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ABSTRACT

In this paper, distribution characteristics of
tooth root bending stress of gear in wind turbine
gear transmission are studied. Characteristics of
wind speed in the long term and short term, the
meshing characteristics and vibration status of
single gear teeth are considered for more accurate
results. A computing process for tooth root bending
stress of gears in wind turbine gear transmission is
put forward systematically. A sampling method is
put forward by simplifying the relative
displacement time series of gear drive to reduce
computation load and improve efficiency according
to Shannon Theorem and Gear Dynamics. And
when the stress is calculated, single gear teeth are
regarded as single elements of gear and their
meshing processes are considered based on Gear
Meshing Theory. At last, the probability density
curve of tooth root bending stress of sun gear is
derived. Changes of distribution characteristics of
tooth root bending stress of sun gear with deviation
of gear clearance are discussed at two damping
levels.
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INTRODUCTION

Gear tooth root bending fatigue failure is one
of the main failure forms of wind turbine
transmission system [Sheng et al.,2011]. In order to
avoid premature failure of wind turbine
transmission system due to tooth root bending
fatigue failure , it is essential to make clear
distribution characteristics of tooth root bending
stress of gears in the system. However, only few
research was conducted in this field. Nejad et
al.[2014] studied the short term and long term
probability density functions of gear tooth root
bending stress of a 5MW wind turbine gear
transmission system based on multibody simulation
method and 1SO 6336-6. But the actual meshing
process of single teeth was ignored which would
lead to inaccurate distribution functions. Martin F.J.
et al.[2014] calculated tooth root bending stress of
gears based on multibody simulation method and
FEM for a 500 kW wind turbine. And the actual
meshing process of single teeth were considered.
But the distribution characteristics of tooth root
bending stress were not studied. Qiu Y. et al.[2017]
researched influences of turbulence intensity on
characteristics of gear tooth root bending stress
distributions. But the actual meshing process of
single teeth was still not considered.

The distribution analysis of tooth root bending
stress of the system is a multidisciplinary problem,
in which Aerodynamics, Gear Dynamics, Gear
Meshing Principle, Material Mechanics and
Probability Theory are involved. In the long term,
the mean wind speed obeys a certain distribution
form, such as Weibull Distribution, or Rayleigh
Distribution [He D.,2006]. And the short term wind
speed consists of average wind speed and turbulent
wind speed. The turbulent part is considered as a
stochastic process in engineering [He D.,2006].
Random Phase Harmonic Superposition Method,
Autoregressive(AR) Method and  Autoregressive
moving-average(ARMA) Method were put forward
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to simulate the turbulent wind speed[Wang Y.,2008].
For the dynamic modeling of the system, several
models were applied, such as Finite Element
Model[Zhao Y. et al. ,2014; Wang S. et al.,2017;
Kim S.W. et al.,2017], Multibody Model[Dong W.
et al.,2012; Bruce T. et al.,2015; Jorgensen M.F. et
al.,2014; Li H. & Cho H.,2017] and Lumped Mass
Parameter Model[Qiu Y. et al.,2017; Yang J. &
Zhang L.P.,2011; Gui Y. et al.,2014; Zhai H. & Zhu
C.,2015; Zhao M. & Ji J.C.,2015; Gallego-Calderon
J. & Natarajan A .,2015] and so on. Finite element
Model has the highest accuracy but the longest
calculation time and is difficult to converge when
the model is too complex or the simulation process
is too long. The accuracy of Multibody Model and
Lumped Mass Parameter Model meet requirements
of industrial applications with reasonable parameter
settings and are easy to converge with much less
calculation time and smaller computation load than
Finite Element Model. So these two models are
more widely used to analyze the dynamic
characteristics of the system. As single gear teeth
are basic elements to transfer load and motion, the
failure of a gear is actually the failure of single gear
teeth on the gear. So when stress is calculated, the
actual meshing process and vibration status of
single gear teeth must be considered. Usually, the
calculated cyclic stress is an asymmetric one which
is not available for reliability design and life
evaluation directly. Goodman Model and Gerber
Model are widely used to convert asymmetrical
cyclic stress to symmetrical cyclic stress in
engineeringl GOODMAN J.,1941; GERBER
W.Z.,1874]. While Gerber Model is more applicable
for plastic materials, Goodman Model is more
suitable for brittle materials[Liu X. & LIU G.,2018].
But considering that Goodman Model is simpler,
safer and more conservative than Gerber model, it is
more widely used in design stage of structural
components. For the stress distribution analysis,
Rain Flow Counting Algorithm is widely used to
simplify the measured load history into load cycles
in industrial applications[NIESLONY A.,2009].

In this paper, distribution characteristics of
gear tooth root bending stress of the system are
studied. In the long term, mean wind speed is
described by Weibull Distribution. And in the short
term, instantaneous wind speed is simulated with
AR Method. The dynamic model of the system is
established based on Lumped Mass Parameter
Method. The influences of parameter varying with
wind speed on the dynamic response are concerned.
And before computing tooth root bending stress, the
relative displacement time series between gear teeth
are simplified by a sampling method. In this method,
a single gear tooth is regarded as an element. Its
actual meshing process and vibration status are
considered with Gear Meshing Theory and Gear
Dynamics. Then tooth root bending stress of each
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single gear tooth is calculated. Goodman Model is
applied to transfer the asymmetrical stress cycle to
symmetrical one. Tooth root bending stress
distribution curves in the short term are derived by
Rain Flow Counting Algorithm. Later, the
distribution curve of tooth root bending stress in the
long term is obtained by a weighted summation of
distribution curves in the short term. Finally, tooth
root bending stress distribution characteristics of
sun gear are studied. The influences of gear
clearances on distribution characteristics are also
discussed with two damping levels.

MODELING OF WIND SPEED

The instantaneous wind speed in a wind field
can be expressed as follows[He D.,2006]:

VIO =V V'L . @

Though V changes randomly over time, its
distribution conforms to a certain statistical law. In
this paper, Weibull Distribution is applied to

describe the long-term distribution of V . The
probability density function of Weibull Distribution
are [He D.,2006]:

tv) = texp| -y | .
s ¢ -

V' changes with amplitudes related to V .

And in engineering, the changing process of V'
can be regarded as a stochastic process and can
usually be described by the turbulence power
spectrum in a neutrally stable atmosphere[Chen H.
et al.,2017]. In this paper, AR Method is applied to
simulate the stochastic process based on \Won
Karman Spectrum. The AR model can be expressed
as follows[Van D.H.E.L. et al.,2003]:

Vv '(t):i vV (t—kAt) + o N (1) . (3)

k=1
where N (t) is an independent stochastic process
with mean value of 0 and variance of 1, o, is the
standard deviation of wind speed time series, and
oy N (t) is the random error.

According to Wiener-Khinchin Formula, the
autocorrelation function can be derived as follows:

R(r)= [ S(@)"do . @

where S(w) isVon Karman Spectrum.

Von Karman Spectrum can be expressed as
follows:
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462 IV

S(w) = (5)

5
(1+ 71wl /V)*)®
With Equations (3)-(5), V '(t) can be achieved by

calculating ¥, and o) . Then ¢ with a certain

V  can be obtained.

In order to take into the influences of long term
and short term wind speed characteristics on stress
distribution  characteristics, we disperse the
long-term probability density function of mean
wind speed into parts with a width of 2m/s equally.
And the wind speed model of each part is simulated
by AR Method as shown in Figure 1.
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Fig. 1 Wind speed modeling

According to Aerodynamics Theory of Wind
Turbine, the input power can be calculated as
follows[Yang J.,2012].

1
F’m=§pﬂr2V3(t)Cp . ®)
The input torque and output torque are
[Yang J.,2012]:

T, = 0

a)c

T.
Ta==" ®

IS

DYNAMIC MODELING OF THE
SYSTEM

The wind turbine gear transmission system
consists of a planetary gear drive and a two stage
fixed axis gear transmission. Based on lumped-mass
method [ZHANG C.,2012], the torsional dynamic
model of system is built as shown in Figure 2.

Fig. 2 Torsional dynamic model of the system

Displacements between components without
considering meshing errors are defined as follows:

A =U. COSar, — U
Ay, = U, +U COSar, — Uy
Ap =U —U,
A, =U,—U
34 3 4 . (9)
u u
Asl =———
L n
u u
Apy=—*%-—
L h
According to Equation (9), there exist
relationships between A., and A :
Asp2 = Aspl + Arpl - Arp2 (10)
Asp3 = Aspl + Arpl - Arp3

So only eight independent parameters are
needed to describe the vibration of the system. Here,

Agr A Ao Apy Ay Ap Ay Ay, are
chosen as independent parameters. Based on
Newton’s Second Law and liner transform of matrix,

the dynamic function of the system with positive
definite stiffness matrix can be derived:

MA™+CcA'+ Kf(A)=F,_ +

where f(*) is the clearance function.

spl’ p3’

F

ex !

(11)
Considering that the mean value of V. (t) is
Vie !

corresponding to V, (t) is assumed to be equal to

a simplify is done here: dynamic parameters

dynamic parameters corresponding to V,, except
the torque.
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CALCULATING OF TOOTH ROOT
BENDING STRESS PROBABILITY
DENSITY CURVE

Sampling of Relative Displacement Time Series
of Gear Drive

With Runge-Kutta Method, the relative
displacement time series of different DOFs can be
obtained by solving Equation (11). However,
because main features of relative displacement time
series can be described by peaks and bottoms, the
time series are redundant as shown in Figure. 3.
And with the bottoms and peaks in the time series,
the main features of stress time series of gear can be
derived with further computation. In order to
simplify the time series for less calculating time, a
sampling method is proposed based on Shannon
Theorem [Shannon C.E.J,1949] and Mode
Superposition Method[ZHANG C.,2012].
According to Shannon Theorem, in order to restore
the signal with distortion, the sampling frequency
should be at least twice as high as the highest
frequency in the spectrum of the signal.

W, 220, . (12)

And according to Mode Superposition Method,
displacements of Eq.(11) are superposition of all

modes.
A=Y n®0e" . @)
7. (t) = L | ‘N, (£)e I sin @, (t-7r)d 7.
@y; *°

(14)
According to Equations (13) and (14), the
highest frequency in the spectrum of displacement

is the maximal @, . And the damping natural
frequency is slightly smaller than the undamped
one. In order to simplifying computation of @,
the damping is ignored.
Oy :{a)||K-a)2M|:0} . (15)
max

The sampling period is derived as follows:
T - 2
nwa)max

With the sampling method, the data size can be
reduced obviously as shown in Figure 4.

As single gear teeth are basic elements to
transfer load and motion, the displacement of each
single gear tooth should be obtained first for further
analysis. A single gear tooth meshes once when the
gear rotates a single revolution. According to Gear
Meshing Theory, the meshing period of a gear is:

T = 2z 17)
a)gzg

(16)

J. CSME Vol.41, No.3 (2020)

T
| X10

- !Hiif i1
E08 it flﬁ
5 f:r,'f:?-?f?;???iif
06| ul o
= !iiq;g;nmf iyt pyETEd x.g ;E]Hg!g
= i o i “r EEL TR R hl 2oniaod
?“4%%4‘:%%‘“ ‘é"“ ﬁ i i i,}%g
3 o, ﬁ}ﬁ ;;g;fii R
0 i?iif' HOUHETY “’ipi

0 0.01 0,02 0.03
t(s)

Fig. 3 Unsampled Relative Displacement Time
Series
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Fig.4 Sampled Relative Displacement Time
Series(n,=8)

And the meshing time for a single gear tooth is
(1+&)T,,, so the number of sampling points for a
single tooth on the desired gear can be derived.

_ L+&)T,
t -I-S

Generally, enough relative displacement time series
data is needed to calculate tooth root bending stress
of a single gear tooth. However, its computing costs
would be too high. For example if we want to get
100s long relative displacement time series data for
a single tooth on a gear with 27 teeth, 2700s long
relative displacement time series data of the gear
drive is required. In order to reduce computing cost,
it is assumed that relative displacement time series
of a single gear tooth are sums of relative
displacement time series of all gear teeth on the gear.
The assumption is reasonable, because a single gear
tooth would meet all the input torque cases and the
input torque cases of different single gear teeth are
the same in the sense of probability during the life

(18)
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time of the system

The time ranges when different teeth are in
mesh are derived based on Gear Meshing
Theory[Sun H.,1996].

ts = (1_7)Tm + r-]Tm

=0,1,2,K .(19
t =2+e-y)T,+nT, (19)

With Equation (19), the relative displacement
time series of a single tooth can be cut into relative
displacement time series of different single teeth as
shown in Figure 5.
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Fig. 5 Relative Displacement Time Series of a
single tooth

With the relative displacement time series of a
single tooth, its meshing force time series can be
obtained. For the point q in a meshing period, the
meshing force is:

F, =K.k, (20)
k
Keg=—— . ()
kql + qu

According to characteristics of involutes[Sun
H.,1996], the pressure angle is:
tan'(tan r; ¢, ) the driving gear
a = 1
" |tan"(tane, mg,) the driven gear
(22)
where if the gear is an external gear, the “+” will be
chosen from “ £ ”, otherwise the “-” will be chosen
With Equation (22), the tooth root bending
stress can be calculated[ISO 6336-3:2006].

F
O =Yooy - 23)

Probability Density Function of Tooth Root
Bending Stress

With steps above, tooth root bending stress
time series of a single tooth can be achieved. And
then with Rain-flow Counting Algorithm and
Goodman Model, probability density functions of
tooth root bending stress of a single gear tooth for
different short term wind speed models can be

achieved.

Table 1 Rain-flow Counting Algorithm flow

Step 1: Input the load time series.

Step 2: Read next peak or valley. If out of data, go to
Step 7.

Step 3: If there are less than three points, go to Step 2.
Form ranges X and Y using the three most recent peaks and
valleys that have not been discarded.

Step 4: Compare the absolute values of ranges X and Y.
If X<Y, go to Step 2. If X>Y, go to Step 5.

Step 5: If range Y contains the starting point S, go to
Step 6; otherwise, count range Y as one cycle; discard the
peak and valley of Y; and go to Step 3.

Step 6: Count range Y as one-half cycle; discard the
first point (peak or valley) in range Y, move the starting point
to the second point in range Y; and go to Step 3.

Step 7: Count each range that has not been previously
counted as one-half cycle.

Rain-flow Counting Algorithm is an algorithm
to simplify the measured load history into several
load cycles for fatigue analysis. In this algorithm,
the amplitude and the mean value of load cycle are
considered, which are in accordance with the
inherent characteristics of fatigue load. Let S denote
starting point in the load time series; S, point next
to S; S point next to S;; X, range under

consideration, X =|S,—S,| ; Y, previous range
adjacent to X, Y =[S-S| . The Rain-flow

Counting Algorithm flow is shown in Table
1[ASTM E1049-85(2017)].

According to Goodman Model, the amplitude
of asymmetrical cyclic stress can be transferred to
amplitude of symmetrical cyclic stress§GOODMAN
J.,1941].

L B (24)
1- (O-m /O-b)

According to the symmetrical cyclic stress
time series, the approximate short term probability
density function of tooth root bending stress of a
single tooth can be obtained.

i C'(ow)
fSI (O-as): =
Ctlotal

where C'(o,) is the counting times of o, for

the i th short term wind speed.
The approximate long term probability density
function is derived.

: (25)

i I\IiCi (Gas)
filo,)="F— . (26)

Z N Ctotal

Above all, a computlng process to get tooth
root bending distribution characteristics for wind
turbine gear transmission system is put forward.
Applying the computing process, the tooth root
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bending distribution characteristics, such as
equivalent symmetric cyclic stress, number of stress
cycles, stress distribution rule, can be derived. And
with the stress characteristics, further analysis and
design for wind turbine gear transmission system,
such as fatigue life estimation, structural parameter
optimization can be conducted. The simplified
computing process are concluded in Table 2.

Table 2 Computing process of tooth root bending
stress probability density function of wind turbine
gear transmission system

Step 1: Determine technical parameters of the wind
turbine and geometric parameters of the gear transmission
system. Chose a target gear.

Step 2: Determine Weibull Distribution fN) of the
wind field. Simulate short-term wind speed models
AGAAGERAAUR

Step 3: When i<n, calculate the cycle counts and
short-term probability density function f/(c,) of tooth
root bending stress for the target gear under V(t).

Step 4: Based on the cycle counts of tooth root bending
stress of target gear under V,(t),V,(t),---,V,(t), calculate
the long-term probability density function f,(c,) of tooth
root bending stress of the target gear.

EXAMPLES
In this paper, we study distribution
characteristics of tooth root bending stress of sun
gear. The technical parameters of the wind turbine

J. CSME Vol.41, No.3 (2020)

Impeller Speed (m/s)
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Wind Speed (m/s)

15

Fig. 6 The impeller speed curve
051

Wind Energy Utilization Coefficient

0 12 14
Wind Speed (m/s)

Fig. 7 The wind energy utilization curve

Table 4 Geometric parameters of the wind turbine
transmission system

are given in Table 3, Figure. 6 and Figure. 7. The Stage Item Sun | Ring | Planet
geometric parameters of the wind turbine gear Norber of teeth gze;“ g1e1a7r gjjr
transmission system are shown in Table 4. Pressure angle(®) 20
Tooth width(mm) 370
Table 3 Technical Parameters Normal 13
module(mm)
1st gear
Item Value clearance(um) 260
Amplitude of ey;
Rated power (MW) 15 (um) 68
Amplitude of eg;
Impeller radius (m) 34 P (um) 8l 64
Design rotational speed 10.35 Item Gear 1 Gear 2
(rpm) : Number of teeth 104 23
. Pressure angle(°) 20
Rated wind speed (m/s) 11.3 Tooth width(mm) 350
Air density (kg/m®) 121 2nd mo,:le:’(reT(]r?:m) 10
Cut-in wind speed(m/s) 3 cleargr?g(re (um) 340
Cut-off wind speed(m/s) 20 Ampl'&ﬁ? of ex, 69
- Item Gear 3 Gear 4
mean wind speed (m/s) 11.3 Number of teeth 98 25
turbulence coefficient 0.2 Pressurg angle(’) 20
Tooth width(mm) 6.5
variance of mean wind Normal
9
speed (m?/s?) 3rd module(mm) 20
material of gear 20CrMnTi gear
g clearance(um) 260
Amplitude of es 60
(um)
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Fig. 8 Short term wind speed models
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Fig. 9 Probability density curves of tooth root bending stress of sun gear for different short term wind speed
models with no gear clearance deviation (damping factor equals to 0.03)

With parameters of the wind field, short term
wind speed models with different mean wind speeds
are obtained by the AR Model as shown in Figure 8.

Distribution Characteristics of Tooth Root
Bending Stress of Sun Gear with No Gear
Clearance Deviation when Damping Factor
Equals to 0.03

Based on short term wind speed models,
dynamic parameters of the system are achieved with
Equations (6-8) and Fig. 6, Fig. 7. With dynamic
parameters of the system, relative displacement
time series of sun gear is achieved by solving Eqg.

(11) for different short term wind speed models.
And with the sampling method, sampled relative
displacement time series of a single gear tooth for
sun gear can be obtained. Then with Equations
(17-24), the symmetrical cyclic stress time series of
sun gear for different short term wind speed models
are obtained. And by means of Rain Flow Counting
Algorithm and Equation (25), probability density
curves of tooth root bending stress of sun gear for
different short term wind speed models can be
achieved as shown in Figure 9. And then according
to Equation (26), the probability density curve of
root bending stress of sun gear in the long term are
derived as shown in Figure 10.
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Root Bending Stress (MPa)

Fig. 10 Probability density curve of root bending stress of sun gear in the long term with no gear clearance
deviation (damping factor equals to 0.03)

In Fig. 9, distribution forms are nearly the
same when mean wind speed is smaller than rated
wind speed except the positions of peak are
different. The main reason is that the short wind
speed is in the range of 3m/s to 11.3m/s for those
short term wind speed models. Thus, according to
Fig. 7, the distribution forms of input torque are
approximate to those of wind speed models which
are nearly fitted by normal distribution. And the
system is weakly nonlinear, so the input(input
torque) is transferred to the output(stress) nearly
linearly. When mean wind speed is larger than rated
speed, probability density curves are also nearly the
same. It is because that the distribution curve of
valid input torque of each short term wind speed
model is similar to each other with rated input
torques all taking up a large part in gross torques.
From Fig. 10, it can be known that the long term
distribution of tooth root bending stress of sun gear
does not conform to any distribution form. Thus a
fitting function is more suitable to describe the
probability density curve. While the low stress part
of the curve is mainly determined by short term
wind speed models with mean wind speed smaller
rated wind speed, the medium and high stress parts

0.01

0.008 ;3

‘ \
= 0.006
-

|
j\; AN

5 0.004 #

Proba lh1||ly Dum[y

i‘
0.002 |

0 50 100

are mainly influenced by short term wind speed
models with mean wind speed larger than rated
wind speed.

Effect of Gear Clearance Deviations on
Distribution Characteristics of Tooth Root
Bending Stress of Sun Gear in The Long Term
when Damping Factor Equals to 0.03

Considering  manufacturing  errors  and
assembly errors, gear clearances deviates from the
design values. For robust design of the system, it is
important to know how the deviation of gear
clearances influence the distribution of tooth root
bending stress of gears. In this part, the influences
of deviations of gear clearances between sun gear
and planet gear 1 and between ring gear and planet
gear 1 on the long term distribution of tooth root
bending stress of sun gear are studied. The
deviations are -10%, -5%, 5%, 10% and 20% of the
design value respectively. Figure 11 and Figure 12
show the influence of deviations of gear clearances
on the long term distribution of tooth root bending
stress of sun gear.

—ideal |
-10%

-5%

“10%
[=20% |

150 200 250

Root Bending Stress (MPa)
(a) Probability density curves
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Fig. 11 Distribution characteristics of tooth root bending stress of sun gear in the long term with different gear
clearances deviations between sun gear and planet gear 1(damping factor equals to 0.03)

From Fig. 11(a), it is known that the deviations
all lead to decrease of the proportion of low stress
and increase of the proportion of medium and high
stress. With the increase of deviation, this trend
intensifies gradually. When absulute values of
deviations are equal , the influence of positive ones
is larger than that of the negative ones . And when
the deviation is 20%, the distribution form is
changed significantly which may shorten the

working life of the transmission system.From
Fig.11(b) and (c), we can find that the deviation
causes the increase of mean value and variance of
stress distribution. And with the increase of
deviation in positive and negative directions, both
the mean value and variance increase nonlinearly.
The varying curve is similar to that of a concave
function, and the slope becomes larger when the
deviation increases.
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Fig. 12 Distribution characteristics of tooth root bending stress of sun gear in the long term with different gear
clearances deviations between ring gear and planet gear 1(damping factor equals to 0.03)

From Fig. 12, we can find that the influences
of gear clearances deviations between ring gear and
planet gear 1 on the stress distribution

characteristics of sun gear are nearly the same with
those of deviations of gear clearances between sun
gear and planet gear 1.
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Distribution Characteristics of Tooth Root
Bending Stress of Sun Gear in The Long Term
with Large Damping

In this instance, the influence of deviation of
gear clearance between sun gear and planet gear 1
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on the long term distribution characteristics of tooth
root bending stress of sun gear with large damping
is studied. Here the damping factor is 0.17. The
deviations are also -10%, -5%, 5%, 10% and 20%
of the design value respectively. The results are
shown in Figure 13.

ideal
-10%
5%

< 10%

~20%

150 200

250

Root Bending Stress (MPa)
(a) Probability density curves

3384
-
e

33.6
-0.1

-0.05 0 0.05 0.1 0.2

Deviation Value

(b) Mean values

0.15

o

1155
1150 7
1145
1140 /

. /
1135 /

(MPa)*

1130 7

1125
L

—— 5 e

1120
0.1

-0.05 0 0.05 0.1
Deviation Value

(c) Variances

0.15 0.2

Fig. 13 Distribution characteristics of tooth root bending stress of sun gear in the long term with different
deviations of gear clearance between sun gear and planet gear 1(damping factor equals to 0.17)

By comparing Fig. 10 with Fig. 13(a), it is
known that the distribution form with large
damping is quite different from that with small
damping. The low stress part of the former takes up
much larger portion and the curve of the former is
more smooth without big fluctuates.And the mean
value and variance of the former are much smaller
than those of the latter ones. Fig. 13(a) shows that
the influence of gear clearance devations is very
small on the stress distribution forms. The curves
almost coincide.From Fig. 13(b) and (c),we can find
that mean values and variances all increase with
enlarging of deviation in positive and negative

directions nonlinearly. But the increase is very small.

So it can be concluded that a large damping factor
greatly reduces the sensitivity of stress distribution
characteristics to gear clearance deviations

CONCLUSIONS

A computing process is put forward to
calculate probability density function of tooth root

bending stress for wind turbine gear transmission
system. A sampling method is put forward to reduce
the data size of relative displacement time series for
less computing time. In the process, characteristics
of wind speed in the long term and short term, the
meshing characteristics and vibration status of
single gear teeth are considered for more accurate
results.

With the computing process, the tooth root
bending stress distribution characteristics of sun
gear in different situations are studied. Several
valuable conclusions are obtained. Firstly, the
distribution of tooth root bending stress in the long
term does not conform to any probability
distribution form. Secondly, gear clearance
deviations will lead to decrease of the proportion of
low stress part and increase of the proportion of
medium and high stress parts. And this change is
more significant with larger clearance deviation.
Lastly, the varying of damping factor will lead to
change of long term distribution form of tooth root
bending stress of sun gear significantly. Large
damping greatly reduces the sensitivity of tooth root
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bending stress distribution characteristics to gear
clearance deviation.
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NOMENCLATURE

B tooth width

C, wind power coefficient

Crpi mesh damping of ring gear and planet
gear j N

Copj mesh damping of sun gear and planet gedr
J

C., mesh damping of gear 1 and gear 2

Cyy mean mesh damping of gear 3 and gear 4

J. CSME Vol.41, No.3 (2020)

Cy torsional damping of connecting shafts
between sun gear and gear 1

torsional damping of connecting shafts between
gear 2 and gear 3
c damping matrix
total counting times of stress cycle for the i th short
term wind speed model

transmission errors of ring gear and planet

gear |

€qi transmission errors of sun gear and planet
gear |

€, transmission errors of gear 1 and gear 2

€34 transmission errors of gear 3 and gear 4

F., vector of internal excitation forces

F, vector of external excitation forces

I transmission ratio of the system.
meshing stiffness of ring gear and planet gear |
meshing stiffness of sun gear and planet gear |
meshing stiffness of gear 1 and gear 2

meshing stiffness of gear 3 and gear 4

K, torsional stiffness of connecting shafts
between sun gear and gear 1

K, torsional stiffness of connecting shafts
between gear 2 and gear 3

K stiffness matrix

Kaq load distribution factor of gear teeth at q

ku| comprehensive meshing stiffness of tooth
pair at q

kql meshing stiffness of the tooth pair where
gison

qu meshing stiffness of the other tooth pair

I turbulence scale parameter

m module

M mass matrix

n, number of sampling points for a single
tooth

n, number of sampling points in a vibration
period

times of the i th short term wind speed model that
appears in one year

p order of AR Model
P, input power
I base circle radius of sun gear
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N base circle radius of gear 1 A,
h base circle radius of gear 2 A
I base circle radius of gear 3 *
r, base circle radius of gear 4 Ay
t time

t, time to start meshing A,
t, time to end meshing

T, input torque

T output torque

T, meshing period of the gear drive Si
T, sampling period m

linear displacement of planetary carrier on the
tangential direction of base circle c
linear displacement of sun gear on the tangential
direction of base circle

linear displacement of planet gear j on the

o . . o
tangential direction of base circle, j=1,2,3 aa
linear displacement of gear | on the tangenﬁ)-&lS
direction of base circle, 1 =1,2,3,4 On
Vv instantaneous wind speed
short term wind speed of part i é

P
V., mean wind speed of part i
Vv mean wind speed
\A turbulent wind speed
X x direction
y y direction
Yeq tooth form factor
qu stress correction factor o
z z direction
Z, tooth number of the gear W,

Greek symbols
meshing angle of sun gear and planet gear

meshing angle of ring gear and planet gear

radius of initial meshing point of the gear

pressure angle of g

initial meshing phase, 0 < y <1

relative linear displacement between ring gear and
planet gear |

relative linear displacement between sun gear and
planet gear |

relative linear displacement between gear 1 and

gear 2
relative linear displacement between gear 3 and

gear 4 respectively

relative torsional displacement between two ends of
connecting shaft of sun gear and gear 1

relative torsional displacement between two ends of
connecting shaft of gear 3 and gear 4

A displacement vector
At time step
& contact ratio of the gear drive.

modal damping ratio of the i th order

natural coordinate of the i th order
shape parameter of Weibull Distribution

P air density

scale parameter of Weibull Distribution
o standard deviation

Oy tooth root bending stress of g

amplitude of asymmetrical cyclic stress

amplitude of symmetrical cyclic stress

mean value of asymmetrical cyclic stress
(o] . .
b tensile strength of the material

gear rotation angle when the meshing point moves
from the initial meshing point to p

s autoregressive coefficient

(p(i) eigenvector of the i th order

w frequency

@, rotational speed of planet carrier

e

A sampling frequency

maximum natural frequency of the transmission
system in different meshing positions

damping natural frequency of the i thorder

@, rotation speed of the gear
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