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Abstract; Engineering practice has shown that early faults of gearboxes are a leading maintenance cost driver that

can easily lower the profit from a wind turbine operation. A novel oil-lubricated electrostatic monitoring of wear

debris for a wind turbine gearbox is presented. The continuous wavelet transform (CWT) is used to eliminate the

noises of the original electrostatic signal. The kurtosis and root mean square (RMS) values of the time domain sig-

nal are extracted as the characteristic parameters to reflect the deterioration of the gearbox. The overall tendency of

electrostatic signals in accelerated life test is analyzed. In the eighth cycle, the abnormal wear in the wind turbine

gearbox is detected by electrostatic monitoring. A comparison with the popular MetalScan monitoring is given to il-

lustrate the effectiveness of the electrostatic monitoring method. The results demonstrate that the electrostatic mo-

nitoring method can detect the fault accurately.
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0 Introduction

Due to the efficient transmission ratio and
strong load capacity, gear is extensively used in
aerospace, civil industry and heavy machinery
with efficient transmission ratio and the strong
load capacity, such as helicopters, high-speed
trains and wind turbines. Condition-based main-
tenance (CBM) is a maintenance program that
recommends maintenance actions based on the
condition monitoring information with the aim to
reduce system downtime, maintenance cost and
improve the availability of the systemt!.

Recently, in CBM program. several kinds of
techniques are mainly used for full flow debris on-
line monitoring in the oil-lubricated system of
mechanical system, which are MetalScan particle
monitoring sensor based on electromagnetic in-
duction principle produced by GasTops Company

in Canada, quantitative abrasive dust monitor

» Corresponding author, E-mail address: rms@nuaa. edu. cn.

Article ID:1005-1120(2017)02-0195-10

based on induction type and oil-line electrostatic
sensor based on the principle of electrostatic in-
duction, respectively®”*’. Among these on-line
monitoring techniques, oil-line electrostatic sen-
sor with simple and reliable structure has huge
development prospects due to the high sensitivity
to subtle particles and non-metallic particles. As
a new on-line monitoring method, the advantage
of electrostatic monitoring is that it can detect the
degradation of a part much earlier and provide re-
al-time monitoring information for maintenance
decision-making compared with the traditional
monitoring methods, such as vibration and tem-
perature monitoring.

The application of gas path electrostatic mo-
nitoring technology in the aircraft engine ground
simulation experiments and the integration in F-

35 was firstly introduced by Powriel™). The

mechanism of electrostatic generation was investi-
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gated on a pin-on-disc wear test rig and the oil-lu-
bricated point contact wear test was conducted by
Under the unlubri-

cated condition, both acoustic emission and elec-

Morris and Harvey et al®®,

trostatic monitoring techniques were respectively
adopted to carry out the online monitoring of ear-
ly stage of the severe wear of bearing steel by Sun

and Wood et alt™,

values of these monitoring methods can reflect the

The root mean square (RMS)

three stages of abrasion, running-in, delamina-
tion and oxidation. Harvey et al. considered the
combination of the wear-site sensor (WSS), vi-
brating sensor and temperature sensor to monitor
the early failure of wear area in a conical roller
bearing™. However, the existing literature is
only limited to the applications, and the princi-
ples of the electrostatic mechanism is quite few.
Wen et al. have investigated the electrostatic

7811 and the electrostatic

monitoring since 200
monitoring sensors used in gas path of the aero-
engine have been designed, also the sensitivity of
the sensor has been analyzed using finite element
method. Meanwhile, the aeroengine gas path
simulation test platform has been established and
a preliminary test has been completed. The leak-
age fault of the lubricating oil was detected in a

bzl - Subsequently, the re-

small turbojet engine
search of electrostatic oil-line and wear-site sen-
sors was tentatively carried out''*!, the prelimina-
ry design of the oil-line electrostatic sensor was
finished, and the verification test of which was
conducted on a turbojet engine!’™ and ABLT-1A
type bearings fatigue life test righ®,

It should be noted, however, the existing re-
search of lubricating oil-line electrostatic monito-
ring is mainly concentrated in pin-on-disc wear
test and rolling bearing performance degradation
test, which are relatively simple systems in labo-
ratory. The research of high speed, overloaded
and complex oil-lubricated electrostatic monito-
ring of gearbox has not started yet. In this paper,
a real-time electrostatic monitoring of debris in
full flow oil-lubricated system of gearbox is car-
ried out in a new type of wind turbine gearbox

test rig. The electrostatic signals are obtained.

1 Experimental Scheme of Electro-
static Monitoring for a Wind Tur-
bine Gearbox

1.1 Experimental set-up and data collection

The accelerated life test (ALT) is designed
to validate the performance of the gearbox in op-
erating range and check if the gearbox can func-
tion well under different load conditions. Fig. 1 il-
lustrates the principle of lubricating oil-line abra-
sive electrostatic monitoring in the wind turbine
gearbox. The abrasive particles in the gearbox lu-
bricating oil-line are charged by the energy pro-
duced by the friction and wear. The electric char-
ges will be generated on the rapiers when the
charged particles go through the induction area of
the oil-line electrostatic sensors. The correspond-
ing signals are collected via the signal acquisition
device, and the signal disposal and fault charac-
teristic extracting are completed by the signal ac-

quisition and processing system.

[ ——————— ! Wind turbine gearbox test rig

Direction of oil flow

L -
Electrostatic
I:I:]]‘: sensor

Electrostatic

______ T signal

State parameter monitoring
system of wind
turbine gearbox

Signal acquisition
system

Running records of
wind turbine gearbox

Principle of electrostatic monitoring in

Fig. 1

wind turbine gearbox

A new type of wind turbine gearbox is used
for this experiment, which is a typical two-stage
planetary and two levels of parallel structure. Ta-
ble 1 provides the specifications of the wind tur-

bine gearbox.
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Table 1 Wind turbine gearbox information

Parameter Specification
Rated power/kW 3499.5
Transmission ratio 117.50

Lubricating oil brand Castrol Optimol Optigear X320

Lubricating oil volume/L 425
Oil flow speed/(L « min™ ') 225
Tube inner diameter/mm 51
Filter accuracy/pm 50
Drive motor power/kW 8 000
Data acquisition card NI-WLS9234
Charge amplifier YE5854A
Sampling frequency/kHz 10

Gearbox is run under a certain speed which is
driven by a drive motor, and the load can be
changed by adjusting the torquemeter. The gear-
box is installed on the test rig, and electrostatic
MetalScan

particles monitor (Main function is counting par-

sensor is installed in the oil outlet.

ticles) is installed in the downstream of the elec-
trostatic sensor, signal acquisition system in the
experiment control office which is connected to
the electrostatic sensor by a shielding data line.

Fig. 2 illustrates the integrated testing plan.

Wind turbine
gearbox

MetalScan particle Oil-line electrostatic
monitor sensor

Fig. 2

Experimental scheme for lubrica-
ting oil electrostatic monitoring in

wind turbine gearbox

1.2 Electrostatic sensor and installation

There are several forms of electrostatic sen-
sors, such as annular and virgate. Annular elec-
trostatic sensor is selected in this experiment.
Fig. 3 provides the image of the annular oil-line e-
lectrostatic sensor, Red copper with high conduc-
tivity is chosen to be the material of the induction
rapiers, the radial thickness of which is negli-
gible. The rapiers are implanted into the tube
wall made of teflon and are sealed by epoxy resin

with the minimum conductivity. Shell of the sen-

sor is made of stainless steel with the aim of elec-

tromagnetic shielding.

Fig.3 Structure of annular oil-line electrostatic sensor

Fig. 4 shows the induction principle of annu-
lar electrostatic sensor. When charged particles
go through the measurement space of electrostatic
sensor, electric charge will be induced on rapiers
correspondingly, which will be transformed to
output signals can be measured by signal process-

ing circuit.
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Fig. 4 Sensing principle of electrostatic sensor

The output voltage of electrostatic sensor at

time ¢ "
_Rirqvjﬂ{ r — xCcos¢ .
TR [+ L+ Fr e 10
r— xCcos¢ dg D

[(u— L) +F (a.p)]7
where u, is the output voltage, R; the feedback
resistance, R; the equivalent resistance, r the ra-
dius of the rapier, ¢ the charge of abrasive parti-
cle, v the kinematic velocity, L the axial length
of the rapier, x the x-axis value of the projected
length of the particle, ¢ the angle between a point
that on the circumference and x-axis,and F(x,¢)

the distance between the projected point and the
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point on the circumference. 6
. . . . 4r
The actual installation situation of annular E )
oil-line electrostatic sensor in the gearbox test rig E) 0
is shown in Fig. 5. 2
_4 L
5 1 2 3 4 5
Motor pump — Gearbox Time/min

body
Filter Qil-out
MetalScan

particle monitoring

Oil-line electrostatic sensor

Fig.5 Installation location map of oil-line electrostat-

ic sensor

2 Electrostatic Signal Processing

The time-domain analysis methods are em-
ployed to process the electrostatic signal. The o-
verall process of the original electrostatic data for
the wind turbine gearbox is illustrated schemati-

cally in Fig. 6.

Accelerated life test using
electrostatic monitoring

l

Obtain original
signal

|

Signal denoising using
wavelet transform

!

Obtain root mean square
and kurtosis value

l

Trend analysis for fault
detection

Fig. 6 Flowchart of fault detection process

2.1 Original electrostatic signal

In the electrostatic monitoring system of the
wind turbine gearbox, the acquisition of electro-
static signals starts at the beginning of each test
cycle and ends at the end of the cycle when the
speed drops to 0. As illustrated in Section 1.2,
the original signals collected by oil-line electro-
static sensors are voltage signals. Fig. 7 presents
the original electrostatic signals of the normal

steady state under 100% rated torque. Fig. 8

Fig. 7 Original electrostatic signal un-

der normal circumstances

6
4
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Fig. 8 Original electrostatic signal as

charged particles passing

shows the original electrostatic signals when
charged wear particles go through.

As shown in Fig. 7, the electrostatic signals
are relatively smooth and steady under the stable
conditions, while the voltage values fluctuate in a
certain scope. When there is severe or abnormal
wear in the gearbox, as shown in Fig. 8, at the
4th minute, electrostatic signal outputs are be-
yond the normal range and some mutation pulses

appear due to the increase of the wear particles.
2.2 Feature extraction using wavelet method

We choose wavelet transform to eliminate
the noises of the original electrostatic signal.
Wavelet transform is a powerful method for stud-
ying how the frequency content changes with time
and consequently is able to detect and localize
short-duration phenomena, and it has been used
in the fault diagnosis of rotating machinery exten-
sively in recent years*'%,

The continuous wavelet transform (CWT) u-
ses a series of oscillating functions with different
frequencies as window functions to scan and

translate the original signal. The mother wavelet

is given by

Gurs (1) :a*"fﬁ:go(;@) de (2)

a
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where ¢, ;,(¢) is the window function, ¢ the dila-
tion parameter, and f3 the translation parameter.
Suppose that all the signals satisfy the condi-

tion
+oo
J,, V(@) |?dt << o (3)

which implies that decays to zero.
Thus, the wavelet transform of a time-do-

main signal V, is given by
oo o
WTap=a*| Ve (“E)a @

where ¢ (1) is the complex conjugate of the ana-

lyzing wavelet ().

The conventional feature extraction methods
in time-domain of electrostatic signal and vibra-
tion monitoring are similar and the main indica-
tors include crest value, peak-peak value, kurto-
sis, root mean square (RMS) value, impulse fac-
tor, etc. More details can be found in Ref. [20].
These parameters can describe the change process
from normal wear to abnormal wear condition.
Table 2 shows the main parameters in the time

domain characteristic extraction.

Table 2 Extraction parameters of time-domain feature for electrostatic signal

Feature Equation Feature Equation
N
RMS Tome= | E (x()?/N Kurtosis Liur = E S —a,)t / ((N—Daba)
n=1

Standard deviation

N
Td :\/2 (x(n) —x,)*/(N—1)
n=1
Peak-Peak Tpp

=max(x,) —min(x,)

Skewness

N
Tee = %:l(.z‘(n) —2,)%/((N—Dat)

CF=x,/Zms

Crest factor
Impulse factor

=z, [ (352G [ /N

Clearance factor CLF=xz, /( 2 S G | /NDE

As shown in Table 2, N represents the total
number of signal values, x(n) the electrostatic
signal value; maxx, and minz, are the maximum
and the minimum voltage signal values in sam-
pling points n, respectively.

RMS is commonly used as the electrostatic
signal characteristic parameters, representing the
effective value of induction charge responding in
the sensor when electric charges pass through the
sensing area in a certain time interval™'"’, As the
wear degree aggravating, the number of charged
wear particles is growing. If the number of induc-
tion charges passing the sensing areas increases
per unit time (1 s), the output signal amplitude
and the RMS values of the sensor will also rise.
Simultaneously, as a dimensional parameter,
RMS is more sensitive to the variation of signal
amplitude and energy. Therefore, it is selected as
the indicator to process the electrostatic signal in
this paper.

Generally, the vibration signal of the me-
chanical system is periodic, and it can be approxi-

mated by the sum of several sinusoidal signals.

While the electrostatic signal that obtained in this
experiment is nonperiodic, i. e. the signal is ran-
dom, it is more likely the exponential decay sig-
nal. The exponential decay signal can be treated
as impulse signal, and the kurtosis is very sensi-

21-22]

tive to the impulse signal Therefore, it is
desirable to consider the kurtosis to extract the
feature of the electrostatic signal. Thus, in this
paper, two kinds of the time-domain characteris-
tic parameters, namely RMS and kurtosis are se-
lected to describe the wear conditions of the wind

turbine gearbox.

3 Results and Discussion

3.1 Accelerated Life Electrostatic Monitoring Test

The performance of the gearbox under rated
load/overload/extreme load conditions is valida-
ted by ramp-up test, and the speeds of the high-
speed shaft and low-speed shaft are constant.
Each test phase is divided into 16 short stages,
each of which lasts 571 min. The test schedule
for ALT is introduced in Table 3.
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Table 3 Testing schedule for accelerated life test 15
Low Low High High
Load speed speed speed speed Before 100%
haf 0 shaft shar 21
stage/ shaft shaft shaft shaft i % 100%125%, 150% After150%
% speed/ torque/ speed/ torque/ E ' T ' ™
1 1 1 ] 1
(remin (KN m)(r+min ') (N+m) 5r1 ! ! o
18 14.78  Al14  1736.6 3523.5 0.5 Y TR g
29 14.78 667 1736.6 5676.8 0.5 ! ! ' ! !
38 14.78 874 1736.6 7 438.5 0.5 OO 100 200 300 400 500 600
46 14.78 1058 1736.6 9004.5 0.5 Time/min
53 14.78 1219 1736.6 10374.8 1.5 Fig. 10  Kurtosis of electrostatic signal in a sin-
60 14.78 1380 1736.6 11745.0 0.5 gle cycle of accelerated life test
70 14.78 1610 1736.6 13702.5 0.5
80 14.78 1840 1736.6 15660.0 0.5
90 14. 78 2070 1736.6 17 617.5 0.5 The effect of rotation speed variation on the
100 14.78 2300 1736.6 19575.0 80 gearbox static level need not to be considered be-
125 14.78 2875 1736.6 24 468.8 80 cause each stage of the accelerated life test is un-
150 14.78 3450 1736.6 29 362.5 360 ) )
165 14.78 3795 1736.6 32 298.8 25 der the same speed. In Fig.9, 0—9.5 min repre-
175 14.78 4025 1736.6 34256.3 15 sents the stage of before 100% load test, 9.5—
185 14.78 4255 1736.6 36 213.8 ° 89.5 min the stage of 100% rated load test;
200 14.78 4600 1736.6 39150.1 0.5 . .
: ) 89.5—169.5 min and 169. 5—525.5 min repre-
Accumulated test time/min 571

As shown in Table 3, the total test time un-
der the condition of 18%—90% and 165%—
200% rated torque is relatively short. For con-
venience, each cycle is divided into 5 stages, re-
corded as before 100% , 100% (rated load), 125%
(overload), 150 % (overload) and after 150% (ex-
treme load).

In a single test cycle under normal condition,
for example, using the signal processing method
in Section 2, the trend of the RMS values in a
whole test cycle is described in Fig. 9. The kurto-
sis of electrostatic signal in a single cycle is shown

in Fig. 10.

8
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After150%
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|
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Time/min

Fig. 9 RMS values of electrostatic signal in a

single cycle of accelerated life test

sent the stage of 125% and 125% overload test,
respectively, 525.5—571 min represents the
stage of after 150% extreme load test. In before
100% stage, lubricating oil electrostatic monito-
ring signal shows a continuous rise with the in-
creasing torque. This stage reflects the produc-
tion of small particles in the lubricated system in
the continuous load test stage, although the dura-
tion is short. In 100% stage, electrostatic moni-
toring value is high at the beginning, then de-
clines slightly, eventually slowly increases and
stabilizes at a certain level. In 125% overload test
stage, the value tends to be stable, but higher
than 100% test stage. The gearbox condition has
not changed within the 360 min in the longest
150% overload test stage, remaining under stable
wear state, as well as the lubricating oil electro-
static monitoring value. In after 150% extreme
load test stage, electrostatic monitoring signal al-
so shows a trend of continuous rising with the in-
crease of torque, which is consistent with the be-
fore 100% stage, but the overall electrostatic lev-
el is much higher than the before 100% stage.
We can further find that the torques are

much higher than the rated load in the extreme
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load test stage, leading to the gears and bearings
under overload operation. Although the duration
is short, the electrostatic monitoring signal shows
that electrostatic charges generated from the
gearbox internal wear increase, leading to the in-
creasing inductive charges sensed by the electro-
static sensor in the lubricated system. This is in
accordance with the theoretical analysis of the re-
lationship between the charges of particles in fric-
tion pairs and the loads under the condition of oil

%1, thus it demonstrates the feasibility

lubrication
of the application of the oil-line electrostatic sen-
sors for the on-line monitoring for the wear condi-
tions of wind turbine gearbox.

While in Fig. 10, the kurtosis of electrostatic
signal in a single cycle indicates that the kurtosis
is relatively stable, and it is not sensitive to the
load variations. The stationary kurtosis shows
that the gearbox is run in the normal condition,

and the amplitude of kurtosis will increase when

more debris passed by in the oil system.
3.2 Opverall trend analysis

In the accelerated life test, data of 9 test cy-
cles in electrostatic monitoring are obtained,
which is processed using the method in Section 2.
We obtain the change trend of static values along
with the test cycles on the large time scale, which
are shown in Figs. 11,12, respectively.

As shown in Fig. 11, the RMS values of the
electrostatic signal fluctuate at each cycle of
ALT, which is similar to the single test cycle
analysized in Section 3. 1. The main reason for
which is that the electrostatic signals in the lubri-
cated system will be affected by the torque in each
cycle. From Cycle 1 to 7, electrostatic RMS value
in each cycle tends to be stable and is similar to
that in other cycles. Only a few larger values ap-
pear in Cycles 2, 3 and 5. indicating some
charged particles exist in the oil. Suppose that the
charge of the debris is saturated, so the greater
the carrying capacity is, the greater the equivalent
diameter of particles is'®’. About the last 15 min

in the 8th cycle (late stage after 150%), the RMS

values are significantly higher than the overall
level of the cycles before, with a large number of
abnormal values appearing sharply, which repre-
sents that a large number of large diameter parti-
cles pass the electrostatic sensor in the lubricated
system in this period. It is also proved by the mo-
nitoring data of MetalScan monitor installed
downstreams. After the 8th cycle, stop the test
to examine and continue testing after debugging.
The RMS value recovers to normal level in the

9th test cycle.

8

RMS/10*V
(=)} ~

(%]

M

%o T2 3 435 6 7 % 9

Number of test cycles in acclerated life test

Fig. 11 RMS trend in 1—9 test cycles
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e Ll
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Number of test cycles in acclerated life test

Fig. 12 Kurtosis trend in 1-—9 test cycles

The overall trend of kurtosis in Fig. 12 is
similar to the results that obtained by the RMS
values. The amplitude of kurtosis is stable except
in Cycles 3, 5 and 7, but the impulses are not too
many. While at the end of the 8th cycle, the im-
pulses increase significantly, which means the
gearbox experience severe deterioration. The
wind turbine gearbox should be stopped immedi-
ately and full system inspection should be per-

formed.
3.3 Comparison of MetalScan analysis

The common methods of gearbox condition
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monitoring contain oil particle counting"

spectrometric analysis-*.

21 and oil

To test and verify the
effectiveness of oil-line electrostatic monitoring,
the data that obtained by MetalScan monitoring is
used to analyze and compare with electrostatic

monitoring data. The MetalScan, with 2 inches

for inner diameter, can identify the larger parti-
cles that the equivalent diameter is larger than
Imm. In the process of test, record the total
number of particles in 5 stages of each test cycle,
respectively, and MetalScan monitoring data of

all nine cycles are provided in Table 4.

Table 4 MetalScan monitoring data

Load Cycle 1 Cycle 2 Cycle 3

Cycle 4

Cycle 5 Cycle 6 Cycle 7 Cycle 8 Cycle 9

Before 100 % 3 1 0 1
100% 6 8 3 4
125% 12 4 7 2
150% 3 9 12 11

After 150%

3 6 2 11 3

25 11 3 4 6

As shown in Table 4, the number of parti-
cles is small from Cycle 1 to 7, which shows that
gearbox runs stably, while it increases suddenly
to 584 in the after 150% stage of the 8th cycle,
representing abnormal wear appears and decreases
to normal level in the 9th cycle. This is identical
with the results of oil-line static analyzed in Sec-
tion 3. 2, verifying the validity of the electrostatic
monitoring. However, the electrostatic sensor
has more advantage in sensing the concentration
of molecules, which can reflect the change of
working condition of gearbox, while MetalScan
sensor can just sense and count large particles.

According to the gearbox fault detection re-
port, the causes of the abnormal wear in after
150% stage of the 8th cycle in electrostatic moni-
toring and MetalScan monitor are that the mem-
brane coupling of high-speed output shaft pro-
duces fatigue cracks, leading to the high-speed
output shaft prejudicially revolve and the number
of particles add due to the corrosive pitting of the
gear tooth roots of the high-speed shaft. The ef-
fectiveness of oil electrostatic monitoring is vali-
dated further. Fig. 13 shows the results of fatigue

cracks and tooth root pitting.

(b) Tooth root pitting

Fig. 13 Schematic diagram of membrane fatigue crack

and tooth root pitting

4 Conclusions

The oil-line electrostatic sensor installed in
the wind turbine gearbox test rig is used for on-
line monitoring, obtaining the characteristics of
electrostatic signals in the lubricated system

through the gearbox vibration routine test and ac-
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celerated life test. And the conclusions are as fol-
lows:

(1) The annular oil electrostatic sensor has
been installed in the wind turbine gearbox test rig
for the first time, and the on-line monitoring of
lubricated system has been carried out, which
verifies the on-line electrostatic monitoring tech-
nology is feasible for application in the wind tur-
bine gearbox.

(2) The continuous wavelet transform meth-
od is used to eliminate the noises of the original e-
lectrostatic signal. Two indicators, namely kur-
tosis and RMS values of the time-domain signal
are extracted as the characteristic parameters to
reflect the deterioration process of the gearbox.

(3) Electrostatic monitoring in the acceler-
ated life test shows the formation of fine particles
in the lubricating oil under rated load/overload/
extreme load conditions. The RMS values change
synchronously along with the load variations.
The kurtosis is relatively stable and not sensitive
to the load variations.

(4) A large number of large amplitude a-
nomaly points of the RMS values and kurtosis ap-
pears in the after 150% stage of the 8th cycle dur-
ing the test, and membrane fatigue cracks and
tooth root pitting are found in the gearbox fault
inspection, which demonstrate the effectiveness
of the oil-line electrostatic monitoring technique.

(5) The comparison of MetalScan monitor
data further shows the efficiency of the on-line
monitoring method. Based on the promising re-
sults we obtained, the life prediction and optimal
maintenance policy can be studied, which can be a

suitable topic for the future research.
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