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Abstract

As wind energy assumes greater importance in remote and offshore locations, effective and reliable
condition monitoring techniques are required. Failure rate and downtime studies have also
highlighted a need for condition monitoring of particular wind turbine drive train components. This
survey discusses the reliability of wind turbines and different monitoring configurations currently in
use. The document contains a survey of commercially available condition monitoring systems for
wind turbines including information on their monitoring technologies based on available literature
and discussion with the companies responsible. Observations are made concerning the nature of
systems that are currently available and the apparent direction of future monitoring systems.
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1. Introduction

As wind energy assumes greater importance in remote and offshore locations, affective and reliable
condition monitoring (CM) techniques are required. Conventional CM methods used in the power
generation industry have been adapted by a number of industrial companies and have been applied
to wind turbines (WT) commercially.

This survey discusses commercially available condition monitoring systems (CMS) which are
currently being applied in the WT industry. Information has been gathered over several years from
conferences and websites and includes information available from product brochures, technical
documents and discussion with company representatives. The research was carried out as part of
Theme X of the Supergen Wind Energy Technologies Consortium [1] whose objective is to devise a
comprehensive CMS for practical application on WTs. The report also indentifies some of the
advantages and disadvantages of existing commercial CMSs alongside discussion of access, cost,
connectivity and commercial issues surrounding the application of WT CMSs.

2. Reliability of Wind Turbines

Quantitative studies of WT reliability have recently been carried out based on publically available
data [2][3]. These studies have shown WT gearboxes to be a mature technology with constant of
slightly deteriorating reliability with time. This would suggest that WT gearboxes are not an issue
however surveys by WMEP and LWK [4] have shown that gearboxes exhibit the highest downtime
per failure among onshore sub-assemblies. This is shown graphically in Figure 1 where we clearly see
consistently low gearbox failure rate between two surveys with high downtime per failure. Similar
results have also been shown for the Egmond aan Zee wind farm [5] where gearbox failure rate is
not high but the downtime and resulting costs are. The poor early reliabilities for gearbox and drive
train reliability components has lead to an emphasis in WT CMSs on drive train components and
therefore on vibration analysis.

The high downtime for gearboxes derives from complex repair procedures. Offshore WT
maintenance can be a particular problem as this involves specialist equipment such as support
vessels and cranes but has the additional issue of potentially unfavourable weather and wave
conditions. The EU funded project ReliaWind is developing a systematic and consistent process to
deal with detailed commercial data collected from operational wind farms. This includes the analysis
of 10 minute average SCADA data as discussed above, automated fault logs and operation and
maintenance reports. The research aims to identify and understand WT gearbox failure mechanisms
in greater detail [6]. However, more recent information on WT reliability and downtime, especially
when considering offshore operation suggests that the target for WT CMSs should be widened from
the drive train towards WT electrical and control systems.
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As a result of low early reliability, particularly in large WTs, interest in CMSs has increased. This is
being driven forward by the insurer Germanischer Lloyd who published guidelines for the
certification of CMSs [7] and certification of WTs both onshore [8] and offshore [9].

Failure Rate and Downtime from 2 Large Surveys of European Wind Turbines over 13 years

OLWK Failure Rate, approx. 5800
Turbine Years

B WMEP Failure Rate, approx. 15400
Turbine Years
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Mechanical Brake
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Figure 1: Wind turbine sub-assembly failure rate and downtime per failure for two surveys
including over 20000 turbine years of data as published in [10]

3. Monitoring of Wind Turbines

WTs are monitored for a variety of reasons. There are a number of different classes into which
monitoring systems could be placed and these are shown in Figure 2, showing the general layout and
interaction of the various classes.

Firstly, we have Supervisory Control and Data Acquisition (SCADA) systems. Initially these systems
LINE JARSR YSIFaAdzZNBYSyda F2NJ I 2¢Qa SySNHe& LINRRdAzOG
through 5-10 minute averaged values transmitted to a central database. However, SCADA systems
can also provide warning of impending malfunctions in the WT drive train. According to Zaher et al.
[11] 10 minute averaged signals often monitored in modern SCADA systems include:

1 Active power output (and standard deviation over 10 min interval);
 Anemometer-measured win d speed (and standard deviation over 10 min interval);
I Gearbox bearing temperature;
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Gearbox lubrication oil temperature;
Generator winding temperature;
Power factor;

Reactive power;

Phase currents, and;

=A =4 =4 4 4 =1

Nacelle temperature (1 hour average).

This SCADA configuration is designed to show the operating condition of a WT but not necessarily
give an indication of the health and a WT. However, the much up to date SCADA systems include
additional alarm settings based not only on temperature transducers mentioned above but also on
vibration transducers. Often we find several transducers fitted to the WT gearbox, generator
bearings and the turbine main bearing. The resultant alarms are based on the level of vibration being
observed over the 10 minute average period. Research is being carried out into the CM of WTs
through SCADA analysis in the EU project ReliaWind [12]. The research consortium consists of a
number of University partners alongside industrial consultants and WT manufacturers.

Condition Monitoring
< 50 Hz, Continuous

Diagnosis
> 10 kHz,
On Demand

- |  Structural Health
/ Monitoring
<5 Hz, On Demand

Figure 2: Structural health and condition monitoring of a wind turbine

Secondly, there is the area of structural health monitoring (SHM). These systems aim to determine
the integrity of the WT tower and foundations. SHM is generally carried out using low sampling
frequencies below 5Hz.

While SCADA and SHM monitoring are key areas for WT monitoring, this survey will concentrate on
the remaining two classes of CM and diagnosis systems.
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Monitoring of the drive train is often considered to be most effective through the interaction of
these two areas. CM itself may be considered as a method for determining whether a WT s
operating correctly or whether a fault is present or developing. A WT OperatorQ main interest is
likely to be in obtaining reliable alarms based on CM information which can enable them to take
confident action with regard to shutting down for maintenance. The operator need not know the
exact nature of the fault but would be alerted to the severity of the issue by the alarm signal.
Reliable CM alarms will be essential for any operator with a large number of WTs under its
ownership. On this basis, CM signals should not need to be collected on a high frequency basis as
this will reduce bandwidth for transmission and space required for storage of data.

Once a fault has been detected through a reliable alarm signal from the CMS, a diagnosis system
could be activated either automatically or by a monitoring engineer to determine the exact nature
and location of the fault. For diagnosis systems, data recorded at a high sampling frequency is
required for analysis however this need only be collected on an intermittent basis. The operational
time of the system should be configured to provide enough data for detailed analysis but not to
flood the monitoring system or data transmission network with excess information.

Finally, Figure 3 gives an indication of three sections of a WT which may require monitoring based on
reliability data such as that in Figure 1 [10]. While each of the three areas are shown as separate
entities it is possible that CM of the areas may well blur the boundaries between them in order to
provide clear alarms and, subsequently, diagnostic information.

Conventional Rotating
Machine Monitoring
Accelerometers,
Proximeters, Particles in Oil

Blade & Pitch
Monitoring

Electrical System
Monitoring

J

!

Figure 3: General layout of three areas for condition monitoring and diagnosis within the nacelle

Many of the CMSs included in this survey are a combination of CMSs and diagnostic systems due to
the high level of interaction that can exist between the two types of system.
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4. Commercially Available Condition Monitoring Systems

Table 1, found on page 10 of this survey, provides a summary of a number of widely available and
popular CMSs for WTs. The information in this table has been collected from interaction with CMS
manufacturers, WT manufacturers and product brochures over a long period of time and is up to
date as of the time of writing. However, since some information has been acquired through
discussion with sales and product representatives and not from published brochures, it should be
noted that the table may not be fully definitive and is as accurate as possible given the available
information. The systems in Table 1 are arranged alphabetically by product name.

The first observation to make from Table 1 is that the CMSs nearly all focus on the same WT
subassemblies. Moving through the WT these are:

Blades

Main bearing
Gearbox internals
Gearbox bearings

= =4 —a —a -

Generator bearings
A quick summery of Table 1 shows that there are:

14 systems primarily based on drive train vibration analysis (1 ¢ 14)
3 systems solely for oil debris monitoring (15 ¢ 17)
1 system using vibration analysis for WT blade monitoring (18).

E NE I B

2 systems based on fibre optic strain measurement in WT blades (19, 20)

It is quite clear when reading through the table that the majority of systems are based around
monitoring methods originating from other, traditional rotating machinery industries. Indeed 14 of
the 20 systems in the table are based on vibration monitoring using accelerometers typically using a
configuration similar to that in Figure 4 for the Mita-Teknik WP4086 CMS (14).

Figure 4: Typical accelerometer positions [13]
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Of these 14 CMSs, all have the capability to carry out some form of diagnostic procedure once a fault
has been detected. In most cases this is done through fast Fourier transform (FFT) analysis of high
frequency data in order to detect fault-specific frequencies. In the case of the SKF WindCon 3.0 (11),
the Areva OneProd Wind CMS (7) and several others, high data acquisition is triggered by
operational parameters. For example, the SKF WindCon 3.0 CMS can be configured to collect a
vibration spectrum on either a time basis or when a specific load and speed condition is achieved.
The aim of this is to acquire data that is directly comparable between each point and, importantly, to
allow spectra to be recorded in apparently stationary conditions. This is an important point to note
when using traditional signal processing methods such as the FFT which require stationary signals in
order to obtain a clear result. The Mita-Teknik WP4086 system (14), however, states that it includes
advanced signal processing techniques such as comb filtering, whitening and Kurtogram analysis
which in combination with re-sampling and order alignment approaches, allow the system to
overcome the effects of WT speed variations.

Three of the vibration-based CMSs also state that they are able to monitor the level of debris
particles in the WT gearbox lubrication oil system. Further to this, included in the table are three
systems which are not in themselves CMSs. These three (15 ¢ 17) are oil quality monitoring systems
or transducers rather than full CMSs but are included as discussion with industry has suggested that
debris in oil plays a significant role in the damage and failure of gearbox components. Systems using
these debris in oil transducers are using either cumulative particle counts or particle count rates.

Several of the 14 vibration-based CMSs also allow for other parameters to be recorded alongside
vibration such as load, wind speed, generator speed and temperatures although the capabilities of
some systems are unclear given the information available. There is some interest being shown as
regards the importance of operational parameters in WT CM. This arises from the fact that many
analysis techniques, for example the FFT, have been developed in constant speed, constant load
environments. This can lead to difficulties when moving to the variable speed, variable load WT
however experienced CM engineers are able to use these techniques and successfully detect faults.

Two CMSs in the table (19, 20) are based on strain measurement using fibre optic transducers. These
are aimed at detection of damage to WT blades and, in the case of the Moog Insensys system (20),
blade icing, mass unbalance or lightning strikes. Both systems may be fitted to WT blades
retrospectively. Compared to vibration monitoring techniques, these systems can be operated at low
sampling rates as they are looking to observe changes in for time domain. In addition to (19) and
(20) there is the IGUS system (18) using accelerometers to monitor blade damage, icing and lightning
strikes. This system compares the blade accelerometer FFT with stored spectra for similar operating
conditions and has the power to automatically shut down or restart a WT based on the results. The
system appears to be popular within industry.
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Table 1: Table of commercially available condition monitoring systems

Product and Company Information Product Details
uc i
pany (based on available literature and contact with industry including EWEC 2008, 2009, 2010)
Supplier or Count Main Components Data Rate or
Ref. Product Manufacturer (Known ) ry Description . P Monitoring Technology Analysis Method(s) Sampling
of Origin Monitored
Users) Frequency
. . . . FFT frequency domain
System available in 3 complexity levels. Level 3includes . . X .
. i Main shaft, gearbox, Vibration analysis
1 Ascent Commtest New Zealand| frequency band alarms, machine template creation, . -
L K generator (Accelerometer) Envelope analysis
statistical alarming. . R .
Time domain analysis
Vibration and process data automatically monitored at
i R P v K . Main bearing, gearbox, Vibration Variable up to
fixed intervals and remotely sent to the diagnostic
X generator, nacelle. 40kHz.
. . server. User-requested time waveforms for frequency . X
. i i Briel & Kjaer i X - i Time domain
2 Briel & Kjaer Vibro Denmark and time series analysis Time waveform automatically .
(Vestas) § i Nacelle temperature. Temperature sensor FFT frequency analysis
stored before and after user-defined event allowing
advanced vibration post-analysis to identify developin
P v v ping Noise in the nacelle Accoustic 25.6kHz.
faults.
Start-up period acquires vibration 'fingerprint'
components. Actual values automatically compared by
frequency, envelope and order analysis, with the Main bearing, gearbox, Vibration Time domain based on
3 CMS Nordex Germany X e s -
reference values stored in the system. Some Nordex generator (Accelerometer) initial 'fingerprint
turbines also use the Moog Insensys fibre optic
measurement system.
This is built upon the Bently Nevada ADAPT.wind
technology and System 1. Basis on System 1 gives
. Lo &Y . v . . y' & Main bearing, gearbox, .
Condition Based monitoring and diagnostics of drive train parameters . X FFT frequency domain
. GE X X K generator, nacelle Vibration 8
4 Maintenance System USA such as vibration and temperature. Correlate machine 2 X X analysis -
(Bently Nevada) X R . R R A Optional bearing and oil (Accelerometer) . .
(CBM) information with operational information such as Acceleration enveloping
. . . temperature
machine speed, electrical load, and wind speed. Alarms
are sent via the SCADA network.
Up to 6inputs per module. The system analyses
vibration levels, load and oil to give diagnostics, . . ) h
- . X R g g- . . Vibration (Accelerometer) Time domain
Condition Diagnostics . forecasts and recommendations for corrective action. Main shaft, gearbox, . 96kHz per
5 Winergy Germany . . e . . FFT frequency domain
System Automatic fault identification is provided. Pitch, generator . . X . channel
K L Qil debris particle counter analysis
controller, yaw and inverter monitoring can also be
included.
Compact system measuring temperature, vibration, Vibration
6 Condition Moventas Finland load, pressure, speed, oil aging and oil particle count. 16 | Gearbox, generator, rotor, Qil quality/particles Time domain
Management Syetam analolgue channels can be extended with adapter. Data turbine controller Torque (Possible FFT)
acessed remotely via TCP/IP. Mobile interface available. Temperature
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Main bearing, gearbox,
Instrumentation includes operating condition channels generator. Vibration
7 OneProd Wind Areva _ France to trigger data acq_uisitio_ns, mejasureme_n_t channels for _ _ _ _ _ Time domain _ .
(01dB-Metravib) surveillance and diagnosis, optional additional channels | Oil debris, structure, shaft | Oil debris particle counter, FFT frequency analysis
for extended monitoring. displacement, electrical electrical transducers.
signals
Continuous on-line vibration measurement of main
. . shaft, gearbox and generator. Comparison of spectra Main shaft, gearbox, . X .
8 SMP-8C Gamesa Eolica Spain K o Vibration FFT frequency domain -
trends. Warnings and alarm transmission connected to generator
Wind Farm Management System.
Monitoring and diagnostics of drive train parameters Main bearing, gearbox,
9 ystem 1 Bently Nevada USA such as vibration and temperature. Correlate machine generator, nacelle Vibration FFT frequency domain
v (GE) information with operational information such as Optional bearing and oil (Accelerometer) Acceleration enveloping
machine speed, electrical load, and wind speed. temperature
Advanced signal analysis on signals such as vibration, . X
. Gram & Juhl A/S g. v 'g . R Blade, main bearing, shaft, . i
TCM (Turbine . X sound, strain and process signals combined with Vibration .
10 . o (Siemens Wind Power | Denmark . N . gearbox, generator, nacelle, FFT frequency domain -
Condition Monitoring) A/S) automation rules and algorithms for generating tower (Accelerometer)
Wi
references and alarms.
Analogue: DC to
A . . . 40kHz
Lubrication, blade and gearbox oil systems can be Vibration . R
: . . . FFT frequency domain (Variable,
SKE remotely monitored through SKF ProCon sofetware. Blade, main bearing, shaft, | (Accelerometer, proximity analysis channel
I
11 WindCon 3.0 Sweden WindCon 3.0 collects, analyses, and compiles operating | gearbox, generator, tower, probe) Y X
(REpower) ) ) ) Envelope analysis dependent)
data that can be configured to suit management, generator electrical X i .
N X . . . Time domain analysis
operators or maintenance engineers. Oil debris particle counter .
Digital: 0.1 Hz -
20kHz
Vibration measurements are taken when load and speed Main bearing. gearbo Vibration FET frequency domain
i ing, X, i i u i
12 WinTControl Flender Service GmbH | Germany triggers are realised. Time and frequency domain E 8 X q ,W X 32.5kHz
i X generator. (Accelerometer) Time domain analysis
analysis are possible.
Measurement of vibration and other parameters given Main bearing, shaft,
appropriate sensors. Time and frequency domain earbox, generator,
. FAG Industrial PP ‘p R R .q R v & & Vibration FFT frequency domain Variable up to
13 WiPro R Germany analysis carried out during alarm situations. Allows temperature. X . X
Services GmbH X (Accelerometer) Time domain analysis 50kHz
speed-dependent frequency band tracking and speed-
variable alarm level. (Adaptable inputs)
Up to 8 accelerometers for real-time frequency and time
P . . . 9 v FFT amplitude spectra
domain analysis. Alarms set for both time and frequency
. : . . . . . FFT envelope spectra i
. . domains based on predefined thresholds. Operational Main bearing, gearbox, Vibration . X X Variable up to
14 WP4086 Mita-Teknik Denmark X . R Time domain magnitude
parameters recorded alongside with vibration generator (Accelerometer) - o 10kHz
. X . h Comb filtering, whitening,
signals/spectra and complete integration with SCADA R
Kurtogram analysis
systems.
HYDAC Filtertechnik Permanent monitoring system to monitor particles Lubrication oil & coolin
15 HYDACLab Germany . i i . B 5y i p K . J Oil debris particle counter N/A -
GmbH (including air bubbles) in hydraulic and lube oil systems. fluid quality
Pall Industrial USA Fluid cleanliness monitor reports test data in real-time
16 PCM200 Manufacturing so ongoing assessments can be made. Can be Lubrication oil cleanliness Qil cleanliness sensor N/A -
(Pall Europe Ltd) (UK) permanently installed or portable.
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17

TechAlert 10
TechAlert 20

MACOM

UK

TechAlert 10is an inductive sensor to count and size

ferrous and non-ferrous debris in circulating oil systems.

TechAlert 20is a magnetic sensor to count ferrous
particles.

Lubrication oil quality

Inductive or magnetic oil
debris particle counter

N/A

18

BLADEcontrol

IGUS ITS GmbH

Germany

Accelerometers are bonded directly to the blades and a
hub measurement unit transfers data wirelessly to the
nacelle. Blades are assesed by comparing spectra with

those stored for common conditions. Measurement and
analysis data are stored centrally and blade condition

displayed using a web browser.

Blades

Accelerometer

FFT frequency domain F omll

19

FS2500

FiberSensing

Portugal

BraggSCOPE measurement unit designed for industrial
environments to interrogate up to 4 Fiber Bragg Grating
sensors. Acceleration, tilt, displacement, strain,
temperature and pressure measurable.

Blades

Fibre optic

Unknown

Up to 2kHz

20

RMS (Rotor
Monitoring System)

Moog Insensys Ltd.

UK

Load measuring system for installation in the turbine
hub. Can be designed-in during turbine manufacture or
retrofitted. Monitors blade icing, imbalance, damage
and lightning strikes.

Blades

Fibre optic strain

Time domain strain analysis

<0.002 Hz
(10 minute)

This document is the copyright property of the Supergen Wind Energy Technologies Consortium and Durham University School of Engineering and Computing Sciences. No part of this document may be
copied or reproduced without the permission of the author. This document is subject to constant review.

Page 12 of 14




0 N\ Survey of Commercially Available 2" November 2010
\ Condition Monitoring Systems for Wind Revision: 05
- SUPERGEN | Turbines Prep: CJ Crabtree

WIND

5. The Future of Wind Turbine Condition Monitoring

As can be seen from this survey of current CMSs there is a clear trend towards vibration monitoring
of WTs. This is presumably a result of the wealth of knowledge gained from many years work in
other fields. It is likely that this trend will continue however it would be reasonable to assume that
other CM and diagnostic techniques will be incorporated into existing systems.

Currently these additions are those such as oil debris monitoring and fibre optic strain
measurement. However, it is likely that major innovation will occur in terms of developing signal
processing techniques. In particular, the industry is already noting the importance of operational
parameters such as load and speed and so techniques may begin to adapt further to the WT
environment leading to more reliable CMSs, diagnostics and alarm signals.

Automation of CM and diagnostic systems may also be an important development as WT operators
acquire a larger number of turbines and manual inspection of data becomes impractical. Further to
this, it is therefore essential that methods for reliable, automatic diagnosis are developed with
consideration of multiple signals in order to improve detection and increase operator confidence in
alarm signals.

However, it should be noted that a major hindrance to the development of CMSs and diagnostic
techniques could be data confidentially meaning that few operators are able to divulge or obtain
information concerning their own WTs. This is an issue which should be addressed if the art of CM is
to progress quickly. Confidentiality has also led to a lack of publicly available cost justification of WT
CM, which seems likely to provide overwhelming support for WT CM, particularly in the offshore
environment where availability is at a premium.

6. Conclusions
From this survey we can conclude that:

I Current WT reliability is reasonable however in the offshore environment the failure rate will
be unacceptable;

I Cost effective and reliable CM is required to enable planned maintenance, reduce unplanned
WT downtime and improve capacity factors;

T Successful CMSs must be able to adapt to the non-stationary, variable speed nature of WTs;

I There is a wide variety of commercially available CMSs currently in use on operational WTs;

Monitoring technology is currently based on techniques from other, conventional rotating
machine industries;

I Vibration monitoring is currently favoured in commercially available systems using standard
time and frequency domain techniques for analysis;

This document is the copyright property of the Supergen Wind Energy Technologies Consortium and Durham University School of

Engineering and Computing Sciences. No part of this document may be copied or reproduced without the permission of the author. This
document is subject to constant review.

Page 13 of 14



0 " Survey of Commercially Available 2" November 2010
\ Condition Monitoring Systems for Wind Revision: 05
- SUPERGEN | Turbines Prep: CJ Crabtree

WIND

I These traditional techniques can be applied to detect WT faults but require experienced CM

engineers for successful data analysis and diagnosis;

I Some commercially available CMSs are beginning to adapt to the WT environment, and;

 Adiverse range of new or developing technologies are moving into the WT CM market.

Finally, it should be noted that there is not currently a consensus in the WT industry as to the correct
route forward for CM of WTs. Work in this document and its references suggest that CM of WTs will
be important for large onshore WTs, essential for all offshore development and should be

considered carefully by the industry as a whole.
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