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Abstract

In recent years there has been an increase in wind power plants installed out
at sea. The generated power of wind turbine generators (WTGs) are collected
through numerous subsea cables into a single hub, the offshore platform. Sub-
sequently, this platform is interconnected with the onshore main grid through
a further stretch of cable. In the event of a fault, a sudden increase in cur-
rent, so called short-circuit current, will occur somewhere in the system. The
short-circuit current will, depending on the duration and location of the fault,
potentially harm the power system. In order to accurately determine the di-
mensions and rating of the equipment installed in the offshore wind power plant
(OWPP), the magnitude of this current needs to be studied. Furthermore,
depending on the country in which the OWPP is installed, the transmission
system operator (TSO) might pose different low-voltage-ride-through (LVRT)
requirements on the system. One such requirement is that the installed tur-
bines should provide voltage regulation through injection of reactive current.
A type of generator able to achieve this is a so-called fully-rated converter wind
turbine generator (FRC WTG). Through a power electronic interface, the re-
active and active current components of the generator can be freely controlled.
With a high level of reactive current injected during a fault in the OWPP,
the short-circuit contribution from these FRC WTGs needs to be evaluated.
In this master’s thesis, a method has been developed in order to determine
the steady-state short-circuit contribution from multiple FRC WTGs. This
methodology is based on an iterative algorithm, and has been implemented in
the simulation tool PowerFactory. To evaluate the performance of the method,
two case studies were performed. In order to improve simulation times, an
already existing WTG aggregation model has been implemented to reduce the
number of turbines in the test system. From the results, it is concluded that the
method obtains the expected FRC WTG short-circuit currents with sufficient
accuracy. Furthermore, the deviation from the expected results are evaluated
using a numerical tool. This project was initiated and conducted at ABB in
Västerås, Sweden.
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Sammanfattning

Under de senaste åren har det skett en ökning av vindkraftparker installerade
till havs. Den genererade effekten från varje enskild vindturbin samlas upp via
havskablar till en platform där den transformeras till en högre spänningsni-
vå. Från platformen transporteras effekten sedan vidare in mot land genom en
längre kabel som ansluts till en landstation. Landstationen i sin tur är ansluten
till stamnätet. I händelsen av ett fel någonstans i system kommer höga ström-
mar att rusa, så kallade kortslutningsströmmar. Beroende på varaktigheten och
platsen för felet kan dessa strömmar vara skadliga för systemet. För att på ett
noggrannt sätt bestämma dimensioner och märkvärden på den utrustning som
ska installeras i systemet måste därför storleken på denna ström studeras. Ut-
över detta så kan nätoperatören, beroende på vilket land som vindkraftparken
är installerad i, ställa olika krav på hur systemet ska hantera spänningsfall i
felsituationer. Ett sådant krav är att vindturbinerna i parken måste bistå med
spänningsreglering medelst injektion av reaktiv ström. En typ av vindturbin
som klarar av att uppfylla dessa krav är så kallade helomriktade vindturbi-
ner. Via en effektelektronisk frikoppling kan generatorns aktiva samt reaktiva
strömbidrag kontrolleras fritt. Då en stor mängd reaktiv ström eventuellt kan
injiceras på grund utav en kortslutning i parken måste bidraget från dessa tur-
biner utvärderas. Under detta examensarbete har en metod för att bestämma
det stationära kortslutningsbidraget från ett flertal helomriktade turbiner ut-
vecklats. Metoden är baserad på en iterativ algoritm och har implementerats
i simuleringsverktyget PowerFactory. För att utvärdera metodens prestanda
har två fallstudier utförts. I avsikt att förbättra simuleringstiden har en re-
dan befintlig metod för aggregering använts för att minska antalet turbiner i
testkretsen. Sammanfattningsvis uppnår metoden erforderliga resultat, baserat
på de förväntade kortslutningsbidragen från vindturbinerna. De avvikelser som
uppträder utvärderas med hjälp av ett numeriskt verktyg avsett för den före-
liggande studien. Det här projektet initierades och utfördes på ABB i Västerås.
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Chapter 1

Introduction

1.1 Background
In order to reduce green house gas emissions, the European Union has initiated the
climate targets known as 20-20-20, as a part of the Europe 2020 strategy [1]. These
targets state, that by the year 2020 the following goals should have been achieved
by the union in whole; a 20 % reduction in greenhouse gas emissions from 1990 lev-
els, an increase in the amount of energy consumed from renewable energy sources
by 20 % and a 20 % improvement in overall energy efficiency [2]. The demand for
renewable energy is not only dictated by goals such as these, but also out of a safety
perspective. As a reaction to the Fukushima incident in 2011, Germany decided
that all nuclear power within the country should be phased-out by 2022. Further-
more, the energy produced by renewables should amount to 35 % by 2020 and 80 %
in 2050, according to the country’s climate goals [3]. In order to meet this growing
demand for renewable energy, the penetration of unconventional technologies such
as solar and wind power is expected to further increase [4].

To utilize the energy in the wind more efficiently, Offshore Wind Power Plants
(OWPPs) are installed at sea where wind velocities are higher, there are less issues
with land use and towers heights can be lower [5]. These plants are connected to
the onshore main power grid through undersea cables, which enables the remotely
generated electricity to be transmitted to the location where it is to be consumed.
When designing such a plant, there are multiple aspects that need to be taken into
consideration. System components need to fulfill requirements, while the plant itself
needs to interact with the onshore power grid in a non-detrimental way. Examples
of design studies that help to define these requirements are:

• Load-flow studies: Equipment ratings need to be according to the planned
output power of the OWPP. Cables and substation components should be di-
mensioned accordingly to avoid over-heating and electrical breakdowns caused
by high currents and voltages, which could permanently damage the equip-
ment.
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• Harmonic studies: Based on requirements of the Transmission System Op-
erator (TSO), harmonics injected into the main grid need to be kept below
specified values. The components installed in the OWPP should also be able
to handle the harmonics absorbed from the main grid, or the existing back-
ground harmonics amplified by the export cable. Theses studies also deal with
the requirements set for the amplification of background harmonics. Harmon-
ics can be mitigated using filters.

• Temporary overvoltage studies: The High Voltage Alternating Current (HVAC)
export cables installed between the offshore platform and the main land will
amplify voltage distortions in the main grid, causing overvoltages in the OWPP
[6].

• Short-circuit and fault studies: In the event of a fault in the main grid, or in
the OWPP, system components need to be able to withstand high currents
and over-voltages caused by the short-circuit.

In any type of system design, it is important that the type of requirements men-
tioned above are fulfilled, out of both a safety and operational perspective. The
system design engineer could therefore always pick components that have higher
ratings than what is observed in the studies, to be on the safe side. In order to
minimize costs, however, it is important that components are selected in such a
way that system requirements are fulfilled, while avoiding over-dimensioning of the
system. The design engineer therefore needs to decide on a trade-off between these
two aspects, to be able to perform reliable system studies.

One of the key components in an OWPP is the Wind Turbine Generator (WTG).
One type of WTGs utilized in modern OWPPs, are so called Fully-Rated Converter
Wind Turbine Generators (FRC WTGs), which are interconnected to the system
by power electronic converters [7]. These converters are able to control the power
angle of the generator, i.e. the amount of active and reactive current provided by
each generator. In the event of a short-circuit, the converter can provide voltage
support to the grid by injecting reactive current, and thus, resulting in a controlled
short-circuit current. The behavior of FRC WTGs during a fault will therefore be
quite different, as compared to conventional turbines based on asynchronous and
synchronous generators without power electronic converters. It is safe to assume
that there will be an increased share of FRC WTGs in the future which makes
current industry standards used for short-circuit calculations obsolete. It is also
plausible that a portion of new generation large-scale OWPPs will consist entirely
of FRC WTGs, as these comply with national grid codes defined by the TSO. These
grid codes contain requirements on the Low-Voltage-Ride-Through (LVRT) capabil-
ity of a WTG, i.e. the generators’ ability to remain connected during a low voltage
dip and provide support to the grid through reactive current injection. When per-
forming short-circuit studies of any such system mentioned above, the short-circuit
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contributions from FRC WTGs need to be taken into consideration, as the accu-
mulated reactive current injected by the turbines during the fault is non-negligible.

This thesis project was initiated by the system design group at Offshore Wind Con-
nections, part of the Power System Division at ABB (OWC), ABB, Västerås. Prior
to the project a pre-study was performed within the company by ABB employee
Johan Carlsson.

1.2 Purpose

A complete OWPP system design performed by ABB includes all components from
the Point of Common Connection (PCC), to the high voltage terminal of the WTG
transformer. The choice of WTG type and manufacturer is not included in this
design, and thus, handled separately by the customer. For system designs including
FRC WTGs, the short-circuit behavior of the turbine generator therefore has to be
assumed to comply with grid code regulations, and based on provided WTG man-
ufacturing data. There are numerous dynamic models showcasing this behavior,
e.g. [8, 9], and similar studies could be performed if a similar dynamic model was
provided by the WTG manufacturer. In the process of designing an overall system,
however, it is unpractical to perform such studies. In order to cover all relevant
short-circuit cases, a great number of different configurations and fault locations
need to be investigated, including normal operation setup and contingencies. The
process of setting up, running and evaluating dynamic simulations for a great num-
ber of WTG models, given these circumstances, should therefore be avoided.

When performing short-circuit studies for systems including conventional turbine
types, the industry standard IEC 60909 [10] is widely accepted. The IEC 60909
standard is a conservative method and is primarily used to determine the steady-
state short-circuit current. From the results other relevant quantities, such as the
transient peak current, are derived. This standard is, along with many other, im-
plemented in the power system tool PowerFactory. The software is developed by
German DIgSILENT (Digital SimuLator for Electrical NeTwork), and is the tool
used by the system design group at OWC for short-circuit calculations. In addition
to conventional standards, DIgSILENT has developed a complete short-circuit cal-
culation method based on the IEC 60909 standard [11]. By using a static calculation
method, the dynamic short-circuit behavior of FRC WTGs could be approximated
in a similar fashion.

The purpose of this thesis project is to develop and implement a steady-state short-
circuit calculation method in PowerFactory. The method should be aimed towards
Offshore Wind Power Plants utilizing Fully-Rated Converter Wind Turbine Gener-
ators.
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1.3 Previous Work

There are numerous sources found in the literature dealing with the intricate details
of reactive power requirements of OWPPs and grid code compliance [12–16]. The
Dynamic Voltage Support (DVS) required during LVRT dictated by national grid
codes in different countries, are summarized in [17]. The time-depending LVRT
stipulated by a national grid code provides a required voltage profile, which must
be sustained during the fault period. At a specific level of the recovery voltage,
however, the FRC WTG need to inject reactive current. For a given voltage drop
at the terminal, a specific Root Mean Square (RMS) reactive current value in p.u. is
defined by the grid code. In [17] the reactive current injection curves used by Spain,
Germany and Denmark for DVS are compared. Both the German and Danish grid
codes are based on a linear curve within a set voltage range, while the Spanish curve
is piece-wise linear. The German and Spanish grid codes also define the reactive
power absorption during high voltages. When designing an OWPP, the short-circuit
behavior of the FRC WTGs must comply with the above grid code requirements.
The short-circuit models used for the generators must therefore reflect the physical
behavior of the converters, as these control the active and reactive current injection
during a fault.

The dynamic short-circuit behavior of conventional WTGs can be found in [18]. In
the article, generic generator models of type 1, 2, 3 and 4 are developed and used in
dynamic short-circuit simulations for faults at the WTG terminal. Here, generators
of type 1 - 3 can be considered as conventional topologies while type 4 refers to
FRC WTG. The resulting behavior of each generator type is compared with an em-
phasis on type 1 - 3 generators. The authors conclude that the highest short-circuit
currents occur for three-phase-to-ground faults, but also that this type of fault is
rare compared to single-line-to-ground faults in an OWPP. The DVS of the type 4
generator during low terminal voltages is not explored. The dynamic short-circuit
behavior of the FRC WTG is concluded to act as a symmetrical current, limited to
1.1 times the rated converter current, for all types of faults used in the study. This is
due to the power converter’s ability to control all three phase currents independently.

Studies have been performed where the dynamic behavior of converter controlled
WTGs have been modeled and simulated. In [8] different control strategies used by
FRC WTG during LVRT for both HVAC and High Voltage Direct Current (HVDC)
systems are developed and compared. The voltage recovery of the HVAC system
is showed to be improved by the reactive current injection provided by the WTG
converter. Yet another control strategy used for FRC WTGs is developed and sim-
ulated in [9]. This study is a further example of the utility of FRC WTG. Attempts
at providing DVS during LVRT by the implementation of a crowbar circuit in a
Doubly-fed Induction Generator (DFIG) is illustrated in [19]. In [20] the conven-
tional delimitation between subtransient, transient and steady-state short-circuit
currents are discussed in relation the controlled behavior of the short-circuit cur-
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rent of a FRC WTG. The author argues that these time lineations do not exist for
the FRC WTG and that "...there is no need to distinguish between a "subtransient"
response and transient response"[20].

The above references only serve as a background to the project, and has little to do
with the task of performing steady-state short-circuit calculations. Previous work
performed within this specific field has proven to be scarce. The only relevant work
found during the literature review is summarized below.

Prior to this project, the thesis Fault Current Contribution from VSC-based Wind
Turbines to the Grid was presented in 2008 by Valentini Massimo [21]. The steady-
state short-circuit contribution from a FRC WTG was modeled and implemented
in PowerFactory, using an iterative algorithm. The WTG was modeled using a
Thévenin equivalent, i.e. a voltage source in series with an impedance, and was
implemented in accordance with minimum requirements of the German grid code.
To verify the model it was tested in a Single-Machine Infinite Bus (SMIB) system,
and compared with simulation results from a Siemens WTG. A case study was per-
formed, where the method was implemented and used in a system model of the
Nysted/Rødsand OWPP. The method developed within the project was never used
for a OWPP utilizing solely FRC WTGs, or an array of non-aggregated WTGs.
In addition to the novel work presented in the report, an extensive analysis of the
requirements of LVRT, and DVS capabilities according to a number of national grid
codes, was performed, as well as a review of the short-circuit calculation methods
available in PowerFactory.

In 2012 an iterative method similar to the one described by Valentini Massimo was
proposed by Si Chen et al. [22]. The model was based on the static generator model
implemented in PowerFactory, and was used to illustrate the effects of DVS. The
static generator model is intended to be used both for load flow and dynamic sim-
ulations of a FRC WTG. The short-circuit behavior is modeled by a short-circuit
power and impedance ratio X ′′/R. In [22] these two parameters are changed itera-
tively until the method converges, or the short-circuit power exceeds six times the
rated power of the generator. The method was developed for the Danish TSO En-
erginet.dk, and served to comply with the reactive current requirements according
to grid code requirements in Denmark [23]. The iterative method was compared
to results obtained using the complete method and IEC 60909 in PowerFactory,
for a study case of the DK1 system in Denmark. Results showed how the total
short-circuit power obtained by the iterative method, at the 400 kV substation, was
considerably higher as compared to results obtained using the IEC 60909 standard,
and marginally higher than results obtained using the complete method. Further-
more, the resulting internal impedance of different wind power plants during the
short-circuit was lower when using the iterative method, as compared to the com-
plete method.
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In August 2011, version 14.1 of PowerFactory was released. The new version in-
cluded a current iteration functionality incorporated in the complete method [24].
According to DIgSILENT, this method uses an iterative algorithm to determine the
steady-state short-circuit current of the static generator model included in the soft-
ware. The documentation for this new functionality leaves much to be desired and
Digital SimuLator for Electrical NeTwork (DIgSILENT) are yet to release bench-
mark tests. A brief introduction to the implemented method can be found in [25].
Through a current iteration loop, the resulting transient current contribution I ′k
of the FRC WTG is obtained based on the slope K of the grid code voltage con-
trol curve, and a maximum allowed WTG short-circuit current. Furthermore, the
method is reported by DIgSILENT to normally converge within 5-10 iterations.

1.4 Problem Definition
When performing simulations using the current iteration method implemented by
PowerFactory, it has been noted that only the resulting transient short-circuit cur-
rent I ′

k is reported. The flow of reactive and active power, bus voltages and the
corresponding phasor angles during the short-circuit are based on the subtransient
short-circuit model used by the complete method. Consider the example found in
figure 1.1. All simulation results except the transient short-circuit current Iks, and
the corresponding current angle phiiks, are related to the subtransient short-circuit
current. The power angle phiui is the residual angle of phiu and phii

phiui = phiu− phii = −5.065◦ − (−42.588◦) = 37.523◦

With a bus voltage of 690 V, the resulting short-circuit power is

S = u · 690 V ·
√

3 · Ikss · (cos(phiui) + j sin(phiui)) =

= 0.4924 · 690 V ·
√

3 · 67.446 kA · (cos(37.523◦) + j sin(37.523◦)) =

= 31.479 + j24.175 MVA

The lack of simulation results leaves the user with no way of verifying the obtained
transient short-circuit current, which of course is an important matter when utiliz-
ing newly implemented software functionality. Furthermore, the implementation is
based on a specific grid code, with only two available input parameters. Consider
a TSO utilizing a different type voltage control curve, or using FRC WTGs with a
regulation curve providing more reactive current than what is stated by the mini-
mum requirements. If system studies are to be performed for such cases, additional
input parameters need to be considered.

In order to correctly simulate the expected short-circuit contributions from FRC
WTGs and/or validate the method developed by DIgSILENT, a separate method
needs to be used. Such methods are proposed in [21] and [22], i.e. the previous
projects discussed in Section 1.4. These methods are however not suitable for the
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Figure 1.1. Example of short-circuit simulation results obtained using the
static generator model in PowerFactory with current iteration.

purpose of this project. First of all, neither of them are implemented for multi-
ple WTGs which is required for a full short-circuit study of a large-scale OWPP.
Secondly, the method proposed by Chen, S. et al. is ruled out because of the
restrictions in using an iterative method based on the static generator model, in
combination with the complete method in PowerFactory. In the algorithm, the
short-circuit power of the static generator is assumed to be six times the rated
power of the generator. When designing different systems utilizing varying types
of FRC WTG, this limitation will depend on the manufacturing data of the turbine.

At this point it is tempting to expand the method proposed by Valentini, M. to in-
corporate multiple WTG models. The method is, however, considered inappropriate
for the purpose of this project, based on the following

1. The method has convergence issues or is unable to converge for terminal volt-
ages above 0.8 p.u. and below 0.1 p.u.

2. The method has only been implemented and tested for the minimum require-
ments of a specific grid code voltage control curve.

3. The convergence time of the method when applied to a SMIB sometimes
approaches 10 seconds.

There are two major issues related to the first of the above points. It is not always
safe to assume the fault impedance to be such that the remaining voltage at the
WTG terminal is 0.1 p.u. or above. Assume that a bolted or low-impedance fault
occurs at the low voltage side of the WTG transformer, i.e. directly at the generator
terminal. The voltage during such a fault is likely to drop below 0.1 p.u.. For a
full short-circuit study, such faults need to be considered. Also consider an OWPP



10 CHAPTER 1. INTRODUCTION

where two or more arrays of FRC WTGs are separated by cable and transformer
impedances. In figure 1.2 a simplified example is provided. Two WTGs are con-
nected by large impedances to a common bus, which subsequently is connected to
a strong grid through yet another impedance. A bolted or low-impedance fault oc-
curs at the left WTG terminal, which results in a voltage drop below 0.1 p.u.. The
resulting short-circuit current from the grid connection is so high that the retain
voltage at the right WTG terminal stays above 0.9 p.u.. Even if the high terminal
voltage case is of little interest when dealing with an isolated generator, it needs to
be modeled correctly for a large system, since these currents will interact with the
resulting short-circuit. It is therefore important to successfully include the behavior
of the FRC WTGs for high terminal voltages in the model as well. In other words,
the model needs to be able to handle terminal voltages above 0.8 p.u. and below
0.1 p.u..

u < 0.1 u > 0.9

Grid connection

Figure 1.2. Example of two WTGs separated by considerable impedances.

The control algorithm used for DVS will depend on the WTG manufacturer, choice
of algorithm, type et cetera. This is not the case according to the second point in
the previously mentioned list. For instance, if the control algorithm of the FRC
WTG provides more reactive current than what is specified by the minimum grid
code requirements, this needs to be accounted for in the model.

When performing short-circuit simulations for multiple FRC WTGs, which cannot
be aggregated, the convergence time of each separate model will start to affect the
choice of method. This is the case mentioned in the third point above. This issue
should, however, be considered minor compared to the aforementioned.

In order to accurately model the short-circuit behavior of multiple FRC WTGs
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interconnected in a large OWPP, a consistent method needs to be developed. One
partial goal of this thesis is therefore to cover the short-comings mentioned above.

1.5 Objectives
The method developed for this project should determine the steady-state short-
circuit contribution from each FRC WTG in an OWPP, based on the reactive cur-
rent injection dictated by grid code regulations. This will be achieved through the
implementation of an outer loop, dealing with the individual current contribution
from each turbine, and an inner loop which iterates through all available turbines
assuring an overall accurate system solution. The method implementation in Pow-
erFactory should allow the user to adjust the grid code reference curve through
different input parameters, and should be adjustable to different WTG manufac-
turer specifications. For instance, if the turbine provides more reactive power than
what is required by minimum grid code requirements, this should be obtainable by
the use of such an input parameter.

The method will be used for worst-case scenarios, i.e. system configurations that
will result in the highest short-circuit current for a specific component. The method
is only to be used for Alternating Current (AC) based OWPPs. Beside the steady-
state short-circuit current, the following contribution from each turbine should also
be determined

• Decaying DC component, id.c.

• Symmetrical short-circuit current, Ib

• Thermal equivalent current, Ith

The calculation of the transient peak current ip is left for future studies.

The study is carried out based on the following restrictions:

• The OWPP is connected to a strong or stiff grid. The most important impli-
cation of this is that the short-circuit current from the grid will constitute a
considerable portion of the total short-circuit current in the OWPP.

• The OWPP only consists of FRC WTGs of the same rating and manufacturer.

• Each WTG is operated at its rated output power during steady-state opera-
tions.

• Only three-phase line-to-ground faults are considered.

• The grid is assumed to be mainly inductive, resulting in a mostly inductive
short-circuit current.
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Since this method is to be used for steady-state short-circuit calculations, the results
will be of an approximate nature, and measures should be taken to assure that the
obtained results remain conservative within reasonable bounds. Furthermore, the
modeled behavior of the FRC WTG is assumed to be ideal. Meaning that the
physical WTG used in the design, will comply with the grid code voltage control
curve.

1.6 Contributions

In Section 3.3 a new iterative method used for the calculation of the steady-state
short-circuit current Ik is presented. The method is implemented using the AC
current source in PowerFactory, and can be used for any system model including
multiple FRC WTGs. From simulations the transient short-circuit current I ′k is
obtained, which for this study will be equal to the steady-state current Ik. Cur-
rent contributions based on I ′k of each turbine are also included in the model, i.e.
iDC , Ib and Ith. In order to handle a large number of WTGs within the system,
an aggregated model has been utilized, where the impedance aggregation has been
implemented based on [26]. The reference grid code requirements are based on a
linear slope which saturates for the maximum value of the reactive current. Beside
setting these values freely, the user can set the dead band voltage, as well and a
minimum reactive current, greater than that of the requirements of the linear slope.
In order for the iterative method to converge for the discontinuity caused at the
dead band, a polynomial smoothing function has been introduced. The user has
the option to alter the smoothness of the function through a free selection of the
polynomial factor n. Also included in the method is the post-calculated deviation
factor δ. This is a measurement of the deviation from the unknown, "true", value
which is expected from a real-life system, and serves to account for short-comings
of the developed method. Furthermore, δ is used as part of a compensation factor
which will provide a conservative estimate of the actual short-circuit current ob-
tained.

In order to verify the method and provide an example of its use, two case studies
were performed. The first one is found in Section 4.1 and is based on a SMIB test
system, i.e. a single generator connected to a slack bus. The system is subject to
faults at both the generator and slack bus terminal for a range of fault impedances,
such that generator terminal voltages from 0 - 1 p.u. are obtained. The same tests
are performed for the static generator model, where current iteration has been used
in order to evaluate the difference in results in relation the developed current source
method.

The second case study can be found in Section 4.2. A larger test system illustrating a
fictional OWPP is introduced and subjected to bolted faults at different locations.
The purpose of this study is to illustrate how the newly adopted current source
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method is to be used for worst-case short-circuit scenarios, and how the deviation
factor δ will depend on different factors.

1.7 Outline
In Section 2, an overview of OWPPs is provided and the concept of short-circuits in
OWPPs is further introduced. In Section 3, the IEC 60909 standard, and the short-
circuit calculation methods in PowerFactory, are described. This is followed by an
in-depth description of the current source method developed for this thesis. In Sec-
tion 4, two case studies are carried out to evaluate, and illustrate the performance,
of the newly presented method. In Section 5, a summary of the thesis is provided
along with some general conclusions and recommendations. This is followed by a
discussion on the future studies.





Chapter 2

Offshore Wind Power Plants

In this chapter, a brief topological overview of an OWPP is provided. Different
turbine technologies are presented alongside an introduction to fault requirements
for offshore WTGs.

2.1 Overview
The purpose of a large-scale OWPP, is to transport the electricity generated by the
wind turbines out at sea, to the main grid. The benefits of OWPPs, as compared
with the onshore counterpart, are summarized in [5]:

• Mean wind speed is approximately 25 % higher.

• Wind shear is lower.

• Higher wind speeds are obtained at lower altitudes, which allows for lowering
of the tower height.

• Low turbulence intensity in the dominant wind direction.

• Less restrictions caused by noise, landscape, birds and electromagnetic inter-
ference.

• Less issues with land acquisition.

The disadvantages, on the other hand, are higher installation and maintenance costs.

In figure 2.1, the conceptual layout of an OWPP, and its main land connection are
illustrated. Numerous WTGs are connected in series to an array cable, which serves
to transport the energy from the WTG array to the offshore platform. Each tur-
bine is normally operated in the voltage range 0.4 - 0.9 kV, and is connected to the
series array cable through a transformer. The series array cable interconnecting the
WTGs must be able to withstand the sum of all operating currents provided by each

15
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turbine, since these are adding up along the length of the cable. Each array cable
is connected to an offshore substation at the offshore platform. These substations
consists of conventional equipment such as transformers, breakers and shunt capac-
itances. The offshore transformer installed in this substation is further increasing
the voltage level of the transmitted power, in order to reduce power losses dissipated
in the subsea export cable connected to the mainland. Usually each transformer
is connected to multiple WTG arrays, forming a so called collection grid. As an
example, the collection grid in figure 2.1 is made out of four separate WTG arrays.

Depending on how the OWPP is planned and designed, there may be multiple
offshore platforms and subsea export cables in the system. These may be intercon-
nected such that the power can be transmitted through one single substation and
cable during maintenance or contingencies. On land, the export cable is connected
to a larger substation interconnecting the offshore system to the main grid. The
point at which the system is connected to the main grid is usually referred to as the
PCC. The onshore substation usually consists of a range of standard equipment,
such as protection devices, reactive power compensation, filters etc. as well as an
onshore transformer. The onshore transformer further increases the voltage to the
nominal voltage of the PCC. The transformers used within the system can be of
either 2- or 3-winding type, with or without On-Load Tap Changers (OLTCs). The
OLTCs are used to adjust the turns ratio at either the low or high voltage side of
the transformer, in order to account for operational deviations in the system.

 

Figure 2.1. Conceptual illustration of an OWPP.

2.2 Fully Rated Converter Wind Turbine Generators
In order to convert the kinetic energy in the wind, WTGs are used. These genera-
tors are propelled by the motion of the rotor blades attached to the turbine. There
are numerous conventional types of generator technologies used in OWPPs, such
as DFIG or Doubly-fed Asynchronous Generator (DFAG), Wound-rotor Induction
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Generator (WRIG) and Squirrel Cage Induction Generator (SCIG). These are also
referred to as generators of type 1 - 3 respectively. For more in depth descriptions of
these generators, the reader is referred to external sources such as [18]. For the pur-
pose of this project, the FRC WTG also known as a type 4 WTG, has been studied.
Modern FRC WTG technology is either based on a direct-drive or geared turbine
generators [27, 28]. The topological overview of these generators can be found in
figure 2.2. The direct-drive turbine type utilizes either an electrically excited ,or
Permanent Magnet Synchronous Generator (PMSG), and is characterized by a low
rotational speed. In order to produce a high power, the generator therefore needs
to generate a high torque. To obtain this, the generator requires a high number
of poles, which results in a large turbine size. The rotational speed of the rotor is
controlled by the pitch of the rotor blades. The trade-off, as compared with geared
generators, is that it requires less maintenance. According to [27], the advantage
of using a PMSG based FRC WTG, as compared to a conventional DFIG turbine,
is that the efficiency is higher, there is no need for brushes and fault-ride-through
capability is less complex.

Figure 2.2. Topological overview of two FRC WTG designs. Source: [28].

By the inclusion of either a single- or multi-stage gearbox, the rotational speed of
the rotor is allowed to exceed that of the direct-drive turbine, while maintaining
sufficient torque. To reduce maintenance, the generator technology is commonly
based either on a permanent magnet synchronous generator or SCIG, which are
both brushless.
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In both the case of a direct-drive and geared turbine, the generator stator windings
are electrically connected to the grid through a Power Electronic (PE) converter
[29]. This allows all of the generated power of the turbine to be controlled and
converted by the converter, hence Fully-Rated Converter. Consider the topological
overview of a typical Fully-Rated Converter (FRC) in figure 2.3.

Figure 2.3. Topological overview of a FRC.

The FRC generally consists of a generator side rectifier, a DC-link capacitor and
a grid side inverter. The DC-link capacitor decouples the generator from the grid,
which enables control of the grid side active and reactive power by the inverter [30].
There are numerous PWM-based strategies implemented for the control of the in-
verter [31,32]. By enabling almost free control of the grid side current components,
the FRC WTG can participate in DVS by injecting reactive current during a fault.
The controlled short-circuit current during a fault can therefore not be described
using current industry standards, such as the IEC 60909.

2.3 Short-circuits in Offshore Wind Power Plants

A short-circuit may be caused by natural accidents or failing equipment within the
OWPP. During a short-circuit, the total impedance of the system is drastically
reduced, causing high currents that may damage or degrade system equipment.
Assume for instance that a 100 MW OWPP is operated at nominal power. In the
event of a short-circuit, somewhere within the system, all power previously being
transmitted at a controlled current level to the PCC will now rush towards the
short-circuited node. Depending on the settings of various protection equipment
in the system, the fault will be cleared within in a specific time period. Primarily
transformers and breakers need to be designed and sized accordingly, in order to
withstand the currents that may occur during the short-circuit time period, i.e.
before the fault is cleared.
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2.4 Low-Voltage-Ride-Through for Wind Power
Generators

In the event of a three-phase line-to-ground short-circuit in an OWPP, the system
voltage will decrease depending on the severity of the fault. By injecting a reac-
tive current similar to VAR compensators, such as the SVC or STATCOM [33],
the FRC WTG is able to support the grid during the fault by raising the system
voltage. The LVRT capability of a FRC WTG describes the terminal voltage which
the WTG is able to sustain during the time of the fault. In other words, the ability
to ride through the fault. These capabilities have to fulfill the requirements stated
by national grid codes. In figure 2.4 the LVRT requirements according to national
grid codes in Germany, Great Britain (GB) and Denmark are illustrated. As can
be seen in the figure, the minimum voltage requirement is increased as the duration
of the fault is prolonged.

In addition to these requirements, the TSO might specify the amount of reactive
current required for a given voltage drop at the WTG terminal. In figure 2.5, the
minimum required reactive current defined by German E.ON is found. Voltage
drops below 10 %, i.e. terminal voltages of 0.9 p.u. and above, are considered as
the voltage dead band. For this voltage range, other sections of the E.ON grid code
regulates the required behavior of the WTG [35]. Note that the values given in the
figure are RMS values in p.u. and dictates an expected steady-state reactive current
corresponding the voltage drop at the terminal. It is worth pointing out, however,
that this steady-state current is quasi-stationary in the sense that the short-circuit
current is assumed to behave stationary, for the limited time of the fault. During
this time period, albeit short, the short-circuit current of the converter will still
have plenty of time to stabilize to steady-state behavior. This can be seen in the
dynamic simulations performed in [8, 9, 18].
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Figure 2.4. LVRT requirements according to national grid codes in Germany,
Great Britain and Denmark. Source: [34].

Figure 2.5. E.ON grid code: Minimum required reactive current as a function
of the terminal voltage drop. Source: [34].



Chapter 3

Short-circuit Modeling

In this chapter, the static short-circuit calculation method performed by the in-
dustry standard IEC 60909 is instroduced, as well as the short-circuit calculations
capabilities of DIgSILENT PowerFactory. Furthermore, the current source method
developed for this project is presented, alongside a model for wind power plant
aggregation.

3.1 IEC 60909

3.1.1 Introduction

International Electrotechnical Commission is an international organization promot-
ing standards for use in industry and research. The IEC 60909 standard is used for
calculations of short-circuit currents in three-phase AC systems [10]. The standard
can be used both for low and high voltage systems up to 550 kV, with a system fre-
quency of either 50 or 60 Hz. Both balanced and unbalanced faults are considered.
The standard focuses on the calculation of maximum short-circuit current, as well
as the minimum short-circuit current. The maximum short-circuit current dictates
the capacity or rating of system components, while the minimum short-circuit cur-
rent is used for determining the rating of fuses and other protection devices. For
the purpose of this project, only the maximum short-circuit current is considered.
The short-circuit calculations performed by the standard is based on the following
general assumptions

• For the duration of the short-circuit, there is no change in the type of short-
circuit involved, that is, a three-phase short-circuit remains three-phase and a
line-to-earth short-circuit remains line-to-earth during the time of the short-
circuit.

• For the duration of the short-circuit, there is no change in the network in-
volved.

21
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• The impedance of the transformers is referred to the tap-changer in main
position. This is admissible, because the impedance correction factor KT for
network transformers is introduced.

• Arc resistances are not taken into consideration.

• All line capacitances and shunt admittances and non-rotating loads, except
those of the zero-sequence system, are neglected.

The following sections will present a brief overview of selected parts of the standard
relevant to this project.

3.1.2 Equivalent Impedance Modeling
The short-circuit calculations performed within the standard are based on an equiv-
alent impedance representation of the electrical system under study. During a short-
circuit, all considered components are replaced by their internal impedance, and an
equivalent voltage source is applied at the fault node. This voltage source is the
only driving force of the short-circuit current and all other sources are set to zero.
Consider the electrical system in figure 3.1. Two non-rotating loads are connected to
a network feeder through a 2-winding transformer with tap-changer. A three-phase
fault occurs at the bus denoted F and the equivalent system found in figure 3.2 is
obtained. The network feeder, transformer and transmission line are all represented
by their internal impedances while the non-rotating loads are ignored. Note that
the internal impedance of the network feeder is referred to the low-voltage side of
the transformer. An equivalent voltage source cUn/

√
3 is applied at the fault node,

where Un is the nominal bus voltage of that node. For the calculation of maximum
short-circuit current, the voltage factor cmax defined in table 3.1, is to be used.

Figure 3.1. Electrical test system. Source: [10].

For the calculation of the maximum short-circuit current, the following conditions
apply:

• In the absence of a national standard the voltage factor cmax should be used.

• Choose the system configuration and the maximum contribution from the
power plants and network feeders which lead to the maximum value of the
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Figure 3.2. Equivalent short-circuit impedance of the test system in figure
3.1. Source: [10].

Table 3.1. Voltage factor cmax used for the calculation of maximum short-
circuit current.

Nominal voltage, Un cmax

Low voltage, 100 - 1000 V (AC) 1.05
Medium voltage, 1000 V - 35 kV 1.10
High voltage, > 35 kV 1.10

short-circuit current at the short-circuit location, or for accepted sectioning
of the network to control the short-circuit current.

• When equivalent impedances ZQ are used to represent external networks, the
minimum equivalent short-circuit impedance shall be used, which corresponds
to the maximum short-circuit current contribution from the network feeder.

• Motors shall be included if appropriate, in accordance with Section 3.8 and
3.9 in [10].

• Resistance RL of lines (overhead lines and cables) are to be introduced at a
temperature of 20 ◦C.

For the calculation of balanced three-phase faults, only the positive sequence impedance
of the network needs to be considered.

3.1.3 Impedance Models

Network feeder

The equivalent positive-sequence short-circuit impedance ZQ of a network feeder is
given by

ZQ = cUn,Q√
3I ′′k,Q
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where Un,Q is the nominal voltage at the connection of the network feeder and I ′′k,Q
is the rated subtransient short-circuit current of the network feeder.
If the impedance ratio RQ/XQ is known, then the reactance XQ can be determined
from

XQ = ZQ√
1 + (RQ/XQ)2

2-winding transformer

The short-circuit impedance ZT of a two-winding transformer is given by

ZT = ukr
100% ·

U2
n,T

Sn,T

where ukr is the short-circuit voltage at rated current in per cent, Sn,T is the rated
power of the transformer and Un,T is the rated voltage of either the high or low
voltage side. The real and imaginary part of ZT are defined as

RT = uRr
100% ·

U2
n,T

Sn,T

and

XT =
√
Z2
T −R2

T

where uRr is the rated resistive component of the short-circuit voltage in per cent. In
order to account for deviations caused by the tap-changer position of a transformer,
an impedance correction factor KT is introduced

KT = 0.95 cmax
1 + 0.6xT

where xT is the relative reactance of the transformer in Per Unit (p.u.). cmax should
be determined from table 3.1 where Un is the nominal voltage at the low-voltage
terminal of the transformer.

3.1.4 Network types

When performing short-circuit calculations according to IEC 60909, the network
topology as seen from the fault location will affect the choice of calculation pro-
cedure. There are two types of networks; meshed and radial or non-meshed. Es-
sentially, these types distinguish between systems where the short-circuit currents
from each source in the system are "mixed up" and divided in different branches, be-
fore reaching the short-circuit location. Each short-circuit branch, as seen from the
short-circuit location will, in a radial network, contribute with a current originating
from a single source. In the case of meshed network, the grid consists of one, or
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more, parallel paths for the current to travel. The short-circuit current originating
from one source will reach the short-circuit location through multiple branches. In
general, one can assume that a large, complex power system consisting of multiple
power corridors is meshed. A simpler, small-scale system will have to be analyzed
more thoroughly according to the above criteria. For any larger OWPP, consisting
of multiple WTG arrays, it is therefore safe to assume the system as meshed.

3.1.5 Short-circuit Currents
According to IEC 60909, the method used for the calculation of short-circuit currents
should present the currents as a function of time for the full duration of the fault,
corresponding to the instantaneous value of the voltage at the beginning of the short-
circuit. The short-circuit current for a far-from-generator and near-to-generator
short-circuit are illustrated in figure 3.3 and 3.4, respectively. Note how a far-from-
generator fault is assumed to have a constant AC amplitude, while the near-to-
generator fault has a decaying AC component. The current components found in
figure 3.3 and 3.4 are briefly explained in table 3.2.

Figure 3.3. Short-circuit current, far-from-generator.

Subtransient short-circuit current

For a three-phase fault, the maximum subtransient short-circuit current I ′′
k can be

calculated from

I ′′
k = cmaxUn√

3Zk
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Figure 3.4. Short-circuit current, near-to-generator.

Table 3.2. Brief explanations of short-circuit current components

Component Explanation
I ′′

k Initial or subtransient symmetrical short-circuit current
I ′

k Transient short-circuit current
Ik Steady-state short-circuit current
ip Peak short-circuit current
id.c. Decaying Direct Current (DC) component
A Initial value of the DC component

where Zk is the equivalent short-circuit impedance of the network. Consider the
equivalent network illustrated in figure 3.2. The equivalent short-circuit impedance
for this network would be Zk = (RQt + RTK + RL) + j(XQt + XTK + XL). As
mentioned earlier, the driving voltage of the short-circuit current is cmaxUn/

√
3.

Steady-state current

As can be seen in figure 3.3, the steady-state current of a far-from-generator fault
can be assumed to be equal to the subtransient short-circuit current. For a fault
near-to-generator, the symmetrical short-circuit current can be assumed to decay
based on the type of generator, i.e. asynchronous or synchronous. For a meshed
network with several sources it is, according to the standard, valid to make the
following approximation for both near-to-generator and far-from-generator faults
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Ik = I ′′
k

Peak current

The peak current in a radial network is defined as

ip = κ
√

2I ′′
k

κ = 1.02 + 0.98e−3R/X

where R/X is the impedance ratio of the short-circuit impedance Zk.
For meshed networks, three calculation methods are proposed by the standard.

• Method a: For this method the lowest impedance ratio R/X of all branches
connected to the fault location is considered for the calculation of κ.

• Method b: For this method the peak current is multiplied by a factor of 1.15,
i.e. ip = 1.15κ

√
2I ′′

k . If the impedance ratio R/X is below 0.3 in all connecting
branches, the factor can be omitted. κ is determined using the impedance ratio
of the reduced short-circuit impedance Zk of the system. The product 1.15κ
does not need to exceed 2.0 for high voltage networks and 1.8 for low voltage
networks.

• Method c: For this method an equivalent impedance Zc based on an equivalent
system frequency fc= 20 Hz for 50 Hz systems or fc = 24 Hz for 60 Hz systems
is utilized. The impedance ratio of Zc is given from

Rc
Xc

= f

fc

R

X

Here, the impedance ratio Rc/Xc is determined at low frequency. R/X is
calculated according to the above equation and then used to determine κ.
This method is recommended for meshed networks.

Decaying DC component

The decaying DC component of the short-circuit current is defined as

id.c. =
√

2I ′′
k e−2πftR/X

where f is the system frequency and t is the time. If t = 0 the value of A in figure 3.3
and 3.4 is obtained. The impedance ratio R/X, should be calculated using Method
a, or c described for the calculation of the peak current ip. For meshed networks,
Method c should be utilized, where the equivalent frequency fc should be selected
based on the product of the system frequency f and time t, see table 3.3.
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Table 3.3. Selection of fc/f for Method c calculations of id.c.

f · t < 1 < 2.5 < 5 < 12.5
fc/f 0.27 0.15 0.092 0.055

Symmetrical breaking current

The symmetrical breaking current Ib, will depend on the network topology, i.e.
meshed or radial, as well as the location of the fault, i.e. far-from-generator or
near-to-generator. In this project, however, only meshed networks are considered.
For such networks, the symmetrical current can be approximated as

Ib = I ′′
k

for both far-from- and near-to-generator faults. By approximating the symmetrical
current as the subtransient current, a conservative value is obtained.

Thermal equivalent current

The equivalent thermal current is an indication of the excess heat energy generated
in the resistive elements of the system, caused by the short-circuit current. The
thermal equivalent current is defined using the Joule integral∫ Tk

0
i2dt = I ′′k

2(m+ n)Tk = Ith
2Tk

which results in

Ith = I ′′k
√
m+ n

The factors m and n are determined to account for the time-dependent heat effect
of the decaying DC component and AC component, respectively. For a series of con-
secutive faults i = 1, 2, 3, ..., N , the thermal equivalent current is instead expressed
as

∫
i2dt =

N∑
i=1

I ′′k,i
2(mi + ni)Tk,i = Ith

2Tk

resulting in

Ith =
√∫

i2dt
Tk

Tk is the total duration of each separate short-circuit duration Tk,i

Tk =
N∑
i=1

Tk,i
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The DC dependent factor m can be calculated from

m = e4fTkln(κ−1) − 1
2fTkln(κ− 1)

where κ should be selected according to the calculation method used for the cal-
culation of id.c.. The factor n is dictated by the decay in the AC component. If
I ′′k/Ik = 1 then n = 1 and for I ′′k/Ik 6= 1 the value of n is determined according to
Annex A in [10].

3.2 DIgSILENT PowerFactory

3.2.1 Introduction
PowerFactory is a power system simulation tool developed by german DIgSILENT
(Digital SimuLator for Electrical NeTwork), and can be used for a range of system
studies, such as load-flow calculations, dynamic simulations, short-circuit calcula-
tions, harmonic studies etc. When performing steady-state simulations, a single-line
diagram is representing the power system. Each system component is then modeled
using a unique model including positive, negative and zero sequence impedances,
load-flow characteristics and short-circuit behavior among many other options.

3.2.2 Short-circuit calculations
When performing steady-state short-circuit calculations in PowerFactory, there are
a number of different calculation methods to choose from. The available methods
are:

• IEC 60909 method.

• VDE 0102/0103 method.

• ANSI method, including IEEE C37 and 141 standards.

• Complete method.

• IEC 61363 method.

The short-circuit model used by each system component will be different, depending
on the selection of calculation method. Furthermore, each method has a range
of advanced calculation options available. There are, however, some basic input
parameters common to all methods. These are listed below.

• Fault type - There are numerous available fault types, ranging from 3-phase to
single phase including short-circuits, faults to neutral and neutral to ground.
For the purpose of this project, only balanced 3-phase short-circuits have been
considered.
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• Fault impedance - The user has the option to select both the reactance Xf

and resistance Rf of the fault itself. This impedance represents the shorted
path caused by the fault. In addition to a standard representation of the
fault impedance, there is an enhanced fault impedance option available, which
takes the line-to-earth, as well as the line-to-line impedance into consideration.
For the purpose of this project, only the standard representation of fault
impedances have been considered.

• Fault location - The simulated fault can be placed at any terminal, busbar or
along the length of any line in the system. In this project, only faults located
directly at busbar or terminal connections have been considered.

3.2.3 Complete Method

When performing short-circuit calculations using the IEC 60909 standard, the state
of the system prior to the fault is neglected. The voltage in each node is considered
to be at its nominal value, while the operation or load-flow current is neglected. In
addition to this, the voltage correction factor c is used to account for deviations
from the real-life system and provide a conservative estimate. When performing
simulations in a powerful software such as PowerFactory, the load-flow character-
istics of the system prior to a fault can be easily obtained. The complete method
used in PowerFactory is based on the same approach described within IEC 60909,
i.e. a system description including the equivalent short-circuit impedance of each
component, as well as an equivalent voltage source at the fault location (see Sec-
tion 3.1). The equivalent voltage source is set to the pre-fault voltage of the fault
node, and the calculated subtransient and transient short-circuit are superposed
with the pre-fault operational current of the system. Furthermore, the use of the
voltage correction factor c is optional and the transformer correction factor KT is
neglected. The results obtained through the complete method are less conservative,
as compared with the IEC 60909 standard, while taking into account the pre-fault
operational characteristics of the system.

In addition to taking more system data into consideration, as compared with the
IEC 60909 standard, the complete method also includes the short-circuit behavior
for basic components such as the AC voltage source used in [21], and the AC current
source, used in the method developed for this project. In the implementation of the
IEC 60909 method in PowerFactory, both sources mentioned above are simply left
open circuit. When developing a method in PowerFactory which allows for manip-
ulation of the short-circuit behavior, the use of the complete method is therefore
necessary.

Besides determining the steady-state short-circuit current, this project also aims
to find other relevant current quantities. As mentioned previously, these are the
decaying DC component id.c., the symmetrical breaking current Ib and the ther-
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mal equivalent current Ith. The calculation methods available in PowerFactory for
determining these quantities are based on the IEC 60909 standard. These meth-
ods are briefly described below. Note that the methods described in IEC 60909
are written with a lower case letter, while the implemented calculation methods in
PowerFactory are written with an upper case letter.

• Method B - With this option the calculation of κ, as well as id.c., are calculated
according to method b, as described in the IEC 60909 standard. Note that
only method a and c are recommended in IEC 60909 for the calculation of
id.c.. Method B will therefore base the impedance ratio used in the expression
for id.c. on the network reduction impedance, as well as adding an extra factor
of 1.15 to the expression.

• Method C(1) - Similar to the above option, this enables the use of method c
as described by IEC 60909 for the calculation of κ and id.c.. The equivalent
impedance is calculated according to table 3.3.

• Method C(012) - Identical to Method C(1), but also takes the impedance of
each sequence into consideration.

For this project, Method C(1) is used based on the recommendations stated by IEC
60909, when dealing with meshed systems. It has been discovered, through simula-
tions and post-calculations, that the impedance ratio R/X of the reduced network
impedance Zk, in all above methods will be calculated based on system represen-
tation where AC voltage and current sources are left open circuit.

3.3 Current Source Method

3.3.1 Introduction

In order to obtain the expected short-circuit contribution from each FRC WTG, a
new iterative method was developed for the purpose of this project. The method is
designed and implemented in PowerFactory, and is based on the AC current source
model available within the software. In the following sections, the method algo-
rithm will be described in greater detail. First, the method is described in general
along with a description of the current source model and the implementation of the
grid code voltage control curve. Secondly, the iterative algorithm implemented in
PowerFactory is described in greater detail.

3.3.2 Method Description

Current Source Model

The AC current source model used in PowerFactory has three basic parameters
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• In: Rated current of the source in kA.

• icap: Sets the source as capacative (icap = 1) or inductive (icap = 0).

• isetp: RMS value of the output current in p.u.. or the current set point of the
source.

• cosφ: Power factor of the source.

In order to obtain a short-circuit current based on an arbitrary reference value, the
source parameters need to be altered iteratively, much like what is described in [21].
For this method, the current set point will be set to the specified maximum total
current during a short-circuit, i.e. isetp = imax. This is a conservative assumption,
considering that the WTG does not necessarily need to output maximum current
during a short-circuit. In order to obtain a worst-case scenario, however, this is
assumed to be the case. Note that while this is the case for the total current, the
reactive and active current components are determined from the reference curve
described later in this section.

AC current source

isetp

Terminal

P ,Q

Figure 3.5. PowerFactory current source model

The above parameters will dictate the steady-state behavior of the source for load-
flow simulations. Ideally, the output of the source would be unchanged during a
short-circuit. This, however, is not the case when using the complete method in
PowerFactory, since the load-flow characteristics of a component will affect its short-
circuit model. Consider the following example; for a specific voltage drop at the
source terminal the current source needs to provide a short-circuit current, corre-
sponding to the reference values iq,ref and id,ref . These will be explained in greater
detail in the next section. Through an iterative process, the values of icap, isetp and
cosφ are altered such that the correct reference values are obtained, resulting in
icap = 0, isetp > 0 and 0 ≤ cosφ ≤ 1. Note that the load-flow behavior of the cur-
rent source for these parameters is inductive. The resulting short-circuit behavior,
however, would for this example be capacative. This is because of the difference
in the load-flow model and short-circuit model used in the complete method. It is
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worth pointing out, that the RMS value of the total short-circuit current will cor-
respond to isetp. In figure 3.5, the principal operation of the current source model
in PowerFactory is depicted. The current direction is defined from the terminal to
ground.

P

Q

−P

−Q

cosφcosφ

cosφ cosφ

icap = 0
isetp = −1

icap = 1
isetp = 1

icap = 0
isetp = 1

icap = 1
isetp = −1

Figure 3.6. PowerFactory current source model

The power flow direction defined in figure 3.5 is related to the values of icap, isetp
and cosφ. In figure 3.6, the four current quadrants and the coupled power flow di-
rections, are defined as a function of icap, isetp and cosφ. During normal operations,
for instance, the current source need to operate in the first quadrant in order to
provide active and reactive current to the grid. Here, cosφ = 1 corresponds to full
active power generation or absorption, and cosφ = 0 full reactive generation or ab-
sorption. For a specific short-circuit, however, the model may need to be operated
in any of the four quadrants, in order to obtain the specified reference values. In
the iterative process of converging to a solution, this four quadrant representation
of the current source has been used. One downside of this representation is that the
short-circuit current is not clearly defined for fixed values of icap, isetp and cosφ.
Most notable is that cosφ = 1 and cosφ = 0 not necessarily will correspond to a
minimum or maximum reactive power generation, during the short-circuit. This
will mainly depend on the load-flow results of the rest of the system and is an effect
of the superposition of currents used in the complete method. In other words, the
parameters used to control the source are coupled with the load-flow behavior and
is only partly correlated with the short-circuit behavior.
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Grid Code Voltage Control Curve

Consider the reference reactive current according to the voltage control curve in
figure 3.7. The current source method is implemented based on the assumption
that the regulation curve provided by a TSO is of the same canonical form. An
example of such a curve can be found in figure 2.5. Here, ∆u is the voltage drop
or retained voltage at the WTG terminal, i.e. the terminal in figure 3.5. The grid
code can be divided into three regions:

• 0 ≤ ∆u < uDB: For voltage drops below the dead band voltage uDB, the
turbine generator is assumed to output the rated active current, i.e. isetp =
±1.0 depending on the current quadrant. In other words iq,ref = 0 and
id,ref = 1.0.

• uDB ≤ ∆u < iq,max/K: For voltage drops above uDB, the turbine generator
is required to provide a minimum reactive current according to the linear
curve iq,ref = K∆u. Note that this is a minimum requirement, and that
some manufacturers will, depending on the controller used for the converter,
provide more reactive current than what is required by the grid code. In such
cases, a specific value iq,min 6= 0 ≤ iq,max can be used for the voltage range
uDB ≤ ∆u, see figure 3.7. The reactive current component is assumed to be
prioritized. Therefore the active current reference id,ref is determined by the
slack of the maximum total current and the specified maximum active current,
i.e. id,ref =

√
imax

2 − iq,ref 2 ≤ id,max.

• iq,max/K ≤ ∆u: For a certain terminal voltage, the turbine is required to
output its maximum reactive current, i.e. iq,ref = iq,max. Similar to the
above region, the active current reference is determined by the slack of the
total current imax.

For over-voltages at the turbine terminal, i.e. ∆u < 0, the reactive current compo-
nent is assumed to be zero, while the active current is assumed to be at its maximum.
In reality, the converter would act differently, e.g. absorb reactive power to lower the
voltage at the terminal. This behavior is, however, not considered for this project,
based on the assumption that the resulting terminal voltage for all generators in
the system will drop during a short-circuit.

Smoothing Function

Consider the grid code implementation in figure 3.7. When the method attempts
to converge to a reference value at the boundary of the dead band voltage, it might
be forced into a state of non-convergence. This is caused by the rapid change of
reference values, as the measured voltage is either slightly above the dead band,
or below. In order for the iterative method to converge for the discontinuity at
∆uDB, the following polynomial smoothing function is introduced. Let the reactive
component of the smoothing function be
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Figure 3.7. Grid code regulation used for the current source method.

fq(∆u) =
(∆u
cq

)n
where n is the polynomial factor and cq a scaling constant to be determined. The
boundary conditions of the smoothing function are

fq(0) = 0 and fq(uDB) = iq(uDB) = K · uDB

From the second condition cq can be determined(uDB
cq

)n
= K · uDB =⇒ cq = uDB

(K · uDB)1/n

The real part of the smoothing function is derived from the maximum allowed active
current component within the dead band.

fd(∆u) =


1.0−

(
∆u
cd

)n
if
√
i2max − iq(uDB)2 > 1.0

1.0 +
(

∆u
cd

)n
if
√
i2max − iq(uDB)2 ≤ 1.0

Assuming that the converter is providing its maximum total current, the following
boundary conditions are obtained

fd(0) = 1.0 and fd(uDB) =
√
i2max − iq(uDB)2 =

√
i2max −

(
K · uDB

)2
where the scaling factor cd can be determined from the second condition
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1.0±
(uDB
cd

)n
=
√
i2max − (K · uDB)2 =⇒ cd = uDB∣∣∣∣1.0−√i2max − (K · uDB)2∣∣∣∣1/n

In figure 3.8(a) and 3.8(b) the smoothing function for the reactive and active com-
ponent, respectively, are plotted for n = 10, 50, 100. For these figures, the current
limits were set to imax = id,max = iq,max = 1.0 and iq,min = 0. Note that the value
of iq,min at uDB will affect the choice of n. In order to avoid non-convergence at
the discontinuity, the value of n should be decreased as iq,min is increased. This is
due to the fact that a high value of n will cause the reference curve to become to
steep as the gap between iq,ref = 0 and iq,ref = iq,min grows larger.

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

0

0.1

0.2

0.3

∆u

i q
,r
ef

[p
.u
.]

n = 10
n = 50
n = 100

No smoothing

(a)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
0.95

0.96

0.97

0.98

0.99

1

∆u

i d
,r
ef

[p
.u
.]

n = 10
n = 50
n = 100

No smoothing

(b)

Figure 3.8. Smoothing function for the active component, n = 10, 50, 100.

Deviation factor δ

When treating the resulting short-circuit current Ik in the bus bar, three different
calculation errors caused by short-comings of the method need to be taken into
consideration. These errors are:

• The inherit error caused by the absolute power angle error threshold allowed
by the iterative current source method.

• Power angle deviations, occurring when current sources are electrically sepa-
rated by bolted, or almost zero impedance faults. For this type of faults, the
current sources are "maxed out" or saturated, without being able to provide
a purely reactive current, with the exception of bolted faults at the current
source terminal. This phenomenon also occurs for some rare cases when the
voltage drop is close to 1 p.u..



3.3. CURRENT SOURCE METHOD 37

• Errors introduced by the smoothing function. Since the source will adjust
according to values set by the smoothing function there will be a deviation
from the expected reference value, which in this case, is zero.

In order to evaluate the impact of these errors on the total short-circuit current
at the fault location, the deviation factor δ is introduced. In the case of complete
convergence of each source, i.e. within the allowed error threshold, the error of
each source will be negligible. Assume instead that each source fails to provide the
specified reference value and deviates by a considerable amount. Simply looking
at the absolute error for each source will not provide a good measurement of the
accuracy of the total short-circuit current obtained in the simulation. The error
introduced by each source needs to be evaluated based on its relative effect on the
total short-circuit current, to be able to make any claims about the accuracy of the
method. Consider an OWPP consisting of several FRC WTGs. Assume that each
source converges with an absolute error of 5 % for a specific short-circuit case, and
that the short-circuit contribution from the grid is many times larger than that of
the turbines. Simply stating that the error of the simulation is 5 % would be inac-
curate, but should rather be scaled according to its effect on the total short-circuit.
For instance, if the grid is very strong, while the turbines are few and of low power
rating, an error of 5 % would be negligible.

Consider the resulting short-circuit current Ik,CSi
of each current source i = 1, 2, . . . , N .

The error factor of each current ξi is evaluated according to

ξi = |ejφi − ejφ
∗
ref,i | =

√
(cos(φi)− cos(φ∗ref,i))2 + (sin(φi)− sin(φ∗ref,i))2

Here, φi is the power angle of source i obtained through simulations while φ∗ref,i
is the reference value calculated by neglecting the smoothing function. The error
factor provides a way of scaling the short-circuit current of each source to the non-
linear deviation caused by the error.

Assuming that the external feeding network is contributing with a major part of
the short-circuit current, and that this current is more or less unaffected by the
currents provided from the turbines (this will be true in the case of bolted faults),
the deviation factor δ is given by

δ =

N∑
i=1

Ik,CSi
(Un,CSi
Un,k

)ξi
M∑
j=1

Ik,Qj
(
Un,Qj

Un,k
)

(3.1)

The respective current is referred to the nominal voltage level Un,k of the short-
circuited bus bar or terminal. The denominator is the sum of each short-circuit
current Ik,Qj

provided by any feeding network j = 1, 2, . . . ,M . Un,CS and Un,Q de-
notes the nominal voltage level of the current source, and external network feeder,
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respectively. The error factor introduced in the above expression provides a variable
estimate of the deviation from the true or expected result. Consider, once again,
the case when there is complete convergence in the method. If the error factor was
not used to scale the source currents, the obtained deviation would not reflect the
fact that the method has arrived at an expected value, but would rather provide a
relationship between the total current from the grid and the turbines.

Current calculations

The relevant simulation results obtained in PowerFactory and used by the method
are I ′k, id.c., Ib and Ith. Here, the transient short-circuit current I ′k is equal to the
steady-state short-circuit current Ik. I ′k is the total short-circuit current in the bus
bar or terminal. The values of id.c., Ib and Ith are all calculated according to the
selected calculation method in the complete method, see Section 3.2, and based on
the value of I ′k. This is due to the fact that both the transient and subtransient
short-circuit from the grid and current sources are identical. The short-circuit mod-
els used for the external grid, and current source, are based on subtransient values,
which will be identical to the transient and steady-state values, given that the sys-
tem is meshed. Based on the recommendations in IEC 60909, Method C(1) has been
used for this project. Note, that for the calculation of impedance ratio of the grid,
the current sources are left open circuit. The DC component of the short-circuit
contribution from each WTG can therefore be viewed as ignored. This is consistent
with the fast transient response of the FRC WTG controller. If one studies the
simulated transient response of different types of FRC WTGs in [8, 9, 18], the DC
component is seemingly close to zero. Similarly, the thermal equivalent current is
also calculated based on the exclusion of DC contribution from the current sources.

The deviation factor δ derived in the previous section is used for post-calculation
of an conservative estimate of the resulting short-circuit current I ′k. This post-
calculation is carried out according to

I ′k,δ = I ′k(1 + 2δ)

This value is conservative, in the sense that the original current I ′k, is increased two
times the deviation factor. This is to account for the worst case scenario, when the
error in the current source currents completely cancels out a portion of the total
short-circuit current. The purpose of this value is to provide an estimate of the true
short-circuit current that would have been obtained, given that all sources converged
completely, while at the same time providing a certain level of conservativeness.

3.3.3 Iterative Algorithm
The iterative algorithm implemented in PowerFactory is based on an outer and inner
loop, see figure 3.9. The outer loop iterates through all available current sources in
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the system and passes them to the inner loop one by one. This process is repeated,
until all current sources have converged within one single iteration of the outer loop,
or the maximum number of iterations have been reached. The inner loop iteratively
alters the current source parameters according to the reference values defined by
the terminal voltage drop at each source. The loop is terminated either when the
current source has converged to the reference values, the maximum number of inner
loop iterations have been reached or the source has saturated. At the end of the
algorithm relevant values are calculated or obtained from simulation results. In
table 3.4, the basic input parameters required by the algorithm, can be found.
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Outer loop

Start

Stop

Inner loop
Iterate through each
current source until all
sources have arrived at
the specified reference
value within in one sin-
gle loop

Iteratively alter the
current source in order
to obtain the reference
reactive and active cur-
rent

Input parameters

Output results

Figure 3.9. PowerFactory current source model.

Note that the iterative algorithm only serves to determine the steady-state short-
circuit contribution of each turbine, as well as calculating the deviation factor δ.
All other relevant quantities are obtained from PowerFactory simulation results
and post-processed values based thereof. In the following paragraphs, the inner and
outer loop algorithm are explained in more detail, using algorithm flow charts. In
figure 3.10, a description of the blocks used in this type of representation can be
found.

Statement 1? and/or
Statement 2?

Start(input parameters)/Stop(output parameters) Input/Output

• Perform task 1

• Perform task 2

• etc.

Subroutine(input parameters) =
output parameters

Figure 3.10. Explanation of algorithm flow chart building blocks.
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Table 3.4. Basic input parameters required by the iterative algorithm.

Parameter Description
imax Maximum total output current of the FRC WTG in p.u.

during a short-circuit.
iq,max Maximum reactive current of the FRC WTG in p.u. during

a short-circuit.
iq,min Optional. Minimum reactive current of the FRC WTG in

p.u. during a short-circuit. If this value is not specified, i.e.
set to zero, then iq,min = k∆u.

id,max Maximum active current of the FRC WTG in p.u. during a
short-circuit.

nIter1 Maximum allowed number of iterations for the outer loop.
Default value: 100

icap Initial current type setting of each current source. Default
value: 1

isetp Initial current direction of each current source. Default
value: -1.0

cosφ Initial power factor of each current source. Default value:
0.1

φerr Absolute power angle error tolerance used in the inner loop.
Recommended value: 0.05◦

nIter2 Maximum allowed number of iterations for the inner loop.
Default value: 10

kn Nudge factor used in the inner loop. Can be increased to
improve convergence times, or decreased in the rare event of
rapid changes of reference values at the dead band voltage.
Default value: 1.0.

uDB The dead band voltage is the retained voltage in p.u. at the
WTG terminal at the point where the reactive current out-
put of the turbine generator should be controlled according
to the assumed grid code voltage control curve.

K Slope of the linear control region of the grid code voltage
control curve.

n Polynominal factor of the smoothing function. Should be
decreased if the algorithm has difficulties converging for
iq,min 6= 0. Default value: 100
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Inner loop

Consider the inner loop flow chart in figure 3.11. The algorithm is initialized by run-
ning a short-circuit calculation and setting the counters iResOk and iMaxedOut
to zero. From the initial short-circuit calculation, the bus voltage at the current
source terminal is measured, as well as the power angle φ. Note that settings for the
short-circuit calculation, such as the fault location and fault impedance, need to be
setup externally in PowerFactory under the "Short-circuit calculation"-tab. From
the initial short-circuit calculation, the initial reference currents are determined by
the subroutine RefCurrents. This subroutine is implemented based on the grid
code reference curve and smoothing function described in Section 3.3.2.

The resulting reference active and reactive current are used to calculate the refer-
ence power angle φref . Note the minus sign appearing in the expression found in
figure 3.11. The desired current fed into the grid should be inductive, i.e. the reac-
tive current should be lagging the active component. Furthermore, the current set
point is scaled according to the total reference current. At this point, the absolute
error between the actual and reference power angle is determined. If it is below
the threshold value φerr = |φ − φref |, the current parameter settings of the source
is acceptable and the loop sets iResOk = 1 before it is terminated. When devel-
oping this method, the error threshold was set to φerr = 0.05◦, which also is the
recommended value. This value was selected since it provided sufficiently accurate
results, while not impeding the convergence of the method.

If the actual power angle is outside of bounds, i.e. the error threshold, the loop
will start altering the parameters of the source iteratively. The rate at which the
power angle of the source is altered is determined by ki = 1 + k and kd = 1 − k,
where k is the alteration coefficient. Depending on the actual and reference power
angle, as well as the power factor of the source, k will be set according to table 3.5.
As can be seen in the table, k is determined by a constant part multiplied with
the absolute difference in power angle and reference power angle |φ − φref |. The
constant part has been determined through an iterative process, where the values
were set in order to obtain convergence in a large amount of operation scenarios.
In general, it can be noted that when the source is operated close to unity power
factor cosφ = 1, the rate at which the source should be altered is reduced. The
relative factor |φ − φref | helps to speed up the iteration by increasing k when the
error is large, and reducing it when the method is very close to a solution.
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Start(imax, iq,max, iq,min, id,max, φerr, nIter2, kn, uDB, K,n)

• Perform initial short-circuit calculation

• iResOk=iCSsat=0

• Measure u and φ at current source terminal

RefCurrents(u, imax, iq,max, iq,min,
id,max, uDB, K, n) = iq,ref , id,ref

• φref = arctan(−iq,ref/id,ref )

• inewsetp =
√
i2q,ref + i2d,ref ·

iold
setp

|iold
setp|

|φ− φref | < φerr? • iResOk=1
yes

Stop(iResOk,iCSsat)

• iIter2=1

• φprev = 180◦

no

|φ− φref | < φerr
or
iIter2 > nIter2?

Stop(iResOk,iCSsat)
yes

φ = φprev?

no

• iResOk=iCSsat=1
yes

Stop(iResOk,iCSsat)
• φprev = φref

• Calculate k according to table 3.5

• Apply kn and calculate ki/kd

• Alter cosφ, isetp and icap according to table 3.6

• Perform short-circuit calculation

• Measure u and φ at current source terminal

• iIter2new = iIter2old + 1

no

RefCurrents(u, imax, iq,max, iq,min,
id,max, uDB, K, n) = iq,ref , id,ref

• φref = arctan(−iq,ref/id,ref )

• inewsetp =
√
i2q,ref + i2d,ref ·

iold
setp

|iold
setp|

Figure 3.11. Inner loop
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Table 3.5. Alteration coefficient k

|φ− φref | |φ| cosφ k
> 45◦ 0.025 · |φ− φref |
> 30◦ 0.0025 · |φ− φref |
> 5◦ < 60◦ > 0.97 0.0001 · |φ− φref |

< 0.97 0.001 · |φ− φref |
> 60◦ 0.025 · |φ− φref |

> 1◦ < 60◦ > 0.97 0.00005 · |φ− φref |
< 0.97 0.001 · |φ− φref |

> 60◦ 0.025 · |φ− φref |
< 1◦ < 60◦ > 0.97 0.00002 · |φ− φref |

< 0.97 0.005 · |φ− φref |
> 60◦ 0.025 · |φ− φref |

Depending on the difference in power angle, and the quadrant in which the current
source is operating, the current source parameters need to be set according to table
3.6. These regions are implemented based on the current quadrants found in figure
3.6. The column labeled "Action" provides information regarding what changes are
made to the current source parameters. These will depend on the conditions listed
in the remaining columns and rows in the table. The subscript old indicates the
current value of the parameter, while new is the new value, calculated based on
the old one. The variable φprev is used to keep track of the cases when the reac-
tive current of the source is saturated. At this point, the source parameters are
changed, but has no effect on the resulting short-circuit current (this is a conse-
quence of using the Complete Method in PowerFactory). For this case, iResOk = 1
and iCSsat = 1 before the loop is terminated. When the source is set to a new
quadrant, the parameter φprev is set to −180◦. This is because the behavior of the
source will be unchanged at the boundary between two quadrants.

There are two special cases implemented in the inner loop when determining how
the source should be altered. The first one is when ki cosφold > 1. This corresponds
to the case when an increase in the power factor parameter would be outside of the
allowed bounds of the current source model. To amend this, cosφ is simply set to
1. The other case is when kd cosφold < 0.001. In this case, the reduction of the
current value of cosφ will be too small to make any change, and it is simply set to
0. Also, it is worth pointing out that the method only allows the source to move
from the first quadrant to the fourth, and vice verse. During the implementation of
the method, it was discovered that there was no need to allow the source to move
in any other direction when operating in these quadrants.
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Table 3.6. Adjustment of the current source. The action taken to alter the
source depends on the current quadrant in which the source is currently oper-
ating, as well as the actual power angle and power factor.

Quadrant icap isetp φ cosφ Action

1st
0 < 0 < φref

0 cosφnew = 0.01

1
Change to 4th quadrant:
icap = 1
φprev = −180◦

- ki cosφold > 1⇒ cosφnew = 1
ki cosφold ≤ 1⇒ cosφnew = ki cosφold

> φref - cosφnew = kd cosφold

2nd 1 > 0

< φref

0

Change to 1st quadrant:
icap = 0
φprev = −180◦
imax = −1

- kd cosφold < 0.001⇒ cosφnew = 0
kd cosφold ≥ 0.001⇒ cosφnew = kd cosφold

> φref

1
Change to 3rd quadrant:
icap = 0
φprev = −180◦

- ki cosφold > 1⇒ cosφnew = 1
ki cosφold ≤ 1⇒ cosφnew = ki cosφold

3rd 0 > 0

< φref

1
Change to 2nd quadrant:
icap = 1
φprev = −180◦

- kd cosφold < 0.001⇒ cosφnew = 0
kd cosφold ≥ 0.001⇒ cosφnew = kd cosφold

> φref

0

Change to 4th quadrant:
icap = 1
φprev = −180◦
isetp = −imax

- ki cosφold > 1⇒ cosφnew = 1
ki cosφold ≤ 1⇒ cosφnew = ki cosφold

4th 1 < 0

< φref
- kd cosφold < 0.001⇒ cosφnew = 0

kd cosφold ≥ 0.001⇒ cosφnew = kd cosφold

> φref

1
Change to 1st quadrant:
icap = 0
φprev = −180◦

- ki cosφold > 1⇒ cosφnew = 1
ki cosφold ≤ 1⇒ cosφnew = ki cosφold
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Outer loop

Consider the outer loop flow chart in figure 3.12. The method is initialized by set-
ting all current sources according to input, i.e. icap, isetp and cosφ. Note that the
current set point isetp will be scaled by the input parameter imax for all sources.
The recommended values of icap, isetp and cosφ are found in table 3.4, and were
used in the development of this method. In each iteration of the outer loop, an
attempt to converge to the reference value of each source is made using the inner
loop. If a source is within the tolerance φerr at the start of the inner loop, or if it is
saturated, the source will be flagged as acceptable, i.e. iResOk = 1. If all sources
are considered as acceptable within one single loop of the iteration, the method is
considered as completed. At this point, the deviation factor δ is calculated and dis-
played along with the number of saturated sources, as well as the total simulation
time. In order to obtain fast convergence, it has been noted that it is beneficial to
keep the number of inner loop iterations relatively low, compared to the number
of outer loop iterations, when dealing with a large amount of current sources. A
great number of inner loop iterations would result in local convergence for one of
the sources, but at the same time have greater impact on the surrounding sources.
An incremental change in each source, however, will subsequently push all sources
to convergence simultaneously.



3.3. CURRENT SOURCE METHOD 47

Start(imax, iq,max, iq,min, id,max, nIter1, i_cap, isetp, cosini, φerr, nIter2, kn, uDB, K, n)

• Initialize PowerFactory short-circuit object

• Initialize all current sources using i_cap, isetp
and cosini

• nF lag = Number of energized current sources

• iF lag = iTotMaxedOut = 0

• iIter1 = 1

iF lag = nF lag? • Calculate δ according to (3.1)
yes

Stop(δ, iTotMaxedOut, tsim)

iIter1 > nIter1?

no

Output: "No convergence"
yes

Stop(tsim)

• iF lag = 0

• iTotMaxedOut = 0

no

InnerLoop(imax, iq,max, iq,min,
id,max, φerr, nIter2, kn, uDB, K, n)
= iResOk, iCSsat

iResOk = 1?
• iF lagnew = iF lagold + 1

• iTotMaxedOutnew = iTotMaxedOutold +
iCSsat

yes

All current sources han-
dled by inner loop?

no

Repeat process for next
current source

iIter1new = iIter1old + 1 yes

no

Figure 3.12. Outer loop
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3.4 Wind Power Plant Aggregation Model
Consider the current source method described in the previous section. When dealing
with a system model consisting of a large number of current sources, the conver-
gence time of each simulation will be relevant. By aggregating the WTG arrays in
the system, a considerably lower number of current sources could be used in model.
By reducing the number of current sources handled by the iterative algorithm, the
convergence time can be improved, which is important if a great number of studies
are to be performed. For any fault occurring inside an array, a non-aggregated
representation is still the only valid approach. This, however, does not prevent any
remote WTG array in the system to be aggregated. A method used for WTG plant
aggregation was originally proposed in [26]. Note that this method was initially
intended for load-flow calculations. The remainder of this section will summarize
selected parts of the method found the aforementioned article.

In figure 3.13 the generic representation of a WTG array can be found. Each WTG
i is connected through a transformer Ti to a segment of the array cable. Let Zi be
the cable impedance separating WTG i from the subsequent WTG. Zn represents
the last stretch of cable connecting the array to the platform, with WTG n being
the turbine closest to the platform. Assume that each turbine is operated at unity
power factor, i.e. Si = Pi. Furthermore, each turbine is assumed to be operated
at an equal voltage, that is V1 = V2 = · · · = Vn = V . This assumption is never
justified in the source material. In a real system the voltage, especially the voltage
angle, will differ between each turbine in an array even during rated operation, since
all generators are separated by complex impedances.

 

    

   

      

   

   

      

   

    

   

      

   

    

    

         

Figure 3.13. Overview of a WTG array with n interconnected WTGs in
series.

For the following derivation, all values are assumed to be in per unit. Let the voltage
drop across the cable impedance Z1 be

∆V1 = I1Z1 = S1
V

Z1 = P1
V

Z1

where Ii = I1 is the current of the first WTG. The voltage drop of the second
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impedance Z2 will depend on the sum of the currents of WTG 1 and 2, i.e.

∆V2 = (I1 + I2)Z2 = (P1
V

+ P2
V

)Z2

From the above expression, it follows that the voltage drop across the nth impedance
will be

∆Vn = (I1 + I2 + · · ·+ In)Zn = (P1
V

+ P2
V

+ · · ·+ Pn
V

)Zn

The power loss in Z1 can be written as

SLoss,Z1 = ∆V1I1
∗ =

(P1
V

)(P1
∗

V ∗

)
Z1 = P1

2

V 2 Z1 = PZ1
2

V 2 Z1

where PZi = PZ1 is the active power transmitted through the impedance. From this
it follows that

SLoss,Z2 = ∆V2I2
∗ = (P1 + P2)2

V 2 Z2 = PZ2
2

V 2 Z2

and more generally

SLoss,Zn = ∆VnIn
∗ = (P1 + P2 + · · ·+ Pn)2

V 2 Zn = PZn
2

V 2 Zn

The total loss in the array cable can be written as the sum of the above losses

SLoss = PZ1
2Z1 + PZ2

2Z2 + · · ·+ PZn
2Zn

V 2 (3.2)

Now consider the equivalent model found in figure 3.14. The WTGs found in figure
3.13 are now replaced by a generator producing a sum of the active power generated
by each WTG in the non-aggregated model. The equivalent current Ieq flowing out
of the WTG array should be equal in both the aggregated and non-aggregated
model.

 

       

 

 

 

    
    

    

     

Figure 3.14. Aggregated equivalent model of WTG array.

The voltage drop across the equivalent array cable impedance Zeq will thus be

∆Veq = IeqZeq = (P1 + P2 + · · ·+ Pn)
V
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since the total power transmitted through the equivalent impedance should be equal
to that of the nth impedance in the non-aggregated model. This is based on the as-
sumption that the power loss in each cable segment is considerably smaller than the
total transmitted power. The power loss in the equivalent impedance is expressed
as

SLoss,Zeq = ∆VeqIeq
∗ = IeqIeq

∗Zeq =

=
(P1 + P2 + · · ·+ Pn

V

)(P1 + P2 + · · ·+ Pn
V

)∗
Zeq =

= (P1 + P2 + · · ·+ Pn)2Zeq

V 2 = PZn
2Zeq

V 2 (3.3)

By setting (3.3) equal to (3.2) the following results are obtained

PZn
2Zeq

V 2 = PZ1
2Z1 + PZ2

2Z2 + · · ·+ PZn
2Zn

V 2

which can be rewritten as

Zeq =
∑n
i=1 PZi

2Zi

PZn
2 (3.4)

In [26], the method for equivalencing the impedance of the aggregated WTG trans-
formers, Teq, is also described. For the purpose of this project, however, there is
no need for this method. The transformer model used in PowerFactory allows for
aggregation of two or more parallel transformers, which is the case for a WTG
array in the above format. Similarly, the turbines can easily be aggregated, by us-
ing a current source with a rated current corresponding to the equivalent current Ieq.

When using this aggregation method, one should keep in mind that it is developed
for load-flow simulations. The method can only be considered as valid for cases
when all turbines are operated at a similar voltage. For certain operation scenarios,
system configurations or high array cable impedances this may not always be the
case.



Chapter 4

Numerical Results

In this chapter two case studies are performed and evaluated. From the results,
general conclusions related to the current source method, are drawn.

4.1 Case Study: Single WTG connected to a Strong Grid

4.1.1 Introduction

The purpose of the case study is to illustrate the functionality of the current source
method, while also demonstrating its performance. In addition to this, the static
generator model in PowerFactory has been included in a test case for comparison.
The case study is illustrating a single WTG connected through a transformer to a
strong grid. The generating capacity of the WTG model is 100 MW, and simulates
an aggregated OWPP where cable impedances have been neglected. Note that the
purpose of the case study is not to illustrate a realistic short-circuit simulation, but
rather provide a benchmark of the newly developed method.

4.1.2 Test System Overview

Consider the test system in figure 4.1(a). The FRC WTG is represented by both
the current source model and the static generator. The WTG is connected to a
external network model through a 2-winding transformer. The external network
model represents a strong grid.

External network

The input parameters of the external network can be found in table 4.1. In order for
the external network to act as a strong grid, the load-flow characteristics have been
selected as a slack type with nominal voltage 1 6 0◦ p.u.. The choice of short-circuit
power, and impedance ratio, are depending on the strength and characteristics of
the modeled grid. With no available information of a real life grid model, these
parameters need to be selected based on assumptions. In order to model a strong

51
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(b) Overview fault case 1
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(c) Overview fault case 2

Figure 4.1. Overview of the case study.

grid, the Short-Circuit Ratio (SCR) needs to be considered [36]. The SCR is the
ratio between generated power and assumed short-circuit power of the connected
grid. The SCR of a strong grid is discussed through out the literature and considered
to be anywhere from SCR > 2 [37] to SCR > 25 [38]. For this case study, the SCR
has been selected as 10. In other words, the short-circuit power S′′k of the external
network is 1000 MVA, since the generated power is 100 MW. The impedance ratio
has been set to 0.1, in order to represent a mainly inductive grid. In accordance with
the IEC 60909 standard, the voltage factor has been set to 1.1, since the voltage
level of the bus connection is 33 kV. By using a voltage correction factor of 1.1 the
level of conservativeness is increased.

Table 4.1. Input parameters of the external network model.

Parameter Description Value
u Nominal voltage 1 p.u.
ϕ Voltage angle 0◦
S′′k Short-circuit power 1000 MVA
r1 Impedance ratio 0.1
cmax Voltage factor 1.1

2-winding transformer

The input parameters of the 2-winding transformer can be found in table 4.2. For
this case study, the transformer winding setup is YNyn0, a Y-connection with
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grounded neutral at both the high and low voltage side. The transformer is op-
erating at a fixed turns ratio without an OLTC. The selection of impedance is
arbitrary, but in the range of what could be expected for a high power transformer.

Table 4.2. Input parameters of the 2-winding transformer model.

Parameter Description Value
Sn Rated power 100 MVA
Uh/Ul Voltage ratio 33/0.69 kV
x1 Positive sequence reactance 0.01 p.u.
R/X ′′ Positive sequence resistance 0.001 p.u.

Static generator

The input parameters of the static generator can be found in table 4.3. The choice
of short-circuit power is such that the resulting subtransient short-circuit is equal
to the rated current.

Table 4.3. Input parameters of the static generator model.

Parameter Description Value
Sn Rated power 100 MVA
cosφ Power factor 1.0
P Generated active power 100 MW
S′′k Short-circuit power 100 MVA
R/X ′′ Short-circuit impedance ratio 0.1

Current source

The rated current of the current source is set to 83.674 kA, i.e.

In = Pn√
3 · U690V

n

= 100 MW√
3 · 690 V

= 83.674 kA

4.1.3 Test Cases

In order to illustrate the capabilities of the current source method, four test cases
have been developed, in order to illustrate the effect of using different method input
parameters. These can be found in table 4.4. The input parameters were arbitrarily
chosen, in order to illustrate the flexibility of the developed method.
Furthermore, in each test case the system has been subject to the following faults:
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Table 4.4. Current source method input parameters for test case 1-4.

Test case imax iq,max id,max iq,min K uDB n

1 1.0 1.0 1.0 0 2.0 0.1 100
2 1.4 1.0 1.4 0 2.0 0.1 100
3 1.0 1.0 1.0 0 2.5 0.05 100
4 1.1 1.1 1.0 0.4 2.0 0.1 25

• Fault 1 : Three-phase line-to-ground fault at the WTG terminal, see figure
4.1(b).

• Fault 2 : Three-phase line-to-ground fault at the PCC, i.e. the connection of
the external network, see figure 4.1(c).

In both above cases, the fault impedance |Zf | = |Rf + jXf | = Zf has been varied
such that the voltage drop obtained at the WTG terminal is 0 < ∆u < 1. The
fault impedance ratio has been kept at fixed ratio Xf/Rf = 5. This is a seemingly
arbitrary choice, but selected in order to obtain a mainly inductive resulting short-
circuit impedance, as seen from the WTG generator. In addition to this, it allows
for comparison with previous studies [21,39].

For the sake of comparison, the static generator has been included in test case 1
for both fault case 1 and 2. Note, however, that the only comparable results for
the current source method and static generator is the total short-circuit current
for a given fault impedance |Zf |. This is a testament to the fact that no more
information is available to the user, as was described in Section 1.4. To make any
claims about the active and reactive power flow of the steady-state behavior of the
static generator, the corresponding voltage angle of the terminal needs to be known.
The current angle can, however, give some hints of the behavior of the generator.

4.1.4 Comments on the Results
The purpose of this section is to provide some brief comments on the obtained case
study results. For more in depth conclusions drawn from the results, see Section 4.3.

In each test case, when utilizing the current source method, the reactive and active
current component, deviation factor δ and simulation time is plotted as a function
of the WTG terminal voltage drop ∆u. The simulated current components are
plotted against the corresponding reference curve. See figure 4.2 and 4.5 - 4.7.

Test case 1 comparison

In figure 4.2, the simulation results obtained for the current source method are
available. As it can be seen in figure 4.2(a) and 4.2(b), the method successfully
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obtains the reference values set by the grid code, in both fault cases. In figure
4.2(c) and 4.2(d), the corresponding deviation factor δ simulation time are plotted,
respectively.

In figure 4.3 and 4.4, the simulation results of the current source method and static
generator are compared for fault case 1 and 2. In figure 4.3(a) and 4.4(a), the
total short-circuit current is plotted as a function of the fault impedance. The
current source provides a constant output current for the whole range, as expected.
The static generator current generator experiences a sag for the fault impedance
range corresponding to linear reactive current ramping of the current source. This
can be seen in figure 4.3(b) and 4.4(b). Note, that the active and reactive current
component denoted with the superscript †, are not the true values, but based on the
current angle solely. Given the striking similarities between the current components
found in 4.3(b), 4.3(c), 4.4(b) and 4.4(c), the voltage angle of the static generator
terminal can be assumed to be neglectable for the full range of fault impedances.
Other than the deviation in the total current, the lack of a discontinuity in i†q,StatGen
is noteworthy. If i†q,StatGen in fact is close to the true value of the reactive current,
then it appears as if iq,StatGen is ramped down linearly to 0. These results can be
interpreted as consistent with the grid code voltage control curve, which the current
iteration method is based upon [24]. If this indeed is the intended behavior of the
static generator, it indicates that the current iteration method is not applicable
for the case when the FRC WTGs are used in a study based on the E.ON voltage
control curve, found in figure 2.5.

Current source method, test case 1 - 4

Overall, it can be concluded that the obtained results correspond to the reference
values. There are, however, some notable deviations. As it can be seen in figure
4.2(b), 4.5(a), 4.5(b), 4.6(b) and 4.7(b), the method does not converge to the correct
reference value for voltage drops close to 1 p.u.. In all test cases, this is reflected
by a deviation factor close to 1 %. Note that this only occurs for the second fault
case, i.e. at the PCC.

Consider δ in figure 4.2(c) and 4.5(c) - 4.7(c). In all test cases, there is a peak in δ
above 10 % for ∆u < uDB. The cause for this is the difference between simulated
value and the expected "real" reference value. The calculation of δ is based on a
reference curve without a smoothing function. This will result in an increasing dif-
ference between the "real" reference value and the one obtained using the smoothing
function, as ∆u is increased closer to uDB.

Also, the simulation time for the same voltage range mentioned is considerably
higher, see figure 4.2(d) and 4.5(d) - 4.7(d). This is due to the fact that for voltage
drops close to uDB, the active current is at its maximum, and for this system
setup this corresponds to a current source power factor close to 1. In the method
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implementation, the incremental change of the power factor is kept small for cosφ
close to 1 to avoid overshoot.
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Figure 4.2. Current source method simulation results for test case 1.
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Figure 4.3. Simulation results for test case 1 - fault 1: Comparison between
results obtained using the current source method and the static generator model
with current iteration.
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Figure 4.4. Simulation results for test case 1 - fault 2: Comparison between
results obtained using the current source method and the static generator model
with current iteration.
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Figure 4.5. Current source method simulation results for test case 2.
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Figure 4.6. Current source method simulation results for test case 3.



62 CHAPTER 4. NUMERICAL RESULTS

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.5

1

∆u

[p
.u
.] iq,sim - Fault 1

iq,sim - Fault 2
iq,ref

(a) Reactive current component iq

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.5

1

∆u

[p
.u
.]

id,sim - Fault 1
id,sim - Fault 2

id,ref

(b) Active current component id

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
−4
−3
−2
−1

0

∆u

lo
g 1

0
δ

Fault 1
Fault 2

(c) Deviation factor δ

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
5

10
15

∆u

Si
m
ul
at
io
n
tim

e

Fault 1
Fault 2

(d) Simulation time

Figure 4.7. Current source method simulation results for test case 4.
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4.2 Case Study: Offshore Wind Power Plant

4.2.1 Background Description

The purpose of the case study is to illustrate the current source method in a larger
test system. The test system will be subject to several short-circuits, and the
effectiveness of the current source method, and model aggregation is evaluated. In
order to illustrate a realistic short-circuit study, a test system based on a plausible
system investigated by ABB. The component parameters used within the system
are based on proposed components, but have been slightly altered due to corporate
secrecy. All results are obtained using the system model in PowerFactory and post-
calculated values are based on simulation data.

4.2.2 Test System Overview

In figure 4.8, an overview of the test system model in PowerFactory, can be found.
An external network model is connected at the PCC, in order to model a strong
grid connection. The onshore substation connected to the PCC utilizes two onshore
transformers. The onshore substation is connected to two offshore platforms by
a land and a subsea cable. Each offshore platform utilizes two power transform-
ers, which subsequently are connected to one of four WTG collection grids. Each
collection grid is here modeled by a single array consisting of ten WTGs, with an
individual rated power of 5 MW. Note that the collection grid of an OWPP usu-
ally consists of several WTG arrays. For this case study, the number of arrays per
collection grid has been reduced, to provide a simpler model. With ten turbines in
each array, and four arrays in total, the OWPP therefore produces a total of 200
MW.

The system is designed in a symmetrical fashion, i.e. the left and right branch as
seen from the onshore substation are identical. This, of course, is not completely
realistic, but assumed for the purpose of this case study. The WTG array is mod-
eled separate from the main system. In figure 4.9, the array connection is depicted.
This includes both an aggregated model of the array and a non-aggregated plant,
modeled separately. For any type of fault applied upstream of the array connec-
tion, i.e. anywhere in the system from the WTG array connection to the PCC,
the aggregated model is used. All faults applied within the array is based on the
non-aggregated model. As an example, consider a fault applied within one of the
arrays. This part of the system will use the non-aggregated model while the three
remaining arrays, which are remote to the fault location, are aggregated.

The aggregated model consists of an aggregated array cable, transformer and WTG
model. The non-aggregated array can be found in figure 4.10. The first WTG in the
array is connected directly to the array cable found in figure 4.9, while each subse-
quent model is connected in parallel through an additional segment of array cable.
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Figure 4.8. PowerFactory model of OWPP.
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Figure 4.9. PowerFactory model of OWPP WTG array connection.
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Figure 4.10. PowerFactory model of OWPP WTG array.

Each array is placed at a distance of 2.5 km from the offshore platform, and the
length of each array cable interconnecting the turbines is 700 m. Furthermore, each
WTG is connected to the array cable through a WTG transformer. In table 4.5 and
4.6, the parameter values used for the system transformers and cables, respectively,
can be found. The impedance of the aggregated array cables are calculated using
(3.4) found in Section 3.4. With each turbine producing P = 5 MW, the aggregated
impedance of the array cables is calculated as follows

Zeq =
∑n
i=1 PZi

2Zi

PZn
2 =

∑9
i=1 (i · P )2Z′ + (10 · P )2Z′′

(10 · P )2 =

= 0.3495 + j0.4495 Ω/km

where Z′ is the impedance of each segment of the array cable, and Z′′ is the
impedance of the array cable connecting the first WTG in the array to the platform.
The parallel transformers in each array can be aggregated in PowerFactory using
the same transformer data as the non-aggregated model. The transformer model
used for the aggregated model simply needs to be set as 10 parallel transformers in
the basic options. Each WTG is modeled using an AC current source with a rated
current of 4183.69 A (non-aggregated) or 41836.9 A (aggregated). This is calculated
from

In,non−agg = Pn√
3 · Un,WTG

= 5 MW√
3 · 690 V

= 4183.69 A
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In,agg = 10 · Pn√
3 · Un,WTG

= 50 MW√
3 · 690 V

= 41836.9 A

The external network is modeled as a slack bus with a fixed voltage of 16 0◦ p.u..
The short-circuit behavior of the external network is modeled using the following
parameters:

• S′′k = 5000 MVA - Based on a total generated power of 200 MW (SCR = 25).

• R/X = 0.1 - Representing a mainly inductive grid.

• cmax = 1.1 - Introducing a level of conservativeness.

Note that the SCR = 25 in order to represent a very strong grid.

Table 4.5. Transformer model parameters.

Transformer Voltage rating Rated power x1 r1 Type
Onshore 400/220 kV 200 MVA 0.12 p.u. 0.002 p.u. YNyn0
Offshore 220/33 kV 50 MVA 0.12 p.u. 0.003 p.u. YNyn0
WTG 33/0.69 kV 5 MVA 0.08 p.u. 0.006 p.u. Dyn11

Table 4.6. Cable model parameters.

Cable Voltage rating Length X/km R/km
Land cable 220 kV 30 km 0.18 Ω 0.075 Ω
Subsea cable 220 kV 40 km 0.1 Ω 0.065 Ω
Subsea platform interconnec-
tion

220 kV 10 km 0.1 Ω 0.065 Ω

Array cable 33 kV 2.5 km 0.1 Ω 0.06 Ω
WTG interconnection cable 33 kV 0.7 km 0.1 Ω 0.1 Ω
Aggregated array cables 33 kV 1 km 0.4495 Ω 0.3495 Ω

4.2.3 Test Cases
In order to illustrate the behavior of the current source method, and to illustrate
the short-circuit contribution from multiple FRC WTGs, several test cases have
been developed for the case study.

First, a load-flow simulation and short-circuit calculation is performed, in order
to verify the accuracy of the aggregated impedance model used for the aggregated
WTG array. For the load-flow simulation, all current sources, both aggregated and
non-aggregated, are set according to the following parameters:

• isetp = −1
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• icap = 0

• cosφ = 1

Using these settings, each source will generate a load-flow current corresponding
to the rated active power of each WTG. The short-circuit calculation is performed
for a bolted fault applied directly to the WTG array connection seen in figure 4.9.
Both of the above cases are considered for a system operating according to a normal
operation scenario (scenario 1) which is explained below.

Secondly, fault cases in which a bolted fault is applied at one of the following busbars
are considered:

• Fault case 1: PCC - 400 kV busbar interconnecting the OWPP to the external
network, see figure 4.8.

• Fault case 2: Onshore cable connection - Low voltage side of onshore substa-
tion (220 kV), see figure 4.8.

• Fault case 3: Offshore platform 1 - High voltage side of offshore platform 1
(220 kV), see figure 4.8.

• Fault case 4: MV busbar 1 - Medium voltage side of offshore platform 1 (33
kV), see figure 4.8 or 4.9.

• Fault case 5: Array cable 1a terminal - Connection point at the end array
cable 1a (33 kV), see figure 4.10.

• Fault case 6: WTG Terminal 10 - Terminal of WTG 10 (0.69 kV), see figure
4.10.

Furthermore, for each test case the system is operated according to the two following
scenarios

• Scenario 1: Normal operation - Onshore transformer 1 and 2 are both con-
nected to reduce transmission losses. The subsea platform interconnection is
disconnected and both breaker 1 and 2 are open. In other words, each trans-
former in the system is operated at half the rated power, i.e. the offshore
transformer at 100 MW and onshore transformer at 200 MW. This scenario
is depicted in figure 4.8.

• Scenario 2: Contingency operation - This scenario illustrates the case when
the short-circuit impedance of the system is at its lowest. Both onshore trans-
formers are still connected. The subsea platform interconnection is connected
reducing the effective impedance between the offshore platforms and the land
connection by half. Also, both breaker 1 and 2 are closed thus reducing the
effective offshore transformer impedance by half.
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For the calculation of id.c. and Ith the break time t = 0.1 s and fault clearing time
Tk = 1 s were used.

4.2.4 Results

All short-circuit simulation results were obtained using the algorithm input parame-
ters listed in table 4.7. In each fault case, the fault location was selected accordingly,
and the fault impedance Zf was kept at 0 Ω. All current components, other than
the transient/steady-state short-circuit current, was calculated using Method C(1).

Table 4.7. Algorithm input parameters used in case study 2.

imax iq,max iq,min id,max nIter1 icap isetp
1.0 1.0 0.0 1.0 100 1 1
cosφ φerr nIter2 kn uDB K n
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(b) Aggregated model

Figure 4.11. Load-flow results for the non-aggregated and aggregated array
model.
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(b) Aggregated model

Figure 4.12. Short-circuit calculation results for the aggregated and non-
aggregated array model.

Impedance aggregation model

In figure 4.11(a) and 4.11(b), the load-flow results obtained for the non-aggregated
and aggregated array can be found. For both cases, the same bus voltage and
equivalent current in the array cable are obtained. Note that the relevant result
box used for comparison of transmitted power and current is the red box positioned
closest to the green busbar at the top. The power flow P and Q are here defined
as flowing into the array cable, and it can be seen in both cases, that the delivered
power at this node is 49.974 MW at a voltage of 1.005 p.u. and current of 0.8748 p.u..

Similar to the above case, the short-circuit results used for comparing the non-
aggregated and aggregated array models can be found in figure 4.12(a) and 4.12(b),
respectively. Here, the resulting transient short-circuit current in the busbar, as
well as id.c., Ib and Ith are equal in both cases. As it can be seen in the figure,
the resulting short-circuit current produced by the non-aggregated and aggregated
WTG array are equal.
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Fault cases

In table 4.8-4.13, the results obtained for each WTG in fault case 1 - 6 are listed.
In each scenario, the resulting terminal voltage u is reported, along with the corre-
sponding reactive current reference value iq,ref , the simulated reactive current iq,sim
and the absolute error between the two, iq,err = |iq,sim − iq,ref |. In table 4.14 and
4.15 the results obtained for each busbar in scenario 1 and 2 are displayed. Here,
the transient short-circuit current I ′k corresponding to the steady-state current is
displayed. In addition to this, the following results are provided:

• Conservative estimate of the total short-circuit current I ′k,δ. This value is
post-calculated based on the obtained value of I ′k and δ.

• Decaying DC component id.c..

• Symmetrical breaking current Ib.

• Thermal equivalent current Ith.

• Deviation factor δ.

• Simulation time t.

The results for fault case 6 were obtained using kn = 0.9. The nudge factor was
applied to decrease the incremental change in between iterations, since a problem
with convergence was detected.

As can be seen in table 4.8 and 4.9, there is no difference in the obtained results
for scenario 1 and 2 for fault case 1 and 2. This is because the OWPP is separated
into two symmetrical systems, i.e. the contingency in scenario 2 does not affect
the resulting voltage drop on each WTG terminal. The maximum error obtained
when using only aggregated source models is obtained for fault case 4, scenario 2.
This can be seen in table 4.11. Here, the error for the aggregated arrays located
closest to the fault location is 2.3 %. This is reflected by δ = 2.7 %, found in table
4.15. Note that this is the most severe deviation obtained from all of the simulation
results. With a deviation factor of 2.7 %, the conservative estimate I ′k,δ is therefore
5.4 % larger than the simulated total short-circuit current.

In table 4.13, another noteworthy result can be found. For scenario 1, numerous
current sources are operated at a voltage drop very close to the dead band voltage.
Because of the smoothing function introduced in Section 3.3.2, a large error is
increased where the largest amounts to 17.9 %. When studying the results in table
4.14, for the same fault case, one can note that even though the fault is quite severe
for a number of sources, the overall deviation factor δ is 1.8 %. This deviation is in
other words lower than what was obtained in the worst case results for fault case 4,
scenario 2.
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Table 4.8. Simulation results for a bolted fault at the PCC (fault case 1),
during normal operation (scenario 1) and contingency operation (scenario 2).
All values are in p.u..

Scenario 1 Scenario 2
Source u iq,ref iq,sim iq,err u iq,ref iq,sim iq,err

Agg. WTG 1 0.243 1.000 0.990 0.010 0.243 1.000 0.990 0.010
Agg. WTG 2 0.243 1.000 0.990 0.010 0.243 1.000 0.990 0.010
Agg. WTG 3 0.243 1.000 0.990 0.010 0.243 1.000 0.990 0.010
Agg. WTG 4 0.243 1.000 0.990 0.010 0.243 1.000 0.990 0.010

Table 4.9. Simulation results for a bolted fault at the onshore cable terminal
(fault case 2), during normal operation (scenario 1) and contingency operation
(scenario 2). All values are in p.u..

Scenario 1 Scenario 2
Source u iq,ref iq,sim iq,err u iq,ref iq,sim iq,err

Agg. WTG 1 0.183 1.000 0.983 0.017 0.183 1.000 0.983 0.017
Agg. WTG 2 0.183 1.000 0.983 0.017 0.183 1.000 0.983 0.017
Agg. WTG 3 0.183 1.000 0.983 0.017 0.183 1.000 0.983 0.017
Agg. WTG 4 0.183 1.000 0.983 0.017 0.183 1.000 0.983 0.017

Table 4.10. Simulation results for a bolted fault at the offshore platform 1
busbar (fault case 3), during normal operation (scenario 1) and contingency
operation (scenario 2). All values are in p.u..

Scenario 1 Scenario 2
Source u iq,ref iq,sim iq,err u iq,ref iq,sim iq,err

Agg. WTG 1 0.162 1.000 0.989 0.011 0.162 1.000 0.989 0.011
Agg. WTG 2 0.162 1.000 0.989 0.011 0.162 1.000 0.989 0.011
Agg. WTG 3 0.490 1.000 1.000 0.000 0.166 1.000 0.999 0.001
Agg. WTG 4 0.490 1.000 1.000 0.000 0.166 1.000 0.999 0.001
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Table 4.11. Simulation results for a bolted fault at the MV busbar 1 (fault case
4), during normal operation (scenario 1) and contingency operation (scenario
2). All values are in p.u..

Scenario 1 Scenario 2
Source u iq,ref iq,sim iq,err u iq,ref iq,sim iq,err

Agg. WTG 1 0.103 1.000 0.977 0.023 0.103 1.000 0.977 0.023
Agg. WTG 2 0.732 0.536 0.537 0.001 0.103 1.000 0.977 0.023
Agg. WTG 3 0.817 0.366 0.366 0.000 0.639 0.723 0.722 0.000
Agg. WTG 4 0.817 0.366 0.366 0.000 0.639 0.723 0.723 0.000

Table 4.12. Simulation results for a bolted fault at the array cable 1a terminal
(fault case 5), during normal operation (scenario 1) and contingency operation
(scenario 2). All values are in p.u..

Scenario 1 Scenario 2
Source u iq,ref iq,sim iq,err u iq,ref iq,sim iq,err

WTG 1 0.080 1.000 0.997 0.003 0.080 1.000 0.997 0.003
WTG 2 0.086 1.000 0.991 0.009 0.086 1.000 0.991 0.009
WTG 3 0.091 1.000 0.985 0.015 0.091 1.000 0.985 0.015
WTG 4 0.094 1.000 0.981 0.019 0.094 1.000 0.981 0.019
WTG 5 0.096 1.000 0.978 0.022 0.096 1.000 0.978 0.022
WTG 6 0.083 1.000 0.994 0.006 0.083 1.000 0.994 0.006
WTG 7 0.089 1.000 0.988 0.012 0.089 1.000 0.988 0.012
WTG 8 0.093 1.000 0.983 0.017 0.093 1.000 0.983 0.017
WTG 9 0.096 1.000 0.979 0.021 0.096 1.000 0.979 0.021
WTG 10 0.097 1.000 0.977 0.023 0.097 1.000 0.977 0.023
Agg. WTG 2 0.762 0.476 0.476 0.000 0.294 1.000 1.000 0.000
Agg. WTG 3 0.840 0.320 0.320 0.000 0.699 0.602 0.601 0.001
Agg. WTG 4 0.840 0.320 0.320 0.000 0.699 0.601 0.602 0.001
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Table 4.13. Simulation results for a bolted fault at the WTG 10 terminal
(fault case 6), during normal operation (scenario 1) and contingency operation
(scenario 2). All values are in p.u..

Scenario 1 Scenario 2
Source u iq,ref iq,sim iq,err u iq,ref iq,sim iq,err

WTG 1 0.901 0.000 0.107 0.107 0.914 0.000 0.001 0.001
WTG 2 0.900 0.000 0.135 0.135 0.911 0.000 0.001 0.001
WTG 3 0.900 0.000 0.179 0.179 0.906 0.000 0.001 0.001
WTG 4 0.897 0.206 0.205 0.001 0.902 0.000 0.021 0.021
WTG 5 0.892 0.217 0.217 0.001 0.901 0.000 0.088 0.088
WTG 6 0.901 0.000 0.119 0.119 0.913 0.000 0.001 0.001
WTG 7 0.900 0.000 0.155 0.155 0.909 0.000 0.001 0.001
WTG 8 0.900 0.201 0.200 0.001 0.904 0.000 0.005 0.005
WTG 9 0.895 0.211 0.212 0.001 0.901 0.000 0.051 0.051
WTG 10 0.000 1.000 1.000 0.000 0.000 1.000 1.000 0.000
Agg. WTG 2 0.968 0.000 0.001 0.001 0.937 0.000 0.001 0.001
Agg. WTG 3 0.978 0.000 0.000 0.000 0.970 0.000 0.001 0.001
Agg. WTG 4 0.978 0.000 -0.001 0.001 0.970 0.000 0.001 0.001

Table 4.14. Short-circuit calculation results for all short-circuited busbars and
terminals (fault case 1-6), during normal operation (scenario 1).

Fault location I ′k [kA] I ′k,δ [kA] id.c. [kA] Ib [kA] Ith [kA] δ t [s]
PCC 6.561 6.642 0.401 6.561 6.672 0.006 3
Onshore cable
connection

4.982 5.169 1.383 4.982 5.143 0.019 2

Offshore plat-
form 1

3.653 3.732 0.019 3.653 3.687 0.011 3

MV busbar 1 9.097 9.486 0.975 9.097 9.284 0.021 5
Array cable 1a
terminal

7.995 8.294 0.150 7.995 8.094 0.019 13

WTG 10 ter-
minal

48.321 50.065 2.107 48.321 49.060 0.018 142
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Table 4.15. Short-circuit calculation results for all short-circuited busbars and
terminals (fault case 1-6), during normal operation (scenario 2).

Fault location I ′k [kA] I ′k,δ [kA] id.c. [kA] Ib [kA] Ith [kA] δ t [s]
PCC 6.561 6.642 0.401 6.561 6.672 0.006 4
Onshore cable
connection

4.982 5.169 1.383 4.982 5.143 0.019 2

Offshore plat-
form 1

4.079 4.170 0.100 4.079 4.133 0.011 4

MV busbar 1 14.324 15.112 1.751 14.324 14.634 0.027 5
Array cable 1a
terminal

12.465 12.795 0.114 12.465 12.597 0.013 16

WTG 10 ter-
minal

49.308 49.772 2.095 49.308 50.057 0.005 36
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4.3 Conclusions

From the obtained results in case study 1 and 2, it can be noted that the devel-
oped current source method provides results with reasonably low deviation from
the expected value. A maximum deviation factor of 2.7 % was obtained in fault
case 4, scenario 2. This is corresponding to a bolted fault applied at the MV busbar
of the left branch in the system. One should keep in mind that there is always
a level of interpretation involved when analyzing the simulation results, as well as
understanding the arbitrary relative deviation measured by δ. As an example, con-
sider the worst case performance of the method in fault case 4, scenario 2. Here,
the bolted fault has separated the left branch of the OWPP from the right. The
short-circuit current from the grid, as well as the aggregated WTGs of the right
branch, are unaffected by the short-circuit current of the left branch. Because of
this separation of the system, the results obtained for the right branch can be seen
as locally converged, in the sense that a change of the short-circuit current in the
left branch would have no effect on the right branch currents. The expected reactive
short-circuit currents of the left branch WTGs are with most certainty 1.0 p.u., con-
sidering the extremely low terminal voltages. If the reactive short-circuit current
in fact would converge to 1.0 p.u., the terminal voltage of the WTGs would in-
crease. The change, however, would not alter the reference value, given the already
extreme voltage sag. The expected reference value for a fully converged simulation
could therefore be assumed to remain at 1.0 p.u.. Since this behavior generally only
occurs for cases with extremely low terminal voltages, it therefore makes sense to
refer to an expected reference value. This is, in other words, not a deterministic
feature of the method, but rather based on the correlation between convergence
issues and very low terminal voltages.

From the results in case study 1 and 2, one can also detect the effect of the smooth-
ing function introduced by the current source method. Once again, the simulation
results need to be interpreted by the user. The deviation caused by the smoothing
function is measured using the deviation factor δ. Compared to the case mentioned
in the above paragraph, it is much harder to make any claims about a true ex-
pected value for simulation results, such as the ones found in fault case 6, scenario
1. Consider the very narrow range of the reference curve for which these results are
obtained. An incremental change in any of the sources could cause the reference
value for any of the adjacent WTGs to change, to either side of the dead band.
If the deviation factor for this case is compared to the worst case value obtained
in fault case 4, scenario 2, it is lower. Since the deviation factor calculated in the
worst case scenario is based on truly expected reference values, as explained above,
it is of higher significance. This indicates that the estimated deviation occurring
because of the smoothing function still is less, as compared with the worst case,
even though it is not based on a true reference value. Overall, it can be concluded
that the major source of error in the method is due to the saturation of the current
sources, rather than the smoothing function.
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The aggregated impedance model was shown to match the non-aggregated model
with sufficient accuracy. One has to bear in mind that these results will depend
on different fault scenarios, as the aggregated model is far from a perfect descrip-
tion of the system. Even though the aggregated model is effective for almost all
relevant simulation cases, it can introduce high simulation errors because of the
smoothing function used in the current source method. Once again, consider the
results obtained for fault case 6, scenario 1. Here it was shown that even though a
number of individual non-aggregated WTGs had large errors, the overall effect was
relatively small. Instead, assume that the same terminal voltage was obtained when
using an aggregated model, i.e. very close to 0.900 p.u.. The estimated error in
the simulation results would then be higher, given that the aggregated WTG model
contributes with a much higher short-circuit current, as compared to a handful of
non-aggregated turbines. In the event of such a case, the simulation would have to
be repeated with the aggregated model replaced by the non-aggregated. Since the
non-aggregated turbines are separated by array cable impedances, the result would
be closer to what is observed in fault case 6, scenario 1, thus mitigating the effect.

When comparing the results obtained in case study 1 and 2, it is clear that the overall
system design will affect the simulation results. The choice of system impedances,
as well as the strength of the external grid will have great impact on the level of
short-circuit current and deviation factor δ.



Chapter 5

Final Remarks

In this chapter, a brief summary of the thesis is provided, as well as some general
conclusions and recommendations. Lastly, possible future studies within the project
are discussed.

5.1 Summary

In the process of designing offshore wind power plants, there are numerous studies
that need to be performed. One of these studies are short-circuit studies. During
a short-circuit, the system is subject to a sudden increase in current, due to a re-
duction of impedance. The short-circuit current will, depending on the duration of
the fault, affect the system in different detrimental ways. Short-circuit studies are
important since they are crucial for the dimensioning of transformers and break-
ers in the system. In order to be able to analyze numerous fault locations, and
system configurations, so called static or steady-state short-circuit calculations are
performed. These studies are approximate, as compared to more precise dynamic
simulations. The benefit, however, is that they can be performed for a large number
of test cases, with significantly less effort. There are a number of industry standards
governing the calculation methods used for steady-state short-circuit studies.

Depending on the type of wind turbine generator utilized in the offshore wind power
plant, the short-circuit contribution will be different. One type of such turbines are
so called fully-rated converter wind turbine generators. These turbines are able
to support the system during a fault through voltage regulation. By injecting a
certain amount of reactive current, the turbines reduces the voltage sag during the
fault, and thus, enables a faster recovery. When performing short-circuit studies,
this behavior needs to be taken into account. One major issue, however, is that this
behavior is not covered by the industry standards mentioned above.

In this master thesis project, a method used for steady-state short-circuit calcula-
tions in PowerFactory has been developed. The method aims to account for the
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steady-state short-circuit behavior of fully-rated converter type wind turbine gener-
ators, complying with voltage control curves set by an arbitrary grid code. In order
to do so, the current source model in PowerFactory has been utilized, and a special
iterative algorithm implemented. To reduce simulation times, an aggregated wind
turbine array model has been investigated and implemented. Two case studies were
performed in order to evaluate and demonstrate the method. The first case study
was a benchmark of the method, including a comparison with the current iteration
method implemented in PowerFactory. The second case study illustrated a real-life
short-circuit study of an offshore wind power plant. Overall, the obtained results
showed a high level of accuracy, which was evaluated using a relative measurement
of the deviation from the expected reference value. In general, it was concluded that
the main source of error in simulation results were due to the inherit saturation of
the current source, in addition to the smoothing function introduced by the method.

5.2 General Conclusions and Recommendations

In order for modern society to transition from conventional power sources, new and
more sustainable technology need to be further developed. One example of such
technology are wind power plants placed offshore. These power systems are under
though constraints in terms of economical profitability and operations. If the grid
code requirements of a TSO are to be met, while also providing profitable and safe
system designs, the engineer needs to refine the calculation and simulation tools
available. The method developed in this project is a small step towards more pre-
cise system designs.

The method developed for this project sufficiently handles simulation cases with a
large group of FRC WTGs. In order to improve simulation times, multiple WTGs
can be aggregated. Three types of errors have been identified in the method. The
first one is the error introduced by the tolerance allowed in the iterative algorithm.
Given the approximate nature of the steady-state calculations performed in this
study, the deviations introduced by this tolerance are negligible. The second type
of error is the deviation introduced by the smoothing function, used in the refer-
ence curve for the reactive current component. This effect can be mitigated by using
non-aggregated WTG models. The third, and most severe type of error, is the devi-
ation caused by the inherit saturation of the current source model in PowerFactory.
For some types of short-circuit scenarios, the current sources will fail to obtain the
target reactive current set by the reference value. This saturation normally occurs
for cases when the terminal voltage of the WTG is very low. In order to evaluate
the effect of these errors, the deviation factor δ was introduced. This factor mea-
sures the deviation from the expected WTG short-circuit currents relative to the
short-circuit contribution of the external grid. From simulations, it was found that
the worst case value of δ was 2.7 % for a system resembling a realistic OWPP.
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It is recommended that the user of the current source method is familiarized with
the implications of δ, while also understanding the error sources found within the
method. The conservative estimate of the short-circuit current I ′k,δ, is provided to
increase the conservativeness of the short-circuit analysis. This estimate is scaled
based on the relative error of the short-circuit currents produced by the WTGs.
With this in mind, it is worth pointing out that the estimate is based on the worst
case scenario, where a portion of the WTGs short-circuit contribution is completely
canceling out a part of the grid current. For the case mentioned in the paragraph
above, this corresponds to an increase of 5.4 % in the total short-circuit. Consider
the opposite case, where the same portion of the WTG short-circuit contribution is
superposed to the grid current. Analogous, the simulated total short-circuit current
I ′k would thus be 5.4 % higher than the "true" value. In other words, there is an
error tolerance of 2×5.2 = 10.8 % for this specific case. In general, this corresponds
to 4×δ. I.e. when using the conservative estimate I ′k,δ, the user needs to be aware of
the risk of obtaining a total short-circuit current which is 4× δ too high. Naturally,
this statement will only be valid under the assumption that all other values within
the simulation are correctly obtained.

5.3 Future Studies

In order to further develop the current source method, a number of improvements
are suggested.

The most crucial improvement to the proposed method, is to develop a more refined
short-circuit model of the grid. Consider the fact that the grid still contributes with
a major portion of the short-circuit current. If this model is inaccurate, or somehow
erroneous, its impact on the total short-circuit current will be much higher than the
estimated contribution of the wind turbine generators. Since the short-circuit be-
havior of the WTGs is very much depending on the short-circuit current of the grid,
this would also imply that the FRCWTG short-circuit contribution is faulty as well.

Naturally, the algorithm could be further tweaked, to improve simulation times and
avoid cases when the nudge factor kn needs to be utilized. To enhance the method,
and make it better suited for future short-circuit studies, the algorithm used for the
reference voltage control curve could be further adjusted, to account for a greater
selection of arbitrary shapes, such as multiple slopes and break points.

Furthermore, more effort could be spent dealing with the other relevant current
components briefly discussed in this thesis. One key component omitted from this
study is the peak current. There are two suggested ways to proceed. The first one
is to find a general formula through which the peak current can be post-calculated,
much like what is done in the IEC 60909 standard. This formula would have to be
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fitted to results obtained through dynamic simulations. The second suggestion is to
include other PowerFactory components, such as a voltage source or a synchronous
generator, which possibly could capture the expected peak current behavior of a
given FRC WTG model. This would require further expansion of the iterative
method, to incorporate additional PowerFactory models.

A greater number of steady-state short-circuit case studies could be performed in
order to validate the method, and its relative sensitivity to changes in the system
impedances and external grid model. Since there was no real-life data available for
the external grid model in the second case study, more extensive research could
be performed, to further validate the effectiveness of the current source method.
Given the limited size of the second case study, a much larger OWPP could also be
analyzed in order to validate the method.
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In order to truly validate the method, however, numerous dynamic simulations
should be performed. These results should be compared with results obtained when
using the steady-state calculation method found in this project. The dynamic re-
sults could also help to validate other short-circuit current components, such as the
decaying DC component, which for this study has been assumed to be zero. Also,
the dynamic simulations could help to establish the peak current behavior of the
FRC WTG, as mentioned above.





Acronyms

AC Alternating Current.

DC Direct Current.
DFAG Doubly-fed Asynchronous Generator.
DFIG Doubly-fed Induction Generator.
DIgSILENT Digital SimuLator for Electrical NeTwork.
DVS Dynamic Voltage Support.

FRC Fully-Rated Converter.
FRC WTG Fully-Rated Converter Wind Turbine Genera-

tor.

HVAC High Voltage Alternating Current.
HVDC High Voltage Direct Current.

IEC International Electrotechnical Commission.

LVRT Low-Voltage-Ride-Through.

OLTC On-Load Tap Changer.
OWC Offshore Wind Connections, part of the Power

System Division at ABB.
OWPP Offshore Wind Power Plant.

p.u. Per Unit.
PCC Point of Common Connection.
PMSG Permanent Magnet Synchronous Generator.

RMS Root Mean Square.
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SCIG Squirrel Cage Induction Generator.
SCR Short-Circuit Ratio.
SMIB Single-Machine Infinite Bus.

TSO Transmission System Operator.

VDE Verband der Elektrotechnik Elektronik Infor-
mationstechnik e.V..

WRIG Wound-rotor Induction Generator.
WTG Wind Turbine Generator.



List of Symbols

icap Type of output current of the PowerFactory
current source model (capacative or inductive).

isetp Current set point of the PowerFactory current
source model [p.u.].

k Alteration coefficient used in iterative algo-
rithm.

φ Power angle.
cosφ Power factor.

Ib Symmetrical breaking current.
id.c. Decaying DC component.
In Nominal WTG current.
ip Peak current.
I ′′

k Initial or subtransient symmetrical short-
circuit current.

I ′
k Transient symmetrical short-circuit current.

Ik Steady-state short-circuit current.
I ′k,δ Conservative estimate of the resulting short-

circuit current.
Ith Thermal equivalent current.

Ieq Equivalent WTG array current.
Zeq Equivalent WTG array impedance.
fc Equivalent frequency used for calculation of

the equivalent impedance Zc.
Zc Equivalent impedance used for calculation of

the short-circuit peak current.

Zf Fault impedance.
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κ Factor used for calculation of short-circuit peak
current.

ZQ Short-circuit impedance of a network feeder.
I ′′k,Q Rated subtransient short-circuit current of a

network feeder.
Un,Q Nominal voltage at the connection of a network

feeder.
Un Nominal voltage.
kn Nudge factor used in the iterative algorithm of

the current source method.

δ Deviation factor.
∆u WTG terminal voltage drop [p.u.].
id Active current [p.u.].
id,ref Active reference current [p.u.].
imax Maximum reference current [p.u.].
iq Reactive current [p.u.].
id,max Maximum active reference current [p.u.].
iq,max Maximum reactive reference current [p.u.].
iq,min Minimum reactive reference current [p.u.].
iq,ref Reactive reference current [p.u.].
K Slope of voltage control reference curve.
n Polynomial degree of smoothing function.
uDB Dead band voltage [p.u.].
ξ Error factor used for calculating δ.

Zk Equivalent short-circuit impedance of a net-
work.

S′′k Subtransient short-circuit power level.
uRr Rated resistive component of the short-circuit

voltage in per cent.
ukr Short-circuit voltage at rated current in per

cent.

ZT Short-circuit impedance of a transformer.
KT Transformer correction factor.
Sn,T Transformer power rating.
Un,T Transformer voltage rating referred to either

the high or low voltage side.
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xT Relative reactance of transformer in p.u..

cmax Voltage factor used for calculation of maximum
short-circuit current.
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