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IBYXKACKAJHBIE MO/IYJIN HA OCHOBE Bi,Te; 1 SiGe
JIA TEPMOSJIEKTPUUYECKUX TEHEPATOPOB

Cnpoexmupoganvl u uccaedoansl Kackaonvle Mooy u 04s NPAM0z0 NPeodPA308aAHUS 8 IACKMPULECKYIO IHED-
2110 0MxX0008 GHICOKONOMEHUUANLHO20 MENIA NPOMBIULICHHOZO NPOUCXOXKOCH U, O6uzamenet HYmpennezo
ceopanus, d maxxe menia Czopanus opzanuueckozo monauea. Onpedesenvl meniogvle U 2e0MeMpPULecKue
napamempo. 6emseil 6 Kackaonvix modyasx na ocnose Bi,Te, u SiGe. Onucanvt koncmpyxuuu 06y xxKackao-
HbLX MOOYAell aexkmpuyeckoti mourocmvio 30 u 60 Bm, a max:xe npedcmasienst pe3yivmamot IKCNePUMEH-
MALHBIX UCCIe008AHUT UX NAPAMENPOS.

Kanroueswvle cnosa: MePMOINIEKMPUUECMEO0, TMEePMOIIEMEHM, MeoPUusl ONMUMAIbHO0Z0 YnpaeieHusd, KackaoHnvie

mepmoajiekmpudecKue Moay/zu y KOMMYMAauusi.

B nocsieiHee BpeMst BO3pacTaeT HHTEPEC K Tep-
MO3JIEKTPUIECKOMY TEHEPUPOBAHUIO JTEKTPUIECKOM
sHepruu [1, 2], 0cO6eHHO OT UCTOYHHUKOB TEILIA C
60sbIIoN TensoBoii MomHocThio (500 —800°C),
B CBSI3H C OOJIBIINM KOJMYECTBOM TaKUX MCTOYHU-
KoB. B niepByio ouepe/ib, 3T0 pa3JinuHbIE IHEPreTU-
yecKue ycTaHoBKH (JBUTATE M BHYTPEHHETO Cropa-
HHsI, Ta30Bble TyPOUHDBI) ¥ IIPOMBIILIEHHOE TIPOU3-
BoJCTBO (CTrajenureiiHas IPOMBILNLIEHHOCTD, IIPO-
H3BOJCTBO LIEMEHTA, TEILJIO CTOPAHUS OPraHUYeCKO-
ro TOILIMBA U JIP.).

TepMoaJieKTprUeCcKue MOJIY U JIJis TeHEPATOPOB
M3rOTaBJNBAIOTCS MHOTUMHU KOMITAHUSIMU MEPa:
Hi-Z Technology, Inc, Global Thermoelectrics, buo-
noc, Kpuorepm [3—5]. IT0 omHOKackaHbie MO-
JlyJid, paboTarollye TP OTHOCUTENBHO HEGOTBITIX
nepernagax remnepatypsl, u KI1/[ ux ne mpesbiiia-
er 5,8% [3, 6].

Bwmecte ¢ TeM, TepMOTEHEPATOPBI IJIST YKA3AHHBIX
BbIIIE IIPUMEHEHUN JOJIKHBI ObITh aJalTHPOBAHBI
JUIST TOPa3/io OOJIBINX TIEPENaI0B TEMIIEPATYP U B
pesyJabrare MoryT uMeth 60siee Boicokuii KIT/I. ITo-
HTOMY PAIMOHAJBHBIM 3/1€Ch BUUTCS UCIIOTH30BA-
HUe KaCKaJHBIX MO/IyJell, U3TOTOBJEHHBIX U3 Pa3-
HBIX MaTepHaJOB U ONTHUMU3UPOBAHHBIX Ha HEOO-
XO/IMMbIe YPOBHU PabOunX TEMIIEPATYP.

Ilesbio 1aHHO# pabOTHI SIBJISIETCS UCCJIEI0BAHUE
1 pa3zpaboTKa KaCKIHbIX TEHEPATOPHBIX MOIY.JIel,
paccuMTaHHbIX HAa ypoBeHb Temrepatyp 10 800°C,
JUUISI PACHIMPEHUST BO3MOKHOCTHU TIPAKTUYECKOTO MC-
[I0JTb30BaHUSI TEPMOIJIEKTPUUECKUX F€HEPATOPOB.

B Hacrogiee BpeMsl [JIS1 HIMPOKUX IIPAKTHYE-
CKUX TIPUMEHEHHH TTPENMYTIECTBEHHO UCIOIb3YIOTCS
TpaaunnonHble Marepuanbt Bi,Te, PbTe, SiGe,

MTOCKOJTbKY HOBBIX MaTepuayoB ¢ BbicoknM KII/]
MPUTOAHBIX [JISI TPAKTHYECKOTO HCIIOJIb30BAHUS
nmoka emie Her. [loaToMy B KayecTBe MaTepmaJsioB
JIA BeTBeli Kacka 0B ObLn BbiGpanbl Bi, Te, n SiGe.

[IpoexTpoBanme AByXKACKa{HOTO MOIYJIS TTPO-
BOJIJIOCDH C ITOMOIIbIO METO/IOB TEOPUU OIITUMAJIb-
HOTO YIIpaBJieHusl, OUCAHHBIX B [7], ipu ycjaoBum
[10CJIeIOBATEIbHOI0 COEJUHEHUS XOJO/HOTO U TO-
psSIYero KackajioB, a TaK)Ke dJEKTPHUYECKOH U Tell-
JIOBOH COTrJIaCOBAHHOCTHU KacKaJoB. 3ajaya OIITHU-
MaJIbHOTO YIIPABJIEHUSI COCTOUT B ONPEJIeJIEHUY OIl-
TUMAJIbHBIX MaTEPHAJIOB, KOTOPbIE 00ECIEeUHBAIOT
3aJlaHHble 3HAYEHUS 9JIEKTPHYECKON MONTHOCTH Kac-
KaJI0B, TPW KOTOPBIX JOCTUTAETCS MaKCUMaJbHAs
apdexTuBHOCTD MO A,

B pacuerax mcmoab30Basrch 9KCIEPUMEHTAD-
HO M3MepEHHbIE TeMIIEPATYPHDIE 3aBUCUMOCTH TEP-
MOJJIEKTPUUECKUX TMapaMeTpoB O, G, K MaTepHa-
J0B n- u p-Bi,Te,; naa xonoaHoro xackaaa [8], a
Takke n- u p-SiGe — nus ropsidero xKackazaa [9].

OcHoBHbIe TTapaMeTpbl pa3pabOTaHHBIX JIBYXKAC-
KaJIHBIX MOJTyJIel aJIeKTpUUecKoi MoITHOCTho 30 BT
JIIsE TeMIlepaTypbl TOPSYel CTOPOHBI MOJYJS
T,= 800°C u ero xonoanoii croponst T, =50°C npu-
BeseHb! B TaOua.1.

W3 mpuBenenHpix B Taba. 1 maHHBIX CJaenyer,
YTO BBIOOPOM KOHCTPYKIIUU JBYXKACKAHOTO MO-
JTyJIST JOCTUTAETCS Pa3JUYHas CUJa TOKA W Halpsi-
JKEeHUs IpH onHakoBoil Moraoctn (mopsaka 30 Br)
n sddexrusnoctn (mopsaka 11,5%). Ilpu stom
[T CO3MTAaHMS BYXKACKAQIHOTO MOMYJSI MOIIHOC-
thio 30 BT Ha nanHbIil ypoBeHb pabouux TemIiepa-
TYp TPEANOUTEHNE CJE/yeT OTAAaTh KOHCTPYKITHH
Moaysist Ne 1. B atoM ciiyyae KomuecTBO MaTepHa-
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Ta6auna 1

Pacuemnvie napamempuvl 08YxKackaonvlx 2eHepamopHvlx MOOYaeli pasiuitblx KOHCMPYKuyull
npu T, = 800°C, T, = 50°C

3HaueHue mapamerpa
[Tapamerp p b
Mopnyab Ne 1 Mopyab Ne 2
. IOCJIEIOBATEbHO- IOCJIEI0OBATEbHO-
Tun coeprHeHusT BETBEIl XOJIOHOTO KacKa/ia
napaJijiesbHoe napaJiiesbHOe
. IOCJIe/I0OBATETHHO-
Tun coepuHeHus BeTBEIl rOPsYEro Kackaa MOCJIe/IOBATEIbHOE
rapaJijieibHOe
Pasmepsbl ceuenus BeTBell XOJIOAHOTO KAacKaja, MM 4x4 4x4
Pasmepnl ceuenms BeTBell ropsvyero Kackazia, MM 8x8 4x4
BricoTa BeTBM X0JIOHOTO KacKaja, MM 3 5,6
BbicoTa BeTBU ropsiuero Kackaja, MM 5,6 5,6
KosmuectBo map BeTBeil X0JIOIHOTO KacKaja 32 32
KoummuecTBo nmap BeTBell ropsiuero Kackaja 8 32
DJeKTpuueckass MoIHocTb P, Br 33 30
Hanpskenne na corsiacoBanHoil Harpyske U, B 1,26 2,2
Cuna toka I, A 26,2 13,6
KIIZA m, % 11,5 11,7
a) n,% T T P, Br 6) m, % T T P, Br
12 1 12 A
11 i [ 30 11 i 0 30
10 ~ L 25 10 - L 25
9 - 9 -
F 20 +20
8 1 8 1
1S 15
7 1 7
6 T T 1 O 6 T T 1 O
500 600 700 T, °C 500 600 700 T, °C

Puc. 1. 3aBucumoctu KIT/T u 2/1eKTPUYECKOil MOIIHOCTH ABYXKacKaaHbix Moayseid Ne 1 (@) u Ne 2 (6)
OT TeMIepaTypbl ropsaeii croponsr npu T .=50°C

Jla, HeoOXOMMOe I CO3aHusa XOJIOHOTO Kac-
kaja, B 1,85 pasa MeHbIlle 110 CPAaBHEHUIO C MOJTY-
geM Ne 2.

3aBucuMocT 3(PHEKTUBHOCTH U HTEKTPUIECKOM
MOIITHOCTH UCCJIElyEMbIX IBYXKACKAIHbIX MOJLYJIei
OT TEMIIEPATyPbl FOPsueil CTOPOHBI IPUBE/IEHBI HA
puc.1.

Kak BuzHO U3 puc. 1, @, B [uarnasone T,2 ot 700
110 800°C ss1eKTprUdecKasi MOIIHOCTb PACTET OT 25 10
33 Br, KII[ yseamumBaercss ot 10,5 mo 11,5 %.
[Ipu Takux ycJaoBUSX MEXKKACKAJHAS TeMIeparypa
MOJIyJis HaXoauTest B mpenenax 285 —255°C.

C ucnoJsib30BaHUEM TOJYYEHHBIX PE3YJbTaTOB
paspaboTaHbl U ONTUMU3UPOBAHBI KOHCTPYKIUU
JIBYXKACKA/IHBIX MOJIyJIEll 3JTEKTPUYECKON MOIITHO-

crbio 60 u 30 Bt /11 pabounx TemiiepaTyp ropsiaeit
croponst 10 800°C.

BoicokoTeMmiepaTypHble KacKaJbl MOLyJel W3-
roToBJIeHbI 3 MaTtepuana SiGe, HU3KOTeMIIEpaTyp-
Hble — M3 MarepuasoB Ha ocHose Bi,Te,;. Kacka-
JIbI COEJIMHEHBI TIOCJIE0BATENbHO. XO0JIO[HAS CTO-
pOHA HU3KOTEMIEPATYPHOTO KAaCKaJla M30JHPOBA-
Ha Kepamukoit Rubalit 7089, a ropsiuas cropona
BBICOKOTEMIIEPATYPHOTO KacKaa — KepaMUKOH Ha
OCHOBe OKcHIa Oepu/is. Mexay TOPSTYUM U XO-
JIO/IHBIM KaCKaJ[aM¥ Pa3MelleHa Me/IHAs TeILIONPo-
BO/HAs ractuHa. Kackazbl pa3Melennl B repMe-
TUYHOM KOPIIyCe U3 JKAPOIMPOYHON cTanu, o6beM
KOTOPOTO 3aI0JTHEH MHEPTHBIM Ta3oM. CxeMa JIByX-
KaCcKaJHOTO MOJYJsT HOMHUHAJIBHON MOIIHOCTHIO
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6 )

Puc. 2. Cxema IBYXKACKaJHOTO MOJYJS HAa YPOBEHD
TemIepaTyp ropsueii croponnt 750 —800°C:

1, 6 — BeTBU BBICOKOTEMIIEPATYPHOTO 1 HU3KOTEMIIEPATyPHOTO

KaCKaJI0B COOTBETCTBEHHO; 2, 5 — ropsyas U X0JI0/{Has KepaMu-

Ka COOTBETCTBEHHO; 3 — TepMeTWYHBII KOpIyc; 4 — 3JIeKTpH-
YeCKWil BbIBO/I;, / — IITEHTesb; § — TeIJIoNepexXo/]

60 Br npuBenena na puc. 2. labapuTtHbie pa3Mepsbl
Moayist coctaBassior 106x106x20 mM. PesymnbraTh
€Tr0 3KCIEePUMEHTATbHBIX MCCJEI0BAaHUN TIpHUBeE/ie-
HBI Ha pUC. 3, @ u B Ta6x. 2.

Kax BuzHO, B tnamasoHe TeMmepaTyp TOpsdeii cTo-
ponbl 700 —800°C asexkTprudeckast MOITHOCTb PacTeT
ot 45 10 64 Br, KI1/] yBesmauBaercst ot 7,5 10 10,2%.
[Tpu Takux ycJaoBUSX MEKKACKa/Has TeMIIepaTypa
MofyJist Haxoautest B ipesienax 270 —290°C. [danb-
Helflllee TIOBBINIEHNE TEMIIEPATYPBI TOPSTUEl CTOPO-
HBI Majno BaugeT Ha yBemwdenme KIIJ[ momyms
BCJIEJICTBHE OBICTPOTO POCTA MEKXKACKAJIHOM TeMITe-
parypbl. JTO TPUBOJUT K YMEHBIIEHUIO TMEperaia
TEMIIepaTyp Ha TOPSTYEM KaCKa/le.

PesynbraThl akCIIepUMEHTATBHBIX UCCTIE0BAHUTI
MapaMeTpoB MOIYJS 3JIEKTPUYECKON MOIHOCTHIO

D n, % _ P, Br
9 - 60
8 - 55
7 - - 50
T,=30°C
6 d : - 45
700 750 800 T, °C
6) n, % P, Br

10 33

9,5 28

23
T =50°C

8,5+
500

18
°'C

T T
600 700 T,
Puc. 3. 3asucumoctun KII/[ u ajeKTpruecKoil MOIIHO-
CTU KAaCKaJHBIX MOAYJell HOMHHAJbHOU MOITHOCTBHIO
60 Br (@) u 30 Br (6) or Temmeparypbl ropsueil CTOPOHBI

Ta6aumna 2
IHapamempor 06yxKackadnozo zenepamopHozo
modyas npu T, = 800°C, T, = 30°C
3Havenne
ITapamerp

nmapaMerpa
DJIEKTPUYECKasT MOTITHOCTD 645
Ha COTJIacCOBaHHOW Harpyske, Bt ’
Hamnpsxkerane Ha corsiacoBaHHOM 34
Harpyske, B ’
Cuia Toka, A 19
TensoBoii mOTOK Ha TOpsTUeil cTopore, Bt 633
KIIZ, % 10,2

30 Br npusesneHs Ha puc. 3, 6. Ero Mmakcumasb-
nasg sdpdexrusnocts npu T, = 750°C, T = 50°C
cocrasister 10,1%, snexTpudeckast MorqHoctb 31 Br,
HalpsiKeHNe Ha COTJIacOBaHHOM Harpyske 2,2 B.

Takum o6pasoM, B mpoilecce 3KCIePUMEHTAb-
HBIX WCCJEIOBAHUN TOKA3aHO, YTO ONMTUMU3AITUS
KOHCTPYKIIUU KACKAJHBIX MOJYJIEN U3 TPaJIUITHOH-
HbIX MarepuaJoB Ha ocHoBe Bi,Te; u SiGe nmosso-
JigeT 06ecreYnTh MpeBpallenre TeMJIOBOH dHePTHH
B WHTEpPBaJie TeMIepaTyp ropsideil ctopoubsr 750 —
800°C ¢ adpdextuBHOCTBIO 9,5 —10%. YuursiBas,
YTO TEXHOJIOTUU TOJYUYEHUS TEPMOIJEKTPUIECKUX
MaTepuaJioB BizTe3 u SiGe, a Tak)ke co3gaHue Ha-
JIE’KHOM KOMMYTAIMH BETBEH M3 3TUX MaTEpPUAJIOB
XOpomio oTpaboTanbl, TOJyYeHHas BeJIuduHa dh-
(bexTHBHOCTH TTO3BOJIIET HAIEATHCS HA CYNIECTBEH-
HOE pacIupeHre MPaKTUIeCKOTO WCIIOJb30BAHUS
pa3paboTaHHBIX MOJYJIEi.
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Mikhailovsky V. Ya., Bilinskiy-Slotylo V. R. Two-
stage cascaded modules based on Bi,Te, and SiGe
for thermoelectric generators.

Keywords: thermoelectricity, thermocouple, optimal
control theory, the cascade thermoelectric modules,
switching.

The results of the designing and investigation of
cascading modules for direct conversion of high-grade
waste heat into electrical energy are presented. The
heat and geometrical parameters of cascade branches
of the modules based on Bi,Te, and SiGe are defined.

The paper presents design of two-stage modules with
electric power 30 and 60 W, as well as experimental
results on such modules.

Ukraine, Chernovtsy, Institute of Thermoelectricity
of NAS and MES of Ukraine.

Muxaitnoscbkuit B. (., Binuncekuit-Ciaoruno B. P.
Bokackaaui Mmoaysi Ha ocHoBi Bi,Te; Ta SiGe s
TEPMOEJEKTPUIHUX TeHEePaTopiB.

Kniouogi cnosa: mepmoenexmpuxa, mepmoenemenm,
meopisi ONMUMANILHOZ0 YNPAGATHHS, KACKAOHT mep-
MOCNeKMPUUHT MOOYNL, KOMYMAYIA.

CHpoeKTOBaHO Ta [OCJi/)KEHO KaCKaJHi MOAYJi [Js
NIPSIMOTO NIEPETBOPEHHA B €JIEKTPUUYHY €HEeprilo BiJIXO/iB
BUCOKOMOTEHI[IHHOTO TelJia ITPOMUCTIOBOTO MOXO/JKEH-
HA, IBUTYHIB BHYTPIIIHBOTO 3TOPAHHA, a TaKOXK TeILIa
3rOpSIHHS OPTraHiyHOro InajuBa. Bu3HayeHO TemJoBi Ta
TeOMETPUUYHI IapaMeTpy TiJOK B KaCKQIHUX MOJYJIAX
na ocuosi Bi,Te; ta SiGe. Onucano KoHCTpyKuii ABO-
KaCcKaJHUX MOJYJIiB €JeKTPUYHOIO MOTYXHicTio 30 Ta
60 BT, a Tako)X HpeACTaBJEHO pPe3yJbTaTH €KCIIepH-
MEHTAJIbHUAX JOCJi/KeHb iX IapaMeTpiB.

Ykpaina, M. Uepnisui, Incturyt tepmoenexkrpuku HAH

ta MOH ¥Ykpainu.
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HeBoaun B. K. KBaHTOBbI/ TpaHcnopT B yCcTpoWcTBax 3JeKTPOHUKM.— MockBa:
TexHocdepa, 2012.

OnuceIBalOTCS KBAHTOBbIE CBOHCTBA HOCHTENEH TOKA, B TOM UHCJE B YCTPOHCTBAX JEKT-
POHUKH, B KOTOPbIX B OOJiblliefl Mepe JOCTYyMHO HaOJI0JeHHe KBAHTOBBIX SIBJIEHUH H B
KOTOPBIX OHU MOT'YT ObITb CYLIE€CTBEHHbIMH. KBAaHTOBbIH BKJIAL B TPAHCMOPT HOCUTENEH
TOKa paccMaTpUBAETCsl C MOMOLLbIO BOJIH MJIOTHOCTH BEPOSTHOCTH. Takoi MOAX0I MO3BO-
JseT 60Jee 1eTaabHO OOBACHUTD MPEeKHHE SKCMIEePUMEHThI, a TAKKe MPeAcKa3aTb HOBbIe
3 PeKThI, Psa U3 KOTOPHIX MMEIOT 3KCIEPHUMEHTAJbHOE MOATBEPIKAeHHe. A MMEHHO —
YCTPOHUCTBO /LISl MOTJIOILEHHS TeMJaa Ha OCHOBE KBAHTOBOr0 0OMeHa SHeprusiMu HOCUTe el
TOKa MEXJy 3JeKTPOJaMU, METOIMKA IKCIEPUMEHTANbHOTO onpeneneHus sHeprui dep-
MH MaTepHaJgoB 3JeKTpoaoB U Ap. KHUra mpeanasHaueHa ajasi CTYAEHTOB, U3yualoLLHX
KBAHTOBYK MEXaHHUKY, /Il aCIIHPAHTOB M MOJIOABIX HAYUHBIX COTPYJAHUKOB, H3yUYaBIIUX
paHee KBAHTOBYIO MeXaHUKY M paboTalollux B 06JaCTH HAHOTEXHOJIOIMH U HAHO/EKTPO-
HUKH, CTPEMSIIILUXCS OTKPbITh HOBbIEe 3(D(EKThl U CO3/1aTh YHUKAJNbHbIE YCTPOHCTBA.

/

HOBBIE KHUT'A

B

AuteynoB A. A., Pomaniok M. C. AHM30TpOMHbIe OMTHKOTEPMO3IJEMEHThl Ha
OCHOBE AHTHMOHMJIA KaJAMHs M HX mpuMeHeHue.— YepHOBIbI: 30/0Tbie JIH-
tTaBpbl, 2012.

B kHHUTre mpencTaB/eHbl pe3yJabTaThl HCCAEIOBAHUS TEPMOIJEKTPUUECKUX SIBJEHHH B OM-
THUYECKHUX MPO3PaUyHbIX aHU30TPOMHBIX cpelax, nonepeyHas cocrapasiomas repmodJC
KOTOPbIX CTaJa OCHOBOW 1/ CO3JaHHUS PSilla OPUTHHAJNbHBIX TEPMO3JEMEHTOB. DTO MO-
3BOJIUJIO MPEAJTOKUTH HOBbBIH METOJ perucTpauuu JY4YHUCTbIX MTOTOKOB, Ha3BaHHbIN METOA0M
«TPO3payHOll CTEHKH», pa3paboTaTb COOTBETCTBYIOLIHE TEXHOJOTHH M MaTepuaJsbl Ha
OCHOBE aHTHMOHHJA KaJMHsSI U Peasu30BaTh HOBOE MOKOJEeHHEe Pa3JuUHbIX TPUOOPOB U
yCTpOﬁCTB. KHI/IFa npeaHasHadyeda AJas1 HaYyUYHbIX U HHKEHEPHO-TEXHUUYECKHUX pa6OTHI/I-
KOB B 00JIaCTH TEPMO3JEKTPHUUECKOTr0 MPUOOPOCTPOEHHSI, a TaKxkKe OyIeT moae3Ha acnu-

\paHTaM h CTyJAeHTaM COOTBETCTBYIOIIUX crelMaJbHOCTEH.
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