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CUCTEMHbIVN AHANUS,

YMNPABNEHUE U OBPABOTKA MHO®OPMALIUA

YK 681.5

DOI: 10.17587/mau.19.691-698

. 1. JertapeB, A-p TEXH. HayK, 3aB. kadeapon, gldegtyarev@mail.ru,
P. H. ®an3yTauHoOB, KaHA. TEXH. HayK, aou,., rustemfn@gmail.com, K. O. CnupuaoHoB, acnmpaHr,
KasaHCcKui HauMoHarnbHbIN nccregoBaTenbCKUn TeXHUYecknin yHusepcuteT um. A. H. Tynonesa — KAW, r. KasaHb

MHorokputepuanbHbIi CUHTE3 pobacTHOro perynsitopa
HenMHEeMHOMU MeXaHM4YeCKon cuctemMbl™®

Paccmampueaemces 3a0aua MHOOKpUMEPUANbHO20 CUHMeE3A POOACMHO20 3AKOHA YNPAGACHUA HeAUHCUHOU MeXAHU1eCKOU
cucmemoll, OUHamMuKa Komopou onucvieaemcs ypaenenuamu Jlaepanyca emopoeo pooa. Ilodobnbie 3a0auu umerom MHO20HUC-
AeHHble NpaKmuyveckue nPpUs0NCeHUs, Hanpumep, npu NPOeKMUPOBAHUU Pe2YAimopo8 poOOMEXHUYECKUX CUCMeEM U 2UPOCMa-
OUAU3UPOBAHHBIX NAAMPOPM.

Ha npakmuke npu npoekmupoeanuu pe2yisimopos 4acmo npuxoo0umcs UCnoab308ams HemMouHble Mamemamu4ecKue mooe-
au 06sexmoe ynpaeaenus. Illosmomy eaxcuvim mpeboganuem K npoeKmupyemoll cucmeme aeasemcs obecnevenue ee pooacm-
HOCMU npu HeonpedeseHHOCMU NAPaAMempos Camol CUCMeMbl U GHeWHUX 03MyueHul. B coepemennoti meopuu pobacmnoeo
ynpaeienus Haubonee pazpabomanvl Memoovl CUHME3a Pecyasimopos 041 Aunelnvix cucmem. Ilpu ucnoavzoeanuu smux me-
mo006 015 HeAUHEIIHbIX CUCNeM HeAUHEUHOCMU 00bIYHO 8KAIOUAIOM 6 ONUCAHUE HeonpedeieHHocmell obsekma. B pezysomame
CUHME3UPOBAHHbBIE Pe2YASIMOPbl NOAYHAIOMCS CAUUKOM KOHCEPEAMUBHbIMU, 0COOCHHO NPpU 3HAYUMENbHbIX HEONpedeseHHO-
cmsax. Pazeumuem meopuu auneliHbix pobacmHulx cucmem sgasemcs HeauHelnas meopus H -onmumanvnoeo ynpasienus,
pa3pabomanHas Ha 6aze meopuu ougepenyuarvrbix uep. Memoodwv: HeauHeluHOU Mmeopuu no3604310M obecneyums poOACMHYI0
YCmMouvueocms cunmesupyemoix cucmem ynpaesenus. O0nako oas cunmesa weaurnetnoeo H_-ynpaeaenus neobxooumo pe-
wumeo dughgpepenyuansvHoe ypasuenue 8 HacmMHblX NPOU3BOOHBIX, YMO A8Asemcss docmamouHo mpyoHou 3adavei. Kpome moeo,
npu UCNOAb306AHUU 0AHHO20 Memoda MpyoHo obecneuums pobacmuoe Ka1ecmeo npoueccos ynpasieHus.

B cmamve dasn cunmesa pobacmnoeo 3aKoHa ynpasaeHus UcnoAb308aHbL MemMoOdbl Meopuu AUHEIHbIX CUCIEM, 3A8UCAUUX OM
napamempos. I[lokazano, umo aazpanxiceéa cucmema moxcem O0bimov A0eK8aAMHO NPeoCMasiena 6 eude KeasuiuHeHol napame-
mpuueckou modeau. C ebiuucaumenvHol MouKy 3peHus npouedypa CuHmesa c600UMCcs K MmexHuKe 6binyKA0l ONMUMU3AYUYU NPU
02PAHUYEHUSX, BbIPANCEHHBIX 8 (hopme AuHelinbiX mampuunblx Hepasencme (JIMH). Hzmepsembie napamempot 6KAIOHAIOMCS 6 34~
KOH ynpaeaeHus, 4mo no3eonsem obecnevums HenpepovleHy0 NOOCMPOUKY Ko3(pduuyuenmos peeyiamopa Kk mexkyuwel OuHamuke
o0seKma ynpasienus u ayquiee Ka1ecmeo npoyeccos ynpasieHus no cpasnenuio ¢ H -peecyramopom. Kpome moeo, ucnoavsosa-
nue annapama JIMH no3eonsem yuecmo npu cunmese pecyiamopa mpeGoeanus K Ka4ecmey nepexoonvix npoueccos.

Tak Kak K6a3uAUHeliHAs NAPpAMempPU1ecKds CUCMeMa HenPepbleHo 3A6UCUM Om 6eKmopa napamempos, mo cucmema JIMH
noayuaemcs 6eckoHe4HOMepHOU. Dma 6eCKOHeUHOMepHAs cucmema ymeHvuiaemcs 0o KoHeuHoezo yucaa JIMH c ucnoav3zosanu-
eM NOAUMONHO20 NPeOCMAaBAeHUs NAPAMEeMPUYECKOL MOOeU.

[Ipuseden npumep MHOOKPUMEPUANbHO2O CUHME3A POOACMHO20 3AKOHA CMAOUAU3AUUY U HAGeOeHUS AUHUU GU3UPOBAHUS
ONMUKO-31eKMPOHHOU CUCMEMbL, 3AKPENACHHOU HA 08YXOCHOU cMabuUAU3UPOBAHHOU naamgopme.

Karoueewvie caosa: MHoeoxpumepua/leblﬁ CUHmes, po6acmetLZ pezyaiamop, HeAuHelHas MexXaHuyeckKas cucmema, noau-

monHas Moaeﬂb, AUHeUHble Mampu4hsle HepaeeHcmea

BBenenue

JBUXEeHUE MHOXECTBAa TEXHUUYECKUX CHUCTEM,
HCIIOJIb3YeMbIX Ha IPaKTUKE, OIMMCHIBACTCS He-
JIMHEMHBIMM ypaBHeHUSIMHU JlarpaHxka BTOpPOTO
pona. IlpuMepaMu TakKMX CHCTEM SIBIISTIOTCS pPO-
OOTBI-MaHUITYJISITOPBI, TUPOCTAOMIN3UPOBAHHEIC
miaTdopmbl, MOCTOBbIe KpaHbl. IloaTomy 3amaua
VIIpaBJeHUS JarpaHXeBbIMU CHUCTeMaMU IpUBIIe-
KaeT BHMMaHMe MHOXeCTBa ucciiegoBateneit [1, 2].

* CTaThsd MOATOTOBJIEHA MpU (PUHAHCOBOM Tomaep:kkKe Mu-
HUCTepCTBa o6pa3oBaHus U Hayku PD B paMKax rocyaapcTBeH-
HOTO 3aJaHUs MOJABEIOMCTBEHHBIX 00pa30BaTeIbHBIX OpraHu3a-
umit (mudp npoekra 8.3974.2017/4.6).

ITpy mpoeKTUpoBaHUU 3aKOHOB YMNpaBJICHUS Ta-
KMMH CUCTEMaMHU, KaK IMpaBUJIO, MPEArnoaararor,
YTO IapaMeTpbl 00bEKTa N3BECTHHI TOUYHO. OMHAKO
Ha MpakKTUKe OOJBIIMHCTBO IMapaMETPOB MOXKET
OBITh OMpeEAeeHO TOJbKO C TOW WM WHON CTe-
MeHbI0 HeompeneaeHHOCTU. [loaToMy OgHMM U3
OCHOBHBIX TpeOOBaHMUI K IPOEKTUPYEMOI CHUCTE-
Me yIIpaBJIeHUS SIBJsieTcsl obecrieueHue poodacT-
HOCTU CHUCTEMbI B YCJOBUSIX HEOIpeAeIeHHOCTHU
rmapamMeTpoB CaMOil CHUCTeMbl M BHEILIHUX BO3MY-
mweHuii [3, 4]. bonbias 4acTe pe3yJbTaTOB CO-
BPEMEHHOM TEOpUM pPOOACTHOrO yIpaBJIEHUS MO-
JIlydeHa Ha OCHOBE JIMHEUHBIX METONOB, T. €. 3THU
pe3yJbTaThl OCHOBAaHbI Ha MPEAMNOJOXEHUU, YTO
HOMUHANBbHBIM 00BEKT — JuHelHbIn. Ecau pe-
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aJbHBIA OOBEKT MMEET HEJIMHEWHYI0 TUHAMUKY,
9TU HEJMHEHHOCTU OOBIYHO BKJIIOYAIOT B OMMCA-
HUe HeompeaeJeHHocTeil o0bekTa. Hemoctarkom
TaKOIro MOAXOAa SBASETCS TO, YTO OH UTHOPUPY-
€T JOCTYIIHYI0 WH(OpMAIMI0 O HEJIMHEUHOCTSIX
00bEKTa, 1 CHHTE3UPOBAHHBIE PETYJISATOPHI MOJY-
YalOTCs CJIMIIKOM KOHCEpPBAaTHMBHBIMHU, OCOOEHHO
IIpY 3HAYUTEIbHBIX HEOMPEASICHHOCTSIX.

EcTecTBEHHBIM pa3BUTHEM TEOPUU JTMHEUHBIX
poOaCTHBIX CUCTEM SIBJISICTCSI HEJIMHEMHASI TEOPU S
H_-ontumaiabHOro ympapieHus. TeopeTuuyecKoit
0a3oil m1gd pa3pabOTKM METOIOB CUHTE3a 3aKOHOB
HeJuHelHoro H -ynpaBieHus sSBjsijIach TEOpUs
muddepeHmaababiXx urp [5]. B pamkax maHHOM
TEOpUU OBLIM pPas3BUTHl METOMABI, IMO3BOJSIOLINE
obecreyuTh pPOOACTHYIO YCTOMUYMBOCTh CHUCTEM
CcTabuIM3alUyd M CJIEXEHUs 3a KOMaHAHBIM CHUT-
HajsoM. OmHaKoO UId CUHTE3a HeJuHeiHoro H -
yIIpaBJICeHUS HEOOXOOMMO peluTh auddepeH-
LIAaJIbHOE YpaBHEHME B YAaCTHBIX ITPOU3BOAHBIX,
YTO SBJISIETCS NOCTAaTOYHO TpyAHOU 3amaudeit. Ilpu
3HAYUTEJbHBIX HEOMPEACJICHHOCTSIX MapaMeTpOB
CHCTEMbl 3TOT METOI HaeT CAMIIKOM KOHCepBa-
TUBHBIE pPe3yJIbTaThl. KpoMe TOro, mpu MCHoiab30-
BaHWU JAHHOTO MeToAa TPYAHO O0EcClneuyuTh Po-
0acTHOEe KauyeCTBO IIPOLECCOB YIpaBICHUS.

AJbpTepHaTUBON HelaMHelHoW Teopuu H -ym-
paBJIeHUST SIBJISIETCSI TEOpUSl JTUHEMHBIX CHUCTEM,
3aBUCSIIMX OT IapameTrpoB [6]. B pamkax nmaH-
HOTO TOAX0Aa OOBEKT YMpaBJEeHUST OMUCHIBAETCS
MHOXECTBOM JIMHEHHBIX MOelel, HeIpepbIBHO
3aBUCSIIMX OT BEKTOpa MmapaMeTpoB. MHorue He-
JIMHEHBIE MOIEIU MOXHO aIeKBaTHO OIMCATh
C TIOMOIIBIO KBAa3MJIMHEHHBIX MapaMeTpUUYECKUX
Mojesei. JJOCTOMHCTBOM MeTona SIBJISIETCS TO, YTO
IIpU CUHTE3€ 3aKOHA YIpaBAE€HUS MOXHO UCIIOJb-
30BaTh 3(EKTUBHBIN alapaTr JUHEHHON Teopuun
cuHTe3a pobacTHBIX cucTeM. C BBIYMCIUTEIbHON
TOYKM 3pEeHHUsl IIPUMEHEHHE MeToda CBOMUTCS
K IIMPOKO MCHOJb3YyeMOIl B HACTOSIIIEe BPEeMSI TeX-
HUKE BBIITYKJION ONTUMU3ALUU IIPU OTPAaHUIYCHU-
sIX, BRIPaXXEHHBIX B (popMe TUHEMHBIX MAaTPUIHBIX
HepaBeHCTB [7]. I3MepsieMble mapaMeTphl BKIOYa-
I0TCS1 B 3aKOH yIIPaBJICHMSsI, UTO MO3BOJISIET obecre-
YUTh HEMIPEPHIBHYIO MOACTPONKY KO3(PPUIIMEHTOB
peryasTopa K TEKyIIel TMHaMUuKe 0ObeKTa YIpaB-
JICHMS Y JIy4lllee KaueCTBO IIPOLIECCOB YIIPABICHUS
no cpaBHeHuw ¢ H_-peryngaropoM. Kpome Toro,
HCIIOJIb30BaHUE alllapaTa JUHEHHBIX MaTPUYHBIX
HepaBeHcTB (JIMH) mo3BosisieT ydyecTb IpU CHUH-
Te3e peryJsiTopa TpeOoBaHUS K KaueCTBY IePeXo-
HBIX IIPOLIECCOB.

B manHoI1 paboTe nmpeajiokeHa METOIMKa MHO-
FOKpPUTEPUATBHOTO CHMHTE3a PO0acCTHOrO peryss-
TOpa JarpaHxXeBOW CHUCTEMbl C HCIOJb30BaHUEM
METOHOB TEOpMM JIMHEWHBIX MapaMeTPpUUYCCKUX

cucteM. B mepBoM paszjaesie npuBeaeHa MOCTAHOB-
Ka 3agayu. Bo BTopoM pasiese omnucaHa METOAU-
Ka pacueTa MmapaMeTpoB peryJjsitopa ¢ MCHOJIb30-
BaHWEM KBa3WJIMHEWHOW MapaMETPUUYECKOU MO-
JIeId JlarpaHKeBoil cucTteMbl. B TpeTheM pasaeine
MpUBEACH NIPUMEpP CUHTEe3a peryjisiTopa.

IlocTanoBKa 3amaum

PaccMoTpuM HeJIMHENWHYI0 MEXaHUYECKYIO CHU-
cTeMy, ABUXKEHHE KOTOPOil OMMCHIBAETCS YpaBHE-
HussMU JlarpaHxa BTOpPOTo pojia B BEKTOPHO-Ma-
TpUYHOM BuIe [2]:

M(q)g+C(q,9)q+G(q) =T+, )

rie ¢ € R™ — BexkTOp 00OOILUEHHBIX KOOPIMHAT;
M(q) — matpuua unepuuu; C(q,4) — MaTpuiia
KOPUOJIMOCOBBIX U LEHTPOCTPEMUTENbHBIX CUJI;
G(q) — m-MepHbIli BEKTOp MOTEHILIMAJbHBIX (Ipa-
BUTALIMOHHBIX) CUJI; T — M-MEPHBII BEKTOP yIIpaB-
JAOUIMX 0000IIEHHBIX CUJI; T, — M-MEPHbINA BEK-
TOP BHELIHUX BO3MYILIAIOLIMX O000IIEHHBIX CHJ.

3agaauM KeJlaeMylo TPaeKTOPUIO ¢,(f) cucte-
MbI (1) ¥ BBeeM BEKTOPbBI OLIMOKH e,(f) ¥ CKO-
POCTHOI1 onbKu €, (7):

e (1) = q(t) — q4(1); 2
é,(1) = q(t) - q4(1). (©)

Hnst obecrieyeHust oTciaexxuBaHus cucteMon (1)
KEJTaeMO TPAEKTOPUHU g,(f) HEOOXONUMO CUHTE3U-
pOBaTh 3aKOH yIpaBjeHU s, 00eCTieunBaIOIINI BbI-
TIOJIHEHUE COOTHOLIeHUH e, (f) =0, é,(7) =0.

s oleHKKU poOACTHOCTU CUCTEMbl yIpaBJie-
HUS MpeacTaBUM MaTpulbl ypaBHeHUs (1) B Bue

M(q) = My(q) + AM(q);
C(qa q) = C()(q’ q) + AC(q, q),
G(q) = Gy(g) + AG(q),

rone My(q), Cy(q,9), Gy(¢g) — HOMUHAIBbHBIE MaT-
PUIIBI, ONpeAeIicHHbIC TIPY TOUHBIX 3HAYEHU X Ta-
pameTpoB cucteMbel; AM(q), AC(q,q), AG(g) —
HEOMNpeneJeHHOCTU MOJEIH, OIpeaeasaeMble HEeOIl-
peneaecHHOCTSIMM MapaMeTPOB CUCTEMBL. B pe3yiib-
Tate ypaBHeHUe (1) MpuoOpeTaeT CleayIOIMIA BUI:

MO (Q)q + CO(q: q)q + GO (Q) =1+ 6(Q9 q.a q)a (4)

rae

3(q,9,4) = (AM(q)§ + AC(q,4)g + AG(q)) + 1.
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Ucnonb3ys cootHomeHus (2), (3), 3amuiiem
YpPaBHEHHUS, OMMKCHIBAIOIIME AWHAMMUKY OIINOOK
cucteMbl (4) B popMe MpOCTpaHCTBA COCTOSTHHUSI:

de, 5

dt 7 )
d,

- -My Co(q,9)é, +u+w,

e u=My' (v - My(@)ig — Co(q:9)gq — Go(q)) —
BEKTOp ympaBiieHus; w= M, '8(q,4,4) — BexTOp
BO3MYIAIOIINX BO3ICHCTBUN.

BBenem BekTOp cocTosinusa x =[e, é,]" n me-
penuiieM ypaBHeHUS (5) B MATPUYHOM BHUJE:

X = A(q,q)x + Bu + Bw, ©6)
e
0 1, 0
AG,q)=| " » . ;B{ mxm}(7)
Omxm _MO CO (qs Q) Im

1, — m X m-mepHas enuHu4YHasa Marpuua; 0
m X m-MepHas HyJeBas MaTpulia.

BexTop ynpaBIsSOIINX CUJI T BRIYUCISIETCS de-
pe3 ympapjeHue U Kak

mxm~—

1= My(@)(u+4.)+Co(q,9)q, +Go(q).

Martpuua A(¢,q) 3aBUCUT TOJABKO OT 0000-
IIIEHHBIX KOOpAMHAT ¢(f) 1 00OOIIEHHBIX CKOPO-
creit ¢(r). [loatomy cucremy (6) MOXHO paccma-
TpUBaTh KaK KBa3UJIMHEHHYIO MapaMeTpUYECKYIO
cUCTeMY [6], 3aBUCSIIYIO OT BEKTOpa MePEMEHHBIX
napameTpos p(f) =[q"(t) ¢ (D).

[MpencraBuMm cuctemy (6) B BUze

{x = A(p(t))x + Bu + Bw; ®

7=Cx+ D+ Dyw,

rae 7 € R® — BEKTOp BBIXOAHBIX MepeMeHHBIX; C,
D, D, — NOCTOSIHHbIE MAaTPUILIbI COOTBETCTBYIO-
IMUX pa3MEepHOCTE. BbIXOmHBIE II€PEMEHHBIE Z
MOTYT BKJIIOYaTh OLIMOKM OTCICXKWBAHUS KOMaHI-
HBIX CUTHAJIOB, 3aTpaThl HA YIpaBJICHUE U ApyTHUe
CHUTHAJIbI, KOTOpble HEOOXOOMMO MMHHMU3UPO-
BaTh B pe3yJibTaTe MpUMEHEHM S yIpaBaeHUs u(f).
IIpenmnonaraercs, 4To napamMeTpbl p(f) MOKHO BbI-
YUCIUTh B peajlbHOM MacllTabe BpeMEHU Ha OCHO-
BaHMU CHUTHAJIOB, IOCTYIAOIIMUX C AaTYMKOB. Ilpu
"3aMOpaXuBaHUU" mapaMeTpoB p(f) cuctema (8)
CTAaHOBUTCS JUHEMHOM CTAallMOHAPHOW CUCTEMOM.
bynem mpenmonaraTh, YTO BCE COCTOSHUS X(f)
JIOCTYIHBI U3MepeHMIo. Peryiarop Bo3bMeM B BUJIE
(YHKLIMU OT TEepPEeMEHHBIX COCTOSHUS u = u(x).

[Tycts Ha Bxoa o0bekTa (8) AeiiCTBYeT orpaHUYEH-
HOe 1Mo HopMe L, Bo3mylleHue w(f), T. €.
1/2

W) dt
0

., = <.

Torma, eciu peryisaTop aCUMITOTUYECKU CTa-
OMIM3UpyeT 3aMKHYTYIO CUCTEMY U 00ecCIieuBaeT
BBITIOJTHEHHE HepaBEeHCTBA

Il

.,

TO YpPOBEHb TalllecHWsI BO3MYIICHWI B 3aMKHYTOM
CHCTEME MEHBIIE 3aJaHHOro ynciaa y [7]. Bennuuna
Iz| L /] 1, TpeICTaBseT co60it K03hPULUUEHT
ycuJieHUsT CUCTEMbI MEXIY BXOIOM W U BBIXOIOM Z.
MaxkcuManbHBIM KO3(MPULIMEHT YCUJICHUS He-
JIMHEWHOW cHUCTEMBI 1J1s1 BCeX L,-OrpaHUYEeHHBIX
BO3MYILIEHUI (CUTHAJIOB C OrpaHUYEHHON B3HEep-
rueit) mpeacrapiser coboil H_-HOpPMY CHUCTEMBI
[3, 4]. 3amaua cuHTe3a peryasitopa, odecIiednBa-
IOIIETO ACHUMIITOTHMYECKYI0 YCTOMYMBOCTH 3aM-
KHYTOM CHUCTEMBI M TallleHHue BO3MYIICHHU B CO-
OTBETCTBUHU C yciioBueM (9), HaspIBaeTcsl 3amadeit
CHHTe3a cyoOonTtuMmanbHoro H_ -perymstopa [5].
H_-peryiasiTop ¢ MUHUMAaJIbHBIM 3HAYEHUEM y CUM-
TaeTcs [7] onTuManbHBIM H_ -peryisiTopoM.
CybontumalibHbili H_ -peryasitop odecrneymBa-
€T TOJbKO aCUMIITOTUYECKYIO YCTOMYMBOCTh U Ta-
lIeHWEe BO3MYIIEHUIN B 3aMKHYTOH cucteme. s
obecrmeyeHUsI KadyecTBa IIEPEXOAHBIX IIPOLIECCOB
MoTpedyeM pasMellleHHUe IOJII0COB CUCTEMBI B 00-
nacte S(a, r, 0) (puc. 1). PasMenieHue IoJarOCOB
B oOmacth S(a, r, 0) rapanTupyet [8], 4TO TIEepe-
XOMHbIE TPOLECCH B 3aMKHYTON CHUCTEME MMEIOT
CTeNeHb YCTOMYMBOCTU HE MEHbILE o M KoJjeba-
TeJBHOCTDb He OoJjblie tgd. CTeneHb yCTOMYNBOCTH
XapaKTepu3yeT OBICTPOIEICTBUE B CUCTEME. 3HAYE-
HUeE IOJIOCOB OTPaHMYEHO CBEPXY KOHCTAHTOM 7.

sup
w=0

<7,y>0,

)

Puc. 1. O6aacts S(a, 7, 0) ans
pa3MeleHus MoJI0CoB

Fig. 1. The pole-placement region
S(a, 7, 0)
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3agayy MHOTOKPHMTEpPHAaIbHOIO CHMHTE3a 3aKO-
Ha yIpaBJIeHUS JTMHEUHON MapaMETPUUIECKOM CHU-
cteMoii (8) mocTaBUM clieayoIuM oopazom. Haii-
TH PEryasTop B popMe MOJIHOU OOpaTHON CBSI3U
O COCTOSTHUIO

u®) = Kp@0)x(),

Takoi yTo 3aMKHyTas cucrema (8), (10) ycToituuna,
ynosnetrBopsieT H -xputepuio (9), 1 momtoca 3aMm-
KHYTOI cuUCcTeMbl HaxoAsTcs B obynactu S(a, 7, 0).

(10)

MeToanKa pacyeTa napamMeTpoB podacTHOro
MHOT'OKPUTECPHAJIIBHOIO 3AKOHA yYIIPABJCHUA
HAa OCHOBE JIMHEHHbIX MATPHYHBIX HEPABCHCTB

ITpu ynpasneHuu (10) ypaBHeHUE 3aMKHYTOM
CHUCTEMBbI UMEET BU/I

X = A.(p(1))x + B.w;
7=C.x+D.w,

(11)

rac

A.(p(1)) = A(p(1)) + BK(p(?)), B, = B;
C.(p(1) =C + D,K(p(?)), D, = D.
HzBectHo [7, 9], 4yTO mpu (UKCUPOBAHHOM
p(?) cucrema (11) ynosnerBopsier H -kputepuio
(9) Torma M TOJNBKO TOTHA, KOINAa CYILIECTBYIOT

MaTpuuHble TiepeMeHHble ¥ = Y' > 0 u Z = KY,
yaosiaeTBopstomue JIMH

YA"(p)+ A(p)Y + Z'B*+BZ B YC"+Z'D}
BT
CY + D,Z

3agauyy pasMellleHUs TI0JI0COB B 00JIacTh
S(o, 7, ©) MOXXHO CBECTH K PEIICHHUIO CICAYIOIINX
MaTpUYHBIX HepaBeHCTB [7, 9]:

A(E)Y +YA"(p)+ BZ+Z"B" +2aY <0; (13)

Y A(P)Y + BZ
<0; (14
YA"(p)+ Z"B" Y
N12 Nll ’

rae
N =(A(p)Y + YA"(p)+ BZ + Z"B")sin 6,
Ny, =(A(p)Y + BZ —-YA"(p) - Z"B")cos®.

Eciu cyuiecTByloT MaTpuyHble II€pEeMEHHBbIC
Y=Y">0u Z ynosiaersopswomue JMH (12)—
(15), To mapameTphl peryastopa K onpenensiroTcs

kak K= ZY .. J s nuHeilHOM mapaMeTpuyecKoit
cucteMbl JIMH #07XXHBI BBITIOJHSTHCS OIS BCEX
MOMYyCTUMBIX 3HAYeHUN BekTopa p(f). Tak Kak
BEKTOp p(f) HENpepbIBeH, To cucteMa JIMH mony-
yaeTcs 0ecCKoHeUHOMepHOH. IIpu mucnoab3oBaHUA
MOJUTOITHOTO MpeacTaBieHus Moaenu (8) 6ecko-
HeyHoMepHY1o cucteMy JIMH MOXHO yMEHBIIUTH
10 KOHeYHoro MHoxecTtBa JIMH.

Ilycts 3HaueHusI MmapamMeTpoB MpUHAIJIEXAT
Jurara3oHaM

Dimin < 0 < Pimaxe S = 1 2. s [, 1= 2m. (16)

Torna BekTOop mnapamMeTpoB p(f) U3MeEHsIETCS
BHYTPM runepkyoda mpocTpaHCTBa Rle N=2 BEp-
wuHamu I, i=1, 2, ..., N.

MarpuunbiM TtouTornoM [10] Ha3bIBaIOT BbI-
MYKJIY 000JOYKY KOHEYHOIO YHcjaa Marpull A;
OIMHAKOBOM pa3MEPHOCTH:

N N
i=1 i=1

IMonutomnmHoe mpeacTaBjieHUe TUHEMHONW Mapa-
MeTpuueckoil Moaenu (8) BHyTpu rumnepkyda (16)
nmeeT Buz [10]

N
X = o;A; | x + Bu + Bw;
Egl ' ’j (17)

7 =Cx+ D+ Dyw,

rne A; = A(I1;) — 3HayeHue matpuibl A(p(f)) B Bep-

wuHe noaurona I,

C HNCITOJIb30BAHUEM NOJMUTONHON
Mozaenu (17) peuieHue GecKOHEUHOMEp-

rae

Ny = (AY + YAT + BZ; + Z} B")sin 6

<0.(12) Hoit cuctembl JIMH (12)—(15) cBoautcs
K PELICHUIO CJIENYIOLIel KOHEYHOU CU-
cremnl JIMH [10]:
| [YAT+AY+Z'B"+BZ, B YC'+ZID}
|
| BT -1 Df <0; (18)
| CY +D,Z, D, I
|
|
| AY + YA + BZ, + Z'B" +2a.Y <0,  (19)
|
| -rY AY + BZ,
l <0; (20)
| YA + Z!B" -rY
|
|
! Ny Ny
I 11i 12i .
<0,i=12,...,N, (21
i |:N121 Nm}
|
|
|
|
|
|
|
|
|
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Ecau cyliecTByIOT MaTpUyHbIEe MepeMeHHbIE
Y=Y">0muZ,i=1,2, .., N, yloBIeTBOpSIO-
mue cucreme JIMH (18)—(21), To matpuny K(p(?))
peryasitopa (10) MOXXHO BBIYMCIUTH MO (opMyJie

N N
K@) =2 oK, Ya;=10;,20, (22
i=1 i=1
e K, = Z)Y 1 _ 3nauenus marpun kosdduum-
€HTOB PEeryJsTOpoB B BepuinHax noautona I1,.

Taxum oOpa3oM, 3agaya MHOTOKPUTEPUATIHLHO-
ro cuHre3a 3akoHa ynpapieHust (10) nuHeiHOMI
napaMeTpU4ecKoil cuctemoii (8) cBeaeHa K pelle-
Huto cucteMbl JIMH (18)—(21).

[TapameTper perynsitopa (10) ompenensiioTcsa
B 3aBUCMMOCTH OT HEIPEPBIBHO M3MEH SIIOIIErocs
BeKTOpa ImapamMeTpoB p(f). TpaekTtopus p(f) 3apa-
Hee He M3BECTHA, HO BBIUMC/ISIETCS HA OCHOBAHUM
CUTHAJIOB JAaTYMKOB B Ipouecce (GyHKIMOHUPO-
BaHUS CHUCTEMBI. 3a CYET BTOrO B Ipoliecce pe-
aJILHOTO BpEeMEHHU IPOUCXOIUT HEIpepbiBHAS Ha-
CTpOIiKa mapaMeTpOB peryisiTtopa, 4YTo odecreuu-
BaeT BBICOKOE KA4YeCTBO IIPOLIECCOB YIIPABICHUS.

Pewienue cucremnl JIMH (18)—(21) 1 BbiuHMC-
JeHue Matpull Koap@uiueHToB K; MOXHO MPOBe-
cTu 3apaHee. EfMHCTBEHHBIE BBIUMCIEHUSI, KOTO-
pble HEOOXOIMMO BBIMIOJIHUTH B TPOIIECCE peaib-
HOTO BPEMEHM YyIpaBJieHUsI 00beKTOM (8), — 3TO
BbIUMCJIeHUS 0 popmye (22).

IIpumep pacuera

HByxocHas ctabunusupoBanHas (CII) (puc. 2)
COCTOUT U3 TpeX TeJ: OCHOBaHUs (Teno 1), xect-

KO MPUKPETJIEHHOTO K HECYIIIEMY TeTy, BHELITHETO
nojBeca pbICKaHbs (TeJio 2), BHYTPEHHEro TaH-
raxkHoro mnonBeca (Tego 3) M I0JIE3HONH OINTUKO-
anekTpoHHoil Harpy3ku (ITODH), ycraHoOBIEeH-

HOM B TAHTa)XHOW paMKE BHYTPEHHEIO ITOJBEcCa.
C HecyumuMm TelOM CBsi3aHa 0a30Basi cucTema
koopanHat 0xyy,z,. C KapoaHOM pBICKaHbs CBS-
3aHa cucTeMa KoopauHaT Ox,y;Z;, C TAaHTAXHbBIM
KapJaHOM — cucTema KoopauHaT Ox,y,7,. bynem
MpeanoJiaraTth, YTO Hayajga BCEX TPEX CUCTEM KOOp-
JVHAT COBIIAJAlOT. YIJIOBbIE MOJIOXEHMS paM Kap-
JaHoBa IoABeca (Tea 2, 3) IO OTHOILIEHUIO K IIpe-
OBIOYIOMM TeJIaM OIIPEAC/ISIIOTCS COOTBETCTBEHHO
yriamu @, ¢, (puc. 2). OpueHTauus JUHUU BHU-
3UPOBaHUS OIpeaessieTcss OTHOCUTENbHO 0a30BOM
cUCTeMBl KoOpAMHAT OxgyyZ;. DTa OpUEHTALMSs
OmnpeAessieTcsl ¢ TOMOIIBIO MOCIea0BaTeIbHOCTH
YIJIOB TIOBOPOTa (¢; U ¢, BOKPYT OCeil KapaaHOBa
rnojaBeca, COBMEIIAIIINX 0a30Byl0 CUCTEMY KOOP-
JUHAT ¢ CUCTEMOU KoopauHat 0x,),7,, CBSI3aHHON
C KapIaHoM, Ha KoTopoMm TipukperieHa [TODH.

MomMeHTBl MHepuuu Tea 2, 3 (Bce BEJIMYUHBI
B Kr°M2):

J,, 0 07 [0065 0 0
Jy=| 0 Jy 0 [=] 0 006 0 [
00 Jy, 0 0 0,07
J,, 0 07 [0,018 0 0
Jy=[ 0 Jy, 0]=| 0 0024 0 |
00 Jy, 0 0 0,025

YpaBHenue nuHamuku CII umeet Bup [11]

M(q)g +C(q,9)g = 1+,

rae
Jo, +J..8in>q, + J-, cos’ 0
M(q) :|: 2z 3x (q)2 3z q, ; :
3y
0 ~(J3; =304 81n2q,
5(-]31 —J3,)q; sin 2q, 0

B kadecTBe 00OOIIEHHBIX KOOPAWMHAT MPUMEM
crenyioumit Bekrop: ¢ = [q,() g0 = [¢() @'
3anuiueM ypaBHeHUs IuHaMuku oinboxk CII
B (hopMe KBa3MJIMHEHMHOW mapamMeTpuyecKou Mo-
nenu (8):

{x = A(p(t))x + Bu + Bw;, 23)

7 =Cx+ D+ Dyw,

rae Matpuiia A(p(f)) onpenensiercss popmynoii (7):

. T 02><2
p()=[q"(t) @"0)]; C=II, LI; B=| 7*;
Puc. 2. /IByxocHasi cTa0MJIM3upOBaHHAA MaaTdopma D I.- D 0. .- T aTaT 1 2
Fig. 2. The two-axis inertially stabilized platform 1= 42 2=V X = [eq eq] :
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byneM mpenmnosnarars, 4To 0000IIEHHBIE KOOP-
JWHATBl 1 CKOPOCTU OTpaHUYEHBI:

24)
(25)

491 min < q, < 491 max> 42 min < q; < 47 max>

|CI1| < qmaxs |q2| < qmaX!

TAC dimin — _7t/4, 9omin = _TE/4’ Qimax = TE/4, Qomax —
= n/4, qmax = 10 pan/c.

IIpeactaBum ypaBHeHue (23) B IIOJUTOITHOM
dopwme:

x:(ga[(t)A,-jx+Bu+Bw, (26)
i-1

N
roe Y. o; =1, o) > 0, A; — 3HaYeHHUE MaTPULbI
i=1
A(p(9)) B BepuunHe nonutona I, Crenysa pabore
[12], o ymMeHbIIeHUST 0O0beMa BBIYUCICHUN TIpH
cuHTe3e peryiastopa marpuuny A(g,q) npuban-
KEHHO 3aMeHUM Ha A(q) = A(q, §ay)- DTO MO3BO-
JIsIeT YMEHBILIUTh YUCIO BepLIMH mnojutomna (24),
(25), B koropeix pemraetrcs cucrema JIMH (18)—

(21). IonuTon ompenenasieTcsl YeTHIPbMST BepIIMHA-

K_—75,88 0 -17,47 -0,79
A ) ~75,88 1,46 -17,47]

ITpomonenupyeM naBa pexuma padotsel CII.
IlepBblil pexXnM: NpUBEAECHNE YIJIOBBIX MOJOXEHU I
riatdopMbl B HyJeBble 3HaueHus:: g, (f) = [0 0]
B kauyecTBe HayaJIbHBIX 3HAYEHU I TIPUHATHI ¢y = 07,
09 = 6°. PesynbraThl MOeTMPOBAHUS 3aMKHYTOM
CHCTEMBbI C CUHTE3UPOBAHHBIM PEryISITOPOM IIO-
Ka3aHbl Ha puc. 3, 4.

Ha puc. 5 nokazaHbl pe3yJibTaTbl MOAECIUPO-
BaHMS 3aMKHYTOH CHCTEMBI NPU BapbMPOBaHUU
3HAYEHU I 3JIEMEHTOB TEH30pa MHEPLUUHU J,. B3SITHI
TPU 3HAYEHUS TeH3opa uHepuuu J, = J, + & npu
d = —0,3; 0; 0,3. BunHo, 4TO CUHTE3WPOBAaHHBIN
peTyadaTOp O0ECHEeYMBAET MOCTATOYHO XOPOIIYIO
po6aCTHOCTh 3aMKHYTOW CHCTEMBI YIIPaBJICHUS
B IPUCYTCTBUM IMapaMeTPUIECKUX HEOIpeaeacH-
HOCTEW.

¢1,° r D

| |
| |
| |
| |
| |
10,008 | . = SE———
Mu: Hl = [QImina q2min]’ H2 = [qlmax’ q2max]’ H3 = : . | :
= [4imin> G2maxl T4 = [G1maxs Gominl- Koobuumen- 1 1o o6 i ORI PR S—— A |
ThI 0,(f) B IOJIUTOMHOM TpeAcTaBieHuu (26) nme- | - |
10T CJENYIOIUIA BULI: nsalll 1 N |
1Y | !
| | |
| |
Otl(f) — (511 max QI(t))(q2max — q2(t)) . :0‘002 A t—— :
B | |
(quax - QZmin)(QI max (Ilmin) : :
| 0 |
ay(t) = (@1() = 41 1min) (92() = Gy min) . i : _ i
(q2 max — 492 min)(ql max — 491 min) :(),{)02 i J ! :
| 2 4 6 8 e |
_ t 1) — . fTTT TS T T TS T TS T T T T T T T T T T -

OL3(l‘) = (QI max ql( ))(QQ( ) 2 mm) 5 Puc. 3. Omudka no yriay ¢,

(q2 max "~ q2min)(q1 max ~ 41 min) Fig. 3. Graph on the ¢, angle tracking error

(14(1) — (ql(t) — qlmin)(q2max - qZ(t)) . i-‘_PZ:O ______________________________________ -E
(q2 max q2min)(q1 max — 41 min) : :
Jns pa3MelnieHus1 MOJI0COB 3aMKHYTON CUCTe- i 0 i
MBI B 001actb S(a, r, 0) 3agaguM o = 5, r = 13, ! f !
0 = n/4. YpoBeHb raiieHus BO3MYIIEHUS BO3bMEM ! 1 !
y = 0,1. Torma Marpuiibl KO3OOUIITUEHTOB peryJisi- ) :
TOPOB B BEPIIMHAX MOJIUTONA PAaBHBI : :
|
K - [-75,88 0 -17,47 -0,79 | ! !
Tl 0 -7588 1,46 -17,47) o |
o _[7388 0 1747 079, 5 |
270 7588 -1,46 17,47/ | :
_ _ L0 2 4 6 8 e |
K -75,88 0 -17,47 0,79 | s .

3= _ _ _ > Puc. 4. OmuodKka o yray ¢,

L 0 75,88 1,46 17, 47— Fig. 4. Graph on the ¢, angle tracking error

696 MexaTpoHnKa, aBTOMaTH3anus, ynpasienne, Tom 19, Ne 11, 2018



ro I
| @ l
| !
| |
l 370 l
| !
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1-0,005 |
[ 2 4 6 8 Le

Puc. 5. Ommodka no yriy ¢, npu BapbHPOBAHUHU 3JE€MEHTOB MaT-
punsl J,

Fig. 5. Graph on the ¢, angle tracking error in the presence of
matrix J, perturbations

. K
o1 |
| = |
| Y= 0’25 M~ !
: 0,03 \’ i
|

| |
| 0,02 !‘ |
| y=0,1 \ I\ |l ” [ |
10,01 |
: v=10,01 :
: 0 P - ol :
| J |
: -0,01 v :
: ! 1 :
| -0,02 ! |
| |
: -0,03 > :
| 2 4 6 8 f,c |

Pnc. 6. Omnodka no yriy ¢; npd moAaBjeHHH BO3MYIIAOIIEro
MOMEHTa

Fig. 6. Graph on the ¢, angle tracking error in the presence of
disturbance torque

Bropoii pexxumM — 3TO cTaOMIM3aLUs YIJIOBOK
ckopoctu CII npu neficTBUM Ha CUCTEMY BO3MYII[a-
folInX MOMeHTOB. Ha puc. 6 mmokasaHbl pe3yIbTaThl
MPUMEHEHUS CYOONTUMANBHBIX H_-perynsaTopoB
MO YIJ1y @ AJIS ralleHus BO3MYILAIOIIETO MOMEHTA
() = —0,05sin2=(t — 1)) npu y = 0,01; 0,1; 0,25.
BoaMymaronuii cMrHaja IOAaeTcsl B MOMEHT Bpe-
MeHHU f, = 3 c.

3akaoyenue
B pabore mpemyiokeHa MeTOOMKAa MHOTOKPH-

TepUaJbHOIO CMHTE3a pOOACTHOIO 3aKOHA yIpaB-
JICHUS HEJIUHEHHOM MEXaHUYECKON CUCTEMBI,

OIMMChIBaeMoOll ypaBHeHHMsIMH JlarpaHxka BTOpPOTO
pona. Iloka3zaHo, 4TO JarpaHXeBa CHCTeMa MOXET
OBITh aeKBAaTHO NpeIACTaBJcHA B BUIE KBa3WUJIH-
HelHON mNapaMeTpuyeckoir Moaenu. IIpouenypa
CHMHTEe3a CBeleHa K TeXHUKE BBIITYKJIOW ONTUMM-
3allMM IIpY OTPaHMYEHMSIX, BBIpaK€HHBIX B (op-
Me JIMH, BbIIIOJIHEHHE KOTOPHIX OO€cleuYnBaeT
YCTOMYMBOCTh 3aMKHYTOW CHUCTEMBI, TalllCHUE
BHEIIIHMX BO3MYILIEHUI U XXeJlaeMOe KaueCTBO IIe-
pexXomHBIX mpoleccoB. Tak Kak KBa3WJIMHEHas
rmapamMeTpuyeckasl CucTeMa HEeIpepbhIBHO 3aBUCUT
OT BeKTOpa napameTpon, To cuctema JIMH nony-
yaeTcsl OECKOHEYHOMEPHOM. DTa OECKOHEYHOMEP-
Has CHCTeMa CBeAeHa K KoHeuyHoMy uuciay JIMH
C WCITOJIb30BAaHUEM ITOJIUTOIHOTO TpeICTaBICHUS
rmapamMeTpruIeCcKor MOIEIIH.

IIpuBeneH npuMep CUHTE3a CUCTEMbI CTaOWIN-
3allid 1M HaBeNeHMs JIMHMU BU3MPOBAHMS OMNTH-
KO-3JIeKTpoHHOU cuctembl (ODC), 3akpenaeHHOR
Ha JIBYXOCHOW CTAOMJIM3UPOBAHHON IjaaTdopMe.
CuHTe3upoBaHHAs CHCTeMa CTaOMIM3alluy U Ha-
BeleHUs TMHUU BusnpoBaHusi ODC mpomonenn-
poBaHa B cucteMe MATLAB. Pesynbrarsl Mmomenu-
pOBaHUS TIOATBEPOMIIM pOOACTHOCTh M JOCTATOY-
HO BBICOKOE KayeCTBO CHMHTE3MPOBAHHOTO 3aKOHA
YIIpaBJICHUSI.
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Abstract

In the paper multiobjective robust controller synthesis problem for nonlinear mechanical system described by Lagrange’s
equations of the second kind is considered. Such tasks have numerous practical applications, for example in controller de-
sign of robotic systems and gyro-stabilized platforms. In practice, we often have to use uncertain mathematical plant models
in controller design. Therefore, ensuring robustness in presence of parameters perturbations and unknown external distur-
bances is an important requirement for designed systems. Much of modern robust control theory is linear. When the actual
system exhibits nonlinear behavior, nonlinearities are usually included in the uncertainty set of the plant. A disadvantage
of this approach is that resulting controllers may be too conservative especially when nonlinearities are significant. The
nonlinear H_, optimal control theory developed on the basis of differential game theory is a natural extension of the linear
robust control theory. Nonlinear theory methods ensure robust stability of designed control systems. However, to determine
nonlinear H_-control law, the partial differential equation have to be solved which is a rather complicated task. In addi-
tion, it is difficult to ensure robust performance of controlled processes when using this method. In this paper, methods of
linear parameter-varying (LPV) systems are used to synthesize robust control law. It is shown, that Lagrange system may
be adequately represented in the form of quasi-LPV model. From the computational point of view, the synthesis procedure
is reduced to convex optimization techniques under constraints expressed in the form of linear matrix inequalities (L Mls).
Measured parameters are incorporated in the control law, thus ensuring continuous adjustment of the controller parameters
to the current plant dynamics and better performance of control processes in comparison with H_-regulators. Furthermore,
the use of the LMIs allows to take into account the transient performance requirements in the controller synthesis. Since
the quasi-L PV system depends continuously on the parameter vector, the LMI system is infinite-dimensional. This infinite-
dimensional system is reduced to a finite set of LMIs by introducing a polytopic LPV representation. The example of
multiobjective robust control synthesis for electro-optical device’s line of sight pointing and stabilization system suspended
in two-axes inertially stabilized platform is given.

Keywords: multiobjective synthesis, robust controller, nonlinear mechanical system, polytopic model, linear matrix

inequialities
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MUccnepoBaHue Koo-p06aCTHbIX cucrtem npu orpaHnN4YeHHOM ynpaBrieHUU

Hccaedyemes eausnue sgpghekma Hacvlujenus peeyasimopa Ha pacxod 3Hepeuu ynpaeienus u pobacmusle c80lUcmea cu-
cmeM, CUHMe3UPOBAHHBIX Oe3 yuema 0epaHuvyeHUs Ha YApagieHue npu nocmaHogke 3adauu. B cmamve sma 3adaua paccma-
mpueaemcs npumenumeavo Kk K -pobacmusim cucmemam ynpagienus.

ITlokazano, umo 6 caedsuwux pooacmHbIX CUCEMAX 6 HAYAAbHbII MOMEHM 8DeMeHU YnpagieHue NPUHUMAem 4pe3mepHO
boabuioe 3naueHue, 4mo obecneyugaem pobacmHocmsv OUHAMUYECKO20 (NepexodH020) pedcuma. Dmo c613aH0 ¢ mem, 4mMo
6 HAYAAbHbII MOMEHM 8DeMeHlU HauaabHble YCA08Us umeom 60abuoe 3Havenue. OCHOGHOU NPpUUUHOL YXYOuleHUs poOaCmMHbLX
CBOUICME C8A3AHO CO CMeCHeHUeM YNPaeéaeHUs UMEHHO 8 Ha4aabHoM unmepeaie eépemeHu. ObecneueHue dce pobacmuocmu
cmamu4eckoezo pexcuma He mpedyem 604bUWUX YCUAUL YAPABACHUSL.

a5 npedeavHbix cucmem xapakmepHul caedyrwouue OuHamuveckue npouyeccol. B npedene, koeda koapuyuenm ycurenus
cmpemumces kK 6eCKOHeYHOCMU, ce MPAeKmopuu MeHO8eHHO nonadarnm Ha npedeavHyio niockocms s = 0. Janrvheliuee osu-
JceHue 6 noaodcenue pagHogecus Npoucxooum no amoi naockocmu. Ilpu docmamouno 6oavuom KoHeyHOM Kodpduyuenme,
a cn1ed08amenvHo, 02PAHUYEHHOM YNPAGAEHUU, 6Ce MPAeKMOPUU CMPeMAMCs K npedeabHol naocKkocmu u 4epe3 3a0aHHOe
8peMs YCMAaHO8AeHUs O0CMU2AIOM ee MAA0U OKPeCmHOCMU, onpedeasemMoll 3a0aHHOU MOYHOCMbIO caexcenus. JlarvHeliuee
dsudicerue 6 NOA0JCEHUEe PABHOBECUS NPOUCX00Um 8 npedeaax 3moi okpecmuocmu. CmecHeHue ynpasieHus moxcem npugecmu
K HapyweHur 3a0anHHblX noKkaszamenei u ycmouuugocmu cucmemsl. B cmamoe npedeavhas naockocms Hazéauna "pasomkHy-
molM ammpaKmopom” ¢ npagsiM KOHUOM 8 YCMOUUUBOM HOAONCEHUU PABHOGECUS.

Bnepebvie ¢ nomoujbro KomMnsrOmepHol epaduku 6 mpexmepHom NPOCMPancmee NOKA3AHbl MPAeKMOPUU DA3AUMHBIX PeC-
M08 08udCeHUs: bbicmpoe U MedaeHHoe 08UdCeHUs; YcCmaHosuguleecs dsudcenue 6 npedeaax zadannoi mounocmu. Ilpedroxncen
UHMe2PaNbHbII KpUumepull oyeHky nokasamens po6acmHocmu.

Jocmoseprocmb meopemuueckux paccyycoenui noomeepicoena nymem peuleHuss Mo0eabHol 3a0a4u 6 6104HO-8U3YANbHOU
cpede umMumayuoHHoz2o modeaupoganus Simulink.

Karwueewvie caoea: neonpedesennocms, pobacmuas cucmema ynpaesenus, yukyus Janynoea, 6oavuioi kKodgpguuyuenm

ycunernus, pd30.MlCHymblllu ammpakmop, oepaHu4ernue, HacsvlujeHue, OyeHKa p06acmH0cmu

BBenenue

IlocTpoeHune cucTem ynpaBjJeHHWS HpU HaIU-
YMX OTPaHMYEHMUS Ha YIpaBJIEeHHWE C TOYKHU 3pe-
HUSI TIPAKTUKU SIBISIETCS BE€CbMa aKTyaJbHBIM.
Tem He MeHee HalMYUe OrpaHUYEHU ST 3HAUYUTE b-
HO YCJOXHSET pelleHue 3aJa4y CUHTE3a, B KOTO-
PBIX OTBICKMBAETCS yIIpaBJeHUE ¢ OOpaTHON CBSI-
3p10. OCHOBHOE 3aMeYyaHMe SKCIIEPTOB K 3aJadyaM
CHHTEe3a CBSI3aHO C yKa3aHHOM mpoOjeMoi [cMm.,
Hanpumep, 1, 2, ¢. 33—46]. UrHopupoBaHue orpa-
HHUYEHMS YaCTO 00OOCHOBBIBASTCS IIPEAIIOIOXKCHM-
€M O TOM, UTO cucTeMma (PyHKIMOHUPYET B Ma-
JIO OKPECTHOCTH padoueil TOUKM, IiIe BapHalluu
yOpaBJE€HUS U TIEPEMEHHbBIX COCTOSSHUS MaJibl.

B Hacrosiee Bpems, B OTIMYKUE OT METOJOB Ha-
XOXIEHUS NPOrpaMMHOIO YIIPAaBJI€HUS, HE UMEET-
Csl YAOBJIETBOPUTEIbHBIX MHKEHEPHBIX PEIUCHUIA,
CBSI3aHHBIX C CMHTE30M POOACTHBIX PEryJsiTOPOB
B YCJIOBUSIX OTPaHUYEHHOIO yIpapieHus. Bmera-
TEJABCTBO B €CTECTBEHHBIN X0 pa3BUTUS IPOLIEC-
ca MyTeM BBEICHMS pa3JUUYHBbIX OrPAaHUYECHUI 3a-
TPYAHSIET WCIIOJb30BAHUE CTAaHIAPTHBIX METOIOB
TEOpHUU aBTOMATUYECKOro ynpasiaeHus. [Ipu cuH-
Te3e NpeodaaaaloT 3BPUCTUYECKE METOABI C MHO-
JKECTBOM JOMYIIEHU, YaCTh KOTOPBIX SBISIETCS HE

aJeKBaTHBIMM peaJbHOMY IIPOLIECCY, KOTOPBIi MO
OIpEeACICHUIO SIBJISICTCS HEOMpPeaeAeHHbBIM.

B poGacTHBIX ciemsiiux cuUcTeMax B Hadallb-
HbIi MOMEHT BpEeMEHM HaO0JIl0JaeTcs BbICOKOE
3HaYeHue CUTHaja ynpabjieHus [2—7]. Dta oco-
OEHHOCTbH CBsI3aHAa C TpeOoBaHUSAMHU pPOOACTHO-
CTH, 3aJIO(KEHHBIMU B OCHOBY ITOCTAHOBKM 3aja-
yn. [lockonbKy Ha MpakKTUKE MMEIOTCS (u3nyde-
CKME OrpaHUYeHNs], TO BO3HUKAET 3ajJa4a BbIOOpa
KOMIIpOMHUCCA MEXAY IpeaeJbHbIM 3HAaYeHUEM
yIpaBjieHUs M IokazaTejeM pobacTHocTu. Orpa-
HUYEHHOCTh YIpaBJieHWSI B HayaJlbHOM WHTEpBa-
Jie BpeMEH! B OCHOBHOM YXVJIIaeT PoOacTHOCTH
JUHAMWYECKOTO (IIEPEXOAHOr0) pexknma.

Bnepsbie 0 K -poOacTHBIX CHUCTEMax yIpaBJe-
HUS yIIOMUHaeTcs B pabotax [3—7]. DTU cUCTEeMBbl
OTHOCSTCS K IpeaeabHbIM CUCTeMaM YIpaBJICHUS
¢ 6onpmnM ko3 dunreHTom ycuiaeHus (CYBKY).
Hauano naHHoro HampaBjIeHUS 3aJI0KEHO B KJlac-
cruyeckux padborax M. MeepoBa [8, 9] u pa3Bu-
To A. BoctpukosbiMm, I @panmysosoii [10—13],
A. ®unumoHoBbIM, H. ®unumonossM [1, 14] u np.

OcHoBy MetToga cuHTe3a CYBKY cocraBaser
3aBUCUMOCTb CTaTUYECKOI OLIMOKHU OT KO3 PULIU-
€HTa YCUJICHUS Pa30MKHYTOI Lenu. PellleHue aToi
MPOCTOIM Ha MEePBbIM B3I 3a4a4M HAaTAJIKMBACTCS
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Ha MPUHLUMMOWAIBHYIO TPYIHOCTh — yBEJWYECHUE
Koo GUIIMeHTa YCUJIEHUSI MNPUBOAMT K TOTepe
YCTOMYMBOCTU 3aMKHYTOM cucteMmbl. MMmeltoluecs
WCCIeI0BaHMS B 9TOM HaMpaBJIEeHWU CKOHLEHTPU-
pOBaHBI BOKPYT pelleHus 3Toil Tnpobiembl. [lep-
BUYHOM 3a7ayeil B yKazaHHOM HaIlpaBJeHUU SIB-
JISIeTCSl CUHTE3 CTPYKTYPhI, TTO3BOJISIONIEH Oecrpe-
JIeabHOE yBeaudyeHue KodhduureHTa yCUICHUS
Pa30OMKHYTOM LIenmy 0€3 HapylIeHUS YCTOMYMBO-
ctu. Ilpn aTOM 3amaya CBOAMTCS K CTPYKTYPHOMY
CHUHTE3y M B HaCTOSIIEe BpeMsl He MUMEET CTPOroro
MaTeMaTU4eCcKoro peiueHus. I[IpeobiagaoT 3Bpu-
CTMYECKUE PACCyXICHUSI.

[MpuannunuaneHeiM  oTinuneM CYBKY  gB-
JISIETCSI TO, UTO B HUX HE MCMOJIb3YIOTCSI HOMMU-
HaJibHasg MOIEeJb HEOIpeneJeHHOro 00beKTa M
CpeicTBa axarnTallMu, B YaCTHOCTHM aJTrOPUMTMbI
uaeHTuuKaum HeomnpeneaeHHoctel. K ocHOB-
HBIM HeIOoCTaTKaM MOXHO OTHECTU OTCYTCTBUE
aHAJIMTUYECKON (hOPMYJBI IJISI ONpeaeaeHnsl KO-
addulieHTa ycuiaeHuss K M yCUJIEHUE BBICOKO-
YaCTOTHBIX MMOMEX, MMEIOLIMX JOCTYN B Perys-
top. Kpome Toro, ipu cunrese CYBKY, kak u Bo
MHOTHX APYTHUX 3a7ayax CMHTE3a, Ha yIpaBJieHUE
OrpaHMYEeHME HE HajlaraeTcs.

OTIMYUTENBHON 0CO0EHHOCTBIO K, -pOOACTHBIX
CHUCTEM SIBJISIETCS TOT (haKT, YTO OCHOBOM CUHTE3a
SIBISIIOTCS HE 3BPUCTUYECKWE TIPUEMBI, a IMpUMe-
HseTcs MeTon ¢yHKuuu JlsmyHoBa. [loctpoeH-
Hasl TaKMM 0o0pa3oM cucTemMa uMeeT MEeTOM0JOT -
YeCKYyI0 OCHOBY, KPOME TOTO, PEryJsITOP SBJSETCS
He acTaTuuyeckuM, a podactHeiM. Kak m3BecTHO,
acTaTUYECKUI PeryasiTop obecredynBaeT HYJIEBYIO
CTaTUYECKY10 OIMOKY A; = 0 ISl onpeneseHHo-
ro Kjacca Bo3MylleHul 6e3 ux namepenusd. [lpu
W3MEHEHUW TUTa BO3MYILUEHUN TpeOyeTcsl BHOBb
HacTpauMBaTh PETyasITOP.

B craTbe uccaeayeTcs caydaii, Koraa BEIXOTHOMK
CUTHAJ peryysiTopa OrpaHMYMBAETCSl M3-3a2 BBIXO-
Jla CUTHaJIa yIpaBJeHUs 3a Tpeaeabl (GU3NIECKUX
OrpaHWYECHU, T. €. IPU HACBILIEHU U PETyasiTOpa.
AHanu3zupyeTcsl BIUSHUE 3TOM OCOOEHHOCTM Ha
noTrpebeHne SHEPTUM yIIPaBJIeHUsI U POOACTHBIE
nokazateau K -poOacTHBIX CUCTEM YIpPaBICHUS.

ITocTaHoOBKa W pelieHHe 3aJa4H
B paborax [3—7] paccmaTpuBaeTCs OJHOMEpP-

HBII1 10 Bxoay U Beixony (SISO) HeompeneleHHbII
00BEKT, 3aJJaHHBIN CKAJIIPHBIM YpaBHEHHEM

Y = Ay, 0 + by, Hu + v (),

e y=0,y,...,y"")T e R" — nocTymnHbIil n3Me-
PEHUIO WM OLICHKE BEKTOP COCTOSHHUS; ¥y € R —
peTyIUpYyeMBI BBIXOH; U € R — CKaJsIpHOE yIIpaB-
nenue; Ay, 1), b(y, f) > 0 — Hen3BeCTHBIC OrpaHU-
yeHHble (QYHKUIMU; v(f) — HEKOHTPOJIUPYyEeMOe
OTPaHWYECHHOE BHEIIIHEE BO3MYILICHUE.

PaccmaTpuBaeTca 3agaya CIEXEHUS, COCTOSI-
1asgs B BBIOOpE TAaKOro YIpaBJIeHUS ¢ OOpaTHOM
CBS3BIO U, KOTOPOE TIOCJIE 3aBEPIICHUS TEePEXOMA-
HOI COCTaBISIOIIEH 00€eCIeunBaAET IBUKEHUE BhI-
xona y(f) o0beKTa M0 STAJOHHON TPAEKTOPUU Y (1)
C 33JJaHHOM TOYHOCTBIO

a®) = y@) = le@)] < 8, 1> 1,

rae {, — 3aJJaHHOE BpEMSI YCTAHOBJICHUS (seftling time)
niepexofqHoi cocrtapisitoweit st 8, = (1...5)%-Hoii
OLIMOKM CIIEXKEHUS.

C ucnons3oBaHueM GyHKLIMK JIsimyHoBa V= 1/2s2

rnmoyyyeH podactHbeiii I1 3aKoH yrnpaBieHUS:

u=Ks=K(e+ce+...+e" V)= Ke", (1)
roie K> 0 —xko3¢pPUIMeHT yCUuaeHUs peryasaTo-
pa (IOCTaTOYHO BOJBIIOE YUCTO0); ¢ = (¢, C5...1);
e’ =(e¢,...,e"V); K, ¢" — mapameTpbl HACTPOIi-
Ku peryasatopa. Ilocie HEKOTOPOro KOHEUHOTO
3HaueHUs1 K JOCTUTAIOTCS 3aJaHHBbIE MOKa3aTelu
KayecTBa.

MoxHO noKa3aTh, YTO YCAOBUIO aCUMIITOTUYE-
ckoit ycroitunBoctu dV /dt = ss <0 Takxke OTBe-
yaloT peyieiiHoe u = —Ksigns u AMHENHO-peeiitHoe
yIpaBjaeHus: u = —Ksat(s, A), rme A — IIKMpUHA
30HBI JTUHEHHOCTH.

OTtHocuTenbHO OKUOKU e(f) peryasaTop (1) sB-
JIIeTCSl TPONOpPLMOHAJIbHO-IU( GepeHIInaTbHBIM
peryastopoMm (n — 1)-ro nopsiaka (ITJ1" ~ U perymns-
TopoM). IlogOOHEIN pPEeryasaTop B OmpeacieHHOM
CMBICJIE MOXHO OTHECTH K IOJMHOMMAJIbHBIM
peryiagaropam [15] ¢ mnepemaTtouHo#t (pyHKLMEH
W = R(s)/C(s) npu degC(s) = 0 = C(s) = c¢,, rae
¢y = 1/K.

ITpu ctpemaenun K K 06CKOHEUHOCTH B Mpeaesie
CHCTEMa OITMCHIBAETCS ypaBHEHMEM T'HUIIEPIIJIOCKO-
CTH, XapaKTepU3YIOIIEM e¢ CBOOOIHOE NBUXKEHUE:

s=cie+ce+...+e" D =0,50)=0.

JIns yCTOMYMBOCTU ABUKCHUSI YIJIOBBIE KO3(-
GULMEHTHI ¢; XapaKTepUCTUYECKOTO MOJTMHOMA

Hp=p'+c,_p" '+ .. +¢

JOJIXKHBI YIOBJIETBOPATH ycaoBuio Rep; < 0.
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B npenene mpuBeaeHHas JMHEKHHas cucTeMma
npuoOpeTaeT WHBAPUAHTHOE CBOMCTBO C YCTOM-
YUBBIM TIOJIOKEHHEM paBHOBecus. [Ipu pereHun
MPUKJIAAHBIX 3a7a4 MCIOJbh30BaHUE AOCTATOYHO
OOJIbIIIET0 KOHEYHOTO 3HauYeHUs Kod(hUilMeHTa
ycusieHuss K TO3BOJISIET MOJYYUTh YIOBJIETBOPH-
TeJbHbIE MMoKa3aTeau KadyecTBa. [Ipu aTom runep-
MJI0CKOCTh § = () BBICTYMAET B POJIM PAa30MKHYTOIO
aTTpakTopa (Ha30BEM 3TO ammpakmopHOU 60pPOH-
KOli), K KOTOPOMY TIPUTSITUBAIOTCS BCE TPACKTOPUH
NPUBEAECHHON JIMHEUHON CUCTEMBI.

B pa6Gote [16] ynpaBiaenue (1) mon Ha3BaHHWEM
"pobacTHOE SKBMBAJICHTHOE YIIpaBJIeHHUE" 110 aHa-
Jjoruu ¢ pabotoit [17] UCroJb30BaHO IJISI CHHXPO-
HU3aLUMKU HEUACHTUYHBIX TMHAMUYECKUX CUCTEM.
OTMETHM, YTO CTPYKTypa CUCTEMbl CUHXPOHU3A-
LIMU JJS1 MHOTOMEPHOIO cjydyasi HE pacKpbiTa U
MpuBeaAeM HeKoTopoe pasbsicHeHue. [Ipu mocie-
JIOBATEeJIbHON CTPYKTYype BBIXOJ BeAyllUel CHUCTe-
MbI TIOAETCS Ha BXOJ MEePBOM BEIOMOI CHUCTEMBbI,
a BBIXOJ KaXJIOW BEIOMOM CUCTEMBbI SIBJSETCS
BXOIOM TMoOCHeayomein BemoMoit cucteMbl. [lpu
napaJuleJIbHOM CTPYKTYpE BbIXOJA Bedylllel cucTe-
MBI TOJAeTCsI Ha BXOJbl BEAOMBIX CUCTEM, COCTaB-
JISIIOIIMX LIETIOYKY, a TIPU CMEIIaHHON CTPYKType
WUCIIOIb3YIOTCS BCEBO3MOXHbBIE KOMOMHAILINYM yKa-
3aHHBIX COEAUHEHU.

B cratbe orpaHnueHue Ha yIpaBjieHUE pea-
JIU3YETCS PEJIEHHO-TMHEHHBIM OJIOKOM Uy,
= sat(u, uy, Uy,,) (saturation — HaCBILUEHNE), BKIIIO-
YeHHBIM Ha BBIXOI POOACTHOIO peryisaTopa. sar(*)
BoITIONIHsIET ¢yHKIuIo Il peryasitopa ¢ yyeTom
MHTEPBaJbHBIX OTPAHUYCHUI U, < |,

B nanHoMm cinyuae ¢pyHKLUS saf(*) OMUChIBAET-
cs BbIpaxkeHueM

ku, ecnu |u| < uy;
Usgr =y .
U, signu, ecau |ul > u,

Tae U, Uy,, — MapaMeTpbl HACTPOMKHU; Kk = U, /uy;
u = Ks — BXOIHOI cuTHaI.

Puc. 1. CraTuyeckas xapakTepucTuKa (e) u cxema peayusanun (6) pynkuuu sat ()
Fig. 1. The static characteristic (@) and the realization scheme () of the function sat ()

Ha pmc. 1 moka3aHBI cTaTudeckasl XxapakTepu-
cTuKa (a) 1 cxema peanusauuu (0) byHkouu sat (¢)
B nakete Simulink.

3necb k =tgo=1=uy=uy,,. Ilpu 3Tom Ha
WHTEpBaje JUHENHOCTU u € [—uy, +uy] BXOLHOI
CUTHAJI IPOXOAUT HA BbIXOJ 0€3 UBMEHEHUS U, =
=u= Ks.

PoGacTHBII peryasiTop ¢ yueToM OrpaHUYeHUsI
uMmeeT n + 1 mapaMeTpoB HaCTPOiKu: n — 1 yrjo-
BbIX KOOGOUUMEHTOB ¢;, | = 1, 2, ..., n — 1, mo-
ckoctu s = 0, KooadduuueHT ycuseHusa K u mpe-
JeJbHOe 3HaueHue +irg,,. I[lpu n = 2 numeem Bcero
TpM MapaMeTpa HacTpoiKu. MeToauka omnpeaec-
HU S MTapamMeTpoB ¢; U K u3noxeHa B padorax [3, 4].

Pe3yJ'IbTaTbl MOJEJIUPOBAHUA

Ilpumep. PaccmoTpuM OCOOEHHOCTH YIIpaB-
JIeHUs MaTeMaTuyecKuM MasTHUKoM [18, c. 27]
B CJy4yae OrpaHUYEHHOCTHU BBIXOJHOTO CHUTHaJa
perynsitopa Ipu nmapaMeTpUIeCcKoil U CUTHAJIbHOMN
HEONpPEeaeICHHOCTU:

d?0/dt* = —k, sin 0 + kyu + v(t);

ki =g/l ky=2/(ml?),
rae m — Macca rpy3a; 0 — yroJl OTKJIOHEHUSI OT
MOJIOKEHMSI paBHOBeCUs (BEpTUKaJb); [ — AJIMHA
CTepXHS; v(f) — HEKOHTPOJUPYeMOe OTpaHUYCH-

HO€ BHCIIHEEC BO3MYIICHUC.
FeHepaanble COCTaBJIAIOIINE MOACIN:

f(*) = —kysinb + v(?), b(*) = k,.

OGo3Havass y =X, =0,x, = y =0, ypaBHeHHUe
MasiITHUKA 3alIleM B KOOpAUHATAX COCTOSTHUS:

Xy = —k; sinx + kyu + v(f);
y = xl.
ITycts Bo3MylieHue v(f) = 1 +

+ sin(107) + cos(47), aTaTOHHas Tpa-
eKTopMs (HesIBHAsl STaJOHHAsl MO-

nenv) y; = 0,5sin(0,57) + 0,5cos(?).
Ilokazarenn kauecrBa: f, = 2 c,
8 = 2 %. HavanbHble yclOBUS:

x(0) = (x;9, X30)" = (2, 0)". CooTBeT-
CTByIOLLEE HayajlbHOE YCJIOBUE IO
omnoOke caexeHus: e(0) = y,(0) —
- y0)=0,5—-2=-1,5.

CHauaJia pacCMOTPUM 0COOEHHO-
¢t QyHKUMOHUpoBaHus K -poba-
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CTHOM CHCTEMbI, KOTJIa HE YYMTHIBAETCS OTPaHU-
yeHue Ha ymnpasiaenue. [lpu n = 2 ypaBHeHue
pobacTtHoro peryistopa u = Ks = K(ce+¢). Co-
racHo paboram [3, 4] mpu 3agaHHBIX TTOKa3aTe-
JISIX Ka4yecTBa M HAYaJbHBIX YCAOBMUSIX MJISI MOHO-
TOHHOW TEPEXOMTHONM XapaKTePUCTUKHU YTJIOBOK
ko3 duiMeHT (rmapamMeTp HacCTpPOHKW) JUHUU
s=ce+¢é=0 paBeH c = 2,16.

HomuHanbHOE 3HaYeHre mapamMeTpoB m = [ = 1.
[TycTh MOJEab MMeEeT mapaMeTpUUYEcKy0 Heorpe-
JEJIEHHOCTD 110 m U [ Ha JOBOJIbHO IIUPOKUX WH-
tepBanax 0,5< m< 1,5;0,5< /< 1,5

B pab6otax [10, 11] nuHamMuKa ymnpaBiasieMOro
nmpolecca B pobaCTHBIX CUCTEMaXx C OOJIbIIUM KO-
3¢hOULIMEHTOM YCUJIEHUWs pa30ouTa Ha JBa MHTEP-
BaJia: ObICTpOE NBUXKEHME, KOTrJa TPaeKTOpUMU 3a
KOPOTKOE€ BpeMs AOCTUTAIOT Majoil OKPECTHOCTH
njaockocT § = 0 U OBICTPO 3aTyxaloT MO 3KCIO-
HeHTe exp(—Kf?); MeajeHHoe aBUXeHue 1o s = ()
B TMOJIOXXEHUE paBHOBECHUS. DTa 0COOEHHOCTh aB-
TOpaMu Ha3BaHa 3(P(GEKTOM JOKaJIM3alUuUA IBU-
xXeHusa. B K _-poOacTHBIX cucTeMax TaKXe Ha-
OyroaeTcst aHaJIOTUYHAsI 3aKOHOMEPHOCTb.

Ha puc. 2, a—e nokazaHbl JMHAMUYECKHE Xa-
pakTepucTuku cuctembl mpu K = 120 6e3 yue-

Ta OrpaHWYEHUS Ha YMPaBISIONMN CUTHAT U
MonenpoBaHue BBHITIOJTHEHO TPU JTUCKPETHBIX
3HaueHUsIX mapamerpoB m = [0,5; 1,0; 1,5], / =
=10,5; 1,0; 1,5]. CootBeTcTBEeHHO, k| = [19,6; 9,8; 6,5],
k, = [16; 2; 0,6].

Ha puc. 2 nzo0paxeHbl My4yku, COCTOSIINE U3
TpeX KPUBBIX, KOTOPHIE COOTBETCTBYIOT pPa3JINy-
HBIM KOMOMHAILIMSIM TTapaMeTpoB Mojaeau. Takum
00pa3oM JAEMOHCTPUPYETCS, YTO TPU JOCTATOYHO
oonbioM koaddunmrente ycuigeHus (K = 120)
KOHIIEHTPAIIMS ITyYKOB BEJIMKA, M 3TO CBUACTEIb-
CTBYeT 00 YIOBJIETBOPUTEIBHBIX POOACTHBIX CBOWA-
cTtBax cuctembl. Ha puc. 2, e mokazaHo, 4To Tpu
Manbix K (K = 5) pa3dbpoc TpaeKTopuii BHYTpHU
My4YKa yBEJIUYMBACTCS, M 3TO TOBOPUT 00 yXy/IiIe-
HUU POOACTHOCTH.

YCTaHOBUBIIMICS peXUM — JIBUXKEHHE IO KO-
pUIOpYy LIMPUHOIO 2|§| — HacTymaeT mocjie Mo-
MeHTa BpeMmeHu f,. Ilpu Takom nBuxeHuu oa-
30Basl TPAaeKTOpUsI HE TMOKUIAET Majyl0 OKpecT-
HOCTb TOJIOXEHHUSI paBHOBECHUS (34eCh — Hayajo
KOOpAMHAT, pHUC. 2, 2).

B mpaBuIbHOCTY yKa3aHHOM MOCJIEI0OBATEIbHO-
ctu aeuxkenuii B CYBKY moxHO yoenuThcs, eciiu
MOCTPOUTH (ha30BbBIN MTOPTPET, 3aaBasi BpeMsl CH-

de/dt

MenesHoe

IBHAEHH2

VCTaHOB. PekHM

05 0

Puc. 2. Xapakrepuctukn K, -podacTHOI CHCTeMbI yNPaBIECHH:

a — TepexXoIHbIe XapaKTepPUCTUKHU MO BBIXOAY; 6 — OLIMOKA CIEXKEHUS; 6 — CUTHAaJ yIpaBjieHus; ¢ — ¢a3oBbiit moptpet npu 7' = 10 c;

d, e — rpaduku usMeHeHus s(f) npu K=120u K=5
Fig. 2. Characteristics of the K_-robust control system:

a — transition characteristics for the output; 6 — tracking error; ¢ — control signal; ¢ — phase portrait at 7= 10 s; d, e — graphs of the

variation of s(f) for K= 120 and K= 5
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Puc. 3. XapaKTep JBHXKECHHUSA CUCTEMbI B TPEXMEPHOM NMPOCTPAHCTBE
Fig. 3. The nature of the system motion in three-dimensional space

MYJISILIAU PAaBHBIM BpEMEHU YCTAaHOBJICHUS: T= t,=
= 2 c. [lockonbKy mojily4eHHasl IPU 3TOM Kap-
THUHKA I10 BUY IT0X0Xa Ha (a30BbIi ITIOPTPET, I0-
Ka3aHHBIN Ha puc. 2, ¢ (T'= 10 c¢), To ee 3mech He
OyneM JIeMOHCTPHUPOBATh.

bonee HarnsimHoe mpeAcTaBieHUE Pa3IMYHBIX
YYacTKOB JBUXKEHHUS MOXHO IIOJYYUTh B Tpex-
MEpPHOI cucTeMe KoopauHar (e,é,t) (puc. 3).

Ha puc. 3 1 — TpaekTopusi OBICTPOro IBUXKE-
HUS, 2 — TPAeKTOPUSI MEIJIEHHOTO TBUXEHUS TIO
nuHuM s = 0, 3 — yctaHOBUBIIMIICS pexuM. Pucy-
HOK TOoJIy4YeH nmyTeM BBoaa dbyHkuuu plotd(e;, e,, 1)
13 KoMaHaHoro okHa MATLAB. 3neco e, e, 060-
3HaYeHBI OLIMOKA CIEXKEHUS U €€ TTPOU3BOIHAS.

PaccMOTpuM 3aKOHOMEPHOCTH BJIMSIHUSI OTpa-
HUYEHUS Ha PACcXOl JHEPTUU yIpaBieHUs. Bbl-
YUCJIUM SHEPTUI0 YIpaBJIEHUS IJIsSI TpeX KOMOu-
HaUMi mapaMeTpoB k, k, 3a t = 20 ¢ (BpeMs cu-
MYJISILIUK) TIPU OTCYTCTBUM OTPAHUUYEHMUS:

20
Ey = [ u’dt =[83,9; 384,1; 1365,0].
0

OCHOBHOI MPUUYMHON BO3HUKHOBEHUS BBICO-
KUX 3HAUeHUM Ey IBISIETCS TO, UYTO B HAYaJbHBIN
MOMEHT BpPEMEHW YIIPABJSIONIMI CUTHAT TIpHU-
HUMaeT upe3MepHo Oosbioe 3HaueHue u(0) =
= [377; 270; 125].

[TocTpoM XapaKTEpUCTUKU CUCTEMBI TIPU Ha-
JMYUU OrpaHuveHus uy,, € [+20 —20]. Ha puc. 4
MOKa3aHbl NTMHAMUYECKHE XapaKTepucTuku K, -
pobaCTHOI CHUCTEMBL.

JlaHHas1 cXeMa OTJIIMYaeTCsl OT CXeMBbl, MCITOJIb3Y-
eMOil JUISI MONEJMPOBAHUSI CUCTEMbl 0e3 yueTa
OrpaHWYEHMU s, JUILb TEM, YTO B HEl
nocie podactHoro ITJI peryasitopa

BKJIIOUEH OJIOK Saturation. B aTom
cllydae TIpeleJbHOE  3HAauYCHHE
YIOPaBIISIONIETO CUTHANA JUIST BCEX

TpeX KOMOMHALWi TapaMeTpoB
cocTaBuseT U, = i, (0) =20. U3
puc. 4, 2 BUIHO, YTO OrPaHUYEH-
HOCTb YNpPaBJEHUSI B OCHOBHOM
BJIMSIET HAa POOACTHOCTD (30€Ch —

OTKJIOHCHMEC TPAaCKTOPHUH OT IIPC-

JIenbHoi Touku s = () mepexogHo-
ro (bvicTpoe ABUKEHUE + MeIJIeH-

HOE IBMXXEHUE) pexXuMa.

[Ipu orpanuyeHum u,, €
e [+20; —20] sHeprus ynpaBiieHUS
3aBpemsit = 20 ¢

E, = [9,6; 116,5; 542.8].

CpaBHUM 3aTpayeHHYIO DHEp-
TYI0 yIIpaBJIEHUS 10 U TOCJIE BBe-

JCHUS OTrpaHUYCHUA:

AE= E, — E,; = [41,6; 267,6; 722.,2].

Puc. 4. JInnaMuyecKne XapakTepucTuku K, -poOacTHOH cUCTEMbl NPH OrPAHUYEHHOM
ynpaBJieHHH

Fig. 4. The dynamic characteristics K_-robust system with limited control

Kaxk BMaHO, MpU KaxI0il KOM-
OMHALIMKM TIapaMETPOB MMeeTCs
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B Leadg9Xx 0oyiee HAIJISIHOTO IIpea-

CTaBJICHUSI ITIOHSTUS POOACTHOCTH.
MoxHO mokasaTh, YTO B IIpedecse,
Korga K — oo, 3HaYEHU S Jj = 0. Ilpu
KOHEYHOM K 3HavyeHue J; orinvaeT-
csl OT HYJS (CM. pucC. 2, e).
KonueHnTtpanumo Imydyka 10 S(7f)
(cMm. puc. 2, d, e) ompenenuM IIyTeM

yCpeaHEHM S Mo aHCcaMOI10:

——— e a1

J=,+Jy+...+Jy)/N.

Puc. 5. XapakTepuCTHKH CBOOOIHOrO JABHKEHHMSA NMPH PA3JIHYHBIX OrPAHUYEHUAX

Fig. 5. Characteristics of free movement under various restrictions

3HAUUTEJbHAs SKOHOMMUS SHEPIUM YIpaBJICHUS,
00yCJIOBJICHHAs HaJlMuueM orpaHuveHus. OmHaAKO
B MEPEeXOAHOM pexume (uHTepBan 0 < 7 < £, = 2 ¢)
HabjrogaeTcs ocjiabsieHrue poOaCTHOCTU: IPOMC-
XOOUT HEKOTOPOE pPacXOoXIEHHWE TPACKTOpU OT
JuHuu s = 0 (puc. 5).

Ha puc. 5, a u 6 BausiHUe orpaHWYEeHUS Ha
yIIpaBjJeHUE IOKa3aHO [JIsI CBOOOMHOIO JIBMKE-
HUA cucteMbl Ipu y,(f) = 0, v(r) = 0 1 Tpex 3Haue-
HUi Uy, = t[l;5; 20] npu k; = 9.,8; k, = 2.

I'papmueckme MoCTpoeHUS TO3BOISIOT €I pas
KOHCTaTUPOBaTh M3BECTHYIO MCTUHY, 4YTO MAJs
VIYyUlleHUS TT0Ka3areseil CUCTeMbl (B TOM YUC/IE U
pobacTHBIX) CleAYyeT pacliMpUTh MHTEpPBa Orpa-
HU4yeHUi. B naHHOM nipumepe u,,, € [+il,,,; — Uy, ]-

[Ipu mocTpoeHU M POOACTHBIX CUCTEM yIIpaBJIe-
HUS OJHOM M3 BaXKHBIX 3aJ1a4 SBJISCTCS onpeaee-
HHUE U OlICHKA MMoKa3aTesisl pobacTHOCTU. B HacTo-
siiee BpeMsl HE MMEeTCs MHXEHEPHBIX METOAUK
OLIEHKM Ka4eCTBEHHBIX MTOKa3aTeseil po0acTHOCTHU
HEOoIlpedeJCHHBIX HEeJIMHEWHBbIX cucTeM. OuLeHkKa
poOacTHOCTM Ha OCHOBE TEOPUHU UYYBCTBUTEIb-
HOCTM, UHBAPUAHTHOCTU U IP. AJSI MHXKECHEPHBIX
MPUJIOKEHUI ABIsAETCSI OOPEeMEHUTEIbHON M Ya-
CTO HEBOCTPEOOBAHHOI Ha MpaKTUKE 3aJaueii.

B craTbe a5 olleHKM poOacTHOCTU AMHAMUYE-
CKOro pexuma (ObICTpoe ABUXEHUE + MeAJeHHOE
asuxenue) CYBKY mnpenioxeH wHTerpajJbHbBINH
KpUTEpUIi, XapaKTepU3yIIINi "CTyllIeHne TpacK-
TOpHUiT" B OKPECTHOCTHU TUIIEPILIOCKOCTH S(f) = 0:

tS
Jj:Hsj(t)la’t, j=L2,....N, ?2)

0
rae t, —BpeMsl YCTAaHOBJICHMUSI.

3aecb N — 4yMclio ToUyeK pa30MeHUsT peKBU3U-

TOB 00BbEKTa, HallpUMEp HeOoIlpede/eHHBIX IMapa-
METPOB, Ha AUCKPETHBIC 3HAYCHUS BHYTPU U3-
BECTHBIX HMHTepBajoB. Pa30ueHue mnpoBoauTCs

be3 yuyera orpaHuyeHus nOpu
K = 200, #, = 2 ¢ umMeeM My4yoK U3
Tpex TpaekTopuid (N = 3). 3nauenus J; = 0,01012;
J, = 0,03898; J; = 0,09266 = J =0,04725. Ipu
orpaHuuyeHuu uy, < [+20; —20] 3nauenusa J, =
= 0,03461; J, = 0,1227; J; = 0,3174 = J =0,1582.
Coortnomenue A = 0,1582/0,04725 = 3,3481. Kak
MU CJIEHOBAJIO OXUIATh, HAJIOXEHHE OrpPaHUYCHUS
Ha ympaBjieHHe yXYOIIaeT po0acTHOE CBOMICTBO,
B JAaHHOM IpuUMepe IIpubau3uTeabpHo B 3,35 pasa.
B pabGore nias ameMoHCTpauuu poOACTHOCTHU
WHTEepBaJl U3MEHEHU S MapaMeTPOB pa30oUT Ha He-
CKOJIbKO AUCKPETHBIX 3HAUeHUiIl. DTO IIO3BOJSIET
OLICHUTH pPOOACTHOCTL KaK 'CrymieHHe TpaeK-
Topuil" 1O S(f) B OKPECTHOCTU TUIIEPILIOCKOCTHU
s(f) = 0. Ecnu ripu MoneIMpoBaHUY Ha 9TUX UHTEP-
BaJlaX 3aJaTh HEKOTOPYIO HEIIPEPHIBHYIO (PYHKIINIO
BpeMEeHH, HallpuMep rapMOHUYECKYI0, TO MOJTYIUM
€IMHCTBEHHYIO TPAaeKTOPUIO S(f) U, CIeAOBATEILHO,
J=J,.
3HaueHue K OOJIXHO OOecIieumBaTh BHIIIOJIHE-
Hue ycaosuit J <y ule()| <8, t>t,tmey >0 —
3aJlaHHOE MaJjioe YHCIIO.

3akuaouenue

Ha ocHOBe TeopeTHUeCcKHNX pe3yJIbTaTOB U KOM-
MBIOTEPHOTO  MOIEJIMPOBAHUSI MOXKHO NPUATH
K CJIEIYIOIIUM BBIBOAAM.

1. B npenenbHBIX cleaslInX cucTeMax ¢ 00Jib-
UM KOo3(POUIIMEHTOM YCUJIEHUS, B YAaCTHOCTH
K _-pobacTHBIX ccTeMaX, B Ha4aJIbHOM UHTEpBa-
JIe BpeMEHHM YIIpaBJeHWE NMPUHUMAET Ype3MEpPHO
OoJplIOe 3HAUEHUE, KOTOpOe OO0eCIeuMBaeT po-
0aCTHOCTb JMHAMMUYECKOro pexXxumMa. DTa ocoOeH-
HOCTH CBSI3aHA C TEM, YTO B HAYaJIbHBI MOMEHT
BpeMeHM HayajbHoe yciaoBue e'(0) mMeeT OTHO-
CUTEJIbHO OoJiblloe 3HauyeHue. Hampumep, mipu
e(0) = —1,5; ¢(0) =0; ¢ = 2,16; K= 120 3HayeHUe
5(0) = é(0) + ce(0) = 3,14 = u(0) = [377|.
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2. CyxXeHue OrpaHMYeHUU TIJIaBHBIM 00pa3oM
yXyAlIaeT podacCTHOCTh AMHAMWYECKOTO pexkuma
U3-3a CTECHEHUS yIpaBJieHUs B HayaJbHOM WH-
TepBajic BPEMEHHU.

3. BriepBble ¢ TTOMOIIIbIO KOMIMBIOTEPHOM rpa-
Gk B TpexMepHOWl KOOPAMHATHON CUCTEME
(e,é,f) nmaHoO HarJIsAHOE TIpeICTaBIEHME yyacT-
KOB (pa30BbIX TPAEKTOPUI, OTHOCAIIMXCSI K pa3-
JUYHBIM BUJAM JIBMKEHMI: OBICTpOE IBMKEHUE
U3 MPOU3BOJBHOTO HAYAJBHOTO COCTOSIHUS, KO-
Topoe obecreuyrBaeT nornagaHue u3oopaxarmuiein
TOYKM Ha TUJIOCKOCTh § = 0; MeIJIeHHOE JBUXKe-
Hue o s = 0 — ymokanuzanusg A. C. Boctpukosa;
YCTaHOBUBILIEECS] NBMXXEHME B Mpeaesax 3aaaH-
HOH TOYHOCTU *J,.

4. JIns ipeaebHbIX CUCTEM YIIpaBIeHUsI ¢ 00JIb-
UM KO3(hGULIMEHTOM YCUJIEHU S MPeIJIOXKeHa NH-
TerpajibHasl OlleHKa Ioka3sareJisi pooacTHOCTH, 3a-
KJIIOYAIOUIasiCsl B BBIYMCIAEHUM MHTEerpana ot |s(7)|
C BEpXHEW rpaHuUlICi, pABHOU 3aJJaHHOMY BPEMEHU
YCTAHOBJIEHUSI. DTOT MoKa3aTelb XapaKTepusyeT
OTKJIOHEHHE peasibHOi TpaeKTopuu S(f) OTHOCH-
TeabHO npeneabHolt s(f) = 0. Iloka3aHo, 4TO B IIpe-
nene mpu K — co MHTerpajl paBeH HYJIO.

5. ChopmynrpoBaHO yCIOBUE AJsl OMNpeaese-
HUs KoadduuueHnta ycuneHus K.

6. KowmrmbioTepHoe MoImeaupoBaHUE TIpenelib-
HBIX pOOACTHBIX CHCTEM 3HAUYUTEJHLHO OTCTAeT OT
TEOPETUYECKUX UCCIIEAOBAHU.

7. B cpene MMMTAIlMOHHOTO MOIEIUPOBAHUS
Simulink nmoctpoeHa cxema monenaupoBaHus K, -
POOACTHBIX CHUCTEM YMpaBJeHUS, KOTOpask MOXET
COCTaBUTh OCHOBY MOJACJIMPOBAHUS APYTUX KJiac-
COB MOJOOHBIX CUCTEM.

8. TeopeTnyeckue mMoJOXEHUST OOOCHOBaHbI
MyTeM pelleHusI MOJAEJIbHON 3aJa4yu Ha TIpUMepe
TapMOHMNYECKOTO OCHMJUISATOpAa C MapaMmeTpuye-
CKOIl HeolpeneseHHoCThi0. KoMmbloTepHoe wuc-
clieflIOBaHME TI03BOJIMJIO CHeaTh P  TOJOXU-
TEJbHBIX BBIBOJOB, UMEIOIIMX BaXHOE MPUKJIAJ-
HOe 3HauYeHMUE.

CHnmncok aureparypsi

1. ®uaamonos A. b., ®uaumonos H. B. Meron Gosbinx
K03bdGuLUMEeHTOB ycusieHUs1 U 3P deKT JoKanuzaluu IBUXEHUS
B 3aJjayax CUHTE3a CUCTEM aBTOMAaTHUUYECKOro yrpasiieHus: // Me-
XaTpoHUKa, aBToMaTu3auus, ynpasienue. 2009. Ne 2. C. 2—10.

2. ®yprar U. b. YrnpapieHue ¢ KOMIeHcaIMeil BO3MYIIIe-
uuit. CI16.: Yuusepcurer UTMO, 2017. 65 c.

3. Pycramos I. A. PobGactHasi cuctema yrnpaBjieHUs C IO-
BbILIEHHBIM MoTeH1nanoM // U3sectust Tomckoro [lonurexHu-
yeckoro Yuusepcurera. 2014. T. 324, Ne 5. C. 13—20.

4. PycramoB I'. A. K_-pobacTHble cucTeMbl yrnpaBieHus //
MexaTpoHuKa, aBTomMarusauus, ynpasiaenue. 2015. T. 16, No 7.
C. 435—442.

5. Rustamov G. A. Absolutely robust control systems // Auto-
matic Control and Computer Sciences. 2013. Vol. 47, N. 5. P. 227—241.

6. Pycramos I. A., Pycramos I. A. Cucrtema poGacTHOTO
ynpasienus. EBpasuiickuii mateHT Ne 025475 ot 30.12.2016 .

7. PycramoB I. A. AHanu3 METONOB MOCTPOEHUs poOACT-
HBIX CUCTEM YIpaBJeHUs] ¢ OONbIIUM KO3GD@PULIMEHTOM ycuje-
Hus // MexarpoHuka, aBromaTusauus, ynpasiaernue. 2018. T. 19,
Ne 6. C. 363—373.

8. MeepoB M. B. Cucrembl aBTOMAaTUYeCKOro yIpaBiie-
HUSI, YCTONYUBBIE MPU OECKOHEUHO OosblIuX Koa(duumneHtax
ycuieHust // ABroMaruka M TeiaemexaHuka. 1947. T. §, Ne 4.
C. 225—-243.

9. MeepoB M. B. CuHTe3 CTpyKTYp CUCTEM aBTOMaTHue-
CKOTO yTpaBJIeHUsI BbICOKOIT TouHOCTU. M.: Hayka, 1967. 424 c.

10. BoctpukoB A. C. CuHTE3 CUCTEeM peryJiupoBaHUsI METO-
oM sokanusauuu. Hosocubupck: Msn-so HI'TY, 2007. 252 c.

11. Bocrpuko A. C. Crapuiass npousBoaHass U OoJsiblIve
K03 GOUIMEHTH yCUJIEHU S B 3aJjaue yIpaBJeH sl HeJTMHeHHbIMU
HeCTaUMOHAPHBIMU OO0BbeKTaMu // MexaTpoHMKa, aBTOMaTU3a-
uus, ynpasienue. 2008. Ne 5. C. 2—7.

12. Boctpukos A. C. IlpoGyema crHTe3a peryasiTopoB IJis
CUCTEM aBTOMATHUKW: COCTOSIHME WM TIEPCIEKTUBHI // ABTOMe-
tpus. 2010. T. 46, Ne 2. C. 3—19.

13. BoctpukoB A. C., ®@paunny3oa A. I. Cunres IMUMI-
peryjisiTopoB IJisl HEJIMHEWHBbIX HECTAallMOHAPHBIX OOBEKTOB //
Asrometpust. 2015. T. 51, Ne 5. C. 53—60.

14. ®uaumonos A. b., ®uiaumonos H. B. PoGacTHast kop-
peKLus AMHAMMYeCKUX 00bEKTOB B CUCTEMaX aBTOMATUUYECKOro
ynpasienus // Asromerpus. 2015. T. 51, Ne 5. C. 61—68.

15. Tapapeikun C. B., Anononckuii B. B., Tepexos A. H.
HccnenoBanue BAUSIHUSI CTPYKTYPbl M NTapaMeTPOB MOJTMHOMMU-
AJILHBIX PEryJIsITOPOB "BXOma-BbIXOJa" Ha poOACTHBIE CBOWMCTBA
CUHTE3UPOBAHHBIX cucTeM // MexaTpoHWKa, aBTOMAaTU3alUs,
yrpasnenue. 2013. T. 152, Ne 11. C. 2—9.

16. Pycramos I'. A. CuHXpOHM3ALUS HEMAEHTUUHBIX AUHA-
MMYECKUX CUCTEM C MOMOIIbIO SKBUBAJIEHTHOTO YIpaBiaeHUs //
HzBectust Tomckoro IlonurexHuuyeckoro YHusepcuteta. 2014.
T. 325, Ne 5. C. 33—42.

17. Utkin V. I. Sliding Mode in Optimization and Control
Problems. New York, Springer-Verlag, 1992. P. 387.

18. Apnoasa B. WU. OObikHOBeHHble auddepeHUaTbHbIE
ypaBHeHus. M.: Hayka, 1984. 272 c.

Research of K_-Robust Systems with Constrained Control

G. A. Rustamov, gazanfar.rustamov@gmail.com, V. G. Farchadov, vahidf@mail.ru, R. G. Rustamoy,
rustamshrustamov@gmail.com,
Azerbaijan Technical University

Corresponding author: Rustamov Gazanfar A., D. Sc., Professor,

Azerbaijan Technical University, AZ1073, G. Javid avenue 25, Baku, Azerbaijan,

e-mail: gazanfar.rustamov@gmail.com

MexaTpoHnKa, aBToMaTH3anus, ynpasjienue, Tom 19, Ne 11, 2018

705



Accepted on August 03, 2018

Abstract

At the present, there are no satisfactory engineering solutions related to the synthesis of robust regulators taking into
account the constraints on control. In this connection, it is important to study the influence of saturation effect of the con-
troller on the robust properties of systems. In this paper, this problem is considered in connection with K_-robust control
systems with a high gain. It is shown that in control limit systems, in particular, K_-robust systems at the initial instant
of time, the control assumes an excessively large value. This ensures the robustness of the dynamic mode. The reason for
this feature is related to the fact that at the initial instant of time the initial conditions has a great importance. The main
reason for the deterioration of robust properties is due to the tight control in the initial time interval. Provision of robustness
of the static mode does not require great control efforts. For the first time, using computer graphics in a three-dimensional
coordinate system, taking into account the time, a visual representation of the sections of phase trajectories pertaining to
different types of movements is given: rapid motion from an arbitrary initial state that ensures hitting the imaging point into
the degenerate trajectory; slow motion along this trajectory; steady-state motion within the specified accuracy. For the limit
control systems, an integral robustness estimate is proposed, which consists in calculating the integral of the absolute value
of the slow motion trajectory. This indicator characterizes the discrepancy (dispersion) of the real trajectory with respect to
the limiting trajectory. The reliability of theoretical reasoning is confirmed by solving a model problem in the block-vision
environment of Matlab/Simulink.

Keywords: uncertainty, robust control system, Lyapunov function, high gain coefficient,attractor, constraints, satura-

tion, estimation robustness
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CuHTe3 1 HenpoceTeBasa peanusauusa MU perynaTtopa
afganTUBHOIO KPyU3-KOHTPONA rpy30BOro asBtomoounsa®

Paccmampusaemcs npobaema paspabomku areopumma GYHKUUOHUPOBAHUSA A0ANMUBHO0 KPYU3-KOHMPOAS, pAbOmMaruezo
8 YCA08UAX, UBMEHAIOWUXCS 8 WUPOKUX npedeaax nepedamouHo2o OMHOWEeHUsT MPAHCMUCCUU U CKOPOCMU O8UdNCEHUS 2PY308020
agmomobuns. DYHKYUOHUPOBAHUE KAACCUMECKOU CUCMeMbl KPYU3-KOHMPOAS, KAK NPABUAO, OCHOBbI8AEMC HA UCHOAb308AHUU
ITU]] peeynsmopa ¢ nocmosnHbimu Kodpuyuenmamu. QO0HAKO HECMOMPS HA NPOCMOMY HACMPOUKU U QU3UUECKOU pearu3ayuu,
a makdice OMHOCUMENbHO BbICOKYIO POOACMHOCMb OaHHbII KAACC YAPABGASIOWUX YCMPOLICME MOdcem He obecne4usams Onmu-
ManbHoe QYHKYUOHUPOBAHUE CUCMEMbl KPYU3-KOHMPOA 80 8CEX PEHCUMAX OBUNCEHUS 8 CULY HeCMAUUOHAPHOCMU U HeAUHel-
Hocmu obsexma ynpaeaenus. /lns npeodosenus yKa3anHolx HedoCmMamKo8 6 pamKax 0aHH020 UCCAe008AHUSA PACCMAMPUBAEM S
603MOJICHOCMYb Helpocemeaoll pearu3ayuy ai2opumma a0anmueHo20 Kpyu3-KoHmpoas 2py308020 aémMomMooUs.

Ilpedaoxncena mamemamuueckas modenv nPo00AbHO2O OBUICEHUS 2PY3068020 A8MOMOOUNS, NPeOHA3HAYEeHHAs 045 peuleHUs
3a0a4u aHaiu3a u curmesa cucmemot ynpaéaenus. Ilposedena nacmpoika Koappuyuenmos I[1H pecyssmopa oasn ynpasienus
npoooAbHOU CKOPOCMbIO NPU PA3AUMHBIX PEAHCUMAX 08UdICEHUS epY306020 asmomobuas. [lokazano, umo kosgpuyuenmeor pecy-
AAMOPA UBMEHAIOMCS N0 00CMAMOUYHO CAOICHOMY 3aKoHY. [Ipedaosicen areopumm @YHKYUOHUPOBAHUS A0ANMUBHO20 KPYU3-
KOHMPOAs, OCHOBAHHbII HA ANNPOKCUMAYUU 3AKOHO8 U3MeHeHUsa Koapguyuenmos [IH peeyasmopa ¢ nomouwpio uckyccmee-
HoU HelpouHoU cemu. Hcnoavzyemas cemv npedcmaensem co60i MHO2OCAOUHBIU NepcenmpoHr U 0458 00ecneueHus: 8blCOK020
Kauecmea annpokcumayuu codepicum oecimv HeUpoHo8 Ha ckpvimom caoe. OOyueHue HeUpPOHHOU cemu OCYUecmensinoch
memodom Jleeenbepea—Mapxkeapoma na ocrHoge vibopku 0ouum obsemom 500 mouek, noay4eHHOU ¢ NOMOUbIO CIMAHOAPMHBIX
Memodos cunmesa peeyasimopos. Koppekmnocms noayuenHviX pe3yibmamog 0vina noomeepiicoena pe3yrbmamami KOMNbio-
mepHo20 MoOdeauposanus paseona asmomoourss om 0 do 100 km/4, nokasviéaowum, 4mo 6 npoyecce 0GUNCEHUS KOIP-
Quyuenmovt I[TH peeynamopa, obecneuusaioujue mpebyemoe Ka4ecmeo nepexoOHblX NPOUecco8, 3HAYUMENbHO USMEHAIMCS
6 3a8UCUMOCMU OM MeKyu,e20 COCMOAHUS MPpaHcnopmHuozo cpedcmaa. Ilpedaoscennviii memod annpoxcumayuu 3aKoHO8 U3-
MeneHUus Koappuyuenmos ITH peeyrsmopa moxcem 6bimo 6 dasvHeliuieM UCNOAb308AH 015 NOCMPOEHUS A0ANMUBHbLX CUCeM
Ynpaenerus, cHOCOOHbIX IhPeKkmUsHo GYHKYUOHUPOBAMb 8 PA3AUUHBIX PEICUMAX.

Kartouegoie caosa: adanmuenbulii Kpyu3-KoHmpoas, HeliponHsie cemu, ITHJ] pecyasamop, mHO20CAOUHbII nepcenmpor

BBenenune

B CBfI3M ¢ MOCTOSHHBIM POCTOM YPOBHSI yp-
0aHM3alMKM, PE3KUM YyBEIMYCHMEM YMCIa TpaHC-
noptHeix cpenctB (TC) Ha pgoporax, a TakXe
yKeCcTovaloluMucs TpeOOBaHUSIMU K KOM@OPTY,
CpemHeil CKOpOCTHU 1 6€301aCHOCTY ABUKEHUS KaK
Ha OOJIBIINX aBTOMArucTpaiasx, Tak U B TOPOICKUX
YCIIOBMSIX B HACTOsIIEe BpeMsl aKTHBHO pa3BUBa-
IOTCSI CUCTEMBI aKTHBHON ITOMOIIYA BOAUTEIIIO.

TpanuIIMOHHBIN KPYyU3-KOHTPOJIb IIPEACTaB-
JsieT coOOM KJIACCHMYECKYI CUCTeMYy aBTOMAaTH-
YeCKOro yIIpaBjeHUs, KaK MPaBUI0, OCHOBAHHYIO
Ha ucrnioab3zoBanuu IIW]JI perynsaropos [1]. He-
CMOTPS Ha IIPOCTOTY HACTPOMKHU U (U3MYECKOU
peanusaluu, JaHHBINA KJIACC YOPaBISIOIIUX YCT-
POMCTB 00J1aJaeT CyLIeCTBEHHBIM OrpaHUYEHUEM:
B ciydYae, Korja OOBbeKT ynpaBJeHHUS UMEET He-
JUHEHHYIO IpUupony, KoaGGUIMEHTHI peryisiTopa

* PaboTa BbITIOTHEHA Mpu (UHAHCOBOU monnepxke POOU
(rpanT Ne 16-38-00042).

rapaHTUPOBAaHHO OO0ECIIeYMBAIOT LIEJM YIpaBlie-
HUS JUIIb B HEKOTOPOM OKPECTHOCTU TOYKU IIPO-
cTpaHCTBa cocTtosgHMi [2]. B mpomecce pyHKIIMO-
HUPOBAHUS CHCTeMa MOXET BBIMTHU 3a IIPEeAeibl
JaHHO OKPECTHOCTH, TOorma AJs IoAAep>KaHUs
KeJlaeMoll TMHAMUKU IIePEXOAHOTO Mpoliecca He-
00XOIMMO MEepEeHACTPOUTh KO3(PPUIIMEHTHI pery-
JIITOpa AJIS1 HOBBIX YCJIOBUIA.

st mpeomoJieHusI BBIILIEONMCAHHOTO OrpaHu-
YyeHMs ObLIM pa3paboTaHbl pa3IMYHbIE BapUaHThI
amantuBHbix 1M/ perynstopoB [2]. Hampuwmep,
IJISI CAMOHACTPONKM KO3 (PUIIMEHTOB PerysiTo-
pa B mpoliecce ero (pyHKIIMOHUPOBAHUS HUCIIOJIb-
3yl0TCsl Tabauubl mapamMeTpoB (gain scheduling)
JIJISI HECKOJIbKMX PeXXMMOB paboThl 00beKTa [2, 3.
B sToM cayuae mis ompeneneHus: Ko3gouiueH-
TOB B IIPOMEXYTOUHBIX peXMMax paboThl HEOOX0-
JYMO MCIOJb30BaTh pa3MuyHbIe METOIbI aIllIPOK-
cUMallMd M HWHTeprnojsuuu. Pa3BuTuemM Taxkoro
MOJAX0Ia MOXET SIBISThCS MCIIOJb30BAaHUE METO-
JIOB MCKYCCTBEHHOI'O MHTEJJIEKTa, B YaCTHOCTU
HEHPOHHBIX CeTel, IMO3BOJSOIIUX 3P(PEeKTUBHO
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pemiaTe 3agadyy anipoKCUMAllU CUJBLHO HEIU-
HelHBIX (PYHKIMI, KAKUMHU 4acTO SBJSIOTCS 3a-
pucumoctu Koappunuenrton [1M /] perynsitopa ot
pexXuMoOB paboThl 00beKTa yrpaBiaeHus [4].

Takxum 0O6pa3oM, LIEJTBIO paOOTHI IBISCTCS CUH-
T€3 aJITOPUTMOB YIIPABJICHUS aJallTUBHOTO KPYU3-
KOHTPOJISI TPYy30BOTO aBTOMOOWJISI, WCIIOJb3YIO-
IIETO HEWPOHHBIE CETU AJS alMNpOKCUMallUM 3a-
pucumoctu Koappunuenrtons [1U /] perynsitopa ot
PEXUMOB pabOTHI aBTOMOOWJIS.

MaremaTruyeckas MOaeJb rpy30Boro aBTOMOOMISA
KaK 00beKTa yYunpaBjaeHUA

B nHacrosiiee BpeMsT B aBTOMOOMJIECTPOCHUM
IJIST pellleHUsT OOJIBIIMHCTBA 3ajJady CUHTE3a CHU-
CTeM VIIpaBJICHUS UCIOJbL3YIOTCS MaTeMaThye-
ckue Momenu [5]. Cuctema ypaBHEHU, OIMCHIBA-
o1iast paboTy ABUraTesisl BHYTPEHHETO CrOpaHusl,
MMeeT BUI

Amin> €CTU Nppc < Pins

dn}_IBC

IIBC T = GHBCMHBC -M

ci’

(1)

€CIIU N, S naBc < Paxs

Amaxs €CIU Hypc < Paxs

TJI€ Ogc — CTENEHb HaXaTusl Ha Nefasib yrpaBJie-
HUs nogavyed ToriuBa; Jypc — MOMEHT MHEPLUU
JBUTATENS, KT *M2; Njpc — YacTora praLLlCHI/IH KO-
JIEHYaTOro Bajla OBUTaTesNsl, MUH '; Ky, — MHU-
HMMaJIbHasl 4acToTa BpallleHU s KOJIEeHYaTOro Baja
JBUTraTesl, MUH |} Mpax — MAakKCUMaJibHas 4yacTo-
Ta BpAIEHMs KOJEHYATOro Baja, MUH |; Mpgc —
MOJIE3HBIN KPYTAIIMI MOMEHT, BhIpaOaThIBaeMBbIi
asurarenem, H-m; M, — KpyTa11uii MOMEHT CLie-
MJeHMsl, 3aTpauyrMBaeMblii Ha IIPEOJOJICHUE MHEP-
IIMU TPAaHCMUCCUU U aBTOMOOMIIsT, H M.
MoaenupoBaHue IIPOIOJLHOTO ABUXEHUS IPy-
30BOI0 aBTOMOOMJISI OCHOBBIBAE€TCSI Ha CJEAYyIO-
meM nuddepeHInaJIbHOM ypaBHeHUH [6, 7]:

[[.T[H yduy€Ta BO3MOXHOI'O ITPpOCKaJIb3bIBaAHUA
JVICKOB CLEIJIEHUS M KOJIeC aBTOMOOWJIS BBEAEM
JOIIOJTHUTCIIBHOC YPaBHCHMUC, OIIMCbIBAIOLICC OM-
HaMHMKYy y3JI0B TpaHCMUCCUUN

dm:M

(J +J )E (91t

TP K iupaw”r.nﬂ - MT’ (3)
e Jy, — MPUBEACHHBIN K BEAYLIMM KOJIeCaM MO-
MEHT MHEPLUUU TPAHCMUCCHUH, KF'MZ; Jo — cyMm-
MapHbI MOMEHT MHEPLIUU BEAYIIUX KOJIEC, KT 'M2;
® — CKOPOCTb BpAllCHUS BEAYILIUX KOJEC ABTO-
MOOWJISA, paj/c; | — TeKyllee IepeaaTouYHOe YUCIO
KOPOOKM TIe€Peay; Upy,,; — TEKYIee MepeaToIHoe
YHUCJIO Pa3gaTOYHON KOPOOKWM; u., — TepenaTroy-
HOE YUCJIO TJIaBHOU mnepenaun; n — obwmin KIT/1
TPAHCMUCCUU; M, — TIATOBBIA KPYTSLIUA MOMEHT
MEXy LIWHOK U noporoi, H-m.

KpyTdiiuii MOMEHT, niepeaaBaeMblii CLIEIIJICHU-
€M, ¥ CHJIa TSTU BBIYMCISIIOTCS 10 (popMyiaM

30w
Anpc ————
M., = (l—ycu)Mg':f‘X tanh| 2——— ™ |; (4)
An
%
1 0=
F, =— M tanh| 2 r. 5)
r A®
31ech ey CTEIIeHb OTKPBITUS CLCIIJICHUS;

M MaKCUMAaJbHBI KPYTSIIIUA MOMEHT,
nepenaBaemsblii cuerieHuem, H-m; M — max-
CUMaJIBHBIMA KPYTALUMUA MOMEHT, IiepenaBacMblid
muHamMu, H-Mm; r — auHamuyecKkuii paauyc Be-
NYIIUX KOJIEC, M; An — OTHOCUTEJIbHASI CKOPOCTh
MPOCKaab3blBAHUS AVCKOB CLEIJICHMS, TPU KOTO-
poii nocturaercs 95 % MakcUMaIbHOTO KPYTsIiie-
ro0 MOMEHTA, TepPeaBaeMoro CLEIUICHUEM, MUH
A® — OTHOCHUTEJIbHAST CKOPOCTb MTPOCKaIb3bIBAHUS
KoJiec, MpU KOTOpoil gocturaetcss 95 % maxcu-
MaJIbHOTO TSITOBOTO KPYTSIILErO MOMEHTA, MUH ..
[lpy aHanus3e M CUHTE3€ AATrOPMTMOB (DYyHK-
LIMOHVMPOBAHMS aNallTUBHOTO KPYyU3-KOHTPOJIS
HCITOJIb30BAJIMCh TTapaMETPhl aBTOMOOWJISL, TIPEA-

dv . 2 CTABJIEHHBIE HUKE:
m, i F,—m,g(fcosa+sina) -k, Av-. (2)

MoMeEHT UHEPLIY IBUTATENS, KI*M2 .. ... 0,7500

3necy m, — TOJHasg Macca aBTOMOOWJIS, KT; MuHuMabHas TONIepXXKUBaeMast 4acToTa

-1

Yy — CKOpPOCTb aBTOMOOUJISI, M/C; FT — CMJIa TSTH, BPAILEHUA, MUH ~ . . . ...ttt e e 600

H; f — K03(hdUIMEHT CONPOTUBIEHNS KAUEHUIO; MaxkcumaabHas Plouﬂepanaemaﬂ yacTora
o O VKJIOHA TODOTIL. °: CKODEHIe CBO BPALUEHMS, MUH . . ... ..ottt 2500
y y Aop 2. &§—Y p Macca aBTOMOOMIIS, KT . o o v v v e e e e e e e ns 16 450
62I[H0F0 najeHusi, M/c”; A — IUIOLIAaAb MUICII, Paauyc BEAYIIMX KOMTEC, M. . . v oo v e e e v s . 0,5900
M~ k, — KO3(pPUIIMEHT CONPOTUBJIEHUS BO3/Y- Ko3(hGUUMEHT CONPOTUBIIEHUS KAYEHUIO. . . . . . . 0,0091
xa, KT * M-S, IMnomans MUACHS, M™ . . . ... oot 7,4020
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KoadhduimeHT conpoTuBIeHns Bo3ayxa, Kr/M> . . 0,4816
IIpuBeaeHHBIIT MOMEHT MHEPLIUUA TPAHCMUCCUH,

KT M2 L 0,5850
CyMMapHbIif MOMEHT WHEPLMU BEIYLINX KOJEC,

KT M2 64,127
IlepenatoyHoe YucCao pa3aaToyHoOil Kopooku . . .. 0,9170
INepenaToyHoe YMCIO IIABHOM Tepenauu . . . . . . . 6,5300

Oowmit KIT[ TpaHCMUCCUM. . . . . . oo oo e e .. 0,7762
MakcuManbHbIN KPYTSAIIANA MOMEHT,

nepeaaBaeMblii cuerieHuem, H/m . ... ... ... ... 1200
MaxkcuManbHBI KPYTSIIIANA MOMEHT,
nepegaBaeMblil wmHaMu, H/m . ... ... ... .. .. 60 000

Ha ocHoBe ypaBHeHuii (1)—(5) B cpene UMu-
TAaIlMOHHOTO MonaeaupoBaHus Simulink cucTeMbl
KoMmmbloTepHoit MmareMaTuku MATLAB Obvlna pe-
aJIM30BaHa MMMTALIMOHHAS MOIEJb IIPOIOJbHOTO
JIBUXEHUS TPY30BOTO aBTOMOOMJIS. YpaBHEHUSIM
(1)—(3) B uMMTaLIMOHHOI MOIEIN COOTBETCTBY-
10T 0710ku Engine (Burarens), Powertrain (TpaHc-
muccus) u Chassis (Ilaccn).

bnok FEngine Ha OCHOBe Harpy3kKM Ha JIBMTIa-
TeJAb CO CTOPOHBI CHEIJICHUS M TMOJOXEHUS IIe-
Jajdy yIOpaBJIeHUS Iojayeil TOIIMBA BBIYMCIISIET
YacTOTY BpallleHUsI KOJEHYaTOro Baja IBUTaTe-
Js1, pelras anuddepeHnranbHoe ypaBHeHue (1).
Ha ocHoBe 4YacTOoThl BpallleHHs KOJEHYATOro
BaJjla ABUTATesIsl, CKOPOCTU aBTOMOOWJISI, CTeEIle-
HM OTKpPBITUSI CLEIJICHUSs, ITOJOXEHUs Meaaaun
TOpMO3a, a TakKXe BBIOpaHHON Tmepegayu, OJIOK
Powertrain BbIMUCISIET HArpy3Ky Ha IBHUraTelb U
TSITOBBIA KPYTSILIMIA MOMEHT Ha BEOYIIUX KOJE-
cax, nepeaaBaemble OyiokaM Engine u Chassis, co-
oTBeTcTBeHHO. Kpome Toro, 6i1aromapsi BBEAEHUIO
B cucTteMy ypaBHeHM (4)—(5) Moaesib yYUThIBaeT
BO3MOXHOCTh BO3HMKHOBEHMSI IIPOCKaJIb3biBa-
HUS CUEIJIEHUS] U BeAYIIUX KOJeC IIPU pellieHU!U
nudoepeHanbHoro ypaBHeHus1 (2). B cBoro
ouepenb, 00K Chassis BBIUUCSIET CKOPOCTh ABU-
JKeHUSI TPAHCHOPTHOI'O CPEACTBa COINIAaCHO AU(-
(epeHIMaIbHOMY ypaBHeHUIO (3).

N3 ypaBHeHuit (1)—(5) BUOHO, 4YTO MOIENb
NPSMOJIMHEHOIO IBUXKEHUSI aBTOMOOMJIST SIBJISI-
eTCs CYLIECTBEHHO HeJMHelHoi. B vacTtHOCTH,
B ypaBHeHUH (1) mpHUCYTCTBYeT IOJIE3HBI KpYy-
TALIMA MOMEHT aBurareiss Mppc, Kak IMpaBuiio,
oIpeaeasieMblil 0 MHOromapaMeTpOBOI Xapak-
TEePUCTUKE ABUTraTejsi, KOTopasl SBISETCS HEIU-
HelHON (PYHKIMEH, CBI3BIBAIOIIECH KPYTAIIWT
MOMEHT M 4YacTOTy BpallleHUSI KOJIEHYaTOro Baja
nBuratelisi. Takke B ypaBHeHUHU (2) MIPUCYTCTBYET
cllaraeMoe, IpOIOPILMOHAIBHOE KBaapaTy CKOpPO-
CTU aBTOMOOMJISI U XapaKTepU3ylolliee COINpPOTUB-
JneHue Bo3nyxa. Kpome Toro, BeipaxxeHus (4)—(5)
colepKaT (pyHKINIO TUTIepPOOTNYECKOro TaHTeHCa.

OtnenbHO OOpaTWMM BHMMaHME Ha TOT (PakT, 4TO
MIpY IBUKEHUU aBTOMOOMIISI IIPOUCXOIUT M3Me-
HEHHUE IIepedaTOuYHOro 4ucjia TPAaHCMUCCHH, YTO
JeJlaeT CUCTEMY HeCTallMOHAPHOM.

.]Inﬂeapnsaunﬂ MoJeJH 00beKTa yYnpaBJjCHHUA

MHorue MeTonbl CHMHTE3a CHUCTEM yIIpaBJie-
HUSI, B TOM YKCJIE T€, YTO UCIOJIb3YIOTCS B MaKETe
Control System Toolbox cucteMbl KOMIBIOTEPHOI
mateMaTuku MATLAB, npenHa3HadyeHBI IJIT pa-
0OTHl C JIMHEUHBIMU MOJAEISIMU NTUHAMUYECKUX
cucteM [5]. [ToaTomy a1 TuHeapu3alMm MaTeMa-
truueckoin moaenu (1)—(5) ObUIM MPUHSTHI CIEIY-
IollMe NOMYIIEHUS:

1) yacTtoTa BpallleHUSI KOJEHYaTOro BaJjia IBU-
raTesisi HaXoAUTCS B AOMYCTUMBIX Mpejaeaax, T. €.
Amin < Apc S Apay U, CJICI0BATEIbHO, MaTeMaTH-
yeckast MOJIeJIb IBUTATEN ST YITPOLIAETCSI:

dn
ABC .
JnBC ar onscMupe = Meys (©)
2) mopora uiaeajJbHO pOBHas, Toraa sino = 0 u

cosa. = 1, a ypaBHeHUe (2) IpUMET BUI

m dv
“dt
3) mpocKalb3bIBaHUS CLEMJEHUSI U KOJiec

MaJbl, Toraa BeipaxeHus (4) u (5) mpeodbpas3yrorcs
CeyIoIUM 00pa3oM:

= FT - fmag _kBsz; (7)

300
Moy = (1 -y )MEN| 2—F— |0 )
Y
1 . o=
Fo=—M3h | 2—L )
r Aw

Ilockonbky B ypaBHeHUUM ABuUKeHMs (7) mo-
MpexXHeMYy MPUCYTCTBYET cjaraemMoe, IIpOIOpLU-
OHaJIbHOE KBaApaTy CKOPOCTH aBTOMOOMJISI, €ro
JajbHeWIass JuHeapu3alys IMPOBOAUTCS IIPO-
rpaMMHO, OTAEJbHO [JIS KaXXJ0oi padoyeil TOUKU
B nakete Control System Toolbox.

CuHTE3 aJIrOpUTMOB YNPABJIEHHSA CKOPOCTHIO

Lensmu GyHKIMOHUPOBAHUSI KPYU3-KOHTPO-
TSl IBJISIIOTCS: TOAAEePKaHWe CKOPOCTU IBUXKEHU ST
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Puc. 1. CprKTypHaﬂ CXeMa ajJropuTMa ynpaBJjiCcHUA aaNTUBHOIO KPYU3-KOHTPOJIA rpy30BOro aBTOMOOMJIS

Fig. 1. Adaptive cruise control algorithm block diagram

Ha 3aJaHHOM YpOBHE, YCTAHOBJIEHUE KeJIaeMOoil
CKOPOCTU IBUKCHUS MPU HEOOJBIIOM Iepepery-
JUPOBAHUU U 32 KOPOTKUI MPOMEXYTOK BpeMe-
HU. B cuny moctaToyHO OOJIBIION MHEPLIMOHHO-
CTH 00BEKTa YMIpaBJEHUS CKOPOCTh M3MEHEHMUS
OIIMOKM yIpaBJeHUS HEBeJMKa, M pacCMaTpUBaTh
IugdepeHIIMaIbHYI0 COCTaBJSIONIYI0 HET HeoO-
XOAVMMOCTHU, TIO3TOMY IJIsSl peaanu3allui aJropuTMma
ynpasieHus: Beioepem ITU perynsitop [8]. Obias
CTPYKTYpHas cxema aJIlOpuTMa aAalTUBHOTO
KPYU3-KOHTPOJISI T'Py30BOTO aBTOMOOWMJIS IIpel-
cTaBJieHa Ha puc. 1.

B kauecTBe COCTOSIHMIA, OKa3bIBAIOIIMX BJIM-
sgHMEe Ha (YHKLMOHUPOBAHUE KPYyU3-KOHTPOJIS,
ObLIM BBIIEJIEHBI CKOPOCTb aBTOMOOMJIS U TEKY-
mwasa nepenada. Kopobka mepemauy paccmarpuBa-
€MOro I'Py30BOr'0 aBTOMOOWJIS SIBJISIETCSI OECSITU-
CTYNEHYaTOM’, MO3TOMY HOMEp Iepeaaynd BrIOMpa-
€TCSl U3 MHOXEeCTBa

I=11,2,3,4,56,78,9, 10}. (10)

Puc. 4. Tlepexoanbie XapaKTEPUCTHKH B PA3HBIX PA0OYHX TOUYKAX
Fig. 4. Transient responses in different operating points

Pa3obbeM obOnacTh 3HAYEHUIT BO3MOXKHOM CKO-
pocTu aBTOMOOMIIA (B KM/4) Ha HabOp MHTEpBa-
JIOB TAKUM 00pa3oM, YTOObI TPaHUIIbI MHTEPBAJIOB
OblIM MUHMMAJbHBIMM 3HAUEHUSIMU CKOPOCTHU
aBuxeHus TC Ha KaxJa0i U3 nepegay:

V' =1{5,52; 6,77; 10,67; 13,08;

17,21; 21,10; 28,13; 34,44; 43,05; 52,82} (11)

Ha ocHoBe gaHHBIX MHOXECTB OblIa cdop-
MHUpoBaHa "ceTka' paboymx ToueK. C ITOMOIIBIO
CTaHAAPTHBIX METOAMK, IIPEACTaBJICHHBIX, Ha-
npuMmep, B padote [9], OBUI OCYIIECTBIEH CHUHTE3
IIM perynsiTopoB B KaxX/I0i TOUKE MPOCTPAHCTBA
coctogHuit n3 MHoxecTB (10), (11). PesynbraThl
pacueTa MpuUBeAeHBI Ha puc. 2 U 3 (CM. BTOPYIO
CTOPOHY OOJIOXKM) B BUJE KapT U3MEHEHUS KO-
appunmento I perynsaropa.

IlepexonHble XapakKTepUCTHKU, IOJIyYEHHbBIC
MpU pa3HbIX 3HAYEHU X KoappuuueHton ITH pe-
ryJsiTopa, MpeacraBiaeHbl Ha puc. 4. BugHo, 4to
MOJydYeHHbIC aJTOPUTMbl YIIPaBJIEHUS YAOBJET-
BOPSIIOT TpeOOBaHMSIM KayecTBa, a MMEHHO OT-
CYTCTBYeT CTaTuMyecKasl olrMbkKa, M Iepeperyiu-
poBaHMe He TpeBbIlIacT 25 %.

Annpokcumanus ko3¢ dunuentos IIN peryasropa
¢ MOMOLIBI0 MHOTOCJIOHHOIO NMepcenTPpoHa

BBuay TOoro 4To aaropuT™m ympaBJjieHUS MOXET
OBITh HACTPOEH ONTUMAJIBHO JUIIB JJISI HEKOTOPO-
ro KOHEYHOT'0 Yyucjia pabodyrx TOYEK, a CKOPOCTh
aBTOMOOWUJIS SIBJISIETCSI TIEPEMEHHON COCTOSTHUS U
OTMCHIBAETCSI HEKOTOPOI HeMpepbIBHOW (PyHKIIM-
eil BpeMeHHU, TP IBUXKEHUM aBTOMOOUJISI OH MO-
JKeT 0Ka3aThCsl HEONTUMaIbHbBIM. /{151 TOro 4TOObI
CIJIAAUTh HeraTMBHBIE 3¢ HEKTh OT IMepexoga M3
OTHOTO pexXrma paboThl CUCTEMbI B IpPYyroi, He-
00x0AMMO OOECTIEYNTHh HETIPEPHIBHOEC U3MECHECHUE
KO23((PULIMEHTOB perysaTopa.
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CyliecTByeT MHOXECTBO pPa3jIMYHBIX METOIOB
AMNIMPOKCUMAIINA ¥ WHTEPIIONSIINN pa3HOM CTeIe-
HHA 3G (PEKTUBHOCTH, OJHAKO, KaK YIIOMHUHAJOCh
BBIIIE, OMHUM M3 CaMBIX 3((EKTUBHBIX CIIOCOOOB
cuMTaeTcsa oOydyeHHMe IJIsl PEelIeHUS 3TOM 3amadu
HelipoHHOI ceTu. [ anmmpokcuManuu GyHKIAH
Yale BCEro MCHOJb3YETCSd MHOTIOCJIOMHBIN Iep-
CEITPOH.

Hns omumcaHusI HEJIWHENWHON 3aBUCHUMOCTU
koa(pdpuuumento TN perynastopa or Tekyiie-
ro COCTOSIHMSI aBTOMOOMJIS Oblja MCIIOJb30BaHa
HelpoHHas CeTh, UMeIOIIasl 1Ba BXOAHBIX HEMPO-
Ha, IBa BBIXOMHBIX HEMpOHA C JIMHEMHON (DYHK-
Oouel aKTHMBAallMM, a TaKXe OecCsITh HEHPOHOB
B CKpHEITOM cjioe. KpoMe Toro, ceTh MMeeT Mo aBa
BXOIHBIX HEMPOHA AJISI MOJAyUYeHUST NH(pOpMaLIUT
O CKOPOCTU IOBMXKEHHUS U TEKYIIeH Ilepemade u
JBa BBIXOAHBIX HEWpPOHA C JUHEWHON (QYHKIIM-
el akKTUBAaIlMM IJIS BHIYMCJICHUS TEKYIIMX 3Ha-
YeHUI MPONOPLUUOHAIBFHOIO M HMHTErPajbHOTO
K093 (ppULIMeHTOB.

[TonyuyeHHble B pe3yabTaTe CUHTe3a Ko3a(du-
IHUEHTHl OBIM KCIIOJB30BaHBI B KaueCTBE O0yda-
oueil BeIOopku. OOyueHHe IIPOBOAMIIOCH METO-
nom JlesenHoepra—MapkBapata B MATLAB ¢ nipu-
MmeHeHueMm maketa Neural Network Toolbox. 1ns
00y4YeHMsI, BaIUJallMM U TECTHUPOBAHUSI MHOTO-
CJIOHOTO TIepCEeNnTPOHAa MCIOJb30Baiach BbIOOD-
ka obumm oobemom 500 Touek. Ha Banmmanuio
W TECTUPOBAHUE PE3YJILTATOB OOYUYEHMSI OTBOIM-
J0ch 10 15 % maHHBIX UCXOIHOM BBIOOPKH, T. €. TTO
75 TOYEK COOTBETCTBEHHO.

Ha puc. 5 (cM. BTOpyI CTOpPOHY OOJIOXKIN)
MpeACTaBICHBI Pe3yJIbTaThl 00yUCHUS HEHMPOHHOM
CeTU ISl BBIYMCIICHUS ITPOIIOPILHMOHATIBHOTO KO-
spdunmenra K, MOXHO BUIETb, YTO KOd(Pdhu-
IUEHT JUHEHHON perpeccuu IJIsI KaXI0l 13 BHI-
OOpOK OJM30K K €AMHUIE, UYTO TOBOPUT O BbICO-
KOM KadecTBe OOyUYeHUs HEMPOHHOM CeTH.

PCSyJIbTaTbI KOMIIBIOTEPHOI0 MOACIUPOBAHUSA

Ang TtecTupoBaHUS pa3pabOTAHHOTO aJro-
pUTMa aJalTUBHOIO KPYyU3-KOHTPOJIS MCHOIb30-
BaJlach MMMUTAllMOHHAasl MOJEeJlb, OCHOBaHHAasl Ha
CTPYKTYPHOI cxeMe, TIpeAcTaBjeHHON Ha puc. 1,
U pealin30BaHHAs B cpelAe MMUTALMOHHOIO MO-
genupoBaHusg  Simulink. dng MogenupoBaHUS
paboTHl KOPOOKM mepenad MpUMEHSJICS arapar
KOHEUHbIX aBTOMaToB. Ha puc. 6 mpeacrtaBieHBI
pe3yabTaThl MOIEJIMPOBAHUS pa3roHa aBTOMOOU-
a1 ot 0 mo 100 xm/4.
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Puc. 6. Pe3yabraThl MOAEIMPOBAHASA Pa3roHa aBTomMooOmas ot 0
o 100 km/u:

@ — 4acTOTa BpAIUEHMs KOJIEHYATOro Baja ABMUTaTeNsi, MUH
6 — CKOpOCTb, KM/4; ¢ — BbIOpaHHas repeaaya; ¢ — Mpornopiuo-
HalbHBIA KoadduuueHT ITU peryisrtopa; 0 — MHTErpajabHbIi
koapduuuent [MU perynsitopa

Fig. 6. Simulation results of vehicle acceleration from 0 to 100 kmh:
a — engine crankshaft rotational speed, rpm; 6 — vehicle velocity,
kmh; ¢ — current gear; ¢ — PI-controller proportional gain; d —
PI-controller integral gain
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OCHOBBIBasICh Ha OIIMOKE II0 CKOPOCTH, all-
TOPUTM BBIYMCIISIET CTEMEeHb HaXXaTHUs Ha Teaalib
yIpaBjieHus Tofavyell TOIIMBa, HEOOXOAUMYIO
JUISE O0ECTIEYEHMS KEJTaeMOW CKOpPOCTH JBUXKE-
Hus. Ha puc. 6 mokazaHo, 4TO B Tpoliecce pas-
rona TC koaddunmentsr K, u K; [TU perymsropa,
BBIYMCJISIEMbIE MHOTOCJOMHBIM TI€PCENTPOHOM,
n3meHsorcsa. Iloka TC nBuxxeTcss Ha BRIOpaHHOM
nepegaye, €ro CKOPOCTb U3MEHSETCS HEINPEPHIB-
HO, 1 KO3(pPUIIMEHTHI U3MEHSIIOTCSI BMECTE C Heil.
ITocKOMBKY COOBITHME TEPEKITIOYEHUS Tepeaadyn
SIBJISIETCS TUCKPETHBIM, KoohduuuneHTsl K, n K;
MPU 3TOM TaKXe U3MEHSIOTCS TMCKPETHO, BCIEI-
CTBHME 3TOTO Ha puC. 6 HAOJIOMAIOTCS CYIIECTBEH-
HbIE Tlepernaabl UX 3HAYEHUI, COOTBETCTBYIOIINE
MOMEHTaM IepeKIIoueHM s nepeaay.

[To rpacdmkam puc. 6, e, 0 MOXHO BUIIETH, YTO
koadpunmentsl [1M perynsitopa, obecrneuyunBaio-
1ye TpedyeMOoe KayeCTBO MEPEXOMHOTrO IPOIEeC-
ca, 3HAUUTEJILHO U3MEHSIOTCS B 3aBUCHUMOCTHU OT
tekyuiero coctosinust TC. Kpome toro, no puc. 2
u 3 (CM. BTOPYIO CTOPOHY OOJOXKH) BUIHO, UTO
WX TIOBEICHME SIBJSETCS CYIIECTBEHHO HEJMHEH-
HbIM. Bce 3To onpaBabsiBaeT UCTIOIb30BAaHUE MHO-
TOCJIOMHOTO TIEpCENTPOHA IS aMIIPOKCUMAILIAU
JaHHOW 3aBUCHMOCTH.

B 11ie10M KOMTOBIOTEPHOE MOJETNPOBAHUE MTOKA-
3bIBA€T, YTO pa3pabOTaHHBIM aJrOpyuTM aJdanTHB-
HOTO KPYMU3-KOHTPOJS padoTaeT KOPPEKTHO, Ka-
YeCTBO IMEPEXOAHbBIX MPOLECCOB, YACTUYHO TMpe-
CTaBJICHHBIX Ha pUC. 6, TOBOPUT O TOM, YTO METO
anmnpokcumanu Koapopuuuentor [MU]I peryns-
TOpa C MOMOIIBI0 MHOTOCJIOWHOIO TEpPCENTPOHA
MOXET OBITh TIPUMEHEH HJIsI O0ECTIeYeHUs] CBOM-
CTBa aJalITUBHOCTU aJITOPUTMa KPyU3-KOHTPOJIS.

3akJoyeHue

B pamkax maHHOI pabGOThHI IPEIJIOXEH ajaro-
PUTM pabOThl KPYMU3-KOHTPOJISI I'PY30BOIO aBTO-

MOOWJISI, aJallTUPYIOIIETOCS K TEKYIIUM YCIOBU-
SIM IBUKEHUS: CKOPOCTU U BbIOpAHHON Mepemaye.
Ha ocHoBe n3BecTHbIX MeTOOOB cuHTe3a [TU]] pe-
T'YJASTOPOB ObLIM MOJy4YeHbl KO3(MGUIIMEHThI pery-
JIITOpA JJI Pa3HBIX YCIOBUM NBUXKEHUS U OOy4YeHa
HEWUpOHHAs CETh JJIS alMPOKCUMAIINY 3aKOHOB W3-
MEHEeHU S TaHHBIX KoadduiimeHToB. KoppekTHOCTD
CMHTE3MPOBAHHOTO ajJropuT™Ma Obljla MpoBepeHa
C TIOMOII[BI0 KOMTIBIOTEPHOTO MOJETUPOBAHUSI.

IIpenyioxkeHHBIA B CTaTh€ MOAXOA MOXKET ObITh
WCTIOJIb30BaH MPU PENICHUU U IPYTUX NPUKJIIATHBIX
3a/1a4y, B KOTOPBIX OOBEKT YMPABICHUS SIBISETCS
HEJIMHEMHBIM U aJrOpUTMY yIIpaBJeHUs TpeOyeT-
Cs amanTUPOBATBCA K MEHSIOLIEMYCS COCTOSTHUIO
o0bekTa. [losyueHHBIe pe3yabTaThl TMJaHUPYETCS
HCTIOIBb30BaTh B JAJILHEUIIIEM JIJIsI COBEPIIEHCTBO-
BaHUS I'Py30BbIX aBTOMOOMIIEH KAMAS.
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Abstract

In this paper, we consider the problem of the development of an algorithm of the adaptive cruise control functioning
operating in the conditions of powertrain gear ratio varying in a wide range and vehicle velocity changing. The functioning
of a classical cruise control system is generally based on the usage of a PID-controller with constant coefficients. However,
despite the easiness of its tuning and physical realization and also its relatively high robustness this class of control devices
cannot guarantee the cruise control system optimal functioning in all driving conditions because the plant is not time-
invariant and linear. To overcome the above shortcomings, in this research we consider the possibility of neural network
realization of a commercial vehicle adaptive cruise control algorithm.

In this paper, we propose the mathematical model of a commercial vehicle longitudinal motion designed for the control
system analysis and synthesis. We carry out the PI-controller coefficients tuning to control the vehicle longitudinal velocity
in various driving conditions of a commercial vehicle. We show that the controller coefficients vary according to a rather
complex law. Therefore, we propose the algorithm of the adaptive cruise control functioning based on the approximation of the
controller coefficients by the artificial neural network. The network used is the multilayer perceptron and it has ten neurons
in the hidden layer to provide the high quality of the approximation. We carry out the training of the neural network by the
Levenberg-Marquardt method with a sample of a total volume of 500 points, obtained using standard methods of control-
ler synthesis. We verify the correctness of the obtained results through the computer simulations of the vehicle acceleration
from 0 to 100 km/h, proving that the PI-controller coefficients, providing the required transient responses, significantly vary
depending on the current state of the vehicle. The approach of the PI-controller coefficients approximation presented in this
paper may be further used in the design of adaptive control systems able to function effectively in various operating modes.

Keywords: adaptive cruise control, neural networks, PID-controller, multilayer perceptron
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A Comparative Study for an Inverse Kinematics Solution
of an Aerial Manipulator Based on the Differential Evolution Method
and the Modified Shuffled Frog-Leaping Algorithm

Accepted on July 16, 2018

Abstract

This paper focuses on the real-time kinematics solution of an aerial manipulator mounted on an aerial vehicle, the vehicle’s motion
isn’t considered in this study. Robot kinematics using Denavit- Hartenberg model was presented. The fundamental scope of this paper
is to obtain a global online solution of design configurations with a weighted specific objective function and imposed constraints are
fulfilled. Acknowledging the forward kinematics equations of the manipulator; the trajectory planning issue is consequently assigned
to on an optimization issue. Several types of computing methods are documented in the literature and are well-known for solving
complicated nonlinear functions. Accordingly, this study suggests two kinds of artificial intelligent techniques which are regarded
as search methods; they are differential evolution (DE) method and modified shuffled frog-leaping algorithm (MSFLA). These
algorithms are constrained metaheuristic and population-based approaches. moreover, they are able to solve the inverse kinematics
problem taking into account the mobile platform additionally avoiding singularities since it doesn’t demand the inversion of a Jacobian
matrix. Simulation results are carried out for trajectory planning of 6 degree-of-freedom (DOF) kinematically aerial manipulator and
confirmed the feasibility and effectiveness of the supposed methods.

Keywords: Inverse Kinematics, Degree-of-Freedom (DOF), Human-like Aerial Manipulator, Optimization Algorithms,

metaheuristic and Revolutionary Methods, differential evolution (DE), Shuffled Frog Leaping Algorithm

1. Introduction

The inverse kinematics (IK) solver is a prima-
ry problem in robotic manipulation, particularly
when demand real-time and precision in calcula-
tions. Mathematically, the numerical solution of Ki-
nematics is intricate because of the high degree of
nonlinearity, furthermore, the Linear and dynamic
programming techniques usually fail or reach lo-
cal optimum in solving NP-hard problems with a
large number of variables and non-linear objective
functions, moreover, Traditionally Jacobian-based so-
Iutions are identified to scale inadequately with the
high number of degrees of freedom (DOF) [1] in ad-
dition to singularities existence. In contrast, [2] pre-
sented a comparative study of several methods based
on the Jacobian matrix, clarifying that the modi-
fied Levenberg—Marquardt method is much better
for a quite large set of random configurations than
others but may lose convergence compared to Jaco-
bian transpose and Pseudocode inverse methods. Re-
cently many researchers [3] proposed a new method

for solving real-time IK without using the Jacobian
matrix based on the position of end-effector (ee),
using numerical and analytical mathematical tools but
not mentioned exactly the performance as the time
consuming to get the solution, in [4] also applied
alike method for hyper-redundant manipulator arm.
[5] combined two methods as a real-time IK solver for
a human-like arm manipulator based on closed-form
analytical equations for a given position while others
[6] presented an on-line adaptive strategy based on the
Lyapunov stability theory in addition to Radial Basis
Function Network (RBFN) and quadratic program-
ming which requires a complex hardware resources,
the simulation was done for the position of ee in ad-
dition to avoid obstacles and was conducted on the
7-DOF PA-10 robot manipulator. In [7] a kinematic
and time-optimal trajectory planning was considered
for redundant robots, two approaches were presented,
joint space decomposition and a numerical null-space
method for a given pose. they were tested by 7-DOF
industrial robots and demand high consuming time
for resolving 1K.
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Metaheuristic optimization algorithms are an
encouraging alternative approach to traditional 1K
techniques due to their strong performance on chal-
lenging and high-DOF problems in many various
domains, the solution can be solved by minimizing
an objective function allowing the end-effector to
follow the desired path avoiding dynamics singu-
larities and obstacles [8] was explained and proved
that DE has emerged as one of the most powerful
and versatile global numerical optimizers for non-
differential and multimodal problems, they showed
challenges of the variants of DE which may provide
less time and more robustness in solving IK. In [9]
presented a quadratic programming with branching
idea with a weighted multi-objective function which
gave a short-time response about seconds while [10]
showed a comparative research of four different
heuristic optimization algorithms GA, PSO, QPSO
and GSA for 4-DOF manipulator in order to reach
the target as a position. they proved that the Quan-
tum PSO is the best with average execution time of
1.65 seconds. In [11] investigated the performance
of many PSO variants to resolve two DOF IK prob-
lem for a given position, they proved that PSO-VG
is the fast variant compared with others which took
a less average convergence iteration about 740 for 15
particles. [12] derived and minimized a fitness func-
tion to resolve the pose 1K problem based on PSO
for multiple DOF up to 180, they concluded that
the runtime and iteration are 4.22 seconds and 118
respectively for a 9-DoF. In [13] a hybrid method
called DEMPSO based on differential evolution
(DE) and Modified PSO algorithms was developed
in order to minimize the solution time for the pose,
moreover presented a comparative study for several
swarm intelligent optimization algorithms as ABC
and ACO algorithms, based on their results, the
DEMPSO had a great advantages at execution time
for reaching the position while similar performance
with DE for the orientation aim, the simulation
was conducted with population size 30 for 10-DoF
serial-parallel robot, furthermore, [14] a compari-
son of three evolutionary algorithms as GA, PSO,
and DE was discussed. In [15] presented a com-
parative study of 1K solver for a mobile manipulator
using DE algorithm, they concluded that hybrid DE
and biogeography-based optimization called HBBO
provides good results but a higher computational
cost for weighted fitness function and pose target,
in contrast, DE proved to be superior to PSO, CS,
and TLBO, additionally the PSO algorithm verified
that it does not solve the inverse kinematic prob-
lems correctly. In [16] a developed methodology

was applied to synthesize of six-bar mechanism, it
used DE with geometric centroid of precision posi-
tions technique (GCCP). [17] used DE to improve
the design of a fuzzy controller for a wall-following
hexapod robot. In addition [18] proposed a modified
self-adaptive DE in order to improve the static force
of humanoids robot, showing robust, safe, reliable
performance compared with other metaheuristics.
While [19] presented an approximation tool for the
inverse model of the industrial robot based on an
adaptive neural model optimized by advance DE.
[20] proposed an optimal joint trajectory planning
method using forward kinematics of 7-DoF free-
floating space robot based on DE method, also they
depict the general aspect of equality and inequality
constraints which govern each joint in the manipu-
lator. On another-side, [21] introduced an algorithm
shuffled frog-leaping algorithm SFLA which is a
population-based collaborative search metaphor in-
spired by natural memetics, it relies on a knowledge
called ‘meme’ which causes someone to replicate
it or to repeat it to someone else, spreading from
brain to brain. All transmitted knowledge is me-
metic and spreading is much faster than a gene,
the effectiveness, suitability, and global optimal re-
solving have been demonstrated in addition to short
processing time. Additionally, [22] proposed an
MSFLA for a high dimensional continuous function
optimization. this method yields a strong robustness
and best convergence also presented a comparative
study for PSO, SFLA, MSFLA, and MSFLA-EO
which designated that MSFLA is better than others.
In [23] a modified SFLA was assumed for obtain-
ing the optimum preventive maintenance schedul-
ing of generating units in power system. While [24]
presented a comparative study among five evolu-
tionary-based optimization algorithms as GA, MA,
PSW, ACO, and SFLA, they showed the processing
time for solving the F8 function and concluded that
the SFLA is the best.

In this work, we applied two types of meta-
heuristic algorithms in order to solve the inverse
kinematics of a mobile manipulator [25] as a con-
strained optimization problem the proposed algo-
rithms are the differential evolution (DE) method
and modified shuffled frog-leaping algorithm (MS-
FLA), which characterized as an accurate and fast
convergence in discovering the solution based on
the previous literature study. Initially, we define an
objective function to minimize the error between
the desired and the actual end-effector pose. The
objective function takes into account the minimal
movement between the previous and the actual joint
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configurations. To overcome the constrained prob-
lems, we use a penalty function to penalize all those
manipulator configurations that violate the allowed
joint boundary. Hence, the proposed approach esti-
mates the feasible manipulator configuration needed
to reach the desired end-effector pose. The remain-
der of this paper is organized as follows: Section 2
and 3 present the architecture and kinematics of
a robotic manipulator. Section 4 introduces meta-
heuristic optimization algorithms and the weighted
objective function. Section 5 shows the simulation
results of the proposed trajectory planning methods
applied to a 6-DOF kinematically manipulator. The
conclusive observations are listed in the last section.

2. The architecture of the aerial manipulator

The aerial manipulator was designated in [25]
as a human-like arm and consists of 20 degrees of
freedom. It was proposed that each joint has one
DOF with revolute type while the links are a type
of rigid-body which organized from the base-frame
located in the center of aerial vehicle’s gravity with
a constant displacement based on a design conside-
ration for the mass distribution. While the other
main-frame called hand-frame located in the center
of the hand part 7th frame (in the Fig. 1 has a num-
ber 7, see the 3™ side of cover) that was considered
as a reference node for combining and moving the
fingers in order to perform specific object-oriented
tasks [25]. Furthermore, the realized prototype of
the manipulator as shown in Fig. 1 was divided into
two parts are arm-part and hand-part, the arm-part
architecture consists of 6 joints originated from
shoulder joints (J;, J,) to the forearm joint (J;) and
finally, wrist joints (J4, Js, J¢) along to center hand’s
frame. The specifications of the arm-part are given
in the Table 1 which consists of six joints and four
3d-printed links in addition to two metal links as
metal horns and brackets, besides, the scheme of
this part is designated to be anti-resistance of the
air friction in design as possible as shown in the
figure. the last link is the hand-part which consists
of five fingers driven by five micro-servo motors
based on linkage mechanism out of scope in this
paper. the total number of degrees-of-freedom for
the intended arm-part is six.

Table 1
Specification of the Arm-Part

/; Between J; and J; | Length (cm)
Iy link (Between J;, and J)) 3.5

A link (Between J, and J,) 6.5

b link (Between J, and J3) 28.2

I8 link (Between J; and J;) 21

Iy link (Between J,; and J5) 2.5

Is link (Between J5 and Jg) 7.5

ls link (Between Jg and J;) 5

The navigation process of the arm-part is per-
formed by controlling the motion of hand-part lo-
cated in the 7th frame in the workspace related to
the base frame. Furthermore, this process is com-
puted by analyzing the forward and inverse kine-
matics. the goal of this paper is to study the solu-
tions of the inverse kinematics in order to realize
this movement precisely within a short time. Hence,
each of links was described by some of the proper-
ties as material type, stiffness, toughness, bearing
gear, shape, weight, inertia, lubrication in addition
to aerodynamic parameters. The values of motion
range for the joints are manifested in the following
Table 2 which readjusted to be more fitting for ac-
complishing more tasks compared to real joints of
the humanlike arm [25].

3. Manipulator Kinematics

Now, in order to determine the relationship
between the coordinate frames, that are assigned
to the links and joints of the robot, homogeneous
transformations are required. Three parameters are
employed to describe the rotation while other three
parameters are used to define the translation. ac-
cordingly, the Denavit Hartenberg (DH) conven-
tion was used to describe kinematically the rigid
motion by assigning the values of four quantities for
each link. Two describe the link itself, and two de-
scribe the link’s connection to a neighboring link.
Where 0, a, d and «a are the joint angle, link length,
link offset and link twist between joints. Conside-
ring 7; is the homogeneous transformation matrix
between the frames that is a function of 6 while the
other three parameters are constant. The data in

Table 2
The motion range for the joints of the Arm-Part
angle 0, 0, 03 0, 05 0
Arm-part
range —90 —» +90 0— +180 —90 —» +90 —90 —» +90 —90 —» +90 =70 - +90
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Table 3

Link parameters of the arm-part of manipulator

Modified Denavit Hartenberg Standard Denavit Hartenberg
o;—1 | o—qlcm] | d;lcm] | 6, | Initial Value of 6; oy a; [cm] d; [cm] 0, Initial Value of 6; | Joint Offset
—n/2 Iy 0 8, /2 —1/2 6.4 0 9, 0 0
/2 I 0 0, —1/2 0 30.2 0 0, —1/2 —n/2
0 A 0 0, —n/2 /2 0 0 0, /2 /2
—n/2 0 L+1, | o 0 /2 0 235 0, 0 0
/2 0 0 05 —n/2 —n/2 53 0 05 /2 n/2
—n/2 Is 0 05 0 0 5.6 -2 05 0 0
the Table 3 present link parameters of the arm-part Where the computations of the transformation
based on DH strategy in two formulas: standard and as follows:
modified DH. Since the standard form was used in
simulation by LabVIEW Robotics module in order by, by, by byl
to validate the design. The position of all links of B bos boa bl
an arm-part manipulator can be specified with a set (7)T =| 21 "2 M23 T2l ,
of 6 joint variables from the shoulder's joints till b(3)1 b(3)2 b(3)3 b31116

wrist's joints. This set of variables is often referred
to as a 6 X 1 joint vector [25].

The space of all joint variables is referred to as
joint-space © = [0, 6,, ..., GG]T, here we have been
concerned with computing the Cartesian space rep-
resentation from knowledge of the joint-space in-
formation. hence the homogeneous transformations
of links are as following. these transformations,
H,-T , will be a function of all joint variables. If the
robot’s joint-position sensors are estimated by servo
mechanisms, the Cartesian position and orientation

of the hand-part can be computed by (7)T [25].

C, =S, 0 I c, =S, 0 I
0 0 1 0 0 0 -1 0
?T: 55T: s
S, —C, 0 0 S, C, 0 0
1 0 0 0 1 0 0 0 1
C, =S, 0 I, C, -5, 0 0
b S5 G 000 5 [0 0 1k
3 - s 4 - )
0 0 10 S, C, 0 0
0 0 0 1 0 0 0 1
C; =S, 0 0 C, -S; 0 I
0 0 -10 0 0 1 0
§T= ,2T= )
Se Cs 0 0 S, ~Cq 0 0
0 0 0 1 0 0 0 1
10 0 4
0100
6
T:
T7l001 0
000 1

b, =1(C6,C0,3C0,4 — 56,56,)C05 — C6,50,3565]CO¢ +
+(—C0,C0,3C0,4505 + 50,50,505 — 56550,50,5)50;
b, =-(C8,C6,3CH, — 56,504)CO5 — C0,50,3505]50¢ +
+(-C0,C0,3560, +56,50,)C6;
b3 =—(C6,C0,,C0, —56,504)565 — C0,56,3565;
by =(C6,50,3C0,4 + C6,3505)CO, — 56,350,564;
byy = —(856,3C0,C05 + C0,3505)50, — 56,350,C6;
byy = —C0,850,3505 + C0,;C65;
by =[(56,C0,; —C0,56,)C05 + 56,560,3505]CO¢ +
+(856,C0,350,4 + C6,C0,4)S64;
by, =—(56,C0,3 —C6,504)CO5 + 56,50,3505]56, —
- (50,C0,3504 + C0,C0,4)CH;
by; = (50,C0,3 —C6,50,4)565 +.50,56,,C05.

4. Proposed Optimization Techniques

or solving kinematics

The evolutionary optimization algorithms can
solve the complicated nonlinear equations completely
and efficiently. The solution of the inverse kinematics
for the manipulator results is a very difficult prob-
lem to solve by traditional approaches. Besides, the
suggested strategies do not require the inversion of
any Jacobian matrix, and then it avoids singularities
configurations. In this paper, two algorithms used to
optimize this problem are differential evolution and
modified shuffled frog-leaping algorithm. In gene-
ral, this solution is based on the forward kinematics
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equations which always produces a solution in addi-
tion to the objective function. Hence, the general as-
pect of the problem may express as minimizing J(®),
constrained by ©,,;, < © < 0,,,,, furthermore, the
objective function could be defined as the weighted
sum of the errors as follows

J(©)=cP error (©)+B Oerror( ) =

1
— 5|, - Pp(@)] + &|0g - )

where P,,,,(®) and O,,,,(®) represent the position
and orientation errors respectively and could be
computed as a difference in distance between the
target and current position, in this work we used
Euclidean formula as a representation of distance.
While the parameters ¢ and ¢ are the weights of
the position and the orientation, respectively. Let
G = (P Og) be a given target end-effector pose
while E(©) = (Pg(®), Og(®)) is the current end-
effector pose in the workspace corresponding to
configuration ® = [6;, 0,..65]" which can be cal-
culated using forward kinematics — where P refers
to the 3D position vector of pose while O refers
to vector of Roll-Pitch-Yaw Euler Angles of pose
(in radians), respectively, that optimization algo-
rithms are exploring directly in the configuration
space of the manipulator. Hence, each individual
0, = [ei,ls6i,2"-91‘,j"-9[,6]T represents an i-th candi-
date set of joint angles. henceforward, at each itera-
tion, we evaluate each candidate configuration ©;
by passing it through the forward kinematics model
and measuring the position and orientation error
between where the end-effector would be at con-
figuration ©; and the target end-effector pose. In
order to enforce joint limits, each dimension j of
element ©; should be limited to searching in the
range of valid joint angles ©; € [O., Omaxl- This
can be realized by clamping each dimension j with-
in these bounds at each iteration immediately after
it is updated.

4.1. Differential Evolution Algorithm

The first study on DE algorithm was introduced
by Storn and Price [8], [18], [26]. It is one of the
most powerful stochastic population-based opti-
mization algorithms. It was invented to optimize
functions in an n-dimensional continuous domain.
moreover, it occupies several benefits such as simple
implementation, good performance, global optimi-
zation, robust, low space complexity, converges fast,
and has a good balance between exploration and
exploitation. In particular, DE is relevant to stan-

dard evolutionary algorithms in which a popula-
tion of candidate solutions, initialized to a uniform
sampling of the instance space, are continuously en-
hanced by periodically adding a scaled variant of the
difference vector to a third individual to generate a
new candidate solution and then producing the suc-
ceeding generation. DE consists of four stages: ini-
tialization, mutation, crossover, and selection. The
last three of these are iterated until a termination
condition such as the maximum number of genera-
tions is reached. Nevertheless, unlike other evolu-
tionary algorithms before-mentioned as evolution
strategies, mutation is performed by applying the
scaled difference between members of the popula-
tion. This has the impact of adjusting the step size
to the fitness aspect over time. The implementation
of this method is illustrated in Algorithm 1.

Algorithm 1: The pseudo-code
of the differential evolution algorithm

Initialization:
Population(” «— {G)ﬁ'),@)g'),...,
Evolution Process:
While Termination criteria not met do
for i« 1,NP do
Mutation Process: v®) « mutate(®©'®)
Crossover Process: u(g) « crossover(®(g) v(&)
Selection Process:

if f®)< f(©¥) then

0., 0%}, & < L gna

insert u(g) into  population®*V
else
insert ®f—g) into  population'¢*™V
end if
end for
g<—gtl

end while

The trajectory planning strategy can be trans-
formed into an optimization issue with multiple
constraints. Firstly, it demands to determine the di-
mension of the population NP, the generation num-
ber g with maximum g,,,, the dimension real-va-
lued of the individual is equal to the configuration
space of the manipulator, the scale factor F, and the
crossover factor C,.. Then Individuals in the popula-
tion are expressed by: ) = (e<g> efg;, (g))
i=1,2, .. NP, represents the demgn Varlable of
the i-th individual in generation g DE begins by
initializing a population of NP to cover as much
as possible of the exploration space constrained
by the minimum and maximum bounds ©
[emm 1> em1n 25 emin [EN emm 6]T and ®max -
[emax 1> emax 25 9max ire emax 6] HCI’ICC the
i- th individual may then be initialized as: 6(1) =

+ H(0, 1)[6 1. with H= rand0, 1)

mm -

mm J max,j mm J
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being a uniformly random value between 0 and 1.
Henceforward, the mutant strategy is adopted
after initialization to generate a donor vector

v = (uﬁgﬁ, fgz),.. (g)) by its corresponding target

vector @Eg) [8, 20] have been proposed:

DE/rand/1:
vi# =0 + F(0 -0¥)
DE/best/2:
(g) gé;?vt " F(@(g) _@ﬁzg)) " Fl(@)(rf) _@if))
DE/current-to-best/1:
9 = 00+ F (0] - 0f) + F (0 - o)

either-or: this strategy merges two methods to gene-
rate the donor vector [26].

py < mutation probability €10, 1],

a < random number [0, 1]

if a<py then

use DE/rand/1: vi¥ = 0¥ + F,(0 -0¥)
else

use DE/rand/2:
v 0 + KO
end if

() () (8)
~0® 10 ~0)

Where, F; is the scaling factor within 0 and 1, in-
dices r|, r,, r; and r, are randomly selected integers
from the range [1, NP], such that r| # r, # ry # i.
®§;2t is the best individual in the current popula-
tion, also p,and a are the mutation probability and
random number, respectively. At that point, a cross-
over between v!& and @' is performed to ge-
nerate a trial vector u'® = (u(g),pfgz), ,u(gg), two
methods were used in this paper, A binomial and
Exponential crossover procedures [8]. The binomial
crossover provides a trial vector by selecting an ele-
ment from the donor vector whenever a randomly
produced value formed from a uniform distribution
is below the crossover rate C,.. Additionally, an ele-
ment 4 is randomly taken per iteration to always
come from a donor vector as follows:

© _ (g) if i=horrand(0,1)<
H =
" 955) otherwise.

Exponential crossover tries to exploit relation-
ships between adjacent elements. It works by choo-
sing a random starting element and selecting the

next L consecutive elements in a circular manner
from the donor vector. The number of elements L is
calculated as follows:

Algorithm 2: Exponential crossover

L« 0
repeat
L<«0
until rand(0,1)>C, or L>D

After crossover, the objective function as ex-
plained in Eq. 1 is evaluated for the trial vector u,.(g) .
According to the greedy selection only, as shown in
algorithm 1. Afterward, the better of u'¢’ and @
will be picked to remain into the next generation.

4.2. Modified Shuffled Frog-Leaping Algorithm

The shuffled frog-leaping algorithm (SFLA)
was developed by Eusuff and Lansey in 2003 [21].
It is a member of the Memetic algorithm family,
a particular kind of a meta-heuristic optimization
approach and a type of evolutionary algorithms
which based on population. It is inspired by the
memetic evolution of frogs exploring food in a lake,
which consolidates the benefits of the genetic-based
MA and the social behavior-based particle swarm
optimization [21]. In general, the SFLA incorpo-
rates two alternating processes: a local exploration
in the sub-memeplex and global information ex-
change among all memeplexes.

The optimization achievement of the SFLA ba-
sically relies on two facts, the first one is the evo-
lution process on each memeplex which embraces
different cultures of frogs, this culture stimulates
fitness values and the evolution process serves as
a local search within memeplex analogous to PSO
algorithm which imitates the social behavior of the
leaping action of frogs searching for food. Addition-
ally, the extra fact is an idea held within each frog
which can be influenced by the ideas of other frogs
from other memeplexes throughout the shuffling
rule, this animates the cooperation process which
it implies an adaptation idea and improves the suc-
cess rate of discovering the solution in optimization
puzzle. In this process, a modification was applied
to the frog-leaping action that it enhances the ex-
ploration manner in the space [22], [23]. Moreover,
the randomization strategy in the evolution process
proffers the algorithm the ability to discover the
local best solution within search space stochasti-
cally in addition to the communication process that
possibly finds a global optimum solution in shorter
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time. The local search and the shuffling processes
continue until defined convergence criteria are sa-
tisfied. The pseudocode of the algorithm was pre-
sented in Algorithm 3.

Algorithm 3: The pseudo-code
of the Shuffled Frog-Leaping Algorithm

Initialization:
Population < {0}, ©,, ..., ©;, ..., Opp};
m < number of memeplexes;
n <« quantity of frogs in each memeplex;
[« 1,iN
while (convergence criteria is satisfied Or ubtil met iN) do
Rank Step: Evaluate each frog ®; using a fitness func-
tion;
Partition Step:
Construct an array U of frogs and their fitness’s values;
Sort the array U in descending order based on the fit-
ness column;
Construct (Y% k =1, ..., m) memeplexes each including
n frogs;
Evaluation Step:
for [« 1, iM do
fork < 1, m do
Determine the worst and best frogs based on their
fitness’s values;
Improve the worst frog position using a leaping dis-
tance;
end for
end for
Shuffle Memeplexes Step: combine the evolved meme-
plexes;
Check Convergence: Update the population best frog’s
position @,
[« 1+1;
end while

The MSFLA meta-heuristic strategy is summa-
rized in the following steps:

a. Initialization step, construct the population
NP of frogs randomly similar to the first step in
DE algorithm, then Select m, and n, where m is the
number of memeplexes and # is the number of frogs
in each memeplex. Therefore, the total amount of
frogs NP can be calculated as NP = mn, addition-
ally, the i-th frog is expressed as a vector with the
dimension is equal to the configuration space as
follows ®; =(9,,,6,,,.--,0,¢); i=12,...,NP.

b. Rank step, compute the performance value f;
for each frog ®;. Sort the NP frogs in a descending
order according to their fitness. Save them in an ar-
ray U= {f,, ©;i=1,2, .. NP}, sothat i = 1 de-
notes the frog with the best performance value and
could save it as a ®, in each iteration while algorithm
running.

c. Partition Step, partition array Uinto m meme-
plexes Y|, 1,, ..., Y, each including n frogs, such

that Y* =[0F, f510F = O (tmi-1yy» [ = Fikrmi-ny):
i=1,...,n;k=1,...,m. In this process, the first
frog goes to the first memeplex, the second frog
goes to the second memeplex, frog m goes to the
m-th memeplex, and frog m + 1 goes back to the
first memeplex, etc.

d. Memetic Evaluation step, evolve each meme-
plex Y% k=1, ..., m according to the frog-leaping
algorithm as follow. Within each memeplex, the
frogs with the best and the worst fitness values are
defined as ©, and ©,, respectively. Furthermore,
the frog with the global best fitness is defined as ©,.
Next, an improvement process is applied to only the
frog with the worst fitness in each cycle. Hence, the
position of the frog with the worst fitness is modi-
fied which emulates the leaping process as follows:
leaping distance D = C;rand(0, 1)[®, — ©,], then
new position ©,, = ©,, + D; D € =D Dmaxl-
Where, rand(0, 1) is a random number between 0
and 1, D,,,, is the maximum allowed change in a
frog’s position and C; is the modification of the al-
gorithm which it is a constant indicates the amount
of frog-leaping in each memeplex. The evaluation
process for all memeplexes is repeated by an adapt-
able number of iterations called iM until no im-
provement becomes possible.

e. Shuffle Memeplexes Step, shuffle frogs and
replace all memeplexes Y% k=1, .., minto U, such
that U= {f,, ©; i =1, 2, ..., NP} similar to initia-
lization phase, afterward sort U in order of decrea-
sing performance value, Update the population best
frog’s position @,.

f. Check the convergence criteria if satisfied
then stop otherwise return to the partition step and
continue for a specific quantity of iterations which
called iN, finally after each iteration the first frog
in the sorted list represents a global solution. The
number of iteration iM specifies the depth of search
within memeplexes while the iV governs the solu-
tion producing process.

5. Simulation Results and Discussions

In this work, we solve inverse kinematics of the
redundant manipulator with six joints to follow a des-
tination pose. The manipulator’s joints correspond to
the variable 6, J = 1, 2, ..., 6 had been constrained by
a Table 2. The DH table is presented in Table 3. In
the inverse kinematics experiments, the desired end-
effector pose for the arm-part of the manipulator was
determined as a variable G = (Pg, Oy = (x, y, 2, roll,
pitch, yaw) = (=20, 3, 40, 0, 10, 15). Moreover, the
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Table 4
Setting of the DE Algorithm

Mutation Method Random
Scale Factor 0.9
Crossover Method Uniform
Crossover Probability 0.95

parameters of the objective function were adjusted
as follows ¢ = 1 — B = 0.7 so there is a balance be-
tween position and orientation to be optimized. In
case of DE algorithm, Table 4 shows DE settings
while Table 5 presents the results of utilizing DE
for some scenarios.

As presented in Table 6, it is obvious that the ex-
ecution time depends on the size of the population
and the iterations, respectively. Further, the popu-
lation size achieves the diversity feature which let
the algorithm explores more solutions in the work-
space while the high iteration gives a solution much
closer to the target. Hereafter, a Fig. 2 presents the
values of the objective function, while the Fig. 4
and Fig. 5 illustrate the position and orientation of
end-effector for the manipulator after applying the
solutions to validate IK solver. Forthwith, the Fig. 3
(see the 3™ side of cover) demonstrates the con-
figuration joints for reaching the setpoint G, which
shows multiple solutions after each new iteration be-

Fig. 2. Displays the values of the objective function after applying

Fig. 4. Illustrates the position of end-effector for the manipulator

Table 5
Inverse Kinematics Results of Differential Evolution Algorithm
Test | Popu- | Itera- Execution . .
No. | lation tions J(®) Total Error Time [ms] Reaching Target (x, y, z, roll, pitch, yaw)
1 6 250 4.60464 —8.22166 247 (—20.0619, 3.00659, 40.0358, 3.74, —4.49369, 17.5544)
2 6 500 1.53162 1.78975 594 (—19.56, 2.64638, 39.8767, 0.465805, 13.2258, 13.135)
3 8 600 1.19735e—5 8.26589¢e—6 861 (—20, 3, 40, —8.25797e—6, 10, 15)
4 8 800 3.60207e—7 6.13326e—7 1125 (=20, 3, 40, 2.59552¢—8, 10, 15)
5 10 500 0.000230295 0.000677389 986 (—19.99, 3.0001, 40.00001, 4.21087e—5, 10.004, 15)
6 10 750 1.55363e—7 1.13202e—7 1301 (—20, 3, 40, 1.13202e—7, 10, 15)
7 10 1000 4.53651e—9 —3.13365¢e—9 1917 (—20, 3, 40, —1.40416e—9, 10, 15)
8 12 250 0.22408 —0.001729 567 (—19.8094, 3.06099, 40.1352, 0.0528143, 10.1526, 15.087)
9 12 400 0.0004035 0.000107144 835 (—20.0001, 3.00003, 40, —0.0006738, 9.999932, 14.9998)
10 12 500 3.42549¢—5 0.000107144 1146 (—20, 3, 4, 3.25415¢—5, 10, 15)
11 20 500 0.000828201 0.00156291 1736 (—19.9994, 3.00002, 40.0002, 0.000503176, 10.0009, 14.999)
12 20 750 1.28825e—6 —4.33271e—6 2628 (—20, 3, 40, —3.29831e—6, 10, 15)
13 30 500 0.00107932 —0.00085163 2614 (—20.0004, 2.99975, 39.999, 0.000577463, 9.999, 15.0007)
14 30 1000 9.20132¢—7 3.09732e—8 5255 (—20, 3, 40, 3.978432¢—8, 10, 15)
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Fig. 5. Illustrates the orientation of end-effector for the manipulator

after applying the solutions to validate IK-DE solver

cause of the redundant nature of our manipulator,
in addition, each new solution is considered as a
global solution within its iteration, new high itera-
tion grants algorithm an ability to explore a new
global solution. therefore, it’s important to alter the
settings of DE to conclude one solution based on
the objective function in shorter time.

By analyzing the results in the Table 5 and Fig. 3,
it was explicit that the test number 9 is the proper
solution with a convergence time equal to 835 ms
and a total error equal to —0.001729 taking into
consideration that the adaptation of DE parameters
nearby setting of this result may improve the solu-
tion to be more fitting but longer convergence time.

In case of MSFLA, the parameters of the algo-
rithm were introduced in the Table 6 additionally,
the summary of the results of utilizing the algo-
rithm for multiple scenarios was represented in the
Table 7.

As presented in the results, the amounts of execu-
tion time are longer than those in the experimental
results of DE algorithm. The population of the DE
algorithm is created randomly and the size of the

_ . Table 6 1 1 opulation should be selected based on the problem
Setting of the MSFL Algorithm and dimension of the workspace in order to cover all
Number of memeplexes 3 the space and consequently obtain the global solution
n Number of frogs within memeplexes NP/m quickly. Besides, the maximum number of iteration
C Amount of Leaping L3 depends on the accuracy required on the problem.
Table 7
Inverse Kinematics Results of MSFL Algorithm
. lterations Execution .
Tests | Population . . J(©) Total Error Time [ms] Reaching Target (x, y, z, roll, pitch, yaw)
iN iM
1 20 30 10 11.618 29.7156 729 (—15.7365, 5.43, 52.57, 6.63, 12.66, 16.164)
2 30 30 10 7.6614 12.0878 1045 (—21.1832, 2.91528, 50.77, —0.201742.10.0158, 14.8583)
3 40 30 15 10.5382 19.2097 1685 (—25.08, 8.56, 46.818, —6.2, 9.6, 5.4251)
4 40 40 | 30 18.4625 18.4625 4526 (—25.2365, 8.34134, 47.591, —2.537.8.6258.14.1301)
5 60 40 | 30 8.2925 8.2925 6645 (—24.4625, 0.04208, 44.589, 1.655, 11.1161, 14.054)
6 80 50 | 40 11.0236 11.0236 13 540 (—26.9977, 3.59399, 42.871, —0.0686, 9.816, 15.6762)
7 100 60 | 60 29.7744 29.7744 24 191 (—20.0331, 30.03867, 39.9706, —7.709, 3.6786, —0.7192)
8 130 70 | 60 0.151062 0.648529 46 282 (—20.09, 2.988, 40.004, 0.20727, 9.642, 14.894)
9 170 60 | 50 0.616846 2.16791 40 459 (—20.1505, 2.8357, 40.0911, 0.8872, 10.3554, 16.149)
10 200 90 | 40 0.113833 0.297961 57 362 (—19.9268, 3.00718, 39.98, —0.1344, 10.1049, 14.894)
11 200 100 | 60 0.0728863 0.378871 92 779 (—20.0018, 2.99737, 39.9906, —0.13745, 10.1506,14.9178)
12 200 120 | 80 276717 5.81648 150 246 | (—20.4796, 4.15287, 40.4894, 0.80744, 4.08227, 13.7867)
13 200 200 | 100 2.67129 1.93396 318 481 | (—19.2649, 2.23482, 41.9365, —0.978994, 10.8776, 11.4859)
14 250 90 | 40 0.003134 0.0165418 69 818 (—19.9995, 3.00023, 39.9998, 0.00495, 10.0061, 14.995)
15 250 140 | 80 1.26635 6.55357 215 027 (=20, 3, 10, =7.01976e—10, 10, 15)
16 250 140 | 100 | 4.64762e-9 | 1.05135e-8 | 260 325 | (—20.0982, 2.9671, 40.0008, —1.68742, 6.68997, 13.5741)
17 300 140 | 80 1.01476e-9 | 3.3374e-9 255 989 (—20, 3, 40, 1.16487¢—9, 10, 15)
18 500 90 | 40 | 5.4912e-10 | 9.960le-10 136 888 (—20, 3, 40, —1.66261e—11, 10, 15)
19 500 200 | 100 | 3.02894e-15 | 1.5664e-14 | 68 1646 (=20, 3, 40, 3.22962¢—15, 10, 15)
20 1000 30 | 45 0.0968137 0.0255 95197 (—20.0305, 3.0454, 40.0451, —0.0037, 10.957, 14.8752)
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Fig. 6. Displays the values of the objective function after applying
IK-MSFLA solver

Hereafter, the Fig. 6 displays the values of the
objective function, while the Fig. 7 and Fig. 8 (see
the 3™ side of cover) represent the position and ori-
entation of end-effector for the manipulator after
applying the solutions to validate IK solver. Forth-
with, the Fig. 9 (see the 3" side of cover) shows the
configuration joints for reaching the setpoint G.

6. Conclusion

The design and kinematics of a human-size aerial
manipulation robot have been introduced. this de-
sign has been separated into two parts: arm-part
and hand part in order to be easier in the naviga-
tion process and control system. the purpose of this
study is to observe a perception of actuating the
manipulator so fast; to reach a target point in the
3D workspace, robotically investigate a kinematics
solution. therefore, in this paper, we have presented
a methodology to solve the inverse kinematics of
a 6-DOF lightweight manipulator based on evolu-
tionary algorithms. Furthermore, the metaheuristic
algorithms included in the simulations were the dif-
ferential evolution (DE) and modified shuffled frog-
leaping (MSFL). These algorithms were designated
as multi-objective, multi-dimensional, stochastic
and diversity methods. The simulation and experi-
ments were conducted to prove the effectiveness of
each approach. Consequently, the DE had the best
performance over SFLA with the high success rate
and the fast convergence as well, the simulation was

carried out through PC with following specifica-
tions (Core i7, Q740, 1.73GHz). Subsequently, all
the optimization techniques of population-based
algorithms depend on the concept of generating a
population randomly then relocate or migrate indi-
viduals in the space to obtain the local/global solu-
tion. besides, it is not arduous to promote those two
algorithms and proffer them an adaptive feature as
we fulfilled with MSFLA in this research to deliver
more stabilization plus little run-time. Finally, the
aim of this study was acknowledged as one from
multiple objectives of our project, which are control-
ling the aerial manipulator integrated into an aerial
vehicle, in the space additionally, studying of the dis-
turbances effects on the vehicle and stabilizing the
motion of the manipulator.
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AHeprocbeperaoWwmn anropuTMm aBToMaTU4eCKoro yripaBneHus
NPUHYAUTENbHOW NOCaAKOW Nnaccaxupckoro camoreTa. Yactb |

Ilpedaoxncena 3adaua cozdanus cucmemvt agmomamuyeckou nocaoku (CAII) naccaxcupckoeo camorema, UHUUUUDYEMOU
U3BHEe U UCKAI0OYAUell 603MOICHOCMb GAUHUS IKUNANCA HA PeNcUM NOCAOKU, Hanpumep, npu U3MeHeHUUu Kypca camoiema u
omcymemeuu cesa3u ¢ IKunaxcem. B ucmopuu asuakamacmpogp umeemces MH020 cayuaes, KOmopsie MOJICHO 0bL10 Obl npedom-
épamums, ecau 0vl Ha 6opmy camosemos umenacy CAIl, a mexnuueckue cpedcmea asaponopmoe umesu 6v. 603MONICHOCHb
UHUYUUDPOBAMb IMY CUCIEMY U OMKAYAMb IKUNaxdc om npouecca ynpaeaenus. O0Hum u3 makux namamuolX RpUMepo8 s16-
agiomesa mpaeuveckue cobvimusa 11 cenmsabps 2001 200a ¢ Hvio-Hopixe. Cospementuiii yposens mexHuKy no380451em peuiuns
3adauy aemomamu4eckoi nocaoxku camoisema. Apuaiuwum npumepom YCneuwnoeo peuieHus 3moi 3adauu 1645emcsa nocaoxka
xocmuuecxoeo camonema (KC) "bypan" ¢ aesmomamuueckom pexcume 30 nem nHazao 15 nosabps 1988 eoda.

Cmames cocmoum u3 08yx uacmeli.

B nepeoti wacmu cmamou paccmompenvl YCA0BUSA YCNEWHO20 peuleHUs 3a0aiu asmomamu4eckoi nocadku camonema.
Kpamio uzaoocen nepeuens pexcumog nosema camonsema npu agmomamuyecKom YupagieHuu nocadkou. Jlas pewenus 3aoavu
aemoMamu4ecKo20 ynpaeaeHus camoiemom ¢ npo0oabHOU HAOCKOCMU HA CAMOM OMEEMCMEEHHOM 3AKAYUMENbHOM pedcume
nocaoxku npeodnoicer dHepeochepeawuil ai2opumm ynpaeieHus, o6ecnevusarouwuil ynpasierue 6 pejxcume ompuyameabHol
obpamuoti céssu. Ilpueedeno kpamkoe onucanue snepeocbepeearujeco areo0pumma ynpasienus. Aieopumm ynpasieHus pas-
pabomat npumeHumenbHo Kk naccaxcupckomy camonsemy TY-154M. B cocmae éekmopa coCmOAHUS CUCMEMbl BKAIOUEHbL UECMb
napamempog: 0aibHOCMb, bICOMA, Y20 MAH2ANCA U UX nepebie NPou3eoonsie no epemenu. Illpu pazpabomke areopumma uc-
Nn01b308aHbI CAeOYIOUUe OONYUeHUA: ) NUHEUHAS M00eab 3A8UCUMOCIU A2PO0UHAMUYECKUX XAPAKMEPUCTNUK CaMOiema Om
yeaa amaku; 0) AUHeUHAs M0O0eAb NPOCPAMMHO20 nepesoda msazu deueamenell 8 pejicum Maio20 2azd Ha unmepgaie 3 ¢ om
Ha4aia 3mana eblPAGHUBAHUS; 8) UCNOAb306AHUE Y2A08020 YCKOPEHUS CAMOAema N0 KAHALY MAH2axica, 603HUKAIOWe20 npu
nepekaadke pyias 6blCOMbL, 8 Kauecmee ynpasaaouie2o CueHaia; ) uacmoma pabomul areopumma ynpaeienus, pasias 200 I'y.

Bo emopoti wacmu cmamou Ha ocHoge 3HepeocOepeeaiwe20 alr20pumma a8MoMAmMu4ecKo20 ynpasieHus nocaokoi nac-
CANCUPCK020 Camosema Ha 3aKAHUMENbHOM YHuacmKe noCaoKu, paspabomannoeo 6 nepeoll yacmu, npoooadcenvl pabomot no
aHaau3y xapakmepucmuk 3moeo areopumma. Pazpabomana modeavnas npoepamma ynpasienus nocadkou npuMeHUmMenbHO
K camonemy TY-154M. IIposederno mamemamuueckoe MOOAUPOBAHUE IMAN08 pexcuma nocadku camosema. Ilpu nepexode om
00H020 3mana K 0py2omy npoeoousacs KOHKameHayus (CUUBKa) napamempos 08UNCEHUS, 8 pe3yibmame KOMOpPOU KOHeYHble
napamempol 0sudceHus npedvldyujeco 3mana CMAHOBUAUCL HAYAAbHWIMU NAPAMEMpPamu 08UdNCeHUs nocaedyrueco Imand.
Hccenedosano eausanue noepewtHocmei 6 a3p00UHAMUECKUX XAPAKMEPUCMUKAX HA YCA08Us NocadKu. B pesyabmame moodenu-
POBAHUS BbIABACHO, MO eCAU 045 OnpedeseHUs IManoe UCNOAb306AMb HANPABACHUE USMEHEHUs Yeid MAH2aAMNCad, MO Pedcum
nocadku 6 obujem cayuae ckaadvieaemcs He u3 08yX, mpaoduyuoOHHO OnpedeaseMbviX, d U3 mpex Imanog: ygeiuveHus yeaa
maneadca (6blpagHUBAHUE), €20 YMEeHbUICHUS (8blOepICUBAHUE) U BHOBb YEeAUudeHUs Yeaa (Iman HA36aH noddepicusanuem).
Heobxodumocmob 66edenuss mpemoezo 3mana 00ycA08AeHA HAAUYUEM RO2PEUHOCMEN 8 A3POOUHAMUYECKUX XAPAKMEePUCMUKAX
camonema. B yeaom noomeepicdeno, umo snepeocbepecarOWuli areopumm ynpasieHus obecneuugaem ycneuHoe peulernue 3a-
dauu aemomamu1eckol nocaoku NACCaicupcKo2o camoiema Ha 3aKA0MUmMesbHoM smane e2o norema. Ilpu smom ycmanoene-
HO, MO 0AUMEAbHOCMb pedcumMa Nocadku He npesvluiaem 5 c.

Karueevie caosa: asmomamuueckas I’lOC(ZaK?a, evicoma, e/mccada, aa/leOCﬂ’lb, naccamupcxuﬁ camoaem, pyiab eblcomsl,
CKopocmb, msaca 0eueame/1ﬂ, yeon amaku, yeon maHeasxica, 3Hepeoc€epeeai0u4uﬁ ajzeopumm

BBenenne

B Hacrosiueit ctatbe AesaeTcs MomnbiTKa 000-
CHOBaTh HEOOXOAMMOCThL MMETh Ha O0OpTy CcCO-
BPEMEHHBIX CaMOJIETOB TI'pPaXXJaHCKO aBUALlUK
cucteMy aBTomatuyeckoi nmocaaku (CAIl) B uH-
Tepecax MOBBIIIEHUS] OE30MaCHOCTH aBuamnacca-
XKUPOB W Mpeajaraercsl ajropuTM yIpaBlIeHUS
9TOW CHUCTEMOM Ha 3aKJIOYMUTEIbHOM 3Tare IMo-

caaku. B uctopum aBmakaractpod mMeeTcs MHO-
ro CJIyyaeB, KOTOPbIE MOXHO OBLIO ObI MPEAOT-
BpPaTUTh, €CIU OBl Ha OOPTYy CaAaMOJIETOB MMEJACh
CAIl, a TexHn4ecKue CpeacTBa a3poropTOB MMe-
JIX OBl BO3MOXXHOCTh MHUIIMUPOBATh 3TY CUCTEMY
A OTKJIIOYaTh KUMaxX OT Ipolecca YIpaBIcHUS.
OnHUM U3 TaKUX NMaMATHBIX TTPUMEPOB SBJISIOT-
¢ Tparmdeckue cooOniTusi 11 centsiops 2001 T.
B Hpio-Hopke.
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CoBpeMeHHbII YPOBEHb TEXHUKHW I103BOJISICT
pelInTh 3aJa4y aBTOMaTUYeCKOW MOCagKu camMo-
JeTa. ApyaiiiuM OprMEPOM YCTIIELTHOTO pelieH s
ATOU 3a7a4M SABJSIETCS MOCaaKa KOCMUYECKOro ca-
mojieta (KC) "BypaH" B aBTOMaTuyeCcKoOM pexknume
30 et Ha3an 15 HostOps 1988 roma. [loHsATHO, YTO
aTa 3aj7aya peuniajach B MHTepecax MuUHHUCTEpPCTBA
O6oponsr CCCP ¢ cOOTBETCTBYIOIIMMMU ITOM 3a-
Jaye SKOHOMMYECKMMM 3aTparamu. B To Bpems
elie He ObLIM pa3BEepHYTHI r100ajibHbIE HABMUIa-
1IMOHHBIe cnmyTHUKOBBIE cucteMbl "TJIOHACC" n
GPS. I1oaTomy ObLIIM pa3paboTaHBI CIeLIAIbHEIC
Ha3eMHbIe PaAWOTEXHUYECKUE CPEACTBA M3Mepe-
HUS AAJbHOCTU OT B3JIETHO-TIOCAAOYHON TOJIOCHI
(BIIIT) no KC c perpaHcasiuueit 3Toil nHpopMa-
MU Ha ero O60pT, a Takxe GOpTOBbIE LU(PPOBLIE
BBIYMCJIUTENbHbBIE CpPEACTBA aBTOMATMYECKOIO
yIpaBjeHus Ha Bcell TpaekTopuu aABuxeHuss KC
OT CIIycKa ¢ opOuUTHl M OO0 ocTaHOBKM Ha BIIII
aspoapoma mocanku [1, 2].

B HacTosilmiee BpeMs MpU HAJIW4YUU TJIOOAITb-
HBIX HAaBUTALIMOHHBIX CTyTHUKOBBIX cucteM CAITI
caMoJieTa MOXET OBITh pa3paboTaHa CO CpaBHU-
TeJIbHO MaJbIM1 SKOHOMWYECKMMU 3aTpaTamMu Mo
OTHOIIEHUI0, HATPUMEpP, K CTOMMOCTH CcaMoOJieTa.
M MeroTcs KOCBEHHbIE CBEIEHU s, YTO Ha psiae THU-
OB CaMOJIETOB TaKHWe CUCTEMBbI yXke co3aaHbl. Ha-
npumep, B padote [3] oTMedeHO, UTO B peXXKUMe aB-
tonuaoTa adpobdyca A-380 "docmynHut ece pescumbl
nosema”. Tlpy 3TOM aaropuTM ympaBjeHUS MpHU
BBIDAaBHMBAHUM U BBIICPXMBAHUM HE TIPUBOIUT-
Csd U OCTaeTCsl HENOCTYITHBIM JJ1s1 aHanu3a. Takue
PEeXUMbl MOTYT MOPUMEHSATHCS IO YCMOTPEHUIO
9KUTMAaxa B 9KCTPEHHBIX CUTyallusIX Ha OOPTY.

IIpenctaBnsgercss 0co00 BaXHBIM CO3laHUE
CAIl, nHnnuupyemMoil OUCIETUYSPCKOM CIyKOO0it
as’pornopTa Mpu oNpeaeSeHHBIX, CTPOT0 OTOBOPEH-
HBIX YCJIOBUSIX 0€3 BO3MOXHOCTU BMEIIATEIbCTBA
B ee paboOTy CO CTOPOHBI 3IKMIIAXKa, HAIPUMED,
MpU SIBHOM OTKJIOHEHWM CaMoJjieTa OT 3aJaHHOIO
Kypca U OTCYTCTBUU CBSI3U C dKUTIaXeM. DTO Mo-
3BOJIUT CHU3UTH BEPOSITHOCTDb NajbHEWIIIEro aBa-
pUHHOrO pa3BUTUSI CUTyallMM Ha OOpTy. 3JHaAHWUE
TOro, YTO Ha JaHHOM THIIE caMoJjieTa UMeeTcs
CAIl, Takke MOXET 3aCTaBUTh TEPPOPUCTOB OT-
Ka3aTbCsl OT €T0 UCMOJIb30BAHUSI.

AHau3 MoKa3bIBaeT, UTO Ha BCeX 3Tarnax JIBU-
KeHUsT BO3MOXHO MPUMEHEHWE aBTOMAaTHYeCKO-
ro ynpaBjJ€HUS CaMOJIETOM, €CJAM Ha OOpT OyayT
3aKjaablBaThCsd HEOOXOAMMbIE JaHHBIE 00 a’po-
MopTe C HaWJYUYIIMMU TIOTOJHBIMU YCJIOBUSIMU
JJIST TIOCaJIKU, TEeKYIlue MapaMeTphbl rnojera oyayT
OTnpenesaThcsd OOPTOBBIMU CPEACTBAMHU B MOJTHOM

o0beMe, a XapaKTEepUCTUKM CaMoOJIeTa, HEOO0XO-
IUMBIC IJISI pacyeTa peXHWMOB MoJjeTa, OyayT 3a-
JIOXXEHbI B MaMsTh OOPTOBBIX KOMMObIOTEPOB. [1pn
9TOM HemocTaromas WHGOpPMalHUsI O TEKYIIUX
napaMeTpax camojeTta (Bec, 3amac M pacxoni To-
IJIMBa, TSATA JIBUraresieil) MOXeT OBITh IOJIy4YeHa
B XOAE JaJbHEUIIETO aBTOMAaTUYECKOTO TOJIeTa
C UCITOJIb30BAHUEM M3BECTHBIX aJITOPUTMOB UICH-
TUUKALUU ITapaMETPOB.

Ycii0oBHA yCHEIHOrO pelieHns 3aaa4u
aBTOMATHYECKO# MOCaaAKHu caMoJeTa

s pemeHus 3aga4yv aBTOMaTUYECKOM mmoca-
K1 caMoJjieTa HeoOXomMMo, IpexXae BCEro, cgop-
MYJIMPOBATh IOJOXEHUS WMJIU YCIOBMS, KOTOPHIE
MO3BOJISAT KOHKPETU3UPOBATh CaMy IOCTAaHOBKY
9TOM 3ama4yu. BoT HEKOTOphIE U3 HUX:

* JOJXHBI OBITH OIpPEAEIECHBl 1, BO3MOXHO,
Jlaxke 3aKOHOJIATEIbHO MOATBEPKICHBI YCIOBU S
IepeBoma caMoJieTa JMCIETYEPCKOM CIyKO0i
a’poropTa B peXXUM aBTOMAaTUYECKOM MOCAAKU.
DTOT NMepeBoA MOXET OCYILIECTBISTHCS TOJBKO
¢ 3eMJIM U IPUMEHMUTEIBHO K caMoJIeTaM, 000-
pyaoBaHHbIM CAII;

e nnsa npumeHeHusi CAII gomaxeH OBITH cO3daH
CIIEUMAJbHBIA 3aKpBIThIA KaHald BKJIIOYECHUS
peXUMa M IOJyYEHU ST HEOOXONMMOM KOHTPOJIb-
HOU MH(pOpMallMU OT OOPTOBBIX KOMITBIOTEPOB
caMoJjieTa 0 ImapamMeTpax padoThl ABUTraTejIel 1
rnapamMeTpax MoJjeTa;

* JOJIXKHA OBITh MCKJIKYEHA BO3MOXHOCTH BME-
IIaTeabCTBA SKHUIIAXa B YIIpaBJIEHHWE CaMO-
JIETOM TIOCJIE IIepeBOJa CaMoOJIETa B PEXUM
aBTOMATUYECKON Mocaaku. DTO JAOCTAaTOYHO
’KECTKOE YCJIOBME O3HayaeT, HallpuMep, YTO Ha
camoitete, ocHameHHoM CAIl, He MOXeT OBITh
MeXaHUYeCKUX (PblYaXkHbIX) CXeM YIpaBJeHUs
KaKUMU-TU00 3JIeMEHTaMU U BCe yIpaBJieHUe
CaMOJIETOM JOJIKHO OCYIIECTBIISITBCS C MC-
MoJb30BaHMEM OOPTOBOM AUCTAHLIMOHHOW CHU-
CTeMBbl YIpaBJICHUS;

e mpu nepeBoje camoiieta B pexxum CAII B 6opTo-
Bble KOMITbIOTEPHI 3aHOCSITCSI TaHHBIE O B3JIET-
Ho-mocagoyHoii monoce (BIIII) aspomopra
nocaaku (reome3vyeckue IIMPOTa, AOJAroTa U
MPEeBBILIEHUE HaJl YPOBEHHOM MOBEPXHOCTHIO
3emMJin cpeaHei Touku TopleBoit kpomku BITII,
a TakXe a3uMyT cpenHeid nmauu BIIIT);

* cocTaB OOPTOBBIX CUCTEM CaMoJieTa U MX 1aT4YH-
KOB JIOJIXKeH OBITh JOCTATOYHBIM JJIS1 pelIeHU s
damaun CAIl. D10 ycioBHe TakxXKe SIBIISIETCS
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JOCTATOUYHO XECTKWM, TTOCKOJIBKY B TIpolecce
MMPOEKTUPOBAHMS peXXUMa TOCAIKHU, BO3MOX-
HO, TOTpebyeTcs MMETh IOCTYI K MapaMeTpy
KaKoM-TM00 CUCTEMbI, paHee OTCYTCTBYIOLIEMY
B OOPTOBBIX KOMITLIOTEPAX;

* B OOPTOBBIX KOMIBIOTEPAX CaMoJIeTa TOJIXKHBI
HaXOIUThCS BCE HEOOXOOMMBbIE TTPOEKTHHIE IMa-
paMeTphl CaMOJIETa;

* CBEICHUSI O TEXHUUYECKOM COCTOSIHUM CaMoJjieTa
(Bec, TsATA ABUTATEIIEH, 3aI1ac U PacXol TOILIMBA,
MOJIOXKEHUE PYJIEBBIX OPraHOB M JApP.) B MOMEHT
IepeBoaa caMoJjieTa B PEXUM aBTOMATUYECKOM
MOCaAKHM I0JIaraloTcsd HEU3BEeCTHBIMU. M3 aTOrO
HEOOXOAMMO MCXOOWTh MPH IPOEKTHPOBAHUU
HayaJIbHOTO 3Tana peXuMa MOCaaKH.
[MpuBeneHHbIE YCIOBUS HE SIBJISIIOTCS UC-

YepIbIBAIOIIMMY M JOJIKHBI IPUMEHSTHCS IS

YKPYITHEHHOTO IJIAaHUPOBAHUS PEKMMOB aBTOMa-

TUYECKOM MOCaIKHU.

[Inanupyembie peKMMBI MOJIETA CaMOJIeTa
NpH aBTOMATHYECKOM YNPABJEHUHU NMOCAAKOM

Bce paccMaTpuBaeMble HMXE IIJIaHUPYEMBbIE
pexXuMbl noneta npu ucnoabzoBaHuu CAIl co-
OTBETCTBYIOT IPUHSTHIM B I'PaXXJaHCKOW aBua-
uuu [4]. TIpu ux paccMoTpeHUU OyIeM OTMeYyaThb
TOJILKO HEOOXOIMMOE pa3inuue B 3aJa4ax U METO-
nax ucroiaHeHus. [Ipu 3ToM coOCTBEHHO aBapuii-
HbIE CUTyalluM camoJieTa W JBUTaTeseil He pac-
cMmaTtpuBalorcs. [IpuBomumble B paboTe JaHHBIE
COOTBETCTBYIOT MCIIOJIb30BAHHOMY B KadyeCTBE
npumepa camomy maccopomy B CCCP cpenHema-
rucTpajibHoMy camoneTy TY-154M.

Pesxcum zopuzonmaavnozo aemomamuyeckozo
nuaomupoeanusa (pexuM aBronuiora). OCHOBHas
3ajlaya 3TOro pexnuMa COCTOUT B UAEHTU(DUKALIUU
nmapaMeTpoOB CHUCTEM cCaMoJieTa M MapaMeTpPOB €ro
mnoJiera, 0e3 3HaHUS U IPOTHO3UPOBAHUS KOTOPHIX
HEBO3MOXHa JaJibHEeillass aBTOMaTUYecKasli I0-
canka. B aTom pexume JONKHBI MOAACPXKNBATH-
Csd TIOCTOSIHHBIMM TlapaMeTpbl TOPU30HTAJIbHOTO
MoJieTa: BhICOTA II0JICTa, 3aJaHHAas TOPU30HTAJIb-
Hasl CKOPOCTh M a3UMYT IIOJIETa. YUUTHIBASI, UTO
B MOMEHT TepeBojia caMoJjieTa B peXUuM aBTOMa-
TUYECKOW MOCaJAKKU OH MOT HAaXOAUTBLCS B APYTOM
JIMHAMUYECKOM PEXMME, MOXHO OXMJIATh HEKO-
TOPOro MEPEXOAHOI0 MPOLECCa BBIX0JA Ha PEKUM
aBTOMMUJIOTUPOBaHUS. B 3TOM pexunme ¢ UCMoJib-
30BaHUEM TIPOCKTHBIX XapaKTepPUCTUK caMoJjieTa
JOJKHBI OBITH OIpEIe/ieHbl TakKue IlapaMeTphl,
KakK Tsra JBUTaTeNeil, BeC caMoJjeTa, 3amac U pac-

X0/ TOIIMBA, pabOTOCMOCOOHOCTh U 3(PpheKTuB-
HOCTb OpPraHOB YTPaBJE€HUS CAMOJIETOM W TATOU
aBurareneit. JIIUTENIbHOCTh peXuMa OIpenessi-
eTCsl JJIMTEJbHOCTSMU PELICHUS TePeurCIeHHbBIX
3ajga4y uaeHTudukauuu. Peaausauus pexuma aB-
TOMUJIOTa oOecrneynBaeTCsd Ha BCEX TUIIAX CYAOB
IrpakJIaHCKOU aBUAlIMU U HE BHI3BIBA€T BOMIPOCOB.

Pesxcum cruxcenus 1o OTeYeCTBEHHOW CHCTE-
Me mocagku CII-50 [3] HaumHaeTcsT ¢ pa3BOpoTa
B LIEJISIX U3BMEHEHU S Kypca 1moJjieTa B MepBYyIO KOH-
TPOJIbHYIO TOUYKY, HAXOMSITYOCS Ha TTPOAOJIKEHU U
ocu BIIII u oTCcTOSIIYIO0 OT TOCATOYHOM TOPIIEBOM
kpoMmku BIIIT Ha 10 KM 1 HaxomsiIylocsi Ha Bbl-
cote Kpyra Hang 3emieit 500 M. B pexxume cHMKe-
HUS TOJKHBI COTJIACOBAHHO BBIAEPXKMBATHCS pac-
YeTHBIE 3HAYEHMS yIjia TaHTaXxa, BepTUKaJIbHOM
CKOPOCTM CHMKEHUSI M TSITU ABUTaTeNeil. Ympas-
JIeHWe M KOHTPOJIb 3a TOJETHBIMU MapaMeTpamMmu
B OTOM M B MOCJEAYIOIIMX PEXMUMAaX OCYIIECTBIS-
eTcsl OOPTOBBIMUM KOMIIbIOTEpPAMU C MCIIOJIb30Ba-
HYeM MHOopMauu 0T GOPTOBBIX MHEPILMATBbHBIX
CPEICTB M OT IMI00AaJbHBIX CITYTHUKOBBIX HaBUTIa-
LIMOHHBIX cucTeM. Pexxym 3akaHYMBaeTCs] MOMEH-
TOM IPOJIETA HAJ MEPBON KOHTPOJbHOM TOUKOW.

Pesxcum 3axoda na nocadky tipeaycMarpuBa-
€T KpPyTroBOe NBUXXEHWE Ha MOCTOSHHOM BBICOTE
500 M B LIes1sIX BBIXO/A Ha TY XK€ TTePBYI0 KOHTPOJIb-
HYIO0 TOYKY C asumMyToM oceBoii juHuu BIIIIL.
B 3TOM pexume 1Mo 3aJaHHOI Iporpamme Iocie-
JIOBaTebHO OCYILECTBSIOTCS: BBIITYCK 111aCCH, BbI-
MYCK TPEAKPHIJIKOB U 3aKPbLIKOB B IMOJOXeHWE 1,
BBITTYCK 3aKPBIJIKOB B TOJIOKEHHUE 2 (TOCaT0UYHOE).
[Ipn 3TOM B COOTBETCTBUM C PaCCUMTAHHOM MpPO-
rpaMMOM OCYIIECTBJSIETCSI CHUXKEHME TOPHU30H-
TaJbHOW CKOPOCTH MOJIeTa 10 MUHUMAJIbLHOU (1715
TEeKYIIero Beca caMoJjieTa), a TakKXe yBeJIUYeHUE
yIJla araky camojeTa ISl TOAACPXaHUsS BTOM
CKOPOCTH.

Pesxcum cruxcenus no zauccade ocyuniecTBs-
eTCsl B MOCAJ0YHON KOH(pUTYpallMu C HEMPepPbIB-
HbIM YMEHBIIIEHUEM BBICOTHl MPU IMOCTOSHHOMU
TOPU3OHTAJIBHON CKOPOCTH M Peajn3yeTcsl TaKXKe
B COOTBETCTBMHU C Pacuye€THOW MPOrpaMMoOu U MO-
Ka3aHWSIMM JaTYMKOB Triuccanbl. Ilponer Han
JaJbHUM TPUBOIHBIM pagvoMasikoM (BTopas
KOHTpoJibHasi Touka) 3a 4000 M oT TopleBou
kpoMku BIIIT moyixkeH OCylLIECTBASITHCS Ha Bbl-
core 200 M, mposieT HaA OJMMXHUM TPUBOAHBIM
paguoMasikoM (TpeTbs KOHTPOJbHASA TOYKa) 3a
1000 m ot TopueBoit kpomku BIIIT — Ha BbicoTe
60 M C NOCTOSIHHOM M MUHUMAJILHOM CKOPOCTHIO.

Pexcum nocadku HauMHAETCSA Ha BBICOTE 6...8 M
C MOMEHTa TiepecedeHus TopieBoit kpomku BITIIT

MexaTpoHnKa, aBToMaTH3anus, ynpasjienue, Tom 19, Ne 11, 2018

727



(ueTBepTasgs KOHTPOJBbHAs TOYKA) M 3aKaHYMBAa-
eTcst kacanuem BIIIT konecaMu OCHOBHBIX CTO-
eK IIaccu. DTo HamboJjiee OTBETCTBEHHBIN PEXXKUM
M3 BCEro Ipolecca nocaaku. TpaauLIMOHHO OH
CKJIaAbIBAETCS U3 ABYX ATAlOB: BBIpABHMBAHUS U
BbIIepXuBaHus. Ha stane esipasnueanus nsura-
TEJIU TEPEeBOAITCS B PEXUM MMHUMAJBHON TIATHU
C MJaBHBIM YyBeJlWYeHHEM yria aTtaku. Ha stom
aTare OCYLIEeCTBISIETCS YMEHbIICHWE BepTUKAJIb-
HOM CKOPOCTHU CHMXEHHUS 3a CYET YBEJIMUYCHMUS
yrja aTaku M, KakK CJeICTBUE, YBEIUUYECHUS MOMb-
€MHOM CHMJIbl. YroJ aTaku BO3pacTaeT, a C HUM
u Jo60oBoe compoTuBieHue. B pesyabrate mpo-
JIOJbHAsI CKOPOCTh CHUKaeTcs. Ha sTame estdep-
Jcueanusa HaobOPOT, HECKOJBKO CHUXAETCS yroJ
aTaku, MpoA0JXKaeT CHUXAThCS NPOOOJbHAS CKO-
pOCTb, U, KaK CJAEACTBUE, CHUXKACTCI MOAbEMHAas
cuna, camojieT Msarko kacaercs BIIIT konecamu
OCHOBHBIX CTOEK IIACCH.

Pexcum npobeca to BIIIl ¢ sToro mMomeHrta
IO TMOJHOW OCTAaHOBKM caMoJieTa o0ecrieunBaeT-
Ccd CIeIYIOIIMMU YIPaBISIOLIMMU BO3ACUCTBUSI-
MHU:. BKJIIOYEHHEM CIIOMJIEpOB (MHTEPIEIITOPOB),
YMEHbIIEHWEM YIJa aTaKyd caMoJieTa OO0 COIpU-
kocHoBeHud ¢ BIIII kosecamu nepenHel CTOMKHA
1accH, BKJIOYEHUEM peBepca TITu ABUTATEsIei,
NOCAEAYIOIIMM TOPMOXEHHUEM KOJIEC OCHOBHBIX
CTOEK IIaCCHU U, HAKOHELI, BBIKJIIOYEHUEM peBepca
NpU ONpeAeIeHHON CKOPOCTHU nmpoobera.

CoBpeMeHHOE COCTOSIHHE alllapaTypHOil 0a3bl
OOpPTOBBIX M HA3EMHBIX CPEACTB IO3BOJISIET 00e-
CHEYUTh aBTOMATUUYECKOE YIIPaBJCHUE Ha BCeEX
peXumax rmocagku camoJieTa.

3anaya aBTOMATHYECKOr0 YNpaBJIeHHS
NOCAAKOI CaMOJIeTa H COCOObI ee pereHust

B pexxuMe aBTOMaTHYeCKOM IMOCaaKU HanboJee
BaXXHBIM SIBJISIETCSI PACCMOTPEHME YIIpaBJICHUS
B IPOIOJIbHOM KaHalle, T. €. YIpaBJeHUE IOCTY-
MaTeJIbHbIM M BpalllaTeJIbHBIM IBUXEHUEM CaMO-
JieTa B MJIOCKOCTU TaHTaxa. [1pu aToMm B morepeyd-
HBIX KaHaJlaX KpeHa U PhICKaAaHUS (CKOJbXEHUSI)
obecrieunBaeTCs JUIIb CTAOMIN3aLsl IBUKCHMS.
MMeHHO npomoIbHbIN KaHall Haubosee AeTalbHO
HCCIIeIOBAaH B TEXHUYECKOM JIUTeparype.

TpaguIMOHHO pellleHre TepMUHAJbHON 3aaa-
Yy yIpaBJIeHHUs] CaMOJIETOM B peXHMMe IMOCaIKHU
CBSI3bIBAETCSI C MCITOJIb30BAHMEM METOIOB IIPO-
rpaMMHOro ympasjeHus. [IpuBeneM u3BeCTHBIE
MpYMeEpbl MOCTPOCHMSI IMPOCTEHINUX IPOrpaMm
yIIpaBJIeHUs IIPU MOCaaKe caMoJieTa.

Tak, B pabote [4] IpeaIoXeHO KPUBYIO BEIpaB-
HUBaHMS IIPY aBTOMaTUYECKON MMOCaaKe 3a1aBaTh
aKkcrioHeHToi. [Ipy 3TOM emMHCTBEHHBIM BapbH-
pyeMBIM TIapaMeTPOM OKa3biBaeTCs BBICOTA Ha
MOMEHT Hayaja BelpaBHUBaHu. [lo maHHBEIM pa-
OGOTHI [5] B 2TOM BapuaHTe HNpU MajblX 3HAYEHU SIX
BEPTUKAJIBHON CKOPOCTH CaMoJieTa B MOMEHT Ka-
caHus Touka KacaHus koygecamu BIIII 6yget 3Ha-
YUTEeJbHO ynajieHa oT Hadasa BIIII, a mpu npwu-
3eMieHun Onmxe K Hadany BIIII OymeT Gonbimast
10 MOIYJII0 BepTHKAaJbHAsI CKOPOCTh KacaHMSI.

B pa6Gore [5] xpuByl0 BBIpaBHUBAHUS IIpel-
JIOKEHO 3aJaBaTh MOJIMHOMOM TPETHEro IopsiaKa,
OIIPEeACISIIOIINM 3aBUCUMOCTh BBICOTHI ITOJIETa OT
npoitaeHHoro nytu Baojb ocu BIIII ot ee Havana.
YeTripe K03 GUILIMEHTa MTOJMHOMA OIPEISISIIOT-
Csl 3aJaHHBIMU KpPaeBBIMU YCJIOBUSIMU. AJNTOPUTM
pa3paboTaH A1 BOEHHBIX caMoJieToB Tiita MUI-29
C OTJIMYHOU OT NMPUHATON B IPaKIAaHCKOW aBua-
LIAM JIOTUKOH YIIPaBJIEHUSI B PEXUME ITOCAIKMU.
Tak, Hampumep, B peXuMe BBIpABHUBAHUS OCY-
IIECTBJISIETCS BRIMYCK 3aKPBIJIKOB M 1naccu. Ilpen-
JIOXKEHO MO BUPTYaJbHOW KPUBOU BBIPABHUBAHWUS
OIIPENEeIISITh IIPOrpaMMHBIE 3HAYEHU S IIPOIOIBHON
1 BEPTUKAJIBHOI MEperpy3oK, peaam3ainus KOTO-
PBIX TOJKHA O0eCIeunBaThbCS TATON IBHUIaTeIsl U
YIJIOM IIOBOPOTAa CTaOMIM3aTOpPa COOTBETCTBEHHO.

Bmecte ¢ Tem ucmosb30BaHHME 3apaHee pas-
paboTaHHBIX "XEeCTKHUX' IIpOrpaMM YIIpPaBICHUS
TpeOyeT NpUMEHEHUSI HOIOJHUTEIbHOIO CTa0u-
JIM3UPYIOLIETO yIIpaBjeHMsI, 3aga4ya KOTOPOTO CO-
CTOUT B KOMIIEHCAIlMM OTKJOHEHUI OT IIpOrpaM-
MBI, BO3HUKAIOIINX IIPU MOCAAKE OT IeHCTBUSI
Bo3MmylneHuii. MccimegoBaHue MeTomoB ¢OpMHU-
pOBaHUS CTAOMIIM3UPYIOLIETO YIPaBJICHUS IIPU-
BEJIO CIIEIIMAJIMCTOB B O0JIACTH aBTOMAaTHYECKOTO
yIpaBjieHHMsI K pa3paboTKe HpMHLUIA 'THOKUX"
TpaekTopuii. "['mOKkas" mporpaMma ymIpaBJIeHUS
HAXOOMUTCSA IIYyTeM pelIeHUSI OBYXTOYEYHOI Kpa-
€BOI 3aJauyM C 3aJaHHBIMM HayaJbHBIM COCTOS-
HHEM B MOMEHT BpeMEHM ee¢ OOHOBJICHHUS M 3a-
JaHHBIM KOHEUYHBIM COCTOsiHMeM. B mpeaenpHOM
cliyyae OOHOBJICHME HaYaJbHOIO COCTOSIHUSA U
pELIEHUE NBYXTOYEYHOM KPAEBOMU 3aJa4u MOXKET
OCYIIECTBIISIThCS Ha KaxXKIOM IlIare yIpaBJICHUS.
B aToM mpeneapHOM ciydyae Imojy4aeM aHajor CHU-
CTEMBI C OTPULIATEIBHON OOPATHOI CBSI3bIO.

CyluecTBeHHBIN BKJIal B pa3pabOTKy aJrOpUT-
MOB YIpaBJICHUSI CaMOJIETOM B peXHMe Mocai-
KM Ha OCHOBE KOHIEMUMHU 'TUOKUX' TpaeKTOpuit
BHecin A. b. ®umumonoB u H. b. ®unumoHoB
[6—10]. Umu xe B pabote [10] mpuBeaeHa oOLIMp-
Hasl OuOnumorpadus 1Mo MeTogaM TEPMUHAJIbHOTO
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yIpaBjeHUs 00beKTaMU aBMAallMOHHON W KOCMU-
YECKOU TEXHUKHMU.

B HacTosei paboTe MPEeAokeHO MCHONIb30-
BaTh AJTOPUTM YIIpaBJeHUS, OOecreurBaloOlIni
paboTy cucTeMbl yIipaBiieHUs B (opme oTpulia-
TEJIbHOW OOpPATHOM CBSI3M.

JBUXEHHE camoJjieTa B MPOAOJbHOM MJIOCKO-
CTM OMNMWCBHIBAETCS TpeMsl MapaMu IepeMEHHBIX:
JAJIBHOCTBIO W MPOAOJBbHOU CKOPOCThIO, BBICOTOU
U BEPTUKAJbHOW CKOPOCTHIO, YIJIOM TaHTaxa M
YIJIOBOM CKOPOCTBIO €ro usMeHeHWs. [lockoib-
KY B peXMMe MOCaaK{d ABUTATEJU MPOTPaMMHO
TMEPEBOASATCS B PEXUM MaJIOTO ra3a, ynpaBJICHUE
CaMOJIETOM B B3TOM pPEXHUME OOECTIeYMBAETCS O~
HUM YTIPaBJISIIOIIMM NTapaMeTPOM — YIJIOBOI CKO-
pPOCTBIO TIOBOpPOTa PYyJas BBICOTHL. [loBOpOT pyns
BBICOTHI BBbI3bIBAET MEXaHUUYECKUH MOMEHT IOBO-
poTa camoJjieTa B KaHajie TaHraxa. DTOT MOMEHT
BBI3BIBAET COOTBETCTBYIOIIEE YIJIOBOE YCKOPEHUE
caMoJjieTa MO KaHajy TaHraxa. s mpocTOThI
B HacTodlileil padoTe B KayecTBE YMPaBJISIOLIETO
napaMeTpa MPUHST Pe3yJabTaT BO3AEUCTBUS PYIs
BBICOTBI — YIJIOBOE YCKOpPEHME caMoJieTa B Ka-
HaJle TaHraxxa. B aTom ciyyae 3agaya pa3padboT-
KM TIpOrpamMMbl YOpaBJeHUSI B peXUME MOCAAKU
CBOIUTCS K pa3pabOTKe aJropuTMa ONpeaeaeHUs
YIJIOBOTO YCKOPEHUS caMoJieTa B KaHaJile TaHTaXxa
Ha KaXXJIOM 1l1are yrpaBJieHUs.

JInst aBTOMaTUYeCKOTO YIIPAaBAEHU S ABUXKEHUEM
B TIPOJOJIBHOM MJIOCKOCTU B PEXMUME MOCATKHU TTac-
caxkupckoro camojiera tuna 1TY-154M B pmaHHOIT
paboTe mMpeajaraeTcsl UCMoJb30BaTh dHEprocoepe-
raloiuii anroputm ynpasnaeHus [11]. 3aecs TepMuH
"sHeprocoeperaouii’ OTHOCUTCS K Ha3BaHUIO
MPUMEHSIEMOTO aJITOPUTMA, & HE K TIOCTAHOBKE 3a-
Jlay¥ 9KOHOMUWHW IHEPro3aTpar Ha yIpaBJICHUE.

[pakTuka mpuMeHeHUs 3Heprocoeperarolero
QJITOPUTMA TIOKA3bIBACT, YTO IS OOECIECUCHUS
BBICOKOM TOUHOCTHU pacuyeToB TpeOyeTcs: 00JbIlIoe
YUCJIO TUKJIOB €r0 pabOoTHI, U3MEPSIEMOE COTHSIMU
u ThicsiuaMu. [1oCKOJNIbKY AAUTENBHOCTh peXuma
MOCaJKM caMoJjieTa Majia M CocTaBisieT 5...6 ¢, BbI-
Opana yacrtora pabotsl anroputma 200 I'm, yTto
COOTBETCTBYET MHTEPBANY Af TUCKPETHOCTU pabo-
THI anroputMma, pasHomy 0,005 c.

BaxxHoi1 0cOOEHHOCTBIO YIIpaBIEHUS B peXUMeE
MOCAaK! caMOJIeTa SBJISETCS HEOOXOMUMOCTh YBeE-
JUYEeHUs yrjia aTakKu Ha 3Tarne BbIpaBHUBAHUS U
YMEHbIIEHUST Ha 3Tane BbIAEPXKMBaHUSA. DTa OCO-
OGEHHOCTb NPUBOIUT K HEOOXOAUMOCTU MCIIOJIb30-
BaTh TIOCJIEOBATEIBHOCTh AJITOPUTMOB YIIpaBJic-
HUSI Ha KaXJIOM U3 3TUX 3TAINOB C KOHKaTeHalen
(cIIMBKOIT) TTapaMeTPOB ABUKEHMUSI, UCIIOTb3yeMBIX

npu ynpasieHuu. Kak OyneT mokazaHO HUXE, 3TO
00CTOSITENILCTBO TapPaHTUPYET YCIEIIHYIO MOCAAKY
camMoJieTa Mpy HAJUYUM TIOTPEIIHOCTEN B a3poau-
HaMMUYECKUX XapaKTePUCTUKAX CaMOJIeTa.

Huxe npuBoauTCs KpaTkoe OMMCaHuUE pa3pa-
0OTaHHOTO aBTOPOM BHeprocoeperaroliero ajaro-
pUTMa yIIpaBJAeHUM.

Kpatkoe onucanme sneprocoeperaiomero
aJIrOpuTMA ynpaBJieHUs

I[Iycty 3amaHa JWHEHHAsI IO COCTOSIHUIO U
VIIpaBJACHHUIO OTUCKPETHAs IMOJHOCTBHIO YIpaBIIsie-
Masl CUCTeMa:

Xoo | =AX,+BU,i=0,1,2,3, ..,

e X; € R" BEKTOP COCTOSIHUSI CUCTEMBI
B n-MEPHOM €BKJIMJIOBOM IIPOCTPAHCTBE B MOMEHT
BpeMEHHN, COOTBETCTBYIOIIMIAI HOMeEpy 1uara i
U; e R" — BexTOp yrnpaBjieHUl B F~-MEPHOM €BKJIH-
JOBOM IIPOCTPAHCTBE B TOT XX¢ MOMEHT BPEMEHU;
A; — MaTpulia COCTOSIHUSI CUCTEMbl Pa3MEPHO-
CTU n X n, KOTOpasi 3aBUCUT OT X;; B, — maTpuua
yIIpaBJIeHUN Pa3MEPHOCTU 1 X F, TaKXe 3aBUCS-
mas ot X;. [lycTh TakXke U3BECTHO HayaJlbHOE CO-
cTossHUe cucTeMbl: X, # 0.

TpeOyeTcss HalTU peryasiTop, BbipabaThIBalo-
LMl MocaenoBaTebHOCTh ynpasiaeHuit U, U,
U, .., U, U, .., Ha 3HaUCHUS KOTOPBIX HE Ha-
JIOXEHBI OrPaHUYEHMSI, IEPEBOMSAIIYI0 CUCTEMY
M3 MIPOM3BOJBHOIO HAYaJbHOTO COCTOSIHUS B 3a-
JaHHOE KOHEYHOE COCTOsSIHME (Hauyajlo KOOPAMHAT)
X = 0 3a HeorpaHMYEHHOE YMCJIO IIAroB U IIpU
5TOM MUHMMMU3UPYIOUINHI 3aJaHHBIII HUXE MoKa-
3aTeb KauyeCTBa CUCTEMBI.

Ilycth B HallleM pacnopsKeHUU UMeeTCs TMHE-
Hasl 10 COCTOSIHUIO M YIPaBJICHUIO CUCTEMa, ypaB-
HEeHYe IBUXXEHUSI KOTOPO HaM TaKKe M3BECTHO:

&+ = Cg+ DU,

rae & € R" — BeKTOp COCTOSIHUS cCUCTeMBbl. Mart-
putibl C; u D; UMEIOT pa3MepHOCTU MaTpull A; U B;
COOTBETCTBEHHO U B 00llleM cjiyyae MOTYT 3aBU-
ceThb OT &. HazoBem aTy cucTeMy Bcriomorartesb-
Hoil. BcmomorarenbHasi cuctema yIpaBiisieTcsl
TeM Xe BEeKTOopoM U, 4TO M 3aJaHHasl CUCTEMA.
Kpome Toro, norpedyeM, 4ToOb Ha4aJIbHOE COCTO-
sIHV€ BCIIOMOTAaTEIbHOM CUCTEMBI COBITAIA0 C Ha-
YaJIbHbIM COCTOSIHUEM 3a[TaHHOM CUCTEMBL: &, = X|,.

Ot marpuusl C; Tpebyercsi, YTOObI HEBO3MY-
IIEHHOE JBUXEHUE BCIOMOTaTeIbHOW CHUCTEMBI
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OBIJIO AaCUMNITOTUYECKH YCTOWYMBO B 1ieaoM. [lo-
pSIIOK M TIpuMepbl BbiOopa Matpulibl C; mpuBene-
HBI B pabote [11]. [Tomaraem D; = —B..
B 1ies1oM BCcioMorareabHasg CUCTeEMa 00eCTIeum-
BaeT (popMUpoOBaHME XKeJaeMOU MporpaMMbl JBU-
XKEHUS 3aJaHHON CHCTEMBI.
3aKOH ymnpaBJIeHUSI C 00paTHOM CBSI3bIO BEIOM-

paeTcs B JMHEHOU dhopme:
U[+l = Ui + P[+1(Xi+l - ‘i[+l)s

T. €. YIPABJICHMUE HA TEKYIIEM 1Iare OnpeacasieTcs
B BUJE aJredOpanMyeckoil CyMMbl YIIpaBJeHUS Ha
NPEABIAYIIEM 1Iare W B3BELUICHHOU Pa3HOCTU BEK-
TOPOB COCTOSIHUS 3aJaHHOU M BCIIOMOTAaTEJIbHOM
CUCTEM Ha TeKyuleM 1are. 3aecb P;, | — BecoBas
Marpulia, ONTUMaJbHBIM OOpPa3oM B3BELIMBAIO-
11ag pa3HOCTh MEXIY BEKTOPAaMM COCTOSHUM 3a-
JTaHHOW M BCIIOMOraTejibHOM cucteM. BekTop co-
CTOSTHUS 3aIJaHHOW CHUCTEMBI OMPEAEIISIETCSI B pe-
3yJbTaTe U3MEPEHUM:

rae X; — UCTUMHHOE 3HaYeHKe BEKTOPA COCTOSTHUS;
€; — BEKTOpD CIyYalHBIX aJJUTUBHBIX MOTPELIHO-
CTell n3MepeHn i TUTa JUCKPETHOT0 0eJIoro 1mryma.

Ilo ompeaeneHu0 BBOOAUTCSI KOBapuallMOHHAasI
MaTpulla yIIpaBJeHUS Ha TEKYIIEM Ilare yrpas-
JleHus1 (MaTeMaTUyecKoe OXUJIaHUue OT MpOou3Be-
JIEHWS BEKTOpa YMPABJICHUS HA €ro TPAaHCIOHU-
POBaHHOE 3HAQUYEHUE HA OJUH U TOT XE& MOMECHT
BpPEMEHN):

KU,i+l = M(UiJrlUiTJrl .

3mech BEpXHUIA MHAEKC ' O3HAa4yaeT OIepalluio
TPAHCIIOHUPOBAHMU .

Kpurepuem (moxkasareyiiem) KauecTBa, KakK cle-
IyeT U3 Ha3BaHUS aJFOPUTMA, SBJISIETCSI MUHMU-
MyM DB3HEpro3arpar Ha YIPaBJE€HUE Ha KaxXIOM
mare. OnpenensieTcsl OH yepe3 clied KoBapualu-
OHHOM MAaTpUIlbl yMpaBieHUs (CyMMy KBajapa-
TOB €€ OMAaroHaJbHBIX 3JEMEHTOB), SBJSIOMIANACS
(byHK1IMEN BECOBOI MaTPUIIBI:

3I(()=MU/

i+1

Ui = TrlKy ;1 (Py)] - min,

rae Tr[..] — omepalus BbIYMCIEHUS cliega KOBa-
PUALIMOHHOW MaTpUIbl yIpaBieHust Ky ;4.

IIpu Taxkoii mocTaHOBKE BCIOMOraTejlbHasl CHU-
cTeMa UrpaeT poJib BEAYIIEH CUCTEMBI, a 3adaH-
Hasl CUCTEMA — BEIOMOM, CIICAYIOLIEN 3a BEAYILECH.

N nes n3noxxeHHON MOCTAaHOBKHU 3aJadyM COCTO-
uT B craenyiomieMm. Eciu BcriomorarenbHas cucTe-
Ma Oyraronapsi BIOopy Marpulisl C; mon AeicTBU-
€M YIpaBJeHUI OBMXETCSI B HAvyajlo KOOpAMHAT,
TO TPAEKTOPHUS IBUXKEHUS 3aTaHHOW CUCTEMBbI He
OyZeT 3HAUMTEJbHO OTKJIOHSIThCS OT TPAaeKTOPUU
JNBUXKEHUS BCIIOMOTATENbHOM CUCTEMBbI Oyiarogapst
BECOBOW Marpuue P;, | U, ClIeq0BaTeIbHO, TaKXke
OyzaeT HampaBJieHa B HayaJio koopauHart. [1pu Bo3-
pacTaHUY OTKJOHEHMS BEKTOpP yIpaBJieHUs OyaeT
BO3pacTaTh M KOMIIEHCHPOBATh 3TO BO3pOCIIEe
OTKJIOHEHMUE.

PelleHre TipMBeIeHHON ONTUMU3ALMOHHOMN
3aJa4yv MPUBOAUT K ONTUMAJbHOMY BbIPaKeHUIO
JUISL BECOBOM MaTPUILBI:

P =-Ky (B - D)'[4;Kx A +CK, ,C}' +

+(B; - D)Ky (B, - D))" + Ke]_l

¥l U KOBapMALIMOHHOM MaTpULBl YITPABJICHHUS
Ky i =[P y(B; - D))+ EIKy ;
Ha KaXXJIOM MHTepBaJie yIpaBiIeHus. 31ech

Ky:,=MXX'),K.; =MEg&;), K, = M(ee")

51
— KOBapuWallMOHHBIE MaTPUIILI COCTOSTHUI 3aIaH-
HOIl U BCIIOMOTaTeJIbHOM CUCTEM, XapaKTepU3ylO-
IIMe TUCTIEPCU U TeKYIINX OTKJIOHEHU I COCTOSTHUI
OT MOCTaBJICHHOM 1IeJIM IBMXKEHUS, U KOBapualm-
OHHas MaTpMlia TOrpelIHOCTell M3MepeHmit. Mx
3HAUYECHUS NOJKHBI 3aJaBaThCs TIPU ITPOBEACHUU
pacyeToB.

3nech TpebyeTcs caenaTh HEKOTOpOe ITOSICHe-
Hue. IIpu paspaboTke sHeprocoOeperarollero ai-
roprMTMa He CTaBUJIACh 3aJa4a MCITOJIb30BaHU S €Tro
IS pellIeHus TepMUHAIBHBIX 3aga4d. [1pu dopmy-
JIMPOBAaHWM TIOCTAHOBKHU 3aJauyM CTaBUJICS JUIIb
BOITPOC O TOCTHKEHUHM 3aJaHHOIM CHCTEMOI Haya-
Jla KOOpAWHAT 3a HeorpaHmdyeHHoe Bpems. OmHa-
KO TpakKTHMYeCKOe WMCIIOJIb30BaHUE 3Heprocoepe-
TapllIero ajJropuTMa IoKa3ajo ero CrocoOHOCTh
BBITIOJNTHATHh 3aJady 3a (PUKCUPOBAHHOE BpeMd.
DTy CHOCOOHOCTh MOXHO OOBSCHUTHL BO3MOX-
HOCTBIO BEIOOpa 3JIEMEHTOB ITIEPEXONHON MaTpH-
Bl BCIIOMOTATEJbHON CcHCTEMBI. BcrmomoraTtenb-
Hasl CHCTeMa SIBJISeTCS BEAyIIeH 10 OTHOILICHUWIO
K 3aJaHHON BEIOMOI CHCTEME M OOecleYnBaeT
B UTOTE JOCTUKEHME 3aJaHHBLIX 3HAaUCHUI mapa-
MeTpOB ABMKeHUs. [ToaToOMy Ha IpakKTHKe Bceraa
MOXXHO YKa3aTh BpeMs 3aBepIIeHUS ITEPEXOIHOTO
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mpouecca Mpyd HAJIUYMU 3HAYEHUH IOMYCTUMBIX
MOrPEeIHOCTE peleHus 3amayu. DTO TMO3BOJIU-
JI0O TIPUMEHUTb BHEprocOeperawnuii  ajJropuTm
JUTST pelIeHu s 3aJa4i aBTOMaTUYeCKOTo yIpaBJie-
HUS TMOCANKOW camosieTa, T. €. 3aJayu, KoTopas,
M0 HallleMy MHEHMUIO, SIBJISEeTCS TepMUHaJIbHOM
B CWJIy HEOOXOMMMOCTHA OOECIIEYCHUS HYJIEBOMH
BEpPTUKAJIbHOU CKOPOCTU B MOMEHT, KOT/la BbICOTA
roJjieTa NpuoanXKaeTcs K HYJIIO.

Pa3paboTka 3Heprocoeperaomero ajaropuTma
ABTOMATHYECKOr0 yNpaBJieHHs
NOCAKOIi camoJieTa

BBeneM HeoOXOAMMYIO CHCTEMY KOOPIMHAT U
CUCTEMY CHWJ, AEHCTBYIOIIMX Ha CaMOJET, IIpeid-
CTaBJIEHHYIO Ha pucyHKe. s pa3pabaTbiBaeMoit
CHCTEMBI YIIpaBJIEHUSI C OOpaTHOI CBSI3bIO HAYaJlo
cucteMbl koopauHaT OXY nmoMecTUM B KOHEYHYIO
TOUKY ydYacTKa YIIpaBJ€HHUsS B pexXume Imocal-
Ku — B Touky Kacanus BIIIl xonecamu ocHOB-
HBIX CTOeK 1maccu. HampaBieHue oceii BHIOpaHO
TakuM 00pa3oM, YTOObl HayaJbHbIE KOOPAWHATHI
MPOAOJIbHOIO ABUXEHUS ObLJIM OTPULIATEIbHBIMU.

SanumeM guddepeHInaNbHbIe ypaBHEHUS
IBUKEHMSI caMoJieTa B IIPOIOJbHOI ITJIOCKOCTH.
Hns 3Toro BBEIEM BEKTOP COCTOSIHUSI CUCTEMBI,
COIEPKAIIUK IIECTh JIEMECHTOB:

— . . . . . T
X = x5 X35 X35 X435 X55 Xg]'

3nech x; — AAJbHOCTb OO0 TOYKM O KacaHUs
BIIII; x, — BeicoTa Mosteta Han BIIII; x; — yron
TaHTaXa camoJjieTa, TMOJOXUTEIbHBIN TTPU Kadbpu-
pOBaHUU; X, — TMPONOJbHASL CKOPOCTb IOJETa
B HampaBJIECHUM OCU X; X5 — BEPTUKAJIbHASI CKO-
pPOCTb MOJIETa B HAINIPAaBJIEHUU OCU Y; X — yIJO-
Basi CKOPOCTH BpallleHWs caMoJIeTa IT0 TaHTaxXy.

Cxema JleficTBHSA CHJI HA CaMOJIeT NIPH NMOcajKe
Forces influencing on a landing plane

YuuTteiBaeTcs, 4YTO HaNpaBJIeHUE NEHCTBUS CUITbI
TATU ABUTaTeNe P COBMagaeT ¢ OChbl0 caMoJieTa.

Torna B cOOTBETCTBMM C ACHUCTBYIOIIMMU CHU-
Jamu auddepeHIInalbHble YPaBHEHU S TBUXKEHUS
camMoJjieTa MOTYT ObITh 3alIMCaHbl B BUJE CUCTEMBbI
1IEeCTU YPaBHEHMIA:

> _ . x 0%
"V oar 7Y A
axy _godxs g 0%
dt 7 odt 7 odt "
3nechb
l_—Xacos®+Yasin®+Pcosx3_
mg ’
h_mg—Xasin(O—Yacos@—PsinxL
mg ’
€, — YINpaBISIOLIEe YIJIOBOE YCKOPEHME caMoJie-

Ta MO KaHajly TaHraxa; X, u Y, — aspoaumHamuye-
CKHE CUJIbl CONPOTUBJICHUS ABUKCHUIO U TOXBEM-
Hasl cuja; ® — yroj HakJoHa TPAaeKTOpUM TojieTa
K MECTHOMY TOpU30HTY; G = mg — BeC caMoJeTa;
m — ero macca; g — TpaBUTAlIMOHHOE YCKOpPEHME
y noBepxHocTu 3eMiu; P — Tdara apurateneit. Crneny-
€T ellle pa3 OTMETUTh, UTO YIIPABISIONINIA ITapaMeTp
€, BBIOPAH B LIEJISIX TIPOCTOTBI PACUETOB, MOCKOJIbKY
MepeKJjIaaKa pyJisl BBICOThI B UTOT€ BEI3BIBACT YIJIOBOE
YCKOpEHHMe TOBOPOTa caMoJieTa 1Mo KaHaly TaHTaxa.

AdpomHAMUYECKHE CHUJIBI OIPEACISIOTCS II0
U3BECTHBIM (popMysiaM:

1

X, =3pV7CyS, Y, 1

=5p V2C,s,

IJIe p — IMJOTHOCTh aTMOCGephl Ha 3aJaHHOI BBICO-
T€ MpU 3aJaHHOI Temneparype; V = (xf + x52)1/ 2 _
cKkopocTb nosieta camonieta; Cyu Cy — Ge3pa3mep-
HbIE KO3(P@MUIIMEHTHI COOTBETCTBYIOIIUX a3pOaH-
HaMUWYECKMX CUJI; S — TJIolaab Kpbljla camoJieTa.

O0603HaYMM yNpaBASIIOIUUI CKAJISIP: U = g,.

HMcnonb3ysl BBEIEHHBIN BEKTOP COCTOSIHUS CH-
CTEMBI M CKaJIsp yIpaBJaeHMS, MPOBEAEM TUCKpPE-
TU3alMI0 CUCTEMBI C MCIOJIb30BAHUEM MaTpPHUIIbI
Kommu [11]. B pe3yabsTaTe NpUBEICHHBIC BBIIIIE
ypaBHEHUS JBUXEHMSI MOTYT OBITb 3amucaHbl
B IMCKPETHON PEKYPPEHTHON (opMe C MajbIM
IIaroM TUCKPETU3ALU 110 BPEMEHU Af:

Xi = A X; + by,
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rae

"1 0 0 A O 0]
0 1 0 0 Af 0
0 0 1 0 0 Arf

A0 0 1 0 o
X]
o Mg 0 1 o

X

0 0 00 0 1]

b;=[0 0 0 0 O At];.

Ha3zoBem 3Ty cuctemy 3agaHHOIA.

JIns1 UCTIOJIb30BaHU ST SHEProcOeperaolero aj-
ropuTMa yIpaBJIeHUS MOCAAKOM camolieTa HeoO0-
XOIMMO BBECTU BCIIOMOTATEIbHYIO CUCTEMY

& =Ci&; +du;,

B KOTOPOU BEKTOPbI U MAaTPUILIbl UMEIOT TY Xe pa3-
MEpPHOCTh, UTO U B 3aJlaHHOM cucteme. Becriomora-
TeJibHasl CUCTEMAa YIpPaBJISIETCsl TEM K€ BEKTOPOM
yIIpaBjeHUs, ee HavyajlbHOE COCTOSIHUE COBMaja-
€T C HayaJbHBIM COCTOSIHUEM 3aJJaHHOU CHUCTEMbI
& = Xy, d; = —b;, a marpuna C; obecneuuBaeT
BBITIOJTHEHUE YCJIOBUSI aCMUMMTOTUYECKOW YCTOM-
YUBOCTU HEBO3MYILIEHHOrO JBUXXEHMSI BCIIOMOIa-
TeJbHOU cuctembl (pu u; = 0). PekoMeHaauuu mno
BBIOODPY 2J1IeMEeHTOB MaTpulibl C; MPUBEIEHBI B pa-
oorte [11].

Bo BTOpoOIi yacTu craThu pa3pabOTaHHBIN all-
ropuT™M OyneT MpPUMEHEH AJSl MOCTPOEHUSI MO-
JeJIbHOW MporpaMMbl YIpaBJeHUSI CaMOJETOM Ha
3aKJIIOUUTEJBHOM YUYacTKe MOocajKu, MPOBeIeHUs
MaTeMaTUYeCKOTO MOJIEJIMPOBAHNS U OLIEHKU 3(-
(bekTuBHOCTM MpPUMEHEHUs ajaropuTMa IO pe-
3yJbTaTaM MOJEIUPOBaHUS.

3akiaoyenue

IIpennoxeHa 3amadya co3gaHus CUCTEMBI aBTO-
MAaTUYECKOM TOCAIKHU IMacCaXXUPCKOTr0 CaMoJIeTa,
WHULIMUPYEMOU M3BHE U UCKJIIOYAIOLIEN BO3MOX-
HOCTb BJIMUSHUS SKUMNAXKaA HA PEXUM TOCAIKMU.
PaccMOTpeHBl YCJIOBUSI YCHEUIHOrO pelIeHUs 3a-
Jayy aBTOMaTUYeCKOl mocaaku camoiera. Kparko
M3JIOXKEH TIEPEYECHb PEXMMOB II0JIETa CaMoOJieTa
Npyu aBTOMATUYECKOM YIPABJICHUU TMOCATKOMN.
HOnsa peureHWs: 3amayyd aBTOMaTUYECKOrO YIIpaB-
JIEHUSI CaMOJIETOM B TNPOJOJBLHOM IIJIOCKOCTHU Ha

CaMOM OTBETCTBEHHOM 3aKJIIOUUTEILHOM PEXUME

Mocagku TpensiokeH 3Heprocoeperarolinii aaro-

pUTM yMpaBjeHUs, OoOeclneuynBalIIUid yHpaBe-

HUE B PEXHUME OTPULIATEIBLHON OOpAaTHOUN CBS3W.

AJITOpUTM ympaBjeHus1 pa3paboTaH TPUMEHU-

TeJIBHO K TaccaxkmpckoMy camoisety TVY-154M.

[Ipn pa3paboTke aaropuTmMa MCMHOJb30BAHBI Clie-

OyIOIIMe AOMYIIEHUSI:

e JIMHEWHasi MOJeJIb 3aBUCMMOCTH a3pOoAuHaAMUYe-
CKMX XapaKTepUCTUK caMoJjieTa OT YIJia aTaKu;

* JMHelHasi Monesib IPOrpaMMHOrO TMepeBoaa
TSITU ABUTATENEl B PEXKUM MaJioro ra3a Ha WH-
TepBaJie 3 ¢ OT HavyaJja 3Tana BbIAEPXKMUBAHUS;

* UCIOJb30BaHUE YTJOBOI'O YCKOPEHUSI caMoJie-
Ta MO KaHajy TaHraxa, BO3HUKAIOUIEro TP
nepeKJaaaKke pyJsl BbICOThI, B Ka4yeCcTBe yMpaB-
JISIIOLIETO CUTHAJIA;

* yacToTa paboThl aJirOpUTMa YIpaBJIeHU S, paB-
Has 200 I'.

B nanbHeiiieM pa3paboTaHHBIM aATrOpUTM OYy-
JIeT UCIOJb30BaH JJIs1 MPOBEICHUST MaTemMaTuue-
CKOTO MOJEIMPOBAHUS B LIEJSX OLEHKHU ero 3¢-
(beKTUBHOCTH.
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Abstract

The task was to develop an automatic landing system (ALS) for a passenger carrier that can be externally activated and
excludes the possibility of the crew’s interference into the landing process, for example, when a carrier alters its nominal course
or there is no contact with the crew. The air crush history saw a lot of cases that could have been prevented if the planes had
had an ALS system and airports had had possibilities to activate that system and suspend the crew from flight control. One
of such unforgettable examples is the New-York tragedy of September 11, 2001. State-of-the-art technology allows solving the
problem of automatic carrier landing. The most remarkable example demonstrating solution of this problem is the automatic
landing of the Buran orbiter 30 years ago on November 15, 1988. The article consists of two sections. The first section of the
article deals with conditions of effective solution of autoland problem. It describes in short, the flight modes during automatic
landing control. To solve the problem of automatic longitudinal control in the most crucial final landing mode, the author
proposes an energy-saving control algorithm that provides control in the mode of negative feedback. The system status vector
comprises Six parameters: range, altitude, pitch angle, and their first-order derivatives. The control algorithm is developed for
the Tupolev TU-154M airliner. In development of the algorithm, the following assumptions were used: a) a linear model of
dependence of aerodynamic data on the angle of attack; b) a linear model of programmed switch of engine thrust to the idle
mode on the interval of 3 seconds from the beginning of the flareout; c) a pitch angular acceleration, occurring at elevator
rate reversal, as a control signal; d) the frequency of the control algorithm operation equal to 200 Hz. The second section
further analyzes characteristics of the energy-saving algorithm of automatic control of compulsory passenger carrier landing
during the final landing phase, which was developed in the first section. The author developed a model program of control
and mathematically modeled the carrier landing phases. When switching from one phase to another, the motion parameters
were concatenated so that the final motion parameters of the previous phase became the initial motion parameters of the next
phase. The author also studied the influence of errors in aerodynamic data on the landing conditions. The modeling revealed
that if a pitch deflection direction is used for the determination of phases, then in a general case, the landing mode consists not
of two traditionally determined phases, but of the following three: pitch angle increase (flareout), pitch angle decrease (float),
and again, pitch angle increase (this phase is called ‘maintenance’). The necessity to introduce the third phase is determined
by the presence of errors in the aerodynamic data of the airplane. On the whole, it is confirmed that the energy saving control
algorithm provides successful solution of the problem of automatic landing of a passenger carrier at its final flight phase. At
that, it is determined that the landing mode does not exceed 5s.

Keywords: autoland, altitude, glissade, range, passenger carrier, elevator, velocity, engine thrust, angle of attack, pitch

angle, energy saving algorithm
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AnropuTtm nnaHMpoBaHUA 6e30MacHOro MmapLlpyTta ABMXKEeHUA mapcoxoaa
C yuyeTom pernbeda MeCTHOCTU

Jas ycneuwiHo2o ocyuwecmenenus 3anaanuposantoi muccuu nosema na Mapc Heo6x00umo peureHue npodaeMbl NAAHUPOBA-
HUS nymu 08UNCEHUs MAPCOX00a no NOGEPXHOCMU NAAHEMbl ¢ Y4emoM 0COOeHHOCmell peabedha MecmHOCmU.

Tpaouyuonnsie aseopummel noucka nymu, maxkue kak A*, a makace yryuuenuoiii areopumm A* — D* u Field D* komopwie
YCHeWHO NPUMEHAAUCL HA NAAHEeMOX00ax 6 cocmosasuuxcs sxcneduyusx na JIyny u Mapce, umerom npobaemy noucka kpam-
uqiiweeo ONMUMAABHO20 RYMU.

B mo xce epems makue yayuuienuoie areopummol A¥, kax Basic Theta*, Lazy Theta* no3zeoastom naaHupoeams 08ujiceHue
6 11000M Hanpagaenuu u Uckams 06oaee KOPOMKUEe MAPUPYymMol 08UNCEHUS.

B OdanHoll cmambe Ha O0CHOGe NPOBEOCHHO20 CPAGHUMENbHO20 AHAAU3A cyujecmeyruux areopummoe A* Basic Theta®,
Lazy Theta* npedaosicena Hoeas moougpukayus areopumma HAAGHUPOBAHUS 08udceHUs 6 abom Hanpaearenuu Lazy AT, no-
36045210UAS COKPAMUMb 8DEMS bIMUCACHUS U HOAYHUMb 001ee KOPOMKUU Nymb OM UCX00HOU 00 KOHeYHOU MO4KU Mapupyma.

Ha ocnose anaauza nogepxHocmuslx 0cobeHHocmel peaveda NAaAHembl MOJNCHO CYOUmMsb 0 NOKa3zamene ONACHOCMU ee pe-
avegha. OCHOBHOU ONACHOCMbIO NPpU 08UNCeHUU nO nogepXxHOocmu Mapca 045 KoaecH020 Mapcoxoda A8As0Mcs HAKAOHb U npe-
namcmeus. Hcxods uz mpeb6oeanuil ycmouvugocmu nOA0JNCEHUS MApcoxXo0a npu e2o 08UlNCeHUU U CNOCOOHOCMU NPeodoAeHUs
npenamcmeuti Oviau 6bl0paHsl caedyowue monoepaguueckue Kodgouyuenmos. 045 ONUCAHUA NOKA3AMeENs ONACHOCMU: Y20
HAKAOHA MeCMHOCMU, WepoXo8amocms NO8ePXHOCMU, PA3MAX peaveda.

B noeou moougurxayuu areopumma Lazy AT 0as noayuenus 6e30nacHoil mpaeKkmopuu 08UNCEHUS Mapcoxoda npeora-
2aemcs UCHOAb308AMb UHOUKAMOP ONACHOCMU MeCMHOCMU (UHOUKAMOp PUCKA), KOMOPbLl yuumoleaemcs 6 mMoouuxayuu
anreopumma Risk Lazy AT.

CpasHumenvHbll aHAAU3 Pe3YAbmamos modeauposarus areopummos Risk Lazy AT u Lazy Theta* nokasan, umo npednroicen-
Holli Hogblll aneopumm Risk Lazy AT moxcem obecnevums 6ezonachoe 0guicerue noOOGUNICHO20 008eKmMa nO NOBEPXHOCMU NAAHEMbL.

OcHoebigasch HA peanbHblX 0aHHbBIX 0 peaveghe nosepxnocmu Mapca, 6vina paspabomana yugposas Kkapma noeepxHocmu
naaHemvl U NPoGedeHO MOOeAUPOBAHUE NPOCMPAHCMBEHHO20 MAPUPYMA O8UNCEHUS MAPCOX00A C HOMOWbIO HOB020 AA20PUMMA
Risk Lazy AT.

Karwueevie caosa: areopumm A*, areopumm naanupoeanus 08udicenus 6 A060m HanpaeieHuu, areopumm Basic Theta®,

anreopumm Lazy Theta*, areopumm Lazy AT, aneopumm Risk Lazy AT, unouxamop onacHocmu mecmHocmu

BBenenue

OmHa M3 BaXHEWINX 3aJa4, TPeOYIOIINX peliie-
HUS TIpU TUIAHUPOBAHUHM MaplIpyTa Mapcoxoia, 3a-
KJIIOYAeTCSI B TOM, YTOOBI €r0 TPAaeKTOPHUS IBUKE-
HUSI OT HayaJbHOW /10 KOHEYHOH (LIeJIeBOi) TOUYKU
MapiipyTa, B OOILIEeM cydae MPOXOAsilasi B Majo-
M3yYEeHHOII 0OCTaHOBKE Ha ITOBEPXHOCTU ILJIAHETHI,
obecrieurBajla ero rapaHTUpPOBaHHYIO Oe3omac-
HocTb. IToaToMy pa3zpaboTka aJropuTMa MjaaHUpPoO-
BaHUS MaplIpyTa MapCcoXola, KOTOPBIiA B aBTOHOM-
HOM pexkrMe obecreurBajl Obl MOMCK ONMTUMAaJIbHON
¥ 0e30ITacCHOI TPAaeKTOPUH, SIBJISIETCSI B HACTOSIIIIEE
BpPEM BECbMA aKTyaJIbHOW 3aJa4yei.

M3BecTHO, YTO B YK€ COCTOSBIIMXCSI SKCIIEIM-
uMgax Ha JIyHy 1 Mapc Ha njiaHeToxo4ax yCIEeLIHO
MNPUMEHSUIACH CJeAYIOIINe MOMOOHBIE aJIropUT-
MBI aJITOPUTMBI A* ¥ yIy4IIEHHBIA adroputM A*,
"HanpumMmep D* a takxe Field D* pa3paboTaHHBbI
Ha 6a3e aiaroputma D* [1—5].

Anroputmel A* u D* sgBIAOTCS 3BpUCTHYE-
ckuMu anroputMamu. Kak ykaszaHo B paborte [6],

9BPUCTUYECKUI aJITOPUTM (IBPUCTUKA) — BTO al-
TOPUTM peILIeHUS 3a1a4yl, BKIIOUAIOIIUIA ITpaKTH-
YECKUU METO/I, HE SABJISIOIIMICA TrapaHTUPOBAHHO
TOYHBIM WM ONTUMAJIbHBIM, HO JOCTAaTOYHBIN
IS pellleHusl mocTaBiaeHHoN 3agauu. [Ipoie ro-
BODSI, 3BPUCTUKA — 3TO HE MOJHOCTBIO MaTeMma-
TUYEeCKM OOOCHOBAHHBINM (MJIM Jaxe WHOTAA "He
COBCEM KOPPEKTHHBIN"), HO IIPU 3TOM MpaKTuue-
CKU IIOJIe3HBIH aaropuT™. Ero mpeumMyiecTBa 3a-
KJII0YaloTCsl B BBICOKOI 3((PEKTUBHOCTU MOMCKA,
IIPOCTOTE peaau3allui U BO3MOXHOCTH YCKOPEH-
HOTO pelIeHUs 3aJadyl B TeX clydasix, Korma To4-
HOE pelIeHNe He MOXET ObITh HallaeHO.
AJTOPUTM NJIAaHWUPOBAHUS ABUXEHUS B JIIOOOM
HanpapiaeHuu (aaroputm IIJJIH) ocHoBaH Ha aj-
roputme A* [7—9]. C momoiipo JaHHOTO aJropUT-
Ma Mo cpaBHEHUIO ¢ ajnropuTMamMu A*, D* Bo3aMok-
HO HaliTu 0o0Jjiee KOPOTKHE MapIIPYThl IBUXKEHUS.
DTO SIBASIETCS CISACTBUEM TOIO, UTO B aJITOPUTMaX
A* D* pBukeHne @opMuUpyeTcsi, TJIaBHBIM 00-
pa3oM, JTUOO BIOJIb TPAHUIL SSUCHKU CETKH, JTMOO
no ee auaroHanu. Hamporus, anroputm ITJJTH
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Puc. 1. Ilpumepsl TpaeKTopuM ABHXKEHHS NpH (PHKCHPOBAHHOM
yrie (a) u B J11000M HanpaBienuu (0)

Fig. 1. Geometric interpretation of trajectory planning with fixed
angle (a) and in any-angle (6)

Sg SZ

Puc. 2. Bapuant 1 oOHOBJIEHHS
nytu (Ilyrs 1)

Fig. 2. Option 1 Trajectory up-
dating (Trajectory 1)

Puc. 3. BapuanT 2 o0HOBJIEHHS
nytu (ITyTs 2)

Fig. 3. Option 2 Trajectory up-
dating (Trajectory 2)

(anroputmsbl Basic Theta* u Lazy Theta*) He umeer
OrpaHMYEHUI B BHIOOpE HAMpaBJICHUS IBUXKECHUSL.
Hanpumep, xak BUgHO U3 puc. 1, a u 6, Ha Tpa-
€KTOpUHU, PeaM30BaHHOU C MOMOIIBIO aJIropuTMa
TIJIJTH, ymaetcsa wu30exarb JUIIHUX W3MEHEHUN

(OTKJIOHEeHUIi, M3rubOB) IpU ABMXKEHUU IO Ha-

MpaBJICHUIO OT HayajJbHOU TOYKM A4 K IejeBoOi

touke Cl mapuipyTta. [ToaTOMy ¢ TTOMOIIBIO alro-

putma ITJIJTH BO3MOXHO B 3HAYUTEJILHON CTEIIeHN

COKpPaTUTh pe3yJAbTUPYIOIIMHI NyTh. TakuM oOpa-

30M, U3y4YeHHE CBOMCTB U OCOOEHHOCTEN TaHHOTO

aJITOpUTMa MpeACTaBIsieT OCOObI MHTEpeC.
B anroputmax INTJJIH TpaekTopuu nBUXKEHUS

MOTYT OOHOBJISIThCSI COIJIACHO ABYM BapHaHTaM:

* B IIepBOM BapuaHTe (puC. 2) IIyTh OOHOBIISIETCS
MEXY TeKYIUEH BEPILUMHOM U COCEAHEN BEPILIU-
Hol1 paciuupeHus (oynem HasbiBaTh ero IlyTs 1);

* BO BTOPOM BapuaHTe (puc. 3) MyThb OOHOBJISI-
€TCsI MEXy POAUTENIbCKO BeplIMHOM (parent)
U IIPOU3BOJILHOM BEpIIMHON paciiupeHus (0y-
nIeM HasbiBaTh ero IlyTh 2).

OnucaHue 3BPUCTHYECKUX AJTOPHTMOB
NMOMCKA MapmipyTa

C MOMOIIBIO 3BPUCTUYCCKUX AJTOPUTMOB I10-
HMCKa BO3MOXHO HaXOAUTh MapIIPYThl IBUKECHUS
OT ONHOHM BepIIMHBI (HayaJabHOM) K IpPYroil Bep-

muHe (11eJIeBOi, KOHEUYHOH) ¢ HAMMEHBIIUMU 3a-
TpaTamMu (CTOMMOCTHEIO). [lopssaok o0xona BepIInH
MpU ABUXEHUU MO MapLIPyTy OMpeaessieTcsl 2B-
pucTrYeckoil (yHKIIMei, yYUThIBAIOIIEH MoKa-
3areau "pacCTOsTHHE + CTOMMOCTBE' M HMMeIoleit
CHENYIOIINIA BUI:

fln) = g(n) + h(n), (D
rme f(n) — 3HaUCHHE JBPUCTUYECKON (DYHKIINM;
n — obo3HaueHHE (HOMEpP) paccMaTpMBaeMoil Bep-
IIWHBL, g(n) — 3HaueHWe (PYHKIUU CTOMMOCTH
JOCTUXXEHUSI pacCMaTpUBaeMOll BEepILIMHBI U3 Ha-
YyaJIbHOM BEPIIMHBI (MOXET OBbITh KaK 3BPUCTU-
yecKoi (PyHKUMeH, TaK W HeT); A(n) — 3HAYCHUC
(yHKIIMY 2BPUCTMYECKOM OLIEHKU PACCTOSIHUS OT
paccMaTprMBaeMOl BEPIIMHBI 0 KOHEYHOU (IOJIXK-
Ha OBITH JOMYCTUMOM DBPUCTUYECKOM OLIEHKOI).

B obmem cirygae ¢pyHKINIO /(1) BO3MOXHO BBI-
YUCIUTH pa3IMYHBIMU MeTogaMu. B naHHoit pabo-
T€ WCMOJb3yeTCs OMUH M3 Hambojee pacnpocTpa-
HEHHBIX METOAOB OLIEHKM PacCTOSIHUSI — OT pac-
CMaTpMBAEeMOI BEPIIMHBI O KOHEUHOM, a UMEHHO:

h(n) = J(x, = x)? + (v, - 77, )
TI€ X;, X, — 3HAUYEHU a0CLUCC paccMaTpuBAEMOt
M LEJIeBOI BEPILUWH; ), J, — 3HAYEHUS] OpAMHAT
paccMaTpuBaeMoil U 1IeJ€BOM BEPIIMH.

PaccmoTpum cBoiicTBA M OCOOEHHOCTU HeE-
CKOJIbKMX aJIFOPUTMOB TOMCKAa MaplIpyTOB IBU-
KEeHMUSI.

AJaroput™ A* — 3TO aJITOPUTM ITOMCKA, KOTOPBIIA
MO3BOJISIET HATU BO B3BELLIECHHOM I'pade MaplipyT
C HaMMEHBIIIMM 3HAYEHUEM 3BPUCTUUYECKON (YyHK-
UM f(n) Npu ABUKEHUU OT HAYaJIbHOW BEPLIMHBI
J0 3aJaHHOM KOHEYHOW BEPIIMHBI. AJTOPUTM A*
MOXHO YOPOCTUTH TaK, KaK MOKa3aHO Ha puc. 4.

BBenem crnenyloive 0003HaYeHUS: § — paccMa-
TpuBaemMasl BepllrHa; s’ — BepIIMHA PACIIUPEHUSI,;
parent(s) — poavTeabCcKas BEpIINHA; g(parent(s)) —
(GYyHKIMST CTOMMOCTH AOCTHKEHUST paccMaTprBae-
MO BEepLUMHKI (parent(s)) U3 HAYaJIbHON BEPILUINHDI;
b(parent(s), s') — PYHKIUST CTOUMOCTH HOCTHKE-
HUSI pacCMaTprBaeMOil BEPIIUHEI (') U3 BEPIINHBI
parent(s); Neighbour(s) — cocenHue BEepLIUHBI, KO-
TOpBIE MOXXHO BUJETD.

PaccMoTprM OCHOBHBIE 3Tallbl BBITIOJTHEHUS
anropuTMa A*.

1. Touka s, ABASIETCS HAYaJIbHOI BEPUINHOIA,
a TakXe paccMaTpuBaeMOi BeplUMHON. Touku s
(Neighbour(s)) ABIAOTCA €€ COCEAHUMU BEPILU-
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Puc. 4. YnpouieHHblii aaroputm A*
Fig. 4. Brief explanation of Algorithm A*

HaMHM paclIMpeHus, KaK IMoKa3aHo Ha puc. 4, a.
BbrunciauM Bce 3HAYeHUST DBPUCTUYECKON (DYHK-
uuu f(s)) g HavyaJbHOW (paccMaTpUBaeMoOil)
BEPUIMHBI .

2. BeibepeM BepllUHY pacluMpeHUs §', COOTBET-
CTBYIOIYI0O HAaMMEHBIIEMY 3HaYeHMI0 (GYyHKIHNU
f(sy). B kauecTBe paccMaTpuMBaeMoOil BEpLIMHBI
TIPUHUMAETCS BEPLINHA § (T. €. 55 = §; ). 3aTeEM 00-
HOBJISIOTCS MYTHU TakK, Kak IOKa3aHO Ha puc. 4, o.
PacluuvpuB BeplIMHY §; B pa3HbIX HalpaBJeHUSIX,
TOJIyYMM BEPLUMHBI pacluupeHus s, (Neighbour(s))

U S|, KOTOpbIE HE BKJIIOYAIOT BEPLUMHBI PACILIMPE-
HUS Ha MpPOLLIOM 3Tare). BeiumciauMm Bce 3Haue-
HUS 3BpUCTUYECKON (yHKUUU f(s;) oJs1 paccMma-
TPUBAEMO BEPLIMHEI S;.

3. BoibepeM BeplIMHY PACIUIUPEHUS S|, COOTBET-
CTBYIOLLYI0O HaMMEHbILIEMY 3HaYeHUIo f(s;). Hanee
B Ka4eCTBE paccMaTpyUBaeMOM BEPIIMHBI IIpUHUMA-
€TCsl BEPILUUHA §, (T. €. 5] = 5, ). OOHOBUM IyTH TaK,
Kak IMMOKa3aHO Ha pucC. 4, 6. PacliupuB BEPLUKHY S,,
MOJIYYMM BEPLIMHBI pacliupeHust s, (Neighbour(s,)
U §5, KOTOPbIE HE BKJIIOYAIOT BEPLUIMHBI paclIUpe-
HUS Ha MPOILJIOM 3Tame) TakK, KaK MoKa3aHO Ha
puc. 4, 6.

4. lleneBast BeplIMHA g HAXOOUTCS B OJHOU U3
BEpIUMH pacliupeHus s,. OOHOBUM MYTHU Tak,
KakK Moka3aHo Ha puc. 4, e. Takum o6pa3oM, UTO-
TOBBIM TYTh OT HA4YaJbHOU IO KOHEYHOW TOYKU
Mapuipyra s, — §; — S, — g [I0Ka3aH Ha puc. 4, e.

Aaroputm Basic Theta* sBnsercs momucduka-
el aaropurma A* 1 UMeeT onpeaeeHHOe CXOd-
ctBO ¢ aaroputmom D* [10, 11]. OTanyuTenabHas
ocobeHHOCTH ajlroputMma Basic Theta* — cnoco0-
HOCTh oOOecIleurMBaTh IBMXKXEHHE IO KOPOTKOMY
MMyTU ¢ MEHBIIMM YMCJIOM M3MEHEHHUI B HaIlpaB-
JneHun nBuxkeHus. Ilpu 3ToM TpaeKTopusT MOXET
pacIpoCcTpaHsiITbCsI B JI0OOOM HampaBJIEHUU, HE
o0si3aTeNIbHO 4epe3 OJiMKalilllde BepLIMHBI, HO
IIpU YCIAOBUHU, YTO MEXIY HUMU UMEETCS MpsMasi
BUANMOCTb. OCHOBHBIE 3Tanbl anropuTma Basic
Theta* moka3zaHbl Ha puc. 5.

I[IpoaHanu3upyeM OCHOBHBIE 3Tallbl aJTOPUT-
Ma Basic Theta* (puc. 5).

1. ConmepxxaHue »3Tama aHajlo-
rmyHo sTtany 1 anroputma A* (cM.

puc. 4, au 5, a).
2. CogepxaHue 3Tama aHajo-

TMYHO dTamy 2 aiaroputma A* (cm.
puc. 4, 6 u 5, 6).

il
0

S

3. IIpoBepka 1oJist 3peHus (MyHK-
TUpHAas JUHUS (pUC. 5, 8) MEXIY PO-

So sy So

JTUTEJIbCKON BEPLIUHON (parent(s,) =
= §;) U BCEMM BepUIMHAMU PACLIU-

pEeHUs s .
Ecnu mexnay ponurtenbckoit Bep-

LUUHOM (parent(s|) = S,) U BEPLUMHON
pacliMpeHusl §; UMeeTcs psiMasl BU-

&

S5 JUMOCTb, TO 3HAYCHUE SBPUCTUYC-

ckoit pyukimu f(s,) = g(parent(s))) +

Puc. 5. Ynpowennpiii anroputm Basic Theta*
Fig. 5. Brief explanation of Algorithm Basic Theta*

+ b(parent(s)),s;) + h(s)).

Ecnun Mexay poauTeabCcKol Bep-
IWWHOW (parent(s;) = S,) U BEPLIU-
HOM pacuIMpeHMusl S| He MMeeTcs

S |
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HpHMOﬁ BUINUMOCTHU, TO BHAYCHUC 3B-

puctuyeckoit pyHkuuum f(s) = g(s;) +
+ b(sy,s1) + h(s}).

BeiOepeM BeplLIMHY pacliupe-

HUS §|, COOTBETCTBYIOIIYIO HaW-
MEHDBILEMY 3HAYEHUIO 3BPUCTHUYE-
ckoil dyHkuuu f(s;), B KadecTse

P

paccMaTpuBaeMoii BeplIuHbI s;. Ha 5o

puc. 5, 6 TOKa3aH MpUMep, Koraa

So 51 Sy

6)

MEXY POAUTEIbCKONM BEPIIMHOU 1
COOTBETCTBYIOIIECH BEPIIMHOMN pac-
IUUPEHUA §; UMEeTCsd MpsAMas BU-
JIAMOCTb.

4. CornacHo BapuaHTy 2 OOHOB-
neaus nytu (Ilyts 2) mpuHumaem

Sy

Sy

(parent(s;) = sp) 1 s, =s,. Pacumn-
psieM BeplIMHY S, (puUC. 5, 2) U Mo-
Jy4yaeM BEepLUMHBI paclIMpeHus si,
KOTOpBIE HE BKJIIOYAIOT BEPIIUHBI

Puc. 6. Ynpomennsiii anroputm Lazy Theta* u Lazy AT

Fig. 6. Brief explanation of Algorithm Lazy Theta* and Lazy AT

pacuiMpeHus Ha MpeabiayIeM 3Ta-
nie (Neighbour(s;) n s)).

5. LleneBas BepllMHA g HAXOAUTCS B OMHOM U3
BEPUIMH paciimpeHus s. Ecim Mexny ponuresb-
CKOI1 BEpIUMHOW parent(s;) = S, U LIEJEBOW BEpLIU-
HOU g HEeT MPSIMOUl BUAMMOCTU (puC. 5, 0, MyHK-
TUpHAsl JWHUS), TO [ajbHelilllee OOHOBJICHUE
MyTH MeXAy TeKyllei (paccMaTpuBaeMoiil) Bep-
LIMHOM §; Y LEJEBOM BEPLUMHON g BBIMOJHAETCH
cornacHo Bapuanty 1 (Ilyts 1).

6. Ha sToM paGoTa aJropuTMa 3aKaHUYMBAeTCs.
HTOroBbIii MyTh OT POAMTENBCKOW BEPIIMHBI 10
LIEJIEBOM BEPILIMHBI S, — §; — g OKa3aH Ha puc. 3, e.

Aaroputm Lazy Theta* mnpencraBasier cobGoit
Mmoaudukanuo aaroputMma Basic Theta* [12], o6e-
CIIeYMBAIONIYI0 00Jiee BHICOKYIO CKOPOCTb BBIUMC-
JIEHWH, TMOCKOJIbKY B JAHHOM aJirOpUTME peau-
30BaH MPOCTOM MOAXO/ K BHIMOJHEHUIO TTPOBEPKU
BUJAMMOCTU BEPILIMH PaCIIMPEHUSI, HAXOMSIINXCS
B JaHHBIM MOMEHT B MOJIe 3PEHUST U3 POIUTEIIb-
CKOU BEPLIUHBIL.

Aaroputm Lazy AT — 3TO HOBBI alropuTM,
pa3paboTaHHBIN aBTOpaMU CTaTbU Ha OCHOBE aji-
roputMma Lazy Theta* B pe3ynbpTaTe ONTUMU3ALUU
U KOMOMHMPOBAHUSI JOCTOMHCTB MPEAbIAYIINX
aJITOPUTMOB. JlaHHBIN aJIrOPUTM MEHee CIIOXKEH
Mo CTPYKType U objamaeT 6oJjiee BHICOKMM Obl-
crponerictBueM. Anroput™m Lazy AT oTianvaetcs
OT PAaCCMOTPEHHBIX aJITOPUTMOB TPOLIENYPO MO-
HWCKa paccMaTpyvBaeMoOl BEpILIMHBI, KOTOpas Mo-
3BOJISIET YMEHBIINUTD BpeMs BeIYUCIeHU. B anro-
putMe Lazy AT eiie nodaBiseTcs: mpoBepKa mos
3peHUsT MEXAY POAUTEIbCKON BEPLIMHON pOIM-
Tenst parent(parent(s)) U COOTBETCTBYIOINIEH Bep-

IIWHOM paclIupeHus s, 4ToObl MOJYUYUTh OoJee
KOPOTKHUM IIyTh MapuipyTa.

OcHoBHBIE 3Tanbl aaropuTmoB Lazy Theta* u
Lazy AT noxkasaHbl Ha puc. 6.

[IpoaHanu3upyeM OCHOBHBIC 3Tallbl aJTrOPUT-
MoB Lazy Theta* u Lazy AT (puc. 6).

1. ComepxkaHue 3Tara aHaJOrM4yHo 3tany 1 aj-
roput™ma A* (cM. puc. 2, a u 6, a).

2. ConmepxkaHue 3Tara aHaJOrM4YHO 3Tany 2 aj-
roput™Ma A* (cM. puc. 2, 6 1 6, 0).

3. Ong anroputmoB Lazy Theta* u Lazy AT
(puc. 6, 6): 3apaHee MIpeAIOJaraeTcs, 4YTO MEXIY
PONMUTENbCKOW BEPLIMHON parent(s;) = s, U Bep-
LUIMHOM pacliMpeHusi S; AOJKHa ObITb MpsimMasi
BUIMMOCTb.

Maa ascopumma Lazy Theta*:
» Ecau yciosue

g(parent(s,)) + b(parent(s,),s') < g(s;)

BBIIMTOJIHACTCA, TO 3HAUYCHUC C-)BpI/ICTI/I‘{GCKOfI

GYHKLIUMN

f(s1) = g(parent(s,)) + b(parent(s), s;) + h(sy) .

Ecnu ycnoBue

g(parent(s))) + b(pareni(s,),s') < g(sy)
HE BBITIOJIHSETCS, TO 3HAUYEHUE 3SBPUCTUUYECKOU
byHKINN

J(s1) = g(parent(s,)) + b(parent(s), s;) + h(sy) .
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Bribepem BepuIMHY paclIMpEeHUsT S|, COOTBET-
CTBYIOIIYIO HAUMEHbIIEMY 3HAUECHUIO SBPUCTUYC-
ckux GyHKUMI f(s;), B KauecTBe paccMaTpuBae-
MO# BEPIUUHBI .

IIpoBepsieTcst CBOMCTBO TIPSAMOI BUIMMOCTH
(puc. 6, 6) MeXIy pPOIUTEILCKONM BEpLIMHON
(parent(s;) = s;) U COOTBETCTBYIOLIEH BEPLUMHOWN
pacluvpeHus s; (MpoBepKa BBIMOJHSIETCS TOJbKO
onuH pa3s). Ha puc. 6, 6 nyHKTUpHOI1 TMHUEN HO-
Ka3aHo, YTO MeXIy JaHHBIMHU BepLUIMHAMU HMeE-
eTcs IpsIMasi BUIUMOCTh. 4

Jaa ascopumma Lazy AT:

» BriOepem BepUIMHY pacIIMPEHUS S|, COOT-
BETCTBYIOIIYI0 HauWMEHbIIEMY 3HAYe€HUIO 3BPU-
CTUYECKUX QPYHKIIMI

f(s1) = g(parent(s,) + b(parent(s,), s;) + h(sy),

B Ka4eCTBE paccMaTpUBaeMOM BEPLIMHBI S| .

IIpoBepsieTcs CBOMCTBO MpsSMON BUAMMOCTU
MEXY POAUTENbCKOW BEPIUMHON (parent(s|) = ;)
U COOTBETCTBYIOILEH BEPLIMHON PACILIMPEHUS §)
(mpoBepKa BBIMOJHSETCS TOJbKO OAMH pa3). Ha
puc. 6, ¢ MyHKTUPHOW JIMHMEN IOKa3aHO, UYTO
MeXIYy JaHHBIMU BepIIMHAMU HMEETCS IpsiMasi
BUIVMOCTb.

3aTeM BBIMOJHSETCSI MPOBEpKa CBOMCTBA IIPs-
MOM BUIMMOCTU MEXAY POAUTEIHCKOM BEPIINHOMU
ponutens parent(parent(s;)) ¥ COOTBETCTBYIOLIEH
BEPLIMHON paciiMpeHus s;. Eciaum mexny poau-
TEJbCKOW BEPIIMHON poputenst parent(parent(s)))
U COOTBETCTBYIOIEH BEPILIMHON PACILUIMPEHUS §)
HMeeTCs MpsMasi BUIMMOCTb, TO JajibHeillee 00-
HOBJICHUE MYTU MEXIY POAUTEIHCKON BepIIMHOM
ponutens parent(parent(s;)) ¥ COOTBETCTBYIOLIEH
BEPLUMHON PACIIMPEHUS S| BBIMIOJHSIETCS COrJlac-
Ho BapuanTy 2 (Ilyts 2). 4

4. CornacHo BapuaHTy 2 OOHOBJIEHUS IIyTU
(Ilytp 2) npuHumaeM parent(s)) = So U Sy =S .
Pacumupsiem BepiinHy s; (puc. 6, ¢) U moiayyaem
BEPLUMHBI PACIIUPEHUS S|, KOTOPBIE HE BKJIIOYAIOT
BEPIUMHBI pacIIMPeHUsI Ha IIPEenbIAyIlIeM 3Tale
(Neighbour(s)) n sy).

5. LleneBast BeplliMHA g HAXOAUTCS B OMHON M3
BEPLUUH pacuiMpeHus s;. Ecam mexny ponuresnsb-
CKOW BEpILUMHOW parent(s;) = S, U LIeJEBOW BEPLIU-
HOI g HeT NpsSIMOil BUAMMOCTH (puc. 6, 0, IyHK-
TUpHasl JWHUS), TO HOaJibHelllee OOHOBJICHUE
NyTH MEXOy TeKylleil (paccMaTpuBaeMoOil) Bep-
LIVHON §; W LEJIEBOM BEPLIMHON g BBIMOJIHSAETCA
corjacHo BapuaHTy 1 (ITyTs 1).

Hasa arzopumma Lazy AT:

» Kpowme 3TOro, BEIIONHSETCS IIPOBEPKa yC-
JIOBUS MPSIMOM BUAUMOCTHU MEXIY POAUTEIbCKOMN
BEpPILMHON poauTens parent(parent(s,)) = sy U Lie-
JIEBOW BEPIIUHON g.

Ecnu mexny poauTeabCKOil BEpPIIMHOU POAU-
Tens parent(parent(s|)) U LEJIEBON BEPLIMHON g HET
OpsIMO BUAMMOCTHU, TO JaJibHelilliee 0OHOBJIEHUE
YT MEXIY POAUTEIbCKOMA BEPIIMHOU POIUTEIIS
parent(parent(s;)) U LEJEBOI BEPLUMHON g BBIIOJI-
HseTcs coriacHo BapuaHTy 1 (ITyTh 1). «

6. Ha sToM paboTa anroputma 3aKaHYMBAETCSI.
HNToroBeiii myTh OT POAUTENLCKON BEPLIMHEI J0
LIeJIeBOIi BEPIIMHBI ) — §; — g TOKa3aH Ha puc. 6, e.

IToka3aTesn OMaCHOCTH MECTHOCTH,
10 KOTOPO# JABUXKETCS MapCOXOoJ

IIpn HaxoxmeHUM Mapcoxoma B KaKOM-IMOO He-
M3BECTHOM HECTPYKTYpUpOBaHHOI cpeae (cimabo
M3yYEeHHOI1 00JIaCTH IJIaHETh) 0COOEHHO BaXKHO CO-
OmonaTh IIpaBuIIa 6€30ITaCHOCTH €T0 TTepeaBUKEH M.

Ha ocHoBe anHanm3a moBepXHOCTHBIX OCOOEH-
HOCTel pesibeda IIaHeThl MOXHO CYAUTh O ITOKa-
3arejie ormacHocTu ee peabeda. [Tokazarens omac-
HOCTHU peyibeda SIBIsIeTCs OOHUM U3 ONTUMU3UPY-
€MBIX IapaMeTpPOB aJroOpuTMa.

AHanu3 1okasaTessl OIacHOCTH penbeda Io-
MOTaeT HaliTu ISl MapcoXoia TPaeKTOPHUIO C HU3-
K1M YPOBHEM pHCKa.

Tonorpaduyeckne ocodeHHOCTH

B Hacrogiiee BpeMs 0OBIYHO MCHOJB3YIOT KO-
JIeCHYI0 KOoHurypauumw Mapcoxoga. OCHOBHOM
OIIACHOCTBIO IIPM ABMKECHUM II0 IIOBEPXHOCTHU
Mapca mj1sa KoJIeCHOrO Mapcoxoia SBIISIIOTCS Ha-
KJIOHbI M mpensartcTBust. [lpu 3HaYeHUUM yrja Ha-
KJIOHa IIOBEPXHOCTU ILIAHETHl OOJbIIE €ro Kpu-
THUYECKOTO 3HAYCHUSI BO3MOXKHO OIPOKMIbIBAHUE
anrapara. [1peomojieHue penaTCTBU — 3TO ogHA
M3 OCHOBHBIX IMPUYUH AJs CYLIECTBEHHOIO U3ME-
HEHUS II0JIOXKEHUS Mapcoxona. JlaHHas cUTyalus
YacTO BO3HMUKAET HA MOBEPXHOCTU IIJIAHETHI U MO-
JKET MPUBECTU K CHUXKEHUIO KOOpAMHALIMU MEXIY
KoJiecaMU afiapaTa, a Takke K ero 3acTpeBaHUIO
B sIMax, BIaJMHaX U IPYTMX HEPOBHOCTAX pelibeda.

IIpexne yem ompeneauThb IOKa3aTeNW OIlac-
HOCTU MECTHOCTU, HEOOXOIMMO IIPOBECTU aHAIN3
MECTHOCTH.

Hcxonst n3 tpeboBaHUIT YCTOMUYMBOCTHU MOJIO-
JKEHHUSI Mapcoxoia IpU ero IBUXXKEHUU U IIPeoio-
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JIEHUM TIPEISITCTBUIA ObLIM BBIOpaHBI CleayIOIIME
Tornorpaduueckue Ko3aOUIMEHTHI: YTOJI HAKJIOHA
MECTHOCTH, II€POXOBAaTOCTh MOBEPXHOCTH, Pa3Max
penbeda.

* Anaau3s yeaa HAKAOHA MeCMHOCMU

Yron HakJIOHa MECTHOCTU MJM KPyTHU3HA CKJIO-
Ha (ckata) — yroJ, oOpa3yeMblil HarpaBJIECHUEM
CKJIOHa C TOPU3OHTAJbHON MJIOCKOCTbIO U BbI-
paxkaeMblil B YIJIOBBIX MepaxX WJM YKJIOHaX. AHa-
JIN3 yrjla HaKJIOHA MECTHOCTHU SIBJSIETCS OJHOM U3
BaKHBIX 33/a4 MPU aHAIM3E XapaKTEPUCTUK MECT-
Hoctu. M3 nutepatypshl [13] M3BECTHO, UTO B Ha-
crosilee BpeMs HaumOoJbllee 3HaUYeHUE yrjia Ha-
KJIOHa MECTHOCTHU, TIPX KOTOPOM MapCOXOJ MOXKET
BBIIIOJTHUTH nombeM, cocTaBisteT 30°. Iloatomy miis
OLIEHKHM CIOCOOHOCTM Mapcoxojia MpeonosieBaTh
CKJIOHBI B paboTe ObLIO UCHOJb30BAHO UMEHHO 3TO
KpUTUUYECKOE 3HAUEHME TaHHOTO MoKa3aTesl.

Beenewm crienyrouiue obosnadenust: (i, j, Z; ) —
KOOPAMHATHI MOJIOXKEHU SI4YeiiK1 Ha ceTke (puc. 7,
HampaBjeHHUEe CTpPEJIKM Ha CeTKe yKa3blBaeT Ha-
MpaBjeHUEe ABUXKEHUS), TAe i, j — KOOpAMHATHI
STYEHKM CeTKU (MHACKCHI); Z; ; — BBICOTA SIYCUKHU
CETKM HaJl TOPU3OHTAJbHON MOBEPXHOCTBIO;, € —
3HAUEHHUE 1l1ara CeTKM (pasMep S4YehKu).

| |
| |
| € |
| |
| |
I 3 |
| |
| |
: 7:_19.'."'+1 {é!j+]} T:‘f‘]-sj'f']- ™ :
| |
I L |
| |
| |
| |
| . . .. , X |
! (i—1,3) (255) (14+1,7) !
| |
| |
| |
| |
| |
| i—1,5—1] (,5—1) fi+1,j—1 |
| |
| |

Puc. 7. OnpeneieHne nojioKeHHs HA KOOPIAMHATHOM ceTKe
Fig. 7. Given position on the coordinate grids

BBegem nBa mokaszaTensi, XapaKTepU3YHOIIUX
M3MEHEHME BBICOThI TOBEPXHOCTH:
e B HaIlpaBJICHWH "BOCTOK-3aman"

Torna yroj HakJiOHa MCCTHOCTU BBIYUCIACTCA
o cjaeayromeMy COOTHOIICHHNIO:

0G, /) =arctan[f2G, )+ [2G. ). ()

e Illepoxosamocmyv nosepxuocmu (peavega)

IllepoxoBaToCTh MOBEPXHOCTH SIBJISETCS OTpa-
’KEHHWeM CTeleHU ToabeMa M MmaJeHui penbeda.
IllepoxoBaToCcTh MOXET BIUITH Ha YCTOMYUBOCTD
JIBUXKEHUS Mapcoxoja, UTO BaXKHO AJs obecreye-
HUS 3 HEKTUBHON PadOTHI €ro 000PYyAOBaHMSI.

IepoxoBaTocTh penbeda (#) OOBIYHO OIpeae-
JIsIeTCSl KaK OTHOLIEHMWE MJIOIIAAM TTOBEPXHOCTHU
(8,3, j)) x ero npoekuuu (S) Ha TOPU3OHTAJIBHYIO
IJIOCKOCTb, T. €.

r(@, J) = $1G )/S. (©)

e Pasmax peavegha

Pasmax penbeda — pa3HOCTb aOCOTIOTHBIX BbI-
COT MECTHOCTU MJIA OTHOCUTEIBLHOE IPEBHIIICHUE
MaKCUMaJbHBIX BBICOT HaJl MUHUMAJIbHBIMU. JlaH-
HBII MOKa3aTelb OTpaxKaeT CIIOCOOHOCTh MapCOXO0-
Ja K TIpeoaoJieHUI0 npendatcTBuii. I3 nureparypbl
[13] u3BeCTHO, YTO B HACTOsIlee BpeMsl HauOOJb-
11ast BICOTA MPEMATCTBUS, IIPU KOTOPOI MapCOXO.
MOXET BBIIOJHUTH MOAbeM, cocTaBiisieT 20 cM.

Pasmax penbeda ompeaensieTcss B CTaThbe Kak
Pa3HOCTh BBICOT ABYX COCEIHUX CETOK IO HAIpaB-
JeHuto apuxeHus. Harpumep, Ha puc. 7 H(i, j) no
HAIIPaBJICHUIO CTPEJIKH BbIYUCIISIETCS T10 CICAYIO-
1IEMY COOTHOIICHUIO

HG, j)=| HGi+ 1,j+ 1) — H(, ). (7)

Onenka omacHocTH pelbeda

Ha ocHoBe mony4yeHHBIX 3HAUEHUI TOMOIpa-
(pryecknx Kod(OUIIMEHTOB BO3MOXHO OXapak-
TepU30BaTh CTEMEHb OMACHOCTU MECTHOCTU Jis
JIBUXKEHUS MapcoXoja.

Ilokazarenb OMAacHOCTH, CBSA3AHHBINA C YIJIOM
HaKJIOHA MECTHOCTH, OIIPEAeJIsIeTCS CJCIYIOIINM
obpa3zom:

+o00 TIpU 0 > 0,;
£ = ZinjntZiaj v Zija—Ziaju—Zioj—Zioj1. 3) . P N "
A 6e ’ R )=1, , 0G.)) ®
2 b
* B HaIlpaBJICHUH "ceBep-ror" 0
Fig) = Zivin*rZijn+rZign—Ziaja1-Zija—Zij @ e 0, — MaKCUMaJIbHBII yToJ Ha-
Y 6e ) KJIOHAa MECTHOCTH.
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[Toxazarenb OMacHOCTH, CBSI3AHHBIN C IIEPO-
XOBATOCTBIO pelibeda, OnpeaessieTcsl Caeay oM
BBIpaXKEHUEM:

Ry j) = 1+ 78D,

max

©)

rae r(i, j) — lepoxoBaTOCTh penabeda; 7, — MakK-
CHMaJIbHasl 1IepOXOBaTOCTh penbeda.

IlokazaTens OIMacHOCTHM, CBSI3aHHBIN C pa3mMa-
XOM penbeda, ompenensieTcsl CIeAyIOIMUM BbIpa-
KEHHEM:

Ry(i,j) =1 +11;;IT’J), (10)
max
rne H(@, j) — pasmax peaveda; H,,, —
MaJIbHBI pa3Mmax penbeda.
KoMIIIeKCHBII TTOKa3aTeIb OMMACHOCTU MECTHO-
cti R(i, j) ompenensieTcss Kak MaKCUMaJIbHasl Be-
JUYMHA OTHOTO U3 TPeX ImoKa3areJieil OImacHOCTH:

MaKCH-

R(ia.j):maX(Rl(iaj)!RZ(i’j)ﬂR:i(i,j))’ (11)
MOCKOJIbKY HaMOOJbIIMKA [MOKa3aTelb OMAaCHOCTU
SIBJISIETCSI TeM (paKTOpOM, KOTOPBIN CHUJIbHEE BCETO
BJIMSIET Ha IBMXEHUE Mapcoxoia.

JlaHHBI KOMIIJIEKCHBIN TI0Ka3aTeldb BBICTYIA-
€T B KaueCTBE OJHOTO M3 ITapaMeTpPOB IBPUCTUYEC-
CcKolt GyHKIIMU, KOTopast ¢GopMUpyeTcs AJsT HOBO-
ro aaroputMa Risk Lazy AT.

Aaropntm Risk Lazy AT

OcHOBBIBasICh Ha MPUBEACHHON BbIIIE TCOPUH,
B JaHHOI paboTe Ipemjaraercs HoBask MoaUDU-
Kauus anroputMma Lazy AT, a uME@HHO alropuTMm
Risk Lazy AT. PazHuiia Mexay HUMU 3aKJI04aeT-
cs B ToM, uTo B ajlroputme Risk Lazy AT B 3Bpu-
ctuyeckor pyHkuuu (cM. (1)) yuuteiBaetcsa ¢ak-
TOp OMACHOCTU peibeda MECTHOCTH.

Takum obpa3zom, HOBasl BpUCTUYECKAs] (PYHK-
LYs1 IpUoOpeTaeT CAeAYIOIII BUI;

fin) = g(n) + h(n) + c(n),

rae c(n) — mokazaTe/ib OMACHOCTU JJIS1 MaplipyTa
Mapcoxosa.

[TokazaTenb OMacHOCTU JJISI MaplIpyTa Mapco-
X0[a OT TOYKHU S 10 TOUYKH §,, ONPENesIeTCs clie-
OYIOIIMM 00pa3oM:

(12)

(iaj):Sm
c(59,8,)= 2

(#,/)=50

aR(, j), 13)

Sz

Puc. 8. [Ipumep onpeneeHns nokKa3areJssi ONACHOCTH JJIsi MapHI-
pyTa

Fig. 8. Explanation of the definition of the hazard indicator for
trajectory

rae S, — HayajbHasg TOYKa Mapuipyra; s, — KO-
HeuHasl Touka MapiuipyTa; R(i, j) — Ioka3aTeib
OITIACHOCTU peybeda MECTHOCTU Ha KOOPAMHAT-
HOI1 ceTKe (i, j); 0. — COOTBETCTBYIOIIME BECOBHIC
KO3 PUIIUEHTHI.

Ecnu nnyHa myTtu yepes S4eiKy CeTKU MEHbIIE
2 /2e, BecoBoii moka3zarenb o = 0,5. Ecau anunHa
IyTH 4Yepe3 CeTKy Goubiue 2 /2e, BECOBOI1 IMOKa-
3aTesib oo = 1. 3gech e — 3HauYeHHUE IIara CeTKMU.
Hanpumep, 1151 mapipyTa, ToKa3aHHOTO Ha puc. 8,
MoKa3aTellb OITACHOCTU MMEET CJICAYIONINIA BUI:

c(sg,5,) = R(L1) + 1/2(R(2, 1) +

(14)
+ R(2,2))+ R(3,2) + R(4,3).

PBSyJ'leaTbI MOJCJIUPOBAHUA

Ha nepBoM aTarme OBLI POBEAEH CPaBHUTEIb-
HBIII aHAJIM3 CIENYIOIIMX YEThIpeX aJrOPUTMOB:
A* Basic Theta*, Lazy Theta* u Lazy AT. Pe-
3yJIbTaThl MOAECIMPOBAHUS aJITOPUTMOB IJIST pa3-
MepoB o0ylacTh Ha KoopaumHaTHOU ceTKe 50X50 m
MmpuBeAcHB B Tabi. 1, a mias pa3MepoB 00JacTu
100x100 M — B Tabm. 2. MogennpoBaHue IIPO-
BOIUJIM IIPU CIEOYIOIIMX YCIOBHUSIX: LAl KOOp-
JIUHATHOM CETKM paBeH 1 M; YMUCJIO CIy4YyalHBIX
npensatcTBuii B obnactu — 10 %, 20 %, 30 %; L,
M — JIJIMHA IIyTH; f, C — BpeMs BBIYUCJICHUSI.

PesynbpraTel MOOENMPOBAHUS IMOKA3bIBAIOT,
YTO MyTh, MOJYYEHHBIA C ITOMOIIBIO aJITOPUTMA
Lazy AT, sBaserca caMbIM KOPOTKHMM W3 BCEX.
XOoTs BpeMsI BBIYMCICHUS IJII JaHHOTO aJITOpUTMa
OoJblle, YeM IJIs1 aJIropuTMa A* omHaKO IO CpaB-
HEHUIO CO BPEMEHEM BBIUYMCIIEHHUSI C IIOMOIIBIO
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Tabnauna 1

Pa3mep o0aacTu Ha KoopauHATHOI ceTke 50X50 M

. A* Basic Theta* Lazy Theta* Lazy AT
Yucao ciayvyaiHbIX
TIpeATCTBIN L,m t,C L, m t,C L,m t, ¢ L,m t, ¢C
10 % 70,468 0,243 70,225 0,335 70,225 0,274 69,937 0,269
20 % 72,811 0,223 72,277 0,277 71,998 0,263 70,691 0,244
30 % 75,397 0,214 76,176 0,249 74,212 0,242 72,790 0,225
Ta6bnuna 2
Pa3smep obaacTn Ha KoopaunatHoi ceTke 100100 m
N A* Basic Theta* Lazy Theta* Lazy AT
Yucno ClIy4YauHBIX
TIpeIATCTBIN L, M t, ¢C L,m t,c L,m t,c L, m t,C
10 % 142,350 0,480 142,350 0,608 142,350 0,532 140,757 0,518
20 % 149,279 0,468 146,688 0,565 160,305 0,524 145,025 0,506
30 % 153,622 0,440 151,318 0,512 150,590 0,503 148,347 0,469
aJrOpPUTMOB TIJIAaHUPOBAHUS IBUXEHUS B JIIOOOM Tabnnua 3
1 * *
HamnpaBieHuu (Basic Theta*, Lazy Theta*) onHo " Risk Lazy AT Lazy Theta*
OKa3bIBAETCSI MEHBIIIE. ueno
. TNpPEnsITCTBUM
Ilpu yBeaAMYEHMM 4YMCIAa MOPENSATCTBUUA Bpe- L,m 4 L,m c
Mg paboTel U nyTh aaroputMa Lazy AT 3ameTHO 2% 43,147 1,213 43,401 3,378

MeHblIe, YeM y ocTajbHbIX aaroputmon ITIJIH,
4yTO elle pa3 JoKa3biBaeT 3(PPEeKTUBHOCTD TaHHO-
ro aJropurTma.

Ha BTopoM 3Tame MomeiauMpoBaHUSI ObLI IIPO-
BEICH CpaBHUTEJIbHBIN aHalu3 ajroputMoB Lazy
Theta* n pazpaboranHoro aaroputMma Risk Lazy AT.

Hnsi MomenupoBaHUSI JaHHBIX aJrOPUTMOB
B KayecTBe IIpuMepa OblIa co3daHa TpeXMep-
Hasl KapTa IPOM3BOJIBHOI 00JacTU MOBEPXHOCTU
njaHeTsl padMmepoMm 30x%30 M. isg mocTpoeHUS
Mapuipyta 0e3 CTOJIKHOBEHMSI C IMPENSATCTBUSIMU
HEOOXOAMMO YBEJIUYUTH pa3Mephbl MPEensITCTBUIA.
PesynbraTel padoTel anroputMoB Lazy Theta* u
Risk Lazy AT c¢ yudeToM mnpensTCTBUI, HaHe-
CEHHBIX Ha KOOPAMHATHYIO CETKY, MOKa3aHbl Ha
puc. 9 (CM. 4YETBEPTYIO CTOPOHY OOJIOXKM).

Ha puc. 9 0603HauYeHO: YepHBIN KPYyKOK — pe-
aJIbHbIe TNPEMSITCTBUS; KpacHbIe KPYy>KKU — TIpa-
HULbI BUPTYaJbHBIX MPENATCTBUI (yBEeIMUYCHUE
pa3MepoB MpPENnsATCTBUN HEOOXOOAMMO IJIs1 MX ra-
PaHTUPOBAHHOTO 00Xoma M IIpedOoTBpallCHUS
CTOJKHOBEHUS); CUHUI KPYKOK — paclivpeHHast
omnpenejaeHHas Todyka (s); 3eJieHas HempepbiBHAs
JUHUSA — MYThb, OCTPOEHHBINM C MOMOIIbIO aJro-
putMma Lazy Theta*; kKpacHasg HempepbIBHASI JIU-
HUSA — MYTh, TOCTPOCHHBIN C MOMOIIbIO aJITOPUT-
ma Risk Lazy AT.

PesynbraTel  MOOENMpPOBAaHUS ~ AJTOPUTMOB
IJIST pa3MepoB 00JIaCTU Ha KOOPAMHATHOM CeTKe

30%30 M nmpuBeneHsl B TabJ. 3 (31eCh ¢ — IMOKa3a-
TeJIb OMACHOCTH MapuipyTa).

AHanU3 TOJYYEHHBIX pe3yJbTaTOB IOKa3bIBa-
€T, YTO ToKa3aTejlb OMAacCHOCTU mapiipyTta (c), To-
CTpoeHHOro ¢ nomMouibto ajroputMa Risk Lazy AT,
MEHbIIIE 4YeM aHaJIOTUYHBINA TMOoKa3aTejib, MOIy-
YyeHHBII ¢ Tomombio aiaroputma Lazy Theta*.
CnenmoBaTesbHO, TMEPBbIM MapuIpyT Oe3omacHee
BTOPOTO.

Ha tpeThem sTame MoaenuMpoBaHUS MCCAENO-
Baysiu ipuMeHeHue anroputMa Risk Lazy AT nng
MJIAHUPOBAHUS MaplIpyTa ABMXKEHUS Mapcoxona
no moBepxHocTu Mapca. Ha ocHoBe peanbHBIX
JaHHBIX O peabede MoBEepXHOCTM Mapca, IoJy-
yeHHBIX 3 MatepuajioB USGS [14], Oblta co3maHa
TpexMepHasl KapTa yJyacTKa MOBEPXHOCTH MJIaHEThI
pasmepom 330%330 m (pmc. 10, a, cM. 4eTBEepPTYIO
CTOPOHY OO0JIOXXKH) ¢ pa3dMepoMm nukcens 0,5 M.

Brei6epeM Ha Tomorpaduyeckoi KapTe MOBEPX-
HocTu Mapca yyactok pasmepoM 30%x30 M (cM. Ha
puc. 10, @ yyacToK, BblI€JIEHHBII PO30BbIM LIBETOM).
Ero ykpynHeHHbI BUI 1oKa3aH Ha puc. 10, 6, cMm.
YEeTBEPTYIO CTOPOHY OOJIOXKKH).

Ha mocnennem arare MoaeaupoBaHUs C TIOMO-
mplo anroputma Risk Lazy AT Obiim monydeHbl
pe3yJibTaThl MJIAHWUPOBAHUSI MPOCTPAHCTBEHHOTO
MapIuIpyTa IBUXKEHUST MapCcoXoja Mo MOBEPXHOCTHU
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MJaHETHl C YUeTOM peibedha MECTHOCTHU, HATTMYUS
OIacHOCTel U mpensTcTBUiA (puc. 11, cM. yeTBep-
TYIO CTOPOHY OOJIOXKKH).

3akiaoyeHue

IIpoBeneH cpaBHUTEIbHBINM aHAJN3 U3BECTHHIX
aJITOPUTMOB IIAHUPOBAHUS TPACKTOPUM ITBUKE-
HUS ToABUXHOro oobekTa: A*, Basic Theta*, Lazy
Theta*. Ha ocHOBe Maen yMEHBIIEHUS CJIOKHOCTH
aJIropuTMa U IIPOTSXKEHHOCTH MaplipyTa IIpea-
JIOK€H HOBBIl aJrOpUTM ILIAaHMPOBAHUSI Tpaek-
TOPUM ABUKEHUS MOABUKHOTO o0bekTa Lazy AT.

Ha ocHoBe ocobeHHOCTel Tonorpauu moBepx-
HocTM Mapca BBeAeH IT0Ka3aTelb OIacHOCTH, KO-
TOPBI BKJIIOUEH B Ka4eCTBE 3BPUCTUUYECKOrO Ia-
pameTpa B MOAM(PHUKALINIO HOBOIO aJIrOpUTMa Iljia-
HUpoBaHus TpaekTopuu nBuxeHus Risk Lazy AT.

IIpoBeneHO MoOImeNIMpoOBaHUE aJTOPUTMOB A¥,
Basic Theta*, Lazy Theta* Lazy AT u BbITIOJHEH
CPaBHUTEJIbHBIN aHAINU3 MOJYYEHHBIX PE3yJIbTaTOB
IO CAENYIIIMM IToKa3aTeasM: L — [JIuHa IYyTH;
t — BpeMs BbBIYMCIeHUS. Pe3yibraTbl Momenupo-
BaHUS mokasanu, yto aaroputMm Lazy AT obecrie-
Y{BaeT NBUKEHHE MOABUXHOIO OOBEKTa MEXIY
MCXOIHOM Y KOHEYHOM TOYKOM MapIupyTa o KpaT-
yaiiimeMmy nyTu. Ilo cpaBHeHMIO C ajaropuTMaMu
Basic Theta* n Lazy Theta* Bpems BuIYMCIICHUIT
¢ iomoiukio aaroputma Lazy AT Ttakxke MeHBbIIIe.

CpaBHUTENIbHBI aHANIWU3 pPe3yJbTaTOB MOIE-
mvupoBaHusa anroputmoB Risk Lazy AT u Lazy
Theta* mokasaj, 4TO TIPeAJOXEHHBI HOBBIM aj-
roput™ Risk Lazy AT moxkeTt obecnieunTs 6e3omac-
HO€ JBMXXEHME IIOABMXKHOIO OOBEKTa II0 MOBEpX-
HOCTH TJIAHETHI.

Ha ocHoBe peanbHBIX HJAaHHBIX O peabede To-
BepxHOCTU Mapca Oblya pa3padboraHa umdpoBas
KapTa NOBEPXHOCTHU IJIAHETHI U MPOBEIAECHO MOJE-
JIMpOBaHUE IPOCTPAHCTBEHHOrO MapllipyTa IBU-
JKeHU ST Mapcoxoja C IIOMOIIbIO HOBOI'O aJIfOpUTMa

Risk Lazy AT. IlonyyeHHBIC pe3ybTaThl HOATBEP-
I 3(pHeKTUBHOCTD MPEIJIOKEHHOIO aJrOpUT-
Ma IJiS TUIAaHWUPOBAaHUS O€30IMacHOTO MaplipyTa
JBUXKEHU S Mapcoxo/a Mo MpoCTPaHCTBEHHOM Tpa-
eKTOpUH C YUeTOM pelibeda rnmopepxHoctu Mapca.
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Abstract

In order to fulfill the corresponding task successfully, a crucial issue should be addressed is the path planning for the
exploration of the Mars surface owing to the environmental features of the tough terrain. Traditional path planning algo-
rithms, such as the A* algorithm and the improved A* algorithm — the algorithm D* and the Field D* which have been
successfully implemented on the planetary rover during the expeditions of the Moon and Mars, have the problem of finding
the shortest optimal path. One of the more effective algorithms derived from the modified A* refers to the Basic Theta* or
the Lazy Theta* algorithms, which are faster any-angle path planning. Additionally, the algorithms can find shorter routes.
In this paper, derived from a comprehensive comparison of the existing algorithms (A*, Basic Theta® and Lazy Theta*®),
a novel modification of the Lazy AT methodology is proposed to reduce the calculation time and obtain a shorter path.
Based on the analysis of the surface feature of the Mars topography, the corresponding safety indicator is discussed. The
principal hazards of the wheeled vehicles during the exploration on the surface of the Mars are the slopes and the obstacles.
According to the requirements for avoiding obstacles as well as the exploration stability of the Mars rover in the period of
the exploration, the following topographic coefficients have been chosen to develop the hazard indicator, i.e., the inclination
angle of the terrain, the surface roughness and the height difference of the terrain. In addition, to obtain a safe trajectory
in algorithm Lazy AT on the Mars surface, the terrain hazard indicator (risk indicator) for the modification of the Risk
Lazy AT algorithm is also proposed in this paper. The comparing analysis modeling results of the Risk Lazy AT and Lazy
Theta* has shown that our proposed algorithm Risk Lazy AT can guarantee the safety movement of a mobile object during
the exploration on the surface of the planet. In light of the real-world surface features of the Mars terrain, the digital map
of the planet’s surface has been developed and the spatial routing of the rover has been tested with our novel proposed
algorithm, so-called Risk Lazy AT.

Keywords: algorithm A*, Any-Angle Path Planning, algorithm Basic theta®, algorithm Lazy Theta®, algorithm Lazy

AT, algorithm Risk Lazy AT, terrain hazard indicator
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Cuctema nsmepeHus Bo3ayLWHbIX NapaMeTpoB BepToneTa
C HeNoABUXHbIM NPUEMHUKOM MOTOKa, MOHHO-METOYHbLIMMU
M a3pOoMeTPUYECKUMU N3MepuTesibHbIMU KaHanamu*

Ilokazano, umo uzeecmmuvie 02paAHUYEHUS HA U3MepeHUe 6030VUIHbIX napamempos Ha bopmy eéepmoiema 00yCA08AEHbL
SHAYUMENbHBIMU AIPOOUHAMUHECKUMU 803MYUCHUAMU, BHOCUMbBIMU UHOYKMUBHbIMU NOMOKAMU BUXPEBOU KOJLOHHbI HeCyujeeo
eunma. Dmo onpedensem HeoOX00UMOCMb CO30AHUS CPeOCME UMEPEHUU, VUUMBbIEAIOUUX 0COOEHHOCMU A3POOUHAMUKU U
JuHamMuku nosema eepmonema.

Hzeecmubim Hanpaeaenuem npeo0oseHus IMUX 02pAHudeHUl A6AAemcsl UCNOAb306AHUE 04 USMePeHUS UHDOPMAUUU A3PO-
OUHAMUYECK020 NOAS BUXDPEBOl KOAOHKU Hecyuieeo UHMA U ee GOCHPUAMUS ¢ NOMOULbIO HENO0OBUNCHO20 MHO20QYHKUUO-
HAAbHO20 aspomempuueckoeo npuemHuxa. OOHaxKo HeobOXo00umocms 3aujumosl 004bUWO020 YuUcAa MPYOOK NOAHO20 OaéaeHus,
YCMAHOBACHHbIX 6 NPOMOYHOM KAHAAE MHO20QYHKUUOHAALHO20 A3POMEMPUUECK020 NPUEMHUKA, U dcecmKue mpeboeanus
K UOeHMUUHOCMU U CMAOUAbHOCIMU XAPAKMEPUCMUK 00AbUI020 YUCAA AIPOMEMPUYECKUX KAHAN08 YCAONCHAIOM KOHCMPYKYUTO,
CHUNCAIOM HAOENCHOCMb, NOGLLULAIOM CIMOUMOCMb, COEPICUBAIOM UCNOAb308AHUE CUCMEMbl USMePeHUs 8030YUIHbIX napame-
mpoe Ha eepmoemax pasAudHbIX KAACCO8 U HA3HAYEHU.

Paccmompensvt npunyunsr nocmpoenus, yHKUUOHAAbHAS cXeMa, 0COOEHHOCMU 80CAPUAMUS NePBUMHOL UHGOpMAYUU CU-
cmeMbl UsMeperus 6030YUHbIX NAPAMEempPO8 6epmoiema ¢ HenOO0BUNCHbIM NPUEMHUKOM NOMOKA, UOHHO-MEeMOYHbIMU U A3PO~-
Mempuveckumu uzmepumenvHoimu Kanaaramu. Ilpueedenvr aseopummor 06pabomxu nepeutHou UHOOPMAUUU HA PA3AUYHBIX
amanax u pexcumax noiema, 6 mom yucie: Ha CMosHKe 00 3anycKa CUA080l YCMAHOBKU U NPU 8PAUCHUU HECYUe20 6UHMA,
npu pyaeHuu U MAHe8PUPOBAHUL NO 3eMHOU NOBEPXHOCMU, HA PENCUMAX 831ema U NOCAOKU, NPU NOAeMax HA MAAbIX CKOPO-
CMAX, A MAKice Ha CKOPOCMSAX NoAema, K020a HenoOBUICHbLI NPUEMHUK NePEUYHOL UHMOPMAUUL bIX00UM U3 30HbL GUXDEBOL
KOJNOHHbL HeCcyujeeo UHMd, ¢ UCNOAb308AHUEM UOHHO-MEMOYHbIX U A3POMEMPUYEeCKUX UBMEPUMENbHbIX KAHAA08.

Ilokazano, umo npednoscennvle N00X00bl K NOCMPOCHUIO MoOedel U ai20pummos 00pabomku nepeuvHol unpopmayuu
cucmembl U3MepeHus 6030VUHbIX NAPAMEMPO8 6epMOLeMA C UOHHO-MEMOYHLIMU U APOMEMPUYECKUMU UMEPUMENbHbIMU
Kanaaamu no3eoasiom onpedeiums cCKOpoCmy U HANpasienue eempa, a makKice biCOMHO-CKOPOCMHbIE NaApamempvl 08UlNCe-
HUSA OMHOCUMENbHO OKPYICAlowell cpedbl U Napamempos ammocpepvl 6 wupoKom ouanasone sKcniyamayuu eepmosema. Bee
2mo onpedensiem KOHKYPEeHMHble NPeUMYUeCmea npediazaemoli cucmembsl Npu peueHuy 3a0a4 IKCAAYamayuu u obecnevyeHus

b6e30nacHocmu noaemos eepmonemoe pa3iuvHoeo Kaacca U HaA3HA4eHus.

Karwueeote caosa: eepmosiem, 8030)/me[€ napamempeol, usmeperue, cucmema, HenooeuICHbLI npuUemMHUK, UOHHO-Memo4Hble
u aspomempuveckKue uamepumeibHole KanHaabvl, ¢yHKL(u0H(1/le(l}l cxema, KOHCmMpPyYKnmueHbsle 0CO6€HHOCle, anreopummal 06pd-

b6omKu ungopmauuu

BBenenue

B aByall1 U B pa3JIMYHbBIX OTPpaACIAX IMPOMBIII-
JICHHOCTHU, B SHCPIr€TUKEC U CTPOUTCIILCTBE LINPO-
KO€ NIPUMCHCHHNE HaXOAAT BEPTOJICTHI Pa3JIMYHBIX
KJIaCcCOB M Ha3HA4YC€HUA, SKCILTyaTallisd KOTOPBIX
IIPOUCXOOUT B TIPU3EMHOM BO3MYUICHHBIM CJIO€
aTMOC(I)epr B YCJIOBUAX 3HAYUTEIBbHBIX BETPOBBLIX
BO3MYIIICHUIA. [Ipy MUIOTMpPOBaHWM W PELICHUU
3aJaun obecreyeHus1 O0€30MacHOCTU MoJieTa Bep-
TOoJieTa HeoOXomuMa JOCTOBepHasi WHGOpMaLus
O BCJIMUMHE U COCTABJIAIOIIMX BEKTOpPA HUCTUHHON
BO3IYIIHON CKOPOCTH, a3pONMHAMMUYECKUX YIJIax
aTakKW M CKOJIbXeHMsI, 6apOMETPUUYECKON BbICOTE U
MpUOOPHOI CKOPOCTHU, CKOPOCTH M YIJIe HAIlpaBJie-
HHUS BEKTOpa BeTpa OTHOCUTEIBHO ITPONOJIBHON OCH
BepTOJIeTa, aTMOC(HEPHOM JABJICHUU U TIJIOTHOCTH,

* PaboTa BbeinmosiHeHa 1o rpaHnTy PO®U Ne 18-08-00264.

O IPyTHWX BO3AYIIHBIX MapaMeTpax, OMpeAeIsTIoIInX
adpOAMHAMMKY U AMHAMUKY IBUKEHUS BepTojeTa
OTHOCHUTEJIBHO OKPYXKAIOILIEH BO3AYIIIHON Cpeabl Ha
BCeX ATallax U pexkrMax IoJeTa.

IIpu paboTe cuI0BOI YCTAHOBKM Ha CTOSIHKE,
MpU pyJeHUU U MAaHEBPUPOBAHUU 110 3€MHOI 1O-
BEPXHOCTH (CTapTOBBIE PEXUMBbI), IIPU B3JIETE U
Habope BBICOTHI, CHUXEHUM, BUCEHUU M MOCal-
Ke (B3J€THO-NOCAJOYHbIC PEXUMBI), MPU IIOJe-
T€ C MajJbIMU CKOPOCTSIMM Ha pabOTy OOPTOBBIX
CPEICTB U3MEpPEeHMsI BO3AYIIHBIX IapaMeTpPOB
BepTOJieTa OKa3blBalOT CYILIECTBEHHOE BJIMSHUE
WHAYKTUBHBIE TOTOKX BUXPEBOW KOJIOHHBI HECY-
1IEro BUHTA, OrPaHMYMBAIOIIME HCIIOJb30BaHUE
TpagUuLIUOHHBIX CpeacTB uaMepeHus [1—3]. DTo
00yCIOBJIMBAET HEOOXOAMMOCTb pPa3pabOTKU CHU-
CTeM M3MEPEHUSI BO3AYLIHBIX MapaMeTpoB, MakK-
CUMAaJIbHO YYMUTHIBAIOIIUX ad3pOAMHAMUKY U IU-
HaMUKY I0JIeTa BepToJIeTa.
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HOCTpOCHHe CHUCTEMbI U3MECPCHHUA
BO3AYHIHBIX MapaMeTpPOB BEPTOJIE€TA HA OCHOBE
HENMOJABH2KHOI'O MHO[‘O(l)yHKIlHOHaJIbHOI‘O
AJPOMECTPHICCKOIo NpUECMHHUKA

[MMupokne BO3MOXHOCTA IIO IIPEOIOJCHUIO
yKa3aHHbBIX OTPaHUYEHUI OTKPHIBAIOTCS IIPU HC-
MOJIb30BaHUM IJIS1 LeJel U3MEPEeHUST BO3AYLIHBIX
napaMeTpoB HHGpOpMalUM a’3pOAUMHAMUYECKOTO
MOJs BUXPEBOM KOJOHHBI Hecylllero BUHTA [4],
BOCHPUHHUMAEMOI HENMOABUXHBIM MHOTO(YHK-
LIMOHAJBHBIM a3pPOMETPUYECKUM MPUEMHUKOM,
BBIXOJHBIE CUTHAJbl KOTOPOTO PErucCTpPUPYIOTCS
a’3pOMETPUYECKMMHU M3MEPUTEJIbHBIMU KaHaja-
Mu. O6paboTKa BBEIXOAHBIX CUTHAJIOB B COOTBET-
CTBUU C pa3pabOTaHHBIMU aJITOPUTMaMU MO3BO-
JISIeT OIpeAeaUTh BO3AYIIHEBIE MapaMeTphl BEPTO-
JieTa B LIMPOKOM JMalia3oHe padouyuX CKOpOCTel
M BBICOT ToseTa [5].

B pabGorax [6, 7] pacKkpbIBalOTCS NPUHIIMIIBLI
MOCTPOEHUS M aJlTOPUTMBI pPabOTHl OOPTOBOI
CHCTeMbl HU3MEpEHMs] BO3AYILIHBLIX IlapaMeTpPOB
Ha CTOSIHKE, CTapTOBBIX U B3JIETHO-IIOCAJAOYHBIX
pexXuMax, IpHu I0JIeTe BEepToJeTa Ha MaJlbIX CKO-
pPOCTSIX, B KOTOPOM IJIS LICJIEM M3MEPEHUS HUC-
MoJIb3yeTcsl MH(pOopMalus O mapaMeTpax BeKTopa
CKOPOCTH pe3yJIbTUPYIOILIEr0 BO3AYIIHOrO IOTOKa
BUXPEBOM KOJIOHHBI HECYIIIETO BUHTA, BOCIIPUHU-
MaeMasl HelOABUXXHBIM MHOTO(YHKIIMOHAIbHBIM
a’poMeTpUUYEeCKUM MpUEMHUKOM [5].

MHOropyHKIIMOHAIBHBIM  adpOMETpUYECKU
npueMHuK (puc. 1) comepXUT HEIOABUXHBIN
MHOI'OKAHAJIbHBIA IPOTOYHBIA a3pOMETPUYECKUN
NpUeMHUK [, BBIIOJIHEHHBIA B BUIE OBYX pas-
HECEHHBIX II0 BBICOTE B3KPaHUPYIOIIUX OUCKOB 2
M 3, MeXJy BHYTPEHHUMHU TPOPUINPOBAHHBIMU
MOBEPXHOCTSIMU KOTOPBIX B a3MMYTaJbHOU ILJIO-
CKOCTH I10J OJMHAKOBBIMM YIVIAaMU PacCIOJOXEHbI
TpyOKHM MOJHOTO IaBjeHus 4 Ajs1 3adopa naBaeHU N
P,, onpenensomux Monyinb W u yron Harpasiie-
HUs y BeKTopa BeTpa W MM MapaMeTphl BEKTOpa
V5 MCTMHHON BO3LYLIHOW CKOPOCTU B TOPU3OH-
TaJIbHOM TIJIOCKOCTH.

Ha BHYTpeHHMX MOBEPXHOCTSIX BKpaHUPY-
IOIIMX AUCKOB 2 MU 3 PacIoJIOXEHBI KOJIbLIEBbIS
KaHanbl 6 OJisl 3a00pa APOCCENMPOBAHHOIO CTa-
TUYECKOro aaByieHus P, GopMUpyeMoro B 1npo-
TOYHOM KaHaje mpueMHMKa [. Ha BHyTpeHHMX
NpoGUINPOBAHHBIX IIOBEPXHOCTAX 3KPaHUPY-
OIIMX JUMCKOB 2 M 3 pacIoyioXXeHbl OTBEPCTUS 5
114 3a6opa nasineHuit P, u P _ |, ONpEneasIIolnX
YIroJ BETpa WMJIM BEKTOPAa UCTUHHOM BO3MYIIHOM
ckopocTu V, = —V B BEpTUKAJIBHOM MJIOCKOCTH.

Takum 06pa3oM, BOCTIpUHUMAEMbIE HETTOIBU K-
HBIM MHOI'OKaHAJIbHBIM IIPOTOYHBIM a3pPOMETPU-
YEeCKMM TPUEMHUKOM IIepBUYHbIE WH(OPMATHB-
HbIe CUTHAJIbI B BUJE MaBjieHuit P;, P, P, Py
MO3BOJISIIOT OMPEAEIUTh MOAYIb W 1 yrioBoe Mo-
JIOXEHUE BEKTOpa CKOpocTH BeTpa W WM BeKTopa
WCTUHHOW BO3IYLIHON CKOPOCTU V, OTHOCUTEIBHO
MIPOAOJIBHOM OCU BEPTOJIETA WJIMA IIPOAOJIbHBIE U
OOKOBBIE COCTABJISIONINE BEKTOpPa CKOPOCTU BETpa
WU BEKTOPA UCTUHHOW BO3AYLIHOU CKOPOCTU Ha
CTOSIHKE 0 3aIlycka CHUJIOBOM YCTAHOBKU M pac-
KPYTKU TPAHCMUCCUM U HA PEXMUMAaX IMOJIETA, KOI-
Jla HEMOIBUXXHBI MHOTOKAHAJBHBIA MPOTOYHBINA
A3POMETPUYECKUI IPUEMHUK HAXOAUTCS BHE 30HBI
JIEUCTBUSI BUXPEBOM KOJIOHHBI HECYLLIETO BUHTA.

Jnst BOCIIpUSITUST a3pOMETpUUecKoil nH(popMa-
LMY HA CTOSIHKE MPU 3aI1yCKe CUJIOBOU YCTAHOBKU
A BpPALLEHUM HECYIIEr0O BUHTA, HA PEXUME pyJie-
HUS ¥ MAHEBPUPOBAHUS BEPTOJIETA IO 3EMJIE U HA
B3JIETHO-TIOCAIOYHBIX PEXUMAX, MpPU IIOJETE Ha
MAaJIbIX CKOPOCTSIX, KOIZIa HETIOABUXXHbBIA MHOTOKA-
HaJIBHBI MPOTOYHBIA a3POMETPUUYECKUNA TIPUEM-
HUK [ HaXOAUTCS B CTBOPE BUXPEBOI KOJOHHBI HE-
CYILLErO0 BMHTA, HA HAPY>KHOU MOBEPXHOCTU IKpa-
HUPYIOILIETo NTUCKa 3 yCTAHOBJIEH JOTIOJTHUTEIbHbIN
a’pPOMETPUUYECKUI MPUEMHUK 7 B BUAE MOJyCPepsl
C AUAMETPOM, PaBHBIM IUAMETPY BEPXHETO IKpa-

=

Puc. 1. KoHCTPYKTHBHASA cXeMa HENOJBHKHOIO MHOTO(YHKIIHO-
HAJBHOTO A9POMETPHYECKOTO MPHEMHUKA

Fig. 1. Constructive scheme of motionless multifunctional aero-
metric receiver
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Hupyloiero aucka. Ha moBepxHocTn momycdepsl
Ha OCA CUMMETPUM PACMOJIOKEHO OTBEPCTHUE, SIB-
JISTIONIEECS TIPUEMHUKOM TIOJTHOTO JaBJieHUS P 5
pPE3YJIBTUPYIONIETO BO3AYIIHOTO MOTOKA BUXPEBOM
KOJIOHHBI. B TJI0CKOCTH, TapajebHON TJIOCKO-
CTHM CMMMETPUM BEPTOJIETA, MO YIJIIOM ¢y K OCH
CUMMETPUN CHUMMETPUYHO PACIOJIOXEHBI OTBEp-
CTHSI, SIBISIOIIVECS TPUEMHUKAMU NaBJIEHUNA P,
n P,. B minockocTy, NeprneHANKYISIPHON TLIOCKO-
CTH CMMMETPUU BEPTOJIETA, MO YIJIIOM ¢y K OCH
CUMMETPUN PACTIOJIOKEHBI OTBEPCTHUS, SIBISIONIN-
ecs NpUeMHUKaMU JasieHuin P; u P,. Ilepnenau-
KYJSIPHO OCU CUMMETPUU C(HEPUUECKOTO TTPUEM-
HHKa Ha €ro MOBEPXHOCTU, HATIpUMEP IO OKPYXK-
HOCTH, PACIOJIOXEHBI OTBEPCTUSI, OOBEANHEHHBIC
B OOIlleM KaHaJie, SBISIOIEMCS IPUEMHUKOM CTa-
TUYECKOTO HABJICHUS P..x PE3YIBTUPYIOLIETO BO3-
JYIITHOTO TIOTOKA BUXPEBOW KOJOHHHI.

[Ipu pylieHUM U MaHEBPUPOBAHUU MO 3EMJIIE U
Ha B3JIETHO-TIOCAIOYHBIX PEXWUMAaX, MPHU TOJIETE
C MaJIBIMU CKOPOCTSIMU 3a MEPY BEJIMYUH COCTAB-
JISTIONIAX BEKTOpa ckopocTu BeTpa W M BeKTOpa
WCTUHHOW BO3AYIIHOW cKOopocTh V, BeprojeTra
TMPUHUMAETCS YIJIOBOE TOJOXEHWE BEKTOpa CKO-
poctu Vy pe3yJIbTUPYIOLIETO BO3MYIIHOTO MTOTOKA
BUXPEBOU KOJIOHHBI HECYIIIETO BUHTA, ONIPENEIIsic-
MO€ yIJIIAMHU @ U @), KOTOPBIE PETUCTPUPYIOTCS
OPTOTOHAJIBHO PACIOJIOKEHHBIMU TTPUEMHUKAMU
nasieHut P u Py, Py u P,

Hasnenusa Py u Py, Pyu Py, P,su P, Bocipu-
HUMAaeMbI€ JOTOTHUTEIBHBIM a3pOMETPUYECKAM
MPUEMHUKOM J3, MOAKJIIOUEHBI KO BXOAAaM ITHEB-
MODJIEKTPUYECKUX TIPeoOpa3oBaTeseii, BBIXOIbI
KOTOPBIX 4Yepe3 IIOCJIEeNOBAaTEIbHO COECIUHEHHBIE
MYJbTUTIJIEKCOP M aHAJOTOBO-LM(POBOI TMpeos-
paszoBaTeNb NOAKJIIOUYEHBI K MHUKPOMPOIIECCOPY.
Ha Bxom Mukpomporeccopa TakXke MOAKIIOUYCHBI
BBIXOABl MPUEMHUKA TEMIIEPATypbl TOPMOXECHU S
pE3yJABTUPYIONIETO HAOETralIero BO3AYIIHOTO
TMOTOKA BUXPEBOW KOJOHHBI HECYIIETO BMHTA U
BBIXOJBI ITHEBMOJJIEKTPUIECKUX MpeodOpa3oBaTte-
neit mapnenut Py, Py, P, _ 4, P ,, BOCHpUHUMA-
€MBIX HEMOABUXHBIM MHOTOKAHAJIBHBIM MPOTOY-
HBIM a3pOMeTpUYeCKMM mpueMHuKoMm I. Bbixon
MHUKPOMPOIIECCOPA SABISETCS BBIXOIOM OOPTOBOM
CHCTEMBI 10 MOIYJIIO W YTJy HAIlpaBJI€HUS WU
MNpPOJOJIbHOW M OOKOBOI COCTaBJISIOIIMM BEKTO-
pa ckopoctu BeTpa W M MCTUHHOMW BO3AYLIHOM
ckopocTH V, Ha CTOSIHKE, TIPU PYJIEHUU U MAHEB-
pUPOBAaHUHU MO 36MHOW MOBEPXHOCTHU, TIPU B3JIETE
W TIOocajike, B OOJIACTM MaJIbIX U OKOJOHYJIEBBIX
CKOpOCTEH ToJieTa U Ha PEeXWME BUCEHUS, KOTha
HETMOABMKHBII1 MHOTOGYHKIIMOHAJbLHBINA a3pome-

TPUYECKUI MPUEMHUK HAXOAUTCS B 30HE BUXpE-
BOI1 KOJIOHHBI HECYIIIETO BUHTA.

OnHako IIOCTPOEHME HEIMOABUXHOIO MHOIO-
KaHaJbHOTO a’pOMETPUYECKOI0 IIpHMEMHMKA Ha
OCHOBE MHOro(QyHKIMOHAJHHOIO IIPOTOYHOIO
adpOMETPUYECKOTO TIPUEMHMKaA CBSI3aHO C HEOO-
XOAUMOCTBIO 3alllUTHl GosbLIOro yuciaa (6 uiu 8)
TpyOOK ITOJTHOTO JaBJICHUSI, YCTAHOBJICHHBIX B €r0
MPOTOYHOM KaHaJje, OT OOJemeHeHMs, IToIaua-
HUS TIBIJIA U BJIaTM B peaJibHBIX YCIOBUSIX 3KC-
TUTyaTalliy BepToJieTa. MHOTOKaHaJlbHAsi cxema
Mpeo6pa3oBaHUsI BOCIPUHUMAEMBIX JaBJIEHUU
OOYCJIOBJIMBAET XECTKHE TpeOOBaHMS K WIAEH-
TUYHOCTU U CTAOUJIBHOCTU XapaKTePUCTUK a3po-
METPUUECKUX M3MEPUTEIbHBIX KaHalIoB. Bce 310
YCIOXHSET KOHCTPYKIMIO, CHUXKAET HaAeXKHOCTbD,
MOBBIIIAET CTOMMOCTh, CACPXKUBAET IPUMEHEHUE
CHUCTEMbl M3MEpPEHNs BO3AYIIHBIX ITapaMeTPOB Ha
BepTOJIETaX Pa3IMIHOIO Kjacca U Ha3HAYCHMUSI.

ITocTpoenue cucTeMbl H3MEPEHHS
BO3AYIIHBIX MAPAMETPOB BEPTOJIETA
C HENMOJABHUZ2KHBIM NNPUEMHHUKOM IOTOKA,
HOHHO-METOYHBIMH M 2A3POMETPHUICCKHUMHU
H3MEPHUTEJTbHBIMA KAHAJTAMU

Hns ycTpaHeHUs1 YKa3aHHBIX HEIOCTATKOB CHU-
CTeMbl U3MEPEHUS BO3AYIIHBIX MapaMeTPOB Bep-
TOJieTa HAa OCHOBE HEIMOABMXKHOIO MHOTOGyHK-
LIMOHAJbHOTO TPUEMHUKA M ad3POMETPUYECKUX
M3MEPUTEIbHBIX KaHAJOB MpeaaraeTcsl cucTema,
(yHKIIMOHANBHASI cXeMa KOTOpOM NpuBedeHa Ha
puc. 2 [8].

B sTOM ciyuae cuctema M3MEpeHUS BO3AYII-
HBIX T1apaMeTPOB BBIMOJHSETCS MO JABYXKaHaJlb-
HOI cxeMe U BKJI0YaeT MOHHO-METOYHBIN U a3po-
METPUUECCKUI U3MEePUTEIbHbIC KaHAabI.

B xauecTBe HIOHHO-METOUYHOIO KaHaJla UCIIOJIb-
3yeTcsl MaHOpaMHBI MOHHO-METOUHBIA JaT4nK
a3pOIMHAMUYECKOTO yIja M BO3AYLIHOW CKOPO-
ctu [9], BKIoYamoIIuil miaty / ¢ CUCTEMOUN MpH-
€MHBIX DJIEKTPOIOB 3, B LIEHTPE KOTOpPOW ycTa-
HOBJICH UCKPOBOM pa3psiAHUK 2, MOAKIIOYEHHBIN
K reHepatopy metok (I'M) 4. Ilpu nogaye Ha BbI-
COKOBOJIBTHBIN Pa3psAAHUK 2 BBICOKOBOJBTHOIO
HMIIyJbca OT TeHepaTopa MeTOK (opMupyercs
MOHHAsl MeTKa C $SIBHO BbIPaK€HHBIM BJIEKTPO-
CTaTUYECKUM 3apsoM, KOTopasi ABUXETCS CO-
BMECTHO C HAOerarmoluM BO3AYIIHBIM ITOTOKOM,
mpuoodpeTass ero CKOpocTb V M HampaBJeHHUE .
[Ipy npubAMXeHUU 3apsiKeHHON MOHHOM METKU
K TIpMEMHBIM D3JIEKTpoJaM 3, pacloJOXEeHHBIM
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Puc. 2. CDyHK].ll/lOHaJIbHaﬂ cxXeMa CUCTEMbI U3BMEPEHHUA BO3AYIIHBIX NAapaMeTpPOB BEPTOJIETA C AOPOMETPUYECKUMHA U HOHHO-METOYHBIMH

HU3MEPUTECJIbHBIMU KaHAJIAMHU

Fig. 2. Functional scheme of measuring system of air parameters of helicopter with aerometric and ion-mark measuring channels

Ha OKPYXHOCTU pamuycoM R, Ha HUX HABOASATCS
3JIEKTPOCTATUYECKHUE 3aAPSbl, BETNUYNHA KOTOPBIX
3aBUCUT OT PACCTOSSHUS R OT TOUYKM TeHepaluu
WOHHOUW METKU 10 MPUEMHOTO 3JIEKTPOAA U YIJIO-
BOTO TIOJIOXKECHUS y TPACKTOPUU JTBUXKCHUS METKU.

Ha puc. 3 mokazaHa KOHCTpPYKTHMBHasi cxema
JatyvMKa MepBUYHON MH(pOpPMAIIMU CUCTEMbI M3-
MEPEHNS BO3AYIIHBIX MapaMeTPOB BEPTOJIETA Ha
OCHOBE WOHHO-METOYHBIX W adPOMETPUYECKUX
W3MEPUTEIBHBIX KaHAJIOB.

IleprieHIUKYNISIPHO CUCTEME TIPUEMHBIX JJICK-
TpoJoB / MaHOPAaMHOTO MOHHO-METOYHOTO 1aT4yu-
Ka a3pOJMHAMAYECKOTO YIJIa U BO3IYIIIHOU CKOPO-
CTH Ha CTO#Kax 3 yCTaHOBJICH HETOABUXXHEBIN I10-
Jycpepruyeckuii aspoMeTpUUecKuii MPUEeMHUK 2,
Ha MOBEPXHOCTU KOTOPOTO PACIOJIOKEHBI OTBEP-
CTUS IJS BOCHPUATUS AABJICHUI, HECYIIUX WH-
dbopmanuio o BekTope cKOpocTu Vg pe3ybTUpy-
IOIIETO BO3AYIUITHOTO MOTOKA BUXPEBOW KOJOHHBI
HECYIIETO BUHTA. BocnmprnHUMaeMble TaBJIEHUS TI0
MHEeBMOKaHajgaM 4Yepe3 CTOHKHW J3 TMepenaroTcsl Ko

Puc. 3. KoHCTpyKTHBHASA cXeMa JaTYMKA NEePBUYHOI HHpOpMANH
Fig. 3. Constructive scheme of the sensor primary informatio
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BXOJaM ITHEBMODJIEKTPUUECKHUX Ipeodopa3oBare-
Jieli, pacIojOXKeHHBIX BHYTPU NTaHOPAMHOTO MOH-
HO-METOYHOTO JaTYMKa a3poOAMHAMUYECKOro yria
U BO3IYLIHON CKOPOCTH.

Hnst BocmpugTus MHGOPMALIMU Pe3yJIbTUPY-
JOIIETO BO3AYIIHOTO MOTOKA BUXPEBOM KOJIOHHBI
Hecyllero BMHTa Ha TOBEPXHOCTU Toaycdhepu-
YeCcKOro aspoMeTpuyeckoro mpuemHuka 171 (cwm.
puc. 2) pacrojioxXeHbl oTBepcTusi 12 misi 3abopa
MOJTHOTO JAaBJieHUsI P,y pe3yJbTUPYIOIIETO BO3-
JOYILIHOTO TMOTOKA BUXPEBOM KOJOHHBI HECYILETo
BUHTA, oTBepcTHus 13, I14n 15, 16 nyisa 3abopa maB-
nenuit Py, P, u P;, P, onpenensomux yribl ¢,
U @, MOJIOXEHUSI BEKTOpa CKOpOocTU Vy OTHOCHU-
TeJIbHO OCH CUMMETPHUU TMOJyc(heprniecKoro mpu-
€MHMKa B IJIOCKOCTH, TTapaJiJIeAbHOW ITPOAOJIbHOMN
OCH BEPTOJIETA, M B MJOCKOCTHU, MEPIEHAUKYISP-
HOU TPOJOJbHON OCHU BEPTOJIETa, a TaAKXKE OTBEP-
ctust 17 nist 3a60pa CTaTUYECKOTrO JaBieHUs P,y
Pe3yJIbTUPYIOIIETO BO3AYIIIHOTO IMOTOKA BUXPEBOM
KOJIOHHBI HECYIIETO BUHTA.

Bocnipunumaemsie nasinenus Py, Py, P, u P,
P,, P,y c IOMOUIbIO MTHEBMOAJIEKTPUUECKUX MPE-
obpaszoBaresiell mepenana maBaeHuit 18 m mmpeo0d-
pasoBaTesisi abCoJIIOTHOro namjeHusi 19 mpeoO-
pasyloTcsd B DJIEKTPUUECKUE CHUTHAJIbI, KOTODBIC
yepe3 KaHaa 20 aHaJoroBo-mUMPOBOTO Mpeod-
pa3oBaHMs, BKJIIOYAIOIIEr0 MYJIbTUILIEKCOp 21 u
ATl 22 nmomatoTcs B BBIYMCIMTEIBHOE YCTPOU-
cTBO /0, Ha BBIXOJIE KOTOPOTO MO pa3paboTaHHBIM
ajroput™MaM (OPMUPYIOTCS LU(PPOBBIE CUTHAJIBI
10 BO3AYIIHBIM CUTHAJIaM BepToJieTa.

AnropuT™bl 00paboTKH MHBOPMAIITT
H3MEPHUTENbHbIX KAHAJIOB CHCTEMbI H3MEPEHHSs
BO3AYNIHBIX MAPAMETPOB HA PA3JIMYHBIX ITANax
U peXuMax NoJieTa BepToJieTa

Ha cmosnke 0o 3anycka cua060ii ycmaHnosxu
BXOJHBIMM CHUTHajlaMd HMOHHO-METOYHOI'O H3Me-
PUTEJIBHOTO KaHaJla SBJSIIOTCS CKOpocThb W, u
YroJl HampaBJIEHUS y BEKTOPAa TOPU3O0HTAJIBHOTO
BeTpa W, OTHOCUTEJIBHO NPONOJIBHONM OCU BEPTO-
JieTa, KOTOpble HEOOXOOAMMBI AJS1 MPEeAoTBpalle-
HUS OIPOKMIBIBAHUS BepTojeTa Ha OOK MJIM Ha
xBocToBYy10 0ajky [10]. [Ipu nmonmamaHuM TpaeKToO-
pUU MOHHOM METKM B i-il TpyOBIil KaHaj TeKylIlee
3HAYEHUE M3MEPSEMOrO yrja \y HalpaBJICHUS TO-
PU3OHTAJIBHOTO BeTpa W, omnpenensieTcs: Kak

V= i(lo + apa (1)

TIE oy — YTOJI, OXBAaTBIBAIOIIUU pabOYUiA CEKTOP
rpyooro KaHajla orcyeta (pu i, = 4, oy = 90°);
i — HoMep pabouero cekropa (i =1,4); o, — 3Ha-
YeHre U3MEPSIeMOro yIJia B Ipeaesax i-ro padboye-
ro cexTopa.

Curnanbsl U(o,), TPOMOPLIMOHAIBHBIE CUHYCY
Usina; 1 kocunycy Ucoso; M3MeEPSIeMOro yria y
B i-M pabouyeM cekTope rpyboro kaHajaa U CHUMa-
eMble ¢ 0JI0Ka MpeaBapUTEIbHBIX YCUIUTEeH, 00-
pabaThIBalOTCSI B BBIYMCJIMTEIBHOM YCTPOMCTBE,
Ha BbIXoAe KoToporo dopmupyercs UUdpoBoi
KOJI, CBSI3aHHBIN CO 3HAYEHUEM o, U3MEPSEMOrO
yrjia B Tpeaeiax paboyero cekTopa TOUHOIO Ka-
HaJla COOTHOLIEHUEM

Usina;
o, =arctg———+, 2
Ucosaq;
rae o, — TeKyllee 3HaueHue M3MepsSieMOro yria

B TIpejesiax i-ro pabodyero cexrTopa.

[Ipu paboTte KaHaja U3MEPEHUST CKOPOCTH BEK-
TOopa ropusoHTajsbHOro Berpa W, dopmupyercs
MHTEpBaJl BPEMEHM Ty MPOJETa MOHHOI METKHU
paccTosiHUSI R OT TOUKM reHepauuu () MOHHOMI
METKU 10 OKPYXHOCTU C MPUEMHBIMU 3JIEKTPO-
namu. B cooTBeTCTBUYM C MHTEPBAJIOM BPEMEHU Ty,
B BBIYMCJIMTEIBHOM YCTPOMCTBE BbIpabaThIBacTCs
uudpoBoit ko Ny, TPONOPLUMOHAIBHBII CKOPO-
CTH TOPU30HTAJIBHOTO BETpa

AL 3)

Tw

Ha cmosanke npu 3anycke cui060i ycmanoexu
U épaujeHuu Hecyuezo 6UHMa, Npu pyieHuu u ma-
He8PUPOGAHUU NO 3¢ MHOU NOBEPXHOCMU, HA 83.4eMm-
HO-nOCAdo4HbIX pexcumax B pabOTy BKJIIOYAETCS
BTOPOil — ad’pPOMETPUYCCKUII — KaHaj, BBIMOJ-
HEHHBIII Ha OCHOBE HEMOIBMXKHOTO Ioaycdepu-
YECKOI'0 adpOMETPUYECKOTO MPUEMHUKA, KECTKO
YCTAHOBJIECHHOTO HAaJll CUCTEMOM IMPUEMHBIX DJIEK-
TPOIOB MOHHO-METOUYHOI'0 JAaTYMKa a’poJrHaMU-
YECKOI'0 yIjla U BO3AYIIHONW CKOPOCTH.

[To nonHomy P,y u cratuyeckomy P, nasie-
HUSAM U Temneparype 7T,y TOPMOXEHUS pe3yIbTU-
PYIOLLIEro BO3AYIIHOI'O ITIOTOKA BUXPEBOM KOJIOHHBI
HECYIIEro BUHTA, BOCIIPUMHUMAEMOI TPUEMHUKOM
TeMmIlepaTypbl TOPMOXEHMsI, YCTAHOBJIEHHBIM Ha
(ro3ensake B 30HE NEUCTBUS BUXPEBOM KOJOHHBI
HECYLIEro BMHTA, MOXHO OIpeIeIUTh MOAYJb
BEKTOpPa CKOPOCTHU Vy pe3yJbTUPYIOLIETO BO3AYIL-
HOTrO IOTOKAa BUXPEBOM KOJIOHHBLI HECYILETO BUH-
Ta, UCIIOJb3ys COOTHOILIEHUE [6]
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T,

s (PHE_PCTZ+1 -1

P,

0,2857143
CTY j

Vy = 44,826

P,-P

o CTX +1

P,

0,2857143 , 4
CTZ )
rie mapameTpsl, BXxoasinue B ¢popMmyny (4), UMeIoT
pa3MepHOCTHU B eqMHMIAX cucteMbl CU.

[Ipoexunm BekTOpa Vs CKOPOCTU PE3YNBTUDPY-

IOIIEr0 BO3AYIIHOI'O ITOTOKA BHXPEBON KOJIOHHBI
HECYIIero BUHTA Ha OCH CBSI3AaHHOM CUCTEMBI KO-
OpIMHAT ONPEHEISIIOTCI KaK

VZx =

Vssing; Vs, = V;c080,c080,;
Vs

74 = VZSin(pb (5)
TIe ¢y U ¢y — YIJIBI, ONMPENCIISIOIINE TTOJTOXECHNE
BEKTOpa CKOPOCTHU V5 pEe3yNBTUPYIOUIETO BO3AYII-
HOTO TTOTOKA BUXPEBOW KOJIOHHBI HECYIIIETO BUHTA
OTHOCHTEJIBHO OCell Moaychepruyeckoro aspome-
TPUYECKOTO TMTPUEMHHUKA, KOTOPBIE OMPEAETSIIOTCS
1o pasiaeHusaMm Py, P, u Ps, P,

HUcrionb3ysd COOTHOWIEHUS IJISI OIPEACTICHUS
JNaBJeHUSI Ha TIOBEPXHOCTU TOaychepruuecKoro
a3pOMETPUUYECKOTO TIPUEMHUKA, IPUBEICHHBIE
B pabore [11], yriel ¢ U @,, ONPEREISIOIINE TO-
JIOXEHUE BEKTOpAa CKOPOCTU Vy PE3YJIBTUPYIOLIE-
ro HaberamwIero BO3AYIIHOTO TOTOKAa BUXPEBOM
KOJIOHHBI HECYIIIETO BUHTA, OYAYT OMPEAEASATHCS
COOTHOIIEHUSIMUA

0 :larcsin( A-h j
2 9sin2¢y; Py — Pors )’ ©)
1 . P-P,

*2 = 5arCSln£9Sin 2(POZ PHZ - PCTZJ’

TOE Q)9 U @9 — YIJIBI PAaCHOJOXEHUS OTBEPCTUI
1714 3abopa nasieHuit Py, P, u P;, P,.
[TockoybKy HEMOABMXHBIN MaHOPAMHBIN MOH-
HO-METOYHBII JaTYMK a3pOIMHAMMYECKOIO yIia
Y UCTUHHOM BO3JYIIHOW CKOPOCTU C YCTAHOBJIEH-
HBIM HaJl €ro CHCTEMOI INPUEMHBIX 3JIEKTPOLOB
nosycepuyecKuM adpoOMETPUYECKUM MPUEMHU-
KOM DPACIIOJIOKEH Ha (IO3eIIsIKe Ha ONPENeIEHHOM
paauyc-BekTope R oT LeHTpa Macc Beprozera, TO
MIPU BpallleHUU BEPTOJIETA OTHOCUTEIBHO LIEHTPA
Macc MMeeT MECTO KMHEMaTUYeCKOE MCKAXEHHE
BEKTOpa CKOpocTU V BO3LYLIHOTO NMOTOKa, Habe-
ralouiero Ha a3poMeTPUYECKUA IPUEMHUK, KOTO-
poe OIpesessieTcss BEKTOPHBIM ypaBHEHUEM BHIA

V. =V+exR(x,y,2), (7

rae V, — KWHEMaTUYEeCKU WCKAXXEHHBIH BEKTOP
CKOPOCTH HAOETaloIIero BO3MYIIIHOTO TIOTOKA B Me-
CT€ YCTAHOBKU HETIOABUKHOTO KOMOWHUPOBAHHOTO
a3pOMETPUYECKOTO TMPUEMHUKA;, ®(®y,0,,®,) —
BEKTOP YIJIOBOM CKOPOCTH BpAalllEHWUS BEPTOJETa
OTHOCHUTEJIBHO LIEHTPA MAcC; m,, o, ®, — YIJIOBbIE
CKOPOCTM BpAlIEHUSI BEPTOJETA OTHOCUTEIBHO
OCEM CBSI3aHHOM CUCTEMBI KOOPAWHAT; X, J, Z — KO-
OpIWHATBI MECTA YCTAHOBKU HEITOJABUKHOIO MaHO-
pPaMHOTO METOYHOTO JaTYMKa a3pOJAUHAMUYECKOTO
yIia ¥ BO3AYIIHOM CKOPOCTH C YCTAHOBJIEHHBIM
HaJ €r0 CHUCTEMOW MPUEMHBIX BJIEKTPOIOB TOJY-
chepruecKuM ad3poOMETPUYECKUM TMPUEMHUKOM
B CBSI3aHHOIM CUCTE€ME KOOPOUWHAT, LIEHTP KOTOPOM
HaXOAWUTCS B LIEHTPE MacC BEPTOJIETA.

[Ipoexuum BekTOpa cKOopocTr V, Ha OCU CBSI-
3aHHOW CUCTEMBI KOOPAWHAT OyIYT OMPEACTASITHCS
CUCTEMOI YPABHEHUI BUIA

Vix = Vet (02— 09); Vi, =V, + (0X — 0);
Ve =Vt (0 — o), ®)
e V, Vy, V, — NpOoeKLuH BEKTOpa UCTUHHOM

BO3IYILIHOW CKOPOCTU V, Ha OCU CBSI3AHHOW CH-
CTE€MBbI KOOPAMHAT.

[MpomonbHast 1 60KoBas cocrapusiommue V,, V,
A MOAYJIb V, BEKTOpa NUCTUHHOW BO3AYILIHOW CKO-
poctu V,, yIJIBI aTaKu o U CKOJIBXEHUS 3 BEPTO-
JleTa, cTaTU4YecKoe nasieHue Py u 0apoMerpuye-
ckas BoicoTa H OyayT omnpenensiTbCsl CeayIoLu-

MU COOTHOILUEHUAMH [6]:

4 A-P ﬂx
9Si1’12(P01 PHZ _PCTZ

V., =Vssin [% arcsin[

4 P, - P, H )
9sin 2(P02 PHZ - PCTZ
K Vio — (0,2 —0,p);

V, =Vssin larcsin - 4 B hy -
2 9sin2¢y, Pz — Purs

~K.)Vip — (0,y — 0,X);

1 .
X -
cos L arcsm(
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Vy= V2 +V2+V2 )
V. V.
= te—2:B = in 2% -
o = arc ng ; B =arsin v ;
V2
Py = Pus — K, P22
0,2857143
Py = PCTZ [PHZ_PCTZ_'_IJ .
287,052877 P
H:& 1- P_H TR
T P, ’
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rne Py =101 325 llau T, = 288,15 K — abcontot-
HOe AaBjeHue W abCoJIIoTHAas TeMIieparypa BO3-
nyxa Ha BeicoTe H = 0 cTaHmapTHOI aTMocdhephl;
R — ynmenbHas rasoBas IOCTOSIHHAsT BO3ayxa
(R = 287,05287 Ix/xr-K); 1 — TtemnepaTypHbIi
rpagueHT (t 0,0065 K/m); K, — 06e3pazmep-
HBI KO3(pPULIMEHT, onpenensommnii cBsizb P, s
U Py, KOTOpBIN ompeaensieTcsl MpU JIETHBIX HC-
MBITAHUSIX JJ51 KOHKPETHOTO THMIIA BepToJjieTa U
MecTa YCTAaHOBKM Ha (ro3essike HEIMOABUXKHOIO
MaHOPAaMHOIO0 MOHHO-METOYHOrO JaTyMKa a’po-
JIMHAMWYECKOTO YyIJla W BO3AYIIHOW CKOPOCTH
C YCTaHOBJIEGHHBIM Ha HEM OCECMMMETPUYHBIM
nojsycepruyeckuM adpoOMEeTPUUYECKUM MPUEMHU-
KoM; K, — Ge3pasmMepHBIi KOIDOUIIMEHT, OMpe-
IeJIIEMBbIii aHaJIOTuYHO K 1 K.

Wcnonb3ys nHpopmanuo o moayie V, u yrie
CHOCa \, BEKTOpa MyTeBOi ckopocTu V, OT no-
MJIEPOBCKOTO M3MEPUTEISI CKOPOCTHU U yIJjia CHOca
(IUCC) u o cocTaBiSOIIUX BEeKTOpa UCTUHHOMN
BO3AYUIHOW CKOpPOCTH V, OT a3pOMETPUYECKOTO
KaHaJja, mpomonbHylo W,, GokoBylo W, cocras-
asolue, Monyiab W, u HampaBieHUe y TOPU30H-
TaJIbHOTO BeKTOpa BeTpa W, Ha B3JIETHO-ITOCAI0Y-
HBIX peXHuMax BeprojieTa OyneM ompeaessiTh CO-
OTHOILIeHUIMU [6]:

W= V| = Vycosyg; W, = V] — Visiny;

y=Bt s W= W W) (10)

Takxum oOpa3om, Ha OCHOBe WH(poOpMalLIUH,
BOCIIPMHUMAEMOI HEIMOABUXHBLIM TaTYUKOM Mep-
BUYHOM WHMOpPMAIMM, BBIIOJIHEHHBIM B BUJE
HEIOABMKHOIO0 MAaHOPAMHOTO MOHHO-METOUYHOIO
JaTUYMKa adpOJMHAMMUUYECKOrO yIja U BO3MYIIHOM
CKOPOCTM C YCTAaHOBJICHHBIM HaJll €ro CHUCTEMOM
MIPUEMHBIX 3JIEKTPOAOB MOJYCHEepUYECKUM a3po-
METPUYECKUM NPUEMHUKOM, B BHIYMCIUTEIHLHOM
YCTPOMCTBE, BBLIIOJHEHHOM B BU/E BBIYUCIUTE-
ns, peanusywouiero aaroputmsl (1)—(3), (5), (6),
(9), (10), onpenensoTcsa mMapaMeTpbl BEKTOpa CKO-
poCTM Be€Tpa U APYTUE€ BO3LYIUHBIE IMapaMeTpbl
BEpTOJIETa, HA CTOSIHKE IIPW 3aIlyCKe CUJIOBOM
YCTAHOBKM M BpallleHUM HECYIIero BUHTA, IIpU
pyJEHUM U MAaHEBPUPOBAHUU I10 3€MHOI MOBEPX-
HOCTH, IIPHU B3JIeTe U HA0OpPE BHICOTHI, IIPU IOJIETE
Ha MaJbIX CKOPOCTSIX U Ha pexXMMax CHMKCHUSI,
Ha peXMMaxX BUCEHUS U MOCAAKU BEpTOJIeTa.

Ilpu ckopocmsax noaema, Korna HEMOJBUXKHBIA
JATUUK IepBUYHONM MHGOpMALIMM CUCTEMbl H3-
MepeHUsSI BO3AYIIHBIX IIapaMETPOB BEpTOJIeTa C
A9POMETPUYECKUMU U MOHHO-METOYHBIMU M3ME-
PUTEIBbHBIMU KaHAJIaMU BBIXOIUT U3 30HBI BUXPE-

BOI KOJIOHHBI HECYIIIETO BUHTA, AJIs1 ONpeaeeH s
BO3AYIIHBIX ITAPAMETPOB BepTOJIeTa NCTOIb3yeTCsI
nHGOpMaLIMsl a’3pOMETPUUECKOr0 W HMOHHO-Me-
TOYHOTO U3MEPUTEbHBIX KaHAJIOB.

[To nHpopMauMyu MOHHO-METOYHOTO M3MEpU-
TEJILHOTO KaHaja Mo COOTHOIIeHUSM, aHAJOoTnyY-
HbIM BbIpaxeHusM (1)—(3), ompenensitorcss uc-
TUHHasl BO3JAyUIHAas CKOPOCTb V, M yroa CKOJb-
XKeHUd B:

V, = 5; B=ioy+apy a,= arctg%, (11
TI€ Ty — BPeMS IPOJIETa MOHHOW METKHU OT Pa3psili-
HMKA 10 OKPY>KHOCTHU C IPUEMHBIMHU BJIEKTPOIaAMU
MPYU JAHHOW MCTUHHOW BO3AYIIHOW CKOpocTH V.

st onpeneneHust 6apoMeTprUIeCcKOi BbICOThI H
Ha Hapy>XHOI MOBEPXHOCTU ILJIATHI / C IPUEMHBI-
MU 32JIEKTpoAaMu (CM. pUC. 2) UOHHO-METOUYHO-
ro JaTyMKa a3poOMETPUUYECKOro yrjia U UCTUHHOM
BO3AYILIHOKM CKOPOCTU PACIOJaraeTcss OTBEpCTUE-
MIPpUEeMHHK I 3a0opa CTAaTMYECKOro MaBJICHMS
Py HabGerarouiero Bo3ayirHoro noroka. Toraa 6a-
poMmeTpuueckass BbicoTa H OymeT ompenenasiTbes
W3BECTHBIM COOTHOIUEHUEM [5]

goto| (Pu rR
T B

BeprukanbHas Bo3ayliHasi CKopocts V), Gyzer
OIpEIeasIThC IYTEM BBIYUCICHUS IPOU3BOMLHOMU
10 BpeMEHU OT 0apOMETPUIECKOI BBICOTHI:

_dH _H(@)-H({,)
dt t—t,

rae ; U f; _ | — TeKylUd U MpenlecTBYooLNne
MOMEHTBI BPEMEHHU, B KOTOPBIX IPOBEACHBI BbI-
YUCIIEHUST 0apOMETPUUECKOI BBICOTHI. BO3MOXHO
WCIIOJb30BAaHUE aJITOpUTMa BBIYKMCICHUS Bep-
TUKAJIbHOM BO3MYIIHOW CKOPOCTU MO OOJIbIIEMY
YUCITy 3HAYCHUI OapOMEeTPUUYECKON BBICOTHI, IO-
JIYYEHHBIX Yepe3 (MKCUPOBAHHBIN MHTEPBAJ Bpe-
MEHU T, HallpuMep, BUIa

Vy (12)

1
v, = Z[H(ti)_H(ti +21) +

+ H(t; +1) - H(t, +30)].
Torz[a yroj atakm BE€PTOJIETAa MOXHO OIIPpEAC-
JINTb, UCITOJIb3yd COOTHOILICHUC

(13)

V. V.
a=arctg-—2=—2> . (14)
V. VycosP

Takum 00pa3oM, yCTAHOBKA Ha HApyKHOM MO-
BEPXHOCTH ILJIAThI IPUEMHBIX 3JIEKTPOIOB HOHHO-
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MCTOYHOTO OaT4YMKa aspOoAMHaMMUYCCKOI'oO YyIJja
OTBCPCTUA-TIDUCMHHNKA CTATUYCCKOIo MOaBJICHUA
Haberaroiiero BO3AYIIHOIO IIOTOKAa ITO3BOJIACT
BBIYUCJIUTDL BO3AYIIHBIC IIapaMCTPpbl BEPTOJICTA
IIPpH BbBIXOOC dJaTYMKa HCpBI/I‘IHOVI I/IH(I)OpMaLU/II/I n3
30HBbI BHXpCBOﬁ KOJIOHHBI HCCYIICTO BUHTA.

3akiaoyeHue

[IpennoxeHHbIE MOAXOALI K IIOCTPOCHUIO, MO-
JIeIU U aJITOPUTMbl OOpabOTKM IIEPBUYHON MH-
dopManuu cucteMbl M3MEPEHHUSI BO3AYIIHBIX
mapaMeTpoB BepTOJIeTa C ad3pPOMETPUUYCCKUMU U
MOHHO-METOYHLIMU U3MEPUTEIbHBIMM KaHaJlaMU
MO3BOJISAIOT OINPEAC/INThL IlapaMeTphbl BEKTOpa Be-
Tpa U BEICOTHO-CKOPOCTHBIE ITapaMeTPhl BEPTOJIe-
Ta B IIMPOKOM AMAIIa30HE BKCIJyaTallud, B TOM
YKCjIe Ha CTOSIHKE, CTapTOBBIX M B3JIETHO-IIOCA-
JOYHBIX pPeXMMaXx, IIPpU II0JeTe B AMAIla30HE Ma-
JIBIX W TOJIETHBIX CKOPOCTSIX.

[IpuMeHeHUe paCCMOTPEHHOM CUCTEMBI M3Me-
pPEHUS BO3OYIIHBIX I1apaMETPOB Ha pPa3IMYHBIX
KJIaccaxX BEPTOJIETOB IIO3BOJISIET ITOBBICUTH 0€30-
MAacHOCTh 3KCIUTyaTauuu U 3PGEeKTUBHOCTHL pe-
LIIEHUS MOJIETHBIX 3a1a4.
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1t is shown that the known limitations on the measurement of air parameters on board the helicopter due to significant
aerodynamic disturbances introduced by inductive flows of vortex column of main rotor. This determines the need to create
the means of measurement, taking into account the aerodynamics and dynamics of the helicopter flight. The known direc-
tion of overcoming these limitations is the use for measuring the information of aerodynamic field of vortex column of main
rotor and its perception by means of the stationary multi-functional aerometric receiver. However, the need to protect a
large number of full-pressure tubes installed in the flow channel of the multifunctional aerometric receiver, strict require-
ments for the identity and stability of the characteristics of the large number aerometric channels, complicate the design,
reduce reliability, increase cost, inhibit the use of the air parameters measurement system on helicopters of various classes
and purposes. Principles of construction, functional scheme, features of perception of primary information of measuring
system of air parameters of the helicopter with the stationary receiver of a stream, ion-label and aerometric measuring
channels are showed. Algorithms for processing primary information at various stages and flight modes, including: in the
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parking lot before the launch of the power plant and when rotating the rotor, when taxiing and maneuvering on the earth’s
surface, on takeoff and landing modes and when flying at low speeds, at flight speeds, when the stationary receiver of pri-
mary information leaves the zone of the vortex column of the rotor using ion-label and aerometric measuring channels, are
presented. It is shown that the proposed approaches to the construction, models and algorithms for processing the primary
information of the measuring system air parameters of helicopter with ion-label and aerometric measurement channels allow
to determine the speed and direction of the wind vector, altitude-velocity parameters of motion relative to the environment
and atmospheric parameters in a wide range of helicopter operation, which determines its competitive advantages in solving
problems of piloting and provide the flight safety of helicopters of different classes and purposes.

Keywords: helicopter, air parameters, measurement, system, stationary receiver, ion-label and aerometric measurement
channels, functional diagram, design features, algorithms of information processing
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