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Inside
Nacelle

Gearbox

Inside
Nacelle

Part A- Reliability evaluation of

offshore connectiorg for example:

(A) a.c.string

Variable frequency Variable frequency and
and voltage voltage transformer

transformer (Step (StepDown)
Up) : :

Submarine AC Cable to the
offshore platform (typically ~ Offshore Platform
a few kilometers for a
5MW turbine)

RA: Dr Behzad Kazemtabrizi
Started February 2012




0\ Offshore downtimes (Egmond aan
superaey | Zee Wind Farm 2009 Survey)

Lost Lost # Downtime
Category MWh MWh Stops %Stops (hrs)
Ambiant 1335 2. 0% 418 5,54 47425

Blade system e 1.2% B 1,2% 8952:30
Brake system 107 2% 23 0,3% [
Control system 4537 6.9% 2823 33.0% 918533

Converter 890 1,3% 228 30%  Q1734D
Electrical BE2 1,3% 69 09%  CBUSIAD

Gearbox 36713 55,6% 7.4% 3040040
Generator 14920 32 6% 1,3%
Pitch system 4382 5.6% 20,5% B354
Scheduled service 919 1.4% 858 11.2% 1706:22
Yaw system 502 3,8% 14,7% 203:55
atructure o4 J.1% 13 0.2% 4822
Grid 9 9,0% 1 0.4% 52054

Total BE005 100,0% real  100,0% D3838: 26

Source: Operation Report for Egmond aan Zee Wind Farm in 2009
(accessed in noordzeewind.nl)




- Avallability comparison

SUPERGEN |
‘ WIND

Connection Scheme/ Individual Unavailability (%) Total System
Main Component Availability
(%)

Generator Converter Grid Markov

LWKD (onshore) 0.0188% 0.0249% 0.1287%  99.83%

Configuration A 9.9662% 2.3733% 0.3644% 87.67%

Configuration B 9.9662% 0.5034% to 0.3644% 87.67% to
2.3733 89.25%

Total System
Unavailability
(%)

Markov

0.1724%

12.33%

10.746% to
12.33%

Note: Other components in the turbine system are assumed
to be 100% reliable.




@ Part B- Static & dynamic limits:
) :
SUPERGEN | | offshore connection network

A Overall Aim: Connection technology for large offshore
wind farmsg achieving control, performance, reliability,
maintainability and cost effectiveness.

~
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/ Offshore Y Onshore
/ \Substatlon | Substation
|
|‘ Wind turbines —sto Grid

" WSS phD candidate Terry Ho
Started October 2010
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\ Power electronics centralisation
S| at substation topology

Wind Turbine Generators Offshore platform

Power electronics are easier to
access in a centralised location

Assuming steadgtate
connection for a 5MW turbine
and a 5km connection,
minimum voltage were found to
be 4.6kV for a thick cable
(1000mn#) and 9.7kV for a thin
cable (95mm)

Transfomerless connection is
possible with multi-level
converters in a one to one
radial connection and MV
machine

More work will be done in the
dynamics and reliability
evaluation in this area

Varying voltage for 5MW sending power, 5km length, three core cable
18 e Efficiency
T 16

14
Receiving voltage (p.u.)
1.2

1 = =
0.8 = = = Power factor at

required at receiving
> 06 > 1 . end

04 . ! . =« = Currentnormalised to
- currentrating

02

Efficiency / Normalised current / Power factor /
Voltage (p.u.) / Reactive power (p.u.)

Reactive power (p.u.)
11 12

For 1000mm?

Sending Voltage (kV)




& \ Offshore a.c. network voltage
 SUPERGEN | control

OFFSHORE

variable f and v
) from DEIG turbines offshorea.c network

offshore substation
from other substations

% energy storage ;

/_@_ VSC HVDC

single turbine

variable f and v

‘ hybrid VSC and LCC HVDC
: w
single turbine from other substations .

=

high frequency transformer

A How to define and maintain a.c. voltage for the offshore network?
A The converter in VSC HVDC link should always be subject to a.c.
side current control.




OQ Offshore a.c. network voltage

 SUEERLE | control

L, BA Lo, Ko
I o~y RCC s —
JR=RIe n e Py,
Ief Iq ] aw
- ; < 1 0 —1jC 0 " 0 0
; /L, —Ro/Lo —1/L, o 0
o2

0
1/Cs  —1/Rg 0O 0
0 0 0 —1/C 0
L
0

VSC HVDC filter wind farm : 0 /L, —R./L, —1/L,

—J
0 —w 1/,  —1/Rs | |

0
0

0

1]
~1/C,

]

0

0

-1

0
0
0
{Co

Prof Aurelio Garca -Cerrada
University of Pontificia Comillas, Spain
Visiting professor, Durham University
January2012July 2012




@ \ Offshore a.c. network voltage
SUPERGEN | control

Response without dq decoupling

converter_station : Graphs
- |d =P = \d

2.050 2100 2.150 2200 2250 2300

Response with decoupling

converter_station : Graphs
m |d - k] = \/d

Outer loop voltage controller is

1.20 4

decoupled m-__\ﬁ
Less interaction between d and g o0
I —

0.40

Better response in maintaining the

0.00

voltage for changing loads

Internal loop current control is
conventional

2.000 2020 2040 2060 2080 2100

simulation with large load disturbance
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K\O ' \ Offshore arrays and wind farm cluster control
St | (Research at Strathclyde)

. Assessment of collection network designs for
offshore wind farms

. Basic connections for wind farm clusters and dynam
performance evaluation

. Design of generalised droop control for power
management in multterminal connected wind farms
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0\ 1. Electrical collectors for offshore wind
|

AC String: Wind Turbine

52kV AC Link to adjacent string

-

AL
= T A V\Isolator—normally open

3.3kV AC

" [T~ Isolator —normally closed

————Circuit breaker

L . Transmission Platform
=

+300kV

4 A \
ent Fuyrd Tons -0~

Permanent  Fully-rated Transformer
magnet converter 400kV AC
generator
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' SUPERGEN | Electrical collectors for offshore wind farms

WIND

Wind Turbine
AC Cluster: 0-52kVAC » Link to adjacent string

i

T Isolator —normally open
T~ Isolator —

0-3.3k\VAC

normally closed

—— ———Circuit breaker

|

| Transmission Platform

A A £300KV DC

Inductién | / =

generator Tra nsformty —
80kV DC

String Converter




Electrical collectors for offshore wind farms

SUPERGEN \
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Example wind farm layout: 1 GW wind farm; 10 MW turbines, 170m swept
diameter; 7 diameters turbine spacing; N\BOOkYV HVDC

link

X Turbine

Redundancy

- Links

Links between
Turbines

Links to
Platform

o Transmission
Platform




supereey | | Electrical collectors for offshore wind farms

WIND

Breakdown of losses

400

350
B Transformers
@ Power Electronics
@ Cables
@ Generator
B Clustering Loss

DC Star AC Star
Strlng Strlng Cluster Cluster

w
)
o

Annual Loss (GWh)




supereey | | Electrical collectors for offshore wind farms

WIND
B Platform
[ Cable Installation
B Cable
M Loss

DC StarAC Star DC AC DC AC
String String Cluster Cluster

Breakdown of costs
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@m\ Electrical collectors for offshore wind farms

WIND

Conclusions:

A Overall, DC networks were found to have a lower capital cost and
lower loss than the AC equivalent, due to the lower cost of DC
cables and the reduced number of conversion steps.

A However, costs and losses are less certain, due to the lack of
commercially available DC collection network cables and
equipment.
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@  Connection to Shore

' SUPERGEN

wino | (University of Manchester)

1. Background
Component Study

Protection and
Circult Breaker
study

Reliability and
Unavailability
Analysis of
Connection
Topologies
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On shore

HVDC Light rectifier HVDC Light inverter
b

-t
*

Conventional wind farm : Cable transmission AC network
approx. 50 - 300 MW

ABB.com




@\ First Offshore Installation

WIND

A Troll
I 1&2¢ 88MW (2005), 3&4 100MW (2015)
I +/-60kV DC, 70km
I 132kV AC on shore to 56kV or 66kV offshore




@m\ 2. Breakers Availabld_imited
,

WIND

> (1

Is —

SA

A Passive Resonance Breaker
I Test designs constructed

I Relatively low interruption speed

A Based on Metallic Return Transfer Breaker ifHY®C
I Full Current, Limited Voltage




@\ Circuit Breakers

WIND

Shore

pd

Rectifier R1 Inverter 11

v, VA

(D N ~

V) IO
Rectifier R2 Inverter |2

A How to manage DC fault?
I No DC circuit breakers
I Faults cleared on AC side (at present)




(6\ State of Art Review

\

WIND

Hybrid DC Breaker

_|<} {>|_
VY O0—0 O—0 ~_ -

Current Limiting Residual Disconnector

DC Current .
Reactor Breaker Auxiliary DC Breaker

Main DC Breaker

A Presently few credible solutions
A Lead candidate: ABB Medium Voltage Prototype
A Other manufacturers also working in field
A At Manchesterc Patent idea filed.




f\@ ) 3. VSEHVDC Availability Analysis
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A Typical Radial Scheme for an UK Round 3 Windfarm:

I Determine overall availability of scheme
I ldentify key components which effect the scheme

A Availability statistics are next to negxistent

Subsystem 21 DC System

165km iBngV DC Cable

220kV AC Subsystem 11 Offshore System
Id

| | —— DC Capacitor

Radial VSEIVDC Scheme
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Component Importance for Availability

m DC Cable m Offshore MMC
m Offshore Reactor m Offshore DC Switchyart
m Other Offshore Equipmen® Onshore Equipment

Overall energy availability of 96.5%




Cable Sensitivity Analysis

Cable Failure Rate (occ/yr/100km) Energy Availability (%)
0.007 08.2
0.07 96.5
0.7 79.7

ARound 3 offshore windfarms commercially unviable
If true failure rate is in the vicinity of 0.7

Greatest cause of dmage I\/ITRC 2 months




Avallability Analysis of HYDC Gric

1200MW
or 900MW
DC cables

165km (

Shore

AC _

| AC J—

60 km

DC

60 km

\

BSOS

AC

AC —

600MW
Stations

165km

%

AC




Costbenefit Analysis

Radial scheme has a very slightly higher availability than
HVDC grid with no additional capacity

HVDC grid with additional capacity has significantly
higher availability than a radial scheme

Cable Capital Avail Loss Saving Extra Cap | Payback
Scheme | Cost ability £m/yr £m/yr Cost £m (yr)

900MW 876.5 0.963 35.0
Radial 908.25 0.965 33.2 1.82 31.8 17
1200MW 982.5 0.972 26.1 8.92 106 12

Higher availability means greater revenue and can result
In @ more profitable investment.
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0 \ Potential needs for energy storage
 SUPERGEN in a faroffshore connection / transmission scheme

Research basis for Themel/DC VSC 900MW-820kV up to 150km transmission

Ref: North Sea Offshore Transmission Basic Connection Schemes, Theme 3, Olimpo Anayd_ara, Strathclyde)

Offshore
Network

= Hel ! g

Offshore Wind=arm

Integration of energy storage

Turbine trips Stability Avoiding curtailment

Power High (per turbine) | Lowmedium (per Power High
wind farm)
Storage time Seconds- minutes | Seconds

Storage time | Hours

Response Minutes
Response Subsecond Subsecond

Cycling Low High Cycling Low

Storage Flow cell

Storage technology Supercapacitor,
technology | Battery

Flywheel, Battery




SU.,ERGEN\ Wind turbine rotor inertial storage

WIND ‘
I

A Relationships between turbine power, rotor diameter, mass, inertia can be
derived (based on fit to data for available turbines)

Ve

A The rotor inertia constant is highly sensitive to rotor diameter and tip speed for

any power (as shown by the spread for 2011 Vestas turbines), and is generally
increasing with turbine power

Tip speed
Power

Rotor diameter \
Rotor mass

A The total inertia constant can be
around 10 seconds for large wind
turbines.

Total rotor inertia constant

-
N

e

-
[N

-
o

stant [s]

tia con

= formula

B Vestas 2011

rotor iner

o BN W s~ OO N 0o ©

Rated power [MW]




SUPERGEN. Flywheel energy storage

Manufacturers include:
i Beacon Power, Vycon, Kinetic Traction Systems, Piller, Temporal Power and Active Power

Applications include UPS, transportation, hybrid vehicle, rail trackside
support, and grid support

Commercialisation has been slow

Manufacturer | Rotor Rotor Bearings Power Energy |Standby [ Main application
Type Speed Rating Loss
rpm

Beacon Power Jez:1jle]¢! 16,000 Active 100kW 25 kWh 2% of rated grid-stabilisation
fibre Magnetic (15 min)  power
Composite (2kwW)

WAL =El o)A 4340 Steel 36,750  Active 1.1 kWh UPS market

) Beacon Power
Magnetic (40 s)

100kW / 25kWh
flywheel

Kinetic Carbon 36,000 Magnetic and 200kW 1.5kWh 1% of rated railway regenerative
Traction fibre hydrodynamic (30 s) power braking
Systems (KTS) (2kW)
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| supmsm\. Ultracapacitor energy storage

WIND

(Supercapacitors are also known as electric double layer capacitors (EDLC), ultracapacitors,
electrochemical capacitors)

Ve

A Major manufacturers include:

T Maxwell (USA), IOXUS (USA), NESSCAP (S.Korea), EPCOS (Europe) and Okamura
Laboratory (Japan)

Ve

A Commercialisation and market growth is rapid:
T inthe last 10 years the market has grown 25% per year, and the growth rate is

over the last 10 years the cost has fallen by 99% and is continuing to fall, d _
. . L Capacitance 94 F
automation of the manufacturing process and development of more efficien

technologies Rated voltage 75V

i the cost of ultracapacitors is falling at a faster rate than the cost of batteries

A Maxwell have a range of ultracapacitors designed specifically for use
wind turbine blade pitch control systems Weight 25kg

Continuous current 48 A (@ 1EC)

Reduces lifetime maintenance costs
Durable and reliable > 1,000,000 cycles
Eliminates reliance on batteries or maintenance issues with hydraulic systems Specific power 2,100 W/kg
High performance in all weather conditions freA0° to +65° C

Maximum energy 73 Wh

Specific energy 2.9 Whlkg




