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Abstract

There are different power system simulation tooistlte market. Real-time digital
simulator (RTDS) is one of these tools. The HCP8&ugrof Delft University of
Technology has this digital simulator. RTDS simaiahas a detailed component
model library called RSCAD and a dedicated hardwhire computation. The
hardware is based on digital signal processors JB&Rked into a rack. Each rack
has 21 DSPs that are capable to simulate 54 thr@semodés RTDS simulator has
also the advantage to exchange signals with extdmace. Hence, it is used to test
protective and control equipment.

In this master thesis the Noord-Holland 150 kV &8@ kV grid is implemented in
RTDS. Due to the size of the grid and number of ponents, it was necessary to
divide the whole Noord-Holland grid between differeacks. For data exchange
during simulation, parts of the grid model in eaabk must be interconnected to each
other using travelling wave transmission lines. Sehéravelling wave transmission
lines must have a travel time at least equal tonéggration time step used that is
equal to a single computational time (a minimumetiraquired to solve the equations
of a component model).

According to the lines LC parameters, not all lilese a travel time that is greater
than or equal to the integration time step usedhdwe the required travel time the
LC parameters of these interconnecting lines madnbreased, i.e. the length of the
lines has to be increased. This results in incoeéine impedance and different line
flows in the grid. In RTDS there is also anothanation option, non-real time
simulation. In non-real time simulation it is pdssito decrease the integration time
step required for a given computation time. So on-real time simulation the
integration time step used is decreased to satigfyminimum travel time needed for
the original parameter data.

For the validation of the model the non-real tim@wation results are used. The
validation is done by making a load flow value camgon with the VISION model
of Noord-Holland grid and the DIgSILENT model of drd-Holland grid is used for
dynamic behaviour comparison.

From the load flow comparison per unit node voltaged phase angles at each
substation are more or less similar. The node gelt@aximum error is withiill%
and the error for the phase angles is within 108.life current most lines also show
good results with average error of less than 5%.

The dynamic behaviour comparison is done basedhont-sircuit simulations at
different substations. The response from both RED8 DIgSILENT models gave
nearly the same results for the voltage-dips dushgrt-circuit fault. However, the
post-fault behaviours are not exactly the samehmyt are comparable. After clearing

! A node is any junction point between power systemponents. For single line diagram the
maximum nodes are 54/38, i.e. it is possible to implement a network thas fonly 18 nodes in a
single rack.




the short-circuit fault the RTDS model gives mor@abg response than the
DIgSILENT model, i.e. in the RTDS model the ostibas damp faster.

The existing Noord-Holland grid is expanded inttuture scenario with a large wind
power plant. The wind power plant is implementemhgis constant PQ source model
with a low voltage ride through algorithm. Accordito previous work this model is
used to represent a HVDC connected off-shore wiodep plant. This simplified
model is enough for grid stability study of largestems. Based on this model 1200
MW active power with a given coupling point powexcfor is injected at the Velsen
150 kV substation. The connection of the wind poplant raises the voltage level at
all substations by more than 3% on average. Relgtihe dynamic behaviour of the
expanded grid is less stable compared to the rgigtiid.




List of abbreviations

List of abbreviations used for substations

VLN Velsen

APL Anna Paulowna
wyw Wijdewormer
NDK Noord Klaprozenweg
HK Hoogte Kadijk
VW Venserweg

Bz Bijlmer Zuid

AMV Amstelveen

VHZ Vijfhuizen

HMM Haarlemmermeer
BN Bijlmer Noord
OTL Oterleek
DMN150 Diemen 150 kV
GVL s-Graveland

HW Hemweg

NMR Nieuwe Meer
WEW Westwoud
DMN380 Diemen 380 kV
0Ssz Oostzaan

BVW Beverwijk

Other abbreviations

RTDS Real-Time Digital simulator

PSSE Power Systems Simulation for Engineers
DIgSILENT Digital SImuLator for Electrical NeTwork
PSAT Power System Analysis Toolbox

SPS SimPowerSystems

AVR Automatic Voltage Regulator

DSP Digital Signal Processor

HCPS High-Voltage Components and Power Systems
HVDC High Voltage Direct Current

DG Distributed Generation

CHP Combined Heat and Power

EMT Electromagnetic Transient

RMS Root Mean Square

SvC Static Var Compensator

DSL Dynamic Simulation Language

GUI Graphical User Interface

SCIG Squirrel Cage Induction Generator

DFIG Double Fed Induction Generator

FCSG Full Converter Synchronous Generator
PWM Pulse Width Modulation

VSC Voltage Source Converter




List of symbols
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Stator flux linkage in the d-axis

Stator winding voltage in the d-axis
Stator winding resistance

Stator winding current in the d-axis
Stator flux linkage in the g-axis

Stator winding voltage in the g-axis
Stator winding current in the g-axis
Stator winding inductance in the d-axis
Mutual inductance between stator and rotor windings in the d-axis
Field winding current

d-axis damper winding current

Stator winding inductance in the g-axis
Mutual inductance between stator and rotor windings in the g-axis
g-axis damper winding current

Field winding flux linkage

Field winding voltage

Field winding resistance

d-axis damper winding flux linkage
d-axis damper winding resistance
g-axis damper winding flux linkage
g-axis damper winding resistance
Field winding inductance

d-axis damper winding inductance
g-axis damper winding inductance
Mechanical torque

Electrical torque

Synchronous speed

Rotor speed
Load angle
Inertia constant

Power coefficient
Tip speed ratio
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Background

A traditional power system grid has a structurenvaittop-down power flow (vertical

hierarchy). In most cases the large centralizedepayenerating units, either thermal,
steam or hydro, produce the electric power demaryethe consumers. Then this
power is delivered to its end-users through higlitage transmission lines and
distribution network. Depending on the length oédl lines, there is significant
transmission loss during power transmission.

Nowadays, however, the existing grid structurensnging from vertical to horizontal
power flow hierarchy. The main driving factor fdrigs change is the availability of
abundant renewable energy sources at end-useidieciiwer and medium voltage
levels. The increasingly strong environmental comcand increasing oil price are
also increase the need for renewable power source.

As a result of this, the interest of generatingcele power using distributed
generating units is increasing. Hence, in the uppower grid system more and more
decentralized generation (DG) units, like wind togs, solar panels and combined
heat and power (CHP) units that use renewable gregrces will be present. Most
of these sources inject the power at lower and mmdioltage levels hence they
change the power flow trend. Since they are clasethe end-user location,
transmission power loss will be minimized.

These DG units have an influence on the technispkets of the power grid; of

course the severity depends on the penetrationt tfveecentralized generation. As
large wind farms are connecting to the grid, thd gperators need to know the way
how it affects the grid behaviour. In the futurerawill be a huge amount of offshore
wind power. So, this is the right time to figuret @amd deal with the possible technical
influence of these sources on the grid stability.

This Master thesis is part of DEVS (Dynamic StaséirBation and Voltage Stability)
project which is a joint project of TU Delft, ECKHEMA and Liandon. The objective
of DEVS is to measure current and voltage in thiareupower grid in order to asses
the actual stability of the system and to test ibrdtrategies before they are taken
into use. The HCPS group of TU Delft has a Reald pigital Simulator (RTDS). In
RTDS it is possible to do a real-time simulatiorpofver grid and to interact with this
grid via analogue and digital input/output ports.

Before carrying out these tests and assessmemgsnigcessary to implement the
existing grid with possible future scenario expansiin RTDS. As the first step, the
Noord-Holland grid will be implemented in this Masthesis Project.
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1.2 Thesis outline

The objective of this project is to implement thlesttgrid for Noord-Holland with
future scenario extensions in RTDS. The RTDS madkébe implemented using the
existing Noord-Holland grid model that is availabie VISION and DIgSILENT.
These models are used as a source material forpgriameters. Once the model
implemented in RTDS, it is possible to conductal-tene dynamic simulation of this
test grid under different conditions. Further miris also possible to use this model
as a test grid in the future for possible propdssts.

Main tasks of this thesis project are;

* Implementation of existing Noord-Holland grid (1%Y¥ and 380 kV) in
RTDS.

» Extension of the grid to future scenario with lavged power plant.

» Finally, validate the RTDS model and conduct dyratests.

The organization of this thesis is as follows:

Chapter-2: literature review of power system betawviand simulation methods.
The features of RTDS are also discussed.

Chapter-3: in this chapter the implementation a$txg Noord-Holland in RTDS
and its validation are discussed.

Chapter-4:  this chapter deals with the extensiorthef existing grid with large
wind power plant. The existing technologies of witdbines are
discussed plus how the simplified wind power plantmplemented in
RTDS. Then, simulation results from the expandéd gre discussed.

Chapter-5: conclusions and recommendations aregive
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Chapter 2

Review of Power System Behaviour and Simulation
Methods

2.1 Power system behaviour

The behaviour of power system is related to it$itglmf responding to the change in
energy/power balance of a system, i.e. the aliitgtore a fraction of energy change
into its electrical and mechanical components dugawer unbalance. Depending on
the response time for the power unbalance ther¢haee ways in which the power
system can store a fraction of the energy; primemgrgy conversion, mechanical
inertia and passive electrical components (LC patars of the grid). As a result of
this energy storing and transferring, there areghphenomena that occur in power
system [1].

Electromagnetic phenomena

Electrical transient of the network are within tinseale of 1§ seconds to 19
seconds. In this phenomenon the system tries te she fraction of energy in its
electrical components like the inductors and capesi But the charging and
discharging time constants of these componentyveme small. Hence, the resulted
transient phenomena can have large oscillationinvittis time frame.

Electromechanical phenomena

Dynamic response of system generators due to th&ting inertia is within time

scale of 10 seconds to 10 seconds. In this phenomenon themsysies to store a
fraction of the energy into its mechanical compdng@me rotor of the machines) in
terms of its rotor anglé. Compared to the electrical components the mechhni
component has larger time constant to store theggrodange.

Thermodynamic phenomena

The energy conversion process from primary enemyces within time scale of
seconds to hours. In this phenomenon the largdidraof energy change can be
controlled by monitoring the conversion of the paitp energy source. The response
time is longer compared to the other phenomena.

A major element of power system analysis is themhation of the group of energy
storage or exchange transients that are appropiiatde study of each specific
problem. So the complexity of power system simalatanalysis and component
modelling depends on the desired phenomena undestigation.
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2.2 Power system simulation methods

Corresponding to the above power system phenom#mera are at least three types
of simulation methods: electromagnetic transieontygr system dynamic and power
dispatch (load flow) simulations.

Electromagnetic Transient (EMT) simulation

It is also called instantaneous value simulationse to simulate an electromagnetic
transient phenomena. For this simulation method rifuelel of the power system
components is complex as smaller time constaninpetexrs are considered. To solve
the equations of the network model the require@ tatep is irus.

Power System Dynamic (RMS) simulation

This simulation method deals with electromechanitahsients and neglects the
electromagnetic transients of the network. Hencepmnsiders only the fundamental
frequency components of voltage and current. Thaptexity of the component
models is reduced by neglecting differential equedi that involve smaller time
constant parameters. Hence, compared to EMT simnldbnger time step can be
used to solve the network equation. A typical tistep used for power system
dynamic simulation is 10 ms.

L oad flow and power dispatch simulation

This simulation method is used to solve the stestdie power flow equations of the
network. The time constant for the steady stateatjmn (thermodynamic process of
primary energy conversion) is in the order of saleeconds to minutes. So all the
differential equations involved in the network mbdee assumed to be constant.
Hence the power flow equations become algebraiatems that can be solved using
an iteration method like Newton-Raphson method.

Depending on the power system phenomena to be wéhlt the behaviour of the
power system component has to be modelled with dbeesponding detailed
algebraic and differential equations.

2.3 Power System Representation

According to [2] overall power system representatimcludes models for the
following individual components:

* Synchronous generators and the associated exoitaystem and prime
movers governor system.

* Interconnecting transmission network includingistbtads.

* Induction and synchronous motor loads or dynanmadso

» Other devices such as HVDC converters and SVCs
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2.3.1 Synchronous generator s and the associated excitation system and prime
movers

The synchronous generator model is a combinatiatifidrent equations: equation of
motion, rotor circuit equation and stator voltagpi&ion. It might be interesting to
consider the magnetic saturation effect too. Thedehwf the generator can be
represented in different degree of complexity deljpemon the assumptions made and
interest of power system phenomena to be dealt with

The stator circuit equations of a synchronous geperare given in equation (2.1).
All parameters are in pu.

d :

a‘//d =g +tRi; -wy,

d :

S¥a= &R Ty, (2.1)
Where the d and q axis flux linkages are given by:

Wy =Lyl + Lyl + Loy

Y=L, L

aq’'1q

Similarly the rotor circuit equations of the synchous generator are given in
equation (2.2). These equations hold for one g-@amper winding system.

d .

awfd =€y ~Ryly

9y =R,

dt [//ld - Rm 1d (2_2)
d .

awm =Ryl

Where,
Wig = ~Lagly * Lyalg + Laghg
Wy = —Lagly + Lol + Ly

g = ~Laglg t Lyl

The rotor torque or motion equations are givenguation (2.3):

d [T -T] . .

—aw = —™—= whereT_ = ,a = rotor speed

dt r 26()5H e wd J| ¢/q !j r p (p

%5: w-1,where 1isthe ratedl in pu (2.3)
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. d d . .
In the stator voltage equat|ons—tz//d and —¢_ influence the electromagnetic

d dt™ ¢
transients of the electric network. Terms in the®renotion equations influence the
behaviour of electromechanical transient respordee number of differential
equations required depends on the interest ofigmnphenomenon to be dealt. For

electromechanical transient simulation the termedqnation (2.1),0%1//d and %l//q

can be assumed constant apdis also assumed equal to 1 pu. Hence, the nurobers
differential equations that are involved in the@taoltage equation are decreased.

The degree of saturation in the magnetic circudifferent for the d-axis and g-axis
fluxes. For example the g-axis flux path of salipate rotor is mostly through the air
gap, so it is possible to neglect the g-axis stituraffect. For stator magnetic circuits
it is possible to represent the effect of saturatiodifferent ways like by taking two
saturation parameters corresponding to 1.0 angbd.2rminal voltage on the open-
circuit saturation curve of the machine or moreusately by taking up to ten points
on the open-circuit saturation curve of the maghin

The excitation and governor control systems of dbaerator should also modelled
appropriately. Each control system either excitattw governor can be represented
with differential equation; respectively to conttbke excitation field voltage and the

input mechanical torque. For example equation @ws a diode rectifier excitation

control system.

d Ka(\/ref _Vt _Vs) - KeEfd

i t

d Kf g Efd 'Vs

Sy= —dt (2.4)
dt t;

An example of a typical steam turbine governor nagl@lso described as shown in
equation (2.5).

dx
dTm B tha-'- X_Tm
dt t, (2.5)
Klwy ~w)-
ax _ (@ ~) X, wherei:R (droog
dt t, K

2.3.2 Inter connecting transmission networ k

To model a transmission line there are two possds| either the lumped (it can be T
or PI equivalent circuit) or distributed paramdteavelling wave) line model can be
used. When the travelling time of the signal over transmission line is less than the
simulation time step, the Pl equivalent circuit dppropriate. For example, for
integration time step of 5fs and propagation velocity of 3*én/s, all transmission
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lines with a length of less than 15 km are represkiy the Pl equivalent circuit.
When the travelling time of the signal is largeernhthe integration time step, it is
better to use the travelling wave line model.

2.3.3 Induction and synchronous motor loads

The synchronous motor can be modelled in the saayeas synchronous generator.
The direction of the power flow is however diffetefeven for the case of an
induction motor it is possible to use the same @doce as that of the synchronous
motor. For induction machine case the followingfetiénces have to be taken into
account: the rotor has symmetrical structure, repmed varies with load and there is
no excitation voltage source applied to the rotorxdmgs. As a result for induction
machine the dynamics of the rotor circuit is deieed by the slip.

2.4 Mathematical tools to solve power system equations

The model of a given power system component isesspted by a combination of
algebraic and differential equations. So, mathesahtools like iterative methods and
numerical integration methods are required to sdhe algebraic equations and
differential equations respectively.

2.4.1 Iterative methods to solve algebraic equations of power flow

To perform the time domain analysis first the alitstate of the system must be
determined by calculating the power flows and nedéages for specified bus
conditions. At the terminal of the bus a sourcéya or a transmission line can be
connected. Depending on the type of the componenheacted to the bus, either
active power, reactive power, voltage magnitudphase angle can be specified.

Using the current injection equation and node awmite matrix of the network, the
iteration algorithm can be developed to estimagevhilue of a state variable till the
error converges to specified tolerance.

According to [2] the current injection equation adimittance matrix of the network
are described by the following equations. Equatf@ré) shows the injection of
current |, at node k with node voltadé, and power flow ofB, andQ, . Equation

(2.7) shows the current injection in relation witle node admittance matri§, and
node voltag¥, .

L= (R-iQ)NY (2.6)

- n

L= YV + Z (V). i=1.n (2.7)

i=1j#k
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The above two equations are the heart of the iberatigorithm. There are different
iteration methods to solve the algebraic (lineat monlinear) equation of power flow;
like Gauss-Seidel and Newton Raphson methods.

Gauss-Seidel method: this technique is the oldest method used to salM@ear
system of equations. For a set of linear equatpsessed in matrix form the values
of the variables can be calculated using this ntetha convergence can be granted
only for symmetric or diagonal dominance matrix.

From the above equations, the iteration equationauss-Seidel method can be
derived as given by equation (2.8):

R Q1 s v v (2.8)
Ykak Ykk i=lizk

V, =

Generally this method has the following advantages power system linear
equations.

» Simple, reliable and usually tolerant of poor vgetaand reactive power
conditions.

* Low computer memory requirement.

» Computational time increases with system size.

The disadvantage of this method is the slow corersrg rate (because of the weak
diagonal dominance of the node admittance matrix).

Newton-Raphson method: the best known method to solve non-linear algebrai
equations in power system analysis. For fast cgarare of this method the iteration
should start with values that are nearly closeetsirdd values (initial guess of voltage
and angle must be close to the desired final valtregrwise the convergence is poor.

The iteration equation for Newton-Raphson methodesved form equations (2.6)
and (2.7) as shown below.

R+IQ =M NV
i=1
R :VkZ(GkiVi cosf,; + BV, sing, )
i=1
Q =V X (G, sing,; - B, cod, |

i=1

After some mathematical simplification, the chamgd®, and Q, at each node can be
defined as a function of changesvMnand @ as shown in equation(2.9).
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oP 0P

AP NG 909V
=J , whereJ = 96 v is the Jacobian mat (2.9

AQ AV 0Q 0Q

06 oV

This method has the following advantages.

» For reasonable initial guess this method has vendgonvergence rate, at
least quadratic.

» Computational time depends on the size of problem.

» Suitable for large systems requiring very accusatation.

* The iteration process repeated until the errorslaneer than a specified
tolerance.

The disadvantage of this method is that with a poitial value guess oY and @ it
will not converge.

Fast decoupled load-flow (FDLF) method

As mentioned in [2], this method neglects the wdagendence between P-V and Q-
6. As a result it neglects the terné%:i andg—(; of the Jacobian matrix. By applying
these simplifications to a Jacobian matrix of NewRaphson method the
computation of AP and AQ can be done as shown below in equation (2.10). The
Jacobian matrix has an impact on the convergendkeoiteration solution but does
not directly affect the final solution [2].

ap=P pg
gg (2.10)
710=2Lav
Q=

The approximation result in small increase in numbk iteration but reduce the
memory requirement.
The advantages of this method are:

* Reduces memory requirement.

* Its convergence rate is linear.

* Less sensitive to the initial voltage and reacpoever conditions.
* Provide rapid solution with good accuracy.
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2.4.2 Numerical integration methods to solve differential equations

In power system analysis there are not only algel@quations but also differential

equations. To solve a given differential equatiog,t) :;ﬂ, it is possible to apply
t

either of the following methods.

a)

b)

Euler Method: first order numerical integration procedure, iesighe first two
terms of Taylor series as shown in equation (2.Xdj, solving ordinary
differential equations with a given initial valu€his method is numerically less
stable for stiff equations than other methods. Alowith its slow error
convergence this method is not often used for cempumerical integration.

Vn+1 :Vn + AV

2.11
AV :At((ii_\t/ _, ), WhereV =f ¥ 1 ( :

For sufficient accuracy the time st&p has to be small otherwise the windup or
propagation of error will result in numerical insigy. However smaller time
steps take more computational time and the propagarror may affect the
numerical stability. To overcome this limitatioretiModified Euler Method can
be implemented which uses predictor and corredggpss The corrector step can
be used repeatedly until successive steps convétehe desired accuracy. The
limitation of Euler predictor-corrector step methsdhat it is not self-starting so
it needs more computer storage and requires sntiatlersteps.

Runge-Kutta (R-K) Method: this method has different family of numerical
integration methods depending on orders of Taylries approximation. The
most commonly used is'4order R-K method, given in equation (2.12), wigifs

adjusting step size and an accumulated error inftier ofAt°.

Vn+1:Vn+%(K1 + K2+ X3+K 4 (2.12)

Where,
Ki=f(V,.t,)At

K1 At
K2=fV, +—.t +—)At
(\'A > 2)A

K2 At
K3=f(V,+—.t,+—)At
Vot e
K4=f(V, +K3t, +At At

Gill's version of 4" order R-K (R-K-G) method has the advantage of minéd
rounded errors and storage requirements are reduced

Both Euler and Runge-Kutta methods are explicit @uoal integration methods
for ODE and they have weak numerical stability wstiff systems. Stiffness is
associated with the range of time constants us#tkisystem model.

10
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¢) Trapezoidal Rule: 2" order Trapezoidal rule is the simplest impliciteigration
method. It uses linear interpolation. The stiffneéshe system being analysed
affects the accuracy but not the numerical stgbilit

In the trapezoidal integration method the valueaoVariable is defined as a
function of previous time step value and curremietivalue. The equation is given
by equation (2.13).

Voo 2V + SV 1) # £ (V) (2.13)

This method is numerically stable and has robusgmation routine compared to
other methods. Generally for systems involving dation in which time steps are
limited by numerical stability conditions ratheathaccuracy, implicit integration
methods are better suited than explicit integratmathods.

2.5 Power system simulation tools

Based on the power system phenomena and availadtleematical analysing tools
different power system simulation software packaaescompared (all of them are
time domain simulation software). PSS/E, DigSILENMIATLAB (SimPowerSystem
Simulink toolbox and PSAT toolbox) and RTDS are amthe software packages to
be compared.

2.5.1 Power Systems Simulation for Engineers (PSS/E)

PSSI/E is an integrated, interactive program foruttng, analysing and optimizing
power system performances. It can be used for thiedysof power system

transmission network and generation performancesteady-state and dynamic
condition like analysis of power flow, fault analysand dynamic simulation events
[1]. Hence PSS/E is not suitable for the study lettomagnetic transients which
need a detailed model of power system components.

To implement the network model of a given poweteysin PSS/E, first one has to
examine the physical components like transmissioes| generators, loads and
control systems (excitation and governor). Thendion the relevant equations and
parameter values to be used. Finally, change thdeemation into the form of a
PSS/E input data file format (both in load flowaatput file and dynamic data input
file). PSS/EWorking file contains differenfctivities (data input files, power system
analysis functions and result output listing file©nce the appropriate information
and parameters of the system are identified, the step is to put these values to the
data input file Activity using the text editor mode. Then it is possiblel¢évelop the
graphical representation of the system. By selgdtie desired mathematical analysis
from the Solution Activity it is possible to see the response of the systsimyua
Reporting Activity.
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In PSS/E some components of a power system nedtavte equivalent circuit
parameter representation to be implemented indke idput file, for example a three-
winding transformer, otherwise it impossible to Ierpent such components [1].

2.5.2 Digital Simulator for Electrical Network (DIgSILENT)

DIgSILENT Power Factory is a dedicated electricalvpr system simulation tool
used by the power-system utilities [3]. DIgGSILEN@shthe ability to simulate load
flow, RMS simulations and electromagnetic trans@&rénts.

It provides models for different types of simulaiso models for electromagnetic
transient simulations on the bases of instantaneaaisies and models for

electromechanical simulations on the bases of RElI8Bes. This makes the models
useful for studies of fast transient events dugrid fault and long term power quality
and control issues. For example, RMS simulatiomrmisre appropriate for long

simulation periods by neglecting the electricahsiants, as in the study of power
system dynamic behaviour and power quality. Ondttmer hand EMT simulation is

useful for a simulation of the short period grichbeiour during faults.

DIgSILENT provides both a comprehensive library ofodels for electrical
components in power system and a dynamic simuldioguage (DSL). Hence, there
are two types of models in DIgSILENT, built-in adgnamic simulation language.
Built-in models are standard electrical componemidets, already existing in the
DIgSILENT library like generators, motors, contes, dynamic loads and various
passive network elements (such as lines, transfsinséatic loads and shunts). DSL
models are models components created by the udér tve help of dynamic
simulation language. This makes it possible forsise create their own blocks either
as modifications of existing models or as compjetedw models. These new models
can be gathered in a library.

Finally, a given grid can be modelled in a graphmavironment where the power
system component models (built-in models) are drdedyopped and connected.

2.5.3 MATLAB

Matlab is a high-level programming language for htecal and engineering
computations [4]. It combines programming, compataand visualization in an easy
to use environment where problems and solutions expressed in familiar
mathematical notation and programming languagencpdiypical uses include:

* Mathematical computation

* Modelling and simulation

» Data analysis, exploration and visualization

» Scientific and engineering graphics

» Application development, including graphical usgerface building
* Simulink and State flow block-diagram graphicaside environment

12
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There are different Matlab based graphical toolsoi®at can be used for power
system analysis. Among these are SimPowerSysteRS)(@&nd Power System
Analysis Toolbox (PSAT).

SimPower Systems: is a modern design tool that allows scientistd angineers for
rapidly and easily modelling, simulating and analgspower systems [4]. It uses
Matlab as computational engine hence it is posdiblase Matlab toolboxes during
design and it can also support linear and nonlisgatems modelled in continuous
time. During modelling a graphical user interfaGJ() can be used to build models
as block diagrams by click-drag operations. Witis thterface, the desired dynamic
systems can be easily built. SimPowerSystems geemtthe Simulink environment
hence it can include a comprehensive built-in blbbkary of sinks, sources, linear
and nonlinear components, and connectors in additidhe power system blocksets.
Using S-Functions it is also possible to custonarel create user-defined blocks.
Models are hierarchical, so they can be built udmth high-level and low-level
modelling approaches. The system can be viewedhaghalevel, then double-click
blocks to go down through the levels to see inéngdgevels of model detail.

The simulation speed of the system that contairfferdnt components, like
generators, power electronics and transformergisficantly depend on the type of
mathematical tool used to solve the algebraic aifielrential equations.

PSAT: is a Matlab toolbox for static and dynamic aneysnd control of electric
power systems [5]. Power flow routine and stataavée initialization is the core of
PSAT. Further it can perform the following analysientinuation power flow (CPF),
optimal power flow (OPF), small-signal stability aysis (SSSA), time domain
simulation (TDS) and phasor measurement unit placgm

For accurate static and dynamic power system asaliASAT supports different
component models for power flow data (bus bar tyfransmission lines and
transformers, generators, constant power loadsitirees and optimal power flow
(generator power reserve, power supply and demaasl dnd limits), switching
operations (transmission line faults and transmisdine breakers), measurements
(bus frequency and phasor measurement units), I¢anltage dependent loads,
frequency dependent loads and ZIP loads), machisyschronous machines and
induction motors), controls (turbine governors, AVIRSS, over-excitation limiters
and secondary voltage regulators) and regulatengsformers (load tap changer with
voltage or reactive power regulators and phaseirstpifransformers). Using the GUI
future of PSAT it is possible to draw a one lindwak diagram, set system and
routine parameters and plot results.

PSAT has Newton-Raphson and Fast Decoupled Poveer Fération methods to

solve algebraic equations and it uses Forward Enkthod and Trapezoidal method
to solve the differential algebraic equations.

2.5.4 The Real-Time Digital Simulator (RTDS)

This digital simulator is a special purpose computeitially designed to study
Electromagnetic Transient Phenomena in real-tinjeTbe RTDS is a sophisticated
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digital simulator both in computing hardware andaded models of power system
components, in other words it is hardware-softwaineulator. The RTDS hardware
consists of different cards that contain the digagagnal processors. While the
software called RSCAD has a power system componadel library and GUI
environment to assemble a given network. Once #teork is assembled, it should
be compiled to map each component to the processmt4o generate the low level
machine langue for the Runtime module operation.

2541 RTDSHardware

RTDS hardware is Digital Signal Processor (DSP)ebaand utilizes advanced

parallel processing techniques in order to reduoe tomputation burden for

continuous real time operation. The RTDS hardwateracts with RSCAD software

during the run-time and it performs all computasion real time. In order to realise

and maintain the required real time computatiofiedint racks can be utilized. Each
rack has processing cards with digital and anald¢Deports (triple processor card

(3PC), RISC processor card (RPC), GIGA processat @PC)) and communication

cards. All these cards are interconnected to etiwr asing the common backplane to
facilitate data exchange between individual prooessand between racks.

The RTDS hardware in HCPS lab of Delft UniversifyTechnology contains 8 racks
and each rack has 7*3PC, 1*RPC, 1*IRC and 1*WICdsain total there are 184
processors;

8*7*3 = 168 processors of 3PC type, and
8*1*2=16 processors of RISC type

Processing cards

1) 3PC: each 3PC card contains 3 ADSP-21062 digital signatessors (they are
also called shark processors) that are used taheisimulation. The number of
power system and control system component modatscdn be included in the
simulation is determined by the available numbertluése processors. The
processors need 25 ns to perform each instrucyicle of a component model.

In addition to the processors each 3PC card hdsgueaoutput channels, which
can be used to monitor signals from the simulatidre digital input/output ports
are also used for digital signal input/output feteenal equipment.

2) RPC: each RPC card contains 2 IBM PPC750CXe PowerPCepsors. Unlike
the 3PC processors RPC processors do not havdaofuuit ports they are only
used to solve the network during simulation. Thegd 1.67 ns to perform each
instruction cycle of a component model.

3) GPC: each GPC card contains 2 IBM PPC750GX PowerPCepgsmrs. These
GPC processors can be used to solve the netwoirkgdsimulation. Plus they
have analogue output channels for signal exchaiideexternal equipment. They
need 1 ns to perform each instruction cycle ofdtx@ponent model, mostly these
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processors are used for small time model of powstesn components that need
small time steps up to 2.
Communication cards

There are two communication cards; to that fat¢ditdata exchange between racks
and between racks and the work station computer.

1) Inter-Rack Communications Card (IRC): In multi-rack simulation cases the
data exchange between processors residing on sepacks is accomplished
through high speed communication channel mountethenRC. A single IRC
card provides bidirectional data communication piadim one rack to the other
six racks.

2) Workstation Interface Card (WIF): In addition to IRC, each rack has one WIF
card that facilitates the communication betweenRA®S and the host computer
workstation through ethernet cable based local aetaork. WIF do not have any
effect on network solution, it regulates and faatks data package exchange both
between racks and between racks and the workstatimputer during simulation.

2.5.4.2 RTDS software

In addition to the dedicated hardware the RTDSusa&s friendly GUI software called
RSCAD. RSCAD has different Module/Activities for tmerk assembly (Draft,

Runtime, Transmission line and cable modelling nesjuand it has also a library
with a detailed component models. The RSCAD GUI ut@dhcludes;

a) Draft Module: used for network assembly and data entry. In thisdule
individual component icons can be selected from libeary section and then
placed on the network assembly section. The libcdriRSCAD has both power
system and control block components under diffegeotps.

b) Runtime Module: using this module it is possible to run a simalatand analyse
the response of the simulation both in graph anteraeln addition to graphical
view of signals, any control actions such as faapiplication or set point
adjustment can be made dynamically in this module.

c) Transmission line and Cable modelling modules. used to enter the data of
physical geometry and configuration of overheadndnaission lines and
underground cables.

2.5.4.3 RTDS Advantages and Limitations

Even though the RTDS has a capability of compuboth in digital mode and real
time, it has also some limitations. Of course nafsthese limitations are related to
the available number of processors and the tygearfessors, some of the component
models are processor type dependent.
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Advantages

Since RTDS combines the real-time operating proggedf analogue simulators with
the flexibility and accuracy of digital simulatigoprograms, there are many areas
RTDS can be applied which were performed by anaagnulators [7].

1) Exchange of signals between the real world and dimeulator like in
protective relay and control equipment testing.
2) Interactive operations of the simulation by mousskaction.

Limitations

Even though the RTDS has a capability of compuboth in digital mode and real
time, it has also some limitations. Of course nafsthese limitations are related to
the available number of processors and the tygearfessors, some of the component
models are processor type dependent.

1) Trade off between number of processors and compatéime. For a given
number of processors as the size of the netwoneases, the computation
burden of the processors also increases and theyebmout of the real time
operation mode. Plus in some cases two or thregpopent models (either
control block component models or some power systemponent models)
can be assigned to a single processor while som@rpsystem component
models need a single processor for one model ddty. the number of
available processors must be larger than the nunabepower system
components to be implemented. Thus, the size of ribevork to be
implemented affects the real time computation caéipabf the simulator.

2) Limited flexibility in the data entry options of ogponents.

3) In the case of using more than one rack lower liroft inter-rack
communication time. The minimum time needed foelifrtack communication
channel is a single time step, and a transmissm@ni$ used to establish this
communication. Hence, the length of this transroissine is determined by
the time step and the minimum length could be 15&n%0pus time step.

To summarise the above time domain simulation sofwpackages based on their
capability to analyse the interest of power syspi@nomena,

R/
0.0

PSS/E is used to analyse power system dynamic aiionland load flow.

+ DIgSILENT is used to analyse EMT simulation, powsrstem dynamic
simulation and load flow calculation.

% SimPowersystem is used to analyse EMT simulatiowep system dynamic
simulation and load flow calculation.

« PSAT is used to analyse power system dynamic stioolaand load flow
calculation.

% RTDS is basically used to analyse EMT simulatiohibean be also used in

dynamic simulation and load flow calculation.
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Except RTDS all the other software packages arereahtime simulation methods.
According to [8] and the user manual of the abasMéwsre packages, the following
table summarises the comparison.

Table 1- 1: Comparison of ssmulation softwar e packages

PSS/E DIgSILENT SPS PSAT RTDS
Component Generator 395" 7" 7" 395" 7"
model model
Generator S1.0, S1.2 S1.0,S1.2 10 points gn10 pointon | S1.0,S1.2 or
saturation the OC curve| OC curve 10 points on
parameters OC curve
Transmission | pi-model pi-model, | pi-model, pi-model, pi-model,
line model distributed | distributed distributed distributed
line model | line model line model line model
Static load Exponential | Exponential| ZIP load ZIP load Exponentia
model and ZIP load | and ZIP and ZIP
load load
Solution Load flow Gauss-Seide| Newton- Gauss-Seidel| Gauss-Seidel Newton-
methods | (iteration and Newton-| Raphson and Newton- | and Newton- | Raphson
method) Raphson Raphson Raphson
Dynamic Fixed step | Variable Both Euler | Both Euler | Dommel-
solution trapezoidal | step and and EMTP
(numerical trapezoidal | fixed/variable| fixed/variable| (trapezoidal)
integration) step step
trapezoidal | trapezoidal
Simulation time| user defined | user defined user defined | user defined | user defined
step (>=10 ms) inusorms [iNnusorms |inusorms |inus
User Event definition| GUI and GUI and GUlandin |GUlandin | GUI using
interaction | and modelling | using C using DPL | Matlab Matlab the library
programming| or DDL programming| programming| components
and C and C
Data input GUIl or text | GUl input | GUI or text GUI or text GUI input
(data input | window window
file)
Data graph/text graph graph/text graph/text graph
output/display
Simulation | Electromagneti¢c No Yes Yes No Yes
type transient
Dynamic Yes Yes Yes Yes Yes
simulation

T SPS (SimPowerSystems)
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Chapter 3

Implementation of Existing Noord-Holland Grid

3.1 Introduction

The existing grid of Noord-Holland will be implented on the RTDS based on the
available models in VISION and DIgSILENT. The gtalbe implemented consists of
150 kV and 380 kV voltage level substations anccégtral generation units. In the
given system there is a total active power loa84#9 MW and reactive power load
of 1347 MVAr. Among this power demand, 1606 MW waetpower and 536 MVAr
reactive power is generated by the central genexatéll these generators are
connected to the 150 kV substations via a trangorithe loads are aggregated to the
150 kV substations with corresponding summed-upr@@nd reactive power. The
Noord-Holland grid is connected to the rest Natigral through a 380 kV substation
at Diemen. As shown in Table 3- 1 the remaining3L80N active power and 747
MVAr active power is delivered by TenneT nationabtgvia Diemen 380 kV infinite
bus. Below Figure 3-1 shows the geographical vieNaprd-Holland grid.

Figure 3- 1: Geographical location of Noord-Holland grid map: Red (380 kV)
and Blue (150 kV) transmission lines.
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In the present day power system the topology hasrang hierarchical structure.
There are a few centralized large power plants pnatluce the power demand of
consumers. The power flow is top-down from the poplants to the consumers.

Table 3- 1. Average generated power by the central Generatorsin Noord-

Holland grid.

Central generators S (MVA) P (MW) Q (MVAr)
HW-E8 692 650 238
VN25 421 360 132
[IMO1 145 125 73
DM33 232 231 83
AVI-1 40 40 12
AVI-2 40 40 26
AVI-3 68 68 15
PU-1 64 63 2.5
HVCA 30 30 18
Total generated 1606 600
power

TenneT 1803 747
Total load demand 3409 1347

Figure 3- 2 shows the simplified single line netkvdiagram of 150 kV and 380 kV

Noord-Holland grid.
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Figure 3- 2: Simplified single line diagram of Noord-Holland grid model.
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3.2 Modelling of the existing grid in RTDS

As explained in the previous chapter there is detraff between the number of power
system components to be implemented and the nuofbavailable processors in
RTDS hardware. As shown in

Figure 3- 2 the existing Noord-Holland grid consisif a large number of power
system components so it is not possible to implértrenwhole grid in one rack of the
RTDS. The following points are the main reasonglitode the grid into different
racks:

« Computation time increases proportional to the siz¢he network and the
minimum integration time step to be used for reialet operation also
increases.

* For real time computation the number of componemdsigned to each
processor has to be balanced, for example a symehsogenerator needs one
processor while more than one control block comptmean be assigned to a
single processor for a given time step.

To simulate the Noord-Holland grid in real time redthe network must be divided
into different racks as shown below in Figure 3- 3.
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Figure 3- 3: Schematic division of Noord-Holland grid into different racks of the
RTDS.
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As the network is divided between different radkss necessary to have a real time
data communication and exchange between these. rfeakgalise this, each rack has
an Inter-Rack communication channel card that ¢ieeability to communicate with
other racks (maximum of six other racks).

To do this a transmission line has to be implengrae least with a travel time equal
to a single integration time step. For /integration time step, the travelling time of
the transmission line that interconnects two ranksst be greater than or equal &b
For example for the speed of light, 300,000 km/sppgation velocity of the
electromagnetic wave the length of the line musgieater than or equal to 22.5 km.

Generally, the propagation velocity of an electrgnetic wave through a
transmission line or a cable depends on the induetand capacitance values. For a
given values of L and C, the propagation velocifytie electromagnetic wave is
given by:

v, = /L_lC ,  Wherey, is propagation velocitym/s (3.1)

Therefore, the travelling time of the electromagnefave is give by:
t, =JLC ; wheret, is travelling time in seats

For the implementation of the existing Noord-Holland griRifDS, the lines shown
in Table 3- 2 are used as interconnecting transmissios. liRer the real time
simulation of Noord-Holland grid implemented in RTDS the imimim computation

time required is 7us. Hence the integration time step must be greater thars.75
However, the travelling time for some of the lines is wrothan the required
integration time step of 7s.

For those lines whose travelling time is shorter thamg/Sheir inductance (L) and
capacitance (C) values are adjusted to result in a tnageline of 75us. After this
adjustment the original line length has increased hyesfactor. This causes a change
in the line impedance and current flow magnitude anctiine. So it is not possible
to say this model has the same network parameters a®ftihé actual Noord-
Holland grid.
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Table 3- 2: lines used for interconnecting different racks

Transmission line| Travelling Original line Line length in| Between
name timet, =JLC | Lengthinkm km,t = 75us Racks of
in us

BVW-OSZ-ZW 35.63 15.94 33.56 #3 and #6
DMN-VW-WT 39.40 4.40 8.38 #4 and #5
DMN-VW-ZW 39.40 4.40 8.38 #4 and #5
AMV-BZ 46.78 5.975 9.58 #4 and #5
DMN-OSZ-ZW 51.72 15.94 23.12 #3 and #5
DMN-OSZ-WT 51.72 15.94 23.12 #3 and #5
OTL-WYW-ZW | 53.39 15.26 21.44 #1 and #2
OTL-WYW-WT | 53.39 15.26 21.44 #1 and #2
OTL-WYW-GS 53.39 15.29 21.44 #1 and #2
HW-NDK-PS 55.67 6.30 8.49 #4 and #6
HW-NDK-ZW 55.67 6.30 8.49 #4 and #6
HW-NDK-WT 55.67 6.30 8.49 #4 and #6
AMV-NMR 94.51 9.924 N/A #3 and #5
NMR-VW 112.22 12.799 N/A #3 and #4
DMN-WYW-WT |198.84 22.28 N/A #2 and #5
DMN-WYW-GS | 198.84 22.28 N/A #2 and #5
DMN-WYW-ZW | 198.84 22.28 N/A #2 and #5
OTL-VLN-ZW 253.60 25.61 N/A #1 and #3
OTL-VLN-WT 253.60 25.47 N/A #1 and #3
HW-VLN-WT 284.52 24.686 N/A #3 and #6

In addition to real time simulation it is also possible dondn-real time simulation. In
the case of non-real time simulation the integration time stépeagimulation can be
adjusted. During a non-real time simulation the integnatime step can be equal to
the travelling time of the shortest interconnecting transmisséioa while the
minimum computational time required for each integrationetistep remains the
same as the real time simulation. For non-real time simuolatie integration time
step can be reduced to 85 (equal to travelling time of BVW-0OSZ-ZW) while the
computational time for each integration time step remaiBsu3 (minimum
computational time required). So for non-real time satiah, there is no need to
adjust the travelling time of the lines and hence the lipgedance remains the same
as the original value. The non-real time simulation will beduto validate the RTDS
model.

Once the network has been divided into different raitlesnext step is to implement
each power system component and the necessary lcthdoks using the Draft
module of RSCAD as shown below in Figure 3- 4.
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The Draft module of RSCAD is used to assemble the &t interconnecting the
component models from the library. In the following, tresatiption of the power
system component models in the RSCAD library is given.

Synchr onous gener ator

In the RSCAD library the available synchronous generatodel uses either the
fundamental or operational parameters. For most of énergtors the available data
is in dg axes parameters hence all generators are nibdedieg the dq axes
parameters.

The model of the synchronous generator in RSCAD neebdransient and transient
parameters, i.e. it is d"7order model. In the DIgSILENT model of Noord-Holland
grid the sub-transient and transient values of all the gtorerare available in dq axes
reference. All used parameters of the synchronousergéors are available in
Appendix C.

Controls of Generators

In RSCAD all possible IEEE standard generator controlesys are available. For
excitation control there are different models like; EXAQ@dy, EXST types, EXDC
type, EXPIC type, IEEET and IEEEX types. As mentionefiL0] all the generators
are equipped with the appropriate excitation control sysfdhithe controls block

diagrams and parameter values are shown in Appendix B.

For the governor control there are also standard canwdels in RSCAD. Under this

group there are gas turbine governor, hydro turbmegor, steam turbine governor
and IEEE standard governors. Similar to the excitatiorirolsn the block diagrams

and parameters of these controls are available in App@&adix

2-winding 3-phase Transfor mer

The required data of 2-winding 3-phase transformemaminal power, Voltage ratio,
leakage reactance and no-load loss. All these datavaitable in both VISION and
DIgSILENT models. The leakage reactance can be deffired the short circuit
voltage and the iron loss data. The parameters of thmding 3-phase transforms
are listed in Appendix C.

3-winding 3-phase Transfor mer

For 3-winding 3-phase transformer model except the leakegctance all the data is
directly available in the DIgSILENT model. The leakagaatance can be calculated
from the short circuit voltage percentage and the iron dbshe windings.

According to [3] the leakage reactance between twalwgs can be calculated as
shown in Equation(3.2).
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PCU,HV—MV D_OO%

u =
rSC.HV-MV Min(SrT,HV’SrT,MV)D'OOO

— [ 2
U s v -mv —\/u schv-mv ~ Ut s pv-mv

U _
XgHV-MV ~ —I'Sf'OH(\)/%';A ! (3.2)

whereu, o,y real part of the short-circuit voltage HV-MWin
U < nv_nvy IMaginary part of the shoiteuit voltage HV-MV in %
P, copper loss in kW
S rated power of HV winding in MVA

rT,HV

S+ w rated power of MV winding in MVA

This calculation is repeated for each pair of windindge parameter of leakage
reactance for each transformer is available in Appendix C

L oads

In RSCAD library all possible load model types are awdglapassive RLC, ZIP,
exponential ZIP and dynamic loads. For the implementafiati the loads in Noord-
Holland grid, the constant active and reactive powet toadel is used.

The set-point for this load model can be controlled aredaduring the Runtime
module using sliders; this helps to see the effect af l@aiation easily. The active
and reactive loads connected to each substation aneshdppendix C.

Transmission line

There are two types of transmission line models; travelvage transmission line
model and Pl section models. Both of these models aitable in RSCAD.

For a travelling wave transmission line model there is arsép data entry module in
RSCAD. In this module it is possible to enter either physpabhmeter data or
equivalent RLC values.

For the physical parameter data entry option the usedshto enter all the necessary
data like, rated voltage and current, conductor radiugertbeight and DC resistance
of the conductors. For equivalent RLC option the ugeds to enter the positive and
negative sequence RLC values per km and the total lehtftle tne.

The travelling wave transmission line model is used toempint an interconnection
channel between two racks and it can also be used vathick as long as the
travelling time is greater than a time step.
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For travelling time of less than a time step the transmmdsie model is implemented
by the PI section line model. Pl section model is us#yg within a rack. In PI section
model, the user needs to enter the positive and negatuesisce equivalent RLC
parameters.

Voltage sour ce

The voltage source model is used as an infinite sotwaeresent the external grid)
to balance the active and reactive power flow. Plusabmected to the slack bus to
keep the magnitude and the phase angle of the voltages aeference value; for
example..0 pu atd 6.

The external grid is implemented using a voltage sowitle a positive sequence
reactance determined by the maximum short-circuit cuaethat connection point.
According to the VISION model the negative sequeneeteace is the same as that
of the positive sequence. The positive sequence reacta derived from the ratio of
nominal voltage and maximum short-circuit current.

The reference voltage at the connection point to ttiema grid, at Diemen 380 kV,
is 1.05 pu, this means the voltage level at this substaid0 kV. In RTDS model
all the substations of 380 kV had to be implemented as kAOGubstations for
consistency.

Runtime module of RSCAD

Once the network has implemented successfully the nexisstepcompile the Draft
file. During compilation a low level machine language codegeserated and the
components are assigned to the available digital signaépsors.

After a successful compilation the Runtime module cangened. On the right side
of the Runtime module GUI environment all online racksufhbe available with red
indicators.

Using the Runtime module of RSCAD different actions lbarapplied and graphs and
meters can be used to see the response of these actions
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Figure 3- 5: Runtime module of RSCAD.

3.3 Validation of the model

To validate this model a comparison is done with the @Msland DIgSILENT
models. The load flow values of RTDS and VISION armpared. For the dynamic
behaviour the comparison is done with the DIgGSILENT etod

3.3.1 Steady State value validation

In order to verify the implemented model of Noord-Hollandd gn RTDS, a load
flow value comparison has been done with the VISION ehdBloth network models
are the same.

In Table 3- 3 the load flow node voltage values for IRIDS and VISION models
are shown. In addition to the node voltages, the cwrgmbugh the lines are also
shown in the Appendix A.
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Table 3- 3: load flow value comparison between RTDS and VISION

U % angle %

Substation Name |Unom U [pu] angle [degrees] error error
kV. | RTDS | VISION | RTDS | VISION

Velsen 150 | 0.996 | 1.003 -8.969 | -8.495 | -0.70% 5.58%
Anna Paulowna 150 | 0.981 | 0.983 | -14.225 | -13.484 | -0.20% 5.50%
\Wijdewormer 150 | 1.012 | 1.014 | -9.790 | -8.973 | -0.20% 9.11%
Noord Klaprozenweg| 150 | 1.004 | 1.000 -3.847 | -3.618 0.40% 6.33%
Hoogte Kadijk 150 | 1.002 | 0.998 -3.978 | -3.750 | 0.40% 6.08%
Venserweg 150 | 1.033 | 1.036 -7.604 | -6.768 | -0.29% 12.35%
Bijlmer Zuid 150 | 1.031| 1.034 | -7.715 | -6.902 | -0.29% 11.78%
Amstelveen 150 | 1.031| 1.034 | -7.733 | -6.991 | -0.29% 10.61%
Vijfhuizen 150 | 0.998 | 1.006 -9.591 | -9.288 | -0.80% 3.26%
Haarlemmermeer 150 | 0.993 | 1.002 |-10.104 | -9.793 | -0.90% 3.18%
Bijimer Noord 150 | 1.034 | 1.037 -7.261 | -6.660 | -0.29% 9.02%
Oterleek 150 | 0.999 | 1.002 | -11.535 | -10.808 | -0.30% 6.73%
Diemen 150 | 1.038 | 1.041 -6.951 | -6.045 | -0.29% 14.99%
s-Graveland 150 | 1.027 | 1.029 -8.062 | -7.149 | -0.19% 12.77%
Hemweg 150 | 1.006 | 1.002 -3.615 | -3.384 | 0.40% 6.83%
Nieuwe Meer 150 | 1.028 | 1.031 -7.959 | -7.207 | -0.29% 10.43%
\Westwoud 150 | 0.985 | 0.987 | -13.283 | -12.546 | -0.20% 5.87%
Diemen 380 | 1.053 | 1.053 0.000 0.000 0.00% 0.00%
Oostzaan 380 | 1.051 ] 1.051 -0.405 | -0.483 | 0.00% -16.15%
Beverwijk 380 | 1.050 | 1.050 -0.891 | -0.947 | 0.00% -5.91%

As shown in Table 3- 3 the load flow results from RTD& more or less similar to
the VISION load flow result. The load flow voltage diffecenbetween RTDS and
VISION model is less than 1.0%. Even this differenceld¢de the result of the way
how the load flow equations are solved by the software

3.3.2 Dynamic behaviour response validation

In this part the dynamic behaviour comparison betwee®DREnd DIgSILENT

models is done. For the dynamic behaviour comparisoshat-circuit test is

performed at four different substations in both modets.tke purpose of validation
with the DIgSILENT model all generators are not equippétli any control system
during these tests. They have only constant excitationgeléand constant input
mechanical torque.
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Test One; Short-circuit test at Diemen 150 kV

For this short-circuit simulation, a fault with &Xgrounding resistance and duration
of 600 ms is applied at Diemen 150 kV substation. Jihaulation results from both
RTDS and DIgSILENT models are shown in Figure 3- 6erEthough the voltage
dips during a fault are comparable, the post-fault resgpoare not exactly the same.
In RTDS model the oscillation is small but the rise timh¢he voltage after clearing
the fault is longer. However, the general response behrasazomparable in both
models as shown in Figure 3- 6.
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Test two: Short-circuit test at Westwoud 150 kV

At Westwoud 150 kV substation a short-circuit fault witl®2 grounding resistance
and duration of 600 ms is applied. During this shoxtgtrfault the voltage drops to
0.35 pu. As shown in Figure 3- 7 the post-voltagellason behaviour of the voltage
response is not still exactly the same as the DIgNILEnodel but they are
comparable. The magnitude of the short-circuit curremtsbnost the same.
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Test three: Short-circuit test at Noord Klaprozenweg 150 kV

During a 3-phase to ground fault with @& resistance and 600 ms duration the
behaviour of the voltage response is shown by FiguBe At this substation the post-
fault voltage response shows large oscillations comparpevious substations. This
happened because there are generators in the nearbwddel 50 kV substation. This
oscillation is the reflection of the generator rotocilbstion because the frequency of
the oscillation is in the range of 1 Hz. As shown in Figg#@& the behaviour of the
voltage response after clearing the fault is almost the damboth RTDS and
DIgSILENT models. The short circuit current is a littie gmaller for RTDS model.
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Test four: Short-circuit test at Velsen 150 kV

The voltage response at Velsen 150 kV substation duriBgplaase to ground fault
with 4 Q resistance and 600 ms duration is shown in Figure 3h€.RTDS model
gives less oscillation response compared to the DIgSILEnodel. Even in the
DIgSILENT model the oscillation damps faster for this tste than the other test
cases. Here again the magnitude of the short-circuit dufoe the RTDS model is
smaller.

36



Chapter 3 Implementation of Existing Noord-tdoltl Grid

B N T P MLNSC  loms,
1.25 —= 20 NSO dons
a 15
o.7s 12
= . =
£ E
= 2
0.5 E=1
o.2s5 E
o o
o 1 = = E = o 1 =3 3 a =
time [s] time [=]
== 4000
e S |
o110 =
= sceoo |—— L VN
=
5 o oo =
& I e R
z‘-\"‘\.___a -
oo fF———— & — - .
o=s |- e

graphson theright side are pu voltages and on the left side short-circuit currentsin kA.

37



Chapter 3

Implementation of Existing Noord-Holla®uid

At last the following points summarise the dynamic behaveammparison between
the RTDS and DIgSILENT models of Noord-Holland.

The voltage response from the RTDS model shows ksBation magnitude.
For the RTDS model the oscillation damps faster.
RTDS model gives smaller voltage rise just after thut fdeared.
Generally the two models have comparable dynamic responses

Below Table 3- 4 shows the percentage error from timenmical value comparison of
voltage and short-circuit current just after the fault pustl before clearing the fault.

Table 3- 4: Percentage error between the RTDS and DIgSILENT modelsfor the

voltage and short-circuit current.

150 kV substations Voltage Short-circuit current
JAF | JBCF JAF JBCF
Westwoud 4.90% 10.4094.10% | 9.60%
Velsen 6.70% 10.10%8.30%  9.80%
Noord Klaprozenwe @ 5.10% 6 12% 6.609 12.309
Diemen 5.40% 1.40% 4.409 1.609

[=)

* JAF —just after the fault
* JBCF -2just before clearing the fault

As shown in Table 3- 4 the average error for the veltagd the short-circuit current
is around 10%.
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Chapter 4

Expansion of Existing Noord-Holland Grid to a Future
Scenario

This chapter discusses the future extensions on thedNéalfand grid. The future
grid scenario will be developed by expanding the curradtaj Noord-Holland with
large wind power plant. The chapter starts by descrithiaguture grid scenario. The
available wind turbine technologies are also discussedr Afée¢ the possibilities to
model these wind turbine generators in the RTDS is disclid ast, the way how to
develop the future grid with large wind power plant iscdssed. Test results with
large installed wind power are shown finally.

4.1 Future grid scenario

According to [10] in 2007 there were 94 GW installed dvippwer worldwide and
among this the share of Europe was 61%. The averageahgrowth rate was 25%.
This shows each year a huge amount of wind powereeacting to the grid.

According to the goal of the Dutch government the capaf the off-shore wind
power in the Netherlands will be increased to 6 GW 029]. To achieve this goal
there are three scenarios outlined about the growttif-ahore wind power. One of
these scenarios is the callBdsic Scenario; according to this scenario the growth rate
of the installed wind power is equal from 2008 to 2020.

According to the TSO of Noord-Holland grid [Liandom}ithout a major upgrade of
the existing grid it is possible to install only 3 GW powemutro-CHP and wind
generation. From the micro-CHP it is expected each hoilgs@hNoord-Holland will
have 1 kW average output power. Assuming there wilitii@ut 1 million households
in Noord-Holland; this gives about 1 GW total power from nei€HP. So the
remaining 2 GW power is assumed to be generatedfishofe wind farms.

Based on théBasic Scenario of the wind power installation growth, there will be
around 0.167 GW power growth each year from 2002020 in Noord-Holland
region. For example in 2015 the installed wind power wilabmund 1.2 GW. For the
connection to the grid Beverwijk 150 kV is the proposmzhtion in Noord-Holland
region.

4.2 Wind turbine technology

In a wind farm there are a number of individual wintbines interconnected to each
to form small groups. These small groups also intercaadeo form the large wind
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farm. Based on the technology used, there are difféypet of wind turbines in the
market.

There are two categories of wind turbines based onpgheating speed behaviour of
the machine used: fixed speed wind turbine and varigeledswind turbine.

Fixed speed wind turbines operate within very small raoigenechanical speed.
Squirrel cage induction generator (SCIG) is classifieder this category.

Variable speed wind turbines operate within a wide rarigeechanical speed. Under
this category there are two types of wind turbine: d#®udbd induction generator
(DFIG) and full converter synchronous generator (FCE8)h of these turbine types
are equipped with a power electronic converter that atewhe generator side
frequency to a grid frequency.

According to the distribution of turbine technology [10]FIB will be the most
dominant wind turbine in the future market. The mairsoeafor this dominance is:

v" DFIG operates in wide range of speed compared to SCIG.

v' The power rate of a power electronic converter Gse®FIG is small fraction
(around 25%) of the generated power compared to FCSG.

Both DFIG and FCSG are able to supply some amountactive power in addition
the active power from the wind. Hence, from grid stabpivint of view they help for
fast recovery of node voltage after clearing a fauli.[1

4.2.1 Models of wind turbine

According to % there are three types of models for the representafiaind turbine
in power systems. These models are: squirrel cagectith generator, double fed
induction generator and direct drive synchronous gemeratl these turbine models
use the mechanical torque input from the wind to gendatelectric power. When
there are a lot of wind turbines on the same location theybe aggregated into a
single wind farm model for power system simulation.

Aerodynamic behaviour of wind

The kinetic energy of the wind is converted to a useful aowdssible electric power
with the help of wind turbines. As the wind blows through tilwrbines, it loses some
of the potential kinetic energy. This energy is used teedifie shaft of the turbines.
The aerodynamic power extracted from the wind is desdriby the following
equation:

P =5 AV, (3.3)

Where, A= area swept by rotor blade in the direction of the wind.
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p = air density
V,,= wind speed

Practically it is not possible to extract all kinetic ener§yhe wind. The maximum
possible efficiency of the wind energy conversion isuad 59%. So, the above
equation is modified with the power coefficient teZm

P, :%Ap\/vfcp (4,6) (3.4)

Where,C, (A,6)= power coefficient

J=T@
VW

6= blade pitch angle

: tip speed ratiom,, = mechanical speed of the generator

The mechanical torque input to the generator rotor shaffteigdtio of wind power
captured divided by the mechanical speed of the gemerds shown in equation
(3.5) it is possible to control the instantaneous toigpat to the generator using the
tip speed ratio and the power coefficient.

1
P EAvapr (A’H)

Tm =W =
@, @,
C, (1,6
= % Aprv;? —* (/1 ) (3.5)

FITGH

N °
WIND1 WIND mis SPEED
LT I +sT

1o Vw TOROUE
Tm
Wi

Figure 4- 1: Wind turbine model in RSCAD. The inputsto the turbine arewind
speed (m/s), pitch angle of blade (degree) and mechanical speed of the generator
(pu). The output is mechanical torquein pu. (Source[6])

For constant speed wind turbines the power coefitaC, depends only on the ratio

between the linear speed of the tip of the bladh réspect to wind speed, and not
on the pitch angle of the blades [11]. Thas, is defined as a function of only.
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18.4
C,(1)=0.4 L 13.2je”i
/1i
1 (3.6)
where, A, :1—
1—0.003

On the other hand, for variable wind turbines tbevgr coefficient depends on both
tip speed ratio and pitch angle of the blades. Asws in equation (3.7) the

mechanical torque of wind turbine is mainly corlzdlby the wind speed, pitch angle
and operating mechanical speed of the generator.

(A -3)

C,(1,6)=(0.044- 0.0169) s o

}— 0.001§4- )8 (3.7)

Squirrel Cage Induction Generator (SCIG)

The squirrel cage induction generator is one ofldhsic models of wind turbines.

This induction generator supply electric power i@ grequency and it is possible to

connect it directly to the grid. The operating sbeé SCIG is always close to the

synchronous speed, within the range of 1% to 2Waealbloe synchronous speed. This
is why SCIG categorised under a fixed speed wingirte type generator.

According to the aerodynamic model of wind turbinga® instantaneous mechanical
input torque, that is needed to drive the inductienerator at mechanical spegg

is controlled by the power coefficie, and tip speed ratid. This type of operating
speed control is called passive stall control [11].

The drawback of SCIG type wind turbines is thalythlkvays consume a considerable
amount of reactive power. Therefore, reactive poe@npensation mechanism such
as a capacitor bank as shown in Figure 4- 2 shioeilohcluded at the terminal of the
generator. Using this reactive power compensatias possible to operate close to
unity power factor.

T
L L) 1 oid
— XS
SCIG Softstarter  |FE s
Capacitor Bank

Figure 4- 2: Grid connected SCIG. (Source[12])
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Double Fed Induction Generator (DFIG)

The DFIG is a variable speed wind turbine. The r@tndings of this generator are
accessible through the slip rings. Hence, it issfmds to control the rotor winding
voltage both in magnitude and frequency [10]. Asvah in Figure 4- 3 the rotor
winding of DFIG is connected to the grid using avpo electronic converter. The
power electronic uses a PWM to control the freqyesidhe rotor winding in relation
to the grid frequency.

The rating of this power electronic converter isyansmall fraction of the total power

generated by the wind turbine. So, the dimensiothefconverter is small compared
to the full converter system.

7

o |
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Figure 4- 3: Wound rotor induction generator with a VSC on therotor side
(DFIG). (Source[12])

For DFIG the power extracted from the wind is coléd by both: tip speed ratio and
pitch angle of the turbine blade. This type of @agh to control the aerodynamic
efficiency is called pitch control [11].

Fully Controlled Synchronous Generator (FCSG)

A fully controlled synchronous generator is a vialéaspeed wind turbine. This model
consists of a synchronous generator and a fullesealtage source converter. The
generator can use either excitation winding or mnp@ent magnet. In the case of a
permanent magnet, it is hard to control the reactpower generated by the
synchronous generator and permanent magnet mashinere expensive than other
machine types.

Synchronous generator with an excitation windingnigstly used. In this case the
reactive power generation is governed by the gidé s€onverter while the active
power is determined by the mechanical power corfrimg the turbine.

Since FCSG uses a full scale converter it is ptsdil use any type of electrical
machine in addition to a synchronous generator. grfteside converter converts the
generator side frequency to the basic grid frequefRigure 4- 4 shows the schematic
layout of FCSG connection to the grid using a $atle converter.
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Figure 4- 4: A fully controlled synchronous generator connected to the grid with
afull scale back to back voltage source converter in the stator side. (Source[12])

4.3 Implementation of wind turbines in RTDS

Generally it could be possible to implement eithgre of wind turbine models in
RTDS but in RSCAD version of 1.204 there is no dagicated wind turbine model.

For the implementation of SCIG it is possible t@ uke induction motor model in
RSCAD with a positive mechanical torque input asvam in Figure 4- 5. This
mechanical input torque is supplied by the windite. For small scale wind farm
connection the reactive power demanded by SCIG moaye too large. But for large
wind farm production it is not easy to compensatetfie consumed reactive power.
For a connection of large wind farm at high voltéenel with a real power in the GW
range, the reactive power consumption could be l&mge. So, it is a must to
compensate this huge reactive power demand by 8€il@g a capacitor or other VAr
compensation technique otherwise it may lead ttagel instability.
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Figure 4- 5: grid connected induction generator in RSCAD. Positive mechanical
torque input to the induction generator is derived from the wind turbine model
asshown in Figure 4-1.

In the RTDS it is possible to implement the DFIGngsthe existing wound rotor
induction generator and a back-to-back voltage caaonverter (VSC) at the rotor
side as shown in Figure 4- 6. The wound rotor itidac generator and the
corresponding VSC are available in RSCAD librarydemn small-time step model
group. These small-time step models require a pewecalled GPC card. GPC card
has a capability to perform all the computationghase models at time step that is
much smaller compared to other power system compomedels. The maximum
possible time step required to solve the model @ffband VSC is around 2.
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In the RTDS hardware set in HCPS group of Delftvdrsity of Technology the GPC
cards are not available. As a result it is not {pbsgo use the existing model of DFIG
in RSCAD. Another alternative method to model DRfGto use the control block

components in RSCAD [13]. A controlled current sieuis used to inject the current
coming from DFIG model which is developed usingteoinblock components. While

using this model it is not possible to connect wgromore than 35 MW otherwise the
controlled current source component give numeiitstability error. Even above 20
MW of power the injected current has some ripplésnce, this model is not good
enough to connect large wind farms of GW power.

o
&
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Ere)

2 oxk opk v 4y 4w

Figure 4- 6: the DFIG model developed in RSCAD. The voltage sour ce converter
is connected between the rotor and the stator side. The mechanical input torque
to the generator isderived from the wind turbine model as shown in Figure 4-1.

According to [14] and [15] it is possible to model FCSG in RTDS with the
appropriate control system for the voltage soummeverter. Figure 4- 7 shows how a
FCSG model can be implemented in RSCAD Draft madileould be possible to
use this model to study the nature of a give giiti wmstalled wind power.
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!
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Figure 4- 7: synchronous generator connected to grid with afull scale voltage
sour ce converter. (Source[14])

45



Chapter 4 Expansion of Existing Noordieind Grid to a Future Scenario

Generally the off-shore wind farm is connectedh® on-shore grid by using HVDC

system. The HVDC system electrically decouplesairal farm system from the grid.

Hence, the fault response of the wind farm is goedrby the HVDC connection

technology rather than the wind turbine technologgd. The response of the HVDC
system to the voltage dip caused by a fault is m@tdy limiting the current output

of the converter [11].

As mention by [16] distributed generation sourcen ¢ connected to the grid
indirectly through a power electronic convertere$é converter connected large wind
power sources can be modelled either using a wlsaurce converter or using
constant PQ-source model.

Based on [16] for power system dynamic study ofdagystem, constant PQ- source
model can be used. In this model the current iaped¢d the grid by the grid side

converter is the quantity of main interest. Thisrent is derived from the active and

reactive power supplied the grid side convertee @btive power is coming from the

wind. The equation for current injection is:

___nhR
| =T w 3.8
¢ J3V cosd (3.6)

Wheren= efficiency of the generator
co®= pf; power factor of at the coupling point
V, = line voltage
R,=wind power

Large wind farms connected to a grid via a full wenter can be disconnected from
the grid when the connection point voltage levapdrbelow a predefined minimum
value. It is possible to use two minimum voltageelealgorithms [16] to control the

current injected to the grid. The voltage ride tigio algorithm is defined as shown
below:

Current calculation algorithm
ReCIUil’edi PW (Pnom); COS@; Vm'nl; Vmin2; Irrax(V| _rated )

= — TR
° \/_3/, cosd
eseif Vhyint 2 V| = Viyine then
_ _ nR
g =1 wherelpay = ———2%——
’ i e \/é\/l_rated CO§

else{ Vi <Vm'n2}

lg=0
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4.4 Simulation results of Noord-Holland grid with large wind
power input

After connecting 1.2 GW wind power to the existigord-Holland grid different
simulation tests are conducted. The value of thage at all substations shows an
average rise of 3%. With these initial voltagesftilwing four tests are done to see
the response of the expanded grid.

* A 3-phase to ground fault at Westwoud 150 kV sulsta
» Loss of VN25 generator

» Rise in active power demand at Westwoud

* Reactive power demand reduction at Westwoud

Then the response of the voltage at Westwoud, YeBemen 380 kV and Hoogte
Kadijk substations will be discussed. For all téstihis section the generators are
equipped with the corresponding control system#) bacitation and governor.

Compared to the existing grid, after connecting@W¥ wind power the voltage level
at substation raised. Figure 4- 8 below showsdtisparison.

Voltage comparison without and with 1.2 GW wind power
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Figure 4- 8: Voltage value comparison before and after 1.2 GW wind power
connection.
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Dynamic test one: 3-phaseto ground fault at Westwoud 150 kV

A 3-phase to ground fault is applied at Westwou® k¥ substation with a fault
duration of 100 ms. During this fault the voltage/alsen drops below 0.8 pu hence
the current coming from the constant PQ source inisdi@mnited to its rated value.
However, it is still supplying around 80% of theie@ power because the voltage
drops is around 0.8 pu at Velsen.

Figure 4- 9 shows the voltage response for thea&@to ground fault at Westwoud
150 kV substation. After clearing the fault, theltage response of the 150 kV
substations clearly shows small oscillations. Camgao the 150 kV substations
Diemen 380 kV substation shows no oscillation. Dean880 kV substation is the
connection point to the external TenneT grid tisaglectrically very strong for such
disturbances.
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Figure 4- 9: Voltageresponse at Westwoud (WEWrms),Velsen (VLNrms),
Diemen 380kV (DM N380K rms) and Hoogte Kadijk (HK Arms) substations
during a 3-pahse to ground fault at Westwoud 150 kV substation.

Figure 4-10 shows the voltage response at Westwdatsen, Hoogte Kadijk and
Diemen 380 kV substations during a 3-phase to gtdaanlt at Westwoud before 1.2
GW wind power is connected at Velsen. From Figwe 4and Figure 4- 10 it is
possible to do comparison between the existing gnid the expanded grid with 1.2
GW wind power input. The comparison is based on 3khghase to ground fault
response at Westwoud 150 kV substation.
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For the existing grid, i.e. without 1.2 GW wind penythe response of the voltage at
the shown substations hardly shows any oscillatibvisereas after connecting 1.2
GW wind power the response of the voltage givedlismsaillation but the oscillations
are within narrow range. Compared to the respohseeoexisting grid without wind
power, it seems the connection of large wind paveeild lead to unstable condition.

WEWrms VLNrms DMN380Krms HKArms
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Figure 4- 10: Voltage response at Westwoud (WEWrms),Velsen (VLNrms),
Diemen 380kV (DMN380Krms) and Hoogte Kadijk (HKArms) substations
during a 3-pahse to ground fault at Westwoud 150 kV substation before
connecting 1.2 GW wind power at Velsen 150 kV substation.
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Dynamic test two: Reduction of active power generation at VN25 gener ator

The active power generated by VN25 generator asarell50 kV substation is
reduced from 360 MW to 45 MW by changing the sgtiooint of the rated power

from 0.86 pu to 0.125 pu. When the active poweregated by VN25 generator
decreased 315 MW, the grid gets the required amotirg#ctive power from the

infinite voltage source. Figure 4- 11 shows thetagé responses at Westwoud,
Velsen, Diemen 380 kV and Hoogte Kadijk substatiovieen the active power

generated by VN25 generator is decreased from 380tivi45 MW.

Due to the time settings of governor control, teeerator takes few seconds to reach
the stable operating point. During this time one sae the generator rotor oscillation
on the voltage response of the near by substatidnse the system reaches the stable
operating point the voltage damps and returnsstoriginal value.

The voltage response from this test shows thaodgeof a generator could not lead to

major voltage instability as long as there is arggrconnection (this case the infinite
voltage source).

VWEWrms WINms DMN3§0Krms HKAms

1.08

1.07

1.06

Voltage inpu

1.03

1.02
0 0.27 0.54 n.82 1.09 1.36 164 191 218 246 273 3

time in sec

Figure 4- 11: Voltage response at Westwoud (WEWrms),Velsen (VLNrms),
Diemen 380kV (DM N380K rms) and Hoogte Kadijk (HK Arms) substations when
VN25 gener ator reducesthe active power generation.
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Chapter 4 Expansion of Existing Noordieind Grid to a Future Scenario

Dynamic test three: risein active power demand at Westwoud to 400 MW

For this test case it is assumed that the actiad Bt Westwoud 150 kV substation
rise from 163 MW to 400 MW without changing the atdge power demand. As
shown in Figure 4- 12 the rise in the active loathdnd causes a voltage drop at all
substations but at Westwoud the drop is large (@@%0).

Again in this case when the load raised to 400 Mi&/riew 233 MW power demand
is supplied by the infinite voltage source at Dien830 kV substation. During this

power unbalance the central generators couldn’plguiis power gap because they
are PV generator types. Hence they keep supplisgig tated power output only.
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Figure 4- 12: Voltage response at Westwoud (WEWrms),Velsen (VLNrms),
Diemen 380kV (DM N380K rms) and Hoogte Kadijk (HK Arms) substations when
the active power demand increased to 400MW at Westwood.
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Dynamic test four: reduction of 48 MVAr reactive power demand at Westwoud

In this test the active power load is set to itgioal value and the reactive power
demand of 48 MVAr is reduced to 0 MVAr. The redoatiof this reactive load could

be equivalent to the injection of that much reactpower locally at Westwoud 150
kV substation. The reduction of the reactive podemand resulted in the voltage rise
at all substations as shown in Figure 4-13. Agaénwvbltage rise at Westwoud 150 kV
substation is very significant compared to othdrssations.

Generally if there is large amount of reactive poimgection locally, the voltage level
could rise by considerable amount.
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Figure 4- 13: Voltage response at Westwoud (WEWrms),Velsen (VLNrms),
Diemen 380kV (DM N380K rms) and Hoogte Kadijk (HK Arms) substations when
areactive power demands at Westwood decreased by 48 MVAr.

To summarise section 4.4, the following are thénrpaints:

* The voltage response gives small oscillations aftearing a short-circuit
fault.

* Reduction of active power generation shows immedatltage rise but
finally the voltage returns to its original value.

« The rise in active power demand decreases the geolievel at the
substations. If there is a rise in active power a@etnin parallel to the wind
power installation, the voltage levels at the safists could remain constant.

* The reduction of reactive power demand elevatesviitage level at the
substations. Hence if there is a voltage drop gmbihe possible solution is
to supply some amount of reactive power locally.
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Chapter 5

Conclusions and Recommendations

5.1 Conclusions

The object of this thesis was to implement thetagsgrid of Noord-Holland with the
future scenario extensions in RTDS, but due to slinmigations it was not possible to
implement the grid in real time simulation mode.eTmitation is that some of the
travelling wave transmission lines which are usedrgerconnecting lines between
racks do not have the required travel time for tmaé simulation. The non-real time
simulation mode is used to adjust the integratioretstep used in order to have the
required travel time.

The grid is implemented and the validation is dbaeed on non-real time simulation
mode. Once the grid has validated the LC parametérshe travelling wave
transmission lines can be modified to do a read timulation.

The model in the RTDS is validated based on thereahtime simulation results.
Steady state (load flow) value comparison is donih whe VISION model. The
magnitude and phase angle of the voltage for mdxttations are within 1% and 10%
respectively. The line currents of most transmisdines are also within 10% error
range. From the dynamic behaviour validation, tleengarison with DIgSILENT
model gives almost the same result; the generpbrese behaviour of both models is
comparable.

Due to the lack of GPC cards in RTDS hardware & wat possible to implement the
existing DFIG model of wind turbine in RSCAD. Hentlee large wind power plant

is connected to the grid with a simplified constB@ source model. The connection
of the wind power plan to the existing grid leadsoltage level rise at all substations.
But if there is also a parallel load rise equivalemthe installed wind power, this

voltage rise will not happen. Based on the shoduti response, the dynamic
behaviour of the grid with 1.2 GW installed windwer gives small oscillations

hence it is relatively less stable than the exgstjrid.
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5.2 Recommendations

Based on the following recommended ideas the RTD8etof Noord-Holland grid
can be improved in future works.

1. Possible grid modifications

* Once the RTDS model of Noord-Holland grid is val&th based on the
non-real time model, it is possible to use the riiedimodel for real time
simulation.

* To use the RTDS model for real-time simulation, lihe LC parameters
must be changed to a possible minimum value of &f&2 to give the
required travel time.

* The transformers can be extended with corresponidiad tap changers
(LTC) but this option needs extra processors andreases the
computation time required.

2. Expansion of the grid model with wind power plant

On the RTDS model of Noord-Holland grid the windwgo plant is

implemented by simplified constant PQ source modelvever, in the future
work the exact model of the wind power plant cob&l implemented using
either of the following options.

* Remodel the existing DFIG model [13] from previausrk in such a way
that it can work at higher voltage levels.

» Existing DFIG model in RSCAD with some changes I texisting
hardware set. This option needs extra processdrtbat is not available
this time.

* By modelling the FCSG using the existing model BGAD. This option
does not need new hardware cards like existing DRt@el. However, the
corresponding converter control system must be itextiappropriately.

Before connecting these wind farm models to thd gmbdel, they must be
verified first.

3. To implement other proposed extension scenariotheoRTDS model of
Noord-Holland grid, first make sure the remainingnbers of processors are
enough.
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Appendix

A. Test data of Noord-Holland grid in RTDS

Table A- 1: Linecurrentsin the RTDS model

Line name Measured at RTDS VISION |_% error
I [A] I [A]
HW-NDK-WT NDK 514 513 0.19%
HW-NDK-PS NDK 516.4 515 0.27%
HK-NDK-WT NDK 273.3 273 0.11%
HK-NDK-zZW NDK 273.3 273 0.11%
HK-NDK-GS NDK 273.3 273 0.11%
HW-VLN-WT HW 1212 1220 -0.66%
VHZ-VLN-ZW VHZ 340 332 2.41%
VHZ-VLN-WT VHZ 334 326 2.45%
DMN-VW-WT VW 780 771 1.17%
DMN-VW-ZW VW 776 767 1.17%
VW-ZVD-ZW ZVD 227.4 227 0.18%
HK-VW HK 46 46 0.00%
VW-ZVD-GS ZVD 227.4 227 0.18%
APL-OTL-ZW APL 368 367 0.27%
OTL-WYW-WT OoTL 498.6 487 2.38%
OTL-WYW-GS OTL 498.6 488 2.17%
DMN-WYW-GS WYwW 694.7 689 0.83%
DMN-WYW-WT WYW 699.4 693 0.92%
BZ-VW-WT VW 240 238 0.84%
BZ-VW-zZW VW 240 238 0.84%
AMV-BN BN 441 416 6.01%
AMV-BZ Bz 90.3 96 -5.94%
HW-NDK-ZW NDK 523.5 522 0.29%
DMN-GVL-ZW GVL 418.7 419 -0.07%
DMN-GVL-WT GVL 424.3 424 0.07%
DMN-WYW-ZW WYW 699.8 694 0.84%
OTL-WEW-WT WEW 336.2 336 0.06%
VHZ-VLN-GS VHZ 290 285 1.75%
DMN-OSZ-ZW DMN 474.9 474 0.19%
DMN-OSZ-WT DMN 474.9 474 0.19%
AMV-DMN-ZW AMV 506 508 -0.39%
NDK-NDP-E NDK 245.3 243 0.95%
NDK-NDP-G NDK 2453 247 -0.69%
NDK-NDP-F NDK 2453 245 0.12%
BN-DMN BN 548 539 1.67%
OTL-WYW-ZW OTL 498.6 488 2.17%
NMR-VHZ VHZ 428 384 11.46%
NMR-VW NMR 475 458 3.71%
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HMM-VHZ-WT
HMM-VHZ-ZW
BVW-0OSZ-ZW
HW-0SZ-T401
HW-OSZ-T402
HW-0OSZ-T403
AMV-NMR
APL-OTL-WT
OTL-WEW-ZW
OTL-VLN-WT
OTL-VLN-ZW
404

402

401

403

0SZ 1401
0SZ T402
0SZ 1403

VHZ
VHZ
BVW
0SZ T401
0SZ 1402
0SZ T403
NMR
APL
WEW
OTL
OTL
DMN Tr404
DMN Tr402
DMN Tr401
DMN Tr403
OSZ Tr401
0SZ Tr402
OSZ Tr403

268.5
267.4
416.2
474.7
474.7
474.7
298.2
368.3
336.2
385.1
385.1
466.7
466.7
471.9
460.2
182.4
182.4
182.4

266
265
425
476
476
476
284
367
336
382
381
465
471
470
460
182
182
182

0.94%
0.91%
-2.07%
-0.27%
-0.27%
-0.27%
5.00%
0.35%
0.06%
0.81%
1.08%
0.37%
-0.91%
0.40%
0.04%
0.22%
0.22%
0.22%
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B. Governor and Excitation System Data

Excitation and Governor Control System Parameters

Table B- 1: Excitation and Governor Control types[10]

Generator name

Excitation control type

Governor control type

HW-E8 EXST1 (set 3) TGVO1l
VN25 IEEEX2 (set 2) TGVO1l
1IJIMO1 IEEEX2 (set 3) TGVO1l
DM33 SEXS (set 0) TGVO1
AVI-1 SEXS (set 0) TGVO1
AVI-3 SEXS (set 0) TGVO1l
AVI-2 SEXS (set 0) TGVO1

Opwek-PU-1 SEXS (set 0) TGVO1
HVCA SEXS (set 0) TGVO1l
it Wstab
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Figure B- 1. IEEEX2 Excitation control block diagram (source [6])

Table B- 2. IEEEX2 Excitation Parameters[10]

parameter set 2 set3
Tr 0.01 0.01
Ka 1108 500
Ta 0.01 0.001
Tb 0.001 1
Tc 0 0
Te 0.5 0.3
Kf 0.022 0.022
Tf1 0.5 0.5
Tf2 1.2 0.2
Ke 1.2 0
El 4 3.375
Sel 0.3 1.05
E2 2 4.5
Se2 15 15
Vrmin -8 -8
Vrmax 9.8 9.8
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Figure B- 2: EXST 1 excitation control block diagram (source [6])

Table B- 3: EXST1 Excitation parameters[10]

parameter value
Tr 0
Th 1
Tc 1
Ka 1000
Ta 0.01
Kc 0
Kf 0.015
Tf 2
Vimin -3
Vrmin -7
Vimax 10
Vrmax 4.9
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Figure B- 3: SEXS Excitation control block diagram (source [6])
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Table B- 4: SEXS Excitation parameters[10]

parameter value
Tb 0.9
Ta 10
K 35
Te 0.05
Emin 0
Emax 6
Lref
G { Vmax “);—o
4 . o nonT . mendc XY
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Figure B- 4: TGOV 1 Governor Control block diagram (source[6])

Table B- 5: TGOV 1 governor control Parameters[10]

parameter value
T3 6
T2 2
At 1
Dt 0
Pturb 0
R 0.1
T1 0.5
Vmin 0.125
Vmax 2
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C. System data of Noord-Holland grid in RTDS (confidential part)
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