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Agenda

- Offshore wind
- Electrical concepts
- Transmission and grids
- Trends
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A little about me

• Wind power research since 1998, with PhD in wind turbine
electrical control

• Professor in ”Offshore wind grid integration”, leading a
a group on offshore wind grid connection and integration 

• Main research area is wind power integration:
– Offshore wind technology, offshore grids, HVDC, electrical infrastructure design
– Wind power control: wind turbine control, wind power plant control, capabilities for 

ancillary services
– Modelling of wind power variability

• Principal investigator for EU, Nordic and Danish projects 
• Supervision and Teaching at M.Sc and Ph.D level
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• From niche technology to a global 
leading, cost competitive industry

• In Denmark, 1 out of every 50 
employees in the private sector is 
employed in the wind turbine industry 

• Denmark is the country with the 
highest share of wind energy in its 
electricity demand (50% in 2020).
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Denmark as a wind energy nation

Danish wind sector had a 
112.5 billion DKK revenue in 
2017

Export worth 54.4 billion 
DKK in 2017 – 6.7 percent of 
the total Danish export 
income

More than 33.000 people are 
employed in the the Danish 
wind energy sector

Danish Wind Industry Association
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Denmark - a leader in offshore wind…
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By Plenz - Own work, CC BY 3.0, https://commons.wikimedia.org/w/index.php?curid=4222138http://www.ecology.com/2012/04/12/fish-thrive-offshore-wind-farm/

Horns Rev 1, 160 MW, 2002 Nysted 1, 166 MW, 2003

Vindeby, 4.65 MW, 1991 - 2017

http://www.ecology.com/2012/04/12/fish-thrive-offshore-wind-farm/
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…DK home to the most shown picture ever!!

6

Horns Rev 1

Photo: Christian Steiness

Horns Rev 2
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Offshore wind – how big is big?
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Offshore wind – how large is large?
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Offshore wind – how far is far?
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Offshore wind cost reduction                      
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Source: North Sea Energy Infrastructure: Status and outlook, TenneT, 
Deepwind 2019

[…] this is mainly from technology innovations in turbines 
and installation, and reductions in financing costs […]
WindEurope

….but   
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Wind farm layouts
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Horns Rev 2

91 WT x 2.3 MW=209 MW

Operational 2009

Horns Rev 1

80 WT x 2.0 MW=160 MW

Operational 2003

Horns Rev 3

49 WT x 8.3 MW=406.7 MW

Operational 2019
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Collection system
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Radial Star Ring 
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Wind power plant - single line diagram
• Point of connection 

depends on ownership: 
– In DK substation owned 

by TSO
– Strictly speeking POC is 

virtual (one for each 
radial)

• Redundant substation 
transformers (2 x 50%) 
can be required or simply 
feasible
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POC
(Danish ownership)

Other radials

Substation
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Transmission – AC vs DC
• AC transmission limited by reactive 

currents – compensation needed
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Source figure: ABB, online

https://new.abb.com/systems/hvdc/why-hvdc/economic-and-environmental-advantages
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Grid connection – main components
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Source: ABB

HVAC (High Voltage AC)
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HVAC transmission
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Hornsea ONE WPP:

• 174 WTs X 7.0 MW  1.218 MW
• Three clusters (58 WTs each, 12 strings)
• Export cables of app. 170-190 km

• Interlink cables 
• Mid-point compensation (extra platform)
• Compensation units:

– Passive - shunt reactors
– Active – STATCOM

• Filters: C-type
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Grid connection – main components
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Source: ABB

HVDC (High Voltage AC)
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HVDC transmission

Connecting two AC systems
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Converter station

Offshore

Converter station

155 kV

400 kV

Offshore 
VSC

Onshore 
VSC

±320 kV

HVDC 
Link

Onshore HVDC
Transformer

Onshore

Export 
Cable
5 km

2x
OWPP2

Transformers
66/155 kV
240 MVA

OWPP2 Substation

2x
Offshore HVDC

Transformers
155/400 kV
1440 MVA

400 kV

66 kV 155 kV
WPP2 – 400MW

Connecting OWPP to shore
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HVDC properties
• Fewer cables needed for equal power transmission

• No reactive losses:
– No stability distance limitation
– No limit to cable length
– Lower electrical losses

• No need for maintaining synchronism
– Connecting asynchronous grids (UCTE-Nordic)

• Power flow can be fully controlled (enabling ancillary services provision)
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HVDC technologies
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Source: ABB
LCC VSC
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LCC vs VSC
LCC VSC

- Current Sourced - Voltage Sourced
- Line Commutated Converter - Self Commutated Converter
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Source: Alstom (GE)
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LCC Vs VSC
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Technology LCC VSC
Semiconductor Thyristor IGBT
Control Turn on only Turn on/off
Current flow Unidirectional Bi-directional
Power Reversal Output voltage polarity must be

reversed and current reversal is not 
possible

DC current reversal is 
possible (The power can be 
reversed in few milli-
seconds)

Energy Storage Inductor (DC side) Capacitor (DC link)
Power rating High power (due to high current 

capability of thyristos)
Medium power (IGBT has 
limited current capability)

Reactive Power 
Control

Coarse Reactive power control Fine reactive power control

Site Large overall site area (dominated 
by Harmonic Filters)

Compact site area (60%)

AC filters Yes No (minimum)
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LCC Vs VSC
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Technology LCC VSC
Minimum AC grid S.C. Ratio >2 0
Black start capability/Islanded 
Operation

No Yes

Losses Lower power losses compared to 
VSC

Higher power losses

Foot Print Large Smaller 

Loss Diagram of ABB HVDC Light (G1 to G4) Vs Classic

G1- 2 Level VSC
G4- Casceded Two Level Converter  (MMC)

Source: ABB
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VSC station layout 
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 Valves
 Voltage rating
 Current rating

 DC capacitors
 dc capacitors
 Ripple and energy

 Transformers
 Filters
 Harmonics 

 Reactors
 Based on fault current

 Breakers
 Arresters
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Operation principle of VSC
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Source: Manitoba research
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System configurations
• Monopolar Bipolar Back-to-back
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System configurations - Monopolar
Characteristics:
• Most basic HVDC transmission system configuration
• Cost efficient 
• Transformer with additional insulation required for 

asymmetric monopole, since it will be exposed to a DC 
offset in the valve side AC voltages, 

• Symmetric monopole configuration can be utilized to avoid 
special transformers  two dc cables with full insulation 
are needed. 

• If a cable or converter fault occurs the whole HVDC 
transmission becomes momentarily offline.
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System configurations - bipolar
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Characteristics
• Typically used at higher power ratings
• Different polarities, DC current in opposite directions
• Currents have same amplitude, no current in return path
• Higher costs
• Larger footprint

Faults:
• In case of cable fault, system still available with at least 

50% capacity (depends on cable and overload capability of 
converter)

• In case of converter fault, it becomes monopolar operation
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System configurations – back-to-back
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Characteristics:
• Small footprint (both converter station in 

the same building)
• Low(er) voltage (HVDC valve costs are 

voltage dependent), high currents
• Can be either monopolar or bipolar
• No transmission, only coupling of 

asynchronous areas and controllability
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• HVDC interconnector

Control of P2P VSC HVDC link
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• HVDC transmission (AC1  OWPP)
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Offshore wind connected to HVDC
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• OWPP connected to HVDC are not synchronous with the main terrestrial 
grid.

• Offshore HVDC VSC is in charge of maintaining the offshore AC network: 
controlling voltage magnitude and frequency with appropriate 
coordination with the WT converters.

• OWPPs also provide support to the HVDC transmission system and the 
onshore network(s) according to the relevant grid codes.
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Transformers
66/155 kV
240 MVA

OWPP2 Substation

2x
Offshore HVDC

Transformers
155/400 kV
1440 MVA

400 kV

66 kV 155 kV
WPP2 – 400MW
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Offshore HVDC VSC (wind farm converter)
Operation modes:
• Normal operation

– Power is injected into the HVDC grid by means of the HVDC VSC.  Offshore 
grid voltage constant to absorb all the incoming WPP power. (Infinite bus)

– Operating in Grid-forming mode
• Voltage droop mode

– During onshore AC grid faults or loss of a grid-connected converter, the HVDC 
network may not be able to export all the power-> HVDC voltage increases ->  
Power reduction needed.
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Converter station

Offshore
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Offshore HVDC VSC (wind farm converter)
Grid-forming control mode
• The grid angle is imposed by the offshore HVDC VSC
• The voltage is regulated either in a cascaded control scheme or as direct

voltage control (it forces the voltage, in some cases compensating the voltage
drop in the transformer, and switches to current control when there is a fault)

• The controllers design is critical as there can be resonances between controllers
(offshore HVDC VSC and WTs).

• Protections need to be carefully designed, considering the nature of the grid (no
synchronous machine supplying short-circuit current).
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Offshore wind in Europe
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with “only” 25 GW of offshore wind!!

HVDC links in North Sea (all P2P)
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Very high ambitions
• Expectations for 100 GW by 2030

and 200 GW by 2050
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Inspired by Prof. Dirk van Hertem, KUL

Assuming 5 GW links
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How to develop offshore grid?
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Why offshore grids
Advantages:
– Reduce costs (reduce CAPEX & OPEX by 18% - UK study)
– Reduce environmental impact (fewer offshore platforms/converters)
– Increase availability and reliability (multiple paths to deliver energy)

Barriers:
- Limited market (very large, but few, projects)
- HVDC converters interoperability (control is the main IP for vendors)
- Development of components – DC breakers (almost there)
- Regulatory and legal (hybrid and transnational assets)
- Operational – offshore TSO?
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Danish Energy Islands
• In June 2020, Danish parliament decided […] the construction of two energy islands in 

Denmark – in the North Sea and in the Baltic Sea.
• Both islands will be connected to other countries

39

Bornholm island – 2 GWNorth Sea – 3 GW by 2030, aim for 10 GW by 2050 
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Baltic Sea Energy Island
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• Bornholm will function as the physical energy island
• Offshore wind south and south-west of Bornholm 

• Could be the first transnational MTDC grid; pre-feasibility study
by EU PROMOTioN project:
D12.5 Short Term Project Bornholm Island CleanStream Energy Hub
https://www.promotion-offshore.net/fileadmin/PDFs/D12.5_STP_Supplement_Bornholm.pdf

• Energinet (TSO DK) and 50 Hz (TSO DE) agreement MoU
to study the construction of an electric cable connection
between the two countries via Bornholm
https://en.energinet.dk/About-our-news/News/2021/01/20/LoI-energy-island-baltic-sea

https://www.promotion-offshore.net/fileadmin/PDFs/D12.5_STP_Supplement_Bornholm.pdf
https://en.energinet.dk/About-our-news/News/2021/01/20/LoI-energy-island-baltic-sea
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Baltic Sea Energy Island
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DC or AC hub?

D12.5 Short Term Project Bornholm Island CleanStream Energy Hub https://www.promotion-offshore.net/fileadmin/PDFs/D12.5_STP_Supplement_Bornholm.pdf

Max loss of infeed – 600 MW for DK1

https://www.promotion-offshore.net/fileadmin/PDFs/D12.5_STP_Supplement_Bornholm.pdf
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Energy Islands/hubs
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A step forward in development of offshore energy infrastructure

Characteristics:
- 100% inverted based system
- No inertia
- (extremely) Low system strength
- Multi-vendor environment (production & demand)
- Robust and seamless expansion 

Electrical design & operation a challenge – never done before!

Future energy hubs are (extreme) versions of 100% inverter based systems
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Summary

• Offshore wind power plants have complex electrical infrastructure

• Offshore transmission and grid connection important cost drivers

• Choice of technology mostly based on economic reasoning

• Offshore grids most likely to be developed incrementally

• Energy islands – extreme versions of 100% inverter systems  

43
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Thank you
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