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IIpexncraBieHsl pe3yabTaThl pacyeTOB ONTUMaJIbHON MOLIHOCTU pa3orpeBa KBapLEeBOro nee3oaieMenTta T/I-cpesa ¢ nps-
MBIM T€PMOCTAaTUPOBAHUEM JJISI YMEHbIUEHUs BPEMEHU YCTAHOBJIEHU S YACTOThI MPELIU3MOHHOTO TEPMOCTATUPOBAHHOIO
KBaplLieBOro reHeparopa myTeM pacyeTa JMHAMUKU TETJI0OBOIO MOJs Mbe302JeMEHTa B PeXXMMe pa3orpeBa Ha OCHOBE MPo-
CTPAHCTBEHHOM YMCIIEHHO-aHAJIUTUYECKOI MOIEIH.

Knioueguvie cnrosa: mepmocmamupoganHulil Keapuyesvlil eeHepamop, Keapyegslil pe30Hamop-mepmocmam,; nbe3031eMeHm; epems
YCMAaHOBACHUSL YACHOMbL.

The paper presents the calculations results of optimal warm-up power of SC-cut quartz crystal piezoelement with direct heating
for reducing warm-up time of precision quartz crystal oscillators. The results have been achieved by calculating piezoelement
thermal processes dynamics in warm-up mode on space thermal model.

Keywords: oven-controlled crystal oscillator; OCXO; direct heating resonator; frequency setting time.

BaxxHoii xapaKTepUCTUKOM TSI TPELU3MOHHBIX TEPMOCTATUPOBAH-
HbIX KBapueBbiX reHepaTopoB (TCKT) siBjisieTcst BpeMsi ero roTOBHO-
CTH TPU BKJIIOYEHUU, TO €CTh BpEMSs YCTaHOBJIEHU S YacToThl (BYY),
MOCKOJIbKY YaCTOTa TeHepaIlMy 3aBUCUT OT TeMITepaTypbl U HEOOX0-
IUMO OTIpelieIeHHOe BpeMs JJIsl pa3orpeBa KBapleBOil MIacTUHBI
MbE302JIEMEHTa OT TEMIIePaTyPhl OKPYXAIOIIEH CPeIbl 10 TeMIIe-
paTypbl CTaTUPOBAHU S, KOTOPOE OINpPEIeIsieTCs] MOIITHOCTBIO pPa3o-
rpeBa, TEIIOEMKOCThIO (TO €CTh 00beMOM) Mbe3oasiemeHTa (I19),
reOMeTPUUYECKUMU Pa3MepaMHu MIACTUHBI U OTPAHUYMBACTCS YIETb-
HOI1 TETJIONPOBOIHOCTHIO KBapiia. Yem MeHbIlIe 00beM KBapLIEeBOIO
[19, Tem GbIcTpee OH pa3orpeBaeTcs, OIHAKO YMEHbIIEHUE 00bemMa
06e3 yXYILIEeHUsI CTaOMJIbHOCTH YaCTOThI U IOOPOTHOCTU Pe30HATOpa,
a 3HAYUT, U YpoBHS yMoB npenu3nonHoro TCKI HEBO3MOXHO.
MUuHMMU3aLUI 3TOTO BPEMEHU SBJISIETCS aKTyaJlbHOM 3aaueit
ITPY KOHCTPYUPOBAHUY OTIOPHBIX TEPMOCTATUPOBAHHBIX KBaPIIEBBIX
reHepatopoB (TCKI'), obecreunBaommX JIyIryio 10JroBpeMeHHY 10

U TEMIIepaTypPHYIO CTAaOMJIBHOCTD CPEIM TEHEPATOPOB HAa OCHOBE IThe-
303JIEKTPUKOB, TaK KaK 3a4aCTYI0 OHU OIPEAEISIIOT BpeMsI TOTOBHO-
CTU PalO3TEKTPOHHON CUCTEMBbI K YaCTOTHBIM WJIM BPEMEHHBIM
M3MEPEHUSIM TIOCJIe e€ BKIII0YeHUS. BpeMs yCTaHOBJIEHU ST 4aCTOTBI
3aBUCHUT OT MHOXECTBAa KOHCTPYKTUBHO-(pU3MUeCKUX (GaKTOpPOB,
W OTNIPEACTSIONINM CPEAN HUX SBJISIETCS MOIIHOCTbh Ha4yaJbHOTO
pasorpeBa KBapuesoro [139.

[ 1OCTUXEHUST BBICOKOW CTAOUJIBHOCTU YaCTOTHI U HU3KUX
LIYMOBBIX XapaKTEPUCTUK OOOCHOBAHO MPUMEHEHHME MPEU3UOHHbIX
TepMOCTaTUPOBaHHBIX KBapiieBbiX reHepaTopoB (TCKT') ¢ BbIxonHOI
4acToToO, Kak npasuio, 10 MI'1, B KOTopbix ucnoibdyeTcst [1D nByx-
noBopoTHoro T/I-cpe3a (yxbl/@/6, 22° < @ <24°, 33,5° < © < 35°).

V TCKIT, umeromux pezoHarop-repmoctat (PT) ¢ pacnipeneneH-
HBIM KOMOMHUPOBAHHBIM MOAOTPEBOM (puC. 1), Mbe303JIEMEHT ITpU
BKJIIOUEHU U OBICTPO Pa30rpeBaeTCs HAITbJIGCHHBIM Ha HETO HarpeBa-
TesaeM (IPSMOii MOJOTPEB), a B YCTAHOBUBIIEMCSI PEXXKMMe MOA0TPeB
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Fig. 1. Functional chart of oven-controlled crystal oscillator with distributed piezoelement heater




AOKAAABI KOH®EPEHIIUU

OCYIIECTBISIETCSI HATpeBaTeleM, pa3MElleHHBIM Ha MUKPOTLJIATe,
TMOCPENCTBOM Iepenavyu TeTJIOBO SHEpTUU uepes AepxkaTeiu
¥ TETJIOBBIM M3JIyuyeHUeM (KOocBeHHBII rogorpes). Takue PT coBme-
AT MPEeUMMYIIeCcTBa MPSIMOTO U KOCBEHHOTO nogorpesa 19, To
€CTh UMEIOT HU3KME 3HAUeHU I LIYMOBBIX XapaKTePUCTUK U KPAaTKO-
BpeMeHHOoi1 HecTtabunabHocTH YactoThl (KHY), kak y TCKT ¢ koc-
BEHHBIM noporpesoM [13, ¥ mpu 3TOM UMEIOT HauMEHbLIee BpeMs
yctaHoBJieHus yacToThl, Kak TCKI ¢ PT ¢ npssmbiM ogorpesom I13.

I[puMeHeHMEe Pe30HATOPOB-TEPMOCTATOB C BHYTPEHHUM pac-
TpeneJeHHbIM HarpeBaTesieM Mbe303JeMeHTa TT03BOJIMIIO0 CHU3UTH
BpeMsl YCTAHOBJIEHUST YACTOTHI TEPMOCTATUPOBAHHBIX TEHEPATO-
POB C HECKOJIBKMX MUHYT JI0 NeCATKOB CEKYH/[I B AUana3oHe pabo-
yux temieparyp ot —60°C mo 70 °C. Jly4dinne oO6pasiibl UMEIOT BPEMSI
rotoBHocTH 30 ¢. JIs1 naabHEH1IeT0 CHUXKEHU ST BpEMEHU YCTaHOB-
sieHus yactoThl npeun3noHHbiXx TCKIT Heo6xoanuMo uccienoBarb
IMHAMUKY TeMJIOBbIX POLecCoB, MpoTekaowux B [19 npu Hava b-
HOM pa3orpeBe HalblJIGHHBIMY Ha HEro HarpeBaTeIsIMU, ONTUMU3HU-
pOBaTh KOHCTPYKLIMIO pe30HATOPa-TePMOCTaTa ITyTeM pacueTa JTuHa-
MWKH TEMIIEpaTypPHOTO TOJIS IThe303JIEMEHTa Ha OCHOBE MPOCTPaH-
CTBEHHO YMCIIEHHO-aHAJIUTUYECKOM Moziesin. PacueTsl Ha Monenu
MO3BOJISIT ONIPENeTUTh MOIIHOCTh HaYaJIbHOTO pa3orpeBa, BhIIe-
JIsIeMYI0 Ha HamblJIeHHOM Ha [1D HarpeBaTesie 1 HEOOXOIUMYIO TSI
MOCTUXEHUSI MUHUMaJIbHOTO BPEMEHU YCTAHOBJIEHUS YaCTOTHI,
C OIHOI CTOPOHBI, U IPUEMJIEMYIO KPYTU3HY YIIpaBJsiouieil xapak-
TEPUCTUKU TEPMOPEryJsiTopa, 00ecrneynBalouyio Hu3K1ue 3Haue-
HUSI KPaTKOBPEMEHHOI HeCTaOMJILHOCTH YaCTOThI U CIEKTPaJIbHOMI
MJIOTHOCTHU MOLIHOCTH (ha30BbIX IUYMOB, C APYTOil CTOPOHBI.

MeTon ucciienoBaHus B TaHHOI paboTe 3aKJII04aeTcsi B TOCTPO-
€HUM MPOCTPAHCTBEHHOM TETIJIOBOI MOIENH JJIsT KOHCTpYKIuu [19
C TIPSIMBIM TIOIOTPEBOM, pacyeTe TeMIEePaTypPHOTO TOJIsI Ha 9TOM
MOJIeIU METOMOM KOHEUHBIX 2JIEMEHTOB BO BPEMEHHOM 001acTu
C MOMEHTA BKJIIOUEHW I 10 HACTYTIJICHUST YCTAHOBUBILIETOCS PEXUMa
¥ TIOCJIEAYIOIEM aHaJIu3e Pe3yIbTaTOB pacueTa.

CyliecTByeT METOJl pacuyeTa BpeMeH! YCTAHOBJICHU ST YaCTOThI TTPU
rmapameTpax, orpenessieMbIX KOHCTPYKIIMel KBapIieBOro pe3oHaTopa-
tepmocTtata (KPT) u TepMOperyisiTopoM, yIpaBsionIAM MOIITHOCTHIO

pa3orpeBa, ONMMMCAHHBIN B [1] 1 BBITTOJTHEHHBIT B COOTBETCTBUM C [2].
B npuBeneHHoii B [1] MOIeIM HA OCHOBE 3JICKTPOTEIJIOBOM aHAJIOTUN
[T yIPOILEHMSI PAaCUeTOB CUMTaeTCsl, YTo Temmnepatypa [1D oguHa-
KOBA B KaXJ0ii ero ToOuke, YTO He COOTBETCTBYET peaJbHbIM TEIJIO-
BBIM NpoueccaM. B 1aHHOI MOIEIN YUYUTBIBAETCS! TOJNBKO TEMI0EM-
kocTb [19. OnHako npu pa3orpeBe CKOPOCTb PaclpoOCTPaAHEHU sl TeIIa
oT Harpesatesis o oobemy [1D orpaHuyeHa TENJIONpPOBOAHOCTbHIO
KBapua, TeMreparypa B oobeme [1D nmeeT BblpakeHHYI0 HEpaBHOMEP-
HOCTb TEMIIEPATYPHOTO M0J151, 0COOEHHO B peKMMe pa3orpena, U MOXET
WMETb JIOKAJIbHbIE TMKOBbIC 3HAUECHW ST, CIOCOOHBIE HAHECTH TTOBPEX-
NEHU s eMEHTaM KOHCTpYKIuu. CieayeT oOTMETUTh, YTO KBapil,
SIBJISISICH @aHU30TPOITHBIM KPUCTAIMYECKMM MaTepraioM, UMEeT pas-
Hble 3HaYeHW I TeTJIONPOBOAHOCTH M0 HAMPaBIEHHUSIM KpHUCTaIorpa-
¢uyeckux oceil, YTo TaKKe HEOOXOAMMO YUUTHIBATh IIPU pacueTax.

B HacTtosiniee BpeMsl B HayuyHOI TUTepaType HEAOCTATOYHO
OCBEllleH BOMPOC MUHUMU3AL MU BPEMEHU YCTAHOBJIEHM S YaCTOTHI
C TOYKM 3pEHUSsI IMHAMUKU TeMrepaTypHoro nous [19 B pexxume
pasorpeBa U onpelejeHus] MUHUMaJlbHO BO3MOXHOIO BpeMEHU
YCTAHOBJIEHU I YaCTOTHI NpU pacyeTe U KoHcTpyupoBaHnuu TCKIT
C MIPSIMBIM U KOMOMHMPOBAHHBIM TMOJOTPEBOM C YUETOM BCEX BJIU-
SIOIKUX (PaKTOPOB.

IeomeTpuueckue pazmepsl [1D TCKI, umeomux pazandHbie
3HAYCHW ST TAKUX XapaKTePUCTHK, KAK HOMUHAJIbHAsI YaCTOTA, H0J-
TOBpeMEHHAasI U KPAaTKOBPEMEHHas! HeCTaOMJIbHOCTD YACTOTHI U IP.,
CYILECTBEHHO OTJIMYAIOTCS, MO3TOMY M3-3a Pa3IUYUS B TEIJIO-
€MKOCTHM HYXHO FOBOPUTh O MUHUMHU3ALMU BPEMEHU pa3orpesa
I19 nns kaxnoro us tunos TCKI. PaccMoTpuM akTyanbHYIO Mpo-
6sieMy MUHMMU3ALUU BpeMEHHU pa3orpeBa Ha MpuMepe Mpelu3uoH-
Horo TCKIT ¢ pacnipocTpaHeHHO HOMMHaJIbHOI yacToToii 10 MT'11.
Ha npaktuke B npeun3noHHbIX TCKI ¢ npsimbiM nonorpesom 1D
¢ BbIXOJHO yacToToit 10 MI't HauboJIee YacTO UCMOJIb3YIOTCS MPSsi-
MOYTOJIbHbIE UIMHON 10 MM U uMpuHOK 7 MM 1 Kpyrisle [1D nqua-
MeTpoM 10 MM, TJIOCKOBBITTYKJIOTO MPOMUIIS ¢ pallyCOM KPUBU3HBI
coepsl, paBHbIM 300 MM, BO30yK1aeMble Ha 3-if MeXaHUYECKOI rap-
MOHMKE M M300paxXeHHbIe Ha puc. 2: KOHCTpyKuus Nel (puc. 2a),
KoHCTpyKIus Ne 2 (puc. 26).

INTRODUCTION

The readiness time of the precision oven-
controlled quartz crystal oscillators (OCXO)
at the moment of switch-on (or frequency
setting time (FST)) is an important charac-
teristic. The generation frequency depends
on the temperature of the piezoelectric ele-
ment (PE) and requires a certain time for
warming up the piezoelectric quartz plate
from the ambient temperature to the tem-
perature of the thermal static, which is deter-
mined by the warm-up power, the heat
capacity (i.e. volume) of the PE, the geo-
metric dimensions of the plate, and is lim-
ited by the specific thermal conductivity
of quartz. The smaller the volume of quartz
PE, the faster it heats up, but the volume
reduction without deterioration in the fre-
quency stability and resonator quality-factor,

and hence the phase noise level of precision
OCXO is impossible.

Minimizing this time is an urgent task
in the design of reference OCXO, provid-
ing better long-term and temperature stabil-
ity among the generators based on piezoelec-
trics, as they often determine the readiness
time of the electronic system to frequency
or time measurements after system is switched
on. The frequency setting time depends
on a number of structural and physical factors,
and the determining factor among them is the
power of the initial heating of quartz PE.

Application of precision OCXO with
an output frequency of typically 10 MHz
with double-rotated SC-cut PE (yxbl/@/O,
22° < <24° 33,5 <O <35% is optimal for
approaching high frequency stability and low
phase noise level.

The OCXO with distributed internal heat-
ing resonator (IHR) intended for fast ini-
tial direct warm-up of piezoelement com-
prises a film heater evaporated on it and

a heater intended for the indirect warming-
up in steady-state mode, which is disposed
in microplate (MP) with PE mounted to it
(Fig. 1).

OCXOs with this IHR combine the advan-
tages of direct and indirect heating of PE, that
is they have low phase noise level and Allan
variation like OCXOs with PE indirect heat-
ing and thus have the least frequency setting
time, like OCXOs with PE direct heating.

Application of IHR and distributed com-
plex heating allowed decreasing OCXO’s fre-
quency setting time from few minutes to doz-
ens of seconds in operating temperature range
from —60°C to 70 °C. The best samples have
the FST equal to 15 seconds with the accuracy
of 1:107 and at the temperature of +20°C and
30 seconds at — 60°C.

Further reducing the FST approach-
ing to physical threshold is impossible with-
out investigating thermal processes dynamics




O6e KOHCTPYKIUHN UMEIOT TCOMETPUYCCKU 3aMKHYTEBIE IBYCTO-

pOHHUE HAIBIJICHHBIE HATPEBATEIN U KPETISTCS TIPU IIOMOIIIN YeThI-
pex aepxkareseit.

TCKT ¢ 19 npeacrtaBieHHBIX KOHCTPYKIIMI 0OecrnedynBaoT
OIMHAKOBO BBICOKME XapaKTepPUCTUKHU, HO BEJMUYMHA TEMJI0EMKO-
CTU MbE3032JIEMEHTOB KOHCTPYKIIMU N2 2 HE3HAYUTEJbHO OoJiblle,
yeM Y KOHCTPYKIMU Ne 1, 1 MOIIITHOCTh Ha4aIbHOTO pa3orpeBa Takxe
MoTpedyeTcss HEMHOTO GOJIbIIIe, TTOTOMY JIJISI UCCIeOBAaHM I BBIOpaH
T1D koHcTpyKIMU Ne 1.

I ns koHnctpykuuu [19 Ne 1, u3o6paxkeHHOM Ha puc. 2a, TTOCTPOUM
MMPOCTPAHCTBEHHYIO TEIJIOBYIO MOJIE]b, TTO3BOJISIIONIYIO PACCYUTATDH
IUHAMUYecKoe TeMIiepatypHoe mosie. HemocpenacTsenHoe (mpsiMmoe)
TepmocTaTupoBaHue [1D ocyiiecTBiasieTcst moaaepXaHueM TeMIe-
paTyphbl ¢ TOMOILbIO HAMBIJIEHHOTO HA MOBEPXHOCTD MJIACTUHBI [1D
MeTaJJINYeCKOT0 HarpeBaTeisi, Yepe3 KOTOPbIii MPOTeKaeT JIEKTPU-
yeckuit Tok. HarpeBaTeb B CHJIy 0COOEHHOCTEMN YCIOBU i1 BO30YX-
NEHMSI DJIEKTPOMEXaHUYECKUX KoeOaH Wi BBITIOJHEH B BUIE TOHKOM
MOJIOCHI, PACTIOJIOKEHHOM y Kpasi KBapleBOil MIAaCTUHKUA Ha MaK-
CUMaJIbHOM yIaJIeHUU OT aKTHUBHOU 30HHI KoJiebanuit. [1D mpu
TTOMOIIIY TEIJIOU30JUPYIONIUX IepXKaTesieil KpemuTcst BHYTPU BaKy-
YMHUPOBAHHOTO KOPITYyCa P€30HATOPa-TEPMOCTATA.

CKopocTh HarpeBa IJacTUHBI KBapieBoro [1D Takxke 3aBUCHT
OT MOTEPh TETIOBO IHEPTUU Yepe3 nepxarenu [19, oT MecT ux Kper-
JICHW ST, OT TETJIOBOTO U3JIYYEHUSI C TOBEPXHOCTH IJIACTUHBI U OT TETLJIO-
00MeHa uepe3 TETJIOBYIO IIPOBOAMMOCTH OCTATOUHOTO Ta3a B BAKYYMU-
POBaHHOM KOPITyCE Pe30HATOPa, MO3TOMY AaHHbIe (DaKTOPHI TOIKHBI
OBITh YUTEHBI B MozieJ M. [IpuHKMMAas TOJNIIMHY MJIACTUHBI (IO OCH Y)
MaJIoil 10 CPAaBHEHMIO C JJIMHOM M IIMPUHOM (IO OCSIM X, Z) AJIsl YIIPO-
LIEHU S PaCYeTOB U CUMTAsI TEMIIEPATyPHYIO HEOIHOPOLHOCT MO TOJI-
LIMHE He3HAUUTEJIbHOM, ypaBHEHUE paciipocTpaHeHus Tera (nudde-
peHIIMaTbHOE YPaBHEHKE TeII000MeHa) B KaXkI0i TOUKe KBapIlieBO
macTuHbl [1D MOXHO onucaTth CJIeAyIONIUM BhIpaxkeHueMm [3]:

div(g) =20, —20,,+ Q,=c-p-dT}dL, M

To€ ¢ — MJIOTHOCTH TEIJIOBOTO IMTOTOKA, ONMUCbIBAa€Masd BEKTOPOM:
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Puc. 2. Koncmpykyus nve3osnemenma ¢ HanvlAeHHbIMU HA2Pe8amensmu:
Ne | — npsamoyeonvnwiit 115 7x 10 mm (a), Ne2 — kpyenviii [19 duame-
mpom 10 mm (6); 1 — naacmuna [19, 2 — s1ekmpooel, 3 — Haepesamenu
Fig. 2. Designs of piezoelectric elements with film heaters: No 1 — rectangu-
lar PE 7x 10 mm (a), Ne 2 — round PE with a diameter of 10 mm (b). 1 —
PE plate, 2 — electrodes, 3 — heaters

[\, + A m)dT/dx; (A, + A .m)dT/dz], 2)

A M A, — yAeJIbHAsl TEIJIONPOBOAHOCTD KBaplia 10 OCsIM X U Z, A, —
yIeJabHast TeTJIOMPOBOIHOCTD 2JIEKTPoaa, M — KO3 GHUIIUEHT, paB-
HBI | B TOUKaX MOBEPXHOCTHU, IIe PACIIOJIOXKEH DJIEKTPO U TOKO-
MMOABOM, U paBHBIH 0 TaM, Ile MOBEPXHOCTH KBAPLEBOM IIACTHHBI
cBobonHa, T — TeMIlepaTypa B paCCUMTHIBAEMOI TOUKE, C — YIEIb-
Hasl TEMJI0EMKOCTh KBaplia, p — MJIOTHOCTh KBapua, 20, — MoTepn
Ha TeTJIOBOE Mepen3nydeHre MeXIy ABYMs CTOPOHAMU MTOBEPXHO-
CTH IJIACTHHbBI M BHYTPEHHEH NOBEPXHOCThIO Kopriyca, Q,, — NoTepu
yepe3 TeMJIOBYI0 POBOAMMOCTb OCTATOYHOIO ra3a B Bakyyme, 0, —
KOJIMYECTBO TETJIOTHI, BHIACISIEMOi Ha HArpeBaTele.

Tern10BOM MOTOK, MepensaydaeMbliii Mexxay [19 u cTeHKaMu Kop-
nyca KPT, cornacho [4, c. 179] onipenesnsieTcst BeIpaXkKeHUeM JUTS Ty Y K-
CTOTO TEMJI00OMeHa MEX Y TeJIaMU € IapaIeIbHBIMU CEPBIMU T1JI0O-
CKMMM MOBEPXHOCTAMM | 1 2 rIoInaapio u3ayueHus S, u S, co crerne-
HbIO YEPHOTBI €, U €, U TeM1epatypoit 7, u T, COOTBETCTBEHHO, BbIBE-
NeHHBbIe Ha ocHOBaHUM 3akoHa Ctedana — bonbiimaHa:

in IHR with distributed piezoelement heater
in warm-up mode, optimizing IHR construc-
tion by calculations on three-dimensional ther-
mal model. The calculations on the model will
determine the warm-up power of PE film heater
for minimal FST, which is necessary to achieve
the minimal FST on the one hand, and the
acceptable steepness of the control character-
istic of the thermostat for low phase noise level
and Allan variation, on the other.

The method of research in this paper
is making a spatial thermal model for the
design of PE with direct heating, as well
as calculating the temperature field on this
model by the finite element method in the
time domain from the moment of switch-on
to the steady state and the subsequent analysis
of the calculation results.

There is a method of calculating the FST
with the parameters determined by IHR

design and thermal regulator controlling the

warm-up power described in [1] and made
in accordance with [2].

In the model given in [1] on the basis of elec-
trothermal analogy for simplification of cal-
culations it is considered that PE temperature
is identical in each its point, which does not
correspond to real thermal processes. In this
model, only the heat capacity of PE is taken
into account. However, when PE is warmed, the
rate of heat propagation from the heater by the
PE volume is limited by the specific thermal
conductivity of quartz, and the temperature
in the volume of PE has a pronounced uneven-
ness of temperature field, especially in warm-
up mode and can have local peak values that
can cause damage to the structural elements.
It should be noted that quartz, being an aniso-
tropic crystalline material, has different values
of specific thermal conductivity in the direc-
tions of crystallographic axes, which should
also be taken into account in the calculations.

Currently, the scientific literature does
not sufficiently cover the issue of minimiz-
ing the FST in terms of the dynamics of the
PE temperature field in the warm-up mode
and determining the minimum possible FST
in the calculation and design of OCXO with
direct and combined heating, taking into
account all influencing factors.

The geometric dimensions of PE of OCXO
having different values of characteristics such
as nominal frequency, long-term and short-
term frequency instability, etc., differ signifi-
cantly, therefore, due to the difference in heat
capacity, it is necessary to talk about mini-
mizing the heating time of PE for each type
of OCXO. Let us consider the actual prob-
lem of minimizing the warm-up time on the
example of precision OCXO with a typical
frequency of 10 MHz. In practice, PE of two
designs are most often used in precision
OCXO with an output frequency of 10 MHz:
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— MpuUBeLeHHAas CTENeHb YePHOTHI Nbe302JIeMEHTa U CTEHOK KOp-
nyca, C, — nocrosinHag Credana— boabumana, 7\ u T, — Temre-
patypsl [1D 1 cCTEHOK KOpIyca COOTBETCTBEHHO. M31yueHueM ¢ Top-
11eBbIX CTOPOH [1D BBUIY €ro MaJjioit TOJIMHBI MOXHO IPeHEOpeYb.
Euie onHuM haktopoM, Biusioninm Ha BpeMst rotoBHocTu TCKT,
SIBJISIETCSI TEMIIEPATyPHO-YaCTOTHAS 3aBUCMOCTD KBapIIEeBOTO Mbe30-
sneMmeHTa. Kak 6blJ10 cka3aHo Bbile, pu BkJIoueHun TCKI tpedy-
eTcsl BpeMsi TSl TporpeBa akTUBHOI 30HbI [1D 10 TeMmnepaTypbl cTaTu-
pOBaHMSs1, HEOOXOAUMOIL 1151 0OecrieyeH s HOMMHAJIbHOTO 3HAUYEHU ST
BbIXonHOI yacToThl TCKI ¢ onpenesieHHOI TOYHOCTBIO, TOCKOJIbKY
CKOPOCTb PaclpOCTpaHEeHU s TeIrJIoBoi sHepruu B [1D orpanunyeHa
BEJMYMHON yIEAbHON TEIJIONMPOBOJHOCTHU KBaplia. B obuieM Buae
TeMIepaTypHO-4acTOTHY0 XapakTepucTuky (TUX) mis [1D kaxgoro
cpe3a ya1o0HO MPeaCTaBIsATh B BUE CTeNeHHOM hyHKIMH |5, ¢. 60]

ATy =ayta(T,—T) +a T, — TV +a(T,— T)', ®)

rae Ko3GGUIIEHTH a,, a,, a; — IIPOU3BOAHBIE YaCTOTHI IO TEMIIEpa-
Type COOTBETCTBYIOLIUX MOPSIAKOB, T — MPOU3BOIBHO BHIOPAaHHOE
3HAYEHUE TeMIIePaTyphl.

TUYX nns pesonatopoB T/-cpesa, MMerOIMX BOJIM3U TeMIIepa-
TYpbl 3KCTpeMyma ¢opmy, 61M3KYI0 K KBajapaTu4yHOI nmapaboJe,
JIOCTATOYHO TOYHO OMKMCHIBACTCS BhIpaskeHUEM [5, c. 61]

AT =a(T, = TY, (©)

rae 7, — Temnepatypa skctpemyma TUX pesonatopa, a, = —4,6-10~
st T/I-cpesa coriacHO U3MEPEHUSIM, IIPEACTABICHHBIM B [6].

W3 (6) caenyert, uto ast Toro ytoosl yactora TCKI npu BKIIoue-
HUU yCTAaHOBMJIACH ¢ TOYHOCTBIO Jyyuie 1-107, nHTerpasbHas TeM-
rnepatrypa B akTUBHOI 30He KojiebaHuit [1D cornacHo NpuHUMIY
CyNEepHO3U LU JOJKHA MOBBICUTHCSI OT TEMIIepaTyphbl OKpYKalolleit
cpelbl, BKJIIoYasi €€ MUHUMAaJbHO AOMYCTUMOE pabodyee 3HAUYECHUE,
IO 3HAYCHU ST, OTIIMIAIONIETOCS OT TEMTIePaTypPhl CTATUPOBAHUS (IKC-
tpemyma TUX pe3zonaropa, npubiausuteabHo pasHoro 75°C) MeHee
yeM Ha 4,65°C. Ha puc. 3 3170 3HaUYeHUS MapaboJIbl BBIIIE IITPUXO-
BOI IMHUU.

Hns koHctpykuuu [1D Ne 1, n306paxkeHHOI Ha puc. 2a, TOCTPOUM
MPOCTPAHCTBEHHYIO TETJIOBYIO MOZIE/b, yUUTHIBAIOIIYIO BCE OMKUCAH-
HbI€ BBIILE BAMSIONINE (PAaKTOPHI.

KonnuecTBo TenJaoThl, BbAE/IsIEMOE HAa HarpeBaTeIsiX U yIpaBJsi-
eMoe MeaJbHbIM Oe3bIHEPLIMOHHBIM TEPMOPETYISITOPOM:

0,=P (7

rae P — MOIIHOCTb pa3orpeBa,  — BpeMs pa3orpesa.

Bripaxenus (1) u (2) ¢ yuetom (3), (4), (6) u (7) ABASIOTCS MareMa-
TUYECKOU MTPOCTPAHCTBEHHON MOJIEIbIO TMHAMUYECKUX TEIIOBBIX
mpoiieccoB B [1D ¢ yueToMm BhIIIeNIepeINCIeHHBIX BIUSIOMUX hak-
TopoB. Pemenune cucremor nudbepeHInaabHbIX ypaBHeHM (14, 6,
7) B 4aCTHBIX TPOU3BOAHBIX C TPAHUYHBIMU YCIOBUSIMU, OTIPEIeIsi-
eMBIMU B IPOCTPAHCTBE 2JIeMEHTaMU KOHKPETHON KOHCTPYKIIUH,
MO3BOJISIET PACCUMTATh JTMHAMUKY TEIJIOBbIX MpoleccoB B 10 ais
KaXI0i KOHCTPYKLIMU.

rectangular PE with lengths of 10 mm and
a width of 7mm (construction No. 1, shown
in Fig. 2a) and round PE with a diame-
ter of 10 mm (construction No. 2, shown
in Fig. 2b). Both piezoelectric elements have
a plane-convex profile with a radius of cur-
vature of the sphere equal to 300 mm and
excited on the 3rd mechanical harmonic.
Both designs have geometrically closed dou-
ble-sided film heaters and are mounted with
4 holders.

OCXO with PE of the presented designs
provide equally high characteristics, but the
value of the thermal capacity of piezoelectric
elements of the construction No. 2 is slightly
larger than that of the construction No.1,
and the power of the initial heating will also
require a little more, so the PE of the con-
struction No. 1 has been chosen for the study.

THREE-DIMENSIONAL THERMAL
MATHEMATICAL IHR MODEL

For the design of PE No.1 shown in Fig. 2a,
we construct a spatial thermal model that
allows us to calculate the dynamic tempera-
ture field. Direct temperature control of PE
is carried out by maintaining the temperature

by means of a metal film heater sprayed on the
surface of the PE plate through which an elec-
tric current flows. The film heater, due to the
peculiarities of the excitation conditions
of electromechanical oscillations, is made
in the form of a thin strip located at the edge
of the quartz plate at the maximum distance
from the active zone of oscillations. PE by
means of heat-insulating holders is attached
inside the vacuum housing of the IHR.

The heating rate of a plate of quartz PE
also depends on the heat losses through the
holders of PE, on their places of attachment,
on the thermal radiation from the surface
of the plate and on the heat transfer through
the thermal conductivity of the residual gas
in the evacuated housing of the resonator;
therefore, these factors should be taken into
account in the model. Taking the plate thick-
ness (y-axis) that is small in comparison with
the length and width (x-, z-axis) to simplify
the calculations and considering the temper-
ature inhomogeneity in thickness insignifi-
cant, the heat distribution equation (differen-
tial heat transfer equation) at each point of the
PE quartz plate is described by the following
expression [3]:

div(g) —20,—20,,+ 0,=c-p-dTy/dt, (1)

where ¢ is the heat flux density described
by the vector:

[, + Am)dT/dx; (A, + A m)dT/dz], (2

where A, and A, are specific thermal conductiv-
ity of quartz along the axes x and z, A, is spe-
cific thermal conductivity of the electrode, m
is the coefficient equal to 1 at points of the sur-
face where the electrode or current collector
is and equal to 0 where the surface of the quartz
plate is free, and T'is the temperature calculated
in the point — specific heat of quartz, p is the
density of quartz, 2Q,_ is losses on the thermal
re-emission between the two sides of the plate
surface and the inner surface of the housing, O,
is losses through the thermal conductivity of the
residual gas in the vacuum, Q, is the amount
of heat generated in the heater.

The heat flux re-radiated between PE and
the walls of the IHR case according to [4,
p. 179] is determined by the expression for radi-
ant heat transfer between bodies with parallel
gray flat surfaces 1 and 2 of the radiation area S,

and S, with a degree of blackness ¢, and ¢, and




HcxonHble TaHHBIE, UCTIOJb3YIOLIMECS TTPU TTOCTPOSHU U MOJIEIH,
MpUBeaeHbBI B Ta0JI. 1. DT NaHHBIE onpeneaeHbl (GU3MUYECKUMU CBOM-
CTBaMU MaTepUajoB U TeoMeTpueil KOHCTpyKiuu 1.

B [8] mpuBeaeHbI pe3yibTaThl pacueTa 30Hbl aKTUBHBIX KOJIeOaH M it
C-Moabl miaockKoBbinmyKaoro (paguyc chepol 300 mm) [1D KOHCTPYK-
uuu Ne1 Ha OCHOBE MOJIeIM COOCTBEHHBIX KoJIeOaHMIi CIBUTA 10 TOJI-
LIMHE B KBapLIEBOM I1be302JIEMEHTE, B rpadyYecKOM BUI€ OHU TIpe-
ctaBJjieHbl Ha puc. 4. [1D TJI-cpe3a umeet pazmepbl 7x10x0,05 Mmm,
BO30y>k1aeTcs Ha 3-il MexrapmoHuke, yactoTa 10 MT'1.

Puc. 4 unnoctpupyet, 4TO 30Ha aKTUBHBIX KoJiebaHuit C-MOIbI
cocpenoToveHa B ieHTpe [1D BHyTpu ayturica, 6JIM3KOTO K KPYTy qua-
MeTpoM 4,4 MM. B 3T0it 30HE, OrpaHUUYEHHOM JIMHUEH «a», COCPEIOTO-
YeHBI KoJIeOaHUS C aMIUIUTYI0i He MeHee 5% OT MaKcuMyMa, Haxo-
NSIIErocsi B reoMeTpudeckoM teHtpe [19. PacnonoxeHue 31eKTpo-
JIOB pe30HAaTOpa MPaKTUUYECKH COBMAAAET C 3TOM 00JaCThi0, U pacyeT
BYY KT npu BKJIFOUEHUU CBOAUTCS K ONMpPEaeIeHNI0 MOMEHTa, KOraa
OTKJIOHEHME MHTErpajbHOI TeMmepaTypbl B akTUBHOI 30He [19, TO
€CTh Ha JIEKTPOAAX, OT TEMIIEPATypPhbl CTATUPOBAHMSI HE OYIET MPEBbI-
maTh BeauuuHy 4,65°C (cM. puc. 3). st 9TOro He06X0IUMO paccuu-
TaTh TeMneparypHoe rnoJjie B I[1D ¢ MomeHTa BKtoueHust KI' mo Hactymn-
JICHUsI yCTAaHOBUBILETOCS pexXxnma. MHTerpaibHOe (CcpenHee) 3HaUeH e
TeMIIepaTypbl Ha 3JIEKTPOJaX BEIYUCIIECTCS 1O (hopmyJie

7,50 = ¢ [ [T(xadvdz, ®
D

rae D — obnacTb 2aekTponos, 7,,(X,Z) — cpelHee 3HaYEHUE TEM-
neparypsl B oosnactu D, § — muonianb 3JeKTPOIOB, (X, ) — KOOPAU-
HAaTBI Touek obnactu D.

PacueTsl Ha YMCIIEHHO-aHATUTUYECKOMI
MOJIEJIU TTO3BOJISIIOT ONPEISIUTh ONTUMaJb-
HYI0 MOIIHOCTb pa3orpeBa, HEOOXOAUMYIO
IUTST TOCTUXKEHUST MHTErpajbHOM TeMIie-

MOAEAI/IPOBAHI/IE SAEKTPOHHBIX KOMIIOHEHTOB 1 CUCTEM
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Puc. 3. Omnocumenwvroe omkaonenue yacmomasi pezonamopa T/[-cpesa
npu omKAOHeHUU memnepamyps. om memnepamypuot sxkcmpemyma TIX
Fig. 3. Relative frequency deviation of the SC-cut off resonator at tempera-
ture deviation from the temperature of the TFC extremum

PacueT nMHAMUWKY TEIJIOBBIX MPOIECCOB 3TOM KOHCTPYKIUU TIPU
MOIIIHOCTH pa3orpena 1,5 BT mokasbiBaeT, YTO Ha MPOTIXKEHUU
pexuma pa3orpeBa oT Jito00it paboyeil TeMIepaTypbl OKpyXatolei
cpenbl 3HAaYeHU S TeMIIepaTyphl B 110001 Touke [1D B 11060i MOMEHT
BpemMeHU He TipeBbiiatoT 80 °C, To ecTh He MPUOIMXKAIOTCS K 3HaUe-
HUSIM, OMACHBIM AJI51 9JIEMEHTOB KOHCTPYKLIMU.

Ha puc. 6 moka3aHo pacrnpenejeHue remnepatypbl B [19 KoH-
crpykiuu Nel uepes 5,6 ¢ mociie BKITIOUEHU S TPU TEMTIEPaType OKpy-
xaromneit cpenbl —60 °C 1 Temniepatype ctaTupoBaHust 75 °C B MOMEHT

Tabauya 1. HcxooHsie pacuemusie danHble a5 [1D mpex koHcmpyKyuil
Table 1. The input data estimated for three designs of PE

3navenne | Value

paTypsl 00JTaCTH 3JEKTPOAOB C TOUHOCTBIO Vie/bHAs TEII0EMKOCTh KBapta, JIx /(kr-K)’ $36
4,65°C oT yCTaHOBUMBIIETOCS 3HAYCHUS, Specific heat of quartz, J/(kg-K)"
COOTBETCTBYIOIIEI OTKJIOHEHUIO 110 YaCTOTE
YaenbHasi TEMJIONPOBOAHOCTD KBaplia MEPHeH AUKYISIPHO
OT YCTAHOBUBILETOCS 3HAYCHU S HA BEJU- ontuueckoit ocu mpu 0°C, Br/(mK)’ 25
yuHy 1-107. YBeanueHe MOLIHOCTU Pa3o- Specific thermal conductivity of quartz on perpendicular to the >
IpeBa, BBIAEISIEMOI HAMTBUIEHHBIMU HATPe- optical axis direction at 0°C, W/(m'K)
BaTeIsIMU, YyMEHbIIAET BpeMsl pa3orpena VYraenbHas TETIONMPOBOIHOCTD KBapIla MapaijeIbHO OMTUYECKON
13, HO CylIeCTBYeT Mpeaen YBeaAuueHU s ocunipu 0°C, Br/(wK) ' 13.6
MOLHOCTH, KOTIA VAEIbHAS Ter 0N POBO- Specific thermal conductivity of quartz on parallel to the optical >
i y p axis at 0°C, W/(m-K)
HOCTb KBaplia OrpaHMYMBaeT pacnpocTpa- -
HeHUe Temja B oobeme 1D u He mo3BonsgeT Vﬂen_b}-[aﬂ i o cepeGpa npy 300 K, B?/(M'K) 429
Specific heat conductivity of silver at 300 K, W/(m-K)
CYIIECTBEHHO YMEHBIIUTh BpeMsl TOCTH-
KEHUs YCTAHOBUBIIETOCs 3HAYCHUS HHTE- YienpHast TenionpoBoaHocTh 3onora npu 300 K, Br/(wK) 317
. Specific heat conductivity of gold at 300 K, W/(m-K)
rpajbHOU TeMIepaTyphbl Ha 3JTEKTPOIaX.
PacueTsl OKa3ajii, YTO M1 KOHCTPYK- YnenbHasi TenionposogHocTb HUXpoMa npu 293°C, Br/(mK) 126
Specific heat conductivity of nichrome at 293°C, W/(m-K) ?
uuu Ne | yBeTmueHre MOITHOCTH pa3orpeBa
cBbiute 1,5—2 BT MpakTHUYeCKU He NPUBO- VienbHas TENJIONPOBOAHOCTL HUKeNs rpu 300 K, BT/(M~K)“ 91.0
IUT K YMEHbIICHUIO BPEMEHU pa3orpena Specific heat conductivity of nickel at 300 K, W/(m-K)
(puc. 5), paBHOTO MPUMEPHO 5,6 C, OMHAKO VienbHas TemaoeMKocTs Hukens mpu 250 K (400 K), Tx/(xr-K)®
Specific heat of nickel at 250 K (400 K), J/(kg'K)" A
BBI3BIBAET TPYAHOCTH IJISI yIpaBIEeHUS pec @ 1CKCL 8 > )
MOUIHOCTbIO MOAOrPeBa B YCTAHOBUBLIEMCSI JlaBjieHMe OCTAaTOYHOTIO ra3a B BaKyyMe, MM PT. CT. 0.00001
pexume. 3HaueHue 1,5 BT mpuHsTO 32 ONTH- Pressure of residual gas in vacuum, mm Hg ?
MaJIBHOE U UCIOJIb30BAHO JJIS JaJIbHEMIINX ToJIMHA 31EKTPOA, MKM 04
pacueTos. Electrode thickness, pm ’
[1D koHcTpykiuu Ne 1l Kpenures K Kop- ToslMHA HarpeBaTess, MKM Q5
MyCy pe30HaTopa, UMEKIIETO TEMIIEPATYPY Thickness of the film heater, um ?

OKpY>XKalollleil cpeibl, TP TOMOIIU YEThIPEX
" Data are from [5].

nepxaTtesieil, pacmoJoXeHHBIX MO yIjIaM.

" JlaHHBIe IPUBENEHH U3 [5].
Data are given from [7].

" lanHble TpuBeaeHBI U3 [7].




AOKAAABI KOH®EPEHIIUU

Z,Mm C-mopa | C-mode
Fs;y =10 Mly TA-cpes R =300 mm
4 Fs;=10MHz SC-cut R=300mm
2
0
-2

4 OTHocuTenbHas amnautyga: a = 0,05, b =0,1,
c=0,15,d=0,2,...,s=0,95
Relative amplitude: a=0.05,b=0.1,
c=0.15,d=0.2,...,,s=0.95

_4 _2 0 2 4 X, MM

Puc. 4. 3ona akmusnuvix korebanuti C-modul naockosvinykaoeo 119 T/-
cpesa pasmepamu 7x 10x 0,54 mm, 3-1 mexeapmonuka, paouyc cghepul
300 mm, uacmoma 10 MTy

Fig. 4. The C-mode active oscillation zone of SC-cut off a plane-convex
PE with size 7x 10x 0,54 mm, 3rd mechanical harmonic, the radius of the
sphere 300 mm, frequency 10 MHz

BPEMEHU, KOT/1a OTKJIOHEHUE NHTErPabHOI TeMITEPaTyPhl 3JIEKTPO-
IIOB OT YCTAHOBUBILIErOCSI 3HAYEHUsI CTAHOBUTCS MeHbIire 4,65°C.
JlaHHast KOHCTPYKIIMsI COTJIACHO PACYETHBIM TaHHBIM 00€CIIeunBaeT
paBHOMEPHBIiT porpes [1D ¢ HepaBHOMEPHOCTBIO TEMIIEPATYPbI B 30HE
aJiekTponoB He 6osiee 0,13°C B ycTraHOBUBLIeMcs pexume. Huskas
TerIoBast IPOBOAMMOCTB JiepXaTesieil obecrieunBaeT He3HAUNTEIbHOE

25 ,
20
15
10

Bpewms, ¢ | Time, s

5

@ L g -0

0 >
0 05 1 15 2 25 3 35 4 45 5

MolwuHoCTb pasorpesa, BT | Warm-up power, W

Puc. 5. Ipaghuk 3a6ucumocmu gpemenu 0ocmuiceHus yCmano8UBULE20Cs
3HAYEHUs UHMe2PANbHOI MeMnepamypsl Ha 31eKmpoodax ¢ Mo4HOCHbH)
4,65 °C om mowpocmu pasoepesa I[19

Fig. 5. Graph of dependence of the time to achieve the steady state value
of the integral temperature at the electrodes with a precision of 4.65 °C
on warm-up power of PE

oxJjaxaenue [1D B mecrax ux kpernjeHus. Ha puc. 7 u3odpaxeHo Tpex-
MEpHO€ pacnpeeseHt e TeMIepaTypbl B 00J1aCTH JIEKTPOAOB: OCU X U T
B METpax, a BepTUKaIbHAsI OCb — TeMIiepaTypa B rpamycax Lleabcus.
Ha puc. 8a mokazaH rpaduk u3MeHeHUsI TEMTIEPAaTyPhI B IIEHTPE
I13D (Touka 1), B MecTe KpernIeHUsI TepMOIaTYNKa (TOUKa 2), TeMIiepa-
TYpPBI B 00JIaCTH 3JIEKTPOIOB U MHTETPATbHOI TeMTIepaTyphl B 00J1a-

CTU 3J1eKTpoaoB 7, B peXXuMe pa3orpesa, a Ha puc. 96 moxkaszaHo

int
NMHAMUYECKOE OTKJIOHEHUE MHTErPaJbHOIi TEMIIEPAaTypPhl 2JeK-
Tponos 7, OT ycTaHOBUBLIErocs 3HaueHus1 T, B pexknMe pasorpesa.
W3 rpaduka BuaHO, uTo 3HaueHue T, — 7, He MpeBbILIACT BETUYUHBI
4,65°C HauuHas ¢ 5,6 c.

W3meHeHMe 4acTOThI TEPMOYYBCTBUTEIbHON B-MOIBI, MCTIONB30-

BaHHOM TSl UBMEPEHU I MHTETrpajibHOK TEMIIEpaTypbl Ha 2JIEKTPOAaX

temperature 7, and T,, respectively, derived
on the basis of the Stefan — Boltzmann law:

LY (1Y
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where ¢, is reduced degree of blackness of the
piezoelectric element and the walls of the
body, C, is Stefan — Boltzmann constant, T,
and T, are the temperature of PE and the walls
of the body, respectively. Radiation from the
end faces of PE due to its small thickness can
be neglected.

Another factor affecting the readiness
time of OCXO is the temperature-frequency
dependence of the quartz piezoelectric ele-
ment. As mentioned above, when the OCXO
turns on, it takes time to warm up the PE core
to the stat temperature necessary to ensure
the nominal value of the OCXO output fre-
quency with a certain accuracy, since the rate
of thermal energy propagation in PE is limited

by the specific thermal conductivity of quartz.

In general, the temperature-frequency char-
acteristic (TFC) for PE of each slice is con-
veniently represented as a power function [5,
p. 60]:

M)y =ata(T,—T)+
a(T, = T)' +ayT, — T, (@)

where coefficients a,, a,, a; are frequency
derivatives with respect to the temperature
of the corresponding orders, 7 is an arbi-
trarily selected temperature value.

The TFC for SC-cut resonators having
a shape close to the quadratic parabola near
the temperature of the extremum is described
quite accurately by the expression [5, p. 61]:

() =a(T, = T), (©)

where 7, is the temperature of the TFC
extremum of PE, @, = — 4.6-10~ for SC-cut
according to the measurements presented
in [6].

It follows from (6) that in order for
the frequency of OCXO to be established

with an accuracy better than 11077 when
it is switched on, the integral temperature
in the active zone of oscillations of the PE
according to the superposition principle
must increase from the ambient temperature,
including its minimum permissible operat-
ing value, to a value different from the static
temperature (TFC extremum of PE, approxi-
mately equal to 75°C) by less than 4.65°C. See
the values of the parabola above the dashed
line on Fig. 3.

For the design of PE No.1 shown
in Fig. 2a, we construct a spatial thermal
model that takes into account all the factors
described above.

The amount of heat generated by the heat-
ers and controlled by the ideal non-inertial
thermostat is derived by:

0,=P1 (7

where P is the warm-up power, ¢ is the warm-
up time.

Expressions (1) and (2), subject to (3), (4),
(6) and (7), are mathematical spatial model
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Puc. 6. Pacnpedenenue memnepamypeot 6 119 koncmpykyuu No 1 yepes
5,6 ¢ nocae 8xka04eHUs N0002pesa

Fig. 6. Temperature distribution in PE design No. 1 at 5.6 sec after warm-
up is on

npu BkJItoyeHun TCKT ¢ T1D koHcTpyKInu Ne 2, pazorpeBaemMoro
MolrHocThIo 1,5 BT, mpu Temnepatype okpyxkatoiieit cpeast 25°C
MoKasajo, YTO TeMIepaTypa CTaTUPOBaHU sl JOCTUTAETCS ITPUMEPHO
yepes 3,5 ¢ (cM. puc. 9). PacueTHoe BpeMst pa3orpeBa 00J1acTu 3JIeK-
TpomoB I1D Takoit KOHCTPYKILUH B ITOAOOHBIX YCIOBUSIX COCTABUIIO
3,4 ¢, 4TO TOBOPHUT O XOPOIIEM COBITAJEHUU SKCIIEPUMEHTA C PaCcUET-
HBIMU JAHHBIMH.
ABTOp CUMTAET, YTO B TaHHOI paboTe HOBBIMU SIBJISIFOTCS CJIEy-
0L M€ TIOJIOKEHUS U PE3yIbTaThI.
1. TlpencraBieHa MPOCTPAHCTBEHHAsl TeIJIOBasi MOJAEAb, MTO3BO-
JIsTIoNIast MOJYYUTh MPOCTPAHCTBEHHOE pachpeneiieHue TuHa-
MMYECKOI0 TeMIIEpaTypPHOTO TOJIsl IJisl TI000i KOHCTPYKLIMK

MOAEAI/IPOBAHI/IE SAEKTPOHHBIX KOMIIOHEHTOB 1 CUCTEM
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Puc. 7. Pacnpedesenue memnepamyp na keaopamuom snekmpode 115
Konempykyuu No 1 wepes 5,6 ¢ nocae exaouenus

Fig. 7. Temperature distribution on the square electrode of PE design No. I
at 5.6 s after power is on

MbE303JIEMEHTa C TIPSIMBIM TIOJOTPEBOM U ONPENETUTh pacueT-
HBIM TTyTeM BpeMsI yCTAHOBJICHUSI YaCTOTHI TeHepaTopa ¢ 3aJaH-
HOM TOYHOCTHIO C MOMEHTA BKJTFOUCHUS.

2. Pacuersl Ha MTpeCTaBICHHON MPOCTPAHCTBEHHO TETIOBOI MOJIEITH
MO3BOJISIIOT OMPEASUTh ONTUMATbHYIO MOILIHOCTh Ha4yaabHOTO
pasorpesa 1 [1D ¢ npssMbIM MOAOTPEBOM JIH000I KOHCTPYKLIUU
IUIS1 yMEHbBIICHUST BDEMEHH YCTAaHOBJICHUS YaCTOTBI.

AKTYyallbHOCTb TEMbI MCCIIEOBaHUSI, KaK ObUIO MOKa3aHO BBILIE,
3aKJTI0YACTCsI B TOM, UTO €TI0 PE3YJIbTaThl TTO3BOJIST YMEHBIINUTD BPEMst
YCTaHOBJICHUST YACTOTHI OMOPHBIX IPEIIM3NOHHBIX TeHEPATOPOB, KOTO-
poe TI03BOJIUT B PsIIe CIydyaeB CHU3UTH BPEeMsI TOTOBHOCTH PauoTeX-
HUYECKUX U JIEKTPOHHBIX CUCTEM C MOMEHTA BKITIOUCHUSI.

of dynamic thermal processes in PE taking
into account the above-mentioned influenc-
ing factors. The solution of a system of partial
differential equations (1-4, 6, 7) with bound-
ary conditions determined in space by ele-
ments of a particular design allows us to cal-
culate the dynamics of thermal processes
in PE for each design.

The input data used in the construction
of the model are given in Table 1. These data
are determined by the physical properties of the
materials and the geometry of the PE design.

See [8] for the results of calculation of the
zone of active oscillations of the C-mode
of a plane-convex (sphere radius 300 mm) PE
of the structure No.1 on the model of natu-
ral vibrations of shear thickness in a quartz
PE, and in graphical form they are presented
in Fig. 4. The SC-cut PE has dimensions
7%x10x0.05 mm, excited for the 3rd mechani-
cal harmonic, the frequency of 10 MHz.

Figure 4 illustrates that the zone of active
oscillations of the C-mode is concentrated
in the center of the PE inside an ellipse
close to a circle with a diameter of 4.4 mm

dimensions in this zone, limited by the line
“a”, where vibrations with an amplitude of at
least 5% of the maximum located in the geo-
metric center of the PE are concentrated.
The location of the resonator electrodes prac-
tically coincides with this area, and the calcu-
lation of the FST of the OCXO when switched
on is reduced to the determination of the
moment when the deviation of the integral
temperature in the active zone of PE, that is,
on the electrodes, from the stat temperature
will not exceed the value of 4.65°C (Fig. 3).
To do this, it is necessary to calculate the tem-
perature field in PE from the moment when
the OCXO is switched on until the steady
state. The integral (average) value of the tem-
perature on the electrodes is calculated by the
formula

LED=< [recadcdz,  @®

where D is the region of electrodes, 7, is the
average temperature in the region D, S is the
area of electrodes, x, z are the coordinates

of the points in the region D.

RESEARCH RESULTS OF THE
TEMPERATURE FIELD DYNAMICS
USING PE MODEL

Calculations on the numerical-analytical
model allow us to determine the optimal heat-
ing power required to achieve the integral tem-
perature of the electrode region with an accu-
racy of 4.65°C from the steady state value cor-
responding to the frequency deviation from the
steady state value by 1-10”. The increase in the
heating power generated by the film heaters
reduces the warm-up time of PE, but there is
a limit to an increase in power when the spe-
cific thermal conductivity of quartz limits the
distribution of heat in the volume of PE and
does not significantly reduce the time to reach
the steady state integral temperature on the
electrodes. Calculations have shown that for
the construction No.1 an increase in heating
power over 1.5—2 W practically does not lead
to a decrease in heating time (Fig. 5), equal
to approximately 5.6 s, but causes difficulties
in controling the heating power in steady state.
The value of 1.5 W is taken as optimal and used
for further calculations.
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Fig. 8. Temperature changing in the electrodes area (highlighted dark), in the center of the electrode (point 1), in the temperature sensor place (point 2) and

integral electrodes temperature T,, of design No. 1 PE from the moment of switching warm-up power of 1.5 W to the steady state at ambient temperature

—60°C (a), and the deviation of the integral temperature of electrodes T,, from the steady state T in the warm-up mode (b)

WccnenoBanue pe3yibTaTOB PacYeTOB AMHAMUYECKOTO TeMIIepa-
TYPHOTO MOJISI KOHCTPYKLMiA [1D ¢ mpsiMbIM MogorpeBoM, Haubosiee
4acTo MPUMEHsIeMbIX B peln3noHHbIx KT, mo3BosisiioT cuenats cie-

JOYIOILIMUE BbIBOIBI.

* OnTumajnabHasi MOIIHOCTb, HeOOXomMMasl IJsi MaKCHUMalbHO
ObICTPOTO paszorpeBa obxactu 3JieKTponoB [ID TumoBoii

PE design No.1is attached to the case of the
resonator having an ambient temperature, using
four holders located at the corners. The cal-
culation of the dynamics of thermal processes
of this design with a heating power of 1.5 W
shows that during the heating mode from any
operating ambient temperature, the tempera-
ture values at any point of the PE at any time
do not exceed 80 °C, that is do not approach the
values dangerous to the structural elements.

Figure 6 shows the temperature distri-
bution in the PE of design No.1 at 5.6 sec-
onds after power is on at ambient temperature
—60°C and stat temperature of 75°C at a time
when the deviation of the integral temperature
of the electrodes from the steady state value
becomes less than 4.65°C.

This design according to the calculated data
provides uniform heating of PE with tempera-
ture unevenness in the electrode zone no more
than 0.13°C in steady state. Low thermal con-
ductivity of the holders provides a slight cool-
ing of the PE in the places of their attachment.
Figure 7 shows the three-dimensional temper-
ature distribution in the electrode region: the x

paBHa 1,5—2 Br.

KoHCTpyKUMU Ne 1 (mpsiMoyrojibHasi KBaplieBasi TulacCTMHA pa3Me-
pamu 7x10x0,54 MM C reOMETPUUYECKU 3aMKHYTBIM HarpeBatesieM),

« TeruoBas MPOCTPAHCTBEHHAsI MOJIE/b, MIPEICTaBICHHAs B JAHHOI

and z axes in meters, and the vertical axis—the
temperature in degrees Celsius.

Figure 8 shows a graph of temperature
changing in the center of the PE (point 1),
in place of mounting the temperature sen-
sor (point 2), the temperature in the region
of the electrodes and integral temperature
of the electrodes region 7, in the warm-up
mode. Figure 9 shows the dynamic tempera-
ture deviation of the electrodes 7, from the
steady state values of 7 in the warm-up mode.
The graph shows that the value of 7.—T;,, does

not exceed 4.65°C, starting from 5.6 seconds.

THE RESULTS OF THE
EXPERIMENTAL RESEARCHES

The changing in the frequency of the thermo-
sensitive B-mode used to measure the integral
temperature on the electrodes when the OCXO
with PE of the design No.?2 is heated with
a power of 1.5 W at an ambient temperature
of 25°C, showed that the temperature of the
stat is reached after about 3.5 s (see Fig. 10).
The estimated heating time of the region of PE
electrodes of such a design in such conditions

paboTe, MO3BOJISIET PACCUYMUTATh C 3aJaHHOIW TOUHOCTBIO JUIST KaX-
noit koHeTpykuun KPT ¢ npsimbiM nionorpesoM I1D MUHUMaTbHO

was 3.4 s, which indicates a good agreement
of the experiment with the calculated data.

CONCLUSIONS

The author considers the following provisions

and results in this work as novel:

1. The paper presents a spatial thermal model
that allows obtaining the spatial distri-
bution of the dynamic temperature field
for any design of the piezoelectric ele-
ment with direct heating and determining
by calculation the OCXO frequency setting
time from the moment the power is on with
a given accuracy;

2. Calculations on three-dimensional ther-
mal model allows determining the opti-
mal initial warm-up power for PE with the
direct heating of any design to reduce the
frequency setting time.

The relevance of the research theme, as
shown above, is that its results will reduce the
frequency setting time of reference precision
generators (OCXO0), which will in some cases
reduce the readiness time of radio and electronic

systems from the moment of switching on.
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