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Short profile of Fraunhofer IWES Northwest

Managing Director:

Research spectrum:
Overall budget 2013:
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VGB project “Condition Monitoring of Wind Power Plants:
Status quo, user experience, recommendations”®

-{ Project duration: 08/2014-11/2014
-{ Funded by VGB Research Foundation

-{ Carried out at Fraunhofer IWES Northwest, in collaboration with the
VGB European Working Group (EWG) “Wind Energy”

-{ Study on the state of the art and best practice in wind-turbine condition
monitoring and structural-health monitoring, based on:

-{ Review of literature, standards and product information
-{ Survey among VGB-associated wind-turbine operators
-{ Joint workshop with VGB EWG “Wind Energy”
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VGB project “Condition Monitoring of Wind Power Plants:
Status quo, user experience, recommendations”®

Subjects (red: this presentation)

=\ Introduction: wind-turbine reliability, maintenance strategies, condition-based
maintenance

-{ State of the art in CM and SHM for wind turbines:
-{ Drivetrain CMS,
-{ Rotor-blade SHM,
-{ Onshore and offshore support-structure SHM
SCADA-based condition monitoring and data fusion
Cost-benefit analysis
User experience: results of an operator survey on CM and SHM
Commercially available products for CM and SHM of wind turbines

|dentified challenges,
recommendations for future work
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Introduction: Maintenance strategies

Maintenance
Maintenance strategies
(EN13306)
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Condition-based maintenance:

+ Close to full utilization of comp. life

+ Maintenance can be scheduled
+ Low downtime, high availability

— CMS investment and operating cost
— Specialized personnel required

Z Fraunhofer
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CMS and SHM: Facilitators of condition-based maintenance

Condition Structural-health
monitoring monitoring

of assets aims at detecting changes
in their condition that indicate a
developing fault and therefore Q_\

impending failure @
WA\Y
=

-{ Common practice in other industries and
applications, but challenging for wind turbines
due to operation

-{ at low and variable rotational speed
-{ with highly dynamic loads

- vs. “offline” monitoring

Z Fraunhofer
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CMS and SHM in the maintenance process

Amplitude

Data acquisition

AN

I W W,/ Time

Data processing
and diagnosis

Gear

»

Equipment condition

Prognosis of
remaining useful life

Detection with
vibration monitaring

Temperature-based
¢+ detection

| corresponding
I I P-Fintervals

Measurement

Analysis and interpretation of the data
»|s a failure impending? Where is the fault located?

Failure prediction

»How soon and how likely will it occur?
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VGB project “Condition Monitoring of Wind Power Plants:
Status quo, user experience, recommendations”®

Subjects

=\ Introduction: wind-turbine reliability, maintenance strategies, condition-based
maintenance

-{ State of the art in CM and SHM for wind turbines:

-{ Drivetrain CMS,

Rotor-blade SHM,

-\ Onshore and offshore support-structure SHM

SCADA-based condition monitoring and data fusion

Cost-benefit analysis

User experience: results of an operator survey on CM and SHM
Commercially available products for CM and SHM of wind turbines

|dentified challenges,
recommendations for future work
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Vibration-based CMS
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[SKF Vibration Diagnostics Guide (2000), Fischer (2012)] % Fraunhofer
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Vibration-based CMS: Data acquisition

Example : Sensor positions in SKF WindCon

Main
bearing

1

Optional signals, e.g. power —————»

SKFA (2010)]

Ethernet/LAN

OMPONENT OF THE NECESSARY NUMBER OF
IND TURBINE SENSORS PER COMPONENT

ROTOR BEARING 1 (+1 optional)

ENERATOR
BEARING

ONOOhWNE

Main bearing radial

Main bearing axial

Gearbox, main shaft

Gearbox intermedium speed (2X)
Gearbox, high speed shaft
Generator, drive-side

Generator, non-drive side
Tachometer

Minimum amount of sensors
according to ,Germanische Lloyd
CMS Certification Guidelines 2013

Z Fraunhofer
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Vibration-based CMS:
Data processing and diagnosis ()

Time-domain analysis methods

*Can be also implemented in the frequency domain analysis

Analysis method Description




Vibration-based CMS:
Data processing and diagnosis (ll)

Frequency-domain analysis methods

Analysis method Description




Oil-based CMS: Data acquisition

rttech.com.au

Oil
Oxidation

@ Particle-counter sensors

Particles-concentration
sensors

QOil
temperature

e

\—y—

A
N 3 @ Viscosity sensors
OIL CONDITION
MONITORING 9
£y ) Water-content sensors

Dielectric constant
sensors

@ Oil-quality sensors
@ Oil-properties sensors

~ Fraunhofer

Particles

www.machinerylubrication.com
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Oil-based CMS: Data acquisition

Type of sensor Output signal Implemented in wind turbines?

viscosity, temperature, density, Laboratory tests for wind turbine
dielectric constant applications

Only laboratory tests, validation for
wind turbines required

Laboratory tests for wind turbine
applications

Oil-properties sensors
Water-content sensors  Water saturation (%)

Viscosity sensors Kinematic viscosity

[Pictures: Hydac, Parker, Ifm]
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Oil-based CMS: Data processing and diagnosis

Some sensor manufacturers have carried out measurement campaigns to
demonstrate the functionality of their systems

Planetary gear tooth damage detection —

GasTOPS [Toms (STLE 2014)]

A) Debris increases at a moderate
rate for more than a year.

Turbine shut-down
Gearbox replaced

B) Rate of debris accumulation increases
significantly, triggering inspection.
Video scope confirmed damage

e

Gear abrasion detection and bearing scoring -
Parker [Meindorf (Olsensoren Symposium 2013)]

= Ferrous particle count (40 to 60pm) =——Ferrous particle count (60 to 100pm) =——Ferrous particle count (100 to 200pm)

Ferrous particle count {200 to 300pm}—— Ferrous particle count (>300pm)
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Oil-based CMS: Data processing and diagnosis

Another important point concerning OCM is the use of online and offline oil analysis

Care should be taken when comparing
online and offline counting based on [Wilburn STLE 2014]:
ISO 4406: dependency on the operating

pOSItIO!’]Iﬂg and Iaboratory performlng the After hours of operation, before stop of turbine 15/13/9 €
analysis

After 2 % hours of stop, sample taken right after

> re-start of turbine 19/16/9

Table data from V66 Lubrication Study
V80-2.0 MW, L+S GPV 440, 25 ym inline and 3 um offline

ISO code trend after re-start of turbine

~a
o

. _l‘-\_/—' b O ¥
16
= N——
o N WA
e 12 A7
L5 vv\
g 10 “\_A _'\fn 24pm
= — NVUWUWN N __
; 8 26 pm
w
= 5 =14 pm
4
2
0 T LARAN] TTITITIIT AT IT AT IR T IrorTs TTTTTT
e © 2 o B 5 2 3 =] = & o = o © o

—

Time (minutes)



Further techniques for drivetrain CMS

Acoustic

Electromechanical

Holistic CMS emissions

Thermography parameters

4 \ e w r N e N
System identification Infrared temperature <ch glm:lciart é(r)] vibration
and observer transmitters Discharge pp
approach Thermal imaging measurements Acoustic emission
Data fusion approach cameras Current signals sensor

\ ) Bearings and gears
\ / \ J defects
Lv=(158&50) mH \ )
- A
. ~ AE system
Kl Sensor — /
v, Switchonfoff
(L:, B iSource
c g
Rv=(11810/0 [LekouT(2013)]
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[Kim, Parthasarathy, Uluyol, Foslien (2011)] [Anjar et al. (2011)] Hameedetald )]% Frau n hOfer
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VGB project “Condition Monitoring of Wind Power Plants:
Status quo, user experience, recommendations”®

Subjects

=\ Introduction: wind-turbine reliability, maintenance strategies, condition-based
maintenance

-{ State of the art in CM and SHM for wind turbines:
-{ Drivetrain CMS,
-{ Rotor-blade SHM,
-{ Onshore and offshore support-structure SHM
SCADA-based condition monitoring and data fusion
Cost-benefit analysis
User experience: results of an operator survey on CM and SHM
Commercially available products for CM and SHM of wind turbines

|dentified challenges,
recommendations for future work
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SCADA-based condition monitoring:

Approaches, performance, limitations

-{ Attractive as no additional hardware is required

-{ Approaches for utilizing SCADA data for condition-monitoring can be
grouped into three categories:

Signal trending

-\ comparison of one WT

against adjacent ones
—\ comparison of one
period of time against
another one

-\ simple

ooooooooooooooo

ooooooooooooooo

Artificial Neural
Networks (ANN)

-{ ANN trained to model
normal op. behaviour,
based on “known-good”
data (—SOM)

-{ quantisation errors
indicating deviations

hidden neurons

bearing temp. (1-1)

stator temp. (t-lag) bearing temp.
power out. (t-lag)
nacelle temp. (t-lag)

shaft speed (t-lag)

—

—

15

-10

01/01/2009  01/07/2009  01/01/2010  01/07/2010  01/01/2011  01/07/2011  01/01/2012

/
A\

/
\
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/
\

Physical models

uses knowledge of the
phys. process

regression model
based on training
period

compares: meas.-pred.
most suitable for CM

Main bearing: (Tyeas T pred)

Time

25.02.2015
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SCADA-based condition monitoring:
Approaches, performance, limitations

PN

Validation study carried out on “Physical Model” technique by [Wilkinson,

Darnell, vanDelft, Harman (2013,2014)]

P S AN

Results:

-{ Sensitivity: detection

1 month - 2 years
before failure

— too low detection

rate for standalone CM

AN AN

-\ 24 true detections out of
36 failures, 3 false alarms

Method validated based on 472 WT years of SCADA data (blind test)

Number of detections
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----- SCADA-monitored components
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0-2 24 486 6-8 810 1012 12-14 14-16 16-18 18-20 20-22 22-24
Advance detection period (Months)

GL Guideline: (10min-) SCADA not suitable for CM
Potential of “real-time” SCADA for CM?
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Data fusion for enhanced fault-detection performance

-{ “No single technique can provide the comprehensive and reliable solutions
needed by the industry” [Sheng et al., NREL (2009)]

-{ Data fusion: data from multiple sensors / techniques is combined to allow
inferences that are not possible based on a single one

Each monitoring technique has its own strengths and limitations

Data fusion can enhance the fault-detection certainty, but only if the
strengths and limitations of the integrated methods are known

AN AN

Vibration- CM Rotorblade SHM: in-plane acc.

Oil-based CM: partlcles
& SCADA: operating state,

component temperatures

-{ SCADA-assisted condition monltorlng can provide added value
(a) by informing the CMS-data interpretation (e.g. about active yaw)

(b) through integration with CM techniques

N\

~ Fraunhofer
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Cost-benefit analysis of CMS and SHM
-{ CMS are installed in the majority of wind turbines >1.5MW in Europe

-{ Trend towards

-{ increasing capacity of wind turbines: —

— higher value of assets,
— higher standstill losses,
— Increasing failure rates ___Increases the

-{ installation offshore or in benefits of CBM
remote onshore areas:
— high access cost,
— long access time

- Which CMS and SHM systems / methods
are cost-effective?

~ Fraunhofer
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Cost-benefit analysis of CMS and SHM

Quantification of the added value of CBM can be done using a

(a) Deterministic approach:
-{ uses “best guess” estimate for each parameter — outcome is also a
single value
(b) Stochastic approach:

-{ uses probability distributions — takes into account the probability that a
parameter takes a certain value

~{ - i i 0,05
+ Monte-Carlo simulation - = Maint. strategy 1
_/ . . . . ,
\ outcome: probab. distributions z « Maint. strategy 2
Report: < | ‘H
f: 0,02 e
-{ review of published cost-benefit T o1 ‘
analyses of both types 0.
-{ potential & limitations, OO0 050%  LODH LSO% 2008
Unavailability

required input data

\
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User experience: CMS survey on among operators

-{_ Answers from 6 wind-turbine operators (WTO),
based on experience with >2600 CMS-equipped 40%
turbines (80% geared, 20% direct drive), CMS of 30%
9 different suppliers

Main drivers for applying CMS / SHM:

minimizing risk of severe damage /
excessive repair cost (5/6),

performing cost-effective maintenance (4/6),
CMS was standard-equipment of purchased WT (3/6)

/

—

\
-/
\
-/
\

90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

CMS and SHM systems
considered to be cost-
effective by ...%

of the WTO

AN AN

60%
50%

20%
10%

%
15MW< 15MW-25 >25MW No category

-{_ All 6 WTO use support of
external CM service
centers for CMS-data
evaluation (3 also inhouse
assessment)

-{ Proposed extension of |
CMS/SHM systems to:

blades (5 of 5),
tower (2 of 5)

-+ + suitability of vibration-analysis

methods, use of SCADA-coupled
CMS, fault-detection experience, key
challenges (see report)



|dentified challenges, recommendations for R&D

Data acquisition

Data processing
and diagnosis

Prognosis of
remaining useful life

Gear
mesh =3 W,

A Detection with
vibration monitaring

Amplitude

s

I W\ /" Time

Sensor reliability

Limited fault-detection certainty Severity assessment
and accuracy (false alarms, missed faults) purely subjective —

— testing, validation — SCADA-integration, data fusion  quantitative methods

L J
|

l Monitoring limited to certain components
*_extension of scope, cost-benefit analysis % Fraunhofer
IWES




Contact:

Diego.Coronado@iwes.fraunhofer.de

Katharina.Fischer@iwes.fraunhofer.de

THANK YOU FOR YOUR ATTENTION

The project report will be published

on www.vgb.org/fue projekt383.html.
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