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= At

M. Xiet= Al@4 WS Sl 28 28 @99 A HeyEs HHs) &

G+ e fATRo. TelA Te wRe AANcRE T 2w, 24,

s|AH g At AYerdla, AA= FZh(wide-angle)-# 7 (low-stiffness), & 3|
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5 AeS ddshr] f1sked A3 Al E W (design of experiments, DOE)S ©]-&3}]
AA W HAAS S AT du21] AA WgEs Egold, 294
4, 29 slaHEA A, g E Bl e AdYste] HAHE Al e

719l B A5 7Y 47
I Parke 710} AE Agol T2 @Akt HU§ EdH W59 PO
ABehele P APsth. A% L EUwNLs|g dRHoR 2w
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1.3.2 710 A% &%
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T 2% AT FAR) A% AYNY AR ATE B WA A 3ol
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A. Korde= A3t 428 A7+S 95te] 7)o 7F3 9 A =ho] 7F=38F M9 Y
oA 71o] wlolar AFAA HAsE FASATH33]. HA3} M Y=
7 (lead modifications), $1&FE =4 (involute modifications) & &3} L, &
ZEO]E o] gdte] 2 AR W 7ol AW AY Hele] MR e

Aee FAsgTh

ot
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b

D. Shelkei= &2k WE7]9 7]of A 25 AS A vlola=z 234
A 715l el Ag-ekdvh34]. & AZEYOE ol &eto] thed Hok x4
of thal 71l Z=ukd AF AA HA3E 7IMe AAskq 7ol AT 2 A
e A A 71 AAEE AL, A AIRE Azt disiM e A xekith
g AU ES Fal 7ol A AY sdS vlasto] AAl Al wE A

F

710l WAz Ald HF HA AT
7o) Wiz AGEA HAE T 7)o AL
7]0]

D.F. Thomson, 3% ~¥|7]o] +&71¢] 7ol He& =
Maz Ag HHsE FAFATB5). AA5e] 57 FFe o] 7Y Ak,
AW HAFH A Sdisteta, 7o) B3 Hasglolw, HA 3t Aol st
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e ATk AAE AAG HAS RS S 25T, 7ol AAA
JZA 0w Fastoof ahi= HA AA 71l tial] AlAlEIT
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F Mendit 19 7]o] wpo] 238 Hkslelr] 98 44
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J. Tumas EE W79 288 A7sy] 3 A4 7wy Az}
sl ®auskivh40]. 7101 A AE flEAe e HAE T AvS R
o 7]o) AAE B3 25 Aol o andolgtn AFETE WM& 7)o
23t &S A 7S HCR(high contact ratio) 7]01S Z-gatm, e Habo] tfal] 2

5

A% vlolaw NY AAZ Bal bsetta AR Ut £3 9% 7o) A
Folefeh 7lo] Sel wet 7lo] g 28 FEol BEHE A HASY
.

= AAsEAT41]. AWAE @Al 3 &=}

F3lE 24Aste] YHE ZF(waterfall plot) JE|Z X Hst] wWE 7o) =9
3197 (gear mesh frequency, GMF) 3! 19| 3tRY AREAX 2 A5 AV]E H I
st

Son, GHA= 7]0] Al~wle] ARgow Aga 7o) Agess 7o)
% AYSI, ot F3 WMol E B Hegow Auy
o, 94 EWel Afow wWAbETHe) wed 394 FHe 2 WA

of de Fi eaE Y £32 ALY 5 Qv A94 94 A48

G. Liut= 7o xe] 91 #H4 AAE 7INte® 7)o X &
71 9% #HZA ] 7]o] wba 2H ool AA 7ol o
FEM(finite element method)S ©]-&3to] A5 WAL A& ol F3sto] 7H &

o
L2
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2.1. @78 EHH
98 EYEHE ZEpolH, AV, Widd, 9 § oY s49S +
at7] flste] A EE Ao R ohE Fd7IAC vlske] AFgAIZRo] A L
2 Aok webAd sWES EYE AW oA S Al AR = 2H T Q)
onl, ENHY &5 AHRE AHKHCE 2780
2 ZeAE A7l 4 EY
gHelsty] 98k AW Wl 719 A% el
Vet ATt E®E S Figure. 13 20] LS Mtron XP71029} CNHE
T6020= Table. 1o 7} EHE 9] A& A3t

Table. 1 Specification of test tractors

. Advan mpan
Domestic Tractor dvanced company

tractor
Manufacturer LS Mtron New Holland
Model XP7102 T6020
No. of speed (front / reverse) 24124 16/16
Engine Power [kKW] 75 82.5
Engine rated speed [rpm] 2,200 2,200
Number of cylinders [-] 4 4
PTO speed [rpm] 540 / 540E / 1,000 540 / 1,000
Length [mm] 4,045 4,290
Height [mm] 2,750 2,856
Width [mm] 1,980 2,280
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(a) LS Mtron XP7102 (b) CNH T6020

Figure. 1 Agricultural tractors for noise level comparison.

254 ghe FH5) Aveln 7]

A4 E©Q0050pmyel A 2 Al FaAE gl dutdow sl PE g
7o)l FElolR HAed IAEE W] o o]

HJA%E AZS Fal 7o

HE 28 529 AYH0R G 5 Yo B
wETH2s). Wby PTO% S WEe: HA%E9 PTO% Tl 8490l 4 2l

Mg 245l Jlo] dE £ FES FACE Frdh B, PTOS

o HASEE Figure 233 2ol PTOF] Mol 7loj% AAste] whvle
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(a) LSMtron XP7102 (b) CNH T6020

Figure. 3 Gear rattle phenomenon measurement for PTO driveline.
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2.2.2. A5 23 £4
Figure. 4= Ak} A ZAL E@E PTOZ9 3|AELEE 2% 2¢F A=3H
dolg & nlaste] vebd Zlojth mpavle Y AAeA ASH AL E
277] ERE S vro] 3 Hdigkd HAgke] AE ISR W
Zog Aot =k EFEY A% 122 B3 PTOF Y Hf IJHEE W
FTEL 289 rpmol g oH, Hu HEFEHFL 47.3 rpmo] Sith WA, A WA}
E

e A EAE O 75% 9l 215 rppmel o, Ho A

o

ul
i)
a4
lo

=

B9 PTOF 3|4 59 A717F o #aS ou|sith. =3 AlSH dolH 9] <l
W 2 3 (envelop) S FoFe] A EEIE AXAL EE | vt PTOF
3|1AEES] WMt o EqfF Aol A Ae Felssith
&o] AAl PTO WEHFS 7o & &gt A
=

Bo] gl=x slsy] sstel PTOF Fu 949 EE

o]# 3 PTOF Y 3| &% W

Figue. & 280 WA PTO% 74 394 o)A AS 455 bl
Elo]t}. PTO% 3] A% %9} npavlA 2 A
Fo] Huzky HAgHY AE s HEEO0ZE A oste] vkt

j

PTOZ 7l sH9-Aold AZE T4k 9 AL EdE o] & WES
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Figure. 5 Comparison of acceleration on PTO shaft housing for test tractors.
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3
FEoA FRst AHE EYHE FHsHA LS A5 2e ASS
93 mlo] A2 FQ] 9= EU 1322/2014 Annex XIIIol| 78] wel Figure. 7 3}
Zro] SIP(Seat Index Point)oll 4] x®3F S 2 -150 mm, yH3F S 2 +790 mm, zH3F O 2
1250 mm WHE HolX A Folth44]. 4w AlS Al A~El(data acquisition system,
DAS)©S 2 Table. 294 AJA|et AA 2} SCADAS Mobile(siemens)= AF-&3}3 S,
dlo]E] ] 2] (data post processing)i= Test lab. S/W(siemens)S A3} Th A5 7
=5 A A EgEY Ha F¥ 57 30 kb7t 2 5 9EF LS Mtron
XP71029} CNH T6020°] 3 W&5-0] vi& deg 7h2h 2393} 153o s vy
slar, X FAEEE 1,000 ~ 2,200 pmZ7HA] 20 rpm/secd] WIS R F7IA 7| H
EYEE FdUT ASE &5 dHolHENTYH A AxA ESE 9 A4

U 25 & vkl on, 25 &4 (order analysis)= &3l 710 A3 425
o
T
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790 mm

SIP 150 mm

Figure. 7 Microphone position from SIP.

Table. 2 Equipment specifications for gear whine noise measurement

Equipment Model Specifications
. GRAS 46AZ Frequency range: 0.5 ~ 20 kHz(+3 dB)
Microphone 1/2” CCP Sensitivity: 50.3 m\/Pa

Siemens Number of Channel: ICP 16 (V08 module)
DAS SCADAS Mobile Up to 204.8 kHz sampllng rate per channel
150 dB dynamic range
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2.3.2. 25 AF A3 4
ATk ARAL ESEY] AN W 28 $FIH V0] AT 28 FFES L

H
st7] flste] A 3G = e AN Wl AA &5 FF(overall noise level),

AQ HAEE Foapel @E 489 A7E v 339 AUED

colormap)¥} <M% 3| ML o] wWE 7o X AF A7]E A sk
Figure. 8= A} AxIAL EHEIL] AN oA ASE AA 25 T
vl w gk ditolty =4k ENEHE X SASEEE FUMAIH Ha 73 S
Lol wel AAl A5 Tl SUtete A Elou, AxA EFEE
1,600 rpmell Al 7Hg & o] TS T QR IHEEIE TSIl Aol
S7bekA al A FEs FAST =AY AXAL EREE A FES
A A 31 E5EQ] 2,200 rpm 7]+ 2 Z+7; 80 dBAY 72 dBAE 2F 8 dBAY]
z2Fol S Ko™, 1,600 ~ 1,700 rpmel A 3 dBAS] 7} ZAE &S £F9 Aol=
HolT
90 T T T T T T T T
< Teo20
m XP7102
-D_ a5 =
<
2 L 3dBA
o i3
>
8 sl |8dBA
5 I
k=]
c 70 4
=
o
U) 1 | 1 | 1 1 | 1 1 1 1

@
o

1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100
Engine speed, rpm

Figure. 8 Comparison of overall noise level in cabin for target tractors.

of ¥ty webA Figure. 99 o] Fakg, <X 3HELE 9 59 FF(sound
pressure level, SPL)°. %2 FAJ %= 32 Ay 12 E At 4 A
of o3t A% AES TESENT 3x Ay THEZ= xFo] FIE, yFol

AR FAEE, zF(color)?] = F2 YERHY, 7 3HdE5EE 900 ~ 2,200



pm, FIHFE 0~3,000 Hz9 WA &9 0] 65 dBAZHA £ % gleh,

Aol AHEE FA HAAAL EE BE 4% A7 FHeu glom

A FgeE AR A7 355 2,200rpm(36.7 Hz)S 7|+ 2 % 73.4(36.7x2) Hz
o], Z3}7}7 Ad ¥ (harmonic excitation)E S 1123 % 200 Hz o] AF3 o
Aol A BLh vk, 7o) A ghel o8t &g AR 7| 18HTF 71o1H] A
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Figure. 9 Comparison of noise level in cabin for target tractors using 3D color map.
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Figure. 11 Various type and configuration of PTO driveline.
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Figure. 12 Typical PTO driveline configuration of modern tractor.
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Table. 3 Specification of engine and PTO driveline

Specification

Engine 4-cylinder, 4-cycle diesel
power / rated speed 75 kW /2,200 rpm
PTO Independent
Ground Speed PTO o]
PTO clutch Multi disc wet clutch
PTO speed 540 / 540E / 1,000 rpm
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D engine @ flywheel and torsional damper @ clutch hub shaft @ coupler & shaft
® PTO clutch @ clutch hub shaft ® GSP shift part © shaft @ coupler @ PTO 3 gear pair
@ PTO 2 gear pair @3 PTO 1%tgear pair @ PTO shaft

Figure. 13 PTO driveline configuration of research target tractor.
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Ncylinder

Order =
Nt:ycle/2

where,  Neyiinger Number of cylinders of engine;

Neyae = Number of cycles of engine.

PTO AEFE1e 7ol #HE A3 AA ool I £k
speed)°| Al PTO WI&H-0] 7]ojgo] sl Aefd w F= ¢gsit}.
of o8 WAsts B WE2 sHdEF 4 dd 945 T 7F
gy, FFHow Jo] W HE3t TS skl Yol HE Aa
A Ao wiE Ad dv Bt B8 ¥Wls B AR
dol 7hssh, 4% FVIdS 7HAT] wWEel nxb 23 RS #
w2 Uk 5 Qo

AT EFEHE Fo 7h ARS 2aF AR 23 AR @
old® AYHE EA T,()E A (9 #ol 8T F SIvh47].

T.(t) = u+ Z Q,sin(2.0nwt + @)

where,  T,(t)

Driving torque, N.m;

U = Mean torque, N.m;
n = Order;
Q. = Magnitude of fluctuating torque, N.m;
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Figure. 14 Characteristics of torsional stiffness of torsional damper.
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Figure. 15 Schematic diagram of tractor PTO driveline used in this study.
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Table. 4 Circumferential backlash and P.C.D at each spline couplings

i i iii iv v vi vii viii

Backlash  (10.0.11 0.10~0.12 0.10~0.13 0.14~0.31 0.25~0.51 0.10~0.12 0.20~029 0.10~0.11

[mm]
Pitch Circle
Diameter 275 275 275 425 920 250 320 275
[mm]
| v vspline
iv spline GSP gear
» Vol

vii spline | 4
ine g

e S WY = |

P

]

Figure. 16 Cross-section of PTO clutch and GSP gear of PTO driveline.
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Table. 5 Equipment specifications for gear rattle noise measurement

Equipment Model Specifications
) GRAS 46AZ Frequency range: 0.5~20 kHz(+3 dB)
Microphone o
1/2" CCP Sensitivity: 50.3 mV/Pa
Voltage output : 15V(peak-peak
RS PRO g p (peak-peak)

Magnetic pick-u
g P P 1101 series

Minimum speed : 50 mm/sec

Pole piece : cylindrical

Servo motor HIGEN, TN150

Rated power: 15 kW
Rated / max. torque : 95.4 Nm/201.0 Nm
Rated / max. speed : 1,500 rpm /2,000 rpm

Siemens
SADAS Mobile

DAS

Number of Channel: ICP 16 (V08 module)
Up to 204.8 kHz sampling rate per channel
150 dB dynamic range
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Figure. 18 Rotational speed response measured in the range of 700 to 1,000 rpm.
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Figure. 19 Rotational speed measurement result of input shaft and PTO driving gear.
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Table. 6 Gear rattle noise level according to dynamic behavior change

Rotational speed [rpm]

700 910 920 1,000
Rotational speed fluctuation level 420 338 16.8 126
of input shaft [rpm]
Rotational speed fluctuation level 141.2 157.9 58.0 516
of PTO driving gear [rpm]
Fluctuation Ratio [-] 3.36 4.67 1.23 1.21
80.7 85.2 74.3 73.1

Overall noise level [dBA]
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(a) Simplified model of PTO driveline

input Inertia Inertia

p— Spline O=x/r
" backlash

1 1
“'Iu‘“ﬂ H‘wl“f\llf‘
E“ il

HTTY i

[mm]

(b) The concept of spline backlash for simulation

iv spline coupling v spline coupling vii spline coupling
input _ _

(c) 1D simulation model

Figure. 21 Configuration of 1D dynamic simulation.
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Table. 7 Inertia of each mechanical components

J1 J2 J3 Js

Inertia [kg-mm?] 196,964 1,278 17,028 3,292

2] 2 H (cantilever beam)Z 7}
gto] w ¢ A A AAde ol&sto] AntsAtt Figure. 22+ @Y AEER]
AAdH =2 71skerd Aol el n RElo|t} shgol o7 A W (62 HWE

z FrAl o A (5)&(6)91- 7ro]

FAEH48]. o71A, F= =ddel &8sk 571 sksolal, nst > 22 ot

288 A molel x| FAIth bS} 2= ZHZE AE el Ynl g slpoln A

HE = b2 AoHM, Eokd wWwek &4 JAFE)s A7 039
2.07x10" N/mm? . & g 3} 3l T},

G AFEEl AR AL S 5=6p+6:2] A Qa2 (12 2ol &

oh o AFERl AR # g A 21 A (k) Figure. 223} 0]

ekl WS A 3 kime) ™ A5 A 7J*§(kgu;er)-°4 Ay For 2 (8)F 3ol

# TE ZEkele] A AdS A 9 2

of Alxteth AlEeoldel A48 F =% d(total meshing stiffnesses) ¥} =

A2 =7]%= Table. 83 7t}

F
N b W kouter
b i kinner

Figure. 22 Cantilever beam model of single spline.
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_Fh?

8p = (%)
b7 3EI
12Fh;(1 +v)
=" SEby (©)
. _F 15EIbt; ;
00t T8 T shth® + 361R;(1+ V) ™
1 _ 1 4 1 o
kpair kinner kouter ( )
ktotal = kaair (9)
where,  §, = bending deflection, mm;
F = equivalent concentrate force, N;
h; = distance from the base to the point of acting force, mm;
E = elastic modulus, N/mm?;
8; = shear deflection, mm;
v = Poisson’s ratio;
b = width of single spline, mm;
t; = thickness of single spline, mm;
6 = total elastic deflection, mm;
z = number of spline tooth.

Table. 8 Total meshing stiffness and backlash level of spline couplings

iv spline v spline vii spline
Meshing stiffness [N/mm] 3,918,060 713,791 5,185,668
Backlash [mm] 0.31 0.50 0.29
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3.3.2. AlEH A 23}

PTO Zgeielol Ast A3 @del ozt dds 798y slsto
Figure. 213} o] AFepel WeAlgh s & arefste] AlEdold Rds
sk

AlEdelds Fa HAE A B /59 ASKEAM PTO AEetele
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of e AsE AAsiTt AlEdeld Ao

Spline backlash [mm]

® (1)  Original tolerance : 0.50mm - o2

| | rotation speed[rpm)]

[ [
700 rpm 900 rpm 1000 rpm
(Idle rotation speed)

Figure. 23 Simulation plan for PTO dynamic behavior analysis according to input

rotational speed.
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Rotation speed [RPM]

Figure. 24 2" order amplitude according to rotational speed based on lab. test.
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Figure. 25 Change of main excitation source magnitude at phase I (700 rpm).
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Figure. 26 Change of main excitation source magnitude at phaseIll (1,000 rpm).
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Table. 9 Change of main excitation component due to spline backlash

Magnitude of excitation component [rpm]

700 rpm 1,000 rpm
2" order 2" order
Ji 9.85 6.83
J2 14.07 5.42
J3 14.92 3.08
NJ 18.16 3.23
A sk AlE o] 2HY BgH FRrelM = 22k AR A7 &
SRRl WM A S Sl wel HAA o R FUFEE SIskelth v, AS
2k A o

o
ARl 22k AR A7) Wsks W e AP S Bl

UM EEFE 22k AR A7 AR S AW fasks AlEdEeld 4
Fo| dis &+ o e FAS dEA FeH 7gH700 rpm) A w1
(1,000 rpm)°ll Al v, v ~F2] Y815 X8 AsS lsglth

Figure. 27> iy, v &89l W95 A1) At W 9l(relative displacement) 2} Z
=¥ (impact force)= YEFWH TZgizojth. AZER]l W8S A A WHeEHH

kel MAA el 2o AsE Qe A8 TEHOEZFY A9 A

Figure. 27 (a)i= 59 TFZtollA iv A& 54 AFo =z, A W7}t
=

F7)1H oz M Al £0.155 mm YA =

woll oa F714Q FEo] BAsglon, ol AFo] AHFHoR fFAHY
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Figure. 28 (a)= A% F1tolA i, v 2Z2F1 9 Y9l& 9 52 A%l
st AlEdeld Aro|tt. Bg ke #A Aol e, £0.155 mm W
lelA Aol Wle] F717 Asol WASHA Aokth v AE ekl WAL Y8
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ghel el A9 =99 Arjdx a7t sl ASw
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i ian

Figure. 28 (b):= A-5F T-ItellAl v AZFE] WS A& AlE#eld Aol
thoiv 2Z219 AF < Figure. 28 ()2 5%
o 9o FE FIAE AbeslTh 9, FEEY A7 v AZERl
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A

L AFEF
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of o8 2 YT e s vt
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Figure. 27 Simulation results of relative displacement and collision force of spline

coupling at phase I (700 rpm).
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Figure. 28 Simulation results of relative displacement and collision force of spline

coupling at phaselll (1,000 rpm).
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~ZEl WY A A7) BE PTO AFEle 54 AsS sty fst
of Aoy EE L R ofolE 3|4 900 rpmoll Al WA 7L THE F v
~ZEel WAl e A5 HsHA Al EE ol de FAS3IT Figure. 293 2
| A5 di PTO d-sekle] A&9 WAl 0.50 mm (b), A% 7Fssh Ha
=7]¢l 0.10 mm ()3 H] =712 0.90 mm (c)oll thall Al EHolAdS Fasg e
o, 1ok 18 SRellA 23k 7kl ARl A7) sk 9oy v AEE] AER

4 AFS Hsgnh

o

Spline backlash [mm]

r s

Max. tolerance : 0.90 mm —@—(¢)

Original tolerance : 0.50 mm —g)- (b)

Min. tolerance : 0.10 mm a
. I | (@) I R

) I I I i
700 rpm 900 rpm 1000 rpm
(Idle rotation speed)

Figure. 29 Simulation plan for PTO dynamic behavior analysis according to spline

backlash level.
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Figure. 30 Simulation results with v spline with 0.10 mm backlash applied.
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Figure. 31 Simulation results with v spline with 0.50 mm backlash applied.
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Figure. 32 Simulation results with v spline with 0.90 mm backlash applied.
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Figure. 30 ~ 32 900 rpmell Al v ~F k1o WAl 7)o W& 5,8} 5,9 5
¢ S SH(FFT) A 3}olt}

Figure. 30 v 222}l WAlE 0.10 mm=z 2 £33 AJEd ol 4ol
Figure. 30 (a)¢} #o] J; & HelA 22k 72 7]+ 9.80 rpmo]| ™ AF bl ¥ g
ANE F3gel wet Figure. 30 (b)2] 1, SFolA 22k A2 17.88 rpm= ©F 1.82
v S7hE Tk ol st AlEEold Al Figure. 259 #Zol g 112
A} fFAFsA vERRLT

Figure. 315 v A2ZEQ] HHPAIE 050 mm=E 2 &3 AlEdo|d Aol
Figure. 31 (a), (b)$} 2ol 58k LollA 2z A9 271+ F8d 77 AsS
Bom, Z+zF 9.80 rpm<} 14.46 pm O 7 OF 1.484) ZF7}¥ Q).

Figure. 32 v ~Z el WA S 0.9 mmE 243 A3 =Z Figure. 30 ~ 313}
vl ste] 22k Aol A7 L9 1ol A ZHzE 9.80 ipm @t 3.49 rpm S = Jiof] W] &)

LY 13 505 714389t}

Table. 10 Changes in main excitation according to spline backlash level

Magnitude of 2" order [rpm]

Backlash : 0.10 mm Backlash : 0.50 mm Backlash : 0.90 mm

J1 9.80 9.80 9.80

Ja 17.88 14.46 3.49

uebA W&o dEHE IS
A PTO #-gepele] Wefa] 2718 W e
Zzkel MIPAIZ 0.5 mmollA] 0.9 mmz F7FAAS © PTO F%57]0]9 234 A
Bol 7hastdn) ek y AZEkel WA E 05 mmolA 0.1 mm
= 22} Aol o F7beklt
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Figure. 33 ~ 35+ iy, v 22& 2kl Q|5 9] Ao Welsl T==o gt s
2 Azjoltt y AZgelo] WA 7} 0.10 mmE}F 0.50 mm< W= Figure. 33 ~ 33}
ol v AEeRlelA 2aF el og Y FEol FAHAUL, ol T F
9ol vetwth 2oy v A1 WMEAI7E 0.90 mmY Wi+ Figure. 33 (b)F
ol v AEHIE AelA 2aF el o ¥ F1H]0 FEO] AA
il

A 2RHA FEeo) Yehih,

Aesh, A% WA 27121 0.50 mmuTh A WA M FAG
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Figure. 33 Simulation results of spline coupling behavior at 900rpm (v spline

0.31mm

— displacement différgnce impact force

Time [s]

(a) iv spline

—— displacement difference
Time [5]

impact force

(b) v spline

backlash level : 0.1 mm).
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Figure. 34 Simulation results of spline coupling behavior at 900rpm (v spline backlash

level : 0.5 mm).
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Figure. 35 Simulation results of spline coupling behavior at 900rpm (v spline backlash

level : 0.9 mm).
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(a) Type A (backlash level: 0.10 mm)

(b) Type B(backlash level: 0.50 mm)
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(c) Type C(backlash level: 0.90 mm)

(d) Type D (backlash level: 1.30 mm)

Figure. 36 PTO clutch(friction disk, hub shaft) specimens with adjusted backlash

level.
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Table. 11 Backlash Levels of v spline coupling for additional Lab. test

Type A Type B Type C Type D

Backlash level [ mm] 0.10 0.50 0.90 1.30

3.4.2 PTO AFH1Y T3 A% &4

Figure. 37 ~ 40 v 2~ZEklo] WAl 715 WA st AlH Type ADE 4 &
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Figure. 39 (b)= Type CE 2 &3t A @A PTO 7571919 3| Hd&EE S0l
o 3 As 50 TS T 700 ~ 880 rpmo] LS. ™, Type BE.TF 30
pm S 890 rpmell A & gEo] AT 890 rpm ©] F-9] I AEHEE A§
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& WEREA] ekSkT
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Table. 12 Rotational speed at which phase Il occurred

Type A Type B Type C Type D

Occurrence of jumping
- 920 890 880
phenomenon [rpm]
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Figure. 37 Measurement results of rotational speed of Type A (backlash level :
0.10mm).
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Figure. 38 Measurement results of rotational speed of Type B (backlash level :

0.50mm).
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Figure. 39 Measurement results of rotational speed of Type C (backlash level :

0.90mm).
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Figure. 40 Measurement results of rotational speed of Type D (backlash level :
1.30mm).
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Figure. 41 Response of PTO driving gear at phase I (970rpm).
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Figure. 42 Measurement results of rotational speed for input shaft and PTO driving

gear.
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Figure. 43 Gear rattle noise measurements according to spline backlash level.
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Table. 13 Changes in rotational speed fluctuation and sound pressure levels according

to jumping phenomenon

Type A Type B Type C Type D
Change of rotational
speed fluctuation - 1579 >58.0 1823->46.9 200.2->74.6
[rpm]
Change of average 852>743 87.3>730 888->77.1
SPL level [dBA] . ' ' ' ' ' '
85



35. 28 4 1%
= PTO 7]o] #E Adel 9
&l PTO 7571019 3 H&5w
sol o A&
s % 7o

TO A-&seple] &4 Asel o3 7]
stelch Angow £4 7
£ Phase [ ~1I]

(2
2
=

Al =77

st p
Jesto] ]
Zol Gt ® oM 22
54 A% s} BsteA) s
fe) (o]
()

3.5.1 }5H TZH(Phase D] &F £
g5 P PTO 1571019 3% E wEgol

T AEE S

A8

A
L oF 3K
915}7] 918} Figure. 42 ~ 439} 2o] A g]3st A
&Fo] Phase I ~IT F7Fo] ojwdt %2 7o)
Eat Sl
P Fol ws) FHH

2

R
| ekt AgelA 5
19 B3 B3 oA
IEEEIEEEVE RIS

o
o

S

R

ol

=2 ==
o

>

14 =g Aol 5A
WAl 7)ol me g,
g%o]

uH
aH

[ s I s
ATt

o

Apx
H
2

1™,

O
54

fo
2

A8

ol
©] Type BH.Tk

9E 298 5
ol &

i

off

Hej A7} 2] &-¥ Type C & D@
__0_1: =
b )

Fol A FHHeH, ASE 1%
dapH o Jlof HE

e}
LT
S SRS Type Al AUAE A Bl
Type B ~ DE 2§ v ABelA AZe 3
Fak wsiglo

mE

&2 O % Figure. 448} o] 485 g9l vls] PTO
7heh&

off

= sze

o,

olN _Q
ol
%?,

86

7ket
2 S



950

oL

O driving gear

750 L
0 1 2 3 4 5

Rotation speed[rpm]

1"

3 I I I I I

Sound pressure[Pa(A)]

1"

o 1 2 3 4 5 6 8 9 10
time|[s]
(a) Type B (Measurement rotational speed : 910 rpm)

E T T T T T T T
E_WDDD
< (A AT
%;.‘_ Lk |
=
2
i<
E
=]
=4 0 1 2 3 4 5 [ 8 9 10

3 T T T T T T T

Sound pressure[Pa(A)]

730 ‘: ; Zli -“l 5I G 8 9 10 "
time|[s]
(b) Type C (Measurement rotational speed : 880 rpm)
87
(=]
2 AL



1000 T T T T T

-
=
=]

Rotation speed[rpm]

0 1 2 3 4 5 6 7 8 9 10 1"

L I R T ]

Sound pressure[Pa(A)]

o
-
8]
5]
N

B G 7 8 9 10 1
time|[s]

(c) Type D (Measurement rotational speed : 860 rpm)

Figure. 44 Measurement results of rotational speed and gear rattle noise at phase I .
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Table. 14 Quartiles of the rotational speed fluctuation of PTO driving gear at phase I

Type B Type C Type D
(910 rpm) (880 rpm) (860 rpm)

Minimum value 136.3 162.4 166.5
(25%;; i‘;?g;:ine) 153.6 176.7 195.4
(50202 gg?:::;le) 157.9 182.3 202.4
(75302 gz?:::fne) 161.8 188.6 209.7
Maximum value 192.2 202.9 225.3
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Figure. 45 Box Plots for Dynamic Behavior Analysis.
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Figure. 46 Box plot of rotational speed fluctuation of PTO driving at phase I .
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Table. 15 IQR(InterQuartile Range) of the rotational speed fluctuation of PTO driving

gear at phase [

Type B Type C Type D
(910 rpm) (880 rpm) (860 rpm)

IQR [rpm] 8.2 11.9 143
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Figure. 47 Measurement results of rotational speed and gear rattle noise at phaseII .
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Table. 16 Quartiles of the rotational speed fluctuation of PTO driving gear at phase II

Type B Type C Type D
(920 rpm) (890 rpm) (880 rpm)

Minimum value 48.3 323 34.2
e, we w3 e
(75?(’; g‘;?g::ﬁle) 60.5 50.0 123.3
Maximum value 71.0 72.7 223.8

M Type B(920rpm) M Type C(890rpm) [ Type D(880rpm)

250
E Maximum
2 200
=
2
b=
= 150
=
5]
é 3 Quantile
=
g 100 2 Quantile
(=]
w2
= .
s 1 Quantile
= Minimum
=7

0

Figure. 48 Box plot of rotational speed fluctuation at phaseII .
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Table. 17 IQR(InterQuartile Range) of the rotational speed fluctuation of PTO driving
gear at phase II

Type B Type C Type D
(920 rpm) (890 rpm) (880 rpm)

IQR (rpm) 55 6.7 61.0
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MM HEZHol w438 LAk Ao e BAoIdh 34382 TAAE
2439 Figure. 42 (d)olA 23 B 870 rpmol A = PTO 1571019 249
F7F sobgth. whebd F7HA 0% 870 pmel A o] Aes FbAoR A E Sk
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Figure. 49 Measurement result of rotational speed and gear rattle noise at 870

rpm(Type D).

Table. 18 Quartiles of the rotational speed fluctuation of PTO driving gear in transient

response range (Type D)
Type D Type D
(870 rpm) (880 rpm)
Minimum value 65.0 342
st H
(25]‘;/0 %L;izzlr::ile) 192.5 62.3
nd H
(502% g:?:::file) 200.1 94.0
rd H
(753;/0 (gl;?:;:file) 206.2 123.3
Maximum value 227.5 2238
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Figure. 50 Box plot of rotational speed fluctuation in transient response range(Type
D).

Table. 19 IQR(InterQuartile Range) of PTO driving gear in transient response range
(Type D)

Type D Type D
(870 rpm) (880 rpm)

IQR [rpm] 13.7 61.0
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Figure. 51 Measurement results of rotational speed and gear rattle noise at phase III.
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Table. 20 Quartiles of rotational speed fluctuation at phase III

Type B Type C Type D
Minimum value 43.0 35.6 38.7
1%t quantile
(25% Percentile) 48.6 49.9 69.3
2" quantile
(50% Percentile) 516 59.6 73.8
374 quantile
(75% Percentile) 559 711 77.3
Maximum value 66.0 102.0 89.8
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H Type B(1000rpm) = Type C(1000rpm) [ Type D(1000rpm)

120
100

80

e B

40

20

Rotation speed fluctuation [RPM]

Figure. 52 Quartile change in rotational speed fluctuation at 1,000 rpm.

Table. 21 IQR(InterQuartile Range) of rotational speed fluctuation at phase III

Type B Type C Type D

IQR [rpm] 7.3 21.2 8.0
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AR 0,(r /1) & 66,9 AFolE HAITh whebr oAl 1|8k A 2139
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Figure. 54 Definition of transmission error of gear pair.
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(10)
0, = 6,(r1/72)

0, = 6,(r1/7,) + 66, (11)
7"292 = T191 + 7’2592 (12)
T.E.= 16, — 1,0, (Displacement unit) (13)
T.E.= 0, — 0,(r,/7) (angular unit) (14)
where, 6; = angular displacements of pinion, rad;
0, = angular displacements of wheel, rad;
n = radius of pitch circle of pinion, mm;
) = radius of pitch circle of wheel, mm;
66, = angular displacement error, rad.

ojg]gt 7]o] Aedeat= 7o =1 F7] & 7oA =9 A wsol
ola) wAystn], A xbe] % E(peak-to-peak transmission error, ©]3} A2 2} O
2 @7 AdEexte] Ar]E 7o) A ae o vlEAl #AE e
o, 7]o] A e AfdE flet] dEexE Hastehe @ AU F3E
A TH54-56].

]o
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Figure. 55 Transfer path of gear whine noise.
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G x} Nk ofufe} 3] 2] A4 % (pitch line velocity) ol &3 FEFS W=t
I GE A UTH19]. weEbA] FRERL $ASE-0] V|oj= el g3 A
sy =7

H&Esh JiR o o} 7o NG 2gel 2 TS MAA G AOE B

O

el wEa slo] Waw Ad AQs AAE AFARG FAER 7

o2 o w sasch

Table. 22 Specification of research target tractor

Item Specifications
Model XP7102, LS Mtron
Engine 4-cylinder, 4-cycle diesel
Dimension
(width / height / weight) 2,000 mm /2,750 mm/ 3,610 kg
Tire size (Front/Rear) 13.6-24/ 18.4-34

Engine power /

Rated speed 75 kW /2,200 rpm

No. of gear steps

. 24 forward / 24 reverse
(excluding creeper)

Vehicle speed 0.2 ~36.5 km/h
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Figure. 56 Schematic diagram of power shuttle transmission used in this study.

12.2. 710 AL AR

710l Agexts= 7o) Edel 9t Z]ojx Al g AoyHrEE, 7]
Agexs Arks Sleids 71A 8 =148 S T8k 2ol Aol 7o
8] AAl A 53 7/ (bending stiffness), AT “/J(shear stiffness), Z133F
2FS 733 (axial compressive stiffness) 2 4% 73 (contact stiffness) &%= T/ F T}
w9, Add, SUE 4F BHe P Astel JlefX e vEY 92K (non-
& o 4 #|(strain energy)E ©]-g&3Fo] Th
I o] ARE = vk 7] WU AE A (15 ~(16)E FH AT

i
N
N
o
_C:L
a4
K
E

uniform cantilever beam)
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tTOOt

Figure. 57 Gear tooth model to calculate gear tooth stiffness.

Up =g Us =5 » Ua =5 (15)
where, U, = bending energy in a tooth in a tooth, N-mm;
Us = shear energy inatooth, N-mm;
U, = axial compressive energy in a tooth, N-mm;
F = mesh force on the line of action, N;
k, = bending stiffness, N/mm;

= shear stiffness, N/mm;

k, = axial compressive stiffness, N/mm.
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L M3 _
Up = fo 2Ely dx,Us =

2
L12F}
0 2GAy

dx, U, = [* B dx (16)

0 2EI,

M, = F,x — F.h (17)

where, M, = moment for the variable cross-section x, N-m;

F, = bending force of transverse mesh force, N;

o
1

axial compressive force of transverse mesh force, N;
= distance from the center axis of gear to the gear mesh, mm;

length in x direction from tooth root circle to mesh node, mm;

o~ =
1

= Young’s modulus, N/mm?.

710 &9 AR elA mA& Aol xof sfdets IAEAEL,), A WA (A4,),
At A6 A (18)~(0)F Zo] AArteck s, 24 (15)~(16)°l 23t

=3, A S 5 A2 A 21 ~@23)F o] Ak

2y34b
=22

p 3 (18)
A, = 2y4b (19)
G = £ 20
T 2(1+v) (20)

1 L(x cosar — hsinag)?
—= d 21
ky fo El * @h
1 jL 1.2 cos? a 22)

k), ca,

1 fLsin2 % ’
ke ), EA;, (23)
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where, y half tooth thickness of section that is at a distance x, mm;

G

shear modulus, N/mm?;

v Poisson’s ratio.

710 ARz 7]l =9l w2 AF W] BAs, H5e A% A4

S Weber”} A A8 Hertzian W34S o] 8311, 24 (24)3} o] & FUH58].

r
o

2
klh - 4(;Ab; ) [ln (2 };phw> - 2(11]_ v)] 24)
8F(1 —v¥)rn,r,
L= nA(bE (rp -2 :W‘sv (25)
where, k, = Hertzian contact stiffness, N/mm;
Ab = face width of sliced tooth, mm;
h, = length between mesh node and tooth center line of pinion on the line
of action, mm;
h, = length between mesh node and tooth center line of wheel on the line
of action, mm;
Il = half of Hertzian contact length, mm;
r, = radius of curvature on mesh node of pinion, mm;
r, = radius of curvature on mesh node of wheel, mm.

71012 73 ol el 7]o1o] AAF-= T]ojo ' W] dFE mAR

2 2 26)2} o] 7]o] XA F 7/ (foundation stiffness) S 1L 3} THS59].

L _costap),. (L 2+M* L) 4P+ tan? ay) 26
k. EAb | \S; S; Q" tan” ar (26)

gear foundation stiffness, N/mm;

where, ks

ap acting angle of mesh force, N;

%)
n

arc length of tooth root, mm.
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21 26)2 A L1, M7, Pr, Q& A NI #ol TAF thEal S o] 8351
74]/}1—};]1:4’ }\C]_Zl: Aia Bb Cia Dia Eia FL—E‘ Table' 23ﬂ' Z’:-}O] Xj'—g_—é_]—?‘iq

. A; ) Cihy D;
X*(hs, 6y) =gz TBihf + =+ =+ Eihy + Fy (7
f f f
where,  he = ratioof 7p t0 7
e = radius of inner circle, mm;
r, = radius of root circle, mm;
6 = angle between tooth center line and junction with root circle, rad.

Table. 23 Coefficients for approximate polynomial function

Ai Bi Ci Di E =
(x10%) (x10%) (x10% (x103) ' :
L*(hy, ) -5.574 -1.9986 -2.3015 4.7702 0.0271 6.8045

M*(hs, ) 60.111 28.100 -83.431 -9.9256 0.1624 0.9086

P*(hy, &%) -50.952 185.50 0.0538 -53.300 0.2895 0.9236

Q*(hy, &) -6.2042 9.0889 -4.0964 7.8297 -0.1472 0.6904

710l 9 A, A A, = 4F A, AS A " AAF e B
Foaestd AA el A] AAdol Aatdnk 7] E-eA e AS e 1y
skl A 71o1A] =¥ A4S 2 (28)7 #ol 7 A ew AAkHT

K 1
tT71 1 1 1 _ 1 1 _ 1 1 1 (28)
—+r—+r—+—+—+—+—+—+1—
ki, " ks, " ka, " ke, " kp, " ks, " ke, kg, " kp
where, kbp = bending stiffness of pinion, N/mm;
ks, = shear stiffness of pinion, N/mm;
kap = axial compressive stiffness of pinion, N/mm;
kfp = foundation stiffness of pinion, N/mm;
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k, = bending stiffness of wheel, N/mm;

w

ks, = shear stiffness of wheel, N/mm;
kq, = axial compressive stiffness of wheel, N/mm;
ks, = foundation stiffness of wheel, N/mm.

71o18ell Zg3he st W 7o dEdexE A 293 o] Az,
2 30) Zo] 7o) B F7] Bt 7ol Aot Hugky FHEae Aol
= Artste] dE ekl A7|(PPTE)E Al4tstSdtt

F
ke
where, B, = base helix angle, deg.
PPTE = Max(TE) — Min(TE) (30)

4.2.3. 710 £& AAt

SAbsbste] AbgEke 4 (2% @ol ANHE.

Pyzp = PyltmzHy (31)
Where, Py;p = load-dependent gear power loss, W;
P, = inputpower, W,
Umz = Average coefficient of friction;
H, = tooth loss factor.
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0.2
F/b > —O.OSRaO.ZSXL

tnz = 0.048 (1) it

Where, R, = arithmetic average roughness, um;
X, = oil lubricant factor;
Nou = dynamic viscosity of oil at operating temperature, mPa-s;
p = radius of curvature, mm;
v = summation of velocity, m/s.

B vhE Aol Wid A EAASE A (33)3 2ol AL, Vo &8

m< A @4l ol HFH o= Altdr

m(u+1)
Hy=————(1—g,+e?+¢}
v Zlucos,b’b( €q + &1 T &)

Where, Z; = number of teeth (pinion);
&, = transverse contact ratio;
&, = addendum contact ratio of pinion and wheel.

PA_PVZP

n= P,
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2.4, 719 A2 AY HF3 A

% e ARE WES3EE EE(normal module), ¢ Zh(pressure
angle), 9! <=(number of teeth), H|E ¥ ZH(helix angle), *| % (face width) 52 &2 A
A WeE AAdlok stk Oy Yo AR Ades AT v B AA W
Fof ole wE wekst Ao vt EAstEE HAME Fred g ARk
Hrh olelgk ol E 7|o] wjar A AAE flste] AW ow
4 daeglEs olgste] HAME = AUF Bol FHEHATH3T, 61,62].
VEFE ol Vo] WAz A HAZE gl F4 e 7)o
HAg a8 v opygt AEeAn A aedlor o F2 dee
g A AvH38]. wEkA F3 mESRe A Y

aa Afe fd #d dudss o1& o] war A HAsE st

=
ofo
o
ko

Figure. 58-= 7]o] w2 Al HZAsE T3t A5 E2F HEZ &
st Zloltt. WA 7lo] wiaw Al HA3} FAS fete] HA3 gt 7)o,
te 2% AlFss AR 73 WEFL HAs= A/ A7)
o], FHER ¢ 2tk 4tk 7]o] S Yo w St

Table. 24= 7]o] Wi A HASE flato] Z424e] oo Ads=
B, S A&EE U A g7t ® FAE a5 %7 (load condition)S A 23 Zo]
. ats 271 5 9@ AREAIZES Renius7t F o3 EWE L5 ARE W&
&= olg3ste] AAsksiH46). HAsE A% Vo] 1Y Ede A FA A
59 44 B3 55 1#ske] FYsktE 710 X 3 (gear reference profile)
S Table. 253} o] 7]o] AE(cutter)?] &E3E ¢kl ol 7<9=(addendum
coefficient), T]9H Z4~(dedendum coefficient), ©]¥2] H =31 A< (root fillet radius
coefficient)?} +=ZFS 717} 1.00, 1.35, 0.30, 20°%2 A3 o, 7o FUE
(gear accuracy)™ ISO 86w o A3ttt T3t A &AT(Ky ) A4 stsAT
(Kup)= ZH7F 1,08} 1055 A &3H3ith

O
(3

d
-

N
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Input load & constant conditions
Load conditions: T, n, duration
Gear spec. : hp',hp",Ka, pp’s Kiyp Q

Setting for optimization
Crossover and Mutation Rate
No. of Population and Max. Generation

hJ
A 4

Optimization with NSGA-III
- Design variable : m,, a, f,z;, b
- Objectives : PPTE, Efficiency

\ 4
Design constraints

Gear strength(1SO6336:2006)
Gear geometry

Last generation?

Finish

Figure. 58 Procedure of gear-macro geometry optimization.
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Table. 24 Load conditions for optimization

F/R shift Main shift
F gear pair 1%t gear pair 2 gear pair 4™ gear pair
Torque 286.4 2985 342.8 4154
[N-m]
Rotational speed —, 55 1,427.6 1729.8 1,427.6
[rpm]
Usage time 859.8 186.4 859.8 21838
[hrs]
Table. 25 Gear tooth reference profile and accuracy
Values
Addendum coefficient 1.00
Dedendum coefficient 1.35
Root fillet radius coefficient 0.30
Quality (ISO 1328-1:1995) 8
710] A% AAE Y% st 2 A, G Sl et JRE
ARk ® ATeldE 41 dudEer ) o BF el A%

o] 93ttt H 1% NSGA-II(Non-dominated Sorting Genetic Algorithm-III)= A}
£33tk NSGA-II= 7]E2] NSGA-IIStE th=2A H243 Fxte] dish Fx4
(Reference point)= YA ko] A4 K FE(Niche-Preservation) g o whe} Al 22 A

9 AYsE FuEFor ¥ AROR F¥sA ¢ BFT RE HEE
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AN Aol S1th63]. Figure. 592 NSGA-IIIE o] 43 HA)E 2

HAHE A3 T2 XFEO|Tth NSGA-III €18 Z2 A= NS 21 A

Aol A AU E Skl aNZHe] A JRALS BAM dES s
ofel Wik EHAge FtelM FEHUE Bt REIE A Ao 449
MAZI FxA Akl e FAAYE Arete] oM A4 BE AgS A
A N7RE) AR FEAYE s =, AlthE AA oleh e AP S wl
oAl Hd

Co D

Creation of Initial population

v

Selection

v

Crossover and mutation process

!

Non-dominated population sorting and
Normalization of the population member

!

Association of the POP member with
reference point

v

Application of the niche preservation

T
o

Figure. 59 Flow chart of NSGA-III.

r 3

= ATelM R v52 HAsts 7)e] wiaz Aldel g HA st
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o
e
ol
-
o

o
ol
o
32
o
)

d
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A s} W A7 (design variables), # %3} W2 W8] (boundary)E g3l oF sk
o 2 ATl AFREE EE F3 AESTE o] Rl Tl Fo® T]oRe
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Table. 26 Upper and lower boundary of optimization parameter

Lower bound Upper bound Increment
Normal module [mm] 2.00 3.00 0.25
Helix angle [°] 5 25 1.00
No. of teeth [-] 10 60 1
Face width [mm] 5 14 1

HAsE A Aok £33 7)o A} o] VletetA 2 ow A g5k
th 7]o] AEe 7ol S P AT (contact safety factor) 2t 710l wq FH A
(bending safety factor)”} Z42te] H A Q- A& 1.0% 14K & Fho] 4
= ARl w1F, 7oA @A AR] A4S A7) kel 71019 H

2~ %]E F7(top land thickness)E 0.3m, = Attt A &3 & (total contact



ratio)d] FH A2 172 AR o, XF3 7% 2| E(base circle diameter)2]
H7F 1.1 o]8h7h HEF A Zo A7|E Agtsgitt. 7]o] WAz Al 4 s}l
gt Aok s FAoE dystd 2 33)~(37)% #oh

Sy > 1.0 (33)
Sp>14 (34)
San > 0.3m, (39)
g > 17 (36)
b <11 37
dl - ( )
where, Su = safety factor for contact;
Sumin = Minimum required safety factor for bending;
Sp = safety factor for bending;
Srmin. = minimum required safety factor for bending;
my, = normal module, mm;
San = normal tooth thickness at tip circle, mm;
&y = total contact ratio;
b = Face width, mm;
dq = base circle diameter of pinion, mm.
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Table. 27 Optimization result of F gear pair in of F/R shift part

Specification of gear macro-geometry

Before optimization

After optimization

Normal module [mm] 3.0 25
No. of teeth [-] 35/37/38 41/44145
Gear ratio [-] 1.086 1.097
Transverse contact ratio [-] 1.694/1.669 1.819/1.865
Overlap ratio [-] 0.357/0.357 0.610/0.610
Face width [mm] 13/14/13 14/14/14
Helix angle [ ° ] 15 20
Pressure angle | ° | 20 20
Center distance [mm] 111/116 111/116

Table. 28 Optimization result of 1% gear pair in main shift part

Specification of gear macro-geometry

Before optimization

After optimization

Normal module [mm] 3.0 25
No. of teeth [-] 21/41 26/49
Gear ratio [-] 1.952 1.884
Transverse contact ratio [-] 1.462 1.688
Overlap ratio [] 0.676 0.969
Face width [mm] 18/17 18/18
Helix angle [ ° ] 22 25
Pressure angle [ ° | 20 20
Center distance [mm] 101 101
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Table. 29 Optimization result of 2" gear pair in main shift part

Specification of gear macro-geometry

Before optimization

After optimization

Normal module [mm] 3.0 25
No. of teeth [-] 26/36 33/45
Gear ratio [-] 1.384 1.363
Transverse contact ratio [-] 1.503 1.826
Overlap ratio [-] 0.788 0.914
Face width [mm] 21/19 21/21
Helix angle [ ° ] 23 20
Pressure angle [ ° | 20 20
Center distance [mm] 101 101

Table. 30 Optimization result of 4" gear pair in main shift part

Specification of gear macro-geometry

Before optimization

After optimization

Normal module [mm] 3.0 25
No. of teeth [-] 37/26 47/33
Gear ratio [-] 0.703 0.702
Transverse contact ratio [-] 1.513 1.941
Overlap ratio [] 0.472 0.461
Face width [mm] 13/14 14/14
Helix angle [ ° ] 20 15
Pressure angle [ ° | 20 20
Center distance [mm] 101 101
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Table. 31 Comparison of PPTE and gear efficiency before and after optimization

Before optimization After optimization
PPTE Efficiency PPTE Efficiency
[4m] [%6] [m] (%]
F gear pair
(drive-idle) 540 108
v - 98.57 99.52
gear pair
(idle-driven) 531 0.76
1+ gear pair 7.34 98.77 0.23 99.06
2" gear pair 237 99.31 0.09 99.20
4™ gear pair 10.79 99.38 0.77 99.21
126



]

4.3. AUAIE : 7)o A &F
4.3.1. A1E A 74
EE Ak Ao F8 wMERe] Vo] A AFE FHste A2 <
A, A 9@ R 25 59 dFoz sto] AgHo|ty wI B A3
L EFEY To] AF A AS S dyolnE W&y e, F,
ol 5 W&7] ARl FE Ao wigd" F Sl BACNA Agol AS
wojof gt whebs] 7o AF 4G oleld vE Agol AAHIL, W& &
A& Fot FES AT F Ae MY Aol dast
2 AFo| M Figure. 603} o] X &5 JFS AAG ekl A}
FEI7F obd 35 the|URWEE o] gste] W%V i Ea Y IJAEEE A
ojatdtt. Al@ell AME-3F Fu]i= Table. 323 o] 265 kWi A7 REE AFg-3)
W BEHE &25S Hagsr] 9t U S ARt A% AIE X
Ae s flstel F3 W& Y REE AWK E Aolsty, ¥a5
of Ax¥ &9 EEe EAE Aofstilth &5 Al AR A5 A
(DAS)S AWl A (Siemens)AF2] SCADAS mobile©] ™, BloJE] F*]2|(data post
}& A3 E9]0]ol Test Lab(Siemens)S ©]-&3}th

processing) =

Torque & rpm
transducer
#% Torque & rpm

__transducer

Data acquisition system
Torque & rpm =
.

Power

: 2 . transduce e - 3 <
i o= source

Figure. 60 Measurement system for gear whine noise
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of &2 v &2 X (multiple disk wet clutch)7} 310w, A5 AlF Al oF {4

Fg olgstel B4 A AUE fA A,

Table. 32 Specification of measurement system

Equipment Model specifications
Frequency range :
) GRAS 46AZ q yrang
Microphone 0.5 ~ 2 OkHz(+3dB)
1/2" CCP o
Sensitivity: 50 mV/Pa
No. of channels: ICP 16 (V08 module)
DAS Siemens Up to 204.8 kHz sampling rate per
SCADAS Mobile channel
150 dB dynamic range
3-axis ) Rated power: 227/265/303 kW
Siemens
dynamometer Rated speed: 1500/1750/2200 rpm
SIMOTICS M-1PH8 ) ]
motor Type of cooling: Water cooling

Figure. 61 Lab. test environment for measuring gear whine noise.
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Figure. 62 Average distribution of tractor speeds.
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Table. 33 Test condition for gear whine noise measurement

10t gear 11t gear 16t gear
Input Torque 59.0 59.0 59.0
[N-m]
147.0 147.0 147.0
Rotational speed Run-up mode (500 ~ 2,200 rpm)
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4.4. 7191 A% &5 AS 2%
4.4.1. A&7] AA A3 (overall noise level) H| 1L
7ol Agexts FHask7] g8 a9 7o) Az Ald HAst A/ A

Fs AL APE FHE] Vo] AF 25 A AEE Gl 7o A
T g 71 AR AUEe] Jge wrons A 7)o Atk A Hd
T #els Sk3ith. Table. 349} B Al Aol o] HZ Tlo] Ao R
AZE 7)ol AWML J[S2~8 3 Afolo] Bz s o HEA O JIS 5530)
Atk JIS 59 1SO 7o ® FRAkstd oF 9ol ddetn] ARt oR FYE&
EE| &5t 7o A AUE FFo|nh

Table. 34 Inspection results of test gear precision grade (JIS)

Driving gear Driven gear
F gear pair 3 5 5
1 gear pair 6 6
2" gear pair 8 6
4'h gear pair 2 4

Figure. 64 ~ 64= 7]o] WAz Al HA3} /5 AbFS AEste] F35 A
9 Aselth wWEe QY AdsE Zrkl wek el AF A8e A
weighting®] 2]8-%¥ Sound Pressure Level(SPL)S] tlA]¥ ]2 vl w ettt A4
T A 2 2detr] §% 71 S Y(reference sound pressure)~ 20uPas
Abgsholth FRIEG I 2w, 4 7)ol &S FE S
105h, 119, 16%ollA Aol FaEda, ASd 25 52 dd &4 4%
T gbelA HAdigks 7102 vlaskgith

Figure. 642> W72 Q8 e = Ral
&S5 G791 500 ~ 2,200 rpm -3l A] A A A S(overall noise level) A3E 1@
Z YeRd Aol 7]o] wja 2 Al A3t Al Figure. 64 (a)°l14 1,550 rpmoll
A 109 16 X3 AFo] Hug o, 11eh2 1,780 rpmol A Hof Ago] ¥
Akt 71o] wiaz Al HA3E AbFS A &3 71019 Al A Q] Figure.

0] 590 Nmd o, oW 3 3]
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64 (b)oll A= A% &4 AEE F7kel| A Figure. 64 (a)°l A 1,550 rpmell A &} 2

FAEHA koo @hulEtA &g FFo] Frrakglon,

st %) ke RakeEel Ad A 29 50% FES
A9 ¥ Avteltt M) A4 #57} 9.0Nmel FuTt 7]

Z7hh AAe Ao 28 AS e

Figure. 6
147.0 N-m¢!
o] A5 o] HAF A/ BT
A EE, Ho 250 A sk= ) Fel 1,700 ~ 2,100 rpm -7Foll A @AY &S o}

°f TZEol A Hu Ao WAISES a1 2,000 rpm O]

23} Fof= 1,600 ~ 1,700 rpm
FTol= AR oR e 25 FES FAAT
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Sound pressure level[dBA|
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""""" 16" gear,Input torque 59Nm
90 [~ 7
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E/G speed[rpm]
(b) Optimized gear specification

Figure. 64 Comparison of overall noise levels in the operation range (59 N-m).
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Figure. 65 Comparison of overall noise levels in the operation range (147 N-m).
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&70e] 18 BEArt AR (59.0 Nm) el A, HAAS o) ag
& 7H7} 88.40 dBA(10%)), 87.36 dBA(11%h), 89.05 dBA(16%) G031t} & A 3}
5 &% 7lo WAz AdE AEs 7ol AlFelA= 85.10 dBA(10%), 85.15
dBA(11F), 90.52 dBA(16¥HE ZHz} 3.30 dBA(10%H), 2.21 dBA(11%H), 3.90 dBA(16%H)

ol Az e,

Table. 35 Comparison of overall noise level according to gear macro-geometry

optimization

Overall noise level

[dBA]
Initial gear Optimized gear Noise
specification specification reduction
59.0 N-m 88.40 85.10 -3.30
10t gear
147.0N-m 93.51 90.51 -2.99
59.0 N-m 87.36 85.15 -221
11t gear
147.0 N-m 94.33 90.52 -3.90
59.0 N-m 89.05 86.64 -2.42
16t gear
147.0 N-m 96.38 93.06 -331
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Figure. 66 waterfall result of gear noise measurement.

inputm otor (T1)
Pa.

Amplitude ) (Peak)

Hz
Frequency

5000,00

Figure. 67 3D color map result of gear noise measurement.
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Table. 36 Order table of harmonic components of F gear and main shift gear pairs

(Initial specification)

F/R shift Main shift
F gear pair 1t gear pair 2" gear pair 4™ gear pair
1%t harmonic 35.0 16.5 16.9 29.1
2" harmonic 70.0 33.0 33.8 58.2
3" harmonic 105.0 49.5 50.7 87.3

Table. 37 Order table of harmonic components of F gear and main shift gear pairs

(Optimized specification)

FIR shift Main shift
F gear pair 1t gear pair 2" gear pair 4% gear pair
1%t harmonic 41.0 20.2 21.2 36.6
2" harmonic 82.0 404 424 73.2
3" harmonic 123.0 60.6 63.6 109.8
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Figure. 68 (a) ~73 (a)& EE F3 WEE R Q¥ = Hal 50| 147.0N:
md ), 7o} wiaE Al FHA3 /58] T]o] Apgkel dis A5t &As A
olm, Hol8 FAE Fall AT 3AA Ay loltt. 3 MERE ]9y
Tl AF o v 59.0 Nm Q1 459 3akd A2 FFA YA
3L Th. Figure. 68 (a) ~ 73 (a)2} o] 743 3%l A2 WellA] post-processing S/'W
£ ol &ste] HAg i 7lolE2] ArE FFoke]l E71e

Figure. 68 (b) ~73 (b)i= 2t A& &3l HA 3t 7019 atud 4& F
of 2% ol & stEY AdES 23 ZHEE RS = A4 &
T 3 #™se] Hol &gl WSk A FAM P F VI E sk 7
i gelstilth

Figure. 68 (b) ~ 73 (b)8] A} F4& Sl HA3 /5 dA &gl 71 2

A Alofstn A AR @ Jelglth ER A sl 23 shmy Aol

r-lu:

>

1A shEY gRel vl o 2 A% £FE AASAT e weh BE AY
Aol AA 2go) A7t AE HA5EA AAeld 24 hrY AR

A3} Mo g A3 Figure. 68 (b) ~ 70 (b)2] 2} £4 A3E mwd, 2

25 o] HAUZE HE 1,700 ~ 2,200 rpm T1Ee A A A
He AS 4 7 stk AA3 39 A1F Aol A Figure. 71
(b) ~73 ()} #ol KMz 7|09 2aF AR &g FEol g3l A ASE FHu
7F gom, Ax 2z Aol Hdirl H= IdSEE HAZ AR deld

Azl 71017k 74 & Ass dElen, FHE Tos AdF R FA A
of 71oJE=7F W& 721 Figure. 68 (b) ~ 73 (b)ol Al &elaldet. w3k Azl 7o) 9
22 Aol Hvt He 3d& el AA &As E3 Hd &
&kl

140



N~
)
(=3
(=}
~
n

Engine speed, rpm

500

< Sound pressure level; dBA

0 Frequency, Hz 3000

(a) 3D color map result
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(b) Sound pressure level of F gear and 1% gear pair

Figure. 68 Order tracking analysis of 10" gear (Initial gear specification, Input load :
147 N-m).
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(b) Sound pressure level of F gear and 2™ gear pair

Figure. 69 Order tracking analysis of 11t" gear (Initial gear specification, Input load :
147 N-m).
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Figure. 70 Order tracking analysis of 16 gear (Initial gear specification, Input load :

147 N'm).
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(b) Sound pressure level of F gear and 1% gear pair

Figure. 71 Order tracking analysis of 10" gear (Optimized gear specification, Input
load : 147 Nm).
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(b) Sound pressure level of F gear and 2™ gear pair

Figure. 72 Order tracking analysis of 11" gear (Optimized gear specification, Input
load : 147 N-m).
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Figure. 73 Order tracking analysis of 16" gear (Optimized gear specification, Input
load : 147 Nm).
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MY A 228 71vo® HH3I 1/F9 [R
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Table. 38 Comparison of noise level of harmonic component of F gear pair

Maximum noise level, [dBA]
(Rotational speed of max. noise occurrence)

Gear No. of Noise
step harmonic reduction
Initial gear specification Optimized gear specification
st 84.21 80.53 368

(1286.0 rpm)

(2118.5 rpm)

107 2 (20??(2()).§Arlpm) (1698763.£pm) -3.83
3¢ (16§g§?pm) (1lz§§?pm) - 1.48
1= (1223:$fpm) (12;2.?:1pm) -4.08
1 2 (182é:§?pm) (16§g.ir8pm) - 175
3¢ (122g:grlpm) (192§:§?pm) -1021
1= (16§;§§pm) (2098:623pm) -L2l
167 2 (203?412.§?pm) (15§§.§Erspm) -3.80
3rd 83.37 75.55 .78

(1663.9 rpm)

(1227.8 rpm)
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Figure. 75 Comparison of 1% harmonic (F gear pair) at 16" gear.
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Figure. 76 Comparison of 2"® harmonic (F gear pair) at 16" gear.
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(b) 1*" harmonic component (Optimized gear specification)

Figure. 78 Order tracking analysis of F gear pair (13 harmonic component) at

resonance frequency of 845.0 Hz.
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Figure. 79 Comparison of noise level of F gear pair (1% harmonic component) at

16" gear.
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(a) Initial gear specification

Frequency

(b) Optimized gear specification

Figure. 80 Order tracking analysis of F gear pair (2", 3" harmonic component) at

resonance frequency of 2066Hz.
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Figure. 81 Comparison of noise level of F gear pair(2", 3" harmonic component) at

4.4.3.2 FHE 19 7)o
FHE 1 7)ol NS F

Aot mebA 7ol A AF FES 0ol A5 AiE Twtow v

At} Table. 39

H| w3 Aol

b stRy ARt ¥ 2 FEs yekdlh 23F skRY AdES 80.

16t gear.

A7 £7 HASE FRelA A3 AFo] o3|
43 A2 7o} Al e 27w AR

72.42 dBAZE 8.52 dBA AZE O™, 12} 2y AE T3t 77.44 dBAOIA] 71.38

dBAZE 6.06 dBA

Eow AZHYrh

Table. 39 Comparison of noise level of harmonic component of main 1% gear pair

Maximum noise level, [dBA]

(Rotational speed of max. noise occurrence) NOiS?
reduction
Initial gear specification Optimized gear specification [dBA]
. 77.44 71.38
st -
1¥ harmonic (1890.0 rpm) (2156.4 rpm) 6.06
. 80.94 72.42
nd -
2" harmonic (1511.8 rpm) (1270.0 rpm) 8.52
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Figure. 82 Comparison of 1%t harmonic of Main 1%t gear pair.
595.00 11,00
| —— DBefore optimization ]
——  After optimization —
12
e E
Wiy | o
= E
=T
30.00 L P S IR 1 s

rarm
imputrnaotor (T1)

Figure. 83 Comparison of 2" harmonic of Main 1%t gear pair.
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Frequency

(a) Initial gear specification

Frequency

(b) Optimized gear specification

Figure. 84 Order tracking analysis of Main 1% gear pair (1%, 2" harmonic component)

at resonance frequency of 845.0 Hz.
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Figure. 85 Comparison of 2" harmonic components of Main 1%t gear pair at resonance

frequency of 845.0 Hz.
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Table. 40 Comparison of noise level of harmonic component of main 2" gear pair

Maximum noise level, [dBA]

(Rotational speed of max. noise occurrence) NOiS?
reduction
Initial gear specification Optimized gear specification [dBA]
. 75.39 70.87
st -
1% harmonic (2119.4rpm) (2192.2rpm) 4.52
. 70.81 68.37
nd -
2" harmonic (1452.5rpm) (1969.0rpm) 244

YA o7 Aol AFESG O, Figure. 82°] ¥ 15 7]

=
SR YRS HA%E Bl wek ag FEE FES 7,

E.00 11.00
—— Before optimization —
——  After optimization _

a1}
z 3
SF =
E 3
=T

30.00 L . . L . . o . 0o

o 200,00
inputmotor (T1)

Figure. 86 Comparison of 1% harmonic (Main 2" gear pair).
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Frequency

(a) Initial gear specification

Frequency

(b) Optimized gear specification

Figure. 88 Order tracking analysis of Main 2" gear pair (1%, 2" harmonic
component) at resonance frequency of 845.0 Hz.
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Figure. 89 Comparison of 2" harmonic components of Main 2" gear pair at

resonance frequency of 845.0 Hz.
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Table. 41 Comparison of noise level of harmonic component of main 4" gear pair

Maximum noise level, [dBA]

(Rotational speed of max. noise occurrence) NOiS?
reduction
Initial gear specification Optimized gear specification [dBA]
. 90.12 80.17
st -
1*harmonic (1699.3 rpm) (1441.5 rpm) 995
. 73.52 71.39
nd -
2" harmonic (856.7 rpm) (713.6 rpm) 213
9500 1.00

Armplitude

45 DI:I 1 1 1 1 1 1 1 1 1 1 1 1 | 1 D' I:ID
500,00 rpm 200,00

Figure. 90 Comparison of noise level of Main 4" gear pair(1%t harmonic component) at

16" gear
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Figure. 91 Comparison of noise level of Main 4th gear pair(2"® harmonic component)
at 16™ gear.
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3000,0
Frequency

(b) Optimized gear specification

Figure. 92 Order tracking analysis of Main 4" gear pair (1%, 2" harmonic component)

at resonance frequency (845Hz).
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Figure. 93 Comparison of 1%t harmonic components of Main 4" gear pair at resonance

frequency of 845.0 Hz.
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Figure. B. 1 Inspection result of F driving gear.
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Figure. B. 2 Inspection result of F idle gear.
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Figure. B. 3 Inspection result of F driven gear.
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Figure. B. 4 Inspection result of Main 1%t driving gear.
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Figure. B. 5 Inspection result of Main 1% driven gear.
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Figure. B. 6 Inspection result of Main 2™ driving gear.
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Figure. B. 7 Inspection result of Main 2™ driven gear.
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Figure. B. 8 Inspection result of Main 4™ driving gear.
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Figure. B. 9 Inspection result of Main 4™ driven gear.
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A study on Gear rattle and whine noise reduction of

power transmission system for agricultural tractor

Chanho Choi

Abstract

Agricultural tractors have various noise sources such as engines, transmissions, and

hydraulic systems, and it was traditionally known that the engine was the biggest noise source.

However, the transmission noise that had been relatively masked by the development of
engine design technology has become an issue. The power transmission system of the
agricultural tractor transmission was divided into a PTO driveline and a transmission that
transmits power to the driving wheel. The engine-direct PTO system, which is mainly applied
recently, has good power transmission efficiency because it is directly connected to the
engine, but research on this is insufficient even though it was a structure that was vulnerable
to vibration/noise. In addition, gear whine noise generated by transmission errors was a major
issue in the transmission that was transmitted to the drive wheels. However, systematic
research for the design of low-noise transmission considering gear transmission errors was
insufficient. In this study, the purpose of this study was to reduce the gear rattle noise of the
PTO driveline and the gear whine noise of the transmission to improve the noise of the
transmission of the agricultural tractor. Since gear rattle noise and gear meshing noise have
different causes and mechanisms, the study was conducted by dividing them into two parts.
The first part of the study, the factors affecting the gear rattle noise were analyzed to
reduce noise of the PTO driveline. Among the various influencing factors, it was confirmed
that non-linear stiffness components such as spline coupling with backlash and torsional
dampers were components that can cause sudden changes in the dynamic behavior of the
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rotation system. A test was conducted to determine the effect of non-linear stiffness
components on dynamic behavior and gear rattle noise in a PTO driveline composed of
several spline couplings. The test was constructed in an environment in which other noises
except for the gear rattle noise were removed, and a motor control system capable of imitating
an engine was composed. The change in dynamic behavior was confirmed by measuring the
rotation speed of the PTO driving gear to which rotational vibration was transmitted through
the input shaft and several spline couplings, and at the same time, the gear rattle noise was
also measured. Through a lab. test performed at 700 ~ 1,000 rpm, which was the engine idle
rotation speed range, jumping phenomenon, which was a sudden change in dynamic behavior
at 920 rpm, was occurred, and the gear rattle noise was also reduced by 10.9 dBA. Through
the lab. test, the dynamic behavior characteristics of the PTO driveline in the engine idle
rotation speed range were largely divided into three range. The first range was an over-
response range in which the rotational speed fluctuation of the PTO driving gear relative to
the input shaft was amplified, and the second range was a transient-response range at the
moment when a jumping phenomenon occurs. The third range was a low-response range in
which the amplification level of the rotational speed fluctuation was kept low, and the gear
rattle noise was also maintained at a relatively low level.

A 1D simulation reflecting the spline backlash was performed to analyze the cause of
the jumping phenomenon. It was confirmed through simulation that the rotation speed
fluctuation value of the inner and outer teeth of the spline was amplified by two-way collision
in the over-response range. On the other hand, in the low-response range, the inner and outer
teeth of the spline had a one-way collision, and the phenomenon of amplification of the
rotational speed fluctuation did not appear. In addition, the effect of the change in the level
of the spline backlash, which is the cause of the jumping phenomenon, was additionally
reviewed through simulation. Among the splines applied in the simulation model, the spline
backlash between the hub shaft and the friction plate of the PTO clutch, which has the largest
backlash level, was changed, and 0.1 mm and 0.9 mm, which were manufacturable levels,
were selected based on the basic backlash level of 0.50 mm. When the spline backlash was
0.10 mm and 0.50 mm, a two-way collision occurred, and when the spline backlash was 0.90
mm, the 2" component due to engine excitation did not increase, and a one-way collision,
which is the collision behavior of the low-response range, appeared.

An additional experimental investigation was performed to experimentally confirm the
simulation results in which the dynamic behavior changes according to the level of spline
backlash. A lab. test was performed by adjusting the backlash of the spline coupling between

the friction plate of the PTO clutch and the hub shaft by 0.10 mm (Type A), 0.50 mm (Type
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B), 0.90 mm (Type C), and 1.30 mm (Type D). In the Lab. test where Type A was applied, no
jumping phenomenon occurred, and as the spline backlash level increased, the rotation speed
at which the jumping phenomenon occurred gradually decreased. The rotation speed at which
the gear rattle noise was rapidly reduced by the dynamic behavior change due to the spline
backlash level was also lowered.

Through the study of the first part, it was found that the engine idle rotational speed
should be set in the low-response range where the noise level was kept relatively low in order
to reduce the PTO gear rattle noise. In addition, by increasing the level of the spline backlash
on the vibration transfer path of the PTO driveline in order to reduce the gear rattle noise, the
rotational speed at which the engine idle rotational speed can be set was also lowered.

In the second part on the study, a gear design technique that can minimize the
transmission error, which was the main cause, was studied in order to reduce the gear whine
noise of the transmission. In order to reduce the gear transmission error, the gear macro-
geometry optimization technique was used in consideration of the load characteristics and
the manufacturing environment applied to the transmission. The gear macro-geometry
optimization was performed on the F gear pair of the forward/reverse shift part of the tractor
subject to this study, and the main 1%, 2°¢ and 4" gear pairs of main shift part. The objective
function of gear macro-geometry optimization was set as gear transmission error and
efficiency, and a genetic algorithm (NSGAIII) was used. A test equipment was built to
confirm the noise reduction level of the gear specifications derived through gear macro-
geometry optimization.

In the test, other noise sources such as hydraulic noise were controlled using a 3-axis
dynamometer, and the test was performed in consideration of load levels of 20% and 50% of
the rated engine torque in the 10", 11 and 16" gears, which are the most frequently used
gears was performed. As a result of the noise measurement, when a load of 50% of the engine
rated torque was input to the transmission, the overall noise level of the transmission was
improved by 2.99 dBA, 3.90 dBA, and 3.31 dBA in the 10, 11™ and 16" gears, respectively.
When the load level applied to the transmission was 20% of the engine rated torque, overall
noise level was reduced by 3.30 dBA, 2.21 dBA, and 2.42 dBA in the 10", 11", and 16" gears,
respectively. As a result, it was confirmed that gear whine noise was reduced for the two load

conditions through gear macro-geometry optimization.

Order tracking analysis was performed to compare the noise level of gear harmonic
components, and the level of noise reduction was confirmed in the engine operating rotation

speed range. Among the harmonic components of the forward gear, the noise level of the 2™
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harmonic component was the highest and was reduced by 5.13 dBA through optimization.
Also, the noise level of the 1%, 2%, and 4™ gear pairs of main shift part was improved by 8.52
dBA (2" harmonic), 4.52 dBA (1% harmonic), and 9.95 dBA (1° harmonic), respectively. In
addition, as a result of comparing the noise level at the intersection of the resonance region
of the transmission system and the gear component in the test, it was confirmed that noise
was effectively reduced through optimization.

Therefore, it was confirmed that through the gear macro-geometry optimization, not
only the overall noise of the transmission, which was contributed by various gear components,
but also the noise of the gear harmonic component was effectively reduced. Therefore, it was
confirmed through this study that the gear macro-geometry optimization technique was
effective to reduce the noise of the agricultural tractor transmission, which has severe load

fluctuations and various load levels are applied according to agricultural operation.
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