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Considerable studies have been carried out on fault diagnosis of gears, with most of them concentrated on conven-
tional vibration analysis. However, besides the complexity of gear dynamics, the diagnosis results in terms of vibra-
tion signal are easily misjudged owing to the interference of sensor position or other components. In this paper, an
alternative gearbox fault detection method based on the instantaneous rotational speed is proposed because of its
advantages over vibration analysis. Depending on the timer/counter-based method for the pulse signal of the optical
encoder, the varying rotational speed can be obtained effectively. Owing to the coupling and meshing of gears in
transmission, the excitations are the same for the instantaneous rotational speed of the input and output shafts. Thus,
the differential signal of instantaneous rotational speeds can be adopted to eliminate the effect of the interference
excitations and extract the associated feature of the localized fault effectively. With the experiments on multistage
gearbox test system, the differential signal of instantaneous speeds is compared with other signals. It is proved that
localized faults in the gearbox generate small angular speed fluctuations, which are measurable with an optical
encoder. Using the differential signal of instantaneous speeds, the fault characteristics are extracted in the spectrum
where the deterministic frequency component and its harmonics corresponding to crack fault characteristics are
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1 Introduction

As the transmission component widely used in various
machines, the gearbox plays a critical role in mechani-
cal systems, and thus, gearbox fault diagnosis based on
vibration signals attracts considerable research interests
[1]. In addition to deterministic approaches such as sta-
tistical features [2, 3] and time—frequency analysis [4, 5],
many analysis tools have been used, including decision
tree [6], frequency demodulation [7, 8], and stochastic
resonance [9, 10]. However, vibration analysis still has
inherent limitations in the diagnosis of complex gear
system, in which the vibration signal is easily contami-
nated by a large amount of interference, and the strength
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of the signal depends on the position of the vibration
transducer.

As the torsional vibration signal has a simpler spec-
tral structure than the transverse vibration signal [11]
and has the advantage of a short transmission path and
high signal-to-noise ratio, it is also applied to the fault
diagnosis of gears in wind turbines [12, 13] and trac-
tion systems [14]. Recently, the instantaneous angular
speed (IAS) has revealed a high sensitivity to change
in mechanical systems [15]. Because the defects in
rotating machines have a direct impact on the angu-
lar speed, the IAS signal usually contains a consider-
able amount of information on fault components [16].
The different IAS-based techniques have been devel-
oped for bearings [17], induction motors [18], and
gearboxes. For the gear transmission of numerical
control machines, Zhou et al. [19] utilized the instan-
taneous speed obtained using a servo motor encoder
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to monitor the state of the parts, and adopted the
instantaneous speed estimated by the digital differen-
tiator to identify the vibration source [20]. Addition-
ally, Stander et al. [21] used a simplified mathematical
model of a gear system to illustrate monitoring of the
instantaneous angular speed. Roy et al. [22] applied
spectrum to the synchronously averaged IAS signal
under different working conditions.

Recently, Li et al. [23] developed a new approach
to extract the features of a gearbox based on IAS sig-
nal. The idea behind using IAS signal is that the pres-
ence of a defect changes the dynamics of the gearbox
and this definitively alters the rotational speeds of
the shafts. Besides the IAS signals measured from the
input shaft of the gearbox, Sankar et al. [24] also ana-
lyzed the varying speed of the output shaft for detec-
tion of faults in a multistage automobile gearbox.
However, considering the gear stage, the unavoidable
interference in the gear chain can contribute to the
signal of instantaneous angular speed, which increases
the difficulty of feature extraction.

It is verified that a localized gear fault can result in a
periodic fall in the mesh stiffness at the rotational fre-
quency of the faulty gear shaft, resulting in a change
in the instantaneous rotational speed; this indicates
that it can be used to detect the presence of a gear
defect. Consequently, as an angular sensor, the opti-
cal encoder offers high resolution and accuracy with
the mechanism of data acquisition, and the timer/
counter-based method is used to obtain the associ-
ated instantaneous rotational speed directly. Thus, for
the transmission system, the instantaneous speed of
the input and output shafts can be obtained by opti-
cal encoders synchronously. Moreover, to reduce the
effects of external interference and improve the abil-
ity of fault detection for gear transmission systems, the
differential signal of the instantaneous speeds of the
input and the output shafts is utilized to extract the
gear fault feature. Compared with the signal of a single
encoder, instantaneous transmission ratio, and vibra-
tion signal, the proposed feature extraction method
based on the differential signal of double encoders is
feasible and effective.

This paper is organized as follows: Section 2 pro-
vides the fundamental knowledge of the rotating speed
fluctuation of gear defects. In Section 3, the prin-
ciple of the measurement of instantaneous speed is
introduced. Section 4 proposes the feature extraction
scheme based on the differential signal of instantane-
ous speeds in detail, and the gear defect experiment
is presented to evaluate the proposed method in Sec-
tion 5. Finally, conclusions are drawn in Section 6.
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2 Rotational Speed Fluctuation of Gear Defect

For the gear transmission, the input shaft transmits
torque to the output shaft with meshing gears [25, 26],
and the model of single axis transmission system can be
given by

JR2+CR2+k2=M, (1)
where J and C are the rotational inertia and damping
matrix, respectively; 2 and M are the angular displace-
ment and load, respectively; and k is the mesh stiffness.
For a gear mesh period T,, and a given contact ratio
(1<€e<?2), the pinion and wheel are first contacted by one
pair of teeth during (¢ —1)7,,; then, both are contacted
by two pairs of teeth during (2 —¢)7T,,. Thus, gear mesh
stiffness is periodic with the period 7,, which can be
approximated as

kmin, if m+& —1)T,, <t < (m+1)T),
(2)

where 7 is an integer representing the nth gear mesh
period [27]. It is well known that a broken tooth can lead
to a loss of contact, and consequently a periodic loss in
tooth stiffness. The tooth crack also leads to a periodic
decline in the gear mesh stiffness with the rotational
frequency of the faulty gear, which results in periodi-
cal perturbation of speed with rotation. It follows that
the external excitations are mainly attributed from the
abnormal change in mesh stiffness when the load and
input speed are constant. Therefore, the rotational speed
theoretically includes not only the mesh frequencies, but
also the low frequency component corresponding to the
rotation of the faulty gear.

K(t) = { kmax, if BTy <t <m+e—1)T,,

3 Measurement of Instantaneous Speed Based

on the Encoder
3.1 Pulse Sequence of Shaft Angular Displacement
For multi-stage gear transmission systems, optical encod-
ers with same resolution are mounted on the input and
output shafts of the gearbox respectively. It is assumed
that the teeth of the grating disc are uniformly distrib-
uted around the circumference. Then, without consid-
ering the effects of noise, the output signal of the shaft
angular displacement from the optical encoder exhibits a
uniformly periodic pulse f(t) when the angular speed of
the rotary shaft is constant. Thus, the signal of the shaft
encoder can be represented by [28]

f®) = cqcos(nrot +6), (3)

where w and 6 are the angular speed of the rotary shaft
and initial phase of the signal, respectively; r is the
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Figure 1 Pulse sequence of shaft angular displacement

resolution of the encoder; and ¢, is the amplitude of the
nth harmonic component. Note that the pulse period
of the sequence of shaft angular displacement cor-
responds to the rotational speed. Figure 1 shows the
pulse period S of the angular displacement of the input
and output shafts, where §;={S,(1), S,(2), S,(3), ...}, and
S,=1{S,(1), S,(2), S,(3), ...}. It can be seen that each § is
the elapsed time (ET) between two successive pulses in
the prescribed duration. Generally, when a tooth mesh
has a faulty tooth, the mesh stiffness suddenly changes,
causing speed fluctuation, and this is reflected by the
change in corresponding elapsed time. Thus, it enables
the sequence S of successive pulse periods to contain the
dynamic responses of the fault components.

3.2 Measurement of Instantaneous Speed

Based on the mechanism of data acquisition, the timer/
counter-based method treats the output signal from
the optical encoder as a pulse sequence, and the pulse
sequence can be used to start and stop the timer/counter.
Thus, the instantaneous speed is estimated by measuring
the ET for the corresponding unit of angular displace-
ment. In this study, the ET of a speed pulse is obtained
by using a high-frequency clock, as shown in Figure 2.
The data acquisition system consists of a high-frequency
counter device, which is commonly found on traditional
data acquisition boards. The latch circuit latches the time
at which the encoder pulses reach a rising edge, and the
ET of a single period of encoder signal can be measured.
Thus, the ET sequences of the pulse period for the input
and output shafts can be extracted synchronously.

As only the revolution speed fluctuations are of inter-
est in this study, all signal processing and analysis is con-
ducted within the time duration of successive encoder
gratings. It is known that the frequency of pulse sequence
is equal to the reciprocal of ET between two successive

Figure 2 Measurement principle of instantaneous speed

pulses. According to the pulses per revolution of the
encoder, the instantaneous revolution speed V of the
rotary shaft can be calculated as

where N is the number of data points; the resolution r
of the encoder is the number of encoder gratings; and
the elapsed time of each §'(n) is equal to the average of
adjacent points S’(n) = (S(n) + S(n + 1))/2. Note that
the instantaneous speed Vis described in the unit of Hz.
Obviously, the acquisition process is equivalent to the
time estimation between successive rising edges of the
encoder signal. It can be seen that the acquisition occurs
at a sampling frequency directly linked to the shaft
rotational speed and obviously to the resolution of the
encoder [29].

1 :27---)N_17 (4)

4 Feature Extraction Scheme Based

on the Differential Signal of Instantaneous

Speeds
As a component in the transmission device, besides the
gear localized defect, some unavoidable manufacturing
or installation errors tend to affect the measured instan-
taneous speed signal, which makes the detection of gear
defects difficult. However, considering the common exci-
tation source in the gear chain, the differential signal of
instantaneous speeds of the input and output shaft can
effectively reduce the effect of these excitation sources,
and improve the accuracy of the fault identification. The
feature extraction scheme based on the double encoder is
shown in Figure 3.

1) The pulse period sequences Si(n) and S,(n) of the
input and output shafts, respectively, are measured
synchronously; then, the respective instantane-
ous revolution speeds Vj(n) and V,(n) are calculated
using Eq. (4).
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Figure 3 Feature extraction scheme

2) According to the acquisition of the instantaneous
speed, the corresponding sample time of each V(n)
is equal to the accumulation of corresponding ET of
the pulse period. Then, the sample time T(#) of the
instantaneous speed can be described as follows:

T(m=>» S@), n=0,1,2,...,N—1L )
i=0

For different instantaneous speeds Vy(n) and V,(n),
the corresponding time signals Ty(n) and T,(n),
respectively, can be calculated using Eq. (5).

For simplicity of analysis, the spectrum is obtained by
considering an average sampling frequency, which is
estimated from the average speed of rotation because
the gearbox operates at a constant speed. Based on
the mechanism of data acquisition, the timer/coun-
ter-based method can sample r points in one revolu-
tion of the gear shaft.

Simultaneously, the average rotalgio?al speed V in

3

=

revolutions per second is set to % S V@).

i=0
Then, the associated sampling frequencies of the
input and output shafts, respectively, are calculated
by multiplying the average rotational speed by the

pulse per revolution of the encoder:

fs=Vxr. (6)

Input shaft
encoder

Figure 4 Two-stage spur gearbox test system

4) According to the time signals 7,(n) and 7,(n) of the
instantaneous speeds, pairs of sampling points from
the signals of the input and output shafts are deter-
mined.

4.1) 1t is assumed that the sampling frequency for
the input shaft is higher; then, the instantaneous
speed Vi(n) of the input shaft can be set as the
basis.

4.2) Time signals T;(n) and T,(n) are used to find the
sampling point of the signal V (1) whose sam-
pling time is closest to that of the signal V(n).
Specifically, the matching sampling points from
the output shaft signal, which has the minimum
sampling time difference between instantaneous
speed signals, are selected.

5) With the pairs of sampling points of the input and
output shafts, the differential signal of the instanta-
neous rotational speed is determined by

Va(n) =g - Vo(no) — Vi(ny), (7)
where g is the transmission ratio; and Vi(n;) and
V,(n,) are the nth instantaneous speed points of
the input and output shafts, respectively. Thus, the

.

Figure 5 Intact and localized defect gears
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interference can be reduced by the differential signal
of instantaneous speeds.

6) The spectrum of differential signal is calculated using
the associated sampling frequency fs, and the gear
defect feature can be easily identified according to
the rotational frequency of the rotor shafts.

5 Application for Detection of Gearbox Defects

5.1 Experimental Setup

The main components of the spur gearbox test system are
shown in Figure 4. The system primarily includes a two-
stage spur gearbox that can be used to simulate different
localized defects, a 3-hp motor to drive the gearbox, and
a magnetic brake to load the torque. The motor rotating
speed is controlled by a speed controller. The load is pro-
vided by the magnetic brake and can be adjusted by the
brake controller. The transmission ratio of the gearbox
is 3.3. Two encoders with a resolution of 1024 pulse per
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revolution are mounted on the input and output shafts,
respectively. The signal of the encoder is collected by an
NI 6211 DAQ with counter mode.

The intact gear, the cracked gear with a crack depth
of 1 mm at the root of a single tooth, and the broken
gear with one tooth completely removed are located on
the input shaft from left to right (as shown in Figure 5).
Meanwhile, the speeds of the input shaft are approxi-
mately 10 and 17 Hz, respectively, and a load torque of
5 Nm is applied to the output shaft. The signals of the

are 4 and 3 Hz, respectively.

The waveform of an intact gear, shown in Figure 6(a), is
characterized by cyclical fluctuations; however, from the
waveform of the crack defect given in Figure 6(b), some
weak impulses can be observed in the speed fluctuation.
On the contrary, as shown in Figure 6(c), owing to the
reduced meshing stiffness, the distinct impulse caused by
the broken tooth can be found.

Regardless of the gear state (intact gear, cracked gear,
broken tooth), for the low frequency range of [0, 50]
Hz in Figure 7, the main gear frequencies are denoted
by arrows and are visible as being located at the pri-
mary shaft rotational frequency associated with 10,
4, and 3 Hz. Obviously, for the gear transmission, the
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instantaneous speed contains all stage frequency com-
ponents due to the excitation of manufacturing or instal-
lation errors, such as eccentricity of the wheel. However,
there are no obvious harmonics of the rotary frequency
in Figure 7(a) for the intact gear.

When a gear has a localized defect, the periodic exci-
tation of the reduced mesh stiffness of the defect gear
changes the performance of the rotational frequency and
results in a harmonic component due to the time delay
of the common-frequency excitations. As shown in Fig-
ure 7(b), the amplitude of the input shaft frequency of
10 Hz is similar to that of the intact gear, but the sec-
ond harmonic component can be observed in the spec-
trum of the crack defect. Meanwhile, for the breakage
defect given in Figure 7(c), the amplitude of the input
shaft frequency of 10 Hz is higher than that of the intact
case because of the intense periodic impulses caused by
broken teeth meshing. Thus, the fault of a broken tooth
can be traced clearly by the highlighted frequency and its
harmonic.

It can be concluded from the results that the differen-
tial signal of instantaneous speed can be used as an effec-
tive means to reflect the varying instantaneous speeds

caused by localized defects, and to improve the detection
ability for gear diagnosis.

Additionally, the instantaneous speed signals of double
encoders at an input speed of 17 Hz are analyzed, and
the spectra of the differential signals of the instantaneous
speeds are given in Figure 8. For the input speed of 17 Hz,
three frequency components (input frequency 17 Hz,
lay frequency 6.8 Hz, and output frequency 5.1 Hz) are
observed clearly.

It can be seen from Figure 8 that the spectrum of the
intact gear only contains the frequencies of the input
shaft, lay shaft, and output shaft, whereas the local defect
excites the rotary frequency and its harmonic of the
defect gear shaft.

5.3 Comparison with Instantaneous Speed of Single
Encoder

To test the effectiveness of the proposed method, the
instantaneous rotational speed of a single encoder is
used. For the input speed of 10 Hz, Figures 9, 10 and
11 depict the waveforms and spectra of the instantane-
ous speeds of the input shaft encoder in the intact and
localized defect states. It is clear that the waveform of the
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Figure 12 Spectra of instantaneous speed of the output
shaft encoder

intact gear shown in Figure 9(a) is similar to that of the
crack defect given in Figure 10(a). However, it is noted
that the periodic impulses can be observed clearly for the
broken tooth defect shown in Figure 10(b).

In the spectrum of the defect case shown in Figure 11,
the frequency component of 10 Hz is the rotating fre-
quency of the input shaft, whereas the predominant fre-
quency of 6.5 Hz is the interference component inspired

Power spectrum / 107
]

LAuJAﬁhIMJ J\.!LA;AJA
0 20 30 40 50
Frequency f/ Hz

oL Lkl
1

b Spectrum of the intact gear

Figure 13 Signal of instantaneous transmission ratio for the intact
gear. a Waveform of the intact gear, b Spectrum of the intact gear

by other excitation in the gear chain, which covers the
frequency components of the lay shaft and output shaft.

With increasing degree of gear defect, the amplitude of
the frequency of 10 Hz increases gradually; This is con-
sistent with the previous results. However, for the crack
defect, it is difficult to use the instantaneous speed of
the single encoder to identify faults as they have similar
amplitude of rotational frequency.

Additionally, Figure 12 illustrates the spectra of instan-
taneous speed signals of the output shaft encoder in the
intact and damaged conditions, respectively. In the case
where the transmission ratio is considered, the varying
speed of the output shaft is similar to that of the input
shaft. It is noted that the excitation response of the gear
chain appears in not only the speed signal of the input
shaft, but also that of the output shaft. From the spec-
trum of the output shaft encoder, the corresponding fre-
quency of 10 Hz has a significant increase for the broken
tooth defect.
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However, for the crack defect, the amplitude of the
10 Hz frequency is similar to that of the intact gear,
such that it is difficult to identify the fault from the sig-
nal of the intact gear. Obviously, compared to the single
encoder, the differential speed signal of the instantaneous
speeds can reduce the effect of external interference, and
the crack defect can be identified by the exact frequency
component.

5.4 Comparison with Instantaneous Transmission Ratio
The instantaneous transmission ratio is also used for
comparison. For the sampling pairs of V(n) and V,(n),
the instantaneous transmission ratio can be defined as:

Vi(n;)
Vo)’ ®

Ion) =

where Vj(n,) is the nth instantaneous speed point of the
input shaft, and V,(n,) is the nth instantaneous speed

Instantaneous transmission ratio

32
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a Waveform of the breakage defect
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Figure 15 Signal of instantaneous transmission ratio for the
breakage defect

point of the output shaft. The signal of the instantane-
ous transmission ratio for the intact gear and localized
defects at the input speed of 10 Hz are shown in Fig-
ures 13, 14 and 15.

As shown in Figure 15, compared with the intact gear,
the breakage defect is clearly observed in the form of the
impulse, and the amplitude of the rotational frequency of
10 Hz also increases. However, for the crack defect, the
rotational frequency and the second harmonic presented
in Figure 14(b) are similar to that of the intact gear; thus,
they are hardly distinguished. In brief, it is not easy to
use the signal of the instantaneous transmission ratio to
detect weak faults.

5.5 Comparison with Vibration Signal

For further comparison, the vibration in the test system
is measured. The input speed is maintained at 17 Hz and
a 5 Nm load is imposed on the output shaft. Vibration
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signals are collected using an NI 9234 DAQ recorder at
the sampling frequency of 10 kHz for the input bearing.
The waveforms of the intact gear and crack defect are
given in Figure 16. It is obvious that the amplitude of the
crack defect is still similar to that of the intact gear.

Considering the characteristic of the impulse caused
by a localized fault in the gearbox or bearing [30], the
Morlet wavelet is adopted to extract the fault feature
from the vibration signal. Meanwhile, to extract the
weak impulse component effectively, the shape factor of
the Morlet wavelet can be optimized with the Shannon
entropy.

With a shape factor of 0.4, the optimal Morlet wave-
let decomposition of the crack defect is shown in Fig-
ure 17. In the figure, the duration of the impulses
corresponding to the rotation period of the driving
shaft is not clear. Obviously, it is difficult to identify the
crack defect with the time—frequency representation.

LRLL TR PR LR R TR SRV R LA LR T

VLI R Y B

20

Scales

30

40

508
0 0.2 0.4 0.6 0.8 1
Time ¢/ s

Figure 17 Time—frequency representation of the crack defect

6 Conclusions

(1) Based on the timer/counter-based method, the
instantaneous rotational speeds of the input and
output shafts can be obtained synchronously from
the optical encoder. Meanwhile, the differential sig-
nal of instantaneous speed can reduce the effect
of external excitations and enhance the extraction
ability of the localized fault feature.

(2) For localized defects, the periodic excitation of the
reduced mesh stiffness of the defect gear changes
the spectrum performance of the rotational fre-
quency and results in a harmonic component with
the effect of same frequency excitations.

(3) Compared with the single encoder signal and the
instantaneous transmission ratio, the differential
signal of instantaneous speed is less affected by the
external excitation. In addition, the optical encod-
ers can provide a higher quality signal compared to
vibration analysis.
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