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YHAINIPEBEILE UHTEJIMT'EHTHUX
NHAYCTPUJCKUX MEPHUX HHCTPYMEHATA
CA MEMC CEH30PUMA

[Ipumena censopa je y HarjoMm mopacty y CBUM o0jlacTUMa >kKMBOTa U pajaa. Cse
je Behu Opoj Gu3MUKHUX, ald U APYTuX (XeMHUjCKUX, OMOJOIIKMX) BEJIMYMHA KOje je
noTpedHO MeputH, y3 pactyhe 3axTteBe y mnorieny (QYyHKIHMOHATHOCTH M MEPHUX
nepdopmancu ypehaja M y3 HCTOBPEMEHO CMamEHe TUMEH3Hja, LIEHE U MOTPOLIHE
enepruje. IlojaBom MuKpoenekTpoMexaHMUKUX TexHoioruja u cucrema (MEMCO),
MOYeJNo je HOBO Pa3io0ibe y pa3Bojy CeH30pa, Koje u naHac tpaje. CeH30pu Koje je TUM
TeXHOJIOrMjama Moryhe peain3oBaTu M0 KapaKT€pUCTHKaMa Cy YHOpPEAMBH WM OOJbU
0]l KOHBEHLIMOHAJIHMX, 4 MaJMX Cy JUMEH3HMja M IOroJHU 3a je(pTHHY MAacOBHY
npou3BOIKY. KOHBEPreHIMjOM CEH30pPCKUX, pavYyHapCKUX ¥ KOMYHHKAIMOHUX
TEXHOJIOTHja HACTalIU Cy MHTEJIMICHTHU WHCTPYMEHTH M JAUCTPUOYUpPAHU CEH30PCKHU
CHCTEMH, YAME C€ JOCTIKE HOBH HUBO (YHKIIMOHAIHOCTH W mepdopmancu. Hayuna
UCTpa)KHMBama y 00JIaCTH CEH30pa, MEPHUX METOJIa U MHCTpyMEHaTa cy 300r Tora Beoma

aKTyeJlHa U UMa]y CBE U3PAKEHU]U MYJITUAUCIUIUIMHAPHU KapaKTep.

Hums wuctpaxkuBama o00yxBaheHHX OBOM JUCEpTallMjoM je yHampeheme
(YHKIMOHATHOCTH W NEepPOPMAHCH HWHTEIUTCHTHUX HHIYCTPUJCKUX MEpPHUX
WHCTpyMeHaTa 3acHoBaHHX Ha mocrojehum m HoBum MEMC cen3opuma, moceOHO Ha
OHMMa KOjU Cce pa3BHjajy W mpou3Bonae y LIeHTpy 3a MHKpOENeKTPOHCKE TEXHOJIOTH]je
Wuctutyta 3a Xemujy, TeXHOJIOTH]y W Meramyprujy. [lomro jennHo cBeoOyXBaTHU
NPUCTYTI, OJf TEOPHjCKUX HCTPaXKMBama, MPEKO pa3Boja ceH3opa M 00paje CUTHaIa 10
TOTOBOT MEPHOT MHCTPYMEHTa, MOXE Ja MPYXKH KBAJIUTETAH PE3yJTaT YIMoOTpeOJbUB y

IPaKCcH, OBa AUCEpPTalH]ja j€ KOHIUIINPaHa TaKo J1a CAJPKH CBE TE €IIEMEHTE.

VY nuceprammju je nat nperien MEMC TexHollorHja U CeH30pa, T/IE j& TeXKUIITE
Ha MEMC ceH3zopumMa MeXaHMYKUX BEJIMYMHA, a HAPOYUTO HA IHE300TIHOPHUM
ceH3zopuMa nputucka. Kao gompuHoc 3HavajaH 3a Ty o0nacT, MpUKa3aHU Cy pe3yJITaTH
EKCIEpUMEHTAIHOT UCTpaKMBama eJIeKTpUUHUX Kapaktepuctuka MEMC ctpykTypa
n3paheHux Ha GICKCHOMITHUM CYICTpaTHMa, OJl MOCEOHOT HMHTepeca 3a IPUMEHE
MEMC cen3opa y MEAMLIMHCKUM UMIUIAHTHMA, IpoTe3ama, ojehu, kao u'y podoTuuu.
On moBux MEMC cen3zopa koju ce uctpaxyjy y LleHTpy u napyrum HaydHUM
yCTaHOBaMa y CBETy, Kao MOCEOHO 3HAauyajHH Ce€ W3](Bajajy CEH30PH XEMHUJCKUX U

OMOJIOMIKKX BEJIMYHMHA, Y] CE MPUHIIMIT Pajia 3aCHUBA Ha aJ[COPIIIHUjH YeCTUIIA. Y OBO]
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JTUCEpTaIji j€ UCTPAKHUBAH yTHUIA] MpOIleca KOMIETHUTHBHE aJICOPIIIHM]E YECTHUIA U
npeHoca Mace Ha ¢uaykryanuje mace MEMC cen3opckux crtpykrypa. U3BeneH je
QHAINTUYKU H3pa3 KOJU ONHUCYyje Taj yTUIA] M TNpeAcTaB/ba KOPUCTAaH anar 3a
ontumm3zanujy xemujckux u ouonomkux MEMC cen3zopa 3aCHOBaHMX Ha CEJIEKTUBHO]J

aJICOPIILIH]H.

VY aucepranyju je naT mperyie]l MHTEIUTeHTHUX MEPHUX MHCTpyMeHaTta, Tlie ce
moceOHO pa3MaTpajy OHHU KOjH Cy npeaBul)eHH 3a UHIyCTpujcke mpuMmene. O0janmeHn
Cy KOHIICTITM U TIOJIelie M MPHUKA3aHO j€ AKTyeIHO CTalke HayKe U TEXHUKE Y TOj

o0OJracTu.

dopmupaH je HOB IMapamMeTapcKh MaTeMaTHYKHA MOJIE CHIIUIIN]YMCKOT IMHE30-
ornmopuor MEMC ceH30pa TpUTHCKA, Ha OCHOBY KOjer je pa3BHjeHa HOBa MeEpHA
METO/Ia 32 HCTOBPEMEHO MEpEHE MPUTUCKA U TeMIIepaType MOMONy MCTOT CEH30pa, Y3
MOCTU3akh¢ BUCOKMX MEpPHHX mepdopmancu. TakBa MeTo/1a HHUje ONHKCAHA y JOCTYITHO]
auTeparypu. Y MUJby MPUMEHE METOJIE y MPAKCH, MPOJEKTOBAH je HOBU MHTEIUTCHTHU
UHIyCTPHjCKH MHCTPYMEHT MoxyiapHor tuma. OH omoryhyje kopumiheme u apyrux
Bpcta MEMC cen3opa, kao mro je Hip. BumeHaMmeHcku Tepmanau MEMC censop,
takohe pasBujeH y Llentpy. Kao pesynrar mpumeHe omucane METOAE M IPOjEKTa,
pa3BUjeHa Cy JBa HOBa HHTEIMICHTHA WHIYyCTPHjCKa TpaHCMUTEpa: YHampelheHu
TPaHCMHUTEP HHBOA TEYHOCTH M TPAHCMHUTEP BaKyyMa, KOjH Cy Takohe MpHKa3aHH y

JUCepTaIju.

OcvM OpUIHMHAJHOI HAy4HOI JOIpHHOCa y OOJacTH CeH30pa M MEpHHUX
MHCTpyMEHaTa, KOju je TMOoTBpheH 00jaB/bUBAKEM pELEH3UpaHuX MyOIuKaiyja,
U3paJIOM OBE JUCepTalHje Cy OCTBAPEHH Pe3yJITaTu urja je ynoTpeOJbUBOCT JOKa3aHa y
npakcu. AyTop je pa3BuO BHIIE THIIOBA MHTEITUTEHTHUX WHIIyCTPH]CKHX WHCTPYMEHATa
KOju ce mpou3Bojie y LIeHTpy 3a MUKpoeneKTpoHCKe TexHosioruje. OHM cy MO CBOjUM
KapaKTepUCTUKaMa YIOPEINBH Ca CKYIIJBUM HHOCTPAHHM IPOW3BOAMMA WM HX YaK
npeBazuiase. Y pEIOBHO] Ccy ymorpeOu y Behem Opojy €Heprerckux M Apyrux
noctpojera y CpOuju, /1€ ce ToKa3aJio Ja MCIyHkaBajy CBE 3aXTE€BE KOPHUCHUKA Y

cMHCTy (QYHKIIMOHATHOCTH, TIOY3/JAHOCTH U MEPHHX TepPOpMaHCH.

Kibyune peun: MEMC, ceH3op, mpHTHCaK, TeMIepaTypa, XEMHJCKH CEH30p,

UHTEJIUI€HTHU UHCTPYMEHT.
Hay4Hna o0s1acT: TeXHHUYKE HayKe — €JIEKTPOTEXHUKA U PauyHApCTBO

VIK: 621.3
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IMPROVEMENT OF INTELLIGENT
INDUSTRIAL MEASUREMENT INSTRUMENTS
WITH MEMS SENSORS

The use of sensors is rapidly growing in all fields of industry, as well as in
everyday life. There is an increasing number of physical and other (chemical,
biological) quantities that have to be measured with increasing demands regarding the
instrument functionality and measurement performance, and with simultaneous decrease
in their dimensions, cost and power consumption. The emergence of micro-electro-
mechanical (MEMS) technologies has started a new era in sensor development.
Compared to conventional sensors, the sensors based on these technologies are of
comparable or superior characteristics, but of miniature dimensions and suitable for
inexpensive mass-production. The convergence of sensor, computer and communication
technologies has led to the development of intelligent instrumentation and distributed
sensor systems, enabling a new level of functionality and performance. The research
topics in the fields of sensors, measurement methods and instruments are therefore of

great scientific interest, and have an increasingly interdisciplinary character.

The objective of the research described in this dissertation is the improvement of
both the functionality and the performance of intelligent industrial measurement
instruments based on the existing and novel MEMS sensors, especially those developed
and produced by the Center of microelectronic Technologies (Institute of Chemistry,
Technology and Metallurgy, University of Belgrade, Serbia). Since only a
comprehensive approach, from theoretic research, sensor development and signal
processing to the finished instrument, can yield high-quality and practically viable

results, the dissertation is composed so that it includes all these elements.

In this dissertation, an overview is given of MEMS technologies and sensors,
with an emphasis on mechanical MEMS sensors, and especially on piezoresistive
pressure sensors. As a contribution relevant to this field, the results are presented of the
experimental research of electrical characteristics of MEMS structures fabricated on
flexible substrates. They are of particular interest for MEMS sensors applications in
medical implants, prostheses, clothing, and robotics. Of the new MEMS sensors in

development at the Center, as well as in other research centers worldwide, chemical and
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biological sensors based on particle adsorption are regarded as the most significant. In
this dissertation, the research is performed of the influence of both competitive
adsorption and mass transfer processes on mass fluctuations in MEMS sensor
structures. An analytical expression is derived that describes this influence and thus
represents a useful tool for optimization of chemical and biological MEMS sensors

based on selective adsorption.

The dissertation includes an overview of intelligent instruments, with an
emphasize on those intended for industrial applications. The concepts and divisions are

discussed, as well as the current state-of-the-art in the field.

A new parametric mathematical model of a silicon piezoresistive MEMS
pressure sensor is devised, and then utilized as a base for a newly developed
measurement method that enables high-performance simultaneous pressure and
temperature measurement using a single sensor. Such a method has not been previously
described in the available literature. In order for the method to be practically applied, a
new modular intelligent industrial instrument is designed. It can be used with some
other MEMS sensor types, including the multipurpose thermal MEMS sensor, also
developed at the Center. The use of both the method and the project resulted in the
development of two new intelligent industrial transmitters: the improved liquid level

transmitter and the vacuum transmitter, both described in the dissertation.

Apart from the original scientific contribution in the fields of sensors and
measurement instrumentation, also presented in peer-reviewed publications, the work
on this dissertation yielded results proven in practical applications. The author
developed several types of intelligent industrial instruments that have been produced at
the Center of Microelectronic Technologies. They are comparable with, or even
superior to more expensive products on the market. The experience from their regular
use in various industrial plants in Serbia shows that they fulfill all the user requirements

regarding functionality, reliability, and measurement performance.

Keywords: MEMS, sensor, pressure, temperature, chemical sensor, intelligent

instrument.
Scientific field:  Technical sciences — electrical and computer engineering

UDC: 621.3
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1. YBOJ

CrnocoOHOCT peaknuje Ha TMoApakaje, KOjU MOTry OWTH CIIOJbAllllbU H
YHYTpallibU, jeHa je O OCHOBHMX OcCOOMHA MBHMX opranumzama. Oj HacTaHka
[UBWJIM3AIH]E 10 JaHAIIHET BPEMEHA, YOBEK j€ 3a CBOje TBOPEBUHE KA0 JIOTHYAH Y30P
KOPHUCTHO JKABU CBET KOME M caM Ipunana. be3 003upa Ha cTEneH CI0KEHOCTH, HAMEHY
¥ BpPCTy KOpHUIINEHHWX TEXHOJOTHja, TEIIKO j€ 3aMUCIUTH OWJIO KaKBY MAIIMHY 4YH]e
(GyHKIMOHHCAkE HE Opa3yMeBa peakiijy Ha HeKy MojaBy Wi npoMeHy. Jla 61 TakBa
peakuuja Owma wmoryha, HeomxomHe cy cuenehe QyHkmmje: omaxame, oOpana
uHbpopManmja u u3Bpwewme akuuvje. Koa MammHa onaxame TUIHYHO HMMa
KBaHTUTATUBHU KapakTep M 3a Ty (QYHKIUJy KOPHCTE CE€ CEH30PH pa3IMYUTHX
BenuuMHA. 3a o0Opany uHpopMmaiuja 100MjeHHX OJf CEH30pa, HajBuile MoryhHocTH
npy’kajy €JIEeKTPOHCKE TEXHOJIOTHje, KOoje ce naHac Hajuemhe KopucTe. 3a M3BpILICHE

aKlirja KOpHUCTE Ce aKTyaTOpH.

IIpumena ceHzopa ce Yy JaHallllbe BpeME HE OrpaHWYaBa CcaMoO Ha
CHeLMjaTn30BaHe CHUCTEME 3a MEpeme, Ha/I30p WM yIpaBbame, Beh je y pasnmuuuTium
dbopMama pacrpocTpamkeHa y CBUM OOJIaCTHMMa JKMBOTa M paja M Yy KOHCTAaHTHOM je
nopacty. CBe je Behu Opoj] QU3MUKUX, adM M JAPYTUX (XEMH]CKUX, OHOJIOIIKHX)
BEIMYMHA KOje je TMOoTpeOHO MepuTH, ca cBe BehuM 3axTeBMMa Yy MOIJexy
(YHKIMOHATHOCTH M MEpHUX NeppopMaHCH, JOK je€ CMameme IUMEH3Hja U IeHe
CTamHM 3axTeB. KOHBEPreHIMjOM CEH30PCKHX, pPadyyHapCKUX M KOMYHHMKAIIMOHHX
TEXHOJIOTHja HACTAIIM Cy MHTEIMTCHTHH WHCTPYMEHTH, YAME je TOCTUTHYT HOBH HUBO
nepdopmMaHcy M (YHKIMOHATHOCTH. 300r CBera Tora Cy HayyHa HCTpaKHUBama y
00J1acTH CeH30pa W MEpHHX HHCTpyMEeHaTa JaHac BeOoMa akTyelHa U HMajy CBe

U3pKEHU)H MYITHIUCIUIIHHAPHA KapakTep.

OBa [OKTOpCKa JucepTalja je pe3yaTaT BHUINETOJIUIIKHEr  HAy4dHO-
UCTPaXXMBAYKOT pajia ayropa y obnactu MukpoenekrpoMmexannuknx (MEMC) censzopa
U MHTEJIWTCHTHUX MHIYCTPHjCKHX MEpPHHX HMHCTpyMeHara. To oOyxBara TEOpHjCKa H
NpUMEHCHAa UCTPAXKMBAKka, KA0 M Pa3Boj U peann3anujy OpojHHX TEXHHUYKHUX pelleha,
YKJbYUyjyhH ¥ TEXHOJONIKM HaNpeaHe MHCTPYMEHTE KOJU CE€ YCIICUTHO MPUMEHY]Y Y

Behem Opojy MHIYCTPHUjCKHUX TOCTpojera. BehuHa ayTopoBux pe3ynrata ocTBapeHa je y




Ilentpy 3a wmmukpoenektpoHcke TexHonoruje (LUIMT) MHWucturyra 3a Xemwujy,

texHosorujy u Mmetanyprujy (MXTM) Yuausep3utera y beorpany.

1.1 ®OPMYVYJIAILINJA IIPOBJIEMA, MOTUBAIIAJA U LIb

JTIMCEPTALIMJE

Hacranak MukpoenekTpoMexaHnukux Textonoruja u cucrema (MEMC), koju ce
1OJ TUM Ha3uBOM NpBU myT nomumy 1986. rommne y CjeaumeHuM AMEpUUKHM
I[p)KaBaMal, 03HAYMO je MOYeTaK HOBOT pa3nobska y pa3BOjy CEH30pa, KOje W JaHac
Tpaje. HoBe ceH3opcKke CTPyKType, KOje je THM TeXHOJIorujaMa Moryhe peasim3oBaTu, 1o
KapaKTepUCTUKaMa Cy yHopeauBe WM O0Jbe O KOHBEHIMOHAJIHHUX, a MalluX Ccy
JMMEH3Mja ¥ TIOTOJIHE Cy 3a je(pTHHY MacoBHY mpou3BoAmy. OcuM Tora, nmoctoju Behu
0poj ocoOuHa, ojaBa U ME€XaHU3aMa KOJU CY CBOJCTBEHM MHUKPO M HAHOCTPYKTypama U
MOry OMTH OJf HHTepeca y peaau3aluju CeH30pa, JOK Cy y MaKpOCBETY 3aHEMAapJbUBH.
JenqHa on TuX mojaBa je aAcopliyja, Ha KOjoj Cy 3aCHOBaHM MHoru caBpemMeHu MEMC
CCH30pM XEMHJCKHX W OHWOJIOMIKMX BeJIW4YMHA [2], amu je on yTHIaja W Ha
yaTpaoceT/puBe Mexannuke cenzope. MEMC mexaHnuku CeH30pH, Kao IITO Cy CEH30pH
IOpPUTHCKA, TOMepaja, MOJI0XKaja, NPOTOKA M HUBOA, AKLEIEPOMETPU U KHUPOCKOIH,
UMajy IIMPOKY MPUMEHY U JlaHac 3axBaTajy 3HavajaH geo TpxumTa. O MexaHu3ama 3a
npeTBapame MEXaHW4Ke aeopMmaiuje y eJIeKTPUYHM CHUTHAJ Hajuemhe ce KOpucre
NME300TIOPHHU edeKar u nmpoMeHa kananutueHocTH [3]. VicTopujcku nipBH, a 10 JaHac
HajycnemHuju u Haj3acTymbeHuju MEMC ceH3opu cy CHIMIIHM]JYMCKH MHE300THOPHU
ceHsopu nputHcka. OHH JOMUHHUPAJy Y ayTOMHIYCTpHju (KOja YMHU HajBehm 1eo
TPXKUIITAa CEH30pa TNPUTHCKA), Takohe Ccy BeoMa 3acTyIUb€HH Yy MPOIECHO],
Ba3JyXOIUIOBHO] W BOJHO] HHAYCTPHjH, y OHOMEIUIIMHCKO] OMNpPEeMH, alld U ¥
NPOM3BOJIMMA 32 IIMPOKY MOTpolky. Kao pesynarar ayryroquiimux MCTpaXUBamba U
pa3Boja cunuiujymckux nuesoornopHux MEMC censzopa nputucka y lLleHTpy 3a
MuKpoesiekTpoHcke TtexHosoruje MUXTM (y nmamem tekcty lleHrtap), Hactaio je
HEKOJIMKO THIIOBA CEH30pPCKUX €JIeMEeHaTa, Kao M Pa3IMuUTHX MEPHHX MHCTpyMEHaTa

3acHOBaHMX Ha muMa [4]-[14].

'y Esporm je yobuuajeH anTepHaTHBHHM Ha3uB "MuKpocucrtemcke texuomoruje” (MCT) [1].




3a TtenmeMeTpHjy (U3MUKMX BelWyMHA (TIPUTHCKA, TEMIEpaType, HHBOA
TEYHOCTH, MPOTOKA UTJ.) Y UHIYyCTPHUJCKUM MPOIIECHMa KOPUCTH C€ IMOoceOHa BpcCTa
€JIGKTPOHCKUX MEpPHHX WHCTpyMEHaTa, 4YHUjU je YyoOW4ajeHM Tp)KUIIHU Ha3UB
»AHIIYCTPHJCKH TpaHCMUTEpU”’. Y CKJIOMY HHIYCTPUJCKUX TPAaHCMHUTEpa MPUTHCKA H
CPOAHMX BeidMuMHAa Hajuemhe ce kopucte cumunujymcku MEMC  ceHzopu
(MMEe300THOPHU WM KalallMTUBHM), a HELITO Mame Cy 3aCTYIJbeHU KalaluTUBHU ca
METaJIHOM MJIM KepaMHU4YKOM AujadparmMoM. MepHHU OICe3U MPUTUCKA Cy Y PACIIOHY O
100 Pa 1o 10° Pa, a 3axTeBH y CMHCITy MEpHE HECHI'YPHOCTH MOTY GHTH JOCTA BHCOKH
(uecto 0.1% y MHIYCTPH]JCKOM TEMIIEPATypCKOM OIICETy). Y CKJIOMY HHIYCTPH]CKUX
TpaHCMHUTEpa TEMIlepaType KOpPHCT€ Cce€ TeMIepaTypcke COHJE ca OTHOPHUM
CEH30PCKUM eJieMeHTHUMa (Hajuemthe oj IJIaTHHE) WIM ca TepMonapoBuUMa. MepHH
orice3n Temmeparype cy y pacnony oxa —270°C mo Bume ox 1500°C. Mepna
HECUTYPHOCT MHIYCTPHUJCKUX IJIATUHCKUX COHJIM MOke Outu 3HaTHO OoJba ox 0.5°C
[15], mox je 3a Hajoosbe TepmomapoBe oko 0.5°C [16]. YV tunuunoMm OJ0Ky
TEpMOEJIEKTpaHe Temreparypa ce Mepu Ha Buuie o 100 mepHux MecTa, a IpUTUCAK Ha
Bume ox 50. Y HEKoj Jpyroj BPCTH TOCTPOjema Taj Opoj MOKe OWTH 3HAYAjHO
pa3IMuuT, aJld TOTOBO YBEK IIOCTOJU TMOTpeda 3a HCTOBPEMEHHUM MeEpemeM 00e
BennurHe Ha BeheM Opojy MepHux Mecrta. Mako paHac Ha TPXKUILTY MOCTOje
UHTyCTPH]CKH MHCTPYMEHTH KOjU OMOTryhyjy MCTOBpEMEHO Mepeme BHUIlEe (HU3MIKUX
BeJIMYMHA (T3B. MYJITUBAPUjaOWIIHOCT), OHU THIIMYHO CAJApXKe OJBOjeHe M MelycoOHO
pa3IMynTe CEH30PCKE EJEMEHTE 32 CBaKy MEpEeHy BEJMYMHY, MITO M0BOAM a0 Behe
cinoxeHocTd U 1eHe. [Ipema casHamy ayTopa, y JOCTYNHO) JIMTEpPATypU HUMa Malo
npuMepa HCTOBPEMEHOT Mepema IPUTHCKa U TeMIepaType HCTHM CEH30PCKHM
enementoMm [17]-[19]. Tlpumepa koju ce OFHOCE HA CHJIMIMjJYMCKH ITHE300TIOPHH
MEMC ceH30pCKHM €JeMEHT IpPakTUYHO HEeMa, Kao HHM II0JAaTaka O IIOCTU3ABY

KapaKTepHUCTUKA MOTPEOHUX 32 HHAYCTPH]CKY IIPUMEHY.

[use uctpakuBama 1 pa3Boja 00yxBaheHIX OBOM JUCEPTALM]OM je yHampeheme
(YHKIMOHATHOCTH W MepPOpPMAaHCH HWHTEIUTCHTHUX MHIYCTPUJCKUX MEpPHHUX
WHCTpYMEHaTa 3acHoBaHUX Ha moctojehum m HoBUM MEMC cenzopuma, moce6HO Ha
OHHM KOjU C€ pa3BHjajy W mpousBoje y LIeHTpy 3a MUKPOEIEKTPOHCKE TEXHOJIOTH]E.
AyTop cmatpa na y o0JacTH CeH30pa caMo IMPUCTYI KOju oOyXBaTa CBE KOpake, Of

TCOPUJCKUX HCTPAKUBAKA, MPEKO pa3Boja CEH30pa M 00paje CHrHajga 10 TOTOBOT




MEpPHOT UHCTPYMEHTA, MOJKE JIa TIPYKH LEIOBUT M KBAIUTETAH PE3YJITaT YIIOTPEOJbUB y
npakcu. 300T Tora je oBa IUcepTallja KOHIMITMPaHa Tako Ja y mTo Behoj Mepu caapku

CBC TC CIICMCHTC.

On mocrojehux MEMC cen3opa, ykbydyjyhu u OHE KOjU C€ TPOU3BOAC Y
LlenTpy, HajBehu mnpakTUyaH 3HA4a] MMaj)y CWIMLMjYMCKH mue3ooTnopHu MEMC
CEH30pH NPHUTHCKA, jep cy Beh ayro y mmpokoj ymorpebu. 3aro he muma y 0BOj

nucepranuju 6utu nocsehena najpeha naxma.

VY nucepranmju he Takohe OWTHM TpUKa3aHU peE3yJTATH EKCIIEPUMEHTAITHOT
UCTpaKUBamba €JIEKTPUUHUX KapaKTepUCTHUKA CTPYKTypa uspaheHux Ha GieKCUuOUITHUM
CyICTpaThMa, IITO je TeMa oj moceOHor 3Haudaja 3a npumeHe MEMC censopa y

MEIUIUHCKUM UMIUIAHTHMA, TIpoTe3amMa, oachu, kao u 'y podorurm [20]-[22].

On voBux MEMC cen3opa koju ce uctpaxyjy y LlenTpy u y apyruM HaydHUM
yCTaHOBaMa y CBETy, Kao MOCEOHO 3HA4YajHU W TNEPCIEKTUBHHU HM3][Bajajy CE€ CEH30pH
XEMHJCKUX U OMOJIOUIKMX BEJIMYMHA, YMjU C€ NPUHLMII paja 3aCHUBA Ha aJCOPMLUjU
yectulla (atoma, Mojekyida uiau hemmja oxapehene Bpcte) Ha moBpmmHu MEMC
crpykrypa [2], [23]-[29]. UcrpaxuBama Cy Ty MpPETE)KHO TEOPHjCKOT KapakTepa H
OJTHOCE Ce€ Ha aJCOPIIHOHO-ICCOPIIIIHOHE TMpoIece, MPOIeHy NIymMa W yTHIaja
pasnnuuTux (hakropa (MpeHoca Mace, MPUCYCTBA PA3IMUUTUX AHAIUTA Y Y30PKY UTI.)
noJ oapeheHuM ycaoBUMa, Kao ¥ Ha MeXaHU3Me MpeTBapamba MPOMEHIBUBUX (PU3MUKUX
napaMmerapa ceH3opa (yru0, pe30HaHTHA YyUECTaHOCT M CI.) Y €JIEKTPUYHU CUTHalL. Y
0BOj naucepTrauuju he OMTH NMpUKa3aHU PE3yNTATH TEOPUJCKOT HCTpakMBama Koje ce
OIHOCH Ha aHanmu3y QUIyKTyallja Mace MpH CEJIEKTHBHO] ajcopriuju. MacoBHHja

IMMpaKTU4IHa IIPUMCHA CCH30pa OBC BPCTC TCK HpCI[CTOjI/I.

Hanosesyjyhu ce Ha paHuje pesyirare, ykJbydyjyhu B MarucTapcku paj ayropa
[30], y oBoj amcepranuju he OMTH MpeaCTaB/bEH MapaMeTapCKH MaTeMaTHUKHA MOJEN
cumrnyjymckor nme3oornopHor MEMC ceH3opa mpuTHCKa, KOjU ONMHUCYje 3aBHCHOCT
JIBa €NEKTPUYHA CHTHAJa Ha W3JIa3y CEH30pa OJ MPUTHCKa W Temrepartype. 3atum he
OWTH MpHKa3aHa HOBAa MEpHA METO/Ia Koja oMoryhyje HCTOBPEMEHO MEpeHhe MPUTHCKA
TemIiepaType nomohy UCTOT CEH30pa, Y3 MOCTH3akEe BUCOKHX MEPHUX nepdopmancu. Y
IIJby TPUMEHE TE€ METOAE Y TPaKCH, IPOjeKTOBaH je HOBU HHTEIUICHTHH

UHTyCTPH]CKH WHCTPYMEHT MOJYJIAPHOT THIIA, 32 MEPEHE MPUTHCKA, TeMIleparype H




HEKUX APYTHX BeIWYMHA, KOju he y mucepranuju OMTH JIeTajbHO omucaH. OcTBapeHa
pemema he Outu ymopehena ca mocrojehum u Ouhe aHaATM3UpPAaHW TMOCTUTHYTH
pesynratu. IIpuMena mpuka3zaHe METOJE U Pa3BUjEHOT UHTEIUTCHTHOT MHCTPYMEHTA
Ouhe mpukazana Ha IpUMEPy HOBOT TUIIA WHTEIMTEHTHOT WHAYCTPH]CKOT TPAaHCMHTEPA

HUBOA TECYHOCTH.

Jom jeman Tum MEMC cen3opa, koju je y (a3u pa3Boja U ycaBpilaBama y
Hentpy, je wmynarupynkumonaman MEMC tepmanam censop [31]-[35]. [eo
UCTpaXMBamba y OBOj AMCEPTALUjH OJHOCH C€ Ha NMPHMEHY TOT CEH30pa Yy OKBHUPY
MHTEJIMTEHTHOT WHIYCTPHjCKOT TPAaHCMHUTEpa 3a Mepeme Bakyyma. buhe peanmzoBan

MPOTOTHUIT TOT HHCTPYMEHTA, 3aCHOBAH Ha Pa3BUjE€HO] XapIBEPCKO]j MIaThOopMHu.

Hayunu pompuHOoc oBe jgucepramuje Ouhe ocTBapeH y BHIy pe3yirara
MOMEHYTHUX UCTPAKMBAMKA, 0J1 KOJUX CY HEKH 00jaBJbeHU Yy Mel)yHapoIHUM "yaconmucuma
[2], [36], [37]. HoBu Tun mMomysiapHOT MHTEIUTEHTHOI MHCTPYMEHTa, Koju he OuTh
OmMMCaH, KOHLEMIMJCKKA € Jpyraddju oj noctojehux u mpeacTaB/ba jomn jemaH
OpUTHHAIIHU JIOMPUHOC. AHanW3a TMOCTUTHYTHX pe3ydTara Tmokazahe na TakaB
WHTEIIMTCHTHH HHCTPYMEHT OMOTyhyje HCTOBPEMEHO MepeHe MPUTHCKA B TeMIIepaType
HUCTUM CEH30pOM, Y3 TMOCTH3amke MEpHHX MepdopmaHCH Oap Ha HUBOY HajOOJBHX
noctojehux MHIYCTpHUjCKUX TpaHcMmHUTepa. JlomaTHo, Mpuka3zaHa MeToaa omMoryhyje na
C€ HEKMM TocTojehuM THUIIOBMMA WHTEIMITEHTHUX WHIYCTPUJCKUX TpPaHCMUTEpA
NpUTHCKa Joja (yHKIMja HCTOBPEMEHOT Mepema TeMIeparype y3 MUHHMAaIHe
TPOIIKOBE, HeKaJ[ caMo y3 codTBepcke n3MeHe. Ha ocCHOBY cBera HaBeJEHOT, OYEKYje ce
peasiaH JONPUHOC OBe AucepTalnuje yHanpehewmy nocrojehux u pa3zsojy Houx MEMC

CCH30pa U TCXHOJIOIIKH HAIPCAHUX UHTCIIMTCHTHUX MCPHUX MHCTPYMCHATA.

1.2 CTPYKTYPA JUCEPTAIIMJE

ITonazehn O HOUJbC€BAa M CTaBOBA HU3HCTHUX Y IPETXOOAHOM OICJbKY YBoz[a,

CTPYKTypa OBe IucepTaiuje je cieneha:

Y Jeny 2 ouhe nar mperiien MEMC texnonoruja u mexanmukux MEMC
ceHzopa. buhe nerasbHO omucaH cuauIUjymMcku mme3ootnopan  MEMC  censop

npuUTHCKa Koju he ce KopuCcTUTH KacHUje y aucepranuju. Takolhe he Outh mpukazaHu




JOTpUHOCH ayTopa Kkoju ce oaHoce Ha MEMC crpykrype Ha (iaekcHOMIHUM

cynctparuma 1 Ha MEMC ceH3ope 3acHOBaHE Ha aJICOPIITU]JH YECTHIIA.

Y Jleny 3 Ouhe par mperniea AeguHMIMjA, TEXHOJOLIKUX TIe€HEpauuja |
aKTYEJIHOI CTamba y OOJIACTH MHTEJIMTCHTHUX MEPHUX HMHCTPYMEHATa 3aCHOBAaHHMX Ha
ceHzopuMa u3 [lena 2, a HApOUUTO OHUX KOJU ce KopHucTe y uHayctpuju. Takohe he
OuTH 00jalTmkbeHe TEXHUKE KOPEKIIMje HECABPIICHOCTH CEH30pa, ca MOCEOHMM OCBPTOM

Ha HCCaBPIICHOCTU CBOjCTBeHe CI/IJ'II/II_II/ijMCKI/IM MUC300TIIOPHUM CCH30pUMA IPUTHUCKA.

Y Jeny 4 Ouhe gnerajbHO omMcaHa HOBa MEpHA MeToJa Koja omoryhyje
HCTOBPEMEHO MEpeme NpUTUCKa M Temneparype nuesootnopauM MEMC cenzopom
NPUTUCKA, Y3 KOPEKLH]y HECaBpUIEHOCTH, KOJOM C€ IIOCTHXKY BHCOKE MEpHE

nepdopmance.

Y Jleny 5 Ouhe ommcan mnpojeKaT HMHTEIUTCHTHOT HWHIYCTPH]CKOT MEpPHOT
UMHCTpyMEHTa Koju, u3Mely ocrtajnor, oMoryhyje mpakTHUHY NPUMEHY MEpPHE METOHE

OIMCaHe y MPETXOJHOM JIey JUcepTalyje.

Y Jleny 6 Ouhe mnpuka3aHu NpUMEpH MPAKTHUYHE NPUMEHE OCTBAPEHUX
pesynrara 'y BUAY JBa peaJl30BaHa MEpHAa HHCTPYMEHTA: HWHTEIUTEHTHOT
UHAYCTPUJCKOT TpaHCMUTEpa HHUBOA TEYHOCTHU W MPOTOTUIA HHTEIUTECHTHOT

TpaHCMHTEpA BaKyyMa.

Jleo 7 je 3akspyyak, a Jleo 8 crniucak kopuithene aureparype.




2. MEMC TEXHOJIOI'NJE U CEH30PH

CBe MacoBHHMja TpHMEHA CEH30pa M MEPHHUX HMHCTpyMEHaTa HE CaMo Y
WHYCTPHUjU U Haylu, Beh U y MHOTHM JIpyTUM JIeNaTHOCTUMA, Kao U 'y ToMahnHCTBY U
CBaKOJHEBHOM JKHBOTY, 3aXT€Ba pa3BOj HOBHX BpPCTa CEH30pa Pa3HUX (QU3MYKUX H
JIpyruX BEJWYMHA, KOJU Cy MaJMX JUMEH3Wja U Majie NOTPOILUKkE EHepruje, a
TEXHOJIOIIKK Cy TOAECHU 32 €KOHOMHYHY BEJIHMKOCEPHjCKY NpOHM3BOAmY. [IpuMeHa
NIOCTyIaka KapaKTepUCTUYHUX 3a MHUKpoedekrpomexanndke cucreme (MEMC)
omoryhyje peanusanujy cBe Beher Opoja pasIUYWTHX CEH30pa KOjU HCIYHaBajy
IIOMEHYTE 3axTeBe, IITO YMHMU HcTpaxuBawma y obmactu MEMC ceHzopa Beoma

aktyenaum [3], [38]-[40].

One he mpBo Outu nat kpatak nperiien MEMC texHosoruja, mro o0yxBaTa
neduHUIMje, HUCTOpHjaT, aKTyellHO CTake W TpaBle Jgabker pasBoja. Cremu
knacudukaunja MEMC cen3opa u kpatak nperien mexannukux MEMC censopa, a
3aTUM JIeTajbaH ONKC CHIMIHjyMCKHX nue3ooTnopaux MEMC ceH3opa nmpuTHCKa, Of
OCHOBHMX I10jMOBa W TNpPHUHIMIIA paja J0 MpUKaza jeJHOT CaBpPEMEHOI MPOU3BOJA Te
BpCTE, KOjU je pa3BujeH y LleHTpy 3a MUKpoeneKTpoHCKe TexHoioruje. Ha kpajy oBor
Jle7ia MPUKa3aHu Cy Pe3yJTaTh JBa UCTPaKMBama y BE€3U ca HOBUM npuMmeHama MEMC
TEXHOJIOTHja U CEH30PCKUX CTPYKTypa. [IpBO ce OHOCH Ha MCITUTHBAKE CICKTPUIHHUX
napameTapa CTpyKTypa Ha (IEKCHOMIHUM CYIICTpaTHMa, a JPYro Ha aHalIu3y IojaBa

BaxHUX 32 pyHknuonncambe MEMC ceH3opa 3aCHOBaHUX Ha aJICOPIIIHjH YECTHIIA.

2.1 MEMC TEXHOJIOTHJE

MukpoeneKTpOMeXaHuYKH CHCTEMH (MEMC) cy BEILITAYKE
TPOJUMEH3WOHAIHE  CTPYKType  u3paheHe  mocTynmuma  MuKpodadpukamnmje,

KapaKTepUCTUYHHUX JUMEH3Hja Y MHKpOMeTapckoj odmactu [41].
I'maBHe yHKIMje MUKPOEIEKTPOMEXaHNYKHUX CHCTEMA CY !

e qepuenuuja (omaxkame) — CeH30p (WIM JAETEeKTOp) Y 3aBHCHOCTH OJ
KBaHTUTAaTUBHE  BPEJAHOCTH HEKe  (u3Muke WM  JIpyre  BEJIMYWHE
KapaKTepUCTUYHE 3a TI0jaBy KO0jOj je M3JO0XKEH naje oAaromapajyhm curnam Ha

CBOM H3J1a3Yy,




e oOpama wmHpopmamuja — MEMC crpykTypa MOXe OWTH HWHTETpHUCaHA ca
CJIICKTPOHCKUM CKJIOTIOM Koju oOpaljyje curHaie mpuMJbEHE O] CEH30pa H/Win
OHE KOjU ce Ia/by akKkTyaTopy, a Ha OCHOBY oOpaljeHHMX mMmojgaTtaka JIOHOCH

OJUTyKeE,

e KOMyHHMKaluja — npeHoc noaaraka uzmehy MEMC ctpykrype u Hekor apyror

yYHpaBJba4KOT' WJIK U3BPIIHOI CKJIOIIA,

e  aKTyalMja — aKTyaTOp y 3aBUCHOCTH OJ1 CUTHaJIa Ha CBOM yJla3y BpUIM yTHULIA] HA

CBOJjY OKOJIMHY.

Kibyune npegnoctu MEMC ctpykTypa (KOMIIOHEHTH M CHCTEMA) Y OJHOCY Ha
KOHBEHI[MOHAJIHE (MaKpPOCKOIICKE) Cy MUHHUJaTypHE TUMEH3Mj€ 1 EKOHOMUYHA MacOBHA
IPOM3BO/Iba y3 NOCTU3akhE yjeHaueHUX Kapakrepuctuka. OJl CyIITHUHCKOT 3Hauyaja 3a
ocobune MEMC cTpykTypa je YMIEHHMIA Ja HEKe I0jaBe KOje Cy y MaKpOCBETY
3aHeMapJbuBe (HIIP. aJCOPIIMja, CTHKIMja) KOJ HHX MOTYy MMAaTH 3Ha4ajaH yTHIIA].
300r Tora cMmameme (U3MUKHX JAMMEH3Hja CTpyKTypa omoryhyje yBoheme HOBHUX
OpUHIMNA paja, ald Takohe Moke Ja OrpaHW4YM IPUMEHY HEKHMX MHocTojehux.
[IponoprroHamTHO cCMambeke CBUX JAUMEH3Hja HEKE CTPYKTYpe Ha3MBa C€ CKAIUPABEM,
npu 4eMy je (GakTop CKaJupama jeJHaK KOJUYHUKY TY’KUHE HEKOT elleMEeHTa Tpe H
nocne ckanvdpama. OU3NUKE BEIWYMHE MPOMOPLUOHATHE IMOBPIIMHU CKAJIHUpajy ce
Cpa3MepHO ApPYroM, a OHE MPOINOPLUOHAIHE 3allPEMUHHU (HIIP. Maca HEKOI €JIEeMEHTa)

tpehem creneny ¢akTopa ckanupama [42].

2.1.1 Ucropujar

[Tojam mukpoenekTpomexanndkux cuctema (MEMC) mpBu myT je NOMEHYT
1986. rogune y mpemnory amepuukor YuuBepsutera Jyra (Utah) Arenuumju 3a
HanpenHe on0pamOeHe ucTtpaxupauke mnpojekre CjeaumeHux Amepuukux /[Ipxasa
(DARPA — Defense Advanced Research Projects Agency) 3a pa3Boj TakBUX CHCTEMA.
MehyTum, KOHIIENT MUHUjaTYpPHHUX CHCTEMA M CBECT O FbUXOBOM BEITMKOM IOTEHIHjaITy
¥ 3Hauajy MOTHUYY jJOII M3 BpPEMEHA KaJia TeXHOJIOTH]E 3a pean3allfjy TaKBUX CHCTeMa
HHUCY TMOcTojajie. 3aYeTHUKOM TOI HAuyMHA pa3MHILIbamba, Kao M IIMPOKE OO0JIACTH
HaHOTeXHoJoruja, cMmatpa ce Puuapn Pajumen (Richard Feynman), xoju je cBoje

4yBEHO NpenaBame nocseheno toj Temu (,, There's Plenty of Room at the Bottom”, [43])




onpxao 29. neuem6bpa 1959. ronuae Ha KanmdopHH]CKOM TEXHOJOIIKOM HHCTHUTYTY
(Caltech). ¥V Espomnu ce 3a MEMC KOpuCTH anTepHAaTHBHU HA3WB MHKPOCHCTEMCKE

texHonoruje (MCT), a y Janany mukpomarmmae [1].

JIBe OCHOBHE TEXHOJIOTHje MUKpodaOpuKairje Koje ce KOPUCTE 3a H3pamy

MEMC ctpykTypa Cy MUKpPOEJIEKTPOHUKA U MUKPOMAILIUHCTBO.

MHuKpOeIeKTPOHHKA je KJbyYHa TEXHOJOTHja y eNCKTPOTEXHHIIU, YTeMeJbeHa
U3paZoM MPBOT MOJYIPOBOAHUYKOI TpaH3HCTOpa, nenemoOpa 1947. romune y ben
nabopatopujama (Cjenumene Amepuuke [pxase) [44]. Taj mponanasak, 3a KOju cy
HoGenoBy narpany moowmu Bunmjem [loxmu (William Schockley), [lon Bapaun (John
Bardeen) u Bonrep Bpereju (Walter Brattain) 1956. roaune, 610 je mpeKpeTHHIA Y
pa3Bojy enekrponuke. Tokom cienehe geuenuje u3BpuIeH je 1mpena3  ca
repMaHMjyMCKUX Ha IUIaHApHE CHIIMIMjyMCKe TpaH3ucTtope. [IpBo mHTErpucaHo Koo,
HaMpaBJ/bCHO OJ1 repMaHHjyMa, peanu3oBao je [lex Kunou (Jack Kilby) u3 pupme Texas
Instruments, 1958. romuue [45], 10K je pa3BOj CHIMIMjJYMCKHX IIJIAHAPHHX
MHTETPHCAHHUX KOJIa HEKOJIIMKO Mecel KacHuje HajaBuo PobGept Hojc (Robert Noyce) u3
dupme Fairchild Semiconductor [46]. Ox 1970. roauHe CI0KEHOCT MHTEIPHCAHMX KOJIa
ce yABOCTpy4Yyje MpHOIMKHO Ha CBaKe 2 TOAWHE, y CKIIATy ca MMPOTrHO30M KOjy je 1965.
roaune aao F'opmon Myp (Gordon E. Moore) [47]. MunuMante quMeH3Hje eIeMeHara
MHTETPHCAHHUX KOJla CMameHe cy ca nmodeTHux 20 pm Ha JaHamme CyOMUKpOMETapCKe
(14 nm). To cmameme 3a yUTaBa TPH pejia BEIMYMHE JaHac oMoryhyje HMpOu3BOMAY
WHTETPUCAHUX KOJa ca BHIIE O] 10° TpaH3WCTOpa. 3axBajbyjyhw pasBojy
MHKPOEJIEKTPOHCKHX TEXHOJOTWja, MAOIUIO je, wu3Mely ocramor, a0 MacoBHE
NPOM3BO/KE M yNOTpeOe MHKpOpadyHapa, KOjU Cy H3a3Bajd pPEBONYLHU)Y Y
TEJIEKOMYHUKaIjaMa, MEIHMIMHCKO] U 3a0aBHO] €NEKTPOHHIM, IPOU3BOMGH,
caobpahajy U MHOTHM JpyruM objacTuMa KUBOTa W pama. On kKajga je CHIUIUjyM
n3a0paH Kao TJIaBHU MaTepHjajl 32 MAaCOBHY IPOU3BOJbY EIEKTPOHCKUX KOMITOHEHTH,
pa3BHjaHM Cy M KOHCTAaHTHO YCaBpIIaBaHH TEXHOJIOIIKH IMPOIECH 3a EErOoBY 00paiy
(muTorpaduja, Harpuzame, audy3dja W UMIUIAHTaNMja), KAao H OmpemMa 3a
KapakTepu3anujy. Mako ce u manac Bennka BehWHa MOTYNPOBOJHHYKUX KOMIIOHEHTH
u3palyje oa cunuuujyma, 3a cneruduine norpede ce KopucTe APYyrd MaTepujaiu, Kao
mwto ¢y SiC, GaAs u Si-Ge, a Bpiie ce U UCTpaKKMBaKka Y BE3U ca MPHUMEHOM YTIJbEHUKA

(HaHoUeBH, rpadeH, TMjaMaHT), pa3InIATHX MTOJTUMEpa U JPYyTUX MaTepHjaa.




N3pa3 ,,MHKpOMAamIMHCTBO je yBedeH y ymnorpeby oko 1982. romgune, a
O3HauaBa TIPOM3BOJHE TMPOIECe YHWja je CBpXa H3paJa HEKe MHUKPOMEXaHUYKE

CTPYKType. MUKpOMAIIMHCTBO C€ JIeIH Ha!

®  3aIPEMUHCKO MHUKpoMamuHCTBO — u3paga MEMC cTpykTypa CeleKTUBHUM
YKIalkamkeM Marepujaina 1o JIyOMHH CyICcTpara; OCHOBY 3allpEeMHUHCKOT
MHUKPOMAIIIMHCTBA YHMHE MOCTYIIH HM30TPOIMHOI Harpu3ama (KOPHUCTH CE Of
paHHX JaHa MHKPOEJIEKTPOHHKE) W aHU30TPOIHOr Harpuzama (ox 1967.

roJINHE),

® T[OBPIIMHCKO MHKPOMAIIMHCTBO — wu3paga MEMC cTpykTypa HaHOIICHEM
MaTepujajia y BUJAY TaHKUX CJI0jeBa Ha MOBPIIMHY OCHOBHOI MaTepHjajia
(cymcTpara) — T3B. KPTBEHU CJIOj, IOTOM HAHOMICHEM (DYHKIIMOHAIHOT CJOja
IIPEKO KPTBEHOT M Haj3aJ CEJIEKTUBHUM YKJIamhamheM KPTBEHOT CJI0ja, IPU YeMy
ce cymncTpar He o0paljyje; KOHIIENT NOBPIIHHCKOT MUKPOMAIITUHCTBA Pa3BIIIH CY

Xoy u Munep (Howe, Muller) 1983. rogune [48].

Pa3Boj xomepuujamHux mpomsBoma Ha 6asm MEMC cTpykTypa 3axTeBao je
UHTETpalKjy MHKPOMEXaHHMYKUX M EJIeKTPOHCKHX cKkjomnoBa [42], kako Ou, ocum
(GyHKIIMja CBOJCTBEHHUX CEH30pHMMa M aKTyaTOpHMMa, MUCTE HampaBe MOTJIE Ja 00aBJbajy
o0Opany curHana u KOMyHHKaIujy. ['eHepanHo, Ta HHTErpalyja Moxe OMTH MOHOJIUTHA,
IJIe ce y UCTOM MPOU3BOJTHOM Mporiecy dopmupa cucreM Ha gumy (SOC — System-on-
Chip), wiu xubpuana, rnme ce MEMC KOMITOHEHTE M HMHTETPUCAaHA KoJja MPOHM3BOIC

OJIBOjEHO, a 3aTHM CI1ajajy Y jeIHHCTBEHY KOMIIOHEHTY y (a3u makoBamba [49].

Jlanac, xajga je MHUHHjaTypH3alija KOMIIOHEHTH M CHUCTEMa KJbyyHa 3a HOBE
HAYMHE WHTEPAKIHje JbyIU M MalluHa ca (PU3NIKAM CBETOM, MHKPOMAIIIMHCTBO j€ y
[EHTPY MaXmke HAyKe W MHAYCTPHjE, a 3aXTEBU KOJU CE MPEJ] Hhera MoCTaBJbajy Cy CBE
Behu u pasHoBpcHUju. M3pama HoBux reHepanvja MEMC npousBoma mojpa3ymeBa
noBehame CIOXKEHOCTH W MYJITH(QYHKIMOHAIHOCT, Y3 HCTOBPEMEHY Jalby

MHUHMjaTypHU3aIHjy 1 EKOHOMUYHY BETUKOCEPH]CKY POH3BOJIbY.

10



2.1.2 AKTyeJHO CTame U MPaBIH Aa/ber pa3Boja

[Ipumena MEMC TtexHosiornja je cBe ImMpa M MacOBHHja, TaKO Ja JaHacC
MOCTOjU BEJMKH Opoj KOMEpPLHjaTHUX MPOM3BOJA 3aCHOBAaHMX Ha muUMa. To ce

HApOYMTO OJHOCH Ha ciezehe obmacTu:

e  MOTOpHA BO3WJIA — CEH30PU IPUTHUCKA, HHEPLIUjaTHU CEH30pH (aKLEIEPOMETPH U

YKUPOCKOITH) 32 HABUTAIM]y U JIETEKIM]y HHLIUACHATA, XEMUJCKU CEH30DH,

®  TpOIECHA MHIYCTPHja — CEH30pU MPUTUCKA, XEMH]CKH CEH30PH 32 JETEKIU]y H

Mepeme KOHIeHTpanuje 3aral)yjyhux cyncranmm,

e MEIWIMHA — CEH30pHU MPHUTUCKA 32 jEAHOKpaTHY ymnorpely (y IUpEeKTHOM
JIOJIMPY ca TKUBHMMA, KOJI XeMOJAMjaJIn3€ WM TOKOM pa3jIMYMUTUX 3aXBaTa) U 3a
BUIIEKpAaTHY YHoTpeOy (pa3He BpCTE MEIUIMHCKE OlpeMe M MOoMOhHUX

cucTeMa), MUKpO(IyUINYKH CKIIOTIOBH 3a JUjarHOCTUKY U Tepanwujy,

e  OHOTEXHOJIOTHje — OMOYUIIOBH 32 JETEKLIN]y XeMH]CKUX M OMOJIOIIKUX areHaca y
opranuzmy, MEMC wu nHaHoTexHojioruje omoryhyjy HaydyHa oTkpuha y

ucrpaxusamwy JHK,

e TeinekoMyHHKanje — ¢ukcHe u momecuse MEMC paamodpexBeHInjcKe
enekTpoHcke kommoneHte (RF MEMS) kao mrto cy kaneMoBH, KOHICH3aTOPH U
pe3oHaToOpH, a Takol)e W OCIMIIATOPH, MPEKUIAYH M TPEKIOIMHHUIH, JaJeKO CY
MambHiX TAMEH3HWja 0] KJIACHYHMX KOMIIOHEHTH cInuHe (PyHKIMje U oMoryhyjy
HOBM HHUBO HHTErpalyje NpuMoIlpelajHuKa MoOMIHHX ypehaja koju pane y

BHUIIIE KOMYHUKAIIMOHUX CUCTEMA U BUIIE paaro(PEKBEHIIN]CKIX OTICera,

e onrtuuku cuctemu — MEMC mnpojeKIMOHM YWIIOBH 33 BHJEO-TIPOjEKTOPE,
MPEKJIOMHUIM (MYJITUIUIEKCEPU) OINTUYKUX CHUTHAJIa KOJI ONTHYKE MPEKHE

UHPaACTPYKType, MOAECUBH ONTHUKH (PUITPH, JTacepr U (HOTOIETEKTOPH,

e ypehaju 3a mMMPOKY MOTPOIIBY — MJIa3HUIE KalJbUUHKUX InTammada (ink-jet),
JMCIIJIEJH, CEH30pH y pa3HuM KyhHuMm u npeHocuBuM ypehajuma (MEMC

MUKpO(hOHH, OapOMETPH, ATTUMETPH, AKIEICPOMETPHU U CIL.).

Teopujcka ucTpakuBama mojaBa u mnporeca Baxxaux 3a MEMC TexHonoruje u

CTPYKTYpe U Jdajbe cy akTyeiHa [29], ka0 W MOJeNOBame MPUMEHOM CaBPEMEHHX
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pauynapckux amata (amp. ANSYS, COMSOL Multiphysics). Ta agsa mpucryma ce
MelycoOHO fomymyjy u omoryhyjy ontumuzaiujy mapamerapa MEMC nHanpaga jomr y

(a3u BUXOBOT NPOjeKTOBama [26].

Yobuuajenn Matepujan 3a u3pagy MEMC cTpykTypa jeé MOHOKpPUCTAIHH
cumnnujym (Si). Mehytum, y ckopuje Bpeme ce kopucte u npyru matepujanu: SOI
(Silicon-on-Insulator) [50], [51], SoS (Silicon-on-Sapphire), cumummjymkapoua (SiC),
NOJMKPUCTATHA CWIMIMjyM W Pa3IM4YUTH TIOJIMMEPH, a HCTPaxyje ce INpHMeHa
YIJbCHUYHUX BJIaKaHA, YIJbCHUYHHX HAHOLEBU W TpadeHa, nujamanta utna. [52]-[54].

NurensuBan pazsoj MEMC TexHosoruja u gase Tpaje.

Cnenehn Kopak y MHHHjATypHU3alMjU EICKTPOMEXaHUUYKUX CTPYKTypa H
KOMIIOHEHTU Ccy HaHoenekTpomexanuuku cucremu (HEMC). JlyxuHa BHXOBHUX
HAJCUTHUJUX JIeTajba je Mama o 1 WM, J0K Cy MUHUMAaJHE JUMEH3Hje OrpaHHucHe
BEJIMYMHOM II0jeJMHAYHUX MoJjlekyna u artoma (pex semuuune 0.1 nm, 1j. 1 A). Kon
HEMC crtpykTypa edekru ckanupama Cy BeoMa H3pakK€HH, KaO M KBAaHTHE I0jaBe.
HEMC TtexHomnoruje cy jom y (a3 HCTpakuBama, TaKo Ja Cy MPAaKTUYHE MPHUMEHE
JlaHac peTke. JeaHa BakHA NMPUMEHA Cy MUKPOTPEAMIIE 32 MUKPOCKOIE aTOMCKUX CHJIa
(AFM — Atomic Force Microscope), uiju BpX MOXKE UMAaTH TOJNYNPEYHUX KPUBUHE

pena 1 nm.

2.2 MEMC CEH30PHA

MEMC ceH30poM ce Ha3wBa CEH30p Koju je mpowm3BeneH npumenom MEMC
(MukpocuctemMckux) Texnonoruja. [Ipunnun paga maorux MEMC cen3opa 3acHOBaH je
Ha T0jaBaMa M MeXaHU3MHMa Koju ¢y Beh ayro no3Haru u kopuiheHu KoJ| KJIaCUYHHUX,
MaKpOCKOIICKUX ceH3opa. Mehytum, kog MEMC censopa fonasze 10 uspaxaja eQpexTu
cCKanupama (QU3NYKUX JUMEH3Mja U T0jaBe KapaKTePHCTUYHE 32 MHUKDPOCBET, KOjU Ce

MOT'Y UCKOPHUCTHUTH.

[Ipema Be3u m3mely mpuHIMNa paga u TexHosnoruje m3page MEMC cenzopu

mory outu [41]:

® CCH30pPM YMjU NPUHIMI pajJa CYIITUHCKH 3aBucu onx npumene MEMC

TEXHOJIOTHja (HIIp. CEH30pU Ha NMPUHLIUITY IIPOMEHE Mace yClie aJICOpIILHje),
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®  KOHBEHI[MOHAIHU CEH30pH Ko Kojux ce MEMC TexXHOJOoTruje KOPUCTE Y IUIbY
nocTu3ama 00JpuX TepdopmaHcH (HIP. TEpMaTHH CEH30pH W HEKE BPCTE

doromeTexTOpa).
MEMC ceH30pH ce nmpeMa Npupoar MEpeHE BEIUUUHE JejIe Ha:

e MEXaHMYKe CEH30pe (CeH3ope cuiie, OOpTHOI MOMEHTa, yOp3ama, MPUTHUCKA,

npoToka ¢uyuaa uTn.),
®  eIEKTpOMarHeTcke ceH3ope (XojaoBU ceH30pH, JIOPEHIIOBU CEH30pH),
e  (oroncke cenzope (doroornopuuiy, hporoauomae, pororpanzucropu, CCD),
e TepMaliHe ceH30pe (TEPMUCTOPH, TEPMOIIAPOBH, MUPOCIICKTPHYHH CEH30PH ),
®  XEMM]jCKE CEH30pe,

e  OHOJIOLIKE CEH30pe.

2.2.1 Mexaunuku MEMC cen3opu

Mexannuku MEMC cen3opu cuie, mpuTHCKa, moMepaja, oOpTHOT MOMEHTA,
yOp3ama U ApYyrux MeXaHWUKUX BenumuuHa unmHe Behuny Tpxumra MEMC cen3sopa,
mro he BepoBaTHO BaXUTH U 'y 6muckoj OyayhHoctu. Kopucre ce y MHOruM obiactuma
HayKe U TeXHUKE (0] KOCMHUYKUX MCTPAXHBamka 10 MEJUIIMHE, TIPOLIECHE HHIYCTPHjE U
MOTOPHHUX BO3WJIAa), Ka0 M y ypehajuma 3a mmpoKy MOTPOIIHY, Mpe cBera 300r Manx
JMMEH3Mja U €KOHOMHUYHE MAacOBHE Mpou3Boime. CreunpuyHa MexaHudka U Apyra
CBOjCTBa Marepujaja KOjU Ce KOpPHCTE 3a HUXOBY H3pajay, MPOU3BOJHKA NPHUMEHOM
MEMC texHomnoruja, eheKTH CKalupama W T0jaBe KAPAKTECPUCTUYHE 32 MHKPOCBET
JI0BOJbaH cy pasJior aa ce Mexaunuku MEMC cen3opu nocmarpajy kao rnoceOHa rpymna

CCH30pa.

Hajuemhe xopumrhen matepujan y m3paaum Mexannukux MEMC cenzopa je
MOHOKPHCTAIIHU CHIIMIUjYM, HE CaMO 3aTO IITO CYy My KapaKTEpUCTHUKE T0OpO Mmo3HaTe
U I[TO 3a IEroBy 0Opaay IOCTOje pa3BHUjEHH MOCTYNIH (MHUKPOEIEKTPOHHUKA W
MUKPOMAIIIMHCTBO), Beh u 300r noOpux MexaHuykux ocobuHa. To je aHuzoTpomaH
Marepujall, Mame TYCTUHE 0/ atyMuHUjyMa 1 Jarrosor (YOUNQ) MoyJia enacTH4HOCTH

CIMYHE BPEIHOCTH Kao 3a Hephajyhu denuk. 3a ceH30pe U Apyre MEXaHU4YKe CTPYKType
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MOCEOHO je 3HAa4YajHO IITO MOHOKPUCTAJIHU CHJIUIIMjYM MPH UCTE3amy HHUjE MOJJI0KaH

MJIaCTUYHO], Beh camo enacTuuHoj AedopMaIinju, CBe 10 TPAHUIIC MyTamba.

3a mpeTBapame MEpPEHE BEIWYMHE y W3JIa3HU CHTHAT KOPUCTH C€ BHIIE
paznuuuTUX (PU3NYIKUX TojaBa, Tako naa moctoje cienehe Bpcre MEMC cen3opa

MEXaHUYKHX BCJIIMYUHA:

® HMe300THOPHM (MHE30PE3UCTUBHU) — KOPHUCTE IHUE300TIOPHU edekaT, Tj.
IPOMEHY €JIEKTPUYHE OTIOPHOCTU HEKOI YBPCTOI Tela YCIEed HEeroBor

MEXaHUYKOT Hanpe3amwa (Bunetu 2.2.2.4),

®  NHe30eJ1eKTPUYHH — KOPHUCTE AUPEKTHU HE30€IEKTPUYHH edeKar, Tj. 0COOUHY
MaTepHjajia udja jeMHUYHA KpHUCTalHa henMja HeMa LEHTPAIHO CUMETPUYHY

CTpYKTYpY [55] 1a npu MexaHMUYKOM Hape3ary FeHEPHINY CICKTPUUHU HAIIOH,

e KanauMTUBHM — 3aCHOBAHM HA MPOMEHU EJIEKTPUYHE KAMAIUTUBHOCTHU YCIEH
MEXaHUYKOI TIOMEpaja eleMeHaTa KOjU CauyHibaBajy KOHJIEH3aTOp (eJIeKTpoja

WIH TUEJIEKTPUKA),

® ONTHYKM — CEH30PH KOJ| KOJHX MEXaHWYKa BEJMYMHA W3a3MBa MPOMEHY HEKOT
O]l TapameTapa CBETJIOCHOT 3pauerha HIM FETOBOT IPOCTHPama; MapaMeTpH
MOTYy OWTH MHTEH3HMTET, TalacHa IyXXHHA U (as3a, a KOA NMPOCTHPama Cy TO
pedrekcuja, TpaHCMHUCHja, amcopllMja WIA €MHCHja, MpPOMEHa cMepa

MIPOCTUPAA U TIOJIApH3aIlHja,

o PE€30OHAHTHU — CCH30PU KOJ KOjI/IX MCpPCHA BCJIWYMHA TUIIMYHO H3a3HBa
npoMeHy oOJuKa, KpyTOCTH WM Mace Hekor jaena ocuuwiyjyhe MEMC
CTPYKType, IITO JOBOIM 1O TPOMEHE EHE pPE30HAaHTHE YYeCTaHOCTH;
MeXaHUYKe OCIMIIAIMje Te CTPYKType MpeTBapajy ce, IpUuMEHOM ojaropapajyher

MEXaHH3Ma, Y eIEKTPUYHU CUTHAJ Yhja C€ YISCTaHOCT MEPH.
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2.2.2 Cununujymcku nue300Tnopau MEMC cen3opu npuTHcKa

2.2.2.1 lepunuumje nojMoBa

IIpuTHcak je ckajgapHa ¢pu3HUKa BeJTUYMHA YHja j€ BPEIHOCT jeJHAKa CHIIM KOja
JeNnyje TOoJ TpaBUM YIJIOM Ha jJeIUHUILYy TMOBPIIMHE HEKOr Teia. MareMaTuyku ce

neduHuUIIe HA clieqehn HaunH:

Pzg, (21)

rae je P mpurumcak, F cwia m S moBpmmHA. JequHHWIIAa Mepe 3a TPHTHCAK Y

Mehynapoanom cuctemy jeaunnna (Sl) je mackain (o3naka Pa) [56]:

{Pa=ﬁ= kg } (2.2)

m? m-s?

YecTo ce KOpHCTe M HECTaHAapJHE jEeAWHWIE, Kao IITo cy Hmp. bar
(1 bar = 10° Pa), atmocdepa (1 atm = 1.01325-10° Pa) u MumuMeTap KHBUHOT CTy6a
(1 mmHg = 133.32237 Pa).

[Mputucak ¢aympa (raca WM TEYHOCTH) j€ TMOCIEAWIAa CHJIa KOojuMa
eJIEMEHTapHE YeCTHIIE (ATOMU MJIM MOJICKYJH) (QIIynaa MHTeparyjy ca JpyriuM TelrMa.
Ha npumep, 3emiprHa atMocdepa BpIIM NPUTHCAK Ha CBa Tejla Koja ce y HhOoj Halase.
To je armocdepcku mpuTHCAK, YHMja BPEIHOCT 3aBHCH OJ HAJIMOpPCKE BHUCHHE U
atMoc(epckux MpWIMKa Ha TocMmarpaHoM Mecty. Kao crammapmHa pedepeHTHa
BpeaHocT atMocdepckor mputrcka y3uma ce 101.325 kPa [57], mTo je mpubmmxHO
jeHaAKO BPEIHOCTH aTMOC(HEpPCKOr MPUTHCKA HAa CPEIEeM HHUBOY Mopa. Teopujckw,
HyJITa BPEAHOCT MPUTHCKA OM TMOCTOjaia y HEKOM JIeNly MpOoCTopa I/ie HeMa aToMa HU

MOJICKYJIA.

Bakyym (mojaBa) je crame OJACyCTBa €JEMEHTApHHUX dYecTula (aroma,
MOJIEKYJIa) Y HEKOM JIeJTy TIPOCTOpa. Y TEeXHHUKO] MPAKCH C€ BaKyyMOM Takole Ha3zuBa
KOHLICHTpAllja eJEMEHTapHUX 4YecTUIla KOja je Mama OJ OHE Koja oOJronapa

HOPMaJTHUM yCIIOBHMa Y aTMocdepu 3emMbe.

Bakyym (BeqimumHAa) je ckayapHa (pu3WyYKa BEIWYMHA KOja HeMa (OpMaHy

neUHHUIN]Y, a TT0 TPUPOIH je€ €KBUBAJCHTHA MPUTHCKY. KOpHCcTH ce Ka0 CHHOHHMM 3a
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MPUTHCAK YHja j€ BPEIHOCT Mama OJl BPEAHOCTH aTMOC(EPCKOT MPUTHCKA. JeauHua
Mepe y Sl cucremy je mackan (Pa), am ce 4ecTo KOPUCTE jeaUHUIE creruduyHe 3a
HHCKE TpPUTHCKE, Kao mTo je Hup. torr (1 torr = 133.3224 Pa). Bakyywm ce Hajuenthe
U3pakaBa Kao pasivKa BPEIHOCTH aTMOC(EpPCKOr MPUTUCKA M ATllCOIyTHOT MPUTHCKA
nator ¢uyna, Tako Ja ¢e BPJIO Masia BPEAHOCT MpUTHUCKA (yClIe Majie KOHIICHTpaIrje

€JIeMEHTapHHUX YECTULIA Y JaTOM JIeJly IPOCTOpa) Ha3uBa BUCOKU BaKyyM.

VY 3aBUCHOCTH 0] pehepeHTHE BPEIHOCTH NMPHUTHUCKA KOja je m3abpaHa 3a HEKO

Mepeme, MPUTHUCAK MOXKEe OUTH arcoJyTaH, peJlaTUBaH U TudepeHIIH]jalaH.

ATICOJIyTHH MPHUTHCAK CE MEPH Y OJIHOCY Ha HYJTY peepeHTHY BPEIHOCT (T3B.
anconyTHH BakyyMm, 0 Pa). ITomTo HynTy BpeIHOCT MPUTHCKA HHUje Moryhe moctuhu, y
MPAKCH C€ YMECTO TOTa KOPUCTH HEKa JTOBOJHHO Majia BPEIHOCT MPUTHCKA (Tj. TOBOJHHO

BHUCOK BaKkyyM).

PenraTtuBHM mnpuTHCAK C€ MEpH y OJHOCY Ha BPEAHOCT aTMocgepcKor
OpUTUCKA MOJ JaTHUM YCJIOBMMa, IITO 3HA4M Jia j€ jeIHaK pa3ivly BpPEAHOCTH
ariCOIyTHOT TPHUTHCKAa JaaTor (iayuaa M arMoc(epckor MpuUTUCKa (KOjU ce YBEK

u3pakaBa Kao arCoJyTHH).

JAudepeHnujainu NpuUTHCAK C€ MEPH Yy OJHOCY Ha MPOU3BOJLHO H3a0paHy
pedepeHTHy BpeJHOCT, IITO 3HAYM Ja j& je[IHaK Pa3uIld JIB€ MPOU3BOJHHE BPEIHOCTHU

IIPUTHUCKA.

XHAPOCTATHYKH NMPHUTHCAK Y TPOHM3BOJHHO] TAUKH YHYTap HEKE HEMOKpPETHe
TEYHOCTH jeTHAK je 30upy amcoJyTHOT MPHUTHCKA MPOYy3POKOBAHOI JIEJCTBOM CHJIE
rpaBUTallijeé Ha Ty TEYHOCT M alCOJyTHOT IPHUTHUCKA KOjU JeNyje Ha OTBOPEHY
MOBPIIMHY T€ TEYHOCTH. AKO Ce MPETHOCTaBH Ja je€ W3HAJ IMOBPUIMHE HEMOKPETHE

XOMOI'€HE TCYHOCTHU aTMOC(I)epCKI/I MMPUTUCAK, TaJla BaAXKH
P=P +p-g-h (2.3)

riae je P, atmocdepcku nmpuTHcak, p je TyCTHHA TEYHOCTH, J je yOp3ame rpaBuTanyje, a
h je aybuwna, Tj. pacrojambe u3Meljy MOBpIIMHE TEYHOCTH W Tadke y KOjOj ce

XUAPOCTATUYKHU IIPUTUCAK MCPHU.
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2.2.2.2 KpaTak nperJiea MeToa Mepera MPUTHCKA

Jenna ox moryhux monema MeToja Mepema MPHUTUCKAa NpPUKa3aHa je Ha

Cnuu 2.1 [58]. OcHoBHa mojiena je Ha AUPEKTHE U HHIUPEKTHE METOJIC.

JlupekTHe MeToJe Meperma IPUTUCKA 3aCHOBAaHE HAa MEXaHWYKO] JepopManuju
y Hajumpoj cy ynorpedu. CeH30pCcKH eJIeMEHTH ca aujadparMoM Cy Haj3acTyIJbeHUjU
KOJI EJIeKTPOHCKHX MEpHUX HMHCTpyMeHaTa. IlocToje pasnuuure METOZAE NpeTBaparmba
MEXaHUYKOI ToMepaja aujadparmMe y €JIeKTPUYHU CUTHaJ, O KOjuX ce Hajyemrhe
KOPUCTH MHE300TIIOPHU edeKaT KOJA MeTaja M KOJA IOIyIPOBOJHUYKUX MaTepujajia
(Bumetn 2.2.2.5 u 2.2.2.5), a Hemro pehe mpoMeHa KamaUTHBHOCTH WM IPOMEHA
PE30HAHTHE YYECTaHOCTH yclen yruba amjadparme. ByproHoBa 11€B, y pa3inuuTUM
obmmuuma u u3palheHa o pa3IMIUTHX MaTepHjaia, BPJIO Ce YeCTO KOPHCTU Y MHOTHM
BpcTaMa HMHCTPYMEHaTa, O] J€JHOCTABHUX HHAYCTPUJCKUX Mepada ca KazaJbKOM [0

METPOJIOIIKUX KanuOparopa HajBumux nepdopmancu [59], [60].

MeTtona 3acHOBaHa Ha cTyOy TEUHOCTH j€ MCTOPHU)CKU MPBA METOMAA 32 MEPEHE
nputucka. [IpBu Gapomerap (MHCTpYMEHT 3a Mepeme aTMOC(epcKor MPHUTHCKA) ca
ctybom TeuHoctd usymeo je Eanremucra Topuuenu (Evangelista Torricelli) 1643.
roauHe. MaHOMeTap je MHCTPYMEHT 3a MEpeHe MPUTHCKA KOjU KOPUCTH TUPEKTHY
METO/y 3aCHOBaHy Ha CTyOy TEYHOCTH Ha KOjH Jellyje CHJla TpaBUTAIH]je, Y LIeBH YHUjU
Cy KpajeBH HW3JI0KEHU Pa3IMUYUTHM MPUTUCIHMMA. Y TPAKCH CE€ YeCTO MaHOMETPOM
Ha3WBajy W JIpyr'H THUIIOBH HMHCTPyMEHaTa 3a Mepeme NpUTHCKAa (OOMYHO OHHM ca

Ka3aJbKOM U CKaJ'IOM).

Bare koje ca jeqHe cTpaHe UMajy KJIMI U3JI0KEH MPUTHUCKY GuIyHnna, a ca Jpyre
Ce ypaBHOTEKaBajy TErOBHMMa MJM HAa HEKM APYI'M HA4MH, KOPHCTE CE 32 MEPEHE MU
3a/laBalb€ MPUTHCKA AUPEKTHOM NPUMEHOM JAeQUHHIMje Te (QU3UUKE BEIHYUHE.

[TpetexHO ce KOpUCTe 3a ETAIOHUPAE APYTUX Mepada MPUTHUCKA.

NuaupexkTHe MeToae Mepema MPUTHCKA (JOHU3AIMOHM MEpayd, Mepadyd KoOju
KOPUCTE TOIUIOTHY IPOBOJHOCT M OHU KOjU KOPHUCTE BHCKO3HOCT) HajBHIIE C€
ynoTpeOJbaBajy 3a MeEpeme HUCKHX MpUTHCaKa, Tj. Bakyyma. Y CIlIy4ajy BHCOKOT
BaKyyMa, CHJIa KOjOM eJIeMeHTapHe yecTulle (hiIyuaa Jieinyjy Ha YBpCTa Tejna CyBUIIIE je

Masia 1a Ou Omiia MepeHa IMpeKTHUM Metonama [58].
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2.2.2.3 UcropujaTt CHIMIHjYMCKHUX MHE300TIOPHUX CEH30Pa MPUTHCKA

[TojaBy mpoMeHE OTHOPHOCTH Y METAaJHOM IPOBOIHHKY YCJIEI MEXaHUYKOT
Hamnpesama, JaHac MO3HATy I0JI Ha3UBOM IHME300THOPHU (ITME30pE3UCTUBHU) edeKar,
npumetro je Jlopa Keasun (William Thomson, Baron Kelvin of Largs) 1855. roaune.
MepHy Tpaky (ekcTeH3oMeTap, eHIJI. Strain gage), 4uMju ce NpUHIMI paja 3aCHUBA Ha
MUE300TIIOPHOM €EeKTy, a CIYKH 3a Mepeme ¢uznuke nedopMaiiyje YBpCTUX Tela,
mamuciano je Emsapny Cumonc (Edward E. Simmons) 1938. roaune. Paznuuwnte
KOHCTPYKIIMj€ MEpHUX TpakKa, ca IOjeJMHAYHUM OTHOPHHUIMMA WIH OTIOPHHYKAM

MOCTOBHUMA, KOPUCTC CC U JaHAC.

Hp Yapinc Cmut (Charles S. Smith) u3 Texuomomkor Uucturyra Kejc (CAJ)
uctpaxusao je 1953. rogune, Tokom O6opaBka y ben nmabopatopujama, mrue300THOPHU
edekar y noiynpoBogHunuma. [Ipu pag o Tom edhekTy y CUIUIIjyMy U T€pMaHUjyMy
o0jaBuo je 1954. ronune [61]. Ha ocHOBY Mepema KoeduiujeHaTa MHE300TIOPHOCTH
3aKJbYYEHO je Ja IMOJYNPOBOJHUYKH IMHE300TIOPHH ceH3opu Mory mmatu 10 mo 20
myTa Behy OCETJBMBOCT O/ CEH30pa ca METAJIHWM OTHOpHHUIKMA. [IpBU KOMeEpIHjamHH
CEH30p ca JAMCKPETHUM MHUE300TIOPHUIIMMA O]l CHIIMLIMjyMa pa3BHjeH je 1958. ronune
(Kulite Semiconductor Products, Honeywell, Microsystems). M3paay nue300TnopHuKa
mudysujom npumeca npemioxumwm cy Ildan u Tapcron (W. G. Pfann, R. N. Thurston)
1961. romuue [62]. Mcre romumHe peaaw3oBaH je TakaB CEH30p Ha CYICTpaTy Of
cumuijyma. Cumnujym je o Taja OCHOBHHM MaTepHjal 3a MPOU3BOJIBY CEH30pa
MEXaHUYKHUX BEJIMYMHA Kao HITO Cy MPUTHUCAK, CHia U yop3ame. OCHOBE MOHOIUTHOT
IOy IPOBOTHMYKOT CeH3opa mpurtucka mocraBuo je Tapt (O. N. Tufte) 1962. ronune
[63]. Kon Te koHCTpyKIHje Cy OTIOPHHIMA MOCTYIKOM JIOKaiHe Audy3uje mpuMeca
yrpahenu y nujadparmy ol MOHOKPUCTATHOT cruinujyma. [ maBue npeanoctu Tadrose

CTPYKType y OJIHOCY Ha paHH]je KOopHIIheHa peliemna Cy:

e MHOro Beha OCET/BMBOCT CeH30pa (KOS(DHUIMjEHT MHE300TIIOPHOCTH je KOJI

MMOJIYIIPOBOAHUYIKUX MaTepI/Ijana 3a p€a BCJINYHNHC Behu HEero KoL MCTaJ'Ia),

e MOHOJUTHA CTPYKTypa eJIMMHHHUIIE TpoOjeMe Be3aHe 3a MEXaHHYKO
npuyBpiihuBamke NHE300TIIOPHUKA Ha AujadparMy ceH3opa (XHCTepesuc,

KJIM3ambe UT/.),
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e MoryhHOCT wu3pajge mnme3ooTHOpHMKA Ha neny amjadparme ca Hajpehum

Hanpe3ameM, YIMe C€ MaKCUMU3Yje OCETIHUBOCT CEH30Da,

o MCXaHUWYKa H3APKIBUBOCT CHJII/IHI/IjYMa N JUPCKTHO IPCHOLICHC Halpc3amka

nujadparMe Ha MUE300TIOPHUKE,

e TexHojoruja uspaae omoryhyje no0po ymnapuBame HHE300TIHOPHUKA, INTO j€

3Ha4ajHo 3a popMupame BurcroHoBoT MOCTA,
e  MMHHjATypHU3allMja MHE300TIIOPHUKA U LIEJIOT CEH30PCKOT €JIEMEHTA.

Merona uspaze TaHKHX JujadparMd MEXaHUYKHM OyIiemeM YayOsbema y
CyICTpaTy oj cwiniujyma pasBujeHa je 1966. rommne (Honeywell). Tloctymim
MHUKPOMAIIIMHCTBA 32 U3paay AujadparMu CEH30pa MpUTHUCKa yBeaeHu cy 1970. roqune
(M30TpOMTHO HArpu3ame CUauiMjyma), a 3aruMm 1976. roawHe (aHU3O0TPOITHO
Harpuzame), y Gupmu Kulite. TIpBu mue300TIopHH CEH30p MPUTHCKA KOjH j& yIIao y
MacoBHY IpOW3BO/AKY TOjaBuo ce Ha Tpxkuimry 1974, roamne (National
Semiconductor). O je caapkao XHOPUJAHO HMHTEIPHUCAHU CKJIOM 32 OJp)KaBarbe
KOHCTaHTHe Temrmeparype. HoBum moctymipMa uspane (jOHCKa MMIUIAHTAIH]a,
PEaKTUBHO JOHCKO Harpusame, aHOJHO OOHJIOBame, CHIMIHUjYM—CUIMIHMJYM (Py3HOHO
O0HI0Bamke UT/.) OMOTYhieHO je Jabe mobosbliame mephopMaHCH CEH30pa Y3 CMAbEHE
TpoIKoBa npousBoame. Ocum cuuiujymckux MEMC ceH3opa MpUTHCKa 3aCHOBaHUX
Ha NMHUE300TIOPHOM €(eKTy, MMOCTOje U CHIININjYMCKH KalalliTUBHU CEH30PH MTPUTHUCKA,
KOJU Cy TIpBU TyT peanu3zoBanu Ha yHuBep3uteTy Crtendopn 1977. rogune. IlpBu
WHTETPUCAHU MOHOJIMTHU KamNallUTHUBHH CEH30pU MPUTHCKA TMpeacTaBibeHu cy 1980.
roauHe. KamanmuTuBHM CeH30pW MPUTUCKA MOTY Ja IOCTUTHY OoJbe mnepdopmance
(oceTspMBOCT M CTAOMJIHOCT) OJf MHUE300TIOPHMX, ajd HHUXOBa IPUMEHA 3axTeBa

CJIO’KEHH]€ CKJIOMIOBE 32 00paly CUTHAA.

Cumunujymcku nuezootrnopan MEMC ceH3opu mpuTHCKa Cy MPBH | JI0 JTaHAC
HajycnemHuju MEMC cenzopu. OHM JOMUHHpAJy y ayTOMHIYCTpUjU (KOja YUHH
HajBehM J€0 TPXKUIINTA CEH30pa MPUTHCKA), Takol)e Cy BeoMa 3acTYIJbEHU Y MPOIIECHO],
Ba3JyXOIUIOBHO] W BOJHO] HMHAYCTPHjHU, y OHOMEIWUIIMHCKO] OMNpPEeMH, alld U ¥
OpoOM3BOAMMA 3a IIHPOKY TOTpouimy. HajBakHuje ocoOMHE  CcaBpeMEHUX

cunuiyjyMmckux nuezootnopaux MEMC cen3opa npuTHcKa cy:
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e  MaJie AUMCH3H]E,

e jeprmHA MacoBHA MPOHM3BO/IHHA Y3 OCTU3AE YjeTHAUEHUX KapaKTePUCTHKA,

e  MepHH orce3u of pena BenuuuHe 1 Pa no pena senuuune 1 MPa,

e  BeJIMKA OCETJLUBOCT (3aXBasbyjyhul MHE300TIHOPHUM CBOjCTBUMA CHIIHIIHjyMa),

e BpIO Mand XxucTepesuc (3axBabyjyhi MeXaHHYKUM OCOOMHaMa MOHO-
KPHUCTATHOT CHJIMIIHjyMa),

e  BHCOKA MOY3/J[aHOCT (3aXxBasbyjyin MOHOJIMTHO] CTPYKTYPH),

e  Maja mOTPOIIkha CHEPTH]e,

e MoryhHOCT peanu3ainuje CeH30pa arcoyTHOT, peTaTUBHOT U AU(EPEHIN]aTHOT
NIPUTHUCKA,

e MoryhHOCT peanu3anuje 3amTHTe OX Tpeontepehema Ha HUBOY CEH30PCKOT
eJIEMEHTA,

e MoryhHocT MoHONUTHE (Takohe M XuOpHIHE) HHTErpanyje aKTUBHHUX

CJICKTPOHCKHX CKJIOIIOBA 3a 06paz[y CHUIrHaja.

Henocratak oBe BpcTe ceH30pa MPUTHCKA je M3pa)KeHa 3aBUCHOCT H3JIa3HOT
CUTHAJIa CEH30pPCKOI €JIEMEHTa O] TEeMIIepaType Kao Mapa3suTCKEe BEIMYUHE. Y LUIbY
MUHUMH3AIM]€ T€ 3aBUCHOCTH KOPUCTE C€ pas3IuduTe METOJIe KOPEKIHje
HECaBpPILIEHOCTH, OJf KOJUX Haj0oJbe pe3yaTare TOCTHXKY OHE 3acHOBaHE Ha

MaTeMaTH4YKOM MOJIENTy CeH30pa M padyHapcKoM anroputmy (Bunetu 3.3.2).

3axBabyjyhu cBe KBAJUTETHU]jO] TEXHOJOTHJH H3pajae, Kao U HaIpeTHUM
TEXHUKaMa KOPEKIIMje HECAaBPIICHOCTH CEH30pa y IWTHUTATHOM JIOMEHY, CaBPEeMEHHU
cumuijymckn nme3ootnopan MEMC ceH3opu mpuTHcKa MOTy Ja OCTBape BHUCOKE
neppopmMaHce 1Mo HUCKO] LIeHH. Tako BHX0Ba NPUMEHa JaHac 00yXBaTa U METPOJIOIIKY
OlpeMy BHCOKE KJlace, Kao INTO Cy HIIp. ayTOMaTCKU KaauOpaTopu NpUTHCKA ca

mepHom HecurypHorthy 0.01 % nyne ckane [64].
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2.2.2.4 TIne3o0TnopHM edeKaT

[Mue3zootnopun  (MMe30pe3uCTUBHU) edekaT je TPOMEHa  EJIEKTpUYHe
OTIIOPHOCTH HEKOT YBPCTOI Tejla YCJEI MEXaHWYKOr Hampes3ama y memy. Hasus
,,[IME30PE3UCTUBHU" TIOTHYE OJ Ipuke peuu mélerv (piezein), Koja 3HAYU NPUTHCHYTH
WIH CTETHYTH, W OJ JAaTHHCKe pedyd resistere, koja 3HAYd MPYXKHUTH OTIIOP,

CYNpOTCTaBUTH ce (Y OBOM Cly4ajy ce OJHOCH Ha eJeKTpuuHy oTroproct) [30].

MexaHn4KO Hallpe3amke HACTaje Kao MOCIeANIIa Pacioesne YHy TPallbiX CHla y
YBPCTOM TeIly, KOje Cy HpPOY3pPOKOBaHE [EjCTBOM CIIOJbALIBbUX CHJIA WM TOIUIOTE.
Jedunumnie ce kao cuia MO jEeAMHUIM MOBpIIMHE Ha KOjy Jenyje, Tako Ja je
JVMMEH3MOHO EKBHUBAJICHTHO NPUTHCKY. llojaM MexaHWYKOr Hampes3ama yBEO je
Orucren—Jlyj Komm (Augustin-Louis Cauchy) oxo 1822. roauue. Y mNpou3BOJBHO]
TaYKW KOHTHHYAJTHOT YBPCTOT TeJa MOJJIOKHOT MEXaHH4YKO] AeopMamuju MOXe ce
nepUHUCATH elIeMEeHTapHa 3allpeMUHa y OOJUKY KOIKE YHje Cy CTPAaHUIE MO IPaBUM
yIJIOM Yy OJHOCY Ha YCBOJEHHM IPAaBOYIaOHM KOOpAMHATHU cucteM. Hampesame y

MIOCMAaTPaHOj TAYKH MOTIYHO je neduuucano KomrjeBum TeH30pOoM Hampesamba [65]:

O, O O3
O =01, Oy Oy (2.4)

O3 Oy O3

e Cy ca gjj 03HaueHe KOMIIOHEHTE Halpesama y Ipasly i, a ca ojj (i # J) KoMrmoHeHTe
CMHIIaFba, Tj. Hampes3ama y TpaBIiy |, MOA MPaBUM YIJIIOM Yy OJHOCY Ha Tpasail |.
Nnycrparnuja KOMIIOHEHTH Hampe3ama Jiara je Ha Cruiu 2.2.

Ciauka 2.2 Komnonenre A
X3

MCXaHHYKOI' HaIIpC3ama Oijj y

€JIEMEHTapHO] 3alIPEMHHHU OKO

Tauke P xomoreHor YBpCTOr

Tena Koje AeGOopMHILy CHUIIe

Fi, Fo, .., Fn (xopumhena
WiIycTpaija ayropa Sanpaz,
CC BY-SA 3.0, wu3Bop: % >

commons.wikimedia.org)
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2.2.2.5 IIne300TnopHM edeKaT y MeTAIMMA

EHCKTpI/IqHa OTIIOPHOCT XOMOTCHOT' TPOBOAHHMKA KOHCTAHTHOI ITOIMPCUYHOT
npeceka (HIp. XKUIIe) AaTa je ciieaehum u3pazom:

I
R=p-—, 2.5
Pr (2.5)
rae je p cnenuduyuHa OTIHOPHOCT Marepujaia oja Kojer je m3palhjeH mpoBOIHUK, | je

HEroBa Jy’>KuHa, a 4 je MOBpIIKMHA BEroBOT MONPEYHOT MpeceKa.

HpOMeHa OTIIOPHOCTH MCETAJTHOI' IIPOBOAHHKA YCIICO ,HejCTBa CIIOJbAalllIlb X

yTHUIaja MOXe Ce OJPEANUTH U3 TOTATHOT AudepeHnujana [66]:

®R_dp dl_ch 2o
R po | A

AKO ce MeTalHU NPOBOAHUK Ae(QOpMHUIIIE O] I€JCTBOM CIIOJbALLLE CUIIE, Tala

CC€ MCHa BbEIroB O6J'II/IK, z[oxje BCTOBa 3alIpeMHUHA KOHCTAaHTHA, TaKO J1a BaXKH:

dV =1-dA+A-dl =0, 2.7)
d dA

ol __oA 2.8
| A (2.8)

[MuesooTnopan edekar y MeTaquma Ce 4YeCTO KOPHCTH Kao TPHUHIUI paja
CEH30pa 3a Mepeme MexaHnuke jaedopmalyje uBpcTux Tena. Taka ceH3op (T3B. MepHa
Tpaka) TUIHMYHO C€ CAacTOjU OJf TAHKE WU CAaBUTJBHMBE IOAJIOTE KOja j€ EJIEKTPUYHU
u3ojaTop U on MeranHe (onuje Ha wmeHo] moBpmuHUA. OH Ce Ha TMOTrOoJlaH HAYWH
npuuBpinhyje Ha MOBPIIMHY YBPCTOr Teia uyuja ce nedopmanuja mepu. Enxextpuunu
CUTHAJI Ha U3Ja3y CeH30pa HacTaje Kao IMOCleAHlia IPOMEHE EJIEKTPUYHE OTIIOPHOCTH
MeTanHe (oiuje ycien MUEe300TIOPHOT edeKTa MpH u3jJaramby MepHEe Tpake

MexanndkoMm Hanpesamy [30]. OcetsbuBOCT MepHe Tpake neduHucaHa je u3pa3oM [66]:

g_ R 1 (2.9)

rae je & =dl/l penaruBHa nmpomeHa IyKWHE METAJIHOT TPOBOJHWKA Ha Tpauu. U3

jennaunna (2.6), (2.8) u (2.9) nobwuja ce:
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d
S=2+F. 2 (2.10)
P &
[Ipomena crnenuduuHe OTIOPHOCTH yCIlie[ MEXaHWYke aedopMalidje je KoJ MeTala
3aHeMapJbuBa, Tako ja ce jenqHaunHa (2.10) cBoau Ha S = 2. To 3HauM Ja NHE300TIIOPHU
edekar y Meraamma HACcTaje camMoO YycCiel MPOMEHe OO0JMKa, Ma Cce 3aTo Ha3HhBa

TEOMETPHU)CKH MUEe300TIHOpHHU edekat [66].
2.2.2.6 IIne300TnOpHM epeKaT Y MOHOKPHCTATHOM CHIIULIUjyMY

ITuesootnopHu edekar y mocMaTpaHoM Marepujaly MOKE Ce KBaHTHTAaTHBHO
U3Pa3UTH [PEKO yTHIAja MEXaHWYKOT HAlpe3ama Ha 3aBUCHOCT BEKTOPA EIEKTPUYHOT
nojba E ox Bekropa ryctune enekrpuune crpyje J [65], [67]. 3a TpoaumeH3noHamaH
AQHM30TPOITHM KPHCTAJ, Kao INTO je CHIHMIMjyM, Ta 3aBHCHOCT je nara cieachum

u3paszom (yommrere OMOBOT 3aKOHA):
E=p-J, (2.11)

/i€ je p TeH30p crenuduuHe oTnopHocTH. VicTu u3pas y pa3BujeHoM OOJIMKY TJacH:

E, P P Palld
Ex|=]P2 P2 Pul|d2] (2.12)
E; Pa1 Pas Paz] | s

rae cy Ej xoMHoHeHTe eleKTpU4YHOr 10Jba, Ji KOMIIOHEHTE TYCTHHE CTpyje, a pOj
KOMIIOHEHTE TEH30pa crnenu(uuHe OTMOPHOCTH pO. AKO C€ KOOPJAWHATHU CHUCTEM
MOCTaBH JYXK TJIaBHUX KPUCTAIOTpadCKUX OcCa CHIUIMjyMa, Taja ce, KopHuihemeMm
0COOMHA KpHUCTAlIHE CUMETpHje CUJIMIMjyMa, MOKa3yje Aa je Y OACYCTBY MEXaHHYKOT

Harpe3ama TeH30p CIenuprIHe OTIIOPHOCTH cKanap [65], Tako aa ce u3pas (2.12) tana

CBOJIM Ha!
E P 0 01,
E,|=|0 p, 01]J,]. (2.13)
Es 0 0 pof[Js

MexaHUYKUM Hamnpe3ameM KpPUCTAHE CTPYKTYpe MEHa Ce BpPEAHOCT creuuduyHe

OTHOPHOCTH, Ta ce u3pa3 (2.12) moxe Hanucatu y cieachem o0uKy:
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E, Po+Apy Ap, Aps, J
E,|=| Apy, Po+Ap,, Apys ||| (2.14)
= Aps, APy, Pot+Aps ]| | Js

HpI/I MaJlUM MEXaHWYKHMM HaIlpE3ambKuMa, 3aBUCHOCT IIPOMEHE TCH30pa CHCI_[I/I(l)I/I‘{He

OTHOPHOCTH OJ1 TEH30pa MEXaHMUYKOT Hanpe3ama oy je JTuHeapHa [65]:

Ap; :zpijkl Oy - (2.15)
ol

OBne je Pju TeHsop derBpror pena, KOju €€ MOMKE M3PasUTU IPEKO cHenu(pUYHE
OTIIOPHOCTH y OJICYCTBY MEXaHWUYKOI Hampe3ama W TeH30pa KoeuIlMjeHaTa

IMAE300THOPHOCTH 7Zjjkl KAO Pijkl = po'ﬂ'ijkl-
OMOB 3aKOH ce cala MOXKC HAIlUCATH Y cneﬂeheM O6J‘II/IKy2

1L i=]
Ei:Po'z 5ij+z77ijk|"7kl Jy, 6= . e (2.16)

; K] 0, 1#]
Tensop xoeduuujeHaTa MUE300THOPHOCTH Tjk j€ TEH30p YETBPTOT PEa, a CBAKH O
ETOBUX HMHJIEKCAa MMa (U3MYKO 3Hauewe. [IpBU MHIEKC ce OJHOCHM Ha KOMIIOHEHTY
€JIEKTPUYHOT T110Jha, JPYTHM HA KOMIIOHEHTY TYCTHHE CTpyje, a IOCleama JBa Ha
KOMITOHEHTE MEXaHWYKOT Halrpe3ama. TeH30pu YeTBPTOTr pefa KOJ CHIHIIjyMa uMajy

HajBUILIEe 36 HE3aBUCHUX KOMIIOHEHTH U Moryhe je yMecTo TeH30pCKe HOTaIlfje YBECTH

MaTpu4Hy HOTanujy [65]:

Tenzopcka HOTaIMja 11 22 33 23,32 31,13 12,21
MarpuyHa HOTalMja 1 2 3 4 5 6

Besa usmely npomene cneun¢uyuHe OTIOPHOCTH M MEXAHUYKOI Halpes3ama cajga ce

MO’K€ IPUKA3aTH JeTHAYMHOM Yy MaTPUUHO] GOpMHU:

Apy Ty Ty Ty Ty Ths The | | O
Ap, o Tap Tz Tpy 75 7| | O2
1 Ap; _| ™13 73 Taz Taa Tlgs Mge | | O3 2.17)
Po | AL, Moy Moy Moy Tay Tas Tag| | 04| .
Aps s 7o Tlzs M5 Mss Tlsg | | O
(AP | | M6 a5 Tas Tug Tse Mes| |06
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IpY Y€MY BaXKH:

T * O (ije1=12..6;kl<u=1,23)
Ty O

= . : 2.18
2wy oy (I & A=12..6kl < 11=4,56) (2.18)

AKO ce KOOpAMHATHU CHCTeM H3al0epe Tako Ja My c€ Oce MOKJamajy ca TJIaBHUM
Kpuctajgorpad)CKuM ocama CUJIUIMjymMa, T1ocTojahe camMo Tpu KoeduIMjeHTa
MUE300TIIOPHOCTH pa3inyuTa OJf Hyjle, Tako Jaa he wMarpuma KoeduiyjeHaTa

IME300TIOPHOCTH Y OBOM KOOPJAWHATHOM CHCTEMY UMaTh 00JuK [65]:

(2.19)

RS

N

RS

N

RS

=

o
o o o o
O O o o o

0 0 0 0 0 x

Enementu oBe MaTpune HaBI/IBajy CC TJIaBHH KOC(I)I/II_II/IjeHTI/I MMUC300TIIOPHOCTH, a

BUXOBO (PU3UUYKO 3HAUCH:E je cleehe:

® 1 = JIOHTUTYJUHAIHU KOE(UIM]EHT MHE300TIOPHOCTH, NePHUHHUIIE MPOMEHY
OTIIOPHOCTH Y CIIy4ajy KaJa ce MpaBall eJIeKTPUYHOT 10Jba MOKJIANa ca MpaBleM

MCXAaHUYKOT HaIlpE3ama,

® mp = TPAaHCBEp3aJHU KOE(DUILHUJEHT MHUE300TIOPHOCTH, ACPHUHHILIE MPOMEHY
OTIOPHOCTH Yy CJydYajy KaJa Cy MNpaBLU EJIEKTPHYHOT T0Jba M MEXaHHUYKOT

Harpe3ama OPTOTOHAIHU,

® 4 = KOCPUIMJEHT CMUIIAKka, JeQUHHUIIEC IPOMEHY OTIOPHOCTH KaJa je IpaBall

CMI/I‘{thF MCXAaHHUYKOI" HAIIPE3abha yIIpaBaH Ha IIpaBall CJICKTPUYHOT I10Jba.

Bpennoctn rTnaBHMX KoeduIMjeHaTa THE300TIOPHOCTH MOHOKPUCTAITHOT

CWIMLIMjyMa, Ha COOHO] TeMIepaTypu U TpHU KOHLEHTpalMju IpHUMeca 10" cm®,

oapenuno je Yapinc Cmut [61]. One cy nate y Tabemu 2.1.

Tabeaa 2.1

Bpennoctr rimaBHUX KoeduIrjeHaTa MIe300TIIOPHOCTH 3a P U N THIT CHITUITHN]yMa

KOe(ULHMjEHTH TME300THOPHOCTH 71 [107 Pa] 7> [107 Pa] 714 [107 Pa]
CHITHLIMjYM P THIIA 6.6 -1.1 138.1
CHIIMLIMjYM N TUTA -102.2 53.4 -13.6
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N3 momaraka matux y Tabemu 2.1 mMoxke ce 3aKJby4UTH Aa KOJA CHJIMIMjyMa P THIIA
KOS(UIMjEHT THE300TIOPHOCTH 744 MMa 3a JIBa pefa BelIWduHE Behy BpPEIHOCT y
OJIHOCY Ha OcCTajia J[Ba, JIOK je KOJ CHIIMIKjyMa N TUIIa Ta pa3juKa Mama. 300r Tora ce
KOJI CHJIMIIMjYMCKHX IMHE300TIHOPHUX CEH30pa MPUTHCKA MHE300TIOPHUIM Hajuelnihe
u3palyjy ox cwimnujyma P Tuma. Y ONINTEM CIyd4ajy, BPEAHOCT KoedHIMjeHaTa

IMUE300TIIOPHOCTH C€ MOKE NPCACTABUTH U3PA30M
z(N,T) =z (300K)-P(N,T), (2.20)

rae je 7 (300K) BpenHocT koedwuipjeHTa MHE300TIHOPHOCTH HAa COOHO] TEeMIlepaTypH
MIpU KOHIICHTPAILUjH TIPUMEca Off 10%em® aP (N,T) je muezootnopau (GakTop KoOju
IpeCTaB/ba 3aBUCHOCT KOE(UIMjeHTa TME300TIIOPHOCTH O] KOHLIEHTpAIHje IpuMeca 1
temneparype. IluezooTnmopHoct omana ca moBehameM KOHIGHTpaluje MpuMeca M
TEMIIepaType, a TEMIEPaTypPCKH KOSQHIIMjEeHT MUE300TIOPHOCTH Olajia ca moBehamem

KOHIIEHTpalije nmpumeca [65].

Bpennoctu xoeduiujeHara nue300THOPHOCTH Y MOHOKPHCTATIHOM CHIIULUJYMY
3aBHCE O]l KpHCTalIOrpaCKUX TMpaBana. 3aTo je TPWIMKOM IPOjeKTOBama
NUE300TIIOPHOT  CEH30pa  IMOTPEOHO  OpHUjeHTHUCATH  THE300TIIOPHUKE Yy
KpuctanorpadckoM MpaBily y KojeM cy Koe(HIIMjeHTH MHe300TIOPHOCTH HajBehwu.
I'maBHM KOe(UIMjEeHTH NHE300TIIOPHOCTH Cy JAe)UHUCAHHM Yy OJHOCY Ha TJIaBHE
KpHcTanorpadcke oce CHIMIUjyMa. Y ciiy4ajy MpOU3BOJBHOT KOOPJMHATHOT CHCTEMAa,
yyje oce 3akiamajy ojpeheHe yrioBe ca KOOPAMHATHUM CHCTEMOM TJIABHUX
KpUCTAIOTPAaPCKUX 0Ca, BPEIHOCTH KOeHIIMjeHaTa MUE300TIIOPHOCTH CE H3paXkaBajy

y hyHKUUju TpaHcopMamoHux yriosa [65].

Benuka mue300TIIOPHOCT U JOOpe MEeXaHWYKe OCOOWHE YHMHE MOHOKPHCTATHU
CHIIMIIMjYM BeOMa TIOTOAHMM MAaTepHjajioM 3a H3pady MEXaHWYKHX CEH30pa.
[Tne300TIOpHN CEH30pH TPUTHCKA u3paljyjy ce Tako MmMTO Cc€ Ha IUIOYHIH O]
MOHOKpPUCTAJIHOT cuiIuIujyma ¢opMmHupa TaHKa JaujadparMa Ha KOjoj ce Hajase
MUE300TIIOPHUITM HacTau audy3ujoM mpumeca. THX MUE300TIIOPHUKA Hajuenhe uma
yeTupH, mro oMmoryhyje dbopmupame BurcronoBor mocta. [lomoxaj mue300TmopHUKa
Ha nujadparMu Oupa ce Tako Ja je MpU MopacTy MPUTHCKA MPOMEHa OTIIOPHOCTHU JBa
NHE300TIIOPHUKA YBEK CYNPOTHOT 3HAaKa OJ IPOMEHE OTIOPHOCTU Jpyra JBa.

PenarnBHa mpoMeHa OTHOPHOCTH MHE300TIIOPHUKA je (YHKIHja JIOHTUTYAHHATHOT U
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TPaHCBEP3AJHOI MEXaHWYKOT Halpe3ama Y OJHOCY Ha IMpaBal] CTPYjeé U EIEKTPUIHOT
nosba. OTHOpPHUIIM Ce MOTY OpHjEHTHUCATH TaKO Ja Ha MHX JeNyje MEXaHHYKO
Harpe3ame y MpaBily TOKa cTpyje (JIOHTMTYJMHAIHO MEXaHHYKO HAlpe3ame) WIK MO
NpaBUM YIJIOM Yy OJHOCY Ha ImpaBall Toka cTpyje (TpaHCBEp3aJHO MEXaHHYKO
Hanpes3awme). TpaHcpopmanmjom  kKoeduuujeHaTa  NHE300THOPHOCTH  CE€  3a
JOHTUTYAWHAIHU U TPAHCBEP3AIHU KOC(UIMjEHT MHE300TIHOPHOCTH y MPOU3BOJEHOM

KOOPJMHATHOM cUcTeMy o0ujajy cienechu nzpasu [65]:
T, = 771‘1 = 7711_2'(7711_7712 _7744)'(|12 m12 + m12 'n12 + n12 '|12)’ (2.21)
T =My, =7y, +(7Z'11_7712 _7744)' ( 1715 +mf-m] +n; - nzz) (2.22)

OBzae je ca ni O3HAU€H JIOHTUTYJIMHAIHU, a Cca 77 TPAHCBEP3AJIHU KOCPHUIIMJEHT
IHE300TIOPHOCTH, JOK ¢y ca li, M u N1 o3HayeHu kocuHycu yrioBa m3mely oca

I/I32l6paH01" KOOpAUWHATHOI' CUCTCMaA U KpI/ICTaJIOI‘pa(I)CKI/IX ocCa CI/IHI/IL[I/IjYMa.

AKO ce IpeTrnocTaBy Ja je Hampesame MUEe300TIOPHUKAa KOHCTAHTHO U Ja Cy
KOe(UIMjeHTH MUE300TIOPHOCTH KOHCTaHTHH, U3 (2.11), (2.12), (2.15), (2.18) u (2.19)
ce no0uja MPHUOIIKHU U3pa3 3a PelIaATUBHY MPOMEHY OTIOPHOCTH MHE300TIIOPHUKA P

THrna aepuHUCcaHor y npasiy <110> [65]:

Ap _AR

) = =7, -0+ 07, (2.23)
0

rae cy
1 1
T, = > -(7r44 + 7, +7zll) u = E-(ﬂ'll+ﬂ'12 —7z44).

OBne cy oL M Oy JOHTUTYAWHAIHO, OJHOCHO TPAaHCBEP3AJHO MEXAaHMUYKO HAIPE3arbe.
[omTo je xKOa P THMA CHIMIHMjyMa KO€(UIIHjEHT MUE300TIIOPHOCTU 724 3a JIBa pela

BeNIMYMHE BehM OJ1 711 M 7112, MOXKE ce yBecTH ciiesieha anpokcumanyja:

T T
m o=y o=l
2 2

YHjoM ce 3aMeHOM Y (2.23) mobuja

AR _ 7

= (o, —0o7). (2.24)
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OBaj wW3pa3 BaXH IOJ MPETIOCTAaBKOM Jla j€ MEXaHMYKO Hamlpe3ame y IMHe30-
OTTIIOPHUIIMMA KOHCTAHTHO U J1a je AeOJpbrHA MTME300TIOPHUKA MHOTO Mamkba o1 1e0buHe

nvjadparMe Ha 4ujoj Cy MOBPILIMHU U3paleHu.

2.2.2.7 Cuimumnjymckn  nue3ootnopuu  MEMC ceH30p mnpuTHCKA

UXTM SP-12

Cumnnujymcku nimesoorniopan MEMC cenzopcku enement SP—-12 je HajHoBHjH
y HU3Y CCH30PCKHX YHMIIOBA UCTE HAMEHE, pa3BUjeHHX y LICHTpY 3a MUKPOEIEKTPOHCKE
TexHonoruje MHcTuTyTa 32 Xemujy, TexHonorujy u meramyprujy [4]-[8], [10], [11],
[65], [67], [68]. [IpenBuljen je 3a mMeperme ancOMYTHOT M PEJATHBHOT HPUTHCKA Yy
orcery ox 10° Pa 1o 4107 Pa (1 bar xo 400 bar) [69]. Matepujan ox kojer ce uspabyije
je JBOCTpaHO TOJHMpaHa IUIOYHMIIA MOHOKPHUCTAIHOT CHJIHMIMjyMa N THIIA, MPEYHUKA
76.2 mm (3"), opujentaumje (100) u cneunduune ornmoproctu o1 3 Qcm 10 5 Qcm. Ha
TOpH0j MOBPIIMHU TaKBE CHIIHUIMjYMCKE IUTouuIle (cyrcrpara) ¢popMupaHa cy 4yeTHpH
MME300TIOPHUKA P TUMA TocTynuuMma Qoronutorpaduje u audysuje mpumeca (6op).
Ha mnouniy ce ca wWcTe cTpaHe MOCTYNKOM KaTOIHOT PAacIpIIdBamba HAHOCH CIIO]
MeTanu3anuje (aaTyMHHUjyM), o7 Kojer ce dotomurorpadujom GhopMupajy mpoBOIHE
KOHTYpE, YKJbY4yjyhu u 1moJba 3a OOHIOBame Kulla. [[Me300TIOPHUIN Cy TTOBE3aHU Y
BUTCTOHOB MOCT, @ OCUM HBHUX MOCTOj€ U OTIIOPHUIM (PUKCHUX BPEIHOCTHU, KOJU CITyKe
3a TPUMOBaWmE TOKOM TMpolleca HCIUTHBama. J[0 cajga NMOMEHYTH IOCTYIIH HU3paje
NpUIaaajy KIacUYHO] MHUKPOEIEKTPOHCKO] (TJIaHapHOj) TEXHOJOTHjH. 3a u3pazy
nrjadgparmMe CeH30pPCKOT €JeMEHTa KOPUCTH C€ TOCTYyMaK aHW30TPOIMHOT XEMH]jCKOT
BJIOKHOT Harpu3ama CHIUIHMjyMa, KOjU TpHUMaga 3alpeMHUHCKOM MHKPOMAIIUHCTBY.
TuM TOCTYNIKOM ce ca JIOkhE CTpaHe CHIHMIMjYMCKE Iuiouuie (opmMupa yayosbeme
KeJbeHOT O00NuKa, Kako Ou nujadparmMa mmana JeOJBHHY KOja OJroBapa OICETy
NPUTHUCKA 32 KOjU j€ CEH30PCKH €JIeMEHT HaMemeH. Koa CeH30pCKOr eJeMeHTa TuIa
SP-12 nmujadparma je xBajgpatHor obnuka, qumensuja 1.08 mm x 1.08 mm, a neGspuHa
joj Moxe Outu y pacroHy on 32 um go 160 pm, mTo 3aBUCHM Of JEKIapUCaHOT
HOMUHAJIHOT TPHUTHCKA. /[Ba MME300THOpPHUKA Cy MapaJieHa, a Apyra JBa MoJ MpaBUM
YTJIOM y OJTHOCY Ha oaroBapajyhy uBuiry aujadparme. lbuxoB monoxaj je onTHMU30BaH
3a CBaKy KopumiheHy AeOpMHY aujadparme, Kako OM ce KOJ CEeH30pa MOCTHIJIA IITO

J'II/IHCapHI/Ija 3aBHCHOCT HM3JIA3HOI' CUT'HaJIa O IIPUTHCKA. I[I/IMeH?»I/Ije qulla CEH30PCKOT
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eremMenta cy 2mmx2mmx0.38mm. Ha Coumu 2.3 je TmpukasaH WH3IIIen
doromuTorpad)CKUX MacKé 3a HM3paJy CEH30PCKOI €JIeMEHTa, ca O3HAYCHHM
HAjBXHUJUM JCIOBUMA HA IHETOBOj TOPHK0j NOBPIIMHH. [lHMe300THOpHUIIM U

nrjadparma cenzopekor enementa SP—12 rakohe ce mory Bunetu Ha Crunm 2.4a.

ﬁ IHTH-CHMITRM SF-12 1.9 @

== J
OTMOPHUK 3a = |
TpUMOBaH-e = (o™ i } vBMLa

L] Avjadhparve

) %%‘ —
EneKkTpU4HN — g T nueso-
u3Boga 3a 3 OTNOPHMLN

boHaoBae =

Cauka 2.3 WMsrmexg dortomurorpad)ckuMXx MacKd 3a HM3pamy CEH30pPCKOT eJIeMeHTa, ca

O3HaYEHUM HajBYKHU]UM JIEJIOBUMA Ha F-ETOBO] MTOBPITHHH

[Tocne m3pazge yumna, OH ce MOCTYIKOM aHOJHOT OOH/IOBama Craja ca CTaKICHOM
noioroM. Taj cmoj Mopa OuTh HemporycTaH 3a ¢iyuae KOoju Jojiaze y JOAup ca
CEH30pPOM. 3a CEH30p PENaTHBHOT MPUTHCKA KOPHCTHU C€ CTAKIIEHA TIOJJIOra ca OTBOPOM
koju omoryhyje noeoheme dayuna mon pedhepeHTHUM NPUTUCKOM (THIIMYHO Baszayxa
noJ; arMOC(EepCKUM TPHUTHCKOM) 10 JOHe TMOBpHIMHE aujagparme. 3a CEH30P
aTICOIyTHOT TIPUTHUCKA KOPUCTH ce Tojsiora 0e3 OTBOpa, a aHOJHO OOHJOBAaME YHIIA H
MOJIJIOTe Ce BPILK y BaKyyMy KOjHu TpajHO ocTaje u3Mely nome crpaHe aujagparme u
nojytore. LlennHa Kojy unHe YMI ¥ MOJJIOTa Ha3UBa C€ CEH30pCKUM eneMeHToM. OH ce
NOCTaBJba HA METANHO MojaHoXkje Tuna TO-5 ca enexktpuyHuM u3Bonuma. Enexkrtpuune
Be3e m3Mel)y CEH30pCKOr eleMeHTa M HM3BOJla Ha TMOTHOX]Y OCTBAapyjy C€ TaHKUM

3naTHUM xuiiama. CKIIOM KOjU je HAacTao Ha Taj HauMH NpukasaH je Ha Cnunu 2.46.

3ajeHO ca TOJHOXjEM, CEH30pCKU elIeMEeHT ce yrpahyje y MeXaHHYKO—
XUJIPAYJUYKH CKJION, KOjM CE€ Ha3WBa CEH30pCKMM TeloM. Taj ckiom omoryhyje
noBoheme mpuTHCKAa a0 aujadparMe CEH30PCKOT E€JIEMEHTa, Y3 OCTBapHUBAE
onrosapajyhux pagHux napamerapa. L{enuHa koja ce cacToju O CEH30PCKOT elIeMeHTa

" CCH3O0PCKOTI" TCJIa Ha3WUBa CC CCH30pOM IIPUTHUCKA.
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Cauka 2.4 Cenzopcku enemeHT SP-12: a)meta’b 4Yuma CEH30PCKOT e€JEMEHTa ca

BUJJPMBUM THE300TIIOPHUIMMA W aAmjapparMoMm (CBeTIHjH  KBaJpar),

0) CeH30pCKH eneMeHT Ha MeTaaHoM TO-5 moaHoXKjy

dororpaduja MHIYCTPUJCKOT CEH30pa TPUTUCKA 3aCHOBAHOT HAa CEH30PCKOM

enementy Tuna SP—12 nara je na Cnunu 2.5a, a IpuKa3 BHEroBe YHYTPaIlkhe CTPYKTYpe

"a Ciunu 2.56.

=

/l_:;_

N\

7
41 LB
ie

\“‘\"q

6)

Cimka 2.5 WHIyCTPHjCKH CEH30p pENATHBHOT TMPHTHUCKA, 3aCHOBAH HAa CEH30PCKOM
enementy tuna SP-12: a) pororpadmuja, 0) y3aykHH MpPeceK CEH3opa ca
NpPUKA3aHUM TJIaBHUM €JIEMEHTHMa 1) MPOIECHH TNPHK/by4aK, 2) METaTHO
CCH30pPCKO Teno, 3) yla3HW KaHau, 4)cemapandoHa MeMOpaHa, S) KaHa
CCH30PCKOT eJIeMeHTa, 6) y/bHa HCIyHa, 7) CEH30pCKH eleMeHT, 8) TedioHcKa

Karnuia, 9) enexTpuuHu u3BoaH, 10) npukibydak pedepeHTHOT MPUTUCKA

31



Cepxa cemapannoHe MeMOpaHe W yJbHE UCIyHe (03Hake 4 M 6 Ha WCTOj CIUIM) je na
CBOJUM TIPUCYCTBOM CITpeY€e IUPEKTAH OJMP CEH30PCKOT eleMeHTa ca (QIyHaoM Yuju
ce MPUTHUCAK MEPHU, a KOJU MOXKE OMTH XEMHUJCKU arpecuBaH, eIEKTPUYHO IPOBOJIAH MU
npJbaB. [locToje mpumMeHe y KojuMa ce TakaB JOAMP MOXKE JO3BOJHTH, alld TO HHjE
MOKEJbHO Yy MHIYCTPHUjCKUM mocTpojewuMa. [lomro je cemapannona memOpaHa BpIio
MaJile KpPYTOCTH, a yJb¢ HECTHUIIJBUBO, pa3jinka u3Mel)y BpeIHOCTH TpUTHCKA Ha
HPOLIECHOM MPUKJbYUKY CEH30pa U OHE Ha rOpH-0j MOBPIIUHM AujadparmMe ceH30pCKOr

€JIEMEHTA je 3aHeMapJbHBA.

Kanma mocroju pa3nuka nputucaka Quiynaa ca ropme U I10Hke cTpaHe aujadparme
CEH30PCKOI' €JIEMEHTA, Y H0j HAcTaje MEXaHWYKO Halpe3ame W OHa ce yruba. Ako je
BPEIHOCT pasiiuKe MPUTHCAKa Y JO3BOJLCHUM IpaHHIIaMa 3a JIaTU CEH30p, Aedopmariuja
mjadgparme je enactuyHa. [lomokaj MUE300TIOPHUMKA W HHbUXOBA OpHjEHTAIMja Y
OJIHOCY Ha nujadparMy m3zaOpaHu Cy Tako Jla Cy OHM y 30Hama HajBeher Hampesama u
Ja ce yclie MUe300TIopHor edekra (BuaeT 2.2.2.6) OTIIOPHOCT [Ba MHUE300TIOPHHUKA
noBehaBa, JOK ce HMCTOBPEMEHO OTIOPHOCT JApyra ABa MHUE300TIOPHHKA CMamyje.
[Mne300THOpHUIH Cy eNeKTPHYHUM Be3ama MOBe3aHH Y BUTCTOHOB MOCT Tako LITO CY y
napajeTHIM rpaHaMa MOCTa OHH Ca ICTUM 3HAKOM MPOMEHE OTIOPHOCTH ca TIOPacTOM
BPEIHOCTH MpHUTHUCKa. Enexkrpuuna miema censopa SP-12 ca ctpyjHom mnoOyaom

npukasana je Ha Ciunu 2.6.

Vout

Vbr

O€¢—»O0 O¢—» O
+

Cnnka 2.6 EnexTpuuHa ImemMa CHJIMIUjYMCKOT TIHE300TIOPHOT CEH30PCKOT eleMeHTa
SP-12 ca cTtpyjanoM moOymaoM: O3HAYCHU Cy MHE300THOpHUIN Ri—Ry, W3mazHu

HaroH Vo ¥ HaIllOH Ha MO0y IHOM IpUCcTyIy ButcTroHOBOT MOCTa, Vit
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3aBUCHOCT HamoHa Vout Ha M3J1a3y CEH30PCKOT €JIeMEHTa O] OOy HOT HaroHa

Vpr nata je uspazom [30]

Vout =Vbr ’ R1 . R3 — R2 : R4 ' (225)
(R1 + R4) ’ (Rz + Rs)
3aBucHOCT HaroHa Voyr 011 jaunHe mobyaHe crpyje lo mata je uspasom [30]
= Ri-R;—R;-R, (2.26)

0 R +R,+R,+R,

AKO ce MpeTNocTaBu Ja CBH OTHOPHUIIM MUMajy jeIHaKy BpemHocT, R1=R,=R3=R,=R, u
Jla HA CEH30p HE Jenyje MepeHa BeiauumHa (mputucak), ButctoHOoB Moct he Outn
ujeaqHo ypaBHOTeXeH, ma he, mpema (2.26), Baxutu Vou = 0. CMepom cTpenuiia Ha
HIeMaTCKUM cuMOonuMa oTnopHuka Ha Cnunu 2.6 03Ha4YeH je MpHUpamiTaj OTIOPHOCTH
NMEe300TIIOpPHUKA IpH moBehawy BpeaHocTH npuTHcka (otmopHoctd R; m Rz ce

noBehaBajy, a Ry u R4 ce cmamyjy). AKo Ha CEH30p Jieyje mpuTrucak P i ako Baxu
R(P)=R;(P)=R+AR(P) u R,(P) =R,(P)=R—-AR(P), (2.27)
uspasu (2.25) u (2.26) he ce cBectu Ha

AR
Vout(P’Vbr) :Vbr : R 2t Vout(P' IO) = I0 -AR. (228)
OceT/bMBOCT NMHE300TIHOPHOI CEeH30pa NMPHTHCKA €A HANOHCKOM IMOOYI0M
,I[e(bI/IHI/H_He C€ KAa0 KOJIMYHUK HpI/IpaHJTaja H3JIa3HOI' HAIIOHA U IIPOMCHEC IIPUTHCKA KOja

je Taj mpupamTaj u3a3Baia, nojesbeH BpeaHomhy Hanona mooyae Vyr [67]:

AV,, 1 1 AR

S, = ===,
" AP V,, R AP

(2.29)
Ocetr/bUBOCT MAEC300TIIOPHOI CCH30pa MNMPUTHCKaA cCa CprjHOM l'lOﬁy[[OM
Ile(pI/IHI/I]J_IC C€ Ka0 KOJIMYHUK anpamTaja H3JIa3HOT HaIllOHa U INPOMCHC MPUTHCKA KOja

je Taj mpupalTaj u3asBaia, moje/beH BpeaHouihy jaunune ctpyje modyme lo [67]:

== (2.30)

3ameHoM u3pasa (2.24), koju Baxku 3a MHE300TIIOPHUKE O] CHIIMIMjyMa P THUIIa,

y m3paze (2.29) u (2.30), nobwuja ce:
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T
Sv =7 Z‘P-( L=01), (2.31)
T
S, =R Z'Z‘P-(GL—GT) (2.32)

Temneparypckn Koe@UIHjeHT OCeT/bHBOCTH IIHE300TIOPHOI CEH30pa

npuTHCKA ca HanmoHckoM modyaom (TCSy) nobuja ce u3 u3pasa (2.31) [67]:

TCS, :Si.ﬁsv oS, _o -0y dny,

’ . + Ta4 . 0”(O-L _O-T) ’ (233)
y OT T 2-AP JT  2-AP oT
TCS, =L a;f" P il i) I (2.34)
Tyy G, —Oq orT

AKO ce 3aHeMapH 3aBUCHOCT MEXaHUUKOI' Harpe3arma O]l TeMIepaType, Ipyru cabupak
u3pasa (2.34) mocraje jeHaK HyJIH, TIa C€ [1e0 U3pa3 CBOJIU HA

TCS, =TCrx,,,

(2.35)

rne je TCmas TeMIepaTypcku KoeQHInjeHT KOe(UIHjeHTa MHE300THOPHOCTH 7T44.

Temneparypckn Koe@UIHjeHT O0CeT/bHBOCTH IHE300TIOPHOI CEH30pa
npUTHCKA ca cTpyjHom modyaom (TCS)) mobuja ce u3 uspasa (2.32) [67]:

TCS, _1 05 ’ 0S, o, -0 R.8n44+n44.8_R LR Mas 0(o,—o7) |
S, or o 2-AP oT or 2-AP or

Tcs, =L O (LR, 1 OO o) (2.36)
n, O R oI (o, -oy) oT

AKo ce 3aHEMapH 3aBHCHOCT MEXaHWYKOT Hallpe3ama OJ TeMIiepatrype, Tpehn cabupax
HOCJICA-ET U3pasa MOoCTaje jeJJHaK HyJIH, 11a ce 1[0 U3pa3 CBOJIU Ha

TCS, =TCr,, + TCR,

(2.37)
rae je TCR temnepaTypcku KOEQHUIMjEHT OTIOPHOCTH.
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2.3 PEAJIMBAIIMIA MEMC CEH30PCKHUX CTPYKTYPA HA

OJEKCUBUJIHUM CYIICTPATUMA

2.3.1 YBoa

MEMC ceH3opcke CTpyKType wu3palleHe Ha KOHBEHIMOHAIHUM KPYTHM
cyncrpatiMa (MOHOKpUCTaHHA cruiujyM, SOl u ap.), ka0 MmMTO je HIp. CEH30PCKU
enemMeHT 3a Mepewe nputrcka MXTM SP—12 omucan y 2.2.2.7, y TEXHOJOUIKOM
CMHCIy Cy JIyro Mo3Hare U JAeTajbHO ucTpaxkeHe. OHe ce JaHac MPOU3BOJAE Y BEIUKUM
cepujama, TMa ce cMmarpa Jia je JOCTUTHyTa ¢aza TEXHOJOIIKE 3penocTd. MehyTtum,
KPYTH CYIICTpaTd MOry OMTH 3HayajHO OrpaHuYeme 3a Heke mnocrojehe u Oyayhe
npuMeHe. JeqHa rpyna TakBUX NMPUMEHa Cy OMOMETUIIMHCKU CEH30pU U MHCTPYMEHTH
KOjU C€ KOPUCTE KAa0 MMIUIAHTH WJIM MPUYBPIINEHHU HA MOBPIIMHY Koxke. [pyra rpymna
Cy ceH3opu Koju Ou Mormu na ce yrpahyjy y onehy wmmm obyhy, xako Ou ce mTo
JeIHOCTaBHH]€ U MAaCOBHH]€ KOPUCTUIIU CBYTIIE T/I€ c€ Jbyau Kpehy, 6opaBe uiam paje.
Tpeha rpyna oOyxBaTta mpuMeHe ceH30pa y pOOOTHIM, T/ Cy OJl BEIUKOI 3Hadaja
npuiarolaBame IpoMEHaMa y OKpyXkemwy, 0e30e/lHa UHTepaklyja ca JbyJuMa U 100pa
MaHUTyJadja mnpeaMeruMa. Ty ¢y MMOceOHO 3HaudajHU (IIEKCHOWIHH TaKTHUITHH
CCH30PH, KOJU Cy YeCTO 3aCHOBaHM Ha mHe300TmopHoM edekty [22]. Takohe je
aKTyeJaH KOHIIENT T3B. MaMETHE KOXe, KOja je CaBUTJhHBA TIOMYT MPHUPOJHE, a CAAPKU
rycty marpuiry MEMC ceH3opa temmeparype, MpUTHCKa, cuile, yop3ama utad. [21]. 3a

U3pajly CBUX TAaKBUX CEH30PCKUX CTPYKTYypa KOpUCTE ce (IIEKCUOMITHH CYTCTpaTH.

OnekcuOUITHM CYTICTpaTH Cy TaHKe W enacTh4yHe (Goiuje Oox ToIuMepa
(TTOTMUMHU T, TIOJMETHIICH, TOJIUTETPadIyOpOCTHIICH, TTOMHIUMETHIKCHIIOKCAH U Jp.).
Ha mwuma ce moroguum QotonutorpagckuM mocTynuuma (opmupajy NpoBOIHE
CTPYKType Ha 0a3u MeTana Wid YIJbeHHKa, a Moryhe je u ¢popmupame (hraekcuOmIHuX
HOJYIPOBONHMYKUX KomroHeHTH [36]. TakBe cTpykType Mory OMTH (IieKCHOUITHE
CJIEKTPUYHE BE3€ 3a ITOBE3MBAKC KOHBEHIIMOHATHHUX EJIEKTPOHCKHX KOMITOHEHTH,
bnexcubunHu ceHszopu, QrekcuOnIHA aKTUBHA €JEKTPOHUKA MM KOMOHWHAIMje CBera
Tora. Y CBaKkOM CIIy4ajy, O KJbyUHOT 3Hayaja je OTIOPHOCT (PIEKCUOMIHUX CYTICTpaTa
U CTpyKTypa m3palleHMX Ha HHMa Ha pa3He BpPCTE MeXaHWYKHX aedopmaruja

(ucte3ame, caBHjambe, TOP3Uja UT/L.).
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[lIto ce Tuye TexHOJIOTH]a M3paje, HemaocTanu (GICKCHOWITHUX CYICTpara Cy
HECTaOWJTHOCT Ha BHCOKHM TeMIlepaTypamMa W HEKOMIIATHOWIHOCT ca MHOTHM
pacTtBapaynma. 300T Tora ce yMecTO CTaHapIHUX MUKPOEIEKTPOHCKUX MOCTYyIaKa Mpu

o0paau (hIeKCHOMITHUX CYTIICTpaTa MOpajy ynoTpeOsbaBaTu aNTepHATHBHY IMOCTYIILIH.

VY npumeHama Kao mTo Cy UMIUIaHTa0WIHH ypehaju wim oHu Koju ¢y yrpalheHu
y ognehy, wmexanwuka aedopmManuja (pIeKCHOMIIHOT cCymncTpata MOXe naa Oyne
JeAHOKpaTHa, anu ce y BehMHHM cllyyajeBa MOHABJbAa BEJIMKU OpOj MyTa, HA MCTH WIH
pa3nuyuT HauuH. 300T TOTa je BaXKHO J1a C€ UCTPAKU YTHUIIQ] MEXaHUYKUX Jedopmaiiija
Ha EJIEKTPUYHE TMapaMeTpe CKJIOMOBAa pEANTN30BAaHMX HAa TaKBUM CYICTpaTHMa.
Pesynratu TakBUX HCTpakuBama, KOjU c€ OAHOCE Ha (piIeKCUOMIHE TpPaH3UCTOPCKE

CTPYKTYpe, 00jaBibeHH Ccy y nuteparypu [70]-[72].

[use ucTpaxuBama y OKBUPY OBE JUCEpTalldje, KOje je CIOPOBEICHO Ha
dakynrery EPFL (Ecole Polytechnique Fédérale de Lausanne, 11IBajuapcka), 6uo je xa
Ce TPOyYd W KBAHTUTATHBHO TIPOIICHU YTHUIA] MeXaHWUYKe Jeopmainuje y BHIY
UCTe3aha Ha MHHHUjaTypHE NpPOBOAHE CTPYKTYpE pealin3oBaHe Ha (HICKCHOMIHOM
CyICTpaTy NPHUMEHOM IoCTymKa jutorpaduje momohy kamyma (Stencil lithography).

Pesynratu nctpaxkuBama cy o0jaB/beHH y pary [36].
2.3.2 MetoaoJoruja

Jlutorpaduja ca xamyrnoMm ce obaBiba Ha cienehu Haumn [73]. Ha moBprmny
CyICTpaTa TOCTaBJ/ha C€ Kalyll, peajJu30BaH y BUAY MeMOpaHe (y OBOM CIy4ajy O
CWIMILIMJYM HUTpPHJA) ca OTBOpUMa KOju JeduHHIIy JUK Oyayhe cTpykType U ca
NOTIOPOM Y BHUJAY 4YBpCcTOr OKBHpa (y OBOM ciy4ajy of cwimigjyma). Tako
NpUIpEeMIbEHa TIeTIHA MTOCTaBJba CE Y KOMOPY €BariopaTopa ca eIeKTPOHCKHM CHOIIOM
(e-beam evaporator), y K0joj ce 3aTUM CTBapa BUCOKH BakyyM. EBamoparop emuryje ka
CYIICTpAaTy CHOII YeCTHUIa MaTepHjaja KOju ce HaHOCH (y OBOM CIy4ajy IMOJICJIOj THTaHa,
a 3aTHM IPEKO Iera ciioj 3mara). OyHKIMja Kadyma je Ja Oj CHOMA YeCTHUIla 3aKJIOHH
JIEJIOBE TIOBPIIMHE CYIICTpaTa Ha Koje He Tpeba na Oyae Hanet matepujai. [lox ycioBom
Ia je 3a3op m3Mehy cyrcrpata W MeMOpaHe Kajyna eIMMHHHCAH, JUK (opMHUpaH
HAHETUM MaTepHjaJioM Ha TIOBPIIUHK CYIICTpaTa OAroBapa OTBOprUMa Ha MeMOpanu. On

napameTapa Ipoleca HaHOILIeHha MaTepHujasia 3aBUCH JebsbuHa cnoja. o 3aBpmieTky
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pana eBaropaTopa, MPUTHUCAK y HEroBOj KOMOPH Ce M3jeaHadaBa ca arMochepckum. Ca

CyIICcTpaTa ce yKJIama KalyIl, YUMe je JTUTOrpad)CKU MOCTyIaK 3aBpIICH.

Wzpahene cy nBe Bpcre cCTpyKTypa, uuje cy ¢ororpaduje mnpukazaHe Ha
Cnumu 2.7, 3ajenno ca Qororpadujama oarosapajyhux kamyna. VcnuTUBaHU JETOBU
CTPYKTypa Cy TaHKE NPOBOJHE JMHHjE Ca W3BEJACHHM KOHTAKTHHM IOBPIIMHAMa 3a
NPUKIBYYEHE MEPHOT CHCTeMa (HyMEpPHUYKHM MOJaly 3HAa4ajHH 3a €KCIIEPUMEHT JIaTH Cy

y TEKCTY UCIOJ CIIHKE).

AmnapaTtypa koja je kopumheHa 3a CrpoBohere eKCIIEpUMEHTa CacTOjH Ce O JIBE
nenuHe. llpBa cimyXu 3a Mepeme eNEeKTPUYHE OTIHOPHOCTH HCIUTHBAHHX CTPYKTypa
(anaym3aTop mapamerapa MoJynpoBoAHHYKKHX KommoHenTH Hewlett—Packard 4156A u
ucnuTHa cranuia (probing station) 3a  ocTBapuBame €ICKTPHUYHHMX Be3a ca
UCIUTUBAHOM CTPYKTypoM). OTIOPHOCT ce€ MEpU YETBOPOXKHYHOM MeToaoM. [Ipyra
IeJMHA CIY)KH 3a HCIUTHBAKbEC MEXAHWYKHX KapaKTEepUCTHKA y30paKa H3JI0KEHUX
ucresamwy (Linkam Scientific Instruments — Tensile Stress Testing System 350, 3ajenHo
ca NEepPCOHAIHUM padyHapoM M oarorapajyhum codTBepoM, y AajbeM TekcTy ST

ypehaj). Pororpaduje KapakTepUCTUUHUX JeTalba MpuKasaHe cy Ha Counu 2.8.

I
H 100 um

Cauka 2.7 a) ¢pororpaduja Kamyna CTpykType tuma A, 6) mukpodoTorpaduja cTpykType
tuna A (10 nm/60 nm Ti/Au, ykynua myxwuna (I, + 1+ I3) usnocu 160, 320
win 480 um, mmpuHa W usHocu 2, 4 wim 6 pm), B) dotorpaduja kamyma
cTpyktype tuma b, r) mukpodotorpaduja crpykrype tuma b (5 nm/40 nm

Ti/Au nyxwuna | usnocu 1 wam 2 mm, muprsa W nzHocu 2, 5 win 10 um)
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ONEKCUBUIAHW UCTIMTUBAHE
CYNCTPAT CTPYKTYPE
(nonuumna) (3NIATO)

Ciuka 2.8 ®dotorpaduje KapaKTepUCTHIHUX J€Ta/ba: &) CHIHIHjYMCKa IUIOYHIA MOCIEe

obaBsbama JUTOrpad)CKOT MOCTYIKA, a TIPe CKUIamka y30paKa 3a UCIIUTHBAbE,
0) ypebhaj 3a ucUTHBaKkE MEXaHWYKMX KapaKTEPHCTHKA y30paKa HM3JI0KEHUX
ucre3amy B) yBehaHH NpHKa3 y30pKa IOCTaB/beHOT y ypehaj, r) mcrurHa
CTaHWIla, 1) MIJIE KOjUMa C€ OCTBapyjy €JEKTPUYHH KOHTaKTH, Ij) aeTasb

HUCIUTHUBAHC CTPYKTYPEC Ca NOCTABJbCHUM UTTIaMa, CHUMJBCH KPO3 MHUKPOCKOIT

2.3.3 ExcnepuMeHTaJIHM pPe3yJaTATH U IUCKYCHja

I/I3BpI_I_IeHC CYy YKYIIHO TpHU CCpI/Ije MCPCHha  CIICKTPUYHE OTHOPHOCTHU

MCIIMTUBAHUX CTPYKTYypa.

1)

2)

3)

MEpeme OTHOPHOCTH TECT-CTPYKType Kajaa je GIeKCHOUIHU CYyTCTpar y
peNakcHUpaHOM CcTamy IMpe NpuMeHe Omio kake nedopmaiudje (Takohe cy
u3MepeHe W (QU3MYKe JUMEH3Mje HCIHUTUBAHUX CTPYKTypa TOMOhy

MHUKpOCKOIIa),

MEpeHhe 3aBUCHOCTH OTIIOPHOCTH TAHKOCJIOJHUX EJCKTPHYHUX IPOBOIHHUKA
n3paheHux Ha (QIEeKCHOMIHOM CymCcTpaTy OJ HCTe3ama & Kala je y30pak

W3JI0KEH UCTE3aby Y jeTHOM MpaBILy,

MEpeme 3aBHCHOCTU CIEIU(PUYHE OTIOPHOCTH TAHKOCIOJHUX EJIEKTPUIHUX
MpOBOJHMKA u3pah)eHMX Ha (QIIEKCHOWIHOM CyIcTpaTy oj Opoja IuKIyca

HCTC3alka U peﬂaKcaque.
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Ha ocHOBY Mepema OTHOPHOCTH U AUMEH3Hja UCIIUTUBAHUX CTPYKTypa O]l 3J1aTa
pe HucTe3ama, U3pauyHaTe Cy IPOCEYHE BPEIHOCTH creuuduyHe OTHOPHOCTH. 3a

CTPYKType THUma A OHa U3HOCH (A= 5.62:10°0Qm, a 3a cTpykrype tuna b
s =5.88-10°Qm. Y nopehemy ca cnenmdpudnom ornopromhy 31ata Koja BakH 3a

MaKpPOCKOIICKE y30pKe, Gay = 2.2-10°% Qm, nobujene Bpeasoctn cy 2.55, ommocHo 2.67
nyta Behe. OBO OJCTyName je HajBEpPOBATHHU]E IMOCIEIUIA CTPYKTYPE TAHKOCIOJHOT

MaTepujaja, Koja y U3BECHO] MEpH 3aBUCH O] KopuIIheHor oCcTynKa JuTorpaduje.

[lws npyre cepuje mMepema OWO je Ja Ce UCTPaKM 3aBHCHOCT OTIIOPHOCTH
UCIIUTUBAHUX CTPYKTypa O]l ucTe3ama ¢. M3abpaH je pexxum paja ,,ucTe3ame 3a 3a1ary
BpeaHocT (kopak)” (,,step movement”) TST ypehaja, y uusby u3ayxuBama y30pKa 3a
3amaTy BpPEOHOCT Kopaka m3Mmel)y nBa y3actomHa Mmepema. lcresame & ce 3amaje
HOCPEHO, CO(TBEPCKUM IOCTAaBJbAEM BPETHOCTH Iapamerpa ,,KOpak IomMepaja’
(»,Step movement”), kojum ce Ae(UHHINE anCONyTHO M3IYXKHBAKE Y30pKa IO3HATE
noyeTHe nykuHe L. Mepeme OTHOPHOCTH ce BPIIU CBAKU IYT KaJla ce y30paK U3AYXKH
nomohy TST ypehaja 3a 3agaty BpeaHocT, Tj. Kaja ce ucTe3amwe ¢ noseha 3a 3amatu
Kopak. Ha Taj HaumH ce n00Mja 3aBUCHOCT OTIIOPHOCTH TAHKOCIOJHOT EJIEKTPHYHOT
NpOBOJHMKA oA HUcTe3ama & Ha Cimnm 2.9 je mpukazaHa eKCepUMEHTANIHO oapeheHa
3aBUCHOCT R(g) 3a cTpykTypy Tuna A (JieBa opAuMHaTa, IPBEHA KpUBa ca KBaJpaTHMa).
HcnuTtuBanu y3opak je y oOJHMKYy Tpake oj MOoJIMMMHIA, AyxuHe 16.9 mm, mmpune
6.6 mm wu peGsbunHe 12 um. VYkymHa [Oy)XMHa TaHKOCIOJHOT MPOBOJHHKA je
=11+ I+ 13=320 um, mupuna 4.4 um, a nedspuHa 60 NM. 3agata BpeJHOCT KOpaka
uctesama je 50 um. Y rpanunama enactudHe aedopMalidje y3opka, J00ujeHa IpoMeHa

OTIIOPHOCTH je Mama 01 6 %.

Mepena otriopHOCT ce noBehaBa ca mopacToM BpeIHOCTH HCTE3ama &, MITO je ’
Oo4YeKkrBaHO MMajyhm y BHAY TeOpHjcKy 3aBHCHOCT Ri(¢) (uMcmpekunmana nuHHja Ha
Cnumm 2.9) koja ce mobmja 3a ciydaj Kajla ce OTIOPHOCT MEHa caMoO yclied TMpOMEHe

mumensuja (1, w, t) ucnutuBane CTpyKType MPUIIMKOM UCTe3amba JAyXK jeiHe oce,

R = I +Al

TR Wt AW) (LAY (2.38)

rae cy Al = el, AW = ey'w = —Vpiex'w, At = &t = —Vpy-e, 't ¥ &x = €, TAKO 12 BaAXKH
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I 1+¢
R(8)=pﬁm, (2.39)

rae je v IloacoHoB koedumnmjeHT Marepujaia cyncrpara. Mehyrtum, 3aBucHocT R(e) y
U3BECHOj MepH oJicTyma o1 Ri(¢) 3aro mro nmpoMeHa OTHOPHOCTH R 3aBUCH M 0J1 HEKHUX
JpyTUX TOCIEIUIa UCTE3amha, Kao MITO je IPOMEHA CTPYKTYype TaHKOT clioja (a TUME H
ErOBE CIECHU(pHYHE OTIIOPHOCTH) Y 3aBUCHOCTU o1 &. [Iporemena 3aBucHoCT p(e) je

npuKazaHa Ha ucToM aujarpamy (Cruka 2.9, npHa JuHHUja ca KPyrOBUMA).

| | 5.84
@ i
| | —e— p /0'/./ 5.80
/.//./ / ,’/ Q
4~ o
= 73 — 578 %
& / /./ - [ =
x =~ 576 E
S 72 7 / e 5.74
2 "/ —— 572 Q
S / / - : 5
A 2
71 // : 570 E
,’/ i @]
A 568 3
s |-
g i )
70 4 5.66
0.0 0.5 1.0 15 2.0 25
£[%]

Cauxa 2.9  3aBHCHOCT OTIOPHOCTH R MCIMTHBaHE CTPYKTYpE OJ PENaTHBHOT HCTE3ama &
(meBa opauHaTa); TEOpHjCKa 3aBUCHOCT, AOOMjeHa NpeTnocTaBibajyhu aa je
MPOMEHA OTIOPHOCTH IOCIEONIa CaMO MPOMEHE IMMEH3Mja OTIOPHHUKA
NPWIMKOM HCTe3ama (JIeBa OpAWHAaTa, MCIpEeKWAaHa JHHUja); crnenrpudHa

OTIIOPHOCT p Y GYHKILHU)U PENAaTUBHOT HCTE3ama & (JIeCHa OpIUHATA)

Mepeme 3aBUCHOCTH crieluduyHe OTIMOPHOCTH HCHUTHBAHUX CTPYKTypa o Opoja
UKIyca ucTe3ama M penakcanuje N u3BpuieHo je Ha cienaehu naumn. M3alpan je
pexuM paga ,,nukiaudHo ucresame” (,,cycling”) TST ypehaja, y nuby HUKIHYHOT
HCTe3ama W penakcanuje y3opka. Mcrezame (Tj. M3MyKHBamke Y30pKa) Y CBAKOM O]
IUKJTyca je KOHCTAaHTHO (33[1aTO TIOCPEJICTBOM Mapamerpa ,,Step movement™) u uzabpano
Tako Ja nedopmanvja y3opka Oynme emactuuHa. bpoj mukiyca N HakoH Kojer ce

LUKJIMYHO MCTE3alkhE 3ayCTaB/ba U BPIIU MEPEHE OTIIOPHOCTH y30pKa y PElIaKCUPaHOM
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cTamy, oapeheH je oHOCOM Tpajarka MUKJIMYHOT UCTe3ama M Tpajara JeTHOT UKITyca
(Tpajame jeqHOT MUKITyca UCTe3ama U pelakcallije 3a/1aje ce COPTBEPCKH MOCPEICTBOM
napameTapa ,,0p3uHa” (,,velocity”) u ,,step movement”). 3a pasnuuute BpeaHOCTH Opoja
uKiyca, goouja ce excnepumenrtanna 3aBucHocT R(N), a Ha ocHoBy we u p(N). Ha
Cmumu 2.10 mpuka3zaHa je eKCIIEpUMEHTAIHO JOOHMjeHa 3aBUCHOCT HOPMAaIH30BaHE
crenuguyHe OTIIOPHOCTH UCIUTUBAHE CTPYKTYpE O 3JlaTa Ha MOJUUMUAY (CTPYKTypa
tuna b, nyxune 980 um, mwmpune 12 um, aeGspune 40 nm), ox Opoja HuKIyca
UCTe3ama W pellakcanuje. 3ajara BpeaHOCT mapamerpa ,,step movement” je 300 um, a
My’KuHa Tpake oj moiuumuaa je 20 mm, Tako ga je mcresame ¢ = 1.5 %. [lapamerap
,velocity” je mocraBiben Ha Bpeanoct 120 um/s, a Tpajame jeHOT MUKIyca U3HOCH 5 S.
[Ipukazana cnenuduyHa OTIOPHOCT j€ HOPMAaIU30BaHAa y OJHOCY Ha TMOYETHY
BPEIHOCT, Tpe MOYeTKA IMKIMYHOT HMCTe3ama. Ha nujarpamy ce BUOU Ja BPEIHOCT
criendudHe OTIIOPHOCTH Hario omnaaa TokoM mpBux 5000 mukiTyca, 3aTUM omajaa BpJio

cropo, a oko 20000 nukiyca usHocu Hemto Buiie o1 90 % moyeTHe BpeTHOCTH.

1.00-1

0.99

0.98 \\

0.97 Ak

0.96 4\
\

0.95 - \

0.94 B

Hopm. cnew. oTnopHOCT, /0o

0.93 T T
0 5000 10000 15000 20000

Bbpoj unknyca, N

Cauka 2.10 3aBHCHOCT HOPMAIIM30BaHE CHEIM(DUIHE OTIOPHOCTH UCIIUTUBAHE CTPYKTYypE
(meosune 40 NM, Ha Tpamu o monMuMmHa nedsbuHe 12 um) ox Gpoja

UKIIyCa UCTC3aha U pCJIaKCB.I_II/IjG

Jla 61 ce mpoBepHO CTPYKTYPHU KBAJUTET UCIUTHUBAHE CTPYKType U Ja Ou ce youmia
Moryha mopdornomika aerpajaanuja npoy3poKoBaHa HCTe3ameM, 00aBJbEHO j€ CHUMAE

Te CTPYKType ckeHupajyhum enextpoHckum mukpockornom (SEM). Ha Crurm 2.11 cy
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npukazann SEM cHuMIUM uWcTOr nmena CTpyKType THIa A TOCIe HEHOT H3JIarama
paznmuuuToM Opojy mMKiIyca ucresama M penakcamuje (0, 2250 u 10025 mukimyca).
3pHacTa CTpyKTypa cjoja 3j1aTa je BUIJbUMBA HAa CBUM CHUMIIMMA, QI HEMa OYMIJIECIHE
OPOMEHE Y TMOBPIIMHCKO] MOp(ONOTrju H3a3BaHe UHUKIMYHUM HcTe3ameM. Hema
BU/IJBMBE IIPOMEHE y BEIWYHMHU 3pHA HHU y pacTojamy u3Mely BHUX, Ka0 HU BHIJBUBHX

MUKPOMETAPCKUX HU HAHOMETAPCKUX MMyKOTHHA.

Cauka 2.11 SEM cHuMiu nena cTpykrype Tuma A: a) mpe ucTesama, 0) mocie 2250
[UKITyca WCTe3ama W penakcanudje u B) mocie 10025 mukimyca ucrTes3ama U

penakcaryje

Moxe ce 3aKkJby4ydTH Ja Cy eJeKTpPUYHU TMapameTpu, Mmopdororuja u
(YHKIMOHATHOCT UCTUTHBAHE CTPYKTYPE OCTAIM OYYBAaHHU Y TOKY H ITOCIIE HCITUTHBAMA
ucresameM. [Ipema Tome, moOMjeHH pe3yJTaTH TMOKa3yjy J1a C€ OBAaKBE CTPYKTYypE,
u3paheHe MOCTYNKOM JMUTOrpaduje ca KaaylnoM, MOTY KOPUCTHTH Yy MpUMEHaMa Koje
NOJpa3yMeBajy pacTerJbUBOCT. 3aBUCHOCT OTIOPHOCTU (IIEKCUOMIIHE CTPYKTYpe OJ
Opoja HHKIIyca HCTE3ama, KOja je OBJIE YCTAaHOBJbEHA W pa3MaTpaHa, MOXKe OUTH

rcKopuiTheHa Kao MPUHIINAI paja HeKoT HoBoT Tuma Mexannukor MEMC cenzopa.
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2.4 MEMC CEH30PU XEMHUJCKHUX U BUOJIOIIIKHUX BEJIUUYNHA

3ACHOBAHU HA AACOPIIIAIN YECTHULA

2.4.1 YBoa

Mexanu3zmu myma U QIIyKTyalyje rnapaMerapa Koje Cy HHUXOBUM JI€jCTBOM
n3a3BaHe ojipelyyjy rpaHuiie MepHHX nepdopMaHCH CBHX CEH30pa, yKJbyuyjyhu u oHe
3acHoBade Ha npumenu MEMC u HEMC crpykrypa. Koa mexanudkux ceHzopa jenaH
0]l TAKBUX MeXaHHM3aMma je aJcopnuuono/aecopniuonu (AJl) npouec koju ce goraha Ha
MOBPIIMHU CEH30PCKOT €JIEMEHTA, a UCIO0JbaBa Ce Y BUAY CTOXACTHUKHUX (IIyKTyaluja
Opoja amcopOOBaHMX YECTHIIA YCJE[ BE3MBama YECTHIIA M3 OKOJHOT Meaujyma (raca
WM TEYHOCTH). YTHuIaj A/l mporiieca mocraje cBe U3paKEHUJHU ca CMAbEHEM IMMEH3H]a
Harpana, a reHepaiHo je cBojctBeH MEMC cTpykTypama umje cy MOBpIIMHE U3JI0KEHE

racoBuMa UJjIH TCYHOCTHMA.

Vruna) A/l myma Ha mepHe nepdopmaHce HEM30ekaH je KOJl XEMHJCKHX H
ouonomkux MEMC u HEMC cen3zopa, urje je GyHKIMOHHCAKHE 3aCHOBAHO YIIPaBO Ha
ancopnuuju. Kox Tux ceH3opa je mnoTrpeOHO pa3marpard yTuuaj QuIyKTyaluja
M3a3BaHUX CTOXACTUYKOM Ipupoaom A/l mpoueca Ha GpyHIaMEHTAIHY TPAHUILY MEPHUX

nephopMaHCH.

Xemujcku u 6nonomkn MEMC u HEMC cen3opu Ha 6a3u ajfcopmiiyje YecTuia
BpILIE JETEKIHjy NPUCYCTBA M MEpEHe KOHIEHTpAalUje pa3IMYUTHX CYICTAaHLH, O]
racoBa y aTMocQepu 10 6MoMoJieKyia, 6e3 IpuMeHe MapKepa, y pealHoM BpeMeHy U Ha
Ouo KoM MecTy. 3a pPa3luKy O]l CKyIle aHaJIMTHYKE OINpeMe 3a JIabopaTOpHjCKy
ynotpeOy, TakBU CEH30pM MOry Outu jepTuHM M MaIUX JUMEH3H]a,
MYJATHU(QYHKIMOHAIHN M IOTOJHH 3a MAacoBHY IpOU3BOAY. 300r Tora cy Beoma
NEePCHEeKTUBHU 32 MPUMEHE Y MEIUIMHU, OUOJIOTHjH, (PapMaKOIOTHUjH, TOKCUKOJIOTH]H,
3alITUTH KUBOTHE cpenHe, 6e30eHOCHUM cucTteMuMa uta. [lomTo Ha HUBOY aToMa U
MOJICKYJIa CBaka CYIICTaHIIAa WMa JEIWHCTBEH CKyn (QU3WYKHUX MW XEMH]CKUX
KapaKTepUCTUKa, TEOPUJCKU je Moryhe peanau3oBaTH JETEKLHU]y U MEpeme
IPOU3BOJBHOT LIUJBHOT CAaCTOjKa y HEKOM Y30pKy [74]. MehyTtum, nmoctoje mpobiemu
KOje Tek Tpeba pemmTy ja Ou 0BO OMJIO OCTBApJbHMBO y MPAKCH, & jeJaH OJ IbHX je

KOHAYHa CEJIEKTUBHOCT KaJia je Y Y30pKY MPUCYTHO BHILIE PAIUYUTHX CYTICTAHIIH.
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Jenna kmaca xemwujckux ceH3opa 3acHoBaHa j¢ Ha MEMC wm HEMC
CTPYKTypaMa CJIIMYHHM OHHMMa KOJ[ CEH30pa 3a MEpeHhe MEXaHWYKHX BeJIHYNHA
(mujadparma, rpenuna, MOCT M CIl.), KO KOjUX MPOMEHY HEKOr mapamerpa (THIUYHO
1oMepaja, CaBHjama, UCTE3amkha WIK PE30HAHTHE YUYECTAHOCTH) MIPOY3POKYje aICOPIIIIHja
yectuna [75]. 3a npeTBapame MepeHe BEJIMYMHE Y SICKTPHYHHI CUTHAI KOJ TUX CEH30pa
Ce KOPHCTE WCTH MEXaHW3MHU (MMME300THOPHU, IHE30CICKTPUYHH, KalaluTUBHH,
ONTUYKK U pe3oHaHTHH) [76], [77]. 300r Tora u ucTpakuBama Koja c€ MPBEHCTBEHO
OJIHOCE Ha MEXAaHWYKE CEH30pe, Kao 1wTo cy nue3ootrnopuu MEMC ceH3opu npuTHcka,

MOTY OMTH 3Ha4yajHa 3a Pa3B0Oj OBE BPCTE XEMHU]JCKUX CEH30pa.

HctpaxuBame koje he oBme OMTH NMpUKAa3aHO IONPHHOC j€ M3ydaBamwy IOjaBa
BaXXHUX 3a ofpehuBame IpaHUYHUX MEepPOPMAHCU XEMHjCKUX U OMOJOIIKHX CEH30pa

3aCHOBaHUX Ha aJCOPIIMjU decThiia. Pe3ynraTu OBOr MCTpakWBama 00jaBJbEHU CY Y

pany [2].

2.4.2 YTHIaj KOMIIETUTHBHE a/ICOPIIUje U MPeHoca Mace Ha

(paryKTyanmje Mace CEH30pCKHX CTPYKTypa

2.4.2.1 Teopuja

Kox ceHzopa Ha TpUHIMITY aJCOpIIHje, CEJICKTHBHA JACTEKIHWja IHUJBHUX
YecTUIla Yy HEKOM Y30pKy 3acCHOBaHAa j€ Ha FHMXOBOM BE3WBamy 3a CHElU(UYHA
aJICOpIIIMOHA MecTa (pelenTope) Ha MOBPIIMHU CEH30PCKOr eJleMEeHTa. Y HJIeaTHOM
ClIydajy, 3a pelentope ce Be3yjy caMo NuWJbHe dectuile. MelhyTum, y peamrHum
CIy4yajeBHMa y Y30pKy MOTY Ja TOCTOje€ JAPYre BPCTE YECTHIIA KOje C€ Cca IHUJHbHUM
yectunama ,,Haamehy” 3a ucre perenrtope, 1ma ce Ha3uBajy KOMIICTUTHBHUM 4YeCTHIIAMA
[78]. Ancopniyja KOMIIETUTHBHUX YECTHUIIA j€ jeaH OOJMK HecTenu(DUIHOT BE3UBakbha
KOje je HEMOoXKeJbHO KOJ CEH30pa, jep c€ KOJ HHX HUCIO0JhbaBa Kao OCETJHUBOCT Ha
napasutHy BenuuuHy [79]-[82]. 3a onmtumm3anujy ceHzopa y CMHCITy MHUHUMAITHOT
JNETeKTaOUITHOT CUTHAJIa, HEOMXOAHO j€ CIIPOBECTH aHanu3y Inyma. Oiykryaiuje 6poja
a7icopOOBaHUX MOJIEKyJa Cy Hen30ekaH HM3BOp IIyMa KOJ CEH30pa 3aCHOBaHMX Ha
aacopnuuju. Kon MEMC u HEMC cen3opa oHe Mory OUTH TOMUHAHTaH U3BODP IIyMa,
a TuMe u (haKTop KOju orpaHmYaBa muxoBe nepdopmance. [Ipema Tome, na 6u ce mTo

00Jbe MPOLCHUJIE IPAaHUYHE BPEAHOCTU JETEKIMje, NOTpedaH je MaTeMaTHYKH MOJEIN
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KOJU y3UMa y OO3HMp CTOXaCTUYKYy MPHUPOAY CBHX Mpolleca 3HA4YajHUX 32 BE3UBAHE
YECTUIIa 3a TMOBPIIMHY CEH30pCKOT elleMeHTa. DiyKTyamnuje Koje HacTajy ycien
CTOXaCTHYKE TPHPOJE aJaCOPIIHOHO-Iecoprionor (AJ]) mpoumeca wyectura wu3
OKOJIHOT MeIMjyMa Ha NOBPIIMHHU CEH30PCKOT €JIeMEeHTa, a Takol)e U OHe ycIie ] mpoueca
npeHoca Mace 4ecTulla, pasMaTpaHe cy y jureparypu [24], [26]. Ananuza yrtunaja
KOMITETUTHUBHE aJICOPIIIHje Ha OJHOC CUTHANI-IIYM ceH3opa omucana je y [83]. VY oBom
UCTPAXUBAKY W3BECH je jeJHOCTaBaH MaTeMaTHYKU MoJieN (IIyKTyaluja ancopOoBaHe
Mace y paBHOTEXKHOM CTamy, y3uMajyhu y o03up yrunaje AJl nmporeca u mpeHoca mace
MJBHUX U KOMICTUTHBHUX dYecTHia. Momen omoryhyje MpoIeHy I[0jeJHHAYHOT |
KOMOWHOBaHOT yTuIllaja oba mporeca. [IpuMeHBUB je KOJ CEeH30pa KOJ KOjuX ce
IpOCTOpHA pactojiena aacopOyjyhux yecTula y peakioHoj KOMOpH y K0jOj c€ Hasla3u
CEH30p MOXeE ampokcumupaTu Mmozaeiaom ase komope (TCM — Two-Compartment
Model). Ta ampokcumarnuja je ompaBiaHa OHJAa Kaga C€ y3 MOBPIIMHY CEH30PCKOT

einemeHTa ¢GopMHpa TaHAaK CJIOj ca TPaJMjEeHTOM KOHIICHTpalldje YeCTHIla Koje ce

ajgcopOyjy (tummmuno kox SPR, QCM u FBAR censopa [26], [84]).

Y 0oBOM WHCTpaXuBamy c€ IMOJpa3yMeBa Jla je CEH30PCKH EJIEeMEHT, 4Hja je
NOBpPIIMHA (QYHKI[MOHAJIM30BaHA HAHOIICKHEM CJl0ja pelenTopa 3a CeJICKTHBHO
BE3MBAakE YECTUIIA, CMEIITCH Y PEaKIIMOHY KOMOPY, IJIe TIOCTOjU JJAMHHAPHO CTpPYjame
y30pKa y BUIY pacTBopa. Pasmarpa ce ciiydaj Be3uBama JIBE pa3jIMuUTe BPCTE YSCTUIIA
(IMJBHUX W KOMITIETUTUBHUX) 3a HCTE perentope. Y peakiuoHoj KoMopu ce jgorabhajy
IBa mpoueca: 1) mpoiec mpeHoca mace, Tj. TpaHCchep HUBHUX U KOMIIETUTUBHHUX
YEeCTHIIA CTpYyjambeM U JU(Y3UjoM J0 U OJf CEH30PCKOT €JIeMEHTa U 2) peBep3UOUIHU
A/l mporiec, Tj. Be3uBame MOMEHYTHUX YECTHIIA M3 PACTBOPA 32 PEIeNTOpEe Ha TIOBPLIMHU
ceH3opckor enementa. OBjie ce mojapazymMeBa jeTHOCTaBaH MOJIe] WHTEPeaKIHje: jeHa
YecTHIla ca jJeAHUM peLEenToOpoM, OJICYCTBO HHTepakuuje wusmelly HMIBHUX U
KOMIICTUTHBHUX YECTHIIA W EKBUBAJICHTHOCT CBUX Np aJICOpPHIMOHMX MecTa Ha

MMOBPHINHU A CCH30PCKOI' CJICMCHTA.

AHanm3a TOYMIE O jeJHauYMHA KOje OIMHUCY]y BPEMEHCKY 3aBHCHOCT Opoja

azicopOOBaHUX MUJBHUX yecTula, N1, 1 KOMIeTUTUBHUX decTuia, Nc:
dN; /dt =K Cor ())(Ny, =Ny —N¢) =k Ny,

dN, /dt =k Cec ()(N,, — N — N ) —k o N¢. (2.40)
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OBne cy ki m K- xoHcTanTe Op3uWHE acouujalyje W IUCOIMjaldje, PECHEKTHBHO.
Wunexcu ,,1” u ,,C” omHOCE ce HA IUbHE W KOMIETHUTHUBHE YECTHUIIE, PECIIEKTUBHO.
KonreHTpanyje decturia y HENocpenHoj OJIM3MHU MOBPIUIMHE CEH30PCKOT €JICMEHTA,
(Cst(t)=(KmtACT+KNT)/ (KnTA+ker(Nm—NTt—N¢c)) w1 Csc(t)=(kmcACct+kcNe)/(KmcA+
kic(Nm—Nt—N¢)), kn je xoedummjent nperoca mace), oapeheHe cy mpumeHoM Mojena
nse komope [26]. Ct u Cc cy KOHIIEHTpaIje YSCTUIA Y PaCTBOPY. AKO Ce IPETIOCTaBU
na cy daykryamnuje O6poja amcopboBanux dectuia ooe Bpcre (ANt, ANc) mane oko
onrosapajyhux paBHoTexxHUX BpeOHOCTH (NTe=NmKirCr/kir/D, Nce=NmkicCcl/kic/D,
D=1+kirCr/kt +kicCclkrc), Bpiu ce nuneapusanuja jeanaurnna (2.40). [Tocne nonaBama
JlamxeBeHoBe ¢yHkuuje uzBopa (& ogHocHo &) ca JecHe CTpaHe CBake O] X, OHE

MoCTajy jeHaunHe 3a Quiykryanuje y JIaHeBeHOBOM O0JIHKY:
dAN; /dt =—AN; /1, —AN. /1, +&;,

dAN, /dt =—AN, /t,,— AN, /t,, +,. (2.41)

&1 u & cy Mel)ycoOHO CTaTUCTUYKY HE3aBHCHE, a FbUXOB j€ CIEKTap cHare yHu(pOpMaH
U jeaHaK 512:4krTNTe, OJIHOCHO 522:4erNCe. [Tomro je ykymnHa aacopOoBaHa Maca
Ma(t)=M1N7(t)+McNc(t), tne cy Mt u Mc MonekynapHe Mace HHMJBHUX, OJHOCHO
KOMIETUTHBHUX YECTHIIA, CIEKTpalTHa TyCTHHA CPEAme KBaJpaTHE BPEAHOCTH

dykryaruja arcopOoBaHe Mace je J1ata Kao

Amg (@) = M7 AN7 (@) + MZ ANG (@) + My M (AN (jo) AN (= jo) + AN (jo)AN: (- o)) .(2.42)

U3 jemnaumna (2.41) wu (2.42) nobuja ce cmektap cHare (ayKTyaiuja

ayzcopboBaHe Mace y O0JIHKY:

S2, r (©) = Am2 (o) = K1+ 072, |1+ 02 J1+ w22 )], (2.43)

rae cy K u -7 GyHKIMje KOHCTaHTH Op3uHE acolujaluje U Jucolrjairje ooe BpcTe
aJicopOOBaHUX  4YECTUIA, HUXOBUX KOHICHTpalMja, MOJEKYJICKHX Maca W
KoeduIlMjeHaTa MpeHoca Mace, Kao M TMOBPIIMHCKE TyCTHHE perentopa, Nm=Nm/A.
W3Benenn wogen omoryhyje UCIUTHBAaWkE 3aBUCHOCTH CIEKTpa  (IyKTyaruja

aI[COp6OBaHC Mace o CBAKOTI' O THUX ITapaMeTapa.
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2.4.2.2 PesyaraTu

Ha ocnoBy no0mjeHux wu3pasa, W3BpIIEHA Cy H3pauyHaBama Kopuirhemem
BPEIHOCTH TapameTapa Koje OJroBapajy peaTHHM EKCIIEPHUMEHTAHUM YCJIOBHMA KOJ
CceH30pa OHOJIOMIKMX BenuumMHa: Ker = 8-10’ 1/(Ms), kr=0.081/s, kmr= 8-107° mis,
Mr=5000 Da, kic=8-10°1/(Ms), kc=0.081/s, knc=2-10"m/s, Mc= 30000 Da,
Cc=110°M, np=1-10"Mm (1 M=1000mol/m®, 1Da=1.66-10%kg). Ha
Cnvnum 2.12a je mpukaszaH AMjarpaM 3aBUCHOCTH CIIEKTpa (QIIyKTyalja aacopOoBaHe
mace (Scamr(f), f= @/(21)) ox xoHUEHTpalHje MHUBHUX YECTHIlA, TAC CE y3UMajy Yy
003Mp KOMIETUTHBHA QJCOpIIIMja W Tpoluec TmpeHoca wmace. llpu HIWKUM
koHeHTpanjama Cr cmektap uma JlopeHIoB OONMK, Kao IITO je ciay4yaj Kaja ce
ancopOyjy camo mwsbHe uectuue. Ilpum Bummm Bpeanoctuma Cr youaBajy ce jaBe
KapaKTepUCTUYHE YYECTaHOCTH, LITO MOKa3yje mpucyctBo AJl mporeca KOMIIETUTHBHE
BpcTe dectuia. Cnuka 2.120 mpukasyje OJHOC CIIEKTpa Kaja ce pa3MaTpajy camo
aJICOpIIIMja U MPEHOC Mace IMJBHUX YECTUIAa U CIIEKTpa JOOHMjCHOT 3aHEeMapUBaHEM
npeHoca mace IMJbHUX decturia W komnerutuBHe azcopruuje, Swr(f)/S(f). Osnaj
JjarpaM CIyKH 3a aHaJU3y I0jeIMHAYHOT yTHIaja poIleca MPEeHoca Mace Ha CIeKTap
dnykryanuja ancopooBane mace. Ha Crmmwm 2.12B mpukazaH je OJHOC CIHEKTpa y
CJIy4ajy KOMIIETUTUBHE aJICOPIIII]E M CIIEKTPa KOjU OJIrOBapa aJCOPIIIHUjU caMo ITUIbHE
cyncranne, Sca(f)/S(f), kama ce 3amemapm yrtumaj npenoca Mmace. OBaj aujarpam
nokaszyje yruiaj koHkypenrtckor AJl mpomeca. OgHoc Scamt(f)/S(f) je mpukaszan Ha
Covmnm 2.12r. Ty ce MoXXe BUACTH 3ajeJHUMYKH YTHIIA] TPEHOCAa Mace W KOMIICTUTHBHE

ajZicopmiuje Ha cnekTap GaykTyanuja aacopboBaHe mace.

Ha ocHoBy npukazanux nujarpama (Cnuka 2.12) npumehyje ce 3Hauajan yTuiaj
mporeca y3eTux y pasmarpame mopea AJl mporeca IMMJBHUX YeCTHIA Ha CIIEKTap
baykTyanuja ajacopboBaHe Mace y CBHUM aHaJIM3UpaHUM ciydajeBuma. M3paxeHoCT
HojeIMHAaYHUX edeKaTa MpeHoca Mace M KOMIICTHTHBHE aJCOPIIIHje, Ka0 U EHUXOBOT
3ajeJHUYKOT e(eKTa, 3aBUCH 01 KOHIIEHTpalje HUbHUX yecTuua. Takolhe, mpumehyje
ce 3HayajHa paznuka u3Mely nmojeauHavyHMX yTHiaja mehycobHo, kao u u3mel)y cBakor
OJ1 BUX W BUXOBOT 3ajeHrukor edekra. [Topehemem nujarpama Ha Crunum 2.12 moxe

Ce YOUMTH Ja y HEKUM OIlce3MMa BpeAHOCTH KoHuUeHTpanuje Cr HoMHMHUpA YTHUIA]
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IpeHoca Mace, 1a y HEKUM JPYyTMM OICe3MMa JJOMMHUpPAa KOMIIETHUTHUBHA aJCOpILHja,

aJIM M J1a TIOCTOj€ OTCe3H BPEIHOCTH Y KOjUMa j& IhUXOB YTHIIa] KOMOMHOBAH.

Scawr [kg/Hz'?]

o‘

f[Hz]

Sur/S

6)

Scamt/S

Cauka 2.12 a) 3aBucHOCT criekTpa GuIyKTyaruja agcopboBane Mace oj yuectanoctd f u

KOHIIeHTpanuje nubHuX uectuna Cr, ypauyHatu cy AJ] mporec u mporiec
MmpeHoca Macc¢ HUJbHUX W KOMIICTUTUBHHUX 4YECTHUIIA, 6) KOJIMYHHUK CIIEKTpa
(brykTyanuja u3padyHaTor y3uMajyhm y 003up caMo MPEHOC Mace IUJBHUX
YecTHIla W CHEeKTpa JOOWjeHOr 3aHeMapuBamkeM TIpeHoca Mace |
KOMITCTUTHBHE QJICOPTITHjE, B) KOJIMYHUK CIEKTPa Yy CIy4ajy KOMICTHTHBHE
aJICOPIIITHje M CIIEKTpa KOjU OJTroBapa aJICOPIIHjH CaMO IHJbHE CYICTAHIIE,
T') KOMWIHUK CIleKTpa (QiaykTyarnuja agcopboBane Mace J00HjeHOT y3umajyhu
y 003up AJ] mporiec U MpeHOC Mace NUJbHUX W KOMIIETUTHBHUX YeCTUIA U
CHeKTpa JOOHMjeHOr Kajia Cy NPEHOC Mace M KOMIIETUTHBHA aJICOPIIHja

3aHEMAapCHU 3aBUCHOCTH O YYCCTAHOCTHU fu KOHIICH aI_II/I.C CT
b

Moxe ce 3aKJby4dTH Ja TpUKa3aHu Mojen (iaykryamnmja ajgcopOoBaHe Mace,

KOjH y3uMa y 003up Tpoliece MpeHOca Mace M HEWJICalTHy CEJICKTHBHOCT CEH30pa,

omoryhyje 00sby MpoIeHy I'paHUYHUX Mep(POPMaHCH CEH30pa y OHOCY Ha MoJele KOJ

KOjUX je 3aHeMapeH jelaH o] oBUX edekara uiau oba edekra, MITO je 3HA4YajHO 3a
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noboJspame nmoctojehux Meroga JETEKIHje YECTHIA, MOCEOHO y TEYHUM Y30pIMMa
(ko WUX je yTHIIa] TIPEeHOCa Mace M3PaXEHH]U HEro y racoBuMma). Mojen je Takohe
KOpPHCTaH 3a pa3B0j HOBUX MeTOJa JCTEeKIMje W 3a KapakTepusalujy mpoleca
aJcopriyje NUJbHUX W KOMIETUTUBHUX 4YeCTHIla, Ha 0a3W aHaim3e QIIyKTyaruja

M3JIa3HOT CUTHAJIa CeH30pa y (PPEKBEHIIN]CKOM JOMEHY.
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3. UHTEJIUI'EHTHU MEPHU UHCTPYMEHTH

3.1 YBOJ

IMameTHu cen3opu (eHIIL.: SMart Sensors) ce aeUHUIIY HA PA3TUYUTE HAYMHE,
y 3aBUCHOCTHM Of Hay4yHE WJIM TEXHHYKE OOJacTH Yy KOjOj Ce Taj M3pa3 KOpHUCTU. Y
KOHTEKCTY €JIEKTPOHCKUX MEpPHHX cucTema, mpema cranaapay IEEE 1451.2 [85], To cy
OHU CEH30pU KOjU OCHM TEHEpHCama M3JIa3HOT CHTHAJIA Y 3aBHCHOCTH OJ BPETHOCTH
MepeHe BeJIMYMHE UMajy ¥ HeKe JoaaTtHe ¢yHkuuje. KoHKpeTHHje, TaMeTHH CeH30pH Ce
NeUHHIITY K0 OHH KOjH y CeOH Caapike MEMOPH]Y 3a CKJIAMIITeHe TOIATAKA i HMajy
CTaHJApAM30BaH HA4YWH (U3WYKOT TIOBE3MBamba pPagd KOMYHHKAIMje ca HEKUM
IPOIIECOPOM U MPEKOM 3a mpeHoc uHpopmaruja [86]. Jemna ox decto xopuimheHHX
nedbununMja je cieaecha: maMeTHW CEH30p je IelMHa KOja Ce cacToju OJ CEeH30pa,
CKJIONA 3a KOHJMLMOHUPAkE CUTHANA, aHAJIOTHO/AUTUTAIHOT KOHBEpTOpa U nHTepdejca

npemMa KOMyHHKaIMOHOj Maructpanu [87].

[TameTHU ceH3opu Ccy aHAC y HIMPOKO] YIOTPeOU y pa3HUM oOjJacTHMa >KMBOTA
U paja, O HHAYCTPHjCKUX IOCTPOjera, MPEKO Haa3opa MalijeHaTa W JKUBOTHE
cpeauHe, 10 ypehaja 3a MIMPOKY MOTPOIIKY, Kao IITO Cy HIP. MOOWIHHM TenedOoHH.
[Mpumena TakBux cer3opa omoryhyje jeTHOCTaBHH]Y U 00JbY UHTETPAIU]y Y CIOKEHU]E
MEpHE U BHIICHAMEHCKE CHCTEMe, 3axBasbyjyhu MOJyIapHOCTH U TNPUMEHH

CTaH/JapAN30BAHUX JUTUTAIHUX UHTEpdEjca.

'maBHM HeJOCTalM MAMETHUX CEH30pa Cy OrpaHHYeHa NPUIATOJJBHBOCT
pa3IMYUTUM TNpHUMEHaMa W KOMYHHMKAalldja CBEJCHa Ha jeIHOCTaBHE HHTepdejce u
npotokosie. Takohe, manac mocroju pactyha morpeba 3a HHTErpaljoM BHIIE
pa3IMYUTUX CEH30pa y jeJlaH SHTHTET CIOoCcOo0aH 3a CIOXKEeHY oOpaay IMmojaTaka, IITO

mpeBasunjiasu MOI‘thOCTI/I MaMCTHUX CCH30pa.

HNHTeTUreHTHN CeH30pH Cy cieneha reHepamnmja CeH3opa, YHMjH je HACTaHaK

MOTHUBHCAH MOTPeOOM Ja ce mpeBazul)y MOMEHyTa OrpaHHMYEHa MaMETHHX CEH30pa.

2 ®amunmja ctaagapaa |[EEE 1451 nedurume, n3meljy octanor, MeToae CKIaIuIITeHha MoJaTaka
MOTPeOHNX 32 HACHTU(DUKAIH]Y, CTATOHUPAhEe U KOPEKIH]Yy CEH30pa U aKTyaTopa, Kao ¥ THI MEMOpPHje U

uHTepdejce Koju ce 3a TO KOPHCTE.
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['enepanHo, 0K ce NepUHMLM]Aa MAMETHUX CEH30pa OAHOCH Ha HUXOB TEXHOJIOIIKH
acrekT, AeGUHUIM]ja HHTEIMTEHTHUX CEH30pa Ce Be3yje 3a MHTEICKTyaaHu aciekT [88],
Tj. 3a (YHKIMOHAJTHOCT KOja MOjpaxaBa pacyhuBame CBOJCTBEHO HHTEIMICHTHUM
6uhuma. [IpemMa TOMe, MHTEIMICHTHU CEH30PH Cy OHU KOjHU MMAjy jeIHY WJIM BHIIIE
»AHTEIIMIEHTHUX ~ (YHKIIMja, Kao ILITO Cy caMOuAeHTU(]UKAII]a, CaMO/INjarHOCTUKA U,
reHepaiHo, CIOCOOHOCT npuiarohaBama U pearoBamwa Ha pazianuute curyauuje. [lpema
jenHoj ox neduHunmja [89], MHTENUIEHTHH CEH30pPH Cy OHH KOJHU MMajy CIIOCOOHOCT
MPOMEHE CBOT MOHAIAka (aJanTaiyja, KOMIEH3allja yTUIaja) y MUJby ONTHMH3AIH]e
NpUKYIUbamka IojaTaka U3 crojbalmer ceera. [Ipema apyroj [89], To cy ypehaju koje
ce cacToje OJl CEH30pa W jeiuHHIe 3a oOpaay IojaTaka TaKBe apXUTEKType Aa
oMmoryhyje arperanujy nogaraka u3 seher O6poja m3Bopa. PyHKIMje KOMyHHUKaLUje U

yMpeKaBama Ce KO MHTEIUTeHTHUX CEH30pa MOApa3yMeBajy.

HMHTe MreHTHH MHCTPYMEHTH Cy, CACBHM T'€HEPATHO, OHU KOjU Cy 3aCHOBaHH
Ha HaOpeJHUMM MEpHUM MeToJamMa U TexHoslorujama (xapasep, codrTsep,
KOMYHHUKAIlMOHN HHTepdejcu, ympexaBame). JledpuHuLMje MHTEIUIeHTHUX CEH30pa,
KOje Cy OBJie HaBeJCHE, CYIITUHCKH C€ MOTy MPHUMEHUTH W Ha WHTEIUTECHTHE
WHCTPYMEHTE. Joml jemaH TMojaM KOjU C€ JaHac 4YeCTO KOPUCTH j€ BHPTYEJTHH
uHCTpyMeHT. OH ce OJIHOCH Ha MHCTPYMEHTE 4Mja (PyHKIMOHAIHOCT HHUje YHamnpen
neguHUCAaHA W HEMpPOMEHJbMBA, Beh je jJeduHuIIe KOPHUCHUK KOH(UrypHCameM
MOJyJIapHOT XapJBepa M MpHUIPEeMOM oaroBapajyher copTBepa 3a HEKy crenupuuHy

PUMEHY.

3.2 UHAYCTPUICKN MEPHU HHCTPYMEHTH

3a Mmepeme (U3MYKUX BEIMYMHA y MHAYCTPUJCKUM IOCTPOjE€HUMA, Y LUIBY
Ha/130pa WIK ayTOMAaTCKOI yIpaBibamka, Hajuellhe ce KOPUCTE €JIEKTPOHCKU CEH30pH U
MEpHU MHCTPYMEHTH, MAKO IMOCTOje M ApYrH (Hop. mHeymarcku). OHO IITO U3/Baja
UHJIyCTPHjCKE €JIEKTPOHCKE MEpHE HMHCTPYMEHTE M CEH30pe OJ OHHMX KOju Cy

npensul)eHn 3a Ipyre npuMeHe je cienehe:

e mpwiaroheHoCT TEmKMM YyCJIOBMMa Kopumhema KOju Cy THUIHYHH 32
UHIyCTPH]CKO OKPYKEHE. pajl y IIMPOKOM TEMIIEPATYPCKOM OICErY, MEXaHUYKa
pOOYCHOCT, OTIIOPHOCT Ha arpecuBHe Quiynje, paa y arMochepH 3amnajbuBUX U

CKCIUIO3MBHHUX IraCOBa, UCITYHCHHC 3aXTCBA CHGI_[I/Iq)I/I‘-IHI/IX CTaHaapaa UTH,
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e TemeMeTpuja mpeosialjyje y 0THOCY Ha JIOKATHO OYUTABAhE HHIUKAIIH]C,

e crenu(UUHM HAYMHHU TOBE3MBama ca HajapeheHHMM cucTteMoM M creuupudHu
WHJTyCTPHjCKH KOMYHHUKAIIMOHU HHTEpdejcH,

e 3axTeBaHe MepHE MNeppopMaHce THUIIMYHO HHCY Ha HHUBOY JabopaTopujcke
olpeMe BHUCOKE KJlace, ajli MOpajy Ja Bake€ y LIMPOKOM TeMIepaTypCKOM

oriCery.
3.2.1 UHaycTpHjcKM TPaAaHCMUTEPH

3a Tenemerpujy (U3MUKUX BeJWYMHA (IPUTHUCKA, TeMIepaType, HHUBOA
TEYHOCTH, MPOTOKA UTH.) Y MHIYCTPUJCKUM IpoIlecMMa pa3BHjeHA je moceOHa BpcTa
CIeKTPOHCKUX MEPHHUX HWHCTpyMEHaTa, YWjU je YOoOHWuajeH TPXKUIIHU Ha3UB
L»AHIYCTpHjCKH TpaHcMuTepu . Taj Ha3uB MOTMYE O/ HAYMHA NPUMEHE, jep TaKBH
UHCTPYMEHTH IlIaJby HHAMKAIKMjy MepeHe BpeaHocTu (eHri. to transmit — catw,
E€MUTOBATH) y OOJIMKY EJICKTPUYHOT CUTHAJIA, KOjH C€ KabJOM MM OSKHYHO MPEHOCH
JI0 MEpHO-peryjaluoHe ompeMme, Hajuemthe LEHTpaln3oBaHE U yAaJbeHE O]l MEpPHOI
mecta. MHIuKanja MepeHe BpeJHOCTH y OOJIMKY YMTJHHBOM 32 YOBEKa MOXKE, aJld He

Mopa Jia [IOCTOjU Ha TPAHCMUTEPY.

ITpema HaumHy 00pajie CUTHANA, EIEKTPUIHN CeH30pH (Takolhe ¥ WHIYCTPHjCKH

TPaHCMHUTEPH) MOTY Ce MOJeIUTH Ha TexHouolke reHepanuje [30], [90]:

1. ceH3zopu y KojuMa HeMa o0pajie cHrHaia, Beh je Ha M3Ja3 ceH30pa JUPEKTHO

CITPOBEZCH CUTHAJI Ca CCH30PCKOTI' €CJICMCHTA,

2. CeH30pW KOjH caJpike TpeTrojayaBad W, y HEKHM CIy4ajeBHMa, €JIEMEHTE 3a
KOMIIEH3allM]y yTHIlaja TeMmIiepatype (uiu Apyre omerajyhe BenuuuHe), a Ha

u3Ja3y Jajy aHaJOTHU CUTHAJ KOjU HUj€ CTaHAapAn30BaH,

3. CeH30pM Yy KOjuMa c€ BpIIM CIIOXKEHHja o0pada curHala (aHajJorHa WITH
JTUTUTAIIHA, HIIP. KOMIIEH3aIllMja YTUIlaja TeMIlepaType, KOHBEp3Hja HAITOHCKOT
CUTHaja y CTPYJHM UTA.) M KOjU Ha CBOM H3/Ia3y JAajy CTaHIap/Iu3aBaH

CJICKTPUYHU CHUT'HATI,

4. CCH30pH Ca CJIOXCHOM aHAJIOTHOM MW AOWUTUTAJIHOM O6paI[OM CHIrHaJla U cCa

JBOCMEPHOM JUTHTAIIHOM KOMYHHKAIMjOM TIOCPEJACTBOM HHTepdejca Koju
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omoryhyje ympexaBame Beher Opoja ceH3opa W yIpaB/bamke Ol CTpaHE

HagpeheHor cucrema,

5. ceH30pu KOju cy Mo yrpaheHUM pauyyHapCKHMM pecypcuMa YIOpeAMBH ca
padyHapCKH yNpaBbUBUM Ja0OpaTOPUjCKMM HHCTPYMEHTHMA, IITO 3HAYU Ja

nMajy BeJInKe MOTyhHOCTH 00pajie mojaraka 1 KOMyHHUKaIuje.

Pa3Boj ueTBpTE TEXHOJOUIKE TEHEepaluje CeH30pa W  HHIYCTPUjCKUX
TpaHCMHUTEpa U Jlajbe Tpajeé M O] JaHac NpuIaaa BehnHa HOBHjEe OlpeMe Koja ce
KopucTH y uHIycTpuju. Ilera reHepanuja je HeJaBHO MOCTajla akTyellHA, TaKO Ja ce

TpaHHIlE HEHOT Pa3Boja JOII HE MOTY Carje/IaTH.

AHAJIOTHM TPaHCMUTEPH. AHAIOTHU CTPYjHH CUTHAJI Kao HAYMH IPEHOca
WHJVUKAlMje MepeHe BEJIIMYMHE OJ] WHAYCTPUJCKOT TpaHacMuTepa a0 HajapeheHor
MEPHO-PETyJIAIlOHOT cUcTeMa Beh JielieHujama je MHAYCTPUJCKH cTaHaapa. BpemHoct
jauuHe cTpyje je y omncery oa 4 mA no 20 mA, a ieHa 3aBUCHOCT O] BPEAHOCTU MEpEHE
BeNIMYMHE je uHeapHa. Ca M3BOpOM Halajama U ca JIpyruM ypehajuma tpancMutep ce
NoBe3yje JABOXKHMYHO, YMHEhM T3B. CTPYyjHY METJbY, INTO 3HAYM Ja CTPYJHH CHUTHAI
o0yxBara W CTpyjy Hamajama TpaHncMmutepa. OBa BpcTa TpaHcMmuTepa mpwumana tpehoj
TEXHOJIOUIKO] FeHepalyju, MOIITO Ha CBOM H3Ja3y Jaje CTaHAApAU30BaH €IEKTPUYHU

CHUTHAJI.

Mamernu (Smart) Tpancmutepu. Pa3Boj ClOKEHUjUX THUNOBA MHIYCTPHjCKUX
TpaHcMuTepa oMmoryheH je mojaBoM Mukporporiecopa, A/D koHBepTOpa M Ipyrux
€JIEKTPOHCKUX KOMIIOHEHTH J00pHX MeppopMaHCH, a Majle MOTPOIIkE EHEepruje u
HHCKe I1eHe. Tako Cy HacTajaM T3B. IAaMETHU TPAHCMUTEPH, KOJU Cy 110 HAUYUHY yTpaIhe
U Kopuihema CIMYHU aHAJIOTHUM U MOTY OMTH HUXO0Ba JUPEKTHA 3aMEHa, jep Ha CBOM
u3na3zy Takohe Mdajy CTaHIapIW30BaH aHAJIOTHU CTpyjHH curHain. Koj maMmeTrHux
TpancMmuTepa Bpiu ce A/D KOHBep3uja eJIeKTPUYHOT CHTHaja ca CeH3opa, o0aBsba ce
JUruTagHa o0paja curHaja nomohy MUKpomnpolecopa, a 3aTuM ce Bpmu D/A
KOHBEp3Wja, yuMe ce Jo0Hja aHAJIOTHU CUTHAN Ha u3na3y. OBaj mpHCTyN JOBOJIU IO

Behe croxkeHocTH ypehaja, anu nMa 1Be BayKHE IPETHOCTH:
1. 6ospe MepHe nepdopmance (3axBasbyjyhu TuruTanHoj oopaau CUrHasa),

2. moryhHocT ymoTpebe jemHOT WM BHIIE JOJATHUX CEH30pa 3a CIOXKEHHja

Mepema MU 32 KOPEKIIMjy HECaBPIICHOCTH IJIABHOT CEH30Da.
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CBa wu3padyyHaBama NOTpeOHA 3a KOPEKIM]Yy HECaBpPIIEHOCTH CEH30pa 00aBJba
MHUKponporiecop (Hajuernthe MUKPOKOHTPOJIEP) HAa OCHOBY KaJIHOPalMOHUX Mapamerapa
CEH30pa, KOjU Cy YCKIQJAMUINTEHH Yy TPajHOj] MEMOpHUJU MaMETHOT TpacHMHTEpa.
[MomemaBama TpaHcMHTEpa C€ BPIIE JUTUTAIHO, TAKO Ja CY CITUMHUHHCAHH TIOJCCHBHU
CIICKTPOMCXaHUYKHU CIICMCHTH KOjI/I Cy KOI aHaJIOTHUX TPaHCMHUTCPA YHOCHIIM O0JaTHA
oncrynama. [lomro nmameTHu TpaHcMuTep 00aBiba MOTpPEeOHE KOPEKIHje, HEroB Ce
W3TIa3HU CUTHAIl MOXE CMaTpaTu JHUHEapHOM (YHKIMjoM MepeHe (DU3HUKE BEIMYUHE,
06e3 003Mpa Ha TUI CEH30PCKOT €JIEeMEHTa, MOJENl TPAaHCMHUTEpa W OCTaje MOAATKe
Be3aHE 3a HEKO MepHO MecTo. [lamMeTHr TpaHcmuTepH mpuranajy Tpehoj TEXHOIOMIKO]
reHepalyju jep, Kao U aHaJloTHU, Ha CBOM H3Jla3y Jajy CTaHJapIu30BaH aHAJOTHU

CJICKTPUYHU CHUT'HAJIL.

HNuTeaurenTHu TpancMuTepu ce npema crannapay IEC 60770-3 nedunumry
Ka0 MHCTPYMEHTH KOjH KOPUCTE AUTHTAIHE METO/e 00paje mojaTaka u KOMyHHUKaIHje
3a 00aBJbame CBOjUX (DYHKIIMja, K0 W 3a 3aIITUTY M MIPEHOC IojaTaka u nHpopmalmja
o cBoMm paay [91]. Ilorpeba 3a JUrHTATHOM JIBOCMEPHOM KOMYHHKAILlMjOM Ca
WHIYCTPHjCKUM TpaHCMHUTEpPUMa W WM3BPIIHUM ypehajumMa Hacranma je yclea pas3Boja
JIMTUTATHUX aKBU3HMIMOHMX W YIPaB/badKUX cucTeMa (KpajeM OcaMmIIeCeTHUX TOJMHA
JIBaJICCETOr BEeKa), IITO je JOBEJO 0 MOjaBe HAMEHCKUX HHIYCTPHjCKHX HHTepdejca.
O0jenumenn Ha3uB 3a Te uHTEpdejce je Gunadac (fieldbus), a moruue ox eHreckux
peun field (mosse) u bus (Maructparna). Y unaycTpuju ce mojbeM Ha3KuBa €0 MpocTopa y
KOJHU j€ CMEILTEHO MOCTPOojemhe. MarucTpaiaoM ce Ha3uBa MeAHjyM 3a MPEHOC MojaTaka
KOju je 3ajenHu4Kku 3a Behu Opoj ypehaja. MepHu cuctemu 3acHOBaHU Ha unadacy

MMajy 3Ha4ajHe MPEIHOCTH Y OJIHOCY Ha cucteMe crapujux renepanuja [30]:

e  jeIHOCTaBHMja aKBU3MUIMja Y3 Mamky MEpHY HECUTYPHOCT (MHIMKAIlMja MepeHe

BPEJIHOCTH C€ MPEHOCH Y AUTUTAIHOM OOJIUKY),
e yMpekaBame (Bulle ypehaja KOpHCTH UCTH MEIHjyM 3a TIPEHOC M0/JaTaka),

e MoryhHOCT majbUHCKe MACHTU(UKAIIM]e TPAHCMUTEpPa U OYHTaBama Mapamerapa

(HOp. MpUMapHa BEJIMYHMHA, jeMHUIIA MEPE, TaTyM CTAIOHUPAbA),

® aJbUHCKO MOJEUIaBame (M3 KOMaHJHE co0e WM ca HEeKOr APYror MecTa, a
Hajuemthe mOCTOjU W MOryhHOCT TMoOJEIIaBama YMOTPEeOOM  JIOKAJIHOT

KOPUCHHYKOT HHTEpdEjca TpaHCMHUTEPA),
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e MoryhHOCT MpoMeHe MepHoOT oricera 6e3 HoTpede 3a HOBUM €TaJIOHHPABEM,

e MoryhHOCT Mepema BHUIIE BEIWYMHA JEIHUM TPAHCMUTEPOM (MYJITH-

BapujaObMITHOCT),
®  CaMOJMjarHOCTHKA (AyTOMATCKa MJIM Ha 3aXTEB KOPHUCHHKA).

[omrTo BpIIe TUrUTaNHy 00pagy CUTHaiIa M KOMYHHIIMPAjy MOCPEACTBOM HEKOT
0l MHIYCTPUJCKUX HHTepdejca, HUHTEIUTeHTHH TPAHCMUTEPHU IMPUIAJAJy YETBPTO]

TEXHOJIOIIKO] TeHEPAIIH]H.
3.2.2 Uupycrpujcku uHTepdejcu U NPOTOKOJIN

[Iponemwyje ce na je y cBeTy npousBeneHo npeko 40 MUIMOHA MHIYCTPU)jCKUX
TPaHCMHUTEpPaA CBUX TEXHOJOLIKMX TIeHepaluja. Y CTapUjuM IOCTpOjeluMa U Jajbe
npeosial)yjy aHaJIOTHU MHAYCTPHjCKH TPAHCMUTEPH, JI c€ y HOBa Hajuerthe yrpalyjy
UHTEJIMTEHTHU TpaHcmuTepu. Jlanac je y ymorpebum Behu Opoj pazauuuTux
WHIYCTPUjCKUX MHTepdejca, 01 KOJUX Cy HEKH Ne(hUHUCAHM 3BAHUYHUM CTaHAApIuMa,
a npyru de facto cranmapauma (neguHUCaHUM O CTpaHe rpymanyje mpou3Bohada) wiu
cy cneun(uyHa periema nojeaunux npousBohaua. Mako je HART nHajcrapuju o1 cBUX
MHAYCTPHUJCKMX KOMYHUKAIIMOHUX MPOTOKOJA Yy IIHWPOj YIMOTpeOH, MPOU3BOAM KOjU Ta
KOpUCTE M JlaJb€ YMHE BEIMKM Jleo TpkumrTa. Beh nyro mocrtoju TeHmeHnuja na ce
HART omnpema, kao u onpemMa Koja KOPUCTU crieln(pUIHEe KOMyHHKAIIMOHE MPOTOKOJIE,
3aMemyje ONMpeMOM MW CHCTEMHUMa 3aCHOBAaHMM Ha CaBPEMEHHjUM W OTBOPEHUM
nporokonuma kKoju cy obyxeahenu cranmapaom IEC 61158 (Foundation Fieldbus,
Profibus u apyru) [92]. Benuku npobieM je HEKOMITATHOMIHOCT OMpPEeMe Pa3IuUYUTHX
npousBohaua, jep KOPUCTE pa3IMuuTe UHIYCTpHjcKe UHTepdejce, MITO Y MPaKCH 3HAYU
Jla KOPHUCHHK MOpa Jla ce JyropoyHO OMNpeeNd 3a OINpeMy jeJHOr mHpou3Bohaua.

[Mokymaju ctanaapan3almje cy y 0Boj o0IacTi UMaiu BpJo orpannyeH ycmex [93].

HUunycrpujckn  Ertepuer. Etepuer  (Ethernet) je nmamac  naneko
HajpaclpocTpaleHHja  TEXHOJOTWja  IOBE3MBama  padyHapa M JAPYTHX
KOMIIjyTepU30BaHUX Yypehaja MOCpPencTBOM EJIeKTPUYHUX M ONTHYKHUX KabjoBa, a
3acHuBa ce Ha (amwiuju crangapaa |EEE 802.3 [94]. Tlomrto je Etepuer mo
nepdopMaHcaMa, 3aCTyIUbEHOCTH M CEKOHOMHUYHOCTH CYIIEpHOpPaH y OJHOCY Ha

nocrojehe WHAycTpujcke HHTepdejce, a Beh MPUCYTaH Ha BUILUM XHUjepapXujCKUM
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HHUBOMMA Y HWHIYCTPHUJCKUM CHCTEMHMA, JIOTHYaH KOPaK y pPa3BOjy HHIYCTPHU]jCKE
MEpHO-pEryJalloHe ONpeMe je Mpena3ak Ha Ty TexHojorujy. OO TpaaulMOHATHOT
EtrepHera uHIyCTpHjCKM c€ pa3liuKyje MO crneuu(puyHOCTUMA HHIYCTPU]CKOT
OKpY’K€Hba, TJIe CE 3aXTeBa IOY3AaHOCT M POOYCHOCT Yy TEIIKUM ycioBuma. Jlpyra
Ba)KHA Pa3jIMKa OJTHOCH C€ HAa KOMYHHUKAIIMOHE MPOTOKOJIE, jep Mpeorialyyje JokaiHa
KOMYHHKAIFja ca CTPOTMM 3aXT€BHMMa Yy CMHUCIY BpPEMEHCKOI JeTepMHHHU3Ma U
cunxponusanuje. [lomrro nmocrojeha periewa Te 3aXTeBe HE UCIYHaBa]y, HHIYCTPH]CKH
Etepuer nporokonu kopucte moaupuxkoann MAC (Media Access Control) cioj koju
MUHUMU3Yj€ Kallkhemha U THME OMOoryhyje 1eTepMUHICTUYKO Bpeme oa3uBa. Jlo cana je
pa3BUjEHO HEKOJHMKO TaKBUX pelnerma, ykibyuyjyhu EtherCAT (Beckhoff), EtherNet/IP
(Rockwell), PROFINET (Siemens, GE), POWERLINK (B&R), Sercos IlI, CC-link IE
(Mitsubishi) u Modbus/TCP (Schneider Electric). Haxanoct, cIu4HO Kao y MPETX0IHO]
reHepaluju UHIYyCTPHU]CKUX nHTepdejca, TO Cy yIriIlaBHOM MeljycOOHO HEKOMIATHOMIIHA
IPOTOKONM, TAaKO Ja TEHEpaJHO M Jajbe HE IOCTOJU KOMIIATUOMIIHOCT OIpeMe

pa3InInTUX np0H3Bohaqa.
3.2.3 CeH30pHU U HOBE KOMYHHKAIIMOHE TEXHOJIOTHje

Bexxu4Hu ceH30pM Cy OHM KOjU ca HEKMM HajapeheHMM MepHUM WM
yIpaB/baukKUM CHCTEMOM OCTBapyjy KOMYHHUKalUjy Kopuctehu cmobogaH mpocTop Kao
MeIMjyM 3a MpeHoc curHaita. KoMmyHUKaIoHa TEXHOIOTHja MOXe OUTH 3aCHOBaHA Ha
IPUMEHU €JIEeKTPOMAarHeTCKuX Tajaca (paauo(ppeKBEHIMJCKU WM ONTUYKUA CHUTHAJIN)
WIN aKyCTHUKUX Tayaca (YATpa3ByYHHU CUTHAIM), JJOK IPEHOC CUrHajla MOKe OUTH Y
jeaHoM cMepy (CUMIUIeKC) MM y o06a cmepa (moimyayriiekc uiam ayruiekc). Ilpema
HAuMHY Ha KOjU C€ Halajajy, Jieje ce Ha aKTHBHE M MAacHBHE, JIOK C€ MACHBHU JieJie Ha
OHE KOjU CaJp)Ke aKTHBHY CJICKTPOHHKY W OHE KOju je He caapxke [95]. AKTuBHH
OCKUYHU CEH30pH MMajy COICTBEHM W3BOp €Hepruje (TUMUYHO MpHUMapHe WM
CeKyHJapHe OaTepHje Wwin cojapHe henuje) win cy NPUKbYYEHH Ha HEKU CIIOJbAllliby,
JIOK TIACHBHU KOPHUCTE EHEPTHjy eNEeKTPOMAarHeTCKOI IoJba KOje eMHuTyje HaapeheHu
ypebhaj. [IpeaHocT akTUBHUX OCKUYHUX CEH30pa je Y Behoj KOTMYMHM €Hepruje KojoM
pacronaxy, IITO UM, TeHepaiHo, oMoryhyje BUIIM HUBO (YHKIHMOHAIHOCTH U
neppopmancu (Behu TOMET KOMyHHKaIMje, CI0KEHE MPEXHE MPOTOKOJIE, CIOXKEHH]Y

oOpany curHana uta.). IlpenHocTy nacuBHUX OEKUYHUX CEH30pa Cy: HHUCKa IIeHa, Majie
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JTUMEH3H]e U JIaKIlIa WHTETpalfja y Hajpa3nuuuTrje oojekre u ypehaje, a rmaBHa MaHa
uM je manu gomeT (1o pena Beamuude 10 m kox RFID texnomoruja [95]). Ouekyje ce
na he macuBHHM OCIKUYHHM CEH30pH 0€3 aKTUBHE €IEKTPOHHMKE IMOCTATH JOBOJHHO MU U
eKOHOMHYHH J1a y OyayhHoctu 3amene nunujcku ko (bar code), nynehu Behn nomer

OuHuTaBama 0e3 morpede 3a TMPEKTHOM ONTUYKOM BusbuBoIIhy [95], [96].

BexxnuHe ceH30pcke Mpeske ce TUIIMYHO CACTOje O] BEJIUKOT Opoja CEH30PCKHUX
ypehaja onpemibeHHX OEXKMYHMM MpeajHUIMMA WJIM OpUMonpeaajHunuma (T3B.
CEH30PCKUX YBOPOBA) pacnopeheHux y mpocTopy rie Moxe, ajad He MOpa Ja MOCTOjH
HeKa (UKCHA MpeXHa W/WIM eHeprercka HHQpacTpykTypa. AKO HEMa MpEKHE
uH(pacTPyKType, CEH30pCKa MpeXka je y MOTIyHOCTH OeXHYHA U Tajaa ce roBopu o ad
hoc multihop ympexkaBamy, rne ce Tomojoruja Mpexe (GopmMupa TUHAMHYKU TpeMa
pacmopeqly 4BOpOBa y IMpOCTOPY, a MPEHOC IOojAaTaka oOJf YJaJbeHHX CeH30pa /0
MpPEKHOT YBOPHUINTA 00aBJba CE€ MOCPEACTBOM JPYTUX, YCIYTHUX 4YBOpoBa. Hajuemrhe
npUMeHe OeKUYHUX CEH30PCKHX Mpeka Cy HaJ30p Yy HEKOM ey Ipocropa (HIIp.
Mepeme napaMmeTapa *HBOTHE CpeHHE Y OKOJIMHU 3araljuBayda) u npaheme NOKpEeTHUX
oOjekara (HIIp. JIEIOBU MalllMHA, HHBCHTAP Y CKJIAJUINTY, BO3WJIa Ha caoOpahajHuiama
ut.). Jlanac je y ynorpe6u Behu Opoj TeXHOJOTHja 32 O€KHUHE CEH30PCKE MPEKE, OJ1
KOjuX cy MHore 3acHoBaHe Ha cranaapay IEEE 802.15.4 [97], a Tumu4HO KOpHCTE
HenuieHnupane (¢pekBennujcke omcere (2.4 GHz rno6amno, 868 MHz y EBpornu u

915 MHz y Amepurm).

bexxnunu ceHzopu, Kao W Apyru OexxudHu ypehaju Manux TUMEH3HWja U Majie
MOTPOIIE €HEepruje, Hajuenthe ce peanusyjy ca MHUKPOKOHTpOJIEpHUMa KOjU paje Ha
HUCKO] YYECTaHOCTH TaKTa U MMajy Malld KamaiuTeT oOpaje mojaraka, rma TUIHYHO
KOpUCTE jeTHOCTaBHE KOMYHHKAIIMOHE IPOTOKOJNE. 3a KOMyHHMKamujy ca ErtepHer
MpekamMa TakBUM ypehajuMa Cy HEONMXOJHE MpexHe Kamuje (eHri. gateway), mro
noBehaBa crnoxkenoct cucrema. Kopumihewme IP mporokona y memoj Mpexu je
ONTHUMAaJIaH HAYWH 32 MOCTU3amhe CKATAOMITHOCTH M €(UKACHOCTH MpPEke Koja CaapKu
Benuku Opoj uBopoBa. Omx 2001. rogune, PagoBu Anmama Jlynkenca u apyrux [98]
nokazanu cy ga cy moryhe muHmmanne ummuiemenraiuje TCP/IP mporokona u Kof
MHUKPOKOHTpOJIepa CKpOMHHMX meppopmancu. M3 Tux pamoBa u CTaHIapaa
IEEE 802.15.4 npouctekao je ckyn cranaapnaa non HazuBoMm 6LOWPAN, ¢opmymnucan
ox ctpane Tena IETF (Internet Engineering Task Force) [99]. Ou omoryhyje eduracny
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ynotpeOy mportokona IPV6 mpexko OeXHMUYHMX Mpeka 3aCHOBAHMX Ha CTaHIApAY
IEEE 802.15.4. Ocrane momyjapHe TEXHOJOTH]€ CEH30PCKHUX MpEKa, 3aCHOBAaHE Ha

uctoM cranaapay, cy WirelessHART, 1ISA100.11a u ZigBee [100].

JBe untepecantne HoBe WAN rtexnosnoruje, LoRa [101] u SIGFOX, omoryhyjy
Behn momer ceHszopckux uBopoBa (pema BenmumHe 10 Km), umMajy jeaHOCTaBHH]jY
MpEXHY TOIOJIOTH]Y Y BUAY BHUIIECTPYKE 3B€3/]€ U HyJ/le U300p OAHOCA €KBUBAJIEHTHOT

IMPOTOKaA MoAaaTaka U MOTPpOIIKEC CHEPT I/Ije.

Hurepuer crBapu (I0T — Internet of Things) je nedunucan npenopykom ITU—
T Y.2060 (06/2012) [102] kao rnobGanHa uHGPACTPYKTypa UHGOPMATUYKOT APYIITBA,
kKoja omoryhyje HampemHe cepBuce MelycoOHOr TmoBe3uBama ((PU3HUKOT HIIH
BUPTYeNHOI') cTBapu KopuiihewmeM mnocTtojehux u Oyayhux wuHTeponepaOMIHUX
UHPOPMALIMOHUX M KOMYHHUKAI[MOHUX TexHosioruja. OBae u3pas ,,cTBap” O3Ha4YaBa
objexar koju je nmeo Qusnukor ceta (HU3MYKY CTBap) WIM WHOOPMAIMOHOT CBETa
(BUpTyenHY CTBap) U KOjH je TakaB Jla c€ MOXKE HACHTHU(PUKOBATH M HHTETPUCATH Yy
KOMYHHKAIIIOHE Mpexke. Y OBOM KOHTEKCTY ce Takohe neduHuiie mojam ypehaja xao
JieNia ompeMe Koju 00aBe3HO MMa CIIOCOOHOCT KOMYHHKAIIHje, a Heo0aBe3HO (yHKITHje
CeH30pa W aKkTyaTopa, Kao W TPHUKYIUbamka, CKIAJWIITEHha M 0o0paje IoJaTaka.
[TocpenctBoMm ypehaja ocTBapyje ce Be3a usmel)y crBapu (o6jexata) U KOMyHHUKAITHOHUX

MpeKa.

IIpema jemnoj apyroj, Hemto oapehenunjoj nebpununuju [103], mojam ,,IHTepHET

CTBapu’’ C€ OJHOCH Ha

1. rnobamHy Mpexy Koja MOBe3yje MaMeTHe O0jeKTe MPUMEHOM YyHampeheHux

TexHonoruja nTepHera,

2. CKyI TEXHOJIOTHja HEONMXOJHMX 3a peanusanujy Te Busuje (ykipydyjyhu Hrp.

RFID, ceHszope u akTyaTope, OlpeMy 3a KOMyHHKaIlKjy Meljy MalmHama u fp.),

3. CKyN arUlMkanyja ¥ cepBuUca KOju Ha 0a3M THUX TEXHOJOTHja CTBapajy HOBE

TOCJIOBHC U TPXKUIIIHEC MOFthOCTI/I.

Taxohe ce moxe pehn na je IHTepHET CTBapu cKyn (M3WYKUX M BUPTYEITHHUX o0jekaTta

Ha II00aTHOM HUBOY, TaKaB Jla CBaKW 00jeKaT UMa jeAMHCTBEH UJCHTUTET U MOBE3aH je
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Ha I/IHTepHeT, YHUME C€ OCTBapyje HOBH KBaJHTAaTUBHHU W KBAHTHUTATUBHU HUBO

(GYHKIIMOHATHOCTH OJ1 MHTEpEca 3a pa3He aclekTe )KMBOTa U pajia JbyIH.

Hasus ,,IuTepuer crBapu” je mpBu myT ynorpedsbeH 1999. rommne [104], a
OTHOCHMO ce Ha mpensubhame ga he cBu enexTpoHcku ypehaju Outm melycoOHO
noBe3aHu nocpenctsoM MurtepHera. M3pa3 ce MacoBHHje KOPUCTH OJ CPEIUHE IpBE
nereHuje 21. Beka, Kaja Cy TEXHOJOTHje MOTpeOHE 3a MPAKTHYHY HPUMEHY TOT
KOHIIETITa TOCTajle JOBOJbHO pe3BHjeHe. llomro cy pasmepe ympekaBama Koje
WNureprer ctBapu manac mojapasymeBa Ouie Hedamuciue 1981. roawne, y Bpeme
nedunucama Bepsuje MHTepHET mpoToKoia Koja ce u manac kopuctu (IPv4, [105]),
BeJIMKa TEXHOJIONIKA npernpeka je 32-0uthau hopmat IP aapece koju omoryhyje mame o1
4.3-10° jenmucTBenmx ampeca Ha Murepmery. HoBa Bepsuja MHTepHET mpoTOKO7IA
(IPv6), uuju je cranmapa nyonukoBan 1998. romuue [106], uma 128-OutHu dopmar,
mto omoryhyje npuGmmkao 3.4-10% jexmucrenux agpeca. Beh manac 6poj oGjexara
KOJU KOMYHHUITUPAjy TocpeacTBoM MHTepHeTa 3Ha4yajHO MpeBa3wia3u Opoj JbyaAH KOjH

CY UHTCPAKTUBHU KOPHUCHUIIH.

Hurepuer cera (I0E — Internet of Everything), rakol)e Ha3BaH WHTEIUICHTHHM
okpyxemeM [95], MOke 1a ce 3aMHCIIM Kao HacTaBak KoHIenTa VHTepHeTa cTBapH, Tj.
HETOBO MAaKCUMAITHO yorTemke. OCUM IITO Moapa3syMeBa pazMeHy nHpopmaiuja mehy
o0jeKkTUMa Ha r1100aJTHOM HUBOY U 6€3 moTpede 3a MHTEPaKIIMjOM YOBEK-YOBEK U YOBEK-
MammHa, OH Ou Tpedamo na omoryhu moBe3wBame CBera INTO paHUje HHje OWIO
nmoBe3aHo. TakBO OKpYXeHme IPacTHUHO MoBehaBa BepoBaTHONY 1a mpaBa nHpopmalmja
y IpaBOM TPEeHYTKy Oyae ucrnopydeHa oaroBapajyhem ypehajy umu ocobu, uume ce
omoryhyje nonomeme n100pux omnyka. Kpajwu nometn konnenra MHrepHera cBera u
CBU aCTEKTH HETOBOT YTHIdja Ha JbYJACKY IHMBHIM3AIM]y JaHAC C€ jOII HE MOTY

carjieaTy.
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3.3 KOPEKIIMJA HECABPUHIEHOCTHU CEH30PA

3.3.1 HecaBpuieHoCTH ceH30pa

Wneannu ceH30p je XUIOTETHYKA HANpaBa 3a Kojy Baxke cienehe npermnocraBke:

e  BPEIHOCT CUTHAJIA HAa M3JIa3y CEH30pa je JuHeapHa (QyHKIMja BPEIHOCTH MEpPEHE
BeMYMHE, a HHje (YHKIOHMja HUjeTHE JApyre, TaKO Ja BaXXH JMHEAPHU
MaTeMaTHYKH MOJIEN ceH3opa Y(X) = a-x, Tie je Y BpeIHOCT CHrHajla Ha u3jasy, X

je pusnuka BenuunuHa YMja ce BPEIHOCT MEPH, a & j€ KOHCTAHTA,

® CEH30p HM Ha KOjU HAYMH HE yTHYE HA BPEIHOCT BEJIMUYMHE 32 UHje CE MEPEHE

KOPHCTH.

CBaku peaJlHu CEH30p j€ Y CBAKOM TPEHYTKY H3JIOKEH JAejcTBY Beher Opoja
1ojaBa, Kako OHHMX M3 CHOJbAIlbE CpeluHe, TaKo W YHyTpammux. IbuxoB yrtumaj
CIpevaBa WUCHYHEHE TOope HaBeACHUX MpernoctaBku. On BpcTe CEH30pa, HauWHa
Mepema M OYCKHMBAHWX MEpPHHX Nep(OopMaHCH 3aBHCH Ja JHM he yTHIaj HEKe IojaBe
OuTH 3HaYajaH WM 3aHeMapsbuB. O MojaBa M3 CIOJbALIKHE CPEIUHE, 3HAUajaH YTHUIA]
Hajuemthe uMajy TemmepaTypa, aTMoc(hepCcKH NPUTHCAK, BIAKHOCT Ba3lyXa, pa3He
BpCTE 3payera, MEXaHNYKO Hallpe3ame U cuia rpaBuTandje. O yHYTpalIbHX I10jaBa,
KOJl eJEeKTPUYHHMX CEH30pa 3HayajaH yTUI@] MOTY HMaTh pasHe BpCTE IIyMa,
ocinobahame TOIUIOTE Ha TMOjeIMHUM KOMIIOHEHTama, TEeMIIEpPaTypCKU TI'pajivjeHT,
KOHA4YHA IIPOBOJHOCT IPOBOJHMKA, KOHAYHA OTHOPHOCT H30J1aTOpa U CTapeme

MaTtepujania.

Odcer je HecaBpIICHOCT CEH30pa KoOja C€ UCIOJbaBa Kao BPEMEHCKHU
HEMpPOMEHJbMBA (WJIM BEOMa CIOPO MPOMEHJbMBA) KOMIIOHEHTa CYINEpPHOHMpPAaHA Ha
KOPUCHU CHUTHAJI Ha HeTrOBOM M31a3y. AKO ce rocMaTpa JIMHEAPHU MaTeMaTHUYKH MOJIEN

ceHsopa, oceT ce y ieMy IM0jaBibyje Kao uiaH ag y uspasy Y(X)=ap+as x.

HesmHeapHocT je HecaBpIIEHOCT CEH30pa Koja ce€ HCIoJbaBa TaKO ILITO
3aBHCHOCT CUTHAJIa Ha U3J1a3y CEH30pa O]l BPEIHOCTH MEepeHe BEIIMUMHE HUje JIMHeapHa

¢yHKIMja. MaTeMaTH4KK ce MOXKE 3alucaTh Ha cienehn HauuH:

y(x):ian-x”:a-x+g(x), (3.1)
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riae ¢pyaknuja g(X) ommcyje oACTymame o1 IMHEapHOT Mojiea ceH3opa. KBaHTUTaTHBHO
ce naeduHHUIIE 3a CEH30pe YHWja Ce peajgHa KapakTepucThka Y(X) Moxke m00po
aAnmpOKCUMHUPATH MPABOM JIMHUJOM M TaJa Ce M3pakaBa Kao MAKCHUMAaJHO OJCTyMame
KapakTepUCTUKe ceH3zopa oxa Te anpokcuMmainmje [107]. Y 3aBucHOCTM O HaumHa Ha

KOJH c€ Ta alpoKCUMallyja BpLIM, AeuHuly ce cienehe BpcTe HENMHEapHOCTH:

e  HE3aBHCHA HEJMHEAPHOCT — alpoOKCUMAaIlHja je Haj0oJba MpaBa y CMHCIY METO/IC

HajMamUX KBaJpara,

e TepMHUHAJHA HEJIMHEAPHOCT — ampoKCHMalldja je MpaBa KpO3 Kpajibe Tauke

KapaKTCPUCTHUKE,

e nudepeHIMjaHa HEIMHEAPHOCT — allPOKCUMallKja Ce BPILIU JIOKATHO, Tj. 38 HEKY

olipeheHy BpeAHOCT MepeHe BEIMYUHE.

HenoHoB/bMBOCT je HECaBPLIEHOCT KOja C€ MCII0JbaBa TAKO ILITO CEH30p Jaje
pa3nuyuTe BPEIHOCTU HU3JIAa3HOI CUTHAJA y OJHOCY Ha OHE U3 MPETXOJHOI MEepema,
MaKo Cy CBHM YCJOBHM IOJ KOJjUMa C€ CIpPOBOAM Mepewe HUCTU. KBaHTUTATUBHO ce
u3pakaBa Kao MaKCHMallHa pasjiiKa OJAroBapajyhMx BpeIHOCTH M3JIa3HOI CHUTHAja

J0OMjeHNX y IBa LUKITyca eTanoHupama [107].

Xucrepe3nuc je HECABPILICHOCT YCIIE KOje CUTHAT Ha U3JIa3y CEeH30pa He 3aBUCH
camo O/ TPEHyTHE BPEIHOCTH MEpEHE BeMnunHe, Beh W o1 mpoMeHa Te BPETHOCTH Y
npouutocty. Ha mpumep, mo3Har je XucTepe3nc KOju ce OJHOCH Ha MarHeTCKe I10jaBe y
HEKUM MaTepHjajiiMa, Kao W OHAa] KOjJU HacTaje yclel IulacTuuHe aedopmariyje

METaJTHUX MeMOpaHa KoJl HEKUX BPCTa CEH30pa MPUTHCKA.

OceT/pbMBOCT Ha NMapa3suTHe BeJUYMHE je HECaBPIICHOCT CEH30pa YyCiel Koje
CUTHQJI Ha HErOBOM H3J1a3y OCHM OJf BPEJHOCTH MEpEeHe BEJIMYMHE 3aBUCH U OJ
BPEIHOCTH jeJTHE WJIM BMIIE IpYyTrux BeauunHa. Kog MHOTMX ceH30pa M eNeKTPOHCKUX
KOMITOHEHTH TIOCTOjH M3pak€Ha OCETJBMBOCT HA TEMIEepaTypy Kao MapasuTHY

BEIIMYMHY, KOja C€ Ha3uBa TEMIIEPATYPCKUM JApUPTOM.

IIym je HecaBpIIEHOCT CEH30pa Koja je MOCleAnla CTOXAaCTHYKHUX Ipoleca, a
UCIIOJbaBa C€ y BHUY CIIydajHE KOMIIOHEHTE CyIEepIOHMpaHE HAa KOPUCHU CHUTHAJ Ha
u3a3y ceHzopa. Pasnmmumty (QuU3MuUKK MpolecH TeHEpHIly pa3He BpCTE IIyma, Koje

UMajy pa3auauTe PyHKIH]je pactoiesie U CIeKTpeE.
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HecTadmiaHocT mapamMerapa TOKOM Jyer BpPeMEHCKOr TIepuoaa je
HECaBPIICHOCT CEH30pa Koja je TMOCTeIulla CIIOPUX TMPOMEHA Y IheMy, YCIe
JQYTOTPAjHOT KYMYJIATUBHOT JICjCTBA PAa3HHUX YHYTPALIBHX M CIOJbAILUX M0jaBa U
mporeca, Kao MTO Cy XeMHUjCKe H (PU3UYKe MpOMEHe Marepujana. Y 3aBHCHOCTH O]
NPUHIMIIA Paja ¥ KOHCTPYKIIHMjE€ CEH30pa, BPEMEHCKH IMEPHOA y KOjeM CY IbCTOBH
napameTpu y JeKJIaprcaHiM TPaHUIlaMa MOXKE JIa TPaje O] HEKOJIHMKO CaTH 10 HEKOJIHUKO
rogauHa. OBa HECABPIIICHOCT CE OTKJIamkha CTAIOHUPAhEM Y OJIroBapajyhumM BpeMeHCKUM

MHTEpPBAIUMA.

3.3.2 Kopeknuja HecaBpIIEHOCTH CHJIMIMjYMCKUX MHE300TIOPHUX
MEMC ceH3opa npuTucKa

HajuzpakeHuje HECaBPIICHOCTH CHJIMIMJYMCKUX mHe300TnopHux MEMC
ceH3opa npuTHcka cy cienehe (momauum nexnapucanu 3a cenzop UXTM SP-12 nartu cy
y 3arpajin):

e odcert (£30 %FS, tunuuno 10 %FS),

e nemureapHocT (£0.15 %FS, tunuuno +0.1 %FS),

e xuctepesuc (£0.02 %FS, tunuuno +0.01 %FS),

e temmnepatypcku apudt (+0.05 %FS/°C ca macHBHOM KOMITEH3AI[HjOM),

e  HeCcTaOWJIIHOCT TOKOM JIy>KeTr BpEMEHCKOT Nepro/ia (Huje IeKIaprucana).
Kopeknujy odcera je moryhe Bpmutu Ha cienehe HaunHe:

e [IOfICLIaBaEk-EM BPEAHOCTH IapaMerapa €JIeKTPUYHOI Koja CEeH30pa (TUIUYHO
J0JlaBambeM OTIOpPHMKA oJroBapajyhe BpenHocTH y jeaHy rpaHy Butcronosor

MOCTa CEH30pa),

L4 noacuaBakbeM BpCAHOCTHU IMapaMETapa CJICKTPUYIHOT KOJIa 3a aHAJIOTHY o6pa;[y

curHaia (THIUYHO IPOMEHOM OTIIOPHOCTH TIPOMEHJBUBUX OTIHOPHHUKA),
®  y JUTUTAIHOM JIOMEHY, IPUMEHOM PadyyHAPCKOT aJITOPUTMA.

Kopekuunjy Ttemmeparypckor apudta ™Moryhe je U3BpPIIUTH NPHUMEHOM
pa3IMYUTUX METO/Ia, YHja j& HajOIIITH]a MoAea Ha
®  aHaJOTHE METOJ/E

— KOMIICH3all{]ja MaCUBHUM KOJIOM (HIIP. OTIIOPHHUYKOM MPEKOM),
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— KOMIICH3aIMja akTUBHIM Kosiom [108],

e  JUTUTAJHE METOJe (MPUMEHa pauyyHApCKOT alrOpUTMa).

Kon MXTM MHIyCTpHjCKUX TpaHCMHUTEpa MPUTHCKA Ca aHAJIOTHOM O00pagom
curHasia kopuirhena je ormopHuuka mpexa. llomro je 3a pax oBe BpcTe ceH3opa
NpUTHCKA HeomxojaHa rmoOyna, HeKa HAaMEHCKa MHTETpHcaHa Koja, Kao IITO je HIp.
MAX1451, Bpuie KOMIEH3alUjy TeMIepaTypcKkor napudTa CceH30pa MPOMEHOM
BpEIHOCTH MOOyJHOr HamoHa wiauM 1noOyaHe crpyje. Koa  uHTEnMreHTHHX
UHTyCTPH]CKUX TPAaHCMUTEpPA MPUTHCKA KOPUCTE C€ JAUTMTAIHE METO/e KOMIIEH3aluje,

jep ce momohy BUX MOCTIKY HajOoske MepHe Tiepdopmance.

3a KOpeKIIMjy HeIMHEapHOCTH Takohe moctoju Buiie meroaa [108], a mene ce Ha:
®  aHaJOTHE METO/E

— JMHeapu3anyja MoJu(pUKOBAHUM €JIEKTPUYHUM KOJIOM CEH30Da,

— JIMHeapu3aluja o0paJoM aHAJIOTHOT CUTHAJIA U3 CEH30Pa,
e  JUrUTaJHE METOJIC JIMHEeapH3aIuje

— JMHeapH3alyja IpUMEHOM Talele MpeTpakuBama,

— JMHeapH3alMja IPUMEHOM pauyHapCKOT aJlrOpUTMa.

Kon wWHTENWreHTHUX WHAYCTPHjCKUX TpPaHCMUTEpa TMPHUTHCKA BpIIM Ce
JUHeapu3anrja MPUMEHOM padyHapckor aaroputMa. Koj TpaHcMuTepa ca aHAJIOTHOM
o0pasioM curHana JHHeapu3alyja ce Hajyemhe He BPILH, jep HEIMHEAPHOCT CEH30pa

THUIIMYHO HEMAa JOMHWHAHTaH yTI/II_[aj Ha JCKJIapUCaHy BpCAHOCT MCPHC HCCUTYPHOCTH.

XucTepe3uc TeHEpaTHO HHUje CBOJCTBEH CEH30PCKUM EJIEMEHTHUMa 33 MEpeme
NpUTHCKA Ydja je Aujadparma uspaheHa oJ MOHOKPHUCTAIHOT cuiauiujyma. MehyTtuwm,
CEH30pH IPHUTHCKA CaTPKe U IPYTe eIeMEeHTe U CKionoBe (Buuetu 2.2.2.7) uzpalhene on
MaTepHjajia TMOJJIOKHHUX IJIACTUYHO] JedopMalMju, KOJU MOTY TMPOYy3pPOKOBATH
xucrepesuc. Mako je Kopekiuja Xxwucrepesuca Moryha TeopujckH, a y HEKUM
Cly4yajeBUMa M MPaKTUYHO, OHA CE€ Y BEJIMKOj BENMHU MEPHHUX METOJIa HE CIPOBOIH. Y
nporecy wu3paae cenzopa MXTM SP-12 (kao m apyrux THIIOBAa CEH30pa HCTOT
npou3Bolaua) BpIIM ce BUIIECTPYKAa KOHTPOJIA PEJICBAHTHUX Mapamerapa, YKJbyuyjyhu
u xucrepesnc. CeH30pH KOJA KOJHX j€ XUCTEepPe3UC AOMHUHAHTHA KOMIIOHEHTa MEpHE

HECUTYPHOCTH CMaTpajy c€ HEUCIIPAaBHUM U 070aIly]jy ce.
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HecrabunmHocTt TOKOM JyKer BpPEMEHCKOr MepHoAa KOJ CHIIMIIM]YMCKHX
nuezootnopanx MEMC ceH3opa mpUTHCKAa HacTaje NPETeKHO 300T TpOMEHa Yy
MaTepujaauMa O] KOjux je ceHzop u3paheH. BpemeHcka 3aBUCHOCT MHOTHX TaKBUX
MPOMEHa ACUMITOTCKH TE€KH HEKOj KOHCTAaHTHO] BpeaHocTu. Kako O ce MUHUMH30Bao
YTHUIIa] OBE HECABPIICHOCTH, CEH30PH C€ MOABPraBajy Mpolecy T3B. yOp3aHOT cTapema,
HITO MOJApa3yMeBa BEJIMKM Opoj LUKIyca 3ajaBama NPUTHCKA U TeMIepaTrype y

ACKIIapUCaHOM OIICCTY BPCAHOCTH.

MepHa wMerToja 3a HCTOBPEMEHO MEpEemE MPUTUCKA U TeMIepaType
nue3zootrnopuuM MEMC ceH30opoM MpHUTHCKa, KOja j€ ONKCaHa y OBOj JUCEpTalUju
(Bumetn [leo 4), 3acHuMBa ce Ha NPUMEHH MaTeMaTHYKOI MOJEia M PadyyHapCKOr
anroputMa. OHa omoryhyje Kopekuuje ogcera, HeIMHEapHOCTH M TeMIepaTypcKor
npudTa Ko MEpema NPUTUCKA, a ICTOBPEMEHO M KOpeKIHje o ceTa, HeIMHEApHOCTH U
yTHIaja TPUTHCKA Kao Mapa3uTHE BEMYMHE KOJI Mepema Temreparype. [IpBeHcTBeHO
je HaMemeHa YNOTpeOM Yy HHTEIMICHTHHUM MYJITH(QYHKIHOHAIHUM HHIYCTPHjCKUM

TPAHCMHUTCpUMA BUCOKHUX Hep(popMchn.
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4. MEPHA METOJIA 3A UICTOBPEMEHO
MEPEIBHE IIPUTUCKA U TEMIIEPATYPE
IHUE300TIIOPHUM MEMC CEH30POM

Temmeparypa u nputucak cy Hajuenrhe MepeHe (U3MYKe BEMYMHE HE CaMo y
UHAYCTPUJCKUM IpoliecuMa, Beh M y MOTOPHMM BO3WJIMMA, €HEPreTUIM U JIPYTUM
TEXHUYKHUM CHCTEMHMMa, y Ppa3HUM HayyHMM o00JacThMa, YKJbydyjyhu MeIuluHy,
METEOPOJIOTH]Yy U KOCMUYKa UCTPaKMBama, a Takohe M y CBaKOAHEBHOM >XHUBOTY. On
Kaja cy mpBu ImyT u3Mmepenu temmeparypa (Canropuo Canrtopuo, ['anmmneo [Nanummej u
Bosanu @panvecko Carpeno, kpajem 15. Bexa) u nputucak (EBanrenucra Topuuenu,
1643. roauHe), pa3BUjeHO j€ MHOIUTBO MEPHMX METO0Jla, CEH30pa W MHCTpyMEHaTa 3a
Mepeme THX BelMyuMHa. HaunHu Ha Koje ce Ta Mepema Bpllle, TEXHUYKO-TEXHOJIOMIKa
pelema W KpUTEpUjyMH 3a MPOIEHY MEpHUX mnephopMaHCH 3aBUCE O]l MPHUMEHE,
pagHMUX yclioBa U MOTpebda KOPUCHUKA. Y CaBPEMEHUM HHIYCTPH]CKUM IOCTPOjeHUMa
U3y3€THO j€ 3HayajHa ONTHUMM3allMja MpoLeca y CMHUCIY €KOHOMUYHOCTH, EHEPreTCKe
e(pUKaCHOCTH U 3alITUTE )KMBOTHE CpPEeJIMHE, ITO ce He Moxke nocTrhu 6e3 yHanpehema
(GyHKIMOHATHOCTH U TeppopMaHCH MepHe ompeme. 300r Tora y oOJIacTH CEeH30pa,
MHCTpyMEHaTa U MEpPHHMX METOJa 3a MEpeme MPUTHCKA U TEeMIepaType U Jajbe uma

MHOTO ITPpOCTOpa 3a HOBEC HAYUYHC U HHXXCHCPCKE JOIMPHUHOCE.

VY oBom geny nucepranuje 6uhe mprukasaHa HOBa MepHa MeTojia Koja omoryhyje
UCTOBPEMEHO MEpEeHe NMPUTHCKA U TeMIepaType KOpUIIhemeM jeTHOT CHUITHIIN]yMCKOT
nue3zoornopuor MEMC ceH3opa mnOpUTHUCKAa, Y3 TIOCTU3AaHkE BHUCOKMX MEPHUX
neppopmancu. Ilocrojehu HMHCTpyMEHTH KOJjU HCTOBPEMEHO Mepe NPUTHCAK MU
TEMIepaTypy THIIMYHO 32 TO KOPUCTE OJ[BOjeHe M MelycoOHO pa3nuyure CeH30pCKe
eqeMeHTe. Y JOCTYIHOj JHUTEpaTypd HMa Majio TNpUMepa HCTOBPEMEHOT Meperma
NPUTHCKA M TEMIEpaType MCTUM ceHzopckuMm enementoMm [19], [109], [110]. TIpema
cazHamy ayTopa, TaKBUX IpPHUMepa KOjU C€ OJHOCE Ha CHJIUIM]YMCKHU MHE300THOPHH
MEMC ceH30pcKH €JlEeMEHT MpakTHYHO HeMa, Kao HHU IO0jaTaka O IOCTHU3AbY

onroBapajyhux kapakTepucTHKa 32 UHIYCTPHjCKE MPUMEHE.

M3BpmieHa je kapakTepu3alyja jeHE TpyNe CeH30pa HCTOT THUMA W MEPHOT
oficera Mpy Pa3IMYUTUM 3aJIlaTHM BPEIHOCTUMA MPHUTUCKA U TemmepaTtype. Ha ocHOBY

Tako 10OWjeHHX MEPHHUX pe3ynTara (opMHUpaH je mapaMeTapcKd MaTEeMaTUUKH MOEI
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3a ;1aT¥ TN ceH3opa. [lapameTpu Mozena cy U3padyHaTH 3a CBaKH OJl CCH30pa YHja je
KapakTepu3aiyja wu3BpiieHa. Tume je omoryheHa Kopeknuja ceH3opa TMpHu

HCTOBPCMCHOM MCPCHY NPUTHUCKA U TCMIICPATYPEC Y pCAJIHOM BPCMCHY.

[Ipuka3ana MepHa METO/a je 3aTHM €KCIIEPUMEHTAITHO MPOBEpeHa Kopuirhemem
MHTEJIMTEHTHOI MEPHOI MHCTpyMeHTa (mpojekar onucan y Jleny 5). [loOujene mepHe
nepdopmance ymnopeheHe cy ca mepdopmancama rmoctojehe WHIYCTpHjCKE MepHE
ornpeme. Pa3MOTpeHH cCy HEKM acleKTH OJf HHTepeca 3a MpPaKTUYHY [PUMEHY

MPEIOKEHE METO/IC Y HHYCTPHjU.

4.1 KAPAKTEPU3AIIMJA CEH30PA

W3Bpiiena je kapakTepuzanyja Tpyle Ol TPHU CHIHMIHjyMCKa MHE300TIOpHA
MEMC censopa nputrcka tuna SP—12, HomunanHor mepHor oncera 0 bar go 100 bar.
Censopu cy nzabpaHu U3 UCTE NPOU3BOJIHE cepuje, u3pal)eHn Cy Ha MCTH HA4YMH U
NPOCEYHUX Cy KapaKTEepUCTHKa, Ma C€ MOTY CMaTpaTH TUIIMYHUM IPOM3BOJUMA TOT
TUna. [7aBHM IIWJb KapakTepu3aluje je oApehuBame 3aBHCHOCTU EINEKTPUIHHX
napaMerapa Ha H3J1a3y CEH30pa O]l 33/JaTHX BPEAHOCTH INPHUTHCKA W TeMIeparype.
[To3HaBame THX 3aBUCHOCTH j€ HEONMXOJHO 3a (OPMHPAKE MAaTEMAaTHYKOT MoJelna

CCH30pa.

4.1.1 Amapartypa

[lojemHocTaB/beHa OJNIOK IIemMa amaparype KopuiiheHe 3a KapaKTepusalujy

ceH3opa npukasana je Ha Courm 4.1,
I'maBHU eneMeHTH anapatype cy cienehu:

e Temmneparypcka komopa (Votsch VMI 08/140, oxcrymame Temreparype y
rpanumnama +0.5°C),

e KaJuOpaTOp MNPHUTHCKA BHCOKMX MeTposiomkux mnepdopmancu (Mensor
APC600, oncesu nputrcka: 0 bar mo 1 bar, 0 bar xo 2 bar, 0 bar no 8 bar, 0 bar
no 10 bar, Obar mo 50bar u Obar mo 100 bar, oxcrymame mnputucka y
rpanuiama £0.01%),

e axBu3numonu ypehaj (ma Coumm 4.1 npukaszan kao CKyIl OJOKOBa 3a oOpaiy

CHUTHaJIa, KOMYHHKAIIM]y ¥ YIpaBJbarkhe), pa3BHJEH OJ CTpaHe ayTopa
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JHcepTanyje, WMa JBa KaHalla 3a CEH30pe MNPHUTHCKA WIH TeMIIepaType Hu
nHTepdEejC 32 KOMYHHKAIIM]y ca TIEPCOHATHUM PadyHApPOM,
® MepCOHAJIHH pavyyHap ca oAroBapajyhnuM HaMEeHCKUM CO(TBEPOM:
— Windows amuukanujoM 3a KOMYHHKAIMjy Ca amapatypoM, YIpaBibarbe
IPOIIECOM MEpEeHa M MPEHOC MoJ1aTaKa,
— nmporpamoM 3a oOpaly EKCIHEpUMEHTAIHUX pe3ysitaTa ¥ H3padyyHaBambe
napamMeTrapa MaTeMaTHYKOI MOJejia CEH30pa, KOjH je ayTop IUcepTaluje

Hanucao y nporpamckom nakery MATLAB.

I
I
I
| sg | !
i 2u | |
! /N S :
I NV aE |
| MUWKPO- OF ||
! KOHTPONEP I
PT : [
/ | yrpaBrbate :
TEMMEPA : NpUKynrbame |
3 nogartaka |
Ts| "fypcka | KOMOPA | Jif '
: KOMYHUKaLUmja % |
I = '
2 |
| = | | KANMBPATOP
: < | MPUTHUCKA
| MEPEHE LN : P,
t TEMMNEPATYPE /] |
I

.

Cauxa 4.1 bnok mema anaparype 3a KapakTepusalujy ceH3opa (MCIPEKHIaHOM JIMHHjOM

je O3HaueH aKBM3HLMOHU ypehaj)

4.1.2 AxBu3uumoHu ypebhaj

HeraspHuja  Omoxk  miema — akBU3MIMOHOT  ypehaja  kopumiheHor  3a
KapakTepuszalujy ceHzopa mnpukazaHa je Ha Cnunum 4.2. Taj ypebhaj je 3acHoBaH Ha
xapaBepy miaatdopme 3a pa3Boj HHTEIUICHTHUX UHAYCTPUJCKUX MHCTPpyMEHaTa, KOjy je
aytop koHcTpymncao panuje [30]. AxBusummonu ypehaj omoryhyje mepema momohy
HajBuie 1aBa ceHzopa (S1 S2), o Kojux CBakM MOKe OMTH MHE300TIHOPHU CEH30pP
NPUTHCKA, OTIIOPHM CEH30p TeMIepaTrype WiIH TepMmomap. Y OBOj amapaTypH jenaH
CEH30PCKH yI1a3 je KopuirheH 3a CeH30p NMPUTHUCKA YHja ce KapakTepuszanuja Bpmu (S1),
a Jpyrd 3a OoTmopHH ceHzop Ttemmeparype tuma Pt—100 (S2), xoju je TepMHYKH

CIIPETHYT ca MeTaJHUM TeloM ceHzopa S1. Ypehaj campxku nBa moacucrema ca 24-
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outHuM curma-aenta A/D KoHBEpTOpOM BHCOKHUX mepdopmancH, koju ¢y Ha Ciunu 4.2

YOKBHPEHHU UCIIpeKu1anoM JuHujoM. OBU noacuctemu Bpie cieache Gynkmmje:

— 1o0yJa ceH30pa KOHCTAaHTHOM CTPYjOM (3a OTIIOPHE CEH30DPE),
—  MYJITHUIUICKCHUPAEE YIa3HUX aHAaJOTHUX CUTHAJIA,

— OadepoBame aHAJTOTHUX CUTHAJIA,

— mporpamMabuIIHO TOjavarbe,

— A/D koHBep3uja u

— JIUTUTAIHO QUITpUpAmE.

Jla Ou ce enuMMHHKCalla MEpHAa HECHTYPHOCT yCIie]] Bapujalldje jaulHe CTpYje
noOyne censopa, lg, Bpim ce T3B. MPOMOPIIMOHAIHO MEPEHE N3Ta3HUX HAIlOHA CEH30pa.
Y TOM 1WBY Ce€ KOPUCTH OTIOPHHK BHCOKHMX mephopmancH, Ry (Rref=2 kQ,
ORrer=%0.01%, ca temmneparypckum koepunujenTom ornopHoctd TCR=+0.2 ppm/°C).
Hanon Ha xpajeBuMa tor otnopHuka, Vet =lo*Ryef, KOpucTH ce kao pedepeHTHH HaloH
3a oarosapajyhu A/D kouBeprop. 300r Tora je ymecto u3ina3Hux HarmoHa cerzopa (Vout

1 Vpr) 3roHMj€ U3Pa3UTH U3J1a3HE CUTHAJIE CEH30pa Ka0 OTIOPHOCTH:

Rt [Q]=\%=§°“t Ry 1 4.2)
0 ref
V, V,
R, [Q]=— = b R (4.2)
b[ ] IO Vref f

Rpr je ¢u3nuka OTIIOPHOCT KOja ce MOKE M3MEPUTH Ha MOOYIHOM IMPHUCTYILY

CEH30pa, JTOK Ryt HEMa Taj PU3UYKU CMICA0 M MOXKE UMATH HETaTUBHY BPETHOCT.

Cge ¢yHKIH]je yrpaBibamka, KOMyHUKaIMje U 00pajie moaTaka y akBU3UITHOHOM
ypehajy o6aBiba 16-OMTHH MHUKPOKOHTPOJIEpP Ca HHCKOM MOTPOIIKoM eHepruje (Texas
Instruments MSP430). KomyHukammja ca IepCcOHAIHMM padyHapoM Moryha je
nocpezactBoM uHTepdejca RS—232 wu 0exnuno, momohy Bluetooth momyna. ITomro je
cpelmba YKyIHa MOTpOIlka cTpyje Mama o1 10 MA kana ce kopuctu Bluetooth Moy,
ypehaj ce Moxe HamajaTu U3 OaTepuja, YMME C€ OCTBApPYje HEroBO TAIBAHCKO OJBAjamhe

0J1 pauyyHapa 1 OCTaJIUX JI€JI0Ba anaparype.
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Cauka 4.2 bBiok 1memMa akBU3UIIMOHOT ypehaja

4.1.3 Onuc ekcnepuMeHTa

Jenan ol ceH30pa MPUTHUCKA, U3 TPYIIE UHja ce KapaKTepu3alluja BPIIH, CTaBJba
ce y TemrmepaTypcky kKomopy. Mako TemmepaTypcka KOMOpa MMa CBOjy WHIMKAIU]Y
TEMIIepaType, Ta BPEIHOCT He MOXKE JIa c€ KOPHCTH 3a CIPOBOleme eKCIIEpUMEHTa, jep
Ce OJIHOCH Ha TEMIIEpaTypy Baszayxa y KOMOpPH, a HE Ha TEeMIIepaTypy HCIUTHBAHOT
ceH3opa. 300r Tora ce KOPUCTU OTIIOPHU CEH30p TEMIEpaType BUCOKUX MeppopMaHCH
(Pt-100 ca oacrynamem y rpanunama +0.06°C), koju ce npuuspiihyje Ha MOBPIIHHY
MCIIMTUBAHOT CEH30pa TaKo Jia ce OCTBapu HajOoosba Moryha Tepmmuuka cripera. CeHzop
Temreparype omoryhyje peepeHTHO Mepeme TemIeparype HCIUTHBAHOT CEH30pa,
Yrja je BPEeIHOCT OBAe o3HaueHa ca 1. [loTpeOHe enexkTpuuHE M IMHEYMAaTCKEe Be3e
u3Mel)y MCIMTHBAHOT CEH30pa M amapaType OCTBapyjy c€ Kpo3 TOIUIOTHO HM30JIOBAHH

OTBOD Yy 3HJy TEMIIEPATypCcKe KOMOPE.

3a onucaHy anapaTypy €MIMPH]CKH je yTBpHEHO Jja ce MPUTUCAK MOXKeE 3aaTH U

crabunuzoBatu 3a Mame oa 20s, mok je morpebHo g0 30 MHUHYTa Aa Ce MOCTUTHE
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TEPMHUKa paBHOTEXKa CEH30pa MPUTHUCKA y TeMIepaTypckoj komopu. [Ipema Tome, paau
eukacHOT crmpoBohema eKCIepuMeHTa Tpeba BPIIUTH MEpema TaKo IITO CE Ha
KOHCTAHTHOj TEMIIEPATypH 3a/1ajy pa3inuuTe BPEAHOCTH MPUTHUCKA, 1A C€ Ta] MOCTYIaK
NIOHABJbA 32 CBAKy BPEIHOCT TEMIEpaType M3 3a7aTor ckyma. Mepeme ce Bpmu Ha 10
pasmuuutux temneparypa (og 70°C mo —20°C), momasehu on HajBUIIE TeMIeparype,
YyUMe Cce clpeyaBa KOHJAEH3allhja BOJE TOKOM eKcrnepuMeHTa. HomuHamHu orcer
NPUTHCKA UCTIMTUBAHUX CEH30pa je mojesbeH Ha 10 jemHakux WHTEpBaja, MITO Jaje
yKkynHO 11 BpenHOCTH mpUTHCKa Koje Tpeba 3amatu. JlogaTHo, MPHUTHUCAK ce 3a/1aje y
JIBa TpoJja3a: MpBO O] HajHWKE 10 HajBHIIE BPEIHOCTH, a 3aTUM Y CYIPOTHOM CMEpY,
mTo Jaje MoryhHocT mpolieHe xucrepesuca. CBako MojelMHavYHO Mepeme aaje cieache
noJaTke: 3a7aTy BPeIHOCT TEMIIepaType y TeMIepaTypckoj komopH, Ts [°C], uamepeny
BPEIHOCT TeMIlepaType HCHUTHBAHOI ceH3opa, | [°C], 3amaTy BpeIHOCT INPUTHCKA,
P [bar] u u3mepene BpeTHOCTH M3JTa3HHUX MMapaMeTapa HCIIMTUBAHOT CEH30pPa, Royt M Ry .
CBH MOMEHYTH IMO/IAlIM C€ U3 aKBU3UILMOHOT ypehaja maby Ka nepcoHaiHoOM padyHapy,
rae ux oaromapajyhu codTBep mpukasyje Ha €KpaHy W CHUMA y JAaTOTEKy Ha Xap]

mucky. Exkcriepument ce cactoju on 220 Mepema u Tpaje HajMame § catTu.

4.1.4 Pe3yararu KapakTepusauuje

Jla 61 ce Ha OCHOBY J00MjJEHHX EKCIIEPUMEHTAHUX pe3yJTaTra MpOIeHHIIe
nepopmMaHce UCIUTHUBAHUX CEH30pa, U3abpaH je MPUCTYN KOjU je HajOIMKU OCHOBHO]
NpakTUYHO] NMPUMEHHU JaTe BpcTe ceH3zopa. To mojpazymeBa Ja ce MOCIe Yrpajmbe
CeH30pa Yy MEPHHM HHCTPYMEHT BpIIM IOJEIIaBalbeé WHAMKALMjEe TOoJ pedepeHTHHM
ycinoBuMa (KOJ CEH30pa TPHUTHCKAa je TO pedepeHTHa Temmeparypa), Kako Ou ce

OJCTYIIAKLC IO TUM YCJIOBHMMA CBCJIO HA MUHHUMYM. I/IH,Z[HKaHI/Ija HpHTHCKaje JaTta Kao

If\>(Rout’ Rbr) = aO +a1 ’ Rout(P’Tref) ’ (43)

Iie Cy @ W @i mapaMeTpud M3pavyyHATH TaKO IITO CYy CKCIEPUMEHTAIHU I0Jalu
nobujenu Ha pedepeHTHO] Temmeparypu, T = T = 20°C, anpokCUMUpaHHu JTUHEAPHOM

byuknujom (4.3), IPUMEHOM METO/I¢ HajMambuX KBaapaTa [111].

PenatuBHO ojcTymame MHAMKalMje TPUTUCKA OJ BPEAHOCTH  3ajaTe
KaJTMOPaTOPOM TMPHUTHUCKA Y i-TOj MEPHO] TAUKU M3PAaXKEHO je y MPOLIEHTUMA IyHEe CKale,

npema cienehem uzpasy:
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I:,Si(Routi’ Rbri)_
P

| max min|

R :
P [%FS] = -100,i=1...N (4.4)

rae je N ykynan O0poj mepaux tadaka (N=220), a Pynax ¥ Pmin ¢y MakcumyMm, OTHOCHO
MHUHMMYM HOMHHAJIHOT OIicera mpuTucka 3a maatu ceH3op (Pmax=100 bar, Pyin=0 bar).
JlujarpaMu KOju IMOKa3yjy 3aBUCHOCT OBOT PEJIATHBHOT OJCTyMama O NMPHUTHUCKA U

Temmeparype 3a cenzope 6p. 1, 2 u 3 npukaszanu cy Ha Cruiu 4.3a, 4.30, ogHOCHO 4.3B.

Kao onrosapajyha BenuunHa 3a npoueHy u nopeheme mepHux nepdopmancu
CeH30pa KOpUIINEHHUX 32 MepeHme NPUTHCKA, Y3UMa CE Cpelliba BPEIHOCT PEeJIaTUBHOT
OJICTyIIama ca NPUAPY>KEHOM CTATUCTHUUYKU U3PavyyHATOM HPOIIUPEHOM HecUrypHouihy,

8P+U,, rae je

— 1 &
Sp=— 4,
N 2P (45)
Cpellibe PEaTUBHO OJICTYIIAME, a
1 &a 100
U,=2: P-P) —m 4.6
N -1 Z( I I) |Pmax_Pmin| ( )

je TpoIIMpeHa pelaTHBHAa HECHTYPHOCT ca (aKTOpOM IOKpHBama 2, IMTO TUIHYHO
oOyxBara oko 95% excrnepumeHtanHux pesynrara [112]. OBako neduHHcaHa MepHa
HECUTYPHOCT OIHCYyje OJCTyName y OJHOCY Ha BPEIHOCTH TPHUTHCKA Koje maaje
kanmuOpatop kao craraapi. OHa je poOycTaH moka3aresb MEpHHUX nep(opMaHCH, aau He
yKJbydyje JOJaTHE HW3BOPE HECHTYPHOCTH Kao IITO jeé OHa Koja ce MpHIUCYje

KaauOpaTopy MpUTHUCKA.

Canuan npuctyn je kopumheH KoJl KapakTepHu3alHje HUCTe Ipyle ceH3opa 3a

Mepeme Temreparype. Muaaukaimja teMeparype je 1ata Kao

T(Rout’Rbr) b +b Rbr( ref)’ (47)

rae cy bp and b; mapamerpu u3padyHATH TaKO LITO Cy EKCIICPUMEHTAIHH TMOJAAIN
nobujenn Ha pedepeHTHOM npUTHCKY, P=P.=0bar (penaruBHo y oaHOCYy Ha
aTMoc(epcKku MPHUTHUCAK), ANPOKCUMHpAHU JHHEApHOM (yHKIMjoM (4.7), mpUMEHOM

METOjIe HajMamuX KBajapara [111].
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5P [%FS]

6)

5P [%FS]

5P [%FS]

100

80
% 40 40
20 60

P [bar] 0 T[°C]

Cauxka 4.3 PenaTBHO OJICTyName MpPU MEpEmY MPHUTUCKA CEH30poM a) Op. 1, 0) Op. 2 u

B) Op. 3 y 3aBUCHOCTH O 3aaTor nputucka P u Temmeparype T
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Oxcryname MHIOMKALMje TEeMIepaType OJf BPEAHOCTH U3MepeHe pedepeHTHUM
TEPMOMETPOM Y I-TOj MEPHO] Taukd H3pa)xeHo je y crerneHuma LlemsujycoBe ckaie,

npema cienehem uspasy:
AT' [OC]:T:(Routl’Rbr|)_-|-|,|:1N (48)

JujarpaMu Koju TMOKa3yjy 3aBUCHOCT OBOT OJCTYIAama Off IPUTUCKA U TeMIIepaType 3a

censope Op. 1, 2 u 3 nmpukazanu cy Ha Ciiunu 4.4a, 4.46, onHOCHO 4.4B.

Kao moromna BenuumHa 3a mpouneHy u mnopeheme MepHux mnepdopmaHcH
Pa3IMUUTUX CEH30pa KOpUIINEeHUX 3a Mepem-e TeMIepaType y3uma ce Cpe/ilba BpeIHOCT

OJICTYIAamba ca NPUAPYKEHOM NMPOIIUPEHOM HecurypHomhy, AT +U. , Ta€ je

— 1
T:ﬁzﬂl (4.9)

cp€ama BpCAHOCT OACTYIIamka, a

u, =2. \/Nl - ZN:(T 1) (4.10)

je TpolIMpeHa HECUTYPHOCT ca (akTOpoOM TMOKpWBama 2, mTo oOyxBaTa oko 95%
eKcrepuMeHTaIHuX pesyirara [112]. OBako aeduHHCcaHa MEpHA HECHUTYPHOCT OIHCYje
OJICTYTIalb€ Y OJHOCY Ha WHAMKAIM]y pedepeHTHOT TEPMOMETpPA KOjU C€ y3MMa Kao

CTaHAap/, He YKJbYUyjyhu MepHY HECUTYPHOCT KOja ce HeMy MPUIHCY]e.

Hymepuuku pe3yaTatu Koju MpuKasyjy MepHe nepdopmaHce UCIIMTHBAHE IpyTIe
CEH30pa MpU MepemYy NMPUTHUCKA U Temrieparype cymupanu cy y Tabemu 4.1. JloOujenu
Cy KapaKTepHU3allljoM CEH30pa, TaKo IITO j€ MHAMKAIMja MEepEeHEe BEIWYMHE TOIeIIeHa
nox pedepeHTHHM ycnoBuMa. OBIe je M3BPUICHO ONTHUMATHO MOJEIIaBalkbe M HUCY

y3€Ta 'y 063I/Ip OACTYyIamba yCJICA HCIIOHOBJbUBOCTU U NYTOBPEMCHCKC HECTaOMIIHOCTH.
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a)

AT [°C]

6)

AT [°C]

AT [°C]

40

5 20
P [bar] 0 20 T[°C]

Cauka 4.4 Opcryname IpH Mepemy TemIeparype ceHsopoM a) Op. 1, ©) Op. 2 u

B) Op. 3 y 3aBUCHOCTH O 3aaTor nputucka P u Temmeparype T
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Taoena 4.1

Mepne nepdopMaHce HCTTUTHBAHE TPyTie ceH30pa (0e3 KOopeKIuje)

(Pmin:O bal’, PmaX:].oo bal’, Tmin:_zooc, TmaX:7OOC)

Cenzop 1 Cen3zop 2 Cen3zop 3
sP+U, [%FS] 0.002::0.899 0.053+0.979 ~0.030+1.222
AT+U, [°C] 2.711+7.377 3.222+8.520 2.534+7.029

4.2 KOPEKIIMJA HECABPIIEHOCTH CEH30PA

PesynraTi kapaktepusaluje Tpyle CHIHIUJYMCKHUX Mue300Tnopaux MEMC
CeH30pa NpUTUCKa, npukazanu y Tabenu 4.1, mnokaszyjy na ce 0e3 mnpumeHe
oaroBapajyhux weToma KOpPEKIMje HECaBPIICHOCTH CEH30pa He MOry mnoctuhu
nepdopmance moTpeOHE 3a BenukKy BehmHy npumeHna. Merona koja he oBme Outu
OlMCcaHa 3aCHMBA C€ Ha MATEMAaTUYKOM MOJICITy CEH30pa U Ha PavyyHApCKOM aJIFOPUTMY

Koju omoryhyje noOujame HHANKALK]jE TPUTHCKA U TEMIIEPAType Y PEATHOM BPEMEHY.
4.2.1 MaTeMaTH4YKH MOJie]1 CeH30pa

[lomazehn o  aHanm3e  eKCMEPUMEHTAIHUX  ToJaTaka  JOOMjeHUX
KapakTepu3aiujom, (GOpMHUpPaH je mapaMeTapcKu MaTeMaTHYKH MOJEN CHITUITN]YMCKHIX
nue3ootnopunx MEMC censopa tuna SP-12, xojum je o0yxBaheH yTHIla] IpUTHUCKA U
TEMIIEpaType Ka0 MEPEHNX BEMYMHA HA U3JIa3HE MapaMeTpe ceH3opa. Y OBOM CIIy4ajy,
IIJb MaTeMaTHYKOT MOJEJIOBama je Jla ce ojapene KanuOpaunoHe (QyHKIUje 32 CBAKH
CeH30p M3 Jare TpyIe, Tj. 3aBHCHOCT HWHAWKAIMje TPUTHCKA W TEMIEpaType O

napametapa Royt 1 Rpr. [IpeMa Tome, Mogien je nat y o0auKy aBa u3pasa:
P=f(R,R,) n (4.11)

T=9(R,.R,), (4.12)

A

rnecy P u T MHAMKAIMja IPUTUCKA, OJHOCHO TEMIIepaType.

Kao dynukuuje f(Rout, Ror) # 9(Rout, Ror) M3abpatu cy MOJHMHOMH, jep ce ToKa3aio
Ja je To 100po pelieme Kako y MaTeMaTHYKOM, TaKo W y MpakTHYHOM cmuciay [113].

Jennaunne (4.11) u (4.12) Tako mocrajy
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IS(Rout’ Rbr) = zzajk ' Rojut ’ Rtlfr (413)

j=0 k=0

f(Rout’ Rbr) = Zzbjk ' Rojut ’ RtIJ(r (414)

=0 k=0

rae cy aj u bj mapamerpu koje Tpeba oapenuTH 3a cBaku ceHzop. Koncrante m, n, U u
V cy creneHu mnonuHoma. OHM Mopajy OMTH NaXJbUBO H3a0paHM Kako Ou ce
MaKCHUMH30Baja BEPHOCT MaTeMaTHYKOr Mojena, y3umajyhu Ttakohe y o03up u
OrpaHUYCHa PAuyHAPCKUX pecypca pacIlioIOKUBUX 3a KOPEKIHjy CEH30pa y peasHOM
BPEMEHY y TaTOM MEPHOM CHCTEMY. Y OBOM cClly4ajy cy n3abpane cienehe BpemaHoCTH:
m=4, n=4, u=2 u v=4, jep je emnupHjcku yTBpheHo na nasbe nosehaBame creneHa
MOJIMHOMA HE JOBOJM JI0 3HAYAjHOT MoOOJbINama pesynrara. Taj 3akjbydak ce OJHOCH

Ha ceHzope tuna SP—12 u He Mopa J1a Baku 3a CEH30pe MPUTHCKA HEKOT APYroT TUIA.

[TapameTpu ajx Cy U3padyHaTH Tako IITO cy GyHKuujoM (4.13) anpokcumupanu
eKCIICpUMEHTAIHU Tojanu no0OujeHn kapakrepusaunujom censzopa (Pi, Routi, Rori,
iI=1, ..., 220), npuMeHoM MeToje HajMamHX kBaapara [111]. Ilapamerpu bj cy
U3padyHaTd Tako ImTo cy ¢(yHkuujom (4.14) anpoKCHUMHUpaHH EKCIIEPUMEHTAIHH
nogany goobujern kapakrepusaijom cenzopa (Ti, Routi, Rori, 1=1, ..., 220), Takohe
OpUMEHOM METOJIe HajMamuX KBajapaTa. Ha Taj HauuH je oapeheH MmaTreMaTHUKu MOjeN
CBaKOT CEH30pa W3 UCIHTUBAHE Tpyle, YNMe Cy yjeaHo aoOujeHe W oxarosapajyhe
KanuOpanuoHe (QyHKIMje 3a Mepeme nputucka u Temneparype. Ha Ciunum 4.5 cy
MpHUKa3aHu JaujarpaMHd KaauOpalMoHUX (YHKIHMja 3a Mepeme MPUTHCKA, JOK Cy Ha
Caunu 4.6 mpuka3aHu AMjarpaMu KaauOpalMoHUX (QyHKIHMja 3a MEpeme TeMIepaTtype,

3a cenzope Op. 1,2 u 3.

Kanubpanumone ¢yHnkuuje koje ce no0ujajy Ha OMNMCAHM HA4YMH OMOryhyjy
HCTOBPEMEHO Mepeme MpPUTHCKa H TeMmIeparype KopuIIhemeM caMo jeIHOT

nuezoornopaHor MEMC cenzopa nputucka (y CKIIOIy oJroBapajyher HHCTpyMeHTa).
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P [bar]

2700
Rbr [Q] 0 Rout [Q]

P [bar]
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P [bar]

100

i 0 Rout [Q]

Cauka 4.5 KanuOparone GyHKIMje 3a Mepembe NPUTUCKA 3a a) ceH3op Op. 1, 6) ceHsop

Op. 2 u B) censop Op. 3
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100 2900
2800

Rout [Q] 9 2T Ror [Q]

Cauka 4.6 KamuOpanuone ¢yHKOMje 3a Mepeme TemIepaType 3a a) ceHsop Op. 1, 0)

ceH3o0p Op. 2 u B) ceHszop oOp. 3
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4.2.2 UHTEIUTEeHTHH HHCTPYMEHT 3a HCTOBPEMEHO MEPEHHE€ IIPUTUCKA

u Temneparype nue3o00TnopaumM MEMC ceH30poM npUTHCKA

Ocum mmeszoornopuor MEMC cenzopa mnputucka W oarosapajyher
MaTeMaTUYKOr MOJela, 3a MPaKTUYHY MPUMEHY METOJE HCTOBPEMEHOI MeEpema
NPUTHCKA W TEMIIEpaType HEOMXOIHU Cy oxaroBapajyhu xapaeep u codrtBep, umja

peanuzainuja Moxe OUTH y (POpMU UHTEIIUTEHTHOT MEPHOT UHCTPYMEHTA.

[TojenHocTaB/beHa OJOK IIEMa HMHTEIUTCHTHOT HHJYCTPHjCKOT HHCTPYMEHTa
KOjU UMa cBe NoTpeOHe (yHKIM]je 3a IOMEHYTY NpUMeHy MpukazaHa je Ha Couuum 4.7,
Konnenuujcku, Taj MHCTPYMEHT c€ OJ aKBM3MLIMOHOT ypehaja ommcanor y 4.1.2

HajBUILIE pa3uKyje no cienehem:

e He caapxu nocedaH (pedepeHTHH) CEH30p TEMIEpAType U
®  [IOLITO jé MHCTPYMEHT He3aBHcaH ypehaj, ’heroB MUKpOKOHTpOJIEp 00aBjba CBY
noTpeOHy o00pamy momataka (YKJbydyjyhu W KOPEKIM]y HECaBPIICHOCTH

CeH30pa), yrpaBjbauke GyHKIIH]€ U KOMYHHUKAIU]y TIOCPEJCTBOM UHIYCTPH]jCKOT

unTepdejca.
=~
__________________________________ :
|
3 LN koPMCHWMUKK :
o N WHTEPoEJC |
<) [
o
E N mmkpo- [ %
3 KOHTPONEP E
S |
5 pT N ynpaemawe |AN|  WHOYCTPUICKK @%
(] =
'Q T N/ WHTEP®EJC | <
& nopartaka | |6
>
= KOMyHUKaLMja : =
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2 HAMAJAHE '
E |
[
[
__________________________________ Jd

Cauxka 4.7 TlojenHocraBibeHa OJIOK IlIEMa HMHTEIUTEHTHOT WHIYCTPUJCKOT MEPHOT
MHCTPYMEHTa KOju oMoryhyje HCTOBpEeMEHO Mepeme IMPUTHCKA U TEMIIEpaType

jemauM mue300TropHuM MEMC ceH30poM TIpUTHCKA
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HNuctpyment cagpxu ctanny memopujy (EEPROM wmm FRAM) y kojy cy
yIIHCaHEe BPEIHOCTH MapaMerapa ajk ¥ Dj njaror ceHsopa. AnTepHaTHBHO, HCTH MOAALN
MOTY OUTH YCKIIQJHMIITEHU Y MEMOPH]CKOM €JIEMEHTY CEH30pa, 0JIaKJIe UX MHCTPYMCHT
ounrtana [114]. UucTpyMeHT 00aBJba KOPEKILHU]y HECaBPIICHOCTH CEH30pa TaKo INTO 3a
IIO3HATE BPEJHOCTH IapaMeTapa ajk 1 Djx BpIm u3padyHaBame uspasa (4.13) u (4.14) 3a
CBakd IMap IoJaTaka KOjHU C€ TMojaBbyjy Ha usgazy oba A/D koHBepropa, a
NPEe/ICTaBIbajy HyMEPUYKE BPETHOCTH Royt U Rpr, ICTOBPEMEHO KOHBEPTOBAHE Ca JaTOM

yuecranomhy oxabupama. Ha Taj HaumH noOuja ce WMHAMKANMja MEPEHE BPEAHOCTHU

NpUTHCKa U Temrieparype, P, omHocHo T .

Hexn mocrojehu THIMOBM WHTEIUIEHTHUX HWHIYCTPHjCKHX TpPaHCMHUTEpa
IPUTUCKA, YKJbydyjyhu oHe Kkoje mpou3Boau MHCTUTYT 3a XeMH]y, TEXHOJIOTH]Y M
MeTalnyprujy, Beh Cy KOHCTpyHCaHM Yy CKJIaay ca OJOK [IeMOM IIPUKa3aHOM Ha
Cmuum 4.7. Kon TtakBUX MHCTpyMeHata Moryhe je cmpoBectu yHampeheme
(YHKIMOHATHOCTH YBOhEHEM MCTOBPEMEHOT MeEpema TeMIeparype, MpPUMEHOM
omucaHe MepHe MeTone. To ce MOXKe CIPOBECTH Moau(UKalMjama KOje CBAaKaKo
o0yxBaTajy M3MEHE y copTBepy, JOK MOTpeda 3a XapABEPCKUM H3MEHaMma 3aBUCH O]1
TUNa npousBoja. TakBo yHampehewme (QYHKIMOHATHOCTH NOCTOjehux TpaHCcMUTepa
NPUTHCKA j€ NU3y3eTHO EKOHOMHUYHO, a He Jierpaaupa nepdopmance Meperma NpUTHUCKA |

HE MPOY3POKYje APYre HeWKEIbEHE MOCTETHIIE.
4.3 TIPUMEHA METOJIE U HIOCTUT'HYTH PE3YJITATH

OBne he OuTH mpHKazaHW pe3ydTaTd J0OMjeHH TPUMEHOM MeTole 3a
UCTOBPEMEHO Mepeme MpUTHCKa M Temreparype nuezootnopuuM MEMC cenzopom
NPUTHUCKA, 3aCHOBAHOM Ha MaTeMaTHYKOM MOJIeNy OnucaHoM y 4.2.1 u MHTEeIUTeHTHOM
WHCTPYMEHTY YHjU je KOHIenT nat y 4.2.2, a nerasban ommc y eny 5. Pesynratu, Tj.
MepHe neppopMaHce MOCTUTHYTE MPUMEHOM MeTojie, Ouhe NMpuKa3zaHH HYMEPHYKH W

rpaduuKy 3a TpyIy OJ TPU CEH30pa YHja je KapakTepusanuja u3spieHa y 4.1.
4.3.1 Ilpouena ouekuBaHux neppopmMancu

Jla Ou ce nobuna npearuMHHApHA MPOIIeHa MepHUX niepopmaHcH Koje je Mmoryhe

OCTBAPUTU TIMPUMCHOM MCTOAC W OAaTOT' CCH30pa, YBOAC CC€ OYCKHMBAHC MCPHC
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HECUTYPHOCTH TNPHUTHCKAa M TeMmIieparype. HbuxoBe BpeqHOCTH ce MOTY H3padyyHaTH
kopuirhemeM TojaTtaka J00ujeHHX KapakrtepusaijoM (Buaetu 4.1) m w3padyHaTHX
BPEAHOCTH TapamMeTapa MaTeMaTHUYKOr Mojena ajy U by (Bumetu 4.2.1), pemaBameM
jennaunna (4.13) u (4.14), a 3aTuM 3amMeHOM J00MjeHux pesyiarara y (4.5), (4.6), (4.9) u
(4.10). Mako HecurypHOCTH NOOMjEHEe HA OBaj HAYMH HUCY NPaBe MEPHE HECUTYPHOCTH,
OHE Cy KOPHCHE Kao KPUTEPHjyM TOKOM JabOpaTOPHjCKOT UCIIUTUBAKka CEH30pa, jep je
Ba)XHO Jla Cc€ IITO PaHHUje y MpoLecy MPOU3BOIBE UICHTU(DUKY]Y U oadale CeH30pH
HE3a/10B0JbaBajyhnux KapakTepucTHKa. BpeqHOCTH O4eKMBAaHUX MEPHHX HECHTYPHOCTH

3a TpY UCTIUTUBAHA ceH30pa nate ¢y y Tabenu 4.2.
Ta6esa 4.2

OuekuBaHe MepHE nepPpopMaHce HCITUTHBAHE TPYIIE CEH30pa (MPUMEHEHA METO1a)

(Pmin = 0 bar, Pmax = 100 bar, Tyin = -20°C, Thax=70°C,m=4,n=4,u=2uv=4)

Cenzop 1 Cenzop 2 Cen3zop 3
sP+U, [%FS] 0.000+0.008 0.000+0.007 0.000+0.013
AT+U, [°C] 0.000+0.114 0.000£0.107 0.000:+0.117

4.3.2 ExcnepuMeHTa/IHA BepupuKanuja

3a eKkcnepuMEHTaJIHy TIpOBEpY MepHe MeToie U oxapehuBame pearHHx
nephopMaHCH TIOCTHTHYTUX EHEHOM TPUMEHOM, KOpUITheH je WHTEITUTeHTHH MEpHH
uHCTpyMeHT (Bunetu 4.2.2 u Jleo 5) Ha yuju je yna3 NpuKJbYYeH jeJjaH OJ CeH30pa U3
UCIIMUTUBAHE TpyIe. 3aTUM je CIpOBElieHa Cepuja Meperma Ha CIMYaH HAYMH Kao Y
npoliecy Kapakrepuzaluje cenzopa (sunetu 4.1), anu cy cazna, ymMecTo rnapaMmerapa Ha
u3a3y CeH3opa, OenexeHe WHIMKAIMje NpPUTHCKAa M TemIeparype Koje Jaje
MHCTPYMEHT Yy CBAaKOj MEpHO] Tauku. VcTu mocTymnak je MOHOBJHEH 3a OCTaje CEH30pe

N3 UCIIUTUBAHC I'PYIIC.

PenatuBHO oOAcTymame WHIMKALMje TPUTUCKA OJf BPEIHOCTH  3ajare
KaTuOpaTopoM KOjU C€ KOPHCTH Kao €TaJOH, M3PaKEHO y MPOICHTUMA IyHEe CKaje
npema jenHaynHu (4.5), mpukazano je Ha Cymmwm 4.8 3a TpU HCIUTHBAaHA CEH30pA.

Opcrynamwe WHAMKaLMje TEMIEpaType OJ BpPEIHOCTH KOjJy IIOKa3yje eTaJOHCKH
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TepMOMeTap, HM3pakeHo y crencHuMa llensujycoBe ckame mpema jeaHaunau (4.9),

npukaszaHo je Ha Ciumm 4.9 3a ucte ceHsope.

HOCTI/IFHYTC MCPHC nep(bopMche npu HMCTOBPECMCHOM MCPCHY IIPUTUCKA H

TEMIIepaType NPUMEHOM OITMCAaHE METO/Ie KBAHTUTATUBHO Cy HMcKaszane y Tabenu 4.3.
Taoena 4.3

ExcniepumenTtanHo yrBpheHne MepHe nepdopMaHce HCTUTHBAHE TPYIE CEH30pa
(mpumMemeHa MEeTo1a)

(Pmin = 0 bar, Pmax = 100 bar, Tyin = -20°C, Thax=70°C,m=4,n=4,u=2uv=4)

Censop 1 Censop 2 Cen3zop 3
P+U, [%FS] ~0.002+0.020 -0.001+0.015 ~0.002+0.015
AT U, [°C] -0.001:0.104 0.010+0.126 0.066+0.193

4.3.3 AHaJn3a NOCTUTHYTHX pe3yJiTaTa

[TomrTo je omucana METOAA 3a UCTOBPEMEHO MEPEHE MPUTUCKA M TeMIepaType
IPBEHCTBEHO HaMEHkEHa WHAYCTPUJCKO] TPUMEHH, OCHOBHU KPUTEPUJYM HEHE
MpaKkTHYHE YHNOTPEOJHLMBOCTH j€ HHUBO MEpHHX IMephOpMaHCH KOjeé OHA TMOCTHUXKE Yy
nopehermy ca OHMM IITO MOCTHXY NOCTOjehM WHAYCTPUjCKHM CEH30pU M MEpHH
uHCTpyMeHTH. CTPHKTHO TOCMaTpaHo, 3a TakBO mopeheme je MOTpeOHO OIpeauTH
KOMOWHOBaHE MEpHE HECHTYpHOCTH, Kako OM ce y3eine y O003Up HECHTYPHOCTH
npunucaHe KopumiheHo] ompeMu 3a Kapakrepusamujy. [lomTo je 3a crpoBoheme
eKcliepiMeHarTa KopuiheHa MepHa onpeMa BUCOKUX nephOpMaHCH, YTUIA) THX MEPHUX
HecUrypHocTH he OMTH 3aHeMapeH y pa3marpamuMa Koja ciene. JlerabHMja aHanu3a
MEpPHUX HECUTYPHOCTH je M3BaH TEMATCKOT OKBHpPA OBE JIMCEpTalHje, HAPOUHUTO 3aTO
IITO C€ 3aKJbYYId O MOCTUTHYTHM pE3yJITaTHMa OBJIe HE OJHOCE caMO Ha KOpHIIheHy

amaparypy, Beh cy onituje npupo/e.

CaBpeMeHU MHTEIUICHTHH WHIYCTPUJCKM TPAHCMUTEPU TNPUTHCKA HUMajy
TUNWYHY penaTuBHY MepHy HecurypHoct oko 0.075%FS wmm Behy, 3aBucHO of
JIEKJIapUCAHOT TeMIepaTypcKor orcera. Pesynratu npukaszanu y TabGenu 4.3 mokasyjy
Jla je MPUMEHOM OMHCcaHe MepHe MeTo/ie Moryhe nmoctuhu 60spe MepHe nephopmance y

pasmarpanom oncery temneparypa (—20°C go 70°C).
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Cauka 4.8 3aBUCHOCT PEIATUBHOT OJICTyIakha MHIUKAIM]e IPUTHCKA OJ1 33JIaTOT MPUTHCKA

P u Temneparype T 3a a) censop Op. 1, 0) cenzop 6p. 2 u B) ceH3op Op. 3
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Cauxa 4.9 3aBHCHOCT OACTyNama MHIMKALMjE TEMIIEpaType of 3aiare TemIeparype 1T U

nputucka P 3a a) censzop Op. 1, 6) cenzop Op. 2 u B) cenzop Op. 3
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Mepeme TemmepaType y HWHAYCTPHJCKHM MpPOIECHMAa THIIMYHO C€ BPIIH
NPUMEHOM TEMIEPATYPCKUX COHJAM KOje Callp’kKe TEPMOTAapOBE WIIM OTIOPHE CEH30pe
temneparype. Hajuemnthe ce kopucre Tepmonaposu tumna J, K, u E, unje je oncryname y
rpanunama £1.5°C y temneparypckom omcery on 40°C no 375°C (xmaca 1, cranmapn
IEC 60584 [16]), amu cy ynorpebspuBu g0 800°C (tum J), 1300°C (tun K), u 900°C
(tun E). Takohe ce yecto xopucre tepmonaposu tuma T (+£0.5°C y temmepaTypckoM
orncery on —40°C no 125°C). MepHa HECHTYpPHOCT WHIYCTPUJCKHX IUIATUHCKUX
otmopHux Tepmomerapa kiace b je £(0.3+0.005:|T|)°C, rue je T mepeHa temmeparypa y
orcery o 196°C no 600°C 3a xwudane cenzope u o1 50°C o 500°C 3a cnojHe ceH3ope
(crapmapx IEC 60751 [15]). Mepna meroma ommcaHa y OBOM IOrjaBjby omoryhyje
NOCTU3amke MPOLIMpeHe MepHe HecurypHoctu Mame of 0.3°C y mocmarpaHoM oricery
TEMIIepaType, ITO je 3HATHO 00Jbe 01 MepHE HECHTYpHOCTH TepMoraposa tuna J, K u
E, 6ospe o Tuna T u ynmopeauBo ca MEPHOM HECUTypHOILINY IUIATUHCKUX OTIOPHHUX
TepMomerapa kiace b. Mehyrtum, Temmeparypcku — OmCer — CHIIMIINjyMCKHX
ME300TIIOPHUX CEH30PCKUX elleMeHarta, kao mro je SP—12, orpanuueH je GU3NUYKUM
CBOjCTBUMA CHJIMIIMjyMa Ha TemmepaTtype Hmke oa 125°C. To orpanuveme Moxke OUTH
npeBasuleHo u3pamom ceHsopckux enemenara Ha SOl cyncrpary (Silicon-on-Insulator,
cuunujyMm Ha uzonaropy) [50], [51]. Jeman TakaB CeH30pPCKH €JIEMEHT je pa3BHjeH Y
Wuctutyty 3a XeMmHjy, TEXHOJOTH]Y M METalIyprujy, ajiu y BpeMe MpUIIpeMe OBe

JcepTalyje jour Huje Ouo y npumenu [11].

4.3.4 TlpakTH4yaH 3Ha4aj meToje

Pesynratn mpukazanun y 4.3.2, TOCTUTHYTH TNPHUMEHOM OIMCaHE METOJEe 3a
HCTOBPEMEHO MEpeHmhe MNPUTHCKAa W TEMIepaType CHIMIHJYMCKHM MHE300TIOPHUM
MEMC cen3opoM, yka3yjy Ha MpakTH4YaH 3Ha4yaj T€ MeETOoAe W HOTBphyjy HEHY
YHOTPeOJHPUBOCT Y MHIYCTPHjCKMM MEpPHHUM cucteMuma. OCUM HUCTOBPEMEHOT Meperma
NPUTHCKA U TEMIIEpaType Ha JTaTOM MEPHOM MECTy y HEKOM WHIYCTPHjCKOM TpOIIECy,
MOTY C€ 3aMHUCIHTH M HEeKe Jpyre KopucHe mnpumeHe. Ha mpumep, ¢yHkimja
UCTOBPEMEHOI Mepema TeMmIepaType, KOojy OM MMao HEKH HMHCTPYMEHT 3a MEepeme
IPUTHCKA, MOXKE J1a c€ KOPHCTH 3a MPOBEPY pajia HEKOT APYror (HaMEeHCKOT) CeH30pa

TEeMIepaType KOju MepH TeMIeparypy HcTor Quyuaa wid yBpctor tena. Hery
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byHKMjy je Takohe moryhe KOPHUCTHUTH M 3a TeMIIepaTypCKy KOMIICH3aIlU]y W/WUIN

JUJarHOCTHKY Y Pa3IMYUTUM MYJITUCEH30PCKUM KOH(UTrypaljama 1 CUCTEMUMa.

JenuHCTBEHA MPEAHOCT OMMCAaHE MEPHE METOJIE je TO ILTO Ce OHA ocjama Ha Beh
nocrojehy XapABEpPCKY apXUTEKTYpy CaBpPEMEHHMX HHTEIMICHTHUX WHIYCTPHU)CKUX
TpaHCMHUTEpa TMPUTHCKA 3aCHOBAHMX HA MHE300TIIOPHHUM CEH30PCKHM €JIEMEHTHMA.
3axBasbyjyhu TOMe, 4ak ce W HEKHM NocTojehu TUIIOBM TpaHCMHUTEpa MPUTHCKA MOTY
MOIU(HUKOBATH TAKO Jia BpIIE HCTOBPEMEHO MEpeme MpUTUCKA U TemmepaType. OBaj
HPUCTYI BOJU Ka MPOIIMPEHY MOTYRHOCTH y CMUCITy Mepema, Haa30pa U yIpaBibamba

HEKHUM MHAYCTPU]CKUM MPOLIECOM Y3 MMHUMAJIHA JI0/IaTHA yJlarama.
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S.

5.1

MHNPOJEKAT UHTEJIUT'EHTHOI'
NHAYCTPUJCKOI' MEPHOI' UIHCTPYMEHTA

ITPOJEKTHHU 3AXTEBH

BuiienaMeHCKH MHTENMTeHTHU WHAYCTPHUJCKU MEPHU MHCTPYMEHT MOTPeOHO je

HpOj CKTOBATH TAaKO A4a MMa cnenehe KapaKTEepUCTHKE.

1.

10.

11.

MEpee amCOIyTHOT, PENAaTHBHOI M JAU(EpeHIHjaIHOT TpPUTHUCKa moMohy
MEMC censopa u3 npoussogHor nporpama UXTM wnu canunux,

MoryhHoCT Mepewa JBa NpPUTHCKA, HIpP. 3a pealu3alujy Mepaya HHUBOA
XOMOTEHHMX TE€YHOCTH IPUMEHOM JIBa CEH30pa arCOIyTHOT MPUTHUCKA,

nubHe mnepdopMaHce KOA Mepema NPUTHCKA: MEpPHAa HECUTYPHOCT TOCie
etanonupama < 0.1 % HOMHUHAIHOT MEpPHOT OIIcera, Mpu Temreparypu (iayuaa
yuju ce mputucak Mepu oa —20 °C mo 70 °C m y TeMmepaTypcKOM OIICery
okosnae ox 0 °C mo 50 °C,

MoryhHoCT U300pa MEpHOT oricera MpUTUCKa 0e3 ToTpede 3a eTaIOHNPAkEM, ca
OJIHOCOM HOBOT OIICeTa IIPpeMa HOMUHAIHOM oIIcery y pacnony ox 1:30 go 1:1,
MoryhHOCT Mepema jeaHe WIM JBe Temreparype (Takohe W pasliuke
TemIeparypa) nomohy OTHOPHHUX CEH30Da,

KOpEKIIMja HECaBpIIHOCTH CEH30pa y JWUTHTAIHOM JIOMEHY TPHUMEHOM
MaTeMaTHYKHX MoJiefa, yKIbydyjuhu MepHy MeToy onucany y ey 4,
JIBOKMYHA Be3a MHCTPYMEHTAa Ca MEPHO-PEryJIallMOHUM CHUCTEMOM: HAIOH
Hanajama je y omcery o 10.5 V o 40 V, uzna3zHu cUrHal je aHaJIOTHU CTPYjHH
y omcery ox 4mA nmo 20 mA, y3 wmoryhHOCT JBOCMEpHE JWTHUTAIHE
KoMyHHKanuje nocpenctsom HART-komnaTubunHor unrepdejca,

KOPUCHUYKU HHTEp(]E]jC 3a MoJelIaBakbe HHCTPYMEHTA U UHINKAIU]y BPEIHOCTH
MEpPEHUX BEIUYMHA,

MoryhHocT pana y temneparypckom oncery okonute ox —20 °C mo 70 °C,
MoIyJapHOCT ypehaja pamu mpuMmeHe ca APYyruM BpCTaMa CEH30pa, Y APYTHM
KOH(pUTyparyjama 1 ca ApyradujuM KOMyHHKaIIHOHUM HHTepdejcuma,
MoryhHoCT pean3aliyje NpOTUBEKCIUIO3UBHE 3AIITUTE HAa IPUHIUITY CBOjCTBEHE

curypHocty npema ctangapay |EC 60079-11 [115] (auje obaBe3aH 3aXTeB).
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5.2 HAJBAKHUJU POBJIEMUA

VHTenureHTHU MHIYCTPH)CKH MEPHU MHCTPYMEHTH MMajy HU3 CHEIU(DPUIHOCTH

y OJHOCY Ha €JEKTPOHCKE MEpHE HUHCTpPyMEHTE IpenBul)eHe 3a Jpyre HaMeHe U

Ipyrauduje ycioBe pana. MHAyCcTpHjcKo OKpyXKeme, HAauuH MPUMEHe, TEXHUYKa MpaKca,

KPUTEPHjyMH M BakehM cTaHAapIu H3BOpP Cy PA3IMUUTHX OTpPaHUYEHa U Mpodiema

KOjU Ce TOKOM IpOjeKToBama ypehaja Mopajy pazmotputu u npesazuhu. Opne he outu

OINMCAaHU HAajBAXHUJU O] BbUX.

5.2.1 Pagnu ycJIOBH Y HHAYCTPHjCKOM OKPYKeHY

Enexrponcku ypehaju npeasuleHu 3a paj y HHIYCTPHJCKOM OKPYKEHBY MOpajy

na Oyloy KOHCTpYHMCAaHM TakoO Ja HCIYyHaBajy IoceOHEe 3axTeBe, O KOjUX Cy

Haj3HauajHUju cnenchu:

1.

HNupycrpujcku omncer pagHe temmneparype (ox —40 °C go 85 °C). Vpehaju
KOoju caapke ekpan ca TeynuM kpucrtaauma (LCD) 30or orpanuuema Te
TeXHOJIOTHje 00uYHO uMajy Temneparypcku omncer og —20 °C go 70 °C. Ilpema

MPOjeKTHUM 3axTeBUMa (BHIETH 5.1), TO je MPUXBATIHHBO.

Mexanuyka 3alITHTa, Yy [OWJbY CIpeYaBama MPOAWparma YBPCTUX Tea,
npaliMHe W BOJEe y YHyTpammocT ypehaja. MehynaponnuMm craHmapaom
IEC 60529 [116] neduHucaHM Cy pa3iU4HUTH CTEIIEHHM MEXaHHUYKE 3aIITHTE W
HAaUYMH UXOBOT O3HauaBama. VHIYCTPHjCKM TpPaHCMUTEPU HUMAjy CTENeH
Mexanuuke 3amTure P65 (mormyHo 3amTuheHu o mpalivHe W Of Mja3a BOJC

13 OUJIO KOT TpaBIia).

IIpoTuBeKcNI03MBHA 3alUTHTA, HEONMXOJHA KOJ €JEeKTpUUHUX Yypehaja
KopumheHNX y 30HaMa TJleé C€ MOXE OYEKMBATH IIOCTOjarh€ EKCIIO3MBHE
aTMocdepe 3armajbUBUX TacoBa, UCTapema WK npamuHe. Taksu ypehaju mopajy
OMTH KOHCTPYHMCaHHU y CKiaxy ca MelhyHapoauaum crangapiom IEC 60079 [115]
(ogHocHO oaroBapajyhum crangapaom y EBporickoj YHHMjH) U 32 BUX MOpa Ja

nocroju Baxxehu ceprudukar xoju nznaje HaaIe)kKHa YCTAaHOBA.

[{nsb mpojexTa je 1a ce UcIyHe 3aXTeBU | U 2, JOK je UCTYHEHmhe 3aXTeBa 3 TOXKEJBHO,

aJii HI/Ije obaBe3Ho. 3axTteB 2 ce MNPETCIKHO OIAHOCH HaA CIIEMCHTC MCXAaHUYKE

KOHCTPYKIIHj€, TaKO J1a Ce IErOBO UCIyHEeHhe 0B/ie Hehe pazMaTpaTH.

88



5.2.2 OrpaHuyeme jaunHe CTpyje 3a Hanajamwe ypehaja

[Ipema mnpojekTHHM 3axTeBUMa (BUAETH 5.1), WHTEIUTCHTHH WHIYCTPH]JCKH
MEpHU HHCTPYMEHT je ca HaapeheHUM MepHO-peryjJalloOHUM CHCTEMOM II0BE3aH
JBOKMYHUM KaOJIOM KOju BpIIM Tpu (YyHKIMjE: Hamajambe HMHCTPYMEHTA, MPEHOC
aHaJorHor cTpyjHOr curHaia (4 mA mo 20 MA) u IpeHOC CyNepIOHUPAHOT CUTHAIA 3a
JBOCMEpPHY JUTHTAIHY KoMyHuKaiujy mnocpeactBom HART mnportokoma. Kama je
BPEIHOCT MEpEHE BEJIMYMHE jeHaKa HajHU)KO] BPEAHOCTH MEpHOI OIlcera, aHaJlOTHH
CTPYjHM CUTHAJ Ha M3J1a3y MHCTpyMeHTa uMa BpeaHocT 4 MA. HomuHamHa aMmimuTyaa
cynepnioaupanor HART curnana je 0.5 mA, ca no3Bosbenum oxacrynamem £100 pA. 13
TOTa MPOW3KJIA3U Ja j€ alCOJyTHH MHHUMYM BPEIHOCTH jadylHE CTPYje y peryJapHOM
pexumy pana uHcTpyMeHTa 3.4 mA. Ta BpegHOCT je MCTOBPEMEHO M MaKCHMAallHA
jaunHa CTpyje KoOja je Ha pacrojiaramy 3a Hallajalbe CBHX EJICKTPOHCKUX CKIIONOBA
uHcTpyMeHTa. [lomTo nmomohHor M3Bopa Hamajawma y ypehajuma oBe BpcTe HEMa, Kao
HU 3Ha4yajHE aKyMyJIMpaHE EHEpruje, CBaKO NPEKOpayeme IOMEHYTOT CTPYjHOT
OTpaHUYCHa MOXKE JIOBECTH JI0 TIOTPEITHE UHANKAIIN]e MEPEHE BPETHOCTH ITOCPEICTBOM
AQHAJIOTHOT CTPYJHOT CHTHaja, IITO je HEeIOMyCTUBO. 300T TOra je OrpaHUYCHE jaunHe
CTpyje Hamajama Ha BpeAHOCT o1 3.4 mA JOMUHAHTaH KPUTEPUjyM MPUIUKOM H300pa
TEXHUYKHX pelIeha U eNEKTPOHCKUX KOMIIOHEHTH 32 WHCTPYMEHTE ca JBOKHYHUM

ITOBE3UBAKCM.

5.2.3 3axTeBaHe MepHe nepdopmance

[{nspHE BpeTHOCTH MEpHE HECHTYPHOCTH JeduHHIIy ce nMajyhu y BHIY MepHE
nepdopmaHce koje ce Mory mnoctuhu 3a gary (U3HYKY BEJIWYMHY MPUMEHOM
PacIoNIOKUBUX TEXHOJIOTHja, Ca jelHEe CTpaHe, U 3aXTeBE€ y KOHKPETHOj NMPHUMEHH, ca
npyre crpane. Mepna HecurypHocT ox 0.1 % myHe ckane, HaBeJeHa Kao IUJbHA Yy
NpPOjeKTHUM 3axTeBuMa (BumeTH 5.1), HHje ymopeanWBa ca MepHUM TmephopMaHcama
HajOOJBMX caBpeMeHUX ypehaja 3a Mepeme NMPUTHUCKA, jep IMOCToje J1abopaTOPH)CKH
UHCTpyMeHTH uuja je mepHa HecurypHoct 0.003 % [60]. Mehytum, y matom ormcery
pamHe TemmepaType M y3 OrpaHHYCHE pACIlOIOKWBE JauyWHE CTPYje Halajama,
3axTeBaHe MepHe mnepdopMaHCce HHUje jenHOCcTaBHO moctuhu. Taj mpobiem ce moxke
palraiaHuTy Ha cienehe:

e  MEpHAa HECUTYPHOCT KOJl MEPEHa OTIIOPHOCTH CEH30pa MPUTHUCKA, Rout U Ryr,
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e OJCTyName KOje OCTaje IMOCNie KOPEKIHje HECABPIICHOCTH CEH30pa MPUTHUCKA
MPUMEHOM padyHapCcKor airoputma (Buaetu 4.2),

e OJCTyName jayuHe CTpyje KOJy HMHCTPYMEHT Jaje Ha CBOM H3/Ia3y Kao
WHAVKAUjy BpeAHOCTH MepeHe BeiauunHe (og 4 mA 1o 20 mA) oxn

olropapajyhe BpeIHOCTH MEPHOT pe3yJiTara y JUTHTATHOM JOMEHY.

Kon mepema otnopHocté Royt 1 Rpr MepHa HECHUTYPHOCT 3aBUCH O] KapaKTEPUCTHKA
A/D xoHBepTOpa M OJ] peajlu3alldje YIa3HOI KOJia HWHCTPYMEHTAa. YKyIHa MepHa
HECUTYPHOCT TIPH MEpEemy MPHUTHCKA OCUM TMOMEHYTE MEpHE HECUTYPHOCTU Royt 1 Rpy
CaJIp’)K ¥ MEpHY HECHTYPHOCT KOja ce MPUIHKCYje KOPEKIMjA HECAaBPIICHOCTH CEH30pa
nputucka. To ce OJHOCH Ha WHAMKAIU]y Y IUTHTATHOM JIOMEHY, KOjy MHCTPYMEHT
IpUKa3yje Ha CBOM €KpaHy M IIajbe HaapeeHOM CHUCTEMy IOCPEICTBOM JIBOCMEpHE
JUTUTAIHE KOMyHHUKallMje. YKyIIHa MepHa HECUTYPHOCT KaJia c€ KOPUCTH MHJUKalWja
NPEKO aHAJIOTHOT CTPYJHOT HM3Jla3a CaJpXH M MEPHY HECUTYPHOCT KOja ce IMPHITUCYje
TOM Hu3Na3zy. Y TMpakcu ce IMOKazalo Ja Cy MEpHa HECUTYPHOCT HWHAMKAIHUje Yy
JTUTUTATHOM JIOMEHY ¥ OHa KOja C€ TPUIIMCYje AaHaJOTHOM CTPYJHOM U3Ja3y
npuOMKHO jenHake. Ha ocHOBY MepHUX pe3yniTaTa MOCTHUTHYTUX NMPUMEHOM METOJe
orucane y Jlemy 4, MoXe ce ouekuMBaTH MepHa HecurypHoct mHcTpymeHta < 0.05 %

MyHe cKaJie ako ce kopucte SP—12 ceH3opu npUTHUCKA TUITUIYHUX NIepHOpMaHCH.
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5.3 KOHIENIUJA ITPOJEKTA

[Ipojekar je xoHmmmHpaH mojazehu Ol MOCTABJLCHHX IMPOJEKTHHX 3aXTeBa
(Bunetn 5.1), xopuctehu MeTOAy KOPEKIIMje HECABPIICHOCTH CEH30pa MPEACTAB/LEHY Y
oBoM paxy (Buaetu 4.2), a umajyhu y Buay norpely Ja ce peie nmpodaeMu HaBEACHH y
5.2.

Ha Cnumm 5.1 je mpukazaHa MOjeHOCTaB/be€HA OJIOK IIeMa HHTEIUTEHTHOT
WH]yCTPHJCKOT MEPHOT HHCTpYMEHTa (y OBOM ClIydajy TpaHcMuTepa nputucka). OHa je
0 KOHUENIHUjU CIMYHA U 3a TPaHCMUTEpE APYTUX (PU3NUYKUX BEIUYHMHA, JOK CYy
pasiiuke y TEXHUYKO] pealu3aliju YCJIOBJbEHE CHEU(PUUHOCTUMA KOpUIITheHUX
ceH3opa. biok mema je IOoHeKIe yOIIITeHa, jep Cy Ha HhOj MCTOBPEMEHO IMpHKa3aHH
AQHAJIOTHY CTPYjHH M3Ja3 U OJIOK 3a AUTUTAIHH MPEHOC Mojaraka. Y MpaKCH aHAJOTHH
CTPYJHU H3JIa3 UMAjy HUHTEIMICHTHU HHAYCTPUJCKH TPAHCMUTEPH ca JBOKUYHUM
MOBE3MBAKHEM U KOMYHMKAIIMjOM ITOCPEICTBOM CYNEPIOHMPAHOT MOAYJIMCAHOT CUTHAJA
(HART wunrepdejc). Kox tpancmuTepa Koju KOpHCTE Jpyraydje HHIYCTPH]jCKE
uHTepdejce, Hamajambe U KOMyHUKAIIMOHU CUTHAIIU Cy Pa3[BOjJEHU, a aHAJIOTHU CTPYjHU

u3na3 Hajuenrhe He TOCTOjH.

THTH-CHT
TRANSHITTER
(v 4

o e 8

Auvrutanyiun
) npeHoc
noparaka

MSP430

] e [0

Hanajawe censopa D/A 4-20 mA

ﬁ%r\

SMART

MepeHxe
BenuunHe
P, AP, T

AHanorxm
nanas
4-20 mA

Cauxa 5.1 bnok mema HHTETUT€HTHOT HHAYCTPHjCKOT TPAHCMHUTEPA IPUTUCKA
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Y mupy moctusama (PIeKCMOMIHOCTH y TMPUMEHH IpOojeKTOBaHOT ypehaja, y
MIPOJEKTy C€ KOPUCTH KOHIIENT MOJYJIApHOCTH. XapaBep ypehaja je moaes/beH Ha TpU

(byHKIIMOHATTHE [IETTUHE:
1. aKkBU3HUIIMOHH MOJYII,
2. MOJyJI 3a Hallajamke ¥ KOMyHUKAIN]Y H
3. MOJyJ KOpUCHUYKOT HHTepdejca.

3aMeHOM HEKOI 0]l MojyJia ApyrauvjuM moryhe je mpoMeHUTH (PyHKIMOHAIHOCT WM
KapakTepucTuke ypehaja, mTo oOyxBaTta MoryhHOCT paga ca pa3IHYUTHM
KOMYHHMKAIIMOHUM HUHTep(dejcuMa, pa3IMdUTUM H3BOpUMA Halajamkba U JApyradyujum
HayMHAMa IIOBE3MBamka y MEpPHO—perynanuoHu cucreM. OcuM TOra, MOAyJapHa
CTPYKTypa Yy 3HauyajHOj MEpH II0jeHOCTaBJbYje MPOILEC NMPOU3BOAKE M HCIUTUBAHA
ypehaja, a y ekcmioaranuju omoryhyje jeaHOCTaBHHUje onapKaBame. Momyn
KOpUCHHUYKOT MHTepdejca ce yrpalyje caMo ako je morpedaH KOPUCHHKY, Tako Ja ce

MOJYyJIapHOM CTPYKTYPOM ypehaja MmocTKe 1 eKOHOMUYHOCT.
Tokom pana Ha npojekTy kopuuthenu cy cienehu pecypeu:

e JlaGopaTopuja 3a enekrpoHuky u MepHe uHctpymenre UXTM-LIMT ca mepaumM
CHCTEMOM 3a KapaKTepH3allljy CeH30pa M €TaJOHHpamke Mepuiia MPUTUCKA U

TEMIIepaType, y 4ijeM cacTaBy Cy:

TeMIepaTrypcka komopa ca orcerom temmneparype ox —80 °C no +160 °C,

— ayromartcku kanmubparop nputrcka Mensor APC600,

— TepMoMmeTap BHCOKUX nepdopmancu Testo735,

— HAMEHCKH aKBHM3WIMOHHM ypelaj 3a kapakTepusanujy ceH30pa IPUTHCKA, KOjH
je ayTop camoctaiiHo pa3suo [30],

— CTOHM MyJTHMeETap BUCOKUX neppopmancu Agilent 34410A,

— rnabopatopujcku U3BOp Hamajamba Agilent 3649A,

— PC pauynapu n npunanajyhu nepudepujcku ypehaju,

— HART moznem u onroapajyhu codreep 3a PC pauynap,

®  XapIBepcKo/cOPTBEPCKO OKPYXKEHE 3a paj ca MHUKPOKOHTpoJiepuma Texas

Instruments MSP430.
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5.4 AKBU3UIIMOHU MOAYJ ASP1

AKBM3MLIMOHM MOJYJ j€ MpOjeKTOBaH Tako aa oMmoryhum pazn ypebhaja ca
pa3IMYUTHM THIIOBUMA CEH30pa, alli j& ONTHMHU30BAH 3a MPHUMEHE ca MUE300TIIOPHUM

MEMC cen3opuma nputrcka. biok mema oBor mojyina je npukasana Ha Ciunu 5.2.

Ynpaersanwe nepuchepvjama

M;;%J;ﬁfm AN MWKPOKOHTPOINEP O6papa nopaTtaka
(FRAM) NV MSP430 KomyHWKaLunoHn npoTokon B

|
KopucHWuku uHTEPejC :
|
|

ac
[ CLHx MOIYN ]

' I D

T Il_. -

El st S5 q/\/u = MUX DC d/‘Dﬁ @ NOrMKA
2 =

3c

[ LCDx MOAYN }

Cauxa 5.2 bnok mema aksu3uimoHor moayna ASPl ca nBa ceH3opa NMPUTHCKA: YJIa3HH
0JIok (03HAuUCH 3eJeHOM 00jOM, M0JIe) M JWTHUTATHH OJIOK (O3HAYEH IUIaBOM
60jom, Tope); cernzopu (S1 n S2) u mogynu LCDx u CLHx cy 3aceOHe nennHe

BaH aKBU3UIIUOHOT MOJYyJIia, aJld Cy IPpHUKAa3aH! OBAC paayd KOMIIJICTHOCTHU

I'maBHe (yHKIHjE KOje MOy 00aBsba cy cienehe:

e  ymOpaBJbame pasoM Lenor ypehaja,

e ouuTaBame W HHTepnperauuja noxaraka u3 TEDS memopujckor enemeHTta
censopa, npema cranaapay IEEE 1451.4 [114],

e 1o0yJla ceHsopa,

e reHepHucame peepeHTHOT HalloHa,

®  KOHJWIMOHUPAE U MYJITHIUIEKCUPAhE N3JTa3HUX CHTHAJa CeH30Da,

e A/D koHBep3Hja U TUTUTATHO QUITPUPAHE M3JA3HUX CUTHAIA CEH30Pa,

®  KOpEKIIMja HECABPIICHOCTH CEH30pa y PEaTHOM BPEMEHY,
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® U3padyHaBamkE€ Yy pPEATHOM BPEMEHY BPEIHOCTH MEpPEHUX BennunHa (Y
n3a0paHiM jeMHUIIaMa) ¥ BPEIHOCTH jaulHE CTpPyje Ha aHAJOTHOM CTPYjHOM
u3nasy,

®  JIOKAJIHHW KOPUCHHYKHU MHTEpPejc (MpeKo MOoyia KOPUCHUYKOT UHTepdejca),

e JIBOCMEpHa JururaiHa komyHukauuja npumeHoM HART mnporokona (mpeko
MO/1yJIa 32 Hallajamke U KOMyHUKaLHU]y),

®  CKJIAJUUITEH-E apamMeTapa y TpajHO] MEMOPH]jH.

[Tonazehu ox Onok mieme, dopMmHpaHa je €JICKTPUYHA IIeMa aKBU3HIIMOHOT
moxyna’. OHa je TojesbeHa Ha (YHKIMOHANHE IENHMHE IOBE3aHE y XHjepapXUjCcKy
CTPYKTYpy. | 1aBHa enekTpuuHa meMa (HajBUIIN XUjepapXujCKU HUBO) MPUKa3aHa je Ha
Covn 5.3. OcTane meme, Koje IpUIaiajy HIKUM XUjepapXujCKUM HUBOMMA, JaTe Cy y

HaCTaBKy TCKCTa, 1€ Cy U OIIMCAHC.

5.4.1 Yaa3uu 010K

Vna3uu ONOK je IeIMHAa Koja je IpuKa3aHa y JOmeM Jeny OJOoK Iieme
(Cnuka 5.2) u o3HaueHa 3eneHoM Oojom. OHa oOyxBaTa MOOyIy CEH30pa, KOJO 3a
reHepucame pedepeHTHOr HAloHa, yiazHe (QUITpe, MyJITHIUIEKCUpame curaaia, A/D
KOHBEP3Hjy, AUTHTAIHO (HUITPHpAEkE M JIOTUKY 32 YIPaBJbale U BE3y Ca CEPHjCKOM

MarucTpajoM.

8 3a cBe CJICKTPUYIHEC HICMC IPHUKA3aHE Yy OBOj HI/IcepTaHI/IjI/I BaXxe cne,uehe HaIlOMCHC:

— cBaka (DyHKIIMOHANTHA [IEIMHA KOja TPUMaa HIDKEM XHjepapXujCKOM HUBOY TIPE/ICTaBIbCHA j&
cUMO0IIOM y OOJIMIKY 3€JIEHOT IIPaBOYTaOHMKA, Ca OroBapajyhnM Ha3MBOM M UMEHOM JTATOTEKE Y
KO0jOj ce Hajasu 1ema,

— 03Hake 4BOpoBa Hamajamba (AVDD, DVDD, EVDD, ananoraa maca, IMTHTaIHA Maca U CJ1.) BaXe y
1eJI0] XUjepapXHujCKOj CTPYKTYpH,

— O03HaKe CHI'HaJla Bayke caMo y OKBHpY ojrosapajyhe ¢GyHKIHOHAIHE LEInHE,

— KOMITIOHEHTE 3a Koje je rmpeaBuleHo MecTo, anu ce yrpal)yjy camo y cirydajy norpeoe, nuMajy o3HaKky
N/A (enr:. not assembled),

— OTIIOPHHUIIM HYJITE OTIOPHOCTH CIIyXe Jia Ce y CIy4ajy notpede BHXOBHM YKIIAmhamheM NPEKHHE

eJIEKTPUYHA Be3a WJIM JIa Ce 3aMEHE OTIIOPHUKOM OJiroBapajyhe BpeaHOCTH.
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Hanomene o cenzopuma. Ha 610k memu npukaszadoj Ha Ciunun 5.2, ca S1 u S2
Cy O3HaueHH cuiIuIujymcku mue3ootnopan MEMC ceH3opu NpHUTHCKA, KOjU CY

JeTasbHO onucanu y 2.2.2. OBzie Cy Aare camo HallOMEHe 3HauajHe 3a YI1a3HU OJIOK.

VY BehuHHM nmpruMeHa WHTETUTEHTHHX TpPaHCMHUTEpa MPHUTUCKA, Koje 00yxBarajy
MepEerhe ariCoyTHOT U PEIATUBHOT MPUTHCKA, KOPUCTH Ce jelaH ceH3op npurucka (S1).
3a Mepeme AudepeHInjaTHoOr MPUTUCKA ca KOPEKIM]jOM Mapa3uTHOT YTHIaja YKYITHOT
NPUTUCKA (CPeber, CTaTUYKOr), a Takohe U 3a MEpeme HUBOA XOMOTE€HUX TEYHOCTH

noMohy MOTONMBE COHJIE, KOPUCTE ce JBa ceH3opa nputucka (S1 u S2).

VY ckiomny CeH30pa MPUTHUCKA, OCUM CEH30PCKOT €JIeMEHTa, MOXKE Jia TMOCTOjH
MEMOPH]CKH €JIEMEHT KOjU CaIpKH MoJaTKe 0 CeH30py. Taj eJIeMEeHT, HheroB AUTHTATHH
uHTepdejc U CcTpyKTypa mnojaraka kojy oH caapxku (TEDS — Transducer Electronic
Data Sheet) y ckiany cy ca cranaapaom |IEEE 1451.2 [85].

3a mepeme Apyrux (PU3NYKUX BEJIMYMHA, Ha YJa3Hu OJOK je wmoryhe
NPUKJBYYUTH HEKU APYTH THII CEH30pPa, MOJ YCIOBOM Jia TOCTOjU KOMIATHOMIIHOCT Y
CMUCITy HAa4YHMHA MOBE3MBamkba U eIeKTpUYHUX mapameTapa. Ha mpumep, S1 u S2 mory
OWTH OTIOPHU CEH30PH TeMIlepaType, YAMe Ce J0OHja WHTCIMTCHTHH WHCTPYMEHT 3a

Mepeme TEMIIEPAType WK Pa3InKe TEMIIEpaTypa.

IToGyna cen3zopa je HeONmXoIHA 3a MACHBHE OTIIOPHE CEH30pe. Y OIIITeM
Cllydajy, MOXeE C€ BpIIUTH HANOHCKUM MM CTPYJHUM H3BOPOM, KOHCTaHTHE WJIH
npoMeHJbuBe BpenHocTH. CeH30pu npuTrcka kKoje mpousBoau MXTM cy TexHoiorujom
u3paje mpwiaroheHn modyau KOHCTAHTHOM CTPYjoM. JadnHa Te€ CTpyje OorpaHuYeHa je
ca JIolb€ CTpaHe MMHHUMAJIHOM MOTPEOHOM aMIUIMTYZOM H3JIa3HOI CUTHaJla CeH30pa y
CMHCIIy OJIHOCA CUTHAI/IIYM W Yy CMHUCIy JauHamuykor ormcera A/D konBepropa,
y3umajyhu y o03up u mojauame curHaia. Ca Topme CTpaHe OrpaHHYeHa je
pacIloIOKUBOM JadyMHOM CTpyje y ypebajy, edekToM camozarpeBama CEH30PCKOT
€JIEMEHTa, MaKCUMaJIHOM BpeJHOIINy HaloHa Ha HBEeMY y OJHOCY Ha HAllOH Hallajamba
ypehaja u HekuM ApyruMm mapamerpuMa kao mro je ynaszau orncer A/D xonsepropa. ¥V
IPOjeKTy je moly/a CeH30pa pean3oBaHa KopuhemeM CTPYjHUX U3BOPA KOjU MOCTOje

y A/D xonBepToprMa, Tako aa he getasu OUTH JaTH y ey KOjU C€ OJHOCH Ha HbHX.

KoJio 3a reHepucame pedepeHTHOr HamoHa je HeomxoaHo 3a pang A/D

KOHBCPTOpA. Kaﬂa CC KOPUCTC MACUBHU OTIIOPHU CCH30pPU, KA0 IITO CYy NHUC300TIIOPHU
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CEH30pU TMPHUTHCKA WJIM OTIOPHU CEH30pHU TEeMIlepaType, aKBU3UIIMOHU MOJIYJ BPLIU
T3B. MPOMOPIUOHATHO MEpEHhe Ha Taj HaumH ITo je pedepentHu HamoH A/D
KOHBEPTOpa AMPEKTHO MPOMOPIMOHANIAH jayMHH CTpyje moOyae ceHzopa. Tume ce
NOCTIDKE Ja TeMuepaTypcku Ipudt ctpyjHe molyne ceH3opa He AONPUHOCH MEPHO]
HECUTYPHOCTH. JoIll jeaHa MPEAHOCT je INTO HE TIOCTOjU TMoTpeda 3a aKTUBHOM
HAIlOHCKOM pedepeHIioM, a TO je KOMIIOHEHTa Koja OM Takole yHOCHJIa OJCTyName U

JONPUHOCHIIA MOTPOIIKBHU CTpyje ypehaja. YMecTo Tora, KOpHMCTH ce OTHOPHUK R,

KpO3 KOjU Teue CTpyja nolye ceH30pa, Tako Jia je pe)epeHTHH HAIlOH OHA] KOJU CTpyja

no6yL[e CTBapa Ha TOM OTIIOPHHKY. ITomto OACTyNIamC¢ BPCAHOCTHU R YTUYC Ha MCPHY

ref
HECUTYPHOCT, TEMIEPATYPCKH Ipu(T TOr OTIMOpHUKA Tpeba aa Oye mTo MamH, Kao U
tosnepannuja. [Ipopaduyn u apyru netajbu y Be3u ca pedepeHTHUM HaroHoM Ouhe natu

y Ieny Koju ce oxnocu Ha A/D xoHBepTOpE.

Yaazuu ¢uarpu. [udepeHuujamHu HANoOH Ha H3Ja3y CEH30pa CapxkH
HUCKO()PEKBEHIIM]CKH KOPUCHHU CUTHAJI, ajli M LIYM IIUPOKOr CIEKTpa. Y OJHOCY Ha
CEH30p, M3BOPM ULIyMa MOry OWTH yHyTpammM (HOp. bpayHOB IIyM OTHOpHUKA) U
CTOJhAIIBY (HITP. ETEKTPOMArHETCKE CMETHE KOje TIOTHIY M3 OKpYXKerma ceH3opa). Ko
UHIyCTPH]CKUX TPAaHCMHUTEpA OJ MHTEepeca Cy CHOope MPOMEHE MEpeHe BEeMYMHE, TaKOo
Ia je noBoJbHO obaBibatu 10 mepema y cexkynau. A/D koHBep3uja curnama oOyxBara
ETOBY JMCKPETH3AlMjy 10 BPEMEHY M I0 MHTEH3UTETY, a 3a JAUCKPETHU3aLHjy IO
BpeMeHny Baku Teopema o omabupamy [117]. Jla Om ycimoBu aeUMHHCAHH TOM
TEOPEMOM OHIIN UCITYH-CHH, IOTPEOHO j& U3BPIIUTH GUITPUPAE CUTHANA KOjU J0Ja3u
u3 ceHszopa Ha ynaz A/D konBepropa (uITPOM KOjH MpOIYyIITa CaMoO CIEKTpaiHE

KoMroHeHTe Ha ydectanoctuma O0< f < f /2, rme je f, yuecranocr omabupama
curnana. Kox nenra—curma A/D xoHBepTOpa yuecTaHoCT ogadupama f, je MHOTO myTa

Beha o7 edexTuBHOr Opoja KOHBEp3Hja Y CEKyHAM (Tj. YYECTAaHOCTH I0jaBJbHUBamba

pesyntata koHBep3uje Ha m3nasy A/D konseptopa), f,, Tako ma je f,>>f,. To

M0jeIHOCTaBJbYj€ MPOjeKTOBaWkE (QuUiITapa, jep HUje MoTpedaH Hariau mpenas usmely
IPOIYCHOT M HENpOITyCHOT OIcera, ma ce Hajyemhe Kopucte (QUITpH y OOIUKY
jemnoctaBHnX RC Mmpexka. CriekTpaiHe KOMIIOHEHTE (CMETHE), Koje OBUM (uiaTpuma
Tpeba MOTHCHYTH, T10jaBJbY]y c€ Kao AudepeHIMjaTH! HAITOH U Kao HATOH Y OJHOCY Ha

macy.
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Myarumiexkcupame curuajia. Jla 6u ce cnpoBena MepHa MeTo/a ONMHKCaHA y
Heny 4, moTpeOHO je MEPUTH BPEIHOCTH JBa HAINOHA: OHOTA HA W3JIa3HOM IPHUCTYITY
CeH30pa NIpUTHCKAa M OHOTa Ha MPHUCTYNy IpPeKo Kojer ce BpIIM nolyjaa ceH3opa
KOHCTaHTHOM CTpyjoM (Vout U Vpr mpema memu Ha Coumm 2.7). [la 6u ce omoryhmio
MEpEmE Cca JIBa CEH30pa MPUTHUCKA, IITO j€ jelaH OJ MPOJeKTHUX 3aXTeBa, MOTPEOHO je
MYJITUIUIEKCHUPATH HajMamke 4eTUpu IudepeHIjaiHa HaloHCKa CUTHaja, Tako Jia Ha
CBaku oJ yKynHo aBa A/D konBeprtopa Oyne moBeneH oaroapajyhu yiasHu HamoH, a
takohe u oxarosapajyhm pedepentau HamoH. Ty ¢ynkuujy Bpiue 6moxou MUX Ha
Cmumu 5.2, Myntuiuiekcep Mopa OWTH COPTBEPCKH YIPaB/bUB W TpeaBUheH 3a
mudepeHLrjaaHe curHaie, a Takohe Mopa UMaTu 3aHeMapJbUBY CTPYjy Lypema, Kako He
0 TpOy3pOKOBAO Jerpajanujy curHaina. Mynruruiekcepu yrpaleHu y HEKe TUIOBE

A/D xoHBepTOpa Cy npusarol)eHu TakBOM HA4MHY paja.

IMojayaBaum. 3a cBakW THUIl CEH30pa MPHUTHCKA JEKJIapucaHa j€ HOMHUHAIHA

BPEIHOCT aMILUIUTY/IE CUTHAJIa HAa HEroBoM u3nasy, V

wom » TP HOMHHAJIHO] BPEIHOCTH

nputucka P, . 1 HOMHHAIIHO] 00y aH, Ha pedepeHTHO] Temnepatypu T, . [Ipu ctpyju

nobyzne |, =500pA tunmgan UXTM censop mputrcka he Ha cBOM H3Ia3y JAaTH
V.,» =20mV, mro je 3a jenaH 10 ABa peja BEIMUMHE Mambe O]l THIMYHHUX BPETHOCTU
pedepentHor Hanona A/D xonBepropa, V. Kako Ou ce uckopuctno Hajehu zaeo

nuHaMUYKor oricera A/D KOHBepTOpa, a THME M BeroBa pe3oiyiuja, u3mely cenzopa u
A/D xoHBepTOpa IIOCTOjH I10jauyaBauykKH CTEMEH KOjU BPILIM HANOHCKO I10javyare
W3J1a3HOT CHTHajla CeH30pa. 3a Ty CBPXY YOOMYajeHO ce KOPHCTE WHCTPYMEHTAIIMOHH
nojayaBadu. J[a OM MOTJIH Ja ce KOPUCTE M APYTH TUIIOBU CEH30pa YHjU Cy TapaMeTpu
(OTHOPHOCT, OCETJPUBOCT) JpYyrauuju, IOjayarkeé MHCTPYMEHTAI[MOHOT TI0jayaBaya
Tpeba na Oyae nporpamadbuinHo (Ha Crumm 5.2 PGA = Programmable Gain Amplifier).

TaxBu nojauaBauu cy yrpahenu y Heke A/D kKoHBepTOpe.

A/D xonBepropu. Kpajmu mwsb obaBbama A/D koHBep3uje curHaia y

VazHoM 050Ky je n1o0Hjame HyMEepHUYKHX BpeAHOCTH oTnopHoctd R, u R, jemnor

out
WIM JIBa TPUKJbyUYeHa MHUE300TIOPHA CEH30pa MPUTHCKA, YuMe ce omoryhyje npumeHa

MepHe MeTojie onucane y Jlemny 4.
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Ha nanoncku yna3 A/D xonBeptopa, V,p., , AOBOIU CE€ MOjauaHU HATIOHCKU

CUTHaJI ca M3J1a3a CEH30pa IpUTUCKA, V. rae je A

Tako 1a je Voo =AYV,

out ?
ojavyarbe WHCTpyMEHTalMoHor mnojadaBaya ( A=2",n=1,2,...7). Taj curaan mopa Jja

uma BpegHocT u3 omcera 0V <V, . <V,

o » TI€ je V., pedepentnn Hamnon A/D

KoHBepTopa. Jla Ou oicTymame npu Mepemy nputrhcka Owio y rpanummama +0.05 %

IyHE CKaje, TEOpUjCKM MHUHUMaiHa noTpebHa pesonynuja A/D koHBepTOopa je

N :(Iogz((Z-0.0S%)/loo)*l—‘ outa, mto m3Hocu N =10 Oura. Ako ce y3my y

003up TeMIleparypcka 3aBHCHOCT OTIIOPHOCTH CEH30pa M Bapujaluje y Hu3pagu

HOj CAUHAYHUX  CCH30pa, MakCUMaJIHa BpPCAHOCT HM3JIA3HOI' HAIlOHAa  CCH30pa

Vi = Max{V,, (Pon, T)} 1P HOMHHAIHOM NPHTHCKY M y LEIOM TEMIEPATypCKOM

orncery mMoxe 6utu y pacnony 0.8-V <V _ <15.V . 3a pedepentnn nanon A/D

nom — "max —

KOHBepTOpa ycBaja ce ycinos V<V

/ A<2-V ., WITO MOXE JOBECTH 1O I'yOUTKa

om
jenHor Outa pesonyuuje. Kox cBakor peamHOr CEH30pa MNPUTHUCKA IPU HYJITO]
BPEIHOCTH MPHUTHCKA U Ha peEepeHTHO] TEeMIEPaTypPH MOCTOJH OJACTYINAakEe BPEIHOCTH

HalloHa Vout O HYyI€ (T3B' O(bCCT), Voffset =Vout(P=0’Tref

). 3a ceH3ope mpHUTUCKA
npousBenene 'y MXTM-y odcer je y crnenehum pexnmapucaHuM TrpaHUIAMa:

—0.3-V,,, SV 4t £0.3:V, .. 30or moryhHoctn ma odcer Oyne neratuBan, A/D

nom — Yoffset —
KOHBEPTOP CE€ KOPUCTHU Y HCGYJIO*6I/IHOJ'IapHOM PEXKUMY pada, Kaga My je OIICET yJIa3HOr

curHama =V ,, dume ce ryom jeman Out pesonynwje. JocamammmuMm pazMaTpameM

ref 1
JOIUIO ce JAO0 MHHHMMalHe MoTpeOHe pesomyuuje N, =12 Oura. Yak u y
HAjHETIOBOJEHU]EM CIIYYajy, a TO je OJHOC M3a0paHOr MEPHOT Orcera M HOMUHAITHOT
oricera censopa 1:30, 6poj JOTHYKHX CTama He cMe OWTH Mamu o 2™ = 2" = 4096.
Ha npumep, ako je jaunna ctpyje nodyzae cenzopa 500 pA, tunuuan UXTM censzop

nputucka he ©Ha cBom wm3nmasy jgatw V, =20mV, mna he Ttama Outn

Vix =15V, =30mV . Ako je pedepentnu HanoH V , =1V, ontumanHa BpeIHOCT
nojauama je A=32 u 1aga je Vo nmx =0-96V. [la 61 nocrojana pezepBa JUHAMHKE

(t3B. headroom), ycaja ce A=16, unme je u3ryOsbeH jefan OUT pe3onyIyje, ma je caaa

N, =13 6ura. Kaga je ogHoc u3abpaHOr MepHOr olcera M HOMHHAJIHOI OICera
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cenzopa 1:30, mojauame ocraje A=16, Tako na ykynmaH Opoj JIOTMHUKHX cTama A/D
KOHBepTOpa Tpeba na Oyne Hajmame 30-2™ =30-2"° =245760, ma je morpeOHa
pe3onyuuja n:[logz(30~2"m‘“)—‘=18 6ura. OBnme HHje y3eT y o003up IMmIyM
€JICKTPOHCKHUX CKJIONOBa (CBeneH Ha yna3 A/D koHBepTopa), KOju MOXE Ja TOBEIE /10
ryOuTKa HajHIKUX OUTa U TUME JJOJATHO CMamkU €(PEKTUBHY PE30IIyLH]yY.

[IpeTxogHo pa3marpame OJHOCWIO CE€ Ha MEpeme HaloHa Ha H3JIa3HOM
IpHUCTYyIy ceH3opa nputucka, V. Hanmon V,, Ha mpuctymy 3a moOyxmy ceH3opa

KOHCTaHTHOM CTPYjOM Takohe je HEONXOJHO MEPUTH Yy OJHOCY Ha pedepeHTHH HaIOH

A/D xousepropa, V,,. Ha npumep, ako je makcumanna moryha ormopuoct MXTM
ceH30pa IpUTHUCKa (ri1eaano ca nodyauor npucryna) R, =3 KkQ, jaunna crpyje nodyne
I, =500 pA Ha Toj oTnopHOCTH OcTBapyje HamoH V,, =1,-R, =1.5V, mro je Behe ox
paHuje NOMEHyTe BpeAHOCTH pedepeHTHOr HamoHa, V., =1V. OBaj mpobiem je

Moryhe pemuTd NPUMEHOM pa3JelHUKa HAalOHA, ajd y3 HEMUHOBHO YHOLICHE

HEKEJbEHOT OJCTymNama. JIpyro pememe je 1a ce HamoH V,, KOPUCTH Kao pedepeHTHH,

a na V., Oyne noBeneH Ha ynaz A/D kouBeptopa. Tume ce Ha u3na3zy A/D koHBepTopa

ref
no6uja speanoct N, = (Vref /Vbr)-Const, riecy Vo, =1,-R, uV,, =1,-R,, mace,
3Hajyhu Bpennoct ¢aktopa Const, omaTie Moxke wu3padyHaTH BpenHocT R, .

PenatuBHa npomena BpenHocTH R, y ¢yHxumju ox remneparype 3a UXTM censope

nputrcka nma MuauMaiHy BpeaHocT 0.13 %/K. Tlomohy A/D xoHBepTOopa epekTUBHE

pesonyrmje 18 Ourta (umHaue mnorpeOHOr 3a Mepewme V) Moryhe je Meputn

out

TeMIeparypy ca peszonyiujom 6osp0Mm o 0.1 K.

JAururanno ¢puarpupame curaaga Ha uznazy A/D kKoHBepTopa je moTpedHo na
OM ce OJCTpaHWIIC CHEKTPAIHE KOMIIOHCHTE Ha Y4YECTaHOCTUMA EJICKTPOCHEPTEeTCKEe
mpexe (y EBporin 50 Hz, y Amepunu 60 Hz), kao 1 cMeTHe Ha BUIIIUM Y4ECTaHOCTUMA,
KOje HUCY TOTHCHYTE ynazHuUM mnacuBHMM ¢uirpuMma. 3a 50 Hz u 60 Hz xopucre ce
BPJIO CTpMH HemporycHuIi orcera (notch). Taksu ¢uarpu ce yrpaljyjy y HeKe THITOBE

A/D koHBepToOpa.
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Jlormuku 0J10KOBH CiIy)XKe 3a ympaBibame pamom A/D kxoHBepTopa W 3a
KoMyHUKanujy umelhy A/D kKoHBepTOpa U MHUKPOKOHTpOJIEpa MOCPEACTBOM CEPH]jCKe

MarucTpaje.

Enextpuuna mema Yaa3Hor 6Joka je npukazana Ha Cmunwm 5.4. Ona je
¢dopmupaHa Ha OCHOBY NMPETXOTHUX pazMaTpama. Ha jeBoj cTpaHu meme CHMOOIHYKA
Cy TIpWKa3aHa JiBa IIME300TIIOpPHA CceH3opa mpuTucka ca TEDS wmemopujckum
enemenTiMa’. ICTION IbHX je CHMOOMIUKH MPUKA3aH U jeaH J0JATHH CEH30D: OTIOPHH
cersop Ttemmeparype (tunma Pt-100 wium Pt-1000). OH ce MoOXe KOPUCTHTH Y
cuTyaljaMa Kaja je moTrpebHa MmoceOHa TeMmIepaTypcka COHJAa WU y TOCTYIKY
KapakTepusaluje ceHsopa nputucka (Bumetu 4.1). V gnemy mecHO OJ CEH30pA cy
nacuBHHU ynaszHu ¢untpu. Ha necnoj crpanu cy A/D KOHBEPTOpU U jelaH jeIUHUYHH

HATIOHCKH 10javaBady (badep).

N300p A/D koHBepTOpa je HU3BpLIEH Ha OCHOBY ciefehux kpurepujyma,

nopehanux nmo onaxajyhem 3Hauajy:

e Bucoke nepdopmance (HajMame 18 Ourta, MUHUMANHU O(dCeT, MUHUMAIHA
rpelika rojayama, MUHUMAIaH TeMIIEPaTypCKu ApUPT),

e  MHHHMAJHA MOTPOIIHa CTpYje (YKyImHO ucrmoa 1 mA),

e judepeHIUjaTHI HATTIOHCKH yia3Hy,

e  (unTpupame cMeTHH enekrpuane mpexe (50 Hz wiu 60 Hz),

e mro Bume yrpaleHux QyHKIMja Koje Cy moTpeOHe (MYJITHUIUIEKCEep yJa3HHX

KaHaja, 6adepu, nojauaBayu MOJAECUBOT M0jayarma, FeHepaTop TaKTa UTI.).

* CumGomH CeH3opa ce y IPAaKTHYHO] Pean3aliiji 3aMerbyjy MPHKIbYHIIMA, TOLITO CY CEH30PH BaH

€JIEKTPOHCKOT CKJIONA ypehaja.
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3aKJbydeHO je Ja Cy ONTHUMAJHO pelIeHke 3a akBH3WIMOHU Moxynl ASPLl nBa
nenta—curma A/D xouBeptopa mpoussohaua Analog Devices, AD7793 u AD7794, oba
ca pesoayuujom 24 oura [118], [119]. Ha memu ca Cnuke 5.4 to cy UL, ogrocro U3.

Onu canpxe crnenehe nopaTHe ckiomnose:

®  MYJTHUIUIEKCEp YJa3HUX CUTHAJIA,

Oadep 3a yla3HH CUTHAI,

®  HWHCTPYMEHTALMOHHM I10jayaBay ca MporpaMabuiIHIM M0jadarmbeM,
e yiase 3a aBa pedepeHTHa HaroHa (camo AD7794),

®  U3BOp pedepEeHTHOT HAIIOHA BHCOKUX Nep(HOpMaHCH,

e  CTpyjHE M3BOpE 3a MOOYIy CEH30pa,

®  JUTUTAJIHU QuUITAp,

® TeHepaTop TakTa,

®  yIpaBJbaYKy JIOTHKY,

e cepujcku untepdejc (SPI).

VYna3Hu u peepeHTHH CUTHANIU Cy AudepeHInjanHu. Y4ecTaHOCT ofadupama je
64 kHz, a na m3mazy A/D kouBepTopa Mmoxe outu o1 4.17 mo 470 pesynrara y CeKyHIH.
[MoTrckuBame cMeTHHU enekTpoeHeprercke mpexke (50 Hz wmm 60 Hz) nururannum
buntpom uzHocu MuHUMaNHO 65 dB mpu 16.7 pesynrara y cekynau. Ilpu mojauamuma
A=16 u A=32, koja cy npumeHspuBa koj Mmepewa npurucka UXTM cenzopuma,
edextuBHa pesonynuja AD7793 u AD7794 je najmame 19 Ourta. [loTpomma ctpyje
oBux A/D kouBepTopa mnojeauHauno He npenasu 500 pA mpu HanoHy Hamajama 3.3 V
(ve pauyHnajyhu cTpyjy nodyzae cenzopa).

Jaunna cTpyje moOyae CeH3opa MOKe ce MOJECHTH y HEKOJHMKO KOopaka, a
n3abpano je na ona u3Hocu |, =420 pA . 3atum cy u3abpanu pehepeHTHH OTHOPHUIH
R« =2KQ (R12 u R13 na memu ca Cnuke 5.4), ynje je oacTyname Ha peepeHTHO]

temmnepatypu +0.01%, a remneparypcku apudpt + 2 ppm/K [120]. TTomto ce Bpin
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HPOTMOPIIMOHATHO MEPCHE H3JIa3HOT HAIOHAa CeH30pa NpUTHCKa, V.

out> pedepeHTHn

HanoH A/D koHBepTOpa Ipu Mepewy Tor HanoHa uzHocu V,, =1, R =840 mV.

[Momro y wm3abpanum A/D koHBepropuMma He moctoju Oadep pedepeHTHOr
yja3a, jaudHa CTpyje Ha TOM yJjia3y OM MorIJa Jia Mpoy3pOKyje OJCTYIame BPEIHOCTH

HaroHa Ha pedepeHTHOM oTHopHHKY, R =2kQ. 300r Tora ce y ¢pynkuuju Gadepa

(]

KOpPUCTH ONEpalMOHM Il0jayaBay ca ayTOMAaTCKOM KOpekiujoMm odcera W

temmnepatypckor apudra (OPA333 [121], U2 na memu ca Cauke 5.4).

3a Hymepuuky BpenHocT N, ., Koja ce nobuja Ha usznazy A/D koHBepTOpa,

BaXK€ U3pa3u:

V.
Noaoe (Vi) =2"-A- 1 3a YHUIIOJIAPHH PEKUM U (5.1)

ref

V.

Noc (Vi) =2"" -(A- —in +1j 3a OUIIOJAPHH PEKHM, (5.2)
ref

rae je N O6poj O6ura pesonyuuje A/D konBeptopa (N = 24), V.. je mudepeHumjanHn

HAllOHCKM CHTHaJl Ha u3a0paHoM ylazy MyJdTHIUIeKcepa, A je TMojayame

MHCTpYMeHTaloHor nojadaBada (V,,. =A-V, ), a V., je pedepentnu nanon A/D

ref
KOHBepTOpa. 3a crnpoBoheme MepHe MeTone onucane y Jlemy 4 moTpebHO je Mepeme

ornopHoctd R, u R, .3a R, y oBOM cily4ajy Baxu:

out

Vin = IO ’ Rout ! (53)
Vref = IO : Rref ! (54)
V.
Rout (Vin 'Vref ) = Rref - ) (55)
Vref
n-1 Rout
NADC(Rout)=2 | A= +1, (5.6)
ref
Rre N
Rout (NADC ) = Af '(—zﬁ_ch _1j. (5.7)
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3a R,, ce kopuctu yHunonapau pexuM paga A/D xoHBepropa u Baxke cienehu nzpasu:

Vin = I0 ’ Rref | (58)
Vref = IO '(Rref + Rbr) ' (59)
Vref
Rbr (Vin’Vref ) = Rref ) v -1}, (510)
n Rref
NADC(Rbr)=2 'A'm, (5.11)
on
Rbr(NADC): Rref (A - jv (512)
ADC

rae je mojauyame A=1.

VYna3uu OJIOK je MPOjeKTOBaH TaKo Ja ce KoJ Mepewa npurucka A/D koHBepTop

AD7793 (Ul) xopuctu camo 3a KoHBep3ujy R, riaBHor censzopa (S1). Ha Taj HauuH je

out
eJIMMUHKMCAaHa ToTpeda 3a MpeKianameM KaHajda YJIa3HUM MYJITUIUIEKCEpOM, Ia
AD7793 panu y pexuMy KOHTHHyaJlHE KOHBep3uje, najyhu 16.7 pesynrata y ceKyHIu
3a rmaBHy Mepeny Bennuuny. A/D xouBeprop AD7794 (U3) Bpuiu mpekianame KaHaia
yJIa3HAM MYJTHIUIEKCEPOM, TAaKO J1a paayl y PeKUMY IOjeJMHAYHUX KoHBep3uja. OH ce

KOPHUCTH C€ 32 KOHBEP3H]y OCTAIMX BEJIMYMHA, OJ] KOJUX je HajBaxHMja R,, ceHzopa S1.

Hpyre mory outu R ,, 1 R,, ceHzopa S2, mro 3aBucu ox Bep3uje ypehaja. Kox mepema

out

IpHUTHCKa ceH30poM S1 cBaka HemapHa KOHBEp3HWja ce BpIM 3a R, Tor ceHsopa, TOK ce

3a CBaKy IMapHy KOHBEP3Hjy MYJITHILICKCEPOM OMpa TO jelaH Of OCTAIUX CHTHAaIa KOju

ce IUKINYHO cMemyjy. Ha Taj Haunn ce nobujajy 2 1o 3 pesynrara y cekyHau 3a R,

ceHsopa S1, mTo je JOBOJFHO 3a KOPEKIH]y HecaBpIIeHOCTH. OcuM Mepema MPUTHCKA
MOMONY jeJTHOT WJIU JiBa MTUE300TIIOPHA CeH30pa, akBM3UIMOHN Moyl ASP1 omoryhyje
Mepeme TeMIlepaType WM pas3ldKe TeMIeparypa MomMohy OTHOPHUX CeH30pa
TEMIIepaType y ABOXKHYHOM, TPOXKUYHOM HIIM YETBOPOKMUYHOM CHOjy. 3a morpebe
CaMOAMjarHOCTHKE, IITO je (YHKIOHja CBOJCTBEHA HWHTEIUICHTHUM MEpPHHUM
WHCTPYMEHTHMA, U3BOAM jeaHor audepennujannor yinaza A/D kouBepropa AD7794 cy

cnpoBeieHH Ha npukJbydak J1 akBusuimonor moayna (curHanu ADC_IN+ u ADC_IN-
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y memu Ha Cnumm 5.3), mpeaBul)eH 3a TMOBE3WBAaEmE Ca MOIYJIOM 3a Halajame |
KoMyHUKanujy. Koa HWHIyCTpHjCKHX TpaHCMHTEpa ca JBOKUYHHAM ITOBE3UBAHEM H
AQHAJIOTHUM CTPYJHUM CHTHAJOM Ha WU3Ja3y, BpJIO KOPUCHA CaMOJUjarHOCTHYKA

¢yHKIHja je Mepeme jaunHe u3Nia3He cTpyje.

5.4.2 JIurutajHu 0JI0K

JlurutanHu OJIOK je IeIMHA KOja je T0jeIHOCTAaBJhCHO IPHKa3aHa y TOPHEM
neny 6nok meme Ha Cnunu 5.2. OcuM MUKpOKOHTpoJepa u Tpajue memopuje (FRAM),
Jurutanaun Omok Takohe oOyxBaTa MOPT 3a NPUKIbYYCHE MOJIYyJa KOPHUCHUYKOT
unrepgdejca (LCDX), mopT 3a MpHUKIbYyYCHC MOJIYJIa 3a Halajakbe U KOMYHHUKAIH]y
(CLHXx), ka0 u CKJIONOBE KOjH HHCY MPHKa3aHH y OJIOK MIEMH: MOPT 3a IPOrpaMUupame
MHUKPOKOHTpOJIepa, TUTHTAIIHU CEH30p TeMmIepaType, Koyo 3a leset u eieMmeHTe 3a

TCHCPUCALC TAKTOBA.

MuKpOKOHTpoOJIep je HajBaXHUjU eneMeHT JlururamHor Onoka. OH ympaBsba
pamom uesior ypehaja, Bpmu cBa norpeObHa m3padyHaBama, 00aB/ba KOMYHHKAIIH]y ca
HaapehennMm cucreMomM U omoryhyje paa  KopucHHMYKOr wuHTepdejca. [naBHuM
KPUTEPHjyM 32 U300p MUKPOKOHTPOJIEPA j€ HEroBa eHepreTcka epukacHocT, Tj. jaunHa
CTpyje TOTpeOHa 3a HErOBO Halajakbe y AaKTHMBHOM pEXHMY paja 0 MHINOHY
u3BpHIeHUX uWHcTpykimja y cekyHau (MIPS). Ocum Tora, morpebHO je 1a
MUKPOKOHTPOJIEp UMa oAroBapajyhu ckyn nepudepHjcKkux jeAnHuna (reuepaTop TakTa,
UART, SPI utxa.), 70BOJEHO pOrpaMCcKe MEMOPH]€E 3a CKIAIHUIITEHHE U PaJHE MEMOPH]E

3a U3BpIIaBamke COPTBEpA OUCKUBAHE CIIOKEHOCTH.

Kou1o 3a reset nmpatu BpeqHOCT HarnoHa Hamajama ypehaja (HomuHamHo 3.3 V) u

naje RESET curnan ce n0ok Taj HamoH Huje Behu oa neduHHCAHOr Ipara TOKOM
neUHUCAHOT BpeMEHCKOT neproja. Ha Taj HaunH ce MoCcTHKe 1a Cy MUKPOKOHTPOJIEp
¥ OCTaJI CKJIOTIOBH YBEK MCIPAaBHO MHUIMjAIM30BAHM U J]a HE JI0Jla3e y HeaepUHICaHA
CTama Yyclle]] HecTaOMIHOCTH Hamajama ypehaja. OBo je HapouyuTo OWUTHO Yy
UHJIyCTPHJCKOM OKpY)K€IbYy TIJIe C€ TpPaXH BHUCOKa IOY3/laHOCT, a ypehaj pamu y

OTEKaHUM YCJIOBHMA, HEMPEKUIHO U O€3 HaA30pa.

Tpajua Memopuja ciIyXu 3a CKIQIMINTCHE pPAJHUX TNapameTapa ypehaja,

yKJbyuyjyhn M mojemaBama Koja BpIIM KOPHCHUK, a IO MOTpeOM U MojaTaka o
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NpUKJbYyYeHUM ceH3opuMma. [lorpebHa Konmmunna Mmemopuje He npenasu 4 KB. BaxHo je
Ja Ta] MEMOPHJCKH €JIeMEHT 4YaK HU TOKOM YyIMHca IoJaTaka HE IMPOy3pOKyje

npeKopaueme YKyIHe OTpolIke ypehaja koja je cTtporo orpanuueHa (Buunetu 5.2.2).

JlaruTajHu ceH30p TeMIepaType je HEOlXo/laH caMo y cly4ajy Kajaa ce ypehaj
KOPHUCTH 3a MEpeHme TeMIlepaType TepMorapoBuMa. Tama je moTpeOHO MepuTH
TEeMIIEpaTypy MpHK/bydaka TepMomapoBa (Wid Oap JOBOJBHO OJIM3y HX) paau
KOMIICH3allMje yTHIaja TepMoeeKTpu4HOTr 3e0ekoBor (Seebeck) epekra Ha wuma. Koa
Mepema MPUTHCKA WK TeMIepaType APYTUM TUIIOBHMA CEH30pa, JUTUTATHH CEH30D
TEeMIIepaType MOKe OMTH KOPUCTaH 3a npaheme TeMrepatype y ypehajy, paau Haazopa
WIM y Wby KOPEKIMje HEeKe MapasuTHE TEMIIepaTypcKe 3aBUCHOCTH. BakHo je na

EroBa MOTPOLIkha CTpyje Oy/ie TO Mamba, a MEpHAa HECUT'YPHOCT Moske outu 110 1 K.

EnemenTH 3a reHepucame TaKTOBa Cy MOTpeOHW 3a (YHKIMOHHUCAHE
MUKpPOKOHTpOJIEpa M JIpYrux KommoHeHTH. Ilomro ce 3a komyHHKanujy ypehaja ca
HaJpeheHnM CUCTEMOM KOPHUCTH AaCHHXPOHU CEpHjCKH HHTEpdeEjC, HEONMXOMHO je na
TeHepaTop TaKTa y IEJIOM TeMIIePaTypPCKOM OIICETy MMa JIOBOJHHO MaJlo OJICTYMAHkE O]
HOMHHAJTHE YYECTAHOCTH. THITMYHO ce KOPHUCTE OCIIIIIATOPU Ca KPUCTAIOM KBapIia, ajiu

noctoje u cunuijymck MEMC ocmmiatopu 10BOJBHO T00PHX KapaKTEPUCTHKA.

Eaextpuuna mema Jlururajanor 6Joka je npukazana va Cmunu 5.5. Ona je

(I)OpMI/IpaHa Ha OCHOBY INPCTXOAHUX pa3MaTpama.

YBUIOM y TOHYAYy MHKPOKOHTpOJIEpa Ha TPXKHUINTY YCTAaHOBJHCHO je Ja je
damunmja MukpokoHtposepa Texas Instruments MSP430 onrtumanan u3bop 3a OBy
NpUMEHy, jep je TMpojekToBaHa 3a HajBehy eHeprercky eduxacHoct. M3abpan je
mukpokoHTpoiep MSP430G2955 (U4 na memm ca Cruke 5.5) [122] uywmje cy

KapakTepucTuke ciezehe:

e motpoma crpyje TunuaHo 350 pA/MIPS y akTHBHOM pexumy (TpU HANoHY

Hamajama 3 V),
e 16-6utHo RISC mporecopcko jesrpo ca 16 perucrapa,
e 27 MalIMHCKUX WHCTPYKIIMja ca 7 HAYMHA aipecupama,

e (¢on HojmaHoBa apxurekTypa,
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®  TIPOrpaMCKO YIPaBJbamkE MMOJCUCTEMOM 3a TeHEPHCAkE M TUCTPHOYIIH]Y TaKTa,
e 7 pexuMa paja ca CMambeHOM MOTPOIIHOM EHEPTHje,

e Benukd Opoj aHAJOTHMX W JUTHTATHUX Mepudepuja Koje cy MEMOPHjCKH

Marnupase,
e 56 KB flash memopuje,
e 4 KB panne memopuje (RAM),

e JTAG nopt (mporpamMmupame U TeCTUpamke Y IMJBHOM CUCTEMY) ca MoryhHomrhy

JIBOKUYHOT pasa (Spy-Bi-Wire),

N3zabpano kono 3a reset je TPS3838K33 (U5) [123]. Hberor HamoH mpara je

HoMHMHaNmHO 2.93V, a BpemeHcku wuHTepBan Apxkamwa RESET curnama, uzabpan
BesuBameM n3Boga CT Ha HamoH Hamajawka, HOMMHAIHO W3HOcH 200 mS. MakcumainHa

jaunHa cTpyje moTpedHa 3a Hamajame oBor koja je 450 nA.

W3zabpana Ttpajua memopuja je ¢epoenekrpuuaun RAM, FM25CL64B (U6)
[124], kamamurera 8 KB. Omoryhyje mo 10" umkiyca ymuca u unrama noparaka, a
TPajHOCT ymucaHux nojataka je 1o 150 roguna. Komynukanumonu unrepgejc je SPI, a

npu O6p3unu Takta o7 1 MHz makcumanna norpomma cryje usHocu 200 pA .

Jlurutanau cenzop temmepatype je TMP121 (U7) [125]. Hberosa pe3onyimja je

12 Outa, a yKymHO oacTymame u3Hocn +1.5°C, mro ce moaemaBameM MOXKE CBECTH
Ha Mame on +1°C. Komynumkanmonu unTepdejc je SPI, a mMakcumanHa mOTpoIIma

cTyje He nmpena3u S0 pA .

3a TeHepHcame TaKTa KOPHCTH C€ KpUCTal KBapla 4Yuja je pe30HaHTHA
yuectaHocT 3.6864 MHz (X1). Ta Bpeanoct je muzabpana 30or HART unrepdejca 3a
YHjU MOJIEM je MOTPeOHO 00e30eIuTH eKCTepHU M3BOp TakTa ydectaHoctu 460.8 kHz.
MUKpOKOHTPOJIEp Taj TaKT J00Hja JEJbeHEM YYeCTAaHOCTH TaKTa OCLMIaTopa ca 8 u
npocinehyje ra Momyny 3a Hamajakbe u kKomyHukanujy (CLHX). Yuecranoct Takra
MHKPOKOHTpOJIepcKor je3rpa u3Hocu 921.6 KHz, a nobuja ce mesbemeM y4eCcTaHOCTH
takTa ocuuiuatopa ca 4. To je Bpiao Mana BpenHOCT, u3abpaHa paaud MHHUMU3AIH]je
HOTPOIIBE CHEPrHje, allu je, 3axBasbyjyhu 16-0MTHO) apXUTEKTYpH MHUKPOKOHTpPOJIEpa,

JIOBOJBbHA JIa ce MOCTHTHY ToTpebHe nepdopmance ypehaja. ¥ ciydajy na ce ypehaj He
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Hamaja curHaiom 4 MA 1o 20 mA, jaumHa cTpyje Hamajama My HE Mopa OuTH
orpannyeHa Ha 3.4 MA (Buzmetu 5.2.2), ma je Moryh pag MUKpOKOHTpOJIEpa Ha MHOTO
BUIIUM ydectaHocThMa (o 16 MHz), unme ce nodujajy naneko 6osbe nepdopmance y

cMHCITy 00pajie U IIpeHoca Imo1aTaka.

[MopT 3a mpukbyUeme Moayia KopucHuukor uatepdejca (LCDX) peanusoBan je
Kao TopT 3a mpomupema (J3), Tako a ce Mo MmoTpedu MOTY MPUKJBYYUTH CKIIOIOBH
npyre Hamene. Owmoryhen je mpuctyn SPl cepujckoj Maructpaiu Ha Kojy je

NpUKJbYYeHA TpajHa MEMOPH]a, TAKO J1a je MoTyhe yrucaTu Wi OYUTaTH BEH CallpiKaj.

[Mopt 3a npuKIby4YeHE MOIyJIa 3a Hamajambe U komyHukanujy (CLHX) npuka3zan
je na memu ca Cruke 5.3 (J1). Ty cy npucytau curnanu SPIl cepujcke marucrpaie,
jemnor UART-a, mudepenumnjanau ynaz A/D kousepropa AD7794 (U3), ynaz A/D
KOHBepTOpa yrpal)eHOr y MUKPOKOHTpPOJIEP, HEKOJIHMKO YIPABJbAYKUX CHTHAJIA, TAKT O]
460.8 kHz 3a HART momem u TakT motpebaH 3a TeHEpPHCAmhe HEraTHBHOT HAIlOHA

(32kHz, nobuja ce nmemmewem Takta on 64 kHz, koju maje AD7794, momohy

dmundnona 74LVC1G80 (U8) [126]). ITopt omoryhyje pan ca pa3muuauTHM TUTIOBUMA
MO/lyJia 32 Halajabeé W KOMYHHKAIHjy, YHMMe € MOXE 3Ha4ajHO MPOIIMPHTH 00JacT

MpUMeHe TTPOjeKTOBaHOT ypehaja.

[Topt 3a mporpaMupame MUKPOKOHTpoJsiepa (J2) pealn3oBaH je 3a MHHUMATHU
oomuk JTAG wunrtepdejca (Joint Test Action Group, IEEE 1149.1 [127]), koju kox
MHKpOKOHTposiepa u3 damuiuje MSP430 uma nasus Spy-Bi-Wire (SBW), a campxu
camo nBa curHama (SBWTCK u SBWTDIO/RST) u nanajame. MUKPOKOHTPOJIED Ce
nporpammupa y cactaBjbeHOM ypehajy, momohiy mporpamaropa ca TaJBaHCKUM

pas/iBajameM.
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5.4.3 Peanu3anmja akBU3HIHOHOT Moayaa ASP1

3a akBusunmoHu moayn ASP1 aytop aucepraiyje je IpOjeKTOBAO IMITaMIIaHy
104y KpyXXHOT oOjHKa, mpeyHuka 70 MM, koja mMa MeTaiau3aiujy ca o0e CTpaHe.

®dororpaduje Moayna npukazane cy Ha Cunu 5.6.

'GND .

IN+ \
INS ) IN
| OUTH = 0UT

Zhhcoe

=
S 0
&
L\}
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»

Cauka 5.6 ®otorpaduje peanmzoBaHor akBuzunuoHor momayna ASPLl: ropma cTpaHa

[ITaMIIaHe 1ioue (JIC€BO) U JIOWka CTpaHa (JIECHO)
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5.5 MoOayJI 3A HATAJABLE U KOMYHUKAIIMJY CLH1

Monyn 3a Hanajame u komyHukauujy CLH1 cagpxu crneumguune cKIonose
HEONXOJHE 3a peajn3ali]y WHIYCTPUJCKOT TpaHCMHUTEpa KOju ce ca HaapeheHum
CHCTEMOM TIIOBe3yje IBOXKHYHUM KaOiiom (Hamajarbe, KOMyHHKAlMja M HHIAKaIldja
MepeHe BEJIMYHMHE), TpeMa MPOjeKTHUM 3axTeBuMa (Buzaetu 5.1). biok mema momayna

CLH1 je mpukaszana na Courm 5.7.

) Q_m\ DAC = @
=
=
O [N VN ™ TX X 4-20 mA
= W | HARTMOREM ~| |~=I + HART
2 i |
<
L N CEH30P
—— —| TEMMNEPATYPE HATIAJARLE
Cauka 5.7 Bnok nmiema mMoyna 3a Hanajame U KomyHukanujy CLH1

OyHKIMje MO/TyJIa 32 Hallajamke U KOMyHHUKAIH]jy cy ciaeaehe:
e  Hamajame CBUX (DYHKIIMOHAIHUX IeTMHA HHCTPYMEHTA,
e D/A xoHBep3uja HHIUKALM]€ MEPEHE BETUUNHE,
e  peryjaiyja jaudHe CTpyje Ha aHAJIOTHOM CTPYjHOM H3Ja3y,
e  (¢usnuky cioj 3a KoMyHHKalujy nocpeacrsoM HART npoTtokona,
®  Mepeme TemIeparype.

JlupekTHa enekTpuyHa Be3a MpojekToBaHor ypehaja ca Hagpehenum cuctemom
OCTBapyje ce MCKJbYUYHMBO KpO3 OBaj MOJYJ, TaKO Ja jé OH HajBAXKHUJU 32 HCIYHHCHE

3axTeBa cTaHaap/a npotuBekciuiosusHe 3amTure IEC 60079-11 [115].

[Monmazehn ox Gmox meme Ha Crumm 5.7, GopMupana je TiaBHa €JIEKTpHYHA
nmema (HajBHUIIM XHjepapXujCKu HUBO), Mpuka3ana Ha Ciumwm 5.8. [lleme mojequHavHIX

(YHKIMOHAIHMX LI€JMHA JaTe Cy Y HACTABKY TEKCTa, y3 00jalllberba.
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5
5.5.1 IIpoTuBeKCIJIO3UBHA 3aIITUTA

Cmucao TPOTUBEKCIUIO3MBHE 3AIUTHTE HA MPUHIMILY CBOjCTBEHE CHTYPHOCTH
(mpema crangapay IEC 60079-11 [115]) je na enextpoHcku ypehaj, nako je AUPEKTHO
U3JI0KEH aTMOc(epu 3amajbUBOT Taca, HE MOXE Jla MPOY3pOKYyje HEHO Majbemhe MpU
HOPMalTHOM pajJy WIH Yy Cclyd4ajy IojaBe OO JBa He3aBUCHAa KBapa. | eHepaiHo,
pa3MaTpajy ce 3alabuBU TacOBH NPU KOHIIEHTpalMjamMa Kaja je eHepruja nabema
MUHMMaIHA. [0 masbema Moxe JohM ycien u3farama JOBOJBHO BHCOKO] TeMIepaTypu
Ha MOBPIIMHU HEKE KOMIIOHEHTE WJIM yCIIe/ SIEKTPUYHOT Mpaximbemba. MelyHapoHum
cragmapaom IEC 60079-11 cy mpommcaHe TpaHWYHE BPEIHOCTH 3a HAIIOH, jadynHY
CTpyje, CHary, aKyMyJUpaHy CHEprHjy W TEMIIepaTypy, THUIIOBH KOMIIOHEHTH,
TOTIOJIOTHj€ KOI4, (AKTOPU CUTYPHOCTH M HEKH TE€OMETPHUJCKM MapaMeTpH, Kao M

armapaType U Ipoueaype 3a eKCIepHIMEHTATHO HCTIUTHBAE.

Temmeparypa Ha MOBPUIMHM HEKE KOMIIOHEHTE 3aBHCH O] CHAare Koja ce Ha O]
ociiobaha, BHEHUX TEPMHUYKUX CBOJCTaBa M TeMIliepaType amoOujeHTa. Temreparypa y
YHYTPalllbOCTH M Ha TOBPIIMHH KOMIIOHEHTe ojpelyje ce 3a KapaKTepHCTHYHE
CKYIIOBE BPETHOCTH €JIEKTPUYHUX Mapamerapa W JeKJIapUCaHe TEPMHYKE OTIOPHOCTH

(Ry;c # R,j0). I'eHepanto, enekTpoHCKE KOMIIOHEHTE MalUX JUMEH3Hja, KOje HHCY

npeaBuleHe 3a MOCTaBJbakbe Ha XJAIkaK, IMajy BEJIHKY TEPMHUKY OTIIOPHOCT H3Mely
HAJTOIIMj€ TauyKe Y YHYTPaIllkbOCTH M aMOMjeHTa, jep HEeMajy BEJUKY MOBPLIMHY 3a

0JIBOl)er€ TOTIOTEe KOHBEKIIM]jOM U PajIfjallijoM.

EnextpuuHO mpaxmeme HACTaje HariuM ocliobahjambeM eHepruje akyMmyJIupaHe
y KOHJICH3aTOpHMa, KaJIEeMOBHUMA M CIIEKTPUYHUM OaTepujama. 3aTo Ta €Hepruja Mopa
OuTH oOrpaHMuYeHa Ha JOBOJbHO Majly BpenHocT. [lomrTo ce y WHAYCTPHU]CKUM
TpaHCMUTEpPHMa HE KOpUCTE OaTepHje, a KaJeMOBH Cy BPJIO MaluX HHIYKTHBHOCTH,
TUIIMYHO C€ Pa3Marpajy camo KOHIEH3aTOPH, Y CMHUCIYy HAllOHA, KalmallATUBHOCTUH U
TeXHOJIOTHje u3pazae. He cMejy ce KOPUCTUTH €NIEKTPOIUTCKU U TaHTaJl KOHICH3aTOPH,

a 3a ocTaje je KamalUTHBHOCT OrpaHMYeHa Ha Maje BPEIHOCTH, THIMYHO A0 peda

® [IpOTHBEKCILIO3MBHA 3alITHTA eNeKTPUUHKX ypelaja je clokeHa TexHHUKa 0671aCT H3BAH TEME OBE
muceptanyje. [TomTo ce y npojekTHIM 3axTeBrMa (Bunetd 5.1) He nHCHCTHpa Ha (hopMaITHOj IPUMEHHT
crargapaa IEC 60079-11 xox npojexToBaHor ypehaja, oBae he 6utu naT camo Kpartak mperiien, 6e3

JETaJbHUjUX pa3MaTpama.
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BenuuuHe 1 pF. Tume je y 3HauajHO] MepH OrpaHWyYeH H300p YMNOTPEOSLUBUX

TEXHUYKHUX PCIICH:A.

I'eomeTpHjcku mapaMeTpu NPOMMCAHU CTAHAAPAOM OJHOCE C€ Ha MUHHUMAaHA
pacmojama u3Mmel)y mpoBoaHuKa (y Bas3ayxXy, Ha MOBPUIMHUA WM y JyOWHU YBPCTOT
JTUEJIEKTPUKA), Ha J1e0J/bUHY JUENIEKTpUKa, €(peKTUBHE MONPEYHE MpeceKe MPOBOJAHUKA

UTI.

WnpycTtpujcku  Tpancmurep Moxe aAa wucnyHu crangapa  |EC 60079-11
UCKJBYYHMBO 3ajeHO ca oxaroBapajyhum mnpumapyxkeHum ypehajem. Taj ypebaj
OorpaHMYaBa HAINOH M JauydHYy CTpyje Hamajamka TPaHCMHUTEpa Ha MPOMHCAHU HAYMH, a
MOCTaBJba CE M3BaH 30HE Y KOjOj je Moryhe mprcycTBO 3anajbuBor raca. Hajuenthu tun

npuzapysxeHor ypehaja je 13B. 3enep Oapujepa.

5.5.2 AHAJIOTHHU CTPYjHM H3J1a3

AHaJIOTHU CTPYjHHU H3Ja3 je CKJION KOju oOyxBara OJIOKOBE y TOpw0j TpehnHu
6s10k meme Ha Crnunu 5.7: D/A koHBepTOp, HUCKOTPOIyCHU (ritap, cabupad curHaia
U 3aBHCHHU CTpyjHHU u3BOp. OBaj CKJION je crnenuduyan 3a UHIyCTPUjCKE TPAHCMUTEPE
KOjU ce ca HajapeleHUM cHCTEMOM MOBe3yjy ABOXKHMYHO, TaKO Jla C€ UCTU JBOXKHYHH
Kabll KOpUCTH 3a Hamajalke TpPaHCMUTEpa M 3a HWHAMKALW]y BPEIHOCTH MEpEHE
BEJIMYMHE TIOCPEJCTBOM aHAJOTHOT cTpyjHOr curHana (4 mA mo 20 mA). loxatHo,
UHTEIIMTeHTHH TpaHcmurepu ca HART mpoTokonom 3a JABOCMEpHY JUTHTAIHY
KOMYHHUKAIM]y ca Haape)eHuM CHCTEMOM KOPUCTE MOAYJIMCAHU CUT'HAJ KOjH je MOMOohy
cabupaya cCUTHaja CyNeproHHpaH Ha CIIOPO MPOMEHJHHBH AHAJIIOTHU CTPYjHH CHUTHAI
[128], [129], Tako jma ce aHANOTHH CTPYjHH M3J1a3 KOPUCTH U 3a cinambe HART curnana
Haapehenom cuctemy. HART curnan koju masbe HaapeheHH CHCTEM je HAINOHCKH, a
BEroB ce npujeM takohe o6aBsba Moxysnom CLHI. Illema ananorHor crpyjHOr m3iasza

nata je Ha Courm 5.9.

AHaJOrHM CTPYJHM H3JIa3 J€ peain30BaH KOPHUIINEHEM CIElHjaTu30BaHOT

unTerpucasor koiaa AD421 (U1 na Cnumu 5.9) [130], koje uma cnenehe dpyHnkuuje:

° peryiaTop HalroHa (KOpI/ICTI/I CIIOJbAllIELEC KOMHOHCHTG),

e wu3Bope pedepentHor Hamona (2.5 V, £40 ppm/°C u 1.25 V, £50 ppm/°C),
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®  JIOKaJHH OCLUJIATOP,
e nenra—curma D/A kouBepTOp pesonyiuje 16 oura,
®  HUCKONPOMIYCHHU (uaTap (KOPUCTH CIOJbAIIHE KOMIIOHEHTE),

®  3aBHCHHU CTPYJHU U3BOD.

Oncryname BPeIHOCTH jauuHe cTpyje Ha u3nazy AD421 ox 3amaTe Hymepuuke
BpeaHocTH je y rpanunama +0.2 %FS (npu 3aaaroj Bpeanoctu 20 mA, Ha pedepeHTHO]
temriepatypu oj 25 °C, Kajga ce KOpPUCTH WHTEpPHA HANOHCKa pedepeHIa), MmMTo He
UCIymhaBa IMpojekTHe 3axTeBe (Bumetd 5.1 u pasmarpame y 5.2.3). [lomatHo,
JIeKJIapuCcaHu Temreparypcku Ipudrt jauune crpyje mznocu 150 ppm/°C (Takohe ca
UHTEepPHOM pedepeHiioM). YobuuajeHa npolieypa mnojeiiaBama ypehaja je ceoheme Ha
MUHUMYM OJCTYIalkha CTPYJHOT H3JIa3a Ha pedepeHTHO] Temmeparypu. Kopekiuja
OJICTyMama yciel TeMIIepaTypcKor ApudTa BpIIM ce TaKO IITO C€ MEPH TemIepaTrypa y
6nu3unan AD421 yrpaljeHum AUTUTaIHUM TEPMOMETPOM, I1a CE Taj MOJATaK KOPUCTHU 3a
TEMIIEPaTypCcKy KOMIIEH3aIMjy NPUMEHOM OAroBapajyher MaTeMaTH4ykor Mojena |
padyHapckor anroputMa. I[lapameTpm MaTeMaTHUKOr MoOJeNa CTPYJHOT H3Ja3a

cknagumTe ce y EEPROM memopwuju.

PerynaTop Hamona, koju ce cactoju on ckionoBa y AD421 (omeparuonu
rojayaBay M HaloHCKa pedepeniia) u crnospammbux kommnonent (Q1, R7, C2 u C20),
KOpUCTH ce camo 3a Hamajarbe AD421 (U1l). CBu octamu ckionoBu moayia CLHL u
Ipyru Moaynu ypehaja Hamajajy ce U3 ApPYror peryiaropa HamoHa. TakBo pelieme je
noTpebHO J1a Ou ce MCIYHWIN 3aXTeBH MPOTHUBEKCIIO3UBHE 3aILTHUTE, jep je cHara Koja
ce ocnobaha y KoJly aHaJOTHOT CTPYjHOT H3j1a3a Beha 01 MakCHUMallHe CHare Koja cMe
na ce ociuobomu y ocranum nenoBuma ypehaja. Hajehm neo chare ociobaha ce Ha
Tpan3octopy Q2, koju je 3a To npeasuheH, Tako aa cy ULl u Tparsuctop maire cHare Q1

(MOSFET ca yrpahenum kanaiom), pactepehenm.

Jla Ou ce cCHpeYusio YHOUICHE CMETHH Yy JUTHTaTHy KOMYHHUKALU]y
nocpenctBoM HART mportokoma, curnam ca u3nasa D/A KoHBepTOopa M CHrHajl Ha
nznazy HART momema mopajy OuTH pa3aBojeHU Y (DPEKBEHIIMJCKOM TOMEHY (BUIETH
5.5.4 u Cnuxky 5.11). To pa3nBajame ce BPIIM HUCKOMPOIYCHUM (PUITPOM Ha H3Ia3y
D/A xonBepTOopa, peanu3oBaHuM y Buay mnacuBHe RC mpexe uyuju cy OTHOpPHULU

unrerpucanu y AD421 (U3), a konnenzaropu cy C3, C4, C17, C18 u C19. [Ipunukom
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ciama HART mopyke HampeheHoM cucteMy, MOIyIHCaHW HamoHCKU curHai (TXA) u3
HART moxema monasu Ha u3Bon 10 muTerpucanor koja AD421. OH Ha Taj HauMH
3200M1a31 HUCKOMPOIYCHU (UITAp U MOjaBJbyje ce Kao CyNeprnoHHpaHa KOMIIOHEHTa

W3JIA3HOT CTPYJHOT CUTHAJa TPAaHCMHUTEPA.

Otnmopuun RS, R8 m RY orpanmuaBajy jaumny ctpyje y oxaroBapajyhum
rpanama koia, a auone D2, D3 u D4 u 3enep muone ZD1 mo ZD6 orpanuuaBajy
HAloHe, IITO je MOTPEeOHO paju MCIyHEHma 3aXTeBa CTAaHAAp/Aa MPOTHBEKCILIO3UBHE
samrure |EC 60079-11 (Bumetn 5.5.1). [moma D1 mrutm ypehaj ox morpeurHor
nojaputera Hamajama. L1 m L2 cioyxe 3a moTHCKHBame BUCOKO(PEKBEHIIMjCKUX
CMETHU.

bunarepaman CMOS npexkunau MAX4644 (U2) [131] omoryhyje ma ce mo
noTpeOr MOTIYHO MCKJBYYH pEryjaluja jayuHe CTpYje aHAJIOTHOT CTPYjHOT H3Jasa,
yuMe Ta CTpyja IMOCTaje jeAHaka CTpyju morpomrme ypehaja. To je modeTHO cTame

IPUIMKOM YKJbyuema ypehaja, npe Hero mro nmouyHe HopMaiaH pa.

5.5.3 Hanajamwe
3axTeBU KOje Mopa J1a UCIyHH OJIOK 3a Hamajame cy cienehu:

L4 HOMHMHAJIHK  OIICET  HaIlOHa Har[aj amba TpaHCMUTEpa Tpe6a Ja GYI[C

V, . <V, <V, <105V wu V,,, =40V, am je, 360r

0 min — min — 0 max —

rie cy V,

max 2
WHIYCTPUjCKUX yCIIOBa IpUMeEHe, MoTpebHo Aa ypehaj O6e3 omrehema n3apxu

KpaTKOTpajHe MpeHanoHe o1 Hajmawe £100V,

e HOMMHAJIHA BPEIHOCT HAllOHA Ha W3JIa3y HAIOHCKOT peryjaropa Tpeba na Oyne
3.3V, a Takohe je TmMOTpeOHO © TeHEpUCAE HETaTHBHOI HAIIOHA,

~33V <V <-25V,

e  HAmOH, jauWHa CTpyje, CHara W aKyMmyJIMpaHa €HEepruja y CBUM KOMIIOHEHTaMma
MoOpajy OMTH OTpaHWYECHU Ha HAYMH M MpeMa KPUTEepHjyMUMa JTePUHUCAHUM Y
CTaH/Aapy MPOTHBEKCIUIO3UBHE 3aIUTHTE HA MPUHIIMUITY CBOjCTBEHE CHTYPHOCTH

(IEC 60079-11, Buzmetu 5.2),

e  COICTBEHa MOTPOLIKHA CTPYyje HAMOHCKOI peryiaropa He cme Outu Beha of

100 pA.
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HNako mocToju Benwkd Opoj Pa3IUYMTHX THUIIOBA WHTETPUCAHMX HAMOHCKHUX
perynaTopa, HaBeJeHE 3aXTEBE j€ BPJIO TEIIKO HCIYHUTH KOpUIThemeM HEKe TakKBe

KOMIIOHCHTE, I1a CC OBAC KOPUCTU CHCI_II/I(I)I/I‘{HO peacm,Le.

Hanoncku perymnarop, uuja je mema npukasana y ropmwoj nonosuau Cruke 5.10,
pearM30BaH je ca JIUCKPETHUM pelHuM eieMmeHToM, a To je MOSFET ca yrpahenum

kananom BSS139 (Q3), mexnmapucanor npobojuor Hamona Vg s =250V [132].

Omneparpionn nojauaBay OPA347 (U5) [133] Bpumwm perynanujy Hanmona VDD Tako na
oH Oyzae mpubnmxkHO jenHak HamoHy LVDD. Tume je 06e36eheno na moruyku HUBOU
curnana usmehy AD421 (U3) u ocranux ckionoBa Oyay yckial)eHu nako je Hamajarmbe
AHAJIOTHOT CTPYJHOT HW3Jla3a Pa3ABOjEHO OJf CBUX OCTaNUX (YHKIMOHATHUX IIEJIMHA
ypehaja. OrnopHukom RO je orpanmyeHa jaumHa CTpyje KpO3 peryjaTop HaloHa.
ComncTBeHa MOTpoOIIKa CTpyje peryinatopa He mpenasu 100 pA u uMa 3aHeMapJbUBY
3aBHCHOCT 01 onrTepehema NPUKbYYEHOI Ha EroB HU3jla3. MakcuManHa yKyIHa
MOTPOIITha CTPYj€ CBUX CKJIOTMOBAa KOJU CE€ Hamajajy W3 OBOT peryjiaropa He Ipeia3u

2.6 MA u He 3aBHCH O] JaUMHE CTPY]je Ha M3J1a3y TPAHCMHTEPA.

3amrura ox npeBrcokor Hanona VDD, koju ce Moxe MO0jaBUTH Kao TPaH3UjeHT
WIH yCTiea KBapa, peallu30BaHa je MPUMEHOM ToJlecuBe HaroHcke pedepenie ZR431
(U6) [134]. Hammorcku mpar u3Hag kojer U6 mpoBoau cTPyjy MOMAEIICH j& pa3aeTHUKOM
narnona (R31, R33) u usnocu oko 3.9 V. Tume ce mure oa ormrehema KOMIOHEHTE

YHjU je MaKCUMAITHH HaloH Hamajama 4 V (Hnp. MukpokonTpoiep MSP430G2955).

Kowmmonente R6, D5, ZD7 u ZDS8 cnyxke 3a HCIyHEHE 3aXTeBa CTaHIApIa
MPOTHUBEKCIIO3MBHE 3aITHTE. Y TOM CMHCIY j€ Takolhe 3HadajHa UYMIbCHHIIA J1a je
OTMCAaHU HAMOHCKU peryjiaTop crabuiiaH 0e3 BeTuKe KanalliTUBHOCTU MPUKJbYUYEHE Ha

HBCTOB H3J1as.

VY nowoj nonounu Cnuke 5.10, neBo, nata je memMa HalOHCKOT MHBEPTOpa Ha
YHjH Ce yJia3 JOBOJM HAIOH MPaBOYraoHOT TajacHor obsuka (yuectanoctu 32 kHz), a
Ha M37a3y ce Jgo0uja jegHocMepaH HeratuBaH HamoH oj oko 2.8 V. Taj HamoH je
noTpebaH 3a UHBEP3HY MOIApU3alKjy AUOA ca BPJIO MalloM CTpyjoM mypema, D6 u D7
(BHIETH LIEMY aHAJOTHOT CTPYjHOT u3ias3a Ha Ciuuu 5.9), unme ce crpedana Jja 3HaATHO
Beha cTpyja mypema 3eHep quona ZD3 u ZD4 npoy3pokyje oJCTymame H3na3He CTpyje

0J1 33]1aT¢ BPEIHOCTH.
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VY nowoj nonoBunu Cnuke 5.10, necHo, nara je mema pasaeTHUKa HalloHa KOjU
CIIY’KH 32 MEpeHe YKYITHOT HaroHa Hamajama ypehaja. Jlmoma D10 coyxu 3a 3amTuty
Ol TpeHamoHa, a KoHxaeHzatop CO6, 3ajeqHO ca OTHOpHOCTHMA Yy Koiy, ¢dopMupa
HuckonponycHu ¢uiarap. Curman VMON ce noBogu Ha ynaz A/D konBepropa
yrpahenor y mukpokonrpoiep (U4 y moaymny ASP1). Kaga je mamon VMON ucnos
onpeheHor mpara, TpaHCMHTEp TIpelia3d y ajapMHH PEXHM M Ha CBOM H3JIa3y Jaje
alapMHy BPEIHOCT CTPYJHOT curHaia. Ha Taj HauMH ce KOPHCHHMKY CHUTHAaJIu3upa
rpelika Koja chpedaBa HopMaiaH pan ypehaja, a yjemHo ce oTkiIama MOTYhHOCT

MOTpellIHe UHTEPIIPETalllje CTPYJHOT CUTHAIa Kao MHAMKAIM]je MEpEHE BEJIMYUHE.

5.5.4 HART moaem

HART (Highway Addressable Remote Transducer) je mpoTokon 3a ABOCMEpHY
JUTUTATHY KOMYHHKAIW]y jEJHOT MM BUIIE MHTEIUTCHTHUX WHIYCTPH]CKHX MEPHHUX
WIH yhpaBibadykux ypehaja ca KOMITjyTepH30BaHMM MacTep ypehajeM Ha BHIEM
xujepapxujckom HuBoy [128]. Kao pana wumruiemenrtanmja ¢dungodac (fieldbus)
koHuenta, HART je mactao y ¢upmu Rosemount ocampaeceTux TroJWHA JIBaIECETOT
Beka, a ox 1986. je ,,orBopeH” mporokoi. HberoBoM mpruMeHOM, JajbUM pa3BOjeM H
ceprudukamnmjom onpeme ganac ynpasiba HART komynukanuona ¢oumamnuja. Mako je
Moryhe KOpPHUCTUTH pa3M4YUTy KOMYHUKAIIMOHY HWHQPacTpyKTypy, yKJbydyjyhu u
O0exxnyHy, Hajuenthe kopumthen gusnuku cioj 3a komyHukanujy HART npoTtokosom je
3acHoBaH Ha wuHTepdejcy Bell 202, koju mompasymeBa OumHapHy (peKBEHIN]CKY
moaynanujy (1200 Hz 3a normuky jeamnumy w 2200 Hz 3a normuky Hyiy), ca
KOHTHHYaJTHOM (ha3oM u OuHapHUM mpoTokoM o1 1200 6uta y cekyuau (MOTyayIuieKc).
NHTenureHTHH WHAYCTpUjcKM TpaHcmutepu ca HART  komyHukammjom ce ca
HajpeheHuM cucteMoM Hajuemihe moBe3yjy ABOKHYHUM Kabiom. Monynucanu HART
CHUTHAJI je CYNEepIoHWpaH Ha aHAJIOTHU CcTpyjHH curHai (4 mA mo 20 mA) xoju ce
KOpPUCTH 3a Hamajamkbe ypehaja M Kao MHIUKalMja BPEAHOCTH MepeHe (u3nuke
BEeNWIMHE. JeqaH mpuMep TalacHUX OOJIMKa CUTHaa Tmpuka3aH je Ha Courm 5.11a.
Amnainornu crpyjuu curian u HART curnan cy oaroapajyhum ¢untpuma pas3iBojeHu y

(pEKBEHIN]CKOM JIOMEHY, Ha HauWH npuka3ad Ha Cimiu 5.116.

121



L)
S

<
E
2
2
&
g -0.5 mA \j U \J
& 1200 i 2200
Y 4 - K = komaHga D Hz | oHz
O =opa3mve A R
T —
0 1 o
Bpewme [s]
6) A
-20
LTI | T T
| AHanorHu HART
curHan curHan
g o \
2 NIl | Y
2 \
2 ]
5 20 i
\ \\
40 Ny
10° 10" 107 10° 10 10° 10°

YyectaHocT [Hz]

Cauxa 5.11 HART curnan a) y BpeMEHCKOM JAOMEHY (KapaKTepUCTUYHHU TaJlaCHU OOJIMLIN)
u 0)y d¢pexBenuujckom gomeny (bonmeoB amjarpam upeannzoBaHHX
NpPOIyCHUX oOfcera ¢uiaTapa ca TpaHUYHUM ydecraHoctuma 25Hz 3a

Huckomnpomycuu ¢unrap, 500 Hz u 10 kHz 3a nponychuk orcera)

HART je wmactep/cnej (master/slave) mportokon. CeH3zopu (MHIYCTPUjCKH
TPAaHCMHUTEPH) M aKTyaToOpu (HMp. MO3UIMOHEPH BEHTHJIA) Cy ciejB ypehaju koju
eMHTYjy TMOpyKe caMO Kao OJ3MB Ha KOMaHJAe MpuUMJbeHe oJf Mmactepa. Ha jemHoj
JIBOXKUYHO] KOMYHUKAITMOHO] MarucTpajiu Moxke Outu a0 15 crnejB ypehaja u g0 1Ba
MacTepa, O] KOjUX je ImpUMapHH mactep TumuyHo pauyHap ca HART momemom, a

cekyHaapHHu je Hajuenthe pyuynn HART komyHukarop.
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IIpema HART cnenudukanuju, cnejp ypehaju eMutryjy CTpyjHH CHTHAJ, a
Mactep ypehaju emutyjy HamoHcku curHan. CTpyjHM CHUTHalI ce TpeTBapa y
oJrosapajyhm HamoHCKM CHUTHajl Ha OTHOPHOCTH R|, Kkoja 00aBe3HO MOCTOjU Yy
CJIEKTPUYHOM KOJy, TaKO Ja je CHrHajl Koju npumajy cBu ypehaju (mactep u ciejB)
HaroHcku. Y TaGenm 5.1a cy mpuxazane BpegHoctu napamerapa HART curnanma, a y

Tabenu 5.16 umnenance y enekrpuaHoM Koy [129].

AHAJIOTHO/IMTUTAJTHH PesKUM pajia oJpa3yMeBa Jia IOCTOjU CaMo jeJjaH CJIejB
ypehaj koju je ca mactepoMm ToBe3aH JBOXHYHUM kabmom. HART curnanm je
CYNEepHOHUpAH Ha aHaJOTHU CTpyjHU curHail (4 mA no 20 mA) uuja je BpeAHOCT
3aBHCHA OJ] HEKOI IapameTpa Ipoleca y KOJeM C€ BpIIM MEPEHe WIH YIPaBJbambe.

Hauun noBe3uBama 3a 0Baj pexxuM paja npukaszat je Ha Ciuiu 5.12a.

»MyJaTuapon” pe:xxuMm pajaa noapasymeBa kopumheme 10 15 ciej ypehaja
napajieIHO Be3aHUX Ha MCTH Kabi, mTo je mpukazano Ha Cowmwm 5.126. CBu Mopajy aa
nMajy pasnuuute anapece. Kopuctu ce camo HART curnan, 1ok je aHaJOTHU CTPYjHU
curHan cinejB ypehaja mocraB/beH Ha BpenHOCT 4 MA U Cily’)kM caMO 3a Harajame.
»MyYITHApOIT” PeKUM pajia jeé eKOHOMHUYaH, jep je 3a KOMYHUKanujy ca Behum Opojem
ciejB ypehaja moBoJkaH jegaH MacTep, a Takohe je W yKymHa Ty>XKHHa KabjioBa Mama
3axBaJbyjyhnm TOmoONOrMju Koma y BuAy Maructpane. Hemocratak y omHOCy Ha
aHAJIOTHO/TUTUTAITHU PEXXUM pajia je MambH 0poj pa3MemeHHX MOpyKa ca MojeIMHAYHIM

ciejB ypehajuma y jeqMHUIIA BpeMeHa.

[MomTo ce 3a KOMyHHUKAIMjy WHTEJIMTEHTHOT TpaHCMHTEpa ca HaapeheHuM
MacTepoM KOPUCTH MOJYJIMCaHM CHUTHaJll, HEONMXojAaH je oxarosapajyhu momem.
Enextpuuna mema HART Mozmema ca mparehuMm eneMeHTHMMa IpHKa3aHa je Ha
Cnuim 5.13. Kopuctu ce materpucano koo HT20C15 (U3) [135], koje campxku cBe
ckionoBe HART mMonema ocuM n3Bopa pedepeHTHOT HallOHA U MACUBHUX KOMIIOHEHTH

yna3Hor Quirpa.

VYna3uu ¢unrap ce cacroju on macuBHux kommoneHtu C21, C24, C25, C26,
R16, R17, R18, R19, R20, R21 u R23 u akTUBHUX CKJIOIOBA Y HWHTECTPHUCAHOM KOIY
HT20C15 (U3). ®unrap je peanmzoBan mpema [135] kao mpormycHHMK oricera ca Tpu

roJia Ha y4ectaHocT oko 625 Hz u jennum nmonom Ha yuectanoctu oko 2500 Hz.
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Tabemna 5.1a

Bpennoctu napamerapa HART curnana

IMapamerap MHHUMYM | MaKCHMYM | jeAMHULA
Cursan Koju eMHTYje MacTep 400 600 mVpp
CurHaji KOju eMHTYje CIIejB 0.8 1.2 MAp
MuHuManHa BpeIHOCT CUTHAJIA CJIEjBa,
0.184 Vop
HAIlOH Ha OTIOpHOCTH 230
MakcuMaliHa BpeIHOCT CUTHAA ClIiejBa,
1.320 Vip
HaroH Ha oTropHoctd 1100 O
OceTJbUBOCT MPHjeMHHUKA
0.12 2 Vip
(Mopa Ja ucIpaBHO MPUMHU CUTHAN)
[Ipar npujema npujeMHuKa
80 mVpp
(MOpa Jja UTHOPHUILIE CUTHAIT)

Taoena 5.10

Nmnenance y eJEKTPUIHOM KOTY

[TpumapHu Mactep

Hmnenanca y pexxumy npujema

230 Q 10 1100 Q

3ajeJHO ca

MakcuMaiiHa UMIeIaHca Y pexUMy Tpesaje

hv R . 700 Q2

OTHOpHOINY R (ne cMe GuTH Beha HEro y peXkuMy nmpHjema)

MuHrMaTHa UMIIEIAHCa Y PEXUMY TTpHjeMa 5 kQ2
CexyHmapHU MacTep

MakcumaiHa UMIIeaHca y peXXuMy Mpeaaje 100 Q2

MunHrManHa OTHOPHOCT 100 kQ
CrnejB

MaxkcuMaiHa KamauuTHBHOCT (IIpernopyKa) 5nF
Ocramn ypehaju MuHUMalHa apaienHa UMIejanca 10 kQ2
(cBu macuBHM ypehaju

MaxkcuMaiHa pejiHa HMIIeIaHca 100 Q

Y KOJIy 33j€IHO)
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Camnka 5.12 IloBesuBame HART ypehaja 3a a) aHaJIOTHO/AMIHTANHU PEXHUM paga M

0) MyATUAPOI peXUM pajaa

Kao m3Bop pedepeHTHOr HamoHa KopucTh ce mHTerpucanHo kono ZXRE1004
(U4) [136]. beroB HoMuHaNHM HanoH u3HOocH 1.22 V u oH jaeduUHHMINE paJHY TadKy
olepannoHuX TojauaBada u kommaparopa y HT20C15 (U3). HamoHoMm Ha OTIOPHUKY
R25 nedwunucan je mpar ojury4rBama KOMIIapaTopa KOjH Ha CBOM M3J1a3y Jaje JIOTHIKH
curHan CD (Carrier Detect) u tume uH(pOpMHIIE MHUKPOKOHTPOJEP O MPHUCYCTBY

CHT'HaJIa HOCHOIIA.

Monaynucanu Hanoncku curHan OTXA, koju aaje HT20C15 (U3) Tokom cnama
HART mnopyxke, noBoau ce Ha oxarosapajyhu yma3 wnHTerpucanor koima AD421 (Ul na
Cruru 5.13) mpeko KamanuTUBHOT pas3zelHuka koju ce cactoju ox C3, C17, C22 u
C23. Taj curnan ce npeTBapa y CTpYjHU CUTHAJI CYNEPIOHUPAH Ha CIIOPO MPOMEHJbUBU

aHaJIOTHU CprjHI/I CHUTHaJl Ha U3JIa3y TPAHCMHUTECPA.
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5.5.5 /IuruTajiHi CEH30p TeMIepaType

Y mpy cipoBohema KOPEKIHje TeMIEpaTypcKor ApudTa aHAJIOTHOT CTPYjHOT
u3jaza TPaHCMHUTEpa, MOTPEOHO je MEPUTH TEMIIEpaTypy IITO ONMXKe MeCTy TIe ce
Hanasu uHTerpucaHo koo AD421 (Ul). 3a Ty HaMeHy ce KOPHCTH JUTHTAIHU CEH30D
temneparype TMP121 (U7 nwa Counum 5.13) [125]. Hherosa pesonynuja je 12 Owura, a

YKYIHO ojcTymname m3Hocu +1.5°C | mTo ce mopenaBameM MOXKE CBECTH Ha Mambe O]
+1°C (mpuxBat/buBO 3a OBy HameHy). Komynukanumonu wunrtepdejc je SPI, a

MaKCHMallHa MOTPOLIka CTyje He mpenasu S0 pA .

5.5.6 Peanm3zanmja moayaa CLH1

3a momyn 3a Hamajame W komyHukanujy CLH1 ayrop namceprammje je
IPOJEKTOBA0 INTaMMaHy IUIOYYy Kpy>KHOr oOnMka, mnpedynuka 70 mm, koja uma

MmeTanu3alujy ca ooe crpane. @otorpaduje Mmoayna npukazane cy Ha Ciaunu 5.14.

Cauxka 5.14 ®ororpaduje peannzoBaHOI MOAyJa 3a Hamajame M KoMyHukanujy CLHI:

ropma CTpaHa IiTaMIaHe 1io4e (JIEBO) U JJOWka CTpaHa (JIECHO)
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5.6 MOAYJ KOPUCHUYKOT UHTEP®EJCA LCD1

Monyn xopucHuukor unrepdejca LCD1 cappxu andanymepuyku AuCIUIE] ca
TEYHUM KpUcCTaluMa W Tpu Tactepa. OH CIy)XH 3a JIOKQIHY HHIMKAIH]y MEPEHHX
BeIMYMHA W 32 JIOKAJHO TNoJemaBambe ypehaja, IOK ce JaJbUHCKO OYHMTABamkbe H
nojemnaBame Bpin nocpeactsoMm HART mporokona. Moayn kopucHuukor uHtepdejca
ce yrpaljyje Ha 3axTeB KOpUMCHUKA M HUje oOaBe3aH 3a HOpMaiaH paja ypehaja. biok

miema moayina LCD1 je mpukasana Ha Comnnm 5.15.

=12
g In’ IHTH=CHT ",
=| || TeANSMITTER | |
> R /
<< \ ® L o (/
AN | 4
— \l ) \“""‘"‘M/

Cauka 5.15  brnok mema moxyna kopucHuukor uHTepdejca LCD1

OyHKIMje MOAyJIa KOpUCHUUYKOT HHTepdejca cy cienehe:

e TpuKa3 MOTpeOHOr caapxkaja Ha aucmiejy (2 peaa ca mo 16 andanymepuukux

cuMOoua):
— MHJUKAIMja jeJJHe WIN BUILE MEPEHHUX BEJIMYMHA U
— CHUCTEM MEHHja 3a [oJIelIaBame napamerapa ypehaja,
e TpujeM KOMaHAM KOje KOPUCHHUK J1aje IPUTHUCKOM Ha TacTepe.

[Tomto je HeomxogHa MHUHUMH3AlMja CTpyje Hamajama ypehaja, KOpUCHUYKU
uHTepdejc Mopa OUTH IITO jeAHOCTaBHUjU, Ja HEe OM 3ay3e0 CyBUIIE PavyyHAPCKUX
pecypca. Takohe, cornctBena nmorpomma moayna LCD1 mopa 6utn MuHMMAaNHA, Tako J1a

HEMa yCJIOBa 3a pealln3alnjy OUI0 KaKBOT OCBETJhCHA TUCILIC)A.

Enexrpuuna mema moayna LCD1 je npukazana Ha Ciumm 5.16.
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Aadanymepuuku gucmiiej EA DOGM162L-A (LCD1) [137] je pedaekTuBHOT
THIIAa, aKTHUBaH, ca JBa peaa of mo 16 matpuunux cumbOoia. Mspahen je chip on glass
TEXHOJIOTHjOM, CaJp)KM HMHTETPUCAHO KOJO KOje YyIpaBjba MpHUKa3oM, a ca
MHUKPOKOHTPOJIEPOM C€ IOBE3yje MapajelHOM MM CepHjckoM Be3oM. Omcer paiHe
temneparype my je ox —20 °C mo 70 °C, a TUIIMYHA jauWHA CTPYje Hamlajarba W3HOCH
250 pA. Heke Bep3uje OBOT THIIA THUCIUIC]a MOTY Jia UMa]y MO3aJIMHCKO OCBET/HEHE aKO
ce yrpaau mnojxHoxje ca cBemiehum aumomama. Ilpojektom momymna LCD1 To je
npensuhero u mocroje ornopuuiin R8 m R9 3a orpanmueme crpyje kpo3 cBemiche
muone. Ilo3agMHCKO OCBET/bEHE CE€ HE MOXKE KOPUCTHUTH KOJ HHIYCTPHUJCKUX
TPaHCMHUTEpA Ca JBOKUYHUM IOBE3UBAKHEM 300 OTPAHUYCHE jaunHE CTpPYje Harajama,

TaKo J1a Ta MOryhHOCT OcTaje 3a pealn3alyjy Apyraunjux ypehaja.

Komynukarmuja u3Mmelly MUKpPOKOHTpoJepa W MAWCIUIEja je jeAHOCMEpHa, a

o0aBJba ce cepujcku mocpeactsom SPI1 marucrpaie u gogaraor curana DISP_RS.

Kouo 3a reset. Ymecto curnana RESET koju ce reHepuiie y akBU3HLIMOHOM

MOJTyJTy, OBJie ce KopucTw Jokawaun RESET curnan ca m3nasa ,,unu’ kona 74LVC1G32

(U2) [138], koju je aktuBaH camo kana cy aktuBau DISP_CS nu KBD_LOAD. Ha Taj

HauYMH je oMoryheHo Ja ce o0aBM WHUIMjanIM3alMja AMCIIIEja Kajga je TO MOTPeOHO

TOKOM H3BpIIaBamba CO(I)TBCpa.

Tacrepn u pua npexuaauu. V300p mpukaza Ha AMCIUIE]y U TIOZACUIABAHE
kopurrhemeM cucTeMa MeHHja Bpiiu ce momohy tpu Tactepa (S1, S2 u S3) u, qoaatHO,
nomohy Tpu pua mpekumada (RS1, RS2 u RS3). 36or pama y HHIyCTPHjCKOM
OKPYXEHY, WHAYCTPHJCKH TPAHCMUTEPU MOpPAjy Ja UMajy BHCOK CTETEH MEXaHWUKe
3amrrute (Buget 5.2.1), Tako 1a je KOJ BUX TEIIKO PEean30BaTH MEXaHMYKE KOMaH/Ie
JTUPEKTHO MPUCTYTIaYHe KOPUCHHUKY. Moy kopucHIUkor uHTepdejca LCD1 3amtuhen
je o yTHIlaja CIoJballllhe CPEANHE METATHUM MOKJIONIIEM ca MPOBUAHUM IIPO30POM 3a
OuMTaBamke MpHKa3za Ha AuciIiejy. TacTepuma ce MOXKe TPUCTYIHTH caMO Kaja je
noksonar ckuHyT. Jla Ou JOKamHO mozemiaBame OWI0 Moryhe M ca 3aTBOpEHUM
TIOKJIOMNIIEM, MpeBUl)EeHO je 1a KOPUCHUK HAcllamka MOCEOHO MPUIIPEMIbEHN MarHeT Ha
ompehena Mecra ca crooJpallllbe CTpPaHE TMOKIOMNIA HAMpPaB/BEHOT OJ JIEType
aryMuHUjyMma (MapaMarHeTCKu MaTepujan). MarHeTcko mojbe, y TpeHyluMa Kajga ce

Mar"eT HACJIOHH, HMa JIOBOJHHY jaunHy Ja YKJbYYHU HAjOJMKU P TPEKHUIAY, IITO 1aje
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UCTH pe3yiTaT Kao MpUTUCAaK Ha oaromapajyhu Tacrep. IlpemHocT oBOr KoHIENTa
OCCKOHTAKTHOT yIpaBJbama j€ IITO HeMa J0IaTHE MOTPOIIkE CTPYje, a MaHa je IITO je
y nopehemy ca ynotpedoMm Tactepa mpuMeHa MarHeTa KOMIUIMKOBAaHHja U MOAJIOKHHU]a

rpelKama.

OumnraBame CTama TacTepa W PUJ MPEKHUIava BPIIU ce 8-OMTHHM MOMEPaYKUM
peructpom ca mapanenHuM yrmucoM, SN74LV165A (U1) [139]. Takr curHan je uctu
Kao 3a JMCIUICj, TAKO Ja Ce PErrcrap OYMTaBa HMCTOBPEMEHO Ca ClIalbeM I0jaTaka

TUCTLIE]Y.

Mpuxswbyunm J1, J2, J3 u J4 cy y eeKTpUIHOM CMUCITY €KBHBAJICHTHHU U CITy)Ke
3a Be3y ca akBu3uIMoHUM moxayioM ASPL. HbuxoB pacropen omoryhyje aa ce Moy
LCD1 nocraBu y yetupu pasnnuura nojoxaja (0°, 90°, 180° u 270°), na 6u npuka3 Ha

mucIuiejy OMo YUTJBUB 32 KOPHCHUKA 0e3 0031Mpa Ha yrao MoHTaxe ypehaja.

5.6.1 Peanu3anmja moayaa LCD1

3a moxyn kopucHuukor uaTepdejca LCD1 ayrop muceprammje je mpojeKTOBaO
HITaMIaHy IJI04y KpyXHOI oOiMKa, mpedHuka 70 mm, koja ©Ma MeTanu3anujy ca obe

ctpane. ®otorpaduje moayna npukazane cy Ha Crnunu 5.17.

@ ‘ . (

. SEREV.1.0A
r’ 25558858888 08080800Y%"

Cauxka 5.17 ®ororpaduje peanuzoBaHor Moayia kopucHuukor uarepdejca LCD1: ropma

CTpaHa MITaMIaHe TUIoue (JI€BO) U JOHa CTpaHa (JIECHO)
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5.7 PEAIM3ALIMJA UHTEJJUTEHTHOI MHCTPYMEHTA

EnexTpoHCKH CKIION HHTETUTEHTHOT WH/TYCTPHUjCKOT HHCTPYMEHTA CACTOjH CE OJ1
moyia ASP1, CLH1 u LCD1, xoju cy onucanu y moriasjbuma 5.4, 5.5, ogHocHO 5.6.
H3mely ®BHX Cy YCHOCTaBJbCHE CJCKTPUYHE Be3€ IOCPEACTBOM INpUKJbydaka. 3a
OCTBapHBamke MEXaHUUKE Be3e n3Mel)y BHX, Kao U ca KyhuireMm HHCTpyMEHTa, KOPHCTE
Ce METallHU OJCTOJHUIIM 32 KOje Ccy Ha 000Ay IITaMIlaHE IUI0Ye CBAKOT MOJyJa
npensuhene uverupu pyne. Dororpaduja peasn30BaHOI CKJIONA IpHKa3aHa je Ha

Ciunu 5.18a.

[IpunpemsbeH €JIEKTPOHCKM CKIJION IOCTaBJjba C€ y MACHUBHO HHIYCTPH]CKO
kyhumre ox nerype anymMuHHjyMa, KOjeé OCTBapyje CTeNeH MexaHuuke 3amTure 1P6S5.
Kyhuinre je muimaapuyHor oOjMKa, a cacToju €€ OJl LEHTpajaHOor OJi0Ka, MOKIIONIa
KOMOPE EJIEKTPOHCKOT CKJIONA M IMOKJIONIA MPUKJBYYHOT MECTa 3a CJICKTPUYHU KaOJl.
Ha kyhumte ce takolhe mocTtaBspajy CeH30pH, Yuju Opoj M BpCTa 3aBHUCE O] HaMEHE

MHCTPYMEHTA, Tj. O]l BEJIMUMHA Koje he ce mepuTH, Ha cnenehu HaumH:

® 32 TpaHCMHTEp MPUTHCKA — jedaH nuezoornopan MEMC ceH30p amncoiayTHOT
WM peJIaTUBHOT TNpUTHUCKa (MepHa Meroaa omucaHa y Jlemy 4 ocum Mepema

NPUTHCKA OMOTYlyje U HCTOBPEMEHO MEpEeHhe TeMITEpaType),

® 32 TpPaHCMUTEp HHMBOA TEYHOCTH — j€HA COHJAa HHBOA ca MHUE300TIIOPHUM
MEMC ceHn3opoM ancoiyTHOT NpUTHCKa U jeaan nuezoornopau MEMC cenzop

arCcoJIyTHOT MpUTHCKa (BuaeTH 6.1),
e 3aTpaHcMuTep BakyyMa — jenaH tepmanau MEMC censop (Buaetu 6.2).

Tunuyan npencTaBHUK OBE CepUje MPOU3BO/IA j€ HHTETUTeHTHU TPAHCMUTEp MPUTHUCKA,

ynja je ¢pororpaduja npukazana va Crumn 5.1806.

MonynapHa KOHCTPYKIHja WHTEIUTCHTHOT HWHAYCTPHjCKOT HHCTPYMEHTA
omoryhyje jeaHOCTaBaH M E€KOHOMHYAH pa3Boj HOBUX mpousBoja. [IpenBubhene cy

cienehe moryhnocru:

e [IpumeHa HOBUX BpCTa CEH30pa pa3HHUX (PU3MYKUX M JAPYTHX BEITUUMHA, KOJH CE
uctpaxyjy y LleHTpy 3a MHKpOENeKTpOHCKe TexHoyoruje. To oOyxBaTa
MEMC ceH3ope 3acHOBaHe Ha aJcopmiuuju dectura (Bumetu 2.4).

AxBu3uimonu moayi ASP1 je y eleKTpuYHOM CMHCITy KoMmaTuOuiian ca Behum
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OpojeM pa3IMUUTUX CEH30pa MPUTUCKA M TeMIlepaType, 0K je 3a Ipyre BpCTe
cenzopa wmoryhe pasButm crnenujanm3oBane ASP  momyne  apyradujux
KapakTepucTuka (Ipe cBera y CMHCIy MOOyJe CeH30pa U KOHAMIMOHUPAHba

CUTHAJIA).

e JlpumeHa HOBHX KOMYHHKAaIlMOHMX HHTepdejca, ca Behum moryhnoctuma
yMpekaBama W OobMM TepdopmaHcama, MmMTO O0OyxBaTa M OCKUIHE
KOMYHHKAIMOHEe cucteMe. Moy 3a Hanajawe u komyHukauujy CLH1 6u taga
O0MO 3aMEHCH HEKUM JPYTruM, KOjU O, OCHM Jpyradvjer KOMYHHKAI[HOHOT
uHTepdejca MoOpao Ja uMa W Jpyraddje pemeHo Hamajame. Kom OexumuHuX
ypehaja Hamajame ce MOXKe BpIIUTH U3 Oarepuja (TMpUMapHUX WA
CeKYH/IapHUX) WM CHEPrujoM T00MjeHOM u3 okosuHe (energy harvesting), Hmp.

nomohy conapuux henuja.

e lI3MeHa KOPUCHUYKOI MHTepdejca, ITO MOXKE OUTH MOTPEeOHO aKo ce pa3BHja
ypebaj koju uma apyrauujy HameHy. Takolhe, JTOKaqTHM KOPUCHUYKH HHTep(e)c
KO/l HeKHX IpUMeHa Moxe OuTH HermoTpeban. Moayn KOpucHHYKOT uHTepdejca
(LCD1) moxe Outh m3octaBibeH u3 ypehaja Oe3 yTHIlaja Ha HErOBE OCTaje
¢yukumje. SPl unTepdejc, KojuMm je MOy KOPUCHUUYKOT MHTepdejca MoBe3aH
ca akBm3uiuoHuM Moxyiom (ASPL), maje Benmmke MmoryhHoctun 3a Oyamyhe

HaATpalbe.

Cauka 5.18 a) @ororpaduja pearn3oBaHOT €IECKTPOHCKOT CKIIONA WHTEIUTEHTHOT MEPHOT
uHctpymenra: 1) mogyn CLH1, 2)momyn ASP1 wu 3)wmomyn LCD1,
0) poTorpaduja HMHTEIUTEHTHOT HMHIYCTPUjCKOT TPAaHCMHUTEpa MPHUTUCKA

(MUXTM TPrs—110)
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6. HOBU UHCTPYMEHTHU PASBUJEHU
INPUMEHOM OCTBAPEHHUX PE3VJITATA

VY oBom pneny he OuTH aTH NpUMEPH HOBUX WMHTEIUTEHTHUX HMHIYCTPU]JCKHUX
MEpHUX HMHCTPyMEHAaTa KOJ KOjUX j€ IUPEKTHOM MPAKTUYHOM MPUMEHOM pe3yiraTa
OCTBApEHUX M3PaJOM OBE JHCEpTalyje IOCTUTHYTO 3HayajHO YyHampeheme
dbynkuuoHanHoctT W nepdopmancu. IlpBo he OuTum mpukaszaH HHTEITUTCHTHH
UHIyCTPUJCKH TPAaHCMHUTEpP HHBOA TEYHOCTH, YHWja j€ pealn3alyja 3acHOBaHAa Ha
XapABEpPCKO] IIaTGOpMU M MEPHO] METOAM KOjU Cy ONKMCAaHU y OBOj JUCEpTalLHUju.
3atum he OWUTH ONMMCaH MPOTOTHI MHTEIUTCHTHOT MHCTPYMEHTA 3a MEpPEHE BaKyyMa,
KOJjU Takohe KOpPUCTH TIOMEHYTY XapJBepcKy IulargopMmy, aid je 3acHOBaH Ha

npyraurjem Tury MEMC cen3opa.

6.1 MUHTEJUTEHTHA UHJIYCTPUIJCKU TPAHCMUTEP HUBOA

TEYHOCTH

6.1.1 YBoa

Mepeme HIBOA TEYHOCTH j€ BEOMAa PACIPOCTPABEHO Y Pa3HUM JENaTHOCTUMA U
TEXHUYKHUM CHCTEMHMa, YKJbY4dyjyhu MOJpOnpUBpeny, BOAONPUBPENY, E€HEPreTHKY,
HAJ30p U 3alITUTy >XMBOTHE CpPEIWHE, pa3Ha HMHAYCTPHjCKA TOCTpojema HuTA. Y
3aBUCHOCTH OJ1 0COOMHA TEYHOCTH M 3alPEMHHE Y KO0jOj ce Hala3M, Kao U OJT TEXHHIKHUX
3axTeBa, KOPUCTE CE pa3He BPCTE MEPHUX WHCTPyMEHATa, 3aCHOBaHE Ha Pa3IMYUTUM
npuHIUnUMa paja. Kog nmpumena rie je TupeKTaH KOHTAKT ca TeuHOIIhy HermoXesbaH,
KOpHCTe ce€ OECKOHTAaKTHE METOje, Ha NPHHIHUIYY pedIeKCHje WM aICOopIIHje
€JIEKTPOMArHETCKOT 3pauerha WM yITpa3Byka. Y OCTAIMM CiIy4ajeBUMa KOPHUCTE ce
COHJZIC KOje BpIIe MEpPEeHe Ha Pa3IUYUTHM TNPUHIHUIUMA (HIP. [pOMeHa
KaraluTUBHOCTH, IPOMEHA MPOCTHUPamha BOHEHUX €NEKTPOMArHeTCKUX Tajlaca), ajiu Cy

HajpaclpoCTpPamkCHI]¢ OHE 3aCHOBAHE HA XUPOCTATHYKOM IPHUTHUCKY.

KO,I[ METOA€C 3aCHOBAHC Ha XUAPOCTATUYIKOM IIPUTHCKY, HUBO TCYHOCTHU CEC MEPU

HOCPETHO, MPEKO MPUTUCKA Y (PUKCHO] TAUKU UCIIOA MOBPIIMHE TEYHOCTH,

P=Pa+p.g.h’ (6'1)
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rae je P, armocdepckn (wnm HEKHM JpYyry) TPUTHCAK KOJU JeNyje Ha CI000aHY
MOBPIIMHY TEYHOCTH, p je TyCTHHA TEUYHOCTH, § je IpaBUTANHOHO yOp3ame, a h je
nyOuHa, Tj. pacTojambe y BEPTHKATHOM TMpaBlly u3Mel)ly MOMEHyTe Tauyke HCIOJ

MOBPIIUHE TEYHOCTHU U clI000 HE MoBpIInHE TeuHoCcTU. 13 (6.1) ce mobuja uzpas

hoP-P._PR 62)

P9 P9

rae je ca Py o3HaueH penaTHBHH MPUTHCAK y MOCMATPAHO] TAuyKU HCIOJ TMOBPIIMHE
TEYHOCTH Y OJHOCY Ha NPUTHCAK P, . 3a Mepeme OBOT pelIaTUBHOT MPUTUCKA KOPHCTH
CE CEH30p MPUTHUCKA ca nujadparMoM Yuja je jeHa CTpaHa M3JI0KEHA MPUTHCKY P, a

pyra NpuTHCKY Pa.

WHIycTpujcKM  TpaHCMHTEpU HHBOA XOMOTCHHMX TEYHOCTH HA NPUHIUIY
IPOMEHE XHUAPOCTATHYKOT MPUTHCKAa TUIMYHO CE CacToje OJl CEH30pa pellaTHBHOT
NPUTUCKA U EJIEKTPOHCKOT CKJIOMa 3a o0paay cUrHama u KoMyHHKauujy. Kox Hexumx
peanu3aiyja U CeH30p M eIEKTPOHCKU CKJION Cy CMEUITEHH Y COHJIY Koja ce ToTama y
TEYHOCT, JOK je KO JPYTHX Y COHIU CaMo CEH30D, JIOK j€ IEKTPOHCKH CKIJION CMEIITEeH
y OJIBOjeHY LEITMHY MU3BaH TEYHOCTH. Y CBAKOM CJIy4ajy, CEH30p Y COHIH je Ha TyOMHU
h, rme je jenHa ctpaHa meroBe aujadparMe M3JIOKEHA MPHUTUCKY P, TOK ce 10 apyre
cTpaHe nujadparme mputucak P, TMIMMYHO MoOpa JOBECTH MOCPEACTBOM LIEBH YHJU j€
JPYTH Kpaj W3HAJ TOBPIIMHE TEYHOCTH. Y TPAKCH CE MOKa3ajlo Ja je Ta IeB TJIaBHU
pasior Henoy3/AaHOCTH WHIYCTPUjCKUX TPAaHCMUTEpPa HUBOA OBE BPCTE, jep ce y IIeBU
HaroMHjaBajy KOHJEH30BaHa Boja M Heuucrtoha. OBaj mpoOieM ce MOXke yOIaKuTH
NPUMEHOM TAHKHX CelapalMoOHMX MeMOpaHa W JeCHKaHaTa, aju CcBU ypehaju Takse

KOHCTPYKIIM]€ 3aXTeBajy PeIOBHO OApKaBamkEe U UMajy KpaTak pagHH Bek.

3HayajHa KOMIIOHEHTa MEpHE HECHUTYPHOCTH KOJ TpaHCMHUTEepa HHBOA Ha
NPUHIMIY TPOMEHE XHUAPOCTATHYKOT MPUTUCKA j€ MOCIenuIa OJICTyNama TyCTHHE
TEYHOCTH O]l 3a/JaTe KOHCTaHTHE BpPEJHOCTM Ha OCHOBY Koje ypehaj Bpiu

u3padyHaBama. | eHepasHo, IOCToje /IBa y3poKa TOT OJICTyNama:

1. HeXoMOreHoCT TEYHOCTH (HIIp. yCleJ] HEyjeIHAUEeHOI CacTaBa WM TalI0XKEHa

Heuucrohe),

2. 3aBHCHOCT TYCTHHC XOMOI'CHC TCYHOCTH OJ BPEAHOCTH HCKOI' IMPOMCHJBUBOT

napameTpa.
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[IpBu y3pOoK THNMYHO HEMa JETEPMUHHUCTHYKY HPHUPOIY, TaKo Aa cy moryhHocTtm 3a
CMameHEe HErOBOI YTHIIAja BPJIO OTpaHWYEHE. YTHIA] APYyror y3poka je moryhe
MHUHHMMH30BATH aKO j€ TI03HaTa 3aBUCHOCT I'yCTUHE TEYHOCTH OJ1 HEKE BEJIMYHHE KOja ce
Moxke u3MepuTH. Ha mpumep, ako je mo3HaTa 3aBHCHOCT TYCTHHE TEYHOCTH O]
TEMIIEpAType, MEpPEme TeMIepaType TEYHOCTHU ojarorapajyhum censzopom omoryhyje

KOPEKINjy Mepermha HUBOA TEUHOCTH.

PesynraTu ocTBapeHH U3paZoM OBE JUcCepTaluje OMOryhuiu cy Aa ce y BEeJUKO]
Mepu mpeBasul)y rope HaBeleHa OrpaHHYEHbAa CBOjCTBEHA TPAHCMHUTEPHMMA HHMBOA Ha
OPUHLUITY XUJIPOCTATUYKOI MPUTHUCKA, YUME j€ HACTA0 HMHTEIUIEHTHU TPAHCMUTED

nuBoa UXTM TPns—-101.
6.1.2 MeTtoaoJioruja

JenuHu HauMH Aa ce 3Ha4ajHO MOOOJBbILIA TOY3AAHOCT M MPOIYKU PaTHU BEK
TpaHCMHUTEpa HUBOA HA MPHUHLUIY XHJIPOCTATUYKOI NMPUTHCKA j€ eIMMUHAIMja LEBU
KOjOM C€ MPHUTHUCAK HW3HAJ MOBPIIMHE TEYHOCTH MTOBOAM 0 CEH30pa pelaTHBHOT
npuTucka y coHau. Jla Om TO OWIO WM3BOAJBMBO, TMOTPEOHO je yMECTO CeH3opa
peNaTUBHOT NMPUTHUCKA KOPUCTUTH J[BAa CEH30pa aliCOIyTHOT NMPUTHCKA. JeJjaH Of BHX je
y COHJM U MEPH XUAPOCTATUYKU NPUTHCAK P, TOK je Apyru U3Ha MOBPIIMHE TEUHOCTH
u Mepu nputucak P, HuBo (1j. nyOmnHa xomoreHe TeyHoctd, h) padyHa ce mpema
u3pazy (6.2). Y mpojexTy XapaBepcke MmiaatdopMe HHTEIMTEHTHOT WHJLYCTPH]jCKOT
MepHOr uMHcTpyMeHTa (Buuetu [leo 5) mpenBubhena je moryhHocT mpHkibyuema JaBa
nue3oornopia MEMC ceH3opa mnpuTHCKa, INTO yHpaBo omoryhyje peanusanujy

TPAaHCMUTECpPA HUBOA HA IOMCHYTHU HAYHH.

Hajuemha npuMeHa  HWHIYCTPUjCKUX  TPAaHCMHUTEpPAa HHBOA  TEYHOCTHU
moJipa3yMeBa Mepemhe HHBOA BOJE Y pe3epBoapuMa, OyHapuMa, aKyMyJTalHOHUM
jesepuma, BOJOTOKOBHUMA M CIMYHO. JemHa o] OpOJHHX MO3HATUX aHOMalldja BOJE je
cnenuduvan OOJIMK 3aBUCHOCTH HEHE TyCTHHE OoJ] Temieparype. Jujarpam Te
3aBHCHOCTH je mpukasaH Ha Cimim 6.1. [TomTo Mepeme HIBOA BOAE MMa CMHCIA CaMO
KaJa je oHa y TeuHoj (a3u, mocmarpa ce omncer temrneparype ox 0°C mo 100°C. YV tom
OTCery TyCTMHA BOJEC MMa MHHHUMAJIHY BpeaHocT 958.4 kg/m3 Ha TEMIEpaTypH O]

100°C, mwro je 3a mpubmmkHO 4.157% Mama BpeIHOCT TYCTHHE O]l MaKCUMallHe, Koja
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msnocn 999.972 kg/m® (sa 4°C). Ako GM ce NPETIOCTABMIO Aa je IYCTHHA BOXE
KOHCTaHTHa 1 u3Hocu 1000 kg/m3, THME OU Ce€ Y MepeHhe HUBOA BOJIE YHEIIO PEIATHBHO
oncrymname o1 oko 4.3% Ha temmnepatypu oa 100°C, oko 1.71% na 60°C u oxo 0.18%
Ha 20°C. JacHo je na je 3a MOCTU3amke BUCOKUX MEPHUX MepdOpMaHCH TpaHCMHTEpa
HUBOA BOJIC HEOMXOJHO H3BPIIUTH KOPEKIH]y y CMHCIy MHUHUMHU3AIMje yTHUIaja
IIPOMEHE T'YCTHUHE BOJIE ca TeMIrepaTypoM. Y TOM LIMJbY je MOTPeOHO YBECTH MEpEH-E
TeMIepaType Boje, aiu Ou 3a To 6Wo moTpebaH JOAATHU CEH30p TemIepaType, uHja
yIrpaama W JI0JaBame OJroBapajyher eneKTpOHCKOT CKJIONA 3HAYajHO KOMIUTUKY]Y U

MOCKYILJbY]y MPOU3BO/I.
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Cauka 6.1  3aBHUCHOCT I'yCTHHE BOJIE O] TEMIICpPaType

[IpumeHOM MeTOZe 3a UCTOBPEMEHO MEpEHE MPUTUCKA M TeMIepaType jeJHUM
nue3oornopuuM MEMC censzopom mputucka (Bugetu [leo 4) moryhe je crpoBectu
NIOMEHYTY KOpEKIHjy 0e3 OJaTHOT CeH30pa TeMIleparype, a TUMe M 0e3 3Ha4ajHuX
JoJlaTHUX ynarama. CeH30p XUIPOCTATHUKOT MPUTUCKA Yy COH/IM HCIIOJ MOBPIINHE BOJIE
MOJXE J1a ce KOPHUCTH M 3a Mepeme Temieparype Boje. Takole, y cimywajy morpebe,
CEH30p aTMOoc(hepcKOor MPUTUCKA, MOCTAaBJBEH HA TEIy TPAaHCMUTEpA, MOXE Ja ce
KOPUCTH W 32 MEpeme TemIeparype Bazayxa. [lomTo mpojeKTOBaHM HMHTEIUTECHTHH

WHIYCTPUJCKU MepHU HHCTpyMeHT (Bumetu Jleo5) Beh canmpxku cBe mnorpebHe
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€JICKTPOHCKE CKJIOTIOBE, IOBOJbHA j€ caMO Jorpajma codTBepa na 6m ce oMmoryhumio

Mepeme TEMITEpaType, a TAME U KOPEKIHja Mepermha HUBOA.
6.1.3 Onuc ypehaja

HNHTenureHTHU MHAYCTpHUjCKH TpaHcMuTep HuBoa TeuHocth MUXTM TPns—101
3aCHOBAH j€ Ha IMPOjEeKTY MHTEIUTCHTHOI HMHIYCTPUJCKOI MEPHOI MHCTPYMEHTa,
OIKCAHOM Yy OBOj AucepTanuju (Buaetu Jleo 5) 1 Ha METOIU 32 UCTOBPEMEHO MEPEHE
NPUTHCKA W TemIepatype, Takohe ommcaHoj y auceprauuju (Bugetu Jleo 4).
ITojeqHocTaBbeHa 010k memMa ypehaja npukaszana je Ha Cimnum 6.2, a ¢potorpaduja Ha

Cauuu 6.3. Cactoju ce o1 ABE LeJINHE:

1. poOycHor meramHor kyhuiira Koje caapku CeH30p aTMOC(EpCKOT MPUTHCKA U
CBE EJIEKTPOHCKE CKJONnoBe (YKbyuyjyh M ONIMOHHM MOJYJ KOPUCHHYKOT

unrepdejca) u

2. COHJE 3a MEpCeHhEe HHUBOA TEYHOCTH, KOja CAAPKH CEH30p XHUIPOCTATHYUKOT
NPUTHCKA, a T[IOBe3aHa je Ca CJICKTPOHCKUM CKJIONIOM  CICHHjaTHUM

EJIEKTPUIHUM Ka0JIoM oAroBapajyhe Iy KuHe.

Tpancmutep UXTM TPns—101 je HamemeH Mepemy HHUBOA BOJIE WM HEKe
Jpyre XOMOTeHe TEYHOCTH Yy pe3epBoapuma, OyHapuMma, aKyMyJIAI[HOHUM je3epruMa U
BOJI0OTOKOBHMA. [loronan je 3a mpuMeHy y TEIIKUM yCIOBMMa €KCIUIoaTaluje, y ONcery
temneparype amoujerra o —20°C mo 70°C. OtnopHocT Ha atMocdepcke U Jpyre
yTHIIaje U3 OKPYKEHka IOCTUTHYTAa j€ BHCOKHM CTEIIEHOM MEXaHWYKE 3allITHUTE
metanHor kyhuira (IP65). OtopHoCcT Ha KOpO3HUjy U JA€JCTBO arpeCUBHUX CYTCTAHIU
NOCTUTHYTa je u300poM ojroBapajyhux martepujana 3a coHay (Hephajyhu denuk u
nonuetwieH). OTIOPHOCT Ha eNeKTPOMarHeTcKa 3padyerha MOCTHUTHYTa je TPUMEHOM
JIBOCTPYKO OKJIOIJBCHOT EJEKTPUYHOT Kabja m3Mely COH/e M eJIeKTPOHCKOT CKJIOma,

KOjU caJipku 4 yIipeeHe napule.

[TosesuBame Tpancmutepa UXTM TPns—101 ca Hagpehenum cucreMom BpLIH
ce JBOXKMYHHM KaOJOM, KOjH CIYXH 3a Halajame, 32 MPEeHOC WHAMKAIWje aHAJIOTHUM
ctpyjauMm curHagoM 4 MA mo 20 MA u 3a IBOCMEpPHY IUTHTAIHY KOMYHHUKAIIH]Y

npumenoM HART mpotokona (Bugetu 5.5.4).
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Cauka 6.2 TlojenHocTaBibeHa OJIOK IIEMa WHTEIUTCHTHOT WHIYCTPHUjCKOT TpaHCMHUTEpa
HUBOA2 XOMOTE€HE TEYHOCTH, ca [JBa CEH30pa amlCOJyTHOT MpPUTHCKA,
aHAJIOTHUM CTPYjHHM u3na3zoM (4 MA mo 20 MA) U ABOCMEPHOM JUTUTATHOM

KOMYHHKAIIAjOM
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Cauka 6.3 @otorpaduja HHTEIUTEHTHOT WHIYCTPH]CKOT TPaHCMHUTEpa HUBOA XOMOTEHE

teurnoctd (MXTM TPns—101)
6.1.4 IlocTUrHyTH pe3yJaTaTu

CropoBeieHa HUCTpaXMBamka W IOCTUTHYTH peE3yNTaTH, MNpPUKAa3aHU y OBOj
JycepTanuju, oMoryhuinu cy 3HadajHo yHanpeheme (yHKIIMOHATHOCTH U niepdopMaHcH
WHTEIMTEHTHUX WHAYCTPHJCKUX TpPAHCMUTEpa HHUBOA KOJU pajae Ha TMPUHIHITY

XUAPOCTATUYKOI IIPUTHUCKA. To yHanpteeH:e CC OJHOCH Ha:

o MOYy34aHOCT U AYKH paJJHU BCK, IITO je INOCTUTHYTO IIPUMCHOM JBa CCH30pa

AIlICOJIYTHOT IPUTHCKAa U

e (Oosee MepHe neppopmance 100MjeHe TPUMEHOM HOBE MEpHE METO/Ie 3aCHOBAHE
Ha MaTeMaTH4KoM mozeny nuesoornopnor MEMC cen3opa mputucka (MepHa
HecurypHocT 0.25%FS y Temneparypckom oncery —20°C no 70°C, mepHu oncer

ox 1 m mo 25 m).

Bume on 20 WHTENMUreHTHUX HWHAYCTPHJCKUX TPAHCMHUTEpPAa HHUBOA TEYHOCTH
NUXTM TPns—-101 wucmopydeHo je KOpUCHHUIIMMA Yy AomMahoj HMHIYCTpHjH, TOAE ce
YCIIELTHO KOPHCTE, YIIaBHOM 3a Mepeme HHBOA Boje. Mako je mponsBoa UCIyHHO CBa
OUYCKWBamba y TOrIeAy (YHKIMOHATHOCTH, TOY3IAHOCTH W TEepPOPMAHCH, HETOBO

ycaBpllaBambe U 1aJbU Pa3BOj Cy Y TOKY.

140



6.2 UHTEJIUTEHTHUA UHIYCTPUIJCKU TPAHCMUTEP

BAKYYMA

6.2.1 YBoa

Mepewme Bakyyma (Tj. IpPHTHCKA Mamer OJ aTMoc(hepcKor) MmoTpedHO je y
MHOTHM O0JIaCTHMa HayKe W TEXHHKE, TAKO Jla Cy 110 JaHaC Pa3BHjeHE pa3IMdUTe BPCTE
cersopa Bakyyma (Bumetu 2.2.2.2, [140]-[145]). Cenzopu ca TepMmomapoBuma,
3aCHOBAaHM Ha TOILIOTHO] MPOBOJHOCTH, H3Bajajy C€ IO BPJIO MIHPOKOM OIICEry
NPUTUCKA Yy KojeM cy mnpuMersbuBH. Ca JIpyre CTpaHe, O CaBPEMEHHX CEH30pa U
MEpPHMX MHCTpPyMEHaTa ce€, OCHM JO0OpHMX MEpPHHX Iep()OpPMAHCH, OYEKY]y
C€KOHOMHYHOCT M jeJHOCTaBHOCT ymotpebe. [[uib 0BOr McTpakuBama OHO je 1a ce Th
3axTeBU y ITO Behoj MepH HCIyHE NMPUMEHOM TEXHOJOTHja W HAYYHHX pPe3yJiTara
IlenTpa 3a MuKpoenekTpoHcke TexHonoruje. OBo oOyxBara BumeHameHcku MEMC
ceHsop ca Oarepujama tepmonapoBa (eHrir. thermopiles, repmMocnperosu), 3acHOBaH Ha
3ebekoBom  (Seebeck) edexkty, u xapaBepcky mIatrGopMy — HHTEIUTE€HTHOT
HH/YyCTPHjCKOT TPAHCMHUTEPA OIMKMCAHOT Y OBOj JTUCEpTaIfju. Pe3ynTaTu HCTpaKUBamba,

koju he oBjie Outh onucanu, o0jaB/beHH CY y paxy [37].
6.2.2 Bumenamencku tepmainn MEMC cen3zopu

Bumenamencku Tepmannu MEMC censopu ca p'Si/Al  Tepmonaposuma
pasBujeHu cy y LleHTpy 3a MHKpOENEKTpOHCKE TEXHOJOTHje, A€ Cy 3aTHM H3paleHu
NPUMEHOM TEXHOJIONIKMX IIOCTyIaKa KOju C€ WHa4de KOPHUCTE 3a MPOU3BOIBY
cunmuiujymckux mre3oornopuaux MEMC censopa mpurucka [146]. Ha Caunu 6.4a je
¢dororpaduja CEH30pCKOr eleMeHTa ca O3HAaueHUM TIJIaBHUM JenoBuma. Hctu
CEH30PCKH €JIEMEHT, IMOCTaBJbeH Ha MeTalHo nojHoxkje TO-8 kyhumTa ca moBe3aHum
SJICKTPUYHUM W3BOJAMMA, TpukasaH je Ha Cimnwm 6.46. Ha cpenmHu ceH30pCcKOT
eJIeMEHTa je rpejad (SJIeKTPUIHU OTIOPHHK). OH je u3pal)eH KaToqHUM pacHpIInBabEM
anymuHujyma (ceHsop Tuna A4) uau audysujom Gopa, yuMme ce 100Hja P’ CHIMIHjyM
(cemszop tuma P). Ca obe cTpaHe Tpejada Cy CUMETPUYHO TIOCTaBJbEHE JIBE OaTepuje o1
no 30 tepmomnaposa. ,, Tormmn” KpajeBu TepMonapoBa Cy Onu3y rpejada, Ha TOIIOTHO

M30JI0BaHO] MEMOpPaHU KOja ce cacToju Of] CJ0ja OKCHAA CHIIMLKjyMa nebsprHe 1 um u
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OJ1 ICTMMHYHO HAPHUKEHOT OCTaTKa N CHiInIHjyma aedspune On—si. ,,XJIagaHu” KpajeBu
TEpPMOIIapOBa Cy Ha OKBUPY CEH30pCKOT eneMeHTa. CeH30pCKU eNeMEeHTH cy m3paljeHu
Ha JBOCTPAHO IOJIMPAHUM IUIOYHMIIAMAa MOHOKPHUCTAJIHOT N CHJIMIMjyMa HOMHUHAIHE
nebsprae 385 um. JlumeH3uje gyumna ceH30pCKor eneMenTa ¢y 4.8 mmx3.6 mm. [{yxuna
Tepmomnaposa je 1090 um. Illupuna 1uHHja 011 KOjuX ce cacToje m3HocH 60 pm (p*SI) u

40 um (Al), a ne6spuHa uM je 0.3 um, ogHocHO 0.7 pum.

4 MEMSPAHA

BATEPUJE
TEPMOINAPOBA

TEPMUCTOP

Cauka 6.4 a) Qororpaduja tepmaaaor MEMC ceH3opckor ememMeHTa ca O3HAYEHHM
[JIaBHUM  JleNoBUMa, ©0) ¢ororpaduja HUCTOI  CEH30PCKOT  €JIeMEeHTa
MOCTaBJbEHOI Ha MeTanHy mnomiuory TO0-8 kyhmmra ca noBe3aHum

CNIEKTPUIHUM H3BOAMMA [37]

Pan tepmanmror MEMC cen3opa Bakyyma MOKe ce omucaTH Ha ciefehu HauyuH
[37]. [Tpu naTom NpUTHCKY raca ¥ TeMIlepaTypH OKOJIMHE, rac UMa oapelheHy TepMUUKy
npoojHocT, A(P,T). 3a oapehenn ckyn BpeTHOCTH pelieBaHTHUX TTapaMeTapa CeH30pa U
noj jgatuM yciaoBuMma, ykibyuyjyhu u A(P,T), ocmobahame Tomuiore Ha rpejady
CEH30pCKOr efleMeHTa cTBapa ofpeheHy pasznuky Temnepatypa AT usmely Tommmx u
XJIaHUX KpajeBa Oarepuja TepMmomapoBa. Ta pasnmka Temrmeparypa IpOy3pOKyje
TEPMOCIICKTPUYHH e(eKaT, KOju JOBOAM JI0 yCIocTaBibama 3ebekoBor Hamona V(P,T)
Ha EJIEKTPUYHUM H3BOIMMa OarepHja TepMomapoBa. Y OBOM CIlydajy ce 3a molymy
rpejaya KOPUCTH KOHCTaHTHA cTpyja lo, Tako Ja je HEeoNnxoqHO pa3MaTpaTd U MPOMEHY
OTHOPHOCTH Tpejaya y pyHkuuju temmeparype, Ry(7), mOmTO OHa yTHYE HAa TIOMEHYTY
Pa3MUKy TeMIlepaTypa, a TAME ¥ Ha M3JIa3HU HalloH ceH3opa. ONIuTH n3pas 3a HaloH Ha

u3ja3y censopa je aatry cieaehem oomuky [37]:

V(P,T)=N-a-AT - (koo (P, T) R, (15,T)), (6.3)
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rae je N 6poj TepmomapoBa y 6arepuju, a o 3e0eK0B KOePHIHjeHT TEPMOIIapOBa.

Jle6puHa MeMOpaHe ceH30pcKor eneMeHTa je koa tepmananx MEMC censopa
0]l KJbyuHOT 3Hauaja. CMamUBameM 1e0/bMHE MeMOpaHe cMamyje ce MPEHOC TOILUIOTE
0]l Tpejaya Ka OKBHPY CEH30PCKOI' €JIEMEHTa, YUMe ce MoBehaBa pa3iuka TeMIeparypa,
a TUME W W3Ja3HH HAIoH. | eHepaiHO, MEPHH OIICEeT TePMAaJIHOT CEH30pa BaKkyyMa je ol
107 Pa bi (o) 10* Pa. Jlowa rpaHuIa omncera je nocjeanlia YHbEeHUIIe Aa MPU TaKo Malioj
BPEIHOCTH TMPHUTHUCKA IPEHOC TOIUIOTE KPO3 rac IocTajeé MHOTO Mamu O] MpeHoca
TOIJIOTE JPYTUM MEXaHuW3MuMa. 300r TOora 3aBHCHOCT HallOHa Ha W3Ja3y CEH30pa Of
NPUTHCKA MMa T3B. IUIATO HUCKOT MPUTHCKA. Ha ropmoj rpaHumm omncera KOHBEKIIHja
KpO3 rac IocTaje KOHCTaHTHA ca MOPacTOM IMPHUTUCKA, YCJel Yera HacTaje T3B. IUIATO
BUCOKOI' IpuTucKa. Mako mocroje Merojie 3a MpOILIMpPEeHhe MEpHOr oricera, Hajpeha

OCETJBUBOCT CEH30pa M HajMama MEpHa HECUTYPHOCT TIOCTHXKY ce y omcery ox 1 Pa mo

10° Pa.

Cnu4HO Kao KOJA MpUMEHe ceH3opckor einemeHta SP—12 (Bumeru 2.2.2.7), u
OBJIe j€ HEONXOJHO YIpaJUTH CEH30PCKH €JeMEHT Yy ojaroBapajyhe Teno, uume ce
nobuja cer3op Bakyyma. Mehytum, koa ceH3opa Bakyyma je (DIyH] 9dju ce MPUTHCAK
MepH YBEK Tac KOju Mopa OWTH y JAWPEKTHOM JIOIHMPY Ca CEH30PCKHM EJIEMEHTOM.
Meranna noanora TO-8 kyhuinTa, Ha KOjy je MMOCTaBJbeH CEH30PCKU €JIeMEHT, yrpalyje
ce y UHWIMHAPUYHO Telo of Hephajyher yenuka, ca MpOLIECHUM MPUKJBYYKOM Ipema
cranmapay 1SO 2861 (Bennunna NW 16). CBu MeTalHH JICJIOBH CE€ CIIajajy MOCTYIKOM

3aBapuBama MUKporuiazMoM. CeH3op u3paljeH Ha Taj HAYMH npuKkasaH je Ha Cowm 6.5.

Cauxa 6.5 a) ®ororpaduja tepmanmnor MEMC censopa Bakyyma, 0) ¢ororpaduja Ha

KOjOj ce Kpo3 MPOLIECHH MPHUKIbYYaK BUIH ITOJIOKA] CEH30PCKOT eIeMeHTa
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6.2.3 IIpoTOTHN MHTEJIUTEHTHOT TPAHCMHUTEPA BAKyyMa

Kao ocHoBa 3a pa3BOj MHTEJIUICHTHOT WHAYCTPHjCKOT TPAaHCMHTEpa BaKyyMma
KOPHUCTHU C€ Xap/BepcKka MmaTdopMa HHTEIUIEHTHOT HHAYCTPHU]CKOT HHCTPYMEHTA YHjU
je mpojekarT ommcaH y o0Boj aucepraudju (Bumetd Jleo 5). 3HauajHu mapameTpu
tepmanHux MEMC ceH30pa 1 BUXOBUX M3JIa3HUX CUTHANA NpHUKa3aHu cy y Tabenu 6.1
[37]. Tlommito ce T curHamu pasjiKKyjy OJ CHrHajla Ha u3iasy nue3oornopHux MEMC
CEH30pa NMPUTHCKA 3a KOje je MHCTPYMEHT ONTHMH30BaH (BHIETH 5.4), moTpeOHO je
U3BpUINTH HEKEe HM3MeHe U mpuiarohewma. Kao mpBo, HamoOH Ha H3l1a3y CEH30PCKOT
€JIeMEHTa HE MEPH ce MPOIMOPLUOHAIHO MOOYIHO] cTpyju, Beh amcomyTHo. 3a ToO je
NOTpeOHO KOPUCTUTH H3BOP peepeHTHOT HANOHA OJroBapajyhnux KapaKTepHUCTHKA.
Vnasuu oncer A/D xoHBepTopa Takoh)e Mopa OMTH TIOZACIICH MpeMa HAIlOHY YJIa3HOT
curHayia W HamoHy pedepenne. barepuje Tepmomnapoa tepmamnor MEMC cenzopa
UMajy He3aHEeMapJbUBY €JIEKTPUYHY OTHOPHOCT, TaKO J1a OM CBaka CTpyja Koja Kpo3 BuX
OpoTHYE yTHULANA Ha W3Ja3HH HamoH. Jla 6u ce To cmpeumsio, kopucre ce Oadepu y
ynazHoM Koy wuHCTpyMeHta. Tepmaiam MEMC cen3op wuma e Oatepuje
TEPMOIIapOBa M TOXKEJFHO je OMOTYNUTH MCTOBPEMEHO MEpEeH-e HAllOHA Ha KpajeBUMa
ob6e. Hajzan, 3a pam ceH3opa je HeomxogHa TNoOyna y BUAY KOHCTaHTHE CTpyje

onrosapajyhe jaunHe Kpo3 HEroB rpejau.
Tabena 6.1

3nauajuu napamerpu tepmannux MEMC ceH3opa u BUXOBUX U3JIa3HUX CUTHaja

OTtnopHoct Io6yna OTnopHoct H3na3Hu HANOH
Cen3zop I'pejau | rpejaua [Q] ceH3opa Oatepuje [mV]
(T=20°C) [mA] Tepmonaposa [Q] | (T=20°C, P=10° Pa)
Tun A4 Al 5 100 70 54.14
Tun P p*Si 5800 3 70 16.37

VYna3Hu OJIOK MHTEIUTeHTHOT MHCTPYMEHTa je (QuieKcHOWIaH MOJCUCTEM ca
pa3nmuuuTEM MoryhHOCcTMMa peKoHdurypamuje W TojaeniaBama (BuaeTH 5.4).
3axBasbyjyhu TOMe, TPAaKTHYHO CBH HABEJICHU 3aXTEBH CICHU(DUYHU 32 TPHUMEHY
tepmatHux MEMC cen3opa BakyymMa MOTy OWTH HWCIYHBEHH OATOBapajyhom

MHMLIMjATM3al1joM yJa3Hor 0Ji0Ka, Koja ce 00aBiba copTBEpCKU. JenuHu npoOlieM je
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jaunHa cTpyje moOyne ceH3opa, Koja 3a ceH3op Tuna B m3Hocu 3 mA, anum 3a ceHzop
tuna A wm3Hocu 100 MA, mTO 3HAYajHO TpEeBa3WIa3d CTPYJHH KamaluTeT H3BOpa
KOHCTaHTHE cTpyje yrpaheHux y yna3Hu OJok HHCTpyMeHTa. Y ¢a3u pasBoja
NpoTOTHIIA, TOOYyJa CEH30pa C€ BPIIM W3 3aceOHOr HM3BOpa KOHCTAaHTHE CTpYje.
[Ipobnem he y kacHujoj ¢a3zu pasBoja OuUTH pelieH MOAUGPUKALKJOM TIpejadya Ha
CeH30pCcKOM ernieMeHTy. [lojemHocTaBibeHa OJIOK IIEMa TPOTOTHIIA WHTEIUTCHTHOT

TpaHCMHUTEpa BakyyMa npukasasa je Ha Cnunu 6.6.

3a gyHkumonucame ypehaja HeomxongaH je codTBEp, KOjU je y OBOM CIIy4ajy
HarucaH y jesuky C 3a yrpahenum mmkpoxoHTposep Texas Instruments MSP430.
[Iporpam BpiuM MHULIMjAIM3AIM]y CBUX (DYHKIIMOHAIHMX OokoBa ypehaja, ympapsba
A/D koHBep3ujoM, BpIIM CBa H3padyHaBama IMOTpeOHa 3a J0OWjarmbe WHIUKAIIWje
MepeHe BEMUMHE Y PAIHOM BpPEMEHY, Ha OCHOBY Tora mocpeactsoM D/A konBepropa
3a/1aje BPEIHOCT jayWHE CTPYyje Ha aHAJOTHOM CTPYjHOM H3ia3y, o0aBjba (PyHKIH]E
norpebHe 3a paj KOPUCHUYKOT WHTEepdejca H BpIIM JABOCMEPHY JUTHTAIHY
KOMyHHKaljy ca Haapehenum cucremoMm. Ha nucruiejy moxke OWTH mIpuKa3zaHa
WHIMKAIFja W3JIa3HUX HAllOHa CeH3opa (HamoH Ha o0e Oarepuje TepMmolapoBa) WU

BaKyyMa, Tj. IPUTUCKA KOjU CE MEpH.

Noruka

KoHTponep  |Aln| KomyHuKaumoHwn
NVl weTepdejc
interface MSP430
e o o T T
Hanajare |

Canka 6.6 IlojemHOCTaBIheHA OJIOK IIEMa WHTEIWUTEHTHOT WHIYCTPHjCKOT TPaHCMHTEpa

BaKyyMa
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6.2.4 Mertogoaoruja

Jla 6u ce W3BpLIMJIA KOPEKIMja HEJIWHEAPHOCTH CEH30pa, KOPUCTU Ce MEeToJa
3aCHOBaHA Ha MaTEeMaTHYKOM MOJIENy U padyHapckom anroputmy [37]. Emnupujcku je
YCTAaHOBJbEHO Ja (yHKIOHMja Yy OOJMKY IIOJIMHOMa 4YEeTBPTOT CTEMEeHA, YHUjH CY
KOe(QUILMJEHTH 8j, 100pO ampOKCUMHpa 3aBUCHOCT MPUTHCKA Ha ylaszy ceHzopa, P, ox
U3J1a3HOI HAroHa CeH30pa, V, Tako Ja ce MaTeMaTHYKd MOJEN CEH30pa MOXKe

MpeaACTaBUTU U3Pa30OM
PV)=P +a,-(V+a,-V>+a,-V’+a,-V*). (6.4)

Kana ce y oBaj u3zpa3 3aMeHe mo3HaTe BpEJHOCTH KoedullrjeHaTa aj 3a 1aTu CEH30p, OH

MoCTaje KamuOpanroHa (pyHKIMja TOT ceH30pa.

[TapameTpu MaTeMaTHUKOT MoJieNna, aj, EKCHepUMEHTaIHO cy onapeheHn Ha
pedepeHTHOj Temmepatypu Trr. OBme Tpeba HAMOMEHYTH Ja OCHM 3aBUCHOCTH
W3J1a3HOT HAIlOHA CEH30pa O] MPHUTHCKA TIOCTOJU M 3aBHCHOCT O] TeMIepaType, Koja
Huje oOyxBaheHa MaTeMaTHuykuM MojenoM (6.4). 36or Tora je moTpeOHO aa ce y u3pazy
(6.4) ymecro HamoHa V KOpHUCTH KOpPHIOBaHa BpeIHOCT HamoHa, V-AV, rme je AV

KOPEKITMOHU (haKTop YHja ce BPEAHOCT 100Mja Ha clieiehn HauwH:

AV| (6.5)

T,P=Const |T, P—Const  ° ref T, ,P=Const’

rie je Vyef U371a3HU HAMOH CeH30pa Ha pedepeHTHO) TeMriepatypH T ok je ypehaj y
¢da3u mpoToTHIa, KOPEKIUOHU (DAKTOp Ce YHOCH MHTEPAKTHUBHO, JOK C€ Y KOHAYHO]

BEp3HUjU KOPEKI[Hja yTUllaja TeMIepaType BpIIi ayTOMAaTCKH.

Etanonupame mpoTOTHIIAa UHTEIUTEHTHOT TPAHCMHUTEpA BaKyyMa O0aBJHEHO je
OpUMEHOM  ayToMaTckor KajmOparopa mputucka Mensor APC600, wmepHe
HecurypHocTH 0.01%FS, xoju 3a moTpede perynammje MpuTUCKA KOPUCTH U3BOP YUCTOT
a30Ta M MEXaHWYKY BaKyyM IyMITy. 3aJaBaHe Cy BPEIHOCTH IPUTHCKA Yy OIICETY O]
5mbar mo 20 mbar (0.5kPa nmo 2 kPa). Munukamuja HamoHa Ha u3nasy OaTepuja
TEpPMOIIapOBa OYHMTABaHA j€ JUPEKTHO HA JWCIUIC]y MHTEIMTCHTHOT MHCTpyMeHTa. Ha
OCHOBY TakO JOOHMjeHHX EKCHEpHUMEHTATHHX pe3yiTaTa HM3padyHaTH Cy IapaMeTpH
MaTEeMaTHYKOT Mojena, Tj. KoeduuujeHTH nonuHoma (6.4), TpPUMEHOM METOoIe

HajMambUX KBajapaTa. Taj NOJIMHOM je KanuOpaioHa ¢yHKuMja censopa. [lapamerpu cy
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3aTHUM YHETH Yy TpajHy MemopHjy ypehaja (FRAM), kao u kopekimonu dakrop AV uuja
je BpeIHOCT M3padyHaTa Ha OCHOBY HM3JIa3HOT HAIIOHA CEH30pa MPH 33JaTOM MPHTUCKY
on 5 mbar. Te BpemHOCTHM Cy HEONXOAHE 3a W3padyHABaKE HHIMKALUjC MEpEHE
BeNMYMHE (MPUTHUCKA) Y peaJiHoM BpeMmeHy. McTu mocTymak je CIpoBEAEH 3a CEH30p
tuna A u tuma P. IlomTo je om mHTepeca paa WHCTPYMEHTa y IIMPOKOM OIICETY
BPEIHOCTH BaKyyMa, JIOJaTHO j€ 3aJaBaH MPUTHCAK Y OICETYy OJI 10 Pa 10 200 Pa u y
orcery on 300 Pa no 10°Pa. V IpPBOM OJ] Ta JBa ONCEra HUje OWIO TEeXHHYKHX
MOryhHOCTH 3a peryjiapHO eTaloHHpame, Beh je MpUTHCaK 3aJaBaH TakKo LITO je MPBO

IOCTUTHYT BUCOK BAaKyyM, @ 3aTUM j€ JI03BOJbEHO J]a Ba3/lyX IOCTENEHO LypH Y CHCTEM.

ExcniepymMenTtanna BepuuKanyja HM3BpIICHA je TAaKO IMITO Cy HCIUTUBAHOM
ypebajy (mporotuny) 3agaBaHe BpeIHOCTH IMPUTHUCKA HA HAYWH ONKCAH y MPETXOIHOM
nacycy, ajli je yMecTO MHAMKalMje HaloHa Ha M3J1a3y CEH30pa OelekeHa MHIMKAIMja

MEpEHOT MPUTHUCKA, KOJy ypehaj 1aje Ha CBOM JTUCILIE]Y.
6.2.5 Pe3yaratu u Auckycuja

Kamubparnmone ¢ynkmmje 3a cenzope tuna A u Tuna B wmajy aHanuTHYKH
o0muk nmat wu3pazom (6.4), Toe cy BpeaHOCTH KoeduIMjeHaTa &; JoOujeHe

etanonupameM. [Ipukazane cy Ha Ciunu 6.7.

a) 22 6) 22
20+ 20+
184 18 4
G 16 T 16-
=} 1 fe]
E 144 £ 14
x> 1 x
8 12+ 8 12
E o] :
s 104 5 104
c 5] E 3]
6+ 6
4 4 4 4
53.7 53.8 53.9 54.0 54.1 54.2 16.370 16.375 16.380 16.385 16.390
HanoH [mV] HanoH [mV]

Cauka 6.7 Kanmubpanuona ¢yHkIHja a) 3a cenzop tuna A u 0) 3a censzop tuna P

Ha Cnuum 6.8 je mpukasaHa 3aBUCHOCT HMHJIUKAIMje NPUTHCKA, KOJy Jaje
IOPOTOTHII MHTETUTEHTHOT TPAHCMUTEPa BaKyyMa, 0l BPEIHOCTH 3a/1aTe KaruopaTopom,

3a ceH3op tumna A u tuna P
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[IponemeHn HANOH ITyMa CBEJICH Ha yJia3 HHTEIUTCHTHOT HHCTPYMEHTA U3HOCH
oko 0.27 uVyms, MTO je YMOpeawBO ca BpeaHOmNy KOPUCHOT CHUTHajda CeH3opa ca
ne6;po0M MeMOpanoMm (tuma P). ¥V omcery mputicka ox 5 mbar go 20 mbar pasnuka y
W3J1a3HOM HAmoHy KoJ ceH3opa Tuma A omia je 380 uV (25.33 uV/mbar), mok je kox

censopa tuna P u3Hocuita camo 20 puV (1.33 uV/mbar) [37].

22
—_ —=— ceH3op Tuna A
% 204
o 1| — - cenzop Tuna P
E 18-
€ 16
=
S 144
g
o 12f
= 104
T |
= 8-
=4
< 67

4

T T T T T

4 6 8 10 12 14 16 18 20 22
3apatu nputucak [mbar]

Cauxa 6.8 3aBucHOCT HMHOMKalUWje NPUTHCKA KOjy Jaje MPOTOTHI WHTEIUICHTHOT

TpaHCMUTEpPA BaKyyMa O BpCAHOCTU MMPUTHUCKA 3aaTC KaJ'II/I6paTOpOM

OBo mokasyje aa je 60Jba TEPMHUUYKA H30JaIHja KOl CEH30pCKOr eneMenTa Tuma A (3.4
MyTa TambH 3a0CTaIX CJI0j N CHIMIMjyMa Hero koj tuna P) mosena mo 19 myra Behe
OCETJPMBOCTH, YMME€ c€ TOCTIXKY Beha pe3onynuja M 0O0JbHM OIHOC CUTHAJ/IIYM
uHctpymeHTa [37]. Jom Beha 0CETILUBOCT CEH30pa MOXKE CE OCTBAPHUTH SIMMHHAI]OM
3a0CTaJIOT CJI0ja N CHWJIMIMjyMa, a TO j€ HW3BOJJbUBO aKO CE€ CEH30PCKH EJIEMEHT
m3pahyje Ha SOI mmounnu. Ilepdpopmance cenzopa Om ce Takohe moOosbIIae
noehameM Opoja TepMmomapoBa. MepHa HECUTYPHOCT je KOJ  IMPOTOTHIA

MHTEJTHTeHTHOT TPaHCMHTEpa BakyyMa usHocra 10~ Pa 'y omcery ox 10 Pa o 10° Pa.
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7. 3AK/bYYAK

'maBHM 1MJb WCTpakuBama O0O0yxBaheHHWX OBOM JUCEpTAjoM OHO je
yHanpehewe GYHKIUOHATHOCTH H TNepPOpPMAHCH HWHTEIUTCHTHUX WH]YCTPH)CKUX
MEpHUX HWHCTpyMeHaTa 3acHOBaHMX Ha mnocrtojehum um HOBUM MEMC ceH3opuma,
moceOHO Ha OHUM KOJU C€ HCTpaxyjy, pa3Bujajy W mpousBoje y lLlentpy 3a
MUKpOENEKTPOHCKe TexHoJoruje. O THX ceH3opa HajBehu mpakTU4aH 3HAYa] J1aHaAC
umajy cumuujymcku nuezoornopun MEMC cen3opu mputucka, A0K cy ApPYrd y

pa3HuM (a3aMa HCTpaXKUBaba U pean3aluje.

VY nucepranmju je npBo aatr npersiien MEMC TexHonoruja u ceHzopa, rae je
texumTe Owio Ha MEMC ceH3opuMa MEXaHWYKMX BEJIMYMHA, a HApOYHUTO Ha
MUE300TIIOPHUM CEH30pHMa MPUTHCKA, HAa YHjy TpPUMEHy ce ofHocu Behu naeo
mucepranyje. Takohe cy mpukasaHu ¢ THM MOBE3aHU HAYYHH PE3YJITaTH ayTopa KOju ce
onHoce Ha HoBe acnekTe mpumeHe MEMC TexHomoruja, a To Cy CeH30pCKE CTPYKTYype
Ha (uekcubmwiauM cyncrpatuMa u MEMC ceH30pu 3acHOBaHM Ha aJICOPHIUjU

qyecTuia.

3atuM je JaT mperiiel] MHTEIIMTeHTHIX MEpHUX MHCTpyMEHara, rie ce MoceOHo
pa3Matrpajy OHM KOju cy mpeaBuheHH 3a uHAycTpHjcke npumeHe. OO0jallmbeHU Cy

KOHICIITH U ITOACJIC U ITPHUKA3aHO je AKTYCJIHO CTalbC HAYKEC U TCXHUKC Y TOj 00J1acTH.

VY neny mocBeheHOM HOBOj METOIM 3a HMCTOBPEMEHO MEpEH-e IMPUTUCKA H
temneparype mmezoornopHuM  MEMC  ceH3opoM  OpUTHCKa ~ OMHCaHa  je
KapakTepu3anja HOBOr THma ceH3opa, WXTM SP-12, wusBpmiena Ha Tpu
penpe3eHTaTUBHA MNpUMepKa MNpUOIMKHO JeIHAKUX KapaKTepucTuka. Pesynarartu
KapakTepuszaluje omoryhunu cy ¢opmupame mapameTapckor MaTeMaTHYKOI Mojesa
CEeH30pa, Koju 00yxBaTa KapaKTepPHCTUKE CEH30pa O] MHTEpeca 3a MEpeme NMPUTHUCKA U
Temneparype. Mojen je 3aTUM HMCKOpHUIINEeH Kao OCHOBa HOBE MEpHE MeETo/e Koja
oMoryhyje UCTOBpEMEHO Mepeme NMPUTUCKA U TeMIlepaType MPUMEHOM UCTOI CE€H30pa,
y3 TOCTH3alke BHUCOKMX MepHuUX nepdopmancu. [IpumMeHOM MepHHUX pe3yiTara,
TOOWjEeHUX KapaKTepH3alljoM WCIIMTUBAHUX CEH30pa, MPOICHEHE CYy OYCKUBaHE
BPEIHOCTH MEPHHUX HECUTYPHOCTH KOJ| Mepema NMPUTUCKA U TemIeparype. 3aTuM je

U3BpILIEHA CKCIepUMEHTalHa BepU(HKalMja, Ie Cy TpU HUCIMTHUBAHA CEH30pa
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KopuitheHa y CKJIOMY WHTEJIMIeHTHOT WHIYCTPHJCKOT TPAHCMHUTEpA, YHJU j& MpOjeKat
Takohe TpUKa3aH y OBOj AWCEepTanuju. TuMe Ccy AOOHjeHH MEpPHH pe3yJTaTH KOjH
npukasyjy peanHe nepdopmance ypehaja y ycnoBuma HHIycTpujcke npuMene. Ha kpajy
je W3BpIIEHa aHanu3a JOOHMjeHUX pe3yJTara W H3BPLICHO je mopeheme MOCTUTHYTHUX
MEpHHUX NepdopMaHCH ca OHUM KOj€ MMajy TUIUYHU UHTEJIUTC€HTHU WHIYCTPH]CKU
TPaHCMHUTEPH NPUTUCKA U TUIIMYHE MHIYCTpUjCKE TeMmepaTypcke conne. Kox mepema
IOPUTHCKA, TPOLIMPEHa MEpHa HecurypHocT je wusHocuwina Mamwe o 0.025%FS
(mponeHaTa y oJIHOCY Ha MyHY ckaiy) y TemmneparypckoMm omcery ox —20°C mo 70°C,
JOK KOJ| TUIMUYHUX CAaBPEMEHUX HWHTEIUICHTHHX TPaHCMHUTEpa NMPUTHCKA Ta MEpHa
HecurypHocT u3Hocu oko 0.075%FS. Kox Mepema temmeparype, MpoIIMpeHa MepHa
HECUT'YPHOCT je u3Hocuia Mame o 0.3°C, mTo je y mocMaTpaHoM OIICEery TeMIepaType
3HATHO 00JhE OJ1 MEpHE HecurypHocTH TepmornapoBa Tuna J, K u E, 6ose ox Tuma T u
YIOPEIUBO ca MEPHOM HECHTYpHOIINY IJIATHHCKUX OTHOPHHUX TepMoMeTapa kiace b.
Temnepatypcku Oncer CHJIMLMJYMCKUX MHE300TIOPHUX CEH30pPCKUX elleMeHaTra, Kao
IITO je UCOUTUBAHU THN SP—12, orpaHuueH je pU3MYKUM CBOjCTBMMA CHIIMIMjyMa Ha
temneparype Hmwke on 125°C. To ce orpaHndeme MOXXe TIpeBasuhu H3pagoM
cersopckux enemenata Ha SOl cymcrpaty (Silicon-on-Insulator, cunummjym Ha

M30J1aTOPy ), YUME Ce TEMIIepaTypPCKH orcer Moske npommputu 10 600°C.

VY nucepranmju je IeTajbHO NMPHKa3aH MPOjeKaT MHTEIUICHTHOT MHIYCTPU]jCKOT
MEPHOT HWHCTPYMEHTa, KOjU j€ pa3BHjeH NPBEHCTBEHO 3a MEpEeHmE NPHUTHUCKA U
TeMriepatype mnpuMeHoM nume3ootnopHux MEMC ceH3opa, anmm ce Jako MOXe
OPWIATOOUTH Ppa3HUM JpyruM BpcTama mnoctojehux um HoBux MEMC censopa.
[IpojexToBana xapnaBepcka MmiaaropMa MMa MOJIYyJApHY CTPYKTYpPY M HYAHM BHCOKE
MepHe TmepdopmaHce, a TnpwiaroheHa je WHAYCTPUJCKUM YCIOBHUMA IpPHUMEHE,

yKJbydyjyhu HauMH Hanajamba 1 KOMyHHKaIHje.

IIpumena pesyidrara OCTBapeHHX TOKOM  U3pajie OBe JAuUcCepTalyje
JIEMOHCTpHUpaHa je Ha MpUMepy JABa HOBa MepHa uHcTpymeHTa ca MEMC cenzopuma.
Jenman o BUX je MHTEIUTCHTHU UHIyCTPHjCKH TPAaHCMUTEp HUBOA TeuHocTn ca MEMC
CEH30pUMa IPUTHCKA, KOjU j€ 3aCHOBAaH HAa MEPHO] METOJU M XapABEPCKO] miathopmu
NpUKa3aHUM y JucepranMju. Jpyru je MNpOTOTUN HHTEIUIEHTHOI TpaHCMHUTEpa
BaKyyMa, KOJU j€ 3aCHOBAaH Ha UCTOj XaplBEpcKoj IUIATGOPMH, alu KOPUCTH

BumeHameHcku tepmanan MEMC censop.
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HayuyHu nonpuHoc, KOjU je ayTOp OCTBAPHO KPO3 HCTPAKMBAMKA ONHUCAHA Y OBOJ

JUcepTaljiu, OpUrHHajlaH je W mpumana obmactuma MEMC ceHzopa m MepHHX

pavyHapCKUX CUCTCMaA. Moxxe ce moAeauTu Ha cnez[ehe LICJINHE.

1.

Ucnutane cy enexkrpuune kapakrepuctuke MEMC  crpykrypa Ha
(bi1eKCMOUITHOM CYIICTpAaTHMa M3JI0KEHUM BEJIMKOM OpOjy LIMKIIyca MEXaHUYKOT
ucTe3ama M penakcanuje. JoOujeHn pesyaTaTtu MokKasyjy Aa TakBe CTPYKType
MOry OHUTH JIOBOJbHO JOOpPMX M CTaOWJIHUX KapaKTEepUCTHKa, LITO OTBapa
npoctop 3a MHOIITBO HOBUX npumeHa MEMC cen3zopa y MeIUIIMHCKUM
UMIUIAHTHMA, IpoTe3ama, ojehu 1 OMOMUMETHYKUM CTPYyKTypaMa Kao WITO j€

HIIP. BEUITayKa KOXka 3a yrnorpedy y poOOTHIIH.

HctpaxkuBaH je yTHiaj mporeca KOMIETUTUBHE aICOPIIIMjE U MIPEHOCa Mace Ha
dykTyaruje Mace CeH30pCKHUX CTPYKTypa. V3BeeH je aHAUTHYKH U3pa3 Koju
OIMcyje Ty 3aBUCHOCT M IpEJCTaB/ba KOPUCTAH ajaT 3a ONTHMU3ALIN]y BeoMa
MepCHeKTUBHE BpcTe XeMHjckux u Oomosnomkux MEMC cen3opa 3acHoBaHe Ha

CEJIEKTUBHO] aJCOPIILHjH.

dopmupaH je MaTeMaTHYKH MOJET KOju JOoOpOo OmHcyje TIOHAIIamke
nue3zootnopuux MEMC cenzopa ca amjagparMoM 0] MOHOKPHUCTAJIHOT

CHWJIHMILIMjyMa TIPU PA3IUYUTHM BPEJHOCTUMA IPUTUCKA U TeMIIepaType.

Pa3BujeHa je HOBa MeTO/a 3a MCTOBPEMEHO MEpeme MPUTUCKA U TeMIeparype
UCTUM CHIIMIUjyMcKuM Tnre3ootniopuuM MEMC ceHzopom, ca Kopekmnujama
HECaBPIICHOCTH CEH30pa y TUTUTATHOM JOMEHY, YAME C€ TMOCTHXY BHCOKE
MepHe nepdopmance. Meroxga omoryhyje OpojHE M HHOBATHBHE MPUMEHE
MIOMEHYTE BpPCTE CEH30pa y MHIYCTPHjH, Kao U JIa C€ Meperme TeMIepaType 10/1a
nocrojehoj (yHKIIMOHAIHOCTH HEKHX THIOBA HWHTEJIMTEHTHUX TpPaHCMHUTEpa
NPUTHUCKA, y3 BPJIO Maje u3MeHe (Hekas camo y codreepy). ExkcriepumenTamHoM
BepuduKanyjom je mnoTBpheHo ma cy wMepHe mnepdopMaHCe TOCTUTHYTE
OPUMEHOM METOZ€ M WHCTpyMeHTa Oosbe, WM Oap ymopeauBe ca OHHMMA
CBOjJCTBEHUM HWHIyCTPHjCKOj MEPHOj ONPEMH aKTyeJIHE T'eHepalrje HaMEHEHO]

MepemYy UCTHX BeMYnHA (IPUTHCKA WM TEMIIEPAType) MMOjeTUHAYHO.

[TpojexToBaH je U peaqn30BaH UHTEIUTEHTHU HHAYCTPHJCKH MEPHH UHCTPYMEHT

MoOJyJlapHE KOHCTPYKIHje u BHUCOKUX mnepdopmancu. OH omoryhyje mormyHy

151



UMIUIEMEHTAlM]y ONHCaHE MEpPHE METOAE€ U MNpPUMEHy [0 [Ba HCTa WIU
pas3uuuTa CeH30pa, YUMe ce J100Mjajy MHOBATUBHH, KBAIMTETHU M €KOHOMUYHH
npousBoau. MopaynapHocT ypehaja omoryhyje Hmp. nofaBame OINIMOHOT
JOKAJHOT KOPHCHHUYKOr HHTepdejca, NPOMEHYy HauyuHAa Hamajamba H
KOMYHHUKaIje ca Hajapel)eHoM cHCTEeMOM WM TOJPIIKY 32 HEKYy HOBY BPCTY
ceH3opa. OBaj mpojekar je OpUrMHajaH U y HOTIYHOCTH CAMOCTAJIHO OCTBapeH
UH)XEHEPCKU JTONPUHOC, KOJU Ca MPETXOJHO HaBeIEHUM HayYHHUM pe3yiTaTuMma
YUMHU JEAMHCTBEHY U 3a0KpYKEHY UENIWHY, Aajyhn UM NpakTHYaH 3HA4aj U
ynotpeOHy BpenHocT. [lpumep jenHe MpakTU4HE NMPUMEHE je HHAYCTPUJCKH

TPaHCMHUTCP HUBOA TCYHOCTH, OIIMCAH U ,Z[PICCpTaHI/IjI/I.

Pa3BujeH je HOBM THN MHCTPYMEHTa 3a Mepeme BaKyyMa, 3aCHOBaH Ha
ONKMCAaHOM TPOjeKTYy HWHTEIUTEHTHOI HMHCTPYMEHTa U  BUIIEHAMEHCKOM
tepmaiHom MEMC censopy. Peann3oBan je npoToTHN TakBOI MHCTPYMEHTa U

aHaJIM3HMpaHE CYy HEroBe MepHe neppopmance.
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np Cphan CrankoBuh

Melhynaponna capaama y Be3H ca OBOM JIMCEPTAIjOM OCTBApEHA je Y BUIY
UCTpaXMBamba CTPYKTypa Ha (IIEKCUOMIIHUM CYIICTpaTHMa, CIIPOBEICHOT Ha (aKyITeTy
EPFL (Ecole Polytechnique Fédérale de Lausanne, 11IBajuapcka), Kao U Kpo3 ApyTe
aKTHMBHOCTH y okBupy mnpojekra ,,REGMINA” (FP7-REGPOT-2007-1) Esporcke

VYHuje.

IIpakTnyHe nMpuMeHe pe3yJiTaTa y BpeMe IHUcama JucepTaimje oO0yxBarajy
UHTEJIMTEHTHE WHIYCTPUjCKE HMHCTPYMEHTe Koju ce mpousBojne y Llentpy 3a
MUKpOENEKTpOHCKe TexHosoruje MHctutyta 3a Xemujy, TEXHOJIOTH]Y U METalyprujy
VYuuep3uteta y beorpagy. To cy UWHTEIUIeHTHH TpPaHCMHUTEPH TMPUTHCKA U
TeMIepaTrype, Ka0 U HHUBOA TEYHOCTH, KOJU Cy PEaJM30BaHU TUPEKTHOM MPUMEHOM
NPOjeKTOBaHE XapJBEpCKe IUIATPOpPME W JEIHMHUYHO WM y TOTIYHOCTH KOPHUCTE
onucady MepHy Metoay. bimsy 100 uHTEIMTeHTHHX TpaHcMuTepa npuTrcka (tun TPas
u TPrs) xopucT ce y MHAYCTPHjH, YKIbYyUyjyhn TepMoeneKTpaHe, XuApOoeIeKTpaHe

npyra eHeprercka moctpojema y CpOuju. IIpexo 20 WHTENMTEHTHHX TpaHCMHUTEpa
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auBoa TeyHocTd (tum TPns-101, ca cemsopuma SP-12) rtakohe ce mpumemyje y
WHIyCTPUjCKUM MOCTPOjEEhUMa, YIIIABHOM 3a MEPEHh¢ HUBOA TEXHUYKE BOJE M BOJE 32
nuhe y pasHuM ¢asama mpepage. CBM TH HHCTPYMEHTH pajie y HHIYCTPHjCKOM
OKpYXemy, Ijie Cy, u3Mel)y ocraior, M3JI0KEHH BEJIMKHAM IPOMEHaMa TeMIeparype,
CIICKTPOMAri€TCKUM CMCTHaMa H BH6paHHjaMa TOKOM HCIIPEKUIHEC BHUIICTOAHIIHEEC
ymorpebe. Ilokazano ce a WCIymbaBajy CBE 3axXxTeBe KOPHCHHMKA, KAKO y CMHUCIY
nephopManc U (YHKIHOHAIHOCTH, TaKO M IO TOY3IaHOCTH W EKOHOMHYHOCTH
onpkaBama. [lo CBUM OHTHUM KapakTepUCTHKaMa Cy YIOPEAMBH Ca CKYIUBHM

HWHOCTPAaHHUM IIPOU3BOJUMA NI UX YaK IIPEBa3nIa3ec.

[Tonazehu on ucTpakuBama NpUKa3aHUX y OBOj AMCEPTALMjU M MOCTUTHYTHX
pesyiTara, Kao U OJf UCKYyCTBa CTEUEHOI Y IIOMEHYTHUM Hay4yHUM 00JacTHMa, IJIaHUpa
Ce HACTaBak pajaa ca mujbeM 1a ce pa3sujy Hou MEMC u HEMC cen3opu u MepHU
MHCTPYMEHTH 3aCHOBaHU Ha muMa. OBO ce moceOHO OJHOCH Ha CEH30pEe XEMHUJCKHX U
OHMOJIOUIKMX BETMYMHA U HUXOBY MPUMEHY, IJIe MMa jOIlI MHOTO MPOCTOpa 3a HaAy4YHE U
UHXXEHEPCKe JoNpuHOce. TakBU CEH30pU 3aXTEBajy pa3BO] HOBUX, BPJIO CIOKEHUX
MEpPHUX METOJa ¥ IPUMEHY HalpeIHuX TeXHUKa o0pajie cCurHala, Kako Ou ce TOCTHIIIe
TpaxxeHe MepHe mepdopmance. HoBu koHIenTH ymorpede CeH30pa, Kao IITO Cy
O0exxuune cenzopcke mpeske u Muteprer crBapu (Internet of Things), mompasymesajy
OpUMEHY MHOILITBAa MaluxX U jepTHHHMX, Mel)ycoOHO NMOBE3aHUX CEeH30pa, TAe CYy OA
BEJIMKOT 3Hauaja AMCTPUOYHMpAaHW CUCTEMHM W HAUYMHHU OJulydnBama. HoBe Teme
TEOPHjCKHUX U MPUMEHEHUX UCTPAKHUBaKkha YCMEPEHeE Cy Ka YHanpelherwy HHTeTUTeHITH]e

TaKBHUX CUCTCMaA.
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BUOT'PAOUIA

Munom ®pantioBuh je pohen 14.06.1970. rogune y beorpany, rae je 3aBpiiro
OCHOBHY U cpenmwy Immkony. Jurmuiomupao je 2000. romuuHe Ha EnekTpoTexXHUYKOM

dakyntery YHuBep3uretra y beorpany, rae je 3atum u maructpupao 2010. roguse.

Opx 2001. romune je uctpakuBau y LleHTpY 3a MHUKPOEIEKTPOHCKE TEXHOJIOTH]eE

WuctutyTa 3a XeMujy, TEXHOJIOTHjy U MeTalnyprujy YHuBep3urera y beorpany.

buo je anraxoBaH Ha MpojekTuMa ,, I paHCMUTEpU MPUTUCKA (HUBOA, IPOTOKA) HA
0a3u mukpoenekrpomexanndkux (MEMC) censzopa” (MT.1.04.0063.5, 2002-2004.),
,,BUCOKOKBAJIUTETHH TPaHCMUTEpU npuTHCKa HoBe renepauuje” (TP-6151b, 2005-
2007.), ,,MuKpOCHCTEMCKE, HAHOCHCTEMCKE TEXHOJIOTHje W KOMIIOHEHTE” W
,»/IHTeJIMTeHTHU WHAYCTPHUJCKU TpaHCcMHUTepH Ha Oa3zu comctBeHux MXTM censopa”
(TP-11027, omnocuo TP-11025, 2008-2010.). Takohe je yuecTBOBao y mpojeKTHMa
,»/IHIIyCTpHjCKM Mepayu MPOLIECHUX BEIMYMHA €A PAJU0 KOMyHUKaAIjoM™ U ,,JleTekTop
MyJba W 3amyheHocTH TedHOCTH ca KoHTposiepom” (MII-8245, omnocro MIT-8139,
2006. roguHe). AHraxoBaH je Ha IPOjeKTy ,,MHUKpO, HAHO-CUCTEMH W CEH30pH 3a
NpUMEHY y eNeKTPONPUBPEN, TPOIIECHO] HHIAYCTPUJU W 3alITUTH )KUBOTHE cpenuHe”
(TP-32008, 2011-2016.). YyectBoBao je y wmehynapomuum mnpojektuma SCOPES
,Micro-nano cantilever based detection of small electromagnetic forces” (IB7320-
110923, 2005-2008.) IlIBajuapcke HamuonanHe HayuHe ¢onnanuje (SNSF) u
»REGMINA” (2008-2011.) u3 nporpama FP—7 EBporncke YHuje.

3aBpiInoO je crenujalucTudku Kypc ,,.Smart Sensor Systems” 2009. rogune Ha
Texunukom yauBep3utery [endr (Xomanmuja). buo je Ha cTymujckom OopaBKy Ha

daxynrery Ecole Polytechnique Fédérale de Lausanne (IBajuapcka) 2011. romuse.

baBu ce wucTtpaxuBameM M pPa3BOjeM CEH30pa 3aCHOBAHMX HAa MHKPO- U
HaHoeneKkTpoMexaHnukuM crpykrtypama (MEMC, HEMC), kao u wucCTpaxuBameM,
pasBojeM U peau3alfjoM eJEKTPOHCKUX MEPHMX MHCTpyMEHaTa W MEpPHHUX METOJa.
AyTop je u koayTop Beher 6poja pagoBa y Mel)yHapoIHUM U HallMOHATHUM YacoIlHMCHUMa
U 300pHUIMMa MelyHapoIHUX M HAIMOHATHUX KOH(pepeHuuja u3 o0JacTH
€JICKTPOHMKE, TEJIICKOMYHHKAIIMja, CEH30pa M HAHOTEXHOJoruja. PeneHzeHT je
mehynapoanux vacomuca Nanoscale u Microelectronics Engineering u wian Hayusno-
TeXHUYKOT ofbopa mehyHnaponue kondepennuje ICETRAN 2014. Aytop je u koayTop

Beher Opoja TEXHUYKUX pelieHha.




Mpunor 1.

U3jaBa o ayTopcTBY

Motnucaun mp Munow . ®paHTnosuh

Opoj nHaekca

UsjaBrbyjem
Aa je AoKTOopCcKa AncepTauuvja noj HacrnosoMm

"YHanpeheHhe UHTENUreHTHUX UHAYCTPU|CKUX MepHUX nHcTtpymeHata ca MEMC
ceHsopuma"

e pe3ynTaT ConcCTBeHOr NCTpaXXnBa4kor paaa,

e [a npepnoXxeHa gucepTauuja y LUenuHW HY y aenosuma Huje buna npegnoxeHa
3a pgobujakbe 6uno Kkoje AuNNoMe npema CTyAWjCKUM nporpamuma Apyrux
BMCOKOLLKONCKMX YCTaHOBa,

e [a Cy pesynTaTu KOPEKTHO HaBEAEHM W

e [a HMCaM KPLUMO ayTOpCKa npaBa W KOPUCTUO WHTENeKTyanHy CBOjUHY ApYrux
nvua.

NMoTnuc gokTopaHpa

Y Beorpaay, 09.03.2016. rog. M. Do hj(/,;‘t,/




Mpunor 2.

M3jaBa 0 MICTOBETHOCTM LUTaMMNaHe U eNeKTPOHCKe
Bep3uje AOKTOPCKOr paaa

Wme n npeaume aytopa mp Munow 1. ®paHTnosuh

Bpoj nHaekca

Cryaujckn nporpam

Hacnos papa "YHanpehewe UHTeNUreHTHUX MHAYCTPU|CKMX MEPHMUX MHCTPyMeHaTa ca
MEMC ceH3opuma"

MeHTop ap CphaH CtaHkoswh, npodecop emeputyc, YHusepauteT y beorpaay —
EnekTpoTexHunykn dakynret

Motnucann mp Munow . PpanTnosuh

W3jasrbyjem Aa je wramnaHa Bepavja Mor AOKTOPCKOr paja UCTOBETHA €NeKTPOHCKO)
BEP3uj1 KOjy cam npegao 3a objaBrbmsarbe Ha noptany [iurutanHor peno3uropujyma
YuuBep3uteta y Beorpapy.

[lossorbaBam ga ce obGjaBe Moju NWYHM nojauy BesaHu 3a Aobujare akagemckor
3Barba [JOKTOpa Hayka, Kao LITO Cy MMe 1 Npe3nmMe, rognuHa n Mecto poherwa u gaTym
onbpaHe paaa.

OBM nWMYHM nodaun Mory ce 06jaBuTM Ha MPEeXHUM CTpaHuuama aurutanHe
6ubnunoTeke, y eNeKTPOHCKOM kaTanory u y nyénukaumjama YHusepauteta y beorpaay.

MoTtnuc aokTopaHaa

Y Beorpaay, 09.03.2016. roa. /L /A ':/)ki/nf:/l sl 21/




Mpunor 3.

MU3jaBa o kopuwhemwy

Osnawhyjem YHusepautetcky 6ubnuoteky ,Csetosap Mapkosuh® aa y [urutantu
penoauTopujym YHuBepauteTa y Beorpagy yHece Mojy [OKTOpCKy AucepTauujy nop
HacnoBoOM:

"Yuanpeherne UHTENUTEHTHUX MHAYCTPUCKUX MepHUX HcTpymeHata ca MEMC
ceHsopuma”

Koja je Moje ayTOpCKO Aeno.

[vcepTauujy ca CBUM Npuno3uma npegaol/na cam y efieKTpoHCKoOM popmaty norogHom
3a TpajHO apxmBupame.

Mojy AOKTOPCKY AucepTauujy noxpareHy y [urutanHu penosutopujym YHuBepsuteTa
y Beorpagy mory Aa kopucte cBM koju nowTyjy oapeabe cagpxaHe y oaabpaHom Tuny
nuueHue KpeaTtusHe 3ajegHuue (Creative Commons) 3a Kojy cam ce oany4duo/na.

1. AyTopcTBO
2. AyTOpCTBO — HEKOMEpLWjanHo
@AyTopCTso — HekomepuwmjanHo — 6e3 npepage
4. AyTOpCTBO — HEKOMEpPLWjanHo — AenUTh NoA UCTUM yCroBuma
5. AytopcTBo — 6e3 npepage
6. AyTOPCTBO — AEnnUTV Noj UCTUM yCroBuma

(Monumo faa 3a0KpyxuTe camo jeaHy Of LeCT MOoHyReHux nuueHuwn, KpaTak onuc
NULeHUM AaT je Ha nonefuHun nucra).

MoTnuc gokropaHaa

Y Beorpagy, 09.03.2016. rog. } . ﬁbk o pali, L\/






