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A little about me

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

15 June 2021 DTU Wind Energy ITN WinGrid
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Denmark as a wind energy nation

 From niche technology to a global
leading, cost competitive industry

e 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).

DTU Wind Energy

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

ITN WinGrid
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Denmark - a leader in offshore wind...
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Horns Rev 1, 160 MW, 2002

Vindeby, 4.65 MW, 1991 - 2017

LA b -'r_‘unh—'
BRI s -

Nysted 1, 166 MW, 2003

http://www.ecology.com/2012/04/12/fish-thrive-offshore-wind-farm/ By Plenz - Own work, CC BY 3.0, https://commons.wikimedia.org/w/index.php?curid=4222138



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

Horns Rev 1 Horns Rev 2

L. 1 Photo: Henrik Krogh
Photo: Christian Steiness

15 June 2021 DTU Wind Energy ITN WinGrid
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Vindeby vindmelle

Mandog d. 08. februar 2016, K. 19.58
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Offshore wind — how big Is big? .

Vindeby | e
vindmolle ._ N

0,45MW

M@LLEN: Bonus Energy - det
nuverende slemens Wind
Power - laverads verdens
Terste havvindmalie th
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Burbo Bank
Extension

SMW

MOLLEN: Vestas har | mange
Arvaret lllebrodaren Indan
far havvindmaller, fvor
Slemans ef labet med de

@rsted to Use GE Haliade-X 12 MW on US
Offshore Wind Farms

Alrbus A380

@rsted has selected GE Renewable Energy as the preferred turbine supplier for two of its US L] 72,7 meter .
offshore wind farms which marks the world’s first commercial deployment of GE’s Haliade-X

12 MW offshore wind turbine.

How big is the world’s largest offshore wind turbine?

Vindeby. Ingenlererne
hos Bonus | Brande
sergede blandt andet for,
at deraltid var tert inde |
mallen for at undgd
eroslon. Desuden blev
mellerne malet med den
samme maling, sorm
Druges Tl Dorepiatror-
mana | Nordsean.

FUNDAMENTET:
Vindebymellerne stir p3
et skaldt gravitationsfun-
dament. Det er kort fortalt
£n meget stor betonkiods,
50M Star Navbunden.
Fundamenterne blev isin
tid stabt pa land og sejlet
ud pd belgerne, hvor de 53
blev s2nket ned. De er

Turbines

Vestas

fleste ordrer. Gennem
samarbejdet med Mitsubh
shi | MHI Vestas er det dog
Iykkades for den danske
producent at 13 en storor-
dre til Burbo Bank Exten-
sion pd sin otte megawati-
malle. Mallen hedder V164
med reTarence Tl roToRdI3-
meteran pa 164 meter.

FUNDAMENT: Ifalge DONG
Enangys hjemmesidavil der
|pd det britiske Burbo Bank
Bxtenslon-projekt biive brugt
tre Torskelllge fundament-
typet En af disse er de 53
lkaldte monople, som har
varet brugt | stor stil gen-
nerm de senare drs vind-
malle-eldarado | DONG.

relativt simple at fa op o 35m . Disse pasla bankes ned |
d— L ———— ) Igen. Man kan lefte dem havbundan og heldar
s op. og sd sender man en . mellen pa plads. Monopale-
Rotor diameter aykkerneamedennave- ne er forhaldsvis mye, 53 der
five g ordner sandburr ‘ gAr mange 4r Inden de skal
22 Dm den. Enaste udfordring er y tage op for farsta gang, men
atfinde et skib, der har 35m besvaeret med den proces
krafter nok til at lefte de Turbine: Bonus bliver formentlig sterre end
meget tunge funda- Byggedr 1991 med Vindeby-fundamen-
manter teme

15 June 2021

DTU Wind Energy

London Eye
135m

Guardian graphic. Source: GE Renewable Energy

SMW turbine
195m

12MW turbine

260m high

The Shard
310m

Eiffel Tower
324m

En blahval
o1 35 meter lang

TEKST/ MICHAEL NORSGARRD MIELSEN

Vindeby havvindmolle park
er sammenlagt pa 4.95MW.

Hele Burbo Bank Exten-
slon er pd 258 MW.

ITN WinGrid

DONG har annonceret, at man vil
bygge Hornsea 1, der er pai 1.200 MW,

BERLINGSKE GRAFIK./ HAUNS HERCH JENSEN
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Offshore wind — how large is large?

Area of Dogger Bank offshore wind farm
compared to Greater London

Dogger Bank covers 1,700km? an area larger than
Greater London

GREATER LONDON

Dogger Bank B Dogger Bank C

Dogger Bank A

15 June 2021 DTU Wind Energy ITN WinGrid
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Offshore wind — how far 1s far?

FIGURE 8
; FIGURE 10
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Source: WindEurope
Source: WindEurope
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180 LCOE development Offshore Wind
Source: BVG Associates 200
160
140 150 ®m Tender price
g S é Grid connection
=
% - = 100
u W
S 0 50
60 w—
40 UK UK DK NL DK DK NL DE
2012*2014* 2015 2015 2016 2016 2016 2016 2017
20
0 : : : : - : : - : : - ' : : : : + Limited cost reduction in grid connections.
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 N Longer Offshore connections Iead to increase in cost
m Offshore wind ANNG (UK) AEAT (UK) B Homs Rev 3 (DK)
RRosmledBI L) WVesiuy(TIG minegers Elak (D) Bocsseleshd (NL) Source: North Sea Energy Infrastructure: Status and outlook, TenneT,
Triton Knoll = Homsea 2 AMoray Firth Deepwind 2019

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

WindEurope

15 June 2021 DTU Wind Energy ITN WinGrid
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Horns Rev 3

49 WT x 8.3 MW=406.7 MW
Wind farm layouts

Operational 2019
Horns Rev 2 @ N

.' 22 : ® Horns Rev 3
91 WT x 2.3 MW=209 MW e — = — i : o . :
Operational 2009
-4
_L

Horns Rev 1

80 WT x 2.0 MW=160 MW
Operational 2003

/'\adlal fesder 33 400 mm® Shore connecton
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Inter tarbine 3 x 150 mm*
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Collection system
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Wind power plant - single line diagram

« Point of connection POC
depends on ownership: (Danish gwnership)
_ In DK substation owned - A —
by TSO o -
— Strictly speeking POC is T "/_@:/_
virtual (one for each i - - - -
radial) ( Other radials ’ _/_72
» Redundant substation o |
transformers (2 x 50%) - T “/_@:/'

can be required or simply =~ ---— ——— -
feasible

15 June 2021 DTU Wind Energy ITN WinGrid
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Transmission — AC vs DC

» AC transmission limited by reactive

currents — compensation needed Investment

CD:‘tS Total AC cost

Total DC cost

600 T T T 1

1 I

1
— 400 kV
=== 400 KV both sided comp.
—_— 220 kV s
=== 220 KV both sided comp.
— 150 kV
=== [50kV both sided comp.

500

400

Maximum transferable active power in MW

300 : !
! i
200 e, 1 AC terminal costs
.'.-"":\._‘.‘ I S l E .
100 ey . : . Distance
PO I «+—Critical distance—

| . |
80 100 120 140

Connection distance in km

Source figure: ABB, online

15 June 2021 DTU Wind Energy ITN WinGrid


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

HVAC (High Voltage AC)

Wind farms !: !
.1- . 1 o ; mhm
Gy |- |
I I‘j 1

24-T2 WV

el
-’ @ Onshore AC
%ﬁ,ﬁ__ﬁ substation with
Me reacie
i *h

J _{-.r., compeansalion

Source: ABB

| =0
> Adn i

15 June 2021 DTU Wind Energy ITN WinGrid
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HVAC transmission

400 kV
Hornsea ONE WPP: — 20k s @
—3hkV B Submarine  Submarine
+— Land cable cable| cable . .
- i i |_ — J 58 wind turbines
« 174 WTs X 7.0 MW > 1.218 MW - [ | e ‘“‘”"“5
S ) ’ 400/220 kV = : Jr— @
* Three clusters (58 WTs each, 12 strings) e e | IO o
Land cable . cable
* Export cables of app. 170-190 km | e B L | 220mikv
- | | =
400/220 kV -,uMthﬂmr “Eﬂ“
« Interlink cables L ! Jl e O  Tundursine
« Mid-point compensation (extra platform) [ e
. . o~ Interlink
° - Land cable L% esble
Compensation units: | s =hug L -
— Passive - shunt reactors 00— | 22013V
~a e ESuiTar;ne Sulir:areine
- ACUVe - STATCOM =5 _EL | o = . l @ 58 wind turbines
Flt C t | 6 JI'1 e 220/34 kv @ 12 strings
b I ers: = ype —: r—:_ : - —_—

HOWO1 reactive
compensation substation

NGET
Substation

HOWO1 onshore substation HOWO1 offshore substation

Source: Active Filtering in a Large-Scale STATCOM for the Integration of Offshore Wind Power - Lehmann et al

15 June 2021

DTU Wind Energy

ITN WinGrid
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Grid connection — main components

HVDC (High Voltage AC)

Wind farms l

DC cahlga
transmission

Onshare HVDC
cormverter staion

Offshore HVDC

},«;?-'.T.E'{H_‘rf‘ '_ HJ'% Source: ABB

15 June 2021 DTU Wind Energy ITN WinGrid
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HVDC transmission

Connecting two AC systems Connecting OWPP to shore

Nautilus Interconnector
)
o Offshore /Onshnre

|
|
|
|
| —— Converter station —————— r
|
|
|
|

155 kv |

4mm Import and export of power  mmp

66 kV 185KV
! ]

WPP2 - 400MW L OWPP2 Substation -+ Converter station
' ]

+H

Offshore HVDC
Transformers
Export 155/400 kv

Cable 1440 MVA
5km

4 Transformers
66/155 kV
240 MVA

5
National Grid Vientures (and JV partner)

HVAC electricity HVDC electricity HVAC electricity — : : '|

HWAC = High Voltage Allernating Current  HWDC = High Violtage Direct Current T30 = Transmission System Operator ‘

Onshore HVDC
Transformer

Offshore Onshore
Vvsc VvsC

1. Existing network 4. Underground HVAC/HVDC cables 7. Belgian fransmission network substation /
2, NGET onshore substation 5. Subsea HVDC cables f‘
3. NGV onshore converter station 6. Elia onshore converter station

15 June 2021 DTU Wind Energy ITN WinGrid




=
—]
—

W

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)

15 June 2021 DTU Wind Energy ITN WinGrid
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HVDC technologies

HVDC Classic 300 - 10,000 MW

HVDC Light 50 - 3,600 MW

\\ — Thyristor controlled

(S — Switched reactive
e\ power control
> 9

_ — Typical design: valve
’ *\‘" building plus
e = switchyard
1) :‘: — Overhead lines or
20w  massimpregnated
cables

TV B R SL\
1 | O J

.--;j — Transistor (IGBT)
controlled

4 — Easily expandable to
more terminals

regulation
£ — Black start capability

=+ = — Typical design: more

% s \\ equipment in compact
521 14 building

\\ \/\W — Extruded cables

o
w3

VSC

Source: ABB

15 June 2021

DTU Wind Energy

ITN WinGrid
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LCC vs VSC

LCC
- Current Sourced
- Line Commutated Converter

Source: Alstom (GE)

VSC

- Voltage Sourced
- Self Commutated Converter

+V
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LCC Vs VSC

Technology LCC

Semiconductor
Control

Current flow
Power Reversal

Energy Storage
Power rating

Reactive Power
Control

Site

AC filters

Thyristor
Turn on only
Unidirectional

Output voltage polarity must be
reversed and current reversal is not
possible

Inductor (DC side)

High power (due to high current
capability of thyristos)

Coarse Reactive power control

Large overall site area (dominated
by Harmonic Filters)

Yes

VSC

IGBT

Turn on/off
Bi-directional

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

Capacitor (DC link)
Medium power (IGBT has

limited current capability)
Fine reactive power control

Compact site area (60%)

No (minimum)

15 June 2021

DTU Wind Energy

ITN WinGrid
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LCC Vs VSC
LCC VSC

W

Minimum AC grid S.C. Ratio  >2 0
Black start capability/Islanded No Yes
Operation
Losses Lower power losses compared to Higher power losses
VSC
Foot Print Large Smaller
3,5%
0% \Generation 1
2,5%
. \Genera’(ion 2 HVDC Light®
Loss Diagram of ABB HVDC Light (G1 to G4) Vs Classic 2.0% _
1.5% \Generaﬂon 3
G ion 4
G1- 2 Level VSC 1,0% \f.”erat'on
G4- Casceded Two Level Converter (MMC) 0,5% | VDG Classic
0,0%

1995 2000 2005 2010 2015 Source: ABB

ITN WinGrid

15 June 2021 DTU Wind Energy
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VSC station layout

o
o
o
Debne = Voltage rating
AC Pl = Current ratin
=N oo R = DC capacitogrs
{(O—— K& | 7o
/DEMM Capacitor = dc capacitors
breaker r— = Ripple and energy
- converter * Transformers
AC station
Pilters N = Filters
L Ly Puc;mdt_ = Harmonics
grounding
= Reactors
= » Based on fault current
» Breakers

= Arresters

15 June 2021 DTU Wind Energy ITN WinGrid
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Operation principle of VSC

E
1 X 1
V20 E/ZO Supplying P: {I /’b/l JAL
— | %
W -
R S N
: I \'
Absorbing P:
Neglecting R: \] .
V0 — E2o E
I = ~
I Supplying Q: 1 v iX, I
S=VI"= >e——3
’“P _EV ) .
=71 sin
) 2 — EV cos(6) :?V
Ve — CoS - _ >
Q= - Absorbing Q: Iv E X1
~ L

Source: Manitoba research

15 June 2021 DTU Wind Energy
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System configurations

* Monopolar Bipolar Back-to-back
Tic : Ia
— T
— ﬂv_ lwf _'”"ﬂ rin f\’_ TV.,-r T _VA i AV, — VAR
i S 4 [ X
Tir

15 June 2021 DTU Wind Energy
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System configurations - Monopolar

Characteristics:
Tac

— » Most basic HVDC transmission system configuration

— » Cost efficient

» Transformer with additional insulation required for
(a) Ground return asymmetric monopole, since it will be exposed to a DC
offset in the valve side AC voltages,

ra

L,
— AV J’v.,-r = u“__;_ « Symmetric monopole configuration can be utilized to avoid
- i ==~ special transformers - two dc cables with full insulation
- are needed.
(o) Metallic mtarn - If a cable or converter fault occurs the whole HVDC
e, transmission becomes momentarily offline.

(C) Symmetric Monopolke

15 June 2021 DTU Wind Energy ITN WinGrid
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System configurations - bipolar

Characteristics
* Typically used at higher power ratings
 Different polarities, DC current in opposite directions

,_.m*w

=3

i

7"« Currents have same amplitude, no current in return path

» Higher costs

{a) Ground return

L
AW fl~ - + VA

NI

—#—e Larger footprint

Ia
{a) HVdc cable fault

i

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

(b) Metallic return

AN A
i

A

'n"u' Ve _ U'{‘\

, _“"n -t
e [5

Ny~
{b) HVdc comwverter fault

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

 In case of converter fault, it becomes monopolar operation

ITN WinGrid

15 June 2021

DTU Wind Energy
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System configurations — back-to-back

Characteristics:

« Small footprint (both converter station in
& the same building)

]irk ¢ —+— « 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

Main data:
Commissioning year: 2019
Power rating: 410 MW

No. of poles 2

A Otshore side: 150 kv KRIEGERS FLAK — COMBINED GRID SOLUTION

DC voltage: +140 kV CGS project (interconnector) ® 400 kV substation (AC) ® 150 kV substation (AC)
i ® Converter station (AC/DC) 220 kV substation (AC) 220 kV cable

Type of link Back-to-back station
— 150 kV cable

Main reason for choosing HVDC: : Interconnecting asynchronous grids

Application: Interconnecting grids

15 June 2021 DTU Wind Energy ITN WinGrid
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Control of P2P VSC HVDC link

« HVDC interconnector

~Controller Conl Cﬂﬂl A2 Controller
ol g - I
| [~ - ~ I ; A
P I — 11 — !
Q_::i _H-": - Q,.f;f‘at(f—o Kis) i
0 o
« HVDC transmission (AC1 - OWPP)
Controlle- Controller
P'—?—"' | k) iy ACI Conl Cond AC2 Vi )—-——w';
I i ‘—Hf iy I ] Ve
P I N 1 1 _
V ﬂ,:»_- +_? Kyfs) jd — ‘_'-. — o/ V‘ +_ Kfs) i ‘;
Vie oV

15 June 2021 DTU Wind Energy ITN WinGrid
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Offshore wind connected to HVDC

« 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.

DTU Wind Energy ITN WinGrid
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Offshore HVDC VSC (wind farm converter)

Operation modes:
e 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
e \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 i increases ->
Power reduction needed.

55555

nnnnnnnnnnnnnnn

DTU Wind Energy ITN WinGrid
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Offshore HVDC VSC (wind farm converter)

Grid-forming control mode
e The grid angle is imposed by the offshore HVDC VSC

e 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)

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

e Protections need to be carefully designed, considering the nature of the grid (no
synchronous machine supplying short-circuit current).

DTU Wind Energy ITN WinGrid
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Offshore wind In EUI‘Ope Offshore wind farms in Europe

FIGURE 1
O.- X Moray East
50 30 g a- ?.' Kincardine
— - X Triton Knol
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Very high ambitions

FIGURE 3

» Expectations for 100 GW by 2030

and 200 GW by 2050 - | - e
2050 vision: e
%, 2050 vision: OF OFFSHORE V
JL. 4506w
.‘-"‘c- 7
e
A = \
<_-‘1&.‘_g\‘- " - ..)?_
: p r ‘_,_. : -i_' -_'-:",. ¥
‘“ R - Atlantic Oceon;_-:h
———— f .'_;?‘. > e
:m . o
:l;::: 8 Rest of Mediterranean ._;_.‘"'- - "
& Y |
”' o et v N
£y ; $ R - Inspired by Prof. Dirk van Hertem, KUL

15 June 2021 DTU Wind Energy ITN WinGrid
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How to develop offshore grid?

o

PROMOTioN

PROGRESS ON MESHED HVDC
OFFSHORE TRANSMISSION
NETWORKS

Standard point-
to-point
Half-bridge MMC
single-vendor

Radial Multi-
Terminal
Half-bridge MMC
single-vendor

e.g. Caithness-Moray
& FAB link

Radial Multi-
Terminal
Full-bridge MMC
single-vendor
e.g. ULTRA-net

Radial Multi-Terminal
Half-bridge MMC
Multi-vendor
Onshore DCCB

e.g. DC connection of:

« SWL-HPB

* Nordlink-Siidlink

* NorthConnect-
Easternlink

Radial Multi-Terminal
Half-bridge MMC
Multi-vendor
Trans-national Multi-
Terminal

Offshore DCCB

e.g. WindConnector

_____________________

Radial Multi-Terminal

Half-bridge MMC Multi-vendor
Transnational Multi-Terminal

Offshore DCCBs

e.g. Bornholm CleanStream, North Sea

Wind Power Hub

15 June 2021
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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?

15 June 2021 DTU Wind Energy ITN WinGrid
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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

North Sea — 3 GW by 2030, aim for 10 GW by 2050 Bornholm island — 2 GW

-

F RS

ENERGY ISLANDS IN DENMARK

Denmark is establishing the world's first energy islands, marking the
beginning of a new era for large-scale offshore wind power: The two
energy islands are to be completed in 2030, and will be able to supply b

GW of power.

This is enough to meet the average electricity consumption of 5 million
households.

ITN WinGrid

15 June 2021 DTU Wind Energy
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B al ti C Sea E n e r g y IS I an d Bornholm as the world’s first energy island

A Renne Banke

— Designated Danish
Windfarm area
First tender ~1GW

:‘E Renne Banke
Designated Danish
Windfarm area
Later tenders ~1GW
each

» Bornholm will function as the physical energy island
» Offshore wind south and south-west of Bornholm

— Interconnector in
first tender

-- Potential new
interconnectors

IUustrative Qr sted

* 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/Lol-energy-island-baltic-sea

15 June 2021 DTU Wind Energy ITN WinGrid
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Baltic Sea Energy Island =
‘°“"' ,"
DC or AC hub? w ';
J
// Bornholm ™ : - -

1

. ()
| fosoMw | j:‘ﬁ | “—E
\ Max loss of infeed — 600 MW for DK1

Example : scenario 2a (600 MW Lol) . .
d Bornholm ™ Metallic return can be mutualized

A Poland Spe@ between bipoles :
Denmark | HVDC link | E‘ @—! jl_E Poland

600 MW Example : Only one metallic return is

needed for DK2 <-> BH to respect
A N [ HS

N-1 criteria

Metallic return is not mandatory
when total capacity of bipole is
lower that the allowed Lol

3000 MW

Bornholm

3000 MW

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

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

15 June 2021 DTU Wind Energy ITN WinGrid
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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

e Energy islands — extreme versions of 100% inverter systems

15 June 2021

DTU Wind Energy
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Thank you
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