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1. Executive Summary 

Modelling usually involves a trade-off between the level of detail in the modelling process on the 

one hand and the capability of the model in reproducing the physical reality and thus the 

accuracy of the simulation results on the other. To strike an optimal balance between complexity 

of the model and the efficiency of the simulation tools, therefore, the mathematical model of the 

system and its components must remain as simple as possible, yet detailed enough to capture the 

underlying physical phenomena.  

As the number of power electronic converters connected to the power system has increased 

rapidly over the recent past, it was deemed necessary within the context of PEGASE project to 

assess the accuracy and robustness of the models commonly used to represent these devices. This 

was prompted by serious concerns expressed in the professional literature to this effect, 

especially when one considers their overload capability is typically much more limited than the 

traditional power system components. Included in this consideration are also complex digital and 

distributed control systems and system protection schemes that have the capability to affect the 

operation of a wide area of the interconnected system. Because these devices enable a faster 

control of the system, an accurate representation of their behaviour on different time scales is 

necessary for reliable system operation. 

Previous reports in this work package dealt with modelling and validation of power system 

components and systems in general, with particular emphasis on power electronic based 

electronic interfaces, FACTS devices, and digital controllers. Many of the models that are 

currently in use have been evaluated and the existing modelling gaps elaborated. Furthermore, 

the problems associated with lack of access to manufacturer specific models and their control 

algorithms for many modern equipment (such as wind turbines, HVDC VSC, etc.) due to product 

protection reasons have been highlighted.  

This report, building on the results of the previous reports and outputs of other work packages, 

introduces the general framework for deriving simplified models (which do not necessarily rely 

on manufacturer or technology specific data) for wind turbines, voltage source converter based 

HVDC transmission systems and several protection and automation systems. Additionally, the 

models have been implemented on different computation platforms and results of sample 

computations provided.   

In the process, particular emphasis was placed on wind turbine modelling, as the level of 

installed wind power generation continues to increase steadily and its impact on power system 

dynamic behaviour is becoming increasingly significant. The report describes the necessary steps 

for deriving a simplified model for Type 3 (doubly-fed induction generator) and Type 4 (full 

converter interface) wind turbines. The models have been implemented and the error in 

comparison with a more detailed model quantified.  

The report subsequently focuses on simplified modelling of HVDC VSC. As is well known, 

voltage source based HVDC is able to create any voltage phase angle or amplitude almost 

instantly. Unlike conventional HVDC converters (that normally have a 5% minimum current) the 

HVDC SVC converter can operate at very low power or even at zero power. As the active and 

reactive power are controlled independently, in situations of zero active power the full rating can 

be utilized to transmit reactive power and to support system voltage, especially during 

disturbances. The clear superiority of HVDC VSC over the classical HVDC also stems from the 

fact that the outputs of the VSC are determined solely by the control system and not by the AC 

networkôs ability to keep the voltage and frequency constant. As this technology gives total 

flexibility regarding the location of the converters in the AC system, it is quite probable that the 

number of HVDC VSC installations will increase significantly.  

As with the wind turbine, a simplified HVDC VSC model has been derived and implemented. It 

is shown that without the need for exact representation and the use of complex mathematical 

relationships (which in any case would not be of much help without reliable parameters) a fairly 

acceptable error margin in the simulations can be achieved. 

Protection and automation devices are handled in the subsequent section of the report. Due to 

great variety of protection systems in general and special protection schemes and wide area 
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protection and automation systems in particular it is impossible to create ready to use system 

models. As a result a library of standard elements as well as standard protection and automation 

models have been developed, which can be put together or adjusted by the end user to create any 

complex system needed. 
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2. Introduction  

The number of power electronic converter based equipment and system connected to the 

European Transmission Network (ETN) has increased rapidly over the recent past. This work 

package, as part of the overall activities in the PEGASE projected, is devoted to the analysis of 

the accuracy and robustness of the commonly used models to represent these systems and 

devices.  Another set of activities involves the development of models for complex digital and 

distributed control systems and special protection schemes that have the capability to affect the 

operation of a wide area of the interconnected system. Because these devices enable a faster 

control of the system, an accurate representation of their behaviour on different time scales is 

necessary. 

The intermediate reports submitted so far deal with aspects of the modelling of components of 

the ETN for different purposes such as state estimation, security assessment, dispatcher training, 

etc. In addition to power electronic based modern equipment and systems, the reports included 

discussions of protection and automation systems. The reports also dealt with the definition of 

accuracy requirements for mathematical models of power system equipment on the one hand and 

methodologies for the validation of those models to ascertain whether these requirements are met 

on the other. In addition, to facilitate the sharing of models of the various plant and apparatus 

used in different countries and control areas of the ETN a common platform for the exchange and 

the development and improvement of those models is one of the tasks included in this work 

package.  

This report, building on the results of the previous reports and outputs of other work packages, 

introduces the general framework for deriving simplified models for wind turbines, voltage 

source converter based HVDC transmission systems and several protection and automation 

systems. Additionally, the models have been implemented on different computation platforms 

and results of sample computations provided.  

The first two chapters following this introduction deal with the modelling of wind turbines and 

the implementation of this model on EUROSTAG. The report summarises the necessary 

mathematical steps leading to a generic wind turbine model applicable for Type 3 (doubly-fed 

induction generator) and Type 4 (full converter interface) wind turbines. The models have been 

implemented and the error in comparison with a more detailed model quantified.  

The subsequent two chapters focus on simplified modelling of HVDC VSC. As is well known, 

the active and reactive power in the HVDC VSC transmission system can be controlled 

independently from one another, and even in situations of zero active power the system can 

continue to operate to transmit reactive power in support of system voltage during disturbances. 

As this technology gives total flexibility regarding its location in the AC system, it is quite 

probable that the number of HVDC VSC installations will increase significantly in the future. As 

with the wind turbine, a simplified HVDC VSC has been derived and implemented. It is shown 

that without the need for exact representation and the use of complex mathematical relationships, 

a fairly acceptable error margin in the simulations can be achieved. 

The last two sections of the report are devoted to the modelling of protection and automation 

devices. Due to great variety of protection systems in general and special protection schemes and 

wide area protection and automation systems in particular it was found to be impossible to create 

ready to use models. As a result a library of standard elements as well as standard protection and 

automation models have been developed, which can be put together or adjusted by the end user 

to suit any practical application. 
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3. Simplified wind farm / wind turbine model 

3.1. Introduction  

As the level of installed wind power generation grows, its impact on power system dynamic 

behaviour is likely to become increasingly significant. For performing transient stability studies 

and quantifying the effect of wind farms on the overall performance indices of the system, 

suitable models of wind turbines and their aggregate models are required. So far about 25 

vendor-specific models have been developed [1]. However, the use of vendor specific models 

that contain proprietary information usually requires prior manufacturer authorization, and 

therefore such models are not openly available. One possible solution is the development of 

publicly-available generic wind turbine models that can be parametrically adjusted to any 

practical implementation. This would also improve over time the quality of the models and their 

portability across simulation platforms.  

For purposes of developing generic models wind turbines are classified as follows: 

Type 1 ï conventional directly connected induction generator 

Type 2 ï wound rotor induction generator with variable rotor resistance 

Type 3 ï doubly-fed induction generator 

Type 4 ï full converter interface 

In this report the necessary steps for deriving a simplified model for Type 3 and Type 4 wind 

turbines is described. 

3.2. DFIG based WT system configuration  

The following figure summarizes the major components of a DFIG based wind turbine system 

and the necessary control tasks. The block denoted as ñoperating controlò is responsible for 

coordinating the pitch-angle and converter controls, in addition to performing the necessary 

supervisory control measures for safe and automatic operation, which will not be considered 

further. 

 

Operating Control

Pitch Control

Gearbox

Measurements

Generator

ASG

3-

Line

Crowbar

MSC PWM LSC PWM

Back-to-Back PWM Converter

Converter Control

L

Chopper

 

Figure 3-1: DFIG based WT system configuration including the control system 
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3.3. Detailed (full order) model of the DFIG 

The complete set of mathematical relationships that describe the dynamic behaviour of the 

machine is given below. The superscript ᷁K denotes an arbitrary reference frame rotating at the 

speed wK. (If wK, for example, is chosen to be w0, the voltage, current and flux linkage space-

phasors correspond to the ordinary complex phasors). 

Voltage equations: 

 
Ɋ

Ɋ
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K K KS

S S S K S

d
u r i j

dt
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Ï

Ï Ï Ï= + +  (1) 

 ( )
Ɋ

Ɋ
K

K K KR

R R R K R R

d
u r i j

dt
w w

Ï

Ï Ï Ï= + + -  (2) 

Flux equations: 
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Equation of motion: 
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Where: 

lh:  Main-field inductance  l: Inductance 

mW:  Torque at the turbine-shaft r: Resistance 

Tm:  Inertia constant   u: Voltage phasor 

y:  Complex flux-linkages  wK:  Angular velocity of the reference frame 

w0:  Synchronous angular velocity 

 

Superscripts/subscripts 

S, R Stator, rotor   d, q Direct, quadrature axis component 

s leakage inductance  ÏK In arbitrary reference frame (speed wK) 

 

The voltage equations (resolved into real and imaginary parts together with the equation of 

motion (7) constitute the detailed (full order model) of the doubly-fed induction machine. The 

terminal voltage uS
ÏK

 forms the link to the rest of the network. 

In the following sections, this detailed (EMTP-type) model will be simplified for use in 

simulations based on phasor approximation in the following steps. 

 

Detailed model Quasi steady 

state (QS) model 

Generic model 
Simplified model 

with the Ăorangeñ 

box in Figure 3-8 

Simplified model 

without  the Ăorangeñ 

box in Figure 3-8 
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3.4. The quasi stationary (QS) model of the DFIG 

The quasi-stationary mode underlies the assumption that in the synchronously rotating reference 

frame the transformer voltage in the stator winding can be neglected against the much greater 

speed voltage, i.e. 
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K S

K S

d
j

dt
w

Ï
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Using a reference frame rotating at angular speed corresponding to the grid frequency ɤ0 the 

quasi stationary machine model can then be given in Figure 3-2 and also in block diagram form 

in  

(lower part) : 

 

Figure 3-2: The quasi stationary mathematical model of the DFIM. 

 

3.5. Rotor side converter (RSC) model 

The RSC control in a DFIG is responsible for the control of active and reactive power. The active 

power reference is derived from the tracking characteristic of the turbine with the objective of 

adjusting the generator speed for maximum power generation corresponding to a given wind 

speed. The outer power control loop of the RSC provides the set values for the inner rotor current 

loop.     

After setting the derivative term in the voltage equation to zero and some re-arrangement, we 

have:  

 S h R

R R R h R R

S

u jx i
u r i js x x i

jx

å õ- Ö
= Ö + Ö Ö + Öæ ö

ç ÷
 (9) 

RRkju yw0='
 

R

h
R

l

l
k =

 

( )ljrz S
¡+= 0w

'

 

R

h
s

l

l
ll

2

-='

 

 

 

 

 

 

 

Stator voltage equation: 

Č 

Ï

Ï

ÏÏ
ÖÖ++Ö=

SK
S

SSS j
dt

d
iru yw

y

 

 
 

 ( )
RqRdfu yy ,'=

'z Si

Su

( ) RdSdRRRqRRd

R

RRd uirk
l

r

dt

d
++-+-= ywwy

y
0

( ) RqSqRRRq

R

R
RdR

Rq
uirk

l

r

dt

d
++--= yyww

y
0

( )[ ]mSdRqSqRdR

m

R tiik
Tdt

d
+-= yy

w 1

G
rid 

3rd order DFIG model 

Pitch control, 
power conversion 

model 

RSC 



  

Date: 19/08/2011 Page: 12 DEL_WP5.1_Part_3_Toolbox_for_model

ing_ETN_components_V3.doc 

 

  

The voltage drop over the rotor resistance is used as an auxiliary signal to be controlled by a PI 

controller. With the feed forward terms accounted for, the PI rotor current controller only needs 

to put into effect the transition of the rotor current to the set value and compensate for the stator 

and rotor resistances. The corresponding current control loop is shown in 

 

Figure 3-3 (upper part).  

 

 

Figure 3-3: Block diagram of quasi stationary model of DFIG including rotor current control. 

 

The line side converter (LSC) primarily controls the DC link voltage, which in simplified 

simulations can be assumed to remain constant around the rated value and thus not considered. 

However, the magnitude of the current set value for the LSC is limited in accordance with the 

converter rating with a priority for the active current. Although the model of the LSC is not 

incorporated explicitly, the current limitation will be considered in the generic model, as will be 

shown later. 
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3.6. Simplified model of DFIG and its control system- the generic model 

A comprehensive system study for a large system such as the UCTE involves the simulation of a 

large interconnected system, spanning national boundaries, operated by different transmission 

system operators (TSO), and incorporating wind turbines of multiple manufacturers and 

technologies. While the manufacturer-specific models (together with reliable parameters) enable 

the simulation of individual units as well as wind farms, the effort required to put together such a 

large data set makes this approach impractical. For preliminary system studies or estimating grid 

code compliance, therefore, the current trend is directed at the use of open source generic models 

with parameters that can be calibrated to conform to any given technology or topology.  

The generic model is derived with the quasi stationary model as the basis by making the 

following simplifications: 

-  The term rotor flux feedback through (jDw) is neglected 

-  The block containing the slip (s) a factor is not considered 

-  The rotor current in per unit is assumed to be the stator current (magnetization current is 

neglected) 

-  The line side converter is not considered explicitly. 

Simplification of the quasi stationary model in accordance with the above list results in a generic 

model shown in. As stated above, the LSC model is not included. Also, the air gap torque of the 

machine is assumed to remain constant, and thus the equation of motion is not considered.  

As a result of the assumptions and simplifications, direct calculation of the model parameters is 

not possible. One possible way to determine the parameters is comparing the simulation results 

based on the simplified model with measurement results and employing a heuristic optimization 

to determine parameters that minimize the error. 

 

Figure 3-4: Generic model of variable speed machine. 

3.7. Model of the full size converter machine and its control system 

The machines used in conjunction with the full size converter are separately or permanent 

magnet excited generator (SG) and asynchronous generator (ASG). But due to the presence the 

dc link capacitor, the machine including the machine side converter (MSC) do not directly 

influence the grid behaviour. The generator and the MSC can therefore be modelled as just a 

controllable current source. 

A typical configuration for the full size converter machine is shown in Figure 3-5. 
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Figure 3-5: Full size converter based WT system configuration including the control 

system. 

 

Assuming that zc: the impedance of the converter choke, zTr : the transformer impedance, the 

current source can be determined as: 

,               c

SC c c Tr

v
i with v voltageinjected bytheconverter and z zz

z
=- = = + 

The corresponding Norton equivalent circuit is given in Figure 3-6. 

 

Figure 3-6: The current source (Norton) equivalent of the generator and the MSC. 

 

As stated above, the machine itself can be considered a controlled current source and the 

converter as a first order delay. The resulting block diagram of the full converter machine 

including the control system is given in Figure 3-7. 

 

Figure 3-7: Block diagram of current controller, converter and current source. 
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This representation, after some simplification and re-arrangement, leads to the same generic 

model developed for the DFIG (Figure 3-4). 

3.8. Current limitation equations 

The output current limitation may be necessitated by physical, control or dynamic limits. Short 

term thermal current limitations define physical limits for the maximum current the system can 

feed into the grid. For the DFIG and full converter machine, these current limits are determined 

by the converter, which has a much shorter time constant than the generator. Normally active 

current priority is applicable during steady state operation, while reactive current priority may be 

used during very low or high voltage conditions. Depending on the type of priority setting 

applicable, the maximum allowable active or reactive current can be defined as follows: 

2 2 2 2

_ max max _ max maxp q q pi i i or i i i= - = -
 

Where imax = maximum allowable current, ip_max = maximum allowable active current, iq_max = 

maximum allowable reactive current, ip = actual active current, iq = actual reactive current,
 

Active and reactive current output may further be limited as a function of the voltage. Some of 

the reasons that may necessitate the reduction of the active current may be reactive current 

priority during grid faults, active current restriction to fulfil specific grid code requirements, 

active current restriction as the result of the voltage going outside the standard operating range 

and grid stability limits, especially at weak connection points. Similarly, reactive current 

limitation may be needed as a result of active current priority during steady state operation. 

Dynamic control limits are needed to allow for an improved representation of active power 

restoration process following a grid fault. Common reasons that give rise to ramp rate limitation 

after a grid fault are the need to limit shaft and gear box loads and due to limits on rate of change 

of the dc link voltage. Control delays in the converter, the settling time needed by the PLL to re-

synchronize after deep voltage dips and phase angle jumps following fault clearance may act to 

slow the active power increase. Manufacturers implement the delay as first order lag or as a 

linear ramp rate limitation. The model preferably should allow for both implementations.  

3.9. Further extensions and the generic model in its final form 

Fault Ride-Through (FRT) is now a general requirement on wind turbines. Accordingly, wind 

turbines must remain connected to the grid during faults by introducing new technologies, if need 

be. FRT of wind turbines is necessary at least for two reasons: 

-  To be able to continue with active power in-feed immediately after the fault clearance.  

-  To provide voltage support during and after the fault period to reduce the size of the voltage 

dip area within the grid. 

The model is extended to account for this operational requirement by incorporating a block 

which increases or reduces the reactive power in-feed whenever the voltage exits a dead-band of 

10 % above or below the rated value. 

Figure 3-8 represents the model in its final form. The model as a whole (both with and without 

the "orange boxò) constitutes the simplified model. The only difference between the two options 

(including or excluding the ñorange boxò) is the level of simplification, which one chooses to 

adopt for a particular simulation. 
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Figure 3-8: Simplified model including converter blocking option. 

 

3.10. Accuracy of the generic model in comparison with the QSS model 

The purpose of a generic model is to keep the model of the wind turbine as simple as possible by 

keeping the accompanying loss in accuracy for preliminary system studies or estimating grid 

code compliance within acceptable limits. The generic model will inevitably involve 

simplification compared to the detailed model. The only thing that needs to be ascertained is that 

these simplifications should not stunt the model to the extent that the underlying physical 

phenomena are no longer visible.  
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Figure 3-9: Effect of different levels of simplification on the simulation result. 

 

Although a general statement with regard to loss of accuracy as a result of the use of the generic 

model is not possible, Figure 3-9 exemplifies the nature of the error one commits in using the 

generic model. The blue curve describes the behavior of active current following a grid fault 

leading to a voltage dip to 50 % (of the pre-fault value), when the switch (in Figure 3-8) is ñONò. 

The red curve represents the same situation, when the generic model is incorporated, i.e. the 

switch in ñOFFò position. 

3.11. Sign convention and initialization procedure 

3.11.1. Sign convention  

- Generated active power is negative  (or alternatively consumed active power is positive) 

- Inductive reactive power (under-excited generation mode) is positive (or capacitive reactive 

power (overexcited generation mode) is negative 

- U(t) [kV] and u(t) [pu] represents the magnitude of the terminal voltage 

3.11.2. Initialization 

After incorporating the ñDetailed Modelò: 

Assume ñDetailed Modelò is switched on at tON, then initialize as follows: 

- set first order delay block and integral outputs =   (upper branch) 

- set first order delay block and integral outputs =    (lower branch) 

After initialization, simulation is continued by incorporating the ñDetailed Modelò. 

After switching-off the ñDetailed Modelò: 

Assume ñDetailed Modelò is switched off at tOFF, then proceed with the initialization as follows: 

-  Set all block outputs and state variables zero 
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4. Implementation of the wind farm model 

4.1. Modifications made in EUROSTAG model compared to base model 

description  

Base model was slightly modified to make it more coherent to EUROSTAG computational 

environment. The changes include the following: 

1. Model inputs are supplied directly with voltage, active and reactive power in p.u. 

2. Model outputs provide active and reactive current instead of power. This modification was 

made to improve model performance in EUROSTAG. 

3. Simple lag with time constant T=0.001 s is applied to model outputs to avoid algebraic loops 

in EUROSTAG. 

4.2. Implementation of specific parts of the model 

4.2.1. Simple lag with variable time constant 

This block used in converter blocking model was represented as simple lag with feedback loop 

with variable gain K (Figure 4-1). 

 

Figure 4-1: Simple lag with variable time constant 

4.2.2. Current conversion 

Current conversion from terminal voltage reference frame (IP, IQ) to synchronous reference frame 

(Ire, Iim) is performed according to the formulas below 

 

 

where j -  terminal voltage angle 

4.2.3. PI block with limitation 

The PI block (shown in the detailed model as the figure below) is modeled using the scheme 

given in Figure 4-2). 

 

K 
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Figure 4-2: PI block with limits  

4.3. Model parameters description 

Description of model parameters adjustable by user and their default values are given in the table 

below. 

Table 1: Acronyms and default values of model parameters 

Name Default 

value 

Unit Description 

Active and reactive power control 

DBMAX  0.1                                     p.u. Deadband limits in voltage channel  

DBMIN -0.1 p.u. 

KU  -2.  p.u. Gain in voltage channel 

IMAX  1.   p.u. Converter current limit 

IPMAX   0.   p.u. Limits applied to active current value 

IPMIN -1.  p.u. 

IQMAX  1.   p.u. Limits applied to reactive current value 

IQMIN  -1.    p.u. 

TQ1 60.  s Time constants in reactive power channel 

TQ2 20.  s 

Model of converter blocking 

UBLCK .15  p.u. Voltage level at which converter is blocked 

TC 0.001   s Time constant for close (shut down) of converter 

TO  3.   s Time constant for open (recover) of converter 

Detailed model 

IIMMAX  5.  p.u. Limits applied to PI block 

IIMMIN  -5. p.u. 

IREMAX  5.  p.u. 

IREMIN  -5.  p.u. 

KG  1.  p.u. Gain 

TI 0.005   s Lag parameters 

TI2 0.03   s 

X 0.5     p.u. Equivalent reactance 

 

G 

 

1 
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4.4. Model testing 

4.4.1. Sample power grid 

The simple scheme shown Figure 4-3 has been used for testing purposes. 

GEN     

NHV3    

WF_QSS  

NGEN    

NHV1    NHV2    

NLOAD   

NLOAD   

NWF     

 

Figure 4-3: Test network 

 

Synchronous generator is connected to NGEN node. It is equipped with turbine governor and 

AVR. NGEN is considered as a slack bus in steady state computation. 

Load is connected to NLOAD node. It is modeled with constant active and reactive power. 

QSS Wind Farm model is used to control the injector, which is connected to NWF node. NHW 

node is modeled as PV-node in steady state computation. 

Network data are shown in the tables below. 

 

Table 2: Network power flow data 

Node 

name 

Base 

voltage 

Generated power Load power 

Active Reactive Active Reactive 

kV p.u. p.u. p.u. p.u. 

NGEN 24.000 1.969 0.374 0.000 0.000 

NHV1 380.000 0.000 0.000 0.000 0.000 

NHV2 380.000 0.000 0.000 0.000 0.000 

NLOAD 150.000 0.000 0.000 3.459 1.715 

NHV3 380.000 0.000 0.000 0.000 0.000 

NWF  24.000 1.500 -0.852 0.000 0.000 
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Table 3: Test network branch data 

Sending and 

receiving node 

names 

Base 

power 

Resistance Reactance Semi shunt 

conductance 

Semi shunt 

susceptance 

Ratio 

MVA  p.u. p.u. p.u. p.u. p.u. 

NHV1-NHV2-1 1000 0.002 0.023 0.000 0.279  

NHV1-NHV2-2 1000 0.002 0.023 0.000 0.279  

NHV2-NHV3-0 1000 0.001 0.011 0.000 0.134  

NGEN-NHV1 1300 0.00018 0.007690 0 0 1.05 

NHV2-NLOAD 1000 0.00021 0.017990 0 0 1.0 

NHV3-NWF 300 0.00018 0.007690 0 0 1.05 

Results of steady state computation are shown in the tables below. 

 

Table 4: Power flow result - bus data 

Node 

name 

Base 

voltage 

Voltage 

magnitude 

Voltage 

angle 

kV p.u. rad 

NGEN 24.000 1.021 0.067 

NHV1 380.000 1.077 0.080 

NHV2 380.000 1.073 0.099 

NLOAD 150.000 1.043 0.154 

NHV3 380.000 1.084 0.085 

NWF  24.000 1.036 0.076 

 

Table 5: Line power flow 

Sending and 

receiving node 

names 

Power flow 

Active Reactive 

MW MVAR 

NHV1-NHV2-1 75.4 -35.5 

NHV1-NHV2-2 75.4 -35.5 

NHV2-NHV1-1 -75.3 -28.3 

NHV2-NHV1-2 -75.3 -28.3 

NHV2-NHV3-0 -149.9 -111.7 

NHV3-NHV2-0 150.0 83.2 

NGEN-NHV1 150.8 -69.1 

NHV2-NLOAD 300.2 168.2 

NHV3-NWF -150.0 -83.2 

NHV1-NGEN -150.7 71.0 

NLOAD-NHV2 -300.0 -150.0 

NWF-NHV3 150.0 85.1 

4.5. Test results 

Model was tested in several test cases to verify it operates correctly. 
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4.5.1. Direct (metallic) short-circuit 

This test case is intended to show the model behavior during fast transient (both in detailed and 

simplified versions) as well as to verify that converter blocking is implemented correctly. 

Metallic short circuit on NHV3 bus is modeled at time t=60 s.  

Wind farm power output, its terminal voltage magnitude and angle for simplified model 

simulation are shown at the figure below. 
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[sim]   MACHINE : WF       ACTIVE POWER  Unit : MW

[sim]   MACHINE : WF       REACTIVE POWER  Unit : Mvar
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Figure 4-4: Active/reactive power following a fault 

 

 

Using simplified model 

Using detailed model 
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Figure 4-5: Bus voltage after a fault 
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Using simplified model 

Using detailed model 
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Figure 4-6: Voltage angle after a fault 

 

This test case shows proper model operation in case of voltage drop. Both active and reactive 

power dropped when fault begins due to converter blocking. After short circuit is eliminated, fast 

recovery of reactive power output and slow recovery of active power can be seen. 

The same curves for detailed model simulation are shown below. 

4.5.2. Voltage set-point modification 

The purpose of this test case is to verify correct modeling of current limiter.  

Set point modification was modeled at time t=10 s.  As a result of this action reactive power 

output of the WF shall increase.  

As current limitation is modeled the same way in detailed and simplified model, only simplified 

model was tested with this test case. 

Active and reactive power current output of the WF is shown at the figure below. 

Using detailed model 
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Figure 4-7: Change in voltage set-point 

 

As seen from the figure reactive power output rises after set-point modification. Consequently 

total current output rises and hits the current limit. Then active power output is decreased to keep 

the current in the range.  

This shows correct operation of current limitation block in the model. 

4.6. EUROSTAG limitations 

The following EUROSTAG limitations were discovered during WF model implementation (all 

this limitations prevents simple implementation of switching from detailed to simplified model of 

WF at runtime): 

1. EUROSTAG has no features for disabling or enabling parts of the model at runtime. 

Therefore proposed switching from detailed to simplified model of WF at runtime may be 

implemented only using some workaround. 

2. EUROSTAG has no ability to change memory block (such as integrator, simple lag etc.) 

state at runtime. 

3. There is no limited integrator block with variable limits. 
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Some of these limitations may be overridden by use of special techniques. Below we describe some of 

them. 

 

4.6.1. Reset feature 

 

Integrator and simple lag block with reset feature may be modelled with the following schemes 
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Figure 4-8: Modeling of simple lag block with reset feature 

 

 

 y 

- 

sT

1
 

BIAS 

x1 y1 

 

Figure 4-9: Modeling of integrator block with reset feature 

 

To reset block at specific moment ts one must change at that moment the value BIAS to y(ts).  

The problem with this approach is that SINGLE SETPOINT MODIFICATION EVENT from 

EUROSTAG .seq file has no access to model outputs, i.e. it canôt read the value of  y(ts). The solution 

is to use USER AUTOMATON because SINGLE SETPOINT MODIFICATION EVENT from USER 

AUTOMATON EVENTS collection can modify setpoint with value read from model.  

The approach is illustrated at the figure below. 
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Figure 4-10: Implementation of simple lag block with reset in EUROSTAG 

 

The scheme works as follows: the reset of simple lag block is initiated by modification of 

setpoint block in MACROAUTOMATON MACROBLOCK that may be done by event in .seq 

file. This must trigger USER AUTOMATON which in its turn initiates setpoint modification in 

target MACROBLOCK. 

 

4.6.2. Limited integrator block with variable limits 

 

Limited integrator block may be modeled by manually controlling limit crossing. An example of 

implementation of this approach is shown at the figure below. 
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Figure 4-11: Implementation of limited integrator block with variable limits in 

EUROSTAG 

 

5. High Voltage Direct Current (HVDC) Transmission System 

5.1. Introduction  

Modern HVDC transmission systems use voltage source converters (VSC) based on self-

commutated switching devices. The superiority of HVDC VSC over the classical HVDC stems 

from the fact that the outputs of the VSC are determined solely by the control system and not by 

the AC networkôs ability to keep the voltage and frequency constant. This gives total flexibility 

regarding the location of the converters in the AC system since the requirement on the AC 

network in terms of short-circuit capacity (SCR) is no longer a limiting factor. In other words, 

HVDC SVC can feed power even into a passive network. Classic HVDC terminals can provide 

limited control of reactive power by means of switching of filters and shunt banks and to some 

degree through firing angle control.  

But the HVDC VSC control makes it possible to create any voltage phase angle or amplitude, 

which can be accomplished almost instantly. Unlike conventional HVDC converters that 

normally have a 5% minimum current, the HVDC SVC converter can operate at very low power 

or even at zero power. As the active and reactive power are controlled independently, at zero 

active power the full rating can be utilized to transmit reactive power. If and when the need arises 

the same converter can even be used as an SVC. 
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5.2. HVDC VSC basics 

The converters use a set of six valves, two for each phase, which are equipped with high-power 

Insulated Gate Bipolar Transistors (IGBT). The valves are controlled by a control system using 

pulse-width modulation (PWM). Since IGBTs can be switched on or off as desired, output 

voltages and currents on the AC side can be controlled precisely, and the control system thus 

enables the control of voltage, frequency, and active and reactive power flow according to the 

needs of the network. Additionally, HVDC VSC has the capability to rapidly control active and 

reactive power independent of one another. 

Sending end converter (SEC) Receiving end converter

 
Figure 5-1: Circuit diagram of a VSC based HVDC (HVDC light)  

Active power transfer can be quickly reversed without any change of the control mode, and 

without any filter switching or converter blocking. The power reversal is obtained by changing 

the direction of the DC current without the need for changing the DC voltage polarity as opposed 

to conventional HVDC. 

HVDC VSC enables a decoupled control of active and reactive power and allows the connection 

of weak or even passive networks. Additionally, the high switching frequencies of approximately 

1ï2 kHz reduce the filter size and the IGBT valves themselves have a smaller size compared to 

thyristor valves in classical HVDC systems. This leads to a smaller footprint of the converter 

stations and thus makes it more suitable for applications, where space requirement is a critical 

issue. 

5.3. Control of HVDC VSC 

5.3.1. Overview 

HVDC VSC consists of two voltage source converters, one operating as a rectifier and the other 

as an inverter.  Both ends of the HVDC line are connected to an AC circuit, and the HVDC line 

linking the two transmits the power from the rectifier to the inverter station.  

The control functions of HVDC VSC converter include AC and DC voltage control, active and 

reactive power control, and the inner current control together with current output limitation and 

internal converter voltage limitations. For a two-terminal HVDC VSC system, one of the 

converters controls the DC voltage and the other the active power. Additionally, each of the 

converters can optionally be set in either AC voltage control or reactive power control mode. The 

basic control functions are summarized in Figure 5-2. 
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Figure 5-2: Overview of HVDC VSC control functions 

 

The active power control function aims to fulfil  system-wide objectives such as power flow 

control and congestion management. As a result, during normal operation the power and voltage 

settings are determined by the system operator [6]. The lower level control functions are attuned 

to these prescriptions and the reference values are determined accordingly. The current control 

operates in a coordinate system that is phase synchronous with the fundamental frequency in the 

network, and provides a symmetrical three-phase current to the converter regardless of whether 

the AC network voltage is symmetrical or not. The use of PWM makes it possible that fast 

control of the active and reactive power is achieved. This capability is beneficial when support of 

the AC network, particularly during disturbances, is needed, since the control can be optimized 

to obtain a fast and stable performance during AC system fault recovery. The DC voltage control 

provides DC voltage control using the current as a control variable. The AC voltage-dependent 

current limiter acts to keep the AC bus voltage within its upper and lower limits. 

5.3.2. Simplified HVDC VSC Dynamic Model 

The two AC networks, linked to one another by the HVDC line, can be represented by their 

Thévenin or Norton equivalent circuits, with the control actions adjusting the voltage or the 

current source, as shown in Figure 5-3 and Figure 5-4. 
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Figure 5-3: The Thevenin equivalent circuit of HVDC VSC 
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Figure 5-4: The Norton equivalent circuit of HVDC VSC 

 

The acronyms used in Figure 5-4 have the following meaning: 

REC: Receiving end converter; SEC: Sending end converter 

DC:  Direct current;   AC: Alternating current 

The impedances XREC and XSEC represent the equivalent Thevenin impedances (with resistances 

neglected) of both external AC circuits. 

a. Receiving-end converter (REC) model 

The function of REC is to transfer the active power fed by the SEC into the HVDC line to the 

AC grid by maintaining the DC voltage level. Active current is used to regulate the DC link 

voltage. The reactive current control loop can be used to control the REC terminal voltage on the 

AC side or to guarantee a constant power factor at the AC grid terminal, and also to support the 

grid voltage during faults. 
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Figure 5-5: REC control 
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The REC control structure is shown in Figure 5-5, which implements the following three core 

functions:  

- The PI-controller maintaining the DC voltage with the active converter current as a control 

variable.  

- The current magnitude limitation block with active current priority during normal operation 

- The AC voltage control block (or alternatively the power factor control (dashed lines)).  

The voltage controller is a fast-acting proportional controller, which can include a dead band so 

that the control action is only then activated when the voltage error is larger than a pre-specified 

value, for example 0.1 p.u. This block is also responsible for grid voltage support during faults. 

In steady-state operation the DC voltage control and by implication the d-axis component of the 

REC current has priority. In case of grid fault, however, the priority is switched to reactive 

current to provide fast voltage support.  

b. Calculation of active/reactive current reference and inner current control loop 

The converter control is based on a vector control approach with its rotating reference frame 

aligned with the grid voltage reference or with the terminal voltage chosen as the reference. As a 

result, active power can be controlled through d- axis and reactive power through q- axis 

component of the converter current, both independently of one another.  

Alternative 1: Grid synchronous coordinates 

If the controller operates in the grid reference frame then the current phase position should be 

modified as shown in Figure 5-6 so that the real and imaginary parts of the current correspond to 

the active and reactive parts of the current, respectively. As a result of this modification 

controller variables change with grid frequency. 
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Figure 5-6: Current controller in synchronous reference frame 

 

Alternative 2: Terminal voltage oriented coordinates 

If the controller operates in RSC terminal voltage oriented coordinates the controller variables 

remain constant in steady state conditions in spite of changes in grid frequency. In this case, the 

RSC terminal voltage is the reference, i.e. it lies along the real axis, and the necessary variations 

in terms of input and output variables is shown in Error! Reference source not found.. 
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Figure 5-7: Current controller in termi nal voltage reference frame 

 

The current control structure makes use of standard PI controllers, as shown in Figure 5-6 and 

Figure 5-7. The output in both cases is the current source shown in Figure 5-4. 

5.3.3. DC Link Model 

The model of the DC link capacitance and the DC chopper are shown in Figure 5-8. The model 

also accounts for the power dissipated by the resistance of the chopper if and when it is activated, 

and a block indicating that the corresponding block becomes active only when the DC voltage 

increases beyond a pre-specified threshold. 
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Figure 5-8: DC link model 

5.3.4. Sending-end converter (SEC) model 

The SEC is responsible for transmitting the active power injected in to the sending end of the 

transmission system by maintaining the AC voltage set point. The sending-end current controller 

and connection to the grid is similar to the REC model. Active current reference is calculated 

from the desired power active power to be transmitted through the HVDC line. The reactive 

current control loop can be used to control the SEC terminal voltage on the AC side or to 

guarantee a constant power factor injection to the AC grid. Again, this is similar to the REC side 

controller. 
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Figure 5-9: Sending-end converter model 

 

5.4. Demonstration Examples 

5.4.1. Test network and controller parameters 

To illustrate the usage of the models and the plausibility of the results, typical scenarios 

involving voltage and power step changes have been simulated. The configuratiion and 

parameters of the test system are summarised below. 

REC

REC-AC- Grid

RECv

RECi
REC

SEC-AC- Grid

SECi

SECv

C
26 msT =CH

DC

DC

1.0 pu

on: 1 12 pu

off: 1 02 pu

r

v

v

=

=

=

.

.

0 05 pux= . 0 05 pux= .

( )0 1 j0 puRECv = + ( )0 1 j0 puRECv = +

 

 

Table 6: Controll er parameters 

REC and SEC current controller (parameters of REC and SEC are the same): 

I
0 4 puG = .  V

0 005 sT = .  I
0 02 sT = .  REC SEC

0 13 pux x= =.  

Additional REC model parameters and settings: 

DC
3 5 puG = .  DC

0 1sT = .  VC
5 0 puG = .  

REC_max
1 25 pui = .  
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Additional SEC model parameters and settings: 

VC
5 0G pu= .  

SEC_max
1 25 pui = .  ( )REC SECLosses

p l p p= +      0 01l = .  

(1% of the power passing through each converter) 

 

5.4.2. Simulation results 

 

a. Example 1 ïSEC reference power changed from 1.0 p.u. to 0.9 p.u 

For a step changing involving SEC reference power, the behavior of power at both at the 

sending- and receiving ends as well as the DC voltage are shown in  

 

  

 
 

Figure 5-10: Response to a SEC power step change 
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b. Example 2 ï A step change of SEC reference power from 1.0 p.u. to 0.5 p.u 

  

 
 

Figure 5-11: A step change involving 50 % SEC power 
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c. Example 3 ï A step change of SEC AC voltage reference from 1.0 p.u. to 0.7 p.u 

 

  

 
 

Figure 5-12: Voltage step change at the sending end 
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d. Example 4 ï A step change of REC AC voltage reference from 1.0 p.u. to 0.7 p.u 

 

  

 
 

Figure 5-13: Response of a voltage change at the receiving-end 
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6. Implementation of the HVDC VSC model  

The HVDC VSC model was then implemented on EUROSTAG. The results were then compared 

with those obtained using another power system simulation package known as PSD, an in-house 

simulation software used by UDE. 

6.1. Versions of implementation 

Base VSC HVDC model includes complex DC link model with capacitor charging and 

discharging modelling. It was implemented in two versions (referred as Version 1 and Version 

2). In Version 1 converter reactance is modelled inside VSC HVDC model whereas in Version 2 

it must be accounted in power flow file. 

Since complex DC link model slows down overall computational process two simplified models 

were proposed (Model A and Model B) that are based on Version 2 model (which is also referred 

henceforth as Model 0). In Model A simplified model for DC link is used. In Model B in addition 

to this model of current controller is also simplified. 

For Model 0, Model A, Model B two alternatives are available: in ñAlternative 1ò current 

controller model is computed in grid synchronous frame and in ñAlternative 2ò it is computed in 

terminal voltage frame. In sense of implementation in EUROSTAG these versions may differ in 

number of additional time constant blocks added to avoid algebraic loops. 

The table below shows summary of VSC HVDC implementations that are available for 

EUROSTAG. 

Table 7: Alternative simulations 

Version name Alternative 1 Alternative 2 Reactance in 

power flow file 

Version 1 + - no 

Version 2/Model 0 + + yes 

Model A + + yes 

Model B + + yes 

 

6.2. Implementation of specific parts of the model 

6.2.1. PQ priority block 

PQ priority blocks are used in both sending (SEC) and receiving (REC) end converter models. 

The implementation of this block with selection of either active or reactive current priority 

depending on voltage level (@VSEC) is shown in Figure 6-1. 
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Figure 6-1: Implementation of PQ priority blocks 

6.2.2. Current conversion 

Current conversion from terminal voltage reference frame (IP, IQ) to synchronous reference frame 

(Ire, Iim) is performed according to the formulas below 

 

 

where j -  terminal voltage angle 

 

6.2.3. Hysteresis block 

 

DC link model requires a hysteresis block to model ñchopperò resistance switching. 

Unfortunately built in Schmidt-trigger block (that may be found in EUROSTAG) causes 

abnormal model behavior during simulation. An attempt was made to implement hysteresis block 

utilizing SET-RESET block of EUROSTAG, but it produced the same picture. 

Eventually hysteresis block was implemented with use of time constant block as shown in Figure 

6-2. 
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Figure 6-2: Implementation of hysteresis block 

 

Here @VDC is an input and @CHST is an output of hysteresis block. 

This implementation gives decent quality of modeling, but invokes a warning message at 

initialization phase of time domain simulation. This message shall be ignored. 

6.2.4. Losses modeling 

Losses in the converters are modeled approximately as a proportion of active power transferred 

through SEC. Parameter KLOS determines the proportion. KLOS is set directly in parameters for 

Version 1 and Version 2 models. For Model A and Model B it is calculated by equation 

, 

where FLOSS determines losses in each converter. 

In the load flow the following equation must be accounted: 

 

6.2.5. Implementation of converter reactance 

In model Version 1 converter reactance is accounted inside model MACROBLOCK. For other 

implementations (Model 0, Model A, Model B) the reactance must be included in EUROSTAG 

network file. To do this it is sufficient to fill in ñShunt capacitorò field for REC and SEC nodes 

in EUROSTAG Network Editor with the following value 

 

2
0

X

SBASE
ö
÷

õ
æ
ç

å
Ö-=

VBASE

U
Q , 

 

where X is XREC or XSEC in p.u. as set in model parameters file, U0 is voltage at the node in 

steady state, SBASE and VBASE are base power and voltage of the node. 

Please note the sign of the reactive power. 
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6.3. Model parameters description 

Description of model parameters adjustable by user and their default values are given in the table 

below. 

Table 8: Model parameters 

Name Default 

value 

Unit Description 

INTERRC 

GDC 3.5 p.u. Gain in DC link controller 

GI 0.4 p.u. Gain in current controller 

GVC 5.0 p.u. Gain in voltage controller 

IRECMAX 1.25 p.u. Converter current limit 

KLOS 0.02 p.u. Losses coefficient (Version 1, Version 2) 

FLOSS 0.01 p.u. Losses coefficient (Model A, Model B) 

RCH 1.0 p.u. Chopper resistance 

TDC 0.1 s Time constant in DC link controller 

TDCL 0.026 s Time constant in DC link model 

TI 0.02 s Time constant in current controller 

TV 0.005 s Time constant in current controller 

VCHOFF 1.02 p.u. Voltage at which the chopper is switched off 

VCHON 1.12 p.u. Voltage at which the chopper is switched on 

VDC0 1.0 p.u. Initial DC voltage  

XREC 0.13 p.u. VSC reactor 

INTERSC 

GI 0.4 p.u. Gain in current controller 

GVC 5.0 p.u. Gain in voltage controller 

ISECMAX 1.25 p.u. Converter current limit 

TI 0.02 s Time constant in current controller 

TV 0.005 s Time constant in current controller 

XSEC 0.13 p.u. VSC reactor 

 

6.4. Model testing 

6.4.1. Sample power grid 

The model was tested in a simple scheme shownFigure 6-3. 
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NSECSYS 
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Figure 6-3: Test system 

 

This network represents test case on which VSC HVDC model was tested on UDE software. It is 

separated into two synchronous zones each containing INJECTOR representing VSC (REC or 

SEC) and two infinite bus nodes. Number of infinite buses was doubled to enable switching of 

their voltage that is required by some testing procedures.  
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Table 9: Bus data 

Node name Base 

voltage 

Generated power Load power 

Active Reactive Active Reactive 

kV p.u. p.u. p.u. p.u. 

NREC 220 0.98 0 0 0 

NRECSYS 220 0 0 0 0 

NRECSYS1 220 0 0 0 0 

NRECSYS2 154 0 0 0 0 

NSEC 220 -1.00 0 0 0 

NSECSYS 220 0 0 0 0 

NSECSYS1 220 0 0 0 0 

NSECSYS2 154 0 0 0 0 

 

Table 10: Branch data 

Sending and 

receiving node 

names 

Base 

power 

Resistance Reactance Semi shunt 

conductance 

Semi shunt 

susceptance 

Ratio 

MVA  p.u. p.u. p.u. p.u. p.u. 

NREC-

NRECSYS 

100 0 0.05 0 0 0 

NRECSYS-

NRECSYS1 

100 0 0 0 0 0 

NRECSYS-

NRECSYS2 

100 0 0 0 0 0 

NSEC-

NSECSYS 

100 0 0.05 0 0 0 

NSECSYS-

NSECSYS1 

100 0 0 0 0 0 

NSECSYS-

NSECSYS2 

100 0 0 0 0 0 

 

Results of steady state computation are shown in the tables below. 

 

Table 11: Power flow results ï bus voltages 

Node name Base 

voltage 

Voltage 

magnitude 

Voltage 

angle 

kV p.u. degree 

NREC 220 1 2.81 

NRECSYS 220 1 0 

NRECSYS1 220 1 0 

NRECSYS2 220 0.7 0 

NSEC 220 1 -2.86 

NSECSYS 220 1 0 

NSECSYS1 220 1 0 

NSECSYS2 220 0.7 0 
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Table 12: Power flow result - line flows 

Sending and 

receiving node 

names 

Power flow 

Active Reactive 

MW MVAR 

NREC-NRECSYS 98.0 2.4 

NRECSYS-NREC -98.0 2.4 

NSEC-NSECSYS -100.0 2.5 

NSECSYS-NSEC 100.0 2.5 

 

6.4.2. Test results 

The models was tested according to test program prepared by UDE. The results was compared to 

those acquired from UDE modeling environment that was considered as reference. 

The program includes for test cases: 

-  change of PSEC_ref from 1.0 to 0.9 p.u. 

-  change of PSEC_ref from 1.0 to 0.5 p.u. 

-  change of VSEC from 1.0 to 0.7 p.u. 

-  change of VREC from 1.0 to 0.7 p.u. 

 

For each test active power of SEC and REC, reactive power of SEC and REC and DC voltage 

(for Model 0 version) were measured and compared to the reference. Simulation output from 

EUROSTAG is shown together to that obtained from UDE on the same diagrams. 

All diagrams are in per units over time in seconds. 

Tests show that the model developed produce results close to the reference in most cases with 

some exceptions described below. 

1. In Test 1 small difference in REC reactive power and DC voltage may be observed. 
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Figure 6-4: Test 1 results for Model 0 (there is small difference in results) 

 

This is probably caused by lag blocks that were added  to EUROSTAG model to avoid algebraic 

loops. The difference is insignificant in absolute value and may be notice only when parameter 

measured changes very slightly. As seen from the figures below when chnageo of reactive power 

or DC voltage is higher, the difference is almost unnoticable: 

 

 

 

 

 

 
















































































































































