1) Check for updates

Institution of
HANICAL
ENGINEERS

Journal of
MATERIALS: DESIGN
AND APPLICATIONS

Original article

Proc IMechE Part L:

J Materials: Design and Applications
0(0) 1-10

© IMechE 2021

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/14644207211023785
journals.sagepub.com/home/pil

®SAGE

Experimental investigation of helical
gear tooth crack location and depth
detection using moving average
method on transmission error
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Abstract

Gear systems are the most useful and essential power transmission systems in the high-speed industry due to their
accuracy. It is necessary to make sure that these systems work without defects such as tooth cracks. Therefore,
detecting the location and depth of cracks in gear systems is very important. In this research, a new approach is
proposed to detect the crack location, and accordingly, some statistical indicators are used to estimate the crack
depth in the helical gear tooth. To this end, after explaining the helical gear mesh stiffness and tooth-root crack
modeling, the helical gear pair dynamic is modeled. Then, the vibration data of a helical gear system is obtained by
an experimental test rig, and the moving average method is undertaken to precisely detect the crack location. The crack
depth ratio is estimated using the crest factor, impulse factor, clearance factor, and S, and S, which are applied to the
simulation results and the experimental signal. According to these results, the crest factor, impulse factor, and clearance
factor calculated the crack depth ratio with a good agreement, and the indicators S, and S, estimated it with a more
significant error. Also, the average of estimated values is calculated, indicating a better result than each indicator alone.
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Introduction

Gear systems regarding accuracy, efficiency, and life
spans are the most common and applicable systems
for power transmission in the industry. Among the
existing gear systems, helical gear systems are
mostly used in the industry due to their high accuracy
and speed. Any kind of defect, such as spall, pitting,
and cracks, can reduce their efficiency and increase
vibration and noise. Therefore, due to the mentioned
reasons, a lot of attention is paid to detect gear sys-
tems’ defects. Tooth root crack is one of the common
flaws in gear systems, and this type of defect can
quickly advance and make the power transmission
system stop. On the other hand, finding the crack’s
position and its depth can save time and reduce the
costs. Many diagnostic methods and data processing
techniques for defect detection in gear systems, such
as some statistical indicators, time synchronous aver-
aging (TSA), and residual signal method, were used.’

Sait and Sharf-Eldeen” presented a review of sev-
eral methods and indicators for monitoring the status

of vibration-based gearboxes such as crest factor,
energy ratio (ER), energy operator, root mean
square (RMS), kurtosis, TSA, FMO0, NA4, NA4*,
FM4, FM4*, M6A, M6A*, M8A, MSA*, NB4,
NB4*, NP4, difference signal, residual signal, band-
pass mesh signal, STFT, wavelet transform, and
Wigner—Ville distribution. Alkhadafe et al.® used var-
ious statistical indicators in the time and frequency
domains of the vibration signal obtained from sensors
to monitor the helical gear’s condition. They evaluat-
ed statistical indicators such as mean, standard devi-
ation (STD), variance, RMS, abs mean, skewness,
kurtosis, and impulse factor in various sensors
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applied to their test gearbox. Further researches can
be found in the literature.*>

Jardine et al..® Barszcz et al.,” and Dalpiaz et al.®
also exerted time-synchronous averaging (TSA) in
their researches. Braun’ again scrutinized the TSA
method and the other averaging approaches including
moving average, exponential averaging, running aver-
age, Comb Filters, and frequency response function, a
parallel technique through a comparative process.

Combet et al.'” used degradation techniques to cal-
culate the residual signal to detect local gear error
using the raw vibration signal obtained from an
experimental setting. Another application of ampli-
tude and phase demodulation can be found in the
research.” Mohammad et al.'' calculate the gear
pair’s mesh stiffness with a tooth root crack and
dynamically model the one-stage gear system using
various models, including 6 degrees of freedom
(DOF), 8 DOF, and 12 DOF dynamic models.
Then, they showed the effects of different crack
lengths on the vibration of their system and calculated
the residual signal. They used three statistical indica-
tors, including RMS, kurtosis, and crest factor, to
diagnose tooth crack. The other researchers utilized
the residual signals for crack diagnosis.”!'”

Amarnath and Krishna'? applied the empirical
mode decomposition (EMD) method and statistical
parameters on vibration and acoustic signals to
detect a local defect in helical gears. They removed
different percentages of teeth and used experimental
data to investigate the effect of several simultaneous
processes on statistical parameters.

Assaad et al.'® examined the status of a multi-stage
gearbox in an experimental test using TSA, auto-
regressive (AR) model, and condition indicators on
the TSA signal from the gearbox’s vibration. More
applications of the AR model can be found in the
literature. ' !¢

Furch et al.'” using statistical indicators such as
RMS and crest factor and conversion of vibration
signal from time range to frequency range by
Fourier transformation on detected vibration signal
of a four-speed gearbox to diagnose a four-speed
gearbox faults such as gear tooth breakage.

Wu et al.'® used analytical and finite element meth-
ods (FEMs) to model tooth cracks in the gear pair’s
mesh stiffness. They analyzed the fault characteristics
of the simulated and experimental vibration signal of
the one-stage gear system.

Liang et al.'® used a series of fixed windows
according to the ring gear’s teeth number in a plane-
tary gearbox. They applied average and RMS indica-
tors in each windowed part of the signal obtained by
an experimental rig test for gear tooth fault detection.
Other uses of the window functions in gear fault
detection can be seen in the literature.”®*

Rezaei et al.?® used a new method relying on the
transmission error ratio to investigate the detection
possibility of two cracks in helical gear teeth in

various situations of cracks positions, depths, and
lengths. Mohammed and Rantatalo®® reviewed the
literature on gear fault models such as tooth spalling,
pitting, root cracks, and dynamic modeling for gear
defect detection. Luo et al.>’ investigated tooth
spalling defects’ effect on the dynamic response
and performance of the planetary gear system.
They also considered sliding friction between teeth
in their model.

Recently, Chen et a presented a time series
model-based method for gear tooth crack detection
and severity assessment under random speed varia-
tion. They used the linecar parameter varying AR
model and refined B-splines to predict and solve
their dynamic equations. They also used an experi-
mental setup with two helical gears with 50 and
100% (broken) tooth root cracks.

Chen et al.*’ studied the vibration feature evolu-
tion of a locomotive with tooth root crack propaga-
tion of a gear transmission system. They applied a
complex dynamic model for modeling their motors’
system, gear pairs, springs, mass, and dampers.
They considered non-uniformly distributed tooth
crack and used energy equations to determine the
mesh stiffness. They used the TSA method and kur-
tosis, RMS, CF, M6A, M8A, etc., indexes in their
signal processing procedure.

In the previous research, the main focus has been
on detecting the crack location, and most of them
aimed to study the spur gear pair. According to
some experimental results, the traditional methods,
such as residual signal, cannot determine the cracked
tooth. So, it seems necessary to propose a new way to
find out the cracked tooth and diagnose the crack
depth ratio in helical gear pair to have the vision to
determine a schedule for fixing and replacement.

In this research, the helical gear dynamic system
and the crack effect on its mesh stiffness are modeled.
Then, the vibration signal of a helical gear system is
obtained by an experimental test rig, and the moving
average method is used to find out the crack location.
Then, using some statistical indicator plots obtained
by dynamic simulation, the crack depth ratio is
detected. Finally, the accuracy of each indicator in
this experimental study is discussed.

1'28

Helical gear pair experimental test rig

The used helical gear pair experimental test rig and its
schematic structure plan are presented in Figure 1.
As shown in this figure, the electric power is inserted
into the inverter to adjust the power supply and con-
trol the electric motor speed. Then, the electric motor
is coupled with a one-stage gearbox that the two
encoders are connected to the ends of its input and
output shafts. The power is transferred to a generator
by two double-row pulleys and two belts. The gener-
ator electric power is dissipated by a resistance used
to increase the temperature of a water tank.
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Figure |. Helical gear pair experimental test rig (a) real photo and (b) schematic structure plan: () inverter; (2) electric motor; (3)
one-stage gearbox; (4) encoder; (5) double-row pulley; (6) generator.

Table I. Helical gear pair parameters.

Parameter Pinion Gear
Normal module (mm) 3 3
Normal pressure angle (°) 20 20
Helix angle (°) I5 15
Face width (mm) 20 20
Teeth number 44 59
Internal radios (mm) 25 30
Young’s modulus (GPa) 68.9 68.9
Poison’s ratio 0.3 0.3
Mass (kg) 0.677 1.259
Mass moment of inertia (g m?) 1.774 5.808
Rotation speed (r/min) 1000 746
Bearings radial stiffness (%) 23.87 46.922
Bearings axial stiffness (%) 0.951 2.079
Motor power (kW) 2.7

Damping ratio |

Maximum geometric 0.01

transmission error: ey (mm)

The experimental test rig system’s parameters values,
on which all calculations of this research are based,
are listed in Table 1.

Helical gear mesh stiffness and crack
modeling

Mesh stiffness

Dynamic modeling of a pair of helical gears is divided
into three steps. The first step involves the analytical
calculation of the helical gear pair’s mesh stiffness
that changing over time. The second step is determin-
ing the governing dynamic equations of the system
using Newton’s second law. Finally, the governing
dynamic equations in the field of time are solved,
and the responses of the system are achieved. In this
section, an analytical calculation of the mesh stiffness
of a helical gear pair is discussed. According to the

potential energy method, the spur gear tooth is con-
sidered a cantilever beam.* Then, the axial, bending,
and shear stiffness of the beam can be calculated ana-
lytically, and the teeth at their point of contact have a
Hertzian stiffness.* The gear body, similar to a beam
base, has a stiffness known as fillet-foundation stiff-
ness. Therefore, the spur gear mesh’s stiffness
includes nine parts, axial, bending, shear, and fillet-
foundation stiffness for each gear and their Hertzian
contact stiffness.’® The contact model between the
teeth in pair of helical gears is not like spur gears.
The contact line with the length of zero stars at the
time of teeth contact in pair of helical gears. It grad-
ually increases to the maximum, and finally, their
contact line decreases to zero. As the contact
models between teeth of spur and helical gears are
different, it leads to the distinct feature of vibration.
Therefore, the mesh stiffness calculation of helical
gear and spur gears is not the same.>

Nonetheless, when the helical tooth is divided into
several thin independent slices with a small thickness, it
can be considered as several consecutive spur tecth that
come in to contact one after one. It should be noted
that there is not a connection between the slices. In
other words, the shear effect between the cuts is
neglected. This assumption causes error in the results,
which is generally very small for gears with a thin face
and a low helix angle.’® According to our practical
research for the helix angles up to 15° with a face
width up to 10 multiple of gear module, the difference
between the mesh stiffness calculated by this analytical
method and the values obtained by the FEM remains
under 5%. By stacking up the whole spur gear slices’
mesh stiffness with particular angular spacing, we can
efficiently compute the helical gear mesh stiffness.

Crack modeling

The crack effectiveness must be seriously considered
on the helical gear pair mesh stiffness when a crack is
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in the tooth root. For this purpose, a crack is gener-
ated by a wire-cut machine in the pinion tooth root
(Figure 2(a)), and its equivalent crack path in gear
thickness is depicted in Figure 2(b). Crack depth is
considered constant in each slice to model the effec-
tiveness of variable crack depth. The limit line
method is utilized to reduce the tooth stiffness.*

The continuous line shows the individual stiffness
of a healthy tooth pair, and the dashed line illustrates
the stiffness of a teeth pair with a cracked pinion
tooth. As can be seen in Figure 3, the contact line
length is zero when teeth are at the beginning of con-
tact. Then, it increases to point (b). The value is con-
stant between points (b) and (c). Then, it decreases to
zero as soon as the teeth lose their contact. The dif-
ference between healthy and defective teeth mesh
stiffness is displayed in this figure.

.Helical gear pair dynamic modeling

In this section, a 6-DOF helical gear pair is consid-
ered as presented in the study of Wan et al.*° as
shown in Figure 4. The dynamic equations governing
this system are extracted according to equations (1) to
(6). The friction force can be neglected between the
contacted teeth in the x-direction with adequate
lubrication

1,0, =T, - F,R, (1)
L0, = T, — F,R, )
Mpiy + Cpplp + Kpyyp = =1y 3)
Mgy, + Coy, + Kgyyg = —F) )
My, + Cpyp + Kpyzp = —F- (5)
MgZe + CopZg + Koyzg = —F (6)

where 1, and /, are pinion and gear moment of iner-
tia, m, and m, are pinion and gear mass, 0, and 0, are
pinion and gear axial rotation, respectively, y,, Ve, Zp,

and z, are displacements of pinion and gear along y and
z axes, and superscripts (") and () show the first and
the second derivatives concerning time. K, Ky, Cpy,
and C,, are pinion and gear bearings stiffness and
damping ratio, T, and T, are, respectively, the exerted
torques to the pinion and gear, R, and R, are the pinion
and gear base radius, and F), and F. are the gear pair

E : :
E 100
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X 80 /_\
8
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£ e —
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< 401 e |
% /f — - e,
I 20 ',/ —Healthy "‘-\
2 " - ; -=-Faulty
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b 6 12 ¢
Pinion Rotation Angle (deg.)

Figure 3. Comparison of healthy and faulty tooth single
stiffness.

Figure 4. Helical gear 6 DOF dynamic model.

(a)

CA
=

Crack Depth Ratio
o
w

0.4 0.6 0.8
Crack Length Ratio

Figure 2. (a) Tooth root crack generated by a wire-cut machine; (b) crack path in tooth length and thickness plane.
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contact force components along y and z directions,
respectively, computed by equations (7) to (16)

Fy = Ky (}p — §g> + Cuy (},, - }g) (M
F. = K. (E,, - Zg) + Cp: (?p - ?g> (8)
Vp = p+ Ry, ©)
Ve = Vg + Relg +e(1) (10)
Zp =z, + y,tanp (11)
Iy =z, — y,tanp (12)
Ky = choszﬁ (13)
Cpy = Cnc0s*f (14)
Ky = K,sin’f (15)
Cpiz = Cpsin®p (16)

where K, is the mesh stiffness and C,, is the mesh
damping coefficient of the gear pair, and f is the
helix angle. The geometric transmission error,
e(r), is a periodic function, and its frequency is
equal to the gear meshing frequency. So, it can be
expressed as a harmonic function with e(r) =
eosin(wy,t + (pe).31

Experimental test rig data analysis

The values obtained from encoders of input and
output shafts are the time intervals between two
encoder’s pulses. As it is best known, the transmission
error can be considered as follows

TE = R,0, — Ry0, (17)

By differentiating the equation to time

dIE _ |, di,

do,
a g R

—= 18
e (18)

The encoders have 3600 pulses, so the angular dis-
tances between every two consecutive pulses are equal
to 0.1° as given below

df, = df, = AO = 0.1° (19)

So, the transmission error speed can be obtained by

dTE . R R
——=TE=A0|-L-*% 2
dt (All Alz) ( 0)

The experimental gear pair system’s transmission
error speed in 10 rotations of the pinion is depicted in
Figure 5. As shown, one pulse is greater than the
other in each pinion rotation, repeated with a con-
stant period. This pulse belongs to the cracked tooth.

Using the TSA method® on the signal of Figure 5,
the system’s transmission error speed in one rotation
of the pinion is obtained as shown in Figure 6. As can
be seen, the signal amplitude in this region increases
between approximately 100° and 140° of the pinion
rotation angle. A traditional useful method to extract
the signal’s crack effect and determine its location is
the residual signal method.'® Figure 7 shows the
residual signal of the signal shown in Figure 6. The
residual signal is obtained by eliminating the gear
mesh frequency and its harmonics from the original
signal. As shown in Figure 7, in this method, the
crack location cannot be determined precisely.

Moving average method

The moving average method is presented by
Kenney.*? According to this method, a window func-
tion with a constant width moves from the start point
of the signal to the endpoint, and at each point of its
motion, the average of data in the window is defined
as the moving average of the point. Researchers use
this method with a low-width window to eliminate
noise from the main signal. But this method can be

TE Speed (mm/s)

4 5 6
Pinion Rotation

Figure 5. Transmission error speed of the experimental gear pair system in 10 rotation of the pinion.
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TE Speed (mm/s)
o
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Pinion Rotation Angle (deg.)

Figure 6. The system transmission error speed in one rota-
tion of the pinion obtained by TSA.
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Figure 8. Comparison of three regions in transmission error
with the same width.
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Figure 7. The residual signal obtained by eliminating the gear
mesh frequency and its harmonics.

used to diagnose and find the location of local faults
in periodic signals. As shown in Figure 8, in a periodic
signal such as transmission error with no local faults,
in various regions whose widths are equal to signal
period, such as (1), (2), and (3), the average of the
data in each window is equal.

So, if the moving average method with a rectangular
window and the width equal to the mesh period of the
gear pair is applied to the transmission error, the faults
such as cracks region are determined. The window
width, w, in this method can be calculated as

W= % 1)

where N; is the number of teeth on the pinion.
There is a problem with the resolution of the
answer because of the window width. If the average
value of each window refers to the center point of
the window, the fault region that is determined by
this method is started 5 before the point that the real
fault is started and is ended 7 after the point that the
real fault is finished, so observed sides of the crack
named as o; and oy must be corrected by adding and
extracting the half of window width from them,
respectively

o, =0 +g (22)
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Figure 9. Start and endpoint of the crack in moving average
method.

w?
Oy, = 0 — E (23)

This method’s result applied to the absolute value
of the original signal presented in Figure 6 is
obtained, as shown in Figure 9. According to this
figure, the signal changes between two parallel
vertical-dashed lines of 110.7° and 135.45° of the
pinion rotation angle. The values after correction,
according to equations (22) and (23), change to
114.79° and 131.36°. To detect the cracked tooth,
the regions in which the pinion teeth are in contact
are presented in Figure 10. According to this figure,
the pinion’s 15th tooth is going into contact at 114.5°
and exiting contact at 132° of the pinion rotation
angle, so the crack is in the 15th tooth certainly.
It should be noted that the 14th and 16th teeth
cannot cover the whole region of the crack effect.
The crack is also a full face-width crack according
to the angles obtained for the crack zone and the
contact zone of the 15th tooth.

Crack depth estimation by statistical
indicators

The values of some statistical indicators applied on

the experimental signal are compared to the charts of
those indicators obtained for various crack depth
ratios, using gear pair dynamic modeling and
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Figure 10. The regions that the pinion teeth are in contact.
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Figure I 1. The results of the indicators obtained by dynamic simulation with various crack depths: (a) crest factor; (b) impulse

factor; (c) clearance factor; (d) S;; (e) S,.

simulation to estimate the crack depth. Five indica-
tors are selected, encompassing crest factor, impulse
factor, clearance factor, S, (third statistical moment
parameter), and S, (a statistical parameter with
higher sensitivity than S,). These indicators are
dimensionless and have less sensitivity to the operat-
ing values such as load and rotation speed and more
sensitivity to the faults such as cracks. The crest
factor of each signal is obtained by the equation
(24)%

_ max(|x)

F
¢ RMS

24)

where RMS is the root mean square of the signal. The
equations (25) and (26) calculate the impulse factor
and clearance factor, respectively’

Impulse factor = fnm;vﬂ (25)
¥ 2oiet il
Clearance factor = max(|xi]) (26)

(hxs i)’

The equations (27) and (28) compute indicators S,
and S, correspondingly*
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N 3
Sr _ lNX:I':I (X[ - X) (27)

(5, -7

LSNP
Sa: NZI:I |xl X| . (28)

(%Zlil |x; — ﬂ)

Results and discussion

According to Table 1, a 6 DOF dynamic model of the
one-stage helical gear as presented in Figure 4 with a
full face-width crack in one tooth of the pinion,
Figure 2(b), with various crack depths ratio from
zero to one, is solved numerically. The mentioned
indicators are applied to their transmission error
speed signal that is obtained by dynamic simulation.
Figure 11 shows the results of these indicators. On the
other hand, these indicators’ values applied to the
original experimental signal, Figure 6, are calculated
and found at the charts’ vertical axis in Figure 11.
Their corresponding points along the horizontal axis
show the crack depth ratio. The values of these indi-
cators applied to the experimental signal, their esti-
mated crack depth ratio, and the error percent of
them compared to the real value of crack depth
ratio are presented in Table 2. As can be seen, the
crest, impulse, and clearance factors estimate the
crack depth ratio with a good agreement (fewer
than 5% error), and also the indicators S, and S,
estimate it with a more significant error in compari-
son to the previous factors. According to equations
(24) to (28), the difference between the calculated
errors can be caused by each index’s sensitivity to
fault effects on vibration signal and their moment
order of signal data. The crest, impulse, and clearance
factors are the estimated crack depths, and the ratio
average is 0.821, which has a 2.6% error to its real
value of 0.8.

Conclusion

Helical gearboxes can be mentioned as the most
applicable and fundamental systems in high-speed
power transmission. It is needed to ensure that these
systems are free of faults and defects because any flaw
can decrease their effectiveness and lead to the rise of
vibration and even operation pause. Tooth root crack
is one of the most common faults happening in gears.
Therefore, specific attention is paid to crack diagnosis
in the gear systems. However, a review of previous
research reveals that these researchers’ focus is on
identifying the cracks’ location, and most of them
have studied the spur gear pair. Also, in some exper-
imental results, traditional methods such as residual
signal cannot precisely determine the cracked tooth.
So, it seems necessary to propose a new approach to

Table 2. The estimated crack depth ratio by applying the
indicators to experimental signal.

Experimental

Index value Crack depth  Error (%)
Crest factor 2.8098 0.839 49
Impulse factor 3.1759 0.824 3
Clearance factor 3.5026 0.808 |

S 1.2798 0.909 13.6

Sy 1.8474 0.725 9.4
Estimations average - 0.821 2.6

find the cracked tooth and also diagnose the crack
depth ratio in the helical gear pair. In this research,
the dynamic responses of the one-stage helical gear
system were calculated. For this purpose, the gear
mesh stiffness was obtained, the modeling of the
cracked tooth was described, and the crack effect on
its mesh stiffness was modeled. Then, the vibration
data, dynamic responses of a one-stage helical gear
system were obtained by an experimental test rig, and
the moving average method was used to detect the
crack location. Then, using some statistical indicator
charts obtained by dynamic simulation, the crack
depth ratio was estimated. Finally, the accuracy of
each indicator in this experimental study was dis-
cussed. The crest factor, impulse factor, and clearance
factor calculated the crack depth ratio with a satisfac-
tory agreement, and also the indicators S, and S,
estimated it with more significant errors to the other
factors. The average of the crack depth ratio’s esti-
mated values calculated and obtained a better result
than each indicator alone.

The computational procedure is developed in
MATLAB programming software. The running time
is five minutes by a regular PC. The proposed method
can be used in the gearbox test bench because the test
time under load usually takes 8 h. This method can
estimate the crack location and size with less accuracy
for a smaller crack size. If the crack size was too small
and its effect on vibration signal became smaller than
other real and spurious vibration sources, this method
could not find it.

Generally, temperature, the gearbox case vibra-
tions in three directions, and generated noise are stan-
dard criteria for fault detection in the gearbox
monitoring benches and on-site. As mentioned
before, the presented method can be used in gearbox
test benches to estimate the location and size of the
crack. The crack effect on mesh stiffness could affect
other vibration signals, such as lateral vibrations on
input and output shafts. Therefore, on-site, the
inspector can monitor the crack defect by attaching
some vibrometers or accelerometers to the gearbox
case in the right place and direction on-site.

As presented in “Moving average method” section,
if a fault signal remains in a tooth zone, it can be
related to a tooth’s fault. According to experience,
if fault signals are observed in several teeth, it can
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be gear tooth pitting. But suppose there is a tooth
local fault such as tooth pitting or a tooth broken
edge generated a similar dynamic signal as a tooth
root crack, there is no way to recognize that this
signal is caused by a crack or other faults.
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