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1. Executive Summary

Modelling usually involves a tradaff between thdevel of detail in the modelling proce®n 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 toolsrafm@e, 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 electron@onverters connected to the power system has increased
rapidly over the recent past was deemed necessary within the context of PEGASE project to
assesshe accuracy and robustness of the modetemonlyused to represent these devicEsis

was prompted byserious concerngxpressedin the professional liature to this effect,
especially when one considateir overload capability isypically much more limited thathe
traditional power system componeriticluded in this consideration are alsmmplex digital and
distributed control systems and systerotpction schemes thatave the capability to affect the
operation ofa wide areaof the interconnected systeBecause these devicepablea faster
control of the systemman accurate representation of their behaviour on different time scales is
necessaryor 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 digaantrollers. 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
algorithmsfor many modem equipment (such as wind turbines, HVYDC 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 giified 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 implemted 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 immpaotwer system
dynamic behaviour is becoming increasingly significant. The report describes the necessary steps
for deriving a simplified model for Type 3 (doublgd induction generator) and Type 4 (full
converter interface) wind turbines. The models h#exn implemented and the error in
comparison with a more detailed model quantified.

The report subsequently focuses on simplified modelling of HVYDC VSC. As is well known,
voltage source based HVDC is able to create any voltage phase angle or ampiitade al
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 zgrnegower the full rating can

be utilized to transmit reactive power and to support system voltage, especially during
disturbances. The clear superiority of HYDC VSC over the classical HVDC also stems from the
fact that the outputs of the VSC are deterdi solely by the control system and not by the AC
networkoés ability to keep the voltage and fre
flexibility regarding the location of the converters in the AC system, it is quite probable that the
number of DC VSC installations will increase significantly.

As with the wind turbine, a simplified HYDC VS@odelhas been derived and implementkd.

is shown that without the need for exact representation and the use of complex mathematical
relationships (whichin 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 handlethénsubsequergectionof the report.Due to
great variety ofprotection systems in general argpecial protection schemesd wide area

Date: 19/08/2011 Page: 6 DEL_WP5.1 Part_3_Toolbox_for_model
ing_ETN_components V3.doc



PEGASE

COOPERATION

protection and automation systeinsparticularit is impossible to create ready to usgstem
models.As a resulfa library of standard elements as well as standard protection and autbmatio
modelshave been developed, which can be put together or adjusted &lydheseto create any
complex systermeeded

Date: 19/08/2011 Page: 7 DEL_WP5.1 Part_3_Toolbox_for_model
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2. Introduction

The number of power electroniconverter based equipment and system connected to the
European Transmission NetworkTl) hasincreased rapidlypver 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 t@mmonly used models to represent thesgstems and
devices Another set of activities involves the development of models donptex digital and
distributed control systems angdexial protection schemes thhave the capability to affect the
operaton of a wide areeof the interconnected systeiBecause these devicepablea faster

control of the systeman 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 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 alsovitfleahe definition of
accuacy 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 #m@ws 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 theitatkded inthis work
package.

This report, building on the rel¢si 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. Addibnally, 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 modellingviofd turbines and

the implementation of this model onUROSTAG. The reportsummarises the necessary
mathematical steps leading to a generic wind turbine model appliftable/pe 3 (doublyfed
induction generator) and Type 4 (full converter interface) wind turbines. The models have been
implemented and the @rin comparison with a more detailed model quantified.

The subsequent two chaptdogus on simplified modelling of HYDC VSC. As is well known,
the active and reactive powén the HVDC VSC transmission system can tentrolled
independentlyfrom one anther, and evenin situations of zero active powghe system can
continue to operat® transmit reactive powen supportof system voltage during disturbances.
As this technology gives total flexibility regardirits locationin the AC system, it is qut
probable that the number of HVDC VSC installations will increase significamtlye future As
with the wind turbine, a simplified HYDC VSC has been derived and implemdhtedshown
that without the need for exact representation and the use ofecompthematical relationships
a fairly acceptable error margin in the simulations can be achieved.

The last two sections of the report are devoted to the modellipgotéction and automation
devicesDue to great variety gfrotection systems in genéemndspecial protection schemasd

wide area protection and automation systemgarticularit wasfound to beimpossible to create
ready to use modelés a resula library of standard elements as well as standard protection and
automation modelkavebeen developed, which can be put together or adjusted ntheser

to suit any practical application

Date: 19/08/2011 Page: 8 DEL_WP5.1 Part_3_Toolbox_for_model
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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 areeckqlio far about 25
vendorspecific 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. Qossiple 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 simulationlgtforms.

For purposes of developing generic models wind turbines are classified as follows:
Type 11 conventional directly connected induction generator

Type 2i wound rotor induction generator with variable rotor resistance

Type 31 doubly-fed inductiongenerator

Type 4i 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. DFI G based WT systentonfiguration

The following figure summarizethe major components of RFIG based wind turbinsystem

and the necessary control task§he blockdenotedas fAoperating control
coordinating the pitclangle and converter controls, in addition to performing the necessary
supervisory control measures for safed aautomatic operation, which will not be considered
further.

Gearbox Generator
Line
S
Measurements

Back-to-Back PWM Converter
L
G 18|
D= Chopper
Crowbar

MSC PWM | LSC PWM

— Pitch Control

—| Operating Control  j——p Converter Control
A

Figure 3-1: DFIG based WT system configuratbn including the control system

Date: 19/08/2011 Page: 9 DEL_WP5.1 Part_3_Toolbox_for_model
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3.3. Detailed (full order) model of the DFIG

The complete set of mathertigal relationships that describe the dynamic behaviour of the
machineis given below The superscript K denotes an arbitrary reference frame rotating at the
speedw (If nk, for examplejs chosen to bey, the voltage, current and flux linkage space
phasors corregmd to the ordinary complex phasprs

Voltage equations:

) i dgLK )
K 1K H IK
Us™ =Tl % J"'WKg. S (1)
W =il o Hwe w)ay @
Flux equations:
ys" =lds® Hig" )
Ve =his™ i @
With
o=, +.¢ ©)
and
. =1, +.q (6)
Equation of motion:
dwg, 1 . .
. :_(m/v '(qsd|3q qsh s)) (7)
da T,
Where:
I Main-field inductance I: Inductance
my: Torque at the turbieshaft  r: Resistance
T Inertia constant u: Voltage phasor
v Complex fluxlinkages w:  Angular velocity of the reference frame
we: Synchronous angular velocity
Superscriptsubscripts
S, R Stator, rotor d,q Direct, quadrature axis component
s leakage inductance [ In arbitraryreferencerame (speed)

The voltage equationgesolved into real and imaginary parts together with the equation of
motion (7) constitute thedetailed (fullorder model of the doublyfed induction machineThe
terminalvoltageus © forms the link to the rest of the network.

In the following sections, this detailed (EMiipe) model will be simplified for use in
simulations based on phasor approximation in the following steps.

- - Simplified model
Quasi steady Generic model with theAor an

state (QS) mode box in Figure 3-8

\4

Detailed model

\ 4

A 4

Simplified model
without theAor a

box in Figure 3-8

A 4
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3.4. The quasistationary (QS) model of the DFIG

The quasitationary modainderles theassumption thain the synchronously rotating reference
framethe transformer voltage in the stator winding can be neglected against the much greater
speed voltage, i.e.

i @@ [0 1= (8)

Usinga reference frame rotating at angudter speed
guasi stationary machine model can then be givefigare 3-2 and also in block diagram form

in

(lower part) :

Stator voltage equation: ulS = rS C_Dls + S + J CWK g)’ls

3rd order DFIG model

|
%:'Ir_:de-'-(M/R-%)qu+erRiSd+uRd 54__5 —>
dqu = (g - 1)y g - LRJ’R * Kallsq * Urg \ >l - f(de,qu) lus g
o*—>
= ol b @K \ i
ko=t

Pitch control,
power conversion
model

Figure3-2: The quasi stationary mathematical model of the DFIM.

3.5. Rotor side converter (RSC) model

TheRSC controlin a DFIG is responsible for the controlaxftive and reactive powefhe active
power reference is derived from thacking characteristiof the turbine with the objective of
adjusing the generator speed fonaximum power generatiorcorresponding to a givewind
speed. The outer power control loop of BfeC providesthe set valugfor the inner rotor current

loop.
After setting the derivative term in the voltage equation to zero and scareargiement, we
have:
A Ue- X G .
U= € jo OB B i ©)
¢ Xs
Date: 19/08/2011 Page: 11 DEL_WP5.1 Part 3 Toolbox_ for_model
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The voltage drop over thwtor resistance is used as an auxiliary sigadbe controlled by a Pl
controller.With the feed forward terms accounted for, Bigotor current controlleonly needs
to put into effect theéransition of the rotor currenb the set value and compenséie the stator
and rotor resistance The corresponding current control loods shown in

Figure 3-3 (upper part).

by kg

C 1Xq
2 Y
a | -
K, aé“‘i >
¢ ST
y .
T —R _ _ Wk k
R 'Y J (I)R _>OT>
1+sT, z f
!
- W) Ys

Figure3-3: 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 tonegn constant around the rated value and thus not considered.
However, he magnitude of the current set vafoe the LSCis limited in accordance witlthe
converter rating with a priority for the active curreAtthough the model of the LSC is not
incorporated explicitly, the current limitation will be considered in the generic model, as will be
shown later.

Date: 19/08/2011 Page: 12 DEL_WP5.1 Part_3_Toolbox_for_model
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Simplified model of DFIG and its control system the generic model

A comprehensive system study for a large system such as the UCTE involves ta&@inot 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 manufactusgrecific models (togetherith 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, therefarthe current trend is directed at the use of open source generic models
with parameters that can be calibrated to conform tagargn technology or topology.

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

- Theterm rotor flux feedback throughyv) 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 onverter is not considered explicitly.

Simplification of the quasi stationary model in accordance with the above list results in a generic
model shown inAs stated above, the LSC model is not included. Alse air g@ torque of the
machine isassumed toemain constantaind 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 simesatisn r
based on the simplified model with measurement results and employing a heuristic optimization
to determine parameters that minimize the error.

s ref*

iref lie
°_ple a 1 1 ]
PE g Ga+— >
5 § ¢ ST 1+sT
5%
£8
iref ug © iref*
im c B ln °
R =) a 1 o ‘
= Gga+— 1
c sT 1+sT

Figure3-4: Generic model ofariable speed machine.

Model of the full sizeconverter 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 dugrestree 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 thdull size converter machine is shownRigure 3-5.
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Gearbox Generator

.@ i g} L Line
G .-
Zc
U Chopper U B

P, Ubc, Q Uc

Pitch and
power MSC and LSC Control

Speed control

Figure 3-5: Full size converter based WT system configuration including the dontro
system.

Assuming thatz.: the impedance of the converter chokg,: the transformer impedance, the
current source can be determined as:

. v,
ke = =, withv, woltageinjected bytheconverterand z =

IN

I'

The corresponding Norton equivalent circuit is givefigure 3-6.

<+ i_sc:'vc/Z <+ iG

V,

Figure3-6: The current source (Norton) equivalent of the generator and the MSC.

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

converter as a first order delay. The resulting block diagram of the full converter machine
including the control system is givenkigure3-7.

Yo
z

|

A
—’9—>Gaé+5 —»T»Q» TrsT 1 O
A ¢ ! Lz i
S| z

Current controller | “converte  Current source

Figure3-7: Block diagram of current controller, converter and current source.
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This representation, after some simplification anéanr@angement, leads to the same generic
model developed for the DFIGigure 3-4).

3.8. Current limitation equations

The output current limitatiomay 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 he 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 reativent 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
Ip_max_\llmax +qorlq_max maxI P

Whereimax = maximum allovable currentj, max = maximum allowable active current, max =
maximum allowable reactive curreij= actual active curreniy = 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 goirtgidmithe 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 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 ety cas 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 RideThrough (FRT)is now a general requirement on wind turbines. okdingly, wind
turbines must remain connected to the giiding faults by introducing new technologiédsneed
be FRT of wind turbines is necessary at least for two reasons:

- To be able t@wontinue with active power ifeed immediately after the faultedrance.
- Toprovide voltage support during and after the fault period to reduce the size of the voltage
dip area withirthegrid.

The model is extended to account for this operational requirement by incorporating a block
which increases or reduces theateae power infeed whenever the voltage exits a déatd of
10 % above or below the rated value.

Figure 3-8 representshe model in its final form. The model as a whole (betth and without

t he " or a mgttutesthe sinpl)fied enodel. The only different®tween the two options
(including or excl utdeilaved of sihpéficafioa, whictogeschotsse t® 0 ) i
adopt for a particular simulation.
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Figure3-8: 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 trettwibine as simple as possiltig
keepingthe accompanyingoks in accuracy for preliminary system studies or estimating grid
code compliance within acceptable limit§he generic modelwill inevitably involve
simplificationcompared tdhe detailednodel Theonly thing that needs to be ascertained is that
these simplifications shoull not stunt the model to the extent thhe underlyingphysical
phenomenare no longer visible
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Figure3-9: 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 possibldrigure 3-9 exemplifies the nature of the error one commits in using the
generic model. The blueurve describes the behavior of active current following a grid fault
leading to a voltage dip to 50 % (of the {fa@ilt value), when the switch (ifigure3-8) i s A ONO.
The red curve represents the same situatidmen the generic model is incorporated, i.e. the

switch in AOFFO 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 (@girerexcited 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 incorporatingthéi Det ai | ed Model 0
Assumefi Deltead Mo del 0 i tg,, temnitidlizelagfdlons:n  a't

- setfirst order delay blocknd integrabutpus =i ,.(t..1 + u (upper branch)
- setfirst order delay blocknd integrabutpus =1, (., | — M (lower branch)
After initialization, simulation s conti nued by incorporating the

After switchingoffthei Det ai | ed Model 0:
Assume fnDetail ed Mg ¢chendproceswitlsthreiinitiadizateomas tlfods: a t
- Set dl 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 eictly 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 consta=0.001 s is applied to model outpdo 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 gairK (Figure4-1).
1 >
A 1+sT
K |e
Figure 4-1: Simple lag with variable time constant
4.2.2. Current conversion
Current conversion from terminal voltage reference fragdd) to synchronous refence frame
(Ite, lim) is performed according to the formulas below
lLo=I;cosep+ 5;‘; sing
Iim =Izsing — I cos g
wherej - terminal voltage angle
4.2.3. P1 block with limitation
The PI block (shown in thedetailed modehbs the figure below) is modeled using the scheme
given inFigure4-2).
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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
bdow.
Table 1: Acronyms and default values of model parameters
Name Default | Unit Description
value
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 converte
TO 3. S Time constant for open (recover) of center
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
Date: 19/08/2011 Page: 19 DEL_WP5.1 Part_3_Toolbox_for_model
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4.4, Model testing
4.4.1. Sample power grid
The simple scheme showviaigure4-3 has been used for testing purposes.
NHV1 NHV2

NGEN . B NLOAD

GEN @M% %%b NLOAD

NHV3

S

—— NWF

@
WF_QSS

Figure 4-3: Test network

Synchronous generator is connected to NGEN node. It is equipped with turbinegyoaed
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 R¥Wode in steady state computation.

Network data are shown in the tables below.

Table 2: Network power flow data

Node Base Generated power Load power
name | voltage | 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

Date: 19/08/2011 Page: 20 DEL_WP5.1 Part_3_Toolbox_for_model
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Table 3: Test network branch data
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Sending and Base Resistancg Reactancg Semi shunt| Semi shunt Ratio

receiving node power conductancg susceptancg
names
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 | O 0 1.05
NHV2-NLOAD | 1000 0.00021 | 0.017990 | O 0 1.0
NHV3-NWF 300 0.00018 | 0.007690 | O 0 1.05

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

Table 4: Power flow result - bus data

Test results

Model was tested in several test cases to verifgérates correctly.

Date: 19/08/2011

Node Base Volta_lge Voltage
name | voltage magnitude| 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 Power flow
receiving node Active | Reactive
names 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
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45.1. Direct (metallic)shortcircuit

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 shortcircuit 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.

Using simplified model

[sim] MACHINE: WF  ACTIVE POWER Unit: MW

Using detailed model

[sim] MACHINE: WF  ACTIVE POWER Unit: MW

Figure 4-4. Active/reactive power following a fault
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[sim] VOLTAGE AT NODE : NWF Unit : kV

[sim] VOLTAGE AT NODE : NWF Unit : kV

Figure 4-5: Bus voltage after a fault

[sim] VOLTAGE ANGLE AT NODE : NWF Unit: deg

Date: 19/08/2011 Page: 23
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Using simplified model

YN EUROSTIAG

Using detailed model

Using simplified model

W EUROSTAG
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Using detailed model

- .
[sim] VOLTAGE ANGLE AT NODE : NWF Unit : deg ! / / lg[.j ng Ig

Figure 4-6: Voltage angle after a fault

This test case shows proper model ofienain 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 forethiled model simulation are shown below.

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

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

DEL WP5.1 Part_3 Toolbox for_model
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[sim] ACTIVE POWER :LINENWF -NHV3 -1 Unit: MW

[sim] REACT. POWER:LINENWF -NHV3 -1 Unit: Mvar

[sim] CURRENT ONLINE:NWF -NHV3 -1 Unit: KA B ELROSTAG
Figure 4-7: Change in voltage sepoint

As seen from the figure reactive power output rises aftepaet modification. Consequently
total current output rises and hits the current limit. Then active power outputréaded 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 simplenplementation of switching from detailed to simplified model of
WEF 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 dpecianiques. Belowve describe some of
them.

4.6.1. Reset feature

Integrator and simple lag block with reset feature may be modelled with the following schemes

X1 X 1 y Y1
1+sT |

BIAS

Figure 4-8: Modeling of simple lag block with ret feature

X1 1 y Y1

BIAS

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

To reset block at specific momeagbne must change at that moment the value BIA&th

The problem with this approach is th&INGLE SETPOINT MODIFICATION EVENT from
EUROSTAG .seq file has no access tyt)medautonout put
is to use USER AUTOMATON because SINGLE SETPOINT MODIFICATION EVERM USER

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

The approach iglustrated at the figure below.
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4.6.2.

Figure 4-10: Implementation of simple lag block with reset in EUROSTAG

The scheme works as followshet reset D 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.

Limited integraor 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.

Date: 19/08/2011
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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 deviceshe superiority of HYDCVSC over the classical HVDC stems
from the fact that the outputs of the VSC are determined solely by the control system and not by

t he

AC

net wor koés

ability t

(o]

keep

t he

vol tage

regardng the location of the converters in theC system since the requirememn the AC
network in terms of shodtircuit capacity (SCR) igio longer a limiting factorin other words,
HVDC SVC can feed power even into a passive netw@ikssic HVDC terminalsan 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 HYDC VSC control makes it possible to create any voltage phase angle or amplitude,
which can be accontiphed almost instantly. Unlike conventional HVDC converters that
normally have a 5% minimum current, the HYDC SVC converter can operate at very low power
or even at zero power. As the active and reactive power are controlled independently, at zero
activepower 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.

Date: 19/08/2011
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5.2.

5.3.

5.3.1.

COOPERATION

HVDC VSC basics

The converters use a set of six valves, two for each phase, which are equipped witbm@gh
Insuated Gate Bipolar Transistors (IGBT). The valves are controlled by a control system using
pulsewidth modulation (PWM).Since IGBTs can be switched on or off as desired, output
voltages and currents on tieC side can be controlled precisely, and the rgystem thus
enables the control ofoltage, frequency, andctive and reactive powdlow according to the
needs of the network. Additionally, HYDZSC has the capability to rapidly control active and
reactive power independent of one another.

Sending end converter (SEC) Receiving end converter

[ | | | | |

43 [43) [43 43 [43) [43

|
I
‘T,
|

I

v R C

\ | | I | \
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 poweversal is obtained by changing

the direction of the DC curremtithout the need fochanging the DC voltageolarity as opposed

to conventional HVDC.

HVDC VSCenables a decoupled control of active and reactive power and allows the connection
of weak or @en passive networks. Additionally, the high switching frequencies of approximately
1i 2 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 footdrihe converter
stations and thus makes it more suitable for applications, where space requirement is a critical
issue.

Control of HYDC VSC

Overview

HVDC VSC consists of two voltage source converters, one operating as a rectifier and the other
as an inveer. Both ends othe HVDC lineareconnected to an AC circuiand theHVDC line
linking the two transmits the power from the rectifier to the inverter station.

The control functions of HYDC VSC converter include AC and DC voltage control, active and
reactive power control, anthe inner current control together with current output limitation and
internal converter voltage limitations. For a teewminal HVDC VSC system, one of the
converters contrglthe DC voltage and the othéne active power. Additinally, each of the
converters caoptionallybeset ineitherAC voltage controbr reactive power control mod&he

basic control functions are summarizedrigure5-2.

Date: 19/08/2011 Page: 29 DEL_WP5.1 Part_3_Toolbox_for_model

ing_ETN_components V3.doc



£ PEGASE

e 0® COOPERATION

—C——1 ]
% L.
U / Upc
U A 4 DC voltage
ref 3! AC voltage ,| Innercurren|__— congrol
control control

A

Qe JReactive powe Converier .
control tvolt Active powel
A currentivoliag control
limit

U/Q control?

Figure 5-2: Overview of HVYDC VSC control functions

The active power control functiomaims to fulfil systemwide objecives such as power flow
control andcongestion managememits a result, during normal operation the power and voltage
settings are determined by the system opef&lohe lower level controlfunctions areattuned
to theseprescriptionsand the reference values ardetminedaccordingly The current control
operates in a coordinate systémt isphase synchronouwsgith the fundamental frequency in the
network andprovides a symmetrical thrgghase current to the convertegardless of whether
the AC network voltage is symmetrical or ndthe use ofPWM makes it possibl¢hat fast
control d the active and reactive powsrachievedThis capability isbeneficial whersupport of
the AC network particularlyduring disturbanceds needed, sincéa¢ controlcan be optimized
to obtaina fast and stable performance dur@ system fault recovg. The DC voltage control
provides DC wltagecontrol using the currenas a control variablélThe AC voltagedependent
currentlimiter actsto keep theAC bus voltage within its upper and lower limits.

5.3.2. Simplified HYDC VSC Dynamic Model

The two AC networls, linked to one another by the HVDC linean be representdaly their
Thévenin or Norton equivalent circuits, with the control acti@wjustingthe voltage or the
current sourcegs shown irFigure5-3 andFigure5-4.

REC-AC- Grid SEC-AC- Grid
VRec | _ Vsec
i_REC‘l X grec iRec User defined block model isec Xsec , .
| Ve rec V

C_SEC
: REC DC | sEC C
control Link control

Figure 5-3: The Thevenin equivalent circuit of HYDC VSC
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REC-AC- Grid
V,
VRec ' .
. is iREC User defined block model
| !
IREC >
E .
i
" REC | REC DC SEC
X rec < control Link control
. . Vrec
IrRec “Lrec T
Xrec

Figure 5-4: The Norton equivalent circuit of HYDC VSC

The acronyms used Figure5-4 have the following meaning:

REC: Receivingend converter;
DC: Directcurrent;

neglectedl of both external AC circuits.
a. Receivingend converter (REC) model

SEC: Sendingend converter
AC: Alternating wirrent
The impedancesgtc and Xs=c represent the equivalent Thevenin edancegwith resistances

SEC-AC- Grid

Vsec

Isec

l«———

Xeec

COOPERATION

The function of REQs to transfer the active powéd by the SECinto the HVDC lineto the
AC grid by maintaining the DC voltage levéictive currentis used toregulatethe DC link
voltage.The reactive current control loop can be used to control the REC terminal voltage on the
AC side or to garantee a constant power fac&dthe AC gridterminal and alsdo support the

grid voltage during faults.

REC_ref

REC_ref

set point
. P
DC Link Controller VLC(O)
IREC_max RECO)  Tgec max
\
DC_ref a 1 7\
Gpe gt /
[ SToc
Voc 4
-1 -1 . .
e 'rec._max PQ Priority
Orec(o
Power Factor Controller —RECO) )
[ Vrec() IREC_ ref
REC_max ! - Magnitude
______ Lo — 7| Limitation
JRec et #7S : & 1 : 2 i
—— . )———}: G/é+— oo ) ______ » » REC_max
: PQ i v ¢ ST - iQ
fre = REC_ref  Always active
REC_max current priority
Orec(o)
. v,
REC Terminal Voltage Controller =@
VREC_ref r\ -
s > Cuc A,
Vv -

REC

Figure 5-5: REC control

Date: 19/08/2011 Page: 31

ing_ETN_components V3.doc

DEL_WP5.1 Part 3 Toolbox_ for_model



e® %

° 00 o
e oo
°e® O
° 00 o

PEGASE

COOPERATION

The REC control structure is shown Figure 5-5, which implements the following three core
functions:

- The Plcontroller maintaiing the DC voltagewith the active converter currergs a control
variable

- Thecurrentmagnituddimitation block with active current priority during normal operation
- The AC voltage control blocfor alternativdy the power factor control (dashed lings)

The voltagecontroller is a fasacting proportional controllewhich can include dead bando
thatthe control action is only then activatethen the voltag error is larger thaa pre-specified
value, for exampl®.1 p.u.This blockis alsorespomsible for grid voltage support during faults.
In steadystate operation the DC voltage control and by implication thgisicomponent of the
REC current has priority. In case of grid fauiowever,the priority is switched to reactive
current to providdastvoltage support.

b. Calculation of ativefeactivecurrentreferenceand inner current control loop

The convertercontrol is based on a vector control approach with its rotating reference frame
alignedwith the gridvoltagereference or with the termihaoltagechosen as the referendes a
result, active power can be controlled through akis and reactive power through- @xis
component of the converter currebbth independently of one another

Alternative * Grid synchronous coordinates

If the controller operatedn the grid reference frame then theurrent phase position should be
modified as shown ifrigure5-6 so that theealand imaginarypars of the current correspond to
the activeand reactive parts of the curremgspectively. As a result of this modification
controller variables change with grid frequency.

REC terminal voltage

oriented coordinates Grid synchronous coordinates

}
|
[}
[}
:
|
.PQ ] .
'.REC_ ref . : 3 1 1 I_REC
» @ ReC G A+— > >
: - : ¢ ST 1+sT, ,
Active/(-)reactive \ Injected
current reference i Veee current source
J rec =2arg (YREC) ! ;
i JXREC
[} .
: I_REC *
| W

Figure 5-6: Current controller in synchronous reference frame

Alternative 2:Terminal voltage oriented catinates

If the controller operates iIRSC termiml voltage oriented coordinates tbentroller variables
remain constant in steady state conditionspite ofchangs in grid frequency. In this case, the
RSC terminal voltage is the reference, i.e. it &Emngthe real axisand the necessary variations
in terms of input and output variables is showikiror! Reference source not found.
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5.3.4.

COOPERATION

REC terminal voltage oriented coordinates Grid synchronous

|
l
' coordinates
|
.PQ -'PQ : n
IREC_ ref a 1 1 rec y : IREC
» G 4 » » j./ REC »
» \ é L Lad e \
. . ¢ ST 1+sT, .
Active/(-)reactive - Injected
current reference ‘\_/REC current source

|
|
|
l
J REC — arg( REC) Peec '
|
|
|
|

i_REC )\
_/

Figure 5-7: Current controller in termi nal voltage reference frame

The current control structure makes use of standard Pl contrakeishown irFigure 5-6 and
Figure5-7. The output in both cases is the current source showigime5-4.

DC Link Model

The model of théC link capacitance anthe DCchopperareshown inFigure5-8. 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 pseecified threshold.

REC active power
- Dp Di 1 v
REC+SEC Losses oo My — £e
] 1 ST
SEC active power 1
fen
h

v

Tl - [

Figure 5-8: DC link model

Sendingend converter (SEC) model

The SECis responsible for transmitting the active power injected in to the sending end of the
transmission systetmy maintaining the AC voltage set poifithe sendingend current controller

and connection to the grig similar to the REGnodel. Active currentreferenceis calculated

from the desired poweiactive powerto be transmittedhrough the HVDCline. 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 thegA@ Again, thisis similar to the REC side
controller.
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Active Current Reference Calculation

pS EC_ref m————p]

COOPERATION

V

SEC —

Osec(o)
Power Factor Controller —
i SEC(0)
SEC_m |
L’ == |
PQ - ——- : —————
J sEc_ret ,~~ ! 1! ,y\
----- F-b Gt — ro--{_)--
PQ Ky . ¢_ST__! e
. _ [FRPERPERS A AP
J sec : -
------- - ISECfmax
Osec(o)
Vsec(o)

REC Terminal Voltage Controller

VSEC_ref l

G ()

5 PQ Priority
ISEC l
i P
.| Magnitude SEC_ref
7| Limitation .Q
o iSEC_max ISEC ref,
Below 0.9 pu
i Q voltage resctive
EC

current priority

ve N\

Figure 5-9: Sending-end converter model

5.4. Demonstration Examples

5.4.1. Test network and controller parameters

To illustrate theusage of the models and the plausibility of the resuygical scenarios

involving voltage and power step changes

have been simulated. The configuration and

parameters of the test system are summarised below

REC-AC- Grid SEC-AC- Grid
_ Vrec Vsec _
Veeow = (1 "10) pu | | i sec Veew = (1 "10) pu
Irec !
— e REC &
x=0.05pu x=0.05pu
rey =1.0pu

on:vVy. =112 pu
off: v, =1.02 pu

Table 6: Controll er parameters

]
1

T, =26ms

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

G =0.4pu | T, =0.005s

T, =0.02s

Xaee = Xsee D-13pu

Additional REC model parameters and settings

Gy =3.5pu | T, =0.1s

Gy =5.0 pu

iREC_max =1.25 pu
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Additional SEC model parameters and settings

Gyc =5.0pU | igec max=1.25pu

pLosses: I (| pREc| +pSE(J) | =0.01

(1% of the power passing through each converter)

5.4.2. Simulation results

a. Example Il SEC 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 receivig ends as well as the DC voltage are shown in

Response of REC and SEC active power to Apg s=-0.1 pu Response of REC and SEC reactive power to Apgc .;=-0.1 pu
15 -0.0215
—p_REC 0.2 0.4 0.6 08 s
pu pu
——p_SEC -0.022

0.5

-0.5

0.4

0.6

-0.0225

-0.023

-0.0235
08 t/s
-0.024 -

-0.0245

-0.025

-15

-0.0255

Response of DC link voltage to Apsec ¢=-0.1 pu

1.005

pu

0.995

0.99

0.985 -

0.98

0.975

0.97

0.965 +

04

—u_DC

0.6

08 /s 1

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

Response of REC and SEC active power t0 Apgg ,+=-0.5 pu

Response of REC and SEC reactive power to Apggc =-0.5 pu

15 0
—p_REC 0 0.2 0.4 0.6 08 s
pu - pu
—p_SEC
1 -0.005
——q_REC
——q_SEC
05 -0.01
0 -0.015
0 02 04 06 08 s %\\
-05 /_/ -0.02
1 -0.025 ‘
15 -0.03
Response of DC link voltage to Apgg ,.¢=-0.5 pu
1.04
P —u_de
1
096
092
088 -
084 -
08
0 0.2 0.4 06 0 s

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

Response of REC and SEC active power to Aug ;=-0.3 pu

COOPERATION

Response of REC and SEC reactive power to Aug o= -0.3 pu

15 0.2
—_— pu
o p_REC
—p_sEC 0 5
1 0.2 0.4 0.6 0.8 ts
-0.2
-0.4
05 0 ——q_REC
-0.6 1 —q_SEC
0
0 02 0.4 06 08 tls -0.8
05 -1
1.2
-1
-1.4
-15 -16
Response of DC link voltage to Ap .;=-0.1 pu
1.2
pu
1
——u_DC
0.8
0.6
0.4
0.2
0 . .
0 0.2 0.4 0.6 08 tfs 1

Figure 5-12: Voltage step change at the sending end
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15

pu

-0.5

-15

114

pu

112

11

108

1.06

104

1.02 -

0.98

COOPERATION

Example 4i A step change of REC AC voltage reference from 1.0 p.u. to 0.7 p.u

Response of REC and SEC active power to Augg o=-0.3 pu

——p_REC
——p_SEC

0.2 0.4 0.6 08 s

e

Response of REC and SEC reactive power to Augg ,=-0.3 pu

0.4 0.6 08y

—q_REC
e g_SEC

Response of DC link voltage to Apgec ,¢=-0.1pu

I

—u_DC

0 02 04 0.6 0.8 t/s

Figure 5-13 Response of a voltage change at the receiviegd

Date: 19/08/2011 Page: 38

DEL WP5.1 Part_3 Toolbox for_model
ing_ETN_components V3.doc



PEGASE

COOPERATION

6. | mplementation of the HYDC VSC model

The HVDC VSC model was then implemented on EUROSTHG results were then compared
with those obtained using another power system simulation package known as PSBousein
simulation software used by UDE.

6.1. Versions of implementaton

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 wheréassion 2

it must be accounted in power flow file.

Sincecomplex DClink 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 Mod®). 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 Mo d el 0, Mo del A, Mo d el B two alternat
controller model is computedimg d synchronous frame and in A
terminal voltage frame. In sense of implementattBEUROSTAG theseersions may differ in
number of additiorigdime constant blocks added to avoid algebraic loops.

The table below shows summaof VSC HVDC implementationdhat are available for
EUROSTAG.

Table 7: Alternative simulations

V€
It

Version name Alternative 1 Alternative 2 Reactance in
power flow file
Version 1 + - no
Version 2/Model O + + 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 cuprerity
depending on voltage level (@VSEC) is shawirigure6-1.
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1
] =] Ip
-/0
|p_ref ISECMAX f
ISECMAX ]
[ [ [] []
o 1 N * [x] K
2 1 1 ]
o @VSE 37
—— 5 .
| <4
CST — —
ISECMAXISEC :
s X1 K
(=] ] :
A
(x) -
|_|_|o
M : =] 1 g
|q ref | isecmax
— / + @IQSECRF
Lt
-SECMAX -/0

Figure 6-1: Implementation of PQ priority blocks

6.2.2. Current conversion
Current conversion from terminal voltagdearnce frame fl 1g) to synchronous reference frame
(Ite, lim) is performed according to the formulas below
leg=Igcosp+ising
lim =z sing —Igcosp
wherej - terminal voltage angle
6.2.3. Hysteresis block
DC link model requires a hysteresis blodk o model i ¢ h o pswitehing. resi s
Unfortunately built in Schmidtrigger 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 lysteresis block was implemented with use of time constant block as &h&gure
6-2.
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Figure 6-2: Implementation of hysteresis block

Here @VDC is an input and @CHST is an outpiuysteresis 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.

Losses modeling

Losses in the converters are modeled approximately 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

1_FLD
KLOS = ==
L+FLEss’

where FLOSS determés losses in each converter.

In the load flow the following equation must be accounted:

FSE:: - F r :XLGE' FSE:?

RE

Implementation of converter reactance

In model Version 1 converter reactance is accounted inside model MACROBLOCK. For other
implementations (Model 0, Model A, ModB)) the reactance must be included in EUROSTAG

network file. To do this it isufficientt o f i | | in AShunt capacitoro f
in EUROSTAG Network Editor with the following value

_ SBASE.4 UO §
Q=-SBASEQ, U0 g
X  CVBASE:

where X is XREC or XSEC in p.&as set in model parameters file, U0 is voltagithe node in
steady state, SBASE and VBASE are base power and voltage of the node.

Please note the sign of the reactive power.

Date: 19/08/2011 Page: 41 DEL WP5.1 Part_3 Toolbox for_model

ing_ETN_components V3.doc



e® %

is 3% PEGASE

e 0® COOPERATION

6.3. Model parameters description

Description of model parameters adjustable by asdrtheir default values are given in the table
below.

Table 8: Model parameters

Name Default | Unit Description
value
INTERRC
GDC 3.5 p.u. | Gainin DC link controller
Gl 0.4 p.u. | Gain in current controller
GVC 5.0 p.u. | Gain in vdtage 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
Tl 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 switchen

VDCO 1.0 p.u. | Initial DC voltage
XREC 0.13 p.u. | VSC reactor
INTERSC
Gl 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 0.006 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 skiyume6-3.
NRECSYS2
NRECSYS2 NSECSYS2
® | ﬂ NREC NSEC A NSECSYS?2
@ % — | + % ©) @ % — i % © NSECSYS1
NEEEYE NRECSYS RECVSC SECVSC NSECSYS
N, NSECSYS1

Figure 6-3: Test sysem

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 doublkedatde switching of

their voltage that is required by some testing procedures.
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Table 9: Bus data
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Node name| Base Generated power Load power
voltage | 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 Base Resistancg Reactance| Semi shunt| Semi shunt Ratio
receiving node power conductance susceptance
names
MVA p.u. p.u. p.u. p.u. p.u.

NRECG 100 0 0.05 0 0 0
NRECSYS
NRECSYS 100 0 0 0 0 0
NRECSYS1
NRECSYS 100 0 0 0 0 0
NRECSYS2
NSEG 100 0 0.05 0 0 0
NSECSYS
NSECSYS 100 0 0 0 0 0
NSECSYS1
NSECSYs 100 0 0 0 0 0
NSECSYS2

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

Date: 19/08/2011

Table 11: Power flow resultsi bus voltages

Node name| Base | Voltage | Voltage
voltage magnitude| angle
kv p.u. degree
NREC 220 1 2.81
NRECSYS 220 1 0
NRECSYS1 220 1 0
NRECSYS2| 220 0.7 5
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 Power flow
receiving node Active | Reactie
names
MW MVAR
NREC-NRECSYS 98.0 2.4
NRECSYSNREC -98.0 2.4
NSECGNSECSYS -100.0 2.5
NSECSYSNSEC 100.0 2.5

6.4.2. Test results

COOPERATION

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

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

The program includes for test cases:
- change of Bec reffrom 1.0 to 0.9 p.u.
- change of Bec reffrom 1.0 to 0.5 p.u.
- change of ¥gcfrom 1.0 to 0.7 p.u.
- change of Mg from 1.0 to 0.7 p.u.

For each test active powef SEC and REC, reactive power of SEC and REC and DC voltage
(for Model 0 version)were measured and compared to the refereBorulation output from

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

All diagrams are in per unigver time in seconds.
Tests show that the model developed produce results close to the reference in most cases with

some exceptions described below.

1. InTest 1 small difference in REC reactive power and DC voltage may be observed.

-0,0215 : :

0,80

1,00

-0,022 /
0,0225

| \

-0,0235

-0,024

-0,0245

-0,025

-0,0255

——(_REC (EUROSTAG)

——q_REC (UDE)
(_SEC (EUROSTAG)

——q_SEC (UDE)
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1,005

1,000 —

0,995 M

0,990

0,985 ——u_DC (EURQSTAG)
——u_DC {UDE)

0,980

0,975

0,970 b

0,965 : ‘ : : ‘
0,00 0,20 0,40 0,60 0,80 1,00

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 vadmel may be notice only when parameter
measured changes very slighths seen from the figures below when chnageo of reactive power
or DC voltage is higher, the difference is almost unnoticable:
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