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P（eyvvordsIStab叫川haotbvibrations．nonIineartractordynarr・ics，COrr8latbndfmension・  
けapunove坤Ont∋ntrandomv】bralion，qUaSトpeHodicvlbration  

l．ln廿Odu¢tlon   
Theu＄eOflargertractorsandthehigherworkingspeedstosustahorincreaseproductivityhasbeen  

。  

aEsoanseYhenasmaltsizetractorrunsunderc8rtainroadcondit10nS．Which mayleadtofatal  
accidenls2）・耶．Th8refore．theunderstandmgofthedynanlk；b8haviorofnetTaCtOrisafundam8ntaI  
eOnCern．   

A■仇Ough mudlr馬e封℃hhas由8＝don¢inthe開areお・almost81t㈹rOGOnduetedin鵬  
cowentionaIapproachusings匹CtTUmana■ysisexcepISakal・SakaiffrsthtroducedtherunIinear  
dynaJTlicsstandpointtotractordynamics，CEariRed廿一eChaodcYibrabonandshowedthesafety仙ts・  
EspeciaIry，in廿■eareaOfste8ringandhandling，nOnFinearbehavioro川一ebaclorpraysanimportantro［e  
Onthes也b‖l吋Ofthe他CtOrSyStOm．  
TheoPIeC8vesofthispapeTaretOlnves軸te伽dynamicstab川ty・andchaodcbehaviorofafarm  
血CtOra＄Sumedasa旬idbodyonaw拍Ora咽80Ibrwardsp80d＄・   

2．Method010gy  
2．1Experlm即Italさet・uP   
Theb，aCtOrUSedwa＄aPneurna恥・tlredJohnDeer8mOde12850Dof65kWral］ngeqUippedvdthfront  

仙¢＄13．6－248ndrear加OS16．銅4．Theto側masswa＄3690kgw肋2280kgon廿－0伯ar8Xlo・The  
centerofgravitywasFocatedO・884minthefrontofheTeareLXlece，nteraTldO・933maboYetheground・  
llre州at）OnPreSSUreWaSBetatO．20MPainthefrontandO・15MPain廿1erear・TlleVdle81ba＄eOf  
thotractorwas2．29m．   
ThearWicialte＄t廿aokcom叩edofaser－esofang■eironsofhefghtO・035mwasins也I18dona  

grave伯rmroadand鵬印80相（㈹∨由ng仙）鵬t㈹en廿－eangle童ron…髄馳tatO・Smw■椚atot8‡  
l8ng仇Of25m．   
Tractorvibrationwasme8点uredbytyvDStraingagetypelinearaccelerometersin紬”dDn廿1etraCtOr  

chassi＄．TheaGCeIerometBr＄rneaSUred廿帽Vertica】componentSOfvibrationand廿1eirlocationsare  
shownjnRg．1．Eachac00■訂Om細r㈹S馳e■朗誠A，and日脚dth8jr飽PaCi七郎㈹re2gandlg  
respectiv8■y・Th8reCOrdinginstrurT．entSinc■udeda4hannelanaJogdatarecorderandstralnamPIi随r  
instaLledon廿1eTeaTrightsid8f8ndeTO川一etraCtOr・Thepick8d－UP＄lgnalwaspioo鰐Sedw■tha10W  
PaSSfi】terof30Hz．   



Roarwh白○事C8nt¢rl】no FroIltWh001e8用○州no  

（b〉Sid8Viow  （a）Topv18W  

FiglIJOCationofcenterofgravltyOftractorandaccelerometer  

2．2T加什oquency†●叩On朗tOさt   
Afr8quenCyreSPOnSe一騎tWaSCOndu醸dushganar醐Cia，test廿ackas廿一eSOurCeOfexc．tationto  

相場traCtOr．htheexperiment，alFwh8e■srunonlhetestねCk・rneaChrun・thetractorfoTWardsped  
waskeptconstant，SO廿一attheexcitationwasperiodic由1dcontinuouslandtheforcedosci”ationwasa  
steadystate・Thefor加gfrequencyflOfheforcedvibradonisexpressedasfl＝V／L・VhlereVis廿帽  
forwardspeedand Z thewave－en9h・■n廿一eeXPedmentltheforwardspeedischosenas鵬econtroIBed  
parameteTand廿一eSPeedwasvadedfromO・63～4・50mAsincreおedatinterYdsofO・10NO・20m／Sfora  
totalof24e）くPerime州alrun＄．   

2．3亡h80さum080†l朗■∩■ly曇l8  
1ntheexp8rimentalhleSeTie＄anaJysis，bn付加efrontAaccelerorT・eter＄i9naJweredi＄CuSSed・The  

reaTBslgnaIhas仇esam8tend8nCyW．ththefrontwithatlmelagofwbれ血erewblstheYdlee［ba忘  
andvis廿1efor蝿rdspeed・TheaTnP．itudeofvibratlOnOfBisIowerdlenCOmParedtoA・   
TheposttTaTISientphasewasdecidedandthesamplingtjmewasvariedin紬rangeofO・01J・005s・  

ln廿1eSamPlingtimeofO・01s什一eSPe8drangewasfromO・63－1・51m／Sandthetotalnumberofdah  
pointswおin廿帽rangeOf900－1BOO．In廿1eSamPling叫80fO・005s，thespeedrangewa＄from  
l．6ト4．50m／Samd廿Iet血Inumberofda也POintswasin什旧ra咽eOf960－1700・lndiagno＄i相加I  
typesofvibrations，qua■itatjvBChangesofthedynamやSOf廿一etraCtOrduetothechangeinthefoTWard  
印e叫㈹Smal鰐edbyembedd弓ng仇e伽8S即ie引na細胞SPaCeuSi咽鵬m8鵬do川mod8吋  
APoincar8SeCぬnwasmadebystroぬS∝甲icsampl■咽Of廿－eゼmese鹿・刷Che馴鹿US朗to  
disthguishbetweenvanousquaI酬VeStateSOfIldionsucha＄PenOdiclquaSi－PeriodiclOrChaos・  
Quan6ta帥eanalysis，uSlngthecorreIa紬ndimensiontoidenqfy仇etypesofvibra紬ns・andtrendof  
theIargestLyapunovexponentsfordeterrnini＄批Chaoswerealsom8de・  

（1）QuallbtlⅥ＝m如y81さOI仇Otr8Ct即V仙ra伽鵬  
Fh8きOPO付altandP（〉ln（：art！8eC¶on■   
ThephaseporLraitprovide＄a＄Pa紬■snap＄hotofthe8VOrVlngdynamicsofanon”nearsystemaSan  

aidintheunderstandingofhowparaTTleterChangesa馳Ct廿旧SyStern＄behavior・ltisparticulady  
u＄efulinvi＄ualizhg廿悼dynamicsof廿一eSyStenlaStheforward＄Peedischanged・1nthomakingof  
thephasepor［rait．thecurrentvalueofatimese再esisreEatedtotheprecedingva］ueofthesaJlleSeriB＄  
USi咽a触8ddelay帥eorlag・  

芸  
諾よ㍊謁罰‖  

by甜Obo＄COPicsamplin90fhetime＄eriesataGxed－Phaseoftheforcingfun血州atishearti触ial  
test廿ack．   



（勾Quant他廿vモ8naly81さOt仇○廿actorⅥbr■仙Ⅳは   
Twow］deEyu＄edcrite血On廿1equanth伽eanalysisofthemotbnofadynanlicaEsystem，Vdlichwfl  

eitherbechaoticorregularare仇eLyapunovexponentsandthec（】rTelationdimension．  

榊eαrOI劇Ond加帥さlon■n■ly81き   
From廿1e eXPe再mental個m¢∈柁†ねS da胞．eompu伽9伽800汀01aゼOn dimn引On（D）薩∪鋸血lねr  

distirquishingdeterministJcand＄tOChasticrnotion．Fo川18attraCtOrre¢OnS廿uctedin廿鳩rll－dimensfonal  
Phasespacebythene飢Odo用mederay，坤ecorreEationntegraJC椚（，）5）isdeflnedforlargeNby，  

C仇（r）＝比勒」∬f一方ノD  （1）  

■■l  

Where，H始theHeavi＄Edefunct10n，rtheradiusofann－dimensiondhyperspherecenter8doneach  
組mPl由POinton廿場合肘aobrtr8j∝モOry．杓，（l＝1，2，3い‥N）andX】a帽仇00什噺匹intson廿10at廿舵brin  
thQVicin吋OfX．・ThetermlX．，X，li＄鴫Icul曲da＄aEuctideandistanceinanm－dirnensional  

SPaCe・ThecorroLationdimensionDi＄COmPuteda＄椚e＄10Pe（S）ofeachcurYeOfLogCrn（r）ver葛uS  
IDgr．  

㈲Tho小PUnOY創叩0110nt   
Lyapunovexponent＄aretheaver喝eexponentialratesofdjvergenc8OrCOnVergenC80fnoarby  

Orbi蛤inpha＄OSPa（）eOfagivon∝，ntinu（】USd叩ambal町紬minanm－dim8nSぬ∩細pha＄OSPaee．  
Thusrheexponentsarerelatedto廿1eeXPandingandcontractingnatuTeddiffE）rentdirectionsinphase  

ntWOU■d油atea  
a，．』  

匝）Froquon¢ydom鶴In■mlyさlさ   
Nonlhear一銭OnanCeCurYeC8nident吋atwhatparticularfrequ8nCy（SPeed）thetractorexhIbfts  

Violentvibrat10nPhenomenon．SuchacurveisLBefuflndBtemlingth8naturalfrequencie＄Ofhe  
tractor．   

3．Rosu托8andDl曇¢リ5■lon  
3・1Ch鐘○さtlmモさerlo＄4naly奮lも  
（1）The8柑a¢tO‖値引川面飢瓜仙町‖はIn9仇omo仇Od扉d0l己ytlm0  

ln廿鳩analysisof仇eexperim胞nta用rT℃Seriesobtainedfrorndynanlic＄Ofthotractor，1he叫8etOryOf  
thepo＄ttra「癌ientphasewasanalyzedasltapproachQStDitsattractor． Anattractorisa＄etOfpoints  
inphasらS押ee廿1at廿18mnlinears鰐蛤m甲PrOaCh8＄eV8日∪釧y8ta帽ngfromasotofpoint＄knownas  
thebasinoIa肘ae七0∩7）．   
memo椚Odof帽CO侶IMゼng鵬a納ebr細別れa爪8mbedd佃印8C8d50me5U肋b旭dm別ヽS加m  

isca”edth8mehodoftIrnedeFay：From廿Ietjmeseries．thetattractorjsmadeusinganappropriate  
VaJueofderaytlmeT・D粁erontdeIaylimeofT／2，TJ6andTJ坤WereuS8dforthispurpose．Theattractor  
isfirstembeddedinatwodimension．Amorengorouswaytoeslimat8廿怜aCtuardimBn＄ionof仇e  
attTaCt（】ruSingquantltativemethodsispresentedIater．   
Anexamp†eof廿IereCOnStme伽nofthe8他CtOrisgho灯l曹nRg．2．R9U伯2．ト2．45ho仙曹鵬  

Phaseportraitfrom廿IereCOnStruCtedtlmeS8neSdataofsp8ed2．15m鹿Withanembeddingdimensbn  
m＝2LlnFig．2．1，uSlngadelaytinleOfT吼theattractorcoordinate＄areformedfromveryc10S8dpoints．  
hencethereisastroIlg匹Sitivecorr8tal］Onand廿Iea廿怜CtOralign＄itserFaImostalongthe∠・450  
dashodlin（≧．   
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（1）Us，ngdBEaytirn8T／2（2）Usingd131ay加間T／3（3）UshgdeEaytrm白174 （4）D81ay（lmeT／6  

FiglⅣe2．Attractorreeon8truCtlOnOftIletlme8e∫ie白data   

However，fromFig．2，2and2・4showsthre8a■mo＄tSiTT．ifarpha鍾POrtrailsLL＄ing廿1自de7ayゼmeofT73，  
174ardT／6r8印eC軌唱Iy．Herer（isseenhatasthetJmeSedespointsus8dfortheamactOr  
co勺rdinatesbB9intoseparatBandde－COrTelate，theatEractoropen＄UPinpha＄eSPaCe・lnthi＄Ca＄el  

■ 
・． 

reeons廿ue厄0∩．   

仔）qual】btlve■naly8は  
Pha80pOr廿痢t8ndP01ne即08●○¶on   
Thetotalnumberofeo（PCTimentaJrunswas24．TherefDre．therea，e24phas8POrVaitsand24  

Pdnear8・S∝ぬns．From廿1eSe24pa】帽0†graphs，Six sample匹i椅Were Chosen as飢e  
representativ8．   
Figure3show＄仇esIx姐rnPlepa，rsofphaseportr乱tSandPofncaTeSeCt［onofhetractorvibratJOn・  

Thechosens匹edsw即80．97m／S．1．51m吼2．15m／s，2．88m／琴．3152rn座那d4t32m鳳  
FromFig．3．1，eOmPlox和一且micsin什伯印◎OdO．97m舟場＄Obs8Ⅳ由duotothoeomplex両∝tOryOf  
thevibratEons．andbe加eenO．97tol，51mJs（Fjg．3．lp3．2），aquaLitadvechangedoccurrBdduetothe  
differentshapeofthetrajectories，Whichcanbeseen．fromth8SePhaseportraits・  
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x”（n¶4）   
Ⅹ■■（り  x■■（イー／句   

m印reaRepre8entativeBa血pl朗Of（aplla烏epOrt血tand  
恥）Poincare馳etionBatdl飴rent扱けWardspeeds  



FroTTIFig．3．2－3．4，thealmostdTiptZcalqcctoryin廿IeSPeedsof2・15m／Sand2・88mノ＄Were  
Ob＄erVedfrom廿1ePhaseporErait・T71ePoincares8CtioninFig・3・3（b）＄howedthepoint＄rnOVing  
aroundinanapproximateeIllPSeCurVein廿1BStrObo＄COPicplaneindicatedacl8且rquaSi－Per10dic  
扇bration．lncr組Sm9仇e＄卵色dfu仙針from3．52－4．32m／S（Fig．3ふ3・6）sbwed8qUa他伽OCha咽ed  
fromquaさトPehod妃toa（；OmP始xvibra厄On．  
FromFig．3，thereare仇帽etyPeSOfqua］itatIYedynamics．（nthem事ddlespeedofl・51m／＄tO2・15m／S，  

tt0 
．  

OfO．95m／S，andin廿10hi9herspe由SOf3．52m座and4．32m／Sthe吋匹SO†vibla伽ns00uldnotbe  
de愴minedu＄ing廿沌PhaseporlraitandPoinca帽S8鵬On．  

（3）Cllさ81鮎a廿onoftho吋叩OIⅥbratto…什01Ⅵ仙oquallu個明¢h8叩那OI廿帽鵬dordyn8Mle8  
・8asedfronl廿1edifferenceorsimiFar］tyOfth8Phaseportraitpa鵬msrthetype＄Ofvibra伽nswere  
c．assifledaccordingtothe■ow，midd■e．andhighspeeds・lnthebwspeed，伽rangewasfrom  
O．田－1．42m／S．1∩廿1emiddles畔d，飢8rangOW誠一roml．51mノS－3．08m／S・】∩廿1ehighspeed，椚e  
rangeⅥ敬Sfrorn3．32－4．52rn座．  
lnordertofur飢erexpI舗ntlⅦreaSOnforthedifFerenceorsimila佃yoftl℃Phaseportrait・thetirne  

serl缶andthefrequencyspectruminformationwerBincluded・FroTnRgL3］OneSPeedeachinth0low・  
middle．andhi9h印eedswe帽Cho＄On，訓dth8Sea怜0．97m／s．2．15m／S，andヰ・32m座r8印∝帥dy・  
ln廿1elowspeedofO．97m／S．aSamPletlrneSerleSdatai§＄howl弓nFig・4・From廿1is罰9ure．the  

阿一Odofosci他tionisOL52s・The叫UenCySPeC仙minFigr4bshoTSafundamentalforcing  
frequencyfl＝2．OHzwl仇Otherfrc，qUenCyinfluence．anddominantfrequencleSOf3・9日zand5・9H乙  
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 一戸3・8取〆辱5・8トk  

01Z 3」15〔7 8 910  
Frequon（y【Hz】  

（a）¶mese血sdata  （b）F帽qUenCyS匹Ctmm  
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ぎ  
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×●’（t）  X－’（nT／4）  

（C）Phaso叩代価t  囲P01nC町eS∝tion  

Fi官ure4．Complexvibrationlnthelowspecdofv＝0・97m／s   

Th暦0O廿脚frquerdesweTePrOb8b－yduetohesignificant州u8nCeOf廿一efrequemy＄PeCtTumOf  
thegrave．troadvdleretheangIeironswereinsta”edandtractortireIugs・TheresuThgphas8POrtrait  
andPoincaTeSeCtioninFb．4cand4drespectiveIy，＄howedacorTIPteXVibration．whichwer8Seena＄  
sc＆tteredstroboscopicpointsinthePoincare・＄eCtJOn・However，thetypeofvibra伽ncouldnotbe  
detemhledusingthephasepo11railandPoincaresecl］Onanalysl＄・   



ln廿18highsp恍dofヰ．32m庵．8Sa叩舶timo紙幅data短＄how‖nRg・5・ FromRg・5（a），鵬  
perIOdofosciIFal］OnisO・12s・・TTlefrquglCySPeCtruminFig・5bshowedafundamentaIfrequency  
fl＝8．6HzandilssubhaTTTIOnicfrequencyfl佗，Rgure5cand5dshows廿値PhaseporLTaitandPoincare  
sectionrespectivefy．l・hecomp■exvibralionisprobabIyduetotheinfIuenceofthesubharmonic  
frequel℃yflJ2仇atimpEjednonlineaTVibrat）Onbu川一etyPeOfvibratFoncouklnotbediagnosedclearly  
両ththe付e（】uenGymforma紬nonly．  
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Frequl∋nCy（Hヱ）  

（b）Frequencys匹CtrUm  
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x”（t）  ×t■（r汀／4）  

（C）Pha雷ePO「l柑血  ㈹P0lnc訂eSe感m  

Fi酢1Te6Complexvibfa伝onintbelligbspeedofv＝4・32血／白   

Onth00廿Ierhan【＝n蜘鋸而劇Ies匹姶d．a＄amPle伽れ8紬rio＄dataofthovibrationisshowninRg・6・  
Theperiodofosci．．alfonisO・23s・Thefrequencysp8CtrumShowninFig・6bshovvsadominant  
血ndamental†帽qu¢myfl＝4■3＝zandw肋as岬引harmonicfroqu¢nCyeOmPOnentOf2tlandthe  
infIuenceoff2＝4．6Hz．Thepresenceof什伯0仇erfrBqtPnCyf2Whoseraぬf2NlisincoTTlr71enSurate  
indicated aquasi・Periodiev■braぬn・T血s，aSidefromthephase portraitand Poincare section  
inforrnation，thefrequency＄PeCtrumWaSaLsohelpfulincFassify．ngthetypesofvibrations・   
Ontheo廿Ierhand，in廿帽middlespeed．asampletirneseri8Sdataofth◎VibradonisshovminFig・6・  

Thep8日dが肪G‖a紬nisO・23＄・¶e什印UenCySPeCtrUm＄how－inF竜g・8bsho㈹a血minant  
fundamentaIfrequencyfl＝4．3HzandLwTthasuperharmonicfr8quenCyCOmPOnentOf2flandth8  
influqlCeOff2d．6Hz．Thepre＄enCeOf仇eo廿1erfrequencyf2両10Seral）Of2Nl蔭inqornmeTISuratE）  
indicated aquasj．pedodicvibra馳n・Thus■aSidefromthe phase portraitand PoincaTeSe曲n  
information，仇efrequ8nCySPeCtrUmWa＄a如helpfulindassi～inglh8tyP9＄Ofvibra的ns・   
Th8aboveresuEtsshowtwoclassi6catlonsofvibrations．OnegroupISClassifiedasacornpFex  

vibrationthato¢CurTedinth8lowandhigh－SPeedrange，and廿1egrOuPWaSClassif．edasqu  
Vibrationthatoccurredin廿1erniddl8SPeedrange・   
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■く 1gl■・    ′ － lI    ・奥▼ ≠r  

x”（t）  x’■（nT／4）  

伺Pha鎚匹Hralt  （d）Po竜nca柑SOdi耶  

Fi即re6Qu8由・perlOdievibmtioninthemlddle叩eedofv＝2・15m／s  

（4）Quant肋tlvo凸nalyきl5   
Todiagno名ethetypesofvibr8t10nin廿1elowandhigh＄Peed＄仇由COUIdnotbedebrmin8dusing仇e  

qualitaFveme鵬od＄．aquant．ta伽eanaly＄i＄Wa＄COnductedusingth8COrT81at．ondimensionanalysIS  
and廿18Lyapunovexponentforthohllra咽eO†餉efowardsp88d・   

匝）Cロー帽Ia伽ndlmonさlon   
The at（ractor recOnStrUCtion using he method ofdelayl］m8VVaS made us，ng an enlbedding  

dimen＄ion（rT［）oftwo．Todeterrnlnetheactuafmtocontaintheatb・aCtOrOf廿一eeXPerimentdt［meSeTies  
acorreIationdirTlenSionDfor廿帽reCα1＄tTuCtedattractorlnernbedding＄PaC8SOfsucces＄iYelylarger  
dimensionsw8SCOnducted．u＄inganalgorihm仇atcomputes廿一eD・Themaximummwassetlo5・0・  
Theradiu＄（r）oftheprobinghyperspherewasfromト10units・   
Anexampleofacorrelat］OndimensionplotusinganumerlCafaIgor肋mis与howlinFig・7wh8rethe  

d融awas廿1e加¶eS8riesals鱒dofv≡2．14m庵．Theattraetorwa890ner8tOdu＄mg帖1410匹血ts・  
FromFig．7a．w柑引ne帽雀i咽mfromト5，仇8Slopo（＄）釦飽di】ydiv昭eS鵬hincr8aSi咽Va山防Ofrduo  
to廿1eeffectofno短B．Thenoisei＄dueto廿1enahJreOfheinput．theinherentcharact8nSllCSOfthe  
systemandnoi＄eCOnblbutedbythemeasurlnginstrumeTltS廿1atWerePreSentintheoutputsignaI・  
Ano廿1erfactoris廿1eeffectofthecomputajonalnoisell）thatar．sedueloround－0什errorsinthe  
num（〉r［Calcomputalionsthatweremade．   
Slnee廿鳩teStぬCkwasinst細Iedonafarmgr掴Iroad，r8ndomnob00川場gr糾合lroadw8SPreS即t  

in鵬OutPut＄ignalL Dynamica■systemnoiseoTSySternnDnline＆rttySUChas鵬SPrin9StJ伽essand  
d8mPingcoe附加∩也0－thetraぬ「加既are㈹怜a■sopros¢ntin廿－e仇郎＝t軸nal・¶ee触tof伽  
measurementnoiseandcompu愉紬na】noisowerenotinclud8dinth8anal鰐IS・   
ThelirTli伽gslope（L＄）wa＄aPPrOXimatedtobeequaItol・19L Figure7（b）isthenpIcttedusing伽S  

vE＞rSuSIog（r）vherethecurvesconver9eatthelirnihgs10Pe（encircled）・Figure7（C）isthenmad8  
usingthesIopeinfomla飴nwththencreasingm■Vheretheminimum＄atUrationpointwasatm8qUal  
to3．0，Whichistheappropriateembedding即m8nSionoftheattractor・Asldefromthedeterminationof  

7   



thBemb色ddingdimension，aCOrrelationdim帥引0nanalysiswasaFsonadetodeterTTTinethetypesof  
扇braゼOn＄inLtheIowandhEgh＄Pe8dsthatcouldnotbedeterTTlincdusingqualitatlVeanaly＄is仇atwas  
mad（〉ins8Ction（3）．  

q l 之  3  q  さ  6  

Emb8dd帽dl爪白ng事On州  

（句Cα▼d鵬ond加Qm18nDv5．8∩血〉ddl咽  

drl18tヽdonm  

－3     一之    ・1  0  

bg一  

隅Th●椚l劇化椚ln旭卵1油門  

蓼一1山8CM伊り△山gr㈹一朗加8r  

Logr 

㈹Th8椚l劇血日脚開門‖〃射I山田  

V即Mbgr  

ng．7G）8n止血）TIleeOr搾1a血nintegralandはcoffelat氾n  
dimen由onI）Ⅴ乱embeddingdimen鼠K汀1正IatV＝2．15m／8   

Rguro8油OWS仇①00汀01a¶伽dim創1SionDvo帽uS伽，emb8ddi咽dim8nSionmlnthe10W・highand  
細＄Oin廿10middl¢8PO由．FromRg．朝a）．tho紬adyincre鮎8dDasmwおine帽おed血】ioa飴d仇如  
theattTaCtOrVVaSnOtCOntaJnedever［indleflfhdmension．This＄UggeStSthatheatb．actorisFndle  
infinitBdimensjon．wMchL＄arandornvibra伽n．FromFig．8（b）】DhasaYalueof3・61廿1atindicated  
chaotlCV胆ra個On，andtheattractorwascontainedinanmequalto4．lnFig．8（C）．aDequaltol・19  
m8anSquaSi－PeriodicvibraIionanditreachedsaturat10natmequaItD3．  

童・・● 

＿  

置  凸．冥竜三声名■－皇室皇」00  
0 1 三  っ  4  S  6  

∈mboddh8dlm∬l戚蘭．m  

（C）Ou舶トp即i鵬kvぬ帽伽∩血∨－1・5【I鵬  

由一lMdl叩d如耶細∩．m  El¶鵬ddlngdlm飢8lm．m   

㈹R耶血m＞bl加ゎn員tVゴ0．07mル   ㈲ChMVぬ匝Ib¶且tVd▲32爪個  

Fig．8Correlationdlmen占ion（D）v乱embeddingdlmenSion血）  
h）bw8peedofv＝097m／昌  
仙）Highspeedofv＝4．32m／s  
（e）Middlespeedorv＝1．50m／白   

（b）ThoLy叩unOVOXPOnOnt   
Figur89showshe＄PeCtNmOftheLy象PunOVeXPOnentS（ん）versustheforvvaTdspeedsvdththe  

8quivalentforcingfrequencies，SpudousLyapunovexponen瞳jnthe10WSPeedraTlgeOfO・63－l・42  
rn／SWaSObs馴VedYdlichisduBtOlhe＄ignW．can‖nfluenceofthegravelfarrnroadintheexperlmentaJ  
data．therefore，itwasnotinc■uded・ConY叩enCeOftheLyapunovoxponentSWaSahinedbyvarying  
thea肘actorleng廿1SCaLeand廿鳩COnStantPrOPaga血ntirne（ref・6）・StaTtingfromthemiddIespeed  

i 
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Spoed（m／s）   

F帽queney（Hz）  
0 1 2 3 4 5 （i 7 8 9 10  

Fig．9Ⅱendoftllelarge白tlダapunOVeXpOnent8  
伽1ddlespeedbhigllSpeed）  

間作旭“肌は伽nき○†什帽tyPO曇OIY伽8gOnさa∝αdlngb廿柑q血畑地州加＝肌Iy細山机etra¢br  
dyn8mlcs   

TabIelshovv号theclas＄Wic8伽nof廿一etyPeSOfvibrdionsusingcorreLa紬ndimen＄iorran色Iy＄isand  
Lyapunovexpmenlesthate＄OfhestabiLityandchaotfcbehaviorof廿1e打actor）lnthespeedrange  
ofO．63～1．42m／Si＄arandornv7bralionwthanattnctordimensbnofmorethaT15．Fn廿1eSPe8drange  
ofl．50－3．08m／sisaquasi一匹riodicvibraぬn8ndmarginalstabilityofthetractorbehaviorand廿1e  
dimensionof仇eattractor3．Enlhe＄Peed r8n9eOf3．32－4，5m／Sisachao伽Vibrat10nandthe  
dimensionofth8a慣raetori＄4，  

Tabtel，Classilicationofthetypeso川brationsaccordingtotheforwardspeed  

SpeedClassi罰cation  Spoedra咽e  Typesローv伽憾馳ns  DimensEono†aHrado「   

Lowspeed 0．83－1．42m／8  Randomvibaぬn5   m＝∞   

Middl8S画   Quasトponodicv拍はぬns  m三9   

1．5ト3，08m／s・   andm 訂Ⅵ弓nal＄tabiliN  

High speed 3．32－4．52m／s  Chaotjcvlbra“ons   m＝4   

3，2Froquon¢ydomalndnaly8】8u8】ng廿lOnOn伽08rrOさOr18n（；eCurVせ   

FlgurelOshowsthenon■inearr8SOnanCCCurV80f廿一etraCtOrVibratEOnS・Enthefrequencyof3・2Hz  
（S匹eddl．6m刷l＄仇ebuncen且tUra柏叫∪帥町，肌din廿1油叫膿n¢yranged4・2－4・8Hz（2・1－2・4  
m／S）弓ShepitchnaturaEfrequencies（ref．10）．   
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＄peed（m／S）  

Frequency（Hz）  

0 1 2  3 4 56 7 8 9 10  

アig．10No山ineafre80nanCeCurVeOrthe伽ntAof仇etr8血reba8Si6  

4．ConGlu810n＄   

ThestabiIityandchaol］Cbeh帥brofafarmtractora㌍Umedtobe邑rigidbDdywasinves鴨atedfrom  
theslandpointofnonlineartractordynamics，1ntheexperirnentalinvesVgation．afrequerqrespons  
testwasconducted，and廿1eanaJysiswascaTT．edoutinthetJm8dofT．ainandfrequencydomain  
anaJy＄i＄．Fn廿一etimedorTuinanaJy＄蕃S，qualitatlV8ChangesofthedynamicbehavioroftheねCtOr  
w8re ana■yzed using廿1e Phase portrait and Poincare section thatidentiRed鵬quasi・per．Odic  
vibrationslinthemiddle＄Peedrangeofl・51to3・08m／S・Quandtativeandysisusingthecorrela紬n  
dimensjonidenl］fIedtherandomvibratIOr‖ntheIowspeed rangeofO，63tol・42rn／S，andlargest  
Lyapunovexponentsana■ysisiden心細d廿鳩deternl仙s血chaotECVibratfOn＄inthehigh－SPeedrangeof  
3．32N4．52m／S．Theb・aCtOrVibrationresonanceoccurTedinthe）middIespeedrange・ThefoJ］owlng  
COnCIusionscanbedrawnfromtheresuatsobtairled：  
1，Theeffectof廿1egraVe■farmroadproducedrandomvibrationthatissignrFicantinthelowspeBd  
range廿IatreSultedtospurlOuSLyapunovexponent8Stimates・  
2．Marginals地相Of廿1et柁氾tOrOCCUrrOdinthemFdd■8叩Odrango】W＝ehisaqu戚ザ血血  
vibrationwhere仇enonlinearTe＄OnanCeOfthetractoroccurred．  
4．Th8SUb旭rmonicfrequencyflJ2仇atoccurredatth8highersperodsindicatedchaoqcvibratioTISOf  
thet「aeto「  

5・Non■in組rtra血rdynam弓岱rO＝tetOdlaO＄WaSqu誠i一匹ridi¢from廿－emid鵬叩e∝＝笥n卵tO   
Chaosinthehigh－SPeedrange．   
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