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I. OBIITA XAPAKTEPUCTHUKA HA JUCEPTAIIMOHHMUA TPYJL

AKTYaJHOCT Ha npodJiema

BbpB Bpb3Ka ¢ HapacTBallata HEOOXOAMMOCT OT YCTOWYHUBU
€HEepruiiHM M3TOYHHULU U €()EKTUBHU CUCTEMHU 3a npeoOpa3zyBaHe Ha
€HEprusiTa MOJAEIMPAHETO M CHHTE3BT HaA €EHeprompeoodOpasyBauu
cUcTeMH chc cmiaaBu ¢ nameTr Ha Qopmarta (CIID) ce sBABaT KaTo
BakHa obOysacT Ha H3ciaeaBaHUs. Te3M cHeunualHd MaTepualu
npeajaraT yHUKaJHU BB3MOXKHOCTHU 3a NpeoOpa3zyBaHe Ha €HeprusTa
nopaay CBOMTE MU3KIIOUYUTEIHN MEXaHUYHU U TEPMUYHHU CBOMCTBA.

N3non3zpanero Ha CII® B eHEpruHUTE CUCTEMH NpPEACTaBIsiBa
oOemiaBamo HamnpaBjeHHEe 3a pa3paboTBaHE Ha HUHTEJIUTEHTHH W
ebexktuBuu pemenus. CII® wumar cmocoOHocTTa Ja 3ama3BaT
ompejaeneHa ¢opma W cjie] TOBa Ja ce BpbhIIaT KbM NMbpBOHAaYaliHATa
cu popma mpu ompeaeIeHN TEPMHUUYHU UJIU MEXAHUYHHU CTUMYJHU. Ta3u
yHUKaJlHa CIHOCOOHOCT T'HM TMpaBU TMOAXONSIIA 3a TPUITOXKCHUS B
pPa3JMYHU €HEPTUMHHU CUCTEMHU KAaTO HANPUMEDP CEH30PHU 3a TOMJIMHA U
HAaNpeXEHHUE, TEPMAJIHU AaKTYyaTOPU U MEXaHUYHU PE30HATOPH.

B T03u kOHTEKCT M3cienBaHusATa B 00acTTa HAa MOJAECIUPAHETO U
CHUHTe3a Ha eHepromnpeobpaszyBamu cuctemMu cbc CIID ce pokycupar
BbPXY ONTHUMH3UPAHETO HA TEXHOJOTHHUTE 3a MPOU3BOJACTBO,
pa3paboTBaHETO HAa HOBH METOJM 32 MOJEJIMPAaHE U CUMYJIallusl, KAKTO
U BBbPXY pa3mIMPsIBAHETO HA NMPUTOKEHUITA UM B pa3IudYHU chepu Ha
eHepruiiHata uHAYCcTpusA. Te3u u3ciaenBaHus c€ CTPEMAT KbM
Ch3/7aBAHETO HAa MO-€(EKTUBHU U YCTOWYUBU €HEPTUWHU CHUCTEMH,
KOHMTO Jia OTTOBAPST HA HapacTBAaI[UTe MOTPEeOHOCTHU HA O0OMIECTBOTO
3a YUCTA U YCTOWMYHUBA €HEPTHUS.

IHen Ha AucepTANMOHHUA TPYJd, OCHOBHM 3aJa4Yd M METOAH 32
H3cjeaBaHe

[{enta Ha fUCEpTAaLMOHHUAT TPYH Ha TeMa ,MoaenupaHe u
M3clieIBaHEe HA €HEPTUHHO Mpeobpa3yBallu CUCTEMH, Oa3upaHu HA
CIJIaBU ¢ maMeT Ha Gopmara® e ga u3cieaBa U IPOyUYHu
BH3MOXHOCTHUTE 3a MPHUIOKEHUE HA CIJIAaBHTE C maMeT Ha ¢popMara B
eHeprurHarta nHaycTtpusa. KoHKpeTHaTa 1nen Ha AucepranusaTra € Ja ce
naje oOCTOEH aHAJIM3 HAa TEXHOJIOTHUTE 3a MOJEJIHUpPAHE U CUHTE3 Ha
eHepronpeoOpal3yBalll CUCTEMHU, KOUTO U3MOJ3BAT CIJaBU C MaMET Ha
dbopmMaTa KaTo KAOYOB KOMIOHEHT.

OCHOBHUTE aCIEKTH, KOUTO AUCEPTALUATA pa3riaexaa, BKIKYBAT:

1. U3cnenBaHe Ha cBOMCTBATa Ha CIJaBUTE ¢ maMeT Ha popmarta
U TEXHUTE Bb3MOXKHOCTHU 3a IpeoOpa3zyBaHe HAa EHEPTrUsiTA.

2. AHanu3 Ha ChIIECTBYBAUIUTE MOJEJHU U METOIH 34
MoOJieJIupaHe Ha eHepromnpeoOpa3yBald CUCTEMH ChC CIIJIABU C MaMeT
Ha popmara.



3. Pa3zpaboTBaHe Ha HOBU MOJI€JIM U METOJU 3a ONTUMU3ALUA HA
eHepromnpeoOpa3yBalluTe CUCTEMHU ChC CIJIAaBHU C mMaMeT Ha popmara.

4. ExcnepuMeHTalHO MOTBBPXKACHUE HA €pEKTUBHOCTTA Ha
pa3ln4yHu eHepromnpeoOpa3yBallu CUCTEMU, 0a3UpaHU Ha CIJIABU C
nmaMmeT Ha ¢popMmara.

5. A3cnenBaHe HAa MOTEHUMAJHUTE NMIPUIIOKEHUSA HA TE3U CUCTEMHU
BbB Bb300HOBsAEMAaTa €HEepPreTUuKa, yMHUTE I'pajoBe, aBToOMOOUIIHATA
UHAYCTPHUSA U IPYTH 00JacTH.

Karo usano, aucepranusara uMa 3a Les jga JONpUHECE 3a MO-A00pOTO
pa3zbupane u uznonzBane Ha CII® B cpepara Ha eHEpTrUHUHUTE
TEXHOJIOTUHU, KaTO MPEJOCTABU HOBHU 3HAHUS U pPEUICHUS 3a
ChBPEMEHHUTE MpeIU3BUKATEJICTBA B 00JJacTTa HAa eHEepreTuKara.
3amauyuTe U aCMEKTUTE HAa JUCEPTAIMUOHHUS TPYJ HA TeMa
,MoaenupaHe 1 U3CJIeJBaHEC HAa EHEPTruiHO NpeoOpa3yBallu CUCTEMH,
0a3uWpaHu Ha cljaBu ¢ mamMeT Ha popmarta® morat na 0baar
bopMynupaHu MO CICIHUS HAYHH:

1. Ilpernen Ha akTyanHaTa JuUTeparypa, CBbp3aHa C
M3MOJ3BAHETO HA CMJaBHU ¢ MaMeT Ha ¢opMaTra B EHEPTUUHUTE
NPUJIOKEHUSA, KAKTO U HAa U3CJIEIBAaHUATA [0 MOJEIUPAHE U CUHTE3 Ha
eHepromnpeoOpa3yBallld CUCTEMH C TSIXHO y4dacTHE.

2. leTailieH aHAaIu3 HAa MEXAHUYHUTE, TEPMUYHUTE U €EHEPTUNHU
CBOMCTBA Ha CNJaBUTE C MaMeT Ha popMaTa U TEXHUTE Bb3MOXHOCTH
3a M3MO0JI3BaHE B eHepromnpeoOpa3yBanid CUCTEMH.

3. Cp31aBaHe HA MaTeMaTUYECKU MOJEIHU 3a NMpeJCcTaBsiHE Ha
NOBEJIEHUETO HA eHeprompeoOpa3yBauiuTe CUCTEMH ChC CIJIaBU C
namMeT Ha ¢popmaTa, BKIIOYUTEIHO TEXHUTE NTUHAMUYHU U TEPMHUUYHU
XapaKTEPUCTHUKH.

4. IlpoexTupaHe M CUHTE3 Ha eHeprompeoOpa3yBalu CUCTEMH, B
KOUTO CIIJIAaBUTE C MaMeT Ha ¢opMaTa ca KIOYOB KOMIOHEHT, C IEJ
MOCTUTAaHE HA MO-BUCOKA €(PEKTHUBHOCT U yCTONYUBOCT.

5. IIpoBexaaHe HAa €EKCIIEpPUMEHTAJIHU U3CJIEIBAHUSA, 3a J1a CE
MOTBBPAM BaJUIHOCTTA HA pa3paboTEeHUTE MaTeMaTHUYECKU MOJEIU U
MPEeII0XKEHUTE eHepronpeodpa3yBalld CUCTEMH.

6. AHanu3 Ha NOJNYYEHUTE PE3YyJITaTH OT U3CIEABAHUATA U
bopMmynupaHe Ha U3BOJU OTHOCHO €(DEKTHUBHOCTTA U MPHUTOKUMOCTTA
Ha MOJEJIMPAHUTE U CUHTE3UpPaHU €HepronpeoOdpa3zyBalll CUCTEMHU
ChC CMJIaBHU C MaMeT Ha popmMmara.

7. [loaroToBKa M MpeacTaBsiHE HA NUCEPTAUUOHHUS TPYH, KAKTO U
nyOJMKyBaHe Ha HaAyYHHUTE PE3yJITaTU B HAYyYHU CIIUCAHHUS.

Hay4yHna HoBoOCT

[IpoexTupan e HOB €HEprueH XapBecTep, M3MO0J3Balll
caMOBB30yXJalmM Cce€ TEPMOMEXaHMYHHU oOcClUUTalMU, Oa3upaHu Ha
CIJIaBU ¢ maMeT Ha ¢popmaTta moJ Bb3JACHUCTBUE HAa TOMJIUHHA €HEPTHUS.
HactpoiiBaT ce dectoTuTe Ha BUOpHUpaHE C MOMOINTA HAa MOCTOSHHU



MaraiuTu. CBoWcTBaTa Ha Ta3uW CUCTEMa Ca M3CJIEJBAaHU TEOPETHUHO
ype3 JAMHAaMH4YE€H MOJeJ, B KOHTO ca OTYETEHU XHUCTEPE3UCHUTE
ceoricta Ha CII®, ormaBaHero Ha enekrpoeHeprua Ha PVDF
KOH30JIUTE€ W CHJIUTE Ha HACTPOWBAIIMTE OCHUIALMUTE MOCTOSHHHU
MarHuTu. 3ajayata Ha Ch3JaJEHUs AUHAMHUYEH MOJIE€] HAa €HEPrUuHUA
XapBECTEp € pellleHa upe3 ypaBHEHUsATa Ha JlarpaHk OT BTOpHU poOJ.
[lonydyeHaTa cBbp3aHa CUCTEMa OT TpH AUDEpEeHIMATHU YpaBHEHUS €
pelmieHa cOnpsMo TpuTe 0000meEeHW KOOpAMHATH, KOHUTO ca
XOpPHU30HTAJlHA MO3UIUSA X, BEpTUKalIHA MO3ULUS Y U EJIEKTPUUYECKHU
3apsn g, upe3 KOUTO ce onpeaeas FEeHEPUPAHOTO HANPEKEHUE V.

IIpakTH4YecKka NPUIOKUMOCT

PasrnexxgaHusaT HOB ypea 3a chOMpaHe HAa TOIJIMHHA CHEPTHS MOXE
Ja HaMepW pa3JIMYHU MPUIIOKCHUS 3a NpeoOpa3yBaHEe Ha CHEPTHUATA.
[Toka3zaHu ca BB3MOXHOCTUTE 3a IOBHIIAaBaHE Ha TCHEpUpaHaTa
MOIIHOCT Ha TOpPEONMHMCAaHUs XapBECTep UYpe3 HACTpoWBaHEe Ha
YeCTOTUTEC Ha BHOpHpaHe ¢ TMOMOIITAa Ha TOCTOSHHHU MAaTrHUTH.
HacTpoiiBaHETO Ha 4YEeCTOTHTE MOXE Ja ObJae pa3mMHUpPEHO, KAaTO Ce
oOxXBaHAT KaKTO KOHBEHI[MOHAIHHU MakpomMamaou, TakKa 51
MHUKpoManiaou.

Anpodauus

I[I/ICepTaIII/IOHHI/IHT Tpya € JOOKJIaABaH H O6C’[)I[€H Ha KaTCApPCH

ChBET Ha Karteapa ,, [eopuss Ha MEXaHU3MHUTE U MamuHute® npu TY —
Codus.

Myonukauun

Pesynratute oT aucepTamusaTa ca OTpPa3eHM B TpU NyOJIHKAIUH,
KOUTO Ca Ha aHTJIUHWCKH €3UK. BcuukuTe mMyOJIMKAIUU ca OTIIEYaTaHH B
cunucagsue MDPI.

CTpykTypa U 00eM Ha IUCEPTANUOHHUSA TPY]

JucepTalMOHHUAT TPYyA € B o6em oT 145 cTpaHHWIU, KAaTO BKJIKOYBA
yBON, 4 TiIaBu 3a pemaBaHe Ha (QopMyJIWpaHUTE OCHOBHHM 3ajadd,
CIUCHK C OOU[UTE U3BOJU, CHUCHK HA OCHOBHUTE MPUHOCH, COIUCHK Ha
nyoJuKaluUTe, CHUCHK Ha [UTHUpPAHUA HA MNYOJHUKAUUUTE 1O
JUcepTalnusiTa, CHUCHK C MNPEAJIOKEHHS 3a Harpajgud Mo TeMmara Hu
u3non3paHa Jnuteparypa. LHutupanm ca oOmo 186 nuTepatypHu
U3TOYHHIM, KaTto 185 ca Ha JjgatuHuua u 1 HaA KuUpuiauma, a
OCTaHAJIUTE ca UHTEpHET aapecu. Paborara BkawouBa o6mo 30 urypu
n 6 tabnuuu. Homepara Ha ¢urypute u tabinuuurte B aBTOpedepara
ChOTBETCTBAT HAa T€3U B JUCEPTALMOHHHUS TPYI.



II. CbBABP KXAHUE HA JTUCEPTALHMOHHUA TPY I

I'IABA 1. OB30P 11O TIPOBJIEMA

JlucepTanilMOHHUAT TPyA € HacouyeH KbM pa3paboTkara u
M3CJIeIBAHETO HAa HOBATOPCKU CUCTEMHU 3a MpeoOpa3yBaHe HA €HEPTUs,
6asupanu Ha CII®d. Te3um cnigaBu NOKa3zBaT cHeuUuPUUYHU
TEPMOMEXaHUYHHU CBOWCTBA, KOUTO MNO3BOJSABAT BH3CTAHOBSIBAaHE Ha
nbpBOHauanHaTta (Gopma Ha  Marepuajga TpU  OpoMsiHA  Ha
TeMImepaTtyparta, KOETO T'M MpaBU BUCOKOCHEKTUBHU 3a HMHOBATUBHU
NPUJIOKEHUS B 00JacTTa HA eHEepreTukKara.

Pa3srnenanu ca ¢usudyHUTEe W XUMUYHH xapakTepuctuku Ha CIID,
TAXHATa KpHUCTaJIHA CTPYKTypa u (pa30BU mpexoau. AHalu3UpaHU ca
pa3JMYHUTE BUJIOBE CIJIaBU, KaTO HUTHUHOJ, U ca OOCHIECHU TEXHUTE
CBOWCTBA W TNOTEHIHMAJ 3a TNPUJIOXKEHHE B CEHEPrUMHU CHCTEMHU.
I[IpenctaBeHn ca mnOpuMepud 3a U3MNO0J3BaHE Ha TE3W CIUIaBU B
3aJIBMKBAIlM MEXaHHU3MHU B aBUAIUMATa U aBTOMOOHUIOCTPOCHETO,
CUCTEMHU 3a OMNOJ30TBOpSABAHE Ha OTHaJHA TONJIMHA U MEIUIMUHCKU
yCTpOCTBa, KaTO CTEHTOBE M MHUKpoakTyaTopu. Juckyrupar ce
npeau3BUKaTEJICTBAaTa, CBbp3aHU ¢ HUHTerpauuara "Ha CII® B Te3m
CHUCTEMH, KaKTO U MOTEHI{MAJHHUTE ITOJI3H OT TOBA.

Cp3naneH € MaTeMaTUYE€CKHM MOJeJ Ha TEPMOMEXAHUYHOTO
noBenenue Ha CII®D. IlpeactaBeHu ca JgeTalJiHU ypaBHEHUS, KOUTO
onucBaT (a30BUTE NPEXOJAM U TAXHATA 3aBUCUMOCT OT BBHIIHH
dbakTOpH KaTo TeMmepaTypa M MEeXaHUYHO HampexeHue. V3BbpIIeH e
aHaJlM3 Ha MOJEJHTE, 3a Jla Cce OIEHHM TOYHOCTTA U TIXHAaTa
npuioxumMocT. Pa3paboTeHnm ca W ca BalUJUPAHU CHMYJIAIlMOHHH
MOJEJIN Ha €HepruilHu cuctemu, uznonaspamu CIID 3a koHBepcuUsa Ha

TOIIJIMHHA €HEeprus B MexaHu4Ha  pabora. Onucanu ca
EKCINEePUMEHTAJIHU TOJAXOAM, METOJ 3a CcbOuUpaHe Ha JaHHU W
CPaXHUTEJIEH aHau3 Ha pe3yiaTaTture oT CUMYJALUUTE.
CbOTBETCTBUETO MEXIY €EKCIEPUMEHTAJIIHUTE pe3yiTraru u

TEOPETHUYHUTE MOJEIHU MOTBBPKJAaBa BAJIUJHOCTTA Ha pa3pabOTEHUTE
MOJEIH.

[Ipennoxen w BamugWpaH € cmoco0d 3a yBeIWYaBaHEe Ha
TepMOMEXaHUUYHHUTE ocnuaanuu ¢ 11%, B pe3yaTraT Ha KOETO
€JIEeKTPUUYECKOTO HampexkeHue ce yBenuuaBa ¢ 130%. B pesynrat Ha
NEUCTBUETO HA MNOCTOSHHUTE MArHUTH MOIIHOCTTAa Ha M3XOJHOTO
HampeXXeHNe Ha TOMJIOCHEPTHUHHHI KoMOaiH ce yBenmuaBa oT 1,9 pW
Ha 8,19 uW, koeTo ¢ yBenuueHnue ¢ okojo 330%.

B 3aknrwouenune, pucepramusata noguepraBa 3HauyeHueto Ha CIIOD
KaTo MaTepuan 3a OBACMIETO B CUCTEMHUTE 3a mnpeoOpa3yBaHe Ha
eneprus. Pa3paboTeHuTe MOJAEAM M E€KCHEPUMEHTAJHU H3CJIEIBAHUS
NpeaocTaBiAT OCHOBAa 3a pa3mUpPsIBAHE HAa BbB3MOXHOCTUTE 3a
W3MO0JI3BAHE HA TE€3M MaTepualdu B nmpomMumieHocTTa. [I[penoprkure 3a
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OblIenM wu3CIeIABaAaHUS BKJIIOYBAT YCHBBPIICEHCTBAHE HA XUMHUUYHUSA
ChCTAaB Ha CIJAaBUTE W ONTUMH3AIUSI HA CTPYKTYPHOTO MPOECKTUPAHE
Ha pa3M4YHU BUJOBE CUCTEMHU, 3a J1a C€ YBEJUYU €(PEKTUBHOCTTA U
HaJeXAHOCTTa Ha ycTpoucTBara ¢cbc CIIO.

I'IABA 2. AHAJIN3 HA OB30PA U U3T'OTBSHE HA
KIACHOUKANOUSA

Ha To3u eTanm € TpyaHO a ce u34uciu e(PEeKTUBHOCTTA Ha
NnpeacTaBeHUs TYK eHeprueH xapBectep. OCHOBHATA MpHUUYMHA 3a TOBA
€ JIuMcaTa Ha JaHHU 3a BXojAsmara TominnHa. OpueHTUPOBBYHU
U34UCIEHUS MOTaT Ja 0bJaT HalpaBeHU BH3 OCHOBA Ha JITaHHU 3a
e(eKTUBHOCTTA HAa TEPMOMEXAaHUYHOTO NpeoOpa3yBaHe Ha CIID =
14% n MexaHUYHO — €JIeKTPpUUYEeCKOTO npeodbpazyBane Ha PVDF =
12,4%. Ilpou3BeneHUETO HA TE€3U JBa KoepUIMEHTA MOKa3Ba, 4e
npubIu3uTeHATA TPAaHUYHA €(PEKTUBHOCT Ha nmpeoOpa3yBaHe Ha
npeACcTaBEHUS TyK €HEeprueH xapsectep € okono 1,75%. Tazu
CTOMHOCT € CUJIHO 3aBHUIIEHA U OM Ouila TPYJIHO MOCTHXKUMA HA
npakTtuka. [lo oTHoOmeHne Ha ePEeKTUBHOCTTA HAa IpeoOpa3yBaHe Ha
TOTJIMHATA B €JEKTpUUYECKa €HEepTrus Hall-e()eKTUBHU OCTaBaT
TEPMOEJIEKTPUUYECKUTE TEHEPATOPHU, 3a KOUTO 17% HEe € MpaKTUUYECKH
npo6yem. ChIo Taka B ca MOCOYEHU CTOMHOCTU HA €ePEKTHUBHOCTTA Ha
TEPMOEJIIEKTPUUYECKUTE TeHepaTopu oT 23%.

Huckara epexkTuBHOCT Ha nmpeoOpa3yBaHe HAa MPEIIOKEHUS TYK
€HEpTUEeH XapBecTep, 0COOEHO B CPAaBHEHHUE C TEPMOEIEKTPUUECKH
reLeparop, He TpsgsOBa ga 00e3CHJIBAa HAIpaBEHUTE HAOJIIOACHUS.
CpBpeMeHHATa TEHACHIIMS B 007acTTa HA EHEPTUHUHUTE XapBECTEPH €
Ja ce ThPCAT U3TOYHUIIM 32 MpeoOpa3yBaHe HA €HEPTHUATA NPHU
BCAKAKBH YCJIOBHS Ha cpeJaTa U ¢ BCAKaKBH cpeacTtBa. EqHo oT
NpeIuMCTBAaTa HA HOBONPEIJIOKEHHUSI TEPMUUEH XapBECTEP €, U€ TOU
MOJXXe JAa paboTu KaTo KOMOMHHUpaAH NMpeoOpa3zyBaTen HA U3JIHUIIHATA
TONMJWHA U U3NHUIIHATA BUOpanua. Brupeku ue Te paboTAT Ha 6a3aTa
Ha TeMmMIepaTypHaTa pa3jinkKa B TEPMOEJIEKTPUUYECKUTE T€HEPATOPH,
pa3npeaelieHUsITa Ha TEMIEPATYPHUTE MOJETA Ca pa3JIMYHU OT T€3U Ha
NpEeACTaBEHUS TYK TEPMUUYEH XapBECTED.

OcBeH ue He ChABPIKA OJIOBHU ChEAUHEHHS, MTUE30CTCKTPUUHUSIT
matepuan PVDF e uzbpan 3apanu Heropara rbBKaBOCT, HUCKA I[€HA U
HaJU4YHOCT Ha ma3apa. 3cieqBaHUAT TyK TEpMHUUYEH XapBeCcTep
pabotu ¢ yectoTa oT nopsaabka Ha 10 Hz. Ilpu Ta3u HUCcKa yecTOoTa
nuezoenekrpudyeckusat matepuan PVDF nHe ce npencrass nodpe u
HeroBaTa €e(pEKTUBHOCT Ha €JIEKTPUUYECKO NMpeoOpa3yBaHe € HUCKA. 3a
Jla Ce YBEJIMYM YeCTOTaTa HAa UHAYUUPAHUTE OT HarpeBarTenas
BUOpanuu, npeJioxeHaTa KOHCTPYKI U TpsiOBa Aa ce ONTUMHU3UPA.
Enun or HaunHUTE 3a yBelMYaBaHE Ha 4YecTOTaTa € jJa ce HaMajlu
nbmxuHata Ha CII® HumKkaTa W 1a ce HaMajJdW mMacaTa Ha chepure.
YBenn4yaBaHETO HAa KOHBEKTHBHATa Bb3MOXHOCT Ha CII® mHumkara



ChHILO L€ YBEJIMUYHU YecToTaTa Ha BuOpauuute. ToBa Moxe aa ce
IIOCTUTHE 4Ype3 U3IoJi3BaHe Ha noBeue oT eaHa CII® Humka, HO ¢ WO -
MallbK AuaMeThp. ToBa me yBEJIWYM NpHUeMaliaTa TOMJINHA
MMOBBPXHOCT MPHU €4HA U Chlla Maca, KOETO OT CBOS CTpaHa I1ie
NOBHUIIU TEMIlepaTypHaTa BpeMeKOHcTaHTa. ['1ob6anHo pelieHue,
KOETO yBeJliMyaBa 4ecTtoTaTa, € Ja C€ CBelle 10 MUHUMYM Pa3MepbT Ha
TEpMHUYHUS XapBecTep. B To3u cayuail Teopusita Ha MalmabupaHeTo
MMOKa3Ba, Y€ TOMJIMHHUTE NPOLECH II€ CE€ YCKOPSIT U €CTECTBEHATA
YecToTa L[e C€ YBEJUYU NPONOPUMOHAIHO HAa KOe(pUIIMEHTA Ha
Mamnjabupase.

[To oTrHOomeHnue Ha Temneparypara matrepuansbT PVDF ryou
NUE30€JEKTPUUHUTE CU cBolcTBa npu Temneparypa Haag 100°C. To3u
HEJOCTAaThK CHUIO OTpaHMYaBa NPUIOKEHHUETO HA MPEATOKEHUS
€HEprueH XapBecTep, 0COOEHO B ClydYauTe, KOraTo
Nue30eJIEKTPUUYHUTE KOH30JU ca B Oiu30CT A0 Harpesartens. [lopaau
HUCKAaTa YECTOTA TEKYUIUTE TEPMUUYHHU LUKIHU, reHepupaHu ot CIID
KUIUTE, HE Ca CbBMECTUMU C ONTHUMaIHUs paboTeH quamna3oH Ha
PVDF.

TepMHUUYHHUAT EHEPTUEH XapBECTEP € U3CJIEeIBAH IIO-TOpe Mpu
yCJIOBHE, 4Y€ HATPEBATENAT UMa IIOCTOSIHHA TeMIiepaTrypa, OT KOsATO ce
Npeau3BUKBAT CaMOBB30yAeHU BUOpanuu. AKO HarpeBaTeasT UIH
APyl U3TOYHUK HA TONJMHA UMa HUCKA YECTOTA WJIU EPUOJUYHU
NpOMEHHU Ha TeMIepaTypara, 1e ce NPOosIBH XUOPHUIHOTO AeHCTBUE HA
U3cJe/IBaHus XapBecTep. XUOPUIHUSAT XapaKTep ce AOMBJIBA U OT
edekTa HAa CAyYalHUTE BHHIIHU MEXaHUYHU BUOpAIMU HA OMOPUTE,
kouto ce npeaasaT Ha PVDF kxou3onute upe3 CII® mumkara. Becuuku
T€3U XUOPUIHU U3TOYHHUIIM HA €HEPTUS 1€ PA3MUPAT Bb3MOKHOCTUTE
Ha M3CIIEJBAHOTO YCTPOWCTBO 3a chOupane Ha eHeprus. [IpoyuBaHeTo
Ha BB3JACHCTBUETO HA XUOPUAHUTE EHEPTUMHMN U3TOYHULM 1€ ObJE
WHTEpECHA TeMa 3a ObJelU U3CIeIBaHUA.

CnenquduyHO MNpPaKTUYECKO MPUIOKEHUE Ha  pas3riaexJaaHusd
smemnepamypoyiogumen € cHocoOHocTTa My Ja paboTu 1pu
OTPHUIATEIHU TEMIEPATypU KaTO ,,U3MOUYHUK HA CcmMyOeHa moniuna‘.
TonnuuHUTEe camMOBB30yAeHHM BuOpaunuu Morat Jga CbhUIECTBYBAT MpHU
OTpULATEIHU TEMIEPATypH, aKO HaJ CTYACHMUsS M3TOYHHK HA TOIJIMHA
MMa IIPOMEHJIHMBO TeMIepaTypHO pasnpexaenenue. HM3BecTtHO €, de
TemMneparypaTta Ha aycTeHUTHHUS npexon Ha CIID marepuanute mMoxe
na Bapupa B royasam auana3zoH (ot — 200 go 600°C) u ToBa CBOWCTBO €
NpeanocTaBKa 3a TOBa CIEUU(PUUYHO MPUIOKEHHUE.

I'TABA 3. IPOEKTHPAHE HA EHEPI'MEH XAPBECTEP CbHC
Clil® 1 PEPOMATHUTHU MACH B MATHUTHO IOJIE

TepMOENEKTPUYHUAT EHEPTUEH XapBECTEP €€ CHCTOU OT HUIIKA OT
CII®, kosaTo € pukcupana Mmexay aBe HenoABuxHU onopu O u C,
Pa3MoOJ0KEHN CUMETPUYHO CIPAMO HENMOABUKEH HarpesaTesl. Bepxy
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HUIIKaTa B OJIM30CT 10 HarpeBaTeyid ca MOHTUPAHU HENMOJABUXKHO JIBE
€HaKBU cpepu, BbpXy KOUTO AEHCTBAT MAarHUTHU CHUJIIHU, MOPOJEHU OT
cuMeTpuuHo paznoyioxkeHu NdFeB maruutu (M; u M,). BbB
¢pukcupanute kpaunma Ha Humkara ot CII® ca pa3nonoxeHu 1Be
NUE30CJICKTPUIHHU KOH30JIHU OF; U OFP,, KOUTO Ca MOHTHUPAaHHU C IOMOIITA
Ha TEpMOYCTOWYHMBO (HOJIMO, TaKa Y€ Ja CJeJBAaT Or'bBAHETO Ha
HUmKkara. [{fsnaTta KOHCTpYKIUA € CAMETPUYHA CIIPSIMO OpAMHATA )y Ha
HEIOJBUXHATA KOOPAMHATHA CUCTEMA Oy, (Puecypa 1). MaTepuansbT
Ha HUIIKATa € CIIaB ¢ MaMeT Ha popMaTa OT HUTHUHOJ, U3BECTHA MOJ]
Thbproeckata mapka Flexinol®. 3a nue30eneKTpUUYHUTE KOH30JHU ca
U3M0JI3BaHu ABa BUOpanuoHHu cenzopa tun DT1-052K, kouto ca
U3rpajeHu OT ThHBK nmuezoenekTpudueH Guim ot PVDF, metanusupan
ChC cpeOdpo OT ABEeTe CTpaHU. Te3U CEH30pU MpEeACTaBISIBAT
€JaCTUYHU €JEKTPOAU, NOKPUTHU C IJIACTMACOBU NMpEAINa3HU CI0EBE U
rajBaHUYHO CBBP3aHU C U3BOJHU 3a 3all0sBaHE.

A

A
—|9-/..A0 . .Bo Cli
o 1777

VA%
Moz

Bo |
M1 : Heater
/7”////////."///////!!7

l l

QDuzypa 1 Cxema na mepmoereKmpudHus enepzuen xapeecmep

Enepruiinusat xapBecTep € 6a3upaH Ha MPOMEHHUTE Ha
TeMIlepaTypaTa HaJ HarpeBaTeys, KOUTO B OJIM30CT 10 HEroBara
MMOBBPXHMUHA Ca BUCOKH U NMPEAU3BUKBAT KOHTPAKIIUHA HA HHUIIKATA OT
CII® v enHOBPEMEHHOTO U OTAalieyaBaHe OT TOIJIaTa 30HA.

Pazctosnuero mexay asere onopu OC mMoxke Aa ce peryiupa,
KOETO Ch3/1aBa Bb3MOXHOCTU 32 MOHTUpaHe Ha HUumkKara ot CIIO c
npeaABapuTesieH onbH UM npoBucBane (Queypa 1). llpuyHuunsT Ha
NEUCTBUE HA OCHUJIATOpPA € CACAHUAT — MMOJ BIUSHUETO HA TErJIOTO Ha
nBete chepu HUmKaTa oT CII® mpoBucBa u ce qobauxkaBa a0
HarpeBaTelisi Ha no3uuus OA:BiC, KOeTo MOBUIIaBa TeMIlepaTypaTa U
U NMpeau3BUKBAa HEMHOTO ChKpallaBaHe U BThpAsABaHE. B pe3ynrar Ha
TOBA HUIIKATa ce U3JUra oOpaTHO BEPTUKAJIHO, OTAaJieyaBalKHU c€ OT
HarpeBaTtelsid U JOCTUTAWKU nmo3unus OAoBoC. CinenBa MOHUXKaBaHE Ha
TeMIepaTypara, OMEKBaHe U OTIyCKaHe Ha Humkarta. [lox nerictBueTo
Ha TEerJo0TO Ha cpepuTe HUIIKATa OTHOBO MMaja U J00JMKaBa
HarpeBaressa (OA1BiC). BbpXy MOHTUPAHHUTE HENOJIBUXHO JIBE
eqHakBU cpepu AeiicTBAT MATHUTHU CUIH, MOPOJEHU OT CUMETPUUYHO
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pasznonoxenu NdFeB maruutu (M; u M;). Te3u nelcTBUs c€ MOBTAPST
HEMPEKbCHATO, KOETO BOJU A0 IUKIWYEH BUOpPAIIMOHEH NpoOllec Ha
cuctemata otT CII® nmumka u macu. B 61u3oct 10 onopute
BUOpanmoOHHUTE OorbBaHus Ha HUmKkata oT CII® ce npenaBat Ha
NMUE30CIEKTPUYHUTE KOH30JIU U T€ TEHEPUPAT CIEKTPUUECKA EHEPTHUA.
I''IABA 4. ITUHAMMNYEH MOJEJI

[Ipu cwBcTaBAHE Ha MoOJAena Ha MNHUE30€JEKTpPUYHATA KOH30JIa €
npueTo, 4e B 00JacTUTE Ha MUE30€JIeKTpUUYHUTE KOH30du oT PVDF,
HUIIKaTa M KOH30JaTa Cce€ Jomupar MIBTHO, Kato GopmaTta UM €
anpokcumMupana c¢ mnapabosa. I[lapamerpute Ha Ta3u mnapaboja ca
n30paHu Taka, 4e Ja ca YJOBJETBOPEHU YCJIOBHITA HAa OKAaYBAHETO HA
€JaCTUYHUTE €JEeMEHTH BbB PUKCHUpPAHUSI Kpal, a CBOOOIHUAT Kpai na
€ C HAaKJOH a, chBHajaml ¢ HakjdoHa Ha Humkara ot CII® B kpaitHuTe
y4acThIlM HA TepMOMexXaHU4YHUS reHepatop (DQueypa 2).

Duzypa 2 IIpednoroxenusn, npuemu npu onpedersinemo Ha
depopmayuume Ha nuesoerexkmpuutume KOH30AU

JlonyCckaHeTO 3a 3aBUCMMOCTTA Ha TeMIIepaTypaTa U MAarHUTHUTE
CUJIYM Ha CPEAHUSA y4acThK OT NO3UILHUITA ¥ BOIU IO NPEACTABIHETO Ha
eJacTUYHAa KOHCTaHTa BBbB QPyHKI U HA BpeMeTo. [loTeHIIManHUAT
XapakTep Ha CUCTeEMaTa JaBa OCHOBAHHUE 3a CUJIMTE HA HUIIKATA OT
CII® na ce u3Benar upe3 ypaBHeHUsATa Ha JlarpaH)k oT BTOPH pOI.
OnpenensHetro Ha nedpopManUMUTE HA MUE30CTEKTPUUYHHUTE €JIEMEHTH B
cborBeTcTBUE ¢ [l] (cTp. 102) e HanpaBeHO B [2], KbAETO
napabonaTta Ha nuHUATA HAa Aepopmanus 3a naBata PVDF kon3ona e
npueTa KakTo € onrcaHa B ¢popMmyiaTa:

yi=a(x+D?=ax?+2alx+al®> xe[-I,-1+ lp]’ (1)

KBJIETO [, € IBIKHHATA HA MUE€30€JEKTPUYHATA KOH30IIa, a €
KoehUIIMEHT, KOMTO MOJXE J1a C€ ONMpPEaAE]IH, aKO C€ MPUEME, Y€ BI'BJIBT
Ha HAKJIOHAa B Kpas Ha KOoH3o0JiaTa cbBOaja ¢ To3u Ha CII® Humkara B
chmata Touka. KoepuuueHTHT @ € moJydeH upes:
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_ Ya
A L (axat,+21) (2)

N3non3Baiiku nudepeHMaiHOTO YpaBHEHUE Ha eJacTUYHATa
nuHusa Ha Ounep-bepHynu:

”_dzy_ My
T@ T TE (3)

Or'bBAIIUAT MOMEHT CE€ M3pa3siBa ype3:
M, = -y EI, (4)

KbJaeTo E e monyna Ha FOHT, I € uHEepUUOHEH MOMEHT. BTopara

MMpONU3BOJAHA HA CJIAaCTUYHATA JIMHHUA CC HaAMUpPaA CICO ,ZII/I(i)CpeHIII/IpaHG
H CC IIoJIydaBa:

_ 2Ely,
My = 1, (2x,—1,+21) (5)

Hanpexenuero, yctanoBeHo B nuezoenektpuynara PVDF kon3oia,
€ OMHMCAHO B 3aKOHA:

My 2Ely,
w, Ly (2x =1 +20)W5 (6)

ToraBa nedpopmanusaTa ce u3paszsiBa ChC 3aKoHa Ha XYK:

21
E Ly (2x =1, +20)W,,

AbGconioTHaTa HaANBXHA AedopManus Ha IsBaTa
nueszoenektpuuHata PVDF koH305a ce onpenens uypes:

_ — 2[}"4
Al = el = (24—, +20)W, (8)

ITo momo6en HauuH 3a abCONMIOTHATA HaJIbXHA Aepopmanus Ha

nscHata nueszoenektpuuHa PVDF kKoH3051a BCaeacTBUE HA CUMETpPUSITA
Ha CHCTEMaTa Cce MmoJjyvana:

_ _ 2[:}’3
Alyy = £l = (2xp+l,—20)W,’ (9)
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ToHi KaTO MUE30€EJIIEKTPUUECKATA KOH30Ja UMA NPABOBI'BIHO
HAaMpeYHO CCYCHUE C MUPOYNHA w M BUCOYHUHA h,, HHEPIUHUOHHUAT

MOMEHT 3a HAaIIpEYHOTO CEYEHHUE CE M3UHUCIsIBa MO popmyiara:

3
_ whyp

I 10
o, (10)
a 3a C’BHpOTI/IBI/ITGHHI/IH MOMCHT BaxXHu I/13p33'E>TI
wh’
w =" (11)

AOGconTHaTa HaaabxHa gedopmanus Ha nsapata PVDF kon3ona ce
npeoOpa3yBa B:

f
Al = — 4 (12)

2x 41,420

AHanoruuHo 3a a0coNOTHaTa HaaldbXHa AedopManus Ha JsicHATA
PVDF koH301a BclieACTBUE HA CUMETpUsITAa HA cucTeMaTa cieaBa (68).

3a cunara F, MexXIy eaHa chepa U NOCTOSIHEH MarHuT TYK €
npuera 3aBUCUMOCTTA:

K

E,=—— 13

m (69+6)2’ ( )
KOSITO € U3BEJICHA UpPE3 UMCIEHU CUMYJIAllUM U €KCIIEpUMEHTH B [3].
BbB dopmyna (13) koHcTaHTaTa k € HAape4YeHA UMACUHEPHA MACHUMHA
Maca, §, € UMaruHEepHa HavyalHa XJaOuHA U 6§ € PAa3CTOSHUETO MEXKAY
chepaTa u moBbpXHHUHATA HAa MarHHUTa (Dueypa 3 (a)).

20

0 0.005 0.010 0015 0.020
&

(a) (0)

Quzypa 3 Maiumna cura mexJdy nocmoanen maznum u cPepa
om Ppepomarnumen mamepuaa: (a) nocmanoeéka na sadavama;
(6) epaduuna xapakmepucmuka Ha MazHumHama cuia
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MarauTHaTa cuja NpH yClIOBHA HyJieBa MeX/JIHWHaA (HapeyeHa e
ycaoeHa, 3al10TO MPAKTUYECKH HUKOTra Pa3CTOSIHUETO MeXAy chepara
M MarHuTa HEe MOJE J1a € paBHO Ha HyJa MOopaju rpanaBUHUTE U
OTKJIOHEHHATA OT GJOPMUTE HA ABETE NOBBbPXHUHU) npu § = 0 € B cuia
HayajHaTa MarHUTHa cHUJa:

‘Fn*t{J_K (14)

52’

OTKBJIETO € BUJIHA pa3MEpPHOCTTA Ha UMaruHepHaTa MarHuTHa Maca k
[Nm?]. XapakTepuCcTHKaTa Ha MarHUTHATa CHJIAa BbB QYHKI[HSA Ha
npeMecTBaHETO § € mokazaHa Ha Dueypa 3 (0).

3a onpenelnsiHEe HAa cHJlaTa, ¢ KOSITO MAarHUThT M; nelicTBa HA €1HA
oT chepuTe M TAXHATA NOTEHIMAJIHA €EHEPTHsi, € U3M0JI3BaHa
nocTaHOBKaTa, moka3zaHa Ha Queypa 4. Pa3riegano e eJHO TEKYIIO
NOJIOKEHUE Ha MacaTa B TOYKa A, pa3moJ0KEeHO Ha MO3UILIUA V,.
BrnusiHueTo Ha mpeMecTBaHETO HAa MAaCHUTE MO OCTa X BbPXY
MarHUTHUTE CUJIH € IpeHeOperHaro.

Hy

A J

IPD o r r 7 7 T A7 7T T 7T

Quzypa 4 Manumnu cuiu, deiicméauju Ha cpepama 6 mouxka A
6 NPOU3BOAHO NOAOXKEHUE Y4

Karto ce B3emMe npenBum, ye:

61 =¥1+ Ya, (15)
cbriaacHo (14) MmarauT M; e ynpaxHu cuiara:

—K

Fo,=—2
ML (8,+y,+v4)?

(16)

[TorTennmnanHata eHEpPrus Ha cujaTa Ha MarHuTt M;, neWcrtBaima
BbpPXY Maca B TOUKa 4, € omnpeelieHa cleJl HHTETpupaHe:

—K d - K
(8o +y1+ya)? Y4 Sty +ya
12
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BcecnencrtBue Ha cumetrpusita (Queypa 1) aHalOTUYHO 3a MacaTa B
TOYKa B ¢ W3pa3eHa MarHUTHAaTa MOTCHIIMAJHA CHEPTHS:

K

Emp =5 (18)

So+yitya
CyMapHaTa NOTEHIMAIHA MATHUTHA €HEPrHus 3a JBETE MACH €:

2K

B = Ema ¥ Bmp = 5505 5

(19)

JlomyckaHeTo 3a 3aBUCHMOCTTa Ha TeMmIeparypara Ha CpEIHHUS
y4aCThK OT IMMO3UIMATA ) BOJAU JO MPEJACTAaBAHETO HA TOIJMHHATA
€JJacTUYHA KOHCTaHTa BBB (YyHKIUSA Ha BpeMeTo. I[loTCHIHATHUSAT
XapakTep 3a pa3npeleeHUEeTo Ha TemIeparypara B OJHU30CT [0
HarpeBaTess JlaBa OCHOBaHHME 3a cuiauTe Ha HumkaTta oT CIID na ce
M3BEJaT Uype3 ypaBHeHUsATa Ha JlarpaHX OT BTOPHU POJ.

Taka ONMCAaHUAT CHEPrHUEH XapBECTEp HMMa YCTUPH MCXaHUYHHU
CTeNmeHU Ha cB0OOJa M JBa €JEKTPUUYECKH KOHTypa uiu 00oOuIeHUTE
KOOpJAMHATH ca OOIO MecT, YEeTUPH OT KOUTO Cca MEXaHUYHH
KOOpPAMHATHU x4, Xg, V4, Vg M JBE EJIEKTPUYECKH g, U gq,, KOUTO ca
CJIEeKTPUUYECKHUTE 3apsiiu ChbOTBETHO Ha ysABata (PUKCUpaHaTa B TOYKaA
O) u ascuata (dpuxkcupanara B Touka C) KOH307a.
3a mnue30€NEKTPHUUYHUTE KOH30JU CHIIO Ce€ TMpuemMa, dYe umat
UJICHTUYHHU TapaMeTpu U OT CHUMETpUUYHATA UM OPHEHTAIUS CleABaT
cyocTutynuuTte ¢, =g, q,=q. CuUMeTpusTa Ha cHcTeMaTa HaMmalsiBa
Oposs Ha 0000mEHUTE KOOPAMHATH HAMOJOBHMHA, KOUTO CJEJ
nojlaraHusTa ce€ OrpaHUyYaBaT o0 x, y U gq. [lpueTo e, ye MexaHu4yHaTa
CUCTeMa TMpu JABUXKEHUETO CH C€ HaMupa B CBOSTa CHMETpHUYHA
KOH(bUTypamusa COpsiMO OC y, KOETO MpPaBU BATUJHU CYOCTUTYIHUTE
xo=—L xc=1,y0=0, o =0, [ =ly, Al; = Al u L, = 2(I - ly,), KBACTO | ==,
ToBa o3HauaBa, uye B JlarpaHxkumaHa ce CBABPXKAT KUHETUYHATA,
MOTEHIMAJTHATA U TMHE30€JEeKTPUYHATA EHEPrus, a MOBEJACHUETO Ha
EIeKTpOMEXaHMYHATA CHUCTEMa C€ OMHCBa OT CBBpP3aHa CHCTEMa OT
Tpu aAudepeHIUalHu  ypaBHEHHUSA, CHOTBETCTBAIIM HA  TPUTE
CUMETPUYHHU 0000IEHN KOOPAUHATH.

KuneTtnuynara eHeprus Ha MEeXaHWYHATA CHCTEMa, CIEJ KaTo ¢
B3€Ta MpPEABUJ CUMETPHUATA, € TOJIydeHa BbB BHJA:

Ex = m(x? +y?), (20)

KbJIETO C TOYKA Ca O3HAYEHU NMPOU3BOJHUTE HA KOOPJUHATUTE CHPAMO
BpPEMETO t, a m € MacaTa Ha eaHa cdepa.
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BropusaTr koMnoHeHT Ha JlarpaHXkuaHa € IOTEHLIMAJIIHATA €HEPI U,
KOSITO ce akymyuaupa B HUmkara ot CII® B ctyaeHuTe KpalHu
yuactbuu O4 n BC, KaKTO U B CPEAHUS y4acTbK AB, B KOUTO NIPOMEH
TeMneparypara cu u moaysa Ha IOHr. [lopaau Te3u npeanocraBku 3a
IIOTEHIMAJIHATA €EHEPTUS € BAJIUAECH U3Pa3bT:

_ ka2 2y 4 Kr ,q2 2K
E,= ) (Al + Alg) + ) Aal; +750+y1+yﬂ

= kAl + T 412+ 25—, (21)

Soty1+¥a

KbIACTO k; € €JIaCTHYHATa KOHCTaHTA Ha KpaﬁHHTe CTYACHHU YUACTHIH,
onpcacijiCcHa 4pce3:

Je, =24 (22)

kr € TeMmepaTypHa eJlacTUYHaTa KOHCTAaHTa, KOSITO € (YHKIUs Ha
TemnepaTtyparta Ha HUmKara ot CII® u ce onpexnens oT:

fep = 222, (23)

C MOJACHCHHUCTO
kr = kr(x.q(f)- }’A(f))- (24)

Tpertust kommoHeHT B Jlarpanxmana e  eHeprusiTa Ha
nue3oenekTpuuHata PVDF koH3ona, kosiTO B ChOTBETCTBHE ¢ [1]
(ctp. 102) u cnen kaTo ce pasriega CUMETpUsATA, C€ NpPEACTaBi BbB
BUJa ONHUCAH B:

2 2

ve =z e A (2)
kbaeto C € €eKBUBAJEHTEH KamalUuTeT Ha TMHE30€JIeKTPUYHUS
npeoOpa3yBaTesl, &3 ©W dz3 Ca CHOTBETHO JHEJEKTpUUYHATA
MIPOHUILIAEMOCT U NUe30elieKTpuyHaTta KoHctanTta Ha PVDF kxoHn3omara,
sf ¢ mogaTnuMBOCTTAa HA MHUE30CJEKTPUUYHATA KOH30JIa MPU MOCTOSHHO
EIEKTPUUYECKO TojJe U ki; € KOoehUIMEHT Ha EJIEeKTPOMEXaHUYHO
cBbp3BaHe Ha PVDF.

CuctemaTta OT CBBp3aHH AUPEPCHIMAJIHA ypaBHEHUS CE M3BEXKIa
cien nudepennupane Ha JlarpaHkmaHa CHrJIacHO ypaBHEHHUSATA Ha
JlarpaHX OT BTOpHU POJ, KOUTO UMAT BUAA:

294 94 _ 0.i=1.23, (26)

B KoeTo 0000mEeHUTe KOOpAMHATH Ca g, =x, g, =y U q3=gq, a
0000IIeHNTE CHUJIM UMAT BUJIA:
14



Ql = _IBx'x
0, = _2mg_ﬁy}> (27)
Q3 = _RLq

KbAETO fr, fy, Ca KOeDMUMEHTH HA BHUCKO3HU CHIOPOTHBIIECHUSA
ChOTBETHO MO OC x U y, g € 3€MHOTO YCKOpPEHHE, R, € TOBAapHOTO
ChIPOTUBJIEHUE BBB BEpUrara Ha TNHUE30CJIEKTPUUYHUTE KOH3OIH,
KOTaTo ca CBbP3aHU MapaliesHo.

Cnen nudpepeHnupaHeTo € U3BEJACHA CUCTEMATa:

. (x+1) K,y £, oAl _

mx+ klAll —2 + kT (y)Alz 2 CAZp - d33q + b = —ﬂxx

(x+1) +y? CK,[1,-2(x+1)] 2

&,
) L 2CAZp—2d33q—I—% , (28)

mj + kAl - -C —=-2mg -,y

(x+l)2+y2 (60+y1+yA)2 ! 2CzKp ’
dstaAlp -9=-Ryq

KBIETO:

_ Kahp
P, =2(x+)

(29)

[IpousBoaHaTa Ha TOIJIMHHATA €JJaCTUYHATAa KOHCTAHTA HAa CpEeAHUSA
y4acCTBhK €:

dkr(y) _ d E,A  AdE,

dy dy 1, I, dy’ (30)

KbJETO NMPOM3BOJHAaTa Ha Mojayla Ha HOHr cnpsmo Y 3a cpeaHus
y4acThK UMa BHJa OINKCAH B:

dRy, .
(Ep, — EG)F if0<e, <&
8E; _ _ ARm .p ¥ d
a = (ET Ea) ay if Em = Es2 = Em. (31)
dRpy, .
(Eq — Ea)g if e = &5

OyHKIUATAa Ha pPa3npeNe’eHUeT0 Ha TOMIMHHOTO II0JI€ Hal
HarpeBaTelsis MoAUpUIIUPAa OTHOCUTENIHATA MAPTEH3UTHA PPAKI U B:
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1 .
~5z(y=ye)
5 Tim—The @
211 — tanh ="
2 Ar
Sk Ty —Th +T,
Rm = ?(1 — tanhmTo

Elf(}'_}'f )+TU

5 T—The
R (1 — tanh =t
2 Ap

)+Rc:5n if Ye <y <5

”“) +ReSpif y <y,

(32)

)+ RcSrif y = yr

[IpousBoagHaTa Ha OTHOCHUTEJIHATA MapTEH3UTHa (Qpakius CHPAMO
NIPEMECTBAHETO y € XapaKTepU3HpaHa ypes:

1 N
—2z(¥-Ye)
SRTh _—=5(y-ve) [ 4 _ Tm—The €° o\ i r
2782 € ] (1 tanh pm ifyv=y,
dR :
T = Oifye <y <r (33)
' : —2=(y-vf)
SRTh _—az(y-vf) [ 4 _ Tm—Tne 8 "Flamy ) . )
21707 6 1 — tanh pm ify >yr

Cuctemara (28) e pemeHa YHUCIEHO

CJICA IMOHHXKAaBAHC Ha pcaa

ype3 HesiBeH MeTon Ha Oitnep oT 5-TW pea Hmpu HadyajlHHU YCIOBHA,
nanenu B Tabauya 1. 3a menrta e ch3JgajeHa ClelUalHa mporpaMa Ha

Maple 16.
Tabauya 1 Cmoinocmu Ha napamempume HaA cucmemama
Judepenyuarnu ypaenenus
. Pazmepn
IMapamersp CumBoJa | CtoiHoOCT och
MexauHa MeXKAYy
eJeKTPOANTE HA hy 28x107° m
nue30eJeKTPUYHATA KOH30J4a
BJAKHHA HA

A L, 0.0235 m
nue30eJeKTPUYHATA KOH30J4a
[HIupuua nue3oejJeKTpUUYIHATA

p P w 0.0102 m
KOH30J12
JAuejileKTpUYHA . 9.7396x10 F/m
npouunaemoct Ha PVDF 33 Il
IMogaTauBocT Ha
NMUEe30eJJeKTPUYHATA KOH30J1a 0.384x10° N

S33 10 % Pa
NMPHU MOCTOSIHHO
eJEKTPHYECKO TO0JIe
IIue3oesekTpu4Ha
d 27.1% C/N

KoHcTaHTa Ha PVDF 33 p
Koepunuenr Ha

buu ks 16* %
eJIEKTPOMEXAHUYHO
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cebp3Bane na PVDF

Hagabxken moaya Ha FOHr Ha

PVDF E, 2.5% GPa
MexaAyOonmopHO ] 0.026 m
NMOJIYPA3CTOsIHHE
HoayabiaKuHAa HA HULIKATA
Maca Ha cdepara m 6.10°3 kg
3eMHO YCKOpeHHe g 9.81 m/s?
AbAKHUHUA HA KPallHUTeE l, = 04,

s 0.14 m
yuacTbliM Ha NiTi Humkara I3 = B,C
AbJKHUHA Ha c.pe.zmml L, = AB, 0.24
yuyacTbk Ha NiTi smmkara
JAuamersp Ha NiTi numkara ds 0.00025
Moaya Ha Young 3a NiTi B
U3AJ0 IBOMHUKYBAH En 21.7%%* GPa
MAPTEH3HUT
Moaya Ha Young 3a NiTi B
YaCTUYHO IBOWHUKYBAaH Er 0.56** GPa
MAapPTEH3HUT
Monaya Ha Young 3a NiTi B £ 11.1%* GPa
OTABOWHMKYBAH MAPTEH3HUT ? '
Moaya Ha Young 3a NiTi B £ 55 5k GPa
AYCTEHHUT “
OTHOCHMTEJNHA HALJBKHA
nepopManusa Ha oY 0.0024%% N
NMpPoOBJIAYBaHeE 34 m )
ABOVWHUKYBAH MAPTEH3HUT
MuHMMAaJIHA OTHOCHUTEJIHA
HAAJdbXKHA AepopManusa HA eg 0.0044** --
OTABOVWHMKYBAH MAPTEH3HUT
CraproBa ayCTeHHTHA A 55 9Q** °C
temnepatypa Ha NiTi S '
DduHAJTHA ayCTEHUTHA y 64.05%* °C
temneparypa Ha NiTi 7 '
CraproBa MapTeH3MTHA y 25 D4k °c
temnepatrypa Ha NiTi ) '
®unaana MapTeH3NTHA M, 21 44%* °C
temuneparypa Ha NiTi
AyCTEeHUTHA KOpUTrupama b, 0.01 °C
TeMmneparTypa
AYCTEHHUTEH KOepUIHMEHT Cq 1.95 --
MapTeH3UMTHA KopUrupaima b 0.01 °C

TeMnepaTypa
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MapTeH3UTEeH KOe(pPUUUEeHT Cm 2.17 --
HavagHa mo3uuus Ha
. Yo 0.0095 m
MaKCHMAaJIHATA TeMmeparypa
Kpaiina no3unusga Ha
P 1l v 0.023 m
MAaKCHMAJIHATA TeMIneparypa
YcaoBHa AbJXKHHA 32
A 9 0.0042 m
HaKJOHA
Craiina Temneparypa Ty 20 °C
MaxkcuMajgHa TeMueparypa o
‘s T, 70 C
Ha Humkara ot NiTi
HapgabikKeH koepMIMEeHT HaA
: G 5. 0.00042 kg/s
aemndepupane
HanpeuyeH koepuMIueHT HA
p P By 0.0014 kg/s
aemndepupane
ToBapHO CHLNIPOTHUBJICEHHUE R Ot 5x10° Q
p P L 710 7><106
HauajHa cCKOpPOCT O X %(0) 0 m/s
Havaana ckopocTt mo y v(0) 0 m/s
Hauvaana mo3unus mo x x(0) -0.1 m
HavagHa mo3umusa mo y v(0) 0.01 m
Pa3cTtossHueTo MexKay
chepaTa U NOBHLPXHUHATA HA ) 0.01 m
MAarHuTAa
HMmaruHepHarta MAarHuTHa . R 14x10-5 Nm?
Maca

*[To nanam ot [4] **CgolictBara Ha NiTi ca onpeaeneHu
€KCIIEpUMEHTAJNHO B [5].

I'TABA 5. EKCIIEPUMEHTAJIHA ITPOBEPKA

3a BalnuauMpaHe Ha pe3yJTAaTUTE OT YUCJIEHATa CUMYyJAalUs Ha
JVHAMUYHUS MOJEN € Ch3JaJcHa €EKCIEPUMEHTAallHA YCTAHOBKA, YAATO
IAJOCTHA KOHIEMIUS € U3sICHEHA cXeMaTuuyHo Ha Queypa 5 (a). Ha
Queypa 5 (6) e moKa3aHO KaK H3TIEXaa T oTrope. Queypa 5 (8) e
ONM3BK MOTJEI Ha JNsBaTa CTpaHa Ha eHeprukHus xapsectep ¢ PVDF
KOH30JaTa 2, Ha CEH30pa 3a XOPU30HTaJlHA MO3ULIUA 3, TeXKeCT 4,
HarpeBaTesis 5 u MmaruuTu 10. Queypa 5 (2) e cHUMKA Ha JsicHaTa 4acT
Ha CHePTUWHUS XapBeCTep, HA KOATO ce Bmxkaa chepara 4,
HarpeBaTelisa 5, ceH30pa 3a BepTUKaidHa no3unus 6, numkara ot CIID
7, nacHata onopa 8 u marautu 10.
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(r)

Quzypa 5 Yecmanoéka 3a ekcnepumenmaino usciedeéane na
mepmoeneKmpudYHUus eHepeueH xapeecmep: (a) cxema u yaiocmua
KoHuenyusa; (0) CHUMKAQ omzope HA YATAMA ONUMHA YCMAaAHO8Ka (8)

yacmuueH u3eneo Ha na6ama cmpana (8) wacmuuen uzeneo Ha
dsAcHama cmpaHa Ha eHepIUllHUA Xapeecmep

OnuTHaTta ycTaHOBKA, ChAbpKA HarpeBareas 5, pa3noJIOKEH B
cpenara Humkara ot CII® 7, chepure 4, BbpXy KOUTO JeHCTBAT
nupekTHo NdFeB marauTtu 10. Jlo6aBeHHu ca ceH30PH 3a ONpEACIisiHE
Ha XOPU30HTAJHOTO 3 U BEPTUKAJIHOTO 6 IpeMecTBaAaHE HA MACHTE.
Te3u cenzopu ca Tun APO-075-002-000 na TT Electronics Ltd UK.
[TapanenHo Ha U3XOQUTE HA JBETE NUE30CIEKTPUYHU Ipeau 2 ca
CBBP3aHU NPOMEHIMBU TOBAPHU PE3UCTOPHU |, YUETO CHIPOTHUBIECHHUE
ce HacTpoiBa upe3 omMeThp 9. HanpexeHuero ot
MHUE30€NEKTPUYHUTE ITPEIU U ABAaTAa CEH30pa 3a MO3ULUA NOCTHOBAT B
Data Acquisition System DAQ USB — 6003 na ¢upmara National
Instruments, cnen koeTo ce o6paboTBaT OT JANTOMN Ype3 Mporpama Ha
LabVIEW 11, 3a na ce 3anucBaT BbB ¢aiia B Excel.

Ha @Quecypa 6 ca noka3zaHu pe3yJTaTUTE OT YHCIEHATAa CUMYyJallUs
Ha cucTeMaTta oT nudepeHnualau ypaBHeHus. [ padukure, monydeHu
OT TEOPETUYHUTE pe3yJTaTH, NOTBBPKAAaBAT PEATHOTO MOBEJEHUE HA
eHepruiiaus xappectep noa Bausaue Ha NdFeB marautu. Ot
rpadUKUTE Ce BHXKJA, Y€ YECTOTUTE U aMIJIUTYJUTE HAa TPENTCHUATA
ChBIAgaT, KATO CTOXAaCTUYHUTE MPOIECH U TYK Ca HAJHIIE.

X [mm]

063
062
061
0.60
059
058
057 t[S]

(a)

20



y [mm]
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o
(=}

0 01 02 03 04 0.

(6)
u [V]

1 t[s]

O A ¥ x T ol T 1 3 v

(B)

Duzypa 6 I'papuku na wucnrenomo pewenue na cucmemama,

noayueno upe3 oannume om Tabauuya 1; (a); npemecmeane no oc x;
(6) npemecmeane no oc y; (8) usmepeno nanpeyxcenue na PVDF
KoH301ama.

[lopanu npoMeHIMBHS XapaKTep Ha KOpaBUHATa Ha TOMJIOTO
CE€YEeHHE U HAJIUYHETO Ha pa3JIMYHU XUCTEPE3UCU, TPENTEHUATA O
TPUTE OCU UMAT MNCEBAONEPUOTUUYEH HIIA MO-CKOPO CTOXACTUUYEH
xapakrtep. ThH KaTo TPENTEHUATA MO OCTA X €Ca CyMa OT TOIJIMHHU U
€JIaCTUYHU NPEMEeCTBAaHUS, T€ ca SICHO pa3JIMYUMU Ha Tpadukara,
KBJIETO c€ HaOJrogaBa MOAYyJalMs ¢ MO-BHCOKa yecTtoTa (Queypa 6).
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Duzypa 7 Excnepumenmannu pesyimamu Ha paboma Ha
cucmemama 0e3 enruanue Ha NdFeB maznumu u memnepamypa Ha
nazpesamensa om 70 °C: (a) npemecmeane na chepama no oc x; (b);

npemecmeane Ha chpepama no oc y; (8) Hanpexcenue Ha eOHa om
PVDF konzonume
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Ot cwnocraBsHeto Ha Queypa 7 u QPueypa 8 € BHUIHO, UE
no6aBsHeto Ha NdFeB marnuTtu nmonoOpsiBa paboTara Ha cucrteMmara.
YecTtoTaTa Ha ocuuMiIupaHe ® c€ yBeauuaBa oT 8,3 Hz, 1OCTUTAUKU ©
= 9,2 Hz, KoeTo B TO3M CJydyad MNpeACTaBIsIBa YyBEIUYEHHE Ha
yectorata ¢ okoao 11%. CkopocTra Ha cuctemara € YyBEJHUYEHA,
npeMecTBaHETO O HapacTBa, JOMNpPUHACANKM 3a TMOBUIIAaBaHE Ha
nepopmanusita ¢ B PVDF koH301ara W oTTaM Ha TE€HEPUPAHOTO
M3XOJHO MUK OO0 NOHUK HanmpexeHue ot 6,12 ngo 14,14 V, koeto
npeacrtapiisgBa okoao 130% yBenuueHue HAa U3XOJHOTO HANPEXKEHUE HA
eHepruilHus KoMOallH ¢ MarHuTH.
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o o o
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wn
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12

10

HanpexeHue [V]

Bpeme [s]

(B)

Quzypa 8 Excnepumenmannu pesyaimamu Ha paboma Ha
cucmemama noo éaruanue na NdFeB maznumu u memnepamypa na
nazpeeamensa om 70 °C: (a) npemecmeane na cghepama no oc x; (b);
npemecmeane Ha chpepama no oc y; (6) HanpexycenHue Ha eOHa Om
PVDF konzonume

[IpoBemeHUSAT EKCIEPUMEHT IEJH Ja YCTAHOBU BH3MOXKHOCTHUTE HA
eHepTruiHusS KOMOaiiH Mo OTHONMICHHWE Ha M3XOJHATa MomHOCT. Ha
Queypa 9 ca mokazaHW 3aBUCUMOCTHTE Ha MAKCHUMAJIHOTO U
ePEKTHBHOTO M3XOJHO HAMMPEXKEHUE OT ChIPOTUBICHUETO HA TOBapa.
Pesynrature OT eKCIEpUMEHTUTE, CHIOCTABSIIN MOIIHOCTUTE TIPHU
paborara Ha cuctemara 6e3 qupekTHO BiusHue oT NdFeB marautu
(@Queypa 9 (a)) u ¢ nupexTHO BaAusHUE BBpXy chepute or NdFeB
MaruiuTtu (Queypa 9 (6)), ca npoBeeHH cbc cThka oT 500 KQ 3a
TOBapeH PEe3UCTOP.

14 2,50E-06

1,2
2,00E-06
1

08 1,50E-06

0,6 1,00E-06

04
5,00E-07
0,2

0 0,00E+00
500 1500 2500 3500 4500 5500 6500

CbnpoTtuenenue (RL x 1000 0)

Hanpexenne U [V]
MowHocT P [W]

W3xoaHo HanpexeHue (Urms) MOLLHOCT Ha NWe30eNeKTPUYHaTa KoH3oNa (P)

(a)
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3 9,00E-06
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500 1500 2500 3500 4500 5500 6500
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(0)

Quzypa 9 I'pajpuka na noaryuenama mouwyHocm Ha UZMEPEHO
nanpexcenue na PVDF kouzonama; (a) paboma na cucmemama 6e3
énusanue na NdFeB macnumu; (0) paboma na cucmemama c
énuanue na NdFeB maznumu

OT rpadukuTe ce BHXKJA, Y€ MaKCHUMaJlHATa MOIIHOCT 3a CHUCTEMa
6e3 Bp3aeiictBueTo Ha NdFeB maruutu ot 1,92 uW ce nmoctura npu R;
=7 MQ w uzxonuo Hanpexenue U = 1,16 V. MakcumanHaTta MOUIHOCT
3a cucteMa noja Bb3jaeiicteueTto Ha NdFeB maruutu e 8,19 uW npu
TOBAapHO CHIPOTUBJIEHUE OT Ry = 5 M 1 U3XOJHO MUK 10 MUK
Hanpexenue U = 2,02 V. MakcuManHOTO U3XOJHO HamnpexeHue U =
2,3 V e nocturHato npu R, = 7 MQ u momHoct P = 7,54 uW. Te3u
pe3yJTaTu MoKa3BaT, Y€ MAarHUTUTE ca JONMPUHECIH 3a YBEIMYaBaHE
Ha ONTHMAaliHaTa W3XoaHa MomHoOcCT ¢ 330%.

HAYYHO-NIPUJOXHHAU U NTPUJIOKHHN TPUHOCH
1 HayyHu nmpuHOCH

1.1 Jloxa3BaHe ¢ HOBHM CpeACTBAa HAa CHIIECTBEHH HOBH
CTPAHM B ChIIECTBYBAIIM HAYYHHU NMPOOJIEeMH U TEOPHUH

l. Upe3 ypaBHeHusATa Ha JlarpaH) OT BTOPH pOJ € CBh3JaJ€CH
MyJITudU3UYEeH  JWHAMHUYEH  MOJEeJ Ha  CcaMOBB30yXjgam  ce
TEpMOMEXaHUYEH ocuuiatop, B KkKolTo Humka ot CII® c¢ xaBe
KOHI[EHTpUPAaHU CPEepUYHH MaCH C€ 3aJBUXKBa UYpe3 HU3TOYHHUK Ha
NMOCTOSSHHA TeMmIeparypa. [lonyueHnata cBBp3aHa CHCTEMA OT
nudepeHUMalHl YypPaBHEHUS € peueHa YHUCIEHO 4Ype3 OpUTHHallHa
nporpama, u3noJj3Bamia HeaBeH metoa Ha Oitnep.

2. N3menenmero Ha TeMmmeparypata B MoJena Ha
caMOBB30yXJIalusi c€ TEPMOMEXAaHUYEH OCLUUIATOP € alpoOKCUMUPaHa
ype3 cTalMoHapHa (QYHKIUS Ha BepTUKAaJIHAaTa KOOpAMHATA, KOETO
MMO3BOJISIBA TEMOEPATYPHOTO MOJIE Aa CE NPUEME 3a MOTECHIUAIHO.

3. Cob3maneH € HOB MYyJATH(PU3UYEH JAUMHAMUYEH MOJEa Ha
eHeprueH komOaiiH, Oa3upaH Ha TEpMOMEXaHUYHHUS OCUUIATOP, B
KOMUTO e nobaBeHa MUe30€JeKTPUIHA obmacr, omucBaIla
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nepopManuiTa U T€HEPUPAHETO HA €JIEKTPUUYECKHU 3apsA] Ha KOH3O0JH
or mnoiauMmepa PVDF. B To3um Mozean HOBOCT €, Y€ € TMPHUETO
MMOJIMMEPHUTE KOH30JHM, KOUTO HMAT HHUCBK wmoayn Ha IOHr, na
konupat aAepopmanugara Ha HUmKara ot CIId B MacTOTO Ha OKayBaHeE.
3a penrta ¢opmara Ha ejJacTHYHATa JHHUA € aNpPOKCHUMHUpaHa C
napabojia, KOSATO HMa CBHIUIMUTE HAYAJHU M KpalHU YCIOBHUS KaTo
Humkara ot CIIO.

4. YcTaHOBEeHO € 4e MYJATU(U3UYHUAT MOJEJ] HAa €HEPTrUuuHUA
XapBecTep, clel KaTo € B3eTa MPEeaBUJ CUMETpHUATa, ChIAbpKa TpHU
0000UIEeHN  €NEeKTPOMEXaHUYHHU KOOpPJAMHATU: XOPU3OHTAJIHO,

BEpPTUKATHO MpeMecTBaHe Ha cdepuTe M CJICKTPUUECKHUSIT 3apsijg Ha
NUue30eJeKTPUUHUTE KOH30JU. [loJydyeHM ca YHUCIEHU pEIICHUS Ha
0000MIeHUTEe KOOPJIMHATU BbB (QYHKIIMS HA BPEMETO.

5. KbM MyntudusndHusg AUHAMHYEH MOJEJ Ha CHEPruuHus
XapBecTep € fo0aBeHa MarHUTHA 00JacT, KOSTO 4Ype3 HAacTpoWBaHE Ha
YEeCTOTUTE HAa CaMOBB30YyXJIaNMTe TPENTEHUS MOBUIIaBa eHEpruiHaTa
ebexkTuBHOCT. EHeprusiTa Ha MNOJETO HAa TNOCTOSHHU MArHUTU €
BbBeJneHa B JlarpamxumaHa Ha MoJena, uYpe3 CEKCIepUMEHTaJHa
ampoKcHUMaIlMs Ha MarHuTHaTa CHUJa W MOCJEJABAIlO HM3BEXJIaHE Ha
NOTEHI[MAJIHATA EHEPTHUA.

6. Upe3 anHanmm3 € yCTAaHOBEHO, 4Ye TpeNTeHUusATa Ha
pasriexIaHUTe CHUCTEMHM HMMaT CTOXaCTHYEH XapakTep, a IMpHu
XOpU3OHTAJHUTE TpENeHUus OCBEH MEXaHWYHH Cc€ TMOsABIABAT W
TEpMaJHH C IMO-BHCOKAa 4YeCcTOTa, ABJKAIIK CE€ HAa TEMIEPAaTypPHOTO
cBuBaHe Ha Humkarta ot CIID.

1.2 TIloayyaBaHe HA NOTBBPAUTEJHU PAKTH

1. [TonyyeHu ca MOTBBPAMTEIHU €KCIEpUMEHTANIHU (pakTu 3a
TEOPETUYHO H3BEJACHUTE (PYHKIMHU HA O0O0OOIEHUTE KOOPAMHATH 34
TPpUTE MOJEJia Ha CaMOBB30YyXKIalUI C€ TEPMOMEXaHUUYEH OCIMIATOP,
eHepruiiHusg komOaiiH ¢ PVDF xoH301M W HEroBoTo MAarHMTHO
HAaCTPOMBAHE HA YECTOTHTE.

2 HayYyHONPHUJIO)KHM NPHUHOCH HA JAUCEPTAUMOHHUS
TpYA

2.1. Cbp31aBaHe HAa HOBH METO/JAM HA H3CJeIBaHe

1. Chb3maneHu ca OpUTHMHAJIHU CTEHAOBE 3a €JHOBPEMEHHO
W3MepBaHE B peallHO BpeMe Ha MEXaHHMYHH BUOpamuu B JBe
NEePHOEHIUKYISIPHU HANpaBJICHUA U FT€HEpUPAHO NPOMEHIHUBO
€ICKTPUUYECKO HAMPEIKEHHUE .
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2. MexaHuyHUTEe BHOpalUU ca HU3MEPEHH C OE3KOHTAKTHU
€JIEeKTPOMATrHUTHHU CEH30pHU 3a MO3MLHUA, YpE3 KOUTO Ca €IMMHUHUPAHHU
IPEIIKUTE OT UHTETpUPaHE, XapaKTEPHHU 3a HHEPLUUOHHUTE CEH30PH.

3. Cp3nagenu ca opuruHaiaHu nporpamu Ha LabVIEW, upe3s
KOUTO ca 3alMCaHu U 00pabOTEHH JAaHHUTE OT €EKCIEPUMEHTHTE.
4. N3mepeHu ca MOLIHOCTUTE HAa €EHEPTUUHUTE KOMOalWHU BBB

GYyHKIMS HAa TOBAPHUTE PE3UCTOPHU.

2.2 Cpb3naBaHe HAa HOBM KOHCTPYKIHUH

l. Cp3maneHa € HOBa  KOHCTPYKIOMS Ha CHMETPUYEH
caMOBB30YyXJIanmy ce TEepMOMEXaHUUYEH OCUujIaTop, MNPHU KOHUTO
BuOpanuute ce wuHaynupatr Humka ot CII® uypes3 HarpeBaTen c
NOCTOsSIHHA TeMIlepaTypa.

2. Ha 0a3zata Ha camoBB30OyXaamus Cce€ TEpPpMOMEXaHUYECH
OCIIMJIATOP € CBh3daJeH eHeprueH kKomOaiH, kKoWTO mnpeoOpaszyBa
MeXaHUYHHUTE ocnuinanuu Ha Humkara ot CII® B enxexTpudecku
3apsall, Ype3 NUE30€JEKTPUYHU KOH30aU 0T PVDF .

3. Cp3naneHa € oOpuUTrMHajJHAa CUCTEMa 3a  MAarHUTHO
HacTpoWBaHE Ha YyecToTaTa Ha BUOpaAIMUTE HAa €EHEpTHUEH KOMOaliH.
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3arnaBue Dynamics of a Self-Excited Vibrating Thermal Energy
Harvester with Shape Memory Alloys and PVDF
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Reference:

This paper discusses the dynamics of a novel energy harvester that
converts heat into mechanical vibrations of two polyvinylidene
fluoride (PVDF) piezoelectric cantilevers that generate electrical
energy using a shape memory alloy (SMA) filament. The vibrations
are generated by a symmetrical system of two masses placed on the
SMA filament, which moves transversely due to its own longitudinal
temperature contractions and extensions. Temperature differences
over a heat source of constant temperature are the cause of the
periodic changes in length of the SMA filament. An experimental
setup was created to study the harvester by measuring the mass
displacements and electrical voltages generated by the piezoelectric
cantilevers. Data were obtained on the dependence of the output
voltage and power on the load resistance of the consumer. The
experimental results are validated by a multiphysics dynamical
model, taking into account the relationships between the mechanical,
thermal and electrical domains. The vibrational modeling of the SMA
filament takes into account the hysteresis properties and their
characteristics when the time gradient changes, leading to the
appearance of minor and sub-minor hysteresis. Research has shown
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that from a heater with a constant temperature of 70 °C, the
maximum power obtained is 3.6 pW at a load resistance of 4 MQ, and
a maximum voltage of 5.8 V was generated at a load resistance of 13
MQ. An important feature of the proposed design is the possibility of
miniaturizing the mechanical system.

https://www.mdpi.com/2076-0825/14/1/8
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SUMMARY
Dissertation title: Modeling and investigation of energy conversion
systems based on shape memory alloys
Author: Eng. Ivo Yotov, MSc

In connection with the growing need for sustainable energy
sources and efficient energy conversion systems, the modeling and
synthesis of energy conversion systems with shape memory alloys
(SMA) are emerging as an important area of research. These special
materials offer unique opportunities for energy conversion due to
their exceptional mechanical and thermal properties.

The use of SMA in energy systems is a promising direction for the
development of intelligent and efficient solutions. SMA have the
ability to retain a certain shape and then return to their original shape
under certain thermal or mechanical stimuli. This unique ability
makes them suitable for applications in various energy systems, such
as heat and stress sensors, thermal actuators, and mechanical
resonators.

In this context, research in the field of modeling and synthesis
of energy conversion systems with SMA focuses on optimizing
manufacturing technologies, developing new modeling and simulation
methods, and expanding their applications in various areas of the
energy industry. This research aims to create more efficient and
sustainable energy systems that meet society's growing needs for
clean and sustainable energy.

The aim of the dissertation on "Modeling and Research of
Energy Conversion Systems Based on Shape Memory Alloys" is to
investigate and study the possibilities for the application of shape
memory alloys in the energy industry. The specific objective of the
dissertation is to provide a comprehensive analysis of the
technologies for modeling and synthesizing energy conversion
systems that use shape memory alloys as a key component.

The main aspects covered by the dissertation include:

1. Investigation of the properties of shape memory alloys and their
energy conversion capabilities.

2. Analysis of existing models and methods for modeling energy
conversion systems with shape memory alloys.

3. Development of new models and methods for optimizing energy
conversion systems with shape memory alloys.

4. Experimental confirmation of the effectiveness of various energy
conversion systems based on shape memory alloys.

5. Investigation of the potential applications of these systems in
renewable energy, smart cities, the automotive industry, and other
areas.
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I. GENERAL CHARACTERISTICS OF THE DISSERTATION

Relevance of the problem

In connection with the growing need for sustainable energy
sources and efficient energy conversion systems, the modelling and
synthesis of energy conversion systems with shape memory alloys
(SMA) are emerging as an important area of research. These special
materials offer unique opportunities for energy conversion due to
their exceptional mechanical and thermal properties.

The use of SMA in energy systems is a promising direction for the
development of smart and efficient solutions. SMA have the ability to
retain a certain shape and then return to their original shape under
certain thermal or mechanical stimuli. This unique ability makes
them suitable for applications in various energy systems, such as heat
and stress sensors, thermal actuators, and mechanical resonators.

In this context, research in the field of modelling and synthesis of
energy conversion systems with SMA focuses on optimizing
manufacturing technologies, developing new modelling and
simulation methods, and expanding their applications in various areas
of the energy industry. This research aims to create more efficient
and sustainable energy systems that meet society's growing demand
for clean and sustainable energy.

Purpose of the dissertation, main tasks, and research methods

The aim of the dissertation on "Modelling and Research of Energy
Conversion Systems Based on Shape Memory Alloys" 1is to
investigate and explore the possibilities for the application of shape
memory alloys in the energy industry. The specific objective of the
dissertation is to provide a comprehensive analysis of the
technologies for modelling and synthesizing energy conversion
systems that use shape memory alloys as a key component.

The main aspects addressed in the dissertation include:

1. Investigation of the properties of shape memory alloys and
their energy conversion capabilities.

2. Analysis of existing models and methods for modelling
energy conversion systems with shape memory alloys.

3. Development of new models and methods for optimizing
energy conversion systems with shape memory alloys.

4. Experimental confirmation of the effectiveness of various
energy conversion systems based on shape memory alloys.

5. Exploring the potential applications of these systems in
renewable energy, smart cities, the automotive industry, and other
areas.

Overall, the dissertation aims to contribute to a better understanding
and use of SMAs in the field of energy technologies by providing
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new knowledge and solutions to contemporary challenges in the
energy sector.

The particular tasks of the dissertation on "Modeling and
Research of Energy Conversion Systems Based on Shape Memory
Alloys" can be formulated as follows:

1. Review of current literature related to the use of shape
memory alloys in energy applications, as well as research on
modelling and synthesis of energy conversion systems involving
them.

2. Detailed analysis of the mechanical, thermal, and energy
properties of shape memory alloys and their potential to be used in
energy conversion systems.

3. Creation of mathematical models to represent the behavior of
energy conversion systems with shape memory alloys, including their
dynamic and thermal characteristics.

4. Design and synthesis of energy conversion systems in which
shape memory alloys are a key component, with the aim of achieving
higher efficiency and sustainability.

5. Conducting experimental research to confirm the validity of
the developed mathematical models and proposed energy conversion
systems.

6. Analysis of the research results and formulation of
conclusions regarding the effectiveness and applicability of the
modeled and synthesized energy conversion systems with shape
memory alloys.

7. Preparation and presentation of the dissertation, as well as
publication of scientific results in scientific journals.

Scientific novelty

A new energy harvester has been designed, using self-excited
thermomechanical oscillations based on shape memory alloys under
the influence of thermal energy. The vibration frequencies are
adjusted using permanent magnets. The properties of this system have
been studied theoretically using a dynamic model that takes into
account the hysteresis properties of the shape memory alloy, the
electrical energy dissipation of the PVDF brackets, and the forces of
the permanent magnets that adjust the oscillations. The task of the
created dynamic model of the energy harvester is solved using
Lagrange equations of the second kind. The resulting system of three
differential equations is solved with respect to the three generalized
coordinates, which are horizontal position x, vertical position y, and
electric charge ¢, through which the generated voltage v is
determined.
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Practical applicability

The new heat energy harvesting device under consideration can
find various applications for energy conversion. The possibilities for
increasing the generated power of the above-described harvester by
adjusting the vibration frequencies using permanent magnets are
shown. Frequency adjustment can be extended to cover both
conventional macro scales and micro scales.

Approbation

The dissertation was presented and discussed at a departmental
council meeting of the Theory of Mechanisms and Machines
Department at the Technical University of Sofia.

Publications

The results of the dissertation are reflected in three publications,
which are in English. All publications are printed in the MDPI
journal.

Structure and scope of the dissertation

The dissertation is 145 pages long and includes an introduction,
four chapters addressing the main tasks, a list of general conclusions,
a list of main contributions, a list of publications, a list of citations
related to the dissertation, a list of proposals for awards on the topic,
and a list of references. A total of 186 literature sources are cited,
185 of which are in Latin and 1 in Cyrillic, while the rest are internet
addresses. The work includes a total of 30 figures and 6 tables. The
numbers of the figures and tables in the abstract correspond to those
in the dissertation.
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II. CONTENT OF THE DISSERTATION

CHAPTER 1. OVERVIEW OF THE PROBLEM

The dissertation focuses on the development and research of
innovative energy conversion systems based on SMAs. These alloys
exhibit specific thermomechanical properties that allow the material
to return to its original shape when the temperature changes, making
them highly efficient for innovative applications in the field of
energy.

The physical and chemical characteristics of SMA, their crystal
structure, and phase transitions are examined. Various types of
alloys, such as nitinol, are analyzed, and their properties and
potential for application in energy systems are discussed. Examples
of the use of these alloys in drive mechanisms in aviation and
automotive engineering, waste heat recovery systems, and medical
devices such as stents and micro actuators are presented. The
challenges associated with the integration of SMA into these systems,
as well as the potential benefits of doing so, are discussed.

A mathematical model of the thermomechanical behavior of SMA
has been created. Detailed equations describing phase transitions and
their dependence on external factors such as temperature and
mechanical stress are presented. The models have been analyzed to
assess their accuracy and applicability. Simulation models of energy
systems using SMA for the conversion of thermal energy into
mechanical work have been developed and validated. Experimental
approaches, a method for data collection, and a comparative analysis
of the simulation results are described. The correspondence between
the experimental results and the theoretical models confirms the
validity of the developed models.

A method for increasing thermomechanical oscillations by 11%

has been proposed and validated, resulting in a 130% increase in
electrical voltage. As a result of the action of permanent magnets, the
output voltage power of the thermal energy combine increases from
1.9 uW to 8.19 uW, which is an increase of about 330%.
In conclusion, the dissertation emphasizes the importance of SMA as
a material for the future in energy conversion systems. The developed
models and experimental studies provide a basis for expanding the
possibilities for using these materials in industry. Recommendations
for future research include improving the chemical composition of
alloys and optimizing the structural design of different types of
systems to increase the efficiency and reliability of devices with
SMA.
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CHAPTER 2. ANALYSIS OF THE REVIEW AND
PREPARATION OF A CLASSIFICATION

At this stage, it is difficult to calculate the efficiency of the
energy harvester presented here. The main reason for this is the lack
of data on the input heat. Approximate calculations can be made
based on data on the efficiency of thermomechanical conversion of
SMA = 14% and mechanical-electrical conversion of PVDF = 12.4%.
The product of these two coefficients shows that the approximate
limit efficiency of conversion of the energy harvester presented here
is about 1.75%. This value is greatly exaggerated and would be
difficult to achieve in practice. In terms of the efficiency of
converting heat into electrical energy, thermoelectric generators
remain the most efficient, for which 17% is not a practical problem.
The efficiency values of thermoelectric generators are also indicated
at 23%.

The low conversion efficiency of the energy harvester proposed
here, especially when compared to a thermoelectric generator, should
not invalidate the observations made. The current trend in the field of
energy harvesters is to seek sources for energy conversion under all
environmental conditions and by all means. One of the advantages of
the newly proposed thermal harvester is that it can operate as a
combined converter of excess heat and excess vibration. Although
they operate on the basis of the temperature difference in
thermoelectric generators, the temperature field distributions are
different from those of the thermal harvester presented here.

In addition to not containing lead compounds, the piezoelectric
material PVDF was chosen for its flexibility, low cost, and
availability on the market. The thermal harvester studied here
operates at a frequency of around 10 Hz. At this low frequency, the
piezoelectric material PVDF does not perform well and its electrical
conversion efficiency is low. To increase the frequency of the
vibrations induced by the heater, the proposed design needs to be
optimized. One way to increase the frequency is to reduce the length
of the SMA thread and reduce the mass of the spheres. Increasing the
convective capacity of the SMA thread will also increase the
vibration frequency. This can be achieved by using more than one
SMA thread, but with a smaller diameter. This will increase the heat-
receiving surface area for the same mass, which in turn will increase
the temperature time constant. A global solution that increases
frequency i1s to minimize the size of the thermal harvester. In this
case, scaling theory shows that thermal processes will accelerate and
the natural frequency will increase proportionally to the scaling
factor.
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In terms of temperature, PVDF loses its piezoelectric properties at
temperatures above 100°C. This disadvantage also limits the
application of the proposed energy harvester, especially in cases
where the piezoelectric brackets are close to the heater. Due to the
low frequency of the current thermal cycles generated by the SMA
wires, they are not compatible with the optimal operating range of
PVDF.

The thermal energy harvester has been studied above, assuming

that the heater has a constant temperature, which causes self-excited
vibrations. If the heater or other heat source has a low frequency or
periodic temperature changes, the hybrid effect of the studied
harvester will manifest itself. The hybrid nature is complemented by
the effect of random external mechanical vibrations of the supports,
which are transmitted to the PVDF brackets through the SMA thread.
All these hybrid energy sources will expand the capabilities of the
studied energy harvesting device. Studying the impact of hybrid
energy sources will be an interesting topic for future research.
A specific practical application of the "temperature trap" under
consideration is its ability to operate at negative temperatures as a
"cold heat source." Thermally self-excited vibrations can exist at
negative temperatures if there is a variable temperature distribution
above the cold heat source. It is known that the austenitic transition
temperature of SMA materials can vary over a wide range (from —
200 to 600°C), and this property is a prerequisite for this specific
application.

CHAPTER 3. DESIGN OF AN ENERGY HARVESTER WITH
SMA AND FERROMAGNETIC MASSES IN A MAGNETIC
FIELD

The thermoelectric energy harvester consists of an SMA filament
fixed between two fixed supports O and C, located symmetrically
relative to a fixed heater. Two identical spheres are fixed to the
filament near the heater, on which magnetic forces generated by
symmetrically located NdFeB magnets act. (M; and M,;). Two
piezoelectric brackets OP; and OP, are located at the fixed ends of the
SMA thread and are mounted using heat-resistant foil so that they
follow the bending of the thread. The entire structure is symmetrical
with respect to the y-axis of the fixed coordinate system Oy, (Figure
I). The thread material is a shape memory alloy made of nitinol,
known under the trade name Flexinol®. Two DTI1-052K vibration
sensors are used for the piezoelectric consoles, which are constructed
from a thin PVDF piezoelectric film metallized with silver on both
sides. These sensors are elastic electrodes covered with plastic
protective layers and galvanically connected to solder terminals.

39



}}
B

A
—|9-/..A0 . .Bo Cli
.B//,'////

S
1

Bo
M1 [ Heater M2
e, //////4’//////”7

{ ! {

Figure 1 Schematic diagram of the thermoelectric energy harvester

The energy harvester is based on temperature changes above the
heater, which are high near its surface and cause contractions of the
SMA thread and its simultaneous removal from the hot zone.

The distance between the two supports OC can be adjusted, which
creates opportunities for mounting the SMA thread with preliminary
tension or sag. (Figure 1). The principle of operation of the oscillator
is as follows: under the influence of the weight of the two spheres,
the SMA thread sags and approaches the heater at position 0OA;B,;C,
which increases its temperature and causes it to shrink and harden.
As a result, the filament rises back vertically, moving away from the
heater and reaching position OAyB,C. This is followed by a decrease
in temperature, softening, and relaxation of the filament. Under the
weight of the spheres, the filament falls again and approaches the
heater (OA;B;C). Magnetic forces generated by symmetrically
arranged NdFeB magnets (M; and M,) act on the two identical spheres
mounted in a fixed position. These actions are repeated continuously,
leading to a cyclic vibration process of the SMA thread and mass
system. Near the supports, the vibration deflections of the SMA
thread are transmitted to the piezoelectric consoles, which generate
electrical energy.

CHAPTER 4. DYNAMIC MODEL

When designing the piezoelectric bracket model, it is assumed
that in the areas of the PVDF piezoelectric brackets, the thread and
the bracket are in close contact, and their shape is approximated by
parabola. The parameters of this parabola are selected so that the
conditions for the suspension of the elastic elements at the fixed end
are satisfied, and the free end has an inclination a, coinciding with
the inclination of the SMA thread at the end sections of the
thermomechanical generator (Figure 2).
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Figure 2 Assumptions made in determining the deformations of
piezoelectric cantilevers

The assumption of the dependence of the temperature and
magnetic forces on the middle section of position y leads to the
representation of an elastic constant as a function of time. The
potential nature of the system gives grounds for the forces of the
SMA thread to be derived using second-order Lagrange equations.

The determination of the deformations of the piezoelectric
elements in accordance with [1] (p. 102) is made in [2], where the
parabola of the deformation line for the left PVDF bracket is
accepted as described in the formula:

vi=alx+D?=ax?+2alx+al? xe[-L-1+1,], (1)

where [, is the length of the piezoelectric cantilever, and a is a

coefficient that can be determined if we assume that the angle of
inclination at the end of the cantilever coincides with that of the
SMA thread at the same point. The coefficient a is obtained by:

_ ya
a= lp(2xa=1p+21) (2)

Using the differential equation of Euler-Bernoulli's elastic line:

rr_dzy_ My
Yy _dxz__E’ (3)

the bending moment is expressed by:

M, = —y"El, (4)
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where E is Young's modulus, 7/ is the moment of inertia. The second
derivative of the elastic line i1s found after differentiation and is
obtained as:

_ _ 2Ely
M, = Ip(2xa=1p+21) (5)

The voltage established in the piezoelectric PVDF bracket is
described in the law:

M}’ — 2ETya (6)
Wy, Ip(2x 4=l +20)Wy

Then the deformation is expressed by Hooke's law:

g _ 2Iy,
E  L(2xa-ly+20)wy (7)

The absolute longitudinal deformation of the left piezoelectric
PVDF cantilever is determined by:

_ - ZIJIA
Ay = el = (241 +20)Wy (8)

Similarly, due to the symmetry of the system, the absolute
longitudinal deformation of the right piezoelectric PVDF cantilever
is obtained as:

Al

— — 2lyp
pr = &lp = (2xp+lp—20)W, (9)

Since the piezoelectric cantilever has a rectangular cross-section
with width w and height h,, the moment of inertia for the cross-
section is calculated using the formula:

3
whp

I = — (10)

and for the moment of resistance, the expression applies:

w="2 (11)

The absolute longitudinal deformation of the left PVDF bracket is
converted into:
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f
Al = ——42 (12)

2xp—lp+20

Similarly, for the absolute longitudinal deformation of the right
PVDF bracket due to the symmetry of the system, the following
applies (68).

For the force E, between a sphere and a permanent magnet, the
following relationship is assumed here:

K

Fm=(60+6)27 (13)

which is derived through numerical simulations and experiments in
[3]. In formula (13), the constant x is called the imaginary magnetic
mass, oo 1s the imaginary initial gap, and J is the distance between
the sphere and the surface of the magnet. (Figure 3 (a)).

20

(a) (b)

Figure 3 Magnetic force between a permanent magnet and a sphere made of
ferromagnetic material: (a) problem statement; (b) graphical
representation of the magnetic force

The magnetic force at a conditional zero gap (called conditional
because in practice the distance between the sphere and the magnet
can never be zero due to roughness and deviations from the shapes of
the two surfaces) at 0 = 0 is the initial magnetic force:

FmO - (14)

==,
85

from which the dimension of the imaginary magnetic mass k [ Nm?] is
apparent. The characteristic of the magnetic force as a function of
displacement ¢ is shown in Figure 3 (D).

To determine the force with which magnet M; acts on one of the
spheres and their potential energy, the setup shown in Figure 4 was
used. A current position of the mass at point 4, located at position yj.

43



The influence of the displacement of the masses along the x-axis on
the magnetic forces is neglected.

Hy

Y

IPD 7 7 r 7 7 7 T 77T T 7T

Figure 4 Magnetic forces acting on the sphere at point A in an arbitrary
position y,

Considering that:

6 =y1+Va (15)
according to (14), magnet M; will exert the force:

—K

F.=—"
ML (§o+y1+Ya)?

(16)

The potential energy of the force of magnet M; acting on a mass at
point 4 is determined after integration.:

E ,=[———dy,=———. 1
ma J.((5‘0'1'3’14'}’1&1)2 Ya So+yi1+ya ( 7)
Due to symmetry Figure I, the magnetic potential energy is

expressed similarly for the mass at point B:
Epp = ———. 18
mB So+y1tya ( )
The total potential magnetic energy for the two masses is:
2K
Em = Ema+ Emp = 5 (19)

The assumption that the temperature of the middle section
depends on position y leads to the representation of the thermal
elastic constant as a function of time. The potential nature of the
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temperature distribution near the heater allows the forces of the SMA
thread to be derived using second-order Lagrange equations.

The energy harvester described above has four mechanical degrees
of freedom and two electrical circuits, or a total of six generalized
coordinates, four of which are mechanical coordinates x4, xg, Va, Vg,
and two electrical gq; and g,, which are the electrical charges of the
left (fixed at point O) and right (fixed at point () consoles,
respectively.

Piezoelectric consoles are also assumed to have identical
parameters, and their symmetrical orientation implies the
substitutions gq;=¢, g,=¢q. The symmetry of the system reduces the
number of generalized coordinates by half, which after the
substitutions are limited to x, y, and g¢g. It is assumed that the
mechanical system is in its symmetrical configuration relative to the
y-axis during its motion, which makes the substitutions x, = —1l, x; =,
Yo =0, ¢ =0, I =13, Al; = Alyand I, = 2(I - ly,), where I =" This means
that the Lagrangian contains kinetic, potential, and piezoelectric
energy, and the behavior of the electromechanical system is described
by a coupled system of three differential equations corresponding to
the three symmetric generalized coordinates.

The kinetic energy of the mechanical system, after taking
symmetry into account, is obtained in the form:

Ex = m@x* +y?), (20)

where the derivatives of the coordinates with respect to time ¢ are
marked with a dot, and m is the mass of a sphere.

The second component of the Lagrangian is the potential energy
accumulated in the SMA thread in the cold end sections OA4 and BC,
as well as in the middle section 4B, where it changes its temperature
and Young's modulus. Due to these assumptions for potential energy,
the following expression is valid:

2K

2K _
So+y1+ya’

_k 2 2 KT 212
Ep =3 (Alf + Al5) + 5 Al +60_|_y1_|%1

kAL? + 2 AIZ + 21)

where k; is the elastic constant of the cold end sections, determined
by:

ki = 22 (22)

kr is the temperature elasticity constant, which is a function of the
temperature of the SMA thread and is determined by:
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kT:@ (23)

with the explanation:
kr = kT(xA(t)JyA(t))- (24)

The third component in the Lagrangian is the energy of the
piezoelectric PVDF cantilever, which, in accordance with [1] (p. 102)
and after considering symmetry, is represented in the form described
in:

_ q* _ 2d33K, KqaAl3
Epe = oy "ty 1A T ooy (25)

where C is the equivalent capacitance of the piezoelectric transducer,
esz3and dizz are the dielectric permittivity and piezoelectric constant of
the PVDF cantilever, respectively, sfis the susceptibility of the
piezoelectric cantilever under a constant electric field, and k%;is the
electromechanical coupling coefficient of PVDF.

The system of coupled differential equations is derived after
differentiating the Lagrangian according to the equations of Lagrange
of the second kind, which have the form:

292 _ %% - ;i =123, (26)

where the generalized coordinates are g, =x, g, =y, and g3 = q, and the
generalized forces are of the form:

Ql :_ﬁxx
0, = _2mg_ﬂyy’ (27)
O, =-R,q

where B,, B, are viscous resistance coefficients along the x and y axes,
respectively, g is the acceleration due to gravity, R, is the load
resistance in the piezoelectric cantilever circuit when connected in
parallel.

After differentiation, the system is derived:
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. (x+1) K.h,y &0l ,
mi + kAL —= e+ k()AL | AL, =dig+ =2 =2 |==p i
(x+1) +)? CK,[1,-2(x+])]

. 2CAl ~2dyyq + ‘9;:“) , (28)
P

Y )
- -C =-2mg—p,y
\’(X+l)2 +y2 (50 +) +yA)2 ! 2c2Kp ’

d,K Al —qg=-Rq

my + kAl

where:

Kqh
C, = —=2_
Lpy—2(x+10)

(29)

The derivative of the thermal elastic constant of the middle
section is:

dkr(y) _ d Ex4 _ i@, (30)
dy dy I, I, dy
where the derivative of Jung's modulus with respect to for the

middle section has the form described in:

ARy, .
(E,, —Ea)g if0<e, <e

% L (Er—E) G if e < e < 6. (1)
dRy, .
(Eq — Ea)g if e = €5

The function of the heat field distribution above the heater
modifies the relative martensitic fraction in:

1

(SR T _The—s—z(y—ye}+T
- | 1 —tanh—= 7 S|+ R:Spify =,
T

S Tm—Th+Tp [
R,, =+ f(l—tarzh+)+Rc53 if Ye <y <Y . (32)

T

1
s Ty —T o2 75) g .
?R(l — tanh he P 0) +RcSpif ¥y = yf

\

The derivative of the relative martensitic fraction with respect to
displacement y is characterized by:
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( L —5r-ve)
SRTh _—=5(y—ve) _ T,,—The 62 T, \ . -
217-328 o (1 tanh Ap [fy = Ve
d;;n = { Oifye <y < yf ) (33)
i
SeTn ,—z0vp) [ 1 _ Ty-The 8207041, \
\ZATSZ&‘ 6 1 — tanh " ify > yr

The system (28) was solved numerically after reducing the order
using an implicit Euler method of the 5th order under the initial
conditions given in Table 1. A special Maple 16 program was created
for this purpose.

Table 1 Values of the parameters of the system of differential equations

Parameter Symbol Value Unit

Gap l.)etween tl}e elect.rodes of I 218x10° m
the piezoelectric cantilever P
L h of the pi 1 i

engt of the piezoelectric L, 0.0235 m
cantilever
Piezoelectric cantilever width w 0.0102 m
Dielectric permittivity of PVDF €33 9.7396x10°''* | F/m
Compliance of the piezoelectric
cantilever under con-stant sk, 0.384x10°19* | Pg-!
electric field
Piezoelectric constant of PVDF das -27.1* pC/N
Electromechanical coupling % 0
coefficient of PVDF kpss 16 &
Longitudinal Young's modulus of %
Py E, 2.5 GPa
Half-support distance [ 0.026 m
NiTi filament half length lso 0.25 m
Mass of a sphere m 6.10°3 kg
Gravity acceleration g 9.81 m/s?
Lengths of NiTi filament end [, =04, 0 14 m
sections I, = B,C
Length of the middle section of B
the NiTi filament [ = AoBo 0.24 n
Diameter of NiTi filament ds 0.00025 m
Young’s modulus for NiTi in * sk
fully twinned martensite Em 21.7 GPa
Young’s modulus for NiTi in * sk
partially twinned marten-site Er 0.56 GPa
Young’s modulus for NiTi in s s
detwinned martensite Eq 11.1 GPa
Youngjs modulus for NiTi in E 55 g% GPa
austenite a
Yield stl.'aln for twinned NiTi in &Y 0.0024%* .
martensite m
Minimum strain of twinned NiTi ed 0.0044** --




in martensite
Starting austenite temperature * % 0
Final austenite temperature of * % 0
NiTi Af 64.05 C
Starting martensitic temperature * % 0
of NiTi M, 25.24 C
Final martensitic temperature of % % 0
NiTi M; 21.44 C
Austenite correction temperature b, 0.01 °C
Austenite coefficient Ca 1.95 --
Martensitic correction °
temperature b’" 0.01 ¢
Martensitic coefficient Cm 2.17 --
tStart position of maximum ”. 0.0095 m
emperature
E i f :
t nd position of maximum yr 0.023 m
emperature
Conditional slope length 0 0.0042 m
Room temperature T, 20 °C
Maximum temperature of NiTi o
filament Ti 70 ¢
Longitudinal damping coefficient B 0.00042 kg/s
Transverse damping coefficient By 0.0014 kg/s
From 5x10°
Load resistance Q
: R to 7x10°
Initial speed along x %(0) 0 m/s
Initial speed along y y(0) 0 m/s
Starting x position x(0) -0.1 m
Starting y position y(0) 0.01 m
Distance between the sphere and
the surface of the magnet 0 0.01 m
The imaginary magnetic mass K 8.14x10° Nm?

* According to data from [4] ** The properties of NiTi have been
determined experimentally in [5].

CHAPTER 5. EXPERIMENTAL VERIFICATION

To validate the results of the numerical simulation of the dynamic
model, an experimental setup was created, the overall concept of
which is illustrated schematically in Figure 5 (a). Figure 5 (b) shows
what it looks like from above. Figure 5 (¢) is a close-up view of the
left side of the energy harvester with the PVDF bracket 2, the
horizontal position sensor 3, the weight 4, the heater 5, and the
magnets 10. Figure 5 (d) is a photo of the right side of the energy
harvester, showing sphere 4, heater 5, vertical position sensor 6,
SMA thread 7, right support 8, and magnets 10.
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Figure 5 Setup for experimental investigation of the thermoelectric energy
harvester: (a) diagram and overall concept; (b) top view of the entire
experimental setup; (c) partial view of the left side; (d) partial view of the
right side of the energy harvester.

The experimental setup contains a heater 5 located in the middle
of the SMA 7 thread, spheres 4 on which NdFeB magnets 10 act
directly. Sensors for determining the horizontal 3 and vertical 6
displacement of the masses have been added. These sensors are type
APO-075-002-000 from TT Electronics Ltd UK. Parallel to the
outputs of the two piezoelectric beams 2 are connected to variable
load resistors 1, whose resistance is adjusted by an ohmmeter 9. The
voltage from the piezoelectric beams and the two position sensors is
fed into the Data Acquisition System DAQ USB — 6003 from National
Instruments, after which it is processed by a laptop using LabVIEW
11 software to be recorded in an Excel file.

Figure 6 shows the results of the numerical simulation of the
system of differential equations. The graphs obtained from the
theoretical results confirm the actual behavior of the energy harvester
under the influence of NdFeB magnets. The graphs show that the
frequencies and amplitudes of the vibrations coincide, with stochastic
processes also present here.
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Figure 6 Graphs of the numerical solution of the system obtained from the
data in Table 1; (a) displacement along the x-axis; (b) displacement along

the y-axis; (c) measured stress on the PVDF bracket.

Due to the variable nature of the stiffness of the hot section and
the presence of various hysteresis effects, the vibrations along the
three axes are pseudo-periodic or rather stochastic in nature. Since
the vibrations along the x-axis are the sum of thermal and elastic
displacements, they are clearly distinguishable on the graph, where
modulation with a higher frequency is observed (Figure 6).
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Figure 7 Experimental results of the system's operation without the

influence of NdFeB magnets and a heater temperature of 70°C: (a)

displacement of the sphere along the x-axis; (b) displacement of the
sphere along the y-axis; (c) stress on one of the PVDF brackets
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A comparison of Figure 7 and Figure 8 shows that the addition of
NdFeB magnets i1mproves the performance of the system. The
oscillation frequency w increases from 8.3 Hz to w = 9.2 Hz, which in
this case represents an increase in frequency of about 11%. The speed
of the system is increased, the displacement ¢ increases, contributing
to an increase 1n the deformation o in the PVDF bracket and,
consequently, in the generated peak-to-peak output voltage from 6.12
to 14.14 V, which represents an increase of about 130% in the output
voltage of the energy harvester with magnets.
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Figure 8 Experimental results of the system's operation under the
influence of NdFeB magnets and a heater temperature of 70°C: (a)
displacement of the sphere along the x-axis; (b) displacement of the

sphere along the y-axis; (c) stress on one of the PVDF brackets

The experiment was conducted to determine the capabilities of the
energy harvester in terms of output power. Figure 9 shows the
dependencies of the maximum and effective output voltage on the
load resistance. The results of the experiments comparing the power
output of the system without the direct influence of NdFeB magnets
(Figure 9 (a)) and with direct influence on the spheres from NdFeB
magnets (Figure 9 (b)), were conducted with a step of 500 KQ for the
load resistor.
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(b)

Figure 9 Graph of the power obtained from the measured voltage of
the PVDF bracket; (a) system operation without the influence of
NdFeB magnets; (b) system operation with the influence of NdFeB
magnets

The graphs show that the maximum power for a system without
the influence of NdFeB magnets of 1.92 uW is achieved at R;= 7 MQ
and output voltage U = 1.16 V. The maximum power for a system
under the influence of NdFeB magnets is 8.19 uW at a load resistance
of R,= 5 MQ and a peak-to-peak output voltage U = 2.02 V. The
maximum output voltage U = 2.3 V is achieved at R,= 7 MQ and
power P = 7.54 uW. These results show that the magnets have
contributed to an increase in the optimal output power by 330%.

Scientific and applied contributions

1  Scientific contributions

1.1 Proving, by new means, significant new aspects of
existing scientific problems and theories

l. Using Lagrange equations of the second kind, a
multiphysical dynamic model of a self-excited thermomechanical
oscillator was created, in which an SMA thread with two
concentrated spherical masses is driven by a constant temperature
source. The resulting system of differential equations is solved
numerically using an original program that employs an implicit Euler
method.

2. The temperature change in the model of a self-excited
thermomechanical oscillator is approximated by a stationary function
of the vertical coordinate, which allows the temperature field to be
considered potential.

3. A new multiphysical dynamic model of an energy harvester
based on a thermomechanical oscillator has been created, in which a
piezoelectric region has been added, describing the deformation and
generation of electrical charge on PVDF polymer cantilevers. A
novelty in this model is that polymer cantilevers with a low Young's
modulus are assumed to copy the deformation of the SMA thread at
the suspension point. For this purpose, the shape of the elastic line is
approximated by a parabola that has the same initial and boundary
conditions as the SMA thread.

4. It has been established that the multiphysical model of the
energy harvester, after taking symmetry into account, contains three
generalized electromechanical coordinates: horizontal and vertical
displacement of the spheres and the -electric charge of the
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piezoelectric consoles. Numerical solutions of the generalized
coordinates as a function of time have been obtained.

5. A magnetic field has been added to the multiphysical
dynamic model of the energy harvester, which increases energy
efficiency by adjusting the frequencies of self-excited vibrations. The
energy of the permanent magnet field is introduced into the
Lagrangian of the model through experimental approximation of the
magnetic force and subsequent derivation of the potential energy.

6. Analysis has shown that the vibrations of the systems under
consideration are stochastic in nature, and that in addition to
mechanical vibrations, horizontal vibrations also include higher-
frequency thermal vibrations due to the thermal contraction of the
SMA thread.

1.2 Obtaining corroborating facts

1. Confirmative experimental facts have been obtained for the
theoretically derived functions of the generalized coordinates for the
three models of the self-excited thermomechanical oscillator, the
energy harvester with PVDF brackets, and its magnetic frequency
tuning.

2 Scientific applied contributions of the dissertation

1.1. Development of new research methods

1. Original stands have been created for simultaneous real-
time measurement of mechanical vibrations in two perpendicular
directions and generated alternating electrical voltage.

2. Mechanical vibrations are measured with non-contact
electromagnetic position sensors, which eliminate the integration
errors characteristic of inertial sensors.

3. Original LabVIEW programs were created to record and
process the data from the experiments.

4. The power of the energy harvesters was measured as a
function of the load resistors.

2.2 Creation of new structures

1. A new design of a symmetrical self-excited
thermomechanical oscillator has been created, in which vibrations are
induced in an SMA thread by a constant temperature heater.

2. Based on a self-exciting thermomechanical oscillator, an
energy harvester has been created that converts the mechanical
oscillations of the SMA thread into electrical charge via piezoelectric
PVDF consoles.
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3. An original system for magnetic adjustment of the vibration
frequency of an energy harvester has been created.
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This paper discusses the dynamics of a novel energy harvester that
converts heat into mechanical vibrations of two polyvinylidene
fluoride (PVDF) piezoelectric cantilevers that generate electrical
energy using a shape memory alloy (SMA) filament. The vibrations
are generated by a symmetrical system of two masses placed on the
SMA filament, which moves transversely due to its own longitudinal
temperature contractions and extensions. Temperature differences
over a heat source of constant temperature are the cause of the
periodic changes in length of the SMA filament. An experimental
setup was created to study the harvester by measuring the mass
displacements and electrical voltages generated by the piezoelectric
cantilevers. Data were obtained on the dependence of the output
voltage and power on the load resistance of the consumer. The
experimental results are validated by a multiphysics dynamical
model, taking into account the relationships between the mechanical,
thermal and electrical domains. The vibrational modeling of the SMA
filament takes into account the hysteresis properties and their
characteristics when the time gradient changes, leading to the
appearance of minor and sub-minor hysteresis. Research has shown
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that from a heater with a constant temperature of 70 °C, the
maximum power obtained is 3.6 pW at a load resistance of 4 MQ, and
a maximum voltage of 5.8 V was generated at a load resistance of 13
MQ. An important feature of the proposed design is the possibility of
miniaturizing the mechanical system.
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PE3IOME

Tema na oucepmayuonnuam mpyo: MonenupaHe 1 u3cliie[BaHe Ha
eHepruilHo npeoOpa3yBallu cUCTEMHU, 0a3UpPAaHU HA CIJAaBHU C NaMeT Ha
dbopmara
Aemop: maz. unyc. Heo Homos Homos

BbB BpB3Ka ¢ HapacTBamiara HyXJa OT YCTOMYUBU EHEPrUUHHU
U3TOYHUIIM M €(PEeKTUBHU CUCTEMHU 3a MpeoOpa3yBaHEe Ha EHEprHs,
MOJleIMpaHETO M CHUHTE3UPAHETO Ha CHUCTEMHU 3a NpeoOpa3yBaHe Ha
eHeprusa ¢ cnaasu ¢ namem Ha ¢gopmama (CIID) ce mpeBpbIIaT BHB
BaxHa o0JlacT Ha HaydYHUTE HU3CJeaBaHUi. Te3u cHneuuaiHu
MaTepuald mpejjiaraT yHUKaJIHU BB3MOXXHOCTH 3a NnmpeoOpa3yBaHe Ha
eHeprus OnaroJapeHWe Ha CBOHTE M3KJIIUYUTECIHU MEXaHUYHU H
TEPMHUYHHU CBOUCTBA.

N3non3zeaneto Ha CII® B eHepruilHUTE CUCTEMH € olOemnjaBalia
nocoka 3a pa3pabOTBaHETO HAa MHTCIUTCHTHH M €(PEKTUBHU pEIICHUS.
SMA wumat cnmocoOHocTTa Ja 3ama3BaTr ompejaelieHa ¢opMa U ciel
TOBa Ja ce BpbWAaT KbM NbpBOHauadHata cu ¢GopMa TOJ
BB3JCHUCTBUETO HA ONPEACIECHU TEPMUYHU UIU MEXAaHUYHU CTUMYIIU.
Ta3zu yHHKalHa COCOOHOCT I'M MPaBH MOIXOASIIU 32 MPHUIIOXKEHUE B
pa3JIMYHU EHEPrUWHMU CHUCTEMHU, KAaTO CEH30pM 34 TOIUIMHA W
HaIllpe)XEeHHUE, TEPMUYHHU AKTyaTOPU U MEXaHUYHU PE30OHATOPH.

B T0o3u KOHTEKCT u3cineaBaHusITa B 00acTTa HA MOJECJIUPAHETO H
CMHTE3a Ha cuctemMu 3a rmnpeoOpazyBane Ha eHeprusa c¢ CIID ce
dbokycupar BbpXYy ONTHUMHU3MpPAHE HA MPOU3BOJCTBEHUTE TEXHOJOTHUH,
pa3paboTBaHe Ha HOBU METOJAU 3a MOJEIUpPAHE U CUMYJAlUsI U
pasmupsiBaHe Ha TMPUIOXKEHHUETO UM B pa3IuyHu oOjacTu Ha
eHeprunMHara uHayctpusa. Llenra Ha Te3m wuscienBaHus € Ja ce
Ch3JanaT MO-ePEKTUBHU M YCTOWYMBU €HEPTUHUHU CUCTEMH, KOUTO Ja
OTTOBOPST Ha HapacTBAIIMUTE HYXJIM Ha OOMECTBOTO OT YHCTa U
YyCTOMYMBA €HEPIrUL.

[Menta Ha aucepranusaTra Ha TeMa ,,MoaenupaHe U U3CJIEABAHE HA
eHepruiiHO mpeoOpa3yBamu CUCTeMHu, Oa3upaHu Ha CIJIaBU C MaMeT Ha
dbopmara ” € ga MPOYydYH M HM3CJEJIBAa BH3MOXKHOCTUTE 3a NMPUITOXKCHHEC
Ha CIUIaBUTE € namMeT 3a ¢gopMa B eHepruiiHata NPOMUIIJIEHOCT.
Konkpernara menm Ha Jguceprauuara € Ja MNOPEeJOCTaBU UAJOCTEH
aHalu3 Ha TEXHOJOTHWHUTE 3a MOJEJIUPAHE U CUHTE3HMpPAHE HA CHUCTEMH
3a mpeoOpa3yBaHe Ha €HEpPrus, KOUTO HM3MOJI3BAT CIJaBU C MaMeT 3a
dbopmMa KaTO KJIHOUYOB KOMIIOHEHT.

OCHOBHHUTE acCneKTHU, 0OXBaHATHU B AHCEpPTAlLUATA, BKIOYBAT:

1. N3cnenBaHe Ha cBOWCTBAaTa Ha CHJaBHUTE C maMeT 3a Gopma u
TEXHUTE Bb3MOXKHOCTHU 3a MpeoOpa3yBaHe HA €eHEPrus
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2. Awnanu3 Ha CHUECTBYBANIUTE MOJIEIA U METOAU 3a
MOJeJIMpaHe Ha CUCTEMHU 3a mpeoOpa3yBaHe Ha €HEPTrUs C CHJIAaBHU C
namet 3a Gpopwma.

3. PazpaboTBaHe Ha HOBHU MOJEJHN U METOJAM 32 ONTHMHU3UPAHE HA
CUCTEMHU 3a peoOpa3yBaHe Ha €EHEPTUs C CIJaBU ¢ maMeT 3a ¢popma.

4. EKcCHepuMEHTANIHO TNOTBBPXKJACHHE Ha c¢PEKTUBHOCTTA Ha
pa3M4YHU CHUCTEMHU 3a TNpeoOpa3yBaHe Ha eHeprus, Oa3upaHu Ha
CIIJIaBU C maMeT 3a popwma.

5. llpoyyBaHe Ha MOTCHIMAJIHUTE MPHUIOXKECHUS HAa TE3W CUCTEMH
B o0OJacTTa Ha BH300OHOBSIEMAaTa CHEPrusi, MHTCIUTSHTHHUTE TpajoBe,
aBTOMOOMIHATA MPOMUIIJICHOCT U IPYTH 00JacTH.
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