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This dissertation deals with thosee theoretical 

and practical aspects of thexmoresistive semiconductor 

type elements which influence markedly the design and 
performance of instrumentation systems using these 

elements as sensors. The The re: istive elements 
considered In Part I of this work are the thermistors. 

After discussing exhaustively ; the D. c., a, c.. and 

transient characteristic of these elements, the various 
techniques of l .near sing, their inherently nonlinear 

characteristics,. have been considered in detail, The 

various industrial applications, classified on the 
basis of their different characteristics,  have next 
been discussed with special emphasis on the design 

considerations.. The practical aspect, of this, part convey 
the design and fabrication of a gas analyser, proto-

type model, and a dice. tal temperature and liquid level 

indicator. The latter by virtue of its simplicity, 

reliability reliabIlity and high speed of response has Potential 

applications in industrial control system.  

Part 11 of the dissertation deals with the use 

of bipolar junction transistors as thermal sensors. 

After discussing the temperature sensitive character-

istic of these elements, design and fabrication of an 

electronic thermometer using a transistor sensor is 

described which is reliable, sensitive, linear, and 
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simple to manufacture and has uses in the industrial 

and medical fields. 

0 

{ 

0 
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Thermo xei stive semiconductor type Moments *yhoe 
resistance is extremely, soncttive: to temperature variations 
arc today finding increasing application In the field of 

Instrumentation. .The elements discussed in this dissertation 
are thermistors and tran$stors.. 

The first two chapters of the work deal with the 
electrical representation of thermistors as electric 
circuit elements and pro4de the necessary background to 
the understanding of the principles an which their 
V8ZLOUS aPPlLcetjofls are baed • In parttcuiar0  in chapter 
zt, after ftntroducing their static D.C. charSetaristic, 
the small signal equivalent circuits have been established 
followed by an exhaustive treatment of the transient 
behaviour of these elements under both low level and high 
level signalconditions6 The third chapter is devoted to 
the linearisatton of the the ntstox' characteristic which 
is inherently non-ainear with special emphasis on the 
design aspects. Selection factors and the testing of the 
t1erwjsiors are covered in the fourth Chapter. 

Whereas the applications of thermistors in tnstruw 
ntation are almost legion ranging in such diverse 

fields process, induotzies medicine and space instruw 
montation systems, where they have established themselves, 
the use of transistors as  sensors  on the other hand is 
still In the developmental stage. Even the properties 
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Of thermtst*rs ha a still not been fully explored and 
newer applications of these verstile elements are still 
being found. In particular the introduction of posistox's 
have opened up new vistas in their applications in modem 
instrumentation system. The ever members of the tranèis* 
for famiiy have tde potenttaiLties of being usod in 
instrumentation ystems as transducers and move will 
definitely be beard of them in this, their new role in 
the coiming years. The extreme sen4it44ty of bipolar 
Junction- transistot parameters 'to heat have been success 
fully explited for precise and rapid measurement of 
temperature, 

Although measurement or Indication of temperature 
is an obvious use, it has to be recognised that the 
resistance of therxnt stor depends on both the ambient 
temperature and the internally dissipated powers These 
properties are ex ploLtod In, applications as temperatne 
measurement aid control, gas analysis and velocity measure**  
ment1  temperature and liquid level lndtcation, and 
pressure measurement, Otc, which are discussed in detail 
In Chapters five and six.. In add1ton the complete 
design and iab2Lcationaj details of a gas analyser and 
anemomdtor and a digital temperature and liquid level 
indicator, have been discussed full y. A. transistor 
electronic thozvnoznetez, has been fabricated using transistor 
as a sensing element which is reliable, sensitive and 
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simple to manufacture, igives a linear scale, and has  
wide uses  in Industrial and medical fields  

Chapter VU de4 a with those *. confling *pplica* 

tions of directly heated then sts which are dependent 

on their small signal, nonlinear and transient' chracter 

itics. 

,,..In the last chpter after discussing the nature 
of the. dependence of the various parameters of iunctton. 
transistor oP temperatue conpl'ete detpils have been 
given of the 4eign of aelectrec transistor theriiometer. 
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INTRODUCTION 

TERMINOLOGY 

Thermistor is an acronym for theDna11YsensitiVe 
resistors. The electrical resistance of the thermisbr 
is ,a function of its temperature, which depends on 
both the ambient temperature and the aiosphere and 
on the internal power dissipation;. Thermistors are 
madC &m semiconducting matexial and temperature 
coec.e ts bGtwen about 5% and + 60% per K are 
noxmlly encuntered. The sign of the temperature 
roeffic1•ct distinguishes the basic types of thermistorI 

Negttvø temperature coefficient (N. T.C) ther- 
I mlotors. are the more common. The moi,e common in the 

W.T.C.. thermistors category are the oxide thermistors. 
These, can be made with zoom temperature resistances 
ranging from a few, ohms to negaohm;s and the zoom tempe-
rature coefficient of resistanc4isually Os between 

4% and 5% per K. Per normal N. T.C. thermistors the 
dependence of resistance on temperature approxtmatiy 
follows an exponential law.. Tis, Is also trte for 
$;inge..rystal si1ion carbide thermistors, which have 
appitcation over the temperature range -100 to +300 °c. 
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sj tive temperature coefficient (p. T. C) thexmlstors 

are made from iwo kinds of materials compounds having the 

barium titanate structure C one trade name for these 

is ' I si t rs') and diamond-lattice semtcoflductors such 
as silicon (a trade name for these is ' Silis rs') • The 
temperature range in which the barium titanate to type  of 

therinis rs hag a positive temperature coefficient can 

be very large (6Q% per ) . iamondlattice type 

themes rs have a much smaller temperature coefficient 
Qf resistance (O.8% per for silicon),  but this : is 

mare oviform and appij eab . e over a wider tempera turo 
ranges 

The m&,joA ter of thermistors are_ two- terminal 

eves although three and four..tezinina1 devices are 

made.. The iwo and thre.t&rninal thermitoro are 

referred to as directly heated types, since the then 
mistor rn1erial itself absorbs power directly from , the 
circi4tjn which it is connected • Four terminal t e is . 
tors are termed indirectly, heated types These have a 
separate ,eater n thermal, but not electrical, contract 
with the thermi sir maternal 

1.2  EO + M 

Thermistors are, made in a variety of shapes and 

sizes, although they are normally small. Various geo ft 

met' es have been developed to suit particular applications.  



1G.I.1 DIFFERENT FORMS OF THERMISTOR PRODUCED BY SENT 

A 	GLASS COATED BEAD TYPE 

B 	GLASS PROBE BEAD TYPE 

C/D GLASS ENVELOPE BEAD TYPE 

E 	DISC TYPE 

F/G ROD TYPE 
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These are referred to as beads (encapsulated in different 
ways), discs, washers, rods and thin films.. Examples are 
shown in rig. ll. 

1.3 ELECTRICAL REPRESEWTAUON 
To avoid. compli ca t o n, consideration should be 

given to the specification of the property, es o f standard 
exLna , theme: s to s. This is done In terms of the 

following quantities 

Pta 

	

	The 'zero power' d.c. resistance of the thezmtstor  
at the ambient temperate re,, 'a( ) : lbs.s is the 
xesi tan ce measured when the applied power is so 
small that there is negligible sel f,hea Ling 

$ (1) 

 

The d. c. resistance under active conditions, T 
being absolute temperature of the thermtsr, 
The current thro g . the thermistor, 

` 	= The of tape. acxoss the thermistor, 
PVI=' The power dissipated in the thermistor.. 

In the steady state condition the equation relating 
the electrical to thermal power is 

V =K ( T1Ta  ) 	 (3K1) 

Here k is known a either the thermal conductance or 
dissipation constant, and is commonly quoted in mw/k,. 

K is determined by both the construction. of the thee.. 
mister and its operattonul environment. Provided that 
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T*.Ta < 4 Ta t  K is independent of T to a first order. 

Transient conditions are governed by the following 

equation 
dT 

K( T..13)P 	 (1.2) 
dt 

where C Is' the thermal capacity of the thermistor. 
This equation may be written in the form 

T..T 	P 
wdu 	 C 	 1. 

Here i  is  the thermal time constant of the therstor 

which specifies its thermal inertia 

1.4 APUCA1IONS 

These are. related to the various characteristic 

relationships between. Z,V,1,K and T. . The basic thermistor 

material property is a temperature dependent resistance. 
However, the material temperature can be infjuonced in 

different ways. One is by the ambient temperature, Ta 

The basic thermistor material property is a temperature 
dependnt resistance.. However, 'the material temperature 
can be influenced in different ways. one is by the 

ambient temperature, Ta. 	Another is by self heating 

due to internal dissipation of power , this can either 
be the result of connection into an electrical circuit 
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FIG.I.2 VOLTAGE/CURRENT CHARACTERISTICS OF THERMISTOR AS 
A FUNCTION OF AMBIENT TEMPERATURE , To THE DISSIPIVflOi\~ 
CONSTANT AND CIRCUIT ARE INVARIENT AND Tat Tal 

(o) N.T.C. (b) P.T.C. 
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FIG.1•3 VOLTAGE/CURRENT 

CHARACTERISTICS OF AN 
N.T. C. THERMISTOR, WITH 
DISSIPATION CONSTANT AS 
PARAMETER, To AND THE 
CIRCUIT ARE INVARIENT 
AND K2>KI 

FIG.I.4 VOLTAGE /CURRENT 
CHARACTERISTICS OF AN 
N.T.C. THERMISTOR, ABSORBED 
RADIANT POWER AS PARAM-
ETER. KI Ta AND THE CIRCUIT 
ARE INVARIENTAND P2> PI 
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or the absorption of electromagnetic radiation, usually 

the microwave and infrared regions of the spectrum. 
Further„ when there is significant self heating the 

material temperature is not a. constant for a riven power 
dissipation, since the dissipation constant K is influenced 

by ambient conditions.. other applications stem from the 

thermal inei a, specified by thermal ttme constant 
a . These include both transient ent an ! small.- gnat 

c,ndi lens:. 

''pi ca . V l character sti s for N.T.C. ari4 F.T.C. 

tszs are shown in Fig. U2 and b respectively. 
Here the parameter Is 	the envIronment and hence 
K are invarient and there is no incident radiation. At.  
lOW power levels1  so that. there is negligible self 

heating, Ohm, s law ts obeyed. Ala sell. heating occurs 
so that W .T..C..thermistor resistance falls, whereas that 
of the F.T.C. thermIstor sesk. For most practical 
devices the power rating is such that the characteris. 

:c 'turnover!  "ph omenon occurs 'i• .e;. there is a 
voltage maximum for t •T-C and a Current maximum for 

is 

F.T.C. devices. In both cases, beyond, turnover, the 

.ncremental resistance is negative. it. may be noted `I ere 

that °for some F.T.0 thermistors a second turnover 
occurs due ta contact ton linearity. Applications based 
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on these characteristics are as follows : measurenent 
and control øf tempera ure*  compensation of change of 
resistance with temperature in other er ci rcus t components; 
oscilla1r amplitude and/or frequency regulation, 
amplifier gain or level stabilisation   grad a aal ss ttcn, 
voltage regulation (N . '.c _ types), current regulation 
(P. T. . riles) , speech volume lImi Ling, expansion  -and 
-comilres on- s i tc ng . 

.If the ambient temperature is kept constant 
then a further family of characteristics can be generated 
With the dissipation constant as the parameter, as shown 
in Pig. J.3. For a given thez:stzr, ican bevaxi 
by connecting it ' the heat sinks having different  
thermal capacities,  by changing the density of the gale- 
ous environment, or the rate of flow of a surrounding 
fluid or gas: ' ' e following applications stem frcrn 
those characteristics, vacuum manometers, flow meters, 
fluid velocity measurement, thermal conductivity analysis, 

gas detectors, gas chromatography, liquid level measure  -
ment,ntzol and alarm. 

A third set of static characteristics is shown. in 
Fig,...4 . Here the ambient temperature and dissipation  
constant are invariont and the parameter is absorbed 
radiant power. 
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D.C.,A.C. AND IRAN ENT CH ACT US71.CS 

.1 D.C. cHARACTERI$cS 
2.1.1 lntudUcttofl  

In the subsequent discussion of d.cy. character-
isttcs,. Newtonian cooling w ll be assumed, so that the 
steady-state relation between electrical power, P, 
dissipated in the thermistor material as '.heat loss per 

second is 
P = VI. 	IC (1 	Ta) 
	

(2.1) 
with K independent of T for T Ta<(T$ .. It is implicit 
that . all parts. of the thermis it are assumed 	be at 
the same temperature,. T. For large V5lues Of T-Ta  &t 

is necessary to use the more complicated expression. 

24.2  

Fallowing the estab1ishe3 theory for single$* 
crystal semiconductors, a similar semtquantttative 
approach can be used to explain the macroscopic depend,  

once of resistivity on temperature of oxide semiconducis 
'ors. Constdering, for example, f -type mate .a1.. If 
the density of valence electron sites in such a 
conductor is N, then at any bsoiute temperature T 
a fraction n/N of these will be free:. The temperature 
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dependence of n is governed by an activation energy Eg  

corresponding 	an effective energy= gap of about O,.5V 

in practice, and in thermodynamic equilibrium 

n2  _.. (N-) P exp (Eg/k1 (2.2) 

where Ic is Bolt2maflns constant and F is a coefficient 

which is slightly dependent on temperature: For n « g  

as is the case in practice 

n 	FIB ex + (-Eg/ 2 k' 
	

(2.3)  

In an ntype semiconductor  tie conductivity o is 
given by , e , , where 4 Is the electron mobiiit, 

,s depends on the particular scattering mechanisms , n- 

vole , but can be represented over itmited ranges o . 

temperance by a wer-dependence on tempura re, as 

follows 
(2.4) 

where d is a small negative number. Equations 2.3 and 
2.4 can be combined to obtain the equation for resistivity 

1 = A T 	exp (B' t 	 ( . ). 
Here c is a small positive or negative number or zero, 

0' usually lies be° Teen 1500  and 6000. K and A can have 

a wide range of values. For analytical  pulses 
Equation 2.5 can also be written as 

c exp (B/" 	 (2.6) 
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From EqUatiofl 2., T = ( 	+ T) • it follows that 1  

Equation 2.6 can bere-written as, 

[s 1 
exp 	 (2.7) 

LlTaJ 

p and  p are related to corresponding tezmtna1 resistance 

values ft 	by the same form factor so that wec 

may write, correspondingly 

R 	exp (B/1) 	RexpB/ (P/K 

For lzexopower' •Cofldttiofl ( PIMO  ) , a 96, corrés. 

pondLng to ambient temperature TO and it . follows that 

Ba 	Re  exp ( a/ TO 	 (2.9) 

and 	R 	Rexp 	 L) 	(2.10) 
T 	TaJ 

2.2 $PEcfl:C DEFINITIONS 
2.2 	QefficlentsofBestane 

The temperature coefficient of resistance 
may be defined as, 

dR 	d 	 ft 

;:; (iog0 	)  

Hence it follows from Equation 2.J.0 that 

B 
(2.12 



2,.22. Dissipation Constant 

This was introduced in Equation 2i and may be 

formally defined as the power required for a unit 

tempera re rise. It is alternatively known as the 
thermal conductance. K depends can the environment  o f 
the thermistor and on i ts mounting as well as on its 
ratio of surface to volume and the thermal co uc tivi y 
of the lead wires and envelope. The cndttions under 
which it is measured should therefore be specified o 
Since cooling Is not strictly Newtonian*  nor is the 
thermistor at a uniform temperature, K is not strictly 
constant:. it Increases slightly with increasingg t sn 
empirical relation has been given by. Smithy' to relate 
power loss to temp:& ture rise., 

' -- T. Ta  A when 	Tisflot small, this is 

(2.13) 

where:' °st 'is o the order of 3 x 10 .12 . Values of  

range from about 10 IW K 1  for a bead, mounted in 
Vacuum, ; 5 .  A d ; 	for a - vacuum - backed flake 
thermistor to 0 m W K for large ands or discs 
mounted on a heat sink. 
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2.2.3 Thermal' .m@ Constant 

It is the quotient of the thermal capacity C and 

di.ssipat or4cons`ant X. The thermal capacity is the paw 

dot of mass and specific heat and is therefore gone ed 

by the volume and density. A large mass and =mall dissi  dissi-

pation constant moans a large T and vice-versa. The 
coaling cure of the thermistor may be obtained by swit  

ching over at t 0 	a constant current supply of small 

magnib.de, so that 12R was at all times negligible and 

the voltage across the thermistor was determined as a 

function o f` time; thence R, T and T are obtained. 

. .4 Pcwer Sen s t.vi ty 2 

iax m Equation 2.1 and 2.,10 we can write 

B' 

to loge( 	
' ` To 	

to(' 	T)
(2.14) 

The rower sensitivity,  which specifies the change of 
resistance with power dissipations, is defined as,,. 

1 d 
P 	 a '" 	loge (-_) j 	(2.F;) 

so that ►n substitution fo  for log e C R / ) from Equetion 

2.14 we obtain, 
B 	1 	_ 	 o ~- 	 (2.16) 

(1+ 
K 
-;j;• 

a 
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Here p0  =2 	is the 
K; 

power coefficient of resistance 

when P/k; 1 	high sensitivity B/k should clearly 

be as large as possible. It is evident from Equation 2.16 

that the sensitivty falls to 2% of its maximum value 
when P 	K ?a ;i.e'* at T=  

2#2-5 Temperature  Sensitivity 2  

The temperature coefficient of resistance is 

defined as follows 

dR c 	— •R d? 
Hence differentiating 

we find that 

- [xo e 
	

(2.11) 

equation 2.14 wi th ret to T, 

B 
O( = 	 . 	 ( 2.xs) 

which reduces to - B .1 T 2  when p/k << Ta 

2.2.6 Half Tempera tire  

It is useful 10 know the temperature range, A 

which will halve or double the resistance to its value 
at an arbitrary reference temperature T. from Equation 

2.14 
B 	 B 

log 2 	(2.19)forT 	 e 



so that  

I 	
log 2 	

(2.Z) =  
log e2  

T a 

Here 	is the value of cc at T. ; The plus sign 

applies to doubling the resstance and the minus sign 
to halving i t.. 

2.2.7 \ltge 1nover2  

The 'Peak" or *turnover* voltage can be obtained 
fzom Equation 2.14 by replacing ft by V2/P and then 
determining dV/dP 0 
This leads to 

m 4 .Pm 2Ta* 	+ K2  Ta2 	0 	 (2.21) 

where Pm is the'Power dissipation at turnover. Equation 

2.2l may be solved to give, 
P 	S 	B 	4T 1/2 TmTa (2.22 

where 	8 1 	4T 1/2 
TM i Llu r  ) 

By using a binomial expansion for ( 4T 	1/2  we find 

	

PM 2Ta 	1 
- ( j + - I 	 (2.23) 
PO 	 p T 

and 	T ( I + 	) 	 (2.24) 
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»n c e B lies between .1500 and 600 K, m lies 
some 156O K above T when T~ is room temperature. 

A.0 ♦ AND TRANSIENT CHARACTERI i 1C$ 

2.3 IN P C UON 

The thermal inertia,, specified by the thermal 
time constant, T, gives rise to interesting and use 
ful relationship between terminal voltage and current. 

It .s convenient to distinguish between low and high 

level conditions. Zn the former, the applied exc tai- 
iion,, ( for example a sine vave or step function of 

current and. vol Cage) # is small in relation to The 
biasing parameters, but in the letter is not. For 
low-level conditions small signal electrical circt i is 
can be derived. 

2.4 LOW -L EVE: AN YSI $ 
2.4.1. General Small- Signal Anaiysi 

Small-signal equivalent circuits for biasedd -t er 
misters were derived by Ekelóf and Kthj.berg in 1954 
and tndependently by Burges 3  in l95. Burgess's treat-
rent is followed here. 

Let V and I be the instantaneous voltage and 
current applied to the thermistor, whose instantaneous 
temperature is T. The initial assumption made is that 
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T is single valued and uniform throughout the device, 

so that internal temperature gradients, such as will 
arise to some degree In practice, are ignored. 

If 'the rate of loss of heat is determined solely 
by the instantaneous excess Tmperature, 8 = 7 - Tat 
above the.mbient 'teuperabire T 'then. the balance of 

power equation, i.s  

• d9 + 
	P• IV 	(2.25) dt 

which reduces to 
dO C dt + K 0 	iv 	 ' (2.26) 

for Newtonian cooling, which will, be assumed in this  
section. In these equations C is the heat capacity 0 

the thermistor and will be assumed independent of To  
arid K is the dissipation constant or thermal conductance. 

IV and 0 will be assumed to have steady tompo,- 
n en tsi with relatively small a.c. components at angular 
frequency ' , as follows 

I 	= 10  + I, exp(,ut) 	. (2..27a) 

V = V0  + V1 exp (5w  t) (2.27b) 

+ Q, exp OW  t) (2.27c) 
The mean current and voltage, 10  and V, respectively • 

define a point on the steady state 0hctexisUc for 



the ambi ^i t tempera tore Ta this point is also on the 

isothermal .ermal curve for tempera re T~ + 00 . The quan 

ties 11, '4 and 	are in general complex, carrying 
both amplitude and phase information. The correspond 
.ng expression for instantaneous power .s appzximately, 

P = p0 + P1, e (jwt = IV = 10V0 ( V + 11 o) exp(j t 

( 2. )  
if 1111 0 	1 VV! << .ZO 0 	V0 , respectively. Sstitution 
from Equation 2.21c and 2.28 .nto Equation 2.26 gives 

K 0 	lc~ 0 	 (2:.29a) 
1( 	jWC)=Ir+ 	,M Pi Giy 	 ( 2.29b)  

here r P1/ 1 is the 'thermal  a .t nce'. This 
may be expressed as, 

C 
Y =+jwC 
	 (2.30) 

where 	C/K is the thermal time constant of the 
aermistor, I.e. the time taken for the excess tempera- 

ture "I fall 	i/o of its in .al value if the d.c .  
and 3.e. sources are removed;. Now the alternating compo.. 

erg t of current 11 is determined by both V1 arc 01 
through the 	isothermal  a .c . conductance g and the current 
temperature coefficient h 

81  a 
V )T Vj ( T), 	gV (2.31)  

The sign of h distinguishes N.T.C. and P.T.C. thexmiMors: 
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h0 	signifies N T.0 and hC O 0 	P.T.C. The a .c. 

admittance is 

1. gy +  0 Y(o) 	y hV 	 (2.32) 

At zero frequency this becomes the,  pure conductance 

V0  = G = 	- 0 	 (2.33) 

is simply the slope of the steady-state current- 

voltage characteristt c. Mother way of looking at this 

i s i: oons1der small and tnftnitely slow Increments 

I and AV along the steady state character , 
iccoiprted by atemperature thange, sc that  

	

KAG =10 Av+ V0 A I 	 (2.34a) 

Ax = 9AV-  +hA9 	 (2.34b) 

These equations may be combined b give Gd  =A /1 V, 

in the form of Equation 232 

At infinite frequency the a .cfi. admittance is 

X 	C 	g 	 (2.35) 

This is 'again purely real because instantaneous tempe- 
ra ture of the device cannot follow the rapid variation 

o f electrical  cc. power. 

The general form of admittance, Y(&)  

may be expressed in terms o.f G(w) and B( ) as follows 



18, 

2 C2 + ( ge/t + h) ( 	. hV~ ) 

•W 2 C2 + (Cam` - h,V,,) 2 

h( p+gV0) (C/ T . hVo) 2 

( c/ I' hV. } 

W; 2 +(ihv )  

The correspondin9 formulae for the impedance represefl- 
tat&on, 

Z " = /Y(W) 	R(w) + j x(w), are, 

9 (?C2+ (' T .. hV ) (.g ç/'T+ hi3 
R( 	 (2.37a) 

9 202 + (g 	+ o) 2 
..a 

_ 	h(g0 +10 

g 2C 2 + (gC/ T + )2 

Using the idenity g 	X0/y0, which s valid for 

linear .so a als, which arise from N.T.C. Thexmistors, 
it follows from a qua .on 233 that 

g, (G~. g) 
2.38x3 0 

(% +g) 

(G0 i g) 
by0 - 	- 	 (2.38b)  

( , + g) 



making use of ideniittés G 	l/ , g - l/ 	and T - c/K$ 

'together with the above expressions fox hi0 and 1W0 r 

we obtain.  obtain.alternatW.e forms for Equations 2.35 and 2..37 

as follows r 

4 

.ico 	(R + 

2 2 	4 

	(26c) 

0) 

B(w 	= ~» 
2T2  

2r 

22, 
$ !D1L 

4 

X( w)  
2 

(2.36d) 

(2.31c) 

..37d) 

Both the impedance and admittance loci, when plotted in 



the complex plane, are semicircles with diameter on 

the real axis, if g,c,h andT are independent of 

frequency. This is clear if, for example, the expre-

ssion forZ( w) is rewritten in the -form 

Do W'. 
1(u) R - 	 (2ç.39) 

If G0  is negative, the at a critical frequency 
defini by, 

h hI 	1 	49G0  L 	 ? + 	
2 

(2.40) 

The texmnaj conductance will be zero and I and V1  

will be in phase quadrWre. Ibis situation is dept 
ted by the admittance locus on the left of ftg. 2.1 

for an N..'C thozmisixr. from, -the geometry it Is 

apparent that the susceptance at wo  is given by 

( w0) = •( - 	
9)1/2 

The condition that G0  is negative i5 h>C /1 

for anN.T.C. thexiuislxr and Ii< g C if? 	for 
.T.c. thexmisr. The right hand locus in Fig. 2.1 
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FIG.2.1 SMALL SIGNAL ADMITTANCE LOCI FOR AN N.T.C. . 
THERMISTOR BIASED (a) BEYOND TURN OVER 
(b) BELOW TURN OVER. 

1 

- .V 

  

FIG.2.2 LOCUS OF THE OPERATING POINT FOR (a) 
SINUSOIDAL AND (b) SQUARE WAVE EXCITATION 

OF AN N.T. C. THERMISTOR. 



is for an N.T.0 theistor biased below turnover, so 

that G is pos1ve. 

It is nstructive to consider the load line 

approach for smllsignal a .c. operation . At very 

low frequencies, such that w << l/ i 	the temperature 

is ccpha5al with TV and the locus of the operating 

point is a small are of the static charactcristLc 

(straight line for the small-signal case being consi-

dered, corresponding to the slope e*nductrn ce, ) 

At high frequenctes, such the  w >> I/ .. the power 

va&atton is so rapid that the temperature cannot 

change and isothermal c.ndions pval; The locus 

,is then a section o f iso thermal characteristic. In the 

intermediate frequency range the instantaneous tempera* 

ture lags the instantaneous power dtssipation with a. 
phase angle corresponding to that of thermal admittance 

y, so giving rise to an apprc4mately olltptical locus 

as shown in R 9. *22 . The rnojoz axis of the ellipse 
may have either a, positive or negative slope according. 

to the ampUtde, and frequency of the excitation. Zt 

will be noted that theirection in which the ellipse 

is traced out is anticlockwise, for bias beyond 

turnoverj. That this is so may be seen by reference 

to Figio 2.2.b. If a small instantaneous departure 

from the established operating point is produced by a 



ge change then initially the thextnis tor temperature 

before and the operating point follows the oInic 

from the origin from P to P11. As the therznis>x' 

up so its resistance falls and the operating 

moves to P • If a small voltage excitation is 

ed then the operating point .moves viz P back lx> 

he lead of voltage change ovez' current change is 

c Uzi stic of the tnductiv.e behavoux already esta. 

ed. For P•.TC& thexmi.stors the converse Is truo 

he locus is traced in a clockwise direction it I 

are plotted as In the same w.ay. At the critical 

ency such that the admjttane is a pure susceptance 
urren.t lags the voltage by 	/ 2 	radtans and 

xes of the ellipse are paraUel to the I and V 

reQpectively. 

$nali Signal Equivalent  Circuits 

Equivalent circults circuits coresponding to-  the analyttcaJ 
SSiQnS of .equatton8 2.36 and .2.37 are shown in 
2.3. In the Upperpartof the figure too forms 

own for N.T.C. the tstors :( 	tj , G> g ) and 
tm corresponding equivalent -circuits for P.T.C. 

Lsb.,rs (h<o 	(,(g ) . Xt&sco-enient to 

y the elements in terms of R 9  R. and T,  since 

may readily be determined experimentally, % and 



R0Rco 

Roo —Ro  

L Roo (Roo +Ro) 

2 (Roo-  Ro) 

Roo R oo-Ro 
a 

Z (R00  Ro) 

2R1, 

0 

R0 R« 

Ro-R0  
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FIG.2.3 SMALL SIGNAL EQUIVALENT CIRCUITS OF THERMISTOR 
(a) N.T.C. (b)P.T.C. 
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are very s .mply obtained fr em d.c. measur.ements. or 

can be calculated from the measured effective time 

constant introduced in the next section. 

In some applications in which the operating 

point is defined by an external  s aurce of emf and a 

series resistor, changes in, it can be brought about 

by changes in ambient temperature Ta  and 1 or dissi-

pation constant K. When such changes are relatively 

small an appropriate small.-signal equivalent circuit 

can be readily devised if the changes in or Ta 

are very slow  in relation to .L / ' 

The form of equivalent circuit  I s similar to 
those for the vacuum trod e,. it is shown in Fig. 2.4. 

The resistance,. F , is simply the slope of the static 

characteristic at the operating point, defined as 

d 	61 	K T const. 

The 'amplification' factor is comprised of iro parts, 
in general;, since excitations of both dt.sspa t on 

factor and ambient temperature are possible. For W..0 

the stors (current controlled devices).$  these are 
def&nod respectively as, 



K—~ 

(C) A VT = Ro A IT +As 

(d) At = µx A K +,U T& A Tc► 	(S= STIMULUS) 

U) &IT Go A'"T + 7S 

FIG.2•4 SMALL SIGNAL REPRESENTATION OF THERMISTORS 
(a - d , N.T.C. , e-g , P.T.C.) (a) CIRCUIT (b)EQUIVALENT 

CIRCUIT (c) SMALL- SIGNAL EQUATION (d)DEFINITION 

OFALs (e) EQUIVALENT CIRCUIT (f)SMALL-SIGNAL 

EQUATION (g) DEFINITION OF i S 



2 4  

anst. 	 a I,K const  

	

,r 	 4 

It is obvious from the characteristLcs of ELg.1.3 

and 1..2a Desp tive1 y . a t . '. K i s. Positive and 1aT~ is 

ega thee, , can be driv ad by differentiating the 

	

vo expressions for V., V IR and V K (' 	)lX 

with 	 defined as in Ec Ilion 2.10 

F b 	Bit dT. 	Ta:i d•T 
• +per 'ys .w 

	 w~: 	— 	,w+ 	 — ,. —  

1. 4  

• 15mina on of dT/dI gives, 
. 	c 

'• 
r 	 .) 

where as defined in Equatton diis nogative. Similarjy 

it can be :show that 	• 

p T3 	 (2,.4 Th) 
L.4(/" P 	' ` » TO 

The overall rely .on between the small-signal quantities 

is shown in Fig. 2.4. 

A similar equivalent  ,circuit  carp be devised fbPT.0  
' e 	s r . , In . - his. care, however, since we are 

concerned with voltage controlled devices (current is 
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a single Valued function of voltage) it is more 

appropriate to define quantities I k 	and 9 Ta 
as follows 11  

U 
	 U 

Ik 	V, T eonst; 	 V, .K cons ti  

Here t 	is positive and 9 r  negative. It is also 
more appropriate to use the slope conductance, G0  

of the static chazacterisU.c at the operating point, 

defined as bX / by) 	 in the equivalent 

circuit. Thts, and the tominal small-signal current' 

voltage relationship, expressed in terms of mall 
signal parameters, is shown in lig • 2.4b 

24.3 Low Level Transient AnaLysis -... 	- 

We consider a simple series circuit comprising 

a thermistor, a resistor of resIstance S and battery 
of e.m.f. Si with an additional series e,m.f. AV <<V ,. 

which can be switched in series with V. In the intial 
steady state condition determined by Si, we can adapt 

Equation 2.2.6 to obtain, 

	

K (v2 	 (2.42) 
(RGD 

iS)2 

where Tw  is the th,exmi s to r temperature and R is the  



corresponding d.c. (isothermal) resistance. On 

applying the step of e.m.f., AV a  the equation defin-

ing the transient, conditions is 
2 R' 

c-- K(T T) 
dt S) 2 (P+ S) 2  

OD 

. . .•( 243 

For small temperature differences, 1To, we may supp- 

OSG that 	, the instantaneous value of ROD 
0) 

the form, 
R [t + c((T 

CO 

Here 	. 	IS / T w2 is the temperature coefficient 

of resLstance at the working point,. Substitution for 

In Equation 2.43 and neglect of second order 
OD 

termstn T.T g  leads to 

	

RM  dT r 	2 ____ 5 
dt 	L 	(R+S)2  T 

(+ 2N6 	Piz 
(RQØ+$) 1• 

By inspectipp it can be seen the t the effective thexnal 
time constant for the circuit is  



B 	(R .4) 2 OQ_  

(rt +s) 2  KT'* 2 	(R.+s) 

•.(2;.46) 
We have assumed that for small tempera t re differences 

Ris linearly related to T - 7 c, 	that 

the time constant governing the rate of change of 

is likewise T . i urthexno re, since the changes in 

A' 	are small, the rate of change of current is also  
governed  by Te , which may therefore be foxmally 

identified with the effective time constant for the 

circuit, 1' 

To specifies the rate of change of resistance 

with time and Is the parameter of importance for 

czrcuit applications,. fl.s will now be derived for  
N.T.C. Thonnstorsc. We have two basic equations 
relating to I and V 

P M IV = 12 R 	v2  /ROD 	 K( TiTa)  (2.47) cD  

Ft0 Vi'1 R5 eXp(B/74 
	

(248) 

rrom the total differential of equation 2.47 we obtain 

dV K dT Vco 

dl 	lc dl 	110 
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and from the corresponding differential of equation 

2.48 

dV 'V dl 	.T3 	vo 
- a 	 -  

M 	 Ito dl 

Combining these leads to 

I dY 	We 

dl 	V40 	10 	1dZ1 

which may be put Into the foxm 

and because 
vi 	V1  +AV 

R +S 
00 

This becmes 

1T (P00+s) 2. 	R4 R 
--- ------.- 	 (2.49) 

Bco Eo  

Substituting in equation 2-.45 yields  

(Pto 	 ____ 
T --  

2 F 	(R +s) 

For S 	, Equation 2.50 reduces to 



1' 	= T 	 (2.5i) 
2R 0) 

which is the pxopezty of the thezmistor itself. 

I f % and R 	are OD  known and Te is measured for a 

range of values of S 	1 can be calculated. 

Equation 2.50 may be derived directly after ustng either 

of the 'equivalent circutts tn the upper part of 

to represent the the=4stox in the circuit which has 

been discussed. 

z. HIGH LEVELANALYSIS .  FORNEWTONI.M.  COOLING 

Pivided that the ins tantneous resistance of 
the thexmistorthe:cn be spec1ed to a good approximation 
in a xPlativoly simple closed form, then it is possible 
to obtain approximate predictions 'af circuit behaviour 
under large signal conditions 

2.5.1 A.0 Signals 

We will consIder a simple series circuit at 

ambient, temperature Ta , comprising, a sinusoidal 
source of e..m.f*, e( t) = E sin, cot,, a resistance S and 
an I.T.C. thexmistor#  whose instantaneous resistance 
is specified as, 



or 

R( 	'= R. exp (B/` 	 (2.52a) 
or R(e 	OXP [(r + 	 (2.52b) 

The analytical technique depends on the frequency range 

For Imedium' and #low* frequenc ez. such that I 	oT iS 

the 	order of or less than unity a computer solution 

Is required but at high frequencies, T>>l , n 

approximate analysts is possible 

2. 5.2 .Medium and Low Frequency Mal ysis 

The Instantaneous current in thecircuit is 

S Sifl `(i)t 
I t) 

and the Instantaneouspower- dissipatedin the thezmitor 

R(1) 12(t) 	
+ t ( 7))2 
	(2,.53) 

Substitution of Equation 2.53 into Equation 2.26 gives 

d9 
1(0 --~. ~ 	2 t (2.54)  

dt 	( +R($ 

Integrating ith respect to t brings the equation to 
a form suitable for analogue computation-. Introduction 



o' .,.the identities 

2 h{t, sin Mtdt 0 

leads. 
 . { 	 0 at = 	

t( 
	h(t) 	(2.55) 

Here g(G) and h( ) are known functions and ur' hex+ e 

6(0) == 0 if the a.m. . is connected at t -- 0 and the 

thermistor temperature at this instant is Ta ,ki Equation 

Z.55  can readily be set up on a differential analyser 

and a solution for 0(t) frond,. Ccesponding thne-

variations of R,,i and v can then be calculated. 

2..5.3  gh-.Fre iency App xtma on 

if 	' ► I then the instantaneous resistance 

will vary 'very lit a over" a pez ode. r the same 
series circuit considered above i t is then permissible 

to write the following expressions for the instanta- 

neous voltage and current at the thermIstor terminals 

v (t) (V + AV) sin t (.56a)  

1(t) = (1 + t I) sisin o t 	 (2.56b 
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Hero TI and Iift  represent 'average' peak values of 
voltage and current., which approximately specify v(t) 
and i( t)., respectively: AV and Al represent in-
phase and time dependent amplitude around V.  and I , 
Depecttveiy. It follows that 

+ I S 	 (2.57a) 
AV+Ai S. 	o 	 (2.57b) 

and the instantaneous resistance of the the istor 
is given by 

	

V( t) 	 MI Al 
( t) 	+ - 	- 

or R(t) =ä +ia  

To proceed further an expression for AR must be 
obtained from the power-balance equation, 
This may be wztten, 

de 	d 
= C 	 : 	• 	 .59) 

The relative variations in e are much smaller than in 
P = VI , so we can pu to  

pj< 
	

0. 

1. 	 PP 	(2,.59a) 

From equation 2.59 an expression for dR can be obtained 

___ dR 
-- dt 	 (2.60) 

Since dR/de can be identified with (dR/de) = 	icJ  



ry 	n 3 

in the present degree of approximation, this becomes 

t 	 .6 

where T has also been replaced by its mean. value 
Integra tt.on gives 

	

 i) at] 	(2.62) 

Hence 	 t ,p 

	

..) dt 	(z.63)  

The applied power : s given b j 

== V 	Vfstn2 et 

	

c r 	p 	( I 	cos 	.Ot .) . 	 ( 2.64) 

where P = " 1 / 2 	ibston in Equation 243 and 

subsequent integration, gives 

AR ,.... 	. .. 	sip, 2 	 ( 2.65) 

Now from Equations 2.51 and 2.58 we can obtain 

• AV 	V AR 	AR • 1_ — 	r 	(24€a)  

Al 	V AR 	AR 
( RR a 
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n du cthg A V and AX from Equation 246 into 

Equation 2.56 and paying regard ,to Equation 2.65, 
;_ends to the following final expressions for V and 

I 

VC t) -- 	(sib 
Co  

(2,.678-1 

(sin at .r►  ..,. ,s . ( COS (at co Z 3"Ot )) (2.67b) 
Where  

n 	"A sT . 

The current legs the voltage at the fundamentalfz'atueny e 
as expected for the N . 'T,C . thermistor, which we have 
Qlieady seen ha inductive properties for small signals. 
The rnagnLtide of the phase angle  s 

B tend4 	
(2.68) 

2 

Oro = Dif D -C<l 

If 8 	CD 	 o, ofll y the  voltage i s d s reed . 
rV(iflLt D (c 8 s 

correspondingly if S 0 f  lied. = cc onl the 
current is distorted 

(sin ot 	U (cos ct- cos3`t)) 	(2.70) 
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2.5.4  Trans .eta"' - Analysis 

It is convenient to use a sem --graphical 

approach. The same series circuit as analysed above 
will be considered here for the case in which, at t 

the circuit e.mf. is changed from l  to S2 	and the 

series resistance from Sl  to , These e Bondi 	.r 

are shown by the correspondIng load lines I and 1l 

drawn on the static characteristic for an .T.. . ther- 

mistor at ambient temperature To  ., in Fig;. 2.5. Fo 

t 0 the circuit 	n the stationary state, ropre en 

tech by point I (Vj , 11  , which Is the intersection 
between  the thermistor V4 characte4stL c and load 
line I, determined d by the equation 

V+ 1Z 	 1 	 (,.7L) 

The thermisto.r resistance l 	1/1I  is on the 

isothermal (linear) characteristic from the Origin, 
which passes through point ic. At t == 0 the change 

in 2 and S to the new values and ,S 	force the 

dynamic point V, .1 	to move from load line I to 

load line 11k. Because of the thermal Inertia of the 
Lr 

thermistor, abrupt changes of thermistor vesistance 

ere not possible, so at t = 0 , the operating point 
is constrained to move along the isothermal charac' 
ter stic passing through poi .t I to the corresponding 
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FIG.2.5 STATIC AND DYNAMIC CHARACTERISTICS OF A N.T. C. 

THERMISTOR FOR TRANSIENT ANALYSIS. 
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point 1t on the load line II . Hence the thexmistor 
voltage and current change instantaneously from 
V=  3 to Vj 0  1j 

At the same time the power supplied increases 
from V1X to V l while the rate of heat loss is 
unchanged. Hence for t >0 the thermi .'t•r tempera furs 
increases  and its static resistance decreases. 'here- 

fore the dynamic operating point moves downtowards 
on load line Ii from 1' until it reaches point 2., 
Its intersection with the static characteristic. which 
represents the final s to tionary state. 

The dynamic  character tic is therefore 
represented. by 1,41-2. Since instant, n us changer, 

in E and have been assumed it is only necessary to 

determine the movement of the dynami c point from 11  
to 2,. This is governed by the time-dependence of the 
t em st r excess temperature, 0 or the correspond 
ing tnverse function, which can be written, by in to 
gration of Equation 2.26  

t 	 ( 21,x'2 
P(0) o O). 



Here 01  is the excess temperature corresponding .t 
the Initial operating point. The integral can readily 
be evaluated graphically if TO). is known. Values of 
P(0) , 1(8 required for denomenator are obtained by 
substracting the product of the therrnLstor current and 

voltage at the intersection of resistance lines from 
the origin and the static characteristic (e.g,. I) 
from the corresponding intersection of this line and 
the dynamic characteristic (correspondingly ID. 

Alternatively it can be assumed that the 
cue of P(9) 0 1(9 versus K9 is represented by a 
series of straight lines, so that the piecewise cons-
tant degivative c = d (P(9)K9)/ d(KO) can be intro-
duced . Then. 

I 
(2.73) 

(P(8) .K8) 	C (p(0).e) 

Integration of Emstion 2.72 between Um points a and 

b on a straight partof the (P(8..K(0) versus KG 
cur e yields, 

or P(9)b Ob 
__ 	

(274) tbta 	- 
 c log. 

If, in particular, the internal power dissipation is 
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sfnU, c 	.1, and Equation 2.74 becomes 

o r 	0a  exP .» ( 	ta ) / 	 (2.75) 



I-- 
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UNEARE$AUa 01 THERMISTOrt C8AETERSUC 

3.1 INTRODUCTION  

The neaU.ve temperature coefficient of the 

thermistor., has greet sensitivity to temperature and good 
stability against all other environmental changes, but It 
is inherently non'linear. The non4inear characteristic. 
of the th e stor is a definite drawback which tends to 
limit the use of the sensor for a Variety of the applica-
tions for which otherwise Its characteristics are admiraft  
ble suitable. in particular this is so for temperature 
measurement ard compensation. since in these appliatins 
the thermistor is almost Invariably operated in the zero 
internal dissipation mode. The problem of lineazising 
under these conditions will be discussed in detail. In 
the following pages emphasis will be laid on determining 
analytically the extent to which Itnearisetton is possible 
within a specified range of temperature, with the various 
methods outlined In the next section. The author deals 
with the various techniques of Itneazising the two types 
of characteristics, viz., (I) resistance temperature 

characteristic and (U) temperature-output voltage due 
to the change In the therstor resistance owing to the 
change in temperature. 
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3.2 SHAPING OF THE RESt STANCE-lo-TEMPERATURE CJMCTEi$UC, 

-to general the resi8tancesi mperature character-
istics of commercial thor4stors. do not have the form 
required for A specific application • thder certain 
condLttons. It is , however,, possible to. modify the 
character tic so that It approximates a desired for... 
This is done using a series and thUnt'connected resistors 
U a simple design. Procedure is. to be used the req: rementa 
are that the thermistor temperature is equal to the 
ambient temperature ;, and the Passive resistors are 
also at to . It is also LmpX3.cit that the theridstor 
obeys O15 Law which is valid for N.1.4. therrntetcrs 
at low power levels, 

Shaping networks, with two fixed XOS$t4XS are shown In 
Fig. 3.1. Pot (a) the terminal resistance aT is 
gtvenby 	

al g +( 	+a )a 
(3.1) 

2 1  

and for (b) 
"2    - - 	 3.2 

The variation of RT  with temperature Will always 
be less than the corresponding variation of. R itself. 
furthermore an Increase in R will always cause an tflcresse 
in R . Those facts may be expressed mathematically as 



R 

2 

R 

(a) 
	

(b) 

IG.3-I SHAPING NETWORKS WITH TWO FIXED RESISTORS. 

R2 

R 

(a) 	 (b) 
G.3.2 MORE REFINED SHAPING NETWORKS WITH THREE FIXED 

RESISTORS. 

Eo 
EL 

I 

(a)  ___~ R2. 	(b) 
R, 

'IG. 3.4 (a) POTENTIAL DIVIDER ARRANGEMENT 

(b) TRANSFER FUNCTION OF A POTENTIAL DIVIDER IS 

A NON LINEAR FUNCTION OF R2 . 
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follows '. 

a+ bR 
RT 
	--s-- 

 - 

with positive coeffc1en ts, e.,b, and C 	Geometx&cally, 
this corespoflds to a rectangular Iypeiboia More 
complicated networks involving more than two passive 
resistors can, be used Examples are shown in Fig. 3.2. 
These define a terminal resistance having the general 
Ovn: of equation 3 .i, but permit a better approximation 

to any desired .cuxve 

3.3 METHODO1!  LQUAUSING 

Godin 9  in 196 described a bridge for direct 
measurement of ternpeature dtfferenes. This instrent 
only measures 'temperature dtffer.ónces ecc'urately if 
two identical therni stars are used, Two similar thermistors 
can be transformed Into the eqtdvalent of to nearly 
identical thermIstors, by using series and parallel 
resistances. 

At a given temperature T1., I two similar the rmis-
tots can always be made identical ., In practice this. 
Identity can be made to  hol.4 Oyer a considerable range. 
Considering two thermistors C and fl whose resistances 



FtC  and fL are  given by the. formUlao  

RC 	exp 	and 	A. ec(Ba.T)  (3.4) 

The symbols should be chosen so that at T1 •, 

dRD 	dRc: 

	

> 	. - 	 .( 3.5) 
dT 	 dT 

11 RD is placed in parallel with iced resistance .X, 
the ombned z*esj  tane RE  will be given by 

RE • 	 (s.6) 

Diffeniating with respect to T gives 

d RE 	_ a______  
-.. 	.. 	........ 

dT 	T2(X 

____ 
and 

	

	 C.  ...a  
dl 

At temperature T make dRs/ ft 	dRC ,l.,  
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Therefore 

BCRCRD R  (cBDRcRD )1 	
(3.9) 



To make the thenLetor id-entical at 
a resitaflCe S must be placed in series with either 

flC or Re • Depending on the cIrcumstances 

(Re 	RE) both at 

3.4 THSPXsTO LX.NARIZAU ON41  

364 • I PZ1 cA&e 

The 	characteristic of an N.T.C. thermistor 
obeys an exponential law. From this it follows that 
the cond the against temperature character istc of 
a theri1stor is also non-linear. It has been found that 
a linear resistance against temperature characteristic 
can be achieved over a limited temperature range if the 
ther:'stor is shunted with a.  suitable fixed resistance 
(Fig, 3.3a) Similarly, It has been found that a linear 
conductance against temperature characteristic can 
be achieved over a imited temperature range if a $4 
table fixed resiator is connected In series with the 
thezntstor (Pig.. 3.3b) 

A thermistor plus shunt..rest stance 'network 
has a point of inflection were the rate ofchange of 
resistance with temperature Is at a m'axtmu • it is about 
this point of infection that a move linear change in 
resistance Is obtained. 



rp 	F~G.3• r;I 	T Ei1S T OR PLUS  
NETVA);='t SUCH AS THIS CAN a' 
10 0 iAxis A _!N, 	S1S ! ;.. 
VERSUS—TEMPERATURE C1-tL!R !ACTEF - 

,-,, 	 ISTIC. 

r;IG.3•3(b) A LIi1EAR CONDUCTANCE VERSUS  
_  R 	 TEI'i~PERATURE CHARACTIRIS T IG CA 

T GT 	S CS 	 DE OBTAINED WITH A RESISTOR 
CONNECTED IN SERIES WITH THE 
THERMISTOR.  

=SO -40 - 20 C) 20 40 60 80 100 
TE:+ 1PERATURE °C 

'IG.3•3(c) THE PARALLEL NETWORK SHOWN IN FIG.3•3(-a) 
HAS A RESISTANCE—VERSUS— TEMPERATURE 
CHARACTERISTICS AS SHOWN HERE. IN THIS 
Z)AIiMPLE p a I,34Si1 , G = 3,0000X AND 
RESISTANCE OF 27COO _ AT 20° C. 



3.4.2 ThSon  

Considering the network of Fig. 3.3(a) The 
total resistance of the network is 

(3.0 
a? 

The condition that Point of inflection lies at 
temperature TIdR 

dT 

Therefore by the applying the condition in Euation 3.11, 
we get,. 

9 
/4 

 WVT  

and 

B 

B+ 2 

R (B*2;)2  

48T 

(3.12) 

(3.13) 

where 

* parallel resistance 

a resistance of the thernistor at temperature Ti . 

inflection  temperature in OIKO 
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A thermistor and a series resistor network has 
an inflection point whore the maximum rate of change 
of conductance with temperature occurs. It is about 
this point of inflection that a more linear change in 
conductance is obtained. Pormulae relating to this 
point of inflection have been derived from which comp" 
nent values c5fl be determined. 

where G. = #ertes conductance 
Thertator conductance at temperature 

T 	to Inflection temperature 0K 

.4 .3 Design Considerations 

From the basic thermistor equation, the 
temperature coefficient of the thermistor has been 
shown to be 	(B/T2) 	therefore, at temperature Ti-  

2. the temperature coefficient is 	(B/Ti ) . if now 
we look at equation 3.12 it can be ssen that unless 
Ti is high or 0 is very low,the temperature coeff i-
cent of the parallel network at Ij , relative to the 
thermistor, can be considered as being approximately 



equal to-( B/4 (Ti) ) , therefore the resistance 

change required 411 be approximately 1/4 of the resice.  
tenet change oil - the thexn4stor. If dR/dT of the 
network is known,, then an approximate value of theri ,  

stor resistance at the inflection temperature or mid 
range temperature, can be determined, for an estimated 
value of (B/T) , from which the nearest standard 

thezintetor can be obtained to give the calculated thor- 
mistor resistance value at T 	It this way a the 
mtstor restatance can be determined fairly quickly, 
for say, a compensation problem, where a linear reLstance 
change is necessary. The shunt resistance *an be deter-
mined from equation 3.11. 

3.414 Linearity 

The linearity obtained worsens as the temper-
ature deviation from Ij Is incI'eased thus the degree 
Of lInearity ever a given temperature range w11 depend 

on the extent of the range.,' r or at 200 range, 
linearity suitable for most practical purposes can be 
achieved. Better linearity over a wider tnperaturo 
range Is possible by considering, Instead of the slope 
dR 	 from Equation 3.12 as drawn in Fig. 3.3(C) a slope 
swung about the inflection axis., which will cross the 
network resistance against temperature characteristic 
at three points, including the inflection point. In, 
this way deviation about the slope is somewhat reduced. 



handing the xeststance ft of equtton 3.4 
into an Lnftnite series about the inflection tempest 
ure Tj as follows 

R(T) Rj + 	+ 	 nt 

. ..(346a) 
:sc'tjtuttflg the value of rp  end, subtituijng 

the value of highez deAvative in Equation 46a, 

302 	42 R(T) 
	R(Tj)+ hR'(T) 

2Tj 	 1Tj 
(3.16b) 

Whore .hT-.Tj 8ndR.(  1.0 the to-ms Lnh3  # h4  
etc: indtc ate departure from nee$ty and nay be xegar.d4i 
od as error terns  63 , 64  etc. €4  is negligible 

rnpared € for small values of h , 4n-e, 

±4 	
42 h a 	2.b 

%Kii / 2T 

Th1L t shows that,  for tij values of h <) and Tj >20 K, 

10 • eiLnce 	2 . Therefore oAly 

need be considered for calculating the error in linearity. 
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3.5 	ESAThN ESA 	 Of TEMP: Rg. ` PUT 	AciEmsflc 

3.5i  rt Rearing Badges  

35 
Early b + es.. h e..beef. es b. by Deotei ,. 

..,aid GeenLU.e 
No specific attempt was made, ;to btain a 1inea thernxø 
mete  • However in recent - years attern 	havø been made 
by some invest5gatoJ61  to Produce. a linear tee 
motor n which the thezni srthe 	orated In the  

internal dissipation mode # . 

:4 	 moo 

s do -of. i.nheren$ly non.1ine dept.*• 
dace of (u*rent and voltage of or, 	- . thetmtto  
In e4 e s U to .sta c e . . and  .m . E 	can 
be analdered an&ytcZiy. Asuznthg that the thermi star 
is s  st lire R IW s  given. by Squab on 2.1. 1 .0.. R Rc 

$ 	/ 	. The cUentgiven by 

Expanding the current into an Infinite series about the 
working e pest a To  . , as follo 

(T) Cr.) (To) + + 
nt 



where h.  (tmT 	and 11 ,1* 	are the flrst#  
second and nth de Native of Z 4th respect to T. 

The approach. to. 1tnesztsatt on wa-a based on making the 
second derivative on the. ,right and side ol. Eutton 349 
zero. The condttion •obtained by differentiating Equation 
3.18 twice with respect to 1 is 

.B +210 

whcr.e no : RC  exp .(B/T. Cn substituting this value 

for r into hlgh:er derivatives in Equation 3.19 this 

becomes 
h42B 

X(T) 	+ hZ'(T0). 	t'(T0) + 	---Z'(T) (321) 
32T0 	 4 To  

The terms in h, h4  etc Jndioete  departure from linearity 
and may be 	 arded 	 X0 terms, e ,. €4  eto. 

is negligibAa Compared with 103 for 	 values of h 

since 
 

If (T )/ 	Z' () 	 (3 e2 
4t 	0 

	

fl shows 	r 	that at all ve•ues of 

93 ,ifh2.9. Hence only 
Q need be considered, On this basis Beakley shoed 



that if it is refired to construct e thermometer to 
measure temperature from 290 K to 310 K 4th a thermtetor 
for which 8 ft 3000 K, the departure. from Unearity 
has a mamuni value of 0.03°C . It an error of 0.10C 
Is permisible then a range from 205 •K to 315 K may 
be covered. 

______ 

Another technie  oi 	towas sugestedt  
by øarxud tonsidazing the p'tenttometer divider cird 
cuLt of Pig. 3.40  where R2  might be theuLstor. The 
output voltage is a nonlinear function of 

(3.23) 

it the values of R2  necessary to give uniform 

(linear) increments of output voltage change are plotted 
against a temperature scale, then the characteristic 
of a typical tezmLstor can be added in Pig.: 3.5 to 
show what 'J1.Ln 4ation must accomplis. It would 
appear to be easy just to raise the high tempera 
and of tho theflistQr cur,e with a se4es resistor 
and reduce its overall. slope with a shunt to match the 
required characteristic. 
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Fa-
U) 
N 
W 
(r JCING LINEAR 

3PONSE 

TEMPERATURE °C 

]G.3•5 THE CURVE OF WHICH GIVES LINEAR POTENTIAL DIV .DER 
OUTPUT AS A PRETENDED FUNCTION OF TEMPERATURE 
LOOKS SIMILAR TO THE CURVE OF A TYPICAL THERMISTOR. 

0 

-o 

S.3.6 DUAL ELEMENT NETWORK FIG.3.7 TRIPLE ELEMENT 

NETWORK. 



This approach tuirs out to afford an exact 
match at a maxim 	of three points,, while the discre* 
penei es between the cues are usubly large with any 
economically reasonable fletwoI of passive rest store. 
The reason is not hard to find. The curve of R2  La a 
:rational function  while the characteristic of a 
negative temperature coefficient thermi stor is an 
exponential function. the two curves just are not 
of the same shape 

3, *6.1 .j Two.Th erniator Network 
---n------.r 	 .. 

The second temperature sensitive element added 

Infig* 3A p:jdes e. much closer match to the required 
R' c'uze then a network.-  of constant resistor 
Values can be assigned to the circuit elements by solvLng 
the set of equations. 

tt1 (aT2 + 
1* E sin 	 (3.24) 

aT1  (t +W • R1  ( ATI4  RV TO  

where n 04 i,2.,3,. 

RT= RT exjB 4 	+ C< 	
)2 

 j  To 	T 

Absolute temperature, T a TO+  AA T 

B and 0 are constants for a given thermi stot, but not 
necessarily the same for both the thernstr 	A more 



illuminating solution technique is a kind of mechanised 
trial and error. A computer programme can be written 

to Cgloulate R and R1  , given charaderi sties of the 

two thexmistors. 

3.6 .2TheThexi stor Ne

St U closer Unearisation is possible with a 
third senitive element, as shown in Fig. 3.7 • The 
rester the be of independently variable elements 

in the netork, the mare dosoly it will sp.proxLmate 
the desired euva. Therefopeo  as sensitive elements are 

added to the ci.rculto  linearity. may be Lmpróved and/or 
tem era ture span widened.; 

3..7 	 Of ! OUi't OF !'EDGE!TW0RK 

The resistcnce.tempe ature cheracterist C of 
a thermi stor can be Itneari sed by connecting a non* 
temperature eenntiv., resistance 	paralel. Farhi 
and Groves 	recommended the shunt to have a xesist. 
once eua1 tp that-of, the trmistor at the midpoint 
of the temø rature range oVe: which linearization is 
required. Nordon and 88*nbrLdge 8  suggested. a dL€ferent 
value of shunt resistor using Beakjey approach which 
could give more accurate linear characteristic of tip.
mistor. They. bed two such itnear&sed identical that 
mistors in the two arms of Wheatetone bridge. The bridge 
is balanced with both therm store at the come temperature 
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and it Will remain balanced at any other: temperature 
within the range of Unearisation provided the tempera. 
ture of both thexistLors remain equal. The arrangement 
Is .shn to Fig. 3. S. Temperature can be measured in 
terms of the resistance $ Witch will be a Unear f 
t'Lcn of temperature. 

Xntead of colibrtting the resistance in t  
of temperture Soott34  11uea4 sad and calibrated the 
output of the bridge in terms of terms of temperaturei 

le approach used Is outU..ned bapw (I) 
ti) 	A8te: the resistance temperature cbracter: 

Utic of the sensing device is of ,  the fo, 

ft 	R0:( 	#: 
At 80 

where R is the resistance of the device at temperature 
0 end A and 8 ore constants+Xt will be shown that the 
resistance changes of this fozn produce a truely linear  
output frm a properly designed bridge. Fit the 
equation to three experimental points from the charac 
teislic of the sensing •dotce.. 

(10 Estimate the errors directly as the difference 
between the assumed equation and the experimental curve 
of the sensing device. 
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Equate the nonolinear output terms to zero and 

from this equation obtain the desired values of the cir 

cult psrarrteters. 

It Is possible to linearise outputs by the use 

of simple shunt or Series arrangements but this is not 
normally done in practice. Bather the el.enenta of the 
bridge network sie used to provide the shunt or series 
reistnce. 

The general case based on the circuit of Pig39 
is àon4dered. Assuming that the Lnte2nal resistance 
of battery is zero.,, turrent Z tbrough arm G is 

(3.') 

Now all-owing R. to change to B. ft + ,a( 	where 4K Is diav,  

meeLonless. 1urthezmo.re It is required that ° is 
of the form f (4 0 0) whexea tea variable cau* 
mg Changes in B, and A. and B are cons tan t.s Ncw A 

wiU appear in both nutherata and denomena tar • Both 
numerator and deriomenaor, are multiplied by A 4 B Q 
to leave the numerator as a linear functon. of 	In 
the deomefltor flon 	terms t11 be multiplied by 
A 8 0 whilst Co terms will be replaced by  
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now the Q terms of the den monator are equated to 
zero the following expression results 

[p ((ft. Y)B 4 R I (Z+ X) + YZ{(R+B +Rj+x(+ ( )] 

+GP{(B(fl+Y+Z+ +i) + 	4R\ cif 	0 (3.2) 

wJd.h Is the condition for I to be linear function oil  0 
This has been done by equating the ron4l.nearLiy piodUc 
ing tens to Zero. 

NowputtingG 9R.F 	PR and 

X 	fl AN solving equation 3.28 for B. 

wbeflee, 
235 + Z 	4 (i+) 9 +  ( 2+j) 

4 	 + 2( 1 	+ r p(22) 4 

(:3.29) 

For p 	0 (i.e. battery arm resistance zero) this 
degenerates to 

(3cJ) 

Eo' q  ft L 0 (3,.e.  infinite impedance output Indicator) 



2 
2 4 2)+(1+ 

For 	:Q efld  

Soz1as sit constant i:orrectLoflS 	Constdeing arm 
s. a: *1 , c Pstn9 an e m 	 . , shunted by 
es stance P, . t e1owing .ny resIstance change to 

OCC1Zi 	 '+ 	n 	 to 

RU +  

from which, 

Cc 
	

(3.33 

Now g1owtn CC0  to be ,,of the 	: (o+ ) " n c e 

a 
Or Copared with C 	 Used earlier. 

A 	 B 

• or 	 3 4. 5) 
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For a tmIlar series arrangement, with the element Q 
and the series resistance S It can be found that 

or D = 	S 	 (3.36 

3.8 LINEAPIX&INGL..  

3.8 .X introduction 

Zn some cases Inadequate .response i4sy be 

obtained at 119w budge voltages. It Is always tempting 
to Lncreae the ,supply voltage to the thezfli$tor in on  

flp:t to improve its sensitivIty, however, the 
eqtatLons. developed In the proceeding sct&ons bocarn 

flVjid as the self heating Inareases and a different 
approach to linearization must be taken 

It can be shown that in the self heated mode, 

a point of *;nflectionin the thermistor current l'er$Us 
temperature ouve still exists and the possibility 
a4ses of linearising the thermistor about this point. 

3.8 .2 Principle of nearisatton 

Considering a simple circuit having a theiintstor 
and a resi storconnected across a supply Va. The 
resistance of the thermistor is A 	t absolute 
temperature T where A and 9 are constants, and P be 



the Axed series resistor. V is the voltage drop across 
ther. star and Z is the current flowing through the 
circuit,. prom the knowledge of thermal dissipation 

constant of the thoz%A- storO   it .  is possible to derive 

V4 curves for the device at any given ambient ternpe* 
rture, T. A temperature span Ls. chosen over which 

appro4mate. Uneaxity sd 	ød and the mid and 

sxt*eme temperature of tht s, span 	T1 ., T respctively, 

where TT 	 are used to calculate throe Vol 

CUrVese tIi.e load line of-tho circuit is then placed over 

the Cure either 9;i4.; .ily or .4a the computer and 

moved around. tit eta lengths are itép:pcd cut along 

itself. tng..ing from T2 to•10 and from, To to 	The 

resulting values of P and. V .tmpiy.'.that the departure 

from linearity is zero St.10, 	and T and, hopefuuy 
12 

the error between these exerts is :rnjj. 

3.9 	$W$ 

(a) tinearising the air characteristics 

(i) 

 

Farhi and Grove-a suggested the shunt to have 
a resistance equal to that of the thermistor at the rid 

point of the temperature range Over which linearistiofl 
is required. to all probability this thumb rule was 

arz-ived at after experimental verification.. 
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(ii) 	However theoretically it can be shown that a 
1B"2T 1 

shunt resistance equal toR1, I 	I (which is a 
iLB+2Tj 

condition for Point of inflection to occur at the mid 
of the tmpex'ature tango over which linearity is desired) 
Will effect ltnearis*tion of the R4 hacteristt 
over a range on either side of the point of inflection. 
(b) LLnort stng T*-i output Voltage characteristic 

£.n.azt.cation of the outpit voltae versus 
tempertuie chactertetic can be effected by poteni' 
tiamet Ad erangoment. The move the number of parallel 
brnc1s the more 411 be the linearity achieved. 

(ii) 	Linearity can also be achieved by incorporatin 
the theme stor in. one arm of the bridge 
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SELECUON FACTORS AND T$TENG OF ThERMISORS 

4 
4.1 saC11:oN FACLORS 

4.1.1 INTFDDUCITON 

It has already been discussed thatthe thermis-

toz's are theznal1y sensitive resistors that exhibit 
a resistance change of about 4 percent per degree 
entigrade (UTC thermsirrs). They have a stable, 

ceramic-like gtxucure consisting mostly of metallic 
oxides, and are.  commercially available in a vaiiety 
of shapes such as disks, washers, rods and beads. 
Different types of theimistors have its own merits 
and demerits.. Size, response time, maximum rated 
temperature and precision of manufacture are some of 
the factors Involved in selecting the proper type 
of theimistor. 

4.1.2. Type$e1ectionactors 

The response time of a thezinistor is closely,  
related 'to its size and also to the mounting arrange-

ments and operating conditions,. The smallest bead 

type unit has a diameter of 0,,.007 inch without glass 

coating. The same bead with glass coating i s only 0.015 

inch in diameter. This unit has a fast thezina3. time 
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constant of about 1 Sec. when supported by its own loads 

in still air,. The time constant is less in moving air, 

or In oil, or when the unit is embedded in another 
object whose temperature is to be sensed. Some of the 

large washer type .the 1stors (for example, 3/4 inch 

in diameter): have the al time, constant of 2 or 3 

,n tes,, This figure can be reduced by bolting the 

washer -thee.s r- to a thermal sink s.. 

Maximum rated temperature depends on whether 
a u . t is glass coated and whether it has attached 

lead.' -* Oi sl s and zd.s with leads are usually rated 
at 1200 	►n tenuous a bi era t . ;opera since ... The same  
unit it ut leads are rati at 1 ° .,. Glass coated 
beads will withstand OeC  continuously. The types with  

soldered leads are limited by the melting point of the 

solder,,. Tpes without  soldered leads will not be des- 

troyed by exposure to high temperatures for short per 

Lode, but may show a slight permanent resistance shift. 

The basic thezmstor Is stater . n. air at a 

temperature between 1Z)0 and 1400 C. durtncg manufacture. 

risks, washers, and reds are mo , zed at s . temperature 
of 6500C and beads a e. glass coated at 850°C so that 

.. the maximum ratings are conserves tive . 



Tho precision with which the various types 

of thermI sto rs can be manufactured is another factor 

in the choice of proper type. Discs washers and rods 

are uèually furnished with a 10 	-res . tance, toles- 

nee at a specified tempera tore, r hi l a beads are fu rni 

shed with a i5 or 2 percent resistance tolerance at 
a specified tempeara fora;. Discs and washers can be 

furnish 	a greater precision but with a siight 

increase in the cost, since they can be xound in 

manufacture, reducing their diameter#, and thus 

adjusting their res .stance . Thermi ' rs discs  have 
been furnished in quantity with a resistance a cu acy 
of ,.25 percent.  Bead types are difficult  to produce 
to higher precision because of their r small size, and 

consequently are usually only furnished at higher 
precision by simple selection and at consequent increase 

in price. 

The tolerance discussed above are the var a" 

t.tons encounterd from unit to unit. A given unit will  

repeat tts performance indefinitely over a 100°C 

range without detectable hysteresis or variation. The 

tolerances may seem high compared to the tolerances 
normally associated  .r. th wire resistance thermometers, 
however,  :he ton • imes higher temperature coefficient 

of the thermistor permits ten times the resistance 
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variation fo.r the same temperature accuracy. 

In terms. of temperature accuracy, discs, 
rods, and washers are usually furnished with a given 
resistance within about 2°C t f a specified temperature. 
Discs have been furnished with a precision of 0.05 C. 

Another type 6 f precision hasto do with the 
difference  from unit to unit in following the nominal 

.resistance - temperature curve specifiedby manufacturer. 
This departure from the curve (or l erance on temperature 
coefficient is about plus or minus 0 .5°C ever a iQO0  C 

range for discs and rods, and about plus or minus 

2.50C over a 100°C range for beast, Again this tale - 
rare refers to variations from unit to u , t, a' given 
unit reproduces without  detec ble change. 

4.1.3.  Power Rating 

The factor o st comrnc.nly overlooked in the 

applications of thermistors is the power level at 

which the unit is operated.. Normally the thermistors 

must be operated at much lower power levels than other 

resistors would be when an ordinary resistor is rated 

at one watt, this rating implies that one watt will 

not damage the resistor even though it may heat it as 
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much as i)O°C above ambient temperature.  A thexmistor 
of the same size may also not be damaged by one watt, 
but the fact that it has been heated to i)O°C above 
ambient temperature Is not conductive to accurate mea-
surement of th a bi en t tempera °ire 

As a esul t, the maximum power ra ting o f a 
thermistor is usually  not as important as a knowledge  
of its actual temperature rise when dissipating  a given 
amount of power;. There is a proportionality been 
the dissipating power and the temperature rise, that  

is usually expressed as a dissipation constant of SO 

many mtlliwatts of electrical power per result n t degree 
centigrade grace se in tempera ture. The exact sped-fi ca tion 

of the dissipation constant is difficult since it depends 

ori the envirriment and method of mounting the therms r . 
The value given is usually that which  applies when the 
thexmstor i s suspended by its ovin leads in still air.. 
The same thermIstor' in oil, or, in moving air, or 
clamped to some other object may have a dissipation 
constant ten or more times the value given for still air. 

In actual design there is no objection to 
allowing the thermis' r to run slightly hotter than its 
surroundings, since this meted achieves maximum output 
or sense tivi ty,. I wever, temperature rise should be 
restricted to at most a few times . The accuracy of 
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temperature to which the measurement is to be made. 

`Othew.se, undesirable effects such as long warm-up - 
time or variation in readings can result. 

4.2 METhOD OF MOUNTING THE THEMaSIOR 5  

iWo 6 cm lengths of 40 $WG enamelled 
copper wire should be taken and the ends be cleaned 
and tinned with 40/60 alloy mu: ticore solder for 
about  /2 mm. All traces of flux should be removed  

aid the wire be inserted in a no.! hypoderUc needle 
with the soldered tips projecttng 1 cm from the 
needle tip. 

The thermistor s uld be attached 	a wire 

frame with shellac to Pa li ta to soldering the assembly 

is perfoined on a flat glass plate with components 

hold In position  with small pipets of plcttdine. ` e 

pIa t n. um4r dium / copper joints were made with.  
a min mum of solder. The surplus thermistor leads are 

then trimmed to the .Job n t and the plasticine removed. 

Great care is necessary in performing this operation. 

The copper leads are then drawn into the hypodermic 

needle until the thermistor bead lay centrally on 
the needle tip. 



A small quantity of ohmaline airdrytng  

vanish should be applied to the tips and be al1owi to 

dry for two days. The terminal ends of the copper lead 

wires are sealed to the hyperdermic head by dropping 
small quantity of varnish Into the head between the 

leads while the hypdexmlc is suspended In the vertical 

position, tip downwards. The p be should be left In 

this position for forty eight hours to allow the varnish 

to harden, and then should be tested for continuity and 
Insulation resistance. 

A more mechantally robust seal might result 

if a these ting resin, such as a aldtte, are used. 

4,..  ' EMPEE TUR STAlLiSTABILITY 

It s of paramount importano in a measuring 

tnstment that the scale reading does not change si i- 

f cantly after calibration. Thermistors used for there. 

mome ery in particular should therefore be aged. The 

follo i ns Is a summary of the conclusions which may 
be drawn concerning long and short term accuracy. 

4.3.1.  N .T .0 . Thea t s' rs 

(a) 	Measurement of all temperature differences 

over short periods of time can be very accurate,. In a 
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calorimeter 0.0002 K has been cl8imed6  in a temperature 
difference of 0.01°C . A short term stabiity of 5 
parts In 106,  corresponding to an accuracy of tempera -
tune of 0.0001 K has also been .reported,. 

(b) 	For large temperature differences, over a short 
period of time Beck has quoted an accuracy of the order 

Of 0010C in. a .temperature .iL.ffe ence of, 6-1 0C. .. 

c# 	tong term stability depends upon previous 
tory of the rezm star and whether it has been 'aged' 
It may bo affected. by thermal shock, or large temperature 
changes. 

(d) 	A sho rt term stabtlity oft 0.2K'  hasp also 
been achieved for,  ther ,istors with especially -1,o%r 
resistivity, made to operate at liquid-nitxogen boiling 

point ('x»253' ) . }bwever, if long term stability better 
than + 100C Ls required perLod c  ecali tion .. s° nece 
$Gary. 

4 .4  TESTING QF ' EBMX 	s 
4.4.1  Introduction 

In the oar1Lor ,pages, the seleàtion:factors of 
the thexmtstoz, which  a d ed,9ner of Electzflic Systems 
(in which the then i sea r is an inherent part) has often 
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to take into account, are di s•cu s . A brief summary 

of the methods used for testing the thermistors in 

so far as their performance characteristics are 

concerned.  

7 
4.4.2 Determination of B and 

The representation of R in Equation 2.14 readily 

leads to a determination of B and .K from measured 

experimental values of R. Two approaches  will be outlined. 

in the first R is measured for three values of applied  

power, which  are also-  measured. Denoting these by the 

suffices 1,2,3 we obtain, 

toga 	'tog 	== 	 (4.1) 
P1/ 	' a (P iK + à) 

log 	log H 	
(4•2l 

Dividing and solving for we find 

P  (P2'.P3)  o g R +P2(P3..P1) log  R2+P3(P1'P)  to ,% 
Ta, 	(P2. 3)log i4( *Pi)1og0R (P o-' 0 R3  

K being known, B can be calculated from Ecivation 244. 

The second approach is graphical, From equations 
2,•9 and 2.10 we can write, 



9eRa loge R + B 

log0R 	iogeRc+ B / ( j + T) 

so that 

(U) 

ge  To 	
Ti( 

I i4— 
8 

(4.4) 

*1 Hence a plot 0-F1109,0  (WR)1 against P I has a slope 

of TaI and the intercept on the ordinate axis it TO/B.  

II 



CHAPTER 5 



APPLICATIONS BASED ON VARZAUON OF DISSIPATION CONSTANT 

5.1 INTRODUCTION  

The dissipation constant or thermal conductance, 

K, is not a property of the thermistor alone, although 

it is affected by its geometry,. It is markedly influeflced 

by the ambient atmosphere. As is well known, heat 
can be lost fzm a body by conduction, convection and 
radiation,* As fax as thermistors are concerned the 
'atmosphere' for applications involving variation of 
dissipation constant, is either liquid or gaseous. These 
applications are diverse and cover many areas Of scienu 

tific tnterest and engineering practice. They may be 

summarised as tn the follov ng ubdiV1stOflS, anemometers, 

flow.meters and fluid-velocity meters, manometers (vacuum 
gauges), thermal conductivity analysts and gasm  

chromatogrphy. 

52 E1FCT OF /Ii8IENT ON K 

At the atomic or molecular level, heat exchange 

body and surrounding gaseous or 1tcUtd 

ambient atmosphere is the restiltof collisions of the 
free particles of the surrounding medium with the solid. 

The rate at which heat is p lost, from such a body at a 

higher temperature than Its surrounding medium clearly 



depends on whether this is stationary or moving,. In 

the latter case the collision sion to is h .gher and the 

rate of heat loss is correspondIngly increased,. For 

gaseous atmospheres the thermal conductivity of gas 
increases linearly with pressure (fzam nearly vacuum 
conditions) upto an a r equivai t pressu a of about 
20 9 J4 , In the socalled molecular.iflow range, but 
becomes independent of pressure at pressures somewhat 
in excess of this when the probability  o f molecular 
collisions tflcrcaes significantly. 

;.3  AP LIC8TtO Y&AS1D ON THE RATE OP. FLOW  8,9 

These Include anemometers and flow and fluid_ 

velocity neters. Rasmussen' s approximate analysis will 

be fl1owed. here to  t indicate the interacton between 

K and the medium.. Vii. s Interest was in producing an 
improved bather thermograph and an accurate ace graphic 
velocity meter, so both ambient temperature  'Ta  and 
fluid velocity are considered as variables. The heat. 
transfer equation 2. Ls- 

cdt 
The approximations made are 

a the initial 	 d temperature I 10 , the corraspond- 
Ing thermistor resistance is 	and,. 



R= %E1 + 44  ( T 	 (5.t) 

cc being the temperature coefficient of resistance 

atT0 , (Valid ifT.T(T0 ) 

(b) there is a constant heating current :1. 

On substitution In Equation 2.26 for? 12R, 

with R defined as in Equation 5 1, the following 

equation is obtained, 

dt 	or 

where, 	 PO  

Ti  
P(l '%T} 

rn  
C 

JL K = 

(5.2) 

with 1<. a function of velocity, v. and TI, 1 and Ta 

functions of time. 

The usefulness of euaiton .2 may be den ns 
trated by d etlerminkpg the behaviour in a simle case 
in which the ambient temperature gradient  

is constant It i's assumed that a steady state exists 
at t = 0 , so that PO 	1< (T0. 	) is the initial 

condition. The solution of Equation 5.2 is,. 



T' = •r 	------ I 
..t/ Ii 

gv( a 
'TI 

+ — gvt 
OT 

(5.3) 

it is important 'o note that the reduction in effective 

time constant represented by1'fl is the result of the 

dissipation of power in the thez,nistor, and is speci 

fiedhy 

(5.4) 

The reduced time constant, which means a more ratd 
response, is accompanied by a reduced sensitivity to 

fluid temperature variations and an increased sensiti 

vity to speed variations. 

A knowledge of the dependence of K on the 

relative speed, v, of the fluid Is necessary for a 

more general solution of Equation 5.2. 

Under steadyastato conditions we have from 

Equation 2*1 
T 	

Ta + iv 	
(5.5) 

T can also be expressed as follows, from the basic 

theimistar resistance tempditure Equations (240 
and 2i) 	 2 

• aTa 

. lo 	( 



These two expressions can be equates and adjusted to 

give, 

Ta 	 a 
to g0  

Hence (-v) can be detexmined from easily-ensured 
erisb es. A suitable experimer tal arrangement fó 

ete riing K( v) from this equation is outlined by 

•asussen8 . The thermistor is supported at the tip of 
the horizontal arm from a vertical shaft, which can 

be zotated at known velocities within a lace Dewar  
jar containing the fluid ir Heston.... 

5.4 APPLICATION TO Z. TRiJI44ENT DESIGN 

5.4 .,j I 	nth he." . ra h t 

The theory presented above has been defy 
implemented,« Rasmussen' s particular interest wi' in the 
design of a bathythermograph., illustrated by the 
schematic diagzarn of Fig. 5.1. In this nst ament a 

therm stor, heated by a constant. current, is carried  
down into the depths of the sea by a. + ei ht suspendd 
from a light cable. The integrator gives an output 

voltage proportional to the length of cable and the 

thermtstor voltage drop is amplified to give the 
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the necessary 4leetxtcal signals to operate.  an X-Y 

.recodOr It a diving rate of 5 ft/ a M11AMM 

temperature gzadient Of 	OCfft and .a variational 

tnpeture acuracy of 0 °C are specified then the 

dosign considerations are as fjlows;. Ex.m Equation .53 

at 
dt ) 

On the S$UTflptLOfl that the rat. cf change attains ç9% 
of the maximum in an interval oor:espcnding to A temper' 
attire change o f 0 5 dog C. an, appzoximete value of time 
constant 1' 	a obtained. Of 0014 SL. Sine the time 
constant in air is nearly 2 times,  tht in water a 

thezmtstor having a time constant in air ofappzo$ma 

tely. O355 Is re'Iir.., j 	a .be$d*type thermistor 

is indicated. A standard xange of bead type thermistor 

LS tnd:L cated. A 	range of bead type the zmistoxs 

has a. theinti 	 ne,. .c nstant of ebott 055 S in air, 
i .. about O)2 S in water. This is greater then the 
effective ti -me conotenti!, which is 0.Q.l4 S, hence the 

required red..cti.cn can be determined fom Buation 5.3 

as fofloWs • 

3 	BP 

0 .0 	= 	(T + P/K) 2  

In solving this equation the, max. mum ecpected value of 



T should be considered. Taking K 1.45 mW/K (in water) 
and B o K, with an ambient tprture of 290 K,    

it follows that the heating power requiXed is $ 22.5 mW 
This corresponds to a thennistor temperature of about 
305 X., L 	' 	.5 K above ambient. 

5.4 Lft Low Pressure Measurement 

Al; normal; pressures both the viscosity and 
thermal: COftdUC.t:VtY  of gases are independent of the 
pressu 	At., low pressure (A number of molecules/cm) 
such that mean free paths of molecules axe of the order,  
of or greater 'than, the dimensions of the enclosure, 
the thermal ondu•ctvity L.a proportional to the pressure, 
Cc:sLdering a It surface at tnperature T$  surrounded 
by a monotonic gas at low pressure in an enclosure at 
inbLent tnperature, TI. .blocules stxkLng the hot 

surface with Incident temperature Tj are z,eernt:tted 
or reflected with a mean, energy .correapor.dn:g to a 
temperature Tj <Tr R 15  . on this basis an 
accoino datLon coeffi. cieflt, 	V  can be defined, 

CI * 	 r. 
T 

It is established that in such coil sto 

the mean energy transferred. to or from a surface at T,. 
Per,  molecule, is given by E = 2 kTi Hence if )) represents 



the number of incident riacuies per cm2  . The net 
,energy transfer per second is 

,E0 Y2k(TrsZj) 

4 iW k(t Tj) 

I 	T) 

This foZlows since a molecule of mass rn approochng the 
surface with incident velocity Vj, rebounding with the 
some speed A11 oxpovlonqo. a mc mentun cban, f 	Vj 6nd 

if u rnoiecuI.e, of density fl per  cm3  strike an area 
of 1 cm2  per Second the total impulse exertcd on the 

$Tea PDX unit time le 2: *1) Vj • PreSSUr 	1% is defined 

as the rate at .WJch momentum is Imported per cm2 , 00 
that P 	 fl)Mj 	and &t C*fl also be abovm that 

nKlj.. 

The application of ,  heated thermistors to vacuum 
measurement is obvious.. Various instruments have beet 
deaCa4b 	 or the measurement in the  

mm H, although some do not 
cover the whole range- That due to Bradl.ey 0  does, it 
consists a bead type thermistor sealed into the end of 



FIG. 5.2 CIRCUIT DIAGRAM OF ANEMOMETER. 

5.3 BRADLEYS MCLERD GAUGE 

HEAD. 
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the close capillY as shown in F19, 5.3. After caU 

btatiofl the thermistor may be used directly in, the range 

MM Ng. Pressure in the lower range are measured 

by compressing the gas in the small chamber enclosing 
3.4 

the thermistor until the presSUre i. see to 

mm Hg The pressure in the chamber it,  then determi.fled 

end the original very low pressure can be a1CU15td 

from the comprOssiOn ratio. Bradley' s gauge used a 
Whetstone bridge with a balancing thezmstr in series 

with a :resistance in an adaceflt arm to the seftSIng 

VG'riC$k sod SLftt tit, covered the reflge 

140 	MM Hg directl y by, depQsttiflg mntatute thermis 

tots on thin metal tbils ,  

An 8soci.3ted application which depends on the 

measurement ofchange of low pess1ire with time is in 14 

the detexmifl5t0fl of molecular weight by 9ffustometrY 

This Lrtv*lVeS the release of the gas, wse molecula 
 ti OM411 

wetht is to be determined, by effusion thXOtgh. 

orifice into a chamber which La tnitiaUY 

.4 1 	 as plyst 

Chromatography emerged as a thwical anlyttcL 

techni(lUe, The technique has been oxtend.ed to gases and 

s known 9$ *gas 	 There are two variants 



In the first.,  ' gas itt4 partition chrornatogxaphy', 
or *gas liquid chromatography' •.4 the absozing. 

agent is a Liquid, distributed on a .solid suppi't, in 
the second, gas,  solid chromatography, GSC, the absorbent 
is a solid, but GSC has pzcved to be of less Value then 
PLO i, Gas.41 :4  chz.'.matograpby. can be used to determine. 
the makeuUp of a gaseous mixtre. In the latter case 
an inert gas La used to. transport the unknown sample 
into the column and through it. The emergence from the 
column of a partiul.ar tonstiftent of a gaseous mixture 
is sensed, for .a. fixed rate of carrier gas flow, by its 
iflLnsic thermal cond'vctivtty. Hence if a means of 

g jfl antSn US th1Zi, 00 ndu.ctiity is avaijabl, 
both the quali'tatLve aid 'quantitative indication of the 
constItuents -is possible. 

The sensing head for GLC is a theznslcoflductivity" 
cell. This is shown schematically in Fl%* 5,2. It 
consists 0f'a metallic block, of large beat capacity, 
though with both the Input and output ga..eOU$ streams 
from the column flow. Hles boxed traflsVersely, to the 
Aliectionof ¶.9as'..flW' with appropzite 	contain 
match thermistors which are connected electrically 
In the usual wheatstone bridge 'Lxi$'t.  In. view 'of the 
sensitivity of the thermistor .reststnce to temperature 
and gas flow rate'both of these have to be controlled. 



5 A.4 Other Applications Based on Rate of Flow 

Several, papers have been written on the appli-

cation of thezLstors to snew*metvy. These include ins. 

trumentation for measuring wind speed and force flow 
under laboratory conditions. As discussed earlier in 
detat.L the dissipation constant is a function, of velocity 
of the gas in ambient med.&urn. It is this chaxcte4.sttc 
which is exploited in anemomotry. 

5 . 	 SIMPLE GAS N.,ALYSR AND 

ANMM 

:' 	flizoduco.n 

For demonstrating the applica.tton of thermistors 
In gas. analysis a simple thermistor device has -been 

designed and fabricated which can be tsed both for gas 

analysis and with slight modification for anemometz'y 

purpo ses. 

5..2,. basic Ptinci$ 

The device essentially expio'.ts that pxoperty 
whereby the dissipation constant and therefDo the 
resistance of a thexmistor depends on the theual cone* 
ductivity of the medium and the velocity of the ambient 

in which it is placed. The basic arrangement shown in 
schematic fova in Fig.. 5.2 essentially consists of two 

LI rcJcY L1iIIL/5/t, - içUJ 

CT "Ir 
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chambers in which are housed two matched the tstoz,. 
One of the chambers and hence the thermistor is main- 

ined under reference conditions which are kept 
constant. These conditions are the constituents of the 
ambient medium and its Velocity and temperature* This 
themistor will henceforth be referred to as t.te 
*eference thermi.stoz The other chamber houses the 
sensing theL twhich is suriund etther by the 
gas under analysts oz'by the medium whose velocity is 
10 be measured These two therd- stors form the ad3ec.ant 
a$ qt a %.e stone b$dge the output of whith. is a 
measure of the measurand. Initially the two chambers 
á: kept under reference corttions end the bridge output 
is helen ced so that, the bridge output is zerD. Next the 
gas to be analysed is introduced Into the sensing .  chamber, 

Depending upon the thermal conductivity of this gas the 
dissipation constant nd therefore. the resistance of the 
ón.s4ng thermistor 411 undergo a changecausing an un 

• balanced. output voltage to appear farm oexost the b4dge 
which can be calibrated in terms of either the percentage 

CcflCefltX'atiOfl of a particular gas or gases or the veto 
city of :flpwk depending on whether the device is being 
used as a gas analyser or as an aflmmeter ]respectively-

ta 

5,1 

5.13 Constructional Details and Design,  Considera-4ons  

Thermostat is a rectangular chamber of 1'x8'x6' 
size made of aluminium, It. is insulated by means fibre 



sheet to make the heat loss by conduction and rad&a 

tion as small as possible. The thickness of the ajumLW  

nium sheet used in the ortstzuctton of the chamber is 

deliberately kept iage (1J8u)  so that it has a large 

thermal capacity consequently reducing the temperature 
variations inside the chamber in response to rapid 

changes in the environment temperatUre; The chaøber is 

heated by means of a heater coil placed on one of its 

sides Air is made to circulat by means of revolving 

blades attached to a small motor shaft so that there 
is no temperature gradient, Lb.the chamber and the tempo. 

erature inside it is maintained *early constant. The 
blades are shaped In such a way-details of which are 

clearly visible in the plate i that air is made to cir 
culate radially. Two brass chambers (30  cube) are placed 
on the opposite end of the heater coil;. These containers 

must be exactly similar in size and shape and must have 

the same thermal capacity, which will provide uniform 

and equal heating of the two thermistors inder sLrnilax1 

gas flow condjticna. The chice of the chamber material 

was decided from. tonsWerations of thermal capacity and 
constructional facilities Zn order to render temperature 
£nstde the chamber insensitive to ambient temperature 
variations a high thermal capacity material was required. 
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prom this consideration and the fact that brats landed 
itself easily and economically to brazing it was deci-
ded to use brass 

The shape of the chamber ideally must be such 
that the thermistor is equally spaced from all the sides 
of the crrber. Fzom this consideration the ideal shape 
Is spherical, but on account of fabriation di.ffucultes 
the next best shape., viz.., cubical was select6d 

A few exploded views of the device are shown 
in plate it, 2 arid . 

!• 	ThU: 5:  Selection 

The specification of the thezni. stors suitable 
for,thi ls application should be sU;ch that they have 

very small time constant, (preferably of the order of 
J. sec. or even less) be impeivious to gas and moisture 
and good stability OB should be ceasonably,  constant with 

Erorn these constderatton8 the type of the ther 
mtstor selecte4 was epoxy coated  bead tyr'e. .Ixm consi-
derations of accuracy it, is absolutely essential that 
the two thexMistoxe be as exactly matched as possible 
so that at all temperatures the teperature coefficients 
are nearly the same and the value of B, the material 
constant. Use of matched. thermistor will thus ensure 
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that Under Identical ambient conditions in the tw a 
climbers the value of the thermistor resistance will 
be the same.  
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APPLICATIONS BASED ON RESISTANCE TEMPSWURE CHM.CTERZSTIC$ 

6 .j INT82DUC.TloN 

One of the extensive fields of tipplicat4onapplicator of 

thedstors is in t&pexatuze measurement and sensing, 
and also temperature control and slaws systemS. They 
can be usI as well to oompensete for changes in resis 

tents of the rut omponerts having a temperature 

cóficient ø. iesistanc of Opposite sign, 
then :sto ra, in coflttflct4ofl with passive linearteing 

zosi,stors, are mainly used for ,tbisppurpose to compensate 

for the positive increase of resistance with temperature 
of ffietaLI.0 Conductorsrb The featuros of theiistors 

which send them to these applicattons. are : 

(e) A large temperature cefficient of resistance 

(b) mail sit  
(4) the ability to withstand electrical and mechanical 

stresses 
(d) the ability to operate over a wide range of temperature 

• Ce) the large range of resistance values which can be 
realised . 

for temperature measurement the non.linear 
resistancetemerature characteristic of N T.0 thexinistors 



is a 4advantage, but techniques are available for 
changing this to a linear one which have been discU' 
aced in detail, in Chapter iii. 

62 TEMPERATURE MAJP4EMENT 

Generally a thetmistor is chosen for tempera* 
ture measurement where remote indication and ale= 

are desired, digital indication is requtred, small 

size is essential., ruggedness is necessary or where 
a small temperature difference is involved. A platinum 

eei stance thezmometer would be cIsen where long term 

stability is of the highest importance or where the 

temPorature is too high for a thezinitor ( >350 K). 
Thezinocouples are only Useful for measurement of large 
temperature differences as they have a lower sensitivity, 
or for measurement of temperature in the very high ranges 

for whh tbermtstors are unsuitable. 

.r a simple thexmLstor system It is sufficient 
to monitor the current thugh a series combination of 
a passive resistor and a thoiistor1 fed from 'a constant 
voltage supply. Ibwever, the majority of applications 
involve the use of a Wheatstone bridge to eliminate the 
standing current, with thermiator or,  preferably the 
thermistor and the compensating network occupying one 
arm, the other arms ideally are temperature Insensitive 

resistors.  



Direct zeàd&n g  thexinistor bridges qive an 

ndtcation of temperature either in terms of the balanced 
current in the detector or a Caiberted resistance 
arm, which is adjusted. to give a balance at a fixed 
temperature. 

The other type of bridge, which is useful far 
many applications, such as thernoelectrir chemical 
analyses and dew-point hygrometry, is designed to 
measure temperature differences,,* 

Common to both types  of bridge is the problem 
of decrease of rate of change of (M.T,C) Thermistor 

resistance with increasing temperature This leads 
to a temperature dependent sensitivity. A second 

pzblcm is the spread of constants for thexmstors, 
oven of a given type. 

64 	RMRATIOII OF ThE THEPXSTOR ZN AWHATs1:'N 
BRIDGE 

It v411 be seen that when a thezmstcr is 
incorporated in a Wheatstone bridge in which the other 

components are pasetve, there is an unbalanced voltage 
across the detector when the resistance of the thezmstor 
changes with temperature and so is the change In the 



detector c rent 	The .xcu&t, to be con4deed is 
shown in Eig 6.1 The three equations defining this 

network are 

	

+ ) +R21 	 t' 

0 	 + g  

El m n Ling Z1 fld.i2. gives, . 

RJR) 

	

. ( % 	X85) 

whit In y be r4tten 'a $,, 

(6 .3)  
a+ q 

where 	 , p  ., q are . oflsten s A alternative foam Ls 
+ inq / p2) + Constant 	_ 	 6.4 ) 

R+ q /p  

which may b e . z eca st as,.,  

where s is a constant which  may be termed . a sensitivity,-  
roIuctton factor,' 



FIG. 6.1 WHEATSTONE 
TEMPERATURE 

BRIDGE , CIRCUIT FOR 
MEASUREMENT. 

FIG.6.2 THERMISTOR BRIDGE GIVING NEAR CONSTANT 

SENSTIVITY OVER A LIMITED RANGE OF 

TEMPERATURE. 
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S = (—+—,  P 

Equation 6.5 can be made, linear in T. It i analogous 
to óquatiøn 34oand is linear in, tow the same •condttLons 
that equation 3B La linear in 1, t 

xj Er 	r3) +r2r3] 

rg).(x2+ & + 	r+ x 

(6.1) 

The relationship between galvanometer,  current and tempsi 
raturo can ?se shown to be 

dig  S($+2Tc . 2' 
J1W 

2 D. 
.(. 	j.G• 	) 

3.2 

where 4 h0  represents the limits. of range of thexviometer. 

In the design of direct--reading thexineter r Is  
calculated frn Equation 3.-0  and $ from equation :6.6, 
U a current limiting resistor is uI in series with 
the battery supplVing. the bridge the expression for 
galvanometer current again It, of the form of .equation3 
and a streetesponse is approximated. 



Zt is implicit in the above discussion that 

self-heating of the thermi s*or is insignifi cant. The 
effect of small self-heating is consUezod by Ueekley. 

6.4 :.NST 	:'X L 
Snce the rate of change of (N.T.C.) themistoz 

resistance with temperature decreases with temperature, 

the sensitivity of the simple bridge considered so far 
decreases as the vrkLng temperature iflcreeses. Pitts 

15  and Prtestley have described a bridge in which near 
constant Oensitivity can be achieved over a limited 

range of temperature. Their circuit is shown in Fig,. 6.2. 
The novel  feature is a tapped zeststanc e: ,, part of which 
is in series with thethezrni.stoz' and the remainder In 
sexes with the supply to the bridge,. With this arrange* 

iaer*t it has been shown, to a.  first approxmet1on, that 

Is independent of R and hence of T if 

2R a% 

(Ra+  
•:r 

6.5 SZUAL4CZNGiHERMMETER 

P$estl ey has described a sefbalanctng 
bridge in which the d.c* out of balance signal from 
the bridge is fed to a servo ivarnpltfier, which drives 
servo-motor, which is connected to a balancing ten-turn 
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potentiometer in one aim • This has a sta1 ght*t i ugh 

spindle and one end of this is connected to dgtdial 
P4estley incorporated the the=lstor in shunt with 
a. resistance S of value 

$ =. 	a.2;)  
(B 4 2;) 

which: gives a second di mntisl co efi:CiOflt, of Z:eXO 

in the Taylor expansion of..the resistance : the Combi 
ny1en as a unction of T about T0  * 	is the thermis 
for reststaflce at T0  and B. the :material constant, (cf. 
Beakley's16  cesponding cetera for a resistance in 
series with the thezmistor)  

An •earlier thermometer for measuring small 
temperature changes on a short to basis was descr4bed 
by Greenhill and Whitehesd17 , who achiev1 an accuracy 
of 0 000 20C in 0 410C-. The sensing thezinistor lwas 
incorporated in a d .c,. Wheatstone bridge with a reflect-
ing galvanometer detector. The incident light to this 

was chopped using a slotted rotating disc to produce a .c 
at about 5 I(IJ; The reflected light impinged on a 
photoelectric cell efter passing the edge o f a wide 

slit, was amplified and pduced øn output which was 

fed back to a second thermistor in an adjacent arm, 
thereby beating it. The resistance of this second 
thermistor depends on the amplitude of the 	output 



zom the amplifier, which in turn depends upon the amount 
of Off-balance current in the ga3vanometer. The output 

of the amplifier is recorded ant. after calibration 
of the sensing thermistor can be used as a measure of 
temperature change. 

6 6 tI FFRETIAL THEMCMUTERS 

fax some app]Lcatons the measurement of tempow.  
rature difference, rather than the direct measurement of 
temperature, is required,.. A Wheatstone bridge is again 
to be preEox'r, but now incorporating two thermistors 
in adjacent arms as sensing e emertts. Ideally these 
should ho perfectly matched, not only at the operating 
temperature, but over the range of temperature difference 
to be measured, this condition does not arise astral 
so equLisation is necessary. 

In their bridge Nordon and Baibridge18  first 
line 	each thexmitor *sing. shunt resistors and 
then equalised the combined re'sstence at a. gives tempe 
rature, by connecting a xesL.stancetn series with one 
of the combinations, .. The different temperature sen si ti - 
vLi.s were compensated by passing different constant 
currents thh each arm, of such values that the same 
potential variations per unit of temperature change 
occurred acre as ech. A high impedance detector was  
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used in the bridge to pezi It this,. A linear dependence 
on temperature, with a maximum error of 0 % was obtained 
over a range of 50 ( and with a inaximuft órzor of 0.0% 
over a rartge of 18 K about ambient. 

G3dtfl 	used a .somewhat different approach 
to 

 
eq'J:altation Only one of the. thexinisto2s was shunted 

by a resistance and the value of this was detexinLned 

by e.attnt the first texaturecoefticient of resistance 
of the c,rnbination with that. of the other tee stork. 

*satton of resistance at the o.prating temperature 
was atlAeVed by connecLng a small *:esistance either in 
seies, with the shunt. combination or the other thexinistoro 

dinZ* described the design of ti 	 rm o  differen 
tip! bridges The first used tw..uncomp.ensated thezits-
tors within, the bridge and was bated on analysts for 
ezo teperatUre,coefict.ent odetector galvanometer 

çueni...,and maximum sensitivity to differential, tempera** 
t*xe ciMnges This involved no4iflear scaling and a 
variation of sensitivity with temperature, unless the 

operatl.on was close .tp the 4. esign tfl:peXt*re. In the 
second design equali.eatLon was considered,. 

6 .i TYPES OF DISPLAYS IN  ThERMZ$OR TgMEThY 

Electronic thermometers employing thermistors 
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as. the sensing element can display the mea surand in a 
v*riety of forms a the more important of which are 
analog.dLgtal or graphical. 

In eL ectatnLc analog thezinometors the end de 
vice is either A voltmeter, ammeter 0] .a gavaPometr. 
Some of the outstanding advantags of this fon f 

display are 

Si,mplicity and low cost 
2. Capable of displaying continuously the measure 

of the meauran. 
3. They have withstood the test of time. 

On the other hand the fast expanding digital 
foam of display L8 superior to its analog counterpart 
in following respects : 

1. 	Greater over all eccu.iacy.. 
Ct splay in digital fóm eliminates reading errors 
and saves opera:tc:z"s time in taking measuzements 

310 	 Lends itself- admii.bly. to digital telemetry 
•syterns which are definitely superior to its 
analog counterpart. 

4. 	Capable of communicating with digital computers 
which are inexpasingly being used for both date 
reduction and automatic control. systems* 



22. 
6.8 TOAPERATURE SENSING AND CONTROL 

There are many applications in which tPe tEmpeza 

ture dependence of theistor reistaflce 'is used as a 

sensor for purposes of initiating. control, rather than 

as a moans of measuremnt. in control applications the 

error signal is gefleraU amplified ,  and either operates 
a relay (ON*OF# control), 	 controls the conduction,  

period of a thyratron, sil&con.icontró.11edmurectifier 
or the operation of a transistor. 

While a thermisto]' and its requi ed ssociated 
equipment are more expensive than a standard thermostat, 
the thexmtst r has certain advantages in temperature, 

control appitcations.. The most important advantage is 
the 'ease of adjustment of the control point. 

6 .8,4 Digital Temperature. IndLçatqr23  

in digital temp órature indicator a temperature 

sensitivity the,mistor, is Used to cbntol the current 

through a voltage 4ivder and,  pon.pequently, the 

voltage drop across each half of the voltage dividex 

The circuit uses two lamps to, indicate the temperature 
range of the ambient airs.. The digital temperature indi-
cator can indicate relative temperature (coldwaXT1A hot) 
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-from 50 to 60°C . when the relative temperature is cold, 
only lamp L1  Is illuminated, when the relative temperature 

is wazm, both lamps Lj and L2  are illuminated.. Where the 

relative temperature is hot only lamp L2  is illuminated 

See Eig . 6.3. 

To adjust the digital temperature indicators, 
matntain the therntstor at the desired temperature and 

adjust warm adjust resistor R 	so that. lamp ½ just 
lights.. Now, with the thermistor still maintained at the 
desired temperature, edjut hot adjust resistor R1  so that 
lamp L1  411 Just turn Off'. 

When the digital temperatu ro indicator is 
properly adjusted, the resL stance Ln parallel with neon 
lamp L Will be lower than the resistance in parallel 
with noon lamp L1  if the ambient air temperature is cold. 
This is due to the temperature coefficient of the 
thermistor 1 	The resistance of 	is directly p'opor 
tional Ao the temperature. Since the same current flows 
through RI,, R2, REa:nd 	0  a larger Voltage is dropped 

acro 	than acro .L2  . The higher voltage is just 
sufficient to tllumtnato• ½ . When the ambient temperature 
becomes warm, the resistance of the thermtstcr increase' 
as Just enough so that the resistance In parallel with 
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FIG.6•3 RI -HOT ADJUST, R5- WARM ADJUST 

LI AND L2--LAMPS 

FIG. 6.4 LIQUID LEVEL INDICATOR 

TO SCHMITT TRIGGER 

C 

FIG.6.5 PRACTICAL CIRCUIT OF DIGITAL TEMPERATURE 

INDICE-QTR . 
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each lamp is the same. Therefore the some voltage is 
dxoppcd across each lamp and both of them tv ,l1 he it ,u.« 
mthated . When the temperature becomes hot, the resistance 
across L2 becomes greater than the resistance across 
L11  end: only y lamp t is illuminated... 

6,8 .2  .c a .d*-te !l s dica` or 

Th, Ziciutd.Xevel indicator uses a empera ze 
sensi .ve thrmistor Ro 	immersed in the limed as 
the liquid level. sensor• [ .th thezmts ar R40 immersed 
In the lid, Lndicator lamp L1  is iliumnated See Pig. 

.4. f the liquid level drops below the thermtstor 
the resistance of the therrnt s 	Is creas , causing 
indicator lamp L1  to extinguish and. i ndicator lamp 12  
to beIlluminated,, When the liquid level drops belo 
the thermistor l e el,, there Is a, 10 to 30 second delay 
before low indiindicator lamp 1.2  illuminates • when the 
.quid level rises above the the.rr4,sto level , there 

is a 2 to 10 second time delay taefirre normal indicator 
lamp . illuminates. Both lamps are extinguished from 
I to seconds during the transition period 

When thermistor . , is immersed in liquid., its 
resistance, is relatively low and mere voltage is dropped 
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across resistor 	then across the theznistor. This high 

voltage across P7  Is sufficient to illuminate neon 

lamp t1  ; when the liquid level drops below the thor.. 

mistor, its resistance increases and more voltage is 

dropped across it than across H7  . Thus noon lamp L2  

is illuminated and L1  Is extinguished. Due to fairly 

slow temperature change of the theisto; there is a 

slight delay encountered in the operation of the ifldim. 
cator lights. 

The author has fabricated the temperature and 
ILUid level indicator using•iplo The 
practical circuit Of Gig .. 6.3 is shown in Eig.6.. 
The thørmisto r used in 8CX 15.  K. The diodes in the 

branch ab and be are inàoxporat& such that the current 

flowing in anti branh does not • flow in the other. The 

circuit is fed with 9 V e.c. Theoltfl0. czoss bd 

and be is 	to the base of Scbitt trigger.The 

sitt tz&ggór is designed for V d. 1. supplied by 
constant joltago source Th5 complete tx'c4t is given 
In .g. 64. The voltages drop ass:bd:'and be' are 
Ufficient to trigger the SchEatttciw4t at a set 

value of. tperture. 

6.8.3:. DeoiçnCnsjdexatiOn.s 

The the stor circuit' is designed such that the 

current in branch ab does not flow in branch be and vice*.  
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versa, and the potential of point e and d should 
always be negative with respect to b for the current 

flowing for each half cycle  through the two branches 

alternativoiy. In order to achieve this two diodes Ln 
the direction shown in Pig. 6.5_ are connected. Moreover 
the resistance of the brans'! a eb and be are kept 
sufficiently large as compared to their parallel branch. 
The rest stances db and be are such that the potential 
drop across them is sUfficient to operate the Schmitt 
trigger 

Constant voltage supply Source is designed for 
6 V, 250 mA current,. The voltage is made constant by 
usIng a aenor. The complete iZCiiit IS shorn ifl ig.6 .6 
In order to raise the power rating of' the supply two 
power transistors "0 are used in parallel. 

9ct►tt trigger is des gnied to operate at .2 V. 

It consists of two units :(a) column oven, and 
(b) e1eitxoflic controller o r the oven.  

6 ;.9;.i 	r Oven 

This s s a chamber where a constant temperature 
is maintained. Inside the over are Incorporated aorated the 
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following t 

( it ) A blower Unit 	fitted to the left hand side of the 
oven, The blower is operated by means of a fracttonal 

horse power motor mounted horizontally outside the oven. 

(b) Heater assembly CQfls3St$ of one XOCO watts heater 
wired zound the blower and connected to the supply opera**  
ted by a relay. 

MegglagnicContzofler. .forthe Oven 

A sensor unit, a, thestor, is mounted on the 
wall of the column ove an the right hand side. This 
sensor unit is connected in a Wheatstone Bridge circuit 
operated from a 6 V A.C. supply . 'The change in the 
resistance of the sensor corresponding to the change in 
the 'temperature of the oven results in an out of 
bJ.anco in -the bridge voltages. This voltages amplified 
by means of an amplifier and Is fed to the relay, which 

in tuzn. oparaje.s the heater. The Schematic circuit 
diagram is tbown in Fig. 6.7 

6 	TEMPRAURE OMPEN$AUON. 

A thermistor can be used to compensate an elect-

rical. device for undesired variations in performance 
that are caused by temperature changes In some other 
components. The most common occurrence of this kind is 
the change in resistance of a copper coil with temperature. 
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For example , millivoitmeters are subject to errors in 

calibration with changes in temperature, and consequently 

resistance, of the mo'.'ing coil( A suitable the=istor 

network (usually ecasisting thermistor and associata 

shunt resistor) an be connected in series with the 

coil so that the overall resistance is constant despite 

temperature changes* 

In a reolvor (anilaraposttion data transmitter)  

manufactured by the Ontrol Engineering Corporation, bead 

type thermistor is directly a bedded directly in the 

coils of the unit and not only compensate for changes:  

in resistance of the copper windings, but also simulte* 
neousty correct for variations in the magnetic proper' 

ties of the core material Variations in the '(a' of the 

IF transformers of certain Air Force .radio receivers 

is prevented by the inclusion of a suitable theinistor 

in the circuit,. 

In battery chargers, the proper point to switch 

from a high charging rate to a low rate depends on 

battery temperature. The berg •bson Manufacturing Co. 

uses a. thermistor in series with a voltage bensitive, 

relay to perform this function in the.tr charger. The 

thermistor circuit energizes the relay at a proper vol* 

tage in accordance with temperature. 
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6 .11. 	EtMI$TOR T}ER MEtER BASED ON AN ASTABLE  
MULTIVIERATOP.24.25 :26  

6411 	 _ction 

M electronic thernometer is described whichis 
reliable, sensitive, linear' and simple to maflufactue, 
and has uses In industry, medicine,, etc. 
6 .11.2 Pr nc4PLp o fi Qpetofl 

6.8 shows an astable multtvibrator with 

moving ccii. mtt iconnected between the output collectors. 

When PSI 	2 
;2 	 the mean current through the meter is 

.ezc.,(Fi%- 6.9) 	as h eca1 t2  , and the pointer is 

at zezo, By lowering the value of one of the base resi8i 
tors 1114, t 	or t2 	Will be shorte. The mean current 

411 therefore diverge fixm zero and the meter will show 

a reading,. øg. 640. It is easily seen that 

mean =  [1 - t2) / (t1+ t2) 	max 

meen / tmex• , (t1. t2) / (t1+ t2) 

If R 2  i5 roplacedby a themes 	(N.Tc, then if 
is the lowest temperature to be measured and T2  is the 

highest 

1NTC(T1) 
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since 
(t1a t2) / (t1+ t2) 	(R81" P)/(P 1  + 

4R I 

then 	
• .IT1 / (RB1+ R NTC ) ] max roloan 

and 	 mean "1mx 
%TC 12 RBI 

+ :(j 

is defined to be equal to the meter current at 

full deflection, and one can therefore replace im 

by mean" n. 	Then the value of RN7rC 	which gives a 

pointer movement equal to A/n 	of full deflection is 

IL 

'STC 	81 

 

Masan Ik  

/ m3x 

where, •1rnean / mnx Is a constant. 

6.u.3 Lthea4 ty 
- 	 L 

Let C a IMOSA .'1rnaX 
then by using Equation (.io) 

Bj -A R = %, [(n - C) (n .+ 0) 



104 

and A R 	2 Rai C / (n+C) (ccx 	n 31, 
 = 1) (6.il) 

It is seen that a condition of linearity is that c << 

orC<(1 as n. rntn 

E*vm Equation 61 

C 	ARn/( 	.AR) 

To keep C small one must ensure that 	 R 

64l.,'4 - 	 Due to 	n:tty 

.ation 6:olX gives, 

AR: 2R1 /(n/C+). 

It. is required to find an expression which gives: the 

maximum ermr for RmTf. when n is, chosen arbitrarily. 
Now 

2ai 	. 	2  11 	 BI 
I 	 - 	 _ 

lfc + I 

where If I is the difference betWeen the the6xetica1 

linear Valueof 	and the value obteind, and 

therefore 0 

2 BB1  (nl) 
if! 	 . ohms 

(n/c + n) (n/C + 1) 

The differential coefficient for this expression is 



2R { +n)(-+i) M(r i) (4-+i)(+x )J 
- *-- 	 - - 

dn .-r 	 - - n 	2 
dwil +n) ('n- + j) ] 

and by setting df/ dfl 	0 

- 	n ' 	+ (j-+c/(i+ i/c 	2+ C 
and 	2>>C 

(6 .12 

The maximum error due  to nón-.ltneatity thus lies very 
near the middle of the -scale,: ( Cxac-tly, when 4 a = A i/2) 

The maximum ermX:(See-Pig,. 64±) will be 

OX 

2iC #1+1. 

or f15 	%a* -( 
	

ohms 

6 i#1j .5 $tabliXty 

- 	- 	
-  It I$—  : 	that a'change in battery voltage has 

no nüueitcé on the -meter ze* deflection, as tj 	t2  
But (see Pig. 6.6) 	-: - 	 - 	- 

1 	 - 
i - 	- 	,- 	-------. 	E 

moan ti  +t2 	c 

and -therefore variatt - ns in supply voltage must be taken 
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into consideration, i.e., a stabilized voltage siuId 
be used,. Care must be taken not to pass too much current 

through the base N.T.C, resistor, but to vork on the 

linear scale in the voltage* current charactexi sttcs of 

these' 'esistors:. Because of the pulped current, higher 

maximum va 	than shown in the charactexistics can 
be usd. 
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I ELLAN APPLICATIONS OF ThERMISTORS 
e 

7 •j. 	FrøJCUoN 

in this Chapter various applications of both 

NTC and PTC thenn&stors willbe considered which are 
based on ether their small signal or their rlaf.h nea. 
or transient propert,es, all of which.  have been ,ns dared 
in detail in earlier chapter. The small signal properties  
of the N.T.C. type thermistors can be exploited  for using 
it as a variable radio frequency resistor and those of  
both . .T. . and P.T. C types_ for phase shifting, iff 
erentiating and ntegra' ng. applications. In linear 
applications Include oscillator amplitude and low fre- 
c uen cy regtilation., amplifier gain or level stab liz e 
tier, voltage and current limiting or regulation, volume 

limit ng and signal expansion and compression,,. Transient  
applications are in overload protection, ,on,,  surge sUppre- 
ashen,, time delay In relay circuits and s tchtng. 

me of these, applications which have po ent .a 
l t .es for further development  a c popularization will 
be outlined  cutlinel in this Chapter.  

7.2 THE ThERMI S`; `OR AS A xmi PRECUENCY CRCUIT EEWT 

72.L Phase-Advancing (Differenttatingt circuit 	 °` r 

The use of an N.'T.C. thermIstor Will be considered 
for the simple  circuit shown in .Fig . 74 a and in equivalent 



fozin in 7..,fib . The direct current bias circuit is not 

shown. The voltage = transmission is given by 

VI 	R . (R'R1+R)(R+R)/2R  

(►.1) 
The locus of the tip of the corresponding vector is a 
semicircle as shown in Fig. 7.2. Two conditions are 

portrayed.. on the left the d .c; bias is such that RI+RO 

is positive 	the phase shift is therefore less than 

900  at all frequent as,, on the right the thermistor is 

bas suff&c ently for beyond turnover that R1+ 	s 
negative 	phase advance up to 100  can be achieved 

in this case. 

The circuit time constant is (see . section 2.4.3) 

(Roo +R ) to +R. + Rcco  

2 	( R 

A choice of add :tonal sex& es and shunt resistances 

enables the circuit time constant to be adjusted to 
any desired value. For the circuit configuration shown. 
In Fig.. 7.3.. it is , 

2 (R + a ) 
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where R5  is the resistance presented to the thermistor 

(7.4) 

If the circuit is to be stable R5  must be greater then 

%and for the time constant to be laige 

Hance the larger is the dnanded time constant the greater 

Ls the possibility of nstabjijty. 

To illustrate a  possible design procedure it will 

be assumed that the then istx' &npedance is specified 

and values of R. R1, R2  and H3  have to be chosen to 

define a required ratio of high to low frequency trans* 

mission Tdr 	Tdoo / 	, and a cjjjt time constant 

X 15  where T is the 'effective thermal time 

constant1 of the thexmistor, defined in Equation 2.61 
Hence, 

a+ 	I. 
XT 	RI  

R5 + .  
and 	

a 	 (7$) 
jL 

Since P., and PbD  have been prescribed, R5  is fixedt; The 

transmission ratio is given by, 

	

PbD  (+ ag,) 	a 
Tdr 7.7 

(R+R) 	 Od- 	 Ry1'R0j* 
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where 
R2 + R13/ (R1+ 	 (7,a) 

is therefore also fixed,. R should be made as small as 
possible, so that the attenuation will be small. The 

mnLmUrn value is that of the voltage source. fiLther  
B1  , R2  or B3  may be given en arbitrary value, say 
zero and the others calculated using EquatLons 7.6 
and 7.8. 

7 !2.2 Phase Retuding (4nte2 

Again on N.TC Themes 	will be used by way 

of example. This general form of circuit is shown in 
FLg. 7.4 • The transmission is 

V2 	V 

	

IVi 	 (7.9) 

It follows that the circuit time constant is the same 

as that of the differentiating network considered above. 

	

in this case the resistance 	presented to the thermisier 
i s given by 	

R3(R1+ B) 	!co 	(740) f 	 _____  a 	R4R1+R3 

The ratio Tir  of the high to low frequency transmission 
is 



(R+Ro:;,) ( 	+ 
Z  

1T 

 

 

(Rjj 	+ 	) 
(+ (7 141) 

From this, 
Roo - Tjr  

k2+ B:3 = 	
XTirsJ 
	 (7. 

Equatiors 1.6 and 7.2 may be used to design the integrating 

net1rk . 

7.  3 .IM 	(REGULATOR 	 Pa 	) 

The nonlinear resistance of the thermi stor may 
pia.employed in simple circuits for,  signal l m ti g,. 
peak compression, and voltage regulation. 

Fig, 7 	shows .* circuit. of this type  which is 
,seen to resemble the var.ator limiter circuit. Resistor 
R and the thermi sto r. fora a voltage divider with the 

upper output terminal of the circuit connected to the 
tap between them. The thermistor and the resistor are 
chosen so that, at normal desired output voltage, the 
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thezmistor resistance is high,* If the Input voltage 
then increases, current I increases and lowers the resis-
tance of the thex4.stor. This, in effect*  causes the 
tap to move down the voltage divider, reducing the 
output voltage to its original leveL. In this way the 

output voltage is stabilLzed. 

Several of these single stages may be cascaded 

for increased voltage regulation or signal compression. 

Zn: Fig. 74 the thenistr is conneated ahead 

of resistor A . The resistance of the letter is chosen 
low With respect to the thermistor resistance, so that 
the thermistor resistance will be the most effective 
in determntng the current Z. The output voltage is 
the dx p ZR aczss the resistor. 

A small change in input voltage pzduees a large 
change in thermistor current, and this, in turn, prodces 

a large change in the output voltage drop across resist  
for R, This circuit must not be mtsconstrud at an 
smpjLfer, it magnifies the ratIo of change of input 

voltage but not the absolute voltage. The tnui voltage 
itself actually is reduced by the voltagedLvider action 
of the resistor and thexmtstor in series. 
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several of these sine stages may be cascaded 

fo inceaSed expander action 

7.5 TXME iDBL.AY R 	_ 
rwr.rri+i~YBnrii~+rr~wq~YUwM~r 

The t .me-de ay effect ertdonced by a thexinistor 

after sijiching oLtS. current may be u l zeci todeDY 

the pi k p. o a relay,. Ei9 .74. shows the $ mp a circuit  

The the s o c is.. nn,ected in series. w& h the relay 

coil. A time interval follows closure of. switch before  

the current I reaches s level high enough to actuate 

the relay 

t)y chaCteZiStiCS a e 

!r?n 	~hexmt s z's ..:' The delay. Interval 
with a given the . stop. may be .cant.+, . ed over a reasoner 
ab1± .. range ►y .sdjus 	.of r) sta,t R,. When Witch S 

is opened, . the relay drops out immed ately 

7,6 SU I AL. t  

• After sw tch4- 	is closed in the circuit shown  
in ftg. 7.8 the flow_ of current into the various loads 
R.2to RL: starts at vs oua times, depending upon 
the time delay characteristcs of the theirnistcrs T1 
to T , . By suitable choice of the thermi sto rs; t , s 
action may be made seuentialC Thus R i s energized 
mm sdtstelY, since there is no they star in this log 
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of the circuit, and if the time delay of each thermistor 
is longer than that of the preceding one, the other legs 
will operate 	sequence 	, then R 3  , next RL4, 
and finally R 

If. t s ircuit is employed r driving or t ig*- 
gazing other circuits,, Rt1  to Rt5  may be actual re s- 
tors, and output voltage taken from therminals a to e 
and the common terminal f. 

7•7 '  EL CTOR ETCHING CIRCUITS 

In Fad . 7.9 , when any one switch 	to $4  
tosed. operating current will, flow through the coryes-* 

pending load 	to RL4  , but only negligible current 
(zero current) U : flOW through any other load if its 
switch also is close d;• The ON leg prevents any other 
legs in the circuit from being switched on, thus only 
one leg can be ON at a time. 

The thermistors are chosen so that their resin' 

tends with respected to the accompanying lead resistance 
will permit maximum current flews. When one thermistor 
is conducting heavily, the voltage drop across the 
common series resistance 	reduces the voltage at all 
other thermistors to a level too low for any of the 
others to conduct heavily at the some thne «  Only when 
the switch  i s the conduct ng leg is opened wiU the 
starting condition be restored and another l c a ha 
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operable. 

Although mechanical' switches are shown here 

for simplicity in Lllustraton, they might be electronic 

switches. 
28 

7.8 RC OSCILLATOR STABILIZATION 

The WLenibidge oscillator circuit is widely 

used in low.disortion. R..0 tuned audio and supersonic 

signal generators at frequencies upto one megacycle.. 

Pig. 740 shows a :C. rtton of the OSCillatOr 

circuit,, In this arrangement, positive feedback for 

oscillation is transmitted through Ciand  the RC 
tuning circuit 	 C2  s f¼egattve feedback 

for stability is . provided through C3 , R. and the 
theunisto. The cethode of tube V1 is tapped to the 
junction of R2, and the thermtstor.. The non-linear 

resistance of the therstor aucmattcaliy regulates 

the amount of negative feedback and stabilizes the 

cathode voltage, since very large changes in the 

thoxmitor current result in only small changes, 

in the cathode voltaeu. the voltage drop across the 
thermistor. 



RI R2  I%G3  C4 	
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7,-9 AUTOMATI C GAI N CONTROOS  

Lg. 7..11 shows one arrangement for automatic 

gain control of an audio amplifier,. Here an input-* 

signal voltage divider is formed by. R1 and a thermistor 

in series. This is an indirectly heated thermistor, and 

its heater element is connected to the low-impedance 

output of the amplifier. 

When the output signal rises, above a predeter 

mined level in response to an input-signal Increase, 

the heater element Is energtzed. Thu heats the thexmLsss 

tor and lowers its resistance, causing the voltage divider 
to lower the signal presented to the amplifier input 
terminals. The signal level at which this action occurs 

is governed by the setting of rheostat R2 . When the 

Input and output signal fall, the opposite action takes 

place. Xn this way, the gain is stabilized at a desired 

1 evel 

The output characteristics of the amplifier must 

be such that connector, of the heater element of the 

thermistor does not introdu a distortion or serious 

output power loss!* 

7 .40 ODMPENSATION 9FTRANSISTOR D.CIA 30  

To prevent thermal runaway and the possible 
dbstructten of the transistors, and to maintain the 
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proper operating point of a transistor circuit, the 

d..c. base bias must be stabilized. The transistor curr-
ents Increase with tønpexatu re, so automatic tar persE 
ture compensation is imperative. 

Fig,. 7.12 shows the use of a thermistor to 
stabilize a transistorized power amplifier against 
collector : current variations due to temperature. 

Here the thermistor is shunted across, the lower leg 

R1 of the base.bias voltage divider,  fl1a2... The thermistor 

is mounted close to the transistors so as to experience 
the same temperature enviztnment. As the temperature 
increases, the resistance of the thermistor decreases. 
This lowers the total resistance of the lower leg of 
the voltage divider and reduces the d*c base voltage, 
lowering the collector current to its initial, safe 
to Value. 1. 

7.11 IOW FREQUENCYMULVIBRATOR 

The instability of sexiesmoonnected P.T. 

thenoist. re has been utilised in the circuit shown 

In Fig. 7.13 to generate relaxation oscillations 

with a_ pezOd ranging from 30 to 40 S. The cold 

resistances of the N .T.C. thermistors are nominally 

equal to and high, whereas those of the P.T.C. thezmis-
tors are nominally equal and low, When the voltage is 
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'first applied the current will flow almost entirely 

through arms A and B. Suppose A. starts to heat first, 

as already described this will be regenerati'e, 

Eventually the voltage across A will rise almost to 

the applii voltage. This will cause the N T.C. ther-

inistor, EJ1  to be heated and its resistance to f11, 

again a regenerative process, which progressively 
dmifltshos the current in A and increases that in P. 

T.C. thermistor B. The resistance of D eventually 
becomes very small and the majority of the applied' 

voltage then appears across 8' With a proper choice  

of 'cold values of resistance AwUl now have returned  

to its original low resistance value so that as B's 

resistance approaches Its maximum value the current will 
shift from the path through B.  and D to that through A 
and C and the cycle then repeats. 

7.12 &MOB flTECN AGAX1$T. J 	tIRE.. VAAOJ, 

Small ventilator-cooled electric motors often 

operate under conditions in which dust accumulates in 

the ventilator over a long period and often leads to 
overheating and failure. A safeguard can be provided 

by connecting a P.T.C. thermistor in series with the 

motor, mounted in thermal contact, with its winding. 



The load line of the motor normally intersects the 
thermistor static characteristic in its linear region. 
If overheating occurs, however,, the peak current of 

the thermistor characteristic Is depressed and design 

is such that this peak fails below the load line so 

that switching occurs to an  Intersection at to current 

and high voltage, before the motor is permanently 

damage. 

743. MOTOR PROTECTION AGAINST OVERLOAD 

If an electric, motor is overloaded or braked 
while running at its rated voltage then the winding 

may again be damaged due to Joule heating. Decreasing 

the speed Increases, the armature current and this is 

equivalent to decreasing the effective .$stnce This 
can be prevented 'fzcm causing permanent damage by 

connecting a ?.T,.C# thermIstor in series with motor, 
so that the normal operating position is with an Inter.. 

section of motor load line with a linear part of the 

characteristic, and overloads  represented by a rot atIon 

of the load line ciokwIse about the applied voltage 

as a pivot, tops to a high voltage, low current 
operating point in the nonlinear region. 
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TRANSISTOR  A AEWRESI S VE . i ` 

8.1  INTRDWCTIQN 

Characteristics of the transistor are greatly 

affected by thexmal variations. To some extent each 

of the parameters of any transistor equivalent circuit  

exhibits temperature sensitivity.. Iransl stø r° resi stance 

decx.eases,withthejflQreasen temperature and vice 

versa . :tedct4oo of current flow. This sensitivity 

of transistor resistance to heat changes the base 

current, collector current and the current gain It h. 

It has long been regarded as a drawback that 

transistors aretemperature sensitive in their normal 

use, however, this adverse temperature instability can 

be used to advantage in the transistor  transIstor o1ectxric 

thermometer,# 

8 .2  VARIATIONOF PA E'ER WITH ' T&AP ," RE 

To some extent each of the parameters of any  

transIstor equivalent circuit exhibits temperature 

seas tivity When the nternl o' junction temperature 

varies over a considerable range, definite steps must 
be taken to o co pensate a circuit for changes in pars- 

meter values. 
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A number of curves showing the variation on of 

base to ni.tter Voltage, collector to emitter voltage, 

base current, collector current, current gain and emitter 
to collector resistance with temperature a-ie shown in 

rig. 8.10  8.2 and 8.3. 

Pig.  8 ♦1 shows that emitter to base voltage 
decreases linearly with the Increase of temperature when 
the collector current is kept constant . This is tore for 
germanium as well as for silicon transistors in general.  
The change for germani i transistor is about -1.8 my per 
°C, while  'or s lican is -:. my per 0C. The change is 
1,01667 my per degree centigrade for a germanium 2N404 
transistor;, WE decrease linearly with temperature rise 
upto about 450C and then the degree of decrease becomes 
very low as the transistor goes to near saturation. 

Pig. 8.2 shows the variation of I0  and 18  
with temperature. Both .increase with temperature IC  
becomes constant when the transistor saturates, similarly 

E decreases with temperature rise until I becomes 
constant, when the change in E  is neg .gable as shown 
in Pig, .3. 

8.3 TRANSISTOR LEcTRONXC THE PXCMETER 10 

8.3.1 Principle 
Variation of transistor VBE characteristic w .tho 

temperature is linear over a wide range of temperature. 



W 

F-
Q 
W 
a 
E 
W 

I 

o ° 0 0 0 0 0 0 0 
0 	0 0 ' 0 0 	 0 0 m G~ a+ N I~ 

o 0 ° 0+ cu h Oo tv N cv CO mm m * 

O 

N 

U 
I- 
v} 

F- 
IL 
0 
U_ 

W 
1- 
0  
x 
T 
U 

w 
U 

I-U, 
U) 
W 
cr 
N 

W 

F-

LU 
a 

w 
I- 

oh 

IL 



R'- FIG.8•6 SIMPLE POTENTIAL 
DIVIDER CIRCUIT. 

R3 

R, 	Eo 

EL 

10K 

$5K 	 6.8K 

LfA\
G 

ILi/ S 
_—FiN4O4 22K 

FIRST STEPS 30.75 - 
REMAINING NINE 	 IOd1~ 
,JD STEPS 61•5n- 

EACH 

20-n- 	150 

SH loo 
9v  

220V, 	 3o0u~ 
so c/g 

SH 100 

TEN STEPS 6•I5~ EACH 	
SZ3I 

FIG.H•*COMPLETE CIRCUIT DIAGRAM OF 

TRANSISTOR ELECTRONIC 
THERMOMETER. 

TEN STEPS 0.6I5~ EACH 



1,2 19 
 

Tisvaristion can be made ta control the deflection *fa 
meter which in turn can be calibrated directly in degrees. 

1* maintain constant, collector current, the base 
bias must be increaed as the temperature decreases and 
conversely. The relationship between base bias and 	era* 

ture is linear over.a wide range of temperatures and if 
the base for a constant collector current is calibrated 

in degrees, it becomes a temperature scale.. For a typical 
germanium transistor (4O4), variations in bias is about 
l.01667 w per degree cent grade, The transistor theirno' 
meter can ace uratoty measure the small base voltage 
Increments corresponding to temperature changes for 
calibration into degrees of temperature. 

A highly sensitive and accurate transistor: thermometer 
having : high speed response is shown In Fig. 84 . Th.Ls 
circuit can be used for house hold and otdoor. pp1Icat:Gns. 
The temperature sensing eiórneflt 19a2N4Q4tran4stcr 

Referring to Fi • 8 	awitch 81  applies power 
to, the transistor. This is a 6 V d.c. supply stabilized by 
means ol f a zonor.. •L rct4t constants VAII change for other 
values of voltage., 

A bias voltage in steps representing degree C is 
provided for the d.c. tcput  to the traflsistor, bias 
voltage increments to maintain a given collector voltage 
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are about 1.01667 nw per dog. C.The potential divider 

includes I'll, R2afld ft3  

Potentiometer R I , is calibrated for scale divided 
into ten steps each containing 61.5 ohms and representing 

100C. First step of 	hod 30.15 ohms and represents 5°C. 

Similarly R   has 10 steps. each 6.15 ohms and calibrated 

for 10C and ft3 having 10 steps each 0.615 ohm and 
0 representing 0 

with a change of 645 ohms in the bias resistce, 
the bias voltage y9 jQ$ by 1.01667 my. 

8.3 .2 Design ons1dratton 

As has been discussed above 10C is denoted by a 
645 ohms variation in the biasesistance. Therefore 
temperature can be calibrated In terms of resistances. 
Temperature tn decade, foim i.e. steps hvg equivalent 
temperaue of 0 	and Jo°c # have been obtained 
with the help of ft1, Rand B3  . ft4  is. selected so that a 
collector voltage of about I V is obtained when the 
transistor temperature is 30°C a and 	are so chosen 
that the po.tential drop across 	is about 1 V . The 
00 microampere galvanometer reads zero when point A 
and 0 are at the some .  potential. If the temperature of 
the transistor changes, the base biasing decades and % 
are adjusted for zoro reading of the meter. The reading 
of the base bias then gives the temperature of the transistor 



probe and the indication of the bias is calibrated to 
read temperature. 

8.3.3 Calibration 

Tests. made 4th, the therm stat producng temperature 

below 0  and above ambient temperature indicated linearity 

of base voltage versus tnperature.. It had also bean noted 
that bias resistance vorsus temperature curve is alto 
linear if the rest stances, are connected, tn potential divider 
form so as to keep the total rststanc across sup1y 
contant. The curve Is shown in fig. 8.. 

The theory,  that the Itnear variation of reststanec 
corresponds to linear, vartati n of output voltage, in a 

potential divider ermngentb  can be explained by refe-
rring to Fig. 8.6 

An 
current I  

and Vout 

constant since 

R14  R2+ % is constant 

Therefore LI 	varies linearly., V, , too,vartes linearly. 

8.3.4 Performance Epecifications 

a.. 	Accuracy of the instvznent is 1% 
b. 	Least count i s 0 .I!C 
Co 	The range of the Instrument is •i °C to 70°C 
ci, 	Repeatability of the instrument is 70%. 



a. 	Bate, to emitter resistance of the transistor is 
invex'sel y proportional to temperature from 4 0C to 8OC. 
f. 	Sensitivity of the instrument is 6.15 ohms per degree 
centigrade variation of the base to emitter bias resistance 
of the transistor 	. 

8 .3.5 	 _____ 

Transistor eiectror. c thermometer can be used for 
indoor and outdoor applications. Other thermometers which 
are also portable are the mercury thermometer .and the 
thermistor .electronic thermometer The ,4L sadvntages 
in case of mercury thermometer over transistor elect rnic 
thermometers are the following viz . (L) it can not be 
used forguick vartatAons of temperature (Li) it takes 
more time . to reach the mercury. column .  to the. required 
tempeature, and (Ui) the accuracy Ls less. Thermstor 
elec.tronLc thermometer ! .more sensitive to temperat, 
then the transistor eje4tron1 thermometer, but the change 
of resistance of thermistor v4th temperature is non linear. 

Other d ovi ; e.s 
1 
of temperature 	srent are Platinum 

rest tanc e thermometer and the the ormocoupj o. Although 
both .  the devices can measure temperature over. a large 
span Opt* 1000°C n case of pXat, re4stance thermometer 
and upto 200O°C in case of thermocupje) th greater 
accuracy, ..these are xotportable end are very, costly and 
the maintenance is dtfftcult, 



8.3.6 -Null and Deflectton Methods 33  -- 

-A useful classification with regard to the mode of 
opáratl-ôrL. f instruments separates devices by their opera.. 
tion oid a ,  null or a deflection principle In a 
defletti on. type device the measured  quantity produces 

some physical effect that en9en-4ors a similar but. opposti 
ting, effect in some part of the instrument4 The Opposite 
effect is ZoseXy related to some variable (usually a 
mechanical displacement or deflection) that can be directly 
obsoxved by some hUflOfl 'SOfl:SO . - The opposite - effect Increases 
until a balance is echieved#  at wh ich point.  the 'deflectL-on-
is measured and the value of the insured quantity inferred 
from this. 

Zr) conttest - to the deflect on type dcr.tce, a 
fluX Z,type  device attempts to maintain deflection at 
zero by suitable application of an effect opposing that 
generated by the meas.-ud quantity. Necessary to such 
an operation are a detector of unbalance and a means 
(manual or automatic) of rest ring balance. Since 
deflections kept at zero (ideally), determination of 
numrIcal values requtr es accurate knowledge of the 
magnitude of the opposing effect. 

Upon comparing the null and deflection methods of 
measurement, we note that, in the deflection instrument, 
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accuracy doponds on the calibration of the scale tihoreaa 

in the null instrument it depends on the accuracy of the 

standard scale to which the measurand to compared. The 
ace uracy attainable by thenull method is of a higher 
I cvol than that of the deflection  metes. Another advantage 
of null methods La the fact that, since the measured 
quantity a balanced out, the detector of unbalance can 
be mado very sonettive because L.t need coyer only a small 
range around zero. Also the detector need not be calibrated 
since it must detect only the presence and direction of 
unbalance w d not the amount. i the pother hand, a dOflOCi 
tion instrument must be larger., more rugged,: and thus. 
less Bens .tL r if dt ts tà measurelarge magnitudes. 

The disadvantages. , of null methods appear Mainly 

in dynamic measurements } By the use . of automatic balancing 
devices. ( such as the .ne;trni331t . servomechanism) . the 
speed- of . ' null methods. may be improved con deg-rebly, 
and the` tnstruments of thi,s.: typo are of great importance. 

Keeping in view the above mntLonod advantages 
and disadvantages of tho two types of measurements, null 
method was considered better than deflection method for  
transistor oloctront o thexinomo tax. 
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CONCLUSION  

() 	Thezrnt stor's as temperature sensors for precie 
measurement of t:peratur'e are best fLttéd for measurement 
of very small temperature differences of. the order of OOl°C 

over a limited temperature range (typtcal order being 20° 2) 

This &s On account of the high temperature cóeff.cL ant and the 
fact that substantial linearity of the RT characteAstic can 
be achieved only over .5 range of about 4O°C 
(b) They are most popular as sensors of such quantities 
as temperature., low pressure, thermal eonductivity, liquid 
and gas flow, for control of these quantities and such other 
applications where linearity of the seneor' characteristic is 
not a stingent requirement. 
(c) 

 
It has beon established in the present work that the 

transistors (preferably germanium tr'atrs) have a great 
scope of being used as temperature sensors in "Electronic 
thermometers" which have the advantages of greater accuracy, 
speed of response ruggedness, and linearity over the conven 
tionel thermometers • In particular electronic thermometer' using 
a transistor as sensor has advantages of accurate measurement of 
3. ow temperatures 
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