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Ha cecoonswinuii denv cywecmayem 60avuioe KOIUYECmsao 3a0ad, Komopbvle He MO2ym Oblmb 6biN0.-
HeHbl OOUHOUHBIM OECNUTOMHBIM JeMAMeNbHbIM annapamom. B maxom cayuae ucnonvsosanue epynnul
OEeCNUIOMHBIX IeMamenbHblX annapamos A8NAemcs Xopouum pewenuem. K maxum sadavam omuocsam-
ca. kapmoezpagpuposanue mecmuocmu, paboma 8 Mecmax MexHOLeHHbIX Ul NPUPOOHLIX Kamacmpop,
MOHUMOPUHE U 00PAOOMKA CEeNbCKOXO3AUCTBEHHBIX Y200Ull, UCCTIE008AHUE 8 PEATIbHOM Pedlcume gpeme-
HU MPYOHOOOCMYNHBIX PAUOHO8. B yCI08uUsAX Me2anoauca cpynna 1emamenbHblX annapamos Modicem
ObIMb UCNONTB308AHA 011 CO30AHUSL NAHOPAMHBIX BUO08 U OMCIAEHCUBAHUS OUHAMUKU MPAHCHOPMHBIX
npobok. I pynna 6ecnuiomuvix J1emamenvblx annapamos Modicem Ovlmb UCNOIb308AHA MAaKice 075
9IKCHpeCC-nepesosKi epy308, pPa36eoKuU NOAE3HbIX UCKONACMbIX.

B npeonacaemoui pabome paccmompena npobrema coemMecmno2o 08UIICEHUS HECKOIbKUX DeCnuiom-
HbIX JIeMAmenbHblX annapamos Ha OCHOBe JCeCMKUX cesazell. /[ pewenus noCmasieHHol 3a0ayu uc-
NOMb306AH MEemOo0 JUHEUHO-K8AOPAMUYHO20 pecyIuposanus. Asmopamu modenupyemcs OgudiceHue
epynnvl OeCRUIOMHUKOS, OISl 4e20 UCNOb3Yemcs Memoo 6e0YWUll — 6e0OMbLIL, d MAKICE Memood Ynpas-
JleHUsl ¢ TUHeUHO-K8AoOpamudHviyM pe2yauposanuem. Paspabomannuiii ancopumm evinonusem 3adauy no-
CMpoenUs ONMUMATLHOU CUCTHEMbL YAPABTIEHUS HCECMKO CEA3AHHOU 2PYNNbL KBAOPOKONMEPOs.

B pabome nocmpoena mamemamuieckas Mooenb CUCmeMbl K8AOPOKONMEPOS ¢ dHcecmkol ceszvio. Ha
2pauxax npedcmasnenvl pe3yibmamvl MOOETUPOBAHUS CUCIEMbL HCECKO CEA3AHHBIX KBAOPOKONMEPOB.

KarwueBblie ciioBa: OeCMIOTHBIN JIETaTeNbHBIA anmapar, JHHEHHO-KBaJpaTHUYHOE PETYIMPOBaHHE,
KBaJIpOKONTED, YIIIbl Diiiepa, MOABMKHAS CUCTEMA KOOPANHAT, MOMEHT WHEPLIUH.

BBEJIEHUE

CucteMsl ¢ OJJHUM OECIHMIIOTHBIM JIETaTeNIbHBIM aIlllapaToM IIHUPOKO HCIIONb3YIOTCS TaM, IJIe 10
cooOpakeHusIM Oe30MaCHOCTH YeJIOBEK HEe MOKET ObITh 3ajeiicTBoBaH [1]. Ho cymiecTByeT Taioke
00JIbIIIOE KOIMYECTBO 33/1a4, KOTOPbIe HE MOTYT OBITh BBIIOJIHEHBI OJJTHUM OECHIIOTHBIM JIeTaTelNb-
HBIM aIapaToM M TJe MCHOIb30BaHUE TPYIIbl OECIMIOTHBIX JeTaTeNbHbIX annapaToB OyaeT 3¢-
¢dexTruBHEE. DTO, HANPUMED, 3a/1a4ul KapTorpagupoBaHus MECTHOCTH, paboTa B MECTaX TEXHOTEH-
HBIX WIM NpUPOAHBIX KatacTpod [2, 3]. ['pymma OecrnumoTHBIX JIETaTeNbHBIX armnapaToB MOXET
OBITH UCIIONTb30BaHa IS IEPEBO3KH IPy30B [4], B 3a1a4ax pa3BeKH MOJIE3HBIX UCKOMAeMBbIX [5].

B npezncrasnenHoil pabore MoAenupyeTcs ABUKEHHE TPYIIbl OECIMIOTHUKOB METOJIOM Be-
JIyIIAA — BEJOMBIN U NpUMEHsieTcss MeTo P/l ynpaBieHus: ¢ TMHEWHO-KBaAPATUYHbBIM pEryJn-
poBanueM. [lycTe rpynma OeCHMIOTHBIX JIETAaTEIbHBIX allapaToB COCTOUT W3 HECKOJIBKHUX
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KECTKO CBSI3aHHBIX amnmaparoB. CBsHKEM C KaKIbIM M3 allaparoB MOABHXHYIO CHCTEMY KOOp-
JMHAT, Ha 3eMJie 3aUKCUpyeM HEMOIBIKHYIO cucTeMy Koopausar | (puc. 1).
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Puc. 1. Cucmemot koopOuram epynnvl 6eCnUIOMHBIX IeMAMeETbHbIX ANNApPaAmos

OHpe,I[eJ'II/IM YIJIbI Bﬁnepa ((P, 6, \|l) B HOHBH)KHOﬁ CHUCTEME KOOPANHAT U MaTpuly BpaH_[eHI/IH:
CpCo  CpSeSe — SyCp  CpSecy +5yuS,
Rip = | SuCe  Cpdedy + ey Sydecy — CySy (1)
—Sp ceSe € Cy

31ech I KpaTKOCTH 0003HAYEHO ¢=COS U S=sin
Omnpenenum KOOpAUHATHI TOYKU P — 11IeHTpa Macc CUCTEMBI.
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Brruncinm MOMEHTHI HHCPIUHN CUCTCMBI.
L= (1, +mG7 +20)
L =X (I, + m@? +27)) )
L= (L+m@?+2)
3nech X; =X; —Xp, Vi =V; —Vp, Zi = Z; —Zp, @M =Xm,

YPABHEHUS IBUXKEHUS
Kaxk HU3BECTHO [5, 6], YpaBHCHHUC ABUKCHHUA OAHOTO KBAIPOKOIITCPA 3alIUCBIBACTCA B BUJIC
¥ 0
m;|i|=| 0 |+ RppFy; (4)
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3neck Fy; — nogbemuas cuina keaapokonTepa [7], {); — yrioBele CKOPOCTH BpaIlEHUs HPO-

nesuiepos [7,8].
[Tepexoast K *KeCTKO CBSI3aHHOM IpyIIEe U3 HECKOJIbKUX KBAaJPOKONTEPOB B CUCTEME LIEHTpa
Macc, MoJIy4HuM cieayrouiee ypaBHeHue asuxenus [9, 10]:

1 0 0 0
E1 y; cosyp; —sinp; 0|[Fy;
p —x; siny; cosy; 0 qj
0 0 0 1

3,[[6015 M qj — MOMCHTBI CHII j-ro KBaJIPOKOIITCpa, Mp — MOMEHT CHJI 5KECTKO CBSI3aHHOM CHCTEMBI.

CHUCTEMA YPABHEHU S
YrpaBisiTe )KECTKO CBA3aHHOW CHUCTEMOW JOCTATOYHO CJIOXKHO. J[JIsI MOCTPOEHHSI CUCTEMBI
yIpaBiIeHUs B padoTe UCTIONB3YETCSI METO/ TUHEHHO-KBaIPAaTHUHOTO perynupoBaHus [14].
Beenem cienyromue o6o3nadenus [11, 12]:

X, [P
X3 @
X3 0
Bekrop X = x| =8 (7
X5 P
Xe 1)
3areM 3aluIeM B MATPUYHOM BUJE yYpaBHEHHE ynpasieHus [13]:
X =AX +BU (8)
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Llenp 3amaun HaiiTH Takoil BekTop U, KOTOPBIN MEPEeBOJUT CUCTEMY KBAJPOKOITEPOB U3 CO-
crosiaust X(to) B cocrostane X(t1), MUHUMHU3UPYS TIPU 3TOM (PYHKIIHOHAT
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] = f:(XTQX + UTRU)dL.

(9)
3aKOH ONTUMAJILHOTO YIIPaBJICHUS
Ul=—KX(t) = —RBTPX(1). (10)
3necs K = —RBTL — martpuna ycunenus o6paTHOM CBS3H.
Marpuiia P HaxoauTcs kak peuienue ypaBHeHus Pukkaru [13]:
—PA—ATP—-Q +PBR™IBTP =0 (11)

PE3VJIbTAT MOJIEJITMPOBAHUSA

Ha rpadukax npezacraBieHbl pe3ysbTaTbl MOJEIMPOBAHUS CUCTEMbI >KECTKO CBS3aHHBIX
KBaJIpOKOIITEPOB.
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Error vectors
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Puc. 3. Boiuucaumenvras nozpeutHocms onpeoenenus yenog Jiiepa
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Control vectors
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Puc. 4. I'paghux usmenenuss 6ekmopa ynpasgiaiouux 030eucmeauti

3AKJIFOUEHUE

B pabore npezacraBieH alropuT™M HOCTPOSHUS ONTUMAIBHOW CUCTEMBI YIPABIECHUS YKECTKO
CBS3aHHOM TPYMIIbI KBAAPOKOIITEPOB.

s pelenys 3anadu NMPEUIOKEHO UCIIONIb30BaTh METOJ JIMHEHHO-KBAJAPAaTUYHOIO PEryIIu-
poBanus. [locTpoeHa MaremMarnyeckast MOJIENIb CUCTEMBI KBAIPOKONITEPOB € KECTKOU CBS3BIO.
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LINEAR-QUADRATIC CONTROL OF AIRCRAFT GROUP
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Today, there are a large number of tasks that can not be performed by a single unmanned aerial vehi-
cle. In this case, the use of a group of unmanned aerial vehicles is a good solution. These tasks include
the task of mapping the area, work in the field of technogenous (human-caused) or natural disasters,
monitoring and processing of agricultural land, the study in real time remote areas. In terms of a mega-
polis a group of aircraft can be used to create panoramic views, and tracking the dynamics of traffic
jams. A group of unmanned aerial vehicles can be used for express cargo transportation, a group of un-
manned aerial vehicles can be used in mineral exploration tasks.

In this paper we consider the problem of joint movement of several unmanned aerial vehicles
based on rigid links. The method of linear-quadratic regulation is applied. The movement of a group
of drones is modeled by the method of leader-follower and the method of RD control with linear —
quadratic regulation is applied. An algorithm for constructing an optimal control system for a tightly
coupled group of quadcopters is developed. To solve the problem it is proposed to use the method of
linear-quadratic regulation.

The mathematical model of the system of quadcopters with rigid connection is constructed. The
graphs show the results of modeling the system of rigid-coupled quadcopters.

Keywords: unmanned aerial vehicle, linear-quadratic regulation, quadcopter (quadrotor), Euler an-
gles, moving coordinate system, moment of inertia.
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