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Introduction: With the rapid development of the gearbox manufacturing industry, the internal gear response has received attention, and the control of meshing noise during gear operation has been studied. Conventional noise reduction methods are usually based on gear order, and with the improvement of gearbox manufacturing technology, this method gradually becomes difficult to cope with a wide range of data.
Methods: To expand the search domain of noise control systems, this study combines gear response and gear order, and adds the condition of gear uniform load. For common noise reduction problems in composite systems, this study improves the time-varying stiffness excitation mechanism and generates a coupled system.
Results: Finally, this study conducts experiments on the Gmnoi dataset and compares it with three systems including quantum genetics to verify the superiority of the proposed system. The suppression effects of the four systems on gear meshing noise were 98.4%, 95.8%, 93.5%, and 92.7%, respectively. Their highest performance for different gear groups was 623, 514, 406, and 423, respectively.
Discussion: The experimental results showed that the proposed coupling system has strong robustness and high accuracy in controlling gearbox meshing noise, and is of great significance in reducing noise pollution and improving the working environment of the gearbox.
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1 INTRODUCTION
With the continuous development of engineering technology, the application of gearboxes in the field of mechanical equipment is becoming increasingly widespread. The noise pollution can cause problems in people’s lives (Chen YL. et al., 2022; Nsugbe, 2023). In traditional research, many experts often consider gears as independent units for analysis, ignoring the effects between gears and other components (Liu et al., 2022). However, in practical work, Gear Response (GR) occurs between the gears, bearings, and housing contained in the gearbox, which is a complex system. International scholars investigated the influence of GR and Gear Order (GO) on the transmission meshing noise (TMN) by establishing mathematical models of transmissions and considering the gear load distribution (Li et al., 2022). However, the manufacturing process for gearboxes is becoming increasingly modern, resulting in a growing amount of data. One issue encountered with this method is the occurrence of local optima during operation. To broaden its search scope, this study combines load sharing (LS) technology with two other technologies, GR and GO, to create a coupled system, namely GRO. This study addresses the noise reduction problem of GRO systems when facing data and introduces time-varying stiffness excitation (SET) into GRO to create a coupled system (SET-GRO). The main content of the study can be divided into four parts. Part 1 mainly analyzes and summarizes the current applications of GR and GO. Part 2 introduces the connection method between GRO and LS and introduces it into SET. Part 3 conducts simulation experiments on the Gmnoi dataset. Part 4 analyzes and compares the performance of the proposed system with traditional systems, and points out the shortcomings that still exist in the research. The practical significance of this study is to reduce the gear meshing noise of the gearbox during operation, thereby effectively reducing the mental pollution of surrounding users. It is intended to enhance the user experience of using transmissions and contribute to the development of transmissions.
2 LITERATURE REVIEW
The noise control during machine operation is widely studied internationally. Zhao et al., 2020 proposed a high-order non-circular gear system to reduce noise in scallion transplanters, as they believed that existing models were noisy. The gear system they proposed has an asymmetric transmission ratio, which allows for the movement of the executing components in large displacements. They established a parameter design model based on the full cycle motion of the driven gear pitch curve and trajectory shape control points, and conducted simulation experiments using a prototype. This method significantly reduced the operating noise of the scallion machine. Yao et al., 2022 analyzed the high gradient stress in mechanical systems caused by noise pollution using the finite element method. The method measured the interface degrees of freedom for noise accuracy based on local contact response. The limitation of this method was its small computational scale, so they proposed a free interface for model reduction, so that noise measurement could be directly evaluated. The results of meshing with gears indicated that this method had accuracy and effectiveness. Chaudhary et al. mixed ethylene glycol and nano alumina powder into softened water to obtain the optimal parameters of GR. They used tooth width deviation data to check gear accuracy, and then used entropy variance analysis for multi response optimization. When the gear accuracy was in good condition, the pulse on time could directly affect the dielectric fluid, current, pulse off time, and line tension parameters of GR (Chaudhary et al., 2021).
As research progresses, people are gradually paying attention to the noise generated during the gear meshing process of transmissions. Mo et al. considered that multi power face gears have the ability to transmit reliably, so they analyzed the transmission noise of this gear diversion system. The authors established an acoustic model of the system, taking into account the translational and torsional vibrations of gears. They found that the noise of spur gears has a significant impact on the average load factor. The error phase of the face gear had a relatively small impact on the average load coefficient, which continuously increased with the increase of gear meshing damping (Mo et al., 2020). Hou et al., 2020 studied the noise reduction performance of lightweight gear blanks and proposed a finite element analysis method to establish a gear load model. Considering shaft elasticity and flexibility, a coupled dynamic model was also established. Finally, they analyzed the relationship between ring gear thickness and noise, and found that the model reduced noise by 68.50%, significantly improving gear transmission noise. Zhang and Shen, 2020 believed that LS can determine the amplitude of the meshing force of planetary gear sets, and therefore studied the load distribution behavior to control gear noise. They analyzed a composite planetary gear set with static tooth wear and established a meshing dynamics model for the gear set. In addition, they proposed a dynamic tooth noise calculation model and conducted experiments on a deformation model. The accumulation of tooth wear reduced meshing noise, which improved LS performance.
Scholars have extensively researched GO and GR, but there is a lack of studies that combine them with noise control. This pioneering study links the two and holds significant importance in reducing meshing noise.
3 CONTROL OF COUPLED SYSTEMS IN TMN
TMN refers to the noise caused by gear meshing during the operation of the gearbox, which can have a negative impact on the comfort and driving experience of the vehicle. This study combines GO and GR to construct a coupled system GRO on LS to control the meshing noise of the gearbox.
3.1 LS coupling system combining GO and GR
The gearbox can be used to change the torque of the vehicle’s drive wheels, transmitting power from the engine to the vehicle’s drive wheels during operation. It is usually composed of multiple gears, and different gear ratios are achieved through the meshing of different gears. When the gearbox is composed of a set of gears and a clutch, the two have higher efficiency and lower meshing noise. To achieve automatic selection of the optimal gear ratio for the gearbox, this study combines the hydraulic system and electronic control unit to achieve gear shifting operation, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Shift gearbox of hydraulic system and electronic control unit.
Figure 1 shows the key components of the gearbox during shifting operations. The hydraulic system is the main component of manufacturing hydraulic pressure. When the gearbox needs to shift gears, the electronic control unit will send a signal to the clutch for shifting. During this process, the transfer of control signals is achieved through the rotation of the gear set. To study the rotational relationship between gears, this study calculates the tooth ratio in GO, as shown in Eq. 1.
[image: image]
In Eq. 1, the ratio of the number of teeth between two gears is represented by [image: image]. [image: image] represents the time step required for two gears to rotate once. [image: image] represents their radii, and the contact duration during this period is denoted as [image: image]. This parameter is used to make decisions on the speed ratio of gear transmission, thereby describing the mechanical advantages of gear transmission. The device’s working state involves a reduction in speed and an increase in torque to adjust the system’s output speed, following Eq. 2.
[image: image]
In Eq. 2, the initial speed of gear rotation is denoted as [image: image]. [image: image] is its real-time calculation speed. The time interval between two speed measurements is represented by [image: image]. [image: image] represents the gear wear during this period. During the operation of gears, the vibrations generated between them are inevitable, leading to meshing noise that affects the experimental results. To study the reliability of this characteristic, this study combines the GR concept in GO to study the internal performance and working conditions of gears. The relationship between them is Eq. 3.
[image: image]
In Eq. 3, the inherent properties of the gear are represented by [image: image]. [image: image] represents the smoothness, friction, tooth circumference, and hardness of the gear. [image: image] can describe the working environment of gear components. [image: image] represent the ambient temperature and the humidity inside the container, respectively. This method can be used to analyze poor gear phenomena and reduce transmission noise. To reduce the dynamic load of gears, this study first considers both GR and GO, and then establishes a coupled model GRO of the two in the gearbox, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Coupling model of GR and GO in gearbox.
In Figure 2, the various components in the system are mutually constrained. To control meshing noise, the coupling system optimizes the geometric shape of the gears and reduces noise by minimizing the impact of gear meshing. Numerical simulation methods were used to analyze the mechanism of noise generation in the dynamic data of the transmission system. The aim was to identify the key gears responsible for noise generation. This method verifies the effective performance of the established system through simulation experiments, in which the interaction between the system and the environment is simulated through the simulation environment. The performance of the observation system in different situations is studied and compared with traditional methods. Its working state is analyzed as shown in Eq. 4.
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In Eq. 4, the shape changes of the two gears are represented by [image: image]. [image: image] is the dynamic meshing stress between gears in a rotating state. In a coupled system, [image: image] and [image: image] interact with each other, and a higher GRO energy level will increase the vibration of the gear, thereby affecting its response characteristics. This characteristic will have an impact on the selection of GO. Thus, this study optimizes both values before designing the gearbox to comprehensively consider the relationship between GR and GO, as shown in Eq. 5.
[image: image]
In Eq. 5, the rotation angle of the gear during operation is denoted as [image: image]. [image: image] represents the displacement of the gear caused by rotational vibration. [image: image] represents the running resistance between the gears during these two processes, and the stress angle between the two is denoted as [image: image]. The torsional resistance of the gear itself is denoted as [image: image], and the damping it experiences during deformation is represented by [image: image]. [image: image] and [image: image] represent the meshing strength and meshing stress of the gear, respectively. Through the calculation of these data, the smoothness of the gears has achieved good results. To reduce GR and improve the selection of GO, this study proposes Eq. 6 to calculate the operating speed of the stressed gear during LS.
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In Eq. 6, the transmission power of the gear is denoted as [image: image], which refers to the power transmitted by the gear transmission. The size of LS can determine the force on the tooth surface. In gear transmission, the average load borne on the gear tooth surface can affect the lifespan of the gear. To improve the service life of gear transmission, this study combines LS with GRO and designs the transmission ratio of the gearbox reasonably, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Flowchart of designing transmission ratio of gearbox by combining LS and GRO.
Figure 3 shows the transmission ratio design method of the gearbox. This study first optimizes the gear ratio of the gearbox to improve transmission performance, and adjusts the size of the gears to adapt to environmental conditions. In this process, GRO’s goal is to select the optimal gear ratio to provide optimal acceleration performance. When designing the transmission ratio of the gearbox, this study uses LS technology to consider the load situation of the gears, thereby providing a better working environment for the gears, as shown in Eq. 7.
[image: image]
In Eq. 7, the gear load at the current moment is denoted as [image: image]. The initial load of the gear is represented by [image: image]. The number of stators and rotors during the transmission process is [image: image], respectively. Through this method, this study can to some extent reduce GR and improve the selection of GO. By comprehensively considering the geometric shape and material of the gears, the design optimization of the gearbox can be achieved to reduce gear load, thereby achieving a coupling system related to LS.
3.2 Construction of TMN control system based on GRO
To control the meshing noise of the gears in the gearbox during operation, this study designs a control strategy based on GR and LS based on the results of dynamic analysis. This study optimizes the structure of the gearbox by changing its working parameters, while controlling the time series of gear meshing process to weaken the propagation of meshing noise. This method reduces propagation loss by reducing the propagation path of noise, thereby reducing the impact range of noise. Its working principle is Figure 4.
[image: Figure 4]FIGURE 4 | Working principle of dynamic analysis to reduce the influence range of noise.
In Figure 4, this study optimizes the path from the engine to the driving device on the power transmission route of the gearbox. On this propagation route, power is transmitted from the engine to the transmission shaft. It achieves power output through the meshing of gears with different particle sizes, thereby meeting the speed changing process of the gearbox. During this process, GRO can determine the gear operating characteristics of the gearbox, thereby reducing gear whistling during operation. Its calculation method is Eq. 8.
[image: image]
In Eq. 8, [image: image] represents the total gear torque within a certain distance. The gear torque of the engine is denoted as [image: image], and the degree of gear meshing is represented by [image: image]. [image: image] represents the total gear howling. The application of this method can improve the damping performance of the bearing system, thereby reducing the generation of meshing noise. For the dampers in the GRO system, this study uses a direct torque control system to disperse vibration energy and achieve the goal of reducing noise levels. The principle follows Eq. 9.
[image: image]
In Eq. 9, the torque stiffness between gears is denoted as [image: image]. The vibration amplitude of a single tooth gear is represented by [image: image]. The baseline distance of the applied gear is [image: image]. [image: image] is the vibration frequency of the driven gear. The relative speed of the two gears is denoted as [image: image]. This method can control the drive of AC motors, but traditional motors use vector methods, which contain complex feedback loops. To reduce energy loss, this study combined SET and constructed a GRO based TMN control system, i.e. SET-GRO, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Gearbox meshing noise control system combining GRO and SET.
Figure 5 shows a gear noise reduction system combining GRO and SET. To avoid complex mathematical models, this study first chose to directly measure the magnetic flux of the motor to achieve control. For the time-varying excitation signals in the system, this study implements the adjustment process of the feedback loop on the core of the direct torque control system. By processing the measured values of magnetic flux, precise control of the motor can be achieved, as shown in Eq. 10.
[image: image]
In Eq. 10, [image: image] represents the magnetic flux of the SET-GRO system affected by time. [image: image] is the cross-sectional area during gear transportation. The torsional damping coefficient of the applied gear is denoted as [image: image]. Compared with traditional magnetic flux measurement methods, this control system has faster dynamic response capability. In the motor drive system modified from a gearbox, it can provide higher efficiency. For the problem of long transmission distance, this study proposes a simplified control system design, as shown in Eq. 11.
[image: image]
In Eq. 11, the rotational adhesion ability between the applied gears is denoted as [image: image]. Their rotational speeds within the regional time are represented by [image: image]. [image: image] is the compensation torque for both. The simplified transmission distance before and after is [image: image]. For the dynamic system calculated by this method, the operational length of the system varies with the dynamic characteristics. When gear meshing noise occurs, the system simulates engineering with nonlinear time-varying characteristics, as shown in Eq. 12.
[image: image]
In Eq. 12, the approaching speed of the simulated engineering is denoted as [image: image]. [image: image] represents its network loss during operation. The state of gears before and after nonlinear time-varying is represented by [image: image], respectively. [image: image] is their actual rotational speed. After nonlinear time-varying, the material properties of the system change, which in turn affects external loading conditions. Therefore, this study chose to control the parameters of SET to accurately display grid noise, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Flow chart of controlling parameters of SET by gear speed regulation joint method.
The method chosen in this study for controlling this parameter is the combined gear speed control method. In Figure 6, this study adjusts the gear transmission ratio in the transmission system to change the external excitation applied to the system. This method can adjust the dynamic characteristics of the system to meet the requirements at different time intervals. For the SET-GRO system, the gear speed control joint method can adapt to the design requirements of the system. During this process, the parameter changes of the system are represented by Eq. 13.
[image: image]
In Eq. 13, [image: image] represent the cross-sectional area of the force applied gear, and its arrangement during rotation is denoted as [image: image]. This formula calculates the resonance and frequency variation of the gear system, thereby obtaining the stability level during gear transmission. After designing the control system, this study simultaneously considers the process of SET and Alternating Current (AC) motor drive, and designs the power transmission process of the gearbox according to the drive mode, as shown in Eq. 14 below.
[image: image]
In Eq. 14, the position of the transmission power at a certain time is denoted as [image: image]. [image: image] and [image: image] represent the power magnitude of adjacent times, respectively. The working time in the current state is represented by [image: image]. The SET-GRO system will adjust the stiffness parameters of the gearbox based on the actual working conditions of the two gears, thereby achieving precise feedback control methods. When the system is adjusted to different operating conditions, this study selects environmental parameters using the method described in Eq. 15.
[image: image]
In Eq. 15, the meshing noise of the gearbox is denoted as [image: image]. The knot line of the gear tooth is represented by [image: image]. [image: image] represent the temperature and humidity outside the gearbox. By controlling environmental factors, the problem of reduced gearbox accuracy caused by them has been solved. Under these conditions, the transmission ratio and external excitation of the gears are controlled, thereby improving the dynamic characteristics of the gear transmission system and providing an accurate gearbox meshing noise control system.
4 DYNAMIC CHARACTERISTICS OF COUPLED SYSTEM SET-GRO IN GEAR MESHING NOISE
This study conducted experiments on the Gmnoi dataset to verify the control effect of the proposed SET-GRO system on gearbox gear meshing noise. In this dataset, this study collected a total of 28,561 sets of gearbox gear sets with different geometric sizes, containing various metal components. Considering the influence of environmental factors on the experimental results, this study conducted experiments on these gears with the same lubrication conditions and assembly accuracy.
4.1 Performance analysis of SET-GRO system for TMN
This study divided the data in the Gmnoi dataset into two groups in a 1:1 ratio to verify the learning performance and noise reduction performance of the system, respectively. As shown in Table 1, prior to the experiment, the equipment and parameters for the experiment were determined in this study.
TABLE 1 | Equipment selection and parameter determination in SET-GRO system verification experiment.
[image: Table 1]After determining the experimental parameters according to Table 1, for the model verification of the calculation process, this study conducted gear noise control experiments under different lubrication states. The SET-GRO system was compared with Long and Short Term Memory (LSTM) system, Quantum Genetic (QG) system, and GRO system to verify its superiority. The experimental results are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Superiority experiment of SET-GRO system.
Figure 7A shows that in a low lubrication gear system, the meshing noise of the gears increases gradually as the gear particle size increases for all four systems. When the gear radius reaches 10.8 cm, the meshing noise level of the gear reaches its maximum, which is 742, 831, 923, and 976 in the four systems, respectively. This indicates that for gears under the same conditions, the gear meshing noise of the SET-GRO system is the smallest. In Figure 7B, the suppression effects of SET-GRO, GRO, LSTM, and QG systems on gear meshing noise are 98.4%, 95.8%, 93.5%, and 92.7%, respectively. This indicates that the SET-GRO system has the best noise reduction effect on low lubrication gear systems. But a single experiment cannot demonstrate the scalability of the system. To verify the noise reduction effect of the system in different environments, this study changed the external environment of the gearbox and conducted separate experiments to verify the noise control effect of the system. The results are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Experimental verification of noise effect of the system under different conditions.
Figure 8 compares the scalability of four systems. In Figure 8A, among the 50 experiments conducted, the SET-GRO system performs the best in noise control, with a value of 0.715. The experimental results of the other three systems are 0.618, 0.524, and 0.475, respectively. In Figure 8B, the control performance of the four systems for meshing noise is 47, 35, 28, and 11, respectively. This experiment can demonstrate the control performance of the SET-GRO system for small gear trains, but it cannot demonstrate the application effect of large gears. To verify it, this study conducted experiments on a large gear system, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Experimental study on gear meshing noise control of large gear system.
Figure 9 shows the control effect of the SET-GRO system in a large gear system. The SET-GRO system has the best noise reduction effect in large gear trains, with a noise reduction effect of 97.4%. This result can demonstrate the meshing noise control effect of the SET-GRO system in the same gear combination, but there are still shortcomings in experiments on gears of different materials, so further experiments are also needed.
4.2 Verification of TMN control effectiveness based on SET-GRO system
To compare the meshing noise control effect of the SET-GRO system in different material gear groups, this study changed the gear material while controlling the same gear particle size and lubrication degree. By calculating the gear meshing noise control under different conditions, experiments on the stability and robustness of the SET-GRO system were conducted. The stability experiment results of the system are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Stability test of SET-GRO system.
Figure 10 shows an experiment on the stability of the SET-GRO system. In Figure 10A, the noise control effect of all four systems increases with the increase of gear hardness. The highest performance of SET-GRO, GRO, LSTM, and QG systems are 623, 514, 406, and 423, respectively. In Figure 10B, the performance of the SET-GRO system is still superior in low precision gear systems. This indicates that the SET-GRO system can stably control the meshing noise of gears. This result is similar to that of Freisinger et al., 2024. To conduct experiments on its robustness, the composition materials of the gears were replaced in this study, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Robustness test of four systems for gear train.
In Figure 11A, the control effect of the four systems on meshing noise is directly proportional to the degree of gear meshing. The accuracy of the SET-GRO system is 97.2%, which performs the best among the four systems. Figure 11B shows that the F1 values of the four systems vary with the increase of gear meshing degree. However, the SET-GRO system consistently has the lowest F1 value among the four systems. Adamzadeh et al., 2023 got the same result. The experimental results indicate that the coupling system is highly robust in controlling gear meshing noise. It effectively addresses the defects present in the theoretical background and is suitable for optimizing gear meshing.
5 CONCLUSION
The development of the motor equipment manufacturing industry has attracted attention to the noise control of gearboxes. To denoise a wide range of data, this study introduced SET into GRO and generated a coupled system SET-GRO. The efficiency, accuracy, and robustness of the system were tested on the Gmnoi dataset and compared with the other three systems. When the lubrication effect of the gears was low, the meshing noise in the SET-GRO, GRO, LSTM, and QG systems was 742, 831, 923, and 976, respectively, indicating that the gear meshing noise in the SET-GRO system is the smallest. When operating in a highly lubricated environment, the SET-GRO system demonstrated a 98.4% effectiveness in reducing noise, indicating that the SET-GRO system can target different lubrication states of gears. In the case of different gear radii, the noise reduction effects of the four systems on large gear sets were 97.4%, 96.1%, 95.7%, and 95.2%, respectively, indicating that the system can target gear systems of different sizes. Under the condition of changing the gear material, the noise reduction effects of the four systems on aluminum gears were 623, 514, 406, and 423, respectively. When the gear material was iron, the SET-GRO system had a noise removal accuracy of 98.2% for the meshing system, which is the highest among the four systems. This indicated that the SET-GRO system had accuracy in controlling the meshing noise of the gearbox. As the manufacturing accuracy of the gearbox changed, the F1 values of SET-GRO, GRO, LSTM, and QG systems were 4, 8, 11, and 7, respectively. Experimental results have shown that the proposed SET-GRO coupling system has robustness and accuracy in controlling meshing noise, and is suitable for reducing noise pollution in transmissions. However, this study focuses solely on gear meshing under low-pressure conditions. Further research is needed to investigate gear meshing under high-pressure environments. This limitation is due to safety hazards for personnel in high-voltage environments, as well as the inability to process the excitation current generated during the experiment. Future research will address this limitation as equipment is upgraded.
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