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Abstract

This paperaddressethe effectof gear geometrical errors wind turbine planetary gearbes
with afloating sun gealNumericalsimulatiors and experimestareemployed througbut the
study.A NationalRenewableEnergyLaboratory750-kW gearboxis modelled ina multibody
environment anderified usingthe experimeral dataobtained froma dynamometetest. The
gear geometricakrrors which areboth assemi-dependent andssemly-independentare
described and planetpin misalignment and eccentricitgre selected as thavo most
influential and keyerrorsfor case studies. Various load cageslving errors inthe floating
and nonfloating sun gear desggare simulated and the planetbearing reactionsgear
vibratiors, gear mesh loatand bearing fatiguves are comparedAll tests and simulations

areperformedattherated wind speed.


http://dx.doi.org/10.1002/we.1808

For errorless gearghe nonfloating sun gear design performs better in terngeaf load
variation whereasthe upwind planet bearinghas more damageln the floating sungear
scenarig the planet misalignmenis neutralsed by changing the sun motion pattern #mel
planetgead slasticdeformation The effects of gear profile modificationarealso evaluated
revealing thaprofile modificatiors such as crowning improve tleéfects ofmisalignment.

1- Introduction

Planetary gearboxes amadely employedn wind turbines due to their compact design and
high gear ratiosThe wind turbine gearbaes are oftenhybrid desigs containing3 stages
including planetary geaiig the upwind stageand parallelgearpairs A planetarygearbox
can costapproximatelyhalf that of a conventional gearbox]|f and ifit is well designedn
terms of gear sizingra arrangementts size and weightan measure approximatelgne
tenthof those ofa conventional gearbdx]. Planetary gearing comprstour elementsa sun
gear, planetsa planet arm or carrieendaring gear or annulus. Variospeedatios can be
obtained by arrangg these elementsdifferently in a compact designT he fepi cycl i
gearbox is a general terfor this group of gearwhilei pl anet ary o i s common
arrangement witla stationary ring gear.

The disadvantagesf planetary gedoxes come fromther complexity and difficuly of
accessPlanetary gears are also more sensitive than parallel gears to manufacturing errors and
elastic deformationm the shafts, bearing and gearbox cage. Above,alplanetary gearbox
perforns the bestonly if equal load sharing between planets is achieved.

In principle, there are three methodd improving the loadsharingbehaviour in planetary
gearboxesThe first is to creat flexibility in thering gearby utilising thin rings such aghe
Stoeckicht design B,4]. However, as investigated by Kahraman et 8], fhe gear tooth
bending stress value is significantly higherthe gearsof a flexible ring gear compared to
those in aigid ring gear.

The ®cond method is to udéexible pins to sugort planetgeas, as in theHicks design
concept §], and the third angimplestmethodis to float the sun gearallowing for a sel
adjusting motionwithin the space 2,7]. Neverthelessthe floating sun gear concept is
inefficient in gearboxesvith more than three planets, and eitlzeflexible pin ora flexible
ring gear is needed. The readon this requiremenis based on the fundamental geometry
rule statingthat one surfacepasses througthree pointsso four or more planets create

redundant sstemwith respect to the s@nerbit.



Many studieson planetary gearbox dynamic analysis are devtiedevelofng analytical
models[8-11], with a focus on gear dynamic logdsnd a few experimentsare reportedn
wind turbine applicatiors [12-14]. Accordng to Musial et al. I5], most gearbox failures

initiate atthebearing and do not begihroughgear failures.

This papernnvestigateshe effectiveness o floating sungearin a planetary wind turbine
gearbox with three planets the presence of geageometrical imperfectionsA multibody
model ofa 750kW National RenewableEnergy Laboratory (NREL)wind turbine verified
usingthe experimental results fromdynamometer tests used throughout this studyh&

load cases witlkey geometrical erroramposed on the model are simulated andeffects on

the gears and bearingge comparetbetweenfloating andnonfloating sun gear designall
comparisons arenadewith an input torque level of 100%btained fromthe dynamometer
test resultswhich repregnts the rated wind speeiin earlier workby Nejad et al. 16] shows

that the wind speedearthe ratedspeed make the greatesintributiors to agead $atigue

life.

2- Theory and Methodology

2-1- Gear Geometrical Imperfections

Manufacturing deviations, shafir housing deflections and clearances are inevitable in any
gearbox. These deviations can influence gear performance, affect reliatityif they are

not considered in the design, may jeopardise the gearbox system. It is therefore important that
the dfect of such deviations is studied and included in the numerical simulations.

In general, the main geometrical imperfections in gears can be classifiedssgmbly
independentsuch as profile deviationand assemblgependentsuch agyear misalignmen

and tooth backlash.

2-1-1. Tooth Profile Deviations

Although advanced computerised manufacturing techniques anejiiadity controls have
enabled the achievement of tolerances within narrower bands, deviation from a true, perfect
involute profile is unavoiddb. Tooth profile deviations are assembigependent and caused

by manufacturing machineries or workmansHfipbey are measured and controlled against the
values specified in standards such as ISO 113287] or American Gear Manufacturers
Association18,19] in the production line based on the desired gear quality grade, as selected

by designers. Tooth deviations can occur along the pitch circle, which is refeasdgitch



deviation, throughout the profile, called profile deviation, or in line withhlex direction,
called helix deviation. See ISO 132§17] for definitions and figures.

According to IEC 614048, wind turbine gearbox design cod®)] gear quality must follow
the ISO 1328 grades specified in Table

Tablel: Required gear accuragyade[20].

Gear type Maximum accuracy asper 1ISO 13281
External 6
Internal 7 (8 for runout and total cumulative pitch deviatmiNitrided gear$

The main consequences of profile imperfections are vibration and gear misalignment. Gear
vibration is nore sensitive to helix and profile deviations than to pitch deviation. Profile and
helix deviations move the contact point position along the tooth lead and profile, causing
nonuniform, timevarying load distribution on both the gear and bearing suppritth error

only shifts but does not change the involute profBased on the fundamental conjugate
involute theory, the shifted involute or eccentric profile is still an involute creating smooth
sinusoidal rotational errowhich is not an important famt in gear vibrationZ,21]. Another

effect of helix deviation is axial misalignment in the assembled gears, which can also be due
to the helix deviation of mating gears or assembly deviations. The latter pipgatarrole

than gear tooth profile deviahs in generating noise or disturbing the load distribution along
the facewidth.

It is important to note that the tolerance limits given by gear quality grades are measured
based on unassembled, unloaded individual geardinitie do not include thehaft, bearing

or housing structural defections. Geometrical variations in assembled ageataused not

only by gears but alsby bearing imperfections and shaft tolerances. Thus, it is important to
limit the deviations of assembled gears by selectifeyance limits for each element and an
appropriate gear quality level.

2-1-2. Misalignment, Load Sharing, and Edge Contact
Mi salignment occurs when a gearo0s geometri ceze

Such misalignment can be due to the positiosn@er of a gear 6s pi,nhol e,
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or the elastic deformation of pins under loaditig. he gear 6 s geometri cal

the reference axis, but both are still parallel, the problem is often called eccentricity, which

can be measurday a runout test as roughly half of the runout vaiiig. |

The consequences of misaligned parallel axis gears are edge contact, vikaaton
unfavourable bearing load conditior#&3]. Misalignment can shift the gear pairs towards each
other, filling thebacklash and creating a doukldeflank or edge contact. In addition to this
edge contact, misalignment changes the-&fating behaviour in planetary gears, imposing
an extra load on bearingd4. According to Singh A.T], planetary gears with a fding sun
can achievebetter load sharing than nonfloating systemhshe presence of misalignment.

This concept is examined in this paper for wind turbine gears in the gearbox case study.

2-1-3. Backlash and Tooth Impact

Backlash or clearance exists in any gegstem, either by design or due to manufacturing
errors or wear. This backlash may induce \donpacts, leading to excessive vibration, npise
and dynamic load<2f].

The clearance between gear pair teeth, or backlash, is considdyed potential sorce of

vibration in some research pape?$,P7]. The influence of clearance occurs mainly in the

cases when the torqueds mean presertrutbe sysem ne ar

[2829.

In wind turbine gearboxes, such behaviour can occur darimgking event, stattp, or fault

conditions causing impact loads on the gear teeth, irrespective of a floating or nonfloating

sun. According to the experiments performed by GO, [the large clearance and high
frequencies in a system with clearanead to a chaotic response and a peak impact force with
an amplitude two to three times greater
experiment 0] is within the range oD ° 0.2Emm, whichhas the same order of magnitude as

the gear backlash in wind turbidevetrains

2-2- Influence of Gear Geometricall mperfections on Gearbox Load Responses

2-2-1. Effect on Gear Transmitted Load

The gear root bending stress or surface
functionoft he gear 6 s t r anBhelfrahsmigted loadi' is the reshitant loaal d .

from the applied input load on gear, as shown in Eig-he effect of geometrical errors on

F' is examined in the gearbaase study.

t

h a



F transmitted load 5
a \ /7
Fr :axial load /o
F :radial load

an:normal pressure angle e
ot :transverse pressure angle
¢ :helix angle

Fig. 1: Load components applied on a helical gear tooth.

2-2-2. Effect on Bearing Fatigue Damage

As discussed isection2-1, the geometrical gear error in particular misalignments aftbet

bearing life. The ball or roller bearings, known moeerge r al |-yr act f@amd i bear i
the most common bearings used in wind turbine gearboxes and consist of rollers, balls, races
and supporting cases. Rolling bearing life is limited by the fatigue life of the internal
components and is modified blye lubricant used. Bearing design is generally based on the
desired life and damage formulation established by LuneBahaggren 31]:

P.1Y2 = cons (1)

where L is bearing life, P the applied radial load on the bearing over a given per&d3
for ball bearing anda =10/ 3 for the roller bearingssuch as P{A and PL:B, as in Fig.4.
Manufacturer bearing catalogues contain the basic life aad tatings established from

| aboratory tests. The relationship between

parameters is expressed by:
L.P*=L,C* =cons (2)

where L, is the characteristic basic ratingeldefined as the number of cycles that 90% of an
identical group of bearings achieves, under a certain test conditions, before the fatigue
damage appearsC is the basic load rating and constant for a given beairhgs the
dynamic equivalent radial load calculated frd?+= XE +YE, and F, and F, are the axial

and radial loads on the bearjmgspectivelyand X andY are constant factors taken from

ISO 281[32]. In the case of planet bearings,-Rland PL-B, X =1.0andY =0.0.
6



Equation (2) is one form of the single SN curve formulation for Heigtle fatgue. The
fatigue damage is often calculated using Paim@enn er 6 s hypot hesi s of
damage, given by:

D=9 - 3
E?Ih ©)

where D is the accumulated fatigue damage for a load time history wititida T, |, is the
number of load cycles in the time history associated with load r&ngend L, comes from

equation (2) and is given as = Ll;f , which represents the number of load cycles to

failure at a load range d? .

The shortterm fatigue damagd) , can be expressed b33 ,34]:
»(p)dp 4)

where fp(p) is the shorterm probability density function of load randge, T is the shor

term periodn hours and v, is the number of load cycl@s one hour

Equation (4) is slwed numerically however, if fp(p) is fitted by a 2parameter Weibull

distribution, the fatigue damage can be obtained analytically by:

p=Yeol g £ G2 5)
L,.C ¢ B
where G( ) is a gamma function ané and B arethe Weibull shape and scale parameters
of the form:
& ap o
F( ) 1 ex%;ﬂ;\ o (6)
¢ e

where F, (p) is the Weibull cumulative distribution function tife load rangeP . Equation

(5) is clearly based on approximation and should be used with ca&woninstance, hte
Weibull distribution fitting can bearriedby the moment method or the use of probability
paper B5. The uncertainty in distriiion fitting should be reduced by having more

simulation results. If parameter Weibull distribution does not fit the load range, other



distributiors such as generalized gamma function can also lead to an analytical fatigue

damagdormulation[36].

In this paper, equation (5) is used for damage comparibomgever, for design purposehe
direct approaah equation (49 is recommendedf the load range fits the -Rarangter
Weibull distributionpoorly. In Nejad et al. 16], the results obtained from thetse equations

are compared for fatigue damagehe gear tooth root.

For a given bearing in two load levels, the damage over a certain period can be compared by:

a A, a
Veor A &Gi_ﬁ
- ¢ B

D, . A _a
? Veo2 Oo& &G =
¢ B

(7)

The v,,, or the number ofdad cycles in one houcan be obtained by the load duration

distribution (LDD) method. The load ranggcle countingfor bearing is fundamentally
different than shafts or structural parts in the gearbox. In every rotation, a single bearing roller
experieices loads ranging from zero to a certain peak vatbat does not explicitly
correspond to the input load fluctuations. Thibesause ofhe fact that the load range is not
only a function of the external load fluctuatipbst a function othe shaft otational speed. In

wind turbines, thédoadrangefor different stages should be established by taking into account
both load and speed variations. Therefore,|tlael cycle counting method fobearings as

well as geards not the same as for structucaimponent$20].

To overcome the problem with the load range and cycle counting, the LDD methot is

based on the load bins, is recommended by IEC 624[20]. More details about theDD
methodfor calculatingfatigue damage can be found in Nejaclef16]. Fig. 2 illustrates the
number of cycles per hour calculated by the LDD method with 95 equal bins. The graph is
composed of the results for an upwind planet bearing with an errorles¢dgsamnated as
case LCO and described$ection 5.
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Fig. 2: Cycle counting of upwind planet bearing load.

3- 750kW Gearbox Model Description
The study uses thé50kW wind turbineprovided bythe Gearbox Reliability Collaborative
(GRC) project at NREIL37,38]. See Table? for thet u r b geneealdsgecificains.

Table2: NREL 750kW wind turbinespecifications

Type 3 blades, upwind
Power rating (kW) 750
Rotor dia. (m) 48.2
Rated rotor speed (rpm) 22/15
Power regulation Stall
Nominal hub height (m) 55
Cutin wind speed (m/s) 3
Rated wind speed (m/s) 16
Cutout wind speed (m/s) 25
Design wind class IEC Class I
Design life (year) 20

The GRC gearbois a three stages hybrid gearbox with two parallel and one planetary stage.
The GRC drivetrain and support configuration is showikign 3. The bearigs layout and
gearbox topology is illustrated iRig. 4. The floating sun gear is achieved by the spline
connection of sun gear shaft to the intermediate stdgee details about the GRC gearbox
model can be f ouB3d38]i The gdar $pefidason af thgplanetaryg stage

is listed in Table3.



€ point support
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Fig. 3: 750kW NREL drivetrain.

high speed stage
parallel helical
S output to
HS-SH-A HS-SH-B generator

[“““4  intermediate speed stage ANl A A
] parallel helical s sH — HS-SH-C

HS SH
PL-A| PL-B IMS-SH-B -
input MAIN_SH NRE IMS-SH§_ LS SH2 B IMSA-SH-C
from ‘— LS SH ™ - L]
rotor Z 'L LS-SH-A| |LS-SH-B /
A Al A YA A A
INP-A PLC-A|PLC-B — X LS-SH-C
A Z spline connection
PL-A| PL-B
o
low speed stage
planetary helical
Fig. 4. 750-kW gearbox topology.
Table3: Specification of gears ithe planetary stage.
Sun gear Planet gear Ring gear
Normal module (mm) 10 10 10
Number of teth 21 39 99
Normal pressure angle (°) 20 20 20
Helix angle (°) 7.5 7.5 7.5
Base diameter (mm) 199 369 937
Pitch diameter (mm) 216 400 1016
Face width (mm) 220 220 220
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4- Model Verification: Experiments andlnstrumentation

A combinedexperimendl and numerical analysis approach usedin this study First, the
global loads orthe drivetrainwere measuredising aGRC dynamometer test benciNext,
these loadsvere used as inputs to a multibody drivetrain model in SIMPACH].[Fig. 5
shows thedrivetrainmodel. The main shaft loadst theforces and momentare applied at

the end of the main shaft where the rotor hub is connected.

Fig. 5: Loading in the multibody model of the NREL GRC 7B drivetrain[44].

The NREL GRC 75&W multibody modelis built up and completecs part ofthe GRC
project,which isverified by experimentfor gearbox internal loadsnd employed in various
earlier studies40-47]. The bearings are modelledith linear diagonal stiffnesand with
clearancesMore detailson the gearboxand bearingnodelling in multibody can be found in
Xing [44]. Fig. 6 illustratesthe agreemenbetweenthe simulation results and measurements
ofthes u n  gnstantaiesus position under the torqppliedat the ratedwind speedThe

X axis is downwind, parallel to the sun geéaentral axis.
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Fig. 6: Sun gear motion comparison, multibody simulation ayhamometertest

measurement at rated wind speed (100% torque).

The internal measurementmdeof the GRC 750kW wind turbing gearbox includ¢hegear

tooth load distribution, main shaft torque and bending, internal component deflections and
misalignments, and planbearing loadsA full description ofthe instrumentation igivenin

[48]. The main shaft torquerad bending are measured using three sets of strain gauges in full
bridge arrangements. These measurements are taken near the centre of the main shaft
between the main bearing and gearbox. The shaft torque and bending measurement serve as a
reference forhe input load being applied to the gearbox from the rotor side, and can also be
used as the time series input for dynamic simulati®ngy-second measuremaeaiih a steady

state, nontransient condition under 100% torque representing the rated wind apdiednc

are collected. The input measurement is then appliedhe SIMPACK model and a
simulation with time step of 0.005 merformed The first 10 secorsdare removed to avoid
numerical convergence uncertainties.

For each planet bearing, three axiatslare machined into the inner diameter of the inner
ring and instrumented with strain and temperature gauges. Two of the slots are located at
different locations in the bearing load zone for each planet, and the thiaf slthbearing

is oriented 90Ffrom the surplanet axis. Two gauge sets in each axial slot and two bearings
on each planet provide an axial distribution of four radial loads along each planet pin
addition to thdotal bearing loads.

Two proximity sensors are mounted on the upwiide ®f the planetary carrieas shown in

Fig. 7. These two sensors are positioned 90 degpart and measure the radial motion of the

sun shaft with respect to the carriehich suggests planetary load sharing conditions during

12



the operation by monitorg the sun gear srbit motion.More information about the test and

model investigation can be found in LaCava et48]. [

E,/—__

=71 Mount one on
PROX a sun-planet
MOUNTED Ll centerline

! Second
/ 1 mounted
sun ! at 90 deg
pinion

to sense axial upwind looking
motion of Sun upwind
relative to LSS /

(a) (b)

Fig. 7: (a) Proximity sensors mounted on the planetary carrier, (b) relative positions of sun

proximity sensorg¢Photoand illustration byNREL).

5- Case $udies
In the previoussectiors, the planet misalignment and eccentricdye described as two key
geometricakerrorsin planetary gear systems. In this sectibve 750kW multibody model is
studied by considering theserrorswith two base platformsa floating sun gear ana
nonfloating sun gear.
Table 4 describeghe case studiesThe planet eccentricity and misalignmeate appliedto
planet PL1 as shown irFig. 8 and9. The gear tooth modificationonsidered fothe gears
includelead crowning and tip modificatioaver arangeof less than 25 micran

Table4: Load cases.

Case No. Floating Sun  Geometrical Error Modifications
LCO Yes No Yes
LC1 Yes Yes (PL1 eccentric) Yes
LC2 Yes Yes (PL1 misaligned) Yes
LC3 Yes Yes (PL1 misaligned) No
LC4 No No Yes
LC5 No Yes (PL1 misaligned) Yes
LC6 No Yes (PL1 misaligned) No

13
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Fig. 9: PL1 misalignment error, 0.47' (minute).

The planetbearing reactionsvibrations and force variations along the faceidth (K,,,) are
evaluatedn the case studies,,, , or theface load factoiis defined ashe maxmum load per

unit facewidth @er theaverage load per unit facewidth(. In terms ofthe vibratiors, the
surd sadial motion analysigperformedby a fast Fourier transform (FFTand the dynamic
transmissionerror (TE) obtained from multibody modedre used for comparisonTE is

the actual

fference bet ween

t he

defined agit he di

woul d occupy if gelar were perfectly

All of thesimulation results are obtained undated torque

6- Results andDiscussion
Thefollowing sectiongresehcompaativeresults betweethefloating and nonfloating sun

geardesigrs undertheload cases described in Talle

14
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6-1-

The nonfloating surgearis modelledin the multibody softwareby limiting the sud sotion

Floating Sun Gear and Errorless Planets(LCO, LC4)

by adding an extratiff bearing adjacent to the sgear. Fig.10illustrates the sun gear orbit

with thefloating andnonfloatingsun designs

0,15

T o0
028 g & °
0,10 O%O%b‘g@ N
10 o o) )
S
(]

0,05

0,00 A

Z (mm)

-0,05

-0,10 1 O Floating Sun

* Nonfloating Sun

0,00 0,05 0,10

Y (mm)

0,15

Fig. 10: Floating and nonfloating sun orbit for errorless gear (LCO vs. LCA4).

Fig. 11 compareghe nean valus and standard deviatisrof the planetbearing reaction
Although the bearing mean values are almost unchanged, the standard deviaten of
bearing reactions ithe floating sun design is slightly higher thamat of the nonfloating

conceptA snapshot oftte bearing reactiods t i més shevenin Fig XK.

Mean value of bearing reaction (KN)

Fig. 11: Errorless gear; floating vs. nonfloating sun, mean and standard deviation of bearings
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Fig. 12: Floating/nonfloating sun gear; bearing reaction comparison for PL1.

From a vibration perspective, it is found that the standard deviatiortheffloating sun

transmission errorE) is twicethat ofthe nonfloating designndicaing thatthe noise level
generated byhefloating sun design is high thanthat generated by theonfloating concept.
The FFT of the sui sadial motiontime seriesas showrin Fig. 13, also confirms the higher

vibration level inthefloating sun design.

0,030

0,025 -

0,020 -

0,015

—— Floating sun
—— Nonfloating sun

0,010

FFT, sun motion, radial (mm)

0,005

0,000

T T T
1 2 3 4 5
Frequency (Hz)

Fig. 13: Floating/nonfloating sun, FFT of sun radiaplane mabn in frequency domain

without assembly error

Based orTable5, it appears thahe standard deviation tiegead gansmitted force is

slightly higher in the nonfloating sun gear design concept.
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Table5: Gear transmitted loa@rrorless geargndfloating vs. nonfloating sun design.
Case No. Sun/PL1 Sun/PL2 Sun/PL3
Mean (KN) 193.15 192.89 192.71
STD (KN) 10.21 10.28 10.17
Mean (KN) 193.14 192.94 192.67
STD (KN) 11.26 11.21 11.12

LCO

LC4

6-2- Floating Sun Gear and Planet with Eccentricity (LC1)
This sectiorconsiderghe load caseC1, containingplanetpin eccentricity. As shown in Fig.

14, planet-pin eccentricity does not influence the suarbit pattern

0,15

0,10 4

0,05 4

0,00 4

Z (mm)

-0,05

-0,10 A
© LCO (floating, no error)
® LC1 (floating, eccentric planet)

-0,15 T T T
-0,10 -0,05 0,00 0,05 0,10

Y (mm)

Fig. 14: Sun gear orbit in floating sun design with plgrneteccentricity.

Thereare also no significant changes in thearing reactiongs shown irFig 15 and Tableb.

50

B LCO : floating sun, errorless gears
E=0 LC1 : floating sun, eccentric planet
EZE LC4 : nonfloating sun, errorless gears

40
Downwind bearing

30 4

Upwind bearing
20 4

Standard deviation of bearing reaction (KN)

PL1 PL2 PL3 PL1 PL2 PL3

Fig. 15: Floating sun, standard deviation of bearings reaction, PL1 is eccentric
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Table6: Bearing reactiopeccentric geamandfloating vs. nonfloating sun design.

Upwind Downwind
Case No. PL1 PL2 PL3 PL1 PL2 PL3
Mean (KN) 217.08 214.21 214.01 182.62 185.15 184.40
-l STD (KN) 19.60 19.68 20.52 34.54 36.42 36.32
Lca Mean (KN) 216.73 214.14 213.88 183.38 183.42 184.40

STD (KN) 18.16 19.28 18.18 30.92 31.80 32.25

In thefloating sun design, the transmission emod transmittedearloads with aneccentric
planetare similar to the errorless geaGear eccentricitydoesnot significanty affect the
gearbox vibratioror the load on the gears.

6-3- Floating Sun Gear and Planet with Misalignment (LC2, LC5)
In this case one planet is misaligned due ttee pind positionerror, helix error or excessive

deflection. Fig. 16 comparesthe orbit of the floating sun witha misaligned planet and

errorless gearmand t is clearthat the misalignmerthangsthe sun motion pattersiightly.

Fig. 16: Floating sun orbit for misaligned vs. errorless gear (LC2 vs. LCO).

Fig. 17 showsthe standard deviatiand mean valuesf the bearing reactios for the

floating andnonfloating sun concegt
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