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Experimental Study on Steering Torque Characteristics of Tractor

S. S. Lee J.S. Kang J. H, Moon

C. H Lee J. H. Hong W.Y. Park

The purpose of this paper was to investigate experimentally the steering torque characteristics of a tractor operated in
various ground conditions. The experiments were conducted with the tractor reconstructed for steering torque test of the
tractor at two different off-road conditions (ground- I and ground-II) and a on-road condition (ground-IIl), three different
levels of tire inflation pressures (69 kPa, 138 kPa and 207 kPa), and four different levels of axle loads (4120 N, 4730
N, 5340 N and 5950 N). The results of this study are summarized as follows:

1) The steering torque was increased with the increase in steering angle for all experimental levels of ground conditions,

axle loads and inflation pressures of tire.

2) As the axle load increased, the steering torque of the tractor increased for all ground conditions, and the increasing
rate of the steering torque with the increase of axle load was greater at on-road than at off-road.

3) As the tire inflation pressure decreased, the steering torque increased. Also the increasing tendency of the steering
torque with decreasing the tire inflation pressure showed that the harder the ground was, the larger the effect was. But
for the soft ground condition, ground- I, no specific trend with inflation pressures was found.

4) Steering angle-steering torque relationship with ground conditions showed that the increasing rate of the steering torque
was greater at on-road than off-road for small steering angle under 10 degree, and was greater at off-road than on-road

for large steering angles over 10 degree.
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Fig. 1 Schematic diagram of steering system of the experimental
tractor (Kim et al., 2006).
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Fig. 4 Strain gage attached to column axle.
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Fig. 5 Relationship between torque and voltage of column axle.
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Table 1 Processing method of experimental ground

Processing equipment

Ground types Compaction

Rotary tiller roller

Ground- [ (soft soil) 2 -

Ground-1I (hard soil) 2 2

Ground-1II' (On-road) - -

(a) Ground- I (b) Ground-II

Fig. 8 View of the off-road grounds.
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Table 2 Physical properties of the experimental grounds
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Ground types

Ground parameters

Ground-I Ground-II Ground-1II
Cone Index (CI), kPa 186 881 -
Adhesion, (a), kPa 4.66 436 -
Angle of external friction ('), degree 18.55 16.92 -
Cobhesion, (c), kPa 10.80 12.56 -
Angle of internal friction (), degree 23.80 38.15 -
Pressure-sinkage parameter (k), kN/m""” 3531 - -
Pressure-sinkage parameter (n), dimensionless 1.274 - -
Moisture content (d. b), % 16.9 17.3 -
Bulk density (p), g/em’ 1.63 1.71 -
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Table 3 Experimental treatments and levels

Variables

Levels

Ground types

Ground- I (soft soil)
Ground-II (hard soil)
Ground-III (on road)

Inflation pressure of tire, kPa 69, 138, 207

Front axle load of tractor, N 4120, 4730, 5340, 5950
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Fig. 10 Variations of the steering torque with steering angle for
four different axle loads over three different ground conditions.

236

% 100]] YR w9} 7Ho), off-road £} on-road F710ll4
st ESE ] 23F7k-EH = 371 e E e} 4
o] Fslz oA BT x3zto] STl wet e
S S7FeISITE olgst A= EYE Q] 23F7to] A
AR 5l o5l AW FE TR 3]st
oke] RHE 29| Zo|7} Thadhs 23 7|92 7]

2 54 wjol

A o

U A
(M ox, (i

e ok

80
€ - - = =P=69 kPa
Z“ 60 | P=138 kPa - - - - - — - __
e P=207 kPa
g
2o 40 e
o =
£ omuns
2 2 -
5 e,
0 ‘ ‘ ‘
0 10 20 30 40
Steering Angle, degree
(a) Ground- [
80
£ - - - -P=69 kPa
Z 60| P=138 kPa___________
s P=207 kPa e
=] PP e
o PPPLls
o 40} et
e -
£ 2=
o 20} 7
]
n
0
0 10 20 30 40
Steering Angle, degree
(b) Ground-1II
80
- = = =-P=69 kPa
1S =
S 60 P=138 kPa
- P=207 kPa
(]
3
(o} ,_a""--"--
s
5 201 4
2
n
0
0 10 20 30 40

Steering Angle, degree

(¢) Ground-II

Fig. 11 Variations of the steering torque with steering angle for
various tire inflation pressures over three different ground conditions.



80
c = == =Ground-I|
Z 60 }-- Ground-Il ___________
o Ground-Ill
=]
(o3
o 40 |
o aemm
£ =
5 20 | =
]
%7}
0
0 10 20 30 40
Steering Angle, degree
(a) Axle load of 4120 N
80
= == =Ground-l
§ 60 I - Ground-Il ___
- Ground-lll
[0]
3
S 40 |
1] »!
- ==
£ 20} ST
5 <
]
7} 0 ) )
0 10 20 30 40

Steering Angle, degree

(c) Axle load of 5340 N

J. of Biosystems Eng. Vol. 35, No. 4.

80
IS = ===Ground-l
Z 60 }- Ground—ll -——--————— -
g Ground-lIl
g
o 40 |
o oo
o
£
s 20}
2
%)
0 . .
0 10 20 30 40
Steering Angle, degree
(b) Axle load of 4730 N
80
= ===Ground-l
E Ground-ll
. 60 I~ Ground-Ill ~~ "7 T
[}
3
o -
S 40 _'__—"'—-
o | S e .
e | [ gz
5 20 |}
2
%)
0
0 10 20 30 40

Steering Angle, degree

(d) Axle load of 5950 N4

Fig. 12 Variations of the steering torque with steering angle for three different ground conditions using the tractor with four levels of different

axle load under constant tire inflation pressure of 138 kPa.

el AA 232 FbelA Fakso] 255 el A4
eIt o]gsh A= F3lso] A- A5 Bolol-iod A
AHelx 9] mpEkeo] FrkeiAl Han, st Fekae] S7tel
w2 Efolojo] MR F7tel| &gt Bolof-1mmzke] HAH
28] 7 Eolo] SAFol tigh Blojo] AW e v 1
AR HET} F7vste] 23] Elolo] o] AR HET} 7S
7] o= ekEch

ShH, Fokso 7t wE e SR A7]E
Ground-1II, Ground-1I @ Ground- I @] -0 24 »Ho] ©t
s Sobae] Tkl W e S S Aol et
3] YERT] ol#st A= o] diterE £ &
7hol] W2 Eolo] M| F7HFo] AXA Hof Efolol-1
AR HAHA ] F7) Aol A7) wiiEo|th

Q18] A SF3leel me ZEFC] A7)= Fleol &
T ZEFo] A VRO, Fekse] Tlel e ZEFE e
7R wro] dddrE 1 g F A 0F LERITE

2) E0|01Z7|0fl e EE{Q| XEIH §Y

19 119 (a), (b), (c)= 22} off-road(Ground- I, Ground-
)9} on-road(Ground-I)ol|A 5,340 N9 &4 =35 271
StollA] Efo]o]z7]qte] Wste] uhE EHE o] 237X E
HAE vERd Aajolrk

Efo]o] g 7]¢ke] Wsle] wmE FEF ] 715 Hlud] B
™, on-road =Sl Ground-I1¢] 7-f-oll= 70| e
= AA 232 FbellA ZER o] A ek e 37)%t
o W zeo) o)t el Liehgieh

&4 off-road =Wl €] Blolo]w7|¢tel] whE ZEHE 9
7)== Ground-1I 2] 74-%- on-road =0 H]&l A& o=z
1 A7t AJARE F7Ito] WerSs ZEE o] A4 UEt
wrh ey Aokst 1<l Ground- I 9] 7ol Efo]o]
271%%0] s ekl Ao} Watal Al ek

ojefdt Aak= Aot N = Tt oA Ejolo]
3715k Fane] whE Elo]o] WERe] SRR A4 Eolol-
ez FAEA L] F7HEo] A7) wiEoltk =, Bolol-n
HIE] HAAA L] JAS 7 st vk} o] Efolo9
A F250l it whd 1w ES] 3438 S71E fdslal,
FHE] glo]ol-imd AW ik o) 2g) Ysh= Elo]
o) B4l T BHES} 2 S ol

e AnERE Eololgr|Stel mE e S A7)= ¥
7lqlo] s Akow, B\¢ke] ] M FERe] 2
7k o] Wde s 1 g & 0 E YELT

3) CHZA0| WE EBEQ| ZEZ-TEE A
9 129] (a), (b), (c), ()= ZH7F 138 kPa2] UA

ok

71k

237



E2E 9 xEfE S0 A MY 37
27 Z351%0] 217} 4120 N, 4730 N, 5340 N 2 5950
NoL ] 1Rglel] B EeEe] 2k zele WS o
B A5} SaEe) 2a7te] Sl we ek o)
o) ATE 471 o 2o 2 wHE 53], off:
road®} on-roadol|4] TR 73S Hol= 1o Z et

Off-road ¢l Ground- I ¥ Ground- II o4 9] #3&k7}-
2 3PS 47 F3F 27604 25 2] 10° ol 3}
e 23t PRS2kl 2 24 § 1 0] &
WS 23710] Zohael W} zekol A9l ARG 71E
712 Z7Vehe AeS B9}, 18y on-road?! Ground-I
o] Z-felli= 10° ofake] Xq7; oM Zq e whE

ZE}H 9] Z7HEo] off-roaddl] BIE| F243] AA YeREoL
10° 0]39] Z3kz} 7ol A= off-roadef] H]&l Z=3FzFo] &
7holl whE ZEFEH S FThEo] vl A vrebstth

el xgzto] 2-S wjoll&= on-road®] 7-$-7} off-road?]
735l v EEL ZEleo] A7 UrE‘r‘fALEUr Z97to]
o= g oo® FUHE wele on-roadd] 747}
off-roadel] H]3l| Z=Eflo] 2| Lpepyk

A off-road?] thoFst BEokx7oM £85E T8
Edg o) tgh 237950 A4 A 2 AeT]eS R
7 T2 off-roado|A] EHNE] Q] ZE}E] I

" Q910 F Fotu]= =g, Elolojo] F

st 9 37|gel e EE Y] X IS AFHoR

B
Flr e

AE)L o) _E_QH% AFEA | ATEZ eFeielo
| 7l 6}1%4 on-road =A%} =7}
D}E 2 5pF9) offroad w4), 3 59 7269 kPa, 138
kPa, 207 kPa) 2! 4 $=39] EJo]o] 2334120 N, 4730 N,
5340 N, 5950 N) Z1dof|x F3h=|glom vhav 22 A
Z A3tk

(1) Aol 3¢ BE =, Bfo]ofo] Fabs 9 3714
Z7dol| thgk ERE ] 237h-2E A= 2370
AR whet ZEF o] S7kehe ASRE UERT

() Fokee s7k= EFHY| xEEE 7= ALl
E ‘/]’E} omn Fateo] Tt wE EF S S7HE
k2 off-road BT} on-roadof|A] I A YEbstth

1F

238

o] ot
=T 371] L}E}‘ﬁi“{ 3715+ @ioﬂ e ZE
Ho] TP o] didkrE 1 gt &
o ehgth

(4) Al wE EdE
o]&}e] Z2 z238k7} -7l A+= on-road2
road®] 750l wla)] a7t F7lo] w éﬂ%ﬂol
Z74eo] AA Uehstom, 10° o] 59 237} 7k
A= off-road?] 97} on-road?] 79| H]?'?H Z37t
9] Z7toll W zElE o] F7h AFo] & Aoz e
stk

. Dixion, H. C., 1996. Tires, Suspension and Handling (Second
Edition). SAE International pp. 283-290.

. Holt, D. J. 2001. Electric Steering: A Revolution in Steering
Technology. SAE Inc., USA.

. Kim, S. Y., K. S. Lee, S. S. Lee, S. B. Lee, J. W. Lee and
W. Y. Park. 2006. A study on prediction of maximum steering
torque of tractor on off-road. Journal of Biosystems Engineer-
ing 31(2):81-87. (In Korean)

. Lee, S. S., K. S. Lee, W. Y. Park, J. Y. Lee and J. H. Mun,
2005. Effects of ground surface condition on steering force
for tractors with electronic power steering system. Journal of
Biosystems Engineering 30(6):327-332. (In Korean)

. Nakayama, T. and E. Suda. 1990. Present and future of elec-
tric power steering. Automotive Technology 44(1):106-111.

. Nakayama, T. and E. Suda. 1994. The Present and future of
electric power steering. International Journal of Vehicle
Design 15(3/4/5):243-254.

. Park, I. R. and Y. H. You. 1999. Theoretical study of steering
effort. Proceedings of 1999 Autumn Conference. pp. 497-502.
Korean Society of Automatic Engineers. (In Korean)

. Park, W. Y., S. Y. Kim, C. H. Lee, D. M. Choi, S. S. Lee
and K. S. Lee. 2004. The effect of ground condition, tire
inflation pressure and axle load on steering torque. Journal
of Biosystems Engineering 29(5):419-424. (In Korean)

9. Yun, S. C. 2001. A Study on the Enhanced Control Algorithm

for a Ball Screw Type of Motdr Driven Power Steering
System. Ph.D. Thesis, Hanyang University, Seoul, Korea. (In
Korean)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


