MallIPIHOCTpOGHI/Ie U MAlIlIMHOBEJICHUE 31

VK 621.396.6

B. B. Ko3:10B, 10KTOp TEXHHUECKHX HayK, podeccop, Yepaomopckuit BBMY umenn I1. C. Haxumosa, CeBacTomnoins
. B. MeaBeab, kauauaaT TeXHUYecKUX Hayk, YepHomopcekuit BBMY umenu I1. C. Haxumosa, CeBacTonosb
T. B. 3oHTOBAa, KaHAM AT TeXHUYECKUX HayK, UepHomopckuit BBMY umenu I1. C. Haxumosa, CeBacTonosb

SIBJIEHHE BTOPUYHOT'O MTPOBOSI TPOAYKTOB JETOHALIUN
JJIAA CO3JAHUSA BBICTPOAEUCTBYIOIIUX KOMMYTATOPOB

TPEMHUTEIIEHOC Pa3BUTHE CUCTEM KPHUTUYCCKOTO

HA3HAYCHUS BHIBOJWT HA TIEPBBIM IDIaH BOIPO-

Chl CO3MaHUS KOMMYTAaTOpPOB, 0O0JaTaroIINX
MaKCHMAlIbHO BO3MOXKHBIM BpEeMEHEM CpadaThIBaAHUSI.
B sToM oTHOIIEHHN HAUOOJIEE IEPCIIEKTHBHBIM SIBIISIETCS
peanu3aisi MeXaHu3Ma OBICTPOrO  AJIEKTPUYECKOTrO
B3pbIBa MPOBOIHUKOB [1-3]. SIBjcHHE OBICTPOrO 3JICK-
TPUYECKOTO B3pbIBA MPOBOJHHUKOB (B3pHIBOOOpa3HOE
pa3pylieHHe METaJIOB TPH MPOXOXKICHUH HMMITYJIbca

Toka Gompioil miotocTH (j ~107 A/ CMZ)) yXKe J01-

THE TOJAbl HCIOJB3YETCS B Pa3JIMUHBIX TEXHUYECKHX
npuwiokeHusx [4]. OnHako TONBKO B MOCJEIHEE BpeMs
MOSIBIIINCH PA0OTHI, HANpPABJICHHbIE HAa TEOPETHYECKOE
000CHOBaHME HMCIIOJIBb30BAHMS JAHHOTO SIBJICHHS, @ TOY-
Hee, dpdeKTa BTOPUIHOTO MPOOOs MPOIYKTOB ICTOHA-
UM DIIEKTPOB3phIBaromerocs nposogauka (OBII), mms
co3/maHus OBICTPOJACHCTBYIOMNX KOMMYTAaTOpPOB [5, 6].
BropuuHslii ipo00ii BO3HUKAET HA TPETHEM 3TAIIC DJICK-
TPUYECKOTO B3pPbIBA, KOI/la MaTepuas MPOBOJAHUKA MPH-
HUMAeT CBOMCTBA r'a3a ¢ BBICOKOHM INIOTHOCTBIO U TEMIIE-
parypoi (aBjieHHe MPOAYKTOB JIEKTPUUECKOTO B3phIBA
~ 10’ arm.). JIaHHBIT 9Tan XapaKTepU3yeTCs BBHICOKUMH
3HAUCHMSMH JIaBJICHUS Tra3000pa3HbIX MPOIYKTOB JICK-
TPUYECKOTO B3phIBA U MaJIOM cpelHel JIMHOW mpobera
97eKkTpoHoB. [losTOMy TpOOOI MeXIy 3JIEeKTpOJaMHy,
yaepxkuBatormmumu OBII, He Bo3HMKaeT, u oOpasyercs
may3a Toka. /UTMTEeNbHOCTh May3bl TOKa XapaKTepU3yeT
BpeMst 70 OOpa30oBaHHSA BTOPHYHOTO TPOOOST M JICKUT
JIOCTaTOYHO B IIMPOKOM [Juama3oHe. B cBA3u ¢ 3TuM
CTaBUTCA 3a/lauya ONpPEJECNICHNUs] OCHOBHBIX I1apaMETpPOB
OBII, oTBedaromux 3a IJIUTEILHOCTb CYIIECTBOBAHHUS
nay3bl TOKA.

Jlist popMUpOBaHUS MOCIIEA0BATEIILHOCTH UMITYJIbC-
HBIX BO3/ICHCTBUI HAHOCEKYHHOH JUINTEIBHOCTH MOX-
HO TIPEJUIOKUTH CTPYKTYPY (pHc. 1), reHepaTop MOLIHBIX
JJIEKTPOMArHUTHBIX  M3nmydenut (MOMMU), nHarpysky
(anTeHHYIO cucTeMy) n Habop OBII, mocnenoBaTenbHO
BKITIOYaeMBIX B IIETb KI0OUaMu (KomMMmyTatopamu). Ha-
mmane B cxeme OBII oOycnoBnuBaeTcss HEOOXOAMMO-
CTBIO O0OCTPEHHS 3JIEKTPUYECKOW MOIIHOCTH, Iepesaa-
BaeMoOU C TeHepaTopa Ha Harpysky [7].

MoMeHT BpeMeHH cpabaTblBaHHMs KaKIOro Kirouya
onpeJensercs JUIMTENBHOCTBIO Harpesa (Tg) M IIpeBpa-
meHust npeapiayniero OBI1 B MeIKoIUCIIEPCHYIO MacCy
U 9KCHEPHUMEHTAILHO OIPEEICHHBIM MEPUOAO0M MOBTO-
peHust BO3ACHCTBUIA.

B pabotax [8-10] mokaszaHo, 4yTo (pyHKIHMOHAIBLHOE
MOpa)KEHUE COBPEMEHHBIX d1eMeHToB POC mnommum-
MYJIbCHBIMH BO3JCHCTBHSAMH HAOJIOAAIOCH TIPH BBIIIOJI-
HEHUU CIICAYIOIIETO YCIOBHSL:
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Jliist co3manust OBICTPOAEHCTBYIONIMX KOMMYTAaTOPOB
(puc. 1) MOKHO TaK)Ke WCIOIB30BATH SIBICHHUE JIICKTPHU-
YECKOro B3pbIBA, 4 TOYHEE, SBICHUE BTOPUIHOTO TPOOOSI.
Mexanu3M paboTBl TaKHX KOMMYTaTOPOB OyAET BKIO-
yarh B ce0sl TP OCHOBHBIX JTama. Ha mepBom stame
MIPOUCXOIUT dJeKTpuieckuii B3puiB IBII (paspeiB KoM-
MYTHPYEMOH 1IeT1), TOAKI0YAeMOro B Liellb FeHepaTo-
pa. Ha BTopoM 3Tarie nmpoucxoauT pacinpeHne IpoyK-
TOB JICTOHAIIMU DJICKTPHUECKOTO B3PbIBA C YMEHBIICHH-
€M HX JaBJICHUS M IUIOTHOCTH M yBEJIMUYCHUEM CpPEIHEH
JUTHHBI TIpodera (KJIF0Y OTKPHIT). TpeTheMy 3Tamy CoOoT-
BETCTBYET BTOPWYHBIA NMPOOOH NMPOAYKTOB 3JIEKTpUYE-
CKOT0 B3pBIBA (3aMBIKAHHUE [IETTH KITIOYOM).
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Puc. 1. CtpykrypHoe pacnonoxenne DBII s hopmupoBanus
IIOCJIEZI0BATEIbHOCTH MOIIHBIX HAHOCEKYHIHBIX MMITYJIbCHBIX
BO3/€MCTBUI

Amnan3 pe3ysbTaToB SKCIHEPUMEHTAIBHBIX HCCIIE0-
BaHUI, MPOBeACHHBIN B padortax [11, 12], mokasan, 9To
OBII o TrITy BTOPUYHOTO MPOOOS MOKHO Pa3AeuTh Ha
JBe rpynnbl. J{s Kakaol W3 Irpylll OH Pa3BUBAETCs IO
OIIPEJICTICHHOMY CLIEHApHIO, IIPU 3TOM 00pa3yroTcs TH-
IUYHbIE IS JTAHHOW TPYMIbl CTPYKTYPbI IIPOIYKTOB
JICTOHAIHH.

Jlis  mepBoW TpyMIbI, OOBCHAWHSIONICH METAJUIBI
C BBICOKOW TEMIIepaTypoil IUIaBIEHHsT W BBICOKUM Ha-
YaJbHBIM  yJICNBHBIM  CONPOTHBIICHHEM  (TIaJIIaui,
BOJIb()paM, MOIMO/ICH, TUTaH), XapaKTePeH OBICTPHIH (110
10" 1 107 ¢) mynTHpyromuii npoGoii BIOIL TOBEPX-
HOCTH TMPOBOJIOYKH (IO TapaM MeTajyla B BO3IYyXe)
7 YQQPEKTUBHBIA TepexBaT pa3psIHOTO TOKAa KOPOHOU
(puc. 2, a, 6) [13].

[pu peanuzanuy AaHHOTO BHJIAa BTOPHYHOIO IIPOOOS
Ha MPOTSKEHUU BCEH Iay3bl TOKA pa3psiAHbIN IPOMEKY-
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TOK TOJBKO YaCTUYHO COXPAHSET CBOM HM30JHPYIOLIHE
cBoiicTBa (puc. 2, a, 8), ClIeA0BaTEIFHO, HA BTOPOM 3Ta-
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Puc. 2. OcumiorpaMmbl Toka (a, 6) 1 HanpsHKEHUS (8, 2) MIPH SJICKTPHUSCKOM B3PBIBE BOIb(GPaMOBOro (a, 8) ¥ MeIHOTO (6, 2)
npoBoaHnKoB auaMerpom 0,025-10-3 M 1 amuHo# 12-10-3 M ¢ yueToM BO3HHKHOBEHHS May3bl TOKA M BTOPUYHOTO IPOOOst

Jist BTopoit rpynmnbl, 00beIMHSAIONIEH JeTrKOIUIAaBKUE
U XOpOIIO TPOBOMIAIINE METAUIBI (CBUHEI, cepedpo,
IIOMHHUH, Meb, 30JI0TO) XapaKTEPHO TO, YTO BTOPHY-
HBI TIPOOOH MPOUCXOTUT TONBKO MPH YMCHBIICHHU
JIABJICHUS] U TUIOTHOCTU HPOJYKTOB JIETOHALMU JIO KPH-
TUYECKUX 3HaueHuil. Jlo 3Toro MoMeHTa TOK, MpOoTe-
KaloIuil uepe3 MPOJyKThl AJIEKTPUUECKOTO B3phIBA, pa-
BEH HYJIO, a HalpsDKEHWE MaKCHMalbHO (puc. 2, 0, 2)
[14, 15].

Takum o0pa3zoM, sl CO3JaHusl OBICTPOJCHCTBYIO-
mMX KiIroYel Hambosee moaxoanT Bropas rpymma IOBI,
JUISl KOTOPBIX JUTMTENILHOCTD IMay3bl TOKa (BTOPOTO 3Ta-
I1a) 3aBUCHUT OT CKOPOCTH PACIIMPEHHs, CIEA0BATEIBHO,
1 OT JaBiieHUs (IUIOTHOCTH) y>K€ MOHM3MPOBAHHBIX IPO-
JYKTOB 3JIEKTPHYECKOTO B3PbIBA.

B xagectBe reneparopa MOMMU BwIOepeM crimpaiib-
HBI B3pBIBOMAarHUTHBIA TeHepaTop (BMI'), paccmot-
peHHbI B pabote [16]. B 3TOM ciiydae Ha eUHUILY AJIH-
HBI JerkoruiaBkoro OBII nmpu renepauuu yaapHoOi BOJI-
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t Mt — BpeMs IOCTHKCHHS, COOTBETCTBEHHO, TEMIIC-
paTypsl miaBieHus u npesparnenus DBII B menxomuc-
HEpCHYI0 Maccy; [, — IMOCTOSHHBII TOK, IPOTEKAIOMINI

B KoHType BMI' no mopapeiBa B3pbIBUaTOro BelECTBa
(BB); Rypm, Popm M [ — aKTUBHOE COIPOTHUBIIEHHE,

IUIOTHOCTb M JuinHa OBII coOTBETCTBEHHO; Py — IIOT-

HOCTb okpy:xatomiero IBII rasa; WL* — yAenbHasi SHEp-

rust cyonmumanuu DBII; d — nuameTp mpoBOJIOKH COJIe-
Houna BMI'; n m r, — pammyCel BHTKOB COJICHOMJA

BMI' B Hauane W B KOHLE CIHUpaAId COOTBETCTBEHHO;
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* * *
I =dN +kN — mepBoHayanbHas [UITMHA COJICHOHWA
*

BMI'; N — nepBoHadajibHOE KOJIMYECTBO BUTKOB COJIE-
HoOW/a; k — pacCTOsSTHHE MEX Ty BUTKamu;, K — IOIpaBoY-
HBI MHOXUTEIb; Tep — CpelHUM pajnyCc BUTKOB COJie-
Houna; m — macca BB; M — macca naiinepa BMI'; D —
CKOpoCTh AeToHanuu BB.

Cxopocts jBukenus V, (Z), IIIOTHOCTb P, (t),

nasinenne P, (1) u temneparypy 7, (7) woHmsupo-

BaHHBIX IIPOAYKTOB JAETOHAIMU IIPU 3JIEKTPUIECKOM
B3pBIBE MOYKHO OIIPE/EINTh, OCHOBBIBASICH Ha MOJIEIN
MTHOBEHHOTO CHJIBHOTO B3pbIBa IMJIMHAPHYECKOH KOH-
¢urypaunu [17, 18]:
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YAapHOI BOIHBI; Y — TIOKa3aTenb agquadaTel; R — ra3oBas
nocrosHHas. [lompaBounsle ¢yHkuuu f, f,, f; M03BO-

JIAKOT YYUTBIBATH MMPOTUBOJAABICHUC U 3aBUCAT OT COOT-
c2

Ve (1)

AHanmu3 pe3ynbTaToOB 3KCIICPUMEHTATBHBIX HUCCIICHO-
BaHUIi, MpOBeACHHBIN B padortax [19, 20], mokasamn, 4To
JUIL CKOPOCTH JBIDKCHHUSI (DPOHTA YIapHOW BOJHBI Ha
BCEM HMHTEPBAJC BPEMCHU PACIIMPCHHUS IPOIYKTOB Je-
TOHALMU DJICKTPUYECKOIO B3PhIBA KaK JICTKOIUTABKHX

(V =3200 M/C), Tak i

y.BCumin

HOIICHUA

TYTOIUTABKUX
( (Vy_BWmin =4000 M/C) MIPOBOJHUKOB BBIMOJIHACTCS CO-

otHomenue V,, (1)>c’, 4T0 5aeT BO3MOXKHOCTH He

YUUTBIBATh IPOTUBOAABICHUE (f; = f, = f3).

B paborax [21, 22] npuBOANTCS 3aKOH M3MEHEHUS
paauyca LWIUMHIPUYECKON yAapHOI BOJIHBI
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HueM 3a (porToM (cM. (1)) gepes sHEpruio, mepemaBac-
MYIO OT CIIMPAJIbHOTO B3PBIBOMAHUTHOTO Te€HepaTopa
(CBMI') B3pbIBaromeMycs IMPOBOJHUKY Ha HHTEpBaJe

* Kk
r <t<t :

nIIn

ol

3
3pold*l, P3BI1

.
&
=

+
=
S

—

—
=
S

a
2
=
+
3
+
&Y
=

N

o
o8

N

N’

Ph—

2

Ha puc. 3 mpencraBieHbl BpeMEHHBIE 3aBUCHMOCTH
M3MEHEHHs JaBJICHUS MPOAYKTOB JIETOHAIMH, 00pa3yo-
IIUXCS TIPU AIIEKTPUYECKOM B3PHIBE MEIHBIX TPOBOIHU-
KOB pa3JIM4YHOM JUIUHBI.
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Puc. 3. BpemeHHbIe 3aBUCUMOCTH M3MEHEHMs NaBJCHHS IIPO-
JIyKTOB JICTOHAIIMH, 00PA3YIOIMXCSI IPH JIEKTPUUSCKOM B3PBIBE
MEJHBIX MPOBOJHUKOB OAMHAKOBOro pammyca (rp = 0,08 mm)
U Pa3IMYHON AJTMHBI

AHanu3upysl TaHHBIC 3aBHCUMOCTH, HCOOXOIUMO 3a-
METUTh, YTO TPU yMEHbIIEHUU IJIUHBI MeaHoro OBII
YBEIMYMBAETCS CKOPOCTb U3MEHEHUS! TaBJICHUsS MTPOIYyK-
TOB JETOHALMM, CIEA0BaTENIbHO, YMEHbIIAETCS Iay3a

Toka f .. VIMEHHO yMeHblLIEHWE JaBJIEHUs IPOAYKTOB
TETOHAIMKM /IO KPMTUYECKOTO 3HaueHus [,  Oyner
*AKp

XapaKTCpU30BaTh MJIMTCIIBHOCTh CYHICCTBOBAHUS IAY3bl
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toka. Ilpu F, =FH pacmmpenne Tra3000pa3HbIX

H'Hl\‘p
MPOJYKTOB JETOHAIMU NPUBOAUT K TOMY, 4TO Cpel-
Hsi JJIMHA mpo0era JOCTUTraeT KPUTHYECKOro 3Haye-
HUSl, YUCJIO HOCHUTEJEH 3apsiaa ObICTPO yBEIMYUBACT-
s, BOSHHMKAET dJIeKTpUUecKas Tyra U HAaUMHAeTCs BTO-
pUYHBI TpoOoil. B sKkcrnepuMeHTaIbHBIX padoTax
[23, 24] nomy4deHbl YUCIEHHbBIE 3HAYEHUS KPUTUYECKO-
ro JaBIIE€HUS PMKp =10,2 MIla, npu xKoTopoM mpouc-

XOJIUJ JIEKTPUUYECKUN MPoOOH MPOIYKTOB ACTOHALUU
AJIEKTPUYECKOTO B3pbIBA MEJHBIX IMPOBOJHUKOB (CM.
puc. 3).

B sToMm cirydae BeIpaxeHue (2), pa3peiicHHOS OTHO-
CHUTEINILHO ¢, ., MOXHO MPEICTABUTDH B BUJIC
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Puc. 4. 3aBHCUMOCTb BpEeMEHHU CYIIIECTBOBAHMS Hay3bl TOKA
ot anuHbl MegHoro OBII paguycom 1y = 0,08 Mmm
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Ha puc. 4 u 5 mpeacTaBieHsl 3aBUCUMOCTH JUTATEITb-
HOCTH TIay3bl TOKa JJIsI MEOHOTO W cBHHIOBOrO OBII
pamuycom 7y = 0,08 MM (yclioBre peanu3anuy ObICTPOro
MeXaHU3Ma d3JIEKTPUUECKOro B3phbiBa) OT anuHbl DBII.
Hcrounnkom Toka siBmsuics CBMIT, mapameTpbl KOTOpO-
IO BBEIOMpAJINCh W3 YCIOBHS pCaH3allid MEXaHU3Ma
OBICTPOTO 3JCKTPUYCCKOTO B3phIBA (B3pPBIBOOOpa3HOE
paspylieHue METAIOB TPU MPOXOKICHUM HMITyJIbca

TOKa OOJBIION IIOTHOCTH (j = 10 A/ cm? ).

AHanmu3upysi 3aBUCHMOCTH, IIPE/ICTaBICHHBIC Ha
puc. 4 u 5, He0OXOIUMO 3aMETUTH, UTO, BAPBUPYS [IH-
Hy u Matepuan OBII, MOXHO M3MEHATH IUIUTEIHHOCTh
may3sl TOKa (Bpems cpabaThIBaHUS KIF04Ya) OT HaHOCE-
kyHaHOoro (st [ < 0,025 M) 10 MUKPOCEKYHIHOTO (JUIsI
/> 0,025) nuana3oHoB.

Takum 00pa3oM, y4uThIBas IOJIYYEHHBIE 3aBHCHMO-
CTH Ul JUIMTEIBHOCTH T1ay3bl TOKA, MOXKHO CHENaTh
BBIBOJI O MPUMEHUMOCTHU SIBIICHHUS BTOPUYHOTO TPOOOS
MIPOJIYKTOB JICTOHAIIMH ITPH AJIEKTPUUECKOM B3PHIBE JIeT-
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ByIOIMX Kitouei (cm. puc. 4). [Ipn aTom Bpemst cpabda-
TBIBAaHHS KaXXIOTO KIIOYa, OIpeessieMoe UTUTEIbHO-
CTBIO TIEPBOTO W BTOPOrO JTAINOB 3JIEKTPHUECKOTO
B3phIBa mpenpiayniero JBII, MOXHO BappbHPOBATH B IITH-
POKOM JlMana3oHe MyTeM M3MEHEHUs IJIHMHBI U MaTepHa-
JIa JIETKOILUIaBKOTO TIPOBOTHUKA.
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MODELING AND PREDICTIVE CONTROL OF NONLINEAR COUPLED
AND UNDERACTUATED DYNAMICS OF A HEXACOPTER

Introduction

owadays, reducing the human factor in flights

is a common topic in aerospace applications,

for making the loss of human lives and eco-
nomic costs as low as possible. As a consequence of this
pursuit, there is an overwhelming interest in the Un-
manned Aerial Vehicles (UAVs). When there are suffi-
cient measurements the necessary states of an autono-
mous aerial vehicle can be estimated via the Kalman
Filter (KF) [1]. Unmanned Aerial Vehicles (UAVs) fly
at very low speeds and Reynolds numbers, have nonlin-
ear coupling and tend to exhibit time-varying character-
istics [1]. In order to control such vehicles it becomes
necessary to design and develop robust and adaptive
controllers and hence, identify the system. State and pa-
rameter estimation, which are an integral part of system
identification, has been carried out on various flight data
and simulations as evident from literature [2]. Some re-
searchers, presented attitude estimation algorithms based
on Kalman filter such as SAKF [3] and RAKF [4], for
UAV problems when noise statistical characteristics are
unknown, and time-varying vibrations are the main dis-
turbance source, also for problems against sen-
sor/actuator fault of the system. Others papers presented
the sliding mode and high-order sliding mode respec-
tively like an observer [5, 6] in order to estimate the un-
measured states and the effects of the external distur-
bances such as wind and noise. In [7], the unknown pa-
rameter of the quadrotor are identified using state
estimation method with the implementation of Un-
scented Kalman Filter (UKF). Most researchers used

estimation techniques to identify the parameters in un-
known systems, while some researchers [8, 12, 14] men-
tioned estimation in order to predict the signals. The
main objective is to estimate the altitude of the UAV, in
order to use this estimated value as predictive feedback
signals for UAV altitude stabilization. This value cannot
be estimated using a single sensor because the fact that
each sensor has its own problem [8]. The performance of
the proposed KF is investigated using simulation for
state estimation procedure of an Unmanned Aerial Vehi-
cle [4, 8]. The paper proceeds as follows. In Section 2
the flight dynamics model of the UAV is given. In Sec-
tion 3, UAV state estimation and predictive control are
proposed. In Section 4, the simulation is carried out fol-
lowed by a discussion. Section 5, gives a brief summary
of the obtained results and concludes the paper.

The UAV dynamics

Newton-Euler equations were used. In order to make
the modeling, some assumptions have been made, taking
into consideration that the hexacopter is a rigid body and
has a symmetrical structure. The motion can be decom-
posed into translational and rotational components.
Therefore, the equations with respect to the body frame
are as derived in [9] and [10]:
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