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Peokonnecus npocum aemopoe u peyeH3eHmoe OnHecCmuch
C HOHUMAHUEM K YHCECHOYEeHUI0) MPeDO6aHUIl K PYKORUCAM
U USMEHEHUIO (POPMBL NOOAYU MAMEPUATIA 8 HCYPHATIE

Annomayusn oo6beMoM 150—250 coB 10/KHA OTpaXKaTh
COJIepKaHUE CTaThbU: MPEAMET UCCIEIOBaHUS, 1IeTb PaOdOThI,
METOJI MPOBEACHUS PA0OThI, KPATKOE OMUCAHUE IKCTIEPUMEH-
TaJIbHBIX WU TEOPETUUECKUX HUCCIICAOBAHUM, MOTYUYECHHbIC
pe3yabTaThl U PEKOMEHIAIUU 110 UX TPUMEHEHHUIO.

Knroueswvie cnosa, cnyxamue uaeHTUGUKaATOpaMu MpU
MPEAMETHOM MOUCKE, JOJIKHBI OJTHO3HAYHO OTPa)KaThb COAEP-
*aHue crarbu. OCHOBHOE KJIIOYEBOE CJIOBO/CIOBOCOYETAHUE
yKa3bIBA€TCS MEPBBIM, 00I11€€ KOJTUYECTBO KIIOUEBBIX CIIOB —
HE MEHee .

Cnucok qiumepamyput: 111 0030pHON CTaTbU PEKOMEH/TY-
€TCs MPUBOAUTH HE MeHee 50 MCTOUHUKOB, JIJIsI MOJTHOTEKCTO-
BOM CTaTbU — HE MEHee 15, Mg KpaTkoro cooOIeHUs — HE
MeHee 8.

TpeOGoBaHus K 0POPMIICHUIO PYKOTIUCH Pa3MEIleHbl Ha
caiite )xypHaia http://pribor.itmo.ru/
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Kypnan myOnukyeT HaydHble 0030pbl, IOJTHOTEKCTOBBIE CTaTbU U KPAaTKUE COOOLICHUS, OTpajkaroIine
PEe3ybTaThl MPAKTHUECKUX U TEOPETUUECKHUX HCCIE0BAaHUI B 001aCTH MPHOOPOCTPOCHUSL.

JKypHan conepKuT CIeAYIOMHNE PA3AENbL:

— uHpOpMaTHKa U HHGOPMAIIMOHHEIE TIPOIIECCHI;

— MHPOPMAOHHO-U3MEPHUTEIBHBIC U YIIPABIISIOIINE CHCTEMEI,

— CHCTEMHBIH aHaJIM3, yIpaBlieHne n 00padoTka HHHOPMaLUH;

— npubOpHI HABUTALHH;

— BBIYHMCJIIUTCIIBHBIC CUCTCMBI U UX DJIECMCHTHI,

— ONTHYECKHE U ONTUKO-3IEKTPOHHBIE TPUOOPHI U KOMILIEKCHI;

— METOJbI U TPUOOPHI IS aHATHM3a ¥ KOHTPOJIS MaTePUaoB, N3/IENUH, BEIECTB 1 IPUPOTHOH CPEIbI;

— npuOOPHI, CUCTEMBI U H3/ETNS MEIUIMHCKOTO HA3HAUYCHNS;

— MPOEKTUPOBAHUE U TEXHOJIOTHUSI IPOU3BOJICTBA IIPHOOPOB;

— METPOJIOTHS I METPOJIOTHUECKOE 00SCIICUCHHE;

— KOMIIBIOTEPHOE MOZEINPOBAHNE U aBTOMATH3ALHs IIPOCKTUPOBAHUS,

— po0OOTHI, MEXaTPOHHUKA H POOOTOTEXHUUECKHE CUCTEMBI.

ITo moroBopeHHOCTH ¢ Pemakimeii MOXKeT ObITh OMYOJIMKOBAH CICIHAIBHBIN TEMATHUCCKUHN BBIMYCK,
MOCBALIEHHBII OCTATOYHO y3KOi pobieme mpubopoCTpOeHHS.

Pyxonuce momaeTcs 1o 3neKTpoHHOU mouTe: pribor@itmo.ru. Penakuys npuHAMAaeT pyKOIHCH K PELEeH-
3MPOBAHMIO MIPU YCIOBHHU MOTYYSHHUS MOITHOTO KOMIUIEKTA JOKYMEHTOB, BKJIIOUAIOIIETO:

— 9KCITIEPTHOE 3aKIIOYEHHIE O BO3MOXKHOCTH OITyOIMKOBAaHMS B OTKpPBITOH nevaru (popmar PDF);

— (pallybl pyKOIMCH CTaThH, 0)OPMIICHHBIE B COOTBETCTBHH C TPEOOBAHHUSIMH JKypHAIIA;

— cBesieHns 00 aBTOpax, 3aroJIHEHHBIE M0 MA0I0Hy (Ha PYyCCKOM M aHIIMHCKOM SI3BIKE);

— JIOTOBOP O Iiepe/iaue aBTOPCKUX MPaB.

Pyxonucs omkHa copepKars:

— Ha3BaHHUE CTaThU (Ha PyCCKOM U aHIIIUICKOM si3bIke), nHaeke Y/IK;

— anHoTanuio (150—250 coB, Ha PycCKOM M aHIIIMHCKOM sI3bIKE), KIIIOUEBbIE CIIOBa (HE MeHee 5 U He
Oosee 25, Ha pPyCCKOM U aHIJIMICKOM SI3BIKE), OCHOBHOH TEKCT, CIIUCOK JIUTEPaTyphl;

— PUCYHKH: KaXXIIbIii Ha OTIEIBbHOM JHcTe Gopmata A4 (He 3aBepCTHIBATH B TEKCT), TAOIHIIBL.

O0beM TekcTa (0pOPMICHHOTO B COOTBETCTBHH C TPEOOBAaHUAMU XypHana — mwpudT Times New
Roman, pasmep — 14 nt, MeXayCcTpOUHBIH HHTEpBal 1,5, o — cBepXy u ciesa 25 MM, cHI3Yy 20 MM, cripaBa
10 Mmm) nomxken coctaBisaTh 10—20 cTpanu, kparkoro coodmenus — 3—5. O0beM 0030pa MpeaBapuTEILHO
coIIacoBbIBaeTCs ¢ Pegakuuei.

Crucok JuTeparyps! (PeKOMEHIyeTcs): At 0030pHOit ctatb — He MeHee 50, IS TIOJHOTEKCTOBOM
CTaThl — HE MeHee 15, IUIst KpaTKoro COOOIIEeHHs — HEe MeHee 8 JIMTEpaTypHbIX HCTOYHUKOB (HE MEHee Io-
JIOBMHBI U3 HHUX JIOJDKHBI MIPECTABISIT COOOM CCHUIKHM Ha W3JIaHUSI, BKIFOUYCHHBIC B MEXYHapOIHbIC 0a3bl
utupoBanust Scopus 1 Web of Science). Crincoxk autepartypsl 10KeH (OPMHUPOBATHCS B TTOPSIIKE TOSIBICHHS
CCBUIOK B TEKCTE.

He nomyckaercsi BbIpaBHUBaHHE C TOMOIIBIO POOEIOB, TaOyIsIMi U CUMBOJIOB KOHIA ab3ana. ITu
CHMBOJIBI IIPH HEOOXOIMMOCTH MOTYT BCTABJIATHCS HE O0JIee OJHOTO pa3a MoAps (He MepeHOCUTh ¢ IIOMOIIbI0
aeucoB).

DopMyIIbl U OTASIbHBIE CUMBOJIBI HAOMPAIOTCS C MCTIONIb30BAHUEM TOJIBKO peziakTopa hopmya MathType.

He BeraBasits Gpopmysst 3 nakeroB MathCad n MatLab. Pazmep mpudra B popmysnax — 1o ymosnrda-
HHI0. Bee mepeMenHbIe HabuparoTest KypCHBOM, TpedecKre OyKBBI — MPSMBIM MIPU(TOM, TTOTyKUPHBIE CUMBOJIBI
B (hopmysnie — CTHIIEM ,,MaTpPHUIla BEKTOP™, PyCCKHUE CUMBOJIBI — CTHJIEM ,,TEKCT"’, BEKTOPHI CIIEAyeT HAOMparh
HOYXUPHBIM HIpAPTOM Oe3 CTPETIOK.

PucyHKH BBITIONHSFOTCS B TPAJAINIX CEPOTO B OHOM 13 (popMaToB npmiioxkeHnid Microsoft (Word, Excel,
PowerPoint), mpennourureneH BekTopHbIit popmat. KpuBbie Ha rpadukax ciemyer momedars nudpamu (1, 2, 3
U T. J.) WM/ 33aBaTh JHHUSAMH PAa3HOTO CTWIIS (IIyHKTHUP, IITPUXIYHKTHUP, )KUPHAs); TONIINHA OCeH JOIDKHA
ObITh He MeHee 0,5 T, HHaYe KauecTBO I1eYaTH He TapaHTUPYeTCs.

IInara 3a Hy6J'II/IKaHI/IIO HC B3UMAacCTCs.
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To the Authors!

The Journal of Instrument Engineering publishes scientific reviews, full-text articles and short
messages, reflecting the unpublished results of theoretical and practical research in the field of funda-
mental instrument making.

The Journal publishes articles on the following themes: information technologies and systems,
devices and automatic control systems, computer engineering, gyroscopic and navigation systems, in-
struments of precision mechanics, electronic and electromagnetic devices, optical and optoelectronic
devices and systems, thermal regimes and reliability of devices and systems, technology and instru-
mentation, scientific and practical development. In agreement with the Editorial Board can be
published a special themed issue devoted to a fairly narrow issue of instrumentation.

The material of the article accepted in electronic form and on any media, executed in a text editor
Word without formatting along with a hard copy on A4. Electronic version of the paper may be sent
by E-mail: pribor@mail.ifmo.ru

The size of the article (in printed form) must not exceed eight pages, a short presentation of two.
Size scientific review previously agreed with the Editorial Board.

Submission includes two copies of:

— the manuscript text; list of references (recommended): review article — not less than 50, for
the full text of the article — no less than 15, for short messages — at least 8 of the literary source (at
least half of them should be links to the editions listed in international database of citation Scopus and
Web of Science); number citations consecutively as they appear in the text;

— extended abstract (150—250 words);

— keywords (not less than 5 and not more than 25);

— illustrations: each on a separate sheet of A4 (not overstimate in the text) — big, with a maxi-
mum fill;

— the recommendation of the Department (laboratory);

— information about the authors on a template (surname, name, patronymic, name of the organi-
zation in accordance with the latest edition of the Charter, the address of the organization, academic
degree and title, position, e-mail address).

The article must also enclose agreement on the transfer of copyright.

The main text. The following requirements are common to good practice in the design docu-
ments.

Font — Times New Roman, size 14, line spacing 1.5, margins — top and left — 25 mm,
bottom — 20 mm, right — 10 mm.

Not allowed alignment with spaces, tabs and end of a paragraph (in the layout will need to be
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Hcnonp3oBaHne Ha MPAKTUYECKHUX U JIAOOPATOPHBIX 3aHITUSAX CICIIUATH3UPOBAHHBIX YCTAHOBOK,
CTEHJIOB, TPEHAXKEPOB, 00YUAIOIIUX CUCTEM U AJIEKTPOHHBIX YUeOHHKOB Ha 0a3e mepcoHanbHBIX DBM,
MIPOTPAaMMHBIX MOJIEJIEH, SMYIIITOPOB U JPYTUX KOMITBIOTEPHBIX TEXHOJIOTUI U CPEJICTB WHAUBUYAb-
HOTO U FPYIIOBOr0 00y4YeHusl, B TOM YHCIIE TUCTAHIIMOHHOTO, CYIIECTBEHHO MOBBIIIAET 3PPEKTUBHOCTD
MOJITOTOBKH CTICIIUAIIMCTOB B 00JIACTH BBIYUCIUTENBHOM TEXHUKH. [Ipr 3TOM oTnamaer HeoOX0MMOCTh
B HCIIOJIb30BaHUHU JJOPOTOCTOSAIINX, a TOPOM YHUKAJIBHBIX CPEJICTB BBIYUCIUTEILHON TEXHUKH, U B TO Ke
BpEMsI TIOBBIIIAETCS YPOBEHB MPUOOPETAEMBIX YMEHUN U PAKTUIECKIX HABBIKOB MX dKCIUTyaTanuu [1].

OpHuM U3 CpeACTB UMHUTALIMM TOCTPOCHUS U (PYyHKIMOHUPOBAHMS YHUBEPCAIbHOU LIUPPOBOIA
BBIYUCIIMTEIILHON MAIIMHBI C MPOTPAMMHBIM yTIPABICHUEM SIBIIIETCS pa3paboTaHHas Ha Kadeape
MEKTPOHHOM BhUnCIuTEbHOU TeXHUKU BKA um. A. @. Moxaiickoro [2] maboparopHasi ycTaHOBKa
,»YaeOHas nudponas BeruuciautenbHas Mamuaa™ (YLIBM), kotopast B TedeHHE MPOJAOIKUTEIHHOTO
BPEMEHU HCIOJIb30BAIACh B JIA0OPATOPHBIX U MPAKTUUECKUX 3aHATHSAX MPU U3YUCHUU AUCLUILINH
kagenpsl (puc. 1).

VYIIBM ob6namaer cneayrommuMu BO3MOKHOCTSIMU:

— HAISIHO 0TOOpaXkaeT pealn3alfio MPUHIUIIA IPOTPAMMHOTO YIPABICHHS BEIYUCITUTEITHHBIM
MIPOLIECCOM — OCHOBOIIOJIAraloIIEro AJisi MOCTPOoeHUs U GyHKIHOHUpOoBaHUd DBM ¢ nuckpeTHbIM
crocoOoM IpecTaBIeHUs HHPOPMAIIUU U IPOrPAMMHBIM CIIOCOOOM yTpaBiieHUs ee 00pabOTKOH;

— peanu3yeT He0OXOMMbIe MEXaHU3MBbI [TPOIPAMMHOIO YIIPABICHUS BBIYUCIUTEIBHBIM IPOLIEC-
COM, TaKH€ KaK: XpaHEHUE B MaMSTH MAIIMHBI IPOTPAMMBI PEIIaeMOU 3a]a4u U UCXOIHBIX JTaHHBIX,
JIBOMYHOE KOAMPOBAHHE KOMAH]l U ONEPAaH/I0B, €CTECTBEHHAsI BRIOOPKA KOMAH]I U3 MaMsTH MallluHBbI
MIPU pean3alyy MporpamMm peliaeMbIX 3a/1a4, yCIOBHas v Oe3yCIIOBHAs Tepeada yrpaBieHHs BEIUUC-
JICHUAMH, MOIU(UKAIMS OTIEIbHBIX KOMaH 1 0€3 U3MEHEHUsI [IPOTrpaMMbl B 1IEJIOM U JIpyTHE CBOMCTBA;

— JUIeBas MaHelb YCTAHOBKH MPEJCTABISET KIACCUYECKYI0 HEHMAHOBCKYIO CTPYKTYPY BBI-
YUCIUTEIIbHON MauHbI (puc. 1), cocTosmyto u3: ycTpoicTBa yrpasieHus (YY), apupMeTHIeCcKoro
ycrpoiictBa (AY), 3anomuHaromiero ycrpoictsa (3Y), ycrpoiictsa BBona (YBB), ycTpoiicTBa BeIBOA
(YBBIB), a Take muHHOTO HHTEepdeiica. Kaxmpoe ycTporcTBO IpeicTaBiseT coooi Habop B3auMocC-
BSI3aHHBIX (DYHKIIMOHATBHBIX SJIEMEHTOB U y3JI0B, HEOOXOIMMBIX JJIsl pean3allii BHIYUCIUTEIILHOTO
rporLecca 1noji yupaBjieHHeM KOMaH/ peliaeMblX 3a7ad. JTO MO3BOJISIET HA 3aHATHSIX B ayJUTOPUU U
CaMOCTOSITENILHO M3y4yaTh CTPYKTYpPY U allapaTHbIi COCTaB MAIlIMHBI, & TaKXKe HaOmMIoaarh padboTy u
B3aMMOJICHCTBHE AJIEMEHTOB U y3JI0B MAIIMHBI. 3a CYET 3TOTO:

— TIPUHIUIIBI TOCTPOCHUS ¥ (YHKIIMOHUPOBAHUS JIIEMEHTOB, Y3JI0B, YCTPOMCTB M MAIlIMHBI B
1esoM 3 PEeKTUBHO yCBAaUBAIOTCS;

— cHcTeMa YMpaBJICHUS BBOAOM-BBIBOJOM, BBIOOPOM PEXXUMOB PabOThHI, MMyCKOM, IPEPhIBAHU-
€M, TTPOJIOJHKCHUEM U OCTAHOBKOM pabOThl MaIlIMHBI (TTOJIB30BaTEIbLCKUN HHTEP(dEiic) obecnieunBaeT
JIOCTaTOYHO MPOCTOE B3aMMOJICHCTBHUE C MAITMHOW U OTCIICKUBACT BCE ATAIBI BEHIOPAHHOTO PEXKUMA
¢dbynkuuonupoBanus (,,[akt®, ,,[luxn®, ,,ABromar*);

— pa3BETBIICHHAS CHCTEMa WHIUKAIIMH, OTpPa-
JKarollasi COCTOSIHUE 3JIEMEHTOB, Y3JI0B, YCTPOUCTB U
OpraHoOB yIpaBJIeHHs] paOOTOW MalIUHBI, TIO3BOJISET
JETaJIbHO ,,yBUACTh U3HYTPU™ MPOLIECCHl BBOJA, BbI-
O0pKH, ONYUYECHHS U NIEepelau pe3yabTaToB 0Opa-
00Tk HH(POPMAILIUU OT y3JI1a K Y311y, OT YCTPOHCTBA K
YCTPOUCTBY Ha Ka)KJOM 3Tare padoThl MAIIUHBI (TI0
TakTaM M IUKJIaM). ITa BO3MOXHOCTh OTOOpaxaTh
COCTOSIHUE U paloTy ,,MalIMHbI B pa3pe3e’ sBIIseTCs
YHUKaJIbHOMN, OCKOJIBKY B COBPEMEHHBIX IPOrpaMM-
HBIX MOJIETISIX TIOAOOHBIX MPOIECCOB U YCTPOUCTB BCE
B3aMMO/IEUCTBUS 0TOOPaKaIOTCS HA YPOBHE ,,U€PHBIX
SIIIIUKOB*.

Opnnako, o6magast 60IBIIMM HAOOPOM TTOJIOKH-
TEIbHBIX CBOMCTB, MO3BOJISAIOMHUX YP(HEKTUBHO HUC-
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nosib3oBark YIIBM B yueOHOM mporiecce, 3Ta yCTaHOBKa-TPEHAXKEP UMEET CYLIECTBEHHBIE HE10CTaT-
KM, OTPaHUYMBAIOIINE €€ BO3MOKHOCTH IIPH JUTUTEIIBHON SKCILTYyaTaAlMN:

— HCIIOJIb30BAHUE MIPH €€ TOCTPOCHUH AIEKTPOHHBIX MUKPOCXEM, HEM30EKHOE ,,CTapeHHE" KO-
TOPBIX CITYXKUT MPUIUHON COOEB, HICKAKCHHUI PE3yJbTaTOB BEIYUCIEHUHN U 0TKa30B B padore YIIBM;

— J171s HOAJIeP KaHus pabOTOCTIOCOOHOTO COCTOSIHUSA, YCTPAHEHHS HEUCTIPAaBHOCTEH M TIOATOTOB-
KM YCTaHOBKHU K paboTe TpeOOoBaIUCh JOMOIHUTENIbHbIE 3aTPaThl BDEMEHH U MaT€PUAIIbHBIX CPE/ICTB;

— OrPaHUYEHHOE YMCIIO0 YYEOHBIX MECT B ayUTOPHUSX, ONPEETIEMOE KOTMYECTBOM UMEIOIIUXCS
1a00paTOPHBIX YCTAaHOBOK Ha Kadeape.

[TosTomy Berana 3aga4a yCTpaHeHUs yKa3aHHBIX HezocTatkoB YIIBM, coxpanenus ee ,,00y4aro-
1Iero* moTeHIMaNa ¢ OJHOBPEMEHHbBIM paclIMpEeHUeM Habopa TOCTOMHCTB, TAKUX KaK: HAIMIAIHOCTb,
THUPAXKUPYEMOCTb, THOKOCTb YIIPABJICHHUS, OTKPBITOCTD I MOAU(DUKAIIMK U MOJICpPHHU3ALINY, TIEpeMe-
IIaEMOCTh B MPOCTPAHCTBE, COKPAILICHUE IKCIUTyaTallMOHHBIX 3aTpar [3].

Ha xadenpe nunpopmManoHHO-BBIYUCIUTENBHBIX CUCTEM U CeTel pa3paboTaH MpOrpaMMHBIN
AMYIISITOP y4eOHOM MUGPOBON BHIYUCIUTEIBHON MamMHbl (AMynsaTop MosdanoBa) [4—7], mo3Bo-
JAIOLIEH BOCIPOU3BOAUTE cucteMy koMana YI[BM na nepconansHOM Kommbrotepe. Ilpu 3Tom Ha
CTPYKTypHOU cxeme (puc. 2) nporpammuor mojaenu YIIBM HammsigHO 0TOOpakaroTCsl MpOIecChl
B3aUMOJICUCTBUS y3J10B U YCTPOMCTB MPU BBIMOJIHEHUH MAIIMHHBIX [TUKJIOB.

Cucrema KomaH I SMyJsaTopa MosgaHoBa npejcTaBieHa B Tabmn. 1 (a — axgpec; AU — anpecHas
yacth; KOn — kxox oneparun; Cm — cymmarop; AY — apudgmerudeckoe ycTpoiictBo; (Cmp) — Ko7,
HaXOJSIIIMIACS B CyMMaTope apuMETHIECKOTO YCTPOHCTBA JI0 BHIMOJIHEHUS TaHHOW KoMaH 1bl; (CM) —
Ko1, oOpa3yromuiics B cymmarope AY B pe3yibTare BHIIOIHEHHs JaHHOW KoManabl; CuK — cueTunk
koman; (CuKg) — kom, oOpasyromuiics B cueTYMKe KOMaH]l B Hayayie MamuHHoro 1ukia; (CuK) —
KOJI, HAXOJIAILLUKCS B CYETYMKE KOMAH/ B KOHLIE MAIIMHHOTO LIUKJIA; BBIX.Y — BBIXOAHOE YCTPOWCTBO;
(PB) — kox, oOpa3yromuiicss B peTUCTPE BBIXOAA BBIXOJHOTO YCTPOHCTBA; 3Y — 3allOMUHAIOIINE
YCTPOWCTBO; (0 — MPU3HAK pe3ylibTaTta onepanuu). Eciu pe3ynbTrar onepauy OTpUiaTeIbHbId, o = 1.
Curnan cHUMaeTcsl ¢ MJIAJIIEro JOMOJIHUTEIBLHOTO (3HAKOBOTO) paspsija cymMMmaropa M Mojaercs B
VYV (ycTpoilcTBO ynpaBiieHUs), TA€ UCIIONb3YETCs MPU BHINOIHEHUN KOMaH/Ibl YCIOBHOW NEpeiaun
ynpaienus (puc. 2).
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Tabnuya 1
Ne n/mt HaumeHoBaHNe KOMaHabI Hone xovarnet ConeprkaHye KOMaHIbl
KOn AY

1 [Tocbuika B AY 1 a (Cm)=(a)

2 CrnoxeHnue 2 a (Cm) = (Cmp) + (a)

3 Brranranue 3 a (Cm) = (Cmo) — ()

4 [Toceuka B 3Y 4 a (a) = (Cmp)

5 BesycnoBHbIii epexos 5 a (CuK)= (a)

6 VYcnoBHBIH nepexon 6 a Ecimn © =0, o (CuK) = (CuKp) + 1,

ecn © =1, To (CuK) =a
7 [Toceuka B Beix.Y 7 00 (PB) = (Cwmy)
OcranoB 0 00 [Ipexparenue BHITOTHEHHSI TPOTPAMMEI

Cucrema koMaH[ mporpaMMHoOro amysstopa YIIBM coaep:kut koMaHabl: apugmemuueckue —
2 (cnoxeHue, BEIYUTAHUE), nepecwliku u 3azpy3ku — 3 (mocbuika B AY, mocsuika B 3Y, MOChLIKa B
Brix.V), nepeoauu ynpasnenus — 2 (ycnoBHBIN, 0€3yCIOBHBIN MEPEXO), cucmemMHble — KOMaHa
octa”HoBa. HecMOTpst Ha OrpaHUYEHHOE KOJIMYECTBO MHCTPYKLUM, CUCTEMA KOMaH]| IPOrPaMMHOI0
amynstopa yueOHnoi [IBM obnamaet GpyHKIIMOHATBHOM MOTHOTOM N7l IPOrPAMMHOTO OIUCAHUS B
MAaIlIMHHBIX KO/IaX JIto0oro aaropurMa. IMEHHO mo3ToMy MpeaoKeHHbIH MPOrpaMMHBIN SMYIISTOP
11e1€CO00pa3HO UCIOIB30BaTh HA MOATOTOBUTEIHLHOM M HayaJbHOM dTanax oOy4eHHsl OCHOBaM HMH-
(hopMmarmoHHbIX TexHonmorui [8—10].

B smynstope ModanoBa UCTIONB3yeTCs TOJIBKO TIpsiMasi aapecarus (OIHOaIpeCHbIe KOMaH bl
Ne 1-6), a komanas! 7 u 8 ABstOTCS O6€3aapecHbIMU (Tabma. 1). DTo nenaeT HEBO3MOKHBIM MPAKTH-
YEeCKOe OCBOEHME ApPYrux crnocoboB aapecaiuu. biaok xpanenus xonoB (bXK) conepxur 15 sueek
namsTH, 4To cooTBeTcTBYeT 105 OGutam. CeMupaspsHble ONepaHabl 3aHOCATCS B MaMATh B IPSIMOM
KOJI€, @ BBIMIOJIHEHHE OTIepalfil OCYIIECTBISETCS B CyMMAaTOpe C UCIIOJIb30BaHUEM MOAU(PHUIIMPOBaH-
HOTO JIONOJIHUTENIBHOTO Kojia. /lnanaszon npeacraBiaeHus LHenbix yncen ot —127 no +127, a tpoOHbIX
oT —63/64 no +63/64.

OTH 0COOEHHOCTH OIPaHUYMBAIOT BO3MOKHOCTH INTYOOKOT'O M3Y4Y€HUsI OCHOB OpraHU3aluy Bbl-
YHCIUTENBHBIX MPOLIECCOB B coBpeMeHHbIX DBM. [l npoaomkeHust 00yueHus B 3TOM HallpaBJICHUH
HE0OX0IMMO UCTIOJIb30BaTh OoJiee cloXkHbIe porpammubie Moaenn OBM. [lostomy Ha kadenpe un-
(hopMaIMOHHO-BBIYUCIIUTENBHBIX CUCTEM M CETeH pa3paboTaH MpOrpaMMHbBIN CUMYJISTOP yueOHOro
udposoro nporeccopa [11], ciykamuil ycoBepIIeHCTBOBAaHUEM ITPOrpaMMHOI0 sMysisitopa YIIBM.
OH npencraBisieT coO00H MIeCTHAAATUPA3PSIAHbIN JBOMUHBIN MpOLIEcCOp C €CTECTBEHHON (popmoit
IIPEJICTaBICHUs YUCEll. B TaHHOM ITpoLieccope peain30BaHO UCIIOIb30BAaHUE OTHOAIPECHBIX U IBYX-
aJPECHBIX KOMaHJ1 C HEMMOCPEACTBEHHOM U IIPsIMON afpecanueil. [I[porpaMMHBI CUMYIISATODP BBIIOIHEH
B BHUJI€ OKOHHOTO MPHJIOKEHHUS C MHTYUTUBHO MOHATHBIM MHTepdeiicoM (puc. 3). MuTepdeiic npo-
IPaMMHOTO CUMYJISITOPA MO3BOJISIET OCYILECTBIISATh:

— BBOJ] U PEIaKTUPOBAHNE JAHHBIX B IAMSATH;

— yIpaBJiieHUE peKUMaMHU BBITIOJTHEHHS] KOMAH/T;

— KOHTPOJIb B3aMMOJIEHICTBUS OCHOBHBIX JIEMEHTOB IIPOLIECCOPA ITPH BBIMIOJIHEHUH Pa3IMYHBIX
onepaunuii;

— aHaJIu3 TPaKTa MPOXOXKIACHUS UHPOPMAIUH;

— HCII0JIb30BaHUE CIEIMAIIBHBIX KOJ0B B KOMaHHOM IIMKJIE Mpolieccopa.

Hcnonp30BaHne MporpaMMHOTO CUMYJIATOpa BO3MOXHO Ha BCEX TUIIAX MEPCOHaIbHBIX DBM,
Kpome MoOUITbHBIX. {7151 ero paGoThl TpeOyroTCs:

— onepanuonHas cuctema — Windows (Bepcuu XP, 7, 10);

— MUHHMaJbHEIH 006eM O3Y — 100 MB;

— paszpenieHue 3xpa"na MoHuTopa 920 x 1080 nuKceIoB U BBILIE;
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— BO3MOKHOCTbH NOAKIIHOYCHHNS BHCHIHUX HOcHUTeneun I/IH(I)OpMaL[I/II/I;

— BO3MO)XHOCTb ITOJKJITFOYCHHS BHEITHUX CPEICTB OTOOpaKeHHs MHPOPMALINH;

— JJI1 KOPPEKTHOTO OTOOPaXEeHHS ,,CIIPABKHU‘* JOJKHO OBITh YCTAHOBJICHO MPUIIOKEHUE IS
npocmotpa pdf-aiinos.

Agpec AN Kon | Agpect | Ampec2
000000 0000000000000000

000001  0000000000000000
000010 0000000000000000

Per.Kom 3H3H Peructp-1  3u3H Peructp-2

0000000000000000 00000000000000000|[00000000000000000
000011 0000000000000000
000100  0000000000000000
000101 0000000000000000
000110 0000000000000000 [EWHOPATOR KOLA OMEPALIA \/
000111 0000000000000000
001000 0000000000000000 CYMMATOP
001001 0000000000000000
001010  0000000000000000 CaKou
001011 0000000000000000 BTI0K MYKPOOTIEPALIIA
001100  0000000000000000 O
001101 0000000000000000 Sl £opyrmop
001120 0000000000000000 24414 00000000000000000
001111 0000000000000000
010000  0000000000000000 TR HE SR T
010001  0000000000000000
010010  0000000000000000 Per CuKow a0 Bui Per.
010011  0000000000000000 cur | 0000000000000000
010100  0000000000000000 : P sunonven

0 0 1
CBPOC
NOATBEPXAEHKUE CBPOC

Puc. 3

Cucrema KOMaH]l IPOrPAMMHOTO CUMYJISITOpA BKJIFOYAeT OJUHHA/IATh KoMaH/ (Taoum. 2).

B tabn. 2 npunsaTe cnenytomue o6o3nadenus: [, Jlo — mepBbIii M BTOpOH omepaHbl Mpu
HEIMOCPEeACTBEHHOM aapecanuu; A, Ay — HUCIOIHUTENbHBIE a/Ipeca ONEepaHI0B NP MPSIMOU ajipe-
canuu; A| — HCTIOJTHUTENBHBIA aApec B YCIOBHOM, O€3yCIIOBHOM MEPEX0/Ie WM Mepechuike u3 3Y
B BBIXOAHOU PErucTp; Ay — UCIOIHUTENbHBIN aIpecC MPHU CIOKEHUH C COJAEPKUMBIM aKKyMYIISITOPA;
(Ax) — xon, conepxaniuiicst B akkymyssitope; (CuK) — kon, cogeprkarnuiicst B cueruunke; (CuKg) —
MpeblayInee 3HaueHNe Koja cueTynka koMany; (BerxPer) — ko, comepskanuiicss B BBIXOAHOM pe-
TUCTDE.

3anoMHHalIoLIee YCTPOUCTBO IPOrPAaMMHOIO CUMYJISATOPA, TAK K€ KaK U MPOTPAMMHOIO 3MY-
nastopa YIIBM, npencrasmsier co6oit anpecroe 3Y ¢ mpoU3BOIBHBIM JIOCTYIIOM, IIOCTPOSHHOE T10
OJTHOMEPHOI cXxeMe, OHO BBITIOJIHEHO B BUE ONoka XxpaHeHus kooB. bXK cocrout u3 aBaanaru aByx
AYEEK MMAMSITH.

B ciyuyae HempaBWIIBHOTO BBOJA KOMAH]I MPOTPAMMHBIM CUMYJISITOPOM BBITAETCSI COOOIICHHE
00 omuoKe.

[IporpammHbIil cumMynaTop B Iporecce 00y4eHHs MO3BOJISIET:

— HUCCIIe10BaTh 0COOEHHOCTH MOCTPOEHUS U pealin3allii aJITOPUTMOB, ONPEIEIEHHBIX CUCTEMOMN
komanj DBM;

— MPOrPpaMMHPOBATh B MAIIMHHBIX KOJAX JINHEWHbIE, PAa3BETBIAIOIINECS U HUKIHNYECKUE all-
TOPUTMBI;

— TPEJCTABIISATh YUCIIOBBIC JaHHBIE B €CTECTBEHHOU (hopMme B pa3psiaHoi ceTke DBM;

— HCIIOJIb30BATh NPSIMOM U CIIELUATIbHBIE KOJIbI YMCEII IPU BBIOJTHEHUU MAIIMHHBIX ONepaluii;

— NIPOBOJIUTH CPABHUTEIBHBIN aHATIN3 AITOPUTMOB, pEaIu3yEeMbIX KOMAaHIAMU Pa3IMYHBIX
¢dopmaros;

— IIPOBOJUTH CPABHUTEIIBHBIN aHAJIU3 ONEPALUN C UCIIOJIb30BAHUEM PA3JIMYHBIX BUJIOB aJpe-
CallUu.
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Tabruya 2
Ne HaumenoBanue A Hose KoMaH /bl C
i — Jpecarust on e OfiepIKaHUE KOMaH/IbI
1 Crnoxxenue Henocpeacreennas 0001 i, o | (Ax)= ;1 + [
2 | Beruuranwue 0010 (Ax)=1; - 12
3 Croxxenue [psmas 0011 AL Ay | (Ak)=(A)) t(Ay)
4 | Beluuranue 0100 (Ax) = (A1) - (A2)
5 | Ilepecbuika u3 3Y B BBIXOJ- [psimas 0101 Ay (A1) — (BP)
HOMW PErucTp
6 | Ilepecbuika B 3Y u3 akkymy- [Ipsmas 0111 A (Ax) — (Ay)
JsITOpa
besycnoBHsIii nepexon [psamas 1000 A (CuK) = (A1)
YcnoBHBIN niepexo [psimas 1001 Ay Ecimu o = 00, To (CuK) = (CuKp) + 1,
ecmn © = 11, o (CaK) = A
9 | CrnokeHue ¢ COACPKUMBIM [psimas 1010 Aj (Ak) = (AK) + (A3)
AKKyMYyJIsITOpa
10 | ITepecbuika U3 akKKyMyJIsITO- — 1011 — (Ax) — (BbixPer)
pa B BBIXOIHOM perucTp
11 | Ocranos — 1111 — IIpexparienue BHITOTHEHHUS POTPAMMBI

[IporpamMMHBI CUMYIATOpP pa3paboTaH Ha sI3bIKE BHICOKOTO ypoBHs Python. Bo3moxxHocTH
JTAHHOT'O CPEACTBA IPOrPAMMHUPOBAHMS ITO3BOJIMIIN PEATU30BATh HE TOJIBKO PACIIMPEHHBIN, IO CPaB-
HEHMIO € SMYNIATOpOM MouaHoBa, (PyHKIIMOHAJ, HO ¥ CO3/1aTh MHTYUTHUBHO NOHSATHBIN U HAIVISAHBINA
uHTEpdeic NPUIOKEeHNs. YHUKAILHOCTD TaHHON MPOrpaMMHOM pa3paboTKH COCTOUT TAKXKe U B TOM,
4T0 BO3MOKHOCTH Python nmo3Bonuiu peann3oBaTb OMHApHbIE (GYHKIMH IPU BBHIIIOJIHEHUH OCHOBHBIX
apuMeTHYEeCKUX orepanuii B MalmMHHBIX kKonax [ 12]. Hiwke npuBeneH npumep ¢pparmMeHTa nporpamMmm-
HOTO KO/1a peoOpa30BaHus MPSIMOTo Kojia B MOAU(DUIIMPOBAHHBIN JOMOJHUTEIbHBIN TBOMYHBIN KO
(MAK) npu BBINOJIHEHNH OTIEpaLK CIOXKEHMS ¢ IpsiMO aapecauuei (kox onepanuu 0011).

if a[0:4] == Y0011’: #CJIOXEHVE [IPU I[IPSAMON AIIPECAIINN

al = Splint(a[4:10], base=2)]

az int (al, base=2)

a2 = f'{a2:017b}’

if al[0] == ‘0’: #MIK 1nJjg MOOJIOXUTEJHLHOTO MEePBOTO CJlaTaeMoTo
a2 = list (a2)

a2[0:2] = 007

a2 = ‘' .join(a2)

regl[‘text’] = a2

if al[0] == ‘1’: #MIOOK 1mjg OoTPMLATEJBHOTO MEePBOTO CJaraeMoro
a3 = int(al, base=2)

mask = (1 << 17) -1

a3 = ((abs(a3) » mask) + 1)

a3 list (f’ {a3:017b}")

a3[0:2]="11"

a3 = ‘' .join (a3)

regl[‘text’] = a3

XapaKTepUCTUKH JAHHOTO CUMYJISTOPA MTO3BOJIMIIN PACIIMPUTD KPYT pelIaeéMbIX yUeOHBIX 3a7ad.
Pe3ynbsraThl CpaBHUTEIHHOTO aHAJIN3a OCHOBHBIX MOKa3aTesei My sitopa MouaHoBa U CUMYJISTOPA
y4eOHOro 1u(pOBOTO MPOIeccopa MPUBEACHHI B Ta0M. 3.
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Tabruya 3
OCHOBHBIE [TOKa3aTeIN Owmynarop MomdaHoBa Cumynsrop YIIIT
Illnprna pa3psgHOR CeTKU 7 16
O6vem BXK (umcio siaeex mamsaTn) 15 22
Konunuectso xomanz 8 11
Bune! anpecanuu 1 2
dopmaTbl OCHOBHBIX KOMAH]T 1 2
L, JApy’KecTBEeHHOCTh * uHTEp(deiica - +
AHaIM3 TPAKTOB NPOXOKICHUSI HHOOPMAIIUU - +
Amnanus npeodpaszoBanus HHGOPMaALUU + +
AHaJn3 KOJI0B B KOMaHTHOM LIUKJIE + +
CpaBHHTENIBHBIN aHAJIU3 BUJOB a/ipecallii - +
CpaBHHTENIbHBIN aHATH3 (JOPMATOB KOMAH/T - +
BbI00p peXKMMOB BBINOIHEHHUS TIPOTPAMMBbI + +

BrlmensnoxkeHHOe MO3BOJISET ClieaTh ciaeaytone BbiBoibl. COBpeMEHHbIE MPOLIECCOPhI, MU-
KpOTIPOIIECCOPHI U MX MPOTPAMMHOE 00ECTIEYCHHE SBISIIOTCS UCKIIOUUTENEHO CI0KHBIMH 00BEKTaMH
JUTSL U3YUYEHUsl U MPAKTHUECKOro ocBoeHus. OMHUM M3 MarucTpaibHbIX HApPaBICHUN B PELICHUU
9TOM 3aJa4M SBISETCS CO3JaHHE U HMCIIOJIb30BaHNE HAa HAYabHBIX ATarnax oOy4eHHUs TPEHAXKEPOB U
MporpaMMHBIX Mojienel yueOHpix OBM [13, 14].

PaccmoTrpenHbIe B HACTOsIIIEH cTaThe MPOrpaMMHBIN SMysTOp yueObHoi [[BM u mporpamMMHBIii
CHMYJISITOp Y4eOHOTO U(POBOTO MPOIIECCopa SBISIOTCS MTPUMEPOM YCIIEITHOTO PEIICHUsI CHOPMYITH-
poBaHHOI1 BbIIe 3a1aun. O0nagas cpaBHUTEIBLHOM MPOCTOTON U YIOOHBIM UHTEp(EiicoM, OHH TOMO-
rafoT 00yYaroIUMCsl YCIIEITHO OCBOUTH 0a30BBIE MMOHATHUS OPTaHU3aINH U apXUTEKTYpsl DBM, Takue
KaK: cucTemMa KoMaH], (hoopMaThl KOMaH]l U JaHHBIX, MPEAICTABICHUE JaHHBIX, CIIOCOOBI aapecallui,
OCHOBBI CIEIMAILHOTO KOJAWPOBAHUS YUCEN. DTU IIPOrpPaMMHbIE MOZIENN 00ECIeUrBatOT yIOOHBIN 1
HATJISIIHBIN TOCTYII K Pa3IMYHBIM OJIOKaM, MOAYJISM, y3JiaM U 3JeMeHTam DBM.
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BbIJIEJIEHUE TEOMATHUTHBIX MYJIbCALIAN TUNA PC4 METOJIAMHU BIG DATA
B CPEJIE MATLAB
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AHHOTaHI/Iﬂ. I'eomaruuTHBIC IMyJibCalluu, 1Mo KOTOPbIMH 00BIYHO IOHMMAETCSI U3MEHEHHE HaMpsA>KEHHOCTHU T€OMariuTHOTO
HOJISL B ONPEJEJICHHOM YaCTOTHOM JIMara3oHe 110J] AeHCTBUEM BPEMEHH M Pa3HbIX (hakTopoB, GOpMAILHO MOXKHO MpPe/-
CTaBJIATh B BUJ/IC MArHUTOTHAPOANHAMUYECKUX BOJH, PACIIPOCTPAHSIIONIMXCSl B OKOJIO3EMHOM 1m1a3Me. Ha noBepxnoctn
3eMiIM IyJIbCAMHA MOXKHO BBIJIEISITH U3 YIBTPAHU3KOYACTOTHBIX 3JIEKTPOMarHUTHBIX KOJIEOaHHH, 3apeTUCTPUPOBAHHBIX,
HarpuMep, B TeOMarHUTHBIX oOcepBaropusx. [1o reoMarHUTHBIM MyJIbCAlUsM BO3MOXKHO IOJIydaTh HHOpMANHUIO, Ha-
IIprUMep, O TMapaMeTpax Cpeibl B 00IaCTH MX TeHepalnn, 00 0COOCHHOCTSAX Pa3BUTHS T€OMArHUTHBIX Oypb 1 cyOOypb.
[Ipoananu3upoBaHbl 0COOCHHOCTH PabOTHI C OJHUM M3 CAMBIX PACHPOCTPAHEHHBIX BHIOB T€OMAarHUTHBIX IMyJbCa-
uuit — Pc4, nmeromux nepuon konedanuit 45-150 c¢. O6pabarsiBaeMbIe TaHHBIE MMOTYyYEHBI OT MEKIYHAPOIHOW CETH
INTERMAGNET. ITockompKy 00beM TaKUX JTaHHBIX TPEBBIIIACT 00BEM OIIEPaTHBHON MaMITH KOMITBIOTEpa, IPUMEHEHBI
texHonornn BigData, peann3zoBannsie B cpene MATLAB.

Kniouesvie cnosa: BigData, FilterDesign, INTERMAGNET, MATLAB, Pc4, bicokue maccugwl, 2e0MacHUMHAsL
obcepsamopus, MazHumHoe noie 3eMiu, no10Co8ol PuUIbmp, Xpanuiuue OaHHIX

BuaaronapuocTu: Pabota BeimonHeHa mpu nomuepxkke rpanta PH® Ne 23-27-00011.

Ccplika 1is nutupoBanusi: Kopobeiinuxos A. I BolieneHne reoMarHuTHBIX mynscanuii tuna Pc4 meronamu Big Data
B cpene MATLAB // U3s. By3oB. IIpubopoctpoenue. 2024. T. 67, Ne 6. C. 475-480. DOI: 10.17586/0021-3454-2024-
67-6-475-480.

IDENTIFICATION OF PC4 TYPE GEOMAGNETIC PULSATIONS USING BIG DATA METHODS
IN MATLAB ENVIRONMENT

A. G. Korobeynikov

Pushkov Institute of Terrestrial Magnetism, lonosphere, and Radio Wave Propagation of the RAS,
St. Petersburg Branch, St. Petersburg, Russia
Korobeynikov_A_G@mail.ru

Abstract. Geomagnetic pulsations, which usually mean a change in the strength of the geomagnetic field in different
frequency ranges depending on time and various factors, can be formally represented as magnetohydrodynamic waves
in the near-Earth plasma. On the Earth’s surface, geomagnetic pulsations can be isolated from ultra-low-frequency
electromagnetic oscillations recorded, for example, in geomagnetic observatories. Geomagnetic pulsations contain
various information, for example, about environmental parameters in the areas of their generation; about the features of
the development of geomagnetic storms and substorms. The features of working with one of the most common types of
geomagnetic pulsations — type Pc4, with an oscillation period of 45—-150 s, are analyzed. The processed data is obtained
from the international INTERMAGNET network. Since the volume of such data exceeds the amount of computer RAM,
BigData technologies implemented in the MATLAB environment are used.

Keywords: Big Data, Filter Design, INTERMAGNET, MATLAB, Pc4, tall array, geomagnetic observatory, Earth’s magnetic
field, bandpass filter, data storage
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476 A. I Kopobetinuxos

Beenenue. 'eomaruutnoe none (I'MII) 0ObI9HO MPEACTABIAIOT CYMMOW HECKONBKUX TOJIEH,
KOTOPBIC UMEIOT Pa3HYI0 (PU3HUECKYIO TPUPOIY™:

Br=Bo+ B, + 8B,

rae By — miaBHOE none; B, — mosne 3eMHOU Kopbl (mutocdepHoe); OB — Moje TeOMarHUTHBIX Bapua-
uui (myabcanui).

[Ton reomarautabiMU TysbcanuaMu (I'TI) oObIYHO MOHMMAETCS U3MEHEHHUE HANPSHKEHHOCTH
['MII B onpeneneHHOM YacTOTHOM JMara3oHe MoJ ACHCTBHEM BpeMeHH M pa3HbiX (akTopos. ['TI
MIPUHSATO MPEACTABIATh B BUAe MarHuToruapoauHamudeckux (MI/]) BonH, pacripocTpaHsSOmuxcs
B OKOJIO3EMHOU IJ1a3Me. DTH BOJHBI BO30YKIAIOTCS Pa3TUIHBIMU (U3HYECKUMH TPOIIECCaMH, TIPO-
TEKaIOIUMU, Hal[pUMEp, B COJTHEYHOM BeTpe, Maruutocdepe, miasmocdepe wiu nonocdepe [1]. Ha
noBepxHocTH 3emiau [Tl peructpupyrorcst kak yapTpanuszkodactoTHeie (YHY) anekrpoMarHuTHbIC
konebanusi. MI'/[-BomHBI MOXHO (DUKCHPOBATH BO BpeMsl TEOMAarHUTHBIX Oypb, CyOOyph, a TakKe B
MaraurocnokoitHoe Bpems. I'Tl oGnanator Bbicokoi nHopMaTuBHOCTHIO. AHanu3upys ['Tl, moxHO
MoJTy4yaTh MHOTO HH(OPMAIIMH, HATIPUMEp, O TTapaMeTpax cpeibl B 00JIaCTH WX TeHepaluu; o0 0co-
OCHHOCTSIX Pa3BUTHUS TEOMATHUTHBIX Oyph U CyOOyph; O MMOTOKAX BBICHIMAIOIINXCS YACTHIT U TTYTH MX
pacnpocTpaHeHus K 3eMHOM oBepxHOCTH. OTcrona cneayet, uto aHanu3 [Tl cBa3aH ¢ pelenneM Kak
MIPUKJIA/IHBIX 3a/1a4, HallpUMep TUarHOCTUKOM TEKYIETO COCTOSHUS OKOJIO3EMHOM Cpeibl ¥ POTHO30M
KOCMHYECKOH MOro/ibl, Tak U (hyHIaMeHTaIbHbBIX, BKIIIOYas JanbHeiiee passutue teopun ['T1.

B nacrosime#t crarbe uccnenyetcs padora ¢ I'Tl tTuna Pc4, t.e. I'TI ¢ nmepuogom konebanuii B
nuana3oHne 45—150 c, takoit Bua ['TI — oauH U3 caMbIX pacripocTpaHeHHBIX. B paboTe moka3aHo, Kak
MOXHO BbIZEATh [T Pc4 13 maHHBIX, OTYYEHHBIX B TEOMAarHUTHBIX 00CEPBATOPUSX, B YACTHOCTH,
mexayHaponHoit cetu INTERMAGNET (International Real-Time Magnetic Observatory Network)
[2, 3].** Bonpoii 00beM 00pabaTbIBaEMBIX JAHHBIX HEBO3MOYKHO IIOMECTHTH B OTIEPATUBHYIO TTAMSITh
KOMITBIOTEPA, TIOATOMY HEOOXOIMMO MIPUMEHSATH TexHonoruu BigData [4]. B kauecTBe nmporpaMMHOTO
UMHCTpyMeHTapus ucnonb3oBaics MATLAB, npu nomoiu KOTOporo MOKHO pelaTh 3a/laud B pas-
JIUYHBIX TIPEIMETHBIX o0macTsax [5—8].

IoaroroBka nannbix. cxonusie qannubie coctosinus ' MIT 3a 2023 rox ¢ yacToTol 1ucKpeTh3a-
mun fr =1 ¢! B3arer u3 6a3e INTERMAGNET. ®@aiisibel qanHbIx comepskar detbipe cronbia — LYCX,
LYCY, LYCZ u LYCF, rne LYCX, LYCY, LYCZ — xomnonents! Bektopa ' MII, LY CF — monyns
Bektopa ['MII. M3-3a GonpIiioro o6bemMa JaHHBIX MPUMEHSIOTCS CIIelUaIbHbIe CPEICTBA, TAKHE KaK
Datastore (xpanwmuiie ganabix). Kom s7a MATLAB npuBenex B [2], mocie HEOOIbIION MOIU(UKAITIH
3a CUeT ero BBIMOIHEHUs Oy/ieT mocTpoeH rpaduk (Ha puc. 1 mpeactaBieHbl HcxonHble AanHbie ¢ LYC
32 01.01.2023-31.12.2023).

W3 puc. 1 BuaHO, 4TO B UCXOIHBIX JAHHBIX UMEETCS HECKOJIBKO BEIOPOCOB, CBSI3aHHBIX, BEPOATHEE
BCETO, C MIpEeKpaleHueM paboTbl MArHUTOMETPUYECKUX CEHCOPOB. B Takux ciydasx oOuienpruHaToMl
MIPAKTUKOM cunTaeTcs 3aHeceHue yrcaa 99999 B cooTBeTCTBYIOIIYI0 0a3y AaHHBIX. [l qanpHeien
paboThI TakKe JaHHBIE HEOOXOMMO YIAIUTh. DTO MOXKHO C/IeJIaTh, HAIPUMED, TaK:

toDelete XYZF = (LYC.LYCX == 99999) | (LYC.LYCY == 99999)
| (LYC.LYCZ== 99999) | (LYC.LYCF == 99999);

LYC (toDelete XYZF,:) = [];

clearvars toDelete XYZF;

stackedplot (LYC) ;

OO0paboTaHHbIE TAKMUM KOJIOM JJaHHbIE TIPECTABIIEHBI HA pUC. 2.

*TOCT 25645.126-85. ITone reomarauTHOE. MOIENb TIONIS BHYTPHU3EMHBIX HCTOYHUKOB. M.: T'oc. komuter CCCP
10 YIIPaBIICHUIO Ka9eCTBOM MPOAYKINU U cTaHmapram, 1989. 23 c.
** https://www.intermagnet.org.

13B. BY30B. MPUBOPOCTPOEHUE. 2024. T. 67, Ne 6 JOURNAL OF INSTRUMENT ENGINEERING. 2024. Vol. 67, N 6



Buioenenue eeomacnummuvix nynvcayuit muna Pc4 memodamu Big Data ¢ cpede MATLAB 477

LYCX, aTn
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LYCF HTI
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5.24
52 | | |
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Pemenne 3agaun Boiiesenus I'Tl Tuna Pe4. B kauecTBe nepBoro mara He0OXOAUMO YIATHUTh
TPEH/] U3 JAHHBIX. DTO MOXHO CJIeJIaTh, HAPUMEP, TIPU ITOMOIIN OJTHON TAaKOW KOMaH/IbI:

LYC detrend=detrend (LYC, 3) ;
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Hudpa 3 3agaet TpeHa B Buie KyOUYECKOTO CIIaifHa.

Ha cienyromem mare 3agaaum napaMmeTpsl 1jis mojiocoBoro nudposoro ¢uisrpa (LID) B cooTt-
BCTCTBUU C HAIUMU YCJIIOBUAMMU:

Fs 45 s=1/45; Fs_ 150 s=1/150; % JIOmamasoH wacToT Pc4

Fs=1; % YacToTa IOMCKpeTHU3alUU

Fpassl = Fs 150 s; % Jlepasa I'paHMua 4YaCTOTH [OJIOCH NponyckaHusa (IIII)
Fpass2 = Fs 45 s; % Ilpakad TpaHulla 4acTOTH Il

Fstopl=0.99*Fpassl; % Jlerad I'paHMUHas YacTOTa IIOJIOCH 3amepxku (II3)
Fstop2=1.01*Fpass2; % IllpaBas I'paHMYHasg dvacToTa I[I3

Astopl=120; % BeJamumHa 3aTyxaHusa B JieBou I3 (zmB)

Astop2=120; % BenuumHa BaTyXaHMs B IpaBou I3 (mB)

Apass=0.01; % BemuumHa sBaTyxaHus B I (nB)

Co3naem nonocosoit L{® ¢ OeckoneuHoil ummynbcHON Xapakrepuctukoi (BUX-¢punstp) npu
MOMONIY CIEAYIOIIENH KOMaH/IbI.

digital filter Pc4= designfilt (‘bandpassiir’, ... % Response type
‘StopbandFrequencyl’, Fstopl, ... % Frequency constraints

‘PassbandFrequencyl’, Fpassl,

‘PassbandFrequency?2’, Fpass2,

‘StopbandFrequency2’, Fstop2, ..

‘StopbandAttenuationl’, Astopl, ...% Magnitude constraints
‘PassbandRipple’, Apass,

‘StopbandAttenuation?2’, Astop2,

‘DesignMethod’ ,’ellip’, ... % Design method
‘MatchExactly’,’passband’, ... % Design method options
‘SampleRate’, Fs) % Samplerate

Hanee, npumensst pyukiuto filtfilt, mpormyckaem nmanubie yepes cripoektupoBanHbiid L[D ¢ yue-
TOM ()a30BOIl 3aIEPIKKH.

LYCX, uTn
T
200 - ]

100 [~ —

—-100 i

—200 4

| | | | | L L

| 1
Jan Feb  Mar Apr May Jun Jul Aug Sep Oct Nov Dec 2023
Date/Time
Puc. 3
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I4

digital filter Pc4, LYC detrend.LYCX

LYC.LYCX filtfilt )
digital filter Pc4, LYC detrend.LYCY);
)
)

LYC.LYCY filtfilt
LYC.LYCZ = filtfilt
LYC.LYCF = filtfilt

digital filter Pc4, LYC detrend.LYCZ);
digital filter Pc4, LYC detrend.LYCF

.
’

o~ o~ o~ —~

Pesynbrar Takoit ¢unsrparmu ans LYCX 3a 01.01.2023-31.12.2023 npeacrasieH Ha puc. 3.

s Toro 4ToObI YOEAUTHCS, YTO MOJIyYEHHbIE pe3yabTaThl monajatT B auamna3ol [T Pc4,
MOYHO, HallpUMep, NPEACTaBUTh JTaHHbIE Ha HEOOJIBIIOM NPOMEXYTKe BpeMeHu (puc. 4, 03.06.2023
¢ 03:42 mo 03:56).

Amnanu3 puc. 4 MokasbIBaeT, 4T0, 00padoTaB MpeiaraeMbIM KOJIOM UCXOHBIE TaHHbIE OOJIBIIOTO
o0beMa, MOXKHO BBIJIETISATH KOJIEOaHHUs ¢ TIEpHOJIaMHi, COOTBETCTBYIoIMMHU auanazony ['T1 Pc4.

LYCX, aTn
I

\‘ \ [ [ N
0.1 1 | \ [ [ /\ N e

| | 1 1 | | | |
03:42 03:44 03:46 03:48 03:50 03:52 03:54 03:56
Date/Time Jun 03, 2023

Puc. 4

3akmouenue. TakuM o0pa3oM, B HacTosIIel paboTe MpeIoKeH U pealn30BaH MOAX0 K pe-
menuto 3a1aun Boiaenenus ['T1 Pc4 u3 ncxonHbIX JaHHBIX IpH MOMOIIU HUGPOBON (QUIBTPALIUH.
BusyanbHblil aHaIU3 MOJYYEHHBIX PE3YJBTAaTOB IIOKA3BIBAECT, YTO MOXKHO XOPOILIO pa3ieisTh ,,CIIo-
KOWHBIE U ,,BO3MYIICHHBIC THU. J[OMOTHUTETFHO MOKHO HAOMIOAaTh (Pa3bl pa3BUTHS MAarHUTHBIX
Oypb (cm. puc. 3).

Kpome Toro, pe3ynprarsl, MOoJydeHHbIE [TOCIe 00paObOTKU C UCIIOJI30BAHUEM IIPEIaraeMoro
MO/IX0/Ia, MOT'YT CITY’KUTh BXOJHBIMH JJAHHBIMU JUIsl pelIeHUs! (DyHIaMEHTAIbHBIX U MPUKIIAJHBIX 33/1a4.
Hanpuwmep, nzyuenne YHY-BonH B Marautocdepe, SBISIETCS aKTUBHO pa3BUBAIOILEHCS 001aCThIO PU-
3uKu Marautocdepsl. OCHOBHBIE HEpEIIEHHbIE MPOOIEMbI CBS3aHbI C pa3BUTHEM KUHETHUYECKOW U Mar-
HUTOTHJIPOAMHAMUYECKON TEOPUH 3THUX BOJIH B TPEXMEPHO-HEOTHOPOIHBIX MOJIETSIX MarHUTOC(EPHI.

[IpencraBieHHble pe3yapTaThl OKa3bIBAIOT, YTO, NpuMeHssa cuctemy MATLAB, MoxHO no-
cTarouHo 3¢ ¢deKTUBHO paboTaTh ¢ TexHojorusiMu BigData, koTopble O3BOJISIOT YCIEIIHO peniarh
reopu3nIECcKUe 3a0a4H.

B 3axitoueHrne MOXKHO OTMETHUTh, YTO UCIIONb30BaHKe Tpaduueckux npoueccopon (GPU) takxke
MO3BOJIUT MOBBICUTH 3(h(PeKTUBHOCTH paboOThI ¢ TexHoMorusiMu BigData, koTopble peann3oBaHbl B

MATLAB.
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CHUCTEMHBIN AHAJIN3, YITIPABJIEHUE U OBPABOTKA HH®OPMAIIUN

SYSTEM ANALYSIS, CONTROL, AND INFORMATION PROCESSING
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COMFORT NAVIGATION IMPROVEMENT OF PATH PLANNING TASK IN HUMAN-ROBOT
INTERACTION

Liao Duzhesheng, S. A. Chepinskiy*, Wang Jian

ITMO University, St. Petersburg, Russia
* chepinsky s@hotmail.com

Abstract. Navigation is the core of mobile robot applications, but traditional configurations have great difficulties in
dealing with dynamic human factors. This means that new service robots must not only undertake the task of autonomous
navigation, but also be good at social interaction and consider harmonious coexistence with others. This paper designs a
social navigation based on improving the comfort of human—robot interaction. The social space costs and constraints are
modeled using asymmetric Cauchy functions, and predictions are made using human—human or human-robot interaction,
and pedestrian encounters are considered. The difference in the degree of attention paid to oneself, front, rear, left, and
right when encountering obstacles or pedestrians establishes the benchmark for the corresponding model. On this basis,
a map cost function is constructed, which can use different constraints on the path and specify that the robot does not
enter certain spaces, or enter specific spaces under certain circumstances. The A* and jump algorithms were modified
based on the map cost function, and experiments were conducted in MATLAB. The experimental results show that the
designed social comfort navigation can effectively realize the function, pedestrians’ personal space is guaranteed, and
goal-oriented intentionality is understood by the robot. Understanding, coexistence and adaptability of mobile service
robots are significantly improved.

Keywords: mobile robot control, A* algorithm, comfort navigation, obstacle avoidance, path planning

For citation: Duzhesheng Liao, Chepinskiy S. A., Jian Wang. Comfort navigation improvement of path planning task
in human-robot interaction. Journal of Instrument Engineering. 2024. Vol. 67, N 6. P. 481-491 (in English). DOI:
10.17586/0021-3454-2024-67-6-481-491.

NOBbILLEHUE KOM®OPTA HABUTALIUM NPU B3AUMOLEACTBUM YENIOBEKA
1 POBOTA B 3AOAYE NMIAHUPOBAHUA NYTU

JNso OyuxawaH, C. A. YenuHcknn®, BaH LissHb

YHusecumem UTMO, CaHnkm-llemepbype, Poccus
* chepinsky_s@hotmail.com

AHHOTaums. ABTOHOMHOE ABVXXEHNE MOBUMNBbHBIX POOOTOB B ANHAMUYECKM MEHSIOLLENCS BHELLHEN Cpeae COnpsXeHo
C CYLLEeCTBEHHbIMU TPYAHOCTAMU. OTO O3HAYAET, YTO MOOUIbHBIE POOOTHLI JOMKHLI HE TOMBbKO BbIMOMHATL 3agavy
aBTOHOMHOW HaBUraLum, HO 1 XOPOLLIO B3aMMOAENCTBOBATb HE TOMbKO C HEMOABWIKHBIMU MPENSATCTBUSIMU, HO U C NOObMMU,
OBWXyLLMMUCH B paboyem npocTtpaHcTBe poboTa. PaspabotaH anropuTm MraHMpoBaHWs 1 yNpaBreHnst TPaeKTOPHbIM
OBWKEHUEM C YY4ETOM CoLManbHOM HaBuraumm, obecnedmBaroLLen KoMpopTHOE B3anMOLENCTBIE YemnoBeka U poboTa.
3aTtpaTbl ¥ OrpaHNYeHNs cCoLManbHOro NPOCTPaHCTBa MOAENUPYOTCHA C UCMOMb30BaHMEM aCMMMETPUYHBIX OYHKUNI
KoLuun, cocTaBnsitoTCcst IPOrHo3bl B3avMOAENCTBUS ,, YENOBEK—YENOBEK" UK ,4EN0BEk—POOOT . Ha 310 OCHOBE CTpOUTCS
(PYHKLMS CTOMMOCTU KapTbl, KOTOPAsi MOXET UCMONb30BaTh Pas3fiMyHble orpaHnyeHus. AnroputMel A* 1 jump Gbinu
MOANULIMPOBaHbI Ha OCHOBE (DYHKLMM CTOMMOCTI KapTbl. Pe3ynsrartbl SKCNeprYMEHTOB, BbINONHEHHbIX B cpeae MATLAB,
MOKa3bIBatoT, YTO NPEANOXEHHBIE anNropUTMbl MOTYT 3O(PEKTUBHO peann3oBaTb pellaTtb 3adady NiaHUpOoBaHWA MyTu
C YYETOM coumanbHon HaBuraumn. bnarogaps paspaboTaHHbIM anropuTmMam BbICTPAUBaAETCSl ONTUMASIbHbIA MapLUpyT
po6oTa, n NMMYHOE NMPOCTPAHCTBO MELIEXOA0B rapaHTupoBaHo. KomdopT ¢ yyeTtom coumanbHON HaBuraumm npu
B3aNMOLENCTBUM YernoBeKka 1 poboTa 3Ha4YUTENbHO YIy4yLIWIICS.

© Duzhesheng Liao, Chepinskiy S. A., Jian Wang, 2024
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Knroueenlie crioea: ynpasneHue MobusibHbIM pobomom, A* aneopumm, KoMgbopmHasi Haguaayusi, 06be30 rpensmcemaus,
nnaHuposaHue nymu

Ccbinka gna uutupoBaHua: [yuyxswasH Jigo, YenuHekul C. A., L3sHb BaH. MoBbileHe komdopTa Hasuraumm npu
B3aMMOZENCTBMM YenoBeka 1 poboTa B 3agadve nnaHnposaHus nytu // V13B. By3oB. MNpubopocTtpoenne. 2024. T. 67, Ne 6.
C. 481-491. DOI: 10.17586/0021-3454-2024-67-6-481-491.

Introduction. Since mobile robots can be widely used in industrial manufacturing, agricultural
production, medical services, daily life and other fields, research interest in the field of robotics has
become increasingly intense in the past few decades. From industrial robotic arms and drones to
today’s Autonomous Ground Vehicles (AGVs) and various home robots, the types and functions of
robots are becoming more and more diverse. People are paying more and more attention to the use
of robots, and have put forward higher requirements for robots to be autonomous, intelligent, and
“humane”. From the initial problem of autonomous navigation of mobile robots to the large-scale
emergence of mobile service robots, people are more inclined to study the interaction between humans
and robots, so that the comfort between humans and robots can be greatly improved.

Based on the current development trend of robot technology, two predictions can be made:
first, the focus of robot application will shift from the industrial structured environment to the
unstructured environment where humans live; second, the emerging industry of robots will become,
like computers, a must-have for every home. For example, researchers across Europe are innovating
mobile robot designs and solving fundamental indoor problems, efforts that could eventually lead to
home robots becoming a world standard. Some countries, such as South Korea and the United States,
have formulated strategic plans involving companies, universities, and research institutions with the
aim of occupying the indoor service robot market.

The International Federation of Robotics (IFR) defines a service robot as a semi-autonomous
or fully autonomous robot that can complete service tasks that are beneficial to human health [1]. In
the past ten years, the market demand for service robots has been growing day by day, showing huge
development space [2].

In the battle against the COVID-19 epidemic that broke out in early 2020, mobile service robots
also played an important role, helping medical staff reduce their work, reduce contact frequency,
and achieve contactless distribution and delivery. In addition, smart spaces such as smart homes and
unmanned offices have also expanded the application scope of service robots and enriched the ways
they serve and help humans [3].

The entry of service robots into our homes and workplaces provides broader opportunities for
engineering research into mobile robots. However, in order to naturally integrate into the environment
where humans live, mobile robots must not only be technologically advanced, but also have good
interaction design and consider human preferences, needs or other influences.

Therefore, in order to work in a more social way, the robot must understand the corresponding spatial
conventions and behave accordingly. In short, when service robots share activity spaces with people,
they need to maintain a social space related to social conventions to take into account human comfort.

Social space refers to the spatial distance maintained by individuals in various social and
interpersonal relationships. It is a direct reflection of social accessibility and will directly affect the
human-robot interaction experience, that is, comfort. Different environments or cultures will lead
to differences in spatial language. The term was originally proposed by Hall to describe human
management of space [4]. People’s spatial interaction relationships include intimate, personal, social
and public, and different spaces are reserved for specific relationships [5]. When humans are too
close, they often cannot remain comfortable and they feel personal space has been violated. Therefore,
intrusion into the personal space of others must be avoided as much as possible. For example, when a
robot crosses a crowd, it is likely to affect the people around it, especially when the robot’s behavior
is considered extremely unsociable [5].

Now, the problem of human-robot interaction can be seen as finding an optimal or suboptimal
trajectory without collision based on some pedestrians and obstacles between the starting position
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and the destination in a working environment with obstacles. Robot path planning methods can be
divided into two categories [6—12], namely classic algorithms and heuristic methods. The main classic
algorithms include cell decomposition, visibility map, artificial potential field and sampling-based
methods [13]. The robot’s free workspace can be divided into cells and an adjacency graph planner is
used to find collision-free paths. Between the starting point and the target point on the plane, if their
connecting line segments can directly reach each other, a feasible path is drawn to find the optimal
shortest path of the robot in the graph.

In order to better integrate robots into human life and improve comfort, this paper has done
the following research: on the problem of path planning, a comfort level based on the improved A*
algorithm [2] and the jump point algorithm is proposed navigation.

The core application context for this algorithm lies within the realm of service robots operating
in public spaces. These environments are inherently dynamic and populated with individuals who may
have varying degrees of comfort with robots. Our algorithm specifically addresses the challenge of
maintaining comfortable social distances while ensuring efficient navigation and task execution by robots.

First discusses the interaction between pedestrians and robots, combines the comfort issue
of human-robot interaction, uses the asymmetric Cauchy function to establish a model, and then
implements robots, pedestrians and obstacles on the A* algorithm and jump point algorithm obstacle
avoidance to improve user comfort during human—robot interaction.

Social space costs and constraints. In this section, we start from the comfortable distance
between people and between people and obstacles, supplemented by Hall’s concentric circle theory
to define the basic criteria of social constraints, and then design a method to enable people to interact
with robots with comfortable distance. Finally, the cost modeling and simulation of the social space
is performed, in which the non-standard Cauchy function surface value is used to define the passing
cost size. And in practical applications, pedestrian comfort can be fully guaranteed.

People’s spatial interaction relationships can be divided into intimate, personal, social and public,
and different spaces are reserved for specific relationships [8]. When the robot crosses the crowd, it may
affect the people around it, especially when the robot’s behavior is considered extremely unsociable.

Personal space [14] refers to the surrounding area actively maintained by an individual, which
usually includes the scope of his or her physical activities and a certain social distance. This concept is
also known as spatial comfort because it is closely related to the level of comfort an individual feels.
Others should not intrude into a personal space without the individual’s permission, as doing so may
cause discomfort or uneasiness.

According to the concentric circle theory proposed by Hall [4], the space around an individual
can be divided into four specific areas based on social interaction distance. The first level is intimate
distance. This is the minimum or no gap in interpersonal communication, which is what we call
“intimacy”. Its range is between 6 to 18 inches (~15-44 cm).

The second level is personal distance. This is a slightly measured distance between people, with
less direct physical contact. The short range of personal distance is between 1.5-2.5 feet (46—76 cm),
which is just right for shaking hands and friendly conversation, and is suitable for socializing with
acquaintances.

The third level is social distancing. This has gone beyond an intimate or acquaintance relationship,
but reflects a more formal relationship of social or etiquette. Its close range is 4 to 7 feet (1.2 to 2.1
meters), suitable for work environments and social gatherings.

The fourth level is the public distance, which is the distance maintained between the speaker
and the audience during public speaking. Its close range is 12 to 25 feet (about 3.6 to 7.6 meters). The
definitions of these areas and distances in this article are shown in Fig. 1. Pedestrian comfort guarantee
based on social space.

Our selection of distance parameters was meticulously guided by Edward T. Hall’s theory of
proxemics and relevant psychological research findings. The purpose behind these chosen distances
is to simulate an ideal range for robot—human interactions, thereby fostering natural and comfortable
communication between both parties. By maintaining suitable social distances, we aim to minimize
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human discomfort or perceived threats from robots,
enhancing the comfort and naturalness of human—
robot interactions.

According to daily life experience, space comfort
is affected by both subjective and objective factors.
Subjective factors refer to individual feelings, which

Pe | (0.5-1.2 .. . . . . .
— often play a decisive role in interactions; objective

Social (1.2-3.6 m)

RN factors are more complex, such as gender differences,
length of sight distance, walking speed, and density

Schematic diagram of concentric circles of pedestrians and obstacles in the environment. A
Space Distance lot of related research work has emerged to study

Public space >3.6m changes in personal space. Some studies have shown

Social space 12m that when bypassing obstacles, personal space will be
Personal space 0.45m adjusted according to the speed of movement, or that
Intimate space <0.45m the spatio-temporal model of individual comfort can

Fig. 1 be determined based on changes in speed parameters.

In addition, there are also theories related to dynamic
scenarios [15].

It is generally accepted that personal space is
asymmetric, and this article focuses specifically on
asymmetries resulting from direction sensitivity.
Pedestrians generally have different sensitivity to
interactions from different directions, or the sensitivity
is related to the orientation of the posture. For example,
when pedestrians move, they mainly pay attention to
the dynamics of pedestrians and obstacles in front, and
are less sensitive to the movements behind them and
to the left and right sides; for example, during peak
hours, people walk on the right, so they pay attention
to the right side, as shown in Fig. 2.

Based on the above understanding, this article
proposes the following social space establishment
rules, which serve as the benchmark for the following
establishment costs [16]:

1) generally, when stationary pedestrians or
obstacles are detected, the personal space distance
proposed by Hall is used as the reference distance for
social interaction;

2) at the same time, using distance to represent the directional sensitivity of pedestrians
determines that the distance to the front of the personal space is slightly larger than the rear, and the
distance to the right is slightly larger than the left;

3) the private space closest to the human body should be strictly off-limits;

4) when there are crowds of people, you should try to avoid them.

Cost modeling and simulation based on social space. In social interactions, pedestrian status
information and underlying social conventions are very important. Therefore, in order to better reflect
the information status, living habits and potential social customs of pedestrians in the social interaction
space, in this subsection we establish a social interaction space model that uses the two-dimensional
asymmetric Cauchy formula to calculate the space the value of each point within is used as the passing
cost of the mobile robot. When the value of a certain point is larger, it means that the point is closer to the
human body, and the robot should not pass here; and when the value of a certain point is smaller, it means
that the point is further away from the human body, and the robot can consider passing it. These values

Fig. 2
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are added to the A-star algorithm cost function to reflect the cost of passing a certain point. In this way,
when planning the robot’s path, we can prioritize lower-cost paths and avoid areas that are too costly.
In general, the mathematical form of the two-dimensional Cauchy function is as follows:

fix,y)=4 (1)

1
(I+fat/s)

Formula (1) represents the personal space cost function based on the Cauchy function, where each
variable and symbol is defined as follows: £ — the cost value at position (x, ) for the i-th pedestrian;
A — amplitude, representing the magnitude of the Cauchy function (this parameter determines the
projection range of personal comfort space, which can be adjusted through social attributes to change
the personal comfort space); 1 + f.r + fc’y — the denominator of the Cauchy function, incorporating the
cost components in both the and x directions.

Components in the x and y Directions described with the help of formulas:

~ (dcos(6, +6,))
S = s , (2)

 (dsin(0, +0,))
= - . 3)

y

These formulas represent the components in the x and y directions, respectively: dcos(6, — 0;)) —
the distance component in the x direction; 6, — the variance in the x direction, used to adjust the
range of personal comfort space; dsin(6, — 0;)) — the distance component in the y direction; 6, — the
variance in the y direction, used to adjust the range of personal comfort space.

We also need to consider calculation of distance and angle:

d=\(xi— )2+ (i—yp)?, (4)
0; = atan2(y; — yp, X; — Xp). ®))

Formulas (4) and (5) are used to calculate the distance and angle between the pedestrian and the
reference point: d — the Euclidean distance between pedestrian i and reference point p; (x; — x,)? +
+ (vi — yp)* — the formula for calculating the distance between two points; 6; — the azimuth angle
between pedestrian i and reference point p; atan2(y; — yp, X; — X») — the function for calculating the
angle from the reference point to the pedestrian, correctly handling angles in all four quadrants.

The asymmetric two-dimensional Cauchy surface simulated with MATLAB is shown in Fig. 3.

In order to establish a social interaction space model, the corresponding parameter values need
to be determined:

1) when pedestrians are in a stationary state,
referring to Hall’s theory, the maximum distance
H, of the social space in the front direction can Z m
reach 1.2 m, while the maximum distance iy of the ¢ ‘
invisible area directly behind is selected to be 1.0 m;

2) in general intersection situations,
pedestrians will pass on the right side of the road 0.4
according to social custom. Therefore, the farthest
distance H, of the social space on the pedestrian’s
right side should be larger than the left side H.. 0.
Value: H,=1.2m, Hj=1m.

Hierarchical social dynamic cost map Y m
construction. Layered Costmaps technology ’ -10 -10 Y, m
based on occupancy grids was first proposed by Fig. 3

0
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David V. Lu. These layers include static layers, barrier layers, expansion layers, etc. [3], with the
purpose of providing richer semantic information for planning, thereby achieving more ideal results.
This section builds a hierarchical social dynamic map based on the established social cost model,
aiming to improve people’s comfort during human-robot interaction.

Traditional cost maps only deal with costmap as hard constraints. If hard constraints are used
to increase social space, many valid paths (non-collision paths) will be excluded. However, in a
dynamic cost map, the space points around obstacles are assigned a value 0 ~ Inf calculated by the
two-dimensional Cauchy function, with free space marked as the lowest cost 0 and obstacles as the
highest cost Inf. Because of some special behaviors of humans, this method can be used to account for
the areas affected by human factors and reduce the space occupied, thereby affecting costs.

Map cost function is written:

Algorithm: Compilation of Map Cost Function

l:Input:s,g,n,obs

2: Output:field, startposind, goalposind, costchart, fieldpointers
3: function[field...]=initializeField(...)

4: field = zeros(n,n);

5: g=sub2ind( [nn],obs(:,1),0bs(:,2));

6: k=length(q);

7

8

for i=1:k
: field(g(i))=inf;
9: end
10: h=1.2;

11: segema=power (1/2*sqgrt (power (h,2)/1log(10)),2);

12: for t=1:

13: field(obs(t,1)+0,0bs(t,2)+1)=field(obs(t,1)+0,

14: obs(t,2)+1)+ceil (100*exp ( (power (0, 2)+power (1,2))/ (2*segemal))) ;
15: end

16: startposind=sub2ind([n,n],s(l),s
17: goalposind= sub2lnd([n,n] g(l),g(
18: field(startposind)=0;

19: field(goalposind) = 0;

20: costchart = NaN*ones (n,n);

21: costchart(startposind) = 0;

22: fieldpointers = cell(n,n);

23: fieldpointers{startposind}=’'S’;
24: fieldpointers{goalposind}='G’;
25: fieldpointers(field==inf)={0};

(2))7
2)

) ;

Fig. 4 takes the A-star algorithm as an example. In this algorithm, the cost of pedestrians and
obstacles in the map is set to infinite, and their surroundings are assigned values based on the cost
calculated by the asymmetric Cauchy function above.

| costchart | costs field field2
[ 10x10 double
1 2 3 4 5 6 7 8 9 10 11
1 0 0 0 0 0 0 0 0 0 0
2 (0] (0] 0 1 1 0 (0] 0 0 (0]
3 0 0 5 Inf Inf 9| (0] 1 0 0
4 0 0 0 10 Inf 6 5 Inf S 0
5 0 0 1 5 Inf Inf 0 Inf 5 0
6 0 5 Inf 5 5 5| 0 5 0 0
7 0 0 5 0 0 0 0 0 o] 0
8 0 0 0 1 0 0 1 0 0 0
9 0 (0] 5 Inf 5 5 Inf 5 0 0
10 0 (0] 0 5 (0] 0 5 0 0 (0]
11

Fig. 4
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It can be seen from Fig. 4 that obstacles and pedestrians will be given Inf, which becomes
the highest cost and is not allowed to pass. However, a calculated cost will be given near obstacles
and pedestrians, so that if the robot passes, it will avoid obstacles and pedestrians, ensuring robot
and pedestrian comfort. This can be optimized through the map cost function [17], and using softer
constraints on the path, you can specify that the robot does not enter certain spaces, but can enter a
certain space under certain circumstances, or enter certain distances.

This section establishes a cost map based on the Cauchy function mentioned above and applies
it to the algorithm to improve people’s comfort during human-robot interaction.

Algorithm improvement based on social cost. The A* algorithm (A-Star) is an efficient direct
search method for solving the shortest path in a static road network. It is also an effective algorithm
for solving many search problems [18]. In this algorithm, the closer the distance estimate is to the
actual value, the faster the final search speed is. The A* algorithm is the most commonly used heuristic
algorithm, and its core formula is:

F(n) = G(n) + H(n).

This article adds the map cost function /(n), and its

core formula becomes: ( start )

F(n)=G(n)+ H(n) + I(n).

\ 4

Add the starting
Among them, G(n) represents the accumulation of B o
costs from the starting node to the current node; H(n)
represents the heuristic function, used to estimate the v
movement cost from the current node to the end node, psHfrpouts.
usually calculated using Euclidean distance or Manhattan the surrounding | o
distance; I(n) represents the map cost [19]; F(n) is the o T,
sum of the three costs. According to this formula, when i
searching for a path with the A* algorithm, the node with v
a smaller F(n) value is always selected. Remove the point
To implement path search based on the A* algorithm TR e e
and Cauchy, two sets are needed: open list and close list. hist
In the open list, the grids that the path may or may not P o sty v
pass are stored; while the closed list contains grids that gi0acio the gpe T S vabe
no longer need to be paid attention to. The block diagram <~| LG ob s

of the algorithm is shown below in Fig. 5.

Experiment and comparison. This experiment
runs on a Windows 10 64-bit system and uses the
MATLAB platform for simulation experiments. The CPU
uses Intel 15-4200U, 4 cores and 4GB. The environment
model of the simulation experiment uses a grid map. The

NO NO

. . . The node is
map consists of n x n grids, where black grids represent successfully found
. . d deleted f; h
obstacles and white grids represent free movement areas. it

In the experiment, the red one is the starting point and the
blue one is the end point.

Aiming at the path planning problem of mobile
robots, this experiment designed three sets of comparative

point?
experiments to verify the performance of the algorithm.

The first experiment compared the effects of the

traditional A* algorithm and the improved A* algorithm
after adding the Cauchy function; the second experiment

compared the effects of the jump point algorithm and Fig. 5
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the improved A* algorithm; the third experiment compared The effect of the improved jump point
algorithm and improved A* algorithm is improved.

Experiment 1 uses a 10 x 10 map, using the A* algorithm and the A* algorithm that adds map
cost. The map in this experiment is relatively simple and easy to visually demonstrate the difference
between the traditional A* algorithm and the improved A* algorithm.

From Fig. 6, it can be clearly seen that compared with the traditional A* algorithm when
encountering pedestrians or obstacles, the improved A* algorithm can effectively avoid pedestrians
or obstacles.

a) b)
l [ ] 0 H H
10 h - 8
8 =
6 —
et o b
4
4 [ r—
2|5 2o |
2 4 6 8 10 2 4 6 8 10
Fig. 6

Experiment 2 uses a 20 x 20 map, and conducts two comparative experiments using the traditional
jump point algorithm and the improved A*. The black movement trajectory in the picture is the jump
point algorithm, and the red movement trajectory is the improved A* algorithm.

Jump point algorithm and improved A* algorithm experimental diagram is shown in Fig. 7. It can
be seen that the improved A* algorithm is much better than the jump algorithm in avoiding pedestrians
and obstacles.

Experiment 3 uses a 10 x 10 map to test the improved jump point algorithm and improved A*
algorithms for comparison.

Jump point algorithm and improved A* algorithm experimental diagram is shown in Fig. 7, 1. It
can be clearly found that the improved jump point algorithm still avoids obstacles as much as possible
while ensuring the optimal solution.

Experiment 4 uses a 10 x 10 map to test the improved jump point algorithm and improved A*
algorithms for comparison.

Experimental diagram of improved jump point algorithm and improved A* algorithm is shown
in Fig. 8. It can be clearly found that the improved jump point algorithm and the traditional A* can
still avoid obstacles as much as possible while ensuring the optimal solution.

Many obstacles can be overcome when using the asymmetric Cauchy function algorithm. This
algorithm is very useful in public environments. It can help robots avoid most people. It can also
help when searching for missing people or items. For example, in natural disasters such as fires and
earthquakes, it can avoid some obstacles to ensure safety. To ensure the safety of rescuers and prevent
them from being put into dangerous situations again while rescuing people.

Conclusion. This article is based on the hot topic of promoting human—robot interaction, starting
from the design of the navigation system that takes human factors into consideration, and takes into
account the comfort of pedestrians walking on the road when planning pedestrians’ paths. It has
broad prospects in promoting the application of robot technology in medical and service industries.
The theoretical content will provide certain reference for meeting the comfort navigation needs of
mobile robots and improving the level of human—robot interaction. The conclusions drawn are as
follows:
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1) a model based on human walking comfort is proposed, taking into account pedestrians’
perception of pedestrians and obstacles around them. In addition, pedestrian-to-pedestrian interaction
and attention mechanisms are also considered;

2) an asymmetric Cauchy function model based on social space cost was established, taking into
account the impact of pedestrians (pedestrians, vehicles) and traffic facilities (crosswalk boundaries);

3) based on the established social space cost model, a hierarchical social dynamic map is
constructed, aiming to improve people’s comfort during human-robot interaction. You can specify that
the robot will not enter certain spaces, but it can enter a specific space under specific circumstances;

4) based on the A* and jump algorithms, the proposed model is verified. The results show that
the performance of the model can help pedestrians improve their comfort and happiness when walking.
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AJITOPUTM OINTUMAJIBHOT'O OBHAPYKEHMSI IBUKYIIENCA IEJIA BOPTOBOM PJIC

B. JI. Pymsinues!*, U. A. PocroBuen?, A. H. Kapnos2, /1. B. Tutos3
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Annoranms. [IpuBesieHbl pe3yabTaTbl CHHTE3a QJITOPUTMA ONTUMAJIBHOTO OOHAPYKEHHsI CUTHAJIOB, 3aKJIF0YaIOLIerocs
B 3HAKOIIEPEMEHHOM Pe00pa30BaHUM IPUHUMAEMBIX CUTHAJIOB BO BPEMEHH M KOMIICHCAIIMU TIOMEXOBOTO CHT'HAJA MpH
HakoIuieHnu B QuibTpe. @ru3ndeckoll OCHOBON CHHTE3a ajITrOPUTMA SIBIISIFOTCS Pa3/IMuus MEKIAY 4aCTOTHO-BPEMEHHBI-
MU XapaKTepUCTHKAMU CUTHAJIOB, OTPAXXCHHBIX OT JBMXKYIICHCS LEIH M 36MHOW MOBEPXHOCTH, MPOSIBIISIONINECS BO
BPEMEHHOM C/BHI'€ MAaKCHMYMOB TIOJIE3HOTO W IOMEXOBOTO CHI'HAJIOB C PABHBIMH JIOTIIICPOBCKHMHU CABUTAMH YaCTOTHI.
B anroputme 00paOOTKH BBIMONHAETCS CPAaBHEHHE MOJYJISl BECOBOTO MHTETpajia ¢ moporoM. Paspaborana cTpyKTypHas
cXeMa ONTHUMAaJIbHOTO OOHapyKUTENs. PaccMoTpeHa 3aBUCHMOCTh HOPMHPOBAHHOTO 10 aMILIUTY/IE BECOBOTO BEKTOpa
ONITUMaJIbHOHM 00paboTKu OT BpeMeHu. [IpoBenieHa oOleHKa MOTEHIMAIBHBIX XapaKTEPUCTHK O0OHAPYKEHNUS JBIKYIIINXCS
nenei. [TokazaHo, 4To npu 0OHAPYKEHHH MaJIOCKOPOCTHBIX LIEJIEH CyIECTBYIOT ONTHMAJIbHbIE CKOPOCTH CKAHUPOBAHMUS,
IPU KOTOPBIX BEPOSITHOCTH MPABUIILHOIO 0OHAPYKEHUST MAaKCUMAJIbHA.

Kniouesvie cnosa: arcopumm obHapysicenus, nOMexo8ulil CusHal, 8ecosds oopabomka, 0ONiIeposcKas Yacmomd,
8EPOAMHOCb OOHAPYIHCEHUS
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AN ALGORITHM FOR OPTIMAL DETECTION OF A MOVING TARGET BY AN ON-BOARD RADAR
V. L. Rumyantsev'*, |. A. Rostovtsev2, A. N. KarpovZ, D. V. Titov3

1 Central Design Bureau of Apparatus Engineering, Tula, Russia
2 Military Academy of Logistics, Penza Branch, Penza, Penza, Russia
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Abstract. Results of the synthesis of an algorithm for optimal signal detection, which consists in alternating sign
conversion of received signals in time and compensation of the interference signal during accumulation in the filter, are
presented. The physical basis of the algorithm synthesis is the differences between the time-frequency characteristics
of the signals reflected from a moving target and the earth's surface, manifested in the time shift of the maximums of the
useful and interference signals with equal Doppler frequency shifts. The processing algorithm compares the modulus
of the weight integral with the threshold. A block diagram of an optimal detector is developed. The dependence of the
weight vector of optimal processing normalized by amplitude on time is considered. The potential performance of moving
target detection is assessed. It is shown that when detecting low-speed targets, there are optimal scanning speeds at
which the probability of correct detection is maximum.

Keywords: detection algorithm, interference signal, weight processing, Doppler frequency, detection probability

For citation: Rumyantsev V. L., Rostovtsev I. A., Karpov A. N., Titov D. V. An algorithm for optimal detection of a moving
target by an on-board radar. Journal of Instrument Engineering. 2024. Vol. 67, N 6. P. 492—-499 (in Russian). DOI:
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Jlns penienust 3a7a4 yriioBOTO COMPOBOXKACHUS 11eI1 aHTeHHBI coBpeMeHHBIX PJIC nmeror cym-
MapHO-pa3HOCTHYIO JuarpaMmmy HampasiieHHOCTH (JJH) xoTopast MoKeT ObITh UCIOIB30BaHA TAKKE
JUIsl MPOCTPAHCTBEHHOM 00pa0OTKM CUTHAJIOB, YTO MO3BOJIUT MOBLICUTH 3(h(heKTUBHOCTH OOHAPYKEHHS
BO3YIIHBIX U HA3eMHBIX 11enei Ha (poHe mecTHOCTH [ 1-6]. [ToaTOMYy T1emecooOpa3Ho CHHTE3UPOBATh
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QJITOPUTM ONTHMAJIbHON 00pabOTKM CUTHAJIOB, IPUHATHIX CyMMapHO# 1 pa3HocTHOM JIH aHTEeHHBI B
pexuMax 0030pa M CONMPOBOXKIACHUS, T.€. CHHTE3 IIPH YacTUYHO 3a7aHHoi cTpykType PJIC.

Curnaii, OTpa’k€HHBII OT 36 MHOW IIOBEPXHOCTH, HA BBIXO/I€ OJHOIYYEBOI aHTEHHBI, CKAHUPYIO-
IEH 110 a3UMYyTY, B KorepeHTHO-uMITyascHoi PJIC npeacrapiser co0oi cymMMy CITydalHBIX aMIUTATY/-
HO-MOJIyJIMPOBAHHBIX CUTHAJIOB, CIBUHYTHIX IPYI OTHOCUTENIBHO APYyTa 10 BPEMEHU U JOIIEPOBCKOM
yactore. CurHai, oTpakeHHbI oT aBrokymieics nenu (L), oOpasyercs oTpaxeHUsIMU OT dJIEMEH-
TApHOI'0 TOYEYHOT'O0 OTPAXKATENsl 36MHOM ITOBEPXHOCTH B 3aBUCUMOCTH OT JBHKEHUS JIETATEILHOIO
anmapara u 3¢ dextuBHON ToBepxHOCTU paccesaus (D11P) memn.

AHanu3 curHaioB, oTpakeHHbIX OT J{Ll 1 3eMHOI OBEPXHOCTH, IOKA3bIBAET HAJIMYUE YACTOT-
HO-BPEMEHHBIX Pa3jnyuil MEXy HUMHU, IIPOSBISIOLINXCS BO BPEMEHHOM C/IBUI'€ MaKCUMYMOB I10-
JIE3HOT'O U TIOMEXOBOTIO CUTHAJIOB C PAaBHBIMU JIOIUIEPOBCKUMHU CIIBUraMH 4acToThl. [Ipu yBennuenun
paauanbHON CKOPOCTH LIEJIM 3TOT BPEMEHHOMW CIBUT YBEJIIMUNBAETCSL.

3aaua CUHTE3a aJIrOpuTMa ONTHUMAIBHOTO OOHAPYKUTENSI CTABUTCS CIEAYIOLUIMM 00pazoMm.
[lycTh Ha BXOJ HEKOTOPOIrO OOHAPYKUTEJIA MOCTyHaeT aJAuTUBHAsA cMech Y(f) MOJe3HOro CUrHasia
Uy(t), nomexoBoro curnana Uy(f), OTpa)kKeHHOTO OT 36MHOM IOBEPXHOCTH, U BHYTPEHHETO IIyMa
npueMHuka n(f).

Jn1s1 paarioNIOKalMOHHBIX YCTPOMCTB IIYM 7(f) MOKHO IPUHSTH OEJIbIM I'ayCCOBBIM CO CIIEKTPab-
HOH IJIOTHOCTBIO MOIITHOCTH No/2 [4—6]:

Y(#) = Un(t) + Un(®) + n(2). (1

Heo6xoamumo cuHTe3upoBaTh alrOpUuTM ONTHMAIEHOTO OOHAPYKEHUsI CUTHAJIOB, MAKCUMU3UPYIO-
L1 BEPOATHOCTH MPABUILHOTO OOHAPYKEHUS LIEU MPH 3aJaHHOM BEPOSITHOCTH JIOXKHOM TPEBOTH Pry.

CornacHO TEOpUH CTAaTUCTUYECKHX PEIICHUH, alrOpUT™M 00pabOTKH 3aKJII0YAETCS B CPAaBHEHUHU
jorapu¢ma OTHOIIEHUS (YHKIMOHAIOB MPaBAOINOI00Ms ¢ IOPOTOM U MPU I'ayCCOBON CTaTHCTUKE
MIOMEX OH MOXET OBITh CBEJICH K CPAaBHEHUIO MOJYJIsl BECOBOTO MHTErpana |Z| ¢ moporom Zy [5, 6]:

Ja
Ty >
12l = YRt Z. )
0 <
HET

[Topor oOHapy>keHus Z) BEIOUpaeTcst U3 COOTHOIICHUs [4—6] Zy = \V2DyIn(1/Pyy), tne Dy — nuc-
niepcust pIyKTyaruii BETUYHHBI Z TP OTCYTCTBUH B CMECH PEaIM3AIINH MTOJIE3HOTO CUTHAJIA.
BecoBoii BekTop onTuManbHON 00paboTKH R(f) TOMKEH yIOBICTBOPSTh ypaBHEHUIO0 Dpearoapma
2-ro pona [7, 8]:
Ty
[ K(s, HR(s)ds = Uy(?), (3)
0

N,
rne K(s, t) = Ky(s, t) + ?08(1 —5); R(s) cooTBeTCcTBYET R(f) MpU 3aME€HE CUMBOJIA f HA S.

B o6miem ciydae perieHre HHTerpaibHOTO YPaBHEHHS B KOHEUHBIX MPeJeax 3aTPYIHUTEIBHO.
Opnako 71 ciydast pa3ioKUMBIX sep pelieHue (2) ussectHo u umeeT Bua [9, 10]:

R(1) = %QXP {20/} exp _%(t L
4)

N, o
— Y Y DixSixexpy—(t — ti)? (exp{j2n(fni — fu)t} )
f=1li=1

i€ ,; — BpeMs 3aJepXKKU CUTHaJa, OTPAXEHHOI'O OT LIEJH; Sjx — BECOBbIE MHOKUTEIH, OIIpeIesie-
MBbI€ U3 CHCTEMBI JIMTHEHHBIX anredpandeckux ypaBHenui [11-15]:
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Ty
( Z ZSszA K(t)Kll(t)dt+?S11 = JU' (HK1(D)dt;

k=1i=1 0
N 0 Ty N
Z > Six [ Aix(O)K1(1)dt + =8y = f U'n()K21(t)dt;
{ 257 2 (5)

Ty

NI/I 0 N TH
\ Y Y Six J Aix(OKoon, (Dt +—Soon. = | UKo, (D)t
=11 0 2 0

Ty
T )
Kix= Jexp —E(t — tig)*exp{—2nfyi t} ¢ (6)
0

T,
T .
Aix = Pig [ exp —F(t — tix)?exp{—j2nfy t} 3
0

rae Ny — 49HCII0 UMITYIBCOB; A — aMIUIUTY/A; £y — MpHpalleHue JOMIepOBCKOM YacTOThI CUTHANA
ey, oOyCIOBICHHOE B3aUMHBIM TiepemMerneHueM 1enu u Hocurtens PJIC; tne D;x — nucnepcust
(duykTyanuii aMIIUTYbI CUTHAA, OTPAKEHHOTO OT i-TO OTpaKkaTelsis 3eMHOM TOBEPXHOCTH, Ha K-
COCTABJISFOIIEH TTIOMEXOBOTO CUTHAJIA, KPATHOM YacTOTE MOBTOPEHUS UMITYJIBCOB; /jx — BPEMEHHOE
MOJIOKEHNE MAaKCUMyMa CUTHaJja, OTPaXXEHHOTO OT i-i TOYKH 3eMHOM moBepxHOCTH; T = 0/Qcx —
3¢ dexTuBHAsT NTUTEIBHOCTh OTPAKEHHOIO CUTHAja, (Qcx — 4YacTOTa CKAHUPOBAHUS JUATPAMMBI
HAIIPaBJIEHHOCTU aHTEHHBI.
[oncrasus (3) B (1), monyunm [9, 13]:

2 T T
1Z] =—| | Y(tyexp{—j2nfuut}| expy——(r — t)* ¢ -
NO 0 A Tz 11§
na
- Z > Y(¢)DikSixexp ——(t—t,K)2 exp{/2n(fuy — fu)t} |dt - 2.
k=1i=1
HET

CrpyKkTypHas cxeMa ONTUMaIbHOIO OOHAPYKUTENS MpeACcTaBiIeHa Ha puc. 1.

Becogoii BekTop R((f) onpenensieTcss U3 yCIOBUS PAacHONIOKEHHsI MaKCUMyMa CUTHaJla eI B
[IEHTpe MHTEPBaja, paBHOTO BPEMEHH HAOIIONCHHMS, I KaXKA0TO JOIUIEPOBCKOTO (DHIIBTpa ¢ IEH-
TPaIbHOM YaCTOTOM HACTPOMKH fi = fr;. DTUM 00€CIIEUMBAETCA MAKCUMAJIEHOE MCIIOIE30BAHUE DHED-
I'MM CUTHalla 1enu. BeaeacTsue Toro, 4To B pexkuMe 0030pa asuMyT LEJIU HEU3BECTEH, MOJIOKEHHUE
II0JIE3HOTO CUTHaJla BO BPEMEHH UMEET CIIy4aliHbIN XapakTep.

Jlig nosicHeHus puHIMIA paboThl ycTpoiicTBa BecoBoil 00padboTku (YBO) paccmorpum 3aBu-
CUMOCTH HOPMHPOBAHHOTO IO aMILJIUTY/E BECOBOIO BEKTOpa ONTUMaIbHOI 00paboTku Ro(f) BO Bpe-
MEHHU ?, IpuBeJeHHbIE Ha pUC. 2 (U; — curHai, oTpakeHHbII OT 3eMHOI OBEpXHOCTU; N — 4UCIIO
JIEMEHTApHBIX OTpaXkaTelen).

I'paduixu mocTpoeHsl A pa3IUYHbIX PaJUaIbHBIX COCTABISIOUIUX CKOPOCTH LIEJU U PA3HOTO
YHCJIa MIEMEHTApHBIX OTPa)KaTesIeil 3¢ MHOM NMOBEPXHOCTH N, pa3MelaeMbIX PABHOMEPHO 110 TPH
OTpakaTessi Ha T0JI0CY MPOITYCKaHHs KaKJ0ro (GUibTpa B Mpezenax He MeHee MATH dPPEeKTHBHBIX
pasmepoB JIH aHTEHHBI IO a3UMYTY.

[Ipu paguanpHO#l ckopocTH Lenu Vy; = 0 MaKCUMyMbl CUTHAJIOB LIEJU U ITIOMEXU COBHAAAIOT
(cM. puc. 2). IToaToMy BO3MOXHOCTh OOHApPYKEHUS L€ ONPEEIIAeTCs Pa3HOCThIO aMIUIUTYIHOTO
KOHTpACTa IOJIE3HOTO CUT'HAJIA U ITOMEXOBBIX OTpakeHuil. IIpu yBenndennu V) MakcCuMyM CHrHajia
LIEJIA CMEIIAeTCs] BO BPEMEHH OTHOCUTEINBHO #3, IOTOMY IOCIIE JJOMHOKEHUSI Ha BECOBbIE KOA(pu-
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LIUCHTHI YBEJTMUUBACTCSI aCUMMETPHS TTOJIOKUTEIILHOM U OTpHULIATeIIbHON 00acTelt mpeoOpa30BaHHOTO
CUTHaJIa 111, YTO IPUBOJUT K BO3PACTAHUIO CUTHAJIA LIeIM Ha BbIxone (uibrpa. CienoBaTensHo,
IIPU BO3PACTaHUU V) OTHOILIEHHE ,,CUTHAJI/TIOMEXa* Ha BBIXOJIE CUCTEMbI 00pabOTKH yBETUUUBACTCS.

72
T o OuIbTp
T = ;
| T 2 . ) : Z > — IOH ]
SlleXP[*F(‘ *111)_)005(27‘7([711 =St *‘Pml) 5l
=1
"—T—l coS(27tf 1)
N l‘) S'”exp(f%(l—fll)zjsin(Zn(‘f:.,,, - )t =0n)
> 5l —Sin(2nf 1)
|
T = ;
» [P ETE LA Izl bt K
*sneXP(“F(’ —ly1) jCOS(ZK(,f/m ‘.//72)’“‘9321) =
» x|
T '
: T 2) . . - ‘ A
51|CXP[-;;(’“’21)~)5'”(27‘(-//1’1—//13)"‘5’321) (.)2 sl FeE (.)2
. YeTpoietso || | Bprypciirelib
BECOBOIA
g 06padoTkH MOZYJIA
G —
|| [Toporooe [
€x] 2 L LN Z() —> w
Sty p il t“,,> oos(2 = 1 =0y yCTpO#icTBO |
HET
As‘xyl1exp(—ﬁ(/—/,\l{ jsm 20(f g — S — np,\”)
Puc. 1
a) 0)
Ry Ry < T
[ \\ Vo= 0 m/c /N V=5
| T.=03c¢ ry T,=03¢
\ N=1 ! \ N=1
0,8 —y 0,8 ——
, \ I ‘|
U(t 1
, |~ g( ) \ ' \‘
i \ ‘\ ', ||
1
| \ U | i
0,4 0,4 \ :
’ (1) i U(?)
/ /\<\/ . \ ,r' /\< RO
/ \ {0 \ 'r \/
[N Jo \) \ \ /] / \ \
/ ,/, \\ N \ 3/ \\
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[pu V' > 810 M/c MaKCUMyMBI ITOJIE3HOTO U TIOMEXOBOTO CUTHAJIOB OyyT pa3HEeCEeHbI Ha BEJIH-
YiHY, 00JbIIYI0 () ()EKTUBHON TUTETLHOCTH OTPAKEHHOTO cUrHana 7, U OKaXyT He3HAYUTEIbHOE
BIUSHUE YT HA apyra. O0paboTKa CTAHOBHUTCS COMTACOBAHHOM CO CTPYKTYPOU CUTHAJA, OTPaKeH-
HOT'O OT LIEJH.

Jist pacuera BecoBOro BekTopa Ro(f) cornacHo (3) HE0OX0IUMO PEIINTh CUCTEMY OECKOHEU-
HOTO YHMCJIa YpaBHEHUH U HalTH S;, 94TO TpeOyeT OrPOMHBIX BHIYUCIUTENBHBIX 3aTPaT U ONpPEeIIsIeT
HEBO3MOXKHOCTb MPaKTUUYECKON peanu3anuu. OU3NUecKu 3TO 03HAYAET y4eT B Ro(f) BIMSHUS BCEX
oTpakaTesiell 3eMHOM MOBEPXHOCTH, PA3HECEHHBIX MO a3umMyTy. OHAaKO U3BECTHO [5, 6], 4TO HauU-
OoJtbIIiee BIUSHIE HA XapaKTEPUCTUKU OOHAPYKEHHSI OKa3bIBAET COCTABIISIONIAS IOMEXOBOTO CUTHAJIA,
OTpa)kK€HHAasl OT TOYKH 3€MHOM MIOBEPXHOCTH, UMEIOIIAs TOT K€ JIOIJIEPOBCKUI CIIBUT YACTOTHI, UTO U
y CUTHaJIa 1eiau. ITo 00bsCHAETCS HanOoblIeH koppernsuei curnana /{11 ¢ taHHO# cocTaBstone
ITIOMEXOBOT'O CUTHAJIA.

CrnenoBarenbHO, €CM HACTPOUTh Ro(f) Ha MOJIABIIEHUE JUIIb COCTABIISIIOLIEH TOMEXOBOIO CHUT-
HaJla, OTPaKEHHOIO OT OTpa)kaTelis 3eMHOM TOBEPXHOCTH, C TOM 7K€ YACTOTOM, UTO M Y CUTHAJIA LIEJIH,
TO BBIpakeHUE (3) CYIIECTBEHHO YIIPOCTUTCS U HE OYJET MPEACTABIATH OONBIINX BHIYUCIUTEIBHBIX
cnoxxHocteld. KBasuontumaiabHbli 0OHAPYKHUTENb C BECOBBIM BEKTOPOM, 00€CTIEUNBAIOIINM I10/1a-
BJICHHUE JIUIIb OJJHOM COCTABIISAIOLICH TOMEXOBOTO CUTHAA, Oy/IET SIBISATHCS OHOTOYEYHBIM KOMIICH-
CaTOpOM ITOMEX.

Jlist pacueTa MOTEHITUATBHBIX XapaKTEPUCTUK OOHAPYKEHHS BOCIIOIB3YEeMCsl METOANKOM, U3-
JIO)KEHHOM B [2, 4]. B cooTBeTCTBHMHM ¢ Hel mapameTp oOHapy)eHus: O onTUManbHOro anroputma (7)
UMEET BUJL:

Ty 2D, (1 T
0 =Dy | Uy()R*(t)dt = N [exp{—2—(t — t,)?¢ |dt —
0 0\ 0 T?
T (8)

Jexp = PP i
0

N, oo
- > Y Y(0)DiSix
I=1i=1

BepOHTHOCTL IpaBUJIbHOI'O O6H3py>KCHI/I$I Pr[o CBs3aHa C Q 3aBUCUMOCTBIO!
1

Puo =Py %7, )

r1ie Pyr — yCIIOBHasl BEPOSITHOCTH JIOXKHOM TPEBOTH.

Bynem cuurars meib 0OHAPYKEHHOM, eciti pu Py = 1070 BepoSTHOCTH MPaBUIILHOTO 0OHAPY-
JKEHUsI COCTaBUT Py = 0,5 [2, 5].

[loTeHumanbHbIE XapaKTEPUCTUKN OOHApYkKe-
HUS PaCCYUTHIBAIIUCH 1O COOTHOMICHUSM (8) 1 (9).
P, 0. €. B kauecTBe MCXOJHBIX JAHHBIX MCIOJIb30BAINCH
‘/;,:o.ll . [ xapakrepuctuku PJIC, obecneynBaromnime oTHO-
. Q=20°%c - meHue ,,curHan/mym* 25 nb u ,,momexa/mym* B
o 20r ] / a7IeMeHTe paszpenieHuss — 35 nb, aeicTByloliee Ha

BXOJIe cucTeMbl 00pabotku. [IpuHrManoce: 0y = 2°,
\Ou_ T / Py =105, Uurepsan [0, Ty] pacronaraics cHMMe-
\ |
\

TPUIHO OTHOCUTCIIbHO MAaKCUMYyMa CUT'HAJIa ICIIN.
0,4 \ \ 1 ‘ / 7 Ha puc. 3 npencraBiieHbl 3aBUCUMOCTH Be-
\ !

] POSTHOCTH TIPABHILHOTO OOHApY)KeHUS Pp, OT pa-
. JMAJIbHON COCTABIISIIOLIEN CKOPOCTH 1enu Vi npu
\ \ / / paznuunbiX Oy [pu V= 0 npakTudecku HyleBoe
0 REE~ St 3HaueHue Py, 0OBSICHAETCS MOJaBICHHEM CI1a00ro

0.2 0 0.2 VHP’ /e CHUIrHajia 1ejid MOIITHBIM ITOMCXOBBIM CUTHAJIOM Ha

Puc. 3 TOM k€ 4acToTe (f1; = fn)-

—_—
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[Ipu yBenuueHuu cuUrHai LEIu CABUTAETCS OTHOCUTEIBHO IMOMEXOBOTO CUTHAJA 10 BPEMEHHU.
JanpHeiniee yBenudeHUe )y NPpUBOANT K HE3HAYUTEIbHOMY U3MEHEHUIO Ppo, TOCKOJIBKY CUTHAJIBI
MIOMEXH U IIeJIN YK€ Pa3HECEHBI 10 BPEMEHH U 4acTOTe, U OOHAPYKEHHE CUTHANA 1IN TMPOUCXOAUT
MpaKTUYECKH Ha (JOHE BHYTPEHHUX IIIyMOB IPUEMHHKA.

YBenuueHue UHTepBalia HAOMIOICHMS CONIPOBOXKAACTCS POCTOM YHEPTUH CUTHAIIA IISTTU U CyKe-
HUEM TI0JIOCHI IIPONyCKaHUsl (PUIIBTPa, a CIIEJ0BATEIbHO, YIYUIICHUEM XapaKTePUCTUK OOHapyxke-
Hus. Tak, yBenuuenue Bpemenu HaxkorieHus ¢ 0,1 10 0,5 ¢ IpUBOAUT K CHUKEHUIO Viymin (Pro = 0,5;
Pir=10%) ¢ 1,9 no 1,8 m/c.

AHanu3 3aBUcCUMOCTeH Pp, OT YIIIOBOW cKopocTu ckaHupoBanus JJHA mo azumyty (puc. 3)
MIOKA3bIBAET, YTO IPU OOHAPYKEHUHU MAJIOCKOPOCTHBIX JABMXKYIIMXCS L€l CYIIeCTBYIOT ONTUMAb-
HbIE 3HAYEHUS] CKOPOCTU CKaHUPOBAHUS, IIPU KOTOPBIX Ppo MaKCUMalibHa. JTO CBA3aHO C TEM, UTO MIPHU
YMEHbIIEHUH (¢, Bo3pacTaeT 3pPEeKTUBHAS [UIUTELHOCTD MAYKU OTPAKEHHBIX UMITYJIbCOB 7, TO3TOMY
pu (PMKCUPOBAHHOM 3HAYCHUU 1y YaCTOTHO-BPEMEHHBIC Pa3NuyMsl MPAKTHUECKH mpomnafgaroT. [Tpu
yBeJIUYEHUH Qi JVIUTEIBHOCTh TAYKKU UMITYJIBCOB, @ CJIEI0BaTEIbHO, U SHEPTUs MOJIE3HOTO CUrHAalIa
YMEHBIIAIOTCS.

Maxkcumym Py, ¢ omnbkoit He 6omee 10 % npu
3aaHHOM Ty HaOIIOAaeTCs MPU COTIACOBAHHOCTH
Tu Ty (T = Ty). CnegoBarenbHO, ONTUMAIBLHOMN JIJISt o
3aaHHOrO 7} SIBISETCS CKOPOCTh cKaHupoBanus /H Ta=0.1¢ A 1.-05¢
QHTEHHBI Qoyr, TPU KOTOPOUN AIUTEIBHOCTh MAYKHU 4 7
CUTHAJIOB, OTPAXKEHHBIX OT 1IEJIM, COIIacOBaHa CO A
BpEMEHEM HaOJIOICHMS.

C ucnonw3oBanueM Boipaxenuii (7) u (8) mo- 2
CTPOEHBI 3aBUCUMOCTH MHUHUMAJIbHON paJiialibHON / Q=20%
COCTABJISIIOLIEH CKOPOCTH OOHApyKUBaeMOM IeIU #

Vumin OT a3umMyTa 1enu 0y npu pa3nuunsix 7y (puc. 4). /‘/

Vumins M/ C

0
W3 rpadukoB cremyeT, 94To Mpu YBEJIUUYCHUHU a3UMyTa () 40 80 0, rpax
uenu ¢ 0 =20 no 60° 3HaueHue Vi BO3pacTaeT Ha
Puc. 4
3-5,5 m/c.

Ha nanenoctax [y, = 75-90 kM obecneunBaeTcs 0OHapyxkenue uenei npu Vo, = 1,5 m/c na gone
MOJICTUJIAIONICH MOBEPXHOCTH TUIA ,,JIyT, JIeTO* ¢ P = 0,5-0,7 mpu 6, = 30° u 7, = 0,1 c.

[IpoBeneHHbIe HCCaeIOBAaHUS TIOKA3aJIM, YTO ONITUMAJIbHBIN 00Hapy)uTenb 1] ¢ yactoTHO-Bpe-
MEHHBIM pa3/ie/IEHUEM MOJIEe3HBIX M IOMEXOBBIX CUTHAIIOB 00ecrieunBaeT oOHapykenue L1, nBmxy-
IIUXCS ¢ paAraTbHBIMK COCTABIISIFOIIIUMU CKOpOCcTer commkenus 1,5 M/c u Goree.

BriBoaBI

1. CuHTE3UpOBaH ONTUMAJIBHBIN anropuT™M oOHapyxeHus /(1] ¢ yacToTHO-BpeMeHHBIM pa3jie-
JICHHEM TOJIC3HBIX U TOMEXOBBIX CUTHAJIOB, KOTOPBIH 3aKIFOUAETCS B 3HAKOIIEPEMEHHOM Mpeobdpa3zo-
BaHUU MPUHUMAEMBIX CUTHAJIOB BO BPEMEHHU U KOMIIEHCAIIMH [TOMEXOBOT0 CUTHAJIA TIPU HAKOILJICHUH
B (huibTpE.

2. OneHeHo BIWSHHUE PaUalIbHON CKOPOCTH Ha BO3MOXKHOCTh OOHapyxeHus menu. [lokazano,
YTO BO3MOXXHOCTh OOHAPYKECHHSI HETIOIBHYKHOU LIETH OMPEILNISIeTCS PA3HOCTHIO TIOJIE3HOTO CUTHAIIA
U OTPaXXEHUH OT MojCcTUiIaromeld moBepXHOCTU. C yBEIMYEHHEM CKOPOCTH 00paboTKa CTAHOBUTCS
COIIACOBAHHOM C CUTHAJIOM, OTPAKEHHBIM OT LIEJIH.

3. [IpoBenena oneHka 3aBUCUMOCTEN Pp, OT YIJIOBOW CKOpOCTH ckaHupoBaHus JIH aHTeHHBI.
YCcTaHOBIIEHO, UTO TPU OOHAPYKEHUU MaJIOCKOPOCTHBIX JBIKYIIUXCS 1IEJICH CYIIECTBYIOT ONTUMAITb-
HbIE CKOPOCTH CKaHUPOBAHMSL, IPU KOTOPHIX 3HAYEHHE Pp, MAKCUMAJIbHO.

4. Iloka3zaHo, 4TO ONTUMaIbHBIA 0OHapyxuTenb Ll ¢ 4acTOTHO-BpEMEHHBIM pa3zelieHueM
TOJIE3HBIX U MIOMEXOBBIX CUTHAJIOB obecrnieunBaeT oOHapyskeHue J1l, nBrxKymuxcs ¢ paauaibHbIMU
COCTAaBIIIOIIMMU CKOpOCTel commxkenus 1,5 m/c u Gonee.
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POBOTbBI, MEXATPOHUKA U POBOTOTEXHUYECKHUE CUCTEMbI

ROBOTS, MECHATRONICS, AND ROBOTIC SYSTEMS
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MODELING PATTERNS OF SENSORY-MOTOR SKILLS FOR PROGRAMMING ROBOTS
IN CONTACT MANIPULATION TASKS

Waddah Ali, S. A. Kolyubin*

ITMO University, St. Petersburg, Russia
* s.kolyubin@itmo.ru

Abstract. Learning from demonstration approach is gaining interest for programming robot sensory-motor skills. At the
same time, most of the works are addressing manipulation scenarios with position-based control, while various application
domains and work in dynamic environment require safe and stable physical interaction where assessing proper force/torque
profile along motion is crucial. This study is aimed at developing experiment planning and data collection and processing
procedure for training robot behavior priors for dynamic interaction tasks. We fuse motion capture and force-torque sensory
data within robot-out-of-loop setting to train Gaussian Mixture Model/Gaussian Mixture Regression (GMM/GMR) model
as a reference motion generator that takes time and material label as inputs and outputs predicted end-effector’s pose, twist,
and interaction wrench vectors. For the case-study we considered experiment setting of cutting three different materials like
penoplex, cork, and PVC resulting in 120 demonstrations in total (40 for each material). Algorithms for data processing,
GMM/GMR model training and verification have been introduced. We achieved RMSEs of 7.12 and 10.69 % for twist
and pose predictions respectively and RMSE of 14.33 % for power estimates as a metric to illustrate how accurate twist-
wrench correspondences have been captured by our model, which is important for interaction tasks.

Keywords: learning from demonstration, robot skill transfer, contact manipulation, interaction dynamics, motion capture

For citation: Waddah Ali, Kolyubin S. A. Modeling patterns of sensory-motor skills for programming robots in contact
manipulation tasks. Journal of Instrument Engineering. 2024. Vol. 67, N 6. P. 500-510 (in English). DOI: 10.17586/0021-
3454-2024-67-6-500-510.

MOJOENIMPOBAHMUE LUABJIOHOB CEHCOPHO-MOTOPHbIX HABbIKOB A1 NPOrPAMMUPOBAHUA
POBOTOB B 3AAAYAX KOHTAKTHOIO MAHUMYJIMPOBAHUA

Anu Bapgpax, C. A. Konro6uH*

YHusepcumem UTMO, CaHkm-Iemepbype, Poccusi
* s.kolyubin@itmo.ru

AHHoTaums. Moaxon k 06y4YeHMo Ha OCHOBE AEMOHCTpaLMM NPUBMEKaET Bce 6orbLue BHUMaHNS Npy NporpaMmMyMpoBaHim
CEHCOPHO-MOTOPHbIX HaBbIkOB pPo60TOB. B TO e BpeMs 60MbLINHCTBO paboT COCPeaOTOHEHO Ha CLEHapuUsx C
yrnpaBreHeM no MoJsIoXKEHWI, TOrAa Kak pasnuyHble NpuknagHblie obnact n pabota B AMHaMUYeCcKon cpeae TpebytoT
6e30nacHoro 1 ycton4mBoro on3mMyeckoro B3aMMogenCTBIUS, rae KpUTUHECKU BaXXHO OLLEHUMBaTb COOTBETCTBYIOLLNIA
npodunb CUMbI/MOMEHTa KOHTaKTa BAOSb TpaekTopun. PaspaboTaHa MeToauka NnaHMpoBaHWs SKCNEPUMEHTOB 1 cbopa u
06paboTkM AaHHbIX AN 00yYEHNs MOAENew, KOOUPYOLLMX CEHCOPHO-MOTOPHbIE HaBbIK AVMHAMUYECKOTO B3aVMOAENCTBUS
MaHUNynsiTopa C OKpy>XeHneM. [ns aTux uenen KOMMIEKCMPYTCS AaHHbIE, NOCTYNaloLmMe OT CUCTEMbI ONTUYECKOTO
3axBaTta ABWXEHMUSI U CUITOMOMEHTHOIO AaTyuka, U3MepsSieMble MPU BbIMOSIHEHWUM YENOBEKOM MOCINEA0BATENBHOCTH
Aencteuin. PaccMoTpeH npymMep pesku ckanbneneM pasnuyHbiX MaTepuanos no 3ajaHHbIM TpaekTopusaM. B kavectse
reHeparopa 3TarloHHOro ABWKEHWS NCMONb3YETCS perpeccuoHHas Mogernb Ha ocHoBe cMecu rayccmaH (GMM/GMR), Ha
BXOZ, KOTOPOW MOCTYNaKT METKN BPEMEHW 1 MaTepuana, a Ha BbIXO4e BbIBOASTCHA NpeAcka3aHHble 3HaYeHNs BEKTOPOB
NPOCTPAHCTBEHHOTO MOJIOXEHWS, CKOPOCTEN U CUIM U MOMEHTOB KOHTaKTa MHCTpyMeHTa. MNpoBeaeHo 120 akcneprMeHToB
C TPEMS pasnuyHbIMU MaTtepuanamm (neHonnekc, npobka n NBX) — no 40 Ha kaxabln matepuan. MNpeacraBneHsbl
anroputMbl Anst 06paboTky JaHHbIX, pe3ynbraThl 00y4eHus Moaeny n ee Bepudukauun. [ns npegckasaHuin CKOpocTur

© Waddah Ali, Kolyubin S. A., 2024
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1 MOMOXEHNS MHCTPYMEHTA MOSyYeHbl 3HAYEHNsI CpeaHEKBaapaTUYECcKOro OTKNOHEHNsI COOTBETCTBEHHO 7,12 1 10,69 %,
a Takke 14,33 % — Ons MOLLHOCTM Kak METPUKM TOYHOCTM COOTBETCTBUS NMPOGUNSA CUIT U MOMEHTOB KOHTaKTa BAOIb
OBWDKEHUS.

Knroveesie cnoea: oby4yeHue Ha ocHoge AeMoHcmpauuu, nepedaya CEHCOPHO-MOMOPHbLIX Ha8bIKO8, KOHMaKmHasi
MaHunynayus, 3axeam osuxeHusi, GMM/GMR modenu

Ccbinka gnsa uutupoBaHusa: Baddax Anu, KomobuH C. A. ModenupoeaHue wabrioHO8 CEHCOPHO-MOMOPHbLIX Ha8bIKO8
0ns npoepamMmuposaHus pobomos 8 3adaqyax KOHmMaKkmHo20 MaHumnynuposaHus [/ 13B. By3oB. [NpubopoctpoeHune. 2024.
T. 67, Ne 6. C. 500-510. DOI: 10.17586/0021-3454-2024-67-6-500-510.

Introduction. Learning from demonstration (LfD) is a promising approach to transfer safe and
dexterous manipulation skills from human to robots, which is of even higher importance for contact-
rich tasks, where coordination between the applied interaction forces/torques and manipulation
trajectories is essential. This work is aimed at developing experiment planning and data collection and
processing procedure for training robot behavior priors for such tasks.

A recent comprehensive review on transfer learning in robotics, which includes approaches
taxonomy, trends and challenges description as well as analysis of more than 150 papers is presented
in[1].

Recording and processing data from demonstrations experiments is the first step to encode prior
knowledge on human sensory-motor skills that will be used later as behavior priors for accelerating
the LfD process [2, 3]. There are many recent works on that subject focusing mostly on pick-and-
place tasks, where kinesthetic data limited to position recordings and robot-in-the-loop (teleoperated
or hand-guided in admittance control mode) demos are good enough.

In [4], a novel approach to robot learning from human physical feedback is introduced. This
method characterizes human skills and tasks by breaking them down into object-centric sub-tasks and
interpreting physical interventions from human in relation to specific objects. The task is to adjust
nominal behavior priors from corrective movements (perturbations) initiated by human, therefore
unlike our approach there were no complete movement skill demonstrations recorded and the task was
limited to imitation of trajectories, while the interaction wrench was not considered.

In [5], a hybrid learning and optimization framework for mobile manipulators for complex
and physically interactive tasks was proposed. The framework exploits an admittance-type physical
interface to obtain intuitive and simplified human demonstrations and Gaussian Mixture Model
(GMM)/Gaussian Mixture Regression (GMR) to encode and generate the learned task requirements in
terms of position, twist, and wrench profiles. Unlike our proposed approach, this work adopted robot-
in-the-loop scenario and uses the resulted behavior priors as constraints for optimization of Cartesian
impedance controlled for a specified robotic platform which limits the applicability of the study to
address a very specific task with special conditions.

Since we target interaction control scenarios over larger workspaces like material cutting, a
novel robot-out-of-loop (ROOL) sensory setup enabling simultaneous motion capture (MoCap) and
interaction force-torque (FT) data recording have been designed.

Proposed approach provides a number of advantages:

1) high-accuracy richer sensory data to capture end-effector’s 6D pose as well as twist and wrench
correspondences to encode by behavior priors’ models;

2) better safety and more natural human movements during demonstrations, because there are
no constraints due to kinematic singularities and robot inertia for physically operated arms or limited
field-of-view and latency during teleoperation;

3) wider workspace not limited by robot reachability constraints.

To collect training datasets, we planned and conducted a series of cutting experiments with three
different materials like penoplex, cork, and PVC resulting in 120 demonstrations in total (40 for each
material).

GMM/GMR model have been employed as a manipulation skill encoder and behavior prior
generator. It accepts time and material labels as inputs and outputs predicted end-effector’s trajectory
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(end-effector’s pose and twist) with interaction wrench aligned along the movement. Models have
been trained using expectations maximization algorithm with log-likelihood as a loss function.

The rest of the paper is organized in the following way. At first, we formulate the problem of
behavior model training from ROOL demonstration data as a general optimization task adapted for
our case study. Next, we describe the experimental setup design including custom tooling and optimal
sensory infrastructure configuration. After we describe the MoCap and FT data processing approaches
followed by model structure and training algorithm explanation. Finally, we analyze obtained results
to justify training data quality, convergence of the training process, and consistency of the learned
manipulation skills with human demonstrations and conclude our work with discussion on future steps
of how obtained results can be incorporated to robot interaction control systems.

Problem Statement. Fig. 1 illustrates the suggested approach for training behavior priors’
generator from ROOL demonstrations and further use of this data within interaction control scenarios.
So, the core problem here is generator’s parameters training.

We introduced the GMM/GMR model [6—8] of components as a generator due to its adaptability
in capturing intricate structures, handling nonlinear relationships between inputs and outputs,
effectively estimating continuous variables from complex input-output mappings and the simplicity
in hyperparameter adjustment as we only need to fine-tune the number of Gaussian components.

P
Extend with
Data [f’, W] Twist data
Preprocessing AP(f)
pipeline &= 7
W P
=[P, & W]
Generator
GMM
= {17 T == o
RN 1::ining data ==1UVT | §=argmaxL,(0; 5)
U il pipeline 0e0
GMR
1 J(U, 6)
V=rc, b
Robot Control
: Impedance
optimization
Fig. 1
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We will refer to the GMM/GMR model parameters as 6 = [, X, «], where p € RE*D is the means
of Gaussians vector, X © RK*D*D g the covariance matrix, and @  RK is the mixing weights that
indicate how much each Gaussian component contributes to the model.

Then, generator training from a given pair of input-output data = = [U, V] can be formalized as
optimization problem:

0% = argmin||V — I>H, s. t.

0
0<m <1, Sm=1, VIZ >0,
VIsi>0,

where V' and V are recorded and predicted by the model /(U, 0) output values respectively given inputs
U, V; is i-th column of V, X is k-th covariance matrix from X, 6* is the vector of desired values of
model parameters’ estimates that minimize the error between the desired output values.

Experimental setup. The experimental setup is depicted at Fig. 2. Here we introduce the
following frames: stationary base frame {B} and two moving tool-attached frames {P} for scalpel and
{W} for FT sensor with both origins located at the tool central point (TCP, we select it at the scalpel’s
blade tooltip), but different orientations.

The OptiTrack system with 8 cameras, positioned around the working space in a way that tool-
attached markers are visible along its entire movement range by most of the cameras, was calibrated to
capture the central area among all cameras. The base frame {B} was set on a fixed table in the center
to guarantee precise capturing measurements for the frames {P} and {W}.

The FT sensor was attached to the scalpel through a custom-designed adapter consisting of
two parts: a grip attached to the back of the FT sensor, held by a human hand, and a scalpel handler
fastening the scalpel to the frontal side of the FT sensor. Eight markers were attached to the adapter
in a way to ensure distribution along the entire body for better tracking accuracy.

Within this experimental setup, we introduced three different materials (cork — CRK,
penoplex — PNX, and PVC). To ensure better generalization capabilities of the GMM/GMR, while
still capturing shape preservation capabilities we performed a series of straight line parallel cuts of
different length, 40 trials for each material resulting in a total of 120 demonstrations.

Out of demonstrations we can record the following set of data: trajectory of coordinate frame
{P} with respect to the base frame {B} registered by MoCap system and denoted as P = [XT, YT,
77, R;, R;, R}], and the wrench measurements expressed in coordinate frame {W} and denoted as
W = [Fy, Fy, FI, Ty, Ty, T2].

Opti track cameras

Markers Scalpel setup

Base Markers

Cutting material

Fig. 2
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Data processing. We introduced data processing procedure consisting from three steps.

1. Cutting phase slicing. Recorded data contains three phases: reaching, cutting and releasing.
Since we are interested in training cutting skill in particular, we sliced entire sequence and extracted
only data corresponding to that stage by detecting, when absolute value of contact forces Fy, F) change
above a specified threshold (see Fig. 3: red is trajectory on X, Y, Z and green is F, F), F, respectively).

2. Data imputation. We applied forward and backward fill techniques to guarantee the absence
of missing values in recorded data.

3. Data filtering. As obtained position data are for cutting straight lines, we filtered outliers by
fitting recorded sequences by a linear regression (see Fig. 4):

Y = a, + B, X,

N — —
X=X -Y)
o , X and Y are

where Y is the fitted value for Y measurements, o, = Y - By)_(, By, = < —
S-%)

mean values, N is the number is samples in the measurement’s sequence. We fit Z measurements the

same way.

We extended our training data by calculating from recorded MoCap trajectory data P the
associated twist § = [V}, VT, VE, c)z, (o;, 0)1]. It was done by numeric differentiation:

AP(¢
G ="
1fp
where &;, is the i-th column of &, £(0) = 0, AP(7) is the change in position between two consecutive
measurements, f, is the measurements frequency.

To filter wrench measurements W we applied Exponential Moving Average (EMA) filter, which
is a type of infinite impulse response filter that applies weighting factors which decrease exponentially
(see Fig. 5):

Wit = apmali + (1 — agma) Wi,

where W; is the i-th column of W, W is the exponential moving average value of W; at time ¢,

OEMA = N is the filter’s smoothing factor with ns being the desired number of periods or the span of
nS
X, m F,N X, m F,N
[ cutting | reaching | cutting | releasing
0.54[ wwmpry = 1400 F :
s T 400
ol Ny Wi [300 I Al 1,;,'%/‘ ‘A
050 S ey (200 ' ARV N E
0 46 - e .""'*'l:"'.s“': 100 0'5 S —— : -I \\ E_}\/N-":\V O
" 1400 1500 1600 1700 1800 n 0 1000 E 2000 n
Y, m 1 J N
Y. F,,N > 1 ¥
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the EMA. The choice of affects the sensitivity of the EMA to changes in the data: a smaller n; makes
the EMA more responsive to new data, while a larger ny makes smoothing stronger.

Model training. We define generator input as a concatenation of time and material label
sequences U = [tT, MT] c R?*N and the output is defined as V=[P , &, W] € RI&N

GMMs assume that the training data Z = [U, V] are generated from a mixture of several Gaussian
distributions, each characterized by parameters mean py; covariance Xk, and a mixing coefficient my
which represents the weight of the £-th Gaussian component in the mixture. Then, the model training

problem formulated above can be resolved by applying expectation maximization algorithm with log-
likelihood maximization criteria:

Linear Regression on XY Plane ¥.m Linear Regression on XZ Plane

Y, m ] e Actual XZ data
1.00- — Fitted XZ line data

0.745
0.90-

0.745 A
0.80-

0.745 |

e Actual XY data ¥. o 0.704
0.745 { — F'itteleYlivne da'ta | | o o.' | | | | | | | | I
0.46 0.48 0.50 0.52 0.54 X,m 0.46 0.48 0.50 0.52 0.54 X, m
Fig. 4
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T, Nm
- -0 TZ
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i
—144
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1
1
-164 U

?

1800 #1400
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1800 n 1400
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Fig. 5
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0= argmax/L(0; Z),
0e®

where log-likelihood cost function

N K
L(0; 5) =log(P(E, pl0)) = 2 X L(pn = k)(log(my) + log(N(Ex|pis, Zi))),
n=1 k=1

p, is a latent variable indicating the component that generated the (ny;) data point, (I(p,, = k)) is an
indicator function that is 1 if (p,, = k) and 0 otherwise, (NV(Z,|, Xx)) is the probability density of (Z,)
under the Gaussian distribution with parameters (p) and ().

The algorithm consists of two steps. At the expectation step we compute the expected value of
L(6; E)

N K
Ez=[L0; E)] = 2 X vp,(k)(log(m) + 1og(MEn|pk, Zi))),
n=1 k=1

where v, (k) = E[I(p, = k)] = P(p, = kIE) = ,ZE"N(d"m o 2) represents the posterior probability that the
ElnkN (Bl Z)
(n4,) data point was generated by the (k) component, given the current parameter estimates.
At the maximization step we maximize the expected complete log-likelihood obtained at the
previous step with respect to parameters 0 keeping (y,,(k)) fixed.
So, we update parameters’ estimates the following way:

N
2Yp,()E,
new __ n=1
k - N 5
Z:“;YPn(k)
N _ newy /= new\T
Yo, ()(E, — KE, — ™)
Z}{lew _ nl
N )
215, (0
N
sz)z(k)
new __ n=l
) = .
N

Estimates convergence is assessed based on the change in log-likelihood between successive
iterations. Specifically, the algorithm is considered to have converged when the change in log-
likelihood is below a predefined tolerance level , i.e.,

AL = |L(O0D; B) — L(OO; E)| < a,

where: 6() and (0("D) are the parameter sets from consecutive iterations (7) and (¢ + 1) respectively.
Next, at the regression prediction step we calculate parameters of the GMR model out of GMM
representation. At first, we decompose GMM parameters for input and output dimensions:

U I b v
w | =
where pff € RPu, yf © RDv, St ¢ RPwDu, 5]V © RPwDy, 5% c RDwDu, 53V e RDwDy, for each
component &, "™ = i, + ZFUER) (U - i), T == - T ) 1=

Then, we calculate the predicted output as

V =y (KU

Wi =
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LU UL
where y,(K)U = KnkN(‘U, B 2 ) is the responsibility.
2mN(U; s 25
Training results. Figures 6-9 illustrate the resulted generated trajectory-wrench data by GMM/
GMR compared to expected values. Fig. 6 — expected vs generated cutting trajectories on XZ plane
using trained GMM/GMR for 3 different materials: « — cork, b — PVC, ¢ — PNX. Fig. 7— generated
from GMM/GMR vs Expected Wrench data for cork; Fig. 8 — for penoplex; Fig. 9 — for PVC.

a) b) €)
VA VA Z
0.8

1.1 1.1

0.9 0.
0.6 ?

0.7 0.7
0.4 | 0.5 il 0.5 |

0.4 0.6 08 X 0.4 0.6 0.8 X 0.4 0.6 0.8 X
—— Generated cutting trajectory — Expected cutting trajectory
Fig. 6
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Fig. 7
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— Generated cutting Force — Expected cutting Force
Fig. §

Fig. 10 illustrates how model parameters (6) converge to fit the training trajectory-wrench
data (E) using change in log-likelihood criteria (AL) which reaches the threshold (o = 1-3) within
100 epochs (training iterations).

The results of training the GMM/GMR model on the preprocessed collected data and evaluating
the generated trajectory, twist and wrench data compared to expected means of training trajectory,
twist and wrench data Z. To assess the model’s performance, metrics such as root mean squared error
(RMSE)) for Twist & and Position P, was employed. These evaluation metrics are detailed in Table.

1 N _ ~
€= _Z(V_V)a
1 Ni=1 i i

where V and V denote predicted and averaged recorded values for V c [P, €] at time ¢, € refers to RMSE.

To evaluate the correspondence of the generated wrench to position data, we calculated the
root mean squared error for the calculated power values from both predicted and expected Wrench
and Position data (I1, IT), respectively. The results under different materials and cutting shapes are
illustrated in Table:

where i refers to axes (X, Y, Z)
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RMSE Evaluation metric for training the GMM/GMR model AL, a. u.
for all data where ep, €, €, represent the RMSE for Position,
twist and Power, respectively

1.2 1

Material €p, m €¢, ms e, W |

Cork 0.1165 0.0714 0.1408 0.8 |
Penoplex 0.1031 0.0711 0.1462 ]
PVC 0.1012 0.0710 0.1430 04 1

Conclusions and future work. In this study, 0.0 {
our primary objective was to train behavior priors 0 ' 40 ' 80 Iterations
models for robotic manipulation in interactive Fig. 10
tasks, where both trajectory and force profiles hold
significant importance. Initially, we conducted simultaneous collection of trajectory and force/
torque data across multiple trials for the material cutting scenario. This involved designing a custom
setup with a scalpel attached to an force-torque sensor to capture interaction wrench data and a
motion capture system to record associated cutting trajectories. Subsequently, we underwent a
data preprocessing phase to ready the dataset for training a GMM/GMR model, as a generator
for behavior priors. We validated the convergence of the proposed model training and verified
its performance on tests datasets, which demonstrated high accuracy. The novelty of this work is
also in using GMM/GMR model with extended input that includes material labels, which opens
opportunity for implementing an approach with a mixture of behavior prior generators specific
for different materials. Future steps involve utilizing obtained behavior priors for regularization
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to improve robot interaction control systems that can be based on Reinforcement Learning (RL)
policies training or on optimization-based modern indirect force control algorithms similar to VIC
(Variable Impedance Controllers) to train nonlinear functions for stiffness and damping tuning.
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PACUET KPUBOJIMHEMHOM @OTOHYBCTBPITEJILHOFI MNOBEPXHOCTH ITIPUEMHUKA,
COINTACOBAHHOMU C HOPMAJIBHBIM OFBEKTNBOM

A. M. Be3yraslii*, A. B. baxoanun, T. B. Touniuna

Yuusepcumem UTMO, Cankm-Ilemepoype, Poccus
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AHHoTauus. Pemrarorcs 3a1aqn HCCIeOBaHIS M pacdyeTa mapaMeTpoB KPUBOIUHEHHOW (OTOUYBCTBUTEILHON ITOBEPX-
HOCTH NIPHEMHHMKA, COINIACOBAHHOM C PacHpOCTPaHEHHBIM HOPMAJIbHBIM 00beKTHBOM. 11071 HOpMaIbHBIMUA MOHMMAIOTCS
OOBEKTUBBI C 33JAHHBIM 0JIEM U300paXKeHHsI CpeJHUX pa3mMepoB. [IpoaHann3upoBaH JIMH30BbII OOBEKTUB C pa3Hoii Gop-
MO TOBEPXHOCTH M300pakeHus. MeTo1oM HaMMEHBIINX KBaAPATOB MOJyYeHO YpaBHEHHE allPOKCUMUPYIOIeH GpyHKIMN
KPHUBOH, COOTBETCTBYIOIIEH (hopMe IMOBEPXHOCTH M300pa)keH!sI BBIOpAaHHOTO 00beKkTHBa. [Ipy MOMOIIM MOCTPOEHHBIX
JarpaMM MpOYHOCTH AehopMauy 00bEKTa OILIEHEHBI IPOYHOCTHBIE XapaKTEPUCTUKH (POTOUYBCTBUTEIILHOM MOBEPXHO-
CTH NpUEMHUKA KpUBOJIIMHEHHOW GopMbl. KpuBonuHeitHas (oTouyBCTBUTEIbHAS TOBEPXHOCTD IPUEMHUKA 00€CIIeYnBaET
CHIDKEHHE BIIMSHUS abeppaluyl KpUBU3HEI 110Jsl B BHIOPAHHOM OOBEKTHBE, YMEHBIICHHE Pa3MepOB IISITEH pPaccesHus Ha
Kparo IoJIsl B JIBa pas3a, a CIeJA0BATEIbHO, TOIyUYeHHE N300paKEH!Us HAMITY4IIero KayecTBa. Pe3ynbraTsl YHCICHHOTO
MOJICTIMPOBAHMS HAWAYT CBOE NMPUMEHEHUE B MPOSKTUPOBAHUN TEXHOJIOTHH N3TOTOBIICHUS KPUBOJIMHEHHOW (POTOUYB-
CTBUTEIILHOM NMOBEPXHOCTH, @ TAKIKE IIPH COIIACOBAHWH JOIYCTUMBIX 3HAYCHUH OTKJIOHEHHUI, KOTOPbIE MTPOSBISIOTCS B
mporiecce pa3padbotku. PaccMoTpeHHas OCIeI0BaTeIbHOCTD pacyeTa MapaMeTpoB KPUBOIWHEHHONW (OTOUYBCTBUTEIEHOM
TIOBEPXHOCTH TIPHEMHUKA MOJKET OBITh TIPIMEHEHA MPH IIPOSKTUPOBAHUHU ONTHYECKUX CUCTEM M IPHEMHBIX MOAYJIEH, 4TO
MIO3BOJIUT YIIPOCTUTh CO3JaHNE N300pakeHHUs Ha (POTOUYBCTBUTEIHLHON MOBEPXHOCTH NPHUEMHHUKA M CHU3UTH BIUSHHE
KPUBU3HBI ITOJIA 663 HCIIOJIb30BAHHWA JIMH30BBIX KOMIICHCATOPOB.

Knroueswie cnosa: pacuem onmuueckux cucmem, KpUSOIUHEUHAS HOMOUYECMBUMENbHASL NOBEPXHOCTb NPUEMHUKA,
Hopmanvhwlii oovekmus, PII3C, KMOII-npuemnux, npouHocmubie Xapakmepucmuxku QomonpuemMHsix yCmpoucme

Ccplaka pst uutupoBanusi: besyenoii A. M., Baxonoun A. B., Touununa T. B. Pacuer kpuBOJIMHEHHOH (HOTOUYBCTBH-
TEJILHOW TIOBEPXHOCTH MPUEMHHUKA, COTJIACOBAHHOM C HOpMaJIbHBIM 00bekTHBOM // 3B, By30B. [Ipudopoctpoenue. 2024.
T. 67, Ne 6. C. 511-518. DOI: 10.17586/0021-3454-2024-67-6-511-518.

CALCULATION OF A CURVOLINEAR PHOTOSENSITIVE SURFACE OF THE RECEIVER,
MATCHED WITH A NORMAL LENS

A. M. Bezuglyi*, A. V. Bakholdin, T. V. Tochilina

ITMO university, St. Petersburg, Russia
* ambezuglyi@itmo.ru

Abstract. The problems of studying and calculating the parameters of a curved photosensitive surface of the receiver,
matched with a common normal lens, are solved. Lenses with a given image field of medium size are considered
normal. Lenses with different shapes of the image surface are analyzed. Using the least squares method, an equation
for the approximating function of the curve corresponding to the shape of the image surface of the selected lens is
obtained. Diagrams of the deformation strength of the object are constructed to assess the strength characteristics of
the photosensitive surface of the curvilinear receiver. The curved photosensitive surface of the receiver reduces the
influence of field curvature aberration in the selected lens, diminishes the size of scattering spots at the edge of the
field by half, and therefore ensures the best quality image. Results of numerical modeling may be applied in the design
of technology for manufacturing a curved photosensitive surface, as well as in agreeing on the permissible values of
deviations that appear during the development process. The considered sequence for calculating the receiver curved
photosensitive surface parameters can be used in the design of optical systems and receiving modules to simplify the
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creation of an image on the photosensitive surface of the receiver and reduce the influence of field curvature without the
implementation of lens compensators.

Keywords: optical systems calculation, curvilinear photosensitive receiver surface, normal lens, CCD, CMOS receiver,
strength characteristics of photodetectors

For citation: Bezuglyi A. M., Bakholdin A. V., Tochilina T. V. Calculation of a curvolinear photosensitive surface of the
receiver, matched with a normal lens. Journal of Instrument Engineering. 2024. Vol. 67, N 6. P. 511-518 (in Russian). DOI:
10.17586/0021-3454-2024-67-6-511-518.

Beenenue. Ha pa3paGoTKy NpueMHBIX ONTHYECKUX MOJYJIEH, KOTOpbIe IPUMEHSIOTCS B pa3iny-
HBIX cepax, yXOIuT O0JbIIOe KOJUYECTBO MaTEPUATILHBIX U BPEMEHHBIX PECYPCOB. DTO CBA3aHO C
TPYAOEMKOCTBIO IPOEKTUPOBAHUS IPUEMHOTO TPAKTa, B COCTAB KOTOPOTO BXOJAT ONTHYECKAsL CUCTE-
Ma (JIMH30BbIN WM 3epKalbHbIA 00BEKTUB) U (hoTonpueMHoe ycTpoiicTBo. Co3aHue n300paxeHus
Ha IJIOCKUX (POTOUYBCTBUTEIBHBIX TOBEPXHOCTAX B ONTUYECKUX CHCTEMaX — JIOCTATOYHO CIIOKHAs
3amada. KoHCTpyKIIMOHHBIE TTapaMeTphbl OOBEKTUBOB 00YCIIOBIICHBI NCIIOIH30BAHUEM MPUEMHHKOB C
IUIOCKOH (DOTOUYBCTBUTEIBHOM MOBEPXHOCTHIO. 111 yMEHBIIICHUS KOTMUECTBAa TPEOOBAaHUN K ONTHKE
MIpeJIaraeTcsi BBECTH B CUCTEMY IPUEMHUK C (POTOUYBCTBUTEIBHOMN MOBEPXHOCTHIO KPUBOJIMHENHOM
¢dopmel. [IpenmyriecTBa MpUEMHOTO TPAKTa C KPUBOJIMHEHHOM (DOTOUYBCTBUTEIBHON TOBEPXHOCTHIO
3aKJIIOYAIOTCSl B TOM, YTO, [0 CPAaBHEHUIO C IUIOCKOHM, B HEW YBEJIMYUBAETCS T0JIe U300pakeHUsl U
KOppEeKTHpyeTcs abeppaliusi Tuna ,,KpuBM3Ha noss™. brarogaps sToMmy Ha KpUBOJIMHEHHBIX (OTOUYB-
CTBUTEJIbHBIX MOBEPXHOCTSX JOCTUrAETCs JIydlllee KauecTBO n300paxkeHus. CHIKeHne TpeOoBaHU
K ONTHYECKOM CHCTEME TO3BOJIIET YMEHBIINUTh Ta0apuTHbBIE pa3Mepbl OObEKTUBOB U YHCIO ONTHYE-
CKHX 2JIEMEHTOB B UX COCTaBe, YTO, B CBOIO OYEPE/ib, JaeT BOBMOKHOCTh COKPAaTUTh ce0eCTOMMOCTh
npubopa 1 BpeMs Ha ero pa3padoTKy.

bonbioe kommaecTBO 3apyO0eKHOMN JTUTEPATYPhl TOCBSIIEHO MCCIEIOBAHUIO BO3ZMOXKHOCTEH
MPUMEHEHUS IPUEMHUKOB ¢ ()OTOUYBCTBUTEIILHOM MOBEPXHOCTHIO KpUBOJIIMHEHHON Gopmsbl [ 1-8].
Kpynubeimu 3apy0eHBIMH OpraHU3alMsIMU ObLIN MCIOJIB30BaHbl PE3yJIbTaThl HAYYHBIX TPY/AOB B
KOCMUYECKHX amraparax, Takux kak teneckonsl ,,Kepler®, ,,TESS* (CILIA). Pa3zpaboTunkam ynaiaochk
CHU3UTH TpeOOBaHUS K ONITUYECKOH cucteme myreM yctaHoBkH MaTpull [13C Ha kpuBoIuHEHHYO MO-
BEPXHOCTh C MHAMBUAYAIbHONM oNTUKON. B 3apyOexHbIx padorax [1—4] onuchBaroTCsS TEXHOIOTHH,
MO3BOJISAIOLINE YMEHBIIUTH TOJNIIMHY IPUEMHHKA U, TIPH BO3/ICICTBUYU HANPaBIEHHOM CUJIbI HA YTOHEH-
HBII PUEMHUK, TTOJyYUTh HEIIOCKYIO GOpMy (hOTOUYBCTBUTEIHHOM MOBEPXHOCTU. OTEUECTBEHHBIN
OTIBIT pa3pabOTKU U YCTAaHOBKH MPUEMHUKOB Ha KPUBOJIMHEHHYIO TOBEPXHOCTh CHJIBHO OIPaHUYEH.

Lenbro HacTosel paboTHI SIBISIETCS UCCIIEJOBAaHHUE NTAPaMETPOB KPUBOIMHEHHON (POTOUYBCTBU-
TEeNTbHOM MOBEPXHOCTH PUEMHUKA, COITIACOBAaHHOM ¢ HOpMAJIbHBIM 00BEKTUBOM ™, 1 X pacueT. [Ipu pac-
YeTe ONTUYECKON CUCTEMBI KOHCTPYKTUBHBIE ITapaMeTpbl 00bEKTHBA He n3MeHstoTcst. Ha ocHoBaHuM 11o-
JYYEHHBIX PE3yJbTaTOB MOJIEIMPOBAHNS OblIa OLIEHEHA TEXHOJIIOTUYECKasi BO3MOKHOCTb N3TOTOBIICHHS
npuemHuka (OI13C nmm KMOII-npueMHUK) ¢ KpUBOIMHEHHOM (POTOUYBCTBUTEIBHON TOBEPXHOCTBIO.

AHaJIN3 JINH30BbIX 00beKTHBOB ¢ pa3HbIMH (popmMamu GokaabHOI MIocKkocTH. OTKPHITHE
[eTtuBasnem [9] HCKPUBIEHHOTO MOJIS MTOKA3aJI0 EPCIIEKTUBBI IPUMEHEHHS KPUBOJIMHEHHOM (hoKab-
HOH MJIOCKOCTH, KPUBU3HA KOTOPOM 3aBUCHUT OT MOKAa3aTessl MPEJOMIIEHUS U PaJuyCcOB KPUBHU3HBI
ONTUYECKUX MOBEpPXHOCTEH. DTa abeppalys Ha3bIBaeTCsd KpUBU3HOM moust [leTiBans u sBiaseTcs
YeTBEepTON CyMMo# u3 uncia kodddurmentor 3eiaens [10] abeppamuit TpeTbero nopsaka. Cymma
[eTuBans BeIpaxkaercs Mo cienyrouiei hopmyne:
Ny — N,

Zpet = Z

9
ring n;

i€ 77 — TOKa3aTesb MPEJIOMIICHUS CPEIbl, B KOTOPOM HAXOAUTCS MAAAIOIINN JIyY; ¥ — PaANyC KPUBH3-
HBI TOBEPXHOCTU. DTa (popMylia HAKJIaJbIBAET OIPAHUYECHHS HA KOHCTPYKTHUBHbBIE TapaMeTpbl 00bEK-

* TOCT 25205-82. Tepmuns! u onpeneneHus. GoToamnmaparsl # CbeMOYHbIE (oTorpadudeckne 0OBeKTHBEL. M.,
1982. 15 c.
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THBOB. Koppekius 3Toi abeppanuu OCyIIeCcTBISETCS ¢ TOMOILBIO ONTUYECKUX 3JIEMEHTOB, HaIIpUMep,
mua3amu Cmuta [11]. JTuazer Cyvura [9] KOppeKTHPYIOT KPUBU3HY H300pKEHUS ITyTeM MUHUMHU3AIINN
cymmsbl lleruBans 1o ypoBHs, Koraa opma (pokanbHOM MIIOCKOCTH CTAHOBUTCA TUIOCKOH [12].

st uccnenoBanus ObUT BEIOpaH JIMH30BBIM 00beKTUB [leTiBasist, COCTOSANINN U3 IBYX TOHKUX
axpomaroB. B 3ToM 00beKTHBe HCHpaBlIeHbl KOMa, chepuueckas U Xpomaruueckas abeppaiuu.
Oco0eHHO cuJIbHbIE UCKAKEHHUS BHOCUT KpPHUBHU3HA MOJIsI, 3Ta abeppaius BbI3bIBAET CHIIBHOE Iajie-
HUE pa3pelieHus Ha Kpasx IMoJis H300pakeHUst U OTpaHMYUBAET yroi nosis 3penus. /s koppexkuun
KPUBHU3HBI M0JIS1 B 00bEKTHBAX MPOEKTUPYIOT ONTUYECKYIO CUCTEMY C OTPULIATEIbHBIMU JIMH3aMH, C
YMEHBUIEHHBIMU PaJlyCcaMH KPUBU3HBI [IOBEPXHOCTH ONTUYECKUX 3JIEMEHTOB U C IPUMEHEHUEM JIMH3
Oosb10i TONIIMHBL VcnpaBienue 3Toii abeppaluy ONMCaHHBIMU METOAAMU HEM30EKHO MTPUBOJIUT K
TPYAHOCTSIM B pa3pabOTKe KOHCTPYKIUH U YBETHMUEHHIO Macchl M rabaputoB o0bekTHBa. B kauecTBe
aJIBTEPHATUBHOIO C110c00a KOPPEKTUPOBKU KPUBHU3HBI I0JIS [TPEIIaraeTcsl MCIOIb30BaTh MPUEMHUK
C KPUBOJIMHEWHOM (HOTOUYBCTBUTENLHON TOBEPXHOCTHIO.

CpaBHUTENIBHBIN aHAJIN3 BRIOPAHHOTO OOBEKTHBA C IJIOCKOW M HETUIOCKON MTOBEPXHOCTHIO U30-
opaxenus (I1) BbImoaHEH B mporpaMMme pacdera ONTUYECKUX CUCTeM ZemaX. XapaKTepUCTHKU
BBIOpaHHOTO 0OOBekTHBa [leTiBas:

1) dpoxycnoe paccrosiaue /' =100 mMm;

2) nuadparmennoe uucio k = 4,5;

3) ymioBoe 1oJie B IpOCTPAHCTBE MIPEIMETOB 20 = 26°;

4) cnexTpanbHbIi quanaszon F', d', C'.

JUis BBISBIIGHUS IPEUMYIIECTB HETNIOCKOM MOBEPXHOCTU B KOHCTPYKTUBHBIE MapaMeTpbl 00b-
€KTUBA BBOASTCS M3MEHEHUs: 3amaeTca kpuBoauneitnas [1W. [lyrem ontuMu3zamnuu BeiOUpaeTcs
HaWTyylllee 3HaueHHe pajnyca KpuBU3HbI mosepxHoctu [1M Ha ocHOBaHUM KayecTBa N300paKEHHUS.
B nmporpamme Zemax ObUTH TTOJIYYEHBI CIIEIYIONINE Pe-
3yABTAThL: XOA JIy4eil mpuBeAeH Ha puc. 1 (I — aneptyp-
Has nuadparma, 2 — (okaiabHas MIOCKOCTh), rpaduK
abeppauuii — Ha puc. 2 (@ — ¢ mnockoit I1H; 6 — ¢
kpuBonuHenHOM [IH; Acyy = 0,486, Asen = 0,588, A =
0,656 MkM; S — cunycouaangbHas popma, T — TaHreH-
nuanbHas opma) ¥ TouedHasi AuarpaMMa — Ha puc. 3.

a) 0)
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dopma [T1 a) 0) 8)

++ 4+
+ T .

BRI S s i g T
FEVET .,

+ 4

]
IImockas i
i1
H

IMA: 0.000 Mmm IMA: 12.214 mm IMA: 22.997 mm

Kpusonuueiinas

IMA: 0.000 mm IMA: 12.068 MM IMA: 22.508 MM
Vrnosoe nose @ = 0 VYriosoe nosne ® = 7° Vriosoe noite @ = 13°
Puc. 3

Kak BumHO 13 puc. 3, MPEeuMyIIecTBOM HCIOIB30BAHUS MPUEMHUKA C KPUBOJIMHEHHON (OTOUYB-
CTBUTEILHOM TOBEPXHOCTBIO SIBIISIETCS JTydIllee KaueCTBO PETUCTPUPYEMOTO H300paKEHHUS — pa3sMep
MSITHA PacCesiHUs OCEBOM TOUKM yMeHbIeH 10 0,3 MM; MakCUMaJlbHbIA pa3Mep MATHA PAaCCESIHUsS Ha
kpato nojst (® = 13°) ymensiues ¢ 0,8 10 0,4 MM; OTKJIOHEHHE OT MJIOCKOCTH TTOBEPXHOCTHU COCTABIISIET
Az = 1,8 MM. B KOHCTpYKITMH OOBEKTHBA C KPUBOJIUHEHHONU (DOTOUYBCTBUTEIBHOM MOBEPXHOCTHIO
MIPUEMHHUKA OTCYTCTBYET JIMH30BbII KOMIIEHCATOP, 3TO YMEHBIIAET €r0 CTOUMOCTb.

OTnenbHO OTMETUM, YTO MPUBEACHHBIE 3/1€Ch PE3YJIbTaThl MOMyYEHbl O3 UCII0JIb30BaHuUS OINTH-
MU3AIHUN U U3MEHEHUS] KOHCTPYKTUBHBIX TTApaMeTPOB JTUH3 OOBEKTHBA.

YuciaenHoe MoaenpoBanme. [Ijisi moaTBEpKI€HUSI BO3MOXKHOCTH Pa3pabOTKU MPUEMHUKA C
KPUBOJIMHEHHON ()OTOUYBCTBUTEIBHON MOBEPXHOCTHIO HAMH BBITTOJIHEHO YHCIIEHHOE MOJICTTMPOBAHUE.

[Ipy momotmm anmpoKcUManuu HaxoauTcs: GyHKIHS ¢(x), KoTopas MpUOIMKEHHO paBHA HC-
xoqHo# f(x). [Ipu unTepnonsauu Tpedyercs, YT00bl MPUOTMIKEHUE UMEIIO TE K€ 3HAYCHUS, 4TO U Y
puOIMKAEMON QYHKITAN:

(p(xi) :f(xi)a l: 0, 1, 2, ey, 1.

OTO0 ycI0BHE Ha3bIBAECTCS YCIOBHEM MHTEpHOIAUU. DyHKINA @O(X), yIOBIETBOPAIOLIAs yCIIO-
BHAM MHTEPIOJIALMH, HA3BIBAECTCA UHTEPIOIAUOHHOM, a TOUKH X0, X1, X2, ..., X, — Y3JIAMU HHTEP-
nossiiuu [13].

[Ipu nomomu nHCcTpyMeHTa Ray Trace nmporpammel Zemax HaXoaaTcsi KOOPAHMHATHI OCHOBHBIX
TOYEK KPUBOJIMHEHHOM oBepXHOCTH. [10 HaliIeHHBIM TOYKaM CTPOUTCS UCXonHast GyHKIUS f(x), 1 Ha
OCHOBE METO/1a HAUMEHBIIINX KBAJPaTOB BHINOIHAETCS annpokcuManus B cpeae Excel. Ilonydyennsle
pe3ynbTarhl MpeacTaBieHsl Ha puc. 4 (I — rpaduk ucxoaHoi GpyHkmu fx), 2 — anmpoKCUMHUPYIO-

mei Q(x)).
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[lonmyyennas annpokcuMupytomas GyHk- ¥, MM
LU IPEJCTaBICHA OJUHOMUAIBHON 3aBUCH- L6 //\‘
MOCTBIO BTOPOI'O IIOPAAKA, U €€ yPaBHEHUE 2
MOXKHO 3allMCaTh B CIEAYIOLIEM BUJE:

9(x2) =—0,0461x2 + 0,5536x + 114,59. 1158

ToyHOCTh anMpOKCHUMAIMK ONIPENENALT- o J ‘ \
csl ¢ yueToM (akTHUeCKOH ITyOUHBI pe3KOCTU '
oObekTHBa [14]: / ' \

I'=ay—a; =058 mm, " 3 1916105 0 5 10 16 19 23 X, um
Puc. 4
IJI€ @] — PacCcTOsTHUE OT BXOJHOTIO 3padka 10
IUIOCKOCTH NIEPEIHET0 IUIaHa, @) — PacCTOSHUE
OT BXOJIHOTO 3paydka JI0 MJIOCKOCTH 3aHETO IJIaHa.

Panuyc kpuBH3HBI IOJTYyYEHHONW KPUBOJIMHENHON OBEPXHOCTH Rpet = 220 MM.

Pe3ynbrarsl YUCIEHHOTO MOZIETMPOBAHUSI HAMYT CBOE IPUMEHEHUE B IPOEKTUPOBAHUHN TEXHOJIO-
I'MU U3TOTOBJICHUS KPUBOJIMHEHHOM (hOTOUYBCTBUTEIHHOM MOBEPXHOCTH, a TAKXKE NP COITIACOBAaHUU
JOTTYCTUMBIX 3HAYEHHUH OTKIOHEHUH, KOTOPbIE MPOSIBIAIOTCS B Mpoliecce pa3paboTKu.

OneHka TeXHOJOrH4eCKHX BO3MOKHOCTE M3rOTOBJICHHS IPUEMHHKA ¢ KPUBOJIUHEHHOM
(poTouyBCTBUTEIbHON MOBEPXHOCTHIO. [Ipy MpoeKkTUPOBaHUY MPUEMHUKA C (POTOUYBCTBUTEIHHON
MOBEPXHOCTHIO KPUBOJIMHEHHON (DOPMBI B MEPBYIO OYepeib HEOOXOMMO YUUTHIBATh MPOYHOCTHBIE
XapaKTepUCTUKH MaTepuasia o0bekTa. Marepuan u opma pazpadarsiBaeMoro 00beKTa JOHKHBI IO
Ouparbcsi TaKUM 00pa3oM, YTOOBI IPU UCTIBITAHUSAX, B IIPOIIECCE TPAHCIIOPTUPOBKH U HKCILTyaTalluu
CTPYKTYypa U3/ COXpaHsIa LEI0CTHOCTb.

OOBEKTOM HCCIIeIOBaHUS Ha IPOYHOCTD SBIISETCS IPUEMHHUK C ()OTOUYBCTBUTEIBHON MTOBEPXHO-
CTBIO KPUBOJIMHEWHOMN (POPMBI, MPEICTABISAIONINI cO00I TOHKYIO MIACTUHY MOHOKPUCTANINYECKOTO
KpeMHHUS (J1ajiee — TOJyTPOBOIHUKOBBINA KprcTasul). IMUTallMOHHOE MOJIETMPOBAaHUE MTOTYTIPOBO-
JTHUKOBOT'O KPEMHHUEBOTO KPUCTAILIA pasMepoM 23 X 23 MM IPOBOIMIIOCH € TOMOIIBIO POTPaMMHOTO
obecnieuenus SolidWorks u SolidWorks Simulation. lanee uccienoBanack NpoYHOCTh KpUCTAILIA,
rapaMmeTpoM, o KOTOPOMY TMPOBOAMTCS OIIEHKA MPOYHOCTH, SIBISETCA Mpeaen npouHocty o. [Ipenen
MIPOYHOCTU™ — MEXaHWYECKOe HANPSDKEHHUE, IPU MPEBBIIIEHUH KOTOPOTO MPOUCXOAUT Pa3pyllIeHHE
Marepuaia (MOHOKPUCTANTHYECKUN KPEMHUN
MMeeT BBICOKUI Tipenen mpounoctu [15]). Ha o MTTa
OCHOBE IKCIIEPUMEHTAIbHON OLEHKU MPOYHO- 500
CTH KPEMHHMEBOM MaTpUIlbl IPU TPEXTOUEUHOM
nzrude [16] Op11 BEIOpaH KpUTEPUIl IPOUHOCTH
Ha pa3phlB [IPU PACTIKEHUU Gmax = 385 Mlla
(puc. 5). 400

B npouecce ncciaenoBaHus KOHCTPYK-
TUBHBIMU TIapaMeTpaMu SIBISIOTCS TOJIUHA
kpuctamia (50-110 Mkm) 1 paguyc KpUBU3HBI
noBepxHocTH (20—-600 mm). Pesynbrars! uccie-
JIOBaHUs, IPOBEAECHHOIO C ITOMOILBIO ITPOrpam-
Mol SolidWorks Simulation, mpencraBieHs! Ha 216
puc. 6 (6 — TONMIIMHA KPEMHHEBOTO KPUCTAILIA). 200

0 4 8 12 16 20 X, mMm

442 442

300

——IloBepxHOCTH ---- IIpenen

* TOCT 25.503-97. PacueTsl U HCHBITAHUS Ha NpHeMHNKa TeKydecTH

NPOYHOCTb. METOJbl MEXAaHUYECKUX UCIBITAHUN Me-
TayuioB. MeTox ncneITanus Ha cxxarue. M., 1997. 25 c. Puc. 5

JOURNAL OF INSTRUMENT ENGINEERING. 2024. Vol. 67, N 6 M3B. BY30B. MPUBOPOCTPOEHUE. 2024. T. 67, Ne 6



516 A. M. Bezyenvuii, A. B. baxonoun, T. B. Touununa

r, MM C moMoIpIo MPOBEJACHHOTO HCCIE0Ba-
HUsl OBLIM OTpenesIeHbl: 0e30macHas 30Ha, B
KOTOPOH PUCK MOBPEKACHUSI CTPYKTYPHI KpPH-
cTajula MpU TEXHOJOTHUYECKUX ONepalusix oT-
CYTCTBYET (OSi > Omax); 30Ha ONTHUMHU3AIUH,
1€ 3HaYEHUs HANPSHKEHUN B KPUCTAJUTMYECKON
CTPYKType ONHM3KHU K Tpeesry MPOYHOCTH KPeM-
HUSA (OSj > Omax), KOHCTPYKTUBHBIE NTapaMeTPhl
B OTOU 30HE TPEOYIOT AOMOTHUTEIHHOW ONTH-

Paspyuienue MH3AlMH; 30HA, B KOTOPOH IPOMCXOAMT Pa3py-

KpEMHHUsI LIEHUE CTPYKTYPBI KPEMHHUS (GSj < Omax). 11pu

0 4 8 16 20 §, MM PACCUMTAHHOM B XOJI€ MOJICIIMPOBAHUS pajuyce
s [panuubl = [pannua KPUBU3HBI (POTOUYBCTBUTEIHLHON MOBEPXHO-
0e301acHON 30HBI 30HBI ONITUMM3ALIUN CTH (Rpet =220 MM) MaKCHUMaJIbHO BO3MOKHas

TOJILMHA KPUCTaJIa, KOTOpasl yJOBJIETBOPSIET
TpeOOBaHUAM MPOYHOCTH, COCTABISAET OKOJIO
93 mkM. IIpu npoekTupoBaHUM PEKOMEHAYETCS MCIOIb30BaTh MEHBIIYIO TOJIIMHY — B IIpejeax
6e3omnacHoi 30HbI (50 MKM). B aTOM ciydae TOIIMHA MOMIOKKH JIJIsl KpUcTauia mpu Az = 1,8 MM
paBHa 1,75 mm.

HccnenoBanue nokasanio, 4To JUIs pacCMaTpUBaeMoro B crarbe oObekTuBa [lerians pexkomen-
IyIOoTCsl rabapuTHBIE pa3Mepbl IPUEMHUKA u3nydeHus 23 x 23 x 0,05 mm, paanyc KpuBU3HBI (HOTO-
YyBCTBUTEIBHOM MOBEPXHOCTH — 220 MM.

3akmouenue. B pabote BBINOTHEH pacyeT TeOMETPUUYECKUX apaMeTPOB IPHUEMHHUKA C KPUBO-
JMHEHHOHN (POTOUYBCTBUTEIHLHOMN MOBEPXHOCTHIO, COTTIACOBAHHOTO ¢ HOPMaJIbHBIM 00beKTUBOM. [1pn
MIOCTOSIHHBIX KOHCTPYKTHUBHBIX MapaMeTpax HOPMaJIbHOTO OOBEKTHBA KPUBOJIUHEWHAS TIOBEPXHOCTh
MIpUEeMHHUKa 00eCreurBaeT psijl MIPEUMYILECTB, B CPABHEHUU C IJIOCKON MOBEPXHOCTHIO. BO BHOBb
pa3paboTaHHbIX 00BEKTHBaX OOJbIIE HE TPEOyeTCS MPOCKTHUPOBATh ONTUYECKYIO0 CUCTEMY C KOM-
NeHcanueil KpUBU3HBI OIS, poJib KOMIIeHcaTopa OepeT Ha ce0si GOTOUyBCTBUTENbHAS TOBEPXHOCTh
MPUEMHHKA. DTO MO3BOJISET YMEHBIIUTH rabapUTHBIC XapaKTEPUCTUKU ONTUYECKOM CHCTEMBI M BCETO
MIPUEMHOTO TPAKTA.

BaxxHbIM ycioBHEM NPUMEHEHHUS! KPUBOJIMHEWHON (POTOUYBCTBUTENBHOM OBEPXHOCTH SIBISIETCS
TEXHOJIOTUYECKasi BO3MOKHOCTh U3TOTOBJICHHSI TPUEMHHUKA 10100H0# hopMmbl. IMuTannonnoe mose-
JMPOBAHUE TIOKA3aJI0, YTO (POTOUYBCTBUTENIBHYIO TOBEPXHOCTh MPUEMHHUKA BO3MOKHO MPEICTABUTh
B KpUBOJIMHEHHON hopme. Ha mpodHOCTHBIE XapaKTEPUCTUKHU IPUEMHOTO YCTPOMCTBA BIUSIOT TAKHE
IapaMeTpsl, Kak paanyc KpUBU3HbI IOBEPXHOCTH U TOJIIMHA IPUEMHHUKA.

Pacuer kpuBosmHEHHON (HOTOUYBCTBUTEIHLHON MOBEPXHOCTH MPUEMHHKA, COTIIACOBAHHOTO C
HOPMaJIbHBIM 0OBEKTUBOM, MOKET OBITh I10JIE3€H MPH MPOESKTUPOBAHUU ONTUYECKUX CHCTEM U IIPUEM-
HBIX TPAKTOB.

Puc. 6
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AHHOTAUUA. METOIOM CIIEKTPaIBbHOTO aHAIM3a UCCIISOBAHbI OLTHYESCKUE TapaMeTphl roJorpaguueckux HoCHTeNeH HH-
(opmaryy, ITOTYyYEHHBIX OT Pa3HBIX IPOU3BOAMTENCH. B Hay4qHOIT MpakTHKe [U1st ToNorpaduy HCTIONB3YIOT TAKHE PETHCTPH-
pytomme cpensl ((POTOIIACTHHKA U (DOTOTIIICHKH ), KOTOPBIE 00ECIICUNBAIOT BEICOKOTOYHBIC HH(POPMATHBHEIC PE3YIBTATHI
9KCIEpUMEHTOB. [IpruBeieHa onTHyecKas cxeMa aBTOMaTH3UPOBAHHOTO CIIEKTPOMETPA, IPEICTaBICHBI €r0 TEXHHYECKUE
XapakTepuCcTUKH. [loiyueHbl CrieKTpaibHble 3aBUCUMOCTH KO3((HUIIMEeHTa TOTNIOIIEH s OT JUTMHBI CBETOBOW BOJIHBI.
HpO&HaJ'II/ISI/IpOBaHBI OKCIICPUMCHTAJIbHBIC PE3YJIbTAaThl U JaHbl PCKOMCHAAINH T10 UCIIOJIb30BaHUIO JJaHHBIX (I)OTOMaTepI/IaJ'IOB.

Knrouegwie cnosa: homomamepuan, cnekmpaibHulil aHaiu3, OJUHA CEEMOGOU BONIHbI, KOIPDuyuenm noaioujeHus,
UCMOYHUK USTYYEHUs, CHEKMPOMEMp, KIOBemd, (YOmoaIeKMmpOHHbIll YMHONCUMELb
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STUDYING HOLOGRAPHIC MATERIALS BY SPECTRAL ANALYSIS METHOD
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Abstract. The optical parameters of holographic storage media obtained from different manufacturers are studied
using the method of spectral analysis. In scientific practice, recording media (photographic plates and films) are used
for holography, which provide highly accurate informative results of experiments. An optical diagram of the automated
spectrometer is presented, and its technical characteristics are presented. The spectral dependences of the absorption
coefficient on the light wavelength are obtained. The experimental results are analyzed and recommendations for the
use of these photographic materials are given.

Keywords: photographic material, spectral analysis, light wavelength, absorption coefficient, radiation source,
spectrometer, cuvette, photomultiplier tube

For citation: Maiorov E. E., Kurlov V. V., Borodiansky Yu. M., Dagaev A. V., Taiurskaya |. S. Studying holographic
materials by spectral analysis method. Journal of Instrument Engineering. 2024. Vol. 67, N 6. P. 519-524 (in Russian).
DOI: 10.17586/0021-3454-2024-67-6-519-524.

BBenenne. PazpaboTunky ONTHUECKUX MPUOOPOB MPHU CO3MAHUU TOJOTpaPUUIECKON TEXHUKH
YAETSIOT OOJNBIIOE BHUMAHUE KaK MCTOYHHKAM W3IyYeHUs, TaK U PerucTpupyommm cpenam (¢ho-
TOTUTACTMHKAM U (oTorieHkam) [ 1, 2]. B mocneaHue rombl Ha pOCCUICKOM PhIHKE TPHOOPOB HEpas-
PYLIAIOLIETO0 KOHTPOJIS MOSBJISIOTCS HOBBIE CPEICTBA U3MEPEHUN M MaTepuabl, TAKXKE B IIHPOKOM
aCCOpPTHMEHTE IMpe/IcTaBiIeHa deMeHTHas 6a3a [3, 4]. IHHOBallMOHHbBIE TEXHOJIIOTUH B ONITUYECKOM
pUOOPOCTPOCHNUH TTO3BOJISIOT MEPEUTH Ha O0JIee KayeCTBEHHBIN YPOBEHb U3MepeHHii [5, 6]. B vact-
HOCTH, CIIEKTpaJIbHbIE MPUOOPHI U KOMIUIEKCHI aKTUBHO UCIIOJIB3YIOTCS B MAIIMHOCTPOSHUH, SIEKTPO-

© Maiiopos E. E., Kypnog B. B., bopooanckuii IO. M., [Jaecaes A. B., Taropckaa U. C., 2024
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HUKE, ONTUKE, MEAUIIMHE, TEKCTUIHHON U MUIIEBON MPOMBIIUICHHOCTH, & TAKXKe MPHU TPOU3BOACTBE
CTPOUTEBHBIX U ONTUYECKUX MaTepuaion [7, §].

Poccuiickue yueHble TOCTOSHHO COBEPIIEHCTBYIOT MH()OPMAIIMOHHYIO U HAYYHYIO 0a3bl 3KC-
MIEPUMEHTAJIbHBIX MCCIIEJOBAHUN, KOTOPbIE HEMOCPEACTBEHHBIM 00pa30M CBsSI3aHbI C ONTUYECKUMU
u3mepenusimu [9, 10].

MeToibl CIEKTpaIbHOTO aHaJIM3a UCIONb3YIOTCS /ISl BBISIBJICHUS CTPYKTYPBl U COCTaBa Bellle-
CTBa B PA3IMYHBIX arperaTHbIX COCTOSIHUSIX, TpudeM (opMa 00bEKTa U Cpe/ia He MOJIBEPTratoTCs Me-
xaHu4eckoMy BoznercTBuio [11, 12]. PaboTta 3TuxX cpencTB 0OCHOBaHA HA MOJTYUYEHUU CIIEKTPATBHBIX
XapaKTEePUCTUK 00BEKTA UM CPEJIbl B UCCIIeyeMOl YacTH onTryeckoro crekrpa [13, 14]. B mponecce
paboThl peruCTPUPYIOTCS MEPEXOTHBIE SHEPTETUUECKHE TPOLECCh M MH(OpMAIIHsI BHIBOJUTCS B BUE
cnekTpanbHbiX 3aBucumocteit K(L), T(A), R(A).

MeTozs! rosorpadudeckoit ”HTEpPEpOMETPUH IS 3aIUCH U BOCTIPOU3BEICHUS M300paKeHUH,
o0ecreunBaroIIye MoyYeHUE Pe3yIbTaToB BEICOKOM TOYHOCTH U3MEPEHUH, TPEOYIOT UCTIONIb30BAHUS
Ka4€CTBEHHBIX BHICOKOpPA3pEIIarOINX perucTpupytomux cpen [15, 16]. Ot toro, kakue ¢oToriacTHH-
KU WK (POTOIIICHKH UCTIONB3YIOTCS, 3aBUCUT IOCTOBEPHOCTD IKCIIEPHUMEHTA.

CymiecTByeT MUPOKUH Kiacc (POTOIIIACTUHOK, (POTOTUICHOK I Tosiorpaduueckoit uHTepdepo-
METPUH, KOTOPBIE PA3IMYAOTCS IO XUMUYECKUM, (PH3HMUECKUM U ONITUYECKUM CBOMCTBaM. Ha mpakTu-
K€ MPUMEHSIOT (POTOIJICHKH HAa OCHOBE AMAPUIIITEHOB U (POTOIMIACTUHKY — HA OCHOBE KPUCTAJIIOB
rajoreHujia cepeopa.

AHanu3 TuTepaTypHbIX UCTOUHUKOB [TOKa3aJ, 4YTO B TEXHUKE rojorpaduu Beayliee MecTo 3aHs-
1 potorutactuaku Mapok [1PI-03M, UO8M, a takxke dotorienku CGH [17, 18]. Otu matepuasl
MIPUTOJHBI JIJIS1 UCCIIeIOBaHUS HAPSKEHHO-e(OPMUPOBAHHOTO COCTOSIHUS TOBEPXHOCTU OOBEKTAa,
MO3BOJISIIOT XPAHUTH JTUTEITLHOE BPEMSI IaHHBIE O BOJTHOBBIX (DPOHTAX, CYIISCTBOBABIIKX B pa3Iny-
HbI€ MOMEHTBI BPEMEHH, a TAK)KE€ BOCCTAHABJIMBATH TPEXMEPHbIE U300paKeHUSI 00bEKTA U CPEJIbI.

[To3TOMY BOIIPOCH pErHCTpaLu H300paKeHUI Ha ToJI0rpaguuecKuX HOCUTENAX TPeOyroT BHU-
MaTeJIbHOTO U3Y4YEeHHs METOJJaMH CIIEKTPaIbHOIO aHaJIN3a.

Lenbro paGoTHl SBHJIOCH U3YUYEHHE ONTUYECKUX MAapaMeTPoOB rojorpaduuecKux HOCUTENEeH
nH(pOpPMaIIUHU Pa3HbIX TPOU3BOAUTENCH.

IMocTanoBKa 3a/a4u: C MOMOIILI0 ABTOMAaTU3UPOBaHHOTO criekTpomeTpa UV-3600i mpoBecTu
M3MEpEeHHsI ONITUYECKUX MapaMeTPOB rosiorpaduuecKuxX pErucTpUpyOLINX Cpell pa3HbIX MPOU3BOIM-
TeJel B Mara3one JJIMH BOJIH OT 185 HM 10 900 HM; MOTYy4YUTh CEKTpaIbHbIE JaHHBIE JUISl KaXK10T0
MaTepuala; NpoaHaJIU3uPOBATh ONTUYECKHUE MapaMeTpbl MaTEPHAIOB U CPABHUTH IO MOJyUYEHHBIE
rpaduyeckue 3aBUCUMOCTH.

Meton u 00beKkT HccaenoBanus. Vccnenoanuto nomnexanu ¢poromarepuaisl (IIOI-03M,
U08M, CGH).

®doromarepuanst [IOI-03M u UOSM ucnonb3yroTcs B rostorpadun (11 perucTpaniy Iajakux
Y BO3MYIIEHHBIX ()OPM IOBEPXHOCTH), a TAKXKe s 3anuck AU dy3HO OTpakaronX MOBEPXHOCTEH.
[I®OI-03M cocTOUT M3 CEeHCUOMTU3UPYIOIIETO KPACUTENsA, KPUCTAJUIOB rajloTeHuia cepedpa; 0CHO-
Ba — ONTUYECKOE CTEKJIO TOMIMHOM 2,65 MM. UOSM cocTOUT U3 CEHCUOMIU3UPYIOIIEr0 KpacuTes,
KpHUCTAJJIOB rajoreHuia cepeopa.

CGH — moHoMepHas KanaHApUpOBaHHAS IJICHKAa — 00JaaeT YHUKATbHBIMUA ONTUYECKUMHU
CBOIICTBaMH, YTO MO3BOJISIET UCIOJIb30BATh €€ B JU3aliHEe U peKjiaMe /i IPUBJICUCHHS] BHUMAHUS
MOTpeOUTEeNs WIH JUIsl MAPKUPOBKHU Pa3IMUHON mpoayKiuu. [IneHka MOKeT UCIOIb30BaThCs st
COJIBBEHTHOM, SKOCOIBEBEHTHOM, Y®- 1 JTaTeKCHOM IIeYaTH.

Jlyist ipoBeIeHUs YKCIIEPUMEHTANTBHBIX HCCIEIOBAHNN UCTIONB30BAJICS aBTOMATH3UPOBAHHBIN
cnekrpomeTp UV-36001 ¢ onTrdeckoii cxemoi, rpeactaBieHHon Ha puc. 1 (WI — ranorennas jgam-
na; D2 — neiitepuenas namna; M1-M15 — cucrtema 3epkain; S1-S3 — cucrema meneit; G1-G4 —
cucrema pemetok; F — ontuueckuit orcekarens; C.H. — 3atBop; W1-W3 — okomiku quameTpom
30 mm; W4 u W5 — oxomiku nuamerpom 40 mm; PMT — npuemMHUK U31ydeHus).

CgetoBoii myuok oT uctounuka cseta (WI, D2), npoiias cucremy oTpakaroniux 3epkain (M5S—
M9), nanpapnsieTcs B ONOPHBIA M OOBEKTHBIN KaHANbl U3MepeHuild. B 3Toil cxeme 06a CBETOBBIX

13B. BY30B. MPUBOPOCTPOEHUE. 2024. T. 67, Ne 6 JOURNAL OF INSTRUMENT ENGINEERING. 2024. Vol. 67, N 6



Hccnedosanue conoepapuyeckux mamepuanos Memooom CnekKmpaibHO20 aHAIU3A 521

Iy4yKa JOCTUTAIOT poToueKTpoHHOoro ymuoxkutens (PMT), roe B ganpHeiiem noasepratorcst oopa-
00TKe. YHUKaIIbHOCTh ONTHYECKOI CXeMBbI 3aKJII0UYaeTCsl B TOM, YTO HET HEOOXOIMMOCTH HaIPABIIAThH
O0OBEKTHBIN U OMOPHBIN CBETOBBIE MMYYKH B OIMH U3MEPHUTEIbHBIN KaHaJl. DTO MO3BOJSET YBEIUYUTh
MIPOCTPAHCTBO B KIOBETHOM OT/IE€JICHUHU, a 3HAYUT, IPOBOAUTH U3MEPEHHUS C UCIIOJIb30BAaHUEM MYTHBIX
cpen, pa3Meliasi B HeIOCPEICTBEHHOM OIU30CTH oc cBeToBbIMU okomkamu (W2, W3). Texundeckue
napametpsl criekrpomerpa UV-36001 mprBeneHbl B TaOIUIIE.

OtoT npubop npeaHazHayeH AJIS CIIEKTPAIBHOIO aHAIN3a BEIECTB B PA3JIMYHBIX arperaTHbIX
COCTOSIHMSIX U MEJIKOAMCHEPCHBIX cpell. CIIEKTPOMETP MOKET aBTOMAaTHYECKH U3MEHSTh MIUPUHY
IIEJIN, OH UMEET JIBOMHOM MOHOXPOMATOP, GOTOIIEKTPOHHBIN YMHOKHUTEIb, KOTOPBII 00pabaThiBaeT
CBETOBBIC CHUTHAJIBI B tuarazone ot 185 1o 3300 um. [IpenmymiecTBo 3Toro mpudopa COCTOUT B TOM,
YTO Y HETO 0ONbIION (POTOMETPUIECKUH TUAna30oH, 3TO TO3BOJSET UCCIEI0BATh 00Pa3IIbl ¢ BEICOKOM
useronepenauei. [Ipubop kommiekTyercs crelualbHbBIMU IPUCTABKaMH € OOJIBIIUMU KIOBETHBIMU
OT/ICJICHUSIMH, C 3ePKAJIbHBIMU OTPAXKATEISIMU U TOJISIPU3ATOPaMH, a TAKXKe HHTETPUPYIOILUMHU cepa-
Mu. CIIEKTPOMETP UMEET XOPOIIYIO CONMPSKEHHOCTH C JOTIOHUTEIBLHBIM 000pymoBanruemM ASX-280 b
ASX 560, ucnonbdyercsa nporpamma LabSolutions UV-Vis. HacTpoiiku MOKHO KOPPEKTHPOBATH ISt
KOHKPETHOTO 00BEKTa I CPEJIbl.

M3

M15
b L
InGaAs.PbS - M7 M5
| = I « M9
= T
M11 |
W | e W2W3 M6 —
M12 — o
—E—1
10 ». = "
« PMT
Puc. 1
Ornrrdeckas cxema JIBymydeBast
Monoxpomarop JBoitHoii (Ueprn—TepHepa U PeIMOHOXPOMATOP C BOTHYTOH IUdpak-
LIMOHHON PEIIEeTKOIN)
CrieKTpaibHbli 1ana3oH 185-3300 uM
Jerexrop YO/puaumblil quanazon: @Y. binxunii/MK-nuanaszon: InGaAs/ oxia-
xKIaeMbiid PbS
Iupuna menn Y®/Bunnmblii nuanaszon: §-crynenyaras ot 0,1 1o 8 HM.
bmwxanii/K-nnanaszon: 10-crynenyaras ot 0,2 10 32 Hm
CKOpOCTh CKAHUPOBAHUS 4500 um/muH (YO/BuauMbIi auana3oH); 9000 wm/muH (OmvoxHIA/ K-
nuanazon ¢ ®OVY/InGaAs); 4000 am/mun (6mmxumii/K-nuamnason ¢ PbS)
[TorpemHocTh ycTaHOBKHM JJIMHBI BOJIHbBI + 0,2 um (Y®/Bun); + 0,8 um (6mmxnnii/MK-nuanaszon)

[MorpemHocts BocnpousBogumoctu 1o mkane | £ 0,08 um (Y®/Bun); £ 0,32 um (6mxamnil/ MK-ananazon)
JUTIH BOJIH

YpoBEeHb PACCESIHHOTO U3ITy4EHHS 0,00008 % (220 uM, Nal); 0,00005 % (340 am, NaNO2); 0,0005 %
(1420 um, H20); 0,005 % (2365 um, CHCI3)

Pazmepsl mpubdopa 1020 x 660 x 270 MM

Macca 96 xr
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JKcnepuMeHTAbHbIE pe3ybTarhl. [onorpadpuueckue Gporomarepuans (IIOI-03M, UOSM,
CGH) 0bumn mpepocTaBieHsl komnanuei ,,Azumyt @oronukc’ (Mocksa).

XapaKTEepUCTUKH CIEKTPOB MOTIOHIEHHUS (OTOMATEPUATOB MPEICTAaBICHBl HA puUC. 2.
HauGomnbmiee 3nauenne koddduiperTa noromnieHus 3apeructpupobano y [IOI-03M (puc. 2, 6): kak
BUJTHO, KOO(PPUIMEHT MOVIONICHUS JOCTUTraeT Hanbobinero 3Hadenus (K = 81,4 %) npu A = 633 HM.
Hns poromarepuana CGH makcumansHoe 3Hauenue (K = 75,2 %) nocruraercs npu A = 632 HM
(puc. 2, a); s UOSM (puc. 2, ¢) mpu A = 633 um — K = 72,9 %. Takue BbicOKHE 3HaYCHUS KOAIPPU-
LMEHTOB MOIVIOLIEHUSI MOTYT ObITH 00YCIIOBIIEHBI OMJIOIIEHUEM TaJIOTeHUIaMK cepedpa U Juapui-
9TEHOM CBETOBOI'O M3JIy4€HHUs B JUara3oHe JIMH BoJH oT 620 1o 640 HM.

a) 0)
K, % K, %
80 80
40 40
o+ttt P ——tt—t——
185 585 A, HM 185 585 985 A, HM

6)

K, %

80

40

Pttt

185 585 985 A, HM

Puc. 2

[IpencraBiieHHbIE 3aBUCUMOCTH CXO0XKH, HO TOIJIONIEHHUE B JWANa3oHe JJIMH BOJH OT 255 1o
445 um paszHoe. Bugumo, 3T0 CBA3aHO ¢ pa3HOM KOHIIEHTpALKEH MONIOTUTENEH Y ToforpaduyecKux
MAaTepUaJIOB.

3akiaouenne. [lonydeHHbIe TaHHBIE CBUICTEIBCTBYIOT O TOM, YTO LIEJIECO00PA3HO 3aMKCHIBATh
1 BOCIIPOM3BOAUTH N300PKEHHUS B UCCIICIOBAHHBIX MaTepHaliaXx Ha JUIMHE BOJHBI A = 633 HM. Takum
o0pa3oMm, aHaIKU3 MOJYYCHHBIX JaHHBIX MMOATBEPIKIACT, UTO ToorpaduyecKkre MaTepuabl pasHbIX
MIPOM3BOIUTEIICH TTPUTOIHBI I ONTUYECKON 00pabOTKU 3aMrCaHHBIX HHTEphEporpamMm.
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KOMITAKTHASA YCTAHOBKA JJISA UBMEPEHUA YYBCTBUTEJIBHOCTHU NUPONTPUEMHHUKOB

A. @. Ayuies, JI. A. Ilmymenko*

Hayuno-uccnedosamensckutl uHCmMumym onmuKo-31eKmpoHHO20 RPUOOCMPOeHUs,
Jlenunepadckas obracme, Cocnoswiii 6op, Poccus
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AnHoTanus. VccienoBansl METObI U3MEPEHUS IOPOTOBOI UyBCTBUTEIBHOCTH MUPONIEKTPUUECKUX IPHUEMHUKOB, MO-
3BOJISIFOIIIIE MUHUMH3HPOBATH allapaTHbIe ITOTPEITHOCTH H3MEPEHNH. DKCIIEpUMEHTAIBHO ITOATBEPIKICHA BO3MOXKHOCTh
M3MEPEHHs! TOPOTOBOH UyBCTBUTEIFHOCTH MTHUPOIEKTPHUECCKUX TPUEMHHKOB C ITOMOIIBIO KOMIAKTHONW CXEMBI I3MEPEHHH,
coziepKaliell eIMHCTBEHHBIN ONTHYECKUIA JIEMEHT — OrpaHWYMBaroNyto auadparmy. Cxema U3MepeHHsi OCHOBaHA Ha
WCIOIBb30BAaHUH MPOCKIIMOHHON CHCTEMBI THITA KaMepbI-00CKypbl. IIpennoxkeHHast cxemMa H3MEPEHHH TTO3BOJISIET MH-
HUMM3MPOBATh OUIMOKHM U3MEPEHUH Oarogapst OTCYyTCTBHIO ONTHYECKHUX AIIEMEHTOB, HCKaKAIOIINX YHEPTeTUUECKUE U
CIIEKTPaJIbHbIC XapaKTEPUCTHKN M3ITy4EHHs, & TAK)KE OTCYTCTBHIO MCKaKEHUSI CUTHANIA IIPU PACHIPOCTPAHEHUH U3ITyYeHHs
B BO3JIyX€ 32 CUET KOMIIAKTHOCTH MU3MEPHUTEIBHON CXEMBI.

Kniouegwle cnosa: nupooemexmop, xamepa-oockypa, onmudeckoe usnyienue, mooeib abCoIOmMHO Yepro2o mead,
CUHXPOHHBLIL OeMeKmop, NOPO208Aas Yy8CMEUMENbHOCH b NPUEMHUKA

BuarogapHocTh: aBTOpHI OJIarogapsAT 3aMECTUTEN TeHepaJbHOro TUPEKTopa Mo HayyHou pabdore AO ,,HUUN ODII*,
JokTopa TexHuueckux Hayk H. M. [1aBiioBa 3a mone3Hble KOHCYIIBTAIMN B 00CYKICHHS.

Ccbuika qis uurtupoBanusi: Aywes A. ., [iywenxo JI. A. KoMnakTHas yCTaHOBKA /71l U3MEPEHUS 1yBCTBUTENILHOCTH ITUPO-
npueMHHKOB // VI3B. By30B. [Ipubopoctpoenue. 2024. T. 67, Ne 6. C. 525-532. DOI: 10.17586/0021-3454-2024-67-6-525-532.

STADIES OF MODERN PIROELECTRIC RECEIVERS AND A COMPACT DEVICE
FOR MEASURING THEIR SENSITIVITY

A. F. Aushey, L. A. Glushchenko*

JSC Research Institute of Optical-Electronic Instrumentation, Sosnovy Bor, Leningrad Region, Russia
* Gla2016@rambler.ru

Abstract. Studied methods for measuring the threshold sensitivity of pyroelectric receivers are make it possible
to minimize hardware measurement errors. The possibility of measuring the threshold sensitivity of pyroelectric
receivers using a compact measurement circuit with a single optical element - a limiting diaphragm - is experimentally
confirmed. The measurement scheme is based on the use of a “camera obscura” type projection system. The proposed
measurement scheme allows to minimize measurement errors due to the absence of optical elements that distort the
energy and spectral characteristics of radiation, as well as the absence of signal distortion when radiation propagates in
air due to the compactness of the measuring circuit.

Keywords: pyroelectric receivers, camera obscura, optical radiation, absolutely black body, synchronous detector,
receiver threshold sensitivity
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BBenenne. OgHuM U3 BaKHEHIINX HANPaBICHUH COBPEMEHHOM MPUKIIAAHON (DU3UKH ABISIETCS
co3gaHue cucteM KOHTposts TeroBu3noHHBIX (TTIB) mpubopos. HaTypHbie ucnibITaHus TaKUX MIPH-
060pOB BeCbMa JOPOTH, a OIIMOKH KOHCTPYKTOPCKUX PEIICHUH BBISBISIOTCS JIUILb HA 3aBEPILIAIOIIEM
srare. [ToaTomy TecTupoBaHUE OTJEIBHBIX Y3JIOB B JIAOOPATOPHBIX YCIOBUIX HEOOXOIUMO JIJIsl OLIEHKU
U onTUMM3anuu xapakrepuctuk TIIB-cuctem Ha sTamne KOHCTPYKTOPCKO#l mpopabotku. OqHuM u3
BaXHEHIIINX y3JI0B TaKUX NPUOOPOB SBISAIOTCS (POTONPUEMHBIE YCTPONCTBA, B YACTHOCTH, TUPOIIPH-
E€MHUKHU.

[TuposnekTpuueckre NPUEMHHUKN U3BECTHBI JaBHO, HO 3a4acCTyl0 HEJOOLEHEHbI B CHUILY He-
BBICOKOH 4yBCTBUTENbHOCTHU. [TuponpuemMurku paboTaroT B MIMPOKOM JTUAra3oHe AJIUH BOJIH — OT
ynbTpaduonera 1o nansHero MK-auamazona [1]. Kpome Toro, muposnekTpuyeckre NIPUEeMHUKH SB-
JSI0TCS HanboI1ee ObICTPOACHUCTBYIOIIMMHU U3 BCEX U3BECTHBIX TUIIOB TEIUIOBBIX PHUEMHUKOB [2, 3].
HecenekTuBHOCTD, BBICOKAsi UyBCTBUTEIBHOCTh U OBICTPO/ICHCTBUE OMPEACNAIOT OOJIbIION UHTE-
pec K MCHOIb30BAaHUIO 3TUX NMPUOOPOB, HAIPUMED, MPU U3MEPEHUH MOIIHOCTH JIA3EPHOTO U3ITY-
yeHusi. MO)XKHO OTMETHUTb, YTO CPEIU OJTHORIEMEHTHBIX HEOXJIAXKJAEMbIX TEIUIOBBIX MPUEMHHKOB
MIAPO3JIEKTPUUECKUE XAPAKTEPU3YIOTCS HAaWIydlIuMuU napamerpamu. OHU SIBISIIOTCS Jy4YIIMMU B
Kjacce HeoxJaxaaeMbix MK-nprueMHHUKOB, peBOCXOsl aHAIOTUYHbIE YCTPOWCTBA C UHBIMH MPHUH-
UIIaMU AeUCTBUS MO 3PPEKTUBHOCTH OOHAPYKEHUS MCTOYHUKA M3TyUeHUs, OBICTPOJCHCTBUIO,
HaJe)KHOCTH, MEHBIIIUM CTOMMOCTH U 3HEPronoTpedieHnto. B oHO3IeMEHTHBIX TPUEMHHUKAX YyB-
CTBHUTEIbHAS TUIOIIA/IKA, KaK MPABUIIO0, UMECT IUIONIA b opsiaka 1—3 MM?2, Trarna3oH [UTHH BOJH pe-
TUCTPUPYEMOTO U3JIYyYEHHUS COCTABIAET 3—14 MKM, JOMyCKAaeTCs MOAYJISUMS U3TyYeHUs C YaCTOTOU
10-50 I'y [4].

[TuposnexkTpuyeckrue NIPUEMHUKH YaCTO UCIOIB3YIOTCS B PAa3JINYHBIX U3MEPUTEIbHBIX CXEMaX,
B TOM YHCJIe B MPUOOpax 3apyOe’KHOro MPOU3BOJACTBA. VX MPUMEHEHHE OCIIOKHSACTCS TEM, UYTO B
JOKYMEHTAIMH yKa3aHbl OJM3KHE K MIpe/leIbHBIM IOPOTOBbIE XapaKTEPUCTUKU, HO HE IaHbI YCIOBUS
ux noxyudeHus. Tak, B macnopre MIMPOKO U3BECTHOTO TepMomapHoro usmepureis 34 ¢upmel Ophir
yKa3aH ypOBEHb IlIyMa 2 MKBT, HO peKOMEHAYyeTCsl UCIIOIb30BaTh €ro Npy NMotokax Boime 60 MkBT, a
B JJOKyMEHTaluu Ha npueMHUK UM9B-BL-L-DO ¢upmbl Gentec npuBoautcs nopor 10 HBT, uro Ha
MIPAKTHKE MOJIYYUTh OUYEHB CIIOKHO.

Psn 3apyOesxHbIX KoMnanuil, Takux kak Electro Optical Industries, Inc. (EOI, CIIA), Standa
Barbara Infrared Inc. (SBIR, CILIA) u ip. TOCTAaTOYHO TIOJTHO MPEACTABIIAIOT MPOTYKITUIO JIsI TECTH-
poBaHMs UHPPAKPACHBIX TPUEMHUKOB. B 3aBUCUMOCTH OT THIIA U3MEPSAEMBIX TapaMETPOB COBPEMEH-
Hble cTeHbI 111 TecTupoBanus MK-npuemuukos, Takue kak SBIR RTB 3000, co3maroTcs B OHOU
U3 Tpex KOH(pUrypauuii:

1) usmepeHust BeayTcs, KOTJa TeCT-00bEeKT MPOCHUPYETCSI HAa TECTUPYEeMoe (POTOMPUEMHOE
ycrpoiictBo (PITY) ¢ koHeuHoTrO pacctosiHus (B chOKyCHpOBAaHHOM ITyUKe),

2) u3MepeHus B MoToke (6e3 TecT-00heKTa),

3) uzmepenus npu OECKOHEYHOH y/IaJeHHOCTH TECTOBOTO 00BbEKTa (B KOJUNTMMHPOBAHHOM ITyd-
ke) [5].

[Ipu u3MepeHusx B MOTOYHOM PEKUME JIETEKTOP OCBEIACTCSl HEC(OKYCHPOBAHHBIM U3Ty4YCHUEM
OT BBICOKOTEMIIEPATYPHOTO MOJIOCTHOTO abcomoTHO yepHoro Tena (AUT) miu AYT ¢ npoTskeHHOM
U3ITy4areIbHOM IUI0ImaaKoi. Mi3MepeHus B IOTOYHOM PEKUME IIPUMEHSIOTCS IIPU OIPEAETICHUN SHEP-
TeTUYECKUX MapaMeTpPOB, TAKUX KaK YyBCTBUTEIILHOCTh, ITYMbI, OAHOPOAHOCTb, OOHAPYKUTEIbHAS
COCOOHOCTh M JIMHEHHOCTh. 15 onpeiesieHns: 4yBCTBUTEIIbHOCTH HCTOYHUK TETIJIOBOTO U3TY4YEHUS
ycTaHaBimmBaetcs nepen uccneayembiM OITY. B cnyuae nporsokennoro AUT doronpueMHHK ycTaHAB-
JIMBAETCS] HEMOCPEACTBEHHO IIEPEe]] U3IydareIbHO! IIJI0OLIA/IKOM, a B Cllydae MOJIOCTHOIO JUCTAHLINSA
Mexay OITY u AUT BeiOupaercs ucxoas u3 anepTypsl, u Mexxay OIIY u AUT ycranaBnmuBaroTcst
nradparmbl, MOAYJISATOPbl U ONTHYECKUE (PUIBTPHI.

YyBCTBUTEIBHOCTH IPUEMHUKA SABJISIETCS KpaliHEe BayKHBIM ITapaMeTPOM, OCKOJIbKY OHA HCIIONb-
3yeTCs JUIsl BHIUMCIICHUSI CMEKHBIX XapaKTEPUCTHK: Y/IeIbHON 0OHAPYKUTEILHON CIOCOOHOCTH U pa3-
HOCTH TeMIIepaTyp, 3KBUBaJICHTHOH 1rymy. Kak npaBuio, Ha0op cBETOMUIBTPOB MEXTy HCTOUHUKOM
U IIPUEMHUKOM M3JIyYEHUS UCIOJIb3YETCS BO BCEX U3BECTHBIX U3MEPUTEIIBHBIX CXEMAaX OIPEEICHUS
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MIOPOTOBOW YYBCTBUTEIBHOCTU (POTONPUEMHHUKOB [5, 6]. B ciyyae namepeHus HepaBHOMEPHOCTH
YyBCTBUTEJIBHOCTHU M0 IJIOLIAKe (POTOUYBCTBUTENBHOTO 3eMeHTa (PUD) ¢ nenbro ucciaenoBaHus
MO3UIIMOHHO-YYBCTBUTEIBHBIX (DOTONPUEMHUKOB, Tipu KoHTposie PITY B mpouecce U3roToBiIeHUS
HCTIONIB3YIOTCSl ONTHYECKUE 30HIbI JIJIs1 OCBEIIeHUs (DOTOMPHUEMHON Tiomanku [7-9].

B nacrosmieii pabote npeanokeHa cxeMa U3MepeHus IOPOroBOM YyBCTBUTEIBHOCTH ITUPOITIEK-
TPUYECKUX NPUEMHUKOB HA OCHOBE HCIIOJIb30BaHUS IPOECKIIMOHHOM CUCTEMBI THIIA KAMEPI-00CKYpBI
C LIEJIbIO OIPEENIEHUS PEAIbHO TOCTHKUMBIX BO3MOkHOCTEN DYUD. MICTOUHMKOM M3ITyUYEHMSI CITYKUT
AYT. [IpoeknroHHasi cucTeMa TUIAa KaMePhI-OOCKYPhl OTIIMYAETCsI BEChbMa HU3KOW CBETOCHUIION, HO
HMMEHHO 3TO CBOICTBO MOJIE3HO B PACCMOTPEHHOM CIIydae, MMOCKOJIbKY MO3BOJIAET U30exKaTh He0OXo-
JMMOCTH UCIIOJIb30BaHUs CBETOQMIBTPOB. IIpeiokeHHas 3KkciepuMeHTalbHask yCTAaHOBKA IIPUTOIHA
JUIs u3MepeHus 4yBcTBUTENbHOCTH DIIY pasnuuHbIX CIEKTPAIbHBIX AUAIIA30HOB, TOCKOIBKY €1H-
CTBEHHBIH ONTUYECKHUH IEMEHT HKCIIEPUMEHTAIbHOM YCTAHOBKU — Juadparma, KoTopas CIIyKUT U
MIPOCKIMOHHBIM OOBEKTUBOM C JIOCTATOYHO PE3KUM M300paKeHHEeM, U ocaabuTeneM ¢ KoadduireHTom
IIOJIABJICHUSI BIUIOTh 0 IIECTH MOPSAAKOB. B ontuyeckoil cxeme A1 ocaaliieHus U3IyYeHUs JOBOJIb-
HO yacto [10] npumensieTcst npomMexyTouHas quadparma, OJHAKO B MCIIOJIb30BAaHHONH HaMU CXeMe
nuadparmMa — €IMHCTBEHHBIM OMTHYECKHUM JIEMEHT, KOTOPBI HE XapaKTEPHU3yeTCsl CIIEKTPATbHOM
3aBUCUMOCTBI0. CXemMa yCTaHOBKM OTJIMYAETCs OT U3BECTHBIX [5—9, 11-13] oTcyTCTBHEM JIMH30BBIX
U 3€pKAJIBbHBIX ONTHYECKUX IEMEHTOB, HEHTPaJIbHBIX U CIEKTPAIBHBIX CBETOPHIBTPOB, ONTHYE-
CKUX 30HJI0B. DTO MO3BOJIAET M30€XKaTh BHECEHUS MOTPEIIHOCTEH, CBA3aHHBIX C HCIIOJIb30BAaHUEM
yKa3aHHbBIX ONTHYECKUX JIEMEHTOB, IIPU IPOBEIECHUH U3MEPEHHUH (EMHCTBEHHOE OrpaHUYCHHE —
mudpaxkonHslii npenen). Eciau ynaercs npenedpeus qudpaxipeii, To cxeMa CTAaHOBHTCS OU€Hb IPO-
CTOM KaK B 4aCTU SHEPIeTUYCCKUX PACUETOB, TAK U B MHTEPIPETALUU KCIIEPUMEHTAIIBHBIX JAHHBIX.
Kamepa-o6ckypa npuBiekarenbHa elie U u3-3a OTCyTCTBHS ,,(hoKanbHOM miuockocTu . [locnennee
CBOWCTBO IIO3BOJIAET PEaIM30BaTh KOHCTPYKTUBHBIE IPEUMYILECTBA IIPA IPOCKTUPOBAHNUH KaKOTO-JIN-
00 BCTPOCHHOTO YCTPOHCTBA MIIM YCTPOHCTBA B KOMIIAKTHOM HCTIOJIHEHUH.

Onucanue IKCNEPUMEHTAJIBLHON YCTAHOBKU. BHEIHUIA BU SKCIEPUMEHTAIBHON YCTAaHOBKH
C KaMepoi-00CKypoil 111 U3MEPEHHs UyBCTBUTEIBHOCTH HECEIEKTUBHBIX MPHUEMHHUKOB M3IIy4EHUS
MPEACTaBICH Ha puUC. 1, a, onTHYecKas cxema moka3aHna Ha puc. 1, 6: [ — monens AYT; 2 — orpa-
HU4YMBaroas auadparma; 3 — Moaynarop; 4 — KOHMYECKui TyOyc-0senaa; 5 — MUpONnpHEMHUK.

JOURNAL OF INSTRUMENT ENGINEERING. 2024. Vol. 67, N 6 M3B. BY30B. MPUBOPOCTPOEHUE. 2024. T. 67, Ne 6



528 A. @. Aywes, JI. A. I'ywenxo

B coorserctun ¢ TOCT 59607-2021" B KauecTBEe HCTOYHUKA M3IYUCHUSI IPH U3MEPCHUH IIIH-
POKOTO CIIEKTPaJIbHOTO JIHara3oHa BeIOMpaeTcs u3iaydareiasb B Buae moaenu AUT ¢ temmepaTtypoit
nonoctu 7= (500 £ 2), (800 £ 2), (1000 £ 2), (1273 £+ 2) K. B paccMatpuBaeMoii cxemMe UCTOYHUKOM
u3iIydeHus ciyxut moaenb AUT, cocTosias u3 HarpeBarelis 1 BHyTpeHHero konyca. OomMoTka u3
HUXPOMOBOU MPOBOJIOKH HABUTA HA KEPAMUUECKUN KOPITYC IPOBOJIOYHOTO PE3UCTOPA HOMUHATIBHOM
MotrHocTH 50 BT. BHYyTph Kepamudeckoit TpyObl BCTABJICH CTAIBHOW HUIUHIP auameTpoM 20 MM
C KOHMYECKOW MONOCThI0. L{MmuHap mporien TepMuuecKyo 00padoTKy Ha BO3AyXe A0 MOIYy4YEHHUs
MPOYHOM OKAJIMHBI. JOCTaTOYHO MUHHATIOPHBIN BapuaHT Moaenu AUT uckitodaeT BIUSHUE TIPO-
CTpaHcTBeHHOU HeoqHopoaHocTH AUYT 1 BHECEHHE AONOJHUTENBHBIX IOTPEIHOCTEN, YTO OTMEYEHO
B HEKOTOPBIX paborax [14].

[Mutranue HarpeBarens MPOU3BOAUTCS OT aBTOTpaHChopmaropa. [lpu HanpspKeHUH TOpsAKa
60 B momnocTs coctasisieT 400 Bt. [1pu sTom Temneparypa Tena Hakana coctasiisieT okoso 1000 K.
Temneparypa koHTposupyeTcs TepMonapoi. Ilepen nzmyuarommm KOHYCOM 3aKperieHa OrpaHUudU-
Baroias nuadparma quamerpom 16 mm. Mozaens AT koMIIakTHA U 3aKpeTUICHa Ha PerTepe U UMeeT
MOJIBMKKH TIO TISITH KOOPJUHATAM, YTO YIOOHO IS FocTUpOBKU. KodppuimeHT u3mydeHus: Moaenu
AYT ne menee 0,99 (kak atoro Tpedyer [OCT 59607-2021 niist Monenu B BUJIE U3ITyYArOIIETO KOHY-
ca), YTO NOATBEPKAAECTCS COBIAJACHUEM IIPUBEIECHHBIX HIDKE PE3YJIBTATOB pacyeTa U HIKCIEPUMEHTA;
ctabunpHOCTh AUT onpenensieTcst Ka4eCTBOM UCTOUHMKA MUTAHUS U YCIOBUSIMHU TEIIOOOMEHa.

Bbrok npuemMHMKa COIEPIKUT MOIYIIATOP, U3TOTOBJICHHBIN Ha 0a3e MUKPOIBUTATENS C PEAYKTOPOM
BEeNIapCKOro nmpousBoacTBa. Ha ocu 3akpermien quck ¢ Tpems jenectkamu. [Ipu HanpsbkeHun Ha
nsurarene ot 0,1 g0 2 B wactora moaynsauuu uzmensercs ot 0,2 1o 25 I'u. [luranue mukpoasurarens
MOJYJIATOpa aBTOHOMHOE, OT Oatapeu 3 B. Uactora 5 I'11, pekomeHiyemast i1t JaHHOTO MPUEMHHKA,
COOTBETCTBYeT HampsbkeHuto Ha jasurarene 0,6 B. TyOyc-Onenna konnyeckoit Gopmbl, Haubomee
3¢ (deKTUBHO 3alUINAOIIAsl KaK OT BHEIIHEro CBETa, TaK U OT KOHBEKTHBHBIX BO3JYIIHBIX TOTOKOB,
MMEeT OTBEPCTHE JUaMETPOM | MM B BepILIMHE KOHYCA, KOTOPOE ABISETCS 00bEKTUBOM KaMephl-00c-
Kypbl. TyOyc okpallleH U3HYTpU U CHapy>KU YePHOM MAaTOBOM SMaJibio U BCTABJIEH B IUTATHYIO OJEHTY
IIPUEMHHUKA, KOTOpas cama mo cede He 00ecreurnBaeT JOCTAaTOYHON 3aIUThl OTKPBITOM IUIOIIAIKN
MUPONPUEMHHUKA OT BHEIIIHUX BO3JCHCTBUM.

[lokazanHslii Ha puc. 1, a nuponpueMHuk moaenu UM9B-BL-L-DO ncnonb3yeTcs B Iape C aHa-
JI0TOBBIM ycunutenem APM(D), BbIxoa KOTOpOTo MOAKIIOUEH K mudpoBoMy octimmiorpady 7DS 2002.
JluameTp npreMHOM IJIOIIAIKK TUPOIIPUEMHUKA COCTABIIET 9 MM.

B HacTos11eM UCCIIeI0BaHUM T0JIOCA YCWIIEHUS HE OTPAHUYMBAIIACH, U CUTHAJ CUATHIBAJICS HETIO-
CpEeACTBEHHO C KpaHa ocumiuiorpaga. Temno uznyuenus monenu AUT HarpeBanocs J10 TeMIeparyphbl
750 °C (1. e. 1023 K). DTa TemrepaTrypa 1 3aJ0KeHa B YJHEPTreTUICCKUI pacueT. ['apaHTHpOBaHHBIM
CIIEKTpaJIbHBIN AMAaNa30H UCII0JIb30BaHUs IMPOIIPUEMHIUKA 3ToW Mozenu coctasisieT 0,2—20 MkM. 1o
MIO3BOJISIET B pacueTe UCHob30BaTh hopmyity Credana—bonbliMana /i S5HEpreTHYeCKOi CBETUMOCTHU
YEPHOIO Tena:

M=oT*. (1)

3neck 6 — nocrosiHHas Creana—bonbumana, 7 — temneparypa (K).
Sprocts AUT B HampaBiaeHUU TPUEMHON TuadparMbl OIpeeseTcs Kak:

LAqT = M/n. (2)

DHepreTHYecKasi CBETUMOCTD JUISl paccMarpuBaeMoro cirydast M = 6,2 B1/cM2, cCOOTBETCTBEHHO
spkocth Monenu AUT B HanpasieHHH prueMHON quadparmel Layt = 2 Br/cm2cpan.

OnTHueckas cxema U3MEPUTEIbHON YCTaHOBKH IMOKa3aHa Ha puc. 1, 6. Konnyeckas monoctsb
HarpeToro CTaJbHOTO IWIMHAPA SBISAECTCS A0CcTaToduHO Omu3kuM aHaimorom AUT. OTBepctue B Me-

*TOCT P 59607-2021. Onrtuka u hotornka. [IpreMHUKH H3TydeHHUS TIOTYIPOBOAHUKOBEIC. DOTO3IEKTpHUIeCKIe
n oronmpueMHsle ycTpoiicTBa. MeToabl M3MepeHHH (POTOTEKTPHISCKUX MapaMeTPOB U OIPEACICHHS XapaKTEePUCTHUK.
Beenen 01.03.2022. M.: Poccuiickuii HHCTUTYT cTaHaaptusanmm, 2021. 58 c.
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TAJUTMYECKON MIaCTUHE JUaMeTpoM 16 MM sBiIsieTCs 1MOJIeBOM auadparMoil U OrpaHMYUBAET MOTOK
U3JIy4€HUs] B KOHUYECKOH M0JIOCTH, KOTOpas Haubolee paBHOMEPHO HarpeTa. Jlanee uepes orBepcTHe
araMeTpoM | MM B BepILIMHE KOHYCa H300paKeHue NMoIeBo TuadparMbl mpoenupyeTcs Ha IPUEMHYIO
IUIOIA/KY TUPONPUEMHHUKA 110 IPUHIIMITY KaMepbl-00CcKypbl. PaccTosiHe OT nosneBoil quadparmsl 10
OTBEPCTHSI B BEPILIMHE KOHYCA PABHO 28 CM U OT BEPIIMHBI KOHYyCa /10 IUIOIAJKU IPUEMHUKA 14 cM,
TIPU 3TOM OCBEIIIEHHOE MATHO Ha MPUEMHOM IIJIOIIAIKe PaBHO €€ TuaMeTpy 9 MM (8 MM — pacueTHoe
reoMeTpuyeckoe n3o0paxxenne oobekTa npu OeckoHeyHOo Maloil quadparme, | MM — ymupeHue
KaMepbI-00CKypbl). MOIIHOCTh CBETOBOIO MIOTOKA, [1a1a01asi Ha IPUEMHHUK, paBHA MOIIIHOCTH, IIPO-
Xozdlel uepe3 oTBepcTue B KoHyce. IIpennoxennas cxema npencTaBisieTcs yAaqyHOU, OCKOJIbKY
JMCK MOAYJIATOPA yIaJleH OT FOpsAYero U3Jydaroliero Tena, 4ro0sl u30exars ero neperpesa. Konyc
HaWIy4lIuM o0pa3oM obpe3aeT (HOH M UCKIIOYAeT BO3AYIIHbIE TOTOKH, KOTOPHIC BBI3BIBAIOT CHJIIb-
Hble (PIyKTyalluy CHTHaJla BECbMa YyBCTBUTEIILHOIO NPpUOOpa, HE 3aILUIIEHHOro OKHOM. Cxema He
COICPXKUT ONTUYECKUX IEMEHTOB, CIOCOOHBIX BHECTH MOTPEIIHOCTH M CIEKTPaJIbHbIE HCKAXKECHUS
(J1mH3BIL, 3epkana u GuIbTphl). KOMIAKTHOCTh YCTAaHOBKH IO3BOJIIET HE TOJIBKO PACHOIOXKUTh €€ B
1r000M MOMEIIEHUH, HO U TIpeHeOpedb MOMIOMICHUEM H3IIy4YE€HHUS BO3YXOM.

DHEPreTUYECKUN pacyeT CBOAUTCS K ONPEACICHUIO MOIIHOCTH MTOTOKA, IPOXOIAILErO Yepes
nradparmy Kamepbl-00CKypbl. FICKOMBIH TOTOK paBeH mpou3BeaeHuto sipkoctu Mmonenu AUT Ha ero
IUI0IIAb (TOUHEE, IIOLIA b T0JIEBOH AuadparMbl) U Ha TEJIECHBIN yroi, Mo KOTOPbIM BUAHO OTBEp-
CTHE B 3allIUTHOM KOHYC€. MOIIHOCTD U3/1yYeHHs Ha IPUEMHUKE OIIPENENIIETCS KaK:

@y = LayrS;Q0, (3)

rae Sy — tiomans auadparmel; Q, — TEIECHBIA yroj Kamepbi-o0ckypsl. [lpu S; = 2 cm?;
Qo =9-1076 pay, MOIIIHOCTH U3JTyYEHHUS HA arlepType MpUEMHHUKa uMeeT 3HaueHne Oy = 36 MkBT.

JKcnepuMeHTAJbHbIE HCCae0BaHUs. 3HAYCHNE YYBCTBUTEIBHOCTH NMpubopa Moaean
UM9B-BL-L-DO coctasnser 14,3 MB/MKBT, COOTBETCTBEHHO OKHMJIaéMO€ 3HAUCHHE CHTHAJIA (Ha-
MpSKEHMS ), PETUCTPUPYEMOT0 Ha BbIXoze ycuiutens npuemuuka U, = 515 mB. Ociunnorpamma
MOTY4YEHHOTO0 110 ABYM BXOAaM ocLuuiorpada curnana (puc. 2) noka3blBaeT BECbMa TOUHOE COBIa/Ie-
HUE PE3YJIbTaTOB U3MEPEHHH ¢ pacueToM (M3-3a HU3KOM 4acTOThl MOAY/ISLIMU HA TIEPEMEHHOM BXOJIE
CUTHAJT HCKaXKCH).

Puc. 2

Bo03MOXHO, Takasi TOYHOCTH SIBJISICTCS PE3YJIETATOM HAJIOXKEHHUS MOTPEIIHOCTEH C pa3HBIMU
3Hakamu. OJHAKO cama dKCIIEPUMEHTANIbHASL YCTAHOBKA C TIPOSKIIMOHHON CUCTEMON KaMephI-00CKY-
PBI HACTOJIBKO MPOCTA U MPO3pavdHa, YTO TPYIHO OMIMOUTHCS KaK B pacdeTax, Tak U B H3MCPCHHSIX.
HccnenyeMblil nUponpueMHUK YyBCTBUTENIEH K BUOpallMu U akycTuueckoMmy 1ymy. Hanpspkenue
CUTHAJIa YCHJIUTEISI COACPIKUT TIOCTOSHHYIO COCTABIISIONIYI0, KOTOpasi HerpepbIBHO npeiidyert. [Tpu
Bo3/1elicTBUH Teruia (mpumepHo 36 °C) Ha KopIityc (hOTOIPUEMHOTO yCTPOMCTBA 0oJiee S ¢ MOCTOSTHHAS
COCTABIISIONIAs IOCTUTACT Mpezieiia (BBIXOAUT B HAChIIIeHHE). BO3BpaT B aKTUBHYIO 30HY TIPOUCXOIUT
yepe3 10-20 ¢, HO He Bceraa IOCTUTAeT HYJIEBOTO 3HAYCHUS.
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B pabote uccnenoBanuce mryMbl TUPOIIPUEMHHKA. B OTCYTCTBHE ONTHYECKOTO CHTHAJIA HAMpshKe-
HUE [IIyMa COCTaBJISIET OKOJIO 8§ MB, 4TO COOTBETCTBYET MOIIIHOCTH U3TyUYEHHS Ha allepType MPUEMHHUKA
0,5 MxBT. Illym peructpupoaicsi 6€3 moCTOSTHHON cocTaBisitomieid. PacdeTHast MOIITHOCTh CBETOBOTO
MOTOKA B ATO KOMITOHOBKE, KaK yKa3bIBaJIOCh BhIIIE, cocTaBisieT 36 MKBT. MI3Mepenus nokasaiu Be-
nuanHy 35 MKBT nipu oTHOMmIeHHYU curHan/mym 70, mepecyuTaHHast MOIIHOCTh IIIyMa COOTBETCTBYET
0,5 MkBT, 4uTO TOpa370 BHINIE 3aABJICHHOTO MTOPOTOBOTO 3HAUCHMsI MOIHOCTU. OOHApY)KEHHOE He-
COOTBETCTBUE CBA3aHO C IIMPUHOM IOJIOCHI IIPOIYCKaHUA B CXEME PETUCTPaLluK CUrHazia. B 3Ton xe
CXeMe IpH ToH ke MomHOCTH u3nydenus AT npoBeneHo cpaBHeHHE ¢ TpueMHUKoM 34 dupmbl Ophir.
Pa3mepsl mpueMHBIX TUIOMIAI0K ATHX MPUEMHHUKOB MIPAKTHYECKH OJMHAKOBBL. Pa30poc momy4eHHbIX
M3MEpUTENBHBIX TaHHbIX 10 50 %. Tonbko myTem ycpeanenus 1o 30 n3MepeHusIM MOJIy4YeHO 3HAYCHHE
curHana B 30 MxBT. B pe3ynbrare usmMepeHuii O C/ieaH BBIBOJ, YTO YPOBEHB IITyMa MUPOTPHUEMHUKA
UM9B-BL-L-DO uuxe, yeM ypoBeHb IityMa npueManka 34 ¢upmsl Ophir ne menee yem B 30 pa3.

B pabore Takke uccienoBanach 3aBUCHMOCTh CUTHAJIA IPUEMHUKA OT YaCTOThI MOAY/smu. [Ipu
yBeJIn4eHUU 4acToThl ¢ 5 10 20 'ty curnan ymensmaercs ot 1 10 0,65 o. e. Pe3ynsrar MOXXKHO CUMTaTh
YAOBIETBOPUTEIBHBIM, YUYUTHIBAS PE3KHIA POCT IIyMa B 001aCTH HU3KUX YaCTOT, KOTOPHIE MOTYT OBIThH
OTpe3aHbl AKTUBHBIM (PUIBTPOM HMXKHHUX YACTOT, YTO YJIYULIUT OTHOUICHHE CUTHAJI/IITYM.

[Ipu 06paboTKe cUrHaia MepeMeHHOr0 TOKa BO3MOYKHO CY3UTh MOJIOCY MPOIYCKAHHS U UCIOb-
30BaTh CXEMY CMHXPOHHOT'O JETEKTUPOBAHUS, YTO MO3BOJIUT HA NMOPSAIOK YIYUIIUTh ITIOPOrOBbIE Xa-
paKTEepUCTUKH MPUOOPA, MPUOIH3UB UX K JeKiIapupyemMomy 3HadeHuio 10 HBT as nuponprueMHuKa
monenu UM9IB-BL-L-DO. C tepmodnekTpudeckum usmepurenem 34 dbupmel Ophir Takux XapakTe-
PHUCTHUK JOCTUYb HEBO3MOXKHO M3-3a OOJIBIION HHEPLIMOHHOCTH ITpubopa.

C uenbio noxy4yeHus pes3ylipTara, OJM3KOro K 3asBJICHHOW MPOU3BOJUTENIEM BEIUYMHE, Oblia
BBITOJIHEHA JOPAa0OTKa yCTAaHOBKH ITyTEM HUCIIOIBb30BAHMSI CXEMbl CHHXPOHHOTO JIeTekTopa. B kadecTBe
MCTOYHHKA U3TYUYCHHSI UCIIOIB30BAJICA MPOTSKEHHBIN HCTOYHUK U3ITy4eHUs!, 00J1a1al0luil XOpoLIe
TEeMIIEpaTypHOU CTaOUIBLHOCTBIO (IUIacTUHA, HAarpeTas 1o temneparypsl 32 °C). B skcnepumente
HCTOYHUK MEPUOINYECKHU MTOMEILAJICS Mepe]l MOAYISATOPOM, B HEOCPEACTBEHHOM OIM30CTH OT (HOTO-
MIPUEMHUKA, YTO MO3BOJISIIO CHU3UTH BIMSHUE KOHBEKTUBHBIX TOTOKOB BO3AyXa. CUTHAJIbI yCUIIATENS
Y CHHXPOHHOTO JIETEKTOpa IOKa3aHbl Ha pUC. 3.

Puc. 3

Ha ocmmnorpamme mpezcTaBieHa 3alKch IIyMOBOM J0pokku ycunutens APM(D) n BbIxoa-
HOTO HalPsHKEHUs1 CHHXPOHHOTO JieTekropa. Ocuuiuiorpad paboTall B pekuMe CaMOIUCIIa, CKOPOCTh
3anucu 0,1 nen/c. Curnan npueMHUKa Hepa3InduM B Irymax. Ha 3aBeiomo 0osbIioM curxaie Obuia
IIPOBE/IEHA KaIMOpOBKa CUHXPOHHOIO JETEeKTOpa. M3MepeHHas pa3HOCTh HaIPSKEHUI coCcTaBUIIa
10 MB, uro cootBercTByeT 220 HBT. OTHOIIEHNE curHan/mym — B npefenax 6—10. Takum o6pazom,
IIyM CUTHaJIa COCTaBWI 22—36 HBT, uTo SIBJISIETCS 3apEruCTPUPOBAHHBIM TIOPOTOM YyBCTBUTEILHOCTH
IIPUEMHHKA C CHHXPOHHBIM JIETEKTOPOM, JOCTUTHYTHIM B OIIMCAHHOM DKCIIEPUMEHTE.

CHUHXpOHHBIN JETEKTOP BBIIMOJIHEH HA CIIBOCHHOM oneparimoHHoM ycunutene (OY) OP295 no
cXeMe JBYXIOoNIynepruoaHoro aszosoro aerekropa. Ha Btopom OY MuKpoCXeMbl COOpaH yCHIINTEINb
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MTOCTOSTHHOTO TOKa ¢ ko3 dunmentom ycunenus K = 10, mMOCKONbKY HAIMPsDKEHUE [ITyMa CHHXPOHHOTO
JIETEKTOpa HEBO3MOXKHO U3MEPUTH HemocpeacTBeHHO octmiorpadom 7DS 2002. B kauecTBe kitodya
WCIIOJIb30BaH ,,WJICabHBIN KIIF0Y HAa TEPKOHE, YIPABIISEMbI MarHUTaMH, YKPEIUIEHHBIMH MTOMIAPHO Ha
JeTiecTKax Iucka Moayasitopa. Yactora Moy siiiuu coctaBuiia 5 I'Il; mocTossHHAS BpEMEHU MPOCTOTO
uHTEerparopa — 2 c.

DKCHEPUMEHT MOATBEPANI XOPOLINE SKCIUTyaTallMOHHbIE XapaKTEPUCTUKH MUPOIPHUEMHUKA
UMY9B-BL-L-DO. OnHako u3-3a BEICOKOW YYBCTBUTEIBHOCTH K MMOMEXaM OBLIIO TPYAHO JTOOUTHCS
CTaOUIIBHBIX PE3yJIbTaTOB U3MEPEHUN. AHAIIN3 PE3yIbTaTOB AKCIIEPUMEHTA MOKa3aj, YTO ONKCaHHAas
cxema 3apeKOMEH/I0Baa ce0sl Kak MPOCTON M HaJISKHBIM HHCTPYMEHT ISl pealIi3aIliy IKCIIPEeCC-METO-
Jla U3MEPEHUs UyBCTBUTEILHOCTH HECENIEKTUBHBIX TPUEMHHUKOB U3Iy4yeHus. B paboTe mpencraBieHbl
pe3yJIbTaThl UCCIEAOBAHUM MOPOTOBBIX XaPaKTEPUCTUK MUPOIIEKTPUUECKUX MTPUEMHHUKOB C LIEIBIO
OTIPENICNICHHS PEeabHO JTOCTH)KMUMBIX BO3MOXKHOCTEH MpUOOPOB B HOPMAJIbHBIX KIMMAaTHYECKUX
YCIOBUSIX. YCTAHOBIIEHO, B YACTHOCTH, UTO 3aJI€KJIAPUPOBAHHBIE U3TOTOBUTENIEM XapaKTEPUCTUKHU
npueMauka UMYB-BL-L-DO MOTyT OBITh TOCTUTHYTHI JIUIIH TTPU UCTIOIB30BAHUH CXEMbI CHHXPOH-
HOT'O JICTEKTUPOBAHUS.

3akiarouenue. B pabore skcriepuMeHTaNbHO MOATBEPAKIEHA BO3ZMOXKHOCTh U3MEPEHHS IIOPOro-
BOM 4yBCTBUTEIbHOCTU MUPOAIEKTPUUECKUX TPUEMHUKOB B HOPMAJIBHBIX KIIMMATUYECKUX YCITOBUSIX
C MOMOIIBIO MPEITIOKEHHON KOMITAKTHON CXEMbI U3MEPEHUM, COIeprKallled €eAUMHCTBEHHBIN ONTHYE-
CKHU 3JIEMEHT — OrpaHuuYuBaIyto auadparmy. Cxema u3MepeHUss OCHOBaHA Ha WCIIOJIb30BaHUU
MIPOEKIIMOHHON CUCTEMBI THIa KaMepbl-00cKyphl. [Ipennokennas cxema U3MEpEeHU OTINYAETCA
MpeeTbHON MPOCTOTON U TIO3BOJISIET MUHUMU3HPOBATH OIIMOKY U3MEPEHUI OIaroapst OTCYTCTBHUIO
OINITUYECKUX AJIEMEHTOB, HCKaXKAIOIUX SHEPTETUYECKHE U CIIEKTPAJIbHBIE XapaKTePUCTUKU U3ITyUEHHUS,
a TaK»Ke OTCYTCTBUIO UCKaXKEHUsI CUTHAJIA MPU PACIPOCTPAHEHUHU U3ITYUYECHUSI B BO3/IyX€ 32 CUET KOM-
MAKTHOCTH U3MEPUTEIBLHON cXeMbl. K BaKHBIM CBOMCTBAM MPEIOKEHHOM CXEMBI OTHOCSITCS IOCTPOE-
HUE H300paKeHUsI C OTHOBPEMEHHBIM ITO/IaBIIEHUEM CBETOBOW MOIIIHOCTH HA HECKOJBKO TIOPSIKOB
IIPU OTCYTCTBUH CHEKTPAIbHOM 3aBUCUMOCTH U BO3MO)KHOCTh M3MEHEHUS MacilTada n300paxeHus
MIPOCTHIM MEepeMENIeHHEeM qruaparMbl MEXKIy HCTOUHUKOM CBETA M IIPUEMHUKOM.

[IpennoxkeHHast KOMIIAKTHAsI CXeMa U3MEPUTEIbHON YCTAaHOBKU aKTyasldbHa JAJis peainu3aluu
JKCIPECC-METO/IA ONPEAEICHUsI TOPOrOBOM YYBCTBUTEIBHOCTH MUPONPUEMHUKOB. Pekomenayercs
HCIIOJIb30BATh €€ B CIy4Yae OTCYTCTBHS SKCILTyaTallMOHHOW JOKyMEHTAaluu (Macrnopra), 4To 4acTo
MMEET MECTO IJIs U3JENUid 3apy0eKHOTO MPOU3BOACTBA. 3HAHUE TTOPOTOBOM YyBCTBUTEIBHOCTH
MIPUEMHHKA U3Ty4YEHHsI KpaiiHe Ba)KHO Ha MPeIBapUTEIbHOMN CTaluu MPOEKTUPOBAHUH U3MEPUTEIbHBIX
prOOPOB M CTEHAOB, KOTJ[a OTCYTCTBYIOT CIICIIMATU3UPOBAHHBIE METPOJIOTHUECKIE U3MEPUTEIILHBIC
YCTaHOBKH.
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PA3BPABOTKA IIIAPUKOBOI'O PACXOJIOMEPA JIEKTPOITPOBOJTHOM KUJIKOCTH

P. P. CaabikoB*, III. C. Cadunos, B. X. flcoBeen

Yumckuii ynusepcumem nayxu u mexmonoeuii, Pecnyonuxa bawxopmocman, Ypa
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AnHotanms. [IpeacraBieH BapHaHT MAPUKOBOTO PACX0IoMepa MEKTPOIPOBOTHOM JKUAKOCTH € YETHIPbMS IEKTPOIAMH U
OayaHCHOM cXeMo¥, obecreurBaronel NCXOJHOE paBHOBECHE CXEMBI ITpeodpasosarest. [IpencraBieHsl pe3ylibTrarhl OMbIT-
HO-KOHCTPYKTOPCKHX PadoT 10 CO3AaHUIO MAPUKOBBIX PACXOJJOMEPOB EKTPONPOBOJHOM KUAKOCTH, TIPEHAa3HAYEHHBIX
JUISL CPEJICTB aBTOMATH3aIM1 IPOU3BOJICTBEHHBIX MPOIIECCOB U COLMAIBHON C(epbl SKOHOMUKH, — OCOOCHHO MEepCIeK-
THUBHO HCIIOJIb30BAHUE TAKMX PACXOZOMEPOB B TEINIOIHEPTETHKE, B MUIIEBOH M (papMalleBTHIECKON MPOMBIIIIICHHOCTH.
Pa3paboTaHHbIE MIAPUKOBEIE PACXOOMEPHI AIEKTPOIIPOBOAHO )KUIKOCTH 001a1a10T OOIIINM KOHCTPYKTHBHBIM TIPH3HAKOM.
B HUX HCTIONB3YIOTCS MIAPHK C HYJIEBOH IUIaByYECTHIO B KMIKOCTH M BUHTOOOPA3HBIN CTPyECHANPABILIIONINN ammapar ¢
COOCHO PacIIOJIOKEHHBIM KOJIBIEBBIM KaHaoM. KoH(HTypamus cTpyeHapaBIIsSioIIEero anmapaTra ClIpoeKTHPOBaHa TAKUM
00pa3oM, 4T0ObI MUHUMH3HPOBATh MTOTEPU SHEPTHH ABMKYIIEHCS JKHKOCTH M TIPEIOTBPAILATh CPBIBBI U 3aBUXPEHUE SKU]I-
KOCTH TIPH BXOJI€ B KOJIbLIEBOM KaHaJ. DJIEKTPOHHAs CXeMa EPBUYHOTO ITPeoOpa3oBaTesls pacxoa reHepUpyeT BBIXOIHON
cUrHai B (OpMe YaCTOTHI CIICOBAHNS IPSAMOYTONBHBIX HMITYTbCOB, TPONOPIIMOHATIHHON BETHUNHE pacxo/ia >KUAKOCTH.

Kniouegwvle cnosa: pacxooomep, nepsuynsiii npeobpazosamenb pacxood, WapuKogulil pacxooomep HCUOKOCMU,
CMPYEHAnPagIAIoWULl ANNapam, OnepayuoHHbLIL YCUIumenb, KOMNApamop, OANaHCHAs cXeMd, MOCIMO8As cXeMa

Ccpbuika pist uurupoBanusi: Caovikos P P, Cagunos I, C., fcosees B. X. Pa3paboTka IIapuKOBOTO pacxojomepa
IEKTPONPOBOAHOM skuakocTH // M3B. By30B. [Ipubopoctpoenue. 2024. T. 67, Ne 6. C. 533-541. DOI: 10.17586/0021-
3454-2024-67-6-533-541.

DEVELOPMENT OF A BALL FLOW METER FOR ELECTRICALLY CONDUCTIVE LIQUID
R. R. Sadykov*, S. S. Safinov, V. K. Yasoveev

Ufa University of Science and Technology, Ufa, Republic of Bashkortostan
*srr-91@mail.ru

Abstract. A variant of a ball flowmeter of an electrically conductive liquid with four electrodes and a balanced circuit is
presented, which ensures the initial balance of the converter circuit. Results of development work on the creation of ball
flowmeters of electrically conductive liquid intended for automation of production processes and the social sphere of the
economy are presented - the use of such flowmeters in heat power engineering, the food and pharmaceutical industries
is especially promising. The developed ball flowmeters of electrically conductive liquid have a common design feature.
They use a ball with zero buoyancy in a liquid and a helical jet guide apparatus with a coaxially located annular channel.
The configuration of the jet guide apparatus is designed in such a way as to minimize energy losses of the moving fluid
and prevent breakdowns and turbulence of the fluid at the entrance to the annular channel. The electronic circuit of the
primary flow transducer generates an output signal in the form of a rectangular pulse repetition rate proportional to the
liquid flow rate.

Keywords: flow meter, primary flow converter, ball flow meter, jet guide vane, operational amplifier, comparator, balanced
circuit, bridge circuit

For citation: Sadykov R. R., Safinov S. S., Yasoveev V. K. Development of a ball flowmeter for electrically conductive liquid.
Journal of Instrument Engineering. 2024. Vol. 67, N 6. P. 533-541 (in Russian). DOI: 10.17586/0021-3454-2024-67-6-533-541.

B ycnoBusix yBennueHus: YUCIEHHOCTH HACEJIEHUs 3EMJIU U HCTOLLEHUS BOAHBIX PECYPCOB IIPU
7100a71bHOM TOTEIUVIEHUH U TOTAJIbHOM 3arps3HEHUH OKpYXKaromiei cpesbl OBITOBBIMHU U MPOMBILI-
JICHHBIMU OTXOJIaMU OCTPO BCTAeT 3ajJlauya yuyeTa MoTpeOaeHus BOAbl Kak B COLMAIbHOU chepe u
JKUTHITHO-KOMMYHAJIBHOM X035 CTBE, TAK ¥ B IPOMBIIUIEHHOCTH U DJIEKTPO- U TEIIOYHEPTETHKE .

* MdepepanbHbiii 3akoH Ne 28-D3 ot 03 ampens 1996 r. ,,00 sneprocoepekeHun™ (¢ UI3MEHEHUSIME OT 5 arpers
2003 1., 18 mexadpst 2006 r.); DeaepanbHbiii 3akoH 0T 23 HOs0ps 2009 . Ne 261-D3 |00 3HEProcOSPEKEHUH U O TIOBBI-

[ICHUU SHEPreTUYCeCKOH 3(p(HEKTUBHOCTU M O BHECCHUU M3MEHCHHU B OTICIbHBIC 3aKOHONIATEIbHBIC aKThl Poccuiickoit
Oenepanuu’, cT. 5, 1. 2.
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Jlis yaeta notrpeOineHus BOAbI U BOASIHOTO HOCUTEIS TeIjIa B CUCTEMaX TEIJIOCHAOKEHHUsT MO-
I'YT UCIOJIb30BAaThCA PACXOIOMEPHI Pa3IMYHOIO TUIIA, HAIIPUMEpP, TypOUHHBIE, 3JIEKTPOMarHUTHEIE,
BUXPEBLIE U YJIBTPA3BYKOBEIE .

OZIHAaKO M3BECTEH €lIe OJMH THI PACXOJOMEpa KUAKOCTH — IIAPUKOBBIN [ 1], KOTOpBIA HE
HAaIIIeJl CBOEr0 MECTa Ha PhIHKE HH B COIMANIbHO-OBITOBOM, HA B TIPOMBIIIICHHOH chepax SIKOHOMHU-
KM, UCKIII0Yasi MX OTPaHUYCHHOE MCITOJIb30BAaHUE B TEILJIO- M AMEKTposHepreTuke [2]. B Vdumckom
YHHUBEPCUTETE HAYKH U TEXHOJIOTUH BOSHHUK BOIIPOC: MOXKET JIM IIAPUKOBBIN pacX00Mep PaCIIuPHUTh
cthepy nmpumeHeHus [3] B MPOMBIIIJIEHHOCTH U, OTTECHUB PACXOOMEPHI APYTHX THUIIOB [4], IpexIe
BCETO, 3apy0eKHOT0 MPOU3BOJICTBA, YTO B MOJTHON MEpE COOTBETCTBYET TPEOOBAHHSIM UMIIOPTO3aMe-
meHus B 9koHoOMUKe Poccun [S]. AHanu3 pelHKa Aa€T MOJOKUTEIbHBIA OTBET, HO IIPU YCJIOBUH, YTO
[IAPUKOBBIC PACXOIOMEPHI [0 TOUHOCTH U3MEPEHUS PACX0/ia )KUIKOCTU HE YCTYIAIOT APYTUM THIIAM
pacxoI0MepoB, a Mo JMHAMUYECKOMY auarnazony u3MepeHust (Omax/Omin, T1€ O — pacxoj )KUIKOCTH)
1 ce0eCTOMMOCTH U3/ICNIUN B YCIOBHSIX CEPUITHOTO MPOU3BOICTBA 3HAYUTEIIHHO HX MPEBOCXOSAT [6].

AHanu3 uHbOpMalKK O IPOAYKIMH OTEYECTBEHHBIX U 3apyOeKHBIX MPOU3BOAUTENEH pacxo-
JIOMEPOB U CYETYUKOB KosindecTBa >KuAKocTH (AO ,,Ap3amacckuii mpruOOpPOCTPOUTENBbHBIN 3aBOJ ",
r. Ap3zamac; 3A0 ,,TermmoBonomep®, . Mertuimm; OOO HIIO ,,Hayka“, Ye6okcapsr; 3A0 ,,B3nét*,
Cankr-IletepOypr; AO ,,Merpan®, Yena6uunck; OOO ,Tepmorponuk*, Cankr-IletepOypr; 3A0
»JIEKTPOHHBIE M MEXaHUYECKUE U3MepuTeNbHbIe cucteMbl, Uensonunck; OO0 ,,I'eonuuk’, MockBa;
AO ,JUIT® CubHA", Tromenn; OO0 ,,DHepreruka‘, Mocksa; [TAO ,,.3aBog Crapopycnpubop®,
r. Crapas Pycca; KROHNE Messtechnik GmbH, I'epmanust; Siemens AG, I'epmanus; ABB Automation
Products GmbH, I'epmanusi; Yokogawa Electric CIS Ltd., SIimonus; Schlumberger NV, Schlumberger
Limited, CHIA u ap.) MO3BOIWI BEIYUCIUTH KOAPGUIIUESHT MPUBIICKATSILHOCTH JIJIsI TPOMBIIILIIEHHO-
CTH U COIMAJILHOM 00JaCTH SKOHOMHUKHU U3BECTHBIX TUIIOB PACXOAOMEPOB KHUIKOCTH:

KH:_a

rae JI — munamudeckuii auanazon m3MepeHus (1 = Omax/Omin), C — oTIyckHas 1ieHa uznenus (pyo.),
I1 — nonmyctumasi mpuBeieHHas orpeHocTs u3mepenus (%) [6].

Ha puc. 1 B Buze nuarpaMMbl peCcTaBIeHbl 0000IIeHHbIE 3HaYeHHS KOdhdUIleHTa IpuBIe-
KaTeIbHOCTH Kj; pa3IMUHbBIX TUIIOB pacxonomepoB tunopazmepa Jy < 40 mm [6].

Ky
12

12,6

2.42
% 0,055

4

%
%
.
.
|
%

Puc. 1

Pe3ynbrarel aHanM3a napaMeTpoB U CTOMMOCTH PacXoAOMEPOB POCCHICKOTO U 3apyOeHOro
IIPOU3BOZCTBA SBUJIMCH MOOYAUTENIBLHBIM (PAKTOPOM JUIsl pPa3pabOTKU IIAPUKOBBIX pacxoioMepoB. bouin

*TOCT 15528-86. CpencTBa u3MepeHHIA pacxoia, 00beMa FITH MaCChI MMPOTEKAIONTNX KUAKOCTH U Ta3a. TepMuHBI
U OIIPE/ICIICHUSL.
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pa3zpaboTaHbl TPU THUIMA MIAPUKOBBIX PACXOJOMEPOB KHUAKOCTHU: JIJISl AIEKTPOMPOBOIHON KUAKOCTH,
JUTSL TIPO3PAYHOMN KUJAKOCTH U IS JTH000H KUIKOCTH (3JEKTPOIPOBOAHOM U HEAIEKTPOIIPOBOTHOM,
MIPO3PAaYHOIl U HETIPO3PAYHOM ).

B nacrosieit cratbe npecTaBieH OAUH U3 BApUAaHTOB KOHCTPYKLIMU ILIAPUKOBOTO pacxofoMepa
JIEKTPONPOBOAHOMN KUJIKOCTH.

[[TapukoBbIN pacxoaoMep ANEKTPOINPOBOIHOM KUAKOCTH COCTOUT U3 THIPOMEXAHUYECKON YacTH
1 3JIEKTPOHHOTO TIpeo0pa3oBaTesi YaCTOTHI BPAIICHUS [IAPUKa, BHITIOTHEHHOTO U3 TUAIEKTPUIECKOTO
MaTepuaia ¥ UMEIOIIETO TJIaByuYeCTh B H3MEPSIEMOM KUIKOCTH, OJM3KYIO K HYJEBOH [7], B yacToTy
BBIXO/IHOTO HAIPSKCHMUSL.

B VHuBepcutere Ha Ha4aIbHOM 3TaIrle UCCIEN0BaHUI ObLIN pa3paboTaHbl U U3TOTOBJIECHBI IIAPH-
KOBBIE PacX0J0MEpbI JKUIKOCTH ¢ IBYMs [ 7] 1 Tpems [8] anekTpoaaMu 35eKTpOHHOTO peoOpazoBaTes
yeThipex Tunopasmepon (y-12, y-25, 1y-30 u [dy-40), KoTOpble MOT0KUTEITHHO 3aPEKOMEH 10BATH
ce0s pU HATYPHBIX UCIIBITAHHSIX B [OCYIapCTBEHHOM PETMOHAILHOM LIEHTPE CTaHIapTU3AINH, ME-
TpoJioTUH M uctbiTanuii uM. A.M. Myparmuna (Pecnybonuka bamkoprocran). DT KOHCTPYKIIHH, C
JBYMsI U TPEMsI DJIEKTPOAAMH, UMEIOT OOIIUN HETOCTATOK, POSIBISTFOIIUNACS TIPHU OOJIBIINUX PacXoax
KHUJKOCTH U CHIDKAIOLIUN MaKCHMaJbHO BO3MOXHBIA U3MEPSIEMbIN pacxos *KHUAKOCTH — ,,0lPOKH-
JbIBaHNE" BBIXOAHBIX UMITYJIbCOB U MIOCIENYIOIIEE UX ,,cunanue’ [9].

3arem ObLIT pa3zpaboTaH M M3TOTOBJICH IIAPUKO-
BbII pacxoznomep turnopasmepoM y-50 ¢ ueTripex-
AJIEKTPOJHON AIEKTPOHHOMW YacThiO (pHUC. 2), U3TO-
TOBJICHHBIN IIPU MOMOIIU aJAUTUBHBIX TEXHOJIOTHI
(3D-neyars no TexHonoruu FDM).

l'unpomexanuyeckas 4yacTh IIAPUKOBOTO Pacxo-
JIoMepa EKTPOIPOBOTHOM KUIAKOCTHU (pHUC. 3) BKITIO-
yaeT B ce0sl MUIUHAPUIECCKUIN KOpITyC /, M3rOTOBJIe-
HBIN U3 JUAJIEKTPUYECKOr0 MaTepuajia, Takoro Kak
CTEKJIO, TJIacTMacca WJIM KOMIO3UTHBIM Marepua.
BuyTpu kopryca pacnoyioKeH CTpyEHaINpaBIISIFOLINANA
anmnapar 2 co crynuueit 3 [10]. BeinonHeHHbIH U3 1u3-
JIEKTPHUKA MAPHK 4 00JIaaeT HYJAEBOM TJIABYYECTHIO B
YKHUJIKOCTH ¥ CBOOOTHO BpaI[aeTCs B KOJIBIIEBOM KaHa- Puc. 2
ne, 00pa30BaHHOM BHYTPEHHEH MOBEPXHOCTHIO KOJIb-
LIEBOT'0 KaHaja Kopryca / ¥ BHEIIHEW MOBEPXHOCTHIO
ctynuubl 3. KpoMe Toro, BHyTpHu Kopiiyca I cumMme-
TPUYHO OTHOCHUTEIIbHO TPACKTOPUU JBUKECHUS 11apa
4 pa3MenieHbl YeThIpe dJIeKTpoaa: Ii, Iz, I3 U 4.

CrauumoHapHblid OTHOCUTEIBHO Kopiryca / cTpye-
HanpapJAOIUN annapar 2 COCTOUT U3 HECKOJIbKHX
JonacTei, COpOeKTUPOBAHHBIX TakuM obpaszom [11],
YTOOBI ITPEOOPa30BaAHUE BXOIHOTO JIMHEHHOTO TIOTOKA
YKUJIKOCTH BO Bpallarouiics notok [12] npoucxonuio
0e3 roTepy CKOPOCTH B 00pa3oBaHMs 3aBUXpeHuii [13].

Paccrosinue mexay anexkrtpogamu J1 U Jp, 93 U
D4, D1 1 D4, D7 ¥ D3 OIMHAKOBO, OHHU Pa3MEILICHbI Ha
Kopiryce / TakuM 00pa3oM, YTOObI TPAEKTOPUS JIBHKE-

HalpaBJICHNUEC
HMs Iapa 4 JIeJIMIa PaCCTOSTHAS MEK Ty dJIEKTPOIaMU THOTOK, KETROCTH

Do 1 D3, D1 U D4 HA /IBE paBHbIC YACTH. | I i -

Ha puc. 3 nokazano, 4yto map 4 Bpaiaercs mo CINCH
4aCOBOM CTPEJIKE OTHOCUTENILHO BXO/1a PacxoJoMepa.
CHaualia OH MPOXOUT MEXIY dIEKTPoJaMu IJp U I3,
a 3aTeM — MEXKY JEeKTpoJaMu D1 U . Puc. 3
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Iy DneKTpuYecKas 4acTh LIAPUKOBOTO pacxojomMepa
R; KHUJIKOCTH, N300pakeHHasi Ha puc. 4, COCTOUT U3 YEThI-
pex AMEKTPOJOoB D1, D2, I3 U D4, TPEX pe3UCTOPOB R, R
R R, U R3, NCTOUYHMKA CTAOUIILHOTO MUTAIOIIETO HAMPSKECHUS
3y Ra 3 DAl Uy, a TakKe UHTErPalIbHOTO ONIEPALMOHHOIO YCUIIMTEISA
== T, > R, (OY) DA1, paboraromiero B KauecTBe OJHOTIOPOTOBOTO
‘U = KOMIIaparopa.
2 '_? o
R U B GanmaHcHO# cxeMe MEXITy IEKTpoiaMu D1 U Dy,
2 BBIX

| o =5 o | D1 u D3, Dy u D3, Dy U Dy ¢ pesucropamu Ry, Ry u R3
s % _:U n BKJIFOYEHBI CONMPOTUBJIEHUS JICKTPONPOBOAHOM KU I~
- KOCTH Ry U Ry>. MocCTOBas cxeMa IHMTAaeTCs cTadu-
HATpABNCHHC JM3UPOBAHHBIM HanpsokeHneM Uy, Beixomaoe mudde-

4 IBUKEHUS p p - A A
KUIKOCTH U 1Iapa PEHLMAIBHOE HAINPSKEHUE 3TOTO PE3UCTUBHOTO MOCTA
Pue. 4 MOJIKJII0YAETCs] K HEMHBEPTUPYIOLIEMY U UHBEPTUPYIO-

uc.

memy Bxogam OY DA1, koTopslii ipeHa3HaYeH AJisi HOp-
MHPOBAHUS BBIXOJHOTO HANpPsKEHUs Uppx [MAPUKOBOTO
pacxonomepa [ 14].

OV DA1 pabotaeT ¢ 0JHOMOSIPHBIM HCTOUHUKOM TtuTanus Uy. Ecnu BxonHoe nuddepenmais-
Hoe HanpsukeHue Uy 5 = Uy — Up 6ombiue Uy/ky, rae ky — kod(pQUIUEHT yCHIEHHUS TI0 HAIIPSKEHUIO
JUISL JAHHOTO THUIa HHTErPajIbHOIO ONEPalMOHHOTO YCUIIUTENS, TO BEIXOJJHOE HaNpsKeHue npeolpa-
3o0Batens pacxonomepa Ugyx OyaeT MaKCUMaIbHBIM, T. €. Upyx max. Y MHTETPAIBHBIX OMIEPAIlMOHHBIX
YCUIIMTENIEH 3HaUYEHUE Ky OOBIYHO COCTABIAET NECATKU UM COTHU THICAY. JTO O3HAYAET, YTO CHIHAIL,
MU3MEPSIEMbI MEXAY IEKTpolaMUu D1 U D2, MOXKET UMETh OYEHb HU3KUM YPOBEHb HANPSLKEHUS, Ha
YPOBHE MHJUIMBOJIBT. MaKCHMaJIbHO BO3MOKHOE BBIXOJTHOE HAIPSIKEHUE HHTETPAILHOTO OIIEPALIMOH-
HOT'O YCHJIUTEJSI MOJIOKUTEIBHON MOISIPHOCTU MPUMEPHO PaBHO Upyix max = Un — 0,6 B. Eciiu BxonHoe
HanpsbkeHue OY DAy Ugx ; = Uy — Uy MeHblie Hyns (OTpULATEIbHOE), TO BBIXOJHOE HAIPSKEHHUE
Upyix IPH OJTHOTIONSIPHOM DJIEKTponuTanuu OyaeT menbine 0,6 B, 4To ABIsSeTCS HU3KUM yPOBHEM
BBIXO/IHOTO CUTHAJIA.

[ToacTpoeunslit pe3ucTop R3 MCIONB3YyEeTCs IS KaTUOPOBKU CXEMbI B UCXOJHOE COCTOSIHHE,
KOr/la MapuK 4 HaXOAUTCSI HEMOJBUKHO B OOJACTH KOJIBLIEBOTO KaHaja, POTHUBOMOIOKHON 3JIEKT-
poliaM. DTO YUUTHIBAET PEaIbHbIE PACXOXKIACHHS B COIPOTUBIECHUAX MTPOMBIIIIEHHO TPOU3BOAUMBIX
pe3ucTopoB R U Ry, a TakKe CMEIICHUE HYJIS BBIXOAHOIO HANPSKEHUs ONEPALlMOHHOTO YCHIINTENSA
(mpu Uy = Uy Upyix # 0).

C nOMOILIBIO MTOACTPOEYHOTO PE3UCTOPa R3 MOKHO KOMIIEHCHPOBATH 3TU PACXOXKIEHUS U JOCTUYb
COCTOSIHHS, TIPY KOTOPOM BBIXOJTHOE HAIMPSKEHUE OMEPANMOHHOTO YCHIIUTEINS OyAeT paBHO HYIIO TIPU
OJIMHAKOBBIX 3HaYEHMX HanpspkeHUud Uy u Up. DTO MO3BOJISET YCTAHOBUTH UCXOIHOE COCTOSIHUE
CHUCTEMbI, YUYUTHIBAsi HEPABEHCTBO COMPOTUBICHUN R| U Ry ¥ CABUT HYJS BBIXOJHOTO HAIMPSKEHUS
ONEPALMOHHOIO YCHIIUTEIIS.

Jlnst onpenesieHns CONPOTUBIIEHUS PE3UCTOPOB R U Ry YYUTBIBAIOTCA KEJIAEMBIH TOK /), paBHBIE
Hanpsbkenust U u Uy, a Takyke U3BECTHBIC COMPOTUBIICHUS Ry B Ry, KOTOPBIE TIPENICTABIISIOT CO00
COIIPOTUBJICHUS KUAKOCTH MEXKAY EKTPoIaMu D WK D, U 001Iei mmHoM cxembl Uy, Koria cuctema
HaxOAMUTCS B UCXOTHOM COCTOSIHHH.

[Tocne cOOpKHU MIAPUKOBOTO PACXOAOMEPA KUAKOCTH U MEpe]l ero MpearpoaaKHON MPOBEPKOi
U OIJIOMOMpOBaHUEM TpeOyeTcs HACTPOUTh MEKTPOHHYIO CXEMY Ha HYXHbBIH pexuM padoTsl. s
9TOTO UCTIOJNIL3YETCS MOJCTPOCYHBIN Pe3UCTOp R3, KOTOPBIN MO3BOJISET CO3aTh HEOONIBIION TucOamanc
B MOCTOBOM CXeMe, JOCTAaTOUHBIH /IS MOJTydeHHUsT TPeOyeMoro BEIXOAHOTO HanpsbkeHus oT OY DA1.
Hanpumep, eciau B COOTBETCTBHH C TEXHHUYECKUMHU YCIOBHUSIMHU JJIs1 JAHHOTO pacxoioMepa Tpedyercs
MOJIYYUTh HU3KOE BBIXOAHOE HarpsikeHue Upyx OTHOCUTENIBHO OOLIEH MIWHBI (HE MPEBbIIIaolIee
0,6 B a1 MHTETpaIbHOTO OMEPANIMOHHOTO YCUIIUTENS ¢ OJHOMOJISIPHBIM MUTAHUEM ), TO C TOMOIIBIO
pesucTtopa R3 HacTpauBaeTcsi HeOOIbIOe OTIMIre HanpspkeHus U, Ha mHBepTHpYIomeM Bxoae OY
DA1 or nanpsixenust U] B HECKOJIBKO MUJUIMBOJIBT.
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B peanbHBIX ycnoBHsIX paOOThI IAPUKOBOTO PACXO0MEpa KHUAKOCTH, KOT/IAa MOTOK KHUIKOCTH
OTCYTCTBYET WJIM €r0 YPOBEHb HUXKE MOPOra YyBCTBUTEILHOCTH PacXoa0Mepa, BOSMOXKHO 3aCTOIO-
puBaHME HIapuKa 4 MEXAY 3JEKTpoJaMU D U 3. DTO NPUBENET K YBEIMUYEHUIO COIIPOTUBIICHHUS
JKUJIKOCTH MEXKIY JIEKTpoJaMu, U HanpsbkeHue U, Ha uHBeptupytomem Bxoae OY DAl npeBbicut
Hanpsbkenue Uj. B pe3ynbraTe Ha BXO/€ OMEPallMOHHOTO YCHIIUTENS 00pa3yeTcs MOIOKUTEIbHOE
muddepeHInanbHoe HAPSHKEHNE, YTO IPUBEIET K (POPMUPOBAHUIO TOCTOSHHOTO BBICOKOTO BBIXO/-
HOTro HanpspkeHust cxembl Ugyx = Uy — 0,6 B.

TakuMm 00pa3om, B CTAaTHUECKOM COCTOSIHUM IIAPUKOBOTO PAaCcX0I0MEpPa KHUAKOCTU BBIXOJHOE
HanpsokeHUue Ugpxy MOXKET MIPUHUMATH BBICOKOE HITM HU3KOE 3HAYEHHUE, HO HE OyAeT UMETh UMITYIb-
CHOTO XapakTepa.

[Ipu BpaieHuu mapuka B KOJBIEBOM KaHAJIE COMPOTHUBIICHUS KUIKOCTA MEKAY Pa3TUIHBIMU
MapaMu IEKTPOJIOB — D1 U Dy, D1 U I3, D2 ¥ D3, D2 U Dg4 — U3MEHSIIOTCS. ITO BBI3BIBAET MOMYJISI-
o quddepennuansHoro Hanpsbkenus Uy — Us, a clieioBaTenbHO, MOSIBICHUE UMITYTHCHOTO BBIXOJI-
HOTO HamNpsDKCHHsI ¢ OY€Hb KOPOTKUMH (PpoHTaMu Oyiarojapsi BBICOKOMY KOAGhOUIIMEHTY yCHUICHUS
HMHTErpAJIbHBIX ONEPalMOHHBIX ycuiauTenen. [Ipouecc renepanny Takoro UMITYJIbCHOTO BBIXOJJHOTO
HanpsokeHust Ugyx, 3aBUCSAIIETO OT 3HaYeHUd U1 u U, HA HEMHBEPTUPYIOIIEM U MHBEPTUPYIOIIEM
Bxoaax OY DA1, u yriioBoro nojioyKeHus mapa (¢ OTHOCUTEIBHO 3JIEKTPOJOB D1, Do, I3 U D4, OKA3aH
Ha puc. 5.

UBX
U
L B - . S <
0 | 21‘Ei | 4111 | 6T[i | 81ti [0}
| | | |
U | | | ] | | | |
U | | | l | | | |
e —— b ———}—
_(]B_"S.E‘ A == P —
U,
N2 e e N e R e
0 on 4n 6n 8t o
Puc. 5

PaccmoTpum, Kak 371€KTpOHHAs YacTh IIIAPUKOBOIO pac-
X0/IoMepa B peKuMe paboThl, YCTAHOBIEHHOM C TIOMOIIbIO
MOJCTPOEYHOTO CONMPOTUBICHUS R3, MOAABISAET BIUSHUE
YPOBHS 3JIEKTPOIIPOBOITHOCTH KUAKOCTHU B KOJIbLIEBOM KaHa-
ne. Ha puc. 6 npeacraBiieHbl BEKTOPbI TOKOB MOJIOAKUTEIbHBIX
U OTPULIATENIbHBIX UOHOB KUAKOCTH, KOTOPbIE MPOTEKAIOT
MEXKy pa3JIMYHBIMU HapaMU 3JIEKTPOJOB: D1 U D4, D1 U I3,
91 n 32, 92 u 93, 32 u 94.

Ha puc. 6 He ykazaHO HanpaBjieHHUE JIBUXKEHUS mo- L
JIOKUTENBHBIX U OTPULIATENIbHBIX HOHOB, MPOTEKAIOIIUX Ye-
pe3 KHUAKOCTh MEXAY MEKTpoAaMu 1 U Do. DTO CBI3aHO

C TEM, YTO IIPH MIPOXOXKICHUH LIAPa IO STUMH JIEKTPOIa- ;gﬂggf;;“e

MU HaNpaBleHUE TBUKEHUS MOHOB U3MEHSIETCS B 3aBUCHU- JKIIKOCTH U 11apa
MOCTH OT TOJIAPHOCTH JAUPPEPEHIIMATBHOTO HAMTPSKEHHSI

U - Us. Puc. 6
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Ecnu mapuk B TeKylnii MOMEHT BPEMEHHU PACIIONAraeTcst MeXIay NIEKTpoAaMHu D1 U D4, TO
nuddepeHnnanIbHOe HAMIPSIKEHUE COCTABUT

R, + AR, R,
7UH s
R, + R, + AR, R, + R,

Uy —-Uy=Uy

rae Ry — COMPOTUBIICHHUE KUAKON pabouei cpeabl MEXy AJIEKTPOJaMH, KOT/a IapUK HAXOAUTCS
Ha OTJAJIEHHUU OT HUX, T. €. UCKIIIOYAETCS MPEIATCTBUE IBUKEHUIO MTOJOKUTENIBHBIX U OTPULATENb-
HBIX HOHOB MEXAY dTUMH 3J1eKTporaMu; ARy — abCONIOTHOE YBETUUYEHUE COMPOTUBIICHUS KUIKOM
paboueii cpeabl MeX/Ty AIEKTPOIaMH, KOTJa MIAPHK MPOTHBOACHCTBYET CBOOOTHOMY MEPEIBIKECHHIO
HMOHOB B cpene; Ry, Ry — compoTuBiIeHHe I1ed MocTa 0e3 yueTa MajJo3HAYUTEIbHOTO CMEIECHUs
MOJIBM’KHOTO KOHTAKTa MOTEHIMOMETPA R3 OTHOCUTENBHO €ro EeHTPa, Heo0Xoaumoe s (PUKcauu
Ha4aJIbHOTO COCTOSIHUS CXEMBI.

JIJst OIIeHKY BEJIMYWHBI U TOJIIPHOCTU AUPHEPEHIINATBLHOTO HAMPSHKEHNUS MOXHO CUUTATh,
YTO CONPOTUBIECHUS R U Ry, C y4€TOM COIPOTUBIIEHUI COOTBETCTBYIOIOIINX YYACTKOB IEPEMEHHOTO
COMPOTHUBIICHHUSI R3, MPAKTUICCKU PABHBI 1 UX 0003HAYHTH Kak R. Torma quddepeHnnansHoe Hanps-
wenune U — Uy MOXKET ObITh BBIPAXKEHO CIEAYIOLIUM 00pa3oM:

U.RAR,
>
(R+ R, + AR )R +R,)

U-Uy= 0,

a Ha BBIXO/IE IEKTPOHHON CXEMBI pacXo/ioMepa BBIXOIHOE HarpshkeHHe Uy, OyZIeT MpornopuuoHaIbHO
nudpepeHHaTEHOMY HAIPSKEHUIO ¢ KOO(Q(QUIMEHTOM yCHIeHHs ky o Hanpspkenuto OY DAL, Takum
00pa3oM, BBIXOTHOE HAaNpsDKEHHE Oy/eT MOYTH paBHO HaNpspKeHUIo mutaHust Uy

Ecnu mapuk B TeKyIuii MOMEHT BpeMeHH OyZIeT pacroarathesi HaJ[ 3JIeKTpoaaMu Do U I3, TO
i depeHranbHOe HATPSHKEHNUE COCTABUT

R, R+ AR,
U <
R+R, "R+R.+AR,

U -Uy=Uy 0,

U HanpshKeHHE Ha BbIXOZE cXeMbl Ugyx OyJIeT MpeieTbHO HU3KUM.

BaxxHo oTMeTHTb, 4TO nu(depeHanIbHOe HApsHKEHNE Ha BXOE ONEPAIllMOHHOTO YCHIINTEIs
MMeeT OYCHb HU3KUW YPOBEHB (B MUJUTHBOJIBTAX ), U TOK, TPOTEKAIOIINN MEXTY IEKTPOAAMH D1 U -
IIPU PEAJIbHOM COIIPOTHUBIIEHUM KHUJIKOCTH, UMEET OUEHb MaJjble 3HaueHUs (B MUKpoamiepax). [Tpu
TaKMX HU3KUX HANPSKEHUSAX M TOKaX MEXIy 3JIEKTPOAaMH IEKTPOXUMHUECKHUE MPOIIECCHI HE BO3HU-
KaloT, U MO>KHO IIpeHeOpeyb BIMSHUEM JIBMKYIIEHCS AKHUIKOCTH Ha TIOIBUKHOCTH MOJIOKUTEIbHBIX U
OTpHULATENIbHBIX HOHOB. JKMIKOCTh OHOBPEMEHHO CIBUTAET TPACKTOPUU JIBUKEHUS TIOJIOAKHUTEIIBHBIX
1 OTPULIATEIBHBIX HOHOB B OZIHOM M TOM K€ HaIlpaBJIEHNUH, 3TO IPUBOANUT K OMHAKOBOMY yBEJINYe-
HUIO JUIMHBI COOTBETCTBYIOIIUX YYACTKOB AJIEKTPOINPOBOAHON KUAKOCTHU U, CIEAOBATEIBHO, UX JJIEK-
TPUYECKUX CONPOTHBIEHHA. B pesynbrare cundasubie Hanpsbkenus Uy u U, Ha aekTpoaax 1 1 J;
yBEIMYUBaIOTCs, HO Auddepennnansaoe Hanpsbkerne Ha Bxoae OY DAl octaeTcss HEU3MEHHBIM.

AHaJOTMYHO MOYKHO PacCy’kKJaTh O BIMSHUM BEIMUYMHBI COPOTUBIEHUS JKUIKOCTU Ry MEXIY
ANIEKTPOJaMHU, 3aBUCSIIIETO OT €€ BHJIa, THIIA U TeMIeparypsl. Vi3MeHeHue 3Tux (akTopoB IPUBOAUT
K paBHOMY W3MEHEHMIO cuH(a3HbIX HanpspkeHuid Uy u Up, HO ux pasHocTs Uy — Uy octaercst Heus3-
MEHHOMH, TOATOMY HavyajbHas HACTPOKa COCTOSIHUSI MOCTOBOM CXEMbI HE UBMEHUTCS [8].

Junamuuaeckuit uana3od QOmax/Omin U3MEPEHUS pacxo/ia KHUJIKOCTH 3HAYUTEIILHO YBEITHUUTCH,
ecnu BennuuHa auddepennmanbHoro HanpsokeHus Uy — Uy pu HU3KHUX pacxoaax OyJeT 10cTaTou-
Hoii st nepexirouerus OY DA1. luddepentmansHoe Hanpspkenue Uy — Uy mpuMeT HanOOoIbITy O
BEJIMYMHY MPHU ONITUMAIBLHON BEIMUUHE COMPOTUBIICHUHN R = Ry = R.

Brrancnus sxctpemyM ¢yHKiuu (1) mo napamerpy R, HOTYYHM ONTUMAIIbHOE COTIPOTUBIICHUE

R=VRE + R AR.
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Hanpumep, mycts Ry = 10 kOm, ARy = 1 xOM u U, = 5 B. Toraa pa3sHOCTh HanpspKeHUN NpU
R =10,448 xOwm, BbIuncIeHHOM 10 popmyre (2), B COOTBETCTBUHU C BhIpakeHueM (1), cocTaBuT
Uy — Uy =0,116 B— storo nocrarouno juis nepexmodenust OY DA1. Ecnu koa¢ddurmenT ycunenus
o Hanpspkenuro OV cocrasisier 50°103, To 1UIst €ro HaJIEKHOTO HEPEKITFOUYEHHS TOCTATOUHO Pa3HOCTH
Uy —U;=5/50-103=0,1-10-3 B, ipu U, = 5 B.

HaxkoHen, HEOOXOAUMO OTMETUTH, YTO BOJIBT-AMIIEPHBIE XaPAKTEPUCTUKH BOJBI U IPYTUX IEK-
TPONPOBOIHBIX KHUJIKOCTEH HEIMHEHHBI, TOATOMY MPH (PUKCUPOBAHUH PEKUMA PaOOTHI PE3UCTUBHOM
MOCTOBOM CXEMBI CJIEyEeT COMIACOBATh HANPSKEHUE DIEKTPONUTAHUSA C TEM YYaCTKOM BOJIBT-aM-
MIEPHOM XapaKTePUCTHKHU KUAKOCTH, T7ie HaONI0AaeTCss HanOoIbIlask 3aBUCMOCTh HAIIPSDKEHUS OT
BEJINYMHBI IPOTEKAIOIIETO TOKA. boislee TOro, 4yBCTBUTEIBHOCTh MOCTOBOM CXEMBI K ITOJIOKEHUIO
1IapvKa B KOJBILEBOM KaHAJIE 3aBUCHUT OT PACCTOSIHUS MEX]TY dJIEKTpoJiaMu D1, D4 ¥ D, I3 U AUaMe-
Tpa IIapHKa.

3axmouenne. TakuM 00pa3oM, IpeACTaBICHHBIN MAPUKOBBIM PacxooMep 3IEKTPOIIPOBOIHOM
JKHUIKOCTHA 00ECIIEUMBAET:

— 3HAYUTEIBHOE PACIIMPEHNE JUHAMUYECKOTO IMana30Ha N3MEPEHUS pacxoa NIEKTPOIPOBO-
JTHOW >KMJIKOCTH ITyTE€M IOJABJICHUS BIMSHMS CKOPOCTH JBUKCHHS KUIKOCTH B KOJBLEBOM KaHAJE
Ha BBIOPaHHBIA peXUM pabOTHI AEKTPOHHON CXEMBI. DTO MO3BOJISIET YBEINYUTH MAKCUMAIIBHO J10-
IIyCTUMYIO BEJIMUYHMHY U3MEPAEMOT0 pacxo/a;

— COKpallleHue noTpednsieMoil MOITHOCTH IEKTPOHHOM CXeMO# MPakTHYECKU B J[Ba pasa 3a
CUET UCIMOJIb30BaHMsI OHOTO MCTOYHMKA MUTAHUS (B OTIIMYHUE OT CXEM C JIByXIOJISIPHBIM TUTaHUEM
OTIEPALIMOHHOTO YCUIIUTEI);

— BO3MOJKHOCTb IIPUMEHEHHs OJHOIIOPOrOBOr0 KOMIIApaTopa Ha ONEPAalluOHHOM YCHIIUTEIIE,
YTO CIIOCOOCTBYET YIPOIIEHUIO CXEMBbI U TIOBBIIICHHIO €€ HaJIe)KHOCTH [9].
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TEXHOJOI'MYECKAS BO3MOXHOCTb IPUMEHEHHWSA BPOHEBOI'O CUTAJIJIA
B ITIPUBOPOCTPOEHHNUN

B. M. Meayuenuxniil*, FO. F0. Mepky.os2, C. B. Coax3, B. H. [lo6psikos4

! Vuueepcumem UTMO, Canxm-Ilemep6ype, Poccus
2 HIIO Cneymamepuanos, Jlenunzpadckas oonacmo, Cocrosuiil 6op, Poccus
3 HUH ODII, Jlenunzpadckas oonacms, Cocnoswiii 60p, Poccus
4 HUH menesuoenus, Canxm-ITemepbype, Poccus
*vmS7med@ yandex.ru

AnHoTanus. [Toka3aHa BO3MOKHOCTb M3TOTOBIIEHHS 3€PKAJIBHBIX ONTHYECKUX DIEMEHTOB U JIIEMEHTOB KOHCTPYKLIHU
13 HOBOTO MaTtepuana — OpoHecnuTaia. Vcmons3zoBanue OpoHecnTamia 00eCednBaeT 3alUTy ONTHKO-3JIEKTPOHHBIX
IpUOOPOB OT MEXaHUUECKUX MOBPEXKICHUH BHICOKOCKOPOCTHBIMU 00beKTaMu. PaccMoTpeHa TeXHOJIOrHsl TOTydeHns Opo-
HECHUTAJJIA U MPOBEICHBI SKCTIEPUMEHTHI. ClieNaHbl BEIBOJBI O BOSMOKHOCTH COBEPIICHCTBOBAHUS TEXHOJIOTHH C LIEJIBIO
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Abstract. The possibility of manufacturing mirror optical elements and structural elements from a new material - armored
glass ceramics - is shown. The use of armored glass ceramics ensures protection of optical-electronic devices from
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B Hacrosiee BpeMs Bce 6osiee akTyalbHON CTAaHOBUTCS 3ajjada 3allUThl PA3TUYHBIX CHUCTEM,
B TOM YHCJI€ ONTHUKO-3JIEKTPOHHBIX MpruOopoB (ODI]), oT MexaHUYECKHUX MOBPEKIACHUIN BHICOKOCKO-
pocTHBIMU OObekTamu. [1o HalleMy MHEHUIO, 3TO BBI3BAHO:

1) He0OXOIUMOCTBIO 3aIIUTHI TPUOOPOB BOCHHOTO Ha3HAYCHHS OT ITyJIb U OCKOJIKOB B OOEBOM
obcranoBke [1];

2) yBeIMYEHHEM YHUCIIa KOCMUYECKHX allapaToB U KOJIMYECTBa KOCMUYECKOTO Mycopa, 00yCIIOB-
JIMBAIOIIAM POCT BEPOATHOCTH UX CTONKHOBEHUs [2]. Takke cymiecTByeT BEpOSITHOCTh MMOBPEKICHUS
KOCMHUYECKHUX anmnapaToB Mmereopouaamu [3];

3) pocToM TeppOpUCTHUECKOH onacHOCTH [4] U, KaK CIIEACTBHE, HEOOXOAMMOCTBIO 3aIUTHI BCE
0O0JIBIIEro KOJUYeCTBAa MPUOOPOB, PACTIOIOKEHHBIX B OOIIECTBEHHBIX MECTaX, HallpUMep, KaMmep
BUJICOHAOTIONCHHSI.

CrnenyeTr OTMETUTH, YTO HA CETOJHSIIHUM AeHb HAKOIUIEH OOJIbIION OMBIT CO3JJaHUs MaTepua-
JIOB U CTPYKTYP JIETKON OpOHE3AIIUThI, TPEeTHA3HAYCHHBIX JJIs 3alIUThl OT BELICOKOCKOPOCTHBIX MYJIb
U OCKOJIKOB C IIOBEPXHOCTHOM IUIOTHOCTBIO, He mpebimaromieit 50—-80 kr/m? [5]. Henpospaunbie
MaTepuaibl MOTYT UCIIOB30BaThCS IS M3TOTOBJICHHSI KOHCTPYKIIHIA, KOTOPBIE MPEeIHA3HAYCHBI JUIS
3alUThl MEXaHUYECKUX M AJIEKTPOHHBIX KOMIOHEHTOB MPUOOPOB, MPO3pauyHble — JIJIs 3allUThI He-
MOCPEACTBEHHO ONTUYECKUX IEMEHTOB [6].

Bce mHOTrOOOpa3ue 6poHEBBIX CTPYKTYP MOXKHO Pa3eIUTh Ha CICAYIOIINE TPYIIbI [S]:

1) TekcTmiibHas OpoHs (U3 TKAHEH TUMa KeBjiap, TBApOH, JaiiHeMa U T.I1.);

2) Metayndeckasi OpoHsi (CTallb, ATIOMUHHM, TUTAH U PA3JIMYHBIC CILJIABHI);

3) kepamuueckasi OpoHs (KOpyHI, KapOua 6opa, KapOua KpeMHHUS U JIp. );

4) opra”oriacTuKoBasi OpoHs (KOMIO3UTHAsI OPOHS Ha OCHOBE apaMUIHBIX TKAaHEH WU CBEpPX-
BBICOKOMOJIYJILHOTO MOJIMATHIICHA);

5) xoMOMHUpPOBaHHAsI MHOTOCJIOWHAsE OpOHS (METaUIOTEKCTUIIbHAS, KEPAMUKO-OPTaHOILIACTH-
KOBasi U JIp.);

6) ipo3payHasi OpoHsI.

B nHacrosiiiee BpeMs ISl 3aIIUTH OT BICOKOTBEP/IBIX MOPAKAIOIINX HIEMEHTOB COBPEMEHHBIX
OoenpurriacoB HauboJiee MMUPOKO UCIIONB3YEeTCsl KOMOMHUpOoBaHHast OpoHs. Ho 3ToT Buj GammucTu-
YEeCKOM 3aIMThl TEXHOJIOTUYECKH CIIOKEH U UMEET BBICOKYIO ce0eCTOMMOCTh. 3alllUTHBIE CBOMCTBA
TEKCTHJIbHOW OpOHM HEI0OCTAaTOYHbI, OHU 3HAYUTEIBHO YXY/IIIA0TCS B YCIOBUSAX IMOBBIIICHHON BIIAXK-
HocTU. Metamundeckast OpoHsi UMeeT 00JIbIIyI0 Maccy. bannucTuyeckre CBOMCTBAa OPraHOIIACTHKO-
BOI OPOHU 3HAYUTETIHLHO 3aBUCST OT BJIAXKHOCTU U TEMIIEPATypPbl OKPY>KaIOLIEH cpebl.

Haubonee nepcnekTBHOM cunTaercs kepamuueckast Oponst [7]. OgHako Ha CETOAHSALIHUN 1€Hb
OpoHeBasi KepaMUKa UMeeT JIN0O HEBBICOKYIO CTOMMOCTD U BBICOKYIO IIJIOTHOCTH (KOPYHJI0Basi Kepa-
MHKa), TH00 HEBBICOKYIO IJIOTHOCTh U BBICOKYIO ce0eCTOMMOCTh (KepaMuKka u3 kapobuaa 6opa) npu
CpPaBHUMBIX OAJUTMCTHYECKUX XapaKTepUCTUKaX [8, 9].

B paGore [10] onurcana TeXHONOTHS CO3JaHMsI HOBOTO KOHCTPYKLIMOHHOTO MaTepualia Ha OC-
HOBE OPOHEBOTO cHTaIa (BEICOKOIIPOUYHOH cTekIIoKepamMuku). CII0BO ,,CHTAIUT" — MPOU3BOJAHOE OT
,»CTEKIIO—KpHcTail™, oo nosiBumiiock B 1960-x rr. B CCCP, Bo BpeMeHa Tak Ha3bIBAEMOI0 ,,CTEKIIOKE-
paMuueckoro oyma“.

B otnuuue ot pa3paboranHbix panee OpoHekepamuk [11, 12] Obi1 BBIOpaH BapUaHT CTEKIIOKE-
paMuku (OpoHEcHTalIa) ATFOMOCHIHKATINTHEBOM cucTteMbl Li;O—Al,O3—S10,. Beibop ocHoBaH Ha
CJICAYIOIIUX TEXHUKO-DKOHOMHUYECKUX MTPEUMYIIECTBAX:

1) cTOMMOCTB UCXOTHOTO CHIPBSA (B 3aBUCUMOCTH OT MaciITaboB mpoun3BoacTBa) — 25-30 moin-
napoB CIIA 3a 1 xr creksioMacchl (COM3MEPUMO CO CTOMMOCTBIO CBHIPBSI JIJIsl POU3BOACTBA | KT Opo-
HeKkepaMuKHu Ha ocHOBe Al,O3. Bece ocTanbHbIe MIMPOKO MpUMEHSIEMBbIE (KapOul KpeMHUS U KapOuI
60pa) 3HaunTENBHO (B 4—15 paz) nopoxe;

2) TEXHOJIOTUYECKUI MPOIIECC MPOU3BOACTBA OpOHECUTAIIA pa3paboTaH JIsl pean3aliy B OTHY
pabouyio cmeny (8 9);

3) wioTHOCTH OpoHecuTamia (2,56 r/cM3) mpakTHYECKH paBHA INIOTHOCTH KapOuma Gopa
(2,54 r/cM3) 1 3HAUMTENLHO MEHBIIIE TIOTHOCTH KapOua kpemuus (3,15 r/cm3) u kopynza (3,95 r/em3);
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4) Bapka UCXOAHOM CTEKJIOMAcChl IIPOU3BOANUTCS IPU cpeHuX TeMieparypax (1200-1300 °C);

5) mpoliecc MPOU3BOJCTBA U3EINI U3 OpoHECHUTAlJIa aHAJIOTHYEH MPOoLEecCy MPOU3BOJCTBA
OOBIYHOTO CTEKJIA (32 UCKIIIOUEHUEM TMOCIeaHeN (a3bl — yIpaBiasieMOl KpUCTaIM3aiK) U MPOILe
MoJAaeTCsl aBTOMaTH3alUH (B OTIMYME OT KEpaMUUECKUX TEXHOJIOTUH, /1€ MHOTO PYYHOTO TPYyIa).

TexHonorus MpoOM3BOACTBA OpPOHECHTAIA BKIIOYAET CIECAYIOIINE ONIepallii: CMEIIMBAHUE HINX-
ThI, BapKa CTeKJIa, JOPMOBAHUE, OTKUT U KpUCTAIUIM3anus u3aenuil. CUTaioBast IMXTa, B OTIINYHE
OT OOBIYHOH CTEKOJIBHOM, JOTIOTHUTENIBHO COACPKUT KaTaau3aTop KpUCTALTU3ALIH.

[Tpu arrpoGaruu mpoiiecca Bapka CTeKJIa OCYIIECTBISUIACh B BO3AYIITHON atMochepe MmydenpHoM
ey B TUIIIE U3 kepcuia npu temieparype 1300 °C. dopmoBanue (BbIpaboTKa) cTEKIa TPOU3BOIM-
nack ipu Temmneparype 1000 °C B momorpetsie 10 400 °C cranbHbie popMbl. OTKUT OCYIIECTBIISICS
ripu Temneparype 400 °C. Kpucrammzanus npoBoAauiiach B sa 3tana npu temmneparype 500 u 700 °C
¢ BeiIepKKoit oT 60 mo 180 muH (1 obecriedeHnss 00pa3oBaHUsI MAKCUMAJIBHOTO YHUCa IIEHTPOB
KPUCTAJUIN3ALUHU, HEOOXOIMMON CTENIEHH 3aKPUCTAJUIM30BAHHOCTH U 33/1aHHOTO (pa30BOT0 COCTABA).

[110THOCTH MOIyYeHHOr0 OpOHEeCHTaIIa cocTaBuia 2,56 r/cm3. 3HaueHHe TUIOTHOCTH OIpeie-
JSUIOCH THIPOCTATUYECKUM B3BEIIMBaHHEM. baincTuueckue UCTIbITaHUs OKa3aiH, YTO OpOHECH-
TaJJI MO’KHO UCIOJIb30BaTh B KauecTBE (DPOHTAIILHOTO CJI0S B 3alIMTHBIX CTPYKTypax kiacca bp 4 ¢
MOBEPXHOCTHOM MIIOTHOCTBIO OKOJIO 35 Kr/m2.

bl npoBeneH pssl IKCIIEPUMEHTOB 10 UCCIET0BAHUIO

BO3MOXKHOCTH UCIOJIb30BaHMsS OpOHECUTAIa AJi U3TOTOB-

nenus 3epkan. DopmooOpa3oBaHne paboUnX MOBEPXHOCTEH

OCYILECTBIISIIOCH 10 TPAJAULMOHHONW B ONTUYECKOM MPUOOPO-

CTPOEHUH TEXHOJIOTUHU: ITU(OBAHUE CBA3AHHBIM UHCTPYMEH-

TOM, HIIH(oBaHKue cBOOOAHBIM a0pa3uBOM U nonupoBanue. Ha

3aroToBkax pasmepom 50 x 50 MM ObuIa MOJTyYeHA TIOCKAS

TIOBEPXHOCTH CO CIIEIYIOIIMMHU XapakTepucTukamu: Rg =20 A,

< 7/ N=0,5AN=0,2. Ha puc. 1 npuBenena ¢ororpadus u3rotos-

JICHHOTO HKCIIEPUMEHTAIBHOTO 00pa3ia.

DKCIIEPUMEHTHI TIOKA3aJIH, YTO OPOHECUTAILIT MOYKET OBITh
UCIOJIB30BAH TaKXXe MPU M3TOTOBJIEHUH 3epKaj co chepuue-
CKHUMH U ac(hepuueCcKUMH MOBEPXHOCTSIMU. DTO MO3BOJISET
M3roTaBJIMBaTh COCTABHbIE 3€pKaja C ,,COTOBOU ™ CTPYKTYpOH.
Takoe 3epkajo npu MnomnajgaHuyd B HETO BBICOKOCKOPOCTHO-
Puc. 1 ro 00BEKTa 3aIUINAET OCTAJIbHBIC IEMEHThl KOHCTPYKIUH.
[Ipu noBpexaeHnH, BbI3bIBAIOIIEM HEIIPUEMIIEMOE YXyILIe-
HHUE KayecTBa U300pakeHUsl, OIMH WK HECKOJIBKO CETMEHTOB
MOTYT OBITh yIAJICHBI, JJIsl Yer0 HEOOXOAUMO MPEAYCMOTPETh
CreLMaIbHbIE MEXaHU3MBI.

Bponecurai takxke MOKET ObITh UCIIOIB30BAH ISl CO3-
JaHMA 3aIUTHBIX KopiycoB OJII, koTopble OyayT 3aIuInaTh
MEXaHUYECKUE U IEKTPOHHBIE 3JeMEeHThl KOHCTpYKUuu. Ha
puc. 2 moka3zaHa dKCIEpUMEHTaNIbHAsl KOHCTPYKIHUS B BUIE
KOJIbITa M3 OpOHEeCHTaIa, MOJIyYeHHAs JIUTheM B popmy. boree
CJIOJKHAsI KOHCTPYKIHS (C BBIOOPKAaMU, OTBEPCTUSMU U IPYTH-
MU 3JIEMEHTAaMU KOHCTPYKIIMU) MOXKET ObITh MOITy4YeHa IyTeM
JIOTIOJIHUTEIHHON 00pabOTKH 3arOTOBKM MHCTPYMEHTOM [T
MEXaHUYEeCKOU 00pabOTKH ONTHYECKUX cTeKoa [13].

B pabote [14] npuBonuTcst ”HGOpPMALHS O AOCTIKECHUAX
MHOCTPAHHBIX CHELMAIUCTOB B U3TOTOBJIECHUH CTEKJIOKEpaMu-
KU, B TOM YHCJI€ TIPO3PauyHON B BUMMOM CIIEKTPAILHOM JUaria-
30HE, JIUIsl UCTIOJIb30BaHuUs €€ B KauecTBe OpoHu. [IpoBeeHHbII
Puc. 2 aHaJu3 MOKa3aj, 4YTO BO3MOKHO COBEPIICHCTBOBAHUE TEXHO-
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JIOTMM M3TOTOBIICHUSI OpOHECHUTAIa, KOTOPasi MO3BOJIMUT MOIYYUTh KPUCTAIIIMUECKYIO CTPYKTYPY €
pasmepamu kpuctaiioB 0,05-0,1 MkM. DTO MO3BOJIUT CAENIATh OPOHECUTAILT TPO3PAYHBIM B BUIUMOM
n omwkHeM MK-nnana3zonax. Takum o6pa3om, MMeeTcsi BOSMOXKHOCTb M3TOTABIMBATh N3 OpOHECHTaIa
HE TOJIbKO 3€pKaJIbHbIE, HO U TUH30BbIE ONTHUYECKHUE HIEMEHTHI.

Takum 00pa3zom, 1o paboTe MOXKHO CeNaTh CIEAYIOIINE BBIBOJIBIL:
1) sKCHIepUMEHTAIBHO AOKa3aHa MPUHIUINAAIbHAS BOSMOXXHOCTh M3TOTOBIICHHS 3€PKaIbHBIX

ONTUYCCKUX DJICMCHTOB U 3allIUTHBIX 3JICMCHTOB KOHCTPYKIUHU W3 6pOHeCI/ITaJ'I.Ha;

2) UMeeTCsl BO3MOXKHOCTD TIOJYYUTh OPOHECHUTAIUI, TIPO3PAYHbIA B BUIUMOM U OnxkHeM MK-

Auana3oHax, Inpu HAJIM4IUu COOTBGTCTByIOH.[GfI TCXHOJIOI'NH.
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