover and control of P and Q from the turbine is once again possible. 
The turbine will now try to recover the voltage back to the nominal value. This 
behaviour was seen in figure 6.10 and 6.11. 
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Figure 6.12 Voltage at the rotorterminals of the generator 

 

6.4 Simulation results using GE’s model in SvK’s equivalent   
General Electric’s model is now added to SvK’s system. The wind turbines is 
rated 3.6 MW and not 5 MW as the proposed one from REpower. Therefore, 
more wind turbines are used to generate the same amount of active power from 
the wind farm. The numbers used are 42, 83 and 94, giving roughly the desired 
output of 150, 300 and 340 MW. There should be no big differences in the 
results by doing this as the three parts are modelled as three one-machine 
equivalents. The worst case scenario for stability is, see section 6.2, when there 
is summer with low load and import on Baltic Cable. Therefore the simulations 
are only performed according to these assumptions. The wind farms are 
supposed to generate at its rated values. This will give us the worst case 
scenario. 
 
In the first simulation, a three-phase fault is applied to the line between 
Trelleborg and Sege. Two fault clearing times are considered; 0.1 seconds and 
0.5 seconds. In figure 6.13, the voltage in Trelleborg can be seen. Note that the 
relayprotection of the wind turbines have been disconnected. The reason is that 
the wind turbine will trip for frequency deviation. The frequency will go up 
quickly after the fault is applied and the turbines protection system will trip the 
whole wind farm. The frequency will reach 57 to 58  Hz at the terminals of the 
one-machine equivalent. However, after the fault is cleared, the frequency will 
quickly re-establish to the nominal value of 50 Hz. Furthermore, there is a 
serious doubt whether this rapid change in frequency in the system is 
reasonable. With the protection scheme disconnected, the voltage re-
establishing process can be followed.     
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Figure 6.13 Voltage in pu at Trelleborg for a threephase-fault 

on the line between Trelleborg and Sege 
 
This must be compared with the voltage profile without Krieger’s Flak and 
Lillgrund which can be seen in figure 6.14. 
 

 
Figure 6.14 Voltage in pu at Trelleborg without wind farm and a 
three-phase fault applied at the line between Trelleborg and Sege 
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The difference is the ripple during the fault that is caused by the dynamics of the 
wind turbines during a fault. The ripple will also be seen when the voltage is 
brought back to the nominal value. The reason is the voltage control that could 
be seen in section 6.3. However, one important conclusion is that the voltage 
will be brought back to the nominal value. This is an important difference from 
the result with the CIMTR3 model and clearly shows the benefit of the DFIG 
compared with an ordinary induction generator. The worst case for voltage 
instability should be a threephase-fault close to the wind farm. Therefore the 
conclusion can be drawn that the problem with voltage stability is solved using 
a turbine equipped with a DFIG. Hence, there seem to be no need for installing 
a SVC to help the voltage to re-establish. That is, assuming that the model from 
GE is correct. Furthermore, the proposed wind turbine is the 5 MW from 
REpower. It is also a DFIG but may differ in the characteristic from GE’s 3.6 
MW. 
 
The automatic scan of the rotor angels of the synchronous machines of the 
system is turned on. No message is shown about a generator falling out of step. 
Therefore it can be concluded that rotor angle stability is not anything to be 
concerned about. Due to lack of time no figures of the rotor angels is here 
presented. Note that with the shut down of Barsebäck there is no synchronous 
generator close to the wind farm. This could be a reason for the low impact.  
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7 Conclusions and future work  
In this chapter the conclusions together with the most important results are 
summarized. 

7.1 Conclusions 
7.1.1 Static study 
The connection of the wind farm in Krieger’s Flak is probably going to be AC 
due to the relatively high cost of a DC alternative. The reason is the cost of a 
DC alternative. The AC-cables are going to produce large amounts of reactive 
power. Therefore fixed reactors must be installed at POI to absorb the access of 
reactive power. 
 
The result from the static part shows no problem with the voltage levels in the 
system when connecting both Krieger’s Flak and Lillgrund. The reason for this 
are the automatic shunts and reactors at the 400 kV level together with the 
135/400 kV transformers in Sege and Arrie.  
 
The study of the losses in Sydkraft’s power system in the winter shows that 
losses do not increase when connecting Lillgrund and Krieger’s Flak. They 
might even decrease under some operation conditions. However, during summer 
there is an increase of losses in the order of 5 MW. More accurate values can be 
calculated, however in order to do this, more detailed information about the 
wind conditions and loads in the system is needed. But the increase is so small 
that this is not likely to be a major concern. 
 
With PSS/E, short circuit currents can be calculated. This has been left out of 
this report. The reason is that it is generally accepted that induction generators 
only contribute to short circuit current during the first or perhaps even to the 
second cycle.   
 
For the study of the power flow on the lines no (N-1) studies are done. The 
reason is that during such events higher loads are allowed on the power lines. 
The study shows that there is a serious danger that some powerlines will be 
overloaded during summer when both wind farms are connected. The most 
stressed lines are the two 135 kV lines from Trelleborg to Sege. In one case the 
line between Bosarp and Hyltarp is loaded at 167 percent of the rating. Note that 
in the load flow study, full production is assumed at the wind farms. This means 
wind speeds of roughly 14 m/s. At the same time, a wind speed of practically 
zero is assumed at the power lines when calculating the ratings. This is not very 
realistic. However, a value of above 160 percent is clearly unacceptable and 
there are four solutions to this problem:   
 
1 Upgrade the power lines so that the capacity is increased 
2 Impose a restriction on the generated power when there is low load in the        
 system 
3 Install a serial capacitor on the 400 kV line between Arrie and Sege. 
4 Install a SVC to change the voltage profile and hereby the flow on the lines 
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Upgrading the power lines to increase the capacity would be the most 
favourable solution if it can be done without costs running too high. The second 
alternative is also a good choice as this is easy to realize. The disadvantage is 
that energy will be lost. The loss must be compared with the cost for upgrading 
the capacity of the overloaded 135 kV power lines. Alternatives three and four 
are more technically advanced and would need to be look into further before 
any of the two solutions are chosen. 

7.1.2 Dynamic study 
From the dynamic part one conclusion is that Baltic Cable needs to be modelled 
adequately. The model of the Kontek Cable has been compared with data for the 
Baltic Cable. The similarities are so large that, with small changes, the same 
model can also be used for Baltic Cable. Dynamic behaviour like commutation 
failure and a decrease in active power caused by a dip in the voltage will then be 
captured.     
 
For the dynamic simulations it is assumed that the wind turbines are going to be 
equipped with so-called double fed induction generators. For the wind farms 
two models are used: CIMTR3 which is PSS/Es standard model for an induction 
generator and General Electrics model for its 3.6 MW wind turbine equipped 
with a DFIG.  
 
Simulation with the standard model shows that the system will have a problem 
with voltage collapse. Therefore, if wind turbines with ordinary induction 
generators are used, some kind of SVC must be installed in the POI to help the 
voltage to re-establish. 
 
Simulation work with the GE model shows that the rotorside-converter will 
block shortly after a fault is applied in the system. The rotor circuit will then be 
short circuited by a resistor. But when the fault is removed the converter 
instantaneously unblocks and the large reactive capacity will quickly bring the 
voltage back to the nominal value. In this way, short-term voltage instability is 
avoided. The limit for generating reactive power is in the model set to roughly 
plus 170 MVAr and minus 130 MVAr. The voltage control is however not 
perfect as large oscillations will occur with an overshoot of 0.20 pu and a setting 
time of a couple of seconds. 
 
To summarize the simulations with the GE model it can be concluded that 
neither short-term voltage instability nor angle (transient) stability problems 
occur due to the wind farm. The reason is that the wind farms quickly restore 
the voltage back to the nominal value. No disconnection due to under- or 
overvoltage is expected. But other protection systems, not included in the 
model, may very well trip the unit. However the impact is considered to be 
small and a connection to the 135 kV power grid without an SVC can therefore 
be justified by examining the results from PSS/E. The results reported in this 
thesis have been obtained under the assumptions that GE’s DFIG model is valid. 
Due to the limitations of access to the model structure it can be advised to cross-
validate the model to assess its accuracy. This can be suggested for future work.   
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7.2 Future work 
Other models in PSS/E of a double fed induction generator are now being 
developed by other manufacturers. An interesting idea would be to compare the 
models as soon as they are available. Apparently General Electric is still making 
adjustments to the dynamic model for the 3.6 MW wind turbine. The study 
could easily be performed again when a new version of the model is released.  
 
A full comparison between Baltic Cable and Kontek has not been done. It 
would therefore be useful to do a comparison between simulation outputs from 
the model and real measurements from Baltic Cable. This could justify the use 
of the model for the Kontek cable.    
 
To complete the stability study, the long term voltage stability needs to be 
checked. This can be done by using several methods. Long term voltage 
stability has a slow mechanism and is therefore best analysed with static studies. 
For this study the whole system would need to be modelled accurately and 
likely operation conditions would need to be specified 
 
The study in this master thesis has been performed with the help of PSS/E. A 
similar study could be done with different software, for example Simpow, 
developed by ABB. Apparently there is a way to transform dynamic data from 
PSSE/E to a format that can be read by Simpow. It would then be interesting to 
compare the results.  There is also a possibility that models of DFIGs exists in 
Simpow. It is however doubtful whether the user written models included in 
SvK’s dynamic file, written in FORTRAN, can be transformed this way. It 
would then be interesting to compare the result from the two software systems.         
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Used symbols and abbreviations 
 
CHP =  Combined heat and power plant 
DFIG =  Double fed induction generator 
f =  frequency [Hz] 
GE =  General Electric 
I =  Current in one of the phases [A] 
HVDC =  High-Voltage Direct-Current 
pf =  power factor  
Pelec = Generated active power 
Pmech = mechanical power produced by the rotorblades caused by 

the wind 
P =  active power [MW] 
POI =  point of interconnection, the place where the cables form 

the wind farm is connected to the power system 
PSS/E =  Power System Simulator for Engineers  
pu =  per unit 
SvK  =  Svenska Kraftnät 
Q =  reactive power [MVAr] 
S =  apparent power [MVA] 
SVC = Static Var Compensator 
t =  time in seconds 
U; Uph-ph  =  phase to phase voltages in RMS values or per unit 
° =  angle in degrees 
°C =  degrees in Celsius 
θ =  phaseangle of voltage in degrees 
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