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Abstract 
 

The present work deals with the implementation of the test system Nordic32 proposed by 

Cigre task force 38-02-08. This test system which consists of 32 buses is a representation of 

the Swedish transmission and is suitable for the simulation of transient stability and long term 

dynamics. This work provides a detailed description about the steps followed to create both 

the static part of the system for load flow calculations and the controllers that the generators 

are equipped with. 

Furthermore, the thesis closes with a basic study concerning the modal analysis and the 

voltage stability of the system revealing some weaknesses that need further examination. 
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Chapter 1. Introduction 
 
 

1.1 Objective of the thesis 
 
 The scope of this thesis is the implementation of the Nordic32 test system developed by 

CIGRE Task Force 38-02-08 [1] in DIgSILENT PowerFactory [2]. The system consists of 

four geographical areas with different production and consumption characteristics 

- ‘North’ with high levels of Hydro generation and low level of consumption 

- ‘Central’ with Thermal generation and high level of consumption 

- ‘Southwest’ with rather low Thermal generation and some load 

- ‘External’ with moderate hydro production and moderate consumption 

The transmission system consists of the main transmission network at 400kV (19 nodes) 

and two regional systems which operate at 130kV (11 nodes) and 220kV (2 nodes).The 

generation of the system is modeled with 23 generators i.e. 10 round rotor synchronous 

generators for the Thermal power plants, 12 salient pole synchronous generators for the 

Hydro power plants and 1 salient pole synchronous compensator. The main characteristic of 

the system is the long distances between the production centre (North) and consumption 

centre (Central). The high electrical distance between these areas has been reduced by the 

usage of series capacitance compensation in the 400kV transmission network. 

A general graphical outline of the network is presented in figures 1.1 and 1.2 while the 

detailed  system representation can be found in Appendix A. 
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Figure 1.1 Outline of the 400 kV transmission network. 
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Figure 1.2. Outline of the 130 and 220kV regional transmission networks  
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1.2 Outline of the thesis  
 

Chapter 2 gives a general and fundamental description of PowerFactory from 

DIgSILENT. General features concerning the creation of a new power system are explained. 

Chapter 3 presents a detailed description for the modeling of the components used in the 

present test system. The modeling of busbars, lines, loads, synchronous generators, 

transformers, and shunt impedances in PowerFactory is explained. 

Chapter 4 explains how load flow calculations are performed in PowerFactory as well as 

the options concerning the visualizations of the results. 

Chapter 5 begins with the controllers’ description for the dynamic analysis and then the 

implementation of them in PowerFactory is presented. 

Chapter 6 explains how transient simulations are performed in PowerFactory. 

Chapter 7 contains a basic study concerning modal analysis and voltage stability of the 

system. 

Chapter 8 presents the main conclusions and some proposals about future work. 
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Chapter 2. Overview of DIgSILENT PowerFactory 
 
 

2.1 Working with DIgSILENT PowerFactory 
 

DigSILENT is a graphical environment based software for building single line diagrams 

of power system models. The elements for the single line diagram can be chosen from the 

Drawing Toolbox (figure 2.1) by dragging them in the main graphical environment. 

 

 
Figure 2.1. Drawing Toolbox window. 

 

The Drawing Toolbox window is only accessible when the graphic freeze mode  is off. 

Changes in the topology of the single line diagram can only be done when the graphic freeze 

mode is on. 
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The user can define the data of the model very simple by either double-clicking on an 

object (figure 2.2) or by accessing the Data Manager through  icon in the main toolbar 

(figure 2.3). 

 

 
 

Figure 2.2. Transformer editing  
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Figure 2.3. Transformer editing through Database Manager. 
 

 
 
   
2.2 Creating a new power system 

 

The first step for creating a new network is to define a new project. This is done: 

  

• Select File and New from the main menu 

• Select the Project option in the pop up dialogue and provide a name for the new 

system (figure 2.4). 
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Figure 2.4. Definition of a new project 
 

The Target Folder indicates the position where the new project will be stored. By default this 

is the user name, in the present case /Peppas. 

By selecting Execute a new pop up dialogue window will be appeared for the definition of the 

subsystem name and its nominal frequency (figure 2.5). 

 

 
 

Figure 2.5. Definition of a grid 
 
By selecting OK at the Grid dialogue an empty single line diagram is created with a grid 

called ‘External’ (figure 2.6). 
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Figure 2.6. Single line graphic window 
 

This is the simplest kind of project including only one subsystem (grid). Later on will be 

shown how new grids can be connected creating expanded models of power systems. The new 

project as can be seen from Data Manager includes an empty simple Grid, a Study Case and 

an empty Library. Study Case is a tool in Power Factory which allows the user to perform 

different sets of calculations in the same power system or in different combinations of grids. 

A new Study Case can be created for an activated project with the following ways: 

• Right click on the project name in the Database Manager, select Edit and New Study 

Case. 

• Select Edit from the main menu bar then select Project… and New Study Case. 

 

Before using a Study Case, it must be activated. This is done either by right clicking on its 

name in the Database Manager and selecting Activate or by selecting the name of it in the 

main toolbar. 
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2.3 Adding a new subsystem  

 

Complex models of power systems can be easier developed by the integration of simpler 

subsystems. A new subsystem can be entered to the active project in the following way: 

- Select Edit and then Project from the main toolbar 

- Select New Grid in the displayed window, figure 2.7 

- Enter a name and the nominal frequency for the new subsystem 

- Select ‘add this Grid/System Stage to active Study Case’.  

 

This will create an empty new single line diagram in the active project. 

 

 
Figure 2.7. Defining a new subsystem 
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Chapter 3. Developing Nordic 32A in PowerFactory 
 

3.1 Elements Representation 

 

To perform an easier implementation the system was divided in the following six areas: 

- External area 400kV grid 

- North area 400kV grid 

- Central area 400kV grid 

- Southwest 400kV grid 

- North area 130/220kV grid 

- Central area 130kV grid 

The model contains in total: 

- 32 nodes 

- 23 synchronous generators 

- 52 lines 

- 17 transformers 

- 11 shunt impedances 

- 22 loads. 

 

These elements were modeled for the load flow analysis in the following way. 

 

 

3.1.1 Nodes Representation 

 

Two different types of node elements were used, Terminals (  ) and Busbars  

( ). A terminal is the simplest node representation and was used in those cases were 

neither generators nor transformers were connected. For these cases a busbar was preferred 

instead of a terminal. PowerFactory gives many alternatives for the representation of a busbar 

such as Busbar, Single Busbar System With Tie Breaker, Double Busbar System etc. For the 

needs of this work a single Busbar was selected. After placing the Busbar to the single line 

diagram and double clicking on it a pop up dialogue for the required data will be appeared 

(figure 3.1). 
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Figure 3.1 Busbar definition 

Selecting the  button at Type field a specific type of a Busbar can be selected from the 

available types or a new type can be defined which can be used for the similar busbars in the 

system (figure 3.2). 

 
Figure 3.2. Busbar type definition 
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3.1.2 Line representation 

 

Lines in PowerFactory are simply represented as one-to-one connection between two 

nodes. Using the  icon and left clicking on the appropriate nodes a connection between 

them is established. A line is represented by an ElmLne object in the database which can be 

edited after double-clicking on the line (figure 3.3). A type for the line needs to be defined 

which can be either a predefined type from the PowerFactory Library ( Select Global Type… 

option) or a user defined type (New Project Type… option). For this model new project types 

were created for each line according to their electrical characteristics. The electrical 

characteristics (nominal voltage, resistance, inductance and susceptance per km) were 

assigned to the lines according to the figure 3.4. 

 
Figure 3.3. Line definition 
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Figure 3.4. Line type definition 

 

3.1.3 Load Representation 

 

The loads in PowerFactory are selected with the  button from the Drawing Toolbox 

and dragging them to the Busbar or the Terminal that are connected. Doing so, an ElmLod 

object is created in the database which describes the load. Loads are edited by double clicking 

on them and information about the active and reactive consumption can be assigned. 

Additional parameters like the voltage and frequency exponents for a static load model 

representation can be defined by selecting the New Project Type… option. 
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3.1.4 Synchronous Generators Representation 

 

Synchronous generators are selected using the  button from the Drawing Toolbox. 

After placing them to the busbar that are connected the ElmSym object is created in the 

database. The model then has to be edited in the following way. 

• The basic data have to be assigned in ElmSym object. These data concern the 

name of the machine, if it acts as a motor or as a generator, the mode of the 

local voltage controller (power factor/ voltage) the reactive power limits, etc. 

figure 3.5. 

 

 
Figure 3.5. Synchronous machine definition 

 
• The type of the generator has to be defined. This can be either a predefined 

type from PowerFactory Library or a user defined type. In case of user defined 

type, information about the rating of the machine, the inertia characteristics, 
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the rotor type, the transients reactances as well as the transients time constants 

need to be provided, figure 3.6. 

 

 
Figure 3.6. Type definition of synchronous machine 

 
 

3.1.5 Transformers representation 
 

PowerFactory incorporates the modeling of different types of transformers, such as 2-

Winding Transformer (  ), 2-Winding-Neutral Transformer (  ), 3-Winding 

Transformer (  ), Auto-Transformer (  ) and Boosting-Transformer (  ). For the 
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modeling of Nordic32 the 2-Winding transformer was selected. The transformer is simply 

connected to the appropriate busbars by dragging it in the single line diagram and left clicking 

on the chosen nodes. An ElmTr2 object is then created in the database, figure 3.7. In case of 

wrongly connection between the high and low voltage side an error message will be 

displayed. In this case the usage of Flip Connection button will reverse the connections. 

 

 
Figure 3.7. Transformer definition. 

 
Then the type of the transformer needs to be defined, which can be either a predefined type 

from PowerFactory Library or a user defined type. In the case of user defined type 

information about the rated power, the rated voltages, the short circuit voltage and the ratio 

X R must be defined, figure 3.8. In the case of load flows studies for Nordic32 and for the 

transformers equipped with tap changers (T4011-1011, T4012-1012, T4022-1022, T4031-

2021) the effect of them was included in the low side nominal voltage of the transformer. 
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Although this is technically unrealistic it will not affect the results of the simulation 

significantly.  

 

3.1.6 Shunt Impedances representation 

 

PowerFactory  supports five combinations of shunt impedances such as Shunt RLC (  

), Shunt RL (  ), Shunt C (  ), Shunt RLCRp (  ) and Shunt RLCCRp (  ). For 

the modeling of Nordic32 two types of shunt impedances were used, shunt capacitors and 

shunt reactors. The connection of a shunt element creates an ElmShnt object in the database. 

The necessary information for editing a shunt element is shown in figure 3.8. The nominal 

voltage, the shunt type and the design parameters for each specific shunt type are some of the 

data that are required. 

Figure 3.8 Shunt impedance definition 
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3.2 Connecting subsystems 

 

The connection between two different subsystems can be achieved by two ways. 

A. 

- Select and copy one the connection node in the first single line diagram. 

- Select Paste Graphic Only in the second line diagram. 

This will not create a new node but an image of the node in the second single line diagram.  

 B. 

For the second method we will assume that a transformer is used for the connection of the 

different subsystems. 

- Select a 2-Winding Transformer 

- Left click on the first node that it should be connected and move the cursor 

to the second subsystem where the second node is placed, figure 3.9. 

- Left click on the second subsystem to place the transformer symbol and 

then left click on the second node, figure 3.10. 

 
Figure 3.9. First step for subsystems interconnection 
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Figure 3.10. Second step for subsystems interconnection 
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Chapter 4. Load Flow Calculations 
 

Load flow calculations in PowerFactory are simply performed by pressing the  button 

in the main toolbar or by selecting Calculation and Load Flow… from the main menu. A new 

command dialogue pops up (figure 4.1) offering several options for the calculations. For the 

load flow study of Nordic32 the Balance, positive sequence option for the Network-

representation was chosen as well as the option Consider Reactive Power Limits for Reactive 

Power Control.  

 

 
Figure 4.1. Load flow command dialogue 

 
  
 

PowerFactory offers different ways of presenting the results. In the single line diagram the 

results are presented in result boxes as shown in figure 4.2 for the busbar 4041. 
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Figure 4.2 Load flow results in the single line diagram. 

 

In the previous figure the results are presented in Power Loading format for the edge 

elements (lines, generators, loads etc.) and the voltages of buses in Line-Line values. Many 

different configurations about the presentation of the results in the single line diagram can be 

selected from the main menu. The user in this case should select Output  Results for Edge 

Elements as well as Output  Results for Buses. Furthermore, PowerFactory offers the user 

the option to define himself the variables that will be presented in the result boxes. This can 

be done in the following way: 

- Select the freeze mode for the single line diagram (  ) 

- Right click on the result box that the parameters need to be altered 

- Select Edit Format for Edge Elements  

 

A new window will pop up (figure 4.3). In this window the user can select the appropriate 

variables that will appear in the result boxes. Other options such as the number of decimals 

that will be appeared as well as the appearance of the unit in the results are possible. 
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Figure 4.3 Editing result boxes 

 

Besides the result boxes the load flow results can be presented in the output window. 

PowerFactory offers different options for the output results. These options can be found in the 

main menu  Output  Load Flow/Short Circuit  Analysis…A command dialogue, as 

depicted in figure 4.4 will open. As an example the Total System Summary was selected and 

the results from the output window are presented in figure 4.5. 
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Figure 4.4. Selection of the output results 

 
Figure 4.5 Total System Summary 

 24  



Chapter 5. Dynamic Analysis 
 

 
5.1 Controllers’ description 

 
The next step of this study includes the implementation of generators’ control models for 

the analysis of system’s dynamic behavior. PowerFactory global library offers the possibility 

to use a variety of predefined controllers e.g. IEEE standard models for power plants, 

providing a broad range of dynamic regulators, such as governors, power system stabilizers, 

and voltage controllers However, in this study the controllers proposed by Svenska Kraftnät 

will be used [1]. Two types of generators are used in the system, round rotor generators in 

thermal power stations and salient pole generators in hydro power plants. The controllers 

implemented in these generators include: 

- A simple model for the excitation system with three time constants. 

- Power system stabilizers for all the units. 

- Governor controllers for the hydro power units. 

 

The block diagrams for the controllers above are presented in the following figures. The 

various sets of parameters for each type of generator can be found in Appendix B. 

 

 
Figure 5.1 Excitation system 
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Figure 5.2 Power System Stabilizer 

 

 

 
Figure 5.3 Hydro Governor 

 

5.2 Defining control models in PowerFactory 

 

The design concept for control models in Powerfactory can be briefly summarized as 

follows. The fundamental element in designing a control model is the ‘Model/Block 

Definition’ which contains the controller definition or specific preconfigured units e.g. 
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generators. Examples of ‘Model/Block Definitions’ are the Excitation System, Power System 

Stabilizer and Hydro Governor which are described in figures 5.1, 5.2, 5.3. A ‘Model/Block 

Definition’ however is a general definition of a controller which is not linked with a specific 

power plant. The inputs and outputs from these models are connected to define the integrated 

general control model for a power plant, the ‘Composite Frame’. A schematic diagram of a 

‘Composite Frame’ for a hydro power plant is shown in figure 5.4.  

 

 
Figure 5.4 Schematic diagram of a ‘Composite Frame’ for a hydro power plant 

 
 

Thus far the general control model for a power plant has been created (‘Composite 

Frame’) which consisted of the individual controllers (‘Model /Block Definition’). The 

‘Composite Frame’ and ‘Model /Block Definition’ are located either in the local or in the 

global library. The next step is to link these general models with the specific generators of the 

network. This is done with the ‘Composite Model’ which acts as a definition of a ‘Composite 

Frame’. The ‘Composite Model’ consists of slots to which controllers or predefined elements 

can be assigned (‘Common Models’). The ‘Common Model’ represents a ‘Model /Block 

Definition’ with a set of parameters for a specific power plant. These definitions are illustrated 

in the next section where the models for stability analysis for the Nordic32 test system are 

explained. 

 27  



5.3 Stability analysis models for Nordic32A test system 

 

5.3.1 Composite Frame 

 

The general block diagram of a control system with the various controllers and the 

connections between them is defined in the ‘Composite Frame’. The ‘Composite Frame’ is 

consisted of various slots which are assigned a user defined controller or a preconfigured 

element (e.g. a generator). To create a new ‘Composite Frame’ the user should click on    

and then select ‘Block/Frame Diagram’ from the pop up window (figure 5.5) 

 

 
Figure 5.5 Defining a new Composite Frame 

 

A new empty diagram will be created with the name ‘SG Hydro Composite Frame’ which 

is stored in the local library. In this diagram the configuration of the control model for a hydro 

power plant will be defined. A schematic diagram for the control of a hydro power plant is 

shown in figure 5.4, thus the first step is to enter the slots in the empty diagram. A new slot 

( ) can be selected from the toolbox on the right top of the page. Moreover, the toolbox 

offers the option to select additional blocks as Block Reference ( ) which will be used later 

for the ‘Model/Block Definition’, Summation Point ( ), Multiplier ( ), Divisor ( ), 
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Switch for Block Diagrams ( ), Signal connections ( ) as well as some graphical-text 

objects. The next step is to place four slots in the empty diagram (one for the synchronous 

generator and three for the controllers). Each slot has to be edited by double clicking on it. A 

pop up window for the definition of the slot will be appeared (figure 5.6) 

 

 
Figure 5.6 Slot Definition 

 
The slot can be assigned a preconfigured block definition, a preconfigured element or a 

user defined block. The selection and assignment of a predefined block definition can be done 

by selecting . A variety of predefined blocks and elements can be found in ‘Library  

Models’. In the present case a synchronous generator has to be assigned to one of the slots. 

However, a synchronous generator is a built-in model and thus it does not need a model 

definition. A synchronous generator can be assigned to the slot by choosing ‘ElmSym’ in the 

‘Class Name’. Then the input and output signals that correspond to a synchronous generator 

and are of interest in our study have to be chosen as shown in figure 5.7. Note, that the name 
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for these signals should be the same with the corresponding signal names defined in 

PowerFactory. 

 
Figure 5.7 Signal selections for synchronous generator 

 
Except for the built-in models the other three slots have to be assigned with user defined 

models. This is done by choosing ‘ElmDsl’ for ‘Class Name’ and selecting the input and 

output signal that are of interest. The name of the signals should be the same with the names 

that will be used in the block definition otherwise the user will get an error message. As an 

example the definition of the excitation system is shown in figure 5.8. 

 
Figure 5.8 Slot definition for the excitation system 
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 31  

The next step is to connect the input and output signals between the different slots 

according to the control scheme for the generator. In the case of a hydro power unit the 

complete ‘Composite Frame’ is shown in figure 5.9. 



 
Figure 5.9 Composite Frame for a Hydro power unit 
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5.3.2 Model/Block Definition 
 

So far the slots for the different controllers have been included in the ‘Composite Frame’ 

but no model has been assigned to them yet. This is done through the ‘Model/Block 

Definition’ in which the excitation system, the power system stabilizer and the hydro 

governor will be defined. To define a new ‘Model/Block Definition’ the user should click on  

  and then select ‘Block/Frame Diagram’. An empty diagram like the previous case will 

be created where the different controllers will be designed. Then the required blocks ( ) 

need to be placed on the diagram. When a block is placed on the diagram the slot option in the 

graphical toolbox is deactivated, which means that PowerFactory assigns the diagram for a 

‘Model/Block Definition’. The ‘Model/Block Definition’ will be explained using the model for 

the power system stabilizer which is described in figure 5.2. The first step is to assign the 

transfer function for each block according to the controller definition. After double clicking 

on the block a pop up window like the figure 5.10 appears. 

 

 
Figure 5.10 Block Import 

 
 
 
 
 
 
 

 33  



A model definition has to be assigned then. Standard models for block definitions can be 

found in ‘Library  Models  Global_Macros’ (figure 5.11). 

 

 
Figure 5.11 Block selection 

 

After the block definition has been inserted to a block the parameters of it should be 

edited. This is done by double clicking on it. An editing window like in figure 5.12 appears. 

 

 
Figure 5.12 Block description 
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In this window the name of the block parameters as well as the name of the state variables 

can be defined. By selecting   a new window which includes information about the block is 

presented (figure 5.13). 

 

 
Figure 5.13 Block Definition - 1 

 

The output, input signals, the state variables of the block as well as the parameters that are 

used are presented. The mathematical description of the block can be found by selecting  

(figure 5.14). The mathematical description of the block can be very useful during the 

definition of the initial conditions. 
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For the above block definition the additional equations’ field provides information about 

the range of time constant T (T>0), the definition of state variable (dx/dt = (Ky

 36  

 

 

 

 

 
Figure 5.14 Block Definition - 2 

 

i – x)/T) as well 

as the definition of the output signal (y0 = x). After the block definitions the signals between 

the blocks need to be connected before the diagram of the controller is complete. The diagram 

for the power system stabilizer is shown in figure 5.12 

 



 
Figure 5.11 Power System Stabilizer  
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After creating a model the initial conditions of the state variables as well as the parameters 

included in it should be defined. By double clicking on the model frame a dialogue window 

will appear as shown in figure 5.12. 

 

 
Figure 5.12 Power System Stabilizer definition window 

 
 

This window presents the state variables of the model, the various parameters that should 

be defined as well as the input and output signals. The internal variables are used inside the 

model and can not be set by the user in the dialogue window shown in figure 5.12. The next 

step is to define the initial conditions of the state variables as well as the units of the 

parameters. By selecting  a new window will appear where these definitions shall be 

included (figure 5.13). 
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Figure 5.13 Power System Stabilizer definition window - 2 

 
 

The ‘Additional Equations’ field is the place where the initial conditions and the 

parameters are defined. The definitions are done with DIgSILENT Simulation Language 

(DSL) which uses a specific syntax as any other programming language. For the needs of this 

project very simple functions like the definitions of the initial conditions and the model 

parameters were used. The assignment of the initial condition to a state variable is done with 

the command ‘inc(st.variable)’ where the description of a parameter is done with the 

command ‘vardef(parameter)’. The syntax of ‘vardef’ can be better explained with an 

example: 

 vardef (k) = ‘pu’ ; ’Gain’ 

The expression above defines the unit of parameter k (per unit) and some additional 

information e.g. the name of it (Gain). In the figure 5.13 the actual values of the parameters 
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are presented instead of the name. It is not compulsory to include both fields in the definition 

of ‘vardef’ but the user can select either the unit or the description. 

examples: 

  vardef (k) = ‘pu’; 

  vardef (k) = ;’Gain’ 

Comments in DSL are entered with the use of exclamation mark. 

example: 

  ! this is a comment 

The ‘Block Definition’ window includes the functions ‘Check’ and ‘Check Inc’. The 

function ‘Check’ will verify the ‘Block Definition’ and will display error messages in case of 

faults. Analogous, is the function provided by the command ‘Check Inc.’ which verifies the 

defined initial conditions. It should however be mentioned that even if no error messages have 

been issued when checking the initial conditions and block definition syntax, there still can be 

some problems associated with logical errors in the DSL model or with the improper usage of 

the DSL model. 

 

 

 

5.3.3 Composite Model 

 

The ‘Composite Model’ serves as a definition of a ‘Composite Frame’. In other words the 

‘Composite Model’ links the ‘Composite Frame’ with a specific power plant. A new 

‘Composite Model’ can be created by selecting in the Data Manager ‘New Object’ ( ) and 

then ‘Composite Model’. A new window for the definition of the ‘Composite Model’ appears 

(figure 5.14). 
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Figure 5.14 New Composite Model 

 
The assignment of the appropriate ‘Composite Frame’ to the ‘Composite Model’ is done 

through the ‘Frame’ option. The ‘Composite Model’ then includes the slots of the selected 

‘Composite Frame’. The next step is to assign elements into these slots. This is done by right 

clicking in the ‘Net Element’ column and then ‘Select Element/Type…’. However, except for 

the built-in models (e.g. synchronous generators) the assignment of user defined controllers is 

done through the ‘Common Model’ which is explained in the next section. 

 

5.3.4 Common Model 

 

Analogous to the ‘Composite Model’, the ‘Common Model’ acts as a definition of a ‘Block 

Definition’ i.e. a ‘Block Definition’ can only be used through a ‘Common Model’. The 

definition includes the specification of the parameters which are contained in the controller. A 

‘Common Model’ can be created through Data Manager by first selecting the ‘Composite 

Frame’ of the power plant which is of interest and then ‘New Object  Common Model’. This 

will open the project library and the required ‘Block Definition’ must be selected. After the 

appropriate ‘Block Definitions’ have been assigned to the ‘Common Models’ the ‘Composite 

Model’  of a hydro power plant is shown in figure 5.15. 
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Figure 5.15 Hydro power plant’s Composite Model 

 
 

The parameters of the controllers can be edited by right clicking on the controller name and 

then selecting ‘Edit Element/Type…’. A new window will pop up and the user can then assign 

the values for the required parameters. In figure 5.16 the window for the definition of the PSS 

parameters is presented. 
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Figure 5.16 PSS parameters’ definition 

 

5.4 Modifications for the present model 

 

Some small modifications were necessary for the development of the present model in 

PowerFactory. These modifications concern the unity gain which is included in the hydro 

governor model (figure 5.3). Test simulations showed that the unity gain was causing small 

initial transients in the beginning of the simulation that could not be justified during steady 

state. To eliminate these small anomalies it was necessary to increase the unity gain 

approximately by 5% for the following generators: 232G1, 122G1, 114G1, 431G1 and 

421G1. The exact modifications are presented in Appendix B. All the other parameters were 

kept as it was proposed by Svenska Kraftnät. 
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Chapter 6. Simulations and Plots in PowerFactory 
 

6.1 Performing Transients Simulations 

 

The first step before running a transient simulation is to set up the initial conditions. Based 

on load flow calculations the values for all system variables are calculated. To perform 

system initialization the icon  should be selected. In the upcoming window (figure 6.1) 

several settings are defined. The user can select the method of simulation (RMS vs. EMT), the 

network representation (Balanced vs. Unbalanced), the simulation time step sizes, the 

maximum error during iterations etc. 

 

 
Figure 6.1 Initial Conditions window 
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 After the determination of the initial conditions the simulation can be performed by 

selecting ( ) and can be paused any time by selecting ( ).  

 

 

6.2 Creating Plots 

 

During simulation hundreds of variables are changing with time and thus before plotting, 

a selection of the signals necessary for the analysis must be performed. This is done by 

creating results objects for the elements which are important for our studies (e.g. generators, 

busbars, lines, loads, etc.). The creation of a new result object and how this is used to create 

plots will be better explained with an example. Let us assume that the variables of generator 

471G1 are important for our studies. These can be used through a new result object. This is 

done by first selecting the generator and then by selecting ‘Define…  Variable Set (Sim)…’. 

This will create a new result object which is stored in ‘Study Case\All Calculations’. So far 

the result object does not include any result variables. To edit a result object the user has to 

press  or to select ‘Data Manager  Study Case  All calculations’ and then select 

‘Edit’ for the preferred element. This will open a new window with all the variables contained 

in 471G1 (figure 6.2). 
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Figure 6.2 Variable set window 

 

Many variables are available for different types of analysis (Load Flow, RMS-simulation, 

Harmonic Analysis etc.). For each of these analyses the variables are grouped in different 

variable sets (Bus Results, Signals, Calculation Parameters, etc.). The variables contained in 

these are presented in the ‘Available Variables’ field. The selection of a variable is done by 

double clicking on its name which causes the appearance of the variable in the ‘Selected 

Variables’ field. The variables selected in this way are stored in the result object and can be 

plotted during simulations. 

Plots can be inserted through ‘Virtual Instrument Panel’ which is a page where various 

graphs are stored and displayed. The insertion of a new ‘Virtual Instrument Panel’ is done 

using the  button and then by selecting ‘Virtual Instrument Panel’. The number of plots 

included in the new page can be determined from the main toolbox by selecting . The next 

step is to assign the variables that are of interest into the plots, which is done by double 

clicking on them. A new window will pop up (figure 6.3). Double click on the ‘Element’ will 

display all the defined results objects and the user can select the one that needs to be plotted 
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for the study. The selection of a variable is done by double clicking on the ‘Variable’ column 

which will display all the variables contained in this result object. The color, line style and 

line width can be adjusted through the other columns. 

 

 
Figure 6.3 Defining a subplot 

 
More than one variable can be included in the same plot by double clicking on the curve 

number and then by selecting ‘Append Rows’ (figure 6.4). 
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Figure 6.4 Adding variables to a plot 

 
Additionally, the main graphical toolbox offers the following editing tools for the plots: 

  

- The buttons , x scale the plot in the and axis automatically. y

- Specific areas of the plots can be zoomed using  or . 

- New subplots can be inserted using . 

- The plots can be edited using . 
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Chapter 7. Stability Analysis of Nordic32 test system 
 

 
7.1 Small signal Analysis 
 
7.1.1 Introduction 

 
Small signal analysis deals with small disturbances in a power system such as load 

fluctuations or small changes of the set values of system parameters. These changes, 

normally, result in decaying power (or electromechanical) oscillations and thus to a stable 

operation. However, if the system damping is not sufficient these oscillations can lead to loss 

of synchronism. The small signal analysis of a power system is based on the study of the 

linearized system around the equilibrium point. The differential-algebraic equations that 

describe the models of the power system are linearized and the system eigenvalues are 

computed from the roots of the function 0A Iλ− =  where A is the system state matrix. The 

computed eigenvalues (λ) correspond to the steady state operation point and if the state matrix 

is real the eigenvalues are occurred in complex conjugate pairs [3], 

       i i ijλ σ ω= + ⋅  1, 2,...i N=               (7.1) 

where N is the number of system’s state variables. 

Each eigenvalue corresponds to a system mode and based on eigenvalue analysis the 

system modes can be categorized as following: 

- Non oscillatory mode when 0iσ =  

- Stable operation mode when 0iσ >                      

- Unstable oscillatory mode when 0iσ <         

 

The frequency and the damping ratio of each oscillatory mode are given by: 

               

2
i

if
ω
π

=                                               (7.2) 

                                                    
2

i
i

i i
2

σζ
σ ω

−
=

+
                                                                  (7.3) 

 

The oscillations that appear in a power system are usually categorized in two types: 
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- Inter-area oscillations (0.1 – 1 Hz) [4] where a group of generators in one part of the 

power system oscillates against another group of generators in another part of the 

power system. 

- Local mode oscillations where a generator (or a group of generators) oscillates 

against the rest of the power system. 

 

For small signal analysis is of essential importance to identify the participation of each 

generator in each system mode. This information can be derived from the system’s participation 

matrix which contains the participation of each system state variable to each system mode. The 

columns of the participation matrix correspond to the system modes while the rows correspond 

to the state variables. The elements of this matrix are called participation factors and indicate the 

participation of the state variable to the system mode. This allows us to identify the critical 

generators that can lead to instability and therefore appropriate preventive actions can be taken 

(e.g. installation of stabilizing devices in those generators).  A detailed mathematical description 

and the derivation of the participation matrix can be found in [3]. 

 

 

7.1.2 Modal Analysis in PowerFactory 

 

A modal analysis can be either performed when the system is in steady state after a load flow 

calculation or after an RMS simulation. However, what should be kept in mind is that the modal 

analysis is only valid when the system is subjected to small transient disturbances. A modal 

analysis can be performed after the calculation of the initial conditions by selecting . In the 

upcoming window (figure 7.1) the user can select the state variable for the calculation of the 

participation factors (rotor’s speed, angle or flux linkages). 
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Figure 7.1 Modal analysis’s command window. 

 

The results of the modal analysis can be viewed in different ways. First, by selecting  a 

new window will pop up where the computed modes of the system are presented with the 

required additional information (oscillations frequency, damping ratio etc.). Moreover, the 

eigenvalues as well as the participation factors for the defined state variable can be presented 

through  . The upcoming command window (figure 7.2) allows the user to visualize either 

the eigenvalues of the system or the relative participation factors. Filters concerning the maximal 

damping and the maximal period allow the user to allocate easier the modes that are of interest. 
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Figure 7.2 Selection of the output results  

 

Furthermore, the eigenvalues of the system can be visualized through different types of plots: 

- By selecting  from the plot type menu (  ) the system eigenvalues are presented 

in two axis coordinate system where the horizontal axis represents the real part of the 

eigenvalue and the vertical axis the imaginary part, the period or the frequency of it. 

- By selecting   the relative participation factors in a selected mode are presented in 

a bar diagram. Different types of filters concerning the magnitude of the participation 

factors and the generators that are of interest can be applied. 

- By selecting  a phasor diagram of the eigenvalues with analogous filter options 

can be viewed. 
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7.1.3 Modal Analysis of Nordic32 

 

The modal analysis for the Nordic32 test system reveals 361 different modes with 

negative real parts (stable operation). Initially the eigenvalues closest to the real axis are 

presented (Table 7.1). These eigenvalues are characterized by low frequency and sufficient 

damping ratio (with the exception of Mode 1 which corresponds to an inter-area oscillation). 

 

Table 7.1 Eigenvalues closest to the imaginary axis 

Modes Frequency Damping Ratio 

Hz (ζ) 

1 -0.07512 j3.4606 0.550 0.075 ±

2 -0.07092 j0.3121 0.049 0.221 ±

3 -0.07681 j0.2952 0.046 0.251 ±

4 -0.0239 j0.18073 0.028 0.131 ±

5 -0.03217 j0.1574 0.025 0.199 ±

6 -0.03718 j0.1401 0.022 0.256 ±

7 -0.04179 j0.1170 0.018 0.336 ±

8 -0.04837 j0.0748 0.011 0.542 ±

9 -0.04734 j0.0657 0.010 0.584 ±

10 -0.03129 j0.0600 0.009 0.462 ±

 

Then the behavior of the system was studied under small load changes. The purpose was 

to examine if these small changes can cause to any of the above conjugate pairs of 

eigenvalues the transversely cross of the imaginary axis indicating angular instability. The 

results are presented in Table 7.2 which describes the displacement of the eigenvalues as a 

function of these small load changes (the symbol  indicates movement towards the 

imaginary axis while  indicates the opposite).  
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Table 7.2 Eigenvalue displacement with load increase. 

Load increase  
 -3%  0% 0%  +1% +1%  +2% +2%  +3% 

    1 
    2 
    3 
    4 

5     
6     
7     

M
od

es
 

    8 
    9 
    10 

 

The behavior is not homogenous for all the eigenvalues as it is shown in Table 7.2. The 

identification of the mechanism behind the modes interaction is out of the scope of this thesis 

however, it can be proposed as a further study as it would offer an advanced insight of the 

system behavior. However, for this range of load changes the system remains stable as it can 

be seen from the exact eigenvalues which are presented in appendix C. 

As a second step, the modes with the poorest damping were further investigated as a 

disturbance can stimulate them and cause instability. In the following table the modes with 

damping ratio less than 10% are presented. 

 

Table 7.3 System Modes with  10%ζ <

Modes Frequency ) Damping Ratio (ζ
Hz 

 0.50 8.39j− ± ⋅ 1.335 0.059 
 0.77 8.17j− ± ⋅ 1.300 0.093 
 0.56 7.94j− ± ⋅ 1.264 0.071 
 0.57 7.84j− ± ⋅ 1.247 0.072 
 0.49 7.54j− ± ⋅ 1.200 0.066 
 0.63 7.55j− ± ⋅ 1.201 0.083 
 0.41 6.74j− ± ⋅ 1.071 0.062 
 0.33 6.21j− ± ⋅ 0.987 0.053 
 0.18 4.99j− ± ⋅ 0.795 0.035 

0.075 3.46j− ± ⋅ 0.550 0.021 
 

The mode  represents an inter-area oscillation mode (0.55Hz) and is 

characterized by the lightest damping. The relative participation factors for this mode are 

presented in figure 7.3. 

0.075 3.46j− ± ⋅
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Figure 7.3. Relative participation factors of mode  0.075 3.46j− ± ⋅

 
In Table 7.4 the generators with relative participation larger than 0.2 are presented. 

 
Table 7.4 Dominant participation factors of mode  0.075 3.46j− ± ⋅

Generator Relative Participation Area 
Factor 

472G1 1.00 External 
462G1 0.29 Southwest
463G1 0.32 Southwest
463G2 0.33 Southwest

 
Table 7.4 shows that for the inter-area mode of 0.55Hz the generators of the external area 

are swinging against the generators of the southwest area. A small disturbance will be applied 

to identify the effect of this mode to the system stability. This concerns a three-phase short 

circuit fault (duration 50 msec) at BUS4072 of the external area. In the following figures the 

power flow on the tie-lines of the southwest area is presented. 
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Figure 7.4 Active power flow on the tie-line L4061-4041 

 

 
Figure 7.5 Active power flow on the tie-line L4045-4062 

 

The simulations show that the system finally gets (nearly) settled to a pre-fault steady 

state but with a rather poor damping. A usual solution to this problem could be the retuning of 

 56  



the PSS of generator 472G1. However, the retuning of the PSS could not lead to a significant 

improvement of the system damping and therefore new strategies must be investigated. Some 

proposals could be: 

- HVDC link for the connection between the external and north area. The link 

between these areas is rather weak (approximately 35MW on each line) and thus 

the usage of a HVDC link could prevent the introduction of this inter-area mode 

due to the asynchronous nature of a dc line. 

- Introduction of voltage support through the installation of SVC would improve the 

damping of the system [5]. 

- A more sophisticated coordinated design for the PSS of 472G1, 462G1, 463G1, 

and 463G2 could help to improve the damping of this specific mode. 

 

An analogous study can be performed for any of the modes presented in Table 7.3 and 

similar actions can then be proposed. 
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7.2 Voltage stability 

 

7.2.1 Introduction 

Voltage stability refers to the ability of a power system to transfer active power to the 

loads keeping the voltages at each bus at acceptable levels. A typical variation of a bus 

voltage versus the active load is shown in figure 7.6 which is called PV-curve (or nose curve). 

 

 
Figure 7.6 PV – curve 

maxL LP P< As shown in the figure for each active power transfer is possible with two 

voltage levels. The higher voltage level (A) is considered as a stable operation point as the 

lower voltage level (B) is accompanied with considerable higher current and thus with 

considerable higher losses that can not be accepted. Ignoring the low voltage and continuing 

to increase the load we will eventually reach the point where maxL LP P= which defines the 

voltage transfer limit. If the load continues to increase obviously there is no operating point 

i.e. the system is subjected to voltage collapse. 

A common way to enhance voltage stability and to achieve higher consumption levels is 

to reduce the reactive power that is transferred through the transmission system. The simplest 
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way to perform this is by offering the required reactive power locally through the installation 

of reactive compensation (commonly through capacitor banks). This will eventually reduce 

the transfer of reactive power through the transmission system and a higher utilization of the 

transmission system for active power transfer can be achieved. Furthermore, besides the 

enhancement of the active power transfer the local reactive compensation will support the 

voltage levels to remain into acceptable limits (usually 5%±  of the rated voltage). Local 

reactive compensation has been widely used for the modeling of Nordic32 especially for the 

Central area which is the load center of the system and in which capacitor banks of rated 

power 1350 Mvar have been installed. 

 

 

7.2.2 Performing Voltage Stability Analysis in PowerFactory 

  

DIgSILENT performs voltage stability analysis by gradually increasing the load of the 

preselected buses until they reach the power transfer limit. This can be simply performed by 

selecting the buses and the loads that are of interest and then by right clicking on them 

choosing the option Execute DSL scripts. A new command window will pop up and the 

selection of U_P-Curve will perform the voltage stability analysis for the predefined elements 

and the upper part of the PV-curve will be displayed as shown in figure 7.7. 

 
Figure 7.7 Upper part of PV-curve for buses 1043 and 43. 
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7.2.3 Voltage Stability Study in Nordic32A 

 

In the following study the voltage stability limits for each specific load bus were 

identified. Table 7.5 presents the maximum active power that can be consumed from each bus 

and the correspondence power transfer limit (assuming that the consumption of the other 

buses is constant). 

 

Table 7.5 Voltage stability limits for load buses 

LOAD Un Pn U P Scalingmax L 

(p.u) (MW) (p.u) (MW) Factor 

L1011 1.12 200 0.91 2875 14.37 

L1012 1.13 300 0.95 3295 10.98 

L1013 1.14 100 0.79 2058 20.58 

L1022 1.06 280 0.90 1265 4.5 

L4071 1.01 300 0.82 2213 7.38 

L4072 1.01 2000 0.84 3540 1.77 

L2031 1.05 100 1 611 6.12 

L2032 1.10 200 1.10 880 4.54 

L1041 0.96 600 0.84 715 1.19 

L1042 1 300 0.96 549 1.83 

L1043 0.99 230 0.88 367 1.60 

L1044 0.98 800 0.94 1026 1.28 

L1045 0.99 700 0.96 864 1.23 

L41 0.99 540 0.95 850 1.57 

L42 0.98 400 0.92 646 1.62 

L43 0.97 900 0.92 1086 1.21 

L46 0.97 700 0.90 878 1.25 

L47 1.00 100 0.89 298 2.98 

L51 1.00 800 0.94 972 1.22 

L61 0.96 500 0.91 836 1.67 

L62 0.98 300 0.95 665 2.22 

L63 0.97 590 0.93 930 1.58 

 

 60  



Analogous study has been applied for the different areas assuming that the loads of each 

bus of the same area are increased with the same percentage while the loads of the other areas 

remain constant. The results are presented in Table 7.6. 

 

Table 7.6 Voltage stability area limits 

Area Pn P Scalingmax 

(MW) (MW) Factor 

External 2300 3933 1.71 

Southwest 1390 1687 1.21 

Central 6070 6289 1.04 

North 1180 2915 2.47 

 

This table shows that the voltage stability margin for the areas External and North is 

sufficient while the areas Southwest and Central are close to their limits. An effort then was 

made to study what would be the effect of additional reactive compensation to voltage 

stability. Only the areas Southwest and External were studied as the others are quite far from 

their voltage stability limits. The different scenarios that were applied are described below. 

• Southwest 

- Case 1: Installation of 50Mvar capacitor banks at the load buses 61, 62, 63 

(130kV). 

- Case 2: 100Mvar capacitor banks installed at the same busbars. 

Note: It was not feasible to use higher levels of compensation as it would result in 

unacceptable high voltage levels at these buses. 

• Central 

- Case 1: 20% increase of the existing compensation at the 130kV part of the 

network. 

- Case 2: Similar to Case 1 but with 50% increase. 

- Case 3: Similar to Case 1 but with 100% increase. 

 

The results from the simulation are presented in Table 7.7. 
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Table 7.7 Voltage stability limits with additional compensation  

Areas Scenarios P  (MW) P  (MW) Scaling  max max

(without additional (additional  Factor 

compensation) compensation)

Case 1 1711 1.231  

So
ut

hw
es

t 

1687 
Case 2 1753 1.261 

Case 1 6356 1.047  

Case 2 6404 1.055 

C
en

tra
l 

6289 

Case 3 6537 1.077 

 

The proposed compensation can improve the voltage stability margin up to about 4% for 

both areas. However, the Central area continues to operate close to its voltage stability limit 

and this shall be further studied. 
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Chapter 8. Conclusions and future work 
 
 
8.1 Conclusions 

 

The work presented in this thesis led to the implementation of the test system 

Nordic32 in PowerFactory. This test system presents a model for the Swedish transmission 

system proposed by Cigre Task force 38-02-08 suitable for simulation of transient stability 

and long term dynamics. In this study except for the static part the dynamic models of the 

generators have been modeled too. These models include: 

- Excitation systems with three time constants 

- Governor controllers for the hydro units 

- Power system stabilizers for all the units 

The parameters proposed in [2] were used for the modeling of the controllers. However, test 

simulations showed in some cases unjustified small transients during steady state and 

therefore some of the gains were slightly modified (Appendix B.3). The validity of the model 

performance during load flow calculations was verified by the results from test runs provided 

by Svenska Kraftnät. 

 A basic study was then performed concerning the modal analysis and the voltage 

stability of the system. The conclusions from this can be summarized in the followings: 

- Eigenvalue analysis showed that the system is characterized by a high number of 

local and inter-area oscillations with damping ratio less than 10%. 

- The load centre of the system operates very close to its voltage stability limit. The 

installation of additional reactive support through capacitor banks failed to 

improve considerably the voltage stability limit and therefore new ways of 

enhancing the system must be examined. 

 

 

8.2 Future work 

 

 Some proposals concerning the improvement and the upgrade of the current test 

system could include: 

- Relay protection modeling for the transmission lines. 
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- Integration and modeling of SVCs and STATCOMs for the enhancement of 

voltage stability. 

- More sophisticated PSS modeling in those generators responsible for local area 

oscillations. 

- Study of the effect of HVDC lines in system’s transient stability. 
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APPENDIX A. SYSTEM DESCRIPTION  
 
A.1 Busbars 
 

Shunt Impedances Node Nominal 
Voltage 

(kV) 

Type Active 
Load 
(MW) 

Reactive 
Load 

(MVar) 
Active 

Compensation
(MW) 

Reactive* 
Compensation 

(MVar) 

Area 

4071 400 PV 300 100 0 -400 External 
4071 400 PV 2000 500 0 0 External 
4011 400 Slack 0 0 0 0 North 
4012 400 PV 0 0 0 -100 North 
4021 400 PV 0 0 0 0 North 
4022 400 PQ 0 0 0 0 North 
4031 400 PV 0 0 0 0 North 
4032 400 PQ 0 0 0 0 North 
1011 130 PQ 200 80 0 0 North 
1012 130 PV 300 100 0 0 North 
1013 130 PV 100 40 0 0 North 
1014 130 PV 0 0 0 0 North 
1021 130 PV 0 0 0 0 North 
1022 130 PV 280 95 0 50 North 
2031 220 PQ 100 30 0 0 North 
2032 220 PV 200 50 0 0 North 
4041 400 PV 0 0 0 200 Central 
4042 400 PV 0 0 0 0 Central 
4043 400 PQ 0 0 0 200 Central 
4044 400 PQ 0 0 0 0 Central 
4045 400 PQ 0 0 0 0 Central 
4046 400 PQ 0 0 0 100 Central 
4047 400 PV 0 0 0 0 Central 
4051 400 PV 0 0 0 100 Central 
1041 130 PQ 600 200 0 200 Central 
1042 130 PV 300 80 0 0 Central 
1043 130 PV 230 100 0 150 Central 
1044 130 PQ 800 300 0 200 Central 
1045 130 PQ 700 250 0 200 Central 
41 130 PQ 540 128.3 0 0 Central 
42 130 PQ 400 125.7 0 0 Central 
43 130 PQ 900 238.8 0 0 Central 
46 130 PQ 700 193.7 0 0 Central 
47 130 PQ 100 45.2 0 0 Central 
51 130 PQ 800 253.2 0 0 Central 
4061 400 PQ 0 0 0 0 Southwest
4062 400 PV 0 0 0 0 Southwest
4063 400 PV 0 0 0 0 Southwest
61 130 PQ 500 112.3 0 0 Southwest
62 130 PQ 300 80 0 0 Southwest
63 130 PQ 590 256.2 0 0 Southwest
 
* The sign (+) corresponds to production of reactive power. 
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A.2 Transmission Lines 
 
From To Line 

Number 
Resistance

(Ω) 
Inductance

(Ω) 
Capacitance

(μF) 
1011 1013 1 1.69 11.83 0.26 
1011 1013 2 1.69 11.83 0.26 
1012 1014 1 2.37 15.21 0.34 
1012 1014 2 2.37 15.21 0.34 
1013 1014 1 1.18 8.45 0.19 
1013 1014 2 1.18 8.45 0.19 
1021 1022 1 5.07 33.80 0.57 
1021 1022 2 5.07 33.80 0.57 
1041 1043 1 1.69 10.14 0.23 
1041 1043 2 1.69 10.14 0.23 
1041 1045 1 2.53 20.28 0.47 
1041 1045 2 2.53 20.28 0.47 
1042 1044 1 6.42 47.32 1.13 
1042 1044 2 6.42 47.32 1.13 
1042 1045 1 8.45 50.70 1.13 
1043 1044 1 1.69 13.52 0.3 
1043 1044 2 1.69 13.52 0.3 
2031 2032 1 5.81 43.56 0.1 
2031 2032 2 5.81 43.56 0.1 
4011 4012 1 1.6 12.8 0.4 
4011 4021 1 9.6 96 3.58 
4011 4022 1 6.4 64 2.39 
4011 4071 1 8 72 2.79 
4012 4022 1 6.4 56 2.09 
4012 4071 1 8 80 2.98 
4021 4032 1 6.4 64 2.39 
4021 4042 1 16 96 5.97 
4022 4031 1 6.4 64 2.39 
4022 4031 2 6.4 64 2.39 
4031 4032 1 1.6 16 0.6 
4031 4041 1 9.6 64 4.77 
4031 4041 2 9.6 64 4.77 
4032 4042 1 16 64 3.98 
4032 4044 1 9.6 80 4.77 
4041 4044 1 4.8 48 1.79 
4041 4061 1 9.6 72 2.59 
4042 4043 1 3.2 24 0.99 
4042 4044 1 3.2 32 1.19 
4043 4044 1 1.6 16 0.6 
4043 4046 1 1.6 16 0.6 
4043 4047 1 3.2 32 1.19 
4044 4045 1 3.2 32 1.19 
4044 4045 2 3.2 32 1.19 
4045 4051 1 6.4 64 2.39 
4045 4051 2 6.4 64 2.39 
4045 4062 1 17.6 128 4.77 
4046 4047 1 1.6 24 0.99 
4062 4063 1 4.8 48 1.79 
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From To Line 
Number 

Resistance
(Ω) 

Inductance
(Ω) 

Capacitance
(μF) 

4062 4063 2 4.8 48 1.79 
4071 4072 1 4.8 48 5.97 
4071 4072 2 4.8 48 5.97 
 
 
A.3 Transformers 
 
 
HV-Busbar LV-Busbar Number Rating

(MVA)
HV 
(kV)

LV 
(kV)

ER12*
(p.u) 

EX12* 
(p.u) 

Φ* 
(degrees)

4011 1011 1 1250 400 130 0.0 0.1 0 
4012 1012 1 1250 400 130 0.0 0.1 0 
4022 1022 1 835 400 130 0.0 0.1002 0 
4031 2031 1 835 400 220 0.0 0.1002 0 
4044 1044 1 1000 400 130 0.0 0.1 0 
4044 1044 2 1000 400 130 0.0 0.1 0 
4045 1045 1 1000 400 130 0.0 0.1 0 
4045 1045 2 1000 400 130 0.0 0.1 0 
4041 41 1 1000 400 130 0.0 0.1 0 
4042 42 1 750 400 130 0.0 0.0975 0 
4043 43 1 1500 400 130 0.0 0.105 0 
4046 46 1 1000 400 130 0.0 0.1 0 
4047 47 1 250 400 130 0.0 0.1 0 
4051 51 1 1500 400 130 0.0 0.105 0 
4061 61 1 750 400 130 0.0 0.0975 0 
4062 62 1 500 400 130 0.0 0.1 0 
4063 63 1 1000 400 130 0.0 0.1 0 
 
ER12: Short circuit resistance between winding 1 and 2 in p.u of transformer base power and     
nominal voltage of the HV winding. 
 
EX12: Short circuit reactance between winding 1 and 2 in p.u of transformer base power and     
nominal voltage of the HV winding. 
 
Φ: Phase shift between 1st and 2nd winding in degrees. 
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A.4 Generators 
 

Name Busbar Rating 
(MVA)

Type State 
dX  

(p.u) 
qX  

(p.u)
dX '

(p.u)

'
qX  

(p.u)

''
dX

(p.u)

''
qX

(p.u)
TX  

(p.u)
AX  

(p.u) 

'
d0T  

(sec)

'
q0T  

(sec)

''
d0T

(sec)

''
q0T

(sec)

H 
(MWs/MVA))

(1.0)qSE  (1.2)qSE  

442G1 4042 700 A 1 2.2 2 0.3 0.4 0.2 0.2 0.15 0.15 7 1.5 0.05 0.05 6 0.1 0.3 
447G1 4047 600 A 1 2.2 2 0.3 0.4 0.2 0.2 0.15 0.15 7 1.5 0.05 0.05 6 0.1 0.3 
447G2 4047 600 A 1 2.2 2 0.3 0.4 0.2 0.2 0.15 0.15 7 1.5 0.05 0.05 6 0.1 0.3 
451G1 4051 700 A 1 2.2 2 0.3 0.4 0.2 0.2 0.15 0.15 7 1.5 0.05 0.05 6 0.1 0.3 
451G2 4051 700 A 0 2.2 2 0.3 0.4 0.2 0.2 0.15 0.15 7 1.5 0.05 0.05 6 0.1 0.3 
462G1 4062 700 A 1 2.2 2 0.3 0.4 0.2 0.2 0.15 0.15 7 1.5 0.05 0.05 6 0.1 0.3 
463G1 4063 600 A 1 2.2 2 0.3 0.4 0.2 0.2 0.15 0.15 7 1.5 0.05 0.05 6 0.1 0.3 
463G2 4063 600 A 1 2.2 2 0.3 0.4 0.2 0.2 0.15 0.15 7 1.5 0.05 0.05 6 0.1 0.3 
142G1 1042 400 A 1 2.2 2 0.3 0.4 0.2 0.2 0.15 0.15 7 1.5 0.05 0.05 6 0.1 0.3 
143G1 1043 200 A 1 2.2 2 0.3 0.4 0.2 0.2 0.15 0.15 7 1.5 0.05 0.05 6 0.1 0.3 
411G1 4011 1000 B 1 1.1 0.7 0.25 - 0.2 0.2 0.15 0.15 5 - 0.05 0.1 3 - - 
412G1 4012 800 B 1 1.1 0.7 0.25 - 0.2 0.2 0.15 0.15 5 - 0.05 0.1 3 - - 
421G1 4021 300 B 1 1.1 0.7 0.25 - 0.2 0.2 0.15 0.15 5 - 0.05 0.1 3 - - 
431G1 4031 350 B 1 1.1 0.7 0.25 - 0.2 0.2 0.15 0.15 5 - 0.05 0.1 3 - - 
441G1 4041 300 C 1 1.55 1 0.3 - 0.2 0.2 0.10 0.15 7 - 0.05 0.1 2 - - 
471G1 4071 500 B 1 1.1 0.7 0.25 - 0.2 0.2 0.15 0.15 5 - 0.05 0.1 3 - - 
472G1 4072 4500 B 1 1.1 0.7 0.25 - 0.2 0.2 0.15 0.15 5 - 0.05 0.1 3 - - 
112G1 1012 800 B 1 1.1 0.7 0.25 - 0.2 0.2 0.15 0.15 5 - 0.05 0.1 3 - - 
113G1 1013 600 B 1 1.1 0.7 0.25 - 0.2 0.2 0.15 0.15 5 - 0.05 0.1 3 - - 
114G1 1014 700 B 1 1.1 0.7 0.25 - 0.2 0.2 0.15 0.15 5 - 0.05 0.1 3 - - 
121G1 1021 600 B 1 1.1 0.7 0.25 - 0.2 0.2 0.15 0.15 5 - 0.05 0.1 3 - - 
122G1 1022 250 B 1 1.1 0.7 0.25 - 0.2 0.2 0.15 0.15 5 - 0.05 0.1 3 - - 
232G1 2032 850 B 1 1.1 0.7 0.25 - 0.2 0.2 0.15 0.15 5 - 0.05 0.1 3 - - 

 
Type: A (Round rotor generators in thermal power plants), B (Salient pole generators in hydro power plants), C (Salient pole synchronous 
compensator). 
State: 1 (in operation), 0 (out of operation). 
XA: Stator leakage reactance. 
Saturation Parameter: , (1.0)qSE (1.2)qSE



A.5.1 Power Control (Generators) 
 
 
Busbar Generator Bus Type Active Voltage Q QMAX MIN 

Production Set point (MVar) (MVar) 
(MW) (kV) 

4011 411G1 Slack - 404 - - 
4012 412G1 PV 600 404 400 -160 
4021 421G1 PV 250 400 150 -30 
4031 431G1 PV 310 404 175 -40 
4041 441G1 PV - 400 300 -200 
4042 442G1 PV 630 400 350 0 
4047 447G1 PV 540 408 300 0 
4047 447G2 PV 540 408 300 0 
4051 451G1 PV 600 408 350 0 
4062 462G1 PV 530 400 300 0 
4063 463G1 PV 530 400 300 0 
4063 463G2 PV 530 400 300 0 
4071 471G1 PV 300 404 250 -50 
4072 472G1 PV 2000 404 1000 -300 
1012 112G1 PV 600 146.9 400 -80 
1013 113G1 PV 300 148.85 300 -50 
1014 114G1 PV 550 150.8 350 -100 
1021 112G1 PV 400 143 300 -60 
1022 122G1 PV 200 139.1 125 -25 
2032 232G1 PV 750 242 425 -80 
1042 142G1 PV 360 130 200 -40 
1043 143G1 PV 180 130 100 -20 
 
 
A.5.2 Power control (Transformers’ Tap Changers) 
 
HV-Bus  LV-Bus Turn Ratio* Phase Shift*
4011 1011 1.12 0 
4012 1012 1.12 0 
4022 1022 1.07 0 
4031 2031 1.05 0 
4044 1044 1 0 
4045 1045 1 0 
4045 1045 1 0 
4041 41 1 0 
4042 42 1 0 
4043 43 1 0 
4046 46 1 0 
4047 47 1 0 
4051 51 1 0 
4061 61 1 0 
4062 62 1 0 
4063 63 1 0 
 
* The turn ratio and phase shift angle are fixed. 
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A.6 Loads 
 
Busbar Active Reactive MP* NP* MQ* NQ*

Consumption Consumption
(MW) (MVar) 

4071 300 100 1 2 0.75 0 
4072 2000 500 1 2 0.75 0 
1011 200 80 1 2 0.75 0 
1012 300 100 1 2 0.75 0 
1013 100 40 1 2 0.75 0 
1022 280 95 1 2 0.75 0 
2031 100 30 1 2 0.75 0 
2032 200 50 1 2 0.75 0 
1041 600 200 1 2 0.75 0 
1042 300 80 1 2 0.75 0 
1043 230 100 1 2 0.75 0 
1044 800 300 1 2 0.75 0 
1045 700 250 1 2 0.75 0 
41 540 128.28 1 2 0.75 0 
42 400 125.67 1 2 0.75 0 
43 900 238.83 1 2 0.75 0 
46 700 193.72 1 2 0.75 0 
47 100 45.19 1 2 0.75 0 
51 800 253.22 1 2 0.75 0 
61 500 112.31 1 2 0.75 0 
62 300 80.02 1 2 0.75 0 
63 590 256.19 1 2 0.75 0 
 
MP: Active power voltage exponent 

NP: Active power frequency exponent 

MQ: Reactive power voltage exponent 

NQ: Reactive power frequency exponent 
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APPENDIX B. DYNAMIC MODEL DATA 

 

B.1 Excitation System 

 

Type of generator Round Rotor Salient Pole Salient Pole 

(Thermal Plants) (Hydro Plants) (Synchronous Compensator) 

K 120 50 50 

T 0.10 0.20 0.20 A

T 50 20 20 BB

T 0.10 0.10 0.10 C

Max 5.0 4.0 4.0 

Min 0.0 0.0 0.0 

 

 

B.2 Hydro Governor system 

 

Permanent droop (R): All units use 0.04 except units at buses 4071 and 4072 which use 

0.08. 

Temporary droop (r): All units use 0.8 except units at buses 4071 and 4072 which use 1.6. 

Velocity limits: Maximum velocity 0.1 p.u/sec 

Position limits: Maximum position 0.95 p.u, Minimum position 0.0 p.u. 

Governor time constant (Tr): All the units use 5 sec. 

Water time constant (TW): All units use 1 sec. 

 

 

 

B.3 Modifications in Hydro Governor’s unity gain. 

 

Generator 232G1 122G1 114G1 431G1 421G1

Gain 1.05 1.06 1.04 1.04 1.04 
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APPENDIX C. EIGENVALUES CLOSEST TO THE REAL AXIS FOR DIFFERENT 

LOAD LEVELS 

 

Load increase  
-3% 0% (nominal) +1% +2% +3% 

-0.07915± j3.5759 1 -0.07512 j3.4606 ± ± ±0.07632 j3.4086 -0.07515 j3.3371 0.07429 j3.2502 ±
-0.07054± j0.3140 2 -0.07092 j0.3121 ± ± ±-0.07201 j0.3116 -0.07238 j0.3102 0.07288 j0.3091 ±
-0.07743± j0.2952 3 -0.07681 j0.2952 ± ± ±-0.07588 j0.2944 -0.07537 j0.2942 -0.07464± j0.2942 

-0.02326± j0.1820 4 -0.0239 j0.18073 ± ± ±-0.02457 j0.1802 -0.02516 j0.1796 -0.02596± j0.1789 

5 -0.03306± j0.1579 -0.03217 j0.1574 ± -0.03356± 0.1564 -0.03297± j0.1573 -0.0320± 0.1582 

6 -0.03623 0.1401 ± -0.03718 j0.1401 ± -0.03771± j0.1399 -0.03793± j0.1407 -0.03832± j0.1418 M
od

es
 

-0.03991± j0.1162 7 -0.04179 j0.1170 ± ± ±-0.04242 j0.1173 -0.04399 j0.1185 -0.04562± j0.1197 

-0.04642± j0.0735 8 -0.04837 j0.0748 ± ±-0.04899 j0.07516 0.04890± 0.07556 -0.04864± j0.0762 

-0.03942± j0.0654 9 -0.04734 j0.0657 ± ± ±-0.04995 j0.0660 -0.05015 j0.0666 -0.04998± j0.0674 

-0.03115± j0.0600 10 -0.03129 j0.0600 ± ± ±-0.03148 j0.0600 -0.0324 j0.0601 -0.03341± j0.0603 
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