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CuHTe3 aganTMBHOro HabnroaaTensa nepeMeHHbIX COCTOAHUSA
ANA IMHeMHOro cTauMoHapHOro o6bLeKTa Npu Hanu4Yumu WymMoB U3MepeHnin™

Cmamos noceésuena npobaeme cunmesa Habardameneli nepemMeHHbIX COCMOSHUS 0ASL AUHELIHbIX CMAYUOHAPHBIX 008eKmOo8,
QYHKYUOHUPYIOWUX 8 YCAOBUAX WYMOS UAU 03MYUeHUL 8 KaHane uzmepenus. Paccmampueaemces noanocmoro nabarodaemolii
AUHEUHbLU cMayUoHapHslli 06seKm ¢ uzgecmHusimMu napamempamu. lonyckaemces, ¥mo nepemenHvle COCMOAHUSA He U3MePIIOM -
cs, a usmepsiemas 8bIX00HAs NepeMeHHAas co0epicum Maivlii no amnaumyode (6 obwem cayvyae no Mo0yAH0 MeHbule eOUHULbL)
adoumuenbii wym uru eosmyujenue. Takce npednosaeaemcs, ¥mo OMHOCUMENbHO GO3MYULeHUS UAU WYMA 8 KaHaAe usme-
penus He umeemcsi HUKAKOU anpuopHol ungopmayuu (Hanpumep, 4acmomusili cnekmp, Kosapuayus u npouee). Xopouio u3-
6ecmHO, 4mo 041 0GHHO20 MUna 00seKkmos8 noay4eno 60abui0e YUcA0 Memodoe cunmesa Habawdameneil, 8KAI0O4As NPEKPACHO
3apekomendosasuiuii cebs Ha npakmuke Quaivmp Kaamana. [lpu ycaoeuu noanot Habarwdaemocmu u HAAUUUS HEKOMOPOLU
anpuopHol uHGopmayuu o0 cAY4aiHom npoyecce (1Mo xapaKmepHo 045 cAy4as, Koeda 603MyuleHue 6 Kanaie usmepeHus mo-
Jcem Obimb npedcmasaeHo 6 gude 6en020 Wyma) nooxoosl, OCHOBAHHbIE HA KAAMAHOBCKOU (hurbmpayuu, 0eMOHCMPUPYIOM Gbl-
covaiiuiee Ka4ecmeo cxXo00UMOCMU OUEeHOK NepeMeHHbIX COCMOAHUS K UCMUHHbIM 3HaveHusam. He ocnapueas mnoeouuciennoie
pe3yibmamol, HOAYHEeHHble ¢ UCHOAb306aHUeM Quavmpa Kaamana, 6 danmnoui pabome paccmampusaemcs aibmepHaAmueHas
udes nocmpoenus Habawoamens nepemMeHHvlX COCMOSAHUSA. AabmepHAMUBHOCMb HO8020 N00X00a, npejcde 6ceeo, C643aHA
c mem, ymo omnaoaem HeoOX00UMOCMb UCHOAb30BAHUS NPUBbIYHBIX N00X0008, O6a3upyouuxca Ha Habawdamene Jloenbepee-
pa. Bpabome npedaacaemcs nodxod, ocHOBaHHbLI HA OYeHKe HeU38eCMHbIX NAPAMempos (6 OGHHOM caAyUae Heu36ecmHO20 8eK-
mMopa HAYAAbHBIX YCAOBUL NEPeMEHHbIX COCMOSHUS 006eKma) HeKomopou AUHeUHOU peepecCUOHHOU modeau. B pamkax npeo-
Aa2aemo20 Memooa nocae HeCA0NCHO20 NPeoOpaA308aHUs OCYUWeCMEAsiemCs nepexo0 om OUHAMUUECKOU CUCMeMbl K AUHelHOU
pe2peccUuoHHOl Modeau ¢ Heu3eecmHbLMU ROCMOSHHBIMU NAPAMemPamu, codepicaweli wym uiu eo3myuarouee gozoeticmaue.
Janee npedracaemes H08as HeAUHeliHAs NAPAMemMpU3AUUsL UCXOOHOU peepeccUOHHOU Modeau, 00ecneMusaruds yMeHbvueHue
GAUSHUS WYMA U CUHME3 AA20PUMMA UOeHMUDUKAYUU HeU38eCMHBIX HOCIOSHHbIX NAPAMEMPO8 ¢ UCHOAb308AHUEM NPOUEOYDbL
JuHaAMUYECK020 pacuupeHus peepeccopa u cmewuganus. B cmamoe npedcmagaensvl pe3yrbmameol KOMAbIOMEPHO20 MOOEAUPO-
6QHUS, UNLOCMPUPYIOWUE 00CMUJICEHUE 3AS8ACHHbIX MeopemUecKux pe3yibmanmoa.

Karueevie caoea: adanmuenuiii nabaodamenv, AUHEUHAS Pe2PeCcCUOHHASL MOOeAb, UOeHMUDUKAYUSL NAPAMempos, AUHel-
Hble cucmeMmbl

BBenenune

3amaya CUHTe3a aJropuTMOB OLIEHKU BEKTO-
pa COCTOSIHMSI AMHAMMYECKO CHCTEMbl paccMma-
TpUBaJlaCb MHOTMMM aBTOpaMM Ha IPOTSXKECHUU
MHOrux gecsatuietuii. K ocHoBomojaramoimmum
paboTamM B 00JlacTM TMOCTPOEHUH HaOmomaTenei
MOXHO oOTHecTu paboty JlaBuaga JlioeHOGeprepa
[1] B KoTOpoOii pacCMOTpEH BOMPOC CUHTE3a Ha-

*CraTbsl OArOTOBJIEHA NMpU (MHAHCOBOM IMoAaep:kKe Mu-
HUCTEPCTBAa HayKu U Bbiclero oopaszosanust Poccuiickoit dene-
pamuu, rpadT 2019-0898.

Onropareneil Ol JIMHEMHBIX CTallMOHAPHBIX OU-
HaMHUYECKMX CUCTEM MNpPU OTCYTCTBUM BO3MYILE-
HUM, a TakXe paborel Pymonsda Kanmana (cm.,
HampuMmep, [2]), B KOTOPEIX paccMaTpuBajiach JH-
HEHasg AMHaAMHWYecKas CUCTeMa, MOABEpPXEHHAas
BO3JICICTBUIO BO3MYIIAIOIIETO BO3ICUCTBUS TUIA
"Oenpiii myM". B HacTosiiee BpeMsi pa3paboTaHbI
KOHCTPYKTMBHBIC MPOLEAYPbl CUHTE3a HaOJm0aa-
IOLIUX YCTPOUCTB KaK IMOJHOMU, TaAK WU ITOHUKEH-
HOMW pa3MEPHOCTHU JJISl IMHEUHBIX CTALIMOHAPHBIX
JTWUHAMMYECKHUX CUCTEM, HE MTOABEPKEHHBIX BIMSI-
HUIO BO3MYIIEHHUSI, KOTOPBIE MOTYT OBbITh Halilie-
HBI KaK B HAyYHOM, TaK ¥ y4eOHOIl TuTepaType 1o
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TEOPUU AaBTOMATUUYECKOTO YIpaBieHUS (CM., Ha-
npumep, padboTsr [3—8]).

HecMoTpst Ha TO, 4TO mpobiemMa CHMHTE3a Ha-
onrogaresiel MEPEMEHHBIX COCTOSHUS  SIBISIETCS
XOpOIIIO M3YYEHHOM, OHA OCTaeTCd aKTyaJbHOU U
B HACTOSIIEEe BpeMs, MPUYEM KakK A HEJIWHEH-
HBIX, TaK W IJISI JIMHEWHBIX OOBEKTOB. 3amadyu
CHHTE3a HabsofgaTeneld BOBHUKAIOT B Pa3JIMUHBIX
00J1aCTIX TEOPUM U MPAKTUKU aBTOMATUYECKOTO
yOpaBJIeHUS], HApUMEpP IJI51 JUHEHHBIX OOBEKTOB
c 3amasapiBaHveM [9], B cucTemMax e TeKTUPOBAHU S
oTka3oB [10], HecTammoHapHBIX cucTeMax [11] u mp.

B maHHOU cTaThe TIpeNJIara€Tcs HOBBIA aJib-
TePHATUBHbIA KJIACCUUYECKUM PELICHUSIM TOAXOI
K CMHTE3Y HaOJIomaresisi BEKTOpa MEePEMEHHBIX CO-
CTOSTHUS JIMHEWHON CTAallMOHAPHOW CHUCTEMBbI IIPU
HaJIMYNUU 1IIIyMOB ¥ BO3MYILCHUI B KaHaJIe U3MEpPe-
Hug. JlaHHBIA moaxon Gas3upyeTcsl Ha mapamMeTpu-
YecKOW WAEHTU(MUKALIMU HEW3BECTHOTO BEKTOpa
HayaJIbHbIX YCJIOBUI MEePEMEHHBIX COCTOSIHUS 00b-
exTa ynpasiaeHus [12, 13] u meToae AMHAMUYECKOTO
pacimpeHust perpeccopa U cMelnuBaHus [14—16].

ITocTanoBka 3amaum

PaccmatpuBaeTcss nuMHelHas cTalMOHapHas
JIUHaMu4yecKasl cucTeMa Bujaa

(1)

X = Ax + Buy;

2

rae X € R" — HeusMmepsieMbIil BEKTOP COCTOSTHUSI;
y e R' — BbIXOmHASI MepeMeHHas, TOCTYITHAs U3-
MEpPEHUIO, MOABEPXKEHHAas! BO3IECHCTBUIO HEKOTO-
POro BHEIIHEro BO3IeHCTBHSI & € R! — HemsBecT-
HOTO, OrPaHMYECHHOTO BO3MYLICHMS; u € R —
CHTHAJI yIIpaBJcHUS; A — MaTpHlla COCTOSTHUS,
B 1 C — BekTOpPHI BXO/a 1 BBIXO/A COOTBETCTBYIO-
1Ieil pa3MepHOCTH.

Zonyuwienue 1. B COOTBETCTBMU CO CTAHAAPTHBIM
MOAXOIOM B TEOpPUM HabogaTeell TpaeKTOpUU
BXoma M cocTtosgHMs cucteMbl (1), (2) rmomaraiorcs
OrpaHUYEHHBIMHU JJISI OTPAHUYEHHOTO BXOJA.

TpebyeTcss cuHTEe3MpOBaTh HAOMIOAATENb, 00€-
CIIEUMBAIOIIUN CXOAMMOCTb OLIEHOK MEePEMEHHBIX
COCTOSTHUS B 00JIaCTh UCTUHHBIX 3HAYEHUH, T. €.
BBITIOJIHEHME HEpaBEHCTBA BUAA

y=C'x+3,

(©)

lim(x; - %;) <,
t—o0

rae g > 0 — HekoTopoe MaJsioe Yucio, i = l...n.

XOpolIo M3BECTHO, YTO AJISI OLICHKU COCTOS-
HUS OUHaMU4YecKoi cuctembl Buaa (1), (2) mpu
OTCYTCTBMU BO3MYIIEHWS MOXET ObITb UCIOJIb30-
BaH HAOJIOmaTeIhb MOJHOTO Iopsinka [3—8], Ko-
TOPBIA OCHOBAH Ha pe3yibratax paboTsl [1]. Ilpn
cuHTe3e HabawomaTesas: paccMaTpuBaeTcs audde-
peHIIMaJIbHOE YpaBHEHUE BUIA

X=AX+Bu+L(y-C"x), )
re X — OLEeHKa BEKTopa cocTosiHus X; L — mar-
puna oOpaTHBIX cBs3eil (Mau ycuiaeHus [5]) Ha-
OromaTens.

3agaya cuHTe3a Habawogarenass Buaa (4) Moxer
OBITH pellicHa TOJILKO B TOM cjlydae, eCcliM cucTeMa
MOJHOCTHIO HabJitogaemMa (BoccraHaBiauBaema [7]),
unu nas oowvekta (1) mapa {4, C} mojkHa OBITh
MOJHOCThIO HabjrogaeMa (BOCCTaHaBJIMBaeMa),
YTO, B CBOIO OYepedb, O3HAYaeT CYILIECTBOBAHME
Marpuubl L, odbecrieunBarolieil aCMUMITOTUYECKYIO
CXOOUMOCTb X K X (cM., Hanpumep, [7]).

OpHako MpWM HaIWYMKM 1lIyMa B U3MEPEHMUU
HauboJiee pacpOCTPaHEHHBIM M OINTUMAaJbHbBIM
peureHuem gBiasetrcs ¢unsTp Kanmana—bbiocu
[6, 7].

OcHoBHOIi pe3yabTaT

B nmanHoi pabGoTe mpemyiaraeTcs aJITOPUTM
OLIECHKM BEKTOpa COCTOSIHUSI JIMHEWHOM Hempe-
pbiBHOI cuctembl Buaa (1), (2), ocHOBaHHBI Ha
MPUMEHEHUM TIOAX0Aa K CUHTe3y HabJromaTesei,
Gasmpylomnierocs Ha olieHKe napameTpoB (GPEBO,
generalized parameter estimation based observer [12])
1 TUHAMWYECKOM pacHIMpEeHUN M CMEIIMBaHUU
perpeccopa (DREM, dynamic regressor extension
and mixing [14—16]).

B coorBercTBUM C 00OOIIEHHBIM TTOAXOIOM
K CMHTe3y HabitoaaTeseil, OCHOBAHHOM Ha OLIeH-
Ke mapaMeTpoB [12], BBemeM B pacCMOTpEHHE OU-
HaAMUYECKYIO0 CUCTEMY BUaa

E=AE+Bu )

1 MOJeab OIINOKA
e=x-&. 6)

g mpousBoaHON DyHKIIMK OINOKY (6) MMeeM

e =Ax+Bu - At - Bu = Ae,

340

MexaTpoHHKa, aBToMaTu3anus, ynpasienne, Tom 24, Ne 7, 2023



peIICHUC MOJId YpPaBHCHUA olInoKu HaxXxognuTcCda
B BNIC

e(?) = ©(1)e(0), ®(0) =1 (7

nxn»’

roe I — enuHMYHas MaTpula.
[MoncraBnsist Beipaxkenue (7) B ypaBHeHue (6),
rnoJjiyyaem

X =&+ 00,

rae 0 = e(0). Takum o6pazoM OYEBUJIHO, YTO JJis
BBIBOJIA OLIEHKM BEKTOpa COCTOSIHUSI AWHaAMUye-
ckoit cuctembl (1) HEOOXOAMMO MOJYUUTH OLIEHKH
HEU3BECTHHIX HauyaJabHbIX yciaoBuil 0 = e(0). Ilpu
HAJUYMU OIEHOK HayaJbHBIX YCJIOBUI OlIEHKa
BEKTOpPA COCTOSIHUSI MOXET OBbITh 3allMcaHa B BUJE

X = £ +®0, 8)

A~

rme X U © — OLEHKM BEKTOpA COCTOAHUA M Ha-
YajdbHbIX YCIOBUI AuHamuyeckoir cuctembl (1),
(2) cOOTBETCTBEHHO.

YMHOXas cieBa ypaBHeHue X = § + ®0 Ha C'
U TIONCTaBJisAsg BbIpaxeHue (2), uMeeM JIMHEeHOoe
pPETPECCUOHHOE YPABHEHUE BHUA

=600 + 3, ©)
rmez=y—Céu¢=Cao.

Takum obpa3zoM, 3aada OLIEHKM BEKTOPA COCTO-
SIHUSI UCXOIHOW JIMHEMHOU NUHAMUYECKOM CHUCTE-
Mol Buaa (1), (2) cBoguTcs K uaeHTUhUKAIUN HeU3-
BECTHBIX MapaMeTPOB JIMHEHUHOTO PErpecCUOHHOIO
ypaBHeHUs (CM., HanmpuMep, padotsl [17, 18]).

HAng pealu3alMu aJITOPUTMa OLICHKM HEU3-
BECTHBIX MapaMeTpoB O Ha MEpBOM llare Ipu-
MEHUM aJITOPUTM JTMHAMUYECKOTIO paClIUpEeHUs
perpeccopa u cMmeimiuBaHus [14—16], B cooTBeT-
CTBUM C KOTOPBIM K JIMHEHHOMY pPEerpecCUOHHOMY
ypaBHeHUIO (9) TIpuMeHsieTcss n — | JMHEHHBIX,
L,,-ycToiuuBbIX onepatopoB Hy(), i=1, .., n — 1.
B xavecTBe TaKMX ONEPaTOPOB MOXHO MCIIOJIb30-
BaTh, HAIIPUMED, aIIEPUOANIECKOE 3BEHO UJIU 3BE-
HO 3ara3abIBaHUSI.

TakuMm oOGpa3om, mocjae MPUMEHEHUS OIlepaTo-
pa H{() ypaBHeHue (9) MOXeT OBITb NEPENUCAHO
B BUJIE

Jlanee W3 MOCJIEAHETO YpaBHEHUST MOXET OBITh
MTOJTYYEHO 7 CKaJIIPHBIX PerpeccopoB BUIA

il = 50+ 3, (10)

rae m = adj(¢)z, ¢ =det($p) u §, = adj(@g.
Jonyuwenue 2. HenspecTHBIN BEKTOpP &; TaKoIii,
YTO BBHIMIOJHSIIOTCSI HEPaBEHCTBA BUAA

[Ipumenum Kk ypaBHeHutio (10) nuHEHHBIN

GuILTp BUAA

k
’ roe k > 0, Torma umMeeM

m= 8 + (11)
rie m = m, ¢ = o ud = 8.
. p+k ? p+k ? ! p+k !
PaccmoTrpuM HenuHeitHoe mpeoOpa3oBaHue
KOOpIMHAT BUAA
g=e". (12)

3nech 1 Aajiee € — OCHOBaHMWE HATYpPaJbHOIO
JorapugdmMma.

Tak kxak ypaBHeHue (11) mpeactaBisieT coboit
1 CKaJIIPHBIX PErpeccopoB, TO paccMaTpUBaeTCs
npoueaypa MASHTUPUKALUU KaXIOTO0 HEM3BECT-
HOro napamerpa 6,, i = 1, ..., n, HE3aBUCUMO IPYT
OT Jpyra:

gi — emi — e¢iei+81j.

(13)
3nech 1 gajiee € — OCHOBaHME HATypajbHOTO
JorapudmMma.
Paznoxum pyHK1UIMIO 8;, B psl Teitnopa:

2

81i:1+61i+%+.... (14)

B cooTBeTcTBUM C MpeAnosokeHUeM OTHOCHU-
TeIbHO GYHKLUMHM §; N3 Pa3OXCeHHUs] PaccMo-
TPUM TOJIBKO TI€PBbIE TPM UYJIeHA, CYMMa KOTOPBIX
JnaeT 3HaueHue (yHKIIMU, OJIU3KOe K ee peasibHO-
MY 3Ha4eHU10.

Torpa (13) MOXXHO mepenucarb B BUJIE

Z=¢0+3,
- —1 =[1+8 + ﬁ e’ (15)
e Z=colz zg,2y, )5 87 =04y by, ] &i = LT ‘
8 = [6 8f1 “'afn—l]'
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PaccmoTrpum npousBoaHyio oT GyHKIuM (15):

. oy, + 51,31,

8i =908 + '—Szgi'
1

i

1+6, +

BrimonHUB psia mpeoOpa3oBaHUM, A1 TOCHE-

HETO BBIpaXXeHU s MMeeM
L8
8 +8,8 + 5 8i =

) (16)

31, )
=9;0,8; + —2/ $;0,8; +8,,8 +8,.8m,.

YunTbiBas, 4To 8 = m; — 9;0; u 811, =m; —¢;9;,
nocJjie ux moacTaHoBKU B (16) u mpoBeneHUs Ipe-
0o0pa3oBaHUIl MOXHO MOJYUYUTh JIMHEHHOE pe-
TPECCUOHHOE YpaBHEHUE BUA

S =Vv;0, 17)

rac

. . 2. . .
G =& +mg; +0,5m; g; — g;m;m; — g;m;;
vi'=[vi vy s
Y= 98 +0;mg; + 8¢ — 9,81 +0,5m¢,8; — 9,83

2, - 2. .

v, =-0,5¢78; —mio;0,:8;:5 w3 =0,58,0;¢;;

@ =col(o, 6 6?).
[IponsBoaHble GYHKLUMIA @; U m; MOTYT OBITH TO-
JIy4eHbl U3 (PUABTPOB, MpUMeHEeHHBIX B (11).

OLEeHKY HEM3BECTHBIX ITApaMeTpoB 0;, 6,2 "u 9,3
perpeccuoHHoro ypaBHeHUs (17) MOXHO BBITOJI-
HWUTb, UCHOJIb3Ysl, HAIIPUMEDP, TEXHOJOIUIO AWHA-

MMYECKOI0 pacliMpEeHUsI perpeccopa U CMellnBa-
Hus [14—16].

Pe3yJIbTaTbl MOJECTUPOBAHUA

B kauecTBe mpuMepa paboTOCIIOCOOHOCTHU Mpe-
JIOXKEHHOT'O aJITOpMTMa paccMaTpUBaeTCs AMHAMU-
yeckas cucteMa Buaa (1), (2) BToporo mnopsiika co
CJAENYIOIIMMHU TTapaMeTpaMu:;

0 1 0 5
[ e

1
HavajbHble yciaoBus X(0) = 3t BO3MYIIAOLIEe

BosaeiicTBre 6 = 0,3sint.

JInsi CpaBHUTENBHOTO aHAJIM3a MPOBEJEHO MO-
JeJIMPOBaHUE PA3JIMYHBIX CXEM OILIEHKHU BEKTOpa
COCTOSIHUS: KJIACCUYECKON CXeMbl HaOogaTess
MOJTHOTO TOpsiAKa W Habmtomarens: Buaa (8) Ams
pa3IMUHBIX CXeM OLIEHKMW BEKTOpa HEU3BECTHBIX
MapameTpoB.

g HabmromaTenas MOJHOM pa3MEPHOCTH B Ka-
YeCcTBE BEKTOpa OOpaTHBIX CBSI3€il BBIOpAH BEKTOP

2
L= .
o)
B kaudecTBe HaualbHBIX YyCJNOBUIT Mojaeau (5)
0
Ob171 BeIOpaH BekTOp &(0) = {O}

B nmpoueaype nMHAMUYECKOTO pacIIMPEHUsT pe-
rpeccopa M CMeIIMBaHMs IJIs Tepexona K MOIEIN

(10) ucnonb3oBanu GUILTp/ONepaTop BUIa T
+
B xauyecTBe TMHEIHOTO oIlepaTopa, IPpUMEHCH-

Horo B (11), mcnonp3oBanu GUILTP BUIA

+1°

OueHka Heu3BeCTHBIX apaMeTpoB Moaeau (10)
MOXET OBITh BBITIOJIHEHA, HAIIpUMep, Ha 0a3e rpa-
JUEHTHOro HabjmomaTes BUIa

0 = —y9(@0 —m).
ITpn MopenupoBaHUM JAHHON CXeMBI OBIJT MC-
MOJIb30BaH KO3 (pULMEeHT aganTauuu y = 1.
Hnsa naeHTudukauuu mapameTpoB Moaenau (17)
MPUMEHSJIA CXeMy AMHAMUYECKOro pacIlUpEeHUsI

perpeccopa ¥ CMeIIMBaHMsI, B KOTOPOii B Ka4eCTBe
L. -0nepaTopoB UCIOJIb30BaIN alepuoanvecKue

3BeHbst H,(p) =

o0

2 u Hz(p):L, a Takxe
+2 p+6

KO3 DUIIMEHTHl aganTalluu y = 10" MpU OLIEHKE
napameTpa 6, uy = 10" ipu oueHKe mapamerpa 0,.

PesynbraTel MoeaMpoBaHUS MOKa3aHbl Ha
puc. 1—4.

Ha puc. 1 u 2 npuBeneHbl pe3yabTaThl OLIEHKU
HEU3BECTHBIX IIOCTOSHHBIX MapaMETpOB IS pe-
rpeccuoHHoit moaenu (10) ¢ ucrojsbL30BaHUEM Ipa-
JUEHTHOrO aJIrOPUTMA OLIEHKM, a TaKXe pe3yJibTa-
Thl PaOOTHI MPEIJIOXKEHHOro ajaroputMa. Kak Bu-
HO U3 puc. 1, 2, Ipu cpaBHUMOM OBICTPOACHCTBUU
aJITOPUTMOB TIOAXOH, MPEIJIOXECHHBIM B JaHHOMU
paboTe, IEMOHCTpPUpPYET 00Jiee BHICOKYIO TOUYHOCTh
OLIEHKU HEM3BECTHHIX MTOCTOSHHBIX IMapaMeTPOB.

Ha puc. 3 u 4 npeacraBiieHbl pe3yJbTaThl MOJIE-
JIMPOBaHUSI OLIMOKM OLEHKM HEU3BECTHOTO BEK-
TOpa COCTOSIHMS JJISl TPeX aJrOPUTMOB OLEHKM:
IS HAOMtoaaTes sl MOJIHOM pa3MepHOCTH, IJIsl all-
roputMma (8) B cliyyae, Koraa olleHKa HEM3BECTHBIX
MOCTOSIHHBIX MMapaMeTPOB IPOBOIUTCS C UCIOJIb-
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Puc. 1. IlepexoaHoii mpouecc OneHKH HEH3BECTHOrO mapamerpa
0, cxema 1 — ucnob30BaHKE IPAHEHTHOTO AJTOPUTMA OLCHKH
aasa moaean (10), cxema 2 — ucnoib30BaHHE MOAXONA, NMPeNJo-
JKEHHOTO0 B JaHHO# padoTe

Fig. 1. Transients of the unknown parameter 0; estimate, scheme
1 — with the use of gradient observer for model (10), scheme 2 —
with the use of approach proposed in this paper

Puc. 2. IlepexonHoii mponecc ONEeHKH HEM3BECTHOrO mapameTpa
0, , cxema 1 — MCHO/Ib30BaHME IPAAMEHTHOTO AJTOPUTMA ONEH-
Ku 1 moaean (10), cxema 2 — ucnoJib30BaHHE MOAX0AA, Mpea-
JIOJKEHHOTO B JaHHO# padoTe

Fig. 2. Transients of the unknown parameter §, estimate, scheme
1 — with the use of observer for model (10), scheme 2 — with the
use of approach proposed in this paper

30BaHMEM TpPagMEeHTHOTO aJTOpPUTMa OILEHKM,
MPUMEHEHHOTO HEMOCPEACTBEHHO K JMHEWHOM
perpeccuoHHoit Mogenu Buzaa (10), a Takxe aJisa
aaroputMa (8) mpu HMCHOJAb30BAHWU ajJropuTMa
OLIEHKM HEM3BECTHBIX ITOCTOSIHHBIX ITapaMeTpPOB,
MPEAIOKEHHOro B JaHHOI paboTe.

3akaoyenue

B pabote mpenjioxkeH HOBBIM ITOAXON K CHMH-
Te3y HaOIomaTeNlss MepeMEHHBIX COCTOSIHUS ISt
JUHEWHBIX CTAllMOHAPHBIX CHCTEM B YCIOBMSX
LIyMOB u3MepeHuii. Pesynbrar 6a3upyeTcst Ha uc-
MOJIb30BAaHUHM MOAX0Aa K CUHTE3y HabiiomaTeei,
OCHOBAaHHOTO Ha OLIEHKE HEW3BECTHBIX Mapame-
TPOB M TMHAMUYECKOM pPACIIMPEHUM U CMELIMBa-
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Puc. 3. Ilepexoanbie mpoueccsl No OMUOKEe OUEHMBAHUS NEPeMeH-
HOil x; (e; = x; — X ) AJsA Pa3JHYHBIX cXeM ouleHKH (cxema 1 —
OlleHKA C MOMOINBI0 HAOJI0AATENs MOJHONH Pa3sMEPHOCTH, CXeMa
2 — oueHKa ¢ NoMombio ypasHenus (8) ¢ nnenTudukanuei Hens-
BECTHBIX MApaMeTPOB IPAIMEHTHBIM METOOM, cxeMa 3 — OleHKa
¢ noMompbio ypaBHenus (8) ¢ uaeHTudUKaNMell HEM3BECTHBIX Ma-
PaMeTPOB HA OCHOBE MOAXO/A, MPEIJIOKEHHOTO B IaHHOI padoTe
Fig. 3. Transients of estimation error for variable x, (e; = x; — X;)
for different estimation cases (scheme 1 — estimation using full
order observer, scheme 2 — estimation using equation (8) and
unknown parameter estimation by gradient observer, scheme 3 —
estimation using equation (8) and unknown parameter estimation
by approach proposed in this paper

L N
-

-2 Y A AN -
\ J 4‘\.}'/4'\&/
-3 \/ T “.‘_" s 1
04
. l4 ] & ] 8 l 10
0 1 2 3 4 5 6 7 8 9 10
t,c
b e e e e ————— o — 4

Puc. 4. IlepexoqHbie nMponecco N0 OMUOKE OLEHUBAHUS MEPEMEH-
HOH X, (e, = X, — X,) AJd Pa3aMYHbIX CXeM OuleHKH (cxema 1 —
OlIEHKA C MOMOIIbI0 HAOMIOAATENs MOJHOH Pa3MepHOCTH, CXema
2 — omeHKa ¢ momouibio ypapuenus (8) ¢ naenTuduKanuein Heu3-
BECTHBIX MApPaMeTPOB rpaiMeHTHBIM METOIAO0M, cXeMa 3 — OUeHKa
¢ nomMompio ypasHenus (8) ¢ maeHTHdUKanueil HEM3BECTHBIX Ma-
PaMEeTPOB HA OCHOBE MOAXO0/a, MPEJJIOKEHHOTO B IaHHOI padoTe
Fig. 4. Transients of estimation error for variable x, (e, = x; — X;)
for different estimation cases (scheme 1 — with the use of full
order observer, scheme 2 — with the use of equation (8) and un-
known parameter estimation by gradient observer, scheme 3 —
with the use of equation (8) and unknown parameter estimation by
approach proposed in this paper

HUM perpeccopa. Pe3ynbTaTbl 4YMCIEHHOTO MOJIEC-
JIUPOBaHUS TIOATBEPKAAIOT PabOTOCIOCOOHOCTH
MPEIJIOKEHHOTO MOIX0/a.

B kxauecTBe TepCIIeKTHB maJIbHEHIIETO pa3BU-
TUS IIpeajaraeMoro IoAxoaa BUAUTCA IPUMEHE-
HHUE €ro K JMHEWHBIM HeCTallMOHAPHBIM CHUCTEe-
MaM U 00beKTaM C HEM3BECTHBIMU MapaMeTpaMMU.
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Abstract
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The paper is devoted to the problem of state variables observers synthesis for linear stationary system operating under
condition of noise or disturbances in the measurement channel. The paper considers a completely observable linear sta-
tionary system with known parameters. It is assumed that the state variables are not measured, and the measured output
variable contains a small amplitude (in general, modulo less than one) additive noise or disturbance. It is also assumed
that there is no a priori information about the disturbance or noise in the measurement channel (for example, frequency
spectrum, covariance, etc.). It is well known that many observer synthesis methods have been obtained for this type of
systems, including the Kalman filter, which has proven itself in practice. Under the condition of complete observability and
the presence of some a priori information about a random process (which is typical for the case when a disturbance in the
measurement channel can be represented as white noise), approaches based on Kalman filtering demonstrate the highest
quality estimates of state variables convergence to true values. Without disputing the numerous results obtained using the
application of the Kalman filter, an alternative idea of the state variables observer constructing is considered in this paper.
The alternative of the new approach is primarily due to the fact that there is no need to use the usual approaches based on
the Luenberger observer. The paper proposes an approach based on the estimation of unknown parameters (in this case, an
unknown vector of initial conditions of the plant state variables) of a linear regression model. Within the framework of the
proposed method, after a simple transformation, a transition is made from a dynamic system to a linear regression model
with unknown constant parameters containing noise or disturbing effects. After that, a new nonlinear parametrization of the
original regression model and an algorithm for identifying unknown constant parameters using the procedure of dynamic
expansion of the regressor and mixing are proposed which ensure reduction the influence of noise. The article presents the
results of computer simulations verifying the stated theoretical results.

Keywords: adaptive observer, linear regression model, parameter estimation, linear systems
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2. MH(bOpMaTI/I3aLI,I/IF| TEXHNYECKNX CUCTEM N NPOLIECCOB.

B pamkax LLMY-41 6yget nposeneH nonydpuHan Konkypca no nporpamme YMHUK (6onee nogpobHas nHdop-
Maumsa Ha canTe http://www.fasie.ru) no HanpaBneHuaMm:

1. LlncbpoBble TexXHOMOMMM.

2. MeguuuHa 1 TEXHONOrMK 340pOoBbechepexeHns.

3. HoBble maTepumanbl U XMMUYECKUE TEXHOMOTUN.

4. HoBble npnBopbl N MHTENNEKTYarnbHble NPON3BOACTBEHHbIE TEXHOMOIUN.

5. buotexHonorum.

6. Pecypcocbeperatowas sHepreTuka.

Hoknagbl Ha LLUMY-41 n Ha KoHkypc npuHumMatotcs o 30 ceHTabpsa 2023 T.
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UpoeHTndumkaumsa asyx moaenen HenpoHoB PutuXsro—Harymo
Ha OCHOBe MeToAa CKOPOCTHOro rpaaueHTa n counsrpaummn®

Cmamusa noceawena 3adaue udeHmuukayuy napamempos 08yx mooeneii Heiponos PumuyXeto—Haeymo. Modeav Pumy-
Xoto—Haeymo aeasemcs ynpoujeHHoU 08yxmepHou eepcuell modeau Xodxuckuna—Xakcau u 6aazodaps ceoeil npocmome umeem
Ooabuyt0 yenHocmy 045 npumeHenus Ha npakmuke. O0OHaKo npu npogedenuu KCHePUMEHMA HepeOKo U3mepeHuro 00CMynHa
moAavko 00Ha nepemennas modeau PumyXoro—Haeymo — memOpanHbI NOMEHUUAN, A 6MOPAS NEPEMEHHASI COBOKYNHO20 Oell-
CcMeuUs 6cex MeONeHHbIX UOHHBIX MOK08, 0MEeHarnuux 3a 60CCMAHOBACHUEe NOMEHYUAAA NOKOS MeMOPaHbl HePBHOU KAemKU, U
npou3eoonble 00eux nepemMeHHbIX Heuzmepsembvl. Imo 06cMOAMeAbCME0 3HAUUMENbHO YCAONCHAem 3a0ayy udenmudukayuu
Modeau u, caedoamenbHo, ONUCAHHBLIL cay4all mpebyem 0cobeHH020 6HUMAaHUs. B nepeyio ouepeds, modeas 6viia npeobpazoseana
K 00aee y0oOHOU hopme, 8 KOMOPOU OMCYMCMEYIOM HeOOCMYNHble UMePeHUI0 nepemennble. Buecmo neuzmepsemvix npouseoo-
HbIX 6 YPaHeHUusx mModeau Obiau UCHOAb30BAHbL NePeMeHHble, NOAYHAIWUecs NPU NPUMEHeHUU 080UH020 peanbHo20 Puibmpa-
Jupgepenyuamopa. Jlns nosyuusue20cs AUHEHO20 YpagHeHus 0biaa cHOPMYAUPOBAHA Yeab UOCHMUDPUKAUUL, 2aPAHMUPYIOUAS]
KOpPeKmHYI0 HACMPOUKY napamempos, U noCmpoeHa 0ONoAHUMeNbHAs A0AnMUBHAs cucmema, napamempamy Komopou s164s-
H0MCs OUEeHKU napamempos UCX00HOU MO0eaU, a 8biXOOHOU NepeMeHHOU — OUeHKA 8biX00a AUHeUH020 YpasHeHUus. 3amem Obin
6bI0PAH UHMe2PANbHBLU YeAe6ol YHKUUOHANA, U ¢ NOMOUbIO Memo0d CKOPOCMHO020 epaduenma Obia noayueH npocmoi demep-
MUHUPOBAHHYLI AN20PUMM HACMPOUKU NApaAMempos UcxooHol mooeau 08yx neiponoe PumuyXovto—Haeymo, makaice obecneuu-
8AOWUL CXOOUMOCMb 8bIXOOHOU NepeMeHHOl a0anmueHol CucmeMbl K 8bIXOOHOU NepeMeHHOl NOAYYEeHH020 AUHEUH020 YPaGHe-
nus. Ilpueodamcs pe3ysbmamol KOMIbIOMEPHO20 MOOeAUuposanus ¢ cpede Simulink, demoHcmpupyrowue 6b.cmpyio cxoo0umocms
PACCMAMPUBAEMBIX OUECHOK K UX UCMUHHbIM 3HAYEHUAM 045 08YX UCHOAb3YeMbIX HAOOPO8 HAUANbHBIX OAHHBIX U NAPAMEMPOS.
IIpeumyujecmea npednaeaemozo memooa 3aKAO4AIOMCA 8 MOM, UMO, 60-NePEbIX, OH 3HAHYUMENbHO NPOUle CYUecmeyiouux pe-
WeHU: NOAYYeHHbIU aN20pUmMM HACMPOUKU napamempos npedcmagisem cob6oi cucmemy 00blKHOBeHHbIX OUudhepeHyuanbHbix
YpaeHeHUli nepeoeo Nopsaoka; a 60-8MopuiX, 00Was CMPYKMypa U HUCA0 YPAGHEHUU NOAYUEHHO20 PelleHUs He UBMeHUMCs npu
Y8eAuveHUU YUcAa paccmampueaemsvlx mooenell HelipoHos. Imo o3Hauaem, 4mo npediazaemvlii N00X00 NOMEHYUANbHO MOdNCeMm

Obimb npumereH 045 MOOeAUPOBAHUS AKMUBHOCMU 00AbUIEe20 YUCAA HEUPOHO8 U 0adce UeabiX NONYAAUUL.
Kartoueesvie caosa: neaunelinas ounamuxa, 3a0a4a uoenmugukayuu, HeliporHas modeab, moders PumuyXoro—Haeymo

BBenenne

B mocnenHee BpeMs mpuMeHEHUE METOIOB, OC-
HOBaHHBIX Ha MaTeMaTUYe€CKOM M KOMITbIOTEPHOM
MOAEJIMPOBAHUU, CTaJO0 IIMPOKO MCIOJb3YeMbIM
noaxoaoM B Heipobuonoruu [1]. OnHaKo MCIOJb-
30BaHME TaKMX MojeJiell, 3HAYUTEIbHONM YacThiO
KOTOPBIX SIBJISIIOTCS TMHAMWYECKHE CUCTEMBI [2],
TpeOyeT HaJIM4YUsI MHQOPMALIMU O IapaMeTpax Mo-
Jenun. DTta nHbopMaLus MOXET ObITh HEAOCTYITHA
3apaHee, MOCKOJIbKY 3HaYeHM s IEpEMEHHBIX COCTO-
SIHUSI YU HapaMeTPOB MOJEIN HEMPOHOB MOTYT ObITh
He U3BECTHHI MccleaoBaTeasaM. PyyHas wiau aBTo-
MaTuuecKasl 3BpUCTUYECKAs MOATOHKA MOAEIbHBIX
HEIPOHOB K U3MEPEHHBIM TaHHBIM JAEIaETCsS METO-
JIOM TIpo0 1 oLIMOOK; Oojiee TOro, Takas rpyoocThb
B paboTe C MOJENbIO NMPUBOAUT K HEETWHCTBEH-
HOCTU TIPEACTABJICHUS CUTHAJIa U HEBO3MOXHOCTU
00HApYXUTbh HEOOJIbIIIME U3MEHEHHS B TTOBEACHU U
HepBHBIX KJjeTok [3]. TIpoGieMa cTaHOBUTCS ellie

*Pabora mogaepxana rpantoM CII6I'Y ID 84912397

clIoXHee, eclii TpeOyeTcsl OLIeHUTh 3HAYeHUs I1a-
paMeTpoOB HE OJHOIO HEMPOHA, a MOMYJISLUU HEel-
POHOB MJIM HEHPOHHOM CETH, COCTOSIIEH 13 0OJTb-
IIIOI'0 YMCJIa B3aMMOCBSI3aHHBIX HEHPOHOB.

B nmanHo#t paboTe paccmaTpuBaeTcs 3agavya
UISHTU(PUKALIUNA CUCTEMBI U3 ABYX MOJAEJe Hel-
poHa @urtuXsio—Harymo [4, 5]. Moaeap Puri-
Xpro—Harymo — »To0 yrpolueHue mMoaenu Xoi-
KKHMHa—XaKCIM, MMeEIollas MHOXECTBO IIPUJIO-
KeHUM B pasjM4YHBIX 00JIACTSIX HAyKU M TeXHUKU
Onaromapsi CBOell IIPOCTOTE€ M YHUBEPCAJIbHOCTU
[6]. ITpu mpoBeaeHM M FKCIIEPUMEHTA OOBIYHO TOJIb-
KO ofgHa nepeMmeHHast Mogeiau PuruXero—Harymo
JOCTYITHA U3MEPEHUI0 — MeMOpaHHBIN MOTEHII M-
aJI, YTO YCJIOXHSET He TOJbKO MASHTU(PUKAILIUIO
MOJeJIM, HO U €€ IIPMMEHEHNE B LICJIOM.

Panee 3amaua olleHMBaHMS ITapaMeTpPOB MO-
penn durtuXpro—HaryMo msydyanach psiioM aB-
TOPOB. BONBIIMHCTBO MCIIOJH30BAaHHBIX METOIOB
SBISIOTCS cTOXacTuuyeckuMu. Hanmpumep, B pado-
Te [7] Mcronb3yeTcsd METOH OLIEHKM MaKCHUMyMa
MpaBIOIIOJ00MSI, a B cTaThbe [8] pe3yybTaT MoJiydeH
C MpUMeHeHMeM OailiecOBCKOro nomxona. B ocHoBe

346

MexaTpoHHKa, aBToMaTu3anus, ynpasienne, Tom 24, Ne 7, 2023



3HAYUTEIBLHOIO Yrcia paboT JIEXXUT OTHOCUTEBHO
MIPOCTOM METON HAaMMEHBIIMX KBaapatoB [9—I11].
B pabore [9] ucxomHasi Mopenb Obljla B TEPBYIO
ouepelb YIpolleHa, YTO O0yierdyaeT Bce IMOCeny-
Joll[Me IIard IMOCTPOEHHUST aJIrOpMTMa HAaCTPOMKU
napaMeTpoB. MeToj, OCHOBaHHbI Ha HEJTUMHEUHOM
unsrpanuu, I8 MEpUOAMYECKUX IMapaMeTpOB
ObI pa3paboTaH U HpUMeHeH K Moaenu Durti-
Xbpto—Harymo B crarbe [12]. B paborte [13] ansa
naeHTU(UKAIIUU TMapaMeTPOB 3TOM MOJEAU ObLI
TOJyYEH AJITOPUTM Ha OCHOBE HEMPOHHBIX CETEH.

B nmaHHOIi cTaThbe Mbl peliaiu 3agadyy WIACHTU-
(ukamyu, UCoONb3ysd MOMOJHUTEIbHYIO alamnTHUB-
HYIO CHCTEMY, BBIXOI KOTOPOW SIBJISIETCS OLIEHKOM
BBIXO/Ia paccMaTprBaeMoil MOJIEH, a TTapaMeTphl —
oliIeHKaMu MapaMeTpoB. B oTimyure oT ynmoMsiHyThIX
paboT Halll MOAXOA TTO3BOJISIET MOJIYYUTh TOpasao
OoJiee TMPOCTON AETEPMUHUPOBAHHBIN AJTOPUTM,
OLICHMBAIOIIM 1 TTapaMeTPbl CUCTEMbI, COOpaHHOM U3
nByx moxeneit @urnXvio—Harymo, 4To oTKpbIBaeT
MepPCIeKTUBbI UCTIOJIb30BaHUSI TIPEAJIOKEHHOTO Me-
TOAA TIPY MONEIMPOBAHUM aKTUBHOCTH MOMYJISILIUKA
HeiipoHoB. [lo cpaBHeHMIO ¢ HAILIMM MPEAbIAYIIUM
pe3ynpraToM [14] Obta pasBuTa MaEsT WCIOJIbH30Ba-
HUSI METOJa CKOPOCTHOrO TpammeHTa [15] B coue-
TaHUM C (PUABTpALMEN IJIS TIOYyUEeHUsT aaropuTMa
HACTPOMKHU NMapaMeTPOB CUCTEMBI U3 IBYX MOAEJECH
®dutuXsro—Harymo.

HOCTpoeHHe CHCTEMbI AJaANTHBHOM OLEHKH

PaccMoTpum cucTemy, COCTaBJICHHYIO U3 IBYX
OAMHAKOBBIX Mojeyeil HelipoHa DPutuXpo—
Harywmo:

U

U =1u 3 =V + Loy

vy =e(u —a—bvy); 0
w3

Uy =ty ——2—vy + 1

2 2 3 2 ext»

rae uy(f), u,(f) — IMHamMMuKa MEeMOpPaHHOro IO-
TeHIMajla MEepBOr0 M BTOPOro HeipoHa COOT-
BETCTBEHHO; V((f), V,(f) — COBOKYNHOE AEeHCTBUE
BCEX MEIJICHHBIX MOHHBIX TOKOB, OTBEYAIOIIMX 34
BOCCTAaHOBJICHUE IIOTEHIIMAaja IIOKOSI MeMOpaHbI
HEPBHOI KJIETKU; MMapaMeTphl ¢ U b ompeacnsioT
MIPOBOAMMOCTHbBIC XapaKTEPUCTUKM MOHHBIX Ka-
HaJioB, ¢ > ) — OTHOCHUTEJIbHYIO CKOPOCTb M3ME-
HEHUSI MEIJIECHHbIX MIOHHBIX TOKOB, a [,., — BHellI-
Huit Tox [4, 5].

[Ipenmonoxum, 4YTO M3MEPEHUIO TOCTYIHBI
TOJIbKO MeMOpaHHbIe MOTeHIMaAbl KjaeTok. [lpu
9TOM TIPpU UX U3MEPEHUU HEeu30exXHO OyayT BO3-
HUKaTh MOTPEIIHOCTU. YUTEM 3TO, BBEAs 3aMEHY:
i@ = cu (@), y,(7) = cuy(r). Janee nponnddepen-
LIMpPYyeM TepBOe U TpeTbe YypaBHeHUS cuctemsbl (1),
a MOTOM ITOICTAaBUM B HUX BMECTO V| U V, Ipa-
BbI€ YAaCTHW BTOPOTO U YETBEPTOrO YpaBHEHUI CO-
OTBETCTBeHHO. OKOHYATEJbHO M30aBMMCSI OT He-
U3MEPSIEMBIX MEPEMEHHBIX V() U V,(f), BbIpa3uB
WX U3 MEPBOr0 U TPEThETO YpPaBHEHUA:

. . 1 3y
1 = -¢eb)y, —36—2(y1) +

w (b -1y, — <2 33+ cola+ bly);
¥y =(—eb)y; - —(33) +
3¢

+eb-1)y, —;c—bzyg +ce(a+bl,,).

Tenepb clIoXUM ypaBHEeHU S (2) U 3aMUILLIEM KO-
3G PULIMEHTHI TTOTYYUBILETOCS YPaBHEHUS B BUJIE
BEKTOpa MapaMeTpOB:

. 1 b
0 :(1—51) 7 e(b-1) —386—2 2cs(a+blex,)J,

T. €. IEPEUIEM K YPABHECHUIO

D1 +2)" =010 + 2) + 050 +¥3) +
+03(y +3y) + 0500 +¥3) +65.

MBHI npeanonaraeM, 4YTo HeM3MEpSIeMbl W IIPO-
WU3BOMHBIE y(f) U Y,(¢). Aiist TOro 4ToOBI C MOJE-
JIBIO MOXKHO ObILJIO ObI Aajiblle padoTaTh, BOCIIOJb-
3yeMcsa nuddepeHInaTOpoM BTOPOTO TOpPsIAKa,
KOTOPBIN BHITJISSAUT CIACAYIOIINM 00pa3oM:

(©)

p2

X ~ X,
(tp+D(rp+1)

rne t; > 0, i = 1, 2, p = d/dt. MHOXUTENDb TIpU
X 30echb — mepemaTouyHass (QyHKuUusA (GuibTpa.
Teneppr k obeum vactaM ypaBHeHus (3) mpu-
MEHUM GUIABTP C IepedaToyHoi (QyHKIUuMen
W(p) = 1/(typ + )(t,p + 1) 1 OAy4YUM HOBBIE
¢GunrTpoBaHHBIE IEPEMEHHEIE:

l ”.
90 = o (0 10
x4(0) : D10 + 72 (1));

T (p+ D(tp+1)
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1
(Tp+D(tp+1)

x5(1) = Wi () + y3(1));

1
(p+D(rp+1)

X, (1) = (@) + (1)) = X4(1);

1
C(up+D(p+1)

x3(1) i) +y3 (1)) = %5().

Torna ypaBHeHue (3) mpeodpasyeTcsl K BULY
X1 ()= 07, (£) + 03x3(£) + 03, () + O4x5(1) + 05, (4)

3amagya COCTOMT B TOM, YTOOBI IIOCTPOUTH adar-
TUBHYIO CHUCTEMY C OIICHKON COCTOSTHUSI MOIEIHU
(4) X;(f) B KayecTBe BBHIXOLHOI MEpPEeMEHHON U
OlIEHKAMM TIapaMETPOB HEWPOHOB OAf), i € 1,3,
B KayecTBEe MapaMeTpoB, KOTopas Obl obecredu-
BaJia LieJib UACHTU(UKAIINU:

1) x,(t) - x,(t) > 0 mpu t — oo;

2)0(H) — 0* - 0 ipu  — oo.

s pelieHUs MOCTaBJICHHON 3ajayu IMOCTPO-
UM ypaBHEHHUE BUIA

X1(2) = 0,(1) x5 (1) + 0,(1) X3 (1) +
+03(7) x4 (1) + 0,4(¢) x5(7) + 05(7).

Jlasee BOCHOJIb3yeMCS METOAOM CKOPOCTHOTO
rpagueHTa I WHTErpajibHOW 1eneBor (yHK-
1IMM, SIBHO 3aBMCSIIEH OT HAacCTpamBaeMbIX Iapa-
MeTpoB [15]:

() - j%sz(xm, 0(s), s)ds,
0
1DI(S]

3(x(1),0(1),1) = X (1) — x,(t) =
= (8,(1) — 07)x, (1) + (8,(¢) — 03)x5(¢) +
+(05(1) — 03)x4(£) + (04 (1) — 03)x5(f) + O5(f) — 05
— omunbKa MeXJy BBIXOJIHON IMepeMeHHOil U ee

OlIcHKOI. B TakoMm ciy4yae aJiropuTM HacTPOMKH
ImapaMeTpoB OyIeT UMeThb CIeAYIONIUI BUI:

0(1) = —3(y,x2(t) v2x3(1) Y3x4(F) y4x5() 7¥5),

e v, i € 1,5, — MoJOXUTeIbHbIE KODDUIIMEH-
Thl ycrieHusl. OKOHYATEIbHO MOJy4YaeM aJanTyB-
HYIO MOJIEJIb:

V= 9;1’1 + 9;()’13)' + 9;)’1 + 92)’13 +0, 592;

Jy =015 +05(y3) + 03y, + 643 +0,505;
D
Xy = > +22);5
(typ+D(tp+1)
p 3 3
X3 = i +3);
(typ+D(typ+1)
x“_ = .X2;
fCS = X3;
X = Gsz + 6;x3 + 6§x4 + Gsz + 9;; 5)
X; =0,X) +0,x5 + 03X, + 04X5 + 05
0; = —7,8xy;
92 = —7,0X3;
03 = —y30xy;
04 = —740x5;
05 = —vs5.

B cucrteme (5) mepBble nABa ypaBHEHUSI MOJE-
JIUPYIOT TEPEMEHHBIE, COOTBETCTBYIOIIHUE MEM-
OpaHHBIM NOTEHIIMAJIaM, BMECTO 3TUX YPaBHECHUN
Ha MNpakKTUKe MOXHO MCIOJb30BaTb MEMOpaHHBIE
MOTEHIIMAJIbI, ITOJYyYeHHBbIE HEIMOCPEACTBEHHO
C HepBHBIX KJjeToK. OcTalibHble ypaBHeHUsS (5)
CTPOSAT OLIEHKM MapaMeTpPOB MOJEIM OBYX HEM-
pOHOB, COOTBETCTBYIOIIEK JBYM II0JaBacMbIM
Ha BXOJI CUTHaJaM, T. €. pellaloT IOCTaBICHHYIO
3amady. 3aMeTUM, 4YTO €ClIu O00aBUTH OOJIbIIe
HelipoHoB B (1), TO He TOJbKO UMCJIO YpaBHEHUM
pellleHns 3aAa4yyd MASHTU(PUKAIIMU OCTAaHETCS He-
W3MEHHBIM, HO M CTPYKTypa CHUCTEMBI B IIEJIOM.
HMHave ropops, mpeajgaraeMbiii METOI UAECHTUDU-
Kauuu Moaeneii @utnXevio—Harymo MoxeT OBITh
MpUMEHEH IJI51 MOASAMPOBAHUS OOJBIIETO YKCIa
HEWUPOHOB U AaKe LEJIbIX HEUPOHHBIX MOMYJISLUA
0e3 KaKMX-TM00 3HAYMTEIbHBIX U3MEHEHU.

PCSyJIbTaTBI KOMIIBIOTEPHOI0 MOACIUPOBAHUA

Ha puc. 1—4 npencraBieHbl pe3yabTaThl KOM-
MBIOTEPHOTO MOJAEJIMPOBaAHUS cUCTEMBI (5) B cpe-
ne Simulink 715 HEKOTOPBIX ITapaMeTPOB U HavYaJIb-
HbIX AaHHBIX. I'paddMKuM MOKa3bIBaIOT HOCTATOYHO
OBICTpPOE JOCTHMXKEHME LIeJIM YIPaBJAEHUS, YTO IO-
BOPUT 00 3(P(PEKTUBHOCTUA MPEATOXEHHOTO aJITO-
putMma. OmHAKO CTOUT OTMETUTb, UTO, HECMOTPS
Ha 9TO, LieJIb UAEHTU(PUKALMKA BCE XK€ JOCTUTACTCS
MeJJIeHHee, YeM B ciydyae aJallTUBHOI'O OILIEHU-
BaHMS ITapaMEeTPOB MOACIHN OJHOI0 HeipoHa [14].
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Puc. 1. I'paduk pasHOCTH 3HAYEHHI BHIXOAHBIX MEPEMEHHBIX X,
M X|, MOJYYEeHHBIX NMPH YHCJIEHHOM pemeHHn cuctemsl (5) ¢ Ha-
yaapHbiMH dauubiMua: y;(0) = 0,1, y(0)=0,5, y,(0) = 0,45,
72(0) = 0,2, x5(0) = x6(0) = x,(0) = 1, 0,(0) = 0,3, 6,(0) = 0,9,
03(0) = —0,25, 64(0) = 1, 65(0) = —0,1 u napamerpamu: t; = 7, = 0,01,
1,,=05a=-07,06=08,¢c=1/12,5,c=1,v;,= 1, i = 1,5 [6]
Fig. 1. Graph of the difference between the values of the output
variables X, and x,, obtained by numerical solving of the system
(5) for initial data: y,(0) = 0,1, y,(0)=0,5, y,(0) = 0,45,
72(0) = 0,2, x5(0) = x6(0) = x;(0) = 1, 6,(0) = 0,3, 6,(0) = 0,9,
05(0) = —0,25, 0,(0) = 1, 65(0) = —0,1 and parameter values:
1 =1=001,14,=05 a4=-0750=08,¢=1/12,5,c =1,
1i=1,i=15[6]

Puc. 2. I'padukn pa3HocTeii 3HaueHuii onenok 0,(r) u camux na-
pamMeTpoB 9;, i = 1,5, nas Tex XKe HAYAJIbHBIX JAHHBIX H MapamMe-
TpPOB, 4TO U Ha puc. 1

Fig. 2. Graphs of the difference between 0,(r) and 0;, i = 1,5, for
the initial neuron state and parameter values as in Fig. 1

3akaoyenue

IlonyuyeHHBIE pe3yabTaThbl MOKAa3bIBAIOT, YTO
MOCTPOEHUE CUCTEMBI AJANITUBHOIO OLICHWBAHMU S
nmapaMeTpoB JUISI IBYX Monesieid HeiipoHa Duti-
Xplo—Harymo u nmpuMeHeHre K Heli MeToaa CKO-
pOCTHOrO TpaaueHTa SBIsSeTCI 3(PPEeKTUBHBIM
crocoOOM oOIlpelnesieHus] 3HAUYeHUI ITapaMeTpoB

Puc. 3. I'paduk pa3sHOCTH 3HAYEHHH BHIXOAHBIX NEPEMEHHBIX X,
H X|, NOJYYEeHHbIX NPU YUCJIEHHOM pemieHMHM cucTeMbl (5) ¢ Ha-
YyaabHbIMU JanHbiME: y;(0) = 1,12, y,(0)=0,57, y,(0) = 0,3,
72(0) = 0,12, x5(0) = x5(0) = x,(0) = 1, 6,(0) = 0,3, 6,(0) = 0,19,
05(0) = 0,2, 6,(0) = 1,2, 65(0) = 0,1 u napamerpamu: t; = 1, = 0,01,
I,=1,a=-08,06=07¢=1/12,5,¢=09,v;,= 1, i= 1,5 [6]
Fig. 3. Graph of the difference between the values of the output
variables X, and x,, obtained by numerical solving of the system
(5) for initial data: y,(0) = 1,12, y,(0)=0,57, y,(0) = 0,3,
72(0) = 0,12, x5(0) = x5(0) = x,(0) = 1, 6,(0) = 0,3, 6,(0) = 0,19,
0;(0) = 0,2, 64(0) = 1,2, 65(0) = 0,1 and parameter values:
7w=1=001,171,=1a=-038,56=07¢=1/12,5,c= 0,9,

s Lext —

n=11i=15]6]

0 200 400 600 800 1000 1200 1400 1600 1800

Puc. 4. I'padukn pasHocreii 3HaueHnil OueHOK 0,(7) U caMux na-
pameTpoB 0;, i = 1,5, 11 TexX e HAYATLHBIX AAHHBIX H ApaMe-
TPOB, YTO 4 Ha puc. 3 .

Fig. 4. Graphs of the difference between 0,(r) and 0; = 1,5, for
the initial neuron state and parameter values as in Fig. 3

B cllydyae HEM3MEPSIeMOCTH BCEX IIPOM3BOMHBLIX U
MepEeMEHHBIX COBOKYITHOI'O IEHCTBUSA MeIJICHHBIX
HOHHBIX TOKOB. Ilpu pabore ¢ HemaMmepsieMbIMU
MPOU3BOAHBIMU ObLIM HCIOJb30BaHbl (OUJIBTPHI-
muddeperHmaropel.  IlpuBegeHb  pe3yiabTaThbl
KOMIIBIOTEPHOTO MOIEJIMPOBAHUS, WJIIIOCTPUPY-
I01l[1I€ KOPPEKTHOCTh MoJay4YeHHOoro peureHus. I1o
pe3ylbTaTaM CHUMYJSIIUM TaKXe MOXHO CIeaTh
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BBIBOJ, O TOM, YTO MOJYYEHHBIN aJTOPUTM IOCTa-
TOYHO OBICTPO BBITIOJTHSIET HACTPOWKY MapaMeTpOB,
HO BCE-TaKM MEIJICHHEE, YeM B Cllydyac OLECHKU
napaMeTpoB OJHOTO HEWpPOHA, WHAYE TOBOPS, YEM
CJIOXXHEee MOJie/ib, TEM MeJlJIEHHEe MOXeT padoTaTh
QJITOPUTM. TeM He MeHee, TIOJYYEHHBIN pe3yabTaT
MOXET OBITh pacIIMpeH W MPUMEHEH JJISI MOJEIu-
pOBaHUS OOJBIIETO YMCIIa HEHPOHOB.
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Abstract
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The paper is devoted to the problem of parameter identification of two FitzHugh-Nagumo neuron models. The FitzHugh-
Nagumo model is a simplification of the Hodgkin- Huxley model and it is very valuable for using on practice thanks to its simplicity.
However, within an experiment only one variable of the FitzHugh-Nagumo model, the membrane potential, is measured, while
another variable of cumulative effects of all slow ion currents responsible for restoring the resting potential of the membranes and
both variables’ derivatives cannot be measured. This circumstance brings additional difficulties to the parameters estimation prob-
lem and, therefore, this case needs special attention. Firstly, the model was transformed to more simple form without unmeasured
variables. Variables obtained from applying second-order real filter-differentiator were used instead of unmeasured derivatives in
model’s equations. As a result, a linear equation was gotten and for this equation the identification goal, which guarantees correct
parameters’ adjustment, was formulated and an adaptive system, parameters of which are estimations of original system’s para-
meters and an output of which estimates the output of the linear equation, was constructed. Then, the integral objective function was
defined and the algorithm for the original model parameters identification was designed with the speed-gradient method. The results
of computer simulation in the Simulink environment are presented. These results demonstrate that estimates of the model’s state and
parameters converge to their true values rather fast. Unlike existing solutions of the FitzHugh-Nagumo identification problem, we
propose a much easier deterministic algorithm. Moreover, the parameters are estimated for a system collected from two Fitz Hugh-
Nagumo models, which opens perspectives for using the proposed method in modeling neuron population activity.

Keywords: nonlinear dynamics, identification problem, neuron model, Fitz Hugh-Nagumo model
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POBOTbIl, MEXATPOHUKA
N POBOTOTEXHUYECKUE CUCTEMbDI
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WU. B. ®yprTarT, 4-p TeXH. HaykK, Npod., IM. Hay4. coTp., cainenash@mail.ru,
WHcTuTyT Nnpobnem mawwnHoBeaeHus PAH, CaHnkT-letepOypr,
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H. C. Cno6oa3sH, kaHA. TexH. Hayk, 3aB. nabopartopuel, ja-nikita@mail.ru,
BanTtuincknin rocygapCTBeHHbINn TexHuyecknin yiusepcutet "BOEHMEX" um. [1. . YcTuHoBa

O630p Moaenen n MeToa40B yNpaBfeHUs WaroBbIMn AoBUraTensaMmmn®

Ilpedcmaenen 0630p modeneil u areopummoé ynpasienus uiaeosvim deueamenem (IILJ). Baaeodaps evicokoli moyHocmu,
VAYHUIEHHbIM NOKA3ameasiM YOeAbHOU MOWHOCMU, SKOHOMUYHOCMU U HAOEICHOCMU N0 CPABHEHUI0 ¢ OpyeuMu CUHXPOHHbIMU
deueamensamu IIJ wupoko ucnoavb3yiomes 6 pasAudHbiX NPAKMUMECKUX NPUAONCEHUAX U HAYYHOM 0bopydosanuu. B asuayu-
OHHOU U KocMmuyveckou mexuuke IIIJ] akmueno npumensiomcs 6 UCNOAHUMENbHbIX CUCMEMAX, MAKUX KAK npugodsl 08UICEHUS
2/1eMeHmMO08 KPYNnHo2abapumuslX KOHCMPYKYUIl, cucmemsl HagedeHus u cmabuauzayuu u m. 0. B cmamve onucansl Hexomopsie
cywecmeyrwuue areopummst ynpasaenus I, komopsle ocHo8aHbl KaK Ha 3HaHuu napamempog modeau I, mak u na omcym-
cmeuu moi uau uHou ungopmayuu. U3 mMHoMCecmea ONUCAHHBIX an20pummos evidesenvt yemuipe (IIHJ] peeyrsmop, areopumm
MO4HOI AuHeapuzayuu 00pamHoll cesa3vi0, A0ANMUEHOe YNpagieHue ¢ 4acmu4HO HeU38eCMHbIMU napamempamu U adanmueHoe
YhpasaeHue ¢ NOAHOCMbIO HeU36eCMHbLMU NApAMempam), Komopble NOKA3aau Hauayduiue pe3yibmamsl nepexo0HblX NPOUeccos
no caexcenuto yeaa pomopa lIJI 3a smasonnvim 3navenuem. Taksce npueodumcs cpagHumMenbHbll YUCACHHbI aAHAAU3 cpedu
JaHHbIX Yembipex an20pummos, KOmopolii NoKa3aa, 4mo Hauay4yuiue pe3yabmamol nepexo0HslX nPoyecco nPooeMoHCMPUPOBaHb!
a0anmueHbLMU pecyasimopamu (6 cmoicie HauMmeHbulel oWUOKU 6 YCMAHOBUBUIEMCS pexcume), moeda KaK Hauxyoduiue pe3yns-
mamaut npodemoncmpuposarvt ITHI] peecyrsmopom. Ommeuerno, umo uccaedyemniii ITHJ] pecyrsmop codepucum eopazdo menvuie
KOHmMYp0o8 00pammubix césa3ell N0 CPAGHEHUI0 ¢ OpYeUMU aA2opUMMAamMu, 4mo ynpoujaem @ul00p HACMPaAusaemvix napamempos u
YMeHbuiaem OUHAMUYECKUU NOpsA00K 3aAMKHYMOU cucmembl, 00HAKO CUHMeE3 OCHOB8AH HA 3HAHUU MOUHbIX NAPAMempos npueoda,
a makaice uygcmeumeneH K 6HewHUM gozmyujenuam. Hanpomue, adanmuensie nooxoodwvl ychewno pewaiom 3adauy oyeHku napa-

Mempu4ecKux u QYHKUUOHANbHbIX 603MYUEHUL, 00HAKO UX Peatu3aus C8A3aHA CO 3HAYUMENbHLIMU MPYOHOCMAMU.
Karuesvie caoea: 0630p, wazosviii dsucamenv, modens, ynpasienue, adanmusnoe ynpasienue, IHUJ peeyrsmop

BBenenue

B BITY "BOEHMEX" u AO "UCC" um. M. @. Pe-
LIETHEBA BeIETCS COBMECTHasl padoTa Mo co3jaa-
HUIO YHUBEPCAJIbHBIX MEXaTPOHHBIX MOAYJeil Ha
0aze maroBwix asurareseit (III/]) B cocTaBe ayek-
TPOMEXaHUYECKMX CUCTEM YIpaBJeHUsI mpubopa-
MU, YCTPOMCTBAMU U 3JEMEHTaMU KOHCTPYKLUU
KOCMHUYEeCKHMX amnmnapatoB. O0BbEKTOM HCCJIEIOBa-
HUS ABJSIOTCS MOACIU U aJITOPUTMBI YIIpaBJICHUS,
obecreynBamIIie MPEUM3MOHHOE YIIpaBlICHUE

*PaboTa BBINIOJIHEHA B paMmKax Ipoekra "Co3maHue BBICOKO-
TEXHOJOTMYHOTO MMIIOPTO3aMeLIAIOIIEero MPOU3BOACTBA YHUBEP-
CaJIbHbIX MHOTO(MYHKIIMOHAJbHBIX MEXaTPOHHBIX MOMYJIEH, Tpe-
Ha3HAYCHHBIX 1JIsI 00ecrieyeHs paboThl UCIIOJTHUTENBHBIX CUCTEM
TpaHC(HOPMUPYEMBIX KOHCTPYKIINI 00BEKTOB aBUAIIMOHHO-KOCMU-
YeCcKON TeXHUKHM, obecrieuuBalolleil OCBOCHUWE M HCIOTb30BaHUE
MupogBoro okeaHa, ApkTuku u AHTapkTuku" B BI' TY "BOEHMEX"
um. 1.D. YecruHoBa npu (pUHAHCOBOI momaepkKe MuHHUCTEpCTBA
HayKu U BbIciero oopaszoBanust Poccuiickoit @enepariviu (Coraiie-
Hue Ne 075-11-2021-057 ot 28.06.2021) B COOTBETCTBUU C TTOCTAHOB-
nenueM [pasutenbctBa PO ot 09.04.2010 Ne 218.

/I B ycnoBUsIX mapaMeTpU4ecKoil U (PyHKIIMO-
HaJIbHOW HEOITPEIECICHHOCTH.

I — cuHXpoHHas MalllMHA C 3JeKTpuue-
CKMM IpeoOpas3oBaTeieM, npeodpas3yoliass Juc-
KpPETHBIC 3JEKTPUUYECKHUE KOMaHIbl B IepeMelle-
Hue [1]. Yrox u ckopocts Bpamenus LI/ npocrto
U TOYHO KOHTPOJHUPYIOTCS C MOMOILIBIO BXOAHBIX
WMIYJIbCOB, YTO ILIMPOKO MCHOJb3YETCS B pas-
JIMYHBIX 3JIEKTPOMEXaHMYECKUX YCTPOMCTBAX.

/I MoxHO 3¢ ¢dEeKTUBHO YIpaBIsITh 0e3 00-
paTHOM CBS3U IIPU OTCYTCTBUU ITApPAMETPUYECKON
HEONPEACIEHHOCTU W BHEIIHUX BO3MYILICHUM.
WUHbIMU cloBaMM, YIpaBJCHUE OCYIIECTBIISICT-
Cs MyTeEM OJHOCTOPOHHEW Iepegadyud KOMaHOHbIX
CUT'HAJIOB OT KOHTpoJLjiepa 00Jjiee BHICOKOTO YPOB-
HS K JOBUTaTeNl0, 4yTo naenaeT ynpapiaeHue LI
OYEHb IIPOCTBHIM, ITIOCKOJBKY YCTpaHSeT Heo0XO-
JIVMOCTb B JaTYMKaX U OOpaTHOM CBSI3U.

OnHaxko B mmpouecce ¢GyHKIIMOHUPOBAHUS IBU-
rarejist ero mapaMmeTpbl MOTyT MeHSThcsa. Hampmu-
Mep, akTuBHOe conpoTuBiaeHue IIJI 3aBucut ot

352

MexaTpoHHKa, aBToMaTu3anus, ynpasienne, Tom 24, Ne 7, 2023



TeMmmnepaTypbl, Harpy3ka Ha potop I/l 3aBucut
OT BHELIHUX BO3JIEMCTBUI, KOTOPbIE HE BCEraa m3-
BeCTHbI. B Takux ciaydasx TpebdyeTcs pa3dpadoTka
aJITOPUTMOB yIIpaBJIeHUsI ¢ OOPATHOM CBS3BIO MJISI
rapaHTUM TOYHOTO (PYHKIITMOHMPOBAHMS IBUTATE-
JISI B YCJIOBUSIX HEOIPEAEIEHHOCTEN.

B HacTosuiee BpeMsl MOpeajioXeHO OoJiblIoe
YUCJIO0 METOMOB AJISl aHAJM3a U CUMHTe3a 3aKOHOB
yrnpasieHus IIIJI. B mouckoBoii cucteme Scopus
3aMpoc Mo KJoYeBbIM cjoBaMm “control” u "stepper

Puc. 1. Pacnpeaesienue yncia nyoJMKanuii mo rogam
Fig. 1. Distribution of the number of publications by years
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Puc. 2. Pacnpenenenue Hanbosbuero yucia nyoankauuii no aBropam

Fig. 2. Distribution of the largest number of publications by authors

Puc. 3. Pacnpenenenue HauboJb1Iero Yucjia nyoaMKanmii no crpanam
Fig. 3. Distribution of the largest number of publications by countries
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motor" B Ha3BaHWU IyOJUKAIIMM BbimaeT 364 1myo-
JuKanuy Ha KoHell sHBaps 2023 1. C yyeToMm yIio-
MUHaHUS JAHHBIX CJIOB B JIIOOOI YacTu MyOarKa-
uuu — 3164 pesynprara.

B oTeuecTBeHHOI MOMCKOBOM cucTeme elibrary
3apoc C KJIOYEBbIMM CJIOBaMu "ympaBjieHue' W
"IIarOBBIM IBUTaTelb’ B Ha3BaHUU NyOJIUKALMHU
BeIgaeT 714 myonmkanuii Ha KoHell stHBapsa 2022 T.
(BKJItOYasi cTaTbd, MOHOTpaduu, MATEHTHI, AUC-
cepTaluu U T. 11.), @ C YYETOM YIIOMUHAHUS JAHHBIX
cJIoOB B 110001 yactu myonukanmu — 10 599 pe-
3yJbTaTOB.

Cynst 1o eXerogHoMy poOCTy IyOauKalui 3a
50 net, MHTEepeC K AAHHOUW TeMaTHKe HEYyKJIOHHO
pacret (puc. 1). Ha puc. 2, 3 npeacraBiaeHbl gua-
rpaMMbl JIMIEPOB CPeAU aBTOPOB U CTpaH C Hau-
OOJBIIMM YMCJIOM MMyOJIMKAIIUMA 110 TEMATUKE aHa-
Ju3a u ynpasiaeHus I

1. O030p MaTeMaTHYECKHX MOJEJIEeH
4 MeTon0B ynpasjaenus I

B pabGote [2] paccMaTpuBaeTcss pa3oOMKHYTOE
ynpasjieHue (0e3 oOpaTHOIl CBSI3M) ABYX(da3HbIM
ruopuadbeiM I (THIO) ¢ wuc-
MO0JIb30BaHMEM IIpeoOpa3oBaTeis
HampsixkeHusas B yactory. [T
00beaMHSET Jyullle CBOMCTBa
PEaKTUBHBIX M IIArOBBIX JBMIA-
TeJleil ¢ TOCTOSSHHBIMM MarHu-
TaMM, peasiu3ys OOJbIION Bpa-
M[AIOIMUIT MOMEHT XU OCTATOYHBI
¢ukcupyromuii - MmoMmeHT. Ilpu
ynpasiaenuun 'l npeoGpa3yioT
MOCJIeN0BaTEIbHOCTb LIU(PPOBBIX
MMITYJIbCOB B TOUHBIE MOIIAarOBbIC
nBuxeHust [2—6]. THIJ cosme-
CTUM C UM(POBBIMU CHUCTEMaMU
YIIpaBJ€HUS U KOHTPOJs (MOHU-
TopuHra) [4, 5]. Camble monyuasp-
Hble I'IIJI cocToAT U3 cTaropa u
IBYX poTopoB. CTaTop ABUTATENs
MMeeT IBe OOMOTKU YyIIpaBJe-
HUSI, Kaxmnasi U3 KOTOPBIX pa3-
MellleHa Ha ABYX AMaMeTpaJbHO
MPOTUBOMNOJOXHKBIX IoJtocax. Ha
KaXXJIOM pOTOpe pacroaraercs
MUJIMHIPUYECKUA TOCTOSHHBIN
MarHuT, HaMarHMYEHHBIA BIOJIb
ocu T'IHIJ, Ha Kaxaplii U3 MHO-
JIIOCOB HAAET CEepACYHUK poTopa
¢ 3youamMu. 3yObs1 pacnpeaeeHbl
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pPaBHOMEPHO, a TIEPBBIA POTOP PagvaIbHO CMEIICH
OTHOCUTEJBHO BTOPOTO CO CABUTOM B TTOJOBUHY
3y0a [4]. T/ pa3BuBaeT MeXaHWUYECKUIN KPYTs-
1M MOMEHT BBIIIE, YeM KPYTSIIUNA MOMEHT pe-
aktuBHoro asurarens [4, 5]. T/ ynpaBasercs
B CJIEOYIOIIMX BaphaHTax: MPU CUHYCOUIATBHOM
MUTAaHUU, TIPU UMIMYJIbCHOM YIIPAaBAEHUU C TMOJI-
HBIM 1IarOM U C TTOJIOBUHHBIM II1arom [4—~6].

B paGote [2] mpeacTaBieH HOBBIM METOH MO-
nenupoBaHusd B MATLAB npuBoga koHTposiepa
ansg I ¢ moaHO mociaeaoBaTeabHOCTBIO Ia-
TOB C MCMOJIb30BAaHWEM MpeoOpa3oBaTess Hamps-
XKeHUs B 4yacToTy. PesynbraTel MopenavpoBaHUs
MPEIJIOKEHHON CXEMBbl YMNPABJICHUS TOKa3aJlu
VIOBJETBOPUTENIbHBIE PE3yJbTaThl C HATYPHBIMU
SKCITEpPUMEHTAMM.

Matrematnueckas moaenb I'IIIJI onmuckiBaeTcs
caeayommMu auddepeHuInalbHbIMU YPaBHEHU-
samu [2—7]:

@ = .
e~
‘2_(; = }[—Kmia sin(n0) +
+ K i, cos(nb) — Fo—kp - T, |; )
‘Z;z _ LLa[va ~ Ryi, + K, osin(n0)];
di, 1 .
d—;’ = L—b[vb - Ryiy, — K,,ocos(n0)],

rae 6 — no3uuus (IOJ0XEHNe) poTopa; ®» — CKO-
pocTh portopa; i, u i, — ¢asHble TOKU (TOKM Ha
COOTBETCTBYIOLIMX OOMOTKaX CTaTtopa); v, U v, —
(asHble HampskeHUsT (HANpsi)KEHUsT Ha COOTBET-
CTBYIOLLIMX OOMOTKax craropa); L, u L, — da3Hble
WHAYKTUBHOCTU (MHAYKTUBHOCTH Ha COOTBET-
CTBYIOLLMX OOMOTKax cratopa); R, u R, — conpo-
TUBJeHUS (a3 (AKTUBHbIC COIMPOTUBJIEHUS HA CO-
OTBETCTBYIOLIMX OOMOTKax cTraropa); # — YHUCIO
3y0LI0B poTopa (4Mcio 3yOL0B, MPpUXOAsIIeecsT Ha
KaXyIo Mapy MOJIOCOB (MJIM YMUCJIO Map MOJICOB
cratopa); J — MHepuusi potopa (IIpUBEAESHHBIN
K BaJly CyMMapHBbIii MOMEHT MHEPUUMU POTOpa U
3JIeMEHTOB MpuBoaa); K,, — MOCTOSIHHAs KPyTs-
1Iero MOMeHTa poTopa (MOMEHTHasl MOCTOsSHHas
nsurarens); 7; — MOMEHT Harpy3ku (CyMMapHbIi
MOMEHT Ha Bajly aBuUrareis), F — BSI3KOCTHOE
TpeHue; kp — OCTaTOYHbI (UKCUPYIOIIUN MO-
MEHT (TOPMO3HOI MOMEHT).

B pabGote [8] paccmaTpuBaeTcs yIpaBJieHUE
nojoxeHueM II' ¢ MOCTOSHHBIMM MarHuTamMu
C WCIOJb30BaHMEM METOJA TOUHOMW JMHeapu3a-
uuu. IlokazaHa cBsI3b MeX1Yy TOUHBIM JUHEAPU3Y-

I0II[MM MTpeodpa3zoBaHueM U dg-TipeoOpa3oBaHuEM
B TEOpPUM 3IJIEKTPUYECKMX MalllnH. Takxke moka-
3aHO, KaK TMOCTOSTHHbIE KPYTSIIME MOMEHThI Ha-
IPY3KH MOTYT OBITh ACUMITTOTUYECKH UCKJIIOYSHEI
C TIOMOIIbIO HEJIMHEWHOT0 HabII0aaTesl.
HecmoTpst Ha TO, 4yTO B padote [8] Momenp 3a-
MMCTBOBaHa U3 CTAaTbU [7], TEM HE MEHEE MONECIb
B pabote [§] mMmeeT HekoTopble oTnmums. Mrax,
Monens IIJI B [8] ommchIBaeTcs ClenyIOIIUMU
auddepeHaibHbIMU YPaBHEHUSIMU:

e
_ = (D,
dt
do 1 . .
r 7[—Km1a sin(n6) + K i, cos(nd) —
— Fo - kpsin(4no) - T, |; )
‘Z;’ = %[va - Ri, + K,,0sin(n0)];
% _ %[vb ~ Ri, - K, 0cos(n6)].

Mopnenpb (2) mpenacrtapiisieTcss 0oJiee TOYHOR IO
CpaBHEHMUIO ¢ Moebio (1) ¥ IToIpoOHO BEIBEAEHA CO
BCEMM OOBSICHEHUSIMH B padote [8]. Otnmume Mo-
neneir (1) 1 (2) COCTOUT B TOM, YTO MCHOJIB3YIOTCS
OIHM W Te ke 3HaueHus1 L, J BO BceX ypaBHEHUSIX,
a BO BTOPOM YpaBHEHUM WCIIOJb3YEeTCS CjaraeMoe
—kpsin(4n6) BMecTo —kj. Benuuuna kpsin(4n6) npen-
CTaBJISIET CO3/1aBACMBbIN OCTAaTOUHBIN (DPUKCUPYIOIIIA
(TOpMO3HOIT) KPYTSIINI MOMEHT, BOSHUKAIOIIUI 13-
3a IIOCTOSIHHOI'O MarHuTa poTopa, B3auMOIEHCTBYIO-
ILIEr0 ¢ MAarHUTHBIM MaTepUajioM MOJIIOCOB CTaTopa,
u kjp o0blyHO coctaBisieT oT 5 1o 10 % 3HaueHust
K, iy, roe iy — HOMUHAJBHBIN TOK [3, 7].

BBeneM BEeKTOp COCTOSIHUSA X, CUTHAJIBI yIIpaB-
JIEHUS U] U U,, A TAKXKe APYyrue 00O3HAYEHUS:

x =col{i,, iy, o, 0};

K1:£3 KZZKmaK?,_Km;
L L J
F k
K4 27, KS =n, K6 ZTD,

u =v,/L, uy =v,/L.

B pesynbrate Momenb (2) B MpOCTPaHCTBE CO-
CTOSIHMSI MOXHO 3aIicaTh B BUJE

X, = —Kx; + Kyx, sin(Ksxy) + uy;
xz = —KIX2 - K2X3 Sin(KSX4) + 1/[2;
).C3 = —K3x1 SiIl(K5x4) + K3x2 COS(K5x4) - (3)

- Kyx3 — K¢ sin(2K5x,) —%;

X4 = X3.
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YpaBHeHus (3) akTUBHO MCMOJIB3YIOTCSI B pas-
JUYHON JuTepaType Mg CMHTe3a JUHEHHOro u
HeJIMHEMHOro ympapjieHus (4allle HeJIWHEHHOro)
I ¢ noCTOSSHHBIMU MarHUTaMM.

B pa6ote [9] paccmMoTpeHa 3amaya TOYHOTO TO-
sunuoHHoro ympasaeHuss LIIT ¢ mocTossHHBIMUI
MarHUTaMU C CUHYCOMIAJbHBIM pacrpeaeieHueM
noToka. /115 obecriedeHrss TOUHOTO MO3ULIMOHUPO-
BaHUS TIPUMEHSIETCSI METOII adallTUBHON JIMHEApH-
3allMM OOpAaTHOU CBS3bIO, pa3pabOTaHHBIN B CTaThe
[9]. IIpenmonaraercs, YTO MOMEHT Harpy3Kud M CO-
MPOTUBJIEHUE KaxXAol (a3Holi OOMOTKM CTaTo-
pa HemsBecTHBI. [lpemsoxeHa HeauHelHas cxema
aJalITUBHOTO YIIpaBIICHUSI, KOTOpas TapaHTUPYET
mI00aTbHOE OTCEXKMBAHUE TPAGKTOPUN 3a1aHHOTO
MOJIOXKEHUST U TI00aJIbHYI0 CXOAWMOCTh OlIEHMBae-
MbIX TTapaMeTpoB. [IpuBeneHbl pe3yabraThl MOIEIM-
poBaHud. boyee moapoOHBIM pa3dop JaHHOrO ali-
ropuTMa OyAET BHIMOJHEH B CICAYIOIIUX pa3aeiax.

MeTtonpl TrHeapu3aluyi OOpaTHOM CBSA3BIO IS
(HeaganTtuBHOrO) ynpasjeHus LI/l ¢ nepeMeHHbIM
COIPOTHUBIICHUEM OBLIM PACCMOTPEHBI B padboTe
[10] (cMm. [11] png amanTUBHOTO Cjayyasl) M B CTa-
Thax [12, 13] nnag IO ¢ MOCTOSHHBIMU MarHu-
TaMu. B pabote [12] nmpenyioxxeH HeNmpsiMOU agamn-
TUBHBIA PETYISATOP, KOTOPHIA couyeTaeT B cebe Me-
TOA JWHEapu3alluh C OOpaTHOM CBS3bI0O U METOI
HaMMEHbIINX KBaapaToB. OQHAKO TaHHbBIA MOMXOM
[12] TpeOyeT 3HaHWSI TPOM3BOMHON IO BpPEMEHU
OT IIEPEMEHHBIX COCTOSIHUSI ABMUraTessI, KOTOpbIE
O00bIYHO HemocTynHBI. B cTtatbhe [13] mpenyioxeHo
HEeJIMHEHOe amalTUBHOE YIIpaBIeHUEe I MOACIH
TMOHM>XEHHOTO TOopsaKa (3JeKTPOIMHAMUKON IIpe-
HeOperaroT), T. €. IJIsI MalllMH, Y KOTOPBIX pacipenc-
JIEHH€ TI0TOKA HE SIBJISIETCS CUHYCOMIAIbHBIM, UTO
YacTO BbI3BIBAET MYJbCAllMM KPYTSAIIEro MOMEHTA.
J1s1 yMEHBIIEHUS MyJbCalluii MOMEHTA MePUOIH-
YecKoe pacIpenesieHHe II0TOKa amnmlpOKCUMUPY-
eTcsl ycedeHHBIM psimoM DPypbe, KO3(PPUILIMEHTHI
KOTOpPOro CUMTAIOTCS HEM3BECTHBIMU, U pa3pada-
TBhIBA€TCS HEJMHEHOE aJalTUBHOE YIIpaBJICHUE.

B pabote [14] npeanioxkeHa HeJuHeilHas cxema
aJanTUBHOroO ynpapjeHus aas aByxdasHoro LI
C IIOCTOSSHHBIMM MarHutamMu. TexHuKa aganTuB-
HOIo YyIIpaBJe€HMsSI OCHOBaHa Ha pacIlMpeHHOM
CBOMCTBE COIVIaCOBaHHOCTM mapaMeTpoB. Ilpen-
rnoJjiaraeTcsi, YTO HEM3BECTHBI TOJHKO MOMEHT Ha-
TPYy3KU U COINPOTUBJIEHHME Kaxaoil ¢da3HOil 00-
MOTKM CTaTopa. AHaJJOTUMYHBIM O0Opa3oM MOXKHO
pelmnTh U OoJjiee OOIIMIA cliyyaif, Korga Bce Ia-
paMeTpbl ABUTaTessl HEeM3BeCTHHI. IIpeaaraemoe
yIpaBjieHHe IPUMEHUMO TOJbKO K MallMHaM
C CUHYCOMJAJILHBIM pacIpeaeieHreM IMoToKa.

Temeps paccMoTpuM Moaeab U3 padoOTHI [9]:

@ = (D'
e
‘2—? = }[—Kmia sin(n0) +

+ K i, cos(n®) — Fo—T;1; )

aZ; = %[va - Ri, + Kosin(nb)];
‘% _ %[v,, _ Riy - K, 0cos(n0)].

PaccMOTpuM CTPYKTYpHBIE OTJAMYMS MOAEEH
(2) u (4). B monenu (4), B otinuue ot (2), oTCyT-
CTBYET cllaraeMoe —kpsin(4no).

Takxe B pabore [9] mpuBeneHO HEIMHEHOE
npeodpa3oBaHue KoopauHaT (4) ¢ mocaeayouum
CHMHTE30M HEJIMHEMHOIO0 3aKOoHa yIIpPaBJICHUS,
00€eCITeUMBAIOIIEIO0 3KCIIOHEHIIUAJBHYIO YCTOM-
YUBOCTH IO OTKJIOHEHUSAM O, ® U ® OT COOTBET-
CTBYIOIIMX ITOJOXEHUI paBHOBECUS B Clydae M3-
BECTHBIX ITapaMETPOB MOJAEIU U U3MEPEHUU IaH-
HBIX curHajoB. Eciam compoTuBieHMEe OOMOTKH
cratopa R 1 MOMEHT Harpy3ku Mp TOYHO HE U3-
BECTHBI, COIPOTHUBJICHUE MEHSIETCS B 3aBHCHMO-
CTU OT TeMIlepaTypbl, U KPYTSIIUA MOMEHT Ha-
IPY3KU 3aBUCUT OT CaMOM HArpy3KH, TO MCIIOJb-
3yeTcsd  METOH  aJalTUBHOW  JIMHeapu3alluu
0OpaTHOM CBSI3bIO.

Mogens (4) ucnonb3yetrcs B cTaThe [15] ¢ uc-
MMOJIb30BAHMEM HOBOT'O IIPOTHO3MPYIOIIETO 3aKOHA
yIIPaBJE€HUS TOKOM C KOHEYHBIM HAaOOpPOM YyHpaB-
neHuit gnsg nByxgasHoro [/, muTaemoro ot
Tpexda3HOro MHBEPTOpPa UCTOYHMKA HAMPSKEHUS.
Takxxe Monenb (4) ucronb3yercs B padote [16], Tae
MPEMIOKEHO pOOAaCTHOE HEJIMHEMHOE yHpaBJIeHUE
nojioxkeHueM 1 1IJI ¢ mocTOSSHHBIMM MarHuTa-
mu. PazpaboTaHa HoBast MOAEb C OAHUM BXOJOM U
OIHUM BBIXOIOM, KOTOpasi BKJII0YaeT B ce0sl Moo~
>KeHHEe, CKOPOCTh U YCKOPEHHUeE, C UCITOJIh30BaHUEM
CXeMbl KOMMYTaIlUH AJIs yueTa HEU3BECTHBIX ITapa-
METPOB M BHEIIHEro BO3MYIICHUS. JOIMOIHNTEb-
HO pa3paboTaH HaOarogaresb, NpeaHa3HAYeHHbII
IIIST OLIEHKM TIOJIOKEHUSI, CKOPOCTU, YCKOPECHUS U
Bo3MYylleHUs. ITI0CKOJIBbKY BO3MYIIIEHNE OTHOCUTCS
K BHEIIIHEMY BO3ACHCTBUIO, TO TPYOHO HOCTATOY-
HO TOYHO OLICHUTh BO3MYILIEHNWE 0e3 HabrogaTess
¢ OonpmuM Koa(dduuueHntom ycuieHus. Mcromnb-
30BaHUE NMPYTUX HaOIOHaTeNel MOXET MPUBECTH
K YXYILIEHWIO KayecTBa peryaupoBaHus. 3aTem
pa3pabaThIBaeTCsl HETMHENHBIN PEryaIsITOp Ha 6a3e
MeTola OPKCTEIIMHIA M MOJaBIeHUS OLIMOKU
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ciexeHus: 3a mosioxkeHueM. [lpennaraembiii aaro-
pUTM yIIpaBieHUS OBl IPOBEPEH 3KCIepUMEH-
TaJbHO B cucteMe yrnpasiaeHus /] ¢ mocTossHHBI-
MW MarHUTaMM.

B pa6ote [16] oTMeyaeTcsi, YTO C pOCTOM MOILI-
HOCTM ¥ CHUXEHMEM CTOMMOCTU BCTPOEHHBIX
MPOLIECCOPOB B MOCAEAHME TOAbl MPUBOIAbI U CU-
creMbl ympaBieHus gy I ¢ mMOCTOSTHHBIMU
MarHUTaMHU CTaHOBSITCS Bce 0oJiee CIIOXKHBIMMU.
TakuM o6pasom, ISl OPUIOKEHUN ITO3UIIMOHM-
poBaHud I/l ¢ TOCTOSHHBIMY MarHUTAMU MOXET
3aMEHUTb JOPOTME CEPBOJABUTaTesiM, TaKue Kak
CHMHXPOHHBIC IBUTATEIN C IIOCTOSSHHBIMM MarHu-
TaMHM, B KayecTBe 0oJjiee AelleBOM 3aMEHBI B 3aM-
KHYTOM KOHTYpE.

PaznuyHble KOHTpPOJUIEPHl ObLIM IIPEmJIOXKe-
HBl IJIS1 YAyYILIEHUs XapaKTepPUCTUK YHpaBJICHUS
noJjioxxeHueM/ckopoctbio B 1IIJI ¢ IMOCTOSHHBIMU
marHutamu [17—25]. HenauHelHBI# peryasrop,
WCIIOJIb3YIOIIMI YIIPaBJI€HUE IJIS MOIEIN C OC-
nabjeHreM Toisl (C OTCYTCTBUEM CJIaraéMoro —
kpsin(4n0)), ObLT TpencTaBieH IJs YJIyYLUEHUS
yIIpaBJIeHU s TIOJIOXKEHWEM B paboTax [26, 27]. [1po-
cToil M 3(PPEKTUBHBIA PETYISITOP TMOJIOKCHUS U
CKOPOCTH OBIJ IIpelJioxkeH B cTathe [18]. B pabote
[19] mpenyoxxeH Oe3naTYMKOBBINA (OT aHT. Sensorless)
peryasaTop s ynpaBieHus ckopocteio I,

B cratbe [20] pa3paboTaHO MMKPOILIATOBOE
ynpasjieHue (0T aHIJI. microstepping control) Ha
OCHOBE MOAYJISILMU KPYTSIIEro MOMEHTA IJIsI pea-
JIM3alliy OPUEHTUPOBAHHOIO Ha I0Jie YIIpaBJIECHUS
M 0e3 mpsSIMOro KBaApaTypHOIO IIpeoOopa3oBaHuUs U
yIpaBieHus cOpocoOM MHTerparopa, pa3padoTaH-
HOro B cTaThe [21] mist yaydiueHus mepexoaHoin xa-
PakTEpUCTUKU C yhpaBiieHueM nojoxeHuem LLIJI
C TIOCTOSHHBIMM MarHuTamMu. MMKpOIIAroBOE
yIpaBJIeHUE TaK>Xe MCII0JIb30BaHO B padote [22].

s yMeHBIIEHUS OIIMOKMW CIEXEHUS IO I0-
JIOKEHWIO TMPEeIJIOKEH YCOBEPILICHCTBOBAHHBIN
KOHTpOJIJIep HeJlIMHeHHOoro aemrdupoBaHus [23].
Kpome Toro, mis onTUMM3alMU XapaKTePUCTUK
yIpaBjeHUs1 ObLIO pa3paboTaHO HeauHelHoe H,-
yIOpaBJICHUE ¢ pa3InYHBIMU JUHEHHBIMHY I1apaMe-
Tpamu [24].

B pabGote [25] mnpemyioxeHo 3GhGheKTUBHOE
yIIpaBjJeHUE C OOpaTHON CBS3bIO, COCTOsSIIEE U3
UISHTU(PUKAIMY TapaMeTpOB ABUTATENsI, YIIpaB-
JICHUS TI0 TOKY C OOpaTHOI CBSI3blO, YIIpaBJIEHUS
MOJIOXKEHUEM C OOpaTHOM CBS3bIO M YIpPaBJICHUS
neMmindupoBaHueM. [nas mnomaBiaeHMsT BHELIHUX
NEePUOANYECKMX BO3MYIIEHUIA pa3padoTaH MO-
JIeJIbHBIM NPOTHO3UPYIOLIM peryusaTop [26].

Ha 0aze metoma BHYTpEeHHEW MoOJeNIW Mpen-
JIOXXEeH 3aKOH YMpaBJeHWS Ha OCHOBE NMPUHIIMIA
CHUXXEHU ST HE OCHOBHBIX TAPMOHUK JJIsI 1BUTATE-
JiSI C UHBEPTOPAMU C HU3KOU 4aCTOTOU MEPEKIIIO-
yeHus [27—40].

B pabGore [41] mpemyiokeH aJTOPUTM YIIpaB-
seHus IIJI mpu MOJMHOCTBIO HEM3BECTHBIX Tapa-
MeTpax. [l cuHTe3a ajropuTMa MCHOJb3yeTcsl
MeTol OakcrenmuHra. JlocTOMHCTBO ajropuTMa
COCTOMT B TOM, YTO TOMHUMO YTpaBJIE€HUS WC-
MOJb3yeTCs MACHTU(UKAIIMS BCEX HEM3BECTHBIX
rnmapaMeTpoOB.

AHaanu3 MOAETUPOBAHUS PACCMOTPEHHBIX CXEM
yIpaBJeHMs TTOKa3aj, YTO HAWIY4YIINe pe3yabTa-
Thl MEPEXOJHBIX MPOLIECCOB (B CMBICTE OBICTPO-
JEMCTBUS U HAMMEHbILIETro 3HaYeHU s Tepeperyiu-
pOBaHMsI) TOKAa3aaM CJIEAYIONIEe aJITOPUTMBI:

e [TIN]JI perynupoBanue [41];

* QJropuTM TOYHOW JMHeapu3aluu OOpaTHOMN
CBSI3BIO IO COCTOSTHUIO [9];

e apantuBHOe ymnpasieHue LI/ ¢ uszmepseMbim
BEKTOPOM COCTOSTHUS [9];

e anantuBHoe ynpaBiaeHue IIJ[ ¢ MOAHOCTBHIO
HEU3BECTHBIMU TapaMeTpaMyu W HU3MepPsieMbIM
BEKTOPOM COCTOSIHMS [41].

Hwukxe Oonee mompoOHO paccCMOTPUM KaKIbIi
W3 aJITOPUTMOB Y MpPUBEAEM Pe3yJibTaTbl MOACIM-
poBaHusi. OTMETUM, YTO OCHOBHOHM MLENbIO TIPU
CHHTE3€ aJalTUBHBIX 3aKOHOB YIPaBJIECHU S SIBJS-
€TCsl TOUCK TaKOTO aJrOpuTMa, KOTOPbI MO3BO-
JIUT TapaHTUPOBATH BBITIOJHEHWE LU

lim(6(7) - 0£(1) =0,

rae 0x(f) — 9TaJlOHHOE 3HaYeHUE yTIJIa POTOpa.

2. IIN] peryaupoBaHue

Paccmotpum ITU peryastop B KOHType TOKa U
ITU perynsgtop B KOHTYype nojoxeHus [41]:

t
ud = —pL(Diq - k4(id - idr) - kSJ[ld(T) - idr(’t)]d'f;
0

U, = kygo—kyliy — i) — ks g[iq(r) i, (9))dT;
%)

idr =0;

qr

. J
Ly = —E{kl(e—erﬂ'

+ K JI0(%) — 0, (DT + k(- )},
0
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3. AnantusHoe ynpapaenue II1JI
¢ U3MepsieMbIM BEKTOPOM COCTOSIHHS

Ilepen cuUHTE30M aAanTUBHOIO YIIpPaBJICHUS
paccMoTpuM 3(P(HEKTUBHYIO CXeMy JIMHeapu3a-
MM obpaTHOW CBA3bIO [9] IpKU ycloBUU, UTO BCe
nmapaMeTphl U BHEIIHUE CUTHAIBI U3BECTHHI U J0-
CTYIMHBI U3MepeHn10. Ha 6a3e mojiydeHHOM cXeMBbl
OyleT pacCMOTpPEH IepPBhIi aJTOPUTM adallTUBHO-
ro ynpasiaenust LI [9].

3.1. Arzopumm mouHoll auHeapusauuu
o6pammnoil cés3b10 N0 COCMOAHUIO

Ecnu npenmmonoXuTh, 4TO BCe ITapaMeTphbl MO-
neny (4) TOUHO M3BECTHBI, TO MOXHO ITPUMEHUTH
clemylollee mpeodpazoBaHue KOOPAMHAT:

y =6
Yy =
K, . . K, . F T
=M sin(n0) + —2 i, cos(nf) - — o — —L:
V3 J a ( ) J b ( ) J(,l) 7

V4 = K,,i, cos(nB) + K i, sin(n6).

B HoBEIX KOOpauHatax Monenb I/ (4) npeo6-
pasyeTcs K BUILY

=Y
V) =V3;

V3= %sin(ne)(Ria - K,,0sin(nb) +v,) -

- %ia cos(nd)m — %cos(ne)(Rib -

(6)
- K,,ocos(nd) +v,) —%ib sin (ne)m—§y3;

V4 = %cos(ne)(—Ria + K,,osin(n0) +v,) -
K.isi K, . Ri
-K,i, sm(ne)(o—Tsm(ne)( iy —

- K,,ocos(nb) +v,) + K ,,i, cos(nd)w.

Beenem HOBbIE MEpEMEHHbBIE YNIPABIECHUS U U
U,, ONIpEAeIsSIEMble KaK

sin(n0) cos(n0)
o Sl -
2

cos(n®) sin(no) |L°?

rac

0, = %sin(ne)(—Ria + K ,,osin(n0)) +
+ %ia cos(nb)o — %COS(HG)(—R’}; -

- K,,ocos(nb)) + %ib sin(n0)w + §y3;

@®)
K, . .
Qp = —Tcos(ne)(—Rza + K,,0sin(n0)) +

+ K,,i, sin(nf)o — %sin(ne) (—Ri, -
- K,,ocos(nd)) — K, i, cos(nd)w.

OTMeTuM, 4TO uU; U U, MOXHO BCErga omnpene-
JINTh, MOCKOJBKY MaTpuia (decoupling matrix)

_sin(n0) cos(nb)
J J
cos(n0) sin(n0)

SIBJISIETCSI HECUHTYJISIpHOM A5 Kax aoro 0. [Toncra-
BUB (7) B ypaBHeHUS (6) C YUETOM COOTHOILCHUS
(8), monyYynM JTMHENHYIO YIIPABISIEMYIO CUCTEMY

V=Y Va=Y3 V3 =Up Yy = Uy,

PaCCMOTpI/IM () (180 1185( OLLIMOKM TI0 MOJIOXKe-
HUI0, CKOPOCTHU U YCKOPCHMUIO:

e, =0-0x() =y —0z(0);
ey = —0x(1) =y, —0x(0);
ey =0—0x(t) = y3 —0().

HuddepeHnnpyss 1aHHBIE OIIMOKU IO BpeMe-
HU, HOJIYYUM

él = 82; éz = 63;
d3

——GR(I); y4 = I/Iz.

83 = I/ll dt3

Ecau npeamnonoxuTts, 4TO MPOM3BOAHBIE O Bpe-
MEHHU OT OMOPHOTO TOJIOXKEHUSI U3BECTHBI, TO TIPU
COOTBETCTBYIOIIEM BbIOOpPE KOI(D(DUIMEHTOB YyCH-
JIEHU S YIIPaBJIEHUS k; B CJIENYIOLIEM 3aKOHE TOYHOMN
JIMHeap13aluy 00paTHOM CBS3bIO TIO COCTOSTHUIO [9]

3

d
up = —kie; — kye, — kses +wek(f); ©)

Uy = —ky4y,
MOXHO TapaHTUpOBaTh IJ00AJLHYIO SKCITOHEH-

LMAJbHYIO CTAOMIM3aLUI0 OTHOCUTEIBHO TOYKHU
paBHoBecus e; = 0; e, = 0; e3 = 0; y, = 0.
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3.2. Adanmuenas auneapusayus
o6pammuoil cés3b10 N0 COCMOAHUIO
uepe3 pacuupenHnoe co21acoeanue

Teneps nmpenmoaoXumM, 4TO HE M3BECTHBI CO-
NPOTUBJIECHUE OOMOTKHM CTaTOopa M MOMEHT Ha-
Tpy3KU, HAIIpUMeEp, CONPOTHUBIIEHUE W3MEHSETCS
B 3aBUCHMOCTU OT TEMIIEpaTyphl, a MOMEHT Ha-
TPY3KM 3aBUCUT OT CIOCO0a MPUMEHEHMS IBU-
rarens. Ilpenmonaoxum, 4TO JaHHBIE ITapaMeTpbl
MOCTOSIHHBI (MJIM KBa3UMOCTOSIHHBI) BO BpeMsl
mnpoliecca aganTaluy 3aKOHa YIpaBICHUS.

[Tockonbky R u T; HEU3BECTHBI, NPUMEHUM
clleaymollee npeodpa3oBaHnue KOOpAUHAT ISl MO-
nenu (4):

» =6
Yy =,
K, . . K, . F T
=——"j sin(nd) + —2ij, cos(nd) - —w - —;
V3 J e (n0) J b (n0) JCO 7

vs = K,,i, cos(nb) + K i, sin(nb),

B KoTopoM 1| — OlleHKa HEU3BECTHOIO IapaMe-
tpa T;. HoBble ymnpaBisioline MepeMeHHbIE Te-
Iepb OMPEAeISIIOTCS CAeAYIOLUM 00pa3oM:

sin(nd) cos(nd ~
g
U (’bb

Ly

cos(nd)  sin(n0)

rac

A~

P, = %sin(ne) (-Ri, + K ,0sin(n6)) +
+ %ia cos(nd)m — %COS(HO)(—kib -

-K,wcos(nd)) + % i sin(nb)o + §y3;

(10)
A K, ~ .
¢, = —Tcos(ne)(—Rza + K,,0sin(n0)) +
.o K, . .
+ K,,i, sin(nf)o — T’”sm(ne)(—sz -
- K,,ocos(nd)) — K,,i, cos(nd)w.
3mecb R — oueHka R.
3akoH ynpaBieHus [9] BbIOMpaeTcs Kak
T, d° .
ul =—Ke+T+F9R, (11)
Uy = —kyys,
rae k, > 0 u K= |k, k,, ks] 3anaetcsa tak, 4To mar-
010 0 0 1 0
puna A={0 0 1|-|0|K=| 0 0 1 —
000 1 -k, -k, —kj

TypBUIICRBA.

AJITOPUTMBI HACTPOWKHU [9] aKTMBHOTO COMpPO-
TUBJEHUS W MOMEHTa Harpy3ku (HOpMHUPYIOTCS
B BUJZIE

%(ia sin(n6) — i, cos(n6))

- %(ia cos(n0) + iy sin(nd)) |; (12)
0
T, —yy2e"P| - -
J
£
Ve

B pesynbrare anroputm ynpasiaeHus (10)—(12)
rapaHTUpPYeT BBIMIOJHEHUE CIEAYIOIMX YCIOBUM:

lime(z) =0,

t—o

lim y,(#) =0, limeé(r) =0,
t—>o t—o0

lim y4(r) = 0, lim T,(t) =0,

t—o —>

rae e =col{ej,e,,e;}.

4. AnjanTHBHOE ynpaBjieHHE IATOBbIM JIBHraTejieM
¢ NOJHOCTHI0O HEH3BECTHBIMH NapaMeTpaMu
H H3MepsgeMbIM BEKTOPOM COCTOSHHS

[lycts momenb (4) comepXUT MSATb MOJIOXU-
TeJbHBIX TapameTpoB J, K, F, Rv L n HeusBecT-
Hblii mapametrp 7, TOYHOE 3HAYEHUE KOTOPOTO
He Tak mpocTo ompenennTb. Harpyska, co3naBa-
eMasi KpyTSal UM MOMEHTOM 7, 3aBUCUT OT YCJIO-
BUI1 IMMPUMEHEHUS U MOXET MEHSThCS OT ClIydast
K ciyyalo, a COMpOTHUBJIeHUE R MeHseTcsl B 3a-
BUCHUMOCTH OT TeMIIepaTyphl, TaK UTO MX H3Me-
peHUs B aBTOHOMHOM PEXHME MOT'YT OTJIMUYaThCs
OT MX UCTUHHBIX 3HAUYCHUI B peXHME peajibHOTO
BpemeHU. OctanbHble napamerpsl J, K,,, F, Ru L
MOTYT ObITh U3BECTHBI C HEKOTOPBIMU MTOT'PELIHO-
CTSIMU B IpefesiaXx Kaxaoro Kjaacca JBuUTatesei.

B nanHOM pasnmene paccMOTpUM aJamlTUBHOE
yrpaBieHue [41], KoTopoe TrapaHTHUPYET acuM-
MNTOTUYECKOE CJIeXXeHUEe 3a TJaIKUM OIOPHBIM
CUTHAJIOM (3TaJJOHHBIM CUTHAJIOM) Ox(f) A1 CUH-
XPOHHOIO IBUTATENsl ¢ MOCTOSIHHBIMU MarHuTa-
mu (PMSM), He TpeOyst 3HaHUS JTIOOOT0 U3 BBI-
IIeyKa3aHHBIX LIECTH ITapaMeTPOB.
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3aKoH ajanTuBHOro ynpasieHus [41] 3agaercs
B BUJE
u, = (APs{(AP4"q + poiy + 050+ ¢[@r0 + @3 +
+ ér — kl((D_ 9,) _k20~)] +

~ | 2 A d3e .. -
+ (Pl{ P00+ @3 + dt3r +(ky + k)0, - k1k26} -

o ~ ~ R (13)
= 01(P7ig — 90— @3)(ky + Ky — 9y) —
- k3i~q —y o0}
Uy = dg [&’41}1 + poiy —kyiy + d;irj,
e
éP1 = 10[-0,0 = 03 =0, + k(0 - 0,) + ka;
62 = Mal-00 - 0f; (ky +ky = Do)y, ];
éP3 =h3[-o—(ky + k, - @2)([’1\(’;];
G4 = —hqVliyly + igly);
(APS = —ksYﬁ);q;
(T)s = —7»6174{(?’4’}; + poiy + Q5o + éPl[(APz‘D + (14)

+ 03 +0, —kj(0-0,) - ko] +
A A d3er . o
P00+ @3 + 0 + (k) +ky)0, — kik0 | -

~

+ 9

- (AP1((AP7iq — 00— 93)(ky + ky —@y) _kS;q -

didr ] .
dt )’

07 = 7L7qu +hgv(ky + ky - (APz)(Pliqlfw

- Y71$76)} - 7"(,;(1 ((1)41'&( - pcoiq - k4fd +

3nech 6=0-0z, ®=w—wp.
5. YnciieHHbIE HCCJICIOBAHAS
aJITOPUTMOB YNIPaBJIECHUSA

[Ipu MopenvMpoBaHMU UCIOJB3YIOTCS IapaMe-
Tpbl I, mpeacTaBieHHbIE HUXE:

ConpoTuByiieHrue OOMOTKU R, OM. . ... ................ 5,6
WuaykTtuBHocth ooMoTKu L. MIH . . ... ..o oo 3,8
YKCTO 3YOLOB POTOPA e v v v o v e e e e et e e e e e e e 50
[MoctosiHHast MomeHTa K,,, H'M/A ... ..o oo 0,09
IMepenarouHoe YUCIO PEAYKTOPA Ky « . . oo v v vt 50
TIpuBeIeHHBI K BaTy MOMEHT nHepunu J, Kr-m> 2,1-107°
CyMMapHbIii MOMEHT Ha BaJly

aurarenst Tp, Hem ... oo oo oo 0,1 + 0,05sin(207)
Bsskoe Tpenue F, H-m/pamg . . ..................... 0,005
DUKCUPYIOUINN OCTATOYHBIA MOMEHT kp, HeM. .. ... ... 0,005

DTajloHHOEe 3HaueHue 1o yriuy OR(Y) 3amaHo
B (opMe TIIaakoil MepeXomHOW XapaKTEPUCTUKU
MOJEJIN C TepeJaTouyHoON PpyHKIIMeh

W, = &l
S5M b
5% +500s* + 10035 + 100352 + Sags + o)

MMEIOIICH NSITh KPaTHBIX AeHCTBUTEIBHBIX I1OJII0-

coB o, = —30.
3amaguM mapaMeTphl:

o IIWUJ perynsatopa (5): k; = 4-10°, k, = 5200,
ky = 8-10°, ky,= L/T, ks= R/Twn T = 0,0005;

* QJTOPUTMA TOYHOW JIMHEApU3aluud OOpaTHOU
cBaA3bIO TI0 cocTostHmio (9): k; = 2,7-10', k, =
=4,5:10%, ks = 3-10* u ky = 3-10%

* aJanTUBHOTO ajJropuTMa JWHeapuszaluu 00-
paTHOM CBSI3bIO MO COCTOSIHMIO Yepe3 paclliu-
peHHoe cornacosanue (10)—(12): k; = 2,7-101,
ky = 45108 ky = 3-10% k, = 3:10* u y, =
=451072, y,=1-107%;

e aJropuTMa aJanTHBHON JUHeapu3aluu odpat-
HOIi CBA3bI0 10 cocTosiHuto (13), (14): k; = 300,
k, = 300, k; = 5000, k4, = 5000, y = 1-103, M=
= 1-107, &, = 1-10% a3 = 1-10%, &, = 1-10°,
As =10, A = 1-1077, 2, = 1-10%.
st cpaBHUTENBHOM OLEHKU aJITOPUTMOB MO-

JIeTUPOBaHNE BBIMONHSIOCH TIPU M3MEHEHHBIX

napamerpax nsurarens K, =1,5K,, J =15/,

F=0,5F, R=1,5R, L=0,5L, kp =0,5kp.

Ha puc. 4 npeacraBiaeHbl pe3yabTaTbl MOIEIM-
poBanus ans [N1U]l perynsitopa (LuTpuxoBasi Ju-
HUS), aJTOpUTMa TOUHON JMHeapu3alMu o0paT-
HOI CBSI3bI0 T10 COCTOSHUIO (IUTPUXITYHKTUPHAS
JIMHUSA), aAaNTUBHOTO aJropyMTMa JIMHeapu3aluuu
00paTHOI CBSI3bIO IIO0 COCTOSIHUIO 4Yepe3 pacllu-
peHHoOe corjlacoBaHue (TodyeyHas JMUHUS) U all-
ropuT™Ma aJanTUBHOW JMHeapu3aluu oOpaTHOM
CBSI3bIO 10 COCTOSIHUIO (CILIOILIHAS JIUHUS).

PesynbraTel OLIEHKM OLIMOKM YyIpaBJeHUS
MpeacTaBieHbl B TaOIULIE.

Pesynbrarel MoOAENIMpOBaHUS IIOKa3ajau, 4YTO
HaWJIydlliMe TMoKa3aTeJaud KadyecTBa JIEMOHCTPU-
pyloTCS aJanTHBHBIMM aJrOpUTMaMu, HaUXy.I-
mue — ITM] peryasitTopoM. DTO CBSI3aHO C TEM,
YTO MapaMeTpbl HACTPOUKM KOHTYpoB npu ITH]]
peryJiupoBaHWM OCHOBaHbI Ha TOYHOM 3HAHUM
Mojielu IpuBoda. B ucciemyemMom BapuaHTe 3a-
JaHHbIE IapameTpuyeckas U (QyHKIMOHAJIbHAas
HEOMpPEeNeJeHHOCTU CYILIEeCTBEHHO IMOBIMSIJIM Ha
kauectBo I1U]I perynupoBanus. HanpoTtus, amamn-
TMBHBIE TIOAXOIbI, OCHOBAaHHbBIC Ha OIIEHKE HEO-
MpeaeaeHHOCTEN, YAyYIIUIN Ha 1Ba MOpsiaKa TOY-
HOCTb peryaupoBaHusa. OTMETUM, YTO TPYAHOCTHU
B peaJM3alMy aJalTUBHBIX aJTOPUTMOB CBSI3aHbI
C TpUMEHEHHWEM 3STAJIOHHBIX MOJENeil BBICOKOIO
MopsIIKa, CO CIOXHOCTBIO CUHTE3a MU HACTPOMKMU,
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Fig. 4. Transients with respect to the angular position of the rotor 6(#) and error e(?) for

four control algorithms

OueHKY OMMOKH PeryjinpoBaHNS B YCTAHOBHBIIEMCS PeRKUMe

Error estimates in steady state

MOJIb30BAHMM AaJalTUBHBIX all-
roput™MoB (cM. paboTsl [41] 1 [9]).
OnHako CIOXHOCTH pean3alliu
W HACTPOMKMU aJITOPUTMOB Orpa-

Tpsimoit moka3aTenb

HUYMBAOT UX TMNPUMCHHUMOCTD.

B ycnoBusix HeGobIIMX HEOMpe-

AJropuT™ CpenHee MOLYJIs MakcumanbHBIiI
OUIMGKH, Pat MOLY/Tb OUIMGKH, DA OCJICHHOCTEU npearnoYTuTEb-
HO HMCIIOJb30BATh KJIACCUYECCKHUEC
WL perymuposanne (3) 0,0218 0,0346 METO/IbI, MEHEE UyBCTBUTEIbHBIC
AJITOPUTM TOYHOM JIMHEApU3aLuu 0,0085 0,018 K BbI60py mapaMeTpoB B 3aKOHE
00paTHOIA CBS3BIO TT0 COCTOSTHUIO (9) YIIpaBJEHUS U IIOMEXaM B KaHa-
ANanTUBHBIN aJITOPUTM JIMHEAPU3aLUU 5,62-1074 0,001 JJaX HU3MCPCHMUI. CBoiicTBa TI0-
O6paTHOI7I CBA3bIO IO COCTOSAHUIO YEPE3 .T[y‘{eHHBIX aJIFOpI/ITMOB MOXXHO
pacmmpeHHoe cornacoaHue (10)—(12)
YAYUYIIUTh TPU MUCHOJIb30BAHUU
AJITOPUTM aJaNTUBHON JTWHEapu3aluu 2,87-1074 9,8-107* AJITOPUTMOB,  IIPEICTABJICHHBIX
oOpaTHOI1 cBs3bI0 TI0 cocTossHUO (13), (14) B pa60Tax [42_47]

C YBEJIIMYECHHBIMU BBIUMCIUTEIbLHBIMU 3aTpaTaMu,
BBICOKMMU TpeOOBAaHUSIMU K TAaKTy KBAaHTOBaHMS
B IUCKPETHBIX BapHaHTaX. YKa3aHHbIE OCOOEHHO-
CTH OTrpaHUYMBAIOT IIMPOKOE IPUMEHEHUE IIPE.-
CTaBJICHHBIX aJallTUBHBIX MOIXOIO0B.

3akiaoyenue

PesynbraTel mpeacTaBleHHOTO 0030pa IOKa-
3aJI1 BaXXHOCTb M aKTYaJIbHOCTh MCIIOJb30BaHUS
I B pa3auyHbIX MPAaKTUUYECKUX M HAyYHBIX
3agadyax. B pabote mpexncrtaBieH 0030p KJjaccCH-
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Abstract

A review of models and algorithms for control of a stepper motor (SM) is presented. Due to high accuracy, improved power
density, economy and reliability compared to other synchronous motors, stepper motors are widely used in various practical
applications and scientific equipment. In aviation and space technology, step motors are actively used in actuating systems,
such as drives for the movement of elements of large-sized structures, guidance, and stabilization systems, etc. The article
describes some existing stepper motor control algorithms, which are both based on the knowledge of the parameters of the step-
per motor model, and on the absence of this or that information. Of the many described algorithms, four were selected (PID
controller, exact feedback linearization algorithm, adaptive control with partially unknown parameters and adaptive control
with completely unknown parameters), which showed the best results of transient processes in tracking the angle of the rotor of
the SM behind the reference value. A comparative numerical analysis among these four algorithms is also given, which showed
that the best results of transients are demonstrated by adaptive controllers (in the sense of the smallest error in steady state),
while the worst results are demonstrated by the PID controller. It is noted that the studied PID controller contains much fewer
feedback loops compared to other algorithms, which simplifies the choice of adjustable parameters and reduces the dynamic
order of the closed system, however, the design is based on knowing the exact parameters of the drive and is also sensitive
to external disturbances. On the contrary, adaptive approaches successfully solve the problem of estimating parametric and
functional perturbations, but their implementation is associated with significant difficulties.

Keywords: review, stepper motor, model, control, adaptive control, PID controller
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Survey of Relative Navigation Methods
for Multi-Agent Unmanned Aerial Vehicle Systems

Abstract

Multi-agent Unmanned Aerial Vehicle (UAV) systems require stable and high-precision navigation. The existing navigation
solutions, such as global navigation satellite systems (GNSS) and inertial navigation systems, may perform inefficiently in some
application scenarios. The relative navigation methods can help solve this problem. Relative navigation enables UAVs to precisely
estimate their positions relative to each other, as opposed to absolute navigation, which calculates the UAVs’ position relative to
the Earth. Despite the abundance of relative navigation articles, there are no systematic reviews of relative navigation methods.
Additionally, various articles on relative navigation use a variety of terms for comparable concepts, which makes it more difficult
to understand the subject. Therefore, this review comprehensively studies systematizes relative navigation methods, and analyzes
their strengths and weaknesses. We categorize relative navigation methods appropriate for multi-UAV systems, compare them, and
make conclusions based on our findings. The relative navigation methods discussed in this review include differential GNSS, radio-
frequency-based, visual, and their combinations. We evaluate the achievable accuracy and range for each type of method according
to related studies. We also describe the limitations and vulnerabilities of each method. As a result, we outline relative navigation’s
primary capabilities and assess its condition now.

Keywords: cooperative navigation, relative position estimation, navigation fusion, relative positioning, relative attitude estimation,
collaborative navigation, network localization
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A. P. AbgpawuToB, acnupaHT, artur.abdrashitov@phystech.edu,
depepanbHoOe rocygapcTBeHHOe aBTOHOMHOe obpasoBaTenbHoOe yupexaeHne Bbicllero obpasoBaHuns
"MocKoBCKUIN PUINKO-TEXHUYECKUIA MHCTUTYT (HaLUMOHAIbHbIA NCCIea0BaTENbCKUA YHUBEPCUTET)",
r. JonronpyaHbin

O6G30p MeTOAOB OTHOCUTESIbLHOMN HaBUrauum
B rpynnax 6ecnunoTHbIX fneTaTesibHbIX annapaTtoB

I'pynnosoe npumenenue 6ecnuromuuix remamenvrolx annapamos (bIIJIA) mpebyem cmabuivHOl U 8bICOKOMOUHOU HABU-
eayuu. Cywecmeyrnujue HagueayUOHHble peuleHus, makue Kak e100aivHvle HagueayuonHvle cnymuukossie cucmems. (FTHCC) u
UHePYUANbHbIe HABUSAYUOHHbIE CUCMEMbL, MOZYM pabomams HeaPPeKmugHo 6 HeKOMOPbIX CUEHAPUSIX NPUMeHeHUs. Imy npo-
0neMy MOJICHO Peliums ¢ NOMOUbI0 Memodo6 OMHOCUMENbHOU Hagueayuu. B omauyue om abcoaromuoll Hagueayuu, Komopas
oyenusaem noaoxcerue BIIJIA omnocumeavho 3emau, OMHOCUMENbHAS HAGU2AUUS NO360AA€M MOYHO OUEHUMb NOA0NCEHUE
BIIVIA omnocumenvrno dpye dpyea. Hecmomps Ha 6oavuioe vucao nybaukayuii no 0MHOCUMENbHOU Hasueauyuu, 0030pvl Me-
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HOCUMEeAbHOU Hasueayuu U OUEeHeHo ee meKyuee cocmosAHnue.

modo6 OMHOCUMEAbHOU HABUAUUU, CUCIEeMAMU3UPYIOWUE CYUeCmEYuue Uccaed08anus, NPAKMUYecKy He 6CMpearmcs.
Kpome moeo, 6 pazauunvix cmamosax 06 OMHOCUMEAbHOU HABUAYUU UCNOAb3YEMCs WUPOKUL CHeKMD MePMUHO8 045 CXONCUX
NOHAMUU, YMO 0CA0NCHSAem u3yueHue memsl. [losmomy 6 danHol cmamve nOOPOOHO paccMampuearOmes U cucmemMamusupy-
omcesa Memoobl OMHOCUMENbHOU HABUAYUU U AHAAUZUPYIOMCS UX 8603MONCHOCMU U 0epaHuyeHus. Ha ocnoeanuu pezyssmamog
0030pa npedraeaemcs KAACCUDUKAUUS Mem0o008 OMHOCUMENbHOU Hagueayuu, nooxoosuux oia epynn BIIJIA, u npedcmaes-
ASIOMCS pe3yAbmameol UX CPAGHUMENbHO20 aHaausa. B cmamve paccmompensvt dugppepenyuarvnvie THCC, paduouacmomuuie
U 8U3YaANbHble MemOoObl OMHOCUMEAbHOU HAgUueayuu, a maKice ux kombunayuu. Jlas kaxcooeo muna memooa O4eHu8armcs
00CMuUNICUMAs MOYHOCMb U 0AAbHOCMb 0elicm8us 6 COOME8emMCmMEUU ¢ COOmeemcmeyuumu ucciedosanuamu. Takice nped-
CMaeAsSOMCs 02PaHUYeHUs U Hedocmamiu Kaxcdoeo memoda. B pesyirbsmame c@opmyaupogansl 0CHOBHbLE 803MOICHOCU OM-

Karwueevie caoea: coemecmuasn nasueayus, npumenenue BIIJIA, epynnvt BIIJIA, oyenka omHoCUmMeAbHO20 NOAONCCHUS,
OMHOCUMENbHAS N0OKAAU3AUUS, KOMNAEKCUPOBAHUE MEeMO0008 HaBUAUUU

Introduction

Unmanned Aerial Vehicle (UAV) systems have
numerous applications in both civil and military
contexts. Up till now, various multi-UAV systems
have been widely discussed as such systems have
more advantages than single-UAV systems. The ad-
vantages are discussed in detail in [1], and the fol-
lowing are just the most salient ones:

Fault tolerance: if one or more UAVs fail, the
remaining UAVs complete the task using appro-
priate algorithms.

Time efficiency: task parallelization can greatly
shorten the mission’s operational time.
Simultaneous actions: in contrast to a single UAV,
a multi-UAV system can complete tasks in seve-
ral geographic places at the same precise time.
Cost: reduced operational time results in reduced
energy consumption.

Despite their substantial capacity, multi-UAV
systems are still uncommon in daily life. "Drone
show" [2, 3] and visual inspection of aircraft [4] are
two examples of the existing practical applications.

Unsolved problems hindering the widespread use
of multi-UAV systems include legal and technical
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challenges. One of the primary technical problems
is related to the stable and high-precision naviga-
tion of UAVs. Commonly, it is solved using global
navigation satellite systems (GNSS), usually with
real-time kinematic (RTK) techniques, and inertial
navigation systems (INS). However, due to INS er-
ror propagation and restricted satellite visibility, this
solution may occasionally be compromised, which
makes it necessary to find additional solutions to
complement the ones already in place.

One such solution is relative navigation (RelNav).
Absolute navigation involves estimating an object po-
sition relative to a global coordinate system, whereas
RelNav concentrates on precisely estimating object
positions relative to one another. In some cases,
RelNav data can be used to improve the absolute
navigation accuracy of each object. This approach is
called cooperative navigation (CoopNav) [5].

The RelNav research direction is actively de-
veloping, which is confirmed by numerous studies
published over the last few years (Fig. 1) [6]. There-
fore, there has been no conventional terminology
for RelNav yet. The authors use various similar
terms for RelNav and CoopNav: relative positio-
ning, relative localization, relative attitude estima-

Fig. 1. Publication statistics for the last 25 years found by the request "relative navigation" OR "cooperative navigation" in the science

citation database "Scopus"
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tion, collaborative navigation, cooperative positio-
ning, network localization, etc. In this review, we
will use the terms defined above.

RelNav can be applied not only to multi-UAV
systems but also to other robotic systems, cars, satel-
lites, and the internet of things. These applications
are not covered in this review as, on the one hand,
UAVs have the greatest practical demand and, on
the other hand, wide access to UAVs allows for
theoretical and experimental investigation.

Despite the vast quantity of RelNav studies, there
are hardly any systematic reviews of RelNav methods.
The majority of current reviews focus on RelNav me-
thods for satellites that can be applicable to UAVs [7—9].
Few reviews of UAV RelNav mostly emphasize visual
navigation methods though they ignore differential and
radio methods [10]. At the same time, surveys on multi-
UAV problems, including navigation problems, also do
not mention RelNav and CoopNav methods [11].

This review’s objectives include systematizing
RelNav methods used in multi-UAV systems and ex-
amining their capabilities, achievable characteristics,
and limitations. The review is intended for multi-
UAV system researchers who need to improve the
precision and stability of navigation. It may also be
helpful for relative navigation method researchers.

The review is organized as follows: Section 2 de-
scribes the proposed RelNav classification. Sections
3—10 describe different RelNav methods in detail.
Finally, Section 11 presents the analysis of the ca-
pabilities and limitations of RelNav methods.

Method classification

In this review, we classified RelNav methods ac-
cording to the used sensors as this feature largely de-
termines the capabilities and limitations of the me-
thods. The proposed classification is summarized in
Fig. 2 and fully presented in the following sections.

Differenced methods

The most common types of GNSS observations
are a pseudorange and a carrier phase [12]:

i i i .
Pm =1y +c(dt —dtm)+1pm + Tom + Epm

P = 7‘_1[";11; +c(dt’ —dt,)]- N, + Yom + Tom + Eqm>

where p’, ¢’ are the pseudorange and carrier
phase observations; subscript m and superscript i
refer to receiver m and satellite i, respectively; r,i, is
the distance between the satellite and the receiver; ¢
is the speed of light and 2 is the wavelength; df and
dt, are the satellite and the receiver clock offsets;
N ,’n is the carrier phase ambiguity; 1 and t are the
ionosphere and troposphere errors, and ¢ are the
receiver-dependent errors.

These measurements suffer from a variety of er-
rors. Fortunately, most of the error components are
eliminated by linearly combining the matched mea-
surements from two closely spaced receivers. This
fact is widely used in DGNSS methods.

The most common DGNSS method is referred
to as Single Difference (SD), which helps to reduce
ionosphere and troposphere errors and satellite clock
offsets. A SD observation for receivers m and k:

i i i i .
Pmk =Pk —Pm = Vi + Cdtmk + Alp + ATp + €omks

i i .
Pmk = Tmk + Cdtmk + 8pmk’

Pk = Ok — Py = A7 [y + cdty ] -

i .
= Nopge + Aty + ATy + €4p5

i —1r,.i i
Pmk ~ A [rm+Cdtmk]_Nmk+8(pmkﬁ

where r} = rl —rl, dt,, =dt, —dt,, €, =€ + Eps

=N -NL Av=1, -1, ~0 and At=1, -1, ~ 0
for closely spaced receivers.

The relation between SD measurements and re-
ceivers’ relative positions is shown in Fig. 3 and
given by a system of linear equations:
Tk = bugctty

m»

| Relative Navigation

} }

where b, is the baseline vector for

| Differenced GNSS | | Radio-Frequency based | |

Visual Navigation |

receivers m and k; ul, is the unit

Single Difference | ~[ Time of Arrival |

Line of Sight |

line-of-sight (LoS) vector for receiver
m and satellite i, and u,, = u; is

Double Difference | ’| Received Signal Strength |

Environmental
Observations

supposed.
Another method called Double

g Doppler shift |

~| Direction of Arrival |

Fig. 2. Method classification

Difference (DD) can eliminate the
receiver clock error component in
SD. A DD observation is formed by
differencing two SD observations:
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Fig. 3. Single difference method [16]

Pk = Pk = Pk = Tomge + A + AT, + 8003
Pk = T & Epmi’
(PZ/{ = (P£1k - (ank =
= x‘lrrgk - N,’;{k + AL, + ATy + €k
cpfﬁ;k ~ 7“71’31’.{/{ - Ner + Eomk>
where r,gk = r”/,'k —rhe N,’Zk = N,{,k = N
The system of linear equations for DD is:

P = by (g — up).

As a result, the receiver clock offset is eliminated
and the DD accuracy is higher than SD. However,
the DD method causes additional computational
complexity.

One of the earliest studies of RelNav [13] de-
scribes a method based on SD pseudorange and
INS observation fusion in leader-follower multi-
UAV system. Leader GNSS and IMU measure-
ments are transmitted to followers and fused to a
relative position with a federated Kalman-like filter.

Subsequent studies on the DGNSS/INS ap-
proach relate to new filter and fusion methods. For
example, in [14], the authors presented an adaptive
filter. The adaptive carrier-smoothed-code (CSC)
algorithm estimates relative position and position
covariance from SD observations. Afterward, the
CSC result and INS measurements are fused in an
adaptive Kalman filter for relative state estimation.

The leader-follower architecture of the described
methods is sensitive to individual aircraft failures.
Therefore, another direction for research is in dis-
tributed relative navigation. The authors of [15] in-
troduces a full parallel distributed structure. Each
aircraft acts as a fusion center and calculates its
relative position with the other aircraft in the forma-
tion. The filtering algorithm has a two-stage struc-

ture. In the local filter, GPS observations are used
to correct INS long-term errors. In the relative state
filter, the DGNSS data and the local filter results
are used to estimate the error in relative position.

Like all GNSS methods, the DGNSS methods
are corrupted by signal blockage, heavy multipath
interference, and Non-Line-of-Sight (NLoS) re-
ception in urban environments. To solve this prob-
lem, the paper [16] proposes integrity monitoring of
a DD relative navigation system. The comparison of
spatially distributed GNSS observations enables the
detection and exclusion of GNSS signal faults. Be-
sides, the method is effective for collision avoidance
due to evaluation of relative position errors.

The accuracy of DGNSS relative navigation is
comparable to RTK through similar principles and
about 0.1 m.

The DGNSS range is not strictly limited, but as
the distance increases, the accuracy declines.

The DGNSS is vulnerable to jamming, spoofing,
multipath, and NLoS and depends on the availabi-
lity of GNSS satellites.

Time of Arrival

Another relative navigation approach involves
using peer-to-peer radio-frequency (RF) commu-
nication to obtain additional information. One of
the most common RF-based methods is time of
arrival (ToA) ranging.

In the ToA method, the distance between the
radios measured by radio propagation time:

bm,k = |bmk| = CAtm,ks

where b, , is the distance between the radios m
and k; c is the speed of light; Az, , is the time
interval between emitting and receiving a signal.

The ToA accuracy depends on the autocorrela-
tion width of the signal, and, consequently, on its
bandwidth. Therefore, the ToA method is usually
implemented using ultra-wideband (UWB) modu-
les. For relative navigation, range information is
fused with other sensors’ data.

In one of the earliest studies of ToA in RelNav
[17], the authors used radio ranging with "Time Do-
main’s P-410 UWB" and DGNSS/INS data. The
proposed filter has three stages. The first stage is a
local GNSS/INS filter. The second stage is a rela-
tive position filter fusing range information, DD ob-
servations, and first-stage results. Finally, ambigui-
ties are resolved using the Least-squares AMBiguity
Decorrelation Adjustment (LAMBDA) method [18]
and relative position is corrected in the third stage.
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One of the goals of ToA and DGNSS fusion is
to eliminate the DGNSS disadvantages. Several
works are dedicated to GNSS fault detection and
exclusion (FDE) using additional ToA observations
[19—21]. In [19], the authors applied the residual-
based snapshot method [22]; whereas the paper [20]
proposes a combination of the Kalman filter-based
receiver autonomous integrity monitoring [23] and
Huber’s M-estimation based Kalman filter [24].
Another paper [21] proposes an FDE method based
on Kullback—Leibler divergence (KLD) between a
prior and posterior distributions. According to the
findings, the KLD-based method outperforms the
traditional y2-based method in terms of robustness.

Overcoming interference inherent in GNSS sig-
nals allows DGNSS/INS/ToA methods to improve
the accuracy of absolute navigation. This approach is
known as cooperative navigation. The authors of [25]
examine cooperative navigation for multiple vehicles
(cars) in urban environments. The authors achieved
resistant absolute position estimation to multipath
and NLoS by adapting the sum-product algorithm
over wireless networks (SPAWN) [26] and the hybrid
cooperative extended Kalman filter (hcEKF) [27].

Subsequent several studies [5, 28, 29] on DGNSS/
INS/ToA CoopNav propose and analyze different
filtration methods. These papers consider cars and
UAVs as objects of navigation.

The ToA method, like all RF methods, is sus-
ceptible to jamming.

The article [30] that addresses this issue con-
siders a situation with partially denied navigation
signals (e.g., ToA jammers for some UAVs and
GNSS jammers for others). The authors proposed
a modified sigma-point belief propagation algo-
rithm (SPBP) [31] —SPBP of random packet loss
(SPBP-RFL), which uses the observations of several
UAVs at the current and previous steps.

Another disadvantage of ToA methods is require-
ment of peer-to-peer LoS signal propagation. The
NLoS error distribution significantly differs from
the Gaussian distribution, in particular, by heavy
tails [32]. Therefore, NLoS RelNav with ToA me-
thods requires solutions other than the traditional
Kalman filter. As a solution, the paper [32] pro-
poses the Generalized Maximum Correntropy Cri-
terion Kalman Filter.

According to the studies, the accuracy of
DGNSS/INS/ToA methods reaches 0.01 m.

Due to the fact that most commercial UWB
modules operate at high frequencies (3—15 GHz),
the range of ToA methods usually does not exceed
300 m [33, 34].

The ToA is vulnerable to jamming, multipath,
and NLoS and requires wide band.

Received Signal Strength

This method is based on the received signal
strength (RSS) measurements and involves peer-to-
peer radioranging by the signal-power attenuation at
the receiver. Attenuation under idealized conditions
is described by the Friis transmission equation [35]:

2
b GG, _* ,
P, 4nb,,

where P, and P, are the powers at a receiver and a
transceiver, respectively; G, and G, are the antenna
gains; X is the wavelength and b,, is the distance
between a receiver and a transceiver.

In practice, the accuracy of the RSS method de-
pends on the noise at the receiver, multipath and
NLoS, antenna pattern inhomogeneity, and atmo-
spheric distortion. Therefore, most of the work im-
proves the signal-power estimation accuracy.

The application of the RSS method in RelNav
is similar to the ToA method. The work [36] consi-
ders the problem of relative navigation in a GNSS-
denied environment. The authors introduced an
antenna gain analyzer that uses a predetermined
antenna pattern and INS/magnetometer/barome-
ter observations. To estimate relative position, the
authors implemented an Alan-variance-based ex-
tended colored Kalman filter.

According to the studies, the accuracy of the
RSS method is about 5 m and lower than that of
the ToA method. However, it does not require ad-
ditional equipment and can work with conventional
communication systems that UAVs already have.

The estimate of the RSSI method range is not given.

The RSS is vulnerable to jamming, multipath,
and NLoS.

Doppler shift

Another RelNav RF-method estimates range-
rate by measuring the Doppler signal-frequency
shift. The related dependence can be expressed as:

dbt,r . Afrc
dt ’ fo

where b,, is the distance between a receiver and a
transceiver; c is the speed of light; fjis the carrier
frequency, and Af, is the Doppler shift.

The paper [37] considers the use of Dedica-
ted Short-Range Communications (DSRC, IEEE
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802.11p) to range-rate through the Carrier Frequency
Offset (CFO) [38]. The proposed method fuses DSRC-
Doppler, DGNSS, and INS measurements with an
extended Kalman filter to obtain relative position.

The authors of [39] propose a DGNSS/INS/
ToA/DSRC-Doppler cascade method with float
and fixed steps. The float step provides the float
solutions and float SD ambiguities. Afterward, the
SD ambiguities are fed into the LAMBDA method
to estimate the integer ambiguities. Finally, a fixed
filter estimates the fixed relative position if possible.

According to the studies, the accuracy of
DGNSS/INS/DSRC-Doppler methods reaches
0.05 m.

The range of DSRC-Doppler methods is 1000 m,
according to the IEEE 802.11p standard.

The DSRC-Doppler is vulnerable to jamming,
multipath, and NLoS.

Direction of Arrival

We refer to all RF-methods that provide angle
measurements with a set of antennas as Direction
of Arrival (DoA).

The paper [40] discusses the relative navigation
(on a plane) of cars with placing UWB modules
on the cars’ roofs. The scheme is shown in Fig. 4.
Three UWB modules are installed on the roof of
each car, denoted as Py, P,, P;;and P,;, P,,,

Fig. 5. DoA scheme method in [41]

P, ;. The relative position is calculated using nine
range measurements denoted by colored lines. The
authors use the multilateration method, with the
Levenberg—Marquardt algorithm, and dead recko-
ning (INS and wheel odometry). With minor modi-
fications, this method can also be applied to UAVs.

In [41], the authors described a method to deter-
mine all relative rotational degrees-of-freedom (DoFs)
between two UAVs using a radio engineering ap-
proach, without the need of any non-RF sensors, such
as INS or GNSS receivers. In Fig. 5 X;, Y, Z;, and
X5, Y5, Z, are the local frames for UAV1 and UAV2; k
is the LoS vector between the vehicles. All rotational
DoF in a two-device system can be described by the
vector [, 0;, ¢, 6,, ], where @,, 6; are the spherical
azimuth and the elevation angles of the vector k in the
local frame of UAVi; a is the angle of rotation about
the vector k. The proposed method uses the direction-
finding techniques for multiple-input multiple-output
(MIMO) channels to estimate ¢,, 6;. Then the angle o
is estimated using a polarimetric observation. The
authors used the 6 MIMO antennas located on the
body of the UAV, which has a wingspan of 1.5 m and
a nose-to-tail length of 0.8 m.

According to the studies, the accuracy of DoA
methods is about 2—4°. The accuracy of the rela-
tive position estimation with DoA depends on the
distance between the vehicles.

The DoA range is not strictly limited. However,
as the distance increases, the accuracy of the rela-
tive position estimation dramatically declines.

The DoA is vulnerable to jamming, multipath,
and NLoS. The DoA methods require several an-
tennas to be placed separately on the bodies of the
UAVs. Therefore, the accuracy of these methods de-
pends on the size of UAVs.

Line of Sight

Visual navigation (VizNav) methods can be di-
vided into Line of Sight (LoS) and Environmental
Observations (EO) methods.

The single LoS methods estimate the LoS vec-
tor direction between vehicles from a camera-based
image. The scheme of the single LoS method is
shown in Fig. 6, a, where Image 1 is the image of
UAV0 taken by UAVI; P is the UAV0's position in
space; P, is the UAVO's position in Image 1; O, is
the optical center of the UAV1 camera. The LoS vec-
tor direction is estimated by the pixel coordinates P,.

One of the earliest studies on the LoS method
[42] describes a single LoS fusion with DGNSS/INS
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feature pixel coordinates, and the re-
lative height is estimated by the image
scale. Another study [46] on the nadir
EO method combines it with ToA/

INS methods for relative navigation
in a GNSS-denied environment.
Another VisNav method, Simul-

taneous Localization and Mapping
(SLAM), is widespread for single
UAVs. SLAM algorithms build a

Fig. 6. LoS methods:
a single LoS method; 5 double LoS method [43]

observations. The filtering algorithm has a two-
stage structure. The results of the LoS/INS and
the DGNSS/INS local filters are fused with the
master filter.

Another study [43] describes the double LoS me-
thod. Unlike simple LoS, the double LoS method
requires at least three vehicles: UAV0, UAVI, and
UAV2. The scheme of the double LoS method is
shown in Fig. 6, b, where all designations match
Fig. 6, a. The relative position of UAVO can be es-
timated using the baseline measurements between
UAV1 and UAV2.

According to the studies, the accuracy of LoS
methods is about 0.2 m.

The ability to identify vehicles against the back-
ground restricts the LoS range.

The LoS depends on the time of day and the at-
mosphere’s optical transparency.

Environmental Observations

The EO methods estimate relative position by
matching images of the environment taken by dif-
ferent vehicles. One of the EO methods involves
a terrain survey in the nadir. So, the paper [44]
describes simultaneously multi-UAV terrain map-
ping and relative navigation. The proposed method
matches feature points between two UAV ima-
ges using the Scale-Invariant Feature Transform
(SIFT) [45]. The scheme of the method is shown
in Fig. 7, where the green and blue areas indicate
the Field-of-View (FOV) of the UAVs’ cameras; the
red dots are common feature points in the images.
This method resolves four DoFs of a two-UAV sys-
tem: the relative yaw is estimated by feature orien-
tation, the relative plane position is estimated by

three-dimensional environment map

and estimate the position of a vehicle

relative to this map. SLAM typically

. employs monocular and binocular
cameras to match feature points on
captured images.

Applied to multiple UAVs, the SLAM algorithm
can be used collaboratively for relative naviga-
tion. So, the authors of [47] propose a collabora-
tive SLAM method for two vehicles equipped with
monocular cameras. The method fuses SLAM re-
sults and INS observations with EKF. The main
limitation of the method is the requirement of a
permanent overlap of the cameras ‘ FOVs.

In another paper [48], the authors proposed buil-
ding a global map to improve collaborative SLAM.
First, by matching features from several vehicles,
a sparse reconstruction of the observed environ-
ment is created. This reconstruction is then shared
as a global map between the vehicles (Fig. 8). After
that, each UAV estimates its own position relative
to the global map. Thus, the global map removes
permanent FOV overlap requirements. In addition,
this method can improve the accuracy of the posi-
tion estimate compared to a single SLAM. This is
possible when one of the vehicles does not observe
enough feature points for precise localization.

According to the studies, the accuracy of INS/
EO methods reaches 0.01 m.

The EO range is not strictly limited and depends
on camera resolution.

| |
| I
| |
| - |
| UAV2,/\~ |
| Ay I
| UAVI/?\' P ~ |
| // I TR /1y T |
| 1 % 4 Iy g |
: ;/ ! \\. M // !y ¥ :
I / by T e g I
| / I \ LA \ |
| ! | | 4 i il |
/ 4 \
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| L \ |
| |
| I
| |

Fig. 7. Nadir EO method [44]
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Fig. 8. SLAM EO method [48]

The EO depends on the time of day, the atmo-
sphere’s optical transparency, and the environ-
ment’s visual homogeneity. The EO methods call
for extensive computations and data sharing among
the vehicles.

Generic methods

Numerous works focus on generic methods not
related to a particular type of sensor [49—51]. One
of them [49] suggests a method for integrating UAVs
in a sensor network using a variety of sensors, inclu-
ding GNSS and UWB modules, INS, and cameras.
This method enables RelNav for a large number

of UAVs and enables measuring the
absolute position of vehicles by sub-
stituting stationary anchors for a por-
tion of UAVs.

Another paper [50] considers co-
operative navigation in an urban en-
vironment, independent of the Rel-
Nav method. Using GNSS data from
multiple vehicles and these relative
positions, the virtual centroid position
is estimated with increased accuracy.
Then, using the known relative posi-
tions of the vehicles and the virtual
centroid position, the coordinates of
each UAV are resolved.

In [51], the authors consider Net-
work Localization and Navigation
for mobile nodes. All measurements
are classified as intra-node (INS) or
inter-node RF-based (GNSS, ToA,
RSS, Doppler, DoA). So, GNSS satellites are con-
sidered as nodes in the network. In this problem
formulation, the RelNav theoretical limitations are
determined.

Since the generic methods do not consider cer-
tain types of sensors, it is impossible to compare
them with other methods.

Capabilities discussion

The comparative analysis results of the RelNav
methods for UAVs are summarized in Table 1. All
quantitative values in the table are consistent with
the considered works.

Comparative analysis results of the RelNav methods

Method Accuracy Range Disadvantages

Difference GNSS (DGNSS) 0.1 m no strict vulnerable to jamming/spoofing/multipath/NLoS; depend on the
limitation | availability of GNSS satellites

Time of Arrival (ToA) 0.01 m 300 m vulnerable to jamming/multipath/NLoS; require wideband

Received Signal Strength (RSS) Sm N/D vulnerable to jamming/multipath/NLoS

Doppler shift (Doppler) 0.05 m 1000 m vulnerable to jamming/multipath/NLoS

Direction of Arrival (DoA) 2-4° no strict vulnerable to jamming/multipath/NLoS; depends on the size
limitation | of the UAVs

Line of Sight (LoS) 0.2 m limited by | depends on time of day/atmosphere transparency
a camera

Environmental Observations (EO) 0.01 m limited by | depends on time of day/atmosphere transparency; complex calcula-
a camera tions and data transmission

Generic methods depends on types of sensors
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As a result of the review, we formulate the fol-
lowing main capabilities of the RelNav methods:

* The accuracy of most RelNav methods is com-
parable to Real-Time Kinematic, but it does not
require base stations. This capability is advanta-
geous in applications where absolute navigation
accuracy is less important than relative naviga-
tion accuracy.

e Almost all RelNav methods can work in a
GNSS-denied environment. In this case, their
accuracy is comparable to GNSS.

¢ Some methods (e.g., ToA) can be applied to co-
operative navigation to improve the accuracy of
absolute navigation.

* RelNav can improve collision avoidance. Since
RelNav has high accuracy at close distances
between vehicles, it can reduce the protection
space between vehicles and increase the density
of UAVs. In addition, some methods estimate
relative position error, which can also be used in
collision avoidance [16].

The main disadvantage of all RelNav methods is
their limited range. So, all the methods discussed in
the review have a maximum range of about one Kilo-
meter or significantly degrade in accuracy as the dis-
tance between UAVs increases. However, for multi-
UAV systems with a short distance between vehicles
(about 300 m), this disadvantage is negligible.

Conclusion

The review offers the RelNav method classifica-
tion and investigates its capabilities and limitations.
We selected 34 research papers for our analysis out
of the total number of papers covered. These were
the papers that offered the widest variety of RelNav
methods. At the same time, the proportion of the
selected papers for each type of method to those
that were covered for that type is constant.

The differential, RF-based, and visual RelNav
methods considered in this paper were developed inde-
pendently of each other and as part of integral methods.
Some studies propose improved RelNav filtering,
whereas others consider new combinations of sensors.

Subsequent work on RelNav is likely to be aimed
at further improving its autonomy, fault tolerance,
and accuracy. We should point out, though, that
very few papers focus on the technical aspects of
RelNav and the creation of systems that can be used
in real-world applications.

RelNav methods for multi-UAV systems can
significantly improve these systems’ autonomy and

navigational accuracy. However, despite the abun-
dance of papers on RelNav, it is not mentioned in
papers that are specifically focused on the applica-
tions of multi-UAV systems.

One of the possible reasons for this phenomenon
is the lack of off-the-shelf RelNav solutions that
could be used in experiments. However, RelNav is
not mentioned as a navigation option even in con-
ceptual works that consider theoretical multi-UAV
system applications. Therefore, this might suggest
that UAV researchers are still unaware of RelNav’s
capabilities.
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NnaHupoBaHue mapwpyToB noneta BI1J1A B 3apayax
rpynnoBoro naTpysiupoBaHUA NMPOTAXKEHHbIX TEPPUTOPUHN

B nHacmosuwee épems 00HOU U3 nepcneKmugHblx cghep coemMecmHo20 UCNOAb308AHUS OECRUNOMHbIX NeMAMeAbHbIX ANNaAPamos
(BIlJIA) seasemcsa epynnogsoe 6030yuiHoe nampyauposanue Goavuux meppumoputi. OpeanHu3ayus maxozo naAmpyiupoeaHus
npednonazaem peuienue 3a0a4u NAAHUPOGAHUS mapupymog nosema epynnst BIIJIA. B pabome paccmampueaemcs 3adaua on-
MUMANLHO20 NAGHUPOBAHUS Mapuipymog norema ooHomunuuix BITJIA npu epynnoeom nampyaiupoganuu meppumopui 604bulol
npomsaxcenHocmu. Ilpumepom makux meppumopuii Moeym CAyjuCUmb meppumopuatbHole 600bl UAU y3Kue NPUSPAHUUHbIE YHACH-
Ku Kakoeo-aubo eocydapcmea. I[lpednosazaemcs, umo nampyiupyemass meppumopus umeem olmanymyto opmy u pazouma
HA UenouKy CMedNCHbIX 30H Nampyauposanus, npednucanuvlx omoeavhvim BILJIA. Mapwpym nosema becnuiomuuka npoxooum
yepes cmedicHble 30Hbl. [lonemnoe 3adanue, 8binoAHAEMOE NEPUOOUHECKU KANCOLIM GeCRUAOMHUKOM, COCIOUM 8 e20 nepemeuje-
HUU 8 3A40aHHYI0 NOAEMHYH) 30HY, COOpe ONepamuéHbIX OAHHBIX U nepedaye Smux OAHHbIX HA NYHKM (4eHmp, CManyu) ynpas-
Aenus. Onmumu3ayuoHHbLI achekm NAGHUPOSaHus mapupymoeg nosema BITJIA cocmoum 6 mom, ymobsl ceecmu K MUHUMYMY
MAKCUMAAbHbIE CDOKU BbINOAHEHUS NOAeMHbIX 3adaHnul. Paccmampueaemas 3adaua epynnogoeo NaAmpyaupos8aHus c800Umcs
K MHOMCeCMEEeHHOU 3a0aue KOMMUBOSIHCepa — 0OHOU U3 KAACCUYECKUX MPYOHOpeuwaemslx 3a0a4 KOMOUHAMOPHOU ONMUMU3A-
yuu. Jlan Kpamkuil aHaau3 co8pemMeHHbIX Memooos peueHus MHONCeCMEEeHHOU 3a0a4u Kommueosicepa. B cesasu c omcymemeuem
ahpexmuenbIx MoOUHbIX Memodo8 peuleHus OAHHOU 3a0auu eCMecmEeHHO UCHOAb308AHUE NPUOAUNICEHHBIX FEPUCMUMECKUX U
Memas’a8pucmu4ecKux mMemooos, OPUEHMUPOBAHHbIX HA peuleHue UMeHHO NP-mpyousix 3a0au onmumusayuu, COKpauwarujux
noaHblll nepebop u darwux peuienue, 6auskoe k mouyHomy. Paccmampusaemas 6 pabome muoxncecmeennas 3a0ava KomMmueos-
Jcepa ceodumces K 3adaue yeaoHuUcAeHHO20 AUHEUH020 NPOPAMMUPOBAHUSA, 0N PelleHUs KOMOPOU NpedaoiceH eeHemu4ecKull
aneopumm, pearusosannnlii 6 cpede MATLAB na ocnose mamemamuueckoeo nakema Global Optimization Toolbox. Paccmompen
uanrocmpamugHslii npumep nampyaupoeanus mpems BIIIA npomsaxcennou meppumopuu ¢ 11 cmedxncHoimu 30Hamu. Boiuucau-
meabHble SKCnepuMeHmol N00meepucoarom 3hGeKmugHocmy nPedaoNCeHHbIX 8 pabome aneopUMmMU4ecKux peeHui.

Karoueenie caosa: epynna BIIJIA, nampyaupoeanue, naanuposanue mapuipymos noiema, yeao4ucieHHoe AuHeinoe npo-

epammuposanue, eeHemuyeckull areopumm, cpeda npoepammuposarnus MATLAB

Bsenenue

becnunoTtHble netateabHble anmnapatsl (BITJTA)
(becrtunoTHukH, ApoHBl;, aHria. Unmanned Aerial
Vehicles, UAV) npuo0pesin OrpoOMHYIO HOITYJISIP-
HOCTb B Pa3IMYHBEIX cdepax 4YeJ0BEeUeCKOM Oes-
TeJIbHOCTU Oylaromaps MX OYEBUIHBIM IIPEUMY-
1IeCTBaM — OOJIBILION 3KOHOMUYHOCTHU, IIPOCTOTE
B 9KCIIJlyaTallu¥, MajJoli CTOMMOCTU M OTCYT-
CTBUIO JIIOACKUX pecypcoB [1].

B nHacrosiiee Bpemsi HaOJIODaeTCsI CTPEMUTENIb-
Hoe pacumpenue coep npumeHenust BITJIA: nua-
FHOCTHKA HedTe- MM ra30IpOBOAOB, BBISIBICHUE
04YaroB JIECHBIX MOXAapOB, KOHTPOJIb 3a MaBOJKOBEI-
MU BOJAaMHU B peruoHax, 9KOJOTMYECKUA MOHUTO-
PUHT METrarojMcOB, MOHUTOPUHT JIMHUI 3JEKTPO-
repenay, IIOMCKOBBIE M cHacaTejibHbIe OIlepalliu
B Ype3BbIYAMHBIX CUTYAIUSIX, KOHTPOJIb 32 COOJII0-
JEHUEM IIOpSAKa Ha MAacCCOBBIX MEPOIPUSITHUSIX,

KapTorpagupoBaHue MECTHOCTH, MOHUTOPUHT JI0-
POXXHO-TPAHCIOPTHOM CUTYyallMM M MHOTOE APYyTOE.

OgHuM u3 BaXHBIX M Haumbojiee TpeHIO-
BbIX HampaBjieHUsXx ucrnoyib3oBaHus BITJIA kak
B BOGHHBIX, TaK U B I'PaXJIaHCKUX LENsIX SIBJS-
eTCsl OXPaHHO-MOHUTOPUHIOBAS ACSTEIbHOCTh
B BUJIE BO3AYIIHOTO nampyaupoeanus (0T ppaHiI.
patrouiller — XomAUTh A030pOM) TPOTIKEHHBIX
(BO3MOXHO TPYIHOAOCTYITHBIX) OOBEKTOB IyTEM
MOCTOSTHHOTO PETYJISPHOro, MEePUOJMYECKOr0 MX
obyera, cOopa M omnepaTuBHON Tepemadyn MHGOpP-
Mauuu (poTo-, BUAEO- U TEMJIOBU3UOHHBIX U30-
OpakeHuit) Ha CTAHILIMIO YIpaBJIeHUs O HaOmIoa-
eMOil C Bo3ayxa oOCTaHOBKE KakK Ha MepUMeETpe,
TaK M BHYTpPU IaTpyJupyeMoro obnekra. Bos-
OYIIHOE TMaTpPyJUMpOBAaHUE SIBISIETCS €CTECTBEH-
HBIM JIJISI MUCCHI HE TOJIbKO MUPHOTO BpPEMEHU
B LIEJSIX 3allUThl MATPYJIMPYEMOro o0beKTa, HO
1 BOCHHOIO BPEMEHU B LIESIX PEKOZHOCUUPOBKU
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(ot mat. recognosco — "ocMaTpuBalo, 00cIenyo”), T.
€. pa3BenKu, HAOII0AEeHWsI, BU3yaJIbHOIO U3YyUYEeHUS
MECTHOCTH, TlI¢ OpraHu3yeTcsi 00OpoHa MPOTHB-
HMKa B pailloHe MpeACcTOsIIIMX 00eBbIX NEHCTBUIA.

BrimosrHeHMe 3a1ad BO3AYIITHOTO MaTPyJIMPOBa-
HUS HaUJydyIlrMM oOpa3oM obecIieuuBaeTcs IMyTeM
ucnoab3oBaHus rpynnbl BITJIA, KoTopass MoOXeT
OCYIIECTBJISATH "TapaJlie/ibHOE" 1 HE3aBUCUMOE Pe-
lIeHUe TpeOyeMbIX 3aJay B Pas3IMYHBIX 00JIaCTIX
(3oHax) maTpyaupyeMoro ob0ObekTa. IpynmnoBoe
MPUMEHEHNE aBTOHOMHO (PyHKIIMOHUPYIOIINX, HO
COINIACOBAHHO YIIPABJISIEMBIX O€CITMJIOTHUKOB I10-
3BOJISICT PACIIUPUTH BO3MOXKXHOCTHU U CYIIECTBEHHO
MOBBICUTH MPOU3BOAUTEIBHOCTD IIpolecca IaTpy-
nupoBaHus. OTMETUM, YTO MO TPYIIIIOBBIM YIIPaB-
JnenueM BITJIA moHuMaeTcs yrnpaBiaeHUE KaxKIbIM
OECIMJIOTHUKOM, OO0€CIeUMBaIOIIEe TOCTUXKECHUE
o0lLIelt TpynnoBoit Lieau naTpyiupoBaHus [1].

Bnepsoie BITJIA Havanu mpuMeHSTH IJIs Ma-
tpyaupoBaHus rpanull B CIIA B 2004 r. CerogHs
OOJIBIIMHCTBO Pa3BUTHIX CTPaH aKTMBHO HCIOJIb-
3yeT OCCHMJIOTHUKHU [JIS BO3AYIIHOTO MaTpyIu-
pOBaHUSI CBOMX TPAaHML, OIHAKO 3Ta MHOpMa-
LIS HOCUT Cyry00 CKpBITHIN xapakTep. Ilpu aToM
3aJa4yy I'PYHIIOBOro MaTpyJadpOBaHUS HCCAEI0Ba-
HBI 3aMETHO XYyXe€, 4YeM MX aHaJIOTW OJIS ciydas
OIHOro OECIMJIOTHHUKA.

BoszayiiHoe marpyiavpoBaHue MpeAroaaraet pe-
1LIeHWe 3aJa4y IIaHUPOBaHMSI MapIlipyTa (aHIJI. Ve-
hicle Routing Problem, VRP) nomera BIIJIA. B Ha-
cTodieil paboTe, pa3BMBAIOILCH pe3yabTaT aBTOPOB
[3], maeTcd mocTaHOBKA W TPUBOAUTCS pelIEeHUE
3aJayd IJJAaHWMPOBAaHUS ONTHMAJIbHBIX MaplipyTOB
nojieta BITJIA mipu rpynmoBOM BO3AYIITHOM MaTpy-
JIMPOBAaHUU TEPPUTOPHU I OOJIBILION MTPOTIKEHHOCTH.

ITocTaHoBKa 3aa4M ONTHMAJIbHOM
MapmpyTu3anuu nmojera rpynnsi BIIJIA
KaK MHOXECTBEHHOM 3a/1a4i KOMMHBOSKepa

Knaccuyeckasg 3amadya MapuipyTH3aluK TpU
OMHOYHOM WJIM TPYIMIIOBOM TNaTPyJUMPOBAHUU
BITJIA HekoTOpO#i TeppUTOPUH, 3aJAHHOU MJTaHOM
MECTHOCTHU, 3aKJIIOYAETCsl B TOCTPOEHUU 3aMKHY-
TBIX MapUIPYyTOB 00JyieTa OECNUIOTHUKAMU JaH-
HOU TeppUTOPUU, NPOXOASIIIUX Yepe3 BCe MOJeT-
HBIE 30HBI MATPYJIUPOBAHUS W ONTUMAJBHBIX MO
HEKOTOPOMY KpUTEPHUIO (CM., Harpumep, paboThl
[4—12]). BecbMa momyasipHbIi TTOXO K IMTOCTAHOB-
K€ 1 pelIeHUI0 3a/layi ONTUMAabHOK MaplipyTHu-
3auuu BIIJIA mpu rpyInIioBoM MaTpyJIvMpOBaAHUU
3aKJjoyaeTcs B ee (opMmasiu3aluu Kak MHOdMce-

cmeéennol 3adavu kommueoaxcepa (auri. Multiple
Traveling Salesman Problem, MTSP), numenyemoii
TaKXe 3aJadeiit o m 6podauux mopeosyax, B KOTO-
poii gormycKaeTcs 0oJjiee OMHOIO KOMMUBOslICepa T
KOTOpasl SBJsIeTCS 00O0OILIeHUEM 3adauu KomMMiu-
eoaxcepa c 00num kommueosaxcepom (TSP). K no-
clielHel, KCTaTh, CBOAMTCS 3ajJadya MaplIpyTu3a-
UM TaTPyJUMPOBAHUS TEPPUTOPUM OJMHOYHBIM
oecnmumoTHukoM. CoBpemeHHoe cocTossHue TSP
nu MTSP otpaxkator nyoaukauuu [12—20].

PaccMoTpuM clieHapuil MOCTOSSTHHOTO BO3MYIII-
HOrO0 MOHMUTOpPHMHIA 3aJaHHONA TEPPUTOPUU TpPyMH-
noit BITJIA. Tlpenmnoaraercsi, 4To Bce JOCTYIHBIE
BITJIA ogHoTunHebl. IloneTHoe 3agaHue A Kax-
JIOTO OECIMJIOTHUKA BBITIOTHSETCS TEPUOTNIECKH
1 COCTOUT B €ro IIepeMellicHNH B 3aJaHHYIO MOJIeT-
HYIO 30HY, COOpe onepaTUBHBIX JAaHHBIX M IIepeaa-
Yye 3TUX JaHHBIX Ha CTAaHLMIO yrpaBjaeHus1. OCHOB-
HBIMU TI0Ka3aTeIsIMU Ipoliecca IaTpyIupoBaHUS
SIBJISIIOTCSI: BpeMsl 3ajiep:XKKa MaHHBIX (BpeMs I0-
CTaBKM) OO CTaHUMM YIIpaBJIEHWs U 4acToTa II0-
BTOPHOI'O peiica (Typa) B 30HbI HaTPyJIMPOBaHUSI.

CuuTtaeM, 4YTO IaTpyjupyeMas TeppUTOpUS
HMEET BBITSIHYTYI0 (opMy U 00Opa3yeT LIEMOYKY
CMEXHBIX 30H HaTpyaupoBaHus. IIpoToTmmom
TaKO TEPPUTOPUM MOTYT CIYXUTh TEPPUTOPU-
aJbHBIC BOABI WJIM Y3KUE NPUTPAaHUYHBIE YYACTKH
KaKOro-anubo rocymapcraa.

Hanum maTeMaTH4ecKylo (popmanin3aiuio pac-
CMaTpWBaeMOM 3aJa49y MaTPyJIUPOBaHMUSI.

BBenem cienylomue obo3HaueHUs: N — 4MUCIIO
30H maTpynupoBanusa; m — uuciio BITJIA, Hero-
CPEICTBEHHO 3alIeiiICTBOBAHHBIX IS MaTPyIU-
posanus; P = {p,, py, ..., Py} — YHOPSIAOYEHHOE
MHOXECTBO BCEX 30H MATPyJIUPOBAHUS, IPUYEM P;
U p;y; — CMEXHBIE (TpaHMYallMe OPYT ¢ IPYyTOM)
30HBI; d — MeCTO 0a3upoBaHUS OECIUIOTHUKOB
(manee — nemno); t; — BpeMs NaTPyJIUPOBaHUS i-i
3oubl (i = 1,N); 1;; — BpeMs T0JeTa 6eCIMIOTHH-
Ka OT 1eno d 10 i-il 30HBI; T;,; — BPEMS €ro rnojera
OT /- 30HBI 110 femo d; T; — MpOIOIXUTETBHOCTD
BBIIIOJIHEH U j-T0 3agaHus (j = 1,m).

Pa3zbuenue matpyaupyeMmoit Tepputopuud Ha T
30H MJLTIOCTPUPYET puc. 1.

KoHpurypanimoHHO MOJENBIO paccMaTprABae-
MO 3aJa4u MOXET CIIYXUTb rpad

G=(V E),

rne V= P v {d} — MHOoxecTBO BepuiuH, £ —
MHOXECTBO pedep, IPeaCTaBISIOIINX BO3MOXHbIC
BapuaHThl nepeMeuieHuss BITJIA. OTtmetuMm, 4ToO
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Puc. 1. Pa3ouenne TeppuTOPHH HA 30HBI NATPYIHPOBAHMS
Fig. 1. Splitting of the territory into patrol zones

noarpa¢d G[P], oOpazoBaHHBIT MHOXECTBOM Bep-
IMH P, uMeeT "HeIoYeuyHYI0" CTPYKTYPY.

[lonaraem, urto 7Task,, Task,, ..., Task, — mo-
JIETHBIE 3aJaHus, a N; — 4UCJI0 30H, MpPeaNUCaH-
HBIX i-MYy 3afaHut0 Task;, Tak 4To

N; 21, i=1m

1

N=N +Ny+...+N,,

)
2

MPpUYEM CUMTAEM, YTO 3anaHue Task; OXBaTbIBaeT
nepsble N| 30H, 3ananue Task, — MoCienyIOLIUE
N, 30H U T. 1.

BBeneM MHOEKCH

Il =1,]2 =[1 +N1,...,

I 3
wdy =1, +N, I N.

m-1> tm+1 =

Taxum oO6pa3oM, ITPOTOIKUTETBHOCTD BBITIONTHE -
Hu4 i-ro 3aaaHus Task; onpenesnsieTcsi paBeHCTBOM

Ti=rg+ty+ 2 t,i=lm “)

I < j<liy

BBeneM B KauecTBe kpumepus 3¢pgexmusHocmu
MJIaHa MOJIETHOTO 3alaHM sl MaKCMMaJbHOE 3Haue-
HUE BPEMEHU BBITIOJHEHUST BCeX 3aJaHUM:

Thax = max T. )

1<j<m

Torga oONTUMM3aLMOHHBINA aCMEKT paccMma-

TpUBAEMoOil 3aJauyu TUJIAHUPOBAHMSI MapuUIPyTOB

IPYINOBOro MaTpPyJIMPOBAHUSI COCTOUT B MUHU-

MM3aLUU JAHHOTO KPUTEPUSl, T. €. MUHUMU3ALUU
MaKCHUMaJIbHbIX CPOKOB BBITIOJIHEHUS 3alaHUM:

T ax — min. (6)

TakuM o0pa3om, paccMaTpuBaeMasi 3ada4a On-

mumanvHou mapupymusayuu nosema epynnot bI1JIA
ccopmynupoBana kak MTSP Buna (5), (6), (1)—(4).

MeToabl pemicHUA 3a1a49 KOMMHUBOsS2KEpaA

TSP saBnsgeTcs KiIo4eBOl 3amadyeil TpaHCIIOPT-
HOIl JIOTUCTUKM, 3aHUMaeT 0co00e MECTO B KOM-
OMHATOPHOIM ONTUMU3ALUU U yxXe Oosiee 90 ner
MPOJOJKAaeT IPUKOBLHIBATH BHUMAaHME MCCIEIO-
Barenei [21]. JlaHHas 3agada SBJISETCS OMHOM
U3 CaMbIX CJIOXHBIX, TPyIHOPELIAeMBIX OIITHU-
MU3alMOHHBIX 3a/Ja4, CBSI3aHHBIX C OTBHICKAHUEM
HauboJjiee SKOHOMUYHOIO LIMKJIMYEeCKOro obxona
(MapuIpyTa KOMMUBOSIXKEpa) AJs 3aJaHHOTO KO-
HEYHOTO MHOXecTBa "KJMeHTOB'. g pelieHus
3agauyu TSP 1o cux mop He HaiJIeHO OBICTPHIX IO~
JIMHOMUANIbHBIX anropuTMmoB. Eme B 70-x romax
MPOILIJIOTO CTOJIETUSI ObIJIO AoKa3aHo, 4yTo TSP
saBisieTcss NP-nmonHoil (Nondeterministic Polyno-
mial) TpaHCBBHIUMCIUTEIbHOU 3amaueir [22, 23].
Tak, HanmpuMep, Jazke IPU OTHOCUTEIbHO HEOOb-
IIOM 4YHKCJIe TYHKTOB (>66) B MapluipyTe obxona
JaHHas 3a7avya He MOXET ObITh pellleHa METOAOM
rnepedbopa BapMaHTOB HUKAKUMU TEOPETUUYECKU
MBICIMMBIMHM KOMIIBIOTEpAMU 3a BpeMsl, MEHbIIIEe
HECKOJIbKMX MUJIJIAAPIOB JIET.

CylLecTBYeT MHOXECTBO pa3IMYHBIX METOIOB Pe-
meHust TSP u MTSP. Ilpu Bcem MHOroo6pasuu Bce
5TU METONbI, KaK IIPaBUJIO, OTHOCSITCS K OTHOM W3
JByX KaTerOpuii: TOUHbIC U SBPUCTUYECKME METObL.

Tounble MemoObl BHIIOJIHSIOT TIOJNIHBINA Tepedop
BCEX BapuaHTOB. MHOrma OHU IO3BOJISIIOT HAKNTU
pelleHue ObICTPO, HO B OCHOBHOM IIOMCK IIPOMC-
XOOUT MO BceM MapuipyTaMm (myHKTam). Cpenu
TOUHBIX MeTOHOB peuieHUs TSP BbuigeInM MeTon
MoJIHOro mnepebopa (MM MeTonm 'TpyOoil CuIIbI",
aHr. brute force), MeTon HampaBJICHHOrO MOKMCKa
¢ BO3BpaTaMu, MeTOll (DMKTUBHEIX Y3JI0B U BETBEH,
METOJl BETBEW W T'PaHUIl, METOI BETBEU U OTCeYe-
HUI1, METOI TMHAMMUYECKOTO IIPOrpaMMUPOBAHUSL.

IMockonbky MTSP nMeroT HemoMepHO BLICOKYIO
BBIUMCIUTENBHYIO CJI0KHOCTD, TO TOYHBIC METO/IbI,
KakK MpaBUJIO, HE MOTYT MPUMEHSThCS IJIs 3amad
oonpioi pasmepHocTu. Ilo aToii mpuunHe Oojee
MPEANOYTUTEIABHBIMU  SIBIISIIOTCSL  NPUOAUNCEHHbIE
MemoObl, KOTOPbIE OTHOCITCS K 38pPUCIMUUECKUM
Memoodam N SIBJSIIOTCSI JOBOJBHO 3((PEeKTUBHBIMU,
MOCKOJBKY COKpAIllaIOT IOJHBIA Tepebop Mapiil-
pyToB. OHM TeHEepUPYIOT pelIeHUs, OJIU3KUe K OIl-
TUMajJbHOMY, HO 3a IIpUEMJIEMOE II0 CPaBHEHUIO
C TOYUHBIMU MeTojgaMu BpeMs [24—27]. Bo MmHoOrux
U3 HUX HaxogdT He 3(PGeKTUBHBLIN, a 0a30BbIi
MapIIpyT, T. €. IPUOIMKEHHOE pelleHUue, KOTOPOe
B JaJIbHEHIIEeM YIy4llaeTcs.

ITo crmoco®by hopMUpOBaHUS UTOTOBOIO MapIll-
pyTa 3BPUCTHYECKHUE AJITOPUTMbI MOXHO pasiec-
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JINTh Ha JBa KJacca: KOHCTPYKTHBHBIE U HMTepa-
IUOHHBIE SBPUCTUKH.

Koncmpyxmuenwvie sepucmuxu (Tour Construc-
tion Heuristics) reHepupylOT OAMH YHMKaJIbHBIMI
MapLIPyT IJIST KaXIOM pelraeMoi 3agadym 0e3 I1o-
cieaylolero ero yayuineHus. K nanHHomy kiaccy
OTHOCSIT aJrOpuUTM OJMKAWIIEero cocema, Kaui-
HBIII aJTOPUTM, 3BPUCTUKMN BCTABOK, AJTOPUTM
Kpucropumeca. C moMolIbl0 JaHHBIX 3BPUCTUK
MOCJIEA0BATEILHO CTPOSIT AOIYCTHMMOE pelleHue,
I00AaBIISASI B HETO BEPILIMHBI, ITOKA ITOJTHBINA MapI-
pyT He OyaeT chopmupoBaH. Kak npaBujo, ¢ 1o-
MOIIBIO JAHHBIX 3BPUCTUK IIOJYYAIOT pPEIICHMUS,
ycTynaroiue onTuMmaabHoMy okojo 10...15 %.

HUmepayuonnvie 36pucmurxu (Tourimprovement
Heuristics) HauMHaOT paboTaTh C YX€ TOTOBBIM
MapuIpyTOM, IMOCTPOCHHBIM OTHUM M3 KOHCTPYK-
TUBHBIX METOIOB, ITOCJEAOBATEILHO YJIYUIllasl ero
Ha Kaxgoi urepauun. Cpeayd UTepallMOHHBIX Me-
TOOOB MOXHO BBIACIUTH OTHACIABHBIN KJIACC ajro-
PUTMOB, KOTOPHIM HOCUT Ha3BaHUE Memas’epucmuK
(Metaheuristics). OTo HOCTaTOYHO OOIIKME HUTEpa-
IUOHHBIE TPOLIEAYPHI, MCIOJb3YIOIIe PaHIOMMU-
3allMI0 U 3JIEMEHTHI CaMOOOYYeHMs, MHTeHCUDU-
KallMIo U IMBepcU(UKAILIMIO TIONCKA, afallTUBHBIC
MEXaHM3MBI YIIpaBJICHUS, a TaKKe KOHCTPYKTHB-
HBIE 9BPUCTUKM M METOIBI JIOKAJHHOI'O ITOMCKA.
3dech ciaenyeT BBIOCIUTD, TPEXIe BCEro, METOMBI,
BIOXHOBJICHHBIC IIPUPOAHBIMHU SIBJICHUSIMHA U OMO-
VHCIIMPUPOBAHHbBICE METOMIBI, KOTOPBIC PEIIAIOT 3a-
Jadyy ONTUMM3ALUU METOAOM IMpoO U OIIMOOK 6e3
CTPOTOro MaTeMaTU4YeCKOro OO0OCHOBaHUSA. Me-
TadBPUCTUKHU TPUHATO ISINTh HA TPaeKTOPHBIC
METOMIbI, KOTJa KaxXIOW MTepalii COOTBETCTBYET
OIIHO JOITYCTMMOE peIlIeHWe, M Ha aJITOPUTMBI, KO-
TOpbIE pabOTAIOT Cpa3y C HNOMYJISLMEH peLIeHUIA.

K mepBoii rpymme OTHOCSIT METOIBI MMUTALIUM
otrxwura (Simulated Annealing), METOIBI ITOKUCKA C 3a-
npetamu (Tabu Search), mouncka ¢ yepenyOIIIMUCS
okpectHocTssMu (Variable Neighbourhood Search).
Ko BTOpOIT IpyIie OTHOCSAT METOOBl MYPaBBMHBIX
konoHuit (Ant Colony Optimization), BepOSITHOCT-
Hble )XagHabeie MeTonbl (Greedy Randomized Adaptive
Search Procedure) u ap. B manHoi1 rpymnmne MeTass-
PUCTHUYECKUX METOHOB mjis peieHuss MTSP Hau-
OOJIBIITYIO MOMYJISIPHOCTD IIPHOOPEN TeHETUIECKIE
anmroputMmbl (Genetic Algorithms, GA). Ilpumene-
ane GA mng pemienust MTSP BniepBeIe ObIIO TIpe-
JIOXXEeHO B pabore [28] u IMoay4Ynsio pa3BUTHE B pa-
6otax [29—36]. Ilpu 3TOM BpeMeHHas CJIOXHOCTb
GA nipencrasisiercst opmyioit: O¢MN?), e N —
YMCJIO 30H IaTpyIupoBaHus; M — YNCIEHHOCTh
MO YJISIIIAM; ! — YKUCIJIO TIOKOJICHUA.

OnHako HauOoJiee 1eJecO00pa3HO MUCIOJIb30-
BaTh NpemIoXeHHbl B 1960 . Munnepom, Take-
poM u 3emanHoM MeToa cBemeHusi TSP k 3amade
LIEJIOYMCIIEHHOTO JIMHEHHOTO MPOrpaMMUPOBaHUS
(LJIIT) [37]. JdaHHBI MeTOA, OCHOBaHHBIM Ha
BBEICEHWM aJIbTEPHATUBHBIX YCJOBUI yCTpPaHEHUSI
noamapuipytoB (MTZ-inequality form), momyuwun
pacnipoctpanenue Ha MTSP (cMm., Hampumep, pa-
ooty [38]). B Hacrogieir pabore paccMaTrpuBae-
Mast MTSP ontuManbHOI MapuIpyTU3aluuu mnojera
rpynnbl BITJIA takxe cBogutcs K 3amaue LIJIIT.

CBeleHne MHOXKECTBEHHOM 3a/1a9M KOMMHBOSIKepa
K 3ajJla4e 1eJIOYHCJIEHHOrO JMHEHHOTO
NpOrpaMMHPOBAHMS

B kayecTBe HEM3BECTHBIX BbIOEpEM CllEdyIO-
111e TepEMEHHDIE:
x;=1;,, i=Ln,

(7)

i+l
rae
n=m-—1.

@)

33.MCTI/IM, YTO OAaHHLIC MCPEMECHHDBIC ABJIAIOTCA
HEJIOUYMCICHHBIMHU!

x;eN, i=1n,

(©)

rne N = {1, 2, 3, ...} — MHOXECTBO HaTypaJbHbIX
qyuCce.

Hcxons u3 cMbIcaa paccMaTpUBaeMOil 3aJaun Ha-
JIOKMIM OTpaHUYeHUS Ha BBEICHHBIC IIEPEMEHHBIE:

X, <x; <xy, i=1n, (10)
rae

(11)

CornacHo ycinoBusiM (1) u (3) BBINOJHSIIOTCS
HepaBeHCTBA

xL=1, XU:N‘

X; <Xy <...<X,,
KOTOpPBIE, C YUYETOM LIEJIOYUCIEHHOCTU TEPEMEH-
HbIX (7), MOXHO Mepenucarb B BUIE CIAEAYIOUIMX
HECTPOTUX HEPABEHCTB:

_xlg_

2,
x| — X, < -1, (12)

MexaTpoHuKa, aBTOMaTH3aus, ynpasjienue, Tom 24, Ne 7, 2023

377



BBeneM n-MepHBI BEKTOP-CTOJIOEI] HEW3BECT-

HBIX MMePEMEHHBIX:
X = col(xy, x,,...,X,). (13)

HepaBenctBa (12) MOXHO 3amucaTb B BEKTOP-
HO-MaTpUYHOI (opMe:
Ax < b, (14)

rae A — JIeHTOYHAas AByXaUaroHajbHas n X n-mart-
puna; b — n-MepHBII BEKTOp-CTOIOCL:

-1 -2
I -1 -1
A = .. ., 9 b = .
1 -1 -1
Kpurepuit addexktuBHocTu (5) sABAsIeTCS
n-MepHoi (pyHKIIMen
Thax = F(x), (15)

onpenensiemoit cootHoieHusiMu (1)—(5), (7)—(9), (13).

OnrtumusanmoHnHas 3agada (15), (6) ¢ yueTom
orpannueHuit (9)—(11), (14) saBnasierca 3anayei
LIJIIT [39].

CyluecTBYIOT JBa OCHOBHBIX KJjlacCca METOIIOB
pemenus 3amad LJITI: mounsie memoow:, TapaH-
TUPYIOIINE HAXOXICHNE ONTUMAJILHOTO PEIIeHU S
(metonm I'omopu, MeTom BeTBell M I'paHUIl, METOMI
JIUHAMHWUYECKOTO IIpOTpaMMUPOBAHUSA), W HPU-
OaudceHHble I8pUcmuyecKue memodsl, CIIOCOOHBIC
OBICTPO HAWTHU MPUOIMXKEHHOE pelIeHUe, Cpeau
KOTOPBIX CaMbIM PacCHpPOCTPAHEHHBIM SIBIISIETCS
meton GA. JlaHHbIiI MeTOH, 00Jagasi IpOCTOTOM
U TUOKOCTHIO, 0OecrieunBaeT pelleHue 3a1a4u ny-
TEM ciaydyaiiHoro Irnoadopa, KOMOMHUPOBAHUS U
BapHallMi MCKOMBIX ITapaMETPOB C MCIIOJbh30Ba-
HHEM MEXaHN3MOB, CBOMCTBEHHBIX €CTECTBEHHO-
MY OTOOpY, IPOUCXOASILIEMY B IIPUPOIE.

B meTone GA uckomoe pemenue 3agaun LIJITI
npeacTaBisieTcsl B BUAe Bektopa ("XpoMocombl").
Cnay4yailHBIM 00pa3oM cO3JaeTcsd HEKOTOpoe
YUCJIO HayaJbHBIX BEKTOpPOB ("HauajabHasl MoO-
nyasanus'), KOTOpBIe OLIeHUBAIOTCA "(pyHKIMEH
npucnocodiaeHHocTn". Kaxmomy BekTopy IIpu-
CBaMBaeTCs ompeaejaeHHoe 3HadeHue ("IpUcCIio-
COOJICHHOCTE'), U IIPOBOAUTCS WX CEJICKILIWS IS
Jonycka K gajabHeiueil spoatouuu. K momyieH-
HBIM BEKTOpaM MPUMEHSIOTCS '"TeHEeTUYEeCKHe
orepaTopbl” ('cKpelmmBaHue" — crossover U "My-
Tauus' — mutation), B pe3yJIbTaTe 4ero co3gaeT-
cs caepyloniee "mokoseHue". Ocobu CleayiolIero
MOKOJICHUSI TaKXKe OLIEHMBAIOTCS, M 3aTeM IIpO-

BOJMTCS CEIEKLMS, IPUMEHSIIOTCS TeHETUUECKIE
ormepartopel U T. A. B pe3ynabrate Momenmpyercs
"3BONIIOLMOHHEIN TIpoliecc”, IIPOMOJIKAIOIINICS
HECKOJIBKO >KM3HEHHBIX LUKJIOB (MMOKOJEHUI1),
MoKa He OyAeT BBLIMOJHEH KPUTEPUI OCTAaHOBA:
HaxOXJEHUE CyOONTUMAIbHOI'O PELICHUS; UCUYEP-
MaHue YKCjia MOKOJIEHWN JUOO BPEMEHM, OTITY-
IIEHHBIX Ha 9BOJIIOLUIO.

HeobxonmMoe mporpaMMHOE CPEICTBO JJIST pe-
mweHus 3agauu LIJIIT metomom GA mpemocTaBisieT
MaTeMatudecknii maket MATLAB. B oubnmoreke
naketa Global Optimization Toolbox reHeTHYecKIiA
aJITOPUTM peajn30BaH B Buae GyHKIUM ga. Opar-
MEHT IIpOrpaMMBI TSI peILIeHUST pacCMaTpUBAEMOM
ONTUMM3ALIMOHHOM 3a1a4M MPEICTaBICH HIXKE.

Aeq =
1b =
ub
nonlcon =
intcon =

[libeq = [1;

ones(n,1);

N*ones(n,1);

[1;

[1:n];
ga(@F,n,A,b,Aeq,beq,1b,ub,
nonlcon,intcon)

[x,Tmax] =

LeneBass ¢yHkuus F(X) mTporpaMMupyercs
B BHUJe oTeabHOTO M-(aiima ¢ mmeHem F.

IIpumep

IIponeMoHCcTpUpyeM pe3yabTaT pellleHus 3a1a-
YM Ha MOJIEJIbHOM IIpUMEpPE C ONMHHAALAThIO 30-
HaMmu natpyiaupoBaHus (N = 11) u Tpems BIIJIA
(m = 3). UHTepBaabl BPEMEHMU Ty, 3aTPAYUBAEMO-
ro Ha MaTpyJMpPOBaHKE 30H T; U NoJIeTa OECIIUIOT-
HHUKa OT Aeno d o i-ii 30HBI NaTpyJIUpPOBaHUS,
MIPEACTABJICHBI B TA0IULE, IPUYEM MTPEATIONAraeT-
cs, 4TO Tjg =Ty, i=1,N.

PesynbraThl BHIYMCIEHUSI ONTUMAJbHOIO pe-
IIeHU S, MTOJYYEHHOro ¢ IpUMeHeHUueM (yHKIIUU
ga, UMEIOT BUI

x = col(6, 9); T; = 11,70, T, = 10,10,
T, = 12,55; T, = 12,55.

Bpems noJieTa OT Aeno 10 30H NATPYJIMPOBAHUSA
M BpeMs MX NMATPYJIMPOBAHUSA

Flight time from depot to patrol areas and their patroltime

Howmep i 30HBI maTpynpoBaHus
Bpewms
1 2 |34 |56 (7] 8 9] 1011
T 1,51 1,7512,0{2,25|2,5(2,753,0| 3,25 3,5| 3,75 | 4,0
Ty 1,0 1,0 |0,9| 0,8 |0,7] 0,6 {0,5]| 0,5 [0,5| 0,6 | 0,8
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Puc. 2. OnTumajbHoe pacnpenesieHye 30H NaTPyIMPOBAHUSA
Fig. 2. Optimal distribution of patrol zones

OrtBeyvalolliee HAliAEHHOMY PEILIEHHUIO pacIpenc-
JIEHWE 30H MaTpyJUpOBaHUs UILTIOCTPUPYET puUC. 2,
rae uugpbl B ckodkax o0o3Havyaror Homep BITJIA.

sl cpaBHEHUS TIpUBEIEM APYroe pelieHue:

x = col5, 7); T, = 9,30, T, = 6,55,
T, = 18,80; T, = 18,80.

3akiaoyeHue

M3moxeH HOBBIA MeTOHN IIJIAHMPOBAHUS Mapiil-
pyroB moiyera rpynmnsl BITJIA B 3amauax maTpynu-
pOBaHUSI TEPPUTOPUIA OONBIION ITPOTSKEHHOCTH.
[Ipenmonaraercst, 4TO0 maTpyaupyeMass TeppPUTOPUSI
MMeEeT BBITSIHYTYIO (popMy, OHa pa3dmuTa Ha LIETIOUKY
CMEXHBIX 30H MHaTpyJMpoBaHus. MapllipyT mojeTa
OTEJILHOTO O€CIIMIOTHUKA IIPOXOAUT Yepe3 CMEXKHbBIS
30HBL. 3amavya paclpeiesieHus] 30H 110 MaplipyTaM
nojieta B rpymne BITJIA sBasercs MTSP, kotopast
cBoautcs K 3agade LIJITT. Inst ee peuieHus: mpen-
JlaraeTcsl MCIonb3oBarh MeTon GA. Berumcimrensb-
HBIEe 9KCIIEPUMEHTHI IOATBEepXKAaI0T 3¢ (PEKTUBHOCTD
MPEIJIOKEHHBIX aJITOPUTMUYECKNX PEIICHUIA.
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Currently one of the promising areas of joint use of unmanned aerial vehicles (UAVs) is group air patrolling of large
territories. Here the organization of patrolling assumes the solving the planning problem of routes flight of UAV group. The
paper considers the problem of optimal planning of flight routes of the same type of UAVs during group patrolling of large
territories. The territorial waters or narrow border areas of any State may serve as an example of such territories. It is sug-
gested that the patrolled area has an elongated shape and is divided into a chain of adjacent patrol zones prescribed by a
separate UAV. The drone’s flight route passes through adjacent zones. The flight task performed periodically by each drone
consists in moving it to a given flight zone, collecting operational data and transmitting this data to a control point (center,
station). The optimization aspect of UAV flight route planning is to minimize the maximum time required to complete flight
tasks. The considered problem of group patrolling reduced to the multiple traveling salesman problem — one of the clas-
sic intractable combinatorial optimization problems. A brief analysis of modern methods for solving the multiple traveling
salesman problem is given. Due to the lack of effective exact methods for solving this problem, it is natural to use approxi-
mate heuristic and metaheuristic methods focused on solving NP-hard optimization problems, reducing the full search and
giving a solution close to the exact one. The multiple traveling salesman problem considered in this paper is reduced to the
problem of integer linear programming, for the solution of which a genetic algorithm implemented in MATLAB based on
the mathematical package Global Optimization Toolbox is proposed. An illustrative example of patrolling by three UAVs
of an extended territory with 11 adjacent zones is considered. Computational experiments confirm the effectiveness of the
algorithmic solutions proposed in the work.

Keywords: UAV group, patrolling, flight routes planning, integer linear programming, genetic algorithm, MATLAB
programming environment
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ToMckuiA rocygapCTBEHHbIN YHUBEPCUTET CUCTEM YNpaBneHUs 1 pagmuoaneKTPOHUKN

KnHemaTtnueckas mogenb cTabmMnusauum n ynpasreHUsi opueHTaumuen
nogBecHOM annapaTypbl 6ecCnUIOTHOro neTaTenbLHOro annapara

Cmamovsa noceaujena pazpabomke u uccaed08anuio KUHeMamu4eckou mooeau cmabuausayuu u ynpaeieHus opueHmayueul
nodeecHoli annapamypusl 6echusomuoeo asemamensvnozo annapama (BIIJIA). Co3dannas modeav 6azupyemcs Ha KuHemamu-
yeckou modeau mpexocrhoeo kapoannoeo nodseca (TKII): cmpyxmype TKII das BIIVIA, mamemamuueckom onucanuu TKIT
BI1JIA u 6bi600e Kunemamuueckux ypagHeHull 045 3a0a4 cmaduiu3ayuy u ynpagieHus opuenmayueli N008ecHol annapamypbl
BIIJIA. B oowem cayuae 1600 kunemamuyeckux ypaenenuti TKII na BIIIA seasemcs caoxucusim npoyeccom u nodoben no-
CMPOeHUI) KUHeMAamu4eckou Mooeau poboma-maHunyaamopa ¢ wecmoio cmenenamu c6o6odoi. TKII paccmampueaemcs kakx
MAHUNYASAUUOHHBIU MEXAHU3M C WeCmbl0 CMeneHamu c6o000bl: mpu cmeneHu c800600bl onpedeasiomces nosopomamu bBIIJIA
80Kkpye ocell cucmemsl Koopounam, npukpeniennoi Kk BIIJIA, u mpu cmenenu c60600si 3adaromces pamkamu TKII no kanaram
DbICKAHUs, KDeHa U maneaxica npu 8pau,amenbHulx 08UNCEHUAX IMUX PAMOK 80KPY2 COOMEEMCMEYIOWUX ocell cucmem Koopou-
Ham, npukpennennvix k pamkam TKII. Taxas nocmanosxa é o6wem cayuae ne umeem 00HO3HAYHO20 peUuleHUs 045 NOCMABAeH-
HbIX 3a0a4 cmabuausayuu u ynpasienus opuenmayueti nodgecuoti annapamypsl BILIA. /las yempanenus smoi Heo0HO3HAY-
HOoCcmU ucnoav3yemcsa onmumusayus 6 npoyecce npoekmupoganus TKII u ycmanosxa TKII ¢ makux noaoxcenusax na bBILIA,
KOMmMopble CHUNCAIOM BbIYUCAUMENbHYIO CAOICHOCMb peulaeMbiX 3a0a4. Kunemamuueckas modenv npedcmaenena 6 cmamoe
KuHemamuveckumu ypagHeHUsIMU, peulenue Komopoix obecneuugaem cmaburusayuio noosecroli annapamypol BI1JIA, u kune-
Mamu4ecKumu ypasHeHUAMU, peuleHue KOmopblx no36o01sem ynpasaams annapamypoi (eudeoxamepoii) BIIJIA npu caexcenuu
3a nodeudcHuiMU obsekmamu (deuxcywumucs yeaamu) 6 npocmparncmee. B npoepammuou cpede MATLAB Simulink cozdana
modeav TKII, na octoge Komopoli 6binoAHeHO MOOeAuposaHue mpexocHol cucmems cmaburuzayuu annapamyps BILIA u
ModeaupogaHue mpexocHou cucmemul caexcenus BIIIA 3a deuscywumcs ob6sexkmom 6 npocmpauncmee. Pezysomamor modenu-
poearus 6 npoepammuou cpede MATLAB Slmulink dokazviearom adexeamnocmov pazpabomaHHOU KuHeMamuueckoi mooeiu
TKII u ee sghpexmusrnocms 045 peuienus 3aday cmabuiu3ayuy u ynpasieHus opuenmayueti nodgecnou annapamyps BILJIA.

Karueevte caosa: 6ecnusomuslii 1emamenvHolil Annapam, MpexocHslli KapOaHHbll nodeec, Kuhemamuieckds Mooeis, cma-
ouauzayus, ynpasierue, OpUeHmMayus, N00GeCHas annapamypa, 6UOeoKamepa, KUHemMamuueckue ypasHeHus, Mooeiuposanue

BBenenne

B Hacrosiiiee BpeMsi OeCIUJIOTHEIE JIeTaTeNlb-
Hole annapaTel (BITJIA) mpuMeHSIOTCS MpPaKTU-
YeCKHM BO BceX cdepax 4esIOBEYECKOM AeATeIbHO-
CTU: HayYHBIX UCCJEAOBAHUAX, TPAHCIIOPTE, IPO-
MBIIIJICHHOCTH, CEJIBCKOM XO3SIHICTBE, BOCHHOI
JIesATeJbHOCTHU U T. 1. CpencTtBa MaccoBOil MHPOP-
MaluKW HaMNoOJAHEHbl COOOLIEHUSIMU OO0 HCIOJNb-
3oBaHuu BITJIA st MOHUTOpUHTra U 00pabOTKHU
CEJIbCKOXO3SIMCTBEHHBIX IOJIel, O IPUMEHEHUU
BITJIA B 6oeBbIX nmeiicTBUsIX U T. O. [1—6]. Teopus
U MpakTHUKa pa3padoTku u ucciegopanus BITITA
MMPOILIN OOJIBIION MYTh Pa3BUTHUSI, OTPakKeHHBIN
BO MHOTHX CTaThsX, MOHOIpadusix U y4yeOHMKaxX
[7—9]. Tlo BompocaM, MOCBSIIEHHBIM CUCTEMaM
HaBurauum w ynpasiaeHuss bBIIJIA, peryasgpnHo
MIPOBOISITCS HAYYHO-TEXHUYECKME KOH(pepeHIIUH,
Hamnpumep [10]. OTMedyeHHas TeHACHIMS Xapak-
TepHa AJiT MHOrux crpad. Ilo kiaccudukanuu,
OCHOBAHHOW Ha B3JIETHOM Macce U IIPUHSITOM
MexayHapogHoOil accolMalyeil 0eCHUuJIOTHBIX
cucteMm, BITJIA pa3nensitorcss Ha MUKPO-, MUHU-,
jerkue, cpegHue u Tskensie [11]. IlepBele Tpm
knacca BITJIA ycioBHO BO MHOTHMX CTpaHaX MMe-

HywoTcsa mManbiMu BITJIA, u oHU B 1aHHOE Bpems
cTpemuTenbHO pasBuBaloTcd. Ha BITJIA manHoro
TUIA 4YacTO WCIOJIb3yeTCs ToABecHasi (CMEHHas)
afnmapaTypa HaOJIoAeHusI, HAlIpUMep pajap, BU-
JIeoKaMepa, TeIJIOBU30p, poToarmapar, Ja3epHoe
CKaHMpYyIolllee YCTPOMCTBO U T. I1. DTa ammapary-
pa pabotaeT Ha BITJIA B ycioBUSIX BHEIIIHUX BO3-
MYIIEHNH (BeTep, MepeMeHHas Harpyska), BO3-
MOXHBI TaK3Ke ITapaMeTPUUeCKUe BO3MYILICHUS.
Hnsa nmoasecku anmapatypbl Ha BITJIA mepcriek-
TMBHO MUCIIOJIb30BaTh TPEXOCHYIO CHUCTEMY CTalu-
Jm3anuu 1 yrpasiaeHus [12, 13]. B aToit cucteme
crabunusupyemast TjaardopMa BMECTe C ammapary-
poli HaOMIONEHWSI U U3MEPUTEIbHBIMU YCTPOMCTBA-
MU pa3MEIIAeTCs B TPEXOCHOM KapIaHHOM IIOIBECe
(TKII). B pabore [12] paccMoTpeHa Tpoleaypa po-
0acTHOTO CTPYKTYPHOTO CHMHTE3a TPEXOCHOM CHUCTe-
MBI CTAOWIU3aLMHY 1 YIIPaBJICHUSI OpUEHTALIMEN Ocei
BU3UPOBaHUS YCTpoiicTB HabmoneHuss Ha BITJTA.
B cratbe [13] pa3paboTaHa cTpyKTypa MOAEIN KUHE-
Matuku TKII Ha BITJIA, oTMeyeHO B3aMHOE BIIMSI-
Hue pamok TKII, BusiHue rpaBuTaliuM Ha paboune
nporeccsl TKIT u BausHUE LEHTPOOEXKHON CHUJIBI
nHepuuu pamok TKII. OTMeTum, 4TO yBelanMuyeHHUe
qycjia Oceil yIipaBIeHUs YCIOXHSIET MOIEIMPOBaHUe
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¥ pacyeT KapIaHHOTO TOBECa, TOTOMY MCCIIEN0Ba-
Hue nipumeHeHus TKIT misa obecrieueHust ctabunm-
3anuu moasecHoi ammapaTypbel BITJIA u ympagne-
HUS annapaTypou (BUIeoKaMepoii) IJisl CAeKEHUS 3a
MONBUKHBIMU O0BEKTaAMU (IBMXKYILIMMUCS LIETSIMU)
SIBJISIETCA aKTyaJIbHOM 3amadeil. Hacrosimas crarbs
TIOCBSIIIEHA PELIEHUIO 3TOU 3a1a4M.

MartemMaTH4ecKoe ONHCAHNE TPEXOCHOTO
KapaanHoro noaseca BIIJIA

Cmpykmypa mpexocHozo Kap0anH020 noodeeca
na BIIJIA. Ctpykrypa TKII u ero koopauHaTHBIE
OCH TIpelCcTaBIeHbl Ha puc. 1.

Ha puc. 1 BBemeHBI cienyionire KOOpaUuHaTHBIC
cuctembl: OpXpypZp — CUCTEMA KOODIAMHAT, CBSI-
3aHHag ¢ BIUJIA; Oyx,y,z4 — cucTtema KOOpAMHAT,
CBSI3aHHAS C paMKOI ABMKCHUS KaHaJIa phICKAHU S
(POKP); Ogpxgyrzg — cUCTEMA KOOPIMHAT, CBSI3aH-
Hasl ¢ paMKoi ABuxeHMs KaHasia kpeHa (PIKK);
OpX pypZp — CUCTEMA KOOPAMHAT, CBSI3aHHAsI C paM-
Kol aBMxXeHUs KaHaja TaHraxa (PIKT).

BBenmem ciaenmymoompe 0003HAYCHUST IJIST YIJIOB
MoBOpOTa MOABUXHBIX 3BeHbeB TKII:

o — Yrojl MOBOPOTAa CHUCTEMBI KOOpAMHAT
O,X, Y424 OTHOCHUTEJIBHO CUCTEMbl KOOpIMHAT
Opxpypzp BOKpyT ocu O,z (yron nosoporta PAKP
BOKpyT ocu 0,24, 3n€ch 0,47, = Opzp);

B — yrol moBOpOTa CHUCTEMBI KOOpAWHAT
OrXgpYrZr OTHOCUTEIBHO CHUCTEMbl KOOPIMHAT
O x4y 42,4 BOKPYT ocu Ogxp (yroa nosopota PAKK
BOKPYT ocu Ogxp, 30echb Ogrzr = 0,42,);

Puc. 1. Crpykrypa TKII u ero koopauHaTHbie OCH
Fig. 1. The structure of the TAG and its coordinate axes

Y — YTOJ TMOBOPOTa CHUCTEMBI KOOPIWHAT
OpxpypZp OTHOCUTEJIBHO CHUCTEMBI KOOPIMHAT
OrXrYrZg BOKPYT ocu Opyp (yroa nosopora PAKT
BOKpPYT ocu Opyp, 3aechb Opyp= Ogyp)-

TKII ckoHCTpyMpoBaH TakK, KaK MOKa3aHO Ha
puc. 1, 1. e. ocu BpauieHus Oy, Opyg, Opyp Bcerna
nepecekarTcs B Touke 4; B mpouecce padotel TKII.
Touka A, Ha3piBaetcs LieHTpoM BpaiueHus:t TKII.

Ilocmpoenue runemamuueckoii modeau 041
cmabuausayuu u ynpaeieHus mpexocHovlM Kapoau-
noim nodeecom. Eciv BITJIA Haxonutcs B ABMKe-
HUU, TO 3TO PUBOAUT K HAKJIOHAM M BpalleHUSIM
BUJeoKaMephl, ycraHoBiaeHHoW Ha TKIT BITJIA,
BOKPYT COOTBETCTBYIOIIMX oceil (puc. 1). 3amaua
TKII coctouT B TOM, 4YTOOBI, CO34aBasi BpalllcHUE
CBOMX OCEH, COXpaHWUTh 3aJaHHYI) OPUEHTALIWIO
BUJEOKAaMEPBl B TIpOCTpaHCTBE. TpebyeTcs, Kak
MPaBUJIO, COXPAHEHUE BUICOKAMEPOW CBOEU Tiep-
BOHAYaJIbHOU opueHTauuu npu asuxeHuu bBITIIA.

st pellieHMsI 3TOM 3aa4 MCTIOIb3YeM MaTpuy-
Hoe mcuucieHue [14], mpuMmeHseMoe B poOOTOTEX-
HUKe [15] mpu peneHu MOAOOHBIX 3a1ay, T. €. pac-
cMmotpuM TKIT kak MaHUTTYISSIMOHHBIA MEXaHU3M
C ILIECThIO CTEMEHSIMU MOABUXKHOCTU (BpAlCHUST),
CTerNeHu TOABMXHOCTU 1, 2 u 3 — 3TO MOBOPOTHI
BITJIA Bokpyr oceii Opzp, Opyp, OpXxp, CTENIEHD TIO-
IBIKHOCTH 4 — BpaiarenbHoe aBikeHue PIIKP
BOKpYT ocu 0,74, CTETIEHb MOIBUXHOCTH 5 — Bpa-
wateabHoe nBuxeHue PIKK Bokpyr ocu Opxp,
CTEINeHb MOABUXHOCTU 6 — BpalllaTeJbHOE JIBU-
xxeHue PIKT Bokpyr ocu Opyp. UTOOBI yIPOCTUTH
3agauy, paccMoTpum TKII, moaBelneHHBIN Tak,
yTo Hayajmo O (UKCUPOBAHHON CHUCTEMBI KOOP-
auHat Oxyz coBmnagaeT ¢ HayajioM Op CUCTEMBI
KoopauHat Opxgypzp ¥ HaYasloM O, CUCTEMBI KOOP-
nuHat Ox 42, Havano Oz u Op cucteM KOOpauHaT
Orxpyrzr M OpXpypZp YCTAHABIIMBAETCS TaK, YTOOBI COB-
MajaTh C TOYKOW MEepeceyeHusl TpeX Oceld BpallleHUs B
Touke A;. Crpykrypa u ocu TKII noka3zans! Ha puc. 1.

[lyctb R 5, — Marpuna, onpenesnsiomas Bpaiie-
Hue TKII Bokpyr ocu Opzp, dpp, — KOOPAMHATHI
HayaJia cuctemMbl koopauHatr O, TOTAa BpalleHUe
BITJIA Bokpyr ocu OpZp Ha yroJl y OMPENeTUTCs
CIIEAYIOIIMMU MaTpULIAMU:

cosy siny 0 0
Ry, =|-siny cosy 0|, dgg, =0/,
0 0 1 0
cosy siny 0 0 M
—siny cosy 0 O
mle =l 0 10
0 0 01
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[lyctb Rp, — Mmarpuua, ompenesnsiomias Bpa-
menue TKIT Bokpyr ocu Opyg, dp, — KOOpAUHA-
Thl Havyaja CUCTeMbl KoopauHaT Op:

cos® 0 -sinH 0
RBy = 0 1 0 ; dOBy = 0 .
sin® 0 cos6 0

Torna Bpawmenue BITJIA Bokpyr ocu Opyp Ha
YTOJ 6 OIpenensieTcsa MaTpuLen

cos® 0 —sin® O
0 1 0 0
T, = . 2
By~ lsine 0 cos® 0 @
0 0 0 1

ITycte R 3, — MaTpuua, onpenensollas Bpalie-
Hue TKII Bokpyr ocu Opxp, dpp, — KOOpAMHATHI
Hayajia cucTeMbl KoopauHaTt Op, TOTAA BpalleHUE
BITJIA Bokpyr ocu Opxp Ha yroa ¢ omnpeneauTcs
MaTpULAMU:

1 0 0 0
Rz =10 cos¢ sind|; dpg, =|0],
0 -sin¢ cosd 0
1 0 0 0 3
W Ty, = 0 cos¢ sing 0

0 —sing cos¢p O
0 0 0 1

ITycts R,z — Marpuua, onpeaensitoniasi Bpa-
mwenue TKIT Bokpyr ocu Oz, d s — KOOpAUHA-
Thl HayaJla CUCTEMbI KoopauHat O, TOTAA Bpallle-
nue PIKP Bokpyr ocu Oz, Ha yroa o ompene-
JIUTCSl MaTPULIAMU:

coso.  sina 0 0
R,z =|-sina cosa 0; d;r=|0|,
0 0 1 |y
coso. sina 0 0] C))
wn T = —sina cosa 0 0 .
0 0 1 A
0 0 0 1]

ITycte Ryp — MaTpuua, ompenenstomas Bpa-
weHue TKIT Bokpyr ocu Ogxy, dpg — KOOpAUHA-
ThI HayaJjia CUCTeMbl KoopauHaT Op, TOraa Bpalle-
Hue PIKK Bokpyr ocu Ogxp Ha yroa f ompene-
JIUTCS MaTpULIAMU:

1 0 0 0
Rip =10 cosp sinB|; dzp=|0],
0 -sinB cospP 0
1 0 0 0 ®)
0 cosp sinp 0
it Trp = 0 —sinp cosp O]
0 0 0 1

IIycte R; — TOYKa Ha paMKe IBMKEHUS KaHaja
KpeHa ¢ KkoopauHatamu R(xg, Yz, 2p) = (0 —1 0),
torga nosopot PIKK Bokpyr ocu Opxy Ha yroa B
ONPENCIUTCI MaTpULIEH

1 0 0 0 0
dgg, =10 cosp sinf || -1|=|-cosB|. (6)
0 —sinp cosB|| 0 sinf

Ilycts Rpp — MarpuLa, ompeessiomas Bpa-
wenue TKII Bokpyr ocu Opyp, d pp, — Koopau-
Hatbl TOuku P, Torna nosopot PIAKT Bokpyr ocu
Opyp HA YIOJI Y ONIPENEUTCS MAaTPULIAMMU:

cosy 0 -—siny cosy
Rpp1 = O 1 0 , dPPl = O 9
siny 0 cosy siny
cosy 0 siny siny (7)

0 1 0 0
—siny 0 cosy cosy|
0 0 0 1

3necb P; — touka Ha PAKT ¢ koopnuHatamu
Py(xp, yp, zp) = (1 0 0).

ITocme moBopora BIIJIA Ha yrael ¢, 6, y mo
ocsiM Opxp, Opyp, Opzp TKII noBopauuBaeTcs Ha
yIJIbI o, B, y o ocsiM O,z 4, Opxg, Opyp, @ KOOPIU-
HaTbl Touek A, R;, P; B GUKCUPOBAHHOI CUCTE-
Me KoopAMHAT Oxyz ONPEAeSIoTCs CAeNYIOIUMHA
dopmysaMu:

* KOOPAMHATBHI TOUKU A;:

win Tpp =

DAI = dOBz + RBdeBy +

()
+ RpRpdop, + Rp Ry Rpd p;
* KOOpPAWHATHI TOYKHU R;:
Dp =dpp, + Rp.dpop, + RpRpdpp, + )
+ RpRp,Rpdp +Rp Rp Rp R pdpp;
* KOOPIMHATHI TOUKHU P;:
Dp =Dy +RpRpRpR pdpp + (10)

+ RpRp,Rp R gRppd pp .
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N3 dopmyn (1), (2), 3) u (5) monyuum: Komounupys dpopmynst (4)—(7) u (14), monyuyum

mitst popmyn (11)—(13) cnemyromye COOTHOIICHUS:

T
dopc =dgp, =dpg, =dgp =[0 0 0] . Xy s, T, T, |[ 0 rg,h
D, = =|rg, T r 0 |=|rg.h|; (A5
C yuerom aToro yciosust dopmyiasl (8)—(10) A= V4 B TBn By h m (5 (15)
MePEeNuIIyTCs CIEAYIONIMM 00pa3oM: ] "By TBy Ty LT g
) R
D, =RpRpRpd p; (11) D, - _
R =|YR | =
Dp =RpRpRpd, z +RpRp R R pdpg; (12) 9

rp,(h +sinf) —rp cosacosp+rg cospsina
Dy =RpRpRpd p+RpRpRpR zRepdpp. (13) . . ' ! )
‘ ! r,, (I +sinp) —rp, cosacosP+ry, cospsina [;(16)

Iycts Ry =Ry Rp Ry — MaTpulla OpHeHTa- rp,,(h +sinp) —rp cosacosB+rp cospsina
uuu BITJIA nipu ero BpaleHuu BoKpyr oceil Opzp,
Opyp ¥ Opxp. C yuerom ¢popmya (1)—(3) maTpuua

R npumer Bun

_rb.Il (cosacosy+sinasinpsiny)+
+rp,(cosysina - cosasinBsiny) +

+rg,, (b + cosPsiny)
cosy siny 0]

Xp | |rs,(cosocosy+sinasinBsiny)+
- - B i X : . .
. - p +rg (h; +cospsiny)
cos® 0 -sin0][1 0 0 1 R

. rp. (cosacosy+sinasinfsiny) +
x| 0 1 0 0 cos¢ sing By (COS@COSY asinfsiny)

sin® 0 cos6 |[0 —sing cosg] + 1, (cosysino —cosasinfsiny) +

+rp,, (b +cosBsiny)
[locne yMHOXEHMS MaTpull MOJIYYUM

cosycosO cosdsiny +cosysingsin® sindsiny —cospcosysind
Ry =|—-cosOsiny cospcosy —sindsinysin® cosysing+cosdpsinysind |.
sin 6 —cosfsing cospcoso

Beenem CJICOYIOIIHNC 0003HaUeHUS A1 dJie-

MEHTOB STOM MaTpHIIEL: Crabuin3anusa U ynpapjeHHe BHIEeOKaMepoii

BILIA nas ciaexenus 3a ABHXKYIIHMCS 00bEKTOM
rp, =COSyCOSH; B MPOCTPAHCTBE
rg, = COS¢siny +cosysin¢sino;

Anzopumm cmabuauzauuu xamepovt bIIJIA 6 npo-
cmpancmee. 17151 YCTOMUMBOIO TMOJIOXKEHUSI KaMephbl
B TOPU3OHTAJIBHON TJIOCKOCTU HEOOXOOMMO HANTH
TaKue 3HAYeHUsl YIJIOB o, P, MPU KOTOPbIX JTUHUS
AR, Obu1a Obl MEPNEHAMKYJSPHA TUIOCKOCTH Oxz,
WA, NPYTMMU CJIOBaMUW, HAWTW TaKue 3HAYECHMSI
YIJIOB a, B, UTOOBL X4 = Xp, T4 = Zg,- [1py 3Haue-
HUSIX X4, Xp,24,52R > ONMPEACICHHBIX (QOpMyTaMu
(15), (16), HONYYUM CJIEAYIOLIYIO CUCTEMY YPaBHEHUIA:

rg, =sin¢siny —cospcosysino;
rg, = —cos0siny;

rg,, =COS$COSy —sinsinysino;
rg,, =COSYSin¢ +cos¢sinysino;

I, =SIN0; rp3; =—cos6sin;

I'g,, = COS¢$CosO.

C ydeToM 3TUX 0003HAUYEHMI MaTPULLy OpUEH-
taunu BITJIA MoXHO 3amucatb B BUJIE:

(18)

{”3.3 sinf —rp cosacosp+ry cospsina = 0;

rp, Sinf —rp, cosacosP+rpz cosPsina =0.
"By TRy B

RB = I’BZI I‘Bzz r323 . (14)

"By, 7By 7By

Pemrag cucremy ypaBHenuit (18), Haiimem 3Ha-
YEHUS YTJIOB o, B, KOTOPbIE TPEOYIOTCS ST CTaOu-
JIM3alUU KaMephbl B TOPU3OHTAJIbHOM IJIOCKOCTH.
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[Tocne peleHus 3agaym cTaOMIM3ALMKA KaMepbl
B TOPU30HTAJILHOM MJIOCKOCTU HEOOXOIUMO PEIINTh
CJIEAYIOLIYIO 3a1adyy: BBIYMCIUTH TAKOE€ 3HAYECHUE
yrja vy, Ipyv KOTOpOM Kamepa uMmesa Obl yCTORYnBOe
MOJIOKEHWE B BEPTUKAJIBHOM TIJIOCKOCTH.

Ang crabunmuzanuu KaMepbl B BEPTUKAJIBHOMN
MJIOCKOCTU HYXXHO HAaWTW TakKoe 3Ha4YeHUE yria y,
YTOOBI IMHUS A;P; Obl11a MTapajjelbHa MIOCKOCTU
Oxz, uiv, IpyTMMHU CIOBaMM, HaWTHU TaKue 3HaA-
YeHUsl yria y, 4To0bl z, = zp. Ilpu 3HaueHumsix
Ya»Yp»> OmnpenenaeHHbIX Gopmyramu (15), (17),
MOJIyYUM CJIeAYyIollee ypaBHEHUE:

rg, (cosocosy +sinasinpsiny) +
+ rp,(cosysino —cosasinBsiny) +  (19)
+ rp,, cosPsiny = 0.

Peirasi ypaBHeHue (19) mpu 3Haue€HUSIX YIJIOB
o, B, YIOBIETBOPSIOIIUX CUCTeMe ypaBHeHU (18),
MOXHO OMpPEeeJUTh 3HaUeHUE YIJia Y, KOTOPOe Tpe-

OyeTcsl 11 CTaOMJIM3AaLlMU KaMepbl B BEPTUKAJb-
HO IJIOCKOCTH:

rp,SINP+rp cosacosp—rp cosPsino = 0;
rg,, Sinp+rp cosacosf—rp cosPsino =0;
rg, (cosacosy +sinasinfsiny) + (20)

+rp,,(cosysino —cosasinfsiny) +

+ g, cosBsiny =0.

Peuiass ypaBHeHusi (20) OTHOCUTENIBHO Iiepe-
MEHHBIX o, 3, v, HOJIyYUM

rp.¥p, — 1B, T
33 12 32 13 .
tgo = ;

"By ' ~ 7By "By

Fp.. COSOL— Fp . Sina
By, B3, .
tgp = ;

By,

rg, COSo +rg, sina

tgy = - . - .
', Sinosinf —rp cosasinB —rp . CcOsp

Cucremy ypaBHeHMil (20) Ha30BeM CHUCTEMOM
YpaBHEHUI, ONpeaesIsIOIX BXOJHbIE ITapaMeTphl
TKII gnsa crabuamuzauvy Kamepbl B TPEXMEPHOM
MPOCTPaHCTBE.

Aazopumm ynpaeaenus rxamepoii BIIIIA npu
caexcenuu 3a osuxcywlelicsi ueablo 6 npocmpaH-
cmee. 3a1a4ya yIpaBjaeHU s KaMepOu 1JIs1 CJeKeHU S
3a ABUXYIIMMMUCS LEASIMU — OAHO M3 MOILYJSIpP-
Hbix ipunoxeHuit TKII. 3agaya TKIT — ynepxu-
BaTh KaMepy CTaOMJIbHO B FOPU30HTAJILHOM ILIO-
CKOCTU M HABOIUTbH IJIaBHYIO OCh KaMephbl Ha 1IeJIb
B IPOCTPAHCTBRE.

[ng ynpaBieHUS KaMEpPOU MpHU CIECXEHUM 3a
LIEJIbI0 HEOOXOAMMO HAaWTH 3HAYEHUS YIJIOB o, [3,
Y, YIOBJIETBOPSIOIIVIE TPEM YCIOBUSIM.

Ycaosue I: nis crabuauzauuu Kamepbl B TOpHU-
30HTaJbHOW TJIOCKOCTH HEOOXOAMMO BBIYUCIUTH
TaKue 3HAYEHWS YTJOB IOBOpPOTA o, P, y, YTOOBI
nuHus A; R, Obla napajienbHa TOPU30HTAIBHON
IJIOCKOCTHA, AOPYTMMHU CJIOBaMHW, HYXHO HaUTH
3HAQUYEHUS YTJOB IIOBOPOTA a, B, v, YAOBJIETBOPSIO-
L1E YCIOBUIO Zp =24 -

Ilpn 3HAYCHUSIX Zg,Z4, OMPENCICHHBIX IO
dbopmynam (15) m (16), ToayYuM clemyroliee
ypaBHEHUE IJIS1 pacyeTa yTJIOB:

rg,, Sinp—rp cosacosP+rg cosPsino =0.(21)

Ycaoeue 2: nns ynpaBiieHUsI KaMepoil IpU Clie-
>KEHUMH 3a LEJIbIO B IIPOCTPAHCTBE HEOOXOMMMO Haii-
TU TaKW€ 3HAYEHUS o, B, ¥, YTOOBI IMHUSA A R Oblia
MEPNEHANKYIAPHA TUHUU A; M, unu, IpyruMu cJjio-
BaMU, HATU TaKue yIJbl o, B, y, YTOOBI BEKTOP Ha-
NpaBjieHUs1 JUHUUA A;R; ObUl NepneHAUKYJISIpeH
BEKTOpY HalpaBjieHUs JUHUU A; M. Nimoctpauus
3TOrO YCJIOBHUS MpeAcTaBlieHa Ha pucC. 2.

U3 dopmyn (15) u (16) nMeeM BEKTOp r Ha-
npasJjieHus TUHUA A R;:

le _xAl
F=1Yr = V4
ZR, —ZA]

rg, Sinf—rp cosacosP+ry cosPsina
rg,, Sinf—rp cosacosP+rp cosPsina|. (22)

rp,, SINP—rp cosacosP+rp cosPsina

Puc. 2. Cxema coenunenus oceii npuxenus TKII B muockoctu Oxz
Fig. 2. Scheme of connecting the axes of movement of the TAG in
the Oxz plane
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BexTop m HamnpaBiaeHus JUHUU A;M onpene-
JisseTcd mo ¢gopmyJie

Xy — Xy m
m=\yYy = ru ny (23)
Iy — 2y ms

YcnoBue mneprneHIMKYISIpHOCTH ABYX JIMHUM
COCTOUT B TOM, YTO CKaJIsIpHOE IIPOM3BEICHUE

JIByX COOTBETCTBYIOIIMX BEKTOPOB PABHO HYIJIO:
rm = (. 24)

Pemast coBmectHO ypaBHeHus: (22), (23) u (24),
MOJy4UM

a,;Sinf — a,,cosacosp + a,scosPfsina = 0. (25)
3nech
6121 = merl3 + m2l‘323 + m3rB33;
a22 = mer]2 + mern + m3rB32;
023 = mer” +m2i‘321 +m3rB3l.

Ycaogue 3: nns ynpasiaeHus: KaMepoii Ipu ciie-
KEHUU 3a UEJbI0 B IPOCTPAHCTBE HEOOXOAUMO
BBIYMCIIUTh TaKW€ 3HAYEHUS YIJIOB o, P, Y, YTOOBI
rJlaBHasg OCb KaMephbl yKasblBajla Ha LeJb, T. €. Ta-
KH€ 3HAaYEeHU s YIJIOB a, P, v, IPU KOTOPBIX HA PHUC. 2
ToYKa P; Bceraa pacrnoJjiaraeTcs Ha JuHuu A, M.

[Ipennonoxum, 4TO B MOMEHT BPEMEHMU [ W3-
BECTHO, YTO CONPOBOXAAeMas LEJb HaXOAUTCH
B TouKe M(Xys Vi Zp), TOTA YPABHEHUE JIMHUMU,
COEMHSIONIENH TOUKU A, u M, onpenensieTcsi co-
OTHOILLUEHUSIMU

X :xAl +m1t;
Y=Y, +m,

Z:ZAI +m3t,

(26)

TOC X4, V45 24 — KOOPAMHATHI TOYKH A;, onpere-
nsgembie popmydoii (15), Bektop m = (m;, m,, ms) —
BEKTOpP HaIpaBeHUs JUHUU A; M, B KOMITIOHEHTbI
3TOr0 BEKTOPA BXOASAT KOOPAWHATHI TOUKU A; U U3-
BECTHBIE KOOPAUHATBI LUEJH Xy Viyr Zpr (CM. (23)).

Hrak, 4yroObl Touka P, Bcerma Haxoouyiach Ha
JuHUM A;M, HeoOXOZMMO WCIIOJIb30BaTh TaKue
3HA4YEeHUs YIJIOB o, B, ¥, IPYU KOTOPbIX KOOPAMHATHI
TOYKHU P; YIOBIETBOPSIIOT CUCTEME ypaBHEHUIA (26).

[loncraBus KoopavHaTel TOYKM P, omnpene-
neHHble Mo ¢opmyne (17), B cuctreMy ypaBHEHMI
(26), monyuyum

xl)l = xAl + mlt,
Yp =Va +ml; 27)
Zpl = ZAI + m3t.
Touka P, nexut Ha 1uHUU A M, nosatomy
Yr —Xa YA TV 2R 24 . (28)
m m; ms

Pemast coBmectHo ypaBHenus (15), (17) u (28),
MOJYYUM CJEAYIONIYI0 CUCTEMY YpaBHEHU:

b (cosacosy+sinasinfsiny) +
+b;,(cosysina —cosasinpsiny) +
+ b5 cosBsiny = 0;

poospsiny =8 29)
by;(cosacosy+sinasinfsiny) +

+ by,(cosysina —cosasinfsiny) +

+ byz cosBsiny =0,

bll
b12

b13 = m2r313 - merz3; b23 = m3rBz3 - m2r333 °

=myrg —mrg, ; by =myrg —myrg ;

=myrg, —mrg,; by =myrg, —myrg ;

KoMmbunupys ypaBHeHus (21), (25) u cucremy
ypaBHeHMH (29), OayYuM

rg, SinB—rp cosacosf+rp cosPsina = 0;
a,; Sinf —a,, cosa cosP + a3 cosPsina = 0;
(30)

by (cosacosy+sinasinpsiny) +
+ by,(cosysina —cosasinfsiny) +

+ by; cosPsiny =0.

Pemrast cuctemy ypaBHeHuit (30) OTHOCUTENIBHO
MepeMeHHBIX o, B, 7, TOAYYUM

_ I, dy1 — Iy

tga ;
Ip, dy1 —Ip,,d23

Fp._ COSO —Fp Sina
By, B;, .
th = P ’
Bs;

(by; cosa + by, sina)
(by, sinasin B — by, cosasinp — by; cosP)

tgy =

Cucremy ypaBHeHuii (30) Ha30BeM CHUCTEMOM
ypaBHEHUI, OIpee/sIIoIIMX BXOAHbIE TapaMeTphl
TKII onsg ynpaBieHUsl KaMepoit pu CIeXeHUU 3a
LIEJIbI0O B TPEXMEPHOM MpOCTpaHCTBe. Pellras sty
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CHCTEMY YpaBHCHMM, IMOJIy9YUM MCKOMBIC 3Haue-
HUSA yIJIoOB o, B, y. [Ipy 3TUX 3HAYEeHUSIX YIJIOB
IJIaBHAsi OChb KaMephbl Bcerma OyaeT coBmaaaTh
C JUHUEH, COENUHSIIONIEN KaMepy U LIeNb.

MopaeanpoBanne TPEXOCHOTO KapAAHHOTO MOJABeCa
B nporpammuoii cpene MATLAB

B nporpammuoit cpene MATLAB Simulink [16]
co3gaHa moxenb TKII, cTpykTypa KOTopoil mpea-
CTaBJIeHa Ha pucC. 3 (CM. BTOPYIO CTOPOHY OOJIOXKM).

Cxema Ha 3TOM PHCYHKE OTpaxkaeT CBSI3U MEX-
ny ¢usnyeckumu komnoHeHTamu TKII. Mopenb
TKII BkitoyaeT B cebOS IIECTh IIAPHUPHBIX CO-
eAMHEHUI: TPU IIAPHUPHBIX COEAMHEHUS obecIie-
YMBAIOT BpallleHus 1o ocsaM Z, Y u X (Ha puc. 1
3T ocHu 00o3HauYeHHl uepe3 Ox, Oy, Oz COOTBET-
CTBEHHO). DTH LIAPHUPHbBIE COCAMHEHUS CO3MAI0T
yribl HakJioHa BITJIA B mpocTpaHcTBe. Tpu mpy-
TMX IIApHUPHBIX COENWHEHUS, OIpeAcasIiolIne
BpaiieHue A, R u P (Ha puc. 1 3T0 COOTBETCTBY-
eT moBopoTaM TKII Ha yrjibl peicKaHus, KpeHa U
TaHraxa), HeoOXOOMMBbI IJISI TIOJIYYeHUSI pacueT-
HBIX YIVIOB M IIOBOPOTOB KaMephl, IJIsI CTa0MIn3a-
LMY MOJIOXEHUSI KaMephbl U YIIpaBJIeHUSI KaMepoi
MIpU CIeXeHUM 3a Leblo. biaoku pacuera Bxom-
HBIX ITapaMeTPOB Ha puC. 3 MpeaHa3HaYeHBbl OIS
pacueTa mapaMmeTpoB JJisl YIIpaBAeHUsI KaMepoil U
CHUTHAJIOB IIJISI IPOBEPKU COCTOSIHUSI KaMEpPBhI.

Pe3yabraThl MoJeIMpPOBAHHS TPEXOCHOH CHCTEMBI
cradmmm3anun annaparypsl BILJIA

IIpoBeprM Ha CcO3daHHOKA MOAEAU YCTOUYM-
BocTb Kamepbl Ha BITJIA. nsg 3Toro m3 cUCTEMBbI
ypaBHeHM (20) onpeneaum yIisl o, B, y U BHECEM
HUX 3HayeHUs B pusndeckyro monaeab TKII (puc. 3,
CM. BTOPYIO CTOPOHY 00JIOXKM). PellieHue cucre-
MBI ypaBHeHM 1 (20) BBIMOMHSIETCS B OJIOKE pacueTa
crabunbHocTu (puc. 3). Ha BXom 3Toro 6joka 1mo-
crymnaloT napameTpsl aBuxeHus BITJIA, a Ha BbI-
Xxole 60Ka pacyeTa CTaOMJIbHOCTU MOJYYUM 3Ha-
yeHUs yriaoB noBopota Qa, Or, Op, KOTOPEIE COOT-
BETCTBYIOT 3HAUEHUSIM YIJIOB o, 3, . DTU 3HAYEHU ST
MOCTYIIAIOT B 3BEHbSI MOICIU, COOTBETCTBYIOIINE
mrapHupam BpaiieHust A, R, P, 171 BBITTOJTHEHUS
BpaweHus pamok TKIT (PAKP, PAKK u PAKT).

Hns nposepku ycroiiunBoctu TKII BbInon-
HeHo MojenupoBaHue B nporpamme MATLAB
JUISL CIENYIOIMX KOMOMHAIM BXOOHBIX IapaMe-
TpoB: h; = 0,0625 M, BITJIA Bpaiaetcsi BOKpYT
ocu Opxpc iepuonoM 7', uamensoimmcs ot 0 1o

10 ¢, 1 ¢ yrioBoil ckopocTbhio g, = 0,038 pan/c;
BITJIA Bpaiaercss Bokpyr ocu Opyp C NEPUOAOM
T,, namensaowumesa ot 10 ¢ no 20 ¢, ¢ ymioBoi
CKOpOCThIO g, = 0,038 pan/c; BILJIA cosepiiaet
BpallleHue BOKPYT ocu Opzp ¢ iepuonoM 73, uaMe-
Hstomumcs oT 20 ¢ 1o 30 ¢, ¢ yrjaoBoi CKOPOCTbIO
g, = 0,038 pan/c.

ITpu pasBopote BIIJIA B mpocTpaHCTBE y4M-
ThIBalOTCS TapaMeTpbl ABUKeHUs1 bBIIJIA nns
KOPpPEeKLIUM MOJ0XeHUsT Kamepbl. W3 puc. 4—7
(cM. BTOpPYI1O CTOPOHY OO0JIOXKKHN) BUAHO, YTO OJIOK
pacyeTta CTaOMJIIBHOCTM TPaBUJIBHO OIpPeIeIINI
3HAYEHUS YIJIOB o, B, y, U 3aJaHHOE MOJIOXKEHNE
KaMepbl COXPaHUJIOCH.

Pe3yabTaThl MOAEIMPOBAHUSA TPEXOCHOM
CHCTEMBbI CJIeXKeHHs 32 JIBHXKYIUMCSA 00bEKTOM
B MPOCTPAHCTBE

3ajmaya ympaBJeHUS KaMepoul AJsl CleKeHUs
3a LEJbI0 peIIAeTCsl aHAJOTUYHO MpPEeabIayIIei:
U3 pelleHus: cuctembl ypaBHeHuit (30) ompene-
JISIIOTCSl 3HAYEHUST YIJIOB o, B, Y, M BBIMIOJHSET-
csl IpoBepKa Ha (u3ndeckoi Moaenau (puc. 3, cMm.
BTOPYIO CTOPOHY OOJOXKM). PelneHue cucTeMbl
ypaBHeHH (30) BBITIONHSIETCS B OJIOKE pacuera
ciexenus (puc. 3). Ha Bxom 3Toro 6;0Ka IocTy-
natot mapameTpsl aBuxeHus BIIJIA (BpaieHnue
BITJIA Bokpyr oceit Opxp, Opyp, Opzp) W mapa-
METpBl OBUXEHUS LEeAN (TeKylIne KOOpPIWHATHI
11eJIM), BBIXOAOM OJIOKa pacuera CJICXKEeHUs SIBJS-
1oTcs 3HaueHus Qa;, Qr;, Op;, COOTBETCTBYIOLUE
3HAYEHUSIM YIJIOB o, B, y. DTU 3HAYEHU S MOCTyMa-
IOT B 3B€HbsI MOJIEJIM, COOTBETCTBYIOIIME 1IAPHU-
paMm BpamieHuss A, R, P, sl BBIITOJTHEHHSI TaKOTO
BpameHus pamok TKII (PIKP, PAKK u PIKT),
yTOOBI TJIaBHAsI OChb Kamephbl BcCeraa coBlajaja
C JIMHUEHN, COEAUHSIOIIEN €€ C LIEHTPOM LIEJIN.

IMpn 3agannbix mapamerpax aBuxeHns BITJIA
BBITIOJIHEHA IIpoBepkKa pabdotocnocodHoctu TKII
[0 COIIPOBOXIEHUIO HEIMOABUXHBIX U ITOIBUK-
HBIX LIEJIEN.

B 3amaue otcinexuBaHUS (UKCUPOBAHHOM
Henu Touyka M umeeT (PUKCHUPOBAHHBIE KOOPIU-
Hatel M(0, —0,5, 0,3).

M3 puc. 8—11 (cM. TpeTbl0 CTOPOHY OOJIOXKKN)
BUAHO, uTo nipu aBuxkeHuu BITJIA rmaBHast ock
KaMephl BCEerma COBIagaeT C JUHUEH, COeIUHSIIO-
weid ueHtp BpaueHus A; TKII u ueHTp nBuxe-
HUs M uenu.

388

MexaTpoHHKa, aBToMaTu3anus, ynpasienne, Tom 24, Ne 7, 2023



ITpu TectupoBanuu B MATLAB 3amauu ciexe-
HMS 33 IBMXYIIMMUCS LIeJIIMU ITOJy4YeHbl aHaJI0-
TUYHBIE pe3yJbTaThl: TJJaBHAS OCh KaMephbl BCeraa
COBIAJACT C JIMHUEH, COCTUHSIONIECH LIEHTP Bpa-
weHus TKIT 1 LeHTp OBUXEHUS LIETU.

3akaoyenue

OCHOBHBIM pe3yJIbTaTOM HallleTo MCCJeI0Ba-
HUS SBJSeTCS pa3paboTaHHasl KMHEMaTHYecKas
MOJIEeNIb CTAa0MIM3alUMd W YIIPaBJICHUS OpUEHTa-
el moasecHoi amnmapatypbl BITJIA. Kunema-
THUYecKasi MojeJib MpeAcTaBjieHa B CTaThe ypaB-
HeHusMu (20) ans obecriedeHUST CTAOMIM3ALUU
nonBecHol amnmapatypsl BIIJIA m ypaBHeHUsMU
(30) nng ynpaBiaeHMS anmapaTrypoil (Buieokame-
poil) mpu CleXEHUU 3a MOABUKHBIMU OOBEKTa-
MU (IBMXYIIMMUCS LEIsIMU) B IIPOCTPAHCTBE.
IToctpoenne kmHeMaTtuueckoit moaenau TKII Ha
BITJIA B o611eM cityyae SIBJISIETCS CIOXHBIM TTPO-
IIECCOM, MOAOOHBIM IOCTPOEHUIO KWHEMaTU4e-
CKOM MoIeny MaHUITYJISATOpa C IIECThIO CTeIle-
HSIMHU CBOOOIBI, U HE MMEIOIIEH OIHO3HAYHOIO
pelleHus B obl1lleM ciiyyae JJisl TOCTaBJIeHHBIX 3a-
Jad CTaOMIM3allMU W YIIpaBJICHUS OpHEHTalluen
noaBecHoit anmaparypbl BITJIA. [{ns ycTpaHeHU S
3TOI HEOAHO3HAUYHOCTM CYIIECTBYIOT pa3id4HbIe
METONBI YIIPOIICHUS KWHEMATUYSCKUX YypaBHE-
Huit [17]. Hamu wucrnojsib3oBaHa ONTUMHU3ALUS
B nporecce nmpoektupoBaHus TKII m ycTaHoBKa
TKII B Takux monoxeHusx Ha BITJIA, KoTopsle
CHMXAIOT BBIYMCIMTEIBHYIO CJIIOXHOCTh pella-
eMbIX 3ajau: B Hauuei kKoHcTpykuuu TKII pac-
MOJIOKEH TaK, YTO OCH BpallleHUSI €ro KaHaJjoB
PAKP, PIAKK wu PIKT Bcerma mnepecekamTcs
B OIHOU TOYKE. DTO CHMXAET BBHIUMCIUTEIbHYIO
CJIOKHOCTh pacueTa mapameTpoB moxaeau TKII.
PesgynbpTaThl MOAEAMPOBAHUS B IIPOrpPaMMHONI
cpene MATLAB Simulink moxaspIBaioT ajgekBat-
HOCTh pa3paboTaHHON KWHEMaTUYeCKON MOIeNu
TKII n ee appekTuBHOCTD A pelleHus 3aaad
CTabMIM3alY U yIIpaBJIeHUS OpUEeHTallMeid MOa-
BecHolt anmaparypbl BITJIA.
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Abstract

The article is devoted to the development and research of a kinematic model of stabilization and orientation control of
the suspended equipment of an unmanned aerial vehicle (UAV). The created model is based on the kinematic model of a
three-axis gimbal (TAG): the structure of the TAG for the UAV, the mathematical description of the TAG of the UAV and
the derivation of kinematic equations for the problems of stabilizing and controlling the orientation of the UAV suspension
equipment. In the general case, the derivation of the kinematic equations of the TAG on the UAV is a complex process and
is similar to the derivation of a kinematic model of a robotic arm with six degrees of freedom. The TAG is considered as a
manipulative mechanism with six degrees of freedom: three degrees of freedom are determined by the UAV rotations around
the axes of the coordinate system attached to the UAV, and three degrees of freedom are set by the frames of the TAG along the
channels of yaw, roll and pitch during rotational movements of these frames around the corresponding axes of the coordinate
systems attached to the frames of the TAG. Such a statement in the general case does not have an unambiguous solution for
the tasks of stabilization and orientation control of the suspended equipment of UAV. To eliminate this ambiguity, optimization
is used in the process of designing the TAG and installing the TAG in such positions on the UAV that reduce the computational
complexity of the tasks being solved. The kinematic model is presented in the article by kinematic equations, the solution of
which ensures the stabilization of the suspended equipment of UAV, and kinematic equations, the solution of which allows
you to control the equipment (camera) of the UAV when tracking moving objects (moving targets) in space. The simulation of
the TAG in the MATLAB Simulink software environment was performed. The simulation results in the MATLAB Simulink
software environment prove the adequacy of the developed kinematic model of the TAG and its effectiveness for solving the
problems of stabilization and orientation control of the suspended equipment of UAV.

Keywords: unmanned aerial vehicle, three-axis gimbal, kinematic model, stabilization, control, orientation, suspended

equipment, video camera, kinematic equations, modeling
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