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ABSTRACT 

 

This thesis investigates the comparison between two different alternating current 

topologies of an offshore wind farms connection to an offshore high voltage direct 

current (HVDC) converter platform. The offshore high voltage direct current converter 

platform converts alternating current into direct current. Two different topologies will be 

investigated. 

In the first topology, the offshore wind farms are connected to an HVDC converter 

platform through offshore AC collector platform. An offshore AC collector platform is 

used to collect energy from the wind farm and step up the voltages for transmission to 

HVDC convertor platform. The offshore AC collector platforms contribute significantly 

in the total cost and technical complexity of the HVDC connection. 

In the second topology, the offshore AC collector platform is removed from the circuit 

and the offshore wind farms are connected directly to offshore HVDC converter 

platform. 

In this thesis, short circuit analysis and loss analysis of an offshore wind farm cluster 

connected to an offshore HVDC converter platform is conducted for the two topologies 

described above. 



 
 

Two wind turbine generator types i.e. doubly fed induction generator and full conversion 

generator is compared for two different topologies. The effect of changing the distance 

between wind farms and offshore HVDC converter platform on short circuit currents in 

the absence of AC collector platform is presented for the second configuration. Two 

internal voltage levels i.e. 33 kV and 66kV of wind farms are compared for short circuit 

currents in the absence of AC collector platform. DIgSILENT software is used to 

perform short circuit calculations.  

The thesis is done in collaboration with “Offshore Wind Connections” department ABB, 

Sweden. The idea is still under development however this study will serve as good 

starting point to figure out the cost efficient AC topology of an offshore wind park 

HVDC connection. 

 

 

 

 
 
 
 
 
 
 
 

 



 
 

ACKNOWLEDGEMENTS 
 

In the name of Allah, the Most Gracious and the Most Merciful 

Thanks to Allah, all praises to Him for the strengths and His blessing in completing this 

thesis. Several people have been involved in the thesis. Hereby, I kindly acknowledge 

them. 

At first, I would like to thank my supervisors Dr. Bahri Uzunoglu (Gotland University, 

Sweden) and Steven Coppens (OWC, ABB Sweden) for their guidance and valuable 

discussion throughout the thesis. This thesis would not have been possible without the 

fruitful comments, suggestions and support from my supervisors. I am also very grateful 

to Lisa Ehrborg (Communications Manager ABB AB Grid Systems) for giving me the 

opportunity to communicate with Markku Rissanen (Manager Electrical Systems ABB 

Power Systems/Offshore Wind Connections). Many thanks to Markku Rissanen for his 

trust and support throughout the thesis.  

A great inspiration was the industrial cooperation at ABB Sweden in different relevant 

aspects. I would like to thank the entire “offshore wind connections” department 

especially Peter Sandeberg (Head of Technology at OWC) in ABB Sweden for his 

support and also the sales and marketing department DIgSILENT GmbH Germany.  

Many thanks go also to Pakistan, most of all to my parents for my successful upbringing 

and their never-ending support and love. Last but certainly not least, I would like to send 

my love to my close friends in Pakistan and fellow students at Gotland University.  

 
Haseeb Ahmad 
Sweden, 2012 



 
 

NOMENCLATURE 

 

AC ..................................................................................................... Alternating Current 
AIS      ............................................................................. Automatic Idenfication System 
AEP ........................................................................................ Annual Energy Production 
DC   ........................................................................................................... Direct Current 
DFIG   ........................................................................... Doubly Fed Induction Generator 
GIS ......................................................................................... Gas Insulated Switchgeaar 
GW .................................................................................................................. Giga Watt 
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HVDC ................................................................................. High Voltage Direct Current 
IGBT   ........................................................................... Insulated Gas Bipolar Transistor 
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kvar ....................................................................................... Kilo Volt Ampere Reactive 
LCC ..................................................................................... Line Commutated Converter 
LIDAR  .............................................................................. Light Detection and Ranging 
MVA ................................................................................................. Mega Volt Ampere 
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PAGA   ........................................................................ Public Adress and General Alarm 
RADAR   .......................................................................... Radio Detection And Ranging 
SCADA   ........................................................ Supervisory Control and Data Acquisition 
SVC   ........................................................................................ Static VAR Compensator 
UPS   ................................................................................... Uninterrupted Power Supply 
VAR   ........................................................................................... Volt Ampere Reactive 
WTG  ........................................................................................ Wind Turbine Generator 
XLPE .................................................................................. Crossed Linked Polyethylene 
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Chapter 1 

1.0. Introduction 

A rapid boost in the development of offshore wind power has been seen in the recent 

years. The planners and developers are eyeing to grab the opportunities offered by the 

excellent wind resources far from the shores.   It is expected that offshore wind power 

capacity will reach 75 GW by the end of 2020 (Madsen & Krogsgaard, 2010). As far as 

the pilot and small scale wind power plants are concerned, traditional high voltage 

alternating current (HVAC) is an economical option to transmit energy to onshore grids. 

But larger capacity and increased distance from the shore makes it technically and 

economically difficult to connect offshore wind parks to the land grids. HVDC emerges 

as a viable option for such applications. HVDC Light, provided by ABB, proving ideal 

to bring power to the shore and to assure good power quality (ABB, 2012). But still the 

cost of an offshore HVDC connection needs to be reduced to make it economically more 

feasible. The offshore AC collector platforms contribute significantly in the total cost of 

an offshore HVDC connection of large wind parks. The exclusion of offshore AC 

collector platform, from the HVDC link, can reduce the overall cost of the project but 

technical complexity the link could increase which will be addressed for the first time in 

this thesis. As a conclusion of this thesis, the increased short circuit currents will require 

more sophisticated and high rated switchgears and circuit breakers at HVDC converter 

platform. It has been observed that different possible areas of development in AC 
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topology for HVDC connections in the wind farms which will be addressed in this 

thesis.  

1.1. Purpose and Scope 

The main purpose of the thesis is to compare the two topologies of an offshore wind 

farm cluster connection to the HVDC converter platform. An HVDC connection from an 

offshore wind farm to the onshore grid mainly consists of two platforms i.e. ac collector 

platform and HVDC converter platform. In this thesis, three hypothetical wind farms i.e. 

A, B and C having power capacity 402 MW, 252 MW, and 150 MW respectively are 

selected.  

In the first case, the 804 MW offshore wind farm cluster will be connected to an offshore 

HVDC converter platform using AC collector platforms. The internal voltage level of 

the wind farms will be kept 33 kV. The short circuit analysis and loss analysis will be 

performed for two kinds of wind turbine generators i.e. DFIG and full conversion 

generator.  

In the second case, the 804 MW offshore wind farm cluster will be connected to an 

offshore HVDC converter platform without using the AC collector platforms. The short 

circuit analysis and loss analysis will be performed for two wind turbine generator types 

i.e. DFIG and full conversion generator. Further in this case, the effect of changing the 

distance between wind farms and HVDC platform on short circuit currents will be 

observed.  Also, two internal voltage levels i.e. 33 kV and 66kV of the wind farms will 

be compared for short circuit currents in the absence of AC collector platforms.  
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The circuit under consideration starts with the offshore wind farms and ends at HVDC 

converter platform.  

1.2. Methodology of the Thesis 

This work is the first investigation to evaluate the possibility of removing an AC 

collector platform from the offshore wind park HVDC link. The method, used to conduct 

this study, is based on the comparison between the current practice that is to connect 

offshore wind farms to an offshore HVDC converter platform through an offshore AC 

collector platform and proposed practice that is to remove the offshore AC collector 

platform from this link to make it cost efficient. 

The type of wind turbine generators, internal wind farm voltages and the distance 

between the wind farms and offshore HVDC converter platform are quite important 

factors that needs to be investigated in this study. The short circuit analysis and loss 

analysis is performed for two types of wind turbine generators i.e. doubly fed induction 

generators and full conversion generators, two internal wind farm voltage level i.e. 33 

kV and 66 kV, and three different distances between wind farms and HVDC converter 

platform i.e. 1 km, 5 km, and 10 km.  

Following is the structure of the thesis: 

Chapter 1 Introduction (this section) describes the methodology and scope of this thesis 

and gives an overview of the structure 
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Chapter 2 Internal Electrical Layout Comparison of an Offshore Wind Farm 

discusses the two options for internal wind farm connections and gives cost and loss 

analysis.  

Chapter 3 Components of an Offshore HVDC Link discusses the importance of the 

components present in an offshore HVDC link and their cost trends. 

Chapter 4 Cost Estimation discusses the costs of different components in the AC 

collector platform and HVDC converter platform.  

Chapter 5 Short Circuit Analysis of an Offshore Wind Farm discusses types of wind 

turbine generators currently used in the industry and their short circuit contributions. 

Chapter 6 Offshore Wind Farms Connection Using DIgSILENT analyses two 

different cases of wind farm cluster connection to an offshore HVDC converter platform 

for short circuit current calculation. 

Chapter 7 Loss Analysis discusses the loss analysis of two cases of wind farm cluster 

connection to an offshore HVDC converter platform.   

Chapter 8 Conclusion presents the overall conclusion obtained from this study and 

future work that can be done in this field. 

The span of this thesis is twelve weeks (26th March, 2012 to 17th June, 2012) which is 

scheduled in such a way that half of the time is dedicated for the literature review and 

half for the execution of calculation and analysis.  
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Chapter 2 

2.0. Internal Electrical Layout Review of an Offshore Wind Farm 

The electrical connection system of an offshore wind farm can be divided into two main 

parts. First is the offshore collection system and second is the transmission link to the 

shore. If more than one offshore wind farms have to be connected to the shore, the 

conceptual structure of electrical connection system would remain the same. 

2.1. Offshore Collection System 

The offshore collection system collects power from the offshore wind farm. Each wind 

turbine in an offshore wind farm is connected the internal grid via star or string 

configuration as seen in figure 1.  

 

 

 

 

 

 

Figure 1. String and star configurations for wind turbines 

The internal grid of an offshore wind farm can be AC or DC but here AC internal grid is 

considered.  
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Star cluster configuration 

In this configuration, each turbine is connected directly to the platform where step up 

transformer exists. In star cluster configuration, no individual transformer exists for wind 

turbine so multiple collector platforms with transformers and switchgears are required.  

String cluster configuration 

In this configuration, number of wind turbine generators connects radially with each 

other and supply power to the feeder. In string cluster configuration, each wind turbine 

has its own step up transformer which adapts the feeder or collector platform voltage. 

As mentioned earlier, the internal grid of an offshore wind farm can be AC or DC but 

here AC internal grid is considered. Following is the cost and loss comparisons of both 

AC configurations based on the results of (J.T.G. Pierik, M. Pavlovsky, J. Bozelie, P. 

Bauer, S.W.H. de Haan, 2002).  Both configurations are employing HVDC Light 

technology. 

Capacity No. of 
Turbines 

Internal 
Voltage 

Distance 
from the 
Shore 

Config. Yearly 
Losses 
(MWh/y) 

Price  
MEur 

MEuro/ 
MW 

100 MW 20 (4*5) 33 kV 20 km Star 31219.91 66.55 0.666 
100 MW 20 (4*5) 33 kV 20 km String 19002.48 61.41 0.614 
100 MW 20 (4*5) 33 kV 60 km Star 33084.84 79.11 0.791 
100 MW 20 (4*5) 33 kV 60 km String 20642.49 73.97 0.74 
500 MW 100(10*10) 33 kV 20 km Star 162735.25 281.43 0.563 
500 MW 100(10*10) 33 kV 20 km String 136777.92 263.71 0.527 
500 MW 100(10*10) 33 kV 60 km Star 193584.65 306.55 0.613 
500 MW 100(10*10) 33 kV 60 km String 168851.19 288.83 0.578 
Table 1. Comparison between star and string configuration (J.T.G. Pierik, M. Pavlovsky, J. Bozelie, P. 

Bauer, S.W.H. de Haan, 2002) 
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It can be seen from the results of Table 1 that string configuration is more economical 

than star configuration. The losses are also low in string configuration. Currently, only 

the string clusters are used in offshore wind farm projects. 

2.2. Transmission Link to Shore 

The power obtained at collector platform can then be transferred to shore via HVAC or 

HVDC link. The HVDC technology uses either thyristor based line commutated 

converters (LCC) technology or insulated gas bipolar transistors (IGBT) based HVDC 

Light technology. In this thesis, we will focus on HVDC light however a good review of 

these technologies can be found in (DU, 2007) and (M. P. Bahrman). To the best of my 

knowledge, all existing offshore wind farms use HVAC technology however ABB, 

world’s leading Automation and Power Technology Company, is going to start the 

commissioning of 400 MW HVDC Light transmission systems which will connect 

remote offshore wind farms in the North Sea to German grid. (ABB, 2012) Similarly 

DolWin 1 and DolWin 2 projects will be started to commission in 2013 and 2015 

respectively by ABB. The DolWin 1 will connect 800 MW of offshore wind power in 

the North Sea to the German gird. (ABB, 2012) The DolWin 2 project will connect 900 

MW of offshore wind power in the North Sea to the German grid using HVDC Light 

technology. (ABB, 2012) 

HVAC connection poses following issues when used to connect offshore wind farm 

• Reactive power is generated in submarine ac cables due to their high capacitance. 

100-150kvar/km reactive power is generated for 33 kV cross linked polyethylene 
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(XLPE) cables, 1000 kvar/km for 132-kV XLPE cables and 6–8 Mvar/km for 

400-kV XLPE cables (Sally D. Wright, Anthony L. Rogers, James F. Manwell, 

Anthony Ellis, 2002 ). 

• The reactive power reduces the current carrying capacity of the cable and if AC 

line has to be used for long distances, it requires reactive power compensation 

devices (Chan-Ki Kim, Vijay K. Sood, Gil-Soo Jang, Seong-Joo Lim, Seok-Jin 

Lee, 2009). 

• Resonance may appear between offshore and onshore grids due to high 

capacitance of cables especially at low wind speed situations (Chan-Ki Kim, 

Vijay K. Sood, Gil-Soo Jang, Seong-Joo Lim, Seok-Jin Lee, 2009). 

• Both the offshore grid and onshore grid are synchronously coupled so if fault 

appears in one grid, it can easily transfer to the other.  

• An HVDC link can also be used for voltage control (Chan-Ki Kim, Vijay K. 

Sood, Gil-Soo Jang, Seong-Joo Lim, Seok-Jin Lee, 2009). The converter absorbs 

reactive power depending on its control angle, which normally will be 

compensated for by filters and/or capacitor banks (Chan-Ki Kim, Vijay K. Sood, 

Gil-Soo Jang, Seong-Joo Lim, and Seok-Jin Lee, 2009). 

• The cost of cable is considerably higher for HVAC compared to HVDC (Chan-

Ki Kim, Vijay K. Sood, Gil-Soo Jang, Seong-Joo Lim, Seok-Jin Lee, 2009). 

HVDC is a preferred solution when dealing with high power transfer to longer 

distances (D.M. Larruskain). The voltage drop and losses are very low in dc link due 

to the absence of charging current. There is no resonance between the cables and 
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other ac equipment (Chan-Ki Kim, Vijay K. Sood, Gil-Soo Jang, Seong-Joo Lim, 

Seok-Jin Lee, 2009). Since the collection system and main grid are not 

synchronously connected so any fault in the internal grid of wind turbine farm does 

not travel to the main grid. HVDC link with voltage source converters (HVDC 

Light) provides fast and accurate control of both active and reactive power.  
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Chapter 3 

3.0. Components of an HVDC Link in an Offshore Wind Farm 

Since the HVDC Light technology is gaining more and more attention. The components 

of an HVDC Light link will be discussed in a short summary. A detailed review of other 

HVDC technologies can be found in (Sood V. K., 2004). An offshore HVDC link 

consists of following components 

• An AC collector platform can collect power from more than one wind farm. For 

such case there must be more than one offshore AC collection platforms.  

• An HVDC converter station comprises of HVDC converters. The rectification 

(ac to dc) is accomplished at the converter station which is usually offshore 

(Ragheb, 2009). 

• Pair(s) of DC cables which connect the offshore HVDC converter station (AC to 

DC) to an onshore HVDC converter station (DC to AC).  

• Onshore HVDC converter station which converts the power back to AC (50 Hz).  

In this configuration, power obtained from onshore HVDC converter is collected at 

an onshore substation. The voltages are usually stepped down before the power is 

supplied to electrical network.  Following figure shows an example of HVDC Light 

link (K. Eriksson, D. Wensky, P. Halvarsson, M. Häusler, 2003). 
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Figure 2. Offshore HVDC link connecting 600MW wind farm with two VSC 

3.1. AC Collector platform Components 

The transmission system of an HVDC connected offshore wind farm begins at AC 

collector platform as seen in Figure 2. The design of an AC collector platform can be 

complex. AC collector platform which is also called AC substation has following 

components.  

3.1.1. Structure  

The design and shape of an offshore collector platform can vary according to the 

requirements of power transmission. But it must be design to visually harmonize with 

the marine life environment. Mono-pile foundation with jacket support and gravity 

foundation are used for offshore AC collector platforms. The usual height of an AC 

collector platform is kept approximately 20 to 35 m above sea level depending upon the 

number of floors. The AC collector platform can be build with multiple floors. Some 

collector platforms have three floors like Lillgrund offshore AC collector platform 
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(Joakim Jeppsson, Åke Larsson, Poul Erik Larsen, 2008). In such case, the first floor is 

called cable deck, the second floor (main) usually contains main transformer, medium 

voltage switch gear, transformer for local power supply and backup diesel generator. 

The third floor contains control and monitoring system and UPS (the battery backup 

system) (Joakim Jeppsson, Åke Larsson, Poul Erik Larsen, 2008). In case of four level 

structures, the encased structure is divided into first floor; called cable deck, second floor 

is the main floor, then there is a mezzanine floor between second floor and roof. 

Following are the components of floors. 

First Floor (cable deck) 

This deck is the connection point for the cables coming from wind farm. It is equipped 

with cable trays which contain MV cables from wind farms and HV cable from the main 

transformers. It also contains life boats, oil separator and tools container.  

Main Floor 

This is the main floor of the collector platform. It contain electrical equipments such as 

main transformers and their accessories, auxiliary transformers and their accessories, the 

grounding reactors, capacitors, high voltage GIS and its accessories, MV switchgears, 

LV essential and non essential distribution board and emergency shelters. The main floor 

contains mechanical equipment such as water mist/foam system, inert gas systems, and 

backup diesel generator along with fuel tank.  It also can include instrumentation panels 

such as fire detection panel, automatic identification system (AIS) panel, patch panel for 

export cables, public address and general alarm (PAGA) panel, communication panel 

and CCTV/ anti-intrusion panel. 
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Mezzanine Floor 

This floor can contain battery panels, shunt reactors, harmonic filters, HVAC room, 

workshops and store rooms, patch panel for infield cables, SCADA panel, LV switch 

gear, UPS inverter, LV DC rectifier and electrical distribution panel for low voltage 

power supply.  

Roof 

The roof deck can contain fixed boom crane, LIDAR system and RADAR system. The 

floors are connected to each other with some kind of walkways and stairs. The whole 

structure is encased by walls, framings and doors.  

The total weight (including topside and jacket) of an AC collector platform for 400 MW 

wind farm is approximately 5000 tones (LORC, 2011). 

3.1.2. Power Transformers 

Power transformer is an integral part of an AC collection platform. Power transformers 

at AC collector platforms are used to step up the voltages produced by the wind turbines. 

The voltage produced by the wind turbines are in the range of medium voltages i.e. 1kV 

to 36kV. The MV is converted to higher voltages i.e. more than 130kV.  Stepping up the 

voltage is a common way to reduce the losses in the power transportation but an 

expensive offshore high voltage transformer is needed for that. A transformer having 

rated power 1100 MVA weighs 559 tons (Valov, 2009). While largest sea crane for the 

installation of wind turbines is not able to carry more than 550 tons (Valov, 2009). An 

offshore AC collector platform also contains low power step down transformers usually 

for local supply power supply. 
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The rating of a power transformer depends upon turn’s ratio, voltage, current and power 

capabilities of primary and secondary windings (NEETS, 2012). The amount of voltage 

applied to specific winding depends on the type and thickness of the insulation used. If a 

better (thicker) insulation is used between the windings, a higher maximum voltage level 

can be applied to the windings (NEETS, 2012).  The amount of current depends on the 

diameter of the wire used for windings. If the current is higher than the capacity of the 

wires it can cause permanent damage to wires because of excessive heat dissipation. The 

power handling capacity of a transformer depends upon its ability to dissipate heat. The 

power handling capacity can be improved by increasing the heat transfer capability of 

the transformer. Transformers are rated in Volt.Amp (VA). A step up two windings 

power transformer with 250 MVA rated power, 410 kV/33 kV voltages have X/R = 109 

(WindPRO 2.7 Data Base, 2012). 

3.1.3. Switchgear 

Switchgears are extremely important because of the reliability of power supply from 

offshore wind farm. An effective and costly form of switchgear is gas insulated 

switchgear (GIS) where the conductors and contacts are insulated by pressurized sulfer 

dioxide gas. A typical GIS arrangement consists of a circuit breaker, disconnecting 

switch, earthing switch, bus bar, voltage transformer, current transformer, and lightning 

arrester. Gas sections are used as spacers in order to minimize the range of trouble, allow 

for prompt repair, and monitor the gas effectively. Manholes are available in each 

section to facilitate inspection and maintenance. This arrangement allows connections to 
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the bushings, cable head, and bus duct. Two kinds of switch gears are used in an 

offshore wind farm link: 

Medium Voltage Switchgears 

Medium voltage switchgears operate up to 36 kV generally.  Safe Plus 36 is a medium 

voltage switchgear made by ABB. The assembly consists of different modules such as 

cable switch, switch-fuse disconnector, circuit-breaker, direct cable connection, direct 

cable connection with earthing switch and metering module. Following are the 

specifications of an example from (ABB Power Products Division, 2010). 

Rated voltage (kV) 36 
Rated normal current bus bars (A) 630 
Power frequency withstand voltage (kV) 70 

Rated Frequency (Hz) 50/60 
Rated normal current (cable switch) (A) 630 
Rated normal current (switch-fuse disconnector) (A) 200 
Rated normal current (vacuum circuit-breaker) (A) 630 
Rated short-circuit breaking current (vacuum circuit-breaker) (kA) 20 
Rated transfer current (switch-fuse disconnector) (A) 840 
Rated short-time current (earthing switch) (kA) 20 
Rated short-circuit making current (earthing switch) (kA) 50 
Rated filling level for insulation (Mpa) 0.04 

Operating temperature range (oC) (-25 to 40) 
Standard to which switchgear complies IEC/GB 
Expected operating lifetime (years) 30 
Material used in tank construction stainless steel  

Bus bars (mm2) 300 

Earth bar (external) (mm2) 120 
Overall dimensions (height*depth*width) mm for 1 way unit (1930*900*490) 
Total weight (kg) 1150 

Table 2. Specification of a MV switchgear 
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High Voltage Switchgears 

High voltage switchgears can operate up to 800 kV. GIS type ELK- 14 is a high voltage 

switchgear system made by ABB. It operates at 300 kV. Following are the 

specifications: (ABB High Voltage Products Division, 2011) 

Rated voltage (kV) 300 
Rated normal current (A) 4000 
Power frequency withstand voltage (kV) 460 

Rated Frequency (Hz) 50/60 
Rated short-circuit breaking current (circuit-breaker) (kA) 50/63 
Rated short-circuit making current (circuit breaker) (kA) 135/170 
Rated opening time (ms) <20 
Rated breaking time (ms) <40 
Rated closing time (ms) <55 

Table 3. Specifications of a HV switchgear 

 

 

 

 

 

 

 

 
 
 
 
Figure 3. Switchgear pannels 
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3.1.4. Shunt Reactors 

The shunt reactors are installed at terminal end of transmission line to neutralize the 

reactive power generated by the line capacitance. In case of long transmission line which 

is under loaded or off loaded, the receiving end voltage often goes higher than the 

sending end voltage due to transmission line capacitance. This effect is called Ferranti 

effect. The shunt reactor reduces voltage at any point by consuming reactive power. The 

shunt reactors also reduce system-frequency overvoltage when a sudden load drop 

occurs or there is no load, and they improve the stability and efficiency of the energy 

transmission (Siemens, 2012). 

 

 

 

 

 

 

 

 

 

 

Figure 4. Shunt Reactor 
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3.2. Offshore HVDC Platform Components 

Offshore HVDC converter platform serves as the rectification unit (ac to dc) for 

incoming HVAC power from AC collector platform. HVDC converter platform converts 

the AC power into DC power and supplies it to the onshore HVDC converter station. 

3.2.1. Converter Transformer 

An HVDC converter station almost always equipped with on load tap changers 

(converter transformers) to provide the correct required voltage for valve at each load 

point. They not only compensate for the internal voltage drops of the HVDC converters, 

but also compensate for deviations in the AC bus bar voltage from the design value. 

Following are the functions of converter transformer: 

• It supplies AC voltage in two separate circuits with a relative phase shift of 30 

degrees for the reduction of lower order harmonics, especially 5th and 7th 

harmonics (Carlson, 1996). 

• It acts as a galvanic barrier between the AC and DC systems to prevent the DC 

potential to enter the AC system (Carlson, 1996). 

• It provides reactive impedance in the AC supply to reduce the short circuit 

currents and to control the rate of rise in valve current during commutation 

(Carlson, 1996) 

• It provides voltage transformation between the AC supply and the HVDC system 

(Carlson, 1996) 
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• A fairly large tap range with small steps to give necessary adjustments in the 

supply voltage (Carlson, 1996). 

Commonly, the converter transformer is connected with converter valve windings by 

star and delta arrangement while on the line side windings; it is connected with the one 

and same type of arrangement. This arrangement is done to achieve the circuits with 30 

degree phase shift, see figure 5. The standard 12-pulse converter configuration can be 

obtained if one of the following configurations is used on an offshore converter 

platform: 

• Three-phase, two winding 

• Three phase, three winding 

 

 
 
 
 
 
 
 
Figure 5. Delta and Wye arrangement for converter transformer 

Following are some fundamental difference between HVDC and conventional AC 

transformers: (Chan-Ki Kim, Vijay K. Sood, Gil-Soo Jang, Seong-Joo Lim, and Seok-

Jin Lee, 2009) 

• HVDC transformer insulation to ground and between AC and valve winding has 

to be designed for combined AC and DC stress 

• The valve windings for the HVDC transformer, especially mostly Y-connected 

valve windings with a relative low number of turns have to be tested with test 
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voltages determined by the protection level of the DC side and not related to the 

AC (rated) voltage 

• HVDC transformer current harmonics cause losses in various parts 

• DC currents influence the magnetization of the core and remain unchanged in an 

HVDC transformer 

Large Land HVDC transformers are usually large single phase transformers. Depending 

upon rated voltage and transport limitations, the power per limb is in the range of 200 

MVA (Chan-Ki Kim, Vijay K. Sood, Gil-Soo Jang, Seong-Joo Lim, and Seok-Jin Lee, 

2009). The AC winding of HVDC transformers does not differ from that of a 

conventional transformer. The AC windings of HVDC transformers do not differ from 

those of a conventional transformer. The windings are designed to withstand the stresses 

in AC grids. The insulation between AC and valve winding is of course different since 

all DC-related stresses have to be considered. The valve windings, especially the 

winding at the high-voltage end of the rectifier/ converter is special. The AC nominal 

voltage for example, for a 500 kV DC system, is in the range of 200 kV (Chan-Ki Kim, 

Vijay K. Sood, Gil-Soo Jang, Seong-Joo Lim, and Seok-Jin Lee, 2009). 

3.2.2. Converters 

Converters are the most critical part of an HVDC system. The convertors on the HVDC 

converter platform perform rectification (AC to DC). These converters are connected to the 

AC network through transformers. New converters are voltage source converters (VSC) and 

they employ IGBT power semiconductors technology. ABB uses this technology by the 

name of HVDC Light. A six pulse valve bridge, shown in Figure 6 is the basic converter unit 
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of HVDC for both rectification and inversion (Diodes and Rectifiers, 2012). Similarly a 

twelve pulse converter bridge can be made by connecting two six pulse bridges. The bridges 

are then connected to the AC system through transformers using star/star or star/delta 

arrangement. In figure 7, a twelve pulse valve converter bridge with star/delta arrangement 

is shown (Diodes and Rectifiers, 2012). The valves can be cooled by air, oil, water or Freon 

but cooling by de-ionized water is the most efficient way. Air is used for insulation.  

 

 

 

 

Figure 6. Six pulse valve bridge for HVDC 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 7. Twelve pulse valve converter bridge with star/delta arrangement 

3.2.3. Filters 

The HVDC converters produce ripple and harmonics on the DC voltage (Chan-Ki Kim, 

Vijay K. Sood, Gil-Soo Jang, Seong-Joo Lim, Seok-Jin Lee, 2009). Ripple voltage is the 

undesirable mixing of AC voltages with DC output. Usually DC filters are neither 

required for pure cable transmission nor for back to back HVDC stations. They are only 
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required if overhead lines are used in the transmission system even though some 

harmonics might exist (discussion at ABB). So high frequency dc filters are used (Active 

filters in HVDC applications, 2003).With VSC converters there is no need to compensate 

any reactive power consumed by the converter itself and the current harmonics on the AC 

side are related directly to the pulse width modulation (PWM) frequency. Therefore the 

amount of filters in this type of converters is reduced dramatically compared with natural 

commutated converters which is not a common commutation technology for offshore wind 

farm projects due to space limitations.  

 

 

 

 

 

 

 

 

 

 
Figure 8. Offshore HVDC converter platform Borwin Alpha 
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Chapter 4 

4.0. Cost Estimation 

The cost estimation for AC collector platform and HVDC converter platform is not a 

straightforward calculation. The cost of each component in AC collector platform and 

HVDC converter platform varies from place to place and company to company. For the 

cost estimation, installed cost is compiled for different components in the AC collector 

platform and HVDC converter platform from the literature. The installed cost includes 

cost of equipment, construction, location, material handling, surveys and usually 

overhead charges. The costs presented here are taken in 1985 (Stovall, 1987). The cost 

of electrical and electronic equipment varies from time to time but generally a price goes 

down with the advancement in technology. The AC and HVDC system consists of not 

only the equipment cost but also the labor cost which goes up with the passage of time. 

If both costs compensate each other the present cost will be somehow similar to 1985’s 

cost (Kala Meah, 2008). The only parameter which has to be taken into account is the 

rate of inflation. The costs in 1985 can be converted to costs in 2012 by multiplying with 

a factor 2.13 (Bureau of Labor Statistics). It will give a rough estimation of the cost of 

different components in the system. However a cost estimation tool is made using 

Microsoft Excel for OWC ABB Sweden. The sheets can be seen in Appendix 8. 
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The cost of different components in AC platform is presented below  

No Type of Equipment Capacity Av. Cost ($) 

1 Circuit Breaker 345 kV 1598000 
2 Transformer 500 kV 9.6/kVA 
3 Shunt Reactors   28/kVA 

Table 4. Cost of components on AC platform 

In the table above, the estimate cost for the circuit breaker and transformer include the 

approximate cost of related control and protection, bus work, disconnect switches, 

related structures, and control houses. 

For HVDC platform, the converters are the main components. They contribute the most 

in the cost of HVDC converter platform.  Typical cost structure for the converter station 

is shown in Table 5 (Kala Meah, 2008).  

The average cost of a converter station for 1854 MW with 450 kV DC is approximately 

$173.5* l06 (Kala Meah, 2008). The line cost for the DC transmission system is $320 -

$370/kV-mile for ±400 to ± 700kV (Kala Meah, 2008). 

No Type of Equipment Percentage of Total Cost 

1 Converter Transformers 20-25 
2 Valves (including control and cooling) 20-30 
3 Filters and var supply 5-20 

4 
Miscellaneous (communications, dc reactor, 

arresters, relaying etc.) 5-15 

5 
Engineering (system studies, project 

management) 2-5 
6 Civil work and site installation 15-30 

Table 5. D.C. system cost as a percentage of total cost 
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Chapter 5 

5.0. Short Circuit Analysis of an Offshore Wind Farm 

A wind power plant differs from a conventional power plant in many respects, starting 

with the number of units and the nature of prime mover of the generator to internal 

behavior of transmission system. A conventional power plant usually consists of 

synchronous generators. Their rotational speed is fixed and no slip exists like an 

induction generator that exists in some wind turbines. The wind farms however can have 

synchronous and asynchronous (induction) generators.   

The short circuit current sine wave shows the following behavior with time, the details 

are presented in appendix 1. 

  

 

 

 

 

 

Following currents are calculated in the thesis. 

Ik
’’  initial symmetrical short circuit current 

ip instantaneous value of peak short circuit current during whole short circuit 

current cycle 

ib instantaneous value of peak short circuit current in the breaking current phase 
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5.1. Wind Turbine Generators 

In case of wind farm, the individual generators are smaller i.e. 1MW to 6.3 MW. The 

wind turbine generators are either doubly fed induction generators or generators 

connected via full converters. Large scale offshore wind power plants are preferably 

located in a high-wind resource region, and these may be far from the load center 

compared to conventional power plants. The area covered by an offshore wind power 

plant is greater than conventional power plant (E. Muljadi, V. Gevorgian, 2011).  Power 

output diversities are found in an offshore wind power plant in comparison to 

synchronous generators. The instantaneous wind speed at each turbine is different so the 

operating conditions at each wind turbine differ greatly within wind farm. Due to this 

diversity within the wind farm, it is made possible to disintegrate a small number of 

turbines in case of any fault within the wind farm. Each wind turbine generator is 

protected individually. As a result, each wind turbine generator will be located at 

different electrical distances from the AC collector platform which causes diversity in 

the line impedance. More explanation of doubly fed induction generators and fully 

conversion generators is presented below.   

5.1.1. Doubly Fed Induction Generators 

 A doubly-fed induction generator is an externally excited machine unlike an induction 

generator in which rotor currents are induced. Characteristics of this machine, 

particularly reactive power capabilities, differ greatly from induction generators. 

Therefore, the traditional term for this type of generator, “doubly-fed induction 
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generator”, is quite misleading. While physically similar to a wound-rotor induction 

machine, a doubly-fed generator is conceptually similar to a synchronous generator with 

variable speed, and in practice is controlled to be a constant current source like a power 

converter (Reigh A. Walling, Michael L. Reichard, 2009). The doubly fed induction 

generators use back to back power converters (ac-dc-ac) between rotor and grid. The 

rotor windings are connected to the grid via slip rings and back-to-back voltage source 

converter.  

The power converter excites the rotor of the machine with a variable frequency three 

phase ac excitation. The ac excitation causes the flux field of the rotor to have an 

apparent rotation with respect to the rotor. The frequency and phase sequence of the 

rotor current is controlled by the converter such that the sum of the physical rotation of 

the rotor, and the apparent rotation of the magnetic field with respect to the rotor, is 

synchronous speed. Thus, the doubly-fed generator produces line frequency output while 

having the capability of rotating over a wide range of speed, typically (-33% to +33%) of 

synchronous speed (Reigh A. Walling, Michael L. Reichard, 2009).  

When the rotor turns at less than synchronous speed, real power flows through the 

converter into the generator rotor. Above synchronous speed, power flows out of both 

the rotor and stator. The real and reactive power output of the generator can be precisely 

regulated by adjusting the magnitude and angular position of the flux wave via converter 

control. Doubly-fed induction generators can be designed to provide low voltage ride-

through capability without the need for any supplementary reactive compensation 

devices. The low voltage ride through capability is the ability of the wind turbine 
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generator to withstand when the sudden decrease of voltage in the grid due to a fault or 

load change in the grid. 

5.1.2. Full Conversion Generators 

In this type of generator, connection is established to the grid via ac dc ac converter. The 

generator can be of any type i.e. synchronous, permanent magnet, or induction. The 

generator face very little consequences of the issues caused by the grid like short circuit 

current etc. because converter provides isolation. The converter may be designed to cope 

with reactive power compensation. The devices used in voltage source converter are 

IGBT (insulated-gate bipolar transistor) or IGCT (insulated gate-commutated thyristor) 

to synthesize the ac output voltage using pulse-width modulation (Reigh A. Walling, 

Michael L. Reichard, 2009). Converter output current can be controlled to any level by 

the modulation index and phase of the pulse width modulation pattern. Very fast control 

speed can be readily obtained, with bandwidth well in excess of 60 Hz (Reigh A. 

Walling, Michael L. Reichard, 2009). IGBTs and IGCTs are quite sensitive to excess 

currents, as a result current more than two or three per unit is sufficient to destroy IGBTs 

in a very short time. The current limitation is achieved by both high-bandwidth current 

regulator and a “hard limit” where an IGBT or IGCT device is turned off just before the 

maximum device current level is reached. Therefore, the high-speed controllability of 

the voltage-source converter is used to limit output current, especially during faults. The 

full converter WTG has the characteristics of flexible grid integration, good power 

quality and voltage ride through capability however need more power electronic devices 

which impact cost. 
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5.2. Short Circuit Contribution of Wind Turbine Generators 

5.2.1. Doubly Fed Induction Generator 

As described above, DFIG is a variable speed machine where the rotor speed is allowed 

to vary within a slip range of (-30% to +30%) so the power converter can be sized to 

about 30% of the rated. The circuit of double fed induction generator is quite similar to 

that of regular induction generator except additional voltages that are produced by the 

power converter. The current controlled power converter, under normal condition, 

produces voltage and controls the real and reactive power output instantaneously and 

independently.  Ideally, the power converter must be able to withstand the currents 

induced by AC and DC components flowing in the stator winding. The components of 

the converter (IGBT, or capacitors, or diodes) are usually capable to handle normal 

currents and normal DC voltages however it is still necessary to protect the converter 

system from any fault condition e.g. short circuit.  

A crowbar system, shown in Figure 10, is usually installed to protect power electronic 

converter against overvoltage and thermal breakdown during fault conditions e.g. short 

circuit (E. Muljadi, V. Gevorgian, 2011). A crowbar circuit is used to prevent the circuit 

attached to the power supply in case of overvoltage. Overvoltage condition can be 

caused by power malfunction or power surge. A short circuit or low resistance path 

across the voltage source is put to operate crowbar circuit. It works by sensing a voltage 

that is above a certain threshold and shorting out the power supply. Crowbar circuits are 

frequently implemented using a thyristor or a trisil or thyratron as the shorting device. 

Once triggered they try to limit the current depending on the converter components, if 
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they fail which happens mostly, fuse attached to the line blows or circuit breaker 

operates. The circuit must have a fuse or circuit-breaker, as without it the power supply 

or the crowbar circuit will be damaged. 

The size of the crowbar circuit is maintained in such a way that it can control fault 

currents. If crowbar circuit is installed in proper dimension, the fault currents can be 

properly controlled. The crowbar circuit, installed on the rotor windings, provide short 

circuit to the rotor windings by its resistance (RCB) and is also controlled to maintain the 

DC bus voltage constant.  

For short circuit calculation of DFIG, following are the formulas for the main short 

circuit parameters which are  

• Stator transient reactance (Z’s) 

• Rotor time constants representing the damping of the DC component in rotor 

windings (T’r),  

• Maximum short circuit current (Isc_peak) (J. Moren, S.W.H. de Haan, March 

2007). 

	�′� � ��′�� 	 
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Rs Rr  stator and rotor resistances 
Ls Lr  stator and rotor leakage inductances 
Lm  magnetizing reactance 
S  rotor slip  
 
 
 



 

31 
 

 

 

 

 

Figure 9. Circuit diagram of double fed induction generator 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Connection diagram for double fed induction generator wind turbine 

5.2.2. Full Converter Generator 

The full converter generator use voltage source converter as the output device which 

makes it similar to synchronous generator because the variable voltage of the output 

inductance is controlled. The magnitude and phase of this voltage governs the real and 

reactive power output. However, unlike synchronous generators, the voltage is 

synthesized by pulse width modulation and is thus highly controllable. Consequently, the 

current output of the generator is highly controlled without flux time constants. For full 

conversion WTG, the short circuit current contribution for three phase fault is limited to 

its rated current or slightly higher than the rated current. It is common to design a power 

converter for a full conversion wind turbine generator with an overload capability of 

10% above rated current (E. Muljadi, V. Gevorgian, 2011). During fault conditions, the 
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generator remains connected to the power converter and is isolated from the faulted lines 

on the grid. The generator can continue its normal operation mode even if there is a fault 

at the grid. However, the output power will be less than the rated power in such case. 

The short circuit contribution of full converter generator is observed to be limited to 

110% of the rated current (E. Muljadi and V. Gevorgian, N. Samaan, J. Li, S. Pasupulati, 

2010). 

 

 
 
 
 
 
 
 
Figure 11. Connection diagram for full converter wind turbine generator 
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Chapter 6 

6.0. Offshore Wind Farms Simulation Using DIgSILENT 

6.1. DIgSILENT Power Factory 

DIgSILENT PowerFactory is a leading power system analysis software for applications 

in generation, transmission, distribution and industrial systems. All the required 

functions, in the power engineering, are integrated with reliable and flexible system 

modeling capabilities in this software (DIgSILENT User's Manual, 2012).  DIgSILENT 

is employed in this study to carry out load flow calculation and short circuit analysis.   

6.2. Wind Farms Connection 

A hypothetical offshore wind farm cluster is selected having the total capacity of 804 

MW. There are three different offshore wind farms in the cluster. Each offshore wind 

farm is connected to a step up transformer placed on an offshore AC collector platform. 

The power from the offshore AC collector platforms is collected at HVDC converter 

platform. The electrical circuit from wind farms to collection bus at HVDC converter 

platform will be considered as shown in Figure 13.  

The wind farms A, B and C, in the cluster, has 402 MW, 252 MW and 150 MW 

capacities respectively. The wind farms contain 6 MW wind turbines.  The technical 

specification of wind turbines is given in Appendix 2.  
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6.2.1. Wind Turbine Configuration 

Siemens 6 MW offshore wind turbine model is used for this study.  The detailed 

specifications are in Appendix 2.  

Doubly Fed Induction Generator 

The 6 MW doubly fed induction generator is selected with following specifications 

Apparent Power (MVA) 6.667 
Rated Voltage (kV) 0.69 
Nominal Frequency (Hz) 50 
No. of Pole Pairs 2 
Stator Resistance (p.u) 0.01 
Stator Reactance (p.u) 0.1 
Locked Rotor Current (p.u) 7 
X/R Locked Rotor 2.331685 

Table 6. Specifications of DFIG 

 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 12. DFIG torque and current graph for different n/nsyn 

Full Conversion Generator 

The full conversion generator chosen for this study is a synchronous generator. As 

described earlier, the short circuit contribution of full conversion generator is limited to 

110% of the rated current both initially and thermally (E. Muljadi and V. Gevorgian, N. 
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Samaan, J. Li, S. Pasupulati, 2010). So synchronous generator model having apparent 

power 6.667MVA and rated voltage 0.69 kV is selected and by iteratively adjusting the 

generator impedance the desired short circuit current value is achieved (Discussion at ABB). For 

detailed calculation methodology, see Appendix 2 

6.2.2. Cable Connections 

Two types of cables i.e. inter-array cables and export cables are used in this study.  

Inter Array Cables 

The inter array cables connect the individual wind turbines, in each feeder, to AC 

collector platform of every wind farm. The length of cable between two wind turbines is 

kept 0.9 km. The length of cable between the wind turbine and AC collector platform is 

kept 2.5 km while in the absence of AC collector platform; three different lengths are 

chosen i.e. 1, 5 and 10 km. 

Wind Farm A 

Wind farm A consists of 67 turbines. The internal grid of the offshore wind farm is 

divided into eight feeders. Three feeders connect nine turbines while five feeders 

connect eight turbines to the AC collection platform as shown in figure 13. 

Wind Farm B 

Wind farm B consists of 42 turbines. The internal grid of the offshore wind farm is 

divided into five feeders. Two feeders connect nine turbines while three feeders connect 

eight turbines to the AC collection platform as shown in figure 13. 
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Wind Farm C 

Wind farm C consists of 25 turbines. The internal grid of the offshore wind farm is 

divided into four feeders. One feeder connects 7 turbines while three feeders connect six 

turbines to the AC collection platform as shown in figure 13. 

The 33 kV sea cables inside the wind power plant (the inner array cable) are used with 

two different cable cross sections. Cables from wind turbine 1 to 7 have the cross section 

630 mm2 and maximum rated current 0.698 kA. The cables from wind turbine 8 to the 

offshore AC collector platform have cross section 1000 mm2 and maximum rated current 

1.005 kA.  For detailed calculation and properties of cables, see Annex 3.  

Following is the arrangement: 

 

 
 

 
 
 
Export Cables 

The export cables, shown in figure 13, connect the offshore AC collector platform to 

offshore HVDC converter platform. Three export cables are used to connect three 

different wind farms to HVDC converter platform. Three different lengths i.e 1, 5 and 10 

km is chosen. The export cable which connects AC collector platform of wind farm A to 

the offshore HVDC converter platform has the cross section 2500 mm2 and maximum 

rated current 1.712 kA. The export cable which connects the AC collector platform of 

wind farm B to the offshore HVDC converter platform has the cross section 2000 mm2 
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and maximum rated current 1.32 kA. The export cable which connects the AC collector 

platform of wind farm C to the offshore HVDC converter platform has the cross section 

1000 mm2 and maximum rated current 1.156 kA. The export cables will be removed 

when there will be no AC collector platform. For detailed calculation and properties of 

cables, see Annex 3. 

6.2.3. Main Transformer Configuration 

The offshore wind farms are connected to the main transformers placed on offshore AC 

collector platforms. Each wind farm has its own step up transformer which raises the 

voltage from 33 kV to 155 kV. The detailed specifications of main transformers are in 

Appendix 4.  

Wind Farm A 

The eight feeders of the offshore wind farm A are connected to a three winding 

transformer having 444/222/222MVA capacity and voltage transformation 155/33/33 

kV.  

Wind Farm B 

The five feeders of the offshore wind farm B are connected to a two winding transformer 

having 280 MVA capacity and voltage transformation 155/33 kV. 

Wind Farm C 

The four feeders of the offshore wind farm C are connected to a two winding 

transformer having 170 MVA capacity and voltage transformation 155/33 kV. 
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Figure 13. Schematic circuit diagram for offshore wind farm cluster link 33kV internal grid with AC 
collector platform 

 
 
 
 

 



 

39 
 

6.3. Short Circuit Calculations 

The short circuit analysis of the circuit connecting an offshore wind farm cluster to 

HVDC converter platform is performed. Two cases are discussed. In the first case, short 

circuit analysis of an offshore wind farm cluster connection to HVDC converter platform 

using AC collector platforms is performed. In the second case, short circuit analysis of 

an offshore wind farm cluster connection to HVDC converter platform without using AC 

collector platforms is performed. The short circuit contribution from HVDC (from grid 

side) is approximately 150 % of apparent power of the wind farms cluster initially and 

50% thermally (Discussion at ABB unit). DIgSILENT provides different methods for 

short circuit analysis. Some methods like “IEC 60909/VDE 0102 method”, the “ANSI 

method’ and the “IEC 61363 method” require less detailed network modeling i.e. require 

no load information (DIgSILENT User's Manual, 2012). The superposition method 

which is also known as “complete short circuit method” is used for the precise 

evaluation of the fault currents in a specific situation (DIgSILENT User's Manual, 

2012). The “complete short circuit” method is selected in DIgSILENT to execute the 

short circuit analysis. The details about the nature of short circuit current and theory is 

presented in Appendix 1. Following parameters are selected for “complete short circuit” 

method: 

Method Complete 
Fault Type 3-phase Short Circuit 
Calculate Max. Short Circuit Current  
Break Time (s) 0.08 
Fault Clearing Time (s) 1 
Used Break Time  Global 

Table 7. Short circuit model parameters in DIgSILENT 
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6.4. Case 1 - Wind Farm Cluster Connection to HVDC Converter Platform 

using AC Collector Platforms 

In this case, the internal voltage of the wind farms is 33 kV and two WTG types will be 

compared i.e. DFIG and Full converter to estimate the short circuit behavior at different 

buses in the circuit. The length of export cable between wind farms and HVDC 

converter platform is varied from 1 km to 10 km for this case. Following are the main 

results for case 1. The detailed results are presented in Appendix 5. 

Wind Farm Distance from HVDC Platform = 1 km 

155 kV Bus at HVDC 
Platform 

Initial short 
circuit current 

(Ik
’’) kA 

Peak short 
circuit current 
(ip) kA 

Peak short circuit 
breaking current (ib) 
kA 

DFIG 12.86 29.84 10.31 
Full Converter 4.87 11.68 7.42 

Table 8. Short circuit currents at HVDC bus for 1 km distance between wind farms and HVDC platform 
(Case 1) 

Wind Farm Distance from HVDC Platform = 5 km 

155 kV Bus at HVDC 
Platform 

Initial short 
circuit current 

(Ik
’’) kA 

Peak short 
circuit current 
(ip) kA 

Peak short circuit 
breaking current (ib) 
kA 

DFIG 12.65 29.41 10.21 
Full Converter 4.79 11.50 7.30 

Table 9. Short circuit currents at HVDC bus for 5 km distance between wind farms and HVDC platform 
(Case 1) 

Wind Farm Distance from HVDC Platform = 10 km 

155 kV Bus at HVDC 
Platform 

Initial short 
circuit current 

(Ik
’’) kA 

Peak short 
circuit current 
(ip) kA 

Peak short circuit 
breaking current (ib) 
kA 

DFIG 12.41 28.89 10.08 
Full Converter 4.70 11.27 7.16 

Table 10. Short circuit currents at HVDC bus for 10 km distance between wind farms and HVDC platform 
(Case 1) 
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6.5. Case 2 - Wind Farm Cluster Connection to HVDC Converter Platform 

without using AC Collector Platforms 

In this case, two internal wind farm voltage levels i.e. 33 kV and 66 kV are compared in 

the absence of an offshore AC collector platform.  Two wind turbine generator types i.e. 

DFIG and Full conversion generators are used in the calculations. Also distance between 

the wind farms and HVDC converter platform is varied to estimate the consequences on 

short circuit currents. In Case 2a, 33 kV internal wind farms voltage is investigated 

while 66 kV internal wind farms voltage is investigated in Case 2b. Following are the 

results for 33 kV bus at HVDC platform without having an AC collector platform. 

6.5.1. Case 2a – 33 kV Internal Wind Farm Voltage 

 
Wind Farm Distance from HVDC Platform = 1 km 

33 kV Bus at HVDC 
Platform 

Initial short 
circuit current 

(Ik
’’) kA 

Peak short 
circuit current 
(ip) kA 

Peak short circuit 
breaking current (ib) 
kA 

DFIG 85.30 181.12 49.57 
Full Converter 22.71 54.48 47.85 

Table 11.Short circuit currents at HVDC bus with 1 km distance between wind farms and HVDC platform 
(Case 2a) 

Wind Farm Distance from HVDC Platform = 5 km 

33 kV Bus at HVDC 
Platform 

Initial short 
circuit current 

(Ik
’’) kA 

Peak short 
circuit current 
(ip) kA 

Peak short circuit 
breaking current (ib) 
kA 

DFIG 80.34 171.72 48.73 
Full Converter 22.55 54.11 34.38 

Table 12. Short circuit currents at HVDC bus with 5 km distance between wind farms and HVDC platform 
(Case 2a) 
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Wind Farm Distance from HVDC Platform = 10 km 

33 kV Bus at HVDC 
Platform 

Initial short 
circuit current 

(Ik
’’) kA 

Peak short 
circuit current 
(ip) kA 

Peak short circuit 
breaking current (ib) 
kA 

DFIG 75.13 161.76 47.73 
Full Converter 22.36 53.64 34.09 

Table 13. Short circuit currents at HVDC bus with 10 km distance between wind farms and HVDC 
platform (Case 2a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Schematic circuit diagram of Case 2a 
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Figure 15. Initial short circuit current (Ik’’) in kA at HVDC platform for different distances between wind 
farms and HVDC platform (Case 2a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Peak short circuit current (ip) in kA at HVDC platform for different distances between wind 
farms and HVDC platform (Case 2a) 
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Figure 17. Peak short circuit breaking current (ib) in kA at HVDC platform for different distances between 
wind farms and HVDC platform (Case 2a) 

 

6.5.2. Case 2b – 66 kV Internal Wind Farm Voltage 

 
Wind Farm Distance from HVDC Platform = 1 km 

66 kV Bus at HVDC 
Platform 

Initial short 
circuit current 

(Ik
’’) kA 

Peak short 
circuit current 
(ip) kA 

Peak short circuit 
breaking current (ib) 
kA 

DFIG 41.54 89.47 24.25 
Full Converter 10.97 26.31 16.72 

Table 14.Short circuit currents at HVDC bus with 1 km distance between wind farms and HVDC platform 
(Case 2b) 

Wind Farm Distance from HVDC Platform = 5 km 
 

66 kV Bus at HVDC 
Platform 

Initial short 
circuit current 

(Ik
’’) kA 

Peak short 
circuit current 
(ip) kA 

Peak short circuit 
breaking current (ib) 
kA 

DFIG 40.61 87.59 23.72 
Full Converter 10.63 25.51 16.21 

Table 15. Short circuit currents at HVDC bus with 5 km distance between wind farms and HVDC platform 
(Case 2b) 
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Wind Farm Distance from HVDC Platform = 10 km 
 

66 kV Bus at HVDC 
Platform 

Initial short 
circuit current 

(Ik
’’) kA 

Peak short 
circuit current 
(ip) kA 

Peak short circuit 
breaking current (ib) 
kA 

DFIG 39.49 85.32 16.72 
Full Converter 10.22 24.52 15.58 

Table 16. Short circuit currents at HVDC bus with 10 km distance between wind farms and HVDC 
platform (Case 2b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. Schematic circuit diagram of Case 2b 
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Figure 19. Initial short circuit current (Ik’’) in kA at HVDC platform for different distances between wind 
farms and HVDC platform (Case 2b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. Peak short circuit current (ip) in kA at HVDC platform for different distances between wind 
farms and HVDC platform (Case 2b) 
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Figure 21. Peak short circuit breaking current (ib) in kA at HVDC platform for different distances between 
wind farms and HVDC platform (Case 2b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 22. Short circuit current (kA) comparison among Case 1, 2a, and 2b at HVDC platform for DFIG 
and 1km distance between wind farms and HVDC platform 
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Figure 23. Short circuit current (kA) comparison among Case 1, 2a, and 2b at HVDC platform for DFIG 
and 5 km distance between wind farms and HVDC platform 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24. Short circuit current (kA) comparison among Case 1, 2a, and 2b at HVDC platform for DFIG 
and 10 km distance between wind farms and HVDC platform 
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Figure 25. Short circuit current (kA) comparison among Case 1, 2a, and 2b at HVDC platform for FC and 
1 km distance between wind farms and HVDC platform 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 26. Short circuit current (kA) comparison among Case 1, 2a, and 2b at HVDC platform for FC and 
5 km distance between wind farms and HVDC platform 
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Figure 27. Short circuit current (kA) comparison among Case 1, 2a, and 2b at HVDC platform for FC and 
10 km distance between wind farms and HVDC platform 
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6.6. Short Circuit Analysis at the Feeders 

Short circuit can occur in any of the individual feeder of the wind farm just behind the 

circuit breaker, the current from all other feeders and also from the main transformer or 

HVDC system can pass through the fault point via bus bar. In the following figure, such 

scenario is shown: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 28. Example of short circuiting at any feeder of the wind farm 

It is quite important to estimate the peak short circuit breaking current (ib) in such 

scenario. The peak short circuit breaking current is important when the fault is near the 

generator and protection is ensured by time delayed circuit breakers. The peak short 

circuit current (ip) and peak short circuit breaking current (ib) for the bus is previously 

calculated.  
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The feeders with lowest number of wind turbines are chosen i.e. 8 WTGs per feeder in 

case of wind farm A, 8 WTGs per feeder in case of wind farm B, and 6 WTGs per feeder 

in case of wind farm C. Following is the peak short circuit breaking current (ib) in three 

different feeders of three wind farms in the presence of AC collector platforms. 

Wind Farms 
with DFIG 

Peak Short Circuit Breaking Current (ib) at Individual Feeder 

1 km 5 km 10 km 

A 33.54 32.97 32.3 
B 34.13 33.27 32.26 
C 27.91 26.84 25.65 

Wind Farms 
with FC 

Peak Short Circuit Breaking Current (ib) at Individual Feeder 

 1 km 5 km 10 km 

A 21.98 21.49 20.9 
B 23.58 22.89 22.08 
C 19.93 19.26 18.48 

Table 17. Peak short circuit breaking current (ib) at individual feeders of the wind farms for different 
distances between wind farms and HVDC platform (Case 1) 

 In the absence of AC collector platforms, three different lengths of cables between the 

last wind turbine in the feeder and HVDC converter platform are selected. Following are 

the results of the peak short circuit breaking currents (ib) at the individual feeders of the 

wind farms for Case 2a (33 kV internal wind farm voltages) and Case 2b (66 kV internal 

wind farm voltages) in the absence of AC collector platform. 

Distance b/w Wind Farms and 
HVDC Platform (DFIG) 

Peak Short Circuit Breaking Current (ib) 
at Individual Feeder 

1 km 45.06 
5 km 44.00 
10 km 42.82 

Distance b/w Wind Farms and 
HVDC Platform (FC) 

Peak Short Circuit Breaking Current (ib) 
at Individual Feeder 

1 km 34.61 
5 km 34.34 
10 km 34.01 

Table 18. Peak short circuit breaking current (ib) at the individual feeders of the wind farms (Case 2a) 
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Distance b/w Wind Farms and 
HVDC Platform (DFIG) 

Peak Short Circuit Breaking Current (ib) 
at Individual Feeder 

1 km 24.15 
5 km 23.72 
10 km 23.08 

Distance b/w Wind Farms and 
HVDC Platform (FC) 

Peak Short Circuit Breaking Current (ib) 
at Individual Feeder 

1 km 16.72 
5 km 16.21 
10 km 15.58 

Table 19. Peak short circuit breaking current (ib) at the individual feeders of the wind farms (Case 2b) 
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7.0. Loss Analysis 

The electrical losses are calculated using “load flow” module in DIgSILENT. The 

offshore wind farm connection contains cables, bus bars, transformers, shunt reactors 

and AC platform which contribute to electrical losses. Shunt reactors having 15 MVAr 

has approximately 70 kW losses (Discussion at ABB) at low loads. The capacitor losses 

can be neglected (Discussion at ABB). The zero load losses for main transformers are 

approximately 0.026 % of the apparent power for large transformers and 0.08 % of the 

apparent power for small transformers (Discussion at ABB). The AC platform losses are 

considered to be 100 kW (Discussion at ABB). The load losses and zero load losses add 

up to make total losses of the connection. In the first step, annual energy production of 

the wind farms is calculated, and then loss analysis is performed. Following are the main 

results. For detailed results and theory, see Appendix 6. 

7.1. Case 1 - Wind Farm Cluster Connection to HVDC Converter Platform 

using AC Collector Platforms 

Wind Farm Distance from HVDC Platform = 1 km 

Power capacity of Wind Farm A  = 402 MW 

AEP of Wind Farm A   = 1675 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 53 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 3 GWh/year  

Total Losses of Wind Farm A  = 56 GWh/year 
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Power capacity of Wind Farm B  = 252 MW 

AEP of Wind Farm B   = 1050 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 34 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 2 GWh/year  

Total Losses of Wind Farm B  = 36 GWh/year  

 

Power capacity of Wind Farm C  = 150 MW 

AEP of Wind Farm C   = 625 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 23 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 1.5 GWh/year  

Total Losses of Wind Farm C  = 24.5 GWh/year (see Appendix 6) 

 

Total Energy Losses of the Connection at 1 km = 116.5 GWh/year 

 

Wind Farm Distance from HVDC Platform = 5 km 

Total Energy Losses of the Connection at 5 km = 118.64 GWh/year 

 

Wind Farm Distance from HVDC Platform = 10 km 

Total Energy Losses of the Connection at 10 km = 123 GWh/year 
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7.2. Case 2 - Wind Farm Cluster Connection to HVDC Converter Platform 

without using AC Collector Platforms 

In this case, load losses and zero load losses of main transformers and AC collector 

platform were excluded however losses of shunt reactors still exit. 

7.2.1. Case 2a – 33 kV Internal Wind Farm Voltages 

Wind Farm Distance from HVDC Platform = 1 km 

Power capacity of Wind Farm A  = 402 MW 

AEP of Wind Farm A   = 1675 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 38 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 0.315 GWh/year  

Total Losses of Wind Farm A  = 38.32 GWh/year 

 

Power capacity of Wind Farm B  = 252 MW 

AEP of Wind Farm B   = 1050 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 24 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 0.184 GWh/year  

Total Losses of Wind Farm B  = 24.18 GWh/year  
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Power capacity of Wind Farm C  = 150 MW 

AEP of Wind Farm C   = 625 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 14 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 0.114 GWh/year  

Total Losses of Wind Farm C  = 14.11 GWh/year 

 

Total Energy Losses of the Connection at 1 km = 76.71 GWh/year 

 

Wind Farm Distance from HVDC Platform = 5 km 

Power capacity of Wind Farm A  = 402 MW 

AEP of Wind Farm A   = 1675 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 48 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 0.5 GWh/year  

Total Losses of Wind Farm A  = 48.5 GWh/year  

 

Power capacity of Wind Farm B  = 252 MW 

AEP of Wind Farm B   = 1050 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 31 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 0.311 GWh/year  

Total Losses of Wind Farm B  = 31.31 GWh/year  
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Power capacity of Wind Farm C  = 150 MW 

AEP of Wind Farm C   = 625 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 22 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 0.195 GWh/year  

Total Losses of Wind Farm C  = 22.19 GWh/year  

 
Total Energy Losses of the Connection at 5 km = 102 GWh/year 

 
Wind Farm Distance from HVDC Platform = 10 km 

Power capacity of Wind Farm A  = 402 MW 

AEP of Wind Farm A   = 1675 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 61 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 0.727 GWh/year  

Total Losses of Wind Farm A  = 61.73 GWh/year  

 

Power capacity of Wind Farm B  = 252 MW 

AEP of Wind Farm B   = 1050 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 39 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 0.456 GWh/year  

Total Losses of Wind Farm B  = 39.46 GWh/year  
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Power capacity of Wind Farm C  = 150 MW 

AEP of Wind Farm C   = 625 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 32 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 0.297GWh/year  

Total Losses of Wind Farm C  = 32.3 GWh/year  

 

Total Energy Losses of the Connection at 10 km = 133.5 GWh/year 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29. Comparison of energy loss (GWh/year) of three wind farms for different distances between 
wind farms and HVDC converter platform for case 2a 
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7.2.2. Case 2b – 66 kV Internal Wind Farms Voltage 

Wind Farm Distance from HVDC Platform = 1 km 

Power capacity of Wind Farm A  = 402 MW 

AEP of Wind Farm A   = 1675 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 28 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 1.3 GWh/year  

Total Losses of Wind Farm A  = 29.3 GWh/year  

 

Power capacity of Wind Farm B  = 252 MW 

AEP of Wind Farm B   = 1050 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 17 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 0.79 GWh/year  

Total Losses of Wind Farm B  = 17.79 GWh/year  

 

Power capacity of Wind Farm C  = 150 MW 

AEP of Wind Farm C   = 625 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 11 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 0.47 GWh/year  

Total Losses of Wind Farm C  = 11.47 GWh/year  

 

Total Energy Losses of the Connection at 1 km  = 58.56 GWh/year 
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Wind Farm Distance from HVDC Platform = 5 km 

Power capacity of Wind Farm A  = 402 MW 

AEP of Wind Farm A   = 1675 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 30 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 2 GWh/year  

Total Losses of Wind Farm A  = 32 GWh/year 

 

Power capacity of Wind Farm B  = 252 MW 

AEP of Wind Farm B   = 1050 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 19 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 1.3 GWh/year  

Total Losses of Wind Farm B  = 20.3 GWh/year 

 

Power capacity of Wind Farm C  = 150 MW 

AEP of Wind Farm C   = 625 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 12 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 0.78 GWh/year  

Total Losses of Wind Farm C  = 12.78 GWh/year 

 

Total Energy Losses of the Connection at 5 km = 65 GWh/year 
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Wind Farm Distance from HVDC Platform = 10 km 

Power capacity of Wind Farm A  = 402 MW 

AEP of Wind Farm A   = 1675 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 33 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 2.9 GWh/year  

Total Losses of Wind Farm A  = 35.9 GWh/year 

 

Power capacity of Wind Farm B  = 252 MW 

AEP of Wind Farm B   = 1050 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 21 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 1.82 GWh/year  

Total Losses of Wind Farm B  = 22.82 GWh/year 

 

Power capacity of Wind Farm C  = 150 MW 

AEP of Wind Farm C   = 625 GWh/year (see Appendix 6) 

Energy Losses at Loads  = 15 GWh/year (see Appendix 6) 

Energy Losses at Zero Loads  = 1.2 GWh/year  

Total Losses of Wind Farm C  = 16.2 GWh/year 

 

Total Energy Losses of the Connection at 10 km = 75.02 GWh/year 
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Figure 30. Comparison of energy loss (GWh/year) of three wind farms for different distances between 
wind farms and HVDC platform for case 2b 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 31. Comparison of total energy loss (GWh/year) of the offshore wind farm cluster link for different 
distances between wind farms and HVDC platform 
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7.3. Effect of Changing Feeder Length on Losses 

A feeder having 9 wind turbines is selected. Four different combinations of inter array 

cable lengths are selected; in the first combination the distance between two wind 

turbines is kept 0.6 and different distances between wind farm feeder and HVDC 

converter platform are compared for this combination. Same is done with other three 

combinations. The losses (GWh/year) are calculated for this feeder to assess the effect of 

changing feeder length. The calculation described above is performed for case 2a (33 kV 

internal wind farm voltage) and 2b (66 kV internal wind farm voltage). Doubly fed 

induction generator is selected for these calculations. Following are the results: 

Case 2a – 33 kV internal wind farm voltages 

lnter array 
cable length 

b/w two WTGs 
(km)  

Total 
Distance b/w 

9 WTGs 
(km) 

Distance Between Wind Farm and HVDC Converter Platform (km) 

1 2 3 4 5 

    
Losses 

(GWh/year) 
Losses 

(GWh/year) 
Losses 

(GWh/year) 
Losses 

(GWh/year) 
Losses 

(GWh/year) 
0.6 4.8 1.43 1.77 2.2 2.62 2.95 
0.7 5.6 1.60 2.03 2.36 2.79 3.21 
0.8 6.4 1.86 2.2 2.62 2.95 3.38 
0.9 7.2 2.03 2.45 2.79 3.21 3.55 

lnter array 
cable length 

b/w two WTGs 
(km) 

Total 
Distance b/w 

9 
WTGs(km)  

Distance Between Wind Farm and HVDC Converter Platform (km) 

6 7 8 9 10 

    
Losses 

(GWh/year) 
Losses 

(GWh/year) 
Losses 

(GWh/year) 
Losses 

(GWh/year) 
Losses 

(GWh/year) 
0.6 4.8 3.38 3.72 4.14 4.48 4.90 
0.7 5.6 3.55 3.97 4.31 4.73 5.07 
0.8 6.4 3.72 4.14 4.48 4.90 5.24 
0.9 7.2 3.97 4.31 4.73 5.07 5.5 

Table 20. Effect of changing feeder length on losses with 33 kV internal wind farm voltages 
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Case 2b – 66 kV internal wind farm voltages 

lnter array 
cable length 

b/w two WTGs 
(km)  

Total 
Distance b/w 

9 WTGs 
(km) 

Distance Between Wind Farm and HVDC Converter Platform (km) 

1 2 3 4 5 

    
Losses 

(GWh/year) 
Losses 

(GWh/year) 
Losses 

(GWh/year) 
Losses 

(GWh/year) 
Losses 

(GWh/year) 
0.6 4.8 0.423 0.51 0.59 0.67 0.84 
0.7 5.6 0.51 0.59 0.67 0.76 0.84 
0.8 6.4 0.51 0.59 0.76 0.84 0.93 
0.9 7.2 0.59 0.67 0.76 0.84 0.93 

lnter array 
cable length 

b/w two WTGs 
(km)  

Total 
Distance b/w 

9 
WTGs(km)  

Distance Between Wind Farm and HVDC Converter Platform (km) 

6 7 8 9 10 

    
Losses 

(GWh/year) 
Losses 

(GWh/year) 
Losses 

(GWh/year) 
Losses 

(GWh/year) 
Losses 

(GWh/year) 
0.6 4.8 0.93 1.01 1.1 1.18 1.27 
0.7 5.6 0.93 1.01 1.18 1.27 1.35 
0.8 6.4 1.01 1.1 1.18 1.27 1.35 
0.9 7.2 1.01 0.14 1.27 1.35 1.44 

Table 21. Effect of changing feeder length on losses with 66 kV internal wind farm voltages 
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8.0. Conclusion 

The study concludes that short circuit current levels will increase after the removal of 

AC collector platform from the offshore wind park connection to HVDC platform. Two 

wind turbine generator types i.e. doubly fed induction generator and full conversion 

generator were chosen for the study.  

Doubly fed induction generators Vs full conversion generators 

It is estimated that short circuit current levels of doubly fed induction generators are 

approximately 2.5 to 3.5 times higher than those of full conversion generators. Moreover 

full conversion generators show quite stable short circuit current levels with the increase 

in distance between wind farms and HVDC platform while short circuit currents 

decrease for DFIG with the increase in distance between wind farms and HVDC 

platform.  

Two internal wind farm voltage levels i.e. 33 kV and 66 kV were investigated in the 

absence of AC collector platform.  

33 kV With AC collector platform Vs 33 kV without AC collector platform 

For doubly fed induction generators and full conversion generators, the short circuit 

currents, (Ik
’’, ip, and ib) employing 33 kV internal grid without AC collector platform, 

increase approximately by 4 to 6 times than those with AC collector platform. 

33 kV With AC collector platform Vs 66 kV without AC collector platform 

For doubly fed induction generators and full conversion generators, the short circuit 

currents, (Ik
’’, ip, and ib) employing 66 kV internal grid without AC collector platform, 

increase approximately by 2.5 to 3.5 times than those with AC collector platform. 



 

67 
 

The higher levels of short circuit currents at HVDC converter platform, in the absence of 

an offshore AC collector platform, can be controlled by different short circuit protection 

strategies i.e. current limiting fuses, circuit breakers, series coils, and using three 

winding transformers at HVDC converter platform. 

The energy losses increase for each wind farm by increasing the distance between wind 

farms and HVDC platform.  

Annual energy losses at 1 km distance between the wind farms and HVDC platform 

At 1 km, the annual energy losses of the topology using AC collector platform are higher 

than the topologies without AC collector platforms. Moreover, the annual energy losses 

of the topology using 33 kV internal wind farm voltages without AC collector platform 

are higher than the topology using 66 kV internal wind farm voltages without AC 

collector platform 

Annual energy losses at 5 km distance between the wind farms and HVDC platform 

At 5 km, the trend is almost the same as that of 1 km but the difference between the 

annual energy losses of the topology using AC collector platform and topology using 33 

kV internal wind farm voltages without AC collector platform decreases.  

Annual energy losses at 10 km distance between the wind farms and HVDC platform 

At 10 km, the annual energy losses of the topology using 33 kV internal wind farm 

voltages without AC collector platform become higher than the topologies using AC 

collector platform and 66 kV without AC collector platform. 

Technical analysis showed solid results. The cost analysis based on the costs of platform 

and losses cost cannot be conclusive at this point because of the lack of financial data. 
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8.1. Future Work 

The objective of this study was to lower the cost of an offshore wind park HVDC 

connection by removing the AC collector platform. The problem addressed, in this 

thesis, requires a detailed study of different technical and economic parameters. The 

removal of AC collector platform from the connection between offshore wind park and 

offshore HVDC converter platform needs more detailed analysis. However, this thesis 

will serve as a good starting point to estimate whether the removal of an offshore AC 

collector platform, from an offshore wind park connection to HVDC converter platform, 

is economically feasible option or not. Due to limited time span to this thesis few 

assumptions were made, based on the practical experiences of ABB, to execute the 

investigations. Following are the assumptions: 

1. Hypothetical wind farms and their capacity 

2. Short circuit contribution of full conversion generators 

3. Short circuit contribution of HVDC system 

4. Wind speed distribution and power curve 

5. Losses of AC platform, shunt reactors, and zero load losses of main transformers 

In future, it is expected that a real project would be executed in this field. The 

assumptions could then be compared with more accurate field values.  
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Appendices  

Appendix 1 

Short circuit power Sk (MVA)  

Short circuit power is the maximum amount of power at unit voltage which would flow 

through the circuit or component to a short circuit or fault when supplied from a source 

of infinite capacity. Short circuit power of individual components in an electrical circuit 

is calculated. i.e. utility, transformer, cables, generators/motors. The individual short 

circuit powers, calculated from each component, are integrated to find total short circuit 

power based on circuit topology i.e. parallel or series. 

Short circuit power of utility 

The power supply given in MVA simply the short circuit power rating. If the MVA of 

the system is unavailable, it can be calculated by dividing the line voltage by impedance.  

Following formula is used: (ARCAD, 2006) 

SCMVA = V2/Z 

Where 

V Line Voltage (kV) 

Z Impedance; (R2 +X2)1/2 (ohm) 

R Resistance (ohm) 

X Reactance (ohm); it’s the measure of the opposition of capacitance and 

inductance to current. Reactance varies with the frequency of the electrical f= 

frequency in hertz (Hz) 

L   = inductance in henrys (H)   

C   = capacitance in farads (F) 
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Short circuit power of cables 

The short circuit power of the cables can be calculated by the following formula: 

(ARCAD, 2006) 

SCMVA = (n*V2)/Z 

n number of cables in parallel 

Z it can be found from the standard cable data or manufacture’s data about cables, 

the values are usually given as reactance and resistance per length.  

 

 Short Circuit Power of Transformers 

The short circuit power of the transformers can be calculated by the following formula: 

(ARCAD, 2006) 

SCMVA = MVA/Zp.u 

MVA Transformers are supplied with MVA ratings  

Zp.u percentage impedance/100 (%Z is usually given on the transformer) 

Short circuit power of generators/motors 

Motors acts as generators when short circuit occurs. Motors are the source of short 

circuit current. Motors are specified by their HP, following are the motor specifications 

kV  Motor rated kV 

HP  Motor Horse Power, Motors may be represented individually or as a lumped 

group. 

FLA  The Full Load Amps 

PF  Motor operating Power Factor, This is used with the Efficiency to determine 

kVA Motor groups should use an average value of power factor. 

EFF Motor operating Efficiency, This is used with the Power Factor field to determine 

kVA. Motor groups should use an average value of efficiency. 
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kVA/HP The motor or motor group kVA rating per horsepower. This is a simple 

way of defining the kVA when full load amperes, or efficiency and power 

factor are not known 

 

Based on the above specifications following are the ways to calculate motor power 

(kVA) (ARCAD, 2006) 

kVAmotor = (1.73)(FLA)(kV) 

kVAmotor = (HP)(kVA/HP) 

kVAmotor = (HP)(0.746)/(EFF)(PF) 

The short circuit power of the motor and generator can be calculated by the following 

formula: (ARCAD, 2006) 

SCMVA = MVA/Zp.u 

Zp.u motor impedance, can be calculated by the following formula 

Zp.u = X” (ANSI multiplier) 

X” sub transient reactance is the reactance used to determine the current during the 

first cycle after the occurrence of the fault. In about 0.1 second this reactance 

increases to the level known as Transient Reactance,  and after 0.5 to 2 seconds it 

increases to the level known  as Synchronous Reactance, and this  determines the 

fault current after a steady condition is reached.  Sub transient reactance in 

percent on the motor HP base, it can be found from the literature, ANSI 

multiplier can be found along with sub transient reactance 
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Total short circuit power  

The individual MVA of the components connected in series or parallel can be calculated 

by the following formula: (ARCAD, 2006) 

SCMVA1, 2 = SCMVA1 * SCMVA2 / (SCMVA1 + SCMVA2)   for series 

SCMVA1, 2 = SCMVA1 + SCMVA2    for parallel 

X/R ratio 

In order to calculate more accurate short circuit power, calculations are done with X/R 

adjustment. The X/R ratio is important because it determines the peak asymmetrical fault 

current.  The asymmetrical fault current can be much larger than the symmetrical fault 

current. It also determines the duration of the asymmetrical fault current or DC current 

offset. A high X/R means a long DC offset. A very high X/R can result in the short 

circuit current sine wave being so offset that the current never reaches zero during the 3-

8 cycles the breaker is trying to open.  

Power factor (PF) is sometimes specified instead of X/R. This must be the short circuit 

power factor. Power factor is defined as the cosine of the angle between voltage and 

current. X/R is the tangent of this same angle. X/R can be found from power factor by 

taking the tangent of the inverse cosine of the power factor. (ARCAD, 2006) 

X/R = tan (cos-1 PF) 

 

Total short circuit power with X/R 

The total short circuit power with X/R adjustment can be calculated as follows: 

(ARCAD, 2006) 
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For series 

SCMVA1, 2 = (SCMVA1 * SCMVA2 * A2
1 * A2

2) / (SCMVA
2

1 * A2
1 * A2

2 + SCMVA
2

2 * A2
2 * 

A2
1 + 2 * SCMVA1 * SCMVA2 * A1 * A2 * (1 + (X/R) 1 * (X/R) 2))   

(X/R) 1, 2 = (SCMVA1 * A1 * (X/R) 2 + SCMVA2 * A2 * (X/R) 1) / (SCMVA1 * A1 + SCMVA2 * 

A2) 

Where A1 = (1 + (X/R) 1)
1/2, A2 = (1 + (X/R) 2)

1/2 

For parallel 

SCMVA1,2 = 1 / Z1,2  

Z1,2 = (R1,2 + X1,2)
1/2  

R1,2 = ( R1*(R2
2 + X2

2) + R2*(R2
1 + X2

1) ) / ( (R1 + R2)
2 + (X1 + X2)

2 )  

X1,2 = ( X1*(R2
2 + X2

2) + X2*(R2
1 + X2

1) ) / ( (R1 + R2)
2 + (X1 + X2)

2 )  

where, R1 = 1 / ( MVA1 * (1 + (X/R)1
2)1/2), R2 = 1 / ( MVA2 * (1 + (X/R)2

2)1/2) 

X1 = R1 * (X/R)1,  X2 = R2 * (X/R)2 

Short Circuit Currents 

The short circuit currents, during their cycle, go from asymmetrical to symmetrical. By 

symmetrical current we mean the envelopes of the peaks of the current waves are 

symmetrical around the zero axis. If the envelopes are not symmetrical around the zero 

axis they are called asymmetrical currents envelope. The envelope is a line drawn 

through the peaks of the wave as shown below (dotted line). Most short circuit currents 

are nearly always asymmetrical during the first few cycles after the short circuit occurs. 

The asymmetrical current is at a maximum during the first cycle after the short circuit 

occurs. This is a sub-transient state of short circuit current which is called dynamical 
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current. After few cycles the current goes from sub-transient to transient state which is 

called breaking current, and gradually it becomes symmetrical which is called the 

thermal current.   

 

 

 

 

 

 

 

 

Figure 32. Short circuit current oscillogram 

Following currents are calculated in the thesis. 

Ik
’’  initial symmetrical short circuit current 

ip instantaneous value of peak short circuit current during whole short circuit 

current cycle 

ib instantaneous value of peak short circuit current in the breaking current phase
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Appendix 2 

Technical Specification of Wind Turbines 

Name Siemens SWT-6.0-
154 

Number of blades 3 
Rotor speed 10.8 to 18.9 rpm 
Rotor diameter 154 
Swept area 18600 m2 

Power regulation Pitch 
Cut in wind speed 3-5 
Cut out wind speed 25 
Survival wind speed 70 m/s 
Pitch regulation Individual pitch 
Power 6000 kW 
Generator output voltage 690 V 
Hub height  Site Specific 

Table 22. Technical specification of wind turbines 

Wind Turbine Transformer 

The turbine transformer is a two winding oil type transformer. Following is the 

specification of wind turbine transformer: 

Rated power (MVA) 6.5 
Nominal frequency (Hz) 50 
Rated Voltage high (kV) 33 
Rated Voltage low (kV) 0.69 
Short Circuit Voltage (uk) % 8 
Copper losses (kW) 44 

Table 23. Specification of wind turbine transformer 

Rated power (MVA) 6.67 
Nominal frequency (Hz) 50 
Rated Voltage high (kV) 66 
Rated Voltage low (kV) 0.69 
Short Circuit Voltage (uk) % 10 
Copper losses (kW) 50 

Table 24. Specification of 66/0.69kV wind turbine transformer 
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Wind Turbine Generators - Full Conversion Generators 

Apparent Power of the WTG = 6.667 MVA; Voltage = 0.69 kV 

Irated = 6.667/1.732*0.69 = 5.579 kA 

Short circuit contribution of full conversion generators; 

I’’
k = 5.579*1.1 = 6.136 kA 

Iteration steps in DIgSILENT 

The stator resistance (which is the input of real part of impedance) increased step by step 

to achieve I’’
k = 6.136 kA. The stator resistance for this short circuit current value is 5 

p.u while the sub-transient and transient reactances are 0.2 p.u and 0.3 p.u 

 

 

Appendix 3  

Cable Selection and Specifications 

Internal Array Cable 

There are two different sizes of internal array cables are selected. The selection is done 

on the basis of rated current (Irated) produced by the wind turbine generators. Each wind 

turbine generator generates approximately 0.105 kA against 33 kV line voltage. The 

total rated current from wind turbine 1 to 7 will be 0.630 kA. Similarly the rated current 

from wind turbine 8 to the AC collector platform bus will be 0.945kA. The inter array 

cables have the following specifications 
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Name Array Cable  630 mm2 Array Cable  1000 mm2 
Insulation material XLPE, EPR XLPE, EPR 
Material Cu Cu 
Cross section(mm2) 630 1000 
Nominal Voltage (kV) 33 33 
Frequency (Hz) 50 50 
Number of cores 3 separate-1 core 3 separate-1 core 
Resistance (Ohm/km) 0.062 0.0176 
Reactance (Ohm/km) 0.103 0.0942 
Susceptance (µS/km) 110.269 128.805 

Maximum Current (kA) 0.698 1.005 
Table 25. Internal array cable specification (WindPRO 2.7 Data Base, 2012) 

Export Cable 

The export cable between the AC collector platform of wind farm A and offshore HVDC 

supplies 402 MW. The line voltage is 155 kV and rated current will be 1.477 kA. 

Similarly for wind farms B and C, the capacity is 252 MW and 150 MW respectively. 

The line voltage is 155 kV and the rated current will be 0.93 kA and 0.559 kA 

respectively. On the basis of these calculations following cables are selected: 

Name Export Cable Wind 
Farm A 

Export Cable Wind 
Farm B 

Export Cable 
Wind Farm C 

Insulation material XLPE, EPR XLPE, EPR XLPE, EPR 
Material Cu Cu Al 
Cross section(mm2) 2500 2000 1000 
Nominal Voltage (kV) 155 155 155 
Frequency (Hz) 50 50 50 
Number of cores 3 separate-1 core 3 separate-1 core 3 separate-1 core 
Resistance (Ohm/km) 0.0072 0.009 0.0291 
Reactance (Ohm/km) 0.0974 0.151 0.17 
Susceptance (µS/km) 84.823 75.398 56.549 
Maximum Current (kA) 1.712 1.32 1.156 
Table 26. Export Cable Specifications (WindPRO 2.7 Data Base, 2012) 
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Appendix 4 

Specifications of Main Transformers 

Rated power (MVA) 444/222/222 
Nominal frequency (Hz) 50 
Rated Voltage high (kV) 155 
Rated Voltage Medium (kV) 33 
Rated Voltage Low (kV) 33 
Short Circuit Voltage (uk) % 13 
Copper Losses (kW) 840 
Iron Losses (kW) 190 
Vector Group YN0d11d11 
Voltage Per Tap (%) 1.5 
Range (%) -10 to +10 
Zero load losses (kW) 115.4 

Table 27. Specification of main transformer wind farm A (WindPRO 2.7 Data Base, 2012) 

 
Rated power (MVA) 280 
Nominal frequency (Hz) 50 
Rated Voltage high (kV) 155 
Rated Voltage Low (kV) 33 
Short Circuit Voltage (uk) % 13 
Copper Losses (kW) 640 
Iron Losses (kW) 150 
Vector group YN0d5 
Voltage Per Tap (%) 1 
Range (%) -12 to +12 
Zero load losses (kW) 72.8 

Table 28. Specification of main transformer wind farm B (WindPRO 2.7 Data Base, 2012) 

 
Rated power (MVA) 170 
Nominal frequency (Hz) 50 
Rated Voltage high (kV) 155 
Rated Voltage Low (kV) 33 
Short Circuit Voltage (uk) % 12 
Copper Losses (kW) 521 
Iron Losses (kW) 81 
Vector group YN0d11 
Voltage Per Tap (%) 2.5 
Range (%) -13 to +13 
Zero load losses (kW) 44.2 

Table 29. Specification of main transformer wind farm C (WindPRO 2.7 Data Base, 2012) 
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Appendix 5 

Detailed Results for Case 1 

Wind farm A Parameters  

DFIG 

Initial Short 
circuit 
current (Ik

’’) 
kA 

Peak short 
circuit 
current (ip) 
kA 

Peak short 
circuit breaking 
current (ib) kA 

33 kV Bus1 at AC Platform  37.36 86.80  32.76 
33 kV Bus 2 at AC Platform 37.10 86.25 32.73 

Full Converter 
   33 kV Bus1 at AC Platform 12.64 32.02 21.98 

33 kV Bus 2 at AC Platform 12.63 32.03 21.98 
Table 30. Short circuit analysis of wind farm A (Case 1) 

 
Wind farm B Parameters  

DFIG 

Initial Short 
circuit 
current (Ik

’’) 
kA 

Peak short 
circuit 
current (ip) 
kA 

Peak short 
circuit breaking 
current (ib) kA 

33 kV Bus at AC Platform 39.41 90.90 33.98 

Full Converter    
33 kV Bus at AC Platform 14.09 35.36 23.58 

Table 31. Short circuit analysis of wind farm B (Case 1) 

 
Wind farm C Parameters  

DFIG 

Initial Short 
circuit 
current (Ik

’’) 
kA 

Peak short 
circuit 
current (ip) 
kA 

Peak short 
circuit breaking 
current (ib) kA 

33 kV Bus at AC Platform 28.18 65.98  27.38 
Full Converter    

33 kV Bus at AC Platform 11.86 29.92 19.94 
Table 32. Short circuit analysis of wind farm C (Case 1) 
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Appendix 6 

Annual Energy Production of Wind Turbines and Electrical Losses 

The power that a wind turbine can attain is expressed as: (Joshua Earnest, Tore Wizelius, 

2011) 

P = ½ ρ A V3 Cp 

Where 

P Power (Watts) 

ρ Density of air, taken 1.225 kg/m3 at 15oC here 

A Area that is swept by the rotor blades, in (m2); it is calculated by ∏D2; where D 

is the rotor diameter 

V Mean wind speed (m/sec)  

Changes in hub height and roughness affect the mean wind speed. If we move 

further away from ground level, wind speed increases. And wind speed decreases 

if there are more obstacles in the neighborhood of the wind turbine, for example 

buildings. The wind speed at a certain height above ground level is: (Joshua 

Earnest, Tore Wizelius, 2011) 

 

             Vh = Vo * (h/ho)
α 

Vh wind speed at height h, 

Vo known wind speed at the height ho 
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α       Its value depends on the roughness of the terrain, roughness class 0 (open 

water) : its value is 0.1 

Cp Power coefficient: the share of the power in the wind that can be utilized by the 

rotor. According to Betz’ law wind turbine can extract a maximum of 16/27 (0.593%) of 

the energy from the wind.  

In order to obtain the annual energy production of one wind turbine, following power 

curve values and wind speed distribution is used. (ABB)  

Wind Speed 
(m/s) 

Distribution 
(%) 

No. of 
hours 

Power 
(kW) 

 
0.19 16.644 

 1 0.76 66.576 
 2 2.29 200.604 
 3 3.59 314.484 53 

4 5.18 453.768 126 
5 7.41 649.116 352 
6 7.49 656.124 648 
7 7.9 692.04 1081 
8 8.8 770.88 1638 
9 8.02 702.552 2335 

10 7.87 689.412 3170 
11 7.61 666.636 4017 
12 7.62 667.512 5100 
13 5.84 511.584 6000 
14 4.72 413.472 6000 
15 3.95 346.02 6000 
16 2.69 235.644 6000 
17 2.03 177.828 6000 
18 1.68 147.168 6000 
19 1.21 105.996 6000 
20 0.9 78.84 6000 
21 0.68 59.568 6000 
22 0.55 48.18 6000 
23 0.34 29.784 6000 
24 0.23 20.148 6000 
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25 0.16 14.016 6000 
>25 0.29 25.404 6000 

 

So the energy (E) produced by one wind turbine is approximately 25 GWh/year 

Total annual energy production of the wind farm: 

Etotal = n E 

Where n = number of turbines in the wind farm 

Electrical Losses 

The electrical power losses for each component in the circuit are calculated. The power 

losses of the cables are calculated as follows.  

P=I*V 

P Amount of power  

I Current 

V Nominal voltage 

The resistance of the cables R is calculated as: 

R = ρ L / A 

ρ Coefficient of resistance, measured in ohms, it’s given in the cable data of the 

software. The ambient temperature is taken as 20o C for cables 

L length of the cable 

A area of a cross-section of the cable 

The line losses are calculated as  

Ploss=I²R 

While substituting the value of I 
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Ploss=P²R/V² 

The total energy loss is calculated by dividing the above equation with time. 

Eloss = Ploss/t 

The transformer losses are produced by the electrical current flowing in the coils and the 

magnetic field alternating in the core. The losses associated with the coils are called the 

load losses, while the losses produced in the core are called no-load losses. The load 

losses are calculated in the same manner as cables.  

For the calculation of energy losses at full load, above described wind speed distribution 

is taken.  For the calculation of zero load losses, main transformers, AC platform 

components and shunt reactors are chosen which contribute significantly to the total 

losses. The zero load losses remain 8760 hrs throughout the year.  

Detailed Results of Losses for Case 1 

 

Wind Farm A No. Energy Loss (GWh/year) 

Transformer 33/0.69kV at WT 67 22.64 
33 kV Bus 1 at WF 

 
0.17 

Inter array cables in feeder 1 9 2.95 
Inter array cables in feeder 2 9 2.95 
Inter array cables in feeder 3 8 2.45 
Inter array cables in feeder 4 8 2.45 
33 kV Bus 2 at WF 

 
0.17 

Inter array cables in feeder 1 9 2.95 
Inter array cables in feeder 2 8 2.45 
Inter array cables in feeder 3 8 2.45 
Inter array cables in feeder 4 8 2.45 
Load consumption 

 
4.23 

Main Transformer 1 4.23 

Export Cable 1 0.423 
Table 33. Detailed loss analysis of wind farm A for (Case 1) 
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Wind Farm B No. Energy Loss (GWh/year) 

Transformer 33/0.69kV at WT 42 14.2 
33 kV Bus at WF 

 
0.51 

Inter array cables in feeder 1 9 2.79 
Inter array cables in feeder 2 9 2.79 
Inter array cables in feeder 3 8 2.28 
Inter array cables in feeder 4 8 2.28 
Inter array cables in feeder 5 8 2.28 
Load consumption 

 
2.11 

Main Transformer 1 2.28 

Export Cable 1 0.25 
Table 34. Detailed loss analysis of wind farm B for (Case 1) 

Wind Farm C No. Energy Loss (GWh/year) 

Transformer 33/0.69kV at WT 25 8.45 
33 kV Bus at WF 

  Inter array cables in feeder 1 7 1.86 
Inter array cables in feeder 2 6 2.3 
Inter array cables in feeder 3 6 2.3 
Inter array cables in feeder 4 6 2.3 
Load consumption 

 
2.11 

Main Transformer 1 3.46 

Export Cable 1 0.17 
Table 35. Detailed loss analysis of wind farm C for (Case 1) 

Detailed Results for Case 2a 

Wind Farm A No. 

Energy Loss 
GWh/year 
(1 km) 

Energy Loss 
GWh/year 
(5 km) 

Energy Loss 
GWh/year 
(10 km) 

Transformer 33/0.69kV at WT 67 22.64 22.64 22.64 
Inter array cables in feeder 1 9 2.62 3.55 5.5 
Inter array cables in feeder 2 9 2.62 3.55 5.5 
Inter array cables in feeder 3 8 2.19 2.96 4.4 
Inter array cables in feeder 4 8 2.19 2.96 4.4 
Inter array cables in feeder 5 9 2.62 3.55 5.5 
Inter array cables in feeder 6 8 2.19 2.96 4.4 
Inter array cables in feeder 7 8 2.19 2.96 4.4 
Inter array cables in feeder 8 8 2.19 2.96 4.4 

Table 36. Detailed loss analysis of wind farm A for different distances between wind farms and HVDC 
platform (Case 2a) 
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Wind Farm B No. 

Energy Loss 
GWh/year 
(1 km) 

Energy Loss 
GWh/year 
(5 km) 

Energy Loss 
GWh/year 
(10 km) 

Transformer 33/0.69kV at WT 42 14.19 14.19 14.19 

Inter array cables in feeder 1 9 2.62 3.55 5.5 
Inter array cables in feeder 2 9 2.62 3.55 5.5 
Inter array cables in feeder 3 8 2.19 2.96 4.4 
Inter array cables in feeder 4 8 2.19 2.96 4.4 
Inter array cables in feeder 5 8 2.19 2.96 4.4 

Table 37. Detailed loss analysis of wind farm B for different distances between wind farms and HVDC 
platform (Case 2a) 

Wind Farm C No. 

Energy Loss 
GWh/year 
(1 km) 

Energy Loss 
GWh/year 
(5 km) 

Energy Loss 
GWh/year 
(10 km) 

Transformer 33/0.69kV at WT 25 8.45 8.45 8.45 

Inter array cables in feeder 1 7 1.77 2.37 3.54 
Inter array cables in feeder 2 6 2.11 3.63 6.50 
Inter array cables in feeder 3 6 2.11 3.63 6.50 
Inter array cables in feeder 4 6 2.11 3.63 6.50 

Table 38. Detailed loss analysis of wind farm C for different distances between wind farms and HVDC 
platform (Case 2a) 

Detailed Results for Case 2b 

Wind Farm A No. 

Energy Loss 
GWh/year 
(1 km) 

Energy Loss 
GWh/year 
(5 km) 

Energy Loss 
GWh/year 
(10 km) 

Transformer 66/0.69 kV at WT 67 22.64 22.64 22.64 

Inter array cables in feeder 1 9 0.76 0.93 1.44 
Inter array cables in feeder 2 9 0.76 0.93 1.44 
Inter array cables in feeder 3 8 0.59 0.76 1.18 
Inter array cables in feeder 4 8 0.59 0.76 1.18 
Inter array cables in feeder 5 9 0.76 0.93 1.44 
Inter array cables in feeder 6 8 0.59 0.76 1.18 
Inter array cables in feeder 7 8 0.59 0.76 1.18 
Inter array cables in feeder 8 8 0.59 0.76 1.18 

Table 39. Detailed loss analysis of wind farm A for different distances between wind farm and HVDC 
platform (Case 2b) 
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Wind Farm B No. 

Energy Loss 
GWh/year 
(1 km) 

Energy Loss 
GWh/year 
(5 km) 

Energy Loss 
GWh/year 
(10 km) 

Transformer 66/0.69 kV at WT 42 14.19 14.19 14.19 

Inter array cables in feeder 1 9 0.76 0.93 1.44 
Inter array cables in feeder 2 9 0.76 0.93 1.44 
Inter array cables in feeder 3 8 0.59 0.76 1.18 
Inter array cables in feeder 4 8 0.59 0.76 0.18 
Inter array cables in feeder 5 8 0.59 0.76 0.18 
Table 40. Detailed loss analysis of wind farm B for different distances between wind farm and HVDC 
platform (Case 2b) 

 

Wind Farm C No. 

Energy Loss 
GWh/year 
(1 km) 

Energy Loss 
GWh/year 
(5 km) 

Energy Loss 
GWh/year 
(10 km) 

Transformer 66/0.69kV at WT 25 8.45 8.45 8.45 

Inter array cables in feeder 1 7 0.59 0.68 0.93 
Inter array cables in feeder 2 6 0.51 1.01 1.69 
Inter array cables in feeder 3 6 0.51 1.01 1.69 
Inter array cables in feeder 4 6 0.51 1.01 1.69 
Table 41. Detailed loss analysis of wind farm C for different distances between wind farm and HVDC 
platform (Case 2b) 
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Appendix 7 

Single Line Diagrams of Case 1 in DIgSILENT 
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gSILENT 
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Single Line Diagrams of Case 2 in DIgSIELNT 

 



 

95 
 

 

 



 

96 
 

 

 

 



 

97 
 

 

 



 

98 
 

 

 



 

99 
 

 

 



 

100 
 

 

Appendix 8 
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