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Pedepar. Pemenne 3amau auarHoCTHPOBaHUS OOMOTOK JIEKTPUYECKHX MAallWH CBSI3aHO C HEOO-
XOJMMOCTBIO CEJIEKINH KBa3HIEPUOANYECKHX TECTOBBIX CHI'HAJIOB Ha (oHE 11yMoB. [l BbIaee-
HHS TIONIE3HBIX CUTHAJIOB, KaK MPABUIIO, HCIIONIB3YIOT PA3IMUMs CIIEKTPAIbHBIX COCTABOB CUTHATIOB
U WymoB. B npeanpHoM citydae ¢opma 4acTOTHOH XapakTEPUCTHKH ONTHMAJbHOTO (HIbTpa
JIOJKHA COBIAAaTh ¢ ()OPMOM CIEKTpa MOJIE3HOTO CUTHAJA, YTO ONPEENseT CIOKHOCTh BBINON-
HeHus Takoro ¢unbtpa. Llens uccnenoBaHuid — yBeIMYEHUE TOYHOCTU W3MEPEHUH U YIPOLICHUE
AITOPUTMHYECKOTO 00eCTIeYeH sl H3MEPUTENBHBIX CHCTEM 3a CUET Pa3pabOTKM MaTeMaTHYECKOro
anmnapara, MO3BOJISIOLIEr0 OJHO3HAYHO OINPENENATh M yYUTBIBATh NMPH 00Pa0OTKE MOTPELIHOCTH,
00YyCIIOBIIEHHbIE KOHEUHOCTBIO HHTEPBAJIOB U3MEPEHUI. B yCIOBUAX MOCTOSHHOIO pOCTa BBIYMC-
JIUTEIBHBIX BO3MOXKHOCTEH CPEACTB U3MEPEHMI Pe3epBOM MOBBINICHHS 1yBCTBUTEIBHOCTH METO-
0B 00pabOTKH KBa3MIEPUOAMYECKHX CHUTHAIOB IIPEACTABISETCS YCTAHOBIECHHWE OJHO3HAYHOI
3aBUCHUMOCTHU MEXY JIOKAJIbHBIMHU BaprUallisIMU BPEMCHHBIX ITapaMETPOB CUI'Halla U U3SMCHECHUAMHN
HapaMeTpoB €ro CrekTpa. Bapuanuu 3Ha4YeHUi MapaMeTpoB CHTHAJIOB MPUBOASAT K HAPYLICHHIO
MCXOJTHOTO PACIpe/e/ICHUs] TAPMOHMYECKUX COCTABIIIONINX, IIPH KOTOPOM OJHH M3 HHX IIOJBEp-
raroTCs HAaUOOJIBIIUM M3MEHEHHSIM, a JPYriue — HauMeHbIIMM. TOYHOCTh M3MEpEeHHN Mpe/IaraeTcs
YBEJIIUYUTD 3a CUET 3aMCHbBI MaﬂO'—lyBCTBHTeHbHOﬁ perucrpanunu A3MEHEHUH BPEMCHHBIX ITapaMETPOB
CHUTHAJIOB, PErucTpalniedl M3MEHEHHII MapaMeTpOB XapaKTepPHBIX I'APMOHHUYECKHX COCTABILTIOIINX
CIIeKTpa, OOJIaJaoIX MAaKCHMAIbHOH UyBCTBHTENBHOCTBIO K OTKIOHEHHSM KOHTPOJIHPYEMOTO
mapamMeTpa ¥ MUHUMAIIBHOH UyBCTBHTEIHHOCTHIO K OTKIOHEHHUSIM, O0YCIIOBICHHBIM HECTaOMIBHO-
CTBIO Pa0OTHI M3MEPUTENIFHOM anmapaTyphl. Pa3paboTaH COOTBETCTBYIOIINI MPAKTHKE MaTeMaTHIe-
CKWI ammapar, MO3BOJISIOMNA OJHO3HAYHO ONPEIENATh HMOTPENIHOCTH, OOYCIIOBICHHBIE KOHEY-
HOCTBIO HHTEPBAIOB W3MEPEHHH KBA3HIEPHUOIMUECKHX CHTHAIOB. ABTOMAaTHYECKHI ydUeT 3THX
MOTPENTHOCTEH TO3BOJISIET OOOHTUCH 0€3 CIIOKHOHM KOPPENSAIMOHHON 00pabOTKH KBa3HUIIEPHOIMIC-
CKUX CHUTHAJIOB, TpeOyromel OONBIIMX BBUUCIUTEIBHBIX PECYPCOB (BpeMs H CKOPOCTh 00pabOTKH
JTaHHBIX, 00BbEM OIIEPATUBHON MAMATH), U 00€CIICYUTh TOYHOCTh H3MEPECHHH.
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Abstract. The solution of problems of diagnostics of windings of electric machines is associated
with the necessity of selection of quasi-periodic test signals against the background noise. In order
to highlight useful signals, as a rule, the differences in spectral compositions of signals and noises
are used. Ideally, the shape of the optimal filter frequency response should coincide with the shape
of the spectrum of the useful signal, which determines the complexity of such a filter. The aim
of the research is to increase the accuracy of measurements and simplify the algorithmic support
of measuring systems by developing a mathematical tool that makes it possible to uniquely iden-
tify and take into account errors caused by the finiteness of the measurement intervals in the pro-
cessing. Determining a one-to-one relationship between local variations of signal time parameters
and alterations in its spectrum parameters is believed to be the reserve of increase of sensitivity of
methods of processing of quasi-periodic signals in the conditions of constant growth of computing
capabilities of measuring instruments. Variations in the values of the parameters of the signals lead
to a violation of the original distribution of the harmonic components, some of the latter being
subjected to the greatest alterations changes, and the some other — to the smallest ones. It is pro-
posed to increase the accuracy of measurements due to the replacement the low-sensitivity regis-
tration of alterations in the time parameters of signals with the registration of alterations in the
parameters of the characteristic harmonic components of the spectrum, which have a maximum
sensitivity to deviations of the controlled parameter and a minimum sensitivity to deviations
caused by the instability of the measuring equipment. The mathematical tool corresponding to the
practice has been developed, that makes it possible to determine unambiguously the errors caused
by finiteness of measurement intervals of quasi-periodic signals. Automatic accounting of these
errors makes it possible to do without complex correlation processing of quasi-periodic signals that
require large computing resources (time and speed of data processing, the amount of RAM) and to
ensure the accuracy of measurements.

Keywords: diagnostics of windings, electrical machines, quasi-periodic measuring signal, har-
monic components of the spectrum, spectral density, decomposition basis
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BBenenne

Hocurensmu undopmanuu o 3HaYeHUSAX (UINUECKUX BEIUYMH B paMKax
M3MEPHUTEIFHON CHCTEMBI SIBISIFOTCS M3MEpHUTEIbHbIE CUTHANBL. JTa WHpOpMa-
IS MOXKET 3aKJII0YaThCAd B COBOKYITHOCTH OT/AEIBHBIX MIHOBEHHBIX 3HAUEHUM
OCHOBHOTO MapaMeTpa CHrHajla, B CTaTUCTHUYECKHUX MapameTpax, €ClIi CUTHal
CIIy4aeH | T. I. B UMIyJIbCHBIX M3MEPUTENBHBIX CHCTEMaX, TAKUX KaK CHCTEMBI
TECTOBOI'O JUArHOCTHPOBAHHSA OOMOTOK AJIEKTPHUYECKUX MallMH, Hanbolee ya-
CTO WCTONB3YIOTCA YaCTOTHBIE MapaMeTpbl curHana. llpm stom s aHammza
M CHHTE3a HM3MEPUTENBHBIX CHTHAJIOB IPUMEHSETCS CIEKTPAIBHBIA METOZ.



A. A. Sheinikov, Yu. V. Suchodolov, V. V. Zelenko
Accounting of Instrumental Errors in the Control of Windings of Electrical Machines... 237

W3 teopun npeobpaszoBanus Pypbe cienyeT, YTOo 0TOOpaXKeHHEe CUTHajla B 4a-
CTOTHOH 00J1acTH CIPaBEeIMBO AJIS CTALMOHAPHOIO CUTHAJIA, T. €. AJIsl CUr'Haja,
KOTOPBII MOJTHOCTBIO ONpe/esICH Ha MHTEpBaie OPTOTOHATLHOCTH, U HE 3aBUCUT
OT BBIOPaHHOI'O HOMEpa 3TOr0 MHTEpBaja Ha BpeMeHHOH ocu. Cuuraercs, 4yTo
CIIEKTpaJibHasl XapaKTEPUCTHKA TAKOTO CUTHajla He SBISIETCS (yHKIHMEH BpeMme-
HU ¥ CIIEKTP — 3TO MHOXECTBO (PUKCHPOBaHHBIX 3HAUEHUH aMIUIUTYJ ¥ Ha4yallb-
HBIX (a3 TapMOHUYECKHX KOJIOaHWU, COCTABISIONIMX BPEMEHHYIO (YHKIIHIO.
Ha npakTuke cHeKTpasbHBIN aHaNW3 MPUMEHSETCs, BO-TIEPBBIX, HA KOHEYHOM
HMHTepBaje BpeMeHH [1] U, BO BTOpPBIX, CBSI3aH C KBa3UCTAllUOHAPHBIMU U3MEpH-
TEJBbHBIMU CUT'HAJaMH MJIM CUTHAJIAMH C IMHAMUYECKUMH NapaMeTpami [2].

MareMaTH4ecKUM MHCTPYMEHTOM, HMEIOIIUM IIPEUMYIIECTBO Iepe Mpeod-
pasoBanueMm Dypre (B TOM Uuciie U nepe; OKOHHBIM IpeodpazoBanreM Dypbe)
IpY aHaJIM3€ PEaNbHBIX (KOHEUHBIX M HECTALIMOHAPHBIX) CHUTHAJIOB, SIBIISETCS
BeHBieT-1IpeoOpa3oBanue [3], OAHAKO TEOPHsI 3TOr0 NMPeoOpa30BaHUS TAKKE
COZIEP’KUT HEKOTOPBIE YIIPOUIEHHSI, 00YCIOBIMBAIOIINE HETIOJIHOE COOTBETCTBUE
npaktuke. Tak, mpu BeiiBneT-npeoOpa3oBaHuU, PAaBHO KaK U MPH OKOHHOM Ipe-
obpazoBannu Dypbe, IS Pa3N0KEHHUsT KBa3UIIEPHOIUIECKUX CUTHAJIOB UCTIOJb-
3YIOTCS OPTOTOHAJIbHBIE 0a3MCHBIE CHCTEMBI, SIBISIONIAECS MATEMATUYECKUMU
abcTpakuusamMu. [JuHaMuKa mapaMeTpoB TECTOBBIX CHTHAJIOB B CHCTEMax Juar-
HOCTHKH OOMOTOK 3JICKTPHUYECKHX MAIIMH O0YCIIOBIICHA,; TIPEXK/E BCETro, HeCTa-
OWJILHOCTBIO (DYHKIIMOHUPOBAHHUS SJICMEHTOB H3MEPUTEIIBHBIX KOHTYPOB [4].
OHa nposBIAeTCs B HAPYLICHUH MEPUOJIUYHOCTH M JOKAIBHBIX BapHaLUsIX OJI-
HOTI'O WJIN HECKOJIBKHUX Y4aCTKOB M3MEPUTEIIBHOIO CUTHajla C TeYEHHUEM BpeMe-
Hu. [lpum pa3paboTke anroOpuTMOB aBTOMATHUYECKOTO IMOIABICHUS «IIyMOBY,
00yCJIOBICHHBIX JUHAMHUKON IapamMeTpOB CHFHAIOB, HEOOXOIUMOE YCIIOBHE —
YCTQHOBJIEHWE OJHO3HAYHON 3aBUCHUMOCTH MEXIY JIOKaJbHbIMU BapUalUAMU
CUTHA&JIa U U3MEHEHUSIMH 3HAYE€HUH KOMIIOHEHTOB €r0 CIEKTpa.

AHaju3 nyTeii pelieHUus 3a1a494

B mporecce ucciaenoBanuii ObII0 YCTAaHOBICHO, YTO BapHaLUK 3HAYCHUH Ta-
paMeTpoB CHUTHAJIOB MPUBOAAT K HAPYIICHUIO UCXOIHOTO PACHpENeNICHHs Trap-
MOHHYECKHX CHEKTPAJIBHBIX COCTABIISIONIUX, IPH KOTOPOM OJHU M3 HHX IOJI-
BEpraroTcs HanOOJIBIIMM H3MEHEHUSIM, a Apyrue — HauMeHbImM [5]. Tlpu aTom
yBEIWYECHNE TOYHOCTH M3MEPEHUI mpeuraraeTcss oOecIeunTh 3a CUYeT 3aMEHBI
MaJIOUyBCTBUTEIHHON perucTpaluyd W3MEHEHHWH BPEMEHHBIX MapamMeTpoB CHI-
HAJIOB, PErHcTpanyell M3MEHEHHWH MMapaMeTpOB XapaKTEPHBIX TapMOHUYECKUX
COCTABJISIONINX CIIEKTpa, OOJAJal0MUX MaKCHMAJIbHOW YYBCTBUTEIBHOCTHIO
K OTKJIOHCHHAM U3MCPIACMOTI0O IapamMeTpa 1 MUHHUMAaJILHON YYBCTBUTCIILHOCTBIO
K OTKIIOHEHUSIM, OOYCIIOBIIEHHBIM HECTAOMIBHOCTBIO (PYHKIIMOHHUPOBAHHS
3JIEMEHTOB M3MEPHUTENbHBIX KOHTYPOB. llenecooOpa3HbIM NpU 3TOM SIBISETCA
IPUMEHEHUE MaTeMaTHYeCKOro ammapara, oOecHedYHMBaroIlero pabory ¢ Juc-
KPETHBIM CIIEKTPOM CHTHana. Tak, peryaupyst aMIUIUTYAY, IEPUO CICTOBAHHM,
JUTUTEIBHOCTD MMITYJIBCOB M BPEeMsl 33JI€P’KKH, MOKHO MaTeMaTH4eCKH 00OCHO-
BaHHO YNPaBIISATh MapaMeTpaMu crieKTpa (TiepeMeniaTh MoJ0KEeHUe HyJel aM-
TUTUTYTHOTO CIIEKTPA, U3MEHSTh aMIUTUTYy U YyBCTBUTEIBHOCTh XapaKTEPHBIX
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CIIEKTPATBHBIX COCTABIIAIOMHKX) [6]. 3HaHWE HOMEPOB XapaKTEPHBIX TapMOHHU-
YECKUX COCTaBJISIIOLIMX MO3BOJIUT «OTCTPOUTCS OT TOMeEX, OOYCIOBIEHHBIX
HECTaOMIIBHOCTBIO (DYHKIIMOHUPOBAHUS 3JIEMEHTOB HU3MEPHUTEIBHBIX KOHTYDOB.
OmnpeneneHne HOMEPOB APMOHMUYECKUX COCTABISIOIINX, OOJAAarOMX MHHU-
MaJIbHOW YYBCTBHUTEIBHOCTHIO K HECTAOMIBHOCTH MapaMeTPOB U3MEPUTEIHLHOTO
CUTHAJIA, NPEAYyCMaTPUBAET HCCIIENOBAHUE TUHAMUYECKUX OCOOCHHOCTEH ero
CIEKTpa MyTeM aHajlM3a YaCTHBIX MPOU3BOTHBIX BBIPAKCHUU IJIS pacyera am-
TUIMTY]l XapaKTEPHBIX TapMOHUK [5].

Y4uuThIBas, YTO CHEKTPAJIbHBIN aHAJIN3 B PEAJIbHOCTH MOXKET NPUMEHSTHCS
TOJIBKO Ha KOHEYHBIX WHTEpBaJlaX BPeMEHH, TpeOyeTcs pa3paboTka MaTeMaTu-
YeCKOro ammapata, 00eceYnBalonlero eANHbIA MOAXO0/ K OMHCAHHUIO CIIEKTPOB
NEPUOJUUECKIX W HEMEePHOJNYECKUX CHUTHAJIOB (CIEKTPOB KBa3HIIEPHUOIUYE-
ckux curuaioB). Takum oOpa3om, LeNbI0 NCCIICAOBAHUMN SBISIFOTCS YBEJINUYEHUE
TOYHOCTH U 00ecIieueHNe aBTOMaTH3aLUuI U3MEPEHUIl 3a CUEeT 3aMEeHbI MaJOdyB-
CTBUTEIILHOM PErucCTpallud H3MEHEHUH BPEMEHHBIX NapaMeTPOB CUTHAJIOB,
perucTpanyy U3MEHEHHH TTapaMeTpoB XapaKTepHBIX TAPMOHHYECKHX COCTABIIS-
IOIIMX CIEKTPa, 00JIaal0NINX MaKCHUMAIBHOW YyBCTBHTEIBHOCTHIO K OTKIIOHE-
HUSIM KOHTPOJIMPYEMOTO IapaMeTpa ¥ MHMHUMAaJIbHON 4YyBCTBUTEIBHOCTHIO
K OTKJIIOHEHHSM, OOYCIIOBJICHHBIM HECTaOMIBHOCTHIO PabOTHl M3MEPUTEIbHOM
anmapatypsl. Kpome TOro, TOUHOCTh M3MEPEHHI TUNIAHUPOBAIOCH YBEIHUUUThH 32
cYeT pa3pabOTKW MaTeMaTHYEeCKOTO ammapaTa, YYUTHIBAIOIIETO MOTPEHIHOCTH,
00ycCJI0BIEHHBIE KOHEYHOCTHIO HHTEPBAIIOB BPEMEHU U3MEPEHUH.

KBazunepuonnyeckue CUrHajibl — CaMblii paCIIPOCTPAHEHHBIN BHJI CUTHAJIOB,
UCIIOJIB3YIOIIUXCS B MPAKTUKE W3MEPEHHI, B TOM YHCJE€ B CHCTEMax TECTOBOM
JUAarHOCTHKH OOMOTOK »JIeKTpuueckux MamuH. OHM 3aHMMAIOT NIPOMEKYTOU-
HOE TOJOKEHHE MEXIy HETepHOAMYECKUMU M TEPUOJUYECKUMH CUTHAIAMH
Y OTPaKaIOT MPOIiece MPeoOpa3oBaHMsl CIIEKTPAILHOM INIOTHOCTH B TUCKPETHBIH
ciekTp. OTIUYUTENBbHOW 0COOCHHOCTHIO KBA3UIEPUOINYECKUX CUTHAJIOB SIBIIS-
€TCsl UX OTPAaHUYCHHOCTh BO BpeMeHH. Pa3HbI MOAXOM K ONHCAHMIO CIEKTPOB
NEPUOINYECKOr0 U HEMEPUOIUYECKOTO CUI'HAJIOB CO3AaeT ONpeesIeHHbIE TPy I-
HOCTH TIPH PAaCCMOTPEHHMH KBa3WIEPHUOJMUYECKHX CHTHaloB. MojennpoBaHue
nporecca (popMUPOBaHUS TUCKPETHOTO CIEKTPa M3 CHEKTPAILHOU TUIOTHOCTH
npeaycMaTpuBaeT ofluee omucaHue OOOMX THUIOB CHEKTpoB. OnuH U3 MyTei
JOCTIDKEHMS TOCTABJICHHOW LIEIM — PaccMOTpEeHue mporecca (HOpMHUPOBAHUS
JUCKPETHOTO CIIEKTpa U3 CHEKTPAILHON IUIOTHOCTH IIPU HMEPHOAM3ALMHN CUTHA-
na. [Ipu 3TOM CyliecTByeT HECKOJIBKO MOAXO0J0B K MPEACTaBICHUIO 3TOrO Mpo-
necca. Tak, u3 Teopemsl KorenbHukoBa [7] U3BECTHO, YTO CIEKTP HEMEPUOIU-
YECKOIro CHUrHajia MOKHO IOJIyYUTh, YMHOXAs! CIIEKTP HEPHOAMYECKOTO CUTHajIa
Ha NPSMOYTOJbHYIO (PYHKIHMIO B YacTOTHOH obOnactu. OnHAKO MPaKTHYECKH pe-
ar30BaTh TOYHOE NPEOOpa30BaHUE CIEKTPAJIbHOH IJIOTHOCTH B JUCKPETHBIN
CHEKTp ¢ momoulbio psaga KoTenbHHKoOBa HEBO3MOXKHO. Jlel0 B TOM, YTO CHT-
HaJl C OTPaHUYEHHBIM CIEKTPOM — 3TO CHUTHAJ, JJISIIUICS OECKOHEYHO JOJTO.
IIpu auckpeTu3aluy TaKOro CUrHaja OyAeT MOIydeHO OECKOHEYHOE YHCIIO OT-
cueroB. [lyi1 BOCCTAHOBJIEHMS! MCXOIHOIO HENPEPHIBHOIO CUTHAJA, a 3HAYMT,
U 7151 TIOJTyYEHHS JUCKPETHOTO CIIEKTPa 3TOT0 CUTHAJIA HEOOXOJUMO YUECTh BCE
OTCYCTHI CUTrHaJla, YTO HCBO3MOXXHO BBUIY HCOI‘pﬂHH‘-ICHHOfI €Iro AJIUTCIIbHOCTH.
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BTopoil nmoaxon K pelieHrio MOCTABICHHON 3a7aud 3aKJII0YaeTcsl B Mojyde-
HUH TEPHOIUYECKOM MMOCIEA0BATEIFHOCTH UMITYJILCOB, MPEACTABIISIOMIEH CO00M
CyMMY OJMHOYHBIX CHTHAJIOB, OIWHAKOBO 3aJICPXKAHHBIX BO BPEMEHH OTHOCH-
TeIpHO JapyT npyra [8]. OmHako pacCMOTPEHHE PEATHHOTO CUTHAIA KaK TTePHOIN-
YECKOI'0 NMPUBEAET K HEHOPMHUPYEMOH MOTPENIHOCTH M3-3a KOHEYHOCTH JUTHTEINb-
HOCTH H3MEpUTENBHBIX MponeccoB. COOTBETCTBEHHO HEOOXOIUMBIM SBJISACTCS
ompeneNeHNe BIUSHMS TOTPEITHOCTH (OPMHUPOBAHUS NUCKPETHOTO CIEKTpa
B 3aBHCUMOCTH OT YMCJIa MOBTOpEHUH N npu neproansauuu. [lpu nepuoanzanuu
C YBEIMUCHHUEM YHCIIA UMITYJIbCOB B CIIEKTPAJILHOM IIOTHOCTH CHTHaji1a o0pasy-
eTcs Bce Oosbiie Hyel [8]. TTockoIbKy KaKAbli HOJb CIIEKTPAIbHOM IJIOTHOCTH
HaXOIUTCA Ha CTPOTO OIpENeNeHHON YacToTe, OH fABJSETCS CHEKTPaIbHOM CO-
CTaBJIAIOIIEN TUCKPETHOTO CIEKTPa, & caM CIIEKTP KBAa3UIEPHOAMYECKOIO CHUTHA-
Jla MOXKHO CYMTaTb KOMOWHHMPOBAHHBIM, T. €. COCTOSIIIMM M3 Y4YacTKOB CIICK-
TpaJIbHOM IIIOTHOCTH, pa3AeleHHBIX CIIEKTPaTbHBIMU COCTABIISIOIINMHE C HYJI€BOM
ammuTyod. IIpu yBennueHHH 4yucia HyJded YMEHBIIAETCS PacCTOSHUE MEXITY
HUMH ¥ TIOBBIIIACTCS CHIEKTPajIbHAs IJIOTHOCTh B 00JAaCTH 4acTOT, KPAaTHBIX Ya-
CTOTE MEPUOAM3AIINY, T. €. (GOPMUPYIOTCS COCTABISIIONINE OYIyIIero JUCKPETHO-
ro cnekTpa. Takum o0pa3zoM, Mpy MEPUOTU3ANN IPOUCXOAUT MPOIIECC TEPEPOK-
JICHHA CIIEKTPAIIbHOM IIIOTHOCTH B TUCKPETHBIM CIEKTP.

[peacTaBuM aHaNM3UPYEMBbIH CIIOXKHBIM CHTHAN B BHUJIE JTHHEHHOW KOMOWHA-
LUK 33aHHBIX (PyHKLUI, OrpaHUYEHHBIX 110 BPEMEHHU JIUTETBHOCTBIO paccMar-
puBaemoro curnana. M3BectHo, uro HanOosee yaqo0HOe U uMeroliee HU3HIeCKuil
CMBICII — 3TO PA3JIOXKEHHE CUrHana B pan Pypbe [9] M0 rapMOHHUYECKUM COCTaB-
JSFOIM O€CKOHEWHON INHUTeNbHOCTH. OHAKO CIeyeT Y4ecTh, YTo OeCKOHeU-
HBI TApPMOHHUYECKHI CUTHAII SIBIIICTCS MaTeMAaTUIeCKOW aOCTpaKimed u He MO-
KeT OTpakaTh peajIbHbIN mporecc. B uacTHOCTH, TakoM CUTHAN Heslb3s UCIONb30-
BaTh /Ui pAa3loKEHUs OrPaHHUYEHHOTO BO BPEMEHH KBAa3HMIIEPHOIUYECKOTO
curHana. IIpu BeIOOpe Oasmca paziokeHHs LeraecooOpa3HBIM IpeICTaBIseT-
¢ MaKCHMallbHOE HCIONb30BaHNE MPEUMYILNECTB TapMOHHUYECKOIO CHIHAIA
(mpocToe MaTeMaTH4eCKOe ONUCAHNE; HHBAPHAHTHOCTh K JIMHEHHBIM Ipeobpaso-
BaHMSIM; OTpabOTaHHAs TEXHUKa T'€HEPUPOBAHUS TapMOHWYECKHX (YyHKIMHA [9])
C y4E€TOM OIPAaHWYECHHUH, HAKIIAABIBAEMBIX NPAKTUKOW. Pemienue, 0qHOBPEMEHHO
yIOBJIETBOpsitolIee 000UM TpeOOBaHUSIM, — IPUMEHEHHE B KauecTBe Oasuca rap-
MOHHYECKHUX CHUTHaJOB, ONPAaHMYEHHBIX BO BPEMEHH, YacTO BCTPEYAIOLIMXCS
B peaNIbHBIX MPOLECCAX, HAMPUMED, PATUOUMITYIIECOB. [IpH 3TOM mpHuIeTcs oTka-
3aThCsl OT CIIEKTPAJIBHOTO METO/Ia aHAJIN3a CUTHAJIOB B €r0 OOBIYHOM Ipe/CTaBIIe-
HUH. PaznoxeHue curHana OyZeT NMPOM3BOAUTHCS HA PAJAUOUMITYJIBCHI C Pa3jiny-
HOW Hecylen yactoToi. [Ipryem Hecyias yactoTa OTAENBHOTO PaAHONMITYIIbCA
OyzIeT COOTBETCTBOBATH YACTOTE OTACIBHON FApPMOHHKHU CIIEKTpa MEPHOIUYECKO-
ro (0ECKOHEYHOTO BO BPEMEHH) CUTHAJIA, pa3jiokeHHOro B psig Dypwe. Takoe pas-
JIOXKeHue 11 yao0CcTBa npeiaraeTcsl Ha3BaTh KBacTpoM (puc. 1).

Crnenyer 3aMeTUTb, YTO OTIEJIbHASI COCTABJISIONIAsl KBAacTpa uMeeT (pu3uye-
CKHH CMBICT, TaK KaK SBJISETCS PalONMITYJIBCOM, ITapaMeTPhl KOTOPOTO MOYKHO
n3MepuTh. CaM e KBacTp MPH 3TOM OTPa)KaeT peasibHBIA MPOLEcC U COOTBET-
CTBYET IIPaKTUKE. B CBs3M ¢ TeM, YTO COCTaBIAIOIIME KBAcTpa (paguoNMITyIb-
Cbl) HE SBISIOTCS MEPHOANYECCKUMH (YHKLIUSMH, B YacTOTHOW 00JacTH OHH
OTHCHIBAIOTCS CIEKTPAIBHOM MIOTHOCTHIO. [IprueM crekTpaiabHas MIOTHOCTH
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KOKIOW COCTaBISIONIEH KBacTpa, TaK K€ KaK W CHEKTpajbHas TUIOTHOCTD
OCTaJIFHBIX COCTABIISIIOIINX, paclpeziesieHa o0 BceMy quarna3oHy 4actor. Kpome
TOTO, 3HAYCHHUE CIEKTPaJbHOM MJIOTHOCTH CUTHAJA CyMMBI BCEX PalUOUMITYIIb-
COB Ha ONpPENCICHHOM YacTOTE€ MOXKHO PaCCUUTATh, MOCKOJBKY IapameTphl
KaXKIO0T0 PaTUOUMITYIECA H3BECTHBI.

AAA

Puc. 1. KBacTp U3MEpUTENHLHOTO CUT'HANA

Fig. 1. Measuring signal kvastr

Takum 00pa3oM, BBIMTPBIII MPH TEPEXO0Je OT CIEKTpa K KBACTPY CBA3aH
C TIOSIBJISIFOIICHCS. BO3BMOKHOCTBIO pacieTa, a 3HaYHT, U BO3MOXKHOCTBIO JIOKAJIH-
3alMK TIOTPEIIHOCTEH, 00YCIOBACHHBIX OCOOCHHOCTAMHU (DYHKIIMOHHUPOBAHHS
OTJCIBHBIX JJIEMEHTOB M3MEPHUTEIBHBIX KOHTYPOB. HampuMmep, B MpakTHKE H3-
MEpPEHHI JOCTATOYHO INUPOKUI KJIACC MPEACTABISIIOT KBAa3HMIIEPUOTUUCCKUC
CHTHAJIbI C HAPYUICHHSIMHU MEPUOANIHOCTH, 00YCIOBICHHBIMH JIOKAJIbHBIMHU Ba-
pHUaNUAMH OJHOTO MJIM HECKOJBKHMX YYaCTKOB ¢ TeueHHeM BpeMeHH. [TosBuBIIIa-
SCs. BO3MOXHOCTh YCTAHOBJICHHSI OJTHO3HAYHOW 3aBHCHMOCTH MEXIY JIOKAllh-
HbBIMH BapualnusMH CUTHaJIa U USMCHCHUAMH KOMIIOHCHTOB CIICKTpPa IO3BOJIUT
pa3paboTath anropUTMbI ABTOMATHYECKOTrO IOJABICHHUS «IIYMOBY», 00YCIIOB-
JICHHBIX HECTAOMIILHOCTHIO PA0OTHI DIEMEHTOB U3MEPUTEIIHLHOTO KOHTYpA.

Pa3paﬁoTlca MaTeMaTU4Y€CKOro amnmnapara aHajam3a
KBa3UNCPUOAUICCKUX U3MEPUTECJIbHBIX CUTHAJIOB B YaCcTOTHOH 00J1aCTH

PaccmoTpuMm mporiecc pasnokeHHs CUTHalIa B KBacTp Oosee MoapoOHO.
OrpaHndeHHBIH BO BpeMEeHH (CYIIECTBYIOITHI BO BpEMEHHOM HHTEpBAIIC [, f>])
KBa3HUIICPUOIUUSCKHA curHaI S(¢, ;) MOKHO 3amucaTh Kak CyMMY COCTABJISIFO-
IIUX KBAacTpa, OTPAaHUYCHHBIX BO BPEMEHH ¢f;, f;), KOTOPBIC MPEICTABIISIOT
c000i1 HETIepHOUIECKIE CUTHAIIBI — PATUOUMITYIIECHI, ONTUCHIBAEMBIE B YaCTOT-
HOWM 00J1aCTH CIEKTPaIbHON INIOTHOCTBIO:

S(t.1,)=D.Cooi (11 15), (1)
k=0

rae C; — k03 GUIMEHT pa3IoXKeHHUs, ONMPEEISIONNN CIIEKTP KBa3HIIEPUOIUYe-
CKOTO CHTHAJIA.
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PaznoxeHue eqUHUYHOTO PA3HOMOJSPHOTO MPSIMOYTOJBHOTO UMITYJIbCa Ha
OTpaHUYCHHbBIE BO BPEMEHHU COCTABIISIIOIINE CIIEKTPa — PAJHOUMITYJIbCHI TIOKa3a-
HO, HalpuMep, Ha puc. 2.
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Puc. 2. Ilpencrasienue CleKTPpaIbHONM INIOTHOCTH OTPAaHMYEHHOTO HEMIEPHOIUYECKOTO CUTHAIA
CYMMOH CIIEKTPaJIbHBIX INIOTHOCTEH OJJUHOYHBIX PAJUOMMITYIbCOB TOH XK€ AIUTEIbHOCTH
C U3MEHAIOMIEcs HeCylel 4aCTOTOM: a — Pa3HOMOJIPHBIN IPSIMOYT OJIbHBII UMITYJIBC
U €ro CHeKTpabHasl [UIOTHOCTB; b, ¢, d — paqHoONMITYJIbCHI C PA3INYHOM Hecyleil 4acToTo
U UX CHEKTpallbHbIC IUIOTHOCTH

Fig. 2. Representation of the spectral density of a bounded non-periodic signal by the sum
of the spectral densities of single radio pulses of the same duration with varying carrier frequency:
a — a multi-polar rectangular pulse and its spectral density; b, ¢, d — radio pulses
with different carrier frequency and their spectral densities

Jlnsi aHaTMTUYECKOTO ONMUCAHUS CHEKTPAIBbHOM IUIOTHOCTH KBa3HIIEPUOIHM-
YEeCKOro CHrHaJla 4epe3 CyMMY CIEKTPaJbHBIX IUIOTHOCTEH OJMHOYHBIX pa-
JTUOUMITYJIECOB PACCMOTPHUM IOCIIeAHUE OoJiee TOAPOOHO.
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CnexTpaibHas IUIOTHOCTh OJMHOYHOTO PaJfOMMITYJIbCa (OTpe3ka CHHYCOH-
JIbl) paccYUTHIBAaETCs 1Mo (hopMmyIie

2Ec02‘ sin nTo , )

= 2
‘0) —® ®,

S ()

rae £ — amMmuTyna paguouMIyibca; ®, @y — TEKyllas M Hecylllas 4acToTa;
7 — KOJIMYECTBO MEPUOJOB TAPMOHHUYECKOTO KOJeOaHus (OMpeaenseT InTeb-
HOCTb PaIuOUMITYJIbCA).

ITpu nmepronm3anyy CUrHAIOB, @ BMECTE€ C HUMH U COCTABJLIIOIIUX HX pa-
JUOUMITYJIBCOB CJIEYET YUUTBIBATh, YTO HX IIOCIIECAOBATENbHOCTh SBISAETCS
YACTHBIM CIIy4aeM aMIUTUTYAHO-MOAYJIMPOBAHHBIX CUTHANOB. COOTBETCTBEHHO
MOCJIE0BATENFHOCTh M3 HECKOJBKHX PAaJHOUMITYJIECOB MOXKHO PaccMaTpHUBaTh
KaK OJMH aMIUIUTYAHO-MOIYJIMPOBAaHHBIN CUTHAI, YATUHSIOMUICA ¢ Mprbasie-
HHEM OUYEPEIHOTO PaJUOUMITYIbCA Ha €r0 JIIUTEIbHOCTD.

AMIUTUTYAHO-4aCTOTHBIM CIIEKTp CHUTH&JIA U3 JBYX PaAHOMMIIYJIbCOB, 3a-
Jiep>KaHHBIX 110 BpeMEHU Ha £, [8], mpeacTaBieH Ha puc. 3.

F(o),

Wy —4n/t, ®y — 21:/1,/ o Wy + 21/, oy +4n/t, ®
oy —2m/t, )+ 21/t

Puc. 3. CnektpanbHble IFIOTHOCTU: a — OAMHOYHOTO PaANOUMITYIIbCA;
b — curnana u3 AByX pajguOUMITYIIECOB

Fig. 3. Spectral densities: a — of a single radio pulse;
b — of a signal of two radio pulses

W3 puc. 3 BUAHO, YTO MPH NEPUOAN3ANNN CUTHANIA KpOME HyJIed, onpeaens-
eMBIX JIUTEIBHOCTBIO UMITYJIBCOB Ty,, MOSBISIOTCS HYJH, ONpPEIENsIeMbIe Bpe-
MEHEM 3a/Iep>KKH MEXAy MUMITyJIbcaMu ¢, O4eBHIHO, YTO MpH JalbHEUIIEH me-
pHOAM3aLMU KOJIMYECTBO Hylel BToporo Tuma OyneT pacTd. COOTBETCTBEHHO
CIIEKTpaJIbHAs TUIOTHOCTH OyJIeT Bce OOJIbIE PacIICIUISITECS Ha OT/IENbHEIE Jie-
necTku. [Ipuuem B ciryyae MOCTOSHCTBA MEPHUOAA CIIEAOBAHUS UMITYIbCOB T U3-
MEHEHHUEe INTENIbHOCTH MMITYJbCa T, MPUBOANT K M3MEHEHHWIO IIUPHUHBI CTIEK-
Tpa, a TAK)KE K N3MEHEHUIO aMIUIUTY]l FTApMOHMK, HO HE BIUSET Ha UX MECTOIO-
noxkeHue. J[pyruMu croBamu, TPH TIEPHOAM3AINN CHTHAJIA 00pa3yroTCs MecTa
(hopmupoBaHus OyIyIINX CIEKTPAIBHBIX COCTABIAIOUINX, KECTKO NPUBS3aHHbIE
K ONpeeIEeHHBIM YaCTOTaM CIIEKTpa.

B cooTBeTcTBHM ¢ TEOpeMOl O CMEIIeHHH, CIIEKTPAIbHYIO0 TNIOTHOCTh CHT-
Halla CyMMBI M3 JBYX DPaAHOMMITYJIbCOB S,(j®), 3aAep:KaHHBIX OTHOCHTEIBHO
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JpYT Apyra Ha BpeMs ¢, MOXKHO NPEACTAaBUTh KaK IIPOU3BEACHHE CIEKTPATbHON
TUIOTHOCTH MCXOJHOTO OJWHOYHOTO pamuoumimyibea Si(jo) u koddduumenra,

YUUTHIBAIOLIETO 3aJEPKKY MEKIy HMIyibcamu [1+e’“"]. CooTBEeTCTBEHHO
JUISL CTICKTPaIbHOM TNIOTHOCTH CUTHAJIA CYMMBI U3 TPEX PAIHOUMITYJIECOB HMEEM

S,(jw)=S,(jo)[l+e’ +e/**] (puc. 4), a s CHEKTPATBHOH MIOTHOCTH

CHTHAJa CyMMBI W3 7 PagHouMITyimbcoB S, (jo)=S,(jo)[l+e™ +e/" +.. .+

’g) 0 Oo— 212t o ok + 2127y ©®
Fy(0)=F()[1+¢" ]

0 oo — 21ty ®ox ok + 27/ Ty

O ok — 21/3Ty Ok Woxt+27/3T, ;

Puc. 4. I3amenenne GopMBbI CIIEKTpaTbHON TNIOTHOCTH CHI'HATA
CYMMBI 3a/Iep)KaHHBIX 110 BPEMEHU PAAUOUMITYJIbCOB MPH YBEIMYCHUH HX KOJIMYECTBA

Fig. 4. Alteration of the shape of the spectral density of the signal
of the sum of radio pulses delayed in time with an increase in their number
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OHpe,Z[CJH/IM, BOCITIOJIb30BaBIIUCH ITPUHIUIIOM HAJIOKCHMA, CHCKTp&JII:HI:IfI COoC-
TaB IOCJICAOBATCIIbBHOCTH PaarOUMITYJIbCOB, IIPEACTABUB NX B BUAC CYMMBI U3 m
PaIuouMITyIbCOB, 3aJep>KaHHbBIX 110 BpEMCHHU HaA {; OTHOCUTCJILHO APYT Apyra:

s oy L0 (o))

2 (C‘)_@O)Eﬂ Sin((@_%);j

+

~

3)
sin(m(oo+ ooo)rz“j sin(m(er wo)t;]

sin((mmo)‘;j sin(((o+oo0)t23J

M3 (3) cimegyer, 4TO HM3MEHEHHE TAapaMeTPOB ITOCIEIOBATEIHLHOCTHA pa-
JUOUMITYJILCOB BJIMSET HA CKOPOCTh (POPMHUPOBAHHMS TUCKPETHOTO CIIEKTPA.
[TyreM ycTaHOBKH MapaMeTpoOB IMOCIIEI0BATCIBHOCTH PAIMOUMITYIILCOB (1107100~
pa 3HAYCHWH T, H £,) MO)KHO MaKCHMAIBHO COKPATHUTh KOJIUYECTBO MEPHUOJIOB 11
NpY NEPUOJIM3ANNN CUTHATA, TpeOyeMoe JIisl TOCTYIKEHUSI 3aJIaHHON TOYHOCTH
peoOpa3oBaHus CIEKTPATbHOHN IJIOTHOCTH B AMCKPETHBIN criekTp. Kpome Toro,
YBEJIMYCHUE OTHOIICHUSI CUTHAJ/IIyM TIpeJyIaraeTcst TOJIy4YUTh 3a cHeT 000CHOBAH-
HOT'O BBIOOpa XapaKTEPHBIX YACTOTHBIX COCTABISIONIMX CUTHANA, OOJIAIAFONIHX OJI-
HOBPEMEHHO MaKCUMAaIbHOW YYBCTBUTEIBHOCTBIO K M3MEHEHUIO WH(POPMATUBHOTO
napamerpa U3MEpUTENTLHOTO CHT'HAJIA | MUHUMAJIBHON 4yBCTBUTEIHLHOCTHIO K CITY-
YaliHBIM OTKJIOHCHUSM TIapaMeTpPOB CUTHAJA, OOYCIOBJICHHBIM HECTaOMIBHOCTHIO
(YHKIIMOHHPOBAHHS DIIEMEHTOB H3MEPHTEIIEHBIX KOHTYPOB.

Onpe/ienieHue HOMEpa XapaKTEPHOW YaCTOTHOW COCTAaBJISIONICH CHUTHAJA
NpeyCMAaTPUBAET HCCIIEJOBAaHUE TUHAMUYECKUX OCOOCHHOCTEH €ro CrekTpa
MyTEeM aHaJu3a YaCTHBIX MPOU3BOIHBIX BBIPAXKCHUS Ul pacueTa aMIUIUTY]T €T0
YaCTOTHBIX cocTaBystronux [10]

du,| .. 4.l . 4, . 4
wEor = AE + Ao+ At + At,, 4
dE do dt dt

3

+

AU

rae AE, Ao, At, At, — u3MeHeHue napaMeTpoB E, o, T, ;.

IlepBbie Tpu 4dieHa BhIpaKEHUS (4) SIBILIIOTCS a0COMIOTHON MOTPENTHOCTHIO
TIpY MU3MEHEHUW MH(POPMATUBHOTO mapameTpa curHana Af,. Jlpyrumu ciioBamu,
HECOBIA/ICHUS 00JacTeli MUHIUMAILHON YyBCTBUTEIBHOCTH K M3MEHEHUsIM E, ©, T
U {, OTIPEACTSIOT BO3MOXKHOCTh ITO/IABIICHUSI BIHUSHUS IITYMOB, O0YCIOBICHHBIX
HECTaOMIBHOCTHIO (PYHKIIMOHUPOBAHHUS DIIEMEHTOB W3MEPHUTEIHHBIX KOHTYPOB.

BbIBO/JbIL

1. Pa3zpaboTan COOTBETCTBYIONINI MPaKTHKE MaTeMaTHYCCKUI ammapar aHa-
JU3a KBA3UIEPHUOJAMYCCKUX H3MEPUTENBHBIX CHTHAJIIOB B YaCTOTHOW 00JaCTH,
MO3BOJISIFOIIMI MEPEUTH OT MAaJOYyBCTBUTEJIBHOW PETUCTPALMM H3MEHEHUI
BPEMEHHBIX MapaMEeTPOB U3MEPUTEIBHBIX CUTHAJIOB K PETUCTPALIMUA U3MEHEHUI
MapaMeTpoB OTAETHHBIX COCTABISIOMIMX CIEKTPa, IS KOTOPBIX OTHOIIEHHE
CUTHAJI/IIIyM UMEET MaKCUMaJIbHOE 3HaUeHHE.
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2. [IpumeneHne MaTeMaTHYECKOTO alapara MO3BOJIUT 3HAYUTENBHO YIPO-

CTHUTH aJITOPUTMHUYECKOE 00eCreueHHe CUCTEM TECTOBOW TUAarHOCTHKH OOMOTOK
ANEKTPUUYECKUX MAIIUH 32 CYET 0TKa3a OT CIOKHON KOPPEJIAIMOHHON 00paboT-
KM CUTHana, TpeOyromeld OONBIINX BBIYMCIUTEIBHBIX PECYPCOB (BpEMsI H CKO-
pOcTh 00PabOTKHU JaHHBIX, 00BEM OINepaTHBHOI nmamsaTH). Kpome toro, npaktu-
yecKas peamu3alys MpeIoKEeHHON METOAUKH MO3BOJIUT COKPAaTUTh BpEeMs H3-
MEpEeHHH, YMEHBIINTh MOIIHOCTh, BEC M TabapHUThl T€HEPATOPOB HMITYIHCOB,
BXOJIMBIINX B COCTaB U3MEPUTENBHBIX CUCTEM.
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