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Presentation overview

* This is KONGSBERG

» Kongsberg Wind Farm Management System (WFMS)
— Performance Monitoring
— Wind Farm Control
— Production Forecasting
— Condition Monitoring
e Contributions from the «Windsense» project
» Cost savings potential
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At its core, KONGSBERG integrates
advanced technologies into complete solutions

Key core capabilities Dyn 2l
positioning and

) vessel automation
* Integrating sensors and
software

Real time drilling

e Supporting human decision support

making, precision, safety,
security

» Cybernetics, software, signal
processing and system
engineering

Advanced robots

* Project and supplier
management

Command and
control systems

11.02.2015 WORLD CLASS - through people, technology and dedication Page 3



International high-tech solutions, from deep seato o
outer space

Advanced solutions and applications for the maritime, oil & gas, renewable wind, defence and space industry.

- Extreme Performance for Extreme Conditions -

KONGSBERG PROPRIETARY - See Statement of Proprietary Information 11/02/2015 WORLD CLASS - through people, technology and dedication. Page 4
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Kongsberg Maritime - merchant marine products %

KONGSBERG

Maximizing marine
performance by providing
the Full Picture

REMOTE
DIAGNOSTICS
TS NAVIGATION
x CARGO SR ' J,z A
LOGGING & MONITORING .- —F i H — — L ” ‘»‘-
REPORTING & CONTROL o —2F] -
PROCESS = | “oi
CONTROL =
- THRUSTER
J ” CONTROL
ALARM &
MONITORING
PROPULSION
POWER CONTROL
MANAGEMENT
11/02/2015 WORLD CLASS - through people, technology and dedication. Page 5
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Kongsberg Maritime
"The Full Picture” for Maritime and Offshore applications
To be extended to Wind Power applications

Remote

— o | = —i . .
o L £ [ L Diagnostics
Administrative net w —#—4 %

K-Bridge

J Loading
e Calculator

£
37
2=
S5
@ =<
oy

i

Calling

==

)

Cargo
Control

Engine
Control

Tank Gauging

. [vs0B0233E
Switchboards (PMS) Main Engine (ME) Thrusters Thrusters
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K-IMS Information Management System s

Fleet A Kongsberg Maritime - pr— Fleet B
Management Chfice R S _ Secure Hosting and Metwork n o Management Office

w

. \ . Kaongsherg Maritime
= ] Global Customer Support Centre
Third Party .-
Systern Supplier
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KONGSBERG Onshore/Offshore Wind

Traffic and Security systems -
— Surface surveillance Pt |
Geophysical survey j |_—|— Sub-surface surveillance Wind Farm s
—AUV survey - — Submarine warning Management g

—Seabed mapping - Foundation installation — Vessel tracking systems : — Condition Monitoring
ZSub bottom prafiling — Dynamic positioning ; — Wind Farm Control
— Marine automation g : — Production Forecasting
— Underwater positioning A : % - : — Performance Monitoring
— Underwater sensors s .
— Acoustic impact monitoring
— Sonar monitoring
— Camera monitoring Cable installation
Fish and mammal survey Al \ : ~ | — Dynamic positioning
— Acoustic impact assessment o i ¥ ; I | — Marine automation

i 8| Turbine installation
ROV =8 — Dynamic positioning
— Acoustic positioning — Marine automation
— Inertial navigation
— Camera monitoring

Cable plough
— Dynamic positioning
— Acoustic positioning

KONGSBERG PROPRIETARY - See Statement of Proprietary Information 11.02.2015 WORLD CLASS - through people, technology and dedication Page 8
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Kongsberg Maritime Subsea — &

KONGSBERG

Geophysical, environmental monitoring & inspection

Consent
Baseline
studies

Corrosion Deformation Marine growth Scouring Cable tracing

KONGSBERG PROPRIETARY - See Statement of Proprietary Information 11.02.2015

Products:

« Sonar’s and echo sounders, multi-beams
during inst., sonars, sub bottom profilers,
3D monitoring/inspections

* AUV - inspection survey and monitoring

* C-node sensor network - CMS

» Subsea cameras for inspection — ROV/AUV
mounted

» Listening devices — subsea noise, sea
mammals

& pipe laying

WORLD CLASS - through people, technology and dedication Page 9
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Presentation overview

This is KONGSBERG

Kongsberg Wind Farm Management System (WFMS)
— Performance Monitoring
— Wind Farm Control
— Production Forecasting
— Condition Monitoring
Contributions from the «Windsense» project
Cost savings potential
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Kongsberg Wind Farm Management System

Integrated decision support system for optimal performance and minimized
downtime and operational costs

5-8% reduction in CoE Modules:
 Conditioning Monitoring with enhanced

analysis of turbine data

 Production Forecasting through improved
weather analysing tools/ algorithms

 Wind Farm Control with dynamic
production optimizer reducing wake and
turbine loads

 Performance Monitoring; reporting, fault
analyses, trending and benchmarking of
turbines and wind farms

- XN s ¥ :—::? AV '-..l:lll\ .: ‘l.“.il I
A 0 A T\ el = AR L |
WEEY Y e B | Wl
\\' ‘L “ ‘\ // — = :.y._.__.ﬂ' SNENIDY o ..t S S
NLL L | e——emmme
Production optimizer, Reduced down time and Reduced imbalance Identify deviations
load and wake control  operational cost Improved maintenance Improved

planning benchmarking

KONGSBERG PROPRIETARY - See Statement of Proprietary Information



Performance Monitoring

KONGSBERG
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Power curve analysis

» All Farms

¥ Arctic CM

% Arctic Forecast

¥ Hundhammarfjell Live

» Hundhammerfjell SCADA History

w Northsea OPT
Farm
WMET
WPAR
WTURD1
WTUR02
WTURD3
WTUR04
WTUROS W
WTURDE
WTURO7
WTUR08
WTUR0S
WTUR10
WTUR1
WTUR12
WTUR13
WTUR14
WTUR1S
WTUR16E
WTUR17 B
WTUR18
WTUR19
WTUR20
WTUR21
WTUR22
WTUR23
WTUR24
WTUR25
WTUR26
WTUR27
WTUR28
WTUR29
WTUR30
WTUR31
WTUR3Z W
WTUR33
WTUR34
WTUR35
WTUR36
WTUR37
WTUR38
WTUR39
WTUR40
WTUR#
WTUR42
WTUR43
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10
10

L 4 .
Northsea OPT Xy
% ¢@y [l WTURTT  Wind speed / Power Filter o
% <> Bl WTUR3Z  Wind speed / Power Fiter | ©
. % &5 B WTUROS  Wind speed / Power _ Fiter | ©
11/02/2015

s : 10 B 12

Filter description Points
15.11.2014 13:30 - 15.12.2014 13:00 ™ [ ON |
15.11.2014 13:30 - 15.12.2014 13:00 o
15.11.2014 13:30 - 15.12.2014 13:00 © [ On |

KONGSBERG

Trendline
[ on |
[ on |

WORLD CLASS - through people, technology and dedication.

Nl
Reference
| ON I

[ on |

10 min trend

16
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Wind Farm Control

INCREASED PRODUCTION BY
DYNAMIC FARM OPTIMIZER
 Individual set points for each
turbine based on:

« Actual wind condition

. Turbiandition

/
REDUCED TURBINE WEAR et . T
« Balancing of loads : 4 |
« Load mitigationi : |

e Reduced turbulence wear

11.02.2015 WORLD CLASS - through people, technology and dedication
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Wind Farm Control — Production optimiser oo

i Grid power - last 2h
Lo

: W\
]
0D CER GEE] 1000

hid Energy price - 05.01.2014
SAPAT

|-_- |-.a- o
i i ki
W[4

¥

BN
& |
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'FORECASTlNG_ﬂ ru i

Production Forecasting
'IMPROVED PRODUCTION

Reduced imbalance
48 hours predictions
Integration of WFC, CM and PF In
one system

MPROVED MAINTENANCE

FORECASTING

Predictions of maintenance weather
windows

Minimize production losses due to
maintenance stops

11.02.2015 WORLD CLASS - thro

KONGSBERG
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Production Forecasting
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Condition Monitoring

smis 10 ms s mis

Wind spasd

I Grid power - last 2h

(1%

{F= 1 IR 1320

T Turbine status

TAE TLRERE OOUPRERT
0o swmnew W1 Rendamios
| W Bemfemi:

KONGSBERG PROPRIETARY - See of Proprietary 11/02/2015 WORLD CLASS - through people, technology and dedication. Page 18
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Condition Mo ,t_o ng_— analysis tool

\
| Reduced down time and |
Ot/ I [waisr = & (=

ST @R LA = naintenance cost !
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| Change grease €€E 1
‘Av0|d unrepairable fault ,'
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The P'F Curve KONGSBERG

combination of measurement techniques with different
detection points

Fault initiation Acoustic
emission  Vibration

P Temperature

Oil debris

D
o

Technical integ
&
|
|
i
|
|
|
i

20 :
Unrepairable

Time

Catastrophic failure

WORLD CLASS - through people, technology and dedication
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Presentation overview

» This is KONGSBERG
» Kongsberg Wind Farm Management System (WFMS)
— Performance Monitoring
— Wind Farm Control
— Production Forecasting
— Condition Monitoring
~ »Methodss
e Contributions from the «Windsense» project
» Cost savings potential
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Condition Monitoring
- online and offline monitoring

Sensor input

— Existing (SCADA data)

— Add on sensors

Fault detection

— Automated analyses

— Comparison with baseline data

— Early warning of fault development

Diagnostics hﬂ"—;i

4
— Add on high frequency sensors _:r/
— Adaptive diagnostics
Prognostics
— Time to service '
— Remaining Useful Lifetime
— Level of service J

— Enable predictive maintenance

Page 22
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Signal Processing
- Detection and Prediction

Earlier detection of faults by improved analysis methods:

Compensate for process variations and environmental conditions by
mathematical modeling

o Artificial Neural Network (ANN)
» Heat balance models
— bearing temperature
— electrical converter temperature
Next step:
 Improved prediction of remaining useful lifetime (RUL)
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P

Detection of Rear Bearing Fault using ANN o

10

« (1): The first noticeable deviation from

Y the model occurred primo October 2010.

» The turbine stopped due to overheating

twice (at (3) and (4)) and was restarted

—_—

by the operator

=

|
2010-08-01

| | | | |
2010-09-01 2010-10-01 2010-11-01 2010-12-01 2011-01-01

@

Difference Between Actual and Estil

201

« (5): The turbine was permanently
stopped

15—

10

With the chosen thresholds the method
I L gives

» 3 months pre-warning

» 10 days earlier alarm than with standard
fixed alarm limits



Param eter SeleCtIOn KONGSBERG

* Indicator: Temperature

» Parameters that may influence or relate to
the indicator:
— Rear bearing temperature (t-1)
— Active power output (t)
— Nacelle temperature (t)
— Turbine speed (t)

Model Output

i
|

Model Input

Rear bearing temperature (t-1) ‘
Active power output (t)

Nacelle temperature (t)
Turbine speed (t)

Rear Bearing Temperature (t)

KONGSBERG PROPRIETARY - See Statement of Proprietary Information 11.02.2015 WORLD CLASS - through people, technology and dedication Page 25



Model based approach

&

KONGSBERG

Inputs  [u]

Actual

Y1
Measurements
The actual
process/system

\ 4

Pl} (y-y)
Y,

Model 9(X)
Model correction
method, +
(e.g. Kalman filter) '\‘
\
]
]
KONGSR 1

Estimated state variable,

e.g. bearing friction, not measured



Estimation of «bearing friction» front and
rear bearing using unscented Kalman filter

J.

(L i i #
W i

F observer :

i
(w rw’ MM‘ ‘M _

3 months

I
1

!
|

Estimated friction in Rear bear. friction

both bearings follow : sometimes above ' always above
eachother well :

Rear bear. friction
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P

Generator side heat sink temperature of
frequency converter with introduced faults
Measurements vs model

Lipper healsink (emparature [°C)

Esfimate emor [°C)

g

=

&=
=

=

B

Tharmal model
Measurement
I ] ——— Ambient (T} WL e U
fﬂ- . . 0 ﬂ .:.':iIL |
f A I Grid side faults | | _.-"‘ lﬂhb-'
| EE Gen side faults \ """.,,ft.,_- [ d
r

I“" [
A

3000 3500 4000 4500 S000 5500 000 G500
Time [minutes)
Ermor
""" i Complex impedance
---------------- | S — W a—— model for heat balance
P‘H—; ] . ——— I —— — 1 l'.u

3500 4000 4500 5000 5500 G000 G500
Time [minutes)

latement of Proprietary Information 11/02/2015
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Focus on early fault detection
- Acoustic emission?

&

KONGSBERG

Stage of Fault Detection According to Sensor Type

lllustration for Sub-surface Fault
R-_J"l
1 Femous
| i cartent in ol — '
! 1 Vibration  SoUrce unknown !
\ [ —— Detectable — lags !
Run In : | surfaceroughness ]
!
— " I Ultrasonic i
= : | Increased J
= I dispersion, change !
=] ! Bearing Temperature I . L : d !
— I - to reflection ratio, !
h I Initial profile of healthy 1 4
\ bearing I P
1 #
i 1
| [
: Surface Roughness
i Acoustic Emission 1 - warst portion of race
i Energy, broader | large tolerance band
: spectrum I
i [
i
|
! L
I
\ i 1
\ ; [
: I .
“p ! 1 o |
A H o i : i .
e ————— .-]-* Serviceable | Non-serviceableffailed
1 .
Sub-surface Surface ‘ Fault Progression
New Failed
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Presentation overview

» This is KONGSBERG
» Kongsberg Wind Farm Management System (WFMS)
— Performance Monitoring
— Wind Farm Control
— Production Forecasting
— Condition Monitoring

» Cost savings potential
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¢Xo Forskningsradet -

Fremtidens rene energisystem (RENERGI)

KONGSBERG Sta[O“

. TROLLHETTA

CONTRIBUTING WITH EXPERIENCE

3 year project (2012-2014).
Funded by RCN E NTNU

Det skapende universitet

Contribute to a 30 % reduction in &) v
) ol nstrumentation
Cost of Energy from Offshore Wind

KONGSBERG PROPRIETARY - See Statement of Proprietary Information Page 31 11/02/2015 WORLD CLASS - through people, technology and dedication.



Windsense

Work packages and time schedule

KONGSBERG PROPRIETARY - See Statement of Proprietary Information Page 32

11/02/2015

Work package Responsible 2012 2013 2014
WP1  |GAP analysis MARINTEK
WP2  [Functional requirement specification [STATOIL
WP3  [Evaluation of sensing methods & eq. HIST
WP4  |Dev. data interpretation algorithms NTNU
WP5  |mplementation in CM system KM
WP6  [Laboratory testing KM
WP7  [Field testing at pilot turbine(s) STATOIL
WP8  [Development of prediction algorithms [SINTEF ER
WP9  |mplementation of CBM system MARINTEK
WP10 [|Analysis of cost saving potential KM
WP11 JAdministration & dissemination KM

WORLD CLASS - through people, technology and dedication.
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Windsense
lllustration of data acquisition and analysis

Degradation Process

Y

Wind Turbines

Onshore Wind Turbine

gﬁ\

Maintenance Scheduling
/ Maintenance Optimization

Bee Colony Algorithms
(BCA)

Ant Colony Optimization
(ACO)

Particle Swarm
Optimization (PSO)

Gentic Algorithms (GA)

Meta-Heuristic
approaches

Key Performance Indicator

Fault area

Warning arca

(KPI)

Hydraulic oil
turbidity Coy
o, KPI
N % Leading

=

KPI

Fault Prognosis

Auto-regressive Moving
Averaging (ARMA)

Fuzzy Logic Prediction

ANN Prediction

Match Matrix Prediction

Safety area

Signal Pre-process

Denosing

Data Acquisition

Compression

‘ Fiber Bragg Grating Sensors ‘

Extract Weak Signal

Feature Extraction

Time Domain

Domain

Frequency Domain
(FFT, DFT)

Time-Frequency *

Logging
P Fault Diagnosis

Support Support Machine
(SVM)

Data Mining (Decision
Tree & Association rules)

Atrtificial Neural Network
(SOM & SBP)

Statistical Maching

Wavelet Domain

q Acoustic Emission(AE)Sensors *

Filter | (WT, WPT)
‘ Ultrasonic Sensors + AE ‘ Princinal C t
\ e rincipal Componen
- - Amplification :
Collapsed Wind Turbine ‘ Mkatalhaidk ‘ Analysis (PEA)

11-Feb-15

/331



Findings and further work

GAP analysis

» A general lack of high frequency data

Limited use of advanced signal analysis

Limited data for lifetime prediction

Need for improved blade monitoring

Need for improved monitoring of high voltage components

CM methods — to be evaluated with respect to
» Early and secure detection

* Low false alarm rate

» Reliable diagnostics

» Cost/benefit ratio

&

KONGSBERG
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The challenge i

Improved methods and models for lifetime estimation e

Prediction horizon at different models

Model short term <€ prediction horizon = long term
<< MTTF <MTTF MTTF >2-MTTF

Stochastic models

e Failure rate models

e Lifetime distributions (Weibull ...)
e Stochastic degradation models

Physical models
Artificial intelligence (Al)
" Condition monitoring systems that provide warning and alarms hours, days or months before a failure.

Prediction capability in dependence of size of populations

Model small € size of population > large
single unit, group, population
item

Stochastic models

e Failure rate models

e Lifetime distributions

¢ Stochastic degradation models

Physical models
Artificial intelligence (AI)
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Presentation overview

» This is KONGSBERG
» Kongsberg Wind Farm Management System (WFMS)
— Performance Monitoring
— Condition Monitoring
— Wind Farm Control
— Production Forecasting
e Contributions from the «Windsense» project
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How will improved CM systems contribute to =
a reduced Cost of Energy for Wind Power:

* Replace manual inspections with remote on-line measurements and
analysis

* Implement automated diagnostics tools

 Limit the number of alarms to those that are significant (KPI's)

Downtime Reduce consequential damages

Maintenance action Enable delay of maintenance until proper
m |dentification weather window occur

20 Reduce downtime by more efficient fault
% identification and diagnostics

Improve maintenance planning by better
diagnostics and estimation of remaining lifetime

30
%

11/02/2015 Page 37 WORLD CLASS -
P
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Condition Based Maintenance (CBM) 3

KONGSBERG

TR ~| Methods and systems employed in the offshore

¢ smmmIoToo— . 7| and maritime industry provides

=0l
LSS

=i TTEE |« Anindication of degraded performance or technical
condition in a plant

 Efficient drill down capability

i e  Triggers further investigation with analysis and
diagnostics, either through CM system or by manual
inspection

* Includes decision support for intervention planning

Goal
A substantial reduction in maintenance cost and increased energy production
for offshore wind turbines by

« Asignificant reduction in number of unplanned service trips

 Areduced number of stops and less downtime

o Controlled running at reduced load when this is safe rather than full shut
down until maintenance can be performed

KM: 2011-09-02 /381 Member of NCEI



Output to maintenance system

—Warnings and Alarms

- Fault diagnostics — root cause analysis

- Estimates of remaining useful lifetime (P-F)

- Dynamic updating of technical condition as input to RCM risk assessment

Fault initiation _ :
First detection

P
*k * * Confirmation

RUL Estimate

Warning

(o2}
o

Technical integr
i
o

20 :
Unrepairable

Time

Catastrophic failure

WORLD CLASS - through people, technology and dedication
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Operation & Maintenance Costs (O&M) &

KONGSBERG

e Condition Monitoring (CM)
e Performance Monitoring (PM)
« Condition based Maintenance (CBM)

Purple: Reactive Blue: Proactive

o 1.2
5 $1.0

1 2 3 465 6 7 8 9 1011 1213141516 17 18 19 20
Years

Cumulated cost
(relative units)

Life Cycle Cost: Pro-Active vs. Reactive Maintenance (Roeper 2009 1)

1) Source: Wind Energy OM Report 2011

Page 40 11/02/2015 WORLD CLASS - through people, technology and dedication.



5
O&M Strategies for Wind Turbines

m Reactive (run to
failure)

Preventive (time
based)

Predictive (condition-

based) * 36 % (incl. the 27%) used
reactive maintenance to some
degree

* 63% used preventive
maintenance somewhere in their
wind farm portfolio

23 %

50°% « Comparision with Oil&Gas

(Norwegian sector)

The most common O&M strategies (farm owners) * 60 % of the maintenance is
Source: 7th annual Wind Energy O&K Forum preventive
e Target is 80 %

11-Feb-15 WORLD CLASS - through people, technology and dedication 41/



KONGSBERG

Thank you for listening!

www.kongsberg.com
oddbjorn.malmo@km.kongsberg.com
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