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3AXBAJIHOCT

Hajsehy 3axBasiHOCT AyryjeM MmeHTOopy npodecopy Kebky HBypoBuhy mto
Me je BpeIHOM JIMTepPaTypoM YIIyTHO Ha 00/1aCT JeTeKLUje U U30J1alyje 0TKa3a, Ha
CBUM CMEpHHIIAMa, CaBeTMMa, KOPUCHUM CyrecTHjaMa U BeJIMKOj MoMohH TOKOM
VCTpaXKuBama U uspaje auceprauyje. [Ipod. hypoBuhy ce noce6Ho 3axBabyjeM Ha
BpeMeHy Koje je yBeK OHWO cnpeMaH Ja H3JBOjU 3a CTpy4yHa oObjallilbelha U
JUCKycHje. 3axBa/byjeM My Ce Ha iparoleHoj NpuJULHU [ja YYuM of iera. Kenum aa
¥3pa3uM MOIITOBake U MBJ/bee IpeMa nocBeheHoctu npod. HypoBuha HayuHOM
pajly ¥ COpEMHOCTH Jja 3Hakbe NPeHOCH JpyruMa.

3axBasHOCT AyryjeM U kojieru Munomy boxuhy Ha Besnkoj mnomohu oko
dUHaNHOT U3rJe/ia eKCiepuMeHTaHe J1JabopaTopHjCcKe MOCTaBKe.

3axBasbyjeM ce mnpodecopy Muauhy hekuhy u npodecopunu AseHKU
MusioBaHoBuh Koju cy Me ynyTuau Ha npodecopa hHyposuha.

3axBasiHOCT AyryjeM mnpodecopy MupocnaBy bjekunhy Ha KOpHUCHUM
CyrecTvjaMa U caBeTuMa.

3axBasbyjeM ce npodecopuuu Pamojku  KpHeTH, pykoBoauoLy
MebhyHapoaHor NeReLa npojekTa, Koja MM je yK/bYYUBIIM Me Ha MCTH, NPYKUJIa
NPUIKKY [la eKCIEpUMeHTe HaJorpajyuM U NpUJIaroJuM NPUMeHH Ha JAa/bUHY,
4YrMe Ce U CTyJleHTHMa NPY>Kajy HoBe MOrYyhHOCTH 32 00YKY y 00J1aCTH JleTeKLHje U
v3oJ1ali4je 0OTKasa.

Besiky 3axBaJIHOCT AyryjeM MOM Cynpyry, AelH, CBeKpBU, Mojoj Jlesu Ha
Jby6aBHy, MOJAPIILY, pa3yMeBawby U CTPIJbEY TOKOM M3pajie AucepTanyje. Mojoj
JIUBHOj CECTpPY U OLly XBaJla LITO Cy YBEK y3 MeHe, IITO Me HEU3MEPHO BOJIE U

nojp:kaBajy. Pas mocsehyjeM wrMa M M0joj IpeMHUHYJI0j MajLH.



INPUMEHA METO/JA 3A JETEKLHU]Y OTKA3A 3ACHOBAHHUX HA
MOJEJY Y EJIEKTPO-MEXAHUYKUM CUCTEMHUMA

PE3UME -Vcrpaxusama Koja cy pe3y/IToBaja 0BOM JOKTOPCKOM JHCEPTALHjoM
nocBeheHa cy JeTeKUUjU U M30J1allUjH aIUTUBHUX U MYJTUIJIMKaTUBHUX OTKa3a
NpUMEHOM MeTo/ia Koje MoJipa3yMeBajy no3HaBamwe MoJjiesa cucteMa. [Ipu ToM cy
OBe MeTo/le, MHaYe pa3BUjeHe 3a JIMHeapHe CHUCTeMe, NpPUMeHeHe Ha jeJJHOM
HeJIMHEeapHOM/HeCTallMOHApPHOM CUCTEMY KOra YMHU MOTOp jeZlHOCMepHe CTpyje U
HEroB M0javyaBay, y NpUCYCcTBY nopeMehaja U rpeliaka Mo/ieJioBaba.

Y mnpBOM Jesly HUCTpPaKUBama M3BpIIEHA je CUHTe3a CTPYKTYPHUX U
JUPEKLMOHHUX pe3u/iyasia 3a eT pa3/IMUUTHUX, HajuellNuX aJUTUBHUX OTKa3a Koju
Ce Y 0BaKBOM CHCTEeMY MOTY M0jaBUTH. [IpM CHHTE3W CTPYKTYpPHUX pe3uayasia u
oaroBapajyhux TpaHcpopMaluuja, IpUMemheHe Cy YeTUPHU pas3/IMuUTe MEeTOZe Of
KOjux ce JBe 6a3vpajy Ha MoJleJly cUCTeMa ca OTKasuma y $opMu PyHKLHje
npeHoca (Row by row implementation, Elimination approach) a jBe Ha Mojeny
cucteMa y npoctopy ctawa (Chow-Willsky scheme and Systematic implementation).
[TokazaHo je fa cy cBe fgo6ujeHe TpaHchopMalyje pe3rayasna eKBUBaJeHTHE U Ja
ce jeiHA MOe JJOOWTH U3 ipyre Ae/beweM ca oApeheHuM 3ajeJHUYKHUM GaKTOpPOM.
Jlabe je MoKasaHO Jla Cy TexHUKe Oa3upaHe Ha MOJesly Yy MPOCTOPY CTamba
HYMEpUYKH CJIOKEeHHUje 3a MpUMeHY, alii Ja Kao pe3yJaTaT J[Aajy Kay3aJiHe
pesujyasiHe reHepaTope y 06JIMKY IMOJIMHOMA, [1a CAMUM THM U CTAbUWJIHE, LITO je
M3y3eTHO 3HAYajHO 3a MOCTYIaK reHepucamwa pesujyana. [lpumehero je ga cy y
NPUCYCTBY KOHCTAHTHOT nopeMehaja u/uiu rpelike MoJie/loBakba, CTPYKTYPHU U
JUPEKIMOHNU PAYyHCKU pe3ulyasid HeHYJTH U y OJCYyCTBY OTKasa. Takobe je
JIeTEKTOBaH M NMpPOO6JIEM jaKOT LIyMa y CEKBEHIM pe3ujiyasa Koju JeJUMUYHO
HacTaje o/ MEPHOT LIIyMa, aJIk KOju Ce U MojayaBa NpUMeHOM TpaHcdopMaliyja HaJl
pesuayanuMa. Y pajy je mokasaHo KaKo ce oBa /iBa MpobJjeMa yCHellHo peliaBajy
NpUMEHOM oAroBapajyhux TexHHWKa QUITpUpara U HOBO-NpeJIoKeHe TeXHUKe
TpaHCJAUpakba y IpoCcTopy pe3uayasna.

AJTOpUTMHM JleTeKIIMje MyJITUIJIMKaTUBHUX OTKa3a GUJIM Cy 3aCHOBAaHM Ha
eCTUMallyjyu napaMmeTapa AUCKPETHOT Tj. KOHTUHYaJHOT MoJieJsia. Y AucepTaluju ce

pasMaTpajy ¥ MyJITUIJIMKaTUBHU OTKa3U HAaCTaJIM HAarJloM IPOMeHOM IlapaMeTapa



MOTOpa W nojayaBada. Ko 0BaKBOI' TUIIA OTKa3a, KJIaCUYHe TeXHUKe eCTUMaluje
napameTapa He [iajy 3aJ0BoJbaBajyhe pesysTaTe, jep Harja INpOMeHa jeJHOr
napaMeTpay CUCTeMy IIpe/iCTaB/ba MHUILMjaTOP NpesIa3Hor IpoLeca TOKOM Kora ce
OBa IIpOMeHa oJipakaBa M Ha ocTajie napaMerpe. CTora cy y CBpXy JAeTeKLHuje
MYJTUIJIMKaTUBHUX OTKa3a IpUMemeHe ocebHe, CJI0’KeHUje TeEXHUKe eCTUMaluje
U To: AinroputaM KJU3HOr npo3opa (eHr. Sliding window algorithm) 3a npoueHy
napameTapa JAUCKPEeTHOT MoJiesa U AJropuTaM KJU3HOT UHTerpaJa (eHr. Sliding
integral algorithm) 3a mnpoueHy IapaMeTapa KOHTHUHyaJHOr MoJena. Y
JUcepTalyju je IpuMeweHa MoAuduKanuja AJropuT™Ma KJIM3HOT UHTerpasja Koja
ce CaCToju O, AOAATHOTI OrpaHHU4Yeha y AYKUHU NoJaTaKa a/IfOPpUTMa HajMamkUX
KBaJijpaTa y OKBUPY KOra ce NpUMemyje KJIW3HU MUHTerpal a y LU/by CMakhemna
IpeJIa3Hor Ipoleca y eCTUMAaLMjU lTapaMeTapa. M3osanuja oTkasa cripoBefieHa je
pasBUjameM aJIrOpUTMaA O//1y4rBam-a. [Ipuctyn UJleHTUQUKALUjU
MYJTUIVIMKaTUBHUX OTKas3a, y CMUCIy ojpehrBama M BeJUMYUMHE IpOMeHe
oarosapajyher ¢usuykor napaMerapa, 6MO je 3aCHOBAaH Ha INPOLLEHU NpPOMeHe
CTBapHUX (QU3NYKHUX NapaMeTapa HWHAUPEKTHOM IIpOLeJypoM - Ha OCHOBY
napLujajJHUX U3BO/Jia TapaMeTapa MoJeJia 1o CTBAPHUM QU3UYKUM apaMeTpUMa
y HOMHUHAJIHOj pajAHoj Tauku. KBasuTeTHuja uaeHTUHUKaAlMja MapameTapa
JlobvjeHa je wu3/BajakbeM KOJIOHA MaTulle NaplUjaJHUX H3BOJA YMeECTO Y
JIUTEpATypHU NpeJiJIo’KeHe IPUMEHE [eJIOKyITHe MaTpUlle apLUjaJHUX U3BOAA.

3a pasMaTpaHe aJAWTHMBHE WU MYJTHUIJIMKaTUBHe OTKa3e pa3BHUjeHU CYy
LabVIEW kozoBu koju omoryhyjy online fetekuujy u usosauujy. Ha oBaj HauuH cy
pa3BUjeHU NPUCTYNHU KOjHU OTBapajy LIMpoKe MOTYNHOCTH 3a NOCTAaBKY y/Aa/beHUX
JIabOpaTOPUjCKUX eKClleprUMeHaTa KOjUu MOry OUTH Y CJAYXKOHM, KakKo Ja/bHUX
UCTpaXKMBaka, TaKO U eJlyKalldje CTyJeHaTa TeXHUKe Yy 00JIacTH JAeTeKuuje U
v3o0J1alyje OTKasa.
K/bYYHE PEYM: /leTeKl¥ja U U30J1alMja O0TKa3a, AZMTUBHU U MYJTUILJIMKAaTUBHU
oTKa3y, CTpyKTypHM U JUpeKUuoHu pe3ugyany, DC mortop, EseKTpoHCKH
rnojayasay
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APPLICATION OF MODEL-BASED METHODS FOR FAULT
DETECTION IN ELECTRO-MECHANICAL SYSTEMS

ABSTRACT — The research resulting in this doctoral dissertation, is devoted to

the diagnosis of additive and multiplicative faults, using model-based methods.
These methods, which are developed for linear and time-invariant systems, were
applied to a non-linear/non-stationary system consisting of a DC motor and
electronic amplifier, in the presence of disturbance and modeling errors.

In the first part of the research structured and directional residuals were
synthesized for five different (most common) additive faults which in such a system
may appear. For the structured residuals and appropriate transformations
synthesis, four different methods were applied: two methods were based on a
transfer function model with faults (Row by row implementation, Elimination
approach) and the remaining two on a state space model with faults (Chow Willsky
scheme and Systematic implementation). It was shown that all the residual
transformations were equivalent to each other and that one could be obtained from
another by dividing with a certain common factor. Furthermore, the techniques
based on the state space model were found to be numerically more complex for
implementation but they produced polynomial causal residual generators, and
therefore stable, which is highly significant for the process of residual generation. It
was also shown that the computational structured and directional residuals in the
presence of constant disturbances and/or modeling errors, were non-zero even in
the absence of faults. Additionally, the problem of considerable noise in the residual
sequence was identified, which was partly attributable to measurement noise, but
which was also enhanced after the transformation of residual. The thesis shows how
these two problems were effectively solved by applying appropriate filtering
techniques and by newly proposed technique based on translation in the residual
space.

Detection algorithms of multiplicative faults were based on the parameter
estimation of the discrete-time i.e. continuous-time model. The dissertation
examines multiplicative faults resulting from a sudden change of motor and

amplifier parameters. For this type of the fault, classical parameter estimation



techniques do not give satisfactory results, because a sudden change of a single
parameter causes transient errors in the estimate of the other parameters as well.
Thus, in order to detect multiplicative faults, the following complex estimation
techniques were applied: Sliding window algorithm for the discrete model
parameter estimation and Sliding integral algorithm for parameter estimation of
continuous model. In the dissertation, modification of Sliding integral algorithm was
applied, consisting of additional restrictions in the data length of the least squares
algorithm within which the sliding integral was applied, in order to reduce the
transient process in the estimation of parameters. Fault isolation was carried out by
developing a decision-three algorithm. Approach to multiplicative fault
identification, in terms of determining the size of the change in the underlying
(physical) parameter was based on the estimation of actual changes in the physical
parameters using indirect procedure - taking the partial derivatives of the model
parameters at the actual physical parameters in the nominal operating point. Better
parameters estimation was obtained by finding derivatives at the columns of the
partial derivative matrices instead of, in the literature proposed, the derivative at
the whole matrices.

For the considered additive and multiplicative faults, LabVIEW codes that
allow online fault detection and isolation were developed. In this way, approaches
which provide wide opportunities, suitable for remote laboratory experiments
setting, both for further research and for student education in the field of FDI (fault

detection and isolation) have been developed.

KEYWORDS: Fault detection and isolation, Additive and multiplicative faults,
Structured and directional residuals, DC motor, Electronic amplifier
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SPECIFIC SCIENTIFIC AREA: Automatic control
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[Ipumena memoda 3a demeKyujy omkasa 3acCHO8AHUX HA MOdeay y eseKmpo-
MeXaHU4KuUM cucmema

1.YBoga

1.1. IIPETJIE/ CTAbA Y IOJIPYYJY HCTPAYKUBAIbA

Ca noBehaweM CJII0)KEHOCTU CUCTEMa yIpaB/baka, NpoOJieM HUXOBE
CUTYPHOCTH U pOOYCHOCTH NOCTaje CBe U3paKeHHUjU Y MHOTUM npouecuma [1], [2],
[3], [4], [5], [6], [7], [8], [9]- Nloy3maHOCT, pOoBGYyCHOCT, PacmOIOKHUBOCT Kao U
CUTYPHOCT I10 OKOJINHY OBAKBUX CUCTEMaA Ce yIJIaBHOM U3paKaBa KpO3 0CET/bUBOCT
Ha OTKa3e KOju Ce y CUCTeMHUMa I10jaB/byjy NOTIYHO CJYy4YajHO, l1a je OoTyAa y
VHXXEeHepPCKOj TeOpHUjU U NpaKCU pa3BUjeHa HOBA JUCUUILJIMHA KOja Ceé Has3uBa
meopujom demekyuje u usosayuje omkasa. YonuteHo ropopehu, noj oTkasuma ce
noJipa3yMeBajy CBa OJCTyNaka 0/, HOPMaJIHOT, yOOMYajeHOor MoHallakha CUCTeEMaA
uiu npartehe uHcTpyMmMeHTauuje. Wnak je, ca MHXeWepCKOr acleKkTa, OBaKBa
JebUHMLIMja 0OTKa3a UCYBHUIIIE OMNILITA, T€ Ce CTOTA, KOHKPETHO, MOTY AepUHHUCATH
JlBa TUIIa OTKa3a Koja Cy TpeHYTHO oJ, HWHTepeca. To Cy aJUTUBHU U
MyJTUIJIMKaTUBHU OTKa3u y 1npouecy. Ilog aAuTHBHMM OTKa3uMma ce
no/ipa3yMeBajy HeNo3HATH, yJ1a3HH, JeTEPMUHUCTUYKU CUTHA/IMA YUje NPUCYCTBO
ce cMaTpa MOXKe/bHUM 3a JleTeKToBamwe (LITO UX pas3JiuKyje of nopemehaja kao
Takolhe HeMmo3HaTor, IeTEPMUHUCTUYKOT, YJIa3HOT CUTHAJIa a/ld YMje NPUCYCTBO je
HeMnoXeJ/bHO 3a IETEKTOBAE) M KOjU yTUYY Ha 0/[3UB CHCTEMa, KOju Cy yoOHU4YajeHO
jelHaKU HYJIY, ¥ YMjU Ce YTULAj, y BpeMeHy Tpajakba 0TKa3a, orJieJa y 3Ha4yajHoj
NPOMEHH U3J1a3HOT CUrHajia. TUMMYHYU IpUMep aIMTUBHOT OTKa3a MOTopa 61 6ujia
nojaBa ontepehewa Koje ce He Moxe npeABUeTU. OTKa3u Ha akTyaTopy (ypebajy
KOjU reHepHllle YyIpaB/bayKyd CUTHaJ HEKOr CUCTeMa) U CeH3opuMa ce BehHMHOM
CBpPCTaBajy y a/IMTUBHe OTKa3e. Ha akTyaTopy 6U npuMep aJUTUBHOT OTKa3a 610
T3B. 3aCTOj (eng.jam), a Ha ceH3opuMa blas, offset wau drift cenzopa [10]. Ca apyre
CTpaHe, MNOJ, MYJTUIUIMKaTUBHUM OTKa3WMa Ce I[OJpa3yMeBajy MpPOMEHE,
CKOKOBUTE WJIM MOCTEINEHe, y mapaMeTpuMa Ipolieca Koja 4eCcTO HacTaje TOKOM
paza, 3a pas3JjiMKy O, Tpellke MoJejioBama JAedUHHCAHE Kao MpoOMeHe Y
napaMeTpHMa 4ecTo NPUCYTHe o, noyeTKa. Tpebasio 61 HArJacuTH Ja ce NOTIYHHU
OTKa3W aKTyaTopa U/WJMU CeH30pa CBPCTaBajy y MyJTUIJIMKaTUBHe oTkase. Koj

jeIHOCMepHUX MOTOpa MPUMEePH MYJTUILJIMKATUBHUX 0TKa3a 61 6UJIK: KpAaTaK CIoj
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KOMYTaTOPCKUX MPCTEHOBA HACTAa0 ycJjeJ, HaKyllJbakba NMpallMHe ca KapOOoOHCKUX
4YeTKHULa, IOMepame IM0JI0’Kaja YeTKHI[A BaH MarHeTCKe HeyTpasiHe oce, KpaTakK
CIoj WJM OTBOpEHAa Be3a HaMOTaja UHJAYKTa, IpOMeHa OTHOPHOCTU HHAYKTA,
npoMeHa KoedHUIMjeHTa BUCKO3HOT Tpemwa, [11], [12], [13].

O6sacT AeTeklMje U M30J1aljdje 0TKa3a UMa Ipej co60M TPH 3aJlaTKa Koja
Tpeba peminTH. [IpBU ce oHOC ¥ Ha caMy JleTEKIUjy OTKa3a, U 0Baj 3aJlaTak ce
06aB/ba MHJMKALMjOM Jla HELITO ca CUCTeMOM HHUje yobuuajeHo. [lpyru 3azaTtak
jecTe U3oJs1aliMja 0TKa3a, KOjU ce pellaBa JIOKallMjoM MojaBe oTka3a. Tpehu 3aaTak
jecte uaeHTUdUKaLMja OTKasa KOjU oO3HayaBa oJpehuBawe HHTEH3UTETA
HepersiyapHocTd. H3osanuja U uaeHTUPUKAIMja OTKasa ce 3ajeJlHO HA3UBajy
JinjarHo30M oTKasa. /loK je JleTeKlHja alcoJIyTHO HEONXO0AHA Y CBUM MPAaKTUUHUM
npolecuMa a “3oJialydja CKOpo MCTO TaKo 6UTHA, UAeHTHHUKALMja OTKa3a UAKO
KopHucCHa MHPOpMallFja 4ecTo je BpJio 3aXTeBHA 32 UMIJIEMEHTALUjY. 3aTO MHOT U
NPaKTUYHU CUCTEMHU MO pa3yMeBajy caMo AeTeKIH]jy U u3oaauujy orkasa FDI (ene.
Fault Detection and Isolation). 3aTo je y MHOTMM NpMMepHMa TEPMUH "AUjarHo3a"
CHHOHHUM 3a "u30J1alujy".

EJeKTpUYHM MOTOPH Cy HAILIM BEJWKY NPHUMeHY y UHAYCTpHju. CX0AHO
ToMe je FDI Ha 0BUM eJieKTpO-MexaHMYKUM KOMIIOHEHTaMa U hUXOBUM CEH30pUMa
O/ HW3y3eTHe Ba)XXHOCTU 3a MOoOOJblIAakbe PACHOJIOKUBOCTH, NOY3JaHOCTU U
6e36eJHOCTH 1eJIOKyNHUX cucteMma [14]. CucteM 3a MOHUTOPUHI MCHPABHOCTH
pajia OBaKBUX cUCTeMa 64 Tpebasio Jja 3a/10B0JbU oJipeheHe 3axXxTeBe Koje ce 0JJHOCe
Ha nepdopmaHce JieTeKIyje U uloaiuje. [leppopmance aeTekiuje noapasymeBajy
cnepehe ycioBe: oceT/bUBOCT Ha MOjaBy OTKasa (eHr. fault sensitivity), koja 6u
TpebaJsio J1a 6y/ie JOBOJbHA Jla OMOTYNH eTEKIH]jy J0BOJbHO MaIUX 0TKa3a; 6p3uHa
peakuuje (eHr. reaction speed) — nogpasyMeBa JJOBOJbHO KPaTKO BpeMe JleTEKIHje
O0TKa3a U KOHAaYHO poOyCcHOCT (eHT. robustness) — mpeAcTaB/ba CIOCOOHOCT TEXHUKE
Ja QyHKIUOHMIIE y YyCJA0OBUMA IMPUCYCTBA lIyMa, nopeMehaja U rpeliaka
MoJleJioBaka (eHr. robustness). HsonauuoHe mnepdopmaHce MoJApa3yMeBajy
CIOCOOHOCT JUjarHOCTUYKOT CUCTEMA Jjla MehycoOHO pasJiuKyje nojejuHe OTKase.
Takobe, kako 6u ce cMamwuJIa leHa CMCTeMa 3a JIUjarHo3y, CUrHa/ik 6U TpebaJsio Jja

Oy/Aly JJako MepPJbUBU a CEH30PH PeJIaTUBHO je/JHOCTaBHHU.
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Y nvTepaTypH je AOCTYNaH U BEJUKU OPOj KbUra U3 06J1acTU JeTeKuje U
v3osanuje otkasa [15], [16], [17], [18], [19], [20], [21], [22], [23], [24].
AHanusupajyhy TexHUKe Koje ce MPUMEHYjy Ha MOTOpPE, CEH30pe U aKTyaTope
M3/iBajajy ce TpU crenPpuUyHa NPUCTyNa:

1) Memode koje cy 6asupaHe Ha aHa/au3u eubpayuja, aHaaudu "omucaka”
uau modesa (Hajuewhe cmpyjHux) cuzHana;
2) Memode koje ce 3acHU8ajy Ha OUHAMUYKOM MODeay cucmemd;

3) Memode Koje ce 6a3upajy Ha UCKycmay U 3HarbUMAa.

1) Memooe Koje cy 6a3upaHe Ha aHa/u3u subpayuja, aHaausu “omucaka” uau
Modesa cuzHaaa Kopucme Modese CUZHAAA KAO WMO CYy CneKmpu, KopeaayuoHe
¢yHkyuje, wavelet mpancgopmayuja,...

Tako Filbert D. y [25] npuMemyje aHaiu3y BUbOpalLyja Ha leTeKIMjy OTKa3a
3ynyaHWKa M TeXHUKY IMpolieHe MapaMeTapa y eJeKTPOMOTOPHOM IIOTOHY.
[lokazaHo je Aa ce oTka3u y npaTtehoj onpeMu KBaJUTETHUje MOTYy JeTeKTOBATH
aHa/JM30M BHUOpaLMja, [OK Ce OTKa3W y IMOTOHYy MOTY YCHELIHO JAeTeKTOBAaTH
MeTO/IOM IpolieHe napameTtapa. Mctude ce fa koMOMHaIMja 06a MpUCTyNa Aaje
60Jbe pe3yJiTaTe 0/ KOHBEHIIMOHATIHUX MpoLeaypa.

Saadaoui W. and Jelassi K. y [26] 1 Schoen R. R. y [27] ce 6aBe npuMeHOM
CIeKTpaJiHe aHa/iu3e CTpyje cTaTopa 3a JleTeKuujy oiuTehema JiexajeBa
acMHXpoHUX MoTopa. Takohe ce aHanusupa U epukacHocT npahemwa cTpyja Kao
MeTo/ie ZleTeKI[hje TOMEHYTOT TUIIA 0TKa3a, HAa OCHOBY yCIIOCTaB/beHE KopeJialuje
n3Mehy ¢pekBeHIMja BUbpalyja U ppeKkBeHLIUja cTpyja. 3a MOTBPAY OBe Be3e 3a
pas/iM4yuTe TUIOBE OTKAa3a JiexkajeBa KOPUCTe ce CIeKTPU BUOpalija U cTpyja.

Nandi, S. Toliyat, H.A. Li, X. y [28] npersieiH0 aHa/1W3Upajy pasiu4UTe
TUIIOBE OTKa3a U CTPYjHE OTHUCKe KOjU OHU Y3POKY]Jy.

Ho. Sam Yiu Sum y Te3u [29] pa3maTpa AeTeKIUjy CTATOPCKUX U POTOPCKUX
JlledekaTa aCHHXPOHOT MOTOpaA ca KpaTKOCIOjeHUM poTopoM. KopucTu crieKTpasiHy
aHa/IM3y CTPyja UHAYKTA U oby/ie Kako O eTEKTOBAO OTKa3e y JiexajeBUMa.

Kliman G.B. et al y [30] uMnieMeHTHpAjy AeTeKTOp 6a3MpaH Ha Kopulllthewby

payyHapa Ha OCHOBY aHaJiu3e CTPYjHUX CUTHaAJa 3a ACUHXPOHE MOTOope ca
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KpaTKOCIIOjeHUM poTopuMa. PasmaTpaHU cy NpeKup jeJHOT NPOBOJHUKA WU
OTBOpEeHa Be3a Noc/1e/ilber IPCTeHa KaBe3HOT poTopa.

R. R. Schoen et al y [31] npuMemwyjy MeToj, 3a online feTeKlujy OTKa3a
aCMHXPOHOI MOTOpa Ha OCHOBY npahema cnekTpa cTpyje craTopa. CucTeM KOpUCTH
Y BellTayKu (QOpMUpaHy HeypasHy Mpexy Kako OM MeMOpHucao CIeKTpaJsHe
KapaKTepUCTUKe MOTOpa Y HOPMaJIHOM paay. UMnieMeHTupa ce GuaTap y CBpXy
IpONylITakha OHUX XapMOHHKA CTpPyje KOjU Ce NpOoLewyjy Kao peJieBaHTHHU Yy
npoLecy JeTeKluje oTKasa.

B. Akin y [32] Takobe aHasu3upa ceKTpasHe KOMIIOHEHTE CTpPyje cTaTopa
M3/Bajajyhu caMo jeJHOCMepHY KOMIIOHEHTY CIIEKTpa MPU 110jaBy OTKasa.

J.-K. Park y [33] aHa/iu3upa 604He orncere ¢ppeKBeHIHja CTPYje cTaTopa Kako
6u k1acupUKOBAO TUIOBE OTKa3a KOJ, jeJHOCMEPHOI MOTOpa 6e3 uyeTkuua. Y
M30JIallUjH OTKa3a peJieBaHTHA je YMbeHULa [a Pa3JIMuYUTU 0TKa3u GopMUpajy U
cnenyduryiHe JjeJ0Be CIEKTPA.

[Ipersnenan pag M. El Hachemi Benbouzid [34] meTona FDD (Fault Detection
and Diagnosis) 3acHMBa ce Ha aHa/Ju3U "oTHUcaka” curHaa. /Jlat je mnpukas
dbyHaMeHTa/IHe TEOpHUje, OCHOBHUX pPe3yJITaTa, U IPaKTUYHUX NpUMeHa aHa/lu3e
"oThcaka” Ha 0a3u CcHeKTpaJiHe aHaJju3e CTpyje cTaTopa 3a JAeTeKUujy Hu
JIOKaJu3alMjy abOHOpMa/HUX eJIeKTPUYHUX U MeXaHUYKHX YCJ0Ba KOjU
VH/JULMPAjy UM MOTY IOBECTH 10 OTKa3a aCHHXPOHOT MOTOpa.

D. Filbert y [35] npuMemyje MeTo/ie leTeKlMje OTKa3a 3a MOTOpe MaJUX
CHara Koju ce ymnoTpebsbaBajy KoJ, ayToMobuja U y KyNHUM amnapaThMa
(yHUBep3asHU MOTOpPH). McTUde NpeiHOCTU Koje je JloHeJla MUKpOeJeKTPOHUKA
(Mukpompouecopd U mpouecopu curHana). OBaj mnporpec je omoryhuo
NPUMEH/BMBOCT MaTeMaTUYKUX MeToJila U MeToza obpaje curHana. Kopucre ce
JIUjarHOCTUYKe MeTOoJie Ha OCHOBY Mepema HalloHa, CTpyje U Op3vMHe U aHaJu3e
TaKo A00UjeHUX CUTHaJa.

D. McKinnon y [11] kopucTH aHa/IM3y CTPYjHUX U HAOHCKUX "oTHcaka” y
IpoLecy AvjarHo3e OTKasa MOTOpa jefHOCMepHe cTpyje. PasmaTtpajy ce mojaBa
AudepeHllyjasiHe CTpyje, KpaTaK CIOj HaMOTaja mobyJle U HaMoTaja MHAYKTAa,
KpaTaK CIl0j KOMYTaTOPCKUX MNpPCTeHOBAa Hajuenihe y3pOKOBaH HaKyM/bakeM

yIJb€HE NpallrnHe, nonomaj YeTKHId BaH MAarHeTCKH HEYTpPaJIHE OCe.
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M. Boltezar and J. Slavi¢ y [36] npuMemyjy 6ucnieKTpaJHy aHaau3y npu FD
MOTOpa jeJHOCMEepHe CTpyje, Koja MMa JBe OGUTHe MPEJHOCTH: OTIOPHOCT Ha
IPUCYCTBO LIyMa U CIOCOOHOCT ieTeKI1je HEKUX HeJITMHeapaHOCTH.

Li, J. Fang, and H. Li, y [37] pasamaTpajy AujarHo3y oTKa3a UHBepTOpa MOTOpa
jenHocMepHe cTpyje 6e3 ueTkuua (BLDC motor) Ha ocHOBY aHaJsIKM3€ CTpyja.

S. Rajagopalan y [38] uctude fa je moy3aHOCT AeTeKlMje OTKa3a y paHoj
dasu oz nmoce6bHe BaXKHOCTHU KOJ, MOTOpaA KOjU 4YeCcTo pajie Mo/, yCI0BUMaA KOjU ce
KOHCTAaHTHO Memajy y BpeMeHy. FD oTkasa mMoTopa Koju paje y CTallMOHApPHOM
CTawYy je jefHOCTaBHA Ha OCHOBY npuMeHe Fourier-eBe TpaHcopmanuje. Unak FD
KOJI MOTOpa KOjU paZile y HeCTalMOHApPHUM peXHMHMa 3aXTeBa MHOTO
coducTuLMpaHuje TeXHUKe 06pajie curHasa. [Ipeanaxke ce npumena Wigner-Ville
dbamuimje pacnojiesa Kao aJTepHAaTHUBA KpaTKOTpajHUX  Fourier-eoBux
TpaHcbopmanuja (eHr. short time Fourier transforms (STFTs)), 3a pujarHosy
POTOPCKHUX OTKa3a y MOTOpPY jeiIHOCMepHe cTpyje 6e3 yeTkua (BLDC motor).

[IpeAHOCT OBHUX MeTOJA je IITO He 3axTeBajy MPELU3HO MOJeJIOBaHe
cucteMa. MaHa npucTtyna 6a3upaHor Ha GpeKBEeHI[UjCKUM aHa/JiM3aMa CUTHaJIa je
IITO HUje HAjIOTO/IHU]jU 3a 6p3a online TecTUpawa MOTOpA jep 3axTeBa U3BECHO
BpeMe 3a crpoBoheme. Takohe, MeTO/I KOjU ce 3aCHMBA Ha aHAJU3W BUOpalidja ce
360r Oyke W BeJIMKe lleHe CeH3opa cMaTpa NPHMEH/bBMBHMM CaMO KOJ, MOTOpa
BEJIMKHUX CHara.

2) JedHa senuka kaaca memoda 3a FDI ce 6azupa Ha modesy cucmema.

Jomr ox 1070's pa3BujeHU cy pa3audydTu npuctynu FDI 3acHoBaHM Ha
MO/IeJly O/l CTpaHe esieKTpo uHxemwepa [39], [40], [41], [42] kao nHKeHepa Koju ce
O6aBe ynpaB/baweM Npouecuma [43], [44], [45], [46].

Behuna texnuka FDI 3acHOBaHUX Ha MoJeJly IPeTHNOCTaB/bajy Ja je TauaH
MoJies1 06jeKTa yIlpaB/bakba [AOCTYNAH Tj. MO3HAT. Y peaJHUM NPAKTUYHUM
npUMepUMa TaKBa MPETIOCTaBKa MOXKe OUTH HETAUHa, jep Cy TPelllKe MO/ieJI0Bakba
4eCTo MPUCYTHe y cucTeMuMa. [lopes Tora, BpJio 4ecTo cy u nopeMehaju NnpucyTHU
y Behunu mnpoueca. [loctojehe FDI meme o06uyHO y3umajy y o63up 3acebHO
nopemehaje v rpeike MojiesioBawa. Tako FDI TexHuke 3a ofBajame nopemehaja cy
ussioxxkeHe y [47], [48], [49], [50], [51], [52], [53]. Ca apyre cTpaHe, IpeJIOXKeEH je U
BeJIMKW O6pPOj mpoleaypa pobycHUX Ha rpelike MojesioBamwa [54], [55], [56], [57],
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[58], [59], [60], [61], [62]. Unak, maau 6poj MOCTyIakKa je aJjeKBaTaH y CJay4dajy
HMCTOBpPEMEHOT MpHUcycTBa nopemehaja U rpeuiaka MoZiejioBatkba OCUM aKO ce He
yBeJly HEKe peCTPUKTHUBHE NPETIOCTaBKe Koje ce oJjHoce Ha MoJie [63], [64], [65],
[66], [67], [20].
Kon npuMeHe MeToJa Koje ce 3aCHUBAjy Ha JUHAMUYKOM MOJeJly CUCTEMA
Y3/1Bajajy ce TPpU NpUCTyIa:
a) Ilpucmyn Ha 6a3u ¢opmuparea jeOHayuHa napHocmu (eHe. parity
equation approach);
b) Ilpucmyn 3acHosaH Ha ecmumayuju napamemapa (eHe. parameter
estimation approach);

c¢) Oncepsep u punmep npucmyn (eHe. observer and filter approach).

a) [Ipucmyn Ha 6a3u gopmuparea jedHa4uHa hapHocmu

3acHUBa Ce Ha KOHLENTY aHaJIUTUYKe peJlyZlaHCe Tj. Ha mopehewy Mepema
y3Jla3a ca aHAJIMTHYKM [00MjeHMM H3/a3MMa Ha OCHOBY IIO3HaBama MoJeJsa U
y/aa3a cucteMa. PesysataT oBor nopebhema je ceT npuMapHUX pe3ujyasia Ha Koje ce
IpUMebyjy CUHTETU30BaHe TpaHcpopMauuje Aa 6u ce popMUpaId pe3UAyau.
Cnenehu kopak je T3B. eBaJjlyaliMja pe3u/iyaja HacTasla Kao pesyJtaT nopehema ca
oAroBapajyhuMm mnparoBuMa jeTtekiuje (eHr. threshold), nobujeHUX eMNUPHjCKU
WJIK TIOCJIe CIPOBeJIeHUX TeOPUjCKUX pa3MaTpama. [Ipuctyn Ha 6a3u popMupama
jenHa4YrMHa MAapHOCTU U CTPYKTYPHUX pe3ujyasa je pa3Buo je Gertler [15], [42], [68]
U TIpejcTaBba eduKacaH ajsaT y HU30Jaluju  oTkasa. M360op MaTpule
TpaHcpopMauuje HUje jeauHCcTBeH. OCHOBHe popMysalje jeJHAUMHE NApHOCTHU
Zajy J. Gertler and D. Singer y [42] u ]. ]. Gertler u M. M. Kunwer y [68]. C1uuHe uzeje
ce mory npoHahu y [69]. Qin u Li cy y [46] onTUMHU3UpasU AU3ajH CTPYKTYPHUX
pesujyajsa pasBUjalbeM JAUHAMUYKOI CTPYKTYpPHOI MPUCTyNa ca MaKCUMaJIHOM
oceT/buBOLINY.

Y [70] Gertler u Monajemy nokasyjy Aa ce AUPEKIUOHU pe3ujyaju MOry
reHepucaTd Ha OCHOBY jeJHauMHa NapHOCTU. /lu3ajH je Takohe 3acHOBaH Ha
MoJiesly CHUCTeMa. YKOJMKO Ce pe3WJyaJlHU TeHepaTop TpaHcpopMulle Y
nosnHoMHU (MA moving average) omoryhasa ce u MA npeHoc myMma. [IpeHoc 6esor

nyMa 4 oJiBajambe o/ nopeMmehaja cy obesdbehenu npourpemweM crenudpukanuja
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[Ipumena memoda 3a demeKyujy omkasa 3acCHOBAHUX HA MOodeay y eseKmpo-
MeXaHU4KuUM cucmema

oa3uBa. [lpucTyn Ha OCHOBY jeJlHAaYMHA NApPHOCTU je NOTOM ynopebheH ca
TpPaZMLIMOHA/IHUM [IPUCTYIIOM Ha OCHOBY AM3ajHa QUJITpaA U [1I0Ka3a0 ce Kao0 MHOTO
jeqHOCTaBHUjU ca OJIaXKMM YCJI0BUMa eraucTeHluje. Y3 ucTe cneuudukaiuyje
0/13MBa 06a NPUCTYMNa Aajy U eHTUYHe pe3n/iyasHe reHepaTope.

X.-C. Lou, A. S. Willsky u G. C. Verghese y [56] ucTuuy fja ce MeTo/ie leTEKIHje
O0TKa3a eKCIJIMLUTHO WU UMIIMUUTHO 6a3upajy Ha peAyJaHCH Tj. Ha Hajuyeurhe
JAWHAaMHUYKHM peJalnjdjaMa usmehy MepHux npoMeH/bUBUX. Pob6ycHOCT nponeca 3a
JleTeKII1jy OTKa3a 3060r Tora y BeJIMKOj MEPU 3aBUCH 0/ [TI0Y3/1aHOCTH pelyJaHCHUX
pesnanuja Koja je omeT YCJOB/beHA HEU30€KHUM NPUCYCTBOM HENPELU3HOCTHU
MoJeJa.

Chow E. u Willsky A. y [71] Har/1a1aBajy HeonxoJHOCT POOYCHOCTU CUCTEMA
3a FDI. PesuzyanHnu reHepaTop ce NpojeKkTyje Ha OCHOBY jelHAYMHA MAPHOCTH, a
Jlu3ajH poOYCHOT pe3uya/IHOT reHepaTopa npolueca je popMyJiMcaH Kao npobseM
olnTUMHU3alMje.

Metoa FDI koju je 6a3vpaH Ha JeTeKLWju U UAeHTHPUKALUjU OTKasa
npuMeHoM fully decoupled parity equations npuctyna JUHaMU4YKUM CUCTEMHMaA Ca
IIO3HATHUM JIMHEAPHUM U HElNO3HAaTUM HeJIMHeapHMM 4JaHOBMMa pa3MaTpasu Cy
C.W. Chan, S. Hua u Z. Hong-Yue y [10]. Pa3BujeH je fully decoupled parity equations
BEKTOPCKH NPHUCTYN U MOKA3aHO je [a Cy pe3uJlyalu KOjU Ce TeHepHUIly U3 HUX
O/1BOjEHM OJf OCTaTKa OTKa3a U HEelO3HATOr HeJIMHEAPHOT 4JIaHa U /1a Cy 0CEeT/bUBHU
caMo Ha cnenudUUHe CEH30pCKe M aKTyaTOpCKe oTkKase. M3 pe3ujyana jame ce
OTKa3U eCTUMUPAjy IPUMEHOM peKyp3UBHE MeTO/le HajMamwUXx KBaJipaTa RLS (eHr.
Recursive least-squares method). Metosn FDI je nmpuMemweH Ha CHMyJIallUOHOM
IpUMepy MOTOpa jeJHOCMEPHE CTpYje.

Fagarasan 1. u lliescu S y [72] uctuuy ce na cy ceH30pH, aKTyaTOpU WUJIH
bu3nuKe KOMIIOHEHTE y WHXEHEPCKUM CHUCTEMHUMa YeCcTo MO/JIOKHE
HeJ03BOJ/bEHUM U HEOUEKHBAHUM OZCTYyNakbUMa 0] yoOrUYajeHUuX paJHUX pexuMa.
[IpyuMemseH je parity equations NIPUCTYI NPoLeCy AeTeKIUje 0TKa3a U HarJaluleHo je
Jla je ucTU edUKacaH y IpOLECY AeTeKIMje 0TKa3a IPUMMEHOM pe3nayasa.

W. LiuS. Shahy [73] npeaJiaxke BeKTOPCKH NPUCTYT JeTEKIHjU U U30J1al|UjU
OTKasa CeH30pa y JAMHAaMHYKUM cucteMuMa. [locie ¢opmynncamwa npobiema

ﬂeTeKLU/Ije H I/IBOJIaL[I/Ije OTKa3a y AWHAMWUYKHM CHUCTEMHMa IIpeaCTaB/be€HHUM
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MOJZIeJIOM Y IPOCTOPY CTawa, pasBHUjeH je ONTUMAJHU [U3ajH NPUMapHOT
pe3nayasHOI BeKTOpa 3a JeTeKLUjy OTKas3a U CeT CTPYKTYPHUX pe3UuAyaHUX
BEKTOpA 3a M30J/1all4jy OTKa3a KopullheweM NpoLIUpeHe oncepBabuHe MaTpULie
u T3B. Lower triangular block Toeplitz matpune cuctema. Pax mnpejcraB/ba
BEKTOPCKH NPUCTYI Npo6JeMy eTeKlMje U U30J1aliuje oTKasa.

PasinyuTu [U3ajH eJeKTPUYHUX K XUJApPAYJHMYHHUX aKTyaTopa Kao |
CeH30pa TOJIEpAaHTHUX Ha OTKase Ha NpUHUUNUMa pexayzaHce R. Isermann
pasmarpay [74].

Pap [75] ayTopa M. Staroswiecki u G. Comtet-Varga yka3yje Ha TEXHUKE Koje
KOPUCTE KOHLIENIT aHAJIMTUYKe pelylaHCce, pa3BUjeHe 3a JIMHeapHe cucteMe, 3a FDI
HeJIMHeapHUX JAUHAMUYKUX CcUcCTeMa, MO/IeJIOBaHUX NOJIMHOMHUM
AvudepeHLMja/IHUM jelHAYUMHaMa. EBasyannja pe3ujyasa je pa3BujeHa 3a CEH30pe,
aKTyaTope U KOMIIOHeHTe 0TKa3a Iiporeca. /laTu cy ycJ10BY fieTeKLUje U u3oJaLuje

Y aHaJIM3UPaH je AU3ajH pOOYCHUX CTPYKTYPHUX pe3ujiyaa.

b) [Ipucmyn 3acHo8aH Ha ecmumayuju napamemapa

TexHuke feTekuyje U U30Jaluje MyJTUIIJIMKaTUBHUX OTKa3a Cy Hajuelnhe
3aCHOBaHe Ha eCTUMalyju napameTapa. PepepeHTHU MoJes ce TpBo J06Hja HEKOM
NoCTynKoM ctanzapAHe ectumanuje (RLS uau LS) y oacycTtBy oTkasa. [loToMm ce
napaMeTpy MOHOBO UJeHTUUKYjy online. OacTynamwa of pedpepeHTHOT MojeJia
[10CTAjy OCHOBA 34 JeTEeKLHjy U U30J1aljhjy OTKa3a.

Gertlery [76] v [77] noka3yje 6J1MCKY Be3y ©3Mehy iBa pa3inyuTa NPUCTyNa
JeTeKLUUjU U U30JIallMjU MYJTUIJIMKAaTUBHHUX OTKa3a 3aCHOBAaHUX Ha IPOLEHHU
rapameTrapa 4 NapaMeTapCKoj Bep3Uju jeAHayMHa NapHocTH. [lokasyje ce pa
IpolLleHa NapaMeTapa INpUMeHeHa Ha jelHaYMHe NAapHOCTH BOJAU €CTUMaLMUjU
OACTyllakba 0J, HOMHUHAJHOI Mogesa cucreMma. OBako Au3ajHUpaHe jeJHAYMHE
[MAPHOCTU y CTBapy MNpejcTaB/bajy LS mnpoueHy ca MHUHUMa/HUM [AYKWUHOM
nojilaTaka. YKOJMKO ce jeJHAQUMHe NapHOCTU $opMHUpaHe 3a CTBapHe (U3HUKe
napaMeTpe, MOTy Jia ocayxe y uleHTuduKauuju otkasa. nak, ykosauko je Besa
n3Mehy mapameTrapa Mojesna M CTBapHUX QU3UMYKHUX MapaMeTapa HeJIMHeapHa,
OTKa3W ce MOry caMO NPUOJMKHO NpOLEHUTH. Takohe, Tpeba HaArjacuTu ja Ccy

TexHUKe ecTuManyje npy FDI MyJTUIVIMKAaTUBHUX OTKa3a 4eCTo IOy3/JaHUje Of,
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TeXHHKa 3aCHOBAaHMX Ha aHAJIMTUYKO] peAyJaHCH, MaJia Cy KOMILJIEKCHU]e 3a online
IpUMEHY.

Gertler y [67] pasmarpa aAuTHBHe W MYJTHUIJIMKaTUBHE OTKa3e.
[IpensioxeHe cy pa3inuuTe M30JalMOHE LIIeMe KOje UMajy MOTYRHOCT o/iBajama o/
nopeMehaja u opeheHux rpemaka MoJesnoBama. HarsiaueHe cy v Be3e ca [pyruMm
MoJiesl NMPUCTYNUMa, 06a3MpaHUX Ha J[AUjarHOCTUYKMM OICEpBEpHMa CTawa U
eCTUMaLUjU apaMeTapa.

R. Isermann y [78] HarsamaBa NpefHOCT Koje je JIOHEeJOo Kopulihemwe
padyyHapa y OJHOCY Ha allJIMKaliuje KOHBEHLMOHa/JIHUX NpucTyna. Mctuye fa je
Jl0JlaTKOM MoJeJa IMpolieca, MeToJila eCTUMalMje U JOoHOoLlewa oAJjyka Mmoryhe
NpaTUTH U HeMepJ/bHMBe IMPOMEH/bUBE Kao ILITO Cy HeKe NPOMEHJ/bHMBE CTama
cucteMa. Paj npejcraB/ba KpaTak nperJieJ, OCHOBHUX MeTO/Ja JieTeKlMje 0TKa3a
Kao U ONMCe OAroBapajyhux MeToAa ecTUMalMje MapaMeTapa KOHTHUHYaJHHX
MoJiesa. PasamaTpaHa cy ABa npuMepa: JeTeKlyja 0TKa3a LeHTpudyrajiHe nymie
npaheweM mnapaMeTapa W JeTeKldja Lypewa y LeBHMa KopullhewmeM
KOpeJIalMOHUX MeTo/a.

E. A. Garcia, Z. Han, u P. M. Frank y [79] pa3MaTpajy npoleHy cMambeHOor 6poja
napamMeTapa OpUrdHaJHOT cucTeMa. M360p mapaMeTapa npou3unasu U3 MpoLeHe
CTPYKTYPHHUX pe3ujiyaa.

Y [80] L. Menini et al, npuka3yjy FD MmeTopn koju je y cTamwy Jja uleHTUUKYje
HacTaHaK OTKa3a U MpUPOAY MOTOpa jeITHOCMEPHOr MOTOpA ca MepMaHEHTHUM
MarHeToM. 3a IMpoOLEeHY JAMHAaMUYKUX IlapamMeTapa MoJiesJa MOTOpa, Koju ce
dopmMupa kao GpyHKIHMja U3/1a3a U BbUXOBUX U3BO/JA 10 KOHAYHOT CTENeHa, KOPUCTe
ce TexHUKe anrebapcke reometpuje (eHr. Algebraic Geometry Techniques).
CUMy/nallMOHM W  eKCIepUMEeHTaJHU pe3yJTaTh I[oKa3yjy e(pHUKaCcHOCT
npeJioKeHHUX TeXHUKA.

Kpartak npersien FD MeToa nprMeHOM TEXHHUKA eCTUMalje NapaMeTapa U
OCBPT Ha NpUMeEHY Ha N10/bY MHAYCTPUjCKUX Npolieca kKao u Ha npuMepy DC MoTopa
Jfanu cy A. Pouliezos, G. Stavrakakis, u C. Lefas y [81].

R. Isermann u O. Moseler y [82] npumemwyjy MeToJle JeTeKlUje OTKa3a
MOToOpa jeJlHOCMepHe cTpyje 6e3 yeTkuua (BLDC motor) kKoju MOroHu MexaHU4YKU

noacucteM. Motop ce ynpaB/ba PWM MHBEpTOpPOM NpeKO NpaBOyraoHe CTpPyjHe
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ekcutayuje. OnucaHa je MNpyMMeHa eCTHMAallMOHOT aJropuTMa Kako Ou ce
NpolLieHU/Ie IPOMeHe apaMeTapa MOTopa KopultheweM MOHOQA3HHUX CTPyja.

TexHuke 3acHOBaHe Ha MoOJiely KOpPUCTe peAyAaHCy y CTaTUYKUM U
JVUHaMUYKMM Be3aMa M3Mely yJsia3a ¥ u3Ja3a 3a JeTeKlHjy U U30Jalujy oTKasa.
Kako maunHa 3actapeBa, U3/1a3u CUCTeMa OACTYNajy OJ, *Ke/beHUX BpeJHOCTH, Ha
Taj HAYMH reHepullyhu pe3upyasie Koju cy JedHUHHCAHU Kao rpelika u3Meby
Mepera CeH3opa M 0JroBapajyhux CurHaja CUMYJIMpaHUX Ha U3Ja3y MoJeJia.
[TocTaB/baeM Mepema cUCTEMA ca 0TKa30M 3a 6a3Ha, NapaMeTpH U/ieaTu3UupaHor
MoJieJsla ce MOTY BapypaTH Kako 64 ce pe3ujyald MUHUMU3Upanu. OBaj npouec je
N03HAT Kao NoJielllaBakbe mnapametapa 'Parameter Tuning". Y Te3u [83] S. B.
Rengarajan mnocrtaB/ba OKBUpP 3a ayToMaTHU3allyjy Iponeca HoJellaBamba
napaMeTtapa ca pOKycoM Ha MOTOpe jeJHOCMepHe CTpyje U Tpoda3zHe aCUHXPOHeE
MoTope. [Iprkasan MoayJs nojeniaBawka napaMeTapa je JU3ajHUpaH Ha peaHuM
MoJleJlMMa CUCTeMa KOjU Cy M3pa3uTO HeJMHeapHU. Moy KOMOHHYyje TeXHUKe
BelITayke HWHTesureHnyje kao mrto je QMC sampling (Quasi-Monte Carlo)
(Hammersley sequencing) w Genetic Algorithm (Non Dominated Sorting Genetic
Algorithm) ca EKF (Extended Kalman filter), Koju KOpUCTH AUHAMHUKYy CUCTeMa
npeko ¢U3UUKOT MoJesia cucteMa. Pa3BujeH je u npo6Hu Graphical User Interface
(GUI) kako 6u ynpocTHO Be3y U3Mehy MalIMHCKOr omnepaTepa u mojaysaa. QMC
sampling and Genetic algorithm cy ce noka3asu epyuKacHU Ha MEPHUM CUTHaJIMMa
KaJla je CUCTeM Y CTAlMOHApHOM CTakby. MaHa OBUX NMPUCTYyNA je KOMIJIEKCHOCT
npuMeHe U HeMOryhHOCT ecTMManuje napameTtapa online - ‘batch estimator’. EKF
Moy je omoryhuo online ectTuManujy.

Y paay O. Moseler-a u R. Isermann-a [84] ce npea/siaxke TeEXHUMKa eCTUMaLHje
napaMeTapa 3a JIeTeKI1jy 0TKa3a MOTopa jeJHOCMepHe cTpyje 6e3 yeTkuna (BLDC
motor). Mepe ce yJa3HU U M3JIa3HU CUTHAJU MOTOpPA U MNpOLEYjy NapaMeTpu
MoTopa. MeTo ce 6a3upa Ha MaTeMaTUYKOM MoJesy npolieca. Mepe ce HamoH
Halnajaka UHBEPTOPA, jeJJHOCMEpPHA CTpyja U yraoHa 6p3uvHa MoTopa. TexHUKa
ecTMalluje mnapaMeTrapa Jaje uHHboOpMalujy O eJIEKTPUYHO] OTIOPHOCTH,
KOHCTAaHTH €MC Kao U 0 MEXaHUYKHUM MTapaMeTpuMa. Moxxe ce NpUMeHWUTH NIpU end-

of-line v online feTeK11ju OTKa3a.
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Y paay [85] W. Chen u M. Saif npukasyjy fu3ajH 1ieMy aKTyaTopa, Koja ce
npejsaxe 3a KJacy HeJIMHeapHUX CUCTeMa ca MI03HATHUM U Hell03HAaTUM yJa3uMa.
[llema ce 6a3upa Ha yJla3HO/M3JIa3HUM peJaljijaMa pa3BUjeHUM 3a HeJIMHeapHe
cUCTeMe U BUCOKOM peny sliding-mode pobycHux audepeHLujaTopa.

c¢) Oncepsep u punmep npucmyn

[Ipuctynu Ha 6a3u oncepBepa IpeAcCTaB/bajy AOCTa NPUMeHmUBAH aJjaT
npo6semy FDI, npuMeH/bMB Ha JIMHeapHe W HeJIMHeapHe CUCTeMe y MPHUCYCTBY
nopemMehaja kao U rpemaka MoJiesioBawa. Tako y paay [86], Indriawati K., Agustinah
T., Jazidie A. paaMaTpajy npob6JieM ecTUMalije CEH30PCKUX U aKTyaTOPCKUX OTKa3a
cucTeMa ca yTUla@jeM myMa U nopemehaja. /[usajHupa ce pobycHU olcepBep 3a
PEKOHCTPYKLMjY CeH30pCKUX M aKTyaTopckux oTkasza LTI cucrema. Kopucrehu
KOMIIeH3aLMOHY l1eMy, NIpe/JIO’KeH je peKOHPUTypaOUIIHU NPUCTYN YIpaB/bakby
Kako Ou ce pa3BUO YNpaB/badyKW CUCTEM OTIOpPaH Ha IPUCYCTBO OTKasa.
CuMysanyje nokasyjy Aa je NnpeJsioKeHHU NMPUCTYI Y CTaklby Ja PEKOHCTPYHUILE U
eCTUMHpaA 0TKa3e y 6110 K0joj GOpMH, YaK M IPU UCTOBPEMEHOM HACTAHKY OTKa3a
y npucycTBy liyMa u nopeMehaja. [lojayamwa oncepsepa cy oapeheHna kopuihemeM

LMI (enr. linear matrix inequality) npoueaype u H_ npuctyna. BaaugHoct

Npe/JIOXKEeHOT MPUCTYIA je IpUKa3aHa Ha MPUMepPYy MOTOpa jeIHOCMEPHE CTpYje.

OncepBep peAlyKOBaHOT pejia 3a JIMHeapHe BPeMEHCKU He3aBUCHE CUCTeMe
ca Helno3HAaTUM YyJIa30M YK/by4yyjyhu Hemo3HaTe MepHe mnopemehaje npezjiaxy
M.Hou u P.C. Miiller y [50]. 'naBHa uzeja npu FDI Ha ocHOBY A3ajHa oncepBepa, je
Jla ce npoHabhe oncepBabuUJIHU NIOJICUCTEM ¥ KOME Ce N10jaBJ/byjy OTKa3u 01 UHTepeca
a ocTtaTak OTKa3a Hecraje. Takohe ce mory fo6uTu pobycHu FDI oncepBepu 3a
HECUTYpHE CUCTeMe, MO/ MPEeTINOCTaBKOM Jia Ceé HECUIYPHOCTU CHUCTeMa MOry
dopmysrcaTH Kao Hemo3HaTH yJasu. [lokasyje ce ia ce jefHaYrMHE NAPHOCTH MOTY
reHepucaTuy KopuiheweM T3B. dead-beat observer 1eMe, JUPEKTHO Y BDEMEHCKOM
JlOMEHY.

Y pagy [51], X. Wei u M. Verhaegen pasmaTpajy A13ajH onicepBepa oTKa3a 3a
JiUHeapHe BpeMeHCKM He3aBucHe cucreme (LTI) ca aguTuBHUM W

MyJTUIJIMKaTUBHUM OTKa3WMa KOJi KOjUX Takohe mocTtoju AejcTBo nmopemehaja.
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PasmaTpa ce gu3sajH oncepBepa y okBupy H_/H_ index framework xopuiihewmem

KYP lemma y koHauHOM ppeKBEHIIUjCKOM JOMEHY.

Y [53] D. Koenig anasu3upa npucTyn Au3ajHy OlcepBepa 3a JIMHEpaHe
CUCTeMe ca pas3/MYATAM KapaKTepuMa OTKa3a M HeNOo3HaTUM YyJa3uMa.
PasmaTpanu cy cay4dajeBU Kajia je 0TKa3 KOHTUHYa/IHO AudepeHMjabuiaH, Kaja
HUje KOHTUHYaJHO JudepeHLjabrIaH aju je OTpaHUY€EH U KaZia je HeoTpaHU4eH
Y HUje JleTEpMUHUCTUYKHU.

J. Chen u Y.-Y. Cao y [87] npuMemwyjy Au3ajH CTaOUJHOTr OIlcepBepa 3a
JleTeKLHjy 0TKa3a Yy KOHaUHOM QpeKBEeHI|UjCKOM IOMEeHY 3a JIMHeapHe, BpeMEHCKHU
He3aBHUCHe, KOHTUMHyas/He cucteMe, a J. Chen, Y.-Y. Cao u W. Zhang y [88]
JIU3ajHUPajy olcepBep 3a JMHeapHe CUCTEMe ca IPOMeH/bUBUM lIapaMeTpUMa.

[IpyuMeHa omncepBepa cTawka y eCTUMHUpawy NapaMeTapa U HHUXOBOM
kopuuihewy y npouecy FDI pasmaTtpa A. Kukreja y [89].

Y Te3u [90] ]J. Delhotal ananu3upa npuMeHy orncepBepa Ha JIMHEApHOM
npekugaykoM cucrtemy. [[pomeHe rpeimraka omncepBepa ce CHHMajy Kao 06U ce
JleTeKTOoBajsle oJpeheHM THUIOBU OTKasa. Paj ce 3acHMBa Ha MaTeMaTHYKHUM
NpUHIMIKMMA oniuTer ¢opmaTa KOju Ce MOXe MPUMEHUTH HAa OWUJIO KOM THUIY
JIMHeapHUX cucteMa. Metojie cy npuMemeHe Ha npuMepy DC-AC rcnpaB/baya, Kako
6u ce Op30 JleTeKTOBajJe NMpPOMeHe IapaMeTapa, CEH30PCKH OTKa3u U OTKa3u
npekuzayva. [lpumep npukasyje MoryhHOCT eTeKIMje pa3JIMYMTHUX TUIIOBA OTKa3a
cucteMa. McTakHyTO je orpaHuueme y Opojy pas3/IMUUTUX OTKasa Koju ce
MehycobHO Mory pa3/IMKOBaTH KoOju je JeprHHUCAH OpojeM MPOMEH/bHUBHUX CTakba
cucreMma.

Y [58] P. M. Frank u X. Ding pasmaTpajy MeTo/ie 3a reHepUCcakEe U eBayalujy
pesuayana 3a Mojen 6asupaHe mnpuctyne FDI npumeHoM omcepBepa Koj,
HECUTYPHUX, JIMHEapHUX, [JAUHAMMUYKHUX cucTeMa noMohy ¢peKBeHIUjCKUX

INPUCTYIa U ONITUMHU3aLMOHe H_ TexHuKe.

Pap P. M. Frank-a u X. Ding-a [57] nprka3yje OCHOBHe JJONIPHUHOCE ¥ TEOPUjHU
JvjarHose oTKas3a IPUMEHOM olicepBepa y JUHAMHUYKUM cUcTeMUMa. Harsacak je
Ha npeAHOCTUMa QPEKBEHIMjCKUX TEXHHUKa Koje yKJ/bydyjy H_ Teopwujy, Teopujy

HeJIMHEeapHOor olicepBepa Ca HEIIO3HATHUM YyJIa30M, Teoijy dZIallITUBHOT oIicepBepa,
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[Ipumena memoda 3a demeKyujy omkasa 3acCHOBAHUX HA MOodeay y eseKmpo-
MeXaHU4KuUM cucmema

TeXHUKaMa 6a3MpaHUX Ha BElITAYKOj MHTEJUTeHIUjU YK/bY4YYjyhU fuzzy JOTUKY,
TEeXHUKaMa OCJOHEHUX Ha HCKYCTBO W NPUPOJAHY HUHTEJUTEeHLH]Y JbYACKOT
pecypca. /|Ba penipe3eHTaTUBHA IpUMepa UIYCTPYjy epUKACHOCT PUCTYTa KOju ce
6a3vpa Ha IpUMeHH oIcepBepa.

Y [55] P. M. Frank Hars1amaBa za je npefiycioB 3a U3BoAJ/bUBOCT MeTo/a FDI
Ha 6a3u olncepBepa y AMHAMUYKUM CUCTeMHMa 3aJ0BosbaBajyha pobycHOCT y
O/IHOCY Ha HEeNpeLU3HOCTU MoJies1a. Paj npesicTaB/ba perse/ HQjOUTHUjUX MeTO/a
3a noBehawe poOYCHOCTHM Ha HUBOY reHepajucama WU eBajlyalidje pes3ujyaJa.

[enepucaHa je H_ meMa oncepBepa ca HeO3HATUM yJia30M, pobycHa parity space

npoBepa Kao U JleKopesalMoHHM UITEpP ca KOHLENTOM aJanTUBHOr H360pa
thresholda. UcTakHyTO je Jla KOHIIENT IlIeMe OINCepBepa Ca HEMO3HATUM YJIa30M,
Koja MHaue o00e36ebhyje BpJ0 KBaJUTETYy POOYCHOCT Yy OJIHOCY HaA Tpelike

MoO/JeJiOBakh4d, Ca J04AdTKOM H30 TEXHHKaA [IpeACTaBJ/ba reHepPaJIHH OKBHUP pO6y€HOI‘

reHepurcama pe3su/iyaja U objeiumbyje MHOTe OCTaJsle IPUCTYIIe Kao LITO Cy: parity
space u GUITEP NPUCTYII.

YMecTo MUHUMU3MUpaka edekTa nopeMehaja Kao y NpUMeHU POOYCHUX
duaTapa uiaum ofBajama nopemMehaja kao y npoueaypu orncepBepa ca Helmo3HaTUM
yJaa3oM (eHe. unknown input observers) y [66],]. F. Tuu ]. L. Stein npeasiaxky npoueHy
nopeMehaja 1 fja ce UCTa KOPUCTH a OU ce peAyKoBaJjia rpelika MozesoBawa. OBa
TeXHUKAa je Ha3HaYeHa Kao KOMIIEH3aTop rpelike MojiesioBawa (eHr. model error
compensator (MEC)). [Ipuka3aHu cy noTpe6bHHU YCJI0BU Jla ce MOCTUTHE TPaHUYHA
BPeJHOCT rpeliike npoiieHe nopemehaja. OBU yc/0BU ce pa3JiMKyjy 0f ycJoBa 3a
OTICEpPBEP Ca HEMO3HATHUM yJ1a30M U yCJ0Ba 32 poOYCHU puTap.

®okyc pagma [91], B. Jiang-a u F. N. Chowdhury-a je Ha geTtekuuju u
eCTUMalMju MyJTUIJIMKATUBHUX OTKa3a HeJMHeapHOI CUCTeMa Cca HeJIMHeapHO
pacnojie/beHoM GYHKI[MjOM OTKa3a Koja 3aBHCH He CaMO 0/] yJ1a3a U h3J1a3a CUCTeMaA
HEro M 0J1 HeMepJ/bUBUX IPOMEH/bUBUX CTama. [IpefioxkeH MeTO/, ce 3aCHMBA Ha
JIU3ajHy aZlalTUBHOT OIlcepBepa.

F. Caccavale, F. Pierri, u L. Villani y [61] ce 6aBe mpo6sieMoM AujarHose
oTkasa (FD) 3a kJjlacy HeJIMHeapHUX CUCTeMa Y IPUCYCTBY OTKa3a akTyaTopa. lllema

je 3acHOBaHa Ha BpPEMEHCKH [JUCKPETHOM [WjarHOCTUYKOM OIICEPBEPY KOjU
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[Ipumena memoda 3a demeKyujy omkasa 3acCHOBAHUX HA MOodeay y eseKmpo-
MeXaHU4KuUM cucmema

npouemwyje cTamwe cucteMa. /la 6u ce U360pro ca HENPELU3HOCTUMA U TpellKaMa
JUCKpeTH3allyje, pa3BHjeH je BpEMEeHCKH JAUCKpeTaH aJlallTUBaH 3aKOH.

/lu3ajH HesIMHeapHOT oncepBepa ca Heno3HaTUM yJazoM NUIO, 3a pobycHy
JleTeK1ujy oTKa3a npukasyjy J. Zarei u E. Shokri y [65]. NUIO ozBaja nopemehaje u
HeNpeLU3HOCTH O/ IPOLlelhEeHUX CTama y HeJIMHEapHUM CHUCTeMUMa. 3aCHUBA Ce Ha
T3B. exploit cubature rule na 6y ce npeBa3uilao NpobaeM HeJIMHEAPHOT popavyyHa
y IPUCYCTBY CHOJbbUX TOopeMehaja .

R.]. Patton u J. Chen y [48] npeacTaB/bajy TEOPUjCKU IPUCTYI A0AE/bUBAY
CONIICTBEHE CTPYKType (eHr. eigenstructure assignment approach) npu poOYyCHOj
JleTeKLUju oTKa3za. [IpukasaHe cy NPUHIMIICKE NOCTAaBKe, yCJAOBU INOCTOjaa, U
JAu3ajH npoueaype. [JlaBHU JonpHUHOC pajia je y pa3Bojy AoAe/bUBamba CONICTBEHUX
BEKTOpa JeCHOI oIcepBepa IpU poOYCHO] JeTeKuuju oTKas3a. Kajga ce Heke
BpPeIHOCTU [JEeCHUX COINCTBEHUX BeKTOpa [oJeJie MapajesJHO ca IMpaBLUMa
npocTupawka MopeMehaja, /JUjarHOCTUYKM pe3uJyaJ KOjU Ce TreHepulle
OIICEpBEPOM je He3aBHcaH of, nopeMehaja. PobycHu geTekTop ce Moxe noctuhu u
JIeBUM U [leCHUM J[o0Je/bMBalkbeM COICTBEHUX BeKTopa (eigenvector assignment
method). 3a ieBU MeTO/, CONICTBEHUX BEKTOPA NPE/IJIOKEHH Cy J0BOJbHU yCI0BU. 3a
JleCHU MeTOJi COICTBEHUX BEKTOpa NpeJJIOKEeHU Cy U HEeONXOJAHU WU J0BOJbHU
yc/0BH. JlaTa cy ¥ iBa HyMepU4Ka IPUCTYIA Jja UIyCTPYjy NpeJJoxKeHe MeTO/le.

[IpumMep pobycHe JAeTeKlMje OTKa3a CeH30pa MJIAa3HUX aBUOHA Takohe
3aCHOBAH Ha NPUCTYIY CONCTBEHE CTPYKTYpe y KOHTUHYAJHOM U y JUCKPETHOM
ZfloMeHy fajy R. J. Patton u ]J. Chen y [47]. [IpyuMeHOM JieBOT MJIM JIECHOT BEKTOpa
CONCTBEHUX BPEJHOCTH OIICEPBEpa KOjU je OpTOroHa/JaH WJM MapaJiesaH ca
npasnyMa nopemehaja, mnocTuxe ce oBajame nopeMehaja. 'pelike mozesnoBama ce
cMaTpajy nopeMehajuma Ha cucteM 3a FD. Pa3BujeH je meTo/ 3a ecTuManyjy npaBsua
nopemehaja.

Y pany [92], Watanabe, K. Sasaki, M. Himmelblau, D. M., npegsaxy meTtoze 3a
oApebuBame ONTUMAJIHOT CETAa MEPHUX N0JIOXKAja 3a UAEeHTUPHUKALHUjY OTKa3a Koju
ce MOXe JIeTEKTOBATH aKo Cy IPUCYyTHe NOTIyHe WHdOopMaliMje 0 IPpOMeH/bUBHUMA
ctama. [Ipennaxe ce sMHeapHa oncepBanMja CMAamkbeHOr peja 3a eCTUMaLUjy
NPOMEH/bUBUX HEJIMHEAPHOT CUCTEeMA ca Hel03HAaTUM NapaMeTpuMa. Pa3BujeHa je

TeOpI/IjCKa MeTo[Ja 3a IMpPOoUeHy CTakbad HEJHNHEAPHHUX CUCTEMa Ca HEIO3HATHUM
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napaMeTpHUMa U NPeKo CHUMyJaljdje MeTo/Za je IpUMemeHa 3a JeTeKLHUjy OoTKa3a
HeJIMHeapHe eJleKTPUYHe MallliHe.

UctpaxkuBawe W. Zhang-a npukaszaHo y [93], uMa 3a 1u/b CTpaTerujy
pa3Boja weMe FDD y nmo4yeTKy HacTaHKa OTKa3a Ha IpUMepy MOTOpa jeJHOCMepHe
CTpyje 6e3 yeTKHUIlA ca NepMaHeHTHUM MarHeTuMa (Permanent Magnet Brushless
DC Motor PMBLDC) 3acHoBaHy Ha MpolieHM cTawa. [locmaTpajy ce oTkasu y
JiekajeBMMa U y HaMOTajuMa CTaTopa KOju Cy yjeZJHO ¥ Hajyellhy TUI OTKa3a.

T. A. Najafabadi y [94] npegsiaxke AeTeKlMjy OTKa3a ceH30pa aCUHXPOHOT
MOTOpa 3aCHOBaHy Ha aJalTHBHOM OICepBepy Ca eCTUMal{joM OTIOPHOCTH
poTopa.

EjleKTpryHe MallliHe BeJIMKMX CHara WUMajy peJyHJaHTHY YIpaBJ/badyKy
eJIEKTPOHUKY Ha KOjy cno/pallitby nopemehaju Mory gesioBatu 36ymwyjyhe. Y pany
[95] Berendsen, C.-S. et al, npeasiaxxy MeToJ; Koju 6 oMoryhno pasjiMKOBambe
CEeH30pCKHUX OTKa3a (Op3WHCKe U CTpyjaHe IeT/be) o QJyKTalMja y Hanajawy U
yTHILaja MOMeHTa onTepehemwa UM 6ap nocTusame poOYCHOCTHU Ha UcTe. TexHUKa
ce 6a3upa Ha aHAJIMTUYKO] pelyJaHCH: OTKa3U ce NpeJCTaB/bajy Kao OACTylamba
IPOMEH/bUBUX CTaka Koje ce eCTUMHUPAjy NOMOhy oIcepBepCKHUX CTPYKTypa.
[IpeactaBsbajy ce 0TKa3u CeH30pa y yIpaB/bauKUM IeT/baMa, lbUX0Ba JeTeKIHja, U
npoyyaBa ce poOyCHOCT MPUCTYIA Y OAHOCY Ha criosballibe nopeMehaje kao mro cy
yTuLaju ontepehemwa wim QJyKkTanuje y Hamnajamwy.

Y paay [96], X.-G. Yan-a u C. Edwards-a ce pasmaTpa JeTekuuja u
M30J1allM0Ha CEH30PCKUX 0TKa3a HeJIMHeapHUX cucTeMa. /lusajuupa ce sliding mode
orcepBep Kako 61 NpeliM3HO PEKOHCTPYyHCAa0 CEH30PCKU 0TKa3 YKOJIMKO CUCTEM He
MCII0/baBa HUKAKBY HECUTYPHOCT, Tj. ca LIM/beM eCTHMMalHje CEeH30PCKOI OTKa3a
Ka/la HeCUTYPHOCT MOCTOjH.

[lu3aju u npumMeHa sliding mode oncepBepa (SMO) 3a feTekuujy, usoanujy
u ectuManyjy (FDIE) akTyaTopcKkuX M CeH30pPCKHMX OTKa3a 3a KJIacy HeCUTYPHOUX
Lipschitz HenvuHeapHUX cucTeMa Takobhe aHanusupajy W. Chen u M. Saif y [97].
AxkrtyaTtopcka FDIE ce ocTBapyje perpynucameM yjia3a CUCTEMa y 00JIMK MOroJjaH
3a ausajn SMO. Takohe ce ¢uaTpupaweM perpynucaHux H3Jasa, CJAAYHA
CTPYKTypa cucTeMa MoxXe pa3BUTH 3a ceH3opcky FDIE. Yetupu npobsema ce

pa3MaTtpajy: 1) YcioBU 3a U30J10Bambe jeJHOT M/ WM BULIe 0TKa3a; 2) MakcuMasiaH
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6poj 0TKa3a Koju ce MOTy UCTOBpeMeHO M3oJsi0BaTy; 3) HauuH ausajuupamwa SMO
npucryna 3a FDI ga 6u ce moctursia usosnanuja BULIECTPYKUX OTKa3a KopUllhemeM
IITO Mame oncepBepa; 4) HaurH npoueHe o6/11ka oTka3a. [la 6u ce oATOBOpPUJIO HA
JlaTa UTamka NPe/JIOKEH je HOBU KOHIIENT 1oJ, Ha3uBoM Fault isolation index (FIX)
3a aKTyaTOpCKe WU ceH30pcke oTkase. CMMy/JallMOHM pe3y/TaTU IOKasyjy Ja
npeanoxeHa FDIE ycremtHo Moe leTeKTOBAaTHU U MU30JI0BaTH CIIOpe U 6p3e 0TKa3e
aktyatopa. Takohe je mokasoHao Ja ce Moxe MNocTUhM TayHa ecTUMaLHja
aKTyaTOPCKUX OTKa3a.

Y. Wang u D. H. Zhou y [98] pa3maTpajy MoryhHocT ugeHTudUKauuje
CEeH30pCKHUX gain 0TKa3a 3a Kjacy HeJIMHeapHUX cucteMa. CeH30pCKU gain 0TKa3u
ce MOTy NOJeJIMTH Ha JiBe KJlace: yCJAOBHO UJleHTU(PUKAOUIHEe OTKa3e U yCJI0BHO
JleTeKTHUOW/IHe oTKase. [Ipeanaxe ce ajropuram 3a Job6ujame Opoja U JoKaluja
YCJIOBHO HJEeHTUPUKAOUIHUX OTKa3a. ACHMITOTCKA eCTHMaluja YCJIOBHO
UJleHTUPUKAOUITHHUX OTKa3a ce OCTHUKe NPEeKo OIcepBepa ca HEMMO3HAaTUM yJ1a30M
Y aJJallTUBHMM 3aKOHOM KaJia HeMa YCJI0BHO [leTeKTHUOJHUX 0TKasa y CUCTEMY U
KaZla je 3a/0BO/beHa HejeJHAKOCT JIMHeapHe MaTpule. Takohe ce mnpepsaxe
JleTEKIIMOHU oOIlcepBep y CBpxy npahewa yCJI0BHO [JeTEKTUOWJIHHUX OTKa3a.
AkueHaT paJia je Ha HeCTaOMJHUM cHcTeMHUMa. [IpMKasaHU cy U CUMyJallMOHHU
pe3ysiTaT Ha GJIEKCUOUIHOM 3TJ100y poOOoTa.

PobycHu ¢unrtap 3a JiMHeapHe BpeMeHCKM He3aBucHe cucteMme (LTI) ca
HeIO03HaTHUM yJla3uMa U HellpeLiU3HOCTUMA MoJeJ1a NpuMemwyjy J. Guo, X. Huang, u
Y. Cui y [64]. OcHOBHa Hjeja je aa ce pobycHu FD ausaju ¢untpa ¢opmysiuiie Kao
model-matching H_ mnpo6JieM. Peliewe onTHMaaHOr npobseMa ce MpeJcTaB/ba
npeko ¢popmyJianyje HejeJHAKOCTH JIMHeapHe MaTpule (LMI). ['1aBHu pesysntaTtu
yK/by4yjy dopmysanujy npobsieMa ausajHa FD ¢uintpa, usBohewe noTpebHHX
yCJIOBa 3a eraucTteHnujy pooycHor FD ¢uintpa u KoHCTpyKIuja pobycHor ¢uatpa
3acHoBaHor Ha LMI aaropurmy.

Y [63] M. Zhong, S. X. Ding, ]J. Lam, u H. Wang pasmatpajy Au3ajH pobycHor
duntpa 3a oapeheHy kiacy TMHeapHUX, BpeMeHCKU He3aBUCHUX cucteMa (LTI) ca
Helo3HAaTUM yJla3uMa U rpelikama MozesoBawba. OCHOBHA HJeja paja je fa ce
yHoTpebu ONTHMMaJaH pe3ujyaJHU reHepatop (y3 NpeTHOCTaBKYy HENOCTOjara

rpeliaka MoZieJIoBarmba) Kao pepepeHTHU pe3uIyanHu Mojies po6ycHor FD ¢putpa
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3a HecurypHe LTI cucreme ca rpeukama MojeJsioBawa. /JlusajH pobycHoOr

fetekuuoHor ¢untpa (FD ¢unrtpa) 3acuuBa ce Ha H_ model-matching npo6yiemy.
KopumheweMm pesyatata H_, onTuMusauuje, NpeAcTaB/beHO je pellerme 3a

npo6JieM onTUMU3allMje Npeko GopMy.aldje JUHeapHe MaTpPUIle HejeITHAKOCTH
LMI. TnaBHM pe3yaTaTH paja YK/bYydyjy pa3Boj ONTUMaJHOT pedepeHTHOr
pesuayasHor Mozesa, popmyJianuja pobycHor FD ¢uatpa u keroBa KOHCTpYKIHja
Ha ocHoBY LMI napamerapa, ogpebuBamwe agantuBHor npara 3a FD. [IpensioxeH je
Y IpYMMep 3a leMOHCTpaL1jy epUKaCHOCTH MpeJI0KeHOT IPUCTYIa.

Pap Z. Shen, G.-H. Yang, u P. Sun [62], ce 3acHMBa Ha npobJsieMy poGycHe
JeTekuuje otkasa (FD) 3a ksacy polytopic HeCUTypHHUX JIMHEAPHUX CUCTeMA KOjH Cy
Bohenu Wiener-oBuM nponecoM. [IpeTnocraBka je Aa MaTpulia CTamba 3aBUCH Of
Hel03HaTHUX aJIu OTPAaHUYEHUX BPEMEHCKH IIPOMEH/bUBUX llapaMeTapa. YBOJHM ce
MexaHM3aM IIpeKuJamba Kako Ou ce KoHcTpyucao pobycHu FD uartap ca
IIPOMEH/bUBUM II0jadyamkbUMa U Kako 6u yHanpeguo nepdopmance FD y ogHocy Ha
TpaJULMOHAJIHU Au3ajH GuaTpa ca GUKCHUM NojayarbuMa. KoHauHo, npobsieM
ZAn3ajHa ¢uatpa ce GopMysiuiie Kao Npo6JieM U3BOJ/bUBOCTH Y CMUCIY pelllaBamba
HejefHaKoCcTH TMHeapHe MaTpule (LMI). [IpegsioxkeH je u npyuMep 3a UIyCTpaLujy
npeJJoXxeHe MeTo/0JI0THje.

Pan [52] X.-]. Li-a u G.-H. Yang-a pasmaTtpa npo6sem FD 3a kuacy Ito-type
CTOXaCTUYHUX CUCTEMA Ca BPEMEHCKUM KallllbelheM Ha Koje [eyjy CIOJbHU
nopeMehaju ¥ ceH30pCKU OTKa3M. ['1aBHU 1I|W/b je Au3ajH GUITpa 3a JleTeKLUjy
otkasa (FDF) mponucaHor HuBoa ciab/berwa nopeMehaja U OCET/BUBOCTH Ha
oTkKase. /loBO/bHM YCJI0BU 3a FapaHTOBabe OBUX HUBOA Cy GOPMYJIMCAHU ¥ OOJIUKY
HejeHaKocTH MHeapHe MaTpuue (LMI). [lusaju ¢uartpa 3a JeTeKLHjy oTKasa je
JebHHHCAH Kao mpobJsieM ONTHMM3aliMje KOju ce Moxe edHUKaCHO pellaBaTH
noMohy cTaHJapAHHUX HyMepU4yKUX ajaropurtama. Kako ©Ou ce cMamuo
KOH3epBaTHMBH3aM NPU AU3ajHy GUITPA ca MELIOBUTUM LiM/beBUMa KopuliheH je
multi-Lyapunov functions npuctyn npeko Projection Lemma. lTloka3aHo je ja

pe3yJiTaTU He caMO 0OyxBaTajy HeKe MpPeTXOJHe YCJOBe KOju KapakTepuiy H_

nepdopmance u H_mnepdpopmaHce aeduHHcaHe 3a MHeapHe, ctanoHapHe (LTI)
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cucTeMe, Kao rnocebHe ciy4vajeBe, Beh 1 nobosbiiaBajy oBe yciaoBe. Kopucre ce gBa
npuMepa Jja uaycTpyjy epuKacHOCT NpeJJioKeHe JU3ajH LeMe.

J. Chen, R. ]J. Patton, u H. Zhang y [49] HarsialiaBajy Aa Ccy JeTeKLHMOHHU
buaTpu cneyyjasHa Kjaca oIcepBepa Koja MOXe TIeHepucaTH JUpeKLHOHe
pesuyasie y CBpXy U3oJaluje oTkasa. Paj npejJjiaxke NpucTyn Ju3ajHy pobycHOT
duntapa (y cMucay oiBajama pesujyasa of nopemehaja) 3a seTekiiyjy oTkasa Koju
06e36ehyje na pe3uayasHu BEKTOD, KOjU ce reHepulle oJ, CTpaHe QUIATpaA UMa U
pobycHe W AWpEKLHOHE KapakTepucThke. OBO ce ocTBapyje KOMOWHOBambeM
orcepBepa ca HelO03HATUM yJ1a30M U IPUHIMIIA JleTeKLhje 0TKa3a Ha 6a3u ¢uatpa.
Pap npepsiaxke HOBU olcepBep MOTNYHOT peZa ca HENO3HAaTHUM YJa3oM M Jaje
HeONXo/lHe U [JI0BOJbHE YCJIOBe 3a ersucteHuujy. Kaga ce 3amoBosbe ycioBu
oJBajamwa o nopeMehaja, ocratak ci1060/e ce MoKe UCKOPUCTUTHU Jia 06e36eau Aa
pesuZlyas nocefyje AUPEKLHOHA CBOjCTBA HAa OCHOBY NpuUHLUNA (UJATpa 3a
JleTeKUHjy oTKasa. [I[puMep HeslMHeapaH CUCTEM MJIa3HOT MOTODPa.

J.H.L.J. H. Lee u ]. L. ]. Lyou [99] unTerpucaHo npuka3syjy iujarHo3y oTkasa
Y CTpaTerujy npujarohaBamwa KOJi aKTyaTOPCKUX M CEH30PCKUX OTKasa MOTOpa
jeAHocMepHe cTpyje. lllemMa ce 3acHMBa Ha U30J1ALUjU OTKa3a U eCTUMaALUjU Koja
KOPUCTHU 6aHKy pobycHUX aABocTeneHux KaimaHoBUX ¢u/Tapa Kao U yBohewa
aJlJUTUBHOT yIpaB/batba 3a KOMIEeH30Bame edekaTa OTKa3a CHUCTeMa.
CuMys1aMOHU pe3yJTaTU MOTOpa jeJHOCMEepHe CTpyje ca BapujaliMjoM Tpemwa,
HelpelU3HOCTUMa MOJiesa, CeH30PCKMM M CHUCTEMCKHM ILIyMOBHMAa IOKa3syjy
epuKaCHOCT NpUKa3aHe MeTO/JIe.

Y te3u [100] M. Mishra kopuctu T3B. particle filter approach npuctyn 3a
JleTEeKLUjy OTKasa W HUXOBY MpPeAUKLHjy KOJ HeJMHeapHUX CHUCTeMa ca
pacnojesoM lLiyMa Koju HHUje Gaussian. BehrHa TexHHKa JeTeKlLUje OTKasa
NpeTNOoCTaB/bajy Jla je MoJes] CUCTeMa JiMHeapaH M JAa je wmyMm Gaussian-oBe
pacnogene. [IpeTnocTtaBka JinHeapu3alyje MoXe JOBECTU [0 cjaabe AeTeKluje U
HenpenusHe npeauknuje. Takohe Moxe y3pokoBaTH U morpeuiHe ajapMme. [yiapHa
npeJHOCT M3abpaHe MeToJe je KopullheHe MOTHyHe paciojiesie BepoBaTHohe
NpPOMEH/bUBUX CTama M3 QUITpa y Mpolecy JeTeKluje oTKa3a U mpejBubama
O0TKa3a. BpeiHOCTU nparoBa JieTeKIMje Cy u3abpaHe XeypUCTHUYKU. Y IPUCTYIY je

kKopuiheH MoieJ1 je JHOCMEePHOT MOTOPa.
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Y pagy S. M. Kargar, K. Salahshoor, u M. |]. Yazdanpanah [60] npeasaxy
IIPUCTYIN YIIpaB/baky jeIHOj KJIACU HeJIMHeapHUX cucTeMa. [Ipetnocrassba ce fa ce
OTKa3! jaBJ/bajy Ha akTyaTopuMa. KanmaHoBu ¢uiaTpu ce ynotpebJbaBajy npu
JeTeKLHjU aKTyaTOPCKUX OTKasa aJli Y 3a eCTUMaLMjy Hello3HAaTUX NapameTapa
[o3uLMje akTyartopa. ECTUMUpaHu apaMeTpU ce IOTOM KOPUCTE NPU KOPEKLIUjH
MoJieJla CUCTeMa Ha Kora JieJlyjy OTKa3H U 3a peKOHQUTypalLujy KOHTpoJiepa.

Mana FDI MeTtosa 3acHOBaHMX Ha MOJeJy je HEONXOAHOCT MO3HaBamwa
NpeLU3HOT Mo/ieJla CUCTeMaA UJIH lberoBe UeHTUPUKalyje.

3) Memoode koje ce ba3upajy Ha UCKYCM8Y U 3HarUMd N0OpasyMmesajy cuHmesy
HEYypa/HUX Mpexca, NpuMeHy Memoda eKcCnepmHux cucmema, fuzzy n102ukKe,...

X.Q.Liu, H. Y. Zhang, J. Liu, u ]. Yang y [13] kopucte meToze FDD Ha npumepy
MOTOpa jeJHOCMEpHe CTpyje Koje ce 3aCHUBAjy HAa eCTUMallUju KOHTUHYAJTHUX
napametapa mnpuMmeHoM block-pulse function series. EneKTpo—MexaHUYKHU
napaMeTpu ce ojapebhyjy Ha OCHOBY eCTUMHMpaHUX MapaMeTapa KOHTHHYaJIHOT
MoJies1a. PenaTvBHe NpoMeHe e/lIeKTpO—MeXaHWYKHX IlapaMeTapa ce KOpPUCTe Yy
npolecy JeTeKlyje oTka3a. Ha ocHOBy y3opaka npoMeHe napameTapa ¢popmupa ce
BUILECJOjHA Heypa/lHa MpeXka y CBpXy H3o0J1aluje OTKasa. ExcriepuMeHTasHU
pe3yJiTaTh Ha CTBAPHOM MOTOpPY MOKa3dyjy epUKACHOCT KOMOWHOBaHE NpUMeEHe
TeXHHKe eCTUMalije napaMeTapa U HeypaJHUX Mpexa.

Pap L. ]. de Miguel u L. F. Blazquez y [101] dopmupajy cucteM 3a AeTeKLUjy
Y M30J1aLj4jy OTKa3a je JHOCMEPHOI MOTOPA, KOjU Ce 3aCHMBA HA y/1a3HO—H3JIa3HOM
MoJiesly cucteMa U popMHpamy jeJHAYMHA MAapHOCTU JOK je aJropuTMOM 3a
JIOHOLIEee OJJIyKa 3aCHOBAaH Ha MNpUHLMNUMA fuzzy noruke. HecurypHocTH
MoJleJla CUCTeMa, IPUCYCTBO IIyMa U CTOXAaCTUYKO I[IOHAllake HEeKUX
IPOMEHJ/bUBUX CMawyjy MOYy3JaHOCT U POOYCHOCT MeTo/ia 3a JAUjarHo3y OTKasa.
Fuzzy npaBuJia KOpUCTe KOHIIENT BepoBaTHOhe OTKa3a U 3HaWke 0 0CET/bUBOCTHU
pe3nayanHux jegHadyuHa. CucreM 3a FD koju ce 3acHUBa Ha yJla3HO H3J1a3HOM
MoJieJly U jeJHAYMHAMa NApHOCTU U KOjU yKJbydyje YU OBaj MOAYJ 3a JOHOLIEeHe
OJJIyKa je YCIelUlHO NpUMeHEeH Ha JiabopaTOPHUjCKU CUCTEM pe3yJaThupajyhu
CMamewy HeNpeuusHoCcTH yciaen mnopemehaja U rpemaka MoJies0Bamba.
ExcneprMeHTa/HO j00MjeHe 0CET/bUBOCTU pe3u/lyaJHUX jefHa4MHA oMOryhyjy u

IpouneHy BeJINYMHE OTKa3a.
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CucTeM 3a AvjarHo3y oTKasa caZp>Ky KJacUPUKALMOHU CUCTEM KOjU MOXKe
pPa3/IMKOBAaTH pa3/IMUMTE OTKa3e Ha OCHOBY NOCMaTpPaHUX CUMIITOMA Mpolieca Koju
ce uctpaxyje. IlpegHoct aujarHo3e Ha 6a3u fuzzy-1orvke je mWTo oMmoryhyje
objenvberbe MO3HATUX IPaBUJia U OMoryhyje KOpUCHUKY Jja pa3yMe 3aKOHUTOCTH
cuctema. ¥ paay [102] D. Fuessel u R. Isermann npejiaxy 1meMmy 3a JujarHo3sy
OTKa3a Ha MpuMepy MoTopa jeiHOCMepHe cTpyje. [IpegHoCcT MeTo/ie je moBehaHa
pPOOYCHOCT Yy OJHOCY Ha TPaJULIMOHATHe KJIacupUKalMoHe LIeMe.

[lepbopmaHce MOTOpa jeAHOCMEPHE CTPyje ca NepMaHEeHTHUM MarHeTUMa
6e3 yeTkuua y ycaoBuMa Open-Switch Fault pasamaTtpajy M. A. Awadallah u M. M.
Morcosy [103] u M. A. Awadallah u M. M. Morcos y [104]. Wavelet Tpancdopmanmja
ce KOPUCTU Ja eKCTpaxyje [AujarHOCTUYKe HHJUKATOpe Ha OCHOBY TaJIaCHOT
00JiMKa cTpyje. UHTesiMreHTHU nocpefHUK ce 3acHMBa Ha ANFIS (eHr. adaptive
neuro-fuzzy inference systems) Kako 0W ayTOMaTH30Bao MNpoOLeC H3oJaluje U
gokanuje. ANFIS ce obyyaBa offline Ha oCHOBy pe3yJTaTa CUMyJaLUje TOZ,
pa3/IMYUTUM yCJ0BMMa 0e3 M ca MPUCYCTBOM OTKasa J00UjeHUX OJ, CjeJUHbeHUX
napaMeTapa MpexHor Mozesa. [lokysanamwa pe3yaTaTta cUMyJlaljdje U U3MepeHUuX
TaJlaCHUX 06JIMKa NOTBPhHYjy edUKACHOCT Mpeai0KeHe MeTO/10/10THje.

PobycHa aujarHosa oTkasa MOTOpa jeZJHOCMepHe CTpyje moMohy BelITauke
HeypaJlHe Mpexe U Mo/JieJoBakbe rpelaka Moziesa aHaausupa K. Patan y [54].

D. Fuessel u R. Isermann y [105] ucTuuy Aa ce cucteM 3a jujarHo3y oTKasa
CacToju oJ] K1aCUPUKALLMOHOT CUCTeMa KOju 6U TpebaJsio [ia pa3juKyje pa3iuynTe
OTKa3e, HA OCHOBY IOCMaTpaHMX CMMIITOMa Ipolieca Koju ce pasmarpa. [lourto
Hajuellhe CUMITOMH OTKa3a HUCY YHalpeJ, IO3HATH, HEONXO/IaH je CUCTEM KOjU
MOXK€ YYUTH Ha OCHOBY €KCIIEpUMEHTAJIHUX U CUMYJIMPaHUX NoJaTaka. [[ujarnosa
Ha 6a3u fuzzy soruke uMa npepHoctud. OMoryhyje jeJHOCTaBHO YK/by4UBakbe
N03HATHX 3aKOHUTOCTU U OMOTyhyje KOpUCHUKY /ia pa3yMe U U3BeJie 3aK/byYKe O
cucteMy. Y paZy je MNpeJJioeHa lleMa JHdjarHO3e NpPUMEHEHA Ha MOTOpPY
jeiHocMepHe cTpyje. IlpucTynm ce 3acHUBA HaA CTPYKTYPHUM alpUOpU
3aKOHMTOCTMMA U U3MEPEHUM MoJalMMa Kako 6u ce popMHupao XUjepapxujcKu
CUCTEeM JiMjarHO3e KOjU Ce MOXXe NMPUJIAroAUTH Pas3IMYUTUM TUIIOBHMa MOTOpPA.
[IpefHOCT je HWeHa TpaHCHApPeHTHOCT M mNoBehaHa pPOGYCHOCT y OJHOCY Ha

TpaguLIMOHAJTIHE KJIaCI/ICl)I/IKaLU/IOHe memMme.
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Jla cy AUHaMUYKM HeypasHU MoJeJiu aTpaKTHUBHA CpeJjCTBa JeTeKLUje U
v3oJalyje y UHAYCTPHUjCcKUM npouecuMa, uctuuy H. C. Cho, J. Knowles, M. S. Fadali,
nK.S.Leey [106]. [I[pumapHO PpopMupajy HeypasHe MoZeJie Kako 61 ce UMUTHPAJIO
HOpPMaJIHO [TIOHAlllake CUCTEeMa, 1a J0JaTHO U Mo/ieJie 3a CUMYJINPakbe Pa3IM4UuTHX
ycJi0Ba 0TKa3a. HeypasiHu Mojiesie 3aTUM IOCTABJ/bAjy y IapaJjiesy ca CACTEMOM KOjU
ce 1ocMaTpa, a /JAeTeKldjy OTKa3a INOCTHXXYy Ha OCHOBY mnopehema wH3s1asa
HeypaJIHUX MoOJesla ca M3Jla3uMa peajHor cucteMa. OO6yKy HeypoOHCKe Mpexe
OCTBapyjy alJIMKalujoM T3B. HCTOBpeMeHe MepTypbalMoHe CTOXacTHUYKe
anpokcuMauuje (eHr. simultaneous perturbation stochastic approximation).
Knacudukanujy oTkasa 6asvpajy Ha jeaHocTaBHOM threshold Tecty pesupayasa
KOju ce J00Wjajy Ha OCHOBY OJ)y3MMaka M3Jla3a CBAKOI HEypaJHOI MoJeJsa Of
oarosapajyher ussasa peasHor cucrteMa. [IpefsokeH NpPUCTyNn ce 3acHHWBA Ha
Jl00po Mo3HaToj LIeMHu rJie ce Bayesian Mpexxa KOPUCTH 3a eBaJslyaliydjy pe3uyasa.
[IprMeHa je Ha npyUMepy AeTeKLUje 0TKa3a TpoPa3sHOT aCHHXPOHOT MOTOpa.

Ha npumepy acuuxpoHor motopa P. V. Goode y [107] npeaJsiaxke npuMeHy
BelITayKe HeypajsiHe Mpexe, JAoka3yjyhu MoryhHocT pemaBawa npobJema
npahewa MoTOpa U po6sieMa ieTeKIMje 0TKa3a Ka/ia ce KOPUCTH je/jHa peJJaTUBHO
jedpTuHa, Noy3/iaHa U HEMHBA3UBHa Npoueaypa. ¥ paay Goode uctuye Kao rjiaBHy
MaHy KOHBEHIIMOHa/IHe BeLITayKe HeypaJHe MpexXe CBOjCTBEHU MPHUCTYI
JeTeKLYju O0TKasa, Koja MOXe JO0BeCTH [0 KOPEKTHOI pellewa, ald KOju He
06e36ebhyje XeypUCTUUKY HHTephnpeTauujy pellewa. MHxewepu npedepupajy
Ta4yHy JleTeKLHjy OTKa3a Kao U XeypUCTHUYKa 3Haka MCHOJ, Npolieca JeTeKluje.
Fuzzy norvika Moxe JIako 06e306e/JUTH XeYPUCTUYKO PE30HOBaKE JIOK jOj je TelIKO
Jla 06e306e1 TayHa pellewa. AyTOpy NPUKa3yjy MeTO0JI0THjy HOBOT XUOPHUAHOT
HeypaJIHO — fuzzy cUCTeMa KOja KOPUCTHU TEXHOJIOTUjy HeypaJHUX Mpexa U fuzzy
JIOTHKe NPU JIeTeKLUjH OTKa3a.

AyTopu F. Filippetti et al y [108] pasmaTpajy npuMeHy MeTO/ie eKCIIEPTHUX
CUCTeMa 3aCHOBaHe Ha 3Hawy, Ha NpUMepy aCHMHXPOHHUX MOTOpa ca KaBe3HUM
pPOTOPOM IpU YeMY CYy TPEHYTHE BpeJHOCTU KopuUlllheHe Kao yJla3HU NOoJAaLU.

TexHuke JeTeklUje 0TKa3a MOTOpa Ha 6a3u BelllTauKe HeypasHE Mpexe
(ANN), npuka3syjy M.-Y. Chow, R. N. Sharpe u J. C. Hung y [109]. lJuckyTyjy ce HOBe,

HEWHBAa3MBHE TEXHHKeE ,ZLeTeKL[I/Ije OTKa3a Ceé KaO LITO Cy: MPHUCTYII Ha 0asu
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ecTUMalyje napameTapa, ekcnepTHu npuctyn, 1 ANN npuctyn. [IpejcraB/beH je
Fuzzy logic npuctyn KoHPUIypaLuuju CTpyKType HeypasiHe Mpexe.

Pap [110] H. A. Talebi-a, K. Khorasani-a u S. Tafazoli-a npexcra/ba
reHepaJ’iadH IpUCTYIl poOYCHOj JleTeKLUjU U u3oaauuju otkasa (FDI) 3a renepanny
KJ1aCy HeJIMHeapHUX CUCTeMa KOjU KOPUCTH CTpaTerHjy olcepBepa ca HeypaJHOM
MpexxoM. PasmaTpajy ce ¥ aKTyaTOPCKM U CEH30PCKHU OTKa3U. /[Be peKypeHTHe
HeypaJlHe Mpexe ce VYK/bydyjy [Ja UJAeHTU(DUKYjy TreHepa/HO Helo3HaTe
aKTyaTOPCKe U CEH30pCKe OTKase.

[Ipo6sieM ca ynoTpe6oM MeToJa Ha 6a3u MCKYCTBa U 3HamUMa je IUTO Cy
BpEMEHCKHM Jyre W TelllKe 3a NPHUMEHY, MOUITO NOJApPa3yMeBajy aKyMyJiMpambe
MCKYCTBa U lberoBO M3pakaBakbe NPeKo 0/iroBapajyhux 3aKOHUTOCTH.

YecTo je y MHOTMM INpUCTYNMMa NPUCyTHAa KOMOMHaLUja BULIe 0f JBe
MeToJle WJMU paJloBU IMpeJCTaB/bajy HUXOB HperjejaH mpuka3. OBakBa
pasMaTpawma Cy OOMYHO MpPHUMEHUBA HAa MHOLITBY TEXHUYKHUX KOMIIOHEHTH:
MOTOPHMMa, CEH30pHMa, aKTyaTOpPUMa, MyMIaMa,...

Tako, npuka3 KoOMOWHalMja MeToZa Ha 06asu Mmojesia (MpUCTyn Ha 6a3u
jelHaYMHAa NApPHOCTM M eCcTUMalldje MapaMeTapa) M MeTojAa 6a3upaHUX Ha
UCKYCTBY (neuro-fuzzy upuCTyn) y MNpUMepHMa eJeKTPOMOTOPHHUX NOroHa
obpabyje R. Isermanan y [12].

R.Isermanany [111] ucTuue Aa je 3a noBehawe Noy3/jJaHOCTH U CUTYPHOCTH
MalllhHa, ayToMaTCKa paHa [leTeKlyja OTKasa oJi HajBeher wuHTepeca.
KonBeHuMoHanHU npucTyn npahewa HeKUX IPOMEH/bUBHUX 0/ 3Ha4aja Kao LITO Cy:
TeMIlepaTypa, NPUTHUCAK, BUOpalMje U TeHepucalke ajapMa ako ce IpeKopaye
M3BeCHe rpaHulle UMa 3a [T0C/IeIULy /1a Ce HEKU YHYTpalllkbU OTKa3y Ha 0Baj HAYUH
JleTeKTyjy y KacHoj ¢a3u. PopMupamwe CTaTUYKHUX W JUHAMHUYKUX Mojesa Y3
Kopuihemwe yJa3HUX U U3JIa3HUX Mepema NpU J100ujamby peJanuja peaylaHce, ce
MOTY HCKOPUCTHUTH 3a paHO JleTeKTOBame OTKasa. [[poMeHe y mapaMeTpuMa
npolieca ¥ napaMeTpuMa CUTrHaJja Cy jako IOroJHe 3a JeTeKLHjy OTKas3a U 3a
IbUXOBY JIOKaau3anujy. Paj npejasaxke reHepajiad OpUCTyN 3a MallMHE U Apyre
nporuece KopuinhemeM HEKOJIMKO Mepea, IMHAMUYKe Mo/ieJie Tpolieca U CUrHaJia
Y MPOIeHy napaMeTapa pU reHepucawy aHAJIMTUYKUX CUMIITOMA. XeypUCTUYKHU

CUMIITOMHM 3aNaXeHU 0] CTPaHe ollepaTepa WM 3aCHUBAaHU HA UCTOPHjHU Mpoleca
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NpeJACTaB/bajy joll jeJaH JAoAaTaH HM3BOp 3a JAujarHo3y otkasa. O06e BpcTe
CMMIITOMA Cce cabupajy U noTxpamyjy npoueaypy FD 3acHoBaHy Ha UCKYCTBY U
3Hamy. PasmaTpaH je npumep MoTOpa jeJHOCMepHe CTpyje ca JpajBepoM U
onTepehemeM. /laT je U npersef]; NpaKTUYHUX pe3y/TaTa Ha IpUMepUMa JpYyTrux
MallHHa.

R.Isermanany [112] ynopebhyje npucTtymne Ha 6a3u MoJiesia npoleca CUCTeMa
(mpoueHa mapaMeTapa, IpolieHa CTawba WU parity NIpUcTyI) U NPUCTYIle HA 6a3u
MHPoOpMalja U3ByYEHUX U3 MEPHUX CUTHAJIa UM BbUXOBUX MOJesa (CieKTpasHa
aHa/vM3a curHazia). Mcrude ga ucTe uUMajy pas/vyuTe OCOOMHE Yy OJHOCY Ha
JleTeKIjy OTKasa y IpoLecuMa, aKTyaTopuMa W ceH3opuMa. Oxrosapajyhom
VMHTEerpayyjoM pas/jM4yMTUX MeToJa JleTeKluje OTKasa, Moryhe je HCKOpUCTUTH
HbUXO0BE [Pe/JHOCTH KaKo 61 ce reHeprcao HU3 pa3/IMYUTHUX cuMnToMa. Harsiamasa
Jla AvjarHosa oTKasa (M3oJanyja ¥ UAeHTUPHUKaAIMja) 4ecTo 3axTeBa MeToZie Koje
ce 3aCHUBAjy Ha 3HAaWBHMa, jep Ce MOpajy 00YXBAaTUTHU U KBAJIMTATUBHU IIpUJIa3U y
bopMH XeypHUCTUYKUX CUMIITOMAa. Ha OCHOBY XeypHCTHYKHX 3Hama O IPOLECY,
bopMHpaHUX Kao CKyl Yy3pOYHO-NOCJEeAUYHUX CUMITOMAa U 00je[lHeHOj
penpe3eHTalMju CBUX CMUMIITOMa MOXXe Ce M3BECTH JAujarHo3a oTkasda. OmucaHa
MeTO0/|0JI0THja je NoTBpheHa eKcnepuMeHTUMa Ha MHOLITBY TEXHUYKHUX Mpoleca
Kao IITO Cy eJIeKTPO-MOTOPH, aKTyaTOpH, MyMIle, po60TH, FpejHa Tesia, MOTOPH ca
YHYTpallllbUM caropeBamweM, BO3UIA...

Teopujcku oCcBpPT U NMpaKTU4YHe MeToJie 3a npahemwe mporeca U TEXHUKe
ecTUMallyje mapaMeTapa cy npukasaHu y [74]. R. Isermanan Har/iamaBa ja je 3a
no6oJblllakbe NMO0Y34aHOCTH, CUTYPHOCTH U ePUKACHOCTU CHUCTEMA OJ, HApOYUTOT
3Ha4yaja NpMMeHa HalpeJHUX MeTo/ia Npahema, eTeKIyje U AujarHo3e 0TKa3a Koje
II0CTAjy 0O/ BEJIMKOI 3Ha4aja Y MHOTUM TeXHUYKHUM InpouecuMa. OBO je HApOYUTO
3Ha4yajHO KO/, Ipolieca KOju Cy noBe3aHM ca 6e36eHolhy Kao LITO Cy aBUOHH,
BO30BH, ayTOMOOWJIM, eJleKTpaHe M XeMHjCKa NOoCTpojerwa. KiacuuHu npuctynu
3aCHOBaHM Ha IpOBepU IpaHULA Mep/bUBUX M3JIa3HUX IPOMEHJ/bUBUX, He Jajy
Jy06J/by aHa/IM3y U OOUYHO He [03B0OJ/baBajy JAWjarHoly OTKasza. 360r Tora cy
pa3BHjeHru MoJes1 IPUCTYIH JeTeKlUje 0TKa3a KOjU KOPUCTe U YJa3HO U3Jia3He
CUTHaJIe ¥ MPUMeEWYjy AUHAMUYKe MoJeJsie npoleca. OBe MeTo/ie Mo/ipa3yMeBajy

ecTUMallyjy napaMmeTapa, jelHa4YMHe MapHOCTU U omncepBep npucTtym. Takobe cy
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pa3BUjeHU NPUCTYNHU Ha 6a3u popMupama MoJesa curiana. Llusb je renepucatu
BHUIIe CHUMIITOMAa KOjU yKa3yjy Ha pas3/IMKy HU3Melly HOMHUHa/JHOr WU CcTaTyca y
NPUCYCTBY OTKasa. Pa3MuuTu cuMnToMu oMoryhyjy npolec AujarHose 0TKasa,
IPUMEHOM KJacUPUKALMOHUX METO/ia Kao ¥ MeT0/ia 3aK/byuyUBama.

[laxxtba P. M. Frank y [113] je Ha aHaJIMTUYKOM NPUCTYIly HAa OCHOBY
dbopMupama KBaHTUTATHBHUX MaTeMaTH4YKHUX MoOJiesla U Ha MOJeJrMMa KOju Cy
3aCHOBAHM Ha 3Halby KOjU KOPUCTe KBAaJIMTATHBHE MOJe/ie Ca KBAaJUTAaTUBHUM U
XeYPUCTUUYKUM IIPUCTYyNMMa. Y OoC/TejlbeM IPUCTYIY je NaXKkba Ha fuzzy MoJiesuMa
3a reHepucame pe3ujlyaja U fuzzy pe3oHOBamy 3a eBajyalujy pesuayasa. Hos
NPUCTYI NOZpa3yMeBa TaKO3BaHU OINlCEpPBep 3aCHOBAH Ha 3HawYy. [IpucTtyn Ha 6a3u
Heypa/IHUX Mpexa je KpaTKO HaBeJleH 3a reHepucame U eBajyaldjy pe3ujyasna.
Takobhe, pasnuuyuTe cTpaTervje NpakTU4YHe NpUMeHe Cy JUCKyToBaHe. OBO
yK/by4dyje JbYACKU aKTOp y NpoLecy eBadyanuje pesugyasna. [IpegHoctu u MaHe
pas3/IMYUTUX NpPUCTyNa Cy HarjalleHe W JaTe Cy IepcneKkThBe Oyayhum
VCTpa)KUBakbHUMa.

[IpyucTynu HaKOH JleTeKIiMje U h30Jaljije 0TKa3a Cy aHaJu3upaHu y [114] u
[115]. Tako ]. Lunze u ]. H. Richter y [114] npeacTaB/bajy yBoJ peKOHPUTypaOUIHOT
ynpaB/batba U Jajy NperJief HOBUjUX JAOCTUrHyha Ha oBy TeMy. butaH meTton
ynpaB/bakby TOJIEPAHTHOM Ha OTKase je peKoHpUTypaluja ynpaBbawba. Kopuctu
pesyJiTaTe JyjarHo3e 0TKa3a Kako 6M PeKOHCTPYMCao YIpaB/badyKy MeT/bY U KaKO
6 npuIaroZio KOHTpoJiep MoCTpojewy MoJ, oTka3oM. Paj npescTaB/ba NpUMEHY
NPUCTYIIA KOjU Cy MOT0/IHU 3a on-line npumeny. OBU NpUCTyNU oMoryhyjy peausajH
KOHTpOJIeEpA UJIK NPOIIMpPEee YIIpaB/badyKe NeT/be PeKOHGUTYPaOUJIHUM O6JI0KOM
KOjU ce mpujarohaBa HOMHUHAJHOM KOHTpPOJIEPDY U JUHAMHUYKUM OCOOHMHaMa
NOCTPOjera N0/, 0OTKAa30M.

[lowwrro Metose FDD cBe BuIle MOCTajy CcacTaBHU [Je0 HWHAYCTPU)jCKUX
MeXaTPOHUYKUX Npou3BoAa, y paay [115] M. Muenchhof, M. Beck, u R. Isermann
Wy Kopak Jasbe. HakoH AeTekluje U UjarHo3e 0TKa3a, oMoryheHa je ayroMaTcka
peaklMja cucTeMa Kako OM HaCTaBUO paj, ocjie TpeHyTKa JeTeKluje oTkasa. OBu
OPUCTYNIM MOTY y3eTU y O003Up XapABEPCKY peAyAaHCy (HIp. mpeJsalak ca
aKkTyaTopa IMOJ, OTKAa30M Ha Jipyrd, UCOpaBaH) WU aHAJIUTHUYKY peaylaHCy

(mpesnazak ca ceH3opa y KBapy Ha MoJiesl CeH30p WJH Soft ceH3op). CBEyKymHHU
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KOHLENT ToJIepaHlyje Ha OTKa3e Mopa O00yXBaTUTHU CBe KOMIIOHEHTe CUCTeMa,
aKTyaTope U IIOTOHe, IPOoLieC, CEH30pe Kao U peryJiaTop U KOMyHUKaLujy. Y MHOTUM
cJlydajeBMMa Mopa ce IPUXBATUTH Jerpajanyja QyHKIMja Mocje HaCTaHKa OTKasa.
Pag ce dokycrupa Ha eleKTpOMOTOpHe NOrOHe U XWUJpayJMYKe aKTyaTope M Ha
dbopMupame LeMe LeJIOKYITHOT YIpaB/badKoOr CUCTeMa TOJIEPAaHTHOr Ha OTKase.
Pa3Buja ce ¥ cTaTUCTHKA OTKas3a 3a nocrojehe aktyatope u noroHe. CTaTUCTHKA
OTKa3a UCTUYe [ieJI0Be aKTyaTopa KOjU CY HAajoCeT/bUBHUjU Ha OTKa3e. [lu3ajHupaH
je aKTyaTop U IOTOH TOJIEpAaHTAH Ha OTKase, U JaT je NpejJor MeXaTPOHUYKOT

CHUCTEMA TOJIEPAHTHOT HA OTKa3€e.

1.2. OCHOBHE XUIIOTE3E U TEMA JJUCEPTALIMJE

Y o0BOj pguceprayuju je NpUKa3aHa NpPUMeHa MeToJAa 3a JeTeKUU]y U
M30J1allUjy aUTUBHUX U MYJTUIJIMKATUBHUX OTKa3a jeJHOCMEpPHOr MOTopa ca
nojayaBayeM 6a3vpaHUX HA MOJIEJy.

AputuBHu npuctyn FDI MoTopa jejHOCMepHe CTpyje U leroBOr MnojayaBaya
je 3acHOBaH Ha KOHIENTY aHAJUTH4YKe pejyAaHce W dopMUpaky jeJJHAUMHA
NapHOCTU [67] mpU CUHTE3U CTPYKTYPHUX U AUPEKIUOHUX pe3uayana [15].
OcHOBHA wJeja mpucTyna je OWIa Ja Cce HCKOPUCTE I10je/JHOCTaB/bEHH,
JINHeapHU30BaHU MOJIeJIM Mpoleca U JAa Ce aHaJU3Upa YTHULA] HeMoJe/MpaHe
JIMHaMHKe Ha KBaJIMTET U MOY3/aHOCT JeTeKl{je OTKa3a 3aBUCHO O/ HauMHa
dbopMupama pe3uyasa. TeMnepaTypHo 3aBUCTaH KOePpHUIIUjeHT BUCKO3HOT Tpema
Kao U HeJMHEapHOCT KOjy YHOCHU CYBO TpeH€e YMHe CUCTEM HeJIMHeapHUM. [Ipu
alJIMKalUju OBOT NpPHUCTYyMa NpeJBuheHa je 1 KOMIapaTHBHA aHaJU3a pe3yJiTaTa
NpUMEHOM YeTHpPU pas3/iMuuTe TexXHUKe 3a TreHepucame TpaHcpopMauuja
pesuayana. On Tora ce Be MeTo/ie 3aCHUBAjy Ha MOJieJly CUCTeMa Yy MPUCYCTBY
oTKasa y popMmu GyHKIHU]je npeHoca: Umniemenmayuja "ped no ped” (eHr. Row by
row implementation) koja je npBHY Ny T Mcllpo6aHa U npeasoxeHay [116] u Memod
eaumuHayuje (eHr. Elimination approach) [15], a ABe Ha Mojesy cucTema y
NPUCYCTBY OTKa3a y NpocTopy ctawa: Umnaemenmayuja Chow-Willsky weme [40] u
CucmemamuyHa umniemeHmayuja 6asupana Ha popmupamwy Cucmemcke mampuye

omkas3sa (Systematic implementation wth fault system matrix) ca noj-BapujaHTaMa
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Anzopumanm Il v Aneopumanm I Koja je o npBU NyT npeaaoxeHay [67],[70]. Y pagy
he cy npepJyioxkeHu U ofrosapajyhu mocTynuu nobospliakba TEXHUKE JeTeKLuje
3aCHOBaHM Ha QUJITPUpamy M TPaHCJAUpPaly CceTa CTPYKTYPHUX U AUPEKLHUOHUX
pesujyasa 4yMMe Cy OocTBapeHe 6o/be mepdopMaHCe cUCTeMa 3a JeTeKLUHjy U
yu3oJialyjy oTkasa. MiycTpoBaHO je U orpaHuyerme Yy NPUMEHHU AUPEeKLHUOHUX
pesujyasia Koje ce 0JHOCH Ha Op0j pa3/IMuMTHX 0TKa3a KOjU MOT'Y UMaTH He3aBUCHE
IpaBlie IPU JeTeKIHjH.

[loctynuu JeTekuuje MyJTUIVIMKaTUBHUX OTKa3a HACTaJMX HarjoM
IPOMEHOM HEeKOr 0] [apaMeTapa Ii0jayaBaya WJIM MOTOpa, oMoryheHu cy
NpUMEHOM HalpeJHUX MeToJa eCTUMalMje MapaMeTapa JUCKPETHOr MojeJa
Anzopumam KausHoz npo3opa (eHr. Sliding window algorithm) [77] u Aneopumam
kausHoe uumeepana (eHr. Sliding integral algorithm) 3a wupeHTUdUKaALU]y
napaMeTrapa KOHTHHyajsHor wmojesa [117], [118], [119]. Tpe6a wuctahu pga
KJacuyHu npyuctyny RLS niu LS ectuManyvje Ko 0BaKBUX HarJiMx NpoMeHa He Jajy
3a/loBoJ/baBajyhe pesynraTe. Harsia npoMeHa Hekor oJ napaMeTapa H3a3uBa
npeJia3HU NpOoLeC Yuje je Tpajame AePUHUCAHO BeJIMYMHOM p0o30pa NpU NPOLEeHU
KOju ce oJjpaxkaBa Ha cBe mnapametpe. Ty ce jaB/ba KOMOpPOMUC HU3MeDhy
KOMILJIEKCHOCTH aJITOPUTMa WU Tpajamba MpeJia3HOr Ipoleca ca jejHe CTpaHe U
CMakbea BapHjaHce M edeKTa LIyMa y NMPOLIEHU MapaMeTapa ca Jpyre cTpaHe.
MeTone 3axTeBajy kopuilhewe J0BO/bHO HHbOpMAaTUBHOr (eHr. persistently
exciting) ynasHor curHazia. Y Ty cBpxy je npuMmeweH PRBS curnai, gocrynaH y
MHOTUM cOQTBEPCKUM OubIHOTeKaMa. UaeHTHduUKanuja MyJATUNIMKATUBHUX
OTKasza Tj. cTBapHUX Pu3UUKUX NMapaMeTapa (underlying mapameTtapa) cucTtema
[76], [67] vu3BplieHa je WHAUPEKTHUM IMOCTYNLKMa NPHMEHOM MNapUHjaJHUX
¥M3BO/la PV HOMUHAJHWUM BpeJJHOCTHMa NapaMeTapa.

Y 0BOj LOKTOPCKOj AUCepTaLMjU Ce KPEeHYJO OJi HU3a XUIIOTe3a ca LU/beM
IbUX0Be peasiu3aliyje.

e KpeHysio ce oJf mpeTnocTaBke JAa je Moryhe NpuMeHUTH CTaHJapAHE

TeXHUKe JileTeKlHje U U30Jalyje 0TKa3a.
e [IpernocrtaBka je 6usia fAa he oBakaB NPUCTYN MMaTHU ycHexa KOJ

JleTeKije U H30Jalluje  HArjJo  HacTaJuX  aJAUWTUBHUX U
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MYJITUIJIMKaTUBHUX OTKa3a, peaJlHO HeJIMHeapHOT M HeCTallMOHApHOT
CHCTeMa Kora YMHH MOTOD jelHOCMepHe CTPyje U HkeroB llojayaBay.

e [IpeTnocraBka je 6usa u Aa je moryhe popMmupaTu Mojese cucrema y
IPUCYCTBY OTKasa y ¢opMu PyHKILMja [peHoca U y NPOCTOpPY CTamwa U
NPUMEHUTH YEeTHPU PaA3JUUYUTE METOJE MPOjeKTOBalba CTPYKTYPHUX
pe3ujyana, y CBpXy H3Bohewa 3ak/byyaka y CMHUCIY HHUXOBUX
KOMIIJIEKCHOCTH Y UMILJIEMeHTalWju U MehycoOHe eKBHBaJIEHTHOCTH.

e (O4yekuBaJIO Ce /1a je U3BECHUM IIOCTYNIIMMa MoAUPUKaALMje CTPYKTYPHUX
M IUPEKLMOHUX pe3usyasa, Moryhe no6ospmaTi neppopmMaHce CUCTEMA
3a FDI y npucycTBy HeJiuHeapaHOCTHU U opeMehaja.

e Takobe, mpernocraBka je Ousa ga he cBM oTkasu Mohu OUTH
JleTEKTOBAaHU M M30JI0BAaHU IpPOjeKTOBameM JUPEKLHOHUX pe3uzyasa,
MaKo je orpaHnyaBajyhu ¢pakTop y bUX0BOj IPUMEHHU 6POj AUPEKIIMOHUX
pe3u/iyasia ca He3aBUCHUM NpaBLHUMa.

e JesnHa o/ MMOJIA3HUX NMPETIIOCTABKU je 6uJa U Aa je Moryhe, y3 u3BecHe
MoaudUKalyje, IpPUMEHUTH HalpeJiHe TEXHUKe eCTHMallyje apamMmeTapa
JIUCKPETHOT U KOHTHUHYa/IHOT MoJiesia mpoleca U Ja je KopuiihewmeM
Jl0BOJbHO MHPOPMATUBHOT (eHT. persistently exciting) yna3Hor curHaja
Moryhe K3 mpoleca ecTUMaLMje AOOUTHU jeJUHCTBEHU CeT mapaMmeTapa.
Takobe v fa je HAKOH IpUMeHe OBUX TEXHUKA, Moryhe nieHTUPUKOBATH
cTBapHe ¢usnuke (eHr. underlying) napamMeTpe cucTeMa.

e KoHauHO, mpeTnocTaBka je 6u/ja M JAa je 3a CBe IJIaHHpPaHe MeTo/Je
JleTeKlyje W u3oJalyje aAUTHUBHUX WU MYJTHUIUIMKAaTUBHUX OTKasa,
moryhe pasButu on-line LabVIEW kozoBe 3a ofroBapajyhe

€KCIIepUMEHTE yIIpaB/balbd HA Ad/bUHY.

1.3. METOJE Y METO/10/I0THUJE UCTPAXKUBAIbA

MeToze neTeKnUje U U30Jalije alIUTUBHUX OTKa3a Koje Cy IpUMemeHe Y
0BOj AucepTalyju a KaCHUje Y MpOLUMpeHe, 3aCHHWBAjy Cce Ha MaTeMaTUYKUM
Mo/leJiIMMa CMCTeMa Yy PUCYCTBY OTKa3a U MOryhHOCTHUMaA Jja Ce U3 TaKBUX Mo/esa

eKkcTpaxyje uHpopMaliyja O TMOCTOjakby OTKa3a U HEroBOM HWHTEH3UTETY.
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KopumheweM THx Mozesna 6uio je Moryhe reHeprcaTy ceKBeHLe pe3ujyasa 3a
JeTeKLMJy U HU30Jalujy neT NocCMaTpaHUX aJJMUTUBHUX OTKa3a Ha jeJHOCMEPHOM
MOTOpPY cCa IlojayaBayeM. Y Ty CBpXy Cy IpUMeHmeHe BapUjaHTe aHajlu3e HU
CTPYKTYPHHUX U [JUPEKLMOHUX pesuayana. Ca TUM LU/beM TeHEepUCAHU Cy
JUCKpeTHHU MoZiesin y oarosapajyhoj ARMA dopMu u Moziesin y IpocTopy CTama 3a
MyJITUBapHUjabU/IaH CUCTEM ca JBa yJasa M TpPU HU3ja3a U NeT NOoCMaTPaHUX
aJIMTUBHUX OTKa3a 0/ KOjUX je jeJjJaH NIPEeTIOCTAB/bEeHHU YJIa3HHU - 0TKA3 aKTyaTopa,
JIOK Cy OCTaJIM IPeTIOCTaB/beH! yJ1a3HO/U3/1a3HU MEPHU OTKa3U CeH30pa. Y Luby
nopehema pasJIMYUMTUX NPUCTYNAa Kao U H3BOhDema 3ak/bydaka y CMHUCHTY
HyMepUYKe KOMIIJIEKCHOCTH, €KBUBAJEHTHOCTH U OCOOMHA, NIPU NPOjeKTOBaY
MaTpHulie TpaHcpopMaLyje IpUMerbeHe Cy YeTUPH pasInyrTe MeTo/ie 3a Zj00Hjambe
OBe MaTpHlie IpHU CUHTE3HU CTPYKTYPHUX pe3uyaa. [lobujeHe TpaHchopmMaLuje cy
pagu Jakuer nopehema npukasaHe TabesapHO, a CTPYKTYPHU pe3UAyaiu
rpaduyKu y BpeMeHCKOM JJoMeHy. MeTo/ie CMHTe3e IUPeKLIMOHUX pe3uiyaa, bue
cy 6a3upaHe Ha [IPOjeKTOBay HEe3aBUCHUX JAUPEKLIMOHHUX IpaBalia 3a 06a yJ1a3Ha
Y W3JIa3HU OTKa3 CeH30pa HaloHa WHJAYKTa. AHa/M3a pe3yJsTaTa je omoryheHa
NpUKa3uMa pe3yu/iyasa y BpeMeHCKoM JoMeHy U 3D npocTtopy. /la 6u ce noMmeHyTe
TEeXHUKe MOrJie NPUMEHUTH Ha KOHKPETHOM HeCTallMOHapHOM/HeJMHeapHOM
CUCTEMY VY3 Heu30eXHO MPUCYCTBO MepHOr IIymMa, OWIO je HeomXoJHO
MOAMPHKOBATH pe3r/iyalle y CMUCIY aleKBaTHOT QUITPpUpaha U TPaHCAMpamwba.
Y nuspy feTtekuyje MyJTHUIUIMKaTUBHUX OTKasa Ha IojayaBadyy U MOTODY,
IIpUMemeHe CYy MeTOoJie 3aCHOBaHe Ha JAUCKPETHO] U KOHTUHYA/IHO] eCTUMAaLUjUu
napameTapa MoJieJia Koje Cy MopaJie 6UTH mpujaroheHe oTKasuMa KOjU HACTajy
HarJio. /logaTaH 3axTeB y IPUMEHHU OBUX TeXHUKaA OWJIa je U HEONIXOJHOCT yBohemwa
Zl0BOJbHO UHQOpMATUBHOI (eHr. persistent excitation requirement) yJa3HOT
CUrHasa Ja 64 uaeHTUUKaALMja napaMeTapa 6u/a ocTBapuBa. Y Ty CBpPXY je y
ekcriepuMeHTHMMa npuMeweH PRBS (eHr. Pseudo Random Binary Sequaces) curHad.
M3osanuja nojeMHUX MyJATUIJIMKaTUBHUX OTKa3a 6uJia je oMoryheHa pa3BujambeM
aJropuTMa OJJIyKe Ha OCHOBY KOra Cy Ce OTKa3W MOIJIM JIOLUPATH. JelaH OJ
NpUCTyNa WAeHTUPUKALMjU OHUO je 3aCHOBAH Ha NpPOLEHU NpPOMEeHe CTBapHUX
bU3MYKKX MMapaMeTapa HWHAUPEKTHOM MpOLEeAYypOM NPUMEHOM MNaplLUjaJTHUX

N3BOJa NP HOMHWHAJIHUM BpPEAHOCTHMA IIapaMeTapa. I/IHLLI/Ipe}(TaH IMNOCTYyIIaK je
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MOJU(PUKOBAH KaKo 6M OMO MPHMMEHJ/bUB Yy CJIy4dajy HarJio HacTaJuX peJlaTUBHO
BEJINKMX MYJTUIIMKaTUBHUX OTKa3a KaJZa I[OCTOjU HeJMHeapHa 3aBHUCHOCT
n3Mehy Moziesia cucteMa v cTBapHUX PU3UYKHUX MapamMeTapa.

ExcrieprMeHTa/lHO M3BOheme U3BPIIEHO je MPUMEHOM POTrPaMCKOr aKeTa
LabVIEW a o6papa pesystara npu T3B. "batch" (offline) npuctyny pasBujameM
KoZioBa y mnporpaMmckoMm mnakety MATLAB. Kako 6u ce o6e36eauna u online
JleTeKl1ja ¥ u3oJalyja afuTUBHUX 0TKa3a, Hajiorpahenu cy nocrojehu LabVIEW
KOJI0BM. [IpUKyN/beHU CHUMJ/b€HU CUTHAJIU Ce Mpocehyjy y CMMyJalluOHU MOJe
pe3uya/IHOT TeHepaTopa, peaju30BaH y OKBUpY HapeAHoOr Frame-a, Flat sequence
cTpykType pasBujeHor LabVIEW kopa. ¥ cBpxy online npuctyna AeTeKUHUjU M
V30JIallUjH MYJITUIJIMKaTUBHUX OTKa3a, J1abopaTOpPHjCKOj MOCTABLU Cy A0AATH
peseju Koju omoryhyjy yk/bydWBake IMOjeJUHMX IlapamMeTapa IlojayaBaya y
3a/laTKOM TPeHYTKy BpeMeHa, a aJITOPUTMHU eCTUMalUje Cy pa3BUjeHU Y OKBUDPY

MathScript Node cTpyKTypa.

1.4. IIPETJIEA U3JIATAIBA

Y npBoM mnorJiaB/by je AaT Hperjef CTawa y NOJAPY4Yjy HUCTpPaKUBaba.
[IpyvkasaHa cy Tpu npuctyna npobsemy FDI y esleKTpo—MeXxaHUYKHUM CUCTEMUMa:
1) Ha ocHOBY aHasiuM3e BHOpalMja, aHa/IM3e "OTHCAaKa” CUTHaja Tj. HA OCHOBY
dbopmupamwa Mojena (Hajuelthe cTpyjHUX) CUTHa/Ia; 2) HAa OCHOBY IpUMeEHe MeTo/ia
KOje ce 3aCHUBAjy Ha UHAMUYKOM MO/ieJly CUCTEMA; 3) Ha OCHOBY IpUMeHe MeTo/a
Koje ce 6a3upajy Ha MCKYCTBY W 3HawuMa. [Ipy TOM je JaT AeTa/bHUjU OCBPT Ha
MEeTO/le KOje Ce 3aCHMBAjy Ha MoJeJly, LUTO je U TeMa JucepTauuje. YKpaTKo cy
IIpUKa3aHe M OCHOBHE XUIIOTe3€e U TeMa JijucepTalLyje Kao U MeTO/le U MeTO/L0JI0THje
Koje cy KopuliheHe y UCTpaKUBamYy.

Y npyroM nor/aBJby Ce pa3Mepa ce KapaKTepH3alhja eJIeKTPO—MeXaHUYKHUX
CHCTEeMa Ca CTAaHOBHUIUITA II0jaBe U JleTeKlLHje OTKasa y KO0joj je AaTa OICeXHHUja
a”Hasuv3a pasanyutux npucryna FDI MoTopa jegHocMmepHe cTpyje.

Y TpeheM mor/iaB/by AaT je OMHC eJeKTPO —MEXaHUYKOT CHCTeMa: OIMHC

MEpHe oIipeMe, 1 MoZieJ1 CUCTeEMaA y OACYCTBY OTKa3a.
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YeTBpTO norJjiaB/be pasMaTpa NPUMeHy MeToJa 3a AeTeKUUjy aJUTUBHUX
oTKa3a. U3BejeHU cy MoJie/id cucTeMa y MPUCYCTBY OTKasa y GopMU QyHKLHja
npeHoca My ¢opMu MoJies1a y IPOCTOPY CTamwa. U3BplleHa je M CHHTe3a CTPYKTYpHe
MaTpHlLie Ha OCHOBY MOJieJ1a Yy IIPOCTOPY CTakba U Ha OCHOBY CTPYKType CHUCTeMa.
JlaT je geTa/baH NMpUKa3 YETUPU TEXHUKe CUHTe3e MaTpulle TpaHchopmaluje
CIpoOBeJieHa CUHTe3a CTPYKTYPHHUX M AUMPEKLHUOHUX pe3ugyasa. [Ipukasanu cy
eKCIlepUMeHTa/lHU pe3yJTaTh [J00HjeHU HaKOH I[pOjeKTOoBama pe3uAyaJHUX
reHepaTopa u3bopom oArosapajyhux matpuua tpaHcpopmaiiyja.

Y netom nor/iaB/by CpoBeJZieHa je AujarHo3a MyJTUIJIMKaTUBHUX OTKa3a.
AJNTOpUTMHU JleTeKlvje MYJTUIIJIMKaTUBHUX OTKa3a 3aCHOBAHU CY Ha eCTUMaLvju
napameTapa JUCKPEeTHOT Tj. KOHTUHYaJIHOT MoJeJa. EkcneprMeHTa/IHU pe3yJiTaTu
IIpUKa3yjy pe3yJTaTe eCTUMalUje Ka0O U HAYUH peasiM3aliyje eKkcliepyuMeHarta. Y
CBpXy M30J1aliyje NojeJMHUX OTKa3a pa3BHjeH je U aJITOpUTaM OJJyKe Ha OCHOBY
KOTa ce 0TKa3u Mory jionupaTtu. UaeHTudukanuja otkasa y cMmucay oapehuBamwa u
BeJIMYMHE IpoMeHe oJroBapajyher ¢u3nWykor mnapaMmerapa je y Ciayyajy
KOHTHHYaJ/IHe eCTUMalHje Aabe jefHocTaBHA. CTBapHU QU3UYKU NapaMeTap Mo/
OTKA30M Ce AWMPEKTHO MOXEe OJpeAWTH Ha OCHOBY peJsialija Koje onapebyjy
napameTpe MoJiesa IlojayaBaya, YUMe Cce UCTHU U uJeHTUuduKyje. Jlpyru npucryn
KOjU je NMpPHMMEH/bMB WU KaJa Cy MapaMeTpu MoJjesa JA0OHUjeHH NOCTynuuma
JUCKpeTHe eCcTUMallyje je 3aCHOBAaH Ha NMPOLLEHU NpPOMeHe CTBApPHUX QU3UYKHUX
napaMeTapa WHJAWPEKTHOM IpoOLefypOM - Ha OCHOBY MapLMjaJIHUX HU3BOJA
napameTapa MoJieJsa 10 CTBApHUM QU3UYKUM IapaMeTpHUMa Y HOMUHAJIHO] PaJiHOj

Ta4YKH.
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2. KAPAKTEPU3ALMJA EJIEKTPO-MEXAHUYKHUX CUCTEMA CA
CTAHOBHMUITA IIOJABE U JETEKLIMJE OTKA3A

EjleKTprYyHe MallMHe Npe/CcTaB/bajy OCHOBHE KOMIIOHEHTEe BeJIMKOT 6poja
ypebaja, mponeca, MallMHa, BO3UJa, MEXaHUYKHUX TOTOHA U MpOLieCHE TeXHUKe,
IPOM3BO/iHb€, TPAHCIOPTA Kao M MpeLU3HUX MeXaHU4YKux ypehaja. buxoBa cHara
je pesa ox Hekoamko MW no ctotuHe MW. Illupoka siene3a TunoBa oj: MOTOpa
jeqHOCMepHe CTpyje KOju MpeMa KOHCTPYKLUjU MOry OUTH 06e3 YeTKulla M ca
yeTKML[aMa a I[lpeMa HaYuMHy N00yJe ca MepMaHeHTHMM MarHeTHMMa, M ca
CONCTBEHOM MOOyAO0M (mapaJsieJJHOM, pPeJAHOM HJM CJOXEHOM), TpeKo
Hau3MeHUYHUX Tpoda3HUX (AaCUHXPOHUX M CHUHXPOHHUX) U MOHO(}A3HUX
(yHMBep3aJHH— KOMYTaTOPCKH, Ca KPaTKOCIIOjeHUM POTOPOM) [0 MOCEOHUX BpPCTa
MOTOpa (JIMHeapHH, KOpauyHH, 6€3K0JEKTOPCKH, MHe30eJIeKTPUYHH)...

MoTopu jegHOCMEpHe CTpyje Cy HAllIM IUUPOKY NMPUMEHY Y UHAYCTPHUjH,
eJIeKTPUYHO] By4H (TpoJiejoycu, TpaMBajH, IOKOMOTUBE, MeTpou). KoHcTpykuuja
jeJHOCMepHe MallWHAa MawHUX CHara ca CTaJJHUM MarHeTMMa UMa IPUMeHY KOJ
TaxoreHepaTopa, 3a MOroH OOYHUX CTakajla U Opucadya Ha ayTOMOOMJIMMA, Kao
aHJlacep—eJIeKTPONOKpeTay 3a nokpeTtawe CYC MOTOpa MamUX CHAra, ....

Wnak, 36or Behe 1jeHe, c/OXeHUWjer U CKyIJber O/ipXKaBakba, Mambe
N0y31laHOCTHU U Kpaher Beka Tpajama, JlaHac ce MalllMHe je/[JHOCMEepPHE CTpyje CBe
BUIIIE IOTUCKY]jY 0 CTpaHe jedTUHHUjUX, je JHOCTABHUX U POOYCHUJUX eJIEKTPUUHUX
Mall¥Ha 32 HAaU3MEeHUYHY CTPYjy YIpaB/baHUX MUKPOIIPOLECOPUMA U HallajaHUX
ypebajuma eHepreTcke eJleKTpOHUKE.

Y norsziaB/bMMa Koju cjiefie Cy yKpaTKO aHaJIM3MPaHU Pa3/IMYUTH IPUCTYIIH

JleTeKLHjH OTKa3a MalllMHe jeJHOCMepHe CTPYje, LOCTYIIHU y JIUTepaTypH.

2.1. AHAJIM3A CTPYJHUX U HAIIOHCKUX "OTUCAKA” IIPU ONLINE
AHAJIN3HU OTKA3A MOTOPA JEAHOCMEPHE CTPY]JE

D. McKinnon y [11] kopucTH aHa/IM3y CTPYjHUX U HANOHCKUX "oTHcaka” y
IpoLecy AUjarHo3e 0TKasa MOTopa jeJHOCMepHe CTpyje.

Pasmartpajy ce ciegehu oTkasu:
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¢ KpaTak cnoj HaMoTaja nobyJe U HaMOTaja UHAYKTAa;

e KpaTak cnoj KOMyTaTOpPCKUX NPCTEHOBA KOjU je Hajueurhe y3pokoBaH
HaKyllJbalbeM yIJbeHe IpallvHe. YIJbeHa IpallMHa Ce HaKyllJba Ha
KOMYTaTOpy Y3pOKyjyhu KpaTak cnoj wu3Mehy KOMyTaTOpPCKHUX
npcreHoBa. Kako 64 ce cuMyJsinpasia Hajropa BapvjaHTa O0TKasa, KpaTKo
Cy Cll0jeHa [iBa Kpaja HaMOTaja UHAYKTA KOje ce 3aBpllaBajy Ha CyCeJHUM
KOMYTaTOPCKUM IpCTeHOBUMMA. W3BplueHa je aHaiu3a cCTpyje U Yy
BpEMEHCKOM U y GpekBeHIIMjcKOM foMeHy; [IpumeheHo je gay cutyanuju
6e3 oTkasa He noctoju moayJaanuja 120 Hz Hocehe ¢dpekBeHnuje. Y
CUTyallUju ca OTKA30M, TaJlaCHU OOJIMLM CTpyje Mmocenyjy MoAyJauujy
Hocehe ¢ppekBeHyyje ox 120 Hz oko 17 Hz. Kox cnekTpasiHe aHanuse y
CUTyallUju OTKa3a YO4Y/bUBO je 3HaA4yajHO noBehamwe XapMOHHUKaA [y
CIeKTpa.

e Kparak cmoj nese rpyne HamoTaja. Takohe mnpoy3pokyje nmoBehame
MoJyJalyje KOl CTPYjHUX CUTHAJIa, ajli ¥ 3HAaTHO oBehamwe xapMOHUKaA
YK CIIEKTPa, Kao KOJ, KpaTKOT CIl0ja KOMYyTaTOPCKUX IPCTEHOBA.

¢ KparTak cnoj iBe rpymne HamoTaja. [IpuMeheHo je noBehamwe Moayanuje
CTpyje y BpeMEeHCKOM JJOMEHY.

e [losiokaj YyeTKULIa BaH MarHeTCKHW HeyTpa/iHe oce. AHa/iM3a HANOHA Yy
BpEMEHCKOM J0MeHy omoryhyje u3oJialijy oBe BpCTe oTKasza. [Ipu
N0JIOXKAjy 4YeTKUL[a BaH MarHeTCKH HeyTpas/iHe OcCe, TaJaCHU O0OJIMIU
HaIllOHA [0Ce/lyjy AOCTa pacullama.

e 3eMJbOCIOj HaMOTaja nobye. Y cuTyauuju 6e3 oTkasa, HalloH NMoby/e je
3HaTHe aMIUIMTyJe, a Y CUTyalldju ca OTKa30M MUCTHU je BpPJIO MaJIMX
BpPEJHOCTH aMILIUTYa.

e 3emsbocnoj 4YeTkuua. [loHamame CAMYHO Kao U y CUTyalUju ca
3eMJbOCIIOjeM HaMOTaja moby/ie: HaloH noby/ie je 3HaTHEe aMIJIUTY/e, a y
CUTYaLHUjU ca 0TKA30M MCTHU je BpJIO MaJIU.

¢ [lojaBa nudepeHnyjanne cTpyje; Moxe ce jaBUTH Y CUTYallMju KaJia BUILIE
KabJioBa Hamajajy UCTU TepMHUHa/]. OBakBe BecTe OTKa3a MOry OUTH

JleTeKTOBaHe aHaJIM30M 06JIMKa CTPYjHUX CUTHAJIA.
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2.2. Ilpuctyn FDI OTKA3A MOTOPA JEJHOCMEPHE CTPYJE
NPUMEHOM JEAHAYMHA MAPHOCTM M RLS TMPOLIEHE
[HAPAMETAPA

Metoz FDI koju je 6a3upaH Ha JeTeKUUjU M HJeHTUPUKALUjU OTKasa
npumeHoM fully decoupled parity equations npuctyna JUHaMU4YKHUM CUCTEMHMaA ca
N03HATHUM JIMHEapHUM U HeNO3HAaTUM HeJIMHeapHHUM 4JaHOBUMa pa3MaTpasu Cy
C.W. Chan, S. Hua, u Z. Hong-Yue y [10]. Pa3BujeH je fully decoupled parity equations
BEKTOPCKM NPUCTYI M3BOhemweM BeKTOpa NAapHOCTHU (BEKTOPH TpaHcPopMmaluje
pesuayana) Kako 60U oarosapajyhu pesujyajHU BeKTOpPH OWJIM OCET/bMBU Ha
oapeheHn aKTyaTOpPCKU WUJIM CEH30PCKU OTKAa3 a He3aBUCHU 0/, OCTAaTKa OTKa3a U
HEeNo3HATOI HeJIMHeapHOT 4jaHa. /[aTu cy U yC/I0BU 3a NOCTOjame jeJHAYMHA
napHoctd. Ha oBaj HayuWH je ob6e3beheHa peTekyyja W M30JalUja OTKasa.
Npentudukanmja oTkasa omoryheHa je npuMeHOM peKyp3UBHe MeTO/le HajMambUX
kBajapaTta, RLS ecrtumanujoMm, M3 ceTta reHepucaHux pesugyana. Meton je
IpUMeEeH Ha CUMYJIALlMOHOM IIpUMepy MOTOpa jeJHOCMepPHe CTpyje.

AKTyaTOpCKM 0TKa3 je JepHUHHCAH U3Pa30oM:

Z=my+A\, (2.2.1)
rJie je: Z je Mepelbe ca 0TKa3oM; Y je u3Jja3 6e3 0TKasa, 1 ckaaupajyhu pakrtop,

A bias - cKOK oTKa3a.

Y HopMa/IHUM ycJ0BHUMa pajZila akTyaTtopa U ceH3opa m=1 A=0. [lpu
KOHCTAaHTHOM OTKas3y (eHr. constant fault) je n=0 a A je HeHyJITa KOHCTaHTa. 3a
O0TKa3 Tuma ckaaupajyhu daktop (eHr. scaling factor fault) je n=1, A=0. Ilpu
KOHCTAHTHOM o/icTynajyheM oTkasy (eHr. bias fault) je n=1, A #1.

PasmaTpaH ceH30pCKH 0TKa3 je ledUHUCAH U3PA30OM:

z=y+f, (2.2.2)
TZie je: Z je I3BMepeHU MU3J1a3 CeH30pa, Y je u3Jia3 6e3 oTkasa, f bias oTkas ceH3opa

- sensor offset.
[TocMaTpaH cucTeM MOTOP je/JHOCMEpHe CTpyje ca napaJjieJTHOM N00y/10M ce
MoJieslyje y mpocTtopy crawa. Popmupajy ce audepeHiHe jeHauMHe 3a KOJIO

HO6YAC, KOJIO MHAYKTA U KaO0 H jeﬂHa‘IHHa paBHOTEXE MOMEHTA Ha BpPATHIIY
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MoTopa. HesimHeapHOCT yHOCe 4aHOBU ca MehycOOHOM MHIYKTUBHOCTH HU3MeDhy
KoJIa MHJAYKTa M KoJsa nooyge. IlocmaTpa ce jefjaH aKTyaTOPCKM U 4YeTUPH
CeH30pCcKa oOTKasa. [IpermocraBKa je Ja aKTyaTOPCKM OTKa3 HacTaje IIpH
reHepucamy HallOHA Hallajamba KoJia No6y/e U KoJla MHAYKTA, a CeH30PCKU OTKa3u
IIpY Mepewy CTpyje NobyAe, CTpyje MHAYKTA, YKYIIHe CTpyje Koja Ipe/cTaB/ba 301Up
CTpyja MHAYKTA U CTpyje nobyJe, Kao U NpU Mepewy 6p3uHe MoTopa. HarsiameHo
je na je KOHCTaHTH ofcTynajyhu otka3 (eng. bias fault) onmTh TUND OTKasa y
yIopaB/bauKUM CHUCTEMHMMa, Na je 0Baj THUN OTKa3za U KopuliheH 3a MNOTBpPAY
npejaBUbheHe TEXHUKE IPU CUMYJIALUjH.
AkmyamopcKu omkasu

YBoJi1 ce aKTyaTOPCKU O0TKa3 JaT MojesioMm (2.1.1) mpu n=2, A=10 y 10s.
Pe3ujtyan oceT/bUB Ha 0Baj 0TKa3 o 10s umMa HeHyTY BpeaHoCT. [lapaMmeTpu n, A

ce eCTUMUPAjy peKyp3uBHOM mpoueHoM. Ha Taj HauMH je oMoryheHa JeTeKLHja,
y3o0J1alnyja u ujeHTuduKanyja akTyaTOpCKOT OTKasa.

CeH3opcKu omkasu

PasmaTpaHu cy UCTOBpeMeHHU OJCKOYHHU OACTynajyhu oTkasu (sensor offset
- bias fault) amnautyze 10 Ha ceH3opuMa 1 v 2 v ammiutyge 0.1 Ha ceH3opuMa 3 U
4 nocse 10s. [loToMm je pazMaTpaH cayyaj KaZia cy ceH30pUd 1 U 4 y HOpMaJIHOM paay
JIOK ce Ha ceH3opuMMa 2 U 3 jaB/ba OTKa3 ca OJCKOYHOM BpejHolihy 3.5 u 2
pecniekThuBHO 1mocjae 10s. EcTuMupaHe BpeAHOCTH Cy OJIMCKe CTBapHUM

BpeJHOCTHMaA f , HUMe ce HOTBDDYje Aa Cy nIpeajioXxKeHe MeTo/ie peJIeBaHTHEe ITPHU

JleTeKUjH, U30J1aluju U UAeHTUPUKAI[UjU CEH30PCKUX 0TKa3a.

2.3. Iepuctyn FDI OTKA3A MOTOPA JEAHOCMEPHE CTPYJE HA
bA3U MOJEJA U INIPUMEHHU TEXHUKA AJITEBAPCKE
TEOMETPHJE

[lpukazanu meton FDI MeTton mnpunaga kjacu MeToJia 3aCHOBAaHUX Ha
JUHAaMUYKOM MOJieJly MOTOpa U TO Ha npolieHy napaMeTapa [80]. MeToz je y cTamwy
Jla uJleHTUPUKYyje HacTaHaK OTKa3a U MPUPOAY OTKa3a jeJHOCMEPHOT MOTOpa ca

NMNepMaHEHTHHUM MardHeTHuMa. KOpI/IH_IheHe cy cne,zlehe INpeTnocCTaBKe:
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e JMHAMHUYKO MOHALlake CUCTeMA MOXe OUTHU MPeJCTaB/bEHO U Y CAY4ajy
HOpPMaJIHOT paZia MOTOpa M y CJydajy MOTOpa I0J, OTKa3oM ca UCTHUM
HeJIMHEapHUM  JMHAaMUYKMM  MOJZeJIOM, aJyd Cca pas3IuyuTUM
napamMeTpHMa T3B. HOpMaJHUM U IapaMeTprMa OTKa3a.

e caMo cCe jeJaH MapaMeTap OTKasa pa3sJiuKyje oJ; ozrosapajyher
HOMUHAJIHOT Tj. 0AroBapajyhu 0TKa3 ce KapaKTepulle IPOMEHOM CaMo
jeAHOTr MapaMeTapa cUcTeMa.

Jat je Algebraic Geometry Techniques anroputam [120], [121], [122], [123],

[124], 3a npopa4yH T3B. embeddings (pyHKLIMja M3/1a3a U bUXOBUX U3BOJA, KOjU HA
MJleHTUYaH HayMH UlI4e3aBajy Ay TpajeKTopHja cucTeMa) 3a JUHAMUYKHU MoJel
MOTOpa U Y HOMUHA/JIHOM PeXUMY Kao U y pexkuMy oTka3a. Takohe cy nprkasaHe u
dbopmyne pobujene us Algebraic Geometry Techniques 3a mapaMeTpe OTKa3a
JMHaMHUYKOT MO/JieJla U HeMepJ/bUBUX CTaka Y PYHKIMjU M3J1a3a U BeroBUX U3BO/iA
Jl0 KOHA4YHOT pe/a.

[lorom cy pob6bujeHu embeddings-u v QyHKLUje fabe KOpULINeHU NpHU
M3BOhemwy airOpUTMa, KOju je y MOryhHOCTH Jla uleHTUDUKYje TPeHyTaK HaCTaHKa
0TKa3a, leroBy NMPUPOAY, BEJIUYHHY OTKa3a Kao U HeMepJ/bHBa CTamka CUCTeMa. 3a
NpOLeHy MeTojie, MPUKa3aHU Cy U CUMYJIALLMOHU pe3yJTaTH Kao U pe3yJTaTH
Mepema.

dopMupaH je MoJies MOTOpA Y IPOCTOPY CTamka 00JIMKA:

% = LU, — K%~ Rx),

% =J (K, —M_ —M_ —Bx, — AX}), (2.3.1)

y=X,
Ipu 4yeMy cy: R, OTIOpPHOCT KoJla UHAYKTA, L, MHAYKTUBHOCT KOJIa UHJYKTA, J
MOMeHT HHepuuje MoTopa, K, U K, KOHCTaHTe eJIeKTPOMOTOPHE CUJIe U MOMEHTA,
B koeduuujeHT BUCKO3HOT Tpewa, A kKoeQULHUjeHT aepoJUHAMUYKOT Tpemwa, M
MoMeHT Coulomb-oBor Tpewsa 1 M, MoMeHT onTepehewa MoTOpa.

W3abpaHe npoMeH/bUBe CTamwa Cy: CTPyja UHAYKTA X, = |,, ¥ 6p3uHa MOoTOpa

a’

X, = o. [IpoMeH/bHBa CTama X, je ¥ MepJ/bUB U3J1a3 cMcTeMa Y, /0K ce IPOMeH/bHBA

X,, CMaTpa HeMep/bMBOM IPOMEH/bUBOM CUCTEMA.
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JebuHucaHy cy HOMUMHAJIHU Tj. NIapaMeTpH OTKa3a:
U, K. R, K M.+M, B A
P, ::, P, :L_a’ P, :ra, P, :TT’ Dy :T’ Ds ::, P, :3. (2.3.2)
Y cutyanuju mnojaBe OTKasa caMO Ce jeflaH IapaMeTap pasJvKyje o[
oArosapajyher HOMUHaJIHOT.

AnroputaMm 1 ce npuMemyje fa Habe embeddings-e 0, ¥ GyHKLHje ¢, U W,

KOjU Ce H3paxaBajy y (QYHKLMjU HM3Jla3a U HeroBUX H3BOJAa U y QPYHKLUjU

napamerapa p,. [lotom ce npumemyje Asropuram 2 3a NpoLEHY HeMepJ/bUBOT
CTama X,, (Koju ce mpe/icTaB/ba Kao GQyHKIMja U3J1a3a U lberoBUX U3BoJa Jj0 Tpeher

pesa pecneKTUBHO) U WAeHTU(DUKALMjy TPeHyTKa HacTaHKa OTKa3a, TUIla 0TKa3a
Y /beroBe BaXKHOCTH.
[locMaTpaHu cy ekclieprMeHTaJ/IHU YCJI0BU OTKa3a:
® [0pPacT OTHOPHOCTU KOJIa UHAYKTA;
Jlopaje ce pegHO OTHOPHOCT KoJly UHAYKTA. [I[peMa ToMe, o4yekyje ce

NpOMeHa napameTapa p,.

e 1aJ HamoHa UHAYKTA; EdekaT oBor oTKasa je a cTpyja y KoJly UHAYKTA
omaJjia Kao ¥ 6p3uHa MOTOpa.

e xabamwe 4YeTKHUIla (KopuliheHe cy 3arpejaHe 4YeTKULe ycJe[ 4era ce
OuYeKyje MmopacT Tpewa y MOTOpy); MeToj unak HUje 6UO y CTamy Ja

NPOLeH! Ja JIU je 0TKa3 HaCTao Kao Moc/eMla IpoMeHe MapaMeTapa P,
WM p,, NOTO 06a MapameTapa Mo/ieJlyjy ofrosapajyhe koepunnjeHre

Tpewa MOTopa.

Kao mwTo npukasyjy pesyataTu, Alroputam 2 je y cTamy Aa UAeHTUPUKYje
TPEeHYTaK HaCTaHaKa OTKa3a Yy CBUM CUTyalMjamMa OTKasa.

Ha Kpajy ce pasmaTpa U NIpMMEH/bBUBOCT MpoLeAype y C1y4dajy BpeMeHCKHU
IPOMEH/bUBUX YyJIAa3HUX HanoHa M MoMeHTa onrtepehemwa. CuMysianuoHU
pe3yJsiTaTU NOTBPhyjy Aa mpejjiokeHa MeTo/ia je y CTawy Jla JeTeKTyje 0TKa3 U
HEer'0B THII, YaK U KaJja Cy y/Ia3HY HAllOH U MOMEHT MOTOpA Helo3HaTe BpeMeHCKHU
npoMeH/bUBe QyHKLMje. lllTa Bullle y cTawy je Jja NIpolieHH BpeJHOCT apaMmeTapa

OTKa3a Kao U HeMepPJbUBOT CTamba X, .
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CUMyJIallUOHU M €eKCIIepUMEHTAJHU pe3yJTaTH IMoKa3yjy epHUKACHOCT

MnpeajoeHMUX TeXHHUKa.

2.4. Mpuctyn FDI MOTOPA JEAHOCMEPHE CTPYJE KOJU JE
BA3UPAH HA TPOJEKTOBAHKY POBYCHOI OIICEPBEPA U
NPOJEKTOBAKY FTC YNIPAB/bAYKOT CUCTEMA

Y papy [86] Indriawati K., Agustinah T., Jazidie A. pasmaTpajy npo6./iem
ecTUMallyje CeH30PCKUX U aKTYaTOPCKUX OTKas3a CHCTeMa ca yTUIdjeM LiymMa U
nopemehaja. /lusajuupa ce po6yCcHHU OICeEpPBEP 3a PEKOHCTPYKLHUjY CEH30PCKUX U
akTyaTopckux oTkasa LTI cucrema. Kopucrehu koMneH3anuoHy memy, npeJioxeH
je pekoHOUTYpaObUJIHU MPHUCTYII yIIPaB/bakby KaKo 61 ce pa3BuoO yipaBbayku FTC
(eng. Fault tolerant control system) cuctem [125], [126] oTnnopaH Ha NpPUCYCTBO
oTKasza. MeToz ce 6a3upa Ha Uejy 3aip>KaBatba HOMHUHATHOT KOHTPOJIepa y NeT/bU
M J0JaBakby KOMIEH3al[MOHOT MexaHu3Ma Hu3MeDhy o06jekTa moJ, OTKa3oM U
HOMMHA/IHOT KOHTpoJiepa. KoMIleH3allMOHM MeXaHHW3aM je 3aMHUIL/beH Ja
NpONyCTH OTKa3 Kpo3 KOHTpoJiep U Ja 00e36equ aAa ob6jekaT MOJ; OTKa3oM
ynpaB/baH HOMMHAJHUM KOHTPOJIEPOM OCTaHe IJ106a/JHO CTabWyiaH U OCTBapHu
3a/loBoJ/baBajyhe mepdopMaHce y mpesa3sHOM MpPOIeCcy U CTALlMOHAPHOM CTamby.
CumMyJanyje nokasyjy Jia je npe/iJio’KeHu MPUCTY Koju crnajia y soMeH akTuBHe FTC
MeTO/ie Y CTamy /la PEKOHCTPYHIIe U eCTUMHUPA OTKase y 6UJI0 K0joj popMH, Yak U
IpYU UCTOBPEMEHOM HACTAaHKY OTKa3a y NPUCYCTBY yMa U nopemehaja. [lojayama

orcepBepa cy oapeheHa kopuinthewem LMI npoueaype u H npuctyna. BanuaHoct

Npe/JIOKEeHOT MPUCTYIA je MpUKa3aHa Ha MpUMepy MOTOpa jeJHOCMEPHE CTpYje.
Cinvunu FTC npucTynu Koju ce 3aCHUBAjy HAa eCTUMAIMjU U METOU KOMIleH3aluje
y HOpPUCYCTBY aKTyaTOPCKMX OTKasa pasmarTpaHu cy y [127], [128], [129], a
ceH30pcKUX oTkKaza y [130], [131], [132]. ¥ [133] ce npeaaaxe ctpateruja FTC

ylipaBJ/batbad IPU HCTOBPEMEHOM ITPUCYCTBY U dKTYATOPCKHUX U CEH30PCKUX OTKAa34d.
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2.5. Ieuctyn FDI MOTOPA JEAHOCMEPHE CTPYJE KOJU JE
BA3UPAH HA TIPOLIEHM IIAPAMETAPA W HEYPAJIHUM
MPEXKAMA

X. Q. Liu, H. Y. Zhang, J. Liu, u J. Yang y [13] kopucte meToze FDD Ha npumepy
MOTOpa jeJHOCMEpHe CTpyje Koje ce 3aCHUBAjy HA eCTUMaliUju KOHTUHYAJTHUX
napameTtapa npuMeHoM block-pulse function series. EneKTpo-MeXaHHUYKHU
napaMeTpu ce ozpebhyjy Ha OCHOBY eCTUMHMpaHHUX NapaMeTapa KOHTHUHYaJIHOT
MoJies1a. PesaTBHe mpoMeHe eleKTpO-MeXaHUYKHUX IapaMeTapa Ce KOpPUCTe Yy
npolLecy JeTeKlyje OTKasa.

Mepe ce camo HanoH, cTpyja 1 6p3uHa MoTopa. [[pumMapHo ce ecTuMupajy
napaMeTpyd HOMMHAJHOT MoJiesa. [loToM ce yBoJe pas/iMuYUTU OTKAa3d MOTOpa

HOMNyT:

noBehamwa OTIIOPHOCTU UHAYKTA,

e xabaiba YEeTKHUII3,

® HEJO0BOJ/bHOI IPUTUCKA YETKULA,

® OTBOpEHe Be3e HAMOTaja,

® KpaTKOT CII0ja lBa KOMyTaTOPCKa CErMeHTa,

e IpeKu/a Be3e HaMOTaja ca KOMyTaTOPCKHUM CEIMEHTOM.

Jla/be ce BeKTOpM NpOLEHEeHNUX NIapaMeTapa MOTOpa Y HOMUHAJIHOM pajy
KOpUCTe Kao pedepeHTHH 3a nopehemwe ca mapameTpuma MOTOpa y MPHUCYCTBY
oTkasza. [lomTo mojaBa mojeAMHUX OTKasa [J0BOAM [0 mpoMeHe Beher 6poja
napaMeTapa, HeKaJla je TelIKO M30JI0BaTU OTKa3 CaMO Ha OCHOBY IOCMaTpama
Bapujaluje napaMmerapa. 3aTo ce y CBPXy JAvjarHo3e OTKas3a YBOJAW BHUIIECJOjHA
HeypasiHa Mpexxa MLPN (eHr. multilayer perception neural network) xako 6u ce
M3BpIIWJIA KJacupurKalyja 106MjeHUX y30paKa BapHyjaluje napaMmeTapa.

ExcnepyMeHTa/IHU pe3yJTaTd I[OKa3yjy [Ja KOMOMWHalMja MpoLeHe
napamMeTapa M KjaacupuKaluje alJMKalUjoM HeypaJHe Mpexe IpeJcTaB/ba
edprKacaH NPUCTYN JIeTEKUjU U JWjalrHO3U 0TKa3a MOTOpa jeJHOCMEepPHe CTpyje ca

INepMAaHEHTHHUM MardHeTHMa.
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2.6. Iructyn FDI OTKA3A MOTOPA JEJHOCMEPHE CTPYJE
KOMBUHALIMJOM METOJA 3ACHOBAHHUX HA MOJEJY H
METO/IA 3ACHOBAHHUX HA HCKYCTBY

[Ipuka3 koMOHHaIMja MeTO/1a Ha 6a3u Mo/ieJia (MPUCTyN Ha 6a3u jelHAaYKMHA
NapHOCTU M ecTUMalhje NapaMeTapa) M MeToAa 0a3MpaHUX Ha HCKYCTBY
(neuro-fuzzy npuctyn) y npuMepuMa eJeKTPOMOTOPHHUX NoOroHa ob6pabyje R.
Isermanny [12].

JlaTa je geTa/bHa TeopHjcKa U eKCIepMMeHTa/Ha aHajlv3a y NpUMepy
MOTOpa ca NepMaHeHTHUM MarHeTHMMa KOju Ce HaJla3U y Pa3HOM XOAy U KaJa je
onTtepeheH, mokasasa je fga je moryhe jerekTtoBaTh 14 pas/jMYUTHUX OTKasa
MepermeM caMo TPU CMTHasla U KOMOMHOBAaHOM IIPUMEHOM je/lHayrMHa MapHOCTH ca
ecTUMalyjoM napaMeTtapa. [loka3aHo je Ja ce afJUTUBHM OTKa3u TuIa odceTa
CeH30pa JIaKo MOTY JIeTeKTOBAaTHU IPUMEHOM jeJlHa4MHa NapHOCTH U /ja He IOCTOjU
noce6aH 3axTeB 3a yJa3HUM no6yhyjyhum curaasiom. MyaTUIZIMKaTUBHU OTKa3u
THUIIA OJCTylNama MlapaMeTapa ce KBaJUTeTHHUje MOTY JleTeKTOBaTU eCTUMAalijoM
napamMeTapa ajid 3axTeBajy aZleKBaTaH MHQOpPMaTHMBaH yJia3HU CUTHaa 6ap y
KpPaTKOTPajHOM BPEMEHCKOM M UHTepBaJy. OnucaHe MeTo/ie ce MOTY IPUMEHUTH
U Ha ocrtasne kjace DC MoTopa, 3aBUCHO O/ HauyMHA KOHCTPYKIMje Kao M Ha
MoHodaszHe AC moTope. Takohe jujarHo3a cBUX 0TKasa je oMoryheHa pa3BujambeM
camo-yueher neuro-fuzzy cucrema SELECT ca Taunowmhy knacupukanuje oz 98%.

[TocTynuu demekyuje oTkasa cactoje ce U3 ciefilehux Kopaka:

e [‘eHepucame CTPYKTYPHUX pe3u/iyalla Ha OCHOBY jelHAYMHA NApPHOCTH.

e [IpoueHa napameTapa kopuiiheweM nocrynka DSFI (discrete square root

filtering in information form)
OBa ABa nocTyImnka ce Mehyco6HO KOMOUHYjY Y LIM/bY AeTeKIlMje 0TKa3a.

1) IlokasaHo je Ja ce aAuTHBHU OTKasu (Additive faults) kao cTO cy
O/ICTylIaba CEH30pa MOTY JIaKO JeTEeKTOBAaTH KopullheweM jeJHaUMHA MapHOCTH
(parity equations). 'eHepucaHu pe3ujyalu pearyjy 6p30, He 3axTeBajy MoceOHe
yJla3He eKcuTalyoHe curHase. Hmak wuMajy peslaTUBHO BeJIUKYy BapUjaHCY

HApOYUTO AKO Ce MapaMeTPH MOJIeIa Mehajy y Mpolecy.
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2) MyatunaukaTuBHu otTka3u (Multiplicative faults) ce aJieKBaTHO
JleTeKTYjy eCTUMAalKjoM IlapaMeTapa HApO4YUTO [IPU MaJIMM BpeJJHOCTUMA OTKa3a.
Peakuuje cy cnopuje u paBHUje, MehyTUM 3aXTeBajy yJla3Hy eKCUTAL U]y aleKBaTHe
JMHaMHUKe.

CaBeTyje ce KOMOUHanMja 06e MeTo/ie. JelHAUMHEe MAPHOCTHU Ce KOPUCTE 3a
JleTeKTOBame NMpPOMeHa Herjie y NpoLecy U ako je pe3yJTaT HejacaH 3aloO4yHibe
npouec ecTMMalyje HapaMeTapa Ca eBeHTYaJJHUM BpPEMEHCKU KpaTKOTPajHUM
YK/by4YHBamwkeM JIMHAMUYKOT TeCT CUTHaJIa OAToBapajyher HUBoa eKcUTaLuje.

/lujarHosa oTkasa ce caCTOju U3 2 KOpakKa:

e xulacudukauuja:- fault symptom tables-pattern recognition-decision trees

e inferecing-3ak/by4uBame:-neuro-fuzzy CTpykType ca if then npaBuiuma u

AND omnepatopuma nox HasuBoM SELECT-uma learning behavir u
alanTUBHOT je Tumna. [I[puMemweHa je motoMm neuro-fuzzy self learnig
crpyktypa SELECT koja omoryhaBa gujarHosy cBux oTkasa ca 98%
KJacuPUKALMOHUM OJTHOCOM.

®opMupajy ce T3B. XUjepapXUjCKU aJTOPUTMH OAJyKe. Pa3anyuTu oTKasu
ce CBpCTaBajy y Behe rpymne — MeTa KJlace ako je ’bUX0B YyTUILAj Ha POLLEC CUCTeMA
cavyaH. /lujarHosa oTkasa ce 6a3vpa Ha oArosapajyheM mofckyny JOCTyNHMX
CMMIITOMA Ha OCHOBY KOjUX Ce JJoHOCe o/yiyKe. CHMIITOMM Ce cacToje o pe3ujyasa
Y O/ICTYNaka NnapaMeTapa 3a oAronapajyhy kiacy. OBo je KOHLIENIT XHjepapxHjCKor
JAMjarHOCTUYKOT CUCTeMa.

[lomrTo ce MOTOp MoOXe CXBAaTUTH Kao KOMOMHAalMja eJIeKTPUYHUX HU
MeXaHUYKHUX KOMIIOHEHTH, OTKa31 OBHUX /leJI0Ba Ce MOT'Y TPeTUPATH O/IBOjeHO YUMe
ce Mory ¢opMHUpaTH JiBe MeTa KJace. Tako ce MjarHo3a eJeKTPUYHUX OTKa3a He
6a3Mpa Ha IMpOLEHM MeXaHWYKUX MnapameTrapa. [Ilpumep je Xujepapxujcku
aJropyuTaM OJJIyuuBama.

y KOMe je CBaKH 6JI0K J1e0 fuzzy kaacudukalnydoHor apBeTta, Ci. 2.1.

OTkasu Koju ce pa3MarTpajy cy:

® [poMeHa UHAYKTAHCe U pe3UCTaHCe UH/AYKTa MOTOpPa;

e [IpeKW/ HaMOTaja UHAYKTa;

® KBap jeJiHe OJf YeTUPH YETKHULa;
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y

noBehamwe Tpema y JiexajeBUMa;

odceT HANOHA, CTPyje ¥ OP3WHe CUTHaJIa CEH30pa;

IpoMeHa Mo0javyama HalloOHa, CTPyje U OP3MHe CUTHaJla CEH30pa;

KOMILJIETaH O0TKa3 CEH30pa HAallOHAa, CTPYyje U OP3UHE;

3aK/by4Ky je MCTaKHYTO Jla ce INpuMeHOM self-learning neuro-fuzzy

ctpyktype SELECT nmoMeHyTH OTKa3u MOTy AUjarHOCTUKUBATU ca 98% TadyHolthy

K1acudukanyje.

CUMIITOMH

OTKA3 CEH30PA

IF..

Cpesrba BpejHOCT HanoHa MaJjia OR
Cpenma BpejHoCT cTpyje Masa OR
Cpe/tba BpeJHOCT 6p3nHe Majia
THEN OTKA3 CEH30PA
ELSE HHUJE OTKA3 CEH30PA

N\

IF...

THEN OTKA3 CEH30PA
BP3UHE ELSE IF...

HHJE OTKA3
CEH30PA

IF...

THEN MEXAHUYKH OTKA3

ELSE

EJIEKTPHUYHU OTKA3

2N

MEXAHUYKH OTKA3

IF...
THEN TPEIE OTKA3
ELSEIF

Y orkas

EJKTPUYHHU OTKA3

IF...
THEN ...

Ca. 2.1 Xujepapxujcku asnzopumam 001y4uU8area.
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3. OnuC EJIEKTPO-MEXAHUYKOT CUCTEMA

3.1. Onuc MEPHE OIIPEME

3.1.1. EJEKTPOMOTOP

3a npeaBubheHe ekcriepyuMeHTe ynoTpebJ/beH je MOTOP jeJHOCMEpPHE CTpyje
ca CTaJIHUM MarHetuMa A-max26A 926mm Precious Metal Brushes CLL, 4.5W. Ha
Ca. 3.1 je nmpeacTtaB/b€H MHUKPO-MOTOpP jefHOCMepHe cTpyje (1), ca eHKoaepoMm
Encoder MR-128-1000 imp_225780, pe3oayuuje 1000 imp/ob (2), u pefykTopom
Gear GP-26-B_144032 20-1, npeHocHor oaHoca 3.8:1 (3).

Ca. 3.1 (1) Mukpo-momop jedHocmepHe cmpyje (2) enkodep (3) pedykmop

Y Tab6ena 3.1. cy nprMKasaHU eJIeKTPO-MeXaHWYKM NapaMeTpu MoTopa. Y
JlaJbeM Hu3Jaramy he ce noj MOMeHTOM HHeplMje MOTOpaA MoJpasyMeBaTH 30Up

MOMeHTa MHeplidje MHAYKTa MoTopa J, , MOMeHTa MHepLHje peAykropa J,,

MOMEeHTA UHeplyje eHKoJepa J,.

J=J,+J +J,=143-10"° kgm?*. (3.1.1)
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Ta6ena 3.1 [lapamempu momopa A-max26 () 26mm, Precious Metal Brushes

CLL,4.5W

HoMuHa/IHU HallOH UHAYKTA U, =12V
HomuHasHa cTpyja MHAYKTA l,, =0.629A
HomuHanHa 6p3uHa MoTopa n, =2750min"
MoMeHT uHepLUje UHAYKTa MOTOpa J,, =1.3-10"° kgm?
MoMeHT HHepIHje peAyKTopa J, =0.6-10" kgm?
MoMeHT MHepLHje eHKoiepa J, =0.7-10" kgm?
KoHcTaHTa MOMeHTa MOTOpa K; =255-10"° Nm/A
KoHcTaHTa e1eKTpOMOTOpHE CHJIe K, =25.5-10°V/rad/s
OTnopHOCT POTOPCKUX HAMOTAja R, =741Q
WHAYKTHBHOCT pOTOPCKUX HAMOTAaja L, =0.77 107 H

| [IpeHOCHU OJJHOC pelyKTOpa || N =3.8 |

3.1.2. EJEKTPOHCKHU MOJAYABAY

[lojayaBay y ¢popMu JIMHEeapHOT eJIeKTPOHCKOT NpeTBapaya NpHUKa3aH je Ha
Ca. 3.2. [IpencraBsba JIMHEAPHO €JIEKTPOHCKO KOJIO YHMjH je TJIaBHHU Jle0 ONlepaljiOHU
nojayaBay TDA2030(A) (1), yuje ce Hamajamwe +15V DC ocTtBapyje mnpeko
MoHoda3Hor  TpaHcpopmaTopa ca JBa  HaMOTaja Ha  CeKyHJapy

220V AC/2x12VAC,22VA (2) u puojHor uchpassbada (3). Uctu ce Moxe

YHOTPEOUTH KAao HAlTOHCKO — CTPYjHU WJIM KaO HAallOHCKO — HAallOHCKH MpeTBapay,
3a IBOKBA/IPATHHU Tj. Y4eTBOPOKBAAPATHHU PaJ.
M360p MoJa ce BpLIU YK/bYyYeHeM O/roBapajyhrx KpaTKoCIOjHUKa J1-]6 u
TO:
1. HanoHCcKoO—cmpyjHU MO/ 3a IBOKBaApaTHU paa: yaaz 0—-5V, uznaz 0—-1A
Jlobuja ce uzbopom: J1=on, ]2=on, J3=on, J4=off, ]5=off, J6=0off.
2. HANOHCKO—CMpYjHU MOJ, 3a 4YeTBOpPOKBaApaTHU paj: ynaz 0-5V, usnaz
+/—1A, fo6uja ce uzdopom: J1=on, J2=off, ] 3=off, J4=off, ]5=off, ]6=off.
3. HONOHCKO—HANOHCKU MOJ, 3a JABOKBaZipaTHU paj: ynaaz 0-5V, wuznas

0—-12V pno6wuja ce uz6opom: J1=off, J2=off, ]3=on, J4=on, ]5=on, J6=off.
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4. HANOHCKO—HANOHCKU MOJ, 32 YeTBOPOKBaJpaTHHU paj: yaa3z 0-5V, usias

+/—-12V, fobuja ce usbopom: J1=off, J2=off, ] 3=off, J4=on, ]5=off, J6=on.

g ufs)"?w
iﬂnmh‘ﬂ‘ﬁ&mﬂ

Ca. 3.2 JluneapHu es1eKMpOHCKU noja4asay
(1) onepayuonu nojauasau TDA2030(A), (2) mpancgopmamop;(3) duodHu
ucnpassmway;(4) yaas —ynpasseauku HanoH U (t) (5) usnas —pedpepeHmHu HanoH

uHdykma momopa U _ (t) 1t mj. cmpyja undyxma 1, (1),

Y MmomoBuMa 2. U 4. ce NCK/byYeHeM KPaTKOCIIOjHUKA |3 aKTUBHMpPA UHTEPHU
pebepentHu wu3Bop HamoHa (IC2) ox 2.5V Kkoju je TayHO HA MOJIOBUHHU
ynotpe6sbuBor omncera D/A kousepropa (0-5V). Kaga je na wusnazy D/A
KOHBepTOopa TayHo 2.5V Taja je eKBUBaJIEHTHHU yJIa3HU HAMOH y nojadyaBad 0V,
Ca. 3.3. Kaga je namod ca D/A kouseptopa OV opgHocHO 5V eKBHUBaJIEeHTHH
yJa3HU HanoH je —2.5V opHocHo 2.5V, pecnekTUBHO. /lob6ujabeM yJasza ca
HanoHOM 2.5V o06e36eheHo je Mewawe W IOJIApUTETA M3JIa3HE BeJIMYHWHe
(nanona/ctpyje). Kpatkocnojuunu J1 u J4 oapebyjy cTpyjHH/HanOHCKU MO, paja,
a 0CTaJIMM KpPaTKOCIIOjHUIIMMaA Ce aZjallTUpa nojavyarme rnojayaBayva.

Yya3HM HaANOH IojayaBaya INpeJCTaB/ba ymnpaBbadyku HamoH U (1) (4).
W3sa3 nojayaBaya (5) je 3aBUCHO 0/f MOJia MJIM CTPyja UHAYKTA MoTopa |, (t), nau

pebepeHTHH HANlOH Ha HAMOTajuMa UHAYKTa MoTopa U (t).

t PepepeHTHH HanoH uHAYKTa MoTopa U, (), ce o HanmoHa Ha HaMOTajuMa HHAYKTa MoTopa U, (1),
pasJ/iMKyje He3HaTHO, 3a NaJ, HaloHa Ha peAHO JojaToj oTnopHocTH R; =0.01Q HamemeHO]

Mepemy cTpyje uuAykTa |, (t).
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Ta6ena 3.2 Cneyugukayuja napamemapa nojayasaya

D, D,, D, D, 1N5408
D, D, 1N 4007
C, C, 2200uF/ 25V ELKO
C,, C,, C,, C, 0.1uF/ 63V ELKO
C,, C, 100 puF/ 25V ELKO
C, 47 pF xepamuk
Cy 10 pF/50V ELKO
R, 10Q2W5y
R, 10 025W5y
R, R, R, R, R,, R, 1kQ 0.25W17
R, 150 k2 0.25W1y
Ry 2.2 kQ 0.25W5
Ry, Ry, Ry, 10 kQ 0.25W1y
R, 100 kQ 0.25W1y
R 22 kQ2 0.25W1y
IC, TDA2030(A)
IC, TL431(TS431)
TR 22k Q) — XeTMKOUAHH TpUMeEp
MOTEHIOMEeTap
TpancdopmaTop:
T 220V AC/2x12V AC, 22 VA
F1 Ocurypau 100 mAF

[IpubankHe BpeAHOCTU MoOjavyama MojayaBaya Ccy y MoJoBUMa 1) u 2)

K., =1/5[A/V],ymonosuma 3) n4) K,,, =12/5[V/V]. Taunocr paga nojayasada

je 1% op oncera. Ha Ca. 3.3 mpeacraB/beHa je eJIeKTPOHCKa LlieMa IojadyaBayda

HaNOHCKOT/CTPYjHOT U3BOPa 3a Hamajawe MoTopa JC.

Y ekcrepyMeHTHMA je eJIEKTPOHHKA MOCTAB/beHA Y HAMOHCKO-HAIIOHCKOM

Mozy 3).
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3.1.3. CRIO 9075 KOHTPO.IEP

CompactRIO 9075 [134] uHTerpuvcaHd CUCTeM ce cacToju U3 real-time
npouecopa u pekoHourypabunnor FPGA (Field-Programmable Gate Array) Ha
HCTOM INIOCTOJ/bY ca MoryhHoumhy ynpaBmkawa M MoHuUTOpuHra. CRIO-9075
vHTerpuiie 400MHz unaycrtpujcku real-time npouecop ca LX25 FPGA u uma 4
ciota 3a NI C cepujy 1/O mopyna. YnoTpeb/beHU MOAY/IU €KCIepHMEHTasIHe

noctaBke cy: NI 9402 (LVTTL, 6ugupekyuoHu, 4 KaHa/lHH, 55 ns AUrUTaJHU

y/1a3HO - U3JIa3HU MOJyJ1) 3a Mepethe 6p3KrHe MOTopa Moc/ie peaykropa N, (min™)

Ha OCHOBY Mepema ppeKBeHIlMje NMOBOPKe MMIyJica ca ONTHUYKOT eHKojepa, NI
9403 (5 V/TTL, 6ugupekyuoHu, 32 KaHaJHH, 7US, AUTUTAJIHU YJIa3HO — U3J1a3HU
MO/yJ1) 3a KOHTPOJy YK/bYUYMBamwa oAroapajyhux peseja, NI 9205 (32- kaHa/smHU
+200 mV to £10 V, 16-Bit, 250 kS/s Mmoays1 ca HalOHCKUM yJia3uMa) 3a Mepemne
HaloHa MHAyKTa MoTtopa U, (t), ctpyje naaykra motopa |, (t) (MepemeM HamoHa
Ha gogartoj otriopHoctu U, (t) =R, 1, (t) ), NI 9263 (4-kaHannu, £10 V, 16-Bit mogyn
Ca HalIOHCKUM M3J/1a3MMa) 3a 3a/laBakbe yIpaB/bauykKor HaloHa noja4asady U (t) . Ci.

3.4 npuka3syje CRIO-9075 niatdopmy ca nomenytom NI C cepujom [/0 moay.a.

o

¢l
AFR AR R, 8

-1

sassasssaaERRENT .

-
b Sh s sans

Ca. 3.4 CRIO-9075 nnamgpopma ca NI C cepujom 1/0 modyaa

3.1.4.. PEJXEM

Cn. 3.5 npe/cTaBJ/ba eJIEKTPOHCKY 1IEMY OCHOBHOT JieJia peJiejHe MJI0YHlie 3a

yK/by4HBame OTIHOPHOCTH R, y KoJi0o mojadyaBaya. Kaza je BpegHocT i- TOr

aururtanHor usnasa D, NI 9403 moayaa 0, Tpansuctop 2N3904 je y npoBogHOM

oi’
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CTamy, a eJIEKTPOMarHeT peJieja Y3poKyje nmoMepame KOHTAaKTa U3 moJsioxaja NC
(eng. normally closed) y nonoxaj NO (eng. normally open), ynMme ce y KoOJIO

nojayaBaya yYKJ/by4yje KeJ/beHa OTIIOPHOCT R, Tj. KanauutusHocTH C,. Bpennocr 1

JUTUTAJHOT K3yasa D, He foBoAM A0 nmpoBohewa GUIOIAPHOT TPAH3UCTOPA U

oi ?
KpO3 eJIeKTpOMarHeT peJieja He npoTuye cTtpyja. Kontaktu NO cy Tasla OTBOpeHH,
a xoHTakTh NC 3aTBOopeHH. bpoj wtamnanux miaoduna je 4, ¥ »mUMa ce MOry

YK/bYYHUBATH 10 YETUPH BPeJHOCTH OTIHOPHOCTH R, Ry, R, Tj. YeTHUpH BpeJHOCTH
KanaUTUBHOCTU C, eJIeKTPOHCKOI II0jayaBaya, Kao LITO je crneyupULUpaHO

Tabena 3.3. Cia. 3.6 nmnpukasyje TmpudMep IITaMIaHe IJIOYMLE 3a

YK/by4HBamwe/UCK/bydyrMBake OTIHOPHOCTH R, y Ko0JIO NojayaBaya, 3aaBambeM

6uHapHe BpegHocTH 0/1 ogroBapajyhumM AUruTaiHUM U3J1a3UMa.

+V,, 2
——
1.1kQ .
D, - 2N 3904 R,

RE1/SSH[  J-------mm-

= 1
Ca. 3.5 EnekmpoHcka wema 0oCHO8HO2 de/a peejHe naovuye
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Ca. 3.6 I[lnovuya ca peaejuma 3a npomeHy omnopHocmu R,
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Ta6ena 3.3 Bpednocmu napamemapa nojavyasava koju ce nomohy peseja mozy
YK/myHu8amu y K010 nojavyasavda

° o
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Ha Cn. 3.7 je mnpepcraB/beHa 1LIeMa MepHe OIpeMe ca MOTOPOM,

eJIEKTPOHCKUM MojayaBaueM, pesiejuMa u CRIO-9075 koHTposiEpOM.

CRIO-9075 | MOTOPJC |

v [

/

Ca. 3.7 EKchepumeHmas/iHa nocmaska MepHe onpeme
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3.2. MOJE/JIOBAKE EJIEKTPO-MEXAHUYKOT CUCTEMA

3.2.1. HEJIMHEAPHOCT CUCTEMA

3.2.1.1. TPEHA Y MOTOPY JEAHOCMEPHE CTPYJE

Tpema koja ce jaB/pbajy y MOTOpY Ce MOrYy IOJEJUTH Ha JBe OCHOBHE
kateropuje[135], [136]:
KoHcTaHTHa Tpewa

® Tpere MUPOBaka (CTAaTUYKO TPeHE);

e Tpeme Kir3awa (Coulumb-oBo Tpewe);
[IpoMeH/BHUBO Tpewe NPONOPIUOHATHO OP3MHU 06pTamkha

® BHCKO3HO TpPEHE;

KoHcmaHmHo mperse Muposarba (cmamuyko mperoe) npeficTaB/ba MOMEHT
Tpemwa Koje ce jaBsba KaJla MOTOp Mupyje. OBO Tpemwe crnpevyaBa Ja MOTOP 3all0YHe

obprame. O3HadaBa ce ca M, u Mmogesyje kao Ha Ci1. 3.8.

A
Ms

Sy

Ca. 3.8 Modes cmamuvkoz mperoa

Enrsiecku HasuB stiction— 3ajenJbeH ynyhyje Ha NpUpo/ly oBor Tpemwa. [lokpeTHH
Jle0 MOTOpa—poTop je "3asensbeH” 3a HEMOKPETHH J1e0—CTATOP, CBE JI0K pa3BUjeHU
JIMHaMUYKHA MOMEHT MOTopa He npehe U3HOC Tpewa MUpOBamwa, M..
Koncmanmuno mpewe kauszarwa (Coulumb-060 mpere) mnpeacTaBba
BpPeJHOCT KOHCTAHTHOI MOMEHTA Tpela Ha KOjy OlajiHe CTAaTUYKO Tpeme Kaja
MOTOp 3amno4yHe ob6prame. OBO Tpewe je IOTOBO yBeK Mambe O0Jf BPeJHOCTH

CTaTUYKOT Tpewa MU o3HauyaBa ce M (M, <M,). Mogen Coulumb-oBor Tpemwa

npuKasaH je Ha Cu1. 3.9.
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ey

Ca. 3.9 Moden Coulumb-o802 mpersa

ITo Stribeck—y [136] je mpeJsia3 ca KOHCTAaHTHOT Tpewa MHUpoOBama M, Ha

KOHCTAHTHO — Coulumb-oBo Tpewe M, nocTynaH. AKO ce 0Baj IpeJsia3 03HauM Kao

JAUHAMHUUKO Tpewe M, (w), cieau:

M, (@) = (M, +(M, =M, )e"“*?)sgn o,
(3.2.1)

1, zaw>0
sgnw = ,
-1, zaw<0

rze je:
( — yraoHa 6p3vHa BpaTuja MoTopa y rad/s;

o, — Stribeck-oBa 6p3vHa o6pTama y rad/s;

0 — mapaMeTtap ce oapebyje emnupujcku. O6auuu Stribeck-oBor mojena y
3aBUCHOCTH oJf napametpa & cy: Tustin-oB (0=1) u Gauss-oB (d=2).

Ha Ca. 3.10 npukasaH je MoJeJ1 JUHAMUYKOT Tpema:

Ca. 3.10 Moden duHamuvkoz mpersa

Jokmopcka ducepmayuja Mp Carea AHmuh, duna.uHic.en

51
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Bucko3sHo  mpere je mocaeauna  [oAMasuBakba  JieXajeBa U
eJIeKTpPOMarHeTHUX TyOuTaKa: I0jaBe BHUXOPHHUX CTpyja U XUCTEPE3UCHUX
ryouTaka. BUCKO3HO Tpemwe je MpOmopLUOHATHO GP3WHM MOTOpa — MpU Behum
O6p3uHaMa U Tpemwe je Behe. MOMEHT BUCKO3HOI Tpewa Ce MOXE MPeJCTaBUTH

U3pa3oMm:
M,=B-® (3.2.2)

rae je B — koedUIUjeHT BUCKO3HOT Tpeha MOTOPA;

Ci. 3.11 npuka3syje MozieJl BACKO3HOT Tpema.

A
MV

ev

Ca. 3.11 Modea 8ucko3Hoz mpersba

YKynHo Tpeme INpeacTaB/ba 36I/Ip CTAaTHU4YKOI, AWHAMHUYKOI' U BHUCKO3HOT

Tpewa —-Karnopp—Reunoldsov mopen [136].

M, sgno; za|o| < Ao

\ 3.2.3
(M, +(M,; —M_)e “*®)sgnw+ B o; za|o| > Aw (3-23)

M, (@) =
re je Ao mojac oko o =0.
Mogen (3.2.3) oapebyje jesHauMHY KOCe aCUMIITOTE KPUBE YKYIIHOT TPeHa

y 00JIUKY:
m(w) =kw+n. (3.2.4)

Ha OCHOBY NO3HATHUX MATEMATHYKHX 3aKOHUTOCTHU Haru6 oBe aCHUMIITOTE

HN3HOCH:

k= limMu(®) _g (3.2.5)

O—>0 0)

a [pecedHa Ta4Ka ca OCOM MOME€HTa UMa BpEeAHOCT:
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n=Ilim(M, (o) -ko)=M_sgno. (3.2.6)

Cia. 3.12 npencraB/ba 3aBUCHOCT YKYIIHOI MOMEHTA Tpewa MOTOpPa — CTATHUYKOT,

AWHaAMHWYKOI' U BUCKO3HOT, O] 6p3I/IHe o6pTa1-ba MOTOpa.

4
Mtr

Ca. 3.12 3a8ucHocm yKynHoz MOMeHmMa mpera Momopa o0 bp3uHe obpmarsa
Momopa

3.2.1.2. EKCIEPUMEHTAJIHO OJIPEBUBAKE TPEHA Y MOTOPY

MOMEeHT CTaTHYKOT Tpema M Ce EeKCIIEpHMMEHTa/JIHO MOXe OoJpeduTH

s’
MepemeM CTpyje poTopa noTpedbHe Jja MOTOop 3anouHe poTtauujy [135]. [Ipoussos
CTpyje NPU KOjOj MOTOP 3all0YUHe POTalUjy U BPeJHOCTU KOHCTAaHTe MOMEHTAa

motopa K;, ogpebhyje MOMEHT CTaTUYKOT Tpeba.

Kajs, MoTOp 3amouHe poTalujy CTpyja ce Aa/be MOXKe CMambUBATH a Jja Cce
MOTOp He 3ayCTaBH, /0 BPeJHOCTHU KOja MOMHO>KeHa ca KOHCTAHTHOM MOMEHTaA
MoTopa ojpehyje mnpubsamxkHy BpeaHocT Coulumb-oBor Tpewa (MHUHUMYyM
¢yuknyje (3.2.3) Ha Ca. 3.12) [135]. Tauna BpeaHoct Coulumb-oBor Tpemwa
onpeheHa je MmpecekoM IpaBlia KpUBE Tpema Ca OpPJAUHATHOM OCOM, peJsaluja
(3.2.6). Jamum noBehaBamweM CTpyje MOTOpA U3HA/L OBE MUHHUMAJIHE BPEHOCTH U
MepewmeM NPU TOM OCTBapeHUX 6p3vHa Moryhe je popMuUpaTH KpPUBY YKYHNHOT
Tpemwa.

Ha ocHoBy (3.2.5) Haru6 oBako /j061jeHe KpUBe 3aBUCHOCTH CTPYje UHAYKTA
MOTOpA, Tj MOKpeTauKOr MOMEHTA MOTOpA, 01 6p3MHe MOTOPa, oApehyje BpeAHOCT
KoedUIMjeHTa BUCKO3HOT Tpewa B . Koa BehrHe MoTopa ce Harub oBe KpuBe Mema

ca IpOMEHOM paJiHUX ycaoBa. To yKa3yje Ha ’heroBy HEKOHCTAHTHOCT.
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ExkcriepuMmeHTasHO ofpehuBame Tpewa y MoOTOpy Moryhe je CTpyjHUM
yrnpaB/batbeM MoTopoM [137], [138]. CTpyjHO ynpaB/bake MOTOPOM OCTBapyje ce y
MOJ0BUMa 1. Wiu 2. eJIEKTPOHCKOT NojayaBaya. Ha oBaj HauuH ce cTpyja JUPEKTHO
cnenyduIMpa YMMe ce CHUMame KPUBU Tpeka 3HATHO ynpourhaBa. YpaB/bambe y
CTPYjHOM MOJly ca NMpUKa3aHUM I0jayaBauyeM ce Takohe Moxke ynoTpeOUTH Yy
NOrOHMMAa MaJIuX CHara 3a peryJalujy Op3vHe jeZJHOCMEpPHOr MOTOpa, YUMe ce
notpeba 3a yHyTpallkboOM CTPYjHOM NMET/bOM €JTMMHUHHUIIIE .

Cn. 3.13 npukasyje CHUMJbeHe KpHBe YKyIIHOT Tpewma MOTopa IpH

TeMmneparypama okosuHe: 0, =15"C,0, =20 C,0, =23’ C. EBUIeHTHO je cCMameme

Haru6a KpUBUX Tpewa MpPHU MOPaCTy TEMIIEPATYpe OKOJIMHE, LUTO YjeIHO 3HAUU U
CMambeme KoedUlMjeHTa BUCKO3HOT Tpemwa MpU NMOopacTy TeMIlepaType OKOJIMHE.
Ca n06uvjeHUX NojelMHAaYHUX IpadrKa ce Takohe MOKe YOUUTH Ja je MpU MabuM
Op3uHaMa Harub KpuBHX, 1a CAMHUM THM U BHCKO3HO Tpeme, HeluTo Behe, a npu
BeNUM Gp3uMHaMa HELITO Makbhe OJ1 UJleaIHO JIMHeapHUX BpeHOCTH. OBO je y ckIaay
ca OYeKMBaHUM: 360r 3arpeBala MHUKpPO-MOTOpa U Behux Op3uHa U Tpemwe y
JleXajeBUMa ce cMamyje. HakoH JiMHeapu3alyje CHUMJ/bEHUX KPUBU Tpema
oapebeHa cy Tpewa y MoTopy. JIuHeapu3oBaHe KpuBe Tpewa cy Ha Ci. 3.13

IIpHUKa3aHe UCIIPEKUIAaHHUM JII/IHPIjaMa.

-3
x 10
2 PN N S S
Bl ket 25(}33*1016N / d/
= =Z. -oNm/rad/s
18 | A(’Ol | 91=15C
I AKIr2
1.6 B2= oy ~1-987*10-6Nmyrad)s P=e
14 : ;
1.2
=
£
X - \p,=20C
0.8 i AKtIr2

>

>Y

0.6

0.4 |
0.2 T,Mc=0.48mNmﬁ

63=}23C"—

0 | |
0 50 100 150 200 250 300 350 400 450 500
w,(rad/s)

Ca. 3.13 ExcnepumenmasiHo odpehusarbe mperba y Momopy jedHocMepHe cmpyje
npu memnepamypama okoauHe: 9, =15 C,0, =20°C,0, =23 C
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Ca. 3.14 npukasyje YTuuaj TeMmepaType MOTOpa Ha OTIOPHOCT KoJia
vHAaykTa. Ca mnoBehaweM BpeMeHa KOHTUHYa/JIHOT paja MOTopa pacTe H

TeMIepaTypa MOTOpa LITO YCI0B/baBa noBehawe OTIOPHOCTH KOJ1a UHAYKTA.

7.55

7.5

7.45
7.4 0 — nopacrt Temrieparype HaMOTaE
I

| | R
o' 50 100 150 t(min)

Ca. 3.14 Ymuyaj memnepamype Momopa Ha 0MNOpHOCM Koia uHdykma

3.2.1.3. YCBOJEHE NPETIIOCTABKE JINHEAPU3AILIUJE MOJEJIA

360r TeMnepaTypHO Tj. BPEMEHCKH 3aBUCHOT KoedHIMjeHTa BHUCKO3HOT
Tpewa B =B(H, t) (Ci. 3.13) u ornopHocTu uHAYKTa R, =R, (6, t) (Cn. 3.14), kao u
3060T KapaKTepUCTHUKe JUHAMHUYKOT Tpewa 4YHuju je Moze aaT Ha Ciu. 3.10, mogen
MOTOpA je HeJIMHeapaH.

JudepeHnyjasHe HeJIMHeapHe jelHAYMHE KOHTHHYAJHOT MOJiesia MOTopa
cy:
di,
dt

do . .

J ry (t) = K;i, (t) - B(6, t)o(t) —M_sign o(t) - M (1),

La (t) =Uu, (t) - Ra (9, t)ia (t) - Ke(D(t),

(3.2.7)

rzae cy: u,(t), i.(t), HamoH u cTpyja UHAYKTa; ®(t) 6p3uHa MoTopa, M (t) MOMeHT
ontepehemwa Mmotopa; M, MmomeHnT Coulumb-oBor Tpemwa, L,, R, MHAYKTUBHOCT U
OTNopHOCT KoJia UHAYKTa; K., K|, KOHCTaHTa eJIeKTPOMOTOpHE CUJIe MU KOHCTaHTa

MOMeHTa MoTopa; J, B MoMeHT uHepiuuje U KoepHUIIMjeHT BUCKO3HOI TpeHa
MOTOpA.
Ha mozen nojayaBaya Takohe yTudy mapamMmeTpu MOTOPA, MOpPeJ, OCTAIUX U

B=B(6, t) u R, =R (6, t), mTo yc0B/baBa HeJIMHEAPHOCT N0jayaBaya.

/la 61 ce mpu NOCTyNUKMMa JMjarHo3e 0TKa3a CUCTEM JIMHeapu30Bao, yBOJe

ce cnefeha ynpomrhema:
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e 300r KPaTKOTpPAjHOT Tpajarma eKCllepuMeHaTa TOKOM KOjUX je MOTOp Yy
KOHTHMHYaJIHOM paZy, BpPeJHOCT OTIHOPHOCTU UHJAYKTA Ce cMaTpa

HelpoMeH/bUBOM R, =7.41Q),

e yCBaja Cce KOHCTAaHTHA BpeAHOCT KoedHUIHjeHTa BUCKO3HOT Tpema
u3MepeHa npu Temnepatypu 23°C, B=1.8-10"° Nm/rad/s,

e cyBOo Tpewe Tj. Coulomb-oBo Tpewe ce 3aHeMapyje (mocMaTpa Kao
nopemehaj cucrema),

e 33HeMapyje ce aJ HallOHA Ha J0JATOj OTIIOPHOCTU 3a Mepewe CTpyje
MH/JYKTa MOTOPA, YMMe U3JIa3HU HAIOH NojayaBaya (pepepeHTHHU HamoH

WHJIYKTAa MOTOpa) MOCTaje NPUOJIMKHO jeZJHAK HAlIOHY UHAYKTa MOTOpa
U, ({0 =U,(1)+ RAD) ~U, (®).

[lapameTpu JTMHEapU30BaHOT MO/eJla MOTOpa U N0jayaBaya NPUKA3aHU Cy Y

Tabena 3.4

Ta6ena 3.4 [lapamempu auHeapu308aHo2 Modeaa MOMOpA U nojavyasava

OTHOPHOCT POTOPCKUX HAMOTaja R,=741Q
WHAYyKTUBHOCT POTOPCKUX HAMOTaja L, =0.77-10°H
MoMeHT HHepLHje MoTopa J =1.43-10"° kgm?
KoeduIiyjeHT BUCKO3HOT TpeHa MOTOPA B=1.8-10"° Nm/rad/s
npu 0=23°
KoHcTaHTa MOoMeHTa MOTOpa K; =25.5-10° Nm/A
KoHcTaHTa eJ1eKTpoMOTOpHE CHJie K, =25.5-10° V/rad/s
| [IpeHOCHU OJHOC peAYKTOpa | | N =3.8 |
ExBHUBaJIeHTHA OTIIOPHOCT MojayaBaya 1 R = % =5kQ
EXBUBaJIeHTHA OTIIOPHOCT M0jayaBaya 2 R., =R, +R, +R; =12kQ
OTnopHocT nojayaBaya 1 R =1Q
OTnopHOCT nojayaBava 5 R, =1kQ
KamauuTuBHOCT nojayaBaya 8 C, =48pF
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3.2.2. MOJEJIOBAE CUCTEMA Y O/ICYCTBY OTKA3A

3.2.2.1. MOAE/IN Y ®OPMH ®YHKIIHMJA IPEHOCA Y O/ICYCTBY OTKA3A
3.2.2.1.1. KOHTUHYAJIHU MOJIEJI IIOJAYABAYA

Hakon ynpouthewa v inHeapu3anyje, NpeTnocTaB/bajynNu KOHCTAHTY BPEAHOCT
KoedulujeHTa BHUCKO3HOT Tpema B=1.8-10°Nm/rad/s, wusmepeny npwu
TeMmIiiepatypu t =23 C, eJleKTPOHCKHU nojadyaBay Ha Ci. 3.3 ce MOxe MOJe/10BaTU
peJiayujoM:

U_(s) = R., (CeRs+D[(R, +sL,)(B+Js) + K K, ] U_(s)-
" RUI(R,, + R5)Ces +1IM(R, + R, +5L,)(B + Js) + KK °

(3.2.8)
_ RiKe MC(S),
[(R, +R, +sL,)(B+Js)+ K. K;]
pUu yemy je:
Re; =Ry, + Ry + Ry,
_ RRy, (3.2.9)

el — '
I:QQ_i_RlO
Hakon 3aHemapuBawa Coulomb-oBor Tpewa, (PyHKIHja IpeHOca I[0OjadyaBaya
nocraje:

_UL(8) R, (CRS+DI(R, +5L,)(B+35)+ K,K;]
TULS) Rul(Re, +Ry)Cs IR, + R, +5L,)(B+35) + KK, T

M, (s) (3.2.10)

[lpumapHo ce y w™ojeny mnojayaBada (3.2.10) Moxke 3aHeMapuUTH
MHJYKTUBHOCT KOJIa MHJAYKTa MoTopa L,, YuMe ce MCTH CBOAM Ha QYHKUH]jY
npeHoca Jipyror pezaa. Jlobuja ce
R,2 {CeReR,Js* +[ IR, + C,R, (BR, + K, K;)]s+(BR, + K. K;)}
R {Co(Ry, +R)R,Is* +[J(R, + R) + Cy(Ry + R, )(B(R, + R) + K. K;)|s +[B(R, +R) + KK, ]}

M. (s) =

(3.2.11)

Cnenehu kopak npu ynpoinhewy GyHKIMje IpeHoca MojayaBaya cacToju ce
y 3aHeMapHBamy KoeduuujeHaTa y3 S° (IITO /03B0/baBajy GpOjHE BpeJHOCTH
napaMmeTtapa koju JeduHulny oBe Koepuiujente, Tabesna 3.4) uume ce popmupa

dyHKIMja mpeHoca NpBor peja:
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R,, [IR, +C,R, (BR, + K,K; )]s +(BR, +K,K;)

M. (s) = R [J(R, +R) +Cy(Rs + R, )(B(R, +R) + K. K;)]s+[B(R, +R) + K. K; ]|

(3.2.12)
Mogen (3.2.12) je wMoryhe pAoAaTHO YNPOCTUTH, 3aHeMapHUBakbeM

KananuTuBHOCTH C,; M oTnopHocTH R, nojayaBada. Tazja ce nmpeHocHa pyHKIHMja

nojayaBaya MOXe NpeJCcTaBUTH QYHKIUjOM MpeHoca:

U,(s) R, SR,J +R,B+K K,
U.(5) R, S(R+R)I+(R+R)B+KK,

M, (s) = (3.2.13)

HakoH 3aHeMapuBama NajJila HallOHa Ha JI0/IaTOj OTIIOPHOCTH 32 MepeHe

CTpyje UHAYKTA:

U, (5)=U,(s)+ RAAS) =U,(s), (3.2.14)
cjienu:
Me(s):Ua(S) _R, sR,J+R B+K_K; (3.2.15)

U.(s) Ry, S(R+R)JI+(R+R)B+KK;'

3aMeHOM HOMHHAJIHUX OpPOjHUX BpeJHOCTU NapaMeTapa AaTtux Tabena 3.4,

Kao Y BpeJHOCTH KoepHLIMjeHTa BUCKO3HOT TPeHha U3MEPEHOT NMPH TEMIIEPATYPHU

23°C, B=1.8-10"° Nm/rad/s, y (3.2.15) f061ja ce dpyHKIMja npeHoca:

U,(s) 2.115-5+132.485
U, (s) $+55.34

M. (s) = (3.2.16)

3.2.2.1.2. KOHTUHYAJ/IHU MOJEJI EJIEKTPO-MOTOPA

bsok pujarpaM MoTOpa YNpaB/baHOT HANOHOM HWHJAYKTa ca yTHUIAjeM

Coulumb-oBor Tpemwa npukasaH je Ha Ci. 3.15, npu yemy M/(s), npeacraBba

€KBUBaJIeHTH MOMeHaT onTepehewma MOTOpa AaT Kao cyma ontepehema MoTopa U

Coulumb-oBor Tpewa M/(S)=M_,(S)+M_(s). 3anemapuBamweM Coulumb-oBor

Tpema, A06uja ce 6J10K AUjarpaM npukasaH Ha Ci. 3.16.
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M, ()

+
M.(s)
M/
U,(s) 1 1.(5) 1 0, ()| 1 |[0,(s)] 30 |Me(5)
» K, > — > — >
+ sL, +R, sJ+B N
K, [«

Ca. 3.15 baok dujazpam Momopa ynpas/taHo2 HANOHOM UHOyKmMa ca ymuyajem
Coulumb-oso2 mpersa

M, (s)
U,(s) 1 |a(51 K , 1 Qm(s>) 1 |9Q,()| 30 n, (s)
+ sL, +R, i B sJ+B N
K, |

Ca. 3.16 Baok dujazpam momopa ynpas/6aHo2 HANOHOM UHOYKMA

Ha ocHoBy 610k fujarpama ca Ci. 3.16, ¢yHk1je npeHoca y Laplace-oBoM

JIOMEHY, Y3 HyJITe IOYETHE yCJI0Ba CY:

M., (s) = ,(s) _ Js+B |
U,(s) (Ls+R,)(JIs+B)+K.K;
Mlz(s): Ia(S) — I<T ,
M,(s) (L;s+R,)(JIs+B)+K.K;
(3.2.17)
n,(s) 30 K;
MZl(S): = '
U,(s) =N (L,s+R,)(Is+B)+K.K;
M., (s) = n(s) _ 30 Ls+R,

M,(s) 7N (Ls+R)(Js+B)+K.K, '

IIpY YeMy Cy: yIpaB/badKH HallOH NojadyaBaya U _(S), MoMeHT onTepehewma MoTOpa
M_(s) ynasy, a HanoH uHAyKTa U, (S), cTpyja uHAyKTa |,(S) 1 6p3uHa MoTOpa
nocJie pefykropa n,(S) u3jasu cucreMa.

3aMeHOM HOMHHA/JIHUX OPOjHUX BpeJHOCTU NMapaMeTapa JaTtux Tabesa 3.4,

Kao 1 BpeAHOCTHU KOB(l)I/IL[PIjeHTa BUCKO3HOT Tp€Hha UBMEPEHOT IIPpU TEMIIEPATYPH

23'C, B=1.8-10"° Nm/rad/s, no6wujajy ce byHKIH]je npeHoCa:
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l,(s) 1299-s+1635

Mll(s) = = 5
U,(s) s°+9625-s+6.027-10
(s 2.316-10’

MlZ(S) = a( ) = 2 5!
M,(s) s°+9625-s+6.027-10

(3.2.18)

n, (s) 5.82-10’

M, (s) = =3 5
U,(s) s°+9625-5+6.027-10
n (s 1.757-10°s+1.691-10"

M22(5)= 0() =-

M (s)  s?+9625-5+6.027-10°"

3.2.2.1.3. /IMCKPETHE ®YHKIMJE NPEHOCA

[Ipu nocTyniyMa JieTeKiyje U u3oJalnyje aIUTUBHUX 0TKa3a, aHaJIM3UpaH
CUCTEM IMpeJCTaB/ba MOTOP Ca €JIEKTPOHCKUM IojayaBayeM. /lMCKpeTHU3aldjoM
KOHTHHYaJIHOT MoJeJia NojayaBaya (3.2.16) u moTtopa (3.2.18) npukazaHor 6/10K
aujarpamom Ha Ci1. 3.17, moryhe je cpauyHaTH AUCKpeTHU30BaHe GYHKIMje TPEHOoCa,

M.(z), My (2), M,(2), M,,(2), M,,(2) y 06sMKy panuoHasHux GyHKIMja 0 Z

pU YyeMy je z Bapujabsa 7z TpaHchopMalyje.

TIOJAUABAY
U.(s) |R, sR.J+RB+KK, U,(s)
"I R, (R, +R)I+(R, +R)B + K.K, T

Y

\

Ua(S - Mo(s)
1 l,(s) 1 1] (30| n,(s)
> K — P =
sL, +R, sJ+B N T

-l
-

MOTOP

Ca. 3.17 /luneapu3zosaHu mModes1 MOMOPA U Nojavyasavda

YcBajajyhu nepuoay cemmioBawa 7 =0.01S pob6ujeHe cy ciegehe auckpeTHe

byHKIMje npeHoca:

U,(k) 2.115-1.098-7"

3.2.19
U(k) 1-05751-z* ( )

ME(Z) =
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I (k 0.07406-z"-0.07279-27
Mll(z): a( ) =

U, (k) 1-0.5324.77" ’
l,(k) 17.83-z"+0.1358-77
M, (2) = 8z
M, (k) 1-0.5324-z
(3.2.20)
n,(k) 44.81-z'+0.3412-777
|\/|21(Z) = = 1 )
U, k) 1-0.5324-z
n(k) -1.312-10*.z'-0.6364-27"
M,,(2) = = =} :
M, (k) 1-0.5324-z
JluckpeTaH MoZieJ1 MOTOpa Y Il0jayaBaya ce MoxXe JaTH y ciaenehoj popmu:
y(k) =M (2)u(k), (3.2.21)
U, (k M. (z 0
2 (K) (2) U. (0
I, (k) |=| M, (2)M,(2) M,,(2) M, (k) . (3.2.22)

n(K) | [Ma(2)M,(2) M, (2)

3.2.2.2. MOJAE/IN Y IPOCTOPY CTAHhA Y OJICYCTBY OTKA3A

3.2.2.2.1. KOHTUHYAJIHU MO/IEJI [IOJAYABAYA Y IIPOCTOPY CTAKA

3aHeMapuBamwbeM Ma/la HANOHA Ha /I0/1aTOj OTIIOPHOCTH 33 MEpeme CTpyje
HHAyYKTa MOTOpa, W3Jla3HM HAMOH MojayaBavya (pedepeHTHH HAMOH HHAYKTa

MOTOpA) N0CTaje NPUOJIMKHO jeIHAK HAallOHY MHAYKTa MOTODa, (3.2.14).
+ X
- > K,
U | ° J \CAC

+
Ca. 3.18 baok dujazpam KaHOHUYHO2 MOdea Nojavyasaya y npocmopy cmarea

| —
<

H>) [7,)

> K,

]e,[[Ha'—II/IHa CTalkbd Ha OCHOBY 0JI0K ,zmjal‘pama KaHOHHWYHOI' MO/JeJia je

obJMKa:
¥, (t) =A%, (1) +U (1), (3.2.23)
a jeHA4YMHa 13Ja3a je

U, (t) = K. (t) + KU, (), (3.2.24)

npu yeMy Ccy 6pojHe BpeJJHOCTU NapaMeTapa:
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_Re R

.= = 2.1146,
Rle R1+Ra
2
K, = E&Z =15.43, (3.2.25)
Rle J(R1+Ra)
2
3 = BFRIBHYE g5 a7
(Ri+R,)J

[IpomeHs/bUBa cTama X (t) y Mojesy nojayaBaya, HaMa GU3UIKHU CMUCAO.

3.2.2.2.2. KOHTUHYAJIHU MOJIEJI MOTOPA Y IIPOCTOPY CTAKA

U360pom:
cTpyje unaykra |, (t)u 6psuHe MoTopa mpe peaykropa o, (t) uspaxkeHe y
rad/s, 3a npoMeHJ/bUBE CTaba,

HanoHa uHaykta U, (t) u momeHTa onTepehewa M (t) 3a ysase cucrema,

crpyje unaykra |, (t) u 6p3uHe Motopa N, (t) mocse peaykTopa U3pakeHe Y

min~", 3a u3s1a3e y MoJieJly MOTOpa, Y3 IpeTIoCTaBKe JJMHeapu3anuje ogpehen

je MoJies1 MOTOpa y MPOCTOPY CTama:

Rk R
{ra(t)} L L {Ia(t) L {Ua(t)}
on®] | KB llea®] | 1{[M®]
J J J (3.2.26)

Lol |12 rLe
{nom} 0o X Lm(t)}'
N |

3.2.2.2.3. KOHTUHYAJIHU MOJIEJI MOTOPA CA IIOJAYABAYEM Y IIPOCTOPY CTAHhA

AKo ce MOTOp jeJHOCMepHe CTpyje ca IoOjayaBayeM IlocMaTpa Kao

jeIMHCTBEH CUCTEM U U360pOM:

X,(t), ctpyje unaykra |, (t) u 6p3uHe MoTOpa npe peaykropa o, (t) nuspaxeHe

y rad/s, 3a npoMeH/bUBE CTaHa;

HanoHa uHAykTa U, (t) u MoMeHTa onTepehewa M (t) 3a y/1ase cucrema;

ctpyje unaykra |, (t) u 6psuHe moTopa mnocie peaykropa N, (t) uspaxeHe y

min~, 3a u3J1a3e cucteMa,

MoAeJl CUCTeMa y IPOCTOPY CTatba Ce MOXKe IIPUKA3aTHU je,aHameaMa.
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. A 0 0 1 0
N I AR 0.0
LO = T T O T 0 el
(:l)m(t) a a a (,l)m(t) |Ti (0]
o XK _B g 1
i J J | i J (3.2.27)

u,m] |K, 0 0 |[x®t] [K, o{uc(t)}
L@ =0 1 oL@+ 0 o .

t 30 t 0 0 Mo (®)
n®] |5 o 30|le.0
L N |
3aMeHOM OpOjHUX BpPEJHOCTH NapameTapa gaTux Tabena 3.4 y (3.2.27),
Jnobwuja ce:
X, (t) -55.33 0 0 X, (t) 1 0 U
I.(t) |=|2.004-10° —9623 —33.12|| I (t) |+| 2746 0 {M° (t)]
o, (t) 0 1.783-10" -1.259 || o, (t) 0 -6.993.10° °
U, (t) 1543 0 O X, (t) 2115 0 U
)= 0 1 O L) [+ 0 O {Mc(t)}'
n, (t) 0 0 2513| o,(t) 0 O °
(3.2.28)

3.2.2.2.4. JIMCKPETHU MOJEJ MOTOPA CA IIOJAYABAYEM Y [IPOCTOPY CTAIbA

Juckperusanujom (3.2.28) npu usbopy 7 =0.01s, nobuja ce auckpertaH

Mo/ieJl MOTOpa ca IojadyaBayeM y IPOCTOPY CTama:

x(k+1) ] [0.5751 0 0 x()] [000768 0 T ©
|, (k+1) |=|0.4988 -0.003462 -0.001856 I (k) |+| 0.1682 17.83 {M° (k)]
o (k+1)| | 2059 09996 05359 || (k)| | 3896 -5221|- °

U.K)] [1543 0 0 ]x@)] [2115 0]
LKk |=| 0 1 0 |1k |+ O o{ C()}.

M, (k)
n, (K) 0 0 2513| o (k) 0 0

(3.2.29)
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4.IIPUMEHA METOJA 3A JETEKLUM]Y U W30JIALIAJY
AJUTUBHUX OTKA3A HA BA3HU MOJEJIA HA EJIEKTPO-
MEXAHHUYKOM CUCTEMY CA IIOJAYABAYEM

4.1. MOJEJIOBAILE CUCTEMA Y IPUCYCTBY AAUTUBHUX OTKA3A

4.1.1. MOJE/ Y ®OPMU ®YHKIIHUJA IPEHOCA Y IPUCYCTBY OTKA3A

Y ekcliepyMeHTHMa y KOjUMa ce MOTOp jeJHOCMEepHe CTPyje ca ojayaBayeM
rocMaTpa Kao CUCTEM Y LieJIMHU, pa3MaTpa ce MeT TUI0BA a/IMTUBHUX OTKa3a:
e yJa3HU OTKa3 JiaBaya yNpaB/bauyKoOl CHUTrHasia (aKTyaTopa) HamoHa

Hanajama nojayasada AU, (k),
¢ yJIa3HM OTKa3 ceH3opa MoMeHTa ontepehewa MoTopa AM (K),
¢ 13JIa3HU OTKa3 CeH30pa HaloHa MHAyKTa MoTopa AU, (K),

¢ 13JIa3HU OTKa3 CeH30pa cTpyje uHAYyKTa MmoTopa Al (k),

e 13JIa3HU OTKa3 ceH3opa 6p3uHe MoTopa An, (K).

Ca. 4.1 AdumusHu omkasu noja4asa4a ca MOMopoM jeOHOCMepHe cmpyje

OyekuBaHa BpeJHOCT ympaBbadykor ysaza U, (K) u m3aMepeHa BpejpHoOCT
ynaza M (K) kao u usmepene BpegHocty usnasa U, (k), I, (k), n (k) cy npema
Cn1. 4.1 noBe3aHe ca TaYHHWM BpeAHOCTHMa yJa3a U usnasa U (k), M (k), U, (k),

I,(k), n;(k), npeko pesnanuja:
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U; (k) =U, (k) + AU, (K),
M (k) =M, (k) ~AM, (K),
U (k) =U, (k) - AU, (K), (4.1.1)

1. (k) =1, (k)= Al, (k),
n, (k) = n, (k) —An, (k).

Be3a namehy TayHuX yJs1a3a U U3J1a3a ce MOXKe NMPEeJCTAaBUTH ¥ OOJIUKY:
U, (k M, (z 0
oa( ) (2) U ()
L. (k) [=] Mu(2M.(2) My, (2) |} ! (4.1.2)
n(K) | [Mu(DM.(2) Mp(2) |- °

npu yeMmy cy oarosapajyhe auckpetHe ¢yHKIuje npeHoca M, (z), M, (z), M,,(2),

M,,(z) matey (3.2.19) u (3.2.20). HakoH 3ameHe (4.1.1) y (4.1.2) no6Guija ce:

U, (k)-AU, (k) M, (2) 0 . )
L(0=ALK) |=| My@M, () My(2) {‘“ ) AU )}, (413)
n,(K)—An, (k) | | M, (2)M,(z) M,,(z) M, (k) - AM, (k)

OAHOCHO:

uLol [ M@ o k
LK) |=| Ma (@M. (2) Mo(2) {U“k)}
0K | [Ma@M. (@) M) Mo

AU (K) | (4.1.4)

M, (2) 0 1 0 0] -AM,(k)
H M, (@M, () Mu(z) 0 1 0f AU (K) |,
0 0 1

M, (2)M(2) My, (2) Al (k)
| An, (k) |
WJIK Y KOMIIAKTHOj GOpMHU:
y(k) = M(2)u(k) + Sc(2) p(k), (4.1.5)
rze cy:
e BEeKTOpHU OTKa3a, yJla3a U u3Jjasa, peJjoM:
AU (K) ]
~AM, () 0 © U, (k)
p(k)=| AU, (k) |, uk)=| ° ,Y(K) = 1K) |, (4.1.6)
M, (k)
Al (k) n, (k)
L An, (k)
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e MaTpula GyHKIMja IpeHoca cucTeMa:

M. (2) 0
M@)=| MM, @) My(2) |, (4.1.7)
M, (2)M,(z) M, (2)

® MaTpHla OTKa3a:
M. (2) 0

1 00
Sc(z)=[M 1]=| M, ,(z)M_(z) My,(z) O 1 O} (4.1.8)
My (2)M(2) My(z) 0 0 1

4.1.2. MO/JIEJIU Y TPOCTOPY CTAHA Y IPUCYCTBY OTKA3A
MoTop jeaHOCMeEpHE CTPyje ca ojayaBayeM, y MPUCYCTBY O0TKa3a, ce Takohe

MOXe MoJeJIMpAaTh N Yy IMNPOCTOPY CTakka. Ha OCHOBY KOHTHHYAJIHOTI' MoOJeJia

nojayaBaya ca MOTOPOM y MPOCTOpPY cTama (3.2.28), kaZja cy y/aa3u U U3J1a3u TauHe

BpegHocTu curHazia U (k), M, (k), U, (k), I.(k), n, (k) ce moxe nucatu:

% (t) ~55.33 0 0o ITx®] [ 1

I, (t) [=]2.004-10° -9623 -33.12| I (t) |+| 2746 0 [:\Jﬂ(ﬂ
,, (t) 0 1.783-10 -1.259|| @, ()] | O -6.993-10° o)
U:t)| [1543 0 0 x(t)] [2115 0 Ut
It)|=| 0 1 O (@) [+] O O{Mi(t)}.
n: (t) 0 0 2513||w,(t)|] | O O (®)
(4.1.9)

JluckpeTHu3anujom oBor Mo/iesa nepuoioM auckpetusanuje T =0.01s, no6uja ce

x(k+1) ] [0.5751 0 0 x(k) ] [ooo768 0 o
I,(k+1) |=|0.4988 —0.003462 —0.001856 | I (k) |+| 0.1682 17.83 {Mi(k)}’
o (k+1)| | 2059 09996 05359 || (k)| | 38.96 -5221 o (K)

Usk)| 1543 0 0 [ x(k) ] [2115 0 U
I5k) [=] 0 1 0 | Ik |+ © O{Mi(k)}.
n: (k) 0 0 2513 o,k 0o o
(4.1.10)
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®uHanHO ycBajajyhu HoTaumjy y ckiaaay ca (4.1.1):

U] [U,(0)-4U,K)
},y%k): LK) |=| LK-ALK | (411D

uo(k):[uxk)Huc(k)muc(k)
n; (k) n, (k) _Ano (k)

M (K) | | M, (k)—AM (K),

MOXKe Ce U3BECTU JJUCKPETaH MOJeJ Y NMPOCTOPYy CTakba Y NPUCYCTBY OTKasa Npu

KOHKpPETHHUM MaTpUliaMa 3a jeJHaYUHY CTama:

X, (K +1) 0.5751 0 0 X, (k)
I,(k+1) |=|0.4988 -0.003462 -0.001856 || I,(k) |+
o, (k+1) 205.9 0.9996 0.5359 || o, (k)

AU (k) (4.1.12)
000768 0 T\ o [000768 0 0 0 O]\ -AM, (K
+| 0.1682 17.83{ ‘ } 0.1682 1783 0 0 0| AU, (k) |,
38.96 5221 (k) 3896 5221 0 0 Oj Al,(k)
| Ang(k) |
Y 3a jeJHAYMHY Mepetba:
U] [1543 0 0 Mx(k)] [2115 0] | "
LK l=| 0 1 0 [[nLK |+ 0o o {MC(k)}r
n, (k) 0 0 2513| o, (k) o ot
AU, (k) (4.1.13)
2115 0 1 0 0] -aM, (k)
f 0 00 1 0| AU, K
0 00 0 1] Al
| An (k) |
WJI Y KOMITAKTHOj pOpMHu:
X(k +1) = Ax(k) + Bu(k) + Ep(k), (4.1.14)

y(k) = Cx(k) + Du(k) + Fp(k),
IIpY YeMy Cy AMMeH3Hje BeKTopa ysaa3a, u(k), usmnasa y(k) u otkasa p(k), pexom
k=2, n=3, p =5. Bpoj npoMeH/bHBUX CTaa Tj. pefi cucTeMa je v =23.

HakoH nsBohemwa Mo/ies1a y IpocTopy CTakba y NpUCYCTBY OTKa3a, 0J1a31 ce
J10 3aKJ/by4Ka /la Cy MaTpHla oTka3a E u nomohHa Matpuna otkasa F gedunucane

peJsayujama:

E=[B 0], F=[D I]. (4.1.15)
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4.2. TIPOJEKTOBAIE CTPYKTYPHUX PE3U/YAJIA

4.2.1. TEXHUKE CUHTE3E CTPYKTYPHE MATPUIIE

Y nmporecy pAeTekidje OTKa3a NPUMEHOM CTPYKTYPHHUX pe3ujyasia ce
IbUX0Be CTallMOHApHEe BPeAHOCTH Mopejie ca yHanpe[ AeHUHUCAHUM IpaHULIaMa

nparosa fgetekuuje (eHr. threshold) K,. PesyaraTt oBor TecTupama je 6MHapHa

BpegHocT 0 ako je [ (o) < K; 1 1 ako je |r(«0)| > K;:

,1=1 2,..., nraeje n=5 6poj peauayana;

|0 akoje |r(«) <K,
|1 akoje |r(o)=K,

Jlo6ujeHn BeKTOp s:[sl € ... an] oapeheHor oTKasa MpejacTaB/ba

HeroB KoJi 0TKasa (eHr. fault signature). 3a aeTeKUjy NPUCYCTBA OTKa3a 4eCTo je
JIOBOJbHO Jla je pe3yJTaT TecTUpama Oap Hekor pe3uayana 1. Mehytum 3a
M30J1al[1jy 0TKa3a HEOMXO/HO je /1a IoOUjeH! Ko/l 0TKa3a (BEKTOP HyJia U jeIUHIIA)
0/iroBapa HEKOM OJ1 YHanpe/[; e bHUHHUCAHOM CETY KOZ0Ba - CTPYKTYPHOj MaTPHUILIH.

[Ipu dopMupamy CTPYKTypHe MaTpule Hajuelihe ce 6upa Ja oHa MMa
KOJIOHCKU KaHOHWYHY CTPYKTYPY, Tj. Ja Y CBaKOj KOJIOHM UMa UcTH 6poj "'0" (6poj
ouekuBaHux "0" y peay je n—1=2, rue je n 6poj ussnasa cucrema). KosoHcku
KaHOHHUYHA CTPYKTYpa je BUIIEe HETO J0BOJ/bHA 32 OCTBapHBake GopMe Mo3HATE Kao
CHaxcHo u3osabusaHe (eHe. unidirectional strongly isolated), koja je HeonxoJHa 3a
n3beraBame norpeliHe KJiacupukaluje y CuTyalujamMma napyujaaHoz okudarsa (eHr.
partial firing -a) Koja MO>Xe HacTaTH KaJia je BeJIMUMHA OTKasa MaJia. Peliewe 3a
HeomnxoJaH 6poj pe3uayasna N U 6poj HyJa y KOJOHHU T KOJIOHCKM KaHOHHUYHE

CTPYKTYpHe MaTpHulie ce fobuja us ycaona [15]:

n
1 (TJZpF,Z)nKM—4)ZpF-L (4.2.1)
rje je 6poj oTKasay cucteMy p. =5, a 6poj usjasa cuctema | = 3.

HajjenHocTaBHMje pellewme MOCTAaB/bEHOI CUCTEMa HejeJHayMWHa, ca
HajMambuM OpojeM pe3yyasna N ¥ HajBehUM OCTBapHUBUM OpojeM HyJia MO KOJIOHU

T je:

n=>5, t=2. (4.2.2)
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4.2.1.1. CMHTE3A CTPYKTYPHE MATPULIE HA OCHOBY IPUMAPHUX PE3U/YAJIA
JOBUJEHUX U3 MOJEJIA CUCTEMA
Jenan ox HayMHa QopMHUpama CTPYKTYpHe MaTpHle KOjU je MIPUMEHEH Y
OBOj JuWcepTaliMjU je Ha OCHOBY CeTa WHTepHUX (eHr. internal) nmpuMapHUX
pesuayana [139].
HumepHa (eHr. internal) ¢opma npuUMapHUX pe3ujyasia MpeAcTaB/ba
IIpOU3BOJ, MaTpUlle OTKasa M BEKTOpa OTKas3a, U alpUoOpH je Helo3HaTa Ipe

IIOCTYIKA JMjardHo3e oTKasa:

o(k) = S¢(z) p(k). (4.2.3)

PauyHncka (eHr. computational) ¢popma mpUMapHUX pe3ujyasia Ce MOXKe
M3payyHaTH HA OCHOBY pa3J/IMKe M3MepPEeHUX U3Ja3a CUCTeMa U M3Jiasa J06ujeHor
Ha OCHOBY MO/leJIa U M03HATUX yJia3a CUCTEMA Tj. HA OCHOBY PUHIMIIA AHAIUMUYKE

pedydaHce:
o(k) = y(k) =M (2)u(k). (4.2.4)

Bpoj npuMmapHuX pe3uayajia je yBeK jeAHaK Opojy M3Jsa3a CUCTeMa LITO
JUPEKTHO cjeau U3 (4.2.4). OHU NOTIYHO 3aBHCe 0/l MOJiesia CUCTeMa.

APMA uHTepHa popMa NprMapHUX pe3u/iyasia CucTeMa je 06IMKa

_ AU, _
o] [[M.() 0 1 0 0)||-am,
0, |= .Mu(Z)Me(Z) Mlz(z) 01 OJ AUa (425)
0, ] [MyOM.(5) M,(z) 0 0 1j Al

An, ]

Ha ocHoBy o6snka 2. u 3. mpuMapHOr pes3ujyajsa Moryha KOJIOHCKHU
KaHOHUYHA CTPYKTYpHaA popMa 3a neT pesuayana, t=2 “0 , HyJe y CBaKOj KOJIOHU
uu—-1=2 “0 , Hysie y cBakoj BpcTH jaTa je Ha Ci. 4.2 a).

Pe3supayaiu ce npojeKTyjy Ha OCHOBY KOJIOHCKU KaHOHUYHe cTpyKType ca Ci1.
4.2 a). Unak, npumeheHo je 7a je HaKoH popMupama pe3uayasa, ocTBapyuBa popma
CTPYKTypHe MaTpule o6suka kao Ha Ci. 4.2 6). OBa dopMa HHUje KOJIOHCKHU
KaHOHUWYHA, aJlU je UIlaK CHAXCHO U301a6ui1Ha U oMmoryhyje cipeyaBambe MOTrpelHux
k1acuduKanyja y caydajeBUMa napyujasnHoz okudarba Kaja Cy BeJMUYMHe OTKa3a

MaJie. Y3pOoK Kako je mpuMeheHo, CTpyKTypa NocMaTpaHOT CUCTeMa Koja je TakBa Jia

Jokmopcka ducepmayuja Mp Carea AHmuh, duna.uHic.en

69



[Ipumena memoda 3a demeKyujy omkasa 3acCHO8AHUX HA MOdeay y eseKmpo-
MeXaHU4KuUM cucmema

CBHU H3J1a3W HE 3aBHCe 0[] CBUX yJila3ada CUCTEMa4, I1a Ce nojaBbeje AO0JAaTHA HyJIa ¥y

jenHOM peny MaTpule GyHKIMja IpeHoca oTkasa S (z) (u3sa3 U, (k) He 3aBucH of,

yaaza M, (k) Tj. 6poj Hys1a y npBoM peay Matpune S.(z) Huje u—1=2, Beh 3).

Pr Py Ps Py Ps P P2 Ps Py Ps
r 1.1 0.1 0 il 1010
, I-1°0 0 & n d_ 7070
r o0 1 0 1 L0100
Lo o0 1 1 rh 0 0 1 1 1
Ko 1 1 1 0 11 0
a) KosoHcku-kaHOHUYHa b) PeanHo ocmeapusa

cmpykmypa ¢opma

Ca. 4.2 CmpykmypHa mampuya Ha 0CHO8Y cemd UHMEPHUX NPUMAPHUX pe3udyaaa

4.2.1.2. CUHTE3A CTPYKTYPHE MATPHULIE HA OCHOBY IPUMAPHUX PE3U/IYAJIA
JOBUJEHUX HA OCHOBY CTPYKTYPE CUCTEMA

Jenan op HayMHa ¢opMUpaka NPUMapHUX pe3ujyata y (GU3IMYKUM
CHUCTeMHMa KOju ce cacToje oJ, MOoACHUCTeMa WM jeAUHUIIA je y3uMame QYHKIHja
NpeHoca MojeJUHUX jeJUHULA JUPEKTHO y MPUMAapHOM ceTy pe3supyasia. OBako
Jlo6vjeHd NpUMapHU pe3ujyalu cy y JucepTanuju kopuuiheHu 3a popMUpame
HOBE CTPYKTYpHE MaTpHILE.

CucteM MoTOp-MOjadyaBay Ce CacTOjU W3 JBe NO/J-jeIUHHILE: MOTOpa U
nojayaBay Ipy 4yeMy je U3Ja3 NpBe jeJJUHULlE, Y CTBApH, jelaH 0/f] yJasla Jpyre
jenunune, Cia. 4.3. OBako ¢popMUpaHU IPUMapHU pe3u/iyaju HeMajy CTaHAapHY
CTPYKTYpPy Kao ceT NMPUMapHHUX yJa3HO-U3JIa3HUX pe3ujyasia Koju MMajy caMo

jep,aH HN3J1a3 CBAKH.

Pesanuja xoja nosesyje TauHy BpegHocT yasa U (K), nusnasa U] (k) , mpBe
HO/I-CTPYKTYpE — eJIEKTPOHCKOT I0jayaBaya je:
U (k) =M, (2)U. (k). (4.2.6)
Penanuje usmeby Taunux BpeaHoctn yaasa U, (k), M (k), u wusnasa
I, (k), n, (k) pyre noa-cTpyKType — MOTOpa jeJHOCMepPHe CTpyje Cy:

12 (K) = My, (2)U7 (k) + My, ()M (K),

(4.2.7)
ng (k) = M21(Z)U§(k) + Mzz (Z)Mg(k)-
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MOTOP
M,,(2)

IIOJAUYABAY — 1,(k)
U0—] M, | 28 M@
M..(2)

M, (k) —»n, (k)
— M, (2)

Ca. 4.3 [lod-cmpykmype cucmema: nojayagay u Momop jedHocmepHe cmpyje
CmeHoM uspasa (4.1.1) y uspas (4.2.6) u (4.2.7) nobwuija ce:

U, (k) =M, (2)U, (k) + M, (2)AU, (k) + AU, (k),
I, (k) =My, (2)U, (k) + My, ()M, (k) - My, (2)AU, (k) - M, (2) AM (k) + Al (K),
N, (k) =My, (2)U, (K) + M, ()M, (K) =M, (2) AU, (K) = M, (2) AM (K) + An, (k).
(4.2.8)
[IlpuMapHu ceT pe3ujyasa padyyHCKe U HUHTepHe dopMe dopMHUpaH Ha

OCHOBY (4.2.8) je:

0,(k) =-M,(2)U, (k) +U, (k) =M (2)AU, (k) + AU, (k),
0,(K) = =My, (2)M, (k) + I, (k) =M, (2)U, (K) = =M, (2)AM, (k) - My, (2) AU, (k) + Al (k),
0;(k) = =My, (2)M, (k) =M, (2)U, (k) + 1, (k) = =M, (2)AM (k) = M, (2) AU, (k) + An, (k).

(4.2.9)

Ha ocHOoBy wuHTepHe ¢opMe npuMapHOr ceTa pe3ujyasna JoOUjeHUX

dHAJ/JIM30M CTPYKType€ CUCTeMa:

_ AU -
o, M, (z) 0 1 0 0f -AM,
0 |=..0_ _My@) -Mu@) 1 0} au,
0] | _0__My(@)_=-Mu(z) 0_1j Al

LA (4.2.10)
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Moryha KOJIOHCKM KaHOHHWYHa CTPYKTypHa ¢dopma 3a meT pe3ujyana, t=2 “0,
HyJIe y CBaKoj KosioHu U u—1=2 “0, Hysie y cBakoj BpcTu AaTa je Ha Ci. 4.4 a), a

peasiHO ocTBapuBa popMa CTpyKTypHe MaTpulie Ha Ci1. 4.4 6).

Po P P3Py Ps P P P Py Ps

rr 0 1 0 1 r, 0 1 00
r 1. 0 0 1 1 r 1. 0 0 1 1
r, 1 0 1 r 1 1 0 1 0

a) KosoHcku-kaHoHuuHa  b) PeasHo ocmeapusa
cmpykmypa ¢opma

Ca. 4.4. CmpykmypHa mampuya opmupaHa Ha 0CHO8y CmpyKmype cucmema

Ha ocHoBy (4.2.10) maTpu1ja 0TKa3a je:

M. (2) 0 1 00
Se=| O My,(z) -My(z) 1 0] (4.2.11)
0 Mp(z) —Myu(z) 0 1

4.2.2. TEXHUKE CUHTE3E MATPHULE TPAHC®OPMALIMJE

Pe3ujiyaiy ce reHepuily MHOXEHEeM MPUMapHUX pe3ujyana (Tj. lbUXOBe
payyHCcKe ¥ HHTepHe ¢opme) ca MarpuioM TpaHchopmanuje W (z), Kojy je y
Npollecy MpOjeKTOBama pe3ujyaja HEeOMXOJHO OJpeJuTH. IIpuMereHa
TpaHcdopmaiuja omoryhyje GpyIeKCHOUIHOCT ¥ MPOIECY MPOjeKTOBaba pe3uyasa
1 06e36ehyje UX0OB noTpebaH 6poj.

Tako je payyHCKa W WHTepHaA pe3ujyajHa reHepatop ¢opma, Kaga cy

nopemehaju, IIyMOBH U IpelIKe MO/eJI0Bakba 3aHeMapeHH 00JIHKa:
r(k) =W (2)[y(k) -M(2)u(k)l, (4.2.12)
r(k) =wW(z)S.(z) p(k). (4.2.13)

Pe3upyannu reHepaTtop ce Takohe 3ajaje ca:

r(k) =Z.(z) p(k), (4.2.14)
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raeje Z-(z) cnenudukanuja og3uBa Ha cBe oTkase. Ciesu:
W (2)S:(z) = Z.(2). (4.2.15)

[Ipu oxpehuBamwy MaTpule TpaHchopMalyje MOTPEOHO je MPBO 33JaTH
cneyudurKalujy of3uBa Ha oJipeheHu 6poj oTkasa. C 063upomM Ha To Aa 6poj u3liasa
Mamu 0f, 6poja oTkasza pL=3<p. =5, moryhe ¢popme 3asaTux cnenudukanuja cy:
ckopo nomnyHa, XxomozeHa cneyudukayuja (eHr. almost full homogenous
specification) kajja ce yHampej 3ajJjaje BEKTOp OJi3MBa M-TOr pe3ujyasna Ha

p=u—1=2 oTkaza y O0OGJHUKY: Zi':[O 0], W NnomnyHa, CKOpO XOMO2€Ha

cneyugukayuja (eHr. full almost homogenous specification) kaja ce yHanpes 3ajaje
BEKTOp O/I3MBa i-TOT pe3uyasia Ha p = L =3 oTKasa. Tajja ce mopej ABa 0TKasa Koja
MOpajy UMaTH HYJTH 0/I3UB, GHUpa joll jelaH OTKAa3 ca HEHYJITUM OJI3UBOM. JeiHA

BapHvjaHTa TaKO HM3abpaHOT oJ3UBa je HIP. 00JIMKA Zi':[O 0 1], pu 4emy ce

NO0JIOXKA] HeHy/ATe cheludUKalluje Mema 3aBHCHO OJ, HEHOr moJiokaja y
CTPYKTYPHOj MaTpPHULHU.

Y nu/by uiaycTpaluje pellaBama NpobJeMa JeTeKlHje 0TKa3a, Kao U ca
»KeJbOM Jla Ce U3BPLIM Nopeherme pa3IMUUTUX IPUCTYIIA Y IPOjeKTOBaby MaTpULie
TpaHcpopMaluje, IpUMebeHe Cy YeTUPHU pa3JMuUTe MeToze 3a JloOujame OBe
Matpune. O Tora ce ABe MeToJie 3aCHUBAjy Ha MOJiesly CUCTEMA y IPHUCYCTBY
oTKasa y popMu QyHKIH]je peHoca U To: Muniemenmayuja "ped no ped” (enr. Row
by row implementation), ca BapujaHTaMa IpU CKOPO NOMNYHOj, XOMO2EHOj]
cheyugukayuju odauea v Ipyu NOMNyYHoj, CKOPO XOMO02eHOoj cneyudukayuju 003uea v
Memoda eaumuHayuje (eHr. Elimination approach), 3a Kojy ce He 3azajy
cnenvdurkanyje, a Be Ha MOJieJly CUCTeMa y IPUCYCTBY OTKa3a y IPOCTOPY CTama:

Chow-Willsky, koja y ciay4dajy U<pr MOXe CaMO HMMaTH pellewma NPU CKOPO

nomnyHoj, xomozeHoj cneyugukayuju), 1 Cucmemamu4Ha umnjiemeHmayuja ca
cucmemckom mampuyom omka3sa (eHr. Systematic implementation with fault system
matrix) ca mnop-BapujaHtama: Anroputam III (mogpasymeBa ckopo nomnyHy,
xomoezeHy cnenudukanujy oa3usa) u Anropurtau I (ca nomnyHom, ckopo Xxomo2eHOM

cheyugukayujom odsusa) [15].
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4.2.2.1. METO/JI EJIMMUHALIUJE

Metoz enumuHanyje (eHr. Elimination approach) je npepnoxuo Gertler [15].
3acHuBa ce Ha GopMUpamy pe3ujyasa Ha OCHOBY ceTa NPHUMapHUX pe3uayasa

HanucaHux y GopMu:

o'(k)|_| So (@ S'(2) {po(k)}, (4.2.16)
0,(K) | |8.(2) 8, (2) | P(K)

NOCTYNKOM eJIMMHHalLMje L—1 oTKasa AaTUX BeKTOpoM p,. Ha ocHOBy npeTxoaHe
pesanyje IOCTYNKOM eJMMHHalMje OTKasa [, JoJia3d Cce J0 M3pasa 3a I[-TH

pesuzyas Koju je caMMM THM U He3aBHCaH O/l 0TKa3a JeGUHHCAaHUX BEKTOPOM [, .

r(K) =5, (D(SE(2) 0" (K) -0, (K) =[s,,, (D[S (D] *St (1) -, (] p.. (42.17)
rje je: p,— BEKTOp OTKas3a 3a Koje, mpeMa [ —TOM peJly CTPYKTYpHe MaTpHlie,
oarosapa BpesHocT "0"; p,— BEeKTOp OTKa3a 3a Koje IpeMa, i- TOM peJly CTPYKTypHe

MaTpHulle, oArosapa BpegHocT "1"; S, - Zleo p- TOr peja MaTpuIe oTKaza S.(z)

0
KOjU oJiroBapa oTKa3uMa AaTHUX BeKTOpoM [,; S!)(zZ) - ocraTak MaTpule 0OTKasa
S¢(2) xoju oarosapa oTkasuMa JaTUX BEKTOPOM [);; S, — [Ie0 [L-TOT pe/ia MaTpHIle
oTkaza S;(Z) koju oaromapa OTKasMMa JAaTHUX BeKTopoM [;; S!'(z)-ocrarak

MaTpHulie oTKasa S;(zZ) koju oArosapa oTKasuMa JJaTHX BEKTOPOM P, .

Pesanyja (4.2.17) umninyupa i- T4 pesi TpaHcopmanyje:

wi(2) =[s,, ()(SL@)* -1]. (4.2.18)
AHaJ/IM30M KOHKpPEeTHOT IIpMMepa MOTOpa ca [ojayaBayeM, IIoKa3yje ce Ja ce

jeAHO U360pOM:

. {oxk)

Os(k)] 0, (k) = 0,(K), (4.2.19)

usberapa cuHrysapHoCT Matpule (S!(z))™, mTo uMnaKMuMpa Ja je ymecto p=3y
KOHKpPETHOM NpuMepy NOTpebHO ycBojuThu W —1. Tako, uspas 3a i- TU pej

TpaHcpopMalje y KOHKPETHOM IPUMepPY MOTOpa ca ojayaBayeM NoCTaje:
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wi(2)=[-1 s, (2)(S;@)7"]. (4.2.20)
4.2.2.1.1. CTPYKTYPHA MATPULIA ®OPMHUPAHA MO/JIEJIOBAKEM CUCTEMA
Tpancdopmanyje nmpBor W JApyror pesyjyajia ce He MOTY OJAPeAUTH
IPUMEHOM MeTo/e elnMuHanuje u (4.2.20), 360r cuHryaaputera MaTpuna S, (z).
Mnak, Ha OCHOBY CTPYKTYpHe MaTpulie U MaTpULie 0TKa3a, MOXe Ce YCBOjUTH:
r,(k) =0,(k), (4.2.21)
r,(K) = 0,(k), (4.2.22)

HITO UMILIMIMpPaA oAroBapajyhe Tpanchopmanuje:

w;(z)=[0 1 0], (4.2.23)

w,(z)=[0 0 1]. (4.2.24)

MeToa elMMHHALIMje Ce MOXKe MPUMEHUTH y LIM/bY ojapehuBamwa Tpeher,
4eTBPTOr W IETOr peja MaTpuile TpaHcpopManuje. Ha OCHOBY CTPyKTypHe
MaTpule ca Ci. 4.2 a), 3ak/byuyje ce Aa pe3uayain I,(K) Tpe6a popmupaTu aa 6yse
He3aBHCaH 0J] APYror ¥ YeTBPTOT OTKa3a; pe3uayasn r,(K)ox mpBor u jgpyror, a

I,(k) ox npBor ¥ neTor oTkasa.

Pb P, Ps Ps B

Pe3npayan
ML 1 0 1 0 1

Ha ocHoBy cTpykTypHe MaTpule ca Ci. 4.2 a), KOHCTaTyje ce Aa je:

p, (k)

k
P, =[E§kq b =| p(K) |, (4.2.25)
) ps (k)

mna cjeau

$1.(2)=[0 0],
sn.(2)=[M.(z) 1 0],

Sl(7) = M,(z) 1
o(2) = M. (2) 0 (4.2.26)

s [Mu@M,@) 0 0
=L oM@ o 1
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CmeHoM (4.2.26) y (4.2.20) wuspayyHaBa ce Tpehu pej MaTpule

TpaHcpopmaluje y BUAY:

wy(z)=[-1 0 0], (4.2.27)

na notom npema (4.2.17) u oarosapajyhu pe3uyan

AU (K) |

-AM (k)

r3(k):[—Me(z) 0 -1 0 0] AU, (k) |=-0,(k). (4.2.28)
Al (k)

| Ang(k) |

P. P P Py P
p
AL 0 0 1 1 1

Ha ocHoBy cTpykTypHe MaTpuLe ca Ci. 4.2 a), cienu aa je

ps(k)
k
Po {El((kﬂ. = Pa(k) |, (4.2.29)
i ps (K)

I1a BaXXHU
Sol.(z) = [Me(z) O]!
s, ()= 0 0],
Si(Z) :{MM(Z)ME(Z) MlZ(Z):|1
M, (2)M (2) M, (2)

o3

(4.2.30)

CmeHoM (4.2.30) y (4.2.20) uspauyHaBa ce 4eTBPTH peJi MaTpulle TpaHCcopMaluje

y 00JIUKY:
e | M,,(2) _MIZ(Z)
w, (z) _{ 1 M) M) } (4.2.31)
npu yemy je M(z)
M (2) = M,,(2)M,(2) =M, (2)M, (2). (4.2.32)

na 3aTuM npema (4.2.17) u ogrosapajyhu pesugyan
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[ AU(K) ]
~AM, (K)
rA(k){o 0 -1 '\:/lzz(z) —'\:/llz(z)} AU, (k) |. (4.2.33)
@ Mol
| An(k) |
Peanayan Pp P2 P3Py Ps
r 0 1 1 1 0
[Ipema cTpykTypHOj MaTpunu ca Ci. 4.2 a) je:
P, (k)
k
p=[gikﬂ P =| Ps(K) |, (4-2.34)
) P, (K)
mnaje
$u.(2) =[M,(2) 0],
s,(2)=[0 1 0],
1 _ Mll(Z)Me(Z) 0
S"(Z){le(z)l\/le(z) J, (4.2.35)
Sll(Z):|:M12(Z) 0 1}.
M, (z) 0 O
Hakon 3amene (4.2.35) y (4.2.20) nobuja ce:
wi(z)=|-1 1 0 (4.2.36)
’ - Mll(z) ’ o
a Ha ocHOBY (4.2.17) u ogroBapajyhu pesugyan
| AU (K) ]
_AMo(k)
rs(k):{O ::AAL(Z) -1 Ml O} AU, (k) |. (4.2.37)
11(2) 11(Z) Ala(k)
| An(k) |

4.2.2.1.2. CTPYKTYPHA MATPHUILIA JOBUJEHA HA OCHOBY CTPYKTYPE CUCTEMA

Tpancdopmanuje npBor U Apyror pe3uayasa ce Takohe He MOTY OJpeUTH
NpUMEHOM MeToJle eMMUHanuje U (4.2.20), 360r cuHrysaputeTa MaTpuna S:(z).

YcBajameM:
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K (K) =0,(Kk), (4.2.38)
r, (k) = 0,(K), (4.2.39)
oziroBapajyhe Tpancdopmanpuje cy:
w;(z)=[0 1 0], (4.2.40)
wy(z)=[0 0 1]. (4.2.41)

MeToza eslMMUHalLMje ce MOXKe TPUMEHHUTH Y LMJby oApehuBama Tpeher,
YeTBPTOT W IMeTOr peJla MaTpulie TpaHchopmaiuje. Ha OCHOBY CTpyKTypHe
MaTpule ca Ci. 4.4 a), 3ak/bydyje ce Aa pesuayan I, (k) Tpeba popmuparu ja o6yze
He3aBHMCaH O/ APYror U 4eTBPTOr OTKasa; pesuayan r,(k) on apyror u tpeher, a

I,(k) oz Tpeher u neror oTkasa.

Pr P Ps Py Ps

Pe3nayan
ML 1 0 01 0 1

[Ipema cTpykTypHOj MaTpulu ca Ci. 4.4 a) je:

p, (k)

k

P {Eﬁkﬂ p =] ps(K) |, (4.2.42)
* ps (k)

na cjiaejgu

Sol_(z):[o 0]1
s0.(2)=[M.(2) 1 0],

1 _ MlZ(Z) 1

SO(Z){MZZ(Z) 0}, (4.2.43)
gt _ 0 _Mn(z) 0

@)=l M, (z) 1|

CmeHoM (4.2.43) y (4.2.20) Hana3u ce Tpehu pes MaTpule TpaHcpopMaLyje:

wi(z)=[-1 0 0], (4.2.44)

na je ogrosapajyhu pesuayas npema (4.2.17)
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[ AU_(K) |
~AM, (k)
r(K)=[-M,(z) 0 -1 0 0] AU,(k) |=-0,(K). (4.2.45)
Al (K)
A (k) |

P P2 Ps Py Ps

Pe3uayan
ML 1 0 0 1 1

Ha ocHoBy cTpykTypHe MaTpuLe ca Ci. 4.4 a) KOHCTaTyje ce Ja je:

P, (k)
k
DO{EZEKH,DF p.(K) |, (4.2.46)
i ps (k)

I1a Ba>X1
Sol_(z):[o 1],
$.(2)=[M.(z) 0 0],

1 _ Mlz(z) _Mll(z)
S"(Z){Mzz(z) —Mm(z)]

w003

(4.2.47)

CmeHoMm (4.2.47) y (4.2.20) wuspauyyHaBa ce YeTBPTU peJ MaTpHUle

TpaHcdopmMaliyje y 00JIUKY:

' | _ _Mzz(z) MlZ(Z)
WAZ)—{ 1 M@ M@ } (4.2.48)

Ha ocHoBy (4.2.17) popma oaroBapajyher pesugyaJa je:

[ AU (K) |
~AM, (K)
r4(k)={—Me(z) 0 0 _I\I/\I/Izz((zz)) '\:Aﬂ((zz))} AU, (k) |. (4.2.49)
Al, (k)
| An,(K) |
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Po P. By By Ps

Pe3nayan
ML 11 0 1 0

Ha ocHoBy cTpykTypHe MaTpulie ca Ci. 4.4 a) cienu Aa je:

P, (k)
k
Po {Esikﬂ’ P =| P,(k) (4.2.50)
i P, (k)

Sol_(z):[l 0],
s.(2)=[M.(z2) 0 0],

-M,.(z) O
Si(2) { H } (4.2.51)
-M,(z) 1
0 Mpy(z) 1
SIl(Z) — |: 12 ( ) :| .
0 My(z) O
CmeHoM (4.2.51) y (4.2.20) Ha/1a3u ce NeTH pej MaTpUlle TpaHchopMalyje y
00JIUKY:
w;(z) = {—1 __ 1 0} (4.2.52)
5 Mu@) ]
na je npema (4.2.17) popma oxroBapajyher pesuzayasa
[ AU(K) ]
_AMO (k)
My, (2) 1
rs(k): —Me(Z) —M—(Z) 0 —M—(Z) O AUa(k) . (4‘253)
11 11 Ala(k)
| An,(k) |

4.2.2.2. UMIUVIEMEHTALIMJA METO/JE "PE/J IO PEA"

MeTtozna "pen mo pen” (eHr. Row by row implementation) je npBu nyT
npezasioxkeHa y tesu Shutty —a [116]. [logpasymMeBa cHHTE3y i— TOT pe3UyaJHOT

reHepaTtopa y ¢popMu:

f(t) = W/(2)S,(2) p(t) = 24, (2) PCL). (4.2.54)
Uspasz (4.2.54) wummaunupa ojpehuBame [-Tor peaa MaTpule

TpaHchopmMalyje W, (Z) nmpema pesaiuju:
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w/(z)-S,(z) =z/(z), (4.2.55)
rzeje:
S,(z) neo maTpune oTkasa S.(z), Koju caip>ku p KOJIOHA,
z{,(z) je cnenudukanuja o31Ba - TOT pe3yjyasia Ha CBUX p. OTKasa, U
z/(z) je BexTOp cnenudurKaLyja oJ31Ba i- TOr pe3njyaa Ha oApeheHH cKyn of p
oTkaza (p<pg).

[Ipu nomnyHoj, ckopo xomozeHoj cneyugukayuju, mopeJ; 0TKasa 3a Koje ce
cnenyduIMpa HYJTH 0J3UB, IOCMATpa Ce joll jejlaH MPOU3BOJ/bHO M3abpaH OTKas

3a KOjU Cce 3a/iaje HEHYJITH OZI3UB, P =LL.
Capa je i- Tv pef TpaHchopmanuje
w!(2) =2/(2)S, 7 (2). (4.2.56)
Kapa je cneyugukayuja ckopo nomnyHa, xomozeHa, pa3MaTpajy ce /jBa 0TKa3a
p=u—1=2, 3a Koje i-TH pe3uAyas UMa HyJTH 0J3UB, Tj. W,(Z)-S,(z) =0. U360pom

jeAHor eneMenTay W/(z) mpoOM3BOJbHO, Ha mpumMep W, (2) =v(z), crenu:
(W@ ... W .,@]=@s.@[s'®] (4.2.57)
rje je Si“(Z)=[Sl_(Z) o8 (2) Su_l_(Z)]i' a s, (z) u-tv pea matpure S, (z).

4.2.2.2.1. TIOTIYHA, CKOPO XOMOTEHA CIIELIUPUKALIUJA
4.2.2.2.1.1. CTPYKTYPHA MATPULIA ®OPMHUPAHA MOJIEJIOBAHbEM CUCTEMA

Cn. 4.5 a) Illpukasyje noJsiokaje usabpaHux crnenudukaiyja oA3vMBa Ha

CTPYKTYpHOj MaTtpuny a Ci1. 4.5 6) komnatubuaHe S, (z) marpure.

Ca. 4.5 a) [lomnyHa, ckopo xomozeHa cneyugpukayuja odsusa; b) odzoeapajyhe S, (z)
Mampuye
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pl p2 p3 p4 p5
Pe3 a
YA 1 1 0 1 0

Heka je 3azjaTa cnequdukanuja og3uBa Ha Tpehy, YETBPTU U METU OTKA3:

2(z)=[0 1 0] (4.2.58)

Ha ocHoBy cneuudukanyje oa3uBa U MaTpulle 0TKasa, Ci. 4.5 6) je:

1 00
S,(z)=|0 1 0}, (4.2.59)
0 01
a je NpBU peJ, MaTpulle TpaHchopmaluje
w;(z)=7(2)S;'(z)=[0 1 0]. (4.2.60)
Oxrosapajyhu pe3ujyai je
1K) =w;(2) Se(2) p(k) = w;(z)o(k) = 0,(K), (4.2.61)
OJTHOCHO
AU (K) |
~AM, (k)
(k) =z;(z) p(k):[Mn(z)Me(z) M,(z) 0 1 0] AU, (k) |, (4.2.62)
Al (K)
| An (k) |
Ha OCHOBY 4era je KOMIIJIETAH O/I3WMB Ha CB€ 0TKa3¢€ 3a NIPBH pe3uayaJi:
20,(2) =[My(2)M,(z) M,(z) 0 1 0] (4.2.63)

Pesayan @ P2 P P Ps
b 1 1 0 0 1

Heka je 3agaTa CHELII/I(I)I/IKaLLI/Ija 0/3WBa Ha Tpehn, YeTBPTH U IIETHU OTKa3:
z,(z)=[0 0 1]. (4.2.64)

Ha ocHoBy cnenudukanuje og3uBa U MaTpule oTkasa, Ci. 4.5 6) je:
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1 00
S,(z)=|0 1 0], (4.2.65)
0 01
naje Apyru pej MaTpulie TpaHchopMalyje:
wW,(z) =2,(2)S;'(z)=[0 0 1]. (4.2.66)
OpxroBapajyhu pe3ujyai je
r, (k) =W} (2)S, (2) p(k) = Wj(2)o(K) = 0, (K), (4.2.67)
OZJHOCHO
AU (K) |
~AM, (K)
r,(K) =25, (2) p(K) = [M, (DM, (2) My,(2) 0 0 1]| AU,(K) |  (4.2.68)
Al (k)
- Ang(k) |
[IpeMa TOMe, KOMIIJIETaH OZ3UB Ha OTKa3 3a pyry pe3ujyai je:
(4.2.69)

ZI’ZZ(Z):[MZl(Z)Me(Z) Mzz(z) 00 1]-

P, P P Ps P
p
euayat. 1 0 1 0 1

3
Heka je 3azjaTa cnenudukaluja o43uBa Ha Apyry, Tpehu U 4eTBpTHU OTKa3:

z;(z)=[0 1 0]. (4.2.70)
Ha ocHoBy cnenudukanuje u Mmatpule oTkasa, Ci. 4.5 6) je:
0 10
S,(z2)=|My,(z) 0 1|, (4.2.71)
M,(z) 0 O
na je Tpehu pes marpuie Tpancdopmaryje
w;(z) =2;(2)S;'(z2)=[1 0 0], (4.2.72)
a oarosapajyhu pesugyasn
1, (k) = W3(2)S.(2) p(k) = wi(2)o(k) = 0, (K), (4.2.73)
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Tj.

AU, (K) ]
—AM, (k)
(k) =2,(z)p(k)=[M.(z) 0 1 0 0] AU, (k) |- (4.2.74)
Al (k)
L Ang(k) |

KomnuieTaH o/3UB Ha 0TKa3e 3a Tpehu pe3uayal je:

z:,(2)=[M.(z) 0 1 0 0] (4.2.75)

Ha ocHoBy fo6ujeHor uspa3sa (4.2.75), eBUJIEHTHO je Jia je 043UB Tpeher pe3uayasa
Ha MeTH OTKa3 HYJITH, UITO J0Ka3yje TBP/JmY Jia je CTBAapHO ocTBapuBa ¢popma

CTPYKTypHe MaTpulie Kao Ha Ci1. 4.2 6).

pl p2 p3 p4 p5
rn 10 1 0(0)

pl pz p3 p4 p5
P
AL 0 0 1 1 1

Heka je 3amaTa cienudukanuja oa3uBa Ha IpBH, Jpyry U Tpehu oTkas:
z,(z)=[0 0 1]. (4.2.76)
Ha ocHoBy cnenjudukanuje u MmaTpuie oTkasa, Ci. 4.5 6) je:

M. (2) 0 1
Si(2)=| My ()M, (z) My, (z) O, (4.2.77)
M (2)M,(2) My(2) O

na je 4eTBPTHU peJ| MaTpulle TpaHcopmaliyje

Lo ety |1 Ma(Z) My(2)
w,(z) =2,(2)S, (z)_{l M@ M) } (4.2.78)

npu yemy je M(z) pedunucano y (4.2.32). Ha ocuHoBy (4.2.78) oarosapajyhu

pe3uayai je:
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M, (2) 0 100
r4(k)=wg(z)o(k)={1 —'\I’\'Azz(z) '\:Aﬂ(z)} M (z)M.(z) M,(z) 0 1 O|p(K),
@ MOy, oM@ My 0 0 1

(4.2.79)
AU (K) |
M, (z) M, (2) ~AM, (k)

r4(k)=z;4(z)p(k)={0 01 - Mzz(z) Mlz(z)} AATa((r)) , (4.2.80)
A (K) |

Ha ocHoBy (4.2.80) je koMmyieTaH 0[3UB HA OTKa3e 3a YeTBPTU pe3ujiyas obJrKa:

' _ _Mzz(z) My, (2)
zF4(z)_{O 01 M(2) M(z)}' (4.2.81)

Po P By Py Bs

Pesuayan
ML 001 1 1 0

Heka je 3agata cneyudukaiuja o43uBa Ha NpBY, Tpehu U neTH 0TKa3s:
z(z)=[0 1 0] (4.2.82)

Ha ocHoBy cnenudukanuje u MaTpuiie oTkasa, Ci. 4.5 6) je:

M. (2) 10
S;(z)=| M, (z)M_(z) O 0O}, (4.2.83)
M, (DM.(2) 0 1

1a je MeTH peJ, MaTpUle TpaHchopmaLuje

i - -1 _ _ 1
w,(z) =2.(z)S, (z)_{l M.(2) 0}. (4.2.84)

Oprosapajyhu pesugyar je

M., (z) 0 1 00
e(khw;(z)o(k){l — 0} ML@M,(2) M) 0 1 0]p(k), (42585)
u(?) My (2)M.(2) My,(z) 0 0 1
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AU (K) |
M@ . —AM, (K)
LK) =z, (2)pk)=|0 - -2 1 ——=— 0 LK) . 4.2.86
r, (k) = 24 (2) p(K) { M) @) } AAtIJ ((k)) (4.2.86)
- An (k) |

KoMmmnieTaH 0/13UB Ha 0OTKa3e 3a IIeTH pe3u/iyas Ha OCHOBY (4.2.86) je:

' _ _MlZ(Z) _ 1
st(z)_{O —Mll(z) 1 —Mll(z) 0}. (4.2.87)

4.2.2.2.1.2. CTPYKTYPHA MATPULIA ®OPMHPAHA HA OCHOBY CTPYKTYPE CUCTEMA

......................

: ' :
M, (2) M, (f[1 od,
_::MZZ(Z) '\_~M21(';, 0 li:l

b)
Ca. 4.6 a) [lomnyHa, ckopo XxoMoz2eHa cheyugukayuja od3uea; b) odzoeapajyhe

S,(z) mampuye

Pesayan P P2 P P B
r 0 1 1 1 0

Heka je 3azjaTa cienqudukaiuja o431uBa Ha MPBU, YETBPTHU U NETH 0TKA3:
z(z)=[0 1 0]. (4.2.88)

Ha ocHoBy cnenudukanuje og3uBa U MaTpule oTkasa, Ci1. 4.6 6) je:

M,(z) O O
S(z)=| 0 1 0}, (4.2.89)
0 01

na je IpBU peJ, MaTpulle TpaHchopmaluje
w;(z) =7(2)S;*(z)=[0 1 0]. (4.2.90)

Oprosapajyhu pesugyar je
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(k) = w;(2)Se(2) p(k) = w;(2)o(k) =0, (K), (4.2.91)

OJZJHOCHO

AU (K) |
—AM, (k)
LK) =z,(2)pk)=[0 M,(2) -M,(z) 1 0] AU, (k)
Al (k)
| Any(K) |

(4.2.92)

Ha OCHOBY 4e€ra je KOMIIJIETAH O/I3WB Ha CB€ 0TKa3€ 3a IPBU pe3ruayaJi:

7,(2)=[0 My,(z) -M,(z) 1 0] (4.2.93)

Pesmayan P P2 Po P s
b 0 1 1 0 1

Heka je 3azjaTa ciequdukaluja o431uBa Ha MPBU, YETBPTHU U NETU OTKA3:
z,(z2)=[0 0 1]. (4.2.94)

Ha ocHoBy cnenudukanmje o31uBa U MaTpUlie OTKa3a je:

M,(z) 0 0
S,()=| 0 1 0}, (4.2.95)
0 01

1a je ApyrHy peJi MaTpuiie TpaHchopMmarliyje:

w;(z) =2,(2)S;'(z)=[0 0 1]. (4.2.96)

OproBapajyhu pe3ugyar je

r, (K) =W}(2)S,(2) P(K) = wj(2)o(K) = 0, (K), (4.2.97)
OZJHOCHO

AU (K) ]

—AM, (k)
L) =2,@pK)=[0 M,z ~Mu@2) 0 1| AU,(K) | (4.2.98)

Al, (k)
- An,(0) |
[Ipema TOMe, KOMIIJIETAH OZ3UB Ha OTKa3 3a Jpyru pe3uayal je:

71,(2)=[0 M, (2) —-My(z) 0 1] (4.2.99)
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Pb P, P Py Bs

Pesuayan
M1 001 0 1

Heka je 3azjaTa ciequdukanuja o43uBa Ha pyry, Tpehu u 4eTBpTHU 0TKa3:
z,(z)=[0 1 0]. (4.2.100)

Ha ocHoBy cnenudukanuje u MaTpuiie oTkasa, Ci. 4.6 6) je:

0 1 0
S;(z2)=|M,(z) -M,(2) 1], (4.2.101)
Mzz(z) _M21(Z) 0

na je Tpehu peg maTpule TpaHchopmaliyje
w;(z) =73(2)S;*(z)=[1 0 0], (4.2.102)

a oroBapajyhu pe3uayasn

,(K) = W (2)S:(2) p(k) = wi(2)o(k) =0, (K), (4.2.103)
Tj.

AU, (K) ]
—AM, (k)
(k) =z,(z)pk)=[M.(z) 0 1 0 0] AU, (k) | (4.2.104)
Al (k)

| An (k) |

KomnuieTaH o/j3UB Ha 0TKa3e 3a Tpehu pe3uayal je:

7;,(2)=[M.,(z) 0 1 0 0] (4.2.105)

Ha ocHoBy no6ujeHor uspasa (4.2.105), eBuJIeHTHO je Ja je oA3UB Tpeher
pe3u/iyasia Ha MeTH 0TKa3 HYJITH, LITO J0Ka3yje TBPAY /1a je CTBAPHO OCTBApUBA

dopma cTpyKTypHe MaTpHIie kao Ha Ci. 4.4 6).

PP P Py
rr 1 0 1 0
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Po P, P Py Ps

Pe3nayan
M1 0 0 1 1

Heka je 3azaTa cnenudukanmja oj31MBa Ha IpBY, pyry U Tpehu oTkas:

z,(z)=[1 0 0] (4.2.106)

Ha ocHoBy cnenudukanuje u MaTpuiie oTkasa, Ci. 4.6 6) je:

M. (2) 0 1
S,(z)=| O My,(z) -My(2) |, (4.2.107)
0 Mzz(z) _M21(Z)

1A je YeTBPTH peJi MaTpHUlle TpaHcopMalyje

(N — 7 (NS () —| L Mp(z) My
w,(z) =2,(z)S, (Z){Me(z) M_ (M () MB(Z)M(ZJ. (4.2.108)

npu yemy je M(z) pedunucano y (4.2.32). Ha ocHoBy (4.2.108) oaroBapajyhu
pesupyai je:
M. (2) 0 1 00

o L[ M) Myu() )
u(k)—wAz)o(k)-Me(z){l e M(Z)} g ::8 _:A/Ig ; tl).p<k),

(4.2.109)
- AU (K) ]
M., (2) YOI AN

L(K)=2.,(2)pk)=|1 0 0 2 1 U,(k) | (42.110

(k) = 2., (2) p(K) { MM M(Z)ME(ZJ AAI ((k)) ( )
| An (k) |

Ha ocHoBy (4.2.110) je koMn/ieTaH 0/1I3MB Ha OTKa3e 3a YeTBPTHU pe3r/iyas 00JIHKa:

2;4(2):{1 00 M2@ My } (4.2.111)
M(2)M.(z2) M(2)M.(2)
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Po P. By By Ps

Pe3nayan
ML 11 0 1 0

Heka je 3apara cnenudukalyja o31MBa Ha NpBH, Tpehu U MeTH 0TKa3:
z(z)=[0 1 0] (4.2.112)

Ha ocHoBy cnenudukanmje u MaTpulie 0TKasa je:

MJ(z) 1 0
S.(z)=| 0 -My(z) 0], (4.2.113)
0 -My(2) 1

a je neTH pej MaTpUlie TpaHchopmaluje

W;(z):zg(z)Sgl(z)z{Ml(z) Y (z)ll\/l B 0l (4.2.114)

Oparosapajyhu pe3ujyai je

. . M.(z) O 1 00
r5(k)=Wé(Z)0(k)=Me(z){l M) 0} 8 :2128 :::/I/'ng (1) 2 p(k),
(4.2.115)

AU, (K) ]
—AM, (k)
AU, (K)
Al (k)

| An(K) |

(4.2.116)

My, (2) 0 1
M. ()M (2) M. (2)M,(2)

I (k) =z (2) p(k) = [1

KomMmieTaH 0/13MB Ha 0OTKa3e 3a NeTH pe3uiyas Ha OCHOBY (4.2.116) je:

21.(2) = {1 M, (2) 0 L 0}. (4.2.117)
M. (2)M,,(2) M. (2)My,(2)
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4.2.2.2.2. CKOPO IIOTIIYHA, XOMOTEHA CHELIM®PUKALIMJA

4,2.2.2.2.1. CTPYKTYPHA MATPHULA JI0BHJEHA MO/JEJOBAIEM CUCTEMA

Cn. 4.7 a) Ilpukasyje moJsiokaje u3abpaHHUX XOMOTeHMUX cnenudukanuja

0/13UBa Ha CTPYKTYpHOj MaTpuly, a Ci1. 4.7 6) komnaTubuiHe S,(Z) MaTpulie Koje

npejcTaB/bajy oarosapajyhe genose S;(z) marpure.

B P Py R

r o1 1 (o)1 (o

RN 1

no1§031{0}1

[, 11 1

L0yl 1 1 1:9:.
a) b)

Ca. 4.7 a) Ckopo nhomnyHa, xomozeHa cneyudukayuja od3usa; b) odzoeapajyhe S, (z)

mampuuye

Pp P2 Ps Py Ps

Pe3nayan
ML 11 0 01 o0

Ha ocHOBy mpBoOr peia CTPYKTYpHe MaTpHlle, KOHCTaTyje ce Jla XOMOreH

0/13UB Tpeba cnenuPUIUpaTH 3a Tpehu U neTy oTKas

z,(z)=[0 0]. (4.2.118)

Ha ocHoBy cnenudukanuje oag3uBa U MaTpule oTkasa, Ci1. 4.7 6) je:

S,(2) = (4.2.119)

o O -
O O

1a NpBU peJ, MaTpulle TpaHchopMallHje MPOU3UIA3U KA0 pelllemhe u3pasa

w;(2)- S,(2) =7(2), (4.2.120)
Tj.
10
[Wll(z) W, (2) W13(Z)] 00 :[O O], (4.2.121)
01
IITO UMILJIUIMpPA
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[w,(z) w,(2)]=[0 0] (4.2.122)
W, (z) MOXXe 6UTH NPOH3BOJBHO U3a6PaHO, jeZJHO O pelllerha Pe/iCTaB/ba U360p:

w, (2) =1, (4.2.123)

Ha OCHOBY Yera je IpBH peJ, MaTpule TpaHchopmaLuje

w;(z)=[0 1 0]. (4.2.124)
OproBapajyhu pesugyar je

(k) =w;(2)S¢(2) p(k) =w;(z)o(k) =0,(k) (4.2.125)

[ AU (K) |

—AM, (k)
LK) =2,(2)p(k) = [M, (DM, (2) My,(2) 0 1 0] AU, (k) | (42.126)

Al (k)

- Ang(k) |

KoMmieTaH 0/131MB Ha CBe OTKa3e 3a NPBU pe3ujyal je:

74, (2) =[Mu (M, (z) My,(z) 0 1 0] (4.2.127)

Po P, P;s Py DBs

Pe3npayan
ML 1 1 0 0 1

Ha OCHOBY Apyror peaa CTpyKTypHe MaTpHIE, KOHCTaTYje ce Ja XOMOI'€H

0/13UB Tpe6a cnenuUIMpaTH 3a Tpehr U YeTBPTH OTKa3:
z,(z)=[0 0] (4.2.128)

Ha ocHoBy cnienudukanuje og3uBa u MaTpule oTkasa, Ci. 4.7 6) je:

S,(2) = (4.2.129)

o O
o O

na Jpyry peJi MaTpule TpaHcopMaliyje Mpou3uaa3u Kao pellerme u3pasa

W, (2)-S,(z) =z,(2), (4.2.130)
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10
[W,(2) w,(2) wy(2)]|0 1|=[0 0], (4.2.131)
0 0
Tj.
[w,(z) w,,(2)]=[0 O] (4.2.132)

W,,(Z) Moxxe 6UTH NPOU3BOJbHO U3a0PAHO, jeJHO O/ pelliema je

W,,(2) =1, (4.2.133)

IITO UMIJIMIMPA JPYTH peJ, MaTpulle TpaHcpopMaluje:

w,(z)=[0 0 1]. (4.2.134)
Opxrosapajyhu pe3ujyai je

r, (k) = W;(2)Se(2) p(k) = w; (2)o(k) = 05(k), (4.2.135)

AU (K) |

—AM, (k)
rz(k):z;z(z)p(k):[Mﬂ(z)Me(z) M, (z) 0 O 1] AU, (k) |. (4.2.136)

Al (k)

| An (k) |

KoMmieTaH 0/131MB Ha CBe OTKa3e 3a ApPYyry pe3uayal je:

2t,(2) =[M (M, (z2) M,(z) 0 0 1]. (4.2.137)

P P2 Ps Py Bs
Pesuayan
AL 1 0 1 0 1

Ha ocHoBy Tpeher pesa cTpyKTypHe MaTpHlle, KOHCTATyje ce Jla XOMOTreH

0/13UB Tpeba cneluPUIMPaTH 3a JPYTU U YeTBPTU OTKa3:

z,(z)=[0 0. (4.2.138)

Ha ocHoBy cnenudukanuje oag3uBa U MaTpule oTkasa, Ci1. 4.7 6) je:

0 0
S;(z)=|M,(z) 1|, (4.2.139)
MZZ(Z) O

na tpehu pej MaTpulle TpaHchopMalMje MPpoU3nIa3y Kao pelllere u3pasa
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W, (2)- S,(2) = 25(2), (4.2.140)
Tj.
0 0
[Wy (z) Wy, (2) wy(2)]| Mp(z) 1(=[0 O], (4.2.141)
M, (z) O
Ha OCHOBY 4era cjieau
[w,(z) wy,(2)]=[0 0], (4.2.142)

W, (z) Moxe OWTHM IPOU3BO/BHO U3abpaHO, jeAHO OJ Hajje[HOCTaBHUjUX

npejcTaB/ba U360p:
Wy, (z) =1, (4.2.143)

na je Tpehu pen MmaTpuie TpaHchopmanuje

wy(z)=[1 0 0] (4.2.144)
Oprosapajyhu pesugyar je
1, (k) =w;(2) Se(2) p(k) = w;(2)o(k) =0, (k), (4.2.145)
Tj.
AU (K) |
_AMo(k)
rs(k):zgs(z)p(k):[Me(z) 010 0] AU, (k) |- (4.2.146)
Al, (k)
| An (k) |

KomMmmnieTaH 0/13UB Ha CBe oTKa3e 3a Tpehu pe3ujyar je:
7t,(2)=[M.(z) 0 1 0 0] (4.2.147)

Ha ocHoBy nob6ujeHor nspasa (4.2.147), eBUJleHTHO je Jia je 03UB Tpeher
pe3sy/iyasia Ha eTH 0TKa3 HYJITH, LITO Zl0Ka3yje TBPAY Jia je CTBAapHO OCTBAapHUBa

dopma cTpyKTypHe MaTpHuIie kao Ha Ci. 4.2 6).

pl p2 p3 p4 p5
rn 10 1 0(0)
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P. P, Bs By Bs

Pe3nayan
ML 0 0 1 1 1

Ha ocHOBY 4eTBpTOT pefia CTPYKTYpPHE MaTpHIle, KOHCTATYyje ce Jla XOMOTreH

0/131B Tpeba cnenULMpaTy 3a NPBU U pyry OTKa3:
z,(z)=[0 0]. (4.2.148)
Ha ocHoBy cnenudukaiyje oq3uBa 1 MaTpulie oTkasa, Ci. 4.7 6) je:

M, (z) 0
S, (D)= My(DIM(2) My, (2) |, (4.2.149)
M (2)M,(2) My(2)

na 4eTBPTHU peJi MaTpHulle TpaHcopMalyje IpoU3uIa3u Kao peliemne U3pasa
w,(2)-S,(z) =z;,(2), (4.2.150)
Tj.

M, (z) 0
[W41(Z) W42(Z) W43(Z)] Mll(Z)Me(Z) MlZ(Z) :[O O]- (4.2.151)
M, (2)M(2) My, (2)

H36opom W,,(z) =1 nobuja ce

M, (2) 0

[w,,(2) WAZ(Z)]|:M11(Z)Me(Z) M, (2)

}z_[mﬂ(z)me(z) M,,(2)], (4.2.152)

OJIaKJIe CJIEJIH:

| M@ M,
WA(Z)_{MQ(Z) M., (2) 1}. (4.2.153)

npu yeMy je M (z) nebunucanoy (4.2.32).
OproBapajyhu pe3ugyair je:
M. (2) 0 1 00

r4(k)=w;(z)o(k)={M(z) My () 1} M,(@M,(2) My(z) 0 1 0|p(k),
Me(@ M@ iy oM@ Mu@ 0 0 1

(4.2.154)
Tj.

Jokmopcka ducepmayuja Mp Carea AHmuh, duna.uHic.en

95



[Ipumena memoda 3a demeKyujy omkasa 3acCHO8AHUX HA MOdeay y eseKmpo-
MeXaHU4KuUM cucmema

AU (K) |
M@z) M., (2) ~AM, (k)
r4(k)=z;4(2)p(k)={0 0 M () —Mi(z) 1} AU, (k) |- (4.2.155)
Al (K)
| Any(K) |

HpeMa TOME€, KOMIIJIETAH OZI3WB Ha CBE OTKAa3€ 3a YeTBPTHU peE3NAyaJl je:

2;4(z)={0 0o M@ _My(2) 1}. (4.2.156)
MlZ(Z) MlZ(Z)

Pp P, Pz P, Bs
p
AT, 001 1 1 o0

Ha ocHOBy meTor pejija CTpyKTypHe MaTpulie, KOHCTATyje Ce Jja XOMOreH

0/13UB Tpeba cnenPpUIMpaTH 32 IPBHU U NETH OTKA3:
z.(z)=[0 0] (4.2.157)

Ha ocHoBy cnenudukanyje o/j31uBa U MaTpulle oTkasa, Ci. 4.7 6) je:

M(z) O
Si(z)=| M, (z)M_(z) O], (4.2.158)
My (M (2) 1

na [eTH peJi MaTpulie TpaHCchopMaliije IPOU3UIA3H Kao pelllelmhe h3pasa:

Mz O
[We(@ W@ W(@] Mu(@M,() 0|=[0 0] (42159
M (DM, (2) 1

Cazna ce usbopom

w;, (2) =1, (4.2.160)
Jnobuja

M, (DM (2) O

[W52(Z) W53(Z)]L\/|21(Z)|\/| ) 1

}:—[Me(z) 0], (4.2.161)

oJlakJie ce o6Uja MeTH peJ MaTpulle TpaHchopMaliyje:
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N P
W5(z)_{1 M..(2) O}. (4.2.162)

Oprosapajyhu pesugyar je

M. (2) 0 1 00
rs(k)ZWé(Z)O(k)={1 —Ml 0} M, ()M (2) My(z) 0 1 0fp(k),
u(?) M, (2)M(z) My(z) 0 0 1

(4.2.163)
AU (K) ]
M L —AM, (k)
rs(k)=2é5(2)p(k)=[0 My(@) 0} AU, (k) | (42.164)
Mll(z) Mll(z)
Al (k)
| Ang (k)
KoMIietan O/JI3MB HA CB€ OTKA3e€ 3a IIeTH pe3rnayaJl je:
M,,(2) 1
z2..(2)=|0 ——**—= 1 ———— O}. (4.2.165)
" |: M,,(2) M,,(2)

4.2.2.2.2.2. CTPYKTYPHA MATPHULIA IOBUJEHA HA OCHOBY CTPYKTYPE CUCTEMA

Cn. 4.8 a) llpukasyje nosioxaje uM3abpaHux crneyurdUKaluvja oA3MBa Ha

CTpyKTypHoj MaTpunu a Cia. 4.8 6) kommatu6uiHe S,(z) Marpule Koje

npeJcTaB/bajy ogroeapajyhe nenose S;(z) maTpure.

Pr P, Ps Py Ps

r(o)1 1 1 (o J—
SoF Yoy
o1 ("6."; 1 l:’O :; 1 Se(2) = E‘Mlz(z)i :_Mll(z
o1 11 : (M (2)f M,
L1 140310
a) T b)
Ca. 4.8 a) Ckopo nomnyHa, XomozeHa cneyudukayuja od3usa; b) odzoeapajyhe S,(z)
Mampuye
Jokmopcka ducepmayuja Mp Carea AHmuh, duna.uHic.en
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P. P. Bs Py Bs

Pe3nayan
ML 001 1 1 o

Ha ocHOBy mpBoOr peia CTPYKTYpHe MaTpulle, KOHCTaTyje ce Jla XOMOreH

0/13UB Tpeba cneluPUIMPaTH 3a IPBHU U NIETH OTKA3

z,(z)=[0 0]. (4.2.166)

Ha ocHoBy cnienudukanmje oa3uBa U MaTpule oTkasa, Ci1. 4.8 6) je:

M,(z) O
s,(z)=| 0 0|, (4.2.167)
0 1

1a NpBH peJ, MaTpulle TpaHchopMalUje MPOU3UIa3U Ko pellierhe u3pasa

w;(2)-S,(z) =7,(2), (4.2.168)
Tj.
M.(z) O
[w,(2) wy,(z) wg(z)]] 0 0|=[0 0], (4.2.169)
0 1
IITO UMIIJIMLIKPA
[w,(2) wy(2)]=[0 0], (4.2.170)

W,,(Z) Moxe GUTH MPOMU3BObHO HU3abpaHO, jeJHO O/ jeJHOCTAaBHUjUX pellera

npe/cTaB/ba U360p:

W, (z) =1, (4.2.171)

Ha OCHOBY 4era je pBU peJi MaTpulle TpaHchopmaluje

w;(z)=[0 1 0]. (4.2.172)
OpxroBapajyhu pe3ujgyar je
r,(K) = W}(2) S, (2) p(k) = W(2)o(k) =0, (k) (4.2.173)
Tj.
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[ AU (k)
—AM, (k)
LK) =z,(2)pk)=[0 My,(z) -My,(z) 1 O] AU, (k) | (4.2.174)
Al (k)
| Any (k) |

KoMmieTaH 0/13MB Ha CBe OTKa3e 3a IPBU pe3uzyall je:

7:,(2)=[0 My,(z) -My,(z) 1 0] (4.2.175)

Po P P Py Ps

Pe3nayan
ML 001 01 0 1

Ha ocHOBy gpyror pesa CTpyKTypHe MaTpHle, KOHCTaTyje ce Jla XOMOreH

0/13UB Tpeba cnenUIMpaTH 3a Tpehy U YeTBPTH OTKa3:

z,(z)=[0 0]. (4.2.176)

Ha ocHoBy cnenudukanuje oa3uBa U MaTpule oTkasa, Ci1. 4.8 6) je:

M,(z) O
s,()=| 0 1|, (4.2.177)
0 0

na JJpyry pej MaTpule TpaHcopMaliyje Npor3uIa3y Kao peliemne u3pasa

w,(2)-S,(z) =2,(2), (4.2.178)
M.(z) 0
[Wy(z) wy,(2) wy(z)]] O  1(=[0 0], (4.2.179)
0 0
Tj.
[wy(z) wy,(z)]=[0 0] (4.2.180)

W,,(Z) Mo>ke GUTH NPOU3BOJbHO U3a6PAHO, je/IHO O/ pellerba je

Wy (2) =1, (4.2.181)

IITO UMILJIMLIMPA JPYTH peJ, MaTpulle TpaHcpopMaLuje:
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wy(z)=[0 0 1]. (4.2.182)
Oprosapajyhu pesugyar je

, (k) = w;(2) S¢(2) p(k) = w,(2)0(K) = 0,(k), (4.2.183)

[ AU (K) |

~AM, (k)
LK) =2, ()p(K) =[0 M,(2) ~Mu(2) O 1] AU,(K) |. (4.2.184)

Al (k)

- Ang(k) |

KoMmieTaH 0/131MB Ha CBe OTKa3e 3a ApPYyry pe3uayal je:

7;,(2)=[0 M, (2) -M,(z) 0 1] (4.2.185)

Pb P, Ps Ps B

Pe3unayan
A1 001 0 1

Ha ocHoBy Tpeher pena cTpyKTypHe MaTpHlle, KOHCTATyje ce Ja XOMOreH

0/13UB Tpeba cneuuPUIUpaTH 3a APYTrU U YETBPTH OTKAa3:
z;(z)=[0 O] (4.2.186)

Ha ocHoBy cnenudukanuje oag3uBa U MaTpule oTkasa, Ci1. 4.8 6) je:

0 0
S;(z)=|M,(z) 1|, (4.2.187)
MZZ(Z) O

na tpehu pej MaTpulle TpaHchopMaluje Mporu3naa3y Kao pelliere u3pasa

W;(2) - S;(2) = z3(2), (4.2.188)
Tj.
0 0
[W31(Z) W;, (2) W33(Z)] M,(z) 1|= [0 O]’ (4.2.189)
My(z) O
Ha OCHOBY Yera cJieiu
[w,(z) wy,(z)]=[0 0], (4.2.190)
Jokmopcka ducepmayuja Mp Carea AHmuh, duna.uHic.en
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W,,(Z) Moxke GMTHU NPOHU3BObHO HU3abpaHO, jeJHO O jeIHOCTAaBHHUjUX pelllera

npeJjcTaB/ba U360p:

w;, (2) =1, (4.2.191)
Ha OCHOBY yera je Tpehu pes MaTpule TpaHchopMalyje
wy(z)=[1 0 0] (4.2.192)
Oprosapajyhu pesugyar je
1, (K) =W}(2)S,(2) P(K) = W (2)o(k) = 0, (K), (4.2.193)

KomnuieTaH o/31B Ha cBe 0TKase 3a Tpehu pe3uayai je:

AU, (K) |
—AM, (k)
(k) = 2, (2) p(k) =[M,(z) O 1 0 0] AU, (k) | (4.2.194)
Al (k)
| Ang(k) |
z2t,(2)=[M.,(z) 0 1 0 0] (4.2.195)

P. P. Bs By Bs

Pe3nayan
ML 000 1 1 1

Ha OCHOBY 4€TBPTOT peJila CTPYKTYpHE MaTpule, KOHCTaTYje ce 1a XOMOreH

0/131B Tpeba cnenudUIMpaTH 3a NPBU U JIPyry OTKa3:
z,(z)=[0 0]. (4.2.196)
Ha ocHoBy cnenudukanuje og3uBa u Mmatpule otkasa Ci. 4.8 6) je:

0 1
S,(2)=| M(2) -My(2) |, (4.2.197)
Mzz(z) _M21(Z)

na 4eTBPTH peJi MaTpulle TpaHcopMalyje MPOU3UIa3y Kao pelLierme U3pasa

W, (2)-S,(z) =z,(2), (4.2.198)
Tj.
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0 1
[W41(Z) W42(Z) W43(Z)] Mlz(z) _Mll(z) :[0 0]- (4.2.199)
M, (2) —-My(2)

HU36opom w,,(z) =1 nobuja ce

1

M., (2) —Mn(z)}[_Mzz(z) Mx(2)],  (4:2200)

[w,,(2) W42(Z)]|:

oJlaKJie CJIeIU:

| - M@ M,(2)
w4(z)_{ M. (2) M., (2) 1}. (4.2.201)

npu yemy je M (z) nebunucanoy (4.2.32).

Ogxrosapajyhu pe3supyai je:
M. (2) 0 1 0 0

o | M (z) _Mzz(z) _
r4(|<)—W4(2)0(k)—[ VL@ ML() 1} 8 I\'\;:ug _:2“8 ; S p(k),

(4.2.202)
Tj.
[ AU (K) |
M ()M M —AM, (k)
'r4(k)=Z’F4(Z)|0(k)={—M 0 0 Mz 1} AU, (K) |. (4.2.203)
My, (2) M., (2)
Al, (k)
| Ang (k) |
[Ipema TOMe, KOMILJIETAH OZ3UB Ha CBe OTKa3e 3a YeTBPTH pe3uayal je:
2;4(z>{_w 0 0 M2 1}. (4.2.204)
My, (2) M, (2)
PP P P Ps
P
CHAYAT, 11 0 1 o0

5

Ha ocHOBy meTor pejija CTpyKTypHe MaTpulie, KOHCTaTyje Ce Jja XOMOreH

0/134B Tpeba crerudUIUpaTy 3a Tpehu u neTu oTKas:
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z,(z)=[0 0] (4.2.205)
Ha ocHoBy cnenudukanyje o/j3uBa U MaTpulie oTkasa, Ci. 4.8 6) je:

1 0
Si(z)=|-My(z) O], (4.2.206)
_le(z) 1

na neTu peJ MaTpule TpaHchopMaluje NPoU3nIa3u Kao pellerhe u3pasa:

1 0
[We (z) Wi, (z) W(2)]| -My,(2) Of=[0 O] (4.2.207)
-My(2) 1
Cagza ce u360poM HIIp.
W, (2) =1, (4.2.208)
nobuja
0
@ w@] e o (42.200)

OJlaKJ/ie Ce HaJla3u IIeTH peJi MaTpulle TpaHchopMaluje:
wi(z)=[My(2) 1 0] (4.2.210)

Opxrosapajyhu pe3ugyar je

M. (z) O 1 0 0
(k) =wi(z)o(k) =[M,(z) 1 0] O M,(z2) -M,(z) 1 0|p(k), (4.2.211)
0 Mzz(z) _M21(Z) 01

Tj.
AU (K) |
~AM, (k)
6(K) =2(2) p() = [M.(IM,(2) M,(2) 0 1 0] AU,(K) | (42.212)
Al, (k)
L Ang(k)
KoMnieTaH o43UB Ha cBe OTKa3e 3a IeTH pe3uayall je:
7t:(2)=[M,(z)My,(z2) My,(z) 0 1 0] (4.2.213)
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4.2.2.3. METOJA CHOW-WILLSKY

MeTtoza Chow-Willsky ce npBu nyT nomume y [40]. Arroputam ce 3acCHUBaA

Ha JUCKPETHOM MOJieJly CHUCTEMA Y MPUCYCTBY OTKasa y HPOCTOPY CTamba,

HalMCcaHOM y MOAU(PUKOBAHOM OOJIUKY:

Y (t) =Ix(t—o)+ KU(t) + L.P(t), (4.2.214)
rJie je ¢ Ay»HHa Npo3opa.
YBeJileHU BEKTOPU yJ/1a3a, M3J1a3a U 0TKa3a pe/ioM Cy peJioM:
- u(k-o) | - y(k-o) | pk-o) ]
uk—o+1) y(k—oc+1) p(k—oc+1)
Ut)=|uk-oc+2)|, Y(K)=|y(k—c+2) |, Pt)=| p(k—c+2) (4.2.215)
u(k) y(k) p(k)
ca ayxuHama (c+1)-k, (c+1)-pu u (c+1)-p. pecneKTUBHO.
Takobe Baxku:
[ C | D |
CA CB D
J=|CA*|, K=| CAB CB D :
CA° CA°'B CA°’B CB D]
R B - (4.2.216)
FF
CE; F.
L. =| CAE; CE; F :
|CA™'E. CA”’E, CE, F
npu 4yemy cy pauMensuje marpuua J,K,L.  pesom [(o+1)-u]-v,
[(G+1)-H]'[(G+1)-k], [(G-i—l)-},t]-[((i-l—l)'p,:].
JenaH pen pesujiyasna, Tj. lbeTOB pauyyHCKHU OOJIUK je:
() =w/[Y (t) - KU (1)], (4.2.217)
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y3 HEONXoJaH ycJoB Aa 6u TpaHchopMaluja eJMMHUHHCAJA BEKTOP CTama U3

pe3uayaJa:
w/J =0". (4.2.218)

na je y3 IOMEeHYTH yCJIOB, MHTepHA $opMa pe3ujyasia obIuKa:

r(t) =w/L-P(t) =z, P(t). (4.2.219)

[IpuTom je:
wi=[w, Wi, oW, w (4.2.220)
ZI’:i:[Zl,:ic A ZIIZiO]' (4.2.221)

CBu eneMeHTH y (4.2.220) 1 (4.2.221) cy @ AUMEH3HMOHU BEKTOPH.

yBObeH)eM INIOJIMHOMHHX BEKTOpPaA:
W (Z) =Wy + Wiz +. .+ W27, (4.2.222)

21 () =20, +20, 2+ 2L 270, (4.2.223)

Fic
Chow-Willsky renepatop go6uja popmy:
L () =w (2)[y(t) - M(Z)ut)] =z (2) p(t). (4.2.224)
3HayajHo je HArJIACUTHU Jla y CUCTEMHUMaA KO/ KOjuX je 6poj oTKasa Behu oz
6poja ussasa cucrema p=p—1, peumwewe Chow-Willsky Tpancpopmanmja, ce moxe

Hahu camo 3a/1aBamkeM CKOpO NMOTIIyHe, XOMOreHe cnequduKalyje, na Baxu:
w[J L]=[0" Z] z =0, (4.2.225)

'
ic

[wi, wi, - wp wiol[J L]=[0" 7],z =0, (4.2.226)

ic—1 i
rae je LO A€o MaTpuie L u3 KOje Cy U30CTaBJ/bEHE CBE HYJITE€ KOJIOHE KOje ce ogHoce
Ha CTPHUKTHO yJIa3HE OTKa3e€.

[TomrTo MaTpuia [J LO] HUje KBaJlpaTHa, P -TH eJleMeHaT BeKTopa W, ce

6upa NpPOoM3BOJbHO:

W, =C. (4.2.227)
Cneau
’ ' ' ' H -1
[(wi(,)p W, oW, Wio}:—c[jp. 03" 1], 42228
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[Ipumena memoda 3a demeKyujy omkasa 3acCHO8AHUX HA MOdeay y eseKmpo-
MeXaHU4KuUM cucmema

rze je: (Wi’c)p—wi'(y 6e3 p - TOr eJleMeHTa; [J P L§]— marpuna[J Ly] 6e3 p - Tor
peaa; [jp_ Ig.]— p -t pes Matpune [J L]
Takobe ce Mmoxke mokasaTH Jia je noTpebHa Ay>kUHA npo3opa [51]:
c=v-p,. (4.2.229)
TZle je:v-peJi CUCTeMa, p, - 6POj CTPUKTHO YJIa3HUX OTKasa.
Y npumepy MoTopa ca nojayaBayeM ce Martpuue E, u F ca Ci 4.9 06)
dopMupajy ceseKLUjoM KosJoHa Matpuna E. u F. koje oArosapajy Jiokauujama

HYJTUX clieliprKanyja y CTpyKTypHOj MaTpuu Ha Ci. 4.9 a).

PP Py P R
ro1 1(0)1 (o \
AN 1 %
n 1031 {0y1 BT o
(@9 1 T A
Ts .sgo. 1 1 ‘:9:'
a) b)

Ca. 4.9 a) Ckopo nomnyHe, XxomozeHe cheyugukayuje od3uea Ha3HavyeHe Ha
cmpykmypHoj mampuyu 6) odzosapajyhe E,, F, mampuye

Jlo6ujeHe MaTpuiie cy:

00 00 0 0 0.00768 0 0.00768 0
E,=|0 O|, E,=|0 0|, E,=|17.83 0|, E,=| 01682 17.83 |, E.=| 0.1682 0.
00 00 5221 0 3896 5221 3896 0
(4.2.230)
10 10 00 2115 0 2115 0
F=(0 0|,F,=[0 1|,F,=|0 1|,F,=| 0 0| F=l 0 oOf
0 1 00 00 0 0 0 1
(4.2.231)

[lourro cy nmpBa kosioHa Matpure F, u apyra kosoHa Mmatpune F, HyJTe, a
nouTo ce o6e ofiHoce Ha Jipyru otkas —AM_ (K), 3ak/byuyje ce fja je caMo 0Baj OTKa3

CTPUKTHO ysaa3HU [51]. Ha ocHOBy OBe KOHCTaTalUje, MPOUCTHYE /1A je HEONXO0AHA
Jy’KWHA Mpo30opa NpU NpopadyHy MaTpulle TpaHchopMmalyje 3a Tpehu U 4eTBPTHU

pesuayas, YUju ce jeflaH HyJTHU OJ3UB OJHOCH Ha Jpyryd CTPUKTHO YJIa3HU OTKa3
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—AM, (k), c=v—p, =3-1=2, a3anpsy, APyry U eTH peaujyan ¢ =v =3. [Ipema

TOME

C
CA
CA?|
CA®

I:k
CE,
CAE,

C
CA |,J, =
CA’

J, = L =

raeje k=1, 2, 5; 1=3, 4.

[ 15.43
0
0
8.8738
0.4988
517.4267
5.1033
—-0.097
| 576.1140

[ 15.43
0
0
8.8738
0.4988
517.4267
5.1033
—-0.097
576.1140
2.9349
—0.2602
| 479.6295

I:k
CE,
CA’E, CAE, CE,

F

0
1
0
0
—0.0035
2.512
0

—-0.0018
1.3375

0
1
0
0
—0.0035
2.512
0
-0.0018
1.3375
0
—-0.0010
0.7121

F

0
0
2.513
0
—-0.0019
1.3467
0
—0.0010

0.7170 |

0
0
2.513
0
-0.0019
1.3467
0
—-0.0010
0.7170
0
—0.0005

0.3818 |

I:I
=| CE, F ,
CAE, CE, F,
(4.2.232)
(4.2.233)
(4.2.234)

WU3pBajameM Hy/aTHX KoJIOHa M3 Martpuua L, u L, koje cy mociaepguna

JIpyTorT, YUCTO YJIa3HOT 0TKa3a, MOry ce popMHUpaTHU peloM MaTpHUIIE:

O L% LI Wl Wl Ll

(4.2.235)
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Jla 61 ce UMMIeMeHTUpaJ1a peJanyja (4.2.228) Heonxo4HO je joll U30J10BaTH
jenaH peJ MaTpuLia TaKo /la OCTAaTaK He Oy/e CUMHTyJiapaH. AHa/IM30M KOHKpPEeTHHUX
MaTpHulla oKasyje ce Aa Cy To Apyry, Tpehu U npBU pej 3a NPBU APYTU U NETHU
pesuayan, u Tpehu u npBuU pen 3a Tpehu U 4eTBpTHU pe3ugyasn. U3b6opom C=1,

caenu:
()" wip wiy we |==[0, 1,090 ©T (4.2.236)

3apesunyane: K=1(p=2), 2(p=3), 5(p=1

[wi)? wi wio |=—[d, ]9 ] (4.2.237)

sapesunyare: | =3 (p=3), 4 (p=1).
[IpumeHoMm nporpamckor nakera MATLAB pob6wujajy ce TpaHchopmanuje

pe3uyaja y 00JHKY:
[ 2 [ 1A ’
|:(W13 ) Wy, W, Wy :| =

(4.2.238)
=[0 0 0 1.8881.10" 0 0 -6.829110" 0 0 6.1661.10" 0],

Jl0ZlaBamheM JIPyror eJleMeHTa BEKTOPY (W{3)2 no6uja ce:

! !

Wl, :[le Wy, Wl’l Wllo]:

(0@ oo 1ese120" o0 —6.829120" 0o 61661107 0]

(4.2.239)
KOHAYHO je MPBHU peJ, MaTpHlle TpaHCchopMaLmje:
wl’(z)zwl’0 FWLZT AW, 2T Wz = (4.2.240)
—[0 (6.1661-10" —6.8291-1077+1.8881-10722 +2) 0]
! 3 ’ [ 1
[(Wza) Wi, Wy Wzo} =
(4.2.241)

=[o 0 0 0 1888110 0 0 -6.8291.10" 0 O 6.1661-107],

nozaBareM Tpeher eeMeHTa BEKTOPY (Wa, )3 nob6uja ce:
W; :[Wés Wéz W;l W;o]:
-[o o@o 0 1888110'J0 0 —6.8201.10" 0 © 6.1661-10 |

(4.2.242)

KOHAYHO je APYTH peJ MaTpulle TpaHcopmaluje:
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!’

W) (Z) =Wy +Wp, 2+ Wp,z 2+ Whpz

(4.2.243)
=[0 0 (6.1661-10" —6.8291-10"z " +1.8881-10"z 72 +z7%)].

[(Wéz)3 Wy, Wéo]:
:[5.0946-1017 0 -1.9729-10® 0 -5.026 1.8901-10® 0 7.539],

(4.2.244)
nonaBameM Tpeher enemenTa BekTopy (W,)° jo6uja ce:

!

W, = [Wéz Wé1 Wéo] =

=[5.O946-1O17 O®}1.9729~1018 0 —5.026'1.8901-1018 0 7.539],

(4.2.245)
KOHay4Ho je Tpehu pes MaTpuile TpaHcopmalje:

’ r -1 r -2
WS(Z)=W3O+W312 +W,LZ2 7 =

=[(1.890110"° ~1.9729-10° 2" +5.0946-10"2?) 0 (7.539-5.0267"+27)].

(4.2.246)
CpebuBameM npeTxoAHOT U3pasa Aobuja ce:

W, (2) =W, + Wy 7t +wi,z ? =1.8901-10°[ (1-1.044-21+0.269-2°) 0 0],

(4.2.247)
[(wj,)' w,, wj,|=[0 0 -1.8367 -6.6927 -0.009 0 12.8949 0.0175],

(4.2.248)

Jl0JlaBambeM TIPBOT esieMeHTa BekTopy (W,,) mo6uja ce:
W, =[W;2 W, ij] :@ 00 |—1.8367 —6.6927 —0.009' 0 12.8949 0.0175],

(4.2.249)
KOHAYHO je Y4eTBPTHU peJi MaTpulle TpaHcopMaluje:

W, (2) =W +Wy,z "+ W,z =

=[(-1.8367-2" + %) (12.8949-6.6927-2") (0.0175-0.009-7%)].

(4.2.250)

’ ! !

(Wés)l Wg,  Wgy W50:|:

[O 0 -2.8874 —6.6096 0 1.9019 25.1474 0 0 -23.9156 0],

1

(4.2.251)

Jokmopcka ducepmayuja Mp Carea AHmuh, duna.uHic.en

109
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N . .
Jl0/jaBarbeM IIPBOT eJleMeHTa BeKTopy (W, ) AoGHja ce:

’ ’

Wsg :[Wss Wéz Wél Wgo]:
:®0 0|—2.8874 —6.6096 0|1.9019 25.1474 0|0 —-23.9156 O],

(4.2.252)
KOHA4YHO je MeTU pej, MaTpulle TpaHchopMaLmje:

W (2) = Wiy +We 2t + Wi,z 2 + Wiz > =

=[(1.9019-2"-2.8874.-2°+27) (-23.9156+25.1474-7'~6.6096-27) 0.

(4.2.253)

4.2.2.4. CHICTEMATUYHA UMIUVIEMEHTALIMJA

Y uu/by NocTH3ama Ke/beHUX 0COOMHA Pe3UAyasHOT reHepaTopa:
e Kay3aJIHOCTH (06e36ehyje moryhHoCT peasnusanuje),
e CTabUJIHOCTH,
* MOJMHOMHOT KapakTepa (MA - Moving average dopme),
HEOINXOJHO je yBohewe MojudUKaTOpa OJ3UBA U MpUMeHa T3B. CUCTEMaTUYHE
MMIlJIeMeHTaluje (eHr. Systematic implementation) 3acHoBaHe Ha QopMHUpaALY
Cuctemcke mMaTpule oTKasa (eHr. the Fault system matrix) u MoJeny cUCTeMa y
IPUCYCTBY OTKa3a y NPOCTOPY CTama.
Y npuMepy MOTOpa ca nnojayaBayeM Moryha cy ABa npucTyna:
-AnropuTtam I ca moTnyHOM, CKOpo XOMOTreHoM creiudukanyjom og3usa [70];
-Anroputam Il ca ckopo moTnyHOM, XOMOTeHOM crieliudpuKaijom o/i3uBa [67].

CucreMcKa MaTpHULa OTKa3a ce JepUHUIIe U3PA30M:

(4.2.254)

[zl -A —Ei}
I (2)= ,

C F,

npu yemy je i =1, 2, 3, 4, 5.
Matpune E;, u F, y (4.2.254) ce dopMupajy cesieKk11joM KOJI0OHa MaTpuLa
E: u F. koje oarosapajy siokauujama 3ajaTux crnenudukanyja y CTpyKTYpHO]

MaTpHUILH.
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4.2.2.4.1. AJTOPUTAM I —MMOTIIYHA, CKOPO XOMOTEHA CHELIU®PUKAIIMJA O/I3UBA

Anroputam I mogpasymeBa nomnyHy, ckopo Xomoz2eHy cneyugukayujy o03usa

KaJla ce yHallpeJ 3aj/ilaje BEKTOp OJi3UBa |—TOr pe3ujyasa Ha p=pn=3 OTKasa y
06JIMKY: Z] :[0 z,(2) O], rae je g u3abpaH I0JI0Kaj HEHYJITOr eJeMeHTa

oa3uBa. Ci. 4.10 a) npuka3dyje M3abpaHe MoJioXKaje crneuudUKalyja oA3UBa Ha

CTpyKTypHOj Matpuuy, a Cin. 4.10 6) xommnatuobunnHe E;, F Marpuue koje

npeJcTaB/bajy oArosapajyhe cermente matpuna E-u E..

Ca. 4.10 a) [lomnyHa, ckopo xomozeHa cneyugukayuje 003u8a Ha3HavyeHe Ha
cmpykmypHoj mampuyu b) odzosapajyhe E;, F, mampuye

JlobujeHe cy cienehe Mmatpule:

000 000 0 00
E,=|0 0 Of,E,=|0 0 0|, E,=|1783 0 0|,
000 000 -5221 0 0
(4.2.255)
0.00768 0 0 0.00768 0 0
E,=| 0.1682 17.83 0| E,=| 0.1682 0 0|
3896 -5221 0 3896 0 0
100 100 010
F=/0 1 0,F=/010]FK=00 1
001 001 000
(4.2.256)
2115 0 1 2115 1 1
F,=| 0 0 O ,FR= 0 0 O
0 00 0 01

Y3umajyhu y 063up popmupane matpuue (4.2.255) u (4.2.256) cucremcke

MaTpHuIle 0TKa3a Cy peJoM:
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[z2-0.5751 0 0 000
-0.4988 z+0.003462 0.001856, 0 0 O
—2059  —0.9996 z-05359,0 0 0

O B 1____ (4.2.257)

o O

[2-0.5751 0 0o | 00
~0.4988 z+0.003462 0.001856 | 17.83 0 O
|
00
|

[o |- 2059 -099% __7-05%9 5221 0 0. (42.258)

[z-0.5751 0 0 000768 0 O
04988 z+0.003462 0.001856 | 0.1682 17.83 0
0

. | —2059 09996 z-05359 ; 38.96 5221
[ =f--—c———— S-S TS (4.2.259)

[2-0.5751 0 0 : 0.00768 0 O
—0.4988 z+0.003462 0.001856 : 01682 0 O
00

reo|-=2059___ 09996 _z-05359 | 3836 0 0
: .

(4.2.260)

Hapeanu kopak 0pu H3payyHaBawy MaTpulle TpaHcbopmaluje je

HaJlaXKemhe UHBEP3HE CUCTEMCKE MaTpHUIle:

{Q;(z) Qg(z)}

- * Qo(z) Qi(z

':1-+(Z):| 1:Q (Z)= C( ) F( ) , (42261)
' (2) n'(2)
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rae: je Q'(z) ajjyHroBaHa MaTpulia CUCTEMCKe MaTpule oTkasa I (z), a n' (2)
BPEeHOCT HeHe IleTepMHUHAHTE.

M3 u3padyHaTHX aJijyHrOBaHUX MaTpPHILA Jla/be je MOTPEOHO je M3BOjUTH
MaTule Q;I (z).YnpaBo oBe MaTpHlle ce KOPUCTe NPH H3padyyHaBakby MaTpHUla
TpaHcopmanuje w;(z). Kako 61 ce fo6u/1a noJrMHOMHA GopMa OBe MaTpulie Koja

¥MMa U CBOjCTBO Kay3a/IHOCTH, MaTpulia TpaHchopMaluje ce Tpaxky y 06JIHUKY:

Wi (2) = 2, (2) v (D)0 4 (2)/ (2), (4.2.262)

Upig(Z) = n(z)/ng(z), (4.2.263)
pU yeMmy je:

n(z) =z"n"(2), 8, = Degn*(2),
Q.. (z) = Diag [z*ﬁi ]Q;(z), i=L....p (4.2.264)
5, =Deg[ ot (2) o (2)],
Y Takobe je:
w4 (2) §-TH peny Q(2),

n,(2) dakropy 7(z) Koju ce Hanasuy o, (2).

Tabena 4.1-Tabena 4.4 npukasyjy npoueaypy ojpehrBama KOHKPETHUX

MaTpula TpaHcpopMalyja pe3uayasa npuMmeHoMm Ainropurma L.
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Tabena 4.1 Odpehusarse mparcgopmayuja pesudyana W,(z) u W, (z) npumenom Anzopumma I

i=1,9=2 i=2,9=3
' (2) (—0.5751 + ) - (—0.5324+ 7) - 7 (—0.5751 + ) - (—0.5324+ 7) - 7
S, = Degn’(z) 3 3
m(z) = 2"%n" (z) (-0.5751- 2t +1)-(—0.5324- 7 +1) (-0.5751- 2t +1)-(—0.5324- 7 +1)
33 3 33 3
5,=Deg| 0t (2) ()] 100 100
0. (2) = Diag [Z_Si]QE(Z)’ i=L....p (-0.5751- 27+ 1)-(-0.5324-27+1)[0 1 0 (-0.5751- 27+ 1)-(-0.5324-27+1)[0 1 0
0 0 1 0 01
z/ [0 1 0] [0 0 1]
z,(2) 1 1
g 2 3
@, (2) (-0.5751-z'+1)-(-0.5324-2'+1)-[0 1 0] (-0.5751-z" + 1)-(-0.5324-z " +1)-[0 0 1]
L, =7(2) /7,y (2) 1 1

WII(Z) = Zi,g (Z)Dpig (Z)mFg.(Z) / TC(Z)

w;(z)=[0 1 0]

w,(z)=[0 0 1]




Tabena 4.2 Odpehusarse mparcgopmayuja pesudyasa W,(z) npumeHom Aazopumma I

' (2) —13120.373(-0.5751 + 2)-2
8, = Degn"" (z) 2
m(z)=2""n"(z) ~13120.373(-0.5751- 2" + 1)
5,=Deg| ot} (2) o} (2)] 3,2,2
0, (z) = Diag [z‘f’i]g;(z), i=L....p 0..(2)
[0 1 0]
1
2
~13120.373-(-0.5751-z "+ 1)[1 0 0]

1

0 0 (-0.5751-z7" + 1)(-0.5324-z7" + 1)

Q.,(z) =| -13120.373-(-0.5751- 2 + 1) 0 0
0 ~13120.373-(-0.5751- 2+ 1) -17.83-(-0.5751-z + 1)-(0.00758-z* +1)



Tabena 4.3 Odpehusarse mpancgopmayuja pesudyana W, (z) npumenom Anzopumma I

i=4,09=2
" (z) —3952.519-(-0.5444 + z)
S, = Degn"*(2) 1
m(z) = 271" (2) —3952.519-(-0.5444- 771 + 1)
5, =Deg| ot (2) wij(2)] 2,22
Q. (2) = Diag [z_ai]Qg(z), i=L....p 0.,(2)
z/ [0 0 1]
Zig (Z) 1
g 3
g, (2) W3 (2)
Ly = m(2) /7y (2) (-0.5444-77" + 1)
W;(2) = 7, (2)v 4 (2) 0, (2) / 7(2) W, (z)
0 ~13120.373-(-0.5751- 2 + 1) ~17.83-(-0.5751-z7* + 1)-(0.00758 -z +1)

QFA(Z) = 0
—3952.5193-27'(-0.544- 27" + 1)

~97.9065-(~0.5347 -z * +1)-(0.00792- 2 * +1)
—27749.589-(~0.5191- 7" + 1)

0.1682-(—0.984-z" +1)-(~0.5346- 2 * +1)
37.71-(-0.5191- 2" + 1)-(0.00758- 2" +1)

0py, (2) =| ~3952.5193-77(-0.544- 77" + 1) 27749.589-(-0.5191-z "+ 1) 37.71-(-0.5191-z" + 1)-(0.00758-2 " +1) |
Wj(z)=[27"(-0544-7"+ 1) —7.0273-(-05191-z"+ 1) —0.00954-(-0.5191-z* + 1)-(0.00758- 2" +1) |



Ta6ena 4.4 Odpehusarse mpaHcgopmayuja peaudyana W (z) npumeHom Arzopumma I

i=5,9g=3
©(2) ~0.1682-(—0.9836 + z)-(~0.5346+ 2)
S, = Degn"* (z) 2
n(z) = 2 %n" (2) —0.1682-(-0.9836-z* + 1)-(—0.5346-z7" + 1)
8;=Deg| ot} (1) ©f(2)] 3,3 2
Q.(z) = Diag [z*gf}gz;(z), i=L....p Q(2)
Z [0 1 0]
Zig (Z) 1
9 2
O)Fg,(z) @5 (2)
Vg =7(2) /14 (2) (-0.9836-z7" + 1)-(-0.5346-z7" + 1)
W, (2) =z, (2)v;, (2) ¢, (2) / (2) w;(z)
0 (-0.5751- 27 + 1)-(~0.5346- 2 +1) 0
Q.. (z)=]-0.1682-27"(-0.984- 27" +1)-(-0.5346- 2" +1)  2.115-(-0.5324 -z +1)-(-0.5191- 2 +1) 0
0 97.906-(~0.5346- 2" + 1)-(0.00792- 2" +1) —0.1682-(~0.984-z ' +1)-(—0.5346-2* +1)

@55 (2) = —0.1682-27(-0.984- 2" +1)-(~0.5346- 7" +1) 2.115-(-0.5324-2*+1)-(-0.5191-2* +1) O]

w;(z) =[ -0.1682-27*(-0.984- 2" +1)- (-0.5346-2 ' +1) 2.115-(-0.5324-7 ' +1)-(-0.5191- 2" +1) 0]
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4.2.2.4.2. AaroputAM III- CKOPO NOTNYHA, XOMOTEHA CIEIIUGHKAIIUJA O/I3UBA

Anroputam Il mogpasymeBa ckopo nomnyHy, xomozeHy cneyudukayujy

00d3usa KaJia ce yHampes 3ajiaje BEKTOpP O/3MBa I-TOT pe3ujyasna Ha p=pu—1=2

oTkasay o6auky: z =[0 0], i=1, 2, 3, 4, 5.

Cn. 4.9 a) npuka3syje mnoJsioXkaje CKOpo MOTIyHe, XOMOTeHe crelydukanuje

0/l13MBa Ha CTPYKTypHOj MaTpuuy, a Ci. 4.9 6) u penauuje (2.2.230) u (2.2.231)

AepuHMIly KoMmaTuOWiaHe E,, F MaTpuue Koje mnpejcraB/bajy ofrosapajyhe

cermeHTe MaTpuua E_u E.. CucteMcke MaTpulle 0TKasa Cy pefoM:

[2-0.5751 0 0 |0 0]
~0.4988 z+0.003462 0.001856 |0 0
oo 2059 709996 2-0.5359 0.0
LT 1543 0 0 11 0/
0 1 0 io 0
0 0 2513 10 1
[z2-0.5751 0 0 10 0]
-0.4988 z+0.003462 0.001856! 0 0
oo 2059 09996 2-05359, 0 0
27| 1543 0 0o 10/
0 1 0 10 1
0 0 2513 10 0
[z-0.5751 0 0 0 0]
~0.4988 z+0.003462 0.001856 | 17.83 0
reo|-72959  Z0.99%6  2-05359 L—_5Z%1_ 0
: 15.43 0 0 | 0 o0}
0 1 o 10 1
0 0 2513 | 0 0]
[2-0.5751 0 0 1000768 O
~0.4988 z+0.003462 0.001856 | 0.1682 17.83
e 72059 -099%6 _ z-0.5359 | 38.96 5221
‘71 1543 0 0 | 2115 0
0 1 0 i 0 0
0 0 2513 1 0 0

(4.2.265)

(4.2.266)

(4.2.267)

(4.2.268)

Jlokmopcka ducepmayuja

Mp Carwwa AHmuh, dun..uHdic.en
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[Ipumena memoda 3a demeKyujy omkasa 3acCHOBAHUX HA MOdeay Y eseKmpo-
MeXaHU4KuUM cucmema

[7-0.5751 0 0 000768 0

04988 z+0.003462 0.001856! 0.1682 0
pr_| 72059 09996  2-05359, 3896 0|  (43269)

* [ 1543 0 0 | 2115 0

0 1 0 i 0 o0

0 0 2513 1 0 1

HapeaHu kopak Impu u3padyyHaBawky MaTpulle TpaHchopMmanuje je

HaslaXKele MHBEepP3He CUCTEeMCKe MaTpulie 6e3 u TOr pejja MaTpulia [C F ]:

{Q;(z) Qz(z)}
] - 20 (%0 %

™ (2) ™ (2)

. (4.2.270)

AHanM30M pasMaTpaHOr NpUMepa CUCTeMa MOTOpa U NojavyaBaya MokKasaJjio
ce N00UjeHMM CUCTEMCKMM MaTpullaMa OTKa3a Moryhe oJy3eTH peioM: ApPYrd
nu=2, tpehu pn=3, mpBu u=1 Tpehu p=3 u apyru pexs pu=2, onx aAena
cucreMcKkux Matpuua otkasa [C R ], a ga oarosapajyhe mpeocrasne MHBep3He
MaTpulle He 6y/ly CHHTYJIapHe.

[IpuMeHOM mnporpaMckor mnaketa Mathematica po6ujajy ce HWHBep3He

-1
BPEJHOCTH MPEOCTAIMX MaTpulia [F“*(z)] , @ IbUXOBE a/[jyHroBaHe MaTpulle

Q,(2) Qe(2)

@@ :[ﬂz(z) QL (2)

:| Kao IPpOHU3BO/ HWHBEP3HE MaTpHuie H bEeHe

netepmuHanTe T (2).

YBohemeM o3HakKa:

8, = Degn*’ (z),

m(z) = 271" (2), (4.2.271)
5_|Deg [c. f.]Q"(), 6>80’
8o, 5<8,

¥ 1360pOM HIIP. | —TOT esileMeHTa Tpanchopmanuje W, (z) y 06JMKy:

w, (2) =2""y,.(2), (4.2.272)

Jokmopcka ducepmayuja Mp Carea AHmuh, duna.uHic.en
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[Ipumena memoda 3a demeKyujy omkasa 3acCHOBAHUX HA MOdeay Y eseKmpo-
MeXaHU4KuUM cucmema

pUu yeMy je
Vi (2) =01 (2), (4.2.273)

rje je Ol IIPOM3BOJ/bHA KOHCTAHTA.

Jlobuja ce
5,5
W, (2) = o277 n"(2). (4.2.274)
M360pom o =1, nobwuja ce

w, (z) =271 (2). (4.2.275)

[TornHoMHa TpaHcdopMalKja MUHUMAaIHEe KOMIIJIEKCHOCTH Ce TPaXKy Y 06JIUKY:

-1 Yi (Z) Qf (Z)
wh(z)=-w, (2)s, (2)| S*(2) | =———|c,1(2) f 1.(z =R 4.2.276
H(2) =-w, (2)s, (2)[ $" (D) ] nu(z)[ Ta(2) )]L!*;(z) ( )
Kopumthewem (4.2.273), nobuja ce:
1 QL (2)
W(2) =-w, ()5, ()] S" (@) | =-[c. (@) fma@]| 0 (42277)
Qc(2)
[IpY YeMy je:
rEi(z)zDiag[z5j’8] i=1,...,v,
5, =Deg| o} (2) ()],
Q! (2) = Diag [z*si]gg(z), i=L...,0,
o (4.2.278)
., (2) = Diag[zb"'ﬂ i=1,...,n-1
5, =Deg| ot (2) i (2)],
Q! (2) = Diag [z*éj}gzg(z), i=L....p=(u-1),
c,, f_ mpesacraBma p-tu peg matpuna [C - F].
Tabena 4.5 — Tabena 4.8 npukasdyjy kKopake npu ojpebuBamy
TpaHcdopmalyja pesyayasna npumeHom Anroputma IlI.
Jokmopcka ducepmayuja Mp Carea AHmuh, duna.uHic.en
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Ta6ena 4.5 Odpehusare mpaHcgopmayuja pesudyaaa W, (z), W, (z) npumenom Anzopumma II1

i=1, u=2 i=2,u=3
™ (2) (-0.5751 + 2)-(-0.5324+ z)-z (-0.5751 + 2)-(—0.5324+ z)-z
3, = Degn"* (2) 3 3
m(2) = 2 %" (2) (-0.5751-z" + 1)-(-0.5324-z7" + 1) (-0.5751-z" + 1)-(-0.5324-z7" + 1)
[c. f.] [0 10 0 0] [0 0 2513 0 0]

5=Deg[c, f, | (2)

2 (ycBaja ce 3)

2 (ycBaja ce 3)

w, (2) = 2% (2)

(-0.5751-z" + 1)-(-0.5324-z+ 1)

(-0.5751-z" + 1)-(~0.5324-77 + 1)

5, =Deg| o} (2) k()] 2,2,2 2,2,2
. S zt 0 0 z' 0 0
1, (z) = Diag [z’ } J=1,...,0 0 ' 0 0 gt
0o 0 z! o o z*%
5, = Deg| vt (2) o (2)] ) 13 z 3 i
rFi(z):Diag[zs"_s] i=1...u-1 - .
8; =Deg| o} (2) ©f(2)] 22,2 222
_ - _ 00 00
! (z) = Diag [z 8‘:|Q’é+(2), i=1...0 0 0 0 0
00 0 0
5, = Deg[ ot (2) o (2)] 3 3 3 3
: e PR 10 10
Q;(z) = Diag [Z ’ ]Q‘.i (2), j7L...p (-0.5751-z7 + 1)-(-0.5324-z7 + 1){0 J (-0.5751-z7* + 1)-(-0.5324- 77 + 1){0 J

QL(2)]

W (2)=—[c, 1 (2) f,15(2)] |:Q” (2)

[0 0]

[0 0]




Ta6ena 4.6 Odpehusarbe mpancgpopmayuja pezudyasa W;(z) npumernom Anzopumma 111

=3, u=1
™ (2) 13120.373(-0.5751 + 2)-z
8, = Degn** (z) 2
m(2) = 2 271" (2) 13120.373(-0.5751- 27 + 1)
[c. f.] [1543 0 0 0 0]
& = Deg [c”‘ fH.]Q‘”(z) 1 (ycBaja ce 2)
w, (2) = 2% (2) 13120.373(-0.5751- 2 + 1)
5, = Deg[ o} (2) o (2)] 1,2,2
. 5.-5 . Z_:L 00
tEi(z)leag[z’ } J=1,...,0 0 1 0
0 01
8;=Deg| ot (2) o (2)] 32
: 8;-87 i z 0
rFi(z)leag[z ] j=1...,n-1 01
5, =Deg[ o} (2) o (2)] ; 1, 2,02
L (7 — Di =5 | u+ i—
©4(z)=Diag [ |0 (2), j=L...0 0 —17.83(-05751.2 +1)(0.00758 2" +1)
0 5221(—0.5751-z7 + 1)
5, = Deg| 0t (2) @i (2)] 8,2
e [2_8'19“*(2) __1 0 (-0.5751-z7 + 1)-(-0.5324-z1 + 1)
=L = e =Rl 13120.373-(-0.5751- 2" + 1) 17.83(-0.5751-z" + 1)-(0.00758-z"+1)
QL (2)
\Ni"l (Z) = _I:C;,L.TEi (Z) fp..TFi (Z)]|:Ql; (Z)j| [O 0]



Tabena 4.7 Odpehusarse mpaHcgopmayuja pesudyaaa W,(z) npumeHom Anzopumma 111

i=4, u=3

" (2)

37.71045(—0.5191+ z)(0.00758+ 2)

8, = Degn** (z)

2

m(z) =z 2n"*(2)

37.71045(-0.5191- 2 +1)(0.00758- 2 * +1)

e f.]

[0 0 2513 0 0]

8;=Deg| o}y, (2) (@]
0! (z) = Diag [2_5"]9?(2), j=L...0

5=Deg[c, f, |2 (2) 2
w, (2) = 21" (2) 37.71045(-0.5191- 2 * +1)(0.00758- 2 * +1)
1,2,2
5, =Deg[ o} (2) ot (2)] zt 0 0
rEi(z)zDiag[z‘"’i—f’} i=1,...,0 0 10
0 01
+ A 2’
5,=Deg[ ot} (2) o (2)] ; ‘“5
TFi(Z)=Diag[ZSj_6] i=L...,u-1 0 2
1,2,2

0.1369-(0.00758- 2 +1)
0
1572.829-77°(~0.544- 27 +1)

0
37.71045(-0.5191- 77 +1)(0.00758- 2 +1)
~11042.415(0.5191- 7% +1)

¢ . 2,3
5, = Deg[ ot (2) o (2)] ) .
. ot Trs o (), it 17.83(-0.5751- 27 + 1)(0.00758- 2" +1) 0
QF(Z) — Dlag |:Z :|QF (Z)l J_ yeees P _01682 Z_l(—0.9836' Z—l + 1)(—05346 Z—l + l) 2115(_05324 Z_l +1)(_05191 Z_l +1)

[-3952.5193-27(-0.5445- 27" +1)  27749.589(~0.5191- 2 +1) |

Wi”(Z)=_[Cu.TEi(Z) f”'TFi(Z)]{gE 8}



Ta6ena 4.8 Odpehusarwe mpaHcgopmayuja pesudyana W(z) npumenom Anzopumma Il

Q! (z) = Diag [z‘*"i]gg(z), j=L...0

i=5,u=2
™ (z) 2.115(-0.5191+ z)(—0.5324+ 7)
8, = Degn** (z) 3
m(2) = 272" (2) 2.115(-0.5191- 77 +1)(~0.5324 - 7 +1)
[c. f.] [0 10 0 0
8=Deg[cu. fH.]Q‘”(Z) 2(ycBaja ce 3)
W, (z) = 2% (2) 2.115(—0.5191- 7' +1)(-0.5324- 2 +1)
2,2,2
5, =Deg| 0} (2) ok (2)] zt 0 0
'cEi(Z)=Diag[25"_6] j=1,...,0 0 z* 01
0O 0 =z
5, = Deg[ ot (2) o (2)] 13:?)
rFi(z)=Diag[25"_5} j=L...,u-1 {0 J
2,2,2
5, = Deg[ o} (2) o (2)] 0.00768-(-0.5324 -z +1) 0

0.1682(-0.9836- 2 +1)(-0.5346-2+1) 0
38.96-27%(~0.5347- 2 +1)(0.00792- 2 +1) 0

8;=Deg| ot (2) of;(2)]
Q" (z) = Diag [z*BJ]Q*;*(z), i=L...p

|

3 3
(-0.5751-27" + 1)(-0.5324-z7 +1)

—97.906-z'(-0.5346-z" + 1)(0.00792-z'+1) 2.115(-0.5324-z' +1)(-0.5191- 27" +1)

0

|

W(2) =—[¢, 76 (2) fu_rFi<z>]{QE(Z)}

Qc (2)

[-0.1682(-0.9836-2* +1)(~0.5346-2 " +1) 0]




[Ipumena memoda 3a demeKyujy omkasa 3acCHOBAHUX HA MOdey y es1eKmpo-
MeXaHU4KuUM cucmema

4.2.2.5. IIOPEBEHE TPAHC®OPMAIIUJA PE3UAYAJIA U OCOBUHE

4.2.2.5.1. TPAHC®OPMALMJE 3A CJIYYA] —CTPYKTYPHA MATPULA &OPMUPAHA
MO/JEJ/IOBAIbEM CHCTEMA

Tabena 4.9-Tabena 4.13 npukasyjy TpaHcpopmaliydje IPUMEHOM YETHUPH
onucaHe Metofe (Memoda ’"ped no ped” (PnoP), Memod eaumunayuje (ME),
Chow-Willsky npucmyn (CW), CucmemamuyHa umnaemeHmayuja ca cucmemckom
mampuyom omkasa (CU)) npu cuHTe3U CTPYKTYPHUX pe3ujyasa y caydajy Kaza je
CTPYKTypHa MaTpula popMUpaHa MoJiesioBakbeM cucTeMa. [[puMapHo je 1ju/b 610
M3BECTH 3aK/bydKe y CMHCJIYy KOMIJIEKCHOCTM M e(QUKACHOCTH pPa3JU4YUTHUX
npucrtyna. [[pyru uusb je 610 Aa ce ofpese KOJIUKO CY OBU NMPUCTYyNH ePUKACHU Y
CJly4ajy CHUCTeMa KOjU je peaJlHO HeJIMHeapaH U HecCTallMOHapaH, Tj. mocenyje
rpellKe MOJeJioBama ycjae[ TeMIepaTypHO 3aBUCHOT KoedUIlMjeHTa BUCKO3HOT
Tpewa U nopeMehaja usaszBaHor Coulomb—0BUM TPEHEM.

HanomeHa: ¥ Tabenama koje cnefe cy kopuinheHe cienehe o3Hake 3a
cnenydukanuje oA3uBa: 3a nomnyHy, ckopo xomozeHy (IICX), 3a ckopo nomnyny,

xomoeeHy (CIIXC).

Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en
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Ta6ena 4.9 Illopeherve mpaHcgopmayuja W,

MeToze W, ¢dopma
. W (z)=[0 1 0] MA
I.C.X. w(z)=[0 1 0] MA
CILX.C. w(z)=[0 1 0] MA

C.ILX.C. w; (z)=(6.1661-10" —6.8291-10" 2 +1.8881-10'z*+z°)[0 1 0] | MA

An w(z)=[0 1 0] e

A III w;(z)=(-0.5751-z" + 1)-(-0.5324-z"+ [0 1 0] MA




Ta6ena 4.10 [lopeherwse mpaHchopmayuja W,

MeTtoaa W, dopma
. W,(z)=[0 0 1] MA
H.C.X. W;(Z):[O 0 1] MA
CILX.C. W, (z)=[0 0 1] MA

CIX.C.| W;(z)=(6.1661-10"-6.8291-10"z"+1.8881-10'z*+z°)[0 0 1] | MA

Anl W;(Z):[O 0 1] MA

An. III W, (z)=(-05751-z" + 1)-(-0.5324-z7"+ [0 0 1] MA




Tabena 4.11 [lopeherve mpaxcgopmayuja W,

!

MeTtoae W, dopma
- w,(z)=-[1 0 O] MA
M.CX. w;(z)=[1 0 0] MA
C.ILX.C. w;(z)=[1 0 0] MA
CILX.C. | w;(z)=1.8901-10"°(1-0.5752z")(1-0.4686z")[1 0 0] | MA
Anl w;(2)=[1 0 0] MA
A 111 w;(z)=13120.373(-0.5751-z" + 1)[1 0 0] MA




Tabena 4.12 [lopeheroe mparcgopmayuja W,

!

MeTtopae W, dopma
) W,(z)=[1 -7.4-z -0.01-(0.00761+7)] MA
CX. , 7.4.(-0.5324+1z)-z  0.01-(0.00761+ z)-(—0.5324+ z

I.CX w@=|1 1l )z ( ) ARX
—0.53246+z —0.53246+z
, 99.3 735.8-7
w,(2) =| - 1 ARX
CILX.C 0.00761+2z 0.00761+z
wW(D=|1 7.4-(-0.5324+2)-z  0.01-(0.00761+z)-(~0.5324+2) 061Uk 32
e —0.53246+z —0.53246+z nopehemwe
w;(z)z[(—1.8367-z’1+ z7?) (12.8949-6.6927-z7") (0.0175—0.009-2’1)] MA
C.ILX.C.
W, (7) = 7.02-(-0.519019+z)-z  0.00953-(-0.514286+2)-z 06.1MK 33
e —0.544455 + 7 —0.544455 + 7 nopebheme
wi(z)=[z"(-0544-71+ 1) —7.0273-(-05191-z"+ 1) —0.00954-(-0.5191-2* + 1)-(0.00758-2 " +1) | MA
Anl
(@)= 1 7.02-(-0.51907+2)-z  0.00954-(~0.51907 +z)-(0.0076 +2) 064K 32
o —0.544458+ 7 —0.544458+ 7 nopeheme
W, (2) = -3952.52-7*(-0.5445- 2" +1) 27749.59(-0.5191-7"+1) 37.71(-0.5191-7*+1)(0.00758 2 * +1)] | il
A1l (@)= 1 7.02-(-0.51907+2)-z  0.00954-(~0.51907 +z)-(0.0076 +2) 0G/IMK 33
s —0.544458+ 7 —0.544458+ 7 nopeheme




Tabena 4.13 [lopeherve mpaxcgopmayuja W,

MeTtoae 4 dopma
, 13.5026-(—0.5324+2)-z
: (@)=l - 0.983+7 0 AL
.CX. , [ 13.5026-(-0.5324+2)-z
we(2)=1 - —(()983+z ! ARX
. 135026-(-0.5324+12) -z
CILX.C. w@=l1 - _(() osa ) 0} R
w; (2)=[(1.9019-2"-2.8874-27+2°) (-23.9156+25.1474-2'~6.6096-2°) 0] ARX
C.ILX.C.
wy(2)=|1 12.5746 (-0.532415+7) (-0.519091+z) z Popma 3a
SV (~0.98362+2) (—0.534546+ ) nopeheme
w;(2) =[ -0.1682-71(-0.984-7 ' +1)(-0.5346- 2 +1) 2.115(-0.5324-7 " +1)(-0.5191- 2" +1) 0] ARX
AL W (@)=|1 12.5743-(~0.532438 + 7)-(~0.51907 + 2) - z ®opma 3a
S (~0.983561+7)-(—0.534567 + ) nopeheme
w;(2) = -0.1682-27*(-0.984-7* +1)(-0.5346-2 " +1) 2.115(-0.5324-2* +1)(-0.5191-z " +1) 0] ARX
A 1L W (@)=|1 12.5743-(~0.532438 + 7)-(~0.51907 + 2) - z Popma 3a
S (~0.983561+7)-(—0.534567 + ) nopeheme




[Ipumena memoda 3a demeKyujy omkasa 3acCHOBAHUX HA MOdey y eseKmpo-
MeXaHU4KuM cucmema

4.2.2.5.2. TPAHC®OPMALMJE 3A CJIYYA] —CTPYKTYPHA MATPUIA ®OPMUPAHA HA
OCHOBY CTPYKTYPE CUCTEMA

Tabesa 4.14—Tab6ena 4.18 npukasyjy TpaHchopMalyje IpUuMEeHOM METOZA Koje Cy
3aCHOBaHe Ha MoJenay y opMu PyHKIMja npeHoca (Memoda “ped no ped” (PnoP),
Memoda eaumunayuje(ME)) npu cHHTe3U CTPYKTYPHUX pe3uyasa y caydajy Kaja

je CcTpyKTypHa MaTpulla opMHUpPaHa MO/IeJIOBakhbeM Ha OCHOBY CTPYKTYpe CUCTEMA.

Jokmopcka ducepmayuja Mp Carea AHmuh, duna.uHic.en
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Ta6ena 4.14 Ilopeherse mpaHcgopmayuja W,

w;(z)=[0 1 0]

w;(z)=[0 1 0]

MA

w;(z)=[0 1 O]

MA

Ta6ena 4.15 [lopeherve mpaxcgopmayuja W,

w,(z)=[0 0 1]

w,(z)=[0 0 1]

MA

w,(z)=[0 0 1]

MA




Tabena 4.16 [lopeherve mpaxcgopmayuja W,

MeTo e W, ¢opma
) wy(z)=—[1 0 0] MA
M.CX. wy(z)=[1 0 0] MA
CILX.C. wy(z)=[1 0 0] MA
Tabena 4.17 [lopeherve mpaxcgopmayuja W,
MeToae W, dopma
- w,(z)=—[1 7.4-z 0.01-(0.00761+z)] MA
Wl (z) | @473 (05751+2) 35032(-05751+7)  0.00476(-0.575L+2)(0.00762+2)
[LCX N -0.5191+z —-0.5191+z —-0.5191+z L
T 0.473-(-0.5751+ 2)
w,(2) = 1 7.4z 0.01-(0.00762+z
2(2) 051913 2 [ ( )] 06.1MK 3a nopeheme
w2 =] 993 73582
7000762+ 2 0.00762+2 ARX
C.IL.X.C.

99.3

w,(2)=———
+(2) 0.00762+z[

1 7.4-z 0.01-(0.00762+2)]

06.1uK 3a mopebeme




Tabena 4.18 [lopeherve mpaxcgopmayuja W,

!

MeTozge Wg dopma
13.5026-(—0.5324+ 1)z
wi(z)=|-1 - 0
(2) [ ~0.983+2 } ARX
-1
Wé (Z) = m[(—0983+ Z) 13.5026- (—05324+ Z) Z O] 061K 3a nopehemwe
, 0.473-(-0.5751+z) 6.384(—0.5751+z)(-0.5324+z)z
w; (z)= 0 ARX
M.C.X. —0.5191+z (-0.983+ z)(—0.5191+ 7)
0.473-(-0.5751+z)
(z)= —0.983+2z) 13.5026-(—0.5324+2)z 0
5(2) (C0.5191+ 7)(_0.983+ 2) [( ) ( )z 0] | 06.1uK 3a mopeheme
, 0.07406(—0.983+ z)
W (Z)= 10
+(2) { (~0.5324+2)z } ARX
C.ILX.C.

0.07406
W, (z)=—————[(-0.983+2) 13.5026-(—0.5324+2)z 0
:(2) (—O.5324+z)z[( ) ( )z 0]

061K 3a nopeheme




[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

Ha ocHoBy pe3uayanHux TpaHchopmanuja JoOUjeHHX 3a 06e BpCTe
CTPYKTYPHUX MaTpHLA, MOXe Ce TeHepaJHO H3BeCTH HCTHU 3ak/bydak. CBe
IpUKa3aHe TpaHchopMalyje HUCY jeJUHCTBEHE aJld Cy BEKTOPHU TpaHCcpopMaLuja
[-THX pe3uiyasa IpUMEHOM pa3/IMYUTUX MeTo/1a (3a oagpeheHy GopMy CTPYKTypHe
MaTpHulle) CBM UCTOT MpaBlja — jeJiHa TpaHcPopMalMja ce Moxe A0OUTU U3 Apyre
JleJberbeM ca oJipeheHuM 3ajefHUYKUM ¢dakTopoM. Takobe cy cBe gob6ujeHe
TpaHcpopMalLvje U HUXOBU pe3nyaJHu reHepaTopu cTabuaHu. Mmak cy camo
Chow-Willsky n TpancdopManuje CucTeMaTUYHe UMIlJIEMeHTAlMje 3aCHOBaHe Ha
MoJieJly CUCTeMa Yy MNPUCYCTBY OTKas3a y IPOCTOPY CTama, CBe Kay3aJHe U
nosvHoMHe (MA- Moving avearge Tuma) Kao U lbUXOBU pe3U/lyasiu, MaJia je ’bbUX0Ba
npUMeHa KOMILJIEKCHHja ¥ OJHOCY Ha MeTOoJ/ie 3aCHOBaHe Ha Mojeay y GopMu
¢yHk1Mje npeHoca (memod EaumuHnayuje u Hmnaemenmayuja “ped no ped”).

Tabena 4.19 npukasyje ocobrHe TpaHchopMaluja GopMHpaHe Pa3IAUYUTUM

NpPUCTYIIUMA.
Ta6ena 4.19 OcobuHe pe3udyasHux mpaHcghopmayuja
. IlotTMHOMHOCT
Cnenudukanmja Cta6uaHoCT Kay3anHocTt (MA)
— + - =
CKopo MoT. XOM. . N N
crer,
[IoT. ckopo xXoM. . N N
crer,
CKOpoO MOT. XOM.
+ + +
cretl,.
CKOpO MOT. XOM.
+ + +
crert,.
[ToT. ckopo xOM.
+ + +
crertl,.
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4.2.2.6. EKCNIEPUMEHT U AHAJIU3A PE3YJITATA

[Tourto cy cBe TpaHchopMaluje 3a UCTY POPMY CTPYKTYPHE MAaTPHUILLE UCTOT
NpaBla, y eKCIepuMeHTUMA Cy pe3uya/lHu reHepaTopu GopMHUpaHU HU300pOM:
TpaHcopmanuje CucmemamuyHe umniaemenmayuje u Aazopumma 11l (3a ciayyaj
KaJla je CTPyKTypHa MaTtpula <GQopMHUpaHa MOJeJ0oBakbeM CUCTeMa) Tj.
TpaHcdopmalyje npuMeHoM Umnaemenmayuje "ped no ped” npu CKOpo MOTIYHOj,
XOMOTeHOj cnenMdurKanuju (3a cay4daj Kazja je CTpyKTypHa MaTpula GopMupaHa Ha
OCHOBY CTpPYyKType cucrema). H36opom TpaHchopmauuja 6uso je Moryhe
JebuHMCAaTU WHTepHe pe3ujyase, 4vja je BeJUUYMHa ofpeheHa BpepHocTHMMa

OTKa3a
(k) = w; (2) S¢ (2) p(k) = w; (2)0, (K), (4.2.279)

U payyHcKe pe3ujiyasie, KOjU Cy TeHEpHUIIy Ha OCHOBY MPUHIMIA AHATUTHYKE
peAylaHce—pa3/iiKe U3MepeHUX M3Jla3a CUCTeMa U H3Jsa3a GOpMHUpaAHOT MoJjesa

Ha 3ajJlaTe/HU3MepHe yja3e
(k) =w; (2)(y(k) - M (2)u(k)) = w; (z)0, (k). (4.2.280)

['enepanHo y FDI cucteMuMa BesinurvHa 0TKa3a HUje yHaIpe/ 103HaTa, 11a je
jenvHO foctynHa ¢dopma pesujgyasna pauyHcka. HHmepHa dopma pesujyana je y
KOHKpPEeTHOM NpuMepy 6usa pedpepeHiia 3a nopehemwe ca pauyHckom GopMoM.

Kakao 6u ce wu3BplM/Ia JAujarHo3a NOPUCYCTBA OTKa3a, CTalMOHApHe
BpPeIHOCTU PAYyHCKUX pe3upyana (UM HUXOBE MaKCHMaJlHe BPeLHOCTH) ce
MOpajy NOpeUTH ca yHanpe/, jedUHUCaHUM 'PaHUYHUM BpeIHOCTHMA pe3ujyasia
— npazosa demekyuje pesujpyana (eHr. residual threshold). Tloctynak wus6opa
npazoea demekyuje je BpJIO BakKaH U BULIe Pa3JIMUUTUX IPUCTYIA je JOCTYIHO Y
auTepaTtypu. Heku npuctynu ce 6a3vpajy Ha TEOPHUjCKUM a HEKU Ha EMIIUPHjCKUM
pasMaTpawkbuMMa. TeopHujckM NPUCTYNM y oJpebuBamwy Mpara ojJy4vMBama Cy
Hajuellhe 3acHOBaHM Ha I03HaBaky WM €eCTUMalMjU CTAaTUCTHKA IIyMa
NPUCYTHOT y BEKTOpYy pe3ujyana [42] WAM Ha ONTHMHU3ALUjU KpUTepHUjyma
pob6ycHOCTH o 1yurBama [16]. [lojeHU npucTyny ce 6a3vpajy HAa MUHUMHU3alUjU
yTulaja rpeuaka Mojiesa [140] uau npuMeHU HeypaJHUX MpeKa Py eCTUMalUjU

nparoBa y ckJaJly ca paZHUM ycaoBuMa [141]. YecTo ce o/ 0BUX parosa o4yekyje
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Ja OyAy ¥ aJalTHBHU W Jla ce NpujarohaBajy HecTallMOHAPHOM OKpYyXewy [55],
[63].

Wnak, y MHOrMM NIPaKTUYHUM NIPUMEPHMA, Y HEJOCTAaTKy CTaTUCTHUKA LIyMa
y BEKTOpy pe3ujayasa, NpUCTylla Ce eMIMpUjcKOoM ofpebhuBamwy mnparosa
oasy4yrBama [15], [100]. OBakaB NpuUCTyI je IpUMeEH U Y JUcepTanuju. [Ipazosu
demekyuje cy mpuMapHO H3abpaHU Tako Ja ce 006e36eAyd Ja CBe HOMHUHAJHE
BpPeJJHOCTU OTKa3a, y CTAallMOHApPHOM CTakby JO0BeAy oAroBapajyhe HHTepHe
pesujyase o rpaHule AeTeknuje. [log npeTnocTaBKOM Jila Cy OTKa3U OJCKOYHe
byHKLMje U KopulnheweM rpaHUdHe TeopeMe Z TpaHcpopMalyje, CTallMOHApHe
BPeJHOCTH pe3ujyasa ce [o0ujajy HaKoH 3aMeHe Z =1y lbUXOBe U3pase.

[ToTOM cy cBU pe3uiyasiHi CUTHaJIU HOPMaJIM30BaH, JieJbeHhEeM ca IPUMapHO
M3abpaHUM BpeJHOCTUMA Iparosa AeTeknuje. Tako je Jo6ujeHA HOpMaM30BaHA

BpeAHOCT npazoea demekyuje 1 Koja npecTaB/ba FPaHULy JleTeKIiUje OTKa3a:

K. =1 i=l 2, 3, 4, 5. (4.2.281)

HoMuHasiHe BpeAHOCTH OTKa3a Cy 4ecTo Jeo crnenudukanuje Kojy
JNebUHUIe IPOjeKTAaHT AETEKTOPA, a Koje Cy, ca AApyre cTpaHe, pe3yJTaT UCKYCTBa
y eKCIJIOaTalldju cucTeMa. Y IpUMepy CUCTEMA U JIeTEeKTOopa KOjU je MpUKa3aH y
OBOj JAMCepTalUju, HOMHUHA/IHE BpPEJHOCTH OTKa3a Cy Takohe IOCTaB/beHe
MHTYUTHBHO Ha OCHOBY BHIIETrOJMIIEr paJla Ha CUCTEMY W MpPeACTaBJbajy
MUHHMaJIHE BpeJJHOCTH 0TKa3a 3a Koje ce 04eKyje Jla 3aCUT'YPHO I0Bely pe3ujyase

Jlo TpaHUIle JeTeKIje:

AU; =1V, (~AM;) =-2.55mNm,

_ (4.2.282)
AU; =1V, Al =100mA, An; =50min™*.

HopmannsoBaHe HHTEpHE pe3uyasHe je/[HAUNHE Y CTALHUOHAPHOM CTaky y

cJly4yajy pesujyaJia IpojeKTOBAaHUX Cy Ipema:

® CTPYKTYPHOj MaTpULX GOPMHUPAHOj HA OCHOBY MO/ieJia CUCTeMaA

r,() = AU, +5920- (~AM, ) +154- Al _,
r,(c0) =4.615-AU_ —560.313- (~AM_) +0.02- An_,
r,(:0) = 2.394- AU, + AU, (4.2.283)
r,(0) =—1.97-AU, + 14.6-Al_ +0.02-An,,
I, () =—14154.14- (~AM ) + AU, —368.71- Al ,
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® CTPYKTYPHOj MaTpuLd GOPMUPAHOj HA OCHOBY CTPYKType CUCTEMA

r,(c0) =14146.28- (—~AM,) — AU, +368.19- Al _,
r,(c0) = -561.19- (~AM,) —1.931- AU, +0.02- An,,
r,(:0) = 2.394-AU_ + AU,
r,(0) =4.717-AU, + 14.6-Al_+0.02-An_,
I, () = AU, +5910.28+ (—AM ) +153.828- Al _.

(4.2.284)

Tabena 4.20 u Tabena 4.21 npukasyjy epaHuye okudarea (eHr. triggering

limits) oTkasa M;;» KOjU NMpeAcTaB/ba BPEJHOCT j-TOTr OTKa3a Koja JOBOAU | -TH

pesuayas [0 TpaHUlle- npaza demekyuje, oJi yCJIOBOM Jia HUjelaH JpyTyd OTKas3
HUje npucyTaH. [lolTo je MOCTUTHYTO Jja CBe BPEJHOCTH 2paHuya okudarsa 6yny
Mame WM jeJJHaKe OJi HOMHHA/JHUX BpeAHOCTH oOTKasa (4.2.282), moxe ce
OYeKHBaTH Jia he y ciyyajy nojaBe HOMUHAJIHUX 0TKa3a, 0AroBapajyhu pesuayanu
6uTH Behu WM jeAHaku of rpaHulle npazosa demekyuje. [Ipema ToMe, CBU OTKa3u
Behu WM jelHAKW 0/ HOMUHAJIHUX, 64 Tpebasio Aa 6yay N30J1a0UIHHU.

Ta6ena 4.20 I'paHuye okudarba omkKasa npu CMpykmypHoj mampuyu oopmupaHoj
Ha 0CHo8y Modesaa cucmema

/=K, =1 Ny, =1 Ny, =0.17mNm 0 M. =6.49mMA 0
In|=K,=1 | n,,=0217V |n,, =1.78-10°Nm 0 0 Ny =50min~
In|=K,=1 | n, =042V 0 Ne =1V 0 0
Ir|=K, =1 0 0 N =0.508V | 1, =68.5mMA |, =50min™
In|=K;=1 0 Mg, =7-10° Nm N =1V | 1y, =2.7mA 0

Ta6ena 4.21 I'paHuye okudarba omkasa npu CMmpykmypHoj mampuyu oopmMupaHoj
HA 0CHO8Y cmpyKmype cucmema

=K =1 0 n,=7-10°Nm | mn,=1V | n,=27mA 0
In|=K,=1 0 N, =1.782mNm  [n,, =0.518V 0 Nys =50min™
In|=K,=1 | n, =042V 0 Ny =1V 0 0
In|=K,=1 | n,=0212V 0 0 Mo =68.5MA |1, =50min™
In|=K, =1 Mg =1V Ny =7-10° Nm 0 Ny =2.7MA 0
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Tabena 4.22 u Tabena 4.23 npukasyjy ocemsbusocm (eHe. sensitivity)

pesujyana (;, Koju ce edpuHuIIe Ka0 OZIHOC BPEJHOCTH O/]3UBa | -TOT pesuzlyasa

y CTallMOHAPHOM CTakby, Ha j-TM HOMUHAJIHU OTKa3 U HEroBOr npaza demekyuje.
[lowrTo cy BpeAHOCTU npazosa demeKkyuje pe3upyana jeJUHUYHE, 0CEmM/bUBOCM
pesujyasa y CTBapU IpeJicTaB/ba CTallMOHAPHE BPEAHOCTHU 0/I3UMBa pe3ujyasa Ha
HOMMHAJIHE OTKa3e.

Tabena 4.22 Ocemswusocm pesudyasna npu CmpykmypHoj Mampuyu gopMupaHoj Ha
0CHO8Y Modes1a cucmema

| av. [ -am, | oAU,

r, £, =1 £, =—15.096 0 £, =154

r, L, =4615 | &, =1.429 0 0 Cps =1
r, L, =2.394 0 Cos =1 0 0

r, 0 0 Ci=-197 | ¢, =146 Cis =1
I, 0 £,, =36.09 Gy =1 Ce, =—36.87 0

Ta6ena 4.23 Ocemmwusocm pe3udyana npu CmpykmypHoj Mampuyu ¢gopMupaHoj Ha

OCHO8Y CmpyKmype cucmema

r, 0 ¢, =—36.09 Cs=-1 ., =36.87 0
r, 0 ¢,, =1.43 €, =-1.93 0 Cps=1
I3 Ca = 2.394 0 Cup=1 0 0
r, L, =4717 0 0 C,, =1.46 Cis =1
r, Loy =1 e, =—15.07 0 ¢, =15.38 0

Cmarve ocemwusocmu pesudyanne jeonauune (€HT. Sensitivity condition of the

equation) ce fepuHHIIe Kao ogHOC £, =max Cij/min C;;- OBaj oAHOC je BaxkHa Mepa

KBaJIUTETA JleTeKIMje oapeheHe pe3nayasiHe jefHA4YrHe U QUKCaH je.

Kaga je ctpykTypHa Matpuna popMupaHa Ha OCHOBY MoOJieJia CUCTeMa je:

[¢]=[154 4615 2394 197 36.87].

(4.2.285)

[Ipema (4.2.285) Haj6o/by GasaHCMpPAHOCT MMa 4YeTBpTa U Tpeha pesujyasHa

jeiHaYMUHa.

YKOJIMKO je CTpyKTypHa MaTpulia [jo0MjeHa Ha OCHOBY CTPYKType CUCTeMa

BaiKu:
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[¢]=[36.87 193 2394 4717 15.38]. (4.2.286)

C 063upom Ha (4.2.286), Haj6o/by OaslaHCUPAHOCT MMa Aipyra U Tpeha pesuayanHa
jeAHaYUHa.

Y unpy uaycrpanyje epUKaCHOCTH Y AETEKLIUjU U M30JIalUjU MOjeJUHUX
aIMTUBHUX 0TKAa3a, Ha JiMjarpaMyUMa Cy y HaCTaBKY [IpUKa3aHU CUTHAJIU y Tpajamby
ox 10 cekyHJu, IpU 4eMy Cy Ce MOjeAMHU HOMMHAJHU OTKasu (4.2.282), Harso
nojaB/bMBa/JiM y MeTOj cekyHAU. [I[pumeHoMm mnporpamckor naketa LabVIEW
BpeJHOCTH OTKa3a, 6JIMCKe HOMUHAJIHUM Cy BellTayKd reHeprcaHe U 3ajeJlHO ca
3a,aTUM yJ1a30M, U3MEPEHUM yJIa30M U U3Jla3uMa naMheHu y pOpMU TeKCTyaTHUX
dajnioBa. Kako 6u ce reHepucany pe3ujyalu pasBUjeHa Cy ABa npucryna. [IpBu
npuctyn 6u ce Morao HasBaTu offline, jep cy pe3ujyaJlHU TeHepaTopu
NpOjeKTOBaHU y OKBUPY Simulink okpyxemwa. CUTHa/IM OTKas3a ce yBOJe y yJja3e
Simulink Mopesna WMHTEpHUX pe3u/JlyaJlHUX reHepaTopa Aa OU ce reHepaJucaniu
oaroBapajyhu pesuayanu (Ci. 4.11 a)). Takohe ce BpeAHOCTH yJia3a M H3Jja3a
cucTeMa MOTOp — Il0jayaBay, IpUMemeHHU Ha yia3uma Simulink Mozeia pauyHCKUX

pesuayana y 1usby popMmupama notrpedbHux pesuayana (Cia. 4.11 6)).

Internal reziduali Comutational reziduali

Workspace To Workspace4

Internal primarni

residuali  Transformaci
Inl
From oli—{In1  Ourl
Workspace2 In2 outz To Workspace5
Out4
From Ind " [ To Workspace6
Workspaced - o3i—»{In3  Out5

H

To Workspace7
From
Workspacel

To Workspace8

From
Workspace3

a) 6)
Ca. 4.11 Simulink peaausayuja a) uHmepHux u 6) payyHckux pezudyaaa
Jpyru npuctyn ekcnepuMmeHTy FDI aAuTHBHUX 0TKa3a 6U ce MOrao Ha3BaTH
JleJlUMUYHO online, jep cy pe3ujlyaJilHu TeHepaTOpPH MPOjeKTOBAHU JUPEKTHO Yy
LabVIEW okpyxemwy. [IpuKyn/beH CHUMJ/bEHU CUTHAJIU ce cBakuX 10s cHMMama

npociehyjy y cuUMysanMoHU MOJeJ pe3UyaJHOr TeHepaTopa, peasu30BaH y
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OKBUpY HapegHe Flat sequence ctpykType pa3BujeHor LabVIEW kopaa, y yusby

AOHOIIE€Hka aleKBATHE OJJIYKE.

- Control & Simulation Loop
|Esw
Ul
Step Signal 3  Gain 11 . L
) f_(k ) fe) [Computstional
it n(ob/min) [primary residuals| _[Computationsl residuals]
G
; [Mc] ] [a}
1000 s 13800 I> 160 B r‘,;’Jmm] 3 l_HI‘
g o3 )
e T
o Step Signal 4 Gan12 2t
= e —__ - [
B | > OEE
v — t el
FER e 2]
— D’:HJ Step Signal DN 3
- 1 E] H-ﬁ_q__}
Ua(y) [ —
o[ U} X ‘IJ i
. A )
(e Gain 10
i [ 1 I Step Signal 2 .
liedslif i 5 -
o 1 l E D—
dt Gain13
B : [ Step Signal § 220
4.2 =
Be
[Elapsed Time ¥ In]
nj @€l
= =

Cn. 4.12 LabVIEW kod a) cHumarse cueHa.a 6) cumMyaayuoHu Modes pavyHCcKoz
pe3udyasiHoz ceHepamopa

HUckycTBO ayTopa je fa cy fepuHHMCaHU U GOPMUPAHU pA4yHCKU Pe3UAyaIu
KOHTaMUHHPaHU LIYMOM NPUJUYHO BeJIMKe BapUjaHCe, Te je Y I[U/by oAroBapajyhe
JleTeKllMje OTKas3a, a mnpe nopehewa pe3ujyasa ca nparoBuma JeTekluje, 6UI0
NoTpe6HO GUATPUPATH payyHcke pe3upayasne. U360p BpeMeHCKHX KOHCTAaHTH
dunTpa je BpJio genukartaH. C jelHe cTpaHe OH Mopa za 6y/ie ca I0BO/bHO MaJioM
ydecTtasiomihy NpomycHOT oIcera, Kako 6 y mrto Behoj Mepu eJJTMMUHUCA0 MEPHHU
IyM, JOK ca Jipyre CTpaHe OH He CMe Jla yTUYe Ha MOJeJUpPaHy AUHAMUKY
1[eJIOKYITHOT 06jeKkTa. HaKOH BUIIECTPYKOT MOHaBJ/bakha, JOILJIO Ce 0 NMpernopykKe
Jla rpaHuYHa yyectaHocT ¢uaTtpa 6yae 3a 20% Beha oz mpomnycHor oncera cucteMa

(v HalIeM cay4ajy MoTopa ca IojayaBavyeM).

4.2,2.6.1. PE3UAYAIM TPH CTPYKTYPHO] MATPUId $OPMHUPAHO] MOJEJOBAIEM
CUCTEMA

Ha pgujarpamuma koju cinepe (Ca. 4.13—Cia. 4.29) npukasaHU cy pefoM
VHTEPHH, PAUYHCKU Kao U QUIATPUPAHU PAYyHCKH pe3ujlyasu 3a CBaKU OJ, MET
aJJUTUBHUX oTKasa AU_, -AM_, AU_, Al,, An , Kajja je CTpyKTypHe MaTpHuIia

HpOjEKTOBaHa Ha OCHOBY MoJeJia CUCTeMa.
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r3

rl

1 |
|

-2
5
t(s)

Cn. 4.13 HnmepHu pesudyaau npu omkasy AU y 5s

Al | i i

n
)

1 2 3 4 6 7 8 9
@

Cn. 4.14 PauyHcku pe3udyaau npu omka3dy AU, y 5s

Ca. 4.15 Quampupanu pauyHcku pesudyaau npu omkaszy AU_ y 5s
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40

r2

10 /

5
t(s)
Ca. 4.16 HnmepHu pe3udyaau npu omkasy —AM y 5s

N | h.ulu Ticadi i

h -.I.H'llll.ll-ll.llﬂﬂllu.lllllk.
L Lt | Al i L iy

5
1(s)
Ca. 4.17 PauyHcku pe3udyaau npu omkasy —AM y 5s

40

30 r5 'f

20 \

r2
10 r3

r4

rl

Ca. 4.18 Puampupanu pauyHcku pesudyaau npu omkasy —AM, y 5s
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s

3

r4

e

T A O R ORNWAM U
=

ri

1
(IR

2 3 4 5 6 7 8 9
1(s)

Ca. 4.19 Quampuparu pavyHcku pe3udyaau npu omkasy —AM y 5s yeehanu

npukas

B~ Ol

r3

R S =T I )
& ‘
-
N

1
=

2 3 4 5 6 7 8 9
t(s)

Ca. 4.20 UHmepHu pe3udyasu npu omkasy AU, y 5s

|NHIM\HIIHIIHW%A il

N
il

‘\l i
It

T

il

ST
. pl
3

||!Hi|||||!

4 5
t(s)

Ca. 4.21 PauyHcku pesudyaau npu omkasy AU, y 5s
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5
4 r3
3 r4 A 1
2 I
l | | |
e T A
1 0\
\ 5 r2
-2 \_ {
-3 }
1 2 8 9

5
t(s)

Ca. 4.22 Quampupanu payyHcku pesudyasau npu omkasy AU, y 5s

20

10 AN

rl

1 2 3 4 5
{(s)

Ca. 4.23 UHmepHu pe3udyasu npu omkasy Al, y 5s

1 2 3 4 5 10
t(s)
Ca. 4.24 PauyHcku pesudyaau npu omkasy Al, y 5s
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20

10
r4 ri

_
« — 1

30 t
| \_

5
t(s)

Ca. 4.25 Quampupanu payyHcKu pesudyasu npu omkasy Al, y 5s

5
4 rl
3
9 r4
~a
1
e .
-1 | AN
2
3 = r3 r2
-4 r5
5

5 6 7 8 9 10
t(s)

Ca. 4.26 PuampupaHnu pauyHcku pesudyasau npu omkasy Al, y 5s yeehanu npuka3

2
15
r2

1
0.5
-0.5

4 2 3 5 8 9

t(s)
Cn. 4.27 HHmepHu pe3udyaau npu omkasy An, y 5s
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R G

H “‘H\‘ Eenlilll

il unmnuumumuuuwuuunm it
i mm Il

Wt i ulIEIE

I}
!\
il |
t(s)

NI |H?'|\|H|\HHHH’ ?
o Il (mEl
Ca. 4.28 PauyHcku pe3udyaau npu omkasy An, y 5s

1 2 3 4 5 6 7 8 9
t(s)

Ca. 4.29 duampupanu payyHcKu pe3udyaau npu omkasy An, y 5s

Ca gujarpama GuATpUpPAHUX payyHCKUX pe3suayana (Ciu. 4.15, Cn. 4.19, Ca.
4.22, Cn. 4.26, Cn. 4.29) je ouursieHO Jla BpeAHOCTH QUJITPUPAHUX PAYYHCKHUX

pe3uayasa ca M3y3eTKOM [, Npe 5S HUCY HyJa, OACTYMajy of ojromapajyhux

MHTepHUX GOPMH, aJik Cy Makbe 0] 'paHulie npazosa demekyuje 1, na ce o/iCyCTBO

OTKa3a Moxe NoTBpAUTH. [locse 5s, npu HOMUHAJHUM OTKasuMa AU, u —AM
BpPEJJHOCTH pe3ujiyasa I, 0JJHOCHO I, Cy HElITO UCIIOJ IPaHuULie hpazosa demekyuje

1, (Cn1. 4.15 n1 Cn1. 4.19) wrTo MOXKe pe3yJTUPATU NAPYUja1HOM oKudarsy (eHr. partial

firing-y). Homunannu otkasu AU, u Al, foBoje [0 nmpekopadyewma BpPeJHOCTH

npazoea demekyuje ofrosapajyhux pesuiyaia u u3ojsaluju ogropapajyhux orkasa

(Cn. 4.22, Cn. 4.25, Ci1. 4.26), anu nojaBa HOMMHAJIHe BpeJJHOCTH OTKasa An, naje

pesuayaJsie f, 1 I, UCIIOJ TPAHULIE npaz2osa demem;uje, Ina OAFOBapanhH OTKa3H1 He
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[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

Mory 6uTHu u3osoBaHH, (Cia. 4.29). Tabena 4.24 npukasyje yTUL[Qj HOMAUHAJHUX
0TKa3a Ha BpeJHOCTHU pe3ujyasa.

Ta6ena 4.24 Ymuyaj HOMUHA/IHUX OMKaA3a HA pavyHcke pe3udyaJe

AU, rnmamo <1 r,>1 r,>1 [TapuujanHo okujame
-AM, I|>1 r,mano<1, r,>1 [lapuyjanHo okujame

AU, r,=1, |r4| >1 r>1 OTKa3 ce MoXe U30J10BaTH

Al, rL>1r =1 |r5| >1 OTKas ce MOKe U30JI0BaTH

4.2.2.6.2. PE3UAYAU IIPU CTPYKTYPHOJ MATPHUIIU ®OPMUPAHO] HA OCHOBY CTPYKTYPE
CUCTEMA

Cn. 4.30-Cn. 4.46 npuka3dyjy UHTEpPHe, padyyHCKe Kao U OQUITpHpaHe
pauyHCKe pe3ujyasie Koje OJAroBapajy CTPYKTypHOj MaTpuuu ¢GopMHUpaHOj Ha

OCHOBY CTPYKTYyp€ CUCTEMA.

5
t(s)
Ca. 4.30 HnmepHu pe3udyanu npu omkasy AU, y 5s

[

4 s

-4 |

1T

! ! !
1 2 3 4 5 7 8 9
t(s)

Ca. 4.31 PauyHcku pesudyaau npu omkasy AU, y 5s
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A

r3

rl
8 9

5
t(s)

-5
r2 5

1
N
(6]
-

'-A

5
t(s)
Ca. 4.33 UnmepHu pe3udyasu npu omkaszy —AM y 5s

5 i 4/7‘2

-10 r3 r4

.25 rl

o =
oo
©

1 2 3 4 t?s)

Ca. 4.34 PauyHcku pesudyaau npu omkasy —AM y 5s
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[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
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5 ] N

10 r3 r4
-15

-20 \
-25
-30
-35 o
-40

r5

—rl

1 2 3 8 9

5
t(s)
Ca. 4.35 PavyHcku ¢punmpupaHu pesudyaau npu omkasy —AM y 5s

r2

-2 r4

-4 I’l\"\r

- '3

5
t(s)
Ca. 4.36 PauyHcku ¢punampupaHu pe3udyanu npu omkasy —AM  y 5s yeehanu
npukas

r3

r2

4 2 3 5 6 7 8 9
t(s)
Ca. 4.37 HnmepHu pesudyaau npu omkasy AU, y 5s
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rl

r5

[N

o) [ ——

5
t(s)

Ca. 4.38 PauyHcku pesudyaau npu omkasy AU, y 5s

r3

s

rl

f

i
4 5 6

t(s)

Ca. 4.39 PauyHcku gpuampupanu pesudyaau npu omkasy AU, y 5s

40

35

30

rl

25

ro
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5
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Ca. 4.40 UHmepHu pe3udyasau npu omkazy Al, y 5s
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40 T TR

r4 /

5! ll” l»'l"ﬁl I I ; ;
O
-5 : i

| i i i
101 2 3 4 5
t(s)

Ca. 4.41 PavyHcku pesudyaau npu omkasy Al, y 5s

6 7 8 9

rl
30 5

r4 r3 r2

5
. | N VAR

|
1 2 3 4 5 6 7 8 9
t(s)

Ca. 4.42 PauyHcku punmpupaHu pesudyaau npu omkasy Al y 5s

= )

5
t(s)

Ca. 4.43 PavyHcku ¢punampupanu pe3udyasau npu omkasy Al y 5s yeehan npuka3
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1.25

0.75

r2

0.25

-0.25

t(s)
Ca. 4.44 UnmepHu pe3udyaau npu omkasy An, y 5s

Ca. 4.45 PauyHcku pe3udyaau npu omka3dy An, y 5s

0.75

rd4

0.5 r4
\ rl

= R

-0.25

-0.5

5
t(s)
Cn. 4.46 PavyHcku puampupanu pe3udyaau npu omkasy An, y 5s
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[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

Ca gujarpama Ha Ci1. 4.32, Ci1. 4.36, Ci1. 4.39, Ci1. 4.43, Ci1. 4.46, je ouUrJieJHO

Jia BpeIHOCTH QUITPUPAHUX PAauyHCKUX pesHjyasla ca U3y3eTKOM I, mpe 5S HUCY

HyJa, U Takobe oJcTymnajy oA ojropapajyhux UHTEpHUX GOPMH, aJlkd CYy Make 0Of
rpaHule npazoea demekyuje 1, ma ce oAiCyCTBO OTKa3a MOe NMoTBpAUTH. [loce 5s,

IIpy¥ HOMMHaJIHUM oTKasuMa AU, u —AM BpeaHoCTH pe3uayasa I, OJHOCHO I, Cy

MaJio ucnof rpaHuine npazoesa demekxyuje 1, (Cn. 4.32u Cn. 4.36) wto Moxe

pe3yaTUpaTy napyujaaHom okudarsy (eHr. partial firing). HomuHannu otkasu AU,
u Al, noBoje [0 mpekopadewa BPeJHOCTHU npazoea demekyuje ojrosapajyhux

pe3uayasia ¥ U3oJaluju oaropapajyhux orkasa (Ci. 4.39, Ci. 4.42, Ci. 4.43), anu

1ojaBa HOMHUHaJ/IHE BpeJJHOCTH OTKa3a An, Jaje pesupyase I, U I, UCIOJ I'PaHULe

npazosa demekyuje, na ogropapajyhu otkasu He Mory 6uTH n3osioBaHy, (Ci. 4.46).

Tabena 4.25 npukasyje yTUlaj HOMUHAJIHUX OTKa3a Ha BpeJJHOCTH pe3ujiyaa.

Tabena 4.25 Ymuyaj HOMUHA/IHUX OMKaA3a HA pavyHcke pe3udyae

AU, r,>1 r,>1 r, mano <], [lapuujanno okujame
—AM, In|>1 r,mano<l, |r|>1 [lapuyjaHO OKHUAbE

AU, />1 |r,|>1 =1 OTKa3 ce MOXKe U30JI0BAaTH

Al, n>1Lr=1r>1 OTKa3 ce MOXe U30JI0BaTHU

y3pOLlI/I OACTyIakba PAa4YyYHCKHUX pe3njiyasid 0O UHTEPHUX pe3nyasia Ko/ obe

dopme cTpyKTypHe MaTpule cy: 1) mocrojame Coulomb-oBor Tpewa, M., uuje
IPUCYCTBO MOXe€ Jla Ce OKapaKTepulle Kao JejcTBO mopeMehaja Ha cucreMm -
JloJlaTaH yJia3 Koju Jiesiyje Ha 06jeKT yrnpaB/bathba U YMje IPUCYCTBO OU XKeJslesiu 1a
WTHOPHUILIEMO TOKOM JiMjarHo3e 0TKasa 2) MpoMeHJ/bUBa BpPeJHOCT KoedHIlMjeHTa
BUCKO3HOT Tpewa B ce Moke TpeTHpaTH Kao rpelika MozieJioBakba cucteMa. 3) naj

HaloHa TOKOM Mepema CTpyje MHAyKTa MoTopa R, l,, Koju je 3aHeMapeH, U Koju ce

Takohe MoXKe TpeTHUpaATH Kao JejcTBo nopemehaja. BpeaHnoct oBor nopemehaja je

CKopo 3aHeMapJ/bMBa jep je R, =0.01Q aju Moxe MMaTH yTHULAja HA JApPYru

npuMapHu pesujyas. OBaj pesujiyas onucyje pasauky usmMehy usmMepeHe ctpyje u

CTpyje A06UjeHe MO/JieIOBaEM.
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[Ipumena memoda 3a demeKyujy omkasa 3acCHOBAHUX HA MOdeay Y eseKmpo-
MEXAHUYKUM cucmema

TexHHKa Koja ce mpuUMewyjy Aa OW yTHUIaje OBUX NopeMehaja u rpeiike
MoJieJioBakba OJIBOjUJIa O pe3ujayasa 6Ga3upa Ha TpaHCAALUjU pe3upyasa.
Pe3uzyanu ce TpaHciupajy 3a BpeLHOCT KOja je NpoLielkheHa Kao BhUX0Ba Cpelbha
BpeIHOCT TOKOM BpeMeHa y KOMe HeMa JiejcTBa oTka3a. Tako ce 06e36ebhyje ga y
C/1y4ajy 0ZICyCTBa OTKa3a BEKTOp pe3ujyaJsa 6yze ca HyJITOM CpeilbOM BpeHouIhy.

AHanv30M aujarpamMa QUATPHUpPaHUX pe3njyasna MoXe Ce 3aK/byYUTH Ja Cy

HeonxoJHe BPpEAHOCTH Tpchnaque 3a IeT pe3rnayasia peClieKTUBHO:

Ar, =0.1, Ar, =0.45, Ar, =0, Ar, =0.5, Ar, =-0.2. (4.2.287)

y CJIy4ajy Kaza je CTPYKTypHa MaTpuUla IIpojeKTOBaHa Ha OCHOBY Mo/JieJia CUCTeMa
Tj.

Ar, =0.25, Ar, =0.48, Ar, =0, Ar, =0.42, Ar, =0.1, (4.2.288)

y C/1y4ajy CTPYKTypHe MaTpulie IPojeKTOBaHe Ha OCHOBY CTPYKTYpe CUCTeMa.

Ha Cn. 4.47 u Cn. 4.48, nprkasaHu cy oAroapajyhu cuMyJ/1aliluOHU MO/JIEJIH.

—

[
[ |

=

—

Comutational reziduali; Comutational transponovani reziduali

Ca. 4.47 Simulink moden mpaHcaupaHux pesudyasia ko0 cmpyKkmypHe mampuye
¢opmupaHe Ha 0OcHOBY Modeaa cucmema
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[Ipumena memoda 3a demeKyujy omkasa 3acCHOBAHUX HA MOdeay Y eseKmpo-
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—

]
]
[

5o ] B0

Comutational reziduali Comutational translirani reziduali

—

Ca. 4.48 Simulink modesn mpaHcaupaHux pe3udyana Kod cmpykmypHe mampuye
¢opmupaHe Ha ocHOBY modesa cucmema

4.2.2.6.3. TPAHC/IMPAHU PE3UJAYAJIU TIPU CTPYKTYPHO] MATPHIU &OPMHPAHOJ
MO/IEJIOBAHEM CUCTEMA

Jujarpamu Ha Cia. 4.49-Cn. 4.53 npukasyjy TpaHcadpaHe pe3ujyaje 3a
BpeJHOCTH (4.2.287) y 03Hauu I, I,,, Iy, I, I;, Kao U pesujyaJe npe TpaHc/aaLuje
y 03HauM I, I, Iy, I,, I, KaZja je CTPyKTypHa MaTpHlia IPOjeKTOBaHa Ha OCHOBY

Mo/JeJia CUCTeMa.

5

4 f2t‘\a'c:_ _____ IR M sy
rat r2

3 r5t

2

1

0 naaltnan ~alhien ntta -,.m}m._.-m...*

-1

-2

-3

-4

5
t(s)

Ca. 4.49 QuampupaHu u MpaHCAUPAHU padyHcku pe3udyaau npu omkasy AU, y 5s
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[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

r2

rot— |

Yo

Cn. 4.50 PuampupaHnu u MpaHCcAUPAHU PA4YHCKU pe3udyaau npu omkasy —AM  y 5s

5

4

2 rat < ™t ot

1 N N S A

0 X ¢

1 JE R o AN
h r2

2 r4/;\“"" ________ R R -

3 2 3 4 6 7 8 9

5
t(s)

Ca. 4.51 QuampupaHu u mpaHcAupaHu pavyHcku pesudyaau npu omkasy AU, y 5s

5
4 rat
r4
3 rit \
2 v £
: :
FSSSZSZZIEIIIIIE o S I L
2 Vad
-3 r2 P2t—3t=r3
-4 5t
> 2 7 8 9 10

5
t(s)

SI.7.1. Cn. 4.52 Qunmpupanu u mpanciupanu pauyHcKu pe3udyaiu npu OmKasy
Al, y 5s yesehanu npuxas
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[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

r2t rat

r5t r2
. \‘ / r4

0.5 -.ﬂ'lﬂ!'\lnﬂﬂr- --...44"-__.
. § : .
L . L-':Eu i::’ e -;-% ,i’;é' ' .-.u ggyi, mdiiahlet i 3 LT H T N

i
4

|
|
-(.5 AP e e A R YT - s

r3t rit

g —

1 2 3 5
t(s)

Ca. 4.53 QuampupaHu U MpaHCAUPAHU PAYYHCKU pe3udyaau npu omkasy An, y 5s

4.2.2.6.4. TPAHC/IMPAHU PE3UJYAJIM NIPU CTPYKTYPHO] MATPUIIM $OPMHPAHO] HA
OCHOBY CTPYKTYPE CUCTEMA

Hujarpamu Ha Ci. 4.54— Cn. 4.58 npukasyjy TpaHcAMpaHe pe3ujyase 3a
BpeAHOCTH (4.2.288) y 03Hauu r,, r,, I, I, I, Kao ¥ pesyjyase npe TpaHcJIaLHje
y O3Hauu I, I, I, I,, I., KaJja je CTpyKTypHa MaTpHlia NIPOjeKTOBaHa Ha OCHOBY

CTPYKType CUCTeMa.

5
t(s)

Ca. 4.54 Puampupanu u MpaHcAUPaHU pavyHcku pesudyaau npu omkasdy AU, y 5s
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[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

2
1 rlt c ------------ T isaamnnm
3 ¥ < '
0 3 r2 r2t
e O e a2v iroe, WO
. /3' ..... R
B} r1 (3t o rat
3 ‘ r5t
-4 |
-5
1 2 3 4 5 6 7 8 9
t(s)

Ca. 4.55 Quampuparu u mpaHcaupaHu pavyHcku pesudyaau npu omkazy —AM y 5s

. r5t \ | /

pried p,‘-.-;,..oe,}.uJ.,-ﬁ:ﬁ'rnx:i.;:.w. .wﬂ-‘. e
evseasmanshtssdsmrrnnd

..........................................................................

¥ rl \

5
t(s)

Ca. 4.56 QuampupaHu U MpaHCAUPAHU pavyHCKU pe3udyaau npu omkasy AU, y 5s

5 |
A |
r5t
3 r4t
. 14 / (3t | rat
2 rit \ I . 2
rl / |y ] |
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) |

gl 2 3 4

5
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Ca. 4.57 duampupaHu u MpaHCAUpPAHU pavyHcku pesudyaau npu omkasy Al, y 5s
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[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

1.25 i
r4t ‘

1 .ﬁﬁ
rit

0.75 r5t / 4

0.5 ‘\ rl

S R I T TR TR A L AL LA R LU SN P

r2

0.25

) | >
05 e T L L T L }

1 2 3 4 5 6 7 8 9
1(s)

Cn. 4.58 Puampupanu u MpaHCcAUPAHU PA4yHCKU pe3udyaau npu omkasy An, y 5s

TpancnupaweMm pe3suayana 3a CBe INOCMaTpaHe aJUTHUBHe OTKase,
CTalMOHapHe BPeJHOCTU PavyyHCKHUX pe3yjyasa Ce U3jeJHadaBajy ca HHUXOBUM
KOMIIAaTUOUJIHUM HHTEpHUM ¢opMaMa, Tj. HUXOBE CTalMOHApHEe BpeLHOCTHU
O/IrOBApajy OCET/bMBOCTUMA pe3ujiyana JaTux Tabena 4.22 u Tabena 4.23.
Pe3usyanu 3a Koje ce oyekyje [ia He pearyjy 3a BpeMe NpUCYyCTBa 0TKa3a, 0CTajy ca
HYJITUM CpellbMM BpeJJHOCTUMA 3a BpeMe Tpajala CUMyJialija.

[IpeMa ToMe, MOXKe Ce 3aK/bYUUTH, [ia Cy IPUMEHOM TeXHHUKA QUATPUpAHA U

TpaHC/IMpaka pe3niyasa, CBU 0TKa3u Behu Wiy jeiHAKU 07 HOMUHAJIHUX, TOCTa/IH

U30JIa0UJIHU.

4..3. TIPOJEKTOBAIE JUPEKLIMOHUX PE3UAYAJIA

Kop fvpeKuOoHUX IPUCTYIIA Ce 0YeKyje Ja ce 0O[3UB Ha CBAaKH I10jeiUHAYHU
0TKa3 HaJsla3u y oipeheHoM MpaBLy y NPOCTOPY pe3r/iyasia CBO BpeMe YK/by4yjyhu
Y npeJsia3HU npouec. M3oaanuja oTkasa nojpasyMmena ofpehuBame y KOM yHanpe/,
JlebUHHUCaHOM MpaBLy ce IOCMAaTPaHU pe3u/ya/lHU BeKTOp Hajla3U Hajosimxe.

,ZlI/IpEKL[I/IOHI/I pe3nayajiHnu BEKTOP j-TOF OTKa3a Ce MOXe I,Z[E!(l)I/IHI/ICaTI/I

peJsianjama
r(k/pj):Bij(Z) pj(k)7 (4.3.1)
rze je:
B, =[Blj By - an] —KOHCTAHTHH JUPEKIIMOHU BEKTOP j-TOI OTKa3a
Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en
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[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

y N AMMEH3MOHOM MPOCTOpPY pe3uAyana; y;(z) - AMHAMMKaA O/A3MBa 3a KOjy je

OUTHO Jla 32 CBaKM eJleMeHaT pe3UyaJHoT BeKTopa OyZe ucTa a 6u JUpeKLUOHHU
BEKTOP Yy O/I3UBY Ha j-TH OTKa3 CTAJHO MMao UCTH mpaBall JjeGuHUCaH BEKTOPOM
B;.

Penauuja (4.3.1) ce moxke HanKUcaTH Y OOJIUKY:
r(k/p;) =1z ;(2) p; (k), (4.3.2)

rae je zg ;(z) =PB,y;(z) BexkTopcka cnenndukanmja o31Ba Ha j-TH OTKa3.
[lokasyje ce fa je 6poj oTkasa p, 3a Koje ce MOTY IPOjeKTOBaTH BEKTOPCKHU

He3aBUCHU AUPEKIIMOHU IPABIU 0/I3UBa, YeCTO MakbHU 0/ YKyIHOT 6poja 0TKasa y

CUCTeMY p;, U ofpebyje ce Ha ocHOBY ycsi0Ba [15]:

D Rank S (z)=p, 2)p<pu, 3 n=p. (4.3.3)

3a cucTeM MOTOp - I0jayaBay YKynaH 6poj OTKasa je p. =5, 6poj u3iasa
cucteMa je p=3 u Takohe BaxH Aa je Rank S.(z) =3. [Ipema (4.3.3) MakcUMa/HU

6poj 0TKa3a 3a Koje ce MOTy MPO0jeKTOBAaTU HE3aBHCHHU AMPEKIMOHU NTPABIIY 0/I3UBa

je p=3. CxoaHO TOMe, AM3ajH AUPEKIMOHUX pe3uAyasia ca He3aBUCHUM

JIMPEKIMOHMM IpaBIMMa OJ3MBa 3a CBUX NeT OTKa3za Huje moryh. Takobhe Ha
OCHOBY ycJioBa 3), HajjeJHOCTaBHHje peliere 3a HU300p AUMEH3HUje MPoCcTopa
pe3supayasnaje n=3.

Ha ocHoBy mpeTxojHOr, 3a U3abpaHa TPU OTKa3a Ce MOXe YCBOjUTHU HIIP.
opToroHajHa cnenuéukanuja oa3uBa y o6auky Z(z)=1. [JupeKiuoHu NmpaBuu
0/13VBa Ha OBA TPU OTKa3a he OMTH HE3aBUCHH Tj. y PaBILy TPH pe3u/iyasHe oce y
TPOAMUMEH3UOHAJHOM IIPOCTOPY pPe3uAyala.

Y na/beM TeKCTy Cy JUPEKLUOHU Pe3Uyaly ca He3aBUCHUM JAUPEKIIUOHUM
0/13MBUMa MPOjeKTOBAHHU 3a MIPBa TPU O0TKa3a. MaTpuIila 0TKa3a NpBa TPU OTKa3a U
MaTpula cnelnupUKalmja o/[3uBa Cy:

M. (2) 0 1

S@)=| M, (M, (2) M,(@) 0| Z(@2)=1 (43.4)
MA(@DM,(2) M, (2) O

Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en
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MaTtpuua Tpancoopmanuje W (z) Moxke ce opeJUTH U3:

W (2)=2(2)-T(2)-S(2), (4.3.5)
rjeje
T(z) =diag(z™), (4.3.6)

MaTpuia MoAudHKaluMje OA3MBa KOja YMHHM Ja pe3uAyaJHH TreHepaTop Oyje

Kay3aJiaH. /lobujeHa je MmaTpula TpaHcopmalije

(1-0.5751z)(1+4.85-10°2%) (1-0.5751z7)(1+0.00762 ") |

0 35 0.00476

1-0.519z7" 1-0.519z"
W(z)=| 0 0.0253(1+0.00762 ") -4.18-10°(1-0.983z ")
7t ~7.41(1+4.85-10°z7") ~0.01(1+0.007627")
) (4.3.7)

HHmepHa pesuayanHa dopMa KOPUCTU ce 3a JedUHUCAE OYEKHBAHUX
npaBalla pe3u/yaJHOr BEKTOpa y OA3UBY Ha ojapeheHH oTka3. HHmepHa popma

pe3ujyaJa je:
r(k/pj) =W(Z)SF.j(Z) pj(k)! (4.3.8)

rjae je SF_J.(Z) j-Ta KOJIOHAa MaTpulle OTKas3a cucteMa jgata y (4.3.8),
1=1 2,..., p =5.

Moxe ce YO4YHUTHU [da C€ O4YE€KHBaHHU IIpaBLOH OA3MBa Ha OTKa3e€ (l'[paBU,I/I
HNHTEPHHUX pesn,ayaﬂa) y nponecy CMHTe3e pe3rjyaJia, Kaja BpeAHOCTU OTKa3a

HHUCYy YHaNpea ro3HaTte, Mory oapeJuTH Ha OCHOBY TIPOHU3BO/JA:

W (2)s¢;(2). (4.3.9)

WHTepHe dopMe JUpEKIMOHUX pe3niyasia 3a 0OTKa3e cy obJIMKa:

z! 0 0
r(k/du,)=| 0 |AU_(k), r(k/-dM ) =]z |[(-AM,(k)),r(k/dU,)=| 0 |AU, (k).
0 0 z!
(4.3.10)
Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en
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r(kidl,) =W (z)s¢,(2)Al, (k) =

_3 : (1=0575T77) (1+ 4.8540°7 ") |
) (4.3.11)

= 0.0253(1+ 0.08767 *) Al (K),

~7.41(1+ 4854077 ")

35
r(k/dl,) ~| 0.0253 |Al, (), (4.3.12)
~7.41

r(Kidn,) =W (2)s,.5(2)An, (k) =

0.00476 L=057EI) L+ D0GT6Z ")
105197 1
- —4.18-10° (-0.9832 7 +1) An, (K), (43.13)
~0.01(0.08767 * +1)
0.00476
r(kdn)=| 0 |An,(K). (4.3.14)
-0.01

HHmepHuU [UpPEKLMOHM OJ3MBHM Ha NpBa TPU OTKas3a Ce MPOjeKTyjy y
He3aBUCHHUM INpaBLMMa pe3uJlyaJlHUX 0Ca, LTO Cy U OYeKUBAHU MpaBLH
JUPEKIMOHOT BEKTOpPA V¥ 0/[13UBY HAa HEKH O/ IpBa TPU 0TKa3a. /lobujeHu u3pasu 3a
0/I3MBe Ha M0CJIe/iHba /iBa 0TKa3a Cy ca pa3/IMYUTOM JUHAMUKOM 33 CBAKU €JIEMEHT
BekTopa oxa3uBa (4.3.11) u (4.3.13). Ha ocHoBy Tora ce oyekyje HeMOryhHoOCT
v3oJalyje TMocje/ilba JiBa OTKasza. Mmak, mojeiuHu ¢GakTopd y oJ3UBHMA Ha
nocse/iiha /1Ba 0TKasa ce MOry 3aHEMApPHUTH jep Cy OJMCKH HYJITUM BpeJHOCTUMA
WJIU TNPUOJMKHO jeJJHAaKH, UITO pe3yJTHpa BEKTOpPUMa ca KOHCTAHTHUM
koedpullMjeHTHUMa y CckJaJy ca wuspasuma (4.3.12) u (4.3.14), koja wumajy
JUpeKLoHa cBojcTBa. OBO 3HAUM Cce Y C/1y4ajy MojaBe Mocje/ha iBa 0TKa3a, MOXe
OYeKMBaTH Jla he JUPEKLMOHU BEKTOp 3ay3MMaTH ofpebheHu 3aBucaH mpasal, y

TPOANMEH3HNOHAJIHOM IIPOCTOPY pe3nayaJia, ﬂe(l)I/IHI/IcaH KOOpJMHAaTaMa BEKTOpPA

Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en
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0/13MBa CBe BpeMe yK/by4yjyhu u npesa3nHu npouec. [[pema Tome, y ciy4ajy nojaBe
nocJjea Ba 0TKasa o4eKyje ce Aa he ce uctu mohu nsosnoBaTH.
PauyyHCcKU JYMpeKLMOHU pe3ruyay ce payyHajy npeMa peJalnuju:
r(k/p;) =W (2)(y(k) - M (z)u(k)). (4.3.15)

Y yumy eduKacHUje aHaIM3e NPOjeKTOBAHUX AUPEKIIMOHUX pe3u/iyalia Ha
AujarpaMmuMa kopuiiheH je 3D mpukKas Kao U NMpUKa3 BpeMeHCKe 3aBUCHOCTHU

KOOpAWHATA AUPEKLHUMOHOT BEKTOPA Y OA3WMBHUMA HA rloje,zulee OTKa3e.

1- 1 Computaftiona putanja

0.
1 020 r

Ca. 4.59 PauyHcke u unmepHe nymarse npu AU

i
i

tatiorhal filtrirana
putanja

Ca. 4.60 PavyHcka puampupana u mpaHcaupara nymarea npu AU,
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y i P
B CE R \
0.6 / rd3f rd1 \ rd1ft
/ / rd1f
0.4
0.2 PIFFIY
0 MR T
e e | 1
0.2 r r r r r

1 2 3 4 6 7 8 9 10

5
t(s)
Ca. 4.61 Koopduname dupekyuoHoz eekmopa npu od3usy Ha omka3s AU

A 13 ‘ ,
~ Computational p JHH ja
1 |

31

Ca. 4.62 PauyHcke u uHmepHe nymarse npu —AM

omputational filtrirana
Itranslrranaputanja» o

-3 -1

Ca. 4.63 PavyHcka puampupana u mpaHcaupana nymarea npu —AM
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: ; :

ulll mlM WMHA“J T Hm
I H[[W Ty ”v! i

rd2f rd2

rd2i

1 2 3 4 5.6 7 8 9 10
{(s)

Cn. 4.64 [lpy2a koopdunama dupekyuoHoz ekmopa y 003usy Ha omkas —AM

8:2 rd3  rd3f g3t
0.3 - I |
0.2 ‘ HE
0.1
0
-0.1
-0.2
-0.3
-0.4
-0.5

5
t(s)
Ca. 4.65 I[Ipsa u mpeha koopduHama dupekyuoHo2 8eKmopa y 003u8y Ha 0MKas
—AM,

: | I3
Computational putanja

0 -01 0 n

Cs1. 4.66 PauyHcke u unmepHe nymaree npu AU,
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I+
Computational filtrirana
054 - puténja
S o0l — Internal putar
-0.5-

e

0

”r3

01 0

ransli

i

Computational filtrirana
rana putanja

Cn. 4.67 PavyHcka puampupana u mpaucaupasa nymarea npu AU,

15 ; |
rd3f R
1 rd3ft——— ’
rd3i//’:7/‘ rgrf "d1ft rd2f
05 ; rdl // \ \\
0 @;‘ﬁ\“?‘,‘ﬂ#"‘-‘.-M#{.‘u‘f-ﬂﬁ‘.{%ﬂmﬁ'ﬁéﬁﬁ"‘f,\w&%~J‘J.'r.1;'-\‘-'.*f,t ﬁ#.&#éﬁ%nmﬁwmw LA

i
1
'

05—

3

4

>1(s)

8

9 10

Cn. 4.68 Koopduname dupekyuoHoz eekmopa y od3ugy Ha omkasz AU,

iomputatonal path

Ca. 4.69 PauyHcke u uHmepHe nymarse npu Al
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01— | Tr°computational filtrirana \\
02 ~ | itranslirana putanja T
03, <% L '
04—

terna

Ca. 4.70 PauyHcka ¢puampupaHa u mpaHcaupana nymarea npu Al

04 T
83 | ; 1 sl )
0.1 }

0 - — /
'01 Wmﬁ* y rat /f
0.2 dif At
-0.3 \ rd2f
0.4 | . .
-0.6 rd3———— 03 o
-0.7 rd3f— /)|'\ rasi
o st ks

1 2 3 4 5,6 7 8 9 10

Ca. 4.71 Koopduname dupekyuoHoz eekmopa y od3ugy Ha omkas Al

\

al-path

Internal path

2% 003 1%
2 0,05 -0.2019 r1

Ca. 4.72 PavyHcKke u uHmepHe nymaree npu An,
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r3
S
[EEN
!

Computatior{al filtrirana

itr rsu@’ap\utemja

06
04 09

-0.01
-0.03
005 o 01

r2 ri

Ca. 4.73 PavyHcka puampupana u mpaHcaupaHa nymarsa npu An,

0o 03

rdli rdl rdif  rdift

y |\ [

et bt

W‘WM%%M o -%‘fiﬂﬁhﬂ“ﬁ\mﬂ rd3 rd?ﬂ‘I rd3ft
-0.2 b ik b :
b

rd3i— ‘ ¥

] *+ *+
% 3 4 5,6 7 8 9 10
1(s)

Ca. 4.74 Koopduname dupekyuoHoz eekmopa y od3ugy Ha omkas An,

Ha ocHOBy BpeMeHCKOT NpHKa3a KOOpPAWHATA PAYYHCKOZ2 AVPEKLHUOHOT

pe3uyasHOT BeKTOpa y O3HaLM Iy, I,,, I,, €BUJEHTHO je Jla Cy KOHTAMUHUPaHU

IIYyMOM BeJIMKe BapHjaHCe U Jla Cy KOOpAWHATe Ipe HacTaHKa OTKa3a HEeHYJITe,

cpeame BpeaHoctu oko (—0.1,0,0.25), Ci. 4.61, C1. 4.64, Ca. 4.65, Ci. 4.68, Ci. 4.71,
Cn.4.74. Ha 3D npuka3uma Ha Ci1. 4.59, Ci1. 4.62, Ci1. 4.66, Ci. 4.69, Cn. 4.72. edpekat

1yMa je BUJJbUB Kao Beha cKynrHa Tayaka y NoJ103KajuMa payyHCKOT JUPEKLHOHOT
BEKTOpa Ipe oTKa3a 1 M MO HAacTaHKy OTKasa 2. 360r HEHYJTHX KOOpJHHaTa
JUPEKLMOHOT BEKTOpa IIpe HaCcTaHKa 0TKa3a (1moJsioxaj 1), pe3uiyasHu BEKTOp MO
HAaCTaHKy OTKa3a Meka MpaBall U3 MoJioxkaja 1 y moJsioxaj 2, WwTo pe3yaTUpa

HeMoryhHocTyu wu3oJsanuje oTKasa. EBUJEHTHO je pAa mnpaBay 2 pavdyHCKOT

Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en
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JUPEKLHOHOT BEKTOpa OJACTyNa O/, 04eKHUBAHOT IpaBLia oJroBapajyher UHTepHor
pe3uyasHor BEKTOPA.

Jla 6u ce wu3bersia BapHvjalMja KOOpAWHATA y IMOjeJUHUM CTambUMa,
pesuayanu ce ¢uatpupajy. EnumunHanuja yrtunaja nopemehaja u3a3BaHor
npucyctBoM Coulomb-oBor Tpemwa Kao W TpellKe MoOJeJoBawma ycjae[
NpPOMEH/bUBOT KoepHUIMjeHTAa BUCKO3HOT TPeka Koje y3POKYjy HEHYJITE MOJI0XKaje

pe3ujya/lHUX BeKTopa npe 5s, ce U3BOJM TPaHC/AUMpamkeM KOOpJMHATa U TO: I, 3a
+0.1 u r;; 3a —0.25. PuATpUpPaHU U TPAHCIAUPAHU pavyHcKu pesupyanu cy 3D
npyvkKasoMm npexcraB/beHd Ha Cia. 4.60, Cia. 4.63, Cin. 4.67, Ca. 4.70, Cin. 4.73.

dunTprpaHe KoopJiMHAaTe pe3ujyasa y BpeMeHCKOM AoMeHy cy Ha Ci. 4.61, Ci.

4.64, Cn. 4.65, Cn. 4.68, Ci. 4.71, Ci1. 4.74 Ha3HAayeHe CUMOOJIUMA [y, Mo, lyse, @
bunTprpaHe a IOTOM U TPAHC/MPAHe 03HAKAMA ., loey, gy

®duaTpUpaHy a 3aTUM U TPAHCJIUPAHU pe3nyaliy Ipe NojaBe OTKa3a UMMajy
NpubIMXKHO HyJITe KOOpJMHATe, a [0 HACTaHKy OTKasa KOOpAWHaTe

oarosapajyhux untepHux dopmu u to: (1, 0, 0), (O, —2.551073, 0), (0, 0, 1),
(0.3,0,-0.7) u (0.2, 0,—0.5) Tj. 3ay3umajy uCTH NOJNOXKAj Kao Oxrosapajyhu
MHTepHHU pe3uayanu Ha 3D npukasy. Kog nmocineama gsa otkasa Al,, An, To je

[I0JI0’KAj CTallMOHApPHOI CTaka MHTEPHUX pe3ujyasa, Koju Hactaje Beh y 5.1s.

Haume, Y TPEHYTKY HAaCTaHKa OTKa3a y 5s camo pBa KOOpAWHATA y O3HAUH [, UMa

KpaTak IpeJsia3Hy npoluec y Tpajawy o oko 0.1s, TOKOM Kora cy keHe BpeJJHOCTHU
HellTo Behe o/ BpeIHOCTH y cTallMoHapHOM cTawy Ci. 4.71 u Ca. 4.74. [lpyra

KOOp/JIMHATa MHTEPHOT JUPEKLMOHUX BEKTOPa y O3HALM [, je MIPUOJIMKHO HYJITa,
a Tpeha y o3HauM r,;, MMa KOHCTaHTy BpPeJHOCT TOKOM Tpajama oTka3a. OBa

KpaTKOTpajHa MpoMeHa [Jpyre KOOpJAWHATe HWHTEPHOT pe3ujyasa TOKOM
npeJsiazHor npoueca Ha 3D npukasy Ha Ci1. 4.69 yod/pUuBa je Kao IoMepaj MUHTEPHOT
JIUPEKIMOHOT BEKTOPA U3 N0JI0XKaja 2' y MoJioXkKaj 2 KOjU 0roBapa CTalluOHApHOM
CTamwy.

[IowTo CBY AUPEKIMOHU pAYYHCKU BEKTOPU UMajy KOHCTAHTE MpaBLie TOKOM

BpeMeHa, KOju 0/roBapajy pepepeHTHHUM U CTAallMOHAPHUM NpaBLMMa UHTEPHOT
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JUPEKLMOHOT BEKTOPa, CBM INOMEHYTH OTKa3u Ce HAKOH JeTeKldje MOry u
M30JI0BATH.

Y nabopaTopuju je NOHaBJ/baH BeJUKHU OpOj eKCllepuMeHaTa y pa3JIM4YuTUM
paZiHMM YCJOBMMAa M 3aK/bydyaK je Jla ce O4YeKyje peJaTUBHO MaJio OACTyNambe
pesuayasa oJ A0OHjeHUX TaKO Ja Ce NMPUMEHOM TpaHC/AaLluje UCTUX 3a Beh
JebrHHCaHe BpeJHOCTH, MOTY OCTBAapUTH 3a/j0B0O/baBajyhe neppopmaHce cucteMa
3a JleTeKIMjy U u3oJjanujy oTkasa. Ha Taj HauuH he pesujyanu oJBOjUTH O[]
nopemMehaja ¥ cucteM noctaTv po6ycaH Ha IrpeliKe MO/ie/I0Bamba.

[IpuMemeHe TexHUKe QUITpUpama pe3ujyasa 3a eJUMUHUCAame ePeKTa
myMa U TpaHCJAaldje pe3ujyasja ojiBajakbe pesujyasna of mnopeMmehaja ce
reHepajHO MOry NPUMEHHUTH Ha CHUCTeMe Ca KOHCTAaHTHUM mopeMmehajuma y
NPUCYCTBY I'pelllaka MoJieJioBaka. AKo je nmpupoja nopemehaja gpyraduja, Mmopajy
ce MPUMEHUTU U Jpyre TexXHHKe 3a ofBajame mopemehaja ox Mojgesna cucrema.
Mebhy TexHHMKaMa JleTeKI1je U h30J1allkje 0TKa3a 3aCHOBAaHUX Ha MO/ieJly, U3/1Bajajy
ce MPUCTYIH MONYT: AU3ajHA AUjarHOCTUYKHUX OlcCepBepa ca "HEeN03HaTUM yJia3oM"
[49], [51] koju ce MOXe KOPUCTUTH 3a O/iBajatbe pe3rayaJsia o/ OorpaHH4YeHoT 6poja
nopeMehaja, BEKTOPCKM MNPUCTYNl NpU HU30JALUjU CEH30PCKUX OTKasa,
npojeKToBame pobycHux ¢uartapa 3a FD [52], aunaMmuuku parity relation npuctyn
ca NpojeKTOBaHOM TpaHcPopMalUjoM 3a ofiBajarbe mopemehaja [67], [142] wau
KOMOUWHaluUYja parity relation mpucTyna ca APYrdM NPUCTyNMMa HIOp. ca fuzzy
JIOTUKOM Y MOJyJIOM 3a JloHolIewe ojyke [101].

JlobujeHu pe3yaTaTH, 32 IOCMaTPaHU MOTOP ca I0jayaBavyeM, Cy U3Y3€THO
Jlo6pH, aJyd ce Ha OCHOBY HbHX He MOXe TreHepa/iM30BaTH 3aK/byyaK y CMHUCIY
NPUMEH/BMBOCTU Ha OCTaJle KJlace HeJIMHeapHUX cucteMa. OHO LITO ce UIlaK MOXe
3aKJ/byYHUTH jeCTe /ia je Cy HaBeJleHe MeTo/ie 3aCUTYPHO MPUMehUBE HA HeJIMHeapHe
CUCTeMe KOJ| KOjUX Cy JIMHeapHu30BaHU MOJieJiu J06pU penpe3eHTH MOHallakba
CUCTEMA Y OKOJIMHU HOMHHAJIHOT peXXUMa. Y JIMTepaTypH Cy AOCTYIHU PA3IUIUTH
HACJI0BM 3a NOTpebe JleTeKUje 0TKasa y cay4ajy NojeIMHUX Kjlaca HeJIMHeapHUX
cucrema [143], [144], [145], [146]. U3aBajajy ce TeXHUKe Koje NpPUMEHYjY
ajlanTvBHe omncepBepe [61], [91], [147], pobycHe oncepBepe [148], [149] sliding
mode orncepBepe [96], [97], HesiMHeapHe olicepBepe ca HeMO3HATHUM yJa3oMm [98],

[65], [150], oncepBepe peaykoBaHor pega [151], neTekTope Ha 6a3u extended
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KanManoBor ¢uatpa [60], [152], napuujanne ¢uartpe [153] uaum HeypasiHe Mpexe
[110], [154], [155].

Hanomena: [IpuMeHa y cjy4ajy BULIECTPYKUX OTKA3a

[locMaTpaHu puMep cMcTeMa y KoMe je 6poj oTkasa Behu of, 6poja m3sasa
CHCTEMa je TeXU Ca CTAHOBUILTA JeTeKlHje U U30J1alijje BUIIeCTPYKUX OTKasa. Y
TOM CJIy4yajy Cce UCTOBpeMeHM Opoj OTKa3a y OKBUPY CTPYKTYpPHUX pe3ujyasa
pewmaBa GpopMUpameM M aHAJIM30M TaKO3BaHe NOTIYHE KaHOHUYHE CTPYKType.
Orpanuyewme y TIpPUMEHM IOTIYHE KAaHOHWYHE CTPYKType IpeACcTaB/ba
MaKCUMMaJIHU 6POj BUILECTPYKUX OTKa3a KOjU ce MOTy U30JI0BaTH a KOjH je 3a jeJilaH
MamHU 0/ 6poja 13jasa cucTeMa.

Y aHanu3supaHoOM NpUMepPY KOJ Kora je 6poj u3jiasa Tpu a 6poj oTKasa IIeT,
MakKcuMa/JaH O0poj BHILEeCTPYKOCTH OTKa3a je JBa. CTpyKTypHa MaTpuia
JBOCTPYKMX OTKasa (opMHpaHa Ha OCHOBY IOTIyHE KaHOHUYHE CTPYKType je
o6.s1Mka kao Ha Ci1. 4.75.

P
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~
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1
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i e i i = T T
e i i = T i T
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P O F F F P P P
O F P P FP P PP
L i i
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1
r, 1
1
1
1
1 1 0 O 1 1 1 1 1 1 1 1 1 0
4.75 CmpykmypHa mampuya npu KomM6uHayuju 08a ucmospemeHa omkasa
Teopujcku 641 U IPUMEHOM JUPEKIIMOHUX pe3ujyasia NpobJjeM 610 pelnB
y CJy4Yajy HUCTOBpeMeHe IiojaBe JBOCTPYKHUX OTKasa, jep ce O4YeKyje Ja

HCTOBPEMEHOM I10JaBOM OTKa3a rj U I pesuyajlHu BEKTOp JIEXKHU Y pj - P, PaBHHU.

[TocTynkoM HeroBor pasJjarakba Ha KOMIIOHEHTe y IpaBljMMa Koje UCTH 3ay3uMa
KO/, II0jaBe MojeJUHaYHUX 0TKa3a, TEOPHUjCKU 6U 6uia Moryha U ujieHTudUKaluja
KOMIIOHEHaTa /JIBOCTPYKUX OTKasa. MehyTuM, mpuMeHa OBAaKBOT CTaBa IOCTaje
BpJIO HeNoOy3JaHa Kaja ce y3My y 003up yTHILaj rpellaka MoJeJsa, NPUCYCTBO
MEepHOT IllyMa M BapHjeTeT HeNO3HAaTUX HWHTEH3WTeTa OTKas3a. Bpso Maso

eKCcIepyuMeHaTa U pe3yJiTaTa ce, Ha OBy TeMY, MOXKe Hahu y iuTepaTypH.
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5. [IPUMEHA METOJA 3A JAETEKIMU]Y U H3O0JIALHU]JY
MYJITUIIVIMKATUBHUX OTKA3A HA BA3W MOJEJIA HA
EJIEKTPO-MEXAHUYKOM CUCTEMY CA I1I0JAYABAYEM

Y pucepTanyju ce pa3MaTpajy MyJATUIIJIMKaTUBHUA OTKAa3W HACTAJIU HArJioM
IIPOMEHOM HEeKOr O/ llapaMeTapa IojayaBada uad Motopa. OBakaB THI OTKasa je
HajHe3aXBaJ/IHUjU 3a AujarHo3y. KiacuyHe TexHUKe ecTUMaluje He Jajy fobpe
pe3yJjTaTe, jep HarJa IpOMeHa jeAHOr WJIMU BUIIe [apaMeTapa y CUCTEMY
IpeacTaB/ba UHULUJATOP NpeJsa3Hor npoueca. EcTumanuje napaMmerapa He npare
NpOMeHY O/Max N0 HacTaHKy. Takohe ce mpoMeHa jeHOT MapaMeTapa CUCTeMa y
npeJia3HOM MpoIiecy oJpaxkaBa U Ha ocTaJlle mapaMeTpe. Tako 6u kyiacuvaH off line
-batch, npuctyn 6a3vpaH Ha MeTOAU HajMawUX KBajparta (eHr. Least squares
algorithm) npu nyxuHu nojataka K koja je pena xusbaZie W BUIlE, M3a3BA0
npeJsia3aH npoiec Tpajamka K —1 oxmepaka, IITO je HEMpUXBaT/BUBO Ayro. [lopen
TOTa, KJacu4yaH on-line MPUCTYI, KOjU Ce 3aCHUBA Ha PEKYP3UBHOj MPOLIEHU
napametapa (eHr. Recursive least squares algorithm) ima 6eCKOHa4YHy MeMODPH]y, l1a
je mpu ToM K —>oco. Harsa npoMeHa jefHOr WJM BHIle @apameTrapa 06U y
PEeKyp3UMBHOM aJTOPUTMY HajMambUX KBaZjpaTa MHULMpaJa [peJia3aH npoLec Koju
Tpaje HeorpaHMWY€eHo yTo IITO 61U pe3y/ITUpPao HeTa4HOj IPOLeHH.

Kako 6u ce 1noMeHyTH 1npobJeMHM TNpeBasulllIM, Y Hpouecy
uJieHTUGUKaLUje MoJiesla IpUMeheHHU cy ciaeiehy NpyucTynu:

e AsroputaM KJU3HOT npo3opa (eHr. Sliding window algorithm) TexHHKa
KJIU3HOT I[po30pa IpU MpOLEeHM IapaMeTapa JAUCKpPETHOr MoJeJsa
NpUMemeHa Kao BapujaHTa MeTo/le HajMawUX KBajpara [77].

e AsropuTtaM KJAM3HOT MHTerpasa (eHr. Sliding integral algorithm) TexHruka
KJIM3HOT MHTerpasa npu uJeHTudUKalrju KOHTUHYaJHUX NTapaMeTapa
Mozena. [I[puMemeHa je y KOMOMHALMjU ca METO/OM HajMawkbUX KBajipaTa
[118], y3 MoauduKanuje Ay>k1He npo3opa.

O6e TexHUKe MOTy OUTH peasii30BaHa on-line, aaiu 3axTeBajy Mo JleJ0BUMa

batch npuctyn npu npoueHd napamerapa cuctema. Kpaha ayxuHa mposopa y
NpeJJIOKEHUM aJITOPUTMHUMA YHOCH Mame Kalllkbewe y eCTUMalvju, ald U

noBehaBa 0CeT/bUBOCT Ha IMpUCYCTBO 1IyMa U Bapnjchy y NpoLeHH ImapaMeTapa.
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Takobhe, mozaTaH 3axTeB INpeACTaB/ba M HEONXOAHOCT YyBOhHemwa J0BOJHHO
vHbopMaTUBHOI (eHT. persistent excitation requirement) yJia3HOT CHUTHaJa

JlOBOJbHOT peJia Aa 6u 6usa Moryha ugeHtudukanyja napaMeTrapa.

5.1. MOJIEJIOBAIGE ITOJAYABAYA Y IIPUCYCTBY
MYJITHIVIMKATUBHHUX OTKA3A

Ha ocHoBy Mojs1a nojadyaBaua (3.2.8) moryhe je no6uTn popme norojHe 3a
aHa/u3y MYJITUNJIMKAaTUBHUX OTKa3sa. [IpumapHO 3aHeMapHBambeM

MH/JYKTUBHOCTH KOJIa HHAYKTa MOTopa L,, Ia nmotom cBohemeM Tako fo6HjeHOr

cuctemMa [JIpyror peJa Ha CHCTeM MpBOr peja, JAobuja ce Mojes:

U (s)=255 Py ) Py (q) (5.1.1)

a,s+1 a,s+1
rje cy:
R, BR, + K. K;
o Rie B(Ra+R1)+KeKT ’
ﬁ [JR, + C;R,(BR, + K.K;)]

= , 5.1.2
Pu R. B(R +R)+KK; (>1.2)
J(R, +R)+Cy(R, +R,,)[B(R, +R) + KK ]
%= B(R, +R)+K K,
RK,
by, = B '
(R, +R)+ K K;
(5.1.3)
__ J(R,+R)
> B(R,+R)+K.NK;’
3aHeMapuBaweM U Coulomb—oBor Tperwa Mo/JieJl IOCTaje:
U (s)=25Doy (g), (5.1.4)
as+1
by, =by, b, =h, &, =a. (5.1.5)

[IpeBohemeM KOHTHHYa/JIHOT MoJies1a [lojayaBaya y JJUCKpeTaH, IpU U3bopy

nepuozie onMepaBama 1 =0.01S, Mojies1 eIeKTPOHCKOT MojayaBaya je:
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-1

Un(2)= 2t By () (5.1.6)
1+a,z

npu 4yeMy cy napametpu y (5.1.6) pe3syaraT JUCKpeTHU3aLUje MoJeJa:

bOd :bl/al’
b, =b,(1—e"*)-b/a,, (5.1.7)
I =e7/,

5.2. AJITOPUTMU AETEKIUJE MYJITUIUTMKATUBHUX OTKA3A

5.2.1. AJITOPUTAM KJIM3HOT IIPO30PA AJITOPUTAM

AnroputaMm kausHor npo3opa (eHr. Sliding window algorithm) npeacraBJba
MeTOAY eCTUMallyje lapaMeTapa JUCKPETHOT Mo/JeJia. Y CTBapH, 0Baj aJITOPUTaM je
BapHvjaHTa aJrOpUTMa HajMamUX KBaJpaTa, NpU 4YeMy je AyKHUHA IoJaTakKa
anroputMa K, peslaTUBHO MaJa.

Ako ce MoJieJs1 cucTeMa ca jeJHUM yJ1a30M M U3/1a30M Halulle Y OOJIUKY:

-1 -2 -V
_ by +bz 40,7+ b2
1+a,2 +a, 2 +...+a, 2"

y(k) u(k), (5.2.1)

rze Ccy:

-u(k) =U_(k) ynas cucrema,
-y(k) =U,, (k) usnas cucrema,

-V pea cucrema,

Mmoryhe je febuHUCATH BEKTOD perpecuje
o' (K)=[uk)...u(k—v);—y(k=1)...—y(k—v)], (5.2.2)
¥ BEKTOp NapaMmeTapa
n=[b,y by, by ... by A, ay ... a,l- (5.2.3)

[IpouieHa napameTapa npUMeHOM METO/ie HajMawbUX KBaJjpaTa ce Jjaje y BUAy

K-1 ka
n(k,K) = {Z(P(k — o'k - j)} [Z(P(k - Dyk- j)} (5.2.4)
j=0 j=0
Tj.
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n(k,K) = [(I)'(k, K)®(K, K)]f1 @'(k, K)Y (k, K), (5.2.5)
rje je:
¢'(k) y(k)
o= : Y= : , (5.2.6)
o'(k—K+1) y(k—K+1)

k TpeHyTak ectumanuje, a K ay>vMHa nojaTaka y aJropuTmy.

[Ipy ectumauuju napamerapa Yy LMW/Y [JeTeKldje W  aHalu3e
MyJTHUIJIMKaTUBHUX OTKa3a, IIpesla3HU NPOoLeC HAKOH CKOKa lapaMmeTapa Tpaje
K -1 oaMepaka. [Ipema ToMe, U 0Zi/IyKa 0 U30J1allAjyU MYJITUIIJIMKAaTUBHUX OTKa3a
kacHu 6ap K —1 ogmepaka. 3 oBor passiora ce Mopa OrpaHUYHUTH AY>KUHA TPo30pa
y AnropuTMy HajMawux KBaZpata K, yuMe ce U npesia3u Ha AITOpUTaM KJIHU3HOT
npo3opa. Kpaha ayxunHa nposopa K, yHocHM Mamwe Kallllbeke, ajlii U noBehaBa
0CeT/bUBOCT Ha NPUCYCTBO LUIyMa M BapUjaHCy y NpOLiEHU mapaMeTapa. Takobe,
JloJlaTaH 3aXTeB MpeJCTaB/ba U HEONXOAHOCT yBohewa J0BO/bHO MHGOPMATUBHOT
(eHr. persistent excitation requirement) yja3Hor curtdaja [156], na 6u ectumanuja

napameTapa 6uJia moryha.

5.2.2. AJITOPUTAM KJIN3HOT UHTETPAJIA

Penanuje wusmeby cTBapHuX U3MUYKMX MapaMeTapa M M[apaMeTapa
JUCKPETHOT MoJiesla Cy OOMYHO KOMILJIEKCHE U HeJiMHeapHe. HakoH mocTynka
JUCKpeTHe ecTHMalluje, HeONXOJHe Cy JoJaTHe MNpolejype Kako 6U ce OBHU
CTBapHU-QU3MYKU NapaMeTpu NpoueHUJU. HUnak, 360r HeJMHeapHe Be3e OBe
npouejype 4ecTO 3axTeBajy AOJAaTHe alpoKchuManuvje. AJITEpHAaTUBHO pellemhe
npejcTaB/ba IPpUMeHa TeXHUKa JUPEeKTHe eCTUMallyje NapaMeTapa KOHTUHYaJHOT
MoJieJa. Y MHOTMM CJlydajeBMMa, OBU IapaMeTpH Cy cCaMy QU3UYKU IapaMeTpH WU
HeKa HHUXOBa jeJHOCTaBHA KoMOWHaIMja. MaHa mpolefypa KOHTHUHYaJIHe
ecTUMallydje je IUTO Cy 3HATHO KOMILJIEKCHUje 0Ji yobu4ajeHuX BpeMEeHCKHU
JUCKPETHUX TeXHUKa. AJropuTaM KJMU3HOT UHTerpasna (eHr. Sliding integral
algorithm) koju cy npBM npexaaoxuan Sagara u Zhao [118] npeacrassba jeiHY 0/

TEeXHHUKa JUPEKTHE IIPpOoLEeHe ITapaMeéTapa KOHTHUHYaJIHOT' MOoJieJia.
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Knusuu HHTEerpasJl KOHTHHYa/IHE BpEeMEHCKe IIPpOMEHJ/bHBE X(T) ce

JebUHUIIe U3pa30M:

tT
Lixtl= [ x(@dr, (5.2.7)
=tT-mT
rae je T mepuoj ojMepaBama, M je AyXKHMHA Npo3opa U3paxkeHa y 6pojeBHMMa
oaMepaka. [IpaBoyraoHom anpokcuManujoM (Ci. 5.1) KJIU3HU MHTErpaJsl ce Moxe

pPUKa3aTH CyMOM:

L[, t]=T > X(tT —=KT) =T -Q(z) - x(t), (5.2.8)
k=1
rje je:
Q(2)=(z"+z7%+...47™). (5.2.9)
A
x(7)
IS —
tT-mT iT-T T 1'=

Ca. 5.1 IIlpasoyzaoHa anpokcumayuja KAu3Ho2 UHmez2pana

Jpyru KJIM3HU UHTerpaJl je Ha ocHOBY (5.2.8) u (5.2.9)
LIt =1, [1L,(xt),t]=T%-Q*(2) - x(t). (5.2.10)

C/JIMYHO TOMe j-TH KJIM3HU UHTErpai je:

I [xt]1=T"-Q'(2)- x(t). (5.2.11)
Ca/ia oo je:
1L[xD, 1] = xUP(T) = xU D (tT-mT), (5.2.12)
ey
1L[xPt]=@-2"")-xUP(1). (5.2.13)

Ca oBuM, mpeTnocTraBmbajyhu <2 je

LX) = L[, (xP,t),t]=L-z2"™)?-xU2 (). (5.2.14)
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Jasme je:

L [xP, t1=@-z"")" - x(t). (5.2.15)
KonauHo, Ha ocHoBY (5.2.11) u (5.2.15) ce go6uja:
M 1= (¢ —

In[X ! 1t] - In—j[lj(x . ' t),t] —pj(Z)'X(t), (5216)

IpU yeMmy je:

p,()=T""-Q"*-(1-z"), j=0,1,..., n. (5.2.17)

3a BPEMEHCKH He€3aBHUCHE JIMHEApHe CUCTEME Ca jeﬂHI/IM yJ1a30M H HW3J1a30M

JudepeHliMjasHa jeJHAUMHA CE MOXKE HAMMMCATU y OBJIUKY:

y+a YO IO oy MO L VA g5 g
dt dt" dr dt"

[IpyuMeHOM KJIM3HUX UHTErpasia n nyTa Ha jeaHadyuny (5.2.18), nobwuja ce:

I [y, t]+a'l [y®,t]+...+a"l [y™,t]=b°l [u,t]+b"l [u® t]+...+b"l [u™,t],

(5.2.19)
ca (5.2.16), penauumja (5.2.19) nocraje

Po(2)Y(®) +a'py(2)Y(t) +...+a"p, (2) Y(t) =b"py(Z)u(t) +b'p ()U(t) +...+b"p, (2u ).

M3pasz (5.2.20) ce Moxke HANMUCATH U y MOJAUPUKOBAHOM OOJIUKY: (220)
v(t) =¢'(t)-0, (5.2.21)
IIpU YeMy je:
v(t) = py(2) y(1), (5.2.22)
0O =[Py (DU()..0, (U —p, (DU(D)..—p, (DYD)],  (5.2:23)
0=[b’---b";a'---a"7. (5.2.24)
OBO BO/IM a/ITOPUTMY HajMamkUX KBaJpaTa:
0=(DD)'DV, (5.2.25)
rje je:
9'(t) v(t)
D= : , V= : . (5.2.26)
p'(t—K+1) v(t—-K+1)
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5.3. EKCNIEPUMEHTAJ/IHU PE3YJITATH

Y uuby uaycrpanuje epUKACHOCTU y JE€TEKIMjU U U30J1allMjU M0jeIMUHUX

MYJITUILIMKaTHBHUX OTKa3a I0jadyaBaya, NapaMeTpu nojayasavya R, Ry, R,,,C; cy

ce MOjeIMHAYHO HAarJo MeHald Ha IMOJIOBUHM HHTepBaja cHUMawa of 20s,
npuMeHoM pesiejHux kKaptuua (Cia. 3.5 — Ci. 3.6). U y oBoj nmocTaByM onpeMe Kao 1
KO/l a/JUTUBHUX 0TKa3a, pa3BUjeHa Cy JBa IPUCTYNa eCTUMallUjyu apaMeTapa.

[IpBu mpucTyn 6u ce Morao Ha3BaTu off-line, jep je HAKOH MPHUKYI/bakba
curHasa y LabVIEW okpykewy U lbUXOBOT NaMhema y BUJly TeKCTya/IHUX $ajioBa,
caM mpoliec ecTuMaluje 61o batch npucTyn - airopuTaM eCTUMalHje je OCMHULILbEH
off-line, pasBujameM ojrosapajyhux m-¢ajioBa y oKBUpPY NpPOrpaMcCKOr NakeTa
MATLAB.

Cs. 5.2 npukasyje geo Block Diagram-a LabVIEW kopna ectuManyje HaMeweH
reHepucamwy yJsa3Hor PRBS (Pseudo Random Binary Sequaces) curHaJjia nojayaBada

U,, 1 Mepemy CUTHajJa Ha H3aa3y nojadyaBada U . Takobe je omoryhen wu

MOHMTOPHUHI HanoHa MHAyKTa U, cTpyje MHAyKTa MoTopa |,, kao u 6p3uHe

MoTopa N.

=
[
3
s

=
=

H
5
3

7
:fg
.
|

first start

N R .|

samples
=1

Ca. 5.2 Jleo Block Diagram-a LabVIEW koda 3a zeHepucarse u CHUMarse cugHaaa npu
demekyuju Mya1munaukamugeHux omkasa

[Jeo Block Diagram-a LabVIEW kopaa ectuManyje, 3a yk/by4rnBambe 3aJaTUX
napaMeTapa nojayaBada aKTHBHUpameM o/iroBapajyhux peseja, 4uMe ce reHepulLy

nojeJUHYA MyJTUIJINKaTUBHU OTKa3u NpescTaB/beH je Ha Ci1. 5.3.
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“
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Tim 0 o [ .
a|> i |

&
B @sm o [T5

82

VY

Ca. 5.3 [Jleo Block Diagram-a LabVIEW koda 3a eeHepucarbe My a1munaukamugHux
omkasa nojavasava
Cn. 5.4 npukasyje Front Panel LabVIEW kopa 3a ecTuManujy napaMmerapa
nojayaBaya, Cca IpHMKasuMa u360opa mapaMeTapa [ojayaBadya IHpH
MYJTUIJIMKaTUBHOM 0TKa3y. Koz mporpaMa je ocMUIIJbeH TaKo Jja pe HacTaHKa
OTKa3a, CBU NapaMeTpu OyAy HOMHMHaJHM (moJioxkaj kaud3ada 1), a Aa ce mo
TPEHYTKY HacTaHKa 0TKa3a Mema je/laH 0/] NapaMeTapa fojayaBaya. Y KOHKpeTHOM

IIpUMepy TO je 6UIa OTHOPHOCT R, Koja ce ca HoMuHanHe BpegHOCcTH 10k Q y 10s

ayTOMaTCKH YK/bydMBameM oJiroBapajyher pesieja, cMambyje Ha BpegHOCT 5.6KQ

(mos10kaj kar3ayva 3).

R12

10kom ) DOI9 Do2 47',,0 Do21 Doz2

wn® | _ Jacl _ S {_-)
| @ sskom o)

4 a70uF | @ ] 4 Lom @ O

lmkom. 0
llllmm ﬁkom smmm 100kom 47p|= m; 47uF A70uF 10k nzkom SGkom won

hal 5 0[] ‘MLS samples
@ 128
L - J: FEP yas A sua

Amplitude

(L —

s2tf

Time T i

Amplitude

BRnl

Ca. 5.4 Front Panel LabVIEW koda 3a udenmugukayujy napamemapa nojayasa4a

Jlpyru npUCTyNl JAeTeKLUHWjUu MyJTUIJIMKaTUBHUX OTKasa IojayaBaya je

KOMILJIETHO ocMUlJbeH y LabVIEW -y okpyxemwy U MOXe ce cMaTpaTH AeJUMHUYHO
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on-line. HakoH mpuUKyI/bakha yJa3HO—MU3Ja3HUX curHana Ciua. 5.2, Ca. 5.4, npu
yBohemwy nojeAMHUX MYJTUIJIMKAaTUBHUX oTKa3a Ci. 5.3, uctu ce npociebhyjy y
HapegHu Frame, Flat sequence CTPYKType rie cy y okBupy MathScript Node
pasBUjeHU KeJbeHU aJropuTaM JUCKpeTHe ecTUMauuje (AAropuraMm KJIU3HOT
po30opa) Uiv KOHTUHYa/IHe eCTUManuje (AropuraM KJAM3Hor uHTerpasna) Ci. 5.5.
[IponereHM napaMeTpH l0jayaBaya ce NpUKasyjy y okBupy 6Jioka Chart LabVIEW

kopa, Ci. 5.6.

roracun promene parametra primenom Continiou

Duzina prozora

Parametri elektronike

L

=t ugt-y
=vl+ylt-i);
d

2= ut)-u(t-m);
“y(t)+ylt-m);
1

);%Dimenzija vektora F
imenzija vektora Vs
vektora F
vektora V
a for petlja sluzi za formiranje vektora

Q inv(F"F)"F*V:%Vektor procenjenih parametara u t
t-K.1=0"%%5 % bo b all

DOOO0OO000000000000000000000000000000000000000000000000

Ca. 5.5 Jleo Block Diagram-a LabVIEW koda 3a ecmumayujy napamemapa
NPUMEHOM Azopumma KAUu3Ho2 UHmezpanda

vo [l
b1 JQ

Parametri elektronike al
3

»

Amplitude
e

0-

2 h
00: 08 &0 |
” R9 R12
Dol DOl DOl 10kom  DO19 41.' a7 1L oed
: = e S —
® S B arur un-n © |
RS E AR 100kom @ o RiiEss ,,M. 0 Aumay
lom  10om  Séom  1000m 10kom  33kom  S6kom Bk e e Y B2om Sékom  lkor

Ca. 5.6 [leo Front Panela LabVIEW Ha koMme cy npuka3aHu npoyerseHu napamempu
nojayasa4a npumeHom Asnzopumma KAU3H02 UHmMez2pana

HOCTyrIaK reseprucCamba MYJTHUHIVIMKATHUBHUX O0TKAd3d MOTOpa — IIPOMEHE:

OTHOPHOCTH MHAYKTa R,, MoMeHTa MHepuMje J U KoedHUIMjeHTA BHCKO3HOT
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Tpewa MoTopa B peasnnsoBaH je Ha HUBOY cuMyJianyja y Multisim oKpyxewy U
MoJesiMMa nojadyaBada ca Ci. 5.7 Tj. motopa Ca. 5.8. [Ipy ToM je ysa3HU cUTHAI

ecTUManuja 6uo takohe PRBS ynpas/pauku HanoH U, 0K je HallOH Ha U3J1a3y
nojayaBaya U, perucTpoBaH y OKBUpY onuuje Parameter Sweep. KopuiheHa je

YUIbEeHUIIA [Jla Ce NapaMeTpU MOTOpa OCJAHKaBajy Ha MOJEeJ eJIeKTPOHCKOT

rojayasaya.

R132
P 2—2"\3\/\'— 0.283 Viv DC 10MOhm =

F J4
fim R14 47 R16 5,
oaR12 A
P 1ki2 1kQ Hey =D U3

E  10kk 1% 1% g
DC 1EIMOI';|=|_
AL 4 Kﬁr:‘ 21 p o
1k 1k Key = A
1% 1% 27
S T
R8 1k By pF
1%
2k RS ﬁL&- D5 c1
5% [ oka ;—:H—u ZSJNfUE':TB 5 22 2mF 25?:54052 1Dr1.|5dc|s T g
N L % 00nF 10 o
100k ] 49 I z
1% 10k0 el ¥ EE H
= oo ] ’
T oo | e L2
T‘1EIuF=‘=1 m T Zg?ﬁmuszg?ﬁmus =
i TLAZ1ACD
Ca. 5.7 Multisim modesn enekmpoHCKo2 nojavuasava
var L Ra igal
ija.....lz...a. x..l.’i;a..
o 7410 T70uH S
D A% S
SERCIERREE RN ERRES nm
Ua2: Topl U
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5.3.1. YJIA3HO-H3/IA3HH CUTHAJIA ITPU MYJITHIUIMKATUBHHM OTKA3UMA

EcTumanuja nmapameTrapa NpU HarJoj MojaBu MyJTHUIJIMKaTUBHUX OTKasa
3axTeBa /I0BO/bHO UHPOpPMATHBAH yJIa3HU cUTHaJ (eHr. sufficiently exciting), kako
06U jeJUHCTBEH CeT NMapaMeTapa Ipou3aliao U3 npoieca ectumanuje. ¥ LabVIEW
eKCllepMMeHTHMa je mnpuMeweH Pseudo Random Binary Sequaces (PRBS),
nomnyJjapaH CUTHajJd NOpU MUJAeHTHUPUKALUjU [AUHAMUKe CUCTeMa, JAOCTylaH y
6ubMoTEKaMa MHOTUX COPTBEPCKUX ajiaTa.

PRBS curnan cpegmwe BpegHocTu 2.5V reHepucaH npuMeHoM LabVIEW -3,
npukasaH je Ha Ci1. 5.9 1 npyuMer€eH Ha yJ/1a3y eJeKTPOHCKOT IlojadyaBaya.

Hujarpamu Ha Cia. 5.10-Ci. 5.17 npukasyjy HM3/Ja3HM HAIlOH IojayaBaya y

Tpajatby of 20S, mpu 4YeMy Cy UHAUBUAYAJIHU MYJTHUIVIMKATUBHU OTKa3u

HacTajasy Harso y 10s.

1
0.5

0O 2 4 6 8 t(s%o 12 14 16 18 20

- Ca. 5.9 Ynaa3Hu HanoH nojavyasaya - PRBS cueHan

H HHHHH 0RO

VOV T = 56K°m
S 4 (A WMJ T 4L
% 3 L

2

1

oO 2 4 6 8 10 12 121 125 18 20

t(s)

Ca. 5.10 U3nasHu HanoH nojayasaya npu npomenu R, y 10s
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Ca. 5.11 U3nasHu HanoH nojavasava npu npomeHu R, y 10s

H Il HHH | \HHHH | HHHH il H\H | HHHH il i m | | i
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R.=lom
1 i
O0 2 4 6 8 10 12 14 16 18 20

t(s)

Ca. 5.12 U3nasHu HanoH nojauasa4a npu npomeHu R, y 10s

HHIHH | HHHH ] H\ HHH\HHHIHHHH [ HHH\ HH\H i m

OO NN NS “” i

J

0 2 4 6 8 10 12 14 16 18 20
t(s)

Ca. 5.13 H3na3Hu HanoH nojavasava npu npomeHu Cg y 10s
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20
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74.1Q y 10s
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0.7410m

14
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16

14

a_

R

12

12

B=1.8*10 Nm/rad/s
Mp. Carea Aumuh, duna.uHac.en

12

10

10
t(s)

10
t(s)

1.8*10“Nm/rad/s

t(s)

8

i
I
i

I
|
7.41om

6

fll
7.41om

R
a

R
a

Ca. 5.16 U3na3znu HanoH nojauasava npu npomernu B y 10s
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Ca. 5.14 U3na3Hu HanoH nojayasaya npu omkasy R, =0.741Q y 10s
il

il
|
Ca. 5.15 U3nasHu HanoH nojavasava npu omkasy R,
B
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H lf HW I H\HH |
HH H IATRRATTOAR

WH\ \HHHWW i ‘\ ‘.‘
I

L HHHHH \ Il HHHHHH\ U i H

107 kgm2

o 2 4 6 8 10 12 14 16 18 20
t(s)

Ca. 5.17 H3na3Hu HanoH nojayasa4a npu npomeHu J y 10s

5.3.2. AJITOPUTAM KJIN3HOT IIPO30PA

Ha npeacrojehuMm pujarpamuma npukasaH je Jeo pe3y/aTaTa HpUMeHe
AnropuTMa kKJM3HOr mpo3opa y o3Hauu SW (enr. Sliding window)— mnpoiueHa
napaMeTapa IojayaBaya 3a pas3/iMyuTe u3bope AyxuHe npo3opa K, npu yemy cy
oArosapajyhu MyJTUNJIMKAaTUBHU OTKa3W HacTynaau HarJo y 10s. [Ipu Tome, Ci.

5.18 u Ci1. 5.19 oarosapajy nsabpaHoM MyJITUIJIMKaTUBHOM OTKa3y R, mojayasaya,

a Cn. 5.20 u Ci1. 5.21 MmynTUNIMKaTUBHOM 0TKa3y B moTopa.

2.5
2.25 K=200
2 |
b0=2.272 \
1.75
/ \ \ b0=1.421
1.25
K=100
10 2 4 6 8 10 12 14 16 18 20
t(s)
Ca. 5.18 SW npoyene napamemapa b, npu npomeru R, 00 R, =1Q Ha R, =10 Q) y
10s
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=100

o
(6]
i
(dx]
()

0 a1=-0.422
Y , _ K=200 al=-0.738

1

‘i
1.
|

b1=-0.882 b1=-0.82

'2'50 2 4 6 8

10 12 14 16 18 20
1(s)
Ca. 5.19 SW npoyene napamemapa a,, b, npu npomenu R, 0d R, =1Q na R =10 Q

y 10s

2.3

2.275

2.25

2.225 \/
29 | K=200

K=50
247 b0=2.177

2.15

0 2 4 6 8 12 14 16 18 20

10

t(s)

Ca. 5.20 SW npoyene napamemapa b, npu npomenu B 00 B=1.8-10"°kgm’ Ha
B=1.8-10"°kgm?® y 10s

0
al=-0.422
03 1 K=100
W*:.:'a“‘”&~~w;‘*“*‘-«v**"‘~uf vg? A -
-0.6 T\ amosed |
I/ al=-0.5244
K=200
-0.9 “
b1=-0.882 - #
1.2
% p1=-1.062
K=50 |
15 r

0 2 4 6 8 12 14 16 18 20

10

t(s)

Ca. 5.21 SW npoyene napamemapa a,, b, npu npomeru B 00 B=1.8-10"°kgm’ Ha
B=1.8-10"°kgm?® y 10s

Jlokmopcka ducepmayuja Mp. Carea Aumuh, duna.uHac.en

187
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Jlo6ujeHy rpaduuKM pe3yITaTh eCTUMallMje NoKa3aJ/iu Cy /ja HarJia IpoMeHa
napaMeTapa lojayaBaya UJM MOTOpa Npe/cTaB/ba MHULMjaTOP Npesa3Hor Npoleca
y UAeHTUUKALIMOHOM aJITOPUTMY Tpajaka K —1 oamepaka. 3aTo je u3bop kpahe
ZAyuHe npo3opa K, noZleCHUjU ca CTaHOBULITA Kallllbeka NPH AeTeKuju. Takohe
OYMIJIEHO U Ja Ce ca CMamemeM [JyKUHaA mpo3opa, noBehaBa BapwujaHca
ecTUMal{ja U 0CeT/bUBOCT Ha MPUCYCTBO IIyMa. Y MPUKa3aHUM eKCIIepUMEHTHUMA
kopuirthenu cy uzoopu K =50; K =100; K =200. [Towrto je neprosa ogMepaBamba
T =10ms, npuMemeHe Ay:KMHe NPO30pa OAropapase Cy Npesa3HUM NpolecuMa

Tpajaba 0.49s, 0.99s, 1.99s. ¥ KOHKpeTHOM NpHUMepy Kao HAjONTUMAJIHUjU Cce

nokasao uz6op K =100.

Tabesa 5.1 —

Tabesna 5.4 npuka3dyjy KOMIJIETHE pe3yJTaTe NpHMeHe AJTOpUTMA KJU3HOT
po30pa 3a pas/IMYUTe MYJITUIJIMKaTUBHE OTKa3e YeTHPH NapaMeTapa lojayaBaya

R, Ry, R,, Cq, ¥ pasimunTe MyATUIIMKaTUBHE OTKas3e TPU IapaMeTapa MOTOpa

R, J, B.

Ta6ena 5.1 lIlpoyeHa napamemapa nojayasa4a npumeHom Asn2opumma KAu3Ho2
npo3opa npu MyamunaukamueHum omkasuma Ha R, u R,

Tab6ena 5.2 IIpoyena napamemapa nojayagavya npuMeHoM a/120pumma KAUu3Ho2
npo3opa npu myamunaukamueHum omkasuma Ha R, u C,

omkas b, b, aQ omkas b, b, a
2kQ 0.757 | -0.368 | —-0.514 1pF 1.148 | -0.013 | —0.526

3.3kQ 1 —0.458 | -0.492 10pF 0312 | -0.142 | -0.929

56kQ | 1434 | —0.784 | -0.572 ATuF 0.21 -0.168 | -0.982

Jlokmopcka ducepmayuja
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MEXAHUYKUM cucmema

Ta6esa 5.3 [IpoyeHa napamemapa hoja4asavya NPUMeHOM A120pUMMA KAU3HO2
npo3opa npu MyamunjaukamueHuM omkasuma Ha R, u J

omkas b, b, a omkas B, b, a,
0.741Q | 19 0.356 | —0.06 | 1.43-10*kgm? | 212 | -2.13 —l
741Q | 2369 | —2.227 | -0.94 | 1.43:10°kgm* | 2.34 | —0.192 | —0.083

Ta6ena 5.4 lIpoyena napamemapa noja4agavya NPUMeHOM A120pUMMAa KAUIHO2

nposopa npu My/imunjiaukamueHuUM omka3umd Ha B

omkas b0 b1 a,
B=18-10" Nm/rad/s 2.162 —-0.34 —-0.172
B :1_8.10‘5 Nm/rad/s 2.177 -1.062 —0.524

5.3.3. AJrOPUTAM KJIU3HOT HHTETPAJIA

Ha npepacrojehuM aujarpamMmuMa npukasaH je Jeo pe3ysTaTa INpHUMeHe
AnropuTMa KJM3HOT MHTerpana y o3Hauu Sl (eHr. Sliding integral)— npoueHa
napamMeTapa IojayaBaya 3a pas/MyMTe U360pe AyKHMHA Mpo3opa M U AyKHHA
nogataka K, npu yemy cy oarosapajyhu MyJATHUIJIMKaTUBHU OTKa3W HacTajasd
Harso y 10s. Ca. 5.22 u Ca. 5.23 oaromapajy usabpaHOM MyJITUIJIMKATUBHOM
otkady C, mnojadaBaua, a Ci. 5.24 u Cin. 5.25 MyJTHILUIMKaTHBHOM OTKasy R,

MOTOpA.

2.5
24
2.3

22
—.
21 \

2 AN

b0=2.403 b0=2.387

——K=500 m=20

1.8
1.7
1.6
1.5

K=100 m=20

10 12 14

t(s)

16 18 20

Ca. 5.22 SI npoyene napamemapa b, npu npomeru C; 00 C; =47pF Ha C, =10uFy
10s
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0.2
a1=0.141
0.15 ~ SN S—
0.1
0.05 b1=0.043 i b1=0.044
0 al=0.019 —— /= \
-0.05 //‘FU \
0.1 K=100 m=20 | K=500 m=20
-0.15
0.2

0 2 4 6 8 12 14 16 18 20

10

t(s)

Ca. 5.23 SI npoyene napamemapa a,, b, npu npomenu C, od C, =47pF Ha
C, =10uFy 10s

241

2.405

2.4

2.395

2:39 K=20 m=5
2.385

N\
K=100 m=20

2'380 2 4 6 8 10 12 14 16 18 20

t(s)
Ca. 5.24 SI npoyene napamemapa b, npu npomeru R, 0d R, =7.41 Q Ha

R, =74.1Q y 10s

0.4
K=500 m=20
0.3 I X~
K=20 m=5 \\ b1l :o_\143
0.2
a1=0.019 b1=0.043 V‘h"\,, '-q‘f‘w
0.1 \ \ .
Mo AAR . |
- RN \easin T
o- 4 A ,
a1=0.06
-0.1

0 2 4 6 8 10 12 14 16 18 20
1(s)
Ca. 5.25 SI npoyene napamemapa a,, b, npu npomenu R, od R, =7.41Q Ha

R, =74.1Q y 10s
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['paduuku pe3yaTaT NoKasyjy Aa HarJia IpoMeHa napaMeTapa npejcraBba
WHULMjaTOp Mpesa3Hor IMpoleca y HAEHTUPUKALUOHOM aJrOpUTMYy Tpajamba
K+m-1 oaMepaka. 3aTo je Takohe OuJI0O BaKHO M3abpaTh U JJOBO/bHO MaJjy
ayxunHy nogataka K y LS npouenu (anu cBakako Behy ogq m (K >m)) yume je oBaj
ajiropyutaM MOJAWPUKOBAaH U INpuyaroheH JeTeKUHUju H3HEHaJa HaCTajorT
MYJTUIJIMKAaTUBHOT OTKa3a [157]. Y npukasaHUM eKcepyUMeHTUMa KopullheHH
cy usbopu K=20 m=5; K=100 m=20; u K=500 m=20. IlowTo je nepuoja
ofMepaBama T =10ms, npuMemeHe AyXKHWHe IPo30pa OAroBapajy IpeJsiasHUM
npouecyuma Tpajama 0.24s, 1.19s, 5.19s.

Mako je Ha OCHOBY eCTHMHMpAHHUX NlapaMeTapa je eBUJIeHTHO Ja je Kpaha
AyKYHa npo3opa K+m mnojecHuja ca CTAaHOBULITA Kallkbera MPU U3O0JALHUJH,
Takobe je OUMIJIeIHO U J]a Ce ca CMakbeeM AyKHMHa Po30pa, noBehaBa BapujaHca
ectuManyja. [lopes Tora ce ca cMamemweM JyXHHe Impo3opa mnoBehaBa u
OCETJbUBOCT Ha MPUCYCTBO LIyMa. Y KOHKPETHOM IPUMepy Kao HajONTUMATHUjU ce

noka3zao uzbop K =100, m=20.

Tabena 5.5-Tabesna 5.8 mnpuka3dyjy KoMIJIeTHe pe3yJTaTe IpUMeEHe
AnropuTMa KJM3HOT MpPO30pa 3a PasIMuUTE MYJTUIJIMKATHUBHE OTKa3e YETHUPU

napaMerapa mnoja4aBavya R, Ry, R,, C;, 1 pasjmuuTe MyJTUIIMKaTHBHE OTKa3e

Tpu nmapameTrapa Mmotopa R,, J, B.

Ta6ena 5.5 [IpoyeHa napamemapa noja4agavya NpuMeHom As120pumma KAU3HO2
UHmMezpa.a npu MyamunaukamusHum omkasuma Ha R, u R,

Tab6ena 5.6 [IpoyeHa napamemapa noja4agavya NpuMeHoMm As120pumma KAU3HO2
UHMez2paa npu MyamunaukamueHum omkasuma Ha R, u C,

omkas b, b, a omkas b, b, a

2 kQ 0.8 0.0175 0.023 1uF 2.39 0.024 0.0209
33kQ | 1.059 | 0.0228 | 0.0228 10pF 2.387 0.044 0.141
56 kQ | 1.521 0.032 0.022 ATpF 2.386 | 0.1142 0.56
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Ta6ena 5.7 l[Ipoyena napamemapa noja4aga4ya npuMeHom As120pumma KAu3HO2
UHMe2paaa npu MyamunaukamueHum omkasuma Ha R, u J

Ta6ena 5.8 lIlpoyena napamemapa nojayasavya npumeHom An2opumma KAUu3HO2
UHmMez2paaa npu MysAmunjaukamueHuM omkasuma Ha B

omkas b, b, 3,
B=18-10"* Nm/rad/s 2.2 0.026 0.012
B—1.8-10° Nm/rad)s 2.346 0.0462 0.0213

3a MmoTBpAy KBaJUTeTa JeTeKUuje pa3MaTpPaHUX MYJITUIIMKaTUBHUX
OTKa3a IapaMeTapa MOTOpa Y I0jayaBaya NPUMEHOM MOjeJUHUX NPUCTYyMa, y
System Identification tool-y nporpaMmckor naketa MATLAB, uzBpiueHo je nopehemwe
u3J1a3a MoJiesia 1ojayaBaya ca usMepeHuUM usnaszoM U . Tabesna 5.9-Tabena 5.12
IpUKa3yjy MNpOLeHTe IMOKJanawa OJ3UBa [J0O0MjeHOI NpPUMeHOM AJropuTMa
KJu3aHor mnposopa (SW), AaroputMa KausHor uHTerpasa (SI) kao u oxasuBa
CUMYJIALIMOHUX MOJleJ1a, (YMja je jefiHA BapujaHTa IpY 0TKa3y R, =56 Q npukasaHa
Ha Cs1. 5.26 1 y KojuMa cy pecieKTHBHO NpHUMekheHe TpU BpeaHocTH Coulomb-oBor

Tpewa: M, =0, M, =0.33mNm, M_=0.48-10°Nm) ca u3MepeHUM H3/Ia3HUM

HaIOHOM noja4aBaya U .

I 1868
0.1186s+1

Model sa C8 i Mc

0.033327s+2.084
bossaars 2084 )
0.1186s+1
R1=560m

Ca. 5.26 Cumynayuoru moden nojauasa4a npu omkaszy R, =56 Q

Jlokmopcka ducepmayuja Mp. Carea Aumuh, duna.uHac.en
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Ta6ena 5.9 lIlpoyeHam noksanarea u3nasa nojayasaya npe mpeHymka HacCmaHka

omkasa
Sliding Window | Sliding Integral M =0 M, =0.48-10" Nm
aneopumam aneopumam ¢ (M, =0.33mNm)
98.6% 98.59% 92.27% 91.92%

Ta6ena 5.10 [IpoyeHam nokaanarea u3nasza cucmema MoKoM napamemapckoz

omkasa R,
Sliding Sliding M =0.48-10° Nm
R=1Q Window Integral M.=0 ¢
(M, =0.33mNm)
aieopumam ajeopumam
100 95.71% 96.42% 70.78% 69% (72.11%)
56 Q 81.65% 86.5% -30.61% 35.13%(76.74%)
100 O 74.44% 76.75% -150.2% -17.67%(79%)
Ta6ena 5.11 [IlpoyeHam nokaanarea u3./1a3a nojayasaya MoKOM napamemapckoz
omkasa R,
Sliding Sliding M =048-10"° Nm
R, =10k Q Window Integral M, =0 ‘
(M, =0.33mNm)
ajlieopumam ajlieopumam
33kQ 97.7% 97.14% 90.54% 89.01%(89.52%)
56k Q 97.28% 96.72% 91.07% 89.26%(89.87%)
100k Q 93.09% 97.57% 90.25% 88.27%(88.93%)

Ta6ena 5.12 [IpoyeHam nok/ianara u3/1d3a nojayasavya MoKom napamemapckoz

omkasa R,
R, =1kQ Window Integral M, =0
(M, =0.33mNm)
aﬂeopumaM aﬂzopumaM
2kQ 98.32% 98.57% 92.14% 90(90.89%)
3.3kQ 95.89% 98.59% 92% 91.4 (91.6%)%
56KQ 98.77% 97.96% 92.48% 91.52%(91.89)%

Tab6ena 5.13 [IpoyeHam nokaanara u3/asa noja4yasavya MmokoM napamemapckoz

omkasa C,
C, =47pF Window Integral M,=0
(M, =0.33mNm)
aneopumam aneopumam
nkF 97.85% 90.6% 75.41% 75.4% (75.43%)
10uF 95.07% 97.57% 88.53% 89.04%(88.98%)
47uF 87.96% 96.72% 96.3% 96.69%
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Tab6ena 5.14 [IpoyeHam nokaanara u3/asa noja4asavyd mokoM napamemapckoz

omkasa R,
R,=741Q Window Integral M.=0
(M, =0.33mNm)
anzopumam anzopumam
0.741 Q2 99.68% 89.53% 95.43% 95.01%(95.25%)
74.1Q 95.84% 99.31% 99.75% 98.53(98.93%)%

Tab6ena 5.15 [IpoyeHam nokaanara u3/asa noja4yagavya MmokoM napamemapckoz

omka3sa J
6 2 Slldmg . qs M =0 481073 N
J =1.43-10° kgm . Sliding Integral _ ¢ =Y m
Window M.=0
asnzopumam (M, =0.33mNm)
aszopumam

1.43-10* kgm? 85.84% 96.63% 99.59% | 98.72%(99.12%)
1.43-10° kgm? 82.76% 82.69% 75.73% | 75.71%(75.73%)

Ta6ena 5.16 [IpoyeHam nokaanarea u3asa nojayagavya Mokom hapamemapckoe

omkasa B
SI_iding Sliding M, =0.48-10° Nm
B=1.8-10°Nm/rad/s | Window Integral M, =0
(M, =0.33mNm)
ajlieopumam ajlieopumam
1.8-10* Nm/rad/s 99.54% 99.21% 96.88% | 96.84%(96.86%)
1.8-10° Nm/rad/s 99.45% 99.1% 96.5% 96.2(96.35%)%

Ha ocHOBY 106MjeHuUX pe3yiTaTa, NpruKasaHux Tabesa 5.12, eBUJIEHTHO je Aia

KO/l MyJITUIIJINKaTUBHOT OTKa3a Ha OTIIOPHOCTH R, Besinky yTunaj uma Coulomb-

oBor Tpeme, Ci1. 5.27. U3MepeHa BpeJHOCT U3JIa3HOT HAllOHA Ta/ia HajIpUOJIMKHUje

npatu oA3uB Mojena ca Coulomb-oBuMm TpewmeM (M, =0.33mNm) (79%), xao u

0/I3MBe MO/leJla ca MapaMeTpuMa JOOUjeHUM NPUMEHOM AJITOPUTMA KJIHU3HOT

uHTerpasa (76.75%) u Anroputma kausaHor nposopa (74.44%) . Unak, Coulomb-

OBO Tpewe HEeMa MpecCyjaH YTI/IL[aj Ha TA4YHOCT MoJeJia KaJjla Cy IPUCYTHHU OTKA3H

Ha G, Ry, R,, mowmTo cy Tajja nokjanama ca U3SMeEPeHUM U3J1a30M Y MOZleJIMMa ca

u 6e3 Coulomb-oBor Tpemwa NPOLEHTYaJIHO NPUOTUIKHO UCTA.

Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en

194



[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

6
5 ___________
~ St77% | 0 T N
Z 4 — Mc=0.48¢-3
5| j—Me=0 ] [WBAE i .
3b-)—Mc=033e-3 79% [ "
—SW 74% . f f f
2 -";:—HzmepeHa BPEOHOCT ~ff~ s R
i L i : : : :

0 2 4 6 & 10 12 14 16 18 20
t(s)

Ca. 5.27 U3mepeHu u cumyaupaHu u3aasu nojayasava npu omkasy R, Hacmasaomy
10s

Ha ocHoBy pe3sysTaTa nopehemwa M3sa3a cucTeMa NPUMEHOM H3a0paHUX
aJroputaMa JeTeKlidje HarJMX MYJTHIVIMKAaTUBHUX OTKasa Kao M M3Ja3a
JINHeaprU30BaHOT CHMyJIallMOHOT MoJeJsa ca U 6e3 yrunaja Coulomb-oBor Tpemwa
MO2Ke Cce CIIPOBECTH cJefieha AeCKpUIITHUBHA aHAIU3a:

e HMako je MeToJ KOHTHHya/lHe eCTHMalyje INPUMeHOM AJIropuTMa
KJIM3HOI MHTerpaja HYMEpHUYKHM KOMIJIEKCHUJU 3a I[pPUMEHy MU
OCeT/bMBUjH Ha MPUCYCTBO LIyMa OJ MeTOJe eCTUMaluje JUCKPETHOr
Mo/ies1a, HA KOHKPeTHOM NpUMepy ce N0Ka3ao Kao HellITO eQpUKACHUjU Y
JeTeKlIMju MYJTUIUVIMKAaTUBHUX OTKa3a. OBaj MeToA je VyCIelHOo
IpUMJ/bEH U y online okpyixcery, MehyTUM Ha HUBOY real-time npuMeHe
3axTeBao je kpahe BpeMe akBu3WILMje CMrHaja. Mnak npob6JsieM werose
npuMeHe ko MIMO cuctema nocraje AUCKyTabUJIaH NOTOTOBY y CBETJIY
online npucryna.

e AjropdraM ecTUMaliMje IapaMeTapa JAUCKPETHOT MoJeJa IpU HarJjoj
[0jaBU MYJITHUIJIMKaTUBHUX OTKa3a, NPUMEHOM AJITOpUTMA KJIWU3HOT
npo3opa je HyYMepU4YKH Mame KOMIJIEKCAaH U Mame O0CeT/bMB Ha
NpUcycTBO MepHor wyMma. [lorofjHuju je 3a online NpuMeHy OJ, MeTO/e
KOHTHHYyaJIHEe eCTUMalLyje. Pe3ysTaTh ecTUManuje Cy ¥ KOJ, OBOT HA4MHa
jako 06pH, WTO NOTBphyje BUCOK NMpOLEHAT MOKJanamwa ca peaJHuM

0/I3MBOM.
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e [IpyMeHa JIMHeapH30BaHMX CUMYJIAlMOHUX MoOJieJa IMoKasasa je jAa ce
yTunaj nopemehajay suay Coulomb-oBor Tpewa ojayaBa TOKOM Tpajakba

MyJITHUIIMKaTUBHUX OTKas3a Ha oTmnopHoctM R,. Takobe mnponenar

NOKJallama U3Jja3a JMHeapu30BaHOT MoJieJsia ca yTUlajeM U 6e3 yTulaja
Coulomb-oBor Tpewa ca CTBapHUM OJ3UBOM KOjU je y BehuHu oTkasa
MamHU 0[], ,00MjeHUX pe3y/TaTa IPUMEHOM KOHTHHYaJlHe U JUCKpeTHe
ecTUMaliyje, YyKasyje Ha 4YWUHEHULY Ja JIMHeapusauuja MojeJsa
[ojayaBaya MIlIaK MOe CIIPOBECTH CaMO allpOKCUMAaTUBHO.

Ha ocHOBy cmnpoBejeHe aHa/Ju3e, MOXe Ce M3BeCTH 3aK/by4dak Ja je
AnroputaM K/IM3HOI MHTerpasa, MaKo KOMIUIEKCHHjH, HEIITO IpPeLU3HUjU Yy
ecTUMalyju napameTapa of, AJropuTMma KJAU3HOr npo3opa. Unak, kao mro he
aHa/M3ay cjeseheM norJyassby NOKa3aTH, NOCTyNaK U30JalMje U UAeHTUPUKaLuje
MYJITUIJIMKaTUBHUX OTKa3a je CJOXEeHUjU KOJ AUCKPETHOT NPUCTYINa AeTEeKLHUjU

OTKa3a.

5.4. JAHJATHO3A MYJTHUIVIMKATUBHUX OTKA3A

Ha ocHOBy ecTUMHpaHUX NapaMeTapa llojayaBaya py MyJTUIJIMKATUBHUM
OTKa3uMa, KOju Cy OBUM NOCTYMNIMMa CaMoO JleTeKTOBaHU, Moryhe je Ha OCHOBY
MoJieJsa nojayaBaya (5.1.4) ca napametpuma JepuHrucaHuM y (5.1.2) U3BPILUTH U
M30J1a14jy oAroBapajyhnx oTKasa Ha OCHOBY aJIFOPUMTMa O/JIy4YHBamka NpUKa3aHoT
Ha Ci1. 5.28. UneHTHduKaLmja oTKasa y cMUCay ofpebhuBama 1 BeJIMUMHEe POMeHe
oaroBapajyher ¢u3nykor nmapamerapa je y cjay4ajy KOHTUHya/IHe eCcTUMaluje
jenHoctaBHa. CTBapHHU (U3WYKK NapaMeTap MOJ, OTKAa30M Ce JUPEKTHO MOXKe
oApenuTHy U3 penanuja (5.1.2) yume ce UCTHU U UJleHTUDUKY]e.

Jpyro peuiewe mnpobsemMa wuAeHTUPUKAIMje OTKasa, Koje ce Moxe
NPUMEHUTH U KOJ| IMCKPETHE eCTUMAIlMje TapaMeTapa, je fia ce CTBAPHU-OU3UYKHU
napaMeTpy NpopayyHajy HEKOM OJ MmpoueAypa UHAWpPEKTHe ecTuManuje [15].
TexHuKa je mpUMeHJ/bMBaA YKOJIMKO je Be3a U3MeDy MpoliemheHUX NapaMeTrapa U

dU3NUKKUX MapaMeTapa JIMHeapHa. YKOJIMKO je Be3a HeJIMHeapHa, LITo je U Yyelrhu
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c/1y4aj, mpoleypa je anpoKCMMaTUBHA M a/leKBaTHA CaMO YKOJIMKO je MpoMeHa —

OTKa3 CTBApPHOT (1)PI3PI‘IKOI‘ [IapaMeTapa peJIaTUBHO MaJid.

OTKA3
R,
OTKA3
Ry R,
OTKA3

Ca. 5.28 Anzopumam odayKe 3a u3oaayujy MyamunaukamueHux omkasa

[lonasu ce of Be3e uamelhy pusmykux napamMeTrapa 0 uuju je 6poj L, u
napaMeTapa Mo/ieJia © YMju je 6poj N, mMpuKa3aHe MpeKo peJaliyje:

n=f(0). (5.4.1)

Kaza je L=N, Taga ce cTBapHU pU3UYKU NApaMeTPU WUHAUPEKTHUM MOCTYIKOM

MOTY IIPOLIEHHUTH NIpeMa:

AO = RAR, (5.4.2)
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K
) 00, 00,
R:{—“} = : , (5.4.3)
08 Juen on on
| 06, o, |,

rjeje:

ATt =7t—m, —IpolieHa IpoOMeHe NnapaMeTapa Mo/Jiea,
7, ~HOMMHAJIHU IapaMeTpH Mo/iea,
T—eCTHUMHpPaHM NapaMeTpPH MO/Iea,

AB —npoueHa cTBapHUX —PU3UUYKUX TapaMeTapa.

[Ipu ToM ce napuujasuu usBoau y (5.4.3) pauyHajy y HOMMHAJHUM BpeJAHOCTUMA

napameTtapa. Ako je L<N Moxe ce KOPUCTUTH HelITO MoauduKoBaHa ¢dopMa
(5.4.3) nedunucana ca:
AO=(RR)'R'AR. (5.4.4)

Y KOHKpEeTHOM IpUMepy je BEKTOp CTBAapHUX (QU3UMYKUX MapameTapa

AedpUHMUCAH ca

!

6=[R, R, R, C, R J B, (5.4.5)

1a Cy KOJIOHEe MaTpHlie NaplHjaTHUX U3BO/Ia PEJOM:

‘db, | | R,B  RB+¥? db, R, R,B+W¥?
dR | | R, (R+R)B+¥})’ dR, | | R (R+R)B+¥;
db, R,. R,JB _ db, R,. JR, _
"=l | R, ((R,+R,)B+¥2)? o= dR, | | RZ(R+R)B+¥Z|
1 e 1 a f 9 a f
da, JY(R +R,) da, 0
(AR | ((R+R)B+¥P)* | AR ] L ]
_ . _ L (5.4.6)
2
j:f Rli((leT?B)JrBli]—f\Pz)z gg R RRB+¥) |
2 ) i f 8 R, (R +R,)B+W¥?
R, = b, | R, > 'Ry = db, = 0 1 (5.4.7)
dR, Re (R +R,)B+¥Y) dC, R +R
da, 0 da, 5 T Noe
_dez_ L i _d_Cs_ B -
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"db, | | R B’R, | rab, 7 [
dR, | | Re (R, +R,)B+¥7)’ 4J 0
R db | _|R. J(RB+Y]) R | R R,
dR, R, (R+R)B+¥2)? " ° | dJ R, (R +R,)B+W¥?
da, J¥I(R +R,) g2, (R.+R,)
(R | (R+R)B+¥)? | LWL [ R+R)B+Y]
Tdb, ] | _Ree PR,
dB R. (R, +R,)B+¥7)’
m_|d || R, JR(R+R)
" | dB R, ((R,+R,)B+¥?)* |
da, J(R+R,)
LdB ] | ((R+R,)B+¥?)

: (5.4.8)

(5.4.9)

HakoH 3aMeHe HOMUHaJHUX BpPEAHOCTH IIapaMeTapa MoeJia nojaanal{a H

MoTopa (matux Tabena 3.4), nobujeHa je MaTpulla NapUUjaJIHUX HU3BOJA IO

CTBapHUM - QU3UYKUM MTapaMeTpUMa:

-6.5-10° -1.197-10* 1.995.10* 239.10° 1.76-10° 0
R=| -1.10" -1.9-10°° 3.2:10° 0 5.1.10° 2.67-10°
2.1.10™ 0 0 1.3-10° 2.1-10° 1.26-10°

[IpumeheHo je fa ce KBa/IMTETHHja MpOLleHa MapaMeTapa Ao6uja

MoaudurkanujoM (5.4.4) y 06/1UKy:
AB, = (RR)RA*R,,
IIpU YeMy je:
Aéi -[poLeHa IpoMeHe i-Tor GU3NYKOI IapamMeTapa,
R, —i Ta K0JIOHa MaTHLle NaplyjaJHux u3Boga R,
AT, =T, — T, —TpolieHa MPpOMeHe TapaMeTapa Mo/ieJia IIPH i-TOM 0TKasy,

T, "HOMHHaJHHU [IapaMe€TpUu MO/JieJia,

-3,52-10°
—4.83-10°
—2.28-10?

(5.4.10)

(5.4.11)

‘fEi —€CTUMHPAHU ITapaMeTpH MoJeJia IIPHU 0TKa3y i-Tor (I)I/IBI/I‘{KOI' ITapaMeTapa.

Tabena 5.17 u Tabena 5.18 npexcraB/bajy NpoleHe CTBAPHUX PU3UYKHUX

[apaMeTapa lojayaBaya ¥ MOTOpaA jeJHOCMepHe CTpPyje Ko/ MojaBe nojeJUHaYHUX
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MYJITUIIVNIMKATHBHUX OTKa3d MMPHUMEHOM OIIMCAHOI' MHAWPEKTHOI' IOCTYIIKA. le/l

TOM Cy NIPOIeHEe TapaMeTapa npopadyyHaTe Kopuctehu:
6, =A6, +6_, (5.4.12)
rae cy 6, HOMUHa/IHe BpeJHOCTH CTBapHUX-PU3NYKHU TapaMeTapa CUCTEMA.

Ta6ena 5.17 llpoyeHa ¢pusuukux napamemapa noja4asava npu
MYAMUNAUKAMUSHUM 0MKA3UMa

R=1Q R,=10kQ | R, =10kQ C, =47pF

OTkaz | 10 | 56 | 100 | 33] 56 [ 100 | 2 [3.3[5.6| 1n | 10u [ 47u

[Ipouewmenu
98 (49| 79 |17|182| 19 | 2 | 33|56 |0.97u |9.7u | 46p
OTKas3

Ta6ena 5.18 lIpoyeHa ¢pusuukux napamemapa Momopa npu MyAmMunAuKamueHuM
omkasuma

R,=7.41Q | J=1.43-10"°kgm? B =1.8-10"° Nm/rad/s

OTka3 0.741 | 741 | 1.43-10* | 1.43-10° | 1.8.10™* 1.8-10°

[Ipouewmenu
0.62 | 644 |143.10" | 1.45-10° | 057-10* | 1.53-10°
OTKa3

Ha ocHoBy BpejHOCTH npukaszaHux Tabesia 5.17 u Tabena 5.18, moxe ce
3aK/bY4YHMTH /1 je UHAWPEKTHA NpoleHa PU3NYKUX NapaMeTapa Hajnmpelry3Huja y

CJlyyajy MyJITHUIUVIMKaTUBHUX oOTKasa R,,C;,J, 30or JiMHeapHe Be3e ca
napaMeTpyuMa KOHTMHYa/IHOT MoJeJsa Ioja4aBadya by, b, a. Ilponesypa

VH/JUPEKTHEe MpOLeHe je KOJ MNpeocTalMX OTKasa Mame I[pely3Ha, LITOo je
yCJI0B/bEHO HEJIMHEapHOM Be30M u3Meby GU3MUKHUX NapaMeTapa U MapaMeTapa
Mo/iesia Kao ¥ peJIaTUBHO BEJIMKKMM BpeJJHOCTHMA OTKa3a.

[IpeMa TOMe, HAaKOH MOCTYNKa M30Jaljdje OTKa3a NPUMEHOM aJIrOpUTMa
ogayke ca Ciu. 5.28, ko mnpuMeHe JleTeKldje OTKa3a HEKOM O0J MNpoleaypa
KOHTHHYaJIHE eCTUMAIlHje ce 0OTKAa3u MOTY U UJeHTUPHUKOBATU HAa OCHOBY NTO3HATE,
yIJIaBHOM peJIaTUBHO je/lHOCTaBHe Be3e ca NapaMeTpyuMa MoJeJa. /lpyra onuuja je
Jla ce 0TKasu UAeHTUODUKY]y UHIUPEKTHUM MOCTYIIKOM KOja ce MOXXe CIIPOBECTH
YaK U aKo je peJsialiMja ca nmapaMeTpuMa MoJiesia HeJIMHeapHa. Y TOM c/y4ajy je 3a

TAa4YHOCT IIpoLeHe 6I/ITHO, Ada 1 OTKa3Hu 6y.ﬂy pP€/J1aTUBHO MaJIH.
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Kaga je perexkuuja oTKasa ClIpoBeJeHa eCTUMalLMjoM IapaMeTapa
JUCKpPEeTHOT MoJieJla, OTKa3W Cce MOry HJAeHTU(PUKOBAaTH Hajueumthe caMo
WHAUPEKTHUM NpUCTynuMa. MehyTuM, MomITo je y 0BOM CJIy4ajy CJA0KEHOCT U
HEeJIMHeapHOCT Be3e ca llapaMeTpuMa MoJeJsa U3paKeHHWja, TAaYHOCT MeToJe je
JUPEKTHO yCJI0B/baBa OJCTyNakbeM BeJIMYMHEe 0TKa3a 0Jf HOMUHAJIHUX BPeJJHOCTH.

1 oBze ce MOXe YOYUTHU NPeJHOCT MeTOJe KOHTHHya/lHe eCTUMaluje y
OZJHOCYy Ha JUCKpPeTHY Y CMHUCJIY KOMIJIEKCHOCTH IIOCTYNIKa JujarHose
MYJITUIJIMKaTUBHUX OTKas3a.

Ha ocHOBy u3J102KeHOT, MOXe Cce 3aK/byYUTH Jia Ce KBaJIMTEeTHHja NpOoLieHa
napaMeTapa Npy MHAUPEKTHOM MOCTYNKY WAeHTUdUKalMje f00uIa U3/ BajatbeM
KOJIOHA MaTHULe NaplyjaJHUX U3BOJia YMECTO Y JIUTEPATYPH NpeJIOKEHE IPUMeHe
LleJIOKYIIHe MaTpule NapuujaJHUX HU3Boja. To MmMoTBphyje aHa/M3UpaHU CAy4aj
1I0jaBe BeJIMKUX BPeAHOCTH MYJITUIJIMKaTUBHUX OTKa3a KOjU 3HATHO O/ CTYNAjy OZ,
HOMMHaJIHE paJHe TadyKe, KaJla je MOCTyNaK MNpejJIOKeH y JIuTepaTypu OHO
HeNpUMEHJ/bUB. Y C/y4yajy OBaKO BeJIMKMX OTKa3a M KajJa je 3aBUCHOCT uU3Mehy
napaMeTpa MoJZeJsa U CTBapHUX QU3MUYKUX MapaMeTapa JIMHeapHa ce IpUMeHOM
Ipe/JIOKEHOT MOCTYIKa, OCTBAapyje BpJIO BeJIMKAa TavyHOCT uaeHTUUKanuje. Koa
HeJIMHeapHe 3aBUCHOCTH, pe3yJaTaT UuAeHTUdUKaAIMje je TPUOJIMKAH ald Takobhe
NpPUXBAT/bUBUjU O/ TOTIYHO O CTyMNajyher pellierwna Koju ce 1061ja HAKOH IPUMeHe

NOCTYIIKA AATOT y JINTEPATYPH.
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6. 3AK/bYYAK

Y TOKy wucTpaxuBama KoOja Cy pesyJToBajJa OBOM JOKTOPCKOM
JyvcepTalyjoM, HAMeTHYyJia Cy ce TpU pa3anduTa Lusba. [IpBHU je fa ce 04roBopU Ha
NUTame Y Kojoj MepHu cy TexHUuKe FDI afUTUBHUX U MyJTUIJIMKAaTUBHUX OTKasa
IIpOjeKTOBaHe 3a JIMHeapHe BPEeMEHCKH HelpOMEeH/bUBe CUCTeMe IpUMemUBe y
C/1y4ajy CUCTeMa KOju Cy HeJIMHeapHU U/ UM BpEMEeHCKU TPOMeHJ/bUBH. [lpyry /b
je 6M0 na ce, HA jelTHOM KOHKPETHOM MpUMepy, MehyCOOHO ymopejie pa3auuUTe
TexXHHUKe 3a [WjarHo3y aJUTUBHUX W MYJTHUIJIMKaTUBHUX OTKa3a 3aCHOBAHYy Ha
NpOjeKTOBamy CTPYKTYPHUX U AUPEKUOHUX pe3u/iyasa Tj. y CMUCIY epUKACHOCTH
y LeTeKLUUjU U U30JIalj1ju 0TKa3a U Y CMUCJIY HYMepUUKe CJ10KeHOCTU. U Ha Kpajy,
Kao Tpehu UJ/b je mocTaBJ/beH 3a/jaTaK Ja Ce leTa/bHA U MCLIPIIHA aHaJIu3a CIpoBeJe
Ha jeAHOM J1aboOpaTOPUjCKOM CHUCTEMY KOjU Ce HajJla3u Ha BEJHUKOM 6pojy
YHUBEP3UTETCKUX JlabopaTopuja, Mma Ja pe3yJTaTH OBOI paZa MOry OUTHU
vckopuitheHy Kao npatehu efykaTUBHU MaTepHjasl Y OKBUPY J1abopaTOPUjCKUX
BeXKOHU y 00/1aCTH JleTeKLUje U U30JalHje 0TKa3a.

Y uumy peanusanuje HaBeJleHUX U/Jieja, a Y CBPXYy JeTeKLUje U u3oJaLuje
aJIMTUBHUX OTKa3a, I[pUMEHmEHa je CUHTe3a JAUPEKLUUOHUX U CTPYKTYpPHHUX
pe3ujyasa 3a neT pa3/JIMUUTHUX, Hajuellhux OTKa3a Ha HeJIMHeapHOM BpeMEHCKHU
IPOMEH/BUBOM CHUCTEMY KOra YMHE MOTOpP jeJHOCMEpPHE CTpyje ca eJJleKTPOHCKUM
nojayaBayeM. [I[pukasaHa cy ¥ /iBa Ha4MHa popMUpaa CTPYKTYpHE MaTpHUlie: Ha
OCHOBY Mojiesia y ¢opMu GyHKIMje MpeHoca Yy MPUCYCTBY OTKa3a U Ha OCHOBY
aHa/IM3e CTPYKType cucTeMa. Y c/y4ajy CTPYKTYpHe MaTpulie Jo61jeHe Ha OCHOBY
Mo/ieJia CUCTeMa y PUCYCTBY OTKa3a IpUMeHeHe Cy YeTUPHU Pa3/INYruTe MEeTO/e Of,
KOjux ce JBe 0a3vpajy Ha MoJesly cUCTeMa ca OoTkasuMa y dopMU PyHKLUje
npeHoca u To: Uuniemenmayuja "ped no ped” (ear. Row by row implementation) (ca
BapUjaHTaMa NpU CKOPO NOMNYHOj, XOMO2eHOj cneyudukayuju od3usa U TpHU
NOomMnyHoj, CKopo XomM02eHoj cneyugpukayuju odsuea) u Memoda eaumuHayuje (eHr.
Elimination approach), 3a kojy ce He 3ajajy cnenudukanuje, a JBe Ha MOJeNy
cucTeMa y NPUCYCTBY OTKasa y npoctopy crawa: Chow-Willsky, (koja y ciay4ajy

L < pr MOXe CaMO UMATH pelliewa 1Py CKOPO NOMNYHOj, XOM02eHOoj cneyugukayuju),

u CucmemamuyHa umnﬂemel-lmauuja ca cucCmemMCcKomM mampuyom omkasa (eHI‘.
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Systematic implementation with fault system matrix) ca mnojA-BapHvjaHTaMa:
Anroputam III (mogpasymeBa ckopo nomnyHy, Xomoz2eHy cnieniudUuKaLujy oJi31UBa) U
Anroputam I (ca nomnyHom, ckopo xomozeHom cneyugukayujom od3uea). [lokazaHo
je fa y caydajy CTpyKTypHe MaTpule ¢popMUpaHe Ha OCHOBY CTPYKType chcCTeMa
HUje Moryhe NpUMeHUTU METOJle CHHTe3e MaTpulle TpaHchopMmaluje Koje ce
3aCHHMBAjy Ha NpOCTOpy cTama. [loka3aHo je Ja cy cBe no06ujeHe TpaHchopMaluje
pe3ujyasia 3a CBaKy BapHUjaHTy CTPYKTYpHe MaTpule Mehyco6HO eKBUBaJIeHTHE U
Jla ce jenHa Moxe J0OWTH U3 JApyre Je/beweM ca oApeheHUM 3ajeJHUYKHUM
dakTopoMm. /labe je moKa3aHO Jia Cy TeXHUKe 6a3vMpaHe Ha MOJies]y y NMPOCTOpPY
CTamkba HYMEpPUYKH CJI0KEHUje 32 IPUMEHY aJ/lu Jla Kao pe3yJiTaT /ajy KaysaHe U
nosrHoMe—MA (ma caMUMM THM U CTabUJIHE) pe3u/iyajiHe reHepaTope.

HakoH reHepucama CTPYKTYPHHUX U JUPEKIMOHUX pe3u/iyasia, YOueH je U
npo6JIeM jakor LIyMa y CeKBEHIM pe3u/iyala Koju JeJJMMUYHO HacTaje 0Jf MEPHOT
1IyMa, aJI KOjU ce U Il0jayaBa NpUMeHOM TpaHcpopMalvja HaJ, pe3uyaanma, 1a je
y IM/bY oAroBapajyhe eTekiuje 0TKasa, a npe nopehema pesu/iyasa ca nparopuma
JleTeKlyje, 6U0 MOTpPeOHO QUIATPUPATH padyHCKe pe3upyasne. Y MNPUCYCTBY
KOHCTAHTHOT nopeMehaja uM/Wd TpeliKe Mo/ieJioBaba PayyHCKHU QUATpHUpaAHU
CTPYKTYPHU U AUPEKIIMOHU pe3UAyasu Cy OUJIU HEHYJITH U y OACYCTBY 0TKa3a. OBaj
npo6JieM je yCHelHo pelleH NPUMEHOM O/iroBapajyhux TeXHUKa TpaHCAupamwa y
IPOCTOPY pe3ujyasa, Koje Cy IO NPBU NYT INPUMeHeHe y 0BOj AuCepTalyju.
Pe3uayanu cy TpaHCJMpaHU 3a BPeJHOCT KOja je MpoLekheHa Kao lhUX0Ba Cpe/iba
BpeJJHOCT TOKOM BpeMeHa y KOMe HeMa JiejcTBa oTKa3a. Tako je 06e36eheHo gay
C/1y4ajy 0/iCyCTBa OTKa3a BEKTOP pe3ujyasa Oy/ie ca HyJTOM CpeilbOM BpeAHOIIhy.
Takobe cy 1 cBe HOMHHa/IHe BpeJJHOCTH OTKa3a JloBeJie pe3ujyalie [0 MpeJsacka
nparoBa OJJIYYHMBama, Ma Cy CBM OTKAa3u BehW WM jeJHAKK 0[] HOMHUHAJHUX
MOCTAJ/IM U30J1a6UIHU. Y J1abOpaTOPHUjH je TOHAB/bAH BEJIMKU OPOj eKcriepuMeHaTa
y Pa3/IMYMTHUM PaJHUM yCJIOBUMA U 3aK/by4daK je Jla ce oueKyje peJJaTUBHO MaJio
OJICTyNak-e pe3uayasa oJ] AoO6UjeHUX TAKOo Jja ce MPUMEHOM TpaHCJIalMje UCTUX 3a
Beh JeduHHCcaHe BpPeJHOCTH, MOTYy OCTBapUTH 3aJ0BosbaBajyhe mepdopmance
CUCTeMa 3a JeTeKlUuje U u3oJsiandje. Ha Taj HauUH ce pe3ujyand 0[Bajajy Of
nopemehaja u cucrteM nocraje pobycaH Ha Irpellike MO/leJI0Bama, UITO je Takohe

3HaqajaH AOIIPHUHOC OBOT UCTPAKHBdHbA.
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M3abpaHn KOHKpeTaH IpUMep MOTOpa jeAHOCMepHe CTpyje ca
IIepMaHeHTHUM MarHeTHMa je 3axBaJlaH U 3a MWIYCTpaLUjy OrpaHUYerha 10 IUTaby
Opoja pa3/IMYUMTHUX OTKa3a KOju Ce MOIY JeTeKTOBaTH MPUMEHOM JUPEKIMOHUX
pesuayana. Haume, y ciay4yajeBUMa INpUMeHe [JUPEKLUOHUX pe3ujyasa
orpaHHYem€e Koje ce HaMehe je na kajaa je 6poj oTka3a Behu oj 6poja u3Jasa
CHUCTeMa, IITO je 4YeCT CJy4Yaj, He3aBUCHM JUPEKUHWOHHU INpaBLU Ce MOry
NpOjeKTOBAaTU CaMO 3a OTKa3e 4uju Opoj oAroBapa 6pojy u3Jsa3a cucTeMa.
[loHekaa ce AelaBa, Aa je HAKOH 3aMeHEe HYMePUYKHUX BpeJJHOCTU Moryhe yBeCcTH
M3BeCcHa ynpouhemwa, Tako Jja CBU eJIeMeHTHU pe3UyasHOI BeKTopa Oyay ca
OpUOJIMKHO HMCTOM JUHAaMHUKOM. Tako M OJ3MBM Ha OBe OTKase MO0CTajy
JUpeKIHOoHU. U 0BU 0TKa3u ce MOTry U30J10BaTU Takobe, aju he npaBLy BHUXOBUX
0/13MBa OUTH JIMHEAPHO 3aBUCHU MOUITO Ce Haja3e y |L JUMEH3UOHOM IpPOCTOPY
pesuayasa.

PesynTaTyh ucTpaxkvBamwa JeTeKUuje U u3oJalyje aJUTUBHUX OTKa3a Ha
IIpUMepy MOTOpa jelHOCMepHe CTpyje U IojayaBaya NpPUKa3aHU y YeTBPTOM
NorJiaB/by JUcepTalivje 06jaB/beHH Cy y MehyHapogHoM yaconucy [158].

Y nmeToMm Ior/iaB/by COpoBeJeHa je AujardHo3a MYJTUIJIMKaTUBHUX OTKa3a
KOjU Cy M3a3BaHM HarJIOM NIPOMEHOM HEKOI OJi lapaMmeTapa IpeTBapaya WJU
MOTOpa ¥ KOjU 3HATHO OACTYIAjy OJ, HOMUHa/He pajHe Tadke. [locmaTpaHa cy
4YeTHPU OTKa3a NojayaBaya (IpoMeHa OTHOPHOCTHU R1, Ry, R12 U KanallUTUBHOCTHU
Cs) ¥ TpU 0TKa3a MoTopa (IpoMeHa MOMeHTA HHepIHje /, KoepUlhjeHTa BUCKO3HOT
Tpewa B 1 OTIOPHOCTH KoJia MHAYKTA Ra). KopuirheHa je 3axBajiHa yMmbeHUIA Jia
ce eJIeKTPO—MexXaHWUYKHU [apaMeTpyh MOTOpa OCJMKaBajy Ha llapaMeTpe MoJeJsa
eJIEKTPOHCKOTI I0jayaBaya peasiM30BaHOr KAao JIMHEAapHO eJIEKTPOHCKO KOJIO ca
OollepalOHUM I0jayaBadyeM. 3aTO Cy aJITOPUTMU JeTeKLUuje MyJTUIIIMKaTUBHUX
OTKa3a MOIJIM OWTHU 3aCHOBAaHM Ha eCcTUMalldju NapaMeTapa AUCKPETHOT Tj.
KOHTHHYaJIHOT MO/leJia je/JUHO M0jayaBaya, ITo je je JUHCTBEH NPUCTYN NPo6aeMy.
OTka3 HacTao HarJioM NpoOMeHOM [TapaMeTapa je 3aXxTeBaH 3a Jujardo3y. Kiacuyse
TeXHUKe eCTMMalluje mapaMeTapa He [ajy 3aZjoBo/baBajyhe pe3yJsTaTe, jep HarJa
IIpOMeHa jeJJHOT IapaMeTapa y CUCTEMY IMpeJjCTaB/ba WHULUJATOP Npesia3HOT
npoieca TOKOM KOra ce OBa IIpOMeHa o/ipakaBa U Ha ocTaJie nmapamertpe. Ctora cy

y CBpPXYy ﬂeTeKL{I/Ije MYJITUIIVJIMKATUBHUX OTKa3ad KOjH HaCTajy HarJioM MnpomMeHOM
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HEKOTr 0Ji TMapaMeTapa I[ojayaBadya MWJM MOTOpa IpUMeHeHe [ocebHe,
KOMIIJIEKCHUje TeXHHUKe eCTUMaluje U TOo: AJNropuTaM KJIW3HOTr mpo3opa (eHr.
Sliding window algorithm) 3a npoueHy napaMeTapa JUCKPeTHOT MoJesa H
AnroputaM kiu3HOr MHTerpasa (eHr. Sliding integral algorithm) 3a npoueHy
napaMeTapa KOHTHUHyaJHOI MogeJsa. /lofaTaH 3axTeB y NIPUMEHM OBHUX TeXHUKaA
Ipe/CTaB/ba U HEONXOAHOCT YBohemwa A0BO/bHO MHGOPMATUBHOT (eHT. persistent
excitation requirement) yJjia3HOT CWUTHaJjia JOBOJbHOI pejia Ja 6u 6usa Moryha
uJeHTUUKaLMja napaMeTapa. Y Ty CBPXY je Y eKcliepruMeHTHMa npuMereH PRBS
(Pseudo Random Binary Sequaces) curHaj. Y jaucepTaLlMju je HOpUMereHa
MoauduKanyja AIropuTMa KJAM3HOT MHTErpaja Koja ce cacToju oJ, 4OJAaTHOT
OrpaHHYewa y Ay>KMHU NoJaTaka aJropuTMa HajMawbHX KBajpaTa y OKBHPY Kora
ce NMpuMewyje KJIU3HU HHTerpas, a y Lu/by CMameka Mpesa3Hor mpoleca y
ecTMMallujyu napameTapa.

Jlame cy y cBpxy nopebewa oBa [ABa 1NOpucTyna [JeTeKLUjU
MyJTUIJIMKaTUBHUX OTKa3a U y CBpPXy H3BOhemwa 3ak/byyaka O KBaJIMUTETY
ecTuMaluvje kKao U o ytuuajy nopemehaja Coulomb-oBor Tpewa Ha NOHalUlame
cucTeMa MoJ, 0TKa3oM, ynopeheHu oA3uBM ofroBapajyhux Mojesna ca usMepeHuM
CUTrHaJioM of3uBa. M3BeJeH je 3ak/byyak Ja HaKO je MeTOAa KOHTHUHYaJIHe
ecTMMallMje MapaMeTapa 3axTeBHMja 3a peasu3alyjy, HApouyUTO KoJ online
NPUCTYNa, HAa KOHKPETHOM IpUMepy ce MoKa3aja Kao HelTo epUKacCHHUja Yy
JleTeKUjU MyJTUIIMKAaTUBHUX 0TKa3a. Takobhe je u ytunaj Coulomb-oBor Tpewa

Kao nopemehaj Ha cUcTeM HajIPUCYTHHjU KOJ, OTKa3a OTIOPHOCTH R, .

Y cBpxy M3oJsaLyje nojeJMHUX OTKa3a pa3BUjeH je U aJITOpUTaM OJJIyKe Ha
OCHOBY KOra Ce OTKa3d MOry Jouupatd. UaeHTudukanuja oTkasa y CMUCITY
oapehrBama M BeJWYMHe NpoMeHe ojrosapajyher ¢usmykor napamerapa je y
Cly4ajy KOHTHHya/lHe ecTUMauuje Jas/be jefHocTaBHa. CTBapHM QU3MYKHU
napaMeTap I0Ji 0OTKa3oM ce JUPEeKTHO MOXe OJpeJUTH Ha OCHOBY peJaliyja Koje
oapebyjy nmapameTpe Mojesia nojayaBaya, YUMe Cce UCTU U ujeHTUOUKYje. [pyru
IPUCTYNl KOjU Ce MOXKe NPUMEHHUTH U KaZJa Cy napaMeTpu Mojesa J00HjeHHU
IIOCTYNLMMa JUCKpPETHE eCTUMalUje ce 3aCHMBA Ha NPOLIEHU IIPpOMeHe CTBAapHUX
$U3MYKKX MapaMeTapa WHJUPEKTHOM MpPOLEAYpPOM - Ha OCHOBY HNapLiUjaJHUX

M3BO/la MapaMeTapa Mo/ieJsia 10 CTBapHUM PHU3UUYKUM apaMeTpUMa Yy HOMUHAJHO]j
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pagHOj Taykd. TexHHKa je Ipelyd3Ha YKOJMKO je Be3a H3Mehy npouemeHHx
napaMeTrapa MU QU3MYKHUX MapaMeTapa JIMHeapHa. YKOJIMKO je Be3a HeJIMHeapHa,
IITO je U yellhH ciy4vaj, npoLeypa je allpoKCMMaTUBHA U a/leKBaTHA CaMO YKOJIUKO
je mpoMeHa — 0TKa3 CTBapHOT GU3MYKOT NapaMeTapa peslaTUBHO MaJiu. [IpumeheHno
je /la ce KBaJIMTeTHHja NpOLleHa apaMeTapa Jlo6uja u3/iBajakbeM KOJI0OHA MaTHLle
napuyjajJHUX M3BOJA YMeCTO Y JIMTepaTypu IpeJJoKeHe IpPHUMeHe LeJOKyIHe
MaTpule NnapuyjajHux u3Boja. OBaj HAYMH ce M0Ka3ao MOTOJHUjU HAPOYUTO KOJ,
HeJ/IMHeapHe 3aBUMCHOCTH 4YaK U KaJia Cy BPeJHOCTU MYJTHUIJIMKaTUBHUX OTKasa
BeJIMKA U [0CTA OACTYNAjy O0J HOMUHA/IHE pajHe TaykKe, LITO je jolI jefaH Of
JIOTIPMHOCA OBe AucepTalyje.
3a pa3MaTpaHe aJWMTHBHE U MYJTUIJINKaTUBHE OTKa3e pa3BUjeHU CYy
LabVIEW kogoBu ca JgelUMMHYHUM online npuctynoM npuMmeHoMm Frame Flat
Sequence TJie ce HAKOH aKBU3M1lMje CUTHaJa, KO/, aIUTUBHUX 0TKa3a, UCTHU YBOJIE Y
LabVIEW Control & Simulation net/be ca MozAeJMMa pe3uyaJHUX reHepaTopa, a
KO/l MyJITUIJIMKAaTUBHUX 0TKa3a, y LabVIEW MathScript Node cTpyKType, Y [U/bY
IpUMeHe >Xe/beHUX aJropuTaMa ecTUMaluje mnapamerapa. Ha oBaj HauuH cy
pa3BUjeHU NPUCTYIH, NOTOAHU 3a Remote nabopaTopuje U 06yky y obsactu FDI
OTKasa.
Ha ocHOBy cBera pedeHOr MOXe Ce 3aK/by4YUTH /la Ce IPUMeheHe TEXHUKe
FDI npeaBubene 3a LTI Mojene, y3 npuMemeHe MoauduUKalyje, YCIEIIHO MOTY
IPUMEHUTH U Ha MOoje/jMHe KJace HeJIMHeapHUX JWUHAMHWYKHUX CUCTeMa KaKaB je
aHaJU3WpPaHM MOTOp jeHOCMepHe CTpyje ca IepMaHEeHTHUM MarHeToM U
oZiroBapajyhuM nojayaBayem.

[IpaBiy 6yayher nuctpaxvBama:

e npuMeHa Jpyradyvjux mogen npucrtyna FDI oTkaza 6asupaHux Ha
CUHTE3W pa3/IMYMTHUX OIlcepBepa (omcepBepa ca HENO3HATHUM yJa30M,
aJlanTUBHUX oIncepBepa, sliding mode o6cepBpa) u/uan ¢uarpa u
nopebhewe pesysiTaTa ca 406UjeHUM;

e [pUMeHa TeXHHWKAa 3aCHOBAaHMX Ha aHaJU3U MoOJiesla CTPYjHOT CHTHaJa
Kao LITO Cy CIIeKTPH, KopesialuoHe QyHKIMje, walvet TpaHchopMaLuja;

e MpUMeHa MPUCTyNa 3aCHOBAaHUX HA UCKYCTBY- 6a3MpaHUX Ha MPUMEHU

HeypaJIHUX MpexKa, fUZZ_y JIOTHUKE, eKCIIEPpTHUX CUCTEMHUMa,...
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e pasBujambe ynpassbaukor FTC cuctema (eng. Fault tolerant control system)
OTIIOPHOT HAa NPUCYCTBO OTKas3a [J0JlaBalkbeM KOMIEeH3aLlUuOHOT
MexaHM3Ma u3Mehy objekTa moJ 0TKa30M WU HOMHHAJHOT KOHTpoJepa.
KoMneH3auMoHu MexaHHM3aM 06U Tpebasio Ja MNPOMYCTU OTKa3 Kpo3
KOHTpoJIep W JAa 00e36ead Ja objekaT MoJ, OTKa3oM yIpaB/baH
HOMUHAJIHUM KOHTPOJIEPOM OCTaHe TIJIOGaJHO CTabuJiaH U OCTBapH
3aJloBoJsbaBajyhe neppopmMance y npesazHoM NpoLecy U CTalHOHAPHOM
CTamy;

Cymupajyhu cBe rope HaBeJieHe UMIbEHUIE U OICepBalluje, MOTY ce Ha
CUCTEMATH30BaH HA4YMH MO6OpOjaTH HajBaXKHUjU JONPUHOCH OBE JOKTOpCKe
JucepTalyje Ha cieieNy HauYUH:

e HcupnHuM npersie[oM peJieBaHTHe JIUTepaType U3BplleHa je
cucTeMaTu3alyja MOCTUTHYTUX pe3yJiTaTa y 006/1aCcTH IpMMeHe MeTo/a
3a JeTeKLMjy U HU30J1alldjy OTKa3a eJIeKTPO-MeXaHUYKUX CUCTeMa, Y3
aHa/IM3y MNPEeAHOCTH, HeJoCTaTaka M ycj0Ba Yy KOjUMa Cy IoOjeAuHe
MeTo/ie NpuMeHJbuBe. [loce6HU OCBPT je 6M0 Ha MeTo/jlaMa 6a3upaHe Ha
MoOJieJIUMa, Kako Yy LW/by JeTeKldje aJAUTUBHHUX TaKo W
MYJITUIJIMKAaTUBHUX OTKasa. CauumbeH mperJies MpeacTaB/ba JeTa/baH
YBUJ, y 06J1aCT [iMjarH03e 0TKa3a eJIeKTPO-MeXaHUUKUX CUCTeMa.

e Ha ocHOBY UCIPIIHUX eKcllepuMeHaTa GOPMUPAH je peaJMCTUYaH Mot
eJIEKTPO-MEXaHUUKOI CHUCTEMa KOjU je MNpujaroheH KpajbeM LUbY
JleTeK11je pa3/IMuUTUX TUIIOBA 0TKAa3a;

e [IpeaJioxkeH je MHOBAaTUBHU MTOCTyNaK CUHTE3€ CTPYKTYPHUX MaTpULa Ha
OCHOBY 'eHEpHUCAHUX MPUMAPHHUX Pe3Uyaa;

e KoOHCEKBEHTHO je CIpOBe/lEH NOCTYNAK JeTeKIHje U U30J1al1je IeT BpCcTa
pa3/IMYUMTUX aJUTUBHUX OTKasa Ha aKTyaTopy M CeH30pHUMa
npeaBubheHUX 3a Mepere HAallOHA U CTPYje UHJYKTa, MOMEeHTa MOTOopa U
Op3uMHe MOTOpa, Na je Ha OCHOBY /I00MjeHHX pe3yJiTaTa U3BPIIEHO
00jeKTUBHO ymnopehuBamwe pas/JMUUTUX MeTOJa 3a IPOjeKTOBaE
TpaHcpopMalMja CTPYKTYPHUX pe3r/ayasia y CMUCIY lbUXOBE HYMepUyKe

KOMIIJIEKCHOCTH H €KBHUBAJIEHTHOCTH IIpuMeHe Ha npumMmepy
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HeJIMHeapHOr /HeCTalUOHAPHOT CACTeMa Yy IPUCYCTBY Trpellaka
Mo/iesioBama U nopemehaja;

e OCTBapeHa je TexXxHUKAa MoJudUKalWje AUPEKLHUOHHUX U CTPYKTYPHHUX
pe3ujyasna y ju/by HopMaJui3alyje, OTKJIawbamwka yTHllaja MEPHOT LIyMa,
rpeulaka Mogzesa U nopemehaja, kako 61U UCTU OUJIM NMPUMEHUBU Ha
peajHUM CUCTEMHMa KOjU TMOKa3yjy OCOOUHE HeJMHeapaHOCTH U
HeCTallMOHAPHOCTH;

® (Ca CTAaHOBHMIUTA KOHKpeTHe NpPUMeHe Ha CUCTEMY KOjU Ce CacCTOjUu Of
jeAHOCMEepHOT MOTOpA U NojadyaBaya nocrojehe Texuuke cy npuiarohene
JleTeKIUju W H30J1Ial{ju MYJTUIJIMKATUBHUX OTKa3a MNPUMEHOM U
MoAvdUKaLMjoM NPUCTYIla eCTUMAllMje TapaMeTapa MoJea;

® OCTBapeHa je M3MeHa TeXHUKe KOHTHHyaJlHe eCcTUMallUje mapaMmeTapa
nprMeHOM AJITOpUTMa KJMW3HOT uHTerpana (eHr, Sliding integral
algorithm) kako 6u uWcTa Ouja npuiaroheHa [JAeTeKLUUjU HaArJIUX
MYJITUIVIMKaTUBHUX OTKa3a CTBAPHUX QPU3NYKHUX [TapaMeTapa;

e U3BplLIEHA je MJeHTU(PUKALKja CTBAPHUX (QU3MYKUX MapaMmeTapa IOJ
OTKa3oM KkopuliheweM MoAUUKOBAHE TeXHUKe 3a eCTUMalujy
underlaying napaMmeTapa.;

e u3BplLIEHA je aHaJu3Upa W IMpuaarohewe y UUbYy [AobOHjamkba
JJabopaToOpUjCKOT MPOTOTHNA KOjuU OM Ha edUKacaH M Kpajibe
10jeJHOCTaB/b€H HAYMUH YBeO CTYJeHTe Y OBy M3y3eTHO 3axTeBHY, aJlU

KOPHUCHY Hay4YHY JUCLUTIUHY...

Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en

208



[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

JIUTEPATYPA

[1]

[2]

[14]

[15]

Y. Shatnawi and M. Al-khassaweneh, “Fault Diagnosis in Internal Combustion
Engines Using Extension Neural Network,” IEEE Trans. Ind. Electron., vol. 61,
no. 3, pp- 1434-1443, Mar. 2014.

Z.He, ]. Zhang, W. Li, and X. Lin, “Improved Fault-Location System for Railway
Distribution System Using Superimposed Signal,” IEEE Trans. Power Deliv.,
vol. 25, no. 3, pp. 1899-1911, Jul. 2010.

. Hwang, S. Kim, Y. Kim, and C. E. Seah, “A Survey of Fault Detection, Isolation,
and Reconfiguration Methods,” IEEE Trans. Control Syst. Technol., vol. 18, no.
3, pp- 636-653, May 2010.

A. M. Stankovic and T. Aydin, “Analysis of asymmetrical faults in power
systems using dynamic phasors,” IEEE Trans. Power Syst., vol. 15, no. 3, pp.
1062-1068, 2000.

R. Isermann, “Process fault detection based on modeling and estimation
methods—A survey,” Automatica, vol. 20, no. 4, pp. 387-404, Jul. 1984.

J. Shen, W. Maly, and F. Ferguson, “Inductive Fault Analysis of MOS Integrated
Circuits,” IEEE Des. Test Comput., vol. 2, no. 6, pp. 13-26, 1985.

R. M. Daoud, H. H. Amer, H. M. Elsayed, and Y. Sallez, “Fault-Tolerant Ethernet-
Based Vehicle On-Board Networks,” in IECON 2006 - 32nd Annual Conference
on IEEE Industrial Electronics, 2006, pp. 4662-4665.

C. E. Lin, ]J.-M. Ling, and C.-L. Huang, “An expert system for transformer fault
diagnosis using dissolved gas analysis,” IEEE Trans. Power Deliv., vol. 8, no. 1,
pp- 231-238, 1993.

M. Kezunovic and B. Perunicic, “Automated transmission line fault analysis
using synchronized sampling at two ends,” IEEE Trans. Power Syst., vol. 11, no.
1, pp- 441-447, 1996.

C. W. Chan, S. Hua, and Z. Hong-Yue, “Application of Fully Decoupled Parity
Equation in Fault Detection and Identification of DC Motors,” IEEE Trans. Ind.
Electron., vol. 53, no. 4, pp. 1277-1284, Jun. 2006.

D. McKINNON, “Online fault analysis of DC motors,” AIST Proc. AISTech 2007,
2007.

R. Isermann, Fault-Diagnosis Applications. Berlin, Heidelberg: Springer Berlin
Heidelberg, 2011.

X. Q. Liu, H. Y. Zhang, J. Liu, and J. Yang, “Fault detection and diagnosis of
permanent-magnet DC motor based on parameter estimation and neural
network,” IEEE Trans. Ind. Electron., vol. 47, no. 5, pp. 1021-1030, 2000.

W. R. Finley and R. R. Burke, “Troubleshooting motor problems,” IEEE Trans.
Ind. Appl., vol. 30, no. 5, pp. 1383-1397, 1994.

J. Gertler, Fault Detection and Diagnosis in Engineering Systems. Marcel

Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en

209



[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Dekker, 1998.

S. X. Ding, Model-Based Fault Diagnosis Techniques: Design Schemes,
Algorithms and Tools. Springer Science & Business Media, 2012.

M. Witczak, Fault Diagnosis and Fault-Tolerant Control Strategies for Non-
Linear Systems: Analytical and Soft Computing Approaches. Springer Science &
Business Media, 2013.

S. X. Ding, Model-Based Fault Diagnosis Techniques. London: Springer London,
2013.

R. Isermann, Fault-Diagnosis Systems. Berlin, Heidelberg: Springer Berlin
Heidelberg, 2006.

J. Chen and R. ]. Patton, Robust Model-Based Fault Diagnosis for Dynamic
Systems. Springer Publishing Company Incorporated, New York, 2012.

L. H. Chiang, E. L. Russell, and R. D. Braatz, Fault Detection and Diagnosis in
Industrial Systems. Springer Science & Business Media, 2012.

H. Alwi, C. Edwards, and C. Pin Tan, Fault Detection and Fault-Tolerant Control
Using Sliding Modes. London: Springer London, 2011.

M. Blanke, J. Lunze, M. Kinnaert, M. Staroswiecki, and J. Schroder, Diagnosis
and fault-tolerant control. Springer Berlin Heidelberg, 2006.

M. Witczak, Fault Diagnosis and Fault-Tolerant Control Strategies for Non-
Linear Systems, vol. 266. Cham: Springer International Publishing, 2014.

D. Filbert, “Intelligent measurement methods in technical diagnosis and
quality assurance - a comparison,” Measurement, vol. 6, no. 2, pp. 69-74, Apr.
1988.

W. Saadaoui and K. Jelassi, “Induction motor bearing damage detection using
stator current analysis,” in 2011 International Conference on Power
Engineering, Energy and Electrical Drives, 2011, pp. 1-6.

R. R. Schoen, T. G. Habetler, F. Kamran, and R. G. Bartfield, “Motor bearing
damage detection using stator current monitoring,” Ind. Appl. IEEE Trans., vol.
31, no. 6, pp. 1274-1279.

S. Nandi, H. A. Toliyat, and X. Li, “Condition Monitoring and Fault Diagnosis of
Electrical Motors—A Review,” IEEE Trans. Energy Convers., vol. 20, no. 4, pp.
719-729, Dec. 2005.

S. Y. S. Ho, “Condition monitoring of electric motors,” PhD Thesis, University
of Tasmania, 1999.

G. B. Kliman, R. A. Koegl, ]J. Stein, R. D. Endicott, and M. W. Madden,
“Noninvasive detection of broken rotor bars in operating induction motors,”
IEEE Trans. Energy Convers., vol. 3, no. 4, pp. 873-879, 1988.

R. R. Schoen, B. K. Lin, T. G. Habetler, J. H. Schlag, and S. Farag, “An
unsupervised, on-line system for induction motor fault detection using stator
current monitoring,” IEEE Trans. Ind. Appl., vol. 31, no. 6, pp. 1280-1286,

Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en

210



[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

1995.

B. Akin, S. Choi, U. Orguner, and H. A. Toliyat, “A Simple Real-Time Fault
Signature Monitoring Tool for Motor-Drive-Embedded Fault Diagnosis
Systems,” IEEE Trans. Ind. Electron., vol. 58, no. 5, pp. 1990-2001, May 2011.

J.-K. Park, .-M. Seo, and J. Hur, “Fault type detection using frequency pattern
of stator current in IPM-type BLDC motor under stator inter-turn, dynamic
eccentricity, and coupled faults,” in 2013 IEEE Energy Conversion Congress and
Exposition, 2013, pp. 2516-2521.

M. El Hachemi Benbouzid, “A review of induction motors signature analysis
as a medium for faults detection,” IEEE Trans. Ind. Electron., vol. 47, no. 5, pp.
984-993, 2000.

D. Filbert, “Advanced fault diagnosis for the mass production of small-power
electric motors,” in Measurement Technology and Intelligent Instruments,
1993, pp. 100-110.

M. BolteZar and J. Slavi¢, “Utilizing the connected power electronic converter
for improved condition monitoring of induction motors and claw-pole
generators,” Meccanica, vol. 41, no. 3, pp. 283-297, Jun. 2006.

Li, . Fang, and H. Li, “Single switch open-circuit fault diagnosis in brushless
DC motor drivers with buck converters,” Zhongguo Dianji Gongcheng
Xuebao/Proceedings Chinese Soc. Electr. Eng., vol. 33, no. 15, pp. 124 - 132,
2013.

S. Rajagopalan, J. M. Aller, ]J. A. Restrepo, T. G. Habetler, and R. G. Harley,
“Detection of Rotor Faults in Brushless DC Motors Operating Under
Nonstationary Conditions,” IEEE Trans. Ind. Appl., vol. 42, no. 6, pp. 1464-
1477, Nov. 2006.

A. S. Willsky, “A survey of design methods for failure detection in dynamic
systems,” Automatica, vol. 12, no. 6, pp. 601-611, Nov. 1976.

E. Chow and A. Willsky, “Analytical redundancy and the design of robust
failure detection systems,” IEEE Trans. Automat. Contr., vol. 29, no. 7, pp. 603-
614, Jul. 1984.

P. M. Frank, “Fault diagnosis in dynamic systems using analytical and
knowledge-based redundancy,” Automatica, vol. 26, no. 3, pp. 459-474, May
1990.

J. Gertler and D. Singer, “A new structural framework for parity equation-
based failure detection and isolation,” Automatica, vol. 26, no. 2, pp. 381-388,
Mar. 1990.

R. Dunia, S.]. Qin, T. F. Edgar, and T. ]. McAvoy, “Identification of faulty sensors
using principal component analysis,” AIChE ]., vol. 42, no. 10, pp. 2797-2812,
Oct. 1996.

J. Gertler, W. Li, Y. Huang, and T. McAvoy, “Isolation enhanced principal
component analysis,” AIChE J., vol. 45, no. 2, pp. 323-334, Feb. 1999.

Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en

211



[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

[45]

[46]

[47]

[48]

[53]

[54]

S. J. Qin and W. Li, “Detection, identification, and reconstruction of faulty
sensors with maximized sensitivity,” AIChE J., vol. 45, no. 9, pp. 1963-1976,
Sep. 1999.

S.J. Qin and W. L, “Detection and identification of faulty sensors in dynamic
processes,” AIChE J., vol. 47, no. 7, pp. 1581-1593, Jul. 2001.

R. ]. Patton and ]. Chen, “Robust fault detection of jet engine sensor systems
using eigenstructure assignment,” J. Guid. Control. Dyn., vol. 15, no. 6, pp.
1491-1497, Nov. 1992.

R.]. Patton and J. Chen, “Survey of robust residual generation and evaluation
methods in observer-based fault detection systems,” Int. J. Robust Nonlinear
Control, vol. 10, no. 14, pp. 1193-1208, Dec. 2000.

J. Chen, R. . Patton, and H. Zhang, “Design of unknown input observers and
robust fault detection filters,” Int. J. Control, vol. 63, no. 1, pp. 85-105, Jan.
1996.

M. HOU and P. C. MULLER, “Fault detection and isolation observers,” Int. J.
Control, vol. 60, no. 5, pp. 827-846, Nov. 1994.

X. Wei and M. Verhaegen, “Robust fault detection observer design for linear
uncertain systems,” Int. J. Control, vol. 84, no. 1, pp. 197-215, Jan. 2011.

X.-]. Li and G.-H. Yang, “Fault detection filter design for stochastic time-delay
systems with sensor faults,” Int. J. Syst. Sci., vol. 43, no. 8, pp. 1504-1518, Aug.
2012.

D. Koenig, “Unknown input proportional multiple-integral observer design for
linear descriptor systems: application to state and fault estimation,” IEEE
Trans. Automat. Contr., vol. 50, no. 2, pp. 212-217, Feb. 2005.

K. Patan, “Robust faul diagnosis in a DC motor by means of artificial neural
networks and model error modelling,” in In Korbicz, ], Patan, K., Kowal, M.,
eds.: Fault Diagnosis and Fault Tolerant Control., W. Academic Publishing
House Exit, Ed. 2007, pp. 337-346.

P. M. Frank, “Enhancement of robustness in observer-based fault detectiont,”
Int. J. Control, vol. 59, no. 4, pp. 955-981, Apr. 1994.

X.-C. Lou, A. S. Willsky, and G. C. Verghese, “Optimally robust redundancy
relations for failure detection in uncertain systems,” Automatica, vol. 22, no.
3, pp. 333-344, May 1986.

P. M. Frank and X. Ding, “Survey of robust residual generation and evaluation
methods in observer-based fault detection systems,” J. Process Control, vol. 7,
no. 6, pp. 403-424, Dec. 1997.

P. M. Frank and X. Ding, “Frequency domain approach to optimally robust
residual generation and evaluation for model-based fault diagnosis,”
Automatica, vol. 30, no. 5, pp. 789-804, May 1994.

M. El-Koujok, M. Benammar, N. Meskin, M. Al-Naemi, and R. Langari, “Multiple
sensor fault diagnosis by evolving data-driven approach,” Inf. Sci. (Ny)., vol.

Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en

212



[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

259, pp. 346-358, Feb. 2014.

S. M. Kargar, K. Salahshoor, and M. ]J. Yazdanpanah, “Integrated nonlinear
model predictive fault tolerant control and multiple model based fault
detection and diagnosis,” Chem. Eng. Res. Des., vol. 92, no. 2, pp. 340-349, Feb.
2014.

F. Caccavale, F. Pierri, and L. Villani, “Adaptive Observer for Fault Diagnosis in
Nonlinear Discrete-Time Systems,” J. Dyn. Syst. Meas. Control, vol. 130, no. 2,
pp. 2463-2468, 2008.

Z. Shen, G.-H. Yang, and P. Sun, “A parameter-varying fault detection filter
design approach for polytopic uncertain linear systems,” Int. J. Syst. Sci., vol.
45, no. 5, pp. 1070-1079, Feb. 2013.

M. Zhong, S. X. Ding, ]J. Lam, and H. Wang, “An LMI approach to design robust
fault detection filter for uncertain LTI systems,” Automatica, vol. 39, no. 3, pp.
543-550, Mar. 2003.

J. Guo, X. Huang, and Y. Cui, “Design and analysis of robust fault detection filter
using LMI tools,” Comput. Math. with Appl., vol. 57, no. 11-12, pp. 1743-1747,
Jun. 2009.

J. Zarei and E. Shokri, “Robust sensor fault detection based on nonlinear
unknown input observer,” Measurement, vol. 48, pp. 355-367, Feb. 2014.

J. F. Tu and J. L. Stein, “Model error compensation for observer design,” Int. J.
Control, vol. 69, no. 2, pp. 329-345, 1998.

J. Gertler, “Fault detection and isolation using parity relations,” Control Eng.
Pract., vol. 5, no. 5, pp. 653-661, May 1997.

J. ]. Gertler and M. M. Kunwer, “Optimal residual decoupling for robust fault
diagnosis,” Int. J. Control, vol. 61, no. 2, pp. 395-421, Feb. 1995.

Fault Detection, Supervision and Safety for Technical Processes 1991: Selected
Papers from the IFAC/IMACS Symposium, Baden-Baden, Germany, 10 - 13
September 1991. Elsevier, 2014.

J. ]. Gertler and R. Monajemy, “Generating directional residuals with dynamic
parity relations,” Automatica, vol. 31, no. 4, pp. 627-635, Apr. 1995.

E. Chow and A. Willsky, “Analytical redundancy and the design of robust
failure detection systems,” IEEE Trans. Automat. Contr., vol. 29, no. 7, pp. 603-
614, Jul. 1984.

[. Fagarasan and S. S. lliescu, “Parity equations for fault detection and
isolation,” in 2008 IEEE International Conference on Automation, Quality and
Testing, Robotics, 2008, vol. 1, pp. 99-103.

W. Li and S. Shah, “Structured residual vector-based approach to sensor fault
detection and isolation,” J. Process Control, vol. 12, no. 3, pp. 429-443, Apr.
2002.

R. Isermann, “Model-based fault-detection and diagnosis - status and

Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en

213



[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

applications,” Annu. Rev. Control, vol. 29, no. 1, pp. 71-85, Jan. 2005.

M. Staroswiecki and G. Comtet-Varga, “Analytical redundancy relations for
fault detection and isolation in algebraic dynamic systems,” Automatica, vol.
37, no. 5, pp. 687-699, 2001.

J. Gertler, “Diagnosing parametric faults: from parameter estimation to parity
relations,” in Proceedings of 1995 American Control Conference - ACC’95, vol. 3,
pp- 1615-1620.

J. Gertler and G. DiPierro, “On the Link between Parity Relations and
Parameter Estimation,” Prepr. IFAS 3rd Safeprocess Symp, (Hull, England), pp.
468 - 473, 1997.

R. Isermann, “Process fault detection based on modeling and estimation
methods—A survey,” Automatica, vol. 20, no. 4, pp. 387-404, 1984.

E. A. Garcia, Z. Han, and P. M. Frank, “FDI based on parameter and output
estimation: An integrated approach,” in Control Conference (ECC), 1999
European, 1999, pp. 3370-3375.

L. Menini, C. Possieri, and A. Tornambe, “Application of algebraic geometry
techniques in permanent-magnet DC motor fault detection and
identification,” Eur. J. Control, May 2015.

A. Pouliezos, G. Stavrakakis, and C. Lefas, “Fault detection using parameter
estimation,” Qual. Reliab. Eng. Int., vol. 5, no. 4, pp. 283-290, Oct. 1989.

R. Isermann and O. Moseler, “Model-Based Fault Detection for a Brushless DC
Motor Using Parameter Estimation Olaf,” IECON 98 Proc. 24th Annu. Conf. IEEE
Ind. Electron. Soc. Cat No98CH36200, vol. 8, no. 7, pp. 1956-1960, 1998.

S. B. Rengarajan, “A method for parameter estimation and system
identification for model based diagnostics,” PhD Thesis, University of Texas -
Austin, 2011.

0. Moseler and R. Isermann, “Application of model-based fault detection to a
brushless DC motor,” IEEE Trans. Ind. Electron., vol. 47, no. 5, pp. 1015-1020,
2000.

W. Chen and M. Saif, “Actuator fault diagnosis for a class of nonlinear systems
and its application to a laboratory 3D crane,” Automatica, vol. 47, no. 7, pp.
1435-1442, Jul. 2011.

K. Indriawati, T. Agustinah, and A. Jazidie, “Robust Observer-Based Fault
Tolerant Tracking Control for Linear Systems with Simultaneous Actuator
and Sensor Faults: Application to a DC Motor System,” Int. Rev. Model.
Simulations, vol. 8, no. 4, p. 410, 2015.

J. Chen and Y.-Y. Cao, “A stable fault detection observer design in finite
frequency domain,” Int. J. Control, vol. 86, no. 2, pp. 290-298, Feb. 2013.

J. Chen, Y.-Y. Cao, and W. Zhang, “A Fault Detection Observer Design for LPV
Systems in Finite Frequency Domain,” Int. J. Control, pp. 1-28, Oct. 2014.

Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en

214



[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

A. Kukreja, “Observer Based Parameter Estimation With Applications To
Model Based Diagnostics,” PhD Thesis, University of Houston, 2013.

J. Delhotal, “Observer-based fault detection and isolation for motor drive
inverters,” PhD Thesis, University of Illinois - Urbana-Champaign, 2012.

B. Jiang and F. N. Chowdhury, “Parameter fault detection and estimation of a
class of nonlinear systems using observers,” J. Franklin Inst., vol. 342, no. 7, pp.
725-736, Nov. 2005.

A.D. M. H. K. Watanabe, M. Sasaki, “Determination of optimal measuring sites
for fault detection of non-linear systems,” Int. J. Syst. Sci., vol. 16, no. 11, pp.
1345-1363, Nov. 1985.

W. Zhang, “A fault detection and diagnosis strategy for permanent magnet
brushless DC motor,” PhD Thesis, McMaster University, 2012.

T. A. Najafabadi, F. R. Salmasi, and P. Jabehdar-Maralani, “Detection and
[solation of Speed-, DC-Link Voltage-, and Current-Sensor Faults Based on an

Adaptive Observer in Induction-Motor Drives,” IEEE Trans. Ind. Electron., vol.
58, no. 5, pp. 1662-1672, May 2011.

C.-S. Berendsen, G. Rostaing, G. Champenois, G. Obrecht, and ]. Saadi,
“Detection of sensor faults with observer structures in control loops,” in
Proceedings of IECON 93 - 19th Annual Conference of IEEE Industrial
Electronics, pp. 344-348.

X.-G. Yan and C. Edwards, “On sliding mode observers for systems with
unknown inputs,” Int. J. Adapt. Control Signal Process., vol. 21, no. May, pp. 638
- 656, 2007.

W. Chen and M. Saif, “A sliding mode observer-based strategy for fault
detection, isolation, and estimation in a class of Lipschitz nonlinear systems,”
Int. J. Syst. Sci., vol. 38, no. 12, pp. 943-955, Dec. 2007.

Y. Wang and D. H. Zhou, “Sensor Gain Fault Diagnosis for a Class of Nonlinear
Systems,” Eur. J. Control, vol. 12, no. 5, pp. 523-535, Jan. 2006.

J. H. L. ]. H. Lee and J. L. ]. Lyou, “Fault diagnosis and fault tolerant control of
DC motor driving system,” in ISIE 2001. 2001 IEEE International Symposium
on Industrial Electronics Proceedings (Cat. No.01TH8570), 2001, vol. 3, pp.
1719-1723.

[100] M. Mishra, “Model based approach for fault detection and prediction using

particle filters,” PhD Thesis, University of Hawaii - Manoa, 2008.

[101] L.]. de Miguel and L. F. Blazquez, “Fuzzy logic-based decision-making for fault

diagnosis in a DC motor,” Eng. Appl. Artif. Intell., vol. 18, no. 4, pp. 423-450,
Jun. 2005.

[102] D. Fuessel and R. Isermann, “Model-based fault-detection and diagnosis -

status and applications,” IEEE Trans. Ind. Electron., vol. 47, no. 5, pp. 1070-
1077, 2000.

[103] M. A. Awadallah and M. M. Morcos, “Automatic Diagnosis and Location of

Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en

215



[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

Open-Switch Fault in Brushless DC Motor Drives Using Wavelets and Neuro-
Fuzzy Systems,” IEEE Trans. Energy Convers., vol. 21, no. 1, pp. 104-111, Mar.
2006.

[104] M. A. Awadallah and M. M. Morcos, “Diagnosis of switch open-circuit fault in
PM brushless DC motor drives,” in Large Engineering Systems Conference on
Power Engineering, 2003, 2003, pp. 69-73.

[105] D. Fuessel and R. Isermann, “Hierarchical motor diagnosis utilizing structural
knowledge and a self-learning neuro-fuzzy scheme,” IEEE Trans. Ind. Electron.,
vol. 47, no. 5, pp. 1070-1077, 2000.

[106] H. C. Cho, ]. Knowles, M. S. Fadali, and K. S. Lee, “Fault Detection and Isolation
of Induction Motors Using Recurrent Neural Networks and Dynamic Bayesian
Modeling,” IEEE Trans. Control Syst. Technol., vol. 18, no. 2, pp. 430-437, Mar.
2010.

[107] P. V. Goode, “Using a neural/fuzzy system to extract heuristic knowledge of
incipient faults in induction motors. Part I-Methodology,” IEEE Trans. Ind.
Electron., vol. 42, no. 2, pp. 131-138, Apr. 1995.

[108] F. Filippetti, M. Martelli, G. Franceschini, and C. Tassoni, “Development of
expert system knowledge base to on-line diagnosis of rotor electrical faults of
induction motors,” in Conference Record of the 1992 IEEE Industry Applications
Society Annual Meeting, pp. 92-99.

[109] M.-Y. Chow, R. N. Sharpe, and J. C. Hung, “On the application and design of
artificial neural networks for motor fault detection. 1,” IEEE Trans. Ind.
Electron., vol. 40, no. 2, pp. 181-188, Apr. 1993.

[110] H. A. Talebi, K. Khorasani, and S. Tafazoli, “A recurrent neural-network-based
sensor and actuator fault detection and isolation for nonlinear systems with
application to the satellite’s attitude control subsystem.,” IEEE Trans. Neural
Netw., vol. 20, no. 1, pp. 45-60, Jan. 2009.

[111] R. Isermann, “Fault diagnosis of machines via parameter estimation and
knowledge processing—Tutorial paper,” Automatica, vol. 29, no. 4, pp. 815-
835, Jul. 1993.

[112] R. Isermann, “Model base fault detection and diagnosis methods,” in
Proceedings of 1995 American Control Conference - ACC’95, vol. 3, pp. 1605-
1609.

[113] P. M. Frank, “Analytical and Qualitative Model-based Fault Diagnosis - A
Survey and Some New Results,” Eur. J. Control, vol. 2, no. 1, pp. 6-28, Jan. 1996.

[114] ]J. Lunze and ]. H. Richter, “Reconfigurable Fault-tolerant Control: A Tutorial
Introduction,” Eur. J. Control, vol. 14, no. 5, pp. 359-386, Jan. 2008.

[115] M. Muenchhof, M. Beck, and R. Isermann, “Fault-tolerant actuators and
drives—Structures, fault detection principles and applications,” Annu. Rev.
Control, vol. 33, no. 2, pp. 136-148, Dec. 2009.

[116] J. Shutty, “A multilevel approach to fault detection,” MS. Thesis, Case Western

Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en

216



[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

Reserve University, Cleveland, 1985.

[117] P. Young, “Parameter estimation for continuous-time models—A survey,”
Automatica, vol. 17, no. 1, pp. 23-39, Jan. 1981.

[118] S. Sagara and Z.-Y. Zhao, “Numerical integration approach to on-line
identification of continuous-time systems,” Automatica, vol. 26, no. 1, pp. 63-
74, Jan. 1990.

[119] W. Li and ]. Gertler, “Detection and isolation of slight parametric faults in
continuous-time systems,” in Preprints of 11th IFAC SYDID 3rd Symposium,
(Kitakyushu, Japan), 1997, pp. 1161 - 1166.

[120] D. Cox, David A, Little, John, O’Shea, Ideals, Varieties, and Algorithms: An
Introduction to Computational Algebraic Geometry and Commutative Algebra.
Springer, New York, 2007.

[121] D. Nesic and I. M. Mareels, “Dead beat controllability of polynomial systems:
symbolic computation approaches,” IEEE Trans. Automat. Contr., vol. 43, no. 2,
pp. 162-175, 1998.

[122] B. Tibken, “Observability of nonlinear systems - an algebraic approach,” in
2004 43rd IEEE Conference on Decision and Control (CDC) (IEEE Cat.
No.04CH37601), 2004, vol. 5, pp. 4824-4825 Vol.5.

[123] L. Menini and A. Tornambe, “Immersion and darboux polynomials of boolean
networks with application to the pseudomonas syringae hrp regulon,” in 52nd
IEEE Conference on Decision and Control, 2013, pp. 4092-4097.

[124] L. Menini and A. Tornambé, “On a Lyapunov equation for polynomial
continuous-time systems,” Int. J. Control, vol. 87, no. 2, pp. 393-403, Sep. 2013.

[125] A. Noura, H., Theilliol, D., Ponsart, ].-C., Chamseddine, Fault-tolerant Control
Systems Design and Practical Applications. Springer-Verlag, 2009.

[126] M. Blanke, M., Kinnaert, M., Lunze, ]., Staroswiecki, Diagnosis and Fault-
Tolerant Control. Springer Berlin Heidelberg, 2006.

[127] Z. Gao and S. X. Ding, “Fault estimation and fault-tolerant control for
descriptor systems via proportional, multiple-integral and derivative
observer design,” IET Control Theory Appl., vol. 1, no. 5, pp. 1208-1218, Sep.
2007.

[128] R. ]J. Patton and S. Klinkhieo, “Actuator fault estimation and compensation
based on an augmented state observer approach,” in Proceedings of the 48h
IEEE Conference on Decision and Control (CDC) held jointly with 2009 28th
Chinese Control Conference, 2009, pp. 8482-8487.

[129] B. Jiang and M. Staroswiecki, “Dynamic Output Feedback-Fault Tolerant
Controller Design for Takagi-Sugeno Fuzzy Systems With Actuator Faults,”
IEEE Trans. Fuzzy Syst., vol. 18, no. 1, pp. 194-201, Feb. 2010.

[130] Z. Gao and S. X. Ding, “Sensor fault reconstruction and sensor compensation
for a class of nonlinear state-space systems via a descriptor system approach,”
Control Theory &amp; Appl. IET, vol. 1, no. 3, pp. 578-585, May 2007.

Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en

217



[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

[131] R. Nazari, M. M. Seron, and J. A. De Dona, “Fault-tolerant control of systems
with convex polytopic linear parameter varying model uncertainty using
virtual-sensor-based controller reconfiguration,” Annu. Rev. Control, vol. 37,
no. 1, pp. 146-153, Apr. 2013.

[132] K. Indriawati, A. Jazidie, and T. Agustinah, “Reconfigurable Controller Based
on Fuzzy Descriptor Observer for Nonlinear Systems with Sensor Faults,”
Appl. Mech. Mater., vol. 771, pp. 59-62, Jul. 2015.

[133] A. Khedher, K. Othman, and M. Benrejeb, “Active fault tolerant control (FTC)
design for Takagi-Sugeno fuzzy systems with weighting functions depending
on the FTC,” Int. J. Comput. ..., 2011.

[134] “cRIO-9075 - National Instruments.” [Online]. Available:
http://sine.ni.com/nips/cds/view/p/lang/sr/nid/209757. [Accessed: 19-
Jun-2015].

[135] B. C. Kuo and J. Tal, DC motors and control systems. SRL Pub. Co., 1978.

[136] “Chapter 8. Models of Friction.” [Online]. Available:
http://www.mogi.bme.hu/TAMOP /robot_applications/ch07.html.
[Accessed: 10-Jan-2016].

[137] M. Bjekic, S. Antic, and A. Milovanovic, “Permanent Magnet DC Motor Friction
Measurement and Analysis of Friction’s Impact,” Int. Rev. Electr. Eng., vol. 6,
no. 5, pp. 2261-2269, 2011.

[138] M. bjexkuh, 3. CreBuh, A. MunoanoBuh, C. AnTuh, Pezysayuja
eneKkmpomMomopHux nozoHa. Yavyak: TexHuuykuu ¢akyarter Yavak, 2010,
2010.

[139] S. Anti¢ and Z. Purovié, “Permanent magnet dc motor additive faults detection
and isolation,” in Proceedings of 1st International Conference on Electrical,
Electronic and Computing Engineering IcCETRAN,Vrnjacka Banja, Serbia,2-5
June, 2014.

[140] A. Johansson, M. Bask, and T. Norlander, “Dynamic threshold generators for
robust fault detection in linear systems with parameter uncertainty,”
Automatica, vol. 42, no. 7, pp. 1095-1106, Jul. 2006.

[141] X. Huang, T. G. Habetler, and R. G. Harley, “Detection of Rotor Eccentricity
Faults in a Closed-Loop Drive-Connected Induction Motor Using an Artificial
Neural Network,” IEEE Trans. Power Electron., vol. 22, no. 4, pp. 1552-1559,
Jul. 2007.

[142] Z. Han, W. Li, and S. L. Shah, “Fault detection and isolation in the presence of
process uncertainties,” Control Eng. Pract., vol. 13, no. 5, pp. 587-599, May
2005.

[143] R. Martinez-Guerra and ]. L. Mata-Machuca, Fault Detection and Diagnosis in
Nonlinear Systems. Cham: Springer International Publishing, 2014.

[144] M. Du, J. Scott, and P. Mhaskar, “Actuator and sensor fault isolation of
nonlinear process systems,” Chem. Eng. Sci., vol. 104, pp. 294-303, Dec. 2013.

Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en

218



[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

[145] D. Fragkoulis, G. Roux, and B. Dahhou, “Detection, isolation and identification
of multiple actuator and sensor faults in nonlinear dynamic systems:
Application to a waste water treatment process,” Appl. Math. Model., vol. 35,
no. 1, pp. 522-543, Jan. 2011.

[146] A.T.Vemuri, “Sensor bias fault diagnosis in a class of nonlinear systems,” IEEE
Trans. Automat. Contr., vol. 45, no. 6, pp. 949-954, Jun. 2001.

[147] F. Caccavale and L. Villani, “An adaptive observer for fault diagnosis in
nonlinear discrete-time systems,” in American Control Conference, 2004.
Proceedings of the 2004, vol. 3, pp. 2463-2468 vol.3.

[148] D. N. Shields, S. A. Ashton, and S. Daley, “Robust fault detection observers for
nonlinear polynomial systems,” Int. J. Syst. Sci., vol. 32, no. 6, pp. 723-737, Jan.
2001.

[149] D. Liu, Y. Yang, and Y. Zhang, “Robust fault estimation for singularly perturbed
systems with lipschitz nonlinearity,” J. Franklin Inst., Jan. 2016.

[150] J. Bokor and Z. Szabé, “Fault detection and isolation in nonlinear systems,”
Annu. Rev. Control, vol. 33, no. 2, pp. 113-123, Dec. 2009.

[151] H. Qian, Y. Peng, and G. Yang, “Reduced-order observer-based fault estimation
and fault-tolerant control for a class of discrete Lipschitz nonlinear systems,”
Optim. Control Appl. Methods, Jan. 2016.

[152] M. Muenchhof, M. Beck, and R. Isermann, “Fault Diagnosis and Fault Tolerance
of Drive Systems : Status and Research,” Eur. J. Control, vol. 15, no. 3-4, pp.
370-388, Jan. 20009.

[153] B. Ding and H. Fang, “Multi-faults detection and estimation for nonlinear
stochastic system based on particle filter and hypothesis test,” Int. J. Syst. Sci.,
pp. 1-10, Dec. 2015.

[154] L. Guo, Y. Tian, and M. Fang, “Fault Detection and Diagnosis for Nonlinear
System Based on Neural Network on-line Approximator,” in 2006 6th World
Congress on Intelligent Control and Automation, 2006, vol. 2, pp. 5530-5534.

[155] H. T. Mok, C. W. Chan, and Z. Yang, “An intelligent online fault diagnostic
scheme for nonlinear systems,” J. Control Theory Appl., vol. 6, no. 3, pp. 267-
272, Sep. 2008.

[156] M. B. Z. P. E. Wellstead, Self-Tuning Systems: Control and Signal Processing.
Wiley, 1991.

[157] S. Anti¢ and Z. Purovi¢, “Application of sliding integral algorithm for
parametric fault detection of an DC motor amplifier,” in Proceedings of 2st
International Conference on Electrical, Electronic and Computing Engineering
ICETRAN 2015, Srebrno jezero, Serbia, 8-11 June, 2015.

[158] S. Anti¢, Z. Djurovic, and G. Kvascev, “Application of Structured and Directional
Residuals for Fault Detection and Isolation on Permanent-Magnet DC Motor
with Amplifier,” Qual. Reliab. Eng. Int., 2016.

Jokmopcka ducepmayuja Mp. Carva Aumuh, duna.umsic.en

219



[Ipumena memoda 3a demeKyujy omkasa 3acHOBAHUX HA MOdey y es1eKkmpo-
MeXaHU4KuUM cucmema

BHUOTPA®HJA

Kanaugatkumwa Mmp Cama AHTHh (geB. MuienkoBuh) je pohena 19. 08. 1976.
roguHe y Yauky. OcHOBHy wKoJy U ['MMHa3ujy y YaukKy 3aBplIn/a Kao HOCUJAL]
auriome Byk Kapanuh. llkosicke roguHe 1995/96 ymnucyje ce kao pejoBaH
cTyfeHT EnekTpoTexHUWYKOr ojfceka, cMepa WHAyCTpUjcKe eHepreTHke Ha
Texnnukom ¢akyatetry y Yauky. TokoM cTyguja Bulle je myTa HarpahusaHa 3a
IIOCTUTHYTe ycrexe cTyaupamwa. Jumiomupana je 2000. roguHe ca mMpoce4yHOM
oneHoM 9.6 y Toky ctyauja. HasuB guniomckor pazaa "l[lpuMena fuzzy noruke y
ecTUMUpalky JAWHAMUYKOI MoJeJsa jefHOCMepHor MoTtopa'. HakoH 3aBpuieTka
CTyAuja HarpabeHa je ¥ Kao Haj60/bU AUNJIOMUPAHU CTYAeHT 3a 2000. roaguHy.

HakoH 3aBpuieTka ctyauja of centeMbpa 2001. rogudHe 3amocjeHa Kao
aCUCTeHT NpUNpPaBHUK Ha KaTezpu 3a ONIITY eJIeKTPOTEXHUKY U €JIeKTPOHUKY
Texuuukor ¢axkyartera y Yauky, Ha npeamervma OCHOBHU eJIEKTPOTEXHUKE U
EnextpuyHa mepewa. Op janyapa 2009. roguHe aHra:xoBaHa je Kao aCUCTEHT Ha
npeaMeTuMa EleKTpOMOTOpPHU NOroHH, Perysanuje eJleKTpOMOTOPHUX IOTOHA U
AyTomaTcko ynpaB/bame, a of centemb6pa 2013. roauHe U Ha /JIUrMTaJHUM
CHUCTEeMHMa yIIpaB/batba.

[Tocnepunaomcke ctyauje ynvcana Ha TexHuukoM ¢akyatetyy Hauky 2002.
rogvHe. Ha oBoM HUBOY 06pa3oBama U360p npeaMeTa je 610 GOKycupaH y 06J1acTu
YnpaB/batha KOHTUHYaJIHUM U JUTUTAJHUM CUCTEMHMA, BhUXOBO MO/IeJI0Babe U
cuMyJalyjy, HWAeHTUUKAILMjy TMpoleca CUCTeMa, padyyHapCKO yHpaBJbakbe
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ctyaujama. HasuB marucrtapcke Te3se: "CuMyJsanvja U peasidsalivja HAMOHCKO-
CTPYjHOT yIpaB/bakba MUKPO-MOTOPA jeJJHOCMepHe CTpyje".

3a u3pajy AOKTopcKe aucepTaiyje npujasuia ce 2010. roauHe kon npod.
XKesmka Byposuha u nepuog 2010. o 2016. roauHe NpoBeJia je Y UCTPAXKUBaby U
NpUNpPEMHU AOKTOPCKe AucepTanuje. Jyna 2015. npujaBusia TeMy JucepTaluje Moz
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Mpunor 1.

UsjaBa o ayTopcTBY

ﬂornmcaHy{-a f [/L/ A \/%-#'/7-7;"){,/&(;&/
Bpoj nHaexca /

UsjaBmbyjem
[a je JoKTopcka agucepTauuja nog HacnoBom

"MPUMEHA METOJA 3A JETEKUWJY OTKA3A 3ACHOBAHUX
HA MOAENY Y ENEKTPO-MEXAHUYKMUM CUCTEMUMA"

e pesynTtaT CONCTBEHOr UcTpaXuBadkor paga,

e [la NpeanoXxeHa aucepTauuja y UenuHu HY y Aenosuma Huje Guna npegnoxeHa
3a pobujae 6uno koje Aunnome npeMa CTYAWCKUM nporpaMuma Apyrux
BUCOKOLLIKOSICKMUX YCTaHOBa,

e [a Cy pe3yntaTtih KOPeKTHO HaBefeHU U

e [a HMCAM KpLuMO/Na ayTopcka npaBa WM KOPUCTUO WHTEMNEKTyanHy CBOjUHY
Apyrux nuua.

Mornuc gokropanaa

Y Beorpaay, 'T f/, 2/6)/[@,

Cﬁﬁfﬁj R /AN /IxﬁﬂL




Mpunor 2.

UsjaBa 0 uCTOBETHOCTU WITaMNaHe M enNeKTPOHCKe
Bep3uje AOKTOpPCKOr paaa

Wme v npeaume aytopa Cawba AHTUA
Bpoj nHpekca /
CTyamjckv nporpam /

Hacnos papa "MPUMEHA METOA 3A OETEKLINJY OTKA3A 3ACHOBAHUX HA

MOZOENY Y ENEKTPO-MEXAHUYKUM CUCTEMUMA”

MenTop Npod. Ap XKerbko hyposuh

? = -
MoTnucanu/a (/%/// hit \/Ej’lcf'/f/l-{ﬁfﬂ’f?;

W3jaBrbyjem aa je wramnaHa Bepauja MOr JOKTOPCKOr paja UCTOBETHA €NeKTPOHCKO]
Bepauju Kkojy cam npepao/na 3a objaBrbuBare Ha noptany [MAuratanHor
penosuTopujyma YHusepaurteta y Georpaay.

fossorbaBam fa ce ofjaBe Moju Nu4HW nopaum BesaHu 3a foGujakbe akafeMcKor
3Barba [OKTOpa Hayka, Kao LITO Cy UMe W NpesuMe, roguHa U Mecto pofera u aaTym
ofbpaHe papa.

OBM nu4HM nogaum Mory ce o0GjaBUTM Ha MPEXHWM CTpaHWLaMa auruTanHe
Bubnuoteke, y enekTpoHcKkoM KaTanory 1 y nybnukauujama YHusepsuteTa y Beorpaay.

MoTnuc pokropaHpa

Y Beorpagy, "]i [(- ZO’?@,




MNpunor 3.

UsjaBa o kopuwhewy

Osnawhyjem YHusepsutetcky 6ubnuoteky ,Csetosap Mapkosuh“ ga y [AurutanHu
peno3utopujym YHusep3auteta y beorpagy yHece mojy AokTopcky AucepTauujy noa
HacnoBoMm:

"MPUMEHA METOJA 3A OAETEKUWJY OTKA3A 3ACHOBAHUX
HA MOAENY Y ENEKTPO-MEXAHUYKUM CUCTEMUMA”

Koja je Moje ayTopcKko Aeno.

AucepTauujy ca ceum npunosnuma npegao/na cam y enekTpoHckoM copmaty NorogHoOMm
3a TpajHO apxuBupatse.

Mojy AOKTOpCKY AucepTauunjy noxpaweHy y AurutanHn penosuTtopujym YHusepsuTeTa
y Beorpagy mory na kopucte csu Koju nowTyjy oapeade capgpxaHe y ogabpaHom Tuny
nuueHue KpeatusHe 3ajegHuue (Creative Commons) 3a Kojy cam ce oany4uo/na.

1. AyTopcTtBo
2. AyTopcTBO - HekKomepuwujanHo
@AyTopcrao — HekomepuujanHo — 6e3 npepaae
4. AyTOpCTBO — HEKOMEPLUMjanHO — AenUTU No4 UCTUM ycrnosuMa
5. Aytopcteo — 6e3 npepage
6. AyTOpCcTBO — AENUTM NOA UCTUM yCnoBuMa

(Monumo pa 3aokpyxuTe caMo jedHY oA WecCT NoHyfeHWx nuueHuw, kpaTtak onnc
nuueHum aat je Ha nonefuHn nucra).

MoTnuc aokropaHaa

. 4. 4,016, ,\ |
Y Beorpaay, ) 2t
| Uivto A SGaini?o




1. AytopctBo - [lo3BorbaBaTe yMHOXaBawe, AUCTPUBYLM)Yy U jaBHO caonwiTaBawe
Aena, 1 npepaje, ako ce HaBeAe WMe ayTopa Ha HauuH oapefeH of cTpaHe ayTopa
Wnn Aasaoua nuueHue, Yak u y komepuujanHe cepxe. OBo je HajcnobogHuja of cBux
nuueHuu.

2. AyTopcTBO — HekomepumjanHo. [lo3sorbasaTte yMHOXABAH-E, Anctpubyumjy n jaBHo
caonwTasarwe Aena, u npepaje, ako ce Haeefe UMe ayTopa Ha HauuH oapefeH opf
CTpaHe ayTopa wunu fasaoua nuueHue. OBa nuueHUa He Ao3BorbaBa KoMepLujariHy
ynotpeby nena.

3. AyTopctBo - HekomepuwjanHo — 6Ges npepage. [lo3BorbaBaTe yMHOXaBatbe,
AvcTpubyunjy 1 jaBHO caonwTasatwe Aena, 6e3 npomeHa, npeobnukoBara WK
ynotpebe Aena y CBOM Aeny, ako ce HaBeae MMe ayTopa Ha HauuH oapefeH of
CTpaHe ayTopa unu Aasaola nuueHue. OBa nuueHua He Ao3Borbasa KoMepLmjanHy
ynotpeby Aena. ¥ oAgHoCy Ha CBe ocTane nuueHue, OBOM MULEHLIOM ce orpaHuyaBa
Hajsehn o6um npasa kopuwhera aena.

4. AyTOpCTBO - HEKOMepuwjanHo — AenuTW nog WCTUM ycrnosuma. [lo3sorbasaTe
yMHOXaBatbe, AuCTpubyLmjy 1 jaBHO caonwuTaBake Aena, U npepaje, ako ce HaBege
“Me ayTopa Ha HauuH oapefeH oA cTpaHe ayTopa Wnu Aasaoua NULEHLIE W ako ce
npepaga Aauctpubyupa nog WCTOM WnW CNuMYHOM nuueHuom. Osa nuueHUa He
A03BObaBa komepuujanHy ynotpeby fena v npepaga.

5. Aytopcteo — Ge3 npepage. [lossorbaBaTte ymHOXaBatbe, AUCTPUBYLMjYy W jaBHO
caonwTasate gena, 6es npomeHa, npeobnukosara unu ynotpebe aena y cBoMm aeny,
ako ce HaBefe WMe ayTopa Ha HauuH ofpefleH of cTpaHe ayTopa WnM JaBaola
nuueHue. Osa nuueHua Ao3BorbaBa komepumjanHy ynotpeby aena.

6. AyTopCcTBO - [HenUTW nop WCTUM ycrnosuma. [lo3BorbaBaTe YMHOXaBakbe,
AncTpubyumjy 1 jaBHO caonwiTaBake Aena, u npepaje, ako ce HaBede UMe ayTopa Ha
HauMH ofpeheH oA cTpaHe ayTopa WnM fAaeaoua NULEHLE WM ako ce npepaga
Auctpubyupa nop WCTOM WNU CnMYHOM nuueHuom. OBa nuueHua A[o3Borbaea
komepuujanHy ynotpeby pena v npepaga. CnuyHa je codTBEpCKMM nuLeHLama,
O/IHOCHO NULieHLl[amMa OTBOPEHOr KoAa.
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