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AHHOTANUS

IIpeamer ucciaenopanusi. PaccmarpuBaeTcs 3amada cTaOMIM3allMK JBYHOIHX IIATralolUX pOOOTOB Ha MOBEPXHOCTH, YOI
HaKJIOHA U YIVIOBasi CKOPOCTh KOTOPOM M3MEHSETCs MPOU3BOJILHO B OTPaHUUEHHOM JIMana3oHe.

Metonpl. [Ipemmaratorcs aBa ciocoda craduimm3anuy AByHOTUX poOoToB. B mepBoM cnocobe TpedyeTcsi MOCTpoeHne KHHEMa-
THUYECKOH M JMHAMHUYECKOW Mojeied podora. [IlMHaMUUYecKrue ypaBHEHHS TOJMYYEHBI ¢ TIOMOIIbI0 MeTona Diepa—Jlarpamka.
ANTropuTM ynpaBieHUs: OCHOBAH Ha METOJ€ MHBEPCHOM AMHAMUKH, IIPU KOTOPOM UCXOIHAs HEJIMHEHHAas AMHAMUYecKas Mo-
JIeTIb JINHeapu3yeTcs 00paTHOM CBs3bl0. Bo BTopoM crocobe cTabuim3anuy HCIOIb3yeTCsl TOJIbKO KMHEMaTHYecKasi MOJelTb
pobora. [yt maHHOTO TMOIXOnmAa pasdpadoraH rHOPHAHBIA peryistop. I[Ipy HM3KHMX YIJIOBBIX CKOPOCTSIX HOIBIIXKHOW OIOPBI
crabunuzanus pobora Beimonusercs I1/[-perynaropom mo omumoOke yIiioB OTKJIOHEHHUS Bajla CepBOIPUBOAOB. Ilpu oTHOCH-
TEJIbHO BBICOKMX YIVIOBBIX CKOPOCTSAX OIOPHI B YIPABIEHUH AONOIHUTEIBHO HCIOJIB3YIOTCA M3MEPEHHUsS] IMPOCKONa, yCTa-
HOBJICHHOTO B TOpce poOoTa. B kauecTBe 1enu ynpaBiieHHus U IBYyX MOAXOI0B OBUIO BEIOPAHO YCIIOBHE MOAACP KAHHS LICH-
Tpa Macc poOoTa HaJl HEHTPOM OIOPHI T 00ECTICUEHHS YCTOHYMNBOTO MOJIOKEHHSI.

OcHoBHBIE pe3yabTaThl. PaboTocIocoOHOCTE U 3 (HEeKTUBHOCTE NPEUIOKESHHBIX CIIOCO00B cTaOMIM3ay ABYHOTHX PO00-
TOB HA MOABIKHOM ITOBEPXHOCTH IPOIEMOHCTPHPOBAHBI Ha MpHMepax YHUCICHHOTro Monenuposanus. Oba crocoba obecrie-
YHMBAIOT YCTOMYMBOCThH 0aJaHCHPYIOMINX POOOTOB NMPU M3MEHEHUH yIJIa HAKJIOHA M YIJIOBOH CKOPOCTH IOJBHMKHOW MOBEpPX-
HOCTH B fuana3zoHax ¢ € (—50°,50°) u o e (—40°/c;40°/c) coorBercTBeHHO. IIpOoBeneH cpaBHUTENbHBINM aHANIN3 TaHHBIX

TIOAXOI0B TP OAWHAKOBBIX TPEOOBAHUAX K ITOKA3aTEJsIM KadecTBa IEPEXOJHBIX IPOIECCOB: BPeMs MIEPEXOIHOTO Hporecca
t, <0,2 c u nepeperyauposanue G =0% . OnpeneneHsl yCIOBUs, IPU KOTOPBIX KaXABIH U3 CIOCOOOB ynpapieHHs Oyner

Oosee 3¢ GEeKTUBHBIM NPH PEaTU3aALUN Ha IPAKTUKE.

IIpakTHYeckasi 3HaYUMMOCTb. Pa3paboranHble criocoObl yNpaBIeHUSI MOTYT OBITh HCIOJIB30BAHBI AJIS CTAOMIM3ALUH 110100~
HBIX POOOTOB, a TAKXKE CIY)XUTh OCHOBOH IPH IIOCTPOCHUM PETYJIATOPOB Il GoJee CIOKHBIX MOJENCH IIararolmx Mexa-
HH3MOB, UMEIOIIHX OOJIbILIEE YUCIO CTEIeHEei CBOOOBI U OCYIIECTRIAIONIMX X0b0y 110 HOIBHKHON OIope.
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Abstract

Subject of research. The problem of stabilization for biped walking robots on the surface is considered. The angle and
angular velocity of the movable surface varies randomly in a limited range.

Methods. Two approaches of stabilization of biped robots are proposed. The first approach requires the construction of
kinematic and dynamic models of the robot. Dynamic equations were obtained using the Euler-Lagrange method. The control
algorithm is based on the method of inverse dynamics, in which the original nonlinear dynamic model is linearized by a
feedback. The second stabilization algorithm uses only the kinematic model of the robot. A hybrid controller is developed for
this approach. In the case of low angular velocities of the movable support the robot stabilization is performed by PD
controller on the basis of the angle error of deflection of the servo shaft. In the case of relatively high angular velocities of the
support the controller also uses the gyroscope readings mounted in the robot torso. Maintenance of the robot’s gravity center
over the center of bearing area for providing a stable position was chosen as a goal of control in both approaches.

Main results. Efficiency and effectiveness of the proposed approaches for stabilization of biped robots on the moving surface
are demonstrated by the numerical simulation. Both methods provide stability of the balancing robots on changing the angle
of inclination and angular velocity of the moving surface in the ranges ¢ (—50° 50°) and o e (—40°/sec; 40°/sec),

respectively. Comparative analysis of these approaches under identical requirements for quality indicators of transients is also
provided: transient time #, <0.2sec and overshoot 6 =0% . The conditions under which each of the control methods will be
more effective in practice are identified.

Practical significance. The developed control approaches are usable to stabilize similar robots, as well as to serve as a basis
for the construction of regulators for more complex models of walking mechanisms that have a greater number of degrees of
freedom and walk on a movable support.
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BBenenue

[TpeumMymiecTBa KCIOIB30BAHUS IIATAONIMX POOOTOB B Pa3IMYHBIX cepax JIesTeNbHOCTH YeloBEKa ove-
BUIHBL. OIHAKO M0 OMNpEAEIeHHBIM MPUYMHAM Ilararonie poOoThl MOKa He MOIYYMIIM IIMPOKOTO PacipocTpa-
HEHUS B peasibHOM *M3HU. K TakuM npudrHaM MOKHO OTHECTH CIIOKHOCTH, CBSI3aHHBIE C CO3J[aHUEM MaTeMaTH-
YeCKHX Mojiesiel poOOTOB 1 pa3paboTKO 3 PEKTUBHBIX CUCTEM YIPABICHUS UMH.

JIBmkeHue NBYHOTHMX pPOOOTOB M3ydaeTcsl CBBINIE COPOKA JIeT. boJblioe KOJMYecTBO cTareid MOCBSIIECHO
MPOCTBIM MOJENSAM, TAKUM KaK «LHUPKYIBHBIH poOOT». YCTOWYHMBOE IBIKEHHE TAKUX MOJENEH M3ydaeTcst Kak
JUTSA yTIpaBIsieMbIX [ 1—4], Tak ¥ 11 TaCCUBHBIX poOOTOB, MIATAONINX BHU3 110 CKIIOHY [4-7].

B paborax [6, 8, 9] npemmaraeTcst HOBBII TOIXOA, MO3BOJISIONINI OTBHICKATh YCTOWYHBEIC MPEICTbHBIC ITUK-
JI6I X0B0BI, 0€3 pacCMOTPEHHMS ITOITHOM CHCTEeMBI AU(depeHINANbHbIX YPABHEHNH CHCTEMBI, a Takke 0e3 arpok-
CHMAalUM JUHAMUYECKHX ypaBHeHHH. IIpy aHamM3e UCIOIb3yeTcsl HE3aBUCHUMOE OT BPEMEHH IIPEACTABICHNE BO3-
MO>KHOTO NEPHOJMYIECKOTO PELIEHHs Yepe3 BUPTYaIbHOE TOJIOHOMHOE OIPaHUIEHHE (TOJIOHOMHYO CBSI3b).

B pabote [5] paccmarpuBaeTcs OBEJCHNE HA HAKJIOHHON MOBEPXHOCTH IJIOCKOTO IIUPKYJILHOIO POOOTa,
MMEIOLIETo J[Ba 3BEHA U JIBE CTEIIEHN CBOOO/BI, HCCIIElyeTCs YCTOMUYMBOE ITACCHBHOE JIBIXKEHHE podoTa. B [2, 5]
UCIIOJNIb3YETCs IPUHIIMI NAacCU(HUKALIY, TTO3BOJIIOIININ 3aTpadylBaTh HAMHOTO MEHBIIIE SHEPTUH Ha IepeMellie-
HHe. ABTOpBI paboThl [3] nccnenyoT yCTOHYMBYIO X01b0y Ha TOPH30HTAIBHON MOBEPXHOCTH IUIOCKOTO TpeX-
3BEHHOT'0 po0OTa, NMEIOIIETO TPU CTENEHN cBOOO/BL. B HacTosmiel paboTe paccMarpuBaeTcsl OX0XKask MOJIEIb,
MUMEIOINasl TPY 3B€HA M TPH CTeleH: cBoOoabl. OCHOBHOE OTIMYNE TaHHOH paOOTHI OT MOJZOOHBIX 3aKITI0YAETCS B
TOM, YTO B HACTOsAIIEeH paboTe HccienyeTcs 3a1ada IIaHPOBAHMS M CTaOMIM3alii IBYHOTHX POOOTOB, OasiaH-
CHPYIOIINX HAa HAaKJIOHHOHW MOBEPXHOCTH, YIoJ KOTOPOW M3MEHSETCsS MPONU3BOJILHBIM 00pa3oM B 3aJlaHHOM JHa-
Ma30HE YITIOBBIX KOOPIUHAT U CKOPOCTEH.

Hayunblii mHTEpeC K 3amaue CTaOMIM3aLMHU IBWXECHUH ABYHOIMX POOOTOB 3HAYMTEIBHO BO3POC B IIO-
cieniHee BpeMs. B mepByro odepennb 3TO CBSA3aHO C JOCTATOYHBIM YPOBHEM Pa3BHUTHS alllapaTHBIX M IIPOrpaMM-
HbIX CPEACTB, YTO MO3BOJIACT PCAIM30BLIBATH HA IMMPAKTHUKE pa3pa60TaHHb1e B TCOPpUU AJITOPUTMBI. 3KCHepl/IMeH-
TaJbHas IPOBEPKAa MOKET ITPOBOAMTHCS HA PazIMYHBIX poOOoTOTeXHHYecKHX Habopax [10-12]. Hacrosimas pa-
0oTa sIBIISIETCS Pa3BUTHEM aJTOPUTMOB YIPABJICHHS JBYHOTMMH POOOTaMH M IUIAHWPOBAHUS TPACKTOPUIl MX
JIBIDKEHUH, TIPENIOKESHHBIX B IPeIbIAyIIuX padorax [13, 14].

B nanHoli paboTe i IBYX OTIEIBHBIX MOJEeH NBYHOTHX POOOTOB MpejyiaraeTcs Ba Pa3iIndHBIX aJro-
pHUTMa pelIeHns 3a1a4i UX cTaOMIM3aluy B TIOJIOKEHUH CTOSI Ha MOJIBIDKHOM orope. J{ist kaxoi Moaenn podoTa
KpaTKo TPHUBOAWTCS MaTeMaTHYECKOEe ONHCAaHWE, IeJb M 3aKOH YIpaBieHHs. Takke IPeICTaBICHBI PE3YJIbTaThI
KOMITBIOTEPHOTO MOJIEITMPOBAHMS BUPTYaAJIBHOTO JBYHOTOTO poOOTa M Pe3yNIbTaThl SKCIIEPUMEHTOB I PEalbHOTO
pobora. B koHIIEe pabOTHI MOABOAATCS KPAaTKUE UTOTH M YKa3bIBAIOTCS HANPaBJICHHS OyIyIHX NCCIIEIOBaHUH.

ITpencraBneHHble B paboTe alrOpUTMBbl CTAOMIN3AMN Pa3pabOTaHbl BBl CIACAYIOIINX IPEAIONOKEHHUAX:
CTOIBI pOOOTOB HE OTPHIBAIOTCSI OT HAKJIOHHOW MMOBEPXHOCTH; IPU CKOJBKEHUH 110 HEH yCKOpPEeHHE poOOTOB Ma-
JIO; MOJABHYKHAA HAKJIOHHas IMOBEPXHOCTb HE UMEET JIMHEHHOTO YCKOpPCHUA; BO3MOXHBIC TUIIBI €€ IBUXCHUA —
BpallleHHe U NepeMelIeHHe C TOCTOSHHOW CKOPOCTBIO.

HayyHOo-TexHu4ecKnii BECTHUK MHDOPMALMOHHBIX TEXHOSOMMIN, MEXaHUKM U ONTUKMK, 419
2015, Tom 15, Ne 3



CMNOCOBblI CTABUIN3ALIMKM ABYHOIMX POBOTOB ...

Mopean cTadnan3anuu

Cnoco0 craduau3anuu ABYHOTOro podoTa ¢ MCnoJIb30BaHNEM THHAMUYECKNX ypaBHeHuii. B nepBom
U3 JIByX aJrOPUTMOB YIIpaBIeHUs OaNaHCUPYOLIHI HA HAKIIOHHOW TIOBEPXHOCTH JIBYHOTHI pOOOT paccMarpuBa-
€TCs B BUJIC TUHAMUYCCKON CUCTEMBI.

OO0muit BUA IBYHOTOro po0oTa mpeacTaBicH Ha puc. 1, a. JlaHHbBIH poOOT MOXET OBITh MPEACTABICH B
BUJIC YIPOIIECHHOM, TaK Ha3bIBAEMOM «IUPKYJIBHONY» MOJENHU, H300pakeHHOM Ha puc. 1, 0. [TogoOHas ympoieH-
Hasl cXeMa I03BOJISCT ONHCHIBATH JABYHOTUX POOOTOB, OalaHCHPYIONIMX HAKIIOHOM TOpca Kak BIIEped W Hazaj,
TaK ¥ BJICBO ¥ BIPABO. YIPOIICHHAS] MOJAECIH SBISICTCS TUIOCKUM IIATAOIUM MEXaHH3MOM M MIMEET TPH 3BCHA C
Maccamu mi, m, u mz. Kaxxjoe 3BeHO PEACTABICHO B BHJIE MPSMOTO TOHKOTO CTEPXKHSI [UTMHOW 2/; M yIIpaBIIsSeT-
€Sl MOMEHTOM CHITHI U;, IPUKIIAIFIBAEMBIM B TOUKE COSNMHECHUS 3BCHbEB. Benmmunaa S, — MpOeKInus JIWHUH OTO-
PpBI po0OTa HA TOPU3OHTATIBHYIO OCh U 3aBUCHT OT yIia HAKIIOHA () TOBEPXHOCTH M TIOJIOKEHHS HOT' poboTa.

a 6
Puc. 1. O6wuii BuA (a) 1 ynpolueHHasa mogenb (6) umpkynbHoro AyHororo pobora

JUtst monmyveHusl ypaBHeHUN THHAMUKH, OIMMCHIBAIOIIMX [IOBEICHHE POOOTA, MCIIOIB30BAJIC TEH30PHBIHI
cnoco6. O600IIeHHbIE KOOPANHATHI ObLIM BEIOPaHBI B BUJIE YIJIOB OTKJIOHEHHMS KXKI0TO 3B€HA OT BEPTHKAJIH ¢,
¢2 ¥ ¢3. Marpu4HOE NPEACTABICHHIE IMHAMUYECKUX YPABHCHNI HMEET BH/

M(q) g +C(q.q)=u, @)
rne M(q) — marpuna unepym; C(q,q) — MaTpuma MEHTPOCTPEMHUTEIBHBIX, KOPHOJIUCOBBIX M IMOTCHIHAIBHBIX

cun, q=(q, ¢, q;) —BeKTOp OGOGIIEHHBIX KOOP/MHAT, U = (1, U, Uu;) — BEKTOp yNpaBIeHH,

Ay, + A, A +Ay A+ A, B, + B,
M(q) =-0,5 4, 4, 4, + 4y, | C(q,9)=-0,5| B +B,
Ay Ay + Ay 4y, B, +B,

Jlyist ypolieHust pacyeToB MPUMeEM TapameTpbl pobora pasusivu 7, =1kr, [ =1m, I, = 4’212 = g; no-

JqydaeMm creayomue 3HadeHus kodddurmenros marpuy M(q) u C(q,q):
B, =—4q; sing, cos ¢, —2¢; sing, cos g, - 2¢; sin(q; —¢,) —4gsing,,
B, =—4q] sing, cosq, —2gsing,, B, =-4q; sin(q, —¢q,)—2gsing,,

1
65 +4cos’q, 2cosq cosq, 2cos(q;—q,)

1
A, =| 2cosq, cosq, 25 0
1
2cos(q; —¢4,) 0 25
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W3BecTHO, 9TO TENO, HaxXoAAmIeecs Ha TOPU3OHTAIBHOHN IUIOCKOCTH, HAaYMHACT MaJaTh, KOTJA MPOCKIIHS
MIOJIOKEHUSI €T0 IIEHTPa MacC BBIXOAUT 3a IUIOMAas Onopsl. OYeBHIHO, UTO 3aMac YCTOMYMBOCTH poOOTa 3aBUCHT
OT TOJIOKEHHS €T0 MEHTPAa MacC OTHOCHTEIHHO LEHTPa MPOEKIIUH OIMOPHI S, W BHEIIHUX CHJI CO CTOPOHBI MOJI-
BUKHOM IOBEpXHOCTU. Bynem cuurarh, 4TO HAaKJIOHHAs MOBEPXHOCTh HE MMEET JIMHEHHOro yckopeHus. Torma
1eJTb YIIPABJICHUS POOOTOM — MOJICP:KAHIE KOOPAMHAT [IEHTPA MAcC HaJl ICHTPOM JIMHUH OTOPHI S,

1
o=, 2
5. > 3S, ©))

m X, + myXx, + my Xy * * *
e x, = — [IeHTp Macc poboTa 1o ocu x. 13 (2) nomyyaem sxeraeMble TPACKTOPUH ¢, , G, , G5
m, +m, +m
1 2 3

g, —>q =0/2-09, 4 —>q¢ =0/2+¢, g, —>q, =arcsin(0,5sin @),
e o =gq, +q, =const . IIpu cunrese perynsTopa BOCIONb3yeMCsl METOJIOM MHBEPCHOM AuHamuku [15], mpu

KOTOPOM CTPOSATCS [[Ba PErYISATOpa IIsi OObEKTa yIpaBIICHUs: BHYTPCHHUN M BHEIIHUA. BHemHmA peryistop
MpeACTaBIsieT COO0H HEeTMHEHHOE yIIpaBlIeHHE:

u=M(q) a, + C(q.9), 3
rne a, =(a, a, a, )" — HoBoe BUpTyanbHOE ynpasnenue. Ilojcrasnssa (3) B (1), monydaeM MHEApH30BaH-

HYIO CHCTEMY IIPH YCJIOBUM HEBBIPOXKAEHHOCTH MaTpuisl M(q) :

G=a, (4)
ITpu BEIOOpE BHYTPEHHETO PETYISTOPA B BHIIE
a, =-K q-K,q+r, 5)

B KOTOPOM I' — HOBOE YIIPaBJIEHUE, U TTOACTAaHOBKE (5) B (4) momy4ynm
ij+qu+qu =r,
me K, =(K, K, K, nK,=(K, K, K;)—KodbPUIueHTs BHEIIHETO M0 OTHOLICHHIO K JMHEAPH-

30BaHHOH cucreme (4) mponopruonansHo-andepenimamsaoro (I11]) perymsaropa.

CBsI3bIBas I' C KETAEMBIMH TPACKTOPHSIMH B (hopme

r:q'* +qu* +qu*,
MOJTyYaeM MOJIeIb OIINOKN B BUZE

e+K,e+K e=0.

Takum 00pa3soM, BHYTPCHHHIl PErysTOp CO BXOZOM I M BBIXOAOM a, mpexacrasuser coboit IT1J1-
PpETyIsATOoP.

Cnoco0 crabuian3anuy JABYHOIOro podoTa ¢ HMCHOJb30BAHHEM KHHeMaTHYeCKHX ypaBHeHHil. Bro-
POH TOAXO/ CTaOMIM3aLUK JBYHOTOrO po0OOTa Ha ITOJBM)KHOM MMOBEPXHOCTH OCHOBaH Ha HCIIOJIb30BAHUHU TOJIBKO
JMIIb KAHEMAaTHYECKUX ypaBHEHHH. J[MHAMUKa CHCTEMBI YUUTHIBAETCS KOCBEHHBIM 00pa3oM — MU CHUHTE3E pe-
TYJSITOpa UCTIONB3YIOTCSI K3MEPEHHSI THPOCKOIIA M JaTYMKOB YIJIOBOTO IOJIOKEHUS CEPBOJBUTATENEeH poOoTa.

Bropoii mararonmii 1ByHOTHI poOOT, 00Kl BHI KOTOPOTO NpEACTaBIeH Ha pHUC. 2, a, ObUT coOpaH M3
poboTorexHmyeckoro Habopa Bioloid. J{is mocTpoenust KnHeMaTn4eckoil Moieny Obljla MOCTPOCHA YIIPOIIEHHAs
MOJIeNb JaHHOTO poOOTa, MpHUBeAEHHAas Ha puc. 2, 6. Ha 1aHHOM pHCyHKe NMPHUBEAEHO cCXeMaTHYHOe n300paxe-
HHUE po0OoTa C OIHOW CTOPOHHI (BUI COOKY), ITOATOMY M300pakeHa TOIBKO OJHA HOTa M Topc podota. [Tlapametpsr
BTOPOH KOHEYHOCTH poOOTa Takwe ke, Kak M y MepBoi. Moenb COCTOMT M3 YETHIPEX 3B€HBEB M TPEX Bpallla-
TEIbHBIX COWIEHEHUH. YIIbL ¢,,q,,qg,; MOLYT OBITb U3MEPEHbI SHKOAEPAMU CEPBOJBUIaTeNeH, yIpaBlIeHe KOTO-
PBIMH MOKET OCYIIECTBIISATHCS C MOMOIIBIO BCTPOGHHOTO PETYISATOpa NMPSIMBIM 33JaHUEM JKETaeMbIX TPAeKTO-
puil. Maccel 3BeHbeB 0003HAUeHBl m, , M,, M, U M. BpallleHue 3B€HbEB MPOUCXOAUT TOJIBKO B COWICHEHUSX
pobota, 0603HaueHHBIX ToukaMu Oy, O, 1 Oz. Bce ocTaibHbIC COSTUHCHUS CUUTAIOTCS JKECTKUMHU. TakuM oOpa-
30M, JaHHAasl MOJIEJIb MMeeT 4 cTerneHn cBoOoIbl. B cooTBeTCTBIM ¢ 0003HaUYeHUSIMU Ha PHC. 2, O, ObIIN H3MEPEHBI
CIeMyIOImHe TapaMeTpsl Momenn pobota: m, =165,1T, m, =77,51, m; =29,21, M =323,31, L=100,4 MMm,
[, =53,9mM, [,=40,2mMm, [ =66,1mM, [, =89mmMm, [ =34,8mm, [ =40,2mmM, [, =42,5MMm, a=10,1,
o =const =37,3°.

Llens ynpaBieHus JiIst 3Toro poboTra — Ta ke, 9TO U JUIs BUPTYAILHON MOJIENH, T.€. MOAAep)KaHue Koop-
JVHAT IEHTPa Macc HaJl IEHTPOM JIMHUH OTIOPHI S,

1 1
x >—S =—Lcoso, 6
) ¢ (6)

mx, +m,x, + m,x, + Mx
e x, =——1—*2% 33 4 _ LIeHTp Macc JABYHOTOTO po6OTA MO OCH X.
m +m, +m; +M
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o, ¢
ls
3
q9>2 Is
b
2
my
A
13 a m
0,
a L —
h
P L
/W
» 5 -

a 6

Puc. 2. O6wmn Bua (a) u ynpoweHHasa mogens (6) asyHororo po6ota Bioloid
KOOp)_'[I/IHaTBI MacC 3B€CHLEB p060Ta:
x, =1 cosp—1,sing,
x, = x, —asin(a—@)—1; sin(g, + o),
x; = x, —1,8in(g, + @) +bcos(q, + @) —bcos(q, —q, — @) + 15 sin(g, — g, —¢),
X, =X, +1gsin(g, —q, — @)+ 1, sin(q; +q, —q, — ).
Onpez{eJmM JKCJIACMBIC TPACKTOPUU p060Ta. Ecimn Y4Y€CTh, UTO YI'OJI HAKJIOHA MOBEPXHOCTU (P HU3MEPUM,

(7

TO X; TaKXKe SABJISACTCSA M3BECTHBIM. Torma, KoMOMHUpYs ypaBHeHUs (6) u (7), moiaydaeM ypaBHEHHE, KOTOPOE
COICPIKUT TPU HEHU3BECTHBIX BEITMYUHBI ql* ,45>q, . ClenoBatenbHo, UMeeM OECKOHEYHOE HHCIO TIOIXOMSIINX
TpaceKTopuit ql* ,45>q; » IO3TOMY, 4TOGBI MOTYYUTh OMPE/IECHHbIE TPACKTOPHH, HEOOXOMMO JOTOTHUTE ypaBHe-
HUe (6) HEKOTOPBIMHU CBS3SIMU MEKIY KETaeMBbIMU TPACKTOPHIMHU poOoTa. J[s cy:keHHs MOHCKa KeIaeMbIX Tpa-
exTopuii pobota q* ObUTH TOOABJICHBI CIEAYIONINE B YPAaBHEHHUS CBSI3EHl:

q;+4,—q,—9=0, 3

q,—kq =0,k <1. )

VYpaBHenue (8) obecrieunBaeT ropU30HTAIBHOE MONOKEHHE Topca podoTa BHE 3aBUCUMOCTH OT YIVIa Ha-
KJIoHa moBepxHocTH. CBa3b (9) menaer nBKeHUs poOoTa OoJiee YeTOBEKOMOJOOHBIMU U TOBOPUT O TOM, YTO
YIJIOBBIC MIEPEMEIICHHUS B CTOTIC JIOJIKHBI OBITH OOJIBIIIMMHU 10 CPABHEHUIO C IIEPEMEIICHUSIMH B KOJICHE.

HpI/I CHUHTE3€C YNPaBJIAIOIHNX BO3)161710TBPII7I OBLUIM KCIIOIL30BaHEI HN3MEPECHHU THUPOCKOIIa U BCTPOCHHLIX B
CCPBOIPUBOIbL po60Ta JAaTYMKOB ITOJIOKEHHUA pOTOpa. I[aHHLIe HN3MEPCHUA MTO3BOJIAIOT KOCBCHHBIM 06p330M OIl-

PEIENUTh yrojl HaKIOHAa ¢ MOBEPXHOCTH. Tak Kak TMpocKon obnazaer ApeiidoM Hymst, TO ero u3MepeHus 0 1e-
Jecoo0pa3sHO KMCHONB30BATh IPH OTHOCHTENBHO OONBIIUX YIIOBBIX CKOPOCTSX MOABMKHOW omopbl ¢ . s

yIpapJieHusI Ha Manbix ¢ Obu1 BeIOpaH [1]]-perysitop mo oumbKe yriioB OTKIOHEHHUSI Bajla JBUTATEICH:

u =K e+K,e, (10)
me K, =(K,, K, K,), K,=(K, K,, K,) — nponopuuonanbubie 1 1uppepeHuanbbie coCTaB-
JNSIONMME  PETYNATOpa COOTBETCTBEHHO; W, =(u,, u,, 4,;)) — BEKTOp YNPABIAIOIMX CHUTHAJIOB;

T . .
e=(¢ e, e;) —BEKTOp OMMOOK yIIIOB OTKIIOHECHHS 3BEHBEB, € =( —( ; € — BEKTOP MPOM3BOAHBIX OMIHOOK

YIJIOB OTKJIOHEHUSI 3BEHEEB.
Ha Gonpimx ckopoctsix ¢ K perynsatopy (10) mo6aBmsutich moKa3aHuUsi THPOCKOIA:

u, :er+Kdé+ngédt ,

me K, =(K,, K,, K gS)T — MaciTadupyomue Ko3pQHUIUCHTHI.
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Pe3yJI])TaTbI Hccjiea0BaHusl 1 CpaBHCHUE Mojeseit

B paspnene npencraBieHs! pe3ysbTaThl YHCICHHOTO MOSIMPOBAHUA ABYX IPETOKEHHBIX CIIOCO00B CTa0u-
JM3aLUN JBYHOTUX POOOTOB. {115l 0OBEKTHBHOTO CpaBHEHHS 00EUX CHCTEM yIpaBJICHUs ObUIN 3a/laHbl OJMHAKOBBIE
TpeGoBaHMs K MOKA3aTeIsIM KauecTBa: BpeMs mepexoxHoro npouecca ¢, <0,2 ¢ u nepeperymuposanue 6 = 0% .

Koaumments nponopunoHaibHoi u quddepenimanbaoi coctapisttommx [1/1-perynstopa BEIOHPaIUCh HCXOS
W3 METO/Ia CTaH/IAPTHBIX TIEPEXOHBIX XapaKkTeprcTHK. st oOecrneueHns HyJeBOro epeperyMpoBaHusl B KaUuecTBe
XapaKTEPUCTUUECKOTO MOJIMHOMA 3TAJIOHHON MOJIENH UCTIONb30BalICs nonnHoM HeroToHa BToporo mopsaka. Mcxo-

s w3 yenosus ¢, < 0,2 ¢, uis kakno cucrembl Obutn monyuensl K, =40, K, =400, i = 1,_3

HauasbHble yrioBble TOJIOKeHHUs 3BeHbeB poboToB q(0)=(g,(0) ¢,(0) g, (0))" BBIGUpaNKCH B COOT-
BETCTBUU C  JKEJIAEMBIMH  TPACKTOPHUIMU: q(0)=(30° 30° 0°) JUIsi  TIepBOM  Momend U
q(0)=(45,62° 27,37° 18,25°)".

Ha puc. 3, a, 6, moka3aHsl TpaQiKi U3MEHEHHUS yIIa HAKJIOHA M YIJIOBOM CKOPOCTH TMOJBMKHOW TIOBEPX-
HocTu. [IpomesxxyTok BpemeHnH ¢ € (0; 10) ¢ COOTBETCTBYET BRICOKMM YIJIOBBIM CKOPOCTSIM HAaKJIOHHOM MOBEPXHO-

ctH, a Ha yyacTtke ¢ € (10; 30) ¢ mpoucxoauT MeIeHHOE N3MEHEHHUE €€ YIIIOBOTO ITOJIOKCHHS.
MopnenupoBanue crocoda cTaOWIN3alny, YYUTHIBAIOIIEr0 JTUHAMHUKY poOoTa, n300paxkeHO Ha pwHc. 4.
Puc. 4, a, umoctpupyet Tpaektopun q(?) = (¢,(1),q,(?),q,(t))" 1mpkynsHOro pobota, a Ha puc. 3, 6, nz06pa-

seHbl rpaduku ommbok  e(f) = (¢,(1),e,(1),e, (1)) .

(), ° ¢(1), °/c A
40 LA\ 30 A
- 50 1]
20 [\ / 10 | |
0 L) 0 Lt
20 Vo -10 L -
/ ool
A0 p 30 \\/
-60 —40
0 5 10 15 20 25 30 35 tc 0 5 10 15 20 25 30 35 t¢c
a 6
Puc. 3. Mpadmkm yrnosoro nonoxeHus (a) n ckopoctu (6) HaKNOHHOW NOBEPXHOCTU
40, [ ) G W N S R S ]
/ Y / \ 1 L |
60 - 2 1 0.2 /{/ l/‘ T D F AN S a
0,1 ¢ 2
40 A/
20 N Ul ANA- |
0 ST 0,1
0 3 02
0 5 10 15 20 25 30 35 tc 0 5 10 15 20 25 30 35 tc
1 —q1(0), 2 —g2(8), 3 — gq5(2) 1 —e(?),2 —exf),3—es3(t)
a 6
Puc. 4. Mpadhmkm TpaekTopun (a) u owmbok (6) LmMpKynbHOro pobota
q(0),° e, [ T
0’1 /\/ 2
] A3
Vo o T}
/ 0.1 VARV
-0,2
0 5 10 15 20 25 30 35 tc 0 5 10 15 20 25 30 35 tc
1 —q1(0), 2= qa(2), 3 — q5(2) 1 —e(1), 2 —ex1), 3 —ex(1)
a 6

Pwuc. 5. Mpadmkm TpaekTopun (a) un owmbok (6) poboTa Bioloid
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Ha pwuc.5 ananmormdabiM 00pa3oM IIPEACTAaBICHBI IEPEXOAHBIE MPOIECCHI B CHCTEME YIpPaBIICHUS,
OCHOBAaHHOM Ha croco0e CTaOMIM3alKM C WCIOIb30BAHUEM KHHEMATHYECKUX YPAaBHCHHH W W3MEPEHUH
JIaTINKOB.

Kak cienyet n3 rpadMkoB MOEIUPOBAHHUS, IPH OONBIINX YIVIOBBIX CKOPOCTSX IOABHKHOMN ITOBEPXHOCTH
00e cuCTeMBbl YIpaBICHUS JEMOHCTPUPYIOT JOCTATOUHO BBICOKYIO CKOPOCTH CXOAMMOCTH TEKYIIUX TPaeKTOPHUH
K JKelTaeMbIM ¥ HU3KHE BEIMYMHBI OIHOOK. [Ipu MeuIeHHOM nepeMelieHHH HaKJIOHHOW TIOBEPXHOCTH OIINOKH B
KOXIO0H cHCTeMe yIpaBieHHs ONM3KH K Hyito. [I0CKOIbKY ONIMOKHM YIVIOB OTKJIOHEHHMS! 3BEHBEB Ul Ka)XKJOTO

pobora sexxar NpuOIM3UTENbHO B OAMHAKOBOM MalloM jauanasone e, (t) € (—0,25° 0,25°),i=1,3, To 3amacsl yc-

TOWYMBOCTH O0CHX CHCTEM ONPEACIIIOTCS TMOJIOKEHUEM IIEHTPa Macc po00Ta OTHOCUTEIHHO MPOSKITUH TLIOMIA-
JTA €TO OIMOpBL. B CBOIO oYepens, MEHTP Mace KaXKIOW MOACTH W MPOCSKITHUS IDIOMIATH OMOPEI 3aBUCSIT OT Hapa-
METPOB po0OTa W YIIIOBOTO IMOJIOKCHUS HAKIOHHOW MOBEPXHOCTH. [IpW 3aJaHHEIX MapaMeTpax W HadalbHBIX
MIOJIOKEHUSX TIepBasi MOJIENTb IMeET OOIBIINH 3a1mac YCTOHIUBOCTH, Y€M BTOPOU pOOOT.

[lpu peammzamum Ha MPAaKTHKE KXKIBIA W3 MPEIOKEHHBIX CHOCOO0OB cralbmimzamuu OymeT o0ianaTh
CBOMMH OCOOEHHOCTSMH. Tak, 1Jisi IepBoro crocoba cTaObuIIn3aluy, KCIONb3YIOLIETO JINHeapHU3aliio 00paTHOM
CBSI3BIO, TPEeOyeTCs TOYHOE M3MEpEHHE BEKTOpa COCTOSHHUM pobora. Bece mapameTpsl MaTreMaTH4ecKOl MoJenu
TaK)Ke JTOJHKHBI OBITh W3BECTHBIMHU. B IPOTHBHOM ciTydae IpH THHEapu3allii B YPaBHEHUH (4) MOSBSITCA JOIION-
HutenbHble cnaraemele AM(Aq) AG u AC(Aq,Aq), KOTOpBIE MOTYT NPUBECTH CUCTEMY B HEyCTOWYHMBOE CO-

ctostHue. [10CKOIBKY pacdeT mapaMeTpoB B HEIMHEHHOM peryiaTope (3) ZoJKeH MPON3BOANTHECS B PEXXUME pe-
QJIBHOTO BPEMEHH, TO IePBEIH crocob TpedyeT Oosiee BHICOKUX BBIYUCIUTENBHBIX MOITHOCTEH, YeM BTOPOIL.

Jlst BTOporo mozaxoza Takxke HeoOX0AMMO TOYHOE M3MEpEeHHe BEeKTopa coCcTosHU podora. IIpenmymect-
BO BTOPOTO CIIOC00a M0 CPAaBHEHHMIO C IIEPBBIM 3aKNIIOYaeTcs B TOM, YTO OH HE TpeOyeT HOCTPOCHUS TUHAMUYe-
CKUX YpaBHEHHH CHCTEMBbI U HE BCE ITapaMeTpbl MOJEIN MOTYT OBITh M3BECTHBI (HAIpUMep, MOMEHTHI HHEPLIUH
3BeHbEB). TeM He MeHee, IOMHUMO JaTYUKOB ITOJIOKEHHs ABHUTATENel, HEOOXOIMMO JIOTIOJTHUTEIBHO HCIIONB30-
BaTh BHEIIHUE BBICOKOTOUHBIE CEHCOPHI (THPOCKOIL, aKCEIEPOMETP).

Takum o0Opa3om, nepBbIii moaxox OyneT 6omnee 3(h(EeKTUBHBIM NPH YCIOBHH, YTO BCE IapaMeTphl JIBYHO-
roro po0OTa TOYHO M3BECTHBI, BEKTOP COCTOSHUSI POOOTa M3MEPSIETCs] C BBICOKOW TOYHOCTBIO, @ 3JIEKTPOHHO-
BBIUUCIIUTENBHOE YCTPOICTBO, OCYILECTBIIAIONIEE CUHTE3 YNPABIIONINX BO3ACHCTBUIM, XapaKTEpPU3yeTCsl BBICO-
KOH TPOM3BOANTEIBHOCTHIO. VICHONB30BaHWE BTOPOTO crocoba crabmim3anuy 0ojiee MPHUBIEKATENbHO B TOM
cilydyae, €clIM He BCE MapaMeTphl MOJEIN M3BECTHBI WM BBIYMCIUTENBHBIX MOIIHOCTEW HEAOCTATOYHO JUIS JIU-
Heapu3aluy CIOXKHOW IMHAMHYECKOH CHCTEeMBI poOoTa C IOMOIIBI0 OOpAaTHOW CBS3H, a TaKXKe €CTh BO3MOX-
HOCTb OCHACTHUTH JIBYHOTHH POOOT BEICOKOTOYHBIMH JaTYUKAMH.

3akaouenne

B pabote npemmaraercs nBa criocoda crabMin3anyuy IBYHOTHX IIAralolIuX poOOTa B TMOJMOKEHHH CTOSI Ha
HECTAaI[OHAPHOM MMOBEPXHOCTH. B MepBOM anropuT™Me yrpaBieHHs UCTIONB3YeTCs KaK KUHEeMaTHIecKasi, Tak U -
HaMH4ecKasi MoJieslb podoTa. J{aHHBIN TOAX0N OCHOBAH Ha METO/IE MHBEPCHOM JWHAMHKH, TPU KOTOPOM HUCXOIHAS
HeJIMHeWHasi TUHAMUYeCcKasi MOJIEIIb JINHeapu3yeTcs 00paTHO CBsi3bio. BTopoii crocod cradbunuzanuu 6a3upyercst
Ha WCIIOJIb30BAaHUM KMHEMATHUYECKOW Monenu poboTa. [ manHoro momxoaa pa3paboTaH TMOPUIHBIA PEryisaTop.
ITpy MaJIBIX YIJIOBBIX CKOPOCTSX TOIBMKHOM MOBEPXHOCTHU yrpaeieHue mpoucxomut [1/I-peryastopom. Ha Beico-
KUX YIJIOBBIX CKOPOCTSX TP YIIPABICHUH JOMOIHUTEIEHO UCTIONB3YIOTCS H3MEPEHHS TUPOCKOIIA, YCTaHOBICHHOTO
B Topce poboTa. B Xome cpaBHUTENHHOTO aHANM3a OBUTH BEISIBICHBI YCIOBHS, TIPU KOTOPBIX KaXKABIA W3 TPEIIo-
JKCHHBIX CIIOCOOOB CTAOMITM3AIINY [IPY pealTU3alii Ha MpakTHKe OyeT 3¢ deKTuBHEE.

[Momy4yeHHBIE Pe3yIBTaTHl MOTYT OBITH MCIONTB30BAHBI IS CTA0MIIN3AINH ITOJJOOHBIX POOOTOB, OCYIIIECTB-
JSIOMKX TIepelIaruBaHms BO BpeMsi OaJlaHCHPOBaHUS Ha IMOIBIKHON IMMOBEPXHOCTH WM IIAralouX 1o Heil. Ha-
MIPaBJICHUS JATFHEHIITNX UCCIIEIOBAHUN 3aKITIOYAIOTCS B AKCIIEPAMEHTAIBHON anpoOary pa3paboTaHHBIX ajro-
PUTMOB CTaOMIIM3AINH, a TAK)KE B ITOBBIIICHUH YICIIa 3BEHBEB U CTENEHEN CBOOOABI poOoTa.
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