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AHHOTALINA

Beeoenue. TlpoexTHpoBaHHME CHCTEM YIpaBICHHS JBIDKCHHEM MOOWIBHBIX pOOOTOB TpeOyeT IOCTpOCHHS
MaTeMaTHuecKux Mmojenell. MccienoBarenn HEOAHOKpATHO oOpamaiuch K 3TOW Teme. B wacTHOCTH, OITyOJIMKOBaHBI
paboThl, HOCBAIICHHBIE pacueTaM MyJIbTH(U3NIESCKHAX MPOIIECCOB, MOJICTUPOBAHUIO IBIKCHUS PAa3IMIHBIX BUIOB KOJIEC
B T€X WJIM HHBIX ycioBusAx. Kpome Toro, paccMaTpuBaguch AWHAMHKA AS()OPMUPYEMBIX KOHTAKTHPYIOIIUX TEI HpHU
CKOJIb)KCHNH, KaUeHUH W BPAIICHHU, BOIPOCHl aBTOHOMHOCTH M YIPABJIIEMOCTH MOOWIIBHBIX poOOTOB. OTMETUM, YTO
JIMHAMHKA U TOYHOCTh TO3UIIMOHUPOBAHUS KOJIECHBIX POOOTOB BO MHOTOM ONpEJENseTcs TpeHueM. B nmurepatype He
MIPECTaBIICHBI UCCIIEIOBAHNS JUHAMUKN poOoTa ¢ nrddepeHIInaIbHpIM IPHUBOIOM C YIETOM B3aUMOCBs3el 3P dexToB
TPEHUsI CKOJILXKEHUsSI, BEPUEHHS M KaU€HHS Ha OCHOBE TEOPUH NOJIMKOMIIOHEHTHOTO TpeHHs. M3bIckaHus B 3TOM o0nactn
CcrocoOHBI BBISIBUTH HOBBIC AHHAMHUYECKUE (P PekThl. OCHOBBIBASCH HA IMOJYYCHHBIX TAKUM 00pa3oM JaHHBIX, MOXKHO
3aHATHCS MOBBIICHIEM TOYHOCTH MO3UIIMOHUPOBAHUS MPU IMMOCTPOCHUH MaTeMaTHYCCKUX Mojeiel ynpasieHus. Llems
MIPECTaBICHHOW PabOThI — HCCICAOBATh JBIDKCHIE aBTOMATHUECKOTO YCTPOoiicTBa ¢ qudepeHInaTbHBIM IPUBOIOM C
YYeTOM TPeX MOJIeNIeH KOHTaKTa: HETOJIOHOMHOTO, KYJIOHOBCKOTO TPCHHUS U MTOJIMKOMITOHEHTHOTO.

Mamepuansl u memoovl. B xauectBe 0a30BOil NPHHSIIM CXeMy JBYXKOJIECHOTO pobota ¢ audepeHInanbHbIM
NPUBOZIOM M O€30TPHIBHBIM [IBIJKEHHEM II0 ONOPHOW MOBEpXHOCTU. llepemMelneHne ycTpoicTBa ofecrednBaioch
NPOrpaMMHBIM yIipaBieHueM. JIMHaMHMKy omnucald B BHJE ypaBHEeHMH Amnmens. [ BbIYHCIEHHH HCIIOIb30BAIN
MaTeMaTHYeCcKHe MOJIEINH, 0-pa3HOMY YUUThIBaoLue TpeHre. KoopauHanus aeiictBuilt Mexanu3ma popMupoBaiach Ha
JIMHAMHYECKOM YPOBHE. Y IIPaBIISIONINE BO3JIEHCTBIS — MOMEHTBI IBUratenei koiec. [Ipu Bu3yanusaiuum ucciaenyemMbpix
MoJieneit 3a1eCTBOBAIM BCTPOCHHBIC YHCICHHBIE MeTOABI cucTeMbl Wolfram Mathematica («Bonbdpam MaTematukay)
¢ MEHAUMAJILHOM TOYHOCTEIO 1076,

Peszynemamut uccnedosanus. Ilpn mocTpoeHHMHM MaTeMaTHYeCKOW MOJIENM OIPEACIHIM PaBEHCTBA JUIS YIJIOBBIX
CKOpOCTEH KoJec. Y4 HaIM4ne IJI0IAAKA KOHTaKTa U BBIBEIM YPaBHEHUS TMHAMHUKH po0oTa ¢ AndepeHraIbHbIM
MIPUBOJIOM. DIIEMEHTAaMH CUCTEMBI OBUTH IIPOEKIMHN CHIIBI 1 MOMEHT, TI0Ka3aTeJIn BepUEHHS IIaTQOPMBI, MacChl, yIiIOBbIC
yckopeHus W mHepuus koiec. IToxasamu, kak (OpMHPYIOTCS yIpaBIIAIONINE BO3ACUCTBUSA B PaMKaxX HETOJIOHOMHOM
MexaHukd. Onucany MOJeNb JBHUraTelieif, KOTOphle CO3/al0T MOMEHT YIpaBlIeHHs Ha BeAylIMX KojecaxX. BeiBenn
pellieHne KaKk B3aUMOCBSI3b MHAYKTHBHOCTH HPOBOJHHMKOB 3JIEKTPOJBUTATENCH U pabOThl dneKTponuTanus. JleranbHo
paccMoTpenu TpPWU MOJENH, OMNMCHIBAIOIIME AWHAMHKY poboTa ¢ auddepeHnnanpHbIM npuBofoM. l[lepBas —
HEeroJoHOMHasi. BTopasi U TpeThsi BKJIIOYAIN CUCTEMY YPaBHEHHUH TUHAMHUKH poboTa ¢ quddepeHInalIbHbIM TPUBOIOM
UL O0Iero ciydvas, IpPU HaJWYUHM IUIOINAJKU KOHTAaKTa. [IpM 3TOM BO BTOPOW MOJAEIH WTHOPUPYETCS BpEeMs
MIEPeKITIOUYCHUI B IBUTATENE U 3aAeicTByeTcs TpeHue Kymona. B TpeTheil BBenn mapaMeTp, ONpeAeISIFOIINi CKOPOCTh
MEPEXOIHBIX MPOIIECCOB B IBUTATENE, U 3aIcHCTBOBAIH pa3nokeHus [1ame. DTo MoIeNb ¢ MOIMKOMIIOHCHTHBIM TPECHUCM.
Uroru pacueToB mokaszainu B BUae rpadukoB. Ha HUX mcciemyeMbie MOICN BU3YalTM3UPOBAIH B BUIC KPUBBIX Pa3HOTO
uBeta. ConocrapiieHHE rpahUKOB MOKA3aI0, B KAKUX CIyYasiX MOCIE 3aBEePIICHHS ITEPEXOIHBIX MPOIECCOB YIIPABICHHE
obecreyuT TpedyeMyr0 TOYHOCTb.

310 Mozenu 1 u 2. B mozenu 3 mporpaMMHOe yIpaBiieHHE T'€HEpHpYeT OIIMOKY B YIVIOBOW CKOPOCTH BpallEeHUs
maTgopmel. JJaHHYIO OIMOKY HENb3s CIPOTHO3UPOBATh B paMKax 1-i u 2-if Mmoaenu. Bo Bcex pacCMOTPEHHBIX CHCTEMax

© Canumos M.C., Mepkypves U.B. 2023


https://doi.org/10.23947/2687-1653-2023-23-4-346-355
mailto:SalimovMS@mpei.ru
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2687-1653-2023-23-4-346-355&domain=pdf&date_stamp=2023-12-30
https://orcid.org/0000-0001-6109-1362
https://orcid.org/0000-0001-7682-2228

Canumoe M.C. u op. Ilpozpammnoe ynpaenenue ogusicenuem poooma c ougpgpepenyuanbHyim npugoodomM npu pasHvlX MOOENAX MPEHUA

CKOPOCTh CKOJIbKEHHsI KOJIeC B IIONEPEYHOM HAIPaBJICHUM MMajaeT 10 Hyis. llonmydeHo u OOOCHOBaHO YCIIOBHE
0E30TPBHIBHOTO JBIDKSHHUS OTIOPHOTO KOJIeca.

Obcyscoenue u 3akntouenue. llporpaMMHOe yIpaBieHUE TOMYCTUMO B MOJIENSIX, HE YUUTHIBAIOIUX TPEHUE KOJIEC TPU
OJTHOBPEMCHHOM CKOJIL)KCHUH, BEPUCHUN M Ka4eHUU (0OIIUI ciTydall MPOCTPAaHCTBEHHOTO ABMKCHMUs). OTHAKO BaXKHO
YYHUTBHIBATh B3aMMOCBS3b JAHHBIX IPOIECCOB U MOJMKOMIIOHCHTHOT'O TPCHHSA. DTO HEOOXOIMMO UIs 0OJiee TOYHOTO
BBHIMIOJTHEHUST POOOTOM TPOTPaMMHBIX JBIDKCHUH. YCTaHOBJICHO, 4YTO IIPOTPaMMHOE YIpaBICHHE B MOJCIIH,
YYHTBIBAIOIICH TPEHUE BEPUCHUS U KAYCHHUs, IIPUBOJUT K OTKIIOHCHUSIM OT MPOTPaMMHBIX 3HAYCHUH YTIIOBON CKOPOCTH
HHaT(i)OpMBI. HOqueHHBIe PpE3YyIbTATHI MOXHO HUCIIOJIB30BATh pu TIOCTPOCHNHN CHUCTEMBI yYHpaBJICHUA
C IPOTHO3UPYIOLIUMU MOACIIAMH.

KiroueBble cjioBa: mporpaMMHOE yIpaBiIeHHE poOOTOM, YNpaBieHHE B HETOJOHOMHOM MEXaHMKE, MOJAETb TPEHUS
Kynona, moIMKOMIOHEHTHOE TPEHHE, ONMIHOKA YTIIOBOH CKOPOCTH BpAIEHHS

BnarogapHocTu. ABTOPHI BBIPKAIOT MPU3HATENBHOCTh Kadenpe «PoOOTOTEXHHMKA, MEXaTpOHWKA, IWHAMHUKA |
npoyHocts MamuH» OI'BOY BO «HUY «M3W» 3a nmomoiis B MOArOTOBKE CTaThbU. biaroiapum peLiEeH3eHTOB 3a
KOHCTPYKTUBHYIO KPUTHKY H MPEIUIOKEHUS, KOTOPBIE CITIOCOOCTBOBAIN 3HAYUTEIHPHOMY TOBEIIICHHIO KAYECTBA CTAThHH.

Jnsi  mutupoBanus. CammmoB M.C., MepkypbseB U.B. IlporpammHoe ympaBieHue JBIXKEHHEM pobora ¢
mudepeHIraNEHBIM TIPUBOJIOM TPU Pa3HBIX MOJIEIsX TpeHus. Advanced Engineering Research (Rostov-on-Don).
2023;23(4):346-355. https://doi.org/10.23947/2687-1653-2023-23-4-346-355

Original article

Software Control of the Movement of a Differential Drive Robot for Different Friction Models

Maksim S. Salimov"* X, Igor V. Merkuryev
National Research University “Moscow Power Engineering Institute”, Moscow, Russian Federation
P4 SalimovMS@mpei.ru

Abstract

Introduction. Designing motion control systems for mobile robots requires the construction of mathematical models.
Researchers have repeatedly addressed this topic. In particular, works have been published on the calculations of
multiphysical processes, modeling the movement of various types of wheels under certain conditions. In addition, the
dynamics of deformable contacting bodies during sliding, rolling and rotation, issues of autonomy and controllability of
mobile robots were considered. Note, however, that the dynamics and positioning accuracy of wheeled robots is largely
determined by friction. The literature does not present studies on the dynamics of a robot with a differential drive taking
into account the interrelationships of sliding, spinning and rolling friction effects based on the theory of multicomponent
friction. Research in this area can reveal new dynamic effects. Based on the data obtained in this way, it is possible to
improve the accuracy of positioning in building mathematical control models. The presented work aims at investigating
the movement of an automatic device with a differential drive taking into account three contact models: nonholonomic,
Coulomb friction, and multicomponent models.

Materials and Methods. The scheme of a two-wheeled robot with differential drive and continuous movement on the
support surface was adopted as the basic one. The movement of the device was provided through software control. The
dynamics was described in the form of Appel equations. Mathematical models were used for calculations, taking into
account friction in different ways. Coordination of the actions of the mechanism was formed at a dynamic level. The
control actions were the moments of the wheel motors. When visualizing the models under study, the built-in numerical
methods of the Wolfram Mathematica system were used with a minimum accuracy of 107,

Results. When building a mathematical model, the equations for the angular velocities of the wheels were determined. The
authors took into account the presence of a contact site and derived the equations of dynamics of a differential drive robot.
The elements of the system were force and moment projections, indicators of platform spin, masses, angular accelerations, and
inertia of the wheels. It was shown how control actions were formed within the framework of nonholonomic mechanics. The
model of engines that created a moment of control on the driving wheels was described. The solution was derived as the
relationship between the inductance of the conductors of electric motors and the operation of the power supply. Three models
describing the dynamics of a differential drive robot were examined in detail. The first model was nonholonomic. The second
and third included a system of equations for the dynamics of a differential drive robot for a general case with a contact platform.
At the same time, in the second model, the switching time in the engine was ignored and the Coulomb friction was involved. In
the third model, a parameter to determine the speed of transients in the engine was introduced, and Pade decomposition was
involved. This was a model with multicomponent friction. The calculation results were shown in the form of graphs. On them,
the studied models were visualized in the form of curves of different colors. Comparison of the graphs showed in which cases,
after the completion of transients, the control provided the required accuracy. These were models 1 and 2. In model 3, the
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software control generated an error in the angular velocity of rotation of the platform. This error could not be predicted within
the framework of the 1st and 2nd models. In all the systems considered, the sliding speed of the wheels in the transverse direction
dropped to zero. The condition of continuous motion of the support wheel was obtained and validated.

Discussion and Conclusion. Software control is acceptable in models that do not take into account wheel friction during
simultaneous sliding, spinning and rolling (general case of spatial motion). However, it is important to consider the
relationship between these processes and multicomponent friction. This is required for the robot to perform program
movements more accurately. It was established that software control in a model that takes into account the friction of
spinning and rolling caused deviations from the program values of the angular velocity of the platform. The results
obtained can be used in the building of a control system with predictive models.

Keywords: software control of a robot, control in nonholonomic mechanics, Coulomb friction model, multicomponent
friction, error in angular velocity of rotation
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Beenenne. B coBpeMeHHOM MHpE PacTeT BOCTPEOOBAHHOCTh ABTOMATHYECKHX MOOMJIBHBIX KOJECHBIX allapaTos,
aKTHBHO HMCCIEIYIOTCS] BO3MOKHOCTH KOOPAMHAIINN MX pabOThl. 3HAUNTENBbHBIN HAYYHBIH U MPUKIAIHON HHTEPEC UMEIOT
BOIIPOCHI aBTOHOMHOCTH H YIIPaBIsIEMOCTH MOOMIBHBIX pOoOOTOB. B wacTHOCTH, paccMaTpHBarOTCs MOAXOMABI K pacyeTaM
MYJNbTH(U3HIECKHUX TPOIIECCOB, MOAEIUPOBAHUIO IBMKCHUSI KOHKPETHBIX BUJIOB KOJIEC B PAa3HBIX ycioBHsAX. HekoTopsle
n3bICKaHNA (POKYCHUPYIOTCS Ha AUHAMHKE Ae(OPMHUPYEMBIX KOHTAKTHPYIOIIHUX TEJI IIPH CKONBKEHUH, KAUEHUH U BPAILCHUH.
Pe3ynbTaThl 3THX HCCIENOBAaHUI HaXOIAT NPUMEHeHne B podoTtoTrexHuke [1-3]. YrpaBieHne MOOWIBHBIMH KOJIECHBIMU
anrnaparaMy paccMaTpHBaeTcs Ha IPUMEpE IEKTPUIECKUX caMokaToB «Cursein» (Segway) [4].

MoOunbHbBIE MEXaHU3MBI C NPOCTBIMH M 3((EKTHBHBIMH CHUCTEMaMHM YHPABIEHHS [BIKCHHEM KOJIEC HY>KHBI
B IIEpBYIO ouepenb sl pabOThl B Y3KMX NPOCTPAHCTBax [5], Ul TPOBENEHHS WCCIEAOBAaHUN B CIIOMKHBIX
IIPOMBIIIIEHHBIX YCI0BUSX [6].

B [7-11] moxa3aHbI BO3MOKHOCTH TOYHOTO MOJICIHPOBAHIS JMHAMHUKH KOJIECHBIX alllapaToB C YIETOM CKOJIBKEHHS,
BEpUCHH U Ka4eHHs KoJec.

IIpu »TOM B JHUTepaType HE ONMCAHBI SBJICHUS, BO3HUKAIOIIME TpH KoMOuHaruu 3¢pdexroB TpeHus. Llensb
MIPEACTaBICHHOM pabOThl — HCCIICZIOBAaTh BIMSHHE TIOJMKOMIIOHEHTHOIO TpPEHHS Ha JHHAMUKy poOoTa
¢ muddepeHManbHBIM - IPUBOJIOM.  3aJaud:  [OCTPOUTh  MATEMAaTHYECKyl0  MOJAENb  JBWKEHHS  podoTta
C TTOJIMKOMITOHEHTHBIM TPEHHEM U CMOJIEIIMPOBATh IPOTPaMMHBIC IBIKCHUSI.

Marepuansl u MeToabl. PaccmarpuBaercst cXema JBYXKOJECHOro pobora c¢  auddepeHIraIbHbIM
npuBosaoM (puc. 1). IIpenmonaraercst 6e30TpBIBHOE ABIKEHHE KOJIEC painyca R 10 ONOpHOH MOBEPXHOCTH.
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Puc. 1. KunemaTtnueckas cxema po0oTa: @ — miatdopma; 6 — OAHO U3 BeIyLIUX KOJIEC
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Hentp Tsoxectn 1uatdopmbl C CMEIIEH OTHOCHUTENLHO T'€OMETPHUYECKOTO IeHTpa IiatGopmel 4 mo ocu X Ha
paccrosinue A, , o ocu Y — na paccrosnue A, . Touku C; u C, — UEHTPBI Macc Kojiec (MHIEKC | COOTBETCTBYET

JIEBOMY KOJIECY, HH/IEKC 2 — IPaBOMY).

BBogdarcs cienyrone o003HadeHMsA: m, — Macca IIargopmbl poboTa; [, — MOMEHT MHEPLMHU IIaT(OPMEI
otHocuTenbHO LeHTpa Mace C; O,,X,,y, — HENOJBIKHAs CUCTEMA KOOPJMHAT; X ,,), ONPEIENAIOT OJIOKEHHE TOUKH
A B O,x,y; Y — yroi Kypca miarpopmsl; ¢, — yIJbl IOBOPOTa KoJiec (MHAEKC 1 COOTBETCTBYET JEBOMY KOJIECY,
ungexc 2 — mpaomy); AC, = AC, =L — paccTosHue Mexay Konecamu; M,,M, — MOMEHTBI JBUraTeleH,
NIPWIIOKEHHBIE K KOJIECaM.

[Mpeamnonaraercs, yro Ha onopHoe Koseco 4 (puc. 1) nelcTByeT TOJIBKO HOpMaibHas peakuus ormopsl. Bo Bpems
JIBHIKEHMS OTIOPHOE KOJIECO PACIIOJIAraeTcsl Ha OCU X Ha PacCTOSHMM R, OT LeHTpa miathopmsl (R, < L).

Pe3yabTaThl Hecae10BaHUSA

Mamemamuueckas modenv ounamuxu povoma. Ilpn onncanuu ABMXEHUsI podoTa ¢ AudPepeHIaIbHBIM IIPHBOIOM
B paMKax HETOJIOHOMHOW MEXaHWKHM IPUMEHSIOTCS BBIPAKCHUS, KOTOPHIE YUYHMTHIBAIOT OIPaHUYCHHS, CBSI3aHHBIC
C OTCYTCTBHEM CKOJILKEHHS KOJIEC TI0 OTHOLIEHHUIO K TOBEPXHOCTH:

Vg, :0,UK2X =0,UK”, =0,UK2_V =0, €))

IAe Vg Vg Vg, Uy, — MPOCKUHK Ha ocu X n Y ckopocreid Toyek K, u K, , ABISIOUIMXCS HEHTPAMH IUIOLIAT0K

KOHTAaKTa KOJIEC C OTIOPHOW TTOBEPXHOCTBIO.
OTtMmeTnM, 9TO Ui HETOJIOHOMHON MOMETH TpennojlaracTcs TOYCUHBIH KOHTAKT KOJEeC C TIOBEPXHOCTBHIO,
T.€. IUIOIAAKa KOHTAKTa KaXX/I0TO KOJeca BBIPOXKIACTCS B €IMHCTBEHHYIO TOUKY KOHTAKTA.
PaccmoTpum BhIpaxkeHus:
Vg, =0-QL-Ro,
Usz:U+QL—R032, 2)
Vg, =V, =V, =U.
C HUX MOMOILBIO MOXHO MOJYYUTh PaBEHCTBA IS YTIIOBBIX CKOPOCTEN KoJec:
v—QL v+ QL

o =20, =2 3)

B obmiem cityuae, Koria npeamnonaracTesl HaJlMuue IUIOMAAKH KOHTAKTa, TT0JIyYlM YpaBHEHUs AMHAMUKHU podoTa ¢
i depeHnaNIbEHBIM TPUBOIOM:

m, [i)—hyQ—Q(u+hXQ)}+2mK (0—Qu)=F, coso, + F, cosa, —F, sina, —F, sina,,
m, [u+hXQ+Q(u—hyQ)J+2mk (1+Qu) = F, sina, + F, sino, — F, cos o, — F,_cos 0.,

O(Je. +2J . +my (B2 + 17 )+2m L )+ m [ (i1 + Qo) h, —h, (0-Qu)| =

“)
M, +M, +(Eb cosa, —F, sina, —F coso, + £ sin al)L,
S0 =M -M, —(F”] coso, —F sm(xl)R,
S0, =M, -M —(FIh coso, —F, sina, )R.
3nech F|,F, — TPOCKUMH CUJIbl TPCHHs HA HANPABJICHHs CKOPOCTCH CKONBKCHHs LICHTPOB ISTCH KOHTAKTA KOJIEC;

F| ,F, — TPOCKUMH CUJIBI TPCHHs HA HANPABICHNS, MEPICHANKYISPHBIC CKOPOCTSAM LICHTPOB MSTCH KOHTAKTa KOJIEC;

MCI,MCZ— cllaraéMble MOMEHTa TPEHHUS IPH BEPUCHUU IS OBYX KOJeC; () — YIJIOBOE YCKOPEHHE BEPUYCHUS

m1aThOpMBI; ©,,®, — YIJTIOBbIE yCKOPEHHs KOJIEC, IPOECUPYEMBIE HA UX OChb BPALIEHHUS; 71, — Macca Kask10ro Kojeca;

S 1 Iy

. — MOMEHTBHI HHEPINH KOJIeca OTHOCHTEIEHO COOTBETCTBYIOIIHX OCEHL.
s hopMupoBaHMs yNPaBISIONIMX BO3ICHCTBHI OyJeM HCIONB30BaTh MOJAEIbh TUHAMUKH POOOTA, OMHCAHHOTO B
paMKax HerOJIOHOMHOM MexaHuku [12]:
2y, . M, +M,
2 L= >
R R

m [0—h,Q-QhQ]+2m0+
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m | (+8,0+Q(0-h,Q))h, ~h, (0-h,Q-0hQ) |+
- (%)
Q(ch +2J, +m (hf +hj)+2mKL2)+2JKy11;—22Q :M.

Ee Taxxe MOXHO TIPEICTaBUTH B BUIE:
M, +M, (MZ_MI)L
F=— My =", (6)
R R

rae F, u M, — neBble yacTu ypaBHeHus (5).

Mooenv Osucameneu na sedywjux roiaecax. ONWIIEM MOJIENb IBUTATENCH, CIIOCOOHBIX TE€HEPHPOBATH MOMEHT
yIpaBJIeHUs Ha BeAyIIUX Konecax M, M,.

YpaBHEHUS JBIKCHUS KOJECHBIX IBUTATENICH IIOCTOSTHHOTO TOKA MOXKHO BEIpa3uTh Gpopmynamu [13]:

e

+Ri, =U, —c0,,

(7
M, =iy, (k=1,2).

3HGCL Le — UHAYKTUBHOCTb NMPOBOJIHUKOB 3J'I€KTpOﬂBPIFaTeJ'IeI>i; R — COIIPOTUBJICHUE DJICKTPHUUICCKOMY TOKY B LECIIHU

JABHUIaTCIIA, Uk — JJICKTPONMUTAHUEC AJI ABUTIATCIIA k, ik — TOK, HpOXO,HHIIII/Iﬁ 4epe3 Lenb SAKOpst ABUraTeIIAd; ¢,,C, —

KOHCTPYKIIMOHHBIC TOCTOSAHHBIC Z[BPIFaTeJ'IefI.

Hpez[nonaraeTcsi, YTO ABUTATEJIN BEAYIINX KOJIEC UMCIOT OJUHAKOBYIO XapPaKTCPUCTUKY. U3 (7) BHUJIHO, YTO

= —%. ®)

VYuuteiBas (8), B MepBOM ypaBHEHHH U3 CUCTEMBI (7) moimyunM aud¢epeHIraIbHoe ypaBHEHNE OTHOCHTEIIBHO
MoMeHTa M, :

L, R

M, +—M, =U, —c,0,. )

G G

R
VYpaBrenwue (9) pazaeniM Ha MHOXKHATENb — U IOJTyYUM:
2

c
Lec, - c c.c
EZM,(+Mk:—2Uk— 1 zmk. (10)
c,R R R
Baenem 0603HaueHUS:
Lc cc c
1 = ez,K]: L2 K, =2 (11)
R R R
B TakoM ciyuae ynpaBisFOIIAE MOMEHTBI MOKHO OITUCATh:

M, +M,=K,U, -Ko, (12)
rae K,,K, — KOHCTaHThl; ], — mapaMeTp, OIpeIesIiomuil CKOPOCTb IEPEXOIHBIX IPOLECCOB B IEKTPUUECKOU YacTH
JIBUTaTEJIEH.

[Ipu urHOPUPOBAHNY BPEMEHH MTEPEKITIOUCHNN B DJIICKTPOMEXaHUIECKOW CUCTEME JIBUTATEIIS:

M, =K,U, -Ko,. (13)

ABtops! [14] monyunmm noxoxue GopMyIIbL.
Hccredyemvie modenu. PaccMOTprUM MOZIETH, ONMCHIBAIOIINE AUHAMHUKY poOoTa ¢ and dhepeHIInaTbHBIM ITPHBOIOM.
Mogens 1 ommchkiBaeTcst ypaBHeHUsMH (6) m (12), Korma UIMTETHLHOCTH IMEPEXOAHBIX TPOIECCOB TOJAraeTcs

ucuesaromie Majoi 7, =0:

. 2J KU -Ko +K,U,-K
my [ O—h,Q—-QhQ|+2m b+ =10 = =2 10+ KU, Ko,
R R

2

m, [(+hXQ+Q<U—hyQ))hX ~h, (o—hyQ—QhXQ)}er,@, %QJF

(14)
(e, + 20 m, (40 ) +2m 1 ) = (5, ~Kion) _R(KzUl “Ko )L
3necs ®,,®, BHIUUCIAOTCA 110 hopmynam (3).
Jls onmcanus MoJieNu 2 IPUMEHSIOTCS ypaBHeHus (4), (13), a Taxke Moaens Tpenus KynoHa:
F =-fN.,F, =0M. =0. (15)
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Mogens 3 mpencraBiena ypaBHeHmsMu (4), (12). Kpome Toro, y4uThIBaeTCsi MOJIMKOMIOHEHTHOE TpPEHUE,
npeacrasiaeHHoe B [12] ¢ momorpio paznoxkenuit [lame:

21 —k.1, cos(7t - aj

Yk + V5, +h L 1LQ ; 2 cos(g—uj
0

F =, - , (16)
21 -k 1, cos(z—aj
Dk, +Vg, + ; Q|
0
k.
F. =-N, ' : (17)
21—k 1, cos(—aj
n 2 2
k11, I COS(Z—(XJJUK’X-FUK’_}, +|Q|
k.1, cos(;t - aj Y
=2k ocos| Z—a || Jvl, 40, +Q
21, I, 2 ’ g
M. =-2ful, v ) (18)
z—kycos(—ocj Uy, Vg, €
I !
o,
R int (19)

3neck 1,,1,,1, — MOCTOSIHHBIE BETMYHHBI, KOTOpPBIE HaX0ATCs o Gopmynam B [12]; o — yToJ, XapakTepH3y it

HanpaBlIeHUE JMHEHHBIX CKOPOCTEH CKOJbXEHHs OTHOCUTEIBHO TOYeK KoHTakra konec K, K,; k —

r

k03 PUIMEHT, 3HAK KOTOPOIO 3aBUCUT OT HAMpPaBJICHUS KaueHHs.
Jlst ompesiesnienus MPOrPaMMHOTO YIIPABICHHS! CIEYET yKasaTh 3aKOHBI JBMKeHHs pobota v’ (7),Q (¢). Io (5)

MOXXHO BbIpasuth Bemmumuel F, = Fy(f), F,=F4 (1), M, =M{(¢) B 3aBucumoctd oT BpeMenn. Hcmoibsyem

W3BECTHBIE 3Ha4Yenus F,, M, sl BBIMACIEHHUS YIPABJIAIOIUX HanpsbkeHnd U, u U, , T01aBaeéMbIX Ha IPUBOABI KOJIEC:

1 (R M 1 (R M
U,=— —(FD +—QJ+K1L02 U, =— —(FU __QJ+K1('01 : (20)
K,\ 2 L K,\2 L

JIBIKGHHE ~CHCTEMbl C  3aJaHHBIMH  HAYQIbHBIMH  ycrnoBusamu v (0)= 0,5%# (0)=0, 2%,9(0) = 0,2%
CMOJIENMPOBAJIM B MaTeMaTHyeckoM nakere «Boabdpam marematuka» (Wolfram Mathematica).
Paccmotpum v/ (£) =0,5 ﬂ, Ql(t)= 0,31. Jns  uWHTEerpanMum CHCTEMBI aBTOMATHUYECKH BBIOMpaild mIar
¢ c
WHTETPUPOBAHUS M 33€HCTBOBAIHN BCTPOCHHBIE YHCICHHBIE MeToIpl Wolfram Mathematica ¢ TOUHOCTBIO pe3yIbTaTOB

He MeHee 107,
w(t), m/c

0,5 4
0,4 /

0,3

—

0,2

0,1

Puc. 2. 3aBucumMocTb IpOA0JILHON CKOPOCTH U. 3esieHast KpuBas — HEroJIOHOMHasi MOAETb 1,
KpacHast KpuBasi — MoJielib 2 ¢ TpeHueM KynoHa, CuHsst KpuBast — MOJIEINb 3 ¢ HOJMKOMIIOHEHTHBIM TPEHUEM.
CuHSS ¥ KpacHast KpUBbIE COBIAIAIOT
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u(t), m/c

020 H

0,15

0,10 H-

0,05

t,c

0,5 1,0 L5 2,0

Puc. 3. 3aBucumocts HOHepe‘IHOﬁ CKOpPOCTH U. 3enenast KpUBasi — HETOJIOHOMHAas MOACJIb 1,
KpacHast KpuBast — MOJCJIb 2c¢c TPEHUEM KyIIOHa, CHUHSSL KpHUBast — MOJEC/Ib 3 C MOTMKOMIIOHCHTHBIM TPCHUEM.
3eJIeHa$I, CHHSS U KpaCcHasi KPUBBIC COBIIAAIOT

Q>f), l/ec

0,30 | IR

e

025 [ /7
[ e
020 [ //

s | 1/

0,10

0,05

f,c

5 10 15 20

Puc. 4. 3aBucHMOCTB YIII0BOM CKOPOCTH poOoTa. 3eeHasi KpiUBas — HETOJIOHOMHAs MOJIENb 1,
KpacHas KpuBas — MoJieJb 2 ¢ TpeHueM Kynona, cuHss kpuBast — MoJenb 3 ¢ MOJMKOMIIOHEHTHBIM TPEHUEM

U3 puc. 2 u 4 BUIHO, YTO YIPABICHHE TAPAHTHPYET TOYHYIO PEAT3aUI0 IIPOrPAMMHBIX 3aKOHOB JIBHOKEHHS MOCIIE
3aBEpIICHHUS TEPEXOJHBIX TIpolleccoB B Momemsx | (HeromoHomHas) u2 (¢ Tpenwem Kynona). B wmomenm 3
(TTOTMKOMITOHEHTHOE TPEHHE CKOJIBKCHMUS, KAUCHHS U BEPYCHUs) IOCIe 3aBEepIICHHs MEePEeXOJHBIX MPOIECCOB M3-3a
MPOrpaMMHOTO YIpAaBJICHHs BO3HUKAET MOCTOSHHAs OMIMOKAa B YIJIOBOM CKOpocTH BpaiieHus miatdopmbsl. Bo Bcex
PACCMOTPEHHBIX MOACIAX CKOPOCTH CKOJIBKCHHA KOJIEC B MONCPCYHOM HANPaBJICHUU 6BICTpO CHMXXACTCA OO0 HYIJIA.
Crnyyan COBMAJICHUS 3aBUCIMOCTEH, IMOJTyYeHHBIX JJIs1 pa3HBIX MOJEJICH, TIOKa3aHbl Ha puc. 2 U 3.

JIist IpOBEpKH BBIMOJHEHHS YCIOBUI OC30TPHIBHOTO JBHIKCHHS OMOPHOTO KOJIECAa 3aIlUIEM TEOpPEeMYy W3MEHCHUS
KHHETHYECKOTO MOMEHTA CUCTEMBI B IPOCKIIMSAX HA OCh V-

J (0 +o,) =M +M,-M, —M, —N,R +mgh, —(Eh cosa, —F, sina, + F cosa, — F sinaZ)R.

CornacHo (4):
M, +M, =—N,R,+m,gh,.
U3 mocnenHero ypaBHEHHs MOIy4YaeM yClIOBHE OE30TPHIBHOTO ABHKEHHS OMIOPHOTO KOJIeca:
mgh. —(M,+M,)>0.
C yuetom (5):
2J,,
R2

http://vestnik-donstu.ru

m,gh, — R(m, + 2m, +—2)0+ Rm,[h, Q+h,Q*]> 0.
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Vekopenus po6oTa He mpeBbImany 1 M/c?, T03TOMY IaHHOE HEPABEHCTBO BBIMOJHSAETCS B KAKIBI MOMEHT BDEMEHH.

O6cyxaenne u 3aKiIroueHne. toru MoxeMpoBaHus MO3BOJIMIIN CLIETATh Psl BBIBOAOB. [IporpaMmHOe ynpasieHue,
OCHOBaHHOE Ha HETOJIOHOMHOHM MoJieN 1, mpremieMo it poOOTOB, KOHCTPYKIHSI KOTOPBIX HE YUUTHIBAET KOHTAKTHOE
TpeHHE KOJIeC, BO3HHUKAIOIlee IPH KOMOHMHAIMU CKOJBKCHHUS, BepueHHs M KadeHus. OpHako mpH (OpMHUpPOBAHUH
YIPaBISIONMX BO3JICHCTBUH Ul JOCTIXKEHHUSI 0OOjiee TOYHOTO CIICOBAHUS IPOTPAMMHBIM 3aKOHAM JIBMDKCHHMS
HEOOXOANMO YYHTHIBATh MOJENb IOJMKOMIOHEHTHOTO TpeHHs. [loilydeHHOe pelieHne MOKHO HCIOJIB30BaTh IPH
MIOCTPOEHHUH CHCTEMBI YIPABJIEHH ¢ MTPpOrHo3upytomei Mosensio (model predictive control). Takast pazpaboTka Oyaer
IpeAMETOM JajibHEHIIero UCcCIea0BaHusI.
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