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BBE/JIEHUE

AKTyaJibHOCTB. 3a npore/ainue 15 jier OecnujIOTHBIE JIeTaTebHbIE
annaparbl (BIIJTA) BeprosierHoro Tumna ¢ 4YeTHbIM KOJMYECTBOM DPOTOPOB
— KBAJIPO- TEKCa- W OKTO-KONTEPhl TMOJYIUIN TMHPOKOE PaCTPOCTpaHEeHNE B
pasIMIHbIX cdepax JesresbHOCTU. IIpocToTa M3roTroBjeHUs, a TakK Ke OT-
HOCHUTEJIbHO HEBBICOKAsI CTOMMOCTL IIPOU3BOJCTBA Hecylleil 1miaardopMbl Ipu
HAJIMIUN BBICOKUX TIOJIETHBIX XapaKTEPUCTUK CTAJIU KJIIOUEBBIMU (haKTOpaMu
pocra npounsBojicTBa, 110100HbIX BILJIA. OcobenHocTr KOMIIOHOBKH aliapaTos,
a UMEHHO: HAJINYMe HECKOJbKUX TATOBBIX JIBUTATEEH 1 HEOOXOIMMOCTh MOCTO-
STHHOW CTAaOMIM3aIMu anmnapaTa B MPOCTPAHCTBE, MPEIbIBIISIOT CyIIEeCTBEHHbIE
TpeboBaHus K pabore cucreMbl yupasienus. [lo manneiv [1-3| aBapuu Gecru-
JIOTHBIX ammaparoB cjaydaiorcsa B 100 pa3 dalie, UeM aBapuy MUJIOTHPYEMBIX.
OcHoBHasi npuuMHA OTKa30B — cOOM B paboTe BHYTPEHHUX CHUCTEM. IDTO
00CTOSITE/ILCTBO MOJITBEPKACT BaXKHOCTb U 3HAYUMOCTD PadOT 110 MOJIEJIH-
POBAHMIO aBAPUIHBIX CUTYaINi U pa3zpabOTKe METOI0B 110 OOphOE 38 XKUBYIECTH
BILJIA.

Cremntenb pa3paboOTaHHOCTU TeMBI. Bompochl MOCTPOEHUS CUCTEMbI
YIIPaBJICHUS KBAIPOKOTITEPOM HAKOOJIEE MOJTHO Mpe/IcTaBIeHbl B padorax [4-10].
Kiraccuueckuii mojixo/| K IOCTPOEHUIO CUCTEMbI YIIPABJIeHNs, OCHOBaHHBIN Ha 00~
paboTKe CUTHAJIOB, TIOCTYIAIOIINX OT PA3JIMTHBIX OOPTOBBIX JTaTUNKOB, BIIEPBLIE
ObLJI YCIIEIIHO peaJu30BaH uccieoBareismu B paborax [4;11] u nenpepbiBHO
cosepiieHcreyercs [12-14].

Ocobpiit nHTEpEC TIPecTaBIsgeT aBTOHOMHBIN peykuM yrpasienns BITJIA,
P KOTOPOM Y9YaCTHE UeJIOBEKA B YIIPABJICHUU CBEJICHO K MUHUMYMY (Tiese-
yKasaHWue) WM KCKJIIOYEHO MOJHOCTHIO. B TakoM peKuMe pPEe3KO BO3paCTaeT
BayKHOCTb HEIIPEPBLIBHOIO MOJYUYeHHUs MOKA3aHMUI BCEX yYCTAHOBJICHHBIX Ha, all-
napare JaTYuKOB, JAHHBIX OT BHEINIHUX CUCTEM HABUTAIMHU, a TAKXKE TOYHOCTH

MNoJIy49a€MbIX BEJIMYMH.



OcobeHHoO akTyaJbHOI siBsieTcs mpobsiema paborsl BILJIA B ycioBusix
HeOJIArONPHUSITHON BHENIHEH CpeJibl, 8 TaK»Ke BOIIPOCHI YIIPABJICHUs allllapaToM
[IPY BBIIOJHEHUH CJIOXKHBIX JIETHBIX 3aaHKil. DTHU BOIPOCHI IPSIMO CBSI3AHbBI €
BOIIPOCOM HaJIE2KHOCTU PabOThl DOPTOBBIX CUCTEM U PACCMATPUBAIOTCSA B Pa-
borax [15-18|.

Agpropamu pabor [19-21| npesgraraercss psiji ¢rocobOB TOBBIIEHUsT Ha-
JIE?KHOCTH CHUCTEM YIIPaBJICHUs U YJIydIlIeHUs II0Ka3aTeJeil JIOTHON »KUBYYeCTH
allllapaToB: Pe3epPBUPOBAHUE CUCTEM, UCIIOIH30BAHIE OINTUICCKUX CPEJICTB JIJIsI
MOJIYUeHHSI TPUBA3KKM K MECTHOCTHU, BHEJPEHUE CUCTEM WHEePIMAJILHON HAaBUra-
unu (MHC) B Bujie roroBbix 6J10KOB.

MuorkecTBO paboOT MOCBSAIIEHO BOIPOCAM JIETHOW >KUBYUYECTH KBaJIPOKO-
nrepos [20; 22-26]. B custy Toro, 4ro aBTopaMu UCHOJIB3YIOTCS DPA3JINIHbIE
C110cOObI MOJICJIMPOBAHUS aBAPUMHBIX CUTYAIUI U pa3/niHble MaTeMaTUIeCKIe
MeTojibl |21;27-29], BBIIEIUTD KaKie-TO OT/IeIbHbIe mybaukanuu oo, O
HaKO, CyNIeCTByeT psij pabot, Oiuskux 1o nojgxony [30-33]. Ormerum, 1To
npejyiaraemMast B JlaHHO#M pabore umjiesi 110Ca/IK1 alliiapara 1pu OTKa3e OJ[HOI'0
wi JByx jiurareseii (1. 2.1) He HoBa. B yacTu MaremMarnvyeckoro Mojesupo-
BaHUsl, HauboJlee MOJIHO JlaHHast IpobJieMaThKa packpbita B paborax [34-36].
3aMeruM, YTO B OTJIMYMU OT HACTOAINEH PadOThl, JIaHHbIEC yOJUKAIAKA He
KaCaroTCs BOIIPOCOB IIPAKTUUECKON peaiM3allid TAaKOro pexKuMa padoThl, He
3aTParuBaiOT BOIIPOCHI AIlllapaTHON COCTABJISIONIEH KBaPOKOITEPOB.

OcCHOBHBIME TTyOJMKAIIUSIME, PACKPBIBAIOIUME BOIPOCHI CTAOUIN3AIUN
KBaJIPOKOITEPA, MOXKHO CunuTarTh paborhbl [37-41]. Dru u jipyrue paborbl XOPOIIO
PACKPBIBAIOT TEOPETUIYECKUE ACIEKThI CTAOMJIM3ALMKU allllapaTa B Pa3JIMIHbIX
peXKMMax 1 BOIMPOCHI TPUMEHEHHUsI TOTO WJIM MHOT'O THTIA, PETYISTOPOB. 3aMETHM,
YTO B YaCTU CTADUJIM3AIMHU, B HACTOAIIEH JUCCepTalliyi OCHOBHOE BHUMAaHUE
yJIeJIEHO HPaKTUIECKOH YacTH.

IHemu m 3amaum. llens HacTosmieit pabOTbl — MOCTPOCHHME TaKOW all-
1apaTHON KOH(MUI'YpALMK U CUCTEMbI YIPABJICHUS KBaJPOKOITEPOM, KOTOPas

[103BOJIsljIa OBl MHWHUMU3UPOBATH HETraTUBHLIE ITOCJIEJACTBHA OT pPAJla OIIPEIeC-



JIEHHBIX HelTarHbiX curyaiuil (aBapuii). st 91010, pemanrces cieyoime

3a/1a41:

1.

MerogoMm cucTeMHOTO aHaAJM3a MCCJIEA0BATH [PUUUHBI  T1OsIBJICHUS
HEIITaTHBIX CATyallWii ¥ NPUBECTH PEKOMEHJIAIMK 110 WX HEeJIOMyIe-
HUIO;

PazpaboraTh aJrOpuTMbl CIIACeHUsI, €CAU HellTaHas CUTYaIlds BCe-
TaK¥ IIPOU3OIILIA;

Paszpaborars 1O juisi MOjempoBanms MPOILECCa MOJIETA;

[Tyrem mnpoBejeHusi YUCACHHBIX SKCIEPUMEHTOB BepU(PUIINPOBATH
1pejiiaraeMble aJrOPUTMbI CITACEHUST;

Omnpegenuts TpeboBanus K amnaparanoil gactu BILJIA, ma xoTopbix
MOKeT paboTaTh pa3paboTaHHAs OTKA30yCTONUNBAs CUCTEMA, YIIpaBJIe-

Hued.

Ob6bekToM wuccienoBanust sipisiercss BILJIA-kBajipokonTep, mpeaMer

UCCJIeJIOBAHKST — CUCTEMa YIIPpaBJIeHUs U allllapaTHast KOHUrypalus anmnapara.

Hay4ynass HOBM3HA 110J1yUe€HHBIX B JUCCEPTALNA PE3YABTATOB COCTOUT

B CJIEJIYIOIIEM:

L.

Pazpaboran KOMILJIEKCHBIN IIOJXO0J K IIPOEKTUPOBAHUIO allllapaTHOI
COCTaBJIAIOIIEH OTKa30yCTONUINBON KOH(MUIYpaIuid KBaJIPOKOIITEPA.
JocTomHcTBa W HOBHU3HA NPEJI0XKEHHOIO TOAXOMa 3aKJII0IaeTcd B
cienytomem. OmpejiesieHbl 1 000CHOBAHBI 1EJEBBIE JIETHO-TEXHUYE-
ckue xapakrepucruku (JITX) anmapara u ero KOMIUIEKTYIONHX.
IIpoBesenbl pacdeTbl CKOPOCTH, JaJbHOCTH M JIP. SKCILIyATAIMOH-
HBIX XapaKTePUCTHK JJisI OTKa30ycToiiunBoil konduryparuun BILJIA
JnByX KjaccoB. Ilokazana mocrukumocthb 1eseBbix JITX mpu cbopke
KBaJIPOKONTEPa M3 CEPUUHO MTPOM3BOAUMBIX KOMILIEKTYIOMuX. IIpo-
BEJICH aHaJIM3 BO3MOXKHbIX KOHCTPYKTUBHBIX PELICHUI 1pu BbIOOpE
pam (B T.4. MOJIyJIbHBIX ), BUHTOB, 9JIEKTPOJ[BUTATEIICH, SHEPIeTH YeCKOH

yctaHoBku. [IpuBeienbl peKOMEHJAIMN 110 COOPKE OTKA30yCTONINBHIX



KoHdurypanuii Ksagpoxkomnrepon. [Tokazana 1eecoodpa3HoOCTb IpUMe-
HEHUsT PA3JIUIHBIX MATEPHAJOB (JIETKUE KOMIIO3UTHI, MJIACTHK) JIJIs
paM ¥ BUHTOB allllapara.

Pazpaboranbl aJropuTMbl ClIaCEHUs JIJIT aBAPUI C OTKA30M OJ[HOI'O MJIK
nByx asurareseit. s Bepudukanum agroputMon paspaborano 110
(MathLab-Simulink) st cumysisiiium mporiecca moJieta, B pasianaHbIX
pexxumax. IIpoBejieHbl YrCIeHHBIE SKCIEPUMEHTHI 110 MOJIETUPOBAHUIO
ABAPUIHBIX CUTYAIMI C MOJHBIM M YaCTUIHBIM OTKa30M OJIHOI'O U3
JIBUTaTe el KBaIpoKonTepa. Kak 1acTh pazpabaTbiBaeMoil IpodIeMHO-
OPUEHTUPOBAHHON CHUCTEMbI YIIPaBJIEHUSI, [IPEJJIaracMblie aJI'OPUTMbI
M3JIOXKEHBbI B JIBYX CJEAYIONINX BapuaHTax. [ljisi criaceHusi B pydIHOM
peXkuMe TPHU yIpaBJIeHnr BbICOTOH ammapata omneparopom BILIIA n
JUUIsl CIIACEHUsI B IIOJTHOCTBIO aBTOMATHYECKOM pPEXKHMME IIPH KOHTPOJIE
3a CKOPOCTBIO M BBICOTO# cHMKeHUs1 oTaeabHbIM IV /I-perynaropom.
st IpeiyiosKeHHBIX PEXKUMOB PabOThI TaK »Ke MPEeJIJIOXKEH aJrOPUTM
HacTpoiiku cradbuiusupytomero ITHI-peryssiropa.

[Ipeioxkena  mojenb wuHTerpanuu B cocra 11O mosierHoro Kow-
TpOJLIEpa MOJLYJIst JIJIsi pelleHusi 3a/a9i ONTUMAJILHOTO yIPaBJICHUs
IIPOIIECCOM aBapUiiHON Mocajku anmnapara. (OcoOEHHOCTHIO JaHHOIO
MOJIyJIsI sIBJISIETCS aJICOPUTM peLIeHUs] 3aJladd IIOCTPOEHUs] CTpaTe-
MU YIPaBJIEHUs] «U3 TOUYKH B TOUKY», OCHOBAHHBIH Ha IIPUMEHEHUN
ajanTuBHOTO MeTona ['abacosa. C 1esbio JajbHeiIneil nHTerpaiun B
cocraB IIO mosierHOro KOHTPOJLIEPaA, B HMPOIPAMMHOM KOJIE METOJIA,
HEe HCIOJL30BaJIUChL BeTpoeHnble (yHKImn cpegbl Mathlab. Ocnos-
HBIM JIOCTOMHCTBOM TIPEJJIOKEHHOT'O T0JIX0J1a SBJISETCSH BO3MOYKHOCTH
peaJin3aliyl CTPATEruu yIPaBJeHUs «H3 TOYKU B TOUYKY» B aBapuii-

HOI CUTYyalluu 0e3 UCIOJIL30BAHNS BHEITHIX HaBUT'allMOHHBIX JIaHHBIX

(CJIOHACC, GPS, np.)



TeopeTuveckag m mpakTudeckasg 3HAUYMMOCTh PadoThI. Teoperu-
yeckasi 3HAUNMOCTDH pabOThI 3aK/IF0UAETCA B 0OOCHOBAHUU U Pa3pabOTKe:
1. Hesenbix JITX orkazoycroitunBoit Kondurypaluuu KBaJJpoKOIITepa;
2. CxeMbl 3aMeHbI BHEIIHUX HABUIAIIMOHHBIX JIAHHBIX Ha PacYeTHHIE JaH-
HbIE MOJICJIMPOBAHUsI TTPOIIECCa MOJIeTa, MMOJyYCHHbIE TTPU TPUMEHEHUN
aJlalTUBHOTO MeTojia ['abacoBa Jiist perieHust 3a/auu ONTUMAJIHLHOTO
yIIpaBJI€HUs [IOJETOM KBaJPOKOIITEPA.
[IpakTrieckast 3HAUUMOCTDL PADOTHI 3aKJII0YaeTCsl B pa3paboTke:
1. AnropuTMOB aBapHiiHON TOCAJKY MIPH ABYX PAOOTAIOIINX JBUTATEISAX
KaK 4acTh 11POOJIEMHO-OPUEHTHPOBAHHONW CUCTEMbl YIIPaBJICHUS KBa/I-
POKOITEPOM;
2. Asnropurma Hactpoiiku cradbmauzupyiomniero [ JI-perynsitopa;
3. I1O nya mozesinpoBaHus IpoIiecca IIoJieTa KBaJJpoKoITepa.
MeTomosiorud M MeTOJbI HCCJIeZOBaHUsA. B pabore UCIOIL3YIOT-
Cs CUCTEMHBIN, TPUINHHO-CJIEJICTBEHHBIH 1 CPABHUTEJIbHBIA aHAJIN3, a TaK»Ke
PYHKIMOHAJIBHBIA ¥ CTPYKTYPHBIA CHUHTE3, cOOp, cUCTeMaTU3alus U aHaJIu3
HAyYHO-TEeXHUIeCKO# nHdopMalun mpeMeTHON 00JIacTh B 9aCTU BOIPOCA Bbi-
Oopa ammapatHoii koHuryparmn. O0Ias MeTOI0JOIUs TPOIPAMMUPOBAHMUST
¥ KOMIIBIOTEPHBIH (UUCJACHHDI) IKCIEPUMEHT MPUMEHSAINCH IPU MPOBEJICHUN
MOJICJINPOBAHUS aBapUIHBIX CUTYaIUil 1 paspaboOTKe aJI'OPUTMOB CIIACEHUS.
DKCIIepUMEHTAJIbHBIE UCCIE0OBAHUS TIOCIYKIJIHM OCHOBOM JIJIsi aHAJIn3a BJIUsI-
Hug napamerpos [IW JI-peryngaropa Ha mporece mojera KBaJIpoKonTepa. Teopus
nuddepernuaibabix ypaBHenuit [42;43], maremaruieckast Teopusi ONTUMAJLHO-
ro yupasJenus u crabunusaiyn [44-46], ajanrusnbiii meros abacosa [47;48)|
MpUMEHSIINCH [J1st paspaborku [1O st permenust 3a1a9m ONTUMAIBLHOTO YITPaB-
JIEHHs IIPOIECCOM IIOJIeTa.
IlonoxkeHnsi, BBIHOCUMbIE HA 3aIUTY:
1. Ilenesbie JITX oTkKazoycToOiunBOi KOH(MUIYpPAIUNA KBAJIPOKOITEPA H

UX pacyeT Jiisl allllapaToB JIBYX KJACCOB;
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2. AjropurMbl CHaceHUsi TIPU OTKa3€ OJIHOTO WJIM JIBYX JIBUTATEsel B

PYYHOM M aBTOMATUYCCKOM PEXKMME, B T.4. aJlOPUTM HACTPOWKN CTa-

onnuzupyoiiero [T I-perymnsitopa;

3. I[IO g pelrenus 3ajia4y ONTUMAJBHOIO YIIPABJICHUS KBaJIPOKOIITE-

pPOM, KaK 9acThb IPOOJEMHO OPUEHTUPOBAHHON! CUCTEMbI YIIPABJICHHSI.

OB60CHOBAHHOCTH W JOCTOBEPHOCTH TOJYUECHHBIX PE3YIbTATOB 00ec-

IIeYnBacTCAaA 3a CUHET aHaJInu3a I/ICCJIe,[[OBaHI/Iﬁ APYyrux aBTOPOB B Hpe,ZLMeTHOﬁ

00J1aCTH, NCIIOJIBL30BAHUEM OOIIEIIPUHATOrO JjIsI IpoBeeHust nccuaegopanuii [10

(Matlab, Simulink, eCalc [49]), nmomrBep:KpaeTcss COrIACOBAHHOCTHIO DE3YJib-

TaTOB YHNCJICHHBIX SKCIIEPUMEHTOB C aHAJUTUYECKUMHU OINECHKaMH, YCHGLHHOﬁ

anpobalueil OCHOBHBIX IIOJIOXKEHUI JIUCCEePTAIluU Ha psijie Hay4IHbIX KOH(pe-

PEHTTUI MEXKTyHAPOJIHOTO YPOBHS, a TaKxKe MyOJuKalueil OCHOBHBIX HayIHBIX

pE3yJIbTaTOB B BEAYIHINX PCIEH3UPYEMbBIX HayYHbIX U3JaHUAX.

Anpobaiusa u mybaukamuu. OCHOBHBIE PE3ysIbTaThl JOKJIA/bIBAJICH

1 00CYXJIaJINCh HA KOH(QEPEHIUIX:

1.

«YCTOMYIMBOCTD 1M KOJIeDaHUs HEJIMHEHHBIX cucTeM yrpaBieHusi»: XIII
Mexynaposaas koudepenrus (2016 ., Mocksa) [50];
«KoHCTPYKTUBHBII HerjiaJKuil aHaJUu3 U CMEXKHbIE BOIIPOCHI», IIOCBSI-
mennoi namsaru mpodeccopa B. @. Tembsrosa (2017 rox) [51];

[IT MexxiyHapoiHoit KondepeHiun « YCTORInBOCTD U 1IPOLECCHI yIIPaB-
JIGHWST», IIOCBSIIEHHON 8b-j1eTuio €O JiHsl pOXKJieHus Ipodeccopa,

ai.-kop PAH B.I.3y6oBa (2015 rox) [52-54];

. Exxeronnoit nayunoit koudepennnn «IIporecchr yrpapieHusi u ycroii-

auBocTby (2014, 2015 u 2019 rr.) [55-59];

«International Conference on Computer Technologies in Physical and
Engineering Applications (ICCTPEA)» (2014 rox) [60];

«13 th International Symposium on Intelligent Distributed Computing
(IDC)» (2019 ropx) [61].

OnybmKoBaHbI B YKypHaJax:
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1. «Becrauk Cankt-Ilerepbyprckoro yausepcurera. Cepust 10: mpukJiiai-
Hasi MATEeMaTHKa, HHGOPMATUKA, MPOTECcChl yrpasieHusy [62];
2. «Journal of Wireless Mobile Networks, Ubiquitous Computing, and
Dependable Applications (JoWUA)» (Tom 11, Ne2) [63];
3. «UsBecrust Boicmx yueOHbIX 3aBejenuii. [Ipubopocrpoennes (Tom 64,
Ne10, 2021, C. 829-838) [64].
Mroro 1mo marepuaJjaMm JUCCEPTANMOHHON pabOThI onyb/MKoBaHO 15 paboT, B
TOM YHCJIEe 2 — B peleH3upyeMbIX n3ganngax u3 nepeunsg BAK, 5 — B uzgannsax,
WHJIEKCUPYEMBIX B MEXKIYHApOAHBIX Oazax Scopus u Web of Science (u3 nux 2
— B [IEPUOJIMYECKUX PEIEH3UPYEMbIX M3JIaHusIX ). 3aperucTpupoBata O/Ha 1Po-
rpamma it 9BM [65] (IIpunoxkenne B).

JIMYHBIM BKJIQJIOM aBTOpPa B MEpedHe MPEJCTABICHHBIX PE3yJbTaToOB
SIBJISTFOTCS:

1. Bce pesynbrarsl, mpejicraBiaennbe B ['tase 1;

2. Unes n anropuTMbl CIACeHMs alapara Ha JIBYX BHHTAX U3 UETHIPEX,

npejicrasjiennbie B [yiaBe 2 nHacrosiieit padoThbl;

3. TlocranoBka ¥ aHaJM3 PE3yJIHTATOB UYNUCAEHHBIX SKCIIEPUMEHTOB, a

TAKKe TPUHIINITNAILHAS CXeMa CHCTEeMbI TOJMEHbI CUTHAJIA, PeJICTaB-
Jnennble B ['mase 3.

O6beM u cTpyKTypa paboThl. [luccepralidsi COCTOUT U3 BBEJICHUS,
TpexX IJIaB, 3aK/JII0UEHUs U Tpex npuiaoxkeHuit. [Tojgublil 00bEM nrccepTaluml co-
crapisierT 148 cTpanull, BKao4das 52 pucynka u 7 Tadbaui. CIucoK JUTepaTypbl
conepxkut 102 nanmMeHoBaHUS.

Kpartkoe coaepkanme pabdorbsl. B mepBoit riiaBe copmyinpoBana
o0IIast MOCTAHOBKA 3aJla9M W PACCMOTPEH BOIMPOC BHIOOpA ammapaTHOi KOH-
durypalun KBaJapoKonTepa, JOIycKalleil (pyHKIMOHUPOBaHUE B aBapUilHOM
pexkume. IlpuBenen anaan3 BO3MOXKHBIX KOHCTPYKTHBHBIX peIIEHUil pu cOOp-
Ke almmapara.

B 1n. 1.1 onucbiBaloTCs THILI aBapURHBIX CUTyallWil, paccMaTpuBae-

Mbl€ B JIaHHOW paboTe U OIpeJiesisieTcs 3a/a49a, yIPaBIeHUs KBaJIPOKOIITEPOM.
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[TpuBojurcst pacuerHast Maremarudeckas Mojiesib. [Ipejiaraercst 1mojxoj K
KJiaccudukanum KBajapokornrepos u 1esesbie JITX orkazoycroitunboii KoHpuU-
rypainun ¢ y4eTroMm HeOoOXOJMMOCTH cOOJIojieHusi Oajianca XapaKTepucTuk. B
1. 1.2 npuBojutca pacder JITX jjis 1ByX 0TKa30yCTOWYMBBIX KOHMUIYparuit
alllapaToB Pa3HbIX KJaccoB. IIyHkT 1.3 sBjsgercs 0030pHO-aHAJIUTUUICCKHIM:
3JIeCh TapaJIeJibHO ¢ 0030POM JIUTEPATYPhI IO KOHCTPYKTUBHBIM PEIICHUSIM
MPUBOJISITCS MTOSICHEHNST O MPUIMHAX BBIOOPA TeX WM UHBIX KOMIIOHEHTOB JIJIsT
OTKa30yCTONUNBONM KOH(DUI'YPAILUU, TTPOBOJIATCS CDABHEHUSI.

Bo BTOpOIit Ti1aBe 1ipejicraBieHbl PE3yabTaThl MOJCIUPOBAHUS aBapuii-
HBIX CHUTYyaIlMil 1 paccMoTpen Bornpoc Hacrpoiiku [T I-perynsitopoB KBapoKo-
nrepa. B m. 2.1 npuBogsTes pesyiabrarel mojesauposanus (Mathlab, Simulink)
aBapuil ¢ MOJHON W YaCTUYHON TOTEpeil TATA Ha OJHOM U3 BUHTOB alllla-
pata. IIpuBojsiTCst aaropuTMbl CIIACEHUs amlapara HIpU JBYX PadOTaOIMNX
JIBUTQTEJISIX: B PYYHOM U aBTOMaTUYECKOM pexkume. B 11. 2.2 paccMaTpuBaloTcs
Boripochl HactTpoiiku [T /I-perysisitopoB kBajipokorirepa. [IpuBojurcst anasins
BJMSIHAS Kaykjoro u3 napamerpon IV JI-peryisitopoB, MCIOJB3YyEeMbIX JIJIst
CTaOMJIN3AIUHI IOJIOXKEHHS allllapaTa B IIPOCTPAHCTBE Ha €r0 IIOBE/ICHIE B BO3JLY-
xe. IlpuBojisiTcss pe3ysbTaThl SKCIEPUMEHTAJbHBIX HaOsoeHuii. [Ipeacrasien
KOHCTPYKTUBHBII aJropuT™m Jjisi pydHoit Hacrpoiiku [ /I-perynsaropos st
obbraoro (i.2.2.1) u asapuitnoro (1. 2.2.2) pexuma. ChopmysiupoBanbl 3a-
MeYaHUs 110 00JIaCTU ITPUMEHUMOCTH aJrOPUTMOB aBTOMATUUYECKON HACTPONKY
[T /I-peryiisitopoB 1 HEOOXOJUMOCTH OCOOBIX PEXKMMOB CTAOWJIN3AIMU B aBa-
PUIHDBIX peKMUMax.

B Tperbeil riiaBe npuBOJSTCS PE3yJabTaThl MaTEMaTHIECKOI'O MOJICIIH-
poBanus Tmporecca mraraoro (m.3.3.1) u aBapuitnoro (m.3.3.2) ympaBienus
KBaJIPOKOMTEPOM C HCIOJBL30BAHUEM aJIAITHBHONO Metoja (Meroma [abacosa).
JaHublit MeTOJ| IpUMEHEH JiJisl PellieHus: 3a/lauu OITUMAJILHOIO yIpPaBJIEeHUs
KBAJIPOKOIITEPOM 1 (OTJEIIBHO, 11. 3.2) €ro 3JeKTPOjIBUTaTe sIMU. AJITOPUTM pas-
paboTraH ¢ 1esbio JajabHeiteir narerpaimu B [1O mosernoro KoHTpoOsIepa u He

UCIIOJIb3yeT BCTPOEHHbIX pyHKImit cpejpl Mathlab. [Ipusejien psii 3ameuanuit



13

110 BO3MOXKHOCTH MHTEIPAIUU Pe3yJIbTaTOB MaTeMaTHIECKOI0 MOJIETNPOBAHMUSI
B IIPOIECC YIPaBJICHUsT KBAJIPOKOITEPOM B aBapUTHOM DPEXKMME B PeajbHOM
Bpemenn. B 1.3.3.3 npejcrapieHa cxema BHEJPEHHSI U PACCMOTPEH BOIIPOC
KOPPEKTUPOBKN JTAHHBIX WHEPIMAJIHHON HABUTAINK HA OCHOBE PE3yJIHhTATOB Ma-
TEeMaTHIECKOI'0 MOJICJIUPOBAHUSI.

B 3aksroueHnM chpopMyIupoBaHbl BbIBOJIBI U IIEPCIIEKTUBBI JlaIbHelIIei
pa3spabOTKN TEeMATUKH.

B npunoxkenun A npusejieHa OJI0K-CXeMa 1 ONUCAHNE OCHOBHBIX (DYHK-
Uil 1 IPOIE/Lyp MPOrpaMMbl peasin3aliiy aalTuBHOTO MeToja [abacoBa st
perenns 3a/1a91 ONTUMAJILHOTO YIIPABICHUS KBaIPOKOITEPOM.

B mpuioxkenun b mpusenen nmporpaMMHBIA KOJ ¥ OJIOKW CAMYJISIITAN
(Mathlab, Simulink) s peamuzanun [11/[-ympasisgeMoro aBroMaTuaecKoro
CIIACEeHUs allapara U MOJCJUPOBAHUS JIPYTUX aBAPUMHBIX PEXKUMOB.

B mpunoxkenum B npencTaBieHo CBHAETENHCTBO O PETUCTPAIUN IIPO-
rpammbl Jiist 9BM «IIporpamma jist perienns 3ajiadm ypaBjeHns: KBaPOKO-
ITEPOM ¢ WCIOJIb30BaHneM ajantusroro meroga 'abacosa (AdaptCopter)» B
DeepasibHoil ciryxbe 1o uHTe/ekTyaabHoi cobersernocrn (POCITATEHT)
U aKTbl BHEJIPEHHUSI.

BHenpenne pe3yabTaToOB JMCCEPTAIMOHHOIO WMCCJIeTOBaHMUs. Pe-
3yJIbTAThl JIUCCEPTAIIMOHHOTO HUCCIAEIOBAaHMS KCIOJb3YyIoTCsI B pabore OO0
«Bropo kajsiacrpoBbix uHxkeneposs (1. Pocros-na-Jlony), nojxon K nocrpo-
EHUIO OTKa30yCTONIMBOI CHCTEMbI yIIPaBICHUS KBaJIPOKOITEPOM BHEJPEH B
y4aeOHbIil Tiporiecc Ha (akysgbTeTe NPUKJIAIHOW MaTeMaTwuKh — ITPOIECCOB
yupassenns Cankt-IlerepOyprekoro rocymapersennoro yuusepcutera (yaebd-
Has qucruminaa 056747 «luckpertbie cucremsl ynpasienuss ). [Ipaktuaeckue
pe3yIbTaThl, CBSI3aHHbBIE C IIOCTPOEHUEM alllapaTHON COCTABJISIONIECH ammapaTa
BHEJIPEHBI B IIPOIECC PeaU3alN JOIOJHUTEIbHOI 00pa30BaTe/IbHOM TPOTrpaM-
mbl «IIporpammupoBanue u pobororexnukay MyHunumnaabHOrO OOJKETHOIO
YUIPEeXKACHWUST — OPraHu3aInu JOMOJHUTETHHOrO obpaszoBanus LleHTp jerckoro

TBOpUecTBa (JleHuHrpascKast obiacTh).
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I'VJIABA 1. KIIACCU®UKAIINA KBAJIPOKOIITEPOB U
PACYET OTKA30YCTOMYMNBOM KOH®UT'YPAIIUN

PaboTocrnocobHOCTh crucTeMbl yIIpaBJIeHus B aBaAPUHBIX PEXKUMAaX MPsiMO
3aBUCHT OT allapaTHOW KOH(MUTYpaIuu KBaJPOKONTEPa, OT HAJUUIU OIpejie-
JIEBHHOI'O «3aIaca IPOYHOCTH», T.€. HEKOTOPOW M30LITOYHOCTHU IO OTJIEJIbHBIM
JITX m npuMeHsgeMbIM KOHCTPYKTUBHBIM perteHuaM. [Ipu sToMm ajs jgeraTensb-
HOT'O allliapaTa 0cOOEHHO BaxKeH OaJlaHC XapaKTePUCTUK: OUeHb HaJIeXKHbIH, HO

He NMPAKTUYHBINA ammapar He 0yJgerT BOCTPEOOBAH.
1.1 IlocranoBka 3agauu. IleneBwie JITX

1.1.1 O6miag mocTaHOBKA 3aJa9u. THUITbI aBaAPUNHBIX CUTYAIANI

Onpenennm 3a/1a9y yIpaBaeHnsT KBaJIPOKOIITEPOM B aBapUITHOM PEXKUME,
KaK 3a/[a1y [IOCTPOCHUs TAKOH CUCTEMbI YIIPaBJICHUs U alllapaTHOl KOH(UI'Y-
palu KBaJIpOKOIITEpa, KOTOpas M03BOJIsLIa Obl MUHMMU3UPOBATH HEr'aTHBHbLIE
MOCJIEJICTBUS OT Psijia HEIMITATHBIX curyanuii (aBapuii). Huxke mpusegen cru-
COK aBapHUIHBIX CUTYyalllii, pacCMaTpUBAEMbIX B JIaHHO# paboTe, W ONMCAHDI
BO3MOXKHbIC TIPUYUHBI UX TTOABJICHUSA.

ABapusa mepBoro tuia. V3BecTHO, 9TO JJIsi KBaJIPOKOITEPA HEOOXO-
JINMa, CJIOXKHAs CUCTEMa CTaDWJIM3AIUN MOJIOXKEHUs alapara B IPOCTPAHCTBE
|4;66|. s permenuns sroit 3amaqu wa 6opty BILJIA ycranaBiuBaercs crerua-
JIN3UPOBAaHHASI CUCTEMAa YIIPABJIEHHSI II0JIETOM, BKJIIOUAOMast B ceOst MHOXKECTBO
BBICOKOTYBCTBUTEJILHBIX HaTanukKoOB [4;67]. [Ipu srom pabora GOJMBIIHHCTBA W3
HUX 3aBUCUT OT COCTOSIHUsI CPejibl, OKpYy»Kalolieil KBajpokonrep. Tak, B ycJo-
BUSX JlayKe OTHOCUTEJbHO C€JIaOOIo 3JIEKTPOMArHUTHOTO MOJIst, CO3J1aBaeMoro,
HaIpUMep, OObEKTAMHU CBsi3M, SJIEKTPOHHBIA KOMIIAC, Pa3MEIIeHHbI Ha 0opTYy
alrapatra, OyJ/ieT BblJlaBaTb JIOXKHbIE PE3yJIbTAThl [O3UIMOHKPOBaHKsA. B ycio-
BUAX IJIOTHON TOPOJICKON 3aCTPONKM, BLICOKOIOPbA U B aPKTUYECKUX pailoHax

3aTpPpyJHEH IIpUEM CHI'HAJIOB OT CIIYTHHUKOB IJ100AILHBIX HaBUT'allUOHHBIX CHU-
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crem: ['NIOHACC, GPS, Bsiinoy. B Boennoit cdepe curyanus ¢ HecrabuibHOM
paboToil MaTINKOB (1 GOPTOBOI SJEKTPOHUKU B TIEJIOM) MOYKET OBITH CBsI3a-
Ha C LeJieHanpaBieHabiM BoseiicrBueM Ha BILJIA Tak Ha3blBaeMbIX «CPEJICTB
PaJ03JIeKTPOHHON GophObI» (PIB).

B nacrosiiee BpeMsi Teopusi U MIPaKTUKa MOCTPOEHUsI CUCTEM YITPABJICHU S
KBaIPOKOTITEpAMHU JIOCTATOYHO XOPOIo paspaborana [4;52;56;68;69|. Cepwuiiro
M3rOTaBJIMBACTCS MHOXKECTBO MOJIeJIel IIOJIeTHBIX KOHTPOJIJIEPOB U APYIHX KOM-
IJIEKTYOIHUX JJIsi COOpKH anmaparoB. [Ipy 5TOM OTKPBITBIM OCTAETCsI BOIIPOC
HAJIEXKHOCTH OTJIEJbHBIX KOMIIOHEHTOB.

KBa/ipokolirepbl MUPOKO TPUMEHSIOTCS JIJIst PEIIeHtst 3a/1a4u KOHTPOJIs
32 TPOTSIKEHHBIMU JIMHEHHBIMU 00beKTaMi (ra30- 1 HedTernpoBoaMu, JUHUsI-
Mu astekrporiepesiad ) [68]. TIpu sTom cyrecTByole HOpMbI Ha HCITOJH30BAHNE
pajnovacTor s rpaxkaanckux BIIJIA cuibHO OorpapmauBarOT MaKCHMAaILHY O
JINCTAHIIAIO YBEPEHHON PAJIMOCBA3N MEXK1y KBaJIPOKOIITEPOM U €r0 OIIePAaTOPOM.
JloCTyIIHOCTh YaCTOTHBIX JAUAIMIA30HOB U MaKCUMaJbHAsT MOITHOCTEL pajuolepe-
JIATYUKOB HAKJIa/[bIBAIOT OrpaHUYeHUEe B BUJIE 005134 T€/IbHOIO HAJUYUUs [TPAMON
BUJIMMOCTHU MEXK/Iy OIEPATOPOM U allllapaToM, YTO MOXKET ObITh HEBOZMOXKHO B
FOPHOU W JIECUCTON MECTHOCTH, & TaK»K€ Ha OTKPLITOW MECTHOCTU Ha MAaJIoi
BBICOTE.

Takum 06pa3oM, 3a4aCTyI0 JJINTEIbHbIN [OJIeT BJOJb JUHEHHOIO 00HEKTa
110]T KOHTPOJIEM OIlepaTopa HEBO3MOXKEH U ammapar padoTaeT B aBTOHOMHOM pe-
JKIMe. DTO BO3MOXKHO, TaK KaK 3apaHee U3BeCTeH HeoOXOMMMBIN Iy Th alnapaTa
¥ KOODJIMHATBHI KOHTPOJILHBIX (MOBOPOTHBIX) TOYEK.

B Mojie/ibHOM Psijly TTOJIETHBIX KOHTPOJIIEPOB JIJIsi KBaJIPOKOIITEPOB Y BCEX
KPYITHBIX [MPOU3BOJUTENCH UMEIOTCS BepCUK 0DOPYI0BAHWS, TO3BOJISIOIINE OCY-
IMECTBIIATH ABTOHOMHBIN moJier 6e3 yuacrust omneparopa |70]. Oxnako Bo Beex
0€e3 UCKITIOUEHNUs Cydasx Takoro ucnosib3oBanns BILJIA mogpasymesaercs, aTo
1 B MOMEHT 3allyCKa, U Ha BCEM IPOTSKEHUHU IIYyTH amlapara eMy JOCTYIIHO

onupezaeJieHne CBOuxX KOOpJnHaT C IIOMOIIbIO CUCTEM CHYTHI/IKOBOﬁ HaBUTI'allN.
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OrMerum, 49TO, B CHJIy €CTECTBEHHOW OIPAHUYCHHOCTH SHEPTOBOOPY-
JKEHHOCTH CIIyTHHKA, TPAHCJIUPYEMbIi UM BbICOKOYACTOTHBIN HABUIAIMOHHDIM
CUTHAJI B TIpeJieiaX PaJIMOrOPU30HTAa MOXKET ObITh <«3arJiylieH» Ha3eMHO
YCTaHOBKOIi, 9HEpreTnIecKue BO3MOXKHOCTH KOTOPOH HECPABHEHHO BbIIIe. AHa-
JIOTHYHAA CUTyallds OyJleT Pas3sBUBATHLCSA IPU HAJUUMKA MMUTAIMOHHON IIOMEXU
CUTHAJIY CIYTHUKOBOI CHCTEMbl HABUTAIIMM.

3BecTHO, UTO KBAIPOKOITEDP TEPsieT BO3MOXKHOCTH aBTOHOMHON pabOThI
€CJIM HEBO3MOYKHO OlIpeJIeJIeHIE €I'0 MECTOIOJIOKEHUs B IPOCTPAHCTBE C UCIIOJb-
30BaHKMEM CITyTHMKOBbBIX CHCTEM HAaBUTAIMK [TPU OJHOBPEMEHHON Torepe (niin
M3HAYAJIHHON HEBOZMOXKHOCTH) CBSI3M C OrepaTopoM. Takyio CUTYAIUIO CJIe/Ty-
eT cuuTaTh aBapuilHbIM pexkumoM pabornl BILJIA. B pamkax mammoit paboTb
TAKyI0 CUTYaIUIO OyJieM Ha3blBaTh aBapueil MepBOro THIIA.

['oBOpsI O MOCJEJCTBUSIX aBapUU IEPBOIO THIIA, Pedb HE MJET O IOJHOM
norepe kupydectu anmnapara. OJIHAKO €JIMHCTBEHHOE, YTO MOTYT HPEJJIOKNATH
U3BECTHBbIE Ha JIAHHBIE MOMEHT pa3padoTKu B 00JIACTH CUCTEM YIIPaBJICHUs
BIIJIA B rakoii cuTyarum — 3TO TONBITKA COXPaHEHUs almapara IIyTeM
ero IOCAJIKM B MeCTe IIPOIaKyd CUIHAJa WM IIepexoj Ha HHEPIHaJbHYIO
napuraiponnyto cucremy (MHC, IMU) [56;69]. Kak mpasuiio, B cucreme yrpas-
JIEHHsI KBaJIPOKOIITEPOM He MCIIOJB3YIOTCS BBICOKOTOUYHBLIE aKCeJIepOMeTPhI U
PUPOCKOLIbL (MX CTOUMOCTH MOXKET 3HAYMTEJIbHO IPEBbIILIATH CTOUMOCTD BCErO
armnapara), mosromy Jaxke npu Hajuauu Berpoennoit UHC Tounocts HaBura-
IIMOHHBIX JIAHHBIX, MOJIYYAaE€MbIX OT HEE JOBOJILHO HHU3Kasi U HE IPEBbLIIIAET
10 M/c [71-73].

Takum oOpa3oM, B ciydae, ecjii aBapus KBaJpPOKOITepa IPOU30ILIa B
MOMEHT IIpOJIeTa HaJi BOJOEMOM, Ha IepecedeHHO MEeCTHOCTH WJIM B I'yCTOHA-
CeJIeHHOM paiioHe, TaKOi MOJX0J He MOXKEeT OBITh IPU3HAH BEPHBIM, TaK KakK
HOIIBITKA Pa3pelleHnsl aBapuiHoOi curTyaluu 110JJ00HbIM 00Pa30M MOXKET HaHe-
ctu OOJIbINNI COBOKYITHBIN BpPEJI, YeM caMa aBapus.

ABapusg BTOporo Tuima. K aBapusiM BTOPOro THIIA OTHECEM BHEIIHHE

MeXaHn4decKue BO3,Z[eI7ICTBI/IH 1 IIOBpEXKACHUA allllapaTa.
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s KBaJIpOKOITEepa KPUTUIECKUMU OYIyT IOBPEXKJICHUS, CBI3aHHbLIE C

HapylleHueM IeJJOCTHOCTU BUMHTOB, IIPHUBOJOB BUHTOB, a PaBHO U IIOBPEXJIECHNE

paMbl allapara, BjeKyiiee 3a co00i HapyIIeHus! IIJIOCKOCTH YCTAHOBKI BUHTOB.

Taxue aBapuu BO3MOXKHbI B pe3yJbrare:

1.

3.

Ommubku oreparopa, HaPUMEpP, KOT/A JJIsl TTOJyIeHUsT yIadHOrO Pa-
Kypca CheMKU alllapaT CJAUITKOM OJIM3KO COJIMYKACTCS ¢ HETO[BUKHBIM
O00BEKTOM M KaCaeTCsl ero OJHUM WU HECKOJbKUMU BUHTAMU;
Hamaust BHyTpeHHUX 1e(DeKTOB paMbl, BAHTOB, ITPUBOJIOB BUHTOB U
X KpEeIJICHU;

Buemnero mexanmndeckoro BOS,ZLGI;'ICTBI/IH Ha allllapaT.

HOCJIG,ILCTBI/IH TaKnX aBapI/IfI MOI'yT OBITD pa3JIMYHbIMU: OT HE3HAYUTEJIb-

HOI'O MOBPEXK/ICHUST OJIHOrO BuHTa (6€3 1oTepu ynpaBJsieMOCTH ), JIO IOJHOI

MOTEPU BO3MOXKHOCTU YJIEP>KUBATH CTaOUJILHOE TOJIOYKEHUE allllapaTa OTHOCH-

TEJbHO 3eMJIM U HEKOHTPOJUPYEMOTO TaJIeHUs.

ABapus tperbero tumna. K sromy tuiy OyjieM OTHOCHTH aBapuu CBsi-

3aHHbIE C OTKa3aMu 110 NuTaHuio. [Ipu 3ToM ¢ ydyerom pasHuilbl TpedOBaHMI

10 NMUTAHUIO JIJIsT HAOOPTHOTO 00OPYIOBaHMS KBAJIPOKOITEPA M €ro CHJIOBOM

YCTaHOBKH, CJIEAYET OTAECJbHO PaCCMAaTPUBATL OTKa3 CHUJIOBLIX JJIEKTPHUYECKHUX

Heﬂeﬁ N OTKa3 MCTOYHHMKOB BTOPUYHOI'O IINTaHWI.

HpI/I‘-II/IHaMI/I TaKHUX OTKa30B MOI'yT OBITD:

1.

HenpasuibHblil BLIOOD KOMIIOHEHTOB CUCTEMbl [TUTAHUS — IPEBbIIIIE-
HUE HArPY3KU;

Hcnonb3oBanue HEBEPHBIX KOMIIOHOBOUHBIX PEIEHUN, TPUBOJIAIINX K
MOSIBJICHUTO JIEKTPOMATHUTHBIX TTOMeX (HABOJOK) OT CHUJIOBBIX ICIeil
Ha KPUTHYICCKU BaXKHbIE CJabOTOUHBIC (MpUMEp, HA IMEMb MHTAHWS
II0JIETHOT'O KOHTPOJIJIepa, Teld CUTHAJbHBbIE YIPaBIeHUs U 0OpaTHON

CBsI3M);
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Pucynok 1.1 — OcHoBHBIE TapaMeTPhI KBaAPOKOIITEPA

3. Mcnonb3oBanne HeKAUYECTBEHHBIX MaTEPHUAJIOB MPOBOJHUKOB (paBHO
KaK M WX BaHMKEHHOE CEeUeHHe) C TMOCJEYIONUM TTePerpeBoM U OT-
Ka30M;

4. Mexanuueckoe MOBPEXKJICHUE TEJOCTHOCTH COeJINHEHNUIT (TepeTupaHue
w3ossinun, K3) B mporiecce sKCIIyaTaum;

5. COoit cHMHXpOHM3AIMK JIEKTPOHHBIX peryisitopos xoja (IPX, ESC)
TATOBBIX OCCKOJIJICKTOPHBIX JIBUraTEe/ICH, NPUBEIINNI K UX OTKJIIOUYe-

HUIO WM 3HAYUTEJIbHOKI norepe T«Aru.

[TocnencrBust Takux apapuit passinmdbl. [Ipu camom HebsaronpusTHOM
BapuaHTe PasBUTHs COOBITUIT MOXKET NPOU3OUTHU TOJHOE OTKJIIOUEHUE 3JIEKTPO-

MUTAHUA alnapaTa U HEKOHTPOJIMPyeMoe TaJICHueE.

1.1.2 Maremarndeckas MOJ€EJb. 3aJa4a yIIPaBJIeHUS

OcHOBHBIE TTapaMeTpPhl KBaIpOKoTTepa mokazanbl Ha puc. 1.1 |66;74]. Ha
almmapar JIeHCTBYIOT O'beMHbBIe CUJIBI iBuraTeneit Fy, Fy, Fy, Fy, cuna TsaxecTn
Fr. Touka M — nenTtp macc amnmapata (COBIQJIAET ¢ TEOMETPUICCKUM ICH-
TPOM), | — PACCTOSIHUE OT IEHTPa ATapaTa 0 TOUKU MPUIOKEHUsT TOIbEMHBIX
cus1. Crpesikamu 2y, 9, (13, {1y HOKa3aHbI HAIIPABJICHUS BPAIICHISI BUHTOB.

crionb3ytorcs jiBe CUCTEMbl KOOPJAMHAT: HEIOIBUXKHAsT CUCTeMa, KOOP/I-

HaT YKecTKO cBszana ¢ semieit: Och X' nokaswiBaer na cesep, Y/ — Ha 3anag,
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7' — BBepX IO OTHOIICHUIO K 3eMJe. [logBuKHasg cuCTeMa KOOPINHAT KECTKO
CBsI3aHa C KOPIIyCOM almapara: 0cb X HaIIPaBJIeHa BJIOJIb HAIIPABJICHUS J[BUXKE-
HUsl KBaJIPOKOITEPa BIepes, Y — 110 HAIPaBJIEHUIO KBAJIPOKOITEPa BJIEBO, £
— BBepx. Obe cucreMbl KOOPJMHAT MPABOCTOPOHHKE [75].

JIBurKeHne KBaJIPOKOITEPa MOXKHO CUYUTATh CYMMOI IIOCTYIATe/]IbHOIO
JIBUKEHUS TIeHTPa MacC U ¢(hepuiIecKoro ABMKEHUsI Tejia OTHOCUTEIHLHO IeHTPA
Macc. Takoe JBHKeHHe MOXKeT ObIThH OIKICAHO CJIENYIoleil cucremMoit nud depen-

IMAJbHBIX ypaBHeHuii [66]:

dx dy dz
E_%a E_‘/y) a_‘/;;a
AV,
m—p = (sin sin @ + cos sin 6 cos @) Uh,
a
m—- = (— cosP sin @ + sin sin O cos @)Uy,
dV, 1.1
mdt = U; cos 0 cos @ — mg, (1.1)
fs) d deo

g T Wy~ e
Ixx(i)(p = ([yy — Izz)wec% — Jrpwef) + Uy,
Iyywe = (Izz - Ixz)wlbw(p + JTPw(pQ =+ U37

[sz)lp = (Ia:ac — Iyy)wwwe + Uy.

31ech x, Yy, 2 — KOOPJUHATBI IleHTpa Macc pobota, V,, V,, V, — npoeknuu Bex-
TOpa JUHEHHOI cKopocTn poboTa, O — yros Tanraxa, (¢ — yroj Kpesa, | —
YI'OJI PbICKaHUs, (g — YIVIOBask CKOPOCTb TaHraxKa, Wy, — yIVIOBas CKOPOCTb
KpeHa, Wy, — YIJIoBas CKOPOCTb PbICKaHud, m — Mmacca pobora, I, Ly, 1.,
— MOMEHTBI MHEPIUKU BOKPYT ocu x, y u z coorBercreenno, Uy, Us, Us, Uy —
kKaHaybl yupasienns BITJIA, €2 — obmas ckopocrh deTnipex BUHTOB, Jpp —

OOIIHUii BpaIlaTeIbHBIH MOMEHT WHEPIMU BOKPYT ocu BuHTa [75;76]:

Jrp = Jp —|—1’]N2JM, (1.2)
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e Jyr — MOMEHT MHepluu 1poiesiepa, N — epejaroiHoe OTHOIIEHUE pe-
aykropa, 1 — KIIJI penykropa. Kak mnpasujio, B KBaJpoKoITepax pPejlyKTop
He ucnoJsibdyercs, r.e. N =1 = 1.

YpaBHenus cBsa3u Kanajgon yupasiaenus Uy, Us, Us, Uy co ckopocTamn

Bpaienusi BUHTOB {21, (1o, (13, (14
U =b(Q 4+ 0 +Q2+0Q7), Us=1b(—Q35+Q3),

Us = Ib(—02 +Q3), Uy=d(—QF+ 03— Q2+ 02, (1.3)
Q= -0 +Qy — Q3+ Q,

rjie [ — paccTosiHue MeX/Iy IEeHTPOM KBaJIPOKOITEpPa M IEHTPOM IPOIesiepa,
b u d — a’dpojrHAMUYECKHE COCTABJILAIONIME TATH U KOIPPHUIMEHTA COIPO-
TUBJIEHNsT COOTBETCTBEHHO. KBaJpOKONTEp NMPUBOJUTCS B JBUXKEHHE 33 CUeT
BpAIICHUs IIPOIIEJIJIEPOB, CKOPOCTH BPAIEHUA KOTOPBLIX MOXKHO BbIPA3UTh U3

cucreMpl ypasuenuit (1.3):

Q, — @m—ﬁw+dm, (1.4)
Q3 = 4ibU1 + ;Ug — 4_1dU4’
Q4 = %}U1+2—MU2+4CZU4

Takum 0Opa30M, MOXKHO OIPEJIC/UTh 3aJiady yIpaBJeHUsd KBaJIPOKOIITE-
pPOM KakK 3aJlady I[IOCTPOEHUsI CTPATErwd yIPaBJEHUs CKOPOCTSAMH BPAICHUsI
geTsIipex MOToOpoB (21, (o, 3, €1y Tak, 4TOOLI OOECHEUNTL ACHMITOTHYECKN
YCTOMYMBOE MOJIOXKEHUE KBaJIPOKOIITEPA T(, Yo, 20 C YACPKAHUEM OJHOIO W3
yriioB (Hanpumep, yria poickanus @q). [Ipu srom cama touka xg, Yo, 2o BbIOW-
paeTcss B COOTBETCTBUM C TOJIETHBIM 3aJIaHUEM.

Paccmorpum aBapuifHyro cuTyaluio, cBI3aHHyto ¢ norepeit Taru. Corrac-

HO 11. 1.1.1, BHE 3aBUCHMOCTY OT IPUINH BOSHUKHOBEHUs OTKa3a (MeXaHUIeCK Uil
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OTKa3 JIBUTATENsT WK PeJlyKTopa, OTKa3 M0 MUTAHUIO, BHEIIHee BO3JeHCTBIE ¢

pas3pyIeHneM BUHTA), ¢ TOUKN 3penus mozenu (1.1) nmeem m3menenue (00mHy-

JIEHUE B CJIyTae MOJTHOTO OTKA3a) COOTBETCTBYIONIEH YIIoBoii cKopocTH §;.
Takum 06pa3oM, bakTHIeCKHe yTIOBbIe CKOPOCTH BPAIEHUS BUHTOB B

aBapUiHON CUTyalluu MPUMYT 3HAUYCHUE Qf:

Qf = Qz — &, 1= 1,4 (15)

r7le €, — BHECEHHAas OTKA30M MOTeps YIJIOBOI cKopocTu. B ciaydae mosmoit mo-
TEPU TATH COOTBETCTBYIOIIETO BUHTA nMeeM &; = ().
B ciyuae BKIIOUEHNST MEXaHU3MOB KOMIIEH AU (aBAPUITHOTO ClIACEHUS )

IMPOUCXOAUT IIPAMOE TMEPEKJIIOICHNE YIIPABJICHNUA JIBUT'aTEIIZIMU allllapaTa:

S PID . E
Fﬂe QZS - HOBI)IG7 «CllaCaTeJIbHbIEC» yFJIOBbIG CKOpOCTI/I BpaHLeHI/IH MOTOpOB,
OHpe,[LeJIHeMbIe SaﬂaHHbIM aJIFOpI/ITMOM CH&CGHI/IH, a BEJIMYNHDBI QZPID ABJIAIOTCA

HEOOXO/IMMbBIMU JIJIsI CTAOUJIN3AIMY allllapaTa B MPOCTPAHCTBE JIOOABKAMU, Bbi-
YUCISIEMBIMY TIOJIETHBIM KOHTpOJLIepoM Kak [TV [-pery/sitop B COOTBETCTBUY C

IOKa3aHUAMEU OOPTOBBIX JIATUMKOB. TakuM 00pa30M, BEJIUUNHbI 3apaHee

QPID
HEW3BECTHBI U BBIYHUCIAIOTCA HEIOCPEJICTBEHHO B TOJIeTe W He UMEIOT OTHOIIIe-
HUS K paboTe aJrOPUTMOB CIIACEHUsI, KOTOPhIE TaK:Ke MOT'YT COJIepXKaTh B cebe
[T I-peryJsisitop.

Bameuanue 1.1. Ormernm, 9T0 pacCMOTPEHHAsT MOJETh SBJSIETCS Ma-
TEMaTHIECKON MOJIENhI0 HEKOTOPOTO <«HUIEAJHHOIO» almapara ¢ 9eThIPhMsi
BUHTaMU, JIBUXKYIIErocss B cpejie Oe3 Bo3MmymieHuil. Takas Moge/nb JaeT Mpei-
CTaBJIeHWE O XapaKTepe W3MeHeHUsl HaOJIOJaeMbIX BEJIMYWH BO BPEMEHH, a
TaK>Ke 00 UX 3aBUCUMOCTSIX. IMIMPUICCKU TOAO0P KOHCTAHT B MOJIEJIH TI03BO-
JISIET JIOCTATOYHO TOYHO HPUOJIM3UTH PACIETHBIEC PE3yJIbTaThl K HAOJIOLAEMbIM
Ha peaJibHOM arapare [77-79], 0jHAKO 110JHOCTBIO 3aMEHUTH CUCTEMY YIIPAB-
JIEHUsT KBAJIPOKOIITEPOM, TIOCTPOEHHYIO Ha MPUHIINAIIE HEITPEPHhIBHONH 00paboTKM

JIAHHBIX HAOOPTHBIX JIATYMKOB, TAKOW CHUCTEMON HEBO3ZMOXKHO. DTO O0bsICHU-

MO B CHJIY OFpaHI/I‘{eHHOﬁ TOYHOCTH ME€XaHNMYIE€CKOI'O MCIIOJIHEHHW I, 3aBUCUMOCTHU
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6a30BBLIX MMapaMeTpoB HAOOPTHOMN almmapaTypbl OT TeMIIepaTypbl, BAAXKHOCTH,
YPOBHsI 3apsjia Oarapeil, BO3MYIIEHUI BHEIIHe# cpefbl U T. 1. B jganbreiinem
LPKU MOJICJIMPOBAHUKM OTKA30B M OLMCAHUK aJI'OPUTMOB ClaceHUsi (PaKTUICCKU
Oynem npuaumarh ), = Qf T. K. BCE€ HEHUJICAaJbHOCTU MOJICJA U BO3MOXKHbBIC
QfID

BO3MYIICHUS Y2Ke ObLIM KOMIIEHCUPOBAHbI BEJIMIUHOM corsacho (1.6).

1.1.3 OO6muit moaxoa K KJjaccuuKaiu u mog00py anmapaTHON

KOHurypaiun

B nacrosiiee Bpemsi pa3paboTaHbl U IPUMEHSAIOTCS CJIEYIONINe KJIaCCH-
dbukarmn BILJTA [80]:

1. Ilo Tuy KOMIIOHOBKH: CAMOJIETHBIN, BEPTOJETHBIH, THOPUTHDII;

2. Ilo B3sernoii macce;

3. Ilo paboueit BbicoTE;

4. Tlo jajpHOCTH aBTOHOMHOTO TI0JIETa;

5. Ilo MmakcumaJIbHOR U KpelicepcKoil CKOPOCTH;

6. Ilo Tumy mose3Ho#t HArPY3KW U €€ MaKCUMaJbLHOMY BeECy.

[Iposensa knaccuduranmio mogenn BIIJIA mo ykazannbiM mapameTrpam
MOXKHO IIOJIYYUTh JIOCTATOYHO HMCUYEPIIHIBAIONLYI0 MH(OPMALKIO O €ro II0TEH-
UaJIbHbIX cdepax npumenenusi. OpHako KiaaccuduKalds [0 HapaMeTpam
(1-6) mocrarovno obias, T. K. yKa3aHHbIe XapaKTePUCTUKU TPUCYIIN JIJIsi BCEX
BILJIA, u ne Hecer nuadopManum o crenudUIeCKIX MapaMerpax JJjst KBaJPOKO-
TepoB. [lo Heit HEBOZMOXKHO CJiesiaTh BBIBOJ 00 OITHMAJILHOCTH KOHCTPYKITUN
alrmapaTa ¢ TOUKHM 3peHus cOoOJI0JeHnsT HeoOXOAUMOT0 BHYTpeHHero OaJjaHca
XapaKTEPUCTHUK.

Ha cerojusiiinmii jieHb He CyHIECTBYET JIOKYMEHTaJIbHO 3a(UKCUPOBAHHO-
'O NOAXO0/a K KJjiaccupUKAIIMN KBaJIPOKOITepoB. [Jist anmnapaToB rpark 1aHCKOIro
Ha3HAUEHWSI He YTBEPXKJEHbI TOCYJapCTBEHHBINR CTaHIApPT M TpaBUJIa Cep-
tucdpukanuu. IIpu 3roMm pasHooOpasme 3jeMeHTHON 0a3bl, IPUMEHIEMON B

KBa/JIPOKONITEPaX, MO3BOJIAET CO3/IaBaTh alllapaThbl Pa3JIMYHbIX Pa3MEPOB, Be-
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ca 1 0cOOEHHOCTell BHYTPEHHEH KOMIIOHOBKH, C CYIIECTBEHHO OTJIUYAIOIIAMICS
TEXHUIECKUMU XapaKTePUCTHKAMU U O0JACTAMU TTPUMEHEHMUS.

B rabsuie 1 npejicrabienbl 6a30Bble KOHCTPYKTUBHbIE XapaKTEPUCTU-
KU, crierudpuieckue Jijisi KBaJIpokorrepos. 110/ 0cHOBHbIMU XapaKTepUCTUKAMU
Oy/ieM TOHUMATh TOJIBKO T€, KOTOPbIe BHIOMPAIOTCS HEIOCPEICTBEHHO TP TTPO-
EeKTUPOBAHWUM arnmapara ¥ He MOTYT ObITh 3HAYUTEJHLHO U3MEHEHBI ITyTeM ero
MoJiepHI3aIun. boJsee moHATHDBIE 75T KOHETHOTO TOJIH30BATEN I TapaMeTphl 1-6

U MHOXKECTBO JIPYyIrux MOr'yT OBLITH BBLIYUCJICHDI U3 OA30BLIX.

Tabnuna 1 — Ba3oBble KOHCTPYKTHUBHBIE XapaKTEPUCTUKK KBaJIPOKOIITEPOB

7 Xapaxmepucmuxa Tunuyunvie 3HaveHUS
1 Banac sHeprum Ha OOpPTY or 1 Bu 510 equnnn, KBu
2 Huamerp pambi or 1 ¢M J10 J1ecaTKOB MeTPOB
MeTaJLl, IJIaCTHUK,
3 MarepuaJr pambl
KOMIIO3UTbI
[ToTpebasiemblit TOK
4 or 1 A o coren A
9JIEKTPOIBUTATEIISA
5 KV-peiiTuHr 376K TpOoIBUraTe /s 50-3000 KV
6 Pazmep BunTOB or 1 cm j0 1 meTpa
7 [MTar BunaTa ot 5 10 30 cMm
8 KII cusoBoit ycranoBku 70-98 %

PaccMoTprm Kaxk1yro XapakTepucTuky 6oJiee 1o ipobHO.

1. 3amac »3Heprum HaA OOPTY #ABJMETCH KJIIOYEBbIM TapaMeTpoM,
OIPEJICJISIONIUM BPeMsi U JIaJbHOCTH TI0JIeTa, MOIIHOCThL JIBUTATeseill 1 Mac-
cy moJie3HON Harpysku. Beibop Tuma sHeprermueckoii ycranosku (DY) u ee
apaMeTpoB SIBJISETCS OJIHAM U3 CJOXKHBIX BOMPOCOB TPU TPOEKTUPOBAHUN
KBaJIpokonTepa. B 3aBucuMocTu oT THNa DY UCHOJb3YIOTCSA PA3TUIHbIE CIIOCO-
Obl JIJIsl pacyeTa ee OlTUMAJIbHbIX HapaMeTpoB. Tak, HalpUMep, JiJist ITaTHOI'O

pexxuMa (PYHKIMOHUPOBAHUS amnmnapara ¢ DY — JNTHH-oJTuMepHoi baTtapeit
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0O0CHOBAHHBIM SIBJISETC yCcTaHOBKa Darapen maccoit or 36 10 90% or macch
annapara 6e3 Garapen [81]. Boupoc Bbibopa xapakrepuctuk DY jijisi aBapuii-
HbIX PEXKMMOB onucaH B 1. 1.3.3.

2. JImamMeTp pambl ONPEJIEIIIeTCs KaK PACCTOSTHAE MEXKJy OCSIMU BaJIOB
JIBYX 9JEKTPOJIBUTATEseH, JexKalmux Ha OfHoi jauaronaau. M3 Bcex 0Oazo-
BBIX TIAPAMETPOB JIMAMETP PaMbl SBJISIETCA CAMbIM WH(POPMATUBHBIM, TaK KaK
OIpeJieisieT pa3Mepbl almnapara, a 3HAYUT MPsIMO BJIMSIET Ha BCe JIPYTHE Xa-
PaAKTEPUCTUKHU.

PaccMoTprum ocHOBHBIE TUIIOPa3Mepbl paM U 00JIacTU IPUMEHEHUs alllia-
pPaToOB C COOTBETCTBYIOIIMMHU paMaMiu. BrejieM KiiaccuduKaluio pam, MPUCBOUR
KaKJION IpyIie HoMep Kiiacca amnnapara (Tabiuna 2). Takas kiaccudukarius
MpUMEHNMa He TOJIBKO Ha KBaJIDOKOTITEPOB, HO U JIJIsI JIPYTHX MYJIBTHPOTOPHBIX
CHCTEM, 33 UCKJIOUEHHEM TPUKONTEPOB W TEKCAKONTEPOB 1o cxeme «Y6» [82].

Bameuanue 1.2. Annaparsl, ¢ pasMepamu pam OJIM3KUMU K I'DaHUIAM
KJIACCOB, CJIeJlyeT OTHOCUTh K KJIACCy C MeHbIMM HoMmepoMm. IIyHKT <«oco-
bennocTry (Tabust. 2) sBisiercs 000OMIAIONMM JiJIs TUITHYHOTO KBAJPOKOITEPa
3aJIAHHOIO KJIaCCa U MOYKET He OTpakaTh 0COOEHHOCTH KOHKPETHOI'O alllapaTa.

BBy orcyTcTBHs OMUIUAILHBIX KJIACCH(PUKATOPOB JJIs KBaJPOKOIITE-
POB, UMEHHO JIMaMETP €r0 PaMbl, Jallle BCero MCIOJB3YeTCS Ha MPOMUIbHBIX
nTepHeT-pecypcax u B COODINECTBE MOJIECIMCTOB KaK OCHOBHOI TapaMeTp KJac-

cubukanuu [83].



Tabsmna 2 — Kiaccndukalys MyabTUKONTEPOB (B KOHTEKCTE OTKA30yCTORYNBOCTH )

Paamep
Kaacc
pamuwt, Obaacmb 803M0HCHO20 NPUMEHEHUS Ocoberrnocmu
annapama
MM
Anmaparbl «UIPYIIKU», JJIsi 00y YeHrsI BU3YAJIbHOMY BuHTbI HEe CIIOCOOHBI HAHECTH BPEJIA
| Ho 150
YIIPABJIEHUIO, NCIOJIH30BAHUE TOJIBKO B IOMEIICHUH YeJI0BEKY
Jlerkue ammaparhbl JIJIs OJIETOB «OT IEPBOTO JHUIA», B Kaxk mpapujo, 6e3 BO3MOXKHOCTH
I1 150-250
IOMEIIECHUU WK B OE3BETPEHHYIO MTOTO/LY MOJIEPHU3AINN
[Ipuromusl st paboTh IpK €J1aOOM BeTpe, MOT'YT [lepexoublil, TOMYISIPHbIi
II1 251-350
HecTu HArpysKy ~ 0,2 kr. «JIIOOUTEJILCKUITY TUIIOPA3MED
JIIOJIEHN IIPOBOXK JICHU JIeyKa3aHH TATOYHBIN /711 OOIBITUHCTB
Habsroenne, conpoBoXKienne, mnejaeyKasanne, OCTATO 00 CTBA
IV 351-450
pajuocsssb. [losesnast narpyska ~ 0,3 Kr. 3a/1a4 KJacc
OcnHoBHble 3a1a9n: IpodeccruonHa bHas BUIE0CHEMKa,
\Y 451-700 Peskuit pocT 1eHbl TOTOBBIX PeIeHM
armaparypoit secom ~ 0,6 xr.
CrenuaJibHble 3312491, allapaThl Ha, TOILJIUBHBIX CxkJ1aJiHble KOHCTPYKIUU, YACTO
VI BoJiee 700
9JEMEHTaX, [IEPEBO3KA I'PYy30B, MAIHUTOPA3BE KA, JIP. UCIIOJIb3YeTCss > 4 POTOpPOB

ac
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Tok snekTpoaBurared. B karajgorax ssekrpoasurareseit jaist BILITA
B KQUECTBE OCHOBHOI XapaKTEPUCTUKHU TACTO YKAZBIBAIOT OIHEMHYIO CUJIY B KI-
gorpammax (kre, kgf). D10 ynobHO jy1st epBOHAYATLHOTO MOKCKA HEOOXO MO
KOMILJIEKTYIOIEeH, OJHAKO IIOJ/beMHasl CHJIa XapaKTepu3yeT He TOJIbKO JIBUra-
TeJib, HO BCIO CUJIOBYIO YCTaHOBKY. Kiaccuueckoit HOpMOit Ipu TPOEKTUPOBAHUT
KBa/IPOKOIITEPA MOXKHO HA3BATH BbIOOP YEThIPEX OJMHAKOBBIX JIEKTPOJIBUIATE-

.Heﬁ, Yy KazKJJOI'0 U3 KOTOPbLIX IIOAbEMHasA KHWJIOI'DaMM-CHUJIa Fi
F=M/2,

e M — cHapsiKeHHasi Macca KBaPOKOITEpa.

Takum obpaszoM obecrieunBaeTCst TATOBOOPYXKEHHOCTH allllapaTa, paBHas
JIBYM CHSIpSDKEHHBIM MaccaM arnapara. HomwHanbHOe HaNpsKeHne MUTAHWS
9JIEKTPOJIBUTATE/IsI BLIOMPACTCA UCXOJIs U3 COOTBETCTBYIONIEH XapaKTepUCTUKI
SHEPreTUIeCKOil yCTaHOBKU. Ba3oBoil XapaKTEepUCTUKO, OIpeIe/IAroNeil MOIII-
HOCTDb JIBUTATEJsI IIPU U3BECTHOM HOMMHAJBLHOM HAIPSI?KEHUU SIBJISETCS CHJIa
noTped/IsieMoro 1oji Harpy3kKo# Toka. VIMeHHO 10 cuJjie TOKa, 3JIeKTPOjBUraTe-
Jieit B JlasibHeliiem mojbuparorcs sJekrportbie peryistopbl xoga (9PX, ESC)
M PaCCUMTHIBAECTCS CEUEeHNE CHUJIOBBIX KabeJeil.

st aBapuitHbIXx peXuUMOB (DYHKIIMOHUPOBAHWUST BHIOOD TSATH JIBUTATE-
Jisl CJIeJlyeT OCYINECTBJIATH 110 MHOH METOJIOJIOTHH. 3JieCh i obeclieveHusd
BO3MOXKHOCTH IOCAJIKA Ha JBYX BHHTAX U3 UYeTbIpeX HEOOXOIUMO UMEThb TSIO-
BOOPY2KEHHOCTH B IMpeJiesiaX 3,00 CHaApsSKEeHHBIX Macc almaparta.

[Toy xapakrepucrukoit « KV-pefATuHTY 110HUMaeTCs yIrjioBas CKOPOCTh
(06OPOTOB B MUHYTY ), JIO KOTOPOil pACKPYYMBAETCs BaJl JEKTPOJIBUTATEIS IPU
Hanpskenun nutanus B 1 B, 6e3 nHarpysku.

CKOpOCTb XOJIOCTOTO XOjia JeKTpoaBuraressa () B 00/MUH MOXKET ObITH

paccunuTaHa 10 (GpOpMyIe:
Q=KV-U/60,

rae U — HallpA2KEeHne IIUTaHuAd.
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Takum obpasoM, 3a cueT OOJIbIIEH YIJIOBO# CKOPOCTU IPU HOMUHAJIb-
HOM HAIIPsKEHUN JIBUTraTe/ i ¢ MeHbInM KV M03BOJISIOT KCIO0JIB30BaTh DoJiee
BBICOKOE HAIIPSIZKEHUE NMUTAHUS M HU3KUI TOK. DTO CHUXKAET TPEOOBAHMS 110
pabouemy ToKy DPX 1 103BOJIsIET YMEHBIIUTH CEUEHUE CUJIOBBIX ITPOBOJIOB.

Kak mpaBuiio, cipaBeyiiBO yTBepXKAeHue: 4eM OO0JIbIle KBaJPOKOITED
v ero Tsra (B abCONOTHOM BhIpakenuw), TeM Menbiie KV-peidTuar ero siek-
TPOJBUTATEJICH.

[Ipu HEM3MEHHOM HATIPSYKEHUH TUTAHUS (HAIIPUMED, TIPU 3aMEeHe 3JIEKTPO-
JBUTATENIEll HA TOTOBOM ammapare) nosbimenne KV-peiitumra siekTpogsuraTe-
Jieil KBaJ|poKoIITepa IOBbIIIACT CKOPOCTh BpallleHUs BUHTOB, YTO yBEJIMYUBACT
MOTEHIMAJIbHYIO MAHEBPEHHOCTDL allliapara, HO yBeJMYUBaAET IIYMHOCTH, BO3-

MOXKHO TOTpedyercst 1mogdbop HOBOI'O BUHTA.

Tabnuna 3 — Knaccudukanus snekrpojpuraresieii no KV-peirunry

3Haverue
Kaacc
K V-peti- Ocobernnocmu xeadpoxonmepa
deuzamens
muHaa

Hwuskas MmaneBpeHHOCTD, KJjacc pambl [V u
C muskum KV < 500
0oJ1ee, BbICOKAsl IPY30I0'bEMHOCTD

C cpemganm

Ky 501-1500 Cpejunii pasmep pambt (IV-VI kmaccsr)

Bricokasi MAaHEBPEHHOCTh, HU3KAs
C BbBICOKUM

KV > 1500 IPY30I0’bEMHOCTb, MaJIblii pa3Mep paMbl

(I-I1T kmaccnr)

Knaccudukarus asurareneit mo KV-peidTunry mpusejeHa B Tadiuie 3
Crosben «0cOOEHHOCTH KBaJAPOKOITEPay UMEET YCJIOBHBI XapakKTep, TakK Tak
JKECTKON B3aMMOCBS3H MEXKJ1y pasmMepoMm paMbl 1 KV-peiiTuHrom 3J1eKTpOoiB1-
raress Her. Crejyer MOHUMAaTh yKa3aHHbIE B HEM 3HAYEHUsI pa3MEpPOB PaM Kak
pEKOMEH IyeMbie, He Tpedyolue pu JlajbHelirei cOopke MCIoJIb30BaHNs Hece-

PUMHBIX BUHTOB.
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KIII cniaoBoit yctaHoBKU. [loj crioBoit ycraHoBKO# KBaIpOKOIITEpPa,
OyJ1eM TOHUMATh CBSI3KY W3:
DHEPreTuIecKoil yCTaHOBKH;
TAroBbIX 9JE€KTPOBUTATEIECIH;
DJIEKTPOHHBIX PEryJIsSTOPOB X0J1a,;

CI/IJIOBbIX COEC/IJMHUTEJIbHDBIX IIPOBO/JHNKOB;

A e

Bunros.

KII cusioBoit ycranosku oripejesisiercsd Kak tnpoussejienne KITI Bcex
BXOJISIIIIX B HETO 3JIEMEHTOB.

KII/I snepreruveckoil ycTaHOBKHU ONPEEsIeTCsa OTEPIMHI SHEPIUH HEIO-
cpejcTBeHHO B Y. s JUTH-TIONMMEPHBI OaTapeil 9T0 XapaKTepHu3yeTcs,
IpeskJie BCEro, BHYTPEHHUM COIPOTUBJICHUEM aKKyMyJATOpHON cOopku. st
JIPYTUX BUJIOB DY pacder 3TOro 1nokasaresisi crennuIeH u CjejlyeT UCiob30-
BaTh MACIOPTHBIE XapaKTEPUCTUKH.

Yro kacaercs nacriopraoro KIL coBpeMeHHBIX OECKOJIJIEKTOPHBIX 3JIEK-
TpojBUTaTE e, TO OH JocTaTOuHO BhiCOK (> 93%) (84|, HO gocruraercs ou
HE BO BCeX pexKuMax padboTbl. [Ipu npoekTupoBaHMM KBaJPOKOIITEpPa 0CODOEe
BHUMaHWE CTOUT yaeauTh 3apucumoctu KIIJ[ or marpyskm Ha gBHTATEND.
[esiecoobpazno umersh makcumasibiblit KITI nipu tako#t Harpyske Ha 3J1€KTpO-
JIBUTaTeJib, KOTOpas obeciieunBaeT BUCEHKE alllliapaTa B BO3Jlyxe 0e3 JIBUXKEHUS.
K coxasienuto, Jijisi OTKa30yCTOWUMBON KOH(MUTIYPAIMKU 3TO HE BCErJla BO3MOXK-
HO, TAK KaK JIBUTATE]M B 9TOM CJydae BHIOMPAIOTCS € 3alacoM 1o Tsre (cM.
pacuersr 1m.1.2.1, 1.2.2).

9PX 1 BUHTBI EMEIOT COOCTBEHHbBIE ITACIOPTHBIE MTOKa3aTeu P (MEKTUB-
HOCTU B 3aBUCUMOCTH OT Harpy3KH.

Tak »ke 9acTo BCTPEYAETCS CUTyalldsi, KOIJa NPOU3BOJNTENN T'OTOBBIX
aImapaToB MCIOJIB3YIOT CUJIOBBIE TPOBOJHUKN 3aHUKEHHOT'O CEUEHUST, ITO MPHU-
BOJIMT K WX HATrPEBY TIOJ HArpPy3KOil, a 3uaduT, — cHmkeruio obmero KIT]

CUJIOBOI1 YCTaHOBKH, a TaK2K€ MO2KET IIPUBECTHU K aBapHUH.
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Pa3smep BuHTOB m miar BWHTA. JlaHHble XapaKTepUCTUKKU KBaJPOKO-
nrepa mPsiMO OTTPEIEISTIOTCST U3 OTMMCAHHBIX BBITIE. 3HAs Pa3MePhl PAMBbI, JIETKO
BBITUCJINTH MAKCUMAJbHBIN JOMycTHMBIN pa3mep BunTa. Coracuo [85], ad-
geKTUBHBIM Oy/IeT BUHT MaKCUMAJLHOTO jJuaMeTpa. [lajgee u3 HOMEHKIATYPbI
BUHTOB COOTBETCTBYIOIIETO JIMaAMETpa MOJ0UPAeTCss BUHT C TAKUM IAaroM, Ko-
TOPBIA 1103BOJIIET MAKCUMAJILHO HPUOJUBUTHCS K 1EJIEBbIM XapaKTePUCTUKAM
kBaJipokonrepa. Ilpumep pacuera npusejien B 1. 1.2.1 Hacrosiieir paboThI.

B konTekcre Kjaccudukaiuu apapuitabix curyaruii . 1.1.1 npusejiem pe-

KOMEH/Jalluu 110 Bbl60py Ka>KI0T'0 N3 YKa3aHHbIX KOMIIOHEHTOB KBaJPOKOIITEPaA.

1.1.4 IleneBnie JITX oTKa3z0ycTOMYMBOIO anmapara

[ToMrMO OTKa30yCTONIMBOCTH, JI0DOH KBaJIPOKONTED JI0J>KeH 00J1a1aTh
OlIpeJieJICHHBIM DaJIaHCOM XapaKTEPUCTUK OCHOBHBIX KOMIIOHEHTOB.

CdopmynupyeM moKasaTeJH IO IEeJeBbIM SKCILIYyaTAIMOHHBIM XapaKTe-
PUCTHKAM, KOTOpBbIE OyIeM CUYUTATh JOIMYCTUMBIMH JJIsT OTKA30yCTOUTHBOTO
kBaJipokonrepa [61;63|. IIpu srom Oyjiem ucxourh U3 cOOOPazKeHUs, 4TO 1PH
MPAKTUIECKOM ITPOCKTUPOBAHUN allllapaTa I'ParkJJAaHCKOI'0 Ha3HAYEHUs 1EJIeCO-
00pa3HO MUCIOJIB30BATH YK€ MPOU3BOJMMbIC KOMILIEKTYIOIME. Tak Kak Tpu
UCIIOJIb30BAHUU OIPAHUYICHHON HOMEHKJIATYPhI JieTajeil — MCXOJHbIX JaHHBIX
JUIsl TI0JI00pa — CJIOXKHO 110/100paTh KOH(UTYPAIUI0, TOTHO YIOBJIETBOPSIOINILYIO
I[eJIEBBIM TPEOOBAHUSIM, OIpEIEJNM JIJIsi KarXKJO0TO MapaMeTpa, JIHaIla30H BO3-
MOXKHbBIX 3HadeHuit (rabis. 4).

Cuiestyer 3aMeTuTh, 9TO JIjIsi OTKA30yCTOWUMBBLIX KOH(UTYpAIUil JI0ITy-
CTUM JIOCTATOYHO HEBBICOKWMI MOKasaTeb yieabHoi Tsru (> 5 rpamm/Br) un
KIIJI cunoroii ycranosku (> 70%). Takwne 3Havdenus ganHbIX MoKazaTeaeii —
IJ1aTa 38 HAJUUUE 3al1aca 110 TAMOBOOPYKEHHOCTHU, SJIEKTPOIBUTATEIN B PEXKIU-

Me BHCEHHUsI MOI'YT MMeTh HeBbicokmit KII/I.
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Tabmuma 4 — omycTuMble SKCILTyaTallMOHHBIE XapaKTEPUCTUKN OTKA30YCTOM-

YUBOW KOH(UTI'YpalMU KBaJPOKOITEPa,

Xapaxmepucka Iloxa3zameas
TaaroBoopyKeHHOCTH BUHTOMOTOPHOI 3,0—0 CHAPSI?KEHHBIX MACC all-
I'PYIIIBI napaTa
Bpewms Bucenuns > 15 MunyT
YienbHasg TATa, > 5 rpamm/Br

Tox < 50C Awmmnep, rue
Harpyska na 6aTapero
C—ewmkocTh OaTapen

MunumaabHOE MOJIeTHOE BpeMst™ > 2 MHHYT
['a3 BuceHusi 20-40%
KII/I cmnoBoit ycTaHOBKU B pexKUMe
= 70%
BUCEHUSI
OnTuMajbHas 0 Pacxojly SHEPIUH
> 25 KM/

ropu3oHTaJibHad CKOPOCTb

* onpedeasemes kax epemsa noasema, npu KOMOPOM MOMOPLL ANNAPAMA
umerom nocmosannyro 100 % naepysky. Paccuummweaemces ¢ yuwemom KIIJT cu-
A060T YCMAMOBKY 6 IMOM DPEdAHCUME.

Jlannble TpeOOBAHMS JIOMOJTHSIIOT PEKOMEH1aIlui, IpuBeeHHbie B 1. 1.1.3,
JIO MHO2KECTBa TpebOBaHUN, JIOCTATOYHOIO JIJIsd IIPOBEJIEHUS PACUETOB U BbIOOPA

KOHKPETHbBIX KOMILIEKTYIOIMIUX (MJIM ONPEJICJICHUs] UX XaPAKTEPUCTHK ).

1.2 Pacuer orka3oycroitdynBoii KOH(UTyYpaImm

[Tposejiem pacuersbl KOHpUIYpaIMii allliapaToB, JOIMYCKAIKMX padoTy B
aBapPUITHBIX PeXKMMax. B KadecTBe «TOUKMW OTdYeTay — MapamMerpa, KOTOPHIi
3aJ1aeTCsA XKECTKO W OTHOCUTESHLHO KOTOPOTO MOJOWPAIOTCs JIpyTrHe, BbibepeM
pasMep pambl. s Bcex pacdeToB MCIOJB30BAJNCH CJACAYIONNE OOIue Tmapa-

METPBI CPEeJIbl U KOMIOHOBKHU (Tabsuma 5).
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Tabmauna 5 — Kondurypalus orka3zoycTORINBOIO KBaJIPOKOITEPa: ODIIKE Ta-

paMeTphbI
Xapaxmepucka Iloxazameas
KonndaecTBo jonacreii Ha KaxXKJ0M BUHTE 2
Bricora Ha ypoBHEM MOpst 100 m

laBjienue, MpuBeJIeHHOE K YPOBHIO MOpPsi

(QNH)

30 MM.pT.CT.

LiPo akkywmyJisgiTOpHast
DHepreTuyecKas yCTaHOBKA

barapest

MuHMMaJIBHO AOMyCTUMOE 3HAYEHUE YPOBHS
10 %

3apsijia baTapen
Orpanndenusi yria KpeHa HeT
Pejykrop HE UCIOJIb3YeTCs

DHepromnoTpedIeHne TOJIe3HOH HArPY3KU U

npenedperaeTcst
cobcTBEeHHOE OTPEOJICHIE CUCTEMbI

(=0 Br)

ylpaBJIeHUsA

1.2.1 Kuaacc III, pama 350 mm

Corsacno Tabjune 2, pama ¢ juamerpoM 350 MM — MHUHHMAaJbHAs paMma
JUTSL alrapara, JOMyCcKaroIero paboTy B aBapuitHbIX pexkumax. Ilpumem Bec
paMbl (C IIacCH ), TOJETHOTO KOHTPOJIJIEpA U BCIOMOTATELHBIX KOMIIOHEHTOR
cymmapho 3a 250 rp. Bec nosie3noit narpysku onpejiesinm paBabim 120 rpamu.
DTOro JIOCTATOTHO JIJIsT yCTAHOBKU KOMITAKTHON KaMephl BBICOKOTO Pa3PeIieHusl.
C yueroM KOMITOHOBKY, MAKCUMAJIHLHBI pa3Mep BUHTOB JIJIsT TAKOH paMbl — 245
MM (Teopernueckuii MakcuMaabHbiit — 247.4 Mm). Hlar suara — 120 M.

[IpuBesiem npumep koudurypanuu (tabs. 6) u ee pacieTHbIE TapaMeTPHhL:
JAJBHOCTD MOJIETa B 3aBUCHMOCTH OT TOPH30HTAJIBHON ckopocTu (puc. 1.2) u

XapaKTePUCTUKU JIEKTPOJBUIATEIsl, B TOM YUC/IE B pexKuMe Bucenus (puc. 1.3).
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Tabauna 6 — Ilpumep Koudurypanun oTkKazoyCTONUUBOIO KBaJIPOKOITEPa, C

pamoii jjuamerpom 350 MM

Xapaxmepucka Iloxazameas

EMKOCTDL aKKyMyJIATOpa — HOMUHAJLHBIH
3 Au — 65/100C

pa3pAHbII TOK/ MAKOBBIN Pa3pATHBbIA TOK

3alaceHHasi SHEPIHsI 44.4 By

Kondurypaiust akKyMyJasTOpHOI cOOpKU 4S1pP*

Harpyska ma Gartapeio 19,03C
Hanpsikenue 1101, Harpy3Koit 14,84 B
Homunanbuoe nanpsikenne AKB 14,8 B
YnenpHas TAra 8,43 r/Br
MuHuMaJibHOE TI0JIETHOE BpeMsd 2,8 MUH
Bpemsa Bucenuns 19,9 mun

Turnigy Multistar Elite
Mopnenn snekTponBuTaTess

2810-750
TaroBoopy>k€HHOCTbH 3,6 cHApsI?KEHHbBIX MACC
[Tosierblii Bec (CHApsiKEHHAST MACCa) 1006 rpamm
Bec BUHTOMOTOPHOIT T'PYIIIBI 726 rpaMm
Maxkc. ropu3oHTaJdbHasA CKOPOCTh 54 KM/
las Bucennst (JMHEHHDIH) 42 %
KIIJI (Bucenue) 83,9 %
Tok ssiekTpojBuraress (BuceHue) 1,92 A
Tok symexTposBUTaTesist (MakKCHMAaJIbHbBII
14,27 A

PEXKIM )

Makcumanbubiii Tok 9PX symekrpomsurarens | 20 A

KIIJI (MakcuMaJbHbIH pexKIM) 85,1 %

* qucao neped «S» (series) obo3nanaem KoAUMECTNEO NOCACIOEAMENLHO

COCOUHEHNVLT 2AeMENTMO6 cOOpKU, wucao neped «P» (parallel) — napaaseavno.



Pucynok 1.2 — Pacuer namproctu n Bpemenn nosiera (pama 350 M)

€e



Pucynok 1.3 — XapakTepucTuKu CUIOBON ycTaHOBKE (paMa 350 mMM)

Ve
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HajibHelnuit aHau3 10JIyUYeHHbIX 3aBUCUMOCTEH I1IPOBEJIEM C TOYKHU
3penusi Oyjyiiero nojb3oBaress noJjydennoro BILJTA. Ouesujno, 4aro jrs
KOHEUHOI'O0 KCIIyaTaHTa BaXKHA HE TOJHBKO OTKA30yCTOUYMBOCThH, HO U ITPaK-
THYECKasl IPUMEHUMOCTD II0JIydeHHOro annapara. s jpanHoit kondurypaiun
IMeeM CJeYIONe SKCITyaTallHOHHbIE TOKa3aTeINn:

1. Kpeiicepckasi CKOPOCTb — 26 KM /1 — BIIOJTHE JJOCTATOTHAST JIJIsT Periie-

HUS TUINIWYHBIX 3aJa49 1751 annapaTa I1I kiacca: chéMKa BuIeo JIErkoi
KaMepoil, peTpaHC/Isilins PaJuoCUrHaJI0B, paboTa 1pu cjaboM BeTpe.

2. MakcumaJjibHast JaJIbHOCTh — 5,0 KM «B OJINH KOHEIl» WU 2,79 KM
«TyJ1a-00paTHO» — BBICOKUIl 1TOKa3aTe/b, C yUETOM CHEeIlUPUKU OTKa-
30yCTOWYMBON KOH(PUTYpPAIUK. 3/eCh BBIHYKJIEHHDBIN BBICOKUI 3amac
TATH, BJAEKYIUI yBeJIUYeHUE Beca SJIEKTPOJBUTATEJICH, MOI OTpHUIla-
TeJIbHO CKa3aThCsd Ha JaJbHOCTH I0JieTa Jierkoro ammapara. OmHako
B JIAHHOM CJiy4ae IOJIy4YeHO BIIOJIHE TUIIMYHOE 3HAUYEHUE JIJisd KBaJpo-
korrepa III kiacca, a jyisi 0TKa30yCcTOMYMBON KOH(MUIYypaAIUd TaKOe
3HAYEHNE MOXKHO CUUTATH BHICOKIM.

3. MakcumaJjipbHOe 1oJieTHOe BpeMs (Bpems BuceHus): 19,9 mun.
JaHubIil TOKazaTe b Mo CyTH siBjsercs BpemeneM paboror BILJIA B
TEOPETUIECKOM pEeXKHMe HeIOJBIXKHOTO BHCEHMs, Oe3 ydera BpeMme-
HU Ha HADOP BBICOTHI U CHUXKEHME. B IPaKTUIeCKOM CMbIC/IE TaKO
110Ka3aTeJib [IO3BOJIMT KCIIOJIb30BaTh TAKOW alapar KaK HelOIBUXK-
HBII peTpancasTop pajuocurnaoB Ha BbicoTe 300-400 MeTpoB 0KOJIO
10 MunayT. DTO HM3KHI TOKasaTe/lb, OJHAKO OH BCE eIle J0CTa-
TOUEeH JJisd 3aJadd opraHm3anuu omneparuBHoil Y KDB-paanocessu u
0030pa TEepPpPUTOPUU, HAIIPUMEp, B TOPUCTON MecTHOCTH. Taxoil crie-
HapHUil XapakTepeH s HeboJibioro ammnapara III xmacca. 3jech B
HPAKTUIECKOM CMbICJIE IPOSIBJISICTCS HEJOCTATOK OTKA30yCTONINBOIM
KoHUrypalum, ces3anublii ¢ HeBbicokuMm KIL mMoropa npu Harpys-
Ke, HeoOXOMMOIT JIUTs TOJJIepXKaHus peXKnma BuceHus (oapobHee M.

MyHKT 6 HACTOAIIErO IEPETHs).
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4. MakcumaJibHasi TOPU3OHTAJIbHAS CKOPOCTD — 54 KM /1 Ha JIuCTaH-
muu 1,3 KM — BBICOKMIT 110Ka3aTe)ib, HeXapaKTePHbIH JIJisd TUIIHYHOIO
BIIJIA rtakoro kjacca. 37eCh BBICOKasl TATOBOOPYKEHHOCTH OTKa-
30yCTONYIMBON KOH(MUIYPAIIUU CKAa3bIBACTCS TTOJOXKHUTEIHHO — TaKas
CKOpOCTh TpocTo HejocTyiHa obbranomy BIIJTA III kmacca jpaxe
B «IIEPErpy309YHBbIX» PEXKUMaX €ro IJIEKTPOJABUTATENEH: CKa3bIBACTCS
orpannuenns o Toky g dPX. B mpakTuueckoMm cMbicie MOXKeT ObITh
110JI€3HA, 1IPU HEOOXO/IMMOCTHU ObICTPO lepecedb pailoH C 10jaBJeHueM
PAJMOCBsI3U (B ABTOMATHYECKOM PEXKIMME) WJIK TIPH [PSIMOii OITaCHOCTH
nepexsara oxnoro BILJTA apyruwm.

5. MakcumyM 060poToB 0kos10 12000 06/MuH — cpe/iHuil TOKa3aTeb.
B npakTuieckoM CMBICE MHTEPECEH IIOTEHIUAJ BO3MOXKHOI'O CHUXKE-
HUsI JJAHHOI'O TIOKA3aTe Is JIJIsl IOCTPOCHMS allllapaTa MaJIoi IITyMHOCTH.
B JjilanHoM cjiydae XapakKTepUCTUKU ITPUMEHSEMOI0 3JIEKTPOJBUTATE s
(Turnigy Multistar Elite 2810-750 ¢ KV-peiiruarom — 750) He umeror
MOTEHIMAJIA JIJIsi CHUYKEHUsI 000POTOB JIBUTATEJIs ¢ 3aMEHOI BUHTA, T. €.
MOCTPOEHNE MAJIONTYMHBIX UCIOJHEHU JIAHHOW KOH(MUTYPAIIMU HEBO3-
MO>KHO.

6. KIIJI B pexume Bucenusi — 83,9% — Huskuii 1moxkasareib, sB-
JISTIONINACST OCHOBHOM <«ILIATOW» 3a BBICOKYIO TATOBOODPYXKEHHOCTH U
BO3MOXKHOCTH TOCaJIKM Ha, JByX BuUHTaX. CHUYKEHHE ITOr0 MoKas3aTe-
Jisl JIJIsi OTKA30yCTOMINBOM KOH(UIYPAIUU 00YCJIOBJIEHO €CTECTBEHHOI
npuunnoit: Huszkum KIIJI 971eKTpoMOTOPOB 1Tpu MaJioit Harpyske.

3ameuanue 1.3. /19 MEHUMU3AIUN [TOCIEJCTBUN JIAHHOI'O HEraTHUBHO-

ro apdekrTa uMeer CMbICJ MUHUMU3UPOBATH BpPeMsi HEIOJBHXKHOT'O BUCEHUSI
alrnapaTa IIPU BBIIOJHEHUHU IOJETHBIX 3aJlaHuil, a TaKxKe MCIIOJb30BaTh (-
(beKTUBHbIE aJrOPUTMbI yIIDABJICHHs 10JETOM aniapara B 1ejaom (em. 1. 3.3.2)

¥ yIPaBJICHUsT KaXKJIbIM U3 3JieKTpojBuraresieil (cm. 1. 3.2).
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1.2.2 Kuaacc VI, pama 750 mm

Anmapar VI kiacca, «TsKesiblity KBaJIPOKOIITED, BEC OJIE3HON HAIPY3KH
1 kr. Pacuernpiit Bec pambl (¢ maccu), MOJETHOTO KOHTPOJUIEDA U BCIOMOTa-
TeJBHBIX KOMIOHEeHTOB (cymmapho) — 0,5 kr. Pagmep Burra — 525 mwm, mar
BuHTa — 180 MMm.

3ameuanue 1.4. KpajpokonTep Takoro kKJjacca MOXKeT HECTH Ha cebe u
ropasJio OOJIBIIYIO TOJIE3HYI0 HArpy3Ky. [Ipyu pacueTHOM 3HAUYEHWH Beca MoJies-
HOIl Harpys3ku B 26.39 Kr, aliapar ¢ napaMerpamu, yKa3aHHbIMUA HUXKE, UMeeT
muHeiHbli ra3 sucennst 80%, T.e. MO-IPEKHEMY COXPaHseT BO3MOXKHOCTDL Ha-
OVpaTh BBICOTY W MaHEBPWPOBATH B TOPU3OHTAJILHON miockocTn. OnHako Ha
MpaKTUKe, B OOJILIINHCTBE CJIyIaeB, HeT HeOOXOIUMOCTHU B TAKMX BHICOKHUX TTOKa-
3aTeNIX TPY30M0IbLeEMHOCTH. PazymeeTcs, Tpu Takoit Harpys3Ke He JOCTUTAIOTCS
HEOOXOUMBbIE JIJIST OTKA30yCTOWUMBOW KOH(UTYPAIUU TTOKA3ATEH, COTJIACHO
Tabnibl 4.

Tunuanast nosesnasi HaArpyska Jiisi TAKUX aliaparoB (3epKajbHble Bi-
JleOKaMepbl CO CTaDUJIMBUPYIOIIUM CEPBOIPUBOJIOM, TEIJIOBU30PbI, CUCTEMbI
HOYHOTO BWJICHUS, JJa3epHbIE MeJeyKa3aTen W JIP.) TOCTPOCHHBIE C NCTOTH30-

BaHUEM COBPEMEHHON KOMIIOHEHTHON 0a3bl MMeIoT Bec 710 3 Kr. [36].
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Tabauna 7 — Ilpumep Koudurypanun oTKazoyCTONIUBOIO KBaJIPOKOITEPa, C

pamoit juamerpom 750 Mm

Xapaxmepucka Iloxazameas
EMKOCTH aKKyMyJIsTOpa — HOMUHAJLHBIH
14 Au — 45/60C
pa3pAHbII TOK/ MAKOBBIN Pa3pATHBbIA TOK
3alaceHHasi SHEPIHsI 725,2 Bu
Kondurypaiust akKyMyJasTOpHOI cOOpKU 14S1P
Harpyska ma Gartapeio 22,07C
Hanpsikenue 1101, Harpy3Koit 51,01 B
Homunanbuoe nanpsikenne AKB 51,8 B
YnenpHas TAra 5,52 /Bt
MuHuMaJibHOE TI0JIETHOE BpeMsd 2,4 MuH
Bpemsa Bucenuns 19,9 mun
Mojiesib sjiekTpojiBUTraTe st Turnigy RotoMax 50
TaroBoopyk€eHHOCTbH 3,6 cHapsAXKEHHbIX MaCC
[Tomerublii Bec (CHApsiKeHHAS Macca) 12,33 kr
Bec BUHTOMOTOPHOII T'PYyIIIBI 10,83 kr
Makc. TOpu30HTaJIbHasd CKOPOCTh 69 KM/
Makc. CKOpOIOIbEMHOCTh 15 m/c
las Bucenust (JiuHeRHbIH ) 43%
KII/T (Bucenwue) 89,8%
Tok ssekTposBuTaTess (BuCceHue) 10,28 A
Tok syexTposBurarTesis (MakCHMAaJIbHbBII
77,25 A
PEXKUM)
Makcumanbubiii Tk 9PX aymekrpomsurarens | 80 A
KIIJI (MakcuMaJbHBIH PEeXKUM) 92,1%




Pucynok 1.4 — Pacuer namproctu n Bpemenn nosiera (pama 750 Mm)

6€



Pucynok 1.5 — XapakTepucTuKy CUIOBOH ycTaHOBKE (pama 750 mMM)

0¥
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Anajioruano pacuery st pambl 350 MM, JlaJibHERININNA aHAJIN3 OJTYy YeH-

HBIX 3aBUCHMOCTEH TIPOBEJIEM ¢ TOYKM 3peHusi Oyayiiero nosb3oaresss BILJIA.

BriBOJIbI, aHAJOIUYHbBIE C TIPELIYIIIUM PACUCTOM, OIYIICHbI.

1.

Kpeiicepckas ckopocTh — 34 KM/4 — BBICOKas, XapaKTepHAasi JJisi
KJ1acca.

MakcumaJbHadg JAaJBHOCTh — 6,8 KM «B OJIMH KOHeIl» Wan 3,4 KM
«TYIa-00paTHO» — BBHICOKUI TMTOKA3ATENb, C YIETOM CHEeIU(MUKN OTKA30-
ycroitunBoit koudurypaiuu. OT™MeruM, 9To s alnapara TIKeJa0ro
KJIACCa XapaKTepHO M3MEHEHUE Beca 10JIe3HON Harpys3ku, KoTopoe Oy-
JIeT 3HAYUTE/ILHO BJIMATH Ha JIAHHBIN TOoKasaresib. B janHoOM pacuere
BeC 10JIE3HON HAIrpy3Ku 1 KI.

Bpemsa Bucenus 19,9 MunyT — HU3KHil ITOKa3aTesab, HEJJOCTATOK OT-
Ka30yCTONUINBOI KOH(MDUTYPAITUH.

MaxkcumaJjibHasi TOPU3OHTAIbHAS CKOPOCTD — 69 KM /1 Ha JiucTaH-
1 1 KM — OY€eHb BBICOKUN MOKa3aTeNb.

Maxkcumym 060poTOoB 0k0j10 8700 06/MuH — HUBKMIl MOKa3aTe b,
bakTHUECKN TMeeM MaJIONIyMHYIO KOH(UTYPAIUIO TIPU YCTAHOBKE CO-
OTBETCTBYIOIETO BUHTA.

KII/I B pexume Buceums — 89,8% - HU3KHMIl HOKa3aTesb, CBOIi-
CTBEHHbIH OTKazoycroiuuBoin koudurypauuu. s cpasuenusi: KITJT
IPU MaKCUMaJILHOM Tsre jaxke soiiie: 92.1%, uro nHe xapakTepHo Jist
KBa/IPOKOIITEPOB B 00bIYHOM ucriojiHeHuu. [Tojpodbuee cmorpu 11. 6 Bbi-
BOJIOB 110 pacueTy 0TKa30yCToHYnBOil KoHduryparum ¢ pamoit 350 M.
MakcuMaJibHasi CKOPOIIOAbEMHOCTh — 15 M/C — OYeHb BBICOKHIA
nokaszaTesb. BKyre ¢ HUBKUM MoKazaTeaeM MaKCUuMyMa 00OpOTOB, all-
napaT MOXKET OBICTPO ¥ ¢ MUHUMAJbHBIM IITYMOM YXOJIUTh Ha OOJIBIITYIO

BBICOTY.
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1.3 Amnaau3s pe3yjabTaToOB U 0OCODEHHOCTU COOPKU

OTKa30yCTOIYnBOii KOH(pUryparmm

1.3.1 DBpibop paMbl 1 BUHTOB

[TocsiesicrBust aBapuitHoii cuTyaliu BTOPOro THila, XapakKTepusyoleics

MEXaHUYEeCKUMU TTOBPEXKJICHUSIMY allllapaTa, MOI'yT ObITh MUHUMU3UPOBAHDI 11y~

TEM BbI60pa MMpaBUJIbHBIX 9JIEMEHTOB CHUJIOBOI'O KapKaCa WU BUHTOB. ABapI/IﬁHble

CUTyaluu II€PBOTO M TPETLEI'o THIla HE HAKJ/IAJIbIBAalOT IIPAMbBIX OFpaHI/I‘{eHI/Iﬁ

Ha BBIOOD BHUHTOB.

CdopmynupyeM psiJi peKOMeHalliii 110 BLIOOPY BHHTOB alllapara.

1. Eciim  nmaHuWpyeTcsd  HCHOJB30BATH  KBaJPOKONTEp B pailoHax

C IJIOTHOW BBICOTHON 3acTpOMKOW Ha HeDOJILIIUX BbICOTAX W
JPpyrux Mecrax, rJie BO3MOXKHa CUTyallusd KacaHusi BUHTOM
anmapara  HPensiTCTBUsl, TO  CJIeJAyeT  YCTAaHaBJIMBATL  JIOMOJI-
HATEJIbHBIC — 3AlUTHBIC — 3JIEMEHTbI Jiis  BuHTOB  (puc.  1.6).

Cumxenue AIPOJMHAMNYIECCKNX Kade€CTB IIpU 9TOM HE3HaYUTEJbHO.

Pucynok 1.6 — 3amuTHbIA SJEMEHT BHHTA KBaJIPOKOITEPA

Quanum Nova

2. He cjaeanyeTr HCIIOJb30BaTb BHHTLI M3 Kap60Ha njinm >XKeCTKUuX KOM-

1103uT0B. OIbIT UCIHOJIbL30BAHUSA I[IOKa3bIBa€T, TO JazK€ IIPpU JIETKOM

KaCaHUK HPENATCTBUsS, 00Jiee KECTKUIl KOMIIO3UTHBI BUHT pa3pyliia-
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eTCsi 1OJHOCTBIO. MSIIKuii 1JIaCTUKOBBI BUHT B 9TON CHTyalllMK MOI
J1epOPMUPOBATHCS YIIPYTO.

3. CornacHo MHCTPYKIMSM TI0 IKCILIyaTallid KBAJPOKOITEPOB BELY X
IPOM3BOJIUTEICH, BUHTHI He TpeOytoT OasaHcupoBku. O HAKO HE CTO-
UT IpeHedperaTh 3Toi mporeaypoii. HyBcTBUTEIbHBIE aKCEIEPOMETPbI
YJIABJIMBAIOT JlaxKe He3HAUUTeIbHbIe BuOparuu, a [IV/I-perynsrops! He
BCerjia KOPPEKTHO 00pabATHIBAIOT TAKON «IIIYM».

4. Cjelyer UCIOJIB30BATH BUHTHI ¢ METAJLINICCKUME Y3IaMU KPEILICHUSI
K 9JIEKTpOABUTATENIIM. B ciiydae 10siBJIeHUsT ITPOCKAJIb3bIBAHUS Me-
TaJI1 KperjieHusi OyaeT OTBOJIUTH TEILIO.

Yro Kacaercs BbIOOpa paMbl, TO KJOUeBble 0COOEHHOCTH ee IoJ00pa Ta-

KOBBI:

1. Jljst mocTpoeHusi OTKa30yCTONIUBON KOHCTPYKIIMKA TPUTOIHBI TOJBKO
pambl kiacca I u Boime (em. tabu. 2). Annaparst ¢ pamamu [ n 11
KJIACCOB HE MMEIOT JIOCTATOYHO IPOCTPAHCTBA, JIjIsl YCTAHOBKH OTKa-
30yCTOMYUBBLIX KOMIIOHEHTOB CHUCTEMbI yIIpaBjieHusi u nutanus. [Ipu
stom s pam III m IV kiaccoB jiomycTumMo npuMeHeHue Jrodoro
13 KOHCTPYKIMOHHBIX MarepuaJsioB. iyt V u VI knacca 1esnecoob-
Pa3HO HCIOJBH30BAThH JIEPKHE KOMIIO3UTHBIE MaTepHaJibl, JOIYCKAETCs
UCIIOJIb30BAHKE CILIABOB METAJLIOB, & MCIOJb30BAHUE IIACTUKA — HE
PEKOMEHIyeTCsl B CHJLy OOJIbIIIEro Beca.

2. Caenyer msberarh CJIOXKHBIX KOHCTPYKIIAIA paM C BBIABUXKHBIMU HJIN
CKJIAJIHBIMU 3jIeMeHTaMu. Takue paMbl YI0OHBI JJjIsi IPUMEHEHUs Ha,
anmaparax npu npodecCHOHATBHON (OTO U BUICOCHEMKH (HE TIOMa/Ta-
0T B KaJIp), HO 00JIa/IAI0T HEJIOCTATOTHON HaIeKHOCTBIO. Jlaxe craboe
MeXaHUUIeCKOe IOBPEXKJIEHUEe y3JI0B KPEIICHHS TAKUX IaCCH MOXKeT
LPUBECTH K 1OTEPE UX PAbOTOCIIOCOOHOCTH, YTO B CBOIO OYE€PE/ib BJie-
JeT K BO3MOXKHBIM [TOBPEXKJICHUSIM T10JIe3HON HAIPY3KHU IIPU 1TOCAIKE.

3. MojysbHble paMbl, JOIMYCKaOIIRe 3aMeHY OT/AeJIbHBIX Jydeil, — XOpo-

1110 3apEKOMEH/I0BaBIIee cedsi B COODIECTBE MOJIEIUCTOB perierue |83
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Ecjin 9170 BO3MOXKHO KOHCTPYKTUBHO, TO CJIEJlyeT HPUMEHATH UMEHHO
TaKy[0 KOHCTPYKIIMIO paMbl, TaK KakK OHa, 00Jia/laeT BbICOKOH peMOHTO-
npurosiHocThio. [Ipu aBapun y3iibl KperieHns 3a4acTyi0 NPUHUMAIOT
Ha ceOsg SHEPruio MEXaHUIECKOTO BO3JIENCTBUS, OCTABJIASA B COXPAHHO-

CTH TIOJIE3HYIO HArpPy3KYy.

1.3.2 Bpibop 3a1eKTpoaBurareJieii

OJIHEM 13 KJIIOUEBBIX BOIIPOCOB, PEIllaeMbIX B IIPOIecce paboThl HaJl HOBO
MOJIEJIBIO KBaJIPOKOIITEPa, SIBJISIETCsI BOIPOC BBHIOOPA TSTOBBLIX 3JEKTPUUICCKUX
JiBuraresieir. IIpu 91oM B 3aBUCUMOCTH OT HPEJIIIOJIAIaEMOI'0 IPOMUIIs UCIIOJb-
3oBaHus arapara u nejesbix JITX, BbiOupaercst He TOJILKO HEIOCPEICTBEHHO
MOJIEJIb IBUTATEIST, HO U ToJ0upaeTcs onTuMabibit 9PX n nporpamma ynpas-
nernst (nogpobuee cMm. m. 2.1.1, m. 3.2).

B cospemennnix BIIJIA na spekTpoTsare npuMeHsiioTcs: 0CKOLIEKTOPHDIE
9JEKTPpUIECKHe JIBUraTesn. Takue JBUTATENN, & TaK »Ke PeryJasiTopbl Xoa JIJist
HUX, MOXKHO Pa3/leJIUTh Ha 2 OCHOBHBIX KJACCa — C JATUUKAMHU IOJIOXKEHUSI
poropa u 0e3 Hux. besjiaryukoBbie JIBUTATE M UMEIOT Psi)l IPEUMYIIECTB: OHU
JlellIeBJie, 1PoIie B M3rOTOBJIeHNU 1 HajlexKHee. [To 1ol npuamnHe OOJIBLITMHCTBO
MOTOPOB 1 KOHTpOJLIepoB st BILJIA B Hacrosiimee BpeMmst KMEHHO TaKue.

[Ipumensiemble Ha KBaJipakolTepax O€CKOJIJIEKTOPHbIE JBUTATEIN UMEIOT
KOHCTPYKIMIO, 00pATHYIO KOHCTPYKIIMU KOJIJIEKTOPHOT'O JIBUTATEJIsl: CTaTOp C
0OMOTKAMU HEIOJIBIKEH 1 YKECTKO 3aKPeILIeH Ha paMe, a pOTOP C MOCTOAHHBIMI
MaIrHUTAMU BPalAeTCs.

[list 1oJiydenusi JIOCTaTOYHON 10J/bEMHON CHJIbI BUHTHI KBaJIPOKOIITEPA
JIOJDKHBI BpalaThcs ¢ 60JibIinoii yriosoii ckopoctbio (10 30000 06/mun). [Tpu
9TOM JIBUTATE]b JIOJXKEH Pa3BUBATh JIOCTATOUYHBIN KpyTdamuii MomeHT. [lo ps-
ay npuduH (gomnosHUTE bHbI Bec, camkenne KIIJI, camxkenune HajeXHOCTH)
HCIIOJIL30BAHUE PEJyKTOPOB Ha KBAJIPOKOITEpPaX JOIYCTHMO TOJBKO B HCKJIIO-

IUTETBHBIX CTydasgx (CM. MYHKT 3 PEKOMEHarmii).
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[ojxoasmumy 1MoJ1 3a/IJaHHbIE YCIOBUST SKCILIYATAIIME ABJIAIOTCS OECKOJI-
JIEKTOPHBIE JIBUTATEJIN ¢ BHEIITHUM POTOPOM (aHIJI. «outrunners). B koHCTpyK-
MO HOC/IEJHUX MOXKHO IIOMECTHTh OOJIbIIIee KOJIMIEeCTBO MArHUTHDIX TTOJIIOCOB,
TaKUM 0DPa30M MMOJIYUUB SJIEKTPOJABUTATENH ¢ OOJIBIIAM KPYTAIIHM MOMEHTOM
110 CPABHEHHIO ¢ MOTOPAMM C BHYTPEHHHM POTOPOM (aHTJI. «inrunners ).

Cdopmynupyem TpeboBaHMsT K 3JIEKTPOJABUTATENISIM OTKA30yCTONINBOTO
aIapara;

1. Jlnsg mocTpoenust 0TKa30yCTORYINBON KOH(MUTYpPAIUH KBaIPOKOITEPA,

CTOUT BBIOMPATDH JIBUTATEIN C MOIHEMHON KUJIOIPAMM-CHION F':
F=M/k,

e M — cHapsKeHHas Macca KBaJIPOKOITepa, a KoIMPUIMEHT 3alia-
ca k ynomnerBopsier orpanuuenusim: 0,8 < k < 1,14.
B ciyuae aBapuu BTOPOIO WJIM TPEThErO THIIA TAKOM 3alac IO Tsre
IIO3BOJIUT allapaTy HabupaTh BBICOTY IpHU paboTe TOJBKO JBYX U3
JeThIpex JIBUraTesieii, 6e3 meperpysku (TsAroBoopy:KeHHOCTH Gosee 3,5
cHapsiKeHHbIX Mace). [Ipu kiaccudeckom nojxoje (k = 2, em. crp. 26)
3a11aC TATH JIOCTATOYEH TOJBKO JIJIs TPEOIOJICHIST TIPUTSIXKEHUsT 3€MJIH.
2. Craenyer msberarh 3JIeKTpoOABUTaTes el BhICOKNM 3Hadernnem KV-peii-
tuHra. ONTHMaJbHBIM 3HAUYEHHEM MOXKHO CUMTaTh 3HadeHue KV <
2000 06./(mun-B). KBajgpokonrep ¢ TaKUMU JIBUTATEISIMA U BEPHO Ha-
crpoerubiMu [IWI-peryasgropamu OyeT J0CTATOYHO MAaHEBPEHHLIM U
[OKAXKET BBICOKYIO CTaOMJILHOCTH IPU BHEIIHEM BO3jeiicTBun. Takxke
nnskuit KV (1 ckopocrb BpallieHusi) CHUXKAIOT BEPOSITHOCTH HOsIBJIE-

Hust ormmbok cuaxponusanun IPX (em. nogpobro m. 2.1.1).

1.3.3 Bpibop Tuma 3HepreTuYecKoil yCTAaHOBKU

KitoueBasi xapakKTepucTuka Jirod0ro JeraTejbHOro armapara, B TOM YUC/ie
1 OeCIMJIOTHOrO, — IIPaKTUYecKas JIaJbHOCTH IoJsieTa. OHA 3aBUCHUT IIPEUMY-

[IIECTBEHHO OT KOJIMYECTBA SHEPIUHU, 3aIlaCeHHOU SHEPreTUIeCKO YCTAHOBKOU
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BILJTA. JIjisi KBaJIpOKONTEPOB XapaKTePHbl TPU OCHOBHBIE BHUJIA IHEPreTHUEC-
CKHX YCTaHOBOK:

1. Jlurwuii-osmmephbie akkyMmyJsitophbie barapen (LiPo-6arapen);

2. TorMBHBIE 3JIEMEHTDI;

3. I'mbpuHas sHepreruveckasi ycraHoBKa Ha Oaze komnakTHoro JIBC n

oydepnoit AKB.

Ha ocnose ganubix nctoaHukos [83;87;88] mposeieM cpaBHUTENBHBI aHA-
JIN3 YKa3aHHbIX yCTaHOBOK.

JImruii-nonmmepHblie OaTapem. Ha cerojpssiimHuii JieHb 3TO caMblii
pacnpocTpanHenHblii Buj dneproycranoBku st BILJTA Beprosernoro Twuma.
[TosiB/IeHHE STOrO0 XUMHYECKOI'O MCTOUYHMKA TOKA CHII'PAJIO KJIIOUEBYIO POJb B
pacIpocTpaHeHuK KBaJPOKOITEPOB I I'paxKJaHCKUX Ieseit. B ornmaun ot
TOILIMBHOT'O 3JIEMEHTA, JIJIsI KOTOPOro HEOOXOIMMO IIOMOJHSITH 3aIlachl CJIado
pacipoCTPaHEHHOI'O BU/Ja TOIJIMBA, aKKyMYJIATOPHbIE DaTaper MOXKHO lepe3a-
psi2KaTh OT OBITOBOW 3JIEKTPOCETH.

JleTaresbHbIN annapar npeIbsaBiIseT JJOCTATOUHO KECTKe TpeDOBaHUs K
XapaKTepucTukKaM OaTapeil: OHM JIOJI?)KHBl UMETh BBICOKOE COOTHOIIICHHE 3alla-
CEHHOI PHEPIUM Ha €JIMHUITY MaCChl, & TaK»Ke BBICOKYIO TOKOOT/IAMY.

Boarogapss mcnosb30BaHUIO IOJUMEPHOTO 3JjeKTposuTa, LiPo-batapen
UMEIOT JIy YIIie [IOKA3aTe/ M 3aIIaCeHHON SJHEPIUK Ha, €JIMHUILY MACCHL U BbICOKUIt
1oKazaresb TOKOOT/auu, Oyiarojiapst 4eMy OHU CTaJIM CTaHIaPTOM Jjie-(haKTo JiJist
kBaApokonTepoB. CoBpeMeHHbBIE JIMTUI-TIOJMMEPHDBIE aKKYMYJISITOPHI JIOMYCKa-
10T pas3psiaky TOKOM BIIOTH 10 3uadenust 100 - C' Ammep, rie C — eMKOCTh
barapen.

B 1mesom K mpemmyImiecTBaM JIUTHI-IIOJNMEPHBIX ODaTtapeii, Kak
DV ajd KBAAPOKOIITEpa CJIeJyeT OTHECTH:

1. Huzkuii camopaspsiji;

2. BbIcOKy10 TOKOOT/ a1y}

3. BwICOKYIO IJIOTHOCTH SHEPIUM Ha €JMHUILY 00'beMa U MaCChl;
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4. Bo3MoKHOCTH cOOMpaTh aKKYMYJISITOPHbIE COOPKHU PA3JIMIHON (DOPMBI,
ONTUMAJIBHO UCIIOJIb3YS MPOCTPAHCTBO paMbl U OaJaHCUPYs almnapar.

K orpuiiarejibHbIM CTOPOHAM 3TOr0 MCTOYHHUKA TOKA CJIEJIyeT

OTHECTHU:

1. Vmenbimenne pecypca darapen npu paspsije OOJbIIMMA TOKAMU. 3asB-
Jisiemble nipousBojiuTesisMu H00 NUKJIOB 3apsijia-pa3psijia JJOCTUMKUMbI
ToJibKO 1pu Toke okojo 1C, rme C — emkocrh Oarapeu. Tok 1o-
TpebiIeHnst KBapoKoTepa 3HadnTesbuo Boime (>10C), aro Beger ee
OBICTPOMY M3HOCY.

2. Bapsijiky cOOPOK U3 JIMTUH-TIOJIMMEDPHDBIX aKKyMYJISITOPOB MOYKHO PO~
M3BOJINTH TOJHKO C TOMOIIBIO CIEIUAJTBHBIX 3aPSIHBIX YCTPOWCTB C
MUKITPOIIECOPHBIM YITPABJIEHUEM TP 00s13aTETHHOM KOHTPOJIE HATPSI-
YKEHUST KazKJIOTO JIeMeHTa COOPKHU.

3. HeobxomMocTh CTpOToro cobJIIoJIeHUs TeMIlepaTypHOTro pexkuma. B
mporecce paspsja OOJBITMMU TOKAMU Ha KBaJIPOKOITEpe JTUTUH-TIOJHI-
MepHast Oarapesi HemuHyemMO Harpenaercs. llpu srom Harpes Jio
temriepaTypbl Boie 60°C Bejer K ObicTpOit gerpaganuu barapen. Orn-
TUMAaJbHON TeMrepaTypoii cuntaercs 3uadenne 43 — 45°C": npwm 3roit
TeMIiepaType Oarapes obJajlaeT HAUMEHBIIUM BHYTPEHHUM COIPOTHB-
JIeHUuEeM. 3apsij TPU OTPUIATEILHBIX TEMIIEpATypax TaK »Ke ryouTesieHn
JIJIst 9TOTO UCTOYHKKA TOKa (M3HOC, moTepsi eMKocTn). Paspsin mpu or-
PHUIATEILHBIX TeMIepaTypax JOIMYCTUM, HO TPH 9TOM 3HAYUTEHHO
najaer Jocryntas eMkocrb (npu remieparype —20°C' Garapest Bbi-
naer okoJio 50% croeil HoMuHAIbHO emKocTH) [87].

4. HeobxommMocCTh criennaabHbIX YCIOBWH XpaHEHWST W PEKOHCEPBAIUN.
JInTuit-mouMmepHble OaTapew TepsIOT €MKOCTh, JayKe ecJii He HC-
MOJIB3YIOTCA. B ¢BaA3W ¢ 9TUM He 1eJecoo0pa3Ho UMeTh B HAJUIUN
AKKYMYJISITOPOB OOJIBITE, TeM HeOOXOIMMO JIJIsi 00eCIieueHnsT TeKYIIero
paciucanus 10JieToB. Kcjim akKyMysissiToOp He HUCIHOJIb3YeTCs 3Hauu-

TejbHOe BpeMst (>2-3 jiHeil), HeOOXOJMMO TEPEBOJIUTh €r0 B PEKUM
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XpaHEeHHusi: JIOBOJUTD 3apsiji J10 3Hadenus 3,85 B na 1 sjnement ak-
KyMyJIATOPHON cOopku. [ljisi mpegorBpaliiennst Jerpajalinid HOBBIX
AKKYMYJISITOPOB BO BPEMsI XPaHEHUs W TPAHCIOPTUPOBKU DaTapen ¢
3aB0Jla M3TOTOBUTEJIsSI K IIOTPEOUTENIO, IPOU3BOIUTEN JI0OABJIAIOT B
9JEKTPOJIUT CHeIUaJbHbIl MHrHOuTOp. OH 3HAUUTEIBHO 3aMeJJIsieT
IIPOIIECC CTapEeHMs aKKYMYJISITOpa, a TaKKe IOJJIep:KUBAeT HaIlpsiKe-
HUe B OaTapee Tocjae TPOM3BOACTBA. MHrmbmurop paznaraerca mnpwu
LIEPBBIX 2—3 IpoIeccax 3apsiiKu-pas3psijku — pekoncepsaluu. [Iporecc
peKOHCepBallUK  TIpeJiojaraeT paspsiJi U 3apsij, TOKOM, HE IPEBbI-
maforum 3C, T.e. HOBYIO DaTapero HeJib3si cpal3y MCI0JIh30BaTh Ha,
KBa/JIpoKorTepe. Vcrob3oBanne akKKyMyJIsSTOPOB, HE IIPOLIEJIIINX pPe-
KOHCEpBaIlMiO, B YCJOBHUAX BBICOKMX HAIPY30K IPUBOJUT K IOTEpE
eMKOCTH ¥ CHUXKEHUIO CPOKA CJIYXKOBbI.

5. Huzkyio mMexaHn4deckyio MpOIHOCTH IOTOBbIX u3senii. [logasisiomniee
bosibinHCTBO TOTOBBIX LiPo-Oarapeit BbilyckaeTcs 6€3 »KecTKOro Kop-
myca. DTO TMO3BOJIIET CHW3WTH BEC, HO JakKe MPU He3HATUTEHHOI
aBapuy BTOPOI'O THIIA PEKOMEHJIYeTCs IIOJIHAs 3aMeHa aKKyMYyJsdTOp-
HO# COOPKH.

TonsuBHBIE 3JiIeMeHTHI. Vcnomb30Banne TOIIMBHBIX JIEMEHTOB B Ka-
yecTBe sHeprerundeckoit yecranosku Jijisi BILJTA oTkpbiBaeT BOZMOXKHOCTH J1JIst
yBEJIMYIEHUsT BPEMEHU ¥ JlaJlbHOCTH T1oJieTa. HeodunmaibHblit pekopi BpeMenn
noJiera (B pexKMMe BUCEHUs1) KBaJPOKOITepa 6e3 MoJIe3HO HArDY3KH Ha OJ[HOI
zapsjike LiPo-6arapeit — 95 MmunyT 46 cekyHJ|, cepuitHO BbIITyCKaeMbIe allapa-
Thl Ha DaTapesix JieTaloT, KaK IIpaBujo, He bojee 30 MUHYT.

3AO HIII Hesk (Poccust) paspaboran SKCIEpUMEHTATBHbIN amnmapar
HEJIK-B8 na TOmamBHBIX 3jJeMeHTax cO B3JIETHOH Maccoil o 12 Kujiorpam-
MOB, CIIOCOOHBIN HECTH I0JIE3HYIO HArPYy3Ky MacCoil JI0 Tpex KWJIOI'PaMMOB U
BpemeneM nojiera J0 5 dacos [89; 90].

KaroueBpiMu JOCTOMHCTBAaMM TOIIJIMBHBIX 3JIEMEHTOB ABJIAIOTCHA:
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1. Bbicokasi sHeproeMkocTs Toiinsa (BojOpoj, — CaMoe SHEPIOeMKoe Be-
I1eCTBO);

2. DKOJOTUIHOCTh;

3. Bricokas obmast HaIeXKHOCTH CHCTEMbI B CHJIY TPSIMOIO 1Peodpaso-
BaHUsI TOILUIMBA B JIEKTPUUECKYIO 3HEpruio. OTCyTCTBYET MIPOMEXKY-
TOYHOE IIpeobpa30BaHKe SHEPIUN CIOPaHUs TOILJINBA B MEXAHUIECKYIO
SHEPIuio, UTo XapakTepuo g DY ¢ JIBC.

HpI/I NCIIOJIb30BAaHNUN TOIIJIMBHBIX 3JIEMEHTOB BO3HUKAECT Heﬂblﬁ

psaa mpobJsieM, 00yCJOBJIEHHBIX WX KOHCTPYKTUBHBIMU OCOOEHHOCTH-

MM:

1. Bompocs! 6e30macHOCTH U peryjinpoBanus 060poTa BOAOpo/ia. ducThlii
ra3000pas3Hblil BOJIOPOJ ¥ €ro CMeCH, ITpUMeHsieMble B BHJIE TOILJINBA,
JIJIsT TOTLTUBHOTO 3JIEMEHTA, SIBJISIOTCSI XUMUICCKIMU BEIIECTBAME, KaK
MUHUMYM, 2 Kijacca otacHoctu [91]. duist Taknx BEIIECTB yCTaHOBJICH
psiJi OrpaHUIEHWH 110 MepeBO3Ke U xpaHennio. Kak ciejcrBue 51oro,
pUMEHEHHUe 3TOr0 BUIa TOIINRA B Irpaykgancknx BILJIA orparnmdeno.

2. JlocrymrocTh TommBa. st mcnosb30BaHus B TOTJIMBHOM 3JIEMEHTE
MOJIXO/TUT TOJIBKO BOJOPOJI OIpPeJiesIeHHOTO KadecTBa. OObeMbl mpo-
M3BOJICTBA BOJOPOJIa HEOOXOAMMOI0 KadyecTBa M €ro JOCTYIHOCTb Ha,
PBIHKE 3HAYUTEILHO HUXKE, YeM Y YIJICBOJIOPOIHOIO TOTLTUBA U IJIEK-
TpOdHEpruu. B CBsA3M € 9TMM MOXKET BO3HHUKHYTH HPOOJEMa ITOUCKA,
TOTLTMBA JIJIs1 3alIPABKU TOIJIMBHBIX 9JIEMEHTOR.

3. Bezomacuocts sxcrmyaranun BILIIA. CymecrByer omacHOCTh B3phIBa
IapoB BOJIOPOjia B ciaydae apapuu BILJIA.

4. DKoHOMUYECKas COCTaBJdONasd. V3BecTHble criocoObI JIOOLIUN TUCTO-
'O BOJIOPO/Ia 9HEPro3aTPATHBI U CTOMMOCTH STOTO TOTLIMBA BhICOKA. [1o
nanabiM Komnanun Horizon Unmanned Systems ¢ToumMocTb 1POMBbIIII-
JIEHHOI'O BOJIOPO/ia, HEOOXOIMMOT0 Jijist BbipaboTku 1 KB4 sneprum B

TOIJINBHOM 3JjieMeHTe, OoJiee, yeM B 40 pa3 mpeBbIaeT cTOUMOCTh 1
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kBru ceresoro asekrpuuecrsa. [92;93]. Takxke BbicOKa cronmMocTh ca-
MOT'O TOILJIMBHOI'O 3JIEMEHTA.

I'mbpugHbie »Heprerudyeckue yCTaHOBKHU. OJHWM U3 CAMbBIX HaW-
MeHee PaCIpOCTPAHEHHBIX, HO JIOCTATOYHO MEPCIeKTUBHBIM HAIPABICHUEM
pazsutus DY st BILJIA MoxHO cumTarh HampaBaeHHe KOMIAKTHBIX MHOpPH/I-
HBbIX YCTAHOBOK.

['nbpunnast sHEpreTUvIecKasi yCTaHOBKA OOBIYHO IPEJICTABISCT U3 Cebst
CBSI3KY M3 KOMIIAKTHOIO jiBuraresisi BHyrpentero cropatnus (JIBC) u asekrpo-
remeparopa, a Takxe oydepnoro LiPo-akkymysisitopa njin CyrnepKoHJIeHCATOPaA
(noHucTpA).

3ameuanue 1.5. K rubOpwaHbIM SHEPreTUIECKUM WJIA CHJIOBBIM yCTa-
HOBKaM TaK ke OTHocAT cxeMmy, korjma JIBC wucnonb3yercd B KadecTBe
HETIOCPEJICTBEHHOTO TSITOBOTO JIBUTATE s, & MHUTaHue OOPTOBO# 3JIEKTPOHU-
KU OCYIIECTBJISIETCS OT aKKyMYyJisiTopa Jiioboro Tuiia. Takas cxema xapakrepHa
quist BILITA camostersoro tuma u He pacnpocTpaHeHa Ha KBaJPOKOITepax, T. K.
ucnosibzoBarue JIBC wa KBaJpokonTepe B Ka4eCTBE HEMOCPEJCTBEHHO TSITOBBIX
3aTPYAHEHO B CHJIy WX BBICOKOW WHEPITMOHHOCTH.

K mocrouncrBaM ruOpuaHOii CHMJIOBOIT yCTaHOBKU MOXKHO OTHe-
CTH:

1. BoaMOXKHOCTH TIOCTPOEHUS ANMapaToB ¢ OOJTBITUM BpeMEHEeM aBTOHOM-

HOW paboThl, IO CPaBHEHWIO C allaparaMyu Ha JIMTHH-TIOJMMEPHBIX
DaTapesix, TaK KaK >KMJIKOE yTJIEBOJIOPOJIHOE TOTLIMBO JIOBOJIHHO dHEP-
roemko. C yderom Beca cBsizku JIBC-smekTporeneparop, npu J10CTH-
YKEHWH alllapaToM HEKOTOPO# BeJMIWHBI 00ITeil Macchl, OoJiee Jierkoe
YTJIEBOIOPO/IHOE TOILJINBO BHIMTPhIBaeT 110 Becy y LiPo-6aTapen Toit xke
9HEPTOEMKOCTH.

2. Ucnosib3oBanue »KujKOTO TOIJIMBA, B OTJMYUE OT Ia3000pa3sHOIo y

TOTLJTMBHBIX 3JIeMEHTOB. 2KUJIKOe TOTJIMBO TPOIIE B MCIOJH30BAHUH,

TPAHCIIOPTUPOBKE U XPAHCHUMU.
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Kax mpaBujio, MEHbINN, 110 CPABHEHUIO C TOIIMBHBIMHU 3JIEMEHTAMHU,
BeC TOTOBOW DY TOH Ke MOIIHOCTH. Y THOPHUHOW DY OTCYyTCTBYIOT

TsKeJIbIe OAJIIOHBI BHICOKOTO JdaBJICHUA.

3ameuanue 1.6. Ilpumenenune B DY Ha TOIJIMBHBIX 3JEMEHTaX COBpE-

MEHHDBIX KOMIIO3UTHBLIX OAaJIJIOHOB BBLICOKOI'O AdaBJIEHUA MO2KET OIIPOBEPI'HYTDH

TEKylIee yTBEP2KIACHUCE. ,Z[OCTYHHI)IX JaHHBIX II0O MaCOFa6apI/ITHbIM [IOKa3aTe-

JIM TakKux Y HeT.

Hepocrarku Takoro Buma DV:

1.

B kauectBe Tormmma st KomnakTHbX JIBC, Kak mpaBuiio, uCriosb-
3yIOTCsi CJ1ab0o PACIPOCTPAHEHHbBIE BUJIBI YTVIEBOJIOPO/IOB: HUTPOMETAaH,
METAHOJI, BBICOKOOKTAHOBOI OCH3MH.

Husknit pecypc n Hajexkuocrb komnakTHbix JIBC. B cuny pasmepos,
CJIOYKHO ODECIIEUNTh CMA3Ky W OXJIaXKJCHUS JIBUTATES Ha JOJKHOM
yPOBHE.

HeobxoumocTh camocTosiTesibHOM pa3paboTku u cOopku. Ha oTKpbi-
TOM PbIHKE KOMIIJIEKTYIOIIUX OTCYTCTBYIOT MPEJJIOXKEHUS 110 TOTOBBIM
ruOpuIHBIM DY, pa3paboTaHHbIX creruaabao i BILJIA BepToserro-
ro tuna. Vmerormecs pa3paboTKu 0 KOMIAKTHBIM poTopHbIM IBC
Ha ABMAIMOHHOM TOIUIMBE (HAmpumep, jasuraresb Tuma XMv3 or
komnanun LiquidPiston (CHIA)) siBasitorest HuieBbiMu. Ajanranus
Hebosbmux JIBC obiero naznadenust Jjist 9TUX IeJeil siBasieTcst Oec-
MEePCHEKTUBHON ITPAKTUKOI.

Bricokwii, 110 cpaBHEHWIO ¢ IPpYyTUMHU DY, TTOKa3aTesh myMHOCTH. Jl s
MUHAMHU3AIAKA Beca U pasmepo, y KommnakTHbx JIBC mpakrudeckun
OTCYTCTBYET BBIXJIOIIHAsI CUCTEMA.

Bpewms zanycka. JIBC Tpebyer HEKOTOPOTro BpeMeHHU JJIs 3aIycKa U

1IEPEX0/ia B HOMUHAJbHbBIH PEXKUM PabOThI.

TaxkuM oOpa3oM, HeJIb3sT BBIACINTL KAKOH-TO OTHeJbHBIH Bug OY. Kark-

JIbIFE BUJL DY MMEET CBOM IOJIOXKUTEJIbHBIE U OTPUIATEIbHBIE CTOPOHBI, CBOIO
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00J1acThb npuMeHenus. JJisi moucKa KOHCTPYKTUBHO cOaJIaHCUPOBAHHON DY Jijist

OTKA30yCTONUNBOI KOH(UIYpAIUNA KBaJIPOKOITEPA MOXKET OBITH IPEJI0XKeH

CJICJIYIOIIMI AJITOPUTM:

1.

B cuny paswmepa, just annaparoB ¢ pamamu III u IV kmnacca ciey-
er WCIoJb30BaTh TOJBKO Jurhii-nosmumeprbie 6arapen (I u I knacce
HETTPUTOAHBI JIJIsT TTOCTPOEHUsT OTKA30YCTONIUBBIX CHUCTEM COTJIACHO
1.3.1).

Hnsa ammapaToB ¢ pamamu V-VI Kjacca CTOUT UCIOJb30BATh TOIINB-
HbIE DJIEMEHTBI, €CJIM 3TO JOIYCTUMO IO COODPaXKEHUsIM SKOHOMUKU
1 JIoCTynHOCTH ToIuBa. Ilpu sTom 1o anasorun ¢ ruOpujgHbIMUA DY
JIIsT TIOBBIIIIEHUST OTKA30yCTOWUNBOCTA HUMEET CMbBICJ YCTAHABJINBATH
JIONOJIHATEIbHYI0 OydepHyIo JInTHii nojanMepHyio darapen. EMkocTh
baTapen cjejyer BbIOMpPATh TakK, 9TOObI 00ECIEeUUTb, KaK MUHHMYM,
II0CAJIKy C MaKCHUMaJbHON BBICOTHI IIOJIETA.

Ecnu ucnonb3oBanue TOILIMBHBIX 3JEMEHTOB HEBO3MOXKHO, HO HEOD-
XOJIUMO BBICOKOE BpEMsl aBTOHOMHOIrO moJjiera (>30 MUHYT), TO Jiist
anmaparoB V-VI kjacca mMeer CMbICJI HPUMEHSITH TMOpUIHbIE DY,
TaK Kak 10ji00parh KoHdupyraiuio Takoro armmapara ¢ Li-Po 6arape-
eit cioxkno. Ilpu sToM ciiejlyeT IOMHUTDH O BBICOKOH IIYMHOCTH TaKHUX
pereHuit, ruopuHbe DY He NPUTOIHBI JJIsd IOCTPOSHUS allllapaTa Ma-
JIOI MIYMHOCTH.

Bo Bcex ocTaJbHBIX CAyYasgxX NPUMEHSIOTCS JTUTHH-TIoJMepHbIe baTa-

penu.

1.4 BwsiBoasl mo riase 1

CdopmyupoBaHHasi MOCTAHOBKA, 3aJ1a4M yIPABJICHUST KBaJIPOKOIITE-
POM B aBapUilHOM PEXKUME sIBJIAETCS aKTYaJbHOU U MOXKET paccMaT-

PUBATHCS C YIETOM TPUBEJICHHON KJIACCU(DUKAIIUU TUTIOB aBapuil.
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B may4HoOii JuTepaType BOIPOCH KJaCCH(DUKAIUN KBaJPOKOITEPOB
OCBeIlleHbl TOJILKO B 00IIEeM IpejcTaBiIeHuu, 0e3 ydera crenudukn
uMenno sroro Buja BILJIA. B jgannoit pabore npeiokes crocod
KJIACCUPUKAIIA KBAJIPOKOIITEPOB C YIETOM BCEX UX KOHCTPYKTHUBHBIX
ocobennocreit. Jlanubiit kjiaccudukaTop JOCTATOUYHO yHUBEpPCAJIEH U
MOYKeT OBbITh WMCIOJIB30BAH Pa3JIMTHBIX O0JACTIX I JIaIhHEHTITero
VIIPOIIIEHHOI'O OIKMCAaHUsI KOHCTUTYIIMU BCEX allllapaToB BEPTOJIETHOIO
THIIA, C YeTHBIM KOJIMIECTBOM POTOPOB.

[IpuBeieHHbIE PEKOMEHTAIINN 110 BLIOOPY OT/IEIbHBIX KOMILIEKTYIOMNX
KBa/IPOKOIITEPa MOI'YT ObITh MCIOJB30BAHbBI JIJIsi IOCTPOCHUST OTKA30-
YCTOWYUBON KOH(DUTIYpAIMK allliapaTa.

KonkperHble KOMIUIEKTYOMME (MapKu, MOJEN) Jis OTKa30yCTOii-
YUBOI'O KBaJPOKOITEpPa MOI'YT ObITH OIPEJIeJIEHbl C HCIOJb30BaHUEM
CYIIECTBYIOIIEro POrPaMMHOIO ODeCIIeUeH s, IyTeM I0100pa KOHMU-
I'ypalnuy, OTBeYaolei MpeIJIOXKEHHBIM KPUTEPHSIM.

Paznoobpasue sjieMeHTHONW 0a3bl: KOHTPOJUIEPOB, JIATYUKOB, JIBU-
rarejeil, paMm, BUHTOB, Oarapeil — 1O3BOJIsieT IPU HEOOXOIUMOCTH
CO3JlaBaTh y3KO CIENraJn3upPOBaHHbIE alnaparhl, 00Ja alnme Mu-
HUMaJIbHO HeoOxoauMmbiM HabopoMm JITX u crommocTu juid pelneHusd
olpeJiesIeHHON 3a/aun. Kak IpoTHBOIIOJI0XKHOCTH ITOMY, UCIIOJIH30Ba-
HUE yJAaYHbIX KOMIIOHOBOUHBIX DEIIeHMit JJIsi pa3MelleHnus HABECHOI'O
00OpPYIOBaHKS C BBIXOJIOM Ha ONTHMAJILHBINA OaJIaHC SHEPTOBOOPYXKEH-
HOCTH, MTO3BOJISIET CO3/IaBATh AIMaPAThI JIJIsl PEIIEHUs] ITMPOKOT0 KPyTa,
3aJla4, B TOM YUCJIE ¥ OTKA30yCTONIUBBIX KOH(UTYPAIINIL.
[TpuBenennbie yaéTOoM BCeX W3JIOXKEHHBIX PEKOMEHIAINH pacdeTh
JIBYX KOHKPETHBIX OTKA30YCTOMUMBBLIX KOHQUIYypaluil KBaJIPOKOIITE-
POB MOT'YT OBITH MCIIOJIb30BAHBI JJIsI IIPAKTUIECKON TOCTPOIKHU JaHHBIX

anmapaToB.
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I['JIABA 2. MOJIEJINPOBAHUME ABAPUMHBIX CUTYAIIUN.
HACTPOMKA IINJI-PETYJISITOPA

PackpoeM BO3MOXKHOCTH padOOTHI B aBapUUHBIX PEXKUMaX KBaJPOKOIITE-
poB, cobpanHbix corjiacHo TpeboBanusim 11. 1.1.3, 1.1.4. [Iis sroro mposejem
MOJIeJINPOBaHKE aBapUiHbIX cuTyaluii, onrcanubix B 1. 1.1.1. JlonosHuTeibHO
TaKKe PacCMOTPUM OCOOEHHOCTH HACTPOWKM cradbuiusupytomux [T I-pery-
JIITOPOB JIJIsl alllapaToB OTKA30yCTONIMBOW KOH(MUTYpAIWH. DTOT IIPOIECC
3aCJIYKUBAET OT/IEJHLHOTO BHUMAHUS, T.K.:

1. B cBa3u ¢ Hasmaumem OOJIBITIONO 3alaca o Tsre, B paboTe JJAHHBIX Pery-
JIATOPOB UMEETCs TOTEHIUAJ, CBA3AHHbIN ¢ BO3MOXKHOCTbHIO CHUXKEHUS
ABApUIHOCTH B CPEJI€ C BHEITHUM BO3MYyIeHueM (cM. 1. 2.2.4).

2. Bormpoc Bbibopa napaMerpoB peryJsitopoB st KBaJIPOKOIITEpa He TPHU-
BUAJIEH U HE BCEIJIa MOXKET OBbITh aBTOMATHU3UPOBAH, T.K. MPU TOJIETE
almapara HeT BO3MOXKHOCTU 0Oe30IacHOTO U3MEHEHHs MapaMeTpOB B

MMIPOKOM Jimanasone (cm. m. 2.2.2, 2.2.3).

2.1 MonaenupoBaHue aBapUHBIX PEKMMOB

Paccmorpum fasiee iBe aBapuitHbie cUTyanuu: 1) ¢ TOJHBIM OTKA30M OJTHO-
TO BUHTA [TPU CHUYKEHUH AIapaTa; 2) ¢ YaCTUIHBIM OTKA30M OJIHOTO JBUTATEJISI
B IOPU30HTAJILHOM I10JIETE.

B zaBucuMocTi oT MpUYMH BO3HUKHOBEHUsT OTKa3a, (MeXaHUYeCKUi 0TKa3
JIBUTATENIA WM PEJYKTOPa, OTKA3 M0 MUTAHWIO, BHEITHee BO3JICHCTBIE ¢ Pa3py-
IMIEHIEM BUHTA) JAHHBIC aBapUHU MOTYT ObITh OTHECEHBI K COOTBYIOIIEMY THUITY
corytacuo 1. 1.1.1.

Pacemorpum ammapar 111 kiacca ¢ mapamerpamu cormacuo (1.1): m =
ke, [ = 0,175 M, b = 26,5 107° H-c2, d = 0,6 1070 Hoe?, Iy = I, =
]zz = 0,1 H-MC2, JTp = 0,005 H-MCQ.

Jlyist craHapTHBIX THUIIOB JIBMYKEHUI KBajpoKonrepa (B3JeT, 1mocajKa,

JIBVYKEHNE B TOPUBOHTAIBHON TI0CKOCTH) coryiachHo (1.6) Oyuem mcrmonb3oBaTh
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BEJINUHMHDL:
C} t e Tl,
Q; = n (2.1)
Ci+ 9+ > (axcos(kt) + by sin(kt)), t € Ts.
k=1

3yech C; — yriioBasi CKOPOCTh, HEOOXOMMMAS JIjIsi KOMIIEHCAIMN CUJIBbI TSXKECTH,
aj M by — mapamMerpbl TPUTOHOMETPHUYECKOTO MHOTOUJIEHA, 3aJ1af0IIne OTKJIIO-
HEHWsT, HeoOXOIMMbIE JIJIsT TJIQJIKOTO BBIXOJA Ha CTAIMOHAPHBIH pexkum, 17 —
MHOKECTBO OTPE3KOB BPEMEHH, IIPK KOTOPBIX allllapaT MO/IePKUBAET BICEHNE,
Th — MHOXKECTBO OTPE3KOB BPEMEHH, [P KOTOPLIX aIllapaT MaHEBPUPYET.

Sameuanue 2.1. QPopma ympasistomux curiaios (2.1) BbiOpana u3
caeaytonux cooopaxkenuit. Takast popma OiM3Ka K OHTUMAJIBHONE 110 PACXOJLY
SHepruu (CM. 1. 3.2) U [IPU ITOM SIBJISETCs TIaJIKON QYHKIMEH, 4TO IPUMEHIMO
B IPAKTUIECKOM cMbIcsie. DaKTHIeCKH TaKoe MPEeJICTaBICHIE sIBJISETCsT TPUOJIN-
KeHHeM C TIOMOIIBIO TPUTOHOMETPHYECKOTO TIOJIMHOMA, PeaJbHOro curaja 27
1o (1.6) mpu pabore anropurmos cnacenus, u 2 mo (1.5) npu Moge MpOBAHIHT
MOCJICICTBUIl aBapuii.

[IpoBenem MopenupoBanue Jjs yKazaHHoOro ammnaparta npu 0 < ¢ < 15
C OTKa30M B MOMEHT {y.

[list TpoBeIeHnsT CPABHUTEILHOTO aHAJIN3a PACCMOTPUM TIPUMEPHI, KOTJIa
AJICOPUTMBI CriaceHust He ucnosb3yores (1. 2.1.1, 2.1.2) u npumepsl ¢ paboToii
asropuTMoB cracenns (2.1.3, 2.1.4).

Boruncienuss mpoBOAMINCH € KCIOJIL30BAHUEM IIPOIPAMMHOIO IAKETa
MATLAB R2019b ¢ gomomuenuem Simulink v.10.0. CTpyKTypa MOJACHCTEMBI
CUMYJISIIIMU aBapuu lpuBejieHa Ha puc. 2.1.

[Tonpobroe onucanue 11O st MogempoBanmst MPOIECCa, oJIeTa KBaPo-
KOITEpa, UCHOJIb3yeMOe B JJAHHON ruiaBe (BKJIIOUAst MCXOJHBI KO/l BHYTPEHHUX
MpOIEyp U rpaduaecKue IpeJICTaBICHUS CTPYKTYD CUMyJisiiui) ¢M. B [Ipuito-

)kennu B macrosiieit paboThl.



Pucynok 2.1 — CTpyKTypa MOJACUCTEMbI CUMYJISAIA aBAPUN
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2.1.1 OrTka3 npu MaHEBPUPOBAHUN

PaccMoTpuMm 11oc/ie/icTBrs OJIHON OTEPHU TATI'M Ha OJIHOM U3 BUHTOB KBa/I-
poKoIITepa PU OTCYTCTBUU KaKUX-JUOO aJrOPUTMOB cliaceHust. PesysbraTrom
MOJIEJTMPOBAHUsT OyJIeT KapTUHA BO3MOXKHBIX MOCJIEJCTBUIT Takoro orkasa [57).

[IpemosioxkuM, 9TO aBapus MPOU3OILIa B IIPOIECCe CHIKEHU allllapaTa
TIOCJIe HETOJIBUXKHOTO BUCEHUS.

C TOuKM 3peHus U3MEHEeHUs YIJIOBBIX CKOpocTeii (2; mMmeeM:

1. Tlpu HenoBMKHOM BUCEHWH: MOJJIEPXKAHUE BCEX YIJIOBBIX CKOPOCTE

Ha yPOBHE, HEOOXOJMMOM JIJIsi KOMIICHCAIIMN CUJIbI TSPKECTH (B JAHHOM
ciayuae 304,06 06/c npu t € [0;4]);

2. llosyuenue oTpUTIATENHHOIO BEPTHKAJLHOTO YCKOPEHUS W3-3a CHU-
JKEHUsT YIJIOBBIX CKODOCTEli Ha HEKOTOPOM MPOMEXKYTKE BpeMeHU (B
JIaHHOM puMepe ipu ¢ € [4; 5]);

3. [osyuennoe orpunarejibHoe ycKOpeHue Tpedyer KOMIIeHCAIUKU 11y TEM
BO3BpalleHUs K YIJIOBOW CKOPOCTU BUCEHUSI COIJIACHO I1.1;

4. MosenupoBanne aBapuitHoi cuTyaluu: OOHyJIEHUE YTJIOBON CKOPOCTH
MOBPEKJIEHHOTO BUHTA Tipn t = t, = 6 c.

PyKoBOJICTBYsICH COOOpaXKeHUAMH T1. 3.2 B YaCTU ONMTUMAJTHLHOCTH PACX0/IA

SHEPI'uu, IPUOJIM3UM BUJI CUTHAJIA (2; K onTUMajbHOMY. [l 9TOr0 onpenesinm

(2.1) B dopwme:

304,06, €T,

304,06 + 20sin(5t), t e Ts.

['pachuk m3MeHeHUsT YIJIOBBIX CKOPOCTEH MpeJICTaBIeH Ha puc. 2.2.

3akJirouenne mo aBapuu. [losinasi norepsi yupanjisieMOCTH aliliapa-
Ta C MOCJIEJYIONIUM HEKOHTPOJIMPYEMbIM TajeHueM. TpaekTopust aBapuilHOTO
najieHus armapara npu t > t, = 6 ¢ nokazana Ha puc. 2.3. llmeeM HEKOHTPOJIU-

pyemoe IajieHre 10 CIUPAJINA ¢ TOCTOSAHHBIM POCTOM BEPTUKAJBHON CKOPOCTH.
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Pucynok 2.2 — YroBble CKOPOCTU BPaIlleHUs BUHTOB: CHIXKCHUE
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Pucynoxk 2.3 — Ilepememenne: cumxenne
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Pucynok 2.4 — CKOpPOCTb: CHUXKEHUE

OueBHHO, UTO IJIABHBIM pa3pylIalomuM (PaKTOPOM IIPU A IeHUH allllapa-

Ta OyJleT BeJUUNHA, BEPTUKAJILHON CKOPOCTU B MOMEHT KacaHus 3eMmju. ['pacduk
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Pucynok 2.5 — Bbicora Z: cHUXKeHUe

N3MeHeHUs] BePTUKAJLHON CKOPOCTH IpeJicTaB/eH Ha puc. 2.4, BBICOTHI — Ha
puc. 2.5.

st TaHHOTO YMCJIEHHOI'O SKCIIepuMeHTa Oblia BhIOpaHa HavdaJbHAas BbI-
cora Bucenus B 1 kM. MomenT kacanus 3emjin okasaJcs 3a npejesamu 15-Tu
CEKYHJIHOTO OTPEe3Ka MOJIeJIMPOBaHUA, OJHAKO yke 1ipu t = 15 ¢ umeem BepTH-
KaJIbHYIO CKOPOCTh 74,98 M/c (/2 270 kM /). Dr1a cKOpOCTh OyJIeT JOCTUTHYTA Y
3eMJTH TIpY aHAJIOTMYIHON aBapuu, CIYyINCh OHa Ha, BeIcOoTe OKOJIo 245 M. [locen-
CTBU yJapa O 3eMJIIO allllapaTa U3 IJIACTHKA ¥ KOMIIO3UTOB Ha TaKOi CKOPOCTH
IPUBEIYT K €r0 MOJHOMY pa3pyHIeHUO.

C rouku 3penuns sxciyaranta BILITA, 3adacTyio BaykeH BOIPOC HE CTOJIb-
KO COXPaHEHHUs CaMOr0 allapaTa, CKOJIHLKO BOIPOC COXPAHEHUS JIOPOTOCTOIIEN
110JIE3HON HAI'PY3KHU U JIAHHBIX, B HEll cojiepakaluxcst. Kak rnpaBusio, Best 10J1e3-
Has HATPy3Ka KBaJPOKONTEPa KPEMUTCS B HUXKHEN er0 9acTh MEXKTy CTORKaMn
maccu. Macca Harpy3ks IO OTHOIIEHHIO K Macce CaMOro alapaTa JOBOJbLHO
3HAUKMTEbHA. TakuM oOpa3oM, IEHTP MacC CHCTEMbl allapaT-Harpy3Ka CMe-
IMAETCI B CTOPOHY TOJIe3HOM Harpys3ku. [Ipm TakoMm pacmupejieleHMu Mace, B
cJiydae naJieHus alapara, BeJIMKa BePOsTHOCTH ePBOTO KacaHus 3eMJIU UMEH-
HO T10JIE3HON Harpy3koii. 2KecTKo 3aKpeljieHHbIe AacCh He CHACYT [OJIE3HYIO

HArPy3Ky, T.K. SHEPrUd yjapa 3HaAYUTEJbHA.
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BoJsieBbIM perieHreM ONpeJie/inM «IIOPOTOBYI0» BEPTUKAJIBHYIO CKOPOCTH
3 M/C, KAK MaKCUMAJIbHYIO CKOPOCTh, IPU KOTOPO# BO3ZMOXKHO CIACEHUE 10
JIE3HOIl HAT'PY3KU.

Ob6paTtuBuiuch K rpagukaM BepTUKAJIbHOH CKOpocTH (puc. 2.4) # BBICOTBI
(puc. 2.5) umeem V, = —3 m/c nmpu Z = 997,101 M u BpeMeHU MOJICIUPOBAHUS
t = 6,566 c. Takum 0OpaszoM, MOXKHO CJE€JIaTh BBIBOJL O TOM, 4YTO JJIs JAHHOI
aBApUY CIACEHUE TMOJIE3HON HArpy3KW (He MpeBBIIeHne TTOPOrOBOH CKOPOCTH)
ObLJIO0 ObI BOBMOXKHO 1IPU BbICOTE TajieHust He boJiee 2,9 M.

3ameganue 2.2. B jjlaHHOM U MOCJIE/YIONUX MOJCJTUPOBAHUAX HE yUMU-

ThIBa€TCA COINMPOTUBJIECHUE BO3/YyXa.

2.1.2 OrTKa3 B rOpu30HTAJILHOM IIOJIETE

PaccMmoTpum ciie1yoIyio aBapuiiHy 0 CUTYaIMI0: YACTUIHBII OTKA3 OJIHO-
ro W3 JBUTATEsICil KBaJIPOKONTEpa (MOTEpst TATH) B MPOIECCE TOPU30HTATBHOTO
JIBUKEHMS allllapaTa. lakue aBapuyd XapaKTepHBI JJs 3aJad BU3YaJbHOTO
OCMOTPa Pa3JIMIHBIX BBICOTHBIX O0BEKTOB. B ciaydae HempeaHaMepeHHOTO
KacaHus OJHUM W3 BUHTOB allllapara HEIOJBUKHOIO O0bEKTa IPOUCXOJUT
paspyrtienne ero jionacreii. Cornacuo 1. 1.3.1 jij1st 0TKa30yCTOWYNBON KOH(MUTY-
paluy He PEKOMEHJIyeTCsl UCIOJIb30BATh JIOTACTH U3 YKECTKUX KOMIIO3UTORB: OHU
JIETKH, HO JIOCTATOYHO XPYIKHE W Pas3pylIaloTcs MOJHOCTHIO. Msarkme mmacTu-
KOBBIE JIOMACTH MOTYT Pa3pyIIAThCs YacTHIHO (cM. puc. 2.25), TakuMm 0Opasom
COXpaHssd JacTh TATH.

Anasioruano . 2.1.1, KpaTko OIUIIEM aJroOpuTM orpejieneHust §2;:

C, tel,
Q, =
C + asin(bt), teTh.
1. ¥Vraoseie ckopoctu )2 3afaiorcs napamerpamu a = 1, b = 7 10

MoMeHTa t,, majiee onpenenennl kak C' = 304,06;
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2. Yacruunblii orkas Tperbero jpuraress (23 = 100 06./c) npoucxoput
nput >t, =4 c;
3. YraoBasi ckopocTh {13 ;10 MomenTa aBapuu t, pasua C, y = C Ha
BCEIl BPEMEHHOW OCH.
Takoii criocob 3a1aHus onpesesseT ABUKEHHe allapaTa B TOPU30HTAIb-
HOI1 TIJTOCKOCTH, & HaunHAas ¢ MOMeHTa t > t, = 4 ¢ mMeeM aBapuio ¢ YaCTUIHBIM
OTKa30M TPETLEr0 JIBUTATEIsI.
Ha puc. 2.6 npejcrapien rpadpuk yrjioBbIX CKOPOCTEHl BUHTOB allliapara.
JIBu>kenne amnmnapara ¢ MOMEHTa, BPEMeHWU t, npejcTaBisier cooii majieHue mo

criupaJjy U ToKa3zaHo Ha puc. 2.9.

30— ~"-""""""""- o 4—-
o 305} 1 o
%) © 250 -
o o
=k oY 200
-, 304.5 =
c S 150
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100} 2
304 ‘ ‘ ‘ ‘
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Pucynok 2.6 — YrjoBble cKOpOCTH BpallleHus BUHTOB: TOPU3OHTAJILHBIHN ITOJIET

VZ, m/c
& W
o o

T T

I I

LIo
o
T
|

-120 ‘ |
0 5 10 15

t, c
Pucynok 2.7 — CKOpOCTb: rOPU30HTAJIBHBIH 1TOJIET U MajeHIe
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Pucynok 2.8 — BoicoTa Z: TOpu30HTAIBHBIN MOJET U TaJleHne
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Pucynok 2.9 — Ilepemerenne: ropu30oHTaIbHBIN TIOJIET U 1a/I€HAE

BakJroueHne 1o apapuu. [losnas norepst ypasisieMOCTH allllapara, ¢
HOCJICIYIONMM HEKOHTPOJIUPYEMBIM [aJ[eHUEM.

B koneunblii MomenT mojesupoBanus (t = 15 ¢) numMeeM BepTUKAIBHYIO
ckopoctb 119.996 M/c (cM. puc. 2.7). Anasorndtas CKOpocThb OyJIeT JIOCTUTHY T
y 3eMJIM TpW aBapuu Ha Bbicote okosio 470 M (cm. puc. 2.8). Ilocsencrsus:
HOJIHOE pa3pylleHue alapara U [0JE3HOH Harpy3Ku.

[Ipu manHoit aBapuu mMOpPOroBasi BEPTUKAJIbHAS CKOPOCTh 3 M/C JOCTHUTa-
ercst yxke mpu Beicote najenust 1,732 m (V, = —3 m/c npu Z = 998,268 M u
BpeMenu MojiespoBanus t = 5,208 c).

3ameuanue 2.3. [losyuyennasi B JJaHHOM YKUCJIEHHOM SKCIIEPUMEHTE Bep-

TukajibHast ckopocth V., = 119.996 m/c npu t = 15 ¢ npubsmxkaercs K
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MaKCUMaJIbHO BOBMOXKHOI ckopoctu 147,15 M/¢ — ckopocTu ¢BODOJHOIO 113,16
) 9.81 2). T

HUs TeJia [PU U3BECTHOM ycKopeHuu c¢BoboHoro najenus (9.81 m/c?). Takum

0Opa3oM, MOKHO 3aKJIIOYUTH, YTO HECMOTDS HA, HAJIMINE 3-X TIOJHOCTHIO NCITPAB-

HBIX JIBUTATEJICH M HENOJIHYIO MTOTEPIO TATH Ha, 9eTBEPTOM, JIJIs KBaJPOKONTEPA,

KaK HecOaJIaHCUPOBAHHON CHCTEMBbI, TaKasl aBapusl CPABHUMA, C IIOJIHBIM OTKa-

30M BCEX JIBUTraTesieil U MOCIeAYIOINIM CBOOOHBIM I1a/I€HAEM.

2.1.3 CraceHue B «py9HOM» PeXKUMeE

PaccMoTpum MopempoBanme aJropuTMa, MPenoIaraionero aBToMaTh-
Jeckoe MepeKkIoueHe U3 HOPMaJbHOTO PeKUMa yIpaBJIeHus B aBapUiHblil u
1ocJjiejiytoliee pydHoe ylpaBJjieHue BbICOTON aliiapara Jijisl ero 1moca/jiKu.

[Tyrem anajinza JlaHHBIX C TUPOCKOIIOB, aKCEJIEPOMETPOB U JIAHHBIX O CKO-
pPOCTHU BpalleHUsI BUHTOB JIEI'KO OIPEJEJUThH OTKa3 OJIHOr0 u3 jBurareseii. B
ciaydae apapun 2-ro tumna, (cMm. m. 1.1.1), T.e. paspyuienusi BuHTa 6€3 BBIXO-
Jla U3 CTPOs IJIEKTPUUECKON HacTH, YIVIOBas CKOPOCTH BbIIIEJIIEr0 U3 CTPOsd
BUHTA 3HAUYUTENLHO Bo3pacTeT. Mnade, B ciydae aBapun 3-r0 TUMa, TPU BBIXO-
Jle U3 CTPOsi FJIEKTPUUYECKON 4aCTh, CKOPOCTbh BUHTA 3HAYUTE/ILHO CHU3UTCS. B
00oMX CJiydasix Pe3Koe U3MEHEHUE CKOPOCTHU BpallleHUsi BUHTA, HE OyjieT TUIINY-
HbBIM JIJIsI HOPMAJIbHOT'O PEXKUMa, 110JIeTa, MOCKOJIbKY 3aTparuBaeT TOJbKO OJIH
BUHT U 3aCTaBJIsieT MaIlIMHY BpaliaThcs. Hajguuame aTux nmpu3HakoB MOXKeT ObITh
OIpeJIeJIEHO MOJETHBIM KOHTPOJIJIEPOM € BBICOKOW TOYHOCTBIO He Oojiee ueM 3a
0,5 cexyHJIbI.

Be3 orpanndenus oOITHOCTH 1O TUIY aBapuu, PACCMOTPUM aBAPUIO 3-TO
tutia. IlycTb 10JiHBI OTKA3 BTOPOrO JIBUIaTeJsl ITPOU30IIES] Ha O-f CeKyH/Ie
nosiera (22 = 0 mpu t > 5 ¢).

JanbHefmuit ajropuT™M CcriaceHusi MOXKET MPEeJICTaBIATh CJIEIY IOy IO
CTpaTEeruio yrpaBJeHUs JBUTATEsIMU:

1. Ilocme ompenenenuns oTKaza ympaBJjeHne yCTPOMUCTBOM MEPEXOIUT B

PYYHOU aBapuUUHDLII PEXKUM C COOTBETCTBYIONIEN NHANKAIINE Ha MYJIb-
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re yupasJenus. Cpasy 1nocse JereK rupoBanus jieheKTHOro MoTopa, (B
MOMEHT t = 5,5 ¢) OTKJII0YAeTCs BUHT, JMAIOHAJIbHBIN € BBIIIE/IITIM
u3 crposi (€24, cM. puc 2.10);

2. OgHoBpemerHHo ¢ 11.1 yBeTmIuBaeTcs Tsira, PabOTAOIMNX JBATATEIeH Ha
BTOpO# jguaronau. KoHKperHoe 3HadeHue TATH W 0OOPOTOB JIOJKHO
NpUOJIIKATRCS K TaAre Bucenus (3unadenue 2 = Q3 = 400 06/ cek, cm.
puc. 2.10);

3. Yiupasjienue TsAroil Ha JiByX paboTaONMX BUHTAX C HOBBIM HYJIEBbIM
IOJIOKEHUEM DYUYKHU yIIpaBJIeHUs (Tsira BUCEHUs) TIEPEXOJUT K olepa-
TODY;

4. WNcxonst m3 JOCTYIHBIX CpencTB KOHTpOJs, oneparop BIIJIA, ymnpas-
Jisid BBICOTOW almapaTa, OCYIIECTBJSET ero Oe30macHyio Mocajky. B
JTAHHOM TIPUMepe OIepaTop 0OecrednBaeT yMeHbITeHne BepTUKAJIbHO
ckopoctu Ha unrepsaje t € [5.5,11.7] u jaubueiinime cHuXKeHue Bep-
TUKAJbHON CKOPOCTH JIO HyJisi 1IPU HPUOJIMXKEHUN KBaJpoKolTepa K
IIOCaI0YHOI TTOBEPXHOCTH.

3akJroueHne mo aBapuu. Amnmapar u ToJie3Has HarpysKa CITaceHbl.
MMeem Ge3omacHyto OCAJIKY ¢ HYJIEBOH BEPTUKAJILHONW CKOPOCTBhIO pu 4 = ()
(em. puc. 2.11). CoxpaHeHa ympaB/sieMOCTDb allapaToM 10 BBICOTE. Y IpaBJIsie-
MOCTHh B FOPU30HTAJBHON TJIOCKOCTH — TIOTEPSHA.

DakTopbl, KOTOPbIE MOI'YT HAHECTU BPEJI KBAJIPOKOIITEPY B JAHHOM CJIy-
yae: HeHyJieBas MOpU30HTabHAas CKOPOCTh U HEKOHTPOJIMPYyEMOe TepeMeleHne
B FOPUBOHTAJILHOM TIJIOCKOCTH.

Yo KacaeTcs ropusoHTAJBLHON CKOPOCTH, TO, BO-TIEPBLIX, caMa IO cede
TOPUBOHTAJbHAS CKOPOCTH JlaXKe B MOMEHT KacaHusl 3eMJIM MeHee pa3py-
IMUTEIbHA, YeM BepTHKaJbHas. BO-BTOPBIX, KPUTHIECKH BayKHO COOJIIOJIEHUE
peKOMEeH Iallnii K KOHCTPYKTUBHOMY MCIIOJIHEHUIO aliapara u3 1. 1.3. Yjuap 1o

KacaTeJIbHOM O 3eMJIIO C nocJjeyromumMm nepesoporoM n KaCaHUEM 3€MJIM BUH-
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Pucynok 2.10 — Crparerusi ynpan/eHust yIrjIOBbBIMA CKOPOCTSIMU BUHTOB: CIIa-

CeHUE B PYYHOM PEKUME

TaMi He OyjerT KaracTpodoil s ammapara ¢ HPOYHON HEXPYIKOH pamoit u
3alllUTHBIMU dJ1eMeHTaMu Ha BuHTax (cM. puc. 1.6).
Yro kacaercs HeraTuBHOTO 3 pekTa OT epeMelleHns B F'OPU30HTAIbHON

IMJIOCKOCTH, TO €I'0 KOMIIEHCalluAd 3aBUCUT OT MaCTEPCTBa OIl€EpaTOpPa. B pPaBHWH-
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Pucynok 2.11 — Orka3oycroitunBoe npuseMJieHne: mepeMenieHne
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Pucynok 2.12 — Orka30ycroifunBoe nMpu3eMJieHne: TOPU30HTAIbHAS CKOPOCTh
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Pucynok 2.13 — OTkazoycroitunBoe npusemMJjaeHue: BbICOTa

HOM MECTHOCTW CIACTH alfapaT He COCTaBUT TPpyAa. B ropucroit MecTHOCTH,

B pailoHax BBICOTHOI 3aCTPOUKHU U IPUOPEXKHON 30HE IIepeMelleHne amnapaTa,
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bosiee omacHo. 3apaHee IPeyrajiaTh HAPABJICHUE JBUXKEHUS alliapaTa U W3-
MEHEHWEe ero TOPU30HTATBLHOM CKOPOCTH CJIOXKHO. PazyMHBIM OyJieT npoBejieHue
TPEeHUPOBOK Jijist orieparopos BILJTA 1o pabore B TakOM pexkumMe Ha, MOJUTOHE.

3ameganue 2.4. J[0110JIHUTE/ILHOIO IKCIEPUMEHTAJILHOIO UCCJIE/I0BAHU S
Tpebyer Bompoc paborhbl crabunusupytomux [ I-peryssitopoB amnmapara B
ONMCaHHOM BhITIe pexkume. [Ipn pabore aByx aBuraTesei n3 9eThipex MmraTHast
paboTra JIAHHBIX PEeryJIATOpoB OyJeT 3aTpyaHeHa. TeopeTudecKn, OCTaBIIueCsd B
paboTre JIBUTATETM MOTYT BBITIOJHATH 3aJ[ady CTaOUIN3aIny, epejiaBas crabu-
JIMBUPYIOIIHH UMITYJIbC B HY:KHOe BpeMs. Coryacto 1. 1.1.4, 3amac no Tsre jijis
Takoii crabusmzanuu ocraercs. Hapaborku 1o nacrpoiike [N I-peryisitopa us
. 2.2 MOryT OBbITh HCIOJIB30BAHBI JIJIsI PEIIeHUs] JTaHHOW MPOOJIeMbI, OJHAKO
¢ yaeroM hakTOopa HEIPephIBHOTNO BPAINEHUsT U WHEPTHOCTH CUCTEMbI, TOJIHKO
9KCIIEPUMEHTATbHbIE UCCIEOBAHUS MOI'YT PACKPBITh BOIPOC O HEOOXOIUMOCTHI

0COOBIX PEXKUMOB CTAOUINBAIIN.

2.1.4 IINd-ynpaBaseMoe (aBTOMATU4ECKOE) CIIaceHue

PaccmoTpum ciydait aBapuilHON cuTyanuu, aHaJOrudHoi 1. 2.1.3, HO ¢
ABTOMATUYICCKUM YIPAaBJIECHUEM IPOIECCOM IOCAIKN allapara.

[list 9TOrO BBEJIEM B aJI'OPUTM YIIPABJIEHUS YIJIOBbIMU CKOPOCTSIMU BUH-
tos [T /I-peryssitop ¢ mapamerpamu [ K, K;, K4]=[50, 8, 20] o dopmyie (2.2).

3ameuanue 2.5. Jlanubiit perysitop — JONOJHUTEIbHBINA U HE UCIOJIb3Y-
eTcs B IITATHBIX pexKUMax ylpapjeHnsa. He cTouT myTaTh TaHHBII peryiasaTop ¢
PETYIATOPOM, UCIOJb3YEeMbIM JIJIsI CTaOUIN3AIMY MTOJIOYKEHNs allllapaTa B Mpo-
CTPaHCTBE.

BxJtouenue peryJisiropa Oyjer IpoOUucXOjAuTh jABarK ibl. [lepBblit pa3 st
obecriedenust 3ajaHHoil (1 M/c) BepTHKaJbHOM CKOpOCTH Ha uHTEpBaje ¢ €
[5.5,29.3], a BTOpPOil — JiJIsi CHUXKEHUsI BEPTUKAJIBHON CKOPOCTH JI0 HyJisl [IPH
NpUOJIMKEHUI KBAJIPOKOIITEPa K 110CaI0THOI oBepxHocTH (eM. puc. 2.15). Boi-

cOTa Mepexo/ia Ha YIACTOK TOPMOKEHUS (IEPEKJTIOUCHHUS PETYIIsITOpa) 29 = H M.
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Huxxe npejicrasiena cTpyKTypa MOJIEJIU KBaJIPOKOIITEPa C BHEJPEHUEM
[TV I-peryssitopa jijist aBromarrydeckoro cracetust (puc. 2.14). Vexoptbie Kojibt
BHYTPEHHUX TPOIEYP ¥ CKPUIIT 3alycKa MoJjie/impoBanus npusejier B [Ipuo-
»Kennu b.

Ha puc. 2.18 npejcrapien rpaduk u3MeHeHus yriia \p — IPOUCXOIUT UH-
TEHCUBHOE BpallleHue allllapaTa, T.K. OCTABIINECsS B PaOOTEe BUHTHI BPAIIAIOTCs

B OJIHY CTOPOHY.



Pucynok 2.14 — CrpykTypa Mojie/n CuMyJIsiiiun apapun ¢ apromarudeckoit [T /I-ynpapisiemoit mocaaKoii.

69
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Pucynok 2.15 — OTKa30yCTOWYNBBIH aJITOPUTM

3akJII09eHne Mo aBapuu B 1€/I0M aHAJOIMTHO 3aK/I09eHn o n3 1. 2.1.3.
B namnom ciiydae nMeeM MpOBEJIEHHYIO MOJHOCTHIO B aBTOMATHIECKOM PEXKIME
OezomacHyto mocajky (cMm. puc. 2.16) ¢ HyJeBO# BEPTUKAILHONU CKOPOCTHIO IIPH

Z = 0. B konne npoMexxyTka mMojgeaupoBannsd, npu t = 50 u Z = 0,09, numeem
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Pucynok 2.16 — Orka3soycroitunBoe npusemiienne: Boicora Z
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Pucynok 2.17 — Orka3soycroitunBoe npusemMiienne: BeprukaabHast CKOPOCTh
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Pucynok 2.18 — OrkasoycroitanBoe npusemiienne: Yo P
V, = —0,01 (cm. puc. 2.17), 1.e. [TNJI-perysusrop MoJHOCTBIO CHPABHICS C

3aJiadeil ralmenud BePTUKAJIbHON CKOPOCTH.
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Pucynok 2.19 — OrkazoycroitanBoe npusemMJieHne

Tor dakTt, 9TO JaHHBIA AJTOPUTM IOJHOCTHIO UCKIIOYAET UeJIOBEKA U3
IPOIECCa CHACECHUsI SIBJISIETCsT ero npenMyniectBoM. OiHAKO BMECTE ¢ 9TUM OH
HE TI03BOJIIET XOTs Obl OIOCPEJIOBAHO, Yepe3 ylipaBJjieHle BEePTUKaJIbHON CKO-
POCTHIO «BBIOUPATH» TOYKY TOCAJKHU, €CJIU CBSI3b C ONEPATOPOM UMEETCs U OH
rOTOB Y9IacTBOBATh B mporecce cracenns (cm. 2.1.3).
PazyMHBIM BUIHUTCS clenyonas cxeMa WHTeTpaIuu aJTOPUTMOB Clace-
nug . 2.1.3 n 2.1.4:
1. Ilpm meTekTMpoBaHMM OTKa3a — MEepPexol K aaropurmy 1. 2.1.3 ¢ uHam-
Kalleil Ha MyJibTe YIIPaBJIeHUs;

2. 3-D cekyHJIHOe OXKUJIaHue OTBETa ONepaTopa;

3. Ilpu majmuum oTBeTa — MPOJIOJIKEHUE JlelcTBUs ajropuTma 1. 2.1.3,
nHaue — Iepexo)l K aBTOMaTUYeCKOMY CIIaceHuto coryiacHo 1. 2.1.4.

AnbTepHATHBON TPEJIOKEHHON cxeMe, a TaKKe Pa3sBUTHEM aJrOpUTMa
ABTOMATHYIECKON TOCAKU MOYXKET CTaTh BBIOOP MeCTa MOCAJIKU MyTeM aHaJIH3a
IOJICTUJIAIOIIEH TOBEPXHOCTU TEXHOJIOMMsIMU KOMIIBIOTEPHOrO 3peHust [15].

Bameuanue 2.6. Ciegyer oTMeTHTh, 9TO pabOTa TAKOTO AJrOPUTMA «B

’KeJie3ey BO3MOYKHA TOJILKO Ha anmnapare, cobpaHHom ¢ nesesbimu JITX wus

n. 1.1.4.
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2.2 3agada cTabmiam3anumn KBaJIPOKOITEPA

st perienust 3ajiaqu CTaOMIM3aIMN TI0JIOXKEHHUS KBaJPOKOIITEpa, B IIPO-
CTpPaHCTBE B CHCTeMe yIpaBjeHud wucnoab3yerca pan [I]I-peryngaropos.
OueBuHO, YTO JJIsI COXPAHEHHSI YIPABJISIEMOCTH alllapara B aBapUiiHOM pe-
>KUMe yipasienusi Tpedyercss takoin nogbop napamerpon U I-peryisitopa,
KOTOpBIN Obl obecrieurBaj MaKCUMaJbHYIO CTaOUJIbHOCTH K BHEIIHUM BO3MY-
menusim. Paccmorpum 91oT Borpoc 6osiee nojpobuo [50; 53].

1 IOCTPOEHUsT CUCTEMbl YIIPaBJEHUs KBaJPOKOITEPOM HCIIOIb3YIOT-
ca tpu [IW]JI-perynsaropa — i CTaDUIN3AIUU TIOJOXKEHUS allllapaTa B TPeX
IJIOCKOCTsIX. [lapamMerphl pery/asiTopoB, Kak IMIPAaBUJIO, COBIAIAIT U TOBOPST
00 ojiHoM peryJisitope. [londop K03 buimeHToB it TaKOIro PeryJsisitopa uMe-
eT 0COOEHHOCTH, CBSI3aHHDBIE C KJIIOYEBBIMU TE€OMETPUICCKUMHU ¥ TEXHUICCKUMUI
xapakrepucrukamu armapara [51].

Ypasuenue Boixoaoro curtasa IV /1-perynsropa umeer Bu |78):

t
uw(lt)=P+1+D = Kpe(t) + K¢/ e(T)dt + Kd%, (2.2)
0

riae K, K;, Kq — Koaddunuentsl ycunenus 1polnopuuoHabHON, HHTErPUpY-
omeit 1 auddepeHnupyomeil CoCTaBIONINX PEryasaTopa.

J11s1 BEIYUCTIEHUST YIIPABJISIONIEH BeJIMUNHBI HEIIOCPEICTBEHHO B OOPTOBOM
BbIUKUCJIMUTE/IE allllaparTa B PEXKUME PeasibHOI'0 BPEMEHU MCIIOJIb3YeTCs PEeKyp-
penTHasi opmyJia:

u(n) =u(n —1)+ K,((E(n) — E(n — 1))+
FKIE(n) + KI(B(n) = 2E(n — 1) + E(n - 2)),
rJie 1 — TOPSIJIKOBBIN HOMeD 1iara, F(n) — BeJUIMHA PACCOTTIACOBAHUS MEK LY
TEKYIIUM 1 TpeOyeMbIM 3HAYEHUEM PEryJIMPyeMoro napamerpa.
Dta (opMysia MO3BOJIsIET MUHUMU3APOBATH KOJUIECTBO BBIIMOJIHIEMbBIX

onepauﬂﬁ N CHU3SUTDH PaA3PAAHOCTH XPaHUMBIX BEJIWMYNH. CT&BI/ITCH 3a/la49a Bbl-

Oopa napamerpos K, K;, Kg jis crabniansalnn 3aJaiHbiX 3HAYCHUN yTJIOB

QPo, 90, 1])0 (pI/IC. 11)
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CoBpeMeHHbIE TIOJIETHBIE KOHTPOJIIEPHI TTO3BOJISIOT HPOU3BOIUTH Pac-
YeT yHpPaBJISIONIEr0 CHUTHAJA PerysasTopa Kaxkjple 10 MUJIUCEKyH]I. DTOro
BIIOJIHE JIOCTATOYHO, YIUThIBas (HDaKTOP MEeXaHH4ecKoil nuepin (0cobeHHO Ha
anmaparax ¢ OOJIBIINM JUAMETPOM JIOMAcTedl ), a TakKe orpanudenus 9P X sjiek-
TPOJBUTATEJICH.

Bompoc nepBoHauaabHOr0 I000pa Cpa3y TPex MapaMeTpoB PErysisTopa
JUIA HecOaJaHCUPOBAHHOIO JICTATEJBHOTO alnapaTa HeTpuBuajeH. Henmpapuib-
HbI{l BbIOOpP IapaMerpoB He IMO3BOJIUT eMy BaJjererb. llpu nepBom mosiere
cOOpaHHOIO alapara pa3yMHO KMCIOJIb30BaTh HEKOTOPbie Da30Bble HACTPOIKHN
peryJsiTopa, 3a KOTOpble MOI'YT ObITh MPUHSATHI HACTPONKHU Pery/siropa aHaJo-
FUYHOTO 110 TeOMETPHUU U TATOBOOPYKEHHOCTH allllapara.

K coxxaJjieHuto, Jijis OTKa30yCTONYINBOI amapaTHoil KOH(DUTypaIuu KBa/I-
pokonrepa (cu. m. 1.1.3, 1.1.4) He Beeryia ynaercs HaiiTu aHajor. B atom cirydae
1peJiiaraeTcs cJjejyonui crnocod HacTpoiku:

1. B kadecrBe 6a30BbIX apaMeTPOB peEryJjisdTopa JIjisi KBaJIPOKOIITEPOB

¢ HauboJjiee 4acTO BCTPEUAIOIMMCS [MapaMeTpoM JuameTpa paMmbl [:
0,1 < [l < 0,2 M npejiylaraercs MCIOJb30BaTh HapameTpbl P = 5;
I =01, D =3;

2. Ecim anmapat ycrenrHo B3JeTaeT, TO JaJibHeiass TOUHas HACTPOUKa
1apamMeTpoB IPOU3BOJUTCS OLIEPATOPOM 110 AJTOPUTMY 11. 2.2.2;

3. Ecan annapar ne B3sietaer uiam Bejer cedsi B BO3JyxXe HECTAOUJILHO,
IJIOXO pearupyer Ha yHpaBJsioliee BO3JAEHCTBAE, TO B 3aBUCUMO-
CTU OT HaADJIOJAEMbIX OCOOEHHOCTEN TOBEJICEHNS, KOPPEKTUPYETCs
COOTBeTCTBYIONUN Koaddunuent. Bingnme Kaxkjoro u3 mnapameTpon
peryasaropa onucano B 1. 2.2.1.

3ameuanue 2.7. Jlanable 0a30Bble 3HAUCHUS JIJIT HACTPOMUKN PEryJsaTo-
pa 1oJIydeHbl 9KCIIEPUMEHTAJBHO, 1yTeM olJierdenns: KBajgpokonrepa (Quanum
Nova jij1s1 ipuBejieHrE €ro XapakTepucTuk K onucanubim B 1. 1.1.3, 1.1.4.

3ameuanue 2.8. zbsnbl HacTpoiiku crabuiusupytomero [T /I-peryiis-

TOpa XOPOIIO OIIYIIAITCA TAKTUIBHO, €CJIU MIPUXKATH allllapaT PYKOi K CTOJY
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1IpU B3JIeTE WJIM KPEIKO JIep:KaTh 3a MIACCU CTOsl Ha BbITAHYTHIX pyKax. la-
Kasl JIMarHOCTUKA 1103BOJIIET OlPEJIeJIMTh HEBUJIMMbIE 1VIa3y OCIHUJLIAINU, & B
clydae HaJM4usi STBHOI'O TEPEPEryJnpoBaHusi HE TOBPEJUTH alinapar. Pabora
BBITIOJTHATCSA ¢ TIOMOIIHUKOM, MEHSAIONIAM PEXKUM Trd anmnapata. Heobxonumo
coOJTIOIATH OCTOPOXKHOCTD, 3aIUINATh IJIa3a W PYKU: BPAIAIONIAEcs JIOMacTh
arrapara MOTYT NPUYUHUTH TPABMY.

Pe3yabTaThl 4nMCIEHHOTO MOJEMPOBAHUS TIPOIECCa CTAOUIN3AIUN JIJTsT
[T /I-perynsitopa ¢ napamerpamu P = 5;1 = 0,1; D = 3 nupusejieHbl Ha puc.
2.20. 3ech KpuBasi — BBIXOJHON CUTHAJ PEryJisiTOpPa, FOPU30HTAJIBHON JTUHUEH
xr = (0 obo3HaUYEHO KejaeMoe 3HAUCHUE BEJIMUYUHBI, TOUKAMU — (HPaKTUIECKOe
3HaYEHUEe BEJIMYWHBI, CPeHEPUPOBAHHOE CJIyYaflHbIM 00pa3oM W3 WHTEpBaJa

08 < y < 08

Pucynok 2.20 — PesynbraTrsl mogenupoBanusa 11 /I-perynaropa

Bes orpannvuenust oOITHOCTH, PACCMOTPHUM 3aJa4y yJep:KaHus 3HAUCHU
yria P = 0. [IpoBesem MopempoBaHue IPOIecca CTAOUIN3AIUN IPY HAYAIb-
HOM oOTkKJOHeHuu yrja P = 3 Ha npomexyrke 30 mc. Ilposejem anasinz
BJUSHUS TIAPAMETPOB PEryJsTopa Ha OCHOBE MaTEeMaTUIECKOIO MOJEINPOBa-
HUSI — WHTEIPUPOBaHUsS 3aMKHYTON cucrembl (1.1), W3MeHsist TOJBLKO OJUH W3
mapaMeTpoB peryssitopa [64].

Pe3y.HbTaTbI MOAEeJINPpOBaHUs IIpU USMEHEHUU:
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1. Mapamerpa P (5; 15; 30) upejcrasiennt va puc. 2.21;
2. Tlapamerpa [ (0,1; 0,5; 3) npejcrasiensl Ha puc. 2.22;
3. ITapamerpa D (6; 9; 10) npejcrapiens va puc. 2.23.

1 1

0 e 10 15 20 25 30
t, McC
Pucynok 2.21 — Bnauenus perynaaropa |P; [; D|: citomuas kpusas — [5; 0,1;

3|, myakTup — [15; 0,1; 3], mrrpux-nyakrup — [30; 0,1; 3.

0 e 10 15 20 25 30
t, McC
Pucynok 2.22 — Bnauenus perynasaropa |P; [, D|: citomnas kpusas — [5; 0,1;

3|, myakrup — [5; 0,5; 3], mrpux-myakrup — [5; 3; 3.
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Pucynok 2.23 — Bnauenus perynaaropa |P; [; D|: citomuas kpusas — [5; 0,1;

6], myukTup — [5; 0,1; 9], mrrpux-myakrup — [5; 0,1; 12]

Hanubie rpaduKu HATJISIHO UILIFOCTPUPYIOT BIIMsIHUE KarXKJI0M U3 COCTaB-
JISTIONTUX PeryjisiTopa Ha XapaKTep ero ctabuaunsaluu. PazyMmeercs, pe3yibTaTsl
MOJIEJTAPOBAHUS TIPEJICTABJISIOT HEKUil «WjeaJbHblil» amnmapar B cpeje 0e3
BO3MYIIEHUI ¥ IPU OTCYTCTBUU BHYTPEHHUX TUCOATAHCOB ¥ BUOpaIHii. DTH BO3-
MYIIEHUs, a TaK»Ke 0COOEHHOCTU PabOThl aJTIOPUTMOB (PUILTPALUNA «ChIPbIX»
JIAHHBIX TMPOCKOIIOB M aKCEeJePOMETPOB BHOCAT CBOE BJIMSIHUE Ha XapakTep
yrpanJjienus. [Ipakrudeckasi oleHka BJIMSHUS Kaxkjoro u3 napamerpon TN ]]

peryJsiropa ¢ y4eroM BceX (pakTOpoB npusejieHa B 1. 2.2.1.

2.2.1 Buausauue napamerpoB IIN/I-peryndaropa Ha MoJIET.

IIpodbnanzanusa

[T /I-peryasaTop BCTPOEH B CHUCTEMY VIIPaBJEHHS KBaJPOKOITEPOM CO-
[JIACHO CXeMe Ha, puc. 2.24. YuuTbiBas XapaKTePUCTUKU PA3JIUIHbIX JJIEMEHTOB
CXeMbI yIIpPaBJIeHUsI, COOCTBEHHbIE IKCIIEPUMEHTDI, a TaK»Ke 0000111asi OIbIT HC-
caegosareseil [56;76; 77|, copmysupyem psiji peKOMeHaIuii 110 BbIOOPY ero

napaMeTpoB.



78

BNOK N3MEPEHWA EOPTOBOW BbIYUCIIUTE b (KOHTPOJUIEP) 3PX (ESC)
JaHHble AATYMKOE OunbTpaLys, Pacuer YMNPABNEHWE
aK;:fscniZtl,bl N R nna- L »| o6opotoe | CUNOBBIMW
. POMETpbI, yrnon PEMYNATOP ABuraTeneit LLEMAM A )
apoMeTp, ap. OBHUTATENEN

T

BHELIHMIA YN paBnsioLwmii
CHIHAN UK
nporpamMMHoe
yrnpaeneHue

Pucynok 2.24 — Cxema ynpaB/eHust IBUTATEISIMI

B zaBucumocTu OT IJIaHUPYEeMOro HPOMUJIs UCIOJIb30BAHUS allllapaTa
(MaHeBpOBbIiL, Jist (POTO-KMHOCHEMKY) UMEET CMBICJ TPOU3BOJIUTH PABJIHIHYTO
nactpoiiky I /I-peryiasitpos. PaccmoTpumM Biusinie Kayk0ro U3 rmapaMeTpoB
Ha IoBejieHue alnmnapara. JlaHHble pe3yJibTaThbl IIOJYyYEHbl SKCIIEPUMEHTAILHO,
a Tak »Ke IyTeM aHajuza rpadukos puc. 2.21 - 2.23. Hacrpoiiku ajropurmos
dbusbrparyn «coipbixy (RAW) maHHBIX TATYNKOB HE MEHSIJIUCH.

IIponopiinoHasibHas coctaBJdmiomias P:

YBesuuenue 3Haderus P npuBojuT K 00JIbIIER yCTORINBOCTH JIO TEX 110D,
10K, CJIMIIIKOM O0JibIlioe 3HaueHue P He npuBejieT K OCHUJIISINAAM U MOTEPe
YIPABJISIEMOCTH.

YMeHbllleHre 3HaYeHusi P CHUXKaeT peakIuio Ha YIIpaBJsiollee BO3Jeii-
CTBHE.

NurerpasgbHag cocraBigomas 1:

YBesimduenue [ criocodCTByeT yJiydllleHUIO KypPCOBOM yCTOWYMBOCTU U
yMeHbIIIaeT Jipeiid, HO U yBeJUuMBaeT 3aJIePXKKYy BO3BparTa B HadaJbHOE
noJjioykenue. YBejuuenue [ npu HeudMeHHOM P cHukaer Biusinue P Ha yrpas-
Jdro1ee BO3J/IeiCTBHE.

YMeHbllleHue 3HadYeHuss [ yMeHbIIaeT CKOPOCTb peakIUy allllapaTra Ha
yIpaBJisiolee BO3JEHCTBIE, HO NPH ITOM YBEJIUUIUBAET Jpeiid m yMeHbIIaeT
CIIOCOOHOCTD YAEP:KUBAThH CTaOUILHOE MOJOXKEHHE.

HuddepenimaabHast cocTaBisioniaa D:
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YBenuueHnue 3HadeHusi [) yBeJIMIUBAET CKOPOCTH CTaOMIM3AIIUK I1OCJTe
M3MEHEHUsI TTOJIOXKEHHsI allapaTta B MPOCTPAHCTBE (B PE3yJIbTaTe YIPABICHUS
Wi BHeIHero Bozjeiicrsust ). Takxke yBesudenue D 3HAUUTEILHO yBEJIUINBACT
BJIMSIHUE TTPOTIOPIIMOHAJBHON COCTABJISIONIEH. DTO O3HAYAECT yBEINICHUE BEPO-
SATHOCTY TIOSIBJICHUS TIEPEPETryJIUPOBAHUS W OCHWJIIATINN.

Yumenbineraune DD yMeHbITaeT CKOPOCTh U pa3Mep KoJjiebaHmii Tpu Bo3BpaTe

B CTa6I/I.HI/ISI/IpOBaHHOG ITOJIO2KEHHE.

2.2.2 Aunaropmrm Hactpoiiku 11 /1-peryagaropa ajias

OTKa30yCTOIYMBOiI KOH(pUryparmm

C yderoM XapakTepa BJIMAHWA TapaMETPOB PEryasaTopa Ha MOBEJECHUE
KBaJpokonTepa (cm. 1. 2.2.1) ¥ 0cOBEHHOCTHIO OTKA30yCTONYMBON KOH(DU-
rypaliu, CBA3aHHON € BBICOKOH TsiroBoopy»xkennocTbio (cm. 1. 1.1.3, 1.1.4),
npejiaraeTcs ciejytonmii anroputm Hacrpoiiku [TV I-perynsropa. Hdanubrit
AJICOPUTM BBIIOJIHAETCsT desioBekoM-orepaTopoM BIIJIA u me ocmoBan ma aJ-
ropuTMax aBTOMATUUECKON HacTpoilku JitoObIx [T /I-peryngaropoB, n3BeCTHBIX

B JIUTEpaType.

1. YcranapimuBatorcs 6azosbie HacTpoiiku [IM, npu KoTopbix ammapar
MOXKET OTOPBAThCsi OT 3emJik. [ljisi KBaJPOKONTEPOB KJACCa HUXKeE,
yeM VI, MOXKHO HCIOJIB30BATH NapamMerpbl U3 M. 2.2 Win 1og00paTh
9KCIIEPUMEHTAJBHO. 38 OCHOBY MOI'YT OBITH B3sThl IIapaMeTPhI OT all-
IaPATOB, CXOXKUX 110 TEOMETPUICCKUM U TITOBBIM XapaKTEPUCTUKAM;

2. Hacrpoiika P. JIasg MaHEeBPOBOTO KBaJIPOKONTEPA CJIEAYET HCIOTb30-
BaTh MaKCUMAaJIbLHO BOBMOXKHOE (/10 OSIBJICHUS OCIUJUISII) 3HAUCHUE
P. Ymenbienne P (0T MaKCHMAJILHOIO 3HAYEHMSI) PA3yMHO JIJist allia-
paToB € KaMepoii, a Tak »Ke BO BpeMsi 00yUYeHus] MIJIOTUPOBAHUIO;

3. Hacrpoiika [ npousBOJuTCs IIPU BU3YaJbHOM KOHTPOJIE UJIU IIyTEM

KOHTPOJIST «CBIPBIX» JAHHBIX TMPOCKONOB 10 Tejemerpun. Lleabp —
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noJlydeHnue 3HAUYeHWsd, MPU KOTOPOM allapaT yJIepKUBaeT CTaOWIh-
Hoe ToJioKeHwe. [Ipm 3TOM WCKIIOYaeTcs BHENTHee MeXaHndecKoe
WJIM yIIPaBJISIONee BO3JIEHCTBUST — OTKJOHEHUSI OT [1OJIOXKEHUs HEello-
JIBVXKHOI'O BHCEHWsI B BO3jyxe. 3HadeHune [ MpPU 9TOM MOXKHO Kak
YBEJIMYMBATH, TAK U YMEHBIIATD.

4. Fcnw wm3HavaJibHO BHIOpAH BapUaHT WCIOJIB30BAHWS MaKCUMAJIbHO
BO3MOXKHOIO 0e3 OCHUJIAINUNl 3HadYeHus [P, To mocje 3aBepiieHust
HACTpOWKM [, cjie/lyeT mpoBeCTH KOPPEKIUIo P, TONCKOM HOBOTO MakK-
CUMAaJIbHO BO3MOXKHOTO 3Havenmsa P. Kak mnpasuio, P jgomyckaer
yBejinuenue, ecjin I B 1poliecce HaCTPONKKU YBEJIUINBAJIOCh;

5. OnenunBaercsi CKOPOCTH BO3BpaTa ammnapara B CTabMJIN3WPOBAHHOE
MOJIOYKEHUE TTOCJIe TTPEJebHOI0 OTKJIOHEHUsI PYYeK yIpaBJICHUS Iie-
peMerieHneM almapaTa B TOPU30HTAJBHON MJIOCKOCTH. Keau cKkopocThb
BO3BpATA HEJIOCTATOYHA, — [) HE3HAUUTENLHO (B CDABHEHUH C JPYTUME
COCTABJISTIOIIUMHU PETYJISTOPA) YBEIMINBAIOT. K cCKOpocTh BO3BpaTa
Jlocrarouna, D ocrasiisiior 6e3 usmenenus. [Ipu nposiBjienuu npusHa-
KOB IlepeperyjiMmpoBanust cHavaJia CJejlyeT CHU3UThL P, a yxKe 3areMm,
ecJIi nepeperyanpoBaHue He yraaeTcs n3bexkarh, cHuxKkaercs: D.

6. Ecim mapamerp DD MeHsIcs, TO BBIIOJHSAETCS MOBTOPHAsS HACTPOUKA
P u I. Kak npasujo, P MoxkeT ObITh CHUXKEH Ipu yBejundenuu [ 6e3
3aMETHBIX TIOTEPh XapaKTePUCTUK CTAOUIU3AIMU. [ TIpU STOM HaCTpa-
uBaeTcs 1o 1. 3.

7. st TOHKO¥M HACTPOMKHU pPeryJsisitopa cjiejlyeT HoBTOpsTh jielictBust 1 —6
JIO MOMEHTA, TIOKa Ha 1are o uamensaTs D we norpedbyercs. Hacrpoiika
3aKOHYCHA.

3ameuyanue 2.9. 3amMerum, UTO JIJIsi CEPUITHOINO KBaJIPOKOIITEpPa, IIO-

JIydeHHbIe B pe3yJibTaTe padOThl aJrOPUTMa MapaMeTpPbl PEryasaTopa MOTYT
3aMETHO OTJIMYATHCSI OT 3aBOJICKHX, «0a30BbIX» YCTaHOBOK. lIpomsBogurenn
HecrienurausupoBanubix BIIJTA| kak mnpaBuio, HCHONB3YIOT HU3KOE 3HAYECHUE

P, cvmemas Gananc ynpapisieMOCTH anmnapaTta B CTOPOHY IJIABHOCTH, CHUXKAas
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MaHEBPEHHOCTh. DTO PA3yMHO, yUUTHIBasi OCHOBHYIO II€JIb MCIIOJIB30BAHUs Ta-
KUX alapaToB — ¢beMmKa Buaeo. OJHAKO, TOBOPST O MPEJIEJIbHBIX PEXKUMaX U
aBapUITHBIX CUTYaIUsIX HEOOXOJIMMO MCIIOJIb30BaTh CIEIUAJIbHO T10J00paHHbIe
napamerpol [N I-perynsropa. [Ipejiaraercs nmMerb HECKOJIbBKO HaDOPOB Ila-
paMeTpoOB [Tl PasMdHbIX cuTyaiuii (mpodmusteit ucnosbzobanus). [lonyanTs
HEOOXOIMMbIE 3HAUCHHST MOXKHO, UCIIOJTHUB MPEJIJIOXKEHHbBI aJTOPUTM HACTPOi-
KI PEeryJsaTopa HaxoJsaCh HEIMOCPEICTBEHHO B CHUTYAIUM, JJIT KOTOPOH 3TH
3HaYeHUsi HeoOXoiauMo HaiTu. Tak, Halpumep, pa3yMHbIM Oyjer OJuH pa3
UCIOJTHUTH AJITOPUTM HACTPONKM B yCJIOBUSX MOPBIBUCTOIO BeTpa. llosyueH-
HbIE TTapaMeTPhbl HEOOXOJMMO COXPAHUTH U, TPU HEOOXOJMMOCTHU BITOCJIEJCTBUN
BBIIIOJIHATD [IOJIEThl B HEOJIArONPHUATHBIX YCJIOBUSIX, 3apaHee YCTAHOBUTH COOT-
BETCTBYIOIIHUE 3HAUCHHUSI. AHAJOIHIHO MOYKHO MOCTYIUTDL ¥ MPU 3HATUTEILHOM
N3MEHEHUN Beca MOJe3HOM Harpy3KH, MOJIYIUB «JIerKuii n Tskesbiit [T Iy, Hro
KaCcaeTcst aBapuitHbIX PeKUMOB (DYHKIIMOHUPOBAHUS, OCOOEHHO JIJisi CTabU/In3a-
MK HENPEPHIBHO BPAIIAIOIIErOCs alapara py 10CaJIKe Ha JIByX BUHTaX (CM.
11 2.1), T0 3116CH HEOBXOMMMO JIOTIOJHUTEIHHOE IPAKTHIECKOe HecsegoBanme. Pa-
3YMHO IIPEJIIIOJIOKUTD, YTO JIjIsd TAKOI'O pexKKuMa padOThl II0J0#IeT HACTpOiiKa
pEeryJisiTopa ¢ BBICOKUM P (BBICOKast MaHEBPEHHOCTD). TOJBKO MPaKTHIECKHE
MCCIIeIOBaHUsT (CBOETO POJIa «KPAII-TECTBI» ) MOTYT TOJHOCTBIO PACKDPBITH PO~

bsieMaTUKy CTaOUIIM3AlUMU KBAJPOKOIITEPA B aBapUlHbIX PEXKUMaX.

2.2.3 Cuemuduka aaropuTMOB aBTOMATUIE€CKON HACTPONKMT

B nayke 1IMPOKO U3BECTHBI PsiJl CIIOCOOOB JIJisi aBTOMATHYECKOIO 110/100pa
napamerpon I /I-peryisitopa myrem aHajm3a 0OpaTHOR CBSI3U OT PeryJiu-
pyemoii cucrembl [68|. TIpumenenune srux ajropurmon Jyisi Hacrpoitku TV JI-
PeryJsiTopoB KBaJIPOKOIITEPa BO3MOXKHO, HO, B CHUJIy €CTECTBEHHBIX MPUIWH,
orparmdeno. OObsICHAETCS 9TO, MPEXKIE BCEro, HEBO3MOXKHOCTHIO U3MEHSITDH Ma-

paMeTpbl PeryasaTopa B IMIMPOKOM JMAlla30He 3HAUYEHUI, T. K. TAKOe U3MEHEeHUe
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MOXKET TPUBECTU K TOTepe YIpaBJIeHUsS W aBapuu: MaJeHUIO allapaTa B pe-
3yJibTare 10Tepu KOHTPOJIS HaJ| OpUEHTAIUE.

B cocrase I1O Misson Planner [94] umerorcst MHCTpYMEHTBI JiJisi aBTO-
MaTuydeckoit HacTpoiiku napamerpon [T /I-perynsitopos. Pexxum, HazbiBaeMblit
«autotune» (aBTOHACTPONKA), ydUThIBAET cCreudUKY KBaJPOKOINTEpa, Kak
cucTeMbl ynpapiennd npu Hacrpoiike [IV]] n mogpazymeBaeT ciiemayromnuii aJi-
FOPUTM JICUCTBUK-OTPAHUYCHUN CO CTOPOHBI OmepaTopa:

1. BpyuHyio BbIIOJIHUTH 1IpPEJBApUTEIbHYIO 0a30BYI0 HACTPOWKY pery-
JISITOpa, TaKuM 00pa3oM, 4YTOObI KBaJPOKOITEDP MOI, KaK MUHUMYM,
Oe3aBapuitHO OTOPBATHLCS OT 3EMJIU;

2. TomuATh KBaJIPOKOTITED Ha BHICOTY HE MEHee 3 M JIJIsi TTPEJIOTBPAIICHUsT
KaCaHWs allapaToM 3eMJIM BO BpeMs HACTPOUKH;

3. AkTuBHpOBaTL peXuM <autotunes ¢ MOMOIILIO JIBYCTOPOHHEH Te-
JIEMETPUUIECKON CBsI3U (JIMOO MPEBAPUTETHHO HACTPOUB BKJIOUCHHE
PEXKMMa Ha OJIHY U3 KHOIOK I1yJIbTa YIIPABJICHMUS);

4. Bo Bpemsi HACTPOWKM KOPPEKTUPOBATH ITOJIOXKEHUE allllapaTa B IMPO-
CTPAHCTRBE C MyJIbTa yIPaBJIEeHNs, KOHTPOJIUPYS €ro BU3YaJbHO;

5. llpoBeputh moBeeHme anmapaTa ¢ HOBLIMU ITapaMeTPaMU PEryIsaTopa,
IPUHATDH UX, WU BEPHYTHCA K 0a30BbIM napamerpam [T I;

6. IlepezamycTuTh mpoIeIypy aBTOMATHIECKOTO TOJI00PA, €CJId 3TO Heob-
XOJIUMO.

[Tpu sTOM jpazke 1pu BbIOJHEHUU YCJIOBUN 1—6 MOYXKeT CJydYUThCs aBa-

puiiHas cUTyalusi.

DKCIepUMEHTAJBHO YCTaHOBJIEHO, UTO Ha KBajpokonTepe Quanum Nova
¢ 0obJIerYeHHoON paMoil, cOOTBECTBYIONEMY TPeOOBAHUAM K OTKA30yCTONYNBOI
kondurypanuu u3 1. 1.1.3, 1.1.4, Bkaodenne pexxuma «autotune» HeMHHYEMO
MPUBOJIUT K aBapuu. JaHHOE 00CTOSTENIHLCTBO CBI3aHO C BBICOKMM 3aIlacoM TI0
Tsire JIJisl OTKa30yCcTounBoil Kondurypaluu. Bo Bpemst BbIIIOJIHEHUs MAHEBPOB
B TOPU30HTAJIBLHON JIOCKOCTH MPOUCXOJIUT U3MEHEHUE TSI BILJIOTH JIO MaKCHU-

MaJIbHOI, HEeobX0oIMMoe JiJisi PaDOThHI aJIFTOPUTMOB aBTOMATUIECKON HACTPONKHU.
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Bbicokasi TsiIrOBOOPYKEHHOCTb 3JI€Ch HPUBOJUT K EPEBOPOTY U I1aJIEHUIO all-
napara.

Takum 00pa3oM, MOXKHO 3aKJIOUYUTH, YTO JIJI OTKA30yCTONUYMBON KOH-
durypaiun KBajpokonTepa paboTa IITATHLIX aJIOPUTMOB aBTOMATHYCCKOI
HACTPOMKM 3aTpy/IHEHA. YCIEITHOe BBLIMOJHEHHE JTAaHHBIX aJrOPUTMOB HEBO3-
MOXKHO 0€3 UX JIONOJHUTENbHOH ajganTtanuu. OHAKO ¢ YIeTOM H3JI0KEHHOTO
B 1. 2.2.1, 2.2.1, Takasg paboTa He BUINTCI IMEPCIEKTUBHON, T.K. yXKe TIpe/-
JIOXKEH aJIrOPUTM PYUHON HACTPOUKHU. Y OIBITHOIO OlEepaToOpa dTa, IPOIeLypa
HE OTHUMET MHOI'0O BPEMEHM U IO3BOJIUT OOJiee TOHKO HACTPOUTH PEryJisiTop B

COOTBETCTBHUUN C XapaKTEPOM DpPeEIlaeMbIX 3a/a4v.

2.2.4 PexXum c nepeperyjnpoBaHUEM

Bo Bpewmst npoBejieHNsT SKCIIEPUMEHTAJILHBIX UCCICIOBAHUI Ha arapaTe
Quanum Nova 0bL1 3amMedeH cieayomuii 3¢ dekr.

[Tpu macrpoiike napamerpon cradbuiausupyioiiero I[N I-peryasropa Hero-
CPEJICTBEHHO B TIpoOTecce TOJieTa TO TeJIeMEeTPUUIecKOl CBA3U TO AJTOPUTMY,
npupejenHomy B 1. 2.1.1 nacrosiieit paboTbl, CaMbIM CJIOXKHBIM OKa3bIBA€TCst
HacTpoiika jinddepenimaibHoi cocrapistiionieit peryisropa D. Jaxke He3Haun-
TesibHOE (110 JIMAna3oHy, 1Mo cpaBHeHu o ¢ mapaMerpamu P u I) usMeHeHue 51oro
napaMeTpa IPUBOJUT K MOABJIECHUIO TEPEPETYINPOBAHUSI.

[TbiTasich cTabuM3MpoBaTh CBOE IMOJIOXKEHUe, amiapaT CO3/1aeT CTabu-
JIMBUPYIOITee BO3JIEHCTBHE HAMHOTO CHJIbHEe HEeOOXOJIMMOro, a CleIyloliee
Boz/ieficTBue ele OoJibllie HpejblLylero u T. . Kak pesyjibrar — 1epeBopor
arrapara 1 1morepst yipaBJeHus.

[Tpu 3TOM HEOJIHOKPATHO OTMEYAJICS CJIe/IyIONInii 3(PPEKT: JI03UPOBAHHOE
nepepyryjanpoBaHue, He MPUBOJSIIEE K TOTepe YIpaBJIeHUs U CJIad0 OTJINUN-
MO€ BUBYaJIbHO (& Ha yaajgeHuu Oosiee 5 M — HEOTIIMIUMOE) MOJIOKUTETHHO
CKa3bIBAETCS Ha YCTONYMBOCTH aliapaTa KO BHEITHeMY BozjeiicTBuio. Cra-

OMIM3alns ammnapara MPOUCXOIUT 3HAUUTEILHO OBICTpee, a IpU YBEJIHICHUN
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1I0JIE3HON HArpy3KW Ha alapar, ysejudenue D B 1EJOM 1OJIOKUTEIHHO
CKa3bIBAETCS Ha, YIPABJSEMOCTH allllapara, OT3bIBUMBOCTb Ha YIPABJILIONIEe
BO3JICHCTBUE CTAHOBUTCS OCTPEE, YMEHBINAITCH 3a/ePrKKa MeXKJ1y OTKJIOHEHH-
eM pydeK ylpaBJIeHHs U peakiyeil ammapara.

3ameuanue 2.10. [Jannbiit 3pdekT HAOIIOMAICI TOJBKO IPU YCJIOBUU
XOpolieil OaJlaHCUPOBKK BUHTOB ammnapara. /Jlucbasanc BUHTOB UK MOBPEXK/Ie-
HUE JIOIACTEH HUBUJIMPYET IOJOXKUTEJIbHOE BiMsiHue 3Toro addexkra. Tak,
HAIIPUMED, YCTAHOBKA 3aBeJIOMO TOBPeXJIeHHON (cMm. puc 2.25) jonacru Ha
alrnapar, HaCTPOEHHBIN ¢ TlepeperyjnpoBaHueM, MPUBOJUT K HEBO3MOXKHOCTH
B3JieTa. B T0 ke Bpems nipu cranapTHoii HacTpoiike [TV /I-peryssitopa armapar
C TaKOii JIONACTbIO B3JIeTaeT U yipapjsgercsd. OueBUHON IPUINHON TaKOIO I10-
BeJICHUsI SIBJISIETCSI HAJIMIUe COOCTBEHHBIX KOJIeDAHMI anmapara ¢ JucoOaancom
sonacreit. CKOpOCTh BpallleHus JIONacTeil KBaJIPOKOITEPa MOYKET JIOCTUTATD Jie-
caTKOB Thicsid 00./mub. [To Mepe yBesimueHust CKOpPOCTH BpallleHUsl JIONACTei
pacrer u 4dacrora KoJiebanuii. [Ipu npoxoxjeHun HEKOTOPOro KPUTUUECKOTO
3HAYEHUsT JaCTOThI KOJeDaHMiT, pa3peraoleil ClrocCOOHOCTU YCTAHOBIEHHBIX HAa
O60OpPTY I'MPOCKOIIOB CTaHOBUTCA HejocraToudHo. [IV/I-peryisgTop HauuMHAET IIbi-
TaTbCs CTAOUIN3UPOBATH KOJIeOAHMSsI, HE UMesl JOCTATOUHBIX JIAHHBIX O TEKYIIEM
3HaueHnH yriioB. C y4eToM TOro, U4To U CaM PEryJsiTop YIPaBJsieT CKOPOCThIO
BPAIEHUsI BUHTOB, MEHsIsI 9aCTOTy KOJeOaHUi, BOSHUKAET HEU30E2KHOE Iepe-
peryiauposanue. Ilpu srom B mrarHom pexxkume nacrpoiiku [T /I-peryssitopa
(6e3 3amIaHUPOBAHHOIO JI0O3MPOBAHHOTO MEPEPYJIMPOBAHNUST) TaKhe BbICOKOYaA-
CTOTHBIE KOJIeDaHUsi MPOCTO HE YCIEIT BBI3BATH YIIPABJSIONIEE BO3JIEiCTBIE
WK BOBCE (DUIBTPYIOTCS BXOJHBIME (bUIBTPAME (CM. cxeMy Ha puc. 2.24).

OTMmeTnM, UTO KOHKPETHBbIE 3HAUEHHUsI [IapaMeTpPOB PEryjsTopa C JI03MU-
POBAHHBIM TEpeperyaIupoBaHueM ITOJ0OUPAIOTCS UCKIIOUUTE]bHO SKCIEePUMEeH-
TaJbHO U 3aBUCAT OT MHOXKeCTBa (PAKTOPOB: KOH(UI'YpallUK allliapara, Beca
1 PaCIIOJIOXKEHUs [10JIE3HOM HArPy3KHU, COCTOsIHUS BUHTOB M T. JI. BbIX0J| Ha pe-

KM OCYyHIECTBJIAETCA 3a CHET Oosiee BBICOKOTO 3nadeHnst D.
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Pucynox 2.25 — IloBpeskiennblii B pe3yibTaTe KOHTaKTa ¢ OETOHHON KOHCTPYK-

[eil U UCIIPABHBIA BUHTBHI

2.3 BreiBoasb! 110 riiase 2

1. Paspaborannoe I1O jusi nakera MATLAB/Simulink (cm. Ilpusoxe-
rue B) mospossier MoJeMpoBaTh TPONECC MoJieTa KBaPOKOITEpa,
BKJIOUAsI MOJIEJINPOBAHKE OTKA30B. ATaIITHPOBAHHOE JIJIsI HCIOJHEHUST
B IIOJIETHOM KOHTpoJiepe, 3ro I1O Moxer craTh 4acTbio MpobJIeMHO-
OPMEHTUPOBAHHOM CHCTEMBbI YIIPABJIEHHUSI OTKA30yCTONIUBON KOH(DUTY-
paluu KBaJIPOKOIITEPA;

2. Jarke yacTu4HbI OTKa3 OJIHOI'O U3 BUHTOB KBaJPOKOIITEpPa B IOJIETE
6e3 JieficTBUS aJITOPUTMOB ClIaCeHUsl TPUBOJUT K €ro TajieHnio. Bep-
TUKaJbHAsT CKOPOCTh MMaJIeHUsI CPABHUMa, CO CKOPOCTHIO CBOOOJIHOTO
MAJICHUsA, a TOCJIEICTBY — KartacTpodudbl (cM. 1. 2.1.2, 3aMedanue
2.3);

3. MaremaTndeckoe MOJEIUPOBAHUE TOKA3aJ0 BO3MOXKHOCTBH IOCATKN

KBa/[POKOIITEPa IIPH JIBYX paboTAIONIUX JIBUraTe 51X U3 yerhipeX. [Ipak-
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TUYECKU TaKas MOCaJKa BO3MOYXKHA ITPHW BBIOJHEHUN TPeOOBAHWN K
AIllIapaTHON COCTABJISIONIEH OTKA30yCTOWIMBON KOH(MUTYpaAIIUN (CM.
m. 1.1.3, 1.1.4). Bo3MOXKHOCTH peaiu3aliui TaKOro 10/X0/a Ha CyIile-
CTBYIOIMX TI0JETHbIX KoHTpoJuiepax (Hanp. Ardupilot) tpebyer ux
JI0PabOTKH;

[IpejicTaBiieHb! JIBa OCHOBHBIX PE3YJIbTaTa JIaHHOW pabOThl: aJITOPUTMbI
cTlacenns KBaJIPOKOINTEPA P OTKa3e OJHOTO UJIU JIBYX JNArOHAJTbHBIX
BUHTOB. OTHCAHBI aJTOPUTMBI CraceHnss B pydHoM (cum. m. 2.1.3) u
aBToMaTHIecKOM pexknme (cm. 1. 2.1.4). IIpeamoxena Bo3MoKHAS TT0-
CJIEJIOBATEJIbHOCTH UX PA0OTHI C YUETOM UX CUJIbHbBIX U CJA0bIX CTOPOH;
HecmoTpsi Ha €BOIO 1POCTOTY OTHOCUTELHO JIDYTUX BUJIOB PEryJisiTO-
pos, [I]I-peryssTop ycCHenHo HMCHOJAb3YeTCs JJIs PelleHnst 3aadu
cTabMIM3aluy KBaIPOKOITepa B npocTpancTse. [Ipu arom 3amada moji-
6opa mnapamerpon [IV/I-perynsTopoB KBajpoKOITepa Jijisl pPelleHus
3aJ1a4M yIPaBJICHUS B aBAPUIHOM PEXXKUME MMeeT psiji 0COOEHHOCTE
110 CPAaBHEHUIO C aHAJIOIMYHON 3ajiadeil Jijisi HITaTHOIO PEeXXKUMa IKC-
IJIyaTaluu;

[T I-peryiisitop KBaipoKoTepa MOXKeT ObITh UCIIOJIb30BaH HE TOJIHLKO
JIJTsl TPUHITUIIUAJIBHOTO pelleHus 3a/aui CTabUIN3aluy alnmnapara, HO
U JIJIsT €ro TpouIn3alum, T. €. 3MEHeHNsT XapaKTepUCTUK B 3aBUCH-
MOCTH OT BBITIOJTHIEMOW 33 atu;

HecMmoTps Ha cyImecTByOIIe pa3pabOTK B 00JIACTH aBTOMATUIECKOI
nacrpoiiku [T /I-peryssitopos, juisi KBaJpoKoITepa epBUIHasl U TOH-
Kasl UX HACTPONKA IMO-TIPEXKHEMY OCTACTCS 38 YeJIOBEKOM;

Pexxum paborsr TINI-perynsitopa ¢ HeOGOIbITM (He 3aMETHBIM JIJIsi
9eJIOBETECKOTO T1a3a) MepeperyinpoBaHueM, He MPUBOJAIINI K CyIIe-
CTBEHHBIM MTOTEPSM B TIJIABHOCTHU XOJIa allllapaTa, MO3BOJSIET MOBBICUTD
YCTONYMBOCTD amnmapaTa K BHEITHUM BO3MYITeHUAM. [Ipu 3ToM Heob-
XOJIUMO yUUTHIBATH OCOOEHHOCTH KOMIIOHOBKHU KarKJI0I'0 KOHKPETHOI'O

armnapara (M KaxkJoil 13 BO3MOXKHBIX KOH(UIYpalui mojseca 1moJes-
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HOW HAIDY3KHM) U HPOU3BOJUTH JIOHACTPOIKY 1IPU HELOCPEICTBEHHOM
KOHTPOJIE IOBEIeHUs annapara. Henz0ekHoe HeraTuBHOe OCIEICTBIE
TAKOIO PEKUMa B BUJIE <JPOKaHUs» BUJEOPsJIa, 11epPe/laBaeMoro Ha-
OOpPTHOI BHJICOKAMEPOiT MOYKET OBITH HUBEJMPOBAHO MCIIOIL30BAHUEM
ClIelaIbHbIX CTAOMIN3UPYIOIIUX HOABECHLIX YCTPOKCTB U J1eMIL(PepOB;
B onpenenennbix ciaydagx ucnosipzoBanue [IV]I-perymaropa ¢ me-
PEepPEryJInpOBaHUEeM MOXKET OKa3aTh W OTPHUIATENbHOE BJINIHHUE Ha
HoBejieHue anmapara. [Ipy Haauumu Ha alnapare HOJEe3HOH Harpys-
K1, IIPOU3BOJIsAINECH BUOpAIMY WK JIDYTHE MeXaHUYeCKUe BO3AeHCTBIs
Ha amnmapar B IPOLECCe T0JIeTa, a PABHO STOMY, NPH HAJIUYUN JIC-
baJianca BUHTOB, CJEAYET HPOBOJUTH JONOJHUTEILHBIC IPAKTUICCKUE
MCIBITAHUS JIJIT UCCJIE0BAHNs CTaOMILHOCTH HoJjieTa. B sToM cirydae
BO3MOKHO IOSIBJICHIE PE30HAHCHBLIX KoJieOaHuil GOJIBLIION aMILIATY/IbI,
KOTOPBIE HUBEJIUPYIOT HOJIOXKUTEIbHBIA 3D dEeKT 0T JI03UPOBAHHOIO 11e-
peperysnposanud. B curyannu, Korja y oneparopa HeT yBepPEHHOCTH
B KadecTBe DAJAHCHPOBKM BHHTOB ariiapara (Hampumep, 1Mocje Ciy-
qaifHOro KacaHmsi BUHTOM NPENsITCTBUsT B TPOIECCe T0JIeTa ), CJe/yer
OTKa3aTbCsl OT PEXKUMA, C IepeperyiupopanueM. PasyMHo npempycMoT-
PeTh MPOCTOE MEPEKITIOUCHIEe PEKUMOB (¢/6e3 mepeperyInpoBaHieM )

Ha OJINH W3 TYMOJIEPOB IyJIbTa YIIPaBJICHUSI.
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I'NTIABA 3. IIPUMEHEHUVE AJJAIITUBHOI'O METOJA OJIA
PEINIEHNA 3AJTAYN YIIPABJIEHNYA KBA/IPOKOIITEPOM

KitroueBbiMI BOTTPOCAMY TTOCTPOEHHUST CHCTEMBI YITPABICHUST aBTOHOMHBIM
BILJIA aBnsiorcs:

1. TlocTpoenue cTpareruu ympaBjeHUs JJs JIBUXKEHUsI W3 OJHON 3aJaH-

HOIl TOYKH B JIPYTYIO;

2. Tlocrpoenue a3pekTuBHOI 110 3apaHee OLPEIEJICHHOMY KPUTEPUIO Ka-

decTBa (HAIPUMED, PACXOJlY TOIIMBA) CTPATEIMU YIIPABJICHUSI.

JlamHbie BOTPOCHI 0CODEHHO aKTyaJbHBI JJIsT OTKA30yCTONINBON KOHMUTY-
panuu anmnapara, T. K. OT UX pelleHus 3aBUCUT obIlee MJIaHNPOBaHUE CIIACEHUsT
anmnapara. Ocobyro Ba)KHOCTb IIPU paboTe B aBapUHOM pexKuMe Ipuodbpera-
eT BOpoc 3(pPEKTUBHOCTH, T. K. OCOOEHHOCTBIO JBUTATEEH OTKA30yCTONINBOI
koHndurypaiuu spisiercsd ux nuskuit KIIJI B pexxumax dacrudaHoit Harpysku
(em. anasmsz 1. 1.2.1, 1.2.2).

OueBniHO, 9TO OOPTOBOI BHITUCTUTED (KOHTpOﬂﬂep) OTKa30yCTONYINBON
KOH(MUTYPAIWK JIOJIXKEH WMETh BO3MOYKHOCTH aBTOHOMHOTO pacyuera CTPaTernn
yIpaBJIeHUs JIBUKEHUEM JIO «TOUKH CITACEHUs», 8 TaK¥Ke YMeThb 3apaHee OleHMU-
BATH HEOOXOMMBIiT JIJIST IOCTHKEHUST 9TON TOUKH 3a1ac sHeprun (Tormmmsa) [54].

B pasBuTue pe3yabTaToB, TMpEJACTABJICHHBIX B [y1aBe 2, mposejieM HeoO-
XO[MMbIe uccienoBanust. [lsi periennsi 3ajadu  yupaBJeHus jajee Oyjer
VCIIOJIb30BaH aJIAITUBHBIA METOJl CHHTE3a ONTUMAJbHBIX YIPABICHUH (MeTo/

Tabacosa) [47;52;60; 75]. Ormrmem 10T METO/,
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3.1 Apantusabiii metos (merox 'abacoBa)
3.1.1 IlocranoBka 3aga4n

Paccmorpum 3aja1y onruMasibHOrO yupasienus suja [47]:

clz(t*) — max,,

&= A()z + b(t)u,

(3.1)
x(ty) = xg, Hx(t*) =g, L1 <u(t) < Lo,
re€R" weR, rank H=m <mn,t € [t,t*].
Bnecw A(t), b(t), t € [ti,t*] — KycouHO-HEMpepbIBHBIE (N X n)-MaTpUIHAS W

n-mepHasi BekropHast gyukuuu, ¢ € R" g € R™ H — (m X n)-marpuia,
L < L.

Yupagienue u(t) BHIONPAETCsT U3 KJIACCA KYCOTHO-TIOCTOSTHHBIX (DYHKITH T
¢ nepuojiom KpantoBauust h = (t* — t,)/N, e N — HEKOTOpoe HATypPaJib-

HO€ YHCJIO:

u(t) =u(ts + (k—1)h) =uy, t €[t + (k—1Dh, t.+kh), k=1,N. (3.2)
[Tox 3adaveti onmumarvrozo ynpasienus OyaIeM TTOHUMATD 331849y TTOUC-
ka Takoro u’(t), uro clx(t*u’) > cla(t*w),V u suja (3.2).
ITon 3adaueti cybonmumanvrozo ynpasarenus 6yaeM IOHUMATD 33124y I10-
ucka takoro uf(t), uro clz(t*u’) — cfa(t*uf) < e.
B jnanbreiimem OyneM pemaTh OJHY U3 3TUX 3ajad. MeTon mnpej-
JgoxkeHHblit P. ['abacoBbIM 3aKJI049aeTcss B CBEJCHUM 3aJa9d OINTUMAaJIbLHOIO
yipasienus (3.1) K 3ajiaue JUMHEHHOrO MPOrpaMMUPOBaHUsi U PEIIEHUH ITOi

3aJ[aul CIeUalbHO PaspaboTaHHBIM MM aJIAlTUBHBIM MeTojoM [47].
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3.1.2 OO6mmmii aJaroputmM mMeToa

Byjem Ha3bIBaTh uHmepsasvnot 3adauets AuHeino20 npo2pammuposaHu.a

(UBJIII) samawy Buma |75]:

'z — max,,

b, < Az < b, (3.3)

de <o <d.

3nech , ¢, dy, d* € R", b, b* € R"; d,; < d;‘f,j =1n, b, < by, 1 = 1,m.
A — BermmecrBenHasi matpuiia m X n. [lox 3HakoM HepaBeHCTBA MEXKLy JBYMsi
BeKTOpaMu OyjieM MOHUMATH MOKOMIIOHEHTHOE HEPABEHCTBRO.

Orpanuyenusi IepBoOii IPYIIILI OYEeM HA3bIBATD OCHOGHOLMU 02PAHUYEHU-

AMU, BTOPOIl — NPAMBMU 02PAHUYEHUAMY, BbIPDAXKeHHe ¢

r — pynryuets uesu
U yeaesots gyrryued.

[Tox donycmumuvim pewenuem wi naarom OygeM MOHUMATH BEKTOD X,
YJIOBJIETBOPSIIONIMI OrpaHnydeHusiM 3a1a9u. OnmumarvbHoLM NAGHOM 331897

0

(3.3) Gysem nasbisarh Takoit mwian ¥, uro ¢! 2® > 'z, Vo uz muoxecrsa mia-

1oB. Cybonmumanvnvim naanom 3amaau (3.3) OyeM Ha3bIBATH TAKOH MIIAH X°,
aro clz¥ — T2 < e,

s permennss U3JIIT O6yneMm ucnoib30BaTh aJalTUBHBINA METOJI PEIIeHMs],
npejyiokeHublit B pabore [abacosa |75].

Apantusnbiii Meroy, — JaByxdasnbiii. [lepBas daza zaxiiouaercs B

HaXOXKJICHNN Ha4YaJIbHOI'O IIJIaHa. BTOpa,H — B IIOHCKE OIITUMaJIBHOTI'O (CY6OH—

TUMAJBHOTO) perierns. PaccMorpuM Kaxkayto dasy mojgpobHoO.

d.+d*
5 -

IlepBag daza meroma. [l Havyasa obo3HAUUM T = [IycTn

(

by — Ajx, Ajx > bF, i =1,m,

\
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rje 1noj A; nonuMaercsi i-asi ¢crpoka Marpuibl A. BBejgem jguaroHajibHyo Mar-

punty U pasmepom (m X m)

Ui=1<41, w; >0,

\—1, w; <0, 1=1m.

Yianum Tenepb u3 MaTpuilbl U HyJieBble CTOJIOIbI, MOJIYUICHHYIO MAaTPHUILy 000-
snaanM 3a U, ee paszmeprocts — m X k, rie k €< 0,1,...,m > . Ynangeauem
HyJieit u3 w nosyuuM k-mepubiii Bektop w’.

Hakowerr, cocTaBuM CJIeAYIONLYIO 33Jia9y JIMHEHHOTO MPOrPAMMUPOBAHUS:

T

C' T — max,
b, < AUY < b*,
(3.4)
d, ~ d*
ST < .
@kxl ‘w |
31ech ¢ — (n + k)—MeprH’/’I BEKTOpP, MIepBbIe N JIEMEHTOB KOTOPOI'O pPaBHLI

HyJIIO, a k ocraBimxcs — —1.

3aMeTnuM, 9TO BEKTOP

SIBJISIETCSL JIOIYCTUMBIM perenueM 3ajadu (3.4), Torja, ucnosb3ys 9TOT ILIaH,
aJICOPUTMOM M3 BTOpOi (pa3bl MOXKEM HalTU ONTHMAJIbHOE peIleHHe JIaHHOM
zajiaun. OHo OymeT o6JaaTh CIASYIONUMEA CBOMCTBAMME:

1. Eciu 3nHauyenue nesieBoit (pyHKIUM paBHO HYJIIO, T. €.

BEKTOD T OyJIeT sIBJISATHCS JOMYCTUMbIM perienneM 3aiaan (3.3).
2. Eciu ¢’z > 0, To nag 3a1a4n (3.3) HE cyIIecTBYeT JOMYCTUMBIX PEIIie-

HUfi (MHOXKECTBO IJIAHOB TYCTO).
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Bropasa ¢dasza meroma. Bynem obosnauars cumposiamu [ u J coot-
BETCTBEHHO HAOOPBI WHJEKCOB CTPOK # CTONOIOB Marpurbl A 3amadn (3.3):
I =<12,....m > J=<12,...n > .

Broijienum n3 muoxkects [ u J npoussosibHble nogMuoxkecTsa I, € I n
Jop € J, maxue uro |I,,| = |Jop|. o mape nomvuoxkects K,y = {Lyp,Jop} cO-
craBuM Kpajparuyio marputy A, = A(ly,J,p). Ecin det(A,,) # 0 Oyuem
Ha3bpIBaTh K, onopod, a A, — onoprot mampuued. 1lon onoproim naarnom
OyJgeM HMOHHUMATh COBOKyHHOCTh {,K,,}, Tie x — jpomycrnMoe pelnenue 3a-
maam (3.1).

O6osnaunm I, = I\1I,,, J, = J\J,p. BBepem raxxke nousrusi eexmopa

sampam z = Ax, eexmopa nomeHuuanos
w=u(l) = (u(lopu(ly)) = (Uopttn), ul,=ch A, u, =0,
U 6eEKMopa OUEHOK
A=AT) = (AJop), A(Jn)) = (Aop,An), Doy =0, A =ch—ul A(I,,J,)).

KioueByio posiib B MeTofie urpaer BbIBeJieHHBIN [‘abacoBbIM Kpurepuit
onTumMaJsibHocTH. ChopMysIupyeM ero HuKe.

Teopema [75]. Jaa onmumasvnocmu naana x docmamouno cyuye-
cmeosanus marxol onopv, Ky, npu womopot na onopnom naane {x,K,,}

6UVINONHAIOMCA COOTMHOWEHUA

up <0 npu z; = by,

{ui =0 npu z =0bf, (3.5)

u; =0 npuby <z <O, 1€ Ly;

A; <0 npuzj = dy,
V4,20 npuz;=d;, (3.6)
Aj=0 npudy <z <dj, j€ Jp.
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Obpammo, ecau T — ONMUMAALHOLG TAGNK, U NPU Hexkomopot onope K, napa
{x,K,p} — nesvipooicdennoii onoproll naam, mo na 2mom naame GuinosHAI0M-
ca coommowenus (3.5), (5.6).

Bropas dasza merosa apigerca ureparusnoii. Ha Bxoj kax 106t urepannm
MOJIAETCs JIOMYCTUMbIH T1aH @ 1 ortopa K. ViTeparus cocTonT u3 JAByx dacreii:
IPOIE/LyPhl 3aMEHbI TIaHa W IPOIE/yPhl 3aMeHbl onophl. Ha BhIxoje nMeem
HOBBII IJTAH T ¥ HOBYIO OIOPY [_(Op = {I_Op,jop}.

— 3aMeHa MIJIaHa

1. Ucnompsys onopy Ky, BEKTOPEI OEHOK A I HOTEHINATIOB U

OCTPOUM BEKTODPBI &y = &(1yp) 1 3¢, = 3(J,,) ¢ KOMIIOHEHTA-

MU (
& = b*i, eciin u; < O,
§ & = 0bf, ecan u; > 0,
\Ei € [bui,b}], ecim u; = 0,0 € Iyp;
(
% = d.j, ecm Aj < 0,
\ % = dj, ecin Aj > 0,
| 7 = [dvj,d3], ecnm Ay = 0,5 € Jp.
Onopmyio koMmmonenty ,, = x(J,,) Haiizem u3 pasen-
crBa &op = Agpitop + A(lop,Jn)sn, Te. 3y = Agpléop —
A(jplA([op,Jn)%n. Ilo BekTOpY 20 = (520p,2¢,) Hailsiem &, =
&(1,) = A(1,,J)s. Bektop s Ha30BEM CONPOGOINCIAIOUSUM

ncesdonaanom, & = (&gp,&n) — conposoorcdarougum eexmopom
ncesdozampam.

HerpysHo 3ameruTh, 9TO BEKTOD ¢ YIOBJIETBOPSiET KPHUTE-
PUIO ONITUMAJIBLHOCTH, HO TIPA 3TOM MOXKET He NMPUHAJIIEKAThH
MHOXKECTBY JIOIYCTUMBIX PEIIeHUil, T. K. He rapaHTHPOBAHO
BBIIIOJIHEHNE OCHOBHBIX OIPAHUYEHUN 110 OIOPHBIM KOMIIOHEH-

TaM U IIPAMBIX OFpaHI/I‘{eHI/Iﬁ 1O HEOIIOPHbBIM KOMIIOHEHTAaM. B
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CJIydae ecJi MCeBJIOIIAH siBjisieTcst 1ianoM 3ajaun (1.1.1), on
ABJIACTCH W ONTUMAJTBHBIM TIJIAHOM, TOra o0 = sz,

2. Eciu nceppomian 3¢ He NPUHAJIEKUT MHOXKECTBY JIOIIY-
CTUMBIX PEIIeHUil, HaXOAUTCs TOYKa IIepeceYeHnst OTPe3Ka,
COEIMHSAIOINIEr0 JOMYCTUMBbI IJIaH ¥ ICEBJOIIIaH, ¢ TpaHUIIeil
00JTaCTH JIOMYCTUMBIX ILJTAHOB, T. €. Takoe qucyio 0 € [0;1],
970 TOUKA & 4 0(3¢ — ) OyJer Jexkarh Ha IPaHUIE MHOXKECTBA
iwianoB. Hosblit mwian & = x + 0(sc — z)

— 3aMeHa OTIOPbI

1. Ilposepum omopusit mian {z,K,,} na ontumansnocts. Ecin
Ha KaKOM-TO iy € I,, Hapyuaercs yciosue (3.5), mOI0KUM
ko = ip. Eciin na xakom-to jy € J\J,, Hapymaercs ycioBue
(3.6), momozkum ko = jo. B cayuae, ecan yeaosus (3.5), (3.6)
HE HAPYIIAIOTCS T — ONTUMAJIbHBLI 11aH, a K, — onrumMasib-
Hast OIOPA.

2. Kak ObL10 ckazaHO BbIllle, TOUKa T OyJIeT JiexKaTh Ha I'DaHU-
e 00JIACTH JOMYyCTUMBIX pereHuii. SHaunT, HalIeTcss Takoe
ix € I,,, a0 nBycTOpOHHEE HepaBeHCTBO by, < A(iy,J)T < )
IpUMET 3HAK PaBEHCTBA Ha OJHOM W3 Kpaes, JMOO HaiijieTrcs
TAKOE Jx € Jop, UTO dyj, < T < dj TIPUMET 3HAK PaBEHCTBA Ha
oJiHOM Kpaio. B nepBom ciydae 1oJioKuMm ky = 1., BO BITOPOM

BosMoXKHBI "eTbIpe ciiydasi U3MEHEHUST OIOPbI:

1. ko = jo € Jn, ki = jx € Jyp. B aTOM Cityuae I_Op = Lop, J_Op =
(Jop\J«) U Jo. B omopmoit marpuie A,, 3aMensercs croJoer.

2. ko= 190 € Jn, ke =iy € I,,. BaTOM cityuae I_Op = I,,Ui,, jop =

JopUJo. B onopuyio marpuily j100aB/IA10TCA CIPOKa U CTOJIOELL.
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3. ko = i € I, ki = Jju € Jy. B orom cayuae I,, =
Iop\io, Jop = Jop\Js- VI3 ONOPHOI MATPHUIIBI YIAJISIOTCS CTPOKA
n croJiber.
4. ko =19 € Iy, ki =1, € I,. B 3T0M cirydae [_Op = (Lop\io) U
Ty, jop = Jop. B onopnoit MaTpuie samensercsa cTpoka.
YcioBue BBIXOa U3 IUKJIIA
[Tocsie KaxxkJi0ff 3aMeHbl IIaHA M ONOPbI HEOOXOAMMO HAXOJUTh B =
cl'(a™ — »"), Tme 2™ U 3" COOTBETCTBEHHO IUIAH W ICEBIOIIAH Ha N-OM Ia-
re. IIpu B = 0 nporecc ocranaBIMBaeTCsA, ONTUMajbHOe penienne 10 = ™.
[Ipu moncke cybONTHMAJILHOTO PEIIeHUsT TPOIECC OCTAHABINBACTCS, KaK TOJIb-
Ko B < e maz®t = 2"

JloKa3aHo, ITO MPOIECC CXOAUTCS 38 KOHETHOE KOJIMIeCTBO maros [75].

3.1.3 KuamdyeBble 0COOEHHOCTU METOa

YacTo Ha OpakTuKe NapaMeTPbl CHUCTEMBI (3.3) U3BECTHBI HeTouHo. B
9TOM CJIydae MCIOJb30BaHUEe METOMOB HAXOXKJIEHWdA TOYHOTO PEIeHUus 3a1a9n
He Bcerja olpapjiaHo. bosiee 1pejodTuTe/IbHbIM B TAKOM CJIydae siBJIsieTCs
MCIIOJIb30BAaHUE aJIallTUBHONO MeToja. Kpome Toro, npuMeHeHrne ajalThiBHOIO
MeTOJla He BeJeT K yBEJIWUYEeHWIO PA3MEPHOCTH 3aJadu, 9TO HEeu30EXKHO IPH
CBEJICHUN MCXOJHON 3a/1auid K KAHOHHYECKOH ¢opme 3ajadn JUHEHHOTO IIPOo-
rpaMMUPOBAHUS, TPUTOIHON JIJIS PEIICHUS CUMIIJICKC-METOJIOM.

C KaxkJIpIM 0Oa3UCHBIM ILJIAHOM B CHUMILJIEKC-METOJIe YKECTKO aCCOIUUPY-
ercs 0asuc (CHGHI/IaﬂbHOG [OJIMHOXKECTBO U3 HHJIEKCOB 0a3MCHOIO HﬂaHa). C
HIOMOIIHIO 9TUX IJIEMEHTOB COCTaBJIsIeTCsl Da3UCHasT MaTPHUIIA.

B ajantuBHOM MeToe BMecTO Dasmca ncrnosn3yercs omopa. Ona coBep-
IIIEHHO HE 3aBUCHT OT IIJaHa. B ¢BA3W ¢ 3THM, €CJii B CHUMILIEKC-METOE IIPH
U3MeHEeHnN 0A3MCHOrO ILJIaHa aBTOMATUUECKH 110 OIIPeJIeJIeHHLIM IIpABUIaM Me-

HsieTcs: Oa3uc, To B MeTojie ['abacoBa IJIaH U OIOpa HE CBSI3aHbl, YTO MO3BOJISIET
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MEHSITh MX HE3aBUCHUMO JIPYT OT Jpyra u Oosiee 3(pPEKTUBHO CTPOUTH OINTHU-
MaJILHBIA TIJIaH.

Emé pa3 ormeruM, 4T0 HPUMEHUTEIHLHO K 33/[a9aM OITUMAaJIbHOI'O YIIPaB-
JIeHMsI, O0IIast cXeMa MeTO/Ia BbILJIsIIUT ciieyomnumM obpasom. Ha nmepsom srare
BBITIOJIHSIETCsT CBeJIeHne JnHamuaeckoit 3amaqan (3.1) k USJIIT (3.3) [47], a Ha
BropoM stare M3JIII pemaercs amantuBHbiM MeTojioM ['abacora. [Ipumepnr
CBeJIeHUs JIMHAMUYECKOI 3a/1auu OoNTHMaJbHOro yiupasienus: K M3JIIT moxuO

HalTH y aBTOPOB MeTo/a [47], a TakKe B MPUKJIaIHbIX uccaeqoBanusx [95], [96].

3.2 3amaua ynpaBJieHUd 3JIEKTPOIBUTATEJIEM

YcraHOBJIGHHBIE HA KBaJIPOKOITEPE SJEKTPOHHBIE DEryJsTopbl xoja (4
IIT. TIO OJTHOMY HA KaKJIblii 9JIEKTPOJIBUTATEID) (DAKTUIECKHU TIPEJICTABIISIOT U3
ce0st 0T/ TbHbIE MUKPOKOHTPOJLJIEPHI CO CBOE TTporpaMMHoii yrpassierusi. Oc-
HOBHas1 3a/a49a 010koB IPX — «mpeobpazoBarhy C1a0OTOUHBIN yIIPABJISIONINI
curnaJt nojiernoro kourposiepa (IIIUM, nudpossie Bugbr Dshot™, Oneshot™,
Multishot u np.) B Tpexdasnyio cuIOBYIO Ielb MUTAHKS SJIEKTPOJIBUTATEIS.
AnropuTMbl TAaKOTO TPEoOpa30BaHUsT MOTYT OBITh PA3IUIHLI U JOCTATOTHO
craoxkupl. Hexkoropeie Bunpr 9PX (manp. 9PX ¢ 10 BLHeli-32) nmeror co6-
CTBEHHBIE JIATIUKU U TejieMerpuio. [Ipu srom ucexopnbiit Koy ux [1O — 3akpbiT
197].

OueBniHO, 9TO TIPU pas3pabOTKe OTKA30yCTONINBON KOH(MUTYPAITH KBaI-
POKOIITEpa HEBO3MOXKHO 0OOATH CTOPOHOI BOIIPOC aJITOPUTMOB, OIPE/IeJIEHHBIX
B [IO 9PX. [Ipu sTOM HMHTEpEC IpeJicTaBigeT He TOJbKO 0a30Bble BOIPOCH] Ha-
nexxknoctn DPX: orcyrcTBre cO0EB CHHXPOHU3AINH, COOEB OT HABOJIOK | T. II., HO
u uHrepecern poupoc Baegperust B [10 9PX BosmoxkHOCTEH 110 ONTUMAJIBHOMY
YIPABJICHUIO 3JIEKTPOMOTOPOM.

C 910if 1e/IbI0 TPUBEJEM TTPAKTHIECKNN TPUMED TTPUMEHEHUST OITUCAHHOTO
BBITIE aIaTTUBHOTO METO/IA, JIJIsT PETEeHNsT 3a/1a91 YIPABICHUST 3JIEKTPOBATATE-

aem |58]. PacemorpuM 3as1atdy moBopoTa Basia SJIEKTPOJIBUTATENIST TIOCTOSHHOTO
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TOKa Ha MaKCUMaJibHbIH YroJi 3a 3ajlanHoe BpeMs. Jlunamuka 3Toro nporecca

ONUCHIBACTC cieytonieil cucremoit [98]:
.%.'1 = T2, .fg = u, \u\ < b,

21(0) = 22(0) = 29(T) = 0, 21(T") — max,

rJie £1 — YTrOJl MOBOPOTA BaJja JIBUTATENS, Xy — YIJIOBasi CKOPOCTh BaJia, U —
IIpUBEJICHHbIH Bpalaouii MomMent (ynpasienue), T — 3aJlaHHOE BPEMsi OKOH-
qanust moBopora. Tpebyercst BoIOpaTh yipasjienue u(t) Tak, 9r00bl B MOMEHT
BpeMenn T’ cKOpOCTh BpaIlleHus BaJia ObLIa paBHa HYJIIO, & YOI MOBOPOTA TIPH
9TOM ObIT MaKCHUMAaJIbHBIM.

PesynbraTsl paboThl TporpaMMbl TPUBE/IEHBI Ha Ipacdukax HuXKe. B kade-

CTBe IMapaMeTpPOB CUCTEeMbI ObLIN B3daTHI 3Hadenus 1 = 10, b = 2,5, N = 30.

Pucynok 3.1 — OnrumajbHoe yipaBjieHue

TakuM 0b6pa3oM, yCIemHo perreHa 3ajada yIpaBJeHus 3JeKTpoiBUraTe-
JIEM C UCTIOJb30BaHUEM KPUTEpHUs KaueCTBa: MOBOPOTA HA MAKCUMAJIbHBIN YTOJ
3a 33JJaHHOE BpeMs. YTIPABJISIONINE CUTHAIBI OKA3aJNCh JJOCTATOUYHO OUEBU THBI
(cMm. puc. 3.1): pasron BaJa JI0 MOMEHTA BPEMEHH 5 € U TOPMOXKEHUE C MOMEHTa,
BPEMEHHU O C JIO OKOHYAHUS TPOMeKYyTKa MojiejinBanust B 10 ¢. Janubiii npumep
MOYKHO CUUTATh WIIIOCTPATUBHBIM, OH ITOKAa3bIBAET TPUMEHUMOCTb METO/1a JIJIs

perienus gannoit 3ajgaun. s Buenpenus B 11O 9PX, ¢ npakrudyeckoit Touku
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Pucynok 3.2 — 3aBUCHMOCTH YTIJIOBOI CKOPOCTH OT BPEMEHU

Pucynok 3.3 — 3aBUCHMOCTH yTJia OBOPOTa OT BPEMEHU

3peHKsT MOI'yT ObITh MHTEPECHbI PEXKUMbI C UCIOJb30BAHUEM JIPYIUX KPUTEPH-
€B KadeCTBa U OrpaHUYeHU.

3ameuanue 3.1. Vcxojis U3 Bujia MOJIYyIEHHONO I'papuKa 3aBHCHMOCTHU
YIJIOBOM CKOPOCTH OT BpeMeHH (CM. puc. 3.2), MOXKHO CJIeIaTh BBIBOJ O BO3-
MOXKHOCTH MPHUOJIMXKEHNsT TaKUX U APYTHX 0oJiee CJI0XKHBIX 3aBUCHMOCTEH 110
dbopmysie (2.1). Takum ob6pasom, BbibpaHHblil paHee clocod HPUBJIUKEHUsT yI-
JIOBBIX cKopocreit €); 1m. 2.1 MOXHO CYUTATh KOPPEKTHBIM K JIOIYCTHUMbIM B

MNPaKTNYI€CKOM CMbICJIE.
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3.3 YmnpaBieHue KBaJApPOKOIITEPOM

3.3.1 IIlraTubrii pexkuM ynpaBJieHUS

Paccmorpum cucremy (1.1) u BBesieM HOBble 0003HaUYeHUsT (HABOBBIX e

PEMEHHBIX:

)' =

y = (?/1, Y2, Y3, Y4, Ys, Y6, Y7, Y8, Y9, Y10, Y11, Y12

- (LE? Vl” Y, ‘/;ﬁ <y ‘/2’7 ©, Wy, 97 We, 11)7 wl]))T

Y

a Tak>Ke HOBoe 0DO3HAUYeHUe JIjisi BEKTOPa yIIPaBJICHUS:
T T
v = (1, v, v, va)" = (U, Us, Us, Un)” .
Torna cucrema (1.1) MOXKeT OBbITh IIpeacraBjieHa B CJIEYIOIEM BHUJE:

y=F(y,v). (3.7)

Tenepp paccmoTpuM  1POOJIEMY CTAOMJIM3AIMU  TOYKU PABHOBECHSI
(0, Yo, 20, o) cucrembr (1.1), Tae Bce BeJMUYMHBI MOCTOSIHHBL. DTa TOYKA

COOTBETCTBYET BEKTOPY
yo - (.I'(), 07 Yo, 07 20, 07 07 07 07 07 1~l)07 O)T

Bekrop y Moxker ObITh PACCMOTPEH B KauecTBe 1IPOIPAMMHOIO PEKUMa CHUC-
. 0
Tembl (3.7). Jlerko mpoBepuTh, 4TO MPOrpaMMHbIi pexxuM Y obecrednBaercs
ynpasienuem v0 = (UF, 0, 0, 0), U = myg.
[Ipemosioxkum, 4To y Tenepb sBJISETCs COCTOsiHUEM cucTeMbl (3.7) B
OKPECTHOCTH TOYKH paBHOBecus y°. [y TOro 4ToObI PEIUTb MpobieMy cTa-
GUIM3AIME TOYKH PaBHOBECHs y', HAIMIIEM CHCTEMY B OTKJIOHEHHSAX. B 3Toit

[NEJIbIO BBEAEM 3aMEHY IICPEMEHHDbIX:!

x=y—-y’, u=v-v' (3.8)

Torma cucrema (1.1) mmm (3.7) Moxker ObITH Hepermcana B Buje (3.9)
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p
1 = T,

T9 = (sin(x11 + o) sin z7+

+ cos(x11 + o) sin xg cos z7) (uy + UY),
T3 = T4,
iy = (— cos(z11 + o) sin x7+

+ sin(z1; + Po) sin xg cos x7) (ug + U7),

:.E5 = Zg,
\ - . (3.9)
Tg = cos xg cos x7(uy + Uy) — myg,
T7 = Ty,
) 1
Ty = I_[(Iyy — 1..)x10712 + JrpTio€d + usl,
Ty = T1p,
) 1
t19 = — (122 — Lpz)xs12 + Jrpassd + ug),
yy
T11 = T12,
) 1
T12 = —[(Im - ]yy)ﬂfsﬂflo + U4]7
\ ZZ2

UM, B BEKTOPHOI hopme:
x = G(x,u). (3.10)

Ouesniro, 1to no nocrpoennio G(0,0) = 0.

Hoist (3.10) mostyauM cucremy JIHHEHHON AlPOKCHMAITHAN:

x = Ax + Bu, (3.11)
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rJie

(010000 0 0 0 000)
000O0O0O0 mgsingy 0 mgcospyg 0 0 0
000100 0 0 0 000
000000 —mgcospy 0 mgsinipg 0 0 0
000001 0 0 0 000
A_| 000000 0 00 o000
000000 0 10 000
000000 0 0 0 000
000000 0 0 0 100
000000 0 0 0 000
000000 0 0 0 001
\ 000000 0 0 0 000/

[0 0 0 0 )

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

s |10 0 o0

0 0 0 0

0 1/L, 0 0

0 0 0 0

0 0 1/, 0

0 0 0 0

\0 0 0 1/L.)

[ajiee ocHOBHas mies 3aKJII0YaeTcd B IMPUMEHEHUN aJalTHBHOIO METO-
jia ['abacoBa Jyist perieHus 3a/a49u CTabuIn3aluy HyJI€BOIO PEIIeHUs] CUCTEMbI
(3.11) ¢ mocseyomuM HCIOJIBL30BAHUEM TOIO YKe CTabUIIN3UPYIOINIEro yipasJie-

uust B cucreme (3.10), a morom u B (3.7) ¢ yuerom 3amenbr (3.8).
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0_ TO4YKa, HaXO/AIadACA B OKPECTHOCTHU TOYKH PaBHOBECHA X — 0.

Heobxomumo nepemectuts cucremy (3.10) u3 x" B 0 3a orpaHmYeHHOE BpEMS.

Pacemorpum iBukenune Ha orpeske Bpement: [t,,t*]. [locraBum 1esbio ypas-

JIEHUsT MUHUMM3AIMIO PACXOojla TOIIMBa (IHeprun Oarapeii), . e.

t*
/QW+MHW¢W@ﬁ%mm
‘. u (3.12)

Li<u <L i=14.

Anzopumm. Beibepem nesoe anciao N > 0.

1-it ar.

2-i1 Hlar.

[TocTponM onTuMasbHOE yIpaBIEHHE JJisl JUHEAPU30BAHHON CHCTe-
Mbr (3.11) ¢ dysknunonasom (3.12) U ¢ IPAHUIHBIME YCJIOBHIMMA
x(t.) = x°, x(t*) = 0, ucuosnbsyst ajanrusnbiii Meros [abacosa.
Yipajienue OyjieM CTPOUTH B KJAcCe€ KYCOUYHO-TIOCTOSIHHBIX (DYHK-

Uit ¢ neprojioMm KBantoBanus h = (t* —t,)/N:

t et + (k—Dht,+kh], k=1N, i=T1A4.

Barem 3aMbikaeM cucremy (3.10) yrpasieHueM, moJyY4eHHbIM Ha [ep-

BoM mare u*l = (u11, o1, U31, Ug1), U MHTEIPUPYEM 3aMKHYTYIO

crcreMy Ha WHTepBaie [ty t, +h] ¢ nagaababv yeaosnem x(t,) = xV.
Unrerpasibhyto Kpusyio obosnadnm Kax x*(t). [Tyers z! = x*(t,+h).
Haiiiem onrtumasibHOe yrnpaBjieHne Jijisi JIHHeAPU30BAHHO| CHCTEMbI

. C TPAHUYHBIMU YCJIOBUAMU X(t,+Nn) =z, X(1") = 0 B Kj1acce
3.11 h 1 ¥ 0

KYCOYHO-IIOCTOSHHBIX (DYHKIUI C 11ePUOJIOM JIUCKpeTu3auu h:

ui(t) = ui(ts + (K — 1)h) = ug,

telti+ (k—1ht.+kh], E=2N, i=14.
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Barem 3ambikaem cucremy (3.10) yupas/ieHuem, 10J1y YeHHbIM Ha BTO-
pom mare U = (u1g, U2, U3, Us2), U MHTEIPUDYEM BAMKHYTYIO
cucremy Ha uHTepBaJe [t, + hit, + 2h] ¢ HaYAJbHBIM yCIOBUEM
x(t. + h) = z!. Tyers 22 = x(t, + 2h). Janee nepeitjiem K cie-

JIYIOIIEMYy Iary, aHaJJOTHYHOMY BTOPOMY.

N-it IlTar. Haiisem ontumanbhoe ynpasienne u*™ u dynknmio x*(t) Ha
natepBase [t, + (N — 1)ht*]. DT1oT mar sBagercs OKOHYa-
TEJILHBIM, [OTOMY 4YTO ONTHMajbHOe ylpabienue u* = u*”,

t €[ty + (k—1)h, t, +kh), k = 1,N nocrpoeno.

B kauecrse npumepa paccMOTPUM 33J1a1y CO CJIEIYIONIMI apaMeTPaMu:
m=1xkr, [ =0,6wm,b=265-10"°H-wmc? d=0,6-10"°Hwc? [, = I, =
I.. = 0,1 Hmc?, Jpp = 0,005 H-mc?, ckopocrs mpomesiepa 5000 06. /c.

[IycTn

x’ = (0.01,0,0,0,0,0,0.0001,0,0,0,0,0)7,
Po=0, t,=0, t*=10, N = 20.

AJiropuTM™, ONKMCAHHBINA B IPEJbLIYIIEM pasjelie, ObLl Peaju30BaH B Cpe-

ne Matlab. Pesysbrarer MojennpoBatust nipuBejienbl Ha rpadgukax (puc. 3.4,

3.5, 3.6).

0.006 - ) SF i ek ) _ -
0008 g 25 2 y 5

Pucynok 3.4 — ®azoBoe npocTpaHcTBo (T,Y,2)

Taknm oOpazom, MoydaeM YCHenTHoe perleHne 3a/1a9u yIpaBIeHus: mepe-

BOJI allllapaTa U3 OJ[HON TOUKY B IpyTyio (cM. puc. 3.4). Meros ['abacoBa moxkeT
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R 2 4 6 8 10
t
Pucynok 3.5 — 3aBucumocthb (Has3s0BbIX KOOPAUHAT OT BPEMEHH
,x10”
1+ |
u(t)
5 o=
u,(t)
AL |
uy(t)
s, \ I I \
0 2 4 6 8 10

t

Pucynok 3.6 — 3aBrcrMOCTb BEKTOPaA, YIIPABJICHUsI OT BPEMEHU

OBITH MPUMEHEH JIJIs pEIIeHUsT 38191 ONTHMAaJIBHOTO YITPABJICHU KBAPOKOIITe-
POM B peKHMMe peaJbHOI'0 BPEMEHU, IyTEeM MOCTPOCHUS 3aMbIKAHUN MCXOIHO
cucreMbl. Bujt 1oy yaemMoro yrpasiieHust — KyCOUHO-10CTOsiHHbIe DyHKIMU (CM.

puc. 3.6).

3.3.2 ABapuiiHblii pexXKuM ynpaBJIEHUS

ObpaTnMcest K MaTeMaTHdecKOil MOJE/W YIPaBJIEeHUsT KBaJIPOKOITEPOM
(1.1), koropast He TojpazyMeBaeT 0653aTEIBHO HCTOIB30BATH CHTHAJIBI OT CITyT-
HUKOBBIX HABUTATIMOHHBIX CUCTEM, a TAKXKE HEKOTODPBIX JIPYTUX JATIUKOB |4;66].

Kaxk npaBujio, 3T MOJIEJIN UMEIOT JIOCTATOUYHO ODIIUil XapaKTep U Ha PeaJibHbIX
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armaparax B MOJIHOH Mepe He MCIOJb3YIOTCsI, HO MOTYT OKa3aThCsd BEChMa 0~
JIE3HBI B aBApUUHBIX PEKUMAaX.

JlJish TOHUMAaHUs MecTa PacueToB IO MATEMATHIECKO! MOJIC/IT B CUCTEME
yIpaBJIeHUs, PACCMOTPUM POJIb PA3TUIHBIX IJEMEHTOB CUCTEMbl yIIPABICHUS
alapaToM IIPU ero aBTOHOMHOM yipayiennn. Ha coBpemeHHbIe KBaJIPOKOIITE-
Pbl MOT'YT YCTAHABJIMBATHCS CJIEYIONIUE JATIUKU (CEHCOPDI):

1. Iudposoit 6apomerp (Tpedyer KaJnOPOBKU MEPE BHIIETOM );

2. TpexoceBoit TUpoOCKOII;

3. Tpexocesoit akcesepoMmeTp;

4. DJIEKTPOHHBI KOMIAC (MATHUTOMED) PA3IUIHBIX MOIUbUKAIT (Tpe-

Oyer KaJMOPOBKHU 1IEPE/] BHLIETOM );
5. Annaparypa cunyraukoBoro nosunmonnposanust (GPS, TJIOHACC,
Beiinoy);

6. JlazepHble U3MEPUTENN PACCTOSTHUST (PEJIKO).

Paccmorpum JiBa ciiydasi pabOThI anmapara B BO3JyXe.

IlepBoiii cay4qaii. IlosieT ipu HemmocpeaCTBEHHOM YYaCTUM OIle-
paTopa B ympaBJIEHWH amnmapaTroM. B sTtom ciydae 3ajada yrnpaBJeHUst
JIBV2KEeHNEM (DaKTUIECKU CBOJAMTCS K CTAOMJIM3AIMKU alliapaTa B IPOCTPAHCTBE
¥ TPAHCJISIINK CUTHAJIOB YIIPABJICHUsT K MCIIOJHUTEIbHBIM MEXaHU3MaM (CHCTe-
Me yrpapjienusi 1 HabopTHOMY obopyoBanuio). V3sectro, 4ro st perenust
3aJ1a9M CTAOUIN3allN KBaIPOKOITepa OOPTOBOW yIPABJIAIONIEH CHCTEME alllla-
para JIOCTATOYHO JIAHHBIX BCETO C JBYX JIATUYMKOB: 2 W 3 U3 INPUBEJEHHOTO
CITUCKa. YCTaHOBKA JATYMKOB 1 U 4 TOBBIMNAET HAJIEKHOCTH CTAOMIM3AIUN, HO
He obsizaresibHa. C yderom TOro, 9to 06a 9TuX JaTduka TpedyloT KaJarnOpoBKU
nepeJi KaxK/[pIM 3alyCcKoM (MarHUTHOE 10Jie 3eMJIM, PaBHO Kak u arMocdep-
HOE JIABJICHUE BEJMYMHbI JMHAMUYECKHE), 4acTo cucreMbl yipasienust BILTA
HACTPOEHBI TaK, 9TO OOpAIAiOTCsS K JTaHHBIM C 9TUX JATIUKOB, TOJHBKO €CJIH
He TIOCTYIAIOT CUTHAJBI OT JATIUKOB O U 6. Pabora cucrteMbl MO3UITMOHUPOBA-
HUS D B TAKOM peKuMe He obsg3aTesbHa, T.K. ONEePaToOp MMEET BO3MOYKHOCTH

BU3YaJIbHOT'O KOHTPOJIA IIOJIO2KEHM A allllapaTa. O,ILH&KO IIpnu yCJIOBUHU IIITATHOM
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paboOThI CHCTEMBI H PE3KO IOBBIMIAETCsT KOMGOPTHOCTL PAbOTHI onepaTopa. Arl-
mapar MOXKeT CaMOCTOSITEIbHO KOMIIEHCUPOBATDH BJIMSHHUE BeTpa, 00Jiee TOUHO
«3aBUCaTbh» B HEOOX0UMOi Touke. Jarunk 6 ucrosib3yercs ToJIbKO Ha OTHOCH-
TesbHo Hebosbmux (j1o 100 M) paccrostHusiX Jiist TPOBEJICHHs BHICOKOTOYHBIX
N3MEepeHunit (HaHpI/IMep, M3MEPEeHN BBICOTHI MM U3MEPEHUl TOYHOIO PaCCTOsI-
anst o1 obbekTta 10 BITJIA nan or obbekTa 710 oobekTa). Takum obpasom, mpu
HAJIMINK BU3YaJbHOIO KOHTPOJis 3a padboroit BITJIA co croponsr omeparopa n
HCIIPABHO pabOTAIOIIEro KaHaJja CBA3M, UMEEeM CUTYAIUIo, KOIJa JIJisi PabOThI
BILJIA gocraTouno Bcero JABYX JaTUYMKOB: 2 1 3.

Bropoii ciayuaii. ABToOHOMHBII moJieT ammaparta. B cuiy ykasan-
HbIX BbIllle IPUUKH, «pyuHoes ynpasjienue BILITA ne scerja BosmoxHo [62].

B ciiyuae aBTOHOMHOTO TIOJIeTa, JlayKe MPU YCJIOBUU BEPHON KaJIMOPOBKHU
JIATYMKOB 1 1 4, 1oJjieT KBaApoKoITepa BO3MOXKEH TOJILKO IIPU MITATHON padbore
cucreMbl 5. CylecTBEHHO BayKHBIMH SIBJISIOTCS JIaHHBIE JIaTUMKa 1. OHM He3a-
MEHHUMBI JIJIsT BEpHOI OPUEHTAIMH alllapaTa B IIPOCTPAHCTBE TMPU OCTAHOBKAX
U MaJiblX CKOpPOCTsX JiBukeHusi. Jarunk 4 ucioJib3yercss B KauecTBe BCIOMO-
raTeJibHOT'O OIPEJIEJIUTEN IS BLICOTHI, OCHOBHBIM UCTOYHUKOM JIAHHBIX 110 BHICOTE
ocraercst cucTeMa ciyTHUKOBOH Hasuranuu (5). Jarauk 6, Kak mpaBuiio, BKJIIO-
yaeTcd B paboTy OJHUM M3 Hocje Hux. B cuny OsmKHero pajuyca JeiicTBus
OH IIOMOraeT n30exKaTh CTOJKHOBeHHU:dA. [loTeps curnaja or ClyTHUKOB (DAKTH-
yeckn «ocyenuT» apronomubii BITJIA. B sTtom ciydae Oymer HEBO3MOXKHO He
TOJIBKO BBITTOJTHUTH TOJETHOE 3aJaHue, HO U aBTOMATHIECKN BO3BPATUTLCA HA,
104Ky crapra. [lltaTHbiMu ajropurMaMu CyIecTBYIONUX KOHTPOJJIEPOB yIIpaB-
aernst BILJTA sror ciyvait nojpasymeBaer ciejytoriee nosejenue [70;77]: 1)
Henojpu:kHoe «3aBucanue» B TOUYKE MOTEPU CUTHAJA JIO MOMEHTa €ro BOCCTa-
HOBJICHUs; 2) ABapuiiHas mocajika MpH KPUTHIECKOM YPOBHE 3apsija barapeit
U 3amaca TOILINBA.

[Ipenno:kuM HECKOJIBLKO IMOJXOJ0B K PEIICHUI0 3aJIadi YIIPABICHUA: UC-
110JIb30BAHKUE MaTeMaTUIeCKON MOJIeJIU KBaIPOKOIITEPA, JIJIsi HEIIOCPEJICTBEHHOI'O

yiuupaBJjgeHnnsd HUCIIOJIHUTEJIbHBIMU MEXaHU3MaMHW B O6XOI]; HEUCIIPpAaBHbLIX JaT4YH-
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KOB U 3aMeHa CHI'HaJIa OT HepabOTaloNIero JAaTINKa JAHHBIMU, MOJIYIeHHBIMU
B pe3ysibTaTe o0pabOTKM JAHHBIX C JPYTIUX JATIYNKOB. BO3MOXKEH TaKxKe U CHu-
HEPreTUuYeCKUn MOJIXO/L.

Maremaruueckoe mojesnposanue B cpege MATLAB nokaszasio, aro cucre-
Ma (1.1) MoxeT IpuMeHsAThCs JIJIst 3aJiadun crabuiausanun nosera [52], a rakxke
JUIsl 3aJ1a9¥ TI€PEBOJIa allliapaTa B 3aJJaHHYI0 TOUKY.

[IpuBenem pe3ynbTaThl MOJIETUPOBAHNS BO3MOXKHONM CUTYAITUN C BHIBOJIOM
KBaJIPOKOMTEpa U3 aBapuitHoil curyanuu (Touka morepu cssu (10,5,15)) wHa
Touky crapra (touka (0,0,0)). B mpojomkenue panee MpoOBEJIEHHBIX HCCIET0-
BaHuil 3aja1a ObLia pelleHa ajalTuBHbIM MeTojoM [52; 56; 60] ¢ kpurepuem
kadecTBa (3.12). Biiok-cxema nporpammbl npusejiera B [Tpusoxkennn A.

Bribop kpuTepusi KadyecTBa, TaKOTO BHUJIa OObSICHSETCS TEM, UYTO TPHU
1oca/JIKe almapara B HeOJIaronpusATHBIX YCJIOBUSX CJIeJlyeT MUHUMU3UPOBATDH UH-
TerpaJjibHble BeJIMUNHDBI BCEX YIIPABJISIONINX CUIHAJIOB, TAKIM 00Pa30M MOy dast
MaKCUMAaJIbHYIO0 SKOHOMUIO TOILJIUBA, WU 3apsija Oarapeil Ha ciydail BO3MOXK-
HOI'0 BOCCTAQHOBJICHUSI CBSA3U.

Ha puc. 3.7 upejicrapjieHa TpaeKTOpUs JIBUXKEHUs alliapara, Ha PHUC.
3.8 TmpuBeEJIEHBI MOCTPOEHHBIE CUT'HAJIBI ONTUMAJILHOTO yipaBjeHus. [lis pac-
yeTa MCIOJIb30BaJUCh cjejytonme napamerpel: m = 1 kr, [ = 0,6m, b =
26,5 - 10°°H-¢?>, d = 0,6 - 10°° Hwme?, I, = I, = L. = 0,1 Hwmc?
Jrp = 0,005 H-mc?, ckopocth Bpamenus npomnemiepos — 5000 06. /c.

By MOCTPOEHHBIX YIPABJSIONIUX CUTHAJIOB (KYCOTHO-HETPEPBIBHBIE
dbyukium) odbycsosien BoibopoM Meroja [60;99] u Kpurepus KadecTsa.

Pe3synbraTr momenanpoBaHus. AJaroputM MeToa BhIOpaJ CJIeLyIONLYTO
cTpaTeruio yrpapieHus. B BepxHeil TouKe anmnapar HauMHAET KOHTPOJUPYEMO
cHmxkarThed. Yupasaeaus Us, Us KpaTKOBpeMEHHO BKJIIOUAIOTCS JIJI CJBUIA, all-
napaTa B HaIIpaBJIEHHHU TOUKH ocaJKh. lajee anmapar cHUXKaeTCs B 3aJJaHHOM
HaIIpaBJICHUN O/, JEHCTBUEM CHJIbI TSI>KECTH BILIOTH JI0 MOMEHTa CJIEIYIOIIETO
BKJIFOYeHUst yipasienust Uy (Touka t = 7 c): HabpaHHasi allliapaToM BepTH-

KaJIbHadA CKOPOCTDL <«T'aCUTCA» IIE€pel] HOCH,,ZLKOfI.
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Pucynok 3.7 — Ilepemernenne KBaJJpoKOITEpPa

Pucynok 3.8 — OnrumaJjbHbie yIIPAB/ISIONINE CUTHAJIBI

Perenne mo3BosisieT MpakTHYECKN OTKAa3aThCsd OT WCIOJh30BAHWS KaHa-
Ja yrupasyenus Uy, a TakKe MUHUMU3UPOBATH yIpaBJeHWE Ha MPOMEXKYTKE
3 <t <7 c. HazoBeM 3TOT MPOMENKYTOK <«IPOMEKYTKOM TaICHUST».

Sameuanue 3.2. Ha peasbnoMm anmapate yriaoBble ckopoctnu ), ¢ = 1.4
He OyJIyT PaBHBI HYJIIO JIayKe Ha ITPOMEXKYTKE MaJeHNs, TaK KaK B 3aBUCUMOCTHU
OT BHEINIHWX BO3MYIIEHWH Beerga OyyT BbIYUCISATHCS HEOOXOINMbIe CTabWUJIN-
supytone nobaskn Q7P o bopmyne (1.6). Tomydenne orpunarensubix Uy
00BACHACTCA OCODEHHOCTBIO METOJA U €r0 peau3anuy (JTuHeapu3anus u Jp.).
[Tpu BHEIpEHNY Ha, peabHbII anmapaT HeoOXOUMO UCTIOJIB30BATH aOCOTIOTHYTO

BeJIMUMHY CHUTHaJa yrpasierus [56;60;99; 100].
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Takum obpazom, MOXKeT OBITb JOCTUIHYT IOJIOXKUTENbHBINA 3(DPEKT OoT
BHEJIDEHUsI TIPOIENYypPLl pacdeTa JBMKEHMs allapaTra II0 MaTeMaTHIeCKOi
MOJIEJIM ¢ MCIOJIB30BAHUEM KpuTepusi Kadecrsa. [Ipu 3apanee u3BeCTHBIX KOH-
TPOJIBHBIX TOYKAX MOXKHO CTPOUTH ONTUMAJbHYIO CTPATErWIO YIIPABICHUS HA,
BECh MapIIPYT JBUXKEHHUs, 9TO O0COOEHHO BajrKHO B aBaApUIHBIX PEXKUMaX pPa-

DOTHI.

3.3.3 IllomMmeHa BHeEIIHEr0 HABUTAIIMOHHOI'O CUTHAJIa PacdYeTHBIMU

JAHHBIMU U JAHHBIMA MHEPINAJIbHOI HABUTAIINN

Yceranosiennoiit ma BILJIA mabop maTumkoB, M3MEpPSIONUX YHCTO T'pa-
BUTAI[MOHHBIE XaPAKTEPUCTUKY (& 3HAUUT, MEHee MOJIBEPKEHHBIX BJIUSHUIO
9JIEKTPOMATHUTHOIO M3J1ydeHusi) jocrarodno obmmpen. Ha Gopry ecth usme-
puTesn yckopenuit (3) u uamepuresu yrios (2), cormacto crucky 1. 3.3.2. Kak
OBLIIO TIOKA3aHO BhIIE, paccMaTpruBaeMas 3a 1ada ynpasiennst BILITA ssistercst
aBapUITHOM’, T. €. BOSHUKAET I10CJIe IITATHOI'O CTapTa, HEIIOCPEJICTBEHHO B II0JIETe
alnmnapara. Bynem cuurTarh, 9TO, KAK MHHUMYM, B paMKaX IHPOIEIypPbI IITAT-
HOTO CTapTa MPOMCXOJUT 3aXBaT KOOPAUHAT TOUKH CTAPTA C UCIOJIHL30BAHHEM
CILyTHUKOBBIX cucreM Hasuranuu (5). VIMEHHO Takoil peKuM PEeKOMEHJLyercs
BEJLy MU TTPOM3BONTENSIMI TIOJIETHBIX KOHTpoJiepoB. Ciydaii, Korja pabo-
Ta CHUCTEM CITyTHHKOBOrO nozuinmonnposanust BILIA napyiena uepe3 kakoe-To
BpEMsI II0CJI€ CTAapPTa, sIBJISETCS aHAJOIMYHBIM C TOUKHU PEHUs JaJbHEHIINX I10-
CTPOECHUIA.

OnumreM CUTyalnio, KOTjia U3BECTHBI OTHOCUTEIHHO TOYHbBIE KOOPIUHATHI

alapara o, Yo, 2o BILIOTb JO Bpemenu ty. Paccmorpum Bpemsi t:
o <t <ty,

rjie tp — KPUTUYECKOe BPeMsl, 110Ji KOTOPbIM MOHUMAETCs paCHeTHbIE MOMEHT
M3PACXOJIOBaHUS TOILJIMBA WJIU 3apsijia Oarapeil. B 910 Bpems cBejieHusi O KO-
OpJMHATaX allllapaTa OT CIIyTHUKOBBIX CUCTEM HAaBUTAllUU YZKe He IMOCTYIAIOT,

OJIHAKO IHO-IIpesKHeMy u3BecTHbl Besmuunbl V., Vi, V., 0, @, P, wg, wy,. Oun
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MOTYT OBITH TOJIyUEHBI MyTeM 0OpabOTKM CHUTHAJIOB C THPOCKOIOB U aKceJie-
POMETPOB, T.€. W3BECTEH BeCh HEOOXOIMMBIN HaOOp WMCXOMHBIX JAHHBIX JIJIs1
pacuera KOOPJMHAT alapara rmyreM ux uHTerpupoBanus. QakTudeckn pedb
uJeT 0 Cco3JaHnKu HaOOPTHON MHepluasbHO# Hasuraiuonuoil cucrembr (MHC,
IMU) [101; 102].

[IpuBeieM oCHOBHBIE PE3YJIBTATHI JIJIsT TTOCTPOEHWST TAKON CHCTEMBI.

NHC mopenupytoT ypaBHeHUs JIBUKEHU 00BEKTa, KOTOPBIMU SBJISIOTCS
ypaBHeHuss HbIOTOHA JIJI JIBUXKEHUsI MaTepPUAJbHOW TOUYKHM B MHEPIUATLHOM

cucreme koopaunat [101; 102]
i =g+p, (3.13)

rJIe T — PajuyCc-BEKTOpP TOYKU B HHEPIUAJILHON CUCTEME OTCUeTa, & — BEKTOP I'pa-
BUTAIIMOHHOIO YCKOPEHHS B MECTE TIOJIOXKEHUST TOUKHU, SABJISIONMAc QyHKIITei
noJiozkeHnst 00bekTa (1. e. umeeM g(r)), U P — BEKTOP YCKOPEHHUst OT JieiCTBYsI
BHEIIHMUX CHJI, T. €. BEKTOP KaxKyIlerocs yckopenus. Hapuranmonnnie Koopiu-

HATBI MOJYYAIOTCA JIBYKPATHBIM WHTEIPUPOBAHUEM YPaBHEHUI

t t

r = /(g—l—p)dT, r=rp -I—/f‘d’t. (3.14)
to to

AJIrOpUTM HMHTErPUPOBAHKMS BMeCTe ¢ (PYHKIMOHAJBHON 3aBUCHMOCTHIO
g(r) ecthb ncxojHas uHMOPMaIUs; P — MepBUTHAsT WHMOPMAIUS, U3MEpsieMast
JlaTIUKAMU; HadaJbHbIE 3HAUEHKUSI BEKTOPA I'g U ero IMPOU3BOJHON Tg, HEOOXO-
JIIMbIE IIpY MHTEIPUPOBAHUM, €CTh HadajbHas uHopmalus. OUeBUIHO, UTO
NHEPIUAILHON TePBUYHON MHQMOPMAIIMN B MPUHINIE JTOCTATOYHO JIJIsSI pele-
HIsT HABUTAIIMOHHON 3aJIatu.

Peasinzanust pernenust Hapurannonnoit 3ajgaan 8 MHC cBszana ¢ onepaiiu-
sIMU He HaJi BeKTOpHbIMHU (3.14), a Haji CKaJISIpDHBIMU BEJIMYUHAME, KOTOPbIMH
SIBJISIIOTCSI TEKYIIMe 3HAUYEeHUsI NepBUIHOi mHdopMmaruu. EcrectBeHno, 4ro u
HaBUTAIMOHHBIE AJITOPUTMBbI, PeaJii3yeMble B IIOJIETHOM KOHTPOJLIEpEe, TaKXKe

CyTb CKaJIsIpHbIE OII€Palluu. B cBasu ¢ stum JJIA p33pa6OTKI/I HaBUT'allUOHHOI'O
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AJITOPUTMa HEOOXOJIMMO BBITIOJTHUTH 3aMEHY MCXOJIHBIX YPAaBHEHUI WHEPINah-
roit napurain (3.14) u (3.13) Ha cucTeMy CKaJdsgpHBIX ypaBHeHHWid. [Ipu srom
CYIIECTBEHHYIO POJIb UI'PAET BUJI HEPBUIHON MHGOPMAIUKM, KOTOPbIH 3aBUCHT
OT TTOJIOYKEeHWsT DA30BOI0 TPEXI'PAHHNUKA OCEH 1yBCTBUTEIBHOCTH HWHEPITHAJHHBIX
naraukos [19].

Kaxk nipasniio, ycranosiennubie Ha BILJIA gaTankm mMeior MUHIMAILHDBI
pasmep (eJIMHUIBI MM) M YKECTKO CBSI3aHBI ¢ KOPIIyCOM allllapaTa, T.e. pedb
UJeT O co3anuu decriaTOpMEHHON NHEPIUAILHON HABUTAIIMOHHONR CHCTEMbI
(BUHC) [72]|. Curnan ¢ Taknx JaTINKOB TOABEPIKEH BINSHUIO TTOMEX, HMEET B
CBOEM cocTaBe «IyMy. [jisi MUHUMU3aIMN BJIVSTHAS [TOMEX el MHTErPUPOBa-
HUEM K CUTHAJIY C JATIUKOB MPUMEHSIOTCs CleliaJibHble (DUIBTPHI, HAIIPUMED,
dunwrp Kasmana win ajibda-6era-puiabrp.

TakuMm obpazoM, pejiaraeMas K BHEJPEHUIO CUCTEMa, [TOJIMEHbI CUTHAJIA,

paboTaeT 1Mo MpejicTaBiIeHHOMY Ha (puc. 3.9) aaropurmy.

B/NOK ®U/IbTPOB

(nobasnaetca s MO

h 4

T’MPOCKOMbI

NoNETHOMO KOHTPOANEPa)

AKCENEPOMETPbI

«YUCTbIA» cUrHan:

KOMMNAC
MNokazaHWA 0aTYMKOB, yenesl,

BR/IOYAA OLIMBKU M «ILyM» yanossie ckapocmu,

ablcoma

WU3MEPUTEND
PACCTOAHWA

ENOK UHTETPUPOBAHUA

(no6GaenaeTca 8 MO NONETHOrO KOHTPOAAEPA)

!

BNOK U3MEPEHMA HABUITAUMOHHBLIE JAHHbIE
(cywecTeytowymii) KOOP/AMHATLI, CKOPOCTH, HanNpaB/eHUe ABUHEHWA

L, W S W S

|
{
|
[ BAPOMETP
|

Pucynok 3.9 — [lpunnunuanbaasg cxeMa CHCTEMbI ITOJMEHBI CUTHAJIA

[Tosryuenne nonnonennoit MHC wa anmapare nckiodaer HeoOXOAMMOCTD
MCTTOJIb30BAHWS CITyTHUKOBBIX HABUTAIIMOHHBIX cucTeM, T.e. (pakTudeckn MHC

IIOJIHOCTBIO 3aMeHAeT NaTYNK D.
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JlaHubIit Toaxo1 TpedyeT JaabHERINero NceaeIoBaHus Ha peaJbHOM alliia-
parte. KitoueBbIiMu pakTOpaMu JI/IsT BOSMOXKHOCTH PEAJUIAIUN CXeMbl MO/ IMEHbI
curnasia (Buejpenunss UHC) spisiiorest:
— XapakTep 3allyMJECHHOCTU EPBUYHBIX JIAHHBIX JIJIsi PA3HBIX TUIIOB JIAT-
YUKOB B Pa3JINYHBIX PEXKUMAaX T0JIeTa;

— BO3MOXXHOCTH TIOJIETHOTO KOHTPOJLIEPa, 110 00pabOoTKe MOJyUeHHBIX JlaH-
HBIX B PEXKUME PeaJbHOTO BPpEMEHH;

— CKOpPOCTh HapacTaHWs OIMMOKM HABUTAIIMOHHBLIX JIAHHBIX C TEUCHHEM
BPEMEHH.

B MoMeHT 1oTepu curiaJjia or CllyTHUKOBbIX CUCTEM HaBUI'AlMU 110J[X0/1 K
PEIIeHUIO 3aJla9u aBapUitHOrO yIpaBJeHus KBaJPOKOITEPOM MOXKET ObITh OCY-
IIIECTBJICH yTEeM IMEePEeKJI0UCHUsI KaHaJa TOJYUeHUsT HABUTAIMOHHBIX JTAHHBIX
Ha CKaJISIPHBIC COCTABJISIONIHUE (T,Y,2) BEKTOpa I', BBIYUCJICHHBIE 1O (HOpMyIie
(3.9).

CreslyeT OTMETHTH, UTO B HAYJHOH JIMTepaType MO JIaHHOW# Teme Jubho
paccMaTpuBalOTCsd UCKJIOUYUTE/ILHO MOJIE/IbHbIE 3a/ladid ¢ HPUMEHEHUEM pas-
JIMYHBIX MATEMaTUUECKUX MeTOJI0B [67;72;99], 1ubo onuchiBaeTCst 110,1X0/1, P
KOTOPOM BOBHUKAOIIUE TTPOOJIEMbI PEIAIOTC MTyTEeM YCTAHOBKU JIOTOJHUTE b
HBIX YCTPOMCTB 1 JATIYUKOB. [Ipw 3TOM BO BTOpOM cityuae cjiabo UCIOJIb3YIOTCs
HapabOTKN W PE3yJbTaThl MaTeMaTHIeCKOrO MOJIEUPOBAHUA, YUUTHIBAIOIINE
cuenuuky Kaxgoro u3 tunos BILJIA.

CuHepreTnieckuit moxo/l K PerneHnio 3aJladd aBapuitHOTO YIIPABJICHUS
KBa/I[POKOIITEPOM 1IPpU aBapuK IE€PBOIO THUIA MOXKET ObITh OCYIIECTBJIEH CJie-
ayiomumM obpasoM. C oxpnoit croponbl mspectno, uro MHC komwut ormmbky
co Bpemerem. C Jpyroif CTOPOHBI, pacder yIPaBIAIOINNX CUTHAJOB IO aJi-
ropuTMy 1. 3.3.2, npejicrapisieTr cobOil ¢ BBICOKOW TOYHOCTBIO IOCTPOEHHBII
AJITOPUTM yTpaBJIeHUsT (METOAUIECKAs TIOTPEITHOCTD ¥ OMUOKN OKPYTJICHWs B
JTAHHOM KOHTEKCTe TpeHeOpe:kuMo MaJbl). KoHeuHo, mpegBapuTesibHO HEeob-
XOJIUMO TOYHO 110/100parh napamerpbl cucrembl (1.1). Takum obpaszowm, jiis

IIpOBEJACHU A aBapI/IﬁHOﬁ MOCa /KN BOSMO2KHO UCIIOJIb30BaTh HABUT'allMOHHBIC JTaH-
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ubie MHC u paccanThiBaTh yrnpapJsioniue CUIHAJIbBI 110 «HJI€AJIbHOWY MOJIEn
(1.1). IlpenBapuresbro, jijisd KaxKJI0# KOHKPETHONH MOJIEJIN allapaTta MOXKHO
OINBITHBIM TyTEM YCTAHOBUTH, ¢ Kakoro momenTa Bpemenu ormmbka NHC mpe-
BBIIIAET OIpeJIeJICHHBIN mopor u nocajka 1o ganabiM MHC meBoszmoxkna. B
9TOT MOMEHT HeoOXonuMo cKoppekTuposaTh janubie MHC panabiMu, paccun-
TarHbIME 10 Moziesn (1.1). Takas KOpPEKTUPOBKA 3aMEHUT TPATUITHOHHBIE TSI
NHC crnocobbl KOpPEKTUPOBKH IO CIYTHUKOBBIM HABHUTAITMOHHBIM CHCTEMAM
WM CHCTeMaM aHa/m3a nojcruiaroieil nosepxuocru [15]. Bosmoxkuas obsactsb
MPUMEHUMOCTHU TAKOI'0 IM0/IX0Jia 3aBUCUT OT JIBYX KJIFOUEBBIX (PAKTOPOB: TOU-
HOCTH TrapaMeTpoB cucreMbl (1.1) ¥ KadecTBa yCTaBIEHHBIX HA KBaJPOKOITED
I'MPOCKOIIOB U aKcejiepoMeTpoB. [leTajibHOe n3yUueHne 9Toro BOIpoca BO3MOXKHO
TOJIBKO Ha peaJibHOM allllapaTe.

3amMeTnM, UTO OTKPBITHIX JaHHBIX 1o padbore MHC ma KBajpokomTe-
pax MaJjio. B 4acTHbIX POEKTax W UCCJEeJOBaHUAX 110 JAHHONU TeMaTuKe, Kak
IPABUJIO, IIPUMEHSIIOTCs roToBbIe perenus B obsiactu MHC [19]. TIpu sTom rex-
HUYECKHE XapaKTEPUCTUKHU JIOTIOJIHUTEIHbHO YCTaHABJIMBAEMbIX JJATYUKOB PEIKO
3HAYUTEJHLHO OTJIHIATC oT yxke umetormuxcs Ha BIIJIA B coctaBe cucrembr
cTaOUJIN3alIuu, T. €. UX BHEJpeHue HepalmoHaJbHO. KpoMe Toro, roroBble HaBuU-
raljioHHbIe OJIOKM, KaK IIPABHUJIO, HE MO3BOJIAIOT TOHKO YIPAaBJATH IIPOIECCOM
Hapuranuu, ubo ux IO 3akpbiro. Takum 06paszsoM, KCKIIOIAETCS BOZMOXKHOCTH
peain3anuy CHHEPTeTUIECKOTO TTO/X0/1a K YIIPABJICHHUIO allapaToM. JTOT M0/I-

X0/l TaK2>Ke Tpe6yeT JAOIIOJIHUTEJIbHOI'O U3y4Y€HHUA Ha PEaJIbHOM allllapaTe.

3.4 BriBoasbl 1o riiase 3

1. Meroy I'abacoBa mMoxKeT ObITH HPUMEHEH JJIsl PEIeHns 3aa4ni OITH-
MaJIbHOI'O yIpaBJIeHUsT KBAJIPOKOITEPOM B PEXKMME PEasibHOI'O BpeMe-
nn. [lomydennoe B m. 3.3.1 smmeiinoe mpubsmkenue cucrembr (1.1)
MOKeT OBITh MCIOJb30BAHO JIJIsI PEIIeHHs 3a/la9i YIIPABICHUs [IyTeM

MMOCTPOEHUA 3aMbIKAHUN UCXOJTHOW CUCTEMBI;
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2. Co3manHoe Ha OCHOBe ajanTuBHOro Meroja labacosa IIO g pe-
IIeHUsT 3aJ1a9¥ aBTOHOMHOI'O YIIPaBJEHUsI KBaJIPOKOITEPOM MOXKET
ObITH MCIIOJIB30BAHO JIJIsi MOCTPOEHUSI CTPATEIrUU YIIPABICHUST U3 TOY-
kKu B TOYKy. IIpoBejieHo MaremaTnyeckoe MOJIEJMPOBAHKUE IPOIECCa
aBapUilHON OCAJIKY alapara ¢ UCIOJb30BaHNEM KOHKPETHOIO KPUTE-
pust KadecTBa. Bui mosiygaemMoro ympaBiienns — KyCOTHO-TIOCTOSTHHBIE
dbyukiun. AganTupoBaHHOE IS UCIOJHEHHs] B IIOJETHOM KOHTPOJI-
nepe, 3to [IO moxer craTh 4YacTbiO IPOOJEMHO-OPUEHTUPOBAHHOM
CUCTEMbl YIIPaBJEHUsI OTKA30yCTOWIMBON KOH(MUTYypAIUU KBaJIPOKO-
nrepa;

3. OJIHOBpEMEHHO € 9TWM YCIENTHO PEeNraeTcs 3a/a49a ONTUMU3AIUN: M-
HUMUBAINWNA PACXOJa SHEPTUH DaTtapeil Wjiu TOMJINBA, ITO KPUTUIECKN
Ba>KHO B aBapUUHBIX peKUMaX (PDYHKIMOHUPOBAHUSI;

4. B 3aBucuMocTu OT pelraemMoii 3a/1aun KpUTepuil KauecTBa MOYXKET OBbITh
n3MeHeH. Bo3aMOXKHO TIOCTpOeHKEe CTpaTernii yipapaeHusl ¢ MUHIMU3a-
Uil paccTOsiHUSI, BPEMEHHU 1 JIIOOBIX JIPYTHUX AaPaMETPOB JIBUYKCHUST;

5. Ilpu 3apanee M3BECTHBIX KOHTPOJHHBIX TOYKAX MOXKHO CTPOUTH OII-
TUMAaJbHYIO CTPATErnio YIPaBJIEHUs HA BECh MapIIPYT JIBUXKEHUs,
YTO OCOOEHHO Ba)XHO B aBapUiHBIX pekumax paborbl. IlosydenHas
CTpaTerusi ylpapJIeHHsI COBMECTHO ¢ jobaBjeHHoi nporpammuo MHC
(6e3 JMOMOTHATETBHBIX AMMAapaTHBIX MOAUQUKAIUI anmapara) MOXKET
OBITH UCIIOJIBL30BAHA, JIJIs1 YIIPABJICHUS alllapaToM IIPK IOTepe CUT'HAJIOB
BHEIIHUX HABUIAIMOHHBIX CHCTEM;

6. Meros T'abacosa mn IIO Ha ero ocHoBe MOryT ObITh BHEJPEHBI B CO-
crap [1O 9PX myist mocTpoerust onTUMaIbHBIX CTPATETnii yIpaBIeHnst
seKTpoaBurarTeasaMmu. KiroueBoit ocobennocTbio Takoro 10 Oyner uc-
I0JIb30BAHKE KPUTEPHUs ONTHUMAJILHOCTH, Yero panee jjisg [10 mannoro
Y3KOCIEINAIU3UPOBAHHOIO KOHTPOJLIEpa He Ipejiarajock. Ilombop
KOHKPETHOI'O KpUTepus KadecTBa OyJleT 3aBUCETh OT 1OJIETHOIO 3a,/1a-

HUs, BBIIIOJIHAEMOI'O allllapaTOM.
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SAKJIFOYEHNE

[TogBosst mrorm padoThbl, HEOOXOAUMO OTMETUTH, UYTO HECMOTPS Ha TO,

49TO BCE€ IPpUHIUIINAJIbHBIE BOIIPOCHI, CBA3aHHBIE C ITIOCTPOEHUEM CUCTEMBI YIIPDaB-

JICHWsI KBQJIPOKONTEPOM YCITEIITHO PENIeHbl, BOMPOCHI OTKA30yCTONYMBOCTH BCE

ele OCTalTCsd aKTyaJbHbIMU. TeHeHIUs K pOOOTH3AINN BCEX BUJIOB JIETATE b

HBIX allllapaTOB IIOPOXKAa€T 3allpOC Ha IIOBBLIINIEHNE HaJC2KHOCTHU BCEX CUCTEM.

B nacrosmeil nuccepraiiun ObLIN TPOBEJIEHBI CJISIYIOIIIe NCCIeI0BAHNS:

1.
2.

Omnpenenennt nesesbie JITX orkazoycToiiunBoro ammnapara;
Paspaboran 1ojyxoy K BbIOOPY ammaparHOil KOH(MUIYPAIMU OTKA30-
yCTOWIMBOIN MO IM(UKAIINKT KBAJIPOKOIITEPA;

IIpoBesiennbl pacdeTsl W MoKazaHa JOCTHKUMOCTD TesieBbix JITX mpm
IIOCTPOCHUH KBaIPOKOITEpa 13 CEPUIHO IIPOU3BOINMbIX KOMIIOHEHTOB;
IIpoBesien aHa M3 BO3MOXKHBIX KOHCTPYKTUBHBIX PEIIeHMH Ipu cOOpKe
KBa/[POKOIITEPOB, HPUBEJIEHbI PEKOMEH/IAIMU 110 COOPKE OTKA30yCTOM-
YUBBIX KOH(UIYypalnii KBaJIPOKOIITEPOB;

Paszpaboranbl ajaropuTMbl pabOThl CUCTEMbI YIIPABJICHUS allllapaToM,
MPOU3BOJIAIIETO ABAPUITHYIO TTOCAJKY arapara Mph JIBYX pabOTalOnX
JIBUTQTEJIAX U3 YeThIPEX: B PYYHOM M aBTOMATHUYECKOM PEXKHME.
Pazpaborano [IO st mpoBejieHHs] UMCJIEHHBIX SKCIEPUMEHTOB —
MOJIEJINPOBAHUS TIpoliecca TmoJieTa Kpajpokonrepa. Takoe IO ecth
4acTh 11POOJEMHO-OPUEHTUPOBAHHON CUCTEMbI YIIPABJIEHUS KBaJIPOKO-
TEPOM;

[TpoBejien anaJin3 BAUSHUS OTACIBHBIX [TAPAMETPOB CTAOUIN3UPYIOIIIe-
ro [IN/I-perynaropa Ha moBejieHUE allllapaTa B BO3/IYXE;

PazpaboTan KOHCTPpYKTUBHBIA aJrOPUTM peIleHrs 33 auid HACTPOIKU
[T I-perynsTopoB Jijiss OTKA30yCTONUINBON KOHMDUTYpAIUU KBaJIPOKO-
1repa u B 3aBUCUMOCTHU OT PO U/ pelaeMoil 3a/1a4uu;

Pazpaborano [1O st mMojesupoBaHusi mpoiecca moJjera KBaJPOKO-

nrepa, OCHOBAHHOI'O Ha, NPUMEHEHUU aJalTUBHOIO MeToja ['abacosa
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JJI pelenns  3aJadd  ONTUMAJBHOTO VIpaBJeHWs, — YacTh MPO-
6JIEMHO-OPUEHTUPOBAHHON CUCTEMbI YIIPABJIEHUsI OTKA30yCTONINBOM
KOH(UTYPaIUKU KBaJIPOKOIITEPA.

[TokazaHno, 4TO TOBBIINIEHUE OTKA30yCTONYMBOCTH CHUCTEM YIIPABJICHUS
MOYKET OBITH JIOCTUTHYTO HE TOJIbKO YHHUBEPCAJbHBIME IMOJXOJaMU, TaKUMHU,
KaK MHOTOKPaTHOe pe3epBUPOBaHMe, KOHTPOJIb KadecTBa KOMILIEKTYIONINX,
HOBBIIIEHIE KBAJU(MUKAIINK OIEPATOPOB, HO U OoJiee pyHIaMeHTaIbHbIMU. Bo3-
MOXKHOCTb 11OCAJIKU KBa/[POKOIITEpa Ha JIByX BUHTAX U3 YEThIPEX — IPKUI TOMY
npumMep.

OcobbiM (HaKTOPOM, OT KOTOPOTO 3aBUCHUT JIETHAS YKUBYUIECTH COBPEMEH-
noro BIIJIA sBasiercst Bompoc masmrammu. B cocraBe cmcreMbl yrpaBiieHust
JlaxkKe caMoro IMpOCTOr0 KBaJPOKOINTEpa YK€ eCTh Bce HeoOXOauMoe JIJIs Io-
CTpOEHUsT MHEPIUATHLHON HABUTAIMOHHON cucTeMbl. [Ipu oTcyTeTBUM BHENTHUX
HABUTAITMOHHBIX JaHHbIX, ganHble MHC n aaroputmbl pacdeTa ympaBsiONX
CUI'HAJIOB COIVIACHO 11. 3.3.2 MOryT ObITh NPUMEHEHbI JIJisi [IPOBEJICHUS aBa-
puiinoit nocajikn. PakTuveckast TOYHOCTh TAKON CHCTEMbl MOXKET OKa3aThCsi
HEBBICOKA, HO U 3aTPAThl HA €e BHEJIPEHUE CBOJISITCS K 3aTpaTaM Ha, OOHOBJICHUE
IPOTPAMMbBI yIIPABJIEHUS.

HetanbHas mnpopaboTka Bompoca BblOopa mnapamerpon I[IV]I-perymisTo-
POB KBaJIpOKOIITEPA TIO3BOJISIET HE TOJHLKO TPUHIUMHUAJILHO PElnuTh 3aady
cTadu/in3aluuy alaparTa, HO U U3MEHSTH €I'0 JIETHbIE XapaKTePUCTUKN B 3aBUCH-
MOCTH OT XapakTtepa periaemoil 3ajiadu. [pu arom, yuanrbiBas cyecTByrolme
pas3paboOTKU B 3TOW 0DJIACTHU, BKJIIOUAs aJI'OPUTMbI aBTOMATUIECKOIO BhIOOPA
mapaMeTpoB peryssrTopa, mepBudHas 1 ToHKad HacTpoiika [IV/I-peryngaropos
MO-TIPEXKHEMY OCTAETCS 32 TIeJTOBEKOM.

Takum obpas3oMm, B HacTodAlell paboTe pemieHa MPUKJIAJHAd 3312493
MOCTPOEHUS TTPOOJIEMHO-OPUEHTUPOBAHHONW CUCTEMBI YITPABJICHUS KBAJPOKOIITE-
pom (IOBbIIIEHNE OTKA30YCTONYMBOCTH) M PACKDBIT BOIIPOC BHIOOPA allliapaTHoil

cocrapisiomnmii jiist rakoro BITJIA.
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IlepcnekTnBoOiT pa3pabOTKM JAaHHOI TEMATHUKM $BJISICTCS IIPaK-
THYECKasT peasu3alius IIPeJCTaBICHHBIX Pe3yJabTaToB: COOpPKA U HaCTpOiiKa
OTKa30yCTONYNBON KOH(Urypalnun KaJpokonTepa. Hacrosimas juccepraiimsi
dakTuUecKu mnpejcrapisier coboil MeTonuIecKoe 11ocodue jijisi TaKoi paboThl u
B KaKJIOH TJ1aBe COAep>KUT HeoOXOIMMble PEKOMEHIAINN AJd JaJdbHennein
pa3paboTKM B BHjIe OTJAEILHBIX 3aMevdannii n BuIBOIOB. [lociemorarenhbHocTh
U3JI0’KEHUsI PE3YJIbTaTOB B JIKCCEPTAIMKA COOTBETCTBYET dTallaM COOPKU alllla-
paTa: oT BbIOOpa ammaparHoil KOH(MUIYPAIUK JO BCECTOPOHHEH HaCTpPOHKH
CUCTeMbI yIpaBjeHus. B mepcrnekTuBe Takas paboTa moTpedyeTr TyiyOOKo#i MH-
JKEHEPHON 1popabOTKM: He Kak bl 1mojieTHbIil KonTposiep n 9PX cmoxer
paborarh B aBapuitHoMm pexxume. Heobxojinmo OyieT riyboKo MOJIEpHU3UPOBATH
ITO noserroro kourposepa n YPX, 910 BO3MOXKHO TOJHKO Ha 000PYIOBAHIH
¢ oTKpbIThIM [1O. Ocobblii mHTEpeC pH JajbHelimeil pa3paboTKe TeMbl Ipe/i-
CTaBJISIET BOIIPOC O BO3MOXKHOCTHU II€PEXO0Jia OT IITATHOI'O PEXKUMa YIIPABJICHUSI
K aBapuitHomy. Heobxonumo eraabHO paccMOTPETh IepexoIHbIe IIPOIECChl TPU
Pas3JIMIHbBIX CKOPOCTSIX JIBUXKEHUST ¥ Ha, KBAJPOKOITEPAX Pa3/JIMIHbIX allllapar-
Hbix KoHpurypanuii. [Ipopaborka 3T0oro Borpoca norpedyer 1mpoBecTu IeIyIo
CepUIo IKCIIEPUMEHTORB, CBOETO POJIA «KPAI-TECTOBY JIJIsi ONPeIeIeHIsT TPAHMNIL

BOSMOXKHOI'O IIepexoaa.
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ITPMNJIOZKEHUE A

Biok cxema: meton 'abacoBa — onTuMaJbHOE yIpPaBJIEHUE

[TO s peammzanym Merona [abacosa 111 ONTUMAJIBLHOTO YIIPABICHUS KBaIpPO-
KoIrepoM co3iano Ha mporpammuoMm nakere MATLAB sepcun R2019b update
2 November 7, 2019 (9.7.01247435) 64-bit ¢ ycTaHOBJIEHHBIM JOTIOJHEHHEM
Simulink (Version 10.0 July 18, 2019 for MATLAB R2019b).

[Iporpamma 3aperucrpupoBatna B peecrpe mporpamm st 9BM De-
JepaibHOi ¢y Kk0bl 110 uHTE ek TYanbHOl cobcrrennocrn (POCIIATEHT),
cugieresibeTBo Ne2021662324 or 26.07.2021 (TIpusoxenune B).

YceyoBHasg cxeMa IpPOrpaMMBbI:

Runge45 Reduction
First-phase
Simpson Second-phase

/ owoa /[

Pucyrok A.1 — VcioBHast cxema mporpaMMbl

Onucanve QyHKIUNE U TPOIETYP:

1. Reduction. Oynkiust cBejenns 3a1a91 ONTUMAJIBHOTO yITPABICHWS
creraJjibaoro tuma K U3JIII,

2. First-phase. [Iponeaypa csepenns MSJIII K gononaHuTe bHOM 3a71a-
e JIMHEHHOrOo IPOTrPaAMMHUPOBAHMS, C MOMOIIBI0 KOTOPOI HAXOIUTCH

Ha4YaJIbHDBIN JIOIYCTUMbBIH I1JIaH;
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Second-phase. [Touck onrumasnbHoro (cyGoNnTUMAILHOIO) PEIICHUs]
331491 JINHEHHOTO TPOIPAMMUPOBAHMUS;

Runge45. Dynkiys, 103BOJSIONAA DPEINIUTH CUCTEMY JIHHEHHBIX
auddepeHIanbHbIX YPaBHEHUH € 3aaHHOH TOYHOCTHIO (YeThIPEX-
sranublii Meros Pynre — KyTTbl msroro mopsiika ¢ OIEHIHKOM
MOTPEITHOCTH BTOPOTO MOPSJIKA,);

Simpson. Beraucienne onpeenéHHOr0 HHTErpaJia ¢ MOMOIIbIO KBAJI-
paryproit dopmysibl Cumiicona;

Main. OcHoBHOII 0JI0K.
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ITPNJIO2KEHUE b

IIporpammusbiii Koqa: 11V /I-yripaBigMoe ciaceHne U MO/IeJIMpOBaHUE

aBApUMHBIX PEKNMOB

[IpuBejieHHbIe HUXKE MaTepHUaJIbl ObLIU IPOBEPEHbI Ha PabOTOCIOCOOHOCTH Ha
nporpammuom nakere MATLAB sepcun R2019b update 2 November 7, 2019
(9.7.01247435) 64-bit ¢ ycranoiennbim jonogarennem Simulink (Version 10.0
July 18, 2019 for MATLAB R2019b).

B.1 Cxpunr 3anycka CUMYJIIIIA aBapUU C MTOCTPOEHUEM

rpaduKOB IJId PyYHOTO PEXKNMAa CIAaCEHUdd

clear

cle

1=—-0.175;
b=26.5%x10"(—6) ;
d=0.6x10"(—6);
Ixx=0.1;
Iyy=Ixx;
[zz=lyy;
Jtp=0.005;
Mg—9.8;

sim(’Fall’);

%% T'padux aBapuilHOro ABIZKEHUI

figure ('Name’ | ’Emergency landing’,’ Color’,’white )
7 — 7(7-0);

X = X(1l:size(Z));

Y =Y(1l:size(Z));

plot3 (X(1),Y(1),Z(1), g+, X,Y,Z, b’ ,X(end) ,Y(end) ,Z(end) , 'm«’);
xlabel ("X, merTp’);
ylabel ('Y, metp’);
zlabel ('Z, merp’);

title ( 'I'paduk aBapuiiHOTO nBIWKEHWS )
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grid on

%% I'padux aBapuiiHoro ABWKEHUs € OTKa30yCTONYMBON crpareruei

figure ('Name’ ,’Fail—safe landing’,’Color’, white’)

plot3 (X1(1),Y1(1),21(1), g*’,X1,Y1,Z1, black’ ,X1(end),Y1(end),
Zl(end) , 'mx’);

xlabel (’X, merTp’);

vlabel ('Y, metp’);

zlabel ('Z, merp’);

title ( 'I'paduk aBapuilHOTO ABWKEHUHS € OTKA30yCTOWYHBBIM AJTOPUTMOM
")

grid on

%% I'padux ckopocTeii 060pOTOB BHHTOB ¢ OTKA30YCTOWYUBOI cTpaTeru
et

figure ('Name’ ,’Fail—safe landing: Omega’,’ Color’, white’)

title ( 'I'paduk ckopocrTeil 060poTOB BUHTOB )

subplot (2,2,1);

plot (tout ,Osl, "black’);

axis ([0 max(tout) 200 700]);

grid on;

xlabel ('Bpems, cex’);

ylabel (7\Omega {1}, 06/cex’);

subplot (2,2,2);

plot (tout ,0s2, "black’);

axis ([0 max(tout) —10 330]);
grid on;

xlabel ('Bpems, cex’);

ylabel ( "\Omega {2}, 06/cek’);

subplot (2,2,3);

plot (tout ,0s3, "black’);

axis ([0 max(tout) 200 700]);
grid on;

xlabel ('Bpems, cex’);
yvlabel ( \Omega {3}, 06/cex’);
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subplot (2,2,4) ;

plot (tout ,Os4, "black’);

axis ([0 max(tout) —10 330]);
grid on;

xlabel ('Bpems, cex’);
ylabel ( "\Omega {4}, 06/cek’);

Bb.2 Cxpunr 3anycka CUMYJIIIIA aBaApPUU C MTOCTPOEHUEM

rpacdukoB ajsa aBromarumveckoit IV /I-ynpaBasiemoii mocagkm

clear

cle

%% BanaeM mapameTpbl MOJLeJH
1=-0.175;
b=26.5%x10"(—6) ;
d=0.6x10"(—6);
Ixx=0.1;
Iyy=Ixx;
[zz=lyy;
Jtp=0.005;
Mg=9.8;

% 3amaem xosdpunmenter [T perymaropa

PID=[50 8 20];

%% BanyckaeM ¢HMYIAINIO

sim ("PSL” ) ;

%% I'padux aBapuiiHoro ABWKEHUH C OTKa30yCTONYMBOH crpareruei

figure ('Name’ ,’Fail—safe landing’,’Color’, white’)

plot3 (X1(1),Y1(1),21(1), g+’ ,X1,Y1,Z1, black’ ,X1(end),Y1(end),
Zl(end) , 'mx’);

xlabel (’X, merp’);

vlabel ('Y, metp’);

zlabel ('Z, merp’);

title ( 'I'paduk aBapuilHOTO ABWKEHUHS € OTKA30yCTOWYHBBIM AJTOPUTMOM

)
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grid on

%% T'padux cxopocreiri 060pOTOB BUHTOB ¢ OTKa30yCTOHUYMBOH crparern
eil

figure ('Name’ ,’Fail—safe landing: Omega’, Color’,’white’)

sgtitle ('I'paduk ckopocTeii 060poTOB BUHTOB )

subplot (2,2,1);

plot (tout ,Opsl, "black’);

axis ([0 max(tout) 275 450]);

grid on;

xlabel ('Bpems, cex’);

vlabel (’\Omega {1}, 06/cex’);

subplot (2,2,2);

plot (tout ,Ops2, "black ) ;
axis ([0 max(tout) —10 330]);
grid on;

xlabel ('Bpems, cex’);

ylabel (7\Omega {2}, 06/cek’);

subplot (2,2,3);

plot (tout ,Ops3, "black’);
axis ([0 max(tout) 275 450]);
grid on;

xlabel ('Bpems, cex’);

ylabel (7\Omega {3}, 06/cek’);

subplot (2,2,4) ;

plot (tout ,Ops4, "black’);

axis ([0 max(tout) —10 330]);
grid on;

xlabel ('Bpems, cex’);
vlabel ( ’\Omega {4}, 06/cex’);
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Pucynok B.1 — Crpykrypa 6s0ka Control cunresa €); (ciyuaii npocroii aBa-

pu).

Pucynok B.2 — Baok Omega—>U. Peanuzanusa gpopmysibl 1.3 mojcucreMsl Cu-

MVYJIAIUA aBapHUU
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Pucynok B.3 — Bsiok From U to angles.

Pucynok B.4 — Buiok Phi,Psi, Teta.
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Pucynok B.5 — bBaokx Equations.

Pucynok B.6 — Byiok X"->X’ B Equations.
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Pucynok B.7 — bBsiok Y’->Y’ B Equations.

Pucynok B.8 — buiok Z7->7" B Equations.
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Pucynok B.9 — Buiok Vx,Vy,Vz B Equations.

MO,[[eJIb CO CI1aCéHmeM B PYYHOM M aBTOMATHUYIE€CKOM Ppe>KMnMe

oTsim4aercd ToJbKO 0JiokoM Control

Pucynok B.10 — Crpykrypa 6iioka Control cunresa Q; (cnacenne B pydHom

pexKuMe).

OcTaJjabHble OJIOKM COOpPaHBbI II0 COOTBETCTBUIO C OIIMCAHHBLIMM BbIIIIE

CTPYKTYPaMU.
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Pucynok B.11 — Crpykrypa 6isoka Control cunresa §2; (IIWN/I-yupasiasmoe

CIIaceHue).
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ITPNJIO2KEHUE B

CBuaeTeIbCTBO O perucTpanuu mporpaMmsbl ajad 9BM m akThl

BHeApeHnAd
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INTRODUCTION

Relevance. For last 15 years unmanned aerial vehicles (UAVs) of
helicopter type with even quantity of rotors — were widely adopted in different
fields of activity. Simplicity of production, low manufacture cost of the bearing
platform with high flight characteristics (FC) became key factors of increase
in production of similar UAVs. Features of configuration of devices, namely:
availability of several traction engines and need of continuous stabilization,
impose essential performance requirements of control system. By data [1-3]
failures of pilotless devices happen by 100 times more often than accidents
of piloted. Basic reason of refusals—failures in work of internal systems. This
circumstance confirms importance of works on modeling of emergencies and
development of methods of fight for survivability of the UAV.

Degree of readiness of subject. Questions of creation of control system
of the quadcopter are most fully provided to works [4-10]. Classical approach
to creation of system, based on processing of the signals from different onboard
sensors has been for the first time successfully implemented by researchers in
works [|4;11] and is continuously improved |12-14].

Autonomous control mode of the UAV at which participation of the
person in control is minimized (targeting) or is excluded completely is of special
interest. Importance of continuous obtaining indications of all sensors installed
on the device given from the external systems of navigation and also accuracy
of the received sizes sharply increases in such mode.

The problem of operation of the UAV in the conditions of the difficult
external environment and also questions of management of the device is
especially relevant when performing difficult flight tasks. These questions are
directly connected with question of reliability of work of onboard systems and
are considered in works [15-18].

Authors [19-21] offer number of ways of increase in reliability of control

systems and improvement of indicators of flight survivability of devices:
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reservation of systems, use of optical means for receiving binding to the area,
implementation of systems of inertial navigation (IMU) in the form of off-the-
shelf units.

The set of works is devoted to questions of flight survivability of the
quadcopters [20;22-26|. Owing to the fact that authors use different ways of
modeling of emergencies and different mathematical methods [21;27-29], it
is difficult to select some separate publications. However, there is number of
the works close on approach [30-33|. Let’s note that the idea of landing of
the device offered in this work at failure of one or two engines (item. 2.1) is
not new. Regarding mathematical modeling, the most fully this perspective is
opened in works [34-36]. Let’s notice that in difference from the real work, these
publications do not concern questions of implementation of such operational
mode, do not raise the questions of hardware component of quadcopters.

The main publications opening issues of stabilization of the quadcopter
can be considered work [37-41]. These and other works well disclose theoretical
aspects of stabilization of the device in the different modes and questions
of application of this or that type of regulators. Let’s notice that regarding
stabilization, in the present thesis the main attention is paid to practical part.

The purposes and task. The purpose of the real work - creation of
such hardware configuration and control system of the quadcopter which would
allow to minimize negative effects from number of certain emergency situations
(accidents). For this purpose, the following problems are solved:

1. By system analysis method investigate the reasons of emergence of
emergency situations and to provide recommendations about their
prevention;

2. Develop rescue algorithms if the neshtany situation after all has
occurred;

3. Develop software for flight process modeling;

4. By carrying out numerical experiments to verify the offered rescue

algorithms;
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5. Determine by requirements to apparatany part of the UAV at which
the developed failsafe control system can work.

Object of research is the UAV quadcopter, subject of research — control

system and hardware configuration of the vehicle.

Scientific novelty of the results received in the thesis is as follows:

1. Is developed integrated approach to design of hardware component
of failsafe configuration of the quadcopter. Advantages and novelty
of the offered approach consists in the following. The target flight
technical characteristics (FC) of the device and its component parts
are defined and proved. Calculations of speed, range, etc. utilization
properties for failsafe configuration of the UAV of two classes are
carried out. The approachibility of target FC at assembly of the
quadcopter from serially made component parts is shown. The
analysis of possible constructive decisions when choosing frames is
carried out (including modular), screws, electric motors, the power
station. Recommendations about assembly of failsafe configurations of
quadcopters are provided. The expediency of use of different materials
(easy composites, plastic) for frames and screws of the device is shown.

2. Are developed rescue algorithms for accidents with failure of one or
two engines. For verification of algorithms it is developed program
(MathLab-Simulink) for simulation of process of flight in the different
modes. Numerical experiments on modeling of emergencies with full
and partial refusal of one of quadcopter engines are made. As part of
the developed problem-oriented control system, the offered algorithms
are stated in two following options. For rescue in the manual mode
at management of device height of the operator of the UAV and for
rescue in completely automatic mode at control of speed and descent
altitude the separate PID-controller. For the offered operational modes

the algorithm of setup of the stabilizing PID-controller is also offered.
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Is offered model of integration into software of the flight controller of
the module for the solution of problem of optimum control of process
of crash landing of the device. Feature of this module is the algorithm
of the solution of problem of creation of strategy of management
"from point in point based on application of adaptive method of
Gabasov. For the purpose of further integration into software of the
flight controller, in the program code of method the built-in functions
of the Mathlab environment were not used. The main advantage of
the offered approach is the possibility of implementation of strategy

of management «from point in point» in emergency without use of

external navigation data (GLONASS, GPS, other).

Theoretical and practical importance of work.

The theoretical importance of work consists in justification and

development:

L.
2.

Target FC of failsafe configuration of the quadcopter;

Scheme of replacement of external navigation data by the design data
of modeling of process of flight obtained at application of adaptive
method of Gabasov for the solution of problem of optimum control of

flight of the quadcopter.

The practical importance of work consists in development:

1.

2.
3.

Algorithms of crash landing at two running engines as part of problem-
oriented control system of the quadcopter;

Algorithm of setup of the stabilizing PID-controller;

Program for modeling of process of flight of the quadcopter.

The methodology and methods of research. in work are used

systemn,

cause and effect and comparative analysis and also functional and

structural synthesis, collecting, systematization and the analysis of scientific

and technical information of subject domain regarding question of the choice

of hardware configuration. The general methodology of programming and

computer (numerical) experiment were applied when carrying out modeling
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of emergencies and developing algorithms of rescue. Pilot studies have formed
basis for the analysis of influence of parameters of the PID-controller on process
of flight of the quadcopter. The theory of the differential equations [42;43], the
mathematical theory of optimum control and stabilization [44-46], the adaptive
method Gabasov [47;48] were applied to software development for the solution
of problem of optimum control of process of flight.

The provisions submitted for protection:

1. Target FC of failsafe configuration of the quadcopter and their
calculation for devices of two classes;

2. rescue Algorithms at failure of one or two engines in the manual and
automatic mode, including algorithm of setup of the stabilizing PID-
controller;

3. Program for the solution of problem of optimum control of the
quadcopter, as part problemno the oriented control system.

Validity and reliability of the received results is provided at the
expense of the analysis of researches of other authors in subject domain, use
standard for carrying out researches software (Matlab, Simulink, eCalc [49]),
is confirmed by coherence of results of numerical experiments with analytical
estimates, successful approbation of basic provisions of the thesis at number of
scientific conferences of the international level and also the publication of the
main scientific results in the leading reviewed scientific publications

Approbation and publication. the main results were reported and
discussed at conferences:

1. «13th International Conference on Stability and Oscillations of
Nonlinear Control Systems (Pyatnitskiy’s Conference)» (2016,
Moscow) [50];

2. «Constructive rough analysis and related issues», the devoted memory

of professor V.F. Demyanov (2017) [51];
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. III of the International conference «Stability and control proceduress,

devoted to the 85 anniversary since the birth of professor, V.I. Zubov

(2015) [52-54];

. «Control procedures and stability» (2014, 2015 and 2019) [55-59];

. «International Conference on Computer Technologies in Physical and

Engineering Applications (ICCTPEA)» (2014) [60];

. «13 th International Symposium on Intelligent Distributed Computing

(IDC)» (2019) [61].

Are published in journals:

1. «<VESTNIK OF SAINT PETERSBURG UNIVERSITY. Series 10.

APPLIED MATHEMATICS. COMPUTER SCIENCE. CONTROL
PROCESSES» [62);

. «Journal of Wireless Mobile Networks, Ubiquitous Computing, and

Dependable Applications (JoOWUA)» (Vol. 11, Ne2) [63];

. «Journal of Instrument Engineering» (Vol. 64, Ne10, 2021, P. 829-838)

[64].

The total number of published works is 15, including 2 — in the reviewed editions

from the VAK list, 5 — in the editions indexed in the international bases Scopus

and Web of Science (from them 2 - in the reviewed journals). One computer

program is registered [65] (Appendix B).

are:

Personal contribution of the author in the list of the provided results

. All results provided in Chapter 1;

. Idea and algorithms of rescue of the device on two screws from four

provided in Chapter 2 of the real work;

. Statement and the analysis of results of numerical experiments and

also the principal diagram of system of substitution of signal provided

in Chapter 3.

The volume and structure of work. the thesis consists from

introductions, three chapters, conclusions and three applications. The full
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volume of the thesis is 143 pages, including 52 figures and 7 tables. The list
of references contains 102 names.

Summary of work. In chapter 1 the general problem statement is
formulated and the question of the choice of the hardware configuration of
the quadcopter allowing functioning in emergency operation is considered. The
analysis of possible constructive decisions at assembly of the device is provided.

In item 1.1 the types of emergencies considered in this work are described
and the task of control of the quadcopter is defined. The design mathematical
model is given. Approach to classification of quadcopters and target FC
of failsafe configuration taking into account need of respect for balance of
characteristics is offered. In the item 1.2 calculation of FC for two failsafe
configurations of devices of different classes is given. Paragraph 1.3 is survey
and analytical: here in parallel with the overview of literature according to
constructive decisions explanations about the reasons of the choice of these
or those components for failsafe configuration are provided, comparisons are
carried out.

In chapter 2 are provided results of modeling of emergencies and the
question of setup of PID-controllers of the quadcopter is considered. Results of
modeling (Mathlab, Simulink) accidents with full and partial loss of thrust on
one of device screws are given in item 2.1. Algorithms of rescue of the device
at two running engines are given: in the manual and automatic mode. In the
item 2.2 questions of setup of PID-controller of the quadcopter are considered.
The analysis of influence of each of parameters of the PID-controllers used
for stabilization of the situation of the device in space on his behavior in air
is provided. Results of experimental observations are given. The constructive
algorithm for manual setup of PID-controller for normal (the item 2.2.1) and
emergency (the item 2.2.2) the mode is provided. Notes on area of applicability
of algorithms of automatic configuration of PID-controller and need of specific

modes of stabilization for emergency operation are formulated.
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In chapter 3 results of mathematical modeling of process regular (the
item 3.3.1) and emergency (the item 3.3.2) controls of the quadcopter with use
of adaptive method (Gabasov’s method). This method is applied to the solution
of problem of optimum control of the quadcopter and (separately, the item 3.2)
by its electric motors. The algorithm is developed for the purpose of further
integration in on the flight controller and does not use the built-in functions
of the Mathlab environment. Number of notes whenever possible of integration
of results of mathematical modeling into control procedure for the quadcopter
is given in emergency operation in real time. In the item 3.3.3 the scheme of
implementation is provided and the question of adjustment of data of inertial
navigation on the basis of results of mathematical modeling is considered.

In the conclusion are formulated conclusions and perspectives of further
development of subject.

In appendix A the flowchart and the description of the main functions
and procedures of the program of implementation of adaptive method of
Gabasov for the solution of problem of optimum control of the quadcopter.

In appendix B the program code and blocks of simulation (Mathlab,
Simulink) for implementation PID-upravlyaemogo of automatic rescue of the
device and modeling of other emergency operation.

In appendix C is provided the certificate of registration of the computer
program «The program for the solution of task of control of the quadcopter with
use of the adaptive AdaptCopter method» in Federal Service for Intellectual
Property (ROSPATENT) and acts of implementation.

Implementation of results of dissertation research. Results of
dissertation research are used in work of Ltd company «Bureau of cadastral
engineers» (Rostov-on-Don), approach to creation of failsafe control system
of the quadcopter is implemented in educational process at faculty of applied
mathematics - control processes of St. Petersburg State University (subject

matter 056747 «Discrete control systems»). The practical results connected
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with creation of hardware component of the device are implemented in
implementation process of the additional educational program «Programming
and robotics» Municipal budgetary institution—the organization of additional

education the Center of children’s creativity (Leningrad Region).
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CHAPTER 1. CLASSIFICATION OF QUADCOPTERS AND
CALCULATION OF THE FAILSAFE CONFIGURATION

The operability of control system in emergency operation directly depends
on hardware configuration of the quadcopter, on availability of certain «margin
of safety», t. e. some redundancy on separate FC and the applied constructive
decisions. At the same time the balance of characteristics is especially important
for the flight wvehicle: very reliable, but not practical device will not be

demanded.
1.1 Problem statement. Target flight characteristics

1.1.1 General problem statement. Types of emergencies

Let’s define task of control of the quadcopter in emergency operation
as problem of creation of such control system and hardware configuration of
the quadcopter which would allow to minimize negative effects from number
of emergency situations (accidents). The list of the emergencies considered in
this work is included below and the possible reasons of their emergence are
described.

Accident of the first type. Knows that the complex system of
stabilization of the situation of the device in space [4;66]. For the solution
of this task onboard the UAV the specialized flight control system including
set of highly sensitive sensors [4;67]|. At the same time work of most of them
depends on condition of the environment surrounding the quadcopter. So, in
conditions even of rather weak electromagnetic field created, for example, by
objects of communication, the electronic compass placed onboard the device will
give false results of positioning. In the conditions of dense urban development,
highlands and in the Arctic districts reception of signals from satellites of global
navigation systems is complicated: GLONASS, GPS, Beidou. In the military

sphere the situation with unstable operation of sensors (and onboard electronics
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in general) can be connected with purposeful impact on the UAV so-called
"means of radio-electronic fight" (REF).

Now the theory and practice of creation of control systems of quadcopters
is rather well developed by [4;52;56;68;69]. The set of models of flight controllers
and other component parts for assembly of devices is serially manufactured. At
the same time open is question of reliability of separate components.

Quadcopters are widely used to the solution of problem of control of
extended linear objects (gas and oil pipelines, power lines) [68]. At the same
time the existing norms on use of radio frequencies for civil UAVs strongly limit
the maximum distance of sure radio communication between the quadcopter
and its operator. Availability of frequency bands and the maximum power of
radio transmitters impose restriction in the form of obligatory availability of
direct visibility between the operator and the device that can be impossible in
the mountain and woody area and also on open country at small height.

Thus, often the long flight along linear object under control of the operator
is impossible and the device works in the autonomous mode. It is possible as
the necessary way of the device and coordinate of control (rotary) points is
in advance known.

In model range of flight controllers for quadcopters all major
manufacturers have versions of the equipment allowing to carry out autonomous
flight without participation of operator [70]. However in one and all cases of
such use of the UAV it is meant, as at launch, and throughout way of the
device determination of the coordinates by means of the systems of satellite
navigation is available to it.

Let’s note that, owing to natural limitation of power of the satellite, the
high-frequency navigation signal broadcast within the radio horizon can be
"spoofed" by ground aid which power opportunities it is incomparable more.
The similar situation will develop in the presence of imitating hindrance to

signal of satellite system of navigation.
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It is known that the quadcopter loses possibility of autonomous operation
if determination of its location in space with use of satellite systems of
navigation at simultaneous loss (or initial impossibility) is impossible for
communication with the operator. Such situation should be considered
emergency operation of operation of the UAV. Within this work we will
call such situation accident of the first type.

Speaking about effects of accident of the first type, this is not about full
loss of survivability of the device. However the only thing that developments
known at the moment in the field of UAV control systems in such situation
can offer is attempt of preservation of the device by its landing in the place of
loss of signal or transition to the Inertial Measurement Unit (IMU) [56;69]. As
a rule, in control system of the quadcopter high-precision accelerometers and
gyroscopes (their cost can exceed considerably the cost of all device) therefore
even in the presence of the built-in IMU the accuracy of the navigation data
obtained from it quite low and does not exceed 10 m/s [71-73].

Thus, if crash of the quadcopter has occurred at the time of flight
over reservoir, on the cross-country terrain or in the densely populated area,
such approach cannot be recognized as true as the attempt of permission of
emergency in this way can do bigger cumulative harm, than accident.

Accident of the second type. we will refer external mechanical
influences and damages of the device to accidents of the second type.

For the quadcopter the damages connected with violation of integrity of
screws, drives of screws will be critical, and also the damage of frame of the
device involving violations of the plane of installation of screws is equal.

Such accidents are possible as a result:

1. of the Mistake of the operator, for example, when for receiving
successful perspective of shooting the device too close approaches
motionless object and concerns it one or several screws;

2. of Availability of internal defects of frame, screws, drives of screws and

their fastenings;
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3. of External mechanical impact on the device.

Effects of such accidents can be different: from insignificant damage of one
screw (without loss of controllability), before total loss of opportunity to hold

the device situation of stability concerning the earth and uncontrollable falling.

Accident of the third type. Refer the accidents connected with refusals
on power supply to this type. At the same time taking into account difference of
requirements for power supply for the shipboard equipment of the quadcopter
and its power unit, it is necessary to consider separately refusal of power
electrical circuits and refusal of sources of secondary power supply.

Can be the reasons of such refusals:

1. Wrong choice of components of supply system — exceeding of loading;

2. Use of the incorrect arrangement decisions leading to emergence of

electromagnetic disturbances (aimings) from power chains on crucial
low-current (example, on supply circuit of the flight controller, chain
alarm controls and feedback);

3. Use of low-quality materials of conductors (as well as their

underestimated section) with the subsequent overheating and refusal;

4. Mechanical damage of integrity of connections in use;

5. Failure of synchronization of electronic speed controller (ESC) of

traction commutatorless motors which has led to their shutdown or

considerable loss of thrust.

Effects of such accidents are different. At the most adverse option of
succession of events there can be blackout of power supply of the device and

uncontrollable falling.

1.1.2 Mathematical model. Control problem

Key parameters of the quadcopter are shown on fig. 1.1 [66; 74]. The
device is affected by lifting forces of engines I, Fy, F3, Fy, gravity Fp. Point

M — device center of mass (matches the geometrical center), | — distance
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Figure 1.1 — Key parameters of the quadcopter

from the center of the device to point of application of lifting forces. By arrows
Qq, Qy, Q3, Q4 the directions of rotation of screws are shown.

Two coordinate systems are used: the motionless coordinate system is
rigidly earth-referenced: The axis of X’ shows on the North, Y’ — on the West,
Z' — up the relation to the earth. The mobile coordinate system is rigidly
connected with the device body: the axis of X is sent along the direction of the
movement of the quadcopter forward, Y — in the direction of the quadcopter
to the left, to Z — up. Both coordinate systems right-hand [75].

The movement of the quadcopter can be considered the sum of progress of
center of mass and the spherical movement of body concerning center of mass.

Such movement can be described by the following system of the differential
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equations [66]:

dx v dy v dz v
%_ x7a_ y7§_ F2)
Vv,
m— = (sinp sin @ + cos P sin O cos @) U7,
a9
m— = (— cos P sin @ + sin sin 0 cos @)Uy,
dV, 1.1
mdt = Uy cosB cos @ — mg, (1.1)
fs) d de

— =W, = Wy, —— = W
R R
]a:xd)(p = (Iyy — Izz)w9w¢ — JTP(UQQ + U2;
Iyy(i)e = (Izz — Im)www(p + Jpr(pQ + Us,

Izzwﬂ) = (wa — [yy)wwwe + U4.

Here z,y, z — coordinates of center of mass of the robot, V., V,, V. —
projections of vector of line speed of the robot, 8 — pitch angle, @ — angle
of bank, { — yaw angle, wg — pitch rate, w, — the angular speed of roll,
wy, — the angular speed of roving, m — the mass of the robot, I, I, I, —
the inertia moments around axis of x, y and z respectively, Uy, Uy, Us, Uy —
UAYV control channels, {2 — the general speed of four screws, Jrp — the general

rotary moment of inertia around axis of screw [75;76]:
Jrp = Jp —|—1’]N2JM, (1.2)

where Jy; — the moment of inertia of the propeller, N — gear ratio of reducer,
1N — reducer efficiency. As a rule, in quadcopters the reducer is not used, i.e.
N =n= 1

The equations of communication of control channels Uy, Us, Uz, Uy with

rotational speeds of screws 21, (9, €3, (U
Uy = b+ Q3+ Q3+ Q3), Us=1b(—03+Q3),

Us = (-2 +Q2), Up=d(—-92+Q2— Q2+ Q2), (1.3)



168

Q= - +Qy — Q3+ Qy,

where [ — distance between the center of the quadcopter and the center of
the propeller, b and d — aerodynamic components of draft and drag coefficient
respectively. The quadcopter is set in motion due to rotation of propellers which

rotational speeds can be expressed from the system of the equations (1.3):

1 1 1

0 = EUl — ﬁUz’) - @Uzla
1 1 1

Oy = \/@Ul — ﬁUQ + EUzl, (1.4)
1 1 1

Q3= /Uy + —Us — —Up,

V4 2bl 4d

1 1 1
Q= 4—bU1—|—ﬁU2+@U4.

Thus, it is possible to determine task of control of the quadcopter as
problem of creation of strategy of control of rotational speeds of four motors
Q1, o, Q3, €y so that to provide asymptotically stable position of the
quadcopter xg, Yo, 2o with deduction of one of corners (for example, yaw angle
@®o). At the same time the point xg, yo, 2o is chosen according to the flying
mission.

Let’s consider the emergency connected with loss of thrust. According
to the item 1.1.1, regardless of refusal origins (mechanical engine failure or
reducer, refusal on power supply, external influence with destruction of the
screw), in terms of model (1.1) we have change (zeroing in case of full refusal)
the corresponding angular speed (2;.

Thus, the actual angular speeds of rotation of screws in emergency will

accept value Q4

Q= —¢, i=14 (1.5)

7

where €; — the loss of angular speed brought by refusal. In case of total loss of

draft of the corresponding screw we have ¢; = €2;.
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In case of turning on of mechanisms of compensation (emergency rescue)

there is direct switching of control of device engines:

Q=07+’ =14 (1.6)

where Q7 — are the new, «rescue» angular speeds of rotation of motors

QFIP are the necessary for

determined by the set rescue algorithm, and size
stabilization of the device additives in space calculated by the flight controller as
the PID-controller according to indications of airborne sensors. Thus, sizes Q7P
are in advance unknown and are calculated directly in flight and have no relation
to work of algorithms of rescue which also may contain the PID-controller.
Note 1.1. Considered model is mathematical model of some "ideal"
device with four screws moving in the environment without perturbations.
Such model gives idea of the nature of change of observed sizes in time and
also of their dependences. Empirical selection of constants in model allows to
bring closer rather precisely rated results to observed on the real device [77-79],
however completely to replace the control system of the quadcopter constructed
on the principle of continuous data processing of shipboard sensors, such system
it is impossible. It is explainable owing to the limited accuracy of mechanical
execution, dependence of basic parameters of the shipboard equipment on
temperature, humidity, level of charge of batteries, perturbations of the external
environment, etc. Further during the modeling of refusals and the description
of algorithms of rescue we will actually accept ; = Q7 so all not idealities
of model and possible perturbations have been already compensated to size

QPP agrees (1.6).

1.1.3 General approach to classification and selection of hardware

configuration

Now are developed and applied the following UAV classifications [80]:
1. On configuration: aircraft, helicopter, hybrid;
2. On take-off mass;
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3. On operating altitude;

4. On the range of autonomous flight;

5. On the maximum and cruiser speed;

6. On pay load type and its maximum weight.

Having carried out classification of the UAV model by the specified
parameters it is possible to obtain rather exhaustive information on its potential
scopes of application. However classification by parameters (1-6) rather general,
so the specified characteristics are inherent for all UAVs, and does not bear
information on specific parameters for quadcopters. According to it is impossible
to draw conclusion on optimality of design of the device in terms of respect for
necessary internal balance of characteristics.

Today there is no documentary recorded approach to classification of
quadcopters. For devices of civil assignment the state standard and rules of
certification are not approved. At the same time variety of the element base
applied in quadcopters allows to create devices of the different sizes, weight
and features of internal configuration, with significantly different technical
characteristics and fields of application.

The basic constructive characteristics specific to quadcopters are provided
to table 1. We will only understand as basic performance those which are chosen
directly at design of the device and cannot be considerably changed by its
modernization. More clear parameters 1-6 and great number of others for the

end user can be calculated from basic.

Table 1 — Basic constructive characteristics of quadcopters

7 Characteristic Typical values

1 Energy on board from 1 Wh to 1 KWh

2 Diameter of frame from 1 cm to tens of meters
3 Material of frame metal, plastic, composites
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The consumed current of the electric
4 from 1 A to hundreds A
motor
5 KV rating of the electric motor 50-3000 KV
6 Screw size from 1 ecm to 1 meter
7 Propeller pitch from 5 to 30 ¢m
8 Efficiency of the power unit 70-98 %

Let’s consider each characteristic in more detail.

1. Energy onboard is the key parameter defining time and flight range,
power of engines and mass of payload. The choice of type of the power unit (PU)
and its parameters is one of difficult questions at design of the quadcopter.
Depending on the PU type different ways for calculation of its optimum
parameters are used. So, for example, for the normal mode of functioning of
the device with PU — lithium-polymeric batteries reasonable is installation
of the battery weighing from 36 to 90% of vehicle mass without battery [81].
The question of the choice of characteristics of PU for emergency operation is
described in the item 1.3.3.

2. Frame diameter is defined as distance between axes of shaft of two
electric motors lying on one diagonal. From all basic parameters diameter of
frame is the most informative as determines the device sizes, so directly affects
all other characteristics.

Let’s consider the main standard sizes of frames and field of application
of devices with the corresponding frames. Let’s enter classification of frames,
having assigned to each group number of class of the device (tab. 2). Such
classification is applicable not only on quadcopters, but also for other multirotor
systems, except for trikopter and geksakopter according to the scheme "Y6"
182].

Note 1.2. with sizes of frames close to borders of classes, should carry

devices to class with smaller number. Point "features" (tab. 2) is generalizing
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for the typical quadcopter of the set class and can not reflect features of the
specific device.

In view of lack of official qualifiers for quadcopters, diameter of its frame,
is most often used on profile Internet resources and in community of modellers

as the key parameter of classification [83].



Table 2 — Multicopter classification (failsafe context)

Device Frame
Field of possible application Feature
class size, mm
Screws are not capable to do harm to
| To 150 "Toys" for training in visual control, use only indoors
the person
I 150 250 Light devices for flights "from the first person" (FPV) As a rule, without possibility of
in the room or in windless weather modernization
- 251 350 Are also suitable for work at light breeze, payload Transitional, popular «amateurs
~ 0,2 kg. standard size
Observation, maintenance, targeting, radio Sufficient for the majority of tasks
IV 351-450
communication. Payload ~ 0,3 kg. class
y 51700 Main objectives: professional video filming by the Sharp growth of the price of ready
equipment of weight ~ 0,6 kg. decisions
Vi More than | Special tasks, devices fuel cell powered, transportation | Folding designs, are often used > 4
700 of goods, magnetic exploration, other rotors

eLT
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Electric motor. current for the UAV as basic performance often specify
by textbf lifting force in kilograms in catalogs of electric motors (kgf). It
is convenient for initial search of necessary spare part, however lifting force
characterizes not only the engine, but all power unit. Classical norm at design of
the quadcopter it is possible to call the choice of four identical electric motors,

at each of which lifting kilogram force F':
F=M/2,

where M — the equipped mass of the quadcopter.

Thus the thrust-weight ratio of the device equal to two equipped vehicle
masses is provided. The rated voltage of power supply of the electric motor is
chosen proceeding from the corresponding characteristic of the power unit. The
basic characteristic determining engine capacity with the known rated voltage
is force of the current consumed under loading. On the current intensity of
electric motors, electronic speed controllers (ESC) are selected further and also
the section of voltage cables is calculated.

For emergency operation of functioning the choice of engine thrust should
be carried out on other methodology. Here for provision of landing on two screws
from four it is necessary to have thrust-weight ratio within 3,5-5 equipped
vehicle masses.

Under characteristic "KV rating" the angular speed (revolutions per
minute) to which the electric motor shaft at supply voltage in 1 V.

Speed of idle of electric motor €2 in rpm can be calculated by formula:
Q=KV-U/60,

where U is supply voltage.

Thus, at the expense of bigger angular speed with rated voltage engines
with smaller KV allow to use more high tension of power supply and low current.
It reduces requirements for working current of ESC and allows to reduce the

section of power wires.
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As a rule, the statement is fair: the more the quadcopter and its draft (in
absolute expression), the are less KV rating of its electric motors.

At invariable supply voltage (for example, when replacing electric motors
on the ready device) increase in KV rating of electric motors of the quadcopter
increases the rotational speed of screws that increases potential maneuverability
of the device, but increases noisiness, selection of the new screw perhaps will

be required.

Table 3 — Classification of electric motors by KV rating

Engine Value of
Features of the quadcopter
class KV rating

Low maneuverability, class of frame IV and
With low KV < 500
more, high loading capacity

With average

501-1500 Average size of frame (IV-VI classes)
of KV
With high 1500 High maneuverability, low loading capacity,
>
KV small size of frame (I-III classes)

Classification of engines by KV rating is given in table 3 the Column
"features of the quadcopter" has conditional character, so so there is no rigid
interrelation between the size of frame and the KV rating of the electric motor.
It is necessary to understand the values of the sizes of frames specified in it uses

of custom-made screws as recommended, not demanding at further assembly.

Efficiency of the power unit. We will understand sheaf as the power
unit of the quadcopter from:

1. the power unit;

2. electric motors;

3. electronic speed controllers;
4. power connecting conductors;
5

. SCrews.
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Efficiency of the power unit is defined as the work efficiency of all elements
entering 1it.

Efficiency of the power unit is defined by energy losses directly in PU.
For lithium - polymeric batteries it is characterized, first of all, by the internal
resistance of accumulator assembly. Calculation of this indicator is specific to
other types of PU and it is necessary to use passport characteristics.

As for the passport efficiency of modern commutatorless electric motors,
it is rather high (> 93%) [84], but it is reached not in all operational modes.
At design of the quadcopter special attention should be paid to dependence of
efficiency on load of the engine. It is reasonable to have the maximum efficiency
at such load of the electric motor which provides hanging of the device in air
without the movement. Unfortunately, for failsafe configuration it is not always
possible as engines in this case are chosen with stock on draft (see calculations
of item 1.2.1, 1.2.2).

ESC and screws have own passport indicators of efficiency depending
on loading.

Also often the situation when producers of ready devices use power
conductors of the underestimated section that leads to their heating under
loading, so to decrease in the general efficiency of the power unit meets and
also can lead to accident.

Size of screws and propeller pitch. These characteristics of the
quadcopter directly are defined from described above. Knowing the frame sizes,
it is easy to calculate the maximum admissible size of the screw. Agrees [85], the
screw of the maximum diameter will be effective. Further from the nomenclature
of screws of the corresponding diameter the screw with such step which allows
to approach target characteristics of the quadcopter as much as possible is
selected. The example of calculation is given in the item. 1.2.1 real work.

In the context of classification of emergencies of the item. 1.1.1 we will
provide recommendations about the choice of each of the specified quadcopter

components.
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1.1.4 Target flight characteristics of the failsafe UAV

In addition to failsafe, any quadcopter has to have certain balance of
characteristics of main components.

Let’s formulate indicators on target utilization properties which we will
consider admissible for the failsafe quadcopter [61;63]. Let’s recognize at the
same time reason that at practical design of the device of civil assignment it
is reasonable to use already made component parts. As when using the limited
nomenclature of parts — basic data for selection — it is difficult to pick up the
configuration which is precisely meeting target requirements, we will determine

for each parameter the range of possible values (tab. 4).

Table 4 — Admissible utilization properties of failsafe configuration of the

quadcopter
Characteristics Indicator
3,5-5  equipped  vehicle
Thrust-weight ratio
masses
Time of hanging > 15 minutes
Specific thrust > 5 grams/W
Current < 50C Ampere,
Load of the battery
where C — battery capacity
Minimum airborne time™* > 2 minutes
Gas of hanging 20-40%
Efficiency of the power unit in the mode of
= 70%
hanging
Horizontal speed, optimum on power
> 25 km/h

consumption

*is defined by emph as flight time at which motors of the device have
constant 100 % loading. Is calculated taking into account the efficiency of the

power unit in this mode.
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[t is necessary to notice that for failsafe configurations rather low indicator
of specific thrust is admissible (> 5 grams/W) and the efficiency of the power
unit (> 70%). Such values of these indicators — payment for availability of
stock on thrust-weight ratio, electric motors in the mode of hanging can have
low efficiency.

These requirements supplement the recommendations provided in the
item. 1.1.3, to the set of requirements sufficient for carrying out calculations and

the choice of specific component parts (or definitions of their characteristics).

1.2 Calculation of failsafe configuration

Let’s carry out calculations of configurations of the devices allowing work
in emergency operation. In quality "report points" — the parameter which is
set rigidly and concerning which others are selected, we will choose the frame
size. For all calculations the following general parameters of the environment

and configuration were used (table 5).

Table 5 — Configuration of the failsafe quadcopter: general parameters

Characteristic Indicator

The number of blades on each screw 2
Height above sea level 100 m
Pressure specified to sea level (QNH) 30 mm.Hg.
Bower it LiPo rechargeable
battery
Minimum permissible value of level of battery
power 10
Restriction of angle of bank no
Reducer not used

Energy consumption of payload and own
neglected (=0 W)

consumption of control system
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1.2.1 Class III, frame 350 mm

According to table 2, frame with diameter of 350 mm — the minimum
frame for the device allowing work in emergency operation. Let’s take frame
weight (with the landing gear), the flight controller and auxiliary components
totally for 250 gr. The weight of payload we will define equal 120 grams. It is
enough for installation of the compact camera of high resolution. Taking into
account configuration, the maximum size of screws for such frame — 245 mm
(theoretical maximum — 2474 mm). Propeller pitch — 120 mm.

Let’s give example of configuration (tab. 6) and its calculated parameters:
flight range depending on the horizontal speed (fig. 1.2) and characteristic of
the electric motor, including in the mode of hanging (fig. 1.3).
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Table 6 — Example of configuration of the failsafe quadcopter with frame with

a diameter of 350 mm

Characteristic Indicator

Battery capacity—mnominal discharge current
/ 3 Ah — 65/100C
peak discharge current

Stored energy 444 Wh
Configuration of battery assembly 4S1P*
Load of the battery 19,03C
Tension under loading 14,84 V
Battery rated voltage 148 V
Specific thrust 8,43 g/W
Minimum airborne time 2,8 min
Hanging time 19,9 min

Turnigy Multistar Elite
Model of the electric motor

2810-750
Thrust-weight ratio 3,6 equipped masses
The flight weight (the equipped weight) 1006 grams
Weight of engine-propeller combination 726 grams
Max. horizontal speed 54 km/h
Hanging gas (linear) 42 %
Efficiency (hanging) 83,9 %
Electric motor current (hanging) 1,92 A
Electric motor current (maximum mode) 14,27 A

Maximum current of ESC of the electric motor | 20 A

Efficiency (maximum mode) 85,1 %

* the number before «S» (series) designates quantity of consistently
connected elements of accumulator assembly, number before «P» (parallel)—in

parallel connected.



Figure 1.2 — Calculation of range and flight time (350 mm frame)

I8T



Figure 1.3 — Characteristics of the power unit (350 mm frame)

G381
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We will carry out the further analysis of the received dependences from
the point of view of future user of the received UAV. It is obvious that not only
the failsafety, but also practical applicability of the received device is important
for the final operator. For this configuration we have the following operational
indicators:

1. Cruiser speed — 26 km/h — quite sufficient for the solution of typical
tasks for class device III: shooting of video with the easy camera,
relaying of radio signals, work at light breeze.

2. The maximum range — 5,5 km "one way" or 2,75 km "there
and back" — high rate, taking into account specifics of failsafe
configuration. Here the forced high stock of draft attracting increase
in weight of electric motors could have an adverse effect on flight range
of the easy device. However in this case quite typical value for class
quadcopter III is received, and for failsafe configuration such value can
be considered high.

3. Maximum airborne time (hanging time): This indicator in fact
is operating time of the UAV in the theoretical mode of motionless
hanging, without time for climb and decrease. In practical sense such
indicator will allow to use such device as motionless repeater of radio
signals at the height of 300-400 meters about 10 minutes. It is low
indicator, however it is still sufficient for task of the organization
of operational VHF radio communication and the overview of the
territory, for example, in high ground terrain. Such scenario is
characteristic of small device III of class. Here in practical sense the
lack of failsafe configuration connected with the low efficiency of the
motor at the loading necessary for maintenance of the mode of hanging
is shown (for more details see Paragraph 6 of the present list).

4. The maximum horizontal speed — 54 km/h at distance of 1,3
km — the high rate uncharacteristic for the typical UAV of such class.

Here high thrust-weight ratio of failsafe configuration affects positively
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- such speed is simply unavailable to normal UAV III of class even in
the "overload" modes of its electric motors: affects current limits for
ESC. In practical sense can be useful to cross if necessary quickly the
area with suppression of radio communication (in the automatic mode)
or at direct danger of interception of one UAV another.

5. Maximum revs of about 12000 RPM — average value. In practical
sense the potential of possible decrease in this indicator for creation of
the device of small noisiness is interesting. In this case characteristics
of the used electric motor (Turnigy Multistar Elite 2810-750 with
KV rating — 750) have no potential for decrease in engine speed
with replacement of the screw, so creation of quiet executions of this
configuration is impossible.

6. Efficiency in the hover mode — 83,9% — the low indicator which is
main "payment" for high thrust-weight ratio and possibility of landing
on two screws. Decrease in this indicator for failsafe configuration is
caused by the natural reason: low efficiency of electric motors at small
loading.

Note 1.3. For minimization of effects of this negative effect makes sense
to minimize time of motionless hanging of the device at implementation of
flying missions and also to use effective control algorithms flight of the device
in general (see the item. 3.3.2) and controls of each of electric motors (see

the item. 3.2).

1.2.2 Class VI, frame 750 mm

Class device VI, the "heavy" quadcopter, weight of payload is 1 kg. The
calculated weight of frame (with the landing gear), the flight controller and
auxiliary components (totally) — 0,5 kg. The screw size — 525 mm, propeller

pitch — 180 mm.
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Note 1.4. Quadcopter of Such Class can bear on itself and much bigger
payload. At calculated value of weight of payload in 26.39 kg, the device
with the parameters provided below has linear gas of hanging 80 %, so still
keeps opportunity to gain height and to maneuver in the horizontal plane.
However in practice, in most cases, there is no need for such high rates of
loading capacity. Certainly, at such loading indicators, necessary for failsafe
configuration, according to the table 4 are not reached.

Typical payload for such devices (video cameras with the stabilizing
servo actuator, thermal cameras, night vision systems, laser designators, etc.)

constructed with use of modern component base have weight to 3 kg. [86].
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Table 7 — Example of configuration of the failsafe quadcopter with frame with

a diameter of 750 mm

Characteristic

Indicator

Battery capacity — nominal discharge current

/ peak discharge current

14 Ah — 45/60C

Stored energy 725,2 Wh
Configuration of battery assembly 14S1P
Load of the battery 22,07C
Tension under loading 51,01 V
Battery rated voltage 51,8 V
Specific thrust 5,52 g/W
Minimum airborne time 2,4 min
Hanging time 19,9 min

Model of the electric motor

Turnigy RotoMax 50

Thrust-weight ratio

3,6 equipped masses

The flight weight (the equipped weight) 12,33 kg
Weight of engine-propeller combination 10,83 kg
Max. horizontal speed 69 km/h
Max. climb rate 15 m/s
Hanging gas (linear) 43%
Efficiency (hanging) 89,8%
Electric motor current (hanging) 10,28 A
Electric motor current (maximum mode) 77,25 A
Maximum current of ESC of the electric motor | 80 A
Efficiency (maximum mode) 92,1%




Figure 1.4 — Calculation of range and flight time (750 mm frame)

L81



Figure 1.5 — Characteristics of the power unit (750 mm frame)

83T
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Similar to calculation for frame of 350 mm, we will carry out the further
analysis of the received dependences from the point of view of future user of
the UAV. The conclusions similar with the previous calculation are lowered.

1. Cruiser speed — 34 km/h — high, characteristic of class.

2. The maximum range — 6,8 km "one way" or 3,4 km "there
and back" — high rate, taking into account specifics of failsafe
configuration. Let’s note that change of weight of payload which will
influence considerably this indicator is characteristic of the device of
heavy class. In this calculation the weight of the payload of 1 kg.

3. Hanging time of 19,9 minutes — low indicator, lack of failsafe
configuration.

4. The maximum horizontal speed — 69 km/h at distance of 1 km
— very high rate.

5. Max revs of about 8700 RPM — low indicator, actually we have quiet
configuration at installation of the corresponding screw.

6. Efficiency in the hanging mode — 89.8% — the low indicator
inherent to failsafe configuration. For comparison: Efficiency at
maximum thrust is even higher: 92,1% that is not characteristic
of quadcopters in normal execution. Watch the item of 6 conclusions
by calculation of failsafe configuration with frame of 350 mm in more
detail.

7. The maximum climb rate — 15 m/s — very high rate. Together
with low indicator of maximum of turns, the device can quickly and

with the minimum noise to leave on high altitude.
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1.3 Analysis of results and feature of assembly of failsafe

configuration

1.3.1 Choice of frame and screws

Effects of the emergency of the second type which is characterized by
mechanical damages of the device can be minimized by the choice of the correct
elements of primary structure and screws. Emergencies of the first and third
type do not impose direct restrictions for the choice of screws.

Let’s formulate number of recommendations about the choice of screws
of the device.

1. If is going to use the quadcopter in areas with dense high-rise
building at small heights and other places where the situation
of contact with the obstacle device screw is possible, then it is
necessary to establish additional protective elements for screws (fig.

1.6). Decrease in lift-to-drag ratios at the same time is insignificant.

Figure 1.6 — Protective element of the screw of the quadcopter

Quanum Nova

2. It is not necessary to use screws from carbon fabrics or rigid
composites. Experience of use shows, even at easy contact of obstacle,
more rigid composite screw collapses completely. The soft plastic screw

in this situation could be deformed is elastic.
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3. According to operating manuals of quadcopters of the leading
producers, screws do not demand balancing. However you should
not neglect this procedure. Sensitive accelerometers catch even
insignificant vibrations, and PID-controllers not always correctly
process such "noise".

4. Tt is necessary to use screws with metal fastening assemblies to electric
motors. In case of slipping metal of fastening will take away heat.

As for the choice of frame, key features of its selection are as follows:

1. For creation of failsafe design only class III frames above are suitable
(see tab. 2). Devices with frames of the I and II classes have no
enough space for installation of failsafe components of control system
and power supply. At the same time for frames of III and IV classes
application of any of structural materials is admissible. For V and
VI class it is reasonable to use light composite materials, use of metal
alloys is allowed, and plastic use — is not recommended owing to bigger
weight.

2. Should avoid difficult designs of frames with sliding or folding elements.
Such frames are convenient for application on devices at professional
photo and video filming (do not get into the shot), but have insufficient
reliability. Even weak mechanical damage of fastening assemblies of
such landing gears can lead to loss of their working capacity that in
turn attracts to potential damages of payload when landing.

3. Modular frames allowing replacement of separate beams — is well
proved in community of modellers decision [83]. If it is perhaps
constructive, then it is necessary to apply such design of frame as it
has high maintainability. At accident fastening assemblies often assume

energy of mechanical influence, leaving payload in safety.
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1.3.2 Choice of electric motors

One of the key issues resolved in the course of work on new model of
the quadcopter is the question of the choice of traction electric engines. At the
same time depending on expected profile of use of the device and target FC,
the engine model is chosen not only directly, but also optimum ESC and the
program of control is selected (for more details see the item. 2.1.1, item. 3.2).

In modern UAVs on electric traction commutatorless electric engines
are used. Such engines, and also course regulators for them, it is possible to
separate into 2 main classes—with position sensors of rotor and without them.
Bezdatchikovy engines have number of advantages: they it is cheaper, simpler
in production and it is more reliable. For this reason the majority of motors
and controllers for the UAV now such.

The commutatorless motors applied on quadcopters have design, the
return designs of the collector engine: the stator with windings is not mobile
and rigidly fixed on frame, and the rotor with permanent magnets rotates.

For obtaining sufficient lifting force screws of the quadcopter have to
rotate with high angular speed (up to 30000 RPM). At the same time the
engine has to develop sufficient torsion torque. For a number of reasons (the
additional weight, decrease in efficiency, decrease in reliability) use of reducers
on quadcopters is admissible only in exceptional cases (see Paragraph 3 of
recommendations).

Commutatorless motors with the outer rotor (outrunner) are suitable
under the set operating conditions. It is possible to place bigger quantity of
magnetic poles in design of the last, thus having received the electric motor with
big torsion torque in comparison with motors with the inner rotor (inrunner).

Let’s formulate requirements to electric motors of the failsafe device:

1. For creation of failsafe configuration of the quadcopter should be

chosen engines with lifting kilogram force F"

F = M/k,
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where M — the equipped mass of the quadcopter, and the safety factor
of k satisfies to restrictions: 0,8 < k < 1,14.

In case of accident of the second or third type such stock on draft will
allow the device to gain height during the operation only of two of four
engines, without overload (thrust-weight ratio more than 3,5 equipped
masses). At classical approach (k = 2, see p. 26) the stock of draft is
sufficient only for overcoming attraction of the earth.

2. Should avoid electric motors high value of KV rating. The optimum
value can be considered KV wvalue < 2000 rev./(min-V). The
quadcopter with such engines and truly adjusted PID-controllers
will be rather maneuverable and will show high stability at external
influence. Also low KV (and rotational speed) reduce the probability of

emergence of synchronization errors of ESC (see in detail item. 2.1.1).

1.3.3 Power unit choice

Key characteristic of any flight vehicle, including pilotless, — practical
flight range. It depends mainly on amount of the energy reserved by the UAV
energy unit. The main are characteristic of quadcopters three type of power
units:

1. Lithium-polymeric rechargeable batteries (LiPo battery);

2. Fuel cells;

3. The hybrid power unit on the basis of compact fuel engine and buffer

battery.

On the basis of these sources [83;87;88| we will carry out comparative
analysis of the specified installations.

Lithium-polymeric battery. It is the most widespread type of the
power unit for the UAV of helicopter type today. Emergence of this chemical
source of current has played key role in distribution of quadcopters for the civil

purposes. In difference from the fuel cell for which it is necessary to resupply
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poorly widespread type of fuel rechargeable batteries can be recharged from
the household power supply network.

The flight vehicle imposes rather strict requirements to characteristics of
batteries: they have to have high ratio of stored energy per unit mass and also
high tokootdacha.

Thanks to polymeric electrolyte, LiPo battery have the best indicators
of stored energy per unit mass and high rate of tokootdacha thanks to what
they became the standard de facto for quadcopters. Modern lithium - polymeric
accumulators allow discharging by current up to value 100 - C' Ampere, where
— battery capacity.

In general to advantages of lithium - polymeric batteries as PU
for the quadcopter should be carried:

1. Low self-discharge;

2. High current output;

3. High density of energy per unit of volume and masses;

4. Opportunity to collect accumulator assemblies of different form,

optimum using space of frame and balancing with the device.

Should be carried to negative sides of this PU:

1. Reduction of resource of the battery at discharge big currents. 500
cycles of charge discharge declared by producers are achievable only at
current about 1C' where C' — battery capacity. Current of consumption
of the quadcopter is much higher (> 10C') that conducts to its rapid
wear.

2. Charging of assemblies from lithium - polymeric accumulators can be
made only by means of special charging devices.

3. Need of strict observance of temperature condition. In the course of
discharge big currents on the quadcopter of lithium - the polymeric
battery inevitably heats up. At the same time heating to temperature
is higher than 60°C' leads to fast degradation of the battery. Optimum

temperature the value 43 — 45°C" is considered: at this temperature
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the battery has the smallest internal resistance. The charge at negative
temperatures is also pernicious for this source of current (wear, loss of
capacity). The discharge at negative temperatures is admissible, but
at the same time the available capacity (at temperature of —20°C' the
battery gives about 50% of the rated capacity) [87].

4. Need of special storage conditions and reconservation. LiPo batteries
lose capacity even if are not used. In this regard it is not reasonable to
have available accumulators more, than it is necessary for providing the
current schedule of flights. If the accumulator is not used considerable
time (>2-3 days), it is necessary to transfer it to the storage mode:
to bring charge to value of 3,85 V' on 1 element of accumulator
assembly (cell). For prevention of degradation of new accumulators
in storage time and transportation of the battery from manufacturing
plant to the consumer, producers add special inhibitor to electrolyte. It
considerably slows down process of aging of the accumulator and also
supports tension in the battery after production. Inhibitor decays at
the first 2 - 3 processes of charging discharge—reconservation. Process
of reconservation assumes discharge and charge the current which is
not exceeding 3C', so the new battery cannot be used on the quadcopter
at once. Use of the accumulators which have not passed reconservation
in the conditions of high loadings leads to loss of capacity and decrease
in service life.

5. Low mechanical durability of finished products. The vast majority
ready LiPo batteries is issued without rigid body. It allows to lose
weight, but even at insignificant accident of the second type full
replacement of accumulator assembly is recommended.

Fuel cells. use of fuel cells as the power unit for the UAV opens

opportunities for increase in time and flight range. Informal record of flight

time (in the hanging mode) the quadcopter without payload on one charging of



196

LiPo batteries — 95 minutes 46 seconds, serially released devices on batteries
fly, as a rule, no more than 30 minutes.

JSC Nelk (Russia) is developed by CJSC NPTs the NELK-V8 test
apparatus fuel cell powered with take-off mass up to 12 kilograms, capable to
bear payload weighing up to three kilograms and flight time to 5 hours [89;90].

Key advantages of fuel cells are:

1. High power consumption of fuel (hydrogen — the most power-intensive
substance);

2. Environmental friendliness;

3. High general reliability of system owing to direct transformation of
fuel to electrical energy. There is no intermediate transformation of
combustion energy of fuel to mechanical energy that is characteristic
of PU with fuel engine.

When using fuel cells a number of the problems caused by their

design features arises:

1. Safety issues and regulations of turnover of hydrogen. The pure gaseous
hydrogen and its mixes applied in the form of fuel to the fuel cell are
chemicals, at least, 2 hazard classes [91]. For such substances number
of restrictions on transportation and storage is established. As a result
of it, application of this type of fuel in civil UAVs is limited.

2. Availability of fuel. Only hydrogen of certain quality is suitable for use
in the fuel cell. Production of hydrogen of necessary quality and its
availability in the market are much lower, than at hydrocarbon fuel
and the electric power. In this regard there can be problem of search
of fuel for filling of fuel cells.

3. Safety of operation of the UAV. There is risk of explosion of vapors of
hydrogen in case of failure of the UAV.

4. Economic component. The known ways of extraction of pure hydrogen
are energy-intensive and the cost of this fuel is high. According to

the Horizon Unmanned Systems company the cost of the industrial
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hydrogen necessary for development of 1 kWh of energy in the fuel cell,
more, than by 40 times exceeds the cost of 1 kWh of mains electricity
[92;93]. The cost of the most fuel cell is also high.

Hybrid power units. to one of the most least widespread, but rather
perspective development trend of PU for the UAV it is possible to consider the
direction of compact hybrid installations.

The hybrid power unit usually is sheaf from the compact fuel engine and
the electric generator and also buffer LiPo accumulator or the ionistor.

Note 1.5. Hybrid power units also carry the scheme when fuel engine
is used as the direct traction engine, and power supply of onboard electronics
is carried out from the accumulator of any type. Such scheme is characteristic
of the UAV of plane type and is not applied on quadcopters, since use of fuel
engine on the quadcopter as directly traction is complicated owing to their
high inertance.

Can be carried to advantages of the hybrid power unit:

1. Possibility of creation of devices with big battery life, in comparison
with devices on lithium - polymeric batteries as liquid hydrocarbon fuel
is enough energy-intensive. Taking into account the weight of linking
of fuel engine+, at achievement by the device of some size of total
mass, more light hydrocarbon fuel wins the electric generator on weight
against LiPo battery of the same power consumption.

2. Use of liquid fuel, unlike gaseous at fuel cells. Liquid fuel is more plain
in use, transportation and storage.

3. As a rule, smaller, in comparison with fuel cells, the weight of ready
PU of the same power. Hybrid PU has no heavy pressure vessels.

Note 1.6. Fuel cell powered of modern composite pressure vessels
can disprove the current statement. There are no available data on mass-
dimensional indicators of such PU.

Shortcomings of PU of a such type:



198

1. In fuel quality for compact fuel engine are, as a rule, used poorly
widespread types of hydrocarbons: nitromethane, methanol, high-
octane gasoline.

2. Low resource and reliability of compact fuel engine. Owing to the sizes,
it is difficult to provide lubricant and engine coolings up to standard.

3. Need of self development and assembly. In the open market of
component parts there are no offers on ready specialized hybrid PU for
the UAV of helicopter type. The available developments on compact
rotor fuel engine on aviation fuel (for example, the XMv3 engine from
the LiquidPiston company (USA)) are niche. Adapting small general-
purpose ICEs for these purposes is a futile practice.

4. High, in comparison with other EU, noisiness indicator. For
minimization of weight and the sizes, compact fuel engine practically
have no exhaust system.

5. Launch time. Fuel engine demands some time for start and transition

to nominal operational mode.

Thus, it is impossible to allocate any separate type of PU. Has each
appearance of PU the positive and negative sides, the field of application. For
search of structurally balanced PU for failsafe configuration of the quadcopter
the following algorithm can be offered:

1. Owing to the size, for devices with frames of III and IV class it is

necessary to use only lithium - polymeric batteries (the I and II classes
are unsuitable for creation of failsafe systems according to 1.3.1).

2. For devices with frames of the V-VI class it is worth using fuel cells if
it is admissible for reasons of economy and availability of fuel. At the
same time by analogy with hybrid PU for increase in fault tolerance
it makes sense to install additional the buffer polymeric battery of
lithium. Battery capacity should be chosen so that to provide, at least,
landing from the maximum height of flight.
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. If use of fuel cells is impossible for item, but high autonomous flight
duration is necessary (> 30 minutes), then it makes sense to apply
hybrid PU as it is difficult to pick up konfirugation of such device
with LiPo the battery to devices V-VI of class. At the same time it is
necessary to remember high noisiness of such decisions, hybrid PU are
not suitable for creation of the device of small noisiness.

. In all other cases are applied lithium-polymeric batteries.

1.4 Conclusions on Chapter 1

. Formulated problem statement of control of the quadcopter in
emergency operation is relevant and can be considered taking into
account the given classification of types of accidents.

. Quadcopters classification quastions are taken up by item In scientific
literature only in general idea, without specifics of this type of the
UAV. In this work the way of classification of quadcopters taking into
account all of them design features is offered. This qualifier is rather
universal and can be used different areas for the further simplified
description of the constitution of all devices of helicopter type with
even quantity of rotors..

. Provided recommendations about the choice of separate component
parts of the quadcopter can be used by item for creation of failsafe
configuration of the device.

. Specific component parts (brands, models) for the failsafe quadcopter
can be determined by item with use of the existing software, by
selection of the configuration answering to the offered criteria.

. Variety of element base: controllers, sensors, engines, frames, screws,
batteries - allows to create if necessary tightly specialized devices
possessing minimum the FC necessary set and costs for the solution

of certain task. As the contrast to it, use of successful arrangement
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decisions for placement of the hinged equipment with reaching
optimum balance of installed power per employee, allows to create
devices for the solution of wide range of tasks including failsafe
configurations.

. Calculations of two specific failsafe configurations of quadcopters given
by accounting of all stated recommendations can be used by item for

practical construction of these devices.
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CHAPTER 2. EMERGENCIES MODELLING.
PID-CONTROLLER SETUP

Let’s open possibilities of work in emergency operation of the quadcopters
assembled according to requirements of the item 1.1.3, 1.1.4. For this purpose
we will carry out modeling of the emergencies described in the item 1.1.1. In
addition we will also consider features of setup of the stabilizing PID-controllers
for devices of failsafe configuration. This process deserves special attention,
because:

1. Due to availability of large supply on draft, in operation of these
regulators is available the potential connected with possibility of
decrease in accident rate in the environment with external perturbation
(see the item 2.2.4).

2. Question of the choice of parameters of regulators for the quadcopter
is not trivial item and can be not always automated, as when flying
the device there is no possibility of safe change of parameters in broad

band (see the item 2.2.2, 2.2.3).

2.1 Modeling of emergency operation

Let’s consider further two emergencies: 1) with full failure of one screw
at decline; 2) with partial failure of one engine in horizontal flight.

Depending on refusal origins (mechanical engine failure or reducer, refusal
on power supply, external influence with destruction of the screw) these
accidents can be referred to the appropriate type in accordance with. 1.1.1.

Let’s consider class device III with parameters according to (1.1): m =
1kg, 1 =0,175m, b = 265-10° N-c?, d = 0,6 - 10°° N-ms?, I, = [, =
I.. = 0,1 N-ms?, Jrp = 0,005 N-ms?.
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For standard types of quadcopter movements (take-off, landing, movement,

in the horizontal plane) according to (1.6) will use the following values:

C; t e Tl,
Ci+ 9+ > (axcos(kt) + by sin(kt)), t € Ts.
k=1

Here C; — the angular speed necessary for gravity compensation, a; and by —
the parameters of trigonometrical polynom setting the deviations necessary for
smooth exit to the stationary mode, T7 — set of intervals of time at which the
device supports hanging, T — set of intervals of time at which the device
maneuvers.

Note 2.1. Form of signals managing (2.1) is chosen from the following
reasons. Such form is close to optimum on power consumption (see the item 3.2)
and at the same time is smooth function that is applicable in practical sense.
Actually such representation is approach by means of trigonometrical polynom
of real signal 7 on (1.6) during the work of algorithms of rescue, and Q2 on
(1.5) when modeling effects of accidents.

Let’s carry out modeling for the specified device at 0 < t < 15 ¢ with
refusal at the time t,.

For carrying out comparative analysis we will review examples when
algorithms of rescue are not used (item 2.1.1, 2.1.2) and examples with work
of algorithms of rescue (2.1.3, 2.1.4).

Calculations were carried out with use of the MATLAB R2019b software
package with addition of Simulink v.10.0. The structure of subsystem of
simulation of accident is given in fig. 2.1.

Software for modeling of process of flight of the quadcopter used in
this chapter (including the source code of internal procedures and graphic

representations of structures of simulation) see in Appendix B.



Figure 2.1 — Structure of subsystem of simulation of accident

€0¢
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2.1.1 Accident at maneuvering

Let’s consider effects of total loss of draft on one of quadcopter screws in
the absence of any algorithms of rescue. The picture of possible effects of such
refusal will be result of modeling [57].
Let’s assume that accident has occurred in the course of decrease in the
device after motionless hanging.
In terms of angular speeds change €2; we have:
1. At motionless hanging: maintenance of all angular speeds at the level
necessary for gravity compensation (in this case 304,06 RPS at ¢ €
[0;4]):

2. Receiving negative vertical acceleration because of decrease in angular
speeds on some period (in this example at ¢ € [4; 5]);

3. Received negative acceleration demands compensation by return to the
angular speed of hanging according to item 1;

4. Modelling of emergency: zeroing of angular speed of the damaged screw

at t =t, = 6 page.

Being guided by reasons of item 3.2 regarding optimality of power
consumption, we will bring closer type of signal €2; to optimum. For this purpose

we will define (2.1) in shape:

304,06, €T,

304,06 + 20sin(5t), t e Ts.

The schedule of change of angular speeds is presented on fig. 2.2.

The conclusion on accident. Total loss of controllability of the device
with the subsequent uncontrollable falling. The trajectory of emergency falling
of the device at t > t, = 6 sec is shown for fig. 2.3. We have uncontrollable

falling on spiral with continuous growth of vertical velocity.
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Figure 2.2 — Angular speeds of rotation of screws: decrease (rps, s)

Figure 2.3 — Movement: decrease (m)
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Figure 2.4 — Speed: decrease (m/s, s)
It is obvious that the size of vertical velocity at the time of touchdown will

be the main destroying factor when falling the device. The schedule of change

of vertical velocity is presented on fig. 2.4, heights — on fig. 2.5.
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Figure 2.5 — Z Height: decrease (m, s)

For this numerical experiment initial hover height in 1 km has been
chosen. The moment of touchdown has appeared outside 15 second pieces of
modeling, however already at ¢ = 15 sec we have the vertical speed of 74,98
m/s (/~ 270 km/h). This speed will be reached at the earth at similar accident,
happen it at the height about 245 m. Blow effects about the earth of the device
from plastic and composites at such speed will lead to its final fracture.

From the point of view of the operator of the UAV, the question not
so much of preservation of the device how many question of preservation of
expensive payload and data, in it contained is often important. As a rule, all
payload of the quadcopter fastens in its lower part between chassis struts. The
mass of loading in relation to the mass of the device is quite considerable. Thus,
system center of mass the device loading is displaced towards payload. At such
mass distribution, in case of falling of the device, the probability of the first
touchdown by payload is high. Rigidly fixed chassis will not save the payload,
as impact energy is considerable.

We will determine by the strong-willed decision the "threshold" vertical
speed of 3 m/s as the maximum speed with which rescue of payload is possible.

Having addressed schedules of vertical velocity (fig. 2.4) and heights (fig.
2.5) we have V, = =3 m/s at Z = 997,101 m and time of modeling of ¢t = 6,566

sec. Thus, it is possible to draw conclusion that for this accident rescue of
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payload (not exceeding of hump speed) would be possible with height of falling
no more than 2,9 m.
Note 2.2. Air resistance is not taken into account in this and subsequent

simulations.

2.1.2 Accident in horizontal flight

Let’s consider the following emergency: partial refusal of one of
quadcopter engines (loss of thrust) in the course of the horizontal movement
of the device. Such accidents are characteristic of problems of visual inspection
of different high-rise objects. In case of inadvertent contact with one of screws
of the device of motionless object there is destruction of its blades. According
to item 1.3.1 for failsafe configuration is not recommended to use blades from
rigid composites: they are easy, but rather brittle and collapse completely. Soft
plastic blades can partially collapse (see fig. 2.25), thus keeping part of draft.

Similar with item 2.1.1, briefly we will describe €2; definition algorithm:

O? te T17
Q, =

C + asin(bt), t e Ts.

1. Angular speeds €y 5 are set by parameters a = 1, b = 7 until Z,, are

defined further as C' = 304,06;
2. Partial failure of the third engine(Q25 = 100 RPS) occurs at t > ¢, = 4
¢
3. Angular speed €23 until accident of t, is equal to C, €y = C on all
timebase.
Such way of task defines the movement of the device in the horizontal
plane, and since the moment of ¢ > t, = 4 sec we have accident with partial

failure of the third engine.
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The schedule of angular speeds of screws of the device is presented on
fig. 2.6. The movement of the device from timepoint of ¢, represents falling on

spiral and is shown on fig. 2.9.
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Figure 2.6 — Angular speeds of rotation of screws: horizontal flight (rps, s)
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Figure 2.7 — Speed: horizontal flight and falling (m/s, s)

The conclusion on accident. Total loss of controllability of the device
with the subsequent uncontrollable falling.

At the final moment of modeling (t = 15 ¢) we have the vertical speed
of 119.996 m/s (see fig. 2.7). Similar speed will be reached at the earth at
accident at the height about 470 m (see fig. 2.8). Effects: final fracture of the
device and payload.

At this accident the hump vertical speed of 3 m/s is reached already with
height of falling of 1,732 m (V, = —3 m/s at Z = 998,268 m and time of
modeling of ¢t = 5,208 sec).
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Figure 2.8 — Z Height: horizontal flight and falling (m, s)

Figure 2.9 — Movement: horizontal flight and falling (m)

Note 2.3. Received in this numerical experiment vertical velocity of V, =
119.996 m/s at t = 15 sec approaches the greatest possible speed of 147,15 m/s
— body free-fall speed at the known acceleration of gravity (9.81 m/s?). Thus, it
is possible to conclude that despite availability of 3 completely healthy engines
and incomplete loss of thrust on the fourth, for the quadcopter as unbalanced
system, such accident is comparable with full failure of all engines and the

subsequent free fall.

2.1.3 Rescue in the manual mode

Consider the simulation of an algorithm that involves automatic switching
from normal control mode to emergency and subsequent manual control of the

height of the device for its landing.
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Let’s consider modeling of the algorithm assuming automatic switching
from standard duty of control in emergency and the subsequent hand control
device height for its landing.

By the analysis of data from gyroscopes, accelerometers and speed data
of rotation of screws it is easy to define refusal of one of engines. In case of
accident of the 2nd type, (see item 1.1.1), so destructions of the screw without
failure of electric part, the angular speed of the failed screw considerably will
increase. Otherwise, in case of accident of the 3rd type, at failure of electric
part, propeller speed considerably will decrease. In both cases sharp change
of propeller revolution rate will not be typical for standard duty of flight as
mentions only one screw and forces the machine to rotate. Availability of these
signs can be defined by the flight controller with high accuracy no more than
in 0,5 seconds.

Without restriction of community as accident, we will consider accident
of the 3rd type. Let the full failure of the second engine has happened on the
5th second of flight (22 = 0 at t > 5 sec).

The further algorithm of rescue can represent the following strategy of
control of engines:

1. After the refusal definition control of the device passes into manual
emergency operation with the corresponding indication on the control
panel. Right after detecting of the defective motor, (at the time of
t = 5,5 sec) the diagonal with failed screw is switched-off (£24, see fig.
2.10);

2. Along with item 1 increases draft of running engines on the second
diagonal. The specific value of draft and turns has to approach draft
of hanging (value 0y = Q3 = 400 RPS, see fig. 2.10);

3. Thrust control on two working screws with the new zero provision of
control knob (draft of hanging) passes item to the operator;

4. Proceeding from available control facilities, the operator of the UAV,

managing device height, carries out its safe landing. In this example
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the operator provides reduction of vertical velocity on interval of ¢ €
[5.5,11.7] and further decrease in vertical velocity to zero at approach

of the quadcopter to landing surface.
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Figure 2.10 — Strategy of control of angular speeds of screws: rescue in the
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Figure 2.11 — Failsafe landing: movement (m)
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Figure 2.13 — Failsafe landing: height (m, s)

The conclusion on accident. The device and payload are saved. We

have safe landing with zero vertical velocity at Z = 0 (see fig. 2.11). The
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controllability by the device on height is kept. The controllability in the
horizontal plane — is lost.

Factors which can do harm to the quadcopter in this case: nonzero
horizontal speed and uncontrollable movement in the horizontal plane.

As for horizontal speed, first, the horizontal speed in itself even at the
time of touchdown is less destructive, than vertical. Secondly, observance of
recommendations to design of the device from item 1.3. The blow to tangent
about the earth with the subsequent revolution and touchdown by screws will
not be accident for the device with strong non-brittle frame and protective
elements on screws (see fig. 1.6).

As for negative effect of movement in the horizontal plane, its
compensation depends on skill of the operator. In plain terrain it is possible
to save the device. In high ground terrain, in areas of high-rise building and
coastal zone movement of the device is more dangerous. In advance it is
difficult to foresee the direction of the movement of the device and change of
its horizontal speed. Holding trainings for operators of the UAV on work in
such mode on polygon will be reasonable.

Note 2.4. The additional pilot study demands question of operation of
the stabilizing device PID-controllers in the mode described above. During the
operation of two engines from four regular operation of these regulators it will
be complicated. Theoretically, the engines which have remained in work can
carry out stabilization task, transferring the stabilizing impulse in due time.
According to item 1.1.4, stock on draft for such stabilization remains. Practices
on setup of the PID-controller from item 2.2 can be used for the solution of
this problem, however taking into account factor of continuous rotation and
inertness of system, only pilot studies can open question of need of specific

modes of stabilization.
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2.1.4 PID-controlled (automatic) rescue

Let’s consider case of the emergency similar to item 2.1.3, but computer-
controlled process of landing of the device.

For this purpose we will enter into control algorithm angular speeds of
screws the PID-controller with parameters [K,, K;, K4]=[50, 8, 20] on formula
(2.2).

Note 2.5. This controller is a additional one, it is not used in the normal
mode control. Should not confuse this controller with one used for stabilization.

Turning on of the regulator will happen twice. The first time for providing
set (1 m/s) vertical velocity on interval of ¢ € [5.5,29.3], and the second - for
decrease in vertical velocity to zero at approach of the quadcopter to landing
surface (see fig. 2.15). Height of transition to stopping segment (switching of
the regulator) of zp = 5 m.

The structure of model of the quadcopter with implementation of the
PID-controller for automatic rescue is given below (fig. 2.14). Initial codes of
internal procedures and script of start of modeling it is given in Appendix B.

On fig. 2.18 the schedule of change of angle 1\ is provided — there is
intensive rotation of the device, as the screws which have remained in work

rotate in one party.



Figure 2.14 — Structure of model of simulation of accident from automatic PID-controlled landing.
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Figure 2.15 — Failsafe algorithm (rps, s)

The conclusion on accident in general is similar to the conclusion from
item 2.1.3. In this case we have the safe landing which is carried out completely
in the automatic mode (see fig. 2.16) with zero vertical velocity at Z = 0. At

the end of modeling interval, at ¢ = 50 and Z = 0,09, we have V, = —0,01



217

60 T T T T T T T T T

40+ ]

N 20+ i

0 5 10 15 20 25 30 35 40 45 50
t, C
Figure 2.16 — Failsafe landing: Height Z (m, s)
1 T T T T T T T T T

_4 | | | | | | | | |
0 3] 10 15 20 25 30 35 40 45 50

Figure 2.17 — Failsafe landing: Vertical velocity (m/s, s)
0 | I I I | I I I

-500

-1000

=
-1500

-2000

0 5 10 15 20 25 30 35 40 45 50
t
Figure 2.18 — Failsafe landing: Angle 1 (rad, s)

(see fig. 2.17), that is the PID-controller has completely coped with problem

of clearing of vertical velocity.
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Figure 2.19 — Failsafe landing (m)

The fact that this algorithm completely excludes the person from process
of rescue is its advantage. However together with it it does not allow at least
is mediated, through control of vertical velocity "to choose" landing point if
communication with the operator is available and he is ready to participate in
rescue process (see 2.1.3).

The following scheme of integration of algorithms of rescue item 2.1.3
and 2.1.4:

1. When detecting refusal is transition to algorithm item 2.1.3 with

indication on the control panel;

2. 3-5 second expectation of the reply of operator;

3. In the presence of the answer is continuation of action of algorithm

item 2.1.3, differently — transition to automatic rescue according to
item 2.1.4.

The choice of landing place by the analysis of the spreading surface
technologies of computer sight [15] can become alternative to the offered scheme
and also development of algorithm of automatic landing.

Note 2.6. Should note that work of such algorithm is possible only on
the device assembled with target FC from the item 1.1.4.
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2.2 Problem of stabilization of quadcopter

For the solution of problem of stabilization of the situation of the
quadcopter in space in control system number of PID-controllers is used. It is
obvious that maintaining controllability of the device in emergency operation of
control requires such selection of parameters of the PID-controller which would
provide the maximum stability to external perturbations. Let’s consider this
question in more detail [50;53].

For creation of control system of the quadcopter three PID-controllers
— for stabilization of the situation of the device in three planes are used.
Parameters of regulators, as a rule, match and speak about one regulator.
Selection of coefficients for such regulator has the features connected with key
geometrical and technical characteristics of the device [51].

The equation of output signal of the PID-controller [78]:

t
uw(t) =P+ 1+ D= Kpe(t) + KZ/ e(t)dt + Kd%, (2.2)
0

where K, K;, K; — are gains of the proportional, integrating and differentiating
regulator components.
For calculation of managing size directly in the airborne computer of the

device the recurrent formula is in real time used:
u(n) =u(n—1) + K,((E(n) — E(n — 1))+
+ K E(n) + K¥(E(n) — 2E(n — 1) + E(n — 2)),

where n — sequence number of step, F(n) — mismatch size between the current
and required value of adjustable parameter.

This formula allows to minimize the number of the carried-out operations
and to reduce digit capacity of the stored sizes. The task of the choice of
parameters of K,. K;, K, for stabilization of preset values of corners @q, 0y,
Py is set (fig. 1.1).

Modern flight controllers each 10 milliseconds allow to make calculation

of managing signal of the regulator. It is quite enough, considering factor of
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mechanical inertia (especially on devices with the large diameter of blades) and
also restrictions of ESC.

The question of initial selection of three parameters of the regulator
for the unbalanced flight vehicle is uncommon at once. The wrong choice of
parameters will not allow it to fly up. At maiden flight of the assembled device
it is reasonable to use some basic settings of the regulator for which settings of
the regulator similar on geometry and thrust-weight ratio of the device can
be taken.

Unfortunately, for failsafe hardware configuration of the quadcopter (see
item 1.1.3, 1.1.4) is not always possible to find analog. In this case the next
method of adjusting is offered:

1. As basic parameters of the regulator for quadcopters with the most

often found parameter of diameter of frame of [: 0,1 <[ < 0,2 m are
offered to use parameters P =5; I =0,1; D = 3;

2. If the device successfully flies up, then further exact setup of
parameters is made by the operator on algorithm item 2.2.2;

3. If the device does not fly up or behaves in air unstably, badly
reacts to managing influence, then depending on observed features of
behavior, the corresponding coefficient is adjusted. Influence of each of
parameters of the regulator is described in item 2.2.1.

Note 2.7. These basic values for setup of the regulator are received
experimentally, by simplification of the quadcopter Quanum Nova for reduction
of its characteristics to described in item 1.1.3, 1.1.4.

Note 2.8. Defects of setup of the stabilizing PID-controller well are felt if
to press the device hand to table at take-off or strong it being necessary to hold
for the landing gear on outstretched arms. Such diagnostics allows to define
oscillations invisible to eye, and in case of availability of explicit overshoot not

to damage the device. Work will be executed with the assistant changing the
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mode of draft of the device. It is necessary to be careful, protect eyes and hands:
the rotating blades of the device can cause injury.

Results of numerical modeling of process of stabilization for the PID-
controller with parameters P = 5;1 = 0,1; D = 3 are given in fig. 2.20.
Here curve — output signal of the regulator, the horizontal line of x = 0 has
designated desirable value of size, by points — the actual value of size generated

in a random way from interval of —0,8 < y < 0,8.

Figure 2.20 — Results of modeling of PID-controller

Consider problem of deduction of value of angle { = 0. Let’s carry out
modeling of process of stabilization at initial deviation of angle { = 3 on
interval of 30 ms. Let’s carry out the analysis of influence of parameters of the
regulator on the basis of mathematical modeling — integration of the system
(1.1), changing only one of regulator parameters [64].

Results of modeling at change:

1. Parameter P (5; 15; 30) are presented on fig. 2.21;

2. Parameter 1 (0,1; 0,5; 3) are presented on fig. 2.22;

3. Parameter D (6; 9; 10) are presented on fig. 2.23.

These schedules visually illustrate influence of each of regulator
components on the nature of its stabilization. Certainly, results of modeling

represent certain "ideal" device in the environment without perturbations and
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Figure 2.21 — Values of the regulator [P; I; D]: continuous curve — [5; 0,1; 3],
dotted line — [15; 0,1; 3|, dot-dash line — [30; 0,1; 3] (deg, ms)

Figure 2.22 — Values of the regulator [P; I; D]: continuous curve — [5; 0,1; 3],
dotted line — [5; 0,5; 3], dot-dash line — [5; 3; 3] (deg, ms)

in the absence of internal imbalances and vibrations. These perturbations and
also features of work of algorithms of filtering of "crude" these gyroscopes and
accelerometers bring the influence on the nature of control. Practical impact
assessment of each of the regulator PID parameters taking into account all

factors is given in item 2.2.1.



Figure 2.23 — Values of the regulator [P; I; D]: continuous curve - [5; 0,1; 6],
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dotted line — [5; 0,1; 9], dot-dash line — [5; 0,1; 12| (deg, ms)

2.2.1 PID-controller parameters effect. Profiling

The PID-controller is built in control system of the quadcopter according
to the scheme on fig. 2.24. Considering characteristics of different elements of the
control circuit, own experiments and also generalizing experience of researchers

[56; 76; 77], we will formulate number of recommendations about the choice

of its parameters.

SENSORS OMNBAORD CONTROLLER
Gyroscopes, - Calculating Motor speed
Accelerometers, u angles PID calculation
barometer, etc.

L

Electronic Speed
Controller

Figure 2.24 — Control circuit of engines

External control signal
or program control
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Depending on the planned profile of use of the device (shunting, different
setup for photo filming) PID-controller parameters can be changed. Let’s
consider influence of each of parameters on behavior of the device. These results
are received experimentally, and also by the analysis of schedules of fig. 2.21 -
2.23. Settings of algorithms of filtering of RAW sensors data did not change.

Proportional component P:

Increase in value of P results in bigger stability until too great value of
P does not lead to oscillations and loss of controllability.

Reduction of value of P reduces reaction to managing influence.

Integrated component I:

Increase in I promotes improvement of directional stability and reduces
drift, but also increases delay of return to initial situation. Increase in I at
invariable P reduces influence of P for managing influence.

Reduction of value of I reduces device reaction speed by managing
influence, but at the same time increases drift and reduces ability to hold the
situation of stability.

Differential component D:

Increase in value of D increases stabilization speed after change of position
of the device in space (as a result of control or external influence). Also increase
in D considerably increases influence of proportional component. It means
increase in probability of emergence of overshoot and oscillations.

Reduction of D reduces the speed and the amount of fluctuations at

return to the stabilized situation.

2.2.2 Algorithm of setup of the PID-controller for failsafe

configuration

Taking into account the nature of influence of parameters of the regulator
on behavior of the quadcopter (see item 2.2.1) and feature of the failsafe
configuration connected with high thrust-weight ratio (see item 1.1.3, 1.1.4),
is offered the following algorithm of setup of the PID-controller. This algorithm
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is carried out by the person operator of the UAV and is not based on algorithms

of automatic configuration of any PID-controllers known in literature.

1. Are established basic settings of PID at which the device can come off
the earth. For quadcopters of class is lower, than VI, it is possible to use
parameters from the item 2.2 or to pick up experimentally. Parameters
from the devices similar in geometrical and traction characteristics can
be taken as basis;

2. Setup of P. For the shunting quadcopter it is necessary to use greatest
possible (before emergence of oscillations) value of P. Reduction of P
(from the maximum value) is reasonable for devices with the camera,
and also during training in piloting;

3. Setup of [ is made during visual check-out or by control of RAW
gyroscopes data by telemetry. The purpose — obtaining value at
which the device holds the situation of stability. At the same time
it 1s excluded external mechanical or managing influences there are
deviations from the provision of motionless hanging in air. The value
of I at the same time can both be increased, and to reduce;

4. If is initially chosen option of use of the value of P, greatest possible
without oscillations, then after completion of setup of I, it is necessary
to carry out correction of P, search of new greatest possible value of
P. As a rule, P allows increase if I in the course of setup increased;

5. Is evaluated the speed of return of the device to the stabilized situation
after maximum deviation of control knobs by movement of the device
in the horizontal plane. If the speed of return is insufficient — D slightly
(in comparison with other components of the regulator) increase. If the
speed of return is sufficient, D leave without change. At manifestation
of signs of overshoot at first it is necessary to lower P, and already

then if overshoot is not possible to avoid, D decreases;
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6. If the parameter of D changed, then repeated tuning of P and I is
performed. As a rule, P can be reduced at increase in D without
noticeable losses of characteristics of stabilization. I at the same time
is adjusted according to item 3.

7. For thin setup of the regulator it is necessary to repeat actions 1-6 till
the moment while on step 5 it is not required to change D. Setup is
finished.

Note 2.9. Notice that for the production quadcopter, the parameters
of the regulator received as a result of work of algorithm can differ from
factory, «basic» installations considerably. Producers of unspecialized UAVs,
as a rule, use low value of P, displacing balance of controllability of the device
towards smoothness, reducing maneuverability. It is reasonable, considering
main objective of use of such devices — shooting of video. However, speaking
about the limit modes and emergencies it is necessary to use specially picked
up PID-controller parameters. It is offered to have several sets of parameters
for different situations (use profiles). It is possible to receive necessary values,
having executed the offered algorithm of setup of the regulator being directly in
situation for which these values need to be found. So, for example, reasonable
will be once to execute setup algorithm in gusty wind. The received parameters
need to be kept and, if necessary afterwards to carry out flights in adverse
conditions, in advance to establish the corresponding values. It is similarly
possible to arrive also at significant change in weight of payload, having received
«easy and heavy PID». As for emergency operation of functioning, especially
for stabilization of continuously rotating device when landing on two screws
(see item 2.1), here is necessary additional practical research. It is reasonable
to assume that setup of the regulator with high P (high maneuverability)
will be suitable for such operational mode. Only practical researches (some
kind of «crash tests») can open completely perspective of stabilization of the

quadcopter in emergency operation.
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2.2.3 Specifics of algorithms of automatic configuration

In science number of ways for automatic selection of parameters of the
PID-controller by the analysis of feedback from adjustable system are widely
known [68]|. Application of these algorithms for setup of PID-controllers of
the quadcopter is possible, but, owing to the natural reasons, is limited. It
is explained, first of all, by impossibility to change regulator parameters in
broad band of values, as such change can lead to loss of control and accident:
to falling of the device as a result of loss of control over orientation.

In Misson Planner structure [94] there are tools for automatic
configuration of parameters of PID-controllers. The mode, called <«auto-
tune» (autotune), considers specifics of the quadcopter as at setup of PID
and the following algorithm of actions restrictions from the operator means
control systems:

1. Manually to perform preliminary basic tuning of the regulator so that

the quadcopter could come off the earth, at least, without accident;

2. Lift the quadcopter on height not less than 3 m for prevention of
contact with the device of the earth during setup;

3. Activate the mode <«autotunes by means of two-way telemetric
communication (or previously having adjusted inclusion of the mode
on one of control panel buttons);

4. During setup to adjust position of the device in space from the control
panel, controlling it visually;

5. Check behavior of the device with new parameters of the regulator, to
accept them, or to return to the PID basic parameters;

6. Check behavior of the device with new parameters of the regulator, to
accept them, or to return to the PID basic parameters.

At the same time even when performing conditions 1-6 there can be

emergency.
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It is experimentally established that on the quadcopter Quanum Nova
with the facilitated frame, conforming to requirements to failsafe configuration
from item 1.1.3, 1.1.4, inevitably leads inclusion of the mode «autotunes to
accident. This circumstance is connected with high stock on draft for failsafe
configuration. During performance of horizontal maneuvres there is thrust
variation up to maximum, necessary for work of algorithms of automatic
configuration. High thrust-weight ratio leads to revolution and falling of the
device here.

Thus, it is possible to conclude that for failsafe configuration of
the quadcopter work of regular algorithms of automatic configuration is
complicated. Successful performance of these algorithms is impossible without
their additional adaptation. However taking into account stated in item 2.2.1,
2.2.1, such work does not seem perspective, because the algorithm of manual
setup is already offered. This procedure will not take away a lot of time from
the experienced operator and will allow to adjust more thinly the regulator

according to the nature of solvable tasks.

2.2.4 The mode with overshoot

During pilot studies on the device Quanum Nova the following effect has
been noticed.

At setup of parameters of the stabilizing PID-controller directly in the
course of flight on telemetric communication on the algorithm given in the
item 2.1.1 the real work, the most difficult setup of differential component
of regulator D. appears. Even insignificant (on range, in comparison with
parameters P and I) change of this parameter leads to emergence of overshoot.

Trying to stabilize the situation, the device creates the stabilizing
influence much stronger necessary, and the following influence even more

previous etc. As result — loss of control.
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At the same time the following effect was repeatedly noted: the dosed
reregulation which is not leading to loss of control and poorly distinguishable
visually (and at a distance of more than 5 m—indistinguishable) positively
affects resistance of the device to external influence. Stabilization of the device
happens much quicker, and at increase in payload at the device, increase D
in general positively affects controllability of the device, the responsiveness on
managing influence becomes more sharply, decrease delay between deviation of
control knobs and reaction of the device.

Note 2.10. This Effect it was observed only on condition of good
balancing of screws of the device. The imbalance of screws or damage of blades
levels positive influence of this effect. So, for example, installation obviously
damaged (see fig. 2.25) blades on the device which is adjusted with overshoot
in impossibility of take-off. At the same time at standard setup of the PID-
controller the device with such blade flies up and is operated. Availability
of own fluctuations of the device with imbalance of blades is the obvious
reason of such behavior. Rotational speed of blades of the quadcopter can
reach tens of thousands of rpm. In process of increase in rotational speed of
blades also vibratory frequency grows. At the passing of some critical value
of vibratory frequency, resolution capacity established onboard gyroscopes
becomes insufficiently. The PID-controller begins to try to stabilize fluctuations,
without having sufficient data about the current value of corners. Taking
into account that also the regulator manages the rotational speed of screws,
changing vibratory frequency, there is inevitable overshoot. At the same time
in the normal mode of setup of the PID-controller (without the planned dosed
pererulirovaniye) such high-frequency fluctuations just will not manage to cause
managing influence or are at all filtered by entrance filters (see the scheme
on fig. 2.24).

Let’s note that specific values of parameters of the regulator with the
dosed overshoot are selected exclusively experimentally and depend on set

of factors: configurations of the device, weight and arrangement of payload,
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Figure 2.25 — Damaged as a result of contact with concrete structure and
normal screws

condition of screws etc. The exit to the mode is carried out due to higher

value of D.

2.3 Conclusions on Chapter 2

1. Developed software (see Appendix B) allows to model process of
flight of the quadcopter, including modeling of refusals. Adapted for
execution in the flight controller, it can become part of problem-
oriented control system of failsafe configuration of the quadcopter;

2. Even the partial refusal of one of quadcopter screws in flight without
action of algorithms of rescue leads item to its falling. Vertical
velocity of falling is comparable with free-fall speed, and effects - are
catastrophic (see item 2.1.2, note 2.3);

3. Mathematical modeling has shown to possibility of landing of the

quadcopter at two running engines from four. Practically such landing
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is possible at meeting the requirements to hardware component
of failsafe configuration (see item 1.1.3, 1.1.4). The possibility of
implementation of such approach on the existing flight controllers (e.g.
Ardupilot) demands their completion;

. Are provided two main results of this work: algorithms of rescue of the
quadcopter at failure of one or two diagonal screws. Rescue algorithms
in manual are described (see item 2.1.3) and the automatic mode (see
item 2.1.4). The possible sequence of their work taking into account
their strong and weaknesses is offered;

. Despite the simplicity concerning other types of regulators, the
PID-controller is successfully used for the solution of problem of
stabilization of the quadcopter in space. At the same time the problem
of selection of parameters of PID-controllers of the quadcopter for
the solution of task of control in emergency operation has number
of features in comparison with similar task for the normal mode of
operation;

. PID-controller of the quadcopter can be used by item not only for
the basic solution of problem of stabilization of the device, but also
for its profiling, that is changes of characteristics depending on the
carried-out task;

. Despite the existing developments in the field of automatic
configuration of PID-controllers, for the quadcopter primary and
their thin setup still remains for the person;

. PID-controller operational mode with small (not noticeable for human
eye) overshoot, not leading to significant losses in smoothness of the
course of the device, allows to increase resistance of the device to
external perturbations. At the same time it is necessary to consider
features of configuration of each specific device (and each of possible
configurations of suspension of payload) and to make additional

tuning at direct control of behavior of the device. The inevitable
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negative effect of such mode in the form of «trembling» of video series
transferred by the shipboard video camera can be leveled by use of the
special stabilizing suspended devices and dampers;

. Use of the PID-controller with overshoot can have in certain cases
also negative impact on behavior of the device. In the presence on the
device of the payload making vibrations or other mechanical impacts
on the device in the course of flight, and it is equal to it, in the presence
of imbalance of screws, it is necessary to carry out additional practical
tests for research of stability of flight. In this case emergence of resonant
fluctuations of big amplitude which level positive effect from the dosed
overshoot is possible. In situation when the operator has no confidence
in quality of balancing of screws of the device (for example, after
accidental contact with the obstacle screw in the course of flight), it
is necessary to refuse the mode with overshoot. It is reasonable to
provide simple switching of the modes (with/without overshoot) on

one of control panel toggle-switches.



233

CHAPTER 3. APPLICATION OF THE ADAPTIVE METHOD
FOR THE QUADCOPTER CONTROL

Key questions of creation of control system of the autonomous UAV are:

1. Creation of strategy of control for the movement from one set point in

another:

2. Creation effective by in advance defined criterion of quality (for

example, to fuel usage) the strategy of control.

The matters are especially relevant for failsafe configuration of the device,
because the general planning of rescue of the device depends on their decision.
Special importance at emergency operation is gained by question of efficiency,
as feature of engines of failsafe configuration is their low efficiency in the modes
of partial load (see the analysis of item 1.2.1, 1.2.2).

It is obvious that the onboard controller of failsafe configuration has to
have possibility of autonomous calculation of strategy of mission control to
«rescue points» and also be able to do to evaluate in advance necessary for
achievement of this point has reserved energy or fuel |54].

In development of the results provided to Chapter 2, we will conduct
necessary researches. For the solution of task of control the adaptive method of
synthesis of optimum controls (Gabasov’s method) [47;52;60;75]. Let’s describe
this method.

3.1 Adaptive (Gabasov’s) method

3.1.1 Problem statement

Let’s consider problem of optimum control [47]:

clz(t*) — max,,
T = A(t)x + b(t)u,
x(ty) = xg, Hx(t*) =g, L1 <u(t) < Lo,
re€R" weR, rank H=m <n,t € [t t*].

(3.1)
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Here A(t), b(t), t € [t.,t*] — sectionally continuous (n X n)-matrix and
n-dimensional vector functions, ¢ € R", g € R™ H — (m x n)-matrix,
L1 < L.

Control of u(t) gets out of class of piecewise constant functions with the

period of quantization of h = (t* — t,)/N, where N — some natural number:
u(t) =u(t, + (k —1)h) = uy, t € [ta+ (k—1)h, t.+kh), k=1,N. (3.2)

Under problem of optimum control we will understand problem of search
of such u°(¢), that cTa(t*u’) > lz(t*u),V u look (3.2).

Under task of suboptimal control we will understand problem of search of
such uf(t), that Tz (t*,u’) — clz(t* uf) < .

Let’s solve further one of these tasks. The method offered by R. Gabasov
consists in data of problem of optimum control (3.1) to problem of linear
programming and the solution of this task by the adaptive method which is
specially developed by it [47].

3.1.2 General algorithm of method

Let’s call the interval problem of linear programming (IPLP) problem
of look [75]:

'z — max,,

b, < Ax < b, (3.3)

There is z, ¢, di, d* € R", by, 0" € R™; diy < dj, ] = 1n, by <bf,i = 1m.
A — real matrix of m x n. Under the sign of inequality between two vectors
we will understand component-wise inequality.

Restrictions of the first group we will call the main restrictions, the second
— direct restrictions, expression of ¢’x — function of the purpose or object
function.

Under the admissible decision or plan we will understand x vector

satisfying to restrictions of task. Optimum plan of task (3.3) we will call such
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plan of 20 that ¢T2° > ¢!z, Vo from set of plans. Suboptimal plan of task (3.3)
we will call such plan of x¢, that ¢’2% — ¢T2® < e.

For the solution of IPLP we will use the adaptive method of the decision
offered in work of Gabasov [75].

Adaptive method have two-phase. The first phase consists in finding of
the initial plan. The second — in search of optimal (suboptimal) solution. Let’s
consider each phase in detail

The first phase of method. For a start we will designate x = #. Let

’

Wi = { by — Az, Ajx < by,

by — Ajx, Ajx > b, i =1,m,

\

where A; is understood as i line of matrix of A. Let’s enter diagonal matrix

of U the size of (m x m) :

Ui =141, w; >0,

\—1, w; <0, 1=1m.

Let’s remove from U matrix zero columns now, we will designate the received
matrix for UY, it’s dimension — m x k, where k €< 0,1,...,m > . Removal
of zero from w we will receive k-dimensional vector w®.

At last, we will make the following problem of linear programming:

(3.4)

Here ¢ is (n + k)-dimensional vector, which first n elements are equal to zero,

and k& which have remained — —1.
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Let’s notice that vector

is the admissible solution of task (3.4), then, using this plan, algorithm from
the second phase we can find optimal solution of this task. It will have the
following properties:

1. If the value of object function is equal to zero, i.e.

vector & will be the admissible decision tasks (3.3).

2. If ¢’z > 0, then for task (3.3) there are no admissible decisions (the

set of plans is empty).

The second phase of method. We will designate by symbols of I and
J respectively sets of indexes of lines and columns of matrix of A task (3.3):
I =<12,....m >, J=<12,....n > .

Let’s allocate from sets of I and J any subsets of I,, € I and J,, C J,
such that |I,,| = |Jop|. On couple of subsets of K,, = {I,p,Jop} we will make
square matrix of Ay, = A(Lyp,Jop). If det(A,p) # 0 we call K, support, and A,
— basic matriz. Under the basic plan we will understand set {z,K,,}, where x
— the admissible solution of task (3.1).

Let’s designate I,, = I\1,, J, = J\J,p. We will enter also concept vector

of expenses z = Ax, vector of potentials

u=u(l) = (u(lppu(l,)) = (Uopsttn), ul =ck AL u, =0,

op — Coplop s
and wvector of estimates

A=A = (AUo), AML)) = (Do), Ay =0, AT = c—ul A(L,,J,)).

Key role in method is played by the optimality criterion output by

Gabasov. Let’s formulate it below.
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Theorem [75]|. For optimality of the plan of x there is enough existence
of such support of Ky, at which on the basic plan {x,K,,} are carried out ratios

)
u; <0 at z; = by,

u; =0 atb*i<zi<b;‘,i€]0p;

Aj < 0 at T = d*j,
(A 20 ataj=d, (3.6)
\AJIO atd*j<:1:j<d;f,j€Jn.

Back, if x — the optimum plan, and at some support of K,, steam {x,K,,} —
the nondegenerate basic plan, then on this plan are carried out ratios (3.5),
(3.6).

The second phase of method is iterative. On entrance of each iteration
the admissible plan of x and support of K,,. moves. Iteration consists of two
parts: procedures of replacement of the plan and procedure of replacement of
support. At the exit we have the new plan  and new support K, = {I,p,Jop}-

— Replacement of the plan

1. Using support of K,,, vectors of estimates A and potentials

of uw and potentials of &,, = &(I,p) and s, = »(J,) with

components
(
Evi = b*i; if u; < 07
$e, =0, if u; > 0,
\&i c [b*z,bz], if u; = 0,1 € Iop;
.
;= d*j, if Aj < 0,
{ %j:dj, ifAj>0,
g = [dygdt], i A;=0,5 € J,,
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Basic component s, = (J,,) we will find from equality
E»op - AOp%Op + A([opajn)%n; Le. Hop = Agplaop -
AgplA(Iop,Jn)%n. On vector » = (3y,5,) we will find

&n = &(1,) = A(1,,,J) . Vector s we will call accompanying
with the pseudo-plan, & = (&0p,&n) — accompanying with
vector of pseudo-expenses.

It is easy to notice that vector s¢ meets optimality criterion,
but at the same time can not belong to set of admissible
decisions since performance of the main restrictions on basic
components and direct restrictions on not basic components is
not guaranteed. If the pseudo-plan is the plan of task (1.1.1),
it is also the optimum plan, then 2° = .

2. If pseudo-plan s¢ does not belong to set of admissible decisions,
there is point of intersection of the piece connecting the
admissible plan and the pseudo-plan with border of area of
admissible plans, i.e. such number 6 € [0;1], that the point
of x + 0(sc — ) will lie on border of set of plans. New plan
T=x+0(x—1x)

— Replacement of support

1. We will check the basic plan {z,K,,} for optimality. If on
any ig € I, violates condition (3.5), will put ky = ip. If on
any jo € J\J,, violates condition (3.6), will put kg = jo. If
conditions (3.5), (3.6) are not broken by x — the optimum
plan, and K,, — optimum support.

2. As has been told above, point T will lie on border of area
of admissible decisions. Means, there will be such 7, € I,,,
that bilateral inequality of b,;, < A(i.,J)Z < b; will accept

equal-sign at one of edges, or there will be such j, € J,), that
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dij, < T < dj will accept equal-sign at one edge. In the first
case we will put k, = 1,, in the second — k, = j,
Four cases of change of support are possible:
1. ko = jo € Jn, ki = Jx € Jyp. In this case I_Op = Lo, J_Op =
(Jop\Jx) U Jo. In basic matrix A,, the column is replaced.
2. ko = Jo € Jn, ki =1, € I,. In this case I_Op = Iop U 1y, jop =
Jop U Jo. The line and column are added to basic matrix.
3. ko =i € Loy, ki = Jiu € Jop. In this case I, = I,,\ig, Jop =
Jop\Ji- From basic matrix the line and column are removed.
4. ko = ip € I, ke = i € I,. In this case I,, = (I,,\io) U
ix, Jop = Jop- In basic matrix the line is replaced.
Exit condition from cycle
After each replacement of the plan and support it is necessary to find
B = cI'(a™ — »"), where 2™ and " respectively the plan and the pseudo-plan
for step m. At B = 0 process stops, optimal solution of 2z’ = 2". By search of
the suboptimal decision process stops as soon as 3 < € and z® = 2",

It is proved that process meets for final quantity of steps [75].

3.1.3 Key features of method

Often in practice system parameters (3.3) are known inaccurately. In this
case use of methods of finding of the exact solution of task is not always justified.
Use of adaptive method in that case is more preferable. Besides, application of
adaptive method does not lead to increase in dimension of task that is inevitable
at data of initial task to initial form of the problem of linear programming
suitable for the decision simplex method.

The basis rigidly is associated with each basic plan in simplex method
(special subset from indexes of the basic plan). By means of these elements

the basic matrix is formed.
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In adaptive method instead of basis the support is used. It does not
depend on the plan at all. In this regard, if in simplex method at change of the
basic plan automatically by certain rules the basis changes, then in Gabasov’s
method the plan and support are not connected that allows to change them
independently of each other and more effectively to build the optimum plan.

Once again we will note that in relation to problems of optimum control,
the general scheme of method looks as follows. At the first stage data of dynamic
task are carried out (3.1) to IPLP (3.3) [47], and at the second stage IPLP
decides by adaptive method of Gabasov. Examples of data of dynamic problem
of optimum control to IPLP can be found at authors of method [47], and also

in applied researches [95], [96].

3.2 Electric motor control

The electronic adjusters of the course installed on the quadcopter (4
pieces on one on each electric motor) actually are separate microcontrollers
from program controls. The main objective of ESC blocks — «to transform»
low-current managing signal of the flight controller (PWM, Dshot*, Oneshot™,
Multishot, etc.) to three-phase power supply circuit of the electric motor.
Algorithms of such transformation can be different and rather difficult. Some
types of ESC (e.g. ESC with BLHeli-32 software) have own sensors and
telemetry. At the same time their source code is closed [97].

It is obvious that when developing failsafe configuration of the quadcopter
it is impossible to avoid question of the algorithms defined in ESC software. At
the same time is of interest not only basic questions of reliability of ESC: lack
of failures of synchronization, failures from aimings and etc., the item, but also
the question of implementation in ESC software of opportunities for optimum
control of electric motor is interesting.

For this purpose we will give practical example of application of the

adaptive method described above for the solution of task of control of the
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electric motor [58]. Let’s consider problem of turn of shaft of the electric motor
of direct current on the maximum corner for the set time. Dynamics of this

process is described by the following system [98]:
.%-'1 = T9, 1’2 = u, \u\ < b,

$1(0) = $2(0) = ZEQ(T) = 0, ZBl(T) — mqiiX,

where x1 — turning angle of shaft of the engine, x9 — the angular speed of
shaft, u — the given torque (control), T' — the set time of the end of turn. It is
required to choose control of u(t) so that in timepoint 7" the rotational speed of
shaft was equal to zero, and the turning angle at the same time was maximum.

Results of work of the program are given on schedules below. As

parameters of system values have been taken 7' = 10, b = 2,5, N = 30.

Figure 3.1 — Optimum control

Thus, the task of control of the electric motor with use of criterion of
quality is successfully solved: turn on the maximum corner for the set time.
Managing signals were rather obvious (see fig. 3.1): dispersal of shaft before
timepoint 5 with and braking from timepoint 5 with before the termination
of interval of modelivaniye in 10 pages. This example can be considered
illustrative, it shows applicability of method for the solution of this task. For
implementation in ESC software, from the practical point of view the modes

with use of other criteria of quality and restrictions can be interesting.
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Figure 3.2 — Dependence of angular speed on time

Figure 3.3 — Dependence of turning angle on time

Note 3.1. Proceeding from type of the received schedule of dependence
of angular speed from time (see fig. 3.2), it is possible to draw conclusion on
possibility of approach of such and other more difficult dependences on formula
(2.1). Thus, the way of approach of angular speeds €2; item 2.1 can consider

correct and admissible in practical sense.
3.3 Control of quadcopter

3.3.1 Normal mode control

Let’s consider system (1.1) we will also enter new designations of phase

variables:

)=

y = (y17 Y2, Y3, Y4, Ys, Y6, Y7, Y8, Y9, Y10, Y11, Y12

- (.’,C, ‘/xa Y, ‘/ya 2 ‘/27 ©, Wy, 67 We, 1-1)7 wl]))T

Y
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and also new designation for vector of control:
VvV = (Uh U2, U3, U4)T — (U17 U27 U37 U4)T-
Then system (1.1) can be presented in the following form:

y=F(y,v). (3.7)

Now we will consider problem of stabilization of point of balance of
(20, Yo, 20, Vo) system (1.1), where all sizes are constant. This point corresponds

to vector
y() — (.T(), 07 Yo, 07 205 07 07 07 07 07 11)07 O>T

Vector y¥ can be considered as the program system mode (3.7). It is easy to
check that the program mode y° is provided to control v¥ = (U, 0, 0, 0),
U = mg.

Let’s assume that y is now condition of system (3.7) in the neighborhood
of point of balance y". To solve problem of stabilization of point of balance y°,
we will write system in deviations. In this purpose we will enter replacement

of variables:

x=y—-y’, u=v-—v' (3.8)

Then system (1.1) or (3.7) can be rewritten in look (3.9)
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p
1 = T,

T9 = (sin(x11 + o) sin z7+

+ cos(x11 + o) sin xg cos z7) (uy + UY),
T3 = T4,
iy = (— cos(z11 + o) sin x7+

+ sin(z1; + Po) sin xg cos x7) (ug + U7),

:.E5 = Zg,
\ - . (3.9)
Tg = cos xg cos x7(uy + Uy) — myg,
T7 = Ty,
) 1
Ty = I_[(Iyy — 1..)x10712 + JrpTio€d + usl,
Ty = T1p,
) 1
t19 = — (122 — Lpz)xs12 + Jrpassd + ug),
yy
T11 = T12,
) 1
T12 = —[(Im - ]yy)ﬂfsﬂflo + U4]7
\ ZZ2

or, in vector form:
x = G(x,u). (3.10)

[t is obvious that on creation of G(0,0) = O.

For (3.10) we will receive the system of linear approximation:

x = Ax + Bu, (3.11)
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where

(010000 0 0 0 000)
000O0O0O0 mgsing 0 mgcospyg 0 0 0
000100 0 0 0 000
000000 —mgcospy 0 mgsinipg 0 0 0
000001 0 0 0 000
A_| 000000 0 0 0 o000
000000 0 10 000
000000 0 0 0 000
000000 0 0 0 100
000000 0 0 0 000
000000 0 0 0 001
\ 000000 0 0 0 000)

[0 0 0 0 )

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

s |10 00

0 0 0 0

01/, 0 0

0 0 0 0

0 0 1/I, 0

0 0 0 0

\0 0 0 1/L.)

Further the main idea consists in application of adaptive method of
Gabasov for the solution of problem of stabilization of the zero solution of
system (3.11) with the subsequent use of the same stabilizing control in system

(3.10), and then and in (3.7) taking into account replacement (3.8).
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Let x° — be the point which is in the vicinity of point of balance x = 0.

It is necessary to move system (3.10) uz x" 0 for limited time. Let’s consider

the movement on interval of time: [t,,t*]. Let’s set as the purpose of control

fuel usage minimization (energy of batteries), i.e.

t*
/QW+MHW¢W@ﬁ%mm
" u (3.12)

Li<u <L i=14.

Algorithm. We will choose N > 0.

Step 1.

Step 2.

Let’s construct optimum control for the linearized system (3.11)
with functionality (3.12) and with boundary conditions x(t,) = x°,
x(t*) = 0, using adaptive method of Gabasov. We will build
control in class of piecewise constant functions with the period of

quantization of h = (t* —t.)/N:

telt,+ (k—Dht,+kh], k=1N, i=T1A.

Then we close system (3.10) the control received on the first step
ul = (u11, us1, us1, ug1), and we integrate the closed system on
[t.,t. + h] with entry condition x(¢,) = x". Integrated curve we will
designate as x*(t). Let z' = x*(t, + h).

Let’s find optimum control for the linearized system (3.11) with
boundary conditions x(t, + h) = z', x(t*) = 0 in class of piecewise

constant functions with the period of sampling of h:

ui(t) = ui(ts + (K — 1)h) = ug,

telti+ (k—1ht.+kh], E=2N, i=14.
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Then we close system (3.10) the control received on the second step

u? = (u12, uge, Uz, Uge), and we integrate the closed system on

interval [t, + h,t, + 2h] with entry condition x(t, + h) = z!. Let

z? = x(t, + 2h). Further we will pass to the following step similar to
the second.

N-y Step Let’s find optimum control u*? and function x*(¢) on interval [t, +
(N — 1)h,t*]. This step is final because optimum control u* = u**,

t €[ty + (k—1)h, t, +kh), k =1N is constructed.

As example we will consider task with the following parameters:
m=1kg, [ =0,6m, b=265-10"%Nms? d=0,6-10"° N-ms?, [, = I, =
I.. = 0,1 N-ms?, Jpp = 0,005 N-ms?, propeller speed 5000 RPS.

Let

x’ = (0.01,0,0,0,0,0,0.0001,0,0,0,0,0)7,
Po=0, t,=0, t"=10, N =20.

The algorithm described in the previous section has been implemented in

the environment of Matlab. Results of modeling are given in schedules (fig.

3.4, 35, 3.6).

D008 o o, e T
G008 g 2 y ,

Figure 3.4 — Phase space (z,y,2)

Thus, we receive the successful solution of task of control: transfer of the
device from one point in another (see fig. 3.4). Gabasov’s method can be applied

to the solution of problem of optimum control of the quadcopter in real time,
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Figure 3.5 — Dependence of phase coordinates on time
,x10°
u,(t) ;
t — —
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Figure 3.6 — Dependence of vector of control on time

by creation of circuits of initial system. Type of the received control - piecewise

constant functions (see fig. 3.6).

3.3.2 Emergency control

Let’s address mathematical model of control of the quadcopter (1.1),

which does not mean surely to use signals from navigation satellite systems

and also some other sensors [4;66]. As a rule, these models have rather general

character and on real devices are fully not used, but can be very useful in

emergency operation.

For understanding of the place of calculations for mathematical model

in control system, we will consider role of different control-system components
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the device at its self-contained control. On modern quadcopters the following
sensors (sensors) can be installed:

1. Digital barometer (demands calibration before departure);

2. Three-axial gyroscope;

3. Three-axial accelerometer;

4. Electronic compass (magnetomeasures) of different modifications

(demands calibration before departure);

5. Equipment of satellite positioning (GPS, GLONASS, Beydou);

6. Laser distance meters (seldom).

Let’s consider two cases of operation of the device in air.

The first case. Flight with direct participation of the operator
in control of the device. In this case problem of mission control actually
comes down to stabilization of the device in space and broadcast of signals
of control to actuators (control system and the shipboard equipment). It is
known that for the solution of problem of stabilization of the quadcopter the
onboard managing system of the device has enough data from only two sensors:
2 and 3 of the provided list. Installation of sensors 1 and 4 increases reliability
of stabilization, but is not obligatory. Taking into account that both of these
sensors demand calibration before each start (magnetic field of the earth, as well
as atmospheric pressure of size dynamic), often control systems of the UAV are
customized so that address data from these sensors, only if signals from sensors
5 and 6 do not arrive. Work of system of positioning 5 in such mode is not
obligatory, because the operator has possibility of visual check-out of position of
the device. However on condition of regular work of system 5 the comfort of work
of the operator sharply increases. The device can independently compensate
wind influence, «hang» more precisely in necessary point. Sensor 6 is used
only on rather small (up to 100 m) distances for carrying out high-precision
measurements (for example, measurements of height or measurements of exact
distance from object to the UAV or from object to object). Thus, in the presence
of visual check-out behind operation of the UAV from the operator and regularly
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working communication channel, we have situation when for operation of the
UAV there are enough only two sensors: 2 and 3.

The second case. Autonomous flight of the device. Owing to the
reasons stated above, manual control of the UAV is not always possible [62].

In case of autonomous flight, even on condition of right calibration of
sensors 1 and 4, flight of the quadcopter is possible only during the regular work
of system 5. Significantly data of sensor 1 are important: they are irreplaceable
for right orientation of the device in space at stops and low speeds of the
movement. Sensor 4 is used as auxiliary determinant of height, the system of
satellite navigation (5) remains the main source of data on height. Sensor 6, as
a rule, gets into gear by one of the last. Owing to near range it helps to avoid
collision. Loss of signal from satellites will actually «blind» the autonomous
UAV. In this case it will be impossible not only to perform the flying mission,
but also automatically to return to start point. Regular algorithms of the
existing controllers of control of the UAV this case means the following behavior
[70;77]: 1) Motionless «lag» in point of loss of signal until its recovery; 2) Crash
landing at the critical level of charge of batteries or fuel reserve.

Let’s offer several approaches to the solution of task of control: use of
mathematical model of the quadcopter for direct control of actuators bypassing
faulty sensors and replacement of signal from the idle sensor with the data
obtained as a result of data processing from other sensors. It is possible as
well synergy approach.

Mathematical modeling in the environment of MATLAB has shown that
system (1.1) can be applied to problem of stabilization of flight [52], and also
to problem of transfer of the device in the set point.

Let’s give results of modeling of possible situation with quadcopter
conclusion from emergency (point of loss of contact (10,5,15)) to start point
(point (0,0,0)). Throughout earlier conducted researches the task has been
solved by adaptive method [52; 56; 60] with criterion of quality (3.12). The
flowchart of the program is given in Appendix A.
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The choice of criterion of quality of such look is explained by the fact
that when landing the device in adverse conditions it is necessary to minimize
integrated sizes of all managing signals, thus receiving the maximum fuel saving
or charge of batteries on case of possible recovery of communication.

The trajectory of the movement of the device is presented on fig. 3.7, the
constructed signals of optimum control are given in fig. 3.8. For calculation the
following parameters were used: m = 1 kg, [ = 0,6m, b = 26,5 - 107° N-s?,
d=0,6-10"% Nms?, I, = I, =1,.,=0,1 N-ms?, Jrp = 0,005 N-ms?, the
rotational speed of propellers — 5000 RPS.

Figure 3.7 — Movement of the quadcopter

Figure 3.8 — Optimum managing signals
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The type of the constructed managing signals (sectionally continuous
functions) is caused by the choice of method [60;99] and criterion of quality.

Result of modeling. The algorithm of method has chosen the following
strategy of control. In upper point the device begins to decrease controlled.
Controls of Us, Us quickly join for shift of the device in the direction of landing
point. Further the device decreases in the set direction by gravity up to the
moment of the following inclusion of control of U; (point ¢ = 7 sec): the vertical
velocity gained by the device «is extinguished» before landing.

The decision allows to refuse practically use of control channel of Uy, and
also to minimize control on interval
3 <t < T sec. Let’s call this interval «falling intervals.

Note 3.2. on the real device angular speeds Q;, ¢ = 1,4 will not be equal
to zero even on falling interval as depending on external perturbations the
necessary stabilizing additives Q7P on formula will be always calculated (1.6).
Receiving negative U; s explained by feature of method and its implementation
(linearization, etc.). At implementation on the real device it is necessary to use
absolute value of signal of control [56;60;99; 100].

Thus, the positive effect from implementation of the procedure of
calculation of the movement of the device on mathematical model with use
of criterion of quality can be reached. At in advance known checkpoints it is
possible to build the optimum strategy of control on all route of the movement

that is especially important in emergency operation of work.

3.3.3 Substitution of external navigation signal on data of inertial

navigation

Set of the sensors measuring purely gravitational characteristics installed
on the UAV (so, less subject to influence of electromagnetic radiation) is rather
extensive. Onboard there are accelerometers (3) and measuring instruments
of corners (2), according to the item 3.3.2. As it has been shown above, the

considered task of control of the UAV is emergency, i.e. arises after regular
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start, directly in flight of the device. Let’s consider that, at least, within the
procedure of regular start there is capture of coordinates of point of start to
use of satellite systems of navigation (5). Such mode is recommended by the
leading producers of flight controllers. The case when work of systems of satellite
positioning of the UAV is broken through some time after start, is similar from
point of rhenium of further constructions.

Let’s describe situation when are known rather exact coordinates of the

device xg, 19, 2o up to time of ty. Let’s consider t:
ty <t <ty

where ¢, — critical time which is understood as factored moment of fuel
exhaustion or charge of batteries. At this time data on device coordinates
from the satellite systems of navigation do not arrive any more, however sizes
of Vo, Vi, Vi, 0, @, P, wg, wy are still known. They can be received by
processing of signals from gyroscopes and accelerometers, i.e. all necessary set
of basic data for calculation of coordinates of the device by their integration
is known. Actually it is about creation of the shipboard inertial navigation
system (IMU [101;102]).

Let’s give the main results for creation of such system.

In IMU model the equations of the movement of object which Newton’s

equations for the movement of mass point in inertial coordinate system [101;102]
=g+ p, (3.13)

where r — point radius vector in inertial reference system, g — the vector of
gravitational acceleration in the position of point which is function of provision
of object (i. e. we have g(r)), and p — acceleration vector from action of external
forces, i.e. vector of the seeming acceleration). Navigation coordinates turn out

double integration of the equations.

t t

f:/(g+p)d'c, r=r0+/1'“d't. (3.14)

to to
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The integration algorithm together with functional dependence g(r) is
initial information; p — primary information measured by sensors; initial values
of vector rg and its derivative Iy, necessary at integration are initial information.
It is obvious that inertial primary information in principle is enough for the
solution of navigation task.

Implementation of the solution of navigation task in IMU is connected
with operations not over vector (3.14), and over scalar sizes which the current
values of primary information are. Naturally, as the navigation algorithms
realized in the flight controller, also essence scalar operations. In this regard
for development of navigation algorithm it is necessary to execute replacement
of the initial equations of inertial navigation (3.14) and (3.13) on the system
of the scalar equations. At the same time essential role is played by type of
primary information which depends on the provision of basic trihedron of axes
of sensitivity of inertial sensors [19].

The sensors installed on the UAV have the minimum size (mm unit)
and are rigidly connected with the body of the device. i.e. it is about creation
of the strap-free inertial navigation system [72|. The signal from such sensors
is subject to influence of hindrances, incorporates «noise». Special filters, for
example, Kallman’s filter or the alpha beta filter are used to minimization of
influence of hindrances before integration to signal from sensors.

Thus, the system of substitution of signal offered to implementation works
on provided on (fig. 3.9) to algorithm.

Receiving full-fledged IMU on the device excludes need of use of
navigation satellite systems, i.e. actually IMU completely replaces sensor 5.

This approach demands further research on the real device. Key factors
for possibility of implementation of the scheme of substitution of signal
(implementation of IMU) are:

— the nature of zashumlennost of primary data for different types of

sensors in different flight runs;
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FILTER BLOCK (added

GYROS to the flight controller

software)
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RAW sensor data angles, angular
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DISTANCE METER INTEGRATION UNIT
(added to flight controller software)
MEASUREMENT ¢
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UNIT NAVIGATION DATA
(existing) coordinates, speeds, direction
\_ A

Figure 3.9 — Principal diagram of system of substitution of signal

— possibility of the flight controller on processing of the obtained data in

real time;

— speed of increase of error of navigation data eventually.

At the time of loss of signal from the satellite systems of navigation
approach to the solution of problem of emergency control by the quadcopter
can be carried out by switching of the channel of obtaining navigation data to
scalar components of (z,y,z) vector r, calculated on formula (3.9).

It should be noted that in scientific literature on this subject or exclusively
model tasks are considered using different mathematical methods [67;72;99], or
approach at which the arising problems are solved by installation of additional
devices and sensors is described. At the same time in the second case practices
and results of mathematical modeling considering specifics of each of the UAV
types are poorly used.

Synergy approach to the solution of problem of emergency control by
the quadcopter at accident of the first type can be carried out as follows. On
the one hand it is known that IMU saves mistake over time. On the other
hand, calculation of managing signals algorithm for item 3.3.2, represents the
constructed control algorithm with high accuracy (the methodical error and

errors of rounding in this context are negligible. Of course, it is previously
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necessary to pick up precisely system parameters (1.1). Thus, for carrying out
crash landing it is possible to use navigation data of IMU and to calculate
managing signals on «ideal> model (1.1). Previously, for each specific model
of the device it is possible to establish by practical consideration from what
timepoint the error of IMU exceeds certain threshold and landing according
to IMU it is impossible. At this moment it is necessary to adjust data of
IMU the data calculated on model (1.1). Such adjustment will replace ways of
adjustment, traditional for IMU, on navigation satellite systems or the systems
of the analysis of the spreading surface [15]. The possible area of applicability
of such approach depends on two key factors: accuracy of parameters of
system (1.1) and qualities of the gyroscopes and accelerometers filled on the
quadcopter. Detailed studying of this question is possible only on the real
device.

Let’s notice that open data on work of IMU on quadcopters are not
enough. In private projects and researches on this subject ready decisions
in the field of IMU [19] are, as a rule, applied. At the same time technical
characteristics of in addition installed sensors seldom considerably differ from
already available on the UAV as a part of stabilization system, i.e. their
implementation is irrational. Besides, off-the-shelf navigation units, as a rule,
do not allow to manage thinly navigation process because its source code is
closed. Thus, the possibility of implementation of synergy approach to control
of the device is excluded. This approach also demands additional studying on

the real device.

3.4 Conclusions on Chapter 3

1. Gabasov’s Method can be applied by item to the solution of problem of
optimum control of the quadcopter in real time. Received in item 3.3.1
linear approach of system (1.1) can be used for the solution of task of

control by creation of short circuits of initial system:;
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. Created on the basis of adaptive method of Gabasov software for
the solution of problem of self-contained control by the quadcopter
can be used for creation of strategy of control from point in point.
Mathematical modeling of process of crash landing of the device with
use of specific criterion of quality is carried out. Type of the received
control - piecewise constant functions. Adapted for execution in the
flight controller, program can become part of problem-oriented control
system of failsafe configuration of the quadcopter;

. Along with it successfully solve problem of optimization: minimization
of power consumption of batteries or fuel that is crucial in emergency
operation of functioning;

. The criterion of quality can be changed depending on solvable task.
Creation of strategy of control from minimization of distance, time and
any other parameters of the movement is possible;

. At in advance known checkpoints it is possible to build the optimum
strategy of control on all route of the movement that is especially
important in emergency operation of work. The received strategy
of control together with IMU added programmatically (without
additional hardware modifications of the device) can be used for control
of the device at loss of signals of external navigation systems;

. Gabasov’s Method and software on its basis can be implemented in
structure of ESC software for creation of optimum strategy of control
of electric motors. Use of optimality criterion what earlier for software
this the highly specialized controller was not offered will be key feature
such program. Selection of specific criterion of quality will depend on

the flying mission performed by the device.
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CONCLUSION

Summing up results of work, it should be noted that in spite of the

fact that all fundamental issues connected with creation of control system of

the quadcopter are successfully solved, questions of fault tolerance still remain

relevant. The tendency to robotization of all types of flight vehicles generates

request for increase in reliability of all systems. In the present thesis the next

researches have been conducted:

1.
2.

Are defined target FC of the failsafe device;

Is developed approach to the choice of hardware configuration of
failsafe modification of the quadcopter;

Are carried out calculations and the approachibility of target FC at
creation of the quadcopter from serially made components is shown;
Is carried out the analysis of possible constructive decisions at
assembly of quadcopters, recommendations about assembly of failsafe
configurations of quadcopters are provided;

Are developed operation algorithms of control system of the device,
the device making crash landing at two running engines from four: in
the manual and automatic mode.

Numerical experiments - modeling of process of flight of the
quadcopter. It is part of problem-oriented control system of the
quadcopter;

Is carried out the analysis of influence of separate parameters of the
stabilizing PID-controller on behavior of the device in air;

Is developed constructive algorithm of the solution of problem of setup
of PID-controllers for failsafe configuration of the quadcopter and
depending on profile of solvable task;

Is developed software for modeling of process of flight of the quadcopter

based on application of adaptive method of Gabasov for the solution of
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problem of optimum control - part of problem-oriented control system
of failsafe configuration of the quadcopter.

It is shown that increase in failsafe of control systems can be reached
not only universal approaches, such as repeated reservation, quality control
of component parts, professional development of operators, but also more
fundamental. Possibility of landing of the quadcopter on two screws from four
- bright example of that.

Special factor on which the flight survivability of the modern UAV
depends is the question of navigation. As a part of control system even of the
simplest quadcopter there is already all necessary for creation of the inertial
navigation system. In the absence of external navigation data, data of INU and
algorithms of calculation of managing signals according to item 3.3.2 can be
applied to carrying out crash landing. The actual accuracy of such system can
be low, but also costs of its implementation come down to costs of updating
of the program of management.

Detailed study of question of the choice of parameters of PID-controllers
of the quadcopter allows not only to solve essentially problem of stabilization of
the device, but also to change its flight characteristics depending on the nature
of solvable task. At the same time, considering the existing developments in
this area, including algorithms of the automatic choice of parameters of the
regulator, primary and thin setup of PID-controllers still remains for the person.

Thus, in the real work the applied task constructions of problem-
oriented control system of the quadcopter (increase in fault tolerance) is solved
and the question of the choice of equipment room making for such UAV is
opened.

Perspective of development of this subject is implementation
of the provided results: assembly and setup of failsafe configuration of the
quadcopter. The present thesis actually represents methodical grant for such
work and contains in each chapter necessary the recommendation for

further development in the form of separate notes and conclusions. The
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sequence of statement of results in the thesis corresponds to device assembly
steps: from the choice of hardware configuration before comprehensive setup
of control system. In the long term such work will demand deep engineering
study: not each flight controller and ESC will be able to work in emergency
operation. It will deeply be necessary to modernize the flight controller and
ESC that is possible only on the equipment with the open sourse software. At
further development of subject the question of possibility of transition from the
normal mode of management to emergency is of special interest. It is necessary
to consider in details transition processes with different motion speeds and on
quadcopters of different hardware configurations. Study of this question will
demand to make the whole series of experiments, some kind of «crash tests»

for delimitation of possible transition.
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APPLICATION A

Flowchart: Gabasov’s method — optimal control

Program implementation of method of Gabasov for optimum control of the
quadcopter is created on the MATLAB software package of the version of
R2019b update 2 November 7, 2019 (9.7.01247435) 64-bit with the established
addition of Simulink (Version 10.0 July 18, 2019 for MATLAB R2019b).

The program is registered in the register of the computer programs
of Federal Service for Intellectual Property (ROSPATENT), certificate No.
2021662324 of 26.07.2021 (Appendix B).

Conditional scheme of the program:

Runge45 Reduction

i

First-phase

i

Simpson Second-phase

.
/ BbiBOS, /

Figure A.1 — Conditional scheme of the program

Description of functions and procedures:

1. Reduction. Function of data of problem of optimum control of special
type to IPLP;

2. First-phase. The procedure of data of IPLP to additional problem of
linear programming by means of which there is initial admissible plan;

3. Second-phase. Search of optimal (suboptimal) solution of problem

of linear programming;
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4. Runge45. The function allowing to solve the system of the linear
differential equations with given accuracy (the four-stage Runge
method — Kutta of the fifth order with the appraiser of error of the
second order);

5. Simpson. Calculation of certain integral by means of quadrature
formula of Simpson;

6. Main. Main unit.
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APPLICATION B

Program code: PID-controlled rescue and modeling of emergency

operation

The materials given below have been checked for working on the MATLAB
software package of the version of R2019b update 2 November 7, 2019
(9.7.01247435) 64-bit with the established addition of Simulink (Version 10.0
July 18, 2019 for MATLAB R2019b).

B.1 Script of start of simulation of accident with creation of

schedules for the manual mode of rescue

clear
clc

=-0.175;
b=26.5%10"(-6) ;
d=0.6%10"(-6) ;
Ixx=0.1;
Iyy=Ixx;
Izz=1yy,
Jtp=0.005;
Mg=9.8;

sim(’Fall’);

A% Schedule of the emergency movement

figure (’Name’, ’Emergency landing’,’Color’,’white’)
Z = Z2(2>0);

X = X(1:8ize(Z));

Y = Y(1:size(Z));

plot3(X(1),Y(1),Z2(1),’°g*’ ,X,Y,Z,’b? ,X(end) ,Y(end) ,Z(end), ’mx
)5

xlabel (’X, meter’);

ylabel (’Y, meter’);

zlabel (’Z, meter’);
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title(’Schedule of the emergency movement’)

grid on

A% Schedule of the emergency movement with fatlsafe strategy

figure(’Name’,’Fail-safe landing’,’Color’,’white’)

plot3(X1(1),Y1(1),Z1(1),’g*>,X1,Y1,Z1,’black’,X1(end),Y1(end
),21(end),’m*’);

xlabel (’X, meter’);

ylabel (’Y, meter’);

zlabel(’Z, meter’);

title(’Schedule of the emergency movement with failsafe
strategy’)

grid on

A% Schedule of speeds of turns of screws with failsafe
strategy

figure(’Name’,’Fail-safe landing: Omega’,’Color’,’white’)

title(’Schedule of speeds of turns of screws’)

subplot (2,2,1);

plot (tout,0s1, ’black’);

axis ([0 max (tout) 200 700]1);

grid on;

xlabel (’°Time, sec’);

ylabel (’\Omega_{1}, rev/sec’);

subplot (2,2,2);

plot (tout,0s2,’black’);

axis ([0 max(tout) -10 330]1);
grid on;

xlabel (’Time, sec’);

ylabel (’\Omega_{2}, rev/sec’);

subplot (2,2,3);

plot (tout,0s3,’black’);

axis ([0 max(tout) 200 7001]);
grid on;

xlabel(’Time, sec’);
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ylabel (’\Omega_{3}, rev/sec’);

subplot (2,2,4);

plot (tout ,0s4,’black’);

axis ([0 max(tout) -10 3301);
grid on;

xlabel (’Time, sec’);

ylabel (’\Omega_{4}, rev/sec’);

B.2 Script of start of simulation of accident with automatic
(PID-controlled) landing

clear

clc

A% Set model parameters
1=-0.175;
b=26.5%x10"(-6) ;
d=0.6%x10"(-6) ;
Ixx=0.1;
Iyy=Ixx;
Izz=1Iyy,;
Jtp=0.005;
Mg=9.8;

% Set regulator PID coeffictents

PID=[50 8 20];

A% Start simulation

sim(°PSL?);

A% Schedule of the emergency movement with failsafe strategy

figure(’Name’,’Fail-safe landing’,’Color’,’white’)

plot3(X1(1),Y1(1),21(1),’g*’,X1,Y1,Z1,’black’,X1(end),Y1(end
),Z1(end) ,’mx’);

xlabel (’X, meter’);

ylabel (’Y, meter’);

zlabel(’Z, meter’);
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title(’Schedule of the emergency movement with failsafe

algorithm?’)

grid on

A% Schedule of speeds of turns of screws with failsafe

strategy

figure(’Name’,’Fail-safe landing:

Omega’,’Color’,’white’)

sgtitle (’Schedule of speeds of turns of screws?’)

subplot (2,2,1);

plot (tout ,0Opsl,’black’);
axis ([0 max(tout) 275 450]);
grid on;

xlabel (’Time, sec’);

ylabel (’\Omega_{1}, rev/sec’);

subplot (2,2,2);

plot (tout ,0ps2,’black’);
axis ([0 max(tout) -10 330]);
grid on;

xlabel (’°Time, sec’);

ylabel (’\Omega_{2}, rev/sec’);

subplot (2,2,3);

plot (tout,0Ops3,’black’);
axis ([0 max(tout) 275 450]);
grid on;

xlabel (’Time, sec’);

ylabel (’\Omega_{3}, rev/sec’);

subplot (2,2,4);

plot (tout ,0Ops4,’black’);
axis ([0 max(tout) -10 330]1);
grid on;

xlabel (’Time, sec’);

ylabel (’\Omega_{4}, rev/sec’);
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Figure B.1 — Structure of the Control block of synthesis €; (case of simple
accident).

Figure B.2 — Block Omega—>U. Implementation of formula 1.3 subsystems of
simulation of accident
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Figure B.3 — Block From U to angles.

Figure B.4 — Block Phi,Psi, Teta.
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Figure B.5 — Block Equations.

Figure B.6 — Block X"->X" in Equations.
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Figure B.7 — Block Y’->Y’ in Equations.

Figure B.8 — Block Z">7" in Equations.
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Figure B.9 — Block Vx,Vy,Vz B Equations.

The model with rescue in the manual and automatic mode

differs only in the Control block

Figure B.10 — Structure of the Control block of synthesis €2; (rescue in the
manual mode).

Other blocks are assembled on compliance with the structures

described above.
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Figure B.11 — Structure of the Control block of synthesis €2; (PID-upravlyamy
rescue).
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APPLICATION C

Certificate of registration of the computer program and acts of

implementation
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