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Abstract A finite element model of the planetary gear transmission system and a parameter model of the planetary gear train 
were established, and finite element analysis modeling research on the planetary gear transmission system was conducted. 
Based on this, genetic algorithms were used to optimize the parameters of the transmission system, and simulation studies on 
the elastic behavior of the optimized transmission system were conducted under specific operating conditions to verify the 
rationality of the optimized system's dynamic characteristics. The optimized planetary carrier pin hole node displacement is 
only 0.312 mm, resulting in minimal positional error. The maximum stress value of the third-stage planetary gear system after 
optimization is reduced by 0.45 MPa compared to before optimization, while the maximum strain value increases by 0.00058 
mm/mm. The input angular velocity, planetary gear angular velocity, and output angular velocity of the optimized system can 
reach a steady state within the set time, with minimal deviation from theoretical values. The average simulated values of the 
meshing forces between the sun gear and planetary gears, and between the planetary gears and inner gear ring, are 2916 N and 
1275 N, respectively, both close to the theoretical values. This study has preliminarily established an understanding of the 
transmission characteristics of planetary gear systems, providing a basis for optimizing the design of transmission mechanisms 
and power configuration in the main spindle drive units of CNC machine tools. 
 
Index Terms finite element analysis, genetic algorithm, dynamic characteristic optimization, planetary gear, transmission 
system 

I. Introduction 
A planetary gear transmission system is a mechanical transmission system composed of multiple pairs of gear pairs, shafts, 
bearings, and housing components. As a complex mechanical structure for transmitting motion and power, the planetary gear 
transmission system offers advantages such as compact size, lightweight design, high load-carrying capacity, compact 
structure, high transmission efficiency, wide transmission range, and smooth operation. It is widely applied in fields such as 
aerospace, automotive, wind power generation, instrumentation, lifting machinery, petrochemical machinery, robotics, and 
mining machinery [1]-[5]. With the introduction of “Made in China 2025,” higher requirements have been placed on the 
performance of planetary gear transmission systems and their use under various extreme conditions, including the need for 
new high-performance transmissions that are highly precise, reliable, stable, sensitive, capable of high load capacity, compact 
in size, lightweight, low in noise, low in vibration, low in friction, low in wear, and energy-efficient [6]-[9]. The theoretical 
basis and methods for the optimized design of planetary gear transmission systems have become a key area of research. 

Due to the large number of gears in planetary gear transmission systems, gear transmission processes generate significant 
noise and vibration, which may cause malfunctions or damage in certain system components, or even lead to the destruction 
or failure of the gear system itself [10]-[12]. Additionally, factors such as time-varying meshing stiffness during dynamic 
meshing, static transmission errors, tooth side clearance, support stiffness, and lubrication friction cause gears to undergo 
periodic contact-disengagement-contact cycles and strong nonlinear vibrations. These are the primary factors affecting the 
dynamic performance of gear transmission systems [13]-[16]. Under special conditions, the system may also exhibit amplitude 
jumps, bifurcation, and chaotic phenomena within certain parameter ranges, severely affecting the stability of the transmission 
system. The dynamic meshing force under unstable conditions is the primary cause of fatigue fracture, damage, and failure of 
mechanical system components [17]-[20]. Wang et al. [21] analyzed that in an electromechanical planetary gear transmission 
system, when the temperature increase range is below 70 °C and the motor speed exceeds 900 rpm, the system exhibits chaotic 
motion and enters a chaotic state, respectively. Under fluctuations in time-varying meshing stiffness, meshing damping ratio, 
and transmission error, the system exhibits bifurcation characteristics. Therefore, conducting a dynamic performance analysis 
of planetary gear transmission systems, studying the influence of various factors on the system's dynamic characteristics, and 
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achieving advance estimation of system performance provide a theoretical foundation for the dynamic optimization design of 
transmission systems, enhance design reliability, and hold significant implications for promoting the development of 
transmission machinery across various industries. 

The finite element analysis method is a commonly used engineering analysis method, which not only has high computational 
accuracy but also adapts to various complex shapes, making it an effective engineering analysis tool for studying structural 
stress, deformation, and vibration issues [22]-[24]. Its basic principle involves dividing complex structures into finite elements, 
solving for displacements and stresses within each element, and ultimately determining the behavior of the entire structure. 
The finite element analysis method uses mathematical approximation techniques to accurately simulate and analyze the 
dynamic response of actual structures, leading many researchers to apply it to the study of planetary gear transmission systems 
[25]-[27]. 

In studies on the optimization of the dynamic characteristics of planetary gear transmission systems, scholars have proposed 
various methods. Zhang et al. [28] utilized a polynomial response surface surrogate model and genetic algorithms to adjust 
parameters in the planetary gear transmission system, combining ordered weighted averaging and ideal solution similarity 
ranking techniques for load tooth contact analysis. Under this optimized structure, the vibration and noise of the transmission 
system were significantly reduced. Xu et al. [29] mentioned that reducing the backlash gap while maintaining the efficiency 
of a herringbone planetary gear transmission system is effective in reducing vibration and noise caused by double-sided 
meshing impacts in the system. Zhang et al. [30] conducted microstructural modifications on gear components in planetary 
gear transmission systems through numerical and laboratory analyses, effectively alleviating vibration and noise during gear 
transmission processes. Xu et al. [31] confirmed that tooth profile modification in planetary gear transmission systems can 
effectively improve time-varying meshing stiffness and sudden changes in meshing tooth surface loads, significantly reducing 
fluctuations in transmission errors. 

Jun et al. [32] investigated the quantitative relationship between gear profile modification parameters and transmission error 
fluctuations in planetary gear transmission systems, aiming to study the reliability and sensitivity of reducing gear transmission 
error fluctuations, further confirming the mechanism and effectiveness of gear profile modification in reducing transmission 
error fluctuations. Mo et al. [33] pointed out under the main resonance characteristic analysis based on the multiscale method 
that the stability of the Lavinio planetary gearset transmission system is improved by increasing damping, stiffness, and the 
variability of external loads. Dong et al. [34] found that reducing meshing stiffness or increasing meshing resistance can 
effectively reduce nonlinear vibrations in a nonlinear bending-torsional load-coupled dynamic model of a planetary gear 
transmission system. Guo et al. [35] designed high-order elliptical and double-arc pitch curves for non-circular planetary 
gear transmission systems, adjusted the negative correction coefficient of the planetary gears through multi-body dynamics 
simulation, reduced tooth interference, and achieved better stability with high-order elliptical gears. 

Liang et al. [36] designed an interlocking herringbone planetary gear transmission system consisting of a circular arc convex 
sun gear, a parabolic concave planetary gear, and a circular arc convex internal gear. Under dynamic modeling, the new system 
effectively suppressed the vibration defects present in traditional involute tooth profiles. Xiang et al. [37] proposed a multi-
objective hierarchical optimization strategy for magnetic planetary gears in a hybrid power transmission system, achieved 
through a multi-objective genetic algorithm and a double-sided permanent magnet (PM) forming method. Tong et al. [38] 
employed a particle swarm optimization algorithm to construct a random forest surrogate model, reducing the computational 
cost of the planetary gear transmission system while maintaining high accuracy. They also designed a decomposition-based 
adaptive multi-objective evolutionary algorithm to optimize the system's transmission efficiency, gear volume, and reliability. 

This paper establishes a finite element geometric model of a planetary gear transmission system in ANSYS Workbench and 
reasonably designs the parameters of each component to observe the integrity of the model topologically. To improve the 
dynamic characteristics of the transmission system, the genetic algorithm toolbox in the simulation software is used to optimize 
the design of the planetary gear transmission system. Through iterative solution of the objective function, the optimal parameter 
combination of the system is obtained. Simulation studies were then conducted on the elastic behavior and transient dynamics 
of the optimized system. Additionally, by analyzing the angular velocity, time-domain, and frequency-domain characteristics 
of the planetary gear train, the optimized system's excellent dynamic characteristics were validated. 

II. Finite element analysis study of planetary gear transmission systems 
II. A. Establishment of three-dimensional and finite element models 
II. A. 1) Three-dimensional models 
The foundation of finite element analysis is a three-dimensional model that accurately reflects the actual structure. Currently, 
various three-dimensional modeling software have their own strengths. Among them, UG can achieve seamless integration 
with various finite element analysis software, so UG was used to establish a three-dimensional model of the planetary gear 
transmission [39]. To ensure the three-dimensional model as closely as possible replicates the actual product, it typically 
includes various detailed features such as bolt holes and chamfers. While these features have minimal impact on the primary 
analysis results, they significantly increase the number and complexity of the mesh divisions required for mesh generation, as 
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well as the solution time. If all features of the planetary gear system's gears and planetary carrier structure are divided into 
finite element meshes, this not only increases the complexity and number of mesh divisions but also greatly prolongs the 
solution time. Therefore, considering both the finite element analysis results and time costs, geometric cleanup of the planetary 
gear system's detailed features is performed to facilitate mesh generation and efficient analysis. By adjusting the rotation angle 
of the reference plane, the planetary gears are assembled with the sun gear and inner gear ring. After confirming no interference, 
the assembly is arrayed around the sun gear axis. The actual geometric model with detailed features and the model ignoring 
chamfers, protrusions, bolt holes, and internal splines are used for subsequent analysis. 
 
II. A. 2) Finite element model 
ANSYS Workbench can automatically detect the contact relationships of planetary gear assemblies and quickly define contact 
surfaces. Additionally, the software can rapidly and accurately read the geometric models of planetary gears, enabling 
topological visualization of the models and verification of their integrity [40]. Therefore, it was selected to establish the finite 
element model of the planetary gear system. This paper employs a multi-region partitioning method for mesh generation, 
enabling multiple source faces to be meshed against multiple target faces, rather than using the sweep mesh method, which 
can only mesh a single source face against a single target face. The elastic modulus of the sun gear, planetary gear, and inner 
gear ring is 2.58×10⁵ MPa, the Poisson's ratio is 0.251, and the density is 7.64×10⁻⁹ t/mm³. Update the component element 
type, i.e., assign material and element properties to each component, and perform mesh partitioning. The quality of the mesh 
directly affects the accuracy of the finite element calculation results. A sparse mesh can improve solution speed, but its 
calculation results may not meet the required accuracy. Since the gear teeth of the planetary gear system in this paper have 
complex shapes, the mesh division of the gear tooth area directly affects the simulation results. Therefore, the associated center, 
smoothing, transition, and span center angle settings are set to Fine, Low, Slow, and Fine, respectively. 
 
II. B. Parametric modeling of planetary gear systems 
II. B. 1) Establishing a parametric model of planetary gears 
When establishing a planetary gear system, the first step is to create finite element models of the sun gear and planetary gears. 
In the polar coordinate system of the sun gear, the planetary gears are uniformly distributed. Since the orientation of the 
planetary gears remains unchanged during replication, this can lead to gear tooth interference between the planetary gears and 
the sun gear, as well as between the planetary gears and the inner ring gear. To address these two interfering issues, it is 
necessary to first study and analyze the basic operating modes and motion patterns of the planetary gear transmission system. 
The planetary gear transmission system has diverse operating modes. By adjusting the operating mode, different gear ratios 
can be achieved, thereby flexibly meeting various practical requirements. In the gear system, the geometric relationships 
between the gears are fixed and unchanging. Therefore, when studying the motion laws of the planetary gears, different 
reference frames can be used for research. In this planetary gear system, the sun gear and planetary carrier serve as the input 
and output, while the inner ring remains stationary. The planetary gears rotate around the sun gear. If the planetary carrier is 
fixed in place, the planetary gear system is considered a two-stage fixed-axis gear system. The two operating modes are 
illustrated in Figure 1. 
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(a) Internal gear ring reference frame     (b) Planetary carrier reference frame 

Figure 1: Working mode of planetary gear train 
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If the inner gear ring is taken as the reference frame, then the inner gear ring remains stationary, and when the sun gear and 
planetary carrier move in and out, the transmission ratio of the planetary gear system is 1 3 11 /Hi Z Z  . Thus, when the sun 
gear rotates by AOC , the angular displacement of the planetary carrier is 1/ HAOB AOC i   . If the planetary carrier is 
taken as the reference frame, when the sun gear rotates by AOC , AOB  corresponds to the angle of rotation of the inner 
gear ring, and the angle of rotation of the planetary gear   is as follows: 

 1

2

Z
AOB

Z
    (1) 

Since the planetary gears are evenly distributed around the sun gear, the angle between two adjacent planetary gears and the 
center of the sun gear is equal, and its size is 360 / k  ( k  is the number of planetary gears). From the above equation, it can 
be seen that in order to achieve uniform distribution and mutual non-interference, the angle of rotation required for the 
planetary gear to rotate to the adjacent gear position is   as follows: 

 1

2

360 /
Z

k
Z

    (2) 

After adjusting the rotation angle of the planetary gear, the sun gear and planetary gear mesh, and the teeth of the inner ring 
gear and planetary gear also mesh, allowing the planetary gears to be evenly distributed throughout the system. 

 
II. B. 2) Establishing contact between gear surfaces 
Before establishing a contact pair, it is necessary to identify the areas where contact may occur and define them as target 
elements and contact elements, which must have the same material properties and be mutually related. This paper uses a 
command stream approach to establish contact pairs and selects a face-to-face contact method for finite element analysis. The 
tooth surface of the sun gear is designated as the target surface, with the element type selected as TARGE170. The tooth 
surface of the planet gear is designated as the contact surface, with the element type selected as CONTA174. During gear 
meshing transmission, single-tooth meshing or double-tooth meshing may occur, so multiple contact pairs must be defined. 
Additionally, the contact elements and target elements within the same contact pair must have the same real constants. 
 
II. B. 3) Application of loads and constraints 
When performing ANSYS finite element simulation, applying appropriate loads and correctly setting boundary conditions are 
critical. Selecting different loading methods and setting different boundary conditions can have varying effects on the results 
of gear contact analysis. This study employs a static analysis method to simulate the meshing state of gears during actual 
transmission processes. During the simulation, the degrees of freedom of the driven gear shaft bore in all directions and the 
radial degrees of freedom of the driving gear shaft bore are constrained, and torque is applied to the driving gear. To facilitate 
the application of loading constraints, the global coordinate system is converted to a cylindrical coordinate system. First, the 
planetary gear of the driven gear is fixed, and then torque is applied to the sun gear of the driving gear. By constraining the 
gear center bore node in the radial, axial, and circumferential directions, the loading and constraints are applied. The torque 
calculation formula is as follows: 

 69.55 10
P

T
n

   (3) 

In the formula, T  is the torque (N∙mm), P  is the power, 840 kW, n  is the speed of the drive wheel, 1375 r/min. 

III. Parameter optimization of planetary gear transmission systems 
In order to reduce the size, weight, and complexity of the planetary gear transmission system and analyze the overall energy 
consumption of the planetary gear, this study used a MATLAB genetic algorithm [41], [42] to optimize the tooth width, 
module, and number of teeth on the sun gear in the three-stage planetary gear transmission system. 
 
III. A. Genetic Algorithm Computation Process 
The operation process of the genetic algorithm is shown in Figure 2. 
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1. Bit string interpretation 
to get parameters
2. Calculate the objective 
function
3. Mapping function value 
to fitness value
4. Appropriate adjustment

Three basic genetic 
operators:
1.Selection operator
2.Crossover operator
3.Mutation operator

Actual problem parameter set

Encode into a bit string
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Calculate the fitness value

Selection and Genetics

Statistical results

Population 2

Optimized set of one or more 
parameters (from decoding)

Improve or solve real problems

Random 
operator

Population ← 
Population 2

 

Figure 2: Flowchart of the operation of the genetic algorithm 

III. B. Objective Function 
In order to make the planetary gear system smaller in volume, lighter in weight, and more compact in structure while 
maintaining the same load capacity, this paper takes the volume and minimum size of the three-stage planetary gear system 
as the optimization objectives 

A three-stage planetary gear system volume minimization objective function is established, with the sum of the volumes of 
the sun gear and planetary gears as the objective function:   
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 (4) 

In the equation, ib  denotes the tooth width of the i th planetary gear train, in mm. im  denotes the module of the i th 
planetary gear train, in mm. aiz  denotes the number of teeth on the sun gear of the i th planetary gear train. pin  denotes the 
number of planetary gears in the i th planetary gear train. ciz  denotes the number of teeth on the planetary gear in the i th 
planetary gear train. pii  denotes the gear ratio of the i th planetary gear train. 

 
III. C. Determining Design Variables 
From the objective function, it can be seen that the design variables for each stage of the planetary gear system are tooth width, 
module, number of teeth on the sun gear, and number of planetary gears. Since this paper selects the number of planetary gears 
for each stage of the planetary gear system to be 3, i.e.: 

1 2 3 3p p pn n n   , the design variables for each planetary gear system are reduced to 3, resulting in a total of 9 design 
variables for the three-stage planetary gear system. The design variables are: 

 1 2 3 4 5 6 7 8 9 1 1 1 2 2 2 3 3 3[ , , , , , , , , ] [ , , , , , , , , ]T T
a a aX x x x x x x x x x b m z b m z b m z   (5) 

III. D. Determining Constraints 
(1) No root cutting occurs on the pinion: 

 1 2 317 017 017 0a a az z z       (6) 

Since the characteristic parameters of the tertiary planetary gear system are all greater than 3, the minimum number of teeth 
for each gear should be greater than 17 
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(2) Minimum tooth width condition:   
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(3) Minimum modulus condition: 
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(4) Relationship between module and tooth width: 
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(5) Gear strength constraints: 
Calculation of tooth surface contact stress, such as: 
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When calculating the strength of planetary gear transmissions, because internal gear strength is greater than external gear 
strength under the same material and heat treatment conditions, it is generally necessary to calculate the tooth surface contact 
strength and root bending strength between the sun gear and planetary gears. 

In the equation, H  is the tooth surface contact stress. HZ  is the node region coefficient. EZ  is the elasticity coefficient, 
2/N mm . Z  is the overlap coefficient. Z  is the helix angle coefficient, which is 1 for straight gears. AK  is the service 

factor. UK  is the dynamic load factor. HK  is the tooth direction load distribution coefficient. HK   is the load distribution 
coefficient. HPK  is the load unevenness coefficient. tF  is the tangential force on the pitch circle, N. d  is the diameter of 
the pitch circle of the smaller gear, mm. b  is the working tooth width, mm. u  is the gear ratio. HP  is the allowable 
contact stress. limH  is the contact fatigue strength, N/mm². minHS  is the minimum safety factor. NTZ  is the life coefficient. 

LZ  is the lubricant coefficient. VZ  is the speed coefficient. RZ  is the roughness coefficient. WZ  is the work hardening 
coefficient. XZ  is the dimensional coefficient. 

Tooth root stress calculation: 
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
 (11) 

In the equation, F  is the root stress. FaY  is the tooth profile coefficient. SaY  is the stress correction coefficient. Y  is 
the overlap coefficient. Y  is the helix angle coefficient. iF  is the tangential force on the pitch circle, N. b  is the working 
tooth width, mm. nm  is the module. AK  is the service factor. VK  is the dynamic load factor. FK   is the load distribution 
factor. FK   is the load allocation factor. FPK  is the planetary gear load distribution unevenness coefficient. FP  is the 
allowable root stress. limF  is the root bending fatigue limit, N/mm². STY  is the stress correction coefficient. NTY  is the life 
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coefficient. minFS  is the minimum safety factor. reltTY  is the relative tooth root radius sensitivity coefficient. RrelTY  is the 
tooth root surface condition coefficient. xY  is the dimensional coefficient for calculating bending strength. 

(6) Transmission ratio error constraint: 

 
| |

0p

p

i i

i



   (12) 

In the formula, pi  is the given transmission ratio. i  is the actual transmission ratio.   is the transmission ratio error. 
(7) Adjacency condition: 

 '2 sinac ac
p

d a
n


  (13) 

In the formula, acd  is the diameter of the tip circle of the planetary gear. '
aca  is the center distance of the meshing pair of 

gears a and c. pn  is the number of planetary gears. 

IV. Simulation study on optimization of system parameters and optimization characteristics 
IV. A. Elastic behavior 
The finite element models in the system are condensed to extract the corresponding mass and stiffness matrices, and this 
calculation process can be performed in general finite element software. At the same time, deformation smoothness is used as 
an evaluation index, and the performance of each stiffness matrix is verified by means of the load transfer behavior between 
the condensed nodes. Finally, load boundary conditions are applied to the system model, and a global quasi-static elastic 
mechanical behavior analysis is performed to obtain the node displacement responses of each elastic component under rated 
operating conditions. In the system-level simulation analysis, the planetary gear sequentially transmits the power received 
from the sun gear to the double-row tapered roller bearings (DRTRB) and the planetary pin shaft, ultimately applying the load 
to the planetary carrier pin holes. Figure 3 shows the calculated results of the elastic deformation of the planetary carrier and 
the load distribution on each DRTRB. As shown in the figure, under system rated operating conditions, the node displacement 
at the planetary carrier pin holes is only 0.312 mm, which does not exceed 1 mm. This indicates that the planetary shaft of the 
transmission system may exhibit positional errors after parameter optimization, but the error magnitude is small and will not 
affect the root stress response results in the planetary gear system. 

 

Figure 3: Planetary displacement cloud 

In system-level simulation analysis, it is necessary to obtain the rim displacement response of the planetary gear and the 
node displacement response of the gear teeth to provide the required displacement boundary conditions for the secondary 
submodel of root stress calculation. Figure 4 shows the calculation results of elastic deformation and stress distribution of the 
planetary gear under rated operating conditions. The structural integrity of the system model ensures that the results 
simultaneously consider the effects of elastic deformation of the planetary carrier and planetary shaft, bearing clearance, and 
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other factors. The comparison between the original contour of the planetary gear and its loaded deformation contour (with 
deformation scaled up) is shown in Figure 4(a). It can be observed that the rim of the planetary gear is approximately circular 
and does not exhibit significant elastic deformation. Figure 4(b) shows the stress distribution contour map of the planetary 
gear under load. The figure identifies the two gear teeth that mesh with the sun gear and inner gear ring. The high-stress zones 
are located at the root of these two gear teeth on the loaded side, with the maximum root stress value reaching 306.76 MPa. 
From the figure, it can also be observed that the root stress values of the teeth not currently engaged are close to zero, primarily 
due to the lack of significant elliptical deformation in the rim structure. 

 

Figure 4: Planetary gear analysis results 

In system-level simulation analysis, the node displacement responses of the sun gear's rim and teeth are reflected in the 
displacement contour plot of the input shaft, with the elastic deformation results shown in Figure 5. As can be seen from the 
figure, the sun gear and inner gear ring exhibit the same deformation trend, with elastic deformation zones present near the 
teeth in contact with the planetary gears. The flexible design of the sun gear's rim structure ensures that each high deformation 
zone is uniformly covered by multiple teeth in the circumferential direction. The thin-walled rim and cantilever support 
conditions of the inner gear ring cause each high deformation zone to shift equally in the axial direction. These elastic behavior 
characteristics will significantly influence the root stress distribution and stress levels of the corresponding gears. 

 

Figure 5: Elastic deformation result 

IV. B. Transient Dynamics 
For the third-stage planetary gear reducer, the mesh is refined for the critical tooth contact surfaces. For the sun gear-planetary 
gear pair, the sun gear's entire tooth surface is designated as the target surface, while the planetary gear's tooth surface serves 
as the contact surface. For the planetary gear-ring gear pair, the planetary gear's tooth surface is designated as the target surface, 
and the ring gear's tooth surface serves as the contact surface. The ring gear is fixed to the base, while the sun gear and 
planetary carrier rotate around the base, with the planetary gear shaft serving as the reference plane for orbital motion. Set the 
planetary gears and planetary gear carrier planetary gear shafts as body-to-body contacts to enable the planetary gears' rotation 
and revolution. Apply a torque load of 42.15 kN·m to the third-stage planetary gear carrier of the transmission system, set the 
sun gear to rotate by 60°, select iterative sub-steps to improve computational accuracy, and perform transient dynamic 
simulation analysis. To improve computational accuracy, the mesh size is reduced for the contact surfaces and gear tooth 
transition areas of the planetary gear system, and mesh refinement is performed using tetrahedral meshes. To improve 
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computational speed, larger mesh sizes than those for gear contact surfaces are used for other non-gear contact surfaces, with 
the mesh size set to 4×10⁻³ m, resulting in 507,329 mesh elements after division. 

Based on the simulation results, the stress-strain and total deformation contour plots of the planetary gear system before 
and after parameter optimization for the third stage of the transmission system are shown in Figures 6 and 7, respectively. 
Based on the data analysis of the two figures, the maximum stress values before and after parameter optimization of the third-
stage planetary gear system are 7.58 MPa and 7.13 MPa, respectively, and the maximum strain values are 0.00415 mm/mm 
and 0.00473 mm/mm, respectively. The maximum stress and strain occur at the contact surface between the sun gear and the 
planetary gears. The maximum stress and strain in the external meshing pair are greater than those in the internal meshing pair. 
The simulation results are consistent with the principles of gear meshing and the motion characteristics of the planetary gear 
system, thereby validating the accuracy of the model. After parameter optimization of the gears, the stress on the sun gear 
teeth is reduced because the optimized sun gear-planetary gear tooth surface contact line is longer, resulting in reduced stress 
on the teeth. The gears are less prone to failure compared to before, and reliability is enhanced 

 

Figure 6: Optimization of the simulation results of the former transient dynamics 

 

Figure 7: Optimal post-transient dynamic simulation results 

IV. C. Dynamic Characteristics 
Compared with traditional gear transmission systems, the optimized planetary gear system described in this paper features fast 
response speed, high transmission efficiency, large transmission torque, high performance, wide speed regulation range, high 
positioning accuracy, and compact structure. The circumferentially distributed planetary gears not only share the load but also 
offset the radial force acting on the center gear. This section will conduct a dynamic characteristic study of the optimized 
planetary gear system to provide a basis for optimizing the design of transmission mechanisms and power configuration in the 
main spindle drive system of CNC machine tools. 
 
IV. C. 1) Kinematic analysis 
The input speed of the planetary gear system is set to 2000 r/min, i.e., 12000 deg/sec, and the output speed is set to 500 r/min, 
i.e., 3000 deg/sec. The speed of the planetary gear is: 

 1 3

3

c

c a

n n z

n n z


 


 (14) 

In the formula, 1n  is the rotational speed of the sun gear, 3n  is the rotational speed of the planetary carrier, cn  is the 
rotational speed of the planetary gear 
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Substituting the above data into the above equation yields cn  = 1000 r/min, or 6000 deg/sec. Add a selected drive to the 
rotating joint with a magnitude of 12000 deg/sec, set the start time to 6 s, the simulation time to 15 s, the step size to 0.1, and 
the number of steps to 600. After running the solution, the input angular velocity, planetary gear angular velocity, and output 
angular velocity curves of the planetary gear transmission system are shown in Figure 8. As can be seen from the figure, the 
obtained input angular velocity curve aligns with the drive settings, i.e., it starts within 6 seconds, and at the 6-second mark, 
the input angular velocity, planetary gear angular velocity, and output angular velocity reach 12,000, 6,000, and 3,000 deg/sec, 
respectively, and remain constant for the subsequent 9 seconds. The trend of angular velocity changes aligns with the 
simulation settings. 

 

Figure 8: The curve of the Angle velocity of the transmission system 

As shown in the figure above, the input angular velocity is significantly greater than the output angular velocity, indicating 
that the system conforms to the speed reduction characteristics of a transmission system. The simulated transmission ratio is 
calculated to be 3.999, which differs from the theoretical transmission ratio of 4 by only 0.025%, demonstrating that the 
established simulation model is accurate and reliable. A comparison of the simulation values with the theoretical values yields 
the results shown in Table 1. As shown in the table, the angular velocity error of the planetary gear is only 0.01262%, and the 
angular velocity error of the output shaft is only 0.017%, further validating the correctness of the parameter optimization model 
for the planetary gear transmission system proposed in this paper. 

Table 1: Angular velocity comparison 

Project Input angular velocity Planetary wheel angular velocity Output angular velocity 
Simulation value 12000 6000.757 3000.51 
Theoretical value 12000 6000 3000 

Error (%) 0 0.01262 0.017 
 
IV. C. 2) Kinetic analysis 
This section further conducts a dynamic simulation analysis of the optimized transmission system. 

First, the meshing force between the sun gear and the planetary gear is calculated. The force analysis of the straight-toothed 
cylindrical gear is shown in Figure 9. 
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Figure 9: Force Analysis of Spur Cylindrical Gear Teeth 
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As shown in the figure, the normal load nF  acting on the tooth surface along the meshing line is perpendicular to the tooth 
surface and is orthogonally decomposed into a circumferential force iF  and a radial force rF  at node P . The force on the 
sun gear and planetary gear 1 meshing pair is as follows: 

 
2 t

t
a

T
F

d
  (15) 

 tanr tF F   (16) 

 1

cosn

F
F


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In the formula, 1T  is the torque transmitted by the sun gear, ad  is the diameter of the pitch circle of the sun gear 
Next, calculate the forces acting on the planetary gear 1 and the inner ring gear based on the meshing forces between the 

planetary gear and the inner ring gear as follows:   
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In the equation, 2T  is the torque transmitted by the planetary gear, cd  is the pitch diameter of the planetary gear. 
Based on the transmission principle of the planetary gear system, the motion and power transmission of the gear system are 

achieved through gear meshing. Therefore, the contact method is used for the dynamic analysis of the transmission system. 
To improve simulation efficiency and reduce simulation time, the simulation time is set to 1 s. A rotational drive with a speed 
of 12,000 deg/sec is added to the sun gear rotational pair, and the motor startup time is set to 0.5 s. 

(1) Time-domain analysis 
The time-domain diagrams of the meshing forces between the sun gear and planetary gears, and between the planetary gears 

and inner ring gear, obtained from the dynamic simulation analysis are shown in Figures 10 and 11, respectively. As can be 
seen from the figures, at the instant the servo motor starts, due to a sudden change in speed, internal gear excitation occurs, 
resulting in impact, and the contact force (meshing force) exhibits significant fluctuations. Once the system enters the stable 
transmission phase, the meshing force fluctuates around a mean value and exhibits periodic changes, reflecting the 
characteristic of periodic meshing and disengagement of the gears. The engagement force between the planetary gear and the 
inner gear ring exhibits relatively smaller fluctuations in amplitude compared to the engagement force between the sun gear 
and the planetary gear once the speed enters a stable phase. This indicates that the amplitude of engagement force fluctuations 
decreases as the transmission speed decreases. Occasional noticeable fluctuations are attributed to the static load condition. 
The average simulated meshing force between the sun gear and planetary gears is 2,916 N, with a theoretical value of 3,000 
N. The average simulated meshing force between the planetary gears and inner gear ring is 1,275 N, with a theoretical value 
of 1,300 N. The theoretical values and simulated results are similar, further validating the reliability of the model. 

 

Figure 10: The solar wheel and the planetary wheel meshing force time domain diagram 
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Figure 11: Time domain diagram of planetary wheel and inner tooth coil mesh 

(2) Frequency domain analysis 
The meshing forces of the gear transmission are subjected to a Fourier transform, yielding the frequency domain diagrams 

of the meshing forces between the sun gear and the planetary gears, and between the planetary gears and the inner gear ring, 
as shown in Figures 12 and 13, respectively. As can be seen from the figures, the meshing forces exhibit periodic variations, 
with a period corresponding to the meshing cycle of a single gear tooth, and the frequency magnitude corresponding to the 
frequency of the higher-frequency line in the figure. As shown in Figure 12, there are two prominent peaks in the frequency 
domain diagram. One is at 255.26 Hz, which is the rotational frequency of the sun gear, and the other is at 519.28 Hz, which 
is the meshing force frequency. These values are close to the theoretical values of 250 Hz and 550 Hz, respectively. As shown 
in Figure 13, there are also two prominent peaks in the frequency domain diagram. One is at 248.05 Hz, which is the rotational 
frequency of the planetary gear, and the other is at 557.24 Hz, which is the meshing force frequency. These values are close 
to the corresponding theoretical values of 250 Hz and 550 Hz. Through the dynamic characteristic analysis in this section, the 
stability of the planetary gear transmission system after parameter optimization has been proven, further demonstrating the 
reliability of the virtual prototype 

 

Figure 12: The sun wheel and the planetary wheel mesa force diagram 

 

Figure 13: Planetary wheel and inner tooth coil mesh force frequency domain diagram 
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V. Conclusion 
This paper is based on the finite element analysis of planetary gear transmission systems. By establishing a finite element 
model and parameterizing the planetary gear system, it provides a model foundation for optimizing the dynamic characteristics 
of the transmission system. The optimization of the transmission system aims to minimize the volume of the three-stage 
planetary gear transmission system. A genetic algorithm is used to optimize the parameters of the transmission system under 
constraint conditions. Through simulation analysis of system elastic behavior and transient dynamics, the rationality of the 
optimized system is verified. Further analysis of the kinematics and dynamics of the transmission system is conducted to gain 
a deeper understanding of the dynamic characteristics of the optimized transmission system. The following conclusions are 
drawn from the study: 

The optimized transmission system exhibits a smaller tendency for elastic deformation, with the maximum root stress values 
of the sun gear and inner gear ring reaching 306.76 MPa. After optimization, the stress on the gears decreases from 7.58 MPa 
to 7.13 MPa, resulting in higher safety compared to the pre-optimization state. The input angular velocity, planetary gear 
angular velocity, and output angular velocity of the system can reach the rated values within 6 seconds of operation, with an 
error of less than 0.02%. In the frequency domain analysis, the frequency spectra of the meshing forces between the sun gear 
and planetary gears, as well as between the planetary gears and inner gear ring, are close to the theoretical values 
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