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HHADPOBBLIE 'EHEPATOPHBIE ITPEOBPA3OBATEJIN
[TOBBIIIEHHOW YYBCTBUTEJIbHOCTHA
JUIL CUCTEM VYIIPABJIEHHMA M KOHTPOJIA

Paccmampueaemca peanuzayus pesxcuma
CBEpXYY8CMBUMENLHOCU 8 YUPPOBbIX aA6-
MOKOIe0amenbHblX CUCEMAX C Yelblo CUH-
mesa yughposwvlix 2eHepamopHuix npeobpaszo-
sameret NOBbIUEHHOU YYBCMBUMENbHOCTIU.

OnHo#t M3 Mpo0iieM, pelraeMbIX HUCCIICA0BATEeIIMHI
U pa3paboTINKaMH TeHEePaTOPHBIX MpeodpaszoBarenei u
MOAYIATOPOB C BBIXOAHBIM UM- mnu @M-curnanom,
SIBIISIETCS] YBEJTUUEHUE UX UYBCTBUTEIBHOCTH K yNpaB-
JSIOLIEMY ITapameTpy.

YacTtoTa reHepupyeMoro curHaia B OCHOBHOM
OTIPEJICIISACTCS HYJICBOM TOUKOM SKBUBAJICHTHOHU (hasouac-
ToTHOM XapakTtepucTuku (PUX) pa3soMKHYTOH Ienu
aBTOKOJIe0aTeIbHON CHUCTEMBI MPHU YCIOBUHU BBITMOJIHE-
HUsl OanaHca aMmumuTyd. Bo BceX MIMPOKO M3BECTHBIX
CTPYKTYpax KBa3UTapPMOHWIECKHUX aBTOKOJIEOaTEIbHBIX
CHCTEM UYYBCTBUTEIBHOCTH HyNeBOW Toukn PUX k
YIIPaBISIOIIEMY MTapaMeTpy UMeeT HOTCHIHAIBHBIC Orpa-
HU4eHus. ABropamu [1] OblT BEISIBICH HOBBIH 3(h(exT,
MO3BOJISIOIIMN Peaan30BaTh YyBCTBUTENBHOCTb, KOTO-
pasi B I€CATKU U COTHH pa3 MOXKET IPEBbIILATh YKa3aH-
HbIC TIOTEHIIMAJIbHBIC 3HaYeHUA. JlaHHbIH 3 dekT Obut
Ha3BaH 3(pPEKTOM CBEPXUyBCTBUTEIHHOCTH aBTOKOJE-
OarenpHBIX cucTeM. D(P(eKT peannus3yercsi BBEACHHEM B
ABTOKOJICOATENEHYIO CHCTEMY JTOTIOTHUTEIEHOTO (DIITh-
Tpa ¢ UHBEPTUPOBAHHBIM HakiIoHOM @YX 1o oTHomIe-
HUIO K TAIIMYHOMY HaKJIOHY.

Dddekr o0bscHsCTCS CraeayronmM. [Ipy BEBIAUTaHUH
nByx THIAYHBIX OUX ¢ OMU3KUM IpyT K IPYyTy HAKIO-
HOM U CMEIIIEHHBIX OTHOCUTENBHO JPYT IpyTa, HyJeBas
TOUYKa SKBUBAJIEHTHON PUX MOKET HaXOIUTHCS TaJIEKO
0T 00JIaCTH YacTOT, OTPAHUYCHHOHN HYIIEBBIMU TOYKAMHU
BeruntaeMbix OUX. Ilpu cnoxennn tunudHbix OYX
HyJeBasi Touka sKBuBasieHTHOM PUX Bcerna HaxoauTCst
B 00JIACTH YaCTOT, OTPAHUYCHHOW HYIEBBIMH TOYKAMH
cymmupyemsix ®UX [1, c. 15].

Jns naBeprupoBanus PUX paspaboTana JByXKa-
HaJbHas cTpykrypa [1, c. 28]. BrinonHeHHbIE UCCIeno-
BaHMS [TOKA3aJH, ITO dPPEKT CBEPXIYBCTBUTEIHFHOCTH
peanu3yeTcs B II000H aBTOK0JIe0aTeNbHOM CUCTEME YKa-
3aHHOTO KJ1acca. YCIOBHEM YCTOWYHMBOM pabOThI aBTO-
KOJIe0aTeTbHOM CHCTEMBI B PEXKUME CBEPXIYBCTBHUTEIb-
HOCTHU SIBJSIETCS TUIWYHBIA HAKJIOH 3KBUBAJICHTHOU
OUX paszomkryToi nenw [2, 3]. Ha 6a3e ykazaHHOTO
a¢¢exTa pa3paboTaHbl TeHEpaTOPHBIC aHAIOTOBBIC Ma-
paMeTpHuyecKie MpeoOpa3oBaTeIy MOBBIIICHHON TyB-

CTBUTEJIBHOCTH C BBIXOJHBIM UM- u ®M-curnanom,
npeoOpa3oBarTelv ACBHAIMH YaCTOTHI U ICBHAINH (a3bl,
MonyasiTopsl [ 1, 4].

HenocraTkoM aHaIOroBEIX MpeoOpa3oBarelneit B pe-
>KUME TOBBIIICHHOW YyBCTBUTEIHHOCTH SBISETCS BO3-
pacTtaHue IONOJHUTENbHON NOrPEIIHOCTH MTPU BO3/EH-
CTBUH JECTa0MIN3UPYIONIHX (hakTopoB. M30aBUTHCS OT
9TOr0 HEIOCTaTKa MOXKHO pealin3alueil pexuma cBepx-
YYBCTBUTEIHFHOCTH B HU(QPOBBIX aBTOKOJIEOATEIEHBIX
cucTeMax. B mU@poBBIX TeHepaTOpHBIX Mpeodpa3oBa-
TEeJSIX JOIMOJHUTEIbHAs TOTPEIIHOCTh PaBHA HYJIIO, HO
BO3HUKAIOT IpyTrue MpobIeMbl, KOTOpbie TpeOyIoT mpo-
BEJICHHSI icclienoBaHmi. 1o cTyneHdarocts GUX, mpo-
Onema ympasneHus 1uQpPoBOH aBTOKONIEOATEIHLHON CH-
CTEeMOi1, Tpo0IeMa HaCTPOUKH 3aJaHHON KPYTH3HBI TIpe-
o0pa3oBaHus U ApyTHe.

Lenpro craThu sBISETCS ONpeAeiIeHne 0COOEHHOC-
Tell cHHTEe3a MU(PPOBEIX YIPABIIEMBIX aBTOKOJIeOaTeIb-
HBIX CCTEM B PEXXHUME CBEPXUYBCTBUTENLHOCTH.

PaCCMOTpI/IM peanmzanuio muppoBoii aBToKoIeOa-

TEJIbHOM CHCTEMBI C OJHOIETICBOW 00OpaTHOM
CBA3BIO B PEIKUME CBEPXUYBCTBUTEIBHOCTH, CTPYKTYpa
KoTOpoi npuBeneHa Ha puc. 1. Cucrema conepKuT 1o-
JIOCHBIH GHIIBTp / ¢ HHBEPTUPOBAHHBIM HaknoHOM DUX,
YCUITUTENb 2, HETMHEHHBIHN OJI0K 3 U MOJIOCHBIN (QDUITBTP
4 ¢ Tunmaaoit PUX.

Puc. 1

HccnenoBanus aBTokonedarenbHON CHCTEMBI IIPOBO-
nurch B cpene Simulink MaTeMaTnyeckold cHCTEMBI
MATLAB. beuia paspaborana Moneib 1i(poBoi aBTo-
KoJeOaTeNbHOM CHCTEMBI, KOTOpasi pUBE/IeHa Ha puC. 2.

Mopnens ¢uiasTpa ¢ HHBEPTHPOBAHHBIM HAKIOHOM
OUX npuBenena na puc. 3. Ucnons3osanuck 1mudpo-
BBI€ TTOJIOCHBIE (PHIIBTPHI ¢ KOHEYHOH MMITYIbCHOHM Xa-
paktepucturoit (KMX), T. K. OHH 001a1at0T JIMHCHHBI-
Mu OUX, yTO HEOOXOAMMO IS TIOTY4YECHHUS TUHEHHBIX
XapaKTePUCTHK pa3padaThiBaeMbIX MPeoOpa3oBaTeieH.

Hannuwe B Momenu GuiibTpa ¢ HHBEPTHPOBAHHBIM
HakioHoM PUX cMecureneil NpUBOJUT K KECTKOMY
BO30Y)KJICHHIO aBTOKOJIEOATENbHOM CHCTEMBl. JTO IO-
TpeboBaJio BBeJIcHH OJI0Ka packadku (cM. puc. 2). s
CHATUS XapaKTEPUCTUK HCIOIb3YyEeTCS YACTOTOMED H
ociuuiorpad. B oOparHyro CBsI3b BBEJICH OJIOK BapbH-
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pyeMoil 3a1epKKH, C TOMOILBIO0 KOTOPOTO UMUTHUPYETCS
yIpaBI€HUE YacTOTOM I€HEpUPYEMOIO CHrHalla U3Me-
HEHHEM BEIIMYHHBI BHOCHMOTO ()a30BOTO CIIBUTA.

Monens GuiasTpa ¢ MHBEPTHPOBAHHBIM HAKIOHOM
@YX cTpouTcs Mo IByXKaHAJIBHON cxeMe. BTopoil ka-
HaJl paboTaeT Ha yIBOCHHON 4acTOTE BXOIHOIO CUTHA-
na. Jlnsg aToro ucnomns3yercs nepeMHoxurens 1. C mo-
MOIIBI0 IEPEMHOXXHUTENS 2 U GuibTpa 3 BBIAEIIETCS
CUTHAJ ¢ OCHOBHO# 4actotoi. Ecnu ¢a3oBblit caBur B
¢uibTpe 2 Gonblile, UeM CyMMAapHBIH (a30BbIH CIBUT B
¢mprpax 1 u 3, TO pe3yasTUpyIONHii (ha30BBIA CIBUT B
JaHHOM Mojenw GpuiIbTpa MEHsIeT 3HaK 10 CPaBHEHHMIO C
THIUYHBIM QriIbTpoM. Bapuanueiit nakimonos ®UYX
¢wibTpoB 1, 2 U 3 MOXHO MONYyYUTh SKBUBAJICHTHYIO
@YX ¢ TUIIUYHBIM HAKJIOHOM, C HYJIEBBIM HAaKJIOHOM U
C MHBEPTUPOBAHHBIM HAKJIOHOM.

OnpeaenHM BO3MOJKHBIE YaCTOTHI TEHEPHPYEMBIX

KonebaHui. YpaBHeHHe OanaHca (a3 ATt CTpyK-

TYPBHI aBTOKOJIE0ATETFHOI CHCTEMBI PHC. 2 IMEET BH]

¢1+¢2+¢BH:_2T[”7 (1)
rae ¢,, ¢, — basoBse cBUTH B GHIBTPaX;
¢, — BHOCHMBIH (ha30BbIi c/BHT;
n=1,23,..
Ucnonp3yem Boipaxkenue miss ®UX nudpposoro
KUX-¢punsrpa

o(f)=-""+,
d
rae R — nopsanok GuisTpa;
Fd — YacToTa L[I/ICerTI/BaHI/II/I.
Samumem Takxke BbipaxkeHue s GUX Onoka 3a-
JEPXKKHU

21T
f)=—"7"—1,
o(f)=-7

FDATool
Bxox Beixox| 8 5 » timestwo
udposoit punerp 1 Yeunurens OrpaHuduTens YacroTomep
Hudposoii Gunstp 2 Ocumstorpad
Brixon
brnok packayxu
Puc. 2
Hudporoi Gunstp 1
FDATool
1 X — Hudporoit Gunstp 3
FDATool
Bxon |Iepemuokurens 1 Yeunurenb > % -
FDATool TlepemuoxuTens 2 Yceunurens Brixon
IMudposoit punbrp 2

Puc. 3

rae 7 — KOJMYECTBO WHTEPBAJIOB MEXIY BbIOOpKaMH,
Ha BpeMs KOTOPBIX IPOUCXOIUT 3adepxkka (r21).

IToncraBum mx B (1) 1 momyYuM BeIpaXeHHE TSI 9ac-
TOTHI TEHEPUPYEMBIX CUTHAJIOB:

n

‘R R, R, R,
Fdl 2Fd2 2Fd3 2Fd4

f (2)

Fd5

VYcnoBueM ycTOMYMBOCTH KoJieOaHUU SIBIIETCS MO-
TOKUTETBHBINA 3HaK 3HaMeHaTens (2). s yBennaeHust
YyBCTBHUTEIFHOCTH HEOOXOIUMO MIHUMI3HPOBATH 3HA-
MEHATEIb.

BrImomHeHHBIE HCCITEMOBaHIS KOMITBIOTEPHOH ITU]-
POBOH MOJENHN MOKAa3aIH, YTO HOPSIOK (HIBTPOB (KO-
mudectBo BbIOOpok KMX) m wacToTy muckperuzanuu
CJIETyeT MCIIONB30BaTh IS HACTPOIKY aBTOKONIeOaTeb-
HoIi cucteMsl. [Ipu 3TOM Totoca GUIIbTpa onpeaenseT-
Csl OTHOLICHHWEM YacCTOTHI AUCKPETH3AUHU K TIOPSIKY
¢unsTpa. C yuetoM cryneHuaroro xapakrepa ®UX yse-
JMYCHHE Pa3pelIaonieid CIoCOOHOCTH B MONOCE (PUITh-
Tpa TpebyeT yBENIWYEHUS YacTOTHI TUCKPETU3ANUU U
COOTBETCTBYIOIIETO YBEIHUYEHHS MOPSIKa (DUIBTPOB.

Haubonee >3ppexkTUBHEIM cI0cOOOM yNpaBICHUS
9acTOTOH TEHEPHPYEMOTO CHUTHAJIA SIBIISICTCS] BHECEHHUE
B IIeTIb 0OpaTHOM CBS3M aBTOKOJIEOATEIFHON CHCTEMBI
BapbUPYEMOT0 YaCTOTOHE3aBHCUMOIO (a30BOr0O CIIBHU-
ra. Ynpapistomui (asoBpariareiab MOXKET ObITh BHE
MPOIIECCOpa, PEaTH3YIOIIETr0 aBTOKOICOaTEIbHYIO CHC-
TEMYy.

BBoxs B ypaBHeHue OanaHca ¢a3 ynpasisieMbli (a-
30BBIH cABHT (azoBpararess ¢ (x), HOIydnuM BEIpaxe-
HUE JUIS XapaKTepUCTUKU mpeobpa3oBanus (Ha3oBOTO
C/IBHTA B YaCTOTy TCHEPUPYEMOTO CHI'HAJA:
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e 00X)
f(x)= 2n 3)
W R R R, R,
Fdl 2Fd2 2Fd3 2Fd4 Fd5

BeInonHeHHbIE 9KCIIEPUMEHTBI HA KOMIIBIOTEPHBIX
MOZETISIX NMOATBEPKAAIOT CeTIaHHbIe BhIBOABL. Hampu-
Mep, IpU KpyTusHe 3kBUBateHTHOH DPUX ¢dunsrpa 1
(puc. 1) S;,=T¢6,75:10 1 KpyTH3HE SKBHBAJICHTHOMN
®UYX ¢unsrpa 4 S¢2=T['9'10’3 TOJTy4€eHa XapaKTepHC-
THKa, IPUBEJICHHAs Ha pHC. 4, T71e (Ha30BbIi CABUT — B
rpajycax, a 4acToTa — B repuax.

ST

475 \

450 ~
‘1\

425

400

0 12,5 25 37,5 ®°

Puc. 4

XapakTepucTrKa MOoIy4eHa BApbUPOBAHUEM BHOCH-
MO 3aJIepKKH, BEIMUNHA KOTOPOH 3aTeM NepecyUThI-
Bajach B (ha30BBIf CIBHUT Ha YacTOTE FCHEPHUPYEMOTO
cuTHana. XapakTepUCTUKA UMEET CTYNEHYAThIM Xapak-
Tep (Ha puc. 4 oHa aNMPOKCUMHUPOBAHA JIMHUCH).

BrInonHEHBI aHATIOTUYHBIE UCCIIETOBAHUS APYTUX
IU(PPOBBIX aBTOKOJICOATEIBHBIX CUCTEM B PEKUME TIO-
BBIIICHHOW YYBCTBUTEILHOCTH, HAPUMEP C JBYXIICT-
JIeBOW 0OpaTHOM CBS3bI0, C KOMOMHAIIMOHHBIM B3aMMO-
JIEWCTBUEM TPEX CUTHAJIOB HEKPATHBIX YacToT [5, 6].

*kk

IMo pe3yasTaram HcclIeN0BaHUM MOXKHO CEIaTh Cle-
JYIOLINE BbIBOJIBL.

Jlunetinpie @YX 1udpoBeIX QUIBTPOB MPOXOIAT
4yepe3 HayajJo KOOPIWHAT, I03TOMY CMEILEHHUE HyJle-
BbIX Touek OUX NpUBOIUT K ONHOBPEMEHHOMY U3MeE-
HEHMIO UX KPYTU3HBI U HA00OPOT. DTO yCIOKHSET IPO-

LeAypy HaCTPOUKHU HHU(PPOBBIX TreHEPATOPHBIX MPE00-
pasoBareeil.

Crynenuarocts @YX nuppoBbIX HUIBTPOB MPHBO-
IUT K JUCKPETHOCTH XapaKTEPHCTHKH Ipeodpa3oBare-
ns. YBeNMUYEHUE YyBCTBUTEIHHOCTH Mpeodpa3oBaTes
TpeOyeT yBeNIMUYeHHUs pas3peliarolieldl criocoOHOCTH |
JIOJDKHO COTIPOBOXKIATHCS YBETUUCHHEM TTOPSIKA (DUITb-
TPOB U YBEJIIMUEHUEM YaCTOTHI AUCKpeTH3aunu. Bo3pac-
TaeT 00BeM Omepanuii Ha Ka)XI0M HHTEpBaJe MEXIy
BEIOOpKaMu. B cBOIO odepeb 3To CHUKAET OBICTPOICH-
CTBHE M OTPAaHMYMBAET JUANIA30H YACTOT FEHEPUPYEMBIX
CUTHAJIOB.

B crpykrype nmudpoBoii aBToKoIe0aTEILHON CHCTE-
MBI B IIETTH 0OPATHO# CBSA3M HEOOXOIUM JIEMEHT 3a/1ePiK-
K{ KaK MHHUMYM Ha OIUH HHTEPBaJI MEXIy BBEIOOpKa-
MH. OT0 o0ecrieyrBaeT yCTOMYMBOCTh aBTOKOJICOAHMIA.

Haknon skBuBanentHoit ®UX aBrokonedaTebHOM
CHCTEMBI IOJDKCH OBITh TUIIMYHBIM. B IpOTHBHOM CITy-
gae BO3HHKAET 3P(PEKT YaCTOTHOW HEYCTOHYHBOCTH. B
mporecce BO30YKICHUST aBTOKOJICOAHUN MPOUCXOAUT
CMEIIEHUE YaCTOTHI B CTOPOHY I'PaHUIIBI TOJIOCH! (PHUITh-
Tpa. Hapymaercs 6anaHc aMIUIUTY]T M IPOUCXOAMT CPBHIB
aBTOKOJICOAHHUH.

[Tony4yenusle pe3yapTaThl HO3BOJISIOT TOBOPUTH O
MEPCIEKTUBHOCTH AaHHOTO HOBOTO Kjacca MU(POBBIX
TeHEePaTOPHBIX MpeodpazoBaTeeH.
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PaccMoTpenbl MeTOIbI MATEMATHIECKOTO CHHTE3a OTHOMEPHBIX CKAIIPHBIX BEMECTBEHHBIX
HepeKypcuBHBIX UG PoBbIX GuabTpoB (I[AD) 1 9BPUCTHYECKOTO CHHTE3a PEKYPCUBHBIX
[I®D. Paspaboranpl aaropuTMbl CHHTE3a OJHOMEPHBIX CKAJSIPHBIX KOMILTIEKCHbIX [[D
(HepPEeKYPCUBHBIX M PEKYPCHUBHBIX). V3JI0KeHBI METOAMKHN pacuéra paspsAgHOCTH
K03(P(PUIMEHTOB 1 OTEPAIMOHHBIX YCTPONCTB OJHOMEPHBIX CKAJISPHBIX U BEKTOPHBIX
LD, a takke TpeGyeMOro ObICTPOAENCTBUS BBIYUCIUTES, YTO HEOOXOAUMO JIJIs1 BBI6GOPA
aieMeHTHON 6a3bl — curHaabHoro npoieccopa (DSP). TlpusegeHbl npuMmepb
MO/IETMPOBAHUS MPOIECCOB UM POBOH PUIbTPAIINH.

Jl1si HayyHBIX PAGOTHUKOB W MHKEHEPOB, 3aHUMAIONINXCS IIPOEKTUPOBAHUEM CHCTEM
1 poBoit 06pabOTKY CUTHAIOB U U(POBBIM MOJEIUPOBAHUEM TEXHUIECKUX CUCTEM, a
\Tamlce JUIS CTYZIEHTOB W aCIIMPAHTOB PAINOTEXHUYECKNX CIIEIUATbHOCTEN BY30B. Y,
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