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VIIK 531.1

I'.Il.Tepexos, B.E.IlaBnoBckmnit
YupasisieHue poO60OTOM-IIIAPOM C IMIOMOMIBI0 MAaXOBUKOB

PaccmarpuBaercsi Teoperudeckasi MEXaHuIecKas MOJIeIb poboTra-iapa ¢ Ma-
XOBHKAMM, PACIOJOKEHHBIMKA BHYTpH Imapa. OnucaHHasg KOHCTPYKIMS IIPeTHa-
3HAYAETCs JIJIsl YIIPABJIEHUs JIBUXKEHUEM IIapa 110 Pa3/JIndHbIM TPaeKTOpusiM. B
paboTe MOCTPOEHBI U UCCEOBAHBI aJITOPUTMbI YIIPABICHUS IAPOM 110 0A30BBIM
TPAEKTOPUSIM, PACCMOTPEHBI JIBUXKEHUsT OT BPAIEHUsT Ha, MECTe W JIBUXKEHUSI 110
OTPE3KY MPAMOI /10 0A30BBIX JBMKEHUI 110 KPUBOJMHEHHBIM TpaeKTopusiM. Pac-
CMOTPEHBI JIMTHAMUYCUCKHE MOJICJIH IIapa-podoTa, pasHble MOJIEIN TPEHUs, B Ka-
JeCTBe OCHOBHON MOJIEJIM TPEHUST PACCMOTPEHA, JIByXIIapaMeTpruiecKasi Mojiesib. B
paboTe 000CHOBaHA TEXHUUIECKAsl BO3MOXKHOCTH peaJiM3alliy HIapa-podoTa ¢ Ma-
XOBUKAMI.

Karouesvie caosa : podbOT-11AD, TMHAMIIECKHE MOJIEH, JIByXIapaMeTpuie-
CKKasl MOJIEJIb TPEHUSI, aJTOPUTM YIIPABJICHUsS IIIAPOM ¢ MAXOBUKAMI.

Georgy P.Terehov, Vladimir E.Pavlovsky
Control of the spherical robot by means of fly-wheels

The theoretical mechanical model of the spherical robot with the flywheels
located in a sphere is considered. The described design intends for motion control
of a sphere on various trajectories. In work control algorithms of a sphere on basic
trajectories are investigated, the movements from rotation on the point and the
movements on a straight line piece before the basic movements on curvilinear
trajectories are considered. Dynamical models of a sphere robot, different models
of friction are considered, as the main model of friction the two-parametrical
model is considered. In work technical capability of realization of a sphere robot
with flywheels is proved.

Key words : the spherical robot, dynamic models, two-parametrical model
of friction, control algorithm of a sphere by means a flywheels.

Pabota BwinoJinena npu nojjep:xKke Poccuiickoro donga pyHIaMEeHTAIBHBIX UC-
ciegoBanmnii, mpoekThl 16-08-00880-a, 16-01-00131-a.



1 Bsenenue

B nocsesnee BpeMs MOSB/ISIETCsI 3HAUUTEILHOE pa3Hoobpasne poboToOB, OTJIU-
JAOIINXCsT KaK 10 KOHCTPYKIIMU, TaK W 10 HazHadeHwio. B gacTtHocTH, cdopmu-
POBAJICS OTJEIbHBIA KJIAaCC MOOMIBLHBIX POOOTOB - POOOTHI, JBUXKEHHE KOTOPBIX
OCHOBaHO Ha IpuHnuie KadeHusi. Cpejy HUX MHTEPECHBIM IIPEJICTABJISACTCS Pac-
cMoTpenue poboTos chepuieckoin (pOpMbl, UMEIONIUX TaKUE TPEUMYIIECTBA 11ePe/]
MHBIMK peau3allisgMi, KaK IepMETHIHOCTh poOOTa 1 OTCYTCTBUE MECT COIPsizKe-
HUI ¥ COYJICHEHWH, SIBJISTIOIIMXCS HAMOOJIee YsI3BUMBIME JIJIsT PA3JMIHOTO POJIA
HeOJIArONPUSITHBIX BozjeicTBuii. Takasa dopma ammnapara ClIOCOOCTBYET IIPaKTH-
YECKOMY TPUMEHEHWIO PODOTa B UCCIIEIOBATEILCKUX U PA3BEIbIBATEIHHBIX MEJSTX,
HAIIpUMep JIJIss PabOThI B 30HAX C arpeCcCUBHOI BHEITHeH cpejoii (MeCTa aBapuit,
TTOBEPXHOCTH JIPYTUX TJIAHET W.T.JI.)

CriekTp pa3/iMmIHbIX PEHICHUI 1 Pean3ainii BHY TPEHHUX MEXaHU3MOB, IPUBO-
JAIIAX B JIBUKEHUE TAKUE AliapaThl (KOTOPBIE, K CJOBY, AKTHBHO PA3BUBAIOTCS B
pazubix crpanax mupa—IlIserus [1], CHIA, Uspansb, Poccust u.r.j1.) Toxke Bech-
Ma 1 BeCbMa IHUPOK. BosbIiioe Kom4uecTBo paboT UCIOIb3yeT IPUHIIAIL CMEIeHHs
IEHTPA MACC CUCTEMBI, TAKME KaK Pa3/JMIHbIe MAITHUKOBBIE POOOTHI, UJIH POOOTHI
¢ IBUXKYIIMMUCS BHYTPEHHUMH MaccaMmu. [IpejcTaBisioT MHTepec W ammnaparhbl,
JIBKyIIMecs 3a caer aedopmarmn kopryca. Hacrosiiast pabora mocssimmena mwHo-
My TPHUHIUIY—TIPUHIMILY TEPOCTATA, M0/Pa3yMeBaONIEro HaJuIue BHYTPH Ila-
pa CHCTeMbl IIPUBOJIOB, ODecIeYnBaloieil co3ganne BHyTPEHHEI'0 KMHETUIEeCKOrO
MOMeHTa. B gacTHOCTH, paccMOTpeH npumMep podboTa, BHYTPHU KOTOPOIO Ha, TPex
B3aMMHO-OPTOIOHAJIBHBIX OCSIX PACIIOJIOXKEHBI TPU MaXOBHKA, CO3JIAI0IINe YIIPaB-
JAOMINT MOMEHT.

VccnepoBanue ABUXKEHNS U IJIAHUPOBAHUS TPACKTOPHUIl 0J0OHOIO almapaTa
Ha abCOJIIOTHO TePOXOBATON TJI0CKOCTH Oblin npenpuisaThl B [2]. Barem B [3]
ObL1a JIOKa3aHa YIIPABJIAEMOCTh CUCTEMBbI JIJisi HEIOJIOHOMHOW MOCTAHOBKHM M SIBHO
yKa3aHbl aJITOPUTMbI yIpasjeHusi poborom. B [4] pesynbraTst Ol 0600IIEHb HA
cJydail I0CKOCTH C TPEHUEM, B YACTHOCTH, PACCMOTPEHbBI MOJIEJIM CYXOI'O TPEHUST
Kyiona, Bsiskoro Tpenuns. BaxkHoit 0cOOEHHOCTBIO MOJIyIeHHBIX MOjIeJiell ObLIoO Ha-
JINYIWeE JIBYX WHTErPAJIOB KWHETHIECKOTO MOMEHTa OTHOCUTEILHO TOUYKH KOHTAKTA
(a B citygae OTCYTCTBYsT TPEHUsT BEPUCHUS - TPEX).

Bwmecre ¢ Tem, B mocsieinee BpeMsi MOSIBJISIETCsT Psij, pabOT, MPEIToIarafnx
CYIIECTBEHHO M3MEHEHHbBIE MOJIEJIM TPEHUsi, JIOHOJHSIONME 1 0000mame Mo-
Jesib cyxoro tpenus Kysona. Ob6obiieHne npoucxojuT 3a cYeT TOro, YTO ToUued-
HOE KYJIOHOBCKOE B3aMMO/IEHCTBIE KATAIIEIOCS TeJIa, C IJIOCKOCThIO 3aMEHSIeTCs Ha,
B3aUMOJICHCTBUE BJIOJIb HEKOTOPOit obactu (msaTHa KOHTaKTa). [IpmMepom sToro
MOJIX0/1a, SIBJISIETCsT PACCMOTPEHWE TISITHA KOHTAKTa B BHUJE KPyTa, Takas MOJE/b
ObLTa Bepsbie mpeyoxkena Konrency [9], a manee passura B.®.2Kypasiebim
[8]. TIpu TakoM 1OJX0j1€ MOYXKHO POBOPUTH O MJIOCKKX JjiedhopManusx cepruieckoit
000JI0UKHK Iapa BOJM3UM KOHTAKTA ¢ abCOIIOTHO TBEPAOH IJIOCKOCTHIO. OHAKO,



€CTb U IOJXO0J, IPA KOTOPOM ISITHO KOHTAKTa IIPEJCTaB/isier coDOi He IJIOCKYIO
00J1aCTh, a chepUIecKuil CerMeHT, UTO COOTBETCTBYET IIPEIIOJIOXKEHHIIO O Jedop-
Malii Kak Iapa, TakK ¥ IJIOCKOCTU BOJIM3M MX KOHTaKTa. lakasi MOjesb ObLia
npejioykera u 3areM passurta A.B.Kapamersnom B paborax [5],[6]. UnrepecHo,
UTO 9TA MOJEb 3aBUCUT OT JIBYX MapaMeTpPOB W IPHU ONPEIEJCHHBIX WX 3HaUTe-
Husix 1epexojput B mojesn Kysnona u Konrency-2Kypassiesa. B jlannoit pabore
HCIIOJIB3YETCs JIBYXIApaMeTPUIecKas MOJIETb TpeHus |5|.

2 JluHaMuka U yOopaBJjieHlie PpoOOTOM-IIIapoM

2.1 Omnucaaue Moaean. Y paBHEHNIS JIBUKCHUS

Bynem paccmarpuBarh Ha HEMOJBHXKHOM IJIOCKOCTH Sxy map pajuycom R ¢
reaTpom B Touke O. BayTpu cdepraeckoii 0007109K1 HA TPEX B3AUMHO-OPTOTNOHAb-
HBIX OCAX HAXOMATCS TPU OJUHAKOBBIX JTUCKA-MaxXOBUKa MACCOW M U PaIuyCcoM p.
J1 u Jy—3KBaTOPUAJILHBIN U MOJSPHBIE MOMEHTHI MHEPIMU COOTBETCTBEHHO. Pac-
CTOSTHEE OT TOUKHU mepecedenns oceit (G, OPTOrOHAJBHBIX MaXOBHKaM 0 MEHTPA
KaXKJIOTO M3 MaxOBHKOB (TOYeK A;) PABHO @, M HEHTPhl MAXOBUKOB JieXKaT B 9K-
BaTOpHAJILHOM 1J10cKOCTH mapa. Macca mapa 6e3 ydera maxopukos—M . HaJiee,
PEJITOIOKIM, ITO TIEHTP Macc pobora HaxoguTcs B Touke () T.e. COBIAJIACT C
PeOMETPUYECKUM [EHTPOM I1apa. TeH30p MHeprnuu KOHCTPYKIiwn (6e3 ydera Ma-
XOBUKOB) TIPENOIATACTCS [IIAPOBBIM ¢ MOMEHTOM WHepIuu .J.

Beenem nogsuxkuyio cucremy koopauaar (Jejeses ¢ neHTpom B Touke (), BbI-
60p OA3UCHBIX BEKTOPOB €; TIPEJINOJIAraeTcsl COHAIPABIECHBIM OCAM MaXOBUKOB
(orpeskam G A;). Tlepexos K MOJABMKHON crCTeMe KOOPIMHAT OCYIIECTBIISIETCSI
nocpeacrsom Marpuipl nepexoga D € SO(3). Kondurypannonnoe muoroodbpa-
sue cucreMnl cyTh R? x SO(3). Tpu yrioBble CKOPOCTH BPaleHns MaXOBUKOB BO-
KPYT CBOE#t ocr 0003HAYMM 3a (vj. 3aTeM TepeiijieM K 6e3pa3MepHbIM KOOPIMHATAM
= E, Y = =, a paJuyc-BeKTOp 1 BeKTOp ckopoctu oboznauum 1 = (2';y)1 u

R R

v = 7’ ([danee, Be3jie noj HUBHICCKUME XapaKTEPUCTUKAME, TAKUME KAK CUJIA,
CKOPOCTH W.T.J TTOHUMAETCsT MMEHHO Oe3pa3MepHast BeJIMUNHa, eCJIM He ONOBOPEHO
IIPOTHBHOE).

Jlist uccieiopanyst JIBUAKEHHSA CUCTEMbI OyJieM HPUMEHsTh OOIIMEe TEOpEeMbl
JMHAMUKH, TIPHYEeM ypaBHEHUe Ha UMILy/ibe pasjeum Ha MR (M = M + 3m)-

I[IOJIHaAd MacCCa CHCTEMbI, a YpPaBHEHHE Ha KUHETUYECKNIT MOMEHT - Ha BE€JIMINHY

A ma2

J = = Takum 0bpa3oM, 0DO3HATUB TTOJTY TUBITTHECST CHJIBI I MOMEHTRI CHJI 38 f

W [L COOTBETCTBEHHO, MMEeM CJIEJIyOILYI0 CUCTeMY YpaBHeHHH (10 BepTUKaIbHOM



ocr Sz JIBUXKEHHUE IIPEII0JIaraeTcst HGBOSMO)KHBIM)Z

v=f
Iw+Ca+QUw+Ca)=Du
0 —W3 Wy
Q= ws 0 —W1

—Wo W1 0

YpaBHenne Ha KHHeTHIECKANH MOMEHT 3aIllICAHO B IOABUXKHOM Oasmce U w;—
KOMITOHEHTBI BEKTOpa, yIJIOBOil ckopocTu B HeM. Obe3pa3zMepeHHbIil TeH30p HHEp-
uu "naccusnoi"yacru obosnaden 3a I, 3a C—obe3paszMepeHHblii aHaJI0I TeH30Pa
wneprn "yrupasssonieit" qactu. (Ilo cyru, 910 auaronasbHas MaTpPHUIA COCTOs-
Iast 13 MOJIIPHOIO MOMEHTa HHEPIMU Kaxkj1oro Mmaxouka) Marpuiips [ u C nmeror

CIeYIONINIl BU;

v 11
I = 1 v 1
1 1 v
C = diag{c,c,c}
3J
c=—=
ma?
Jo+J+2J
V:4—|—32+ j !
ma

Puc. 1: Mojiesb mapa Ha 1LJIOCKOCTH

CTouT OTMETHUTDH, 9TO JaHHAs CHUCTEMa SIBJISIETCs] BIIOJIHE YIIPABJSIEMOi, 9TO
Jokaszano B [3]. UnrepecHo, 4To ylpaBiseMOCTh COXPAHSIETCs 1IPU 3aMEHe OPTO-
FOHAJILHOCTH OCeil Ha HEKOMIIJIOHAPHOCTDb U JIazKe IIPpU aHHYJUPOBAHUN OJIHOTO U3
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MaxoBuKOB. OJiHAKO, B MOCJIEIHEM CIydae, OYeBHUIHO, He JIF000# 3aKOH JIBUXKE-
HUsI JIOIYCTUM M3 IPOU3BOJILHOI KOHMUrypaluu. B 4acTHOCTH, IPU JIBYX HEKOM-
MJIAHAPHBIX MAXOBUKAX HEBO3MOXKHO TAKOE JBUKEHHE W3 COCTOSTHUE MOKOsi, 9TO
yIJIOBasi CKOPOCTH HAIlpaBJIEHa, [0 HOPMaJi K IJIOCKOCTH 3TUX MaXOBUKOB. JLjst
peasm3anuy MoJ00HOTO JBUXKEHUsT HEOOXOAMMO CHAvYaJa U3MEHUTh KOHMUrypa-
U0 cgepol.

HaJjiee, Juis 3aMbIKQHHSI CHCTEMbI, HEOOXOIMMO 3a/iaTh YCJIOBUS KOHTAKTHOI'O
B3aUMOJIEHCTBUST MEXKJly ChEepUIecKOil 1MOBEPXHOCThIO POOOTa 1 OLIOPHOM 11J10C-
KocTbio. [lpuanMas Bo BumMmanue, uto p = ' — ble,; f], roe b = 37%@2’ T
JIOTIOJTHUTEJIHHO BO3HUKAOIINE MOMEHTHI B KOHTAKTE, a TaKyKe ypaBHEHWE Ha MM-
yJIbC, MOYKHO OTMETUTDH UTO BEPHO CJIeIyIoIee yTBePXKJIeHue:

YrBepxkaenue 1.1

Ecou p® =0, mo cucmema ypasnenuti donycraem mpu nepevs uHmezpaia K-
HEMUYECKO20 MOMEHMA OMHOCUMEALHO MOYKU KOHMAKIMA.

B gacTHOCTH, 3TO YTBEpXKeHUE BBITOJHACTCA JJId TAKUX TUMOB KOHTAKTHO-
I'0 B3aMMO/JIEHCTBUs KaK JIBUYKEHUE 110 aDCOJIFOTHO IJIaJIKOM 1JIOCKOCTH, JIBUXKEHUE
0 abCOJIIOTHO TIEPOXOBATOM TJIOCKOCTH (HETOJIOHOMHAST MOJIEJIB ), & TaKkKe JJIst
3aKOHOB BSI3KOI'O TPEHUsI U CyXOoro TpeHus KyJioHa.

2.2 JIByxmapamMeTpmiecKasg MOAeJb TPEeHUS

PeajibHbIe 9KCIIEpUMEHTDI TOKA3BIBAIOT HAJUIHE MIsITHA KOHTAKTa MEXK/ Ty ce-
PUUECKOI 1TOBEPXHOCTHIO pobdOTa M ONOPHON IJI0CcKOCTHIO. Hanbosiee 1pasiono-
JIOOHO IIPEJIIOJIOXKEHKE, UTO OHO IIPeJICTaB/sieT coboii cepudeckuii cerment. Co-
riacHo [5],[6] B ka0l TOUKE 3TOrO cerMeHTa BbINOJIHEH JIOKAJILHO 3aKOH CyXOro
tperns Kymnona. [Tycrs pamuyc cdeprr, 3agatomeit sTorT cerment— Ry, a pajanyc
cermenTa— Ry, R—rno-nipexxaemy pajinyc mapa. Takum o0pas3oM, MsiTHO KOHTaKTa

S
3aBUCUT OT JIBYX napamerpoB 0 = — u € = —. [losyuennnie B [5],[6] Boipaskenust

R; R



JJIgd CMJI 1 MOMEHTOB

Bo
3kN
fi=- — [ B8
47(1 — cos By)32M R /
kLN i
W= — [ BE)1.a5
47(1 — cos By)3/26 M R /
27
I, = N
[|ull
0
27
I, "o
[|ull

0
B(B) = \/cos 8 — cos 3y sin 3
p=p —bles; f]

31ech

ur = u(1 — sin?® B cos® a) + & *(wy sin? Bsin o cos o + wyr(1 — cos B —

— sin? B cos? a) — wryysin fsin o)

ur = —usin® [ sin o cos o — 5_1(wH Sinzﬁsinacosa + wr(1 —cos B —

— sin? Bsin® &) + wyyrsin B cos @)

wrrr = usin B cos fcosa 4+ § 'sin B(1 — cos B)(wrsin o — wyy cos )

wy = usin® Bsinacosa + 6 Hwr(1 — cos B)* — wyrr(1 — cos ) sin B cos )
wrr = u(1 — cos f — sin® Bcos® &) + 6 Hwrr(1 — cos B)% —

—wrrr(1 — cos B) sin B sin )

wyry = sin B(—usina + 6~ H(—(1 — cos B)(wy cos a + wyy sin ) + wyyysin 3))

31ech g—ycKopeHue cBODOHOTO TajieHusi, N—cujia HOpMaJbHOW peakimm Omo-
PBI, U—CKOPOCTb CKOJIbXKEHUS 1Iapa, JeJeHHAs Ha ero pajuyc, ocb 1 HaIpaBjeHa
10 CKOPOCTH CKOJIbXKEHHsI, OCh 3 BEPTHUKAJIbHA, & OCh 2 JIOMOJHSIET pernep 0 mpa-
BOIl TpOiiKU. DTOT ODa3uc B JajbHElIeM OyaeM IMEHOBATD 6CNOMO2AMENbHBIM, A,
BEKTODA B HEM MHJEKCHPOBATH PUMCKUME IH(PPaMu BO M30eKAHNE TTYTAHUIIBI C
CK kecTko cBst3aHOit ¢ poboTom. {2—BeKTOp yrioBoii ckopoctu B 910it CK (Takmm
obpaszom, wrrr = w,). Hasee, sin 5y = %, k—ko3ddunmenT rpeHusd.

PasBuBast ujero, mpeJioKennyo B |7], 3amernm, 9to eciu mepeiitn K chepu-



YECKUM KOOpAuHATaM T, 01, 02, 03:

ou = rcos b

wy = rsin 07 cos 6,

wyr = rsin @7 sin 65 cos O3
wrrr = rsin 6y sin 05 sin 03

o GhyHKIMU f U [ HEe 3aBUCAT OT pajiuyca cdep 7. YrioBbie nepeMernbe 0y xa-
PaKTEPU3yIOT OTHOIIEHUST MEXK/ly CKOJIbXKEHUEM, KaueHUeM, BEPUCHUEM U 3aKpy-
YUBAHUEM, TIO9TOMY B JAJbHEHIIIeM OHU OYIyT HA3BIBATHCS PEAHCUMMHBLMU Y2AAMU.
Takum obpaszom, Oyjaem cautarh GyHKIUN f 1 (4 OTPEIeJIeHHBIMIA Ha €JUHUTHOM
TpexmMepHoil cdepe S, IIpunnMas Bo BHIMAHKE 3aBUCHMOCTD OT TIAPAMETPOB TIST-
Ha KoHTakTa (J;€), CTOMT OTMETUTh, YTO IJIAJKOCTh 110 MEPBOMY HapaMerpy u
HEIJIAJKOCTD 110 BTOpoMy Obliia JlokazaHa B [5].

Huist ciydast 0 = 0 BbIpaxKeHusT IPUMYT HECKOJIBKO UHOU BUJT U COOTBETCTBYIOT
mojiesn Konrency-2Kypasiesa [8]. Ciuyuait € = 0 coorsercsyer mojenu Kyiiona,
aro pasobpano B |4]. [ajee, ecau HEe OroBOPEHO MPOTHBHOE, PACCMATPHBACTCS
Korja €0 # 0.

2.3 IloBopot poboTta Ha MecTe

[lepeitnem K mocrpoenunio ajadaBUTHBIX JBUKEHUIT poboTa. [ljisi Hadasa, pac-
CMOTPUM CJIy4ail, KOIJa [MEeHTP Macc alnapara HeIOJBHXKEH, a IIap COBEpIIaeT
BpallleHne BOKPYT BepTUKAJN. [JIsT pesKMMHBIX YTJIOB B 9TOM CJIyYae BEPHO, UTO

92 = 7T/2

93 = 7T/2.
Taxmm 00paszsoM, BOSHUKAET PEXKUM TNCTOI0 BePUEHUsI, TJI€ BCE KOMITOHEHTHI CHJI 1
MOMEHTOB, KPOME [i, paBHbl Hysto. MoMenT Tpenus Bepuenus i, = () = const =

0

—3kgb
2R(1 — cos fy

Bo
. 2
Uy = )3/2/\/cosﬁ—cosﬁgsm Bdp
0
BCJIEJICTBHAE YE€r0 MOXKHO BBIITUCATH MTPOMHTEIPUPOBAHHOE ypaBHEHNE Ha KUHETH-
YEeCKU# MOMEHT:

a = %(utE —w(t)l)e

['ie e—HenojBUKHbINA €JIMHUYIHBIA BEKTOD BEPTHKAJM B IOJIBUXKHON cHCTEME
KOOPJIMHAT. Cunrasi, 9T0O MaXOBUKHU IIPUBOJMATCS B JBUXKEHHUE 3JIEKTPOJIBUIA-
TeJAME TIOCTOSTHHOTO ToKa (T.e. cdy = »4U; — snay, rie U-pasmepHoe Hanpsi-
JKEeHHe, a 1o TOCTOSHHBIE 3JIEKTPOJIBUrATENIell ¢ yueTOM O6€3pa3MepI/IBaHI/IH),
npuBeieM rpaduKi yHIPABJISIOMNUX HANPS>KEHUH JIJIs TTOBOPOTA Ha yTrOJI 7T/ 2 3a
BpeMs 21" B ciydae TPeyroJbHOTO MPOQUs YIJIOBOH CKOPOCTH BEpUEHHUSI. (T.e.



w(t) =E(T — |t —T]), e E-10CTOsIHHOE 110 MOJLYJIIO YTJIOBOE YCKOPEHUE PABHOE
577 Bynem 6parh HavaabHbIe YCIOBUS HYJEBLIMA 110 CKOPOCTSIM.

Jns Bexropa e = (1/4/3;1/4/3;1/4/3) uMeem, 9T0 BCe KOMIOHEHTBI BEKTOPA
ojinHakoBbl. J[Jist HUX rpaduKu TaKOBHI:

-11.6

-11.8

—12}

-12.2

-12.4

-12.6

-12.8

-13}F

-13.2

-13.4

-13.6

Puc. 2: Yupasisionme nanpsixenus s € = (1/4/3;1/v/3;1/1/3).

st Bexropa € = (1/v/2;—1/4/2;0), u st HecOBCTBEHHOTO BEKTOPa, € =
1;0;0) nmeem crneayionyo KapTUHY:
( yiomy y

20

s -
IV
7U2
7U3

10

-10}

-15 ’\—'—\

-20
0

Puc. 3: Yupassionue nanpsokenus i € = (1/v/2; —1/4/2;0) |

OTmeTHM, UTO BEJIMYUHY (4 B JAHHOM CJIydae MOXKHO MHTEPIPETHPOBATH KaK
MOMEHT TPEHUSsI ITOKOsI, KOTOPBIil HY»KHO ITPE0JI0JIeTh, YTOObI HAaYaTh JIBUXKEHUE.
[Tosepxnocrs f4(d, €), MOKA3BIBAIONIAS 3ABUCUMOCTD 9TOIO MOMEHTa OT 3HAYCHUT
mapaMeTpoB IATHaA KOHTaKTa IMOKa3aHa Ha pucyHKe. MoXKHO c¢jieaThb BBIBOJ, UTO
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-15F ]

-20F 4

25 . . . . . . .
0

Puc. 4: Yupasistiomue nanpskenust st sekropa € = (1;0;0)

BJIMSIHUE Ha 3Ty BEJUUNHY OKA3BIBAET TOJBKO MapaMmerp 0, XapaKTepH3YIOIIuii
JKECTKOCTh TJIOCKOCTH. B 3aKJII0UeHN MOYKHO OTMETHUThH, YTO €CJIM MaXOBUKHU PO-
bora npuBojisiTes B jiukenue jipuraressivu Maxon-RE-10, To map cmoxer na-
yaTh JABrzKenue 10 miockoctu ¢ 0 < 0.02, s gurarens JIIIM-20-H2 moporosoe
suHadenne 0 = 0.03.

0.08

Puc. 5: MomeHT TpeHHs MOKO.

2.4 JIBu>keHme podOTaA IO OTPE3KY

[Iycth mmeer MecTo IBMKEHWE BJIOJIb HEKOTOPO# MpsiMoit sinann (6e3 orpanu-
denus obuHocTu—ocu Sx 6e3 Bepuenust, T.e. w, = 0). B cdepudeckux Koop,iu-
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02 = 7T/2
03 = 0.

JIBUKEHUSI [TOJTHOCTBIO OIPEJIEISIeTCsI JIMIID YIJIOM 61, KOTOPBIi jiist yaobcTBa Oy-

JieM 0003HaYaATh IIPOCTO 6.

[Tpn Takux ycmoBusx f = f,, a pu = ,ug — bf, (PaBeHCTBO HYJIO OCTATIBHBIX KOM-

noHeHT B ycaoun wy = 0 nokasano B [6]). B cusy roro, uro f3 = 0 umeem s

HaTaX PEXKUMHbLIX YIJVIOB 9TO COOTBETCTBYET OKPY2KHOCTH { T.e. pexKum

6e3pa3MepHOil CUJIbl HOPMAJILHOI'O JIABJICHUS 7, TO YTO N = - (Hro B pazmepHbIxX

LIEPEMEHHbBIX COOTBETCBYeT ycjioBuio N = M g). Boipaxenusi juisi fr u ug OyayT

TaKUMU:
Bo

[ Bo1ads

0

3kg
47r(1 — cos By)3/2R

f0) = -

do

2m
I / cos O(1 — sin? B cos® @) + sin (1 — cos 3 — sin? B cos? a)
0

1(6) = (cos* (1 — sin® B cos® ) + sin® O(1 — cos 3)* + 2sin @ cos O

x (1 — cos 8 — sin’ B cos® ) /2

st MmomenTa 4

Bo

Oy 3kgb

p0) = 47r(1 — cos By)3/20R /B(ﬁ)[wldﬁ
0

da

1(0)

YpaBHeHUsT J[BUKEHUs B IepeMeHHbIx (7, §) npumMyT Buj:

2m
I / cos O(1 — cos B — sin? 3 cos? @) + sin O(1 — cos 3)?
w2 —

0

~cosf . sinf

7( 5 +sinf) + r6(— 5 + cosf) = f(6)
(7sinf + rf cosf) e + Cax + r’sin® Q. Ie + rsin 0Q.Ca = p(h)e
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- HOCTOsAHHBIM BEKTOP, OIMCHLIBAIOIIUN BEKTOD €y B IOJBUXKHOI CHCTEMEe KOOp-
JIMHAT, 8 MaTpuUIla, SKBUBAJICHTHAs Ollepalluil YMHOXKEHUA CjieBa He eJIMHUIHBII
BEKTOpP € (). MOCTOSIHHA IO BPEMEHU W PaBHA

0 dza —da2
Qo= —dp 0 d12
dyp —dip 0

2.4.1 AmnaJm3 cuJIbl 1 MOMEHTa TPEHWUS.

st HavaJsia 1ojipodHee OCTaHOBUMCS Ha aHaJIM3€e CUJI U MOMEHTOB KaK (DyHK-
Uil PEeXKUMHOTO yriaa f. DTO HEOOXOAMMO KAaK U JIJIsT Pellenns: oOpaTHON 3a1adn
JMHAMUKH, TaK W JJIs UCCJIeI0BaHusT CBODOJIHON JIMHAMUKM CHCTEMbI (pereHst
upsimMoii 3ajaun). Bmecre ¢ tem, ormedast T-aHTUIEPUOJUIHOCTD 3TUX (DYHKIMIL,
JIOCTATOYHO OrpaHuInuThCst orpeskoMm # € [0;mw]. Kpome Toro, crout 3ameruThb,
910 HamboJIee peasu3yeMble Ha, IPaKTUKE JIBHXKEeHUsi poboTa Oy/1yT COOTBETCTBO-
BATH PEXKUMAM [TPEUMYIIECTBEHHOTO KadeHusl (T.e. IPOCKAIb3bIBAHKE OY/IeT CyIIe-
CTBEHHO MEHbIIIE KaueHWs ), 9T0 O3HAYAeT HaxoXKjeHue 6 B HEKOTOPOii J0BOJBHO
MaJIOil OKPECTHOCTH TOUKH T /2.

YrBepxkaenue 2.1
f(0) € C(0;7) u 6o3pacmaem na amom npomescymee.

[lepBast yacTb yTBEpPXKIEHUS OUYEBHUIHA, TAK KaK MOJBIHTErpabible (PyHKIUN
HENPEPbIBHBI (€MHCTBEHHAST TIOTEHIIMATBHO 0coDasi TOYKA, CBsA3aHHAsI C PABEH-
CTBOM HYJIIO 3HAMEHATE s IPUXOJUTCA KaK pa3 Ha 3Hadenun 0 = /2, ojHako B
ITOM CJIydae MHTerpaJl cyiiecrtByer u koHeden). [losiesno 3amMeruTh, 410 B 9T0M
caydae

- kge?s?
fm/2) = SR(1+ V1 —£202)

[TpousBosiHas paccmarpuBaeMoit (PyHKIMKU TaKOBa:

2m
ol / —sin? B cos? asin® arsin 6

o0 U(6)7

Takum obpazom, ouesujiHo, uro npu sinf > 0 dbyukuus f(0) Bospacraer.
CTOUT OTMETHUTD, YTO MPOU3BOAHAS g—g B TOUKe /2 UMeeT pa3pbiB BTOPOrO POJIa,
CBSI3AHHBI ¢ TeM, 4To nHTerpaJ o [ pacxogurcs (B6amsu rouku f = 0 Bo3HUKaer
HeonpesiesienHocTh Buja 1/5). Hanee, ucxomst us roro uro f(m/2) < 0,a f(m) > 0,
cyIecTByeT Takoit yroa 0y aia koroporo f = 0.

[Ipusejem B 3akiouenne rpaduku cuibl f B okpecrrocTn Touku 0 = 7 /2(uepsbiii
rpaduk coorsercrsyer ciaydaio 0 = 0.13,e = 0.06, sropoit — é = 0.03,¢ = 0.06:
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20

151

101

1(8), |
i
L

-10}

15}

-20 . . . . . . .
-2 -15 -1 -0.5 0 0.5 1 15 2

Puc. 6: I'pacdukn cuibl.

Herpyiso 3amerursb, 4ro Bejejcrsue Bospacranus f(6) umeer mecro ciejy-
[oIIee yTBep K IeHue.
YTBepxkaeHne 2.2
Hsuoicenue us cocmoanua nokos 6osmoocno, ecau 0(0+) € (05;6,), ede 0, =
m —arctg1/6

B cuny onpenenenus

v = r(% cos 6 + sin 0)

st TOro, 4TOOBI JIBUYKEHUE U3 COCTOSIHUS TIOKOsI OBIJIO BO3MOYKHO, HEOOXOIMMO
ITOOBI CKOPOCTD M YCKOPEHHUE (&, 3HAUUT U CUJIA) B HEKOTOPOIl MAJIOH OKPECTHOCTH
HYJIsT UMeJIW OJIMH 3HaK, Oe3 orpannuenns: obmnoctu—"+". Vromn 0, Oynem nazbi-
BaTh yIJIOM I1OJIHOM 1POOYKCOBKHU, B 9TOM cjiydae v = 0 u map crour Ha MecTe,
a yIJIoBasg CKOPOCTb paBHA CKOPOCTH CKOJIbXKEHHS ¢ 00paTHBIM 3HAKOM. MOXKHO
nokazarhb, 4ro f(6,) > 0 jist 006X 3HAYEHUSIX APAMETPOB IJIOCKOCTH. Takum
obpasoM, crapT poboTa BO3MOXKEH, OUEBUNO, TOJLKO ¢ pexumoB 6 € (0¢;0,).
Kpowme Toro, cronT 3aMeTuTh, 4TO PABHOYCKOPEHHOE JIBUXKEHUE CUCTEMbI 9KBUBA-
JIEHTHO yCJIoBHI0 6 = const, T.e. MOCTOSIHCTBY OTHOIIEHMsT YTJIOBOH CKOPOCTH K
CKOPOCTH CKOJILXKEHUsI 11apa.
YTBepxkjaeHne 2.3
Oynwyua p(0y) € C(m/2;7) u 603pacmaem na 3mom npomescymue
HenpepbIBHOCTH MOKA3LIBAETCS TAKXKe Kak U jijist cuiibl f. [IponsBonnast byHkimm
L5 paBHa

2

Oly, / sin? 3 cos? asin® a cos @
o0 (1(6))3/2

OueBuiHO, 9TO 1pU 6 JleXKalM Ha JIAHHOM ITPOMEXKYTKE 9Ta IIPOM3BOAHAS OT-
PUIATENbHA, a 3HAYAT MPOU3BOAHAd caMoil pyHKiun p’ MOMOKUTEIbHA. TAaKKe
MOYKHO OTMETUThH HAJUIKME PA3PbiBa BTOPOrO POJIa y HPOU3BO/IHON B TOUKe T/2 1
TO, YTO BBIOJIHAETCS COOTHOIIICHUE:
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0
éaisi 0 = —8—f(:039

b 00 00

Ucxons nsz yreepxkaenuii 2.1, 2.3, a Tak»Ke U3 IBHOTO BU/JIa TPOU3BOJIHBIX, CJICTYET
BayKHBIN (PaKT:

YTBepxkjaeHne 2.4

Qynryua pu(by) € C(0;7) u yoweaem na npomescymee 6 € [0;6,]
JleficTBUTENILHO, HCXOMs U3 sBHOIO Buja (= i — bf ciefyer HenpepbiBHOCTE.
Yro KacaeTcs IpOU3BOITHOM, TO

o, 0(p = f) of

1 .
;5525 = ———————15525—————- = -—'l):g§z§'( E; CcOS é) + sin 6))

[Ipusesiem rpadukn MOMeHTa B OKpecTHOCTH TOUKK 6 = /2 (napamerpbl 1m10¢-
KOCTH aHAJOTUIHBI TEM, UTO 3aJIABATHUCH JIJIsI CUJIBI):

400 T T T T T T T 1500

300
1000

200

500 -
100

TOM | TONMI

-100
-500

-200

-1000
-300

-400 : : : : : : : -1500
-2

Puc. 7: I'pacpuku momenTos.

Hamnee, moxkno 3ameruth, 4o p(7m) = —p(0) < 0, a 3HAUUT CyUECTBYET YroJ
0, € (0;7/2), nist koroporo p = 0. Bestuvuny p(6y) M0oxKHO cauTaTh MOMEHTOM
TPEHUs OKOs1, KOTOPbI# HYXKHO MPEOJIOJIETD JIJIsi TOrO, YTOOBI HAYATH JIBUKEHHUE.
Besinuuna 9T0ro MOMEHTa B 3aBUCMMOCTH OT TIAPAMETPOB KOHTATKA!

Kpusbie, orpannunBaioniie objacTu MapaMeTpoB, JJisi KOTOPLIX JIBUKEHUE
BO3MOXKHO B CJIydae JBYX MOJIEJIell MaxOBMKOB (JIBMXKEHHME JIOIYCTUMO BHYTDH
KPUBO ):

2.4.2 HekoTopble acneKTbl CBOOOIHON JUHAMUKUT

Perenne oOpaTHoit 3a/a4u JUHAMUKHI [TO3BOJISIET JIJIsI IPEJICTABJICHHBIX alllla-
paToOB HAUTU HEOOXOJMMBIE YIIpABJIEHUS, JJs KOTOPBLIX JBUXKEHUE OyIeT coBep-
MAThCS 110 33 JaHHOMY OTpe3Ky. JLjist mpeIoyKeHHbIX KOHCTPYKIN YITPaBJICHUSI
PeAIM3YIOTCSI IIyTEeM CO3JlaHUsl MOMEHTOB Ha MaxoBHKax. Bmecre ¢ mem, mpej-
CTaBJIsIeT MHTEpeC 3a/1a4a O JIBUKCHHUH I1apa ¢ BbIKJIIOUEHHLIMU IIPUBOJIAMHU, T.€.

14
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Puc. 8: MomenT tpenust 110Kosi 11py HavaJIe JIBUMKEHUS.

022

02r

018+

016 -

014 -

012 -
e

ANt-20-H1 |

By H-12

008 -

006 3

004t Maxon e
RE-1D

00zt

DIDZ Dh4 DbE DbE DI1 DiIZ DiIA D‘WE D‘WB D‘Z 022
Puc. 9: Obmacth BO3MOXKHOCTH JIBUXKECHUSI.

cBODO/IHAST IMHAMUKA CUCTEMbl. B 9acTHOCTH, TaKoe JBUXKEHUE TTOMOTraeT 9acThd-
HO pelInuThb npobsemy "cOpoca’ MOMEHTOB Ha MaXOBHUKAX, UTO BayKHO, BO-IIEPBBIX
JUIsT CPABHUTEJILHO TJIABHOTO JiBUKeHHst (6e3 MOJHBIX OCTAHOBOK U T1EPEX0JIOB B
HOBBI#i PEXKHUM), & BO-BTOPBIX JIJIsI MOJJIEPIKAHUST HEOOXOMMOTO PECYPCHOTO Pe-
3epBa. 3ajada, TakKnuM 00pasoM, TePeXoUT B KJIACCUIECKYIO 3aa1y MEXaHWKW O
JIBV2KEHNHU 1apa Jallibll'iHa 10 FOPU30HTAJIBHON IJI0CKOCTH. Takast 3aja9a, Jijist
OOBIYHOT'O OMJIIMAP/IHOIO IIapa ObljIa, B JIOCTATOYHO IIOJHON Mepe HCCJIe/IOBaHa B
[10]. Buech Oy yT npuBejieHbl HEKOTOPbIE (DAKThI, UMEIOIIUE OTHOIIEHUE K JINHA-
MuKe mapa HalbIriHa Ha, IJI0OCKOCTH C JIByXIIapaMeTpUIeCKIM TPEHUEM B CJlydae
npsIMOJIHEHOrO JiBrKeHusi. Bee amu cBoifcrBa Tak wian unave ciepyior us [10],
OJIHAKO B JIaHHOI paboTe ImpejjiaraeTcs HECKOJIbKO MHOM moaxoj. B wactHOCTH, B
[10] npesnonaranocs pasioxenue B psij| Teitopa 110 napamerpy €9, npejnoara-
€MOMY MaJibiM, & 3JIeCb Mbl OCTABUM MCXOJIHBIE BHIPAKEHUST JIJIsi CUJT I MOMEHTOB,
Hakomerr, orMerum, 4To Bee pe3ysibraTbl HOJydeHbl ToJabKo npu 0 € [0;x]. IIpu
JKEJIAHUU C YIEeTOM T-aHTUIePHOAnIHOCTH (DYyHKIMI f u (1 110 6, nx MOXKHO 0600~
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IIIUTb WU Ha OCTaBIIMECA SHAYCHUIA.

B nepByio ouepejib HEOOXOIUMO OTMETUTD, UTO JIJIsi JJUHAMUKHU Iapa, Jaliibl-
I'MHa Ha BBIKJIIOYEHHBIX MaXOBUKaX CIPaBEIJIMBO CJICAYIOIICE YTBEP2KICHUEC!
YrBepxkaeHue 3.1

Csobodnoe xavenue wapa Hanavieuna 600ab NPaAMOt 603MOHCHO MOALKO 6
MOM CAYYaE, eCAl 0HO OYydem npoucrodums 6004b COOCMBEHH020 BEKMOPA ONE-
pamopa unepuuy 1.

OTO ciejyer U3 TOro, YTO KaK HOKA3aHO BBIIIE, [L = [l,€,, BEKTOD YIJIOBOI

CKOPOCTH TaKxKe HallpaBJieH BJIOJIb 3TOii ocu, BekTopa k = [w u k conanpapJieHbl.
Ho k + [w; k] = p = Aw. [ocieaee roBoput 0 KOMILJIAHAPHOCTH BEKTOPOB K,
W ¥ UX BEKTOPHOT'O IPOM3BEJICHUs, UTO BO3MOXKHO TOJILKO IPH KOJJIUHEAPHBIX
BEKTOPAX KWHETUIECKOTO MOMEHTa W yTJIOBOW CKOPOCTH, OTKYIA W CJEHYEeT, ITO
YIVIOBas CKOPOCTH HallpaBJieHa BJIOJIb OJHOU U3 TVIABHBIX OCE MHEPIUU.

Kax y»Ke roBOpHJIOCH BBIIIE, B CIydae MOCTOSHHOrO f W chujia U MOMEHT Oy-
JIyT HOCTOSIHHBIMK (DYHKIIMSIMU BPEMEHH, U , CJIEJIOBATEJILHO, B 9TOM CJIydae pe-
AJIN3YETCsI PEXKUM TOPMOXKEHHUsI C IMOCTOSHHBIM YCKOPEHHEeM. 3aMeTHM, 9TO JIJIsd
cBODOJIHOM JIMHAMUKY T1apa (Ha BHIKJIOUYEHHBIX MAaXOBUKaX) 1ap JaruibiriHa Be-
JieT cebst Tak»Ke, KaK JUHAMUUICCKU UJIeaIbHbBIHA I1ap, a MMEHHO BEPHO CJIEIyIoNIee
YTBEPXK JICHUE:

YrBepxkaeHue 3.2
Kavenue wapa anavieuna 63 crosbHCEHUA HEBOZMONACHO

JeiicTBUTE/IBHO, CHCTEMa YPaBHEHUN Jijist CBOOOHOM JIMHAMKUKY 11apa Jaiiibl-

IHHA, ¢ y9eTOM TOro, uto § = 7/2:

w=f
d
%(w[ e) = ue
e—HeTOJIBUKHBIN BEKTOD, TakKoil, 4T0 w = we. Kak mokazaHo Boiiie (13 yTBEp-
KJeHnst 3.1) 3ToT BEKTOP—COOCTBEHHBI JIJTsi TEH30pa WHepIuK 1, a 3HAUuT, -
dgepeHIUpPys JEBYIO YaCTh BTOPOTO YPABHEHUS MOJYYACTCS CJEIYIONIII Pe3yhb-
TaT:

(wl —pE)e=(fI —uE)e=0

Cuwutast, uTo Ten3op uHepiuu [ 3ammcan B IVIABHBIX OCSAX, UMeEEM YCJIOBUsS JIBH-
JKEHHH, COOTBETCBYIOIUX BPAIECHUIO BOKPYT k-ii OCH MHEPIUK:

f(m/2)ix = pu(m/2)
A 3Haunr,

- p(r/2) 2 2

[TocseaHee HEBOBMOXKHO, TaK KaK JIJIs PA3MEPHBIX MOMEHTOB MHEPIUU OTHO-
CUTEJIBHO IIEHTPAJIbHON ocu BepHO, uto I, < M R?. Jlns nojjiepKaHus e Takoro
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JIBU>KEHUS C IIOMOIIHIO BHYTPEHHUX MAXOBUKOB, HY?>KHO CO3/1aBaTh YIIPABJISIONNI

KHHETHYECKUI MOMEHT, IIPOIIOPIUOHAILHBIA BpeMeHHu t, 1, C yIeTOM OIpaHUYEeH-

HOCTH PECYPCOB MaXOBHUKOB, TaKO€ PEeIIeHKEe JIONYCTHUMO TOJHKO KOHEUHOE BPEMSI.
st cBODOJIHOM TMHAMUKI BEPHO M CJIE/IYIOIIee YTBEePXKICHHe:

YT1Bepxkaenue 3.3

Cronrvotcenue wapa be3 KaueHus HEGO3MONACHO

HeiirBurensuo, npu 6 = m umeeMm, 910 it = 0, ITO HEBO3ZMOXKHO.

Caencrsue

Croavotcenue u KaUeHUue UMem Mecmo 00HOBPEMEHHO NOYMU 6C10dY, NPUUEeM

UL OKOHMAHUE UMEEM, MECTO OBIMb 00HOBPEMEHHO.

Kpome Toro, BepHO yTBEpPXKICHHE:

YrBepxkaeHune 3.4

Jaa c60600n01 dunamuky wapa (m.e Ha GuKAOUEHHDIT MATOBUKAT) CUCTNEMA

donycraem nepsvili unmezpan 6uda

. — ToefA(e)dG

HeiicTBUTENIBHO, €CN yIJIoBasi CKOPOCTh HAIPaBJIeHa, 110 OJHOW M3 TJIaBHO
oceii wHepruu (U3 yTBep:KaeHUs 3.1 9T0 ABJISETCS HEOOXOMUMBIM YCIOBUST Pac-
CMATPUBAEMOTO JIBUKEHUS 110 TIPSIMOI TTPY YCJIOBIUY BBIKJIIEHHBIX MAXOBUKORB), TO
CUCTEMY MOXKHO llepelucarb B BUJIE

7 =&(6) cosO +n(f)sind
r0 = —£(0) sin 6 + n(0) cos@

(
£(0) =d(f — )
n(0) =

| ="

['ne - TrnaBHBI MOMEHT MHEPIUHU, COOTBETCBYIONIUI TOI TJIaBHOM OCH, BOKPYT KO-
TOpOit ujer Bpalenne. PazjennB o1HO ypaBHEHHE HA JIPYTOE NMEEM:

dr

— = A(6)db

r

£(6) cos 4+ n(f)sind
—£(0)sind 4 n(0) cos 0

A(B) =

OtKyja u nojsydaercs yrBepxKjeHue 3amedanusd. CTOUT TaKKe OTMETHTDb, YTO B
[10] 6bL10 HOKA3aHO HaJMUKE [IEPBOrO MHTErpaja B Cydae, eCjid PACKJIa/iblBaTh
B PsiJI [IO TIapaMeTPy » = £0 BLIpaXKeHus JIJIsl CUJI U MOMEHTOB. Brlmienokazannoe
YTBEPK JIEHUE TIOKA3BIBAET, YTO HAJUUKE ITOI0 HHTErPaJia COXPAHSIeTCsT 1 JIJI TOU-
HBIX BbIpazkenuit f u pi. MOXKHO OTMETHTB, UTO HyJIO B 3HaAMeHaTese (byHKIUK
A(0) coorsercryer coorBercrByer perienue § = 6 = const (uro npejcrapisier
coboil paBHO3aMe/|jIeHHOe JiBuXKenue 1mapa). Ha rpaduke JiuHuii 1€pBbix nHTe-
IPAJIOB 3TOMY DEIIEHUIO COOTBETCTBYET BepTHKaJbHas JUHUS B IiockocTu (1, 6).
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Kpowme Toro, HeTpy/iHO 3aMETUTH U TO, YTO Ha, BCeX JIBUxKeHusax upu r — 0,0 — é,
4TO O3HAYAET, B CBOIO OYepejib HE TOJLKO OJHOBPEMEHHOE OOpallleHue yIJIOBOii
CKOPOCTH M CKOPOCTH CKOJILXKEHHUsI B HyJlb, HO M TO, YTO B KOHIE JIBUKCHUSA JIJIsl
JIOOBIX CTAPTOBLIX YCIOBUI X OTHOIIEHUE IOCTOSHHO U paBHo tg 6. Bmecre ¢ Tem,
TaKoe perenne He eMHCTBEHHO, M MOYKHO MOKa3aTh CyIIECTBOBANNIE M0 Kpafineii
Mepe JIByX Takux pexkuMos Oy € (0,;7/2) u Oypse € (645 7). Yucnennoe moje-
JIUPOBAHMUE IOKA3bIBAET, YTO TAKUX PEXKMUMOB POBHO J[Ba, NPUYEM €CIU NEPBLIii
SIBJISICTCSL 1IPEJICJILHBIM JJIsI TI0YTH BCEX HA4YaJIbHBIX YCJOBMIL, TO BTOPOil BO3MO-
JKCH JIMIIb B BUJIC pelleHnd 0 = const, a TPaeKTOpUHU, HAYMHAIONUICA B CKOJID
YTOJIHOI BJIN30CTH OT HEro, CBeJYTCs K IIePBOMY pexkuMy. VIMEHHO ¢ 3THM CBA3LI-
BaeTCA BRIOOD MHJIEKCOB st U Unst B ompesieIenny 9TuX pexknMoB. B saxmouennn
npusejieM Jiuaun yposHst 7(6) BOmu3M TOUEK Ogp U Oyt

r()

]
T

r(6)

st unst

Puc. 10: Jlunuu yposusi.

2.4.3 Ilpumep nocTpoeHud ynpaBJjieHUd AJs JABUXKEHUHA IO OTPE3KY

[Tepexosisi K TOCTPOEHUIO YIIPABJICHUS JIJIsl TPOXOXKIEHUS KOHKPETHOT'O OTpPe3-
Ka BAHO 3aMETUThH, UTO KeJJaeMOe 3HAUCHHUE TPOQ UJisi CKOPOCTH JIOJIKHO YJIOBJIC-
TBOPATH yeosuio v(t) € Cl, Tak Kax pasphIBHOE perenne Mo yeKOPEeHuaIM BeJieT K
pas3pbIBY 10 f, 9TO B CBOIO OUEPEIh, K PA3PhIBY TI0 CKOPOCTSIM, UTO HEXKEJIATETHHO.
[Tosromy BbIOEpEM Ciiejiyloluil PO UL CKOPOCTH:

t
v(t) = Acos%sinnt t € [0;7/n]

4A
st mepemeriennsi BepHo, 4ro Ar = —.

31

Ecin manpassenne BeKTOpa €, COBIaJaeT C HalpaBIeHHeM KaKoW-1mnbo n3
[JIABHBIX OCeil mHepuuu, yupasJsiioliyii Bekrop 3 = C'ae KHHETHYEeCKOI0 MOMEHTa
MOXKHO ucKaThb B Bujie 3 = [Se. B cusy ypaBHeHuit takoe pelieHue HaijieTcs, u
Oyjer e uHCTBEHHbIM. TakuM 00pa3oM, B 9TOM CJIy4yae UMEeM:

=0 ) +wre
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e Ac—coorBercrByiomiee cOOCTBEHHOMY BEKTOPY € COOCTBEHHOE 3HAUEHUE.
Eciu ke BeKTOp € He sBJIsgeTcs COOCTBEHHBIM JJIs oneparopa uHepiu [, Ha-
XOJIUM YIPABJISIONINAE YIVIOBbIE CKOPOCTH MCXOMS U3 CJACIYIONEHl CHCTEeMBbI:

& = CH(p(8) + &l — w*Q0)e — wQ.Cal

[IpuBesiem rpadukn oCHOBHBIX Mapamerpos jpmxkenust ( 0 = 0.03,¢ = 0.06),
u,w,x,0,U. Tlareii mapaMeTp—pasMepHOe YIPaBJIAIONee HapsKeHne. B3sarol
snavenust Az = 2m,n = w/7. [apamerpsi ajekrpojsurareseil (s¢1; 22) B3sATHI
TakuMmu: ¢ = 2.0, 259 = 0.2.

x10”

Puc. 11: OcHoBHbBIE TapaMeTPhl JABUXKEHUS U, W.

Puc. 12: OcnoBHble napaMerpbl JBUxKeHuUs T, 6.

Puc. 13: Yupanisiomee nanpsizkenue U.
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st Bexropos e = (1/v/2; —1/4/2;0) e = (1;0;0)

30 T T T T T 30

u, 200
20
US

101

101

Puc. 14: Yupasasiomee Hanpsizkenue U.

2.5 Oo0xox nmpengarcrBuii. KpuBoanueiinoe JBu>XKeHUe
2.5.1 OcHoBHbIE 3aMeYaHUS

Bazosbie JiBr»KeHusT podOTa—IOBOPOT HA MECTe Ha 3aJaHHbBI YyTOJI, a TakXKe
IIPOXOK JIEHUE OTPE3Ka, 3a/JaHHON JIJIMHBI, II03BOJISIOT PEIIUTH 3a/a4y U O ITPOXOXK-
JleHun JoMaHoi. Kak y»Ke roBopujioch BBIIIIE, €CJTH TPAEKTOPUEH ABJISIETCS CIIPIM-
JisieMasi KpUBasi, TO allliPOKUCUMPYsT €€ JIOMAHBIMU, ¥ KOMOWHUPYsT ajipaBUTHDIE
JIBV2KEHUsT, MOYKHO TOBOPHUTH O MPOXOK/IEHUU TaKOW TPAEKTOPUN C HEKOTOPO# TOU-
HocThIO. [Ipraém, Tak Kak B TEOPUM OTpaHWIEHWs] CHU3Y Ha JJIMHY OTPE3Ka HET,
MOYKHO CKa3aTh, UTO 3Ta TOTHOCTH OYJET CKOJIb YTOgaHO OosbINoii. BMmecte ¢ TeMm,
¢ TTPAKTUYIECKOW TOUKHW 3peHwus, nBrKenne 'priBkamn''ve Beerma siByisieTcst Xopo-
UM CIIOCODOM 11POXO2KJIEHUST BJI0JIb 33/IaHHON TPAETOPUH, & B CJIydae, eciu 3aKOH
JIBV2KEHUsT BKJIIOYAET MOBOPOT Ha MaJible YIVIbl WU JIBUXKEHUs IO MaJIbIM OTpPe3-
KaM, TO OH ¥ BOBCE IIPEJICTaBJISIETCS HEpeaJu3yeMbiM Ha npakTuke. [Tlosromy s
6oJ1ee 3(pHEeKTUBHOTO MaHEBPUPOBaHMS HEOOXOIMMO PELINTD 3321y O IPOXOXKIe-
HUM aIapaToM U KPUBOJUHENHON TPACKTOPUU TOXKE.

[IycTts KpuBast 7y, M0 KOTOPOii IBUKETC TeHTp Macc poborta O 3ajiaHa CBOMM
HaTypaJbHbIM napamerpoM S, T.e. * = z(S),y = y(s). Crszkem ¢ kKpuBoit ecre-
creennblit Tpexrpannuk @pene er, e,.eg. [osoxkenue scriomoraresbHoro basuca
OTHOCUTEJIbHO €CTECTBEHHOI'O TPEeXIPAaHHWKA XapaKTepU3yeTcs YIJTIOM @ MEXLy
BekTOpaMu eruer. st ckopocTu OyJieT BbIIIOJIHEHO COOTHOIIEHUE:

se, = (u + QH)GI — Qregr

meer mecTo ciiejiytoniee yTBepK jieHIe:
YrBepxkaenue 4.1
s deusicenusa ne no npamot sunuu eepro, wmo 2y # 0 na a0bom unmepeane
8pEMEH
HeiicrBuTe/IbHO, IyCTh Ha HHTEepBaJie Bpemenn 1 BepHo nporusnoe, u {2 = 0.
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Ho rorna, kak ckaszano soiie, fr; = 0. Kpome Toro, u3 cooTHOIIEHUsT HA CKO-
J 7 Y

POCTDH JIETKO 3aKJIOUYUTH, YTO BEKTOPa €7 U €, COBIaIal0T Ha 3TOM IIPOMEXKYTKE.

[Ipoenupyst Ha 1yIaBHYIO HOpMaJib YPABHEHHE HA MMIIYJIHC Oy YaeM:

k(s)s* =0

OTKyJa cjeiyer 4To TpaeKTOPHUs IPsSIMast JIMHUS.
Takum 0b6pazom, Jijisi BLIYUCJIEHUS CUJI 1 MOMEHTOB HEOOXOJMMO yUeCThb €Ile TOT

daxT,aTO
g

R(1 + f111(01,02,03))

B obiiem ciydae moJiydaercs Cleayolas CUCTeMa, yPaBHEeHMII:

n =

§= frcosp — frrsing
k(s)$* = frsinp + fircos

d N
—({{w+ca) = Dp

dt
[ne D—marpuna nepexojia BCIOMOTaeIbHOTO Perepa K perepy *KeCTKO CBA3aHHO-
My C LIAPOM, U €CTh 1Ipou3BejieHre MaTpullbl D Ha MaTpUILy 110BOPOTa B I'OPU30OH-
TaJIbHON MOCKOCTH Ha YIOJI MEXKJIy BEKTODAMHU €] U €y

. cos(p +1) —sin(p +¢) 0
D=D/| sin(p+1v) cos(p+1) 0
0 0 1

3J1ech P—yToJl MEXKJly BEKTOPAMU €r U €g; €ro KOODJMHATHI, OUEBUJIHO, PABHbI
ox’ oy
(—; =). Kpome Toro, B IpoeKIuu Ha 0CH CTECTBEHHOTO TPEXTIPAHHUKA, BhIOJI-

HAIOTCHA JIBa CJIEAYIOIINX KUHEMATHYCCKUX COOTHOIICHW !

$ = (u+ Q) cosp — Qrsinp
0= (u+Q)sing + Qrcosy

[Tepexojist K mepeMeHbIM 1, 0, TIOCJIeIHIE JIBa, YCIOBUSI IIEPEITUCHIBAIOTCS B BUJIE

0 sin 64 cos 65

tgp = —
&% 0 sin 6y sin 6y + cos 64

5

T =
(sin 0y sin 05 + cos 0y) cos ¢ — sin 0 sin s sin

BajaBasi KpuByo Y(s), 3akoH JiBuxKeHust S(t), a Takxke kejiaemoe Bepuenue w,(t)
HAXOJIM BEKTOD YIVIOBOH CKODOCTH, MOCJIE Yero u ynpasienus. Boobie rosops,
IPOM3BOJILHBIM 00PA30M 9TO CJIEJIATh HEJIb3sl, TAK KAK BEPHO CJIejlyIoliee:
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YTBepxkjaeHne 4.2
Qynruyuu k(s) u s(t) doasrcnvr 6 wascdvili momenm epement YyoosAemBEOPANL
Hepasercmesy

52+ K (s)st < F?
F = max f7(61, 0, 03)° + max f1;(01, 05, 05)°

1,2,3 01,2,3

Yro caegyer m3 OrpaHMIEHHOCTH (DYHKIWHA f;, B TakyKe SIBHOIO BUa yPaB-
HeHUsT Ha UMIYJIbC.(OTpaHUuIeHHOCTh f;, B CBOIO OYEPE/Ib JIETKO TOJYYAeTCs U3
OIEHOK JIJIsl COCTABJISIONIUNX WX WHTErpasion). s andaBUTHBIX JBIKEHUN 110
KPUBOJIMHEHHBIM OTPE3KAM €CTECTBEHHBIM 00PA30M MOXKHO PACCMOTPETb TOJIBKO
Te TpaekTopun, st Kotopbix $(0) = $(T) = 0,sgn(s) = const vVt € (0;T),
rie T—spems aBrkenusi. [Ipegnonaras s > 0 numeewm:

0 sin 01 cos 05
\/COS2 0y + 62 sin® 6, + 26 sin 6 cos O sin O
0 sin 01 cos 69 + cos 64

\/COS2 0y + 62 sin® 01 + 29 sin 6 cos 0 sin O,

sinp = —

CoS =

r = S\/COSQ 0y + 62 sin® 01 + 29 sin 6 cos 0 sin O,

HaJgee, 13 ypaBHEHUI Ha UMITYJILC & TAKXKE UCXOJIs U3 BLIDOPA XKEJIAeMOoro npodu-
JIsT BepUYeHNsT HAXOIATCs cdepuiueckue nmepemennnie 0,0y, 03. Hakoner, ynpasis-
IOIIUI BEKTOP ¢ MOYKHO HailTH U3 BEKTOPHOIO JudDepeHInalibHOro ypaBHeH st
HA, KUHETUYECKUI MOMEHT.

2.5.2 AHaju3 cuj 1 MOMEHTOB JJid JBU>KeHUd 0e3 BepuyeHus

Kaxk 6110 JJ0Ka3aHO BbIIIE, JIJIsi KPUBOJMHEHHOrO JBUXKEHIS HEOOXOIUMO yIu-
ThIBATh y»Ke 00€ TOPU30HTAJILHBbIE KOMIIOHEHThI BEKTOPa yIJioBoi ckopocTu. [lo-
MHUMO 3TOTO, JJIsI TeX NBUXKEHuii, rme wy # 0 cuia peakiuy ormopa He paBHa IO
MOJLYJTIO CHJIE TSPKECTH (Tak Kak KOMITOHEHTa frr; OTJIMYHA OT HYyJist) W BBIUMCJIsI-

9
eTcsl KAK N = ——————— . YIJioBad CKOPOCTBb BE€p4YeHU A HE BJIMACT Ha OCTaJIbHDbIE

R(1+ fr11)

KUHEMATHICCKNE XaPAKTePUCTUKK, OJIHAKO BXOJINT B BLIPAXKCHUS JIJIT CUJI U MO-
MEHTOB, KOTOPbIE JOCTATOYHO I'PpoMO3KU. [ToaTomy, jijist yIpolienus, I1poBeIeM
YUCJIeHHBIH anaan3 GYHKIUA f 1 (4 B IPeAIIOIOXKEeHHN 9TO BePUYEHUe OTCTYTCBY-
er, r.e. O3 = 0. Byjem cunrarh CKOJILXKEHUE JOCTATOYHO MAJIbIM B CPABHEHUU
C YIVIOBOI CKOPOCTLIO, UTO COOTBETCBYET HAXOXKJCHWIO BOJIU3M ceueHUs: Chepol
nyockoctbio (01 = m/2). I'paduku nosepxnocreit f1, frr, f., 13, p9; Torna npu-
MYT BHJI, IPUBEJICHHBIN Ha, IIOCJIEIYIONMNUX TPeX PUCYHKAaX.

Ucxons n3 aBHOTO Buja rpadUKOB, MOXKHO B JAJLHEHNIEM IOJO0KHUThL, YTO
f = fr, 0 = prs (ornomenne mexty fr u fr; cocrasiser nupumepno 102, as mo-
MEHTOB aHAJOTUIHO). Takoe MpeooKeHne MO3BOJISET CyIECTBEHHO 00JICIIUTh
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2

f
7
0,-12x 10

fIII

Puc. 16: IloBepxnocts f,

JlaJibHeiliee paspelienne oOparTHOi 3aja4uMd JUHAMUKHU, TaK KaK aHaJU3 U TeM
boJ1ee obpallieHne OCTABIINXCSl KOMIIOHEHT CHJI I MOMEHTOB—KpaiiHe TpyJoeMKasi
zajada. [Ipu 370M, MOYKHO 3aMETHUThH, COXPAHSIETCs JIOCTATOYHO BHICOKAsT TOTHOCTD
pe3ynIbTaToOB. B TakoM ciaydae, UMeeM CIIeIYIoIue YpaBHEeHN Ha, UMITYJIbC:

5= fcosyp
k(s)$* = fsinep

SamMeruM, 9T0 B aDCOJIIOTHON crCTEeMe KOOPINHAT KOMIIOHEHTHI MOMEHTa, f4 BhIpa-
»Ka0TCs (DOpMyJIaMu:

fte = —psin(p + )
fy = pcos(p + )

2.5.3 llpumepsl TpaeKTopHii

[Ipesnonaras, 9To 3ajaHa TPAEKTOPHS C YKEJAEMBIM 3aKOHOM JIBHJICHUS 11O
neii, T.e. k(s) u s(t), Ha mepBoM sTare HEOOXOAUMO Pa3PEITUTh CHCTEMY OTHOCH-
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L]

~dn

1
7
0,12 x 10

Puc. 17: IloBepxaocTn ,LL?, M?J

TeJbHO 01, 09, ©:

S = frcosyp
k(s)$* = frsingp
0 sin 0 cos 6

tgp=—
&% 0 sin 67 sin 69 + cos 64

Ucxomast n3 ssBHOTO BUa yPaBHEHWI BEPHO CJIELYIOIEe OYEBUIHOE YTBEPIK 16
HUe:
YrBep:xkaeHue 4.3
ITycmo das mexomopozo ompesra 8pement, mpaexmopus 06udicenUus—24a0Ka4 KpUu-
cas, makaa, wmo k(s) # 0 6 kaorcdoli mouke, npuvem J6uUNCEHUE HAUUHAEMCA
u3 cocmosanus nokos. Tozda na ecem deuscenuu f(t) > 0, npuuem pasencmeo
HYA0 OCTNULAMBCA MOHCEM, MOALKO HA KOHUAT IMO20 OMPE3KA.

HeiicTBUTE/IBHO, B CHJIY PACCMATPUBAEMBIX TPACKTOPHiT, 3HAK § TTOJIOKNTEJICH
1 He MeHsIeTCsI Ha, BCeM OTpe3Ke. B cuiy HavaJbHBIX YCIOBU, HETPYIHO 3aMe-
Th, uT0 (0) = 0 (coayuail ¢ = 7 omyckaeTcs, JJisi HEro, OUYEBUIHBIM 06Pa3OM,
BEPHO aHAJIOMMIHOE yTBEPXKJIEHUE ¢ TOUHOCTHIO J10 3Haka f). Ho Torpa f(0) > 0,
B CHJIY IOJIOKUTEJILHOCTH § B HEKOTOPOIl OKPECTHOCTU HadaJIbHOT'O MOMEHTa, Bpe-
menu. [ajee, eciam B Kakoif-yimbo Touke [ 0OpPaTUTCsT B HyJb, 9TO IOBJIEYET 34
co0oit b0 paBeHcTBO HYJIO k(S), MO0 §, 4TO HE MOAXOIUT MO/ CJeJAHHbIE BHIIIE
MTPEIITOJIOKEH NS

Teneps monpodyeM paccMOTpeTh YaCTHBIA CJIydail, a UMEHHO JIBUXKEHHE II0
JlyTe OKpy»KHOCTH pajnyca p. Jas yria 1, orBedaionero 3a yroj Mexiay Kaca-
TEJbHBIM BEKTOPOM U OCbI0 ST BEPHO, 4TO ¥ = ps (3J1€Ch 11PEJIIOIAraeTCst, YTo
BCe HAYAJbHBIC yCIOBUS—HYJIEBbIEe). B KadecTBe 3aKOHA JIBIXKCHUS BBIOEPEM JJIst
obecriedeHust JOCTaATOYHOMN IVIaJKOCTH TaKylo e (PYHKIMIO, KaK B 3.2, & UMEHHO

t
5(t) = Acos%sinnt t € [0;m/n)
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st kpusussbl k(s) oueBujbiM 06pa3oM BbIOpaHo pasencrso k(s) = 1/p.
[IpuBeieM pe3ysibraThbl YUCIEHHOTO PElIeHUs] CUCTEMbI YPABHEHHUM JIJIsl CJIyuast
AY —7/2,p=4,n=m/7 (nepBoe 3HaUeHWE OTBEYACT 3a BEJMUIUHY [TPOHIEHHOM

JyTH):

x10"

Puc. 18: Ilepemennnie 61, 0y

3.5

25F

15F

0.5F

Puc. 19: Ilepemennas ¢

HaJjiee, B orjiname OT JIBUXKEHUsI 110 [IPSIMOM, TJie BCe TPU YPABHEHMSI Ha KU-
HETYECKMII MOMEHT CBOJUJIUCH K OJIHOMY B IIPOEKIIMK Ha HEIOJBUXKHYIO OCb, JIJIsI
HAXOXKJICHUST YIPABJICHUIT B 9TOM CJydae HeoOXOJuMO 3HaTh 3aBUcUMOCTh D(t).
Kak u B [2], B KauecTBe JI0OKANBHBIX KOOpAUHAT Ha MHOTOOOpasuu SO(3) OyayT
B3s1ThI yruibl Ditepa O, U, ®. (Bosbiine 6yKBbI HCMOIB30BAHBI BO U30€KAHUH 1Ty~
TAHUIIBI C YK€ UCIOJb3YEMBbIMH YIJIAMHT ).
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Puc. 20: [lepemennsle w,, w,

DBOJIOIUs YIJIOB Diijiepa Jijisi OIMUCAHHOIO JIBUXKEHUS IIPUBECHa HUXKe Ha
JIEBOM rpadpuke.

2 T T T T T T 50

-25 | I I I I I -100

Puc. 21: DBosrorust yryioB ditjepa 1 yHpaBJIsSIIOIIIe HATPSIKEHUS.

Ha sieBoM rpacduke nauanpubie yeaosus takosbl: O(0) = arctg /2, U(0) =
—7/6,®(0) = w/4. OHu B3sTHI B KAUECTBE IPUMEDPA , U COOTBETCTBYIOT B HAUA/b-
HBII MOMEHT BPEMEHM CUTYAIMH, KOTJA ILUIOCKOCTD, MPOXOAIAs U9epe3 IEeHTPLI
MaXOBHMKOB TOPU30HTAJILHA.

Hakomerr, anagoruano 3.2, IpuBeeM B 3TOM cjydae TpaduKy yIPaB/IAIONX
PasSMEPHBIX HATIPSAYKEHWit, OHM PUBEICHBI Ha MPABOM rpaduKe.

YiIpaB/Isione HalpsazKeHnst HOKa3bIBAIOT ClOCOD yIPaB/ICHHs! IAPOM.
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3 3akJIo4eHHue

[Io pegymbraram npeacTaBIeHHOTO WCCIEIOBAHWSA MOYKHO CKasaTh, UTO JIJIS
LPEJIJIOYKEHHON KOHCTPYKIUK poboTa-iiapa pelieHa odparHas 3a/iada JUHaAMUKI
B IIPEJIIOJIOXKEHUN JIByXIIapaMeTprUIecKoil Mojiesin TpeHus. B KadecTBe mpuMepa
paccMOTpeHbl T.Ha3. 0a30Bbie a/i(PaBUTHBIE JIBUXKEHUSI, BMECTE C T€M PEe3YJIbTATbI
MOXKHO PaCIpOCTPAHUTh Ha, JIFOOYI0 KPUBYIO TpaeKTopuio. [lokaszaHo, UTO JIBUXKe-
HIe BO3MOXKHO HE BCerjia, TakK Kak CyIIecTByeT (DeHOMEH MOMEHTa TPEHUs MOKOs,
KOTOPBIil HeOOXOIMMO IIPEOI0IeBaTh U1 HadaJla IBUxKenns. st peaJbHbIX 9J1eK-
TPOJIBUTATEIEH, IPUBOJSIINX B JIBMKEHNE MaxXOBUKHU, ITPUBEIEHBI 00JIaCTH TTapa-
METPOB I'JIe JIBUKEHUE BO3MOZXKHO.

Bwmecte ¢ TeMm, peaJibHbIE 9KCIIEPUMEHTHI IOKA3bIBAIOT, YTO JIJId peaJlbHOIO all-
napara Jiist 0oJIbIleil TOYHOCTH OIMCAHUs JIBUXKEHUS HY2KHO PacCMaTPUBaTh MO-
JleJib HecOaJaHCHPOBAHHOIO IIapa, T.e. OTKA3aThCsA OT YCJIOBUs COBIIAJICHUS 11EH-
TPa MacC CHCTEMbI ¥ N€OMETPUIECKOro IeHTpa 1mapa. Peirenne obpaTHoil 3a1a4mn
JUHAMUAKH JIJIT TAKOW KOHCTPYKIIUU - 11eJIb OJIMXKANIITNX UCC/IeIOBaHNUIA.
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4 IlIpuaoxenue 1. IIpumMepbl pobOTOB IIapOB

Kaxk roBopu/ioch Bbllie, poOOTHI-IIAPHI pA3BUBAIOTCS BO MHOI'MX cTpaHax. [Ipu-
BEJIEM HEKOTOPbIE HHTEPECHDbIE ITPUMEPDHI PEAJIbHBIX KOHCTPYKITHA

YnomsayTeiii pobor GroundBot or Rotundus, xoTh n #e gapiserca "umeasn-
HBIM ' [IIAPOM 3aC/IyKUBAET BHUMAHUE TeM, 9TO [PEJICTaBIACT U3 ¢eOsi KOMMEpPIeCKHU-
OPUEHTUPOBAHHLIA TPOIYKT. ANapaT IPpUBOAUTCSA B JBUKEHUE IO IPUHITAILY Ma-
siTHUKA. [[porsBonTein yBepsiioT, 9To JaHHBIH POOOT MOXKET JIBUTATHCS HE TOJIhb-
KO TI0 JIOpore, HO 1 10 MecKy U Jaxke 1o Boje. Kpome Toro, 3ToT podOT MpOXOIII
UCIIBITAHUST B BOOPY»KeHHbIX cuyaax LIBerwn.

Contenta-imagesZeps.com

Puc. 22: Pobor GroundBot

Errie ofnH KOMMepUeCcKi-OpUeHTHPOBAHHDIH TPoyKT—poboT map Sphero[11].
Y1paB/siTh TAKUM MIAPOM MOXKHO Tpu rmomomin cMaptdona wa i0s nan Android.

%

Puc. 23: Pobor Sphero 2.0

PoGor stionckoii pupmoii Sony[12] npumevaresien tem, 4To UM MOXKHO yIPaB-
JISITH TOJIOCOM.

Puc. 24: Pobor Sony

Pobort, pazpaborannbiii Komnanueit Solarbotics jaBuKercs Osiaroiapst HaJIUIUIO
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1OJIBUKHOT TejiexkKK BHYTpU. VHTepecHo, 4To poboT MOXKeT ObITh SHEPreTUYecKu
HE3aBUCHUM OT BHEITHUX UCTOYHWKOB MMUTAHUs, B CHJIy TOTO, YTO Ha HEM YCTAHOB-
JIEHbI coJtHeuHble Oarapen.|13]

8

—onbéntz-imagesleps.cim

Puc. 25: Pobor Solarbotics

Huxxe npusejien pobor Rosphere-paszpaborka mncrnaHCcKux yueHbIX U WHXKEHE-
POB JIJIsi HY?KJT arporpoMbiiiienHoro kKomiiekca|l4|. Tlpeanonaraercs, aro cde-
putueckast popMa 1 MaJIblii BEC MO3BOJIAT POOOTY JTaBUPOBATH MEXK Iy PACTEHUSIMMA,
He MoBpexkias ux. JIBuxkKeHue ocyecTBiIsgercs 3a cuer CMEeeHsT EHTPa Macc.

Puc. 26: Pobor Rosphere

B Poccun Toxe ujiyT pa3paboTKu B JlaHHOM HalipapjeHuu. [Ipumepom moxker
nocykuTh pobor SpheRob (Mocksa-Uxkenck-Cankr-IlerepOypr):

Puc. 27: Pobor SpheRob
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