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IMITAIOIMHE MOJIEJIFOBAHHSA PYXY EJJEKTPOTPAKTOPA 3 YPAXYBAHHAM
EKCILUTYATAIIMHAX PEXKUMIB POBOTH

CkiazieHo MaTeMaTUYHHMH amapaTy Il aHalizy poOOYMX MpOLECiB, SIKI MPOTIKalOTh B KOJICHOMY TPaKTOpi Ha
SNIEKTPUYHINA TA31. BHKOpHCTaHO METOJMKY, sika repeadayae OIMKMC 3aralbHOr0 PyXy KOJIICHOTO TpakTopa B Mpoleci
BUXOJly Ha TEXHOJIOTi4YHY a00 TpaHCHIOPTHY WIBHAKICTh. OKpeCIeHH amapaT BpaXOBY€E B3a€EMOJII0 KOJIIC 3 TPYHTOM B
(YHKIIT KOHCTPYKTUBHUX MapaMeTpiB Ta (i3UKO-MEXaHIYHUX BJIACTHBOCTEH OMOPHOT MOBEPXHi. SIK pe3yabTaT OTpUMaHO
BIZIOMOCTI III0I0 MOJEIOBAHHS PYXYy €JIEKTPOTPAKTOpa, a caMe 3aJIeKHICTh OakaHOI Ta peabHOi MIBUAKOCTEH Bij yacy
PO3TOHY; 3aleXHICTh po3psay OaTapei Bim peanpHOI MBHAKOCTI pyxy. lIpakTuHa 3HAYMMICTe poOOTH TONSATaE B
OTpPUMaHHI TEOPETHYHOI MOJENI, sIKa Ja€ 3MOTY NPOAHATi3yBaTH MOXJIMBICTh BHKOPHUCTaHHS IBHUIYHIB HOCTIiiHOTO
CTPYMY SIK CHJIOBHX arperaTiB s eEKTPOTPAKTOPIB Majol MOTY>KHOCTI.

KarouoBi cioBa: eneKTpHYHUHA TPakTOp, CIEKTPHYHUIA ABUTYH, OaTapes, JiHifiHe KepyBaHH:, INWMHA, TATOBA
e(EKTHBHICTb.

V. TKACHOV, A. KOZHUSHKO

SIMULATION OF ELECTRIC TRACTOR MOVEMENT TAKING INTO ACCOUNT
OPERATING MODES

The development of electric drives in the last period of time has reached significant indicators, so electric and hybrid
vehicles are becoming widely distributed in the world. At the international level, they began to seriously address the issue
of reducing the emissions of harmful gases into the environment, which are produced by vehicles with ICE internal
combustion engines by replacing them with electric vehicles. Therefore, the material of this article has the purpose of
assembling a mathematical apparatus for the analysis of work processes that occur in a wheeled tractor on electric traction.
When solving the set goal, a technique was used, which provided for the description of the general movement of the
wheeled tractor in the process of reaching the technological or transport speed. The described device takes into account
the interaction of the wheels with the soil as a function of the structural parameters and physical and mechanical properties
of the supporting surface. As a result, information was obtained regarding the modeling of the electric tractor movement,
namely the dependence of the desired and actual speeds on the acceleration time; dependence of the battery discharge on
the real speed of movement. The practical significance of the work consists in obtaining a theoretical model, which makes
it possible to analyze the possibility of using direct current motors as power units for low-power electric tractors.

Key words: electric tractor, electric motor, battery, linear control, tire, traction efficiency.

Beryn. TexHiuHUN 1 TEXHOJOTIYHUI PO3BUTOK €NEKTPUYHUX NMPUBOJIB 38 OCTaHHIM MPOMIKOK
qacy JOCST 3HAUYHUX IMOKA3HUKIB, TOMY Y CBITi BEJIMKOI'O PO3MOBCIOKEHHs HAOyBatOTh €NEeKTPUYHI
Ta Ti0puIHI TpaHCTIOPTHI 3aco0u. Ha Mi>kHapoTHOMY PiBHI CEPIO3HO IMOYaIH 3aiiMaTUCS BUPIIICHHSIM
NUTaHHSA IOJ0 3MEHIIEHHS BUKU/IB UIIKJIMBUX Ta3iB Yy HABKOJMIIHE CEpelOBHILE, SKi
BUPOOJISIOTHCS TPAHCTIOPTHUMH 3ac00aMM 3 JBUTYHAMH BHYTPIIIHBOTO 3ropsiHHs |ICE murmaxom ix
3aMiHU Ha eleKTpoMoOiti. EnekTpornpuBosa 3pyyHHii B eKCIUTyaTallii Ta 3a CBOEI0 KOHCTPYKIIIEIO Ma€e
TaKi OCHOBHI YaCTHHH, SIK IBUTYH, KOHTPOJIEp, aKyMyJIATOp Ta 1HII JUHAMIYHI KOMIOHEHTHU. SIKII0
€JIEKTPOJABUTYH Ma€ TapHe KepYBaHHs, TO BIH MOJKE JIETKO YTPUMYBAaTH BUCOKHI KPYTHUI MOMEHT i
HIBUAKICTE B MeEXax 3arajibHOro cTabUIbHOTO IMHAMIYHOIO KepyBaHHA. B xonl excrutyaTamii
eJIEKTPOMOO1ITI MalOTh HU3bKY MEepeBar: HU3bKy BapTiCTh 0OCIYrOByBaHHS Ta €KOHOMIIO nanuBa. Taki
TPAHCIIOPTHI 3ac00M KJIACU(PIKYIOTHCS SK BHUKIIOYHO EJICKTPUYHI TPAHCIOPTHI 3ac00M, B SIKUX
BUKOPHCTOBYETHCS JIAIIE JUKEPEIO eHeprii Ta pymriiHa cuia (To0To Oarapesi Ta IeKTPOJABUTYH), a
TaKOX T1OpUIHUHN €1eKTPOMOOLIb, Y SKOMY €JIEKTPOABUIYH, K 1 JIB3 BUKOPUCTOBYIOTHCS TSl PyXY
TPAaHCHOPTHOTO 3aco0y. BOHM po3MOAUIAIOTECS Ha MiAKaTeropii 3ajexHO BiJ IX AM3aiiHy Ta
CTPYKTYpH.

3BakalouM Ha 1€, aKTyaJIbHUM € MPOBEJCHHS JOCIIIKEHHS poOOTH €NEKTPUYHHUX TBUTYHIB SK
JoKepenia €Heprii CUIbChKOTOCIOAapChKOTO TpakTtopa. I[lepmmm erarmoM Takoro MOCTIIKEHHS €
(bopMyBaHHS MaTeMaTUYHOI MOJIEIIi pyXy TAKOTO €JIEKTPOTPAKTOPA.

AHai3 ocTaHHiX aocaiKeHb i myoOaikamiii. B matepiamax po0Oit [1 — 4] mocmigHuKH
BUPIIIYIOTh OKpEMi NHUTAaHHS POOOTH ENEeKTPOTPAHCIOPTY, BHOOPY CHIIOBOTO €JIEKTPOIPHUBOAY,
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PO3POOKH MPUHIMIIOBUX CXEM KEPYBAaHHS €JIEKTPOIPUBOAOM, OI[IHKM €KOHOMIYHOTO, COLI1aJIbHOTO Ta
exoJioriunoro edekty. B pobOoti [5] aBropu mpoaHami3oBaJid TEXHIYHI PIMICHHS CBITOBUX
TPaKTOPOOYAIBHUKIB ITPH MOOYT0B1 TPAHCMICIH KOJIICHUX TPAKTOPIB, 30KpEMa PO3TIISHYIIH TPAKTOPH
Ha enekTpuuHii Ts3i: Multi Tool Trac [6], John Deere (GridCON, 1RE, Joker) [7], Fendt e100 Vario
[8], a Takox Kramer 5055e, Escorts Farmtrac 26E, Case 580 EV «Project Zeus», Rigitrac SKES50,
JCB 525-60e [9].

3 2015 poxy Ha BAT «XT3» Tta TOB «AutoEnterprise» po3poOisitoTh 1BI MOAEIHI JIETKHX
enextporpakropiB XT3-3512 Edison ta XT3-2511 Electro. Monens XT3-2511 Electro obnaananuii
enekTpoaBuryHom motyxkHictio 27 1. (20 kBt) Ta AKb emuictio 30 kBt roz. L{poro Bucrayae Ha 6
roAuH poboTH y noiii. TpancnopTye npuyenu Baroko ABOX TOHH, IIPH IbOMY PO3BUBAE MIBHJIKICTH J10
26 xM/TOz.

Hogima monens XT3-3512 Edison obnagnana enektpoaBuryHom Ha 35 n.c (25,7 kBr) 3
JKUBJICHHSIM BiJl JIiTiH-iOHHOI Oarapei emuicTio 42 kBt'roa. IIBHAKICT, MOBHOTO 3apsKaHHS
aKyMYyJIATOPIB CTAHOBUTH BiA 2 10 4 roguH. Y TPaHCIOPTHOMY IOJIOKEHHI TpakTop Oe3rmepepBHO
MOJK€ IpALoBaTH 10 § TOAMH, Y CHIOBUX poOoTax — 1m0 4 ronuH. [lepeBo3uTh mpuyinHuil BaHTaxK
Barolo JIBOX TOHH, pO3BHBarOuM MBHIKICTh 10 40 km/ron. TexHika 1aHOTO KIIACy 3aCTOCOBYETHCS
MEPEBAKHO Y TBAPUHHHIILKUX Ta TCIUIMYHUX rocroaapcTaax [9].

Mera pociigkeHHsl, MOCTAaHOBKA 3ajgadi. Meroro poOOTHM € CKiIaJaHHS MaTeMaTUYHOI'O
amaparty JJIs aHaJi3y poOOYHX MPOLIECIB, sIKI MPOTIKAIOTh B KOJIICHOMY TPAKTOP1 Ha €NEKTPUYUHIN TSI31.

Jnist TOCSITHEHHSI TOCTABJICHOT METH HEOOX1/IHO BUPIIIMTH HACTYITHI 3a/1a4i:

— CKJIaJaHHS 1MITaliifHOT MoJeni poOOTH ENEeKTPUYHOrO JBUTyHA B CHCTEMI MOJICTIOBAaHHS
MatL ab;

— ¢opMyBaHHS 3arajJbHOI MOJIET pyXy KOJIICHOTO TPAaKTOpa Ha EIEKTPUUHIN TA31.

ImiTaniiina moaesb podoTH eJIeKTPUYHOTO ABUTYHA. JlOCTIIKYI0UM AMHAMIYHI TOKa3HUKU HA
NEepexiIHUX PeXUMaX PYXY, AKI BUHUKAIOTh B KOJIICHOMY TPAaKTOPI B X0/l €KCIUTyaTallii, mepiI 3a Bce
MIPOBOASATH IMITalLlIiHE MOJEIOBaHHS PO3TIHHUX Ta raJIbMiBHUX XapakTepucTuk. Hallbinpmmii Biaus
Ha HepexiJHi MpolecH YUHATH 0e3id (GakTopiB Ta MapameTpiB, ajie 6a30BUM € poOOTa CHUIOBOTO
arperaty. Marepiain gaHoi poOOTH HampaBieHHI Ha (OpMyBaHHI MaTeMaTUYHOI MOJENI pyXy
eJIEKTPOTPAKTOpPA 3 METOI MOAAIBIIOTO JOCTIKEHHS POOOTH €JIeKTPUYHOrO JIBUT'YHA B YMOBax
CLIBCHKOTOCTIONNAPCHKOI eKcIiyarartii. Ha puc. 1 mokaszana cripoiiena cxema 0y 10BM MaTeMaTUYHOTO
armapary JUIsl JOCHIKeHHS TOKa3HUKIB eIeKTPOTPaKTOpa.

mechanical
part

current

speed
& PID 7C0nt{;);11$;1g};WM — H-Bridge — DC Motor

required
speed

Puc. 1 — Croporiena cxema e1eKTpOTpaKkTopa

BynoBa enexTponpuBoay I'PYHTYeThCS Ha 0i0Ji0TEKax CHCTEMH JWHAMIYHOTO MOJIEITIOBAHHS
MatLab, a came Simulink ta Simscape. bi6mioreka Simulink BHKOpHUCTOBYETBCS TIepexyciM Uis
OyZ0BM MaTeMaTHMYHOI'O amapary, sIKHil ONHCYy€ MEXaHIuYHy YacTUHY eJleKTpoTpakropa. bibmioreka
Simscape, 6e3mocepeIHbO BUKOPUCTOBYETHCS sl OyA0BHU enekTporpuBoay. OCKibKH J1aHa podoTa
€ 0a30BOIO Ta HANPABICHOIO HAa POPMYBAaHHS B3a€MOJII1 €IEKTPOIPHUBOAY B CLITBCHKOTOCTIOAAPCHKUX
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yMOBax €KCILTyaTallii, TO CHJIOBUM arperaTtoM MpUiiMeMO eIEeKTPUYHUI IBUTYH MMOCTIHHOTO CTPyMy
(Tuny 4T11OM200SY XJ14). Ckiia 0Bl YaCTHHU €IEKTPOIIPUBOY PO3IJISHYTI B Ta0. 1.

Tabnuus 1 — Cki1aji0Bi YaCTHHH EICKTPOIIPUBOY, 110 peani3yroTbes B MatlLab/Simscape

CkJ1aJ10Bi €IIEKTPOIPUBOLY baok B MatLab/Simscape

Controlled PWM Voltage

This block represents a Pulse-Width Modulated (PWM) voltage source across its PWM and REF ports that
—a +|Ef F'”'.'“'. -."1 a— depends on the reference voltage Vref across its +ref and -ref ports. The duty cycle in percent is given by
100*(vref-Vimin)/(Vmax-Vmin) where Ymin and Vmax are the minimum and maximum values for Viref. The

RE F output voltage is zero when the pulse is low, and is set equal to the Output voltage amplitude parameter

+tef — when high.

At time zero, the pulse is initialized as high unless the duty cycle is set to zero or the Pulse delay time is
CD ntrDHEd PWM greater than zero.
Voltage

The Simulation mode can be set to PWM or Averaged. In PWM mode, the output is a PWM signal. In
Averaged mode, the output is constant with value equal to the averaged PWM signal.

Block Parameters: H-Bridge

H-Bridge

'P’\?.. ,'! This block represents an H-bridge motor driver. The block can be driven by the Controlled PWM Voltage block in
I—-l-n— PWM or Averaged mode. In PWh mode, the motor is powered if the PWM port v2 V is above the Enable threshold
RE FI voltage. In Averaged mode, the PWM port voltage divided by the PWM signal amplitude parameter defines the
] ratio of the on-time to the PWM period. Using this ratio and assumptions about the load, the block applies an
RE‘IIU' =777 |'0'| average voltage to the load that achieves the correct average load current. The Simulation mode parameter value
must be the same for the Controlled PWM Voltage and H-Bridge blocks.
| I

BRK If the REV port voltage is greater than the Reverse threshold voltage, then the output voltage polarity is reversed. If
the BRK port voltage is greater than the Braking threshold voltage, then the output terminals are short circuited via
one bridge arm in series with the parallel combination of a second bridge arm and a freewheeling diode.

b bl

H-Bridge

Voltages at ports PWM, REV and BRK are defined relative to the REF port.

Block Parameters: DC Motol

DC Motor

This block represents the electrical and torque characteristics of a DC maotor.

The block assumes that no electromagnetic energy is lost, and hence the back-emf and torque constants have the
DC M':'tﬂr - same numerical value when in SI units. Motor parameters can either be specified directly, or derived from no-load
speed and stall torque. If no information is available on armature inductance, this parameter can be set to some
small non-zero value.

When a positive current flows from the electrical + to - ports, a positive torque acts from the mechanical C to R
ports. Motor torque direction can be changed by altering the sign of the back-emf or torque constants.

TakuM YMHOM HaBEJIEHO OCHOBHI MOCTYJaTH CTBOPEHHsS IMITalliiiHOT Monemi po0oTu
€JIEKTPUYHOIO JBUTYHA MOCTIHHOTO CTPYMY 31 CKISIPHUM YIPaBIIiHHSM.
3aranbHa Mojeab pyxy KoJgicHoro Ttpakrtopa. Ilpu ommci MaTeMaTH4HOro amapary
BHUKOPHCTOBYEThCS anpoOoBana B poboTax [10] meromuka BU3HAYCHHS IMHAMIYHHX MOKa3HHUKIB
OJIMHOYHOT'O BEJly4Ooro KoJieca B IIPOIEC PO3TOHY:
do,
J IJ_Mkij_M"_Mfij’ (1)

zij dt - Xij

e Jy; — MOMEHT iHEpLi MOB'A3aHNX 3 KOJIECOM Mac, 110 00epTatoThest; | — npasui (I = r) abo niBuii
oopr (i =1); j — mepenns (j = 1) abo 3aaus Bick (j = 2); dwij/dt — xyTOBe MpUCKOPEHHS KoJeca; wij —
KyTOoBa WBUAKICTh Koneca ij = V/[(1 - dij)-rdij]; V — mBHAKICTE pyXy MamIMHHO-TPAKTOPHOTO
arperary; oJij — OyKCyBaHHsI KOJIIC; [dij — JUHAMIYHUNA paaiyc komic; Mkij — KpyTHHI MOMEHT, 11O
MiJIBeICHUI 10 MiBBici; Myij — MOMEHT, 110 CTBOPIOETHCS PEAKITIEI0 B TTOJIOBXKHIN TJIOMIMHI KOJIeca;
Miij — MOMEHT OIOpY KOYECHHIO KoJjeca.

[Tpu BU3HAYCHHI MOMEHTY OMOPY KOYEHHS KOJieca, BPaxOBYIOTh HOPMAJIbHY PEaKIliio JOPOTH,
JIMHAMIYHHUNA pajiiyc KoJlic Ta KoedimieHT onopy kouenHns [10]

M fij — Rzij ) fij T 2)

ae R, — HOpMallbHA PEeaKiis A0POTH B KOHTAKTi Koic; f, — KoedilieHT onopy KOYeHHIO.
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B mpomeci po3risgy mareMaTHYHOI MOJENi PO3TOHY TpaKTopa Ha TIrOBOMY Jiara3oHi,
BPaxOBYBAIIUCh TaKi APAMETPH, SIK CHJIA TATH Ha raky Fy , OyKcyBaHHs J; Ta 3CyB KOJIECa BIIHOCHO
OIIOPHOT MOBEPXHI S, .

BykcyBaHHs Ta 3CyB KoJieca BiJHOCHO OMOPHOI MOBEPXHI 3HAYHOIO MipOIO BIUIMBA€E HA TATOBO-
34ilHI BJIACTHUBOCTI KOJICHOTO TpakTOpa, SKIi B CBOI 4Yepry HampsMy TMOB’si3aHi 3 (Di3uuyHUMHU
XapaKTepUCTUKAMU TPYHTY, KOHCTPYKTUBHHMHU TapaMeTpaMu, 34ilTHOIO Baror, po3MipoM pyIiiB,

THUCKOM TOBITpsI B mMHaX Ta iH. CIiJ 3a3HAYUTH, IO 3HAYECHHS HOPMAJLHOI PeaKIlii JOporu Rzij
TaKOX BIUIMBAIOTH HA TATOBO-34iITHI BJIACTUBOCTI.
CymapHa HOpMaJibHa PeaKlilis JOporu R,; B IIPOLECI PO3TOHY MAIIMHHO-TPAKTOPHOIO arperary

BU3HAYAETHCS HACTYMHUM YHHOM (CXeMa CHJI, [0 Ji€ Ha MAIIMHHO-TPAKTOPHUH arperaTr 3
CLIbCHKOTOCTIOAAPCHKUM 3HAPAIISAM MPU PIBHOMIPHOMY PYCi HAa KPUTHYHOMY MiAHOMi, HaBeJeHa Ha
puc. 2) [10]

— HamnepenHi koneca R, (R, =R,;):

20
I

qn=|G-b-cosa—F -hy—F,-h=G-h-sina—F,-h, —=> R,y - f; -1y -cosa | /2-(a+b)  (3)
]

— Ha3zamHi koneca R,,(R,, =R,,):

Rm:G-a-005a+Fb-hb+Fj-h+G-h-sina+ka-hkp+zRZCTij.fij.rdij.cosa 2-(a+b) (4)
ivj

ne G — Bara TpakTopa; a, b, h — kooparHaTH IEHTPY Mac MAIIMHHO-TPAKTOPHOT'O arperary; o — KyT
nigifomy; F, — cuna onopy noBitps; h, — BigcTaHb BiJ OIIOPHOI MOBEPXHI O CHIIM OHOPY MOBITPS;

Fj — CHJ1a Onopy IPUCKOPCHHS, ka — CHJIa TATU HA T'aKy,; hkp — BLACTAaHb B1J OIIOPHO1 IMTOBEPXH1 OO0

CHJIM TSITU Ha TaKy; R,.p; — CTaTHMYHE HABAHTAXXEHHS Ha KOJleca MAIIMHHO-TPAKTOPHOI'O arperary.
B po6orti [10] cuna omopy moBiTpsi BU3HAYAETHCS 3 PIBHSIHHS
_ 2
F =k,-F-V (5)
ne k, —xoedimient onopy nositpst; F — moma 1o60Boro onopy;

[Ipy MaremMaTMYHOMY OIHKCI CHUJIM OMNOPY NPUCKOPEHHS MAIIMHHO-TPAKTOPHOIO arperary
BpaxoOBY€TbCS Bara TpakTOpa, IPUCKOPEHHS IIMHHO-TPAKTOPHOTO arperary Ta KoeQilieHT
ypaxyBaHHsI Mac IBUTYHA BHYTPIIIHBOTO 3rOPSIHHS 1 TpaHceMicii, Xo10Boi cuctemu [10]

G- XKk,
= (6)
g

me X — TPHCKOPEHHS TPAaKTOpa MO0 KOOPAHHATHOI oci X | k, — xoedimieHT ypaxyBaHHS Mac

F.

J

JIBUTYHA 1 TPAHCMICIi, X0/I0BOT CUCTEMHU, 1110 00EPTaIOThCA; § — MPUCKOPEHHS BUIBHOTO MalIHHS.
Jlnst BU3HAUEHHSI MPUCKOPEHHS TPAKTOpa 100 KOOPAMHATHOI oci X 3aCTOCOBYEThCS BUPA3

(puc. 2) [10]

Ri |-F —G-sina—-F_ |-0
Z i N (7)

X:
G-k

ae Ry — peaxirisi B IOI0BXKHIN IIOIIMHI KoJieca.
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Puc. 2 — Cxema cuii, Iil09MX Ha MAIIMHHO-TPAKTOPHHM arperaT B MPOLECi pO3TOHY 3
CUIBCHKOTOCTIOAAPCHKUM 3HAPSIISIM Ha KPUTHYHOMY TiIHOM1
B po6Gori [10] BiaMidaeTbes, M0 MPH MAaTEMATUYHOMY OIHUCI JUHAMIKH OJMHOYHOTO BEIYy4YOTrO
KoJieca B MPOIECI PO3rOHY HEOOXIJHO JuIsi OUIBIIOT KOPEKTHOCTI BpaxyBaTH OyKCyBaHHS. Tomy,
BU3HAYAIOUM 3HAYCHHS KPYTHOTO MOMEHTY M,;, HCOOXIAHO BHpILIMTH CHCTEMY PiBHSHB, IO

HaBCJICHA HUXKYC

do;
_Mkij - Rzij ’ fij 'rdij - Jzij ’ dt .
-F,-G-sina-F, |-g
ij rdij
_ )( = O; (8)
G-,
M M R -r R, -r
Mkrl — Mkll; Mkrz — Mklz; krl + ki1 — zrl  “drl + zI1 Tdil )
Mkrz + Mk|2 Rzrz Moo Rz|2 T
3arajgbpHa JOTHYHA CUJIA TATH BeAy4HuXx KOJIIC 3HAXOUTHCS 3 BUpa3y [10]
do;
M, %ij |
R=Y—9—||YR, f,+—I |4F +Gsina+F,. ©)
i T i Vi

Bu3sHauarouu TATOBI BIaCTHBOCTI KOJTICHOTO pyIis, B podoTax [11] BimmivaeThces, 1m0 He0OXiHO
3HAWTH TaKi mapaMeTpu, K AUHAMIYHUI pajilyc Kojeca, IOl MIIMU KOHTAKTy KoJieca 3 OIIOPHOIO
MOBEPXHEIO Ta 3CYBOM IPYHTY, KOTPi, B CBOIO Uepry, 3ajeKaTh BiJl IPOTUHY IIMH Bey4UX KOJiC

2

_ Czij 'Rzij n
2'(pwij+p0ij) 2'(pwij+p0ij)

C2ij ) Rzij

(10)

wij

e Cy, Cpj — KoeiIieHTH AJ1 JaHOT IWHK; P . — THUCK BCEPEAHHI IIIUHH; Poij — Koe(iIieHT, TKU

wij

3aJICKUTH BiJl PO3MIpPiB MIKMHK Ta 11 HOpMU mapoBocTi [11]

Py =| 16,7+ (ng; —1)- (11)
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e Ny — Hopma waposocti wuuk; Dy, b, — 30BHIMHINA AiameTp Ta mmpnHa TPODINIO WKHH.

JluHamMigyHHU pajiiyc KOJIIC BU3HAYAETHCS 3 HACTYIHOrO piBHAHHS [11]
b f (12)
N = 7 = i
[Troma msiMM KOHTAKTy KoJjieca 3 OIMIOPHOIO MOBEPXHEIO MPECTABISETHCS K IIIOIIA SIIINCY Ta
BU3HAYAETHCS HACTYITHUM YHHOM [11]

V4
Fkij = Z'akij 'bkij' (13)

e d;, by — Oinbina Ta MeHIIa MiBBici enincy.

3cyB KoJieca BIIHOCHO OMOPHOT MOBEPXHI BUBHAYAETHCS 32 JIONIOMOTOIO PIBHSIHHS JOTHYHOI CHIIH

TATH Ha BEAYUIUX KOJICCAX

_Si

k
Py =(CFy +R; 199.) | 1= (e “)1, (14)

ij

Jie C, — Hampyra TepTs MK YaCTHHKAMH [PYHTY YHACIIJIOK iX 3IMNaHHs; Fg — IUIOLIA IUISIM KOHTaKTy

BEYYUX KOJIC 3 IPYHTOM; @, — KyT BHYTpPIIIHBOTO TEPTS MiXK YaCTUHKAMHU IPYHTY; K, — ITOKa3HHK

IHTEHCUBHOCTI HAIIPYTH B IPYHTI.
3 HACTYNHOTO DiBHSHHS BH3HAYA€ThCA OYKCYBAaHHS KOJIC O 3a JOTNOMOTOK 3aJIEXKHOCTI Bijl

3cyBy IpyHTY [11]
_ 93
1 1_5” ' (15)

Asrtopu B po6oTi [11] 3ayBakyrOTb, 1[0 MiXK BITHOCHUMH IIBHIKOCTSIMH PYXY B IUISIMi KOHTAKTy
KOJIIC 3 OIOPHOK TIOBEPXHEI 3 SBIAETHCS KIHEMAaTHYHA HEBIAMOBIAHICTh, $Ka BUKJIMKaHA
HAaCTyIMHUMHU YNHHUKAMHU:

— HEMOXKJIUBICTB M1JII0OpaTH MepeaaBaibHe YUCIIO B IPUBOJAX MOCTIB, 11100 3a0€31€UNUTH PIBHICTh
JHIMHMUX MIBUAKOCTEH B IUIAMI KOHTAKTY, I KOJICHUX TPAKTOPIB 3 PI3HUMH po3MipaMH KOJic;

— JUIsL TPAKTOPIB, B SIKUX OJIHAKOBUU pO3MIp KOJIC, ICHY€ IMOBIPHICTh PI3HOTO 3HOCY UIMH, a
TAaKOXX PI3HOTO HABAHTAKEHHS Ta TUCKY B LIMHAX MOCTIB, 110 3HAYHO BIUIMBAE Ha 3HAYCHHS
JTUHAMIYHOTO PaJilyCcy KOJIiC.

KinemaTn4Ha HEBiMOBIIHICTh BU3HAYAETHCS 3 HACTYIHOTO BUpasy [11]
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Aac uil’ u , — HIepeaaBajIbHE YUCIIO I[iJ'I}IHOK TpaHCMiCﬁ npuBOAYy NEPCAHLOTO Ta 3aAHBOT'O MOCTIB.
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OTtpuMaHi 3HaueHHs1 OyKCyBaHHA 3 piBHSIHHS (15) He OyIyTh Y3rojakeHi, TaK K BH3HAYAJIUCh
BUKJIIOYHO 3 BJIACTHMBOCTEH OMOPHOI MOBEPXHI Ta XapaKTepUCTUK pymlis. [l BUKOHaHHS YMOB
y3roJKEHOCTI OyKCyBaHHS MOCTIB KOJICHOTO TpaKTOpa HEOOXiAHO 11100 BMKOHYBajJlOCh HACTyITHE

PIBHSHHS
Sz :l_kn'(l_é‘il)' 17)

TakuM 4MHOM, HaBEJEHO 3arajbHy MaTeMaTH4YHY MOJIENb PyXy KOJICHOTO TpakTopa B IpoIieci
BHUXOJly Ha TEXHOJIOT1YHY a00 TPAHCIIOPTHY IIBHUJIKICTb.

[ToanbmM KpOKOM MPOBEJAEMO iMiTalliiiHe MOJICIIOBAHHS €IEKTPOTpaKTopa Ha 0a3i KOJIICHOTO
tpakropa 4K2 XT3-2511. Buxinui gani: mepemni mmuau — 7,5 R16; 3aaui muman — 230/95 R32;
3arajibHe TepefaBajbHE 4YUCIO TpaHcmicii — 54,8; emuicth Oarapei — 20A-tom; KyT miaiomy
JIOPOKHBOTO MoJ0THA — 0 rpaj; cuiia Taru Ha raky — 0 H. Pe3ynberatn MoaentoBaHHs TpeACTaBICHO
Ha puc. 4.
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Pucynok 3 — biok-cxema enekrporpakropa B cucremi MatlLab
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PucyHok 4 — Pe3ynbrat MOJIEITIOBaHHSI €IIEKTPOTPAKTOPA:
a — 3aexHicTh 6axxaHoi (Vieor), peanbHOT (Vreal) MIBUAKOCTEN Ta OyKCYBaHHS 3a/IHIX KOJIEC BiJl 4acy
(t); 6 — 3anexuicTh po3psaay 6atapei (SOC) Bix peanbHOT (Vreal) MIBHIKOCTI

TakuM 4MHOM, HaBEJIEHO MAaTEeMATHYHMU amapar Ta pe3yJbTaTd iMITaliiHOTO MOJICITIOBAHHS
€JIEKTPOTPAKTOpa B MPOLIEC] BUXOY Ha TEXHOJIOTIYHY a00 TPaHCHOPTHY IIBUAKICTH (10 8 KM/TON).

BucnoBku. B po6oTi BHKOHAHO IMITaIliiiHe MOCHTIDKEHHS PYXYy CLIBCHKOTOCIIOAAPCHKOTO
KoJsticHOTro TpakTopa Tuiy X 13-2511 Ha enektpuuHiit Ts31. Sk cunoBuii arperat 0ys0 o6paHo IBUTYH
nocrifHoro crtpymy. IlpencraBneHo anropuTM noOyaoBH poOOTH €IEKTPUYHOTO JIBUTyHA 3i
CKJIIPHUM YTIpaBJIIHHAM, peaiizallis skoro Oyna BHKOHaHa B cucteMi MatLab 3a nomomororo
6i6moTekn Simscape. HaBegenHo MaTeMaTHYHHI amapar, SKHiA OMUCY€E 3aralbHUN PyX KOJIICHOTO
TPaKTOpa B MPOILECi BUXOAY HA TEXHOJOTIYHY ab0 TpaHCHOPTHY IIBUAKICTb. OKpeciieHuil amapar
BpaxoBy€ B3a€MOJII0 KOJIC 3 IPYHTOM B (QYHKIII KOHCTPYKTHUBHHX MapaMeTpiB Ta (Pi3uKo-
MEXaHIYHUX BJIACTUBOCTEH oOmopHOi moBepxHi. [IpeacTaBieHO pe3ynbTaTd MOJAETIOBAHHS pPyXy
EIIEKTPOTPAKTOpa, a caMe 3aJeKHICTh OakaHOI Ta peasbHOI MIBHIKOCTEH BiJl 4Yacy pO3TOHY;
3aJISKHICTh po3psAay OaTapei BiJ peasabHOI IBUIKOCTI PyXY.
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