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Abstract This paper aims at the investigation of the vibration mechanism and 
dynamic response of the power gearbox using the established gear transmission 
system model. A comprehensive scheme was built consisting of modeling, assem-
bling, boundary settings and loading to assess the deformation and vibration char-
acteristics of the gearbox. Meanwhile, the transmission errors were included in the 
model to consider the effects of system errors, surface modification and manufac-
turing errors. Afterwards, the three –dimensional (3D) model was launched in Romax 
software to study the static and vibratory characteristics of the gearbox system. In 
addition, the meshing stiffness and transmission errors were analyzed. Finally, the 
gear surface modification and optimization were carried out to achieve the optimal 
stress distribution and reduce the maximum contact stress. The simulation results 
show that the maximum first mode acceleration response within the operating range 
was 8 g by setting the sensor at the planet wheel shaft pin. Meanwhile, the estimated 
transmission errors ranged from 0.13 ~ 0.15 μm. The maximum load for the planet 
roller bearing was 2933 N and would generate 1219 MPa contact stress, which was 
reasonable and acceptable. Nevertheless, the contact patch was unevenly distributed 
under the high-load conditions. To be specific, the maximum stress was 419 MPa 
locating at the gear surface edge, posing a failure risk. By performing the surface 
modification, the maximum stress has significantly dropped to 202 MPa and the 
corresponding region has moved from the edge to the surface center. The results has 
highlighted the importance of the proposed GTF gearbox system dynamic simulation 
scheme and generate a applicable approach for the transmission system engineering 
design. 
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1 Introduction 

In recent years, the stringent environmental guidelines and fierce competitions in 
aviation market have called for a high-fuel-efficiency, low-emission and light-weight 
engine for civil aircrafts [1]. Geared turbofan (GTF) engine highlights the employ-
ment of a power gearbox to link the fan and low-pressure turbine (LPT), providing an 
optimum rotatory speed for each component. Consequently, the fan diameter could 
be larger without worrying about issues including the tip speed or the structural 
integrity. Moreover, a higher bypass ratio (BPR) could be utilized to improve the 
propulsive efficiency and save fuel [2, 3]. Pratt & Whitney introduced a five-planet 
star system with a single-stage star epicyclic gear. The gearbox system is estimated 
to be reliable for at least 20 years, with an efficiency reaching 99.5% [4]. However, 
the gearbox system is complex and comprises of a sun gear, a planetary gear, a shaft 
and bearings. The sophisticated structure, limited space and complex excitation have 
posed critical parameters on dynamic response for the gearbox system. Therefore, the 
dynamic response and static stress of the fan-drive gear system have to be carefully 
examined to ensure safety operation. 

Wang [5] proposed an improved nonlinear dynamic model of GTF gearbox, 
in which the structure-based time-varying gear meshing parameters and multiple 
nonlinear clearances were fully considered, including time-varying meshing stiff-
ness, pressure angle, contact ratio, position angle and dynamic gear reaction force. 
The time-domain and frequency-domain results were investigated in terms of the 
dynamic response. Kang [6] studied the dynamic characteristics of double helical 
gear pairs both experimentally and theoretically. A set of double helical gear test 
devices composed of testing machines and specimens were developed, which were 
used to operate the double helical gear pair in the range of actual torque and rota-
tional speed. A new type of three-piece double helical gear pair was developed for 
gear tests, which can realize the adjustable staggered angle from right to left. The 
measurement system of transmission error of three-dimensional vibration motions 
and dynamic motions under the condition of a high speed was realized. Mo [7, 8] 
analyzed the problem of multiple load distribution among star gears in a two-stage 
aero-engine star gear transmission system. Meanwhile, meshing errors of gear parts 
in a star gear transmission system were investigated, such as eccentricity error, tooth 
thickness error, base pitch error, assembly error and bearing manufacturing error. 
Furthermore, Mo [9] studied the equivalent meshing errors of different types of 
gear errors of the outer and the internal meshing line of the star gear transmission 
system respectively. A refined dynamic model was established for the analysis of 
vibration and natural characteristics of double helix star gear transmission system. 
The gear transmission system of an aero-engine was studied and calculated, mean-
while the validity of the dynamic model was verified. Chen [10] established the 
multi-body dynamics model of a single-stage planetary-gear rigid-flexible coupling 
system through ADAMS software, in which the sun gear was a flexible body, on 
which cracks of different sizes were established. The influence of crack parame-
ters on the dynamic response of the planetary gear system was also analyzed. Guo
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[11] improved Chen’s model and established a two-stage planetary gear system. 
The results show that the response-side band and root mean square were sensitive 
to the crack fault degree of the gear pair. Other researchers have performed some 
investigation on the surface modification [12–15]. 

In this paper, the modelling, static analysis and dynamic analysis process was 
established for the gearbox system through the Romax software. A simulation is 
performed based on Hertz contact theory and dynamic characteristics of the gear 
system. Contact stress, system deformation, transmission error and meshing stiffness 
were obtained during the simulation. Furthermore, a surface modification was carried 
out to achieve the optimum stress distribution. 

2 Methodology 

2.1 Design Process 

The design process of the power gearbox modelling and simulation is depicted in 
Fig. 1. The first is to identify the requirements for engines and build an initial model. 
However, due to the complexity of the gearbox system, the model is simplified 
with the main characteristics kept. Afterwards, the boundary conditions including

Fig. 1 Design framework
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rotational speed, power, duration and stiffness are implemented to guarantee a high-
fidelity and accurate simulation. Then, the static and dynamic analysis is carried out 
to investigate the performance and feasibility of the gearbox system.

2.2 Modelling 

It is well-established that the gearbox system is complex and sophisticated, especially 
the hollow wall and the transmission system. The kinetic response is significantly 
affected by the above structures. Meanwhile, the planetary gear transmission system 
proves to be one of the most accessible and reliable systems for GTF engines. In this 
scenario, the model established is presented in Fig. 2, in which the planetary gear 
system is used to cater to the increasing demand for power transmission. The output 
shaft, inner gear ring, outer gear ring, sun gear and input shaft have been considered 
in the model. To be specific, 5-way herringbone gears are adopted in the model with 
the sun gear connected to the input shaft. Meanwhile, the output shaft is linked to the 
inner gear ring. After that, the planetary gears are designed in detail including the 
teeth number, modulus and teeth width. The model deliberated is depicted in Fig. 3. 
Finally, a 3-D gearbox model is launched based on the CADFUSION module through 
Romax software, as is shown in Fig. 4. It should be noted that in order to precisely 
simulate the dynamic behavior of the gearbox system, four stiffness bearings are 
employed at the input and output shaft, as is demonstrated in Fig. 4. 

Afterwards, the boundary conditions, such as the rotation speed, power, working 
duration and temperature, are implemented on the model, as is listed in Table 1. The

Fig. 2 Simplified planetary gear transmission system
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Fig. 3 Detailed planetary gear model 

Fig. 4 Gearbox simulation model
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Table 1 Boundary conditions 

Loading Value 

Rotation speed (rpm) 7000 

Power (kW) 3000 

Duration (s) 100 

Temperature (K) 343 

design point speed of the input shaft is 7000 rpm and the maximum temperature is 
343 K.

2.3 Contact Stress Estimation 

Typically, the planetary gear transmission system is considered as multiple pairs of 
gears meshing and coupling with each other. Hence, the methods of static strength 
calculation and contact stress estimation are quite similar to those of the ordinary 
gears. The equation utilized for calculating the contact stress is as follows: 

σH = ZHZBZEZεZβ 

√
Ft 
dpb 

u + 1 
u 

K 
Z 

KγKVKHαKHβ σHσH (1) 

where 
Ft is the nominal tangential force of the at reference circle. 
dp is the pitch diameter of the small gear. 
b is the working tooth width. 
u is the gear ratio. 
Z and K are the correction coefficient. 

2.4 Kinetic Equation 

The dynamic performance is obtained using the structural dynamic equation 
considering the external excitation force, as listed in (2). 

mẍ + cẋ + kx = F(t) (2) 

where 
m is the mass matrix of the gear system. 
k is the stiffness matrix of the gear system. 
c is the damping term of the gear system.
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F(t) is the excitation force. 
However, with regard to the external force, it mainly comes from the gear meshing 

stiffness and transmission error and might exert unexpected vibration. Therefore, (2) 
is rearranged as (3) using the meshing stiffness and transmission error. 

mẍ + cẋ + kx = ke (3) 

where 
ke is the meshing stiffness and transmission error of the gear system. 

2.5 Definition of Transmission Error 

Theoretically, the gear ratio maintains at a constant value and provides a stable and 
accurate reduction of rotational speed for the two gears, as is depicted in Fig. 5. 
However, regarding the gear deformation, manufacturing errors and surface modifi-
cation, the rotation speed of the drive is not always at an expected value and there 
exists certain fluctuations, as is shown in Fig. 5. More importantly, the transmission 
error resulted would pose a fundamental excitation on the gear system and generate 
a significant response. As can be seen in Fig. 6, θ ′

2 is the real rotational angle of the 
driven gear, which equals to the theoretic rotational angle θ ′

2 plus the difference. The

Fig. 5 Indication of transmission error
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Fig. 6 Transmission error calculation 

transmission error is then defined as the rotational arc length of the driven gear and 
the driver, as is shown in Fig. 6.

3 Results and Analysis 

3.1 Static Analysis 

It is of great importance to investigate the deformation and contact stress of the 
gearbox system to ensure a feasible engine. The total deformation distribution of the 
gear system is depicted in Fig. 7. One observation is that the maximum deformation 
occurs at the sun-planetary connecting region, reaching 0.44 μm. As shown in Fig. 8, 
the maximum gear dislocation reaches 4.5 μm while the minimum dislocation is only 
1.67 μm. 

The contact stress result of the planetary bearing roller is depicted in Fig. 9. What 
is interesting is that the contact stress mainly concentrates on the region whose degree 
is 225 to 325 with the maximum stress reaching 1219 MPa. The maximum stress lies 
in the degree of 275 and the corresponding load is 2933 N. Furthermore, the contact 
stress demonstrates an arch pattern along the distance. The maximum stress occurs 
at the position that is about 10 mm away from the roller.
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Fig. 7 Gearbox system deformation 
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Fig. 8 Gear dislocation 

3.2 Transmission Error and Meshing Stiffness 

The analysis results of transmission errors have been presented in Fig. 10. The  
first-order transmission error ranks the highest with the range lying between 0.13 
~ 0.15  μm. However, the second- and third-order transmission errors almost reach 0. 
When it comes to the meshing stiffness, the results of sun gear R and the planetary gear
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Fig. 9 Contact stress distribution 

Fig. 10 Transmission error distribution

R1 are shown in Fig. 11. It is clear that the conjugate stiffness maintains a constant 
value at 20 GPa. Nevertheless, the sun gear and the planetary gear present a contra-
dictory trend. As the rolling angle increases, the stiffness of the sun gear linearly 
drops from 72 to 21 GPa, whereas the stiffness of the planetary gear increases from 
21 to 72 GPa. 



Power Gearbox Modelling and Dynamic Simulation … 1323

Fig. 11 Meshing stiffness 

3.3 Dynamic Simulation Results 

In order to precisely simulate the dynamic performance of the gearbox system and 
obtain the response of the system, five acceleration measuring points were imple-
mented on the planetary gear pin, as is shown in Fig. 12. The first-order response 
of components X, Y and Z as well as the total response are described in Fig. 13. 
Apparently, the maximum response of the planetary pin occurs at a rotational speed 
ranging from 2000 to 3000 rpm. At this time, the component X accounts for the 
largest response, peaking 7.5 g, while the total response is 8 ms−2. A closer inspec-
tion on the figure shows that at 4000 to 5000 rpm, the response of Component Z 
is the most influential factor, approaching 5.6 ms−2. Furthermore, the response of 
Component Y is relatively low for the whole simulation.

Fig. 12 Acceleration measuring points
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Fig. 13 Planetary pin acceleration response of measuring point 1 

Afterwards, the system acceleration response and deformation at the point with 
the maximum planetary pin response are depicted in Figs. 14 and 15. Obviously, 
the planetary gears play a crucial role in system dynamic response. The meshing of

Fig. 14 System acceleration response at 2600 rpm
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Fig. 15 System deformation at 2600 rpm 

the gears has resulted in a system response and deformation of 149 ms−2 and 1.04 
um respectively, which highlights the importance of thorough consideration on the 
mitigation of the external excitation.

3.4 Surface Modification 

The contact stress between the sun gear and the planetary gear surface is depicted 
in Fig. 16. One observation is that the large-stress area locates at the edge, reaching 
419 MPa. Moreover, there exists an uneven contact since the low-stress region lies 
on the other edge, indicating a partial load condition and a failure risk, especially

Fig. 16 Contact stress spots distribution
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Fig. 17 Contact stress spots distribution after optimization 

under the heave loading condition. Therefore, it is necessary to perform a surface 
modification to eliminate the uneven contact.

A design optimization is carried out in Romax aiming at improving the contact 
condition and reduce the transmission error. By optimizing parameters of the sun 
gear and planetary gear, the optimal contact spot is located in the central area of 
the tooth surface, as is shown in Fig. 17. The maximum contact stress is 400 MPa, 
which is 19 MPa lower than the previous design. More importantly, the edge stress 
has dropped from 419 to 217 MPa and the gear failure risk has been dramatically 
reduced. 

4 Conclusion 

This paper performs a systematic study on the gearbox system static and dynamic 
response. A design process has been established including modeling, boundary condi-
tions, static and dynamic analysis, surface modification. The main conclusions are 
concluded as follows: 

1. The maximum contact stress of the planetary gear bearing roller is 1219 MPa 
and the corresponding force is 2933 N. Meanwhile, the maximum deformation 
of the gear system is 0.44 μm whereas the dislocation value of the sun-planetary 
gear reaches 4.27 μm due to the uneven contact. 

2. The transmission error of the investigated gear system is 0.13 to 0.15 μm 
while the meshing stiffness approaches 72 GPa. Consequently, the generated 
maximum acceleration response for the planetary shaft pin and the gear system 
is 8 and 149 ms−2 respectively. 

3. The existing uneven contact has resulted in 417 MPa contact stress at the tooth 
surface edge. After optimization, the optimal stress falls to 400 MPa while the 
edge stress is only 217 MPa. It highlight the importance of surface modification 
to reduce the possible gear failure.
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