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Motivation

- State-of-the-art in assessing whether a weather sensitive offshore
operation is safe to commence is only based on significant wave
height Hs and wind speed at the location in question.

« The actual limitations of installation are mostly physical:

strength of the installation equipment used - crane cable
loads, tug wire tensions, etc.s

Limits on the equipment being installed - maximum
acceleration limits on wind turbine nacelle/rotor components.
safe working environment conditions - motions and

accelerations at the height/location of the installation
limiting or prohibiting the installation crews work.



Operation phase input
(cranes, vessels, WT
components).

Forecasted weather Simulation of complex
conditions Marine Operations

Time series of relevant responses (equipment loads, motions)

Uncertain operation STATISTICAL MODEL: = Estimation of modelling

limit parameters Estimation of statistical uncertainties, when
(maximum crane loads, parameters of model tests are
allowable motions). extreme responses available.

Decision making based on
combination of
Costs and Probabilities of
failed operations

Estimates of probability of operation failure

Development of framework for statistical interpretation of hydro-elastic simulator

output in terms of:

« Estimation of statistical parameters for extreme response distributions;

« Estimation of Probabilities of failed Operations using data on critical response
parameter levels and distributions of extreme responses.



Simulation input - weather

75

Location: 7 ® W 55.25 ° N
FINO 3 site ;
Forecast: ECMWF 2013 70
2013-08-06

51 ensemble members
containing up to 250 hours
lead time forecast.

« Wind speed and
direction.

« Sig wave height and
peak period (JONSWAP
1D) and direction.

- Swell sig wave height 5%
and mean period
(Pierson-Moscowitz
spectrum) and direction. i
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Wind Speed, [m/s]

Wave Peak Period, [s]

Sig Wave Height, [m]

Simulation input - weather

0 10 20 30 40 50 60 70 4 6 8 10 12 14

0 10 20 30 40 50 60 70 4 6 8 10 12 14

4 6 8 10 12 14

Lead Time, [hours]

20

15

10



DECOFF — Example test case

Hywind Rotor-Lift Operation

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6

Transition to Preparation for : Lift-up close to Connecting
field lift Rotor lift up Rotate rotor nacelle rotor to nacelle
8 hours 3 hours 0.2 hours 0.2 hours 0.4 hours 0.3 hours

Total duration 12.1 hours

Test case:

* Phases 3-6 — barge is at the installation position, rotor is lifted
up and bolted to the nacelle. ,




Limiting operational parameters

Hywind Rotor-Lift Operation

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6
Transition to Preparation for . Lift-up close to Connectin
field P lift Rotor lift up Rotate rotor ngcelle rotor to naceglle
8 hours 3 hours 0.2 hours 0.2 hours 0.4 hours 0.3 hours

Phase 3 Operation Limits

Phase 6 Operation Limits

Crane Load

Lift Wire Tension « Relative yaw angle between rotor and special tool
Tug Wire Tension * Relative tiltangle between rotor and special tool
Airgap between blades and waves * Relative axial velocity

Rotor acceleration * Relative radial velocity

Rotor rotational acceleration « Airgal between blade 3 and tower

Rotor Sway motion

Rotor Surge motion




Types of limit states

Non-exceedance limit state. The
response has to be above the
acceptance Ilimit (no slack in
lifting cables, tug wires, tower
clearance etc.)
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function at accetpance limit R, -

PF,ens = FTlOTl—GXC,ETlS (Rmax)

Exceedance I|imit state. The
response has to be below a
certain acceptance limit
(maximum motions, loads on
lifting equipment etc.)
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Types of limit states continued

Deterministic l[imit state.

Defined by a single value of
acceptance/ failure limit.
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acceptance limit R,
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PF,ens - PF,exc,ens (Rmax)

Non-deterministic I|limit state.

Defined by a distribution of the
acceptance limit.
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Limit state - Phase - Operation Failure Probabillity

Hywind Rotor-Lift Operation

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6

Transition to Preparation for : Lift-up close to Connecting
field lift Rotor lift up Rotate rotor nacelle rotor to nacelle
8 hours 3 hours 0.2 hours 0.2 hours 0.4 hours 0.3 hours

Phase 3 Operation Limits

* Crane Load I:)F, CraneLoad
«  Lift Wire Tension P Tug wire Tension
 Tug Wire Tension PF, Lift Wire Tension

*  Airgap between blades and waves  Pg piqap Blades

* Rotor acceleration PF, Rotor Acceleration

* Rotor rotational acceleration PE Rotor Rotational Accel
* Rotor Sway motion PE Rotor sway
* Rotor Surge motion PE Rotor surge

l'((l_PF, Phase 1 )X(l'PF, Phase 2 ) X (1'PF, Phase 3 ) X (1'PF, Phase 4) X(l'PF, Phase 5) X (l'PF, Phase 6)) - I:)F, Operation




Limit state - Phase - Operation Failure Probability

Hywind Rotor-Lift Operation

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6
Transition to Preparation for : Lift-up close to Connecting
field lift Rotor lift up Rotate rotor nacelle rotor to nacelle
8 hours 3 hours 0.2 hours 0.2 hours 0.4 hours 0.3 hours
1'((1'PF, CranelLoad, Ph 3)X(1'PF, Craneload,Ph 4) X(l' I:)F, Craneload, Ph5)): 1-PF, Crane Load
X
1'(1'PF, Air Gap Blade Water,Ph 2 )X(l' I:)F, Air Gap Blade Water,Ph 2) ) = 1'PF, Air Gap Blade Water
X
1'((1'PF, Rotor Sway , Ph 3) X (1' PF, Rotor Sway, Ph 4) X (1'PF, Rotor Sway, Ph 5 )) = 1'PF, Rotor Sway
X
1'((1' I:)F, Acceleration, Ph 3 )X(l' I:)F, Acceleration, Ph 4 )X(l' F:‘F, Acceleration, Ph 5 )) = 1'PF, Acceleration
X -
— NLim States
PF,Operation— 1- l_[i=1 (1 o PF,Lim State,i) P,:, Operation




Procedure of Failure Probabillity estimation

Weather

forecasts are passed through hydroelastic
simulator and response time series are analysed statistically
in order to obtain Probabilities of Failed operations:

1. Peak Over Threshold method is applied to extract extreme

values of relevant responses (R) (withE(R)+ 1.4 -,/ VAR(R)
threshold and 5 response cycles time separation).
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Procedure of Failure Probability estimation

2. Weibull or Normal distribution (adjusted o
for number of peaks after POT) is fitted to
the extremes using Maximum Likelihood =
parameter estimation. 5
2 10
3. Steps 1-2 are repeated for 51 forecast 5
ensembles. :
4. The Probability of Failure for one limit el T B
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DEMO. Phases 3 to 5. Maximum Crane Load Limit State

|} WEATHER FORECAST INPUT
3 | | |
E
z
[=:]
@
I
@
g
o | | | | | | |
o 10 20 30 40 50 60 70
SIMO OUTPUT RESPONSE, Crane Load
7000 | | |
=
=. 6000
[+]
o
&
&
@ 5000
o

4000

o MAX RESPONSE DISTRIBUTIONS, Leadtime 72 Hours HISTOGRAM OF FAILURE RATE Leadtime 72 Hours
‘I“E?;; E - T f T T k 1 T T T T T T T T T
1075
107 1
:'Ig:g : 1e-05 [
1058 1
108 7
- 3
10.19 E 1e-10
1842 4
1013 h
1014 E
18:12 - | | | L le-15 - | | | | T ; ; ; ;
5000 5500 6000 6500 7000 7500 8000 0.5 0.45 0.4 0.35 03 0.25 02 0.15 0.1 0.05 0
Response, [kN] Relative frequency, [-]

Estimated Probability of failure, PHASES 3 to 5, Max Crane Load Limit State
! | | DNV P, limit for Offshare Lifting Operatiuns|

—=
=
[=]

Pl

L p
—_ TITI_L
x % z
e ¥ % |
x 2
# % %
| i . | | 5 | X §
o 10 20 30 40 50 60 70

Time from 2013-08-06 00:00:00 GMT [hours]



Resposne, [kN]

Wave Height, [m]
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DEMO. Phases 3 to 5. Slack Lift Wire Limit State
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Operation Failure Probabilites

Hywind Rotor-Lift Operation

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6-7
Trar}isei:tlic(j)n to Preparl?ftion for Rotor lift up BT Lift—trj]gccéﬁze to ro%c;r}genc;icr:gle
8 hours 3 hours 0.2 hours 0.2 hours 0.4 hours 0.3 hours

I:)F, CranelLoad, Ph 3 + I:)F, CranelLoad,Ph 4 + I:)F, CranelLoad, Ph5 =

I:)F, Crane Load

+

F)F, Air Gap Blade Water,Ph 2 + I:)F, Air Gap Blade Water,Ph 2 =

PF, Air Gap Blade Water

+

P Rotor sway, Ph 3 T P Rotor sway, Ph4  PE Rotor sway, Ph5 =

P

F, Rotor Sway

+

PF, Acceleration, Ph 3 + IDF, Acceleration, Ph 4 + I:)F, Acceleration, Ph 5 =

PF, Acceleration

— NLim States
PF,Operation— 1- l_[i=1 (1 - PF,Lim State,i)

+ ... =

I:)F, Operation




Probability of Failure, [-]
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O p erat | on Fal I ure Rate PF,Operation: 1- Hi\,:Lim States(l - PF,Lim State,i)

5. A sum over all the phases gives the total Operation failure rate. Based on P,
weather windows, suitable for installation, could be found.

WEATHER FORECAST INPUT
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Risk based decision making

N

phases NLS
waiting +Cequipment + Z Z F)LS,i,jCLS,i,j

i=1 \ j=l

Cita =C

total

Having Probabilities of Failure related to a particular limit state and
combining those with monetary consequences of failure with
particular limit state Risk Based decision making is possible.

What is needed:

« Cost in NOK related to Operation Failure with a particular limit
State.

« Cost in NOK of complete Operation Failure for less detailed
analysis (one failure results in loss of all equipment and complete
Operation Failure).



Insight on Safety factors for Acceptance limits

Crane load limit state involves Safe Working Load, which has a safety
factor (SF) of 4-6 to account for material factors, skew loads, wear,

end termination of slings etc.

It is possible to account for material strength uncertainties by using a
distribution of material strength instead of a partial safety factor.
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Safety factors for Acceptance limits. Sensitivity
analysis

Sensitivity analysis was performed using most common LogNormal
distribution for strength variation, safety factors were also varied.

. E ted Standard LogN [ .
Safety Coefficient of Xpecte .an. ar oghorma Characteristic
. value of deviation of Parameters

factor, Varation Strength strength T 5 strength, 5%

- V, [% ' ’ LN LN ntile, [kN

[-] COV, [%] [kN] [kN] quantile, [kN]
1.2 5 5544 277,2 8.619 0.05 5100
1.2 7 5736 401.5 8.653 0.07 5100
15 5 6930 346.5 8.842 0.05 6375
1.5 7 7170 501,9 8.875 0.07 6375

Typically, a partial safety factor of 1.2-1.5 is used for material
strength (wire rope cable strength) and strength variation of 5-7%.



Probability of Failure, [-]
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Results of sensitivity analysis

Comparsion of Deterministic and Uncertain (LogNormally) distributed Crane Load Limits
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Conclusions and discussion

After extensive testing it can be concluded that the procedure for
estimation of Probability of Failed Operations produces consistent
results and could be used to assist in decision making for Offshore
Wind Turbine installation.

Although, due to lack of available information about the actual
physical operational limits, it has to be noted that the example
case only acts as a proof of concept.

Using uncertain strength parameters and removing the material
partial safety factors reduces the Probabilities of Failure.
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