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The complex three-shaft three-reducer structural designs of helicopter transmission systems are prone to changes in the relative
positions of shafting under the conditions of main rotor and tail rotor loads. These changes will affect the transmission
characteristics of the entire transmission system. In this study, the planetary gear trains of helicopters were examined. Due to
the fact that these structures are considered to be the most representative structures of the main reducers of helicopters, they
were selected as the study objects for the purpose of examining the meshing characteristics of planetary gear trains when the
relative positions of the shafting changed due to the position changes of the main rotor shafts under variable load conditions. It
was found that by embedding the comprehensive time-varying meshing stiffness values of the main rotor shafts at different
positions, a dynamic model of the relative position changes of the planetary gear trains could be established. Then, combined
with the multibody dynamics software, the meshing characteristics of the sun gears, and the planetary gears, the planetary gears
and the inner ring gears were simulated and analyzed under different inclinations and offsets of the shafting. The results
obtained in this study revealed the following: (1) the average meshing force of the gears increased with the increases in the angle
inclinations, and the meshing force between the sun gears and the planetary gears increased faster than the meshing force
between the planetary gears and the inner ring gears. It was observed that during the changes in the shafting tilt positions,
obvious side frequency signals had appeared around the peak of the meshing frequency in the spectrum. Then, with the
continuous increases in the tilt position, the peak was gradually submerged; (2) the average meshing force of the gears increased
with the increases in the offset, and the increasing trend of the meshing force between the sun gears and the planetary gears was
similar to that observed between the planetary gears and the inner ring gears. It was found that when the shafting offset position
changed, there were obvious first and second frequency doubling in the spectrum; (3) the mass center orbit radii of the sun
gears increased with the increases in the shafting position changes, and the changes in the angular tilt position were found to
have greater influencing effects on the mass center orbit radii of the sun gears than the changes in the offset positions. This
study’s research findings will provide a theoretical basis for future operational status monitoring of the main transmission
systems of helicopters and are of major significance for improvements in the operational stability of helicopter transmission
systems, which will potentially ensure safe and efficient operations.

1. Introductions

The transmission system of helicopters, including the main
reducers, intermediate reducers, tail reducers, main rotor
shafts, power transmission shafts, and tail transmission
shafts (namely, “three shafts and three reducers”), is charac-

terized by compact structures, lightweight, high process pre-
cision, high transmission power levels, and high reduction
ratios. It is indispensable key components of helicopter
design, transferring engine power to both the main rotors
and tail rotors [1, 2]. Due to lack of redundancy, helicopter
transmission failure can lead to catastrophic accidents [3].
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Therefore, condition monitoring for helicopter transmission
has always been one of the most critical technologies to guar-
antee the integrity of the helicopters, enhance operational
and personnel safety, and reduce the overall maintenance
costs [4, 5]. Over the past decades, health and usage monitor-
ing systems (HUMS) have been developed and implemented
in helicopters to monitor the health status for the main gear-
box and other key components of transmissions, improving
condition-based maintenance for helicopters [6, 7]. Mean-
while, a batch of fault diagnosis researches around the
bearings and gears of the main gearbox emerged [8–10]. In
fact, change in the relative position of the helicopter trans-
mission shafting is one of the important reasons for the
failure of bearings and gears.

It has been found that under load conditions of the main
rotors and tail rotors, the three shafts and three reducers tend
to be prone to changes in the relative positions of shafting.
Considering the complex shafting structural designs of
helicopters, any slight changes in the relative positions of
shafting will lead to changes in the transmission characteris-
tics of the entire transmission system, which will accelerate
the wear of support bearings, shorten the service life of the
bearings, and greatly impact the tooth surface friction at the
gear meshing. As a result, vibration impacts will be produced
which will negatively affect the performances of the transmis-
sion systems [11, 12]. Due to the aforementioned tendencies,
the transmission systems of helicopters may be subjected to
additional excitation force, which will significantly reduce
the working life of the transmission systems. This study con-
sidered to reveal the dynamic response characteristics of the
helicopter shaft systems under changes in the relative posi-
tion, which could potentially provide a theoretical basis for
the failure mechanism analysis of the helicopter transmis-
sion, the operational status monitoring of the helicopter
transmission systems, and furthermore, be of major signifi-
cance for improving the operation stability of the helicop-
ter transmission systems and ensuring safe and efficient
operations.

Dynamic modeling is the first step for analyzing the
dynamic response characteristics of the helicopter shaft sys-
tems under changes in the relative position. Chenxi et al.
established a nonlinear dynamic model of helicopter trans-
mission to measure the load sharing with dynamic mesh
forces quantitatively [13]. Lyu et al. developed a physical
model of helicopter transmission for sensor selection [14].
Zhang et al. established an integral node dynamic model of
helicopter main gearbox combined with the finite element
method and the lumped mass method [15]. Chen et al.
applied the finite element method and the lumped mass
method mixed to establish the overall multinode dynamic
model of a four-stage helicopter main gearbox [16]. All of
the above modeling methods can provide an important refer-
ence for the modeling of this research. Planetary gear sets are
the major structures of the main transmission systems of
helicopters. Researchers in China and internationally have
completed many studies regarding the dynamic characteris-
tics of planetary gear train systems. Liu et al. and Zhang
et al. established a dynamic model of planetary gear trains
and studied the vibration characteristics of gear systems

[17, 18]. Zou et al. andMa et al. studied time-varying meshing
stiffness values when sun gears became cracked and estab-
lished a dynamic model for planetary gear trains [19, 20]. Lei
et al., Wei et al., and Han et al. established fault models of
planetary gear trains: normal, cracked, and spalling, and
analyzed their dynamic characteristics [21–23]. Parker and
Wu mainly used a finite element method to analyze the
vibration modes of planetary gear trains, focusing on the
effects of such factors as meshing stiffness values and con-
tact ratios on the suppression of system vibrations and noise
[24]. In another related study, Chao et al., Liu et al., and
Mbarek et al. analyzed and studied the dynamic characteris-
tics and meshing stiffness of the planetary gear trains with
tooth profile errors, cracks, and other faults [25–27]. This
study found that the existing research studies had mainly
focused on the dynamic response characteristics of plane-
tary gear trains from the perspectives of backlash, time-
varying meshing stiffness, transmission errors, local faults
of the gears, and coupling faults [28–30]. In this study, the
dynamic response characteristics of planetary gear trains
were investigated from the perspective of changes in relative
positions of shafting. The results obtained in this research
investigation were considered as supplements for the
continued improvements of the dynamics of helicopter
transmission systems and gear systems.

2. Dynamic Modeling of Main Planetary Gear
Trains with Shafting Position Changes

The position changes of shafting mainly affect the meshing
stiffness of gears. In this study, the time-varying meshing
stiffness values were used to map the position changes of
the shafting. The structural characteristics of helicopter
transmission systems were taken as the study objects, as
shown in Figure 1.

The planetary gear trains of the main transmission sys-
tems consist of one sun gear, five planetary gears, and one
inner ring gear. The inner ring gear is fixedly connected to
the main reducer housing. The sun gears are the input ends
and the planetary carriers which are fixedly connected with
the main rotor shafts are the output ends. The gear parame-
ters of a planetary gear train are shown in Table 1.

Figure 1: The structure diagram of the study helicopter
transmission systems.
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2.1. Dynamic Theoretical Model of the Planetary Gear Trains.
Helicopter planetary gear trains have the structural charac-
teristics of long main rotor shafts and large load fluctuations.
As a result, the main rotor shafts which join the planetary
carriers are directly connected with the loads. Therefore, if
the supports loosen, position changes may easily be caused.
In the present study, a torsion model of a planetary gear train
was established in order to examine the dynamic characteris-
tics. It was possible to simplify the model into the dynamic
model shown in Figure 2 according to the principles of gear
meshing.

It was assumed that the centroid of each gear coincided
with its geometric center. That is to say, there was no cen-
troid offset, and the influencing effects of the friction between
gears were ignored. Then, the system had a total of 21 degrees
of freedom. In other words, the freedom of movement of the
sun gear, planetary gear, and inner ring gear along the x and y
directions were xs, ys, xri, yri, xc, yc; and the freedom of rota-
tion between the sun gear, planetary gear, and inner ring gear
was θs, θri, θc; and the generalized displacement matrix could
be expressed as follows:

q = xs ys xri yri xc yc θs θri θcf gT , ð1Þ

where i = ð1, 2⋯ 5Þ represents the five planetary gears,
respectively.

A fixed coordinate system was established at the center of
the sun gear, and a dynamic coordinate system was estab-
lished at the center of the planetary gear. The rotation speed
of the dynamic coordinate system was the rotation speed of
the planetary carrier ω. Then, the projection of the relative
displacement between the sun gear and planetary gears and

between the planetary gear and inner ring gears along the
direction of the meshing line was as follows:

xnsri = rmrθri − rmsθsi − en tð Þ, ð2Þ

xnrci = rmcθc − rmrθri − en tð Þ, ð3Þ

where rms, rmr , rmc are the base circle radii of the sun gear,
planetary gear, and inner ring gear, respectively; and enðtÞ
indicates the static transmission error of the gear.

The meshing force of the normal gear between the sun
gear and the planetary gears in planetary gear train Fnsri
and meshing force of the normal gear between the planetary
gears and inner ring gear Fnrci were as follows:

Fnsri = kisr tð Þxnsri + csrmxnsri′ , ð4Þ

Fnrci = kirc tð Þxnrci + crcmxnrci′ , ð5Þ

where kisrðtÞ, kircðtÞ are the time-varying meshing stiffness
between the sun gear and the planetary gears and between
the planetary gears and the inner ring gear, respectively;
xnsri, xnrci represents the vibration displacements between
the sun gear and planetary gears and between the planetary
gears and the inner ring gear along the direction of the mesh-
ing line, respectively; and csrm, crcm indicate the damping
coefficients between the sun gear and the planetary gears
and between the planetary gears and the inner ring gear,
respectively.

Table 1: Gear parameters of the study planetary gear trains.

Gear Num. of teeth Outer module (mm) Pressure angle (°) Spiral angle (°) Face width (mm)

Zs 62 8 20 0 300

Zr 83 8 20 0 320

Zc 228 8 20 0 350
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Figure 2: Dynamic theoretical model of the planetary gear trains.
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Then, the dynamic equation of the system was obtained
as follows:

Is
••
θs + rms 〠

5

i=1
Fnsri = Td ,

ms
••xis + csx xis

• + ksxxis = Fisx ,

ms
••yis + csy yis

• + ksyyis = Fisy ,

Iri
••
θri − rmrFnsri + rmrFnrci = 0,

mr
••xir + crx xir

• + krxxir = Firx ,

mr
••yir + cry yir

• + kryyir = Firy,

Ic
••
θc − rmc 〠

5

i=1
Fnrci = T f ,

mc
••xic + ccx xic

• + kcxxic = Ficx ,

mc
••yic + ccy yic

• + kcyyic = Ficy,

8
>>>>>>>>>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð6Þ

where ms,mr ,mc represent the masses of the sun gear, plan-
etary gear, and inner ring gear, respectively; Is, Ir , Ic are the
moments of inertia of the sun gear, planetary gear, and inner
ring gear, respectively; kvj, cvjðv = s, r, c ; j = x, yÞ denote the
support stiffness and damping values of the sun gear, plane-
tary gear, and inner ring gear along each coordinate axis,
respectively; θs, θr , θc indicate the torsional displacements of
the sun gear, planetary gear, and inner ring gear, respectively;
Td , T f are the driving torque of the driving gear and the load
torque of the driven gear, respectively; and i = ð1, 2⋯ 5Þ.

Therefore, Eq. (5) can be rewritten in the form of a matrix
as follows:

I
••
θ + CR2 θ

•
+ K tð ÞR2θ = T , ð7Þ

where KðtÞ represents the stiffness matrix, and C is the
damping matrix.

In this study, the time-varying meshing stiffness K ′ðtÞ
after the shafting position changes was used to represent
the influencing effects of the shafting position changes on
the meshing characteristics of the system. The dynamic the-
oretical model of the main planetary gear trains with shafting
position changes was as follows:

I
••
θ + CR2 θ

•
+ K ′ tð ÞR2θ = T: ð8Þ

2.2. Calculations of the Time-Varying Meshing Stiffness
Values Based on Ansys. During flight, the atmospheric circu-
lations in different regions will vary, and the excitation loads
on the main rotor shafts will also differ. Generally speaking,
the wear amount of two individual support bearings will be
different. In this study, compared with the original axis, the
no. 2 bearing was offset by e2 and the no. 1 bearing was offset
by e1. Therefore, when e1 > e2, an inclination angle α was gen-
erated between the axis with the position change and the orig-
inal axis, as shown in Figure 3. Consequently, due to the

change in the position, the meshing force of the planetary gear
train experienced a malignant change during operation.

When the position of the main rotor shaft changed, the
meshing line of the gear also changed accordingly, as illus-
trated in Figure 4.

Then, by taking one-quarter of the driving and driven
gears, the meshing lines of the two gears were solved by con-
centrated force loading in the static module of the ANSYS
workbench. Specifically, a 3D gear model built in CATIA
was imported. In ANSYS, the material was set as 20CrMnTi
(The modulus of elasticity is 20900MPa. The Poisson’s ratio
is 0.3. The density is 7860kg/m3.). Meshing adopted the
“Mesh” module that comes with ANSYS workbench. The
mesh size of the gear tooth area was controlled to 0.5mm,
and the mesh size of the nongear tooth area was controlled
to 1mm. The gear rotation pair used the “MPC184” unit,
the contact area used the “CONTA174” and “TARGET170”
units, and the gear pair main body used the “SOLID186”
and “SOLID187” units. The meshing method of the tooth area
adopted the “Tetrahedrons” and “Hex Dominant” division
methods, and the nontooth area adopts the “Hex Dominant”
division method. The corresponding points of the driving
and driven gears were, respectively, loaded with constant
forces of equal size in the direction perpendicular to the tan-
gential direction of the gear teeth profiles in order to calculate
their respective deformations one by one and obtain the total
deformation of the two meshing teeth, as shown in Figure 5.

The meshing stiffness values of a single gear pair could
then be calculated using a formula for calculating the com-
prehensive stiffness of a single gear pair as follows:

kt =
Fn

δz + δc
, ð9Þ

e1

e2

e

𝛼

Bearing2

Bearing1

The original axis

Figure 3: The theoretical analysis diagram of the shaft system
undergoing shafting position changes.

𝛼
e e

Figure 4: The changed meshing line of the gear.

4 International Journal of Aerospace Engineering



where Fn represents the static force being constantly loaded,
not the true meshing force, and a smaller constant force is
taken for the convenience of calculation; n indicates the force
at the meshing line when the gear is rotated by 1°; and δz + δc
is the sum of the deformations of the driving and driven gears.

The stress and deformation values of each point on the
meshing line of the profile of the driving and driven gears
at a certain angle were calculated in this study using ANSYS.
The corresponding meshing stiffness was calculated accord-
ing to Formula (9). It can be found from the analytic results
that the meshing stiffness of each point decreased after the
shafting positions changed, and the deformations under the
same load were greater than those of the normal meshing
gear teeth.

A pair of meshing points on the meshing line of the
driving and driven gears was selected, and the time-varying
meshing stiffness curve of a single gear pair was obtained
by the curve fitting of the time-varying stiffness of the point,
as shown in Figure 6(a). Therefore, the time-varying meshing
stiffness curves of the other points could be obtained, respec-
tively. Then, by considering the meshing coincidence degrees
of the sun gear and planetary gear, the time-varying meshing
stiffness of the other points was also determined. The com-
prehensive meshing stiffness curve is shown in Figure 6(b).
It was found that by using the aforementioned method, the
time-varying meshing stiffness between the sun gear and
planetary gears and between the planetary gears and inner
ring gear could be successfully calculated.

AI

Figure 5: The loaded process diagram in ANSYS.
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Figure 6: The time-varying meshing stiffness curve.
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2.3. Dynamic Simulation Model Based on ADAMS. The cor-
responding simulation model was established according to
the dynamic equation. The geometric changes of the axis
positions were input in the CATIA 3D model, and the
time-varying meshing stiffness caused by the shafting posi-
tion changes was input in the ADAMS simulation model in
the form of Fourier series expansion. The specific modeling
process of the simulation model based on ADAMS was as
follows.

2.3.1. Establishment of Rigid Body Model. The seamless con-
nection software SimDesigner was used to import the 3D
model into ADAMS. According to the structural characteris-
tics of the main transmission system and the real movement
process, corresponding driving and constraints were set to
make the simulation model closer to the real movement
process. The detail settings were as follows: (a) rotating pairs
were set between the sun gear and the ground, the planet
carrier and the ground, and the planet wheels and the planet
carrier. (b) A fixed pair was set between the ring gear and the
ground. (c) Contact pairs were set between the sun gear and
the planetary gears and the planetary gears and the ring gear.
The “Impact” module based on the impact function method
was selected to realize the setting of the contact pair. The
time-varying meshing stiffness was also input in this module.
(d) A step function was applied on the sun gear as the driver,

and a reverse step function was applied on the planet carrier
as the load.

2.3.2. Flexibilization of Key Parts. The sun gear, planetary
gears, and inner ring gear were, respectively, flexibly treated.
The flexible processing work was completed in ANSYS. In
the process of flexibilization of the sun gear and the planetary
gears, the inner surfaces were used as the rigid area, and the
two center points at the two ends of the inner hole were used
as the connection points. In the process of flexibilization of
the inner ring gear, the cylindrical surfaces were used as the
rigid area, and the center points at the both ends of the inner
hole were used as the connection points. Finally, the flexible
parts were imported into the ADAMS to replace the original
rigid parts to form a rigid-flexible coupling multibody
dynamic model.

2.3.3. Implantation of the Time-Varying Meshing Stiffness.
Taking the shaft offset of 0.3mm and the inclination angle
of 0.3° as an example, according to the time-varying meshing
stiffness calculation method described in 1.2, the time-
varying meshing stiffness curve was obtained. Taking mesh-
ing stiffness between the sun gear and the planet gears as an
example, the mathematical expression of the time-varying
meshing stiffness was fit based on the meshing stiffness curve
as follows:
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Figure 7: Simulation parameter settings.

kSP tð Þ =

3:532 × 108 ⋯ T ≤ t ≤ T + 0:0002412ð Þ,
1:6774 × 1013 t − 0:0002412ð Þ + 3:532 × 108 ⋯ T + 0:0002412 ≤ t ≤ T + 0:0004695ð Þ,
7:627 × 108 − 2:106 × 1014 t − 0:000403ð Þ2 ⋯ T + 0:0004695 ≤ t ≤ T + 0:00075905ð Þ,
1:3468 × 1010 − 1:6774 × 1013t⋯ T + 0:00075905 ≤ t ≤ T + 0:00078188ð Þ,
3:532 × 108 ⋯ T + 0:00078188 ≤ t ≤ T + 0:00102ð Þ:

8
>>>>>>>><

>>>>>>>>:

ð10Þ
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Figure 8: The time domain diagram and frequency spectrum diagram of the meshing force between the sun gear and the planetary gear at
different angle inclination positions.

Table 2: A comparison between the simulation results and the theoretical calculation results.

Name Theoretical values Simulation values Error

Meshing force (S-P) 16080N 16442N 2.2%

Meshing force (P-I) 16080N 16789N 4.4%

Meshing frequency 980.4 980.9 0.5%

Sun speed 1207.5 r/min 1207 r/min 0.4%

Planetary frame speed 258 r/min 258 r/min 0
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Figure 9: The variations in the average meshing force between gear pairs with different inclination angles.
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Since the piecewise function cannot be directly embed-
ded in the Impact contact function, this paper used the
Fourier series expansion to obtain the stiffness expression:

kSP F tð Þ = 7:0015 × 108 − 1:28984 × 108 × cos 6156:8tð Þ
+ 0:09992 × 108 × sin 6156:8tð Þ − 0:29243 × 108

× cos 12313:7tð Þ + 1:1331 × 108 × sin 12313:7tð Þ
− 0:28594 × 108 × cos 18470:5tð Þ + 0:66414 × 108

× sin 18470:5tð Þ + 0:24417 × 108 × cos 24627:4tð Þ
+ 0:13502 × 108 × sin 24627:4tð Þ − 0:07877 × 108

× cos 30784:3tð Þ:
ð11Þ

Input this expression into the stiffness setting dialog box
in the Impact contact function, then, the implantation of the
time-varying meshing stiffness between the sun gear and the
planetary gear was realized. The implantation of the time-

varying meshing stiffness between the other gear pairs can
be set as the same procedure.

2.3.4. Model Verification. The simulation conditions were as
follows: (a) the main rotor torque was 87,643.66Nm; (b)
the input speed of the sun gear was 1,207.5 r/min; (c) a STEP
function was used to input the speed and load for the reduc-
tion of the impact caused by sudden changes in the speed and
load. That is to say, the speed was a step (time, 0, 0,
0.37245 d), and the torque load was a step (time, 0, 0, 0.3,
87643662), as shown in Figure 7; (d) the simulation time
was 2 s, and the number of simulation steps was 8,192. This
study’s comparison between the simulation results and the
theoretical calculation results is detailed in Table 2.

In Table 2, meshing force (S-P) represents the meshing
force between the sun gear and planetary gear, and meshing
force (P-I) represents the meshing force between the plane-
tary gear and inner ring gear. It can be found from Table 2
that the simulation values are very close to the theoretical
values, which can valid the effectiveness of the simulation
model.
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Figure 10: The shaft center orbit of the sun gear.
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3. Analysis of the Influencing Effects of theMain
Rotor Shaft Position Changes on the Gear
Meshing Characteristics

3.1. Analysis of the Influencing Effects of Different Inclinations
of Shafting. It was assumed that the offset of the main
rotor shaft was 0.3mm, and the inclination angles were
0°, 0.1°, 0.2°, and ··· 0.9°, respectively. The simulation
models of nine groups of shafting position changes were
established, and the corresponding gear meshing stiffness

values were input for the simulation analyses. The time
domain diagram and frequency spectrum diagram of the
meshing force between the sun gear and the planetary gear
at different angle inclination positions are shown in
Figure 8. The variations in the average meshing force of
the gears with different inclination angles are shown in
Figure 9. The shaft center orbit of the sun gear is shown
in Figure 10, and the variations of the shaft center orbit
radius of the sun gear with the different inclination angles
are detailed in Figure 11.
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Figure 12: The time domain diagram and frequency spectrum diagram of the meshing force of sun gear and planetary gear at different offset
positions.
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It can be seen from Figure 8, when the tilt positions of the
main rotor shafts of the helicopter changed, the meshing
force of the gears in the planetary gear train had displayed
obvious changes in time and frequency domain. In addition,
with the changes in the shafting tilt positions, obvious side
frequency signal appeared around the peak of the meshing
frequency in the spectrum. However, it was observed that
with the continuous increases in the tilt positions, the peak
became gradually submerged. Figure 9 indicates that the
average meshing force increased with the increases in the
angle inclinations, and the meshing force between the sun
gear and the planetary gear increased at a faster rate than that

between the planetary gear and the inner ring gear. From
Figure 10, it can be seen, with the increases in the angle incli-
nations, the shaft center orbit of the sun gear moves down-
ward as a whole. Figure 11 indicates that the shaft center
orbit radius of the sun gear increased with the increases in
the inclination angles.

3.2. Analysis of the Influencing Effects of Different Offsets of
Shafting. By assuming that the inclination angle of the main
rotor shaft was 0.3° and the offsets were 0mm, 0.1mm,
0.2mm, and ··· 0.9mm, respectively, the simulation models
of nine groups of shafting position changes were established
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in this study. The corresponding gear meshing stiffness
values were then input for the simulation analyses. This
study’s time domain diagram and frequency spectrum
diagram of the meshing force of sun gear and planetary gear
at different offset positions are shown in Figure 12. The
variations in the average meshing force of the gears with
offsets are detailed in Figure 13, and the variations of the
shaft center orbit radius of the sun gear with offsets are
shown in Figure 14.

As detailed in Figure 12, when the offset positions of
the helicopter’s main rotor shaft changed, there are obvi-
ous first and second doubling frequencies in the spectrum.
In addition to the increase in amplitude, the meshing force
of the gears in the planetary gear train had displayed small
changes in time and frequency domain. Figure 13 indicates
the average meshing force of the gears increased with the
increases in the offset. Furthermore, the increasing trend
of the meshing force between the sun gear and the plane-
tary gear was found to be similar to that between the
planetary gear and the inner ring gear. From Figure 14,
it can be seen that the shaft center orbit radius of the
sun gear increased with the increases in the offsets. How-
ever, the influencing effects were smaller than the changes
of the angular tilt positions.

4. Conclusions

In this research investigation, the gear meshing characteris-
tics of the main transmission planetary gear train of helicop-
ters when the position of the planetary carrier (for example,
the main rotor shaft) changed were examined. This study
mainly focused on the changes in the gear meshing force with
the different tilt positions and offset positions of the main
rotor shaft. The conclusions reached from this study’s
research results were as follows:

(1) The average meshing force of the gears increases with
the increases in the angle inclination, and the mesh-
ing force between the sun gear and the planetary gear
increased at a faster rate than that between the plan-
etary gear and the inner ring gear. It was observed
that under the conditions of the changes in shafting
tilt position, obvious side frequency signal appeared
around the peak of the meshing frequency in the
spectrum

(2) The average meshing force of the gears increased
with the increases in the offsets, and the increasing
trend of the meshing force between the sun gear
and the planetary gear was similar to that between
the planetary gear and the inner ring gear. It was
found that when the shafting offset positions chan-
ged, there were obvious first and second doubling
frequency in the spectrum

(3) The shaft center orbit radius of the sun gear increased
with the increases in the shafting position changes,
and the changes in the angular tilt positions had a
greater influence on the mass center orbit radius of
the sun gear than the changes in the offset positions

The revealed dynamic response characteristics of the
helicopter shaft systems under changes in the relative posi-
tion could provide a theoretical basis for the failure mecha-
nism analysis and the operational status monitoring of the
helicopter transmission. Further dynamic response analysis
to establish the mapping relationship between dynamic
response characteristics and failure evolution process is one
of the important research works in the future.
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