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AHoTanis. B cTarTi po3nisiHyTO HUIIXH BHPILICHHS MpOOJIeMU HECTaOLIbHOCTI iTepaliiHuX mpoueciB mpu aHatizi BAX BuMiproBanbHHX
IIEPEeTBOPIOBAYIB 3 BiJ €MHUM AHU(EPeHIIHHUM OIopoM, oOyMOBIEHHM CaMOHArpiBOM IMX IepeTBoproBauiB. Po3pobieHo excrpec-meron
BH3HAYCHHS MEX, B SKUX 3a0e3Me4yeThcss KOpeKTHUI enekTpoTeruioBuii DC anamnmi3. BianosiaHO 10 po3riisHyTol 3a1a4i po3po0aeHo MeTo-
MKy CHHTE3Y €IEeKTPOTEPMIYHOI MOJIEI TPAH3UCTOPHHUX CTPYKTYP TEPMOJATUHKIB IIOTOKY. AHAII3YIOUH MOJEIb OIMOIIPHOrO TpAaH3UCTOpa
3 TOYKH 30pY BIUIUBY TeMIIEpAaTypH caMopo3irpiBy Ha BAX, HeoOXiTHO pO3IISIHYTH, SIK MIiHIMyM, TPH MEXaHi3MH BIUIUBY TEMIICPaTypH.
Cuix 3a3HaYNTH, 1O, SIK 1 B IPEACTABICHUX PaHille MOJENIX, MOBa I/ie He TIIBKYU PO BIUIUB TEMIICPAaTypH HABKOJIHUIIHLOTO CEPeIOBHINA Ha
napamMeTpH TPAH3KCTOpPa, ajle i Mpo HOro caMOHarpiBaHHs;, TOOTO MPO HPSIMUIA BIUIMB TOTY)KHOCTI, 10 BUIULIETBCS B CTPYKTYPi TPAaH3UCTO-
pa. Ha Horo eneKkTpodi3ndHi mapaMeTpy. 3aIpoIOHOBAHO CIIOCIO CHHTE3Y eIeKTPOTEINIOBUX MOJENISH TePMOPE3NCTHBHUX, NIOAHHUX Ta TPaH-
3UCTOPHHX CTPYKTYp HEPBHHHHX IIEPETBOPIOBAYIB TEIUIOBUX CEHCOPIB MOTOKY. Ha BifMiHY BiJ BIIOMHX ITaKeTiB CXEMHOTO MOJEIIOBAHHS
(PSpice un MicroCAP) 3anpomnoHoBaH#Hil croci6 no3Boise 3a ogun uukia DC axanizy orpumatu BAX 3 BpaxyBaHHSM CaMOHATpPIBY BHIIE-
BKa3aHHUX NEPETBOPIOBaUiB. PO3p0o0IeHO KOMIUIEKCHY METOIHMKY €JIEKTPOTEIUIOBOTO MOJETIOBAHHS BHUMIipIOBAIBHUX IIEPETBOPIOBAYIB TEIl-
JIOBHX CEHCOpIB IOTOKY, III0 BKJIIOYAE B cebe CHHTE3 KoJa 3aMillleHHs IMITyJIbCHOI TeMIepaTypHoi penakcarii ta croci6 ¢opmysanas BAX
MIEPETBOPIOBAYIB B PEXKHMMIi 1X CAMOHArpiBy CTPyMOM >KHBJICHHS. 3 TOYKHU 30py MPAKTUYHOTO BUKOPUCTAHHS TPAH3UCTOPIB Y CXEMax BUMi-
PIOBIBHUX NEPETBOPIOBAUIB TEPMOJATIHKIB HEOOXITHO 3a0€3MeUNTH HE TUIBKH JOCTATHIH HATPiB CTPYKTYPH TPAaH3UCTOPA, alle i JOCTaTHIO
eNIEKTPUYHY TEPMOCTIHKICTh HOTO (pyHKIiOHYBaHHS. J{JIs bOrO HEOOXiTHO BUKOPHCTOBYBATH, 30KpeMa, eMiTyrodi cTabimi3yrodi pe3sucTopH
a00 nudepeHiianbHe 3'€HAHHS TApU TPAH3UCTOPIB 3 [PKEPETIOM CTPYMY.

Kiro4yoBi ci10oBa: BUMipIOBaJIbHI NepeTBOPIOBaYi, €JeKTPOTENJIOBe MOACJIIOBAHHS, CAMOHAIPiB NepeTBOPIOBaYiB, OiomMenndHi
NPHJIAU TA CHCTEMH.

Abstract. Considered problems of instability of iterative processes in the analysis of 1/\VV measuring converters with negative differential
resistance caused by self-heating of these converters. An express method of determining the limits in which correct electrothermal DC analy-
sis is provided has been developed. According to the problems considered the method of the synthesis of the electrothermal model of the
transistor structures of thermal flow sensors. Analyzing the model of the bipolar transistor from the point of view of the impact of self-
heating temperature on VAC, it is necessary to consider, at least, three mechanisms of temperature impact. It should be noted ,that, as in the
models presented before, we speak not only of the impact of the ambient temperature on the parameters of the transistor, but on its self-
heating, i.e., direct impact of power released in the transistor structure on its electric physical parameters. A method of synthesis of electro-
thermal models of thermoresistive, diode and transistor structures of primary converters of thermal flow sensors is proposed. In contrast to
well-known circuit modeling packages (PSpice or MicroCAP), the proposed method allows you to obtain I-V characteristics in one cycle of
DC analysis, taking into account the self-heating of the above-mentioned converters. A complex method of electro-thermal modeling of
measuring transducers of thermal flow sensors has been developed, which includes the synthesis of a pulse temperature relaxation substitu-
tion circuit and a method of forming I-V converters in the mode of their self-heating by the supply current. It is obvious, that from the point
of view of practical usage of the transistors in the circuits of measuring converters of thermal flow sensors it is necessary to provide not
only the sufficient heating of the transistor structure but also the sufficient electric thermal stability of its operation. For this purpose it is
necessary to use, in particular, emitting stabilizing resistors or differential connection of the pair of the transistors with current supply.
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Introduction

In the given section complex technique of the electric thermal modeling of the measuring converters of
thermal flow sensors, is presented; it contains the synthesis of the equivalent circuit of the pulse temperature
relaxation and the method of formation of converters VAC in the self heating mode by the supply current. Prob-
lems of the iteration process instability in the process of VAC analysis of the measuring converters with negative
differential resistance, caused by self-heating, are considered [1,2,3].

Method of the synthesis of electric thermal models of thermoresistive, diode and transistor structures of
the primary thermal flow sensors converters was suggested. Unlike the known packages of circuit modeling this
method enables one to obtain VAC during one cycle of DC analysis, taking into account the self-heating of the
above-mentioned converters [4,5,6,].
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Method

Primary converters of thermal flow sensors can serve not only thermoresistive or diode structures but tran-
sistors, mainly bipolar n-p-n structures. Their advantage is a wide range of the supple (heating) modes and tem-
perature measurement modes selection. Basic heating in the bipolar structures is realized by the heat release on
the reverse-biased p-n junction. As it will be shown in Section 4, unlike thermoresistive converters the usage of
the transistor structure enables it to form the current output that provides higher values of transducing steepness
[7,8,9].

From the point of view of primary converters of thermal flow sensors, the advantage of the transistor struc-
tures as compared with the diode structures is more efficient usage of the supply circuit energy - voltage drop on
diode structures, as a rule, does not exceed 0.8 V (for silicon structures), it means, in particular, that at 5 V sup-
ply source practically the whole voltage (5 - 0.8 = 4.2 V) drops on current forcing circuit. It is obvious that not
more than 20 % of supply circuit energy will be spent on heating the diode structure. Instead, the voltage drop on
the transistor structure (on reverse- biased collector p-n junction) can be randomly regulated by the resistive di-
vider of basic circuit voltage, that provides maximum energy profit [10,11,12].

According to the problems, put forward in this section, we will consider the method of the synthesis of the
electrothermal model of the transistor structures of thermal flow sensors. Analyzing the model of the bipolar
transistor from the point of view of the impact of self-heating temperature on VAC, it is necessary to consider, at
least, three mechanisms of temperature impact. It should be noted ,that, as in the models presented before, we
speak not only of the impact of the ambient temperature on the parameters of the transistor, but on its self-
heating, i.e., direct impact of power released in the transistor structure on its electric physical parameters. It is
obvious that model studies of self-heating must be conducted in a single cycle, when the temperature is not an
independent value but is determined by the power of the transistor {13,14,15]

The first mechanism of the temperature impact is analogous to the above-mentioned diode structures - in-
crease of temperature stipulates the decrease of voltage drop on p-n junction V,, = fy(T) of the transistor struc-
ture. In case of direct connection of the transistor the temperature drift of voltage on emitter - base junction is
important, and in case of inverse connection - on collector-base junction. The second mechanism is connected
with the sharp increase of the reverse currents of p-n junction g = f,(T) in the process of their heating - main-
ly, reverse-biased collector-base junction. The third mechanism of the impact - it is the temperature drift of the
current increase coefficient of the transistor structre Bg = f3(T). These three mechanisms were taken into consid-
eration in the process of model development (equivalent circuit) of the electric thermal analysis of the bipolar
transistor VAC (Fig. 1).

Thermal modeling of the resistive and diode structures
The given equivalent circuit is based on Ebers-Moll model (if necessary it may be based on the still more
complex Poon-Gummel charging model) as well as on the principles of electric thermal modeling of the resistive
and diode structures, considered in the previous sections [16,17,18].
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Figure 1 —Model of electric thermal analysis of the bipolar transistor VAC

Conventional for Ebers-Moll model [1, 2] is emitter and collector p-n junction Dgg, Dgc, Stray barrier ca-
pacitance of which is presented by the capacitors Cgg, Cgc. Resistive components of the transistor structure are
presented by the resistances of base, emitter and collector sections Rg, Rg, Re. Current transmission coefficient
of the structure is described by the controlled current source G,c. Mathematical presentation of such a traditional
transistor model is described in detail in the monographs and instruction manuals, using PSpice or MicroCAP
packages [2, 3], that is why, its further consideration is not performed [19,20,21].
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The characteristic feature of the suggested model is the in the presence of two controlled voltage sources
Ect, Eer and controlled current source Gy. Besides, the electric thermal model contains the above-
consideredcircuits of pulse thermal relaxation Gy, Ry1, Ct1, Ry2, Cro and thermal resistance Et, Ry.. Principles of
voltage sources specification ECT, Egt, which form temperature-dependent component of the voltage drop on
the forward-biased p-n junction AV, = f;(T), have already been considered in the process of the electric thermal
study of the diode structures [22].

The impact of the temperature on the current of the reverse-biased p-n junction Is = fy(T) similarly Ebers-
Moll model can be represented in the form:

T E T T X7
’ 0 p[( (o] J G( )][ C )
1 q"l 1 )

where Xy, — is the exponent of the temperature dependence of the reverse current Ig.

The reverse currents (typically not greater than several microamperes) as compared with the heating cur-
rent (hundreds of milliamperes) can be neglected. However, the participation of the reverse-biased collector p-n
junction current in the total basic current, amplified several hundreds of times, cannot be neglected. That is why,
it is expedient to combine it with the third mechanism - temperature drift of current amplification factor of the
transistor structure Bg = f3(T):

T ‘¥7'B
Bp(T)= By (7]
g

where X:g — is the exponent of the temperature dependence of the current amplification factor Bg. This
combined mechanism is presented by the controlled source G;r.

Demonstration of the efficiency of the developed electric thermal model
For the demonstration of the efficiency of the developed electric thermal model of the transistor self heat-
ing we will consider two typical results of its output VAC modeling (Fig. 2-5).
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To simplify the results, given below, not a separate components of the transistor equivalent circuit are used
but the conventional Ebers-Moll model (n-p-n transistor Q1) is used, the given model, for carrying out the elec-
tric thermal modeling is supplemented with the corresponding controlled sources: source E1 describes func-
tional dependence AV, = f;(T), source G1 - functional dependencies Is = f,(T) and Bg = f3(T), source V2 - ther-
mal resistance of the transistor structure, source E2 - overheating temperature of the structure, relatively the
ambient temperature, source V3 — TKV,,, coefficient, and source V5- coefficients Xy, and Xyg. The supply volt-
age of the collector circuit is supplied from the source V1, and base circuit - from the source V4 and resistor R4.
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Experimental results
The first result of modeling (Fig. 3) is obtained only with the account of the temperature dependence of the
voltage drop on the emitter p-n junction. It can be seen that if the transistor current increases (signal 1), its heat-
ing occurs and (signal 2) voltage drop decrease on the emitter p-n junction (signal 3) takes place. These effects
increase if the thermal resistance (graphs a, b, ¢) of the transistor structure increases.

....................... V(v1)

Figure 3 —Result of DC analysis of the bipolar transistor output VAC with the account ofVy, = f;(T) mecha-
nism at several values of the thermal resistance Zq

The second result of modeling (Fig 4) takes into account all the above-considered mechanisms of the tem-
perature impact. As it is seen, the modulation of the transistor VAC in the process of its self heating is greater, it
is stipulated not only by the temperature drift of the voltage on the emitter p-n junction but also by the increase
of the current amplification coefficient of the transistor in the process of its self-heating.
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Figure 4 — Specification of the controlled current source of the bipolar transistor electric thermal model
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Figure 5— Result of DC analysis of bipolar transistor VAC with the account of the mechanisms

Von = f1(T), Is = f5(T), Be = f3(T) at several values of thermal resistance Zq

Conclusions

1. Itis obvious, that from the point of view of practical usage of the transistors in the circuits of measur-
ing converters of thermal flow sensors it is necessary to provide not only the sufficient heating of the transistor
structure but also the sufficient electric thermal stability of its operation. For this purpose it is necessary to use,
in particular, emitting stabilizing resistors or differential connection of the pair of the transistors with current
supply.

2. A method of synthesis of electrothermal models of thermoresistive, diode and transistor structures of
primary converters of thermal flow sensors is proposed. In contrast to well-known circuit modeling packages
(PSpice or MicroCAP), the proposed method allows you to obtain I-V characteristics in one cycle of DC anal-
ysis, taking into account the self-heating of the above-mentioned converters.

3. A complex method of electro-thermal modeling of measuring transducers of thermal flow sensors has
been developed, which includes the synthesis of a pulse temperature relaxation substitution circuit and a meth-
od of forming I-V converters in the mode of their self-heating by the supply current.
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