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Abstract. The test signal of multistage gear transmission system is complex. When coupling faults
occur in the system, it is often difficult to accurately extract all kinds of fault features. In the past
studies, we found that the fault signals have modulation and coupling effects. The failure of a gear
is often reflected in the power spectrum in the form of associated changes in the meshing
frequency of other stages. The separation of these features will facilitate the analysis of the
coupling effects of multiple faults. The transfer characteristic method provides an effective
method for decomposing such signal features. In this paper, through the analysis of transfer
characteristics, the coupling fault transfer characteristics and the associated influence relationship
of fixed-axis gear crack and planetary gear missing tooth are revealed. The contact force signals
of each pair of gears with the coupling fault are obtained by dynamic simulation. The test signals
of the fixed-axis gearbox and planetary gearbox are obtained under normal and coupling fault
states. According to the method of system identification, the corresponding transfer function
model of each path is established. The transfer process is revealed by the analysis of transfer
characteristics. The association between two kinds of faults is found, which does not exist in a
single fault and is difficult to obtain by signal analysis. This study reveals the association and
vibration mechanism of the coupled fault, which provides a theoretical basis for fault diagnosis of
multistage gears.

Keywords: multistage gear transmission system, rigid-flexible coupling model, coupling fault,
transfer characteristic, association.

1. Introduction

The test signal of multistage gear transmission system is complex. When coupling faults occur
in the system, it is often difficult to accurately extract all kinds of fault features. There are also
mutual modulation and coupling among the fault signals. What changes in the system are
eventually caused by coupled signal. What kind of influence will be exerted on their fault features?
These are issues of great concern to scientists and engineers.

In terms of the coupling characteristics of multistage gears, some scholars used the coupled
dynamics model to analyze the coupling characteristics [1]. Others analyzed the dynamic coupling
between time-varying mesh stiffness (TVM) and gears [2], the effects of the coupling strength [3],
or the nonlinear dynamics of clearance variation and fault coupling [4]. The finite element model
[5] was also used to study the coupled nonlinear dynamic characteristics of multistage gear
transmission systems. The vibration signal model [6] was used to analyze the spectral
characteristics of synchronous and asynchronous meshing. However, the final coupling effect of
the actual signal may be slightly different from the theoretical result.

In the past decade, due to the development of big data, neural networks, machine learning and
other disciplines, many new analysis algorithms for complex signals have appeared, such as the
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improved ant colony optimization algorithm (ICMPACO) proposed by Wu Deng [7], the new fault
diagnosis (PABSFD) method based on the principal component analysis (PCA) and the broad
learning system (BLS) [8], the new performance degradation prediction(HMEPEM) method based
on High-Order Differential Mathematical Morphology Gradient Spectrum Entropy (HOMMSE),
phase space reconstruction and Extreme Learning Machine (ELM) [9], the genetic and ant colony
adaptive cooperation Optimization (MGACACO) algorithm [10], and so on [11, 12]. However,
the complex structure and mechanism of mechanical equipment, coupled with the interference of
its complex environment and the changes in working conditions brought by its complex tasks,
make it difficult to analyze, process and diagnose the big data of mechanical equipment.
Nowadays, the traditional academic thinking, which mainly focuses on observing phenomena,
accumulating knowledge, designing algorithms, extracting features and analyzing decisions, is
changing to a new academic thinking which takes mechanism as the foundation, data as the center,
computing as the means and intelligent data analysis and decision-making as the demand.
Therefore, with the rapid development of big data and algorithms, the research on mechanism
cannot be ignored.

In a multi-stage gear transmission system, various fault characteristics are coupled together
via path transfer. The difficulty of signal analysis lies in the fact that it is difficult to collect data
at the ideal meshing point in the experimental test. Usually, the collected signals are the integrated
signals on the surface of the gearbox body transmitted through multiple paths. To separate these
signals, the transfer path analysis (TPA) method is a good method, which can decompose each
path of the integrated signal. The coupling characteristics of multiple faults can be separated by
splitting the contribution and characteristics of each component to the integrated signal. Transfer
path analysis has been widely used in such fields as vehicles, high-speed trains and ships [14].
The application in gear transmission system is still in its initial stage. The current research focus
is mainly on the planetary gearbox. Liu [15] proposed a comprehensive vibration signal model for
a planetary gear set considering all the vibration sources and transfer path effects. Lei [16]
constructed a vibration simulation model of the planetary gearbox by analyzing the transfer paths
of each meshing vibration. Huang [17] used finite element model and MATLAB curve fitting
toolbox to establish a mathematical model of the transfer path change law of planetary gearbox.
Xu [18, 19] studied the influence of measuring points on transfer path under the conditions of
planet gear crack and missing tooth fault. Chen [20] studied the propagation path and failure
behavior of cracked gears at different initial angles. Transfer path analysis has not been applied in
the study of the coupling fault vibration mechanism of multi-stage gear transmission systems.

For a multistage gear transmission system including both fixed-axis gears and a planetary gear
train, multistage gear meshing and multiple transfer paths will interact with each other. When a
fault occurs in one stage of meshing, it will appear in the form of other meshing frequencies in the
power spectrum [21, 22]. Therefore, the fault characteristics and the fault transfer characteristics
of a multistage gear transmission system should be studied specifically.

In this paper, the multistage gear transmission system is taken as the research object. The
simulation and experimental methods are used to calculate the amplitude-frequency response
curves of the transfer function, which transmit various meshing excitation forces to the planetary
gearbox and fixed-axis gearbox under normal condition and coupling faults condition. The
association between two faults was found out. The source and contribution of each frequency
component in the test signal is studied. The fault characteristics and associated characteristics of
coupling fault are summarized. This study provides a theoretical basis for the extraction and
identification of coupling fault of multistage gear transmission system.

2. Dynamic model of multistage gear transmission system
2.1. Fault simulation test rig of a multistage gear transmission system
The multistage gear transmission system fault simulation test rig is taken as the research object,
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shown in Fig. 1. The vibration characteristic analysis and the transfer characteristic analysis are
carried out.

=4 s O=¢0 ¢ X

Fig. 1. Fault simulation test rig of a multistage gear transmission system:

1 — motor, 2 — torque sensor and encoder, 3 — two stage fixed-axis gearbox,
4 —radial load of bearing, 5 — one stage planetary gearbox, 6 — brake

As can be seen from Fig. 1, there are two gearboxes in the gear transmission system test rig.
The fixed-axis gearbox consists of two-stage fixed-axis gears, and the planetary gearbox consists
of one-stage planetary gear train. The system structure diagram is shown in Fig. 2, where, T}, is
the input torque, driven by three-phase AC asynchronous motor. T, is the output torque, which
can be set through the electromagnetic powder brake. Gears 1 and 2 form the high-speed gear pair.
Gear 1 is the high-speed driving gear. Gear 2 is the high-speed driven gear. Gears 3 and 4 are the
medium-speed driving gear and driven gear respectively. The planetary gear train is the low-speed
stage, p is the planetary gear, s is the sun gear, c is the planet carrier, and r is the ring gear (fixed).
The gears in the test rig are all spur gears with pressure angle a of 20°. Gear parameters are shown
in Table 1.

low-speed stage

medium-speed stage

high-speed stage \
\

Fig. 2. Structural diagram of the gear transmission system test rig

Table 1. Gear parameters

Gear | Number of tooth z | Mass /g | Rotational inertia / / (gm?) | Face width/ mm | Module m / mm
1 29 125 0.05 15 1.5
2 100 1224.5 6 15 1.5
3 36 224 0.14 15 1.5
4 90 1111 4 15 1.5
s 28 41 0.007 10 1.0
p 36 34.6 0.01 10 1.0
c 848.7 0.76 10 1.0
r 100 10 1.0

2.2. Dynamic model of gearboxes

A fault simulation test rig of the multistage gear transmission system is taken as the research
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object. The corresponding 3D solid model was established and imported into ADAMS for
dynamic simulation. Considering nonlinear characteristics of the gearboxes, the fixed axis gearbox
and the planetary gearbox were softened [23,24] to obtain more realistic gear dynamics
characteristics. The gear, axis, box and other components were built. Gearboxes were integrally
assembled by constraint relations. The assembled body and its internal structure are shown in
Fig. 3.

a)

Fig. 3. The test rig solid model: a) assembled body, and b) internal structure

3. Analysis of dynamic excitation signals of gear meshing

The gear contact force can fully reflect dynamic response characteristics of the gear meshing
process, and contribute to the qualitative analysis of system dynamic characteristics and fault
characteristics under fault state. The contact force signals of the ADAMS dynamic model (Fig. 3)
are solved under normal state and coupling fault state. The motor rotation frequency is 40 Hz
(f4 = 40 Hz). The motor drive torque is about 6 N-m (T;;, = 6 N-m). A load torque of 236 N-m
(Toue = 236 N-m) is applied to the planet carrier. Number of gear teeth are z; = 29, z, = 100,
z3 =36, z, =90, z; =28, z,, = 36, z. = 100. Characteristic frequency parameters of gears at all
stages in the test rig are shown in Table 2.

Table 2. Main frequency parameters
Characteristic frequency Computational formula Value
High-speed meshing frequency f; fi=2zf4 1160 Hz
Z
Medium-speed meshing frequency f, f2= Z—3 f 417.6 Hz
2
Sun gear rotation frequency f fs = 5—2 4.64 Hz
4
Z
Planet carrier rotation frequency f; fo=——"f 1.015 Hz
z, + 2z
Low-speed (planetary) meshing frequency f3 f3=Us— [z 101.5 Hz
High-speed gear failure characteristic frequency fy fa 40 Hz
Planetary failure characteristic frequency f, fr=f3/2p 2.819 Hz

3.1. Analysis of gear contact force signals under normal state

The dynamic simulation of the system under normal state is carried out. The contact force
simulation signals of high-speed, medium-speed and low-speed external meshing (planetary gear
meshing with sun gear) and low-speed internal meshing (planetary gear meshing with ring gear)
are extracted respectively, as shown in Fig. 4.

As can be seen from Figs. 4(a) and 4(b), the waveforms of high-speed and medium-speed
signals are relatively dense, mainly composed of high frequency component. In Figs. 4(c) and 4(d),
the amplitude of low-speed contact force signal is large.

The ring gear in a planetary gearbox is generally stationary. When testing vibration signals,
the sensor is usually mounted on the ring gear or the box connected to it. In operation, the positions
of the two pairs of meshing points (the sun gear and the planet gear, the planet gear and the ring
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gear) relative to the sensor change with the rotation of the planet carrier. It is assumed that the
sensor is mounted on the top of the ring gear. At the initial moment, one planetary gear is located
on the top of the ring gear and directly below the sensor. As the planet carrier rotates, this planetary
gear will gradually move away from the sensor. The meshing vibration of the planetary gear with
the sun gear and the ring gear measured by the sensor will gradually decrease. When the planetary
gear reaches the bottom of the ring gear, the amplitude of the meshing vibration signals reaches
the minimum. As the planet carrier continues to rotate, the planetary gear will gradually approach
the sensor. The sensor tests that the meshing vibration of the planetary gear with the sun gear and
ring gear will gradually increase. When the planetary gear reaches the top of the ring gear, the
amplitude of the meshing vibration signals reaches its maximum. Therefore, the passing effect of
the planetary gear will have an amplitude modulation effect on the meshing vibration signals [25].
This amplitude modulation effect can be expressed by the Hanning function [26, 27]. If the
planetary gearbox has N planetary gears. Then, for each revolution of the planet carrier, N
planetary gears will pass directly under the sensor. The vibration signal is modulated N times. The
planet carrier rotation frequency (1.015 Hz) in Figs. 4(c) and 4(d) is the modulation frequency.
The small fluctuation in Fig. 4(e) is the low-speed meshing frequency (101.5 Hz).
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Fig. 4. Time domains of gear contact force simulation signal under normal state:
a) high-speed, b) medium-speed, c) low-speed external meshing, d) low-speed
internal meshing, and e) low-speed external meshing magnification

In order to observe the frequency components and the proportion of signals, the power
spectrum corresponding to each time domain signal is obtained, as shown in Fig. 5.

In Fig. 5(a), the vibration frequency is dominated by high-speed meshing frequency f;
(1160 Hz). Medium-speed meshing frequency f, (417.6 Hz) and low-speed meshing frequency f;
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(101.5 Hz) are relatively weak and hardly visible.

In Fig. 5(b), in addition to medium-speed meshing frequency f, (417.6 Hz), there are also
high-speed meshing frequency f; (1160 Hz), low-speed meshing frequency f; (101.5 Hz) and its
twice 2f3 (203 Hz). It shows the correlation between various gear signals.

In Figs. 5(c) and (d), high-speed meshing frequency f; (1160 Hz) and medium-speed meshing
frequency f, (417.6 Hz) attenuate obviously. The planet carrier rotation frequency f, (1.015 Hz)
has the highest amplitude. The low-speed meshing frequency f; (101.5 Hz) and its higher order
harmonics (2f3, 3f3...) are the main components. The response frequency amplitude of low-speed
external meshing in Fig. 5(c) is larger than that of low-speed internal meshing in Fig. 5(d).

The above time domain and frequency domain charts conform to the basic law of the gear
vibration, and verify the correctness of the model.
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Fig. 5. Frequency domains of gear contact force simulation signals under normal state: a) high-speed,
b) medium-speed, c) low-speed external meshing, and d) low-speed internal meshing

3.2. Analysis of gear contact force signals under the coupling fault state

The high speed driving gear (gear 1) is set to have crack in the root. The depth of the crack is
consistent with the crack gear in the test rig, as shown in Fig. 6. Crack tooth model is shown in
author’s paper [28]. In this paper, crack length g; is 1 mm and crack angle v is 70°. The planetary
gear 1 in the low speed stage is set to have a missing tooth fault, as shown in Fig. 7.

|

a) b)
Fig. 6. Cracked gear: a) actual gear, and b) simulation gear model

When the multistage gear transmission system has both fixed-axis gear crack fault and
planetary gear missing tooth fault, the fault characteristics are coupled to each other to make the

signal more complicated. The vibration signals of the meshing contact force of each gear are
shown in Fig. 8.

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460, KAUNAS, LITHUANIA 809



COUPLING FAULT TRANSFER CHARACTERISTICS OF FIXED-AXIS GEAR CRACK AND PLANETARY GEAR MISSING TOOTH.
HONGWEI GAO, XIN WANG, XIAOFEI ZHAO

a) b)
Fig. 7. The missing tooth planetary gear: a) actual gear, and b) simulation gear model
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Fig. 8. Time domains of meshing contact force simulation signals under coupling fault state:
a) high-speed, b) medium-speed, c¢) low-speed external meshing, and d) low-speed internal meshing

Comparing Figs. 4(a) and 4(b) with Figs. 8(a) and 8(b), it can be seen that the meshing contact
force signals of the high and medium speed stages have not changed significantly. Comparing
Figs. 4(c) and 4(d) with Figs. 8(c) and 8(d), it can be seen that the time domain vibration signals
of the low speed internal and external meshing contact forces under the coupling fault are
obviously changed. The periodic pulse components of the signal increase, and the degree of signal
distortion increases.

The signal characteristics of coupling fault are observed in frequency domain, as shown in
Fig. 9.

As shown in Figs. 9(a) and 9(b), there is no obvious change in signal characteristics in the
meshing contact force signals of the high and medium speed stages under coupling fault. In
Figs. 9(c) and 9(d), the amplitudes of low-speed meshing frequency f5 (101.5 Hz) and its doubled
frequency increase obviously, and there are side-bands spaced apart by mf; + nf,.
(m=0,1,2,..;n=1,2,..). The amplitudes of low-speed meshing frequency f; (101.5 Hz) in
the low-speed meshing contact signals are compared and analyzed under the fixed-axis gear crack
state, the planetary gear missing tooth state and the coupling fault state. It is found that the
high-speed gear crack has little effect on the low-speed vibration response when only the
fixed-axis gear is cracked. The main characteristic is the increase of the amplitude of its rotation
frequency and the meshing frequency of medium-speed gear. When only the planetary gear tooth
is missing, the high and medium speed vibration responses are not affected much. The amplitude
of low-speed meshing frequency and its double increase. The amplitude of low-speed meshing
frequency f; (101.5 Hz) increases sharply under the condition of the coupling fault, which
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indicates that the fixed-axis gear crack fault has an exciting effect on the planet gear tooth missing
fault.
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Fig. 9. Frequency domains of meshing contact force simulation signals under coupling fault state:
a) high-speed, b) medium-speed, c) low-speed external meshing, and d) low-speed internal meshing
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4. Test signal analysis and transfer function calculation of test rig
4.1. Test signal characteristics under normal state

The acceleration response signals on the surface of gearboxes under normal state were
measured, in which the input axis frequency was 40 Hz, the output axis was loaded with 10 V.
Considering the difference of collected signals on different boxes, the acceleration vibration
response signals of fixed-axis gearbox and planetary gearbox in horizontal direction were
measured separately. The test results of two boxes on the surface under normal state are shown in
Fig. 10.

600 1 600

1160

o 500 / - _ 500
20 -
Ew i B 1160
3 40 3
3 w0t y A B a0- /
£ = E a0 40
< wlll/ /417-6 jas L= //101.5 ;17'5 /835

oLt i L A PR [ A1 ST o | 0 L A s byl

0 500 1000 1500 0 500 1000 1500

Frequency/Hz Frequency/Hz
a) b)

Fig. 10. Power spectrum signals of the test rig under normal state:
a) fixed axis gearbox, and b) planetary gearbox

It can be seen from Fig. 10 that the main frequency components of two boxes in normal state
are high-speed meshing frequency f; (1160 Hz), high-speed axis frequency f; (40 Hz),
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medium-speed meshing frequency f, (417.6 Hz) and its doubled frequency 2 f, (835 Hz),
low-speed meshing frequency f3 (101.5 Hz), etc.

Affected by distance, the signal intensities of two boxes are different. In Fig. 10(b), input axis
rotation frequency f; (40 Hz) and high-speed meshing frequency f; (1160 Hz) are significantly
weakened because of far away from high-speed stage. The amplitude of low-speed meshing
frequency f; (101.5 Hz) is enhanced.

4.2. Transfer function of each transfer path under normal state

Affected by factors such as time-varying meshing stiffness, transmission error, meshing
impact, etc., under normal condition, the meshing of gear teeth will also generate dynamic
meshing forces. Not only that, it also causes fault excitation forces under fault conditions. These
excitation forces cause gear vibration. The vibration signals are constantly aliased in a certain way,
and are transmitted to the outside of the box through different media and different paths such as
transmission components, lubricants, and air. The transmission direction of the vibration signal in
the transmission process is arbitrary. But in general, it will be transmitted to the gear box through
gear-key-shaft-bearing-box. During the transmission of vibration signals inside the box, there are
not only static transmission paths in the static structure, but also dynamic transmission paths
formed by various transmission components. These transmission paths, like filters, affect the
amplitude and phase of different frequencies in the signal transmission process.

3.5
high-speed
3 \/ 40 - --Medium-speed
low-speed external
T 22 835 P
= meshing
; 20 e low-speed internal
;g " 1015 meshing
£
g
< 1t
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Fig. 11. The amplitude-frequency response curves of transfer function of each transfer path
under normal state: a) contact forces are transmitted to fixed axis gearbox,
and b) contact forces are transmitted to planetary gearbox

The vibration transfer path system model of multistage gear transmission system is established
by system identification method. The four contact forces in Fig. 4 are taken as the input excitation
forces, and the test signals on the surface of gearboxes in Fig. 8 are taken as the output. The model
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is solved using an automatic regression exogenous (ARX) model with multi-point input and
single-point output, and the Tustin inverse transform method. The amplitude-frequency response
curves of transfer function of meshing excitation forces transmitted to fixed-axis gearbox and
planetary gearbox under normal state are shown in Fig. 11.

In Fig. 11(a), 40 Hz has the highest amplitude, and the frequency is high-speed axis frequency.
Therefore, high-speed stage contact force has the greatest contribution to the frequency.
Medium-speed and low-speed also have some contributions. Meshing frequencies of f;, f, and f3
are not obvious. But meshing frequency of 2f, (835 Hz) is obvious, which comes from the
contribution of low-speed internal and external meshing process [29].

In Fig. 11(b), planetary gearbox is far away from high-speed stage. Signal intensity of
high-speed stage is weakened, and low-speed signal is enhanced. The amplitude of high-speed
axis rotation frequency f,; (40 Hz) decreases. The frequency characteristic of low-speed meshing
frequency f; (101.5 Hz) increases. Low-speed internal and external meshing also causes a large
frequency component of 2f, (835 Hz).

4.3. Test signal characteristics of coupling fault

The normal high-speed driving gear was replaced by the gear with root crack fault, and the
normal planetary gear was replaced by the missing tooth one. The test signals of the two gearboxes
are shown in Fig. 12.

In Fig. 12(a), The high-speed shaft frequency f; (40 Hz) peak disappears in the fixed-axis
gearbox spectrum, while the side band f; £ nf; (n =1, 2, ...) appears around the meshing
frequency of the high-speed stage. The amplitudes of medium-speed meshing frequency f, and
2f, increase slightly. However, the amplitude of the high-speed meshing frequency f; decreases
instead.

The amplitude of planetary gear meshing frequency f; (101.5 Hz) affected by the missing
tooth fault of planetary gear is increased in the spectrum of planetary gearbox in Fig. 12(b), which
is consistent with the basic law of gear fault. The amplitudes of the medium-speed meshing
frequency f, and its doubled frequency 2f, are also slightly increased due to the influence of the
fixed-axis gearbox. The amplitude of high-speed meshing frequency f; increases sharply.
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Fig. 12. Power spectrum signals of test rig under coupling fault state:
a) fixed axis gearbox, and b) planetary gearbox

4.4. Transfer function of each transfer path under the state of the coupling fault

The four contact force simulation signals under the coupling fault state in Fig. 9 are taken as
input excitation forces. The coupling fault signals tested on the gearbox surface in Fig. 12 are
taken as the output. The amplitude-frequency response curves of transfer function of meshing
excitation forces transmitted to fixed-axis gearbox and planetary gearbox under the coupling fault
state are shown in Fig. 13.

As can be seen from Fig. 13, the main contribution of the increase in the amplitude of the
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planetary gear meshing frequency f; (101.5 Hz) is not from its own vibration, but from the
high-speed stage and the medium-speed stage, which is consistent with the conclusion in 3.2 in
that the fixed-axis gear crack fault has an exciting effect on the planetary gear tooth missing fault.
Comparing Fig. 13 and Fig. 11, it can be seen that the contribution of each gear to the high-speed
stage meshing frequency f; (1160 Hz) is obviously increased under the influence of fixed axis
crack fault. It is worth noting that the contributions of the low-speed internal and external meshing
in the planetary gearbox to f; far exceed the contribution to itself. The medium-speed stage is
connected to the high-speed stage and the low-speed stage at the same time. Both kinds of faults
have an impact on it. So that the contribution of the medium-speed stage in the full frequency band
is improved.

It can be seen from the contribution of each meshing frequency that there is an interaction
relationship between the gears of each stage. The main contribution of low-speed fault
characteristics comes from the high-speed and medium-speed stage, while the features of the
high-speed stage include the contribution of the low-speed stage. Both of them affect the
medium-speed stage, which makes the medium-speed stage contribute a lot in the full frequency
band. This interrelated relationship does not exist in the case of a single fault.

TE high-speed

’ - - -Medium-speed
=z low-speed external meshing
; 1 === low-speed internal meshing
T
E /1080
= ik 1015 /1200
a0 : 417.6 O
% Z 835 i

L/ ¥ .
0 = SN S S
0 500 1000 1500
Frequency/Hz
a)
1080
15, 1015 high-speed Ny 4 1160
! - - -Medium-speed o
Z 403 low-speed external
E 1LV 3 meshing 2 3
z R low-speed internal ¢ 1200
% 1 meshing
g 05f: |
< : 417.6 835—
“l‘. i

AV - g

1000 1500
Frequency/Hz

b)
Fig. 13. The amplitude-frequency response curves of transfer function of each transfer path
under the coupling fault state: a) contact forces are transmitted to the fixed axis gearbox,
and b) contact forces are transmitted to the planetary gearbox

5. Conclusions

In this study, the fault simulation test rig of the multistage gear transmission system is taken
as the research object. The three-dimensional solid rigid-flexible coupling model of system is
established. According to the method of system identification, the transfer function models
corresponding to each path are established. The signal transfer process is revealed through the
transfer characteristic analysis. The associated fault characteristics and fault transfer
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characteristics between gears under the coupling fault state are obtained. It is found that most of
the energy contribution of the planetary gear fault features comes from the fixed axis gear, while
some of the energy contribution of the fixed axis fault features come from the planetary gear.
There is a interrelated relationship between the two faults, which does not exist in the case of a
single fault. This relationship can be explored by the transfer function method, which cannot be
obtained by the signal analysis method. The vibration transfer mechanism of the coupling fault in
the multistage gear transmission system studied in this paper provides a theoretical basis for fault
diagnosis of multistage gear systems.
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