Journal of Vibration Engineering & Technologies (2021) 9:751-766
https://doi.org/10.1007/542417-020-00259-6

ORIGINAL PAPER

=

Check for
updates

Calculation Method of Dynamic Stress of Flexible Ring Gear
and Dynamic Characteristics Analysis of Thin-Walled Ring Gear

of Planetary Gear Train

Chenglong Wang' - Xiangfeng Zhang'

- Jianxing Zhou' - Hongwei Wang' - Yong Shen' - Shuai Qiao’

Received: 17 September 2020 / Revised: 10 October 2020 / Accepted: 12 October 2020 / Published online: 29 October 2020

© Krishtel eMaging Solutions Private Limited 2020

Abstract

Purpose This work presents an analysis method for the vibration and stress characteristics of the ring gear.

Methods First, the dynamic model of planetary gear sets is established to extract the meshing force of meshing element.
The model is then combined with the load tooth contact analysis (LTCA) method to determine the load relationship between
teeth. The dynamic characteristics of the ring gear are calculated using the modal superposition method and Newmark 3 time
integration method, and the effectiveness of the calculation method is verified by comparing with the experimental results.
Finally, the vibration and stress characteristics of the thin-walled ring gear are analyzed.

Results and Conclusion The amplitude and stress of ring gear vibration increase obviously at resonance speed. Because of the
flexibility of the thin-walled ring gear, the compressive stress of the tooth root at the meshing position is obviously smaller
than the tensile stress caused by the concave deformation. Due to the influence of external convex deformation, the stress on
the outside of the gear ring at the meshing position is more concentrated than the tooth root position.

Keywords Planetary gear transmission system - Thin-walled ring gear - Fiber bragg grating - Meshing excitation - Dynamic

stress - Vibration response

Introduction

The planetary gear transmission system has the advantages
of high safety performance, long service life, and large trans-
mission ratio. It is widely used in aviation, shipbuilding,
electric power and other mechanical fields. As a key com-
ponent carried by the planetary gear transmission system,
the ring gear is simultaneously subjected to multiple mesh-
ing excitation sources, which causes it to become the main
component of gear tooth cracks and fatigue damage in the
planetary gear system. With the development of precision
machinery, planetary gear transmission systems tend to be
lightweight. To reduce the quality of the transmission sys-
tem to meet the needs of the project, the thin-walled ring
gear has gradually become popular for practical applications.
Therefore, analysis of the vibration characteristics and stress

M Xiangfeng Zhang
15276606076 @ 163.com

School of Mechanical Engineering, Xinjiang University,
Urumgqi 830047, China

characteristics of the thin-walled ring gear under meshing
excitation is of great significance to prevent the occurrence
of fatigue damage and ensure the safety of the planetary
gear train.

Early research on planetary gear sets focused on system
analysis. For example, in the work of Kahraman et al. [1],
the torsion model of the planetary gear transmission system
was established, and the natural frequency of the planetary
gear system was analyzed. Lin and Parker et al. [2] estab-
lished the analysis model of the planetary gear transmission
system and studied its natural frequency and vibration mode.
Subsequently, Wu and Parker [3] analyzed the inherent char-
acteristics of the equidistant planetary gear flexible ring gear
model by perturbation and a candidate mode method. Tsai
and Shyi-Jeng [4] introduced the meshing analysis method
of floating sun—planet gear pair, and discussed the influence
of assembly and manufacturing error of planetary gear on
the backlash and performance the sun gear. Liu et al. [5,
6] calculated the vibration characteristics of herringbone
planetary gears and the influence of centrifugal force on the
planetary gear transmission system at high speed. Fan et al.
[7] calculated and analyzed the dynamic characteristics of
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the planetary gear transmission system considering the flex-
ibility of the ring gear. In the analysis of the ring gear, the
ring is usually used instead of the analysis. Literature [8—11]
employed different methods to study the inherent character-
istics of the ring and its vibration characteristics. Tanna et al.
[12] used the finite element method to analyze the inher-
ent characteristics of three-dimensional unconstrained ring
gear. Subsequently, Wang et al. [13] studied the influence
of Meshing Effect on ring gear vibration. Hidaka et al. [14]
analyzed that the displacement of the ring gear mainly came
from the elastic deformation, and studied the resonance con-
ditions of the ring gear.

Fortunately, many scholars have completed extensive
research on gear stress, providing a lot of theoretical support
for the research in this work. Argyris et al. [15] proposed a
numerical calculation method for the stress analysis of spiral
bevel gears. Kahraman et al. [16] calculated the effect of dif-
ferent rim thicknesses on the tooth root stress by taking into
account the flexibility of the ring gear. Ming-Jong Wang [17]
used a digital photoelastic system to determine the maxi-
mum bending stress of spur gears. Wang et al. [18] proposed
a finite element analysis method for high contact ratio gears,
and calculated tooth root stress and contact stress. Wu et al.
[19] proposed a contact stress analysis method for the bevel
gear tooth surface considering the influence of tooth contact
deformation and tooth bending deflection. Tesfahunegn, Y
et al. [20] analyzed the influence of tooth profile modifica-
tion on transmission error and contact stress. Li et al. [21,
22] used the finite element method to analyze the contact
stress of the spur gears and the stress of the thin-sided spur
gears with oblique webs in high-speed rotation. Lias et al.
[23] studied the influence of spur gears on the bending stress
of gears in the case of radial misalignment. Gonzalezperez
et al. [24] proposed a finite element model for the calcula-
tion of gear contact stress and bending stress, and obtained
accurate results. Literature [25, 26] calculated the contact
stress and bending stress with the finite element method to
provide theoretical guidance for the gears.

Experimental measurement has also been focused of the
majority of scholars. Patil et al. [27] used a gear dynamic
stress tester (GDSTR) to measure the contact stress of the
gear pair and employed the finite element method for simu-
lation comparisons. Dai et al. [28] used the finite element
method to calculate the tooth root strain at different speeds,
and compared this with the experimental results to obtain a
large change in the strain curve under resonance. Literature
[29, 30] used fiber Bragg grating (FBG) sensors to meas-
ure the dynamic strain of gears under external and internal
gearing.

In summary, most of literatures focuses on the dynamic
characteristics of planetary gear transmission system. For
the gear stress, the analysis mostly concentrates on the exter-
nal-gear, especially the change in the contact and bending
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stress of the cylindrical gear under static conditions. The
stress analysis of the internal meshing-gear is relatively less.
At the same time, the dynamic stress under load is the direct
factor affecting the fatigue life of ring gear, and the thin-
walled ring gear has greater flexibility, with many uncertain-
ties regarding practical applications. In past research, rela-
tively few studies have been conducted on the thin-walled
ring gear.

In this work, a new numerical calculation method for the
vibration and stress characteristics of ring gear is proposed.
Establishing the dynamic model of planetary gear transmis-
sion system, the dynamic load of planet-ring gear meshing
element is extracted. Then, the load distribution relation-
ship between the ring gear and the meshing-gear teeth is
determined by combining with the load tooth contact analy-
sis method [31]. Finally, the modal superposition method
and Newmark P integration method are used to solve the
dynamic characteristics of the ring gear. Compared with
the traditional ring gear, the thin-walled ring gear will have
greater bending deformation due to its flexible structure,
which will directly affect its vibration mode and stress dis-
tribution. On the basis of verifying the method proposed in
this paper, the vibration and stress characteristics of thin-
walled ring gear are further analyzed.

Calculation Method for Dynamic Stress
of Flexible Ring Gear

The planetary gear transmission system is a complex gear
train composed of sun gears, planet gears, and ring gears. In
the past, the mechanics of materials approximation method
and the finite element method have commonly been used
to calculate the gear stress. The former is usually used for
strength check at the theoretical design stage, and cannot
effectively reflect the dynamic change process of tooth root
stress during operation. The latter is widely used, but there
are still many difficulties in accurately simulating the com-
plex process of planetary gear transmission, such as the need
for a very fine mesh on the gear tooth contact surface, which
will greatly increase calculation time and reduce calculation
efficiency. Therefore, under careful consideration of the situ-
ation that the ring gear is subjected to meshing excitation,
this paper proposes a comprehensive method for calculating
the dynamic stress of the ring gear as shown in Fig. 1.
First, the dynamic transmission process of the planetary
gear system is analyzed synthetically, the dynamic model
of translation—torsion coupling of the planetary gear trans-
mission system is established, and the dynamic load time
history of planet-ring gear meshing element is extracted.
Second, the dynamic load cycle is divided into n impact
loads, and the load distribution relationship between teeth
is determined by LTCA. Then, the n modes of the ring gear
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Fig. 1 Dynamic stress calcula-
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under the initial condition are extracted, and the dynamic
equations of the ring gear are decoupled using the modal
matrix. Finally, the stress time history of the ring gear under
the dynamic load is solved step by step using the Newmark-f§
time integration method.

To verify the effectiveness of the above calculation
method, the time-domain strain history of the root of the
ring gear in the planetary gear set of the wind turbine test
bed is extracted using an FBG sensor and is then compared
with the theoretical calculation results.

The Construction of System Dynamics Model

Basic parameters of planetary gear transmission system are
shown in Table 1.

The model of planetary gear transmission system is
shown in Fig. 2. The planetary gear system is 2K-H plan-
etary gear set, and the four planets are evenly distributed
along the circumference. In the process of planetary gear
transmission, the motion process is more complicated than
that of fixed-shaft transmission. Also, the analysis is much
more difficult. Therefore, considering the complex coupling
relationship among various components, the translation—tor-
sion coupling dynamic model of the planetary gear transmis-
sion system is established. In the modeling, the center of
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Table 1 Planetary gear transmission system parameters

Name Sun Planet Ring
Tooth number 28 36 100
Tooth width/mm 10 10 10
Modulus/mm 1 1 1
Pressure angle/(°) 20 20 20
Mass/kg 0.0356 0.0544 0.423
Moment of inertia/(kg-m?) 0.00047 0.001210 0.143
Modification coefficient 0

the model is taken as the coordinate origin, the horizontal
direction is X, and the vertical direction is Y. The model
uses springs to simulate the meshing stiffness of the mesh-
ing element, where k,; and k; are the meshing stiffness of
the i-th planet with the sun and the ring gear (i=1, 2, 3, 4).

In the transmission process of planetary gear train, the
periodic change of meshing stiffness is also the main inter-
nal excitation of system vibration. According to reference
[32], the time-varying stiffness of meshing element can be
extracted effectively. The meshing stiffness curve of meshing
element is shown in Fig. 3. To facilitate subsequent analysis,
each gear tooth is numbered in the counterclockwise direc-
tion of the Y-axis. A total of 100 gear teeth are numbered
from 1 to 100.
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Fig.3 Meshing element dynamics model

In Fig. 3, w,, v, 0, w,, v, and 0, are respectively the sun
gear, ring gear translation and torsional micro displacement.
Wpis Vpi and 0, are each the radial, tangential and torsional
micro displacements of the planet respectively. In practical
applications, the sun gear and planet are supported by bear-
ings, while the ring gear is fixed by bolts. The spring is used
to simulate the supporting structure of each component in
the system modeling. kg, k, and k, are the supporting stiff-
ness of sun, planet and ring gear, respectively. According to
the literature [33], the equivalent damping coefficient of the
system is related to the adjacent mass and stiffness, and its
values are shown in Table 2.

Taking the meshing element of planet-ring gear in Fig. 3.
as an example to analyze the force situation, the projection
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Table 2 Modeling parameters of planetary gear transmission

Name Sun Planet Ring
Support stiffness (N/m) 8.0E7 8.0E8 1.35E9
Support damping ratio 0.05

Meshing damping ratio 0.1

vector of the translation and torsion micro displacement of
meshing element along the direction of the line of action is

x, = v, cos(a; + @) — wsin(a; + @) + O,R, 0

pi =

=

—Wpi sin(a; + @) + vy cos(a; + @) + O, R,
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where «; is the engagement angle between the ith planet and
the ring gear. @,; is the phase angle of the planet i. R, and
R,; are the base circle radius of the ring gear and the planet,
respectively.

The meshing force can be expressed as

Frpi = kipi(vp; cos(a; + @) — wy; cos(a; + @)

+ 0, Ry — v, cos(a; + @) + w,sin(a; + @) — O,R,).

@)

According to Newtonian mechanics theory, the dynamic

differential equation of the meshing element of the planet
and the ring gear can be obtained

N

n
myv, — Z krpinrpi sin(a; + (ppi) +kv.=0
i=1
n
mw, + Z krpinrpi cos(a; + (ppi) +kw, =0

i=1

V

3

(Ir/Rf)érRr + Z krpinrpi + erQrRr =0

i=1

where n=1, 2, 3, 4. Mepi is the elastic deformation of the
planet-ring gear meshing element along the line of action.
m, is the mass of the ring gear. /, is the moment of inertia
of the ring gear.

In the same way, the dynamic equation of the sun-planet
gear meshing element can be expressed as follows:

Fig.4 Dynamic load and 233
frequency spectrum analysis
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where n=1, 2, 3, 4. Nspi is the elastic deformation of the
sun-planet gear meshing element along the line of action.
m is the mass of the sun gear. /| is the moment of inertia of
the sun gear.

Extraction and Analysis of Dynamic Load of Meshing
Element

Due to the symmetry of the planetary gear system struc-
ture, the meshing force of planet-ring gear meshing element
changes periodically. In the transmission process of plan-
etary gear train, the meshing element of planet-ring gear is
in multi-tooth meshing state, although the force of a single
tooth of the ring gear fluctuates periodically. Due to the com-
plex meshing situation, therefore, it is difficult to extract
the time-domain load history of a single tooth of ring gear
effectively. To sum up, this work extracts the total meshing
force of meshing elements through the system dynamics pro-
gram. In the subsequent analysis, the LTCA method is used
to determine the load distribution relationship between teeth.

When the input speed of the sun gear is 600 r/min and the
load is 59 N-m, the dynamic load time history and spectrum
analysis are calculated as shown in Fig. 4.
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According to Fig. 4a, the dynamic load fluctuation ampli-
tude is 2.6 N. In the spectrum analysis of Fig. 4b, the main
excitation frequency is the energy of the meshing frequency
of the planet-ring meshing element (218.65 Hz) and its
frequency doubling component energy. As the frequency
increases, the energy gradually decreases.

Finite element analysis of dynamic stress
of ring gear

In an ideal state, during the meshing process of the planet
and the ring gear, each participating tooth pair will always be
in line contact. Therefore, to effectively simulate the planet-
ring gear meshing process, the contact surface of the ring
gear is divided into n contact lines along the direction of the
tooth profileas shown in Fig. 5b (F; is the impact load when
the ith contact line participates in meshing), which will

effectively reduce the mesh refinement degree of the con-
tact surface of the ring gear, and at the same time reduce the
calculation time and the storage to improve the efficiency.

The planet-ring meshing element is a continuous dynamic
meshing process. Hence, the dynamic load can be discre-
tized into n impact loads for each period of meshing of the
gear teeth. As shown in Fig. 5a, the curve A is dispersed
into 12 impact loads. From meshing in to meshing out, the
action time of each impact load is Az, and the action position
successively changes from the first contact line entering into
meshing to the exit of meshing.

When meshing the ring gear, the traditional meshing
method has dense mesh in the contact area, which will
greatly increase the calculation time and storage. To avoid
the above situation, when meshing the ring gear teeth, it
is divided into n equal parts along the tooth profile, that
is, n+ 1 contact lines are divided, and the discrete load is
applied to the corresponding contact lines, and then the

~ 233 T T T T
< Fy =1
231 -
i Fy i+
— 229 -
2
.l M M |
<
E.,‘ 225 1 1 1 1
A “0.240 0. 242 [\ 0. 244 0. 246 0. 248 0. 250
Time t/s
a Discretized impact load
n C L L LLLLLL]
Enlarged View E Ring G gaﬂ \
Constraintl P e e ] » :
", i S i |
b, I raly i I
i i 1
> T ::J |
“ g ) 1 - — w4 = 7 1
a i " : I
y i nmeshing line |1
phihle, 4 : !
oo I
=Y : :
o L i
! t :
3 - '4:#, ;
"ryveet S

| ;
| @Load Point
|

'i\ Tooth Root

b Discrete structure of ring gear and loading diagram

Fig.5 Schematic diagram of discretized dynamic load and ring gear loading
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vibration and stress characteristics of the ring gear under
the meshing excitation are obtained.

Load Distribution Relationship Between Teeth

When multiple teeth are meshed at the same time, there is
also a problem of dynamic load distribution between teeth.
In this paper, the LTCA method is used to discretize one
period of the dynamic load on the ring gear, and the defor-
mation of each participating gear along the contact line
direction in a period is determined A(7) (the deformation
along the ith contact line of the jth engaged gear at 7 time), as
shown in Fig. 5. F};(r) is the component force of the dynamic
load on the jth engaged tooth along the ith contact line at
time #, as shown in Fig. 5b. And the meshing element of the
planet-ring gear is single tooth and double tooth alternately
meshing. According to the calculation Eq. (5) of gear theo-
retical coincidence degree, in a meshing cycle, 93% of the
time is in double tooth meshing, and 7% of the time is in
single tooth meshing.

The theoretical calculation formula of the coincidence
degree of the planet-ring gear meshing element is

£, = zi[zl(tan a, —tana’) — z,(tan a, — tana’)], Q)
/3

where a,,;, a,, and a are the planet, the ring gear tip pressure
angle and the indexing circle pressure angle, respectively,
z; and z, are the number of teeth of the planet gear and the
ring gear.

Figure 6 shows, at time 7 , the planet and the ring gear
are in the state of double tooth meshing, and the loads borne
by the double tooth are defined as F; and F), respectively.
The elasticity and bending deformation of each participat-
ing meshing tooth in the direction of the contact line under
the load can be expressed as §,, 5, v; and v;, respectively.
Assuming that the total load on the ring gear at this time is

‘Bending

Deformation v,
F, //(f\)ﬂ

Elastic
Deformation &

Fig.6 7=t, Load distribution and stress nephogram

F, the relationship between the meshing teeth and the total
load can be obtained according to the vector and superposi-
tion of the force

Fo=Fi+ T} ©®)

At this moment, the total deformation of each tooth along
the direction of the contact line is Aq, then the relationship
of the deformation of each tooth is

Aj =4+ (7

Aq =A+ Aj. 8)

According to Egs. (6), (7) and (8), the load of the j-th
meshing gear tooth can be expressed as

A
F=-LF, ©)
q
Since the load on the ring gear changes with time in
actual work, the dynamic load can be expressed as Fy(7),

then Eq. (8) can be rewritten as

A;(0)
F, (),

=350

(10
where F q(z‘), F(1), Aq(t) and Aj(t) are the total load and defor-
mation of the ring gear and the load and deformation of the
j-th meshing gear at time .

The dynamic load of the ring gear presents periodic fluc-
tuation, and it is divided into n sub-steps. The deformation
of each sub-step along the contact line of the meshing teeth
is shown in Fig. 8.

According to Fig. 7, when the jth tooth enters into mesh-
ing, the meshing position is located at the tooth root, and the
meshing force is small. Its bending deformation and elastic
deformation are small. With the revolution of the planet,
the load on the jth tooth increases gradually, and the elastic
deformation increases, and the bending deformation also
presents an increasing trend from the root to the top of the
tooth. In the same way, the elastic deformation and bending
deformation of ith tooth decrease gradually when the ith
tooth is out of meshing. Figure 7 shows that the horizontal
axis X represents the revolution angle of the planet, and the
vertical axis Y represents the normalized deformation of the
teeth engaged along the contact line direction.

Analysis Of Inherent Characteristics Of Ring Gear

The finite element method is used to build the dynamic
model of the ring gear. The matrix form is as follows:
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Fig.7 Deformation of meshing gear along contact line under
dynamic load

MI{g} +[Cl{g} + [Kl{q} = {F"}, (1)

where [M] is the mass matrix of the ring gear.[K] is the stiff-
ness matrix of the ring gear. {g} is the displacement vector

of the node. {F"} is the external load matrix. Its damping
matrix [C] can be considered as a linear combination of the
mass matrix [M] and the stiffness matrix [K].

[C] = a[M] + b[K]. 12)

From a mathematical point of view, the above-men-
tioned mass, damping, and stiffness matrices are all high-
order matrices, so it takes a lot of calculation time using
the general method. Because the modal superposition
method is convenient to calculate and is widely used in
engineering, this article uses the modal superposition
method decouples Eq. (11).

From Eq. (11), the undamped free vibration equation
of the ring gear is

[MI{g} + [Kl{q} =0. (13)
The undamped free vibration equation should satisfy
q = {6;} cos w;t, 14

where J; is the eigenvector of the i-th mode. w; is the i-th
natural vibration frequency. ¢ is time.
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From Egs. (11) and (12), the vibration characteristic
equation of the structure can be obtained.

’—w%4+K1=0. (15)

where the natural vibration frequency w; of the i-th order can
be obtained, and then the eigenvector {§;} of the ith order
modal shape can be obtained.

Dynamic Stress Solution

After the modal matrix [®] of the ring gear is obtained,
the coordinate transformation is carried out using the modal
matrix.

{0} = [PHY D}, (16)

where {Y(?)} is the principal coordinate matrix Y, (9), ¥, (%),
... ¥,(). Taking Eq. (14) into account

MI[PHY(®)} + (alM] + DIKDICH{ Y ()} + [KIPI{Y(H} = {F*}.

A7

According to the orthogonality of modal matrix, Eq. (17)

is decoupled, and the motion equation in the main coordinate
system can be obtained.

Yi(0) + (a + b)) Y,(H) + 07 Y (1) = Ni(t), (18)

where i=1, 2, ... p, (a + ba)iz) is the modal damping coef-
ficient of the i-th main mode. N; () is the time vector varying
with load in principal coordinate system.

When solving the dynamic equation in the principal
coordinate system, because of the good convergence of the
Newmark-p time integration method, this paper uses the
Newmark-f time integration method to solve the Eq. (18)
and then obtains the displacement field of each element of
the inner gear ring.

After the displacement field of each element of the ring
gear is obtained, the tooth root stress of the ring gear at any
time can be further obtained according to the literature [34].

{o} = [DI[BIY(t + A1) = [S]Y(t + A1), (19)

where [D] is the elastic constant matrix, [B] is the strain
matrix, [S]=[D]-[B] is the stress matrix. The matrix forms
of [D] and [B] are shown in the appendix.

Fiber Bragg Grating Measurement Principle

Fiber Bragg grating sensor is a kind of structure which is
made of fiber core by means of ultraviolet illumination. This
structure can reflect the light of specific wavelength. The res-
onance wavelength of reflected light is related to the period
of fiber grating and the effective refractive index of the fiber

core. According to reference [35], the axial deformation of
FBG will cause the reflection wavelength to shift, and the
strain in the measurement area can be further obtained.

The key to the detection and diagnosis of the planetary
gearbox is to obtain the change of strain in this position with
time. Compared with the radial direction, the circumferential
direction of the ring gear side should be changed signifi-
cantly, reaching the maximum value near the root circle and
between the two adjacent teeth, and the measurement of the
circumferential strain can better reflect the health state of
the planetary gearbox. So, the FBG is arranged in the area
with the maximum circumferential strain of the ring gear
side, and the strain value of this part is more sensitive to the
change of the state of the planetary gearbox.

In this paper, the wind turbine test bed produced by SQI
company is taken as the research object, as shown in Fig. 8.
The motor provides the input speed, and the magnetic pow-
der brake provides the load of the planetary gearbox.

The fiber grating used in the experiment is 2 mm in length
and 0.125 mm in diameter. According to the above analysis,
the fiber is pasted on the position of the tooth root at the
middle side of the 6th and 7th tooth anticlockwise in the
direction perpendicular to the ground, as shown in Fig. 8c;
the fiber is led out from the side of the planetary gearbox,
as shown in Fig. 8b; the dynamic monitoring system of the
fiber grating is shown in Fig. 8d.

Time Domain Analysis of Dynamic Strain

In the experimental data collection, FBG sensor is pasted on
the position of the middle root of the 6th and 7th tooth of the
counterclockwise (Y-axis) perpendicular to the ground, as
shown in Fig. 8b (circumferential direction). Therefore, this
position should also be taken as the dynamic strain output point
(as shown in Fig. 3) when extracting the simulation results.
And, the simulation results are, respectively, obtained under the
condition that the motor output frequency is 7.5 Hz and the load
torque is 59 N-m The strain time history of the ring gear root
under the experimental conditions is shown in Fig. 9.

To effectively extract the time-domain strain history of
the gear root in the working process, this paper uses NI USB
6009 acquisition card (sampling frequency: 5000 Hz, system
detection accuracy: 4.8 mV/ue). A sensor is pasted at the
position of 1 mm at the root of the tooth space (number of
sensors: 1), and then the time-domain strain history of the
tooth root is obtained, as shown in Fig. 9a.

The dynamic strain time history can be divided into two
parts by analyzing the above figure, that is, the meshing area
and non-meshing area when teeth 6 and 7 (Fig. 5b) partici-
pate in meshing. It can be seen from Fig. 9 that in the mesh-
ing area, the meshing action leads to the complex meshing
process from compression to tension at the tooth root, and
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Fig.9 Circumferential dynamic
strain time-domain curve
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the dynamic strain will also appear sudden change. It can be
seen from Fig. 9a, b, the maximum dynamic strain measured
by the experiment is 26.2 pe, and the maximum dynamic
strain calculated by simulation is 28.5 pe. There is a certain
error between the experimental measurement result and the
simulation result, which is due to the numerical error caused
by the test method and other factors.

In the non-meshing area, it can be seen from Fig. 9a, the
dynamic strain measured by the experiment shows a gradual
decrease of smoothness, which is due to the recovery of ring
gear deformation after the tooth are meshed and the attenu-
ation process of FBG sensor in signal transmission. In the
simulation calculation (Fig. 9b), the dynamic strain curve is
reduced to 0 in a step manner.

According to the calculation results in the reference [16],
when the planet is meshed to the stress extraction position,
its stress curve has a sudden change process from positive to
negative in each cycle; and when the planet leaves the stress
extraction position, its stress value also decreases to 0 by step,
which is consistent with the fluctuation trend of the dynamic
stress curve obtained by the simulation algorithm in this paper.

Comparative Analysis Of Strain Under Different
Loads

To effectively demonstrate the consistency of simulation
and experimental test results under different loads, the
dynamic strain of ring gear under various load conditions
are calculated and tested in this paper. During the experi-
mental measurement, the load is provided by the magnetic
powder brake, so the motor frequency is 7.5 Hz, the load
current of the magnetic powder brake is 0.6A, 1.0A, 1.5A,
and 2.0A, respectively, and the corresponding load torque
18 16 N-m, 34 N-m, 59 N-m and 79 N-m.

@ Springer

Take the mean value of the absolute value of the strain
fluctuation when the teeth on both sides of the strain char-
acteristic point participate in the meshing under different
loads, and draw the curve as shown in Fig. 10. It can be
seen that under four load cases, the simulation results of
the root strain are basically consistent with the experimen-
tal test results, the strain increases linearly with the load,
and the maximum error between the simulation results and
the experimental results is 8.88%.

Dynamic Characteristics of Thin-Walled Ring
Gear
In the analysis of thin-walled ring gear, according to refer-

ence [16], the rim thickness coefficient can be defined as:
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Fig. 10 Strain of tooth root under different loads
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where r, r; and r, are the radius of the gear rim, the radius
of the tooth root circle and the radius of the tooth top circle,
respectively.

The smaller the rim thickness coefficient, the thinner the
ring gear wall thickness, and with the decrease of the rim
thickness coefficient, the mass of the ring gear decreases, but
its flexibility will increase.

To sum up, this paper defines the rim thickness coefficient
in the analysis of thin-walled ring gear A=0.55. Compared
with the traditional ring gear, its flexibility is greater, and in
practical work, due to the effect of load and meshing excita-
tion, the thin-walled ring gear will produce greater bending
deformation, and the bending stiffness will also become the
main factor affecting the vibration and stress distribution of
the ring gear. Therefore, the vibration and stress character-
istics of the thin-walled gear ring are further analyzed by the
method proposed in this paper.

Analysis of Ring Gear Vibration Characteristics

The input speed is the direct factor that affects the vibration
and noise of the planetary gear transmission system. At high
speed, the dynamic characteristics of planetary gear system
are more obvious. In this paper, the vibration characteristics
of ring gear at different speeds are calculated. In terms of
vibration, the radial vibration of the ring gear is more rep-
resentative of its vibration characteristics than the circum-
ferential vibration. Therefore, the radial amplitude of the
ring gear at 600—10800 r/min and the vibration amplitude of
nodes 1-25 at different speeds are calculated and extracted
as shown in Fig. 11.
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a Radial amplitude of ring gear at different speeds

12000

Figure 11a shows the amplitude of the ring gear radial
vibration at different speeds. In the low-speed area, the ring
gear radial vibration amplitude fluctuates less. As the speed
increases, it is located in the medium and high-speed area,
and the ring gear vibration is significantly enhanced. When
the input speed of the sun gear is 4200 r/min, the sixth fre-
quency of the meshing frequency is close to the first natural
frequency of the ring gear, which causes obvious vibration
of the ring gear. When the speed is 8800 r/min, the third
meshing frequency is close to the fourth natural frequency
of ring gear. Similarly, when the input speed of the sun gear
is 7600 r/min, the fourth octave of the meshing frequency is
close to the ninth natural frequency of the ring gear.

The structure and boundary conditions of the ring gear
have symmetry. To more effectively respond to the vibration
of the ring gear under the meshing excitation, 25 nodes on
the 1/4 circumference of the ring gear are extracted as the
output points of the vibration response. The vibration ampli-
tude at 600, 4200, 7600 and 8800r/min is shown in Fig. 11b.

According to Fig. 11b, when the input speed of the sun
gear is 600 r/min, the meshing excitation does not cause the
ring gear resonance, and the ring gear deformation tends
to static deformation. The radial vibration amplitude of the
ring gear on both sides of the support position presents an
inverted U-shape and is symmetrical with respect to the
constraint position. The maximum amplitudes on the left
and right sides of the constraint position are 6.5 pm and
7.6 um, respectively. With the increase of the rotational
speed, the vibration of the ring gear gradually tends to its
natural mode due to the influence of the meshing excitation.
When the input rotational speed of the sun gear is 7600 r/
min, the vibration of the ring gear is particularly obvious due
to the quadruple frequency of the meshing excitation, and
the vibration amplitude is 15.4 pm. When the input speed
of the sun gear is 4200 r/min and 8800 r/min, respectively,
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Fig. 11 Radial vibration amplitude of ring gear
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according to Fig. 11b, the amplitudes are 11.2 pm and
14.3 pum, respectively, The amplitudes of 8800 r/min are
obviously larger than those of 4200 r/min because the energy
of the sixth harmonic of the meshing frequency is obviously
weaker than that of the third harmonic.

Stress Analysis of Ring Gear

It is of great significance to study the stress distribution of
the ring gear during the operation of the planetary gear train
for predicting the location of fatigue occurrence and ensur-
ing the safety of engineering, while the influence of reso-
nance on the stress of the ring gear is particularly significant.
Given the above problems, this paper calculates and analyzes
the stress of the ring gear at different speeds. For a more
intuitive response to the stress fluctuation process of the ring

Fig. 12 Circumferential
dynamic stress of ring gear at
different speeds
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gear, the time-domain history of the circumferential stress
at the root of the ring gear at different speeds is extracted in
this paper, as shown in Fig. 12.

By analyzing the time-domain history of the ring gear at
different speeds shown in Fig. 12 and taking the input speed
of the sun gear at 600 r/min as an example, the time-domain
history of dynamic stress can be divided into the stress fluc-
tuation due to meshing deformation and the stress fluctua-
tion caused by vibration. Due to the effect of meshing force
and the flexibility of thin-walled ring gear, when the planet
is close to the stress extraction position, obvious ring gear
compression deformation occurs before the teeth on both
sides of the stress extraction position engaged in meshing.
This leads to a large fluctuation of the root stress, and the
magnitude of the compressive stress is 6,=35.6 MPa. Simi-
larly, when the planet is meshed out of the stress extraction
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position, the stress extraction position is in the state of ten-
sile deformation due to the effect of the meshing force, and
the tensile stress of the ring gear is 6,=61.5 MPa. The com-
pressive stress at the root of the tooth is obviously smaller
than the tensile stress. When the planet is far away from the
stress extraction position, it can be seen that the dynamic
stress fluctuates near 0, which is caused by the vibration
deformation of the thin-walled ring gear caused by meshing
excitation.

Rotation speed is the direct factor affecting the meshing
excitation. As illustrated in Fig. 12b, it can be seen that the
dynamic stress of the tooth root increases significantly at
4200 r/min. This is due to the increase of rotation speed and
the increase of the deformation of the ring gear, which is
caused by the close relationship between the excitation fre-
quency and the natural frequency. When the input speed of
the sun gear continues to increase to 7600 r/min and 8800 r/
min, the dynamic stress fluctuation of the ring gear is par-
ticularly obvious. Taking 8800r/min as an example, due to
the influence of resonance, the stress fluctuation of the ring
gear is significantly increased. With the rotation of the planet
gear, the vibration at the stress extraction position gradually
increases from strong to weak and then to strong. The stress
also increases at first, then decreases and then increases. The
magnitude of compressive stress is 6, =83.9 MPa, the mag-
nitude of tensile stress is 6,=126 MPa, and the magnitude
of tensile stress is twice that under non-resonant conditions.

To further verify the relationship between stress and ring
gear deformation under resonance and non-resonance condi-
tions, the deformation of ring gear under the sun gear input
speed of 600 r/min and 8800 r/min is taken as an example, as
shown in Fig. 13. (ring gear deformation magnified 10,000
times).

To reflect the deformation of the ring gear in the mesh-
ing process more intuitively, the ring gear is deformed once
every 15°revolution of the planet. As shown in Fig. 13a,
the deformation of the gear ring is analyzed when the input
speed of the sun gear is 600 r/min. When the angle between
the centerline of planet 1, the sun gear, and the vertical
direction is 0°, the meshing tooth pair of the planet and the
ring gear is located near the constraint position. Due to the
action of the meshing force, the gear ring between the two
constraints gradually changes from convex deformation to
concave deformation, the stress extraction position is just
in the state of tension, and the stress is positive. When the
angle between the central line of planet 1, the sun gear, and
the vertical direction is 15°, the stress extraction position is
located at the convex deformation position, the outer side
of the ring gear is in tension state, the inner side is in com-
pression state, and the stress is negative. With the revolu-
tion of the planet, when the angle between the central line
of the planet 1, the sun gear, and the vertical direction is
30°, the gear ring at the stress extraction position is concave

deformation, the outer side of the gear ring is in the com-
pression state, the inner side is in the tension state, and the
stress is positive. As the planet continues to rotate, when
the angle between the central line of planet 1, the sun gear
and the vertical direction is 45°, 60°, and 75°, no planet is
engaged between constraint 1 and constraint 2. At this time,
the stress fluctuates near 0, which is caused by micro defor-
mation due to ring gear vibration.

Similarly, the deformation of the ring gear is analyzed
when the input speed of the sun gear is 8800 r/min. It can
be seen that when the angle between the central line of the
planet gear 1 and the sun gear and the vertical direction is 0°,
15°, and 30°, there is no obvious difference except that the
deformation of the ring gear increases obviously. But when
the angle between the centerline of planet 1 and sun gear
and the vertical direction is 45°, there is no planet between
constraint 1 and constraint 2, but the resonance effect caused
by the meshing excitation increases the overall deformation
of the ring gear, resulting in a large fluctuation of the stress.
However, with increased distance of planet 1, the deforma-
tion caused by its vibration decreases gradually, which leads
to a stress fluctuation from strong to weak in the non-mesh-
ing deformation area. In conclusion, the deformation trend
is consistent with the dynamic stress time history.

Influence of Meshing Deformation on Stress Field
Distribution

From the above analysis, it can be seen that the meshing
deformation is a direct factor affecting the stress fluctuation.
However, compared with the dynamic strain time-domain
curve in Fig. 9., the range of stress fluctuation is significantly
expanded, and the compressive stress o, at the tooth root
position is significantly smaller than the tensile stress o,.
Due to the above problems, to further explore the influence
of the deformation of the thin-walled ring gear caused by
meshing excitation on the stress, the stress cloud diagram
near the meshing deformation of the ring gear and the trend
of the stress fluctuation along the circumferential direction
are shown in Fig. 14. This is a more intuitive way to show
the meshing deformation, and in which the effect of force
takes the equivalent stress as the output stress.

As shown in Fig. 14a, the stress cloud diagram of the ring
gear can be divided into three areas, namely, the concave
deformation area caused by the tension on the left side of
the meshing tooth, the convex deformation area caused by
extrusion near the meshing area, and the right side of the
meshing tooth, and the concave deformation zone caused
by the deformation of the side wheel body. According to
the stress cloud diagram, the stress concentration position
from the constrained position 1 to the constrained position 2
gradually transitions from the root position to the edge of the
wheel body and then to the root position. According to the
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Fig. 13 Deformation of gear
ring at different speeds
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stress fluctuation curve at the tooth root of Fig. 14b, it can be
seen that the maximum stress position is on the left side of
the meshing gear tooth, and the magnitude is 63 MPa, while
the stress at the meshing position is 32.1 MPa. The magni-
tude is much greater than the stress generated by the com-
pression deformation at the meshing position. These results
are consistent with the results obtained in the time domain
history of the circumferential stress. At the same time, it can
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be seen that the stress between two adjacent peaks experi-
ences large fluctuations, which is due to the influence of the
spacing distribution of the gear tooth—tooth groove—tooth
on the stress. Analysis of the stress fluctuation curve of the
outer side of the ring gear in Fig. 14c shows that the stress
at the meshing position experiences a sharp increase and the
stress on both sides is relatively small. This is because the
extrusion caused by the meshing excitation leads to convex



Journal of Vibration Engineering & Technologies (2021) 9:751-766

765

Exoconvex
deformation

Constraint 1

\ Concave

deformation

a Stress nephogram of gear ring at meshing position

70
Ring deformation = Ring deformation
S
60 =]
= a

~ |5 g -2
£501-2 o0 Z
S |E £ 2
S~ |2
2 & = —
g40rS ] Ag
=) =
53057 g
] =
z |8 ©
&
320 t

10 -

1 1 | I )
0 105 120

1 1 1
15 30 45 60 75 90
Node number

40
35} _|Ring deformation| Ring deformation
= =
2 2
E30b3 G
& Z
N E 2
2258 =]
£212 £ £
= o 17 S
21500 =} ]
: s
M g
10f =
5
st = J
0 ) ! . ) . )
0 15 30 45 60 75 90 105 120

Node number

b Stress fluctuation of dedendum in circumferential direction ¢ Stress fluctuation on the outside of the ring gear in

the circumferential direction

Fig. 14 Stress nephogram of gear ring and stress fluctuation curve of one eighth circle (600r/min)

warpage. The stress of the rim ring body of the ring gear is
more concentrated relative to the position of the inner root.
At this time, the maximum stress is 35 MPa. As illustrated in
Fig. 14c, the stress at the restraint position 1 shows a sharp
drop. This is because the constraint prevents the deforma-
tion of the ring gear, so the stress concentration occurs at the
intersection of the constraint positions.

Conclusion

Considering the dynamic characteristics of the planetary
gear transmission system, ring gear vibration characteristics
and dynamic stress calculation method are proposed, and the
vibration and stress of the thin-walled ring gear are analyzed.

(1) In the calculation results of thin-walled ring gear, at the
resonance speed, the vibration shapes of the ring gear is
more complex than at the non-resonant speed. The root

stress increases by 100% compared to the non-resonant
speed.

The deformation of ring gear tends to static deforma-
tion at the non-resonance speed, while it tends to its
natural vibration mode at the resonance speed, and the
vibration shape is more complex.

In the calculation results of thin-walled ring gear, in
the meshing position, due to the influence of the flex-
ibility of the thin-walled ring gear, the stress on the rim
position of the ring gear is more concentrated than the
root position; the stress of the tooth root of the tension
deformation side is more concentrated than that of the
meshing position.
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