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Abstract

This paper presents a cointegratltased method farondition monitoring of wind turbines. Analysis of
cointegration residuals obtained from cointegration process of wind turbine dais used for operational
condition monitoring and fault detection. The method has been employedioe@ondition moitoring of
a wind turbine drivetrain with a nominal power of 2 MW under varying environmental and operational
conditions using only the temperature data of gearbox bearing and generator winding, which were collected
by the Supervisory Control And Data Adgsjtion (SCADA) system. The results show that the proposed
method can effectively monitor the wind turbine and reliably débecgearbox fault

Keywords:wind turbine,varying environmental and operational conditia@mdition monitoring, fault detecin,
cointegration, SCADA
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1. INTRODUCTION

It is well known that unexpectedaifures of
wind turbine components sgch as gearboxes,
generates, rotory can lead to costly repair and
often months of machine unavailability, thereby
increasing operatiorand maintenancecosts and
consequentlythe total cost of energy. Therefore
condition monitoring (CM) and fault diagnosis of
wind turbines (WTs)in particular at the early stage
of fault occurrence, is an important problem in
wind turbine engineering [1].

Many CM techniquedave beerdeveloped to
detect anddiagnose abnormalities of WTs, as
reviewed in [2,3] such asvibration analysis, oil
monitaring, acoustic emission, ultrasonic testing,
strain measurement, radiographic inspection, and
thermography. Another solutioh based on the
analysis of Supervisory Control And Data
Acquisition (SCADA) datd has been employed in
[1,4-7]. This technique iscostefficient, readily
available, and is beneficial for identifying abnormal
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components because only key process parameters

need to be tracked [1,6]. Monitoring détatrends

and remoing undesired trends frorwind turbine
data are important when SCADA pproaches are
used. Various methods have been developed for
data trend analysis. Recent years have attracted
many applications based on the cointegration
technique, which was originally developed in the
field of Econometrics [8,9].

The cointegration methddas been successfully
employed as a reliable tool for dealing with the
problem of environmental and/or operational
variability in Process Engineering [10] and
Structural Health Monitoring (SHM) [£17]. The
previous work in [1617] has showed that when
variables (or data from amonitored process or
structur@ are cointegrated, the stationary linear
combinatiors of these variables obtained from the
cointegration analysis are purged of all common
trends in the original data, leaving residuals
equivalentto the longrun dynamic equilibriums of
the process. The common trends removed by the

monitorowani a
turdmi mypnnywihat wawejn k -pw z e
sygnawoenida emper atury

s
s k

me tmomrtdrowana istanu &udynwéatrgwej Arelizag nag - w  d o

U O ANALI
ORAZ GENERATORA

st

y S
ut

t
e

St o d onenitasokvanie stani, wykrkweamiel o at acy |

Z

i

€
(


http://dx.doi.org/10.29354/diag/81298
mailto:phongdao@agh.edu.pl

64

DIAGNOSTYKA, Vol. 19, No.1(2018)

Dao PB:Condition monitoring of wind turbines based on cointegration analysis of temperature data

cointegration process in this case are supposed to be
the environmental and/or operational conditions
that drive the response of the monitored process or
structure [1114]. Becausethe choice of lag length
in cointegration analysis has a strong influence on
damage detection results where any wrong selection
of lag length can leadotfalse damage detection
alarms a new approach for the optimal selection of
lag length in cimtegration analysis used for damage
detection has been proposed in [18]. More recently,
the research on applicatisnof cointegration for
SHM has been moving towards nonlinear
extensions, as presented in{49].

This paper builds upon previoussearch wrk
on the cointegrationtechnique for data trend
analysis, process monitoring and structural damage
detection. The main goal is to investigate the
feasibility of applying the cointegratidmased
approach for condition amitoring and fault
detection inwind turbine systemsusing only the
temperature data of gearbox bearing and generator
winding, which were collected by the SCADA
system. The proposed method is based on the
residuaibased control chart approach.

2. CONDITION MONITORING OF WIND
TURBINES USING SCADA DATA

SCADA-based approach has great advantages
for developing CM systems for WTs. Firstly,
SCADA systems have been installed in the majority
of utility-scale WTs for system control arthta
acquisitionso that the data needed for analysis is
readily available and no more hardware investment
is required when developing a SCABxased CM
system [6,7]. This solution is thus cheap in cost.
Secondly, the technique is beneficial for identifying
fault components by tracking only key process
parameters [1,6] Because of these advantages,
developing CM tools for WTs using SCADA data
has become a fast growing research field and
SCADA data have beenidely usel by researchers
as the basis for CM systems. As a results, previous
work on the use of SCADA data forowdition
monitoring and fault diagnosis of WTs has
established considerable achievements, as reported
in [1,4-7].

The main objective of the work presented in this
paper is to develop a reliable SCADA data analysis
methodi based on cointegration techniquethat
can automatically interpret and analyse a large
amount of lowsampling rate SCADA data, and
additionally, is able to deal with undesired effects
of environmental and operational variability in data
used for condition monitoring and fault detectidn o
wind turbines.

3. COINTEGRATION ANA LYSIS

In mathematics the concept of stationarity can
be introduced using time series analysis. A given

time seriesy; can be presented in the form of the
first-order AuteRegressive AR(1) process [22],
which is defined as

Vi =Yt e @)
where €, is an independent Gaussian white noise
process with zero mean, i.eg ~ IVWN(O,s ?).

Then three different time series can
distinguished for dferent values of coefficienf

be

[22]. These are: (1) stationary timerigs (f| <1);
(2) nongationary time series f{>1); and (3)
random walk ¢ =1).

Any time seriesy, that exhibits the form of

random walk without a trend is considered as an
integrated series of order 1, denote@d) [23]. For

such a eries Eq. (1) yields
DV =Vi- Y1=6& (@)
Eqg. (2) shows that, thersit difference ofy,,
i.e. Yi- Y1, is just a sitionary white noise
processé, . In other words, a nonstationary(1)
procesdecomes a stationamy(0) processafter the
first difference. By analogy, a nonstationary2)

processwould require differencing twice to induce
a sttionary | (0) process

Next, the concept of cointegration can be
introduced using a vectod; of |(1) time series

defined asU, = (Y, Yorr--¥nt) | - This vector is
linearly contegrated if there exists a vector

b=(by,b,,....n,)" such that

bTU, = by + by +@ by ~1(0)  (3)
In other words, the nonstationarly(l) time

series inU; are linearly coirggrated if there exists

(at least) a linear conmmtion of them that is
stationary, i.e. having thé(0) status. This linear

combination, denoted a&" U, , is referred to as a
cointegration residual or a lofrgn equilibrium
relationship between timeerses [23]. The ector

b is called a cointegrating vector. The action of

creating the cointegration residual, (= b' U)is
considered as thestéon of projecting the vectob);
on the cointegrating vectab .

In essence, testing for cointegration is testing
for the existence of longun equlibriums (or
stationary linear combinations) among all elements
of U, . Such tests have two important requirements
[23]. Firstly, any aslysed tme series must exhibit
at least a common trend. Secondly, the analysed
time series must have the same degree of

nonstationarity.
The cointegration test consists of two steps:
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1. The first step is to determine the existence of by environmental conditionsnémely,wind speed,
cointegration relationships aritie number of ambient temperature variations between day and
linearly independent cointegrating vectors night, ard air humidity). As a result, 4320 data
among multvariate nonstationary time series samples were acquired for each process parameter
and to form the cointegration resals. under the effect of both environmental and

2. The second step is to perform unit root tests on  operational variability. Examples of the SCADA
the cointegration residuals found to determine if  data are illustrated in Fig. 1, in which the wind
they are statinary series (i.e. testing for speed, the generator speadd the generated power
stationaity). are shown.It should be noted that this study
For the first step, t h eassumedtlan undentlie norncabopearatingdgmwna t i o n

test [9] has been widely used. It is a sequential the investigated wind turbine operated at wind

procedure based orthe maximum likelihood speeds varyingaround 511 meters per second
technique which basically is a combination of (mps) or 1125 miles per hour (mph).

cointegration and errocorrection models in a To investigate whether the cointegratibased
Vector Error Correction (VEC) model. For the approachi presented in Section b can reliably
second step, the augmented Diclkailler (ADF) detect a faulty situation of the turbine, a known

test [24] is the most popular unit root test. The ADF  gearbox fault (occurred at the data sample 1230 and
test checks the null hypothesis that a time series is  persisted in 20 minutes until the data sample 1232)

nonstationary against the altetive hypothesis that has ben useds a case study. This fault is identified
it is stationary, assuming that dynamics in the data from the event logs for the wind turbine and the
haveAuto-Regressive Moving Averagsructure. corresponding data are shown in Figs. 2 and 3, with
the fault happening at the moment indicated by the
4. WIND TURBINE DATA circle marked at the data sample 1230, leading to

the turbinebeing shut down immediately at the data
The wind turbine data used in this paper sample 1232. More especially, this fault happened
originate from a series of experimental when the generator speed and generated power as
measurementsn a WT drivetrén with thenominal well as the generator voltage and generator current
power of 2 MW. SCADA data were acquired at 10 were suddenly dropped down to the zero value,
minute intervals during thirty days in November whereas at the samime, the wind speed was

2012. A number of process parametersuch as relatively stable around {®] mps (i.e. it was
wind speed, rotor speed, generator speed, generated varying within the specified normal operating
power, generator voltagand generator curnd, condition). It was assumed that this fault might be

gearboxbearingand generator temperature) were caused by a bearing failure in the gearbox. It is thus
monitored and recorded under varying operating important to accurately detethis fault at the early
conditions. The collected data were also influenced stage of its occurrence.
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Fig. 2.Wind turbinedata displaying theccurrence of thgearbox fault.
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Fig. 3. Zoomed data from Fig. 2 displayimgdetail the occurrence of the gearboulfa

It has been discussebat the temperature data
of the gearbw bearing and generator winding may
provide an early indication of generator, bearing,
and gearbox faultg2-4]. Thusonly the temperature
data of gearbox bearing and generator windinghav
been used in the current work for condition
monitoring and fault detection of the wind turbine.
It is expected that this analysis can effectively
monitor the wind turbine and reliably detect
abnormal problems. Since the temperatures of the
gearbox bearip and generator winding depend not
only on the wind speed, but also on the power

demand from the grid therefore this study considers
the temperatures of both gearbox bearing and
generator winding as the functions wind speed
and generated power.

Figs. 4a and 4b illustrate the relations between
the gearboxbearing temperature and wind speed
and generated power, respectivéyne can notice a
common nonlinear trend from these characteristics,
that is,thetemperature ofearbox bearing increases
nonlinearly with the increase of wind speed and
generated power.
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The relations between the generator winding
temperature and wind speed and generated power
are shown in Figsic and4d, respectivelyAnother
common nonlinear tren@in the form of a dead
zonesaturatbn nonlinearity)can be observed from

these characteristics i.e. the generator winding
temperature increases nonlinearly with the increase
of wind speed and generated powwwever there
exists a deadoneregionin the middle.

Fig. 4. Gearbox bearingemperature v.s (a) wind speed and (b) generated power; Generator winding
temperature v.s (c) wind speed and (d) generated power

5. CONDITION MONITOR ING OF WIND
TURBINES BASED ON COINTEGRATION
ANALYSIS OF TEMPERAT URE DATA

The cointegratiofbaseddataanalysisprocedure
for condition monitoring of wind turbines using
SCADA data employed in this paper involves two
steps [17]:

1. Off-line  step calculate (or estimate)
cointegrating vectors using SCADA data that
are acquired from the monitored wind turbine
under normal operating conditions or modes
(usually at the beginni
when its components are considered "healthy").

. Ontline step calculate cointegration residuals
used for continuous (elme) condition
monitoring using the cointegratin vectors
found and SCADA data acquired from the
monitored wind turbine under regular operating
stage (during electricity production phase).

It is important tonote that the main idea of the
cointegratiorbased condition monitoring and fault
detection metbd utilised in this paper is basically
similar to the weHlknown residuabased control
chart approach, which is one of the primary
techniques of statistical process control. An
advantage of control charts is that they can be
automated for oiine condition monitoring and

SHM applications 25]. More specifically in the
context of the proposed method, cointegration is a
property of some sets of nonstationary time series
where a linear combination of thenonstationary
series can produce a stationary redidithen the
stationarity(or nonstationaritypf the cointegration
residual can be used in a control chart as a
potentially effective damage feature or indicator.

It should be noted here thattlme previous work
presented in [173ix process parameters thie wind
turbinewereanalysed using the cointegratibased
procedureThese are: wind speed, generator speed,
gengrated fpower, lyeneratdl ténperdture f(frertt part) e
generator current, and gearbox temperatiids
meanghat, in the previous work [17Fpur different
kinds of physical signals (i.e. speed, power,
temperature and current) of the wind turbine were
simultaneusly analysed byhe cointegratiofbased
procedureln the current studynowever,only three
temperature parameters measured in thebgear
and at the generator (one in the front and another in
the back of the generator) have been analysed.
These temperature parameters girewnin Fig. 5.
Although onlythreetemperature data sedse used,
it is expected thatthe proposed methodcan
effedively monitor the wind turbine and reliably
detect abnormal problemBhe results are presented
and discussed in Section 6.



