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A. OBIIIA XAPAKTEPUCTUKA HA JUCEPTALIMOHHUA TPY ]
JIucepTanoOHHUAT TPYA € IOCBETCH HA CKCIICPHMEHTAJIHH M TEOPETHYHH W3CJICABAaHMS Ha JUHAMUKAaTa Ha
MEXaTPOHHU CUCTEMHU, KOMOMHHUPAIIY CIUIAaBH C TaMeT Ha (hopMaTa U MUE30eTICKTPULH

AKTyaJIHOCT Ha npodJiema

Wzcnenpanero Ha JMHAMUYHHUTE CBOWCTBA HA MEXAaTPOHHUTE CUCTEMH, Oa3MpaHy HAa UHTEIUTCHTHU MaTEepHaH, €
OT CBHINECTBEHO 3HAYCHHWE 3a TMOAOOpSBaHE Ha MPOU3BOAUTEITHOCTTA, AJANTUBHOCTTA M HAACKIHOCTTA Ha
ChBPEMCHHUTE MHTCIUTCHTHU CHCTEMH. VHTEITUIeHTHUTEe MaTepualid, KOMOMHUPAIIX CIUIABU ¢ mameT 3a (opmara
(CII®) n nuezoenexktpuaan Matepuaim (IIEM), neMoHCTpHpaT NMpUChIa PEaKTUBHOCT KbM BBHIIIHA CTUMYJIH, KaTO
MO0 TO3W HAYWH YJCCHSBAT WHTETPUPAHOTO 3a/IBIDKBAHE ChC CEH30PHU OOPAaTHU BPBH3KHM M KOHTPOJ B KOMIAKTHU
apXUTEKTypH. 3a Jia ce MOoJyYaT Ba)KHH TO3HAHMS 32 CTAOMIIHOCTTA, eHepruiiHata e(eKTUBHOCT W MPEIU3HOCTTa Ha
yIpaBJIEHUETO Ha CUCTEMara, € HeoOX0JAUMO Jia ce MpOoBeJie ISUIOCTHO MPOyYBaHE Ha JIMHAMHUYHOTO TOBEJICHHE Ha
CUCTEeMaTa, BKJIFOYBAIIO MOKA3aTEIN KaTO YECTOTHA XapaKTEPHCTHUKA, XUCTEPE3NC, XaPAKTEPUCTHKN HA 3aTUXBAaHE U
HenmHelHHocTH. Te3u cBoicTBa OKa3BaT MPSKO BIUSHHE BBPXY MPOSKTUPAHETO HA OOpaTHU BPB3KH, AITOPUTMHU 32
yIIpaBJIE€HHUE B PEaHO BpeME U CTPATETWH 3a CTPYKTypHA HMHTETpalvs B MEXaTPOHHU NPHIOKEHHS, BapHpallu OT
poboTHKa M aepOKOCMUYECKa TEXHHKA 10 OMOMEIUIIMHCKU ycTpoicTBa. OCBEH TOBa, M3MOI3BAHETO HA JMHAMUYHA
XapaKTEepPUCTHKA YIIECHSBa Pa3pab0OTBaHETO Ha MPEICKa3BaIly MOJISIH U CUMYJIAINH, KaToO TI0 TO3W HAYWH TO3BOJISABA
Ha MHXXCHCPUTE JIa ONTUMU3IUPAT NPOU3BOAUTCIHOCTTA IIPHU MMPOMEHAIIHN CE€ CKCINIOATAlMOHHU YyCIIOBUA. B xonrekcra
Ha HapaCTBAIUTC U3UCKBAHUA 3a MYJ'ITI/I(i)YHKHI/IOHa.HHOCT U MUHHATIOpU3aluns B o0OJjracTra Ha MEXaTPOHHUTE CUCTEMHU,
CHUCTEMHOTO W3CJIC/IBAHE HA TUHAMUYHUTE CBOWCTBA HA WHTEIMICHTHUTE MATEPHUAIIH CE TIPEBbPHA B KIIFOUOB CJICMEHT
3a Hachp4aBaHe Ha MHOBAIMUTE. TOBa M3CIIEBAHE yIECHSABA pa3pa0OTBAHETO HA aJJAITUBHU, CAMOPETYJIHPAIIH Ce U
BUCOKOIIPONU3BOAUTECIIHN YCTPOﬁCTBa, KaToO IO TO3M HAYMH OTroBaps Ha CJIIOKHUTC U3MCKBAHUA HAa HOBOBb3HUKBAIIUTC
TEXHOJIOTHH.

Hay4yHna 3Ha4YUMOCT U HOBOCT
B nmucepranmsrta ca ¢hopMynupaHd JBE XHIIOTE3N YHETO TOTBBPXKACHUE BOAM N0 pa3paboTBaHe Ha €HEPTHHHU
komOaitHu, n3nonssaiuy ¢azosu Tpanchopmanuu Ha CIID u nuesoenekTpudeH edekT 3a mpeoOpa3yBaHe Ha TOCTOSHHA
TOIUIMHA B €JEKTpUYecKa €HEprus. Y CIOPEAHO C TE3U M3CJIEIBaHUA ca Ch3AaJE€HH HOBH METOIU 32 MOJEIUpPAHE U
ekcnepumenTanHo wuscnenaBane Ha CII® u I[IEM. IlpemmoxkeHW ca HOBH ITIOCTAaHOBKM 3a MOJCIHpaHe Ha
xucrepesucHute nporecu B CII® u opurnHaHN MynTHOU3HYHE METOIM ONMKCBAIIN JMHAMUKATA HA OCIMIIMPAIIU U
KBa3HOCHMJIMPAIN CUCTEMH.

IIpakTHYyecKka MOJI€3HOCT M MPHIOKHMOCT

Mexarponnute cuctemu, kouto BkiItouBaT CIID u mHE30€NEKTPUYHU MaTepUaNH, MPEAaraT 3HAYUTEIHU
MPEIUMCTBA 110 OTHOIICHHE HA MHHUAATIOPHU3AIIHSI, MHOTO(YHKIIMOHAITHOCT U aJallTUBEH KOHTPOI. MIHTerpupaneTo Ha
TE3W UHTEITUTeHTHN MaTepHalli yIIECHBA pa3paboTBaHETO HA KOMITIAKTHH, JIGKH ¥ eHEPTUIHHO epeKTHBHH yCTPOICTBa,
00OpyBaHM C MHTEIPUPAHU CEH30pHU U 3aneiicTBamy Bb3MOkHOCTH. [lonesnoctra Ha CII® e ocobeno m3paseHa B
CIICHAapHH, KbAETO Oe3lIymMHaTa paboTa M BUCOKUTE CHOTHOLICHHUS CHIIA-TETJIO ca OT MMBPBOCTENCHHO 3HaueHue. B
HACTOsIIIATa JUCEPTAIHs Te3U CBOMCTBA ca ChUETaHU ChC EHepronpeodpasyBanire GyHKIUU Ha THE30SICKTPUIHUTE
MaTepuaTy 3a M3CJIeBaHE Ha AMHAMUKATa HAa TEHEpPaTOpu C BHOPAIMOHHO NEHCTBHE, IpeodpasyBally TOIUIMHA B
enekTpriyectBo. OCBeH TOBa Ha 0a3ara Ha JUHAMHYHHUTE H3CIICABAHHS Ca Ch3JaJCHHU OC3IIYMHU YIPaBICHUS Ha
KJIAIIaH¥ 32 MIPUJIOKEHNE B YMHH KBIIIH.

Anpodauusi Ha pe3yJTaTuTe OT AUCEPTANUATA
C’LIJ_ICCTBCHEI YaCT OT MOCTUTHATUTC PC3yJITaTU B JUCCPTAIMOHHUSA TPyd Ca anpo61/1paHI/I Ype3 OTICYaTBaHC B
PELCH3UPaHU MEXKAYHAPOIHU ¥ OBJIrapCKU CIIUCAHUSA U KOHPEPEHIIUH, IUTHPAHKs B PELICH3UPAHH HAYYHH U3aHUS, a
ChIIO TaKa U Y4aCTHUE B HAYUHO-U3CJICI0BATCIICKU IIPOCKTH.

O06em Ha nucepTanusiTa
JlucepTaliMOHHUAT TPyA € ¢ o0mr obem 287 crpaHuiid, chbappka 7 rnaBu, 215 ¢durypm, 15 tabmuiu, 148
JTUTEpaTypHH U3TOYHMKA. B 3akiroueHnero ca jeGuHupaHn HayYHUTE, HAYIHO-TIPHIIOKHHUTE W TIPUIIOKHHUTE IPH-HOCH
Ha nucepTanuonHus Tpya. Homepara Ha durypure, popmynure u TabiunuTe B aBTopedepara ChOTBETCTBAT HA TE3U B
JUCEePTAIUOHHUS TPY/I.



b . KpaTko u3/i0:xeHue Ha JMCePTALMOHHUS TPYA

1 TI'n1aBa AHauiu3 Ha CHbBPEMEHHOTO HAYYHO HMBO B 00/1aCTTAa HA MeXaTPOHHUTE €HeProg00MBHU U
eHeproe()eKTUBHHU CUCTEMH

1.1 Ananu3 na cocmoanuAmMA HA MEXAMPOHHU CUCHEMU, NOONEHCAUA HA MOOeTUPAHe

1.1.1 Ymounsaeane na éuoa Ha mooena u XapaxKmepucmuKume, N00J1eHcawju Ha u3cieosane

C mosBata cu MuKpoenekTpoMexannaaute cucreMu (MEMC) Hallokmxa HOBH CTaHAAPTH IO OTHOIICHWE Ha
TEXHUTE CHEProM3TOYHUIM. |Ipenu3BukarencTBaTta, KOUTO CHITBTCTBAT MAJKUTE Pa3MEepHd HAa MHUKPOCHUCTEMHUTE ca
CBBbp3aHH MpEeMaxBaHE Ha MPOBOJIHUIIUTE, HAJIATaHETO Ha OS3KUYHOTO U MO BH3MOXKHOCT 0€30aTepHitHO 3aXxpaHBaHE.
ToBa aBTOHOMHO 3axpaHBaHE C€ IMOCTUTA Ype3 CUCTEMH HapedyeHH EHepruiHM KOMOAHM WM XapBecTepH, KOHWTO
YIIaBAT OTHAbYHA SHEPTUs OT BCIKAKHB BHJI U ITPH BCSIKAKBH YCIIOBHSL, 32 J1a st IPeoOpa3yBar B eJIEKTPUUECKA CHEPTHUSI.
Te3u eneprompeoOpa3yBaild CHCTEMHU Ch3JIaBaT BB3MOXKHOCTH 3a MPIJIOKEHHE KAKTO HAa HOBU TMPHUHIMIN U 32
npeoOpa3yBaHe KaTo HAPUMEP TEPMOMEXaHUYHOTO OCIMIAIIMOHHO CaMOBB30YKIaHEe Taka U Ha MPWIOKEHHETO Ha
YMHHM MaTepuaind. Te3n XapaKTepUCTHKH ca IMOAXOJAIIN 3a M3CJCABaHE OT IJIeJHA TOYKA HA IOCTABCHWUTE LU U
3a/1a4y¥l Ha JUCEPTALUATA.

1.1.2 H3cneosane na npeduiecmeauio HU80 6 001ACMmMa HA YMHUME MAMepualu
WHTenurenTHU ca MaTepHalInTe, YUETO OCHOBHO KAa4eCTBO € aJalTHBHOCTTa KbM IPOMEHHUTE Ha YCIOBHATA Ha
OKOJIHaTa cpefa. 3a Ja ObJie MHTENUTCHTeH, MaTepUallbT TPSIOBa /1a pa3no3Hae Bb3JCHCTBUETO, KOETO My C€ OKa3Ba, 1a
M3TOTBU CHOTBETHA PEAKIIUS ¥ IO BE3MOXHOCT J]a Ce caMo3axpaHBa eHepruiiHo. OcBeH ToBa ce 100aBs U N3NCKBAHETO
clle]l IpeMaxBaHe Ha BBHIIHOTO BB3ACHCTBHE, MATEPUATBT 14 BH3CTAHOBH IIBPBOHAYATHOTO CH cheTosiHHE [3—13].
YMHHTE MaTepuaid ca C TO-OTPaHWYEeHH CBOWCTBAa Karo mo AeuHHULUS Te TpsOBa pearupar Ha ONpPEIEIICHO
BB3JICHCTBHE U a FeHepupar onpeaeneH curaai. OT QyHKINOHATHE MAaTePHUAIU Ce N3UCKBA JIa IPOMEHST YIIPABIISEMO
HSKaKBa TAXHA XapaKTePUCTHKA MPH OMpeAeNIeHO 1o ToieMuHa Bo3zaeiicTeue [11-13].
[Ipe3 mocnennuTe aBe OeceTWNIETHS ce 3aabidounxa miciensaHusra Bbpxy (CIID) mopanm antepHaTUBHHUTE
BBH3MOXHOCTH 32 PelllaBaHe Ha CII0KHU WHXCHEPHH 33/Ia4H, KOUTO C TSAXHA IIOMOIIl MOTAT Jia C€ PelIaT OPUTHHAIHO B
KOMITAaKTHH 00eMH, ¢ O€31TyMHO JIEHCTBHE BKIIFOUUTEITHO U B OCIIMUIMPAIIH YCTPOHCTBA. [22—24].

1.1.3 O0630p na enepeuiinu KOMOAUHU C YMHU Mamepuaiu

KomoOaiinure 3a mpeoOpazyBaHe Ha TOIUIMHHA €HEPIHs C€ M3IOJI3BAaT 3a OINOJI30TBOPsIBAHE Ha OTPabOTEHA WU
HEHM3MOJI3BaHa TOIJIMHA OT OKOJHATa Cpela, MPEeBpbhLIaKd s B MalKH KOJMYECTBA EJEKTPHUECKa EHeprus,
npeHa3HavYeHa 3a 3aXpaHBaHe Ha CEH30PU M 33ABHKBAILY MEXaHU3MH C HUCKa KOHCYyManust Ha eHeprust. [IpuHuumnure
Ha peoOpa3yBaHe IIpH 100UBaHE HA eJIEKTPUYECTBO OT TOIUIMHHA €HEPrusl ca 6a3upaHu OCHOBHO Ha UPOETIEKTPUYEH,
TEPMOETIEKTPHYEH, TepPMOMarHuTeH u TepMmoenactuideH edekt [34-36]. Tyk BHUMaHueTo me Obae (OKycHpaHO
JOIIBJIHUTEHO CaMO BbPXY KOMOAHUTE 32 TOIUIMHHA €HEPTHUs C ABMKEIIN CE €JIEMEHTH, Thil KaTo Te ca mo-01m30 10
TeMaTa Ha AUCEePTAIHATA.

IIpe3 2007 r. Ujihara E. et al [37] npoekTupaT 1 U3cjaeaBaT TEPMOMArHUTHEH KOMOAH 3a €Heprus, pu KONTO
NPUHIMITBT HAa paboTa ce OCHOBaBa Ha MPOMSHATA MEK MAarHUT OT ()ePOMArHUT B TapaMarHiT CbOTBETHO IPH MONaiaHe
B CTy/i€Ha U ropeiua 30Ha (Pur. 1.1).
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3a 3agBMKBaHE € U3MOJ3BaH noiukpuctaieH Ni-Mn — Ga, koliTo € BbB popMara Ha KOH30J1a, ChCTaBEHA OT JIBS
TEJICHH TPei KakTo e moka3zaHo Ha dur. 1.9 6).Upe3 mMozern, cBbp3Ball] JMHEHHUTE MUE30CTEKTPHYHHA YPaBHEHUS U
edexra Ha CII®D, onucan upe3 nmoaxoxa Ha Brinson[63], ca U3BHPIICHN YHUCICHU CUMYJIAIlUU, KOUTO JOKa3BarT, ye
BKitouBaHeTo Ha CIID eneMeHTH MOXe Jla ce U3I0JI3BA 3a pa3IIupsBaHe Ha PaOOTHUS 00XBAT HA CHCTEMATa.

1.1.4 O030p HAa TEPMOMEXAaHUYHH CAMOBB30Y:KIAIIN OCHUJIATOPH

B3anMoaeiicTBHETO MEXTy TOIDIMHHU W MEXaHUYHH BHOpaIuy ce Hapuda TepMoMexanudan ocuumaruu (TMO).
Teopernunara ocHoBa 32 TMO e BbBeeHa 3a mbpBU IbT mpe3 1829 1. ot A. Travelian [70], a mo-kbCHO € pa3mupeHa
or M. Faraday, A. Tyndal, u J. Rayleigh. Enau oT mbpBHUTE TEOpPETHUHM M EKCIEPHUMEHTAIHHM H3CICABAHUS 3a
YCJIOBHSITA 32 BH3HUKBAHE HA CAMOBB30YXKIAIH C€ TEPMOMEXaHUIHH OCIMJIAITMY ca mokianaBaHu oT Nesis E. 1. [69].
Awrejcewicz u Pyryev [70] cb3maBar HechIbpikall Oe3MacoBH €JACTUYHHU EJIEMEHTH MojJel Ha (PUKLUOHHU
CaMOBB30YKIAIH c€ BUOPAIIH U U3CTIeIBAT Bb3MOKHOCTHUTE 3a TSXHOTO ChILECTBYBAHE.

B texHONorumTe 3a eHEPruiHUSA XapBECUTHT IIMPOKO MPHIIOKEHNE HAMUPAT OCHMJIMPAIINTE CUCTEMH, Oa3upaHu
Ha CIUIaBM C MaMeT Ha ¢opmara. Penmuna ydeHu u3non3ear enacTudHd ocHOBH oT CMA, BBPXY KOWTO JETIO3UpaT
MTME30€IEKTPUYEH CIIOH 3a J1a TeHepUpaT eIeKTPUUYEeCcTBO Upe3 BuOpauun [85-89].

OT mpoy4BaHus 32 CaMOBB30YACHH TEPMOOCIMIIAIINU ChC CIUIABU C TIAMET Ha opMaTa ce CTUTra JI0 U3BOJia, 4e
EHEPTUIHUAT XapBECTHUHT Ce MpHJIarar Mpeau BCUUKO OCIMJIAINH, KOUTO ca HHAYLMPAHU OT BHHIIHU U3MEHEHHS Ha
TOIUIMHHOTO TMOJI€ BCJIEACTBUE, HA KOETO IPOMEHJIMBA BBB BPEMETO TeMIlepaTypa Npeanu3BHKBa aedopManuu
enactuyeH eneMeHT oT CII®. Jlpyro mHTepecHO mpuioxeHne Ha CMA B cuCTEMHTE 32 €HEPTHEH XapBECTHUHI €
JIByCTEIIEHHOTO MpeoOpa3zyBaHe Ha TOIUIMHA B MEXaHUYHA U CJIe]] TOBAa HA MEXaHMYHA B eJeKTpuiecka eHeprus. [Ipasu
BIICYATJICHHUE, Y€ JIMIICBAT IMyOJIUKAIMU 32 TEPMOOCIMIIATOPH, IPU KOUTO MPUIMHA CAMO3aIBI)KBAHETO € U3TOYHUK Ha
[IOCTOSIHHA TOIUIMHA. TOBa eHa OT MPUYMHHUTE 32 N300p Ha TeMa Ha HACTOsIIaTa JUcCepTanusl.

1.1.5 Kpamwvk 0630p na memooume 3a mooeaupane na CII®

Meroaute 3a moaenmupane Ha CII® ce moapa3aensaT Ha MUKPOCKOITUYHH U MakpocKonmuaau[90,91].

Tunuyen Mozen OCHOBABAIIl c€ Ha AaHAIUTHYHO ONMCAHNE Ha OTHOCHTEHATA MapTEH3UTHA PpakLus BbB QYHKINS
Ha TeMIieparypara ¢ monensT Ha lkuta et al. [104], 1991 r. kplieTo e npeayioxkeHa XUCTepe3ncHa PyHKIHUs, Upe3 KOSTO
ce neuHUpa N3MEHEHUETO Ha MapTeH3UTHATA (DPaKIUs [TPH TIOBUIIIABAHE U IMMOHIKABaHE Ha TeMIiepaTypara. ChIIusT
MOJIe]1 IIO-KbCHO € Toao0peH ot Madill u Wang [105], 1998, xoiiTo BbBeX1a MUHOPHH LIUKIIM B XUCTEPE3UCHUS MOECIL.

B crarusra [106] Bekker u Brinson npeactaBsST HOB KHHETHUEH 3aKOH 3a MOJICJIUPAaHE Ha XUCTEpe3nuca B CIUIaBU
¢ mamMeT Ha opmaTa, U3NoN3Baliku (azoBa Auarpama.

Brnpeku 6e3criopHuTe KauecTBa Ha pa3pabOTEHUTE JI0 MOMEHTA MOJIEIH, B TSAX JIMIICBA SICHOTA 33 MOJCIHPAHETO
Ha MMHOPHHM M CyOMHHODHH LIMKJIM Ha XUCTEPE3UCUTE, KOMTO Ca PellaBallyl MpPH TPENTAIIM CUCTeMH. MUHOPHUST
XHCTEPE3UC ce MOsBsiBa NPU CMsHATa Ha IOCOKAaTa Ha HM3MEHEHHWE Ha TeMIleparypaTa B PaMKUTE Ha OCHOBHUS
(MaXXOpHHUSI) XHUCTEpE3nC, CYOMUHOPHHAT XHCTEPE3UC BH3HWKBA MPU YCIOBUE, Y€ MATEPUATBT € B CHCTOSHHE Ha
MHUHOpPEH XHMCTEpE3UC M TOraBa HACTBHIIBA MPOMsIHA B MIOCOKAaTa Ha M3MEHEHHETO Ha TeMIlepaTypara, HalpuMep OT
OXJIaXKJIaHE ce MMPEMUHaBa KbM HarpsiBaHe MiId 00paTHOTO.

1.1.6 O030p Ha MeTOAMTE 32 U3CJIEBAHE HA MHE30€JEKTPUYHN F'eHEPATOPU HA HANIPEKEHHUE
[TnezoenekTpuaHUAT ePeKT 3a TbpBH BT € AeMoHCTpupaH npe3 1880 ot Opatsara XKak u [Tuep Kropu (Jacques
Curie 1856 — 1941, Pierre Curie 1859 - 1906), xouTo ycTaHOBSIBAaT, Y€ OI'bH HJIM HATUCK, MPUIOKEH KbM HIKOH
MaTepHaJy T'M NOIIpU3Hpa eneKTpuuecku. TakoBa e IeiicTBUeTO Ha npaBus mue3oenekTpuyeH edekt [109]. O6paTHusT
Hopmannure HampaBiieHHs 10 KOOPJAMHAaTHUTE OCH X, Y U Z c€
O3HayaBaT CHOTBETHO ¢ uMciaaTa 1, 2, u 3 a TaHreHuaauuTe ¢ 4, S u 6
KakTo ¢ mokazaHo Ha ®dur. 1.24. Oc 3 ce opueHTHpA [0 HAIIPABJICHUE HA
IbPBOHAYATHATA MOJISIPU3ANS HA MMHE30€NeKTPUIHNAS MaTepHal, a ocu |
y () M 2 JeXarT B paBHUHA NepHeHANKYJsApHa Ha oc 3. IIspBUST MHAEKC ce
I—l OTHacsl 3a ocTa Ha BB30OYXJaHe a BTOPUAT HMHICKC € 3a OocTa Ha
N

(4) ¢ 3 BB3JCHUCTBHUETO.
’ i

x (1)
Que. 1.4 Osnauasane Ha nocoxume Npu  NUE30EIEKMPUUHU
npeobpaszyeamenu.

QOc na ROAAPUIAYUA

B kpucranorpadusta ecrecTBeHaTa KOOpAMHATHA CHCTEMa Ha €UH KpucTall ce o0o3HavaBar ¢ a, b u c. Tyk ce
mpreMa C TE3W OCH Ja ChBMamaT ChOTBETHO ocu 1, 2, m 3. 3a mokazanus Ha (Dur. 1,24) nue3oeneKTpUUCH

E T
npeoGpasyBates ca BaTUAHN GOPMYIHTE S=dE+s’T D=¢ E+d,T.
kbaeTo D [C/m?] e enexTpruecko npeMecTBane (INTBTHOCT HA €JICKTPHYECKHS MMOTOK MIIM 3apsjia 33 ¢MHMIIA TUIONI),

E [V/m] e npuiio’xeHOTO eNIeKTpruecKo moie, 7 [Pa] € BeKTOp Ha HanpexXeHuaTa, S € OTHOCHTEIHATa Aedopmarus,
&" [F/m] e nuenekrpuyHaTa MPOHUIIAEMOCT, TYK CTEIICHHHUSAT IMOKa3aTell O3HAYaBa, ue € M3MepeHa NpPH MOCTOSHHO
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MEXaHUYHO Hampexenue T, s* [m?/N] momamiuBocT (perunpoysaTa CTOMHOCT Ha Moaya Ha fOHr), usmepena npu
HOCTOSIHHO €JIEKTpUYecKo noie £ u d,, [C/N] unu [m/V] nue3oenekrpudna koncTanTa. MaaekcsT 33 cienBa ot TOBa,

4e B pasriiekJanus mpeodpasyBarel MoJsIpH3alusaTa H eIeKTPHIECKOTO ToJIe ca yCIIOpEeIHU Ha HampasieHuero 3. 3a
dhopmynu (1.7) u (1.8) ce u3nonspar cranmapTHu cumBoju. CorizacHo ¢opmyia (1.7) orHocuTenHarta aedopmMarius ce

u34mcIsBa upes u3pasa S = dy, E .

1.2 exa u3aga4m Ha JUCEPTALUATA
HCJ'I Ha HAaCTOAIaTa JucepTanus € Ja CC Cb3aadaT NPUIOKHU MyJ'ITI/I(I)I/IBI/I‘lHI/I TCOPCTUIHU MOJCIIN Ha yCTpOﬁCTBa
C OCIIMJIALIMOHHO JiciicTBHe, Oa3upaHy Ha YMHH MaTEpUajM KaTo CIUIaBM C IMaMeT Ha ¢opMaTa U MHE30CICKTPHUIIH, C
(hoKyC BBPXY BIHMSHUETO HAa XUCTEPE3UCUTE U Ja C€ M3PpabOTAT peaaHH YCTPOHCTBA, Ype3 KOUTO J1a Ce BaIMAUPAT Ha
TCOPCTUIHUTC U3BOIU.
3a rocTurage Ha Tas3M IeJI Ca TOCTABEHU CIIEAHUTE 3a1adu:
a ce npoyun cbBpeMEHHOTO HUBO Ha MOJEIMPAHETO HA YMHHU MaTEPUATU TEXHUTE MPUIOKEHHUS.
I[a CC OMPCACIIAT XapaKTCPUCTUKUTE U MECTOAUTEC 3a MOACIIUPAHEC.
I[a CC Ch3AaJaT KOHICTITYyaJIHU MOJCIN U ONPCACIIAT IIPOMCHIMNBUTC U TCXHUTEC JOIIYCTUMHA 06J'IaCTI/I.
Ha ce wu3cinenBa ycTOMYMBOCTTAa U YCJIOBHUSATa 32 ChIIECTBYBAaHE HA OCHWIAIMOHHU PEXUMHU B
TCPMOCICKTPOMEXAHUYHU CUCTEMU C XUCTCPLC3UC.
I[a CC M3BBPIIN HO,I[pO6HO MOZCIIMPAHC Ha OCHUIIMPAIIH TCPMOCICKTPOMECXaHUIHN CHCpFHﬁHH KOMGaﬁHH.
213 CC€ n3cjieaABaT U BAJIUAUPAT TCOPECTUIHUTE PE3YJITATU 3a TCPMOCIICKTPOMECXaHUYHUTEC MOJCIIN Ha OCHHUIUPAIITUTE
SHePTUITHA KOMOAWHHU.
7. Z[a CC NPHUIIOXKAT HATPYINAHWUTC 3HAHWUA NPU KOHCTPYHUPAHC HaA YCTpOﬁCTBa C IUKIINYHO HWJIX KBA3HIIUKIINYHO
HCﬁCTBHe KaTO MOMIIA U YIPAaBJISIBAIIW T'JIaBU HA KJIAIIaHU C 6I/ICT861/IJ'IHO ,Z[eﬁCTBPIe.

b S

oW

2 TaaBa Omnpeneisine HAa XapaKTePUCTHKHTE Ha TMNOJJIEXKAINM HAa H3CJIeIBaHe B
MeXATPOHHUTE U MUKPOMEXaTPOHHHUTE CUCTEMH

2.1.1 Onucanue na 0000uwenu npunyunu Ha padooma 6 KOHCMPYKUUU HA KOMOUHUDAHU

enepzuitnu xapeecmepu cvc CII® u nuezoenekmpuunu npeoopazyeamenu
Ha ®wr. 2.1 e noka3ana cxema Ha komomaupan CIID-IIE eHeprueH xapBecTep ChCTaBEH OT KOH30JIHA Ipena 3 ¢
MMAE30eJIEKTPUICH IIPeoOpa3yBarTel 2 1 HUIIKA OT cIiaB ¢ maMeT Ha ¢popmara (CIID), orrpHATa MEKITYy CBOOOTHUS Kpaid
Ha KOH30JlaTa U HemoJBIKHA cToika [84]. [InacTtuna 4 ce HarpsiBa OT U3TOYHHMK HA TOIUIMHA 5 W II'bPBOHAYATHO €
OTIpsiHA TIO IIsIaTa CH AbJDKMHA B HUIIKaTa 1. [InacTuHaTa ce HarpsBa 10 onpeselieHa MOCTOsIHHA TeMITEpPaTypa, KOSTOo
npeau3BUKBa cBuBaHe HUMIKaTa oT CII®. CBuBaHEeTO BOAM J0 3aBbPTaHE HA TUIACTHHATA U OTJAJIEYaBaHe OT HHUIIKATA.
CrenBa UMKIMYHO HOBTapsiHE Ha ropen3opoeHuTe mnpouecu. JeiicTBrero e mosicieHo Ha ®wur. 2.2, u dur. 2.3.

o}

1 1
%
4 A
] 5 . 5 Que. 2.1 Cxemamuuno npedcmassne Ha eHepeUliHus
2 2 s xapsecmep:(a) CII® sxcuyama 1 e cmyoena (b) CIID
A % e peecmep:(a) Yy yoena (b)
G T 3 A aicuyama 1 e nazpsma.
(@) b Ol
EdronocoyeH ecpexkm Ha Muesoenekmpuy MexaHuyHo "52:2;:'.«':”
namem Ha oopmama eH egpekm delicmeue temperature

I

9 CMdce| 7 [ CAd ce / TM ce [
3arpsiea CKbCABa oTAaane4yaesa Hot plate
MNEK reHepupa
E3 T
Piezoelectric

One way Shape
memary effect
¢ [cnece| 7 [ cN®ce / T ce ¢
oxnaxnaa yAbnxaBsa npanmxaBa
NEK cantilever
reHepupa E3
Piezoelectric
|

SMA wire

1

e

Que. 2.2 Cxema Ha npuHyuna Ha oeticmeue Ha Que. 2.3 Bpuvsku medcdy ocrosHume
KOMOUHUPpAHUSL Xapeecmep. xomnonenmu na CIIDO-IIEX.
Hpyr Bug komouaupan CIID-I1E enepruen xapsectep € nmokasan Ha Owur. 2.4 [118]. [TuezoenexkTpudna 6 rpena e
orpHaTa BHB (hopMaTa Ha JIbK KaTo poJisiTa Ha TeThBa urpae Huika ot CI1D 7.
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Que. 2.4 Tepmoenexmpuuern CIIDO-IIEEX: a)
ysnocmen 6uU0 Ha yYCmMpoucmeomo, 6)
) KOHCMPYKMUBHA PA3HOBUOHOCH.

. Hpuntunet Ha aeiictBue Ha To3u CIID-IIEEX e cnegnoro: Korato M3TOYHMKBT HA TOIUIMHA CE€ HArpee Haj
JazeHa temneparypa, aumrkara ot CII® ce cBuBa u mpeAN3BUKBA JOMBIHATENHA JedOopMaIHs B €IacTUIHATA TPea.
[Tonexxe enacTuuHaTa rpefa ¢ GUKCUpaHa B cpeliaTa CHMETPUYHO, HelHaTa nedopMaliis BOJIU 10 OTJAICYaBaHe Ha
Humkara ot CII® ot u3ToyHMKa Ha TOILIMHA.

Haii-Baxxuoto mpenumctBo Ha BrOopmsi CIID-IIEEX e, ye He ¢ HEOOXOAMM MEKIWHEH €JIEMEHT, KaKhBTO €
MTOCTOSIHHO Harpsrtara miactuna 4 (dur. 2.1), kosTo mpeodpazyBa Ha MEXaHUIHOTO IBIKeHNE Ha HUMmKaTa oT CIID B
W3MCHEHHUE Ha HeifHata Temrieparypara. [lo To3u HauuH MOCTOSIHHO HAarpsTaTa IiacThHa 4 M3MBIHABA (YHKIIMH Ha
perynarop Ha Temreparypa. BpB Bropus Bapuant (Owur. 2.4) QyHKIHATA HA TO3H TEPMOPETYJIATOP CE U3IBIHIBA OT
nedopMmupaliara ce rpeaa S.

2.1.2 Pazpabomeane na noeu konyenyuu 3a CIIO-IIEEX

Bapuanm 1 Enna koHCTpyKTHBHA MOAU(UKALMA HA ycTpoiicTBOTO 0T Dwr. 2.4 e repmoenekTpuanust CIIO-TTEEX
mokasad Ha ®dur. 2.5. B ToBa ycTpoiicTBO IpK000pa3HaTa rpeia S € 3aMeHeHa C JIBE eJIaCTUIHU KOH30JTHU TPEIH, BBPXY
KOWTO ca HAHECEHU MUE30€IEKTPUUHHU CJIOeBE. [[pUHIMITBT Ha IEMCTBUE € ChIIUAT KaKTO MPU EHEPrUiiHUA XapBECTEP
oT 4. IlocTosIHHUAT TOIUIMHEH WM3TOYHUK | HarpsBa Humka ot CII® 2, x0osSTO MbpBOHAYAIHO € B CHCTOSHHE Ha
MapTeH3HUT U ce JOMupa /10 M3TOYHHMKA Ha TorummHa. Cien KaTro HUIIKAaTa ce Harpee Haj ONpe/esieHa TeMIeparypa
HACTBIIBA AyCTEHHTHO HM3MEHEHHE Ha CTpyKTypata n. MoxmymsT Ha FOHT ce moBWIIaBa W HHIIKAaTa BBH3BPHIIA
IbpBOHAYaIHaTa CH (hOpMa, KOETO € PaBHOCHIIHO Ha CKbCsBaHE. ToBa CKbCsBaHE NehOpMUpa CHUMETPUYHO JIBETE
KOH30J14 3 U IpeAN3BUKBa BEPTUKAIHO IIpeMecTBaHe Ha Humikarta oT CIID. BenencTBre Ha TOBa mpeMecTBaHe HUILIKATa
ce oTAajievyaBa OT TOTIMHHNSA U3TOYHUK U CE OXJIaXKIa.

:1a

=

i 2

Que. 2.5 Cumempuuen CIID-IIEEX c
06e kouzoanu epeou: la u 1b Huwxa om CIID;
2. Haepesamen,; 3. Konzonna epeoa; 4.
Tuesoenexmpuuen cnoii.
[IpenuMCTBOTO Ha TO3M XapBECTEp € B IMO-TOJeMHS Opoil MmapaMeTpd U IIOBEYETO BBH3MOKHOCTH H300p Ha
ONTHMAJICH BapHaHT.

Bapuanm 2 Ha ®ur. 2.6 ¢ nokasau kouctpykruset Bapuant Ha CII®-TIEEX ¢ nsa mib3rava.

Que. 2.6 Cumempuuen CIID-IIEEX c
06a navseaua. la u 1b - Huwka om CII®; 2 -
Haepesamen; 3 - IInvzeau, 4 — Ipyoscuna; 5 —

Tuezoenexmpuuen cnotl.

[Ipu HarpsBaHETO CHM HUIIKAaTa CE CKBCSIBAa M THhH KaTO € 3aKkaueHa 3a IUTh3rauMTe 3 C€ MPHUABI)KBA Harope,
MPEOJIONSIBAKYA CHIIPOTUBICHUETO Ha MpyKuHUTE 4. ChIIEBPEMEHHO, MPU OTAAJCYaBAHETO CH OT M3TOYHUKA HA
TOIUTMHA 2, HUIIKATa CE€ OXJaK1a, OMEKBa M MPYKWHUTE BPBIIAT IUIH3TAYATE B ITBPBOHAYAIIHOTO MM IIOJIOXKEHUE,
KBJIETO 3aII0YBa HOBO HarpsBaHE Ha HUIIKaTa. [[pOMEHIMBUAT HATHCK BBPXY IMUE30CICKTPUIHUTE CIOCBE 5 BOIH 10
UUKIWNYHO T€HEpUpaHEe Ha €NeKTPUYHM 3apsiau. HemocTaThk Ha Ta3u cxema ca HAJMYUETO HA CUJIM Ha TPUCHE B
IUTH3raunTe, a ChILIO TaKa U Bb3MOXKHU PA3JIUKU B TAXHATA MO3ULIMS OT TJIeAHA TOYKA HA CUMETPUYHOCT.

Bapuanm 3 Ha @ur. 2.7 e nokazan cumerpuder CIIO-IIEEX ¢ nBe koH30mHHU Tpeau 3, KONTO MpeacTaBiisBa
Moaudukanus Ha MexaHu3Mma oT BapuaHT oT ®ur. 2.4. HarpsBaneTo Ha Humikara 1b Boau 10 HEHHOTO CKbCSBaHE
(noz.1a), neopmanys Ha KOH30JIHHUTE TPEAH U OTAAlleYaBaHe OT U3TOYHUKA, TIOPAIN KOETO TS C€ OXJIAXKIA, yIbDKaBa



CE U Ce BPBIIA B U3XOJIHO TIOJIOKEHHE 10 U3TOYHUKA 32 HOBO HarpsiBaHe. [{edopmarusita Ha rpeIuTe BOJIU JO IUKITUIHO
TeHepHUpaHe Ha SICKTPUISCKH 3apsan. To3u BapuaHT € JTUIICH OT
HEJ0CTaThIIUTE Ha cxeMaTa Ha ¢ur.2.6.

----- Que. 2.7 Cumempuuen CIID-IIEEX ¢ 0se kon30HU
epeou: lau 1b - Huwxa om CII®; 2 - Haepesamen, 3 -
Komnsonna epeoa; 4 — I[uezoenexmpuuen cioil.

1b )

Bapuanm 4 IIpu cumeTpruyHHAT BapuaHT ¢ 1Be KoOwmmiu (Pur. 2.8) HumkaTta 10 B CTyA€HO CHCTOSIHUE ONHPA B
Harpesarells 2 KaTo eJacTUYHaTa CUjia Ha HUIIKAaTa Ce YPaBHOBECSBA C pellyllupaHaTa Cuja Ha Npy)XuHaTta. B To3u
MOMeHT koOmuiute 3 ca B nojoxkenue OA; u CB;.Cien kato HuiikaTa oT CII® ce Harpee, eHOMOCOYHUAT SPEKT C
naMmeT Ha (opmara Mpeau3BHKBA CKBHCSIBAHETO M M 3aBbpTa KoOmnuuute B monoxenus OA u CB, xoeto Boau 110
BEpPTHUKAJIHO NpeMecTBaHe Ha HumkKaTa oT CIID.

A, | la B, \

Que. 2.8 Cumempuuen CIID-IIEEX ¢ 0se kobunuyu.

Bapuanm 5 Ha ¢ur.1.9 e mokasana cxema, B koato nBe HuIKA OT CII® (mo3.1a u 1b) umaT o0Ina Touka Ha
3aKperBaHe BBPXY 3aIlbHAaTa B JIBaTa Kpas enacTudHa rpexa 2. Tasu rpema uma OMCTaOMIIHO TOBEACHHUE, 3aLIOTO
IBJDKAHATA M € TO-TOJSIMa OT Pa3CTOSHUETO MEXAY HEMOABIKHHTE omopu. I'penata mMoke Ja MMma JBe CTaOWIHU
enacTuyHH (HOPMH, TIOKa3aHU ChOTBETHO Ha Dwur. 2.9a u dur. 2.96.

Que. 2.9 CIIDO-IIEEX cvc 3anvHama 6 08ama Kpas eiacmuyna
epeda u bucmabuno oevicmeue: la u 1b - Huwuxa om CII®; 2 —
Enacmuuna epeda; 3a u 3b - Haepesamenu, 4 — [luezoenexmpuuen cioll.

Bapuanm 6 Ha dur. 1.10 e noka3aH BapuaHT ChC 3aBbpTallla ¢€ KOOWIHIIA ¢ OMCTaOMIHO neicTBrE. MeXaHU3MbT
uMa JIBe KpaliH! paBHOBECHH CTAOWIIHU TIOJIOKEHUS M €JTHO PABHOBECHO HECTAOMIIHO TOJIOKEHHE, ChOTBETCTBAIIO HA
CHhBIIQJIAaHETO Ha OCTa Ha mpyxuHata ¢ npaBata OA. HarpsBanero Ha Humikata 1b Boau 10 HEWHOTO CKbCSABaHE U
3aBbpTaHe Ha KOOWIHIATa 3 10 YaCOBHUKOBATA CTPEJIKa, KOETO BOJIU JI0 OITbBaHE U MPUOIIKaBaHEe HA HUINKATa 1a 10
HarpesaTens 2a, Ipu KOETO TA Ce HarpsBa.

Que. 2.10 CIID-IIEEX ¢ kobunuya: la u 1b -

Huwxa om CII®; 2a u 2b —nacpesamenu; 3 -

l T Koobunuya, 4 — Ipysxcuna, 5 — Iuezoenexmpuyen
6)

CIo.

2.2 C(Cw30asane na Konyenmyajien mMooel.
2.2.1 Ilvpeonauanen uzoop Ha KOHYenmyaieH 6apuaHm

2.2.2 Onpeodenane na napamempume nooOneHcauil Ha U3C1E06AHE U MOOeUPAHe

Ha 6a3aTta Ha mpoydYBaHMsTa HAa TEXHUYECKOTO HUBO Ha MTPOOIeMAaTHKATA, U3BBPIICHUTE TEOPETUIHHN U3CIICIBAHNS
Que. 2.11 Koncmpyxmuena
cxema Ha mepmo-
CIIeKMPUYHUA eHepcuer
KoMOalH a) cmyoeHa HUuuKa
6) monna HUWKa, .




U TIONYYCHHTE CKCICPUMEHTAIHU PE3yNITaTH HAYYHHUAT KOJCKTHB CTUTHA 0 CICIHUTE W3BOAM: 3a OOEKT Ha
KOHIICNITYQJIHOTO MOJICIIMPaHe BKJIIOYBAINO TEOPETUYHH M CKCIIEPHUMEHTAHN W3CJICABAHUS U TAXHATA BATUIAIMS H
BEepU(HUKAIUSA € TMPUET TESPMOCIICKTPUYHUS SHEprueH komOaiiH ot ®dur. 5.2 ¢ /1Be HAKIOHCHU MHE30CNEKTPHYHU
KOH30JIM ¥ CIUIaB ¢ mameT Ha (opmara. [IpuHIMITBT Ha NEHCTBHE W IMHPBOHAYATHUTE W3CJICBAHUS YTBBPAMXA
n3bpaHaTa KOHCTPYKTHBHA peanm3aius Tmokazana Ha @wur. 2.11. KonmnenrtyamHusAT Momen Ha w30paHUS
TEpMOEJIEKTPHUEH KOMOAH J1a BKIIIOUBA Jl0cera M3clieIBaHUTE 00JIaCTH, XapaKTePHHU 3a PEaHUsl MOJIeT: MEXaHUYHa,
MUE30eNIEKTPUYHA U TOTTUHHA.

2.2.2.1 Onpeoenane na obekmume, napamempume u NPOMeHIUBUME GCTUYUHU 6

MexXaHuunama ooaacm

O6CKTI/ITC, KOUTO IMOMAJIC)KAT Ha HU3CJIICABAHEC WU MOXKE Oa 6’BI[aT OTHCCCHHU KBM MCXAaHHYHATa O6J'IaCT ca ABECTEC
KOH30JIM, HUIIKaTa OT CIlIaB C IIaMCT Ha (bopMaTa nu HI/IC3OCHCKTpI/I‘-IHI/ITe CJIOCBC.

KOHBOJ’II/ITC ca HpI/IeTI/I KaToO €JIaCTUYHU I‘pe,Z[I/I CbC C’LCpeI[OTO"IeHa Maca B CBO6OI[HI/I}I 501 Kpaﬁ HpI/IeTO € 1a HEC CC
OTUUTAT BJIUAHHUATA HA TeMHepaTypHI/ITe HpOMCHI/I B’pry MCXAaHUYHUTC napaMeTpH Ha KOH30JIUTC U HO—KOHerTHO (]
MPUETO, Y€ KOH30JIUTE UMAT ITOCTOSIHHA CTaifHa Temrieparypa. Ilpuero e ue nmpeMecTBaHUATa Ha CBOOOTHUTE KpauIia
Ha KOH3OJUTE Ca MAJKH W C€ HW3BBpIIABaT IO TPaBH IEPICHAUKYISIPHH HAa HeIehOPMHPAHOTO WM H3IPABEHO
CBbCTOSAHUC. I[pyrI/mT 06CKT BKJIKOUCH B MCXaHHUYHATa 06J'IaCT € HUIIIKATa (CTp}IHaTa) oT CH@ TOBa € BUHAI'U OITbHATa
HHUIIIKA, KOSATO IO MPHUPO/Ia € M0-0JIM3Ka JI0 MOBEACHUETO Ha CTpyHa. [Ipuema ce Huikara 1a ObJe ChC ChCPEI0TOUCHA
Maca B JIBaTa KpawWila W Ja TMpUTeKaBa TOIUIMHHO 3aBUCHMa (yIpaBisiemMa) eacTHYHOCT. TpeTHsT BUA MexaHHueH
O6eKT ca HI/Ie3OGHGKTpI/I‘IHHTe CJIOCBC, KOUTO MOKE€ Ja CC pa3FJ'IC)K)IaT KaToO 4acCT OT HI/ICBOCJ’IGKTpI/I'{HI/ITe r‘pezm, KOUTO
reHepHpaT eJ'IeKTpI/I‘IeCTBO HpH )Jeq)opMHpaHe. B3aPIMO,I[CI71CTBHHTa Ha O6CKTI/ITC OT MCXaHHU4YHaTa 06HaCT Ca IIOKa3aHHu
ga Gur. 2.12.

Enmactnunn
KOH30II1

Humika ot CIIO

@ue. 2.12 Bzaumooeticmeust Ha obexmume om

[uesoenekTpudHN Mexanuunama ooaacm.

CJIOCBEC

MexaHnuHuTe OOJNIACTH TYK TpaHM4YaT WIH IO0-TOYHO C€ CBBP3BAT C IHE30eleKTpUYHaTa o0jacT B
NHUE30eIEKTPUYHNATE clloeBe, a B Humkara oT CII® c¢ TomnmHHarta o0macT Karo Te3W OBE OO0JAcTU BKIIIOYBAT
€JIEKTPUYECTBO U CTPYKTYPHO-(a30BH U3MEHEHUS CHIIPOBOICHH OT XUCTEPE3HUCH B TOIUIMHHO U CTPYKTYpHO-(a3oBaTa
paBHuHA. V3MeHeHHETO Ha KpucTajorpadcekara crpykrypa Ha CII® oT MapTeH3UT KbM ayCTEHHT CE OICHSBA Ype3
OTHOLICHUETO Ha 00eMa Ha MapTEeH3UTHO IpeoOpaszyBaHaTa KprcTanorpadcka CTpyKTypa crpsimMo tenu ooem Ha CIIO.
To3u BakeH MOKazaTeNl € HapedeH OTHOCUTENIHa MapTeH3uTHa (paknus. [IpomsHaTa Ha OTHOCHTENIHA MapTEH3UTHA
(bpaknus BeB QyHKIM Ha Temneparypata npu CI1® e HenuHelHHa ¥ POTHYA [0 pa3MYeH HAYMH MPH TOBUIIABAHE
(HarpsiBaHe) | IpH NOHIKaBaHe (OXJIaX/IaHe) Ha TeMIeparypaTa. ToBa GU3NYHO CBOMCTBO BBB CE HApU4a XHUCTEPE3HC.
[losiBata Ha XMCTepe3uUC B OTHOCHUTENHATa MapTEH3UTHA ()pakuus, BOAM IO XHCTEPE3UCH BBB BCHUKM OCTAHAIN
XapaKTepUCTUKU Ha MaTepualia KaTo MoAyn Ha FOHT, MexaHHYHH HaNpeKeHUs, CUIIM, TIPEMECTBaHUs U Aedopmaiu,
KoTaTo ce AeuHupaT BB QYHKIUS HA TEMIeparypaTa.

2.2.2.2 Onpeodensane na obexmume, napamempume u HPOMEHIUGUME GeTUYUHU 6 MONTUHHAMA

u enekmpuueckama odaacmu

Tomnuunata obOmact oOxBama cinegaute oOektu: Humka ot CIID, HarpeBaren W OKoiHA cpena
(ctast).B3ammopeticTBusATa B TOIUTMHHATA 00J1aCT ca moka3anu Ha dwur. 2.13.

B enektpuyeckara obnact ciel KaTo ce MPWIOKH JedopMalius Ha KOH30JIUTE, Te TeHepUpaT HalpeKeHUE B
TOBapHUS PE3NCTOP BCIEACTBHE HA MHE30€TeKTpUIHHS e(dekT. TOBapHUAT PEe3UCTOp 3aMecTBa KOHCYMaTop, KOWTO B
oOmus crmydail 1ie MMa KOMIUIEKCHO CHIIPOTHBIICHHE. B cilydas € mpuero KOHCyMarophT Ja MMa CaMO aKTHBHO
CBHIPOTHUBIIEHUE U 3aXPaHBAHETO MY OT MMUE30EJIEKTPUYHHIS CJIOW Ja JOBEJIE 10 MPeHeOPEeKMMO MAJIKO 3aTOTUISHE.

2.2.2.3 H3zparxcoane na yaniocmen KOHUenmyaieH mMooeil Ha cucmemama

Ls0CcTHUAT BUJ HA KOHIENITyaJIHUSI MOJIEN € mokazaH Ha ®wur. 2.15. Jlokato mexaHuuHaTa 00JacT uMa JiBe
CEYCHUS ChOTBETHO C TOIUTMHHATA U €JICKTpUYecKaTa 001acT, TO MOCICTHUTE BE UMAT CaMO I10 €JHO CEUEHHUE U HE CU
B3aMMOJICHCTBAT IT0 MEXKITY CH.
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Que. 2.13 Bzaumooeticmeus 6 monaunnama ooiacm. Due. 2.14 Bzaumooeticmeus 6 erekmpuyeckama ooaacm.

JIBa OoT 00eKTUTE HAa TOILTMHHATA O0JIACT Ca M3BHH MEXaHMYHATa 00JIACT, a eJICKTpUIecKaTa 00JIaCT UMa caMo €/IHH
00CKT M3BBH CEUCHHETO M C MeXaHWdHaTa oOiacT. Hali-MHOTO BB3IEHCTBUSA MMa BBPXY €IACTHUYHUTE KOH3OJH U
pumkaTa oT CIID, kaTo Te3M Ha KOH30JIMTE ca OT €IHa 00J1acT, a HUIIaTa B3aMMOJIENCTBA ¢ IBE 00IaCTH.

B msutocTHES KOHIIETITYalleH MOJIe MMa OIIle BPh3KH, KOUTO TYK ca npeHeOpernatu. Hanpumep mopubpxaHeTo Ha
IIOCTOSIHHA TEeMIIepaTypa Ha HArpeBaTelis OT HAKAKBB BBHILEH U3TOYHUK HA €HEPIUsA KaTO EJEKTPUYECKU TOK WU
CBETJINHATA HA CIBHIETO, IIIE TOBEJE 10 TOKAYBAHE HA TEMIIEPATypaTa B CTaATa, KOSITO IIPU JOCTATHYHO ABJITO BpEME
e ce U3paBHU C TeMIepaTypara Ha HarpeBarels. ToBa Ie eMMMUHUpPA TEMIIEPaTypHUSl TPAJUEHT U 1€ AOBEAE 10
MpeKpaTsBaHe Ha JEHCTBUETO HA TEPMOCICKTPpUYHHS KOMOaitH. B pelicTBUTeHOCT (hyHKIIMUTE Ha KOMOaiiHa 1ie ce
BJIOIIAT U MPU HAMAJIIBaHE HA pa3jiMKaTa MEX/ly TEMIIepaTypaTa Ha cTasTa U TeMIiepaTypaTa Ha HarpeBartens. B ciyuas
ce mpuema, 4e crasta uMa Oe3KpaiftHo royiiM 00eM M TeMIiepaTypaTa M € IIOCTOSIHHA M [0 HHUCKA OT TeMIlepaTypara Ha
HarpeBaTensa. Taka W3rPaeHUAT KOHUENTYalleH MOJEN Ch3JaBa BB3MOKHOCTUM 32 OLIEHKAa Ha Hail-BayKHUTE

B3ﬂl/IMOZ[€I71CTBI/I$[ U TEXHUTC BPB3KU, a CHIIO TakKa MU 3a noz[6opa Ha MOACIHPAHUTE MapaMETpu U IPOMCHIIMBHU
BCIIMYHHU.

. Que. 2.15 [Janocmen 610 Ha KOHYEeNMYaaHusL MOOEJL.

p—

2.3 Ilpeoopasyeane na KoHyenmyaaHus mooe

EnactiyHn

ITie3oeneKTp IrHHI
clI0eBe

cxema Ha Mooela Ha eHePeUILHUA KOMOAllH

I\ womom 2 6 UBNBIAHUM MOOEl
) =]
= 1
I =
' : 2.3.1 MaremMaTH4ecko  ONHMCAHWE  HAa
o
\ g | MoJIeJIH
D |
5 2.3.2 Cvcmasane Ha o0000wena 010K-
1
I
]

2.3.2.1 bnok-cxema na enepzuen Komoain
0e3 ynpaenenue, npeodpazyeau; eOUHCHEEHO
MONIUHA 6 eleKMPUYeCKa eHepeUus

Ha ®ur. @ur. 2.16 e nokazana 6siokx cxema Ha CIID-
[EEX ot ¢ur. @ur. 2.8, KOATO ChbABbPXKA MOYTH BCUUKU

\ 7 N ’ npeo6pa3yBaHI/1;1, HO HC BKJIIOYBA YIpaBJIsIBAlllkd 3BCHA.
ElexkTpHIecKa
\ 06 }mcr ’ ‘ S’ IlosicrenuneTo Ha OJI0K-cxemara (§ CIICAHOTO:
J P
. .7 TeMnepaTypaTa Ha HarpeBaTeiIa Th HarpsBa HUIIKATa OT

CIi® 1o Temmeparypa | ¥ B 3aBHCHMOCT OT
TeMIiepaTypaTa Ha OKOJHAaTa cpena 7, NpPEIU3BUKBA

mpoMsiHa Ha nOepkuHAaTa M 5. CiaexaBa mpomsHa Ha
TCOMETPHYHUS MapaMeThp &, KOUTO upe3 eJacTHYCH eIEMEHT HHAYIIMPAa MEXaHUYHO HAIIPEe:KEHUE G, MPeodpa3yBaIio
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ce upe3 MHUe30eNeKTPUUHUS e€eKT B eIeKTpHUECKO HampexeHue #. brok-cxema Ha XxuOpuaeH eHeprueH KoMOaiiH 6e3
ynpaBJieHHe, IIpeoOpa3yBalll BUOpallMOHHA U TOIUIMHHA EHEPIUs B €JIEKTPUUECKa CHEPrHsl
Cxemarta e nokazana Ha @ur. 2.16 ce paznuyasa oT Ta3u Ha ¢ur. 2.16 1o 100aBEeHOTO KUHEMAaTHYHO CMYILCHHE

X(1).
T’l T‘”l ler)

s=s(1,17) o=a(l) [>|o=a(0) u=u(o)f—> s=s(1,T,) o=a(l) [»|o=c(a) | u=u(c)|—>

»

A lan! /'(S) 1=y(s)

Que. 2.17 Brox cxema na CII®-IIEEX, 6e3 ynpaeissawu DQue. 2.18 brox-cxema CII® _IIEEX  6e3 ynpaeéneHue,
sepuei. npeobpasysaws 6UOpAYUOHHA U MONIUHA 8 eNeKMPUYecKd
eHnepeusl.

2.3.2.2 Bbnok-cxema na xubpuoen enepzuen Komoaiiu ¢ ynpasnienue, npeoopazysau; camo
MONIUHHA eHeP2UA 8 eIeKMPUYECKA eHeP2Usa U YRPAGIeHUe 6 MONJIUHHAMA Yacm
Tasu Omok-cxema (Pwur. 2.18) ce pasnuyaBa oT Tasu Ha ¢ur. dur. 2.16 mo BKIOYEeHATa OoOpaTHa BpPH3Ka 3a
PperyjrpaHe Ha CWjaTa Ha HAarpsBaHC HAa HHUIIIKATa OT CH(D, KOATO MOKEC Ja CC yIpaBisBa, Taka Y€ Ha U3XO0da Aa CC
IMOJIYy4Yr MaKCHUMAJIHO Bb3MOKHOTO HaIIPEKCHHUEC.

2.3.2.3 bnok-cxema na xubpuoen enepzuern Komoaiin ¢ ynpasienue, npeoopazysauy
GUOPAUUOHHA U MONTTUHHA eHePIUS 6 eJIeKIPUUECKa eHepeus
biok-cxemata ot @wur. 2.19 ce paznudaBa OT TOpHATa M0 J00aBEHOTO KHHEMATHYHO cMmyleHue X(t). B obmus
clly4yail eHeprHHHHAT KOMOaiH MOJKe Jla ce pas3riiexk/aa KaTo yrnpaBiisieMa CHCTeMa ¢ JIBe 00paTHH BPB3KHU H JBa BXOJa
TOIUIMHEH M KAHETHYCH MM BUOPAIIHOHEH.

Que. 2.19 Brok-cxema na xubpuden enepeuen kombaiin ¢ @Due. 2.20 Brox-cxema na Xubpulen enepeuen KOMOAUH ¢
Yhpaenenue no nosuyus Ha Haspeeamens, npeobpasyeawy ynpaeienue, npeoopazyealy eUOPAYUOHHA U MONIUHHA eHepeUs
Camo monuHa 6 eleKmpuiecmeo. 8 eleKmpU4ecKa eHepeUsl.

Ilocouenure cxemMu HE n3gyepnsat pa3H006pa3HeTo Ha HOIIO6CH BUO CHCTCMH KaTO IIEC CTAaHC IIO-JICHO B

CJICABAIIIUTC pa3aCciii Ha TO3U TPY.
2.3.3 H3caeanBaHe HAa TepMOEJEKTPOMEXAHUYEH PE30HATOP C el BAJUIMPAHE HA Mojesa
CH®-IIEX

2.3.3.1 Konuyenmyanen ousaiin Ha mepmoeaeKmpomexanuiHus pe3oHamop

3a ma ce wW3CilemBaT OCHOBHHTE BHOpAamMOHHMW XapakTtepucTukum Ha wmojena Ha CIIO-IIEX e wusrpanmen
TepMoeliekTpoMexaardeH pe3onarop (TEMP), mpu koliTo HHUIIKaTa OT CIUIaB ¢ MaMeT Ha ¢opMara ce 3arpssa Ipe3
EJIEKTPUYECKH TOK T.¢. upe3 edekra Ha Joule. [IpunimmuaTta cxema Ha TEMP e nokazana na ®@wur. 2.20.

Que.  2.21 Ipunyunna cxema Ha
mepmoenexmpomexanuden pezonamop (TEMP).

Q

N

MexanndyHata KOHCTPYKIUsA ¢ chimata kato Ha CIIO-IIEX ot ®wur. 5.2 ¢ Ta3m pa3nmka, 4¢ HArpeBaTENAT €
IpeMaxHar, a BMECTO Hero B cpemara Ha HumkaTta ot CII® B Touka D e MoCTaBeH HEMOABHKECH EIEKTPOI, KOWUTO
KOHTAaKTYBa €JEKTPUUECKH ¢ HulIkaTa. Ha nBara kpas u B Touka D Ha HUIIIKaTa ce oJlaBa €IEKTPUUECKO HAMIPEKECHHE
U KaKTO € Moka3aHo Ha cxemaTa. [Iportuyamusar npe3 Huimkara oT CIID Tok s 3arpsBa, mopaau KOETO TS C€ CBHUBA
(BB3CcTaHOBSIBA ITFPBOHAYAIIHATA CH JILIDKUHA). B pesynrar Ha cBUBaHETO, KOH301UTE ce AeopMupaT u Touku A u By
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Ce€ U3IUraT BepTUKAIHO. B MOMeHTa B KOWTO TOukU A; 1 B HaqAMUHAT BUCOUMHATA YT, KOHTAKTHT MEXKIY HUIIKATA OT
CII® u enexktponsT D ce npekbeBa. CienBa oxnaxmaane Ha HumkaTta oT CII®D, 3amoro mpe3 Hes Bede HE TeUe TOK.
OxJazicHaTa HUAIIKA € B MAPTCH3UTHATA CH (ha3a, Mopau KOSTO MOAYIbT Ha €IACTUYHOCT OT C€ OHMXkaBa. B pesynrar
HAa MOJYYECHOTO OMEKOTSIBaHE Ha HUILIKATA, KOH30JIUTE CE BPBIIAT B TPBOHAYATHOTO CH MOJIOKEHUE U HUIIKATa OTHOBO
ce omupa B HEMOABIDKHUS €JEKTPOJ M BKJIIOYBA KOHTakTa B Touka D. Crien ToBa MpoIeCHTE OMFCAHU IO-TOPE Ce
TIOBTAPST.

2.3.3.2 Mamemamuuecku mooen na TEMP

[MoapoOHo onncanne MaTeMaTHYECKHsI MOJIENl M HETOBOTO ChCTaBsHE € HalpaBeHo B [ 1aBa 5 kaTo OCHOBHO € B3€T
npeBuT HayuHus goxan [119] Tyk 3a na He ce n3berHe MOBTOPEHUE, IMIe ObIe MOSICHEHO HAKPaTKO, Y€ MOACITUPAHETO
e 6asupaHo ypaBHeHHsATa Ha Jlarpamx-Makcyen ot Bropu pox [120-123]. 3a uenrta mbpBo ca U30paHW MEXaHUYHH,
CJIEKTPUYECKH W TOIUIMHHM CTETEHH Ha CBOOOJA, OMpENesieHH ca KWHETHYHATa M MOTCHIMANHATa C€HEprud Ha
cucreMara Karo KbM TAX ca J00aBEHU CKBUBAJICHTHUTE KMHETHUYHU M MOTEHIMAIM €JIEKTPOMAarHUTHU U TOIUIMHHU
eHepruu. Cren M3BOAa HAa YpaBHEHUSTA 3a BCAKAa CTENEH Ha cBOOOJA ca MOYYEHHM CBBbP3aHUTE MYJITUDHU3IUUHU
ypaBHEHHs1, KOUTO clie/l IOHMKaBaHe Ha peja ca Npuaoouiu GopmaTa

1 < dyK,p.C’ 4K, p, K,p,

b ety o - e s (1.1)

; ’[Ri1+A\h‘ (r.-1)], x<x,
1
pre,

[TapameTpute B ypaBHEHHATA Ca IMOJIOKWUTEITHN KOHCTAHTH, YAWTO (PU3MUECKH CMHCHI € M3SCHEH B I7ama 5.

Cuctremata (1.1) ommcBa Bpb3KaTa MeEXAy TpU OOOOLIEHM (QHU3MYECKH KOOPAUHATH IPEMECTBAHETO X,
eJeKTPUYECKHAT 3apsii ( B MHE30eNeKTPUYHHUS MpeoOpa3oBaTesl W Temmeparypata 1 Ha Humkara. [lopamu
MOHW)KEHUETO Ha pejla MEXaHWYHATa KOOpJUHATA € OMHCaH C JBe JAuepeHIMaTHd ypaBHEHUs OT mbpBU pen. Ot
cucremara (1.1) e BUHO, 4ye ypaBHEHHsITA Ca CBbP3aHH, KOETO O3HaYaBa Ye BbB YPABHEHHETO 3a IPEMECTBAHETO BIU3AT
€IEKTPUYECKH U TOIUIMHHYU BEJIMYMHM, YPAaBHEHUETO 3a 3apsAa 3aBUCH OT MEXaHWYHHU €JIEKTPUYECKH M MEXaHUYHU
BEJINYaHU W B YPAaBHEHUETO 33 TEMIIEPATypaTa BIIM3a MPEMECTBAHETO KOETO € PYHKIH Ha 3apsia.

B ropuus Mozen ca HanmpaBeHH CIIEIHUTE ONPOCTABAIIY NpeanocTaBku: [IpeHeOperHar e HaKJIOHBT Ha HHUILIKATA
ot CII®, xorato e omnpsiHa B elekTpoa € Touka D; [IpeneOperHaro € ”3MEHEHHETO Ha ChIIPOTUBICHUETO B CIIEACTBUE
Ha HaMallsiBaHe Ha KOHTaKTHHS HaThCK B Touka D. [IpeHeOpernaTo e uaMeHeHueTo Ha chipotuBienueto Ha CI1D npu
MOBUIIABAaHE HAa TEMIIEpaTypara.

Ah, (T,L -T), x>x

2.3.3.3 Yucnenu pewrenusn na mamemamuyeckus mooen na TEMP

ChcTaBeHa € mporpama 3a YuClIeHO pellieHne upe3 HessBeH MeTo 1 Ha Ofiiep, KaTo ca U3MOI3BaHN HAYaTHA YCIOBUS
Y 9acT YHMCIIeHN MaHHM oT Tabymma 1. [lomydenn ca pe3ynaTaTuTe MoKa3aHu Ha rpadukute mo-mony. Ha @ur. 2.21 ¢
NoKa3aHa rpadukara Ha U3MEHEHUE Ha XOPU30HTAITHOTO ITPEeMECTBaHe X Ha KoH3omnaTa. OT rpadukara e BUIHO, Ue CIIe/
KpaThK MPEXOeH PexkuM OT 0k0Ji0 0,4 s, (Dur. 2.22) XOpU30HTATHOTO MPEMECTBAHE Ha CHCTEMATa BIIW3a B YCTAHOBCH
pexkuM Ha aBikenue (dur. 2.23) ¢ nepuoa 7, = 0.5914914843 s, xoeTo € paBHO3HAUHO Ha yecToTa f, =1.690641415

Hz. Ta3u yectoTa f,, ChbBHAja Cc YecTOTaTa Ha TeMIepaTypaTa, KoeTo € BugHo oT dur. 2.25. [IpemecTBaHUATa C TE3U

YECTOTH Ca HEJIMHEWHM W OTpa3sBaT TEeMIEPATypHUTE NPOMEHU B cUCTeMmaTa. Te 3aBUCAT OT TeMIlepaTrypHaTa
.2
pV.e

g Ri
KOHBEKIIMOHHA BPEMEKOHCTAHTA 7, = ——* WY TEMIIEPATypHUs TPATUCHT k, = v IMopaau Ta3u npuunHa 3a f, €
c

st s’ s p

MpHUET TEPMUHBT TEMIIEpaTypHA YECTOTA WM MaKpOUYECTOTa.

0018 0.018 0.018
0.016 0.016 0.016
0014 0014 0014
0012 0.012 0.012
0.010- 0.010 0.010-
0.008 0.008 0.008 \
v Y

0.006 0.006 0.006
0004 0004 0.004

01 02 03 04 0s 06 07 08 09 10 11 12
? r

ta
w
s
L
°©

0 1
¢

Que.  2.22 Xopuszommarno Que. 2.23 Ilpexoden pewum na Q@ue. 2.24 Ilpemecmeane na KOH301ama X 8
npemecmeane X Ha KOH301ama.  NpemMecmeaHemo X. VCMAHOBEH PEedHCUM HA O8UdICEHUE.
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AHanu3bT Ha U3MCHCHHUETO HA TIPEMECTBAHETO Ha KOH30JaTa Mpe3 ycTaHOBeHUs pexxuM (Dur. 2.23) mokas3sa, 4e
OCBEH TeMIlepaTypHaTa MaKpo4ecTOoTa, ChIIECTBYBa 1 MUKPOUYECTOTA, KOATO O TpsIOBaiIo /Ja 3aBUCH OT MACOBUTE U
€aCTUYHH TapaMeTpu Ha cucTemMara. MUKpPOTPENTEHETO WM MEXaHHMYHOTO TPENTCHE B OOLIUS CIIyYaid € CII0XKHO
MOJAYJIUPAHO U IO YE€CTOTa, U Mo amIiuiuTyaa [84]. Moxke a ce u3BeAaT yClaoBUsITa 3a OnpeneieHu ciydau [124], npu
KOMUTO TE3W TPENTEHHUs ca TMOCTOSHHU W 3aTHXBAIlM OKOJIO TMOCTOSHHA PaBHOBECHA CTOWHOCT Ha X = X.. 3a
pasrnexaanuss  npumep  (dur.  2.23)  MHKpOTpenTeHHMATa  ca  ampOKCHMHUpaHH ¢ (YHKIHATa

Ly
%, =x +a,e > sinf, ((1-1,))| kBAETO % =0.013, 4,= 0.0065, o ~1.49 \/k:: 2683 s'. Tpaduuro
m

)
anpoKCUMAIMATA € Toka3aHa Ha ®wur. 2.24.Upes priioBaTa yecTora , € IpecMeTHATa YecToTaTa Ha TpEeNTeHe f, = 2—"’
T

= 42,7 Hz. Pe3ynraThT TOKa3Ba, 4e YECTOTAa HAa MHUKPOTPENTCHHATA € 25.2 MBTH IO-BUCOKAa OT 9YECTOTaTa Ha
MaKpOTPEITCHUSATA.

00184
00164
00144
0012
0010

0,008

0006

00044

0002

‘ ‘ ‘ ‘ ‘ ‘ ' Due. 2.25 Anpokcumayust Ha
MUKpOmpenmenemo Ha KOH30J1ama.

Baxxen u3Box €, 4e 3aTHXBaHETO HA MHUKPOTPENTEHHUATa € IMOCTOSIHHO M 3aBUCH CaMO OT IapaMeTpuTe Ha
MEXaHHU4YHaTa JacT. Xucrtepe3nchT Ha Humkara oT CIID He e MOBIMAI WIM TyK € He3a0eNneKuM, IOpaan MajKara
OTHOCUTENHA JeopmMarust. AMIUIUTYAHOTO MOLyJIMpaHe ce HaOJtoaBa efiBa ciell JOCTaThYHO oJIsIMO 3aTUXBAHE Ha
MHUKPOTPENTEHHITA, HO YECTOTHO MOJyJIMpaHe BUANMO HE MOXKE Ja ce KOHCTaThpa oT rpadukata Our. 2.24. Ha Owr.
2.25 e paneHo m3MeHeHueTo Ha Temneparypata T [°C] na Humkata ot CII®, a Ha Qur. 2.26 reHepupaHUAT
enexktpuaecku 3apsan g [C]. UucieHnTe pe3yiTaT 3a XOPU30HTATHUTE KOMITOHEHTH Ha Vx CKOPOCTTa ca M300pa3eHH
rpa¢uuHo choTBEeTHO Ha Dur. 2.27 u Our. 2.28. da3oB v=v(a) MOPTPET 3a pa3rieJaHOTO CbCTOSHUE € TOKa3aH Ha Dur.
2.29.

0 1 3

Que. 2.26Temnepamypa @ue. 2.27 Enexkmpuuecku Que. 2.28 Xopuzonmanna @Due. 2.29 Dazos nopmpem
Ha nuwkama om CII®.  3apsd na TEMP. CKOpOCM Vy HA KOH301aMaA.  v=Vv(a).

2.3.3.4 Onpeodensane na eudpayuoHHume napamempu

HOJ'Iy‘-IeHI/ITC Fpa(l)I/IKI/I MOTBBPIKAABAT OYAKBAHOTO IMOBCACHUC HA TCPMOCJICKTPOMCXAHUYHUA OCHUIIATOP. Ha
0asaTa Ha YHCIICHUTE PE3YJITaTH MOXKE J1a CC HM3BBPIINM €Ha MpeABApUTEIIHA TCOpPETHYHA HACHTU(HUKAIUS Ha
MmapaMeTpUTe KaTo: COOCTBEHM MPHUHYACHH YECTOTH, TEMIIEpATypHH BPEMEKOHCTAHTH, JCKPEMCHTH HA 3aTHXBaHE,
KOC(l)I/II_[I/IeHT Ha ,Z[eMH(i)CpI/IpaHC, MMpuBCACHA Maca u CHCI_[I/I(i)I/I‘-IHa TOIIJIMHA.

HOJ'Iy‘-IeHI/ITG TCOPCTUYHU PE3YJITATH Ca UMAT OLIC CJHA BaKHa CTOMHOCT 3a AHAJIM3UPAHC U Kﬂacn(bnunpa}le Ha
BH A HA THUIIA HA CJIOKHATa JTMHAMH4YHA CUCTCMaA. Twit kaToO cTaBa BBIIPOC 3a CbY€TAaBaHEC Ha CUCTEMA C IBC COOCTBEHH
YCCTOTHU HA TPCOTCHE PA3TJIC)KAAHUTC TYK CUCTCMH MOXKE Ja CC MPUYHUCIAT KbM TC3U C MAPaMCTPUUCH PC30HAHC IIPU
HaJIMIKUC HaA T'OJIAAM XHUCTCPC3HC.

2.4 Ilyoauxkamum mo I'masa 2
[Myonukaruure o I'1aBa 2 BKIIOYBAT JIBE CTATHH Ha MEXKIYHApOIHU KOHGEPEHIMH, HHICKCHPaHH B Scopus,
KOHMTO OIIMCBAT MOACIIMPAHETO U MTapaMETPUIHOTO U3CIICABAHEC HAa TCPMOCIICKTPOMEXaHNYHA OCHUIIATOP KAKTO CJI€ABA:
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2.5 3axkiaroudeHue 3a pe3yJaTaTuTe OT IJ1aBa 2

B I'maBa 2 e u3BBpIICH MOAPOOCH TUTEPATYPEH aHAIN3 Ha MyOJIHMKAIMHUTE, TIPU KOUTO CE pa3riiexkaa JOOUB Ha
EHEeprus ¢ TIOMOIITa Ha YMHHU MaTepuany. Pa3rienanu ca HayqHH JOKJIaIH ONMCBAIA CHEPTHITHN KOMOatHY Oa3upaHu
Ha TIOCTOSTHHA MarHUTH, KOWTO B CTYJICHO ChCTOSHHE 32 (DepoOMarHWTH, a MpH 3arpsBaHe TyOsST MarHUTHHUTE CH
CBOICTBA U ce MPEBPbHINAT BHB MapaMarHuTh. J[pyr xapakTepeH Buj SHEpTruilHHM KOMOAWHU ca W3II0JI3BAT MAarHUTHU
CIUTaBH C MaMeT Ha popmara, 3a 10OMB Ha eHeprus. B myOiukanuu B KOUTO ca pasriienaHu kKomMOaliHUTe Oa3upaHu Ha
CII® pabotsT, caMO ako MMa TeMIepaTypHH W3MEHEHUS BbB (PUKCHPAHH TOYKH OT MPOCTPAHCTBOTO, T.C. INPH
HAJIMYUETO Ha TemmepatypHu (aykryaiuu. Ha Oazara Ha HampaBeHHs 0030p O¢ yCTaHOBEHO, Y€ CHEPIHMHHUTE
KOMOAifHA, KOWTO M3IOJ3BaT IMPOCTPAHCTBEH TEMIIEpAaTypeH TpaJueHT, BCE oOlle He ca ao0pe pa3paboTeHn u
npejiaraHiuTe TYK IPUHIIAIN 33 JOOWB Ha €HEprHs ca HOBOCT.

3 TI'naBa [lepuHupaHe HA JUANIA30HUTE HA IPOMEHJIUBUTE BeJINYUHHA
3.1 OnmnpeaesisiHe HA JUANIA30HUTE HA Bb3MOKHUTE 3HAYEHMSI HA TAapaMeTpuTe HA MojeJia
3.1.1 Cnucbk Ha 03HAYEHHUATA HA CHOTBETHUTE BEJMYUHHI

3.2 JlepuHupaHe HA OCHOBHMTE 00J1acTH Ha napaMmerpute. OnpenesnsiHe Ha NapaMeTpUTe HA

B3aHMOI[eﬁCTBHﬂTa Ha o0J1acTHTe.
He(l)I/IHI/IpaHeTO Ha 00JIaCTHTE Ha NapaMCTPUTEC IIPU YAOBJICTBOPABAHC HA OIIPCACICHN U3UCKBAHUS HA TPCIITAIIIUTE
PECKUMU € U3BBPIIICHO HOZ[p06H0 IMo-a0J1y B rjiaBa 3.

3.3 OmnpegesissHe HA He3aBHUCHUMHUTE NMapaMeTpd M NapaMeTpUTe 32 CHHXPOHW3HPAHE HA

pa3JIMYHHUTE JOMEHHU.

HeoOxogmmocTTa OT TOYHOTO OTpeeisIHe Ha HE3aBUCHUMHTE IMapaMeTPH € BaKHA CTHIIKA B MPEIM3UPAHETO Ha
Mozena. B Tasm Toduka IeNnTa € Ja ce OmpeneaT BB3MOKHHTE PEATHH CTOMHOCTH Ha IapaMeTpuTe Ha 0a3aTa Ha
TCOPCTUYHU M CKCICPUMCHTAJIHU HW3CICABAHUA. HpI/I IBPBOHAYAIHUTC MOJACIN Ha TCPMOCICKTPOMCXaHUYHA
ocouiaTopu ce 3a0ens3Baxa HAKOM OTKIIOHEHHS Ha CKCIICPUMECHTAJIHUTE PE3YJITAaTU OT OYAKBAHHUTEC TCOPECTUYHU
TaKvBa, KaTO HE MOXKEIIEe J1a C€ MOocoYaT peajHd NpuYuHU. ToBa Kacaellle Hal-Beue HSAKOU Pe3yiTaTH, KOUTO IPHU
CKCIICPUMCHTAJIHUTC H3MCPBAHUA OaBaxa IMPU3HAIOW IIO-CKOPO Ha CTOXACTHUYHHU OTKOJKOTO Ha ACTCPMUHUPAHU
napamMeTpu. HpI/I TOBA HEC CC HaMHPAIlIC HUKAKBO JIOTUYHO OCHOBAHUC 3a TO3U BHUJ MMOBCCHUC.

3.3.1 OmnpeaessiHe HAa MApaMeTPHUTE HA KOH30JHHUTE IPeau

3.3.1.1 Mooanen ananu3 Ha KOH301HAMA 2Peda
MopanHuaT aHalu3 Ha KOH30JIHATa Tpelja € M3BBPIIEH Ype3 METoAa Ha KpalHUTE eJEeMEHTH B Iporpamara
SolidWorks Simulation. Monenupana € MECHHIOBa Ipefia ChC CICAHUTE pasMepH: IbJbkuHA 43 mm, mupuHa — 19.3
mm, nebemmnaa — 0.2 mm. Ha @wur. 3.1 a) e moka3aH KpaifHoelIleMEeHTHUAT Moen, a Ha @wur. 3.1 0) W3rpageHara Mpexa
OT KpaiiHU €JIeMEHTH THII TeTpaeabp, KaTo OposAT Ha enemMeHTHTe € 18286, a OposT Ha Bb3nuTe € 36257.

I/I3B’pr_ICH € MOJAJICH aHaJIu3 Ha Irpcaara 3a ABa BapuaHTa.

Bapuanr 1: MoganeH aHanmm3 Ha Tpeiata 0e3 JOITBJIHUTEITHO IPUCHEIMHEHO TS0, Pe3ynraTure 3a mbpBUTE YETUPU
coOctBenu popmu ca mokaszanu Ha @wr. 3.2, a B Tabmuna 2 ca nmoka3aHu COOCTBEHUTE Y€CTOTH, ChOTBETCTBAIIM HA
co0cTBeHUTE HOPMHU.

BapuaHT 2: MojalieH aHajlu3 Ha rpefaTa ¢ IONbIHUTEIHO MPUCHEAMHEHO KbM Kpas u Tsio ¢ maca 0.009 kg.
Mopnen upe3 KpaiiHu eeMeHTH € Tloka3aH Ha Dwur. 3.3, kaTo upe3 cdepa e mokazaHO MACTOTO Ha PA3IOIOKECHUETO Ha
MPUCHEIUHEHOTO TsUT0. Pe3ynTaTure 3a mbpBUTE YeTHpH cOOCTBEeHU (popmu ca mokazanu Ha Dwur. 3.4, a B Tabnmma 3
ca MoKa3aHu COOCTBEHUTE YECTOTH, ChOTBETCTBAIIM Ha COOCTBEHUTE (DOPMH.

~ NaWL

@ur. 3.1 Mogen upe3 MeToa KpaitHU Que. 3.2 Cobcmeenu opmu Ha KOH30IHAMA 2pedd ¢ OONBIHUMETHO
€JIEMEHTH Ha KOH30JIHa I'peJia ¢ TAJIO. NPUCLEOUHEHO TSO.
Bwka, ce e NpuCheUHIBAHETO HA TSUIO B Kpas Ha rpefaTa MHOIO CHIIHO HaMaJIsiBa I'bpBaTa COOCTBEHA 4€CTOTa
(ot 61.78 Hz Ha 12.39 Hz), ocTananuTe COOCTBEHH Y€CTOTH CHIO HAMAJISIBAT, HO MHOTO CJ1a0o0.
Bepudukarus Ha nonydeHHTE pe3yNTaTH € M3BBPIICHA Ype3 CpaBHEHUE Ha CTOMHOCTHUTE Ha IOJIyYCHUTE Upe3
CUMYJTalFsI TEPBU COOCTBEHHM YECTOTH C TEOPETUYHO OTPECIICHUTE. 3a BapuaHTa Ha Tpeaa 0e3 MPUCheIUHEHO TSIIO0

14



3.5156 [EJ
:W T,K’LI[GTOZ

L — nmpinkMHA Ha Tpenara, m; £ — MOJyN Ha elacTHYHOCT Ha MaTepualia Ha rpejara; J - reoMeTprueH WHEPIIMOHEH
MOMEHT Ha CEYEHMETO Ha TpejaTta, m*; w — pasmpeneneHa mMaca Ha rpeaara, kg/m. Ipu ciaemHuTe CTOWHOCTH Ha

koHcTantute L=0.043 m, E=1.1x1011 Pa, J=1.287x10" m* w=0.03279 kg/m ce momyuasa f' =62.9 Hz xoero
HPaKTUYECKHU ChBIIAJa C ONpee/eHaTa Ype3 CUMyJIalus IbpBa coOcTBeHa yectora 61.8 Hz.

I I
mbpBaTa codcTBena yectota f B [Hz] ce onpenens no cnepnara sapucumoct [125]: f

3.3.1.2 H3cneoeane na okaueanemo Ha KOH30JIHUmMe 2peou

[IspBOHAYATHUTE H3CIICIBAHUS TIOKa3axa, 49e¢ 3a MPABIIIHOTO (YHKIIMOHHUpPAHE Ha KOH3OJHUTE TPEad KaTo
€IaCTUYHM €JICMEHTH U U3TOYHMIIM Ha MTUE30CJICKTPHYHH 3apsid, TPsAOBa Ja ce CBEAC 10 MUHUMYM JieMII(epUpaHeTo
OT CTpaHa HAa NTPOBOJHUILIUTC HA MUC30CTICKTPUIHUTEC CJIOCBC. 3a OejTa KOH30JIUTE 0sxa CBBbpP3aHU C TBHKHU MNPOBOJHUIIN
KBbM HCIIOJBMKHHU KJIEMH Ha cToiikara. 3amoeHusT CKpaHHpaH Kaben yBCIM4YaBallc 3HAYUTCIHO KOC(l)I/II_[I/IeHT'bT Ha
neMmigupaHe Ha KOH30JIMTE M BOJEIIC HAa IMPOMSIHA Ha €IMaCTUYHUTE KoehHUIUeHTH. MoaupUIUpaHUAT Hu
II'bPBOHAYATTHUAT BApPUAHT Ca OKa3aHU chOoTBETHO Ha Dur. 3.6 6) u dwur. 3.6 a).

0)
Due. 3.3 Cevpzsawu npo8OOHUYU HA KOH30JAMA: @) OUPEKMHO Upe3 eKpanupan kaoeu, 6) upes MexicOuHHU Kiemu
U MBHKU U3B00U, 3AN0CHU KbM eIeKMpooume Ha NUE30eNeKMPULHUSL CLO.

B chCcTOsSHUETO HAa KOH30JIHATAa Ipefa, mokasaHo Ha (ur. dur. 3.6 0), 6e3 MonTupaHa Huiika ot CIIdD Gsixa
MIPOBEJICHH CEPHUH U3MEPBAaHUS COOCTBEHATA YECTOTA KaTO KOH30JaTa C€ OTKIIOHIBA M € OCTaBEeHA Ja TPEITH CBOOOTHO.
B mepBOHaYATHUTE CUTHAIM ce 3a0ersi3axa CThIIAOBUIHA U3MEHEHUS Ha amrtutyaara (dur. 3.7). Thit kato enHa ot
BB3MOXKHUTE MIPUYHMHA 33 TOBA MOXE JIa C€ KPUE B COPTyepa, Ce HAIOXKH Ja ce npepadbotu nporpamara Ha LabVIEW u
Jla ce TIPEUHCTATUpa Ha APYT JIATTOTL.

CrnenBamuTe U3MEPBaHUs C€ MPOBE0XA BHPXY JIIBaTa KOH30JIa ¢ JoOaBEHA TEXKECT OT 9 gr B CBOOOIHUS Kpail U
0siXxa U3MEPEeHU CUTHAIM C TUMU4YHA ¢opMma, mokazaHa Ha dwur. 3.8. [IbpBUTE HAKONKO TEpUONIa HA 3aTUXBAIIUTE
TPENTEHUS ca TMOJYICHH C OTpsA3aHa aMIUIUTYJA, 3all0TO MaKCHMallHaTa CTOWHOCT, KOATO Moxe na m3Mepu DAQ
cuctemara ¢ 10 V. OcBeH ue ce 3a0eisi3Ba €KCIOHCHIIMAIHO 3aTHXBaHEe, MpPaBU BICUATIICHHE, Y€ CUTHAIBT HAMA
xXapMOHHMYHA opMa. 3a Jla ce aHAIHM3Upa TO3H CUTHAJ YeCTOTHO, O¢ n3pbpiieH FFT ananus, pesynrature oT KOHTO ca
nokazanu Ha ®@wur. 3.9. Ot Ta3u durypa e BUAHO, 4ye MMa eJHa JoMUHUpaiia yectora 16,7 Hz, u ome HIKOIKO OIM3KH

HHUCKH YECTOTH.

Que. 3.4 Uzmepeno nanpesicenie om OacHama
KOH3071a 6e3 Hamoeapeare U OONbIHUNENHU MeHCeCmU.

. _/‘ ‘ | jhnfuwfww e

4 TI'naBa U3ciiefBaHe HA YCTOMYMBOCTTA U YCJOBHUATA 32 HAJUYHE HA OCHUIMPAIIH

PEeKMMHU.

Y CTOWYMBOCTTa Ha PasTIIekKTAHATE TEPMOEICKTPOMEXaHHYHU CHCTEMH, KaTO M YCJIOBHATA 32 CHIIECTBYBaHE Ha
OCIIMJIUpAIIN PSKUMH € TeMa Ha Ta3W IjiaBa. Y CIOPEIHO C PEllaBaHeTO Ha Te3W 3aaayu O0¢ 0OBpPHATO BHHMAaHUE a
BB3MOXKHOCTHTE 332 ONTHMHU3HpaHe. 3a Te3u neiu Osxa Gopmynupanu u aBe xumnore3n. [IbpBa xumnoresa, HapevyeHa
(usnvecka e, ye ako ChIIECTBYBa KBAa3HCTAIIMOHAPHO HMJIM CTAI[MOHAPHO TOIUIMHHO ITI0JIE ¢ MOHOTOHHO MPOMEHJIHNB
MPOCTPAHCTBEH TEMIIEPATYPEH TPAIUEHT € Bb3MOXKHO J]a C€ Ch3/a/ie OCIIIIINPAIa MEXaHUIHA CHCTEMA, YHSITO EHEPTHs
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Jia ce mpeoOpas3yBa B eleKTpuiecka. Bropa xwmoTe3a, HapeueHa MaTeMaTHYeCKa €, 4e aKO ChINECTBYBA U MOXKE Ja Ce
nepuHUpa (QYHKIMOHAN HA KAdeCTBOTO, HA TEPMOECJCKTPOMEXaHHMYHATA CHCTEMa € BBH3MOXKHO Ja CE OMPENesT
MapaMeTpPUTE My B JIOMYCTUMUTE JMANA30HU M MIPU HAIMYHE HA OTPaHUYCHUS, TaKa Ye Ja Ce MOCTHUTHE MUHUMAITHO
3HAaYEHHUE Ha TO3H (DYHKITUOHAI.

4.1 IlapameTpu HAa cMCTEeMAaTAa NPH 00PaTHA BPb3KA M OCUMJIAIMOHEH PEKUM

Ha 6azara Ha mpoBeneHUTE M3CIeABaHUS MO-rope [84]ce ycTaHOBH, Y€ €AHA €IEKTPOMEXaHWIHA CHCTEMA, TIPH
KOSITO UMa B3aMMO/ICHCTBUSI OCHOBHO MEX/Ty MEXaHHYHA M TOTUTMHHA 00JIACTH Upe3 CIIaBH C MaMeT Ha opmara, Moxe
Jla ce omuile ¢ 00001eHaTa CUCTeMa yPaBHEHHS

i)+ Bi(0) + ky(1) = ol ET(0)(A — (1)) — mg.
ay T () + T () =u. y(0) =y §0)=0. T(0)=1Tp. t>0. (4.1)

KBJIETO Y € W3XOJHATa MPOMEHJIMBA, KOATO XapaKTepH3HMpa KOJMYECTBOTO HAa MeXaHM4YHara jaedopmanus c
npennonoxkenuero e 0 <yy <4, T e TemmnepaTypara Ha MaTepuana, KOHTO ce nedopMupa IMpH TEMIEpaTypu
0< Tl* <T,< T; , koHcrauture m, f, k, @, I, 4 u y ca TOJIOKUTEITHA U XapaKTepu3upaT mapaMeTpUTe Ha TOTUTMHHHS

eHeprueH komOaiiH, E e monynsT Ha FOHT Ha pedopmupyemust Matepuai (HeTHMHEHHA XapaKTepPUCTHKA C XUCTEPE3UC
Y HACHIIaHEe); U ¢ € KOHTPOIBT 3a oOpaTHA BPB3Ka, KATO CE€ M3MOJ3Ba MpoMeryuBara y (1 = u(y)).

MonynsT Ha Young E Ha MaTtepuaiia ¢ naMmet ¢ ¢opMma, H3I0J3BaH B KoMOaliHa 3a TOIUIMHHA SHEPIHsl 3aBUCH OT
Temneparypata 7 u € onucaH [84] OoT HelMHEEH 4iieH ¢ XucTepe3uc U Hacuiiane Que. 4.1 [126]. 3a ga ce omnuie
MaTeMaTHYeCKH TO3W YICH, MOXE Ja CE HW3I0JI3Ba MPEIIOXKCSHHUIT MoaXoi B MoHorpadwusara[127]. 3a Ta3u uen
MpeANrCcBaMe JIB€ YaCTHYHO NMPEKbCHATH JIMHEHHH XapakTepucTtuku 3a E;2(T) u E2;(T) ¢ HacuIane 9pe3 OTHOIICHHSITA

E, if T'< Ay; E, if T < M;
E (T)— T— A . ——— T— M, e
12 - 7(}:—,‘2 - El) + El it T < (1‘11.;‘12]: EZI(T) - 7(15‘9 — El) + E1 if T'e (;"\f].i’\[;]l
flz - fl] _‘?‘_lrg - _'“I]
E, if T A, Es if T > Ms.

Tyx A1, A2, M, M>, E; u E> ca TIONOXUTEITHA KOHCTAHTH, ONIPEACIICHN OT (PM3UMIHUTE CBONMCTBA HA MAaTEPUATBT C
nmameT Ha hopMaTa M CBbP3aHU ITOMEXIY CH Upe3 HepaBeHCTBATa

0 < 4"‘11 < 4"‘12. 0< i"lfl < i’il_{z. ﬂ-{l < 4"‘11. ﬂfg < 4"‘12. 0 < El < EQ.

Tyk ty e HauanmHOTO Bpeme, E(7(2y)) € I' e HauamHOTO chCTOsIHKE HA XucTepoHa u I = [E1,E>] e Habop OT Bb3MOKHU
XHUCTEPOHHU CHCTOSHUSA. 3a TMPOU3BOJIHUA HEMpeKbcHAaTH BXogoBe 7(f) m3xombT E(7(f)) Moxe ma OBAe OMpEseNeH C
TTOMOIIITa Ha CTICIHAIHA TpaHWIHAa KOHCTPYKIHS, onicana B [4] ctp. 28.

E

E>

E

Que. 4.1 Dopma na xucmepesucHama XapaKkmepucmukda.

Karto ce B3eme mpensun, ue n3oopaxenuero £(7) Moxe ChILO Ja ce pasriiekaa KaTo MHOTO3HAYHO H300pakeHHne
E: R, - R, MHOECTBA, 33/1a]ICHU YpEe3 OTHOIICHHUATA

Bceku eHO3HAaUYCH KIIOH Ha TOBA CHIIOCTAaBSHE ,,&IMH KbM MHOTOTO , KOHCTPYHUPAHO B ChOTBETCTBHE C (4.1), (4.3)
3a naneHu t u E(1(¢0)) mie ce Hapuda nonyctuM cenekrop|128]. 3a Besika HenpekbecHaTa GyHKIus 7(f), CbOTBETHUAT
CEJICKTOP € HelpeKhcHaTa (\yHKITUS Ha TPOMEHIIMBATA ¢, Bapupalia B uHTepsain [E£;, £:].

[To cunara Ha KOHCTPYKTUBHUTE XapaKTEPUCTUKU HA Pa3riIeKIaHOTO VCTDONCTBO IIe u30eneM VIIDABJICHUE MO
u dopmara Ha Guctabunen xuctepes . = U (y(t)) = R(to, u(to). y1, y2){y(t)},

; Que. 4.2 Pucmabunen xucmepesuc ¢ 0opamua 6Pv3Kda.
KBJIETO R € omepaTopbT, YIpaBisBall padoTaTa Ha MPEBKIIOYBATEIS; ¥; U )2 Ca TPAroBU

u O_(_,_ CTOMHOCTH, 3amoBoJisIBamu yciioBuero 0 <y; <y, <A; fy € HadaHOTO Bpeme; u(fp)€EQ) e
HAYaJTHOTO yCJIOBHE 3a MpeBKIouBaTen H Q = {u,i} ¢ HaGOp OT BH3MOKHU ChCTOSHHS Ha

16



IPEBKIIIOYBAHE, C U < u. Or[epauI/mTa 3a MMPCBKIIIOYBAHC MOXKE 1a 6’BI[G OIIMCaHa 1o CJIICOAHWS HAYHH:

YcTOMYMBOCT Ha PaBHOBCCHUTC MMO3UIHNH IIPU ITOCTOAHHO YIIPABJIICHUC
THil Karo OMCTAOMIIHUAT XHCTEPE3UCEH NPEBKIIIOYBATENI CE€ W3IIOJI3Ba KaTo MbpPBHYHA OOpaTHa Bpb3Ka 3a

cuctemara (4.6), Ha BCEKM MHTEpBal MEXIy JBe Chcequu BpeMeHa “ =ipa mpeBkimiouBaHe Ha TO3M KIIIOY,
YIpaBISBAIIMAT CUTHAJ € PaBeH Ha €Ha OT JBETe MOCTOSHHU CTOMHOCTH: # WM u . 3aTOBa HEKa ITbPBO J1a CE MPOyYHr

TIOBEIEHHETO Ha 3aTBOPEHATa cucTeMa (4.6) Py MOCTOSIHEH KOHTPOI u# = u*, KaTo PUeMaMe, 4e CJIJHHUTE YCIOBHS ca
M3ITbIHEHH 33 BeIMUMHATA 1*: 0 1
Bemnumnarat” = Asamm matpunata A= | 4 -ipe) 5 | MMa IPOCT CIEKTBP.

m L

ITo TO3M Ha4YMH HEKa U = Uu*. 3a TO3HM CITyYaii HAMUpaMe TOUYKHTE Ha PABHOBECHE X = (x1 ,x;,x;) ot cucremara (4.6)

OT CbOTBCTHATA CUCTEMA OT YPABHCHUSA 0=z
0 E+aol™ E(xy) . B . N A “E( .)
= - I; — — Iy — ( —_— Ta).
m 1T T I T 3
0= f‘;t\_l(.r'g —u*).
Tbit kaTo
ik +al E(x3) = —mg + oAl E(x}), ah =0, i =u";
Ha 0a3aTa Ha TOBa € IMOJIYy4YCHO
. —mg+ AT E(u”) - _0 PR =AY + kA =0 ot =
N T Tl By 0 T T ! k+al TE(u") s

1. Heka cToifHOCTTa u* ynoBieTBopsiBa ycinoBusta (4.11). ToraBa pasHoBecHOTO monoxenue (4.13) Ha cuctemara
(4.12) e rmo0aHO aCUMITTOTUYHO CTa0WITHA.
Hokazamencmeo. U3nonssaiiky npoMsaHaTa Ha IPOMEHJIMBUTE Ziz; = x; — af (i = 1,2,3), ¢ cucrema (4.12) na ce
NPEBKIII0YX KbM BapHallIOHHATA CUCTEMa
2 (1) = (1),

5y(t) = —FHATTEC )

T

5 kA k4ol B(u” + %(t)  mg + kA (4.14)
7;"2( 7ﬁ7g+ m k4 al=1E(u*)’
Z3(t) = —ya lza(t).
i 20 < IO + |=3(0),

Teik, — 9T *=  “ 7. (0)]. ') CBIIIECTBYBA HEPABCHCTBO

M kol By im
€ BUJTHO, e wasniinissw \ iatr gy &'y e, upvdIIONIaraT, ge cucteMara (4.15) u cnemosarenHo cucremara (4.14) ca rmobaimsHo
acuMnTOTHYHO cTabmiau. [1o To31 HauMH ToukaTta Ha paBHOBecue (4.13) Ha cuctema (4.12) e r1006aTHO ACHMITOTUYHO

crabunna. Taxa meopemama e dokazana.

4.1.1 WN300p Ha mapamMeTpUTe HA KOHTPOJIepa
Jla mpeamoiokumM, 9e CIeTHOTO YCIIOBHE € U3IThIHCHO TT0 OTHOIIICHHUE Ha TTapaMeTpuTe Ha cuctemara (4.1).

VYcnosue 1. mg + kA . Karo ce B3emat npensun pesynrartute B Pazm. 2.1.2, ce uzbupar ciegHure
napameTpu Tkt alt E, ~ Y- B cucrema (4.7):
_ mg + kA mg + kA
w< My, @>Ay y>A-— m Ys < A — T +tal 1B, BbBeaeHn ca o3HaUCHMSTA:
mg + kA _ nig + kA (4.27)
=N — T;=A— — . :
41 kKt alE(a) %+ ol-E(7)

Teopema 2. Hexa ycnoBue 2.1 ¢ M3MBIHEHO W HEKa MapaMeTpUTe Ha KoHTpoiepa (4.4), (4.5) ynoBieTBopsBar
HepaBeHcTBaTa (4.26). ToraBa MpoMEHIMBATa HA ChCTOSHHUETO X, (1) 3a BCAKO pemeHue x(7) Ha cuctema (4.7) mocTura

CTOMHOCTUTE yuny, 6€3KpaﬁHO MHOTO ITbTH B UHTCPBAJIa Ha ChIICCTBYBAHC HA TOBA PCIIICHUC.

B cnenBamms pasznen, ce u3BeXKAAT YCIOBUATA, TApAHTHPAIIIH, Y€ 32 TaJieH U300p Ha MapaMeTpuTe Ha KOHTPOJIepa,
peleHusnTa Ha cucteMa (4.7) chIIecTBYBaT IO IsUIaTa MOJOKHUTETHA MOTyTpaBa | T€3U PEUISHHS Ca OCHMIHPAIIIH.

4.1.2 Haanuyme HA OCUMIALMOHHH PEKUMU
Hexka x(r) e npon3sBonHo pemenue Ha cuctema (4.7). Pasrnexna ce dyHkuusra

H(t) = H(x(t)) = mal(t) + k(x(£) +mghk™)% + F(6) (x,(t) — A)?, (428)
K’LZ[CTOF(t) = ol ! E(il'g (f})e eHa abCoNIIOTHO HENpEeKbCHATA q)yHKuI/I;I 3a MOAXOJII CEJIEKTOP Ha I/I306pa)K€HI/IeTO
eanH KbM MHOro E(¢). Heka f{f) e [6] cTp. 26 o606meHatTa (cnaba) mpousBonHa Ha QyHKIMATA F(f) IOYTH HABCAKBIC

HCIIPEKBbCHATA HA MHOXXCCTBOTO 0 00) U TaKaBa, 4
p [0, 0) ’ /f(T) dr = F(t) — F(s)
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3a BCHUKHM ¢ > 5 > (), ToraBa GyHKmwmsTa h(t) = 2mayiy + 2(kry +mg)as + 2 (1) (11 — A)wg + F(£) (17 — A)?
e cnaba npoussoaHa Ha GynkimaTa H(¢). C apyru qymu

Jlema 1. Heka npenmonoxennsaTa Ha Teopema 2 Ob1at uslrbaIHeHa 3a cuctema (4.7). OcBeH ToBa ce mpruemMa 4e 3a
HSIKAKBO pellieHue x(f) Ha Ta3W CHCTEMa ca U3MBJIHCHHU CIICHUTE YCIIOBUS [0 BPeMe Ha (=S1, I=p U [=S3:

Jema 2. Hexa npeononodxcenusma na meopema 2 u HepageHCmaomo

0a 6voam yooeremeopenu 3a cucmema (4.7). B oonvinenue, 0a npuemem, e 3a HAKAKBO peulerue X(t) Ha cucmema
(4.7) uma nepasencmeomo H(s) > H*, kvdemo t = s e 6pememo 3a npesrioyeane Ha Konmpoana ¢ xi(s) = yr. Tyx

23C5C, ) )2 2 B mg

) s Co — o Ci=—+ A+
1= Ea/Fr+ BC2JT ) " C2 TN Bk ol Bk '

H* = max (

Toeasa mepasencmeomo H(p) < H(s) eadxcu 3a mosa peuieHue, KbOemo t = p e c1e08aujomo Ynpasiasaujo
npeskaougane epeme ¢ xi(p) = y2.JlokazaTteiacTBoToO € HallpaBeHO

Jlema 3. Hexa cucmemama (4.7) yoosnemeopsasa npeOnonodceHusma Ha meopema 2 u HepageHcmeomo (4.35).
Hexa x(t) e nakaxso pewenue na cucmema (4.7), npu koemo uma nepasencmeso H(0) < H* Cred mosa oyenxama H(s)
< H*, kvoemo H** = E>H*/E), eaoicu 3a mosa peuienue npu 6CUUKU 8peMeHa Ha NPEeeKioueane Ha ynpasienue t = S; (i
=1, 2, ...) maxasa, ue x,(s;) = yi.

Jloka3zaTesicTBOTO Ha JieMa 3 111e € U3BBPIICHO Ype3 UHIYKITUS 110 HHJIEKCA 1.

Teopema 4. Hexa npeanonoxeHusITa Ha TeOpeMa 2 1 HepaBeHCTBOTO (2.35) na ObnaT U3MbJIHEHH 3a cucteMa (2.7).
Hexka x (t) e mponsBoitHO perenue Ha cucreMa (2.7) ¢ /. < £y H(0) < By 17+ — g+ 2 Qynkumsita H(t) e orpannyen

10 TOBa pelenue 1 nma crneanara ouenka: H (1) < Hpy. — £1 1 Hoox = (Ey/E)2H*.
Jlema 4. Hexa u* € {u ,u }. Toeasa 3a écexu donycmum cenekmop @ (t) eaxcu cieonama oyenka

_ R 201,60 (i
e A e

P — (v/ )]
Kboemo - - . i N . ~ mg+ kA«
pe=minfp.. 5/} 0= max I =o'l A= e

3a ecuuku t > s > () 3a pewenuemo na cucmema (4.24):

u”e{u,T}

U KOHCmarnmama ﬁ e onpe()eﬂeHa. TyK' ce 07lp€0€]l}lm KOHCmaHmume ,5 , P U 77~ 8 3A6UCUMOCT OM CIMOUHOCIMMA

Ha u*.

Teopemarta e 1oka3aHa :Ha 0a3aTa Ha apryMeHTHUTE B pa3m. 2.1.2

Teopema 5. Hexa npeononosicenusma na meopema 2 6voam u3nviHeHu u HepaseHcmeomo (4.35) eadicu 3a
cucmemama cvc 3ameoper Konmyp (4.7). Toeasa 3a écsiko Havanto ycnogue (4.8) coomseemnomo pewerue Ha cucmema
(4.7) e ocyunayuonen pexcum ¢ napamempu t, ,t,, y, 1 y,.

4.1.3 OrpannyeHusi 3a HAYAJTHUTE YCJIOBUSA

Heka na ce u3sicHY KaKBH JIOIBJIHUTEITHA OTPaHHYCHNUS TPSIOBa 1a ObJaT HAJ0XKEHU BhPXY HaYalIHUTE YCIOBHUS Ha
cucremara (4.7), Taka 4ye Ja ce rapaHTHpa, ue MPOMCHIMBATA X;(f) B ChOTBETHUTE PEUICHHUS MPUHAIICKH HAa HHTEpBaia
(x, A) 3a Bcuuku ¢ > () 3a Hakou Kk < 0. [TppBo, e mMoKaxeMm, 4e chinecTByBa k < (), Taka ue 3a BCIKO HAYATHO YCIOBUE
x:(0) € (0, A) HEpaBeHCTBOTO X()> K Baku 3a BCHUKH ¢ > 0. HancTtuna, ToBa Ocmie mokazano B Pazznen. 4, e BCAko
pemenue x(f) Ha cucteMa (4.7) otroBaps Ha onieHkaTa H(x(f)) < Huer. BBIIpeku ToBa, KaTo ce uma npeasua gopmara
(4.28) na dpynkuumsta H(x(¢)), 3axmouaBame, 4e chinecTByBa ¢>0 TakoBa, e |x;(f)| <c 3a Bcuuku ¢ > 0. Cera, 10CTaTb4HO
e J1a 3a]1aJIeM K = —c.

Teopema 6. Hexa npeononosicenuama na meopema 2 O6voam u3nvinenu u Hepasencmeomo (4.35) eaoicu 3a
3ameopena cucmema (4.7). Oceen moga nexa nepageHcmeomo  (m22k1 + ol 1E, Az) vy < k ( A+ -;,-g_qk*1)2 .

e 6 cuna, knoemo Vg = max{Hy./Ho.2}, Hy = 4mgAE,/(k + E}),

U g, enonodxcumener KOpeH Ha K8AOPaAMU4HUs MPUHOM

p(Q) = kg (( + -‘mgkfl)z + ol By (¢ — A)? — k (A + -‘mgkfl)z )

Toeasa pewenusima x(t) na cucmema (4.7) yoosnemsopssam oyenkama x1(t) <A 3a ecuuxu >0 npu yciosue x,(0) €
0, ¢.).

Jloka3aTencTBOTO Ha TeopeMara € JaJICHO € JUCepTaIusATa.

Teopema 7. Heka ca usnvinenu npednonodxceHusma Ha meopema 2 u veka Hepasencmeama (4.35) u (4.45) ca ¢
cuna 3a cucmemama cvce 3ameoper Konmyp (4.7). Cied mosa 3a 8caKo N"bp8OHAUAIHO YCAOGUe

r1(0) =yo, 22(0) =0, 23(0)=Ty (0<y <, 0Ty <Ty <T3)
CHOTBETHOTO PEIIEHUE Ha cucTeMa (4.7) € OCMIAIMOHEH PEXKUM C TIAPAMETPH 1, , 4, , 1 U 2,
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4.1.4 TbpceHe HA NEPUOANYHHU PEKMMH Ype3 YUCIEHO MOJIeJIUpaHe

Tyk 00EKTHT Ha U3CJICIBAHE € MPEJICTABEH B MO-KOHKPETU3UpaHa (PU3NYHA Cpe/ia CIPSMO MPESAUITHUS pa3jel. 3a
[eNiTa ce M3CieaBa uacanm3upaH oOeKT (CHeprueH KOMOalH) ChC CBOMCTBAa OJIM3KU JI0 pPEaTHHTE TaKuBa U
KOHKPETH3UPaHU (DM3UIHHA BEITUIHHH.

B komOaiiHuTe 4YecTo ce M3MON3BAT T. HAp. CIUIaBU ¢ maMeT Ha ¢opmarta - Bk [8], [24].Pasrnenan e
MaTeMaTHYECKUs MOJIeT Ha TAKhB KOMOalH, pe uiokeH B [ 14]. 3amavara e 1a ce HaMepsT MapaMeTpPHUTE Ha TO3U MOJIEN,
MIPH KOUTO yCTAHOBKATa J1a TeHepHpa TIOJIe3Ha SHEPTHS.

4.1.5 Onucanue HA eHEPro-100MBAIATA YCTAHOBKA U MOCTAHOBKA HA 3a/1a4aTa.
Pasrmexna ce TepMoeleKTpOMEXaHWIHA YCTAaHOBKA 3a MpeodpasyBaHe Ha TOTUIMHHATA CHEPTHUS B CICKTPHUCCKA.
WHcrananusta ce cbeTou oT HUmika, oT CI1D, nmrue3oenekTpuyecka KOH30/1a U HarpeBarenHa riactuHa. (Que. 4.3).

10
7 x10
y Y — ke=1
ke=3
Fopsian 61— ke=5
e
HWTL 13 SMA. HuTs 13 SMA b
= Iso A © 5 ‘ :
o
[ uwi,
e | e 1/ 3
I L I L a
P S 0 10 20 30 40 50 60
T, °C
Due. 4.3 Enepeuen kombatin: a) HUUKAmMa e oxaaoena, Due. 4.4 Mooyn na FOne 3a CII®.

0) HuwKama e 2opewya.

[TomoOHa koHCTpYKIUSA € TipeyioxkeHa B [49] . 3a ga reHepupa u3Ioii3BaeMa eHeprusi, cucreMara TpsoBa jja padbotu
B MEPHOAMYCH PEXKHUM: IBPBO, CTyJCHAaTa HHUINKA (BMX (urypa la) ce HarpsBa ¥ cBuBa (Iopajd CBOMCTBaTa Ha
MartepHuaia ¢ popMa Ha ImTaMeTTa), B pe3yJITaT Ha KOSTO Topeliara IiiacTiHa ce OTKIOHsIBa (BiX (urypa 10YpaBHeHHATA
Ha MOJIEJIa ca CIeIHUTE:

T =l (T = Too = Thp())

pAcp
=2
iy = = (keyy + B(y1)ye — Fsara(T,un) +mg). 4.51)

Tyk T e TemmnepaTypara Ha HUIIKaTa, ¥ € MMOJOKCHHUETO Ha ToBapa (y Ha ¢wur. 1a), y» € CKOPOCTTa HAa TOBapa.
BebaHoCT MEpBOTO ypaBHEHHE € YPAaBHEHHETO 3a TOIIONPOBOANMOCT, KOETO OIMCBA MPOMSIHATA B TEMIIEpaTypaTa Ha
HUIIIKaTa, 2 BTOPOTO € YPAaBHEHHUETO Ha OCIMIIATOPa, KOETO OMHCBA MTPOMSHATA B MOJIOKEHUETO Ha TEKECTTa.

3a6enexka 1. llle ThpcuM caMo perieHns, KOUTO ChOTBETCTBAT Ha HEMPEKbhCHATATA JASICHA YaCT, 3aTOBA MTOCTaBIME
=const u e OTXBHPIIUM pPEIICHHS, KOUTO HE yIOBJICTBOPSBAT HEPABEHCTBOTO (4.56).

3a0enexka 2. [Ipu m3npaHeHNE HA HEpaBEeHCTBATA

Yeo < y1(0); p1(0) < pm VI (4.57)

IsicHaTa yacT Ha ypaBHeHwms (1) e mramka (Bmwk. (4.53)). Llle pasriexxmaMe caMo TaKMBa PEIICHUS.

3atenexka 3. [lapamerpure Ms, Mr He ce U3IOI3BAT B MOJCIIA, Thil KATO IMPUMKaTa Ha XUCTEPE3HCca CE 3aMEHS C
HEJIMHEHHA XapaKTepUCTHKA (BUXK IO -TOpe).

IlenTa e ma ce ompenemnsaT CTOMHOCTUTE Ha MapaMEeTPHTE, ITPU KOUTO BE3HUKBAT aBTOTPENTCHHS B cucTeMara (4.51).

Tyk cToliHOCTTa Ha apaMeTbpa Ayo € N30paHa B CbOTBETCTBHE C MAKCHMATHOTO BH3CTAHOBUMO YIBIDKEHHE, KOETO
3a autuHOIN € € = 0,067, Bk [18] (THi KaTo ce mpeanonara, 4e yIbDKEHUITA HA HUIIKUTE ca MAJIKH, pasriekaaMe mo-
MAJIKO OT ITOJIOBMHATA OT MAKCUMAITHO JIOITYCTHMHUS JUANAa30H Ha YIBIDKEHUE).

Ha BapupanuTte napameTpu ca HajgoxeHu ciaeaaute orpannueHus: 0.01 <0 <0.3, 10 < k. <300,.005<£<10

104<r<103001<m<1,01<Iyp<1

Havamaute ycnmoBus 3a cucremara ca ciegaure: 7 (0) = e, y1(0) = Ayeo, y2(0) = 0.

Taka cturame 1o popmanHaTra MOCTaHOBKA HA 3a[a4aTa;

3ajaua. Jlaxena e cucreMa ot ypaHenus (4.51), (4.52), (4.53), (4.54), (4.55), U3BeCTHHU ca CTOMHOCTHTE Ha
napameTpure. HeoOxomuMo € n1a ce HaMmepsAT CTOWHOCTHUTE Ha mapamerpu O, kc, B, r, m, 1SO, oTroBapsmm Ha
orpannucHuTa (4.58), 32 KOUTO MMa aBTOTPENTCHUS B CHCTeMaTa (TOECT OpOUTATHO ACHUMIOTOTUYHO YCTOMYUBHU
TICPUOANYHY PEIICHUS ), U TIPU HAYATHUTE YCIoBUs (4.59) peleHueTo yIoBIeTBOpsiBa HepaBeHCTRa (4.56), (4.57).
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4.1.6 EBo0JIOIHOHHO ThpCeHe

Hexka na HamepuM CTOMHOCTHTE Ha TApaMETPUTE, KOUTO OCUTYPSBAT aBTOTPENITEHIS. 3a TOBA H3M0I3BaMe YHCICHO
CUMYJIUpaHEe U METO/Ia Ha posika yacTui| [28]. KaTo MeTo 3a YMCIIeHO MOJICTMpaHe IIe U3I0JI3BaMe SIBHUS METOJT Ha
Pynre-KyTa oT 4eTBBPTH pejl ¢ IOCTOSIHHA CTHITKA. UMCIIEHOTO MHTETpHpaHe Iie ce U3Bbpinu Ha naTepBana [0,100] s
cwe crbnka 107 s. YacturuTe 1me 6baaT Habop OT CTOMHOCTH Ha mapameTpH J, ke, B, r, m, Isp. [lo-HaTaThK YacTHIMTE
e ce o3Hauasart ¢ P, toect P=(0, k., f5, r, m, ls).

Heka N, € 6poST Ha TOYKHTE OT JIOKATHUS MAakcUMyM V' (1) B urTepBansT Ha naTerpupane [0, 100], Ny, - 6pos

Ha TOYKWUTE OT JIOKAHUSI MUHUMYM; Mi,..., Mymex - MaKCUMYMH, Mj,...,MNmin C& MUHUMyMHU. Jla pasriename
¢yHKUMOHANA:
Niaw Ninin
M, > m,;
=1 i=1 :
.](’,UP(')) = — ! - : 4NT772(1,1‘~
7 A“?Vm(m' A“mz'n

BewmHocT GyHKIMOHABT J € aHaJIoT Ha MPOU3BEICHUETO HA CpeIHATAa aMIUINTY/1a HA BUOPAIUUTE U YECTOTATa.
OyHKIMOHATBT J IpesicTaBisiBa putHec GyHKIUATA. B To3u ciyyail € He0OX0IUMO J1a ce B3eME MPEIBH]T H3UCKBAHETO
3a TJIQJKOCT Ha JsICHATa CTpaHa (B 3a0eiekka 2), KaKTO W MaKCHMAaJHO JIOITYCTUMOTO pa3TATaHe Ha HUIIKATA.
CeriacHo 3a0enexka 1, mscHata cTpaHa mie ObJe HEMpeKbCHATa, ako y;(¢2)<Ay. 3a ma mogabpkaMe HHIIKaTa
MOCTOSTHHO OIThHATA, BHBEXKaMe JOITBIHUTEIIHA MIPAaroBa CTOMHOCT U ThPCUM CaMO OHE3U PEIICHUS, 3a KOUTO Ayo-
vi(t)>¢eilso, XBACTO €,>0. B TO3W ciaydail MaKCHMAaTHOTO pasTATaHe Ha HHUIIKATa € OTPaHHYCHO, T.€. MTO3WUIUATA Ha
TOBapa TpsI0Ba Jja OTroBaps Ha HEPABECHCTBOTO Ayo-yi(t) < &2lsp.

Wznon3Baiikn MeTona Ha posSKa YaCTHIM C TocodeHaTa (uUTHeC (YHKIHMS, Oelie BB3MOXKHO Ja Ce HaMepsT
CTOWHOCTHTE Ha MMapaMeTPUTE, KOUTO OCUTYPSABAT NIEPUOIUIHOTO ABMKCHUE Ha cucTeMara. Te3u mapameTpu ca KakTo
cnensa: 0=0.0186, k=300, =0,065, =107%, m=0.1, Isy = 1. Pe3synTaTuTe OT MOJEIMUPAHETO HA CHCTEMATa C TE3H
napaMmeTpH ca nokasanu Ha Que. 4.5,Que. 4.6, Que. 4.7, Due. 4.8.

0.027
0.026
£0.025
So.024

0.023

0.022

98.00 98.25 98.50 98.75 99.00 99.25 99.50 99.75 100.00

2 % 60 80 100 b sec
t. sec

. @Que. 4.5 Tpenmenus Ha mosapa 3a yeauss UHMEPSANL HA Que. 4.6 Tpenmenusa Ha mosapa 8 YCMAHOBEH PEHCUM.
uHmezpupane.
35 36.00
35.98
0¥ 73596
©20 §
é §35.92
s  35.90
10 35.88
5 : : 98.00 98.25 98.50 98.75 99.00 99.25 99.50 99.75 100.00
0 20 40 60 80 100 t. sec
t, sec
Que. 4.7 Tpenmenus na memnepamypama 8 UHMepsala Ha Que. 4.8 Tpenmenus na memnepamypama 6
unmezpupare.. YCMAHOBEH PENCUM.

Pentenuero ynoBieTBOpsiBA HEPaBEHCTBOTO OT 3al0enexka 2, Taka 4e IUIQJKOCTTa Ha JsCHATa CTpaHa He ce
HapyIaga.

4.1.7 MuHMMHU3MpPaHe HA YeCTOTATA HA BUOpALIUNTE.

ITo-rope onpenenuxme CTOMHOCTUTE Ha NapaMeTpUTE, IPU KOUTO Bb3HUKBAT aBTOTPENTEHUS B cucTemara. Te3n
BUOpanuu obaue uMar yectora okono 21 Hz u ammiuryza Ha broia ¢ okono 17°. B To3u cinyuail asiokuHara Ha
HUIIKAaTa ¢ 1 m ¥ Ta3u IBDKUHA ChBIAJA C IbJDKMHATA Ha TopelaTa miacTuHa. Ha npakTuka e TpyaHo Ja ce n3noi3Ba
TaKbB PEXHUM Ha paboTa Ha MHCTaJalMATa. 3a IPaKTUUECKO NPUIOKEHNE HAa MHCTANIALUATA € XKEJIaTEIHO /1a C€ OCUTYpHU
yecrora 1-2 Hz.Ot apyra cTpaHa, BUCOKaTa 4e€CTOTa Ha TPENTEHUS IPU OIPEAEIECHUTE IIapaMeTpU € OuakBaHa, Thil
KaTo CTOMHOCTTa Ha pUTHEC QYHKLMATA HAMANISABA C YBeJIMUaBaHe Ha yecToTara. MoxkeM Ja pasriieaMe apyra GUTHEC
(GyHKIHA, KOSTO NMa MHHUMYM IIPH HEOOX0oAMMaTa 4ecToTa Ha BUOpaluuTe:
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Nuaa Nuin
M Y my
JP () = — | S — =L | e Ualtena—tar) =Nl
A\Hu/.r N min

(5.61)
KBJICTO f4 € )KellaHaTa 4yecToTa Ha TpenTeHe B Hz, fyq U tens c2 HAYATIOTO U Kpasi Ha BpEMEBHSI HHTEPBAI, IIPE3 KOUTO
Ce M3BBPIIBA YUCICHOTO HHTETprpaHe. OyHKIMOHATBT (4.61) mpremMa MUHAMATHA CTOMHOCT IIPH 9€CTOTa, ChBIIAAaIa
¢ f4 (axo cToriHOCTUTE Ha M, m; ca pukcupanu)..CrneiBa 1a ce 00bpHE BHUMAHKE, Y€ YPABHCHUATA 32 TIO3UIIUATA HA
ToBapa (4.51) BCBIIHOCT ca ypaBHEHHUATA Ha XapPMOHUYEH OCIIHIIATOP C Ta3W pasiiuKa, 4e KOCPUIMECHTHT Ha ); OT
JisiICHaTa CTpaHa 3a ¥ > (KOMTO CHOTBETCTBA Ha COOCTBEHATa YECTOTA HA CHCTEMara) He € MOCTOSHHA M 3aBUCH OT
Temneparyparta 7.

Tebpaenne 1. 3a ¢ynxouara (4.63) npu orpanmueHus (4.64) u 0Sy<e2a>0 ¢ CIIPaBEIMBO
HEPaBEHCTBOTO
g
O(m, k) = —.
52[

JlokazarencTBo Ha TBbpJIEHHE | € HallpaBeHo.

Tebpaenne 2. Hexka B 3amavara (4.63), (4.64) xoedurmenture y<0, €2>0. ToraBa 3a Bcsiko m, k, r, 1
YAOBIIETBOPsIBALIO orpaHnycHus (4.64) e B cuiia HEpaBEHCTBOTO:

mr? €
O(m, ko l) = S — % (EH — Em—g) = ®*,

l{sg —~) I €9 — 7

(4.65)

Toma o3HauaBa, 4e OTPUIIATSITHATE CTOHHOCTH Ha Y, 3a JIa CE€ CBEJC IO MUHUMYM YecToTara Ha BuOparuute. Tbid
KaTo 1o neduHULUATA Ha Y, Ayo=ylsy, GU3NUECKH TOBAa CHOTBETCTBA HA 3aKPETIBAHETO HA KOH30JIaTa Hepa3TerHarta
HUIKa. B To3u ciryyaii ToBapa ce HocH OT KOH30J1aTa, a He OT HUIIKaTa (Bx Que. 4.9).

Que. 4.7 Enepeuen xapsecmep npu Ayy < 0.

HiTe vs SMA--__

1 KOMTO OCUTYPSIBaT aBTOTPENTEHHUS C HEOOXO[MMAaTa 9ECTOTA.

= T ——— M g Taka ca OIIPCACIICHHU CTOMHOCTUTE Ha mapaMCeTpuTC HAa MOJICIIA,

Lnana ~
HEPaCTIHYTON HuT Sy

- R Byen
MuesoanexTpmyccran b

mer ey 41,8 TlogpoOHOCTH 32 peaiu3alusTa HA ONTHMHU3ALUATA
s 3a na ce HaMepu NPUOIM3UTENHO PEUICHWE Ha CHCTEeMara OT IU(epeHIHATHU
ypaBHEHU, O€Ie U3I0I3BaH KIACHISCKUAT MeToI Ha PyAre-KyTa oT 4eTBBPTH pel ¢ TOCTOSIHHA CTHIIKA.

B 3akiroueHre MOXKeE Jia ce Kake, 4e € pasriieaaH MOACIbT Ha TEPMOCICKTPHUECKH XapBecTep. 3a TO3U MO/IEI ce
YCTaHOBCHHA CTOMHOCTHUTE Ha napaMeTpuTe, MpU KOUTO BB3HHUKBAT aBTOTPCITCHUA. B t0o31 cnyqaﬁ CTOMHOCTHUTE Ha

napaMeTpUTE Ha HUIIKaTa ChOTBETCTBAT HA peaHaTa HUTUHOJIOBA CILJIAB..
4.1.9 B'bBe)_'[eHl/le N MOCTAHOBKA HAa YTOYHCHUA BU HA 3ajavaTa
B crarusra [29] e pasrienana HenuHEHHA cUCTEMa 3a YIIpaBJiIcHUE:
mi(t) + By(t) + ky(t) = a[flE(T(z‘)) (A - ;ll(l‘)) — mg,
ay ™M) + T (1) = u 4.71)

Cucrema (4.71) e ompocTeH MOJEN Ha XapBeCTep 3a TOILUTMHHA eHeprus [8] , KBAETO C€ W3IMOI3BAT CICIHUTE
O3HAYCHUS: ¥ € U3X0HA IIPOMEHIINBA, XapaKTepru3upara aedpopManusaTa Ha MaTeprai ¢ mamet ¢ popma [30] ¢ 0 <y0
<4; T e Temnepatypara Ha Matepuaina ¢ 7,>(0; monoxuTenTHure uucia m, f, k, a, [, 4 u y ca pusnvecku napaMeTpu Ha
XapBecTepa 3a TOIUIMHHA SHEPTrus; g ¢ 3eMHOTO YCKOPEHHE, u € YIpaBICHHETO Ha oOpaTHATa Bpb3Ka Ha M3X0Ja
(u=u(y)‘ ; u E e Moy Ha FOHT, KO#TO Ce omucBa ¢ HelTMHEHHA xapaKTepI/écha ¢ xucTepesuc u Hacuiane (Que. 4.15).

U

Es
T——>—0
A
u ————
= M, A My, AT
Y1 Y2y
. @Que. 4.14 Ynpasnenue c obpamua épwv3Ka. Que. 4.15 Xapaxmepucmuka na E(T ) ¢ xucmepesuc.

3amauya. HeoOxomuMo e 1a ce HaMepsT OrpaHWUYCHUS 32 YUCIIOBUATE TIapameTpu m, k, a, [, 5, A u y Ha cuctema (4),
KakTO W 3a TapaMmeTpuTre y;, V2, ¥ W u Ha KoHTpojaepa (4.73), MpH KOWUTO CHIECTBYBAa INEPHOIUTHO PEIICHHE
(mepuoanveH pexxuM) B 3aTBOpeHaTa cucrema (4.75).
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[TepuonuueH pexxuM B cucTeMa ¢ IPOrpaMUPaHO YIIPABICHUE
Pa3znensime perennero Ha 3afjadaTa 3a ChIIECTBYBAaHETO Ha MEPHOAMYHO pelieHne B cucrema (4.75) Ha HAKOJIKO

cTeikd. [IppBO, M3cinenBame CHIECTBYBAHETO Ha IEPHOAMYHO pelleHne Ha cucteMa (4.74) ¢ mporpamMupaHoTo
yIpaBJIeHHUE:

w o if ot O.¢g0 + O )
up(t) = if t€[40,90 +O1) g=0,1,2,...; O, +060,=06.

u, if t €O+ 01,90+ 01+ 63). (4 78)
Tyk u, ©; 1 O ca NONOKUTENHN MapaMeTpu Ha IPOrpaMHpaHOTO ynpasineHue. Jla pasriesame 3ajgadara 3a
HaMHPAHCTO HA CTOﬁHOCTI/I Ha ynpaBJIsIBallld MapaMETpU, rapaHTHUpPAlIU ChIICCTBYBAHCTO HA MCPUOJAUYIHO PCIIICHUC HaA

3aTBOpeHara cucrema (4.74), (4.79). IIppBo, TOBa yIpaBiCHHE u(?) € IO YacTH HENMpPEeKbhCHATa ITOCTOSHHA -
nepuoruHa pyHkius. Heka mokaxeM, e ypaBHEHHETO:

;i:g(t) = ,%(1;3(1‘,) - “p(t))

( (4.80)
@ue. 4.16 u Due. 4.17 cxemataHo uzobpassasar Gpyukuuute x°(f) u (f) 3a t € [0, O)].
T3 4
a E,
T
A
M-
A
‘11; i i i T = i
é/’h (!'),42 9!1(!'%1, (!')M‘2 (') t (:).41 Ou4, @1(')M, O, © 1
Due. 4.16 I'pagpuxa na pynkyuama xO(t). Que. 4.17 I'pagpuxa na pynkyuama ¢ (1).

Teopema 8. Heka mapamerpure u, y. @; , u © Ha mporpamupaHoTo ynpasieHue (4.69) 3a cucremata (4.64)
YZIOBJIETBOPSIBAT CJICAHUTE YCIOBUS:
Nmame HepaBeHCTBaTa

J u(l — E7—”/(9—@1)/0) +u(l — (;'—“/@1/&)63—%9—@1)/&
M, <T = [~ c6/a
A > T_ w(l — (7*791/0) +u(l— (7*’7(9*91)/Q)67*W@1/ﬂ'

1 —e8/a

Ycnosue (4.93) ce M3mbBIHABA.

ToraBa chlNecTByBa equHCTBeHO mepuommuHo pemenne x2(1)=(x(), x°(1), x°(t))" na cucremara (4.74) c
nporpamupaso ynpasnenue (4.79). Ocsen toa, x°(0) = T.

4.1.10 IlepuoguyeH pe:xuUM B CHCTEMA ¢ 00PaTHA BPb3Ka
Teopema 8 1 meproAMUHOTO pemenne x°(2), momydeHo oT ToBa ynpasiaenue. Clie0BaTeIHO, CIETHOTO TBhPICHHE
ce ocHoBaBa Ha Teopema 8 ¥ TOCTaTHYHU YCIOBUS, IOTyYCHHU B [29] 3a CHIIECTBYBAHETO HA TPEITSIITN PEKUMHU.
Teopema 9. /la mpuemewm, ue: [lapamerpute Ha cuctema (4.74) yrnoBieTBOpsSBaT HEPABEHCTBOTO:

1
B mg + kA - ( kl+ ok, a) ( ki + B, a)
E+aFEi/l CIIEKTHPBT HA BCAKA OT MATPULIUTE m m " m

JIeXH Ha OTPULIATEITHATA TIOJTyOC.

Teopema 10. Heka ce m3mbiaHAT mpeamonoxeHusTta Ha Teopema 9 m HepaBenctBata (4.95), (4.96). Torasa
CBILECTBYBA NEPUOJUUCH PEKUM C HadalHH yciaoBus (4.94) B 3aTBopeHaTa cuctema (4.75).
Pesynraru ot cumynanusta

A

Que. 4.8 I'paguxu na pynkyuume y(t), T(t) u E(t),
CLOMBEMCMEAwU HA NEePUOOUYEH DeXNCUM HA Ccucmemama

4.71).

Honyqu € MATCMATUYCCKU MOJCI Ha XapBCCTCp 3a

TOIJIMHHA €Heprus mnox ¢opmara Ha ynpasisiBaHa HEJMHEHHa
JUHaMU4YHA cucteMa (4.71), Y4unTo KoeQUIIMEHTH ca TIOJIOKUTEITHH YHCIIOBY MapaMeTpH.
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S T'1aBa MopeanpaHe Ha TEPMOEJICKTPOMEXAHUYHH CHCTEMH

5.1 TIlpoBe:kaaHe HA MaTeMAaTHYeCKO MoOJeJMpPaHe HA CBbP3aHUTE TONJIMHHN MEXaHUYHHU U
eJIEKTPUYECKH MPOLECH.

5.1.1 Cwvcmasane na mooen Ha eHep2uer KOMOAIH ¢ 06e HAKTOHEHU KOH30HU 2peou

5.1.1.1 I'eomempuunu u KuHeMAMUYHU 3A6UCUMOCIU

Pasriienan e eHeprueH XapBecTep ChC CHMETPUYHA CTPYKTYpPa, ChCTAaBEH OT JBE HAKIIOHECHM KOH3OJIHU TPEIy,
CBBbp3aHH B CBOOOHUS UM kpaii ¢ Humika ot CI1® kakTo Oeme nokazano Ha dwur. 5.1.

3a ompezensHe Ha cwiIuTe W AedopMalMUTe € MPHUETO, 4Ye Ipenu na Obae MoHTupana Humkara ot CIID,
HenehopMHupaHnuTe KOH30JH ca B ooxeHust OAy u ByC (®dwr. 1). ITomoxxerns A; 1 B; ChOTBETCTBAT Ha ITbPBOHAYATTHO
MOHTHpaHAaTa B CTYJICHO, MAPTEH3UTHO ChCTOSIHUE HUIIIKA.

3a KOH30JIHHUTE TPEH Ce MPUEMaT CIeIHUTE onpocTsBamy npeamnoctaBku: 1. Jlepopmanuure Ha KOH30/IUTE ca
Mankd. 2.CBOOOIHUAT Kpali Ha KOH30JaTa Mpu AePOopMHUpaHe Ce MPEMECTBa MEPICHIUKYIIPHO Ha M3IPABEHOTO M
HEHATOBapEHO MoJiokeHne; 3. HaroBapBaHeTo B KOH30JIaTa € YKCTO Or'bBaHE U JIe)OPMAITUKTE ca B PE3yJITaT caMo Ha

neiictBuero Ha cunata F . Ilpuero e, ye mbpBOHaYanIHaTa, HeaeopMHUpaHa AbIDKMHA HA HUIIKATa € S, 3a 1a Obae

nehopMHpaHa HUIIKATA Ha OITBH IIPU MOHTHPAHETO ¥ TpsioBa S, < A0B0~

0 F A Que. 5.1 Cumempuuen CIID-IIEEX c
& [ i
g, f, ~_F, ! * ) B 08e HAKJIOHeHU KOH30JHU 2peou 8 HAYAIHO
, 5 MOHMAIICHO — NOAOJCEHUe  Npu  HUCKA
memnepamypa.
P 5B pamyp

Y,

dOIC C

[Ipuero € 4ye, Mpu MOHTHPAHE B CTYJICHO ChCTOSIHUE HUILIKATA CE € yIABIDKWIA U UMa IbJDKUHA S = AlBl .

Toii xato mpu Hucka Temneparypa CII®D e B mapreH3suTHa Qopma, HAATBXKHATA CHJIA B CIUIaBTa C MaMeT Ha
(dopmara Moxe 1a Obae U3UKcIeHa 1o Gopmyiara

E, A&, g, <&
F,=<(E,—E;)A¢,+E A¢, gi<e <egl, (52)
(E,—E;)A¢, +(E, —E,)Ae,+E As, gl <g,

81758

KbIACTO gsl = € OTHOCHUTC/IHATA HaAJIBXXHa I[e(l)OpMaLII/ISI n As € IJIolITa Ha HAIpPCYHOTO CCUCHUC Ha

So
HMIIKATa, g’ € ,[IpelelIHa" OTHOCUTEIHA HaJUIbKHA AedopMaius Ha ABOMHUKYBaH MapTEH3UT, ¢ € MHUHHMAaJHa
OTHOCHTEITHA HA/UThXHa Ae(opMaIys Ha OTABOWHUKYBAH MapTeH3UT, £, € MOy Ha HaJUIkXHa fAedopmanns Ha CIID
B aycTeHUTHaA ¢a3a [Pa)], £, e Mmoxyn Ha HagmbxkHa gedopmarus Ha CIID B yacTU4YHO 1BOWHHMKYBaHAa MapTEH3UTHA
¢a3za [Pa)], E, e Mogyn Ha HaurkkHa Aedopmarmsa Ha CIID B m3msuio oTABOMHMKYBaHa MapTeH3uTHaA (asza [Pa], £, e
MOIyJI Ha HamImkHa Aeopmanus Ha CIID B usnsano maprensutHa (asza [Pa] [6]. IIpoekiusara Ha Ta3u cuiia ce

3EI
YPaBHOBECSBA ChC CHIIATA HA KOH30/IATA F, = —— &, ,KB/ICTO E e momyn ma Young, | e uHepuuoHeH MOMEHT Ha
/

CCYCHUCTO, l € ABbJDKHMHA Ha KOH30J1aTa U 561 € I[e(l)OpMaI_[I/IHTa Ha CBO60,I[HI/I$I Kpaﬁ, KOATO MOXKE 1a 6’BI[G npeacTaBcHa

MTaKa S = O .Cnen 3amectBane Ha (1.3) u (5.5) B (5.4) e nomydeHo F. = ﬂ (5.6)

. s1 .
sin Y Psina
Bzewmatiiku nipensun (5.2), ca nepuHMpaHn ypaBHCHHUATA
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3EIS,

EmAsgsl T3 .2 =0 &y <‘("zﬁ
I’sin" a - ) (5‘ 7)
(Enz_ET)AAgl;:+ETA\g\1_3~77'\1: 5;: <&y S‘g:ﬂ]
S Psin"a
, 3EIS.
(Em _ET)AS‘(";:I +(ET _Ed)Asgsl +EdAvgvl _3-77“:0 {;‘: Sgsl
7 Psinfa

OT XOpHU30HTaIHATA pa3sMEPHA BEpUra Ha (ur.] MOXKe J1a ce 3anmiuie BTOPO YPaBHEHUE 25, +s, = 4B, =2/ cosa +d

[lony4enata cucrema ypaBaenus (5.7) u (5.8) uma pemieHue

NL
3EIL, . <g st e <e
D, S én y
_ y N (AE ,&'s,+L E
o _J3EIL,—2NAE,z, e <gf 8 ( mrEnSo + Ly r) e <p <gl (5.10)
K DT m 5 m X DT m 51 m
d ) y
2N, (AE, &l +AE, ) )-3EIL, .y N, [(AET{,gZ+AEng;ﬂ)sO+LmEdJ .y
Dd 55 = %m Dd 5 = %m

o1c

MonenupaHe Ha eJIeKTPOMEXaHHYHATA CHCTEMA C MHE30eJeKTPUYHA YacT
IMopanu cumerpusiTa € pasrieiaHa caMo elHa KOH30JIa C €JIMH MHe30eJIEKTPUYCH CIIOH. 3a eNeKTpOMeXaHuIHaTa
cUCcTEeMa ca BBbBEJICHH JBE 00OOIICHH KOOpAMHATH (5.WIM CTemeHH Ha cBoOoja). [IbpBaTa cTemeH ¢ MeXaHWYHa,

CHOTBETCTBAIlA HA IMPEMECTBAHETO 5x =X Ha KOH30JIaTa IO XOpPH3OHTAJTHATa OC. 3a elleKTpuyecka 0000IIeHa

KOOpAuHATa € IMPUCT CICKTPUUCCKUAT 3apia] ( Ha CAWMHCTBCHATA BCPUIda HA NMHUC30CIICKTPUYHUA npeo6pa3yBaTeJ1
(1 .Our. 53) HpI/IeTO €, HC MacCaTa Ha KOH30JIaTa 1 IMOJIOBUHATA OT MacCaTa Ha HUIIIKAaTa ca CbCPCAOTOYCHU B CBO60,I[HI/I$I
Kpaﬁ TOYKa A, B €¢lHAa yCJIOBHA CKBUBAJICHTHA Maca m. EJ'ICKTpI/I‘leCKaTa BCpura € CbCTaBCHA OT NHUC30CIICKTPUUICH

CJICMCHT U TOBAPHO CBHIIPOTUBJICHUC RL .

@ue. 5.2 Junamuuen moden na
q g? nUe30eNeKMpUIHAMa KOH301A:
a)mexanuyna yacm, 6) erexkmpuiecka
c— Ry m i eepuea; 8) eneKmpomMexaHuyer Mooei, 8)

CNIEKMPOMEXAHUUEH MoOeil.

Bbpxy KOH301HATa rpena OT cTpaHaTa Ha 3allbHATHS Kpall ca HAaHECEHW IOCJEI0BATEIHO TPU THHKU CIOEBE Ha
JIOJICH €JIEKTPOJI, Ha MHEe30eJIEKTPUIeH (GUIIM M Ha TOPEH eeKTpoa. Tyk e mpueTo, 4e JBara eJIeKTpo/ia ca CBbP3aHH C
ToBapeH pe3uctop. OCBeH TaBa € MPUETO, Y€ MOJISAPH3AIMITa Ha MHE30€JeKTPUYHUA CJIOW € 10 HamlpaBlIeHHE Ha
HaJUThKHATa OC Ha KOH30saTa. [loHexke Mo chlaTa oC € U OTHOCUTEIHOTO YABJDKEHUE HAa MUE30ETICKTPUUHUS CIIOM,
PEXKUMBT paboTa Ha MUE30ETIEKTPUYHIS IPe00pa3yBaTel € djs;3.

OGo0wennTe cumu ca Ha F,=—fi u cuiata Ha CII® F, =F;,(T ,X), KOSITO 3aBHCH OT HPEMECTBAHETO M

TeMIieparypara U me Obje OmpeleleHa B CleaBalius pasgel. TyK X =V € CKOpocTTa Ha 00o0IeHaTa Maca. 3a
000011IeHa eEKTPUYECKa CHIIA € TIPUET MaJbT Ha HAIIPEKEHUETO BbPXY PE3UCTOpPA i, =—R,§. KBAETO ¢ =i € TOKBT B

CJICKTPUUCCKATa BEpUTa. B3aHMOHeﬁCTBHCTO Ha MCXAaHUYHUTC M CICKTPUUCCKUTC IMPOMCHJIIMBU CC H3pa3siBa 4pe3

2
o mx
JlarpamxunaHa, KOWTO B cllydas uma Buga W, =W, —W, —W,, ,xpgeto W, = BN € KHHETHMYHATa  CHEprus  Ha

2

KOH30jaTa, W, =—— (5.36) e moreHIManHaTa €HEprus, k MpHUBeIeHATa €JacTHYHA KOHCTAHTa Ha KOH30JaTa.

Tperusar unen W,, Ha (5.34) e mbyiHaTa eHEPryusl Ha IUE30€JIEKTPUYHHUS Ipeodpa3yBaTell, KOUTO B CbOTBETCTBUE [129]

7 d,K, K, A’
MOXXe da Obne mpeicTaBeH BBB ¢opmara W, = e N9A+ ~——,KplleTo K, € enacTH4YHaTa
20(1-k) C(1-k))" 1-k 2

KOHCTaHTa Ha MUC30CICKTPUIHUA npeo6pa3yBaTeJ1 IpH CIACKTPOAH HA KBCO, kf) € KOC(i)I/ILII/IeHT Ha CIICKTPOMCXaHUYHO
r[peo6pa3yBaHe Ha TMHUE30CJIICKTPUYHUA MaTCpuall, d33 € MHUC30CICKTPUICH KOC(l)I/II_II/ICHT, C € CKBHUBAJICHTCH

kananureT, A e negopManuaTa HA MHE30€NEKTPUYHHUS CII0H, KOSTO € IPONOPIMOHATHA HAa XOPH30HTAIHATA IPOEKIIIS
Ha IPEMECTBAHETO CBOOOAHUS Kapail 1 MOXe Jla e U3pa3u Taka A = p x KbJIETO p, € OTHOLICHUETO Ha Ha/IbXKHAaTa

nedopmanus A Ha MHe30eTEKTPUYHNMS CIIOM CHPAMO IPEMECTBAHETO HA CBOOOIHUS Kpaii MPOEKTHPAHO MO X.
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Cnen xato JlarpamxuanbT ce nudepeHnrpa ChIIacHO ypaBHEHHsTa Ha Jlarpamwk OoT BTOpPH poA € MOJy4eHa
cucreMaTa IuQepeHIaTHy ypaBHEHHS

” _ c' 4K, p.C _d33Kapx K.p, A
i 2c2(1—kf,)q +c2(1—kf,)qx C(1-k2) +(1—kﬁ)x Pt (5.42)
1 dy, K, p, __p
c(1—k§)q+c(1—kj)x_ fud
Kbaero - 9C _EWpPx
dx g,

5.1.1.2 Mooenupane na cunama ¢ numkama om CII®
3a ma ce ompemenu cwiata Ha Humkata ot CII® e HeoOxommmo ma ce mogmenupa CIID, kosTO MPOMEHS
KpucTtanorpadckaTa Cu CTpyKTypa IIpH pa3IndyHH TeMIepaTypH 1 HaToBapBaHus. [1pu cToifHOCT Ha mapameTspa &, =1

CIUIaBTa € B HAITBJIHO MapTEH3UTHO CHCTOSHUE, a MPU CTOMHOCT () — B HAITBJIHO ayCTEHUTHO ChCTOSIHME. AKO CIUIaBTa
ce HaMupa B MapTEH3UTHO CHhCTOSIHUE W 3all0OYHE Jla CE€ HarpsiBa, Ipu TeMmiepaTypa As ce HaOloJaBa Ha4ajJoTO Ha
aycTeHHTHa TpaHcopmanus. Mexay Toukute As U Ar MaTepHaIbT CE HAaMHpa €JHOBPEMEHHO B MapTEH3UTHA U
aycreautHa (aza. Crex Touka Ar CIUlaBTa ce TpaHchopMHpala M3LSJIO B ayCTEHHTHO ChcTostHHE. OOpaTHO, ako
CIUIaBTa € U3ILUI0 B ayCTCHUTHO CHCTOSHUE M 3all0YHE Ja C€ OXJaXkIa, B Touka M ce NosiBsiBa MapTEH3UTHATa
TpaHcopMaLus U T4 L€ IPoABbIKaBa 10 Touka My, KbJETO Lienusi 00eM Ha CIUIaBTa ce € IIPEBbPHAN B MapTeH3uT. OT
rpadukaTa € BUAHO, Y€ IIpeu TeMIeparypaTta As uMa U3LsU10 MapTeH3uTHa (asa, a cien TeMneparyparta Mg uMa camo
aycteHnTHa (asza. CMeceHH Qpakiy UMa B pa3InyHHA TEMIEepaTypHU UHTEpBalIn AsAr, ipu HarpsBane u MMy, npu
oxnaxaaHe. Mexxny temneparypure Ms u A ciutaBra Moxe J1a ObJie U3ISUI0 B ChbCTOSIHUE WM Ha MapTEH3UT WU Ha
ayCTEHHUT B 3aBUCHMOCT OT TOBa JaJlM ce HarpsBa wim oxyaxnaa. dur. 5.5 wiocTprupa XUCTEPE3UCHO MOBEACHUE Ha
CIID, xoeto e cnoxHO 3a Mogenupane. Koraro e kpucranorpadcekara TpancopManus € B MEXIUHHO ChCTOSIHUE B
HSIKOSI TOUKa OT KpuBUTEe MsMrmiin As;Arn HaCTHIIM IPOMSHA B IPaJUeHTa Ha TeMIlepaTypara ce Ha0Iro1aBaT MUHOPHU
XHCTepe3ncH, nokasanu Ha gur. dur. 5.6.IIpomsHaTa Ha 3HaKa Ha TeMIIEpaTYpHUS I'PaJlUeHT IPUUYHUHABAT HE3a0aBHO
oOprbluane Ha MapTeH3uTHATa ppakuus Rm. Axo CII® maTtepuan ce Hamupa B MapTeH3UTHA (a3a U TeMIepaTypara ce
IOBHUIIIM Taka, 4e Ja mnpeodpasyBa SMA HambJIHO B ayCTEHUT U ClIEJ] TOBA MaTepHAIbT CE OXJIaxa, Taka 4ue J1a ce
TpaHchOopMUpa HAITBJIHO OOPAaTHO B MAPTEH3UT XUCTEPE3UCEH LIMKBJI CE€ HapUya IJIaBeH LUKBI. AKO TeMIlepaTypara Ha
CII® matepuana € 4acTUYHO LUKIMYHA MEXKAY TeMIlepaTypuTe Ha TpaHcdopmanus, ce HabIonaBa MOBEAEHHE Ha
BBTpEUIHO paskioHsBaHe. Ako CIID maTepnansT ce HaMupa B TEMIEPATypeH KIIOH C yBEJINWYaBallla ce TeMIeparypa
taka ye CII®D mppBOHAYANHO € B MapTEH3HUT, 3a04Ba Jla Ce MPEBPBIIA B ayCTEHUT, HO MIPEIN MAaTePHAIbT Aa Oblae
HAITBJIHO AyCTEHHT, TEMIIEPATypHHUAT TpaJueHT ce oOpblla B OxJaxJaaHe. B TakbB ciydail B rpadukata Ha
MaprensutHaTa ¢pakuus Ha CIID me nocnensa BTOPOCTeNeHHO Pa3KJIOHEHHME NP 3aTBAPSHETO, HA KOETO CE
NoJy4YaBa MUHOPeH xuctepe3uc. [1o100eH KIIOH Ha BTOPUS UK IIE CE TIOIYYH, KOTaTO TEMIIEpaTypHUST MPoduII ce
MIPEBKIIIOYBA OT OXJIAXJAaHE KbM OTOIUICHHE MpEe MaTepUalbT Jla € HAIIbJIHO MapTEH3UT KaTo Ce MMa MpEeABHI, Ue
II'bPBOHAYATHO € O aycTeHUT. OCHOBHUTE U BTOPOCTETIEHHUTE (MUHOPHHUTE) XUCTEPE3UCHU MPUMKH Ca 3aTBOPEHHU.
OCHOBHOTO ¥ BTOPOCTENEHHO MOBEACHUE € NMoKa3aHo Ha dur. 5.6.

[Ipu moBuIIaBane Ha MEXaHHMYHO HATOBAPBAHE XUCTEPE3UCHUTE TEMIIEpATypy HapacTBaT KaKTO € IMOKa3aHO Ha
dur. 5.7 u Our. 5.8.

Stress

e

deformation (]
-

o

Mom A A Temperature —— owPa
——— 200MPa. AN . . "
of |- 400MPa S~ e eSS S

0 0 W W 4 s 60 0 8 90
temperature [C]

-50 [ 50 100 150 200 250 300 350
Temperaturs (degC)

Que. 5.3 3asucumocm na Due. 5.4  Hzmecmsame Hna Due. 5.5 Xucmepezucnu npumru &-T,
Xucmepe3ucHume memnepamypu om XucmepesucHume HNPUMKU Npu  NoJyueHu ekcnepumenmainno [30].
mexanuunomo Hanpedxcenue 6 CIIDQ  paznuunu MexXaHudHu
[30]. nanpesicenus ¢ CII® [30].

Koncranrata Cm [°C/Pa] n3passBa HakjIOHa Ha IIPaBUTE HAa TPaHC(HOPMALIMOHHUTE TEMIICPATYPH.
Tonaunen mooen na CII® c dxcaynoeo nazpasane c e1eKmpudecKu MoK
W3MmeHeHuneTo Ha TeMIiepaTypara, KOsSTO Ce 3arpsiBa OT IpOTHYAIIl ITPE3 Hes TOK €

25



chwp% =i(t) R,~hA,(T()-T,), (552
KBAETO ¢, € cnenuduina Tormna Ha CII®, V, e 06emMbT Ha xkunara ot CII®, o € mIbTHOCTTa Ha MaTepraa ot
CII®, A, e nuuero Ha OKOJIHATA MMOBbPXHUHA HA KHUILATA, A, - € TOIUVIMHHO KOHBEKTHBEH TpaHC(epeH KOehUIHEHT,
T, e TeMmeparypara Ha OKOJIHATa cpea, R, € eJIeKTPUYECKOTO ChIPOTHBIICHUE Ha JKUIIATA.
Upes nonarane va 0(T)=T(t)-T,, P()=i(t)'R, (5.54)
U npunarade Ha JlammacoBo npeoOpazoBaHue € MOTY4EeHO
c,,pr[sﬁ(s) - 6’(0)] =P(s)-hA06(s). (5.55)
Karto ce B3eme npenBua, ue
T(0)=T, = 6(0)=T(0)-T,=0. (5.56)

0 ©

e u3BeqieHa TpaHcdepHaTta QyHKIHA
1

G(S)_ e V.p
) A, (5.57)
chwp

IMono6HO ypaBHEHHE MOXKeE J]a CE M3II0JI3BA ITPH 3arpsBaHe Ha HUIIIKATa Ype3 HarpeBaTell HOCPEACTBOM KOHTYKITHS,
KOHBEKITUS U pauaIis, ako GyHKITAATA 32 MOIITHOCTTAa Ha M3TOYHUKA (5.54) € MpaBUITHO ONHMCaHa MAaTEMAaTHYECKH.
®a30BO-KUHETHYEH MOJICIT

KAaTO aKo HHIIKATA CaMO Ce OXJIXK/Ia WIH caMo ce Harpsisa Gynkuuute R, (1), RS, (¢), R (1) u R}, () ocrasat

ma
koHcTaHTH (???). CaMo KOrato uma MpoMsiHa OT OXJIaKIaHe KbM 3aTOIUISIHE HIIM 00paTHO T€3U (DYHKIIUH CE IPOMEHSIT.
BpeMmeTo Korato TakbB MPEX0Jl HACTBIIBA € HAPEUEHO MPEBKIII0YBANIO BpeMe. KoHcTanTaTa k. ompesens HaKJIOHa Ha

RS (Q,t) npu ,,cpenna“ tpancdopmainuonsa temreparypa 6= B¢, Ilo cblqus HaYWH KOHCTaHTara k. onpemens
HakioHa Ha R (H,t) B “cpenna” TpancdopMmalroHHa Temneparypa 6 = 7.

Hauanuu ycnoBus
RS, (0)=R,, (z)[1+ekﬁf‘} RS (0)=R,,,  (5.66)

ma

ma

RH (O) = Rmao (t)|:1 +ekﬁﬂ” :I’ R:;Ib (0) = Rmbg > (567)
KbIETO R, W R, ca Taka noAGpaHH MOJOKHTEIHH KOHCTaHTH, 4e R, (6,0) u R, (6,0) na omumar maxopHa

XHUCTepe3ucHa MpuMKa. IIpu rpannganTe TEMIeparypu 6 =0 u @ — o ot (5.64) — (5.67) cnensa
R, (0,0)=R, (0,0)=R,, +R,, ,(5.68)

ma

lim R (6,0) = lim R/ (6,0) =R (5.69)

mby
3a Ja 6’Bﬂe craBTta B 100% MapTCH3UT IIPU TEMIICPpATypaTa Ha OKOJIHATa Cpca € HCO6XO,[[I/IMO Rmuu + Rmbu =1 u3a

na 6b1e 100% aycTeHuT npu BUCOKH Temreparypu - R, =0 . Madil nocousa, 4e croiinocrure Ha R, ,R,, € 100pe na

mag >
Ce YTOUHSAT 3a J1a ChBIA/HAT C EMIUPUYHHUTE JJAHHH.

TIpeBKITIOYBAILM YCIOBHS TIPU HArPSABAHE - OXJIAMKIAHE

Jlokaro CII® ce narpsia R, (6,t)= R, (6,t). Koraro numkara ce oxnaxna R, (6,t)=R; (6,t). Korato nacTbmm

m

MPEXO/]T OT HarpsBaHE KbM OXJIaKJaHe TPSIOBa J1a ce 3ama3y HeMpeKbCHATOCTTa Ha R, (H,t) . He mo>xe ma nma BHe3amHa

CMsiHa B MapreH3uTHaTa (paxuusa. Ilonexxe abcomroTHaTa HamIbkHa nedopmanus &, € (QyHKuMA Ha R (6,t)
MOMEHTHATa CMsSHA Ha MapTEH3WTHaTa (pakuus I[ie TNpeAr3BHKa U MOMEHTHA CMsHa B ¢&,. 10Ba €CTECTBEHO
OrpaHUYEHIE € HAPEUCHO YCIIOBUE 32 HEMPEKHCHATOCT U3PAa3siBaIIo CE B
R (6,.,t)=R)(0,.1). (5.70)
KBJETO f, € BPEMETO B KOETO CE MPEBKII0UBA MPEX0/a.
Tbii KaTO BCUUKH XHCTEPE3UCHN KPUBH TPsIOBA Jla 3aBBPIIIBAT B €/JHA U ChIIIa TOYKA € BHBEJICHO H YCIOBHE 32 0010
Havao.

m

RE(0,¢,)=R"(0,0),  (5.71)
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Upes ycaoBusTa 3a 00110 HA4aJI0 U YCIOBHETO 3a HEIIPEKBCHATOCT 3aBUCUMOCTHUTE (5.66) 1 (5.67) ce mpeoOpas3yBaT

(1 +e e )(1 + eks(g_ﬁc)j

C(p_pC
A

RS, (1) = Ry, + Ry, + R (6,1,)] , (572

_kC ¢
—e B

RC
erb (ts ) = Rma +Rmb +L§)C > (573)
’ o lte ™’

[peBKkiIOYBANIM YCIOBUS TP —OXJIKIaHE- HATPsIBAHE
AHaIIOTHYHO 32 TO3W MPEeXoJ] ca JehUHHPAHU YCIOBHE 32 HEMPEKHCHATOCT M yCJOBHE 3a o0ma rpanuma. Upes
AHAJIOTHMYHY Pa3ChKICHUS 32 TO3U MPEXOJ ca U3BEACHU (HOPMYIIUTE

&;(g):[Rj(Q,g)—}g%](1+e““3ﬂ”j’ (5.74)
R, (t,)=R,, , (5.75)
MexaHudeH Moaes
o
[£,~(E,~E,)R, |
o+(E,—E,)Ré,
[E,~(E.~E)R,]
o+(E,—E,)R,&, +(E,—E, )R,
[E,~(E,~E,)R,]

. (5.76)

F
3a na 0bae u3pazena cunara F, B Humkata ot CII® (5.76) e pemeno cnpssMo O U € B3€TO NPEABH[ UE o = ? he

s

HU3BCIACHO
|:Ea_(Ea_Em)Rm:|€sAs’ OSSS S‘C"i
F;' = |:Ea _(Ea _ET)Rm:|gsAs _(ET _Em)ngn)RmAs’ 5;; < gs < g:, B (577)
|:E£l _(Ea _Ed )Rm]gSAS _(ET _Em )ng;:;AS _(Ed _ET)ng:AS’ gri S gs

B tperoTo ypaBHeHue B mbpBarta ckoba € £, BMECTO IIPEU TOBA HAIIUCAHOTO £,
B ropaunTte 3aBucuMocTH TpsiOBa Aa ce MMa MpeABHI, Y€ MapTeH3UTHATa Ppakuus € pyHKIHS Ha TeMIlepaTypara,

R =R (T 7% 1
T.C m m( ), a OTHOCHUTCJIHATAa I[C(I)OpMaLII/IH c & = B . pI/ICMa CC, 4€ B Ha4YaJIHHUI MOMCHT HpI/I t:0,
0

nedopmarusta Ha HUAIMIKATa € As, =, —s,. Korato npu ¢ >0 KoH30/1aTa ce IPEeMECTH XOPH30HTAIHO Ha IPOU3BOJIHA

mo3uIus X , feopmanusra B HUIIKATA 11e Obae
As=As, —2x =5 —5,-2x, (5.78)
3aI[0TO €THOBPEMEHHO ce nehopMUpaT ABe KOH30JIM OT ABAaTa Kpas Ha HUIIKATA.
MogaeanpaHe Ha TOILIONPOBOIUMOCTTA
[Ipueto e, ue aumkarta or CII® ce HarpsBa mo msiaTa
IbipkuHa. Harpesatenar nma temmneparypa 7T, ,. Humkara e ¢

T T
5 £33 KPBIJIO CEUEHUE M KOTaTo € JOMpPsHA 10 HarpeBaTes MOKE J1a
E 58 8
2 $3 & ce TIpeIcTaBy che cxemara oT dwr. 5.12.
H S
ATPERATER Que. 5.6 Cxemu Ha MONAUHHA NPOBOOUMOCT: @) OONHO
I nonodcenue Ha Hazpesamens; ) CMPAHUYHO NOJLONCEHUE HA
N
a) 6) 0 Hazpesamenst; 6) CMPAHUYHO PAZNOIONCEHUE HA HASPeBAmels

C ynpaesjeHue Ha nouiosxcenuemo.

Hal"pﬂBaHeTO OT HarpeBaTed, KOITO MMa IIOCTOSIHHA TeMIICpaTypa 7-;1 , KOraTo XHu4karta € 3aJICIICHa 3a HETO €,
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0,=aA (Th -T ) KbIETO ¢/, TomMHHA npoBoaumoct, W/(m.K) ,meran-meran”, A, e okonHata

(&
NOBBPXHMHA HA )KUYKAaTa, KOHTAKTyBama ¢ HarpeBatens [32]. KoHTakTyBamara okolHaTa MOBBPXHUHA A, MOXe Ja

Ce OIpeJIeNH Ype3 TEopHuATa Ha XepIl, aKO € U3BECTCH HATUCKBT, C KOWTO HUIIIKATA CE MPUTHCKA JIO HArpeBaTelIsl.

[Ipu cnmaBuTe ¢ mamet Ha Gopmara KOS(HUIMEHTHT HA TOILIOMPOBOAHOCT CE U3MEHS B 3aBUCHMOCT OT (pa30BOTO
ChCTOsIHME. B crnipaBouHMITMTE ca JlaJIecHM CTOWHOCTHTE 32 TOIJIOMPOBOJMMOCTTA 33 W3IUI0O MapTEH3WUTHA (asza
a,=a,, T < Mf, (5.81) u u3usiiio aycreHuTHa (asa a, =a, T>Af, (5.82)

Koraro ce CII® namupa B MekauHHa (pa3a € npueto KoeHUIMeHTa Ha TOIUIOMPOBOAHOCT Ja CE MPECMSTa I10
q)OpMyHaTa as = asA +(a:M _asA)Rm

Bumno e, ye ropHata ¢dopmyna oTpa3sBa M3MEHCHHETO Ha KOC(UIIMEHTAa Ha TOIUIONPOBOJIHOCT 3a IICNHUS
TeMIrepaTypeH auamna3zoH BKouuTeHo (5.80) u (5.81).

ITo-noipoOHO MPOIECHT TOIUITMHHA ITPOBOIMMOCT MOXKE J1a ce onwiie ¢ ypaBaenuero [130,131]:
cdol, kdo'T, ¢o
T,-1, =Pl Cn DB Co B0 ()
4h Ot 4h Ox h
MopenupaHe Ha pajuanusaTAa

: -8
Koraro HuIIKaTa € oTjaieueHa OT HarpeBaTeJist 0, =4¢,.0, ( rt-r1* ) JKBIETO o, =5,67.10
[W /m* K 4] e koHcraHTata Ha Credan-bBonmuman 3a pagmanusa, a &, € KoedHIMeHTa Ha ,M3TbuBaHe” Ha

MaTepHaluTe Ha HarpeBaTels u xxuukata, 4, ~ A /2 e okonHata MOBBPXHHHA HA HUIIKATa, KOATO ¢ MOI0XKCHA Ha
pamuarus [7].

MopneaupaHe Ha KOHBEKIIMATA

[Ipy KOHBEKIMATAa TOIUIMHHMAT IOTOK, M3JIM3all OT JXMYKata (WIM BIM3all B jxudkara, ako I, —7>0) e

TOIUIMHATA TPEiaBaHa OT Hesl B OKOJNHATA CPENa:() = (4, - A )h (T, ~T)-KBACTO h, e[W/ (m*-° C)} KOCQUIINEHT Ha

out

KOHBEKTHBEH TOILIOOOMEH ,,MeTan-Bb3ayx~ A .Ot ypaBuenue (5.78), cien xato ca B3etu npeasun (5.78) —(5.81) e
TIOJTYYCHO

y. AT _ a, A (T,-T)+(A4,-A)h (T, -T), y<0 (5.86)

PEr = A,,ghoB(Th4 —T“)+ Ah (T, -T), y>0

5.1.2 Ilpoexmupane na CII®-IIEX c 06e nakionenu zpeou

5.1.2.1 Onpeodenane na cunume 6 HUMIKAMA U KOH30UMeE

3a na ce oxnaxkaa 0bp30 IbpBOoHaYaAIHO n3bupame Huika ot CIID ¢ quamersp 0.01mm Ha ¢pupmara Dynalloy. 3a
To3u TuIl HUIKa oT Flexinol (ThproBcko Ha3BaHWE HA HUTHHOJ) B CBOS Kataior [33]

[Tpuemame, ye ¢ Ta3u cUila € HATOBApEHA KOH30J1aTa B CIIIOOCHO CHCTOSIHUE, TIPH MapTEH3UTHA TeMIIepaTypa.

®wur. 5.7 Paznpenenenue va cumute B CMA TIEX

JIMHAMUYHUST MOJIENT C€ ChCTOM OT TPU JAHGEPEHINATHH YPaBHCHHS.
[IwpBUTE NBE ypaBHEHHWs OMHMCBAT MEXaHWYHATA M EJCKTpPHUYECKaTa 4acT
upe3 cucremata (5.42), a Tperoto ypaBHeHHe (5.82) ¢ 3a U3MEHEHHE Ha
Temreparypara. Taka ce cTura Jjo cuctemMara JTuQepeHInaIHT YPaBHEHHS

.. _ C' , duK,p.C' _ d,K,p. K,p, .
mx + kx 2C2(1—k;)q +C2(l_k;)qx C(l—kﬁ)qu(l—k;)x P+ F
1 d,K,p, (589)

+ =-R,q
c(l—kj)q c(l—k;)x o
a, A (T,-T)+(4,-A4)h (T,-T), y=0
’ 46,0, (1 =T*)+ Ah (T, -T), y>0

B KOMTO HEM3BECTHUTE (YHKLIMHU HA BPEMETO Ca x(t), q(t) ufl (t) .
Tl KaTo mpU x =0 BEPTUKAIHOTO IPEMECTBAHE Ha HUILIKaTa € y=0u IOpU x>0 HMaMe CbOTBETHO >0,

TopHaTa CUCTEMA CJIE] IIOHUKaBaHE Ha pE€lia Ha II'bPBOTO YPABHCHHUE CC 3allliCBa BbB BUJia
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v1|: ¢ 2 d.K,p.C’ dyu,K,p, __Kip,
m

wi(i-e)! T ey ey -k

=y (5.92)
N O L+ 4uKop,
TR c-8) " -8

[@,4.(T,~T)+(4, -4 )h (T, -T)], x=0

xX—=pv+F
e

1

pVe,
1

ple,

|:A,,£h0'B (Th4 _T4)+Avh(‘ (Z. _T)}’ x>0

5.1.2.2 Onpeodenane na nauannume ycioeus
B HavanmHus MOMEHT IIPH ¢ = 0, KOH30J1aTa € HEMOIBW)KHA, ITOPaIU KOETO V(O) =0. TemmnepaTrypara Ha HUIIIKATa €

paBHa Ha TemIepaTyparta Ha crasta T(0)=T, .

[Ipuema ce mo3umusTa Ha macatra ga € x=0, koraro HumkaTta oT CII® uma gpmxuna s, . [IpenBapurennara
nedopmaliis Ha KoH3oJaTa npu x=0 ce uzuucinsa ¢ popmyna (5.9)

I’ sin2asin o +dl sin® o
= — , kpueto A, ce wm3umcnsBa upe3 ¢dopmyna 1.11. Tasu npenasaputenHa
2lsin” a+sy4,

nedopmarus TpsiOBa ja ce 100aBM B MOJIela 3a €JacTUYHATA CHJIa Ha KOH30JaTa, KaTo MMbPBOTO ypaBHeHHE B (5.42)
cboTBeTHO (5.92) nmpunobuBa Buaa
' d K, pC' d,,K K
2C 2 7+ 323 apxz g — 233 apzx g+ ap;
¢ <l_kp) ¢ <l_kp) C(l_kp) <l_kp)
CHOTBETHO B (5.92) mMspBOTO ypaBHEHHE CE TIPE3aIicBa B

x1

m)'c'+k(x+§x1)—2 x=-fx+F; (594)

1 o

_1 d; K, p, K.p,
m| 2C*(1-k})

d.K p.C'
2 33" hal’x
q —k(x+5xl)— gx + q- x—pv+F | (5.95)
c(-6)" e8] (k)
3apsabT B HAYATHHSI MOMEHT OT BPeMe CJiellBa OT TPETOTO ypaBHeHHUe Ha (5.86) cnen monarane Ha ¢ =0
q(O) = —d33Kapr(0) , (5.94)

v

5.1.2.3 Pezyamamu om cumynayuama Ha ounamudnus mooea na CIIO-I1EX c 0ee naxkinonenu
zpeou

CncraBena e nporpama Ha Maple (ITpunnoxxenue 2), upe3 KOSITO ca OTYUYSHH PE3YITATUTE OIUCAHU KaKTO CJe/Ba.
Mojenupanara MapTeH3UTHA (QPAKIIKS 110 MPEIBAPUTEITHO H30paHUTE MapaMeTpu Noka3anu Ha dwr. 5.14.

C nomoOHa opma € MoeupaHa U ToIUIMHHATa npoBoAuMocT Ha CIID (Dur. 5.15).

Ha ®wur. 5.16 ca nokazanu rpadukure Ha cunute B Hulkara ot CII® npu HarpsiBane 1 oxiaxaaHe.

Penrenue Ha cuctemara qudepeHIIMATHE ypaBHEHUS 3a PEMECTBAHETO Ha CBOOOIHUS Kpail Ha KOH30J1aTa 10 0CTa
X okasano Ha @wr. 5.17 3a BepTUKAIHO MOJI0KEHNE Ha HAarpeBaTes ChOTBETCTBAIO Ha KoopauHarta Xt=0,0085 m.

0.8

0.6

04

0.2

0 9
0 20 40 60 80 100

0
20 40 60 80 100 0 001 002 003 004 005 0.06 007 0.08

Que. 5.8 Mapmensumna @pakyus Due. 5.9 Koepuyuenm na Que. 5.10 Cunu 6 Huwkama om

Ha CIID. monaonposoornocm na CIID. CII® npu 39°C npu nacpssare u
oxnasxcoawe.
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Que.  5.17  Ilpemecmsane
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HA

Que. 5.11 Ilpemecmesane
Ha c80000HUS Kpall 34 NbPEUSL
TMONIUHEH UMNYJIC.

Que. 5.12 Temnepamypa na
nuwrxama om CII® 3a unmepsan om ()

00 5 s.

o
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Que. 5.13 Usmenenue na
memnepamypama Ha HUUKama om
CII® ¢ unempesana 1,3 0o 2,1 s.

Que. 5.14 Pezyimamu 3a
2EHEPUPAHUS eNeKMPUYECKU
3aps0.

Que. 5.15 l'enepupan
eleKmpu4ecKku 3apsao 3a UHMepP8aia om
epeme t om 1.3 00 2.1 s.

2

[*

}

Que. 5.16 Ckopocm Ha | @ue. 5.17 Ckopocm Ha c60600nus | Que. 5.18 Ycrxopenue na c680600HUA
Cc80000HUSL KPAll HA KOH3071aMd Kapai — Ha  KOH30:1AmMaA  3d | Kapaiul Ha KOH301ama.
unmepeana om epeme 1.5 00 2.1 s.
6 6
5
5
.
4 3
0 1 2 3 4 5 0 5
Que. 5.19 @azos nopmpem x=x(v). | @ue. 5.20 HUzmenenue na curama | Que. 5.21 Hzmenenue Ha cunama 8

6 CIID.

KOH301ama
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5.1.3 Cwvcmasane na mooen Ha enepzueH Komoain ¢ 08e HAKJI10HEHU KOH30HU 2pe0u U OKauyeHa
Mmaca 6 cpeoama na Huwkama om CII®

5.1.3.1 Obocnoeka

Jlommycka ce, ue eHepruiHUAT KOMOaiiH ¢ 100aBeHa Maca € Bb3MOKHO Jia Ma Hal-BUCOK KOS(DUIIMCHT Ha MOJIE3HO
JICHCTBYE OT BCHYKHU U3CJICIBAHU JIO0 TYK, IOPaIH KOCTO Oellle BKIIOYCH B U3CIIC/IBAHUATA HA Ta3H TJaBa.

5.1.3.2 Ilocmanoeka na 3a0auama

Kakro Beue ce U3CHM 3a/1a4aTta TyK ce€ paszindyaBa pasrieikKjaaHara Mmo-rope mo ToBa, 4e Ha CHePrUiHUS KOMOaiH
ot @ur. 5.1 B cpenara Ha Humikara or CII® e gobaBeHa Maca KakTo € mokazaHo Ha ®wur. 5.29. 3a ma ce ocurypu
ONTUMAJTHO HATPSIBAHE HA HUIIIKATA, HATPEBATEIAT € ChCTABEH OT JIBE YaCTH, KOCTO MTO3BOJIABA Macarta Jia ce JABHKH 0e3
OTpaHUYCHHUS.

)
1
NN\

Que. 5.22 Cxema Ha eHepeueH xapgecmep C
06e HAKIOHeHU 2pedU U Macd 8 cpedama Ha
0 nuwxama om CII®: 1. 2. Konzonnu epedu ¢

\\\\\\\\\\\\\\\l\ ‘ nuesoenexmpuunu cioese;, 2. Huuxa om CIID; 3

Maca; 4. 5. Haecpesamenr.

D
N

5.1.3.3 I'eomempuunu u KunemamuyHu 3a6UCUMOCIU 3d eHEPZUEH KOMOAIIH ¢ 06€ HAKIOHEHU

KOH30JIHU 2pedu N OKaYeHa Maca B cpeaara Ha Humkara ot CIId
[IspBOHAYATHO € pasrienaH EHEePTMHHHUAT KOMOAWH IIPH XOPHU3OHTAJTHO IIONIOKEHHE Ha HHINKaTa KaTo ¢
npeHe6perHaTo TCTJIOTO HAa MacaTa U € MpUcCTo, Y€ HUIIKATA HC € ae(bopMHpaHa oA ,I[eflCTBHC Ha TETrJI0TO M.

ITono6HO Ha peauIIHUTE MOJIEINIU € IPUETO, Ye IIbPBOHAYAIHATA, HeAe(hopMUpaHa IbJDKIHA HA HUILIKaTa € S . 3a

Ja 61,;[e ,I[e(l)OpMI/IpaHa HUINKAaTa Ha OIIbH IPHU MOHTHUPAHCTO M U B TO3H cnyqaﬁ € HGO6XO,I[I/IMO Ja 6’]:,[[6 HU3IIBJIIHCHO

HepaBeHcTBOTO  §) < AOBO,

.v
*ﬂ
Sy B,
L 3 \
\

AR [ aasaaaaaasaaaaasy

£ F,

B, Que. 5.23 Cumempuyen CIID-IIEEX ¢ dse naxnoneru
KOH30JIHU 2pedu U MACA 8 HA4AIHO MOHMAIICHO NOONCEHUE
npu HUCKA memnepamypa.

Yy

C

; 0]

[IpueTo e 4Ye, MpU MOHTHUpPAHE B CTYJCHO CHCTOSHHUE, KOTATO CIUIABTa C MameT Ha (opMarta € MapTeH3WTHO

CbCTOSIHME, HUILIKaTa ce € Jedopmupana Ha AbJDKUHA §) = AIBI .

Twit kaTo cunara Ha Humkara ot CI1D Fﬂ C€ ypaBHOBECABA C XOPU30HTAJTHATA KOMIIOHEHTA Ha KOH30JIHATA CUJIa,

cinenBa F, =F, .KbJETO IIPY MapTEH3UTHO ChCTOSHME (R, = 1), HaaIbKHATA CUIIAa B CIUIaBTa C aMeT Ha (popmara ce

y
EmAsgsl gsl < gm
uzuuciaaa no  ¢dopmynata  F, = (Em _ET)ASEZ +E,A¢e, & <g, < 8;]1 ,  KBJETO
y d
(Em _ET)Asgm +(ET _Ed)Asgsl+EdAsgsl gm Sgsl
51 =5
&= € OTHOCHTEITHATA HAa/UThKHA JeopMarus 1 As ¢ IUIOLITA HAa HAIPEYHOTO CCYCHHE HAa HUIIKATA, &’ €
S
0

,»IIpeleHa’ OTHOCHTENIHA HaJTbXHa AedopMalus Ha JBOMHMKYBaH MapTEH3UT, £? € MHHUMAaJIHa OTHOCHTEIIHA
HaJUTbXKHA Je(opMalisl Ha OTIBOMHUKYBAaH MapTeH3UT, E, € MOyJI Ha Ha[uIkxHa Aedopmarus Ha CI1D B aycTeHUTHA
¢asza [Pa], E, e Mogyn Ha HaqbxkHa Aepopmanus Ha CIID B yacTU4HO ABOMHUKYBaHa MapTeH3uTHa ¢a3a [Pa], £, €
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MoAy]l Ha HaJIkxHa Aedopmanusa Ha CIID B m3nsio oTaBoiHMKYyBaHa MapTeH3uTHa ¢asa [Pa], £, e moxyn Ha

HaakkHaA gedopmanus Ha CIID B usnsio maprensutHa ¢asa [Pa] [6].
[Tony4enata cuctema ypaBaenus (5.101) u (5.102) uma momo6Ho Ha (5.9) u (5.10) pemenue

NL
3EIL, e L, 6 <e
D s — “m Dm 1
- y N.(AE  &'s,+L E
e = 3E[Lm ZNYAEngm gy <g < Ed , 5{ — s ( mT“m*=0 ‘m T) g;: < gs < gm )
K DT m K m X, DT 1
2N, (AE, 8 +AE, &) )-3EIL, N [(AEngd +AE, &) )5, + L Ed]
g, 2 &, ’ - i - g, >¢
Dd Dd 5 m

KbleTO €  nonokeHo: N =Alsina; L, =2lcosa+d; D, =2NE, +3Els,; D, =2N,E, +3EIs,;

sTm

D, =2N E, +3Els,. Ha ®ur. 5.31 e mokaszaHo 00110 MOI0KEHHE HAa eHePrUitHUS KOMOaiiH.

f.}'

Que. 5.24 Obwo nonooscenue na CIID IIEEXM.

B o0mus ciydali mpu mpou3BOJHA TEMIIEpaTypa cHjaTra B
Humkara or CII® £, ce onpenens upes (5.77), KOATO € YaCTUYHO

npeKbcHaTaTa QyHKLUS.

0<e¢ <¢g
F;' = |:Ea _(Ea _ET)Rm:|gsAs _(ET _Em)gr,:RmAs’ g;: < gs < gr‘i 1(5105)
|:Ea _(Ea _Ed )Rm]gSAS _(ET _Em )ng;:;Av _(Ed _ET)ngZAS’ g:ni < 8s

S—5 ,
KBIETO &, = 0 ¢ OTHOCUTENHA HaUTbKHa nedopmarus Ha Humkata ot CII®, & e ,mpenenHara” OTHOCHTEHA
So

Ha urbKHa nedopmarust Huikara ot CIID npu JBOWHUKYBaH MapTEH3HUT, & ¢ MUHHUMAJIHATA OTHOCUTEIIHA Ha llThKHA
nedopmanyst Ha Hukara ot CII® npu oTABoiiHMKYBaH MapTeH3UT, £, € MOIyN Ha HauIkxHa Aedopmanus Ha CIID
B aycTteHUTHA (a3a [Pa], E, e Momyn Ha HaurkkHA Aedopmanus Ha CIID B nBoliHMKyBaHa MapTeH3uTHA (a3a [Pa],
E, e moxyn Ha HauTkxHA Aeopmanus Ha CI1D B oTaBoitHMKyBaHa MapTeH3uTHa ¢a3a [Pa], £, e Momyn Ha HaUIbKHA

nedopmarus Ha CII® B maprensutrna dasa [Pa).
B touka 4 cunara [, ce ypaBHOBecsBa ¢ IPOEKIHMATA HA PEAKIUATA HA CUJIaTa B CBOOOHUA Kpaii Ha KOH30JaTa

F_ =F cos (05 + [ ) BbPXY HAIIPABICHUETO HAa HUILKATA, OT KOETO CJIC/IBA YPABHECHUETO F, 005(05 +p ) =F

[Tomyuenusat u3pas (5.117) 3a nedopmanmsiTa Ha KOH30J1aTa € 3aMecTeH B (5.116) 1 € n3BeACHO ypaBHEHUETO 32
Bpb3KaTa Mexay IbJuknHata Ha HumkaTa or CII® u s u BepTHKaniHaTa KOOpJUHATA HA MacaTa ),, B HESBEH BH:

%{3E[[cosa(2cosayM +d, sina+S§, )Sq1 -8yyd,. cos’* a +
s

+[(8y,2u —Zd:L,)sina -2d,.S,-12ly, }cos3 a +[(4quM -6/ dUIL,)sina -2I§,+10y,, d L}cosz o+

+[(d§c—8y§4 —41 +5”)sina +2d,,S, +121y, Jcosa +(21d,, - S,y,, |sina +21S, -2y, d ]}: (5.118)

oc

[E,~(E,~E,)R, |(s—s,) 4/, 0<e¢ <&
=1 E,~(E,~E,)R, |(s—s,)4,/sy—(E, —E,)&}R, 4, g <g <&
[E,~(E,—E,)R,|(s=s,) 4 /5, ~(E; —E, )R, e04, ~(E, —E; )R, 604,, £ <¢,
KBJIETO
S, = \/4denlr singcosa—d,, cos® a+4cos’ ayy, +8ly, sina—4ld, cosa—4y,, -4’ +5* (5.119)
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S, :[(Zd2 —8)/;)0054 a—2(80052 a=2§, cosa—4yM)(dU]L, cosa+21)sina+

o

+(8[dolc —4yMSq)cos3 a+(812 -d;, ~12y;, —sz)cos2 a+4(yMSq -ld, )cosa—.(5.]20)

-4 +5° -4y, ]1/2

I'eomeTpryeH aHaM3 Ha IPEMECTBAHUSITA U JIchOPMAIUHUTE

Heka pasriemame enacTHyeH MEXaHHU3BM ChC ChIaTa CTPYKTypa, KOWTO CHABPKAa HEpas3TEriiiBa HHIIKA Ha
MsacTtoTo Ha Tas3u oT CIID (Dur. 5.32a). Ako mpueMeM, de MacaTa TPENTH ¢ MOCTOSTHHA aMIUIUTY/IA, B TIO3UIIMATE HA
MeXaHM3Ma ca XapaKTepHU TPH MOJOKEHHS: CPeAHO monoxkeHne ABMCD, mpu KOETO pa3CTOSHHUETO MEXIy
CBOOOIHHTE Kpawuilla Ha KOH30JIUTE AB € MaKCHMATHO; TOPHO MOJIOKEHHE C MAKCUMAaITHA aMILTUTY/ 2, ChOTBETCTBAIIIO
Ha TOYKa M;; JIOJIHO TMOJIOKEHNE C MaKCHMMaJlHA aMIDIMTYJa, KOrato Macara € B no3uius M,. JIBeTe TONOXKEHUs ¢
MaKCHUMAaJHU aMIUTATY/IM ca CAMETPUYHU Ha oTceukara B;C;, KOSITO ce HaMHpa TI0-BHCOKO OT OTCEYKATa MPU CPETHOTO
nosioxkenre AB. Beruku Te3u mo3unmy Moke Jja C€ OMUINAT ¢ TOYHW MAaTEMaTHYECKU 3aBHCHMOCTH, HO 3a CIIydas
HaIPaBeHHUTE KOHCTATAIINH Ca JIOCTAThYHU.

Que. 5.25 I'eomempuuen ananus: a) Ha mexanuzom o6e3 vuwxa om CI®; 6) na mexanuszvm ¢ Huwxa om CIID u
Hazpesamei.

Ha ®wur. 5.32 0) e moka3aH aHaJOrMyYeH reOMETpPHYEH aHaJN3 Ha MEXaHHW3Ma, KOMTO ce pa3riexia TyK, T.e.
aumkata ¢ or CII® u gapmkuHATA M e MPOMEHsS IMOJ JIEHCTBHETO HA TEMIIepAaTypHHs TPAMEHT, Ch3NaJCH OT
HarpeBaTel. 3a Ja I[OJNyduM T[IOKa3aHaTta Ha Qurypata KOHUTypauus, JOlyckame, 4Ye TeMIeparypHara
BpeMeKkoHcTaHTa Ha Huinkata oT CII® e qoctarp4yHo Masika 3a Jja MOYKE HHUIIKATa B IOJTHO MONI0XKeHue M; Ha Macarta,
Jla ce Harpee JIo ayCTeHUT (WM HAKaKBa cMeceHa (pakiysi Ha MapTeH3UT M ayCTEHHT) H Ja ce CKbcU. OT ChIIOTO
JIOIyCKaHE 3a TOPHOTO IOJIOKEHUE M IprueMamMe, ue HUIIIKaTa iMa Hali-HUCKa TeMIIepaTypa U ChOTBETHO JIbJDKHHATA
U € Hall-roysiMa

Ha ©0a3zata Ha mbpBOHAaYamHHTE HAONIOJICHUS HA pEATHUS MOJE]I C€ YCTAaHOBH, Y€ TPENTCHUsITa B
TEPMOEIACTUYHATA CUCTEMA CE€ Bh30YXkKIAT IOCTATHhYHO S(hEKTUBHO W KOTaTO HAMA MPSK KOHTAKT MEX]y HHIIKATA U
HarpeBatens. ToBa IOKa3Ba, Y€ 3a Ja C€ CHhCTaBH IO-TOYEH MOJEN, TpsAOBa NPEABAPUTEIHO A CE HW3CIEIBa
TEMIIEPAaTypHOTO TIOJIE€ OKOJO HarpeBaTeNs KaTo C€ B3€ME MpEeABHI BIWSHUETO TeMIlepaTypara Ha Bb3IyXa.
TemIiepaTypHOTO T0JI€ OKOJIO HArpeBaTes sl MOXKE Ce OIMUIIIE JOCTATHYHO TOYHO C ITOMOIITA Ha JIBUKEIIHS Ce BB3yX
BbB (DyHKIIMS Ha TeMIepaTypuTe Ha HarpeBaTels U cTasta. B HOBUST MOJIeN € Mo-NPaBUIIHO 2 ce IPHUEME, Y€ OCHOBHO
HUIIKATA T0JyYaBa TOIUIMHA OT KOH(MEKIIMOHHHS TOIIOOOMEH C BB3JyXa, a JAPYTHUTE W3TOYHHIM Ha TOIUIMHA KATO
KOHJIYKTUBHUST U IBYUCTHUAT OT HArPEBATEIIS JIa ce peHeOperHar.

5.1.3.4 Mooenupane na 2D KoHeeKYOHHUA MONI0OMEH U MONJTUHHAMA Oedopmayus

Hemwxennero Ha HumKkaTta oT CII®D B paHMHa C IPOMEHIIMB TEMIIEPATypeH IPaAWEHT BOAM IO pEIIaBaHETO Ha
clIe[lHaTa 3ajJaya:

[IpaB nuIUHIPUYCH NPOBOAHUK C TUTBTHOCT p, TUaMeThp d U IbJbkuHa AB = [ ce nBwxu B paBHIHA OX) C TOpEIL
BB3AYX C HEPaBHOMEPHO TOIIMHHO MoJie (Pur. 5.33). CkopocTTa Ha MacoBHA LEHTHP S Ha HUILIKATA € V @ € BIIIoBaTa
CKOpOCT Ha MPOBOJHUKA. Pa3npenenenuero Ha TemieparypaTa 110 OCTa y ce yBeluuaBa HeluHelHo. M3orepMuyHuTe
JIMHUY ca yCIopeIHH Ha ocTa x. HauanHara TemnepaTypa Ha IpoBOAHUKA T, € IIOCTOSIHHA 110 IbJDKUHATA My. KakBo e
pasnpeaesieHneTo Ha TeMIlepaTypara B IPOBOJHHKA ciiell BpeMe f. KakBo € TOIUIMHHOTO yIbKEHHE Ha TPOBOJHHUKA B
CBITIOTO Bpeme?

B obummaT ciaydail TpuANMEHCHOHHHAT TOIUIOOMEH B HUIIKATa MOYKE Ja CE OIHIIE B MWJIMHIPUYHA KOOPJHUHATHA
CUCTEMA Ype3 pesanusaTa a_T:L(aZT +la_T+LazT + 62Tj_

o pe,\or* ror r’o¢’ oz

Crnen mpecMmsTaHe Ha TeMIEpaTypHOTO pasipeneieHre T B KHIATa, HAIJIBKHOTO TOIUIMHHO YIbJDKEHHE ce

npecMsTa o popmynaTta
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M= [ e (5.126)

Bcuuko ToBa II0Ka3Ba, Y€ IAJIOCTHUAT TUHAMHUYCH MOJIC]I Ha TaKaBa CUCTEMaA IIC 6”[;[[6 3HAYUTCIIHO YCJIOXKHEH,
KOC€TO II€ N3UCKBA I'OJIAM peECypC OT BpEME 3a HErOBOTO U3CJICABAHC.

5.1.3.5 I'eomempuunu u KunemamuuHu 3a6UCUMOCHIU 30 eHeP2UeH KOMOAIIH ¢ 08e HAKIOHEeHU
KOH30J1HU 2pedu W IBe MacH B cpeaara Ha Humkara ot CII®
MO,Z[CJ'I”bT Ha TOIUIOIPEHACAHCTO MOXKE 3HAYUTCIHO Ja CE€ OMNPOCTHU, aKO CC pasricaa CUMCTPUYCH CHEPTUCH
KOMOaiH ¢ IBe MacH, pa3oJioKeH! BbPXY HHUIIKaTa U3BbH HarpeBaTels (Pur. 5.35). [Ipu onpenenenu ycnoBus ABeTe
MacCu Morat Ja TperuTAT CI[HO(I)aBHO, OpU KOCTO HUIIKATA Ha/l B Y4aCTbKa Ha HArpeBaTeiIsd CC ABUKHU XOPU30HTAIHO.

M; M,
5, O — : .
Bl .\§2 c Que. 5.26 Jlsymacoe cumempuien enepeuer KOMOAuH.
Bt 3
<§ ® : ®

M. 1
? Heater | M

B TO31M cnywail mMonenupaHeTo Ha TOIUIMHHATa CHCTEMa
MOXKE Ja ce M3BbpLIM Ha 0a3zaTa Ha IPUETUTE OIPOCTSABAILU
MpeanocTaBky B paszaen 3.1.2.

4 i D

5.2 Cb3naBane Ha peajleH MpPOTOTHN W

CKCIIepUMEHTA/IHA CUCTEMA
B npoueca Ha u3cneaBaHusATa MO qUCEpTAlMATa 051Xa Ch3AaJCHU MHOKECTBO MPOTOTUIH. YacT OT pe3ynrarure,
MOJTyYEeHHU Ype3 Te3U MPOTOTHUIIN Ca MOMECTEHH B ITyONIMKAUKUTE 110 TUCEPTALUSTA.
Ha ®wr. 5.36 e noka3ana cHUMKa Ha ITbPBOHAYAIIHUS IPOTOTHUI HA EHEPrueH KOMOAIH ¢ HarpeBaTel OT MeJl, IBe
HaKJIOHEHU KOH30JIM C [TME30eIEKTPUYHH CIIOEBE, CHCTEMa 3a ChbOMpaHe u 00paboTKa Ha JaHHM JIANTOM U 3aXpaHBaHe.
Brpxy aumikara ot CII® e 3akpeneHa MuHuaTIOpHA TepMoiBoiika dur. 5.37.

@ur. 5.27 IlporoTun Ha eHeprueH KoMOailH C MeleH @ur. 5.28 Tepmonpoiika, Humka ot CII® un
Harpesarell 1 HAaKJIOHEHHU ITHEe30€JIeKTPUYHU KOH30JIH. Harpearell.

Ha ®wur. 5.38 e moka3aHa cHUMKa Ha €HEPrHHHUAT KOMOAiH ¢ Ba OpOH30BH NpPBCTEHA BbPXY HUIIKATa. To3n

OPOTOTHUIL ACMOHCTPHUPA UHTCPECCHO MMOBCACHUC, KOCTO IIIC 6’])}_16 npeaMeT Ha CIICABAIN U3CJIICABAHUA U IT 6J'H/IKa.]_[I/II/I.
0200804_093509.mp4 — . R Ly ) . = : N
9 . f N

Que. 5.38 Enepeuen xombaiin ¢ 06e medcecmu 6bpxy ®ur. 5.39 IlpoToTun Ha €HEPrUeH XapBeCTep C
HUWKama. moo0peHa MeTajaHa KOHCTPYKIHS Ha OTIOPUTE.
Ha ®wur. 5.39 e najena cHUMKa Ha TIPOTOTHI € TIOAOOPESHU OMOPH HA KOH3OIHUTE.
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6 Inaea 4 ExciepuMeHTAJIHN U3CJIeIBAHUS
6.1 HpOBemaHe Ha TECTOBU U3NIUTAHUA BBPXY pe€alHU IIPOTOTHUIL

6.1.1 Excnepumenmu Ha mepmoei1eKmpomexanudeH pe3oHamop

Kakro Oemie wu3sicHeHO moO-ropa TepMmoenekTpoMmexaHuuHusIT pesonatop (TEMP) e ycrpolicTBo, KoeTo €
IpefHa3sHAa4eHO Jla TeHepHpa TPENTeHHsS ¢ TIOCTOSHHA 4YecToTa. B  TexHWKara MOJOOHM YCTpOWCTBa B
MUHHATIOPU3UPAHU BAapUAaHTH, TPH KOUTO COOCTBEHHUTE UYECTOTH Ca MHOTOKPAaTHO II0-BUCOKH OT TEXHUTE
MaKpOaHaJIO31 CE U3MO3BAT 32 YSCTOTHH (QUIITPH.

Enna ot nenute Ha m3cnenBanusaTa Bepxy TEMO B HaCTOSAIINS TUCEPTAITUS € I1a ce MOJA00pH MOJICIHPAHETO Ha
MYJITU(GHU3UIHU CUCTEMH, TIPU KOUTO UMa B3aUMOJICHCTBHE HA TOIUIMHHH, MEXaHUYHHU U €JICKTPUIECKH CUCTEMHU.

Que. 6.1  Excnepumenmanen  cmeHO 3a  u3cieosame  Ha
mepmoenekmomexanuynus ocyuramop:  1.Huwxa om CI®; 2.
Enacmuyna epeda ¢ nuezoenexmpuuen caou;, 3. Tpuocen
axcenepomemuvp, 4. Tepmooeoiika;, 5. Henoosuocnu enexmpoou; 0.
Hoosudicen enexmpoo; 7. Cucmema 3a cvbupane Ha OauHU;
8.3axpansawu baoxose; 9. Jlanmon.

Voltage 3 Temperature_1

1 1 3 5 7 9 11 il il

0)
Que. 6.2 Excnepumenmannu pesyimamu 3a u=6 v, x=2 mm: a) HanpexiceHue Ha nue3oeileKmpuyHus
npeobpaszyeamen; 6) memnepamypa Ha xcuyama om CIID.

6.1.2 Ilapamempuuno u3zcneosane Ha MePMOeIeKMPOMEXAHUYHUA PE3OHAMOD

ITo-HaTaTHIIHOTO H3CJICABAHEC Ha CUCTEMaTa 4Ype€3 M3BBPUIBAHEC Ha MHOXKXCCTBO YHCIICHU PCHICHUA 3a PA3JIMYHU
CTOMHOCTH Ha BXOJHUTC IMapaMETpH MMOKa3Ba, Y€ CUCTEMATA € U3SKIIIOYUTCIHO YyBCTBUTCIIHA, T.C. MaJIKa IIpOMsSHA Ha
BXOJOHUTC MMAapaMCTPU B ONPCACIICHU I'PAHUIU ITPUIHNHABA 3a0eJIe)KMMO U3MEHEHNE Ha HU3XOJHUTC XapaKTCPHUCTHUKU HA
reHepaTopa, a MMEHHO Ha MakpoudecTora. To3u (DakT € IpearocTaBKa 3a IMOsSBaTa Ha TOJSIMO pa3HOOOpasue OT
JUHAMUYHU pabOTHH PEXKHMMHU M MPOBEXIAHETO Ha mapaMeTpuuHo uicienBane. Ha durypu @dur. 6.10 a) + 1) e
IMMOKAa3aHO XOPU3OHTAJIHOTO NPEMCCTBAHE X ITIPU YBCINYABAHC Ha CTOMHOCTHTE Ha X7, HOJYYCHO 4YpPEC3 NONbJIHUTCIIHU
YUCJICHH pemreHus. Moxe fa ce otoenexu, 9e ¢hopmara, KakTO U aMIUTATyIaTa ¥ MaKpOUeCTOTaTa CHITHO 3aBUCST OT
MPeIBAPUTEIHOTO OMbBaHe Ha Hullkata oT CII®D, a chIIo Taka U ye ca Bb3MOXKHU JOPH PEKUMH Oe3 BuOpaiuu - dur.
6.10a).
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@ue. 6.3 [ pagpuxu Ha XOPU3OHMATHOMO NpemMecmeane 3d y8eiuydeay ce CmouHoCmu Ha Xt

C men no-noapo6HO H3cieABaHe Ha BIMSHUETO HAa BXOAHHUTE MapaMEeTPH BbPXY M3XOJHUTE XapaKTePHCTUKHA Ha
CUCTEeMaTa ca MPOBEICHU MMapaMEeTPUYHU U3CIeIBaHUSA. BBIpekn e cucTemara BKIIOYBA 3HAYUTEIICH OpOil BXOIHU
napaMeTpH, HAKOH OT TSAX ca TPYIHH 32 PETYJIUPaHE B PEaTHOTO YCTPOHCTBO, OPAJAH KOETO TYK CaMO MPEABAPUTEITHOTO
HaIpPEeXEeHHEe Xt U TOKBT 1 C€ BapupaT B OIpE/eIeHN TpaHuld. VI3BBPIIBAT Ce YHCICHH €KCIIEPUMEHTH, U3ITOJI3BAIIU
W3BEJICHUS MaTEMaTHIECKU MOJICIT.

@ur. 6.11 moka3Ba pe3yiATaTUTE OT MApaMETPUYHOTO H3CJICABaHE Ha Makpodecrorara f kato (QyHKIHMS OT
M3MEHEHHETO Ha ImapaMeThpa X, KoiTo ce Bapupa ot 0.0045 m 10 0.015 m cwe crrmka 0.0007 m. ExcriepumenTuTe ce
W3BBHPINBAT 3a YeTHPH cToMHOCTH Ha Tokai— 0.1 A, 0.4 A, 1 A u 2 A. Kakro ce Bux/1a, He IPU BCUYKH CTOMHOCTH Ha
XT c€ TMosBsABaT BuOpanuu. llpm mocTurane Ha ompeselieHa MparoBa CTOMHOCT Ha Xt BBH3HUKBAT BHOpAIUU C
MaKpOYECTOTa, ChIIO TaKa, IPH JOCTUTAHE Ha JIpyra MparoBa CTOMHOCT BUOpAIIMUTE CE PEKpaTsIBaT. 3a pa3rieKIaHusl
ciaydait Te3u ctoHocTH ca choTBeTHO 0.0068 m m 0.0129 m. Moxe na ce oTOenexu ¢akra, 4e Te3U CTOMHOCTH ca
€/IHAKBU 32 BCUYKH CTOWHOCTH Ha TOKa i. B mombiaHeHHe, OT (hUrypara MOXKe Jia Ce BUJIH, Y€ YBEIIMYABAHETO HA XT BOJU
JI0 HaMaJsBaHe Ha MaKpOUYECTOTaTa 3a BCHYKH CTOMHOCTH Ha TOKa, KPUBHUTE ca MOYTH MACHTHYHHU U f ce mpomeHs
muHeiHo ot 1.5+ 1.8 HZ 10 0.7 + 0.8 Hz. EquncTBEeHOTO M3KITIOUEHHE € TpaduKkaTa Ha MAaKpOJeCcToTaTa 3a Hail-HUCKaTa
CTOWHOCT Ha TOKa, HO TO3H CITydYali ¢ HEMPUIIOKKM B pealiHaTa MPaKTHKa TIOpaay MaJikarta JiehopMalis Ha KOH30JIHATa
rpena. 3a ia ce U3BBPIIH JOBIHUTEIHO U3CIIeIBaHEe, TOKBT i ce mpoMeHs B nHTepBaia [0,1.4] A c¢be cthnika 0.13 A n
eKCTIIEPUMEHTHT CE MOBTApPS 3a TPH pasznudau cToiHOocTH Ha X1 — 0.007 m, 0.01 m u 0.012 m - @wur. 6.11 6). Kakro
MOJKe Jla ce HabJo1aBa, 3a CTORHOCTHTE Ha TOKA, mo-roemu oT 0.6 A, MakpodecToTaTta f 3aBrcH ci1abo OT roeMuHaTa
Ha TOKa 33 BCHYKU CTOMHOCTH Ha X1, KOSTO JOIIBIIHUTEITHO IOTBBPKAaBa pe3yaTarute oT dwur. 6.11a). 3a croitHOCTHTE
Ha TOKa, o-MaibK oT 0.6 A, MakpodecToTaTa HamaJsiBa HHTEH3UBHO, KOTaTO TOKBT CE YBEJINYaBa.

Karo ce B3eme npeaBun Buaa Ha rpadukara Ha Temieparyparta T Ha Huikara oT CII® ot ¢wur.1.76 0), na Dwur.
6.11 B) ca moka3aHu rpa)uKuTe HA MaKCUMAIHUTE, CPCIHUTC U MHHUMAITHUTE TEMIIEPaTypyu B MPOBOIHHKA KATO
(hyHKIMS Ha XT 32 TeKymaTa croiHoct 1 = 0.4 A. Moxe J1a ce BUH, 4e T¢ HapacTBaT SKCIIOHCHIIMATHO, KOSTO MOXKE J1a
ce 00sICHH C yBeJIMYaBaHe Ha MPOIBDKUTETHOCTTA Ha HArpsiBaHe ¢ yBeJIMYaBaHe Ha CTOWHOCTTA Ha X, T.€. TIOPaIH IMo-
MPOABIDKUTEHATA POIBDKUTEITHOCT Ha KOHTAKTa MEXIY €JIEKTPO/ia U HUIIIKATA.,

AHanu3bT HA PE3yNTATHTE OT CHUMYJIAIUSATA TO3BOJISIBA JIa CE OMPEACIAT TPAHHUIIMTE HAa MPOMSHA Ha BXOJHUTE
napamMeTpH Py KOUTO B CHCTEMATa Ca Bhb3MOXKHH BUOPAIIUH, KAKTO U JIa ce HISHTU(UIMPAT ITApaMETPUTE, KOUTO Hal-
CHJTHO BIIMSISIT BhPXY M3XOJHUTE XapaKTEPUCTHKHU. EUH dacTeH pe3ynTaT e, 4e MpoMsHaTa Ha MpeABApUTETHIUS OITbH
Ha HUIIKaTa 4pe3 MPOMsHA Ha BUCOYMHATA YT HA CJIIEKTPOJA BIUSC HA €HA OT HAi-BaXHUTE XapaKTCPUCTHKH Ha
pe30HaTOpa, a UMEHHO CTOWHOCTTA Ha MAaKPOUYECTOTATa, CHIO U aMIUTUTYaTa Ha BHOpanusTa.

6.1.3 Ekcnepumenmanno u3cjiledeéane HA €eHEPZUEH Xapeecmep CbC Cnaasu ¢ namem Ha

dopmama u nuezoenekmpuuen npeoopazysame.l.

[IspBOHAYATHUTE EKCITEPUMEHTH OsIXa IPOBEICHN Upe3 ONMUTHATA ITOCTAHOBKA, MMoka3aHa Ha dwur. 6.12. Humkara
ot CII® 1 e 3akpereHa CUMETPUIHO MEXKIY JIBE €IaCTHYHH KOH3OJIHH Tpenu 2, u3padoTeHHn OT muckoBe Tumlm 11M3.
Hummkara ce HarpsiBa upe3 HarpeBaTen 3. B equHHMAT Kpail Ha HHUIIKATa € MOHTUPAH TPUOCEH aKCEIICPOMETHD 4 THIT
ADXL356.

TBii KaTo B ONPOCTEHHUAT MOJET HE Ce B3¢ MPEABH/ JBIKCHAETO HA BH3JyXa B CIIEJICTBHE HA 3arpsBaHETO OT
HarpeBaTells, 3a Jia ce CeIUMHUHHMpa JCHCTBHETO MYy HaJ| HarpeBaTells KOH30JIMTE Ipeau Osixa oOvpHatu. Taka
HArpeBaTellsAT MOXE Ja padOTH C JIOJIHATA CH YacT, KBJAETO 3aBUXPSHETO Ha TOPEHIUSAT BB3AYX € I0-MalKo.
HarpeBarenar u akcejlepoMeThPBHT IOJNyYaBaT HANPEKEHHE OT 3axpaHBamuTe OJOKOBe 5. Bcuuku curHamm ce
00paboTBaT B cucTeMara 3a ChOMpaHe Ha JaHHU 6 M ce MojaBar B NU(QPOB BHJ HA
nanromn 7.

Que. 6.4 Onumna nocmanoska 3a uscieosane va CIID-IIEX npu 06vpramo
nonodcenue Ha konzonnume epeou. 1. Huwra om CII®; 2. [luezoerekmpuyna
konszona; 3. Hazpesamen; 4.Axcenepomemup;S. 3axpansawu oaoxoee; 6. Cucmema
3a cvoupare Ha oannu, 7. Jlanmon.

bsixa npoBenenn excnepumenTy ¢ Tpu Buaa HUIIKU ot CII® Bcnuky ¢ abmxuHa ot 234 MM 1 auamerpu 0,36 mm,
0,1 mm u 0,076 mm. I[IspBuTe IBE HUIIKK ca ¢ puHaIHA aycTeHnTHA Temrepatypa Af = 70 °C, tperara ¢ Af =90 °C.
PazcTostHHETO MEX Iy CBOOOTHUTE Kpauina Ha HexeGopMupaHuTe KOH30HU € 243 MM.

Cucremara 3a chOMpaHe Ha JIAaHHH C€ ChbCTOM OT JIBa BXOJTHO/M3X0AHN MoIysa Ni9234 1 Ni9219, MOHTHpaHHU BBPXY
macu tun cDAQ 9174 na ¢upmata National Instruments ¢ 4 cnota. Bcuuku nannu ce o6paboTBaT B peasiHO BpeMe
ype3 nporpama Ha LabVIEW 6ok muarpamara, Ha KosTo € okazaHna Ha dwur. 6.14, a npegausar nanen Ha Owr. 6.15.
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Que. 6.14 bnok ouacpama na npoepamama na LabVIEW Que. 6.5 [lpeden nanen na npocpamama Ha
npoepamama na LabVIEW

Ilpu Te3m eKCHepUMEHTH, CIIel JBITO TPYJOEMKO MO3HWIIMOHMpAHE HAa HUINKATa CHPSIMO HarpeBaTels ce
MOCTUTHAaXa He3a0eIeKMMH 32 YOBEITKOTO OKO BUOPAIINH, KOUTO CE PETUCTPHpaxa caMo 1o IPOMsHATa Ha H3MEPEHOTO
HaIpe)KeHUE Ha MUE30eIeKTPUIHUS cioid. [locTUTHA ce TeHepupaHe Ha HalpekeHue ot nopsabka Ha 0,05 v p-p, KoeTo
KaKTO C€ BIKJA OT rpadukara € camo mOpsIbK MO-BUCOKO OT HUBOTO Ha ITyMa JOCTHTAII 5 10 6 mv.

Ha ®wur. 6.21 e mokazana MoauduIMpaHa SKCIECpUMEHTalHA IMMOCTAHOBKA, HAa KOATO ce Bmxkaar (1mo3. S)
JOITBTHUTEITHO MOHTUpPaHUTe BhpXy HUIKara or CII® npwcTern 5. Upes TAX ce 1enn Aa ce Ch3AaJIe TOMBIHUTEITHO
HaToBapBaHe Ha HumkaTa ot CII®, na ce mpoMeHu MpuUBeIeHaTa Maca Ha CUCTEMATa | Jia Ce BbBEAaT HOBU MEXaHUYHU
CTCI}CHI/I Ha cBOOOIA.

Que. 6.6 Mooupuyupana eKCnepuMenmaiHa nOCManoska, 1.
Huwxa om CIH®; 2.Iluezoenexmpuuna KoH3oina 2peoa, 3.
Haepesamen, 4.Tepmoosotixa, 5. [lpvcmen; 6. Axcenepomemuvp; 7.
3axpansawu 6Onoxose,; 8. Cucmema 3a cvbupane na OanHu, 9.
Jlanmon.

IIpr Bcuuku ciayvyan BHOPAaLMOHHHMTE IMPOLECH Ca YCTOWYMBU MU C AOCTATBYHO SICHO W3PA3CHU AMIUIATYIH.
ITomoOHO MoBecHUE ce HaOIo1aBa U ¢ JaBe Macu ot 0,6 gr, kato yecTora Ha MUKpoTpenteHusta ¢ 33 Hz (dwur. 6.23).
IIpu macu Ha mpbcrenute 2,1 gr e m3mepena decrora 16,6 Hz m ammmryna 0,8 v muk mo muk (Dur. 6.24)
.YBenn4yaBaHeTO Ha Macara JIOTHYHO BOJM A0 HaMAJIIBaHE HA YECTOTaTa Ha MUKPOTPENTEHUTA U 10 YBEJINYaBaHE HA
aMIUTUTYANTE, KOUTO NpH MpbcTeHu ¢ Maca 4,6 g nocturar 1,2 v ot nuk ao nuk (dur. 6.25). BnusianeTo Ha MacuTe Ha
NPBCTEHUTE BbPXY YECTOTaTa U aMIUTHTY/iaTa € moka3aHo Ha ¢ur. Owur. 6.26.

@ur. 6.7 I'eHepupaHo HANPEKEHUE OT MUE30EICKTPUYHUTE KOH30IM IPU HATOBAPBAHE € JIBa IPBCTEHA C Maca OT
no 0.8 gr: a) 3a meaHus uaTEepBa oT 0 10 116 s; b) 3a HauanHus unTepsai ot 0 1o 15 s; B) 3a KpallHUSI HHTEPBAT OT
100 no 103 s

A

a)

Que. 6.8 [lenepupano muanpeodicenue om
%) nuezoenekmpuyHume KOH30J4U HPU HAMOBAPEAHE C
' 06a npvcmena ¢ maca om no 0.6 gr 3a unmepsan om
30 s: a) 3a nvanus unmepsan om 0 0o 30 s, b) 3a
unmepsana om () 00 5 s.
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6.1.4 I/I3c.11ez[BaHe HAa CBOIICTBaTa Ha CILJIABHTE C MaMeT Ha (bopMaTa qpe3 JUHECH aKTyaTop €

eJIEKTPUYECKO HarpsiaHe u JedopMupania npyKuHa
[TpuaIIMIIHATA CXeMa Ha CTEH/IA 3a CKCIIEPUMEHTAITHO U3CIIeIBaHE Ha aKTyaTopa ¢ mokazana Ha dwur. 6.27. B Touka
B xbM cnitoB ceH30p 4 € HeMOABMKHO € 3aKpeneHa HUIIKa oT cruiaB ¢ namet Ha ¢popmara 1 (HCII®D). CpenrynonoxHo
B Touka D e MoHTHpaHa HenoABMkHO rpyxuHa 3. [Ipenu na 0pnaT cBbp3anu ABaTta cBOOO HY Kpasi, Touka C Ha HCIID

u Touka E Ha npyxunara, pascrosauero Mexay Tax ¢ CE = x, . Crel cBbp3BaHETO Ha Te3H Kpaullla B TOUKa A IpH
craiina Temmeparypa, npu koiro CII® e B maprensur, HCII® nomyyaBa makcumanna nepopmamust x, = CA, a
npyxuHara e neopmupana Ha pascrosaue AE =x, —x . ToBa e pABHOBECHOTO ChCTOSIHHE HA aKTyaTopa IPHU CTaliHa
temreparypa 7, , KOsITO € IpueTa Jia Ob/ie He Oo-BUCOKa OT (uHamHaTa MapTeH3uTHa Temneparypa Mfr.e. 7, < Mf

Que. 6.9 Ipunyunnama cxema na cmenoa 3a uznumeane na CIID u
cunosu xapakmepucmuxu.: a) npunyunua cxema. 1. Huwxa om cnias c
namem Ha opmama; 2. Ipyoicuna; 3. Tepmoodsoiixa; 4. Cenzop 3a cuna; 5.
co= A/E— 0 Tosuyuonen cenzop u axceaepomemuvp, 6. 3axpamsawy orox; 7. DAQ; 8.
L m Komniomup, 9. [o3uyuonupana maca, 6) cunodu xapaxmepucmuxu.

£, JAuHamuuyen moaea Ha aktyatopa [lpueto e, ye mummkara ot CIID

()

(HCII®) uma nbpBoHayanHa JbDKUHA S :BC, a HaIIBKHATA U

1 nedopmanmst e X. B To3u cirydaii TeKyIiara Ib/KUHA Ha HUIIKara e § = S, + X

, @ OTHOCHTEJIHATA M HaUTbXKHa e opMarivs e L_X
P E So

3a 0000mIeHa MeXaHIYHA KOOpIMHATA € M30paHa Mo3uInATa Ha o0maTa
TOYKa B KOSATO € ChcpemoTodeHa macara m [kg]. Jpyrute o0600meHu
koopauHatu ca Temneparypara 7' [°C] u ToxsT i B HCIIO.

JIMHAMUYHIST MOJIET MOJKE Jla CE OTIUIIE ChC CHCTEMAaTa ypaBHEHUS

mx+ px—k(x, —x)=-F, (x,T)
pV.e,T+A4h (T-T,)-R(T)i* =0 (4.103)
u
R(T)

0 m “n

KBIETO [} € KoeuIuueHTa Ha TMHAMUYEH BUCKO3UTET, k € Koe(UIMEHTa Ha eacTHYHOCT Ha NpyxKuHaTa, [, (x, T ) e
cunara B HCII®, PO, e mipTHOCTTA Ha CIID, Vs ¢ obembt Ha HCII®, €, e cnennpuyHaTa TOIIMHA Ha HULIKATA, AS

€ OKOJIHaTa IMMOBbpPXHHWHA Ha HUIIKATa, hc (5] Koe(i)I/II_II/ICHTa Ha KOHBCKIIMOHHO TOILIOIIPEHACSHE, Too € TEMIICpaTypara

Ha CcTasdiTa, R(T) € CIICKTPHUYCCKOTO CBIIPOTHUBJIICHUC Ha HCII® u Ul e CJICKTPUYCCKOTO HAIIPCIKCHUC, ITPUIIOKCHO Ha

d*x dx . dT
KpauIiaTa Ha HAIIKaTa. V3Mmoa3Banm ca 03HAUCHUATA ¥ =~ x=— T =——, KBACTO t € BPEMETO.

b

0 X=
dt dt dt
CJ'ICI[ 3aMECTBAHC Ha TPCTOTO BHB BTOPOTO YPABHCHUC, TOPHATA CUCTEMA HpI/I,Z[06I/IBa BHUOa

mx+ Bx+k(x, —x)=-F, (x,T)
W, (4104
R(T)
HpI/ICTO €, UC 3aBUCUMOCTTA Ha CBIIPOTUBJICHUETO HA HUIIIKATA OT TEMIIEpAaTypaTa MOXKE J1a CC HpeHC6p€FH€ T.C
R(T) =R =const u
mi+ Bx+k(x,—x)=-F (x,T)

: > (4.106)
pV.c,T+Ah, (T—Tm)—E: 0

pVe,T+A4h (T-T,)-
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HampaBenu ca onpocTsBaIy MpearnocTaBKy KaTo ca MPUETH 3a IMOCTOSHHU 00EMbBT M OKOJHATA MOBBbPXHHUHA . B
JEHCTBUTEITHOCT T€ CE U3MEHST, Thil KaTO HUIIKAaTa ce AeGopMupa HaITHKHO M HAIIPEUHO OT Mopsbka Ha 8%, KaTo

ce 3ama3Ba MacaTa Ha Humkara M, = ,DSVS .
B oOmms cirydait HarpsBaHETO Ha HHIIKATa € Bh3MOXKHO J]a 3all0YHe OT HAKaKBa TeMIleparypa T,, pasimdHa OT

CTaliHaTa TeMIlepaTypa T, . Torasa pewenneTo Ha (7) mpu HaYaIHO YCIOBHE

t t t t

T(0)=T,e 7(t)=T,+T,[1-e " |+(T,~T,)e "wm T(t)=(T,+T,)|1-¢ " |+T,e *.

[Ipu cpummTe croitHocTH Ha mapametpute ot Tabmuma 10, HO Ipu HavYaIHA TeMIepaTypa T (0) =T im ¥ pu u=0

V, ¢ nomoira Ha (4.118) e moctpoena rpadukara ot dur. 6.29. Or rpadukara € BUIAHO, Y€ ClI¢A KaTo JIMIICBA
HaIlpe)XeHNe, HUIIIKATa 3a1104uBa Jja Ce 0XJIaX/a ChC ChlaTa BpeMe KOHCTaHTa KaTo AOCTUTa TeMIIepaTypara Ha CTasTa.
B To3u ciyudaii craiiHaTa TeMneparypa urpae posisaTa Ha acuMmnrornyHa dwur. 6.30.

Due. 6.29 Temnepamypa na nuwkama npu u = 0. @ue. 6.30 Haepasane u oxaasicoane Ha HUWKAMA.
VYpasuenueto (4.118) Moxe Aa ce 1mo3Ba 3a MPUOIM3UTEITHO H3CIICIBAHE HA H3MCHEHUETO Ha TeMIIepaTypaTa pu
MPOMEHJIMBO BBB BPEMETO 3aXPaHBAII0 HAIIPEKCHUE C IPABOBI'BIHA (JOPMA U B YACTHOCT MPH ITUPOYNHHO UMITYJICHA
MOJTyJIaIus OT BUJIA

n+l- n+

u, ako f ZStS fZ
ult)= , 4.119
() n+z n+l+z ( )

KbIETO U ¢ aMIUIUTy/[aTa Ha IPaBOBIbIHUs uMiyIic, 1=trunc(tf) nopenen Homep Ha nepuoma, 0 < z <1 e crenen na

3amrpiiBaHe, yectorata Ha ummyscute. Ha ®wur. 6.31 ca mokazanu TpH BHJia MOAYJIAIUH C €WH W CHIIM MEPHON U
Pa3IUYHU CTETICHU Ha 3aIThJIBaHE.

W3MmeHeHneTo Ha TemrepaTypara Ha HUIIKAaTa IpU CTEIIEH Ha 3allbliBaHe Ha uMmmysca 25% e moka3aHo Ha Owr.
6.32. C nyHKTHpaHaTa JUHMS € TIOKa3aHa rpadukaTta Ha Temiieparypata 6e3 [IIMM. Ha chiure rpaduku e okasaHa u
(hopmara Ha HaNPEKEHUETO, KOETO € MPABOBI'BIHO ¢ amIuiuTyaa 1 V.

HampaBenuTe W3B0IM HY JJaBAaT BH3MOXKHOCTH 32 OILIEHKA Ha IMOBEJACHUETO HA HUIIIKATA U 32 U300p Ha IOIXO/ISIIIO0
yIpaBieHHE HA aKTyaTOPHUTE.

6.1.4.1 Ilooobpen ounamuuen mooen

MouenbT ce moao0psiBa Ipy yCIOBHUE, Y€ OTIAIHAT ONPOCTIBALINTE IPEANOCTABKY 32 HEU3MEHSIIUTE ce 00eM U

oxonHa nopbpxauHa HCII®, npu nocrossHua Maca M, = ,DSVS B T03u1 ciydaii 1eKMHATA HA HUmKarta e S =8, X, a

X
JMAMeTHPBT 1 e mpuer xa Oobxe d, =d,—pH—d,. xbreTo do ¢ IBPBOHAYAIHHAT JUAMETHD HA HUIIKATa, [ e
So
2

T X
xoeduruenta Ha [Toacon. 3a o6eMa Ha HUIIKATA € TIoNydeHo V= Z dy—pu—d, (SO +Xx ) ,a OKOJIHATa
S
0

X
MOBbPXHHHA € u3paseHa upes A4 =rx| d,—u—d, (s0 + x) .
S
0
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Cnen 3aMecTBaHe Ha TOpHUTE wH3pa3d B JuHamMuuHus wmozen (4.106) Ha akTyatropa € HamepeHo
mx+ Bx+k(x,—x)=—F (x,T)

N

2
u

: X
pVoe, T+z| dy—E=d, |(s,+x)h (T-T,)-==0
S, R
Cucrtemarta (4.125) e nogoOpen Mmojen Ha akTyartopa. BunHo e, ue neete aud)epeHIMatHy ypaBHEHHS Ca CBbP3aHU
U TEMIIEPaTyPHOTO ypaBHEHUE B TO3U Cllydail HE MOXKe J1a ObJie PEIIEHO CaMOCTOSITEIHO.

* * .
npeacjassHe H BHOBCCHHUTEC TOYUKH FaBHOBCCHUTC TOYKHU X U Ha cucreMara CC HaMupart 1npu =
Omnpenelisine HA PABHOBECHUTE TO P T 4 x=0

@, (T*)X*_st (T*):fso

, Xx=0, T"=0, oT K0eTo cieqBaT ypaBHEHHATA ( . ) u’ 0 ,OTKBJETO
T pe,R
2 o ot ST T,
T' = 4T, =T,+T,=T,,, x:f°zkf):ﬁf2m(mf
AhR o (7°) @ (T )

BI/IZ[HO €, 4UC PpAaBHOBCCHATa TEMIICpaTypa € paBHAa Ha TpaHUYHATA. Axo 3axXpaHBalIOTO HAIMPCIKCHUC u=0,

%
TpaHNYHAaTa TEMIICPATypa ChbBIIaga CbC CTafIHaTa, T.C. T = TOO .

OmnpenesisiHe Ha OTHOCHTeJHaTa MapTeH3uTHa ¢paxkuuss R, B momena na Ikuta [37] e mpemnmokeHa

k€ ci—T <0 (oxnascoane)

m
oy KeaeTo k= ! , 0 e pasnukara
L+e 77 "

m

XUcTepesucHata pyHkus R =

ar > 0 (3aepasane)
dt

MesKIy TeKyllaTa TemrepaTypa / W TeMIepaTypaTa Ha OKOJHATa cpeia T »> P € TemmepaTypara Ha MH(QIIEKCHaTa
TOYKa Ha KpUBaTa Ha OXJaXJaHe U KpUBaTa Ha 3arpsBaHe W ce neduHUpa MO CIEAHUS HAYUH

B< Cfi_f < 0 (oxnascoane)

Br =

B % > 0 (3aepssane).

H
JlapamMeTspbT ,B ce OTHACSA KbM TpaHC(HOPMALIMOHHHUTE TeMIIepaTypH As v Ay, a

C
ﬂ kbM Ms u My. OcBeH ToBa BT BKJIFOYBa C(I)CKTEI Ha MCXAaHUYHOTO HANPCKCHUC Ha XUCTCPC3HMCHATa KpHUBA.

H3MeHeHnsATa HA MEXaHUYHOTO HAITPEXKECHUE NIPEIM3BUKBAT U3MECTBAHE Ha TpaHC(HOPMAIIMOHHUTE TeMneparypu. To3u
edekxT ce m00aBsi B KOHCTAHTHUTE KAaTO € IPUETO

1 T
ﬂc:E(M‘§_+Mf)—7;+cm(0—00) ‘;—t<0 k5=M6.2M %<0
= s My
g i =1(A,+A.)—T +c,(o-0,) a . = o 62 ar .
5 s ' 'm dr . 1A, 7 .

C H
KbACTO 0e HAIIpCKCHUCTO HA OII'bH, 00 € HAIIPpCIKCHUCTO Ha OIbH IIPU 0:0, km n km Ca HAapCUCHU TCMIICPpAaTypHU

KOHCTaHTH ChOTBETHO P OXJIaXKIaHe ¥ HarpsiBaHe. KoHcTaHTaTa B uucnuTes 6,2 € onpeencHa eMnupuyHo ot [kuta.
B monena na Madill [38] 3a ga ce onmmmmatr MAUHOPHM TMPUMKH Ha XHCTEpPE3HCa ca JTOOABEHHU OIE JBa HOBU
napameTbpa BbB (opmyna (4.149).

6.1.4.2 Yucneno pewiasane na cucmemama ougepeHyuainu ypagHeHus

[Tapamerpurte Ha HEmKara ot CII®, onpenencHn excrepuMmenTarHoO [39] ca nagenu B Tabmuma 11. Ha ®wur. 6.34
€ MoKa3aHa OTHOCUTEIHATa MapTeH3UTHA Ppakius, a Ha Pur. 6.35 Buga Ha cwnte B HUIIKara ot CII® npu paznununu
temneparypu ot 20 °C o 64 °C 3a gannute ot Tabnuua 2 npu aepopmanus ot 0 1o 0,005 m. Ha @ur. 6.35 ca nokazanu
rpadukure Ha cuaute mpu Harpssade ot 0 70 70 °C. Ha ®ur. 6.37 ca nokazanu rpauKUTe Ha CHIIUTE.

Pesynratute OT uncieHoTO penienue ca npeactaBeHu Ha dur. 6.38, dur. 6.39, Gur. 6.40, Our. 6.41, Our. 6.42,
®ur. 6.43, Our. 6.44 u dur. 6.45:
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0018 002 .
140
0
0016 3 1 5 20

-
-002 2 2 14 2
0014 2 4 6 8 1f 12 14 16 18 20

0012 -t

0010

0008 10

‘ 0 H 10 15 20

Que. 6.10 Ilpemecmsane Due. 6.11 Temnepamypa-  @ue. 6.12 Cropocm 6v6 Due. 6.13 YVckopenue 6vs
6b8 DYHKYUSL HA BpeMemo.  Mda b6 QYHKYUs Ha @PyHKYUS Ha 8pememo. @dyHKYUs Ha 8pememo.
8pememo.

0018

0008 0010 0012 0014 0016 001 ' 0016
x 10 .
-002 .

0014

-004

-0.06- 1‘ - . lv ’ i ! * 0012
Due. 6.42 Dazos nopmpem Due. 6.43 Cuna na Que. 6.44 Cymapua cuna  Que. 6.45 I[Ipemecmasane
v=v(x). Huwxama om CII®. Ha Huwkama om CII® u 6v8 (hyHKYUs HA
npyscunama. memnepamypama.
6.1.4.3 Omcmpanaeane Ha OCHOGHUA HedOCMAMBK Ha moodena. Mamemamuuecko

Moodenupane Ha MUHOPHUME U CYOMUHOPHUME XUCMeEDPe3UCU

XuctepesucshT Ha CIID ce omncBa upe3 OTHOCUTEIIHATA MAPTEH3UTHA (Ppakius R (T) _ , Kp1IeTO V, € 00eMBT
m
s
Ha MapTeH3uTa B 001 00eM Vs Ha nuinkara ot CII®. Cnopen mozena Ha Madill onucan mo-rope.
Ha ¢urypa ®wur. 6.47 e wmoctpupaH ciydaid, KOratro € Bb3MOKHO IpekbcBane. Ako My <Ty <A, Torasa, cien
MpeMHrHaBaHe OT TOuka A4 B B 10 BpeMe Ha HarpsiBaHe, ce 3aro4Ba OXJIaxaaHe B Touka 1. Ako ce usmonspa (14),

IPOLIECHT HA OXJIAKIAHE 3all0uBa OT TOUKa B U ce nospsBa ckok BC, nocneaBaH OT IUIABHO OXJIaKIaHe 110 KpHUBaTa
DEA.

A E B
i
|
0.8 J
=P Heating | |
0.6{ =®=Cooling | !
g |
= : + Que. 6.14 Croxobpasno npexvceane 6 OMHOCUMETHAMA MAPMEHZUMHAMA Qpakyus,
| E KO2amo NpoMsaHAmMAa Ha 3HAKA Ha memnepamypHama ¢uykmyayus e 8 unmepgana [Ms, A].
0.2 = :
H D T C
1 iy
TN W a0 [NoBenenuero cnopen nmomooperus monen (4.140)-( 4.143) e npencraBeHo Ha ¢ur.3

ype3 JMHUATAa BA (CHHM CTPENKH), KOSATO TIPEACTaBS pEaTNCTHYHA TIpPOMSHA Ha
TeMIeparypara 3a To3u ciydail. [lonobHa npekbcHaTa QyHKIHUS 32 R, MOXKE J1a Ce pasriex/ia, ako UMa OXJIaXkKIaHe OT

Temneparypa T>4; nnpu I, € [M o AS] Ce MOSIBY HArPSIBAHE.

CyOmuHOpHU (MM CyO-CYOMHHOPHH) XHCTEPE3UCH MOTaT Jia Ce IMOSIBAT CaMmo IPU Beue MOSBHINA C€ MUHOPHH
N
(cyOMuHOpHHM) XHCTepesuch. TemmepaTypara Ha HAuyaloTO Ha CyOMHHOPEH XHCTepe3uc ce obo3HauaBa ¢/, a
RfS
MapTeH3uTHATa (paKIys, ChOTBETCTBAIIA HAa Ta3H TEMIIEpaTypa, ce 00o3HauaBa upe3 = ” . BTopoTo BaxHO yCIIOBHE
M, <T; <M,

3a CBHIIECTBYBAHETO HA CYOMUHOPEH XHCTEPE3HC € 3a MUHOPEH XHCTEPE3NC IpH oxiiakaane dur. 6.48

<T;<d

A
a) WIK 32 MUHOPEH XHUCTEePe3HC NpU HarpsiBaHe ° /" (dur. 6.48 6).
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Que. 6.15 Cyomunopnu xucmepesucu:
@) 30  MUHOpeH  Xucmepesuc — npu
oxnaxcoane, b) 3a munopen Xxucmepeszuc
npu Hazpseane.

I

10 20 30 40 50 60 70 80
10 20 30 40 50 60 70 80 T,'C
T.%

(a) (b)

Ako  Toukata Ha  TOpOMsHA  Ha
S
(biyKTyalMOHHHS 3HAK € B MHTEepBaJia Tf € [M o AS] , XUCTEPE3UCHT Ce U3pakia B IpaBa JIMHUA, IIOZOOHO Ha cilyvas,

nokasaHn Ha ¢wur.4.65. CyOMHUHOpPHHTE XHCTEpe3uCH ce omnmcBaT, nogoono Ha (40) - (43), kakto cienBa:
0.1 M,>T;>4,

mb .
RE, if A>T >4 0,if A, 2T; 24

Korato 3HakbT Ha TemnepaTypHuTe (QIyKTHALMK CE IPOMEHU OT OTPULIATENIEH KbM IOJIOKUTENEH, CbOTBETHO OT
IRk .

R, =R, if M,>T >4,  oH _ 0 if M,>T >4,
5 . fe o .

R7, if M 2T =2M, 1-R if M, 2T 2M,

ma

. {1, if M, >T) >4, pc _

OXJIA)KJaHC KbM HarpsiBaHe, (l)yHKHI/IﬂTa c. R” —
ma — mb

W3BbplieH e yKcieH eKCIIEpUMEHT 3a TeCTBaHE Ha pa3pabOTeHHs aNropuThM 3a W300pa3siBaHe HA MHHOPHH H
cyOMuHOpHU xuctepesucu. Ha ¢ur. dur. 6.49 e mokazana tectoBa (hyHKIUS Ha TeMIlepaTyparta KaTo QyHKIUS Ha
BpeMmeto. [Ipenmonara ce, ue mbpBoHauaHaTa TeMieparypa 7y ¢ koraro CII® ce mpoMeHs OT ayCTCHUT B MapTCH3HUT,
T.€. TIPOIECHT Ha oxJaxaane ¢ Hanuie, a CII® e B ayctenuTHa dasa.

80
701
60+
© 50] .
404
30
201
104

Que. 6.16 I'pagpuxa na mecmosama Gyukyus: a) epagura
Ha memnepamypama, 6) memnepamypuu unouxamopu sdl u

1000 2000 S(Jt){} 4000 1 -Hu 5000 deT
Time, s
(i

sdT sddT

SNl SN S
iR Sl S Sl S R

Time, s

D = b

sdT, sddT

® Temmepatypaute  (QIyKTyalud BbB3HHUKBAT, KOraTo
HarpsiBAHETO c€ CMEHS ¢ oxutaxiaHe u ooparHo. Ha ®wur. 6.49 (a) Te3u TOYKM Ha MPOMSIHA CHOTBETCTBAT HA JIOKATHUTE
TeMIIepaTypHH eKkcTpeMyMH, obo3Hauenu ¢ 7; (i=1,2,...14). Pa3paboTeH e YuclieH anropuThM 3a OnpeessiHe Ha Te3U
TOYKH KaTO pe3yiTaTHTe ca n300pazeHu Ha ¢ur. 4.68(0). Cropen anropuTbmMa, 3HaKbT HA TEMIIEpAaTypHATa IPOU3BOIHA

KaTo (PyHKIMS Ha BPEMETO CE€ M3YHUCIABA OT (YHKIHTA Sd]} =signT w weitnure cTOiHOCTH ca paBHM Ha £ 1.

JonbnHuTenHara ¢byHKUMSA sdd ]; =sd Tl a9 d Tl , KOSTO

MOCNIEZIOBATEIHO OTKPHBAa pa3MKHTe Ha JBa CBCEAHM 3HaKa Ha
MIPOM3BOAHHUTE HA TeMIIepaTypara, MoKa3Ba, 4e€ Bh3HHUKBA (IyKTyalus,
aKO TOJyYu CTOWHOCT *+ 2. B 3aBHCHMOCT OT TOBa KbJC € TOYKaTa Ha
| TeMIeparypHuTe QIyKTyaiuH, ce puiiara Heo0XoJuMOTO YpaBHEHHE 32
e el S e s e W3YHUCIIABaHE Ha OTHOCUTENHATa MapTeH3UTHA (Qpakuus. J[Bere rpaguku
@ Ha @ur. 6.50 moka3Bar aBaTa BH3MOXHHU Cily4as NpU ONpelessHE Ha
MapTeH3uTHaTa (pakiousa. Axo ce u3noi3Ba moaensT (4.136) (Duwr.
6.49a), morat na ce pasrpanndar 10 cirydas Ha CKOKOOOpa3Ha IMpOMSHA
Ha OTHOCHTeNIHATa MapTeH3uTHA (pakius. Ts e rmaaka GyHKIUS camo 3a
toukute 77,+714, KOUTO C€ HAMHUPAT M3BBHH TEMIICPATYypHHUS HHTEPBAI
[M;; Af. Ha ®wur. 6.500) ca moka3aHu TOUYKHUTE, ITOIYYEHHU C IIOMOIITa Ha
i paspabotenuss mogoOpeH mozen. Kakro moxe na ce BHJIM, U3POJCH
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XUCTepe3uc ce nosiBsABa 3a Touku 1+ 7s. Toukute To u T;9 omucBaT CyOMHUHOPEH XUCTEPE3UC, & MUHOPEH XUCTEPE3HC
3armoyBa oT Touka 717;.(a)

Que. 6.17 Omuocumenna mapmensumua @paxyus R,: a) 0e3 omuyumane Ha MuHOpHUME U CYOMUHOpHUME
xucmepesucu; b) c omuumane Ha MUHOpHUME U CYOMUHOPHUME XUCEPE3UCH.

ExcniepuMeHTanHu U3CNeABaHUs U BAIUAUPaHe Ha MoJerna

ExcniepuMeHTanHUTE M3CIEBaHUSA Ha aKTyaTopa c€ MPOBEXKJAT C NMOMOINTAa HAa OPUTHMHAIHA €KCIIEPHUMEHTAIHA
yCTaHOBKa, moka3zaHa Ha ®wur. 6.51. HeliHata QyHKIHMOHATHOCT MO3BOJISIBa U3MEPBaHE Ha CHiaTa, TeMIeparypaTa u
NpEeMECTBAaHETO Ha HHINKaTa Karto (yHKIMsS Ha Bpemero. KOHCTpyKIHMATAa Ha EKCHEpHUMEHTAlTHATA YCTaHOBKA
MO3BOJISIBA M3CJIE[BAaHE HA HUIIKH C Pa3IM4YHU JUAMETPH U OBJDKMHU C BB3MOXHOCT 32 PEryjlHMpaHe Ha CWiaTa Ha
NpeABapUTETHUS OIbH.

Que. 6.18 Excnepumenmanen cmeHO 3a u3Cieds8ane HA
Huwku om CII®.

ExcnepuMeHTamHUAT CTEHA Ce ChCTOM OT OCHOBa 1 ¢
MOHTHpAaH OITbBAIl] BUHT 2 H Jarep. Upes 3aBbpTaHe Ha BUHTA CE
Cb3/1aBa IIPEJBAPUTEIICH OIbH B IIOCJIEI0BATEIIHO CBbP3AHUTE
npyxuHa 3 u Humka ot CII® 4. EnuHuAT Kpail Ha HUIIKaTa €
CBBbp3aH KbM MPYKHHATA Upe3 OE3KOHTAKTEH MArHUTEH CEH30D
3a [IPpeMeCTBaHe 5, a JPYTUsT Kpail IOCPECTBOM JIOCT € CBbP3aH
KBbM CEH30p 6 3a M3MEpBaHE Ha CUiIaTa Ha ON'bH B HUILKATA.
TepmozBoiikaTa 7, cBbp3aHa KbM HHILIKAaTa, U3MEpBa HellHaTa Temneparypa. CeH30puTe perucTpupar npoMsiHaTa Ha
IBIDKMHATA Ha HAIIKATa U IPOMSIHATA HA TEMIIEpaTypaTa U CUilaTa, a U3XOJAHUTE CUTHAJIM Ce 3MpallaT KbM CHCTeMaTa
3a crOmupane Ha qanan NI cDAQ 9174 - 8. Pa3paborena e nporpama B LabVIEW 9 3a 00paboTka n Bu3yanuzanus Ha
nmaHHuTe 9.DUr. 6.52 MoKa3Ba eKCIePUMEHTATHO OJTy4YeHHTEe TpaduKy 3a TeMIepaTypara, CHiiaTa U MPeMECTBAHNATA
Ha HUMIKATa P MPOMsHA Ha Koe(HUIIMEHTa Ha 3ambiBaHe B quanaszona ot 0,1 + 0,9 npu gectota f=0.1 Hz. AHanuzbT
Ha npejcTaBeHuTe Ha Pur. 6.52.

02

R R X |

0 50 100 150 0 25 50 75 100 125 150 0 50 100 150
Time, s Time, s

(a) (6) (8)
Due. 6.19 lapamempuuno uzcrnedsane na memnepamypama T a), npemecmseanemo x b) u cunama F ¢) npu
npomsaHa Ha kKoeguyuenma na 3anvisane om 0.1 0o 0.9 u t=0.1 Hz.

X, mm

20 40
0 50 100 150 0 50 100 150

lime, s lime, s

(a) (6) ()
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Que. 6.20 l[lapamempuuno uscredsane Ha memnepamypama T a), npemecmeanemo X b) u cunama F ¢) npu

npomana Ha koeguyuenma na 3anvieare om 0.1 0o 0.7 u t=1 Hz.
65
60
55
50
45
40

X, mm

35
30
25
20

0 50 100 150 lime, s
Time, s

0 50 100 150

Time, s

(a) (6) (8)
Que. 6.21 lapamempuuno uzcrnedsane na memnepamypama T a), npemecmseanemo x b) u cunama F ¢) npu
npomsaHa Ha kKoeguyuenma na 3anviasane om 0.1 00 0.7 u =10 Hz.

Ha cpmara ¢urypa ca mokasanu choTBeTHHUTE rpaduku Ha mpemectBaHero. llpu uwecrora 0,01 Hz cpennara
CTOMHOCT Ha mpeMecTBaHe ¢ 50 mm, a HelfHaTa Bapuanus € Mexay 42 u 57 mm. IIpu gectora ot 0,1 Hz, m3menenueTo
Ha IIPEMECTBAHETO € MHOT'O II0-MaJIKO, HO CpeJHaTa CTOMHOCT Ha MMPEMECTBAHETO € 0K0JI0 55 mm. I'paduikaTa 3a cunara
uMa MoJ00CH XapaKTep.

Ha ®wur. 6.55 e nokazana npoMsiHaTa Ha TEMIIEpaTypara, PEMECTBAHETO U CHJIaTa 32 CTOMHOCTTa Ha KOe(UIIEHTa
Ha 3ambiBaHe z=0,5 u paznuuaure yectotd Ha MM - or 0.01 Hz no 0.4 Hz. Ha Bcska rpaduka e obo3HaueHa
yecrorata Ha UMM, mpu xoatro e mnoiyueHa cboTBeTHaTa rpaduka. [Ipu uecrora ot 0.01 Hz e Bumum
EKCIOHCHIMAIHUAT XapakTep Ha TeMmIlepaTypara Ha HHUILKaTa 10 BpeMe Ha HarpsBaHe W oxyaxnane. [Ipu Bcuuku
YeCcTOTH MMa KoJieOaHUsI B TeMIlepaTypaTa U ¢ YBEIMYaBaHETO HA YECTOTaTa aMILUTUTYAaTa Ha KoJieOaHWsTa HaMaJIsBa.
3a BCMYKH Cllydad cpeaHara TemrepaTypa € okono 43°C, KoeTo 1mokasBa, 4e Tash CpeHa TEMIIEPATypa MOKE Ja Ce
MO AbP>Ka MPH BCIKAKBA YECTOTA, HO C Pa3jIMYHa CTENEH Ha OTKIOHEHUE MOPaaAX IEPHOANIHNATE KOIeOaHusl.

65 65 18
60
55

60 16
001 (1

50 14

) 45 =] \
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Que. 6.22 Ilapamempuuno uzciedsane na memnepamypama T (a), npemecmeanemo x (b) u cunama F (c) 3a
paznuunu yecmomu u z=0.5.

Bamunupanero Ha paspaborenus matemaTrdecku mogen (4.113) ce u3BbpIiBa upe3 CpaBHsSBaHE HAa YHCICHU U
eKCTIICpUMEHTATHO ToJIydeHH pesynratd. dur. 6.56 (a) mokasBa TEOPETHYHHW M EKCIEPUMEHTATHH PE3yITaTH 3a
TeMIIepaTypaTa 1 MPEeMEeCTBAaHETO 3a CTOMHOCT Ha KoeduireHTa Ha 3ambiBane 0,5 u yecrota Ha [1IM, paBra Ha 0,01
Hz. C nosummu 1 u 3 ca o3HaueHW CHOTBETHO TEOPETHUHUTE CTOMHOCTH Ha TEMIIEpaTypaTa M INPEMECTBAHETO,
n3uncienn 4dpe3 cuctemara (4.113). C mo3umum 2 u 4 ca 03HAYEHU CHOTBETHO EKCIEPUMEHTATHO ITOyICHHUTE
CTOWHOCTH Ha TeMIlepaTypaTa M MPEeMeCTBaHEeTO. AHAIM3BT Ha TpaKHUTE MMOKa3Ba HAKOW Pa3IMyus, HO CTEIeHTa Ha
CBBIIAJICHUE € JIOCTaThbUHO BHCOKa. ToBa ce MOTBBP)KIaBa M OT XHCTepe3uca, nmokasaH Ha dur. 6.56 (6), B KoiiTo
JIBOMHATA ITPUIMKA Ce IBJDKU Ha PA3JIMKH 32 IBaTa MOKa3aHU IIUKbJIA Ha HAarpsiBaHe. Pazinukute Mexay rpadukute Morat
Jla ce OOSICHAT C HEJOCTAThUYHO TOYHA WACHTH(UKAIMS HA YHCICHUTE CTOHHOCTH Ha MapaMeTpHUTe, KaKTO U ChC
3HAYUTEIHATA YyBCTBUTEIHOCT HAa CHCTEMATa KbM HSIKOU (PaKTOPH, KOUTO HE Ca BKIIOYCHU B MATEMATHUECKHUS MOIEI
WJIM YKETO BIUSHUE HE MOXKE /1 C€ MPEABUIM, [IABHO - HAJTMYHUETO HA CIyYalHU Bb3AYIIHU OTOLU, HEChBBPILIEHCTBA
B KOHCTPYKLHMATA HA €KCIIEPUMEHTAIHUAT CTEH]T U TIOCTOSTHHO MPOMEHSIIIH CE YCIOBUS Ha OKOJIHATa Cpejia 0 Bpeme
Ha MPOBEXJaHE Ha eKCIepuMeHTa. BnusHrueTo Ha TepMoJBoOiiKaTa BHPXy M3MEpeHaTa TeMIlepaTypa ce CBeXAa J0
MUHUMYM C TIOMOIIITa Ha TEPMOJIBOMKA, YUUTO Pa3MepH ca OJIM3KH JI0 TUaMeThpa Ha HUIITKATA.
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1,3 - T, x, numerical solution 22 1 - numerical solution
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6.1.4.4 3axnwuenue no eévnpocu 3a mooeaupane na akmyamopu ¢ Huuwika om CII®

Hpe,Z[CTaBGHO [ pa3pa60TBaHeTo Ha MAaTCMATUYCCKU MOJACIT HAa AKTyaTOpP, CbCTOAIL CC OT HUIIIKA OT CH(D, CBBbp3aHa
MOCJICIOBATETHO C TPY)KMHA, TO3BOJIABAIN 337bJI00UYEHO MOJEIMpaHe Ha TWHAMHKATa Ha akrtyaTtopa. MomembT
pasricxkaa AMHaMUKaTa Ha MEXaHUYHaTa IMOJCHCTEMA Ha aKTyaTopa h TOIUIOOOMEHA MCXKAY HHUIIKaTa W OKOJIHaTa
cpena. Upes noapoOeH TeopeTHUEH aHAIN3 ca MOJY4YEeHH JIBE HEIMHEHHM OOMKHOBEHM AM(EpeHINaTIHn ypaBHEHUS,
YUUTO 000OICHN KOOPIMHATH Ca IMPEMECTBAHETO Ha Macarta, IPeICTaBAIla akTyaTopa, i TeMIIepaTypaTa Ha HUIIIKATa.
AHamm3bT IIO0Ka3Ba, Y€ KOCq)I/II_II/IeH’I“bT Ha €JJAaCTHYHOCT Ha HUIIKATa W COOCTBEHATa YeCTOTa Ha MeXaHW4yHaTa
noAcucTeMa 3aBUCAT OT TEMIICpAaTypara U ,Z[e(l)OpMaLII/ISITa Ha HHIIIKAaTa. I[’BJ'DKI/IHaTa Ha UMITyJiCa Ha CUrHajla Ha
yapaBJIsIBAlIOTO HAIIPCIKCHUC Tp}I6Ba Aa Ccc omnpeacisda B 3aBUCUMOCT OT TEMIICpATypHATa BPEMCKOHCTAHTA Ha
CucTeMara, a U31oJI3BaHETO Ha UMITYJICH IO-ABJITH OT 5T e 0e3CMHUCIIEHO.

3a Ja C€ yBCIWYU TOYHOCTTAa HAa MOACIUPAHCTO € pa3pa60TeH AITOpUTBM 3a MOJCIHMPAHEC HAa MHUHOPHU U
CY6MHHOpHI/I XUCTCPE3U, KOHUTO OTCTpaHsABa HCAOCTATBLUUTC Ha KIACHYCCKHA MOMACI, 0COOEHO CKOKOBETE B
OTHOCHUTEJHATa MapTeH3WTHA (pakiusa. To3u aaropuThM MHOAOOpPSBa TOYHOCTTA HA MOJICIHMPAHETO, 0COOCHO MpHU
uznon3sane Ha LIIMM ynpasneHue, mpu KOETO € BEPOSITHO Jia Bb3HUKHAT MHHOPHH U CYOMUHOPHHU XHUCTEPE3H.

EKCHepI/IMeHTaJ'IHI/ITe H3CJICABAHNA MMOKA3BaT, Y€ CUCTCMATAa € MHOI'O YYBCTBUTC/IIHA U Ca HAJIUIIC (l)aKTOpI/I, KOHUTO
HC MOTraT Aaa CC TpyAaT B MaTECMAaTUYCCKUSA MOACIL. EKCHepI/IMeHTI/ITe IMMOKa3BaT, U€ yBCINYaBAHCTO HA KO€(1)I/II_II/I€HT3, Ha
3aIlbJIBAHC YBCJIMYaBa TEMIICpAaTypaTa Ha HUIIIKATa, HO MCXAY TAX HAMaA JIMHEWHA BPB3Ka. (DaKTBT, 4c 4pe3 3alaBaHC
Ha TOCTOSTHHU CTOMHOCTH Ha KOe(l)HLIHCHTa Ha 3albJIBAHC HC € BB3MOXHO [a CC IOJy4YHn }’CTOI\/'I‘II/IBa CTOMHOCT Ha
MNpEMECTBAHCTO U CUJIATA, ITOKAa3Ba, 4€ € MO-MOAXOAAIIO JAa CC U3I0JI3Ba CUCTEMA 3a YIIPABJICHHUC C 06paTHaTa BPB3Ka,
B KOSITO YNpaBIsBAIIMTE MMapaMeTpy Ja ca HalpeKeHHe, 4ecToTa M KoeDUIMEeHT Ha 3ambiBaHe. BanmuanpaHeTo Ha
MoOJ€jia MMOKa3Ba, 4€ pa3jIMKUTEC MEKAY PE3YITATUTE OT paSpa60TeHI/IH MOZCIT U CKCHCPUMCHTAJIHUTE PEIYyJITaTU Ca
IIPUCMIINBH.

7 TI'naBa IlpuiaoxkeHusi HA 3aABHKBAHUSA 4Ype3 CIUIABU ¢ maMer Ha ¢gopmara BbpPXY
MO/eJIM M IPOTOTUIIH, pa3padoTeHu B kateapa TMM

7.1 YmnpasiieHHe HA KJIANIAHH

qpe3 auiku ot CIID 6sxa Chb3Aa/ICHU 3aIBUKBAHUA HA YIIPABJISIBAIIHA I'VIaBU 3a KJIallaHU C IPUIJIOKCHUC B CrpaIHU
HHCTAJIallM W NpPEAUMHO BBHB BOJHH, IMapHW W BB3AYUIHHW OTOINUIMTCIHU CHCTEMH. Tesu yhpasJIsiBalllyd TJIaBu CE
NoJpa3aensIT Ha OBa BHUAa ¢ mponopuuoHaino u nudposo (on/off) neiicteue. Ilpu mponopunoHanHOTO JeiicTBHE
6YTaJ'IOTO Ha KJIallaHa MOXKEC Jia CC€ MO3UINOHMPAa B MMPOU3BOJJIHA TOYKA OT XO4a U Aa OCUTYPH PA3JIUYHO KOJIHNYCCTBO
JICOHT B 3aBUCUMOCT OT (PMKCUPAHOTO CH mosioxkeHue. [Ipu 1iudpoBoTo aeiicTBre OyTaloTO Ha KiIallaHa MOJKE J1a 3aeMe
caMo JIBE KpaiiH! MO3WIINH - HAITBITHO OTBOPEHA U HAITBJIHO 3aTBOPeHA. B To3m cirydait OucTabMiITHUTE MEXaHU3MH ca
MHOI'0 HNOAXOAANIN 3a MPUIOKCHHUEC, 3alllOTO OCBCH Y€ OCUTYpsABAT on/off ,Z[eﬁCTBHe, Ch3JaBaT BB3MOXHOCTH 3a
ChbKpallaBaHC Ha XOJa Ha 3aABMKBAIIUTE HUIIKU OT CII® u 3a BBBCXKIAHE HA CIIACTUYHU CJICMCHTH, YPE3 KOUTO HacCT
OT EHEPrusiTa 3a yIpaBJeHHE Ce PeKyIepupa.
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7.1.1 IIponopuMOHAJIHO YNPaBJIeHHE HA KJIANAHH

3/1 Mozien Ha eIMH OT IBPBHUTE MIPONOPLMOHATIHY TJIABH 3a YIpaBJIeHUe Ha KinanaHu upes xuna ot CIID, cp3nanen
B naboparopusita mo MEMC kbM katenpa TMM, e nokazan Ha ®ur. 7.1. [IpuHIMIBT Ha AelicTBHE Ha KiamaHa €
CJIEIHUAT: 3a Ja ce yIbJDKU IIBTAT Ha )KULAaTa 1, KaKTO U 3a J]a Ce yBEJIMUYH CHJIaTa IIPU N0-HUCHK TOK, CUIOBUAT IIOTOK
€ pa3zesicH /1a 1Ba paBHOCTOMHM KJIOHA. 3a LeNTa J1Ba Kpas Ha JKUIlaTa ca 3aKpeNeHr KbM eJIACTHYHA Tpeaa 2 B JOJIHUS
Kpaii Ha priioBa KoOununa 3. Enactuynara rpena ce HaMupa U3BBH KOPITyca, KOUTO € U3paboTeH OT MaTepuall ¢ BUCOKa
TorionpoBoAuMocT. C IIOMOIITA HAa BEPTUKAIHO PA3MOJIOKEHH B Kpasi HA OCHOBATa POJIKM 5, KHUIIaTa €€ MPEXBbpIIsL
BBHB BBTpPEITHATA YaCT Ha KOPITyca KaTo ce pas3mojara 0JmM30 0 CTEHUTE MY, 3a Jia Ce 3arpsiBa JOIbIHUTENHO. [louTn
MOJ] OCTa Ha BIIIOBaTa KOOMIIHUIIA Ca PA3IOJIOKEHU JBE XOPU30HTAIHU POJIKH 6, Ype3 KOUTO ce 0Opblia MocoKaTa Ha
CII® xumara. CpenHUAT Kpail Ha XKHUIaTa MPaBH NMPUMKA, YBUBAWKH CE€ OKOJIO TpeTa XOPHU3OHTAJHA POJiKa 6, upe3
KOSITO C€ HACTPOiBa IMbPBOHAYAIHUS OIIbH. B JIeBUs Kpaii brioBata KOOWINIA KOHTAKTyBa ¢ OyTalloTO HA OCHOBHHUS
KJiamaH 7, moaJiekai Ha perynupase. [IpyxuHata Ha TO3M KJalaH CIIy>KH 32 Bb3CTAHOBSIBAaHE HA ITbPBOHAYAIHOTO
nojoxeHue. B necHus kpait priaopata koounuia e u3paboTeHa ¢ Kpbria GopMa, ype3 KoATO KOHTaKTyBa ¢ (pUKCHpalia
rbpOuIa 8, KOSATO Ce MPUTHCKA KbM KOOMJIMIIATA C IIOMOINTA Ha IUIOCKa MpykuHa 9. ['bpOuiia 3akirouBa brioBarta
KOOMJIMIIA M TaKa OCUTYPsIBa 3aJ1aICHOTO MOJI0KEeHHE Ha OyTanoTo. Upes 3aKkimouBaiiis MEXaHU3bM ce U305TBa pa3xona
Ha eHeprus 3a MoAgbpkaHe Ha OyTaloTo Ha KJlalmaHa B 3a/1a/icHa HeTOIBI)KHA MTO3ULIKMS. 32 OTKJIIOYBaHE HA MEXaHU3Ma
ce n3nonsBa Bropa xxuna ot CII® 10, Ha Ko4TO 32 1enTa ce MMo/1aBa KpaThK eEKTPUIECKH UMITYJIC, KOMTO MpeIn3BUKBa
3aBbpTaHe I'bpOMIIATA M MPEKbCBAa KOHTaKTa ¢ KoOwnmuarta. OTienBaHeTO Ha I'bpOMIATA OT BIVIOBATa KOOWMIHIA
MI03BOJISABA TS Ja C€ IPEMECTH O] ACHCTBUETO Ha IIPY>KWHATa Ha OyTaJloTO 7 ¥ 1a Bb3CTAHOBH KPafHOTO CHU MOJI0KEHUE
TP HAITBJIHO OTBOPEH KJIAMaH, WX Ja 3aeMe HOBA MO3UIIHSL.

L[s10TO YCTPOHCTBO € TIOMECTEHO B IUIACTMACOB JEKOPATUBEH KOPIYC, B KOWTO ca pasIoNIOXKEHU OaTepuwmrte,

€JIEKTPOHHA YacT, AUCIUIEH U OYTOHH 32 PhYHA HACTPOUKA.

Que. 7.1 3D yepmedic Ha nponopyYUOHATHA 2NA8A 34
Kkaanan, 3a0suxcena upes CIID; a) useneo omeope, 6) useneo
OMCMPAHU CbC CEbP3BAYUSL eIeMEHN KbM KIANAHA, 8) HPOMOMUn
Ha ynpaenasawama 2uasa.

HpomseneHnTe IIPOTOTHUIIN JAEMOHCTpHpaxa BHCOKa
HaJCXKIHOCT U CTaOMITHOCT Ha YHpaBJICHUCTO.

[To oTHOmIEHNE Ha KOHCYMAIIUATA HAa EHEPTHs TO3U MEXaHU3bM
ce OKa3a MO-HUCHK KoepHUUUEeHTHT Ha nosie3Ho aeiicteue (K1) B
CpaBHEHHE C BOJCIINTE CBETOBHHU 00pa3LH.

Que. 7.2 [emoncmpayus Ha npunyuna Ha Oeticmeue Ha YNnpasiieauya
nponopyuonanina — 2iaea 6  yacogeme  no  Muxpomexnuxka  u
Muxkpomexamponuxa.

VYmpapnsBamiata rijaBa Hamepu MPHIOKEHHUE 3a JEMOHCTpallMd Ha
edekra ¢ mamer Ha (opmata M Oe BKIOUEH B ydeOHaTa mporpama Ha
CTYyIEHTUTE Wu3ydaBallu MexarpoHuka. Ha @ur. 7.3 e mnokaszaHa
eKCIIepUMEHTATHA YCTaHOBKA 32 IEMOHCTpHpaHe Ha MPUHIKIA Ha padoTa Ha
MIPONOPLMOHANHATA TJIaBa 3a yInpaBlieHHE Ha KjamaH upe3 sxuuu ot CIIO.
HudpoBusT MHANKAaTOPEH YACOBHUK U3MEPBA X0/1a Ha OyTaJ0To Ha KJlalaHa v Ce 3alllcBa B KOMIIOTHD B pEalHO BpeMe.

Twit kato KI1/] Ha mbpBaTa KIanaHHa IJlaBa HE YJIOBJICTBOPSBAIIEC ChBPEMEHHUTE U3UCKBaHUsA. B mabopaTopusita
no MEMC 0sixa KOHCTpyUpaHH, W3paOOTEHM W H3CIEIBaHH OIlle HAKOJIKO OOpa3l Ha YIPaBISABAIM TJIABU C
MPOTIOPLIMOHAIIHO JEHUCTBHUE.

CrenBainTe KOHCTPYKIMH OsiXa ¢ MUHUMHU3UPaHH Ta0apuTh U ¢ Bb3MOKHO MUHHMAJIEH Opoii eTaiiin, 3a KOeTo
JoNpUHAacse poranuoHHara ¢opma Ha kopmyca. Ha @ur. 7.4 a) e nokazan Solidwokrs uepTexx Ha ympapisiBaiia
TEpPMOCTaTHA TJIaBa, a Ha dur. 7.4 6) u3paboTeH HEWH MPOTOTHII.
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Que. 7.3 Ynpasnasawa enasa c
POMAYUOHHA KOHCMPYKYUSAL:
a)Solidwokrs uwepmesic na
YIPABA8awa MmepMOCmMamua 21a6a,
6) npomomun Ha pomayuUoOHHama
2nasa.

durcupanusT MEXaHU3bM
CBIIO TIPETHPIIS PA3BUTHE KaTO MFPBOHAYAITHO ce M3MOJI3BaIle camo3aTsraiia ce rbpouna (dur. 7.4), KOsATO ciel ToBa
O0c 3ameHeHa ¢ paszpszaH konyc ®wr. 7.5 6). Ha ®ur. 7.5 a) e mokazan CTEHJ 3a HW3CIEIABAaHE HA €qHA OT
Pa3HOBUIHOCTHTE POTAIMOHHA YIIPaBJISBAIlla TJ1aBa C TEPMOCTAaT W IUIACTMAcOB Kopmyc. 3a (QUKCHpaHe Ha
TIOJIOKEHUETO HA U3ITBIIHUTEITHOTO 3BEHO € M3IOJI3BaH (PUKCUpAIl] KOHYCEH MEXaHN3bM HANo[00sBalll IIaHTa, KOUTO €
pasIoyIoXKeH B Kpast Ha IIIMHAPUYHUA Kopiryc dur. 7.5 0).

Que. 7.4
Pomayuonna ynpaenasawa
2nas8a ¢ nIacmmacos
KOPNYC 3A08UNCBAHA C
arcuyu om CIID ¢
Quxcupawa yanea u
mepmocmam: a) cmeHo 3d

uzcneoeane 6) no2neo
omonu30, 8) 3aK046auy
MEXAHUZBM.

EnHo oT HempeomosMMuTe MpeAr3BUKATEIICTBA TIPU 33/[BUKBAHUITA HA NIPONOPIIMOHAJIHY TJIaBU €, ue 3a Ja ce
(hukcupa TONOKEHHWETO HAa W3MBIHUTEIHOTO 3BEHO HIIM TpsOBa Ja ce TOoJaBa HEMPEeKbCHATO HAINPEeXKEHHE Ha
3aJIBHIKBAIIATa JKHIA, WK J1a ce JI00aBH JOIBJIHUTEIICH 3aKIII0YBAIll MEXaHU3bM. 1031 HEJIOCTaThK HE ChIICCTBYBa
npu OUCTAOMIIHMTE MEXaHWU3MHU, KOUTO TPYAHO C€ IPUCIOCOOSIBAT 3a MPOMOPIMOHAIHO YIPaBIECHHE, HO ca Hal-
MOJIXOJISIIOTO 3aBIKBaHe 3a on/off cucremu.

7.1.2 bucradWwiHo ynpaBjieHHE HA KJIANIAaHU

7.1.2.1 Eononocmos doucmaoduien ynpasnsaeau; Mexanu3vm, 3aosuxcean upes Huuiku om CII®

CHuMKa Ha IIbPBUAT IIPOTOTHUITI HA YIIPpaBJIdBallla rjiaBa Ha KJjialaH C oucTabuiacH MCXaHHU3bBM, IIPEBKIIIOYBAHA ChC
aumka oT CII® e nmokazana Ha @wur. 7.6 a. KunematndHaTa cxeMa Ha TO3W MEXAaHH3bM CE IpHUEMa, Ye OCHOBHO CE
CBbCTOM OT €AMH JIOCT U mpyxuHa dur. 7.6 0), Makap, e CTPYKTYPHHUST aHAJIU3 MpPU pasriekJaHe Ha pojKaTa H
IJIp3rayda aa ro Knacnq)nunpa KaTO TAHTCHCCH CIICMCHTAPCH MCXaHU3BM. ToBa e ki1acuuecky OMCTaOMIIEH MEXaHU3BM
¢ 0e3CcnopHO Hal-IpocTaTa KMHEMaTHYHA CXeMa M Hal-IIHpoKa mpakTudecka ynorpeda. ITopaam mpocrorara Ha
KMHEMaTU4Ha BECpUra OT HCA ou TpSI6BaJ'IO Ja €€ O4YaKBaT aﬁ—z[06p1/1 PE3YJTaTH MO OTHOLICHUEC HAa JUHAMUKA U HUCKaA
KOHCyMalusl Ha CHECPrus. B HCﬁCTBHTeJ’IHOCT TE€3W OYaKBaHHUA Os1xa OIMPOBCPraHn OT CKCIICPUMCHTAJITHUTE PE3YyJITATH.
3a na 0b1e QyHKIMOHATICH MEXaHU3MBT TPsOBa Jia padoTH ¢ MHOTO TBBp/Ia MPYKUHA, KOSITO HATOBAPBA OTIOPUTE U CE
IMOABABAT MHOI'O BUCOKHM p€aKIIMK, BOJACIIN 10 MMOBUIIIaBAaHE HA CUJIMTE HAa TPUCHE U BJIOIIABAHC HA AMHAMUKATA. Ocsen
TOBA roJjisiMata npyxxXuHHa Cujia BOAU 10 3ary6a Ha HeliHaTa YCTOI‘/JIIII/IBOCT, KOC€TO HAJIOXXHU BKIIFOYBAHC HA JOIIBJIHUTCIHU
IIPYXUHHUA HAIlpaBJIsdBally, KOUTO BHECOXAa HOBU CUJIM HA TPUCHE U CbOTBETHU SaI‘YGI/I. T"onemure OIIOPHHU pC€aKIMU HE
MO3BOJIMXA JIa C€ M3IIOJI3BAT MOAUDUITUPAHH OTIOPH C MAJIKU
paanyCcH Ha 3aKpbIJICHUA.

@ue. 7.5 [Tvpeu npomomun na bucmadbuien
MeXaHu3vbM 3a Ynpasienue Ha KIanaH, 3a08UdCEaH upe3
CII®: a) Cuumxa; 6) Kunemamuuna cxema.

7.1.2.2 bucmabunen copouuno 1ocmoes
MEXAHU3BM 34 YNPAG/IeHUEe Ha K/lanan

Ha ®wur. 7.7 e moka3aHa KMHEMAaTH4YHATa CXeMa Ha
MexaHn3Ma. lIpUHOUIBT Ha JEUCTBHE €  CICOHMSAT:
[Ine3rauspr, ¢ mno3umus (1), mpemectBa OyTasoTo Ha
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HOPMAJIHO OTBOPEH, MOHOCTaOMIIEeH KJalaH, KaTo ce 3aJBIKBA Upe3 JIOCT, ¢ mo3ulms (3), oT xui (5) u (6), nzpaboreHu
OT cIUIaB ¢ maMeT Ha ¢opmara. XKurara ¢ mosuius (6) CIy)Kd 3a OTBapsAHE Ha KilalaHa, a Tas3u, ¢ mo3unus (5)- 3a
3aTBapsHe. 3a Ja ce HAMAJAT CUIINTE Ha TPUEHE, JIOCTHT (3) KOHTAaKTyBa C Trb3raya (1), upe3 poskos jgarep (2), BbPTIL]
ce oKoJIo Touka ,,A“. B Touka ,,B“ Ha 10CT 3 € pa3nonokeH HEHTBPBT HAa POJIKOB Jlarep (4), KOUTO KOHTAKTyBa C KOHTYD
¢ hopMmarTa Ha OKPBIKHOCT, C IIEHTHP- TOYKa ,,C”, B paBHHHATA Ha KOOMIHIIA (5), KOSTO OT CBOSI CTpaHa ¢€ BbPTH OKOJIO
HEMoABMXHA Touka ,,D”. B Touka ,,E” ¢ okaueHa HaTOBapeHa Ha OI'BH MPYKUHA
C peKynepaTUBHO JeiicTBUE.

Que. 7.6 Kunemamuuna cxema na bucmabuier opouyHo 10cmos
MeXanusvbM 3a ynpasienue Ha KIanaH.

JlocTOBUAT MEXaHM3bM CIYXH 3a NpeoOpa3yBaHe HA MOHOCTAOMIHOTO
JeiicTBUe Ha KjamaHa B OMCTaOMIIHO KaTo 3a IeNTa pa3MepHUTe Ha 3BeHATa U
Hpy>KUHHATa CUJIa ca ONIPEeICHH, Taka Ye Jla ce IIOJIyYd TOUKa C HEyCTOHUUBO
paBHOBecHe B cpelara Ha XoJa Ha KJamaHHOTO OyTano Mpu 3anaaeHa
XapaKTepUCTUKA Ha elacTHYHATa CHjla Ha KJIallaHHaTa MpykuHa. [pyra BaxHa
(GyHKIHMS, KOSTO € 3aJI0)KeHa B MPHHIIMIIA Ha JICHCTBUE HA MEXaHH3Ma € Jia ce
peaynmpa KianaHHaTa CHja 4Ype3 CHiaTa Ha peKylepupalia MpyXHHA, KOSITO MMa MPOTHBOIOJIOXKHA MMOCOKa Ha
neiictBue. Upe3 rppOMYHO JIOCTOBHAT MEXaHU3bM pEKylepHpaliaTa NpyKHHa peaylupa cuiaTa Ha KilanaHHaTa
npyXKWHA U HaMaJsiBa 3HAUYUTETHO MOoTeHIManHaTa eneprus, koaro CI1D xunure TpsoBa aa npeononesr. Tyk me Obe
pasriieiaH CMHTe3a IpU KOHTO ce IeNH IO TOYKAaTa Ha HeyCTOMYMBO PAaBHOBECHE 3aJBIDKBAINA CHJIA Jia € CIUIABTa C
mamer Ha (opmaTa, a cieq TOBa 3aIBHXKBAHETO Ja CE€ MOEME OT peKylepupaiiara npyxuHa. [lo To3um HauumH
MOTEHIIMATHATa EHEPrHs, KOSTO TPsiOBa Ja ce mpeooee OT CIUIaBUTE ¢ aMeT Ha (hopMara € MHOTOKPAaTHO TO-HUCKA
OT TbJHATa TMOTCHIMAJHA CHepPrusi Ha KiallaHHaTa MpYy)XWHA M TOBA HaMallsiBa CHEPrUifHaTa KOHCyMarus.
ChIueBpeMeHHO ce ocTura oucraduieH eekT 1 KananbT padoTH B pexum on/off.

CuioB aHamu3 Ha OucrtaOwieH TbPOMYHO JIOCTOB MeXaHM3bM. [IbpBOHauamHO € pasrieaaHo
KMHETOCTaTUYHOTO paBHOBECHE Ha acypoBaTa Ipyla, cbhcTaBeHa OT 3BeHa 4 u 5. VHepuuoHHMTE CHIM ca

npeHe6perHaTH. B Touxa E ,Z[eﬁCTBa Mpy’XUHHAaTa CWjia, KOATO € NPCeCMETHATA I1O q)OpMy.TIaTa F; = (Ls —Lso)k,

2 2
KBIETO [, = \/( Xy —x;) +(yp—y,) ©ABIDKHHATA HA PA3TErHATATA NPYXXHHA (PA3CTOSHHETO MEXKIY TOUKH E u

F ), LsO € HavaJIHATa AbJIZKHUHA Ha MIPYy>KWHATA U k € KOC(I)I/ILII/ICHTa Ha CJIAaCTUYHOCT Ha IPYKUHATA.

Tt kKaTo BbPXY 3BEHO 4 HE ACHCTBAT HUKAKBY BHHIITHU CHIIH, HACATHATE PEaKITIHI R 5 = -R o | R43 = —R34 ,ca

C JUpeKTpucH, chBhanamm ¢ orceukara CB (®wur. 7.9). Pasrienano e yClOBHETO 32 PAaBHOBECHE HA MOMEHTHTE

cipsivo touka D Z M, =0, paBHOCHIHO Ha F;hs = R34h34 ,KBJIETO
(45)

h =Lcos(f+1), h,=dsin(f+¢,). (7.15)

E S
Que. 7.7 Kunemocmamuuno pagHosecue Ha acypoea spyna
4,5.

Crnen 3amectBane Ha ¢opmynn (15) B ypaBuenue (14) e
MOJTYYICHO

L cos(B+A)
s =F —— :
dsin(f+¢,)

I/IZ[CHJ'IHHTEI pcaknus B TOYKa D, R05 ciaeaBa OT

R, (7.16)

PaBHOBECHETO Ha CHIUTE 3a IsIaTa acypoBa rpyra, KoeTo ce
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CBEKIA /10 BeKTOpHOTO ypasuenne F, +R,, + R = 0. Upes kocuHycoBaTa Teopema 3a roleMMHATa Ha MCATHATA

peakius B Touka [) e HaMepeHo

2 2 :
Ry = \/ F? + R;, +sin(A— ¢, ) Hanpasnenuero na R05 , HAMEPEHO Ype3 TeopemMara 3a paBHOBECHE Ha TPH CHITH

HE € [TOKa3aHo TYK.
[Ipu BTOpHS eTanm Ha CWJIOBHUS aHANU3 € pasriieJaHO PABHOBECHUETO Ha acypoBa rpymna 2, 3 mpu InpeHeOperHatu
cvm Ha TpueHe (Pwur. 7.10a). Tyk peaknusara B Touka A ¢ o3HadeHa ¢ (. 3a Hes € M3BECTHO, Y€ Ma BEPTHKATHA TIOCOKA

U MOpUJI0KHA TOKa A . Cunure Ha KHUIOUTE OT CIl® E)n u off TYK HC Ca BKJIIOUCHH, 3aIIOTO TC 3aJBUKBAT

MEXaHu3Ma M IOJICKAT Ha OIPECACIIAHE CIIEA KAaTOo CE€ OTYETC M HATOBAPBAHCTO OT KJlaIlaHa. OTHOBO € CBhCTaBEHO

MOMEHTOBO ypaBHEHHE Z M, =0 3a 1suara acypoBa rpyma copsmo Touka (), KOETO BOAH [0
(2.3)
_ . b sin +9+a br .
Qacos 3= R,bsin(p, + I+ Ot) OTKBJIETO O = R,, bsin(gi+9+a) Ry, —[sin(g, +a)+cos(p, +a)tan g | Ako
a cos a
ce npueme, 4e prensT A = 0 u3passr (17 ) Moxke 1a ce cBesie 10 R, =F L 1 .Crren 3amecTBaHe Ha

* d sing, +cos @, tan 3

dopmymna (21) B (20) e nonyueno o — Lb sin(g, +a)+cos(p, +a)tan I

ad sin @, + cos ¢, tan

Que. 7.8 Kunemocmamuuno pagnogecue Ha
3a08UHCEAUAMA U 3A0BUNCGAHAMA 2PYRU. 4)
3a0sudiceaua acyposa epyna 2,3, 6) 3a08UNCEAHO 36€HO
1 u peaxyuama na xnanaua.

Cunara ot MpYyXXHWHATa Ha KJlallaHa F'V € MOJIyuCHa

EKCIIEpUMEHTATHO W anpoKCUMHpaH ¢  u3pasa

Fv:E;o_Skw KBJAETO kv € KOoeQHUUMEeHT Ha

€JIACTUYHOCT Ha MpYKHHATa Ha KiamaHa. [Ipy 3aTBOpeHO monokeHne W OJIM30 10 HETo BhPXY KIANAaHHOTO OyTajo
JIelicTBa cuyaTa OT HajsraneTo Ha ¢uynaa. [lopagn MaakuTe HaIATaHUS IPU Pa3IIICKIAHUTE XUAPABIUIHU CUCTEMH,
Ta3u cuila e mpeHeOperyHara.

Ot ®ur. 7.10 6) e BugHO, 4ye npuBeAeHaTa cwia Q Ha peKylepupaliaTa nNpyXHHa Ce M3Ba)KAa OT KilaraHHATa

e7acTUYHa cua, KOETO 03Ha4aBa e B TOYKa A neiicTa cuna
Lb sin(@, +a)+cos(p, +a)tan §
O-F =F — - - (Fvo - skv) AKo ce mpueMe, 4e 3aJiBUKBAIIUTE CHIIM HA JKHIUTE
ad sin @, +cos @, tan
ot CII® ca ¢ BepTHKaIHU HAMPABIEHNs, TO B TO3M CIlydaii Te TpsAOBa a yI0BIETBOPABAT yCIOBUATA
h
F, 0<s<—
a : 2 — h =
L_|Q - Fv| < ,kpaero L =0G, h=s_, e xonsr na kianana.
g F = —<s<h
on 2

CuHTe3 N0 yCJIOBHATA 32 peKynepupanusi 1 6ucTtaduaHocT. B onpocTeH By 3a1a4aTa Ha CHHTE3a Ce U3pa3siBa
B OMNpEJCsHEe Ha pasMEpHUTE Ha 3BCHATA W MapaMETPUTE Ha peKylepupaiiara Mpyx)HHa, Taka 4ye Ja Ce MOCTHTHE
PaBEHCTBO HA pEKyIIepUpaIaTa U KjanaHHaTa CUiia B cpe/iaTa Ha xo/a. ToBa € yCIIOBHETO 3a 0e3pa3InaHO paBHOBECHE.

3a ga ce mocTUrHEe OMCTAOMIIHO MOBEACHUE € HeOOXOAMMO MpEau TOYKaTa Ha paBHOBECHE Q —Fv >0 , a cuem Hes

Q_E, < O Te3nu YCJIOBUA TapaHTUpAT IABC YCTOfIQHBH IIOJIOKCHUA Ha MCXaHHU3Ma. I[OH’LJ'IHI/ITCJ'IHI/I YyCi10BUA Ha

CHUHTC3a Ca pa3JIMKUTC OT ABCTC CUIIN |Q_E} Ja 6’[;[[6 MHHHMAaJIHA, HO B Kpasd Ha XOJa HC MO-MaJIka OT CWjiaTa Fp .

KOSITO JeHCTBa BBPXY KJIAIIaHHOTO 6YTaHO IIpU 3aTBOPEHO IMOJIOKCHHUE U B HAYAJIOTO HE IIO-MaJIKa OT MUHHUMaJIHAaTa
KJIaITaHHa CuJia IIPpHU OTBOPCHO ITOJIOXKCHHUC.
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Ot Taka popMyJTHPaHHUTE YCIOBHS CIICIBAT 3aBUCUMOCTHUTE: N i sin[% (g]+a}+cos|:(p4 [§j+ajltan .9[%) N
F\ == =|F,~| = |k
’(ZJad sing,| 2 |+cosg, 2 tan ﬁj ( ! (2j ]
P2)7 (2 2

Lbsin[@(h%a]%—cos[@ (h)+a}tanl9(h) B

Lb sin[(p4 (0)+0{]+cos[¢>4 (0)+a]tan 9(0)

F.(0 ~F,>0 F(h F,-hk)>F
3l )ad sin @, (0)+cos ¢, (0)tan 5(0) v ! )ad sing, (h)+cos, (h)tan (k) (Fa=hk)>F,
Ha ¢wur. 5 ca najenu rpadmku oT CUHTE3a, KBJETO CE BIIK/IA CHOTHOIICHUETO Ha CHITUTE.
0=
PR
N2 o Que. 7.9 Pezyrimamu om onmumusayusma. a)
7\\\5\ & . epaguxa Ha pexynepupawama u KianawHama cuia; 0)
E=Es pasiuxama om ogeme CUil.
" y
c 040 |
\ TR TR T e af s
Ny
a [ 6 Or Qur. 7.11 a) e BugHO, Ye TpHU 3aTBapsHE Ha
e s D KJIallaHa 1o CXeéMa C aHaJIoTOBO JeicTBHe TpsOBa Ha ce

U3BHPIIM paboTa, paBHA Ha IUIONITA HA TpaIela,
o0Opa3yBaH OT JIMHUATA HA MPYXKUHHATA criia 1 abciucara. [Ipu HOBO CHHTE3UpaHusI MEXaHU3bM paboTaTa € JIHMIETO Ha
kpuBosuHeiHusS TPUBI'BIHUK OAB (®ur. 7.11 6). OTHOLIEHHETO HA ABETE IUIOIIM € TIoBeYe OT 5:1, KOeTO MoKa3Ba, ue
ujcaiHaTa pPEKyIlepUpaHa CHEPrus INpPU 3aTBapsHE € IOBeYe OT S-IbTH MO-HUCKA OT Ta3u 0e3 peKymneparus.
[TomydeHusaT pe3yirar noka3Ba, Y€ € MOCTUTHATO MOJOOpEHHE B €HepruifHata e()eKTUBHOCT HAa CUHTE3UpPaHUS
MexaHu3sM [40].

7.1.2.3 bucmaobuino 3a08usxceane Ha K1anan 4pe3 ZopoutdHo 10CmMoe MeXaHu3vm ¢
08YCEKmMOpHA PABHUHHA 2bPOUYA

JlpyT BapuaHT Ha KHHEMAaTHYHA cXeMa Ha OucTabmiieH KiamaH e mokasaH Ha ®wur. 7.12 [41]. Pazmumamero ¢ rope-
pasriiefiaHaTa yrpagJisiBaiia rjiaBa ¢ rbpOUYHO JIOCTOB MEXaHHU3bM €, ue o(hopMeHaTa Ha

7w i ]  xobumnara repOula € BUIOU3MEHEHA B JIBE PABHHHMU ChC CEKYIIA PABa ChOTBETCTBAILA
K ?jﬂ \\"%l Ha HEyCTOMYMBOTO PABHOBECHO IIOJIOXKEHUE. Y CTPOUCTBOTO €€ ChCTOM OT Kopmyc (1),
B?Il o CBBP3aH HEMOABIKHO C KiamaH (2) dupe3 3akpemBamia Traika (3) u mresrad (6),
.l | KOHTaKTyBalll ¢ KJIamaHHO cTebso (4), noaabpkaHo OT KiamaHHa npyxuHa (5). Kem
- e ] kopiyca (1) e MoHTHpaHa BBPTALIa KoOunuua (8) cbe 3aKpeneHa KbM €IHOTO i pamo
=1 "
T oand, cthepuuna onopa (7), KOSITO € B KOHTAKT ¢ IuIb3raya (6).
—l[C
r%:;%ﬂ}:} Que. 7.10 bucmabunno 3adsudiceane Ha KIAnam upe3 cbpOUUHO JOCHO8 MEXAHUZLM C

| 5

.. 08YCeKmopHa pasHuHHa 2vpouya [41].

3
;o
-
L

K®M nBete pameHa Ha koOwnmmara (8) ca MpUKaueHH KUIM OT CIUIABH C ITaMET Ha
(dhopmara Ha 3aTBapsml akTyatop (9) u orBapsmy aktyarop (10). Kpaumara Ha xurure Ha aktyaropute (9 u 10) ca
CBBP3aHH C IBETE CTPaHHU Ha ropeH Hocad (11), cheauHeH HeMOABIKHO ¢ Kopiryca (1).

Kobunuuara (8) chabpxa xomsiHo (12), acuMEeTpUYHO Ha IBETE i paMeHa, KbM KOETO € MOHTHPaHa BhPTSIIO POJIKA
(13), Hamuparna ce B KOHTAKT ¢ BhHIIIEH KOHTYP (15) 1 BbTpetien koHtyp (16) Ha npoduien noct (14), KoHTO € CBbp3aH
BBPTAIIO ¢ TOpHUS Hocay (11) 1 KbM KOWTO € TprUKadeHa MpoTruBoIericTRala npyxuna (18), cebp3ana ¢ kopmyca (1).
Kontypure (16) u 17) ce npecudar B porosa Touka (17).

Bsixa mpoexkTupaHu M W3MPOOBaHU Olle MHOXECTBO KHMHEMATHYHH CXEMH, KaTo Ta3W C HOXKOBa KOHTYpPHa
KHHEMaTUYHA JBOMIIA CE 0Ka3a ¢ Hall-No0pH eKCIIePIUMEHTATHH [TOKa3aTeNH [0 OTHOILICHHE Ha CHepPTrUiiHa KOHCYMallusl.
Omnpocren 3D moaen Ha Ta3u KWHEMAaTHYHA BEpHUra € oKa3aH Ha
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Que. 7.11 Onpocmen 3D moden Ha uzbparusm ducmabuieH akmyamop.

KobOunnuna 1 e MOHTHpaHa KbM B €AMHUS CH Kpail, a B IpyIr'Us € HaTOBapeHa
ype3 peKynepupamara MnpykuHa. MoToBuiakata 2 ¢ HOXOBa KOHTYpHa
KMHEMaTHYHa JBOULIA 3a€AHO C TPUPaMEHHa KoOMIuIara 3 npeaaBaT JBHKEHHETO
Ha OyTamoTo Ha KiamaHa. PerymatopbT 4 cimyku 3a HacTpolika Ha OIbHA Ha
pekymnepupamiara npyxkuHa. OTrpaHUduTEeNsST S5 ciayxd 3a (QukcupaHe Ha
perynaropa Okosio ocTa My Ha BbpTeHe. C 6 ca O3Ha4eHM INNWIKA W raika,
CITy’KeIy 3a GUKCUpaHe OTPaHUYUTEINS CJiell U3BbPIIBAaHE HA HACTPOMKa Ha XOAa.

Ha ®ur. 7.14 ca noka3zanu nBere OMCTAOMIIHM HOJOXKEHUS HA MEXaHW3MA.
Huikure, Hapuyanu cbio Taka u xxutin ot CIID ca o3nauenu c no3unuu 38 u 40.
Te ce ckbCABAT KOraTo Mpe3 TIX MPOTeUe €IEKTPUUECKU TOK, KOWTO T'H 3arpsBa.
Korato knanmansT € B 0TBOpeHO cheTostHue kuiara CIID 38 e ombHATa OT TpUpaMeHHUS JIOCT 8, mokaTto kumara 40 e
ornycHara. [Ipy nogaBaHe Ha e1EKTPUUYECKO HaNpEXEHNE O KUIa 38, 11e ce MpeAn3BUKa HETHOTO CKbCSABAaHE U TOBA
3aBbpTa TPUPAMEHHHMAT JIocT. ToBa 3aBbpTaHe € 0 cpelaTa Ha XoJa cilell, KOeTo ropemara *uma 38 3amodsa Ja ce
OTITyCKa M OXJaXKJa HO POTAIHsITa Ha TPUPAMEHHHUS JIOCT MPOIbJKaBa IO ACHCTBUETO Ha peKylepHupaliara npyKxnHa
18, xosTO mpenaBa cujaTa cu upe3 kobmnunarta 12 u MoroBmikara 44 ¢ HooBaTa JIBOMIA. TpUpPaMEHHUST JOCT
MpHUIBMKBa OyTajoTo Ha KiamaHa 72 u kinamanbsT ce 3arBaps @wur. 7.14 6). Ilo Bpeme Ha 3aBBPTAaHETO OT
pexynepupamarta npyxuna CII® xunarta 40 ce onbBa U € TOTOBA J]a BbpHE TPUPAMEHHHS JIOCT B 00paTHa MOCOKa,
KOETO C€ OCBILECTBSIBA CJIEJ II0JIaBaHE HA EJIEKTPUYECKO HANPEKECHHE Ha HEWHWTE Kpauma. B To3u ciydai
3agBmwkBamiara CIIP xuna 40 oTHOBO TpsAOBa A2 3aBBPTH TPUPaMEHHATa KOOMIMLA caMo A0 cpenaTa Ha xoxa u. Cien
TOBa ABMKEHHUETO CE MoeMa OT KJIalnaHHaTa MPYXXHHA 10 IBJIHOTO OTBapsiHe Ha kinanana dur. 7.14 a).

[IpuHIMIBT Ha NEeHCTBUE Ha yIpaBisBallaTa KJalaHHA riiaBa € TakbB, ye He oT CII® xunure ce M3nuCKBa na
3aJBMKaT caMo MOJIOBUHATA OT Xoja. [Ipe3 ocTananaTa yacT 3aBKBAIIM 3BEHA ca MPYKUHUTE B KOUTO € HaTpyIaHa
MOTEHIMAJIHA eHeprus. ToBa BOAX 10 HaMaJIsABaHE HA KOHCyMalMsTa Ha €HEPIUs U JaBa Bb3MOXKHOCT Ha XKHIATa OT
CII®, kosTO ce OTHyCKa Jia ce OXJIaau, TOKATo Apyrara paboTH.

Que. 7.12 Jlseme bucmabunnu noaodicenus Ha u3bpanus
MEXaHU3bM 3AUWUMEHU ¢ NAMEHMU. a) OMEOPeH KianaH, 0)
sameopeHr knanau [42], [43].

ToBa 3amBWkKBaHE HWMa M Jpyra OCOOCHOCT, KOsATO O¢
M3MOJI3BaHa 32 CH3/IaBaHE HAa YMEH KJamaH 3a HeNpeKbCcHAT
MOHHUTOPHHT Ha CBOMCTBaTa Ha (uiynaa, KOMTO MpoTHYA MPE3 HETO.
WscnenBannara mokasaxa, 4ye 3aJBWKBAHETO C TMPYXXHHH BBHB
BTOpaTa TOJOBHMHA OT XOJla TapaHTHpa €IHW W ChHIM HAadaIHU
ycloBusl Ha AU(EPEeHINATIHOTO ypaBHEHHE Ha JBM)KEHHETO. ToBa
JlaBa OCHOBaHUE Jia Ce TpHUeMe Y€ aKko MMa HSIKaKBH M3MEHEHHUS Ha
JBI)KEHUETO Ha M3ITBJIHUTEIHOTO 3B€HO, TO CE IBJDKU Ha IIPOMEHHU
B CBOMCTBaTa Ha ¢urynaa. Y CTpoHCTBOTO U METOIBT 32 MOHUTOPUHT OsXa 3allUTEHH ¢ eBpoIieiicku nateHT [43].

7.1.2.4 Cunog cunmes Ha OUCMAOUTIHUA MEXAHUZDM

Ha ®wur. 7.15 ca majeHr KMHEMaTUYHU CXEMHU Ha PaslVICKJAHUS KJIalaH B JIBE KpallHU CTATUYHU MOJIOKEHUS.
KrnanmauspT € ¢ IUCKpEeTHO NIeHCTBIE KaTo 3B€HaTa My OCTaBaT HEIMOJIBHKHH CaMO B TE3H JIBE MOJIOKEHHUsA. B 3aTBOpeHO
nojoxenue (dur. 7.15 a) pexynepupaiia npyxuna 7 upe3 koOununa | u ponka 2 npuTHCKa IUTb3rava 3, Taka 4e aa
OTIpE O YEJIOTO Ha BXOASLIMSA OTBOP Ha KJIallaHa U J1a 3aTBOPU NpUTOKa Ha (iayua. B ToBa monoxeHre MEXaHU3MBT Ce
HaMHpa B CTATUYHO PABHOBECHE, JBJDKAIIO CE HA YPABHOBECSABAHETO HAa CHJIMTE C PEaKIUATa Ha YeJIOTO Ha KITallaHHUs
orBop. B orBopeno monoxenue (Pur. 7.15 0) kaamaHbT MPOIMyCKa MAaKCHUMAaIHO KOJIWYeCTBO (uiyuia. 3a ga Obae
M3BEICHO OT 3aTBOPEHO B OTBOPEHO MOJIOKEHHE KoOunuara 1 ce 3apppra ¢ momolira Ha oTBapsia Huika 5 ot CIIO,
ToBa 3aBbpTaHe MPOABIIKABA JOKATO KOOMIMIATa HE ONpPE B OrpaHnyuTens 4. 3aBbpTAHETO C€ M3BHPINBA B TIOCOKA
o0paTHO Ha yacoBaTa cTpenka. Koraro koOununiara e onpsiHa B OTpaHHYHUTENS 4, KIIalaHbT C€ HAMUPA BbB BTOPOTO CH
CTaTMYHO PaBHOBECHO OTBOPEHO IOJIOKEHUE, ThH KaTO JEHCTBAIMTE B KJIallaHa CHJIM CE YPaBHOBECSABAT C pEeaKLUATa
Ha OrpaHu4MTeNs 4.
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Que. 7.13 Kunemamuunu cxemu Ha paseneicoanus
MexaHu3vM 3a ynpasienue Ha KIanaw 6 06e KpauHu cmamuyHu
HONOJICEHUSL, @) 3AMBOPEHO NOAOICEHUE, ) OMBOPEHO NOOINCEHUE.

OOpaTHOTO TpPEBKIIOYBAHE Ha KiamaHa OT OTBOPEHO B
3aTBOPEHO TOJIOKEHHE CTaBa ¢ momornTa Ha Humka ot CI1® 6, kosTo
B TO3M CIIy4aid 3aBbpTa KOJITHOTO TI0 ITOCOKa 0OpaTHa Ha dacoBaTa
CTpesika. AKTMBUPAHETO Ha HUIIKATE 5 M 6 e 0a3upaHo Ha
JIEWCTBUETO HA €AHOMMOCOYHUS eeKT C maMeT Ha GopmaTa, KOUTO ce
nosiBsiea B CII®D cnen 3arpsBane. KoHKpeTHO 3a ciy4asi HUIIKUTE ce
HarpsiBaT 4pe3 JUPEKTHO MPOIMyCKaHe Ha €JIEKTPUYECKH TOK Ipe3
TAX.

Taka mpoeKTHpaHHUAT KianaH MOXKE Ja paOdOTH CaMOCTOSTEIHO WM JIa CIYXKH 3a yIpaBlieHHEe Ha HOPMAITHO
OTBOpEH MPOIOPLHOHAJICH (aHAJOroB) KianaH. BeB BTOpHA ciaydaidl MPOMOPLMOHAIHUAT KJalaH ce Impeodpasysa B
JUCKPETEH.

OcCHOBHU KMHEMATHYHHU U CHJIOBU 3aBHCHMOCTH. 32 JBIDKHHUATE Ha KUHEMAaTUYHATA CXeMa, II0Ka3aHa Ha (Qur.

a) k4

1 ca nsnonseanu osHayenusita O4=r, OB =R, pascrosnueTo Mexk1y HENOABMXHUTE mapHupy € npueto OC=d , a
nedopmupanara JbDKMHA Ha TpykuHata ¢ u3paseHa ¢ BC=[. bruure ca o3HaueHH KakTo ciensa <OAB=yu
<OCB = f .IlonoxeHueTo Ha IIb3rava 3 € 3a7afeHo upe3 00001IeHaTa KOOpIUHATA y, = s

. .S
3aBppTaHeTo HA KOOwMIHIaTa | € onpeaenacHo Ype3 HelHus brbJl & = arcsin— ‘breabT Ha HAKIIOHA HA TIPY)KUHATA ©
r

Rcos(a+y)

ﬂ = arctan pr)KI/IHHaTa Chlla € H3pasCHa 4Ype3 F = (lo —l)k ,LKBIACTO loe AbJDKMHaTa Ha

d—Rsin(a+y)
He,ueq)opMI/IpaHaTa IpYy’KHUHa, k (4] KOC(l)I/II_[I/IeHT’BT Ha CJIACTUYHOCT Ha IpPYyKHWHATA. MOMEHTBT Ha Mpy’XUHHAaTa CUja
cupamo  Touka O € M, =F'R=R(l,~l)kcos(a+y—p).JAbIoKMHATA ~HA  KOMIpeCHMpaHata TpyKHHA €

l=\/R2 +d’ - 2dRsin(a +7)
MOMEHTHT Ha CHIIaTa Ha KJIAallaHHATA TIPYXKUHA F,, M CHIIaTa OT HAJIATAHETO Ha BOJATa F, CHpAMO Touka O e

M, = (Fv +F p)rcosa , KBJIETO F, = F,, —k,r(sin@ —sin ¢, ) € CAJIaTa HA KIAllaHHATA TPYXUHA, F,, € CHIIAaTa, C KOATO
IpyXKHHAaTa Ha KJamnaHa JeicTBa BbPXY OyTalloTO MpH 3aTBOPEHO IOJIOKEHUE, KOraTo a=aq,, U F, e cuiara ot

HansraHeTo Ha Quynna. Ha ®wur. 7.16 ca mzobpaseHu rpadMkd HA MOMEHTHTE Ha pEKylepupaniata MpyKHHa,
KJIallaHHATa IPYKHUHA C HAJIITAaHETO U CYMAapHUAT MOMEHT M + M, . Te3u rpaduku ca MOoJTy4YeH! 3a €J1H IbPBOHAYaIEeH
eTaIl Ha MPOeKTHPaHE Ha KJIallaHa, KOraTo HETOBUTE IMMapaMeTpy ca N30paHy MPHOIU3UTEITHO U BCE OIIE HE ca YTOUHCHH
BCJIEICTBHE Ha MPEJIOKeHaTa TyK ONTUMHU3aIMsA. AKO ce IpeHeOpernaT CHInTe Ha TPUEHE U CHINTE Ha HUIIKUTE OT
CII® mpeceunara TOYKa Ha CyMapHHs MOMEHT c aOcuucara AepUHHMpa bI'blla ¢, Ha KOOWIUIATA, NMPU KOUTO

MCXaHU3MBT C€ HaMHpPa B HCyCTOﬁ‘IPIBO PaBHOBECHO ITIOJIOKCHUC.

A
¢ (’1 My, M,4M, [Nm]
" \ Que. 7.14 Momenmu cnpsamo ocma Ha pomayus Ha KoOUIUYama Ha
02 mm—— pekynepupawjama npyxcurna M, kianaunama npyscuna ¢ Haasazanemo Ms u
-7 a cymapen momenm My+ Mg,
-0.10 /7[),[)5 0] 005 0.10
s
// ' VT Onpenensine BAUsIHMETO Ha cuiaute B HUmKUTe oT CIH® [samoctHOTO
/ ) S BrusHue Ha HUMKUTE OT CIID BBhpXy ABMIKEHHETO Ha 3BEHATa Ha KIJlalaHa MOXE Ja
T CE OMpEJIeNIN el1Ba CIIe]] 33IhJIOOYCHO TMHAMUYHO Mojenupane. KiananeT chabpka

-06

MEXaHWYHa, XUIPABIUYHA U CICKTPUUECKA YACTU, KOUTO Ca CBbP3aHU MOMEXIY CU U
B3aMMHO CH BIHUSAT. 3a Ja C€ Ch3NIaje MhJICH MyITH(OHU3NYCH NHMHAMHYEH MOCI
TpsI0Ba MOJIPOOHO J1a Ce aHATM3HUPA BCIKA €/THA OT CHCTEMHTE U TAXHOTO BIUSHUE BHPXY o0uIusa mozen. Tyk me Obaar
OMNMCaHMU CTaTUUHUTE napameTpu Ha HulkuTe oT CIID, ¢ nen na ce HaMepsT yCIOBUITAa 32 PABHOBECHE Ha KIIallaHa B
KpalHUTE TIOJIOKECHHSI KAKTO W YCJIOBHATA 32 3aBUKBAHE OT TE3W KPAWHM TTOJIOKEHHUSI.

CrpykTypara Ha MEXaHH3Ma Ha KjlarlaHa U HETOBOTO YIPABJICHHUE Ca TaKWBa, Y€ HE JOIMYCKAT M ABETE HUIIKU J1a
ca eTHOBPEMEHHO 3a/IBIDKBAIIH WK €THOBpeMeHHO e epupaiin. OCBeH TOBa B HJICATHHS CIIydail He O TpsOBaIO

¢ M — 0y == = Ms+My
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Ja Ma CAHOBPCMCHHO 3aCTHIIBAHC HA 3a/IBUKBAHCTO Ha €IHATA HUIIIKA C ;[eMn(bepHpaHeTo Ha apyrara. Ha MOpaKTHUKa
IMOCJIEAHOTO € TPYAHO IMOCTHXXKUMO, 3aTOBA C€ ThbPCHU BH3MOXKHO Hai-MaJIKo 3aCThIIBAHE Ha JABETE JICHCTBHSI.

JleopmanusaTa Ha oTBapsiaTa Humka € A, =A o +R[COS(01 +}/)—COS(Otb + }/)] KBJIETO BI'BIBT ¢, € 3a7aBa

TIOJIO’KEHUETO Ha KOOWJIHMIATa, TPU KOSTO MMa HEYCTOWYMBO paBHOBecHe. T03M BI'BI CE OMpEAeNs Ype3 YHCICHO
pelIaBaHe Ha YPABHEHUETO M (a, )+ M (a,)=0 .C n3BecTHO NpHONMXKEHUE € IIPUeTo cujiara F, ., ¢ KOSTO JieiicTBa

Humkara ot CII® B MapTeH3UTHO CHCTOSIHHE, JJOKATO CE OITbBa OT KoOWiHIaTa Aa ObJe JUHEHHO M3MEHSIIA Ce B
HAYaJ0TO, a B Kpasl Ha 3aTBApsHETO HA KiamaHa qa ObJe paBHA Ha JajeHaTa CHia Mo Karajor 3a aedopMarus mpu
oxnaxmane. ToBa e cuiiata, KOATO € TIoJTydaBa B HUIIKaTa pu HatoBapBaHe ¢ 70 MPa. [IpreTroTo npuOImkeHne 1einm
na otpasu edexra Ha cymep enactuyHocT Ha CII®D. ChriiacHO onpocTsABaIIKUTE MTPEIITOCTABKY € H3BEICHA 3aBUCUMOCTTA
o {kmSAms £, < 0,008

F, £,.>0,008

mc

3a OTBapslaTa Cujia ,JKBICTO Am50 € HIpcaABapUTCIHA ,I[e(l)OpMaLII/IH Ha OTBapsIiaTa

mS

A
HUIIKA, & ,=—"> € OTHOCUTEeJ]HaTa AedopManus Ha OTBapsllaTa HHUIIKATa, [, € HeledopMupaHaTa IbIDKUHA Ha
50

OTBapsliaTa HUIIKA, E . © KaTaJIOXKHaTa CHJIa Ha OXJIa/ICHATa HUIIIKA. KOG(i)I/ILII/ICHTBT Ha CJIAaCTUYHOCT Ha HHUIIIKATa €

E, A
U34uCIeH 1o GopmynaTa k,  =—2—A
50

KbJETO E, € MOIYJ Ha HaAJIbKHA €JJACTUYHOCT, 4 € JIULETO Ha HAIIPEYHOTO

m5 %

CCUYCHUE Ha HUIIIKATA.
I'padukara Ha cuiara Ha OTBapsllaTa HUIIKA 332 ITbPBOHAYAITHHUTE
pa3MepH Ha KjamnaHa ¢ naneHa Ha dwr. 7.17.
Fus [N]
Que. 7.15 I'paguka na curama na omsapawama HUWKA 5 om
CII® npes nepuoda rHa 3ameapsue Ha KIANAHA, KO2AMO HeUHOmMOo
Oeticmesue e demnpepupauyo.

MoOMEHTHT Ha OTBapslIaTa Cujia COpssMO TOYKa O na K06I/IJ'II/IL[aTa €

T TR » M, =F,Rsin(a+y),
Ha ®wur. 7.18 ¢ moka3ana rpadukaTa Ha MOMEHTa Ha OTBapsIIaTa
M Hulika. Brka ce de 3a meprojia Ha 3aTBapsHE TO3U MOMEHT € U3IISIIO TIOJI0XKHUTEIICH.

Que. 7.16 Ipaghuxa na momenma na omsapswama wuwxa 5 om CII® npes
nepuooda Ha 3ameapsaue Ha Kianama, Koeamo HelHomo oeticmsue e demngepupauyo.

0.08
0.06

004

Ha ®wur. 7.19 Moxe ma ce BUIU BIUSHUETO Ha JAeMIipepupanioro AeicTBre Ha
«  OTBapslaTa HUIIKA 5.

002

010 005 0 005 010

M,
oM, Mo Que. 7.17 CpasHenue Ha epagurume Ha CyMaApHUme MomMeHmu 6e3

n}\lﬂﬂ' TN omyumane Ha Oemnpepupauomo oelicmsue Ha OMEAPAUAMA HUWKA (NIbMHA

Mygthy /,( \ JUHUS) U C OMYUmMane Ha mosa oeticmsue (NYHKMUPAHa TUHUSL).

1S
a,/alf a o

“opo foos o aos oo Ot rpadukara va dur. 7.19 e BuaHO, 4e nemrdepupamoro aeicTBHE HA
/ ’ N HUIIKATA, TIPU Taka 3ajajicHaTa HyJieBa AedopMarius B ToUuKaTa Ha HECTAOUITHO
/ ‘ paBHOBECHe, BOJIH JI0 TI0SABA HA BTOpA TOYKA HA HECTAOMITHO paBHOBecue. To3un
/ M, -0 e(eKT e HexXeNnaTelleH, 3al0TO Ce YBeNWyaBa Xoja Ha 3aTBapsinaTa HUIIKa,

OCBEH TOBa MOXE Ja IOBEAE 10 HECTAOMITHOCT Ha yIPaBICHUETO.

-0 3a na ce n3berHe edexTa Ha BTOpaTa TOYKA HAa HECTAOWITHOCT € yBEIIMYCHA
! JneopManusITa Ha HAIIKaTa KaTo € npueto aedopmupaneto na 3amoude 0.02
rad mpeau ToukaTa Ha HECTAOMIHOCT. B TO3M ciiydalt CyMapHHUSIT MOMEHT C KOPUTMpPaHHS MOMEHT Ha OTBapsiiara
HUIIIKA ©Ma BUaa moka3zaH Ha ®ur. 7.20.
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Mm5+Mz, Ms:
02 EV,WLL""""-.\\
Mogelds // Que. 7.18 Cpasnenue Ha cymapHume mMomenmu 6e3 omuumane Ha
~ 0.1 o
S Odemnghepupauiomo oeticmaue Ha OMEAPAUAMa HUWKA (NJIbMHA JTUHUS) U C
/ o
Gory %off % a omyumane Ha Mosa Oelicmaue (NYHKMUpana iuHus) cied KOpeKyus Ha
-0A0  f-005 0 0.05 0.10
/ depopmayusama Ha HUWIKAMA.
1’" -0.1
/
/ M,
I«" -02
B T03u ciyuaii € BUHO, Y€ TOUKaTa Ha HeCTAOMITHOCT ¢, CE € M3MECTHIIA
> b
-03
HAJIABO B TOYKATa ¢, , CbKPATEH € X0/Ja Ha OTBApAIIATA HUIIKA U CyMapHHUST

MOMEHT ¢ yBesnmdeH. [locinenHoTo 11e JoBene A0 OIIBIHATEITHO HaTOBapBaHe
Ha 3aTBapAIaTa HUIIKA.
HauanHoTo ombBaHe Ha HMIIKATa cle] KOPEKLMATA CTaBa OT TOYKA «,, & HE OT TOYKA ¢, KAaKTO € Ipenu

KopekuusTa. ToBa npemMecTBaHe Ha TOUKA Ha HECTaOMJIHOCT HAJIIBO BOAM 110 IPEAUMCTBOTO Ha HaMaJleHa EHEepIus Ha
3aIBI)KBAHETO, 3al0TO CE HaMaJIsiBa MOTCHLIHATHATA SHEPTUsl KOATO TPAOBa Ja ce Mpeojojiee OT 3arpsarara oTBapsa
HUIIKA.

Cren xato oTBapsiIliaTa HUILIKA 5 3aBUXKU CTPYKTypaTa A0 HEyCTOWIMBOTO PaBHOBECHO IOJIOKEHUE, TS IpecTaBa
Jla yIpaBJIsBa KJlallaHa W HEMHATa poisl ce MoeMa OT KJIalaHHATa NpyKHHA. HermocpencTBeHo ciie; HeyCTOMYUBOTO
PaBHOBECHO IOJIOKEHHE JIpyrara HUILIKa 6, HapedeHa 3aTBapsiia, 3amno4sa Aa ce AeopMupa BCIeICTBHE Ha OITbHA,
KOHTO OKa3Ba BBpTAMIaTa ce KoOmiauma. ToraBa 3aTBapsiiaTa HUIIKA 6 € B MapTEH3WTHO CHCTOSHHE W OKa3Ba
nemriepupaiio JeiicTBUe Ha JIBUKEHUETO TIpU oTBapsiHe. ToBa JelcTBHE MMa TOJIOKUTeNeH eeKT, n3passipail ce B
SIMMUHHUPAHETO Ha IIyMa OT yJIapa B KPaHOTO OTBOPEHO IOJIOKEHHE, KOTaTO KOOMIUIATa OMHUPa B OTPaHUUMTES.
AHAJIOTHYHO € ACWCTBHETO Ha OTBapsllaTa HUIIKA NMPH 3arTBapsHe Ha kianana. OcBeH 4e uMar AeMiidepupario
JIEHCTBHE, CUJINTE HAa HUIIKUTE B OXJIAJIEHO ChbCTOSIHUE IIPOMEHST ITOJI0KEHUETO HA PABHOBECHATA TOYKA, IOPAJU KOETO
TEXHUTE NapaMeTpu TpsOBa Aa ObJaT BHUMATEIHO NOAOPaHH B Mpolleca Ha ONTHMU3UPAaHE HA MEXaHHU3Ma.

3a 3aTBapsIIaTa HUIIKA [Pe3 epro/ia Ha OTBapsHE Ha KJalaHa [0 aHAJIOTHYEH HAUMH ca ONPEIEIeHN ChbOTBETHO

k A <0,008
m6:Am60+R[cos(a+}/)—COS((ZU+7/):| ,Fm():{ m;“ " j::>0,008

mc

nedopmarusra, cuaata 1 MOMEHTa A

M, :F;”()Rsin(a+}/)- TyK O3Ha4UCHUATA Ca aHAJIOTMYHM Ha TE3W 3a OTBapsdllara HHUIIKA, a KOC(I)I/II_II/IeHTT:T Ha

ke = ELA mé Ene = e
€IACTUYHOCT U OTHOCHTENHATA JIepOpPMAILIHs CE TIPECMSTAT ChOTBETHO 110 (HOPMYITHTE leo u o  Ha
Qur. 721 e  mnokasaHa
F [N M.s[Nm] . nedopmanusrta, cunata u

A4 [mm] TR o: _ow T MOMEHTa Ha cujlata ChapsaMo
octTa Ha KoOwimuIara Ha
3aTBapsIaTa HUIIKA.

Que. 7.19. Cunosu
napamempu npes nepuooa Ha
omeapsite, m.e Ko2amo e
Odemnghepupawa; a)
Odepopmayus; 6) cuna, 6)
MoOMeHm.

a

I

Ha ®wur. 7.22 ¢ nmyHKTHpaHaTa JIHHHS € U300pa3eH CyMapHHUIT MOMEHT Ha CIUIMTE Tpe3 Iepruoaa Ha oTBapsHe. C
IUTbTHATA JIMHUS € TIOKa3aHa Tpadukata Ha CyMapHHUs MOMEHT Ha CHIIMTE, HO 0e3 eacTuuHaTa JeMidepupania cuia
Ha 3arBapsmara Humka. Ot rpadukara e BHAHO, 4Ye JeMmdepupaliaTa Cujia Ha 3aTBapsllaTa HUIIKA ITOHIKaBa
CyMapHHUsI MOMEHT BOJIY JIO YBEIMYaBaHE HA TOYKUTE Ha HeCTAOMIHOCT. 3a Aa ce u30erue To3u e()eKT TO3M BT TPsOBa
Jla ce HaMaJIi PEeABaPUTENIHOTO omrbBaHe. [IpreTo HayanoTo Ha OIIbBAHETO HA 3aTBApsIIIATa HUIIKA Aa ObIe HAMAJICHO
¢ nedopmanus crorBercTBama Ha 0.02 rad. B To3u cimy4ail cymapHHUAT MOMEHT MMa BUAA MoKa3aH Ha Dur. 7.23.
Pesynrara moka3ea, We Bce Ol MMa MHOTOKPATHOCT HAa HEYCTOWYMBOTO IMOJOXEHHE, KOETO ce HW30srBa MpU
HamansBaHe Ha ombBaneto ¢ 0.03 rad dwur. 7.24.

BB3MOKXHOTO € eJHOBPEMEHHO ACHCTBHE (HapeueHO TyK MHTepdepeHnrs Ha AeMidepupalinTe CUIIM) Ha JBETE
HUIIIKY [Tpe3 TIeproia Ha neMiideprupane, TpsiOBa Jia ce M30erne upes npaBuiieH moa0o0p Ha 1eopMalluiTe Ha HUIIKUTE
¢ CII®. IIpoBepkara ¢ HampaBeHa Ype3 €IHOBPEMEHHOTO M3YepTaBaHE HA CyMAapHUTE MOMEHTH, BKIIFOUMUTEITHO U HA
nemmngepupaneto (Pur. 11). Ot dur. 7.25 e BuaHO, Ue GnarogapeHre Ha KOPEKIUUTE UHTepdepeHusITa e n3oersara.
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Brnpekn ToBa onTUMH3AIMOHHATA MpOIEAypa HE TpsOBa Ja JONMycKa WHTep(epeHIws, 3al0To ako UMa TakaBa
3aJ[BUKBaIllaTa HUIIKA TPsOBa Ja AedopMupa B Kpas Ha XxoJia cd JeMmidepupamara HANIKA U TOBA e MPOMEHHU

PAaBHOBCECUCTO HA CUIIUTC.

B 3axirodeHue BIMSHUETO Ha CHJINTE HA eMIepupaHe MOXKe J1a ce 0000IIH B CIIETHOTO:

neMriheprupaniuTe CHIIM y9acTBaT B 3aBHXKBAHETO, BHB BTOPHS €Tall, IIPH KOWTO HArpsATaTa HUIIKA € H3KITI0YCHA
Y pOJIATa Ha 3a/IBHKBAIIIA CHJIA € TI0eTa WK OT peKymepHupaIiara npy>KuHa, Wid OT KJIallaHHaTa MPYyKUHA.

B Kpas Ha eTara Ha 3aTBapsHe Ha KjamaHa, AeMridepupariara cuia Ha OTBapsIIaTa HAIIKA, aKO € MHOTO TOJIsIMa,
MOJKE JIa TIPOMEHU ITOCOKaTa Ha CyMapHHS BBPTSI] MOMEHT U Jla TOBA Jia MONIPEYH Ha 3aTBApPSHETO Ha KiamaHa. Torasa
MOJKE Jia c€ MOJyYr CTAaTUYHO PaBHOBECHE MpeAH OyTaloTo Ja € Ompsulo B Kopmyca Ha kmamaHa. Ot apyra cTpaHa

PEKyIiCpupamniaTa Cujia
MM, M,

5 INm

My,

5
o0 A0 20 oms omo
/N

/ -0l

/ -03

Que. 7.22 CpasHenue Ha
cymapnume momenmu  6e3
omuumane Ha

/N

9/ N\ 49, S a

“010 froos %5 0 005 010
/

@ue. 7.23 Jleticmsue na
3ameapsuama HUWKA cieo
Kopekyus Ha oeghopmayusama
na Huwkama c 0.02 rad.

W+ M, My,
,| INml

Que. 7.24  [leticmseue Ha
sameapswama HUWKA cied
Kopekyus Ha degopmayusima
na Huwkama c 0.03 rad.

My M,
02 |INmL-— ==
2|00

-

M,s, ’ )
AN M.
AN L
N AT ~o

’
G5/ Mg N7 ~

-0i0  /-005 0 0.05 010

Y -0

/
Que. 7.25 Ilposepka 3a
unmepgepenyus na
Odemneghepupanemo.

demngepupauomo oeticmsue
Ha 3ameapsawama HUKd.
Ha OTBapslllaTa HUIIKA HaMajsBa MOTEHIMAIHATA CHEPIHs, KOATO KialaHHATa MPyKHHA TPsOBa Ia Ipeojoliee
IIpe3 MEPHOJaa Ha 3aTBapsAHE, KOCTO BOAN A0 ChbKpallaBaHE Ha BPEMETO 3a 3aTBAPAHC Ha KjlallaHa.
Ot ropaute popMyNH ca M3UMCICHH MUHUMAHUATE WACATHU (T.€. aKO HIMa CHJIM Ha TPUCHE) Ha 33[BUKBAIIUTE

CUIIM B HUIIKHTE F, S M My M s SM M, My g ropuute GOpPMyIU MOMEHTHTE M, U M, ca
Rcos(a+y) Rcos(a+y)
pa3IMyYHM OT HyJIa CaMo B CIIy4auTe, B KOUTO MMa MHTep(depeHIus Ha AeMIIeprpaHeTo.
['padukuTe Ha ABUTATEITHUTE CHJIM B HUIIKUTE ca Moka3zaHu Ha dwur. 7.26.
10 Frs Mye 7 -~
Due. 7.20 Munumannu cuiu 8 HUWKUmMe npe3 nepuooume
N1 / 4 Ha 3a08udicaate.
30 / = .
Frs Y ToBa ca MHUHHMAJHHTE CTOWHOCTH B HHUIIKHTE, KOTaTo T
/ 3a/IBJKBAT MEXaHHM3Ma. B Ta3u (yHKIMS HHUIIKHTE CE 3arpsBaT W
5ol / KpUCTAIOrpa)CKOTO MM CBCTOSHHE TPEMHHABa OT MAapTEH3UTHO B
A aycTeHUTHO. ChIIEBPEMEHHO HHCKHUAT MOJYJ IPH MapTEeH3UTHATA
/ dopma ce mpuema OKOJIO [Ba IBTU MO-BUCOKH CTOWHOCTH, KOETO €
/ 10 IPEIOCTaBKaTa 3a Ch3/1aBaHe Ha JBaTa BUJA CUIIH IIPH 3a(BIDKBAHE
/ U 1ipu JeMiipepupane.
| OnpenesisiHe BIMSIHHETO HA CHINTe Ha Tpuene. Cuiute Ha
: - . ——3_,  TpueHe ca onpejeneHn Ha 6a3aTa Ha PEIBAPUTEIHO IIPECMETHATHTE
-010 - -003 0 005 010 CTOWHOCTH Ha HATOBAapPBAaHETO, MAaTEPHAINTE W KOHCTPYKTHBHH
[—=Tas — "Fas] 0CcOOEHOCTH Ha MexaHu3Mma. llpuemMa ce, dYe JBIDKEHHETO €

KBa3HCTaTUYHO T.€ C JOCTATHYHO MAaJIKM M3MEHEHHUS Ha CKOPOCTTa,
I03BOJISIBAIllA HA ITBPBO MPUOIMKEHHE J1a ce IpeHeOperHaT HHEPLHOHHUTE CHIIH.

CpIylacHO TpeTHs NPUHIMI HAa HIOTOH ¢ onpeneneHnTe CUIM OT Ta3u acypoBa Ipyla € HaToBapeHa koounurara |
U Ca U3BEJICHU YCIIOBHATA 32 HEMHOTO PAaBHOBECHE.

[TbpBOHAYATHO € IPUETO, YE TOIIMA YACT OT CUIMTE Ha TPHEHE Ca MPEHEOPEkKUMO MaJIKU U Ha IPAKTUKA BIUSHUE
UMaT CaMo CUJIUTE R, ¥ R;, M TPUEHIMAT MOMEHT A7/, . CunauTe Ha TpHEHE R, U R;, ca IPHETH NOCTOSHHHU, 3aI10TO
OCHOBHO c€ (popMHpAT OT YILTBTHEHUSITA MEXKIy KOpIyca U OyTaloTo, a OCBEH TOBA IPOMEHIMBOTO PaMO Ha CHJaTa
R,, € IPeHEOPEKUMO MAJIKO.

3a 1a ce mpecMeTHE TPHEIUAT MOMEHT A, € MOCTpOeH nojiurona Ha cuiaure (Pur. 7.27) 3a kobunuuara u ca

F,,—F sinff—Rj cosa, =0 , (7.99)

3aImMCaHy IBETC NPOCKINOHHU YPABHCHUA
R, —F,cos f—R, sina, =0
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OT KOWTO € U3BeleHo R, = \/FAZG +F’ + R, —2F R, sin f—2F R, cos 3,

KBJIETO CHIIIACHO HATIPABEHHUTE JIOIYCKAHUs € IPECMETHATA PEAKIUATA Ry, = F, + F, + 2T, ,
Ty, = tioR), = 1, Ry, > 1, € KOEDUILIMEHT HA TPHUEHE MEXKIY OyTaIoTO
U YIUTBTHEHHETO,

Que. 7.21 Kunemocmamuuno pasnosecue na cuiume 6 emana
Ha 3ameapsine, Koeamo 3aosudceawya e Huwxama om CII® 6: a) cunu
Oelicmsawu Ha acyposa epyna 2-3; 6) cunu, delicmeawu Ha Oymano 3;
8)cunu, delicmeawy Ha poJKa 2; 2)cunu, oelicmeauu Ha koounuya 1.

a 7,, € IPUBEJEH paJuyc Ha TPUEHE Ha HEMOABWXHUS LIIApHUD Ha

KoOMIIMIaTa.
Ha ®wur. 7.28 a) u 0) ca moka3aHu CHJIOBHUTE KapTHHH 3a €Tara Ha
3aTBapsHE MPU BTOPHS MY TIO/IETAll, KOTaTo 33ABIIKBAIIaTa CHIa € TeHEpUpaHa OT peKyTlepupaIiara npyxxruHa.
B To3u ciyuaii 3a paBHOBecueTo Ha koOwnuiara (Dur. 7.28 1), cneaBa cuctemara
—F .+ F. sin f+ R, cosa, =0
R, —F cos f—R, sina, =0 . (772)

Que. 7.22 Hamosapeane na 36enama Ha K1anamda 3a
emana Ha 3ameapsine. a) cuiu oeticmeawu Ha acyposa spyna 2-
3, 6) cunu, deticmsawu Ha 6ymano 3; 8)cuau, oeticmeawu Ha
poaka 2; 2)cunu, oeticmseawu Ha koouruya 1.

My Moy Que. 7.23 Momenmvm na mpuere 3a wiapruupa O 3a

fNmi nepuooa Ha 3ameapsme.

0.010
0.009
0.008
0.007
0.006

[m(u\/
“o10 -o0s b T 3a BaJIMIUPAHC Ha PE3YJITATUTC OT CHUHTEC3a € IMOCrOTBCHA CICIHaiHa

eKCIIepUMCEHTAaTHA YCTaHOBKA Moka3aHa Ha ®dwur. 7.30.
Pesynrarute OT cHHTE3a ca M3JI0KEHU NOAPOOHO B cTaTusTa [44].

7.1.3 BuCTa0WIHO 32ABHKBAHH MOMIIHU C PEKYNePUPAIIN MPYKUHI

bructaOuiHUAT eeKT MOXKE J]a HAaMEPH MPUIIOKEHHE NPU OyTaTHU MTOMITH, 33/IBUKBAHHU JIBYITOCOYHO UPE3 HUIIKU
OT cIIIaBH ¢ TaMeT Ha (hopmara. KoHiemnusra 3a IpoeKTUpaHe ¥ MPUHIMITHT Ha paboTa Ha TIOMITaTa, ca MIIIOCTPUPAHH
Ha @wur. 7.31 [31].

Due. 7.24
Kunemamuuna cxema na

bucmabunua nomna
saosudceara om CIID: a) 6
2 . 00IHa MbpmMEa mouxa 0) 8
E . 20pHA MbPMBA MOYKA.

1.3 KoOununa 1, cecTosima ce

AR s 3
d \eoc oT Tpu HeaeGopMUpPYEMH,
TBBPIO CBBbp3aHH pameHa OA,
OB u OC, ce BbpTH OKOJIO
BppTAmaTa ce jsouma O
CIpSIMO KOpIlyca Ha IoMmIiaTa
(a) (b) 0. CbeHUTENAT 2 € CBBP3aH
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ype3 BBPTAILA ce Bpb3Ka B Touka B ¢ xoOwimnara 1 u ¢ Bropara BbpTsAIIa ce Bpb3Ka B Touka D kbMm OyTtanoro 3.
Pasrerarenna npyxuHa Ha OyTamoTo 4 € CBbp3aHa ¢ BPTAIIATa ce qBouIa B 1 kopiryca B Touka E. Be3cTanossBamnaTta
v NpyXWHAa Ha KoMIpecusta 5 e cBbp3aHa ¢ Touka C Ha koOwnuuata 1 u ¢
touka F Ha kopmyca 1. CII® npoBogHUKBT 6, HapedeH ,,BcMykateneH CIID
MPOBOTHUK , € MOHTHUPAH MEXIy Touka M Ha koOmmnara 1 u Touka N Ha
kopmyca 0.
[lonoOpeHna KOHCTpPYKLHMS Ha cChbLIaTa I[OMIIAa, HO C MNPOMsHa Ha
_ KMHEMaTUYHATa BEpHUra Ha peKylepupalniara npyxuHa € nokazaH Ha Dwur.
) 1o 7.32.

Wty Fr Fe,
[Fo

Que. 7.25 Kunemamuuna cxema Ha Oucmabuina nomna ¢
08YCEKMOPHA e80I8CHMHA 2bPOUYA.

HoBara kKoHCTpyKIHS CHIBpPKA peKylepaTHBHA MPYKHWHA, HATOBapeHa

Ha OITbH, KOATO MNPHUTUCKA 4YpE3 KO6I/IJ’H/ILI3 POJIKa KbM JBYCCKTOPHA
CBOJIBCHTA r’bp61/1ua, H3pa60TeHa Ha CPCAHOTO paMO Ha TpUpaMCHHATa K06I/IJ'II/IL[a.
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8 Ooo0maBaHe pe3yaTaTUTE OT TCOPETUYHUTE U EKCIIEPUMEHTAJTHUTE U3CJIeIBAHUS.

8.1 OﬁoﬁmaBaHe Ha pe3yJITATUTE OT U3CJTCABAHUATA HA TCOPECTUIHUA U MOJI€JI.

Kakto Bedye ce WM3sICHM, TCOPETUUHUAT MOJEN Ha EHEPIHMHHHMS XapBecTep ChyeTaBa TPH OCHOBHH OOIACTH,
MeXaHWYHa, TOIUIMHHA U eJIeKTPUYecKa U Wik nue3oenekTpudHa. OcBeH ToBa ob6ade HammareTo Ha CII® BpBexna B
Mojena Kpuctajnorpagcku TpanchopMaluy, B CIEACTBUE Ha KOUTO B TOIUIMHHATa 00JacT Bh3HUKBAT XHUCTEPE3UCH,
pasnpocTpaHsBaIlX BIMSHUETO CH U B MEXaHUYHATA U €JIEKTPUUECKaTa OOIACTH.

Bogemara Tema e u3ciieZIBAaHETO Ha YCIOBUSATA 33 CHIECTBYBAaHE HAa OCHMIMPAIIN YCTOWIHBH PEKUMHU, yCIOBHUATA
3a MMIEPUOJUYHOCT U Ha TpenTeHusTa. OCBEH TOBa ca HANPaBEHU M3CJEIBAHUS C Upe3 MUHUMH3UpaHe Ha (PyHKIIMOHAI
3a ONITUMM3HPAHE Ha CTPYKTypaTa Ha YCTPOHCTBATA 10 KPUTEPHHU 32 CTAOMIHOCT U yCTOMYMBOCT.

8.2 O0o0maBaHe Ha pe3yJTaTuTe OT €KCIEPHUMEHTAJIHUTE M3CJeIBAHUS HAa pPeaHusd

MMpOTOTHII HA CUCTEMaTa.

[To chiiecTBOTO HA nUCEpTaIUATa OsXa MPOBEICHU TOJIIM 00eM M3CIICABAHUS ChABPKAIIN JaHHU OT CEH30PUTE
MOHTHpAaHH BBPXY €JIEMEHTHUTe Ha YCTpOHCTBaTra, KaTO TEPMOJBONKHM, aKCEJIepOMETpH M CHUTHAIH Ha
MHUE30eNIeKTPUIHITE KOH307U. Benuky n3mepBanus 0sxa IPOBEACHU C Ka4eCTBEHU CHCTEMH 3a ChOMpaHe Ha JaHHH,
MO3BOJISIBAIIM CUHXPOHU3UPAH 3aIIMC HA BCUUKH JaHHU C KOHTPOJ Ha €KCIIEPUMEHTa B PEATTHO BPEME.

O0001IeHneT0 Ha pe3yNTaTUTe MOXKe Hal-moOpe na ce BuAM B IyOnukamuure. Moxe aa ce Kaxe, 4e
eKCIIEPIMEHTATHUTE TaHHU IMOYTH BUHATH TOTBBPXKAaBaxa Ch3IaJCHUTE TEOPETUIHHA MOJIEIIH.

8.2.1 IlyOnumxanum mo auceprauusiTa

Enna or myOnukamuure [84] oOxBalia mbpBOHAYANHUTE H3CJIECABAHHA IO TEMaTa Ha CaMOBB3OYXKIAIIUTE ce
eHepruiiHu komOaiiHu. /IBe ot cratumre[133,134], mocBeTeHM Ha YCTpOIWCTBa 3a/JBMKBAHU C MaMmeT Ha ¢opmara u
HEIMPEKHCHATO ITUKIINIHO IeHCTBHE 11a HanmMcaHu mpe3 2023 T. u3BbH CHbBMECTHHS ITPOCKT C PyCKUTE YUeHH. B meprnoma
ot 2021r go 2023 B pe3yaTar Ha ChBMECTHaTa paboTa Ha JBaTa HAYYHU KOJEKTHBA OT TEeXHWYCCKUS YHHUBEPCUTET
Co¢ust 1 MockoBckus IbpikaBeH yHUBepcHTeT ,,M. B. JlIomoHOCOB® Os1xa Hanucanu o010 11 chBMECTHU MyOIMKAIUU
9, ot xouTo ca pedepupanu B Scopus u Web of Science karo B eana ot Te3u nmyOnukamnuu [ 135] uMeTo Ha aBTOpa Ha
Tazu qUcepTanus He (QUTypupa W He BKJIIOYEHa B HacTosmus cnuchbk. C mMmmakT ¢aktop Han 2.2 ca obuio 4
nyOymKanuy, exHa ot Tsx e B kBaptui Q1, a ocrananure 3 B Q2 (Tabnuua 12).

Tabauya 1 Ilybauxayuu no memama Ha ducepmayusama ¢ umnakm gaxkmop nao 2.2.

uartile
Ne Cratus Impact ? Cite Hurupanus
Factor score Scopus Google
Scholar
1. T. S. Todorov, A. S. Fursov, R. P. Mitrev, V. V. Fomicheyv,
S. Valtchev and A. V. Ilin, "Energy Harvesting with
Thermally Induced Vibrations in Shape Memory Alloys 73 Q1 7 9
by a Constant Temperature Heater," in IEEE/ASME ) 133 2 sc* =
Transactions on Mechatronics, 2021 p. 3066440 [136].
2. Mitrev, R.; Todorov, T.; Fursov, A.; Ganev, B. Theoretical
and Experimental Study of a Thermo-Mechanical Model Q2 9
of a Shape Memory Alloy Actuator Considering Minor 2.6 5.0 4sc 12
Hystereses. Crystals 2021, 11, 1120 [132]. )
3 Kostov, M.; Todorov, T.; Mitrev, R.; Kamberov, K.;
Nikolov, R. A Study of a Bistable Reciprocating Piston
Pump Driven by Shape Memory Alloys and Recuperative 23 Q2 8 7
Springs. Actuators 2023, 12, 90. ) 4.3 1sc =
https://doi.org/10.3390/act12020090 [133]
4 Kostov, M.; Todorov, T.; Mitrev, R.; Todorov, G.;
Kamberov, K. Synthesis of a Bistable Recuperative Pump Q2
Powered by Shape Memory Alloys and a Two-Section 23 43 1 1
Involute Cam. Actuators 2023, 12, 381. :
https://doi.org/10.3390/act12100381 [134]

*sc -selfcited
Ot nybnukanuuTe ¢ UMNAKT Gaktop Hax 2.2 B Scopus ca MoxydeHu o01mo 25 O6pos uuTara, oT KouTo 7 Opos ca
CaMOITUTHPAHUS WU OCTaBatT 18 Opost HEe3aBUCUMHU ITUTATA.
Pedepupanute B Scopus mybnukammu ¢ uMmakT Gaxtop mox 2 ca magaeHu B Tadmuma 11.
Tabnuya 11. Ilybauxysanu no oucepmayusma cmamuu 8 SCopus ¢ umnaxm ¢paxmop noo 2.
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https://www.scopus.com/results/results.uri?s=ref%282-s2.0-85103174072%29&sot=cite&sdt=a&origin=AuthorProfile
https://scholar.google.com/scholar?oi=bibs&hl=bg&cites=1739719861262062632
https://www.scopus.com/results/results.uri?s=ref%282-s2.0-85115205934%29&sot=cite&sdt=a&origin=AuthorProfile
https://scholar.google.com/scholar?oi=bibs&hl=bg&cites=14382906320235410275
https://doi.org/10.3390/act12020090
https://www.scopus.com/inward/citedby.uri?partnerID=HzOxMe3b&scp=85148904492&origin=inward
https://scholar.google.com/scholar?oi=bibs&hl=bg&cites=16862375582812784988
https://doi.org/10.3390/act12100381
https://www.scopus.com/inward/citedby.uri?partnerID=HzOxMe3b&scp=85175378245&origin=inward
https://scholar.google.com/scholar?oi=bibs&hl=bg&cites=17267519643566779723

Hurupanus

Ne Cratus
Scopus Google scholar
5. Mitrev, R., Todorov, T., Fursov, A., Fomichev, V., Il‘in, A., A Case 8 5
Study of Combined Application of Smart Materials in a Thermal 4 sc
Energy Harvester with Vibrating Action, Journal of Applied and
Computational Mechanics, 2021, 7(1), pp. 372-381 [47].
6. R. P. Mitrev, E. I. Atamas, O. I. Goncharov, T. S. Todorov, and I. 1. 3 3
latcheva, “Modeling and Study of a Novel Electrothermal Oscillator 3sc
Based on Shape Memory Alloys”, in 2020 IOP Conf. Ser.: Mater. Sci.
Eng. Vol. 878, pp- 012059, 2020 [48].
https://ieeexplore.ieee.org/document/9167127[137].
7 T. Todorov, R. Mitrev, I. Yatchev, A. Fursov, A. Il'in and V. 2 2
Fomichev, "A Parametric Study of an Electrothermal Oscillator Based 1sc
on Shape Memory Alloys," 2020 21st International Symposium on
Electrical Apparatus & Technologies (SIELA), Bourgas, Bulgaria,
2020, pp. 1-4, doi: 10.1109/STELA49118.2020.9167127 [138] .
8. A. S. Fursov, T. S. Todorov,P. A. Krylov & R. P. Mitrev, On the 15 15
Existence of Oscillatory Modes in a Nonlinear System with 1sc

Hystereses. Diff Equat 56, 1081-1099 (2020).
https://doi.org/10.1134/S0012266120080108[139].
https://link.springer.com/article/10.1134/S0012266120080108 [29]
9. Fursov, A.S., Mitrev, R.P., Krylov, P.A. Todorov T.S. On the 14 16
Existence of a Periodic Mode in a Nonlinear System. Diff Equat 57,
1076-1087 (2021), [124].
https://doi.org/10.1134/S0012266121080127

10. R. Mitrev u T. Todorov, ,,A Case Study of Experimental Evaluation 4 5
of the Parameters of Shape Memory Alloy Wires,, B 10th 4sc
International Scientific Conference “TechSys 2021” — Engineering,
Technologies and Systems, AIP conference Proceedeings (in Press),
Plovdiv, 2021 [140].

11 Todor Todorov, Rosen Mitrev, Ivailo Penev, Force analysis and 14 15
kinematic optimization of a fluid valve driven by shape memory 5sc
alloys, Reports in Mechanical Engineering,Vol.1(1) pp. 61-76, 2020
[141].

12 Todorov, T., Nikolov, N., Todorov, G., & Ralev, Y. (2018). 11 24
Modelling and Investigation of a Hybrid Thermal Energy Harvester. 7 sc
MATEC Web of Conferences, 148, 12002.
https://doi.org/10.1051/matecconf/201814812002 [84]

13 Mitrev, R.P.; Atamas, E.I.; Goncharov, O.1.; Todorov, T.S.; latcheva, 3 3
L.I. Modeling and Study of a Novel Electrothermal Oscillator Based 3sc

on Shape Memory Alloys. IOP Conf Ser Mater Sci Eng 2020, 878,
012059, doi:10.1088/1757-899X/878/1/012059 [119].

o BTOpara Tabnuna B Scopus mox IF 1obuust 6poit Ha uuTHpanusTa € 74, oT KouTo 28 Opos ca caMOLUTHPAHUS
i octasat 46 Oposi He3aBUCHMU LIUTHPAHHUSI.

Hamnmcana n eqna cratus 1o TeMaTa Ha AMcepTanusaTa B pedepupaHo ObIrapcKo CIMCaHue:

14. P. MutpeB u T. Tomopos, ,,AHaJIN3 ¥ ymIpaBiIeHHE HAa TEPMOCICKTPOMEXAaHWYHU CHCTEMH, OasWpaHu Ha
WHTEIUTeHTHU MaTepuany,” Mexanuka Ha mamunaute, 2021 [142].

[Ty6nukyBaHu ca ¥ BApHAHTH Ha HAKOHM OT CTaTUUTE HA PYCKH €3UK, HallpuMep:

15. ®ypcos A.C., Togopor T.C., Kpsnos I1.A., Mutpes P. I1. , O cymecTBoBaHum KojebaTeIbHBIX PEKUMOB B
OHOW HENMHEHHOM cHucTeMe C rucrepesncamu , auddepeHnmanbHele ypaBHeHUs, HW3garensctBo: MAUK
"Hayka/UnTepnepuoanka” (Mocksa), pp. 1103-1121 , ISSN: 0374-0641,DOI: 10.1134/S0374064120080105, [143]

https://www.elibrary.ru/contents.asp?titleid=9677 , https://www.elibrary.ru/item.asp?id=43795282.

8.2.2 3aHIHTeHH NaTCHTH HJIH NOoAAaJCHH 3adABKH 3a IIAaTCHTH IIO0 TeMaTa Ha

AUCEpTALINATA
Ne IHatenT
Hurupanus
1 5. Panes, T. Tomopos u I'. Tonopos, ,.BubpannoneH TepMoeneKTpUYeH TeHepaTop™.
Codust [atent BG 2947 U1, F 03 G 7/06 (1.2006.01), 31 05 2018.
2 M. Kostov, T. Todorov, M. Milkov u 1. Penev, ,,Bistable valve actuator®. UK ITateur GB 2
2558618 A, 10 01 2017.
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https://www.scopus.com/results/results.uri?s=ref%282-s2.0-85101061141%29&sot=cite&sdt=a&origin=AuthorProfile
https://scholar.google.com/scholar?oi=bibs&hl=bg&cites=16869085162456798522
https://www.scopus.com/results/results.uri?s=ref%282-s2.0-85088979489%29&sot=cite&sdt=a&origin=AuthorProfile
https://scholar.google.com/scholar?oi=bibs&hl=bg&cites=14810696236504142444
https://www.scopus.com/results/results.uri?s=ref%282-s2.0-85091336790%29&sot=cite&sdt=a&origin=AuthorProfile
https://scholar.google.com/scholar?oi=bibs&hl=bg&cites=16170618936381205292
https://link.springer.com/article/10.1134/S0012266120080108
https://www.scopus.com/results/results.uri?s=ref%282-s2.0-85090275283%29&sot=cite&sdt=a&origin=AuthorProfile
https://scholar.google.com/scholar?oi=bibs&hl=bg&cites=2842008104057769508
https://doi.org/10.1134/S0012266121080127
https://www.scopus.com/results/results.uri?s=ref%282-s2.0-85114309737%29&sot=cite&sdt=a&origin=AuthorProfile
https://scholar.google.com/scholar?oi=bibs&hl=bg&cites=12825484578912702997
https://www.scopus.com/results/results.uri?s=ref%282-s2.0-85138111001%29&sot=cite&sdt=a&origin=AuthorProfile
https://scholar.google.com/scholar?oi=bibs&hl=bg&cites=16869085162456798522
https://www.scopus.com/results/results.uri?s=ref%282-s2.0-85099478476%29&sot=cite&sdt=a&origin=AuthorProfile
https://scholar.google.com/scholar?oi=bibs&hl=bg&cites=3976529300560316256
https://doi.org/10.1051/matecconf/201814812002
https://www.scopus.com/results/results.uri?s=ref%282-s2.0-85041746180%29&sot=cite&sdt=a&origin=AuthorProfile
https://scholar.google.com/scholar?oi=bibs&hl=bg&cites=18081961584630971571
https://www.scopus.com/results/results.uri?s=ref%282-s2.0-85088979489%29&sot=cite&sdt=a&origin=AuthorProfile
https://scholar.google.com/scholar?oi=bibs&hl=bg&cites=14810696236504142444
https://www.elibrary.ru/contents.asp?titleid=9677
https://www.elibrary.ru/item.asp?id=43795282
https://scholar.google.com/scholar?oi=bibs&hl=bg&cites=9425630944922434592

3 T. C. Tonopos, M. 1. Munkos 1 M. Kocros, ,»Y CTPOMCTBO 3a 3aJBIKBaHE HA KJIANaH
ype3 CIUIaBH ¢ maMeT Ha ¢popmara“. brirapus, 3asBka 3a narent BG111503 (22), 17 06
2013.

4 T. S. Todorov, M. J. Milkov, 1. R. Penev u M. Kostov, ,,Aparatus and Method for
Estimating Fluid Parameters*. Europe Ilarent EP 18 726 749.7, 10 5 2018.

5 Kostov, M.S.; Todorov, T.S. A Bistable Compressor Driven with Shape Memory Alloys
for Refrigerator. UK Patent Application GB2207547.7, 2022. pending.

8.2.3 I_II/ITI/lpaHI/lﬂ Ha CTATHUTE 110 JUCEPpTAUATA
Jlo MomeHTa o0mmusAT Opoii Ha uTUpaHusaTa B Scopus € 99 op.
Ot TsX camoruTUpanmsITa ca 35 6p.
He3aBucumute nutupanus B Scopus ca 64 op.
Benuky niutupanvisi ca JOCTHITHU Ype3 JIMHK B €IEKTPOHHUS BAPUAHT HA JOKYMEHTA.

8.2.4 AnpoOanus Ha JUCEPTANMATA

YacTu OT ArcepTamuaTa ca IoKJIaaBaHu Ha BeTpentHu cecuu B TY — Codusi.

JlaHHM OT eKCIIepHIMEHTUTE CHUMKH ¥ BHIEO MaTEepHUaIH ca IOMECTeHH B CaiiTa Ha IUCEPTALUATA:

https://sites.google.com/view/projectkp-06-russia2 1 /publications

Cratuute ca myonukyBanu B ReseachGate B mHAMBHyamHUTE TIPOQIIIN HA aBTOPUTE, CHIIIACHO aBTOPCKUTE UM
npaBa.lIpoekThT € mpeacTaBeH Ha IJICHapHA JISKITHS Ha 101 1-p Pocer Mutpes B cemuHapa ,,MexaHrnka Ha MalllHHATE
Bapna 2021 [49]. YacT oT mocTmkeHusTa B myoaukauuute ca nomectenu B LinkedIn:

https://www.linkedin.com/feed/update/urn:li:activity:6845601030755893248/

https://www.linkedin.com/feed/update/urn:li:activity:6847571818094583808/

https://www.linkedin.com/feed/update/urn:li:activity:6847790757114331136/

lomsiMa gacT OT mIaHMpaHWUTE CHBMECTHH MO TPOEKTA 3a ABYCTPAHHO CHTPYIHHUYECTBO Ce€ MPOBAIHMXA MOpaau
HAJIOKEHUTE MaHAEMUYHU orpanudyeHus ot Kosun-19.

Ilo TemaTHkarta Ha qUcepTalysITa UMa 6 3aIIUTEHN TUILIOMHH padoTH Ha 6akanasbp BbB PANO, MD u DUT,TVY-
Codwust m emna 3anureHa nuceprarus BB OUT. [IpencTon na ce 3ammTe U eqHa nucepraius BB OUT.

9 3akiarw4deHnue

[TocTraBeHara 11e11 Ha JUCEPTALMATA Ch3JaBaHe Ha MPUIOKHH MyITH(GU3MIHN TEOPETUIHU MOJIEIH Ha YCTPOHCTBA,
0a3upaH Ha YMHHM MaTepHald KaTo CIUIaBH C MaMeT Ha GopMaTa U MHE30eNeKTPULH, C (POKyc BbpXY BIUSHHETO Ha
XHCTEPE3UCHUTE NIPH YIPaBJICHUE Ha IBMKEHUETO M M3paOO0TBAHETO HA PealH YCTPOMCTBA Ype3 KOUTO Ja Ce BATUAUPAT
Ha TEOPETUYHHUTE U3BOJU € U3IIbIHCHA.

YcnopeaHo B xoJa Ha peIICHUETO Ha 3a/Ja4MTe 1O JucepTauusaTa Osixa GopMmynupanu u aBe xumoresu. [IppBa
XHUIIOTE3a, HapeuyeHa (U3UUYEcKa €, Y€ aK0 ChUICCTBYBAa KBA3UCTALMOHAPHO WM CTAallMOHAPHO TOIUIMHHO MOJIE C
MIPOMEHJIMB TEMIIEPAaTypeH TPaJWeHT 10 OTHOIIEHHWE Ha TOJIOKEHHETO B MPOCTPAHCTBOTO, B KOETO Ce Hammpa
M3TOYHUKBT U TpeodpasyBarensT oT ClID, e Bp3MOXKHO 71a ce Ch3faje OCIIINpAIAa MEXaHHYHA CHCTEMA, YHSTO
eHeprus Ja ce npeodpas3yBa B eJeKTpuuecka. BTopa Hay4yHa XUmoTesa, HapeueHa MaTeMaTH4YeCKa €, 4e aKo ChILECTBYBa
(yHKIMOHAN Ha KAYECTBOTO, € Bb3MOXKHO JIa C€ ONPEJIEIISAT HapaMeTPUTE MY B JIOITYCTUMHUTE IUATIA30HH U IPH HAJTHYHE
Ha OTPaHUYCHUS, TaKa 4ye Jia ce MOCTUTHE MHHUMAITHO 3HAYCHUE Ha TO3W (PYHKIIHOHAI.

JIBeTe XHMoOTE3M, KAKTO U OINpPENENISTHETO Ha HEOOXOIMMHTE YCJOBHS 3a HalMYUe Ha OCLWIMPAL] PEXUM ca
Joka3aHu ¢ momomra Ha 10 Teopemu u 4 nemu B cratuute [124,135,139] upe3 nocoueHnss MaTeMaTUIECKH anapaT U
CBIIO Taka ca MOJPOOHO OMMCAHM B HACTOSIIMS HaydeH TPyA. Tbi KaTo 3a M3CIEIBAHETO M JIOKA3BAaHETO HA TE3H
XUIIOTE3U KaTO TEOPEMM, OCHOBHA 3acilyra MMaT KOJIETM Y4eHHM OT MOCKOBCKUS JAbpXkaBeH yHuBepcureTr M. B
JIoMOHOCOB, B HACTOSALIUAT TPYA T€ ca MPEICTaBEHH B puiokeHus 1.1 m 1.2.

B mopeaumara ot cTaTuy KakTo U B U3JI0KEHUETO Ha HACTOALIMS TPY/l ca HAIlPaBeHU aHAJTW3W U ONTHMH3AINH Ha
MHOXECTBO YIPABISIEeMH TEPMOMEXaHWYHH EHEPrHiHN CHCTEeMH. Pa3pa0oTeHHM ca IbpBOHAYAIHW NPOTOTUNH U
€KCIIEPUMEHTAIHA YCTAaHOBKU 33 TEXHOTO M3CJICABaHE. YCIOPEAHO C €KCIEPHUMEHTAIHUTE MOJENIN Ca Ch3LAaNEHU
CJIOKHHM JUHAMHYHHM MOJEIH, ONMCBAIIM TSIXHOTO MOBEACHNE U XapaKTepUCTUKH. [lomydeHuTe ekcriepuMeHTalHd U
TEOPETUYHU JIaHHH ca TOTBHPJIECHH C BUCOKA CTEIIEH HAa TOYHOCT. Pe3ynraTure OT M3cieBaHuUsiTa ca MyOIuKyBaHH Ha
KOH(EPEHLINHU U B CIIUCAHUS C BUCOK UMMAKT (HaKTOpP.

IIpoBeneHUTE TEOPETUYHNA M EKCIEPHUMEHTAIHU JEHHOCTH MO AMCEpPTAlMATa MTOKa3axa, 4e H3CICIBAHETO Ha
YMHHTE MaTepHalii U YCTPOIcTBaTa, B KOUTO MOTaT J1a HaMepAT MPUWIOKEHHE MPOIbIDKaBaT /1a ca Mpeu3BUKaTeNCTBa,
MO KOWTO IIIe C€ MPOJIBIDKH Jla ce padoTH. HenmpekbcHaTuTE M3cnenBaHus ¥ TOCIEAHNTE TIOCTHKEHUSI B 00JIaCTTa Ha
YMHHUTE MaTEpHAIH JaBaT HaACKIH 3a MOCTUTaHE Ha Ka4EeCTBEH CKOK M IO MIPEOAONISIBAHETO HA OCHOBHHU HEJJOCTAaThLIN
KaTo yMopaTa U OTHOCHTEIHO HUCKUTE paOOTHU YECTOTH P OCIMIIMPAIIUTE MPOLIECH.
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https://sites.google.com/view/projectkp-06-russia21/publications
https://www.linkedin.com/feed/update/urn:li:activity:6845601030755893248/
https://www.linkedin.com/feed/update/urn:li:activity:6847571818094583808/
https://www.linkedin.com/feed/update/urn:li:activity:6847790757114331136/

10 IlpuHOCH HA IUCEPTAMOHHMSA TPYA
Hayqlm IMPUHOCHA HA JTUCEPTAINUOHHUSA TPyaA:

1. @opmynupane u 000cHO6KA HA HOBU XUNOMEIU:

dopMynupaHa € mbpBa XUIOTE3a, HAapeueHa (Qu3HyYecka €, Y€ aKo ChINECTBYBa KBAa3WCTAIIHOHAPHO WIIN
CTaI[MIOHAPHO TOIUIMHHO MOJIE ¢ MOHOTOHHO MPOMEHJIMB MPOCTPAHCTBEH TEMIIEPATYPEH I'PaIUCHT € Bb3MOXHO Ja ce
Ch31a/Ie OCIMIMPAIIIa MEXaHUYHA CHCTEMA, KOATO Upe3 (ha30BO-CTPYKTYPHHU KPHCTATOTPAPCKH IPOMEHH C XHCTEPE3UC
Jla TeHepHupa eHeprus, npeodpa3ysaliia ce B eNEKTPUIecKa.

dopMynupaHa € U BTOpa XUIOTe3a, HapedeHa MaTeMaTHYecKa €, Ye aKo CHINECTBYBa M MOXe Jia ce JeduHupa
(GYHKIIMOHA Ha KaYeCTBOTO, HA TEPMOCIICKTPOMEXaHUYHATA CHCTEMa € Bb3MOXKHO J1a CE ONPECIST NapaMeTPUTE My
B JIOMYCTUMUTE AHUAIIa30HU U ITPU HAJITMYUEC HA OTPAaHUYCHUSA, TaKa U€ Ja C€ rapaHTHpa yCTOﬁ‘IHB OCHMJIAIUOHCH PEKNM,
Yype3 MUHUMHU3UPAaHE Ha TO3U (YHKIIMOHAIL.

2. ,ZIomweaHe C HO6U cpeocmea Ha Cbuiecmeenu Hoeu Cmpanu 6 couiecmeyseauiu HayuUHu

npoonemu u meopuu:

Jl0Ka3aHO € TEOPETUYHO W BAIUJIUPAHO €KCIEPUMEHTAIHO, Y€ IPU HAJIM4YME HA TOILUIMHHO I0JIE C MOHOTOHHO
IIPOMEHJIUB MPOCTPAHCTBEH TEMIIEPATYpPEH I'PAJUEHT € Bb3MOXKHO J1a C€ Ch3AaJe OCLHUIMPAILA MEXaHUYHA CHUCTEMA
Yype3 HUIIKA OT CIUIaB Ha ¢opmara.

Cp3azeHa € W BanuAMpaHa EKCIEPUMEHTATHO HOBa TEOpHs 3a MozenupaHe Ha xuctepesucu B CIID upes
KOoe(HUIINEeHTH Ha MPOIOPIIHOHATHOCT, TIO3BOJISIBAINY €JHA aHATTUTHYHA (hopMa Jja ce Ipujlara MHOTOKPAaTHO KaKTo 3a
OCHOBEH MayKOPEH XHUCTEPE3HC, TaKa U 32 MUHOPHU B CYOMHHOPHH XHCTEPE3UCH.

Ch3aageHy W BAIMAMPAHU €A OPUTMHAIHU MaTeMaTHYECKH MOJENH (HampuMmep upe3 U3NOJI3BaHe Ha OOpaTHU
XUrepOoNMuHN (YHKIMKM) 332 ONMUCBAHE HA JWHAMHYHOTO IOBEJIEHHEe Ha TepMmoenacTudHu enemeHTH or CIID B
OCIIMIITHPAITH PEKUMHU.

Upe3 ypaBHeHusiTa Ha Jlarpamk ca W3BEJICHW OPUTHMHAIHU MYJITH(QHU3MYHH MOJENH, CBBbP3BAIM MEXaHUYHA,
MUEe30eIeKTPUYHA U TOTJIMHHA 00JaCTH NPY HAJIMYHE HA XUCTEPE3UCH.

3. Ilonyuaeane na nomevpoumennu paxmu:
ExcrieppuMeHTalIHO € TOTBBP/IeHA TEOPUATA 3a TIPOIOPIIUOHATIHOTO MOJIETTMPAaHE HA OCHOBHU XUCTEPE3UCHU U O]
xuctepe3ucHu seiaeHus B CI1O.
HOTB’Bp,Z[eHI/I Ca CKCIICPpUMCHTAJIHO OPUTHHAJTHUTC MATCMATUYCCKU MOJACIU 3a OMNHMCBAHC HAa AWMHAMUYHOTO
MOBCACHUC HA TCPMOCIIACTUYHHU CIICMCHTHU OT CIl® B oCHUJIMpaIy pexKuMU.
ExcniepuMenTamHo ca BaTMAUpaHU ypaBHEHHUATA Ha Jlarpamk v ca M3BeACHN OPUTHHAITHA MYATHGHU3HIHA MOJICIIH,
CBBpP3BalllM MCXaHWYHA, MMC30CTICKTPUYIHA U TOIIJIMHHA obnact IIpU HAJIMYIMUC Ha XUCTCPC3UCHU.

Hayqﬂonpnﬂomnn NPUHOCHA HA JUCEPTALIMOHHUSA TPYA:

4. Cv30aeane Ha HOBU MemOOU HA U3CTIE08AHE

Hamepenu ca OpWrHMHAJHH YHCIACHHM pEIICHUS Ha MyITH(OU3MYHUTE MOJCIH, KOHUTO ca IOTBBPACHU
EKCIICPUMEHTAITHO.

Ch3/1a7IcHY ca HOBU €KCIIEPUMEHTATHH METOM 32 €THOBPEMEHHO M3MEPBaHE HA HAKOIKO (DPU3NYHH BEIIMYMHU B
peaTHO BpeMe M TSIXHOTO 3alKCBaHE C BH3MOXKHOCTH 32 YIPABIICHUE HA EKCIICPUMEHTA.

Ha ocHoBata Ha pa3paOOTEHHTE CTCHIOBE 3a €JHOBPEMCHHO H3MEpBAHE M 3allMCBaHE HA HAKOJIKO (DH3HMYHHU
BEJIMYMHU C BHCOKA YECTOTA HA NUCKpeTH3aIus (ceMrummpaHe) 1o 2 Msps ¥ BUCOKa pa3JIeUTENHa CIIOCOOHOCT ca
Ch3JaICHU IUKIM OT Ja0OpaTOPHHU YMNPaKHEHUS MO YYeOHHW MUCHMILIMHM KaTo ,,T€XHOJIOTHS W MPHIOKEHUE Ha
MEMC* BpB ®akynrera Mo WHAYCTPUAIHH TEXHOJOTHH, ,,OCHOBHM MPHHLIMIN W IPHJIOKEHHE HA MHKpPO W
HaHocucteMu“ BbB (DakynTera Mo eNEeKTPOHHA TEXHUKA W TEXHOJIOruH, ,,MukporexHuka“ BbB Dakynrera IO
MAaIIMHOCTPOEHE W B JPYIrd JUCLUIUIMHYM NPErnojaBaHU Ha aHIVIMHCKH e3uK Kato ,,Mechanical Fundamentals of
Microelectromechanical Systems® BpB ®akynTeTa M0 aHIVIMHCKO MHXEHEPHO oOyueHue, ,,Microelectromechanical
Systems* B MammaocTpoutenaus Gpaxkyiarer.

5. Cw30aeane na Hoeu KOHCMPYKYuUU

HpOCKTI/IpaHI/I u Ca I/13pa6OTeHI/I Pa3sHOBUAHOCTHU Ha CHepFI/If/’IHI/I XapBCCTCpU ChC CaMOB’L36y>KI[aH.[I/I ocoujIanuu
UHAYOUpPAHU OT HU3TOYHHUK Ha IMOCTOAHHA TEMIICpAaTypad, CHCTABCH OT HAKJIOHCHU CPCHIYIIOJIOKHO CIIaCTUYHHN
MMAE30€JIEKTPUIHH KOH30JIH, OITHBAIIN Ype3 CBOOOMHUTE U Kpautia aumika oT CI1D.

Cu3maneH e eHeprueH BUOpannoHeH xapsecTep ¢ HuMmKa oT CII®D, koATO ce HarpsBa OT MEKIWHEH POTAIIMOHEH
CJICMCHT HArpiT OT U3TOYHHUK C IOCTOSAHHA TEMIICpaTypa.

[Ipoextupan e uzpadoteH crenn 3a usnuTBade Ha CIID, upe3 KOUTO ce U3MEPBAT €AHOBPEMEHHO B PEAIHO BpEMeE
IMpEMECTBAHEC, CUJia, TEMIIEPATypa, TOK CJICKTPUUCCKO HAIMPEIKCHUEC U MHOKCCTBO ITPOU3BOJHN BEJINYNUHU.

C’b3,£[a,£[€HI/I Cca OIIMTHH o6pa3u1/1 3a YIPpaBJICHNUC Ha MPOTTOPLHUOHAIIHU KJIAIIaHU 3a CrpaJHa aBTOMAaTHU3allHsl.

[IpoexTrpann ca NPOW3BEACHM ONTUMHU3MPAHH ONUTHU oOpasnu 3a on/off ympaBneHwe Ha KiamaHu Ypes
OucTaOMITHA MEXaHU3MHU.
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Summary

The dissertation discusses issues related to the theoretical and experimental modeling of
smart materials when applied in engineering systems in vibration or cyclic action. Of the
wide variety of smart materials, the subject of research here is primarily shape memory
alloys (SMAs). Since some of the devices analyzed in the dissertation are vibrational
generators of electrical energy and use the piezoelectric effect, the other type of smart
materials discussed here to a lesser extent are piezoelectrics.

Chapter One provides a literature review of multiphysical systems for generating electrical
energy using shape memory alloys. The review concludes that publications on energy
harvesters based on shape memory alloys in combination with piezoelectric or
electromagnetic systems rely on time fluctuations in temperature or waste vibrations to
generate electrical energy. At the same time, it was found that no studies have been
conducted on the use of shape memory alloys for energy conversion in the most common
heat energy sources with constant heat found in nature and industry. Reports have been
found on a small number of energy harvesters that convert the heat of a constant-
temperature source through a thermomagnetic effect to generate self-excited vibrations.
Initial research by teams from the Technical University of Sofia showed that shape memory
alloys have the necessary potential under certain conditions to self-excite vibrationally from
a constant temperature source. The study of these conditions, as well as many other poorly
understood features in modeling, formed the basis for formulating the objective of the
dissertation. Cooperation with scientists from universities abroad also contributed to the in-
depth study of the tasks set. Other tasks that were set were to use the knowledge to create
devices operating in oscillatory or quasi-oscillatory mode, such as digital valves and pumps.
Chapter 2 analyzes the general characteristics of the thermomechanical vibration systems
under study.

Chapter 3 defines the ranges of the variables so that a correct task can be formulated for
analyzing the state and conditions for the existence of oscillatory modes.

Chapter 4 investigates stability and defines the conditions for the existence of a steady state.
Chapter 5 reveals the details of the modeling of complex multiphysical systems combining
the fields of mechanics, heat, piezoelectric effect, shape memory effects with structural-
phase changes and hysteresis.

Chapter 6 is devoted to summarizing the results of the experimental studies through which
the theory has been successfully validated.

Chapter 7 presents the designed and manufactured prototypes of devices such as valves and
pumps.

Chapter Eight summarizes the results of the research and concludes the overall work on the
dissertation.
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A. GENERAL CHARACTERISTICS OF THE DISSERTATION
The dissertation is dedicated to experimental and theoretical studies of the dynamics of mechatronic systems
combining shape memory alloys and piezoelectrics.

Relevance of the problem

The study of the dynamic properties of mechatronic systems based on smart materials is essential for improving
the performance, adaptability and reliability of modern smart systems. Smart materials combining shape memory alloys
(SMAs) and piezoelectric materials (PEMs) demonstrate inherent responsiveness to external stimuli, thereby facilitating
integrated actuators with sensor feedback and control in compact architectures. To gain important insights into the
stability, energy efficiency and precision of the system control, it is necessary to conduct a comprehensive study of the
dynamic behavior of the system, including metrics such as frequency response, hysteresis, damping characteristics and
nonlinearities. These properties directly impact the design of feedback loops, real-time control algorithms and structural
integration strategies in mechatronic applications ranging from robotics and aerospace to biomedical devices.
Furthermore, the use of dynamic characterization facilitates the development of predictive models and simulations, thus
allowing engineers to optimize performance under changing operating conditions. In the context of increasing demands
for multifunctionality and miniaturization in the field of mechatronic systems, systematic investigation of the dynamic
properties of smart materials has become a key element to promote innovation. This research facilitates the development
of adaptive, self-regulating and high-performance devices, thus meeting the complex requirements of emerging
technologies.

Scientific significance and novelty
The dissertation formulates two hypotheses, the confirmation of which leads to the development of energy
harvesters using phase transformations of SMA and piezoelectric effect for the conversion of constant heat into
electrical energy. In parallel with these studies, new methods for modeling and experimental study of SMA and TEM
have been created. New formulations for modeling hysteresis processes in SMA and original multiphysics methods
describing the dynamics of oscillating and quasi-oscillating systems have been proposed.

Practical utility and applicability

Mechatronic systems that incorporate SFPs and piezoelectric materials offer significant advantages in terms of
miniaturization, multifunctionality, and adaptive control. The integration of these smart materials facilitates the
development of compact, lightweight, and energy-efficient devices equipped with integrated sensing and actuation
capabilities. The utility of SFPs is particularly pronounced in scenarios where silent operation and high power-to-weight
ratios are of paramount importance. In this dissertation, these properties are combined with the energy-conversion
functions of piezoelectric materials to study the dynamics of vibration-driven generators that convert heat into
electricity. Furthermore, based on the dynamic studies, silent valve controls for smart home applications have been
created.

Approbation of the results of the dissertation
A significant part of the results achieved in the dissertation work have been approved through publication in peer-
reviewed international and Bulgarian journals and conferences, citations in peer-reviewed scientific publications, and
also participation in scientific-research projects.

Dissertation volume
The dissertation has a total volume of 287 pages, contains 7 chapters, 215 figures, 15 tables, 148 literary sources.
The conclusion defines the scientific, scientifically-the applied and applied contributions of the dissertation work. The
numbers of the figures, formulas and tables in the abstract correspond to those in the dissertation work.



B. A brief summary of the dissertation work

1 Chapter Analysis of the current scientific level in the field of mechatronic energy-generating and
energy-efficient systems

1.1 Analysis of the state of the art of mechatronic systems subject to modeling

1.1.1 Specifying the type of model and the characteristics to be studied

With their emergence, microelectromechanical systems (MEMS) have imposed new standards in terms of their
energy sources. The challenges that accompany the small size of microsystems are related to the elimination of wires,
the imposition of wireless and possibly battery-free power supply. This autonomous power supply is achieved through
systems called energy harvesters, which capture waste energy of any type and under any conditions in order to convert
it into electrical energy. These energy conversion systems create opportunities for the application of both new principles
and conversions such as thermomechanical oscillatory self-excitation and the application of smart materials. These
characteristics are suitable for research from the point of view of the goals and objectives of the dissertation.

1.1.2 Research at a previous level in the field of smart materials

Intelligent materials are those whose main property is adaptability to changes in environmental conditions. To be
intelligent, the material must recognize the impact it is exposed to, prepare an appropriate response and, if possible, be
self-powered. In addition, the requirement is added that after removing the external impact, the material must restore
its original state [3—13]. Smart materials have more limited properties, as by definition they must respond to a certain
impact and generate a certain signal. Functional materials are required to change some of their characteristics in a
controlled manner under a certain magnitude of impact [11-13].

Over the past two decades, research on SMA has intensified due to alternative possibilities for solving complex
engineering problems, which with their help can be solved in an original way in compact volumes, with silent operation,
including in oscillating devices. [22-24].

1.1.3 Overview of energy harvesters with smart materials

Heat energy conversion harvesters are used to recover waste or unused heat from the environment, converting it
into small amounts of electrical energy intended to power sensors and actuators with low energy consumption. The
principles of conversion in obtaining electricity from heat energy are mainly based on pyroelectric, thermoelectric,
thermomagnetic and thermoelastic effects [34—36]. Here, attention will be further focused only on heat energy
harvesters with moving elements, since they are closer to the topic of the dissertation.

In 2007, Ujihara E. Et al [37] designed and investigated a thermomagnetic energy harvester, in which the operating
principle is based on the change of a soft magnet from a ferromagnet to a paramagnet when it enters a cold and hot
zone, respectively (Fig. 1.1).

a) Heat source ! Magnet
: ;

| Heatsink | © Heatsink Fi
| | Leaf spring ! T<MTc ‘T o

Eril s W oo I o L

Movement

I Leaf spring

Soft-magnet /v y b)

l Faustenio |
¥ imm |

a) b) Movement [ B
Fig. 1.1 Thermomagnetic energy harvester: a) the soft Fig. 1.3 Generating electricity from heat using a
magnet is a ferromagnet; b) the soft magnet is a ferromagnetic cantilever MSMA Ni-Mn-Ga. (a) Initial state;
paramagnet [33]. (b) Final state.
Microthermoactuators based on foil or thin film of magnetic shape memory alloy (MSMA) [43]. A bistable
magnetostatic and thermoelastic actuator is shown in Fig. 1.9.
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Fig. 1.9 Microactuator from MSMA: a) diagram; b)
=2 photograph.

For the drive, a polycrystalline Ni-Mn — Ga was used,
which is in the form of a cantilever composed of two wire beams as shown in Fig. 1.9 b). Using a model connecting the
linear piezoelectric equations and the SMA effect, described by the Brinson approach [63], numerical simulations were
performed, which prove that the inclusion of SMA elements can be used to expand the operating range of the system.



1.1.4 Overview of thermomechanical self-excited oscillators

The interaction between thermal and mechanical vibrations is called thermomechanical oscillations (TMO). The
theoretical basis for TMO was first introduced in 1829 by A. Travelian [70] and later expanded by M. Faraday, A.
Tyndal, and J. Rayleigh. Some of the first theoretical and experimental studies of the conditions for the emergence of
self-excited thermomechanical oscillations were reported by Nesis E. 1. [69]. Awrejcewicz and Pyryev [70] created a
massless elastic element-free model of frictional self-excited vibrations and investigated the possibilities for their
existence.

Oscillating systems based on shape memory alloys are widely used in energy-harvesting technologies. A number
of researchers have used elastic SMA substrates on which they deposit a piezoelectric layer to generate electricity
through vibrations [85-89].

From studies of self-excited thermal oscillations with shape memory alloys, it is concluded that energy harvesting
primarily applies oscillations that are induced by external changes in the thermal field, as a result of which a time-
varying temperature causes deformations of an elastic element of the SMA. Another interesting application of SMA in
energy harvesting systems is the two-stage conversion of heat into mechanical and then mechanical into electrical
energy. It is striking that there are no publications on thermal oscillators in which the self-propulsion is a source of
constant heat. This is one of the reasons for choosing the topic of this dissertation.

1.1.5 A brief overview of SMA modeling methods

Methods for modeling SMA are divided into microscopic and macroscopic [90,91].

A typical model based on an analytical description of the relative martensite fraction as a function of temperature
is the model of Ikuta et al.. [104], 1991 where a hysteresis function was proposed to define the variation of the martensite
fraction with increasing and decreasing temperature. The same model was later improved by Madill and Wang [105],
1998, which introduces minor cycles into the hysteresis model.

In the paper [106], Bekker and Brinson present a new kinetic law for modeling hysteresis in shape memory alloys
using a phase diagram.

Despite the undeniable qualities of the models developed so far, they lack clarity in modeling minor and subminor
hysteresis cycles, which are crucial in oscillating systems. Minor hysteresis occurs when the direction of temperature
change changes within the main (major) hysteresis; subminor hysteresis occurs under the condition that the material is
in a state of minor hysteresis and then a change in the direction of temperature change occurs, for example, from cooling
to heating or vice versa.

1.1.6 Overview of methods for studying piezoelectric voltage generators

The piezoelectric effect was first demonstrated in 1880 by the brothers Jacques and Pierre Curie (Jacques Curie
18561941, Pierre Curie 1859-1906), who found that tension or pressure applied to certain materials electrically
polarizes them. This is the direct piezoelectric effect [109]. The reverse

The normal directions along the coordinate axes X, y, and z are denoted by the numbers 1, 2, and 3, respectively,
and the tangential directions by 4, 5, and 6, as shown in Fig. 1.24. Axis 3 is oriented in the direction of the initial
polarization of the piezoelectric material, and axes 1 and 2 lie in a plane perpendicular to axis 3. The first index refers
to the excitation axis and the second index is for the impact axis.

Fig. 1.24 Directional marking for piezoelectric transducers.
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@) | ‘' In crystallography, the natural coordinate system of a crystal is denoted
D - o . . . .

l I by a, b, and c. Here, it is assumed that axes 1, 2, and 3 coincide with these

axes, respectively. For the readings of (Fig. 1.24) a piezoelectric transducer,

_ E _ T
the following formulas are valid: S=dyE+s'T , D=g E+dyT .
where D [C/m?] is electric displacement (electric flux or charge density per unit area), £ [V/m] is the applied electric

x (1)

field,7 [Pa] is a stress vector, S ¢ is the relative deformation, ¢’ [F/m] is the dielectric permittivity, here the exponent
means that it is measured at constant mechanical stress 7, * [m?/N] susceptibility (the reciprocal of Young's modulus)

measured in a constant electric field 2 And 43 [C/N] or [m/V] piezoelectric constant. The index 33 follows from the
fact that in the considered transducer the polarization and the electric field are parallel to the direction 3. Standard
symbols are used for formulas (1.7) and (1.8). According to formula (1.7), the relative deformation is calculated by the

. S=d,E
expression .



1.2 Purpose and objectives of the dissertation

The aim of this dissertation is to create applied multiphysics theoretical models of oscillatory devices based on
smart materials such as shape memory alloys and piezoelectrics, with a focus on the influence of hysteresis, and to
develop real devices through which to validate the theoretical conclusions.

To achieve this goal, the following tasks have been set:

b

systems with hysteresis.

Now

control heads of valves with bistable action.

To study the current level of modeling of smart materials and their applications.

To determine the characteristics and modeling methods.

To create conceptual models and define variables and their allowable ranges.

To investigate the stability and conditions for the existence of oscillatory regimes in thermoelectromechanical

To perform detailed modeling of oscillating thermoelectromechanical energy harvesters.
To investigate and validate theoretical results for thermoelectromechanical models of oscillating energy harvesters.
To apply the acquired knowledge in the design of devices with cyclic or quasi-cyclic action, such as pumps and

2 Chapter Determining the characteristics of the objects to be tested in mechatronic
and micromechatronic systems

2.1.1 Description of generalized principles of operation in designs of combined energy harvesters

with SMA and piezoelectric transducers
Fig. 2.1 shows a schematic diagram of a combined SMA-PE energy harvester consisting of a cantilever beam 3
with a piezoelectric transducer 2 and a shape memory alloy (SMA) filament stretched between the free end of the
cantilever and a fixed stand [84]. Plate 4 is heated by a heat source 5 and is initially supported along its entire length by
filament 1. The plate is heated to a certain constant temperature, which causes the SMA filament to contract. The
contraction leads to the plate rotating and moving away from the filament. The above processes are then cyclically
repeated. The operation is explained in Fig. 2.2 and Fig. 2.3.
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Fig. 2.3 Relationships between the main
components of the SMA-PEH.

Another type of combined SMA-PE energy harvester is shown in Fig. 2.4 [118]. A piezoelectric 6 beam is bent
into a bow shape with a SMA 7 strand acting as the bowstring.



Fig. 2.4 Thermoelectric SMA-PEEH: a)
overall view of the device; b) structural
0) variation.

The operating principle of this SMA-PEEK is as follows: When the heat source is heated above a certain
temperature, the SMA filament contracts and causes additional deformation in the elastic beam. Since the elastic beam
is fixed in the middle symmetrically, its deformation leads to the SMA filament moving away from the heat source.

The most important advantage of the second SMA-PEEK is that it does not require an intermediate element, such
as the permanently heated plate 4 (Fig. 2.1), which converts the mechanical movement of the SMA filament into a
change in its temperature. Thus, the permanently heated plate 4 performs the functions of a temperature regulator. In
the second variant (Fig. 2.4), the function of this thermoregulator is performed by the deformable beam 5.

2.1.2 Development of new concepts for SMA-PEEH

Option 1A: structural modification of the device in Fig. 2.4 is the thermoelectric SMA-PEEH shown in Fig. 2.5. In
this device, the arcuate beam 5 is replaced by two elastic cantilever beams, on which piezoelectric layers are applied.
The principle of operation is the same as in the energy harvester in Fig. 4. The constant heat source 1 heats a SMA
filament 2, which is initially in a martensite state and touches the heat source. After the filament is heated above a
certain temperature, an austenitic change in its structure occurs. The Young's modulus increases and the filament regains
its original shape, which is equivalent to shortening. This shortening symmetrically deforms the two cantilevers 3 and
causes a vertical displacement of the SMA filament. As a result of this displacement, the filament moves away from the
heat source and cools.

Fig. 2.5 Symmetrical SMA-PEEH with
two cantilever beams: la and 1b SMA filament,
2. Heater; 3. Cantilever beam; 4. Piezoelectric

layer.

The advantage of this harvester is the larger number of parameters and more options for choosing the optimal
option.
Option 2Fig. 2.6 shows a design variant of the SMA-PEEH with two sliders..
|

Fig. 2.6 Symmetrical SMA-PEEH with
two sliders. 1a and 1b - SMA filament; 2 -
Heater; 3 - Slider; 4 — Spring, 5 — Piezoelectric
layer.

|

When heated, the filament shortens and, since it is hooked to the sliders 3, it moves upwards, overcoming the
resistance of the springs 4. At the same time, when moving away from the heat source 2, the filament cools, softens,
and the springs return the sliders to their original position, where a new heating of the filament begins. The variable
pressure on the piezoelectric layers 5 leads to the cyclical generation of electric charges. The disadvantage of this
scheme is the presence of friction forces in the sliders, as well as possible differences in their position from the point of
view of symmetry.

Option 3Fig. 2.7 shows a symmetrical SMA-PEEH with two cantilever beams 3, which is a modification of the
mechanism of the variant of Fig. 2.4. Heating the filament 1b leads to its shortening (pos. 1a), deformation of the
cantilever beams and moving away from the source, due to which it cools, lengthens, and returns to the starting position
to the source for new heating. The deformation of the beams leads to cyclic generation of electric charges. This variant
is devoid of the disadvantages of the scheme in Fig. 2.6.



Fig. 2.7 Symmetrical SMA-PEEH with two cantilever
beams: la and 1b - SMA filament; 2 - Heater, 3 - Cantilever
beam, 4 — Piezoelectric layer.

Option 4 In the symmetrical version with two rockers (Fig.

2.8) the thread 1b in the cold state rests on the heater 2, as the

i elastic force of the thread is balanced by the reduced force of the

spring. At this moment the rockers 3 are in position OA;and

CB,.Once the SMA filament is heated, the unidirectional shape memory effect causes it to shorten and rotates the
rockers to positions OA and CB, resulting in a vertical displacement of the SMA filament.

Fig. 2.8 Symmetrical SMA-PEEH with two rockers.

Option 5Fig. 1.9 shows a diagram in which two strands of the SMA (pos. 1a and 1b) have a common point of
attachment on an elastic beam 2, which is tensioned at both ends. This beam has bistable behavior because its length is
greater than the distance between the fixed supports. The beam can have two stable elastic forms, shown in Fig. 2.9a
and Fig. 2.9b, respectively.

Fig. 2.9 SMA-PEEH with an elastic beam stretched at both ends
and bistable action: 1a and 1b - SMA thread; 2 — Elastic beam, 3a and 3b
- Heaters; 4 — Piezoelectric layer.

Option 6Fig. 1.10 shows a variant with a rotating rocker with bistable action. The mechanism has two extreme
equilibrium stable positions and one equilibrium unstable position, corresponding to the coincidence of the spring axis
with the line OA. Heating the thread 1b leads to its shortening and rotation of the rocker 3 clockwise, which leads to
tension and approaching the thread 1a to the heater 2a, at which it is heated.

Fig. 2.10 SMA-PEEH with rocker: la and 1b - SMA filament, 2a and 2b — heaters; 3 - Rocker, 4 — Spring; 5
— Piezoelectric layer.



2.2 Creating a conceptual model.
2.2.1 Initial selection of a conceptual option

2.2.2 Determination of parameters to be studied and modeled
Based on the studies of the technical level of the issues, the theoretical studies carried out

Fig. 2.11 Structural diagram
of the thermoelectric energy
harvester a) cold filament b)

S - S T T
Pl é ’ hot filament,.

And the obtained experimental results, the scientific team came to the following conclusions: The thermoelectric energy
harvester from Fig. 5.2 with two inclined piezoelectric cantilevers and a shape memory alloy was adopted as the object
of conceptual modeling, including theoretical and experimental studies and their validation and verification. The
principle of operation and initial studies confirmed the selected constructive implementation shown in Fig. 2.11. The
conceptual model of the selected thermoelectric harvester should include the areas studied so far, characteristic of the
real model: mechanical, piezoelectric, and thermal.

2.2.2.1 Definition of objects, parameters, and variables in the mechanical domain

The objects that are subject to study and can be attributed to the mechanical domain are the two cantilevers, the
shape memory alloy filament, and the piezoelectric layers.

The cantilevers are assumed to be elastic beams with a concentrated mass at their free end. It is assumed that the
effects of temperature changes on the mechanical parameters of the cantilevers are not taken into account and, more
specifically, it is assumed that the cantilevers have a constant room temperature. It is assumed that the displacements
of the free ends of the cantilevers are small and occur along lines perpendicular to their undeformed upright state. The
other object included in the mechanical domain is the SMA thread (string). This is always a stretched thread, which is
closer in nature to the behavior of a string. The thread is assumed to have a concentrated mass at both ends and to have
thermally dependent (controlled) elasticity. The third type of mechanical object is the piezoelectric layers, which can
be considered as part of the piezoelectric beams, which generate electricity when deformed. The interactions of the
objects from the mechanical domain are shown in Fig. 2.12.
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Fig. 2.12 Interactions of objects in the mechanical
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The mechanical regions here border or more precisely connect with the piezoelectric region in the piezoelectric
layers, and in the SMA filament with the thermal region, as these two regions include electricity and structural-phase
changes accompanied by hysteresis in the thermal and structural-phase planes. The change in the crystallographic
structure of SMA from martensite to austenite is evaluated by the ratio of the volume of the martensite transformed
crystallographic structure to the total volume of SMA. This important indicator is called the relative martensite fraction.
The change in the relative martensite fraction as a function of temperature in SMA is nonlinear and occurs differently
when increasing (heating) and decreasing (cooling) the temperature. This physical property is called hysteresis. The
appearance of hysteresis in the relative martensite fraction leads to hysteresis in all other material characteristics such
as Young's modulus, mechanical stresses, forces, displacements, and strains when defined as a function of temperature.

2.2.2.2 Definition of objects, parameters, and variables in the thermal and electrical domains

The thermal domain encompasses the following objects: a filament of SMA, a heater, and the environment (room).
The interactions in the thermal domain are shown in Fig. 2.13.

In the electrical domain, after deformation of the cantilevers is applied, they generate a voltage in the load resistor
due to the piezoelectric effect. The load resistor replaces a consumer, which in general would have a complex resistance.
In this case, it is assumed that the consumer has only active resistance and its power supply from the piezoelectric layer
leads to negligible heating.



2.2.2.3 Building a comprehensive conceptual model of the system

The overall view of the conceptual model is shown in Fig. 2.15. While the mechanical domain has two cross
sections with the thermal and electrical domains respectively, the latter two have only one cross section and do not
interact with each other.

Two of the thermal domain objects are outside the mechanical domain, and the electrical domain has only one
object outside its intersection with the mechanical domain. The most impacts are on the elastic cantilevers and the SMA
filament, with those on the cantilevers being from one domain, and the niche interacting with two domains.

There are other connections in the overall conceptual model that are ignored here. For example, maintaining a
constant temperature of the heater by some external energy source such as electric current or sunlight will lead to an
increase in the temperature in the room, which, after a sufficiently long time, will equalize with the temperature of the
heater. This will eliminate the temperature gradient and will lead to the termination of the operation of the thermoelectric
harvester.
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Fig. 2.13 Interactions in the thermal domain. Fig. 2.14 Interactions in the electrical domain.

In reality, the functions of the harvester will also deteriorate when the difference between the room temperature
and the heater temperature decreases. In this case, it is assumed that the room has an infinitely large volume and its
temperature is constant and lower than the heater temperature. The conceptual model thus constructed creates
opportunities for assessing the most important interactions and their connections, as well as for the selection of the
modeled parameters and variables.
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Fig. 2.15 Overall view of the conceptual model.
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2.3 Converting the conceptual model into an executable model

2.3.1 Mathematical description of models
2.3.2 Compilation of a generalized flow chart of the energy harvester model

2.3.2.1 Block diagram of an energy harvester without control, converting only heat into
electrical energy

Fig. Fig. 2.16 shows a block diagram of the SMA-PEEH from Fig. Fig. 2.8, which contains almost all the
conversions, but does not include control units. The explanation of the block diagram is as follows: The heater

T

temperature T’ heats the SMA filament to a temperature T and depending on the ambient temperature * = causes a change

in its lengths. The following is a change in the geometric parametera’ which, through an elastic element, induces a
mechanical stress o, which is converted into an electrical stress through the piezoelectric effect. Block diagram of a
hybrid energy harvester without control, converting vibrational and thermal energy into electrical energy

The scheme shown in Fig. 2.17 differs from that in Fig. 2.16 by the added kinematic disturbance X(t).

T,,l Tl le‘
d /i 5

s=s(T, ;) o=a(/) [*lo=0a(a)F—u=u(o)|—>

s=s(1,T) a=a(l) *|e=c(a) | u=u(c)|—>

Y=(s)

y=y(s)

Fig. 2.16 Block diagram of SMA-PEEH, without control Fig. 2.17 Block diagram of a SMA PEEH without control,
circuits. converting vibration and heat into electrical energy.

2.3.2.2 Block diagram of a hybrid energy harvester with control, converting only thermal energy
into electrical energy and control in the thermal part
This block diagram (Fig. 2.18) differs from that in Fig. 2.16 by the included feedback loop for regulating the heating
power of the filament from the SMA, which can be controlled so that the maximum possible voltage is obtained at the
output.

2.3.2.3 Block diagram of a hybrid energy harvester with control, converting vibration and
thermal energy into electrical energy
The block diagram in Fig. 2.19 differs from the above by the added kinematic disturbance X(t). In the general case,
the energy harvester can be considered as a controllable system with two feedback loops and two inputs, thermal and
kinetic or vibrational.

T, h T s

o=a{a) |1D| u=u(0)

o=a(a) lii|u:u(6) .

Fig. 2.18 Block diagram of a hybrid energy harvester with  Fig. 2.19 Block diagram of a hybrid energy harvester with
heater position control, converting only heat into control, converting vibration and thermal energy into electrical
electricity. energy.

The above schemes do not exhaust the diversity of such systems, as will become clearer in the following sections
of this work.

2.3.3 Investigation of a thermoelectromechanical resonator to validate the SMA-PEH model
2.3.3.1 Conceptual design of the thermoelectromechanical resonator
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To investigate the basic vibrational characteristics of the SMA-PEX model, a thermoelectromechanical resonator
(TEMR) was builtin which the shape memory alloy filament is heated by electric current, i.e. by the Joule effect. The
schematic diagram of the TEMR is shown in Fig. 2.20.

Fig. 2.20 Schematic diagram of a
thermoelectromechanical resonator (TEMR).

Q
N

The mechanical design is the same as the SMA-PEH in Fig. 5.2 with the difference that the heater has been
removed, and instead in the middle of the SMA filament at a pointDA fixed electrode is placed in electrical contact
with the filament. An electrical voltage is applied to both ends and at point D of the filament, as shown in the diagram.
The current flowing through the SMA filament heats it, causing it to contract (restore its original length). As a result of
the contraction, the cantilevers are deformed and points Ajand Birise vertically. At the moment when points Ajand
Bisurpass the height yt, the contact between the SMA filament and the electrodeDis interrupted. The filament of the
SMA is then cooled, because no current flows through it anymore. The cooled filament is in its martensitic phase, which
is why the modulus of elasticity of decreases. As a result of the resulting softening of the filament, the cantilevers return
to their original position and the filament again rests on the stationary electrode and turns on the contact at point D.
Then the processes described above are repeated.

2.3.3.2 Mathematical model of TEMR

A detailed description of the mathematical model and its construction is given in Chapter 5, based on the previous
scientific report [119]. Here, in order to avoid repetition, it will be briefly explained that the modeling is based on the
Lagrange-Maxwell equations of the second kind [120-123]. For this purpose, mechanical, electrical and thermal
degrees of freedom were first selected, the kinetic and potential energies of the system were determined, and the
equivalent kinetic and potential electromagnetic and thermal energies were added to them. After deriving the equations
for each degree of freedom, the related multiphysics equations were derived, which after lowering the order have
acquired the form

1

v =—
m

Cr

_dSSKapxC, p dyK.p, B K.p,
207 (1-£7)

(=) e(me) =R

x=v

¢ -k(x+0x,) x-Pv+F,

: __i 1 diK,p,
” Ri(‘(l—k;)quC(l—kz)x]

P

— (R +An (1,-T)]. x<y

Pl
1

AR (T, -T), x>x,
Pr (1.1)

The parameters in the equations are positive constants, the physical meaning of which is explained in Chapter 5.

System (1.1) describes the relationship between three generalized physical coordinates: displacement x, electric

charge q in the piezoelectric transducer and temperature T of the filament. Due to the reduction in order, the mechanical
coordinate is described by two first-order differential equations. It is evident from system (1.1) that the equations are
coupled, which means that the displacement equation includes electrical and thermal quantities, the charge equation
depends on mechanical electrical and mechanical quantities, and the temperature equation includes the displacement,
which is a function of the charge.

The following simplifying assumptions are made in the above model: The inclination of the SMA filament when
it is resting on the electrode at point D is ignored; The change in resistance due to a decrease in the contact pressure at
point D is ignored.DThe change in the resistance of the SMA with increasing temperature has been neglected.

2.3.3.3 Numerical solutions of the TEMR mathematical model
A numerical solution program was developed using the implicit Euler method, using initial conditions and some
numerical data from Table 1. The results shown in the graphs below were obtained. Fig. 2.21 shows the graph of the

12



change in the horizontal displacement x of the cantilever. It is evident from the graph that after a short transient regime
of'about 0.4 s, (Fig. 2.22) the horizontal displacement of the system enters a steady state regime (Fig. 2.23) with a period

Tx=0.5914914843 s, which is equivalent to a frequency Jr:=1.690641415 Hz. This frequency 1 coincides with the
temperature frequency, as can be seen from Fig. 2.25. The displacements at these frequencies are nonlinear and reflect

. P
T
the temperature changes in the system. They depend on the temperature convection time constant AN and the
R
. 4 Ve . f

temperature gradient PV For this reason, for’/7the term temperature frequency or macrofrequency has been
adopted.
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Fig. 2.21 Horizontal Fig. 2.22 Transient solution of the Fig. 2.23 Moving the console x in an

displacement x  of  the displacement x. established motion mode.

cantilever.

The analysis of the change in the displacement of the cantilever through the established regime (Fig. 2.23) shows
that in addition to the temperature macrofrequency, there is also a microfrequency, which should depend on the mass
and elastic parameters of the system. Microoscillation or mechanical oscillation in the general case is complexly
modulated in both frequency and amplitude [84]. Conditions can be derived for certain cases [124], in which these
oscillations are constant and damped around a constant equilibrium value of x = XandFor the example considered (Fig.

L)

— 2m 1 _
2.23) the micro-oscillations are approximated by the function Fin = Xe T O - [w'" ((t b ))J where %=0.013,

o, =1.49\/T
@n=0.0065, m = 268.3 s!. Graphically, the approximation is shown in Fig. 2.24. Through the angular
o

m

frequency “» is the calculated oscillation frequency " 27 = 42.7 Hz. The result shows that the frequency of micro-
oscillations is 25.2 times higher than the frequency of macro-oscillations.
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Fig. 2.24 Approximation of the cantilever micro-vibration

An important conclusion is that the damping of the micro-oscillations is constant and depends only on the
parameters of the mechanical part. The hysteresis of the SMA filament has not affected or is here imperceptible, due to
the small relative deformation. The amplitude modulation is observed only after a sufficiently large damping of the
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micro-oscillations, but frequency modulation cannot be clearly observed from the graph Fig. 2.24. Fig. 2.25 shows the
change in the temperature T [°C] of the SMA filament, and Fig. 2.26 the generated electric charge q [C]. The numerical
results for the horizontal components of v, The velocity are depicted graphically in Fig. 2.27 and Fig. 2.28, respectively.
The phase v=v(a) portrait for the considered state is shown in Fig. 2.29.
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Fig. 2.25 Temperature of Fig. 2.26 Electric charge Fig. 2.27  Horizontal Fig. 2.29 Phase portrait
the SMA filament. of TEMP. velocity vion the console. v=v(a).

2.3.3.4 Determination of vibration parameters

The obtained graphs confirm the expected behavior of the thermoelectromechanical oscillator. Based on the
numerical results, a preliminary theoretical identification of the parameters such as: natural forced frequencies,
temperature time constants, damping decrements, damping coefficient, reduced mass and specific heat can be
performed.

The obtained theoretical results have another important value for analyzing and classifying the type of complex
dynamic system. Since it is a question of combining a system with two natural frequencies of oscillation, the systems
considered here can be classified as those with parametric resonance in the presence of large hysteresis.

2.4 Publications for Chapter 2
Publications under Chapter 2 include two international conference papers indexed in Scopus, which describe the
modeling and parametric study of the thermoelectromechanical oscillator as follows:

2.5 Conclusion on the results of Chapter 2

In Chapter 2, a detailed literature analysis of publications that consider energy harvesting using smart materials
was performed. Scientific reports describing energy harvesters based on permanent magnets were reviewed, which are
ferromagnetic in the cold state, and when heated, they lose their magnetic properties and turn into paramagnets. Another
typical type of energy harvesters uses magnetic alloys with shape memory for energy harvesting. In publications that
consider SMA-based harvesters, they work only if there are temperature changes at fixed points in space, i.e. in the
presence of temperature fluctuations. Based on the review, it was found that energy harvesters that use a spatial
temperature gradient are not yet well developed and the principles for energy harvesting proposed here are novel.

3 Chapter Defining Variable Ranges
3.1.1 Determining the ranges of possible values of model parameters
3.1.2 List of symbols for the relevant quantities

3.2 Defining the main parameter areas. Determining the parameters of the interactions of the

areas.
The definition of the parameter ranges when satisfying certain requirements of the oscillatory modes is carried out
in detail below in Chapter 3.

3.3 Determining the independent parameters and the synchronization parameters of the

different domains.

The need for accurate determination of the independent parameters is an important step in the refinement of the
model. At this point, the goal is to determine the possible real values of the parameters based on theoretical and
experimental studies. In the initial models of thermoelectromechanical oscillators, some deviations of the experimental
results from the expected theoretical ones were observed, and no real reasons could be indicated. This concerned mainly
some results that, in the experimental measurements, gave signs of stochastic rather than deterministic parameters. In
this case, no logical basis was found for this type of behavior.
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3.3.1 Determining the parameters of cantilever beams

3.3.1.1Modal analysis of the cantilever beam

The modal analysis of the cantilever beam was performed using the finite element method in the SolidWorks
Simulation program. A brass beam with the following dimensions was modeled: length 43 mm, width — 19.3 mm,
thickness — 0.2 mm. Fig. 3.1 a) shows the finite element model, and Fig. 3.1 b) shows the constructed tetrahedron-type
finite element network, with the number of elements being 18286 and the number of nodes being 36257.
A modal analysis of the beam was performed for two variants:

Variant 1: modal analysis of the beam without an additional attached body. The results for the first four
eigenmodes are shown in Fig. 3.2, and Table 2 shows the eigenfrequencies corresponding to the eigenmodes.

Variant 2: modal analysis of the beam with an additional body attached to the end with a mass of 0.009 kg. The
finite element model is shown in Fig. 3.3, with a sphere indicating the location of the attached body. The results for the
first four eigenmodes are shown in Fig. 3.4, and Table 3 shows the eigenfrequencies corresponding to the eigenmodes.

w NNy,

Fig. 3.3 Finite element model of a Fig. 3.4 Eigenforms of the cantilever beam with an additional attached
cantilever beam with a body. body.

It can be seen that the addition of a body at the end of the beam greatly reduces the first natural frequency (from
61.78 Hz to 12.39 Hz), the remaining natural frequencies also decrease, but very slightly.

Verification of the obtained results was carried out by comparing the values of the first eigenfrequencies obtained
through simulation with the theoretically determined ones. For the beam variant without a connected body, the first

, 3.5156 [EJ

1 = -
eigenfrequencies / in [Hz] is determined by the following relationship [125]: 2z \'w where:L-  beam
length, m;AND— modulus of elasticity of the beam material;J - geometric moment of inertia of the beam section, m*;
In— distributed mass of the beam, kg/m. With the following values of the constants 2=0.043 m, AND=1.1x1011 Pa,

1 —
J=1287x10" m*, [n=0.03279 kg/m is obtained” =029 HZ hich practically coincides with the first natural
frequency determined by simulation 61.8 Hz.

3.3.1.2 Study of the suspension of cantilever beams

Initial studies showed that for the correct functioning of the cantilever beams as elastic elements and sources of
piezoelectric charges, the damping by the conductors of the piezoelectric layers must be minimized. For this purpose,
the cantilevers were connected with thin wires to fixed terminals of the stand. The soldered shielded cable significantly
increased the damping coefficient of the cantilevers and led to a change in the elastic coefficients. The modified and
initial versions are shown in Fig. 3.6 b) and Fig. 3.6 a), respectively.

b)
Fig. 3.6 Connecting wires of the console: a) directly via shielded cable; b) via intermediate terminals and thin
leads soldered to the electrodes of the piezoelectric layer.

In the cantilever beam condition shown in Fig. Fig. 3.6 b), without a mounted SMA thread, a series of measurements
were carried out of the natural frequency as the cantilever deflected and was left to oscillate freely. In the initial signals,
step-like changes in amplitude were observed (Fig. 3.7). Since one of the possible reasons for this could lie in the
software, it was necessary to rework the LabVIEW program and reinstall it on another laptop.

The following measurements were carried out on the left console with an added weight of 9 gr at the free end and
signals with a typical shape were measured, shown in Fig. 3.8. The first few periods of the decaying oscillations were
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obtained with a truncated amplitude, because the maximum value that the DAQ system can measure is 10 V. In addition
to the exponential decays, it is striking that the signal does not have a harmonic shape. In order to analyze this signal in
terms of frequency, an FFT analysis was performed, the results of which are shown in Fig. 3.9. From this figure it is
clear that there is one dominant frequency of 16.7 Hz, and several other close low frequencies.

M

| || | ||||||||I|I "-' WA VW nnrssasensssee—e— [jg. 3.7 Measured voltage from the right console without
v | i I | load and additional weights.

4 Chapter Study of stability and conditions for the presence of oscillating modes.

The stability of the considered thermoelectromechanical systems, as well as the conditions for the existence of
oscillating regimes is the topic of this chapter. In parallel with the solution of these problems, attention was paid to the
possibilities for optimization. For these purposes, two hypotheses were formulated. The first hypothesis, called physical,
is that if there is a quasi-stationary or stationary thermal field with a monotonically varying spatial temperature gradient,
it is possible to create an oscillating mechanical system, the energy of which can be converted into electrical energy.
The second hypothesis, called mathematical, is that if there is and can be defined a quality functional of the
thermoelectromechanical system, it is possible to determine its parameters in the permissible ranges and in the presence
of restrictions, so as to achieve a minimum value of this functional.

4.1 System parameters in feedback and oscillation mode

Based on the research conducted above [84], it was found that an electromechanical system, in which there are
interactions mainly between mechanical and thermal domains through shape memory alloys, can be described by the
generalized system of equations

mij(t) + By(t) + ky(t) = ol E(T (1)) (A — y(t)) — mg.
ay T+ T(H) = u, y(0) =yo, §(0) =0, T(O)=T,, 0. 4.1)

where y is the output variable that characterizes the amount of mechanical deformation with the assumption that 0

<yo<D, T is the temperature of the material that deforms at temperatures 0<7, <T,=T, , the constantsm, b, k, a, [, D

and care positive and characterize the parameters of the thermal energy harvester, AND is the Young's modulus of the
deformable material (non-linear characteristic with hysteresis and saturation); and u is the feedback control using the
variable y (u = u(y)).

Young's modulusFof the shape memory material used in the heat energy harvester depends on the temperature7and
is described [84] by a nonlinear term with hysteresis and saturationFig. 4.1[126]. To describe this term mathematically,
the approach proposed in the monograph [127] can be used. For this purpose, we prescribe two partially discontinuous
linear characteristics for £;2(T) And E»;(T) with saturation through the relations

Ey it T'< Ay £ T < M,
B =41 - ) T, _
12 (Eg — El) + E1 lf T [ (‘41.‘42]; EQI(T) - (Eg — El) + E1 if T e (;"'llrl.ﬂlrg]l
Ax — Ay My — M,
E, if T > A, I, if T > M.

Here A;, A>, M), M>, E; and E» are positive constants determined by the physical properties of the shape memory
material and related to each other by the inequalities

0 < fll < 442. 0< ﬂfl < i"lfz. ﬂ_{l < fll. i’ilfg < 4‘12. 0< El < EQ.

Here 1 is the starting time, E(7(#9)) € I is the initial state of the hysteron and I' = [E,E>] is a set of possible
hysteronic states. For arbitrary continuous inputs 7(#) the output E(7(¢)) can be determined using a special boundary
construction described in [4] p. 28.
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E,

Fig. 4.1 Shape of the hysteresis characteristic.

Considering that the image E(T) can also be viewed as a multi-valued image E: R, — R, sets defined by relations

Each unique branch of this one-to-many mapping constructed according to (4.1), (4.3) for given #) and E(7(¢0))
will be called an admissible selector [128]. For every continuous function 7(¢), the corresponding selector is a
continuous function of the variable ¢, varying in the interval [E;, E].

Due to the design characteristics of the device under consideration, we will choose control in the form of a bistable
hysteresis switch, i.e. v = u,(y(t)) = R(to, u(to), y1. y2){y(?)},

“ Fig. 4.2 Bistable hysteresis with feedback.
L
‘ Where R is the operator controlling the operation of the switch; y; and yare threshold values

A Y satisfying the condition 0 <y; <y,<D; #yis the start time; u(#)€Q is the initial condition for the

L o_<_._ switch and Q _{w.T) is a set of possible switching states, with% <
‘ can be described as follows:

Stability of equilibrium positions under constant control
«* < My the bistable hysteresis switch is used as the primary feedback for the system (4.6), at each interval between

The switching operation

n ¥y

two adjacent switching times of this switch, the control signal is equal to one of two constant values: “ or “Therefore,

let us first examine the behavior of the closed system (4.6) under constant control.in = in*, assuming that the following
conditions are met for the quantity u*: ( 0 1

The quantity u* > A,. ormatrix A= | ,, E(u*) ‘,) has a simple spectrum.

m m

. ey .x =(x,x,,x,
Thus, let u = u* For this case we find the equilibrium points ( P 3)frorn the system (4.6) from the
corresponding system of equations
0 =3,
k+al'BE(z3) , 8 . Aa
e e A + ETE(IS)
0= —vya ' (z; —u).

0=

Because 7} (k+ ol 'E(x})) = —mg+ oAl E(xy), 25 =0, x5 =u";

based on this it was obtained

—mg+ oAl E(w) P 2= A — _mg+kA x5 =0, a;=u"
ktaliEw) o Tl mE . kol E@w) 200 BTl

&€y =

1.Let the value ussatisfies the conditions (4.11). Then the equilibrium position (4.13) of the system (4.12) is
globally asymptotically stable.

2 = x; —x) (1 =1,2,3), of variables zi = xi - xx i (i = 1, 2, can system (4.12) be switched to the variational system
5(t) = 2(t),
. -1 * P

sy = Ef(”f +a0), o
By kA kol E(ut + (1)) mg+ kA (4.14)
mﬁ( ) Tm 9T m k4 al=TE(u*)’
Z3(t) = —ya T z(t).

Since for every solution of (4.15) there exists an inequality
Iz < [1Z@)] + |23(t)].

 mg+ kA o
k4ol E(ut) lm
It is evident that estimates (4.17) and (4.25) imply that system (4.15) and hence system (4.14) are globally

asymptotically stable. Thus, the equilibrium point (4.13) of system (4.12) is globally asymptotically stable. Thus the
theorem is proven.

7 L|z3(0)].
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4.1.1 Selecting controller parameters
Suppose that the following condition is satisfied with respect to the parameters of the system (4.1).

Condition 1. mg+ kA Taking into account the results in Section 2.1.2, the following parameters are
chosen in T E+al7'E, ~  system (4.7):
_ » mg + kA mg + kA ] ] )

g My, T>8y WMIPFA————— PL<A—-v———\07. The following designations have been

k+al E1 k+al EQ .

introduced:
o = A mg —1_— kA Cm —A- mg —|_— /.'A_ ‘ 4.27)
k+ ol E(u) k+ al=1E()

Theorem 2. Let condition 2.1 be fulfilled and let the controller parameters (4.4), (4.5) satisfy inequalities (4.26).

Then the state variable (1) for every decisionx(t) of system (4.7) reaches the values” And ?2infinitely many times
in the interval of existence of this solution.

In the next section, we derive the conditions guaranteeing that for a given choice of the controller parameters, the
solutions of system (4.7) exist along the entire positive half-line and these solutions are oscillating.

4.1.2 Presence of oscillation modes

Let x(1) is an arbitrary solution of system (4.7). We consider the function
H(t) = H(x(t)) = mai(t) + k(z1(t) + mghk™)? + F(t)(z1(t) — A)?, (4.28)
where F(t) = al™'E(x3(t)) isan absolutely continuous tunction for a suitable one-to-many image selector E(%).
Let f(¢) is [6] p. 26 the generalized (weak) derivative of the function F(#) almost everywhere continuous on the set [0,

o) and such that
/fm dr = F(t) — F(s)

forall + > ¢ > (. Then the function /(¢) = 2muayiy + 2(kay +mg)aey + 2F(8) (2 — A)ag + f(t) (27 — A)?

is a weak derivative of the function H(1) In other words

Lemma 1. Let the assumptions of Theorem 2 be satisfied for system (4.7). Furthermore, it is assumed that for any
solutionx(¢) of this system the following conditions are met durings=si, =p and t=s>:

Lemma 2. Let the assumptions of Theorem 2 and the inequality

be satisfied for system (4.7). In addition, let us assume that for some solution x(t) of system (4.7) we have the
inequality H(s) > H*, where t = s is the time to switch control with x,(s) = y;. Here

2BCCy /T e E
H* = max = =, Cs= )
A { (1 —EyJE, + BC2JT) 2 P\ Bk + ol 1Ey)

Then the inequality H(p) < H(s) holds for this solution, where t = p is the next control switching time with x;(p) =
2. The proof'is done.

Lemma 3. Let the system (4.7) satisfy the assumptions of Theorem 2 and the inequality (4.35). Let x(t) be some
solution of the system (4.7) such that H(0) < H* Then the estimate H(s) < H*, where H*= AND,H*/AND), is valid for
this solution at all control switching times t = s; (i = 1, 2, ...) such that x;(s;) = y1.

The proof of Lemma 3 will be done by induction on the index i.

Theorem 4.Let the assumptions of Theorem 2 and inequality (2.35) be satisfied for system (2.7). Let x (t) be an
arbitrary solution of system (2.7) with initial conditions (2.8). Then the function H(t) is bounded by this solution and
has the following estimate: for allz> 0, where

Lemma 4.Let in* € {¥ X\ Then for every valid selector ?(1) the following assessment applies
for all t > s > 0 for the solution of system (4.24): £ £
2 2

H() € Hupwe  Hmax = (Bo/E0?H. M) S g HO S5 0200
) o 21,0 ) )
20 <\ nz(s)]| + 5 )e pe(t S).-
ol ( ool + 0

and the constant™" is defined. Here the constants are defined PP dpd ™ depending on the value of u*.
The theorem is proven.

= : N . N mg+ kA a
pe = min{p,,v/a}t, 6= ilel{lillé} {7} —u*}, p= mmL |
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Theorem 5.Let the assumptions of Theorem 2 be satisfied and inequality (4.35) holds for the closed-loop system
(4.7). Then for any initial condition (4.8) the corresponding solution of system (4.7) is an oscillatory regime with

parameters f ,t2, Y And 2.

4.1.3 Constraints on initial conditions

Let us clarify what additional constraints must be imposed on the initial conditions of the system (4.7) so as to
ensure that the variablex;(?) in the corresponding solutions belongs to the interval (k, A) for all~ 0 for some « < 0. First,
we will show that there exists k < 0 such that for any initial conditionx,;(0) €(0, A) inequalityx;(f)> « holds for all£> 0.
Indeed, it was shown in Section 4 that any solutionx(z) of system (4.7) satisfies the estimateH(x(¢)) < Hn.oHowever,
given the form (4.28) of the functionH(x(#)), we conclude that there existsc>0 such that |x;(¢)| <cfor everyoner> 0. Now,
it is sufficient to set k = —c.

Theorem 6. Let the assumptions of Theorem 2 be satisfied and inequality (4. 325) holds for the closed system (4.7).

Furthermore, let the inequality (ngqu + GFIEQAQ) Vg < k (A + -mgk‘fl) ,
is in force where 1o — max{Huma./Ho, 2}, Ho = 4mgAFE,/(k + E,),
And °+ s a positive root of the quadratic trinomial
p(C) = kiy (C + mgfa'_l)Q +al By (¢ — A — K (A + mgk‘l)2 )

Then the solutions x(t) of system (4.7) satisfy the estimate x,(t)<A for all t>0 under condition x,(0) € (0, +).

The proof of the theorem is given in the dissertation.

Theorem 7.Let the assumptions of Theorem 2 be satisfied and let inequalities (4.35) and (4.45) hold for the closed-
loop system (4.7). Then for any initial condition

.’1'1(0) = Yp- JI'Q(O> =0, 51'3(()> = TD (0 < Yo < <_:+_. 0 < T]ik < T[] < T;) . .
the corresponding solution of system (4.7) is an oscillatory mode with parameters bt yr and y»,

4.1.4 Searching for periodic modes through numerical modeling

Here the object of study is presented in a more specific physical environment compared to the previous section.
For this purpose, an idealized object (energy harvester) with properties close to real ones and specific physical quantities
is studied.

In harvesters, the so-called shape memory alloys are often used - see [8], [24]. The mathematical model of such a
harvester, proposed in [14], is considered. The task is to find the parameters of this model, at which the installation
generates useful energy.

4.1.5 Description of the energy-generating installation and statement of the task.
A thermoelectromechanical installation for converting thermal energy into electrical energy is considered. The

installation consists of a filament, a piezoelectric element, a piezoelectric console and a heating plate. (Fig. 4.3).
x1010

jﬁ 0 10 20 30 40 50 60

% L A W I =G
Fig. 4.3 Energy harvester: a) the filament is cooled; Fig. 4.4 Young's modulus for SMA.
b) the filament is hot.

A similar design was proposed in [49]. To generate usable energy, the system must operate in a periodic mode:
first, the cold filament (see Figure 1a) is heated and contracts (due to the properties of the shape memory material), as
a result of which the hot plate is deflected (see Figure 1b). The model equations are as follows:

p-A-cp
Y = Y2
o = = (keyn + B(u1)y2 — Foara(T, 1) + mg). (4.51)
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HereT is the temperature of the filament, y; is the position of the load (y in Fig. 1a), y» is the velocity of the load. In
fact, the first equation is the heat conduction equation, which describes the change in temperature of the filament, and
the second is the oscillator equation, which describes the change in position of the load.

Note 1.We will only look for solutions that correspond to the continuous right-hand side, so we set f=const and
will reject solutions that do not satisfy inequality (4.56).

Note 2.When implementing inequalities

Yeo < yi(0); p1(0)) < o VI (4.57)

the right-hand side of equations (1) is smooth (see (4.53)). We will consider only such solutions.

Note 3. The M parameterss, Msare not used in the model, as the hysteresis loop is replaced by a nonlinear
characteristic (see above).

The goal is to determine the values of the parameters at which self-oscillations occur in the system (4.51).

Here the value of the parameter Ayois chosen in accordance with the maximum recoverable elongation, which for
nitinol is € = 0.067, see [18] (since the elongations of the filaments are assumed to be small, we consider less than half
of the maximum allowable elongation range).

The following restrictions are imposed on the varied parameters: 0.01 <d< 0.3, 10 < k. <300, .005 <bh< 10

104<r<1073,001<m<1,0.1<I%<1

The initial conditions for the system are as follows: 7' (0) = Ts, y1(0) = Aycqy2(0) = 0.

This brings us to the formal formulation of the problem:

Task. Given a system of equations (4.51), (4.52), (4.53), (4.54), (4.55), the values of the parameters are known. It
is necessary to find the values of the parameters 9, kc, B, r, m, IS0, satisfying the constraints (4.58), for which there are
self-oscillations in the system (i.e. orbitally asymptotically stable periodic solutions), and under the initial conditions
(4.59) the solution satisfies inequalities (4.56), (4.57).

4.1.6 Evolutionary search

Let us find the values of the parameters that provide self-oscillations. For this, we use numerical simulation and
the particle swarm method [28]. As a method for numerical modeling, we will use the explicit Runge-Kutta method of
the fourth order with a constant step. The numerical integration will be performed on the interval [0,100] s with a step
of 1073s. The particles will be a set of parameter valuesd, kc, b, r, m, Isp. Hereafter, the particles will be denoted by P,
that is,P=(9, k., b, r, m, Isy).

Let Nyax is the number of points of the local maximumand” (#)in the integration interval [0, 100], Ny~ the number
of points of the local minimum; Mj,..., Myma- maximums, mj, ...,my. are minima. Let's look at the functional:

Nz Numin
Z M, i Z m;
i=1 i=1

‘]<yp<)) = N - N 'Nma.T~

In fact, the functional J is analogous to the product of the average amplitude of vibrations and the frequency. The
functional J represents the fitness function. In this case, it is necessary to take into account the requirement for
smoothness of the right side (see Note 2), as well as the maximum allowable stretching of the thread. According to Note
1, the right side will be continuous ifand;(t)<A,sTo keep the thread constantly taut, we introduce an additional threshold
value and look only for those solutions for whichAy-and;(t)>eilsp, wheree;>0In this case, the maximum stretch of the
thread is limited, i.e. the position of the load must satisfy the inequalityAys-and;(t) < &xls.

Using the particle swarm method with the specified fitness function, it was possible to find the values of the
parameters that ensure the periodic motion of the system. These parameters are as follows:d=0.0186, k=300, 5=0,065,
r=107*, m=0.1, Is;= 1. The results of modeling the system with these parameters are shown inFig. 4.5,Fig. 4.6, Fig. 4.7,
Fig. 4.8.

0.027 0.027-

0.026 0.026-
£ 0025 E0.025-
- g

0,024 0.024-

0.023-

0.023

0.022- 0.022

98,00 925 9850 W 99,00 w25 850 w75 10000
0 2 40 0 ) 100 Fsec
t, s8¢

Fig. 4.5 Load oscillations for the entire integration interval. Fig. 4.6 Load oscillations in steady state.
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Fig. 4.7 Temperature fluctuations in the integration Fig. 4.8 Temperature fluctuations in
interval. established regime.

The solution satisfies the inequality from Remark 2, so the smoothness of the right-hand side is not violated.

4.1.7 Minimizing vibration frequency.

Above we determined the values of the parameters at which self-oscillations occur in the system. However, these
vibrations have a frequency of about 21 Hz and an amplitude of the anglefabout 17°. In this case, the length of the thread
is 1 m and this length coincides with the length of the hot plate. In practice, it is difficult to use such a mode of operation
of the installation. For practical application of the installation, it is desirable to provide a frequency of 1-2 Hz. On the
other hand, the high frequency of oscillations at the specified parameters is expected, since the value of the fitness
function decreases with increasing frequency. We can consider another fitness function that has a minimum at the

required frequency of vibrations:
Noaz Nonin
STM; Y my
JPe))=-| = _ =l . o~ faltend—tstart) ~Numaa®
A‘\"nm.z' :\‘min

(5.61)

Where fsis the desired oscillation frequency in Hz, .« and fe.s are the beginning and end of the time interval
during which the numerical integration is performed. The functional (4.61) takes a minimum value at a frequency
coinciding withf;(if the values ofM,;, mjare fixed). It should be noted that the equations for the load position (4.51) are
actually the equations of a harmonic oscillator with the difference that the coefficient ofand;on the right side
fory »(which corresponds to the natural frequency of the system) is not constant and depends on the temperatureT.

Statement 1.For the function (4.63) under constraints (4.64) and) <7 < 2.9 > 0 inequality fair
g

S(m, k) = .
52]

Proof of statement 1 has been made.
Proposition 2. Let in problem (4.63), (4.64) the coefficients y<0, €2>0. Then for every m, k, r, | satisfying
constraints (4.64) the inequality holds:

9
g mre €

O, k,rl) = T J + [—i (Ea_ —E, 2 ) = ¢~

(g9 — ) m g9 — 7 4.65)

This means that negative values ofcto minimize the vibration frequency. Since by definition ofc, Ayy=yls,

physically this corresponds to the attachment of an unstretched thread to the cantilever. In this case, the load is carried

by the cantilever, not the thread (seeFig. 4.9).

Fig. 4.9 Energy harvester at Ayg < 0.

e This is how the values of the model parameters are determined, which provide
' self-oscillations with the required frequency.
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4.1.8 Optimization implementation details

To find an approximate solution to the system of differential equations, the classical fourth-order Runge-Kutta
method with a constant step was used.

In conclusion, it can be said that the model of a thermoelectric harvester has been considered. For this model, the
values of the parameters at which self-oscillations occur have been established. In this case, the values of the filament
parameters correspond to the real nitinol alloy.

4.1.9 Introduction and statement of the specified type of task

In the article [29] a nonlinear control system is considered:

mij(t) + Bi(t) + ky(t) = al™'E (T(f)) (/_\ — y(z‘)) —mg.
ay T (t) + T(t) = u (.71
System (4.71) is a simplified model of a thermal energy harvester [8], where the following notations are used: y is
an output variable characterizing the deformation of a shape memory material [30] with 0 <y0 <4; Tis the temperature
of the material with 75> 0; positive numbers m, b, k, a, [, D And care physical parameters of the thermal energy harvester;

g is the gravitational acceleration; u is the output feedback control (u=u(y)); and E is Young's modulus, which is

described by a nonlinear characteristic with hysteresis and saturation (Fig. 4.15).
u A E

s

E~—!+')

A

! Ex
Ul et
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n y2 Y
Fig. 4.14 Feedback control. Fig. 4.15 Characteristic on E(T ) with hysteresis.
Task. It is necessary to find constraints on the numerical parametersm, &, a, [, b, D And cof system (4), as well as

for the parameters y;, y2, u and u of the controller (4.73), for which there exists a periodic solution (periodic mode) in
the closed system (4.75).

Periodic mode in a system with programmed control

We divide the solution of the problem of the existence of a periodic solution in system (4.75) into several steps.
First, we investigate the existence of a periodic solution to system (4.74) with the programmed control:

u(t) = u if te[¢0,q0 +04) ¢ =0.1.2  0,40,-0
plt) = =0,1.2,...; - )y = 6.
uw, if te [q(T) 4+ 01, ¢0 + 0, + (T)g). (478)

Here u, I; And I are positive parameters of the programmed control. Let us consider the problem of finding values
of control parameters that guarantee the existence of a periodic solution of the closed-loop system (4.74), (4.79). First,
this control u(?)is part-continuous constant /-periodic function. Let us show that the equation:

ia(t) = = (w3(t) — up(1)) (4.80)

Fig. 4.16 And Fig. 4.17schematically depict the functions x'(f) and f(¥) for ¢ €/0, @].
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Fig. 4.16 Graph of the function xO(t). Fig. 4.17 Graph of the function ¢ (t).

Theorem 8. Let the parametersin,in, [; , And Jof the programmed control (4.69) for the system (4.64) satisfy the
following conditions:

We have the inequalities

‘ w(l — E;*”f(@*@l)/ﬂ) +u(l — (7*791/Q)E?*“f(9*@1)/ﬁ
My <T= 1 —e8/a
. T_ u(l— E;*"fel/ﬂ) +u(l— (7*7(9*91)/0')63*7@1/0‘

1 — e 78/a

Condition (4.93) is fulfilled.
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Then there exists only a periodic solutionx’(t)=(x'(¢), x'(t), x'(t))"of the system (4.74) with programmed control
(4.79). In additionx'(0) = T.

4.1.10 Periodic mode in a feedback system
Theorem 8 and the periodic solution x'(#), obtained from this control. Therefore, the following statement is based
on Theorem 8 and sufficient conditions obtained in [29] for the existence of oscillating modes.
Theorem 9. Let us assume that: The parameters of system (4.74) satisfy the inequality:

0 1 0 1
A — mg + kA ~0 ( K+ aE, 3) ( Kl + s 3)
A' =+ v E1 /l] - m 75 - m 7;

" the spectrum of each of the matrices
lies on the negative semi-axis.
Theorem 10. Let the assumptions of Theorem 9 and the inequalities (4.95), (4.96) be fulfilled. Then there exists a
periodic regime with initial conditions (4.94) in the closed system (4.75).
Simulation results
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Fig. 4.18 Function graphs y(t), T(t) and E(t), corresponding to a periodic mode of the system (4.71).

A mathematical model of a thermal energy harvester was obtained in the form of a controlled nonlinear dynamic
system (4.71), whose coefficients are positive numerical parameters.

5 Chapter Modeling of Thermoelectromechanical Systems

5.1 Conducting mathematical modeling of the related thermal mechanical and electrical
processes.

5.1.1 Building a model of an energy harvester with two inclined cantilever beams

5.1.1.1 Geometric and kinematic dependencies

An energy harvester with a symmetrical structure was considered, consisting of two inclined cantilever beams
connected at their free end by a strand of SMA as shown in Fig. 5.1.

To determine the forces and deformations, it is assumed that before the SMA strand is installed, the undeformed
consoles are in the positions OAy and ByC (Fig. 1). Provisions 4; and B, correspond to the initially mounted thread in a
cold, martensitic state.

For cantilever beams, the following simplifying assumptions are made: 1. The deformations of the cantilevers are
small. 2. The free end of the cantilever during deformation moves perpendicular to its upright unloaded position; 3. The

loading in the cantilever is pure bending and the deformations are the result of the force action only. Filt is assumed

that the initial, undeformed length of the thread is 5o , In order for the tension thread to be deformed during installation,
it must So < 4B, )
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% Fig. 5.1 Symmetrical SMA-PEEH with two

i ! / h, . . . L . .
g, i, . F, : * ) B, inclined cantilever beams in initial installation
. /s 5 ) position at low temperature.
%
Ayl Sy ,—kho

It is assumed that when installed in a cold
doe __ C state the thread has lengthened and has a length

N 4 5= AB

Since at low temperature the SMA is in the martensitic form, the longitudinal force in the shape memory alloy can
be calculated by the formula

EmAsgsl sl gz
F.;l = (Em _EY')Asgri + E’I'As‘gsl gny; - gsl - SIZ
d
(Em - E’I' ) A.\'gr?; + (EI - Ed)Asgsl + EdAsgsl gm < 8“ (5 2)
S =S
8.\'1 = 1 : A
where S0 is the relative longitudinal deformation and ¥ is the cross-sectional area of the thread, e is

d
the “limit” relative longitudinal strain of twinned martensite, €~ is the minimum relative longitudinal deformation of

E; e modulus of

twinned martensite, E. ¢ modulus of longitudinal deformation of the SMA in the austenitic phase [Pa],
longitudinal deformation of the SMA in partially twinned martensitic phase [Pa],Ed e modulus of longitudinal

deformation of the SMA in the fully detwinned martensitic phase [Pa], E, ¢ is the modulus of longitudinal deformation
of the SMA in the fully martensitic phase [Pa] [6]. The projection of this force is balanced by the cantilever force

o 3EI s
¢~ 13 Ya . . . . . .
r ,where E is Young's modulus, [is the moment of inertia of the section, lis the length of the
5 — 5,\‘1
. . . . cl T .
cantilever and “!is the deformation of the free end, which can also be represented as sma After
Fo- 3EIS
: . . . sl .
substituting (1.3) and (5.5) into (5.4) we obtain Psin’a (5.6)
Taking into account (5.2), the equations are defined
3EIS ,
E, Ag, _m =0 £, <,
y 3E[6r y a
(Em - ET)Asg{u +EAg, _m =0 g,564% gnﬁ
(Em - Ez')Asg;; +(EJ‘ - Ez/)Axgsl +E g, - 3E-](zﬂ =0 ;Z €q
I’sin” o ) (5. 7)

From the horizontal dimensional chain in Fig. 1, a second equation can be written 20, +5,= 4B, =2lcosa +dy,

The resulting system of equations (5.7) and (5.8) has a solution

3EIL, o N.L, e <g
o g, <&, D, 5 = om
_ ¥ N AE ,e’s,+L,E
g = 3EIL, -2NAE € 6 <s, ng 5{1 _ ( 7&mS0 T) 6 <e, SSZ
1 DT 1 DT
2N, (AEmgi +AEM:T83;)_3E[Ln1 N, [(AEng;i +AEn1Tg;;)SO + LmEd:| ;
D gsl 2 gm D Ssl 2 Srlﬂ
f 2 o (5.10)

Modeling the electromechanical system with a piezoelectric part
Due to symmetry, only one cantilever with one piezoelectric layer is considered. For the electromechanical system,
two generalized coordinates (5.or degrees of freedom) are introduced. The first degree is mechanical, corresponding to

the displacementa“ =¥ of the cantilever along the horizontal axis. The electric charge q of the single circuit of the
piezoelectric transducer (1.Fig. 5.3) is taken as the electrical generalized coordinate. It is assumed that the mass of the
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cantilever and half of the mass of the filament are concentrated at the free end point4,in one conditional equivalent

mass " The electrical circuit is composed of a piezoelectric element and a load resistor. R,

1

Fig. 5.3 Dynamic model of the piezoelectric cantilever: a) mechanical part; b) electrical circuit; c)
electromechanical model; c) electromechanical model.

On the cantilever beam on the side of the tensioned end, three thin layers of a lower electrode, a piezoelectric film
and an upper electrode are sequentially applied. Here, it is assumed that the two electrodes are connected by a load
resistor. In addition, it is assumed that the polarization of the piezoelectric layer is in the direction of the longitudinal
axis of the cantilever. Since the relative elongation of the piezoelectric layer is along the same axis, the operation mode
of the piezoelectric transducer isd;s.

F,=F,(T,x)

The combined forces are s = ~px and the power of SMA , which depends on the displacement and

temperature and will be determined in the next section. Herex =Vis the velocity of the generalized mass. The

generalized electric force is taken to be the voltage drop across the resistor . =R yhere? =1is the current in the
electrical circuit. The interaction of the mechanical and electrical variables is expressed by the Lagrangian, which in
) 2
kx
W, = mx W -
7 ,where 2 is the kinetic energy of the cantilever, 2

this case has the formW =Wy =Wo =W,

(5.36) is the potential energy, kthe reduced elastic constant of the cantilever. The third term 77 in (5.34) is the
total energy of the piezoelectric transducer, which according to [129] can be represented in the form
’ K, K, AZ
A+

__
W”’_zc(1—k;) c(1-k2) K2

,where K.is the elastic constant of the piezoelectric transducer with short-
2

circuited electrodes, k.is the electromechanical conversion coefficient of the piezoelectric material, dy, is the

piezoelectric coefﬁcient,cis the equivalent capacity,Ais the deformation of the piezoelectric layer, which is

proportional to the horizontal projection of the free-wheel displacement and can be expressed as A= PX where Pris the

ratio of the longitudinal deformation of the piezoelectric layer versus the displacement of the free end projected along
X.

After the Lagrangian is differentiated according to the Lagrange equations of the second kind, the system of
differential equations is obtained

. 3 ' 7+ d,K,p.C' _ dyK,p, K.p. _—
e 202(1—k§) Cz(l k)qx C(l—kj)q+(l—kj)x prehs
1 d:K,p, R
=-Rygq
c(i-k2)" c(i-x2)" (5.42)
C’=£ EW, P,
Where dx &

5.1.1.2 Modeling the force in the SMA filament
To determine the strength of the SMA filament, it is necessary to model the SMA, which changes its

crystallographic structure at different temperatures and loads. At a value of the parameter S =Lthe alloy is in a fully
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martensitic state, and at a value of 0 — in a fully austenitic state. If the alloy is in a martensitic state and starts to heat
up, at temperature Asthe beginning of austenitic transformation is observed. Between points Asand Asthe material is in
both martensitic and austenitic phases. After point Asthe alloy has completely transformed into the austenitic state.
Conversely, if the alloy is completely in the austenitic state and begins to cool, at point Msthe martensitic transformation
occurs and it will continue until point My, where the entire volume of the alloy has transformed into martensite. The
graph shows that before the temperature Ashas a completely martensitic phase, and after the temperature Mgthere is only
austenite phase. Mixed fractions are present in different temperature ranges AsAr, when heated and MMy, during
cooling. Between temperatures M, and Asthe alloy can be entirely in either the martensite or austenite state depending
on whether it is heated or cooled. Fig. 5.5 illustrates the hysteresis behavior of the SSF, which is complex to model.
When the crystallographic transformation is in an intermediate state at some point on the M curvessMror AsArand a
change in the temperature gradient occurs, minor hysteresis loops are observed, shown in Fig. Fig. 5.6. The change in
the sign of the temperature gradient causes an immediate reversal of the martensite fraction Rm. If a SMA material is
in the martensitic phase and the temperature is increased so as to completely transform the SMA to austenite and then
the material is cooled so as to completely transform back to martensite, the hysteresis loop is called a major loop. If the
temperature of the SMA material is partially cyclic between the transformation temperatures, internal branching
behavior is observed. If the SMA material is in a temperature branch with increasing temperature so that the SMA is
initially in martensite, it begins to transform to austenite, but before the material is completely austenite, the temperature
gradient reverses on cooling. In such a case, the graph of the martensite fraction of the SMA will followsecondary
branchat the closing, which results inminor hysteresis. A similar branch of the second cycle will occur when the
temperature profile switches from cooling to heating before the material is completely martensite given that it was
initially austenite. The major and minor hysteresis loops are closed. The major and minor behavior is shown in Fig. 5.6.
With increasing mechanical load, the hysteresis temperatures increase as shown in Fig. 5.7 and Fig. 5.8.

Stross - R . o 45

o ~ A Temperature ‘ oPa : k i : i 05

] 0 0 % 4 % 60 W & w0
temperature [C)

50 0 50 100 150 2m = 300 350
Temperzture (deg)

Fig. 57 Dependence of Fig. 5.8 Displacement of Fig. 5.9 Hysteresis loops e-T obtained
hysteresis temperatures on hysteresis loops at different experimentally [30].
mechanical stress in SMA [30]. mechanical stresses in SMA [30].

The constant Cm [°C/Pa] expresses the slope of the transformation temperature lines.
Thermal model of SMA with Joule heating by electric current
The change in temperature that is heated by a current flowing through it is

chwpd—T =i(t) R, ~hA,(T(t)-T,)
dt . (5.52)
where 7 is the specific heat of the SMA, Vvis the volume of the SMA wire, P is the density of the SMA material,

T,

A « is the ambient

wis the area of the surrounding surface of the wire, h. is the heat convective transfer coefficient,

temperature, R is the electrical resistance of the wire.
_ _ AT
By laying the 0(T)=T() Tw, P(t)=i(t) R,
and applying the Laplace transform we obtain
c,V.p [SQ(S)—Q(O)J = P(s)—hCAWQ(S) . (5.55)
Taking into account that

7(0)=T. = 6(0)=T(0)-T.=0 s

(5.54)

the transfer function is derived
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1

0 (s) A
P(s) ., hA,
VP (557)

A similar equation can be used when heating the filament by a heater via conduction, convection, and radiation, if
the source power function (5.54) is correctly described mathematically.
Phase-kinetic model

C C H H
like if the filament only cools or only heats the functions B (t) , Ry (t) , Ry (t) And Ry (t)remain constants (??7?).
Only when there is a change from cooling to heating or vice versa do these functions change. The time when such a
C C
transition occurs is called the switching time. The constant ky determines the slope of K, (e’t)at an "average"
_ nC H . H
transformation temperatureg =5 Similarly, the constant™» determines the slope of Ry (G’I)at “average”
_ pH
transformation temperature 0=p"
Initial conditions

RS, (0)=R,, (z)[nek;ﬁ( } RS (0)=R,, (5.66)

R (0)=R,, ()[1+¢%" | RE(0)=R,, (567

C H
where R, And R, are positive constants chosen so that R, (9’0) And R, (Q’O)to describe a major hysteresis
loop. At the boundary temperatures® =0 And 6 = © from (5.64) — (5.67) it follows

c _ pH —
Rm (O’in_ Rm (0’0) - Rm 0 TR , (568)
And

. c T H —
(!gl;lo Rm (6, 0) = })El;lo Rm (9’0) B R'"bo s (569)

. . . .. R + =1 .
For the alloy to be in 100% martensite at ambient temperature it is necessary “o© B and to be 100% austenite
y p ry

R .. .
fom o B it is good to specify them to match the

. R, =0 . .
at high temperatures - ™~ Madil points out that the values o
empirical data.

Switching conditions for heating - cooling

R,(6,1)=RY(6,1) R,(0,t)=Ry (60,1)

While the SMA heats up . When the filament cools ™ When a transition from

heating to cooling occurs, the continuity of the K, (G’t) There cannot be a sudden change in the martensite fraction.

Because the absolute longitudinal strain ®sis a function of R, (6.1) the instantaneous change in the martensite fraction

will also cause an instantaneous change in ®s This natural constraint is called the continuity condition expressed as
C _ pH
Rm (Hs ’ts ) - Rm (05 ’ts) . (570)
where ’s is the time at which the transition is switched.

Since all hysteresis curves must end at the same point, a condition for a common origin is also introduced.
C _ pH
R, (0,¢,)=R, (0,0), 5.71)
Through the conditions for a common origin and the continuity condition, the dependencies (5.66) and (5.67) are

transformed into
(1 gy )(1 +ek;;(en“)j

S

RS, (1,)= [Rmo +R,, +R (0.1, )]

ma

(5.72)
R (1)
1+ (5.73)
Switching conditions for —cooling- heating

Similarly, a continuity condition and a common boundary condition are defined for this transition. By analogous
reasoning, the formulas for this transition are derived

R, (,)=R,, +R

mag mby,
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R

, (5.74)
H =
Rmb (tx) Rmb(, , (575)
Mechanical model
(o}
O_ < Y
(2. ~(E.-B,)R, ] e
g, = o+(&~4%)&§;’ g’ <g <g
S [E (- E)R, oo
o+(E—E,)R el +(E,—E )R e  pi<e
h‘ _ ]‘f: —h‘ R m 5
|: a ( a d) m:| , (5,76)
For the power to be expressedRin the SMA thread (5.76) is solved with respect to O and it is taken into account
G=F;
that 4 and is derived
[E,-(E,-E,)R, e, A. 0<eg <&
F;' = |:Ea _(Ea - ET )Rm:|gsAs _(ET _Enz)gli:RmAs’ SIZ < gs = gl‘ii
|:Ea _(Ea _Ecl)Rn]g,sAs _(ET _Em) rzg;:As _(Ed _ET) nngAs’ gli SSs , (577)

In the third equation in the first bracket is E4instead of what was written before £7
In the above dependences, it should be taken into account that the martensite fraction is a function of temperature,

_85=5,
R, =R, ( P

e ) , and the relative deformation is So

It is assumed that at the initial moment at? = 0 | the deformation
of the thread is % =%~ When at? > Othe console moved horizontally to a random position * | the deformation in the
thread will be

AS:ASI—zx:SI—SO—Zx (5 78)

b

because two cantilevers at both ends of the thread are deformed simultaneously.
Thermal conductivity modeling

It is assumed that the SMA filament is heated along its entire length. The heater has a temperature Ty ,- The filament
has a circular cross-section and when it is touched to the heater it can be represented by the diagram in Fig. 5.12.

Fig. 5.12 Thermal conductivity diagrams: a)
bottom position of the heater; b) side position of the
heater, c) side position of the heater with position
control.
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Heating from the heater, which has a constant

temperature T when the wire is glued to it is,

Qin = asAc (];1 - T)

A
7]

a) 6)

&

. where %s thermal
conductivity, W/(m.K) "metal-metal", A, is the surrounding surface of the wire in contact with the heater [32]. The

surrounding contacting surface A, can be determined by Hertz's theory if the pressure with which the filament is pressed
against the heater is known.
In shape memory alloys, the thermal conductivity coefficient varies depending on the phase state. Reference books

give the thermal conductivity values for the fully martensitic phase. &y =%y T<Mf , (5.81) and fully austenitic

phase % =% T>4f (5¢
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When the SMA is in an intermediate phase, it is customary to calculate the thermal conductivity coefficient using

the formula*»~ ayt(g, —a )R

It is evident that the above formula reflects the change in the thermal conductivity coefficient for the entire
temperature range including (5.80) and (5.81).
In more detail, the thermal conduction process can be described by the equation [130,131]:
Ly = p“‘c“‘d %4_@8‘_7;’4_&(]:’4 - ‘fa/)
g 4h Ot 4h Ox h

Radiation modeling

0,=42,0,(T'-T") . 0,=567.10" [W/m -K*]

When the filament is far from the heater where is the

Stefan-Boltzmann constant for radiation, and €iis the “emission” coefficient of the heater and filament materials,
A ~A412 is the surrounding surface of the filament that is exposed to radiation [7].

Convection modeling

-T

In convection, the heat flux leaving the wire (or entering the wire, if L, > 0) is the heat transferred by it to the

- w/(m*-"C
environment: Qou where hc is[ (m )} metal-air convective heat transfer coefficient AS .From
equation (5.78), after taking into account (5.78) —(5.81) it is obtained

dT (XSAL‘(T;‘I_T)+(AS_AC)hC(T°0_T)’ ySO
psVscp_: 4 4
di | Ae,0,(T,} ~T*)+Ah(T,-T), y>0

=(4,-4)h(T,-T)

(5.86)

5.1.2 Design of SMA-PEH with two inclined beams

5.1.2.1 Determination of forces in the thread and cantilevers

To cool quickly, we initially choose a 0.01mm diameter SMA filament from Dynalloy. For this type of filament,
Flexinol (trade name for nitinol) is available in its catalog [33]

We assume that this force is applied to the console in the assembled state, at martensitic temperature.

< ‘ v
Oy B

o

A"\

b .

[ Fig. 5.13 Distribution of forces in SMA PEH

The dynamic model consists of three differential equations. The first
two equations describe the mechanical and electrical parts through the system (5.42), and the third equation (5.82) is
for temperature changes. This leads to the system of differential equations

c . du K. pC'  duK.p,  K.p

WK.pC' o duK,p, P i friF.

e ) M ) L () K ()
1 d K p,.

(,‘([—k,f)qu(.'(l—ki)

o, A (T, -T)+(A -A)h(T,-T), y=0
Ag,0, (L =T*)+Ah (T, -T), y>0

mx + kx —

x=-Ryq

pVe,l' =

(5.89)
in which the unknown functions of time are x(t), q(t) And T(t).

Since at*=0the vertical displacement of the thread is” ~ Oand atx>0we have respectively ” >0 , the above
system after lowering the order of the first equation is written in the form
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¢

T [, A (T, ~T)+(4,~ 41 (T, -T)]. x=0

1

e [A,ghoB (1) -1")+ An (T, —T)} x>0
Ve, (5.92)

5.1.2.2 Determining initial conditions

At the initial moment when? =0, the console is stationary, thereforev(o) - O. The temperature of the filament is
equal to the room temperature T(O) =T, .
The position of the mass is assumed to be x=0 when the SMA thread has a length 5 The preliminary deformation
of the cantilever at x=0 is calculated by formula (5.9)
_ Psin2asino +dlsin’ o

xl =

2sin’ o+ 5,4, , where 4 is calculated by formula 1.11. This preliminary deformation must be added

to the model for the elastic force of the cantilever, and the first equation in (5.42) and (5.92) respectively takes the form

iiix+k(x+5xl)— 2C ; q2+de”p"S gx— d33K"p; q+ K"p'; x=-Bx+F,
2¢ (l_kp) ¢ (1_kp) C(l_kﬁ) (1_kp> (5.94)
respectively in (5.92) the first equation is rewritten as
' ] C’ 2 d33KapxC’ dSSKapx Kapx
=—|———q —k(x+6x,)- + - - Bv+F
R e T L S e ey LTy ey R
(5.95)

The charge at the initial time follows from the third equation of (5.86) after applying ¢ = 0
q(O):—d33Kupxx(0), (5.94)

5.1.2.3 Simulation results of the dynamic model of SMA-PEH with two inclined beams

A Maple program was compiled (Appendix 2), through which the results described as follows were obtained. The
modeled martensite fraction according to the pre-selected parameters shown in Fig. 5.14.

The thermal conductivity of the SMA is also modeled with a similar shape (Fig. 5.15).

Fig. 5.16 shows the graphs of the forces in the SMA filament during heating and cooling.

Solution of the system of differential equations for the displacement of the free end of the console along the x axis
shown in Fig. 5.17 for a vertical position of the heater corresponding to the coordinate xr=0,0085 m.
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Fig. 5.14 Martensitic fraction of Fig. 5.15 Thermal conductivity Fig. 5.16 Forces in the SMA
SMA. coefficient of SMA. filament at 39°C during heating and
cooling.
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Fig. 5.17 Moving the free end of

along the x-axis.

Fig. 5.20 Change in

temperature of the SMA filament in

the interval 1.3 to 2.1 s.

Fig. 5.23 Speed of the free

end of the cantilever

N\

9

Fig. 5.26 Phase portrait x=x(v).

Fig. 5.18 Moving the free
end for the first heat pulse.

Fig. 5.21 Results for the
generated electric charge.

Fig. 5.24 Freewheel speed of the
console for the time interval 1.5 to
2.1s.
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Fig. 5.27 Change in force in SMA.
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Fig. 5.19 Temperature of the
SMA filament for an interval from 0 to 5
s.

'
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Fig. 5.22 Generated electric

charge for the time interval t from 1.3
to2.1s.

-4

Fig. 5.25 Acceleration of the freewheel
on the cantilever.

o 1 2 3 4 5

Fig. 5.28 Change in force in the console

5.1.3 Building a model of an energy harvester with two inclined cantilever beams and a suspended
mass in the middle of the SMA string

5.1.3.1 Justification

It is assumed that the energy harvester with added mass may have the highest efficiency of all those studied so far,
which is why it was included in the research of this chapter.

31



5.1.3.2 Task statement
As already clarified, the task here differs from the one considered above in that in the energy harvester of Fig. 5.1,
a mass has been added in the middle of the SMA filament as shown in Fig. 5.29. To ensure optimal heating of the
V’ filament, the heater is composed of two parts, which allows
- the mass to move without restrictions.

e R E—
1
1

R

M

' Fig. 5.29 Schematic of an energy harvester with

/'\BU two inclined beams and a mass in the middle of the SMA

filament: 1. 2. Cantilever beams with piezoelectric layers;
2. SMA filament, 3 Mass, 4. 5. Heater.

N

o) C

m N : 5.1.3.3 Geometric and kinematic

dependencies for an energy harvester with two

inclined cantilever beams and a suspended table in the middle of the SMA thread
Initially, the energy harvester was considered with the thread in a horizontal position, ignoring the weight of the
mass and assuming that the thread is not deformed under the action of its weight.

Similar to the previous models, it is assumed that the initial, undeformed length of the thread is " ° In order for the
tension thread to be deformed during its installation, in this case it is also necessary to satisfy the inequality

s, < 4,B,

i
iFex F, ,

ARREERRERERRR | adaaaaaaaaaaaas

Y

Fig. 5.30 Symmetrical SMA-PEEH with two inclined cantilever beams and a table in the initial installation
position at low temperature.

It is assumed that, during cold mounting, when the shape memory alloy is in the martensitic state, the thread has

deformed in length 5, =45 )

Because the strength of the SMA threadFS1 is balanced by the horizontal component of the cantilever force, it

follows 1 =Fe where in the martensitic state (R»=1), the longitudinal force in the shape memory alloy is calculated
EmAsgsl gsl < gz
F;l = (Em - ET)ASE; + E’I'As‘gsl gny; = gsl < SZ Sl _So
g, =—"
E —E\)Ag' +(E, —E,)As, +E, ,A¢, gl <eg, i
by the formula ( mo ) o ( ! d) R ™= where S0 is the relative

. . A . . v . . L :
longitudinal deformation and “ ¥ is the cross-sectional area of the thread, €~ e is the “limit” relative longitudinal strain

E, e modulus of

of twinned martensite, &, is the minimum relative longitudinal deformation of twinned martensite,
longitudinal deformation of the SMA in the austenitic phase [Pa], Er ¢ modulus of longitudinal deformation of the SMA
in partially twinned martensitic phase [Pa], E4 e modulus of longitudinal deformation of the SMA in the fully detwinned

martensitic phase [Pa], E, ¢ is the modulus of longitudinal deformation of the SMA in the fully martensitic phase [Pa]

[6].
The resulting system of equations (5.101) and (5.102) has a solution similar to (5.9) and (5.10)
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3EIL, . N.L, g <¢g,

£ S S'V s — Um
D, = om D,
_ N, (AE,, &5, +L,E,

g, = SEIL, ~2NAE,, 8, gl <g <g! 8, = (A, ) gl <g, <gl

51 DT S 1 D’[‘ 1

2Ns (AETJS + AEml 8 ) 3E[Lm N.s [(AETdS;j + AEng;:;)SO + Lm Edi|

£, 28, g, 28,

Dd D[[ l

where it is laid: N, =4, Psina. L =2lcosa+d. D, =2N.E, +3E1s0 =2N.E, +3EIS0; D,=2N_E, +3EIs, Fig.

5.31 shows the general layout of the energy harvester

f.}'

Fig. 5.31 General position of SMA PEEHM.

In the general case, at any temperature, the force in the

filament from the SMAF;'is defined by (5.77), which is the
partially discontinuous function.

0<g <g
F;' = |:Ea _(Ea - ET )Rm:|gsAs (E Em) l:RmAs’ gm < 8 = 81}1
E,—-(E,-E e A —(E,—E,)Re'A —(E,—E, )R el A, el <e
|: a ( a d)Rn] $s47s ( m) m~m* s ( d T) mm*"s m s ’(5105)
SS _ §—8 ,
where %o e relative longitudinal deformation of the SMA filament, ®» ¢ is the “limit” relative longitudinal

d
deformation of the SMA thread in twinned martensite, °» is the minimum relative longitudinal deformation of the SMA
filament in twinned martensite, E. ¢ modulus of longitudinal deformation of the SMA in the austenitic phase [Pa], Ere
modulus of longitudinal deformation of the SMA in twinned martensitic phase [Pa],Ed ¢ modulus of longitudinal

deformation of the SMA in the twinned martensitic phase [Pa], £y ¢ is the modulus of longitudinal deformation of the
SMA in the martensitic phase [Pa].

Exactly A4 the powerF;'is balanced by the projection of the force reaction at the free end of the cantilever

F, =F.cos(a+p) on the direction of the thread, from which the equation follows Foeos(a+p)=
The obtained expression (5.117) for the deformation of the cantilever is substituted into (5.116) and the equation

for the relationship between the length of the SMA thread and s and the vertical coordinate of the mass is derived. ”
implicitly:

%{3El[cosoc (200sayM +d,, sina +Sq)Sq1 =8y, d,, cos'a +
+[ (833 242, )siner 24, S, 121y, [eos> v +[ (45, ~61d, )sines =218, +10,, d,, Jeos’ o +

+[(d§lc —8y;, —4r +s2)sinoc +2d, S, +121y,, |cosc +(2ldolc —quM)sinoc +21S, -2y, dw}} =

[E _( ) m}(s SO)A /5 0<g <¢g’
== [E Rm} s—s,)4,/s, —(E; —E,)&.R,A,. gl <g <g!
[E,~(E,~E,)R, |(s=s0)4.[5, —(E; —E, )R, .4, ~(E, ~E; )R £34,. & <¢, G.118)

where

S, = \/4)’,«4‘10‘6 sina cosa _dj,c cos’ o +4cos’ ay;, +8ly,, sina —4ld,, cosa —4y?, — 4P+ (5.119)
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S = [(24{2 8y, )cos4 a —2(8c0s2 o —2S, cosa -4y, )(dm cosa + 21)sir1a +
+(81do,c -4y,S, )cos3 a+ (812 e VA )cos2 a+ 4(yMSq -1d,, )cosa -
AP 45?4y 1/2

+' =40 ] (5.120)

Geometric analysis of displacements and deformations

Let us consider an elastic mechanism with the same structure, which contains an inextensible thread in place of the
one from the SMA (Fig. 5.32a). If we assume that the mass oscillates with a constant amplitude, three positions are
characteristic in the positions of the mechanism: middle position ABMCD, where the distance between the free ends of
the consoles AB is maximum; upper position with maximum amplitude, corresponding to pointM;; lower position with
maximum amplitude when the table is in position M> The two positions with maximum amplitudes are symmetrical on

the segment B;C;, which is located higher than the segment at the middle position AB. All these positions can be
described with precise mathematical relationships, but for the case the findings made are sufficient.

a)b)
Fig. 5.32 Geometric analysis: a) of a mechanism without a SMA thread; b) of a mechanism with a SMA thread
and a heater.

Fig. 5.32 b) shows an analogous geometric analysis of the mechanism considered here, i.e. the filament is made of
SMA and its length changes under the action of the temperature gradient created by a heater. To obtain the configuration
shown in the figure, we assume that the temperature time constant of the SMA filament is small enough for the filament
in the lower positionM;on the table, heat it to austenite (or some mixed fraction of martensite and austenite) and shorten
it. From the same assumption for the above situationM;we assume that the filament has the lowest temperature and,
accordingly, its length is the greatest

Based on the initial observations of the real model, it was found that the oscillations in the thermoelastic system
are excited sufficiently effectively even when there is no direct contact between the filament and the heater. This shows
that in order to compile a more accurate model, it is necessary to study the temperature fiecld around the heater in
advance, taking into account the influence of the air temperature. The temperature field around the heater can be
described quite accurately using the moving air as a function of the temperatures of the heater and the room. In the new
model, it is more correct to assume that the filament mainly receives heat from the heat exchange with the air, and other
sources of heat such as conductive and radiant heat from the heater are neglected.

5.1.3.4 Modeling 2D convection heat transfer and thermal deformation

The movement of the SMA thread in a wound with a variable temperature gradient leads to the solution of the
following problem:

Straight cylindrical conductor with densityr, diameterdand length4B = Imoves in a planeOxygenwith hot air with
an uneven heat field (Fig. 5.33). The speed of the center of massSon the thread isin ohis the angular velocity of the
conductor. The temperature distribution along the axisandincreases non-linearly. The isothermal lines are parallel to the
axisx. The initial temperature of the conductor 77, is constant along its length. What is the temperature distribution in
the conductor after timer. What is the thermal elongation of the conductor at the same time?

In the general case, the three-dimensional heat transfer in the filament can be described in a cylindrical coordinate

or  k (azr 10T 1 0°T asz
Y PR R SN
system by the relation o pe,\o" rdr oyt 0

After calculating the temperature distribution T in the wire, the longitudinal thermal elongation is calculated using

the formula

172 1 a(T_T:‘)
Ay = [ [a———dd:

o O . (5.126)
All this indicates that the overall dynamic model of such a system will be significantly complicated, which will

require a large amount of time for its study.
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5.1.3.5 Geometric and kinematic dependencies for an energy harvester with two inclined
cantilever beamsand two tables in the middle of the SMA thread
The heat transfer model can be greatly simplified if we consider a symmetrical energy harvester with two masses
located on the filament outside the heater (Fig. 5.35). Under certain conditions, the two masses can oscillate in single
phase, with the filament above the heater moving horizontally.

M; M
Bl /. 4\,_9 o Fig. 5.35 Two-mass symmetric energy harvester.
BQ\' ~~~~~ N @ : @ ........ "::zi/p c
M; i 4 . .
feater : . In this case, the modeling of the thermal system can be
4 ‘ 2 performed based on the adopted simplifying assumptions in

section 3.1.2.

5.2 Creating a real prototype and experimental system
During the research process for the dissertation, numerous prototypes were created. Some of the results obtained
through these prototypes are included in the dissertation publications.
Fig. 5.36 shows a photograph of the initial prototype of an energy harvester with a copper heater, two inclined
cantilevers with piezoelectric layers, a laptop data acquisition and processing system, and a power supply. A miniature

Fig. 5.36 Prototype of energy harvester with copper Fig. 5.37 Thermocouple, SMA filament and
heater and inclined piezoelectric cantilevers. heater.
A photograph of the energy harvester with two bronze rings on the filament is shown in Fig. 5.38. This prototype
demonstrates interesting behavior that will be the subject of further research and ub}ications.

Fig. 5.38 Energy harvester with two weights on the string.  Fig. 5.39 Prototype of energy harvester with improved
metal support structure.
Fig. 5.39 shows a photograph of a prototype with improved cantilever supports.

6 Chapter 4 Experimental studies
6.1 Conducting test trials on the real prototype
6.1.1 Thermoelectromechanical resonator experiments
As explained above, a thermoelectromechanical resonator (TEMR) is a device designed to generate oscillations

with a constant frequency. In technology, such devices in miniaturized versions, in which the natural frequencies are
many times higher than their macroanalogues, are used for frequency filters.
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One of the goals of the research on TEMO in this dissertation is to improve the modeling of multiphysics systems
in which there is an interaction of thermal, mechanical, and electrical systems.

Fig. 6.1 Experimental stand for studying the

thermoelectromechanical oscillator: 1. A filament of SMA; 2. An
elastic beam with a piezoelectric layer,; 3. A three-axis

accelerometer; 4. Thermocouple; 5. Fixed electrodes; 6. Moving
electrode; 7. Data acquisition system; §&. Power supplies; 9.

Laptop.

Voltage_3 Temperature_1

a)b) 42 -1 1 3 5 1 9 1 3 15
Fig. 6.2 Experimental results for u=6 v, x=2 mm. a) voltage of the piezoelectric transducer, b) temperature
of the SMA wire.

6.1.2 Parametric study of the thermoelectromechanical resonator

Further study of the system by performing multiple numerical solutions for different values of the input parameters
shows that the system is extremely sensitive, i.e. a small change in the input parameters within certain limits causes a
noticeable change in the output characteristics of the generator, namely the macrofrequency. This fact is a prerequisite
for the emergence of a wide variety of dynamic operating modes and the conduct of parametric research. In figures Fig.
6.10 a) +~ d) the horizontal displacement is shownxwhen increasing the values ofxr, obtained by additional numerical
solutions. It can be noted that the shape, as well as the amplitude and macrofrequency, strongly depend on the pre-
tension of the filament by the SMA, and also that even vibration-free modes are possible - Fig. 6.10a).
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Fig. 6.10Horizontal displacement graphs for increasing values of xr

In order to study in more detail the influence of input parameters on the output characteristics of the system,
parametric studies have been carried out. Although the system in “udes a significant number o” input parameters, some
of them are difficult to adjust in the real device, therefore here nly the bias voltage xrand 1 e current i vary within
certain limits. Numerical experiments are performed using the d¢_ived mathematical model.

Fig. 6.11 shows the results of the parametric study of the macrofrequency f as a function of the change in the
parameter xt, which varies from 0.0045 m to 0.015 m with a step of 0.0007 m. The experiments are performed for four
values of the currenti— 0.1 A, 0.4 A, 1 A and 2 A. As can be seen, not for all values of xrvibrations occur. When a
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certain threshold value of x is reachedrvibrations with macrofrequency occur, also, when reaching another threshold
value the vibrations stop. For the considered case, these values are 0.0068 m and 0.0129 m, respectively. It can be noted
that these values are the same for all values of the current i. In addition, it can be seen from the figure that the increase
in xrleads to a decrease in the macrofrequency for all current values, the curves are almost identical and f changes
linearly from 1.5+ 1.8 Hz to 0.7 = 0.8 Hz. The only exception is the macrofrequency graph for the lowest current value,
but this case is inapplicable in real practice due to the small deformation of the cantilever beam. To carry out further
investigation, the current i is changed in the interval [0,1.4] A with a step of 0.13 A and the experiment is repeated for
three different values of xr— 0.007 m, 0.01 m and 0.012 m - Fig. 6.11 b). As can be observed, for current values greater
than 0.6 A, the macrofrequency f depends weakly on the magnitude of the current for all values of xr, which further
confirms the results of Fig. 6.11a). For current values less than 0.6 A, the macrofrequency decreases intensively as the
current increases.

Taking into account the type of the temperature graph T of the SMA filament from Fig. 1.76 b), Fig. 6.11 ¢) shows
the graphs of the maximum, average and minimum temperatures in the conductor as a function of xrfor the current
value 1 = 0.4 A. It can be seen that they grow exponentially, which can be explained by an increase in the heating
duration with increasing value of xr, i.e. due to the longer duration of contact between the electrode and the filament.

The analysis of the simulation results allows to determine the limits of change of the input parameters at which
vibrations are possible in the system, as well as to identify the parameters that most strongly influence the output
characteristics. One particular result is that the change of the pre-tension of the thread by changing the height yrof the
electrode affects one of the most important characteristics of the resonator, namely the value of the macrofrequency, as
well as the amplitude of the vibration.

6.1.3 Experimental study of an energy harvester with shape memory alloys and a piezoelectric

transducer.

The initial experiments were carried out using the experimental setup shown in Fig. 6.12. The SMA filament 1 is
symmetrically fixed between two elastic cantilever beams 2 made of PMZ type discs. The filament is heated by a heater
3. A triaxial accelerometer 4 type ADXL356 is mounted at one end of the filament.

Since the simplified model did not take into account the movement of air due to heating by the heater, in order to
eliminate its effect on the heater, the cantilever beams were turned over. Thus, the heater can operate with its lower
part, where the swirl of hot air is less. The heater and the accelerometer receive voltage from the power supply units 5.
All signals are processed in the data acquisition system 6 and are supplied in
digital form to a laptop 7.

Fig. 6.12 Experimental setup for studying SMA-PEH in the inverted
position of the cantilever beams: 1. SMA filament; 2. Piezoelectric
cantilever; 3. Heater; 4. Accelerometer, 5. Power supply units; 6. Data
acquisition system, 7. Laptop.

Experiments were conducted with three types of SMA filaments, all 234
mm long and with diameters of 0.36 mm, 0.1 mm and 0.076 mm. The first
two filaments have a final austenite temperature Af = 70 °C, the third with Af =90 °C. The distance between the free
ends of the undeformed cantilevers is 243 mm.

The data acquisition system consists of two input/output modules Ni9234 and Ni9219, mounted on a National
Instruments cDAQ 9174 chassis with 4 slots. All data is processed in real time using a LabVIEW program, the block
diagram of which is shown in Fig. 6.14, and the front panel in Fig. 6.15.

Toire
Troar
46,8033 1o

19,5641

0l

. v
Fig. 6.14 Block diagram of the LabVIEW program Fig. 6.15 Front panel of the program
the LabVIEW program
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In these experiments, after a long and laborious positioning of the filament relative to the heater, vibrations
imperceptible to the human eye were achieved, which were registered only by the change in the measured voltage of
the piezoelectric layer. A voltage generation of the order of 0.05 v p-p was achieved, which, as can be seen from the
graph, is only an order of magnitude higher than the noise level, which reaches 5 to 6 mv.

Fig. 6.21 shows a modified experimental setup, which shows (pos. 5) the rings 5 additionally mounted on the SMA
thread. They aim to create an additional load on the SMA thread, to change the reduced mass of the system and to

introduce new mechanical degrees of freedom.

Fig. 6.21 Modified experimental setup; 1. SMA filament; 2.
Piezoelectric cantilever beam; 3. Heater, 4. Thermocouple, 5. Ring;
6. Accelerometer, 7. Power supplies,; 8. Data acquisition system, 9.
Laptop.

In all cases, the vibration processes are stable and with
sufficiently pronounced amplitudes. A similar behavior is observed with two masses of 0.6 gr, with the frequency of
micro-oscillations being 33 Hz (Fig. 6.23). With ring masses of 2.1 gr, a frequency of 16.6 Hz and an amplitude of 0.8
v peak to peak was measured (Fig. 6.24). Increasing the mass logically leads to a decrease in the frequency of micro-
oscillations and an increase in the amplitudes, which for rings with a mass of 4.6 g reach 1.2 v peak to peak (Fig. 6.25).
The influence of the ring masses on the frequency and amplitude is shown in Fig. Fig. 6.26.

Fig. 6.22 Generated voltage from the piezoelectric cantilevers when loaded with two rings with a mass of 0.8 gr
each: a) for the full interval from 0 to 116 s; b) for the initial interval from 0 to 15 s; ¢) for the final interval from 100
to 103 s

a

&)

Fig. 6.23 Generated voltage from the piezoelectric cantilevers when loaded with two rings with a mass of 0.6 gr
each for an interval of 30 s: a) for the full interval from 0 to 30 s; b) for the interval from 0 to 5 s.

6.1.4 Investigation of the properties of shape memory alloys using a linear actuator with

electrical heating and a deforming spring
The schematic diagram of the experimental test stand for the actuator is shown in Fig. 6.27. At point B, a shape
memory alloy (SMA) thread 1 is fixedly attached to a force sensor 4. Opposite, at point D, a spring 3 is fixedly mounted.
Before the two free ends, point C of the SMA and point E of the spring, are connected, the distance between them is

CE =x, After connecting these ends at point A at room temperature, where the SMA is in martensite, the NSMA

=CA AE =x,—

. . . X . . . X .. eger .
receives maximum deformation * , and the spring is deformed at a distance m This is the equilibrium
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state of the actuator at room temperature. T, , which is assumed to be no higher than the final martensite temperature

ME, ie Lo <M

M Fig. 6.27 The schematic diagram of the SMA and force characteristics test

: bench: a) schematic diagram. 1. Shape memory alloy filament; 2. Spring; 3.
Thermocouple; 4. Force sensor, 5. Position sensor and accelerometer; 6. Power
supply unit; 7. DAQ; 8. Computer, 9. Positioned table; b) force characteristics.

Dynamic actuator model It is assumed that the SMA thread (NSMA) has
iy =B : L o .
an initial length 5 ¢ , and its longitudinal deformation isVIn this case, the

. o current length of the thread is =5+ x, and its relative longitudinal deformation
T o
is .
The position of the common point where the mass m [kg] is concentrated is chosen as the generalized mechanical
coordinate. The other generalized coordinates are the temperature7]°C] and currentiin the NSMA.
The dynamic model can be described by the system of equations
mx+ fx—k(x,—x)=-F,(x,T)

pV.e,T+Ah (T-T,)-R(T)i*=0

(4.103)

where?is the coefficient of dynamic viscosity, k is the coefficient of elasticity of the spring, K (x,T) is the power in the
c
NSMA, Ps is the density of the SMA, VS is the volume of the NSMA, 7 is the specific heat of the filament, AS is the

. h.. . . T .
surrounding surface area of the thread, ¢ is the convection heat transfer coefficient,  is the room temperature; ( )

is the electrical resistance of the NSMA and/is the electric voltage applied to the ends of the filament. The notations
. d’x . dx -, dT
X=—x=—, I=— . .
used are  d! dt dt  where t is the time.
After substituting the third into the second equation, the above system takes the form
mx+ fx+k(x,—x)=—F,(x,T)
2

pVie,T+Ah (T-T,)- R(T)" 0

b

(4.104)
It is assumed that the dependence of the filament resistance on temperature can be neglected, i.e.
R(T)=R= t
( ) const , d
mx+ Bx+k(x,—x)=-F, (x,T)

2
u

p Ve, T+Ah (T-T,)-—=0
R (4.106)
Simplifying assumptions have been made, assuming the volume and surrounding surface area to be constant. In
reality, they change as the thread deforms longitudinally and transversely by about 8%, while the thread mass remains
constant. =P SVS .
In general, the heating of the filament can start from some temperature TO , different from room temperature ®

Then the solution of (7) under initial condition
t t

0)= .. T(t)=T,+T, [1—e_£]+(T0 -7, )er T(1)=(T, +Ta)(1_e_£j+To€_;.

or
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At the same values of the parameters from Table 10, but at an initial temperature T(O) ~ limgpd at u=0 V, using
(4.118) the graph of Fig. 6.29 is constructed. It is evident from the graph that after the voltage is removed, the filament
begins to cool with the same time constant as it reaches room temperature. In this case, room temperature plays the role
of asymptotic Fig. 6.30.

S S Sy

o 5 10 15 20 0 5 10 15 20

Fig. 6.29 Filament temperature at u = 0. Fig. 6.30 Heating and cooling of the filament.
Equation (4.118) can be used to approximately study the temperature change under a time-varying supply voltage
with a rectangular shape and in particular under pulse width modulation of the type
n+l-z n+z
ago —< <

() F s

n+z n+l+z
>t >

0 axo

fo (4.119)

where to is the amplitude of the rectangular pulse,n=trunc(tf) period sequence number, 0<z<lis the duty cycle, the
frequency of the pulses. Fig. 6.31 shows three types of modulations with the same period and different duty cycles.
The change in filament temperature at a pulse duty cycle of 25% is shown in Fig. 6.32. The dotted line shows the
temperature graph without PWM. The same graphs also show the voltage waveform, which is rectangular with an
amplitude of 1 V.
The conclusions drawn give us opportunities to evaluate the behavior of the thread and to choose appropriate
actuator control.

6.1.4.1 Improved dynamic model
The model improves if the simplifying assumptions of the unchanging volume and surrounding surface area

= . . 8=8,+ o .
NSMA, at constant mass, are dropped. My = Py VS In this case, the length of the thread ISS 5 x, and its diameter is

X
d =d,—u—d,
assumed to be S0 where “0is the initial diameter of the thread,u is Poisson's ratio. For the volume of the
2
T X
Vi= Z(do - /Js_doj (So +x)
thread, we have obtained 0 and the surrounding surface is expressed by

A, :n(do —,uia’oj(s0 +x)
s

0
After substituting the above expressions into the dynamic model (4.106) of the actuator, it is found
mx+ Bx+k(x,—x)=—F (x,T)

K
2
u

psVocp'TJrﬂ{dO—ﬂdoJ(so+x)hC(T—TOO) =0

Sy

The system (4.125) is an improved model of the actuator. It is evident that the two differential equations are coupled
and the temperature equation in this case cannot be solved independently.
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Determining equilibrium pointsThe equilibrium points x" And T of the system (4) are found at.x =0 , x=0 ,

2 * * n *
@y (T )x _st(T ):fso
2
* Tu
(T -7, ) ——F—=0
T = . . pV,c R
T =0 from which the equations follow P ,where from

. 1/[2 *:\fs0+\]rsR(T*):fg0+ sk(ﬂim)
Ty A ] 1 =7

lim

b

It is evident that the equilibrium temperature is equal to the limit temperature. If the supply voltage u=0, the limit

*

temperature coincides with the room temperature, i.e.” .
Determination of the relative martensite fraction Ry, IN Ikuta model[37] the hysteresis function was proposed
dT
R = 1 kS ’ <0 (oxnaxcoane)
m Ky (0=P7) . .
1+ P where k = ! , 0 is the difference between the current

m

m

k! 62—]; > 0 (3aepasane)

. T, .. . . : .
temperature T and ambient temperature ©, B is the temperature of the inflection point of the cooling curve and the
ar

5 B¢ E<O (oxnasxcoane)
=

daT
2250 (3aepseane).
7 (3azp. )

H
heating curve and is defined as follows .The parameterﬁ refers to the

c
transformation temperatures Asand Ay, a ﬁ to M 1 My. Furthermore, Brincludes the effect of mechanical stress on the
hysteresis curve. Changes in mechanical stress cause a shift in the transformation temperatures. This effect is added to
the constants as is assumed

. . 6.2 dT
= T+ ) — +c (0O —0O, —< m =
ﬁ( ; (Ms M./ ) Tac m ( 0) CCIZ: 0 k( M *Mf dt <0
B, = k, = .
1 dr H 6,2 ar
w_1 _ _ al’ K = < so.
B 2(AS+A/) T, +c,(o Go) dr >0. "4 -A, i

c H
whereUis the tensile stress, % is the tensile stress at9=0, k’” And k’” are called temperature constants for cooling and
heating, respectively. The constant in the numerator 6.2 was determined empirically by Ikuta.

In Madill model [38] to describe minor hysteresis loops two new parameters have been added to formula (4.149).

6.1.4.2 Numerical solution of the system of differential equations

The parameters of the SMA filament, determined experimentally [39], are given in Table 11. Fig. 6.34 shows the
relative martensite fraction, and Fig. 6.35 shows the type of forces in the SMA filament at different temperatures from
20 °C to 64 °C for the data from Table 2 at a deformation from 0 to 0.005 m. Fig. 6.35 shows the force graphs upon
heating from 0 to 70 °C. Fig. 6.37 shows the force graphs.

The results of the numerical solution are presented in Fig. 6.38, Fig. 6.39, Fig. 6.40, Fig. 6.41, Fig. 6.42, Fig. 6.43,
Fig. 6.44 and Fig. 6.45:
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Fig. 6.38 Displacement as Fig. 6.39 Temperature as  Fig. 6.40 Velocity as a Fig. 6.41 Acceleration as a
a function of time. a function of time. function of time. function of time.
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Fig. 6.42 Phase portrait Fig. 6.43 Strength of the Fig. 6.44 Total force of the Fig. 6.45 Displacement as
v=v(x). SMA thread. SMA thread and the spring.  a function of temperature.

6.1.4.3Eliminating the main drawback of the model. Mathematical modeling of minor and
subminor hysteresis

The hysteresis of the SMA is described by the relative martensite fraction s, whereln,,is the volume of
martensite in the total volume/n,of the SMA thread. According to the Madill model described above.

Figure 6.47 illustrates a case where a break is possible. IfM; <T; <Athen, after passing from point4 V Bduring
heating, cooling begins at a point7Af (14) is used, the cooling process starts from pointBand a jump appearsBC, followed

by smooth cooling along the curve DEA.
E B

Fig. 6.47 Jump-shaped discontinuity in the relative martensite fraction when the
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Subminor (or sub-subminor) hysteresis can only occur when minor (subminor) hysteresis has already occurred.

N
The temperature at which subminor hysteresis begins is denoted by / , and the martensite fraction corresponding to
s
this temperature is denoted by R, The second important condition for the existence of subminor hysteresis is

<T . : . - . . : . A <T' <4
M, <T; <M, for minor hysteresis during cooling Fig. 6.48 a) or for minor hysteresis during heating ™ * ~/ /
(Fig. 6.48 b).
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Fig. 6.48 Subminor hysteresis: a) for

0.4 04 minor hysteresis during cooling, b) for
02 minor hysteresis during heating.
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in the interval / , the hysteresis
degenerates into a straight line, similar to the case shown in Fig. 4.65. Subminor hysteresis is described, similar to (40)

{l, i M,>T;>A4, pc {0’ if Mf >T; >Af

R = 0,if A, >T)>4,

- (43), as follows:
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When the sign of the temperature fluctuations changes from negative to positive, respectively from cooling to
f VA s . s
{Rm SR M >Tj>4 :{0 if M,>T >4,

RII —
S : s mb e s
R”, if M 2T, =M, =Ry if M 2T/ >2M,

heating, the function is: R

A numerical experiment was performed to test the developed algorithm for depicting minor and subminor
hysteresis. Fig. Fig. 6.49 shows a test function of temperature as a function of time. It is assumed that the initial
temperature7yis when the SMA changes from austenite to martensite, i.e. the cooling process is present and the SMA

is in the austenite phase.
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Fig. 6.49 Graph of the test function: a) temperature graph, b) temperature indicators sdT and sddT.

Temperature fluctuations occur when heating alternates with cooling and vice versa. In Fig. 6.49(a), these change
points correspond to local temperature extremes, denoted by74(i=1,2,...14). A numerical algorithm has been developed
to determine these points and the results are shown in Fig. 4.68(b). According to the algorithm, the sign of the

sdT = signT

temperature derivative as a function of time is calculated from the function

1. The additional function de]; B Sd7;+1 Sd]? , which successively finds the differences of two adjacent signs of the
temperature derivatives, shows that a fluctuation occurs if it takes a value of + 2. Depending on where the point of
temperature fluctuations is, the necessary equation is applied to calculate the relative martensite fraction. The two graphs
in Fig. 6.50 show the two possible cases in determining the martensite fraction. If the model (4.136) is used (Fig. 6.49a),
10 cases of a jump-like change in the relative martensite fraction can be distinguished. It is a smooth function only for
the points7;>+T14, which are outside the temperature range [M;, Af. Fig. 6.50b) shows the points obtained using the
developed improved model. As can be seen, degenerate hysteresis appears for points7y+Ts. The points7y And T;9
describe subminor hysteresis, and minor hysteresis starts from a point77,.(a)
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Experimental studies and model validation

Experimental studies of the actuator are carried out using an original experimental setup, shown in Fig. 6.51. Its
functionality allows measuring the force, temperature and displacement of the filament as a function of time. The design
of the experimental setup allows the study of filaments of different diameters and lengths with the possibility of
adjusting the pre-tension force.

Fig. 6.51 Experimental stand for researching SMA threads.

The experimental stand consists of a base 1 with a tension screw 2 and a bearing. By turning the screw, a pre-
tension is created in the spring 3 and the SMA thread 4 connected in series. One end of the thread is connected to the
spring through a non-contact magnetic displacement sensor 5, and the other end is connected to a sensor 6 through a
lever to measure the tensile force in the thread. The thermocouple 7 connected to the thread measures its temperature.
The sensors register the change in the length of the thread and the change in temperature and force, and the output
signals are sent to the NI cDAQ 9174 - 8 data acquisition system. A program has been developed in LabVIEW 9 for
processing and visualization of the data 9. Fig. 6.52 shows the experimentally obtained graphs of the temperature, force
and displacements of the thread when changing the fill factor in the range of 0.1 + 0.9 at a frequencyf/=0.1 Hz. The
analysis of the presented in Fig. 6.52.
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Fig. 6.52 Parametric temperature studyTa), the relocationxb) and the forceFc) when changing the fill factor
from 0.1 to 0.9 and t=0.1 Hz.
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Fig. 6.53 Parametric study of temperatureTa), the relocationxb) and the forceFc) when changing the filling
factor from 0.1 to 0.7 and t=1 Hz.
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Fig. 6.54 Parametric temperature study T a), the relocation x b) and the force F c) when changing the filling
factor from 0.1 to 0.7 and f=10 Hz.

The corresponding displacement graphs are shown in the same figure. At a frequency of 0.01 Hz, the average
displacement is 50 mm, and its variation is between 42 and 57 mm. At a frequency of 0.1 Hz, the variation in
displacement is much smaller, but the average displacement is about 55 mm. The force graph has a similar character.

Fig. 6.55 shows the change in temperature, displacement and force for the value of the fill factor With=0.5 and the
different PWM frequencies - from 0.01 Hz to 0.4 Hz. Each graph indicates the PWM frequency at which the
corresponding graph was obtained. At a frequency of 0.01 Hz, the exponential nature of the filament temperature during
heating and cooling is visible. At all frequencies, there are fluctuations in temperature and with increasing frequency,
the amplitude of the fluctuations decreases. For all cases, the average temperature is about 43°C, which indicates that
this average temperature can be maintained at any frequency, but with varying degrees of deviation due to periodic
fluctuations.
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Fig. 6.55 Parametric temperature study T (a), the relocation x (b) and the force F (c) for different frequencies
and z=0.5.

The validation of the developed mathematical model (4.113) is carried out by comparing numerical and
experimentally obtained results. Fig. 6.56 (a) shows theoretical and experimental results for temperature and
displacement for a value of the filling factor of 0.5 and a PWM frequency equal to 0.01 Hz. Positions 1 and 3 denote
the theoretical values of temperature and displacement, calculated by the system (4.113), respectively. Positions 2 and
4 denote the experimentally obtained values of temperature and displacement, respectively. Analysis of the graphs
shows some differences, but the degree of coincidence is sufficiently high. This is also confirmed by the hysteresis
shown in Fig. 6.56 (b), in which the double loop is due to differences for the two heating cycles shown. The differences
between the graphs can be explained by insufficiently accurate identification of the numerical values of the parameters,
as well as by the significant sensitivity of the system to some factors that are not included in the mathematical model
or whose influence cannot be predicted, mainly - the presence of random air flows, imperfections in the design of the
experimental stand and constantly changing environmental conditions during the experiment. The influence of the
thermocouple on the measured temperature is minimized by using a thermocouple whose dimensions are close to the
diameter of the filament.
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Fig. 6.56 Comparison of experimental and numerical results: a) displacement x, temperature T and voltage u
of the conductor as a function of time,; b) temperature hysteresis.

6.1.4.4 Conclusion on modeling issues for SMA filament actuators

The development of a mathematical model of an actuator consisting of a filament of SFP connected in series with
a spring is presented, allowing for in-depth modeling of the actuator dynamics. The model considers the dynamics of
the mechanical subsystem of the actuator and the heat exchange between the filament and the environment. Through a
detailed theoretical analysis, two nonlinear ordinary differential equations were obtained, whose generalized
coordinates are the displacement of the mass representing the actuator and the temperature of the filament. The analysis
shows that the elasticity coefficient of the filament and the natural frequency of the mechanical subsystem depend on
the temperature and deformation of the filament. The pulse length of the control voltage signal should be determined
depending on the temperature time constant of the system, and the use of pulses longer than 5t is meaningless.

To increase the accuracy of the modeling, an algorithm for modeling minor and subminor hysteresis has been
developed, which eliminates the shortcomings of the classical model, especially the jumps in the relative martensite
fraction. This algorithm improves the accuracy of the modeling, especially when using PWM control, where minor and
subminor hysteresis are likely to occur.

Experimental studies show that the system is very sensitive and there are factors that cannot be worked out in the
mathematical model. Experiments show that increasing the fill factor increases the filament temperature, but there is no
linear relationship between them. The fact that by setting constant values of the fill factor it is not possible to obtain a
stable value of the displacement and force shows that it is more appropriate to use a feedback control system in which
the control parameters are voltage, frequency and fill factor. Model validation shows that the differences between the
results of the developed model and the experimental results are acceptable.

7 Chapter Applications of drives using shape memory alloys on models and prototypes
developed in the TMM department

7.1 Valve control

Using SMA threads, actuators for valve heads were created for use in building installations and primarily in water,
steam and air heating systems. These actuators are divided into two types with proportional and digital (on/off) action.
With proportional action, the valve piston can be positioned at any point in the stroke and provide a different amount
of flow depending on its fixed position. With digital action, the valve piston can occupy only two end positions - fully
open and fully closed. In this case, bistable mechanisms are very suitable for application, because in addition to
providing on/off action, they create opportunities for shortening the stroke of the SMA drive threads and for introducing
elastic elements through which part of the control energy is recovered.

7.1.1 Proportional valve control
A 3D model of one of the first proportional valve heads for controlling valves via a wire from a PFM, created in
the MEMS laboratory at the TMM Department, is shown in Fig. 7.1. The principle of operation of the valve is as
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follows: In order to extend the path of the wire 1, as well as to increase the force at a lower current, the power flow is
divided into two equal branches. For this purpose, two ends of the wire are attached to an elastic beam 2 at the lower
end of an angular rocker 3. The elastic beam is located outside the housing, which is made of a material with high
thermal conductivity. With the help of vertically located rollers 5 at the end of the base, the wire is transferred to the
inner part of the housing, being located close to its walls for additional heating. Almost under the axis of the angular
rocker are two horizontal rollers 6, through which the direction of the PFM wire is reversed. The middle end of the wire
makes a loop, wrapping around a third horizontal roller 6, through which the initial tension is adjusted. At the left end,
the angular rocker contacts the piston of the main valve 7, subject to adjustment. The spring of this valve serves to
restore the initial position. At the right end, the angular rocker is made of a round shape, through which it contacts a
fixing cam 8, which is pressed against the rocker with the help of a flat spring 9. The cam locks the angular rocker and
thus ensures the set position of the piston. The locking mechanism avoids the consumption of energy to maintain the
valve piston in a set fixed position. To unlock the mechanism, a second wire from the SMA 10 is used, to which a short
electrical pulse is applied for this purpose, which causes the cam to rotate and breaks contact with the rocker. The
separation of the cam from the angular rocker arm allows it to move under the action of the piston spring 7 and restore
its final position at a fully open valve, or to assume a new position.

The entire device is housed in a plastic decorative housing, which houses the batteries, electronic part, display, and
buttons for manual adjustment.

% B
v

Fig. 7.1 3D drawing of a proportional valve head driven by
a PFC; a) top view,; b) side view with the connecting element to the
valve, c) prototype of the control head.

The produced prototypes demonstrated high reliability and
control stability.

In terms of energy consumption, this mechanism turned out to
have a lower efficiency factor (EFF) compared to the world's leading models.

Fig. 7.3 Demonstration of the principle of operation of a proportional
control head in Microtechnics and Micromechatronics classes.

The control head found application for demonstrations of the shape memory
effect and was included in the curriculum of students studying mechatronics. Fig.
7.3 shows an experimental setup for demonstrating the principle of operation of
the proportional head for controlling a valve via wires from the SMA. The digital
indicator clock measures the stroke of the valve piston and records it in a
computer in real time.

Since the efficiency of the first valve head did not meet modern requirements, several more samples of proportional
control heads were designed, manufactured and tested in the MEMS laboratory.

The following designs were with minimized dimensions and with the minimum possible number of parts, which
was contributed by the rotational shape of the housing. Fig. 7.4 a) shows a Solidworks drawing of a control thermostat
head, and Fig. 7.4 b) shows its prototype.

Fig. 7.4 Control head with rotary design: a) Solidworks drawing of a control thermostat head, b) prototype of the
rotary head.
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The locking mechanism also underwent development, initially using a self-tightening cam (Fig. 7.4), which was
then replaced by a truncated cone Fig. 7.5 b). Fig. 7.5 a) shows a test stand for one of the types of rotary control head
with thermostat and plastic housing. To fix the position of the actuator, a locking cone mechanism resembling a collet
was used, which is located at the end of the cylindrical housing Fig. 7.5 b).

a) o) e)
Fig. 7.5 Rotary control head with plastic housing driven by SMA wires with a fixing collet and thermostat: a)
test stand b) close-up view, c) locking mechanism.

One of the insurmountable challenges with proportional head actuators is that to fix the position of the actuator,
either a continuous voltage must be applied to the actuator wire or an additional locking mechanism must be added.
This disadvantage does not exist with bistable mechanisms, which are difficult to adapt for proportional control, but are
the most suitable actuator for on/off systems.

7.1.2 Bistable valve control

7.1.2.1 Single-lever bistable control mechanism, driven by SMA threads

A photo of the first prototype of a control head of a valve with a bistable mechanism, switched with SMA threads,
is shown in Fig. 7.6 a. The kinematic scheme of this mechanism is assumed to consist mainly of a lever and a spring
Fig. 7.6 b), although the structural analysis when considering the roller and the slider classifies it as a tangent elementary
mechanism. This is a classic bistable mechanism with undoubtedly the simplest kinematic scheme and the widest
practical use. Due to the simplicity of the kinematic chain, one should expect the best results from it in terms of dynamics
and low energy consumption. In fact, these expectations were refuted by the experimental results. In order to be
functional, the mechanism must work with a very stiff spring, which loads the supports and very high reactions appear,
leading to an increase in friction forces and deterioration of dynamics. In addition, the large spring force leads to a loss
of its stability, which necessitates the inclusion of additional spring guides, which introduce new friction forces and
corresponding losses. The large support reactions did not allow the use of modified supports with small radiuses of
curvature.

Fig. 7.6 First prototype of a bistable valve control mechanism driven by a SMA: a) Photograph; b) Kinematic
diagram.
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7.1.2.2 Bistable cam-lever valve control mechanism

Fig. 7.7 shows the kinematic diagram of the mechanism. The principle of operation is as follows: The slider, with
position (1), moves the piston of a normally open, monostable valve, being driven by a lever, with position (3), from
wires (5) and (6), made of shape memory alloy. The wire with position (6) serves to open the valve, and the one with
position (5)- for closing. In order to reduce the friction forces, the lever (3) contacts the slider (1), through a roller
bearing (2), rotating around point “A”. At point “B” of lever 3 is located the center of a roller bearing (4), which contacts
a contour in the shape of a circle, with center point “C”, in the plane of a rocker (5), which in turn rotates around a fixed
point “D”. At point “E” is suspended a tension-loaded spring with regenerative action.

Fig. 7.7 Kinematic diagram of a bistable cam-lever mechanism for
controlling a valve.

The lever mechanism serves to convert the monostable action of the valve
into a bistable one, for which the dimensions of the links and the spring force are
determined so as to obtain a point of unstable equilibrium in the middle of the
valve piston stroke at a given characteristic of the elastic force of the valve spring.
Another important function that is embedded in the principle of operation of the
mechanism is to reduce the valve force by the force of a recovery spring, which
has the opposite direction of action. Through the cam-lever mechanism, the recovery spring reduces the force of the
valve spring and significantly reduces the potential energy that the SMA wires must overcome. Here we will consider
the synthesis in which the aim is to make the shape memory alloy the driving force up to the point of unstable
equilibrium, and then the drive is taken over by the recovery spring. In this wa