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Abstract

In this work, the feasibility of using low-sampled vibration signals for bolt joint tightness
detection was investigated. Testing was carried out on multiple bolt joint configurations
using a bench top electrodynamic shaker rig. Two data-processing methods were success-
fully used to deduce bolt joint loosening from the accelerometer measurements, namely the
resonant frequency and regression methods (ARX and AR-ARX). Both methods were able
to detect loosening of bolt joints, however, the latter possesses higher sensitivity in detect-
ing the position of the loosened bolt among an array of bolts. As the resonant frequency
of wind turbines is low (0.35-2 Hz), the minimum sampling rate for bolt joint tightness
detection is consequently also low (twice the resonant frequency). This facilitates potential
use of existing accelerometer instrumentation on wind turbines, typically sampled at low

rates.
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1 | INTRODUCTION

Bolted joints are widely used in structures and machinery,
including wind turbines, due to their non-permanent capabil-
ity. They, however, possess an inherent flaw as they are prone to
self-loosening. Loosening can be defined as a subsequent loss
of preload following the completion of its tightening procedure
[1]. The mechanism for bolt loosening is divided into two: rota-
tional or non-rotational loosening [2]. Rotational loosening or
self-loosening occurs when the bolt rotates under the action
of external loading whilst non-rotational loosening occurs dur-
ing a loss of bolt preload despite no relative motion between
the internal and external threads of the bolt joint. The latter
can occur as a result of deformation or partial plastic collapse
of the bolted interfaces during tightening, creep and thermal
expansion or contraction.

For self-loosening of bolts, the most widely cited theory is
that of Junker [3]. He proposed that dynamic shear loading
results in far more severe loosening of bolt joints compared to
axial loading and relative motion will occur when shear forces
acting on the joint are larger than the frictional resistive force

generated by the bolt preload. Pai and Hess [4, 5] advanced
the understanding of bolt joint loosening under transverse
motion. They stipulated that loosening could occur as a result
of accumulation of localised slip over cyclic shear loading,
even at magnitudes lower than the frictional resistive force
and complete thread slip occurs before complete slip at bolt
head contact. Contributions to slip were largely attributed to
elastic deformation of the contacting surfaces, resulting from
bending of the bolt heads due to transverse loading, vatiation
in shear loading, and axial loading due to Poisson’s ratio. Koch
[6] divided the self-loosening process into four phases where
the first phase is characterised by no slipping at both head and
thread interfaces, the second phase occurs when the transverse
force exceeds the frictional resisting force between the nut
and clamped part contacts, resulting in complete slip at these
interfaces and localised slip at bolt head contact. Phase three
occurs when the bolt head contact transitions from partial
to complete slip and for phase four, due to the continued
sliding of bolt head, the bolt shank will sustain additional
shear force as a result of lateral contact with the clamped
part.
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Shaft misalignment in machinery is undesirable as it will
result in premature breakdowns, especially at the weakest link
(bearings and couplings). Loose bolted joints are thought to
contribute to shaft misalignhment [7, 8]. In wind turbine driv-
etrains, the complete loosening of even 1% of drivetrain bolt
joints was thought to be sufficient to induce shaft misalign-
ment whilst also posing a health hazard. Such misalignments
increase bearing loading and stresses which potentially result
in off-design operation and subsequently premature bearing
failures.

Various practices exist that aim to prevent self-loosening
of bolted joints [9—11]. These include increasing the friction
between the clamped surfaces, reducing clearance between mat-
ing components, high ratio of bolt length to bolt head diameter
for misalighment compensation, high bolt joint preload and
avoiding shear loading through joint reorientation.

As relative motion is necessary to induce loosening, prod-
ucts for preventing bolt loosening are typically designed to
minimise or eliminate relative motion between the bolt joint
and mating surfaces [12]. Most, however, were only able to
reduce the severity of bolt loosening through preventing full
detachment of nut from bolt joint. These include preload-
independent locking methods (hard-lock nuts, PAL nut), free
spinning preload dependant locking methods (wedge-lock and
serrated face washers), prevailing torque locking methods (ellip-
tically deformed threads, nylon inserts) and adhesive locking
methods (Loctite).

In relation to monitoring of bolt joint looseness, several
methods are common outside the wind industry, particularly
in locomotive, subsea pipelines, and pressure vessels. These
include direct measurement of bolt torque and preload [13],
electrical impedance [14, 15], vibration [16-18], ultrasonic
methods [19-22] as well as imaging methods [23-27]. Direct
measurement of bolt torque and preload is simple and straight-
forward; however, it is not suitable for online monitoring due to
low accuracy and human error [28]. Impedance-based methods
and active piezo sensing provide better accuracy but are rela-
tively expensive due to the large setup costs (each bolt joint
required to be instrumented) as well as high sampling rates
required for active piezo sensing, Imaging methods [23-27]
utilise some form of image acquisition device (smart phone
or charge-coupled device (CCD) camera) and post-processing
(Hough transform, Canny edge detection or DIC) for detec-
tion of loosening angle to within an accuracy of +2.6° [23]
in wind turbine applications. However, the methods are lim-
ited in theit measutement range from 0° to 60° [26] and it
remains to be proven whether similar accuracy can be achieved
in field with varying bolt dimensions and images are subjected
to poor lighting, debris, presence of oil as well as vibration. On
the other hand, vibration methods allow for larger coverage of
bolt joint looseness detection using a single sensor. These meth-
ods [16—18] exploit the variation in resonant frequency of the
structure or component as the stiffness of the structure reduces
with increasing loosening of bolts. Comprehensive overviews of
the existing bolt looseness detection methods can be found in
[28-30].

Low-sampled vibration signals wete previously used through
a hybrid vibration and impedance-based method in a previ-
ous study [31]. The focus of this study is to investigate the
feasibility of using low-sampled vibration signals (20—2000
Hz) to detect bolt loosening through three methods, namely
the resonant frequency, ARX and AR-ARX linear regression
methods. The latter two are of completely different approaches
compared to the hybrid method [31]. One potential appli-
cation would be in wind turbines where active monitoring
of bolt joint looseness is uncommon and existing practices
(manual inspection, maintenance) are time-consuming, costly,
and demanding due to the large number of bolted joints
and accessibility issues especially for remote offshore wind
turbines.

2 | METHODOLOGY

2.1 | Electrodynamic shaker rig

Figure 1 shows a photo and schematic of the test setup for the
electrodynamic shaker testing. The assembly shown in the figure
consisted of stanchions and plates with 10 M6 bolts at the cen-
tre. Axial vibration was applied by the electrodynamic shaker
onto the test assembly to simulate vibrations sustained by bolts
during operational condition. Three accelerometers were used,
one attached onto the shaker test bed, whilst the other two
were positioned on the test plate. The shaker bed accelerom-
eter provided input measurement whilst output measurements
were obtained from the test plate. The additional accelerometer
on the test plate was for control of the electrodynamic shaker
excitation.

Initially, to measure the frequency response of the assembly,
simple static tap tests were performed. This also facilitated the
selection of appropriate excitation frequency for the dynamic
shaker tests. The procedure for the static tap test is outlined
below:

1. The test assembly was assembled onto the shaker bed along-
side a single accelerometer positioned on the test plate for
measurement.

2. The test plate was struck 10 times with a metal rod at various
loosening conditions (sequentially loosening bolts, varying
bolt torque, different loose bolt patterns).

3. The first loosening condition involved sequentially loosening
a single bolt starting from the outer left bolt to the outer right
bolt.

4. The second loosening condition involved initially loosening
the inner left and right bolts, followed by the outer bolts,
and finally varying the torque on the centre bolt until fully
loosened.

5. For the third loosening condition, the centre bolt was fully
loosened, followed by the inner left bolt and subsequently
both centre and inner left bolts.

6. Accelerometer measurements in time domain were captured
as the test plate was struck at each stage of loosening and
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FIGURE 2  Sensor arrangement schematic and photo

converted into the spectral domain. Measurements were
sampled at 10.24 kHz.

7. Measurements were subsequently analysed in the spectral
domain through Fast Fourier Transform (FFT).

The procedure for dynamic shaker tests does not differ from
previously outlined for static tap tests except in this case, mea-
surements were taken when the shaker table was vibrated under
sweep excitation between 200 and 1200 Hz, and at different
sampling rates and is outlined below:

1. Test assembly was assembled onto the shaker bed alongside
three accelerometers with one positioned at the shaker bed
and the other two on the test plate.

2. A sweep excitation between 200 and 1200 Hz was applied to
the structure with constant power of 0.01 G/ Hzat firstand
second loosening condition.

3. Accelerometer measurements in time domain were acquired
at minimum and maximum hardware sampling rates (2.04
and 51.2 kHz) for each stage of loosening, for sensors
positioned at shaker base (input) and test specimen (output).

2.2 | Sensor arrangement and acquisition

Figure 2 shows a schematic and photo of the data acquisition
hardware and sensor used to capture vibration measurements.

(a) Photo and (b) schematic of electrodynamic shaker testing setup

N
Three spaced bolts

The accelerometer used was a PCB 356B21 triaxial accelerome-
ter with a frequency range up to 7 kHz for the x-axis and 10 kHz
for the y and z-axis.

The sensor was connected to an NI-9234 acquisition card and
the data processing was carried out using LabVIEW. The NI
acquisition card has a minimum and maximum sampling rate of
2.04 and 51.2 kHz. Measurements were taken at minimum and
maximum sampling rate to test the influence of sampling rate
on the accuracy of bolt loosening detection algorithms.

2.3 | Methods for bolt looseness detection

In this study, two processing methods were used to infer
bolt loosening, namely the resonance frequency and regression
method [14]. These are detailed below:

2.3.1 | Resonance frequency method

All structures exhibit a frequency at which when excited will
vibrate at a higher amplitude. This occurs at the resonant fre-
quency of the structure. The resonant frequency, f,. is affected
by the mass, 7 and stiffness, £ of the structure as mathemat-
ically described in Equation (1). As the number of loosened
bolts increase or the tightness of the bolt joints decrease, the
structure will experience a reduction in stiffness. This will
result in a reduction in the resonance frequency of the struc-
ture. As such, through measuring the resonance frequency of
a structure, bolt joint tightness can be determined. The full
data processing routine for the resonance method is detailed in
Section 3.1.

1 £k
f;es = % —- (l)

VA

2.3.2 | Regression method

The regression method used for bolt detection was adapted
from [14]. These are time-series techniques and are an alter-
native to the resonant frequency approach. Both regression
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methods employ the standard deviation ratio of the residual
errors as damage sensitive parameters to monitor bolt joint
looseness. Such methods have been previously used for struc-
tural health monitoring in both real-life [32] and experimental
applications [33]. For this study, both ARX and AR-ARX mod-
els were used to derive a damage characteristic parameter,
Dy, which was subsequently used to provide an indication of
bolt/structure loosening;

AR model

An autoregressive (AR) model predicts or forecasts the vari-
able of interest, y(#) through a linear combination of past
values of the variable, y( — #). In this study, the vatiable of
interest is the vibration response of the system. The term
‘auto’ within the name refers to regression of the variable
against itself and the mathematical form is shown in Equa-
tion (2) where 4, are the regression parameters and # is the
model order. e(#) is the residual of the model which has
zero mean, variance and is uncortrelated in the time domain
(white noise). Figure 3 illustrates the notation employed for the
model constructed using dummy datapoints. A one-order AR
model would only be built using a single past value, y(z — 1)
with regression parameter @j, a two-order model with two,
(@ —1) and y(z — 2) and regression parameters a; and a, and
sO on.

vy Fapt—D+Fay t—n= Q). 2

Equation (2) can be rewritten as

Ag)y@® = e@), 3)

A (q) =1+aq '+ +aq” “

Acceleration (m/s”2)

y(t-1)

Time (s)

Notation employed in the (a) autoregressive (AR) and (b) autoregressive with extra input (ARX) model plotted using dummy datapoints

where 4! is the delay operator such that
n(t =10)=qg"u@. )

Subsequently, .4(g) can be estimated through least square
identification as detailed in [34, 35].

ARX model

An autoregressive with extra input (ARX) model forecasts
future values with a combination of both past input and output
measurements and is described in Equation (6), where #(¢ — nk)
and y(# — na) are the input and output measurements, #; and
b; their regression parameters, ¢(?) the residual error, 7a and 7b
are the model orders and #£ is the time delay between the out-
put, y(#) and input, #(#). In this study, the input measurements,
u(t) refer to vibration signals obtained from the electrodynamic
shaker bed while the output measurements, y(#) are vibration
responses captured from the test plate.

vy rapt =D+ Fay ¢ —na)=b ult —nk)+ -

+ byt —nb—nk+1)+e(). ©)
The polynomial representation of Equation (6) is given by
A(q)y @) = B(q)ut—nk)+e(®), )

where A(g) and B(g) are given below and again estimated
through least square method [34, 35].

A(g)=1+aqg " ++a,q5", ®)

B (q)=bi +bag "+ byg "t ©)



NICHOLAS ET AL.

Accelerometer Fast Fourier Resonant
——s]
measurements Transform Frequency
9
°
H 2
L~ =
8¢ E
£ :
g H
< Q
-3 —
Time (s) Frequency (Hz)
FIGURE 4  Processing routine to obtain system resonant frequency

For the ARX modelling method, input and output measure-
ments from an unloosened structure were used to build the
model and their reference residual established. The model built
was subsequently used to predict or model output responses,
using input measurements captured at various loosened state of
the structure. The residuals, e(#) were obtained by computing
the difference between the measured output with the modelled
output. As the model is unable to construct the residual com-
ponent, ¢(7) if the measurement residual, ¢, (#) is higher than the
reference residual, ¢, () the system is likely to experience some
degree of loosening [14]. The damage characteristic parame-
tet, D is thus defined based on the reference residual, ¢, (#)
and measurement residual, e, (#) as shown in Equation (10),
where o refers to the standard deviation (stdev) of the parame-
ter [14]. The full processing routine for ARX regtression method
is detailed in §3.2.

_ stdev ()
Dy = e (10

AR-ARX method

As input accelerometer measurements are not typically avail-
able in field measurements, an alternative is necessary. This
is known as the AR-ARX method. For this method, output
vibration measurements of the test structure from unloosened
states were initially used to generate AR models using Equa-
tion (7). The AR models were subsequently used to generate
predictions based on the output measurements. Those predicted
measurements were used as input for the ARX model and
the residual from the ARX model were used to calculate the
damage characteristic parameter, using Equation (10). The full
processing routine for AR-ARX regression methods is detailed

in §3.3.

3 | DATA-PROCESSING ROUTINE

3.1 | Resonance method

The processing routine implemented to determine resonant fre-
quencies is straightforward (Figure 4). Measurements acquired
in time domain were initially converted into frequency domain
through FFT. The peak frequency that corresponds to the reso-
nant frequency of the system is subsequently identified for each
stage of loosening,

Input & output signal

(st

Accelerometer
measurements ‘

Reference ARX

Measurement and
model building

damage derivation

Unloosened Loosened
structure structure

| |

Vsection1  Ysection2 Ysection3

Section s i Section
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input & output data input data
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Fit ARX Model modelled normalised
response output data
Reference
residual Measurement _
residual

Damage
characteristic «
parameter

FIGURE 5 Processing routine for ARX regression method to get Dp

3.2 | ARXregression method

Regression methods outlined in the subsequent sections are
more complicated with additional steps required and higher
demand in computational power. Figure 5 summarises the
data processing steps for the ARX regression method. The
method is divided into two segments: reference model build-
ing and measurement and damage derivation. Initially, input
and output measurements were obtained from the structure
under an unloosened condition. The input in this case is the
vibration measurements obtained from the shaker bed and the
output is the vibration measurements obtained from the test
plate/structure. The measured input and output signals were
subsequently divided into sections containing equal amounts
of datapoints, discarding the final data section if necessary.
The data sections, x; were subsequently normalised with their
respective mean, (4, and standard deviation values, 0, based
on Equation (11). After normalisation of data sections, an ARX
model was fitted across each data sections and the reference
residuals were obtained.

Jsection (Z) - H)'scction

Jnorm (0) = (11)

Jisection

After building the reference ARX model, accelerometer mea-
surements were obtained from the same structure under vatious
degree of loosening as detailed in §2.1. The input and output
measurements were subsequently divided again into sections
containing equal amount of datapoints and normalised using
Equation (11). The ARX reference model previously built was
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then used alongside the input measurement from loosened
condition to generate a modelled response. The measurement
residuals were subsequently computed through finding the dif-
ference between output accelerometer measurements and the
modelled response. Finally, the damage characteristic parame-
ter, Dy was calculated through Equation (10). For the ARX
method, an ARX (60,60) model was used with 2048 datapoints
in a section. Experiments were conducted under controlled
conditions to limit the influence of environmental conditions
(temperature and humidity) on the accelerometer measure-
ments. Apatt from that, a normalisation procedutre was carried
out on the accelerometer measurements to further limit envi-
ronmental influences [18, 32-33]. The division of the full data
length into sections may contribute to maintaining signal input
stationarity. Apart from that, the step improves the accuracy of
the bolt joint looseness detection through monitoring the mean
and standard deviation of the damage characteristic parametet,
Dy as opposed to only a single value of Dy if the data was not
sectioned.

3.3 | AR-ARX regression method

Accelerometer measurements in the field often only facilitate
for measurement of output vibrational responses as input sig-
nals to the system and difficult to quantify consistently. As
such this exposes a weakness of the ARX regression method
as it requires an input response. This, however, can be allevi-
ated through using the AR-ARX regression method. Figure 6
shows the data processing routine for the AR-ARX regression
method. Again, the processing is divided into two phases, ref-
erence ARX model building and measurements and damage

derivation. The initial steps of the model building do not differ
from the ARX regtression method apart from only output mea-
surements were utilised. The output response captured from the
unloosened structure were divided into sections of equal data
points and normalised. An AR model was subsequently fitted
for each of the data sections and the resultant residuals from
subtracting the measured data with the modelled data was used
as input to construct an ARX model, with the measured data
as the output signal. The ARX model was subsequently used
to generate a set of modelled data and the reference residuals
were obtained by subtracting the measured data with the mod-
elled data for each of the data sections. After building the ARX
model, output measurements captured from the structure with
varying degree of loosening were divided into data sections of
equal length, normalised, and fitted with an AR model to obtain
the modelled data. The residuals again were used as input mea-
surements to feed into the ARX model previously built using
the unloosened data captured. Finally, the residual from the
ARX model was obtained and the damage characteristic param-
eter was calculated using Equation (10) for each of the loosened
state. For the AR-ARX method, an AR (200) and ARX (60,60)
was used with a data section length of 2048. Experiments were
again conducted under controlled conditions to limit the influ-
ence of environmental conditions (temperature and humidity)
on the accelerometer measurements. Apart from that, a not-
malisation procedure was also carried out on the accelerometer
measurements to further limit environmental influences [18, 32,
33].

3.4 | Static tap tests

Figure 7 shows the variation in frequency response of the test
plate as the bolts were sequentially loosened from outer left to
outer right. The peak within the frequency response plot corre-
sponds to the resonance frequency of the system. As expected,
the system resonant frequency is seen to decrease from around
640 Hz at its unloosened state down to 260 Hz with increas-
ing number of loosened bolts as the stiffness of the system
decreases.

Figure 8 shows the frequency response of the system as the
inner bolts (centre, inner left, centre and inner left) were loos-
ened. This was aimed to assess the sensitivity of the resonance
frequency method in locating the loosened bolt within an array
of bolts. When only a single bolt was loosened (centre, inner
left) with the rest fully torqued up at 19 Nm, the system reso-
nant frequency remained at 640 Hz and did not exhibit a change.
However, when two inner bolts were loosened (centre and inner
left), a 10-Hz reduction in the system tesonance frequency was
observed. Thus, the resonance frequency method is only sen-
sitive enough to detect loosening of two or more inner bolts
(centre and inner left).

Figure 9(a) shows the variation in system resonant frequency
as the tightening torque for the centre bolt increases whilst
Figure 9(b) shows the variation in system resonant frequency
with no bolts, inner left and right bolts removed, and all bolts
tightened. System resonant frequency was seen to increase with
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increasing bolt tightening torque. The resonance frequency,
however, does not record a significant change for tightening
torques greater than 4 Nm, potentially due to the sensitivity
limit of the method. The method was also unable to distinguish
between fully tightened bolt arrangement against an equally
spaced bolting pattern (inner left and right bolts removed).
Thus, the system resonant frequency can be used to identify
loosening of fully, but neither partially loosened bolt joints nor
the position of loosened bolts in an array.
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3.5 | Dynamic Shaker tests

3.5.1 | Resonance method

Figure 10 shows the system acceleration response in time and
frequency domain captured when the unloosened structure was
subjected to dynamic vibrational response. The peak within
the spectral domain corresponds to the resonance frequency,
observed at around 650 Hz.
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As the number of bolts were sequentially loosened from
outer left to outer right, the resonance frequency decreases.
This is evident in Figure 11(a) where a decrease in resonant
frequency of 140 Hz was observed as the structure reduced in
stiffness due to reducing number of tightened bolts. Measure-
ments were acquired at 51.2 kHz, well above the Nyquist limit
of around 1.28 kHz. When the centre bolt was loosened with the
remaining bolts tightened, an increase in resonant frequency was
observed as shown in Figure 11(b). However, when two inner

bolts were loosened (centre and inner left bolt) with the remain-
ing bolts tightened, the resonant frequency decreased slightly,
similar to the findings observed from the tap tests in Figure 8.
This implies that the method is not sufficiently sensitive to
detect loosening of centre bolts.

Figure 12 shows the variation in resonant frequency with vari-
ous degree of structure loosening. Measurements were captured
at both low and high sampling rates of 2.04 kHz and 51.2 kHz.
A downward trend can be observed for the resonant frequency
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FIGURE 12  Variation in system resonant frequency with structure loosening state

as the degree of severity of the structure loosening increases. As
expected, no significant differences exist between the low and
high sampled results as both sampling rates exceed the Nyquist
limit of 1.28 kHz. The method, however, was insensitive to
centre bolt tightening torques of 4-19 Nm.

To illustrate the effect of sampling below the Nyquist limit
of the measured system’s resonant frequency, data acquired
at 51.2 kHz were resampled at lower rates between 256 and

51.2 kHz. The results are illustrated in Figure 13. As expected,
sampling rates lower than twice the resonant frequency at
unloosened states (1.28 kHz) were unable to accurately deter-
mine the system resonant frequency. Measurements sampled at
a higher rate than this threshold showed little to no variation.
Thus, the minimum sampling rate necessary to detect bolt loos-
ening using the resonant frequency method would be twice the
resonant frequency of the unloosened structure.
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352 | ARX regression method observed for both the mean and standard deviation of Dy as

Figure 14 shows the change in mean and standard deviation
of damage characteristic parameter, Dy as defined in Equa-
tion (10), as the number of bolted joints on the test plate were
sequentially loosened from outer left to outer right (Figure 14(a)
and (c)) and number of centre bolts were loosened (Figure 14(b)
and (d)). Measurements were taken at 51.2 kHz. Apart from
the fully loosened mean damage characteristic parameter, Dy
in Figure 14(a), all the mean and standard deviation increased
as the number of tightened bolts decreases. Mean and standard
deviation of damage characteristic parameter, ;- also increased
when the centre bolt and centre and inner left bolts were loos-
ened, indicating a higher sensitivity for the ARX regression
method as opposed to the resonance frequency method.

Both the ARX regression method and the resonance fre-
quency method were able to detect bolt joint looseness when
the bolts were sequentially loosened from outer left to outer
right, however, only the ARX regression method can detect
loosening of centre bolts.

Figure 15 shows the variation in mean and standard devia-
tion of the damage characteristic parameter, Dy obtained as the
structure was gradually loosened, sampled at 2.04 and 51.2 kHz.
For measurements sampled at 2.04 kHz with reducing bolt
tightening torque (Figure 15(a) and (c)), an increasing trend was

the bolt tightening torque decreases, with a clearer increase evi-
dent in the mean (Figure 15(a)). For the measurements sampled
at 51.2 kHz, the mean Dy was not able to distinguish bolt tight-
ening torques between 4 and 19 Nm. An upward trend was,
however, still visible for the standard deviation of Dy as the
structure was gradually loosened, as shown in Figure 15(d).

It is prudent to note that to capture the amplitude peaks
in time domain, a sampling rate which is 10 times the high-
est frequency of interest is necessary whilst a sampling rate
twice the highest frequency of interest is necessary to obtain
the correct spectral amplitude. If the accelerometer measure-
ments were sampled at a lower rate, information pertaining to
the system resonant frequency might not be captured within
the low-sampled time series and as such the regression method
will not work in detecting bolt joint looseness. To demonstrate
this, data captured at 5.12 kHz was resampled at 256, 512 and
1024 Hz and the mean and standard deviation of Dy was com-
puted for various degree of structure loosening. Results are
shown in Figure 16.

For the resampled measurements at 256 and 512 Hz, the
method was able to detect when the structure’s inner left
and right bolts were loosened (three Bolts 19 Nm) from an
unloosened state, but failed to differentiate subsequent struc-
ture loosening, as the mean and standard deviation of Dp
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plateaus. For the measurement resampled at 1024 Hz shown in
Figure 10, the method was able to distinguish structures with
fully loosened bolts, evident from the increase in mean and
standard deviation of Dy for the first two structure loosen-
ing states. However, the method was again unable to distinguish
between bolt tightening torques of 4 Nm to 19 Nm. This poten-
tially is due to the dataset used as the measurements sampled at
2.04 kHz (shown in Figure 15) was able to differentiate between
different bolt torques. As such, a sufficient sampling frequency
at least twice the structure’s resonance frequency is still neces-
sary for detection of bolt loosening using both ARX and also
the AR-ARX method, since both detection methods are based
on the same principles in detecting the change in residual as
a result of bolt loosening, which results in structural stiffness
reduction.

3.53 | AR-ARX regression method

Figure 17 shows the mean and standard deviation of Dy again
for vatious degree of structure loosening, derived through AR-
ARX method and sampled at 2.04 and 51.2 kHz. An increasing
trend can be observed again for the mean and standard devia-
tion of Dy and measurements were very similar to those derived
from the ARX method as shown in Figure 15, demonstrating
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—
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0.8

0.6

F
e
»

0.2}

=== 51.2 kHz

LS2
Loosening state

LS1 LS3

(a) and (b) Mean and (c) and (d) standard deviation of damage characteristic parameter, Df for various degree of structure loosening, sampled at

that both methods yield similar results despite the AR-ARX
method uses only output measurements.

Figure 18 shows the variation in mean and standard devia-
tion of Dy as the number of bolts were sequentially loosened
from outer left to outer right bolts (Figure 18(a) and (c)) and
also where the centre bolts were loosened (Figure 18(b) and
(d)). Measurements were acquired at 51.2 kHz. As observed
in Figure 14, apart from the fully loosened mean Dy in
Figure 17(a), all the mean and standard deviation of Dp
increased with increasing structure loosening. This also applies
to when the centre bolt and centre and left bolt were loosened,
demonstrating that the AR-ARX method has similar sensitivity
to the ARX method in detection of centre bolt loosening, which
the resonance method failed to achieve.

4 | DISCUSSION

The paper explores the capabilities and limitations of low-
sampled vibration signals to detect bolt joint looseness through
three methods, namely the resonant frequency and regression
(AR and AR-ARX) methods through bolt loosening expet-
iments conducted with vibration signals sampled at various
rates (1.024-51.2 kHz). ARX regression method is favoured
over multi-variate regression approaches in this study as the
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modelled data (time series vibration measurements) are
dependent on past values in time.

The resonant frequency method, although having limitations
in sensitivity, was proven to be able to detect bolt joint loose-
ness within a structure. Its advantages lie in the simplicity of the
method and data-processing steps required, provided that the
data used are sampled at twice the frequency of interest. The
method, however, is unable to detect bolt loosening of centre
bolts within the structure. As such, applicability of the reso-
nance method is limited to structures with single or double bolt
arrangement or bolt arrangement with sufficiently wide sepa-
ration between the bolts and thus can be applied for localised
monitoring of individual main bolted joints of the wind turbine
gearbox.

The two univariate regression methods trialled (ARX and
AR-ARX methods) extended the detection capabilities with
increased sensitivity, allowing for detection of centre bolt loose-
ness. Thus, the regression methods are more suitable for
monitoring of assemblies with multiple bolted joints such as the
single or double row bolts arranged around the circumference

of the wind turbine main bearing and gearbox casing. However,
this comes at the cost of increased processing complexity and
computation power. A crucial step in yielding good results is
the building of the regression models using reference measure-
ments obtained from an unloosened structure. This included
the procedure of sectioning the reference data into appropriate
number of datapoints, normalising the data sections to ensure
its stationarity, and selection of appropriate model order. Mod-
els with a better fit generally would result in more accurate bolt
loosening detection. In this work, the length of sectioned data
and the model order were optimised through reducing Akaike’s
Final Prediction Error (FPE) to increase fit percentage of the
model.

The sampling rate of the accelerometer measurements, as
shown in Figures 13 and 10, is also crucial in the detection of
bolt loosening through all three methods (resonance, ARX and
AR-ARX)). To fully capture all the peaks and trough in the time
domain measurement, a frequency greater than 10 times the
frequency of interest is required to be implemented, whereas for
full quantification of the spectral domain, a frequency greater
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2506, 512, and 1024 Hz and derived through the ARX model

than twice the frequency of interest is required. For wind tur-
bine, the resonant frequency was found to be between 0.35 and
2 Hz [30] and consequently a minimum accelerometer sampling
frequency of 0.7— 4 Hz is necessary for bolt joint detection
through the methods outlined in this study. Such sampling rates
are 2-3 order of magnitudes lower than those employed for
experimental research [16, 22]. This could facilitate a bolt loos-
ening detection system, built around low-cost microprocessors
which read and process the accelerometer measurements and
subsequently store or feed the result, at a similar acquisition rate

to the turbine SCADA data for streamlined data agglomeration.
However, there would be differences in the resonant frequency
between different wind turbine models and components within
the wind turbine such as the gearbox, all factors required to
be considered for appropriate selection of the sampling rate of
accelerometer measurements. For bolt joint looseness detection
on different components or structures using the resonance
frequency method, the resonance frequency which corresponds
to the unloosened state or minimum tightening condition of the
bolts is required to be determined, beyond which maintenance
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is necessary to retighten the bolted joints. Conversely, for the
regression methods, it is the upper limit for the mean and
standard deviation of the damage characteristic parameter, Dp.
This can be determined on-site prior during the installation of
a new wind turbine, during a routine maintenance, or off-site
through experimental testing using a replica. Vibration sensors
should be positioned close to bolt joints that were of moni-
toring interest to maximise the proportion of signal measured
from the bolt joints, thus reducing the occurrence of false
detection. To further minimise instances of false detection,
for every different sensor positioning configuration relative
to the bolted joints, new regression models are requited to be
built and baseline mean, and standard deviation of the damage
characteristic parameter [y re-established.

5 | CONCLUSIONS

In this work, the feasibility of using low-sampled vibration
signals for bolt joint tightness detection was investigated. Mea-
surements were carried out on a specimen with an array of
bolt joints on a test plate coupled to an electrodynamic shaker
rig. Three detection methods were trialled and were success-
fully used to deduce bolt joint loosening from the accelerometer
measurements, namely the resonant frequency and regression
methods (ARX and AR-ARX).

Conclusions of this study are summarised below:

* Bolt resonant frequency and regression methods (ARX, AR-
ARX) can be used to detect the loosening of bolt joints.

* In this study, a minimum sampling frequency of 1024 Hz
was sufficient to allow for bolt joint looseness detection. The
minimum sampling frequencies would be highly dependent
on the resonant frequency of the structure.

* The resonant frequency method was not able to detect from
an array of bolts the exact bolt, which was loosened, which
with two regression methods (ARX, AR-ARX) were possible.

* The damage characteristic parameter, Dy computed from
both ARX and AR-ARX regression methods were success-
fully used to provide an indication of bolt joint tightness,
with the latter method requiring higher computational
powet.

* Since the resonant frequency of wind turbines are low (0.35—
2 Hz), a minimum sampling rate of 0.7—4 Hz is sufficient for
bolt joint looseness detection. This allow for the potential use
of existing accelerometer instrumentations on wind turbines
for bolt joint looseness detection as the measurements are
usually sampled at a low rate (< 10/73).
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