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AHoTanis. B crarri posrisiHyTo ocol.uBocCTi
03p00KH HOBOI0 IOKOJIIHHA IHTerpajlbHMX CUTHAJbHUX
NEePeTBOPIOBAYIB I MIKPOEJEKTPOHHUX  TEIJIOBHX
ceHcopiB moroky. B mpoumeci po3podkmu ceHcOpHHX
NPUCTPOiB BUMiPIOBaHHS IIBMAKOCTI NMOTOKY HNOBUHHI
BpaxoByBaTHcsl Bci BHMOrM MHIOAO iX BigmoBigHOCTI
CYYaCHMM HANPAMKAM PO3BUTKY MiKpPOeJeKTPOHHUX
ceHCopiB, 30kpeMa, iHTepdeiicHa cyMicHiCTb, MOKIUBICTH
NPOrPaMHOI0 KepyBaHHs NpouecoM BHMIpIOBaHHS,
po3mupeHi QYHKIIOHATbHI MOKIUBOCTI.

Abstract. The article deals with the features of the
new generation of integrated signal converters for
microelectronic thermal flow sensors. In the process of
developing sensor flow measurement devices, all
requirements regarding their compliance with modern
directions of development of microelectronic sensors, in
particular, interfacial compatibility, the possibility of
programmed control of the measurement process,
extended functionality, should be taken into account.

Knwuoei cnoea — mennosi cencopu
inmenexkmyanwni cencopu, MEMS mexnonozin

Keywords— thermal flow sensors, intelligent sensors,
MEMS technology

nomoky,

AKTyaJbHiCTh TPOOJIEMH pPO3pOOKH HOBOTO
MOKOJIIHHS IHTErpajlbHUX CUTHAJILHUX NEPETBOPIOBAUIB
JUI MIKPOEJIEKTPOHHUX TEIUIOBHX CEHCOPIB TOTOKY
oOymoBieHa pekinbkoma (akropamu. [lo-mepiue,
CTPYKTYPHO-CXEMHi PIIIEHHs, IO 3aCTOCOBYIOTHCS B
TPaAMIIMHNX CUTHAIBHHUX INEPETBOPIOBAYaX, 30KpeMa,
JUISl BUMIPIOBAJIBHUX KiJI TEPMOPE3UCTHBHOTO THUILY, HE
3a0e3MeuyoTh BUMOT II0JI0 MiHIMi3allil eHeproBUTpaT
MIKPOEGIEKTPOHHUX TEIUIOBHX CEHCOpiB MOTOKy. [lo-
JIpyre, 3 TepexoJoM Ha HHU3bKOBOJBTHI JDKepena
KUBJICHHS, HaOyBae 0Cco0IHBO{ BaYKJIMBOCTI

MiHIMI3aI[isl [apasuTHOIO BIUIMBY HA PE3yJbTar
BUMIPIOBaHHS OIOpiB JiHIA mepemad curHamy. [lo-
TpeTe, B IMpoleci PO3poOKH CEHCOPHUX IIPHCTPOIB
BHUMIipIOBaHHS MIBUIIKOCTI MTOTOKY TTOBHHHI
BpPaxOBYBaTHCsS BCI BHUMOTH MIOAO IX BIAMOBIAHOCTI
CyJacHUM HaNpsIMKaM pPO3BUTKY MIiKPOEIEKTPOHHUX
CeHcopiB,  30Kpema,  iHTepdelicHa  CyMICHICTb,
MOXJIMBICTh ~HPOTPAMHOTO  KEpPYBaHHSA  IPOIECOM
BUMIpIOBaHHS, po3umpeHi (byHKIIOHATBHI
MOJKJIMBOCTI, BiITOBITHICTH CTaHIAPTY bi (o)
intenektyansHux ceHcopie |IEEE1451.2 Intelligent
Sensors,  BIAMOBIAHICTE  BHMOraM  J0  TEXHIKH
OioMeIMIHOTO MPU3HAYCHHS TOIIO.

AHaJi3 cTaHy PO3BUTKY TeIUIOBHX CEHCOPiB
NMOTOKY 3arajJibHOro Ta 6ioMeAU4YHOr0 NpPU3HAYEHHS

TennoBuit ceHCOp IOTOKY (TepMOaHEMOMETP,
thermal flow sensors, hot-wire anemometer) — me
NPUCTPiK BUMIPIOBaHHS MIBUAKOCTI TIOTOKY PIMHHU 4YH
ra3y, SKui 0a3yeTbcs Ha TPUHINIL BHMIipPIOBaHHSA
TEMIIEPaTYpHOTO TIOJIsl JIOKaJIbHO HArpiToi pedyoBHUHH
notoky [1-3].

Po3pi3usitoTh  Aekiiibka  0a30BUX ~ METOJIB
(dopMyBaHHS CHTHaly OOYMOBIICHOTO IIBHKICTIO
NnoToKy. B camoMmy mpocroMy MeTonAi BHUMIpIOIOTh
TEMIIEpaTypy PO3MILIEHOIO B IOTOL HAarpiBHHKA — i3
301IBIIEHHSIM IIBAIKOCTI MIOTOKY BHACIII 0K
TEIUIOBIA/Iaul TeMIepaTypa HarpiBHUKa 3MEHIIYETHCS.
Binmpmm mporpecuBHI METOIM Mepen0avaroTh JIOKaTbHUH
HarpiB cepeoBHIa MOTOKY Ta BUMIpPIOBaHHS Pi3HHII
TEMIIEPATYP B MOTOI B o6nacTsx 10 (S1) ta micis (S2)
HarpiBauya (heater) B HampsMKy MOIIMPEHHS MOTOKY
(puc. 1). Ile mo3Bossie, mo-TiepIiie, BUMIPIOBaTH He
JUIIE MBUAKICTh MMOTOKY, aje i WOro HampsM, i, HO-
Ipyre,  MiHIMI3yBaTH  BIUIMB  Ha  PE3ynbTaT
BUMIPIOBaHHS TEMIIEPATYPH PEUOBHHH NOTOKY
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Functional principle of the flow sensor, Thermal equivalent eircuit of the sensor.
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Puc. 1. Ctpykrypa Ta GyHKIIOHATHHAN
NPUHIUT POOOTH MIKPOECJIEKTPOHHHUX TETUIOBHX
CEHCOPIB MOTOKY

Po3pi3usroTs CTATUYHI Ta IMHAMIYHI
(vaco3anexHi reHepariiHi BUMIpIOBaJIbHI
neperBoproBaui, Thermal  Time-of-Flight Mode

Transducers) cxemu ¢HopMyBaHHS iHPOPMATHBHOTO
CHTHAJIy, 30KpeMa SK Le II0Ka3aHo Ha HpHKIami
0IOMEMYHOTO  TEIIOBOTO ceHcopa TOTOKY 3
IHTErpOBAaHUM CHTHAJIBHUM IEPETBOpPIOBaueM (puc. 2)

[1-6].

Schematic of the experimental setup use for all operational modes.
The interface circuitry is shown for hot-film mode constant current biasing, calorimetric mode, and time-of-flight mode.
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Puc. 2. Tpuniunm popMyBaHHS CHTHATY B
TEIUIOBHX CEHCOPax MOTOKY

ITpu HEOOXiMHOCTI BUMIpIOBAaTH 3Ha4yHI 00’ €MHu
MMOTOKIB B MaricTpali BEJIMKOTO JiaMeTpy B OCTaHHIii
¢dbopmyroTh OalinacHy (mapajenbHO Mix’€IHAHIA 0
OCHOBHOI MaricTpaii) TpyOKy HEBEIHKOIrO JiaMeTpy,
MOTIK B SIKIH € MPOTOPIIHNAM JI0 TOTOKY B Marictpaii.
BuMiproroun MIBUAKICTH TOTOKY JIAIIE B OaimacHii
TpyOlLll Ta anpOKCUMYIOYM OTPUMAaHUH pe3ysbTaT
BAMIPIOBaHHS Ha IIBHAKICTh TIOTOKY B OCHOBHIH
MaricTpaii, JOCsAraloTh 3MEHIICHHS E€HEProBHTpaT Ha
HarpiB MOTOKY Ta MiHIMi3yIOTh TeMIIEpaTypHHUI BIUIAB
TEIJIOBOTO BUTPATOMIpa Ha MOKIK B ILIOMY.

TexHoJi0risA BUI'OTOBJICHHS TEIIOBHX
ceHCOpiB  MOTOKY. B  psai  ¢yHKIioHANBHO-
CTPYKTYPHHX pIllIeHb TEIJIOBHX CEHCOPIB MOTOKY iX
CCHCOPHM DI3HUIEBOI TEMIEpaTypu IOEJHYIOTH 3
HarpiBauamMu. B TakoMy BHIAlIKy CEHCOP IIOTOKY
CKJIQJAEThCSl 3 JIBOX (DYHKUIOHANBHO I1HTErpOBaHUX

€JIeMEeHTIB, KOXHHH 3 SAKUX HarpiBaeTscs 1,
XapaKTepU3yIOYHCh BiZIOMHM 3HAYCHHSAM
TeMIIEPaTypHOTO KoedillieHTy omopy, 3abe3nedye

MOXJIMBICTh ()OPMYBaHHSI CUTHAy TPO TEMIIEPaTypy.
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TemnepaTypa mnepmoro B HampsSMKy IOMIUPEHHS
MOTOKY (YHKIIOHAIGHO IHTETPOBAHOTO EJEMEHTY €
MEHIIIOI0  BiTHOCHO  APYroro, AaHaJoOTiyHOTO 3a
pO3MipaMH Ta €HEpri€l0 HarpiBy, eJNEMEHTy, IO
00yMOBJICHO TEIUIOTIEPEHOCOM MK ITUMH €IeMEHTaMU

CepeIOBUILIEM TTOTOKY. [puknan peadmizarmii
MIKpOEGJIEKTPOHHOTO  CEHCOpa IIOTOKYy Ha OCHOBI
(yHKIIOHATTEHO IHTETpOBaHUX €IIEMEHTIB
TEPMOPE3UCTHBHOTO THUILY, 30KpemMa MoJemi
AWM2100V CBITOBOTO migepa B ramysi
MIKpOEJIEKTPOHHOI CEHCOPHOi  eJEeKTpOoHIKH  (ipmu

Honeywell nasenero ua puc. 3 [1].

|

Beixop

60
50T

30+

10T

0 t t t t
0 200 400 600 800
Motok (cm’/mu)
a) 0)
Puc.3. Mikpoenekrponna MEMS crpykrypa (a)
TEIIOBOTO CEHCOPa MOTOKY Ta HOro THIIOBa
xapakrepuctuka (0)

1000

3o0kpema, Ha puc. 4 HaBEAECHO KOHCTPYKIIIO Ta
(GYHKI[IOHAJIBHY XapaKTEPUCTUKY MIKPOEJIEKTPOHHOTO
CeHCOpa IIOTOKY OiOMETUYHOTO TIpU3HAYeHHS [2].

Cencop BuroroeieHo Ha ocHoBi LTCC (Low
Temperature Coffered Ceramics) kepamiku 3
BHUKOPHUCTaHHAM €JIEMEHTIB TOBCTOILIIBKOBOT

TEXHOJIOTII, Mo 3abe3rnedye OiOXiMIYHY CYMICHICTH 3
JIOCITIKYBAaHUMH PiJJHHAMH.

[HOIMM ~ XapaKTepHUM MPUKIAIOM  CEHCOpa
MOTOKY 6ioMeqMIHOTO MPU3HAYCHHS €
MIKpOENIEKTPOHHNI MOIyJIb Ha OCHOBI OiocymicHOI
MEMS matpuui [1]. Matpuus cencopa peaizoBaHa Ha
OCHOBI GiocymicHOT mapuiiHoBoi MemOpanu (Parylene
C Membrane) 3 MIATHHOBUMH  CEHCOPHHMH
SJIEKTPOAaMHU. 3 METOI0 MOKpPAIIEHHS TepMiuHOl
130JIS1111 TEIJIOBOTO CEHCOopa TMOTOKY HOro mMemOpaHa

HIIBIIEHa”  Hax  OalloOYHMM  MIKpOMEXaHIYHHM
KaHAJIOM, BHTOTOBJICHOTO 3 KpeMHil. [IpuHIHO
(GYHKI[IOHYBaHHS Ta KOHCTPYKIIis ceHcopa

MIPEeCTaBIeHI HAa pHUC. 5, 30BHIMIHIN BHUIIA CEHCOpa



MOTOK TpexacraBieHuii Ha puc. 6. Ilmpoxuit Habip
(yHKI[IOHAJIBHUX XapaKTEPUCTHK BKa3aHOTO CEHCOpPa
MOTOKY B PpI3HOMAHITHUX pPEeKUMax HOro poOoTH
MOJKHa OauuTH Ha puc. 7 — 9.

Sensor design with flue channels.

fluid channel
——— top layer
resistor S1
heater
resistor S2
cover layer

substrate layer

bottom layer

cut-out

embossed flue channels

Sensor characteristics as a function of the applied
flow for water: resistance difference S1 -S2
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Photographs of completely packaged thermal flow sensing arrays

Puc.6.30BHINIHIA BUTIISAA ceHCOpa TOTOKY [1,2,9]

Response of three sensors connected in series for constant current bias-
ing and hot-film mode operation at four different overheatratios and over the flow
rate range of 0—400 pL/min (mean &= S.E. with n=60). The predicted response,
or sum of the individual sensor responses, is also plotted for comparison.
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Frequency response for constant current biasing with a sinusoidal input
(mean £ S.E. with n=4). The cutoff frequency is 890Hz and after which the
output drops off at 15 dB/decade.
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Puc.4. Koncrpykuis (a) Ta pyHKIIOHaIbHA
xapaktepuctuka (0) LTCC MikpoesleKTpOHHOTO
ceHcopa

A three-dimensional exploded view of the sensing amay layout and design.
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Schematic showing the thermal flow sensing principle.
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Puc.5. Ilpuanun GyHKIioHyBaHHS (a) Ta
KOHCTPYKIIis (0) MiKpOEIEKTPOHHOTO CEHCOPa TOTOKY
GioMeaMYHOTO TPU3HAYeHHs Ha ocHOBI Parylene C
Membrane [1]
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The time-of-flight response displayed as the measured top time (7, H)
and corresponding temperature increase at the thermal sensor (AT, @) for flow
rates between 0 and 30 pL/min (mean =+ S.E. withn=4).
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Individual detected heater responses to an imposed upstream heat pulse
for different syringe pump flow rate settings superimposed on a single graph.
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Puc.8.YacoBi ¢pyHKIIOHATBHI XapaKTEPUCTHKH
ceHcopa notoky [1,9]

Flow sensing performance for calorimetric mode testing for flow rates
between 0 and 300 pL/min. The inset displays in detail the performance a low
flow rates (0-20 pL/min). The heaterisinitially set to impose a local temperature
increase of 15 °C (5 mA). Data is presented as mean =+ S.E. with n=100.

2.0 T
- e ——
1.5+
E - .
= B 1.0
1.04 |
3107 ; )
: >
- 05 7
054 -
-
; 0.04 r y . T
L 0 5 10 15 20
00 T T T T T T
0 50 100 150 200 250 300
Flow Rate [ul/min]

Puc.9.®yHKITIOHATbHA XapaKTEPUCTHKA CEHCOPa
MOTOKY TIPU BEIUKIN Ta
MaJIiil mBUAKOCTI MOTOKY [1,9]

BucHoBok. Amnauti3 XapaKTEPUCTHUK
PO3MIITHYTHX ~ CEHCOpIB  JO3BOJIIE  3pOOUTH  psif
BOXJIMBUX 3 TOYKH 30py 3aja4 JAaHOI IUCEpTaliiHOT
poOOTH BHCHOBKIB.

[To-mieprre, cydacHi MiKpOEIEKTPOHHI CEHCOpH
MOTOKY, 1 30KpeMa CEHCOpH  OiOMEIMYHOTrO
MPU3HAYCHHS, XapaKTepU3yIThCs 3HAYHUM

154

PI3HOMAHITTAM NMPUHIUMIB (OPMYBaHHS CUTHAITY — Bif
eJIEMEHTApHUX JIHIHHUX IEPETBOPIOBAYiB HA OCHOBI
ONHOTO YYTIMBOTO €JIIEMEHTy 1 IO HeJIiHIHHUX
(reHepaliifHUX, Yaco3aJeXHUX) MEepeTBOPIOBAYIB Ha

OCHOBI ~ MaTpuilb  (QYHKIIOHAJIBHO  IHTETPOBAHUX
€JICMEHTIB.

[o-npyre, PO3LIMPEHHS Jiana3ony
BUMIPIOBaHHS IBHOKOCTI TOTOKIB Ma€ 3HAYHY
npoONeMaTuKy — XapakTepHCTHKa IepeTBOPEHHS

CEHCOpIB, IO JO3BOJIAIOTH BUMIPIOBATH Maii MOTOKH,
CTae IyXe HENHINHOW Mpu 30UThIICHHI IIBHIKOCTI

MIOTOKY.
[o-Tpere, aKkTyallbHOIO 3aJUIIAETHCS TPOOIIeMa
CHEPrOCIOKMBAHHS  TEIUIOBHX  CEHCOPIB  TOTOKY.

Oco0iMBO 1Ie XapakTepHO IIPH JKUBJICHHI CEHCOPIB
0ioMEeIMYHOTO TPU3HAYEHHS BiJ aBTOHOMHHX, TOOTO,
MaJlorabapuTHUX  MAaJIONOTYXKHUX  HU3bKOBOJITHUX
CIIEKTPOXIMIYHHUX €JIEMEHTIB. AJKe HArpiB pedOBHHH
MIOTOKY B TOPIBHSHHI 3 €HEProCHOXKUBaHHAM CYYaCHUX
Mikporoty)kaux CMOS iHTerpansHHX cXeM BHMAarae
CYTT€BO O11b1IOT eHeprii
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