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Abstract

Planetary gear train is a critical transmission component in large equipment
such as helicopters and wind turbines. Conducting damage perception of
planetary gear trains is of great significance for the safe operation of equip-
ment. Existing methods for damage perception of planetary gear trains main-
ly rely on linear vibration analysis. However, these methods based on linear
vibration signal analysis face challenges such as rich vibration sources, com-
plex signal coupling and modulation mechanisms, significant influence of
transmission paths, and difficulties in separating damage information. This
paper proposes a method for separating instantaneous angular speed (IAS)
signals for planetary gear fault diagnosis. Firstly, this method obtains encoder
pulse signals through a built-in encoder. Based on this, it calculates the IAS
signals using the Hilbert transform, and obtains the time-domain synchron-
ous average signal of the IAS of the planetary gear through time-domain
synchronous averaging technology, thus realizing the fault diagnosis of the
planetary gear train. Experimental results validate the effectiveness of the
calculated IAS signals, demonstrating that the time-domain synchronous av-
eraging technology can highlight impact characteristics, effectively separate
and extract fault impacts, greatly reduce the testing cost of experiments, and
provide an effective tool for the fault diagnosis of planetary gear trains.

Keywords

Planetary Gear Train, Encoder Signal, Instantaneous Angular Speed Signal,
Time-Domain Synchronous Averaging, Fault Diagnosis

1. Introduction

Planetary gearboxes are characterized by their small size, high transmission ra-
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tio, and high efficiency, and are widely used in transportation, mining and me-
tallurgy, wind power generation, and other fields. In practical operation, as a key
component for transmitting torque, they are subjected to complex dynamic
overload forces. The gears are prone to failure, and once a failure occurs, it can
lead to serious consequences, even causing injuries or fatalities. Therefore, it is
of great significance to conduct research on planetary gear systems.

Damage perception of transmission components is mainly based on the anal-
ysis of linear vibration signals. Various signal processing methods have been ap-
plied to extract gear fault characteristics, including time-frequency analysis [1],
wavelet transform [2], empirical mode decomposition [3], signal sparse decom-
position [4], and others. However, compared to other transmission components,
conducting damage perception of planetary gear trains based on vibration signal
analysis is more challenging. Due to the unique motion characteristics of plane-
tary gear trains, even in a healthy state, theoretically, planetary gear trains will
produce fault characteristic frequency components. For example, the fault cha-
racteristic frequency of the ring gear is equal to the frequency at which the pla-
netary gear passes through the ring gear, naturally also equal to the frequency at
which the planetary gear train passes through the sensor; similarly, the fault
characteristic frequency of the sun gear is equal to the frequency at which the
planetary gear passes through the sun gear; and regardless of whether there is
damage to the planetary gear train, the frequency components of the planetary
gear passing through the sun gear or ring gear always exist.

Considering that tooth damage leads to a decrease in meshing stiffness and
transmission smoothness, which is the fundamental physical basis for perceiving
gear damage, compared to traditional linear vibration signals, the response of
instantaneous speed to changes in transmission smoothness is more direct and
sensitive. Moreover, the torsional vibration signal obtained based on speed mea-
surement is not affected by transmission paths, is not affected by multi-interface
energy dissipation and multi-path signal superposition attenuation, and is less
affected by high-frequency vibration components. In addition, the speed signal
is the physical quantity that the state perception system needs to measure. Using
the speed signal instead of the vibration signal not only is expected to obtain
more effective approaches for state monitoring and fault prediction but also can
reduce the hardware and testing costs of perception systems.

In recent years, a large number of scholars at home and abroad have conducted
extensive research on encoder signals. Bourdon et al [5] proposed a filter defined
in the angular frequency domain, through which the detection of the filter can
quantify the magnitude of angular velocity changes related to faults in the outer
race of bearings. Liu et al [6] derived a method for solving the time-varying
meshing stiffness when tooth root crack faults occur based on the energy method,
and established the corresponding dynamic model to extract the torsional vibra-
tion contained in the encoder response signal under crack damage conditions.

Feng et al [7] proposed extracting gear fault features from the ratio spectrum of
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the reciprocal of the resampled time intervals at equal angles, overcoming the dif-
ficulties of fault diagnosis under variable speeds. It is noted in the research that
the encoder signal at low speeds not only contains the interested fault compo-
nents but also contains same-order components caused by factors such as manu-
facturing or installation errors. These two components are usually mixed togeth-
er, making it difficult to extract fault characteristics. Guo et al [8] proposed a
feature extraction and detection method based on the relative value of fault cha-
racteristic indicators to address the difficulty of extracting fault characteristic or-
ders in encoder signals due to sun gear tooth root crack faults at low speeds.

The analysis methods mentioned above for encoder signals mostly achieve fi-
nal fault diagnosis based on fault characteristic frequencies. However, due to the
unique motion characteristics of planetary gear trains, their fault characteristic
signals are often overwhelmed by other components, resulting in unclear fault
characteristics and difficulty in achieving good results.

The time-domain synchronous averaging analysis method is an effective me-
thod for analyzing time-domain features of signals. By superimposing and aver-
aging signals of interest over a certain period, it can reduce the influence of
background noise and other components, and enhance the representation of vi-
bration characteristics related to the target gear in the signal. McFadden [9] ob-
tained meshing vibration signals of individual planetary gears through win-
dowed time-domain synchronous averaging analysis, while Smidt [10] installed
sensors on the planetary frame and monitored the gearbox’s condition through
time-domain synchronous averaging analysis. Yip [11] preprocessed vibration
signals using the time-domain synchronous averaging method and then ex-
tracted feature indicators from the preprocessed results to achieve gearbox fault
diagnosis. Abboud [12] proposed a generalized time-domain synchronous aver-
aging algorithm that can be applied under variable speed and load conditions.

This paper addresses the challenging issues faced by planetary gear systems,
such as abundant sources of vibration, complex signal coupling and modulation
mechanisms, significant influences from transmission paths, and difficulties in
damage information separation. It proposes a method for fault diagnosis of pla-
netary gears through the separation of instantaneous angular speed signals. This
method can diagnose faults in planetary gear systems and assess the severity of
the faults, providing strong support for the life prediction and operation and
maintenance of planetary gear systems. Firstly, encoder pulse signals are ob-
tained through a built-in encoder. Based on this, the IAS signals are calculated
using the Hilbert transform. Then, the time-domain synchronous averaging
technology is applied to obtain the time-domain synchronous average signal of
the IAS of the planetary gear, thus achieving the fault diagnosis of the planetary
gear train. Experimental results validate the effectiveness of the calculated IAS
signals, demonstrating that the time-domain synchronous averaging technology
can highlight impact characteristics, effectively separate and extract fault im-

pacts, greatly reduce the testing cost of experiments, and provide an effective
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tool for the fault diagnosis of planetary gear trains.

2. Method for Acquiring Instantaneous Angular Velocity

In the operation of a planetary gearbox, angular displacement represents the
change in speed and depends on two components: the average speed and the

fluctuation component.

0=(a+ o) (1)

Optical encoders are commonly used to obtain angular displacement. Due to
the variation in rotor speed, the pulse sequence generated by the encoder also
changes. Therefore, the angular velocity can be calculated by the time interval,
thus allowing the calculation of angular displacement.

Due to the presence of a varying component in angular velocity, the measured
pulse sequence is a phase-modulated signal. Assuming that this modulated sig-
nal is bandpass-filtered, only the content around the fundamental frequency or

its harmonics is retained. Therefore, the bandpass signal can be represented as:

s(t)=4,cos(w.t+¢. )+ B sin(wf +¢) @)
Where Z B sin(a),.t + . ) represents the modulating signal with a period,

and the subscript crepresents the carrier signal.
Neglecting the initial phase ¢, and representing the phase variation of the
summation term in equation (2) as ¢(¢), the modulating signal can be simpli-

fied as:

s(1)=4, cos[wct+¢(t)} (3)
The relationship between constant speed and carrier frequency is:
o=2 (4)
n

Where 1 is the number of pulses per revolution (PPR), defined by the encoder

model. Similarly, the variation in angular velocity can also be expressed as:
dg(1)
a)(t) = T (5)

The carrier frequency of the signal can be calculated through Fourier trans-
form. However, demodulation techniques must be used to obtain changes in an-
gle and thus obtain the IAS signal.

In signal processing, a signal that lacks negative frequency components is re-
ferred to as an analytic signal. The analytic representation is the complex form of
the actual measured modulated signal. Therefore, the analytical form, denoted as
s(9), is represented as the real part, with its Hilbert transform represented as the

imaginary part.
s, (0)=s(t)+ jH[s(t)] = 4.l ©)

The Hilbert transform of s(?) is:
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H[s(t)] =4, sin[a)ct + ¢(t)] (7)

To obtain the signal of angle variation, the carrier frequency component in

equation (6) is first eliminated by multiplying with the complex signal e /"',

/1) _ giloerrd()] o joer )
IAS signal is
¢(t)—tan1M )
B Real[ei ) }

Finally, by taking the time derivative of, the signal of velocity variation or IAS

can be obtained.

3. Time-Domain Synchronous Averaging Technique

The time-domain synchronous averaging technique is a common signal
processing method, which mainly includes three steps: data segmentation, re-
sampling, and averaging processing. In the application to gears, the purpose is to
enhance the representation of vibration characteristics related to the target gear
in the signal, while reducing the influence of background noise and other com-
ponents, and extracting specific periodic signals of interest. The specific working
principle is shown in Figure 1.

In the time-domain synchronous averaging technique, the vibration signal
x(9) is first segmented based on the speed pulse signal to obtain the vibration
signal for each revolution cycle. Due to variations in operating conditions, envi-
ronmental factors, etc., the number of data points in each revolution cycle of the
vibration signal may vary. Therefore, each segment of data needs to be resam-
pled before averaging to obtain the time-domain synchronous average signal.

This process can be represented as:

xTSA( ) =

Where x754(#) is the time-domain synchronous average signal, NV is the num-

%NZ (t+iLT,) (10)

ber of averages, L is the number of sampling points in each revolution cycle, 7T;is
the sampling interval, and the period of the vibration signal x(#) is 7o = LT
If the signal x(#) is composed of a periodic signal y(# with period 7; and a

white noise signal z2(#), then the signal x(#) can be represented as:

x(t):y(t)+n(t) (11)

x(t) Anti-aliasi | D Average xrs4(%)
nti-aliasing > ata > Resample > verag
filter | treatment

partitioning
Speed pulse H H H
signal

| A Time Synchronous Averaging |
Figure 1. Time domain synchronous averaging schematic.
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Dividing the signal x(#) into /Vsegments according to the period 7; of the sig-
nal y(?) and taking the average of the corresponding points in each segment, we

obtain:
g ()= y(t)+#n(t) (12)

The averaging process exploits the uncorrelated nature of white noise. At this
point, the output noise is from the original signal x(#), and the signal-to-noise

ratio is improved.

4. Method for Separating Instantaneous Angular Velocity
Signals for Planetary Gear Fault Diagnosis

The flowchart of the method for separating instantaneous angular speed signals
for planetary gear fault diagnosis is shown in Figure 2, which includes two steps:
obtaining instantaneous angular velocity and obtaining time-domain synchron-

ous average signals.

4.1. Obtaining Instantaneous Angular Speed Signals

1) Perform Fourier transform on the real signal s(#) to transfer the signal to the

frequency domain. Calculate the amplitude spectrum based on the FFT result, and

Speed pulse signal

A 4

[ Fourier transform j
A 4

/

Carrier frequency removal

-
A

4 .

Angle calculation and

Y differentiation )

v

Torsional vibration signal

A 4

[ Time synchronous averaging

A 4

Planetary gear signal

Figure 2. Methodology flow chart.
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find the position corresponding to the carrier frequency in the amplitude spec-
trum, which is equal to the pulse count multiplied by the rotor speed.

2) Set the FFT results within the negative frequency range to zero. This
achieves the real analytic representation required by equation (7). Maintain the
FFT results around the carrier frequency, setting all other results in the positive
frequency range to zero. Shift the filtering to the right side of the carrier fre-
quency to the beginning of the positive frequency range, and shift the filtering
on the left side of the carrier frequency to the negative frequency range of the
filtering window. This result is the angle variation signal obtained by equation
(9), which removes the influence of the carrier frequency.

3) By taking the time derivative of the angular displacement, the signal of ve-

locity variation or IAS can be obtained.

4.2. Obtaining Time-Domain Synchronous Average Signals

Based on the encoder pulse signal, the IAS signal is segmented to obtain a signal
within one revolution cycle. Each segment of data is resampled, and then the
number of sampling points for each gear meshing is determined based on the
number of teeth on the ring gear. This process is repeated for one revolution of the
planetary gear, and finally, averaging is performed to obtain the time-domain

synchronous average signal.

5. Experimental Signal Verification

To validate the effectiveness of the method, a test bench for simulating planetary
gear faults was constructed as shown in Figure 3. The test bench consists of a
variable frequency motor, a torque and speed sensor, a planetary gearbox, an
encoder, a radial loader, a loading device, and a coupling. The test system used
consists of vibration acceleration sensors, photoelectric encoders, acquisition
cards, and data conditioning modules. The sensitivity of the vibration accelera-
tion sensor is 10.02 mV/ms™ and is installed at the top and horizontal ends of
the planetary gearbox. The photoelectric encoder used generates 1024 speed
pulses per revolution. The parameters of the planetary gearbox are shown in Ta-
ble 1. The structure of the planetary gear system and a broken tooth fault on a
planetary gear are shown in Figure 4.

During the experiment, the speed was set to 600 rpm, with a sampling fre-
quency of 51.2 kHz and a sampling time of 180 s, for both the healthy and faulty
states of the planetary gear. The local encoder pulse signals for the healthy and
faulty states of the planetary gear are shown in Figure 5 and Figure 6. When a
gear fault exists, amplitude modulation occurs due to load fluctuations, and fre-
quency modulation occurs due to speed fluctuations, leading to changes in the
fault characteristic frequencies. The characteristic frequencies of the planetary
gearbox were calculated based on the actual measured speed signals and are
shown in Table 2 and Table 3.

DOI: 10.4236/mme.2024.142004

45 Modern Mechanical Engineering


https://doi.org/10.4236/mme.2024.142004

X. K. Song et al.

Radial loader  Acceleration sensor M
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Figure 3. Planetary gear train failure simulation test bench.

Table 1. Parameters of planetary gearbox.

Gear Sun Planet Ring

Number of teeth 21 31(3) 84

(a) Planetary gearbox (b) Faulty planetary gear

Figure 4. Planetary gearbox and broken tooth planetary gear.
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Figure 5. Local encoder pulse signal under health state.
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Figure 6. Local encoder pulse signal in fault state.
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Table 2. Characteristic frequency of planetary gearbox in health state.

Rotating frequency Characteristic frequency
Meshing frequency
Sun gear Planetary carrier Ring gear Planetary gear Sun gear
167.366 Hz 9.9629 Hz 1.9926 Hz  3.9852Hz 5.3992Hz 7.9703 Hz

Table 3. Characteristic frequency of planetary gearbox in fault state.

Rotating frequency Characteristic frequency
Meshing frequency
Sun gear Planetary carrier Ring gear Planetary gear Sun gear

166.9582 Hz 9.9380 Hz 1.9876 Hz 39752Hz 5.3857Hz 7.9504 Hz

Analyzing the encoder pulse signals for the normal and faulty states of the
planetary gear, the IAS signals were obtained using the Hilbert transform based
on the calculated carrier frequency (£*PPR). Figure 7 shows the IAS signals for
both states within 1 second. It is evident that the signal fluctuation is greater in
the faulty state compared to the healthy state.

To better reflect the fault characteristics and validate the effectiveness of the
signals, fast Fourier transforms (FFT) were performed on the signals for both
states. Figure 8 shows the spectra near the first meshing frequency for both
states. It is evident from the figure that there are prominent peaks at frequencies
around £, = nfy + k£ (£ — 28, £ — &, o + £ — £, fo — £+ £, i + £, £ + 21).
These peaks have at least twice the amplitude compared to the normal signal,
and they are related to the local fault characteristic frequency fp of the planetary
gear. This indicates that a fault has occurred in the planetary gear. A local fault
in the planetary gear will cause an uneven distribution of loads on the planetary
frame. This uneven load distribution enhances the modulation effect of the pla-
netary frame’s rotational motion on the meshing vibration, resulting in peaks at
frequencies around £, + k£ (£, — 2£, fu — £, fu + £, £ + 2£) being greater than
those in the normal signal. In conclusion, this demonstrates the effectiveness of
the calculated IAS signal.

To further highlight the impact features and clearly observe the state of each
gear tooth, the IAS signal was segmented based on the encoder pulse signal to
obtain a signal within one revolution cycle. Each segment of data was resampled,
and then the number of sampling points for each gear meshing was determined
based on the number of teeth on the ring gear. This process was repeated for one
revolution of the planetary gear, and finally, averaging was performed to obtain
the time-domain synchronous average signal.

After processing the IAS signal as described above, it was found that each gear
meshing had 306 sampling points. The synchronous averaging results are shown
in Figure 9. It is clear that the signal for each gear meshing cycle is very stable in
the normal state of the planetary gear. However, for the faulty state of the plane-
tary gear, it can be clearly seen that the impact amplitude of the 21st gear mesh-

ing is significantly larger than that of the other gear meshings. It can be inferred
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that there is a fault in the 21st gear of the planetary gear. Experimental signal ve-
rification has shown that this method has good diagnostic effectiveness for pla-

netary gear faults.
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6. Conclusions

This paper proposes an instantaneous angular speed signal separation method
for diagnosing planetary gear faults, addressing the complex modulation cha-
racteristics of planetary gear vibration signals and the difficulty in separating
fault information. The main conclusions are as follows:

1) By using the IAS signal calculated from the encoder signal and replacing
the vibration signal with the speed signal, it is found that the IAS signal reacts
more directly and sensitively to changes in transmission smoothness, making
fault diagnosis of planetary gearboxes more effective. It also avoids the need for
testing multiple vibration signals, significantly reducing the cost of experiments.

2) The time-domain synchronous averaging technique can highlight the im-
pact features of the planetary gear signal, providing a more obvious and intuitive
effect for fault identification in planetary gearboxes.

Although this study has achieved phased research results, the following work
needs further exploration:

1) The research on the signal separation method in this paper only separates
the signal of the planetary gear in the fault state. Further improvement is needed
for the separation method of the sun gear and ring gear signals.

2) When the sun gear or ring gear has a fault, the separation of the signals of
the planetary gear, sun gear, and ring gear has not been considered. Further re-

search is needed in future studies.
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