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Wind turbine drive train vibration with focus on gear
dynamics under nondeterministic loads

S. Struggl, V. Berbyuk, H. Johansson

Chalmers University of Technology, Applied mechanics,
SE 41296, Gteborg, Sweden

e-mail: stephan.struggl @chalmers.se

Abstract

In present-day, the engineering challenge around a drive train desigmvind turbine is not only to enhance
system reliability but also to reduce the turbine top mass. These requiremgeitsetiowith the trend of up-
scaling affect many system characteristics and parameters. The edopastribution presents a model to
study torsional drive train vibration dynamics of a generic indirect driwdti-MW wind turbine. The main
focus lies on developing a fully parameterized computational model of a mudigt@arbox which fulfills
the requirement of a proper gear dynamic representation appropriateufobody formalism as well as
the requirement to be computationally efficient. Two different strategiemtmteling the gear contact are
studied and compared in time domain. An analysis of a multi-stage gearbox togétha generator load
and a turbine specific nondeterministic excitation was carried out. It is bdltbet the obtained results will
help designer to improve drive train components and to enhance wind tuetigdality and cost efficiency.

1 Introduction

To have a better understanding of wind turbine dynamics, several instgutewoted their efforts on develop-
ing simulation tools capable of predicting complete wind turbine behavior uriiienesht loading conditions,
see [1]. These tools are mostly used for certification, structural anagdisystem performance investiga-
tions. In today’s wind turbine simulation codes, computational efficiencypbas emphasized in order to
study a large number of different design load cases as stated in st@id)0-1. These aeroelastic codes
are used to model wind turbine behavior during normal and fault condibigrapplying the most relevant
loads e.g. gravitational loads, inertial loads and operational loads tingsié generator torque and loads
produced by control e.g. during start-up, shut- down and yawings e#ert has been put on modeling the
gearbox and its internal dynamics. Nowadays, there is a need for mor€bensive drive train models in-
cluding a gearbox avoiding oversimplification e.g. by just assuming a geeaibo. The trend in wind power
technology development has emphasized the gearbox as one of the me@dtaymponents in any reliability
assessment of a wind turbine, see [2, 3]. Generally, gear meshing mmesomechanical interaction due
to e.g. contact mechanics, moving multiple contact points along the line of acticklalsh, an eventual
contact loss during tooth separation close to resonances, time varyingstifégdss and mesh damping,
compliances and damping of shafts, bearings and gearbox housing, misatits, moreover, specifically
for planetary gear the load sharing behavior of the planets. Hencegeanamber of research work can
be found in the literature contributing to those phenomena by using diffepgmbaches e.g. finite element
formalism, analytical lumped parameter approach or multibody approactertipdly including flexibilities
for certain parts. A comprehensive overview of different mathematieat ghodels can be found in [4] and
later on in [5]. Another issue is to find approaches which can deal with limgden different scales dealing
with complete system dynamics on macro scale as well as on micro scale e.gingdadtact phenomena.
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A work which overcomes this difficulties by connecting a multibody formalism witregternal program
specialized in gear meshing analysis by an user- defined force elemeasénfed in [6]. An analysis ded-
icated to wind turbine drive train dynamics by using multibody models with diftdeels of complexity
i.e. torsional (1 DOF), rigid multibody (6 DOF) and flexible multibody modeling issgnted in [7]. Inves-
tigations contributing to torsional modeling can be found in reference [&htbgducing a time- dependent
pressure angle and contact ratio. The authors in [9, 10] focus onlpaxteerties and torsional oscillations.
One can notice that still different levels of complexity are necessaryndiémg on the type of investigation
regarding wind turbine drive train systems.

In the present paper the authors propose a torsional multibody modalddve train system of a wind
turbine. The gear contact forces are computed using two differembagipes denoted below as "Contact
Force Adams” and "Contact Force Subroutine”. These are compactdheestigated taking backlash into
account using MSC.Adams. The most suitable approach for a fully paranaétie gearbox model, which
is desirable to allow for automatic design tools, is used to find an optimal setarhpters with respect to a
certain cost function. The gearbox model, with in that sense optimal panayistthen excited by a nonde-
terministic wind representation and the contact forces evaluated in time doma&mrds$ented approach is
most suitable in terms of being generic and computational efficient.

2 Gear contact model

This section describes two models used to calculate forces acting on geanstéiwt. The first model is
based on a reference CAD gear representation and calculating thetdortas by using MSC.Adams built-
in contact description with a certain stiffness and damping. The contagdalepend therefore very much
on a proper geometrical surface description. The second model d¢aktite contact forces by using the
gear specific kinematics and applying substitution forces on the respshtfepositions. The advantages
and disadvantages are listed as follows:

e CFA (Contact Force Adams) model:
The contact forces are based on MSC.ADAMS contact functionality keztiveo rigid bodies having a
proper surface description. The computation time can therefore be iggrydepended on the desired
resolution. Modeling and simulation with CAD geometry is in general not moduldrarsense that
design changes requires having access to an automated gear design tool.

e CFS (Contact Force Subroutine) model:
Here, the former contact is replaced with substitution forces by using #rengesh deformation at
pitch radius with respect to the angular position and velocity of gears andtgarrier. The contact
forces are then calculated and applied at the center of each gear. ppnésaeh requires no CAD
model and a parametrization of a gearbox model can be achieved. Althbigybontact description
does not allow the evaluation of contact forces in very detail. The gkidegis to get a basic contact
formalism which is computational efficient and can therefore be usedrfaritstage gearbox.

2.1 CFA-description

MSC.Adams offers the capability to define contact between geometricattshbjgsed on the following de-
scription, see [11]. The normal contact force respectively can ligewin MSC.Adams command language.

Fopa = kod© + step(0,0,0, dpax, cmax)5 Q)
Here,Fcr 4 is a combination of a stiffness related term and a damping related term. The ferwatulated
with contact stiffnesg,, penetration depth and force exponent which is chosen to be 3/2 based on the
Hertzian contact theory for elastic spheres. The damping term is calcuisitegl a Step function along
starting from 0 damping up to a maximum penetration deptfy with maximum damping coefficient,,.x
multiplied with the penetration velocity.
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2.2 CFS-description

The normal contact force used in this approach is based on the Hetértlation for elastic spheres with
an additional viscous damping term which gives the following relation.

Fors = koSG + co |61 9L (2

Forg has the same stiffness related term as CFA but uses another damping teietet);;, is the inden-
tation introduced below in subsection 2.3. The contact stiffness and talataping are denoted &g and
cp respectively|dpr| assures that there is no damping force when the gears are not in cohtaetver, it
must be taken care that this contact normal force does not changeusigg simulation.

2.3 Backlash

In a gear system, backlash is the distance between mating teeth and gerezradiyany to allow a lubricant
film between the gears in contact, to be less sensitive against manufadtupedections or an eventual
deformation within the system e.g. due to a certain loading or thermal expan#hienwise the gears could
jam. Generally, modeling backlash has a minor role for moderately to heavilgdogehars. Nevertheless,
there are circumstances, e.g. load reversals due to wind gusts at laly sieee backlash has a contribution
to the peak forces. Motivated by [12] and [13], backlash is modeled bieimgnting atanh-function by
using the following equations:

oL =0+ 1/2(31(5(t)) — g2(8(¢))) ®3)

91(6(t)) = (6 — j/2) tanh(A(6 — ji/2)) (4)
92(8(t)) = (6 + js/2) tanh(A(0 + ji/2))

with ¢ the linearized distance between the two tooth surfacesgafitit)), g2(f(¢)) two tanh-functions
whereasj; being the circumferential backlash value an@ constant regularization factor controlling the
transition between non-contact and full contact. Figure 1 shows eq.tBrée different\.
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Figure 1: Backlash function for three different regularization factors
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It should be noted that the regularization factor here plays a doubleTbé&ephysical interpretation is that
in real systems the change from not in contact to full contact having tménab stiffness value has a certain
transition zone due to e.g. lubrication, stiffness distribution related to lodairdation or tooth bending.
Moreover, there are numerical issues sincacts as regularization of a ramp-function, thereby improving
the convergence of Jacobian iterations.
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3 One stage gear

Below, the two former described gear contact models are elaborated indetaiefor one stage and com-
pared with each other. The first case is a parallel spur gear with the domsrfsom sun and planet, as
shown in table 1. In the second case, a planetary gear taking the sugt,gol@outer ring is examined. First,
the gears are built with Catia using an involute profile and the CAD data thent@sddoto MSC.Adams for
applying the CFA. The same gear bodies are hereinafter used to nejoresss and inertia properties for the
CFS approach. After applying the same input properties, the equivadertdct forces are compared with
each other. In both cases backlash is taken into account.

Gear Sungear Planetgear Outer ring
Module [mm] 10 10 10

Z[-] 22 32 86
Pressure angle [deg] 20 20 20

Pitch radius-, ; [mm] 110 160 430
Base radius;, ; =, ;cos(c) [mm] | 103.36 150.35 404.06
Linear backlash,, [mm] 0 0.5 0
Contact ratice; [-] egp=1.62 epor=5.64

Table 1: Reference gear definition

3.1 Parallel spur gear

For the spur gear, only the sun gear and one planet gear are takerdntmtaccording to table 1 which
means the planet is the drive gear whereas the sun is driven in this gatifigu

pressure angle [deg]
N
N o N
S @ N
T

=
©
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Figure 3: Parallel gear inputw;,,,; = 5 rpm,
Tc,output =1KkNm

Figure 2: Free body diagram: Parallel spur gear

These contact forces act on the tooth flanks in a constant angle thegpands to the pressure angle in case
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of an involute profile. As shown in figure 3, the instantaneous pressgite & here not constant because of
several reasons e.g. backlash, modeling imperfections of the CADreuda increasing backlash leads to
deviation from the design pressure angle used for specifying the inymofiee. The contact forces are very
sensitive in magnitude with respect to the pressure angle. For aligning thesedocontact concepts with
each other, the mean pressure angle from the CFA model can be compugddnlg thetan—' of the sum

of all contact incident forces in x-direction divided by the sum of alltashincident forces in y-direction,
taking, shown in figure 3. This approach can just provide an estimate ire dhe several teeth in contact,
the contact area is not necessarily perpendicular to the gear planevaasifitrther observed that the mean
pressure angle is depended on the loading. Due to this reasons, @@iasgle of 20 deg has been used as
input for the CFS-description and the deviations of the mean values combatimapproaches are accepted,
see tab. 2. The forcEsp crs is elaborated in more detail in the next chapter 3.2, eq. 8 and can be used he
by settinggogc = 0. For comparing the two model approaches, the obtained contactisshewn in figure

4. winput = 5 rpm is the velocity of the drive gear and a counter tor§ug..,.+ = 1 KNm is applied on the
driven gear. Generally, all inputs in this work are applied as step furecsibsimulation time = 0.

T T T T T T T T
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Figure 4: Parallel gear inpu,pu: = 5 rpm, T¢ ouiput = 1 KNm,

Parameter Mean value
Pressure anglegsp 19.53
Fspcra [N] 9.68E3
FSP,CFS [N] 9.67E3

Table 2: Mean valueso;,p,: =5 rpm,T¢ ouipur = 1 KNM

Parameter Value Parameter Value
R ['] 1.511 | Zirive ['] 32
Penetration depth for CFA[mm] 0.1 Pressure angle[deg] 20
Module 10 | Contact stiffnesgg [N/mm] 5E4
Linear backlash,, [mm] 0.5 | Contact dampingy [Ns/mm] 5E3
Mass drive gear [kg] 24.20 X [] 10
Mass driven gear [kg] 11.06 I, drive gear [kgmm] 3.16E5
Width [mm] 40 | I, driven gear [kgmrf| 7.13E4

Table 3: Parallel stage parameters

According to figure 4 and table 2, for low loads, the mean values of the ctdiotaes are very close to each
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other. Table 3 lists all parameters used for this investigation.

3.2 Planetary gear set

For the planetary gear, all gears are specified according to table 1lis leotifiguration, load is applied on
the planet carrier whereas the sun is driven. First, the free bodyadiafpir all components of a planetary
gear consisting of a sun gear, one planet gear, outer ring and a pkamier is presented. The subscript
denotes the variable name whereas the superscript denotes theaefaverdinates system. Figure 5 shows
the used planetary gear configuration and figure 6 the respectivieddsediagram for one planet.

Planet 1

Planet carrie

Sun /’ 4‘

Outer ring Z/%

Figure 6: Free body diagram: Planetary gear with one planet

According to figure 6, the equilibrium conditions are derived as follows.
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Sun E MSun,O =0="Tsun — qu);cpsrbs (5)
2 Fsuny = 0= —Fyy + Fgp apg sin(asp)
Planet Y Mpo=0=1T, — Fgch,CFSTbP + FpoR,cFsThp ©)
Y Fpy=0= Fp — F§popgcos(asp) — Frorcrs cos(apor)
Planet carrier > Mpcg = 0= —Tpe + Fperpe 7)

Fépors and Fio g opg are the gear contact forces of the sun-planet and the planet-outesedmgin
the body coordinate system of the planet carrier. To enhance readahiitguperscript is from now on
neglected Fsp and Fppogr can be found kinematically as described below.

The following paragraph elaborates the contact forces in more deta loasthe CFS-description, see 2.2. It
is assumed that the angular displacements are small and the following épsess therefore be expressed
in a linearized way.

Based on figure 6, the contact forces can be calculated as follows.

Fspcrs = (Wgunrps + wﬁ%p - ‘chrm)kO(‘s) + 5()0(5) (8)

a()

c(6) = [0] co (9)

Here in eq. 8Fsp,crs is the contact force acting on the tooth flanks of the sun and the planet.sTherrin

in eq. 8 is the stiffness force. In this term, the anglemre the rotational positions around the line of rotation
in the respective coordinate system for the sun, planet and planietrc@iire distances, denotedsaare the
pitch radii of the sun and planet respectively. The indentat{onis used as input for the backlash function,
see eq.3. The second term in eq. 8 is the damping force with damging In this case the damping is
chosen to be related to the absolute value of the indentation multiplied by the todentaging according to
chapter 2.2, see eq. 9. This ensures that the damping force only appéegive gears are in contact.

Fpor,crs = (_‘Pgr(rpc + rpp) + ‘chrpp + @gc(rpc + 7pp) ) ko (0) + 5()0(5) (10)
5()

Fpror,crs is the contact force acting on the tooth flanks of the planet and the outewitingespect to the
planet carrier coordinate system. As in eq. 8, the first term describasifftness force and the second term
the damping force using the same notation for the planet and the planet.c@m&should mention that it
is assumed that the outer ring has no angular displacement with respecteatetieace frame and therefore
¢ = 0 and so the corresponding term vanishes.
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Figure 7: Planetary gear inpub;,pu: = 5 rpm,T¢ output = 1 KNM
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Figure 8: Sum of contact force comparison sun¥igure 9: Sum of contact force comparison planet-
planet outer ring

For planetary gears, the contact force is usually not constant attieaehnstance for each gear pair and
therefore the load is not equally distributed to all three planets. Nevershé&es sharing behavior is out of
the scope of this investigation. Therefore, to be able to compare the reswtimgl contact forces, the sum
of all three sun-planet contact forces and the sum of all three plartiet-ong contact forces has been taken.

Parameter Mean value
Pressure anglegsp; [deg] 19.05
Pressure anglepior [deg] 21.32
SumFSP’CFA [N] 9.62E3
SumeOR’CFA [N] 9.63E3
SumFSP’CFS [N] 9.66E3
SumeOR,CFS [N] 9.66E3

Table 4: Mean valuesv;,p,: =5 rpm,T¢ ouiput = 1 KNM

The comparison of the contact forces for the planetary gear stages showording to figure 8 and figure 9,
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a slight deviation of the mean values. It is believed that this offset is agameationed in subsection 3.1, a
result from deviating instantaneous pressure angles. The numbettofriemntact varies according to the
ratios,esp = 1.62 antk ppop = 5.64.

To compare the backlash implementation with respect to the resulting contees farsinusoidal varying
input velocityw;,,,: =5sin(1@) rpm has been applied with a constant counter toffyg,.: = 1 Nm and

a contact dampingo,crs = 50 Ns/mm. The reason for the lower damping only in the CFS case is that a
regularization factoh = 10 leads to a comparable smooth transition from non-contact to contaitieaatbre

to lower peak forces. According to figure 10 and figure 11, both ambres agree very well.
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Figure 10: Sum of contact force comparison sun¥igure 11: Sum of contact force comparison planet-

planet, sinusoidal excitation outer ring, sinusoidal excitation
Parameter Value | Parameter Value
R[] 4.909:1 | Zgun [-] 22
Zplanet ['] 32 Zouter—ring ['] 86
Pressure angle[deq] 20 Contact stiffnesgy [N/mm] 5E4
Module [mm] 10 Contact damping, [Ns/mm] 5E3
Linear backlash,, [mm] 0.5 Al 10
Mass sun [kg] 11.06 | I, sun [kgmnd] 7.13E4
Mass planet [kg] 24.2 | I, planet [kgmmi] 3.16E5
Width [mm] 40

Table 5: Planetary stage parameters

Table 5 lists all parameters used for this investigation.

4 Multi stage

In this section the CFS model is used to build a fully parameterized multi-stageegedhis model consists
of two planetary stages and one parallel stage with different gear ratictgge to achieve a desired gearbox
ratio of 100:1. Multi-stage gearboxes for wind turbines are usually a catibmof planetary stages with
a gear ratio of up to 12:1 and parallel stages with a gear ratio up to 5:1. én twreélaborate the complete
multi-stage gearbox an analysis in time domain was carried out.
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4.1 Analysis in time domain

To investigate the effect of the regularization facidogether with different stage ratios, a sensitivity analy-
sis was carried out. The complete multi-stage gearbox Ftjg,; was chosen to be 100:1. The gear ratio of
the first planetary stag®, was varied linearly from 6:1 to 10:1 in seven steps whePeasas varied linearly
from 10 to 1000 in seven steps. The inputs@yg,,; = 5 rpm andl’. ... = 1 KNM applied on the output
gear. The investigated measures are defined by eq. 11 and eq. 1@napgted over the whole time range
0<t<Tendgs Teng = 1 sec.

A influences the objective function eq. 11 according to figure 12. Isorga directly influence the compu-
tational time according to figure 13. A desired low objective funcfigr, ... can be achieved with a higher
gear ratioR;. The reason for this is due to the underlying assumption that the mass atial [imeperties

of the second stage are inverse proportional to the gear ratio of thetéiget assuming that a lower torque
requires less shaft and gear material. It is assumed that the trehdQrwith respect tak;, according to
figure 13, is that an increase i, leads to increasing accelerations that need to be resolved. For further
investigations the se®; = 10 and\ = 600 has been chosen.

Imax,acc = m?X(LZ)O), vt € [07 Tend] (11)

Iend,t = Tcpu (12)

oo

1000 6 1000

Figure 12: Objective functiofiy,ax qcc Figure 13: Objective functiof,q ¢

As a result of the sensitivity analysis, parameters according to table ®asercfor further investigation.



WIND TURBINE VIBRATIONS

4431

Parameter Value | Parameter Value
Ry ['] 10:1 Zsun Stage 1»Zsun Stage 2Zdrive ['] 20
Ry [] 8:1 Pressure angle [deg] 20
R[] 1.25:1 | Contact stiffnesgy [N/mm] 5E5
Module Ft, 24 a. 34 stage [mm] 10 | Contact dampingo [Ns/mm] 5E4
Linear backlash, for *t, 2°d a. 34 stage [nm]  0.56 | A[] 600
Mass sun T, 2°d stage [kg] 12.25 | I, sun T, 2*d stage [kgmm] 6.12E4
Mass planet ¥ stage [kg] 196.06| I, planet £ stage [kgmm] 1.56E7
Mass planet 2! stage [kg] 11.02 | I, planet 29 stage [kgmm] 4.96E5
Mass drive gear's stage [kg] 12.25 | I, drive gear 3! stage [kgmm] 6.12E4
Mass driven gear's stage [kg] 7.84 | I, driven gear 3! stage [kgmm] 2.50E4
Mass generator rotor [kg] 1531.72I,.. generator rotor [kgmHj 1.51E8
Shatft 1 stiffnesgs; [Nmm/deg] 1E9 | Shaft 1 dampings; [Nmm/deg] 1E8
Shaft 2 stiffnesg,, [Nmm/deg] 1E8 | Shaft 2 damping,, [Nmm/deg] 1E7
Shaft 3 stiffnes#s [Nmm/deq] 1E5 | Shaft 3 damping,3 [Nmm/deg] 1E4
Width 1%t stage [mm] 50 | Width 3¢ stage [mm] 50
Width 2" stage [mm] 5

Table 6: Multi-stage gearbox parameters after sensitivity analysis

4.2 Analysis of Gearbox implementation in drive train with nondeterministic load-

ing

In this section the gearbox has been subsequently coupled with a rotorapessenting the generator.

Shaft 1

Winput (

Shaft 2

Shaft 3

}

Figure 14: Analysis of Gearbox implementation in drive train

For future research use, the authors seek to investigate how the mdoetrzeunder loading typical to the
wind turbine application. To this end, we consider the low speed shaft notspieedo(t) as prescribed
boundary condition. Since(t) ultimately depend on wind speed, it can be viewed as a stochastic process
(for common multi-MW wind turbine with sophisticated power electronics), attarezed by a mean value

wp and a fluctuation described by a power spectiffi) (under a reasonable short time, e.g. 10 minutes).
Hence, we shall consider the following model for the low speed shaft spied

N

w(t) = wo + Z Wicos(fit + o),

k=1

Wi = S(fr)Af

(13)
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where the phase shiftg, are independent random variables uniform/@r2=]. The power spectrurf( f)
is parameterized as

S(f) = ae” 72" (14)

o being the fluctuation intensity andcontrolling the slope in frequency domain. The purpose of the in-
vestigation is to examine model behavior for parametgrs:, o. As base values realistic for a multi-MW
turbine,wy = 16 rpm, e = 0.02 ando = 0.12 are chosen. The resulting wind description is shown in
figure 15. For analysis, this decryption has been implemented in Matlab emeérd and run together with
MSC.Adams in co-simulation. A time simulation of 60 [sec] was carried out applyiegvind description

w; and aT, 4., = 2.54E7 Nmm at the generator rotor (assuming a 4 MW generator runniktgpatrpm),

the output speed of the gearbox can be compared with the output spaeddefal gearbox. The result is
presented by figure 16 where no distinct difference can be noticed.

16.3 T

- —T01

16.1

16 ‘l

15.9 q

 [rpm]

15.8 b

15.7 1 1 1 1 1
0 100 200 300 400 500 600
t[s]

f[Hz]

Figure 15: Wind description

1630 L
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output speed — GB sim

1620 {

1610

1600
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1590 -
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L
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Figure 16: Comparison of output speeds between idealized and simulatdxge
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Figure 17: Contact forces of all 3 stages during simulation

Parameter Mean value Std value
Fspi stager [N]  9.0067e+005 1.5123e+004
Fspi,stage2 [N]  1.1261e+005 1.8893e+003
Fspi stages [N]  3.3786e+005 5.6738e+003

Table 7;: Mean values and standard deviations for nondeterministic load cas

Table 7 summarizes the investigation with respect to the contact forces withimtéineal [5sec,60sec] by
showing the mean values and standard deviations. H&g, .1 has the highest mean value as well as
standard deviation.

5 Conclusion

A generic multi-stage gearbox model has been presented. This main agvatbeen used to perform a
parameter study to find an optimal set of parameters with respect to the asefdiction. The model is
then further used in the context of a drive train system for a wind turbynapplying a nondeterministic
input velocity and a generator representation. Many simplifications asemiran this model and some of the
parameters were chosen as estimations without having more realistic valexestHéless, simplifications
during modeling are necessary in order to decrease the computational tinezefdre the results have
more qualitative meaning especially because damping has not been cedsidex structural damping but
applied for numerical reasons. For understanding the complex pheaoocenrring in the system, still
different hierarchical modeling levels are necessary. Focusing ocotfitact problem itself requires more
sophisticated contact models than the one presented here. The huelie thett a combination of tools for
macro and micro-scale investigations is necessary which might be difficult terimept. The computational
demands of such models can be very high which makes it very time consuminigguparameter studies
to find optimal structural parameters with respect to e.g. peak forcestaincpositions under certain
load cases. Several researchers investigated complex gearingr@rentor a wide range of applications,
e.g. automotive, maritime or aeronautics. Wind turbine application is differetitetdormer mentioned
regarding the nondeterministic excitation due to the nature of the wind, big aotbrgenerator inertia,
exposure to extreme ambient conditions, tower flexibility, shock loads fteatreal faults and wind gusts,
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large reverse torque during emergency stops, tilting or lateral loads tlydierteansferred via the gearbox to
the bedplate. Ongoing research is looking for the most relevant geph@momena for further development
of the presented computational model of a multi-stage gearbox.
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