
Citation: Zhang, Q.; Liu, X.

Optimization of the Quality of the

Automatic Transmission Shift and the

Power Transmission Characteristics.

Energies 2022, 15, 4672. https://

doi.org/10.3390/en15134672

Academic Editor: Ahmed Abu-Siada

Received: 1 June 2022

Accepted: 23 June 2022

Published: 25 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Optimization of the Quality of the Automatic Transmission
Shift and the Power Transmission Characteristics
Qinguo Zhang 1,2 and Xiaojian Liu 1,2,*

1 Ningbo Research Institute, Zhejiang University, Ningbo 315100, China; zhangqg2006@126.com
2 State Key Laboratory of Fluid Power and Mechatronic Systems, Zhejiang University, Hangzhou 310027, China
* Correspondence: liuxj@zju.edu.cn

Abstract: We have established a simulation platform for the machine–electro-hydraulic coupling
system of the transmission system and the control system to study the root causes of the problems of
large shifting impact and slow change of the machine tool transmission system. The dynamic analysis
of the gear shift work of the gearbox was carried out, and the main factors affecting its shift instability
were studied. With the impact and sliding power as the optimization goals, the shift quality is
optimized based on the multi-objective genetic algorithm. Through the shift experiment, it was found
that the power interruption phenomenon during the shift process was eliminated after optimization,
and the quality of the shift was improved. Simulated planetary row wheel gear meshing force was
found in the same gear, and the second planetary row gear meshing force was the largest among
the planetary rows. The stress of the node near the top of the tooth is greater than the stress of the
node near the node circle and the root of the tooth, and the two sides of the tooth top are relatively
larger than the intermediate stress. The dynamic simulation model of the planetary gearbox system
with rigid–soft hybrid can obtain the stress distribution of the solar wheel at the maximum impact
moment and the stationary stage, as well as the dynamic stress of the key nodes of the solar wheel,
which lays the foundation for the fatigue strength and life prediction of the gear system.

Keywords: machine tool gearbox; genetic algorithm; shift quality; multi-objective optimization;
shift test

1. Introduction

The gearbox is an important part of the transmission system, which has the function
of power transmission and changing the transmission ratio and can ensure the smooth
operation of the transmission system under different working conditions [1–3]. The trans-
mission efficiency and lubrication state of the gearbox are the technical indicators that
affect the performance of the whole machine and have an important impact on the power,
economy and environmental performance. Planetary gear transmission has its unique char-
acteristics under the same conditions as part material, machining accuracy and working
environment [4–6]. Especially for transmission devices such as machine tools that require
small size, light weight, compact structure and high transmission efficiency, planetary gear
transmission has been more and more widely used. However, there will still be some
problems during use, such as: poor load sharing performance of the planetary gearbox;
serious wear of the gears in the planetary gear train [7]. At the same time, for planetary gear
transmission, especially the planetary gear gearbox with complex mechanisms, efficiency
is one of the important quality indicators of planetary gear transmission. In the process
of planetary gear design, whether the efficiency and power flow of the planetary row are
reasonable, and whether there is a closed power flow are issues that must be considered. In
addition, the changing characteristics of the meshing force on the gears, the dynamic stress
generated by the impact on the gears during shifting, and the dynamic characteristics of
the key nodes of the gear teeth are also issues that people pay attention to. There is a large
impact phenomenon when the transmission system shifts, resulting in poor comfort [8–10].
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Therefore, it is of great practical significance to study the shifting performance of construc-
tion machinery gearboxes, improve the shifting stability and shorten the shifting time, and
it is currently a research hotspot in this field.

Due to the rapid development of computers and the application of corresponding
analysis software, more and more experts and scholars have begun to apply new technolo-
gies and methods to analyze and study planetary gearboxes [11]. The planetary gearbox
produces vibration and shock during the shifting process, and the optimal design of the
shifting process has also become one of the focuses of planetary gearbox research. From
the research in recent years, the research on transmission efficiency and power flow has
gradually increased. These studies mainly focus on two aspects: on the one hand, by
studying some theoretical methods, it is easier to analyze and mark the flow direction of
power flow [12–15]. On the other hand, through theoretical analysis, the speed, torque
and efficiency variation characteristics of the main components of the planetary gearbox in
different gears are obtained [16–19]. These studies have provided a very important theoret-
ical basis for later generations, but at the same time, different gearbox structures, different
transmission ratios, and different gearbox efficiencies are all different. Due to the friction
between the gears, the temperature field of the gear system must be taken care of. Thermal
stress caused by temperature rise is a necessary calculation condition to analyze the thermal
fatigue of gears and gear shafts, and even bearings and housings [20–22]. Using CFD
simulation analysis technology, detailed flow field information can be obtained in the early
stage of research and development, and then with low cost and accurate simulation results,
it can help realize the forward design of gear transmission lubrication systems [23–25].

With the increase of the transmission power of the gear transmission and the increase
of the speed, the power loss caused by the gear transmission is still quite large. The loss of
power is not only uneconomical but also causes the machine to heat up, and aggravates
the wear and vibration of the machine, resulting in reduced working life and reliability
of the machine [26]. Therefore, it is of great theoretical and practical significance to study
and improve the efficiency of gear transmission. In order to improve the gearbox shift
performance, the gearbox uses the method of installing a pressure regulator in the hydraulic
circuit, so that the oil pressure drops rapidly at the moment of shifting. After the gear shift
is completed, the oil pressure is gradually restored to the control pressure, so as to achieve
the purpose of reducing the impact of gear shift and smooth transition [27]. The node
analysis method can be used to quickly determine the power size and flow direction of the
planetary gearbox, which provides a certain theoretical reference for analyzing whether
the flow direction of each gear of the gearbox is reasonable and whether there is a closed
power flow [28]. After optimizing the gear parameters of the planetary platoon of the AT
transmission, the efficiency of the planetary platoon is significantly improved by optimizing
the gear parameters of the planetary platoon of the AT transmission [29–31].

In this paper, the quality of gear shift is optimized based on a multi-objective genetic
algorithm based on the optimization goal of impact and sliding motor. Through the
simulation of shift quality, the power interruption phenomenon during the shift process
is eliminated, thereby improving the shift quality. In order to improve the smoothness of
shifting, it is necessary to avoid excessive impact load on the gearbox caused by instant
acceleration or instant deceleration and to reduce the speed loss during shifting. The key
gears in the gearbox are made flexible, and the rigid-flexible hybrid model of the gearbox is
established to analyze the various characteristics of the meshing force of the planetary gear
teeth. The stress distribution of gear teeth and the stress dynamic characteristics of key
nodes of gear teeth were explored. The rotational speed, torque variation characteristics,
transmission efficiency and total transmission efficiency of gearboxes of each planetary
row under the same gear are analyzed. Finally, the stress distribution of the sun gear at the
maximum impact time and the stable stage, and the dynamic stress–time history of the key
nodes of the sun gear are obtained, which lays the foundation for the fatigue strength and
life prediction of the gear system.
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2. Gearbox Co-Simulation Model

The mechanical structure of the gearbox consists of housing, an end cover, a large
and small gear, a bearing, a shaft and other accessories, as shown in Figure 1. One of
the functions of the planetary gearbox is to change the transmission ratio, expand the
range of torque and speed of the driving wheel, and adapt to frequently changing working
conditions. Analysis of the transmission ratio of the gearbox is the primary part of the study
of the gearbox, and it is also a necessary premise to study the force of each component in
the gearbox and the transmission efficiency of the gearbox. The model of the mechanical
transmission part of the gearbox is mainly the gear transmission part and the clutch part.
The key to modeling is to ensure that the power transmission route is accurate to ensure
the accuracy of the transmission ratio of each gear. According to the working principle
diagram of the gearbox, the simulation model of the transmission part is established as
shown in Figure 2. Since the established model in the standard library ignores the moment
of inertia of the gear, and the moment of inertia is of great significance to the shifting
of the gearbox, the influence on shifting should be taken into account when establishing
this part of the model, and the corresponding parameters should be set. This dissertation
focuses on the speed torque characteristics, transmission efficiency and gear meshing force
characteristics of each planetary row of the planetary gearbox under various working
conditions. The simulation model established by Simulink cannot obtain the relevant
characteristics effectively, so the virtual prototype model of the gearbox is established. The
planetary gearbox has many meshing gears, and the gear teeth are frequently impacted
during the frequent shifting operations. In practical engineering problems, there are large-
scale rigid body motions and small-scale elastic deformations of components. The modeling
theory of multi-rigid body dynamics cannot fully and effectively reflect the force changes
during gear meshing. In previous studies, it was found that the second planetary row
working gear in the planetary gearbox received the largest impact and meshing force during
stable operation [32]. In this paper, the planetary sun gear is made flexible, and the stress
distribution and stress dynamic characteristics from start to stable operation are analyzed.

Figure 1. Gearbox structure.

Figure 2. Simulation model of electro-hydraulic coupling drive system.
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3. Multi-Objective Optimization of Shift Quality

Taking impact degree and sliding friction power as optimization goals, clutch pressing
force change rate and shifting time as control variables, a genetic algorithm is used to
optimize the shifting quality with multiple objectives, in order to obtain the best shifting
performance. The expressions of impact degree and sliding friction work are [33]:{

j = R
i0 I

dT
dt

W =
∫ t2

t1 Tc(ω2 − ω1)dt
(1)

Fitness function: E = min
(

λ1, j−jmin
jmax−jmin

,+, λ2, W−Wmin
Wmax−Wmin

)
X =

[ .
Fc t

]T (2)

where: λ1 and λ2 are the weight coefficients of the impact degree and the sliding friction
work, respectively; j represents the value of the impact degree; W represents the value of
the sliding friction work; T is the output shaft torque of the gearbox; I is the moment of
inertia of the output shaft of the gearbox; i0 is the transmission ratio from the transmission
to the wheel; R is the radius of the wheel; Tc is the clutch friction torque; ω2 is the angular
velocity of the clutch follower; and ω1 is the angular velocity of the clutch active plate.

Restrictions: 
Fc ≤ 2000 N
1 s ≤ t ≤ 3 s
Tc ≤ Tcmax

(3)

where: Fc represents the value of the clutch clamping force; t represents the shift time.
The optimization problem is solved by applying genetic algorithms, where the number

of populations is set to 10, the rate of variation is 0.1, and the crossover rate is 0.5. Follow
the steps of genetic algorithm encoding, decoding, selection, crossover, variation, etc. The
fitness function requires a single-valued, continuous, non-negative, maximized, linear scale
transformation from the objective function to the fitness function:

F = aJ + b (4)

where: the coefficient a is negative and b is the amount of regulation; J is the target
function value.

By turning the minimization solution of the objective function into a maximum so-
lution of the fitness function, the fitness function F is not negative. For this optimization
problem, we choose a as −0.0001 and b as 5. When the population number is 100 and the
mutation rate is 0.2 in the multi-objective optimization process, the execution result of the
genetic algorithm is shown in Figure 3. The search speed of the entire optimization process
is high, and the final fitness function convergence value is 2.55 after 400 iterations.
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Figure 3. Search process.

The optimized results show that the maximum impact of the new shifting strategy is
reduced by 15.2%, and the sliding friction power is reduced by 16%, as shown in Table 1.
However, the shifting time is prolonged by 3.5%, which proves that the shifting quality of
the gearbox optimized by the genetic algorithm has been improved within the error range
of 5%.

Table 1. Optimization results.

Parameter Maximum Impact
Toughness (m/s3) Sliding (J) Shift Time (s)

Before optimization 10.2 480 1.05
Optimized 8.9 420 9.11

Optimization rate 15.2% 16% −3.5%

According to the optimization results, the dynamic characteristics of the transmission
system are simulated, and the simulation results of clutch combination and separation in
the forward gear are obtained as shown in Figure 4. Since the input torque is determined
by the load torque at the output when stable, the output torque also changes greatly when
the input is abruptly changed at the moment of shifting. In turn, the friction torque of
the clutch inside the transmission has changed greatly, and finally, a strong shift impact
phenomenon has been generated. Since the rate of change of the driving torque determines
the shifting impact, the change of the transmission torque of the clutch determines the
rate of change of the driving torque, so it can be concluded that the shifting impact is
determined by the transmission torque of the clutch. During the shifting process, the
change control of the clutch pressure is the main one, especially the regular control of the
rising pressure, which can be adjusted by the pressure buffer valve. The first shift process
is the strategy before optimization, and the clutch disengagement and engagement are
carried out simultaneously in the 0–0.5 s interval. Among them, the torque at 0.55 s will
suddenly be zero, indicating that the friction plates of the clutch have been completely
disengaged. The displacement of the clutch piston of the second gear starts to increase
from the decrease of the piston displacement of the previous gear. However, when the
displacement of the piston in the first stage has not been reduced to zero, the displacement
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of the piston in the second gear has increased, so there must be an overlapping contact state
between the two. That is to say, when the gear position is not completely disengaged, the
next gear has started to contact, and the coincidence time is reduced to about 0.2 s. At 0.91 s,
the torque will suddenly be zero again, because the shift time is too short and there is a
brief power interruption. At 1.0 s, the optimized shift strategy allows the first-speed clutch
friction disc to arrive at the second-speed clutch control signal before it has completely
separated, thus avoiding the appearance of shock. There was no sudden torque drop in
the following shifts, and the maximum torque was also reduced, indicating that the shift
impact of the gearbox was improved after the new strategy was adopted.

Figure 4. Optimized results of shift process.

4. Gear Contact Strength Analysis
4.1. Load Settings and DOF Constraints

Usually, when we study the contact analysis of the gear transmission system, we
mainly analyze the contact relationship between the sun gear, the planetary gear, and
the ring gear. Since the planet carrier is also treated as a rigid body part in the contact
analysis and does not participate in the contact analysis, it can be removed and replaced by
the added kinematic connection relationship. Since the contact relationship between the
planetary gear, the sun gear and the ring gear is the same, a planetary gear is selected for
simplified analysis and improved computing efficiency. The simplified gear transmission
system is imported into Hypermesh for mesh division, and the mesh division result is
shown in Figure 5. Import the resulting mesh file including nodes, elements, materials,
related properties, and connection information into the RecurDyn software. After import,
an overall rigid-soft hybrid model is established for dynamic simulation. During the contact
analysis, the size of the mesh will also affect the accuracy of the results. The mesh at the
contact point of the gear is subdivided, and the mesh is coarsened at the gear body and
the rim. The divided sun gear finite element model has 103,573 nodes; the planetary gear
model has 75,382 nodes; and the ring gear model has 263,145 nodes.
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Figure 5. Finite element model and mesh.

The setup steps for contact analysis are as follows:
(1) The elastic modulus is defined as 206 GPa in the material properties, and the

Poisson’s ratio is 0.3;
(2) Assign material properties to the transmission system entity, establish a coupling

point at the center of each gear, and add a hinge connection relationship to define the
rotational relationship between the sun gear and the planetary gear;

(3) Establish the surface-to-surface contact of the ring gear, the sun gear, and the
planetary gear; and assign the contact attribute. Since the time-varying meshing stiffness of
the gear has been obtained in the dynamics, the mean value is selected as the definition of
the contact stiffness;

(4) Establish an analysis step. In the initial analysis step, the axial displacement of the
sun gear, planetary gear and ring gear is first restricted;

(5) Fixed boundary conditions are imposed on the ring gear, the sun gear only releases
the degree of freedom of axial rotation, the planetary gear releases the degree of freedom
of axial rotation and the translational degree of freedom of the end face. Apply a small
rotation angle to the sun gear to ensure that the gap between the gear pairs is eliminated,
so that the planetary gear and the sun gear, and the planetary gear and the ring gear can be
in close contact;

(6) Apply the rotation angle on the sun gear, and add the load and torque to the
hinge-defined shaft system. The hinge connection simulates the relationship between the
planetary gear and the planetary carrier of the planetary transmission system;

(7) The contact stress and bending stress of the output gear pair are analyzed and
solved.

In summary, the flow chart of the entire simulation analysis and post-processing
process is shown in Figure 6.
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Figure 6. Finite element simulation process.

4.2. Fatigue Stress Calculation of Gears

In the planetary gearbox, the impact of the sun gear and the planetary gear at the start
and the meshing force when they are stable are the largest. Therefore, it is very important
to explore the stress distribution of the sun gear from the start to the stable stage.

It can be seen from Figure 7 that when starting with no load, the impact on the gear is
relatively large at 0.003 s, and the stress on the gear is relatively stable after reaching the
stable stage at t = 0.006 s. The area with greater stress is at the tip of the tooth, and the
stress on both sides of the tooth tip is larger than that in the middle.
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Figure 7. Instantaneous dynamic stress nephogram of the sun gear. (a) Stress distribution cloud map
at t = 0.003 s. (b) Cloud map of stress distribution at t = 0.006 s.

Six nodes are defined on the teeth of the sun wheel, and the points near the top, knot
and root of the tooth on the tooth surface (the front side is called the A plane, the reverse
side is called the B plane) are selected, and the dynamic stress–time course of the six key
nodes is analyzed. It can be seen from Figure 8 that the stress on the gear teeth changes
periodically, which is consistent with the actual working conditions. The analysis shows
that the maximum impact stress at the start and the average stress at stability are relatively
larger. The analysis shows that the stress on surface A is relatively larger than that on
surface B, and the maximum stress region is 1020 MPa at the tooth tip. According to the
basic theory of mechanical design, it can be seen that the allowable stress obtained when
checking the fatigue strength of the tooth surface of the sun gear is 1470 MPa. Compared
with the allowable stress, it can be seen that the stress of the sun gear when starting with
a full load is within a safe and reasonable range. The simulation results show that the
reliability of the gear transmission system meets the requirements after the optimized
shifting strategy. When operating under steady-state conditions, the sun gear is the driving
gear and is in contact with the three planetary gears, so the contact fatigue of the sun gear
is the most likely to fail. Since the planetary gear is in contact with the sun gear and the
ring gear at the same time, it will be subjected to shearing force, so the bending fatigue life
of the planetary gear is most likely to fail.
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Figure 8. Stress–time history curve of key nodes of gear teeth. (a) Stress–time history of A-side
addendum. (b) Stress–time history of B-side addendum. (c) Stress–time history of pitch circle on
side A. (d) Stress–time history of pitch circle on side B. (e) Stress–time history of A-side tooth root.
(f) Stress–time history of B-side tooth root.

From the linear criterion, it can be seen that in high-circulatory fatigue, it is not only
affected by high-level stress fatigue injury but also stress damage below the fatigue limit.
Therefore, the mathematical formula for deriving the fatigue life estimated by its theory is:

NL =
N1

n
∑

i=1
αi

(
σi
σ1

)k (5)

where: NL is the number of cycles of destruction reached on the fatigue curve; αi is the
relative frequency of the stress level of the ith stage; σi is the level of stress at stage i; and k
is the slope of the part fatigue curve.

The stress spectrum of the obtained gear pair is calculated by the linear accumulation
criterion. Considering the space limitation of this paper, the list calculation is not performed
here, but the fatigue life prediction results based on the linear accumulation criterion are
directly listed in Table 2.
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Table 2. Fatigue life prediction of gear pair.

Gear Contact Fatigue Life (Cycles) Bending Fatigue Life (Cycles)

Sun gear 1.42 × 105.3 1.61 × 106.8

Planetary gear 9.42 × 105.6 2.68 × 107.3

Ring gear 2.05 × 106.4 2.61 × 107.6

As this method is used to calculate the fatigue life of gears, it can not only predict the
most likely failure point of fatigue life but also find the specific location of gear fatigue
life damage. It can be seen from the above table that when running under steady-state
conditions, the sun gear is the driving gear and is in contact with the three planetary gears,
so the contact fatigue of the sun gear is the most likely to fail. In the bending fatigue life,
because the planetary gear is in contact with the sun gear and the ring gear at the same
time, it will be subjected to shear force, so the bending fatigue life of the planetary gear
is the most likely to fail. When the input speed is 900 r/min and the load is 300 N.m, the
minimum contact fatigue life of the sun gear is 1.42 × 105.3, and the bending fatigue life is
also the minimum of 1.61 × 106.8.

5. Shift Test

After the simulation analysis of the transmission system, it is necessary to verify
the reliability of the shifting quality of the transmission system. In order to verify the
correctness of the shifting quality optimization process and analyze the vibration during
shifting, the transmission was tested according to industry standards. The speed and
torque of the output shaft in each gear are collected on the test bench, and the gear shifting
sliding friction work is calculated according to the gear transmission ratio and the shifting
transmission route. It is impossible to test the shift impact of the whole machine on the
test bench. It is necessary to use the dynamic signal test and analysis system to conduct a
vibration test on the transmission case, and then indirectly analyze the vibration impact of
the transmission during the shifting process. The acceleration sensor is placed vertically in
the vertical direction of the transmission case, and the vibration curve during the shifting
process is collected in cooperation with the dynamic signal test and analysis system. Since
there are many interference signals in the shifting process, it is necessary to filter the
collected vibration acceleration of the box. By performing spectrum analysis and band-pass
filtering on the collected vibration signal, the shifting vibration waveform can be obtained,
as shown in Figure 9. The test bench consists of a drive motor, a load motor, two auxiliary
test gearboxes, an elastic coupling and a universal coupling. The drive motor is connected
to the input end of the test gearbox through the accompanying test gearbox, and the load
motor is connected to the output end of the test gearbox through the accompanying test
gearbox. By adjusting the speed of the drive motor and the torque and speed of the load
motor, the vibration test of the gear set during stable operation is realized.

Figure 9. Test system for variable speed.
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When the second gear is changed to the third gear and the fourth gear is changed
to the fifth gear, the sliding friction work generated by the two clutches is 1410 J and
1435 J, respectively, as shown in Figure 10a. When the neutral gear is changed to the first
gear, since the transmission does not transmit power before shifting, the friction work
does not generate when the clutch is engaged. Compared with the simulation value,
it is found that the error is small, which verifies the correctness and reliability of the
shifting quality simulation, and provides a test basis for further improving the shifting
quality. Through the vibration test results in Figure 10b, it is found that the optimized
front clutch combination vibrates relatively violently during the forward process, and
the shock is relatively large during the shifting process. After the optimization, the shift
shock is reduced and there is no instantaneous power interruption phenomenon. Therefore,
the optimal shift control improves the dynamic performance of the transmission system.
Compared with the total acceleration vibration level of the gearbox before optimization,
the acceleration total vibration level of the gearbox measuring points after the optimization
measures are all decreased, and the reduction range is about 10 dB. It shows that the
measures of gear modification and hydraulic system optimization can effectively improve
the overall vibration performance of the gearbox.

Figure 10. Test results: (a) sliding power curve comparison; (b) vibration changes during gear shifting
before and after optimization.
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Table 3 shows the average value of rotational speed and torque of each component
(where the negative sign indicates the opposite direction) and the transmission efficiency.
The input shaft power is input by the planet carrier of the planet row, and output from the
sun gear and ring gear of the planet row, respectively. Its output kinematic transmission
ratio is 3.14 and its dynamic transmission ratio is 3.0. The power through the sun gear
accounts for 21%, and this part of the power is output by the output shaft. The power
through the ring gear accounts for 79%, and the transmission efficiency of the planetary
row can be calculated to be 94.8%.

Table 3. Speed, torque and efficiency of the planetary row in forward I gear.

Planetary Row Rotating Speed (r/min) Torque (N·m) Transfer Efficiency

Sun 2300 49

94.8%
Planetary −1900 −60

Planet 740 140
Ring 890 77

6. Conclusions

The dynamic analysis of the gear shifting work of the gearbox is carried out, and the
main factors affecting the shifting instability of the gearbox are studied. Taking impact
degree and sliding friction energy as optimization goals, the gear shift quality is optimized
based on a multi-objective genetic algorithm. Furthermore, through the bench test, the
vibration test of the gearbox after the optimization measures is carried out is verified. The
flexible body model of key gears is established, the gear meshing force and sun gear stress
distribution under different working conditions, and the vibration spectrum analysis of
key nodes of the sun gear are analyzed, which lays the foundation for the fatigue strength
and life prediction of the gear system. The conclusions are summarized as follows:

(1) Based on the multi-objective genetic algorithm, the gear shift quality is studied, and
the effects of population quantity and variable rate on the optimization results are obtained.
The shift shock of the clutch is reduced during the optimized rear gear shifting process, and
the power interruption phenomenon has also been improved. Experiments show that the
multi-objective optimization results improve the shifting comfort and improve the dynamic
performance of the gearbox.

(2) Under the same gear, the meshing force of the second planetary row gear in each
planetary row is the largest. The stress of the node near the tooth tip is larger than that of
the pitch circle and the node near the root of the tooth, and the stress on both sides of the
tooth tip is relatively larger than that in the middle.

(3) The vibration test analysis results before and after the optimization of the shifting
strategy show that the hydraulic vibration harmonics on the frequency spectrum of the
gearbox disappear, and the total vibration level decreases by about 10 dB.

(4) During the dynamic contact process, the sun gear is the driving gear and is in
contact with the three planetary gears, so the contact fatigue life of the sun gear is the
smallest. As the planetary gear is in contact with the sun gear and the ring gear at the same
time during the contact process, it will be subjected to a certain shear stress, so the bending
fatigue life of the planetary gear is the smallest.

The outlook for future work is as follows:
(1) When modeling the virtual prototype, the dynamic characteristics of the bearings

in the gearbox under various working conditions, the performance impact of the bearing lu-
brication state and the lubrication characteristics can be considered to make the connection
between the input and output shafts of the gearbox and the box more realistic.

(2) When establishing a rigid-flexible hybrid model, structures such as the flexible ring
gear, planet carrier and planet carrier can be regarded as flexible bodies. The dynamic char-
acteristics of multiple flexible bodies are studied, and the strength of the key components
of the gearbox is checked to provide a certain basis for studying the structural strength of
the gearbox.



Energies 2022, 15, 4672 14 of 15

Author Contributions: Conceptualization, Q.Z. and X.L.; methodology, Q.Z.; software, Q.Z.; vali-
dation, X.L. and X.L.; formal analysis, Q.Z.; investigation, X.L.; resources, Q.Z.; data curation, Q.Z.;
writing—original draft preparation, Q.Z.; writing—review and editing, Q.Z.; visualization, X.L.;
supervision, X.L.; project administration, X.L.; funding acquisition, X.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by [National Natural Science Foundation of China] grant number
[2105280], Zhejiang Provincial Natural Science Foundation of China grant number [LQ21E060009],
Natural Science Foundation of Zhejiang Province grant number [LZ22E050008], Natural Science
Foundation of Ningbo grant number [2021J150], Science and Technology Major Project of Ningbo
grant number [2021Z110]. And The APC was funded by [Science and Technology Major Project of
Ningbo].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the reviewers for their helpful suggestions.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Sufyan, A.M.; Nouby, M.G.; Jamil, A. Fault Diagnosis of Crack on Gearbox Using Vibration-Based Approaches. Symmetry 2022,

14, 417.
2. Yunpeng, Z.; Chengwu, L. Evaluating the influence of a high-fidelity generator model on the gearbox dynamic responses of wind

turbines. J. Mech. Sci. Technol. 2021, 35, 5273–5285.
3. Jin, G.; Xiaojing, L.; Catalina, S.; Weng, Y. Experimental and numerical study on self-sustaining performance of a 30-kW micro gas

turbine generator system during startup process. Energy 2021, 236, 121468.
4. Paisarn, N.; Songkran, W. Investigation on performance analysis of a small solar electric generator. Case Stud. Therm. Eng. 2021,

27, 101224.
5. Liu, G.; Gong, W.; Wu, H.; Pang, L. Theoretical and experimental evaluation of temperature drop and power consumption in a

cover-plate pre-swirl system for gas turbine cooling. Case Stud. Therm. Eng. 2021, 27, 101221. [CrossRef]
6. Conor, M.; James, C.; Alasdair, M.; Sofia, K.; David, I.; Conaill, S. Comparison of New Anomaly Detection Technique for Wind

Turbine Condition Monitoring Using Gearbox SCADA Data. Energies 2020, 19, 5152.
7. Krishnakumar, R.V.; Vigna, K.R.; Gomathi, V.; Ekanayake, J.B.; Tiong, S.K. Hierarchical frequency control framework for a remote

microgrid with pico hydel energy storage and wind turbine. Int. J. Electr. Power Energy Syst. 2021, 127, 106666.
8. Neshat, M.; Nezhad, M.M.; Abbasnejad, E.; Mirjalili, S.; Groppi, D.; Heydari, A.; Tjernberg, L.B.; Garcia, D.A.; Alexander, B.;

Shi, Q.; et al. Wind turbine power output prediction using a new hybrid neuro-evolutionary method. Energy 2021, 229, 120617.
[CrossRef]

9. Jie, X.; Leung, Y.T.; Bing, W.; Wu, C.; van Gelder, P.H.A.J.M. A novel fuzzy Bayesian network-based MADM model for offshore
wind turbine selection in busy waterways: An application to a case in China. Renew. Energy 2021, 172, 897–917.

10. Saeed, R.; Hadi, R.; Rouhollah, F. A new wind turbine driven trigeneration system applicable for humid and windy areas,
working with various nanofluids. J. Clean. Prod. 2021, 296, 126579.

11. Meng, S.; Kang, J.; Chi, K.; Die, X. Gearbox fault diagnosis through quantum particle swarm optimization algorithm and kernel
extreme learning machine. J. Vibroeng. 2020, 22, 1399–1414. [CrossRef]

12. Zhuang, Y.; Jianbo, Y. AKRNet: A novel convolutional neural network with attentive kernel residual learning for feature learning
of gearbox vibration signals. Neurocomputing 2021, 447, 23–37.

13. Li, J.; Jianping, X.; Tielin, S. Feature extraction based on semi-supervised kernel Marginal Fisher analysis and its application in
bearing fault diagnosis. Mech. Syst. Signal Process. 2013, 41, 113–126.

14. Mitin, E.V.; Sul’din, S.P.; Mitina, A.E. Influence of the Configuration on the Gearbox Characteristics in Metal-Cutting Machines.
Russ. Eng. Res. 2020, 40, 491–494. [CrossRef]

15. Nguyen, C.D.; Prosvirin, A.; Kim, J.-M. A Reliable Fault Diagnosis Method for a Gearbox System with Varying Rotational Speeds.
Sensors 2020, 20, 3105. [CrossRef]

16. Li, C.; Sánchez, R.-V.; Zurita, G.; Cerrada, M.; Cabrera, D. Fault Diagnosis for Rotating Machinery Using Vibration Measurement
Deep Statistical Feature Learning. Sensors 2016, 16, 895. [CrossRef]

17. Wang, Y.-R.; Jin, Q.; Sun, G.-D.; Sun, C.-F. Planetary gearbox fault feature learning using conditional variational neural networks
under noise environment. Knowl.-Based Syst. 2018, 163, 438–449. [CrossRef]

18. Shan, Y.; Zhou, J.; Jiang, W.; Liu, J.; Xu, Y.; Zhao, Y. A fault diagnosis method for rotating machinery based on improved variational
mode decomposition and a hybrid artificial sheep algorithm. Meas. Sci. Technol. 2019, 30, 055002. [CrossRef]

http://doi.org/10.1016/j.csite.2021.101221
http://doi.org/10.1016/j.energy.2021.120617
http://doi.org/10.21595/jve.2020.21550
http://doi.org/10.3103/S1068798X20060192
http://doi.org/10.3390/s20113105
http://doi.org/10.3390/s16060895
http://doi.org/10.1016/j.knosys.2018.09.005
http://doi.org/10.1088/1361-6501/ab0473


Energies 2022, 15, 4672 15 of 15

19. Zhang, X.; Sun, T.; Wang, Y.; Wang, K.; Shen, Y. A parameter optimized variational mode decomposition method for rail crack
detection based on acoustic emission technique. Nondestruct. Test. Eval. 2020, 36, 411–439. [CrossRef]

20. An, X.; Tang, Y. Application of variational mode decomposition energy distribution to bearing fault diagnosis in a wind turbine.
Trans. Inst. Meas. Control 2017, 39, 1000–1006. [CrossRef]

21. Junxiang, W.; Changshu, Z.; Sanping, L.; Xie, Z. Adaptive variational mode decomposition based on Archimedes optimization
algorithm and its application to bearing fault diagnosis. Measurement 2022, 191, 110798.

22. Ying, L.; Maohua, X.; Huijia, L.; Li, Z.; Zhou, S.; Xu, X.; Wang, D. Gear fault diagnosis based on CS-improved variational mode
decomposition and probabilistic neural network. Measurement 2022, 192, 110913.

23. Yuanjing, G.; Shaofei, J.; Youdong, Y.; Jin, X.; Wei, Y. Gearbox Fault Diagnosis Based on Improved Variational Mode Extraction.
Sensors 2022, 22, 1779.

24. Dong, Z.; Zhipeng, F. Enhancement of adaptive mode decomposition via angular resampling for nonstationary signal analysis of
rotating machinery: Principle and applications. Mech. Syst. Signal Process. 2021, 160, 107909.

25. Shaozhi, C.; Rui, Y.; Maiying, Z. Graph-based semi-supervised random forest for rotating machinery gearbox fault diagnosis.
Control Eng. Pract. 2021, 117, 104952.

26. Zhang, Q.; Qin, A.; Shu, L.; Sun, G.; Shao, L. Vibration Sensor Based Intelligent Fault Diagnosis System for Large Machine Unit in
Petrochemical Industries. Int. J. Distrib. Sens. Netw. 2015, 11, 239405. [CrossRef]

27. Zhongwei, Z.; Mingyu, S.; Chicheng, M.; Lv, Z.; Zhou, J. An enhanced domain-adversarial neural networks for intelligent
cross-domain fault diagnosis of rotating machinery. Nonlinear Dyn. 2022, 108, 2385–2404.

28. Aljemely, A.H.; Xuan, J.; Xu, L.; Jawad, F.K.J.; Al-Azzawi, O. Wise-local response convolutional neural network based on Naïve
Bayes theorem for rotating machinery fault classification. Appl. Intell. 2021, 51, 6932–6950. [CrossRef]

29. Lei, Y.; Zuo, M.J. Fault diagnosis of rotating machinery using an improved HHT based on EEMD and sensitive IMFs. Meas. Sci.
Technol. 2009, 20, 125701. [CrossRef]

30. Yuqi, L.; Zhong, L.; Fengxia, H.; Zhu, Y.; Ge, X. Modeling of rotating machinery: A novel frequency sweep system identification
approach. J. Sound Vib. 2021, 494, 115882.

31. Shaomin, Z.; Hong, X.; Binsen, P.; Zio, E.; Wang, Z.; Jiang, Y. Feature extraction for early fault detection in rotating machinery of
nuclear power plants based on adaptive VMD and Teager energy operator. Ann. Nucl. Energy 2021, 160, 108392.

32. Zhipeng, F.; Wenying, Z.; Dong, Z. Time-Frequency demodulation analysis via Vold-Kalman filter for wind turbine planetary
gearbox fault diagnosis under nonstationary speeds. Mech. Syst. Signal Process. 2019, 128, 93–109.

33. Hongqiang, Z.; Jinyue, T.; Zhiling, C.; Gang, X.; Ping, Z. Study on hydraulic shift characteristics of engineering vehicle gearboxes.
Mech. Drive 2012, 39, 173–176.

http://doi.org/10.1080/10589759.2020.1785447
http://doi.org/10.1177/0142331215626247
http://doi.org/10.1155/2015/239405
http://doi.org/10.1007/s10489-021-02252-2
http://doi.org/10.1088/0957-0233/20/12/125701

	Introduction 
	Gearbox Co-Simulation Model 
	Multi-Objective Optimization of Shift Quality 
	Gear Contact Strength Analysis 
	Load Settings and DOF Constraints 
	Fatigue Stress Calculation of Gears 

	Shift Test 
	Conclusions 
	References

