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®OPMUPOBAHUE OPTOI'OHAJIBHBIX COCTABJIAIOIIUX
BXOJHbIX CUT'HAJIOB B MUKPOIIPOIIECCOPHBIX 3AIIIUTAX
SJIEKTPOYCTAHOBOK

JIOKT. TexH. HayK, npo). POMAHIOK ®. A,
acn. 'YPBSIHYUK O. A.

benopycckuii hayuonanbHwlli mexHuueckuii ynusepcumem

PaccmatpuBaeTcst monmyueHne OpTOrOHATBHBIX COCTABIISIFOIINX MTOCPEICTBOM
IUQPPOBBIX aJaNTHUBHBEIX (QopMupoBareneil ¢ NpeABapUTENBHONW aHAIOTOBOM
¢dupTpanmel, a TAKKe UCCIEAYIOTCS UX YaCTOTHBIC U IMHAMUYECKUE CBOMCTBA.

MHUKpONIpOLECCOpHBIE 3alIUThl ANEKTPOYCTAHOBOK (PYHKIMOHUPYIOT Ha OC-
HOBe 00paboTKu BXOMHON mH(MOpMaruu. B kadecTBe TaKOBOH HCIOJB3YIOTCS
BXOJIHbIE CHUTHAJIBI TOKOB M HAIIPsDKEHUH, MPEICTaBICHHBIE aMIUTUTYA0H U ¢a-
30f1 MM DKBUBAJCHTHBIMH WM OPTOTOHANBHBIMH COCTaBISIOIKMMHU. OpToro-
HaJIbHBIE COCTABJIAIOLINE B MUKPOIPOLIECCOPHBIX 3aIllUTax yAoOHee Bcero ¢Gop-
MHUPOBaTh B HH(POBOM BUAE C MOMOIIBIO COOTBETCTBYIOIINX (HOPMHUpOBATENCH
[1]. Takue anmanTuBHBIE (OPMHUPOBATEIH OPTOTOHAIBHBIX COCTABIISIOMIMX
(®OC) momxHBI 00eCITeYNBaTh HE3aBUCHMOCTH aMILTHUTYJ CHUTHAJOB U YIJIOB
caBura (a3 MeXIy HUMHU OT M3MEHEHHH MPOMBINUICHHOW 4acTOThl. OHU JOIK-
HBI 00JIaIaTh COOTBETCTBYIOIIUMH YaCTOTHBIMH U IWHAMHYECKHMH CBOICTBaMHU,
oOecrieunBas P ITOM YETKOE BBIJICJIEHHE CUTHAJIA OCHOBHOM YacTOTHI U BBICO-
Koe OBICTpOJEHCTBHE.

[lpu dhopmHupoOBaHUM OPTOTOHANBHBIX COCTABJISIONIMX B MHKPOIPOLECCOP-
HBIX 3alUTax 3JEKTPOYyCTAaHOBOK BXOJHOW CHTHajl IOJBEpPraercs IMpeaBapu-
TeJbHOH 00pabOTKE MOCPEACTBOM AaHAJIOTOBOTO (HIBTPAa HIKHHX YacTOT
(®HY), ocmabisromniero BHICHIME TAPMOHUKH, M TOJIBKO ITOCHE 3TOTO IU(ppoBOi
(GuIbTpalMy BBIACISIOIEI0 OCHOBHYIO TAPMOHHKY BXOJHOTO curaana [1, 2].

[octpoenne mudposeix ¢puneTpoB (LID) ocymecTBisiercss ¢ TOMOLIBIO Me-
TO/a, OCHOBAaHHOTO HA MOJENM BXOJHOTO CHTHAJIa, CONEPIKaIIero IIOMHUMO OC-
HOBHOW T'apMOHHUKH anepHoIUYecKyl0 COCTABIIIOLIYIO, 3aTYXaloLIyl0 BO Bpe-
MEHH 10 SKCIIOHEHIINAJIbHOMY 3aKOHY, U BBICIIIE TAPMOHHKH:

M
U (H) = Uae_”t + Z U, sin(noyt+¢,,), ()

m=1



rae U, — aMIUIUTy/ia allepruoJu4ecKoi COCTaBIIAIONIEN; T — MOCTOSTHHASI BPEMEHU
3aTyXaHUs anepuogNUEeCKON COCTABISIIONICH; M — MOPAIOK HAUBBLICIICH rapMo-
HUKH, COAEprKalllelicss BO BXOJAHOM curHaie; U, — aMIUIUTyAa m-i TapMOHUKHU;
) — OCHOBHAs YIJIOBasl 4acTOTa; (P, — HaYaubHas (asza m-ii rapMOHUKH.

[Tocne 06paboTku manHOTO curHama (1) GUIBTPOM HIDKHUX YACTOT, YUUTHI-
Basi, YTO (PUIBTP HUKHHUX YACTOT MOJHOCTHIO MPOITYCKACT allepUOIUIECKYIO CO-
CTaBJIAIOLLYIO U 33JI€P/KUBAET BBICIINE TAPMOHMKY C MOPSAKOM 7 > N, OTy4nM:

N
uh=Ue """+ U,siny,, )

m=1

T7Ie \J,, = mmyt + ¢, — TeKymias ¢aza m-it rapMOHHUKH.

Hcnonb3oBanue BhIpakeHUs (2) B KaueCTBE MOJIEIM BXOJHOTO CUTHAJA 3a-
TPYIHSET penieHne 3afadn cuHTe3a nudposoro ¢mibtpa. [losToMy, pruHsSB BO
BHMMaHHe (DaKT KOHEUHOTO BPEMEHH HaOIOZCHUS 3alllUTON 32 CUTHAJaMH, KO-
TOPOE COCTABIISIET OKOJIO OAHOTO MEPHOa MPOMBILIJIEHHON YaCTOThI, CTAHOBUT-
¢ BO3MOYKHBIM allPOKCHMHPOBATh alepPUOAUYECKYI0 COCTABISIOILYI0 HA WH-
TepBalie HaOIIOIEHUSI OTPE3KOM NpsiMoid. Torma Moaysb pasHOCTH €€ CMEXKHBIX
JIUCKPETHBIX 3HAUCHUHN SIBICTCS BEIWYMHOM MOCTOSIHHOW, KOTOPYIO OyneM Ha-
3pBaTh AU, [1]. [ToaTomy, eciau Ha HEKOTOPOM MHTEpBalie HaOJIOIcHMs 3aUK-
CHUPOBAHO 7 OTCUCTOB MTHOBEHHBIX 3HAUYCHUN curHaina (2) uepes mar At, ¢ yde-
TOM CKa3aHHOTO BBIIIE 3TH 3HAUYCHUS OyIyT CBSI3aHBI CUCTEMOM:

N
u,=U,,+ 2 U,,siny,.:

m=1

N
U, | = Uan +A U; + z Umﬂ Sin(\vmn - mOAt);

m=1

3)
N
u,_,=U,+2AU, + Z U,, sm(\ym - 21110;)0At);
m=1
N
U= Uau + (H_ I)A Ua + z Umn Sln(\umu - (H_ l)moAt)’
m=1
rae U, — 3HaYeHHE arepuoIuIecKol COCTABISIONIEH B KOHIIE HHTEpBala Ha-
OmroeHusl.
Pemennem cucremsi (3) sBisieTCA BEIpaKeHNE
u, =2 (a0 b)u, “)
=1
rIe a;, b; — mocTosiHHbIe KOd()OUIMEHTBI; #; — i-ii OTCYET OCHOBHOM TapMOHHUKH

curHama.

Beipaxenue (4) omnuceiBaeT HU(POBOH (UIBTP, BBIICISIONINI OCHOBHYIO
rapMOHMKY M3 CHTHana u(f) ¢ I'paHMYHOM 4acTOTOH cmekrtpa fy,. YacroTa fp
CIIEKTpa CHTHaJIa, KOTOPBIA MOKET OBITh OJHO3HAYHO 00pabOTaH 3TUMH (UIHT-
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pamu, orpenensieTcss KOJIMIeCTBOM MTHOBEHHBIX OTCUETOB 3HAYEHWU n Ha WH-
TepBasie HaOmoeHus. [locTtosiHHbIE @), b;, Ha3pIBaeMble KO3 PUIIMEHTAMH U (-
poBoro (uIbTpa, 3aBUCAT OT M), # U At. LludpoBeie GunbTphl (4) ¢ 3TUMU KO-
s¢duIMeHTaMy Ha KOHEIl MHTepBajia HAOMIOCHHUS IPUBOIAT K anroputmy Dy-
pBE U MOAABISIOT MOCTOSHHYIO COCTABIISIFOIIYIO W BCE TADMOHUKH C 9aCTOTaAMH,
HE NPEBBINIAIONIMMH frp. 'apMOHMKH, MPEBBINIAIOIINUE frp, TOJABIAIOTCS aHAJIO-
roBeiMu OHUY.

B xoxme mpoBeneHHs] BHIYUCIMTEIHLHOTO SKCIEpUMEHTa [2] OBLTH BHIOpAHBI
ontuMaibhbie napameTpl @HY u nnpoBeIX (QHUIBTPOB C YHCIOM OTCUETOB
MTHOBEHHBIX 3Ha4YeHUH n = 10 u 12, KoTOphIe MpuBEIEHBI B Ta0M. 1 1 2.

Tabnuya 1
Mapamerpsr ®HY u P
KoOMHectBo OTCHETOR 1 Iar guckperusauuu Yacrora cpesa
At c ®HY f,, I'n
10 0,00222 120
0,0025 120
12 0,00181 125
0,002 125

OnTUMH3UPOBAHHBIC (PUIBTPHI UCIIOIB30BAHBI JIJIS TIOCTPOCHHS PaccMaTpH-
BaeMBIX HIDKE (JOPMHUPOBATETEH.

ApnantuBHbIE (DOPMHUPOBATENH OPTOTO-
HAJIBHBIX COCTAaBISIOMIUX — ATO YaCTOTHO-
He3zaBHCHUMBIE (hopMupoBarenn. B ocHOBe
BBITIOJTHEHHS Takux (GopMHUpoBaTenei Je-
JKaT CIIEMYIONINE TCOPETUICCKUE MPEIo-
ceutkd [1, 3]. UMes cuaycoumanbHBIA CUT-
Hal Uy = U,sin(mf), TOTyYCHHBIH Ha BbI-
xome mmdpoBoro QumaeTpa, mmyTem da-

30BOTO CIBUTA 0€3 U3MEHEHUS aMILIUTYAbI
B IPOM3BOJIBHYIO CTOPOHY Ha yroj o IO-

Jy4aloT BCIOMOTATENbHBIM curHan U

(puc. 1). Yron o BEIOHpaeTCs B IPOMEXKYT-

ke 0 <| ol <90°. Dror BEIGOp 06YCIOBICH
TEM, YTO MPH 3HAYCHHAX YIJa, OJHM3KHX K
HYJII0, O0OECIeUnBACTCS MAaKCUMalbHOE
GBICTPO/ICHCTBIE (POPMUPOBAHNS BCIIOMOTATENBHOTO CHrHAA, HO 1ipH | of = 90°
HaOJro1aeTcsi HanboJiee BHICOKASI TOYHOCTD MOJYYEHHS JOMOJIHUTEIbHBIX CHUT-

Puc. 1. BexropHas auarpamMma
(hOpPMHUPYEMBIX CHUTHAJIOB

HaioB. 13 IMMOJIYY4YE€HHOT'O BCIIOMOT'aTCJIbLHOT'O UB 1 UCXOOHOI'0 CUHYCOHJAJIBHOT'O

CUTHAJIOB Ha BbIXoAe Iudposoro ¢unsrpa U,

'« » BEKTOPBI KOTOPBIX O0pa3yroT

pomO, popmupytoT nepssiit U, u Bropoil U, NONOTHUTEIbHBIE CUTHAIBI KaK X

HOJIyCyMMY M NOJYpPa3HOCTb COOTBETCTBEHHO, BCETJa COBIAJAIOIIUE C JUAro-
HQJISIMH JaHHOTO poM0a, Tak KaK MCXOJAHBIE BEKTOpA HE 3aBUCAT OT YacTOTHI.
B nanpuelinieM mo AByM CMEXHBIM 3a()MKCHPOBaHHBIM MIHOBEHHBIM 3HAYCHU-
SIM JIOTIOJTHUTENFHBIX CUTHAJIOB MOJYy4YalOT OTCYETHl MTHOBEHHBIX 3HAYCHHH Op-
TOTOHAJIBHBIX COCTABIIAIOIINX BXOJHOTO CHHYCOHIAIBHOTO CUTHAIA!



Koa¢pdpuuuentsl uuppoBbIX GUILTPOB

Tabruya 2

Kommuectso Ilar Kootib- Howmep orcuera i
JIUCKPETH-
OTCUCTOB M | ot At ¢| oMt 1 2 3 4 5 6 7 8 9 10 11 12
a; 0,111 0,170 0,039 —0,111 —0,209 -0,209 —0,111 0,038 0,170 0,111
0,00222
b; 0,305 | —0,143 -0,217 -0,193 -0,076 0,076 0,193 0,219 0,143 -0,305
10
a; 0,125 | 0,177 0,0 0,177 | -0,025 | —0,177 0,0 0,177 0,125 0,0
0,0025
b; 0,125 0,0 —0,250 -0,177 0,0 0,177 0,250 0,177 —0,125 —0,177
a; 0,091 0,153 0,076 —-0,026 -0,119 -0,175 -0,175 -0,119 -0,026 0,076 0,153 0,091
0,00181
b; 0,310 | -0,098 | —0,165 | -0,180 | —0,137 | -0,051 | 0,051 0,137 0,180 0,165 0,098 | —0,310
12
a; 0,100 0,162 0,062 —0,062 —0,162 -0,200 —0,162 —0,062 0,062 0,162 0,100 0,0
0,002
b; 0,238 | —0,048 -0,190 -0,190 -0,118 0,0 0,118 0,190 0,190 0,118 -0,238 -0,069




Ugny =Uymy T U2(n)5 (5)
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)‘ () Q”Z(n) - ”Z(n—l)‘) ©)
2 72 ’
)

2 2
[(u2(n) U (n-1) N1(n-1) — U1(n)
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Heo0Oxonmmo OTMETHTB, YTO B JAEHCTBUTEIBHOCTH OTCYETHl MIHOBEHHBIX
3HaYeHUM BbIXOJHOTO curHana Id sBIsOTCS OTCUETaMU CHHYCHOM OpTOIO-
HaJIbHOW COCTABISIIOLIEH U, = U,. B pe3yibTaTe 3TOro 10CTaTOUYHO CHOPMUPO-
BaTh TOJBKO OTCYEThl MTHOBEHHBIX 3HaYCHHH KOCHHYCHOI OpPTOrOHAJIBHOM CO-
cTaBJstoNIeiH 1o (6).

PaccMoTpeHHBI METO/ MOJIYyYEHHsI OTCUETOB MIHOBEHHBIX 3HAYEHHI OpTO-
TOHAJIBHBIX COCTABIISAIOMIMX OOECIIEYMBAET HE3aBHCHUMOCTh aMIUIMTYABI OPTOTO-
HAJIBHBIX COCTaBISIONIMX W yria (asoBOro cABWra MEXIYy HUMH OT YacCTOTHI
BXOJIHOTO CUTHaja. B JefCTBUTENBHOCTH e NP UCIOJIb30BaHUM JAHHOTO Me-
TO/Ia Ha MPAKTUKE MOXXHO YBEPEHHO T'OBOPUTH TOJBKO O HE3aBUCHUMOCTH yTia
(ha30BOTO CABHUra MEXAYy OPTOrOHAILHBIMH COCTABIISIFOIIUMU, MTOCKOIBKY IMOITY-
yaemas pe3yJbTHPYIOIIas aMIUIMTYAHO-4acTOTHas xapakrepuctuka (AUYX) LD
naneka ot unaeanbHo# [2] u onpenensercs AUX ®HY u [{D.

YacToTHBIE M JUHAMHYECKHE CBOWCTBAa (POPMHPOBATENCH OPTOTOHAJIBHBIX
COCTaBJISIFOIIUX MOXHO OIIEHUTH, IPOBENIA aHAIN3 UX aMIUIUTYIHO-4aCTOTHBIX U
MEPEXOTHBIX XapaKTEPUCTHK, MOTYyUYEHHBIX METOJOM BBIUMCIHUTEIHHOTO JKCIIe-
pumenTa. [IpenMyIiecTBo 3TOro MeToja 3akKi0YaeTcsi B BO3MOXHOCTH yyeTa
BJIMSIHUS PEabHBIX apaMeTPOB AIEMEHTOB U MPOYUX (PaKTOPOB HA XapaKTepH-
CTHKH.

Ha puc. 2 nanst AUX, a Ha puc. 3 — dazouactoTHble XapakTepucTuku (OUX)
gacToTHO-He3aBUCUMBIX POC. OcoOEeHHOCTIO JaHHBIX XapaKTEPUCTHK ABIISET-
cs noHoe coBnagenue AUX juisi CHHYCHOM M KOCHHYCHOW OPTOTOHAJIBHBIX CO-
craBiomux. HeciaoxHo 3ameruts, yro noiaydeHHsle AUX npencrasisior co-
00i1 XapaKTEpUCTHUKH COOTBETCTBYIOLIMX YacTOTHBIX (DMIIBTPOB, PacCMOTpEH-
HBIX B [2]. [lokazanasie @YX paccmaTpuBaeMbIx GOpMHUpOBATENEii B TUana3oHe
M3MEHEHHs 4acToThl OT 45 10 55 'l — nuHeliHbIe.

a 0

H, 4 Hs, -

08 4 08 4
06 4 06

0,4 0,4

0,2 4 2 0,2 2

5 100 150 200 f, T’y 300 50 100 150 200 f, I'm 300

Puc. 2. AMIIIUTYIHO-4aCTOTHBIE XapaKTEPUCTHKHU 4YacTOTHO-He3aBUCUMBIX DOC:
a—1-n=10; At=0,00222 ¢; f, = 120 T'; 2 - 12; 0,00181 ¢; 125Tw; 6 - 1 —n = 10;
At=10,0025 c; fo, = 120 T3 2 - 12; 0,002 ¢; 125 T



200 ~

¢

160 -

140 1 3

120 4

100 4

80 2

60

a0 1 Puc. 3. ®a304acTOTHbIE XapaKTEPUCTHKH dHac-

ToTHO-He3aBUCUMBIX POC: 1 — n = 10; At =

207 =0,00222 ¢; f, = 120 T 2 — 10; 0,0025 c;

0 ‘ ‘ ‘ ‘ ' 120Tm; 3-12; 0,00181¢; 125Tm; 4-12;
45 47 49 51 f, I'nm 55 0’002 c; 125 T

Ha puc. 4 npencrasnensl nepexognsie xapakrepuctuku POC, mo3Bossro-
IIMe OLIEHUTh TUHAMHUYECKHE CBOICTBa (hopMupoBarenell, Takue Kak UINTeNb-
HOCTh HACTYIUICHHS YCTaHOBMBILIETOCS pexuMa. VX aHaau3 CBUAETEIBCTBYET O
TOM, YTO HaMEHbIIIee BpeMsl HACTYIUIEHHUS ycTaHoBHBIIETOCS pexnma y DOC
Homep 3, manee ciaexyet @OC "HOMep 1, 3aTeM — @OC HOMEp 4 M camoe 0OJTb-
moe Bpema y @OC Homep 2.

Puc. 4. TlepexoaHbie XapaKTepUCTUKH YacToTHO-He3aBUCHMBIX POC: 1 —n = 10; Ar = 0,00222 c;
fcp =120T1; 2 -10;0,0025 ¢; 120 I';; 3 —12; 0,00181 ¢; 125 T'm; 4 — 12; 0,002 ¢; 125 T'g
(MHOEKCH y IU(P YKa3bIBaIOT OPTOTOHAIBHYIO COCTABIISIONIYIO)

Jus gactotHO-He3aBUCHMBIX POC XapakTepHO BOSHHUKHOBEHHWE WHTEHCHB-
HOTO TIEPEXOJHOTO IpoIlecca MPH MoAade BXOJHOTO CHTHAla, MO3TOMY Ha OT-
JICIBHBIX MHTEPBaJIaX BPEMEHU HEBO3MOXKHO OINPEACIUTh IU(PPOBON OTCUET KO-
CUHYCHOW OpPTOTrOHAJILHON COCTaBJISAIONIEH.

Eme onnoit HemanoBaxkHoit xapaktepuctukoir ®OC sBisieTcs] U3MEHEHHE
aMIUIATYI6I U (as3pl CUTHAJA, MOJy4aeMOr0 IO OPTOTOHAIBHBEIM COCTaBIISIO-
VM, TIPY TTOIa4ue Ha BXOJ CHHYCOMAAIBHOTO CUTHAJA ¢ a30il B MOMEHT BKITFO-
gerus 90°. JlaHable XapaKTePUCTUKH MPUBEICHBI HA PUC. 5.

CpaBHUTENBHBIM aHAIU3 TOJYYEHHBIX 3aBUCHUMOCTEH CBUAECTEIBCTBYET O
TOM, 4YTO YCTaHOBJICHHE ()a3bl CUTHAJIA MPOUCXOIUT OBICTPEE, YEM aAMILIUTYIbI,
y Bcex @OC. JlaHHOE CBOMCTBO MOHO HMCIOJIb30BaTh B 3al[UTaX, e KOHTPO-
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JTUPYEMON BEITMYUHON SIBISIOTCS (ha3oBbIe cIBUTH. lIpoBens oleHKy paccMar-
puBaeMbIX (hopMHpoBaTEICii OPTOTOHATBHBIX COCTABISIONIMX 10 BPEMEHHU YC-
TAHOBJICHHUSI aMIUTMTYBI BRIXOJHOTO CHTHAJA, MOIy4YaeM, 9To OBICTpOAeiCTBIE
®OC nomep 1 cocrasnser 0,022 ¢, DOC nomep 2 — 0,028 ¢, POC Homep 3 —
0,021 ¢, o6picTponeiictue ®OC HOMep 4 — 0,026 c.

1,2 4 400

Poux 1 4

300 | |

0,8 1
250 +

200 + _/

150 4 ~ \

100
50 2 3 V\

006 f,C 0,08 0,02 0,04 006 ¢, c 008

0,6 4

0,4

0,2 4

Puc. 5. Peakuuss @OC Ha cuHycOuAanbHBIH BXOIHOW CHTHAJ: a — U3MEHEHHE aMIUIUTYIbI; O —
¢aspl BeIXOAHOTO curHama; 1—n=10; Ar=0,00222 c; fo, =120 I'm; 2 —10; 0,0025 c; 120 I'm;
3-12;0,00181 ¢; 125 Tm; 4 — 12; 0,002 c; 125 'y

Crnenyer mo0aBUTh, YTO BO BCeX (POPMHPOBATENSX OPTOTOHAIBHBIX COCTAB-
JISIOUIMX O00eCIeunBaeTCs MPUEMIIEMBI XapakTep MepexoIHOro IMpolecca. ITo
TTOJIO’KUTENEHO CKa3bIBAETCS HA yCTOMYNBOM (DYHKIIMOHUPOBAHNUH 3AIIIUTHI.

BBIBO I

B xone mpoBeieHUs BBIYUCIUTEIBHOTO SKCIIEPUMEHTA OBUIM HCCIEI0BAHBI
aJIalTUBHBIC (POPMHUPOBATEIN OPTOTOHAJBHBIX COCTABJISIOIIMX Ha 0a3e paHee
PacCMOTPEHHBIX TUPPOBHIX GUIHTPOB [2]. YCTaHOBIEHO, UTO JaHHBIC 1Al THB-
HbIe (DOpPMHPOBATEIM OPTOTOHAIBHBIX COCTABJISIOIIUX OOCCIICUYMBAIOT HE3aBH-
CUMOCTL YIJIOB CIBUT'a (1)33 MCXKAY CUTHaJIaMU OT H3MEHEHHUH HpOMBIIlIJ'IeHHOfI
YacTOTHI, 00JIAIAI0T XOPOIINMH YaCTOTHBIMHU U JIMHAMHYECKHMHU CBOHCTBaAMH.
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