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Анотація. В статті розглянуто шляхи вирішення проблеми нестабільності ітераційних процесів при аналізі ВАХ вимірювальних 

перетворювачів з від’ємним диференційним опором, обумовленим самонагрівом цих перетворювачів. Розроблено експрес-метод 
визначення меж, в яких забезпечується коректний електротепловий DC аналіз.  Відповідно до розглянутої задачі розроблено мето-

дику синтезу електротермічної моделі транзисторних структур термодатчиків потоку. Аналізуючи модель біполярного транзистора 

з точки зору впливу температури саморозігріву на ВАХ, необхідно розглянути, як мінімум, три механізми впливу температури. 
Слід зазначити, що, як і в представлених раніше моделях, мова йде не тільки про вплив температури навколишнього середовища на 

параметри транзистора, але і про його самонагрівання, тобто про прямий вплив потужності, що виділяється в структурі транзисто-

ра. на його електрофізичні параметри. Запропоновано спосіб синтезу електротеплових моделей терморезистивних, діодних та тран-
зисторних структур первинних перетворювачів теплових сенсорів потоку. На відміну від відомих пакетів схемного моделювання 

(PSpice чи MicroCAP) запропонований спосіб дозволяє за один цикл DC аналізу отримати ВАХ з врахуванням самонагріву вище-

вказаних перетворювачів. Розроблено комплексну методику електротеплового моделювання вимірювальних перетворювачів теп-
лових сенсорів потоку, що включає в себе синтез кола заміщення імпульсної температурної релаксації та спосіб формування ВАХ 

перетворювачів в режимі їх самонагріву струмом живлення. З точки зору практичного використання транзисторів у схемах вимі-

рювальних перетворювачів термодатчиків необхідно забезпечити не тільки достатній нагрів структури транзистора, але й достатню 
електричну термостійкість його функціонування. Для цього необхідно використовувати, зокрема, емітуючі стабілізуючі резистори 

або диференціальне з'єднання пари транзисторів з джерелом струму. 

Ключові слова: вимірювальні перетворювачі, електротеплове моделювання, самонагрів перетворювачів, біомедичні 

прилади та системи. 

Abstract. Considered problems of instability of iterative processes in the analysis of I/V 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 Vpn = f1(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     IS = f2(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 BF = 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]. 

 

 
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 DBE, DBC, stray barrier ca-

pacitance of which is presented by the capacitors CBE, CBC. Resistive components of the transistor structure are 

presented by the resistances of base, emitter and collector sections RB, RE, RC. Current transmission coefficient 

of the structure is described by the controlled current source GIC. 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, EET and controlled current source GIT. Besides, the electric thermal model contains the above-

consideredcircuits of pulse thermal relaxation GT, RT1, CT1, RT2, CT2 and thermal resistance ET, RTL. Principles of 

voltage sources specification ECT, EET, which form  temperature-dependent component of the voltage drop on 

the forward-biased p-n junction ΔVpn = f1(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 = f2(T) similarly Ebers-

Moll model can be represented in the form: 

 

, 

 

where XTI – is the exponent of the temperature dependence of the reverse current IS0. 

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 BF = f3(T): 

 

, 

 

where XTB – is the exponent of the temperature dependence of the current amplification factor BF. This 

combined mechanism is presented by the controlled source GIT. 

 

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).  

 

 
Figure  2 – Specification  of the controlled voltage source of the electric thermal model of the bipolar transistor 

 

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 ΔVpn = f1(T), source G1 - functional dependencies IS = f2(T) and BF = f3(T), source V2 - ther-

mal resistance of the transistor structure, source E2 - overheating temperature of the structure, relatively the 

ambient temperature, source V3 – TKVpn, coefficient, and source V5– coefficients XTI and  XTB. 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, c) of the transistor structure increases. 

 

 
Figure  3 – Result  of DC analysis of the bipolar transistor output VAC with the account  ofVpn = f1(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. 

 

 
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 Vpn = f1(T), IS 

= f2(T), BF = f3(T) at several values of thermal resistance ZQ 

 

 

Conclusions 

1. 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.  

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 mod-

eling packages (PSpice or MicroCAP), the proposed method allows you to obtain I-V characteris-

tics in one cycle of DC analysis, taking into account the self-heating of the above-mentioned con-

verters.  
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 method of forming I-V converters in the mode of their self-heating by the supply cur-

rent. 
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