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Abstract. Taking a GTF star transmission gearbox as the research object, this paper innovatively
introduces the Westgard decision diagram, which is widely used in medical clinical trials, and
combines "relative error distance method of speed, transmission ratio and meshing force" to build
a performance evaluation method of gearbox model based on multi-body dynamics. At the same
time, the translation-torsional dynamics model of the gearbox is established by using the lumped
mass theoretical method, and the key parameters such as output speed, gear meshing force and
bearing vibration acceleration are obtained by the analysis of the two models. Comparing the
simulation results of the multi-body dynamics model selected by the performance evaluation
method with the analysis results of the concentrated parameter method, it can be seen that the
performance of the multi-body dynamics model selected by the performance evaluation method
is reliable and effective, and the analysis accuracy and analysis efficiency can be taken into
account. The maximum absolute error of meshing force is 2.5771 N, and the absolute error of
vibration acceleration at the bearing of input shaft and output shaft is controlled within
0.08 m-s? and 0.1 m-s2, respectively. The model performance evaluation method proposed in this
paper effectively solves the problem of the balance between simulation efficiency and accuracy
of the traditional gearbox dynamics model, provides a new technical path for the performance
evaluation of complex gear transmission systems, and provides a reliable theoretical basis and
technical support for the design and optimization of gear transmission systems of high-end
equipment such as aeroengines, and has important engineering application value.

Keywords: GTF star transmission gearbox, Westgard decision diagram, dynamic characteristics,
multibody dynamics, lumped-parameter.

1. Introduction

The geared turbofan engine (GTF) introduces a decelerating star-driven gearbox (hereinafter
referred to as the gearbox) between the low-pressure rotor and the fan, and by balancing the
difference in rotational speeds between the low-pressure rotor and the fan, the engine has
advantages of small size, high thrust and high efficiency. The dynamics of the gearbox directly
affect the power transmission efficiency, vibration control and structural reliability of the GTF
engine, and is the core technology to ensure its efficient and low-noise operation and prolonged
life. In order to study the dynamic characteristics of the gearbox, Ouyang Tiancheng et al. [1]
established a multistage parallel shaft gear dynamics model through the concentrated parameter
method and optimised the parameters; Chen et al. [2] established a gear dynamics finite element
model based on the three-dimensional loaded-tooth contact analysis; Liu et al. [3], and Jianjun et
al. [4] constructed the dynamics model of the planetary gear set by the concentrated parameter
method and the finite element cohesion theory, respectively; Portron [5] et al. established a hybrid
dynamics model of a planetary gear train, in which the flexible ring gear was modelled by the
finite element method and the planetary gear set was modelled by the concentrated parameter
method. Dandan Wu [6] et al. carried out a simulation study on the dynamic characteristics of
helical bevel gears by finite element analysis, focusing on the effects of damping, main wheel
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acceleration time and load on the dynamic meshing performance of the gears. Ran Xiaoping [7]
carried out loading contact analysis of helical bevel gear sub by using finite element analysis,
accurately calculated the meshing performance parameters of helical bevel gears under different
loading conditions and analysed the influence law of the magnitude of the load on these meshing
performance parameters. Cai Xiaona [8] imported the three-dimensional model into the dynamics
simulation software ADAMS to establish its dynamics simulation model and simulated and
analysed its rotational speed and dynamic meshing force. Cheng Yanli [9] and others established
the centralised mass model and ADAMS multi-body dynamics model of straight-toothed
cylindrical gears respectively and verified the feasibility of the research method of using two
methods of comparative analysis through simulation. Zhang J [10] et al. verified the correctness
of the modelling by investigating that the free vibration characteristics based on the multi-body
dynamics model are identical with the simulation results of the previous centralised mass model
when the component's own flexibility is not taken into account. Jianbo [11] et al. proposed a digital
physical model based on the Hertzian theory and the extended finite element method for dynamic
monitoring and digital simulation of gearboxes, and realised the visualisation of gearboxes.
Zhu D. [12] et al. established a digital twin multibody dynamic model of planetary gearbox,
simulated the characteristic frequency of failure under different operating conditions such as sun
wheel missing teeth, planetary wheel missing teeth or notch, and verified the validity of the model
through experiments. Wu [13] launched a study on the noise problem of wheel loader gearbox by
combining experimental testing and simulation analysis, and proposed a method to improve the
gear design parameters and optimise the box structure, so as to effectively reduce the noise level
of the gearbox. Yan Jian [14] revealed the influence of crack and pitting coupling effect on the
vibration response of the gear system through numerical simulation and experimental verification,
which provides a new idea for gear fault diagnosis and health monitoring. In recent years, with
the development of rigid-flexible coupling dynamics modelling technology, scholars have carried
out in-depth research on the application of rigid-flexible coupling model for gear transmission
system. Zhang Zheng et al. [15] proved that the rigid-flexible coupling model can more accurately
describe the motion force of tracked vehicle gear system by comparing the rigid-flexible coupling
model and the rigid body model; Zihan et al. [16] found that the rigid-flexible coupling model of
planetary gears has a significantly better vibration response in the time-frequency domain than
that of the purely rigid body model, Wang Wenlong et al. [17] combined the rigid-flexible
coupling model with the noise reduction method of gear trimming; Fei Jiang et al. [18] proposed
a noise reduction method for gears by means of the rigid-flexible coupling-signal convolution
model. Li Jinchao [19] and others established the rigid-flexible coupling dynamic model of ‘box-
bearing-axis-gear meshing’ by multi-body dynamics method, and investigated the effects of
eccentricity error and axis tilt on the dynamic response of herringbone gears. Based on the theory
of flexible multibody dynamics, Pan Yi [20] explored the effect of tooth pitting on the dynamic
characteristics of double involute gears.

Although existing studies have made progress in mathematical modelling of gear systems and
multi-body dynamics modelling, there is still a lack of cases of comparative analysis between the
two methods. Moreover, although the rigid-flexible coupling studies mentioned above have
improved the model accuracy, they have not yet formed a systematic model selection and
evaluation standard. When modelling multi-body dynamics according to different analytical
requirements, it is often necessary to determine the rigid and flexible forms of the components,
however, the empirical selection of rigid and flexible bodies may lead to insufficient simulation
accuracy. In order to effectively evaluate simulation models, this paper introduces the Westgard
decision diagram evaluation method. This method is mainly applied in medical testing and
medical instrument performance evaluation [21], Fu Wenjin et al. [22] showed that the regular use
of Westgard standard decision diagram can effectively monitor changes in the performance of the
testing system; Zeng Jianming et al. [23] verified the convenience of evaluating the performance
of testing instruments; and Wen Dongmei et al. [24] confirmed that this method can accurately
determine the analytical performance of the testing system. At present, there are fewer cases of
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applying this method in the mechanical field. Jin et al. [25] used the Westgard decision diagram
evaluation method for the first time to select the coefficients of multi-body dynamics simulation,
and proposed the “relative error distance method of speed, transmission ratio and meshing force”
to verify the correctness of the modelling. In this paper, the Westgard decision diagram combined
with the “relative error distance method of speed, transmission ratio and meshing force” is
innovatively adopted to screen the multi-body dynamics models of various GTF star gearboxes.
At the same time, the corresponding centralised mass dynamics model is established, which is
solved by Matlab and compared with the multi-body dynamics simulation results to verify the
validity of the model screening method and the correctness of the multi-body dynamics model,
and to provide a new idea for the structural design and simulation analysis of the GTF engine.

2. Dynamic modeling of the GTF star transmission gearbox
2.1. Establishment of the multi-body dynamic model

The main structure of GTF star transmission gearbox includes an input shaft, an output shaft,
a sun wheel, five planetary gears, and two inner gear rings. The structural parameters of each part
are provided by the cooperative enterprise. The 3D model of the gearbox was completed according
to the parameters shown in Table 1, and the interference was checked by UG NX10, then the
assembly was completed [26]. The complete 3D solid model of the gearbox was shown in
Fig. 1(a).

Table 1. Gear parameters of the gearbox.

Member Number of teeth | Normal modulus | Helix angle / ° | Normal pressure angle / ©
Sun gear 44

Planetary gear 45 2.12 25 14.5

Inner gear ring 136

Fig. 1. a) 3D solid model of GTF gearbox; b) multi-body dynamics model of GTF gearbox

According to the actual operation of the transmission system and various constraints of
ADAMS, the solid model of the gearbox is processed as follows.

Fixed pairs are added between the input shaft and the sun gear, between the two inner gear
rings, and at the 12 bolt holes between the gear rings and the output shaft respectively.

The bushings are added to the bearing positions of the input shaft, output shaft and five star
gears respectively to simulate these bearings, The supporting stiffness of each bearing is provided
by the cooperative enterprise, as shown in Table 2.

Table 2. Support stiffness parameters of each bearing.

Bearing position Leveling stiffness (N/m) | Axial stiffness (N/m) | Torsional stiffness (N/m)
Input shaft support 2.0x107 2.0x10° 4.0x103
Output shaft support 1.2x108 1.0x107 1.8x10%
Planetary gear support 2.0 x108 2.0x107 4.0x10°
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The Contact force based on Impact function is added between the sun gear and the star gear
and between the star gear and the inner gear ring respectively. The contact stiffness of the contact
pair between the sun gear and the star gear, the star gear and the inner gear ring is set to
1.0x10% N-m, the damping coefficient is set to 0.1 % of the contact stiffness value, the nonlinear
coefficient is set to 1.5, the cutting depth is set to 1.0x10-*m, and the friction coefficient is defined
as 0.02. Other parameters are adopted as default values. In summary, the simulation model of star
transmission gear box as shown in Fig. 1(b) is established.

2.2. Multibody dynamic models screening

In order to balance the contradiction between simulation efficiency and simulation accuracy
as far as possible, the Westgard decision diagram is introduced in this paper, and the "relative
error distance method of speed, transmission ratio and meshing force" is used to screen various
types of multi-body dynamic models in the process of building multi-body dynamic models of
complex mechanical systems to carry out dynamic characteristic analysis. In order to ensure the
accuracy of the analysis results, the rigid and flexible forms of the input shaft and the output shaft
are the same when modeling, and the rigid and flexible forms of the outer and inner meshing
contact pairs are the same. To sum up, the seven models shown in Table 3 are established. GSTIFF
solver is used to simulate the models, provided that the simulation parameters and computer
configuration are the same. The simulation time of each model is shown in Table 4.

Table 3. Rigid and flexible matching model of gear box components

Model number | Input shaft Sun wheel Planetary gears | Inner gear ring | Output shaft
1 Rigid body Rigid body Rigid body Rigid body Rigid body
2 Rigid body Rigid body Flexible body Rigid body Rigid body
3 Flexible body | Rigid body Rigid body Rigid body Flexible body
4 Rigid body | Flexible body Rigid body Flexible body Rigid body
5 Flexible body | Rigid body Flexible body Rigid body Flexible body
6 Rigid body | Flexible body | Flexible body | Flexible body Rigid body
7 Flexible body | Flexible body | Flexible body | Flexible body | Flexible body

When analyzing the dynamic response, scholars usually take the average value of each
indicator signal in a period of time, and then compare the average value with the theoretical
calculation value. This method is difficult to ensure that each indicator signal does not fluctuate
significantly within a period of time, and it is difficult to ensure the accuracy and effectiveness of
the analysis data. Westgard standard decision diagram [23]is one of the effective tools to
determine the performance characteristics of a method. Therefore, it is introduced and “relative
error distance method of speed, transmission ratio and meshing force” is used as evaluation criteria
to screen various types of multibody dynamic models. The Westgard decision diagram divides
each simulation signal into several samples, calculates the corresponding inaccuracy (Bias %) as
the X-axis and imprecision (CV %) as the Y-axis, and divides the entire Westgard decision
diagram into four regions through three auxiliary reference lines. The four regions are
non-conforming performance area, critical performance area, good performance area and
excellent performance area.

The simulation results of output speed, transmission ratio, internal and external meshing force
are obtained for different multi-body dynamic models, and the inaccuracy and imprecision are
calculated by taking 20 % of each of the five simulation indicators and marking them as the
horizontal and vertical coordinates of data points on the method performance determination
diagram shown in Fig. 2. The simulation performance of the models is judged according to the
position of the points on the diagram. The closer the model data points are to the origin of the
diagram, the higher the simulation accuracy will be.

As can be seen from Fig. 2, the simulation performance of the seven models is within the
acceptable range, models 4, 6 and 7 are located in the excellent performance zone, models 1, 2, 3
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and 5 are located in the critical performance zone, and model 7 is a multi-flexible model with the
best simulation accuracy and effect, but the simulation time is the longest. By comparison, the
simulation time of model 4 and 6 is shorter than that of the multi-flexible model. The main
difference is whether the planetary gear in the gearbox is flexible. In the GTF gearbox model
analyzed in this paper, the input and output shafts have low rotational speeds and small spans of
shafts. Therefore, as shown in Model 4 of Table 3, the input, output shafts and planetary gears are
set as rigid bodies, while the sun gear and inner gear rings are set as flexible bodies, which
basically satisfy the simulation effect and have both simulation efficiency.

Table 4. Simulation calculation time of gearbox model

Model Time Model Time Model Time
number consumption (s) number consumption (s) number consumption (s)
1 371 4 34903 7 42955
2 17948 5 11745 - -
3 507 6 35662 - -
0.10
0.08
The performance does not
meet the requirement area
0.06
=
>
O
0.04
G, Model 2
Model 7 A
0.02 Model 4 ‘7‘»,,//‘ Model 1 Model 3
{////’ %%, Model 5
Model 6 “%,
0.00 \-
0.00 0.01 0.02 0.03 0.04 0.05
Bias%

Fig. 2. Westgard decision diagram of synthetic simulation performance
of multiple multi-body dynamics models

2.3. Establishment of the concentrated parameter model

In this paper, the concentrated parameter method is used to construct the GTF star gear
transmission system dynamics model shown in Fig. 3(a).

The sun gear and the planetary gear are connected by external meshing gear pair. Its dynamic
model is shown in Fig. 3(b), and its dynamic equation can be expressed as follows:

For the sun gear, the equation is as follows [27]:

Mg X Xg + Cop X X5 + kgy X Xg + €OS ), X SIN Qi
5 5

(1)
X Z (Cspi X 6spi + kspi X f(6spi)) = Z(Ffspi X COS Pgpix X COS .Bb):
= i=1
mg X Vi + y X Vs + kg, X Y5 + €OS By, X sin @y,
5 5
s " 5 . ()
CSpl X spi + spi X f( Spl) (Ffspi X sin <pspiyx cos ﬁb):
i=1 i=1
5
I X 65 + cspl X 8spi + Kopi X f(é‘spl)) X COS B X 1 = Z(Tfsws X COS [)’b) + Tip, 3)
i=1 i=1

where: mg is the mass of the sun gear; ks, , and kg, are the support stiffness of the sun gear in the
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x and y directions, ¢, and c;,, are the support damping in the x, y direction of the sun gear; x;,
Xs, X5, ¥s, ¥s, and yig are the vibration displacement, velocity and acceleration of the nodes of the
sun gear with concentrated parameter along the x and y directions respectively; kp; , and cgp; are
the meshing stiffness and meshing damping between the sun gear and the nth planetary gear
respectively; Fygp,; is the tooth contact force between the sun gear and the nth planetary gear; I is
the rotational moment of inertia, and 8, is the torsional vibration acceleration of the node where
the sun gear concentrates the mass; Ty, s is the torque on the sun gear; Ty, is the input moment.

ciit kg, // log
s§ Y / : Solar wheel

a) b)

Planetart wheel

Inner ring

Fig. 3. a) Bending-torsional dynamics model of star gear transmission system, b) dynamic model
of meshing between solar gear and nth planetary wheel, ¢) dynamic model of meshing
between the nth planetary wheel and the inner gear ring

For planetary gears, the equation is as follows [27]:

Mp; X Xpi + Cpix X Xpi + Kpix X Xp; — COS By X SIN Qi
X (Cspi X Ospi + kspi X f(5spi)) + cos By X Sin @iy (Cpir X 8pir + kpir X f(5pir)) “4)
= —Frgpi X €COS By X €COS Yspix + Fpir X €OS B X COS Qpirx,

My X Vpi + Cpiy X Ypi + kpiy X Ypi — COS Bp X cos Pspiy
X (Cspi X 6spi + kspi X f(aspi)) + cos .Bb X cos (ppiry (Cpir X 6pir + kpi‘r X f(Spir)) (5)
= —Frgpi X €OS By X SIN QPgpiyy + Frpir X €OS B X SIN @iy,

Ly X épi + 1pp X €OS ), X (cpl-r X Opir + Kpir X f(c?pir)) — Tpp X COS B, ©

X (Cspi X 6spi + kspi X f(6spi)) = (Tfspip + Tfspirp) X cos By,
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where: m,,; is the mass of the planetary gear; k,;,, and k,;, are the support stiffness of the
planetary gear in the x and y directions, ¢p;, and c,;, are the support damping of the planetary
gear in the x and y directions; Xp;, Xpi, ¥pi> Ypi> Ypi» and Yp; are the vibration displacement,
velocity and acceleration of the node with mass concentration of the planetary gear along the x
and y directions respectively; k,;- and ¢, are the meshing stiffness and meshing damping
between the nth planetary gear and the inner gear ring respectively; Ff,;, is the tooth contact force
between the nth planetary gear and the inner gear ring; I,; is the rotational moment of inertia, and
9pl- is the torsional vibration acceleration of the node where the mass of the planetary gear is
concentrated; Tygp; p, is the torque on the planetary gear; Ty , is the pair torque of meshing
between planetary gear and inner gear ring. @,; is the angle between outer meshing plane and the
y-axis, in order to facilitate the calculation, make @spix = Qspiy = Pspi> Ppirx = Ppiry = Ppir-

The motion pair between the planetary gear and the inner gear ring is the inner meshing gear
pair, and its dynamics model is shown in Fig. 3(c).

For the inner gear ring, the equation is as follows [27]:

My X X + Cpy X X + kppyy X X, — cOS B X sin <pplrx
5

™)
X Z (Cplr X 61)[1‘ + kplr X f(Ser) Z(Ffptr X cos Ppirx X cos Bb)
i=1 i=1
My X Y + Cryy X Yy + Kpyy X ¥, — COS B}, X sin (pplry
5
®)
X z (cpw X Spw + kpir X f(&mr) Z(Ffp” X €OS Ppiry X €COS ,Bb)
i=1 i=1
5
I X 6, — 11, X cos B, X Z (cpl-r X Spl-r + kpir X f(6pir))
=1 ©)

5
= Z(Tfpirr X cos ﬁb) - Tout-
i=1

where: m,. is the mass of the sun gear; k,,, and k.., are respectively the support stiffness of the
inner gear ring in x and y directions, ¢y, and c,,, are respectively the support damping of the
inner gear ring in the x and y directions; x,, X, X,-, ¥, ¥, and ¥, are respectively the vibration
displacement, velocity and acceleration along the x and y direction of the node with mass
concentration in the inner gear ring; I, is the moment of inertia, and &, is the torsional vibration
acceleration of the node where the concentrated parameter in the inner gear ring; Tfp;- , is the
torque on the inner gear ring; T,,; is the output torque; 13, is the radius of the base circle of the
inner gear ring.
The average meshing stiffness of the helical gear pair is:

kpm = C, X b, (10)

The meshing stiffness of gears presents a trend of periodic change with time. The meshing
stiffness of the meshing pair of helical gears derived by Maatar [28] et al can be obtained as
follows:

3
kspi(t) = Kingyi + Z Angy; sin(hw,t + @) + bng,; cos(nwpt + @), (i =1,2,,5), (11)

n=1
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3
kpir () = Ky + Z Ay sin(nwpt + @) + b, cos(nwpt + @), (i=12,,5), (12)

n=1

where: kp; (t), the k,;,-(t) are respectively the time-varying meshing stiffness of the gear pair
between the sun gear and the nth planetary gear, and between the nth planetary gear and the inner
gear ring; kp, opi, ki pir are respectively the average meshing stiffness corresponding to the outer
and inner meshing pairs; @, spi, bn_spi> An_pir and by, ;- are the harmonic coefficients of each
order of the outer and inner meshing pair respectively.

In gear transmission system, damping is mainly the meshing damping of gear meshing pairs.
Currently, there is no accurate formula to calculate the value of damping, and the approximate
value is usually calculated by empirical formula [29]:

1
¢ = 28k, (M)z (13)
mp + mg

where: ¢ is the meshing damping ratio, whose value ranges from 0.03-0.17, and it is 0.10 in this
calculation; ky, is the average meshing stiffness of the gear meshing pair; m,, and m, is the mass
of the driving gear and the driven gear.

3. Dynamic characteristics of GTF star transmission gearbox
3.1. Dynamic characteristics analysis of multibody dynamic model of the gearbox

According to the screening in 1.2, model 4 as shown in Fig. 4 is selected as the subsequent
analysis model. The simulation conditions are shown in Table 5. The input speed and load are
loaded in the form of STEP function, the loading time is 0.5s, the simulation time is 0.6 s, and the
simulation step length is 0.00001.

Fig. 4. Model 4

Table 5. Simulation working conditions.

Importation speed (r/min) RPM setting Load torque (N-m) Load setting
Step(time,0,0,0.5,1) Step(time,0,0,0.5,1)
6000 *6000/60*360D 357.025 *557.025

The simulation results of angular velocity of input shaft and output shaft, meshing force of the
internal and external meshing pairs, and radial vibration acceleration at each bearing are shown in
Fig. 5.

As can be seen from Fig. 5(a), the rotational speed of the input shaft is stable at 36000°/s, and
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the rotational speed of the output shaft is stable at about —11647.0554°/s, and the rotational speed
of the input and output shafts is consistent with the theoretical value.

70000 T ™ T T 1800 T T T T 0.3
60000 Input axis angular velocity 4 —— External engagement force — Input bearing vibration acceleration
g 50000 Output axis angular velocity | 1440 —— Internal engagement force E 02 Output bearing vibration acceleration ]
E) P= =
§ 40000 Z .g
230000 8 1080 E
g & E
§ 20000 ‘éb §
& 10000 = 720 g
! 3 =1
2 0 s 5
< 202}
-10000 360 S
-20000 : : 03 . . . )
0.500 0520 0540 0560 0580  0.600 0 ) ) ) ) 6,595 059 0597 0598 059  0.600
Time (sec) 0.590 0592 0594 0596 0598  0.600 Time (sec)
a) b) C)
0.08 R 0.005 - 0.08 R
007 | 1/,-4400.64Hz ] 8 1 007 | 1/,-4400.63Hz ]
006 . St T 006 .
P L i Y L 2/,-8800.93Hz | i L ]
E 005 |- - E E 005 | -
= L 4 = 0.003 = L 4
g 0.04 C 4f,-17600.54Hz, ] »g 5 004 - ]
%8’ 0.03 - 6,-26400.71Hz - £ 0.002 %8’ 0.03 6/,-26400.81Hz 4
L 4 3 L i
<002 | o, 3960051, o 2 <002 | 4,-17600581z | of 30600611z
r 1 0.001 r 1
0.01 | - 0.01 -
0.00 possbpusticprarl L3 0000 ooo Mldl b Fu F N
0 10000 20000 30000 40000 50000 0 10000 0 10000 20000 30000 40000 50000
Frequency (Hz) Frequency (Hz) Frequency (Hz)
d) e) f)
0.008 T
0.007 = -
& 0.006 |- -
ks r 2f,-8800.36Hz
£ 0.005 |- E
= F i
-2 0.004 -
8 L ]
3 0.003 -
g L ]
< 0.002 | -
0.001 = -
0.000
0 10000
Frequency (Hz)

Fig. 5. a) The angular velocity of the input and output axes, b) gear pair meshing force (local
amplification), ¢) vibration acceleration changes of input-shaft bearing and output-shaft bearing (local
amplification), d) vibration acceleration spectrum of input-shaft bearing, e) vibration acceleration
spectrum of input-shaft bearing (local amplification), f) vibration acceleration spectrum of
output-shaft bearing, g) vibration acceleration spectrum of output-shaft bearing (local amplification)

As can be seen from Fig. 5(b), the meshing force of the outer meshing pair fluctuates up and
down at 800.7533 N, with an absolute error of 2.5639 N compared with the theoretical value of
798.1894 N; the meshing force of the inner meshing pair fluctuates up and down at 797.5522 N,
with an absolute error of 0.6372 N compared with the theoretical value of 798.1894 N. The
meshing forces of the outer and inner meshing pairs are basically consistent with the theoretical
values.

Fig. 5(c) shows the change of vibration acceleration of input-shaft bearing and output-shaft
bearing; Fig. 5(d) and Fig. 5(e) show the vibration acceleration spectrum changes of the input-
shaft bearing; Fig. 5(f) and Fig. 5(g) show the vibration acceleration spectrum changes of the
output-shaft bearing. As can be seen from Fig. 5(c-g), the time domain peak value of radial
vibration acceleration at the bearing of the input shaft is about 0.15 m-s2, the main characteristic
frequency domain is reflected in 1, 2, 4, 6, 9 times the snapping frequency, and the maximum peak
value appears at 1 times the snapping frequency, with a peak value of 0.055 m's?. The time
domain peak of radial vibration acceleration at the bearing of the output shaft is about 0.14 m-s2,
the main characteristic frequency domain is reflected in 1, 4, 6, 9 times the rodent frequency, and
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the maximum peak value also appears at 1 times the rodent frequency, the peak value is
0.059 m-s?.

3.2. Dynamic characteristics analysis of concentrated parameter model of the gearbox

The dynamic equations of the gear transmission system established in 1.3 are numerically
solved, the input speed is 6000 r /min, and the load torque is 557.025 N-m. Then the output speed,
the meshing force of the outer and inner meshing pairs and the radial vibration acceleration at the
bearing are shown in Fig. 6.
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Fig. 6. a) The angular velocity of the input shaft and output shaft, b) the meshing force of the gear pair
(local amplification), ¢) vibration acceleration of the input-shaft bearing and the output-shaft bearing
(local amplification), d) vibration acceleration spectrum of the input-shaft bearing,

e) vibration acceleration spectrum of the output-shaft bearing

As can be seen from Fig. 6(a), the rotational speed of the input shaft is stable at 36000°/s, and
that of the output shaft is stable at about —11647.0550°/s, and the rotational speed of the input and
output shafts is consistent with the theoretical value.

As can be seen from Fig. 6(b), the meshing force of the outer meshing pair fluctuates up and
down at 798.1762 N, with an absolute error of 0.0132 N from the theoretical value of 798.1894 N;
the meshing force of the inner meshing pair fluctuates up and down at 798.1764 N, with an
absolute error of 0.013 N from the theoretical value of 798.1894 N. The meshing forces of the
outer and inner meshing pairs are in good agreement with the theoretical values.

Fig. 6(c) shows the change of vibration acceleration of input-shaft bearing and output shaft
bearing; Fig. 6(d) shows the change of vibration acceleration spectrum of the input shaft bearing.
Fig. 6(e) shows the change of vibration acceleration spectrum of the output shaft bearing. As can
be seen from Fig. 6(c-¢), the time domain peak of radial vibration acceleration at the bearing of
the input shaft is about 0.23 m-s2, the main characteristic frequency domain is reflected in 1, 2, 4,
6, 9 times the rodent frequency, and the maximum peak appears at 1 times the rodent frequency,
with a peak value of 0.062 m-s2. The time domain peak of radial vibration acceleration at the
bearing of the output shaft is about 0.24 m's?, the main characteristic frequency domain is
reflected in 1, 2, 4, 6, 9 times the snapping frequency, and the maximum peak value also appears
at 1 times the snapping frequency, the peak value is 0.086 m-s.
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4. Comparison of dynamic characteristics
4.1. Analysis of time domain results of each index

The time domain results of each index of the gearbox centralized mass model and the
multibody dynamic model are shown in Table 6.

Table 6. Time-domain simulation results of each index of the two models

Theoretical Multi-body dynamics Centralized mass
value model model
Input speed (deg/sec) 36000 36000 36000
Output speed (deg/sec) —11647.0554 —11647.0554 —11647.0550
The meshing force of the outer 798.1894 800.7533 798.1762
meshing pair(N)
The meshing force of the inner 798.1894 797.5522 798.1764
meshing pair (N)
Input Bea.rmg v1brat1_§)n _ 015 023
acceleration at (m-s™)
Output bee}rlng Vlbrat_lZOIl B 014 0.24
acceleration at (m-s~)

As can be seen from Table 6, according to the index of rotational speed, the two models agree
well with each other and with the theoretical value. According to the index of meshing force, there
is a good agreement between the two models and between the two models and the theoretical
value. The maximum absolute error of meshing force between the two models is 2.5771 N. From
the time-domain index of radial vibration acceleration, the absolute error of vibration acceleration
at the bearing of the input shaft and the absolute error of vibration acceleration at the bearing of
the output shaft are 0.08 m-s? and 0.1 m-s respectively.

4.2. Analysis of frequency-domain results of vibration acceleration

The frequency-domain results of radial vibration acceleration of the gearbox concentrated
parameter model and the multi-body dynamic model are shown in Table 7.

Table 7. Frequency-domain simulation results of radial vibration acceleration of two models.

Multi-body dynamics model Centralized quality model
Input bearing Output bearing Input bearing Output bearing
vibration vibration vibration vibration
acceleration (m-s) | acceleration (m-s) | acceleration (m-s?) | acceleration (m-s?)

lf:m“hmg 0.0549 0.0590 0.0621 0.0860
equency

2f><mesh1ng 0.0020 0.0008 0.0033 0.0105
requency

4 “m{frs the meshing 0.0126 0.0014 0.0040 0.0135
equency

6 times the meshing 0.0094 0.0015 0.0007 0.0047
frequency

9 times the meshing 0.0017 0.0013 0.0013 0.0010
frequency

According to the frequency-domain index of radial vibration acceleration, the main
characteristic frequencies of radial vibration acceleration at the bearing of the input shaft of the
gearbox multi-body dynamic model are 1, 2, 4, 6 and 9 times the snapping frequency, and the
maximum peak value is 0.0549 m-s? at the doubling of the snapping frequency. The main
characteristic frequencies of radial vibration acceleration at the bearing of the output shaft are 1,

JOURNAL OF VIBROENGINEERING. MAY 2025, VOLUME 27, ISSUE 3 40 1



RESEARCH ON MODELING AND DYNAMIC CHARACTERISTICS OF GTF TRANSMISSION GEARBOX.
XIAOMEI YOU, HAONAN YANG, YU Cul, HAIXU WANG

4, 6, and 9 times the snapping frequency, and the maximum peak value is 0.0590 m-s at 1 times
the snapping frequency, and the value is smaller at 2 times the snapping frequency. The main
characteristic frequency domains at the bearing of the input shaft and the output shaft of the
lumped mass model are 1, 2, 4, 6 and 9 times the snapping frequency. The maximum peak value
at the bearing of the input shaft is 0.0621 m-s2 at 1 times the snapping frequency, and the
maximum peak value at the bearing of the output shaft is 0.0860 m-s at 1 times the snapping
frequency.

5. Conclusions

In this paper, the Westgard decision diagram is introduced, and various multi-body dynamics
models of GTF star gearboxes are screened out based on the “relative error distance method of
speed, transmission ratio and meshing force”, and a simulation model that takes into account of
the analysis efficiency and accuracy is obtained, which overcomes the limitation of the evaluation
of a single simulation index. Through the simulation analysis of the multi-body dynamics model
and the centralised mass model of the gearbox, the dynamic characteristics of the system, such as
output speed, meshing force and bearing vibration acceleration, are extracted. The comparison
results show that the results of the two models have good consistency under the same working
conditions and parameter settings, indicating that both methods can be used for the study of the
dynamic characteristics of gear transmission systems.

Both the multi-body dynamics model and the concentrated parameter model can better analyse
the meshing force of the gear pair, which agrees with the theoretical calculated values. As the
multi-body dynamics model takes into account the effects of vibration and impact, a smaller axial
force is generated, resulting in a slightly larger value of the meshing force; whereas the centralised
mass model and the theoretical calculation are based on a two-dimensional planar vibration
system, with zero axial force, so that the two values of the meshing force are consistent.

The study shows that the simulation results of the rigid-flexible coupled multibody dynamics
model screened by the Westgard decision diagram are consistent with the centralised parameter
model and the theoretical values, which verifies the feasibility and effectiveness of the method.
The Westgard decision diagram can be used to quickly screen the multi-body dynamic model with
both simulation accuracy and efficiency, which provides a theoretical basis for the analysis of the
dynamic characteristics of complex mechanical systems, and improves the correctness and
engineering practicability of the simulation analysis.
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