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ABSTRACT 

 The thesis deals with an energy production from the wind turbines and their influence 

on a voltage stability in the synchronous grid of Continental Europe. At the beginning of the 

thesis, there is discussed an introduction into the wind energy and wind power plants with the 

focus on wind turbines generators. Furthermore, within the synchronous grid of Continental 

Europe, the overview of the installed wind power capacity and the scenarios for the wind energy 

growth in the future has been examined. Subsequently, the wind energy potential for both, 

onshore and offshore areas in Continental Europe Region Group is discussed next. Afterwards, 

the document is focused on a voltage stability and also covers the possibilities of voltage 

control. The next part deals with the weather forecasting and its impact on the electrical energy 

production. In the last part of the thesis, the simulation of the power output from the planned 

wind farm is made and its influence on the voltage stability in a particular part of a power 

system is investigated. 

KEY WORDS 

installed wind power capacity, wind energy potential, voltage stability, compensation devices, 

synchronous grid of Continental Europe 

 

 

ABSTRAKT 

Diplomová práce pojednává o výrobě elektrické energie větrnými elektrárnami a jejím 

vlivu na napěťovou stabilitu v synchronně propojené elektrizační soustavě kontinentální 

Evropy. Úvod práce je obecně zaměřen na problematiku větrné energetiky se zaměřením na 

nejčastěji používané generátory pro větrné turbíny. V další části práce je proveden rozbor 

instalované kapacity větrných elektráren v zemích synchronně propojené elektrizační soustavy 

kontinentální Evropy a jsou představeny scénáře růstu větrné energetiky do budoucna. V rámci 

těchto zemí je také zařazen přehled potenciálu větrné energie na pevnině a na moři. Dále je 

práce zaměřená na napěťovou stabilitu, kde je pojednáno o kompenzačních prostředcích a 

možnostech regulace napětí. Závěr teoretické části je věnován možnostem předpovědi počasí a 

dopadu změn počasí na výrobu elektrické energie. V praktické části diplomové práce byla 

provedena simulace plánované větrné farmy a sledování jejího vlivu na napěťovou stabilitu 

v konkrétní části přenosové soustavy. 

KLÍČOVÁ SLOVA  

instalovaná kapacita větrných elektráren, potenciál větrné energie, napěťová stabilita, 

kompenzační prostředky, synchronně propojená elektrizační soustava kontinentální Evropy 
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1 INTRODUCTION 

The wind energy is becoming to be a very important renewable energy resource and 

simultaneously, it is the fastest developing renewable energy resource, not only across Europe 

but even worldwide. In the European Union, there is put a great pressure to promotion of wind 

energy resources due to their climate and energy targets. However, issues of integration of wind 

power plants into a power system, reliability of a power system and development of new power 

lines are not considered adequately with an increasing penetration of wind resources.  

For instance, Germany is the largest wind energy market in the EU and there is a dense 

penetration of wind power plants. Nevertheless, there is a need for the power system 

development, because the power flows thought the neighbour countries, such as the Czech 

Republic and Poland, to the South where a power demand is large. Furthermore, the Czech 

Transmission System Operator is also engaged into this issues, which recently published study 

entitled as ‘Critical Situation in the Transmission Systems of the Czech Republic as a Result of 

Enormous Production in Wind Parks in Germany at the Turn of 2014/2015’. 

For this reason, in the thesis, there will be create a list of the installed wind power capacity 

in the synchronous grid of Continental Europe. And furthermore, there will be approached the 

scenarios for wind energy growths for the years 2020 and 2030. In addition, an overview of a 

wind energy potential for onshore and offshore areas will also be created, in order to expect a 

wind energy growth in the Continental Europe Region Group. In the last theoretical part, an 

influence of the weather on the electrical energy production from wind farms and a prediction 

of the energy production will be also discussed. 

Aforementioned problems are associated with the power balance issues. Nevertheless, this 

thesis is related to a voltage stability problem that is a local parameter, connected to a reactive 

power balance, and thus, it has to be controlled locally. For this reason, the aim of this thesis is 

to focus on a large wind farm and simulate a power generation according to the weather or 

rather a wind speed variation. Hence the last part of this thesis deals with a particular wind farm 

that is planned to implement to the Czech 400 kV transmission system. Further, it takes over to 

investigate the influence of the wind farm on the voltage stability in this part of the power 

system. At the end, a summarization of applied measures for the voltage stability enhancement 

will be done.  
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2 INTRODUCTION TO WIND POWER GENERATION 

Wind energy and windmills were used by man for at least 3000 years. Initially, the wind 

was used for the purpose of mechanical power such as pumping water, grinding grain and 

sailing ships where the harnessing of wind has been for even longer. The use of wind turbines 

dates back to the late nineteenth century when the first DC windmill generator was invented. 

Nevertheless, there was not a rapid development of the wind energy until humanity began to 

have an interest in renewable resources. [1] 

Nowadays, wind power plants (WPPs) are mostly used for electrical energy generation. 

Moreover, the support of WPPs development also fits the energy policy of the European Union 

(EU). In 2007, the European Council adopted ambitions energy and climate change objectives 

for 2020. The green paper is called A European Strategy for Sustainable, Competitive and 

Secure Energy. This document contains the following key targets that have to be fulfilled up to 

2020: [2] 

 increase the share of renewable energy to 20%, 

 reduce greenhouse gas emission by 20% compared with 1990 levels1, 

 ensure an improvement 20% in energy efficiency. 

The targets mentioned above mentioned up to 2020, the European Council also created 

long-term greenhouse gas emission targets that involve more ambitious goals. Another targets 

to be achieved in 2030 include cutting down emissions by 40% and energy production from 

renewable resources at least 30%. A further objective for 2050 deals with reduction of 

emissions by 80 - 95%. 

In the EU targets mentioned above, an increase in integration of distributed renewable 

energy resources is expected in the following years, which also involves WPPs installations. 

One of the most important aspects related to integration of renewable resources into the 

electricity network is a construction of dense and modern grid infrastructure. Apart from the 

integration of renewable resources, the development of electricity infrastructure also ensures a 

well-functioning of the inner energy market in the EU. In the recent years, the largest scale of 

wind farms have been built in the North and Baltic Sea areas. However, the generated power in 

these areas causes problems with electric energy control in much larger power grid areas that 

interfere even to neighbouring power systems. It is caused by insufficient power grids 

infrastructure in the EU and therefore a further progress of WPPs installations in these areas 

might be soon limited. For these reason, studies of the influence on transmission and 

distribution networks should be executed, simultaneously with an increasing share of renewable 

energy resources in the electricity grid system. [2] 

                                                 
1 The European Council concluded: "that as part of a global and comprehensive agreement for the period beyond 

2012, the EU reiterates its conditional offer to move to a 30% reduction by 2020 compared to 1990 levels, provided 

that other developed countries commit themselves to comparable emission reductions and that developing 

countries contribute adequately according to their responsibilities and respective capabilities." 
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 The suitability of locations for WPPs installations are determined by the local wind 

characteristics. The characteristics are significant to all aspects of the wind energy exploitation. 

From the economic viability of wind farm projects, through a design of wind turbines 

themselves, and understanding their effect on electricity networks that will be covered in this 

thesis. For these reasons, apart from understanding of wind characteristics, it is also important 

to be familiar with the wind formation and forecast. [1] 

2.1 Wind formation 

 Wind is created by differences in the atmospheric pressure. Basically, the heat from the 

sun causes differential temperatures on the surface of the planet. Consequently, the warm air 

expands and rises up while cold air condenses and sinks down. The result of the process causes 

a large-scale motion of the air. In other words, the wind is caused by balancing of pressure 

differences in the atmosphere. Moreover, this wind balancing is also highly affected by two 

natural phenomena. Firstly, it is the Coriolis Effect due to the earth's rotation. Secondly, it is 

the friction that is significant near the Earth's surface, where a surface is rough and therefore it 

causes directional changes and slowing down of the air flow. Follow brief descriptions of these 

three forces from the webpage [3]. [1] 

Pressure Gradient Force 

 The Pressure Gradient Force (PGF) arises due to differences in the pressure within the 

atmosphere. If other forces are not present, the PGF would cause the air flow directly from high 

pressure to low pressure as shown in Fig. 2-1. Furthermore, this phenomenon also significantly 

influences the wind speed magnitude. If the pressure rapidly changes with the distance, the 

wind speed increases. This phenomenon causes that locations with a large pressure differences 

are evaluated as suitable for WPPs, because high wind speed is an important parameter in the 

decision to implement projects. 

 
Figure 2-1: Pressure gradient across Europe [4] 

Coriolis Force 

 Another force that affects the wind is called Coriolis Force (CF). The CF is generated 

due to the Earth's rotation and it causes deflection of a moving object (e.g. air, planes, and birds) 

to the equator. The direction of motion is from the Northern Hemisphere to the right and to the 
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left from the Southern Hemisphere. The magnitude of the force is strongest near the poles and 

zero at the equator.  

Friction  

 Further force that involves the wind is a friction. As has been discussed, the friction is 

very important near to the Earth's surface, because the surface is not rough. The friction causes 

air spirals into the lows, where the air is converging inwards. In the contrary, the case of high 

pressure causes the air to spiral out and diverges from the highs. The difference in terrains has 

a great importance for the friction. For example, the calm surface of water is quite smooth, so 

the air flowing over is not so much affected as in forests and mountainous areas, which makes 

the air to slow and change direction significantly.  

2.1.1 Wind energy and wind power 

 Wind energy as other types of energy in the world comes from the Sun. Basically, it is 

the kinetic energy of an air in motion. The amount of the wind energy contained inside 

extremely depends on the wind speed, thus on the velocity, direction and variation. These 

parameters are very significantly affected by particular local elements of the landscape, (e.g. 

hills, valleys, water and other obstacles) which causes changes in the wind. This wind 

interaction with a ground roughness is known as a wind shear, which is basically a friction on 

a large scale. This shear has a different influence at various heights above the land because it is 

not a rigid body. Not surprisingly, lower levels are more affected than higher levels. In addition, 

the wind velocity also varies or rather increases with the height of the land. It provides the 

possibilities to use higher towers for wind turbines and thereby gain more energy, however a 

height of a tower is limited by constructional and budget possibilities. [5] 

 In order to understand how wind speed affects a wind power output, it is necessary to 

describe total wind energy. When we imagine an imaginary disk with the area A and an air mass 

dm flowing through the area, during a time dt the mass will move a distance v dt, and it creates 

a cylinder of volume A v dt. After that, the mass is defined as dm = A 𝜌 v dt where 𝜌 is a density 

of the air. A power contained in the moving mass is the kinetic energy 
221 mvKE   per unit 

time. [5] 

  322 212121 vAdtdmvdtmvdP  .  (2.1) 

Above derived Formula (1) describes a wind power which significantly affects following 

variables. 

Wind speed 

 The wind power is proportional to the third power of the wind speed. It is a main 

information, in which we are interested, when we are choosing an area where to install a wind 

turbine. A suitable area is usually located in areas, where a sufficient minimum of the average 

wind speed (about 5-6 m/s) for the turbine function is measured. Precise knowledge of the wind 

velocity in a current time is also very important due to its affects to the power output when the 
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wind speed increases. The stages of the wind turbine in dependence on the wind speed are 

discussed next. 

The Fig. 2-2 shows a typical sketch of a turbine’s power output with steady wind speed. 

At very low speeds, the wind does not have a sufficient torque that is capable to exert rotation 

of the turbine. However, as the wind speed increases, the wind turbine reaches the first stage. 

This stage is called a cut-in speed and it is a moment where the turbine first starts to rotate and 

generate the power. To fulfil this condition, there must be achieved a minimum speed that is 

usually between 3 and 4 meters per second. As the wind speed rises above the cut-in speed 

stage, the level of the power output rises rapidly with cubic speed. However, typically 

somewhere in the range of 12 to 17 meter per second, the power output reaches the electrical 

generator limit, which is done by adjusting the blade angles. It means that the power is kept at 

the constant level. This limit, at the generator output, is called the rated power output and at this 

point the wind speed in the curve reaches a rated power output. As the speed increases above 

the rated wind speed, forces on the turbine's structure continue to rise and at some point, the 

turbine's rotor have to be brought to the standstill because of the risk of damage. This stage is 

called a cut-out speed and it is usually about 25 meters per second. [6] 

 
Figure 2-2: Typical wind turbine power output with steady wind speed [6] 

Variability 

 Among further substantial aspects from the wind energy point of view belongs wind 

variability. The wind is highly variable, both geographically and temporally, and it has an 

importance due to the third powering of a wind speed.  

 On a large scale, the spatial variability describes the fact that there are many different 

climatic regions in the world, some windier than others. Within these large climatic regions, 

there is a huge scale of smaller variations, due to the physical geography. There are different 

types of vegetation, which also has an influence on the absorption and reflection of the solar 

radiation. Thereby, it influences a temperature of the surface, which is related to the pressure 

differences. 

 The local topography of a land also has a significant effect on the climate, in the sense 

that there is more wind on the top of hills and mountains than in sheltered valleys, for instance. 
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On time scales shorter than a year, seasonal variations are predicted in a much easier way 

compared to shorter time scales. The prediction of day variations ahead is often performed few 

days in advance. It is very important for integrating a generated energy into the electricity 

network, and optionally for estimating power reserves from other energy sources. This is 

typically quite predictable. Nevertheless, there are still variations on time scales of minutes to 

less than seconds which is known as turbulence and have an undesirable effect on a power 

quality. [1] 

Density 

The size of the air density is further various parameter that affects the power. That is 

caused by the heavier air transmitting more energy to the turbine, because the kinetic energy is 

proportional to its mass. At the normal atmospheric pressure and temperature 15°C, the air has 

weight some 1.225 kg per cubic meter, but the density slightly decreases with increasing 

humidity. The air also has a greater density when it is cold than when it is warm. It means that 

with higher altitude in mountains there is a lower pressure and the air is less dense. [7] 

Rotor area 

 In the Formula 1, the last various parameters with evident influence on the power is a 

rotor area. A rotor area determines how much energy is a wind turbine able to produce from 

wind. In other words, the rotor area is proportional to the square of a rotor diameter. It means, 

if a diameter is doubled, there will be an area which is four times larger (two squared) that also 

has four times more power. [7] 

Wind direction  

 The wind rose is a graphic tool used to show the information associated with the 

distribution of wind speeds, and the frequency of the varying wind directions in the particular 

location. The compass with the wind speeds can be divided into 12 sectors. Then each sector is 

made up from 30 degrees of the horizon, which corresponds to the standards accepted by the 

European wind Atlas2. In the other way, the compass may be performed from 8 or 16 sectors. 

In the Figure 2-3, three wedges for each radius are drawn. The first outermost wedge gives us 

an information how many per cent of the time wind blows from each 12 wind direction. By the 

second wedge is described the same information but multiplied by the average wind speed. It 

tells us how much each sector contributes to the average wind speed. The innermost red wedge 

is the same information, as the first one, but multiplied by the cube of the wind speed, and 

normalised to add up to 100 per cent. By using this last wedge can be determined the most 

powerful direction for a wind turbine. [7]  

                                                 
2 The European wind atlas is a data bank of European wind climate, handbook for regional wind resources 

assessment and local sitting of wind turbines and the basis for reliable estimates of the wind resources. 
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Figure 2-3: An example of a wind rose [7] 

Betz's law 

 The Betz's law does not correspond to the wind energy. However, it already describes a 

possible amount of energy, which can be gained by converting wind energy to the useful 

mechanical energy by using a turbine. Theoretically, two boundary cases of the air flow may 

occur. The first, if we try to extract all the energy from the wind, the air would have no speed 

and it could not leave the turbine. In that case, no energy would be extracted because the air 

would not be able to enter the air into the wind turbine. In the contrast, if the wind flows through 

the turbine without any deceleration, any wind energy could not be converted to the mechanical 

work. It is obvious that the wind energy is converted between these two extremes only up to 

some limit. The answer to this question is given by Betz’s law that the turbine is able to capture 

maximally 16/27 (i.e. 59.3%) of the kinetic energy from the wind. This represents the important 

coefficient cp which must be included in equation for maximum power calculation. [7] 

2.2 Construction of wind power plants 

 The wind power plants simply convert kinetic energy from the wind to the electric power 

and according to the construction, they can be divided into two types. It is the horizontal and 

vertical axis type. In this thesis, only the horizontal type will be discussed, because the vertical 

type is very rarely installed and usually produces only a small power just for residential use. In 

other words, vertical turbines are still waiting for the technical growth, and in the future it might 

be used for their power output independent on the wind direction. 

2.2.1 Horizontal turbine design 

 These wind turbines have the main rotor, shaft and electrical generator at the top of the 

tower and usually are constructed with three blades. Compared with vertical wind turbines these 

are more suitable for higher wind speeds, however they must be pointed into the wind direction. 

Nowadays, individual turbines have typical rated capacity in units of megawatts, blades are 

usually in length from 20 to 40 meters and tubular towers are in range of 60 to 90 meters tall. 

[8] 
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2.2.1.1 Structure of onshore and offshore wind power plant 

 Onshore and offshore WPPs installations have the most obvious difference in the 

placing, which makes offshore WPPs more expensive and complicated compared to onshore. 

Nevertheless, these offshore turbines are usually larger in all aspects and they are built in larger 

quantity as wind farms. In a sea area, there are also very corrosive environments because of 

salt, and therefore the steel parts must be treated against the corrosion which causes additional 

financial expenses compared to onshore installations. [10] 

 The composition of a modern wind turbine for both onshore and offshore as follows 

[11]: 

Foundation 

 A foundation of the turbine must ensure a stability of the whole power plant (tower, 

nacelle, rotor, blades). Therefore, this part has also the most apparent difference between 

offshore and onshore installations. 

 For onshore systems, there are not many possibilities how to construct foundations. In 

areas with good soil bearing capacity a reinforced concrete slab as a square, rectangle, circle or 

hexagon (see the Figure 2-1) can be used. Otherwise, a group of vertical pillars or single pillar 

are combined with slab and buried into depth if there is not sufficient subsoil. 

 

Figure 2-4: Foundation place for onshore system [9] 

 Offshore installations have much more complicated foundation systems, because they 

have to be designed to withstand a harsh marine environment and wave’s forces. It is obvious, 

that it causes additional investments compared to onshore installations. Nowadays, there are 

many types of foundations. The most suitable foundations are selected according to the 

criterions, such as water depth, type of seabed or estimated costs. This time, however, mainly 

three types of foundations are used, which are single-pile, gravity and multi-pile. Of which the 

most of offshore installations around the world have been used the first mentioned single-pile 

structure, followed by gravity based foundation. It is for the reason that offshore wind turbines 

are in shallow water, usually up to 30 m, where the simplest single-piles are economically and 

technically more suitable. In the future, there is a need for lower cost floating foundations 

development for offshore WPPs that will be able to be used in deep water areas which have a 

dispose of large wind energy potential. [10] 
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Figure 2-5: Examples of typical offshore foundations: a) Single-pile, b) Gravity-pile , c) 

Tripod, d) Tri-pile, e) Floating Single-pile [12] 

Tower 

 This part of a wind turbine have to carry its own whole weight of WPP as well as a 

power of wind which acts to blades. The towers can be built as concrete towers or concrete 

towers with steel top. However, the most often it is built as a tapered, tubular steel tower. 

Heights of the tower depends on a location of specific turbine, but also on diameter of rotor or 

on wind speed. Inside of the tower is assembled ladder or elevator for easier access during 

maintenance works. [13] 

Nacelle 

 This is the main structure of the turbine. It is composed from a fibreglass gondola which 

contains the main turbine's components. The brief description of the devices inside of the 

nacelle with asynchronous generator from [11] as follows: 

 
Figure 2-6: Nacelle of the wind turbine with described components [11] 

 Anemometer – measures a wind speed and transmits these data to the controller. 
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 Blades - faces the wind and causes a rotor to spin. A bending and thickness of the blades 

may also vary and therefore it changes an aerodynamic attribute which influences power 

output. It is called the stall control and it is an additional and less often used method of 

power output control.  

 Brake - enables to stop the rotor mechanically, electrically, or hydraulically, in a case 

of emergencies. 

 Controller - starts up a wind turbine into so called cut-in speed (approx. 3.5 m/s) and 

shuts off in cut-off speed (approx. 25 m/s). If there are threats of damage, an electronic 

controller also gives information to yaw mechanism to adjust a turbine to face the wind 

and therefore operate more effectively. [10] 

 Gear box - connects a low-speed (high torque) shaft to a high-speed (low torque) shaft 

and increases rotational speeds to level required by most of generators. 

 Generator - converts a mechanical energy from shaft to the electrical energy. A voltage 

is typically generated at 690 volt and provides three-phase alternating current. As a 

generator type is the most common used doubly-fed induction generator, although 

permanent magnet and asynchronous generators are also utilized. [10] 

 High-speed shaft - drives the generator from 1,000 to 1,800 rpm. 

 Low-speed shaft - is turned by the rotor to 30 - 60 rpm. 

 Pitch system – adjusts facing of blades against the wind and therefore it controls a 

velocity of the rotor. In other words, this system perpendicularly rotates blades to the 

rotor hub and it regulates a power output when the wind speed is high or low to produce 

electricity.  

 Rotor hub - assembles blades and spins the low speed shaft at rate of 10 to 25 rpm. 

Another feature of this part contains the embedded pitch system, which adjusts an angle 

of blades by the bearing rotation. [10] 

 Wind vane - measures the wind direction and communicates with the yaw controller. 

 Yaw system - directs a turbine upwind when wind direction is changing. Downwind 

turbines do not need yaw drive because wind manually turns the rotor into suitable 

position. 

Transformer 

  A transformer is usually located inside of the tower, however it can be also placed 

outside next to the wind power plant or on top of the nacelle. There is a voltage level 

transformed by step up transformer to voltage between 10 - 35 kV.  

Generator 

 On the ground of the most important electrical devices related to WPP are generators, 

therefore some additional description of types is made. A different types of generators also have 

influences on the reactive power flow and consequently on the voltage control. Nowadays, 

various models of wind turbines are available, according to the ways of mechanical energy 

conversion to electric power. Their schemes are shown in the Figure 2-7. Furthermore, there is 

another important fact, that wind turbines must have a power control system to avoid 

destruction during high winds. Following methods can be used for each type of generator [14]: 
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 Stall Control - is the simplest, the most robust and the cheapest method. Blades are fixed 

to the hub and the control is achieved by twisting of the blades when wind speed exceeds 

a safe limit. It changes the laminar flow to turbulence which does not allow lift forces 

on the top of the side in the air foil. 

 Pitch Control - provides a good power control, auxiliary start-ups and emergency stops. 

On the other hand, high power fluctuations occur at high wind speeds and therefore the 

control system has to contain more complex devices.  

 Active Stall Control - has a good compensation against variations caused by air density 

and it easily enables to perform a start-ups and emergency stops of a turbine. During 

low wind speeds, the control system pitches the blades, and when there are overloading 

threats the control system pitches the blades in the opposite directions (stall controlled 

by pitching). 

 

 As is shown in the Figure 2-7, there are four types of wind turbine generator models, 

which can be divided into two groups according to the speed control and power control. The 

first model type A is utilized according to three above described power control systems. 

However, for other models (type B, type C and type D) only pitch control tends to be 

implemented. These three types of wind turbines are designed to achieve maximum 

aerodynamic efficiency during variable wind speeds. For that reason they have to contain a 

power electronic system to regulate generator frequency and voltage. 

 
Figure 2-7: Wind turbine generator a) Squirrel Cage Induction Generator (SCIG), b) Wound 

Rotor Induction Generator (WRIG), c) Doubly Fed Induction Generator (DFIG), d) Wound 

Rotor Synchronous Generator (WRSG/WRIG) or Permanent Magnet Synchronous Generator 

(PMSG)[15] 

Squirrel Cage Induction Generator (SGIG) 

 The first example a) in Fig. 2-7 works at fixed speed ratio and it is connected directly to 

step up transformer through the soft starter and capacitor bank for reducing reactive power. 

Utilizing of SGIG give us an advantages in its simplicity, reliability and cheap technology. On 

the other hand, there are disadvantages in uncontrollable reactive power consumption for its 

excitation field, mechanical stress and limited power quality control. 
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 This type of wind turbine generator (WTG) cannot control voltage. As mentioned above, 

these WTGs typically use power factor correction capacitors PFCCs to maintain a power factor 

or reactive power output at set value. When a full load compensation is connected, the PFCCs 

may maintain both 0.98 inductive power factor and slightly capacitive. A typical composition 

of these devices is a bulk of switchable capacitors. 

Wound Rotor Induction Generator (WRIG)   

 It is implemented with a variable set of resistances as shown in b), through which is 

possible to adjust the total rotor resistance as required. The range of a dynamic speed control 

depends on size of the variable rotor resistance. As the previous induction generator, this also 

contains a soft starter and a capacitor bank and it provides typical speed variations up to 10% 

above synchronous speed. 

 As obvious in Fig. 2-7 b), the WRIG uses identically the same method to maintain the 

power factor and reactive power output to set a value, as the previous SGIG. 

Doubly Fed Induction Generator (DFIG) 

 This type c) is a modification of WRIG induction generator, where instead of variable 

resistors, a variable frequency exciter acts to the rotor. It offers wider range of dynamic speed 

control compared with the previous induction generator. The control is performed by injection 

of a small amount of power into the rotor circuit, which significantly affects the power in stator 

circuit. In addition, a use of DFIG provides an operation above or below synchronous speeds 

in range of -50% to +30%. It is the greatest advantage of this model type that offers a control 

of active and reactive power separately, however for the higher investments cost. 

 The DFIG is capable to vary a reactive power at a given active power and terminal 

voltage. This type of WTG has controlled voltage achieved by changing a direct component of 

a rotor current. An operated ratio has range of 0.95 capacitive to 0.90 inductive. Some types of 

these WTGs can produce reactive power even when no active power is generated, if there is no 

mechanical rotations.  

Wound Rotor Synchronous Generator (WRSG) 

 The type d) has a synchronous generator connected into the grid system through a full-

scale frequency converter. In this model type, the Wound Rotor Synchronous Generator or 

Permanent Magnet Synchronous Generator (PMSG) can be implemented. The main benefit of 

this model type is that some installations can be operated without a gear box and thus reduce 

failures. This generator revolves slowly under the turbine speed and the frequency is adjusted 

by converters before the power flows into the grid. During the power conversion it also offers 

the reactive power supply like a STATCOM device. 

 The voltage control at WRSG is achieved by varying the reactive component of current 

at the grid side converter. For the reason of voltage control capability, this side of the converter 

must have a rated power above the rated power of the generator. A power factor correction can 

also vary in wide range and some of them may also produce the reactive power, even if turbines 

do not operate. 
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 In the above mentioned WTGs, there was described a voltage regulation for individual 

WPPs. They are typically controlled at the collector bus or on the secondary side of the 

transformer. However, in the case of the wind farms composed from many WPPs the control is 

usually managed via communication with individual WTGs. [15] 

2.3 Wind power plants in Continental Europe 

 This chapter of the thesis is elaborated from annual report [16] published by EWEA 

(European Wind Energy Association) in February 2015. 

 In the year 2000, among the pioneering countries in WPPs technology and 

simultaneously countries with the largest installed wind power capacity belonged to Denmark, 

Germany and Spain. In this year, these three countries had 85% of all EU wind capacity. 

However, the share of wind capacity rapidly decreased during 14 years, and nowadays, 

represents only 45.6% of the EU market with leading 63% share in Germany. This share of 

installed capacity was reduced by new EU Member States, where continuously increased WPPs 

installed capacity since 2000. In 2014, 13 new countries reached 7.9% of the EU's total market. 

However, the major share 85.7% was reached just in two countries, which were Romania and 

Poland. 

  Nowadays, in the year 2014, the total installed capacity of wind power in Europe 

reached 12,819.6 MW, out of which 11,791.4 MW (includes all regions in ENTSO-E) was 

installed in the EU [16]. It reflects the objectives accepted by the EU to provide higher support 

of renewable resources. In particular, installed capacity was 10,308.1 MW in onshore and only 

1,483.3 MW in offshore. Although, in the EU, there was installed wind capacity during 2014 

with an increase by 3.8%, the share of offshore installations decreased by 5.3% with comparison 

to 2013. Further, when only CE Region has been considered, there was reached in wind 

installations 107,404.3 MW, of which 8070.9 MW and 8575.1 MW are increments in years 

2013 and 2014.  

In terms of annual installations, Germany was the largest market in 2014, where was 

installed 5,279.2 MW of new capacity, of which 528.9 MW offshore. The second largest 

increment was reached in the UK, which is not connected into the synchronous grid of CE, 

followed by Sweden. Further, countries with the largest annual installations are France with 

1,042 MW and significantly behind Poland with 444.3 MW and Austria with 411.2 MW.  
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 Figure 2-8: Total installed wind power capacity by end of 2014 with amount of 

installations in the last two years [16] 

2.3.1 Wind energy scenario 2020 

 Scenarios and realities are significantly influenced by expectations which they are 

coming from. Furthermore, there is expected a final power demand in 2020, which is changing 

during the achievement of these objectives. In addition, an economic reality has also an 

influence on a stability of regulatory and market frameworks for wind energy and therefore it 

affects investment plans, new orders, investment decisions and already existing installations. In 

the last years, the retrospective changes in regulatory and market frameworks have had a 

particularly negative impact on the wind energy sector, especially in particular markets. 

 The Appendix A shows actual scenarios proposed by EWEA related to the wind power 

installations and wind energy production compared to the previous estimates. In the following 

text, three situations are made for low, central and high scenarios with regard to new conditions 

and estimated electricity consumption 2,956 TWh in the EU countries for year 2020. [17] 

Low scenario 2020  

 The effect of the economic crisis on power demand continues. A national regulatory 

framework faces to instability in both mature and emerging markets. Therefore, there is a 

difficulty to attract financing for new wind energy projects, especially in offshore areas, where 

they struggle with risks. Furthermore, the EU and international climate and energy policy 

decisions are weak and without ambitions. 

0 5000 10000 15000 20000 25000 30000 35000 40000 45000

Austria
Belgium
Bulgaria
Croatia

Czech Republic
Denmark*

France
FYROM**
Germany

Greece
Hungary

Italy
Lichtenstein
Luxemburg

Netherlands
Poland

Portugal
Romania

Serbia
Slovakia
Slovenia

Spain
Switzerland

Total installed wind power capacity in 2014 (MW)

Installed in 2013 Installed in 2014



 Introduction to Wind Power Generation 27 

 

 Installed capacity increases by 41% compared to 2013 to 165.6 GW. Of which 19.5 GW 

reaches offshore installations. Onshore wind installations produce 307 TWh of electricity and 

offshore installations 71.9 TWh. The total wind energy production from both onshore and 

offshore is 378.9 TWh and it covers 12.8% of EU electricity demand. 

Central scenario 2020 

 Regulatory stability do not get through Europe, however in the mains onshore markets 

such as Germany, France, United Kingdom and Poland, policy reforms are finished and new 

regulatory frameworks increase in installed capacity. Offshore installations are similar to low 

scenario, however extra confidence in the UK, faster wind power deployment in France and in 

the Netherlands increased the EU total installed capacity. 

 Installed capacity increases by 64% compared to 2013 to 192.5 GW. Of which 23.5% 

GW reaches offshore installations. Onshore wind installations produce 355.2 TWh of electricity 

and offshore installations 86.4 TWh that covers 14.9% of EU electricity demand. 

High scenario 2020  

 In Europe, annual wind power installations and regulatory stability as well returns to be 

at the same level as in 2012. Agreement on strong EU climate policy, energy package and 

proposing greenhouse gas reductions of 40% in 2030 compared to 1990 levels increase a total 

installed capacity. Furthermore, the renewable energy target to reach 30% in installations boost 

in crucial markets such as Germany, France, Italy, and the United Kingdom. Due to economic 

crisis fade, standstill countries such as Spain reflect signs of growth. However, offshore 

installations are still at the same level as in the central scenario, except in Belgium, Ireland and 

the UK where some extra growth appeared. In Germany, an offshore connection capacity of 7.7 

GW is almost totally met. 

 Installed capacity increases by 84.9% compared to 2013 to 217 GW, of which almost 

28 GW in offshore installations. Onshore wind installations produce 397.8 TWh of electricity 

and offshore installations 102.2 TWh and covers 17% of EU electricity demand.  

Scenarios for 2030 

  There are also proposed scenarios for wind power installations for the next period. It is 

the 2030 scenario's target. In this year, there is an estimated wind energy capacity 400 GW in 

the EU, of which 250 GW onshore and 150 GW offshore. According to this 2030 scenario, the 

wind energy installed capacity should be almost saturated. By this year, the wind energy 

production from wind power plants expects 1,154 TWh. A ratio between onshore and offshore 

electricity production is nearly equal and it is 591.3 TWh onshore and 562.4 TWh offshore. 

When there is assumed an electricity consumption of 4,051.3 TWh in the EU, the estimated 

power energy production covers 28.5% of the EU electricity demand. This estimations strongly 

depends on the level of electricity demand in the future and technical development. For 

instance, due to the higher capacity factor of offshore installations compared to onshore. There 

is considered that the offshore wind farms with installed capacity 150 GW will produce as much 

power as the 250 GW of onshore capacity in the future. 
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2.4 Wind energy potential in Continental Europe 

 This subchapter approaches an issue of a wind energy potential in the synchronously 

connected Continental Europe. In Europe, the transmission grid system is structured into the 5 

regional groups. The biggest region is the synchronous grid of Continental Europe (hereinafter 

referred to as "CE"), which is composed of 24 Member States and this thesis is also focused on 

it. More about the electrical grid system in Europe will be described in the chapter 3. 

 A familiarization with available wind resources in CE can assists Member States to 

focus their State energetic interests on wind power development. In the future, it may contribute 

to the environmental and energy policy goals determined by the EU. 

 For determining a wind energy potential in a particular place, it is not enough just to use 

a map of 'theoretical potential' with average wind speed. It does not give a clear information 

about the energy potential, because it cannot take into account areas with significant sea depths 

or landscape constrains. Certainly, it shows the highest potential, for the reason that it takes into 

consideration only natural and climatic restrictions. Thus, if there is required more declarative 

information, a 'technical potential' can provide more. A technical potential refers to the highest 

potential level of a wind energy generation, it is based on a maximum likely deployment density 

of turbines, and it also considerate the best available technology and practice. Other aspects are 

a biodiversity protection, regulatory limitation and social preferences, which must be also taken 

into consideration. After the inclusion of these aspects in the amount of the total technical 

potential, we will get an 'Environmentally and socially acceptable potential'. Identically, an 

'Economical competitive potential' describes a proportion of the technical potential, that can be 

implemented within a budged with regard to average energy prices in the future. As has been 

mentioned above, it is obvious that the wind energy potentials can be changed with real 

technological development, and political and economic situations. [18] 

 It is generally recognized that the wind energy potential in suitable area is primarily 

determined by capability of electrical grid to absorb a generated power, and by the economic, 

social and environmental constraints. However, as the first step is always useful to explore 

suitability with regard to the technical potential and afterwards find out all constrains in 

particular area. Created maps from geographic analysis allow for quick identification of areas 

in Europe, where the technical potential is large and where it is meaningful to focus on wind 

farm projects. [19] 

 Following chapter deals with onshore and offshore wind energy potential that is 

discussed in the reports [18], [19] and they have been published by the European Environment 

Agency's European Topic Centre for Air and Climate Change (ETC/ACC). Data describing the 

wind energy potential for each country are gained from the excel file related to the Technical 

report [18]. 
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2.4.1 Onshore wind energy potential in the countries of CE Region Group 

 As mentioned above, a wind energy potential is possible to evaluate with an inclusion 

of various restrictions. Environmental, social, economic and technical restrictions to the 

onshore wind energy potential are as follows: 

 Technical potential has limitations to install wind farms in mountainous areas. In order 

to avoid overestimation of potential due to high power density in mountainous areas, 

for altitudes in range of 600 - 2000 m, the potential has been reduced by 50% in 

comparison to those below 600 m. 

 Environmentally and socially acceptable potential exclude natural protection areas 

such as Natura 2000 and nationally designated areas (CDDA). 

 Economic and market potential exclude low average wind speed areas, less than 4 

m/s. 

 Market potential calculates maximally with 25% of domestic electricity demand that 

can be satisfied by wind energy, due to the integration issues. 

 For years 2020 and 2030, an unrestricted technical wind energy potentials were 

estimated as wind power density and wind turbine technology development per type of land. 

The potentials may also be divided into categories according to the type of land. For instance, 

the aggregated class 'forest' and the aggregated class 'agricultural land' cover about 90% of total 

land available. Due to past wind farm installations, it is obvious that more feasible penetration 

of wind turbines is performed on the agricultural land. This fact is confirmed by countries like 

Denmark, Germany and the Netherlands where there is a quite high wind energy deployment 

in agricultural areas. It is given by the inaccessibility and remoteness of forest areas from human 

habitations that makes it less attractive. It seems that there are reasons to expect the agricultural 

land to be the most attractive for wind developments, simultaneously with combination of other 

uses of the land (i.e. vegetable production or keeping cattle). In addition, agricultural lands have 

a relatively few obstacles and low roughness compared to forests land type and WPPs can be 

realized without the need to be decreased in size or different layout or sub-optimal spacing. In 

CE Region countries with the largest agricultural lands are France and Spain. However, as 

shown in Fig. 2-9, Spain has decreased unrestricted technical potential due to high altitude 

landscape. Significant technical potential is also in Germany and Poland. For his reason, in 

Poland there can be expected an increase in onshore wind farm installations. According to the 

Figure 2-9, in the countries of CE Region, the estimated (unrestricted) technical potential for 

wind energy is about 24,000 TWh for year 2030. Of which more than half of the potential is 

generated in the area with average wind speeds of 5.4 m/s and 5.7 m/s. 
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Figure 2-9: Unrestricted technical potential for onshore up to year 2030, based on estimated 

80 m average speeds 2000-2005 [18] 

2.4.1.1  Wind energy potential in mountainous areas 

 A classification of a mountainous area is defined for altitudes above 600 meters. It 

follows that Switzerland, Austria and Spain fall into the category as a mostly mountainous area. 

Namely Switzerland has 71% of a total land in a mountainous area, Austria 59% and Spain 

57%. During the last decade only low number of wind farms were installed in these landscapes 

located mainly in Austria, France, Italy, Slovenia and Switzerland. Further expansion of WPPs 

in these areas is being limited by lower accessibility, limited communications, limited grid 

connections and also less favourable weather conditions for wind farms. Nevertheless, some 

turbines at high altitudes have been already installed, such as the highest large-scale wind farm 

situated at 2330 meters above the sea level in Switzerland. For estimation of the potential in the 

mountainous areas following assumptions are applied: 

 wind farms should be installed below 2000 m above sea level, 

 power density is reduced at altitudes more than 600 m above sea level, between 600 and 

2000 m is reduced by 50% relative to those below 600 m. 

 The technical potential of wind energy in mountainous areas is reported for each country 

separately in the Figure 2-10. In this study, the power density is equal to 8MW/km2 and it was 

used for onshore estimation of energy potential, however for mountainous areas, this value is 

reduced to 4 MW/km2. A total assumption of the technical wind energy potential is around 1900 

TWh in mountainous areas of CE Region countries. 

0 1000 2000 3000 4000 5000 6000

Austria

Belgium

Bulgaria

Czech…

Denmark

France

Germany

Greece

Hungary

Italy

Luxembourg

Netherlands

Poland

Portugal

Romania

Slovakia

Slovenia

Spain

Switzerland

Technical potential (TWh)

Built-up areas

Open areas

Agricultural areas

Forests

Glaciers

Marshes and
marine water
bodies
Water bodies



 Introduction to Wind Power Generation 31 

 

 
Figure 2-10: Unrestricted technical potential for mountainous area in 2030 [18] 

2.4.2 Offshore wind energy potential in the countries of CE Region Group 

Potential in offshore areas can be sorted into the same types such as onshore areas. 

Following environmental, social, economic and technical wind energy potentials are listed and 

their restrictions are given: 

 Technical potential excludes very deep sea areas that are more than 50 meters 

deep. 

 Environmentally and socially acceptable potential is assumed in terms of 

spatial planning and social restrictions. In practice, maximally 4% of offshore 

areas can be used for wind turbines in distance class 0 - 10 km from the coast, 

and maximally 10% for distance class 10 - 30 km and 30 - 50 km from the coast. 

 Economic and market potential exclude low average wind speed areas, which 

are less than 5 m/s. 

 Market potential has the same restrictions as for onshore areas, thus the 

maximally 25 % of domestic electricity demand can be satisfied by wind energy, 

due to the integration issues. 

 Offshore area of each country is determined under the jurisdictions. In CE Area the 

countries containing the largest available offshore areas suitable for wind energy generation are 

the Netherlands and Denmark. Generally it says that the most attractive areas for wind energy 

installations are North and Baltic Sea. In terms of distance of offshore area to the coast, offshore 

areas are split into three categories 0 - 10 km, 10 - 30 km and more than 50 km. In the areas up 

to 10 kilometres from the coast, a visual impact of wind turbines is not negligible. For instance, 

in the Netherlands it is allowed to build wind farms 22 km from the coast at least. For this 

reason, distances above 10 kilometres from the coast are more suitable for wind farms, there is 
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also an assumption of 10% limitation for environmentally and socially acceptable potential. It 

is evident that due to depth water limitations, which are up to 50 metres, more distant areas lose 

its attractiveness. Therefore, the areas in range from 10 - 30 km are considered as the most 

appropriate for the wind turbine development. Further, distances to the coast above 50 km are 

assumed to have largest share of wind turbines installations in the future. It is because this area 

is large and shipping is less concentrated, for this reason there is considered a restriction that 

only 25% of the area could be utilized for wind turbines. A total (unrestricted) offshore technical 

potential is calculated at 12,500 TWh in CE Region countries. 

 
Figure 2-11: Unrestricted technical potential for offshore wind energy in 2030 based on 

average speeds data [18] 

 Above displayed databases of wind energy potentials for onshore and offshore areas 

were created for EU-27. Croatia became a member of the European Union in 2013, therefore 

the literature does not mention it. Although in the [20] is stated the 'economical potential' in 

Croatia 2.9 TWh for year 2050. Additionally, in the Appendix B is a table containing 

economical potentials for countries included in the synchronous grid of Continental Europe. 
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3 INTRODUCTION TO ELECTRICAL POWER SYSTEMS 

 In European countries, the electrical power grid is operated on two systems, which are 

transmission and distribution system. The main differences between them is the amount of 

generated power connected into the network. Large generators of ratings up to 1000 MW and 

voltages of around 25 kV feed transmission system through step up voltage transformers. 

Across Europe, the transmission system is operated on variable voltage levels from 50 - 400 

kV [21]. However, the largest centralized power plants are usually connected into extra high 

voltage 220 - 400 kV. In other words, the transmission system is considered to transport an 

electrical power over long distances, sometimes across international borders. Afterwards, it is 

supplied to lower voltage levels for delivery to costumers, through the distribution step down 

transformers.  

 Recently, however, there is an interest in connecting generation into the distributed 

system. It has come to be known as distributed generation (DG) or the use of distributed energy 

resources (DER) which also includes controllable loads. This trend is strongly supported by 

increasing share of wind power plants in the power system.  

 The DG is synonymous with the embedded generation or dispersed generation, where 

both refers to small generators. These generators are not connected to the transmission system 

because of greater investments in a case of connection to a higher voltage levels. For this reason, 

in some countries a definition of DG has been already made. The definition usually deals with 

the limits in rated power of the power plants that are usually in the range of 50-100 MW. 

Further, they are connected to voltage level of a distribution network and they are not usually 

centrally dispatched and planned. As a share of DG increases, they bring us both positive and 

negative impact on voltage stability in a distribution network. In the case of WPPs, it depends 

on used type of generators and direction of reactive power flow. It is also obvious that consumed 

or produced reactive power from generators affects voltage at receiving end of network. For 

this reason, reactive power compensation devices should be carefully considered. Among the 

typical consequence of aggregated DG, a change of power flow direction can cause the start of 

the flow to the transmission system. [22] 

3.1 European transmission power system  

 An association cooperating among particular Europe's Transmission System Operators 

(TSOs) is called the European Network of Transmission System Operators for Electricity 

(ENTSO-E). This association represents 41 electricity TSOs from 34 countries across Europe. 

ENTSO-E has been established by the EU's Third Legislative Package for the Internal Energy 

Market in 2009, which aims at liberalising the electricity market. 

 The association improves the cooperation across Europe's TSOs to support the 

implementation of EU energy policy and achieve Europe's energy and climate objectives. The 

main objective of ENTSO-E focuses on the integration of the renewable energy resources into 

the power system, and completion of the internal energy market. 
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 As has been mentioned above, ENTSO-E is composed from 34 countries, which share 

transmission grind in EU. However, they are divided into five non-synchronized regional 

groups, as it is shown in the Figure 3-1, and two voluntary regional groups, Northern Europe 

and Isolated Systems. The largest regional group of ENTSO-E is Continental Europe region. 

The United Kingdom region group (RG) is not synchronized with the frequency of Continental 

Europe but there is a connection through the HVDC links identically as to the North RG. [23] 

 
Figure 3-1: Synchronous grids in European [24] 

3.1.1 Continental Europe region 

  The Regional Group Continental Europe (CE), also formerly known as the Union for 

the Co-ordination of Transmission of Electricity (UCTE), has a main purpose to pursue 

reliability and efficiency of operation within the Continental Europe Synchronous Area. At the 

time of writing this thesis, the RG CE is composed of 29 TSOs of 24 countries which are listed 

below. 

 The synchronous grid of CE Area covers the territory of the following countries: 

Austria, Belgium, Bosnia and Herzegovina, Bulgaria, Croatia, Czech Republic, Denmark 

(West), France, Germany, Greece, Hungary, Italy, Luxembourg, Macedonia, Montenegro, 

Netherlands, Poland, Portugal, Romania, Serbia, Slovenia, Slovak Republic, Spain, 

Switzerland. In the future, CE RG should be extended for new Members, Turkish, Ukrainian 

and Moldovan Power System. This is deals with the Projects Group Turkey and the Consortium 

Ukraine/Moldova Feasibility study. At a later time, further possible extension of CE RG is 

planned in Libya, Egypt, Jordan, Lebanon and Syria under supervision of Spanish TSO. [25] 
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3.2 Hierarchic control of voltage in TSO 

 Voltage control in a TSO is usually controlled on the hierarchical scheme realized in 

three levels. The primary voltage regulation (PVR) is the first level that is based on the local 

response of generators. Following control is the secondary voltage regulation (SVR) that acts 

in zonal areas and the last tertiary voltage regulation (TVR) is based on the global system level. 

[33] 

 The primary voltage regulation contains automatic and rapid regulator that produces 

reactive power and therefore it can control voltage magnitude within the required level. 

Basically, the PVR is an automatic voltage regulator (AVR) which regulates the voltage at the 

excitation system of a generator in a timescale of seconds. On this level, there is a utilized 

device such as synchronous condenser or static VAr compensator which operates ten times 

slower than AVR. 

 The secondary voltage regulation control regulates various reactive power resources and 

thereby it maintains a voltage at given points in the power system which are called pilot nodes. 

The pilot node represents a voltage profile over controlled zones. These regulation level areas 

with the SVR should have as minimal influence on neighbouring pilot nodes and generators as 

possible. 

 The tertiary voltage regulation are simply improvements of SVR in order to enhance the 

operation security and efficiency of the system. In other words, through TVR is defined the 

optimal voltage set-point, so that to minimize grid losses or maximize reactive reserves. 

 Aforementioned hierarchic control can differ among individual TSOs. For example, 

some operators consider secondary and tertiary voltage control together and therefore only two 

levels are operated. 

3.2.1 Types of buses 

 The buses in the power system are classified according to four quantities that 

characterize it. These four quantities are as follows [26]: 

 P - active power, 

 Q - reactive power, 

 V - voltage magnitude, 

 δ - voltage angle. 

As has already been said, each bus of a power system has specified only combination of two 

quantities out of four and the remaining two are unknown. According to these four quantities, 

the following three bus classifications are utilized: 

 Slack bus - also called a reference or a swing bus, is a single bus for which the voltage 

magnitude and an angle is given. An active power and a reactive power are unknown 

and therefore they must be calculated. This calculation of powers also enables to define 
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transmission losses. The slack bus must have a source of both the active and the reactive 

power, for the reason that an injected power at this bus must take up the slack. 

 Load bus - is a node of the system for which the active and the reactive power are given. 

For that reason, it is also called P-Q bus. These buses are designed to be a load bus for 

which the complex power is supplied. However, they may also be operated as generators 

with the specific active and the reactive power outputs. It is usually a case of small 

renewable generators such as wind power plants that may be connected through 

converters and they enable injection or drain of the reactive power. 

 Voltage controlled bus - has injected the active power and a voltage magnitude given. 

For that reason, it is also called P-V bus where the reactive power is unknown, as well 

as the voltage angle. At large generators the reactive power is not possible to control, 

however they are equipped with automatic voltage regulator (AVR) to maintain constant 

voltage. Wind farms including large generators may also be considered as P-V bus if 

the voltage control is required. [26]  

3.3 Integration of WPPs into grid 

A possibility to connect WPPs to the power system is among the main issues in the 

consideration of wind energy projects and also determination final investments. A choose 

of voltage level for connection of a small single wind turbine used to be usually less than 

1000 V. In the literature [22], there is stated for 400 V network maximum capacity of 

generator 50 kVA and for buses at the same voltage level should be maximum capacity 

in a range of 200-250kVA. It is obvious, that this voltage level is very low for today's 

much larger rated WPPs. In addition, WPPs are usually installed as wind farms that must 

be connected to medium voltage (MV) or to high voltage level (HV) of the local 

distributor. In the Continental Europe, it is the most often a voltage at levels between 1 - 

70 kV, however it depends a particular on country. For instance, in some EU countries 

the distribution network is operated at voltage level 110 kV and in Italy even 150 kV. 

[27]. According to the previous experience some indications of the maximal wind farm 

capacities, which can be connected to the represented voltage level are stated in the Table 

(3-1). This table assumes that the wind farms consist of a number of wind turbines and 

thus the connection assessment is determined by voltage rise effects and not by power 

quality issues. As the size of the wind farms and also offshore wind farms further increase, 

a distribution network was not enough for these integrations and high voltage (HV) and 

extra high voltage (EHV) under the operation of TSO has become more common. It has 

begun to causes new challenges for both wind turbine producers and transmission system 

operators. [1] 

Table 3-1: Indication of possible integration of wind farms to the grid [1] 

Location of connection Maximum capacity of wind farm [MW] 

Out on 11 kV network 1 - 2 

At 11 kV bus-bar 8 - 10 

Out on 33 kV network 12 - 15 

At 33 kV bus-bar 25 - 30 

On 132 kV network 30 - 60 
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 Nowadays, as has already been said, a typical power system has wind farms connected 

to interconnected transmission system with all large central generators. For large wind farms 

consist rated power above 50 MW, connections are made at least to the HV transmission system 

(generally at or above 110 kV), especially for offshore wind farms. In addition, wind farms 

contribute to the control of voltage and frequency of the power system. Hence, the operators 

changed a policy to keep wind farms connected during abnormal operating conditions. [28]  

 At the side of the distribution network, there is a responsibility to supply electricity to 

customers at the acceptable quality. Requirements of power quality are stated by national 

standards and they describe minimal standards of electricity supply which should be expected. 

The key parameters in relation to connection of the wind turbines to grid are: 

 slow (steady state) voltage variations, 

 rapid voltage changes (leading to flicker), 

 waveform distortion, 

 voltage unbalance, 

 transient voltage variations. 

 

 As obvious, the consideration of the wind generation that can be connected to the 

distribution network depends on the caused impact on other users of the network. For instance, 

a steady state voltage variation is investigated under minimum network load with maximum 

generation and maximum network load with minimum generation. At the present time, some 

local agreements between network operators and generator operators were concluded.  

 For wind farms of large capacity, there may be implemented another methods of 

connection ability assessment. It is consideration of a ratio of the wind farm capacity in MW to 

symmetrical short circuit level, without the wind farm connected. [1] 

3.3.1 Power quality from WPP 

 Power quality is the term describing a delivered electric power to final customers and at 

the same time indication if the electric power meets appropriate standards. Although an 

assessment of the power quality is focused on the costumer’s side, the power quality is mainly 

affected by the operations in transmission and the distribution system network. Among the 

occurrences which can affect an electric supply may be deviations in current, voltage and 

frequency. Further, they can be divided into transients or short-duration variations (e.g. voltage 

sags or swells) and long-term distortions such as harmonics and unbalance. 

 WPPs including power electronic converters have harmonic distortions much more 

common, therefore, the attention must be concentrated there. Another characteristic related to 

the WPP is the variability in a power output. It is caused by the turbulence of wind and their 

consequence in pulsations at the frequency. There is also practical experience, that connection 

of wind farms with a large number of generators (above 10) causes a rising of the steady voltage 

while individual turbine installed in weak network causes transient voltage changes.  
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 As has already been said, a today's trend is specific in expansion of distributed 

generation which brings different problems in a power quality assessment. Therefore, the 

following brief text is focused on power quality assessment from two points of view. 

Disturbances originated in the transmission and the distribution network and disturbances 

introduced to the distribution network only from the distributed generation. 

Disturbances originated in the transmission and the distribution network 

 Events which can affect generators and loads in the transmission and the distribution 

system as follows [1]: 

 Voltage sags or dips - happens when a voltage decrease to value between 0.1 and 0.9 

per unit of nominal voltage for one minute. It is usually caused by short circuit, overload 

or starting of large loads in the transmission or distribution network. This phenomenon 

has a significant impact on generators and loads either. Voltage sag causes rotating loads 

to slow down or stop and consequently speed up if a load is disconnected. Response on 

this situation is a higher demand for reactive power. 

 Voltage swells - are less common than sags and happen when a voltage increases to 

value above 1.1 per unit of nominal voltage.  

 Voltage unbalance - affects rotating induction generators by increasing losses and 

introducing torque ripple. It can also cause power converter to inject harmonic currents 

back to the network. 

 Transient interruption - is very dangerous due to autorecloser which closes an induction 

generator that is still fluxed. 

 Harmonic distortions - are very common due to solid state devices. As a consequence 

of distortions occurs increase of losses in wind generators and disturbs electronic 

devices.  

Disturbances from a distributed generation 

 The impact of a distributed generation can be more significant in the distribution 

network because of their larger fraction in a short-circuit level and further because of their 

frequent connection to weak networks. 

 Harmonic currents - are injected into the network if loads or generators have some 

power electronic converters. Reactive power can have a positive or negative impact, 

because of variable speed of wind generators which can either produce or absorb 

reactive power during supplying active power. 

 Voltage flicker - is related to dynamic voltage changes caused by rapid voltage 

fluctuations due to changing load current or distributed generation. The fault level is 

raised by fixed-speed wind generators and rotating loads. 

 Current unbalance - causes negative phase sequence currents which will cause voltage 

unbalance. 
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3.4 Definition and Classification of Power System Stability 

The definition of power system stability has been in the interest of the CIGRE and IEEE 

working group and the following definition of stability was published in [29]: the power system 

stability is the ability of an electric power system, for a given initial operating condition, to 

regain a state of operation equilibrium after being subjected to a physical disturbance, with most 

system variables bounded so that practically the entire system remains intact. Where the 

definition of disturbances may means: [30] 

 changes of power flow such as changes of the consumed power, the generated power or 

changes in the network topology, 

 failures caused by defects of devices at the end of their lifetime, 

 disturbances caused by climatic impact such as lighting strike, strong wind or high 

temperatures, 

 failures caused by human factor. 

The above mentioned disturbances may affect stability which is divided into the three below 

referred classifications [31]: 

Rotor angle stability is related to keeping synchronism at one or more synchronous generators 

that are most often used for electricity production. In other words, it describes an equilibrium 

between electromagnetic torque of generators and mechanical torque of a drive train. Moreover, 

this stability may be divided into a transient stability and a small signal stability.  

Frequency stability refers to the ability of a power system to maintain steady frequency. It 

means to keep the equilibrium between an active power output of generators and system loads 

including losses. 

Voltage stability is the ability of a power system to maintain steady voltages at all buses and 

all terminals of equipment after being subjected to the disturbances. It also describes a 

capability of the power system to transfer the active power at a given voltage, where as a result 

a voltage collapse may occur. The main contributing factor is the ability of the power system 

to maintain an equilibrium of the reactive power between the generation and consumption. 

During the lack of the reactive power occurs a voltage drop. On the contrary, in case of the 

exceeded reactive power occurs over voltage. Thus when the voltage instability in a form of the 

voltage collapse occurs, it is usually due to a deficiency of the reactive power supply. Despite 

of the fact, that a voltage is local parameter as well as the reactive power, an arisen voltage 

collapse may leads to widespread impact on the entire power system. 

3.4.1 Control requirements for voltage and reactive power in the Czech Republic 

According to the Grid Code [32] published by Czech TSO, a generator must be able to 

produce power within the range of the power factor from 0.85 inductive to 0.95 capacitive and 

either control voltage within an allowed level Un±5%. 

In terms of requirements to maintain a voltage in acceptable limits, on the terminals of 

secondary side of unit transformers 400/110 kV and 220/110 kV and simultaneously on all 
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buses in the power system, the voltage should be during normal operation conditions in range 

of 400 kV±5%, 220 kV±10% and 110 kV±10%. 

3.4.2 Classification of voltage stability 

 The classification of voltage stability and knowledge of working modes of individual 

equipment is an essential issue for successful voltage control and prevention against an 

instability. In the book [33], the voltage control studies are divided into different design stages 

according to utilization of countermeasures against voltage instability. 

One of the first steps is a planning of the voltage stability, it means an ensuring of 

sufficient VAR resources such as compensations, FACTS devices and etc. for new power lines. 

Furthermore, it also contains a planning of new generator units with the capability of reactive 

power control, entire improvements of automatic secondary voltage regulation (SVR) and 

tertiary voltage regulation (TVR). 

 The next stage is the system protection against the voltage collapse. It contains an 

automatic voltage control on local or wide range measurements. The system protection scheme 

has to be designed additionally and it must coordinated with protection equipment (e.g. 

generators or a transmission line projection). As the last protection against voltage instability 

comes into account load shedding. 

 The last stage consists of the operational planning and real time control that include a 

different generator response in scale of PVR, SVR and TVR, and reactive power equipment 

operations. In a deregulated electricity market, the first operational planning has two classes of 

problems. Firstly, it is a reactive power procurement, which is a long term issue, i.e. a seasonal 

problem. And the second problem is a dispatch which corresponds to a short term issue 

depending on actual operation conditions. According to this stage, there is also determined a 

reactive power schedule for providers. 

 As shown in the Figure 3-2, there is another way of voltage stability classifications. The 

first sorting is performed according to the time-scales of response into a short-term, mid-term 

and long-term phenomenon. In some texts, there are sometimes time-scales divided only into 

two types where mid-term is united with long-term. Further sorting of the voltage stability is 

performed according to the duration of disturbances into large and small disturbances.  

 
Figure 3-2: Classification of voltage stability 
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Time-scales of response 

  The equipment designed to maintain voltage stability such as automatic on-load tap 

changer (OLTC) transformer, Static VAr compensators, automatic switched capacitor banks 

and etc. operates within a power system with certain time constants. Therefore, time-scales 

during the voltage stability investigation need to be taken into account. The following text 

contains a description of two time-scales and their general equipment which may be used for 

operations [31]. 

Short-term - the time-scale involves most of the automatic controlled equipment which acts 

between onset times of the system disturbance to time immediately before the activation of the 

automatic OLTC transformer. In this time-scale, a voltage instability may occur. Therefore, the 

action of the following automatically controlled system devices is considered according to the 

size of the disturbance and the stiffness of the power system. The time-scale of study period is 

from less than one second to several seconds. 

 Synchronous Condensers 

 Automatic switched shunt capacitors 

 Induction motor dynamics 

 Static VAr Compensators 

 Flexible AC transmission System (FACTS) devices 

 Excitation system dynamics 

 Voltage dependent loads 

 HVDC converters 

Mid-term - the time-scale operates between onset time of an automatic OLTC transformer 

and immediately before over excitation limiters (OEL). 

Long-term - the time-scale refers to a manual operator initiated action, when OELs was 

already engaged in the system control. After this time-scale, governor's actions and controlled 

loads comes into consideration. The time-scale of the study period is more than several minutes. 

Time-scales of disturbance 

 A various voltage control studies may be performed for different phenomena appeared 

in the power system. A classification according to the time-scales of disturbances is classified 

into two classes. Small disturbances deal with the system's ability to control voltage at small 

perturbations, such as gradual change in load or changes in the wind power generation. This 

category may be studied by using a steady state study, based on a load flow calculation. For 

this purposes, there are utilized many methods, e.g. P-V and Q-V curves. Further class 

represents a large disturbance which are disturbances such as circuit contingencies, a loss of the 

load and a loss of the generation. A determination of the large-disturbance voltage stability 

requires non-linear response of power system in the time period from seconds to several 

minutes. 

 



 Introduction to Electrical Power Systems 42 

3.4.2.1 Critical buses from voltage stability point of view 

 During a voltage stability study, a determination of critical busses is considered to be 

one of the major issues. After localization of these weak buses, they can be monitored and 

investigated more in depth. 

 In radial power system, where a generator supplies numerous loads along the line, a 

critical bus is always located at the most electrically distanced bus from the generator. A 

different situation occurs in case of a meshed power system, where a determination of critical 

buses is not so obvious. Although, there can be assumed that the critical buses are typically 

located in areas with lack of the reactive power. According to the experiences of the World 

Energy Engineering Congress published in their document [34], the critical buses provide these 

following indications [31]: 

 has the highest voltage collapse point on the Q-V curve, 

 has the lowest reactive power margin, 

 has the greatest reactive power deficiency, 

 has the highest percentage change in voltage, 

 has a highly sensitive reactive power consumption. 

3.4.2.2 Analysis of voltage stability 

 The most frequently used analyses are two methods that will be described next. Namely 

they are static and dynamic analyses. The static analysis deals with the losses of a system 

equilibrium and it is not time dependent. On the other hand, the dynamic analysis deals with 

the system behaviour immediately after disturbances. The result of both analyses reveals an 

overall voltage stability of a particular area. 

Static voltage stability analysis 

 The static analysis or also called the load-flow or steady-state analysis provides an 

information about the equilibrium points in the studied power system. During the power flow 

calculation constant frequency is assumed, it means that the output of the generation 

corresponds to the amount of transmission losses and a load demand. As a result, the P-V curves 

and Q-V curves are constructed.  

 At the chosen bus, voltage changes are monitored through the power flow simulation by 

a sequence of small power increments until power flow starts to divergent. Gained equilibrium 

points in the P-V curve represent steady-state operations conditions. 

Dynamic voltage stability analysis  

 Dynamic analysis or also called the time-domain analysis is utilized in a study of power 

system for obtaining a system trajectory after disturbances. In comparison with previous static 

analysis, dynamic analysis is time depend and it provides an information about the long-term 

stability. [31] 
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Analysis of reactive power resources 

 Reactive power resources are divided into a static and dynamic category and in a given 

area they should consist of an appropriate balance between them. Dynamic reactive power 

resources deal with the equipment that is able to react in cycles of disturbances. Within this 

time-frame not all equipment are able to react adequately fast in order to avert a threat of voltage 

collapse (e.g. some compensation equipment). 

 An investigation of the balance between the static and dynamic reactive power reserves 

may be done by means of time-domain or a dynamic simulation. Another way of the reactive 

power balance determination can be performed through the construction of Q-V curves. For 

obtaining a feasible operation point, a minimum required amount of the dynamic reactive power 

resources represent a difference between x-axis (representing Q = 0 VAr) and minimum point 

on the Q-V curve as shown in Fig. 3-3 curve 2). The example in the Figure 3-3 represents a 

margin deficit of the reactive power, it means that there is required to supply the reactive power 

to come out of voltage collapse. The curve 2) in the Figure 3-3 represents the base flow case if 

a load or transfer was increased by 5% and OLTC transformer operation was not implemented. 

The curve 1) represents the same situation with implementing of OLTC transformer. 

 It is obvious that the total available amount of reactive power resources is equal to the 

sum of the static and the dynamic reactive resources. [31] 

 
Figure 3-3: Static and dynamic reactive power resources [31] 

3.4.2.3 Active Power and Reactive Power margin assessment 

 Further possibility of the division voltage stability analysis is divided into an active 

power and a reactive power margin assessment. In other words, it is P-V and Q-V analysis. A 

constructed P-V curve reveals a static stability margin of the particular area while Q-V analysis 

determines the reactive power margin at particular bus in the power system. 
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P-V curve analysis 

 By using the P-V curve, it is possible to investigate the voltage behaviour at a particular 

bus during power changes in the radial power system or the meshed network. In the Figure 3-

4, there is a commonly appeared P-V diagram, where the voltage at the bus is represented by 

the vertical axis, and an active power at a bus or in a certain area is represented by the horizontal 

axis. Further, it contains two curves that are crossed and determines the operating point. The 

first solid nose-shaped curve is a network P-V curve while the dotted parabolic curve is a load 

P-V curve. The load curve denotes changes of the power consumed by a load at a bus with 

regards to the voltage. The P-V curve of the network represents a voltage reaction at a particular 

bus or area of a power system during a load increase. In the progress of shifting of an operating 

point, a constant power and a power factor of the load is assumed. The P-V curve may be 

divided into two parts where as a border point is the nose point, the upper part of curve is stable 

and the bottom part is unstable. This critical point is also called a maximum transfer point 

because it determines a maximum transferable power before the voltage collapse. A position of 

this point is a crucial factor in the system and their parameters such as a generator reactive 

power limit, load dynamics or contingencies affects its position. 

 Apart from a power delivered to the load, an operating point is also influenced by a 

reactance of a power line and by a power factor of a load. The right Figure 3-4 shows P-V 

curves for various power factors from capacitive to inductive range. [33] 

 
Figure 3-4: On the left load and network P-V curve and curves for different power factors on 

the right, [33] 

Q-V curve analysis 

 Q-V curve describes a relationship between a reactive power support and a voltage at a 

particular bus for various amounts of reactive powers. In the Figure 3-5, three Q-V curves are 

shown. The minimum (lowest) point of the curves indicates the available reactive power 

margin, thus a distance to instability. Whereas, the arrows in a different direction have a positive 

value, they indicate deficit margin (margin to operability). Two lower curves in the Figure 3-5 

show examples for a stable case where the lowest curve has a more reactive power margin than 

the curve above. More available margin indicates better robustness of a system from voltage 
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stability point of view. On the other hand, the upper curve (above the Q = 0) denotes that there 

is no voltage for which can a system operate without the reactive power support.  

 As the previous P-V curve also the Q-V curve has a curve divided into two parts. The 

right hand part of the Q-V curve is a positive slope that represents a stable operating area and 

the left hand part with the negative slope represents an unstable operating area. The shape of 

the Q-V curves also denotes how the particular devices impact the voltage stability. It means 

that the bus with devices which have a negative impact in terms of the reactive power control 

will have a flat Q-V curve. Therefore, the information that can be gained from the Q-V curves 

is the sensitivity of the loads to the reactive power resources. [33] 

 
Figure 3-5: Q-V curves for different loads [33] 

3.4.3 Possibilities of stabilizing voltage in grid system 

Above, there have been discussed the methods of the voltage stability assessment, where 

they also has been dealt with the time-scales of a respond of devices that act if voltage deviations 

occur. Devices that provide the voltage control are briefly presented in this chapter. 

One of the methods of improving voltage stability is a Generator with AVRs, On-Load 

Tap Changers, Load shedding during contingencies and Reactive Power Compensation devices 

[35]. Brief description of these devices as follows. 

Generator with AVRs 

 It is the most important equipment for voltage control in a power system. Voltages at a 

terminal of generators are kept constant until a voltage stability problem in a form of reactive 

power deficit occurs. A regulation of a reactive power at synchronous generator is performed 

in range of field current limits by acting of AVR on the exciter of synchronous generator. It 

means that if the voltage at terminal of generator drops down, more current will be fed into the 

winding of a rotor and it create a stronger magnetic field. This stronger rotating magnetic field 

in the rotor induces a 3 phase voltage to the stator winding (armature), thus induces a greater 

voltage at a terminal of the generator. A range of regulation is given by the design of the 

generator, it is given by operating P-Q diagram and a maximal generator output voltage.  
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On-Load Tap Changers 

 Transformers equipped with on-load tap changer provides voltage changes and also 

reactive power flow changes without interruption of the electricity supply. It provides a 

possibility to adjust a ratio of the transformer by using a manual or an automatic tap changer 

mechanism according to the power system requirements. In the view of the fact that it enables 

changes of the transformer ratio under load, it makes this device suitable even for daily 

operation according to an unexpected voltage situation. The ability to adjust ratio vary in the 

range of ±10% to ±15%. 

Load Shedding 

 One of the methods how to avoid threat of voltage collapse during voltage instability is 

to implement a load shedding. This method of voltage control may be performed manually or 

automatically as the previous method. A possible voltage collapse depends on the amount of 

loads and generations’ resources. Therefore the heavy loads that have to be shed must be 

determined in advance. For this purpose, there is a Q-V curve study which reveals an essential 

amount of loads to manage unexpected contingencies.   

 
Figure 3-6: Overview of the major compensation devices [37] 

3.4.3.1 Reactive power compensation devices 

 As has already been said, voltage instability is basically an inequality of the reactive 

power between the generation and the demand. For this reason, it is possible to control the 
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voltage at buses by placing following reactive power resources into the power system. The most 

commonly used reactive power devices are synchronous condensers and SVCs (Static Var 

Compensators). In terms of wind turbines according to the type of the generator, it is usually 

shunt capacitor banks, SVCs or power electronic converters. In the following text, there are 

described these devices for the reactive power and the voltage control referring to the Figure 3-

6. 

 In recent years, the technological development in a power electronic began to offer 

Flexible AC Transmission System (FACTS) devices. This can be connected in series, a parallel, 

or in a combination of both and they are based on the electronic technology that is able to 

provide controllability of large amount of power. One of the benefits of FACTS devices is 

enhancement of stability of a power system, thus control of active and reactive power flow, 

reduction of losses and increasing grid efficiency. Installations of FACTS devices have also 

increasing trend in wind farm substations and at terminals of wind turbines. [36] 

 A structure of FACTS devices is formed from shunt compensation, series compensation 

or phase shift control and their crucial advantage is a fast acting reaction below one second. 

[37] 

Configuration of FACTS devices 

 The Figure 3-6 shows the overview of FACTS devices from [37] which are mapped in 

their fields of application. 

 The FACTS devices have the main division between the dynamic and the static 

category. In terms of the dynamic, they describe devices which have a fast controllability 

provided by power electronics. It is a main differential compared to conventional devices. 

Another term, the static means that these devices are not equipped with moving parts such as 

mechanical switches for performing dynamic controllability. 

 The left column of the Figure 3-6 contains the list of conventional devices embedded 

with fixed or mechanically switchable components such as resistance, inductance, capacitor or 

phase shifting transformer. These elements are also contained in FACTS devices, however they 

contain more sophisticated electronic thyristor-valve components or a voltage source converter 

that enables to switch elements in smaller steps or within a cycle of the alternating current. For 

this reason, the FACTS devices are divided into two columns. In the left column, they use 

Thyristor-valves or converters that have a switching frequency ones per cycle. Whereas, the 

right column of the devices are construct from voltage source converters that are based on 

Insulated Gate Bipolar Transistors or Insulated Gate Commutated Thyristors and therefore they 

provide a free controllability of the voltage magnitude and phase, due to the Pulse Width 

Modulation (PWM) of transistors or thyristors.  

 As has been said above, the FACTS devices can be divided according to the connection 

to the power system which represents each row of the elements in the Figure 3-6. The first row 

in the Figure 3-6 contains shunt devices that are mainly intend for a reactive power 

compensation and thus for voltage control. Series devices compensate the reactive power in 
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terms of an influence on a line impedance and thus on stability and power flow. Nowadays, 

there is paid a great attention to FACTS devices consisting shunt and series elements. These 

devices are mainly used for power flow controllability. It is important for more flexible use of 

the transmission capacity in terms of an energy market activity The last row in the Figure 3-6 

is dedicated to the high voltage direct current (HVDC) devices, because they fulfil all criteria 

to be a FACTS device. One of these devices is called HVDC Back-to-Back system which 

provides decoupling of frequency on both sides. This system embedded with thyristors enables 

control of the active power. Furthermore, it is possible to control the reactive power if voltage 

source converters are contained. For that reasons, this systems improves both voltage control 

and stability with a dynamic power flow control. Brief description of the above mentioned four 

categories of devices as follows. 

Shunt Devices 

 Shunt devices are operated as reactive power compensators. The area of utilization is 

renewable or distributed energy sector, where an offshore wind farms provide balancing of the 

reactive power and voltage control. These devices operate as a controllable current source and 

consist of a shut capacitive compensation and a shunt inductive compensation.  

 More sophisticated devices are Static Var Compensators (SVC) which continuously 

provide an absorbing or an injection of the reactive power by exchanging capacitive or inductive 

current. These devices maintain a bus voltage at particular part of a transmission and 

distribution network. One of the advantage of installing SVC, there is an improvement of a 

transfer capability and reducing losses while maintaining required voltage profile. In addition, 

active power oscillation can be also mitigated. 

 A Static Synchronous Compensator (STATCOM) contains instead of thyristors Voltage 

Source Converters which converts DC voltage to AC voltage. For this reason, a reactive power 

control is independent from a voltage at a connection point, even during contingencies. This 

device is very similar to SVC. However, it has no inertia compared to SVC and it provides a 

better dynamics, less operation and lower initial and maintenance cost. In the Figure 3-7 below, 

there is shown a usual connection of STATCOM to wind farm substation. In addition, the 

STATCOM can be installed with energy storage systems on a DC side and therefore it can 

provide power support during unexpected contingencies. 

 
Figure 3-7: STATCOM installed at the wind farm substation [36] 
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Series Devices 

 Series devices based on fixed or mechanically switched capacitive and inductive 

compensations have been improved to the Thyristor Controlled Series Compensation (TCSC) 

and further to voltage source converter devices.  

 As has already been said, a series compensation is used in order to decrease a transfer 

reactance of a power line at nominal frequency. The series capacitor produces a reactive power 

that acts against a line transfer reactance. It causes that power lines are electrically shorter, 

which improves an angular stability and a voltage stability and it can also be used to control 

power sharing between parallel lines.  

 Thyristor Controlled Series Capacitors (TCSC) are from a technical point of view the 

same as conventional series capacitor. They provide a variable control of the absorbed reactance 

that can solve specific dynamical problems in a transmission system such us controlling line 

power flow in response to various contingencies. 

 A Static Synchronous Series Compensator (SSSC) can be modelled in a power system 

as a series voltage source. It is basically the same device as a STATCOM, however these 

devices are more complicated, due to their mounting platform and necessary protections. In 

power quality point of view, this device is called Dynamic Voltage Restorer (DVR), because it 

keeps a constant voltage level, even during flickers and voltage dips. The SSSC can also work 

as an uninterruptible power supplier, when the charging mechanism or battery on the DC side 

are installed. Despite all the advantages, the voltage source converter and the thyristor 

protection make this device expensive. 

Shunt and Series Devices 

 Devices included in this group are considered to be used for power flow control. The 

first device is the Phase Shifting Transformer (PST) which controls an active power flow. 

  The dynamic Power Flow Controller (DPFC) is a device consisting of the (PST) with a 

tap-changer, series-connected Thyristor Switched Capacitors and Reactors (TSC/TSR) and 

sometimes it also consists of a mechanically switched shunts capacitor. Furthermore, this device 

is able to control a line impedance, a transmission angle and voltage level. 

 The unified Power Flow Controller (UPFC) is a combination of a static compensator 

and a static series compensator. It provides a shunt compensation and a phase shifting at the 

same time. Therefore, this device has to be consist of a shunt and a series transformer, which 

are connected through a voltage source converter with a common DC capacitor. In a specific 

configuration, this device can provide a voltage and power flow control. Although, a 

disadvantage is a higher cost of devices due to a voltage source converters and protection. 

HVDC Back-to-Back Device 

 A Back-to-Back (B2B) device provides a full power flow controllability and limitation, 

which means that it cannot be overloaded. In addition, they can also support a power system 

when line outages occur. This technology is also suitable for large wind farms such as offshore, 



 Introduction to Electrical Power Systems 50 

which can be connected to a power system through central power electronic units. Thereafter, 

a voltage and a frequency control may be provided like a conventional power plant. For wind 

farm installations connected to a transmission system over long distances, a power electronic 

technology with DC cables seems to be a good solution. 

 The first device with thyristor converters require harmonic filtering which is space 

consuming. Furthermore, the HVDC B2B device cannot control the reactive power. 

 For an active power control, there must be used the HVDC with voltage source 

converters, which provides benefits even within the synchronous operated network. This 

modification of HVDC gives us a full controllability of voltage. Basically, it can be operated 

such as a STATCOM. Therefore, this reactive power control can be used for increasing a 

transmission capability and balancing of power flow. [37]  
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4 INFLUENCE OF WEATHER ON ELECTRICITY PRODUCTION 

 A power output of wind turbines fluctuate over time because their 'fuel' is the energy of 

wind that is unfortunately a highly variable nature resource. The variations occur in all time 

scales as seconds, minutes, hours, days, months and years. It is obvious, that if generated energy 

from WPPs must be successfully integrated into a power system, the wind forecasting has a 

crucial importance. Nowadays, due to the rapid grow of WPPs penetration, the weather 

forecasting has never been more important. [1] 

 A wind power is sometimes incorrectly represented as an intermittent energy resource. 

However as mentioned in [38], it is not a correct interpretation because a wind power never 

starts and stops at irregular intervals. In other words, the power from wind turbines never 

immediately disappears from the power system, even during a storm, it takes hours to cut off 

wind turbines. For this reason, wide wind power installations in power systems should be rather 

called variable-output energy resources. Furthermore, as has been said, periods towards a zero 

power output heads gradually and they are much easier predict. [38] 

4.1 Time-scales of variations 

A forecasting of weather can be divided into two categories according to the time-scales. 

Firstly, it is a short-term variability of wind power that represents variations over minutes to 

hours. It is very important for grid integration purposes, due to ensuring of power reserves, 

planning schedules for generation units and power balance. This variability is determined by 

wind variations (weather patterns), and by a geographical spreading of wind turbines. For 

consideration of overall variation in a power system, all wind turbines, variations in loads and 

other generation units have to be taken into account.  

A long-term variability of wind power represents a time-scale in a range from months 

to years. This time-scale is usually determined by seasonal meteorological patterns and by inter-

annual variations of wind. [38] 

4.1.1 Short-term variability 

 Variations in net power output during a certain period (i.e. a minute, an hour or several 

hours) are analysed from the data obtained from wind farms and meteorological measurements 

nearby the wind farm. 

 Although, variations within an hour are more difficult to forecast, they do not 

significantly affect a power output of wind farms because they are smoothed out. In other 

words, variations from aggregated power output are small due to average power of a wind farm 

and they cannot be changed by variations of individual turbines. Basically, variations of 

numerous wind farms connected to a larger power system do not affect overall power output in 

time-scales from minutes to tens of minutes. By TSOs, a short-term variations are recognized 

as follows. 
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Within the minute 

 This time-scale deals with turbulences and transients in range of seconds to minute. The 

consequences of this very fast variations are small for large wind farms and they do not affect 

the power system. 

Within the hour 

 Variations within this time-scale are much more significant in the power system and 

they should be considered with demand fluctuations. These variations are equal to geographical 

diversity and they usually fluctuate in range of ±5% of the installed capacity. In the case of 

extreme variations, if there is no other possibility, the power output of wind farms can be 

temporary limited. Further, the most significant variation occurs when a strong storm fronts. 

Thereafter, wind farms are being shut down from rated power to zero during several minutes. 

For larger geographically aggregated wind farms a shutting down of the whole power capacity 

typically takes hours.  

Hourly variations 

 Variations in a range from several hours ahead affect a scheduling of a power system, 

however it may easily be predicted by using forecast tools, where it should be also considered 

with demand fluctuations. One of the most extreme cases is large up or down variations that are 

wrongly predicted, for the reason that they cannot be sufficiently supported by generation units 

which were reduced.  

4.1.2 Long-term variability 

 This time-scale of seasonal and inter-annual variations does not have a significant 

impact on the power system operations. However, they have to be considered with a strategic 

power system planning. 

Monthly and seasonal variations 

 These variations of power output can be seen during summer months, where they 

decrease in May and increase in September. In other words, the summer months are not so 

windy as others. Furthermore, these variations do not affect daily operations but electricity 

traders and planning of the power system. 

Inter - annual variations 

 The annual variations have been analysed in Europe for 30 years and they indicate that 

long-term variations tend to be similar year after year with a standard deviation of 6%. This 

information has no meaning in the power system operation. However, it is important for 

expecting a long-term wind behaviour and determination of energy output of wind projects. 

4.1.3 Aggregated wind farms 

 This sub-chapter deals with the influence of aggregated wind power plants on a power 

system. This influence has been studied throughout the Europe, and the following conclusion 

was made. 
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 Individual wind farms embedded in the power system can produce power output 

variations even up to 60% of rated power. However, the effect of a large area of wind farms 

reduces the frequency distortions, which means that the amplitudes of variations decrease. For 

instance in reference [38] is an example from ISET3, where 350 MW of aggregated wind farms 

in Germany do not exceed 20% of the maximum hourly variations. Similarly, the situation in 

the Figure 4-1 shows variations of power outputs, where the red line represents power output 

variations of 15 MW wind farm (up-scaled to 500 MW) and blue line represents variations of 

500 MW aggregated wind farms.  

 
Figure 4-1: Effect of dispersed wind farms on a power system [38] 

 The examples mentioned above refer to the experience that geographically spread wind 

farms across the power system is a very effective method to avoid short term variability. In the 

perspective of the weather, the wind always blows somewhere and very strong wind do not 

blows everywhere at the same time. It means that availability of power from wind increases, 

and on the other hand, hours with a zero or low production decrease. 

 Furthermore, as referred in [39], for successful facing to typical storm front, needed 

scale of wind farms aggregation should be around 1500 km. In other words, in the case of 

aggregation of wind power farms over large European area, the power system may also benefit 

from complementary cyclones and anticyclones. [38] 

4.2 Forecast methods 

A forecasting of a wind speed can be divided into two categories according to the time-

scales. Firstly, the short-term forecast represents turbulent variations over a time-scale of 

seconds to minutes ahead. It is used for the cooperation with the operational control of wind 

turbines or wind farms and the determination of a schedule of conventional power plants. The 

longer-term forecast over periods of a few hours or days is usually used for a deployment of 

other power stations to the network and for maintenance works on wind turbines.  

                                                 
3 ISET - Institute für Solare Energietechnik 
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 Nowadays, a wind energy forecast uses sophisticated numerical weather forecasts 

models, wind power plant generation models, a statistical and a physical (terrain) approach. It 

allows the predicting of the wind power output at 5 minutes to hours in advance, over periods 

of days and for seasonal and annual periods. [1] 

Statistical method 

 This method is performed via statistical techniques, it means that the prediction is 

compared to the last available measurement. In other words, it is supposed that the last 

measured value or combination of values corresponding to a certain weather situation persist 

into the same weather situation in the future.  

Meteorological method 

 This method has much better accuracy of power output predictions and it provides more 

suitable long-term forecasts. The method utilizes a simulation model of a large area atmosphere 

that is based on an observation of pressure, temperature, wind speed etc.  

 Furthermore, by using the combination of both methods, statistical a meteorological, the 

forecast can provide a much more useful prediction of the wind farm power output. 

4.3 Energy production during the wind speed variations 

 The wind turbine’s designers need information on how to optimise the design of their 

turbines so that to minimize generating cost. Further, the wind turbine’s investors need the 

estimation of their financial income from the generated electricity to consider investment 

feasibility. For this reasons, it is necessary to know a weibull distribution. 

 
Figure 4-2: Weibull distribution [40] 

 The weibull distribution that appeared in the Figure 4-2 describes how often winds of 

different speeds will be seen at a location with a certain average (mean) wind speed. The area 

under the line is always equal to one, because the probability of the blowing wind at the various 

wind speed is 100%. The median of the distribution represents vertical black line at 6.6 metres 

per second. It means that the half of the time it will blow less than 6.6 m/s and another half time 

more than 6.6 m/s.  

 As shown in the Figure 4-2, the curve is not symmetrical. It is because very high wind 

speeds are very rare and the wind speed at 5.5 m/s are more frequent. This value at 5.5 m/s is 

called modal value of the distribution. [40] 
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5 SIMULATION 

This chapter deals with the crucial part of my thesis that contains simulation of the 

investigated part of a power system. Simulated cases were focused on part of a transmission 

system in North-West part of the Czech Republic where the construction of a new wind farm is 

planned.  

For this simulation, two simulation programs have been used. Firstly, it is the RETScreen 

software that generates power output for considered wind turbine related to various wind 

speeds. After that, a simulated power system has been created in PowerWorld Simulator. The 

generated power output for considered wind farm has been simulated for various wind speeds 

under different conditions of power system. Afterwards, the impact of the wind generation on 

the power system has been investigated. Both mentioned programs are briefly described below.  

5.1 RETScreen Software Suite 

The RETScreen is a Clean Energy Management Software system for an energy 

efficiency, renewable energy and cogeneration project feasibility analysis as well as an ongoing 

energy performance analysis. [41] 

The program contains of two separate programs, RETScreen 4 and RETScreen Plus. 

The first program is an Excel-based clean energy project analysis software tool that assists to 

determine technical and financial viability of potential energy projects. The second program is 

a Windows-based energy management software tool that allows the owners of the project to 

verify ongoing energy performance of their facilities. 

Figure 5-1: Interface of RETScreen 4 with adjusted data 

For the purpose of this thesis, only the RETScreen 4 program was used, where in the 

energy model bookmark is possible to select a specific wind turbine from the database and 

required weather conditions. As a result, the program generated a power output for various wind 

speeds and the power and energy output graph. 
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5.2 Power World Simulator 

For a modelling of the power system and analysing of the wind farm impact on voltage 

stability, the PowerWorld Simulator has been used. This program is an interactive power system 

simulator package focused on a simulation of operations in high voltage power system, on the 

time frame of several minutes for several days. The program provides a highly effective power 

flow analysis of power systems up to 250,000 buses, however, a free demo version can simulate 

a smaller power system containing up to 13 buses. [42] 

 
Figure 5-2: Interface of PowerWorld Simulator with open bookmark of generator options 

5.3 Simulated scenario 

This subchapter describes a location of a simulated part of a power system, which has 

been modelled in the PowerWorld Simulator. In addition to that, the parameters of a simulated 

wind farm which is under consideration in this part of the power system is also discussed. 

5.3.1 Simulated power system 

The Figure 5-3 shows the transmission system of the Czech Republic operated by ČEPS 

(Czech Transmission System Operator). Voltage levels in the Czech transmission system 

operates mainly at 400 kV and 220 kV and as in other European countries, it ensures 

transmission of electricity to the distribution systems and cross border connection into all 

neighbouring states. 

In the Figure 5-3, there is displayed a map with highlighted areas where a development 

of new transmission lines is planned in order to ensure a reliable transfer due to construction of 

new energy resources. 
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Figure 5-3: Transmission system development in the Czech Republic during 2014-2023[43] 

In the Figure 5-3, within the highlighted area 3 is intended to construct new energy 

resources such as renewable energy resources and a wind farm. Consequently, necessary 

investment measures in connection with transfer of a power output from the Wind farm 

Chomutov are planned. This intend has also been discussed in the Development plan for the 

transmission system of the Czech Republic 2013-2022 [44]. This document supposes that the 

power output of the Wind farm approximately 140 MW will be connected to the transmission 

system. Further, renewable energy resources with the power of 100 MW in the Karlovy Vary 

area are planned to connect to the distribution network. For this reason, the following 

investments in this part of transmission system are considered by TSO [43]: 

- Construction of a new 400 kV substation Vernéřov. 

- Looping the existing line EPRU – Hradec (V461) into Vernéřov. 

- Furnish one reserve transformer bay at R 400 kV Hradec. 

- Construction of a new 400 kV double line 400 kV Vítkov – Vernéřov (V487/V488). 

This is in fact of conversion of the existing 220 kV double line (V223/224) to 400 

kV. 

- Construction of a new 400 kV double line Vítkov – Přeštice (V490/V491). This is in 

fact a conversion of the existing 220 kV double line (V221/222) to 400 kV. 

- Construction of a new 400 kV substation Vítkov. 

- Expansion of the 400 kV substation Přeštice. 

5.3.2 Parameters of a simulated wind farm 

As has been said above, the name of the planned intention is Wind Farm Chomutov and 

its location is considered to be in Chomutov District within the Ústí nad Labem Region. The 

initial request for the connection of this wind farm was mentioned by an investor in the year 
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11/2002 where 149 wind turbines were planned to be built with a total installed capacity of 

223.5 MW. Since that time, the intention has been reduced several times in a number of installed 

wind turbines. In the year 7/2013, the last modification of the intention has been made and 

currently, there is expected to be built 73 wind turbines with total installed capacity 146 MW. 

In the following subchapters, there are described parameters of the planned and simulated Wind 

Farm Chomutov. [45] 

5.3.2.1 Wind turbine 

The wind farm contains 73 wind turbines VESTAS V90 - 2MW from Danish company 

Vestas Wind Systems A/S. Technical specification of a single wind turbine from web link [46] 

as follows. 

Table 5-1: Technical specification of wind turbine Vestas 90 – 2 MW 

Operational data 

Cut - in wind speed 4 m/s 

Rated wind speed 12 m/s 

Cut - out wind speed 25 m/s 

Rotor 

Diameter 90 m 

Swept area 6,362 m2 

Air brake full blade feathering with 3 pitch cylinders 

Generator 

Doubly fed generator, slip rings, 4 - pole, 50 Hz 

Supervisory control SCADA 

Power regulation 

Pitch regulated with variable speed 

Gearbox type 

Two helical stages and one planetary stage 

Tower 

Type tubular steel tower 

Hub height 105 m 

5.3.2.2 Transfer and distribution of power 

The transfer and the distribution of a generated power from the Wind Farm Chomutov 

will be performed through 22 kV and 110 kV underground cables with total length of 59.2 km. 

In two branches a generated power from wind turbines will be increased in step up transformers 

from 0.69 kV to 22 kV, and further it will be directed into two substations embedded with 

110/22kV step up transformers. Afterwards, two parallel 110 kV underground cables will be 

connected to 400/110 kV substation operated by TSO. 

In terms of my simulation, an underground cables are neglected and the Wind farm will 

supply low voltage side of 400/110 kV transformer by nearly a nominal voltage. In other words, 
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compensators in wind farm substations will be adjusted to compensate an influence of 

underground cables at low voltage side of 400/110 kV transformer. 

5.4 Visualisation and results 

As has been already said, the Czech transmission system in North-West Bohemia intends 

to develop up to 2025, into the scheme shown in Fig. 5-5.  For purposes of my simulation, a 

scope of the simulated area of the transmission system has been reduced due to a restriction in 

maximal number of buses. In the Figure below, the simulated area is marked with black 

boundaries. 

 
Figure 5-4: North-West part of the Czech transmission system in year 2025 with bounded 

simulated area in black [47], (red colour represents 400 kV and green 220 kV) 

 Due to a reduction of the simulated power system, on the buses where the power lines 

should continue to another buses that are outside of the simulated (marked) area. These power 

lines had to be represented by loads with an injection or a consumption of power, accordingly 

on the direction of the power flow. In the simulated scheme displayed in the Fig. 5-5, missing 

power lines are represented by arrows going from buses. These load symbols representing 

power lines are labelled by the text beginning with V (e.g. V490). However, some other loads 

that represent a transformational connection between the transmission and the distribution 

network have the abbreviation DT (e.g. DT 400/110 kV). 

 An amount of the power flow injected or drained by not involved power lines have been 

determined from power flow calculation performed by Czech TSO.  For this calculation has 

been used an ETNSO-E transmission system model for the year 2025 and the power flow 

corresponds to the cross border power balance from the Table 5-3. A simulated transmission 
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system with power flow published by Czech TSO is shown in the Appendix G and injected or 

drained powers at particular buses from my simulation are stated in Table 5-4. 

 
Figure 5-5: Scheme in PowerWorld Simulator with power flow 

Table 5-2: Power balance in simulated case 

Power balance CZ 
[MW] 

Export CZ-AT  
[MW] 

Export CZ-DE  
[MW] 

Export CZ-PL  
[MW] 

Export CZ-SK  
[MW] 

3063 704 3658 110 -1426 

 

Table 5-3: Power balance for particular buses 

Substation name Vítkov Vítkov  Hradec Výškov 

Nominal voltage [kV] 400 220 400 220 

Line name V490 V221 V441 V412 V411/811 V201 

P [MW] 216 49 1262 -73 -1204 -11 

Q [MW] 1 -22 108 51 82 -30 
* Minus represents injection and plus drain of active and reactive power 

Further devices contained in the scheme above such as generator units, transformers and 

power lines were adjusted to have parameters corresponding to the real power system in this 
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area. The installed capacity in individual substations, transformers and lengths of lines and their 

parameters are listed in the Appendix C, D and E. 

For a better insight into the influence of the Wind farm on voltage stability, one feeder 

consisting of distribution double line network 110 kV has been also simulated. This distribution 

line has a length 10 km and connects 400 kV substation Vernéřov with 110/22 kV substation 

Málkov. 

 The simulation scheme that appeared in the Fig. 5-6 was created according to the above 

mentioned circumstances and the simualation was used for following cases of a voltage stability 

investigation.  

5.4.1 Power output of a single wind turbine 

Power output has been generated in RETScreen software that has provided power and 

energy curve of the above mentioned single wind turbine. A table of generated power output 

during variable wind speed is given below. Into the dialog box of the generator from the 

simulation, the power output for various wind speeds has been multiplied by number of wind 

turbines containing the Wind farm (i.e. 73 wind turbines). 

Table 5-4: The power output of Vestas 90 – 2 MW during variable wind speeds 

Wind speed [m/s] 0 1 2 3 4 5 6 7 8 

Power curve data 

[kW] 
0 0 0 0 56 165 339 570 863 

Wind speed [m/s] 9 10 11 12 13 14 15 16 17 

Power curve data 

[kW] 
1,215 1,606 1,878 1,974 1,995 2,000 2,000 2,000 2,000 

Wind speed [m/s] 18 19 20 21 22 23 24 25 26 

Power curve data  

[kW] 
2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000 0 

 
Figure 5-6: The power and energy curve of Vestas 90 – 2 MW during variable wind speed 



Simulation                 62 

 

The following three simulated cases based on a variable power output from the Wind 

farm has been investigated.  

5.4.2 Voltage changes during wind farm production at a variable wind speed 

Wind speed variations are basically represented as variable power output from the Wind 

farm as stated in Table 5-2. Although, at the wind speed between 0 - 3 m/s, the considered Wind 

farm does not supply electric power because there is not present a sufficient force on the rotor. 

Besides that, at the wind speed greater and equal to 26 m/s, the wind farm represents crossing 

storm and reaches a cut-out speed. Therefore, the wind farm also does not supply any electric 

power.  

In this scenario, an investigation of the voltage stability without a connected shunt 

compensation device and with a connected shunt compensation device has been done for 

supplied power at cosφ = 0.97. 

5.4.2.1 Without the connected compensation device 

The Figure 5-7 shows voltage curves in per unit values during a variable wind speed at 

all measured buses in the simulated system. As obvious, the lowest voltage occurred at 110 kV 

distribution network which is connected through the distribution transformers to the 400 kV 

Vernéřov substation. Numerical results of voltages in per-unit and voltage magnitudes in kV 

and voltage angles for each bus from the system are included in the Appendix H. 

 
Figure 5-7: Voltages at buses during wind farm production at cosφ = 0.97, without a shunt 

compensation 
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For a better overview about voltage fluctuation from the nominal voltage values, the 

voltage deviations for each substation and wind speed were calculated and inserted in the Tables 

5-5 and 5-6. In addition, absolute values of differences between minimal and maximal voltage 

deviations were calculated, where the five highest values were marked in yellow. 

Due to abundant amount of values, the following tables were reduced in identical rows. 

Namely, rows before cut-in speed and rows at nominal power output were merged into rows 

related to wind speed 0-3 m/s and 14-25 m/s. 

Table 5-5: Voltage deviations during a variable power output, part a) 
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4 3.97 0.99 -4.925 -5.436 -4.457 -0.627 0.156 

5 11.68 2.93 -4.876 -5.386 -4.414 -0.585 0.199 

6 24.01 6.02 -4.802 -5.311 -4.350 -0.520 0.263 

7 40.36 10.12 -4.707 -5.215 -4.267 -0.437 0.345 

8 61.11 15.32 -4.593 -5.100 -4.168 -0.338 0.444 

9 86.03 21.56 -4.468 -4.973 -4.057 -0.227 0.554 

10 113.72 28.50 -4.341 -4.844 -3.944 -0.115 0.666 

11 132.98 33.33 -4.260 -4.762 -3.873 -0.043 0.737 

12 139.78 35.03 -4.233 -4.735 -3.848 -0.019 0.761 

13 141.27 35.41 -4.227 -4.729 -3.843 -0.014 0.766 

14-25 141.62 35.49 -4.226 -4.728 -3.842 -0.012 0.768 

26 -30 0 0 -4.950 -5.462 -4.479 -0.650 0.135 

Max. absolute value of deviation 0.724 0.734 0.637 0.637 0.633 
 * Red cells indicate voltages not meeting standards 

Table 5-6: Voltage deviations during a variable power output, part b) 
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4 3.97 0.99 0.895 -0.627 -4.870 -8.235 -8.610 

5 11.68 2.93 0.936 -0.585 -4.697 -8.184 -8.559 

6 24.01 6.02 1.000 -0.519 -4.436 -8.105 -8.481 

7 40.36 10.12 1.082 -0.436 -4.100 -8.006 -8.380 

8 61.11 15.32 1.180 -0.336 -3.696 -7.887 -8.261 

9 86.03 21.56 1.290 -0.225 -3.245 -7.755 -8.128 

10 113.72 28.50 1.401 -0.111 -2.784 -7.621 -7.994 

11 132.98 33.33 1.472 -0.039 -2.487 -7.536 -7.909 

12 139.78 35.03 1.496 -0.014 -2.385 -7.508 -7.880 

13 141.27 35.41 1.500 -0.010 -2.365 -7.502 -7.875 

14-25 141.62 35.49 1.502 -0.008 -2.361 -7.501 -7.873 

26 -30 0 0 0.873 -0.650 -4.959 -8.262 -8.637 

Max. absolute value of deviation 0.629 0.641 2.598 0.761 0.765 
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QV curve analysis 

Following QV curves were generated for two cases of the wind farm. Firstly, it was the 

shutdown mode and secondly, it was the nominal power output. The generated QV diagrams 

describe sensitivity and variation of bus voltages with respect to the reactive power changes.  

For each bus in the Table 5-7 correspond three values. Voltage at Q0 defines voltage at a 

borderline between a reactive power margin and a deficit. It represents the base case (operation 

point). Further, as the point traces down, at some point it reaches bottom (V at Qmin). It provides 

information about a maximum increase in the load, where any other increase in MVAr load 

would cause voltage collapse. The yellow highlighted values represent the highest voltages at 

which the collapse occur. Further, in the last column, there is a Qmin, it is a value of MVAr 

reserve before voltage collapse. 

Table 5-7: Voltages and reactive power related to QV analysis 

Results from QV curve analysis 
P = 0 MW P = 141.62 MW = nominal 

V at Q0 V at Qmin Qmin V at Q0 V at Qmin Qmin 

Name Nom [kV] [ - ] [ - ] [MVAr] [ - ] [ - ] [MVAr] 
Vernéřov 400 0.95 0.5905 -1526.9 0.96 0.5877 -1574.8 

Vitkov_400 400 0.95 0.5154 -1048.0 0.95 0.5127 -1074.6 

Hradec_400 400 0.96 0.6052 -1858.1 0.96 0.6016 -1923.1 

Hradec_220 220 0.99 0.5235 -546.3 1.00 0.5299 -555.6 

VTZ 220 1.00 0.5113 -448.4 1.01 0.5077 -455.4 

Výškov_220 220 1.01 0.5087 -442.7 1.02 0.5150 -449.3 

Vítkov_220 220 0.99 0.5035 -334.6 1.00 0.4999 -339.6 

Wind farm 110 0.95 0.4804 -327.5 0.98 0.4864 -352.7 

DS_1 110 0.92 0.5074 -473.5 0.92 0.5150 -485.0 
Málkov 110 0.91 0.4836 -351.0 0.92 0.4813 -358.7 

 
Figure 5-8: QV curves at the bus Vernéřov and Vitkov_400 during a zero power output 

 
Figure 5-9: QV curves at the bus Hradec_400 and Hradec_220 during a zero power output 
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Figure 5-10: QV curves at the bus VTZ and Výškov_220 during a zero power output 

 
Figure 5-11: QV curves at the bus Vítkov_220 and Wind farm during a zero power output 

 
Figure 5-12: QV curves at the bus DS_1 and Málkov during a zero power output 

 
Figure 5-13: QV curves at the bus Vernéřov and Vítkov_400 during a nominal power output 
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Figure 5-14: Q-V curves at the bus Hradec_400 and Hradec_220 during a nominal power 

output 

 
Figure 5-15: QV curves at the bus VTZ and Výškov_220 during a nominal power output 

 
Figure 5-16: QV curves at the bus Vítkov_220 and Wind farm during a nominal power output 

 
Figure 5-17: QV curves at the bus DS_1 and Málkov during a nominal power output 
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5.4.2.2 With the connected compensation device 

In this case, a switched shunt capacitor with nominal value of 150 MVAr has been 

connected to the DS_1 bus. However, actual power of the shunt compensation is lower due to 

a lower voltage level at the terminal, where the compensation was connected. Afterwards, the 

identical voltage investigation for the case without the compensation was made, where the five 

highest values of maximum deviation were marked in yellow. Values of the reactive power 

produced by shunt compensation during voltage changes are stated in Appendix I. 

 
Figure 5-18: Voltages at buses during wind farm production at cosφ = 0.97, with a shunt 

compensation 
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Table 5-8: Voltage deviations during a variable power output with a shunt compensation, 

part a) 
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7 40.36 10.12 -2.862 -3.346 -2.769 1.060 1.835 

8 61.11 15.32 -2.749 -3.232 -2.671 1.159 1.932 

9 86.03 21.56 -2.624 -3.105 -2.560 1.269 2.042 

10 113.72 28.50 -2.497 -2.976 -2.448 1.381 2.154 

11 132.98 33.33 -2.416 -2.894 -2.376 1.454 2.225 

12 139.78 35.03 -2.388 -2.866 -2.351 1.478 2.250 

13 141.27 35.41 -2.383 -2.860 -2.347 1.483 2.254 

14-25 141.62 35.49 -2.381 -2.859 -2.345 1.484 2.255 

26 -30 0 0 -3.103 -3.590 -2.979 0.850 1.625 

Max. absolute value of deviation 0.722 0.732 0.634 0.634 0.630 

Table 5-9: Voltage deviations during a variable power output with a shunt compensation, 

part b) 
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6 24.01 6.02 2.480 0.990 -2.597 -2.018 -2.369 

7 40.36 10.12 2.561 1.072 -2.266 -1.916 -2.265 

8 61.11 15.32 2.659 1.171 -1.867 -1.793 -2.143 

9 86.03 21.56 2.768 1.282 -1.419 -1.656 -2.005 

10 113.72 28.50 2.879 1.395 -0.960 -1.518 -1.866 

11 132.98 33.33 2.950 1.467 -0.665 -1.429 -1.777 

12 139.78 35.03 2.974 1.492 -0.562 -1.399 -1.747 

13 141.27 35.41 2.979 1.497 -0.543 -1.394 -1.741 

14-25 141.62 35.49 2.980 1.498 -0.537 -1.392 -1.740 

26 -30 0 0 2.354 0.860 -3.113 -2.179 -2.530 

Max. absolute value of deviation 0.626 0.638 2.575 0.787 0.790 

QV curve analysis 

 The QV curve analyses were made same as for the previous case, the two highest 

voltage values at which the collapse occur were highlighted in yellow.  
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Table 5-10: Voltages and reactive power related to QV analysis with a shunt compensation 

Results from QV curve analysis 
P = 0 MW P = 141.62 MW = nominal 

V at Q0 V at Qmin Qmin V at Q0 V at Qmin Qmin 

Name Nom [kV] [ - ] [ - ] [MVAr] [ - ] [ - ] [MVAr] 

Vernéřov 400 0.97 0.5890 -1590.7 0.98 0.5962 -1638.1 

Vitkov_400 400 0.96 0.5241 -1087.5 0.97 0.5214 -1114.3 

Hradec_400 400 0.97 0.6102 -1927.7 0.98 0.6066 -1993.4 

Hradec_220 220 1.01 0.5285 -563.7 1.01 0.5348 -573.0 

VTZ 220 1.02 0.5163 -461.9 1.02 0.5226 -468.8 

Výškov_220 220 1.02 0.5135 -455.6 1.03 0.5198 -462.3 

Vítkov_220 220 1.01 0.5086 -344.8 1.01 0.5150 -349.7 

Wind farm 110 0.97 0.4889 -339.6 0.99 0.4946 -365.4 

DS_1 110 0.98 0.5382 -514.7 0.99 0.5361 -526.6 

Málkov 110 0.97 0.5147 -385.7 0.98 0.5126 -393.8 

 
Figure 5-19: QV curves at the bus Vernéřov and Vitkov_400 during a zero power output, with 

a shunt compensation 

 
Figure 5-20: QV curves at the bus Hradec_400 and Hradec_220 during a zero power output, 

with a shunt compensation 
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Figure 5-21: QV curves at the bus VTZ and Výškov_220 during a zero power output, with a 

shunt compensation 

 
Figure 5-22: QV curves at the bus Vítkov_220 and Wind farm during a zero power output, 

with a shunt compensation 

 
Figure 5-23: QV curves at the bus DS_1 and Málkov during a zero power output, with a shunt 

compensation 
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Figure 5-24: QV curves at the bus Vernéřov and Vitkov_400 during a nominal power output, 

with a shunt compensation 

 
Figure 5-25: QV curves at the bus Hradec_400 and Hradec_220 during a nominal power 

output, with a shunt compensation 

 
Figure 5-26: QV curves at the bus VTZ and Výškov_220 during a nominal power output, with 

a shunt compensation 
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Figure 5-27: QV curves at the bus Vítkov_220 and Wind farm during a nominal power output, 

with a shunt compensation 

 
Figure 5-28: QV curves at the bus DS_1 and Málkov during a nominal power output, with a 

shunt compensation 

5.4.3 Voltage changes during the Wind farm production at a variable power factor 

If a wind farm reaches rated power, the voltage may still be controlled by changing the 

power factor. In other words, the voltage can be controlled by a changing ratio of active and 

reactive power and thereby it influence the voltage. The simulated Wind farm contains wind 

turbines equipped by Doubly Fed Induction Generator (DFIG) that may vary in a range of 

power factor from 0.9 inductive to 0.95 capacitive. 
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5.4.3.1 Without connected compensation device 

Table 5-11: Bus voltages during a variable power factor, part a) 
S = 146 MVA  

(rated power output) 
Vernéřov [400 kV] Vítkov_400 [400 kV] Hradec_400 [400 kV] 

Power 
factor 

P Q pu Volt Voltage Angle pu Volt Voltage Angle pu Volt Voltage Angle 

[MW] [MVAr] [ - ] [kV] [ °] [ - ] [kV] [ °] [ - ] [kV] [ °] 

0.90 131.40 63.64 0.9610 384.40 -64.71 0.9560 382.41 -67.00 0.9642 385.67 -63.73 

0.91 132.86 60.53 0.9606 384.26 -64.71 0.9557 382.27 -66.99 0.9639 385.56 -63.72 

0.92 134.32 57.22 0.9603 384.11 -64.70 0.9553 382.12 -66.99 0.9636 385.44 -63.71 

0.93 135.78 53.66 0.9599 383.95 -64.69 0.9549 381.95 -66.98 0.9633 385.31 -63.71 

0.94 137.24 49.81 0.9594 383.77 -64.68 0.9544 381.77 -66.98 0.9629 385.17 -63.70 

0.95 138.70 45.59 0.9589 383.57 -64.68 0.9539 381.57 -66.97 0.9625 385.02 -63.70 

0.96 140.16 40.88 0.9584 383.35 -64.67 0.9534 381.35 -66.97 0.9621 384.84 -63.69 

0.97 141.62 35.49 0.9577 383.10 -64.67 0.9527 381.09 -66.96 0.9616 384.63 -63.69 

0.98 143.08 29.05 0.9570 382.79 -64.66 0.9519 380.78 -66.96 0.9610 384.38 -63.68 

0.99 144.54 20.60 0.9559 382.37 -64.66 0.9509 380.36 -66.96 0.9601 384.05 -63.68 

1.00 146.00 0.00 0.9533 381.34 -64.66 0.9483 379.31 -66.98 0.9580 383.21 -63.68 

-0.99 144.54 20.60 0.9506 380.26 -64.69 0.9455 378.21 -67.02 0.9558 382.33 -63.71 

-0.98 143.08 29.05 0.9495 379.80 -64.70 0.9444 377.75 -67.04 0.9549 381.96 -63.72 

-0.97 141.62 35.49 0.9486 379.45 -64.72 0.9435 377.39 -67.06 0.9542 381.67 -63.73 

-0.96 140.16 40.88 0.9479 379.15 -64.73 0.9427 377.09 -67.08 0.9536 381.43 -63.74 

-0.95 138.70 45.59 0.9472 378.89 -64.75 0.9421 376.82 -67.10 0.9530 381.21 -63.75 
* Red cells indicate voltages not meeting standards 

Table 5-12: Bus voltages during a variable power factor, part b) 
S = 146 MVA 

(rated power output) 
Hradec_220 [220 kV] VTZ [220 kV] Výškov_220 [220 kV] 

Power 
factor 

P Q pu Volt Voltage Angle pu Volt Voltage Angle pu Volt Voltage Angle 

[MW] [MVAr] [ - ] [kV] [ °] [ - ] [kV] [ °] [ - ] [kV] [ °] 

0.90 131.40 63.64 1.0025 220.55 -59.26 1.0103 222.26 -58.49 1.0176 223.87 -57.69 

0.91 132.86 60.53 1.0022 220.49 -59.25 1.0100 222.20 -58.48 1.0173 223.81 -57.68 

0.92 134.32 57.22 1.0019 220.42 -59.24 1.0097 222.13 -58.48 1.0170 223.75 -57.67 

0.93 135.78 53.66 1.0016 220.35 -59.23 1.0094 222.06 -58.47 1.0167 223.67 -57.66 

0.94 137.24 49.81 1.0012 220.27 -59.23 1.0090 221.98 -58.46 1.0164 223.60 -57.65 

0.95 138.70 45.59 1.0008 220.18 -59.22 1.0086 221.90 -58.45 1.0160 223.51 -57.64 

0.96 140.16 40.88 1.0004 220.09 -59.21 1.0082 221.80 -58.44 1.0155 223.42 -57.63 

0.97 141.62 35.49 0.9999 219.97 -59.20 1.0077 221.69 -58.43 1.0150 223.30 -57.62 

0.98 143.08 29.05 0.9993 219.84 -59.19 1.0071 221.55 -58.42 1.0144 223.17 -57.61 

0.99 144.54 20.60 0.9984 219.65 -59.18 1.0062 221.37 -58.40 1.0136 222.99 -57.59 

1.00 146.00 0.00 0.9963 219.19 -59.16 1.0041 220.91 -58.39 1.0115 222.53 -57.57 

-0.99 144.54 20.60 0.9941 218.71 -59.16 1.0020 220.43 -58.38 1.0093 222.06 -57.57 

-0.98 143.08 29.05 0.9932 218.50 -59.17 1.0010 220.23 -58.39 1.0084 221.85 -57.57 

-0.97 141.62 35.49 0.9925 218.34 -59.17 1.0003 220.07 -58.39 1.0077 221.70 -57.57 

-0.96 140.16 40.88 0.9919 218.21 -59.18 0.9997 219.94 -58.40 1.0071 221.56 -57.57 

-0.95 138.70 45.59 0.9913 218.09 -59.19 0.9992 219.82 -58.40 1.0066 221.45 -57.58 

Above and below displayed tables contain values of voltages at particular buses in the 

course of variable power factor in range from 0.9 inductive to 0.95 capacitive that provides 

DFIG wind turbine generator. Investigation of bus voltages for the whole range of power factors 

has been made only for case without any compensation devices. 

 

 

 

 

 



Simulation                 74 

 

Table 5-13: Bus voltages during a variable power factor, part c) 
S = 146 MVA 

(rated power output) 
Vítkov_220 [220 kV] Wind farm [110 kV] DS_1 [110 kV] 

Power  
factor 

P Q pu Volt Voltage Angle pu Volt Voltage Angle pu Volt Voltage Angle 

[MW] [MVAr] [ - ] [kV] [ °] [ - ] [kV] [ °] [ - ] [kV] [ °] 

0.90 131.40 63.64 1.0025 220.56 -61.15 0.9958 109.53 -60.29 0.9284 102.13 -70.97 

0.91 132.86 60.53 1.0023 220.50 -61.14 0.9937 109.30 -60.22 0.9280 102.09 -70.97 

0.92 134.32 57.22 1.0020 220.43 -61.14 0.9914 109.05 -60.15 0.9277 102.04 -70.97 

0.93 135.78 53.66 1.0016 220.36 -61.13 0.9890 108.79 -60.08 0.9272 102.00 -70.96 

0.94 137.24 49.81 1.0013 220.28 -61.12 0.9863 108.50 -60.00 0.9268 101.94 -70.96 

0.95 138.70 45.59 1.0009 220.19 -61.11 0.9834 108.18 -59.93 0.9262 101.89 -70.96 

0.96 140.16 40.88 1.0004 220.10 -61.11 0.9802 107.82 -59.85 0.9257 101.82 -70.96 

0.97 141.62 35.49 0.9999 219.98 -61.10 0.9764 107.40 -59.77 0.9250 101.75 -70.97 

0.98 143.08 29.05 0.9993 219.84 -61.09 0.9719 106.91 -59.68 0.9242 101.66 -70.97 

0.99 144.54 20.60 0.9985 219.66 -61.08 0.9659 106.25 -59.58 0.9231 101.54 -70.98 

1.00 146.00 0.00 0.9963 219.20 -61.08 0.9510 104.61 -59.42 0.9204 101.24 -71.02 

-0.99 144.54 20.60 0.9941 218.71 -61.09 0.9358 102.94 -59.39 0.9175 100.93 -71.09 

-0.98 143.08 29.05 0.9932 218.50 -61.10 0.9294 102.23 -59.41 0.9163 100.80 -71.12 

-0.97 141.62 35.49 0.9925 218.34 -61.10 0.9245 101.69 -59.44 0.9154 100.70 -71.15 

-0.96 140.16 40.88 0.9919 218.21 -61.11 0.9204 101.24 -59.48 0.9146 100.61 -71.17 

-0.95 138.70 45.59 0.9913 218.09 -61.12 0.9167 100.84 -59.52 0.9139 100.53 -71.20 

Table 5-14: Bus voltages during a variable power factor, part d) 
S = 146 MVA 

(rated power output) 
Málkov [110 kV] 

S = 146 MVA 
(rated power output) 

Málkov [110 kV] 

Power 
factor 

P Q pu Volt Voltage Angle Power 
factor 

P Q pu Volt Voltage Angle 

[MW] [MVAr] [ - ] [kV] [ °] [MW] [MVAr] [ - ] [kV] [ °] 

0.90 131.40 63.64 0.9247 101.72 -71.56 0.98 143.08 29.05 0.9205 101.25 -71.56 

0.91 132.86 60.53 0.9243 101.68 -71.55 0.99 144.54 20.60 0.9194 101.13 -71.57 

0.92 134.32 57.22 0.9239 101.63 -71.55 1.00 146.00 0.00 0.9166 100.83 -71.62 

0.93 135.78 53.66 0.9235 101.59 -71.55 -0.99 144.54 20.60 0.9138 100.52 -71.69 

0.94 137.24 49.81 0.9230 101.54 -71.55 -0.98 143.08 29.05 0.9126 100.38 -71.72 

0.95 138.70 45.59 0.9225 101.48 -71.55 -0.97 141.62 35.49 0.9116 100.28 -71.75 

0.96 140.16 40.88 0.9219 101.41 -71.55 -0.96 140.16 40.88 0.9109 100.19 -71.78 

0.97 141.62 35.49 0.9213 101.34 -71.56 -0.95 138.70 45.59 0.9102 100.12 -71.80 

In another part, PV curves for the Wind farm bus, the voltage fluctuation and QV curve 

analyses for range of power factors from 0.965 inductive to 0.975 capacitive have been made. 

These investigations of the influence of the variable power factor were performed for two cases, 

with the contribution of the shunt compensation and without the contribution of the shunt 

compensation.  

The first Figure 5-29 shows influence of transferred power on voltage magnitude for 

different power factors. 
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Figure 5-29: PV curves for the Wind farm bus without a shunt compensation 

QV curve analysis 

 In this part, the QV curve analysis has been performed only for the nearest buses to the 

Wind farm, because only at these buses the voltages have a tendency to change. Furthermore, 

a displaying of QV curves was not preformed, because the shapes which describes sensitivities 

of buses are the same like for the previous case. Only the following Table 5-15 containing 

results of QV analyses is available. For each bus, the highest voltage was highlighted in yellow. 

Table 5-15: Results from the QV curve analysis without a shunt compensation 

Name Nom [kV] 

0.965 0.975 0.985 

V at Q0 V at Qmin Qmin V at Q0 V at Qmin Qmin V at Q0 V at Qmin Qmin 

[ - ] [ - ] [MVAr] [ - ] [ - ] [MVAr] [ - ] [ - ] [MVAr] 

Vernéřov 400 0.96 0.5881 -1577.6 0.96 0.5874 -1571.6 0.96 0.5865 -1564.0 

Wind farm 110 0.98 0.4883 -355.7 0.97 0.4943 -349.6 0.97 0.4891 -342.1 

DS_1 110 0.93 0.5176 -485.6 0.93 0.5169 -484.4 0.93 0.5160 -482.9 

Málkov 110 0.92 0.4839 -359.5 0.92 0.4832 -358.8 0.92 0.4823 -357.8 

Name Nom [kV] 

0.995 1 -0.995 

V at Q0 V at Qmin Qmin V at Q0 V at Qmin Qmin V at Q0 V at Qmin Qmin 

[ - ] [ - ] [MVAr] [ - ] [ - ] [MVAr] [ - ] [ - ] [MVAr] 

Vernéřov 400 0.96 0.5852 -1552.4 0.95 0.5933 -1536.1 0.95 0.5914 -1519.4 

Wind farm 110 0.96 0.4916 -331.2 0.95 0.4910 -316.5 0.94 0.4903 -302.0 

DS_1 110 0.92 0.5146 -480.8 0.92 0.5127 -477.7 0.92 0.5107 -474.5 

Málkov 110 0.92 0.4809 -356.4 0.92 0.4789 -354.3 0.92 0.4869 -352.2 

Name Nom [kV] 

-0.985 -0.975    

V at Q0 V at Qmin Qmin V at Q0 V at Qmin Qmin    

[ - ] [ - ] [MVAr] [ - ] [ - ] [MVAr]    

Vernéřov 400 0.95 0.5900 -1506.7 0.95 0.5890 -1497.8    

Wind farm 110 0.93 0.4923 -291.7 0.93 0.4868 -284.7    

DS_1 110 0.92 0.5092 -472.1 0.92 0.5081 -470.5    

Málkov 110 0.92 0.4854 -350.7 0.91 0.4844 -349.6    
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5.4.3.2 With the connected compensation device 

As has been said, the same results of the analyses were made for the case with the 

connected shunt compensation. 

 
Figure 5-30: PV curves for the Wind farm bus without a shunt compensation 

QV curve analysis 

Table 5-16: Results from the QV curve analyses with a shunt compensation 

Name Nom [kV] 

0.965 0.975 0.985 

V at Q0 V at Qmin Qmin V at Q0 V at Qmin Qmin V at Q0 V at Qmin Qmin 

[ - ] [ - ] [MVAr] [ - ] [ - ] [MVAr] [ - ] [ - ] [MVAr] 

Vernéřov 400 0.98 0.5865 -1640.95 0.98 0.5958 -1634.99 0.97 0.595 -1627.52 

Wind farm 110 1 0.4965 -368.36 0.99 0.5025 -362.25 0.99 0.4975 -354.77 

DS_1 110 0.99 0.5364 -527.21 0.99 0.5457 -526 0.98 0.5447 -524.5 

Málkov 110 0.98 0.513 -394.23 0.98 0.5122 -393.42 0.98 0.5113 -392.4 

Name Nom [kV] 

 0.995 1 -0.995 

V at Q0 V at Qmin Qmin V at Q0 V at Qmin Qmin V at Q0 V at Qmin Qmin 

[ - ] [ - ] [MVAr] [ - ] [ - ] [MVAr] [ - ] [ - ] [MVAr] 

Vernéřov 400 0.97 0.5937 -1616.25 0.97 0.5918 -1600.11 0.97 0.5899 -1583.14 

Wind farm 110 0.98 0.5001 -343.91 0.97 0.4997 -329.2 0.96 0.4991 -314.75 

DS_1 110 0.98 0.5433 -522.26 0.98 0.5413 -519.08 0.98 0.5393 -515.8 

Málkov 110 0.98 0.5098 -390.88 0.98 0.5078 -388.74 0.98 0.5158 -386.56 

Name Nom [kV] 

-0.985 -0.975    

V at Q0 V at Qmin Qmin V at Q0 V at Qmin Qmin    

[ - ] [ - ] [MVAr] [ - ] [ - ] [MVAr]    

Vernéřov 400 0.97 0.5885 -1570.23 0.97 0.5976 -1561.51    

Wind farm 110 0.95 0.5013 -304.38 0.95 0.4959 -297.38    

DS_1 110 0.98 0.5377 -513.34 0.98 0.5367 -511.63    

Málkov 110 0.97 0.5142 -384.93 0.97 0.5132 -383.8    

 

 

0.94

0.95

0.96

0.97

0.98

0.99

1

0 20000 40000 60000 80000 100000 120000 140000 160000

p
u

 V
o

lt
ag

e 
[ 

-
]

P [kW]

COS FI=0.965

COS FI=0.975

COS FI=0.985

cosfi=0.995

COS FI=1

cosfi=-0.995

COS FI=-0.985

COS FI=-0.975



Simulation                 77 

 

5.4.4 Voltage control at distribution network by using an on load tap changer  

In this case, instead of a switched shunt compensation, two on load tap changers on 

parallel distribution transformers 110/400 kV have been simulated. The tap ratio of the 

transformers were adjusted to 1.08 in order to reach a nominal voltage at the DS_1 and the 

Málkov substation. 

 
Figure 5-31: On load tap changer adjusted to 1.08 tap ratio 

5.4.4.1 Without the connected SVC device 

 
Figure 5-32: Voltages at buses during the Wind farm production, with an on load tap changer 
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In addition, voltage deviations were calculated and five highest values were marked in 

yellow. Further, the QV curve analyses for the four nearest buses from Wind farm have also 

been made for the range of power factors from 0.965 inductive to 0.975 capacitive. 

Table 5-17: Voltage deviations during a variable power output, on load tap changer, part a) 

Wind  
speed 

Wind farm  
power output 
at cosφ =0.97 
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4 3.97 0.99 -4.923 -5.434 -4.456 -0.626 0.157 

5 11.68 2.93 -4.874 -5.385 -4.413 -0.584 0.200 

6 24.01 6.02 -4.800 -5.310 -4.348 -0.519 0.264 

7 40.36 10.12 -4.705 -5.213 -4.266 -0.436 0.346 

8 61.11 15.32 -4.592 -5.099 -4.166 -0.337 0.445 

9 86.03 21.56 -4.466 -4.971 -4.056 -0.226 0.555 

10 113.72 28.50 -4.339 -4.843 -3.943 -0.114 0.667 

11 132.98 33.33 -4.259 -4.761 -3.871 -0.042 0.738 

12 139.78 35.03 -4.231 -4.733 -3.847 -0.017 0.763 

13 141.27 35.41 -4.226 -4.728 -3.842 -0.012 0.768 

14-25 141.62 35.49 -4.225 -4.726 -3.841 -0.011 0.769 

26 -30 0 0 -4.948 -5.460 -4.478 -0.648 0.136 

Max. absolute value of deviation 0.724 0.734 0.637 0.637 0.633 
* Red cells indicate voltages not meeting standards 

Table 5-18: Voltage deviations during a variable power output, on load tap changer, part b) 
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4 3.97 0.99 0.896 -0.626 -4.868 -1.119 -1.465 

5 11.68 2.93 0.938 -0.583 -4.695 -1.064 -1.410 

6 24.01 6.02 1.002 -0.518 -4.435 -0.980 -1.325 

7 40.36 10.12 1.084 -0.435 -4.098 -0.872 -1.218 

8 61.11 15.32 1.181 -0.335 -3.695 -0.744 -1.089 

9 86.03 21.56 1.291 -0.223 -3.244 -0.602 -0.946 

10 113.72 28.50 1.402 -0.110 -2.782 -0.458 -0.802 

11 132.98 33.33 1.473 -0.038 -2.485 -0.366 -0.711 

12 139.78 35.03 1.497 -0.013 -2.384 -0.335 -0.679 

13 141.27 35.41 1.502 -0.008 -2.365 -0.329 -0.674 

14-25 141.62 35.49 1.503 -0.007 -2.359 -0.328 -0.672 

26 -30 0 0 0.875 -0.648 -4.957 -1.147 -1.495 

Max. absolute value of deviation 0.628 0.641 2.598 0.819 0.823 

By using a SVC device in Vernéřov (yellow oval), a nominal tap ratio on distribution 

transformer could have been decreased to 1.06, in order to reach a nominal voltage at the DS_1 

and the Málkov substation. 
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5.4.4.2 With the connected SVC device 

 
Figure 5-33: Voltages at buses during the Wind farm production, with on load tap changer 

and SVC device 

Table 5-19: Voltage deviations during a variable power output, with on load tap changer and 

SVC, part a) 
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5 11.68 2.93 -2.216 -2.691 -2.254 1.575 2.346 

6 24.01 6.02 -2.183 -2.658 -2.224 1.605 2.376 

7 40.36 10.12 -2.142 -2.616 -2.184 1.645 2.415 

8 61.11 15.32 -2.092 -2.565 -2.137 1.693 2.463 

9 86.03 21.56 -2.036 -2.509 -2.083 1.746 2.516 

10 113.72 28.50 -1.979 -2.451 -2.028 1.801 2.571 

11 132.98 33.33 -1.943 -2.414 -1.992 1.837 2.606 

12 139.78 35.03 -1.930 -2.402 -1.980 1.849 2.618 

13 141.27 35.41 -1.928 -2.399 -1.978 1.852 2.621 

14-25 141.62 35.49 -1.927 -2.399 -1.977 1.852 2.621 

26 -30 0 0 -2.248 -2.724 -2.285 1.545 2.315 

Max. absolute value of deviation 0.321 0.325 0.308 0.308 0.306 
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Table 5-20: b) Voltage deviations during a variable power output, with on load tap changer 

and SVC, part b) 

Wind  
speed 
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at cosφ =0.97 
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_
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0.427 
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0.086 

4 3.97 0.99 3.050 1.570 -2.185 0.440 0.099 

5 11.680 2.930 3.070 1.590 -2.043 0.464 0.123 

6 24.010 6.020 3.100 1.620 -1.827 0.500 0.159 

7 40.360 10.120 3.139 1.660 -1.550 0.546 0.205 

8 61.110 15.320 3.186 1.708 -1.215 0.602 0.262 

9 86.030 21.560 3.239 1.762 -0.836 0.665 0.324 

10 113.720 28.500 3.293 1.818 -0.448 0.727 0.387 

11 132.980 33.330 3.328 1.854 -0.197 0.767 0.428 

12 139.780 35.030 3.340 1.865 -0.110 0.782 0.442 

13 141.270 35.410 3.343 1.868 -0.094 0.784 0.445 

14-25 141.620 35.490 3.343 1.869 -0.089 0.785 0.445 

26 -30 0.000 0.000 3.040 1.559 -2.258 0.427 0.086 

Max. absolute value of deviation 0.304 0.310 2.169 0.357 0.359 

QV curve analysis 

The Table 5-21 contains the results for the cases with and without the connected SVC 

device. Further the highest voltage values for each bus were highlighted in yellow. 

Table 5-21: Results from the QV curve analysis for different power factors 

W
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t 
S

V
C

 

d
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Name 
Nom 
[kV] 

0.965 1 -0.975 

V at Q0 V at Qmin Qmin V at Q0 V at Qmin Qmin V at Q0 V at Qmin Qmin 

[ - ] [ - ] [MVAr] [ - ] [ - ] [MVAr] [ - ] [ - ] [MVAr] 

Vernéřov 400 0.96 0.5881 -1578.19 0.95 0.5934 -1536.6 0.95 0.5891 -1498.32 

Wind farm 110 0.98 0.4884 -355.7 0.95 0.491 -316.49 0.93 0.4868 -284.69 

DS_1 110 1 0.5471 -485.86 0.99 0.5517 -477.99 0.99 0.5469 -470.79 

Málkov 110 0.99 0.5237 -373.35 0.99 0.5183 -367.89 0.98 0.5234 -362.92 

W
it
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d
ev

ic
e 

Name 
Nom  
[kV] 

0.965 1 -0.975 

V at Q0 V at Qmin Qmin V at Q0 V at Qmin Qmin V at Q0 V at Qmin Qmin 

[ - ] [ - ] [MVAr] [ - ] [ - ] [MVAr] [ - ] [ - ] [MVAr] 

Vernéřov 400 0.98 0.5909 -1646.02 0.98 0.5988 -1613.02 0.98 0.5969 -1581.82 

Wind farm 110 1 0.5008 -412.71 0.98 0.4967 -373.58 0.96 0.4956 -341.73 

DS_1 110 1.01 0.538 -647.9 1.01 0.5357 -644.03 1 0.5436 -640.56 

Málkov 110 1 0.5146 -461.37 1 0.5223 -458.84 1 0.5202 -456.58 
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6 CONCLUSION 

6.1 Theoretical part 

The theoretical part of the thesis contains three chapters. The first chapter deals with 

general knowledge of a wind energy formation and an overview of wind turbines with a focus 

on wind turbines generators and their possibilities of voltage and reactive power control. 

Afterwards, the installed wind power capacity in the area of synchronous grid of Continental 

Europe has been studied together with the wind energy scenarios in Europe for years 2020 and 

2030. 

According to the report published by EWEA, the countries with the most of installed wind 

power capacity are also longstanding member countries of EU, such as Spain, Germany, France 

and Italy. Surely, these countries are one of the largest countries in Europe. In the detailed 

analysis, the largest increments of the installed wind capacity has been noticed in Germany at 

the end of the years 2013 and 2014. Numerically, in the year 2014, there was installed 5,279.2 

MW of new capacity, of which 528.9 MW offshore. The most of installations are situated in 

the North of Germany, in the case of offshore it is the North and the Baltic Sea. A different 

situation occurs in Spain which is the second largest wind energy market. In this country, the 

increments of installed capacity decreased in the last two years and in the year 2014, there has 

been installed only 27.5 MW, despite of the fact that there is a large wind energy potential. 

Among the new EU member states, the largest wind energy markets were formed in Romania 

and Poland. Nevertheless, these countries are lagging behind many European countries in spite 

of their size and wind energy potential. 

According to these numbers of installed wind power, the wind energy is the fastest 

growing renewable energy resource in Europe. It is evident, that a development of new 

electrical grids has a great importance in term of maintaining this increasing trend in wind 

energy resources.  

In the terms of wind energy potential, within the countries of CE Region, the most suitable 

for wind power penetration is an agricultural land type. Specifically, the greatest onshore 

unrestricted wind energy potential is in France, Germany, Poland and Spain. However, in Spain, 

the wind potential is located in the high altitude, and therefore the estimated potential is 

reduced. In terms of offshore wind energy potential, the most attractive area is situated in the 

North and the Baltic Sea. For that reason, the countries that have the largest potential are, 

besides France and Germany, also small countries such as the Netherland and Denmark. 

Although, the CE Region has an abundant amount of an offshore potential, the number 

of installations do not correspond to it. It is due to the expensive investments in case of offshore 

wind farms that are waiting for development of cheaper foundations. Furthermore, future 

offshore installations also depend on environmental and social restrictions which increase the 

minimum distance for wind turbine installations, and therefore, they minimize the theoretical 

wind energy potential. Nevertheless, it seems that the wind energy will be the main contributor 

to meet the European energy targets. 
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The last theoretical part also deals with a weather influence on an electricity production. 

In general, the aggregated wind farms through the Europe are a very effective solution to avoid 

a short term power output variability because the wind is always somewhere and does not 

disappear too. In case of a dense grid, it would provide an uninterrupted supply of the power 

from wind resources, however the voltage is still needed to control locally with the using of a 

compensation device. 

6.2 Practical part 

The crucial part of the thesis dealt with the planned Wind Farm Chomutov in the North-

West of the Czech Republic and its simulation in the power system corresponding with the 

network development plan for year 2025. After the creation of an appropriate visual one-line 

diagram via the PowerWorld simulator, the investigation of the influence of the Wind farm 

production on a voltage stability was done. The investigated cases were performed for various 

power factors of the Wind farm and for connected various devices affecting a reactive power. 

The applied devices involving a shunt compensation, a static var compensator, and an on-load 

tap changer and their combination. In addition, for each investigated case, the QV curve 

analyses were performed that determine the critical buses in the system. 

The first investigated case is related to the voltage changes during a variable power 

output from the Wind farm. According to the Czech Grid Code, the voltage should be in the 

range of ±5% for 400 kV and ±10% for 220 kV and 110 kV. Nevertheless, these maximum 

voltage deviations have not been fulfilled during wind speed from 0 to 8 m/s at the 400 kV 

substation Vítkov_400. However, except for this substation where the voltage deviation reached 

0,734%, further largest voltage deviations also occurred in the substations Málkov (0.765%), 

DS_1 (0.761%), Vernéřov (0,724%) and as obvious at the Wind farm (2.598%) bus. It is for 

the reason that these substations are located the nearest from the Wind farm and two of them 

are located in a distribution network. Therefore, the connection of the compensation device into 

the distribution network is necessary, not only in the course of zero wind speed.  

When the shunt compensation was connected to the distribution network, naturally the 

voltages at all buses increased. The voltage at the bus Vítkov_400 increased above the 

minimum voltage threshold required by the Czech Grid Code, and the voltages at the buses 

Málkov and DS_1 increased to more acceptable values. In other words, according to the QV 

curve analysis, the operation points have increased at all buses in the system. Consequently, the 

reactive power margins increased and the voltages at which can collapse occur slightly 

increased. Furthermore, a flatness of curves describes sensitivity of the bus to the reactive 

power, where according to the QV curve diagrams the substations Vítkov_220, Wind farm and 

Málkov can be marked as the most sensitive. The highest voltage at which the system collapse 

was obtained at the Hradec_400 and the Vernéřov substation. 

In the next simulation case, voltage changes during a variable power factors have been 

investigated. During the test two critical substations were found out. The substation Vernéřov 

reached the voltage below maximal allowed limit when the Wind farm generated the power for 

a capacitive power factor from 0.98 to 0.95. Furthermore, the Vítkov_400 substation exceeded 
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the minimal required voltage for the capacitive power factor and even when only active power 

was supplied. 

Thereafter, PV diagrams for the Wind farm bus were plotted. These diagrams describe 

voltage changes according to the increasing transferred active power for different power factors. 

The diagrams shows that for lower inductive power factors the voltages increase with an 

increasing amount of the transferred active power. On the other hand, the voltages decrease for 

low capacitive power factors. For the connected shunt compensation the initial voltage value 

moved up, however the shapes of curves remained the same. During the increasing active power 

up to the maximum installed power output, the voltages were kept in the allowed range. It means 

that the Wind farm cannot cause a voltage collapse due to the growing active power supply. In 

terms of the QV curve analysis, all the voltages in which a collapse occurs were the highest for 

different power factors. 

In the last investigated case, a transformer with an on-load tap changer has been 

embedded into the power system. The tap ratio of the transformer was adjusted to 1.08 to reach 

the nominal voltages at the distribution side of the Vernéřov substation. After that, except for 

Vítkov_400, at all the buses were voltages in acceptable limits and the voltage deviations were 

higher only in the distribution network. 

Furthermore, the SVC device was connected to the Vernéřov substation. Therefore, the 

nominal tap ratio on distribution transformers could be reduced to 1.06, in order to reach a 

nominal voltage at the DS_1 and Málkov substation. For this case with the on load tap changer 

at the distribution network and SVC at the 400 kV substation Vernéřov, the lowest voltage 

changes occurred during the variable power production from the Wind farm. According to the 

QV curve analysis, the least favourable voltages at which the voltage collapse occurs were for 

the most of buses, during a supply of the active power only. 

A summarization of all the used means of voltage control. The last investigated case 

with the connected on-load tap changer provided the best control of a voltage at distribution 

network. However due to its low dynamism, it is not suitable for rapid voltage changes. Hence 

the SVC should be used to avoid fast voltage changes, when the wind speed variations are 

present. Basically, on-load tap changer is more suitable for time periods when no wind is 

predicted and therefore, the distribution side of the Vernéřov substation is not supported by 

reactive power from the Wind farm Chomutov. For this windless periods, it is sufficient to use 

only tap ratio without any other compensation devices. Other approach to the voltage control 

provides changing of the power factor of the Wind farm. Nevertheless, it does not provide a 

large power support in comparison to the compensation devices.
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APPENDIX A – Scenario for wind power installations and a wind energy production [17] 

 
EU wind power installations scenario for year 2020 in GW 

 
EU wind energy production scenario for year 2020 in TWh 
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APPENDIX B – Economical and unrestricted technical potential and a total installed wind 

power capacity in the countries of the synchronous grid of Continental Europe 

 
Economical potential for the countries of the synchronous grid of CE [48] 

Unrestricted technical potential for onshore wind energy up to 2030 in the countries of the 

synchronous grid of CE [18] 

Country 

Built-up 

areas 
Open areas 

Agricultura

l areas 
Forests Glaciers 

Marshes 

and marine 

water 

bodies 

Water 

bodies 
Total 

TWh 

Austria 26.96 0.22 128.05 307.09 1.66 1.34 0.86 466.18 

Belgium 116.35 1.04 208.15 110.43 0.00 1.69 0.74 438.39 

Bulgaria 42.05 0.78 231.63 310.33 0.00 1.12 1.17 587.08 

Czech 

Republic 
53.96 1.18 292.33 337.71 0.00 0.55 1.58 687.31 

Denmark 74.17 0.80 606.59 110.00 0.00 12.40 3.97 807.94 

France 379.90 6.66 2,985.38 1,859.35 0.41 39.21 8.68 5279.59 

Germany 433.35 9.39 2,017.27 1,535.08 0.00 22.61 16.76 4,034.46 

Greece 17.19 1.38 208.90 357.57 0.00 1.78 0.34 587.16 

Hungary 54.23 0.45 300.23 194.62 0.00 4.79 2.40 556.71 

Italy 73.30 1.73 510.75 556.62 1.77 6.38 1.13 1,151.68 

Luxembourg 3.19 0.06 12.73 13.53 0.00 0.01 0.03 29.54 

Netherlands 96.19 1.78 349.96 66.80 0.00 11.54 7.39 533.66 

Poland 159.84 3.76 1,952.79 1,533.01 0.00 13.84 23.78 3,687.01 

Portugal 36.36 1.25 276.11 360.16 0.00 2.44 0.73 677.05 

Romania 115.69 0.69 511.40 485.97 0.00 39.40 6.99 1,160.14 

Slovakia 24.66 0.15 99.60 198.04 0.00 0.35 0.37 323.17 

Slovenia 3.00 0.03 20.58 82.60 0.00 0.12 0.03 106.36 

Spain 65.10 3.88 1,224.54 1,449.86 0.01 8.23 4.36 2,755.98 

Switzerland 0.56 0.00 2.08 37.09 2.31 0.01 0.24 42.29 

Total 1,776.04 35.23 11,939.06 9,905.86 6.18 167.81 81.53 2,3911.70 
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Potential for wind energy in mountainous area up to 2030 in the countries of the synchronous 

grid of CE [18] 

Country 

Built-up 
areas 

Open 
areas 

Agricultur
al areas 

Forests Glaciers 

Marshes 
and 

marine 
water 

bodies 

Water 
bodies 

Total 

TWh 

Austria 1 0 12 104 1 0 0 118.34 

Belgium 0 0 0 1 0 0 0 1.30 

Bulgaria 1 0 5 61 0 0 0 67.76 

Czech 
Republic 

1 0 16 51 0 0 0 67.88 

Denmark 0 0 0 0 0 0 0 0.00 

France 2 0 52 170 0 0 0 225.16 

Germany 4 0 27 80 0 0 0 112.18 

Greece 0 0 8 75 0 0 0 82.85 

Hungary 0 0 0 2 0 0 0 1.83 

Italy 2 0 22 162 1 0 0 185.93 

Luxembourg 0 0 0 0 0 0 0 0.00 

Netherlands 0 0 0 0 0 0 0 0.00 

Poland 0 0 5 29 0 0 0 33.88 

Portugal 0 0 13 24 0 0 0 36.69 

Romania 2 0 12 121 0 0 0 134.63 

Slovakia 1 0 6 46 0 0 0 52.86 

Slovenia 0 0 2 21 0 0 0 22.93 

Spain 6 1 301 424 0 0 1 733.69 

Switzerland 0 0 1 23 1 0 0 25.31 

Total 22 1 482 1,393 3 1 2 1,903.20 

Unrestricted technical potential for offshore wind energy up to 2030 in the countries of the 

synchronous grid of CE [18] 

Country 
< 10 km 10-30 km 30-50 km >50 km Total 

TWh 

Austria 0 0 0 0 0.00 

Belgium 10 106 109 27 250.60 

Bulgaria 41 119 40 0 199.11 

Czech Republic 0 0 0 0 0.00 

Denmark 697 655 245 1,119 2,715.13 

France 543 792 427 199 1,961.49 

Germany 310 257 162 981 1,710.67 

Greece 354 307 79 8 748.44 

Hungary 0 0 0 0 0.00 

Italy 265 462 223 45 995.75 

Luxembourg 0 0 0 0 0.00 

Netherlands 183 342 221 1,654 2,400.06 

Poland 127 198 107 52 484.11 

Portugal 96 153 70 9 327.98 

Romania 44 79 34 1 158.51 

Slovakia 0 0 0 0 0.00 

Slovenia 0 1 0 0 1.68 

Spain 306 155 59 4 524.41 

Switzerland 0 0 0 0 0.00 

Total 2,977.42 3,626.13 1,775.80 4,098.60 12,477.90 

 

 

 

 

 



92 

 

Total installed wind power capacity by end of 2014, and amount of installations in the last 

two years in the countries of the synchronous grid of CE 

Country 
Increment 2013 End 2013 Increment 2014 End 2014 

MW 

Austria 308.4 1,683.8 411.2 2,095.0 

Belgium 275.6 1,665.5 293.5 1,959.0 

Bulgaria 7.1 681.1 9.4 690.5 

Croatia 81.2 260.8 85.7 346.5 

Czech Republic 8.0 267.5 14.0 281.5 

Denmark* 694.5 4,778.0 67.0 4,845.0 

France 630.0 8,243.0 1,042.0 9,285.0 

FYROM** 0.0 0.0 37.0 37.0 

Germany 3,238.4 33,885.8 5,279.2 39,165.0 

Greece 116.2 1,865.9 113.9 1,979.8 

Hungary 0.0 329.2 0.0 329.2 

Italy 437.7 8,555.4 107.5 8,662.9 

Lichtenstein 0.0 0.0 0.0 0.0 

Luxemburg 0.0 58.3 0.0 58.3 

Netherlands 295.0 2,664.0 141.0 2,805.0 

Poland 893.5 3,389.5 444.3 3,833.8 

Portugal 200.0 4,730.4 184.0 4,914.4 

Romania 694.6 2,599.6 354.0 2,953.6 

Serbia 0.0 0.0 0.0 0.0 

Slovakia 0.0 3.1 0.0 3.1 

Slovenia 2.3 2.3 0.9 3.2 

Spain 175.1 22,959.0 27.5 22,986.5 

Switzerland 13.3 60.3 0.0 60.3 

Total 8,070.9 98,682.5 8,612.1 107,294.6 

* Includes both west east part of Denmark i.e. Nordic and CE RG; ** Former Yugoslav Republic of Macedonia 
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APPENDIX C - List of 400 kV and 220 kV power lines in the Czech Republic (yellow colour 

indicates simulated lines) [49] 

List of 400 kV power lines 
Power lines 400 kV Power lines 400 kV 

Indication From To [km] Indication From To [km] 

V051 JE TEMELÍN KOČÍN 2.9 V451 BABYLON BEZDĚČÍN 53.5 

V052 JE TEMELÍN KOČÍN 3.0 V452 NEZNÁŠOV BEZDĚČÍN 68.3 

V400 ČECHY STŘED TÝNEC 46.2 V453 KRASÍKOV NEZNÁŠOV 84.1 

V401 TÝNEC KRASÍKOV 103.8 V454 ČECHY STŘED BEZDĚČÍN 67.6 

V402 KRASÍKOV PROSENICE 87.6 V457 KRASÍKOV VE DL. STRÁNĚ 59.8 

V403 PROSENICE NOŠOVICE 79.5 (V458') KRASÍKOV (HOR.ŽIVOTICE) 25.1 

V404 NOŠOVICE VARÍN (SK) 40.4 V459 HOR. ŽIVOTICE KLETNÉ 42.1 

(V404U') NOŠOVICE (pb.1) NOŠOVICE (pb.8) 2.1 V460 NOŠOVICE ALBRECHTICE 16.5 

V405 KLETNÉ NOŠOVICE 53.6 V461 E PRUNÉŘOV 1 HRADEC 11.0 

V410 VÝŠKOV ČECHY STŘED 97.1 V462 E PRUNÉŘOV 1 HRADEC 11.0 

V411 HRADEC VÝŠKOV 45.3 V463 E TUŠIMICE 2 HRADEC 4.0 

V412 HRADEC ŘEPORYJE 116.9 V464 E TUŠIMICE 2 HRADEC 4.0 

V413 ŘEPORYJE PROSENICE 283.7 V465 E PRUNÉŘOV 2 HRADEC 19.2 

V414 ŘEPORYJE CHODOV 29.5 V466 E PRUNÉŘOV 2 HRADEC 19.2 

V415 CHODOV ČECHY STŘED 35.1 V467 E POČERADY VÝŠKOV 4.2 

V417 OTROKOVICE SOKOLNICE 74.1 V468 E POČERADY VÝŠKOV 4.3 

V418 PROSENICE OTROKOVICE 37.7 V469 E POČERADY VÝŠKOV 4.4 

V420 HRADEC H.B.- MÍROVKA 209.6 V470 E MĚLNÍK 3 BABYLON 31.3 

V422 H.B.- MÍROVKA ČEBÍN 88.4 V469 E POČERADY VÝŠKOV 4.4 

V423 ČEBÍN SOKOLNICE 38.3 V470 E MĚLNÍK 3 BABYLON 31.3 

V424 SOKOLNICE KRIŽOVANY (SK) 54.3 V471 E CHVALETICE TÝNEC 8.8 

V430 HRADEC CHRÁST 82.2 V472 E CHVALETICE TÝNEC 8.8 

V431 PŘEŠTICE CHRÁST 32.6 V473 DASNÝ KOČÍN 35.6 

V432 KOČÍN PŘEŠTICE 115.7 V474 DASNÝ KOČÍN 42.9 

V433 DASNÝ SLAVĚTICE 142.8 V475 KOČÍN ŘEPORYJE 137.8 

V434 SLAVĚTICE ČEBÍN 50.7 V476 KOČÍN CHODOV 129.1 

V435 SLAVĚTICE SOKOLNICE 55.6 V480 VÝŠKOV CHOTĚJOVICE 28.9 

V436 SLAVĚTICE SOKOLNICE 55.6 V481 SLAVĚTICE VE DALEŠICE 2.3 

V437 SLAVĚTICE DUNROHR (A) 42.8 V482 SLAVĚTICE VE DALEŠICE 2.3 

V441 HRADEC ETZENRICHT (D) 129.1 V483 SLAVĚTICE JE DUKOVANY 3.3 

V442 PŘEŠTICE ETZENRICHT (D) 76.1 V484 SLAVĚTICE JE DUKOVANY 3.4 

V443 ALBRECHTICE DOBRZEŇ (PL) 24.4 V485 SLAVĚTICE JE DUKOVANY 3.5 

V444 NOŠOVICE WIELOPOLE IPL 38.8 V438 SLAVĚTICE DUNROHR (A) 42.8 

V445 RŮHRSDORF (O) HRADEC 296 V486 SLAVĚTICE JE DUKOVANY 3.7 

V446 RŮHRSDORF (O) HRADEC 29.6 V497 SOKOLNICE STUPAVA (SK) 56.5 

V450 VÝŠKOV BABYLON 72.3 V487* VERNÉŘOV VÍTKOV 75.0 

* planned power lines up to 2024 V488* VERNÉŘOV VÍTKOV 75.0 

List of 220 kV power lines 
Power lines 220 kV Power lines 220 kV 

Indication From To [km] Indication From To [km] 

V001 VE ORLÍK MILÍN 8.9 V221 VÍTKOV PŘEŠTICE 86.1 

V002 VE ORLÍK MILÍN 8.9 V222 VÍTKOV PŘEŠTICE 86.1 

V011 VÍTKOV E TISOVÁ 2 8.1 V223 HRADEC VÍTKOV 70.0 

V012') VÍTKOV E TISOVÁ 2 8.1 V224 HRADEC VÍTKOV 70.0 

V201 VÝŠKOV ČECHY STŘED 85.1 V225 VÝŠKOV HRADEC 30.7 

V202 ČECHY STŘED OPOČINEK 71.3 V226 VÝŠKOV HRADEC 39.9 

V203 OPOČINEK SOKOLNICE 136.0 V243 SOKOLNICE BISAMBERG (A) 50.7 

V204 MILÍN TÁBOR 59.5 V244 SOKOLNICE BISAMBERG (A) 50.7 

V205 MALEŠICE ČECHY STŘED 19.8 V245 LÍSKOVEC BUJAKOW (PL) 23.4 

V206 MALEŠICE ČECHY STŘED 19.8 V246 LÍSKOVEC KOPANINA (PU 23.4 

V207 TÁBOR SOKOLNICE 168.9 V251 PROSENICE SOKOLNICE 83.9 

V208 MILÍN ČECHY STŘED 86.2 V252 PROSENICE SOKOLNICE 83.9 

V209 ČECHY STŘED BEZDĚČÍN 68.4 V253 LÍSKOVEC PROSENICE 71.1 

V210 CHOTĚJOVICE BEZDĚČÍN 98.0 V254 LÍSKOVEC PROSENICE 71.2 

V211 VÝŠKOV CHOTĚJOVICE 30.4 V270 LÍSKOVEC POV.BYSTR (SK) 61.5 

V216 PŘEŠTICE MILÍN 63.8 V280 SOKOLNICE SENICA (SK) 66.5 
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APPENDIX D - List of substations with installed capacity in the transmission system of the 

Czech Republic (yellow colour indicates simulated substations) [49] 

Substation 
abbreviation 

Name of 
substation 

Voltage 
level 

Number 
of units 

Total 
installed 
power 

[kV] [MVA] [MVA] 

ALB ALBRECHTICE 420 2 x 250 500 

BAB BABYLON 420 2 x 250 500 

  420 2 x 250 500 

BEZ BEZDĚČÍN 245 1 x 200 200 

   2 x 350  

CEB ČEBÍN 420 1 x 250 950 

   1 x 500  

CST 
ČECHY 
STŘED 

420 2 x 350 1200 

  245 1 x 200 200 

   1 x 250  

DAS DASNÝ 420 1 x 350 600 

   1 x 350 system reserve 

   2 x 250 500 

HBM 
HAVLÍČKŮV 

BROD - 
MÍROVKA 

420 1 x 250 system reserve 

   1 x 350 system reserve 

HRA HRADEC 
420 1 x 500 500 

245 1 x 200 system reserve 

HZI 
HOR. 

ŽIVOTICE 
420 2 x 250 500 

CHD CHODOV 420 2 x 250 500 

   1 x 350  

CHR CHRÁST 420 1 x 330 680 

  420 1 x 350 350 

CHT CHOTĚJOVICE 245 2 x 200 400 

KLT KLETNÉ 420 2 x 350 700 

KOC KOČÍN 420 2 x 250 500 

KRA KRASÍKOV 420 3 x 350 1050 

LIS LÍSKOVEC 245 3 x 200 600 

MAL MALEŠICE 245 2 x 200 400 

MIL MILÍN 245 1 x 200 200 

NEZ NEZNÁŠOV 420 2 x 350 700 

   1 x 250  

NOS NOŠOVICE 420 1 x 350 600 

OPO OPOČÍNEK 245 2 x 200 400 

OTR OTROKOVICE 420 3 x 350 1050 

  420 1 x 350 350 

PRE PŘEŠTICE  1 x 200 200 

  245 - system reserve 

  420 1 x 500 500 

PRN PROSENICE 245 2 x 200 400 

REP ŘEPORYJE 420 3 x 250 750 

   1 x 250  

SLV SLAVĚTICE 420 1 x 350 600 

   1 x 500  

SOK SOKOLNICE 420 1 x 350 850 

  245 2 x 200 400 

TAB TÁBOR 245 1 x 200 200 

   2 x 350 700 

TYN TÝNEC 420 1 x 350 system reserve 

VIT VÍTKOV 245 2 x 200 400 

VYS VÝŠKOV 
420 1 x 350 350 

245 1 x 200 200 

 420  15 980 

Total 245  4 200 
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APPENDIX E – Parameters of lines and transformers in the simulated power system 

Simulated parameters of power lines 

Type of power line Conductors 
R   

[Ω/km] 
X  

[Ω/km] 
B  

[µS/km] 
Ampacity 

[MW] 
Power line 

400 kV single-circuit 3x450/6 0.0217 0.3074 3.711 1700 V461, V411 

400 kV double-circuit 3x450/8 0.0225 0.2931 3.972 1700 V487/488 

220 kV double-circuit 450/6 0.065 0.4097 2.793 300 
V223/224, 
V221/222, 
V225/226 

110 kV double-circuit 450/6 0.065 0.3854 2.982 150 110 kV 

 

Simulated parameters of transformers 

Voltage 
levels [kV] 

Transformer 
Number 

 

Rated power 
[MVA] 

R/ RH; RT; RL 
[Ω] 

X/ XH; XT, XL 
[Ω] 

B 
[µS] 

Related to 
voltage level 

[kV] 

400/220/110 T4 700/350/250 
0.2622; 0.1133; 

0.7827 
11.65; 27.20; 

43.19 
-16.25 400 

400/110 T1; T2 330 0.07 6.1743 -43.6364 110 

400/110 T3 250 0.1375 6.857 -28.9256 110 
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APPENDIX F - Transmission system in the Czech Republic in the year 2024 [47]  



97 

 

APPENDIX G – Transmission system in the Czech Republic in 2025 with power flow [47] 
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APPENDIX H – Tables of voltages at buses during a variable power output without the 

connected shunt compensation 

Wind 
speed 

Wind farm 
power output 
at cosφ =0.97 

Vernéřov [400 kV] Vítkov_400 [400 kV] Hradec_400 [400 kV] 

P Q pu Volt Voltage  P Q pu Volt Voltage  P 

[m/s] [MW] [MVAr] [ - ] [kV] [m/s] [MW] [MVAr] [ - ] [kV] [m/s] [MW] 

0 0 0 0.9505 380.20 -65.67 0.9454 378.15 -68.00 0.95521 382.09 -64.49 

1 0 0 0.9505 380.20 -65.67 0.9454 378.15 -68.00 0.95521 382.09 -64.49 

2 0 0 0.9505 380.20 -65.67 0.9454 378.15 -68.00 0.95521 382.09 -64.49 

3 0 0 0.9505 380.20 -65.67 0.9454 378.15 -68.00 0.95521 382.09 -64.49 

4 3.97 0.99 0.9508 380.30 -65.64 0.9456 378.26 -67.97 0.95543 382.17 -64.46 

5 11.68 2.93 0.9512 380.50 -65.58 0.9461 378.46 -67.91 0.95586 382.34 -64.42 

6 24.01 6.02 0.9520 380.79 -65.49 0.9469 378.76 -67.82 0.9565 382.60 -64.35 

7 40.36 10.12 0.9529 381.17 -65.38 0.9479 379.14 -67.70 0.95733 382.93 -64.26 

8 61.11 15.32 0.9541 381.63 -65.23 0.9490 379.60 -67.55 0.95833 383.33 -64.14 

9 86.03 21.56 0.9553 382.13 -65.05 0.9503 380.11 -67.36 0.95943 383.77 -64.00 

10 113.72 28.50 0.9566 382.64 -64.86 0.9516 380.62 -67.16 0.96056 384.22 -63.84 

11 132.98 33.33 0.9574 382.96 -64.73 0.9524 380.95 -67.03 0.96128 384.51 -63.73 

12 139.78 35.03 0.9577 383.07 -64.68 0.9527 381.06 -66.98 0.96152 384.61 -63.70 

13 141.27 35.41 0.9577 383.09 -64.67 0.9527 381.08 -66.97 0.96157 384.63 -63.69 

14 141.62 35.49 0.9577 383.10 -64.67 0.9527 381.09 -66.96 0.96158 384.63 -63.69 

15 141.62 35.49 0.9577 383.10 -64.67 0.9527 381.09 -66.96 0.96158 384.63 -63.69 

16 141.62 35.49 0.9577 383.10 -64.67 0.9527 381.09 -66.96 0.96158 384.63 -63.69 

17 141.62 35.49 0.9577 383.10 -64.67 0.9527 381.09 -66.96 0.96158 384.63 -63.69 

18 141.62 35.49 0.9577 383.10 -64.67 0.9527 381.09 -66.96 0.96158 384.63 -63.69 

19 141.62 35.49 0.9577 383.10 -64.67 0.9527 381.09 -66.96 0.96158 384.63 -63.69 

20 141.62 35.49 0.9577 383.10 -64.67 0.9527 381.09 -66.96 0.96158 384.63 -63.69 

21 141.62 35.49 0.9577 383.10 -64.67 0.9527 381.09 -66.96 0.96158 384.63 -63.69 

22 141.62 35.49 0.9577 383.10 -64.67 0.9527 381.09 -66.96 0.96158 384.63 -63.69 

23 141.62 35.49 0.9577 383.10 -64.67 0.9527 381.09 -66.96 0.96158 384.63 -63.69 

24 141.62 35.49 0.9577 383.10 -64.67 0.9527 381.09 -66.96 0.96158 384.63 -63.69 

25 141.62 35.49 0.9577 383.10 -64.67 0.9527 381.09 -66.96 0.96158 384.63 -63.69 

26 -30 0 0 0.9505 380.20 -65.67 0.9454 378.15 -68.00 0.95521 382.09 -64.49 

* Red cells indicate voltages not meeting standards 

Wind 
speed 

Wind farm 
power output 
at cosφ =0.97 

Hradec_220 [220 kV] VTZ [220 kV] Výškov_220 [220 kV] 

P Q pu Volt Voltage Angle pu Volt Voltage Angle pu Volt Voltage Angle 

[m/s] [MW] [MVAr] [ - ] [kV] [ °] [ - ] [kV] [ °] [ - ] [kV] [ °] 

0 0 0 0.99351 218.57 -59.94 1.0013 220.30 -59.16 1.0087 221.92 -58.34 

1 0 0 0.99351 218.57 -59.94 1.0013 220.30 -59.16 1.0087 221.92 -58.34 

2 0 0 0.99351 218.57 -59.94 1.0013 220.30 -59.16 1.0087 221.92 -58.34 

3 0 0 0.99351 218.57 -59.94 1.0013 220.30 -59.16 1.0087 221.92 -58.34 

4 3.97 0.99 0.99373 218.62 -59.92 1.0016 220.34 -59.14 1.0090 221.97 -58.32 

5 11.68 2.93 0.99415 218.71 -59.88 1.0020 220.44 -59.10 1.0094 222.06 -58.28 

6 24.01 6.02 0.9948 218.86 -59.81 1.0026 220.58 -59.04 1.0100 222.20 -58.22 

7 40.36 10.12 0.99563 219.04 -59.73 1.0035 220.76 -58.95 1.0108 222.38 -58.14 

8 61.11 15.32 0.99662 219.26 -59.62 1.0044 220.98 -58.84 1.0118 222.60 -58.03 

9 86.03 21.56 0.99773 219.50 -59.49 1.0055 221.22 -58.71 1.0129 222.84 -57.90 

10 113.72 28.50 0.99885 219.75 -59.34 1.0067 221.47 -58.57 1.0140 223.08 -57.76 

11 132.98 33.33 0.99957 219.91 -59.24 1.0074 221.62 -58.47 1.0147 223.24 -57.66 

12 139.78 35.03 0.99981 219.96 -59.21 1.0076 221.68 -58.44 1.0150 223.29 -57.63 

13 141.27 35.41 0.99986 219.97 -59.20 1.0077 221.69 -58.43 1.0150 223.30 -57.62 

14 141.62 35.49 0.99988 219.97 -59.20 1.0077 221.69 -58.43 1.0150 223.30 -57.62 

15 141.62 35.49 0.99988 219.97 -59.20 1.0077 221.69 -58.43 1.0150 223.30 -57.62 

16 141.62 35.49 0.99988 219.97 -59.20 1.0077 221.69 -58.43 1.0150 223.30 -57.62 

17 141.62 35.49 0.99988 219.97 -59.20 1.0077 221.69 -58.43 1.0150 223.30 -57.62 

18 141.62 35.49 0.99988 219.97 -59.20 1.0077 221.69 -58.43 1.0150 223.30 -57.62 

19 141.62 35.49 0.99988 219.97 -59.20 1.0077 221.69 -58.43 1.0150 223.30 -57.62 

20 141.62 35.49 0.99988 219.97 -59.20 1.0077 221.69 -58.43 1.0150 223.30 -57.62 

21 141.62 35.49 0.99988 219.97 -59.20 1.0077 221.69 -58.43 1.0150 223.30 -57.62 

22 141.62 35.49 0.99988 219.97 -59.20 1.0077 221.69 -58.43 1.0150 223.30 -57.62 

23 141.62 35.49 0.99988 219.97 -59.20 1.0077 221.69 -58.43 1.0150 223.30 -57.62 

24 141.62 35.49 0.99988 219.97 -59.20 1.0077 221.69 -58.43 1.0150 223.30 -57.62 

25 141.62 35.49 0.99988 219.97 -59.20 1.0077 221.69 -58.43 1.0150 223.30 -57.62 

26 -30 0 0 0.99351 218.57 -59.94 1.0013 220.30 -59.16 1.0087 221.92 -58.34 
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Wind 
speed 

Wind farm 
power output 
at cosφ =0.97 

Vítkov_220 [220 kV] Wind farm [110 kV] DS_1 [110 kV] 

P Q pu Volt Voltage Angle pu Volt Voltage Angle pu Volt Voltage Angle 

[m/s] [MW] [MVAr] [ - ] [kV] [ °] [ - ] [kV] [ °] [ - ] [kV] [ °] 

0 0 0 0.99351 218.57 -61.87 0.9504 104.55 -65.67 0.9174 100.91 -72.07 

1 0 0 0.99351 218.57 -61.87 0.9504 104.55 -65.67 0.9174 100.91 -72.07 

2 0 0 0.99351 218.57 -61.87 0.9504 104.55 -65.67 0.9174 100.91 -72.07 

3 0 0 0.99351 218.57 -61.87 0.9504 104.55 -65.67 0.9174 100.91 -72.07 

4 3.97 0.99 0.99373 218.62 -61.84 0.9513 104.64 -65.50 0.9177 100.94 -72.04 

5 11.68 2.93 0.99416 218.71 -61.80 0.9530 104.83 -65.17 0.9182 101.00 -71.97 

6 24.01 6.02 0.99481 218.86 -61.73 0.9556 105.12 -64.64 0.9189 101.08 -71.88 

7 40.36 10.12 0.99564 219.04 -61.65 0.9590 105.49 -63.95 0.9199 101.19 -71.74 

8 61.11 15.32 0.99664 219.26 -61.53 0.9630 105.93 -63.08 0.9211 101.32 -71.58 

9 86.03 21.56 0.99776 219.51 -61.40 0.9676 106.43 -62.04 0.9225 101.47 -71.39 

10 113.72 28.50 0.99889 219.76 -61.25 0.9722 106.94 -60.91 0.9238 101.62 -71.18 

11 132.98 33.33 0.99961 219.92 -61.15 0.9751 107.26 -60.12 0.9246 101.71 -71.03 

12 139.78 35.03 0.99986 219.97 -61.11 0.9762 107.38 -59.84 0.9249 101.74 -70.98 

13 141.27 35.41 0.99991 219.98 -61.10 0.9763 107.40 -59.78 0.9250 101.75 -70.97 

14 141.62 35.49 0.99992 219.98 -61.10 0.9764 107.40 -59.77 0.9250 101.75 -70.97 

15 141.62 35.49 0.99992 219.98 -61.10 0.9764 107.40 -59.77 0.9250 101.75 -70.97 

16 141.62 35.49 0.99992 219.98 -61.10 0.9764 107.40 -59.77 0.9250 101.75 -70.97 

17 141.62 35.49 0.99992 219.98 -61.10 0.9764 107.40 -59.77 0.9250 101.75 -70.97 

18 141.62 35.49 0.99992 219.98 -61.10 0.9764 107.40 -59.77 0.9250 101.75 -70.97 

19 141.62 35.49 0.99992 219.98 -61.10 0.9764 107.40 -59.77 0.9250 101.75 -70.97 

20 141.62 35.49 0.99992 219.98 -61.10 0.9764 107.40 -59.77 0.9250 101.75 -70.97 

21 141.62 35.49 0.99992 219.98 -61.10 0.9764 107.40 -59.77 0.9250 101.75 -70.97 

22 141.62 35.49 0.99992 219.98 -61.10 0.9764 107.40 -59.77 0.9250 101.75 -70.97 

23 141.62 35.49 0.99992 219.98 -61.10 0.9764 107.40 -59.77 0.9250 101.75 -70.97 

24 141.62 35.49 0.99992 219.98 -61.10 0.9764 107.40 -59.77 0.9250 101.75 -70.97 

25 141.62 35.49 0.99992 219.98 -61.10 0.9764 107.40 -59.77 0.9250 101.75 -70.97 

26 -30 0 0 0.99351 218.57 -61.87 0.9504 104.55 -65.67 0.9174 100.91 -72.07 

 

Wind 
speed 

Wind farm 
power output 
at cosφ =0.97 

Málkov [110 kV] 
Wind 
speed 

Wind farm 
power output 
at cosφ =0.97 

Málkov [110 kV] 

P Q pu Volt Voltage Angle P Q pu Volt Voltage Angle 

[m/s] [MW] [MVAr] [ - ] [kV] [ °] [m/s] [MW] [MVAr] [ - ] [kV] [ °] 

0 0 0 0.9136 100.50 -72.67 14 141.62 35.49 0.9213 101.34 -71.56 

1 0 0 0.9136 100.50 -72.67 15 141.62 35.49 0.9213 101.34 -71.56 

2 0 0 0.9136 100.50 -72.67 16 141.62 35.49 0.9213 101.34 -71.56 

3 0 0 0.9136 100.50 -72.67 17 141.62 35.49 0.9213 101.34 -71.56 

4 3.97 0.99 0.9139 100.53 -72.64 18 141.62 35.49 0.9213 101.34 -71.56 

5 11.68 2.93 0.9144 100.59 -72.57 19 141.62 35.49 0.9213 101.34 -71.56 

6 24.01 6.02 0.9152 100.67 -72.47 20 141.62 35.49 0.9213 101.34 -71.56 

7 40.36 10.12 0.9162 100.78 -72.34 21 141.62 35.49 0.9213 101.34 -71.56 

8 61.11 15.32 0.9174 100.91 -72.18 22 141.62 35.49 0.9213 101.34 -71.56 

9 86.03 21.56 0.9187 101.06 -71.98 23 141.62 35.49 0.9213 101.34 -71.56 

10 113.72 28.50 0.9201 101.21 -71.77 24 141.62 35.49 0.9213 101.34 -71.56 

11 132.98 33.33 0.9209 101.30 -71.62 25 141.62 35.49 0.9213 101.34 -71.56 

12 139.78 35.03 0.9212 101.33 -71.57 26 -30 0 0 0.9136 100.50 -72.67 

13 141.27 35.41 0.9213 101.34 -71.56 
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APPENDIX I - Tables of voltages at buses during a variable power output with the connected 

shunt compensation 

Wind 
speed 

Wind farm 
power output 
at cosφ =0.97 

Hradec_220 [220 kV] VTZ [220 kV] Výškov_220 [220 kV] 

P Q pu Volt Voltage Angle pu Volt Voltage Angle pu Volt Voltage Angle 

[m/s] [MW] [MVAr] [ - ] [kV] [ °] [ - ] [kV] [ °] [ - ] [kV] [ °] 

0 0 0 1.0085 221.87 -59.98 1.0163 223.58 -59.22 1.02354 225.18 -58.42 

1 0 0 1.0085 221.87 -59.98 1.0163 223.58 -59.22 1.02354 225.18 -58.42 

2 0 0 1.0085 221.87 -59.98 1.0163 223.58 -59.22 1.02354 225.18 -58.42 

3 0 0 1.0085 221.87 -59.98 1.0163 223.58 -59.22 1.02354 225.18 -58.42 

4 3.97 0.99 1.0087 221.92 -59.96 1.0165 223.62 -59.20 1.02376 225.23 -58.40 

5 11.68 2.93 1.0091 222.01 -59.92 1.0169 223.72 -59.16 1.02417 225.32 -58.37 

6 24.01 6.02 1.0098 222.15 -59.85 1.0175 223.86 -59.10 1.0248 225.48 -58.30 

7 40.36 10.12 1.0106 222.33 -59.77 1.0183 224.04 -59.01 1.02561 225.64 -58.22 

8 61.11 15.32 1.0116 222.60 -59.66 1.0193 224.25 -58.91 1.02659 225.85 -58.12 

9 86.03 21.56 1.0127 222.79 -59.53 1.0204 224.49 -58.78 1.02768 226.09 -57.99 

10 113.72 28.50 1.0138 223.04 -59.39 1.0215 224.74 -58.64 1.02878 226.33 -57.85 

11 132.98 33.33 1.0145 223.20 -59.29 1.0223 224.90 -58.54 1.02949 226.49 -57.76 

12 139.78 35.03 1.0148 223.25 -59.26 1.0225 224.95 -58.51 1.02974 226.54 -57.72 

13 141.27 35.41 1.0148 223.27 -59.25 1.0225 224.96 -58.50 1.02979 226.55 -57.71 

14 141.62 35.49 1.0148 223.27 -59.25 1.0226 224.96 -58.50 1.0298 226.56 -57.71 

15 141.62 35.49 1.0148 223.27 -59.25 1.0226 224.96 -58.50 1.0298 226.56 -57.71 

16 141.62 35.49 1.0148 223.27 -59.25 1.0226 224.96 -58.50 1.0298 226.56 -57.71 

17 141.62 35.49 1.0148 223.27 -59.25 1.0226 224.96 -58.50 1.0298 226.56 -57.71 

18 141.62 35.49 1.0148 223.27 -59.25 1.0226 224.96 -58.50 1.0298 226.56 -57.71 

19 141.62 35.49 1.0148 223.27 -59.25 1.0226 224.96 -58.50 1.0298 226.56 -57.71 

20 141.62 35.49 1.0148 223.27 -59.25 1.0226 224.96 -58.50 1.0298 226.56 -57.71 

21 141.62 35.49 1.0148 223.27 -59.25 1.0226 224.96 -58.50 1.0298 226.56 -57.71 

22 141.62 35.49 1.0148 223.27 -59.25 1.0226 224.96 -58.50 1.0298 226.56 -57.71 

23 141.62 35.49 1.0148 223.27 -59.25 1.0226 224.96 -58.50 1.0298 226.56 -57.71 

24 141.62 35.49 1.0148 223.27 -59.25 1.0226 224.96 -58.50 1.0298 226.56 -57.71 

25 141.62 35.49 1.0148 223.27 -59.25 1.0226 224.96 -58.50 1.0298 226.56 -57.71 

26 -30 0 0 1.00851 221.871 -59.98 1.01626 223.576 -59.22 1.02354 225.179 -58.42 

 

Wind 
speed 

Wind farm 
power output 
at cosφ =0.97 

Vernéřov [400 kV] Vítkov_400 [400 kV] Hradec_400 [400 kV] 
Shunt 

Compensation 
Qn = 150 MVAr 

P Q pu Volt Voltage Angle pu Volt Voltage Angle pu Volt Voltage Angle Q 

[m/s] [MW] [MVAr] [ - ] [kV] [ °] [ - ] [kV] [ °] [ - ] [kV] [ °] [MVAr] 

0 0 0 0.9690 387.59 -65.54 0.9641 385.64 -67.79 0.9702 388.08 -64.39 143.5 

1 0 0 0.9690 387.59 -65.54 0.9641 385.64 -67.79 0.9702 388.08 -64.39 143.5 

2 0 0 0.9690 387.59 -65.54 0.9641 385.64 -67.79 0.9702 388.08 -64.39 143.5 

3 0 0 0.9690 387.59 -65.54 0.9641 385.64 -67.79 0.9702 388.08 -64.39 143.5 

4 3.97 0.99 0.9692 387.69 -65.51 0.9644 385.74 -67.76 0.9704 388.17 -64.36 143.6 

5 11.68 2.93 0.9697 387.88 -65.46 0.9648 385.94 -67.70 0.9709 388.34 -64.32 143.8 

6 24.01 6.02 0.9704 388.18 -65.37 0.9656 386.24 -67.61 0.9715 388.60 -64.25 144.0 

7 40.36 10.12 0.9714 388.55 -65.26 0.9665 386.62 -67.49 0.9723 388.92 -64.16 144.3 

8 61.11 15.32 0.9725 389.00 -65.11 0.9677 387.07 -67.34 0.9733 389.32 -64.04 144.7 

9 86.03 21.56 0.9738 389.51 -64.94 0.9690 387.58 -67.16 0.9744 389.76 -63.91 145.1 

10 113.72 28.50 0.9750 390.01 -64.75 0.9702 388.10 -66.97 0.9755 390.21 -63.75 145.5 

11 132.98 33.33 0.9758 390.34 -64.62 0.9711 388.43 -66.83 0.9762 390.50 -63.65 145.7 

12 139.78 35.03 0.9761 390.45 -64.57 0.9713 388.54 -66.79 0.9765 390.60 -63.61 145.8 

13 141.27 35.41 0.9762 390.47 -64.56 0.9714 388.56 -66.77 0.9765 390.61 -63.60 145.8 

14 141.62 35.49 0.9762 390.48 -64.56 0.9714 388.57 -66.77 0.9766 390.62 -63.60 145.9 

15 141.62 35.49 0.9762 390.48 -64.56 0.9714 388.57 -66.77 0.9766 390.62 -63.60 145.9 

16 141.62 35.49 0.9762 390.48 -64.56 0.9714 388.57 -66.77 0.9766 390.62 -63.60 145.9 

17 141.62 35.49 0.9762 390.48 -64.56 0.9714 388.57 -66.77 0.9766 390.62 -63.60 145.9 

18 141.62 35.49 0.9762 390.48 -64.56 0.9714 388.57 -66.77 0.9766 390.62 -63.60 145.9 

19 141.62 35.49 0.9762 390.48 -64.56 0.9714 388.57 -66.77 0.9766 390.62 -63.60 145.9 

20 141.62 35.49 0.9762 390.48 -64.56 0.9714 388.57 -66.77 0.9766 390.62 -63.60 145.9 

21 141.62 35.49 0.9762 390.48 -64.56 0.9714 388.57 -66.77 0.9766 390.62 -63.60 145.9 

22 141.62 35.49 0.9762 390.48 -64.56 0.9714 388.57 -66.77 0.9766 390.62 -63.60 145.9 

23 141.62 35.49 0.9762 390.48 -64.56 0.9714 388.57 -66.77 0.9766 390.62 -63.60 145.9 

24 141.62 35.49 0.9762 390.48 -64.56 0.9714 388.57 -66.77 0.9766 390.62 -63.60 145.9 

25 141.62 35.49 0.9762 390.48 -64.56 0.9714 388.57 -66.77 0.9766 390.62 -63.60 145.9 

26 -30 0 0 0.9690 387.59 -65.54 0.9641 385.64 -67.79 0.9702 388.08 -64.39 143.5 
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Wind 
speed 

Wind farm 
power output 
at cosφ =0.97 

Vítkov_220 [220 kV] Wind farm [110 kV] DS_1 [110 kV] 

P Q pu Volt Voltage Angle pu Volt Voltage Angle pu Volt Voltage Angle 

[m/s] [MW] [MVAr] [ - ] [kV] [ °] [ - ] [kV] [ °] [ - ] [kV] [ °] 

0 0 0 1.0086 221.89 -61.85 0.9689 106.58 -65.54 0.9782 107.60 -71.47 

1 0 0 1.0086 221.89 -61.85 0.9689 106.58 -65.54 0.9782 107.60 -71.47 

2 0 0 1.0086 221.89 -61.85 0.9689 106.58 -65.54 0.9782 107.60 -71.47 

3 0 0 1.0086 221.89 -61.85 0.9689 106.58 -65.54 0.9782 107.60 -71.47 

4 3.97 0.99 1.0088 221.94 -61.82 0.9698 106.67 -65.38 0.9785 107.63 -71.44 

5 11.68 2.93 1.0093 222.03 -61.78 0.9715 106.86 -65.06 0.9790 107.69 -71.38 

6 24.01 6.02 1.0099 222.18 -61.72 0.9740 107.14 -64.55 0.9798 107.78 -71.28 

7 40.36 10.12 1.0107 222.36 -61.63 0.9773 107.51 -63.88 0.9808 107.89 -71.15 

8 61.11 15.32 1.0117 222.58 -61.52 0.9813 107.95 -63.04 0.9821 108.03 -70.99 

9 86.03 21.56 1.0128 222.82 -61.39 0.9858 108.44 -62.04 0.9834 108.18 -70.81 

10 113.72 28.50 1.0140 223.07 -61.24 0.990 108.94 -60.94 0.9848 108.33 -70.60 

11 132.98 33.33 1.0147 223.23 -61.14 0.9934 109.27 -60.18 0.9857 108.43 -70.46 

12 139.78 35.03 1.0149 223.30 -61.10 0.9944 109.38 -59.91 0.9860 108.46 -70.41 

13 141.27 35.41 1.0150 223.30 -61.09 0.9946 109.40 -59.86 0.9861 108.47 -70.40 

14 141.62 35.49 1.0150 223.30 -61.09 0.9946 109.41 -59.84 0.9861 108.47 -70.40 

15 141.62 35.49 1.0150 223.30 -61.09 0.9946 109.41 -59.84 0.9861 108.47 -70.40 

16 141.62 35.49 1.0150 223.30 -61.09 0.9946 109.41 -59.84 0.9861 108.47 -70.40 

17 141.62 35.49 1.0150 223.30 -61.09 0.9946 109.41 -59.84 0.9861 108.47 -70.40 

18 141.62 35.49 1.0150 223.30 -61.09 0.9946 109.41 -59.84 0.9861 108.47 -70.40 

19 141.62 35.49 1.0150 223.30 -61.09 0.9946 109.41 -59.84 0.9861 108.47 -70.40 

20 141.62 35.49 1.0150 223.30 -61.09 0.9946 109.41 -59.84 0.9861 108.47 -70.40 

21 141.62 35.49 1.0150 223.30 -61.09 0.9946 109.41 -59.84 0.9861 108.47 -70.40 

22 141.62 35.49 1.0150 223.30 -61.09 0.9946 109.41 -59.84 0.9861 108.47 -70.40 

23 141.62 35.49 1.0150 223.30 -61.09 0.9946 109.41 -59.84 0.9861 108.47 -70.40 

24 141.62 35.49 1.0150 223.30 -61.09 0.9946 109.41 -59.84 0.9861 108.47 -70.40 

25 141.62 35.49 1.0150 223.30 -61.09 0.9946 109.41 -59.84 0.9861 108.47 -70.40 

26 -30 0 0 1.0086 221.89 -61.85 0.9689 106.58 -65.54 0.9782 107.60 -71.47 

 

Wind 
speed 

Wind farm 
power output 
at cosφ =0.97 

Málkov [110 kV] 
Wind 
speed 

Wind farm 
power output 
at cosφ =0.97 

Málkov [110 kV] 

P Q pu Volt Voltage Angle P Q pu Volt Voltage Angle 

[m/s] [MW] [MVAr] [ - ] [kV] [ °] [m/s] [MW] [MVAr] [ - ] [kV] [ °] 

0 0 0 0.9747 107.22 -71.99 14 141.62 35.49 0.9826 108.09 -70.91 

1 0 0 0.9747 107.22 -71.99 15 141.62 35.49 0.9826 108.09 -70.91 

2 0 0 0.9747 107.22 -71.99 16 141.62 35.49 0.9826 108.09 -70.91 

3 0 0 0.9747 107.22 -71.99 17 141.62 35.49 0.9826 108.09 -70.91 

4 3.97 0.99 0.9750 107.25 -71.96 18 141.62 35.49 0.9826 108.09 -70.91 

5 11.68 2.93 0.9755 107.31 -71.90 19 141.62 35.49 0.9826 108.09 -70.91 

6 24.01 6.02 0.9763 107.39 -71.80 20 141.62 35.49 0.9826 108.09 -70.91 

7 40.36 10.12 0.9773 107.51 -71.68 21 141.62 35.49 0.9826 108.09 -70.91 

8 61.11 15.32 0.9786 107.64 -71.52 22 141.62 35.49 0.9826 108.09 -70.91 

9 86.03 21.56 0.9780 107.79 -71.33 23 141.62 35.49 0.9826 108.09 -70.91 

10 113.72 28.50 0.9813 107.95 -71.12 24 141.62 35.49 0.9826 108.09 -70.91 

11 132.98 33.33 0.9822 108.05 -70.98 25 141.62 35.49 0.9826 108.09 -70.91 

12 139.78 35.03 0.9825 108.08 -70.93 26 -30 0 0 0.9747 107.22 -71.99 

13 141.27 35.41 0.9826 108.09 -70.92 
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APPENDIX J – Tables for PV curves during a variable power factor at the Wind farm bus 

without the connected shunt compensation 

Wind 
speed 

Power factor 

0.965 0.975 0.985 

pu Volt Voltage Angle Pgen pu Volt Voltage Angle Pgen pu Volt Voltage Angle Pgen 

[m/s] [ - ] [kV] [ °] [MW] [ - ] [kV] [ °] [MW] [ - ] [kV] [ °] [MW] 

0 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 

1 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 

2 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 

3 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 

4 0.9514 104.65 -65.50 3.94 0.9512 104.64 -65.50 3.98 0.9511 104.62 -65.49 4.03 

5 0.9532 104.85 -65.17 11.62 0.9528 104.81 -65.16 11.74 0.9524 104.76 -65.16 11.86 

6 0.9560 105.16 -64.65 23.88 0.9553 105.08 -64.64 24.13 0.9544 104.98 -64.62 24.38 

7 0.9596 105.55 -63.96 40.15 0.9584 105.42 -63.94 40.57 0.9569 105.26 -63.92 40.99 

8 0.9639 106.03 -63.10 60.79 0.9621 105.83 -63.06 61.42 0.9599 105.59 -63.03 62.05 

9 0.9687 106.56 -62.07 85.59 0.9663 106.29 -62.02 86.48 0.9631 105.95 -61.97 87.37 

10 0.9737 107.11 -60.94 113.14 0.9704 106.75 -60.87 114.31 0.9663 106.30 -60.80 115.48 

11 0.9770 107.47 -60.16 132.30 0.9731 107.04 -60.08 133.67 0.9683 106.52 -59.99 135.04 

12 0.9781 107.59 -59.88 139.05 0.9740 107.14 -59.80 140.50 0.9690 106.59 -59.71 141.94 

13 0.9783 107.61 -59.82 140.54 0.9742 107.16 -59.74 141.99 0.9691 106.60 -59.65 143.45 

14 0.9783 107.62 -59.81 140.89 0.9743 107.17 -59.72 142.35 0.9691 106.61 -59.63 143.81 

15 0.9783 107.62 -59.81 140.89 0.9743 107.17 -59.72 142.35 0.9691 106.61 -59.63 143.81 

16 0.9783 107.62 -59.81 140.89 0.9743 107.17 -59.72 142.35 0.9691 106.61 -59.63 143.81 

17 0.9783 107.62 -59.81 140.89 0.9743 107.17 -59.72 142.35 0.9691 106.61 -59.63 143.81 

18 0.9783 107.62 -59.81 140.89 0.9743 107.17 -59.72 142.35 0.9691 106.61 -59.63 143.81 

19 0.9783 107.62 -59.81 140.89 0.9743 107.17 -59.72 142.35 0.9691 106.61 -59.63 143.81 

20 0.9783 107.62 -59.81 140.89 0.9743 107.17 -59.72 142.35 0.9691 106.61 -59.63 143.81 

21 0.9783 107.62 -59.81 140.89 0.9743 107.17 -59.72 142.35 0.9691 106.61 -59.63 143.81 

22 0.9783 107.62 -59.81 140.89 0.9743 107.17 -59.72 142.35 0.9691 106.61 -59.63 143.81 

23 0.9783 107.62 -59.81 140.89 0.9743 107.17 -59.72 142.35 0.9691 106.61 -59.63 143.81 

24 0.9783 107.62 -59.81 140.89 0.9743 107.17 -59.72 142.35 0.9691 106.61 -59.63 143.81 

25 0.9783 107.62 -59.81 140.89 0.9743 107.17 -59.72 142.35 0.9691 106.61 -59.63 143.81 

26 -30 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 

 

Wind 
speed 

Power factor 

0.995 1 -0.995 

pu Volt Voltage Angle Pgen pu Volt Voltage Angle Pgen pu Volt Voltage Angle Pgen 

[m/s] [ - ] [kV] [ °] [MW] [ - ] [kV] [ °] [MW] [ - ] [kV] [ °] [MW] 

0 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 

1 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 

2 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 

3 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 

4 0.9509 104.60 -65.49 4.07 0.9506 104.56 -65.49 4.09 0.9503 104.54 -65.49 4.07 

5 0.9518 104.70 -65.15 11.98 0.9509 104.60 -65.15 12.05 0.9500 104.50 -65.15 11.99 

6 0.9531 104.84 -64.61 24.62 0.9513 104.65 -64.61 24.75 0.9495 104.45 -64.61 24.62 

7 0.9548 105.02 -63.90 41.40 0.9518 104.70 -63.88 41.61 0.9488 104.36 -63.89 41.40 

8 0.9566 105.23 -63.00 62.68 0.9521 104.73 -62.97 63.00 0.9475 104.23 -62.97 62.68 

9 0.9586 105.44 -61.92 88.25 0.9522 104.74 -61.88 88.70 0.9457 104.03 -61.87 88.25 

10 0.9603 105.63 -60.72 116.65 0.9518 104.70 -60.66 117.24 0.9433 103.76 -60.64 116.65 

11 0.9612 105.73 -59.90 136.41 0.9513 104.64 -59.81 137.09 0.9413 103.54 -59.78 136.41 

12 0.9615 105.77 -59.60 143.38 0.9511 104.62 -59.51 144.10 0.9405 103.45 -59.47 143.38 

13 0.9616 105.77 -59.54 144.91 0.9510 104.61 -59.44 145.64 0.9403 103.43 -59.40 144.92 

14 0.9616 105.77 -59.52 145.30 0.9510 104.61 -59.43 146.00 0.9403 103.43 -59.39 145.27 

15 0.9616 105.77 -59.52 145.30 0.9510 104.61 -59.43 146.00 0.9403 103.43 -59.39 145.27 

16 0.9616 105.77 -59.52 145.30 0.9510 104.61 -59.43 146.00 0.9403 103.43 -59.39 145.27 

17 0.9616 105.77 -59.52 145.30 0.9510 104.61 -59.43 146.00 0.9403 103.43 -59.39 145.27 

18 0.9616 105.77 -59.52 145.30 0.9510 104.61 -59.43 146.00 0.9403 103.43 -59.39 145.27 

19 0.9616 105.77 -59.52 145.30 0.9510 104.61 -59.43 146.00 0.9403 103.43 -59.39 145.27 

20 0.9616 105.77 -59.52 145.30 0.9510 104.61 -59.43 146.00 0.9403 103.43 -59.39 145.27 

21 0.9616 105.77 -59.52 145.30 0.9510 104.61 -59.43 146.00 0.9403 103.43 -59.39 145.27 

22 0.9616 105.77 -59.52 145.30 0.9510 104.61 -59.43 146.00 0.9403 103.43 -59.39 145.27 

23 0.9616 105.77 -59.52 145.30 0.9510 104.61 -59.43 146.00 0.9403 103.43 -59.39 145.27 

24 0.9616 105.77 -59.52 145.30 0.9510 104.61 -59.43 146.00 0.9403 103.43 -59.39 145.27 

25 0.9616 105.77 -59.52 145.30 0.9510 104.61 -59.43 146.00 0.9403 103.43 -59.39 145.27 

26 -30 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 0.9504 104.55 -65.67 0.00 
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Wind 
speed 

Power factor 

-0.985 -0.975 

pu Volt Voltage Angle Pgen pu Volt Voltage Angle Pgen 

[m/s] [ - ] [kV] [ °] [MW] [ - ] [kV] [ °] [MW] 

0 0.9504 104.55 -65.67 0.001 0.9504 104.55 -65.67 0.03 

1 0.9504 104.55 -65.67 0.001 0.9504 104.55 -65.67 0.03 

2 0.9504 104.55 -65.67 0.001 0.9504 104.55 -65.67 0.03 

3 0.9504 104.55 -65.67 0.001 0.9504 104.55 -65.67 0.03 

4 0.9501 104.51 -65.49 4.028 0.9499 104.49 -65.50 3.99 

5 0.9494 104.44 -65.16 11.868 0.9490 104.39 -65.16 11.75 

6 0.9482 104.31 -64.62 24.376 0.9473 104.21 -64.63 24.13 

7 0.9465 104.12 -63.90 40.986 0.9450 103.95 -63.92 40.57 

8 0.9442 103.86 -62.99 62.054 0.9419 103.60 -63.01 61.42 

9 0.9410 103.51 -61.89 87.365 0.9377 103.15 -61.92 86.48 

10 0.9369 103.06 -60.66 115.479 0.9326 102.58 -60.68 114.31 

11 0.9338 102.72 -59.79 135.038 0.9287 102.15 -59.82 133.67 

12 0.9327 102.59 -59.48 141.944 0.9272 102.00 -59.51 140.50 

13 0.9324 102.56 -59.41 143.451 0.9269 101.96 -59.44 141.99 

14 0.9323 102.55 -59.40 143.81 0.9268 101.95 -59.43 142.35 

15 0.9323 102.55 -59.40 143.81 0.9268 101.95 -59.43 142.35 

16 0.9323 102.55 -59.40 143.81 0.9268 101.95 -59.43 142.35 

17 0.9323 102.55 -59.40 143.81 0.9268 101.95 -59.43 142.35 

18 0.9323 102.55 -59.40 143.81 0.9268 101.95 -59.43 142.35 

19 0.9323 102.55 -59.40 143.81 0.9268 101.95 -59.43 142.35 

20 0.9323 102.55 -59.40 143.81 0.9268 101.95 -59.43 142.35 

21 0.9323 102.55 -59.40 143.81 0.9268 101.95 -59.43 142.35 

22 0.9323 102.55 -59.40 143.81 0.9268 101.95 -59.43 142.35 

23 0.9323 102.55 -59.40 143.81 0.9268 101.95 -59.43 142.35 

24 0.9323 102.55 -59.40 143.81 0.9268 101.95 -59.43 142.35 

25 0.9323 102.55 -59.40 143.81 0.9268 101.95 -59.43 142.35 

26 -30 0.9504 104.55 -65.67 0.001 0.9504 104.55 -65.67 0.03 
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APPENDIX K - Tables for PV curves during a variable power factor at the Wind farm bus 

with the connected shunt compensation 

Wind 
speed 

Power factor 

0.965 0.975 0.985 

pu Volt Voltage Angle Pgen pu Volt Voltage Angle Pgen pu Volt Voltage Angle Pgen 

[m/s] [ - ] [kV] [ °] [MW] [ - ] [kV] [ °] [MW] [ - ] [kV] [ °] [MW] 

0 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 

1 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 

2 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 

3 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 

4 0.9698 106.68 -65.38 3.94 0.9697 106.67 -65.37 3.98 0.9696 106.65 -65.37 4.03 

5 0.9716 106.88 -65.06 11.62 0.9713 106.84 -65.05 11.74 0.9709 106.79 -65.05 11.86 

6 0.9744 107.18 -64.56 23.88 0.9737 107.10 -64.54 24.13 0.9728 107.01 -64.53 24.38 

7 0.9779 107.57 -63.89 40.15 0.9767 107.44 -63.87 40.57 0.9753 107.28 -63.85 40.99 

8 0.9822 108.04 -63.06 60.79 0.9804 107.85 -63.03 61.42 0.9782 107.61 -63.00 62.05 

9 0.9870 108.57 -62.06 85.59 0.9845 108.30 -62.02 86.48 0.9815 107.96 -61.97 87.37 

10 0.9919 109.11 -60.97 113.14 0.9887 108.76 -60.91 114.31 0.9847 108.31 -60.84 115.48 

11 0.9952 109.47 -60.22 132.30 0.9914 109.05 -60.14 133.67 0.9867 108.54 -60.06 135.04 

12 0.9963 109.59 -59.95 139.05 0.9923 109.15 -59.87 140.50 0.9873 108.61 -59.79 141.94 

13 0.9965 109.61 -59.90 140.54 0.9925 109.17 -59.81 141.99 0.9875 108.62 -59.73 143.45 

14 0.9965 109.62 -59.88 140.89 0.9925 109.18 -59.80 142.35 0.9875 108.62 -59.71 143.81 

15 0.9965 109.62 -59.88 140.89 0.9925 109.18 -59.80 142.35 0.9875 108.62 -59.71 143.81 

16 0.9965 109.62 -59.88 140.89 0.9925 109.18 -59.80 142.35 0.9875 108.62 -59.71 143.81 

17 0.9965 109.62 -59.88 140.89 0.9925 109.18 -59.80 142.35 0.9875 108.62 -59.71 143.81 

18 0.9965 109.62 -59.88 140.89 0.9925 109.18 -59.80 142.35 0.9875 108.62 -59.71 143.81 

19 0.9965 109.62 -59.88 140.89 0.9925 109.18 -59.80 142.35 0.9875 108.62 -59.71 143.81 

20 0.9965 109.62 -59.88 140.89 0.9925 109.18 -59.80 142.35 0.9875 108.62 -59.71 143.81 

21 0.9965 109.62 -59.88 140.89 0.9925 109.18 -59.80 142.35 0.9875 108.62 -59.71 143.81 

22 0.9965 109.62 -59.88 140.89 0.9925 109.18 -59.80 142.35 0.9875 108.62 -59.71 143.81 

23 0.9965 109.62 -59.88 140.89 0.9925 109.18 -59.80 142.35 0.9875 108.62 -59.71 143.81 

24 0.9965 109.62 -59.88 140.89 0.9925 109.18 -59.80 142.35 0.9875 108.62 -59.71 143.81 

25 0.9965 109.62 -59.88 140.89 0.9925 109.18 -59.80 142.35 0.9875 108.62 -59.71 143.81 

26 -30 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 

 

Wind 
speed 

Power factor 

0.995 1 -0.995 

pu Volt Voltage Angle Pgen pu Volt Voltage Angle Pgen pu Volt Voltage Angle Pgen 

[m/s] [ - ] [kV] [ °] [MW] [ - ] [kV] [ °] [MW] [ - ] [kV] [ °] [MW] 

0 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 

1 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 

2 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 

3 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 

4 0.9693 106.63 -65.37 4.07 0.9691 106.60 -65.37 4.09 0.9688 106.56 -65.37 4.07 

5 0.9702 106.73 -65.04 11.98 0.9694 106.63 -65.04 12.05 0.9685 106.54 -65.04 11.99 

6 0.9715 106.87 -64.52 24.62 0.9698 106.68 -64.52 24.75 0.9680 106.48 -64.52 24.62 

7 0.9732 107.05 -63.83 41.40 0.9702 106.73 -63.82 41.61 0.9673 106.40 -63.82 41.40 

8 0.9750 107.25 -62.96 62.68 0.9706 106.76 -62.94 63.00 0.9661 106.27 -62.94 62.68 

9 0.9770 107.47 -61.92 88.25 0.9707 106.78 -61.88 88.70 0.9643 106.08 -61.88 88.25 

10 0.9787 107.66 -60.77 116.65 0.9704 106.75 -60.71 117.24 0.9620 105.82 -60.69 116.65 

11 0.9797 107.77 -59.97 136.41 0.9700 106.70 -59.89 137.09 0.9601 105.61 -59.86 136.41 

12 0.9800 107.80 -59.69 143.38 0.9698 106.68 -59.60 144.10 0.9594 105.53 -59.56 143.38 

13 0.9800 107.81 -59.63 144.91 0.9697 106.67 -59.53 145.64 0.9592 105.51 -59.50 144.91 

14 0.9801 107.81 -59.61 145.27 0.9697 106.67 -59.52 146.00 0.9591 105.50 -59.48 145.27 

15 0.9801 107.81 -59.61 145.27 0.9697 106.67 -59.52 146.00 0.9591 105.50 -59.48 145.27 

16 0.9801 107.81 -59.61 145.27 0.9697 106.67 -59.52 146.00 0.9591 105.50 -59.48 145.27 

17 0.9801 107.81 -59.61 145.27 0.9697 106.67 -59.52 146.00 0.9591 105.50 -59.48 145.27 

18 0.9801 107.81 -59.61 145.27 0.9697 106.67 -59.52 146.00 0.9591 105.50 -59.48 145.27 

19 0.9801 107.81 -59.61 145.27 0.9697 106.67 -59.52 146.00 0.9591 105.50 -59.48 145.27 

20 0.9801 107.81 -59.61 145.27 0.9697 106.67 -59.52 146.00 0.9591 105.50 -59.48 145.27 

21 0.9801 107.81 -59.61 145.27 0.9697 106.67 -59.52 146.00 0.9591 105.50 -59.48 145.27 

22 0.9801 107.81 -59.61 145.27 0.9697 106.67 -59.52 146.00 0.9591 105.50 -59.48 145.27 

23 0.9801 107.81 -59.61 145.27 0.9697 106.67 -59.52 146.00 0.9591 105.50 -59.48 145.27 

24 0.9801 107.81 -59.61 145.27 0.9697 106.67 -59.52 146.00 0.9591 105.50 -59.48 145.27 

25 0.9801 107.81 -59.61 145.27 0.9697 106.67 -59.52 146.00 0.9591 105.50 -59.48 145.27 

26 -30 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 
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Wind 
speed 

Power factor 

-0.985 -0.975 

pu Volt Voltage Angle Pgen pu Volt Voltage Angle Pgen 

[m/s] [ - ] [kV] [ °] [MW] [ - ] [kV] [ °] [MW] 

0 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 

1 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 

2 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 

3 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 

4 0.9685 106.54 -65.37 4.03 0.9684 106.52 -65.37 3.99 

5 0.9679 106.47 -65.05 11.87 0.9675 106.42 -65.05 11.75 

6 0.9667 106.34 -64.53 24.38 0.9659 106.24 -64.54 24.13 

7 0.9651 106.16 -63.84 40.99 0.9636 106.00 -63.85 40.57 

8 0.9628 105.91 -62.96 62.05 0.9605 105.66 -62.98 61.42 

9 0.9597 105.56 -61.90 87.37 0.9565 105.21 -61.92 86.48 

10 0.9558 105.13 -60.71 115.48 0.9515 104.66 -60.73 114.31 

11 0.9528 104.80 -59.87 135.04 0.9477 104.25 -59.90 133.67 

12 0.9517 104.68 -59.58 141.94 0.9464 104.10 -59.60 140.50 

13 0.9513 104.65 -59.50 143.81 0.9460 104.06 -59.54 141.99 

14 0.9513 104.65 -59.50 143.81 0.9459 104.05 -59.52 142.35 

15 0.9513 104.65 -59.50 143.81 0.9459 104.05 -59.52 142.35 

16 0.9513 104.65 -59.50 143.81 0.9459 104.05 -59.52 142.35 

17 0.9513 104.65 -59.50 143.81 0.9459 104.05 -59.52 142.35 

18 0.9513 104.65 -59.50 143.81 0.9459 104.05 -59.52 142.35 

19 0.9513 104.65 -59.50 143.81 0.9459 104.05 -59.52 142.35 

20 0.9513 104.65 -59.50 143.81 0.9459 104.05 -59.52 142.35 

21 0.9513 104.65 -59.50 143.81 0.9459 104.05 -59.52 142.35 

22 0.9513 104.65 -59.50 143.81 0.9459 104.05 -59.52 142.35 

23 0.9513 104.65 -59.50 143.81 0.9459 104.05 -59.52 142.35 

24 0.9513 104.65 -59.50 143.81 0.9459 104.05 -59.52 142.35 

25 0.9513 104.65 -59.50 143.81 0.9459 104.05 -59.52 142.35 

26 -30 0.9689 106.58 -65.54 0.00 0.9689 106.58 -65.54 0.00 
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APPENDIX L – Tables of voltages at buses during a variable wind speed with on load tap 

changer and without SVC device 

Wind 
speed 

Wind farm 
power output 
at cosφ =0.97 

Vernéřov [400 kV] Vítkov_400 [400 kV] Hradec_400 [400 kV] 

P Q pu Volt Voltage Angle pu Volt Voltage Angle pu Volt Voltage Angle 

[m/s] [MW] [MVAr] [ - ] [kV] [ °] [ - ] [kV] [ °] [ - ] [kV] [ °] 

0 0 0 0.9505 380.21 -65.67 0.9454 378.16 -68.00 0.9552 382.09 -64.49 

1 0 0 0.9505 380.21 -65.67 0.9454 378.16 -68.00 0.9552 382.09 -64.49 

2 0 0 0.9505 380.21 -65.67 0.9454 378.16 -68.00 0.9552 382.09 -64.49 

3 0 0 0.9505 380.21 -65.67 0.9454 378.16 -68.00 0.9552 382.09 -64.49 

4 3.97 0.99 0.9508 380.31 -65.64 0.9457 378.26 -67.97 0.9555 382.18 -64.46 

5 11.68 2.93 0.9513 380.50 -65.58 0.9462 378.46 -67.91 0.9559 382.35 -64.42 

6 24.01 6.02 0.9520 380.80 -65.49 0.9469 378.76 -67.82 0.9565 382.61 -64.35 

7 40.36 10.12 0.9530 381.18 -65.38 0.9479 379.15 -67.70 0.9574 382.94 -64.26 

8 61.11 15.32 0.9541 381.63 -65.23 0.9490 379.61 -67.55 0.9583 383.34 -64.14 

9 86.03 21.56 0.9553 382.14 -65.05 0.9503 380.12 -67.36 0.9594 383.78 -64.00 

10 113.72 28.50 0.9566 382.64 -64.86 0.9516 380.63 -67.16 0.9606 384.23 -63.84 

11 132.98 33.33 0.9574 382.97 -64.73 0.9524 380.96 -67.03 0.9613 384.52 -63.73 

12 139.78 35.03 0.9577 383.08 -64.68 0.9527 381.07 -66.98 0.9615 384.61 -63.70 

13 141.27 35.41 0.9577 383.10 -64.67 0.9527 381.09 -66.97 0.9616 384.63 -63.69 

14 141.62 35.49 0.9578 383.10 -64.67 0.9527 381.10 -66.96 0.9616 384.64 -63.69 

15 141.62 35.49 0.9578 383.10 -64.67 0.9527 381.10 -66.96 0.9616 384.64 -63.69 

16 141.62 35.49 0.9578 383.10 -64.67 0.9527 381.10 -66.96 0.9616 384.64 -63.69 

17 141.62 35.49 0.9578 383.10 -64.67 0.9527 381.10 -66.96 0.9616 384.64 -63.69 

18 141.62 35.49 0.9578 383.10 -64.67 0.9527 381.10 -66.96 0.9616 384.64 -63.69 

19 141.62 35.49 0.9578 383.10 -64.67 0.9527 381.10 -66.96 0.9616 384.64 -63.69 

20 141.62 35.49 0.9578 383.10 -64.67 0.9527 381.10 -66.96 0.9616 384.64 -63.69 

21 141.62 35.49 0.9578 383.10 -64.67 0.9527 381.10 -66.96 0.9616 384.64 -63.69 

22 141.62 35.49 0.9578 383.10 -64.67 0.9527 381.10 -66.96 0.9616 384.64 -63.69 

23 141.62 35.49 0.9578 383.10 -64.67 0.9527 381.10 -66.96 0.9616 384.64 -63.69 

24 141.62 35.49 0.9578 383.10 -64.67 0.9527 381.10 -66.96 0.9616 384.64 -63.69 

25 141.62 35.49 0.9578 383.10 -64.67 0.9527 381.10 -66.96 0.9616 384.64 -63.69 

26 -30 0 0 0.9505 380.21 -65.67 0.9454 378.16 -68.00 0.9552 382.09 -64.49 

* Red cells indicate voltages not meeting standards 

Wind 
speed 

Wind farm 
power output 
at cosφ =0.97 

Hradec_220 [220 kV] VTZ [220 kV] Výškov_220 [220 kV] 

P Q pu Volt Voltage Angle pu Volt Voltage Angle pu Volt Voltage Angle 

[m/s] [MW] [MVAr] [ - ] [kV] [ °] [ - ] [kV] [ °] [ - ] [kV] [ °] 

0 0 0 0.9935 218.57 -59.94 1.0014 220.30 -59.16 1.0087 221.92 -58.34 

1 0 0 0.9935 218.57 -59.94 1.0014 220.30 -59.16 1.0087 221.92 -58.34 

2 0 0 0.9935 218.57 -59.94 1.0014 220.30 -59.16 1.0087 221.92 -58.34 

3 0 0 0.9935 218.57 -59.94 1.0014 220.30 -59.16 1.0087 221.92 -58.34 

4 3.97 0.99 0.9937 218.62 -59.92 1.0016 220.35 -59.14 1.0090 221.97 -58.32 

5 11.68 2.93 0.9942 218.72 -59.88 1.0020 220.44 -59.10 1.0094 222.06 -58.28 

6 24.01 6.02 0.9948 218.86 -59.81 1.0026 220.58 -59.04 1.0100 222.20 -58.22 

7 40.36 10.12 0.9956 219.04 -59.73 1.0035 220.76 -58.95 1.0108 222.38 -58.14 

8 61.11 15.32 0.9966 219.26 -59.62 1.0045 220.98 -58.84 1.0118 222.60 -58.03 

9 86.03 21.56 0.9977 219.50 -59.49 1.0056 221.22 -58.71 1.0129 222.84 -57.90 

10 113.72 28.50 0.9989 219.75 -59.34 1.0067 221.47 -58.57 1.0140 223.08 -57.76 

11 132.98 33.33 0.9996 219.91 -59.24 1.0074 221.62 -58.47 1.0147 223.24 -57.66 

12 139.78 35.03 0.9998 219.96 -59.21 1.0076 221.68 -58.44 1.0150 223.29 -57.63 

13 141.27 35.41 0.9999 219.97 -59.20 1.0077 221.69 -58.43 1.0150 223.30 -57.62 

14 141.62 35.49 0.9999 219.98 -59.20 1.0077 221.69 -58.43 1.0150 223.31 -57.62 

15 141.62 35.49 0.9999 219.98 -59.20 1.0077 221.69 -58.43 1.0150 223.31 -57.62 

16 141.62 35.49 0.9999 219.98 -59.20 1.0077 221.69 -58.43 1.0150 223.31 -57.62 

17 141.62 35.49 0.9999 219.98 -59.20 1.0077 221.69 -58.43 1.0150 223.31 -57.62 

18 141.62 35.49 0.9999 219.98 -59.20 1.0077 221.69 -58.43 1.0150 223.31 -57.62 

19 141.62 35.49 0.9999 219.98 -59.20 1.0077 221.69 -58.43 1.0150 223.31 -57.62 

20 141.62 35.49 0.9999 219.98 -59.20 1.0077 221.69 -58.43 1.0150 223.31 -57.62 

21 141.62 35.49 0.9999 219.98 -59.20 1.0077 221.69 -58.43 1.0150 223.31 -57.62 

22 141.62 35.49 0.9999 219.98 -59.20 1.0077 221.69 -58.43 1.0150 223.31 -57.62 

23 141.62 35.49 0.9999 219.98 -59.20 1.0077 221.69 -58.43 1.0150 223.31 -57.62 

24 141.62 35.49 0.9999 219.98 -59.20 1.0077 221.69 -58.43 1.0150 223.31 -57.62 

25 141.62 35.49 0.9999 219.98 -59.20 1.0077 221.69 -58.43 1.0150 223.31 -57.62 

26 -30 0 0 0.9935 218.57 -59.94 1.0014 220.30 -59.16 1.0087 221.92 -58.34 
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Wind 
speed 

Wind farm 
power output 
at cosφ =0.97 

Vítkov_220 [220 kV] Wind farm [110 kV] DS_1 [110 kV] 

P Q pu Volt Voltage Angle pu Volt Voltage Angle pu Volt Voltage Angle 

[m/s] [MW] [MVAr] [ - ] [kV] [ °] [ - ] [kV] [ °] [ - ] [kV] [ °] 

0 0 0 0.9935 218.57 -61.87 0.9504 104.55 -65.67 0.9885 108.74 -72.07 

1 0 0 0.9935 218.57 -61.87 0.9504 104.55 -65.67 0.9885 108.74 -72.07 

2 0 0 0.9935 218.57 -61.87 0.9504 104.55 -65.67 0.9885 108.74 -72.07 

3 0 0 0.9935 218.57 -61.87 0.9504 104.55 -65.67 0.9885 108.74 -72.07 

4 3.97 0.99 0.9937 218.62 -61.84 0.9513 104.65 -65.50 0.9888 108.77 -72.04 

5 11.68 2.93 0.9942 218.72 -61.80 0.9530 104.84 -65.17 0.9894 108.83 -71.97 

6 24.01 6.02 0.9948 218.86 -61.73 0.9557 105.12 -64.64 0.9902 108.92 -71.87 

7 40.36 10.12 0.9957 219.04 -61.65 0.9590 105.49 -63.95 0.9913 109.04 -71.74 

8 61.11 15.32 0.9967 219.26 -61.53 0.9631 105.94 -63.08 0.9926 109.18 -71.58 

9 86.03 21.56 0.9978 219.51 -61.40 0.9676 106.43 -62.04 0.9940 109.34 -71.39 

10 113.72 28.50 0.9989 219.76 -61.25 0.9722 106.94 -60.91 0.9954 109.50 -71.18 

11 132.98 33.33 0.9996 219.92 -61.15 0.9751 107.27 -60.12 0.9963 109.60 -71.03 

12 139.78 35.03 0.9999 219.97 -61.11 0.9762 107.38 -59.84 0.9966 109.63 -70.98 

13 141.27 35.41 0.9999 219.98 -61.10 0.9764 107.40 -59.78 0.9967 109.64 -70.97 

14 141.62 35.49 0.9999 219.99 -61.10 0.9764 107.41 -59.77 0.9967 109.64 -70.97 

15 141.62 35.49 0.9999 219.99 -61.10 0.9764 107.41 -59.77 0.9967 109.64 -70.97 

16 141.62 35.49 0.9999 219.99 -61.10 0.9764 107.41 -59.77 0.9967 109.64 -70.97 

17 141.62 35.49 0.9999 219.99 -61.10 0.9764 107.41 -59.77 0.9967 109.64 -70.97 

18 141.62 35.49 0.9999 219.99 -61.10 0.9764 107.41 -59.77 0.9967 109.64 -70.97 

19 141.62 35.49 0.9999 219.99 -61.10 0.9764 107.41 -59.77 0.9967 109.64 -70.97 

20 141.62 35.49 0.9999 219.99 -61.10 0.9764 107.41 -59.77 0.9967 109.64 -70.97 

21 141.62 35.49 0.9999 219.99 -61.10 0.9764 107.41 -59.77 0.9967 109.64 -70.97 

22 141.62 35.49 0.9999 219.99 -61.10 0.9764 107.41 -59.77 0.9967 109.64 -70.97 

23 141.62 35.49 0.9999 219.99 -61.10 0.9764 107.41 -59.77 0.9967 109.64 -70.97 

24 141.62 35.49 0.9999 219.99 -61.10 0.9764 107.41 -59.77 0.9967 109.64 -70.97 

25 141.62 35.49 0.9999 219.99 -61.10 0.9764 107.41 -59.77 0.9967 109.64 -70.97 

26 -30 0 0 0.9935 218.57 -61.87 0.9504 104.55 -65.67 0.9885 108.74 -72.07 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Wind 
speed 

Wind farm 
 power output  
at cosφ =0.97 

Málkov [110 kV] 

P Q pu Volt Voltage Angle 

[m/s] [MW] [MVAr] [ - ] [kV] [ °] 

0 0 0 0.9851 108.36 -72.58 

1 0 0 0.9851 108.36 -72.58 

2 0 0 0.9851 108.36 -72.58 

3 0 0 0.9851 108.36 -72.58 

4 3.97 0.99 0.9853 108.39 -72.55 

5 11.68 2.93 0.9859 108.45 -72.49 

6 24.01 6.02 0.9867 108.54 -72.39 

7 40.36 10.12 0.9878 108.66 -72.26 

8 61.11 15.32 0.9891 108.80 -72.09 

9 86.03 21.56 0.9905 108.96 -71.90 

10 113.72 28.50 0.9920 109.12 -71.68 

11 132.98 33.33 0.9929 109.22 -71.54 

12 139.78 35.03 0.9932 109.25 -71.49 

13 141.27 35.41 0.9933 109.26 -71.48 

14 141.62 35.49 0.9933 109.26 -71.47 

15 141.62 35.49 0.9933 109.26 -71.47 

16 141.62 35.49 0.9933 109.26 -71.47 

17 141.62 35.49 0.9933 109.26 -71.47 

18 141.62 35.49 0.9933 109.26 -71.47 

19 141.62 35.49 0.9933 109.26 -71.47 

20 141.62 35.49 0.9933 109.26 -71.47 

21 141.62 35.49 0.9933 109.26 -71.47 

22 141.62 35.49 0.9933 109.26 -71.47 

23 141.62 35.49 0.9933 109.26 -71.47 

24 141.62 35.49 0.9933 109.26 -71.47 

25 141.62 35.49 0.9933 109.26 -71.47 

26 -30 0 0 0.9851 108.36 -72.58 
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APPENDIX M – Tables of voltages at buses during a variable wind speed with on load tap 

changer and with connected SVC device 

Wind speed 

Wind farm 
power output 
at cosφ =0.97 

Vernéřov [400 kV] Vítkov_400 [400 kV] Hradec_400 [400 kV] SVC 

P Q pu Volt Voltage Angle pu Volt Voltage Angle pu Volt Voltage Angle Q 

[m/s] [MW] [MVAr] [ - ] [kV] [ °] [ - ] [kV] [ °] [ - ] [kV] [ °] [MVAr] 

0 0 0 0.9775 391.01 -65.48 0.9728 389.10 -67.69 0.9772 390.861 -64.34 219.78 

1 0 0 0.9775 391.01 -65.48 0.9728 389.10 -67.69 0.9772 390.861 -64.34 219.78 

2 0 0 0.9775 391.01 -65.48 0.9728 389.10 -67.69 0.9772 390.861 -64.34 219.78 

3 0 0 0.9775 391.01 -65.48 0.9728 389.10 -67.69 0.9772 390.861 -64.34 219.78 

4 3.97 0.99 0.9776 391.05 -65.46 0.9729 389.15 -67.66 0.9773 390.902 -64.32 218.70 

5 11.68 2.93 0.9778 391.14 -65.40 0.9731 389.24 -67.61 0.9775 390.983 -64.28 216.70 

6 24.01 6.02 0.9782 391.27 -65.32 0.9734 389.37 -67.53 0.9778 391.105 -64.21 213.56 

7 40.36 10.12 0.9786 391.43 -65.21 0.9738 389.54 -67.41 0.9782 391.263 -64.12 209.57 

8 61.11 15.32 0.9791 391.63 -65.07 0.9744 389.74 -67.27 0.9786 391.454 -64.01 204.77 

9 86.03 21.56 0.9796 391.86 -64.90 0.9749 389.97 -67.10 0.9792 391.668 -63.88 199.41 

10 113.72 28.50 0.9802 392.09 -64.72 0.9755 390.20 -66.91 0.9797 391.889 -63.73 193.96 

11 132.98 33.33 0.9806 392.23 -64.59 0.9759 390.34 -66.79 0.9801 392.031 -63.63 190.46 

12 139.78 35.03 0.9807 392.28 -64.55 0.9760 390.39 -66.74 0.9802 392.08 -63.59 189.31 

13 141.27 35.41 0.9807 392.29 -64.54 0.9760 390.40 -66.73 0.9802 392.09 -63.58 189.06 

14 141.62 35.49 0.9807 392.29 -64.54 0.9760 390.41 -66.73 0.9802 392.092 -63.58 189.00 

15 141.62 35.49 0.9807 392.29 -64.54 0.9760 390.41 -66.73 0.9802 392.092 -63.58 189.00 

16 141.62 35.49 0.9807 392.29 -64.54 0.9760 390.41 -66.73 0.9802 392.092 -63.58 189.00 

17 141.62 35.49 0.9807 392.29 -64.54 0.9760 390.41 -66.73 0.9802 392.092 -63.58 189.00 

18 141.62 35.49 0.9807 392.29 -64.54 0.9760 390.41 -66.73 0.9802 392.092 -63.58 189.00 

19 141.62 35.49 0.9807 392.29 -64.54 0.9760 390.41 -66.73 0.9802 392.092 -63.58 189.00 

20 141.62 35.49 0.9807 392.29 -64.54 0.9760 390.41 -66.73 0.9802 392.092 -63.58 189.00 

21 141.62 35.49 0.9807 392.29 -64.54 0.9760 390.41 -66.73 0.9802 392.092 -63.58 189.00 

22 141.62 35.49 0.9807 392.29 -64.54 0.9760 390.41 -66.73 0.9802 392.092 -63.58 189.00 

23 141.62 35.49 0.9807 392.29 -64.54 0.9760 390.41 -66.73 0.9802 392.092 -63.58 189.00 

24 141.62 35.49 0.9807 392.29 -64.54 0.9760 390.41 -66.73 0.9802 392.092 -63.58 189.00 

25 141.62 35.49 0.9807 392.29 -64.54 0.9760 390.41 -66.73 0.9802 392.092 -63.58 189.00 

26 -30 0 0 0.9775 391.01 -65.48 0.9728 389.10 -67.69 0.9772 390.861 -64.34 219.78 

 

Wind speed 

Wind farm 
power output 
at cosφ =0.97 

Hradec_220 [220 kV] VTZ [220 kV] Výškov_220 [220 kV] 

P Q PU Volt Voltage Angle PU Volt Voltage Angle PU Volt Voltage Angle 

[m/s] [MW] [MVAr] [ - ] [kV] [ °] [ - ] [kV] [ °] [ - ] [kV] [ °] 

0 0 0 1.0155 223.40 -59.99 1.0232 225.09 -59.25 1.0304 226.69 -58.46 

1 0 0 1.0155 223.40 -59.99 1.0232 225.09 -59.25 1.0304 226.69 -58.46 

2 0 0 1.0155 223.40 -59.99 1.0232 225.09 -59.25 1.0304 226.69 -58.46 

3 0 0 1.0155 223.40 -59.99 1.0232 225.09 -59.25 1.0304 226.69 -58.46 

4 3.97 0.99 1.0156 223.42 -59.97 1.0233 225.12 -59.23 1.0305 226.71 -58.44 

5 11.68 2.93 1.0158 223.47 -59.93 1.0235 225.16 -59.19 1.0307 226.75 -58.40 

6 24.01 6.02 1.0161 223.53 -59.87 1.0238 225.23 -59.12 1.0310 226.82 -58.34 

7 40.36 10.12 1.0165 223.62 -59.78 1.0242 225.31 -59.04 1.0314 226.91 -58.25 

8 61.11 15.32 1.0169 223.72 -59.68 1.0246 225.42 -58.93 1.0319 227.01 -58.15 

9 86.03 21.56 1.0175 223.84 -59.55 1.0252 225.54 -58.80 1.0324 227.13 -58.02 

10 113.72 28.50 1.0180 223.96 -59.40 1.0257 225.66 -58.66 1.0329 227.25 -57.88 

11 132.98 33.33 1.0184 224.04 -59.30 1.0261 225.73 -58.56 1.0333 227.32 -57.78 

12 139.78 35.03 1.0185 224.07 -59.27 1.0262 225.76 -58.52 1.0334 227.35 -57.74 

13 141.27 35.41 1.0185 224.07 -59.26 1.0262 225.77 -58.52 1.0334 227.35 -57.74 

14 141.62 35.49 1.0185 224.08 -59.26 1.0262 225.77 -58.51 1.0334 227.36 -57.73 

15 141.62 35.49 1.0185 224.08 -59.26 1.0262 225.77 -58.51 1.0334 227.36 -57.73 

16 141.62 35.49 1.0185 224.08 -59.26 1.0262 225.77 -58.51 1.0334 227.36 -57.73 

17 141.62 35.49 1.0185 224.08 -59.26 1.0262 225.77 -58.51 1.0334 227.36 -57.73 

18 141.62 35.49 1.0185 224.08 -59.26 1.0262 225.77 -58.51 1.0334 227.36 -57.73 

19 141.62 35.49 1.0185 224.08 -59.26 1.0262 225.77 -58.51 1.0334 227.36 -57.73 

20 141.62 35.49 1.0185 224.08 -59.26 1.0262 225.77 -58.51 1.0334 227.36 -57.73 

21 141.62 35.49 1.0185 224.08 -59.26 1.0262 225.77 -58.51 1.0334 227.36 -57.73 

22 141.62 35.49 1.0185 224.08 -59.26 1.0262 225.77 -58.51 1.0334 227.36 -57.73 

23 141.62 35.49 1.0185 224.08 -59.26 1.0262 225.77 -58.51 1.0334 227.36 -57.73 

24 141.62 35.49 1.0185 224.08 -59.26 1.0262 225.77 -58.51 1.0334 227.36 -57.73 

25 141.62 35.49 1.0185 224.08 -59.26 1.0262 225.77 -58.51 1.0334 227.36 -57.73 

26 -30 0 0 1.0155 223.40 -59.99 1.0232 225.09 -59.25 1.0304 226.69 -58.46 

 

 



109 

 

Wind speed 

Wind farm 
power output 
at cosφ =0.97 

Vítkov_220 [220 kV] Wind farm [110 kV] DS_1 [110 kV] 

P Q pu Volt Voltage Angle pu Volt Voltage Angle pu Volt Voltage Angle 

[m/s] [MW] [MVAr] [ - ] [kV] [ °] [ - ] [kV] [ °] [ - ] [kV] [ °] 

0 0 0 1.0156 223.43 -61.84 0.9774 107.52 -65.48 1.0043 110.47 -71.52 

1 0 0 1.0156 223.43 -61.84 0.9774 107.52 -65.48 1.0043 110.47 -71.52 

2 0 0 1.0156 223.43 -61.84 0.9774 107.52 -65.48 1.0043 110.47 -71.52 

3 0 0 1.0156 223.43 -61.84 0.9774 107.52 -65.48 1.0043 110.47 -71.52 

4 3.97 0.99 1.0157 223.45 -61.82 0.9782 107.60 -65.32 1.0044 110.48 -71.49 

5 11.68 2.93 1.0159 223.50 -61.78 0.9796 107.75 -65.01 1.0046 110.51 -71.44 

6 24.01 6.02 1.0162 223.57 -61.71 0.9817 107.99 -64.51 1.0050 110.55 -71.35 

7 40.36 10.12 1.0166 223.65 -61.62 0.9845 108.30 -63.86 1.0055 110.60 -71.23 

8 61.11 15.32 1.0171 223.76 -61.51 0.9879 108.66 -63.03 1.0060 110.66 -71.09 

9 86.03 21.56 1.0176 223.88 -61.38 0.9916 109.08 -62.04 1.0066 110.73 -70.91 

10 113.72 28.50 1.0182 224.00 -61.24 0.9955 109.51 -60.95 1.0073 110.80 -70.72 

11 132.98 33.33 1.0185 224.08 -61.14 0.9980 109.78 -60.20 1.0077 110.84 -70.59 

12 139.78 35.03 1.0187 224.10 -61.10 0.9989 109.88 -59.93 1.0078 110.86 -70.54 

13 141.27 35.41 1.0187 224.11 -61.09 0.9991 109.90 -59.87 1.0078 110.86 -70.53 

14 141.62 35.49 1.0187 224.11 -61.09 0.9991 109.90 -59.86 1.0079 110.86 -70.53 

15 141.62 35.49 1.0187 224.11 -61.09 0.9991 109.90 -59.86 1.0079 110.86 -70.53 

16 141.62 35.49 1.0187 224.11 -61.09 0.9991 109.90 -59.86 1.0079 110.86 -70.53 

17 141.62 35.49 1.0187 224.11 -61.09 0.9991 109.90 -59.86 1.0079 110.86 -70.53 

18 141.62 35.49 1.0187 224.11 -61.09 0.9991 109.90 -59.86 1.0079 110.86 -70.53 

19 141.62 35.49 1.0187 224.11 -61.09 0.9991 109.90 -59.86 1.0079 110.86 -70.53 

20 141.62 35.49 1.0187 224.11 -61.09 0.9991 109.90 -59.86 1.0079 110.86 -70.53 

21 141.62 35.49 1.0187 224.11 -61.09 0.9991 109.90 -59.86 1.0079 110.86 -70.53 

22 141.62 35.49 1.0187 224.11 -61.09 0.9991 109.90 -59.86 1.0079 110.86 -70.53 

23 141.62 35.49 1.0187 224.11 -61.09 0.9991 109.90 -59.86 1.0079 110.86 -70.53 

24 141.62 35.49 1.0187 224.11 -61.09 0.9991 109.90 -59.86 1.0079 110.86 -70.53 

25 141.62 35.49 1.0187 224.11 -61.09 0.9991 109.90 -59.86 1.0079 110.86 -70.53 

26 -30 0 0 1.0156 223.43 -61.84 0.9774 107.52 -65.48 1.0043 110.47 -71.52 

 

Wind speed 

Wind farm  
power output  
at cosφ =0.97 

Málkov [110 kV] 

P Q pu Volt Voltage Angle 

[m/s] [MW] [MVAr] [ - ] [kV] [ °] 

0 0 0 1.0009 110.10 -72.02 

1 0 0 1.0009 110.10 -72.02 

2 0 0 1.0009 110.10 -72.02 

3 0 0 1.0009 110.10 -72.02 

4 3.97 0.99 1.0010 110.11 -71.99 

5 11.68 2.93 1.0012 110.14 -71.94 

6 24.01 6.02 1.0016 110.18 -71.85 

7 40.36 10.12 1.0021 110.23 -71.73 

8 61.11 15.32 1.0026 110.29 -71.59 

9 86.03 21.56 1.0032 110.36 -71.41 

10 113.72 28.50 1.0039 110.43 -71.22 

11 132.98 33.33 1.0043 110.47 -71.09 

12 139.78 35.03 1.0044 110.49 -71.04 

13 141.27 35.41 1.0044 110.49 -71.03 

14 141.62 35.49 1.0045 110.49 -71.03 

15 141.62 35.49 1.0045 110.49 -71.03 

16 141.62 35.49 1.0045 110.49 -71.03 

17 141.62 35.49 1.0045 110.49 -71.03 

18 141.62 35.49 1.0045 110.49 -71.03 

19 141.62 35.49 1.0045 110.49 -71.03 

20 141.62 35.49 1.0045 110.49 -71.03 

21 141.62 35.49 1.0045 110.49 -71.03 

22 141.62 35.49 1.0045 110.49 -71.03 

23 141.62 35.49 1.0045 110.49 -71.03 

24 141.62 35.49 1.0045 110.49 -71.03 

25 141.62 35.49 1.0045 110.49 -71.03 

26 -30 0 0 1.0009 110.10 -72.02 

 


