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Abstract: The gear test bench is important equipment for analyzing gear performance, detecting gear
quality, and providing basic data for gear design and machining. In order to monitor the running state
of the gear test bench, predict its running performance both timely and effectively, and guarantee
its stable operation, a digital twin-based state monitoring method of the gear test bench is proposed
in this paper. The state monitoring system of the gear test bench based on the digital twin model is
constructed to simulate its normal running state in real time. On this basis, through the acquisition
of physical information of the gear test bench, the developing of the state monitoring system, and
the simulation of the digital twin model, the real-time state monitoring of the normal operation
gear test bench is realized. The test results of the closed power flow gear test bench show that the
digital twin simulation results of the gear test bench are basically consistent with it. The proposed
state monitoring system can map the normal running state of the gear test bench, so as to realize the
running state monitoring of the gear test bench.

Keywords: gear test bench; digital twin; running state; state monitoring system

1. Introduction

With excellent transmission characteristics (e.g., wide transmission power, high trans-
mission efficiency, long service life, smooth movement, and compact structure), the gear
is widely applied to various types of mechanical transmission systems of national indus-
tries (e.g., automobile, aviation, shipping, energy, metallurgy, and electrical power). The
dynamic characteristics of the gear directly affect the equipment working performance to
which it belongs. With the progress of science and technology and the continuous develop-
ment of the manufacturing industry, higher requirements are also put forward for the gear
performance. In the whole process of gear product design, production, manufacturing, and
operation and maintenance, various performance tests of gears are indispensable.

Generally, gears are used in different transmission systems in the form of reducers
or gearboxes. During the gear meshing, there may have various defects (e.g., gear tooth
shape errors, tooth surface contact deformation, insufficient lubrication, gear and bearing
installation errors, and insufficient lubrication) in the gearbox, which will cause some faults
(e.g., pitting, fatigue peeling, wear, plastic flow, and gluing) of the gear tooth surfaces and
the root crack, which may even lead to the gear fatigue and the broken teeth. Aiming
at this problem, many scholars have conducted in-depth research on the design [1-6],
running monitoring [7-9], defects [10-13], and wear [14-18] of the gearboxes and achieved
good results, which provide useful theoretical and technical references for the design and
manufacture of gears and gearboxes. Thus, in order to improve the reliability of gear
transmission, on the basis of ensuring the design machining precision and assembly quality
of gears, it is necessary to test the performance of gear transmission devices in the gear test
bench to ensure the normal safe operation of gearboxes.
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The gear test bench provides the basic data for the gear design and machining based
on a series of experiments, such as strength lifetime, performance degradation measuring,
noise and vibration testing, tooth contact analysis, etc. Compared with theoretical analysis
methods, data-based experimental methods are more accurate and flexible, and suitable
for accuracy control under variable working conditions [19,20]. In order to obtain the
exact experimental data, the safe and reliable operation of gear testing has always attained
widespread attention. In the running process of the gear test bench, many problems
will occur, such as process data collection, running state monitoring, and performance
prediction, which have a great influence on the reliability of experimental results [21]. It is
particularly urgent to combine new information technologies to monitor the running state
of the gear test bench and predict its timely and effective running performance.

In recent years, digital twin has become increasingly relevant with the development of
the Fourth Industrial Revolution and the transition to intelligent manufacturing [22], which
has become essential to modern industrial developments and production paradigms [23].
The concept of digital twin was first proposed by Professor Grieves in the early 21st
century [24]. Digital twin refers to virtual and real mapping by constructing the mapping
relationship between the digital virtual entity and physical entity. It maps the physical entity
in the physical space to the digital space and has functions such as data mapping, analysis
and decision-making, and control execution [25]. It uses data to simulate the behavior of
physical entities in the real environment, so as to increase or expand the ability of physical
entities through virtual real interaction feedback, data fusion analysis, decision iteration
optimization, and other means [26]. Digital twin technology integrates intelligent sensing
technology, co-simulation technology, data analysis technology, and intelligent control
technology, which can effectively synchronize virtual and physical products by making
full use of data such as physical models, sensor updates, and operation history [27,28]. It
has three components: a physical entity, a virtual model corresponding to the physical
entity, and the data interaction between the two [29]. Digital twin technology is able to
build a bridge between virtual models of physical objects. The virtual models are used to
describe the characteristics, performance, behaviors, and rules of physical entities. The
dynamic behavior, actual status, and performance of physical objects are then monitored
and predicted. Finally, the reverse control of physical objects is realized. By establishing a
twin model of a physical entity and using sensor monitoring, data transmission, and other
technologies, digital twin achieves real-time interactive mapping with the physical entity
in the digital space, reflecting the full life cycle of the physical entity [30].

Although the development of digital twin is recent, it has shown a great application
potential. In recent years, digital twin technology has been highly studied by many scholars,
and the digital twin model has evolved from the original three-dimensional structure to
a five-dimensional structural model, consisting of the physical entity, virtual model (co-
simulation models), twin data, service system, and communication connections [31-33].
Meanwhile, the applications in equipment monitoring and prediction [34-37] of digital
twin technologies are also increasingly extensive. For example, Tao et al. [38] applied digital
twin technology to research equipment fault prediction and health management, proposed
a five-dimensional digital twin-driven fault prognostics and health management method,
presented the framework and workflow of the digital twin-driven prognostics and health
management, and proved the effectiveness of the proposed five-dimensional digital twin
method through a case study of gearbox prognosis. Li et al. [39] proposed a prognostics and
health management system based on advanced digital twin technology. Through the finite
element analysis of the digital twin model, the cable-net current safety status of the five-
hundred-meter aperture spherical radio telescope (FAST) is evaluated, and the fatigue life of
components in the cable-net is predicted. The prognostics and health management system
has achieved good results during the commissioning of the FAST, greatly improving the
maintenance efficiency and reducing its maintenance cost. Krishnan et al. [40] developed a
health monitoring and prognosis of electric vehicles (EV) permanent magnet synchronous
motor by creating intelligent digital twin (i-DT) in MATLAB/Simulink to realize the
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performance monitoring of the motor both in-house and remotely. Finally, the simulation
results indicated that the developed i-DT twins the present health of the EV motor remotely
and in-house and can be implemented in EVs and autonomous vehicles.

Meanwhile, digital twin technology also provides a new idea and methodology for
researching the gear performance analysis and manufacturing. For instance, in terms of the
gear performance prediction and evaluation, He et al. [41] reviewed digital twin-driven
remaining useful life prediction methods for the gear performance degradation, from the
view of a digital twin-driven physical model-based and virtual model-based prediction
method. By evaluating the advantages and disadvantages of various methods, it was
proved that digital twin technology is suitable for gear performance degradation assessment
and remaining useful life prediction. In order to solve the dynamics characteristics problems
of the gear transmission system, He et al. [42] established a digital twin model of gear
transmission stability based on the three aspects of physical prototyping, twin service
system, and virtual prototyping. The real-time feedback of gear transmission stability
was effectively solved. Yang et al. [43] presented a hybrid approach framework driven by
digital twin technology based on meta-action theory, to realize real-time monitoring and
digital simulation of the mechanical transmission wear and performance degradation. This
method can also apply to other mechanical transmission systems with high-performance
requirements. Zhu et al. [44] established a digital twin multi-body dynamic model of a
planetary gearbox for detecting the combined fault of the sun gear missing teeth and the
planetary gear missing teeth or pitting under different working conditions.

Furthermore, in terms of the machining accuracy improvement of gear products,
Lee et al. [45] presented the digital twin model construction of a face-milled hypoid pin-
ion. The machine settings and the cutter parameters for the hypoid gear are obtained by
minimizing the topographical error between digital twin and the sample gear using opti-
mization software. Considering the relationship mapping model of the cutting parameters
and the cutting force and temperature, Zhang et al. [46] provided a multi-physical modeling
method driven by mechanism and data to establish a thermomechanical digital twin model
of the gear skiving process. Lei et al. [47] proposed a new digital twin model considering
low-risk transmission performances of the spiral bevel gear, which is introduced into tooth
flank grinding. An improved tooth contact analysis and loaded tooth contact analysis are
performed to build a bridge between low-risk performances and hypoid generator param-
eters based on this model. Rong et al. [48] proposed a digital twin model for the loaded
contact pattern-based grinding of spiral bevel gears, which proposed different optimization
strategies to realize the precise grinding of the tooth surface. In order to improve the
efficiency and accuracy of measurement uncertainty evaluation, Yin et al. [49] established a
measurement uncertainty model of gear profile on the gear measurement center by using
digital twin technology to effectively identify various errors in the measurement software.

The above research work shows that digital twin has shown good application effect and
prospects in the prediction and evaluation of gear performance, as well as the improvement
of gear machining accuracy, which also provides the theoretical and technical references for
the study of this paper. As we all know, the spiral bevel gear is a complex transmission
with a complex gear surface. Its transmission performance is determined by many factors
(e.g., the shape of the tooth surface, the position and shape of the tooth surface contact
areas, the meshing trace, and the transmission errors). This experiment is a key way to
test the transmission performance, which provides a basis for the dynamic characteristics,
structural optimization design, and fault diagnosis of spiral bevel gear transmission under
the actual running state [50,51].

In this paper, the widely used closed power flow gear test bench is applied to test
the performance (e.g., strength, noise, and vibration) of spiral bevel gears. The normal
operation of the test bench directly determines the various indicators’ (e.g., contact area
position, contact ellipse direction, tooth surface deviations, geometric transmission errors,
load transmission errors, and fatigue life) testing of the spiral bevel gear, which will have a
great impact on the evaluation of spiral bevel gear manufacturing performance. However,
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a variety of problems will easily happened in the operation equipment (e.g., transmission
shaft failure, motor failure, loading device failure, lubrication failure, and gear installation
offset) during the working process of the test bench. The monitoring data acquisition is
more difficult, as well as the real-time running state monitoring. Therefore, in order to
realize the real-time acquisition equipment information and the running state monitoring,
reduce the experimental time and predict the transmission performance accurately. It is
important to ensure that the prediction results of the virtual model are basically consistent
with the testing results under the actual running state. Thus, how to build a digital twin
model of the gear test bench is a challenging task. Unfortunately, there is little research on
the digital twin model of the gear test bench used for gear performance testing. In view of
this, a state monitoring system of the gear test bench based on the digital twin model is
proposed in this paper. The sensors and work machines are used to collect data under the
normal running state of the gear test bench. Digital twin technology is applied to map the
normal running state of laboratory gear equipment into the virtual gear test bench model,
so as to realize the running state monitoring of the gear test bench and make up for the
deficiency that the traditional running state monitoring cannot meet the gear test bench
dynamic requirements of the experiment process.

The rest of this paper is organized as follows. The state monitoring system of the
gear test bench based on the digital twin model is constructed in Section 2. Section 3
describes the physical information acquisition of the gear test bench, including the vibration
and noise information acquisition, temperature acquisition, operation torque information
acquisition, and the vibration acceleration signal acquisition. Section 4 describes the digital
twin monitoring system development, which consists of the geometric model construction
of the gear test bench, simulation environment creation of the gear test bench, and the
implementation of the digital twin monitoring system. Test verification is described in
Section 5, while Section 6 discusses the contribution and future research directions of this
article. Finally, in Section 7, the conclusions are reported.

2. Construction of the State Monitoring System of the Gear Test Bench Based on a
Digital Twin Model

The state monitoring system of the gear test bench based on a digital twin model is
composed as follows: physical information acquisition system and digital twin monitor-
ing system, as shown in Figure 1. Here, the physical information acquisition system is
composed of the gear test bench, sensors (i.e., temperature sensor, torque sensor, noise
sensor, and acceleration sensor), working condition machine, data acquisition interfaces,
etc. The digital twin monitoring system consists of different modules, such as data driving,
operation management, human-machine interaction, digital twin model, signal processing,
running state monitoring, and data analysis.

Under the normal running state, in real time, the physical information acquisition
system can collect the test bench operation data and transform it into real physical quantities
through sensors during the normal operation of the gear test bench. At the same time, it
connects with the equipment condition machine to obtain the real-time running state of
the gear test bench equipment. The physical quantities are converted into digital data by
means of the data acquisition interfaces. RS-232 and other interfaces are used to collect and
convert these physical data, such as temperature, noise, vibration, acceleration, etc. The
operation of the digital twin monitoring system is based on the Windows operating system
and developed jointly through MATLAB, SolidWorks, ADAMS, Visual C++, and other
software. The management program can access the data acquisition interface through the
driver in the monitoring system, so as to obtain the real-time signal of the running state of
the gear test bench. The signal processing module then conducts the acquired raw signals
and maps the processed data to a digital twin model. In the end, the data analysis module
can analyze the collected data and extract the data features.



Appl. Sci. 2023,13, 3291 50f 16

digital twin signal data operation status | | human-machine
model processing analysis monitoring interaction
data driving operation management
8 a9 -
< = < =

’ data acquisition interfaces ‘

U U U U ¥

temperature torque noise acceleration working condition
sensor sensor sensor sensor machine

U U U U J

gear test bench

Figure 1. State monitoring system of the gear test bench based on a digital twin model.

3. Physical Information Acquisition of Gear Test Bench
3.1. Vibration and Noise Information Acquisition of Gear Test Bench

The operation process information of the gear test bench can be reflected through the
vibration signal generated during the process of the gear test equipment operation. Under
the normal running state, the acquired vibration signal is smooth and free of abnormal
noise, which provides a basis for monitoring the normal running state of the gear test bench.
An M + P vibration tester is used in this system, which includes a data acquisition card and
computer, as shown in Figure 2. A sensor with a small size, high sensitivity, and strong
anti-interference ability is selected to collect vibration signals. The arrangement of sensors
on the tested gearbox is shown in Figure 3. At the same time, the sensor is installed in the
gearbox and the noise signal is collected by a decibel tester. Compared with the normal
running state without broken gear, the abnormal operation noise will increase significantly.

Figure 2. M + P vibration tester.
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Figure 3. Arrangement of sensors on the tested gearbox.

3.2. Temperature Acquisition of Gear Test Bench

During the running process of the gear test bench equipment, factors such as frictional
heat and changes of laboratory temperature will result in the change of temperature of
parts of the gear test bench, and the normal operation process can be disturbed. Therefore,
it is necessary to measure the temperature of the gear test bench, especially the gearbox.
In the gear transmission process, the generated friction heat will transfer to the gearbox
and lubricating oil, causing a temperature rise of the oil. During the testing process,
the lubricant temperature in the main gearbox after thermal balance shall not be higher
than 80 °C, and the temperature of the main test gearbox shall not be higher than 75 °C,
which is taken as the judging criteria of the gear test bench’s normal operation. During
the temperature acquisition testing, an infrared temperature gun is used to measure the
temperature of the main test bevel gearbox, and the normal temperature is 54.8 °C after the
thermal equilibrium.

3.3. Operation Torque Information Acquisition of Gear Test Bench

The torque fluctuation of the shaft of the gear test bench reflects the changes of
friction force in every direction under a normal running state. In the gear test bench, the
transmission input shaft is driven by a frequency-controlled motor. By placing a torque
sensor on the gear test bench and connecting it to a torque tester through a data line, the
data of rotation speed and torque at the position where the torque sensor is fixed can be
detected in real time. The installation diagram of the torque sensor on the gear test bench is
shown in Figure 4.

3.4. Vibration Acceleration Signal Acquisition

In the gear test bench, three acceleration sensors are used to extract the vibration
response of the gear in the vertical, lateral, and axial directions, respectively, which are
fixed at the output end cover and the upper surface of the gearbox. The synthesis data
of the three sampled signals are approximately regarded as the vibration acceleration.
The positions of the acceleration sensors are shown in Figure 5. Sensors 1, 2, and 3
correspond to the axial, vertical, and lateral directions, respectively. The gear test bench is
connected to the computer by the working condition machine, which supports the running
state monitoring of the equipment and the data collection of the physical information
(e.g., speed, temperature, noise, and working mode) of the gear test bench through the
communication protocol.
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Figure 5. Position of the acceleration sensors.

4. Digital Twin Monitoring System Development
4.1. Geometric Model Construction of Gear Test Bench

All parts of the gear test bench equipment are modeled and assembled in SolidWorks.
In order to display the visualization effect of the equipment, 3ds Max software is used to
render the equipment by selecting the appropriate materials and rendering the model of
the gear test bench. The model after the modeling and rendering operation is as consistent
as possible with the real equipment to meet the requirement of realness. Meanwhile, the
gear test bench model can also be imported into Unity3D software for the visualization
settings. The gear test bench model is shown in Figure 6.
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Figure 6. Gear test bench model.

4.2. Simulation Environment Creation of Gear Test Bench

In order to map the normal operation data of the gear test bench to the digital twin
model and increase the system operation speed, the geometry model of the gear test bench
is lightened by means of the existing digital twin system development platform. A server
is arranged in the relevant equipment of the actual gear laboratory to find the source data
of the gear test bench by means of the function of address search, lookup, etc. When the
gear test bench is in a normal running state, once its information is obtained, the server
will summarize the collected testing data and store it into the database as soon as possible.
The data-driven engine function embedded in Unity3D software is used to conduct the
logical data. With the help of the data-driven engine, the running state parameters of the
gear test bench can be obtained from the database through the logic layer and imported
into the digital twin model for system driving, and the synchronous movement simulation
between the digital twin model and the real-time monitoring of the equipment operation
can be realized. Finally, the real-time information of the equipment can be displayed in
three dimensions, with the digital twin interface of the gear test bench shown in Figure 7.
In addition, after several tests of actual operation effects, the animation running effect is
smooth, the human-machine interaction is timely, and the digital twin model is stable
and reliable, which is almost the same as the actual gear test bench running state in
the laboratory.

4.3. Implementation of Digital Twin Monitoring System

In the digital twin monitoring system, the recurring iterative update method is applied
to ensure the running state of the digital twin model is consistent with that of the actual
gear test bench in the laboratory. Firstly, the original running state data of the gear test
bench can be read by calling the digital twin monitoring system driver. The conversion
of physical quantities and curve fitting of the read data can then be realized in the signal
processing module, and the visualization of the digital twin model can finally be achieved
through the human-computer interaction interface. Furthermore, combined with ADAMS
software, the dynamic motion state of the digital twin model can be observed, and the
dynamic performance visualization can be displayed through the user interface of the
digital twin monitoring system. The time domain and frequency domain variation results
of simulation vibration are shown in Figures 8 and 9, respectively.
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Figure 7. Digital twin interface of the gear test bench.

2 TEER YRR

v

¢ AU

| TR e

k) : ' ‘

B

S AEAEER RO

: |

8-100 f

=

>_150 1 1 1 1 1
0.95 0.96 0.97 0.98 0.99 1

Time/ (s)

Figure 8. Time domain variation results of simulation vibration.

—_ = NN W W
S wn © W O W
T T T T 1

Vibration acceleration/(m/sz)
i

=]
o
o

4 6 8 10
Frequency doubling

Figure 9. Frequency domain variation results of simulation vibration.



Appl. Sci. 2023,13, 3291

10 of 16

5. Test Verification

In this paper, a closed-power flow fatigue life test bench of spiral bevel gears, which
is mainly composed of a motor, constant velocity closed box, magnetic power brake,
accompanying test box, main test bevel gearbox, torque meter, torque indicator, etc., is
designed and assembled. The simulation effectiveness of the proposed state monitoring
system is illustrated and verified by physical quantities such as vibration, noise, and
temperature in the running process of the gear test bench. The material of the gearbox is
ductile iron, which has the characteristics of better support stiffness. In the test, a pair of
spiral bevel gears is used as the experimental object. The magnetic powder brake, main
test bevel gearbox, coupling, and motor compose a closed transmission loop. According
to the design standard and working range of the gear test bench, the brake torque loaded
on the gear is set at 499 N.m, and the driving speed of the pinion is set at 720 r/min. The
vibration signal is collected by an M + P vibration tester and the noise is collected by a
decibel tester, while the temperature is measured and recorded by an infrared thermometer.
The geometric parameters of the testing spiral bevel gears are shown in Table 1, while the
test bench of spiral bevel gear fatigue life is shown in Figure 10.

Table 1. Geometric parameters of the testing spiral bevel gears.

Items Pinion Gear
Number of teeth 16 27
Module (mm) 4.25 4.25
Mean spiral angle (°) 35 35
Normal pressure angle (°) 20 20
Shaft angle (°) 90 920
Face width (mm) 17 17
Hand of spiral (°) Left Right
Outer cone distance (mm) 66.693 66.693
Pitch angle (°) 30.6507 59.493
Face angle (°) 35.3501 62.2168
Root angle (°) 27.7832 54.6499
Addendum (mm) 4.682 2.542
Dedendum (mm) 3.342 5.482
Whole tooth height (mm) 8.024 8.024
Bottom (mm) 0.8 0.8

accompanying | magn.et'ic constant velocity | =
test box powder brake | closed box

main test
_ bevel gearbox

torque torque meter

indicator
......... C

Figure 10. Test bench of spiral bevel gear fatigue life.



Appl. Sci. 2023,13, 3291

11 of 16

The test process is as follows: firstly, the gear meshing running time is half an hour
under one-fourth, one-half, three-fourths, and full of the brake torque, respectively. The
start time of the experiment is then recorded. During the test operation periods with
different brake torques, the sensors fixed in the gearbox can collect the signals, such as the
temperature, noise, vibration. The data collection process is continuous until the gear tooth
is broken. During the test, factors such as the tooth surface wear, extrusion, and insufficient
lubrication in the gearbox will cause the rise of the gearbox temperature. The defects (e.g.,
tooth defect, tooth shape errors, gear tooth offset load, and insufficient bearing preload) in
the gearbox can cause the edge contact on the tooth surface and the gear circumferential
vibration. At the same time, under the action of alternating stress, the noise of gear mesh
will be increased and the crack of the tooth will be gradually expanded, resulting in the
final fracture of the tooth and the stop of the gear test bench.

Under the normal running state, the temperature and noise changes during the op-
eration of the gear test bench equipment are shown in Figures 11 and 12, respectively.
More specifically, a temperature comparison between the gear test bench equipment opera-
tion and the state monitoring system simulation is shown in Figure 11, where Curves B
and C represent the temperature change of the gear test bench and the state monitoring

system, respectively.
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Figure 11. Temperature comparison between the gear test bench equipment operation and the state
monitoring system simulation.
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Figure 12. Trend of noise comparison between the gear test bench equipment operation and the state
monitoring system simulation.

It is clear that the temperature of the gearbox gradually increases from the beginning
of the test. When the temperature of the box reaches about 55 °C, the crack of the broken
tooth begins to occur. After that, the temperature of the gearbox rises sharply. When the
temperature reaches about 75 °C, the running state of the gearbox appears abnormal and
the tooth broken phenomenon occurs. The trend of noise comparison between the gear
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test bench equipment operation and the state monitoring system simulation is shown in
Figure 12, where Curves B and C represent noise changes of the gear test bench and the
state monitoring system, respectively. It can be seen that the noise gradually increases from
the beginning of the test, the tooth is broken when the noise gradually increases to about
82 dB, and the gear test bench stops running at the same time.

Meanwhile, the visualized dynamic information is displayed in the state monitoring
system. The time domain and frequency domain variation results of the equipment vibra-
tion under the fixed load and speed are shown in Figures 13 and 14, respectively, which are
collected by an M + P vibration tester under the normal running state.
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Figure 14. Frequency domain variation result of the equipment vibration under the fixed load
and speed.

By comparing Figure 8 with Figure 13 and Figure 9 with Figure 14, respectively, it
can be seen that the vibration variation trends of the gear test bench equipment operation
are basically identical to their of the state monitoring system simulation, which both in
the time domain and the frequency domain. Under the normal running state with fixed
load and speed, the vibration time domain diagram of the equipment is a stable waveform
from the beginning to the tooth broken. The vibration frequency domain diagram is
approximately a normal distribution, reaching a peak at the 3rd frequency doubling and
then gradually declining.
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In the frequency domain, both in the test and simulation results, the maximum peak
value of vibration acceleration occurs at the 3rd frequency doubling, with the larger peaks
mainly occurring at the 4th, 5th, and 6th frequency doubling. Meanwhile, in contrast to
the simulation results, there is a high peak of the fundamental frequency in the test results,
which is due to the impact of the load and speed fluctuations. In the time domain, the
vibration curves of the test and simulation have similar characteristics. In the test results,
there have more harmonics and the curves are more chaotic. Relatively, the time domain
curves are more regular in the simulation results because there has been no consideration
of the complex external factors.

The complete results of the monitoring test verify the correctness and practicability
of the proposed state monitoring system, which really realized the state monitoring of
the gear test bench running process based on digital twin. Furthermore, by changing the
different braking torques and driving speeds, many other gear test bench running state
monitoring experiments have been carried out, and the correctness and practicability of the
proposed monitoring system have also been proved from the experimental results.

6. Discussion

In this paper, digital twin technology is applied to the field of running state monitoring
in the gear experiment process, to make up for the deficiency that the traditional running
state monitoring cannot meet the gear test bench dynamic requirements of the experiment
process. By establishing a state monitoring system of the gear test bench based on a digital
twin model, the running state of the gear test bench under normal working conditions is
simulated in real time, and the integration and visualization of the various experimental
monitoring data is realized, which lays a foundation for further research on the running
state monitoring, fault diagnosis, and system maintenance of the gear test bench. During
the test, various factors (e.g., tooth surface wear, extrusion, and insufficient lubrication)
and defects (e.g., tooth defect, tooth shape errors, gear tooth offset load, and insufficient
bearing preload) in the gearbox will cause regular changes in the working parameters (e.g.,
vibration, temperature, and noise) of the gearbox, which reflect the working state of the
entire gear test bench. For example, from the beginning of the test, the temperature of the
gearbox gradually increases, and the noise gradually increases. When the temperature of
the box reaches about 55 °C, the crack of the broken tooth begins to occur. The temper-
ature of the gearbox then rises sharply. When the temperature reaches about 75 °C, the
noise reaches about 82 dB, the running state of the gearbox appears abnormal, the tooth
broken phenomenon occurs, and the gear test bench stops running. Through observing
the verification results of the whole process of the gear fatigue test, it is concluded that the
proposed state monitoring system can be applied to the running state monitoring and the
performance prediction of the gear test bench.

In this paper, the data acquisition and monitoring during the normal operation process
of the gear test bench only involved the temperature, noise, and vibration. In the actual
operation of the equipment, more sensors need to be installed for comprehensive data
collection. Only by expanding the data collection and monitoring of various influencing
factors, improving the efficiency of data collection and processing, and strengthening the
function of the state monitoring system based on digital twin can the running state of
equipment be monitored more effectively.

Next, researchers will continue to promote the evaluation, implementation, and appli-
cation of this state monitoring system. They will verify the practicability of the evaluation
method with as many types of operational status monitoring as possible, so as to enhance
the persuasiveness of the theory. Furthermore, efforts are also being made to study the deep
mining and analysis of the digital twin data, so as to provide a data basis for intelligent
decisions (e.g., running state evaluation, fault diagnosis of equipment) and improve the
service function of the state monitoring system based on a digital twin model.
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7. Conclusions

In this paper, a digital twin-based state monitoring method of the gear test bench is
proposed, and the state monitoring system of the gear test bench based on a digital twin
model is constructed. By comparing the test and simulation results, the correctness and
practicability of the proposed state monitoring system is verified, which really realized the
state monitoring of the gear test bench running process based on a digital twin model. The
main conclusions are as follows:

In this paper, digital twin technology is first applied to timely and effectively monitor
the running state of the gear test bench, which makes the digital condition monitoring of
the gear test bench possible, as well as improving the equipment monitoring efficiency and
reducing the running monitoring cost.

Normal operation data of the gear test bench can be accurately and timely collected by
the proposed state monitoring system. At the same time, the running law of the gear test
bench can be reflected by the analysis and processing of the collected data, and the state
monitoring for the gear test bench operation is achieved.

The temperature and noise variation trends of the gear test bench equipment operation
are basically identical to that of the proposed state monitoring system simulation. The
temperature and noise of the gearbox gradually increase from the beginning of the test.
When the temperature reaches about 75 °C, the noise reaches about 82 dB, the running state
of the gearbox appears abnormal, and the tooth broken phenomenon occurs.

The vibration variation trends of the gear test bench equipment operation are basically
identical to that of the proposed state monitoring system simulation. Under the normal
running state with fixed load and speed, the vibration time domain diagram of the equip-
ment is a stable waveform from the beginning to the tooth broken. The vibration frequency
domain diagram is approximately a normal distribution, which reaches its peak at the 3rd
frequency doubling and then gradually declines.

The proposed state monitoring system provides a new idea and reliable solution for
the dynamic monitoring, further fault diagnosis, and performance prediction of the gear
test bench.
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