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Abstract: In this paper, a method of condition recognition under multi-gear excitation and a method of structural dynamics model modification based on random combination 
stiffness of large heavy transmission equipment are studied and proposed, and the modified structural dynamics model is applied to the dynamic reliability analysis of 
gearbox. Firstly, a variable working condition correction method based on working condition characteristics is proposed. The working condition and other commonly used 
eigenvalue parameters are normalized to the eigenvalue for training. The relationship model between working condition, characteristic value and correction value is 
established to identify correction value. The effectiveness of the method is verified by the vibration signal of the gearbox. Secondly, the comprehensive meshing stiffness of 
gear pair is normalized by Fourier series, and the dynamic correction model of gear pair is established. Finally, the method of structural dynamic model modification is applied 
to gearbox dynamic reliability analysis, and a research method of gearbox dynamic reliability based on structural dynamic model modification is proposed. An improved 
dynamic model of gearbox structure is used to predict the vibration response of the actual unmeasured points. The dynamic reliability sensitivity analysis and the dynamic 
reliability analysis based on the first overtaking failure mechanism of the dangerous parts of the transmission are carried out. The three factors which have the greatest 
influence on the dynamic reliability of the gearbox are calculated.
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1 INTRODUCTION 

At present, most of the gear correction for variable 
working conditions is aimed at vibration signals with 
continuous variable speeds. Order analysis and                    
time-frequency analysis methods are used to determine 
whether the equipment has undergone correction. Due to 
the lack of integration with machine learning, intelligent 
diagnosis and judgment of the severity of correction cannot 
be achieved. To achieve intelligent correction diagnosis, it 
is necessary to use feature extraction and pattern 
recognition. For continuous variable speed signals, due to 
the uncertainty of speed, it is impossible to effectively 
identify corrections by directly extracting feature values 
and inputting them into the pattern recognition model. In 
practical work, collecting a small segment of mechanical 
equipment vibration signals working under variable speed 
conditions, whose working conditions generally vary very 
little, can be regarded as signals under constant working 
conditions. Therefore, this article combines multiple 
vibration signals under constant operating conditions to 
achieve gearbox correction diagnosis under variable 
operating conditions. At the same time, the comprehensive 
meshing stiffness of gear teeth also changes periodically 
with time. In the dynamic analysis model of the system, it 
reflects the periodic time-varying parameters of elastic 
force, and the time-varying meshing stiffness is the core 
factor affecting the dynamic characteristics of the gear 
transmission system [2-3]. There are currently three main 
methods for obtaining the time-varying mesh stiffness of 
gears: finite element method, semi analytical method, and 
simplified square wave method. In order to solve the 
problem of matrix based correction methods lacking 
physical meaning, parameter based correction methods 
have been proposed as a correction method that has clear 
physical meaning and is convenient for engineering 
applications [4]. The basic idea of parametric correction 
method is similar to structural optimization theory, which 
constructs the error of dynamic characteristics between the 
theoretical model and the actual model under the same 

conditions, and then selects specific correction parameters 
for correction [5] to minimize the error and achieve the 
goal of correction. The parameter based correction method 
mainly includes sensitivity based optimization algorithms, 
statistical inference based correction algorithms, as well as 
computer intelligence based optimization algorithms such 
as neural network methods, genetic algorithms, particle 
swarm optimization, simulated annealing, etc. [6]. These 
methods mainly focus on analyzing the results obtained 
from software simulation, without establishing an efficient 
and rigorous dynamic theoretical model [7]. The analysis 
process and results are discrete, and therefore cannot 
accurately reflect the dynamic characteristics of gear 
meshing at any time. In response to the difference between 
the single tooth meshing section and the double tooth 
meshing section in gear transmission, it is proposed to 
normalize the meshing stiffness of the gear, so that the 
corresponding dynamic model can achieve continuity in 
time series, and thus achieve the goal of analyzing the 
dynamic characteristics at any meshing moment. For large 
heavy-duty transmission equipment, there is a lot of 
uncertainty in its modeling, and it is crucial to determine 
the most reasonable correction parameters for sensitive 
parameters from the numerous modeling parameters. 
Therefore, how to reasonably select the correction 
parameters and accurately correct the solution is a key 
issue in model correction. Introduce the theory of 
stochastic dynamics into the sensitivity analysis model 
correction method, study the modal frequency dynamic 
model correction method based on stochastic combined 
stiffness, and conduct practical verification. The 
application research of modifying the structural dynamic 
model in the dynamic reliability analysis of gearboxes, 
establishing a gear dynamic reliability model based on 
stress intensity interference theory, using the modified gear 
structural dynamic model to predict the vibration response 
of actual unmeasurable points, conducting dynamic 
reliability sensitivity analysis and reliability analysis based 
on the first overtaking failure mechanism for dangerous 
parts of gears, and studying their variation patterns. 
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2 RELATED WORK 
 

Traditional spectral analysis methods are not suitable 
for gearbox vibration signals at variable speeds, and for 
angle domain stationary signals, traditional methods can 
play their role, resulting in methods such as order spectrum, 
envelope order spectrum, and inverse order spectrum. By 
combining adaptive sparse time-frequency analysis with 
order analysis [8], the corrected order information of the 
gearbox variable speed signal was successfully obtained; 
By using generalized demodulation time-frequency 
analysis to decompose multi-component signals into single 
component signals [9], the envelope order spectrum of the 
single component signal is calculated to achieve corrected 
diagnosis of variable speed gearboxes. The combination of 
Hilbert demodulation and inverse order spectrum analysis 
for angle domain stationary signals can effectively remove 
interference components in the order spectrum [10], and 
has been successfully applied to the analysis of gearbox 
variable speed correction signals. By decomposing the 
variable speed signal through LMD (Local Mean 
Decomposition), the envelope order spectrum of the 
modified PF component in the decomposition result is 
generated, and the amplitude of the modified order is input 
as the characteristic value into the variable prediction 
model to achieve the recognition of variable speed rolling 
bearing correction [11]. Perform singular value 
decomposition on the PF (Physical Function) component 
obtained from LMD decomposition, and input the obtained 
singular values as eigenvalues into the limit learning 
machine to achieve variable speed rolling bearing 
correction recognition [12]. By decomposing the equal 
angle sampled signal through continuous wavelet 
transform, the wavelet coefficients of the decomposition 
results are extracted as feature values and input into the 
neural network to achieve the diagnosis of wear correction 
for variable speed gears. The vibration and impact of gears 
can cause fatigue fracture, and gear shaping is the most 
important means to reduce vibration and improve the 
reliability of high-speed and heavy-duty gear transmission. 
Gear shaping technology is a key technology for                      
high-precision gear transmission design and manufacturing, 
and gear companies treat it as a core technology. Gear 
modification mainly includes tooth profile modification 
and tooth direction modification. During the meshing 
process of a pair of teeth, the change in the number of teeth 
involved in meshing causes a change in meshing stiffness, 
and a sharp change in meshing stiffness in a very short 
period of time will cause serious vibration. In order to 
make the changes in meshing stiffness more gentle and 
reduce the meshing and meshing impacts caused by base 
joint errors and load deformation; Alternatively, in order to 
improve the lubrication of the tooth surface and prevent 
adhesion, a portion of the original involute tooth profile 
may be removed at the tooth tip or near the root fillet. This 
is the so-called tooth profile modification [13]. Gear 
modification technology is listed as a Class I tackling 
problem among the 16 key technologies of gears [14]. The 
discussion on the modification of involute gear tooth 
profile proposes a method of keeping the single tooth 
meshing section unchanged [15], and using the length of 
the double tooth meshing section on the meshing line as the 
tooth top modification height of small and large gears. 

Later gear modification methods such as Sigg tooth profile 
modification [16] are usually performed on small gears, 
while matching large gears are not modified. This method 
requires leaving a length equal to the base tooth pitch on 
the meshing line without any adjustment. Compared to the 
Walker method, its trimming length is shorter. In order to 
reduce the dynamic load coefficient of the transmission 
system and improve the bearing capacity of the gear pair, 
people consciously use curves such as parabolas, arcs, and 
arc envelopes to modify the tooth profile of the gear, so that 
the gear can have a good meshing state in the actual 
working process. Combining theory and experiment, the 
drum shape of involute gear modification was studied, and 
the calculation formula was derived [17]. A study was 
conducted on the tooth profile modification height, 
modification area, and modification curve of spur and 
helical gears [18], and an estimation formula was provided. 
The probability method and function approximation 
method were used to quantify the gear tooth error, and the 
functional relationship between load distribution rate, 
driven wheel lag angle, gear tooth error and gear 
modification parameters was established [19]. An 
experimental study was conducted on the thermal 
deformation tooth profile modification of high-speed gears 
[20], and a calculation method for determining the amount 
of thermal deformation tooth profile modification of              
high-speed gears was provided. The finite element method 
was used to analyze and calculate the deformation of the 
gear shaft and the volume temperature of the gear, and a 
"target modification" design method was proposed to 
determine the modification amount and modification curve 
specifically and reasonably for different objects [21], 
requirements, and purposes. As the analysis of gear 
meshing dynamic load develops from impact theory to 
vibration theory, the calculation of gear modification 
amount is also related to how to reduce the fluctuation of 
vibration and gear transmission error. The optimization 
objective is to minimize the root mean square value of gear 
vibration acceleration [22], and a gear dynamic 
performance optimization design method is proposed. This 
method is used to obtain the optimal tooth profile 
modification amount and modification length for dynamic 
performance. Tooth profile modification as an effective 
means to reduce tooth meshing excitation [23] is used to 
eliminate the impact of tooth meshing and tooth meshing, 
and to minimize the fluctuation of gear transmission errors. 
Subsequently, research on gear modification based on 
vibration theory rapidly developed. In the study of 
vibration and noise in automotive transmissions, it was 
found that when the modification amount is equal to the 
deformation of the teeth at the upper boundary point of 
single tooth meshing [24], the dynamic load coefficient and 
root mean square value of acceleration of the gear pair are 
both small. The root mean square value of the noise in 
cylindrical gear transmission was used as the optimization 
objective function, and the optimal modification curve that 
minimizes the noise was obtained. Using the root mean 
square value of noise as the optimization objective function 
[25], the differences between straight line and curve 
modifications were studied, and the conclusion was drawn 
that the curve modification effect is better under                  
high-speed and heavy loads. The three maintenance 
profiles of gear teeth are carried out by the method of tooth 
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elevation modification, drum modification, spiral 
modification and tooth end modification [26]. The 
generation of involute gear profile modification was 
studied using a hypothetical rack and pinion rigid tool. 
Based on the relationship between gear transmission load 
and tooth deformation, the expression of the relationship 
between the transmission error of modified spur gears and 
the comprehensive modification parameters of tooth pairs 
under fixed load conditions is derived [27]. The above 
research involves the determination of the modification 
curve, the size of the modification amount, and the 
selection of the modification location. However, due to the 
imprecision of the calculation model for gear mesh 
stiffness and elastic deformation, and the modification 
parameters are generally accurate to micrometers, the 
current method of determining the modification parameters 
cannot accurately guide the design of gear modification. 
The methods for calculating tooth profile modification can 
be roughly classified into three categories based on their 
theories: material mechanics methods, elastic mechanics 
methods, and numerical solutions. The results obtained by 
the three types of calculation methods are not significantly 
different, each with its own advantages and disadvantages. 
Depending on the specific situation, different methods can 
be adopted. The key is to grasp the fundamental purpose of 
shape modification and apply it flexibly in practice. 
Although some progress has been made in the theoretical 
research of gear modification, the complex calculation 
process and large workload have brought difficulties to its 
application in practical production. At present, most gear 
design adopts empirical formulas for gear modification, 
which is difficult to meet the requirements of heavy-duty, 
high-speed, and high-precision mechanical transmission. 
With the continuous development of computer technology, 
the calculation speed of large-scale finite element software 
is already acceptable. Therefore, optimization algorithms 
can be combined with 2D or 3D gear finite element models 
to determine the dynamic optimal parameters for profile 
modification. We have conducted in-depth research on this 
[28] and obtained good theoretical research results, 
opening up new ideas and methods for the theoretical 
research of gear modification. 
 
3 RESEARCH ON NORMALIZATION CORRECTION 

ANALYSIS AND OPTIMIZATION OF GEAR 
MODIFICATION PARAMETERS 

3.1 A Normalized Extraction Framework for Quantitative 
Correction Parameters of Variable Condition Gears 
Based on Working Condition Characteristics 

 
By treating the operating conditions as eigenvalues 

and inputting them together with other eigenvalues into the 
neural network model for training, a model was established 
between the operating conditions, eigenvalues, and 
corrections, effectively improving the predictive 
performance of the model. The effectiveness of this 
method was verified through gearbox vibration signals. 
Applying transfer learning to corrective diagnosis solves 
the problem of not being able to train machine learning 
models with good performance in variable condition 
corrective diagnosis due to the small number of target 
condition samples. The framework diagram is shown in   
Fig. 1. 
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Figure 1 Normalized extraction framework for gear correction parameters 
 

Gear shaping refers to fine-tuning the shape of a gear 
through a certain smooth curve, in order to change the 
meshing state of the gear, eliminate geometric interference 
between teeth, and improve the load impact and vibration 
noise generated by gear operation. Gear modification can 
be divided into tooth alignment modification and tooth 
profile modification. Among them, tooth profile 
modification refers to optimizing the top and root of the 
gear to reduce the deviation between the actual and 
theoretical modification of the gear base section. 
 
3.2 Normalization of Time-varying Comprehensive 

Meshing Stiffness 
 

The symbols in the text are shown in Tab. 1. 
 

Table 1 Symbols 
Symbols Implication 
kmi the meshing stiffness 
k1, k2 the meshing stiffness of the driving and driven 

gears 
r damping coefficient 
y(t) projection matrix 
Rp, Rg base circle radii of the active and driven gears 
x relative displacement 
w corresponding natural frequency 

 
When a pair of gears mesh, due to the intervention of 

external loads, the teeth of both the active and driven gears 
will undergo elastic deformation. If k1 and k2 are the 
meshing stiffness of the driving and driven gears in the 
normal direction at the meshing point, then the meshing 
stiffness ki of a pair of teeth can be regarded as the series 
result of k1 and k2, that is: 
 

1 2

1 2
mi

k k
k

k k



                                                                       (1) 

 
In general, the overlap degree of spur gears is between 

1 and 2, so there is an alternation of one pair of teeth 
meshing and two pairs of teeth meshing during the meshing 
process. When two pairs of teeth mesh, their respective 
meshing stiffness kml and km2 can be regarded as parallel, 
and the comprehensive meshing stiffness of the entire gear 
pair can be expressed as: 
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1 2mi m mk k k                                                                     (2) 

 
Due to the different deformations of each gear tooth at 

different meshing positions on the tooth profile, the 
meshing stiffness kmi of the gear teeth is a function of the 
meshing point position and has time-varying and abrupt 
characteristics. Considering the alternating changes 
between single tooth meshing and double tooth meshing 
during the meshing process, the meshing stiffness exhibits 
significant periodicity. To normalize the meshing section, 
the meshing stiffness is uniformly represented as a Fourier 
series with the meshing frequency as the fundamental 
frequency: 
 

 0
1

cosmi i
i ,n

k k k iwt


                                                    (3) 

 
w: Gear pair meshing frequency. 

The comprehensive meshing stiffness variation curves 
corresponding to Eq. (3) for single tooth and multi tooth 
meshing are shown in Fig. 2. After normalization, the curve 
achieved continuity in time series. When conducting actual 
analysis, the curve can be approximated as a rectangular 
wave function. 
 

 
Figure 2 Normalized comprehensive meshing stiffness curve of tooth pairs 

 
Table 2 Time domain characteristic parameters 
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When constructing the eigenvector of each sample, the 

improved method is used to decompose the signal, and the 
13 time domain characteristic parameters of the first 
component of the decomposition result are calculated. The 
amplitude spectral entropy, envelope spectral entropy, and 
energy of the first two components, as well as the energy 

entropy of the decomposition result, are extracted, 
resulting in a total of 20 feature values, then normalize all 
feature values and transform them into intervals of [0, l]. 
The time-domain characteristic parameters are shown in 
Tab. 2. 

Firstly, the simulation signal is decomposed and the 
above feature values are extracted. Then, the projection 
matrix is calculated to project the feature values and 
determine whether the goal of removing working 
conditions can be achieved. 
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                                                    (4) 

 
In the formula, A is the vibration amplitude caused by 

the correction defect, r is the damping coefficient, f is the 
natural frequency, and n(t) is the random noise signal. By 
simulation, vibration signals with frequencies of 20, 40, 60, 
and 80 Hz were obtained. 50 sets of data were taken for 
each frequency, with 1024 points per set. The time-domain 
diagrams of simulation signals under different frequencies 
are shown in Fig. 3. 
 

 
Figure 3 Simulation signals of bearing correction under different rotational 

frequencies 
 
3.3 Establishment of Gear Pair Dynamics Model 
 

Considering that the flexibility of the transmission 
shaft in general gear transmission is smaller than that of the 
teeth, and it is not in the same order of magnitude. 
Therefore, a dynamic model of the gear pair can be 
established when only considering the elastic deformation 
at the gear pair, as shown in Fig. 4. Among them, the base 
circle radii of the active and driven gears are Rp, Rg, and km 
respectively, which are the comprehensive meshing 
stiffness of the gear pair. There is also an interference of 
tooth profile error e(t) between the two teeth. 

If the overlap degree during the gear meshing process 
is not greater than 2, the comprehensive deformation of the 
logarithm i of the meshing teeth on the meshing line can be 
expressed as: 
 

i p p g g iR R e                                                              (5) 
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In the formula: the tooth profile error of ei meshing 
teeth to l. The dynamic normal meshing force of gears, 
including meshing damping, can be expressed as: 
 

mi i m i
I

F k c                                                                (6) 

 

 
Figure 4 Dynamic model of gear pair 

 
The torque balance equation for each gear is: 

 

p p mi i m i
I

T R k c                                                     (7) 

 
As can be seen from the above formula, even if the 

speed of the driving gear and transmission load are 
constant, the change of the comprehensive meshing 
stiffness km will cause the fluctuation of the driven wheel 
speed cm, resulting in the circumferential vibration of the 
gear and the dynamic meshing force in the transmission, 
thus forming vibration incentive for the whole system. For 
the convenience of discussing the time-varying 
comprehensive meshing stiffness k further simplify the 
model based on its impact on the dynamic equations. The 
relative displacement x between two gears on the meshing 
line can be defined as: 
 

p p g gx R R                                                                   (8) 

 
The gear vibration during normal operation is 

characterized by internal excitation vibration, and the 
change in the stiffness of the meshing teeth forms an 
excitation force between the teeth of the meshing pair. The 
corresponding natural frequency of the system can be 
expressed as: 
 

mi
n

e

k
w

m
                                                                     (9) 

 
Obviously, the natural frequency of the system is also 

a function of the comprehensive meshing stiffness, that is, 
there are significantly different natural frequencies during 
the meshing of one pair of gears and two pairs of gears, 
which is significantly different from the natural frequency 
characteristics of general mechanical transmissions. From 
Fig. 5 and Fig. 6, it can be seen that within one meshing 
cycle of the gear teeth, it is precisely due to the continuous 
variation of the comprehensive meshing stiffness that the 
vibration excitation response effects of the single tooth 
meshing section and the double tooth meshing section are 

different. In single tooth meshing, the average value and 
abrupt change amplitude of tangential acceleration are both 
large. When double tooth meshing, due to the smaller load 
on each pair of meshing teeth compared to single tooth 
meshing, the tangential acceleration response value is 
smaller. Although the combined strain of two pairs of teeth 
is larger than that of single tooth meshing, its average value 
is still smaller than the strain obtained from single tooth 
meshing. Therefore, gear transmission is relatively stable 
when entering the double tooth meshing section, and the 
fundamental reason is that its vibration is relatively small, 
which is consistent with the conclusion of conventional 
theoretical analysis. 
 

 
Figure 5 Tangential acceleration response curve 

 

 
Figure 6 Root strain response curve 

 
The meshing cycle is: 

 

1

60 60
s 0 34s

3 75 47
T .

nz .
  


                                             (10) 

 
The calculation results correspond to the total period 

of single tooth meshing and double tooth meshing in the 
acceleration curve in Fig. 5. Therefore, the above analysis 
results are in good agreement with the actual situation, and 
the model is reliable and suitable for analyzing the dynamic 
characteristics of gear pairs. 
 
4 ESTABLISHMENT AND ANALYSIS OF A SUB DYNAMIC 

MODEL FOR GEAR MODIFICATION PARAMETER 
NORMALIZATION 

 
In the process of modeling the mechanical joint 

surfaces of the gearbox, the main analysis is to model the 
mechanical joint surfaces of the gear transmission system. 
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The mechanical joint surfaces of the meshing of each gear, 
the rolling elements of each bearing, and the connection 
between the inner and outer rings are replaced by 
equivalent springs and dampers. In addition, in the process 
of modal analysis of the gearbox, it is assumed that the 
gearbox is a weak damping or proportional damping 
structure. Therefore, in the modeling process, the 
mechanical joint surfaces are simplified into a series of 
equivalent springs. Based on the different bonding 
conditions and states of the mechanical bonding surface, 
different numbers of bonding points, degrees of freedom 
for each bonding point, and equivalent spring stiffness for 
each degree of freedom are selected to simulate. As for the 
gear part, due to the ability of the herringbone gear to 
counteract axial forces, gear pair springs are only set up in 
the normal direction of a few tooth surfaces in the meshing 
state, and not in other directions. The internal mechanical 
joint surfaces of each bearing use rolling pair springs in the 
x, y, and z directions, and other fixed joint surfaces are 
constrained by different numbers of springs in the normal 
direction of the joint surface, as shown in the upper and 
lower boxes. Overall, the main steps of finite element 
model modification include establishing the finite element 
model, determining optimization objectives, optimizing 
parameters, as shown in Fig. 7. 
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Figure 7 Basic process of finite element model revision 

 
For modal analysis of mechanical structures, the 

sensitivity of the modal parameter T of the system to the                  
J-th quantity in the design variable b is defined as: 
 

j
j

T
S

b





                                                                         (11) 

 
After some normalization process (such as mass 

normalization), the orthogonality test formula for finite 
element calculation mode shapes and experimental mode 
shapes is: 
 

T
t i j ik S                                                                     (12) 

 

The value of inertia factor determines the search 
performance. When the inertia factor is large, the algorithm 
has strong global optimization ability. When it is relatively 
small, it can ensure the precision of particle local search. 
Therefore, by adding a linearly decreasing inertia factor K 
to balance the performance of the algorithm search, during 
the iteration process, the current value of the decreasing 
inertia factor is: 
 

   max
max min max

max

t t
k t k k k

t


                                       (13) 

 
The basic parameters and force state of the gears are 

shown in Tab. 3. 
 

Table 3 Gear Parameters and Meshing States 

Modulus 
/ mm 

Number 
of teeth 

1 

Number 
of teeth 

2 

Tooth 
width / 

mm 
Dn / mm Rc / mm T / Nꞏm 

2.5 47 61 21 31 58.6156 7.62 

 
Finally, the sensitivity of the first 5 natural frequencies 

to the design variables was calculated, as shown in Tab. 4. 
At the same time, when taking the initial value, modal 
analysis is performed on the model to obtain the natural 
modes of each order of the system. 
 

Table 4 Sensitivity of the first 5 natural frequencies to design variables 
Natural 

frequency 
1-st 2-nd 3-rd 4-th 5-th 

Sensitivity 4.94 E–08 1.74 E–
08 

2.66 E–
08 

2.465 E–
07 

8.42 E-
08 

 
For gear pairs, a finite element model of tooth profile 

parabolic modification was used for simulation calculation 
and genetic algorithm was used for search. The optimal 
chromosome was decoded to obtain the gear modification 
parameters as shown in Tab. 5. 
 

Table 5 Shape modification optimization results 
Driving wheel Driven wheel 

S r S r 
0.06435 64.218 0.06365 64.473 

 
According to the modification data, simulation 

calculations were conducted to obtain the transmission 
error curve of the gear during parabolic modification, as 
shown in Fig. 8. 
 

 
Figure 8 Dynamic curve of gear transmission error for parabolic modification 

 



Lingyan ZHANG, Shuicai QIU: Dynamic Correction Analysis and Optimization Model of Gear Pair Based on the Normalization of Gear Modification Parameters 

Tehnički vjesnik 31, 6(2024), 2045-2054                                                                                                                                                                                                       2051 

The dashed line in Fig. 8 represents the transmission 
error curve before the modification, indicating that the gear 
transmission error fluctuates greatly during the alternation 
of single and double teeth, indicating the presence of 
meshing in and out impacts on the gear, with a maximum 
fluctuation of 10 um. The solid line represents the 
transmission error curve after parabolic modification, and 
at this point, the curve no longer shows obvious stepped 
characteristics, indicating that meshing in and out impacts 
no longer exist. The peak in the double tooth meshing area 
indicates that the alternation of single and double teeth is 
the main cause of fluctuations. Its maximum fluctuation 
decreased to 8.023 um, a decrease of 20%, and the 
reduction in transmission error was not significant, 
indicating good straight line shaping. It should be pointed 
out that although straight line modification is better than 
parabolic modification in this example, this does not apply 
to all ranges, and in some cases, parabolic modification 
may be better than straight line modification. When 
designing a modification curve, the type and parameters of 
the modification curve must be determined based on the 
actual working conditions. The method proposed in this 
article is suitable for this requirement. Modal analysis was 
conducted on the beam shell element model using adhesive 
method without considering the connection relationship of 
various components. The existing finite element model of 
the beam shell element using adhesive method was applied, 
as shown in Tab. 6. 
 

Table 6 Natural frequencies of gearboxes with bonding methods 
Order Natural frequency / Hz Order Natural frequency / Hz 

1 76.458 7 250.33 
2 126.8 8 253.38 
3 137.49 9 255.85 
4 139.67 10 257.46 
5 145.66 11 272.89 
6 158.38 12 274.97 

 
The first four vibration modes are shown in Fig. 9. It 

can be seen from the Fig. 9 that 3 of the first 4 vibration 
modes of the model are reflected as the vibration of the thin 
shell part of the box, and only the component modes of the 
moving parts appear in the first vibration mode, that is, in 
the third vibration mode, the tooth rings of the big gear 
swing up and down around the x axis. 
 

 
Figure. 9 The first 4 vibration modes of the structure based on the combined 

stiffness 
 

5 SIMULATION VERIFICATION 
 

To verify the rationality and effectiveness of the 
method in the article, the optimal value of gear 
modification amount obtained will be imported into the 
software for simulation experiments, and the noise, 
transmission error, and unit distributed load of the gears 
before and after modification will be analyzed. Noise data 
can intuitively reflect the dynamic performance of the 
gearbox transmission system. Through analysis, it can be 
seen that the transmission noise value before and after gear 
modification increases with the increase of experimental 
load, but the noise value after gear modification is 
significantly lower than before. Especially under a high 
load of 145 Nm, the noise value decreases by about         
12.8 dB. This can indicate that reasonable gear 
modification can improve the meshing characteristics of 
gear transmission, effectively reduce the noise generated 
by meshing impact and tooth profile error. The load 
distribution per unit length of the sun gear and planetary 
gear after modification is shown in Fig. 10, and the 
comparison results of simulation results before and after 
gear modification under excavation conditions are shown 
in Tab. 7. 
 

 
Figure 10 Load distribution per unit length after gear modification 

 
Table 7 Comparison of simulation results before and after shape modification 

Comparison 
item 

Before shaping After shaping Changes 
Solar 
wheel 

Planetary 
gear 

Solar 
wheel 

Planetar
y gear 

Solar 
wheel 

Planetary 
gear 

Transmission 
error 

0.216 0.387 0.1364 0.1754 –0.086 –0.302 

Maximum 
load per unit 

length 
215.3 238.7 243．5 267.8 28.2 29.1 

vibration 
acceleration 

67.1 38.1 29 

 
From Fig. 10 and Tab. 6, it can be seen that the load on 

the modified gear is concentrated at the tooth center, 
avoiding the occurrence of load deviation, making the gear 
transmission more reasonable and effective, and further 
improving the service life of the gear. According to the 
experimental results, it can be seen that the dynamic 
performance of gears can be significantly improved after 
micro modification. Gear transmission error, as one of the 
main sources of high-frequency noise, has reduced the 
transmission error amplitudes of the sun gear and planetary 
gear by 0.0876 and 0.302 respectively compared to before 
modification. The maximum unit length load of the 
modified gear has also been increased, but it does not 
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exceed a reasonable range, and the impact is relatively 
small. Vibration acceleration is one of the key indicators to 
measure the size of noise. After modification, the 
maximum vibration acceleration of the gear decreased by 
29 m/s2, which can effectively suppress the generation of 
high-frequency transmission noise. The meshing stiffness 
of gears has a significant impact on the dynamic 
characteristics of the system, which can be demonstrated 
by drawing the maximum exponential and bifurcation 
diagrams with was the parameter. If the meshing stiffness 
is set as a constant, the bifurcation diagram and maximum 
exponent diagram of gear clearance vibration are obtained, 
as shown in Fig. 11. 
 

 

 
Figure 11 Bifurcation diagram and maximum exponential diagram of gear gap 

vibration 
 

From Fig. 11, it can be seen that the system undergoes 
a period 1 motion from 0.54 to 0.76. At 0.77, the system 
becomes a period 2 motion, and then enters the chaotic 
region. In this chaotic region, the system has several period 
windows, and finally, at 1.67, the system leaves the chaotic 
region and enters a period 3 motion state. Under natural 
changes, the dynamic behavior of the system is quite 
diverse, including periodic motion and chaotic motion. 
From the maximum exponent diagram of the system, it can 
be seen that there are several periodic windows in the 
chaotic region, among which there is a wider period 3 
window, which is consistent with the bifurcation diagram. 
The bifurcation diagram of the system with the variation of 
parameter w is shown in Fig. 12, the system undergoes 
quasi periodic motion when the parameters range from 1.3 
to 1.8, and then enters the chaotic region. In this chaotic 
region, the system has four periodic windows, and finally 

leaves the chaotic region at 1.71. In the case of changes in 
w, the dynamic behavior of the system is quite rich, 
including periodic motion, quasi periodic motion, and 
chaotic motion. 
 

 
Figure 12 System bifurcation diagram with parameter w as the bifurcation 

parameter 
 

Due to the fast calculation speed of gear shaft 
modeling and modal analysis, Monte Carlo probability 
design method is selected for reliability and reliability 
sensitivity calculation when the calculation time is 
acceptable. This can obtain more accurate calculation 
results. In the probability design process, the natural 
frequency of the gear is specified as the random output 
variable and the number of random simulations N = 2300 
is specified to perform probability finite element analysis 
of the gear mode. Due to the large span of natural 
frequencies, in order to make the specified value Y better 
applicable to situations with multiple excitation 
frequencies, this example takes the ratio of the absolute 
value of the difference between natural frequencies and 
excitation frequencies to natural frequencies as the 
sampling result. According to the vibration failure criterion, 
conduct a vibration reliability analysis on the gear. Perform 
36 cyclic sampling on the gear vibration modal analysis 
module to obtain its reliability and sensitivity values for 
various random parameters. Fig. 13 shows the historical 
curves of each parameter sample, reproducing the values 
of each parameter in 36 samples. 
 

 
Figure 13 Sample historical curves of gear meshing parameters 

 
It can be seen that the box modes of the two models 

are relatively similar, with similar natural frequency values; 
In the frequency response function curves of the two 
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models, the peak value of the frequency response function 
curve based on the bonding method model mostly appears 
at higher natural frequencies, with all peaks being box 
mode. However, the frequency response function curve 
based on the bonding stiffness model has a wider peak 
distribution, with the larger peak value mostly at the 
frequency of the moving component mode. At the same 
time, its phase change is more frequent than that of the 
bonding method model. 
 
6 CONCLUSION 
 

In this paper, the modified method of gear structure 
dynamic parameter normalization model is applied to the 
dynamic reliability analysis of gear box, and a new method 
of gearbox dynamic reliability research based on the 
modified parameter normalization model is proposed. 
Based on the theory of stress intensity interference, an 
improved dynamic model of gearbox structure is 
established to predict the vibration response of the actual 
unmeasured points. Based on the failure mechanism of the 
first overtaking, the dynamic reliability sensitivity analysis 
and dynamic reliability analysis of the dangerous parts of 
the transmission are carried out. Through calculation, the 
three factors that have the greatest influence on the 
dynamic reliability of the gearbox are obtained, namely, 
the random stiffness of the gear transmission pair, the 
random stiffness of the input bearing in the horizontal 
direction and the load on the output shaft. In this paper, 
only the normalized model modification method of 
dynamic parameters of gear structure is used to optimize 
the modification parameters, and the common optimization 
methods such as genetic algorithm, neural network and 
simulated annealing are not used for lateral comparison 
selection, so as to further simplify the constrained 
nonlinear and multi-objective optimization problems, so as 
to strengthen the feasibility and effectiveness of the 
modification optimization design. The next step is to 
normalize the time sequence of the integrated meshing 
stiffness, calculate the resonance peak value from the 
corresponding dynamic model, and comprehensively 
consider the various structural parameters and motion 
parameters of the gear pair when carrying out gear design 
and maintenance. 
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