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KOMMEHCALMUA HABEOEHHOW NOMEXMU
N PELLEHUE 3AOAYN OTHOCUTEINIBHOIO
NO3NLUNOHUPOBAHUA B ANIEKTPOMAITHUTHOM
MONE ABYX OAUMONEN

Tperbsaxosa E. A.!
(@I'BFYH Hucmumym npobnem ynpasnenus
um. B.A. Tpanesnuxosa PAH, Mockea)

Pewenue 3a0auu omnocumensrHo2o no3uyuOHUpOBAHUs UCTIOYHUKA U NPUEMHUKA
nepemMenno20 MAHUMHO20 NOJA 3aKAI0YAemcs 6 onpeoeieHul paouyc-eeKmopa
MedACOY paccmMampusaemvbiMu 00veKmamu u ux e3aumuou opuenmayuu. Paccmom-
penvl  aneopummsl OMHOCUMENbHO20 NO3UYUOHUPOBAHUS 8 INeKMPOMACHUNMHOM
noje 08yx ounoieil 6 mpéxmepHou u 08ymepHol nocmarogkax. Ilposederno cpashe-
Hue pe3yTbmamos, NOAYYeHHLIX npu o0Opabomke KCNEPUMEHMANLHBIX OAHHBIX
asposnexmpopaszgedounou cucmemvt EM4H. Taxoice npogedena Komneucayus
HABEOEHHOU NoMexu NO U3MepeHusiM nois 08yX Ounoieli O0ns adpod1eKmpopasee-
oounvix cucmem SKBATOP u EM4H 6 neckonvkux moouguxayusax: ¢ kpenienuem
nemau nepeoamuuxa Ha @iosensxice eepmoaema Mu-8, ¢ kpennenuem nemau nepe-
damuuka Ha grosensdice camorema An-3, ¢ OyKcupyemoii nemieil nepedamuyura 3a
sepmonemom Eurocopter AS350B3. Buinonneno cpashenue ¢ mpaouyuoHHbiM me-
MoooM KOMNeHcayuu no UusMepenusim noas mpéx ounonei. Anaiuzuposanucs
ocmamoymvle nocie Komnencayuu nomex cuenanel. Ilokaszano, ymo xauvecmeo Kom-
neHcayuu 6 noje 08yxX Ounoael He ycmynaem mpaouyuOHHOMY.

KitoueBsie croBa: OTHOCUTENbHOE MO3UIIMOHUPOBAHUE, MIEPEMEHHOE IJICK-
TPOMAarHUTHOE I0JI€, UICTOYHUK, MPUEMHUK, KOMIIEHCALUsl, MATHUTHBIN JU-
MOJb.

1. BeedeHue

AbdposiiekTpopasBeika — METOJI a’poreoPu3nUecKoll ChEMKH,
B KOTOPOM HCCIIEYEeTCsl paclpeielicHue YATbHON 3IeKTPOIPOBO/I-
HOCTH C TIOMOIIBIO YCTaHOBIICHHOTO Ha JIETaTEJILHOM armnapate 00o-
pynoBanus [6, 10, 17, 21]. [Ipumensercs ans mowcka anMasos [14,
19], Boast [9, 20], 30m10Ta [8, 18] 1 APpYrUX PYAHBIX MOJE3HBIX UCKO-
naeMbIX. ['eHepupyeMoe UCTOUHHKOM Hepsuunoe TepeMeHHOe Mar-
HUTHOE TI0JIE PAcCCMATPUBACTCS KaK IT0JIC JIUIOJIS, XapaKTePUCTUKOM
KOTOPOTO SIBJISICTCS BEKTOP IUIOJBHOIO MarHUTHOrO MomeHTa M.

! Examepuna Anexceesna Tpemvsaxoea, undicenep (ekaterina_tretikova@mail.ru).
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B cpene, npoBonsmei 3M€KTpUIECKUN TOK, IEPEMEHHOE MarHUTHOE
TI0JI€ IPUBOAUT K BO3SHUKHOBEHHUIO BUXPEBBIX TOKOB, IIOPOKIAAFOIINX
6mMopuyHOe MarHUTHOE ITIOJIE€ — OTKIUK cpelsl. V3meputenem mons
B Cllyyae PaccMaTpHBaeMbIX B paboTe CHCTEM CIYXHT TPEXKOMIIO-
HEHTHBI BEKTOPHBIA HMHIYKUHWOHHBIA NMPUEMHHUK, KOTOPBIM Haxo-
ouTcs B OykcupyeMoi roszpoiie. MICTOYHMK W IPUEMHUK COCIOMHSET
kabenp-Tpoc. VX B3aMMHOE PACIOJIOXKEHUE OIpenesieTcs paguyc-
BekTOpoM R.

Puc. 1. Asposnexmpopaszsedka. R — paduyc-eexkmop ucmourux-
npuemnux, M — 6eKmop MacHUMHO20 MOMEHMA 8030YIHCOAIOUe20
ounonst; AM — gekmop MacHuUmMHO20 MOMEHMA HABEOEHHO20 N0,

H — 6exmop nanpsiocennocmu nons 6036yscoaroueco Ounois,
AH — sexmop nanpsajcenHocmu Hageo0eHHo20 Nos

B nportecce paboThl adpOdIEKTPOPA3BEIOTHON CHCTEMBI TOSB-
JISTIOTCSI TIOMEXH, KOTOPBIC MPEJCTaBISAIOT COO0H BEKTOp HAIPSDKEH-
HOCTH HasedenHnozo 1oiis AH. OCHOBHBIM MCTOYHHUKOM 3TOTO ITOJIS
SIBJISIIOTCSL HEKOHTPOJUPYEMBIE BUXPEBBIE TOKH, BO3ZHUKAIOIINE
B IIPOBOJIAIIUX dJIEMEHTaX HECYIIEH KOHCTPYKIIMU H JIETATCIILHOTO
ammapata (puc. 1). JumonpHBIH MOMEHT, CO371aBaeMbIil 3TUMH TOKa-
Mu, — AM. [l TOro 4roObl y4ecTh BIHMSHHUE IIOMEX, IMPOBOIMTCS
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aTam KoMIteHcanwu. ETo CyTh 3akiltodyaercs B MEpPeMEeNIeHHH CHUCTe-
MBI Ha OombIryio BeicOTy (500—700 M), rae MOXHO TipeHeOpedh OT-
KIIMKaMu OT 3emun. [lanee ompenessroTcs mapaMeTpsl HaBeJEHHOTO
TOJISL ¥ TIOTIPAaBKH BBOJSTCS B U3MEPEHHUS IO HA BHICOTE CHhEMKH.
EcTp paznudHbIe MOAXOMBI K METOLY KOMITeHcanu. Eciim nprueMHuK
COBepIIIaeT He3HAUNTENbHBIE TIePEMEIICHNsT OTHOCUTENBHO TIepeIaT-
YUKa, MOXXHO CUUTATh, YTO BEKTOpP HAIPSHKEHHOCTH HABEIEHHOTO
MOJI — TOCTOSHHBIA B CHUCTEME KOOpJMHAT IMpHEeMHUKAa. B sToM
MPEIMONI0’KEHUH MOYKHO ITPOCTO BBIYECTh U3 M3MEpPEHUI Ha paboueit
BBICOTE CpellHee 3HadeHne Ha BbicoTe KoMmreHcanuu (nulling) [16].
Jpyroii moxxox — y4uThIBaTh HENOCTOSHCTBO BekTopa AH, ananm-
3Upysl B3aMMHOE MPOCTPAHCTBEHHOE M YIJIOBOE PACIIONOXKEHUE Iie-
penatuuka u npuémHuka [2]. B nanHOi paboTe paccMOTpEeHbI alro-
PUTMBI peIIEHUs 3aa4d OTHOCHTEIBHOTO TMO3WIIMOHWPOBAHHS HC-
TOYHHMKA W NMPUEMHHKA HECKOJBKMMH CIIOCO0aMH: B TOJE IBYX JAH-
nosie B miaockoctu [11] u B moje ABYX AuMONIed B TPEeXMEpPHOM
npoctpascTse [15].

2. KomneHcayus ¢ y'-lém0M usmMeHsiowe20csi 3auMHO20
pacrnoJsioxXeHUs1 UCMoYHUKa U NPpuUéMHUKa

2.1. KOMIIEHCALIUA JIJIA CJIVYAA TPEX JUITOJIEH

B pabote paccMaTpuBarOTCs 3JICKTPOMArHUTHBIE CHCTEMBI, JJIs
KOTOPBIX CHpaBCIIMBa 3aBUCUMOCTL JIA MOJIA TOYCUHOI'O AUITOJIA
[4, 5]. B pabotax [11, 13] oHO 3amucaHo B MaTpuuHOU hopMme:

T
(1) H=;3 3RR2 —1 M =Q(R)M,
4z|R[( R
rie R — paanyc-BeKTOp TOYKM OTHOCHUTENIBHO IIEPENATUUKA;

H — BexkTOp HaNpsKEHHOCTHM MAarHUTHOrO mojisi; M — BekTop mar-
HUTHOTO MOMEHTA JTUTIONS; [ — eMMHUYHAs MaTpuIia 3% 3.

B pabote [2] momyueHa B3aMMOCBSI3b H3MEPSEMOTO TOJISI, TeHE-
pUPYeMOTO MOMEHTa W TIOJOXEHHS IepeAaTdyuka OTHOCHUTEIBHO
npuéMHHKAa B MaTPUYHOM BHJIE, KOTOpas sIBIsieTCsS abCOJTIOTHO Ta-
KoM ke u 1 3aBucumoctd AH ot AM:

(2) AH= Q(R)AM.
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[Ipennaraercst BBECTH J1Ba JOTIONHUTENBHBIX TUTIONS C TNHEHHO
HE3aBUCUMBIMH BeKTOpaMu MOMeHTOB M; u Mb. C ux nmomounsko
BEKTOpP MarHMUTHOTO MOMEHTa HaBeAEHHOTO moyist AM MOXHO pas-
JIO)KUTH B 0a3UCe U3BECTHLIX MOMEHTOB:

3) AM=kM+kM, +k,M,, kj eR.

[Mpumensist (2), BEKTOp HAMPSHKEHHOCTH HABEJAEHHOTO OIS
4 AH=kH+kH, +kH,.

DTall KOMIICHCAI[UH MTO3BOJIAET ONpeaesuTh KodhuuueHTs ko,
ki, k> MeTOIOM HaUMEHBIITUX KBAIPAaTOB.

2.2. KOMIIEHCALIUA JIVIA CIIVUAA J[BYX ﬂHHOﬂEﬁ

[TycTh M3BECTHBI MOMEHTHI BO30YXKIAIOIIHUX AWIONCH Kak I10-
CTOSSHHBIE BenMuuHB: M — ocHOBHOM M M| — BCIIOMOTaTeJILHBIM.
Namepenst Bektopsl H u Hi. Onmpasics Ha paboty [16]:
5 QR)=FH,H, ,MM,).

IIpu pacemorpennn kakoro-1u6o Apyroro AUMONS ¢ MOMEHTOM
L2, KOTOPOMY OTBEYaeT BEKTOP HamnpsKeHHOCTH ho
6) h,=QR)-p,=FH,H,M,M,)-p,.

Tpetuii BEKTOp HamNpsDKEHHOCTH MOXKET OBITh BBIpAKEH uepes
3aBHCHMOCTb OT JBYX JAPYTUX AUIIOJIEH:

(7 H,=F,(H,H,).

MoXHO MepelTH K pacCMOTPEHHOW paHee JTUHEeHHOW KoMOWHa-
IIMU BEKTOpa HaBEJEHHOTO Mouid (4) myTeM MOACTaHOBKHU IOJTyYeH-
Ho#1 3aBucuMocTH (7):

8) AH=kH+LkH, +k,F,(H,H)).

Kak mpaBmiio, BenMYMHa OTHOCUTEIHHOI'O MPOCTPAHCTBEHHOTO
CMeEIIECHUsI PUEMHUKA M UCTOYHMKa He mpesbimaet 10 m [7]. Jan-
HOE HaOIIOJIEHHE aeT BO3MOXKHOCTH MpEAroyaraTb, YTO 3aBUCH-
MOCTb (8) MOXKHO JIHEapH30BaTh BOJIM3M CPEJHEr0 3HAUEHUS pac-
CTOSIHHS, KOTOPOMY COOTBETCTBYET CpEIHEE 3HAUYE€HHE BEITHYUHBI
BEKTOpa HANPSKEHHOCTH. TOYHOCTH JIMHEHHOrO MpUOIMKeHus Oy-
JIET TOCTATOYHO JUIS PEIIEHUS 3314l KOMITEHCAIIH.
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I'unore3a. BBuay HeOONBIINX NPOCTPAHCTBEHHBIX IIEpEMelLe-
HUM NPUEMHUKA OTHOCHUTEJIBHO MCTOYHHMKA BhIpakeHHE (8) mMpHUHU-
MaeT BUJ:

9) AH=p,H+ pH,.

[anee naHHas rumore3a MpOBEpSETCS Ha CEPHM HKCIEPUMEH-
TaipHBIX AaHHBIX cucteMbl DKBATOP [1] ¢ Oykcupyemoii metmeit
ucTOYHUKA 3a BepTojieToM Eurocopter AS350B3 u pa3nuyHbIX MO-
mupukanuii cucrembl EM4H [3]: ¢ kperuieHneM meTiu UCTOYHHKA
Ha (¢ro3espke BeprosieTa Mu-8, ¢ KpelsieHHeM NeTiId MCTOYHHKA
Ha ¢ro3zenmspke camonera AH-3, ¢ OyKCHpyeMol TeTiieil HCTOYHWKA
3a BepToneToM Eurocopter AS350B3, momyueHHBIX IPH ChEMOYHBIX
noierax OOO «I'eorexnonornn», HO® BCEI'EU u AO «[HIIII
Absporeoduznkay.

AJIEKBaTHOCTh pe3yNibTaTa KOMIIEHCALMU MPOIIE BCETO OLIEHU-
BaTh 10 OCTATOYHON KBaJApaTypHOW KOMIIOHEHTE MOJI, KOTOpas OT-
nnyaercs Ha 90° mo ¢asze ot nepBuuHOrO MoJsi. OueHUBaHUE MPOHC-
XOJUT JUIs ONpeAeNEHHBIX 4acTOT pa3fefibHO. B mieanbHbIX ycno-
BUSAX OTCYTCTBHUSI IMOMEX KBaJpaTypHas COCTaBJsIOIIas IOJDKHA
ObITH paBHA HYIIO [12]. AHaTM3UPOBAIKCH OCTATOYHBIE MOCIIE KOM-
MEHCAllUM CHUTHAJBl: CPeIHEKBaApaTHYHOE OTKIOHEHHE W pa3dpoc
MEXIy MUHUMaJIbHBIM 1 MaKCUMAJIbHBIM 3HaYCHUEM (BEMYMHA TI0-
51 nopsiaka 10* yClIoBHBIX €MHUIY).

Pe3ynbraTel cpaBHEHMsI OCTaTOYHBIX IIOC]IE€ KOMIIEHCALUU IIO-
MeX Ha pa3IMYHBIX YacTOTaxX JUId 3JIEKTPOPA3BEJOUYHBIX CHCTEM
OKBATOP u moaudukanuii cucremsl EM4H moka3zansl B Tabnunax
(tabmuna 1, tadnuna 2). OnuH U3 CTONIOIOB Ta0IHIl — KO3(PPUIIMESHT
YJIy4lIeHHs], TIOJYyYeHHbIN KaK OTHOIIEHHE COOTBETCTBYIOLIUX 3HA-
YeHUH NpU MPOCTOM BBIYUTAHHWU CPEAHETO 3HAYEHMs U KOMIIEHCa-
MU C UCTIOJIb30BAHUEM OJTHOTO (TIEPBOTO) AUMOJISI.

Ha pucynke (puc. 2) moka3zaHbl 3HaUCHHUS MMOCIIE KOMIICHCAITUU
B ClTydae OmpeesieH!s] TeOMETPUIECKIX MMapaMeTpoB C UCTIOIH30Ba-
HUEM OJIHOTO, BTOPOTO WJIM ABYX OJHOBPEMEHHO JIOTIOJTHUTEIHHBIX
JIATIOJICH U B CTy4ae BEIYUTAHUS cpefaHero 3HadeHus (nulling).
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Tabruya 1. Ocmamounvle nocie KOMNEHCAYUU CUSHANbL HA 8bICOKUX
yacmomax (8 kl'y — EM4H, 6xl'y — 9KBATOP)

Iepsbrit . o
. . | Hepseiii | Bropoii
Nulling | u BTOpOI Koa¢. ynyurienus
JUMONb | JTUTONb
JWTIONA
4,53 2,17 2,1 CKO
Camouer -
41,92 15,04 2,8 max-min
Beproner| 2,37 1,91 1,92 1,92 1,2 CKO
¢uxc. 14,97 13,01 12,76 13,16 1,2 | max-min
Beproner| 20,27 1,16 1,28 1,37 15,8 CKO
Oykcup. | 92,88 8,14 8,10 9,34 11,5 | max-min
11,04 1,15 1,17 1,42 9,44 CKO
DKBaTOp ;
53,47 9,59 10,08 10,75 5,30 | max-min

Tabauya 2. Ocmamoynvle NOCIE KOMNEHCAYUU CUSHATLI HA HUBKUX
yacmomax (130 I'y — EM4H, 77 I'y — DKBATOP)

. HepBHI{ Ieprriit | Bropoit Koag.

Nulling | u BTOpO#
JIAINONb | JTAIOIH yAyYIICHHs

JIMITIOJN
Camoner 12,61 2,52 5,0 CKO
121,53 21,42 5,7 | max-min
Beproner| 2,82 1,42 1,46 1.4 1,9 CKO
¢uxc 14,18 8,42 8,29 8,62 1,7 | max-min
Beproner| 1,73 1,44 1,46 1,46 1,2 CKO
Oykcup 10,70 10,09 9,65 9,16 1,1 | max-min
Oksatop | 0,29 0,22 0,22 0,23 1,3 CKO
1,84 1,56 1,59 1,71 1,1 | max-min

TCOpCTI/I‘IeCKI/I TMOKa3aHO W IMOATBEPKIACHO Ha MNPAKTUKE, YTO

IIpyU UMCIOIIEMCS arUara3oHe W3MEHEHHI B3aHMHOI'0 PacnoJIOKCHUA
HCTOYHHUKA U MNPUCMHHUKA 3aJa4da KOMIICHCAMU HABCACHHOIO ITOJIA
MOKET OBITh ycoeuiHo peuicHa € HCIIOJIB30BAHHUEM JIMIIb OOHOIO
JOIIOJIHUTCIBHOT'O AUIIOJIA. bonee TOr0, HCBA)KHO KaKOro MMCHHO
n3 JOIIOJHUTCIbHBIX. Taxyke moxkaszaHo MNpeuMyIICCTBO METOJJda KOM-
MEHCAlUH, YIYUTBIBAIOUICTO OTHOCUTCIIBHOC TO3ULITMOHUPOBAHUC.
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Puc. 2. Keaopamypnas xomnounenma ons eepmonema Mu-8
Ha yemvlpéx yacmomax: A — nociie KOMNeHcayuu ¢ yuemom
UsMepeHUll napamempos 08yx 0ONOIHUMENbHbIX OUNOJEl;
b — ¢ ucnonvzosanuem 1-20 ounons, B — ¢ ucnonvzosanuem
2-20 ounoas, I'— nulling

3. Kanubpoeka MmacHUMHO20 MOMeHMa 8036yxdaroue20
dunons

Jns pemieHust 3agadd OTHOCHTEIBHOTO IO3UIIMOHUPOBAHMS
HEOOXO0MMO OIPEACINTh BEIMYMHY MAarHUTHBIX MOMEHTOB, KOTO-
pble TEHEPHPYIOTCS JUITOJSIMUA: OCHOBHBIM M BCIIOMOTATEIbHBIM. U3
BbIpakeHus (1) mpu moMommm oOpaTHOM MaTPHIIBI MEPEX0JIa MOXKHO
HOJYYUTh 3aBUCHMOCTh MarHUTHOT'O MOMEHTA OT HAaNPSHKEHHOCTH:
(10) M =0(R)H,

3 T
(DM =27 B[ |(3e,e; ~21)-H |

HeobOxonumas uadopmanust MOKeT ObITh MOJyYeHA OT JIOTOJ-

HHUTEJILHBIX UCTOYHHMKOB, HAIPUMEP, OT CIyTHHUKOBOH HaBUTaIlMOH-

HOM cHCcTeMbl. P C3yJIbTaTOM KaJ'II/I6p0BKI/I NpUHUMACTCA CpCOAHCEC
3HA4YCHHC HOHy‘{eHHOﬁ OLCHKHK BCJIWMYHMHBI MAarHMTHOrO MOMCHTA

(puc. 3).
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Puc. 3. Kanubposra maenummnoeo momenma

4. PeweHue 3ada4yu omHocumesibHO20
no3uyuoHuUpoeaHus e nosie dsyx dunosel

4.1. 34]JAYA ITO3UITHOHUPOBAHHA B TPEXMEPHOH
IIOCTAHOBKE
B pabote [15] mpennoskeH anropuTM pemIeHHs 3a7add dJIeK-
TPOMAarHUTHOI'O TO3UIIMOHUPOBAHUA 110 IIOJIKO ABYX lIPIHOJ'ICfI
B TPEXMEPHOW NOCTaHOBKe. Pa00oTy MOKHO pa3/ieuTh Ha JBa dTama.
Ilepeviii sman TMO3BOJISIET ONPEICITUTL MOYJb PaInyC-BEKTOPA.
N3 ncxomroro ypapHeHus (1) aBTopaMu MmorydeHa CHCTEMA:

2
T\ _ 212 2
3(Mie) = p’H; - M,
2
T 2112 2
(12) 3(Mle) = p’H; M3,
T T\ 2172 2
3(Mfe)(Mje) = p’HiH, ~M[M,.
Ecnu BBIpasuTh U3 MEPBBIX JABYX YPABHEHUH KOMIOHEHTH M;Te
U HOJCTaBUTh B TPEThe, TO OyAET MOIYyYeHO KBaJPAaTHOE YpaBHEHUE
OTHOCHTENBHO p*. OmUpasch Ha [OKA3aHHbIE ABTOPAMH TEOPEMBI,

MOKHO ONPEIENUTh p° KaK HauOONbLIMI U3 IBYX KOPHEH KBaapaT-
HOT'O YPaBHEHMUS:

(13) p(x) :‘\/ qmax >
1 1

(14) r(x) = (47) 4"

Bmopoii sman BKIIOYAaeT ONpENeICHHe MaTPUIbl OPUCHTAINH.
ABTOpBI OIMPAIOTCS HA TeopeMy Dilepa, COTIIaCHO KOTOpOi Jiro0oe
CMEIl[EHHE TBEPAOTO Tela B TPEXMEPHOM MPOCTPAHCTBE MOXKHO
HPEICTaBUTh Yepe3 OAMH MOBOPOT BOKPYT OIPEAETIEHHOH OCH, Tpo-
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XOI[HHICﬁ 4Yepe3 CAMHCTBCHHYIO HETIOABUKHYIO TOYKY 3TOr'0 TBEPIAO-
0 TC1a:

(15) R=cos @l +sinpA, +(1—cosp)ww',

rie W — CIMHHYHBIH HANpPaBISIONMI BEKTOP OCH BpAICHHSA:
0 -w w,

@ —yron noopota; A =| w, 0 -w
-w, W 0

U3 (15) myTeM yMHOXKEHUsI HA 7' m oJTy9aeM
2
T T
m Rm —(m w)
2
2 T
m-— (m w)
3HaueHne yriia MpearoyiaraeTcsa IMOJOKHUTEIbHBIM U3 coo0pa-
YKEHUH OrpaHUYEHHBIX IEPEMEIEHUN YCTaHOBKH.

ABTOpamMu paccMaTpUBAIOTCSI BCEBO3MOKHBIE ClIydand B3aHUMHO-
IO PacloIOKEHUs UCTOYHUKA U IpueMHUKa. OLIeHUBAIOTCS 3TH CIIy-

Vme R,

(16) cosp =

Yau 110 B3aMMOPACTIONIOKEHHIO BEKTOPOB 71; 1 1 (puc. 4).

h, — m,
N T } mz
“\‘ ml h]_ - m1

~

Puc. 4. Onpedenenue opuenmayuu

1. (b —m)x(h,—m,)# 0 — CTAHZAPTHOE MIOJOKEHHE:
(h1 _m1)x(h2 _mz) )
|(h1 —m;)x(h, _m2)|

(17) w=
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2. (h _ml)x(hz_mz)zao (m, sz)x(hlxhz)¢6 :
(18) w= (my xm, ) x (b, x h,) .
|(ml><m2)><(hl><h2)|
3. (B —my)x(h,—m,)=0, (m, xm,)x(hxh,)=0,
|, — | +|m, —hy| =0
(19) w= my,+h,—m —h
|m2+hz—ml—h1
4. (h—m)x(h,—m,)=0, (m xm,)x(h xh,)=0,
|n11—hl|+|m2—h2|:0: p=0,R=1.
Ha mpakTtuke omnpejeneHre oCH BpallleH s HE BBIXOAUT 3a paM-

KM IICPBOT'O CIy4das B paMKaX CTAHAAPTHOI'O PACIIOJIOKCHUSA UCTOY-
HHUKa U IIPpUCMHHKA BO BpEMs ITOJICTA.

, Q=T.

4.2. 347JAYA ITO3UIJUOHHUPOBAHHA B JIBYMEPHOMH I10-
CTAHOBKE

W3 umeronierocst Habopa JaHHBIX 3a mocheanue 20 JeT MOXKHO
clienaTh BBIBOJ O TOM, YTO TOHJOJA C YCTAHOBJICHHBIM B HEU TMpH-
E€MHUKOM MEPEMEHHOTO0 MarHUTHOTO TOJIS JieJaeT HeOobIre O0KO-
BBIC OTKJIOHCHHS OT BEPTHKAIHHOM IIOCKOCTH BIIOJIb HAIIPABJICHUS
nosieta JIA. [To3ToMy UMeeT CMBICT pacCMOTPETh 3a/1ady B IByMep-
HOI1 mocTaHOBKe (puC. 5).

AbsposiiekTpopa3BejouHas YCTaHOBKA BKJIIOYAET B c€0sl UCTOY-
HUK U TPEXKOMIIOHCHTHBI TNMPUEMHUK MEPEMEHHOTO MArHUTHOTO
noJist. VICTOYHUKOM MEPBUYHOTO MOJISI CIYXKUT CHUCTEMa TETICBBIX
JIATIONIBHBIX M3Ty4YaTeN e, MOAMUTHIBAEMBIX TIEPEMEHHBIM TOKOM Ha
pasHbIX 4yacToTax. IIMOCKOCTH meTensb pacloyioKeHbl B3aUMHO Iep-
MIEHIUKYISIpHO. BekTop MOMeHTa i KaKI0W U3 HUX JICKHUT Tep-
MEHIUKYISIPHO TUIOCKOCTHU. [loyduBIIMecs: MUMIONbHBIC MarHUTHBIC
MOMEHTHI ¥ WX O0lllee Hayauo 3aJar0T YCIOBHYIO CUCTEMY KOOpPIIH-
HaT uctouHuka XOY. 3mepureneM mojs B CIydae paccMaTpHBac-
MBIX B pabOT€ CHCTEM CITy>)KHT TPEXKOMIIOHCHTHBIN BEKTOPHBINA WH-
IYKIMOHHBIA MPUEMHHK, KOTOPBI HaxOguTcs B OyKCHpyeMOW TOH-
norne. HampspkeHHOCTh EpeMEHHOTO MAarHUTHOTO TIOJIST U3MEPSIeTCS
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TIOKOMIIOHEHTHO B CHCTeMe KoopauHaT npuemuuka X'OfY®. Ucrou-
HUK U NPUEMHHK TOJS COENUHAET paguyc-BeKTop R ¢ equHUYHBIM
HaIPaBJISIONUM BEKTOPOM e (puc. 5).

O
’z&\:ﬁh yz Y

Puc. 5. Cucmemvl KoopOunam ucmouHuKa u NPUeMHUKa

BBogsTcst yriel: o — yroi MexIy BEKTOpaMu HaNpsKEHHOCTH
MarHATHOTO TIOJII B TOYKE PACIOJIOXKEHHS IMpHEMHHKa; 6 — yroux
MEXIy TJIaBHBIM auriosieM M u BeKTOpOM er. BEeKTOpBI MarHUTHBIX
MOMEHTOB BO30yknatonmx aunoieit M; u M, cuntaeM N3BeCTHBIMH
nocyie drama kanuoposkm: M; = (M%, 0), Mz = ( 0, M>*)". 3anaua
MO3UIIMOHUPOBAHUS PAcCMAaTPUBAETCA B IUIOCKOCTH, 3aJaBacMON
STUMH BEKTOpaMH. BeKTOphl HampsHKEHHOCTH MAarHUTHOTO IIOJIS
cuutaeM wusMepennsivu: Hi = (H*, H\")", H,=(H,*, H,")'. Co-
TJIACHO THUIOTE3e, MPEATOoIaraeM, YTo IIOCKOCTh BEKTOPOB MarHHT-
HBIX MOMEHTOB COBMAJIa€T C IUIOCKOCTHIO BEKTOPOB HAIPSIKEHHOCTH
MarHMTHOTO IIOJISA, TIOATOMY IUIOCKHAW YIOJl ¢ HaXOJUTCS KaK yroll
II0BOPOTA CUCTeMBI KoopauHat XX O*Y® ornocurensno XOY.
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Y1l o 1 6 cBA3aHBI BBIPRXKEHHEM, KOTOPOE MOYKHO TIOIYYHTh
u3 (1) B mpeanonokeHuN eIMHUIHON aMIUTATYIbI MATHUTHOTO MO-
MEHTa U EANHUYHOTO PaJInyC-BEKTOpa:

(20) ctgax = %sin 26.

Onpez[eJmB YToJ1 HallpaBJICHUA «Ha OHAO0JIY», MOXXHO nepeﬁTH
K HaXOXXJACHUIO pACCTOAHUS:

M,
|Gerer —20)- 271,

@D [R|=;

3cos’@—-2 3cosOsind
3cosfsin@ 3sin’H-2
[ToBOPOT CUCTEMBI KOOPAUHAT XRO*Y® otHOCUTETBHO XOY:
?
(22) X*ory*® — X0OY,

cos@ —sing

rne (3epe, —21) =

23)A_ . =
23) 400 sing  cosg

W3 coorHomenus XOY = AO o "X RORY*® moxuO onpenemnts

IJIOCKUH YroJl HOBOpOTA .

4.3. CPABHEHUE PE3YJIbTATOB JJII PACCMOTPEHHbBIX
AJIFTOPUTMOB

Penrenue 3aauM OTHOCUTEIHHOTO MO3UIIMOHUPOBAHHS B JIBY-
MEpHOW M TPEXMEpPHON MOCTAHOBKAX OJM3KH, YTO MOJTBEPKIACT
aJIcKBaTHOCTh JIMHEAPHU3alUU COOTHONICHUS (8) B OKPECTHOCTH
CpeIIHETO MOJIO0XKEeHHsI TOHO0IBI (puc. 6).

Hebonbime muku ceporo rpaduka MokKa3plBAalOT MOMEHTHI, KO-
I71a TOH/IOJIA BBIXOWIIA U3 TDIOCKOCTH Aumosield. OleHKa MoTy4eH-
HBIX pe3ynbTaToB (Tabmuia 3): CpeaHEeKBaIpaTHUYHOE OTKIIOHCHHE
(CKO) u cpenHee 3HaY€HUE PA3HOCTH MMOJTyYEHHBIX PE3YIIbTATOB.
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Puc. 6. Cpasnenue nonyyennuix pe3yiomamos: mMooyis
paouyc-8ekmopa, yeia nogopoma CUCmembl U yaia Ha 20HOOY.
(cepuiti — 06vemuas nocmanoska, YEPHLIL — NIOCKASL NOCMAHOBKA

3a0a4u)
Tabnuya 3. CpasneHue mpexmeprHo2o u 08yMepHO20 N00X0008
CKO Cpennee 3HaYCHUE
Ar=r(2D) - r(3D), m 0,30 (0,4%) 0,02
Ap= p(2D) — (3D), pan 0,045 (4,5%) 20,048
AO= 0(2D) — &3D), pan 0,025 (2,5%) 0,011

MOoO>XHO 3aMeTUTh, YTO CpelHee 3HA4YEeHHE PA3HOCTU MOIYy4eH-
HBIX pe3ynbTaToB Onm3ko k Hymo, a CKO He mpebimaer 5%
OT CPEJHEr0 3HAYEHUS] UCCIENYEMOM BeMuuHbl. [ penieHus reo-
¢u3nuecKkux 3agad TaKOW TOYHOCTH BIOJHE JOCTATOYHO, MO3TOMY
MOKHO OTPaHHYHUTCS IBYMEPHBIM pEIIEHUEM 3a/1adHl MO3UIIHOHUPO-
BaHUSI.

Ba)xHO OTMETHUTBH, YTO YYBCTBUTEIBHOCTh MPUEMHUKA SBIISETCS
BenmuuHON Topsaka 104+1075mosToMy npH COGIIOIEHNH TOYHOI
YCTaHOBKM (MCKIIOYasi BO3MOJKHBIE CHCTEMATHYECKHE OLIMOKH)
MO’KHO TOBOPHUTH O IIyMax U3MEPEHHUS PACCTOSHUS MEXIY UCTOYHH-
KOM M IMPHEMHHUKOM OT 1 cM 10 1 MM, 9TO KaKk MHHUMYM HE XYXe,
YeM I CIyTHUKOBOW HABWUTAITMOHHOW CHCTEMBI. TakuM oOpazom,
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pelIeHre 3aladyd IMO3MLHMOHUPOBAaHHUS B TPEXMEPHOM IOCTaHOBKE
MOJKET OKa3aThCs IIOJIE3HBIM B YCJIOBUSIX OTCYTCTBHSl CHUIHAJOB
HaBUTAIIMOHHBIX CITyTHHUKOB.

5. 3aknroyeHue

B nannOi1 paboTe TeOpEeTHUECKH OKAa3aHO M MOATBEPKACHO Ha
NPaKTUKE, YTO MPHU UMEIOLIEMCS JUara3oHe W3MEHEHUH B3aMMHOTO
PacIoyioKeHUs UCTOUYHUKA U MPHUEMHHUKA IIEPEMEHHOTO MarHUTHOTO
MoJIsl 3aJadya KOMIICHCALIMM HaBEIEHHOH COCTaBIAIONIEH MOXKET
OBITH YCIIEIIHO PELIeHa C TPUMEHEHUEM TOJIBKO IBYX TUIIONEH.

Jns Bcex BapuaHTOB npuMeHeHus cuctemsl EM4H u s cu-
ctembl DKBATOP Bo Bpemsi kommeHcanuu HEOOX0IMMO YUUTHIBATD
NepeMelieHre pUEeMHIKAa OTHOCUTENBHO MCTOYHMKA moid. Bcenen-
cTBHE OBLIM peanrn30BaHbl AITOPUTMBI OTHOCUTENHFHOTO MO3HLMOHH-
poBaHud. Pemenne B AByMEpHON NMOCTAHOBKE OTIMYAETCS OT TPEX-
MEpHOH Ha BENUYMHY Mopsiaka | MeTpa B KOOpAMHATaX U MOPAIKa
1 rpagyca — B yriax opueHTaluu. Takoi TOYHOCTH TOCTATOYHO AJIS
pewienns reopusnueckux 3afgad. OTHOCHTENBHOE MO3ULHOHHPOBA-
HHUE B TPEXMEPHOH IOCTaHOBKE MOXET 00eCrneunTb TOYHOCTD,
HE YCTYMAIOUIYIO PEMIEHUIO CITyTHUKOBON HAaBUTAllMOHHOM CHCTEMBI.

[MpakTU4eckn BasKHBIM SIBIISICTCS OTall KaJTMOPOBKM MarHUTHBIX
MOMEHTOB, KOTOPBIH MO3BOJIMII OMPENETUTh UX BEIHMUMHBI JUIs 1ajIb-
HEHIIIero MCI0JIb30BaHUs B arOpPUTMaxX OTHOCHUTENBHOTO MO3MILINO-
HUPOBaHUS.
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COMPENSATION OF INTERFERENCE IN AIRBORNE
ELECTROMAGNETIC SYSTEMS AND SOLUTION
OF THE PROBLEM OF RELATIVE POSITIONING
IN THE ELECTROMAGNETIC TWO-DIPOLES FIELD

Ekaterina Tretyakova, V.A. Trapeznikov Institute of Control Sci-
ences of RAS, Moscow, student (ekaterina_tretikova@mail.ru).

Abstract: The solution of the problem of relative positioning of the alternating mag-
netic field transmitter and the receiver is to determine the radius vector between the
objects under consideration and their mutual orientation. In this paper, algorithms
for the relative positioning of two dipoles in an electromagnetic field in three-
dimensional and two-dimensional formulations are considered. The results obtained
during the processing of real data from the airborne electromagnetic system EM4H
are compared. Compensation has been carried out by measuring of two dipoles for
the EQUATOR and “EM4H” airborne electromagnetic systems in several modifica-
tions: with a transmitter loop attached to the fuselage of a Mi-8 helicopter, with a
loop attached to the fuselage of an An-3 aircraft, and with a loop towed by a Eu-
rocopter AS350B3. A comparison with the traditional method of compensation
based on measurements of the field of three dipoles has been caried out. The signals
remaining after interference compensation have been analyzed. It has been shown
that the quality of compensation in the field of two dipoles is equatable to the tradi-
tional one.

Keywords: relative positioning, alternating magnetic field, transmit-
ter, receiver, compensation, magnetic dipole.
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