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ABSTRACT

This dissertation deals with those theoretical
and practical aspects of thermoresistive semiconductor
type elements which influence markedly the design and
performance of instrumentation systems using these
elements as sensors. The ‘I‘hémresistive elements
considered in Part I of this work axe the thermistors.
After discussing exhaustively , the D.c.,a.c. and
transient characteristic of these elements, the various
techniques of linearising; thelr inherently non-linear
characteristics, have been considered in detzil., The
various industrial applications, c¢lascified on the
basgis of thelr different characteristics, have next
been discussed with special emphasis on the design
con.sidéraﬁ.ens, The practieal aspect of this part convey
the design and fabrication of & gas analyser, proto-
type model, and a digital temperature and licuid level
indicator. The latter by virtue of its simplicity, |
reliability and high speed of response has potential

applications in industrial control system.

Part II of the dissertation deals with the use
of bipolar junction transistors as themmal sens.p;rs{
After discussing the temperature sensitive chax;factern
istic of these elements, design and fabzication of an
electronic thermometer using a transistor sensoxr is

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

and medical fields.



PREFACE

Thexma‘resisfiée-semiconauctax type élements;~whose
:esistancevis-extremely,sensitkve'to temperature vaxiations
are today finding increasing application in the field of
instrumentation. The elements discussed in this dissertation
are thermistors snd transistors.

Tho firxst two chaptérs\@f the work deal vidth the
electrical representation of themmistors as electrie
circulit olements and provide the negegsary background to
the understanding of the principles on which thelx
various applications are based. In particular, in Chapter
Ii, after introducing thelr static D.C. characteristic,
the small signal equivalent circuits have been established
followad by an exhaustive treatment of the transient
behaviour of these elements under both low level and high
level signal conditions. The third chapter L5 devoted %o
the linearisation of the themmister characteristic which
is inherently nonelinesr with special emphasis on the
design aspects, Selection factors and the testing of the
thermictors are eovered in the fourth Chapter.

 whereas the applications of thermisters in instrus
mentation are almost legion ranging in such diverse
flelds process, industries, medicine and space instrue
mentatlon systems, where they have established themselves,
the use of trensigtors as sensors on the other hand is

stlll in the developmental stage. Even the properties
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of themlstors have still not been fullv explored and
newer appliaatiens af these versatile elements are stil}
being found. In particular the introductian of poslsters
have opened up new'vlstas 1n their appﬁications in m@dexn
instrumentation syatemt The ever members of the t:ansis«‘
tor family have wide Pﬂteﬂtia;ities a£ being used in |
instrumentaticn gystems as transducers and more will
definitely be hoard of them in this, their new role in
the comming years. The extreme sensitivity of bipolar
Junction transistor parameters to heat have been successw
fully explited for precise and rapld meagurement of

temperature.

 Although measurement ox indication of temperature
is‘aﬁ obvious use, it has to be recognised that the
resistance of themmistor depends on béth the ambient
temperature and the internally dissipated power., These
properties are expleited in spplications as tempexatur@
measurement and control, gas analysis and velocity measure~-
ment, temperature snd liquid level indication, and
pregsure measursment, etec. which are discussed in detail
in Chapters five and six., In adadition the complete
design and fabricational detalls of a gas analyser and
anemomdter and a digltal temperature and liquid level
indicator, have been discussed full y. A traneistor
electronic thermometer has been fabricated using transistor
as & sensing element which is reliable, sensitive 3&&
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simple to manufacture, glves a linear scale, and has
wide uses in industrial ond medical flelds.

Chapter VII deals with those upcomming applicas
%1ons af directly heateé the&miﬁtaxs whzsh are dependent
on their small s&gnal, nonlinear and tmangien% chaxacteru
Iistics. o | |

| (-;In.the last chapter after dia;pssing-the.ﬂaturé‘
of the dependence of the varfous parameters of junction
transistor on temperature complete details have been
given of the design afﬂa:a&gctrania_txaﬁsistor‘thexmamﬂﬁar.
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INTRODUCTION

1.1 TERMINOLOGY

Thermistor is an acronym for thermally~sensi five-
resistors. The electrical resistence of the thermistox
is a function of its temperature, which depends on
both the ambient temperature and the atmosphere and
on the internal power dissipation. Thermistors é:ce
m«ad% *%t:’mm semigenduci:ﬁ.ng material and temperature
wéffi-aients; between about ~5% and + 60% per K are
notmally encountered. .Ihe- gian of the temperature
coefficiont distinguishes the basic types of thermistor.

Negative temperature cceffiaient (N.T.C) ‘i:he;x**
mistors are the more common. The more common in the
N.T.C. thermistors category are the oxide thermistors.
These can be made with room temperature resistances
ranging from a few ohms to megaohms and the zoom tempe~-
rature coefficient of resistancehsua'lly lﬁ;evs beﬁw@eri
~4% and ~5% per K. For noxmal N.T.C. thermistors the
dependence of resistance on temperature appmximaftely
follows an exponential law. This is also true for
single~crystal silicon carbide thermistors, which have
application over the temperature range -100 to +300 °c.
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Fﬂvsiﬁ.ve tempersture coefficient (P.T.C) thermistors
are made from two kinds of materials : compounds having the
"barium titanate structure ( one trade .n'amerfar these
is *Fosistors?) and diam;‘;gdelattice semiconductors such
as silicon (a trﬁ&é name for these is *Silistoxrst) . The
tempéré'wre :cang:e‘in which the barium titanate "type of
thermistors has a positive tempei:ature coefficient can
be very large { = 60% per K) . Diamond«lattice type
thermistors have a much smaller temperature coefficient
of resistaﬂc;e (%20 8% per K for silicon}, but thig is
more unifoxm. and applicable over a wider temperature

range -

‘I‘he’ majority of 'the#m’isﬁora are t*m~téminél
devices although thma and fourw~terminal devices are
made. The two and three~" tarminal thezmiaim@ are
refefred to a5 directly heated types, since the thexr~
mis*l:or material itself absorbs pc;wer directly from . the
cimun.‘t in which it is connec:ted‘ Four ‘terminal thermis~
tors aze temed indire‘cﬂy &eated ﬁypes\v l’hese have a
separate heater in ', thermal, but not electrical; contract
wi‘i;h the thermistor material.

1.2 FORMS ,
| Thexmistors are made in a variety of sh‘a’pes and

sizes, although they are normally small. Various geo~

metries have been developed to suit particular applications.
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These are referred to as beads (encapsulated in different
ways), discs, washers, rods and thin films. Examples are

shown in Fig. 1.1.

1.3 ELECTRICAL REPRESENTATION

To avoid complication, consideration should be
given to the specification of the properties of standaxd
twowterminal thermistors. This is done in torms of the
following quantities :

Ra # The 'zero power'! d.c. resistance of the thermistor
at the ambient temperature, T,(K) : This is the
resistance measured when the applied power is so
small that there is negligible selfeheating,

R, R(T) = The d.c. resistance under active conditions, T
being absolute temperature of the thermistor,

I % The current through the themistor,

v = The voltage acyoss the themistor,

P=VI = The power dissipated in the themistor.

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

P =VI = K(TT,) (1.1)

Here K is khown as elther the themmal conductance ox
dissipation constant, and is commonly quoted in mw/k,
K is determined by both the construction of the there
mistor and its operationul environment. Provided that
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T-T, ¢¢ T,, Kisindependent of T % 2 first oxder,
Translent conditions are governed by the following
equation
a7 A .

gz‘?*K(Tmfa)‘ﬂP' S (1.2)
where C is the thermal capacity of the themmistor,
This equation may be tf:ri tten in the fomm

ol - - {1.3)

Here T is the thezmal time constant of the themmistor
which specifles Lts thermal inertia.

1.4 APPLICATIONS

These are related to the various characteristic
r_élaﬁgnships between 1,V,P,K and T, . The basic thermistor
material property is a temperature dependent resistance.
However, the material temperature can be influenced in
different ways, One is by the ambient temperature, T,.
~ The basic thermistor material property is a temperature
dependent resistance. However, the material temperature
can be influenced in @ifferent ways. One is by the
ambient temperature, Ty. Atother is by self heating
due to internal digsipation of power , this can el ther

be the result of connection into an electrical circuit
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or the absorption of electromagnetic radiation, usually
in the microwave and infrared regions of the ’spectxlxm.
Further, when there is significaﬂt self heating, the
material temperature is not a constant for a given power
dissipation, since the dissipation constant K is influenced
by ambient condi tions. Other applications stem from the
thermal inertia, -specified, by thermal time constant

o These J.nclude bath transient and small-signal

candi tﬁ.ons .

| Typical VeI characteristics for N.T.C. and P.T.C.
thexmistors sre shown in Fig, 1.28 and b respectively.
Here the parameter is T, ; the environment and hence

K axe invarient and there is no incident radiation. At

. low power levels, so that there is negligible self
heating, Ohm's law is obeyed. As self heating occurs

80 that N.T.C.thermistor reslstance falls, whereas that
of the P.T.C. themistor rises. For most p::aéﬁ.,cal
devices the power rating is such that the characteris~
tic * turnover' phenomenon occurs = i.e. there is a
voltage meximum for N.T.C and a current maxir’mtm fo.t'
P,T.C. devices. In both cases, beyond mmover, the
incremental resistance is negative. It may be noted ‘here
that * for some P.T.C themmistors a second twrnover

occurs due to contact non linearity. Applications based
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on these characteristics are as follows : measurement
and control of temperature, compensation of change of
resistance with temperature in other circuit components;
oscillator amplitude and/or frequency regulation,
amplifier gain ox level stabilisation and equalisation,
voltage regulation {N.T.C. types), cuxrent regulation
(P.T.C.types), speech volume limiting, expansion and

compression; swi tching.

If the ambient temperature is kept constant
then a further family of characteristice can be generated
with the dissipation constant as the parameter, as shown
in Fig. 1.3. For a given thermistor, K can be varied
by connecting it to the heat sinks having different
thermal capacities, by changing the density of the gase~
ous environment, or the rate of flow of 2 surrounding
fluid or ges. The following applications stem from
these characteristics, vacyum manometers, flow meters,
fluid velocity measurement, thermal conductivity analysis,
gas detectors, gas chromatography, liquid level measure=

ment, control and alamm.

A third set of statlc characteristics s shown in
Fig.l.4. Here the ambient temperatuzre and dissipation
constant are invarient and the parameter igs abgorbed

radiant power.
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D.C., A.C. & TRANSIENT
CHARACTERISTIC




D.C.,A.C. AND TRANSIENT CHARACTERISTICS

2.1 D.C. CHARACTERLSTICS
2.1.1 Introduction
In the subsequent discussion of d.c. character-

igtics, Newtonian cooling will be assumed, so that the
steady~state relation between electxical power, P,
dissipated in the themmistor material as 'heat loss per
second is |

P=VI=K(T=~T,) | (2.1)
with K independent of T for T-T,&CT, . It is implicit
that all parts of the thermistor are assumed fo be at
the same temperature, T. For large vélues of T«Ty it

is necessary to use the more complicated expression.

2.1.2 Reslstivity

Following the established theory for single=
crystal semiconductors, a similar semiquantitetive
approach can be used to explain the macroscopic depend-
ence of resistivity on temperature of oxide semiconduce
tors. Considering, for example, netype material. If
the density of valence electron sltes in guch & semi~
conductor is N, then at any absplute temperature T
a fraction n/N of these will be free. The ‘temperature
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dependence of n 1s governed by an activation energy Egs
cor:espondi'ﬁg‘ to an effective energy:gap of about 05V
in practice, and in thermodynamic equilibzium

n? = (Nen) F exp (m-Eg/kT-} (2.2)
where k 1s Bolizmannts constant and F is a cefficient
which 1s slightly dependent on temperature. For n<«N,

as is the case in practice

n o (B exp (-E,/ 2 kT) (2.3)

In an netype semiconductor the conductivity o is
given by n e p#, where #is the electron mobility,

4% depends on the particular scattering mechanisms in-
volved, but can be represented over limited ranges of
temperature by a pgwe\rmdepeﬁdence on temperature, as
follows : -
N2 il | (2.4)

where d is a sméll negative number. Eqmations 2.3 and

2.4 can be combined to cbtain the eqﬁaﬁon for recistivity

P = AT  exp(B/D (2.5)
Here ¢ is @ small positive or negative number 0‘1:‘ Zexo,
B! usually lies between 18500 and 6000 K and A ca;i 'ha-ve
a wide range of values. For analytical purposes
Equation 2.5 c¢an also be wxltten as,
P = P, exp (B/7) (2.6)
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From Equation 2.1, T=( g + T)) , it follows that

Equation 2.6 can be re~written as,

B
P= Pcexp | O (2.7)
| =+ T,

p and ¢, @re related % corresponding terminal resistance
values R and R, by the same form » factor so that we

may wri te, wrrespbndiﬂgl? 4
R= R, exp (B/Tj = R, exp i-ﬁ / (P/K + Ty) } {2.8)

For 'zero power' condition ( P®0 ) , R= K, , corres-
ponding to ambient tempexature Té and it follows that
Ry = R exp ( B/Ty) (2.9)

and R = Ra exp {B { % - %_j } (2.10)

2.2 SPECIFLIC DEFINITIONS
2.2.1 Temperature Coefficients of Resistance

The temperature coefficient of resistance , <« ,

may be defined as,

«- L & _ 4 0B
R 37 ar ' 1% Ra) {2.11)

Hence it follows from Equation 2.10 that

@ = - *;-2 (2.12)
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2.2.2. Dissipation Constant K

This was intxoduced in Equation 2.1 and may be
formally defined as the power required for a unit
temperature rise. It is alternatively known as the
thermal sonductance. K depends on the envizonment of
the thermistor and on its mounting as well as oh its
ratio of surface to volume and the thermal conductivity
of the lead wires and envelope. The conditions under
which 1t is measured should therefore be specified.
~Since cooling is not strictly Newtonian, nor is the
thermistor at a unlform temperature, K is mt striectly
- ¢onstant: 4t incredses slightly with increasing T. M
empizical relatlon has been given by smith"“ o relate
‘power loss to temperature :cise, | |

AT=T~T, ; when A Tis not small, this is

P=RK(AT+ K" Ané}-; S {2.13)

12

where k" is ¢if the order of 3 x 10™°% . Values of K

range from about 30 4 W K for a bead, mounted in
vacuum, 50 W K"'1 for a vacuum = backed flake
'themi.at&r o 50 m W Kj"l »f%:r laxge rods or dises
moun ted c;:n a heat sink. |
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2.2.3 memal Time Gong'tant

It is the quoﬁ.ent of the themrmal capacity C and
dissipatiorjconstant K. The thermal capacity is the p:co-
duct o f mass and specific heat and is therefore goveined
by the volume and density. A large mass a'nci small dissi-
pation constant meang a large T and vice-versa. The
cooling cumve of the thermmistor may be obtained by swi t-
ching over at £=0 t a constant current supply of smali
magni tude, so that 12R was at all times hegligible and
the vol tage acxoss the themiéﬁor was determined as a

function of time; thence R, Tand T are obtained.

2.+.2.4 Power Sensi ﬁvitya
From Equation 2.1 and 2.10 we can write

- log By = — 2 =
“e R’ T T,(P+ K T,)

The power sensitivity, which specifies the change of

{2.14)

resistance with power dissipation, is defined as,

o 1 dR d R 5
P RaF = " [loge ('K;)] (2.15)

so that gn substitution for log ol B /R,} from Equstion
2.14 we cbtain,
B 1 | Po

K2 ( I+P/KT,) 2 (14— )2
K T,

)

(2.16)
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B

Here p, = _?2 is the power coefficient of resistance
K 1. ,

a .
when P/kT, 1 . For high sensitivity B/k should clearly
be as large as possible. It is evident from Equation 2.16
that the sensitivity falls to 25% of its maximum value

when P= K Ty s i.e.at T= 215 .

2.2.5 Temperature Sensitivity 2

The temperature coefficient of resistance is
defined as follows !

1 dR d . R
K B e o = oewe jlog e { =) 2.17)
R 4T 4T [M(Ra)] (24

Hence differentiating equation 2.14 with xespect to T,

we find that . .

D (2.18)
EE-ERNE

which reduces to = B 7/ Ta?' when P/k << T, .

2,26 Half T@nperamrez'

It is useful to know the temperaiure range, A T,
~which will halve or double the resistance o its value
at an arbitrary reference temperature T,. From Equation
2014

B
— - — = % log 2 2.19)
T +AOT Ty | @ ‘
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AT = — C (2.2)

so that

Here <, 1s the value of < at T‘za s The plus sign
applies to dmibiing the resistance and the minus sign
to halving it, '

262 o7 VOI. tage mmoverz

The 'peak' or *turmover' voltage can be gbtained
from Ecquation 2.14 by replacing R by VQIP and then
determining dwWdP =0 .

- This leads to
P2 + p_ K (2T, = B} + K2 T2 =0 (2.21)
m  ‘m T Meha a0 T

where Py i1s the power dissipation at turmnover. Equation
" 2+21 may be solved i give,

P B : B l’? i
k "3~ a3l ) Tt )

where = _ B [ 4Ty 1/2
Tm:: -é [1" {l--'\-.i hﬁ*) J

By using a binomial expansion for (1= 47T,/B)%/2 we find

P 1 2T, 1
m® —— (14 = )P — (2.23)
Py BT P,
and T, T, (1+ &) | (2.24)



3]

§

since B 1ies between 1500 and 600 K, T 1les

some 15=60 K above T, when Ty is T00m temperature.

A.C. AND TRANSIENT CHARACTERISTICS
2.3 INTRODUCTION

The thermal inextia, specified by the thermal
time constant, T, ogives rise to interesting and usew
ful relationship between terminal voltage and current.
Itis convenient to dlistinguish between low and high
level conditions. In the former, the applied excita-
tion, (for exemple a sine wave or step function of
current and voltage), is small in relation to the
biasing parameters, but in the latter is not. For
lowslevel conditions small signal electrical circults

can be derived.

2.4 LOW -LEVEL ANALYSIS
2.4.). General Small-Signal Analysis

Smallwsignal equivalent circuits for biased thers
mistors were derived by Ekeld’f and Kihlberg in 1954

and independently by Burgessa in 19551. Burgess's treate

ment is followed here.

Let V and I be the insténtaneous voltage and
current applied to the thermistor, whose ingtantaneous
temperature 1s T, The initial assumption made ig that
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T is single valued and uniform throughout the device,
so that 4internal temperature gradients, such as will

arise 't‘d some degree in practice, are ignored.

If the vate of loss of heat 15 determined solely
by the instantaneous excess Temporature, 8 = T = T,,
above the ambient 'tempera'ju;xe T, » ‘then the balance of
powex equa\ﬁ.o;i i-é; ~ -
o | de

C": E.-; + f} (@) P:: Iv | {2.25)

which reduces to

¢ 2 * ke = IV © (2:26)
T

for Ngwmnian ceoling, which will be assumed in this
secﬁen. Xn thesa equations G is the heat capacitv of
the themismr and will be assumed independent of T,

and K is the dissipation constant or themal conductance.

I V ancl ®@ will be assumed to have steady compo=-
nen‘t:s, w:.th relaﬁvely sma}.l A.cqs components at engulax

frequency ® , as follows

I = 10 t I, exp ( Jut) o (2.2’?8)‘
Vo= Vot V) exp (Jut) (2.27b)
T-Ta = © =9, + 9 exp (J¥¢) (2.27¢)

The mean éurrent and voltage, Io and V,, respectively »

define 2 point on the steady = state chdpacteristic for
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the ambient temperature T, : this point is also on the
iso thermal curve for temperature T, + % . The quantie«
ties Il, V.i and 91 |
both amplitude and phase information. The correspond=-

are in general complex, carrying

ing expression for instantaneous power is, approximately,
P= B+ P exp (jut) = IV= IV, + (x, v + Ilvo)exp(jwt}

(2.28)
if |51, WJ.' << I, s V, , respectively. substi tution
from Equatlon 2.27¢ and 2.28 inte Equation 2.26 gives

Ke, =1V {2.293)

8, {K+ Ju@) = I Wi+ 1,V = Py = &)y (2.290)
here y = Pll 91 is i:he ¥ thexmal ad‘mitwnc'eh.‘ This
may be expressed as,

| y = ‘;.g“ + jwe (2.39)
where T = C/K ig the themrmal time constant of the .
thermistoxry 1.e. the time taken for the excess tempera-
ture to fall t 1L/e of its initlal value if the d.c.
and d.c. sources are removed. Now the alternating compo~
nent of current Iy is detemmined by both V; and e
through the isgpthexmal 2.¢. conductance ¢ and the current

temperature coefficient, h @

ol .
1 ( oy ’T v & ( 5T )Vgl = g Vl + h @1 . {2.31)

The sign of h distinguishes N.T.C. and P.T.C. themmistors:
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h>0 signifies N.T.C and h<0 , P.T.C. The a.c.
admittance is ‘
T I gy * hl,

{2.32)

At zero frequency this becomes the pure conductance
K+ M,
K =hy,

(2.33)

G;, is simply the slope of the steady-state current-
voltage characteristics Another way of looking at this
is 4 »consider small and.infini tely slow increments

A1 and AV along the steady state characteristic,
accoupaiied by & temperature changed® , so that
Kae =I AV+ V, AL - (2.343)

AI = gAv +hAe - (2.34b)

| These equations may be combined Yo give G, =AI 7AV,
in the form of Equation 2.32.

At infinite frequency the a.ci. admittance is
Yo = G, =9 " {2.35)
Thig is again purely real becausé instantanecous tempew

rature of the device cannot follow the rapid variation

of electrical power.

The general form of admittance, Y(w) = G(w)+iB(w},

may be expressed in temms of G(w) and B{w) as follows @



] g2 > + ( ge/T + hI) (C/7 = hV,)
G{uw}) S : :

w2 c? + (o - hy) 2
‘ 2
hI +gV.) (/7T « hV.)
= g + "2 -°‘- — {2.36a)
w2 % (¢/ T = hy,)?
) w Ch (g¥, + 1))
Blu) 2 o —mee OO {2.36b)

w2C? + ( "? - h V0)2

The corresponding foxmulae for the impedance represenw
tation,

2{w) = 1/¥(w) = R(u) + 5X(u), are,

g w2 (¢/ T « hV,) (g /T + hL )
e —— 0 (2.373)

R{w} = e _ . -
| g22%% + (o’ T + h1,) 2

ﬁéch(gvo +1,)

X{w) = (2.37b})

0%202  + (gc/ ¥ +h1 )2
Using the identity g = xG/‘Vo. which is valid for

linear isothermals, which arise from N.T.C. Themistors,

it follows from Equation 2.33 that

9K(G, =q) o
I, = B {2.383)
(G, + 9)
hv, = — (2.38b)

(G + 9)



Making use of identities G = 1/R  , g = L/R ,, and T = c/K,
together with the abaire expressions fox hIo and hVé "
we obtain al texnative forms for Equations 2.35 and 2.37

as follows !

wzfz N 4 Ry
6(u) T A% (2.360)
(0 - 5 (2.36¢
4
w2 T2 4 R -
(R, +R_)

o T (Rm - Rb)

'&m{nw * R, )

Blv] = e e (2.36d)
mﬂ"’f‘?‘ + 4% -
(R R
TRy 1R )
R+ = —
Rw) = e (2.37¢)
weT (Hm*% }© :
L
4R,
w T (RpeR5 )
. T |
X(w) = 2? 3 (2.374)
w‘if‘(%‘{‘%)

. 1 *

- 4 RS

~ Both the impedance and admittance loci, when plotted in
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the complex plane, are semicircles with diameter on
the real axis, if g,c,h and T are independent of
frequency, This is clear if, for example, the expre~

ssion for z{wy 4is rewritten in the form

-~ et ) 5
2 =Ry - — (2439)
. nr 4
I

if Gc is negative, the at a critical frequency
definegd by,

hV : » )} 4 g G
2o (Ml Mo 1, seg
° ¢ T ¢ 7 2, T2
. T (G'G* * g)
(2.40)

The temminal conductance will be zero and I; and Wy
will be in phase quadrature. Thig si.tuaﬁonié vd'epicﬁ__
ted by the admittance locus on the 1ef7‘i: 6f fig. 2.1
for an N.T,C thermistor. From the geometry it is
apparent iha-t: the susceptance at w, is given by

o | 179
B{u, )= (=6 9
The condl tion that Go ig negative i.'s h>c /77 V#

for an N,T.C. themistor and h ¢» g C £ 7T I‘o for
a P.T.C. thexmistor, The right hand locus in Fig. 2.1



FIG.2:| SMALL SIGNAL ADMITTANCE LOCI FOR AN N.T.C..
" THERMISTOR BIASED (a) BEYOND TURN OVER
(b) BELOW TURN OVER.

FIG.2:2 LOCUS OF THE OPERATING POINT FOR (a)
SINUSOIDAL AND (b) SQUARE WAVE EXCITATION

OF AN N.T.C. THERMISTOR.
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is for an N.T.C thermistor biasel below turmover, so
that G, 1s positive. |

Itis idnstructive t consider the load line
approach for small-signal a.c. operation. At very
low ftequemiesf, such that w<¢l/ ¥ » the temperature
is eophasal with IV and the locus of igi:he operating
point is a small are of the static¢ characteristic
(straight line for the small-signal case being consi~-
dered, corresponding to the slope sonductence, G) .
At high frequencies, such thet w> 1/ 7 , the power
vaziation is so rapid that the temperature cannot
change and isotheimal conditlons prevailiy The locus
is then a section of isothermal characteristi¢. In the
intemediate frequency range the instantaneous temperas
ture lags the instantaneous power dissipation with a
phase angle corresponding to that of themmal admittance
Ys so glving rise to an approximately elliptical locus
ag shown in Fig. 2.22 o The major axis of the ellipse
may have elther a positive or negative slope according
to the amplitude and frequency of the excitation, It
will be noted that the direction in which the ellipse
is tracel out is anticlockwise, for bias beyond
tumover, That this is so may be seen by reference
to Fige 2.2.b. Ifa small instantaneous departure
from the established operating point is produced by a
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.ge change then initially the themistor temperature
 before and the operating point follows the ohmic
from the origin from P 1 Pl" As the themmistor

v up so its resistance falls and the operating

s moves to P, . If 2 small voltage excitation is

ed then the operating point moves viz Py back to
he lead of voltage change over current change is
ctexristic of the inductive behavioux already esta~
ed. For P.T.C. themisteors the converse is true
he locus 15 traced in a clockwise direction £f I
"are plotted és in the same way. At the cxitical
ency such that the admittance is a pure susceptance
urrent lags the voltage by W/ 2 . radians and
xes of ‘f:hé éllipse are parallel to the I and V

respectively.

Small Signal Equivalent Circuits

Equiir:aiﬁent circui ts corresponding to the analytical
ssions of equations 2.36 and 2.37 are shovn in
2.3. In the upper pazrt of the figure tw forms
hown for N.T.C. thermistors ( h>0 , G,> g ) and
y e corresponding equivalent clrcuits for P.T.C.
Lsiprs; {h<o , G, <g} . Itis convenient to

fy the elements in temms of R, , R, and 7, since

may readily be determined expeéerimentally. RO and
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Roo —=Ro

T Roo( Roo +Ro)
2 (Roo-Ro)

Ra R0
Ra- Rw
[Ro" Ru)(Ro+ R@)

3RS Reo -1
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(4

Ro

T (RYL - R3)
2Rw

Ro~ Reo

. T(Ro+ Roo)

2 Rm(Ro_Ra’)

o

FIG.2-3 SMALL SIGNAL EQUIVALENT CIRCUITS OF THERMISTOR
() NNT.C. (B)PT.C.




R, are very simply obtained fr om d.c. measurements. T
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 source of emf and a
series resistor, c¢hanges in it can be bmought about
by changes in ambient temperature Ty and / or dissi~
pation constant K. When such changes are relatively
small an appropriate small-signal equivalent ci;rcui.t
can be readily devised if the changes in Kor T,

are very slow ih relaton o 1 /77.

The fomm of equivalent circuit is. similar 1o
those for the vacuum triode. It is shown in Fig. 2.4.
The resistance, R, , is simply the slope of the static
characteristic at the operating point, defined as

' Ky T const.

The tamplification' factor is comprlsed of two parts,
in general, since excitations of both dissipation
factor and ambient temperature are possible. For N.T.C
themmistors (current controlled devices), these are

defined zrespectively as,



A

Ro

‘:f
K—> DAVt

@) (b)

(C€) AVT = RoAI, +Ag

(@) Mg = M bR+ MTabTa ($= STIMULUS)

(f) Alt= GoANVT + -’;7-9-

L @ Mg = VK TN b

e)

FIG.2:4 SMALL SIGNAL REPRESENTATION OF THERMISTORS
(a-d,N.T.C., e-g, P.T.C.):(0) CIRCUIT (b)EQUIVALENT
CIRCUIT (¢) SMALL- SIGNAL EQUATION (d)DEFINITION
OF 45 () EQUIVALENT CIRCUIT (f)SMALL -SIGNAL
EQUATION (g) DEFINITION OF ﬁs
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A, = .—f—Y_-. 6V
K Ex | y T, = z}-
I,."I:a‘ z;o.ns*t I,K const
! 4

Itis §bvious from the characteristics of Fig.l.3
and l.2a .respac;ﬁvélyf‘@ﬁmt kKL pmsl tive and #T, isg
negative. M c¢an M derived by differen ti‘a'l:ing thé
two expressions for V, V = IR and V & K (T—-Ta) /I

with R deﬁned as in Equetion 2.1.0 ’

¢

B S TR U T I

‘.. Elimination of dT/dK gives, - - = '

-k

where % as'defined in Equation 2.1l is negative. Similarly
4t can be shown that

BT = e V A (2.41b)

The overall relqtien between the smallnsi.gnal quanﬁt:les
is shown 1n Fig. 2.4 ' |

A similar equivalent circuit can be deviged for P.T.C
Themistors. In this case, however, since we are

concerned with voltege controlied devices (current is
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a single valued function of voltage) it is more

appropriate to define quantities r| X and q‘l‘
a
as follows ¢
51 " b1
B e - E —
‘Tk 5K Xa 5Ty

V, T const VsK const.

Here # y is positive and qfa.- negative, It ig also

more appropriate to use the slope conductance, G,

of the static characteristic at the operating point,

defined as (I 7/ 3v ) o
efined as ( | 8V ) | K1,

consy, N the equivalent

¢ircuit, This, and the terminal smallesignal current-
voltage relationship, expressed in temms of small~

signal parameters, is shown in Fig. 2.4b.

244 .3 low Level Transient Analysis

We consider a simple series circuit comprising
a thermistor, @ resistor of resistance S and battery
of e.m.f. V with an additional sexies e.m.f. AV v,

which can be switched in series with V. In the intial
steady stote condition determined by V, wé can adapt
Equation 2.2.6 to obtain,

K{ Tow T;) = Y2 R@ s (2.42)

whexre T, is the themmlstor temperaiure and R@) is the
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corresponding d.c. (isothemal) resistance. On
‘applying the step of e.am.f., AV , the eqﬁaﬁon defin-
ing the transient conditions is |

s R |
C%?K(Tv TDd) = (V+M)2 mz -2 “hhz
‘ , . (Rw* S) o (Rm'*' 8)
{O.’(2{;43)

For small temperature differences, T~Tm , We may supp-
ose that R;) » the instantaneous value of R, hag
the form,

Réa = R [3. + ot (T T, )J e+ o(2,44)

Here X= =B/ Tw® is the temperature coefficient
of resistance at the working point., Substi tution for
R:m in Equation ~.’31.,453::2; and neglect of second oxdexr
tems in T = Ty leads to

c fi- #{T = Ta [K~(V+M)2 P 2

dt gﬁm.gqg)z T m?'
®. = (V3 2WV ) o R‘” - el 2445)
(Ry*s) | (R, *+9)°

By inspectigh it can be seen that the effective themmal
time constant for the cizeuit is
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B (R =3)

R
1w oy ? —
(Rm+s)' KTw (Rm.*s)
60(204‘6)
We have assumed that for small temperature différences_
RE « R_is linearly zelated to T = T o, so that
the time constant governing the rate of change of Réo
is likewise T, i F urthemmore, since the changes in
Réa are gmall, the rate of change of current is also
governed by Te , which may therefore be formally -
identified with the effective time constant for the
circuit, Ye¢ .

Te specifies the rate of change of resistance
with time and is the parameter of importance for
circuit applications. This will now be dexived for
N.T.C. Thermistors. We have two basic equations
relating to I and V,;

P =1V =17 R —»vz/Rm =K{ To~T) (247)

Ry = W1 =R, exp (BT . - {2448)

From the total differential of equation 2.47 we obtain
v K df Vo

=] S

d1 Io dI i
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and from the corresponding differential of equation
2,48, B

4V vaI B Ve w
a4 % Il

_ Combining these leads to

av K @ Wy I av Ve
dI  VaoBle | la Iy dI lg
which may be pui: inty the form

L2

K Tﬂ? =. m____._._.._ﬁm 4‘ Rﬂ

BIZR

® o = R

and because

R + 8§ R + §
@© o0

This becomes

m?;, (R_+9% R _+R

) = T (2.49)
Substi tuting in equation 2.45 yields
_. (R *+ R,) {R_+ &)
Te =7 - ' —® (2.50)

2 Ry (R, +8)

For S$= m, Equation 2.50 reduces to ,
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(Rt Ry )

2 RGO

T =T, =T (2.51)

which is the property of the thermistor {tself.
If R, and Roo are known and Te is measured for a

range of values of S, ¥ can be calculated.

Equation 2.50 may be derived directly after using either
of the equivalent circuits in the upper part of FLg.2.3

to :cepxesent the - themz.s‘rn: m the circuit which has

" been discussad.

2,5 HIGH LEVEL ANALYSIS FOR NEWTONIAN, COOLING

, vaided that the ins tantanecus resistance of
the ﬁhamistox éan be speeified to 2 good approximation
in a relatively simple closed for,m_,. then it is possible
to obtain approximate predictions of circuit behaviour

under large signal conditions.

2.5.1 A.C. Signals

We will consider 2 simple sexies ¢ircult at
ambient temperature Ty , comprising a einuspidal
source of c.m.fe e( t) = E sin ot, a resistance § end
an N.‘I‘.Cf thexmisto:;. whose instantaneous resistance

i specified as,
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R(D) = Rg exp (B/T)  (2.52a)
or R(6) = R, exp [{W] (2.52b)

The analytical &echnique depends on the frequency range
For ‘medium' and *low! frequencies such that ¢ o7 is
&€ the oxder of or less than unity a computer solution
is recguired but at high frequencies, o¥>>1 , an
approximate analysis is possibie.

2.5 2 Medium and Low Frequency Analysis

The ins_tan‘t'anecus current in ﬁhe cireuit is

E sin "o ¢
| S+ R(T) |
and the ingtantancous power dissipated in the “thexmistor
is R(T) £ sin? o t

P=R(T) 82(4 = (2.53)

(s+R(T)?
Substitution of Equation 2.53 int Equation 2.% gives

a e .

C o+ KO = B2 gin? ot (2.54)
dt (s+R(8))

In‘tengaﬁng with respect to t brings the equation to
a form suitable fox analogue computation. Introduction
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} snemerin

f-"f‘the idend ties |
R &)
(s + R(9))2

g} =

n L 2, o
h(t) = E" ! 4in
0 s ‘m‘ﬁﬁt

leads to

c 2.0 =kffoar = g any (29

Here g{8) and h(%) are known functions and furthexmore
6(0) = 0 §f the e.m.f. is connected at t =0 and the
thermistor temperature at this instant is T, , Ecquation
2.55 can readily be set up on a differential analyser
and a solution for €&(t) found. Correspbndi.ng time«

variations of R,1 and v c¢an then be calculated.

2.5.3 High=Fregquency Approximation

If @Y > 1 then the instantaneous resistance
will vary very little over a period,. For the same
series circuit considered above 1t is then pexmissible
to write the following exp;c‘essions for the instanta=
neous voltage and current at the thermistor terminals

v(t) = (V4 AV) sin® % {2.56a)

1i{t) = (I + AI) sin o ¢ (2.56b)



Here V and T represent taverage' peak values of
vol tage and' current, which approximately speclfy v{t)
and i( 1), respectivelys AV and AL reepresent in~
phase and time dependent amplitude around V and I ,
respectively. It follows that

" +Iis=3s (2.573)

AV+AL 8= 0 - (2.57b)
and the instantaneous resistance of the themmistor

is given by

(4 v

| V{ 1) Vo AV AX
Aty = —— f-“‘a-‘fit'"’ [,w = -

or R(t) = R + AR - (2.58)
To proceed further an expression for AR must be
cbtained from the powerebalance equation, 2.26,
This may be wxi tten,
as 49 ar

-k O — = — {2.55
P=K@ =¢C 33 " 4R AT )
The relative variations in @ are much smaller than in
P= VI, s0 we can put,

PuKO@ 2 Pk =Pwbp (2.592)

From equation 2.59 an expression for dR can be obtained
(P-‘E) dR

C dae
gince dR/d® can be identified with (dR/d9) = % § /P ,

drR = dt - (2.60)
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in the present degree of approximation, this becomes

(paPy ER | |
dR # e (2.61)
P T -

where 7 has also been replaced by its mesn value T,

Integration gives

o ’i’; _ .
AR F RN S
3 T Q . p :

The appliéd power is given by
P=vi o2 VI ein?
or P= Pl(lecosaot)  (2.64)

where P = VI /2 . substitution in Equation 2.63 and

- subsequent integration gives

AR . F Gn oo o
S = = sin 2 t (2;'65)
g 2 o7 .

Now from Equations 2.57 and 2.58 we can obtain

AV . VAR . ¢ AR .
= gfle—)=— = —— T | (2.66a)
v £ (stR)
AT V AR R AR |
-~ *"fF R "~ ° — - (2.66b)
I (s*tR) R
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| Ihtmgueing AV and AL £rom Eouation 2.66 into

| Eq&a"hicn 2.56 and paving regard to Ecuation 265,
leads to the following final expressions for V and
I:

(cos ® & « cos 300 ) )
(1+ <

(2.672)

- D .
() = I (sin ot = - {C0S 0t =C0S 3'}mt )} (2.67b)
Where « = R /S |

and D= F 74 o7,

The current lags the voltage at the fundamental frecuency
as expected for the N.T.C. themmistor, which we héve, .
elready seen has inductive properties for small signals.

The magni tude of the phase angle is

- D
6 = tan™t _

Dzﬂ ' {2.68)

1 =

(14e) 2
ox @ =~ DIif D <<}

1f S= w , i.¢p “=0 , only the veltage is distorted.
V=V (sin®?t + D (c0s w1, o533 @8) - (2.69)

correspondingly if § = ¢ , i.ég, % = g only*the
current is distorted :

I=1(sinot=D(cos @t ~ cos 3 Ot )) (2470)
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2,5.4 Transient Analysis

Itis convenient to use 2 semi~graphical
approach. The same series circuit as analysed abéve
will be considéred here for the case in which, at t =0
the c¢ircuit e.mf. igs changed from E, to E, and the
series resistance from 5; %t S, . These conditions
are shown Dby the corresponding load lines I and II
drawn on the staﬁc.ehazactexi-sﬁ@ for an N.T.C, thex~
mistor at ambient temperature T, , in Fig. 2.5. Fox
t 0 the circuit is in the stationary state, represens
ted by point L (Vp , 11) » which 1s the intexrsection
between the themmistor VeI characteristic and load
line I, determmined by the equation

v I o= E (2.71)

The themmistpor resistance Rl = Vi/Il is on the
isothermal (linear) characteristic from the origin,
which passes through point 1. At t =2 0 the change
in E and 8§ to the new values B, and $, force the
dynemic point V, I to move from load line I 4o

load line 11, Because of the thermal) inertia of the
thexmistor, abrupt changesbf themmistor resistance
are not possible, so at t = 0 , the operating point
is constrainea to move along the isgothermal charac~

teristic passing through point I to the corresponding



VOLTAGE

E/S, E/S2

—— CURRENT

FIG.2:5 ST/-\TIC AND DYNAMIC CHARACTERISTICS OF AN.T.C.
THERMISTOR FOR TRANSIENT ANALYSIS.
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point I' on the load line II. Hence the themmistor
‘voltage and current change instantaneously from

Vv, I % V3, 1§ .

At the same time the power supplied increases
from Vll to V}'_ Ii‘ s While the rate of heat loss is
unchanged, Hence for t>0 the themistor temperature
increases and 1ts static resistance decreases. There-
fore the dynamic operating point moves down towards
on load line II from 1' until 1t reaches point 2.,
ite intersection with the static characteristic, whi ch

represents the final stationary state.

The dynamic characteristic is therefore
represented by 1-1'«2 . 8ince instantaneous changes
in E and § have been assumed it is only necessary to
detemmine the movement of the dynamic point from 1!
to 2. This is governed by the time~dependence of the
themistor excess temperature, @, or the corresponde
ing inverse function, which can be wrltten, by inte
gration of Equaﬁen 2.26 ¢ |

f- O 29

8
1 (p(6)=k9)

{2.72)
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Here 91 is the excess temperature corresponding to
the initial operating point. The integral can readily
be evaluated graphically if Y(6) is known. Values of
P{O) « K& required forx denomenator are obtained by
substracgting the product of the thermistor current and
" volitage at the in te-xéecﬁmn of resistance lines from

- the origir; and the static characteristic (e.g. Ig)
from the corresponding intersection of this 15:ne and

the dynamic characteristic (correspondingly ID).

Alternatively it can be assumed that the
curve of P(6) » K9 wversus K@ is represented by a
series of stralght lines, so that the piecewise conse
tant depivative ¢ = d (P(9)«K9)/ d{K® can be intro-
duced » Then. .

d(xéé} o 4 d{ P(8) ~K9)

—_— m (2.73)
(MO)-Ke)  C (P(6)}~KS)

Integration of Equation 2.72 between two points a and
b on 2 straight partof the (P(9)-K(F)) versus K2

curve vields,

T T P&)b - K 8,
Cap 1Mo, - K8,

If, in particular, the internal power dissipation is



G2
(‘\.

small, ¢ = «1 and Equation 2.74 becomes

%

a

or 6 T 6, exp'[u (‘{‘b - ‘i’.a) / 1"_] (2.75)
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LINEARI SATION OF THERMISTOR CHARACTERISTIC

3.1 INTRODUCTION

The negative temperature coefficient of the
thexmistor has greet sensitivity to temperature and good
stablility against all other environmental changes, but it
is inherently non«linear. The nonelinear characteristic
of the thermistor 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 admlrae
ble sultable. In particular this is so for temperature
measurement and compensation. Since in these applications
the thermlstor is almost invariably operated in the zero
internal dissipation mode. The problem of linearising
under these conditions will be discussed in detsil. In
the fbllowing,pageé emphasis will be laid on determining
analytically the extent to which linearisation ig possible
within a specified range of temperature, vith the various
methods outlined in the rext section. The suthor deals
with the various techniques of linearlsing the two types
of characteristics, viz., (1) resistance temperature
characteristic and {ii } temperature-output voltage due
to the change in the thermlstor resistance owing to the

change in temperature.



3.2 SHAPING OF THE RESISTANCE<TEMPERATURE C

In general the resistanceetemperature character~
istics of commercial themmistors d¢ not have the form
required for a specific application. Under certain
conditiong it is , however, possible to modify the
charactexistic so that it epproximates a desired fomm.
This 15 done using 2 series and shunteconnected reststors.
I1f & simple desion procedure f¢ to be uged the requirements
gre that the themmistor temperasture is equal to the
ambient tempez:awré Ta and the passive realstors are
also at T, . It1is also implicit that the thermistor
obeys Ohm*'s Low which is valid for N.T.C. thermistors
at low power levels.

Shaping networks with two fi.'x__e_,d resistors are shown in
- Fig. 3.1. ¥For {a) the terminal reclstance Ry is

given by | R+ (i + R ) R

T
R, +R

2

and for (b)

I T I

R, + Ry + R
The variation of Ry with temperature will always

be less than the corresponding wvariation of R itself.

{3.2)

Purthermore an incresse in R will always cause an increase

in Ry . These facts may be expressed mathematically as



o - O p

Ry

P, -

(a) ‘ (b)

1G.3:'1 SHAPING NETWORKS WITH TWO FIXED RESISTORS.

R,

T (a) | T (b)
G.3'2 MORE RKREFINED SHAPING NETWORKS WITH THREE FIXED

RESISTORS.

Ei Eo

(@) R (b)

1G. 3:4 (a) POTENTIAL DIVIDER ARRANGEMENT

(b) TRANSFER FUNCTION OF A POTENTIAL DIVIDER 15
A NON LINEAR FUNCTION OF R2 .




follows =

a + bR |
N (3.3)

. #

with posltive coefficients a,b, snd C . Geometrically,
this corresponds to a rectangular hyperbola. More
complicated networks Lnvolving more than two passive
resisters can be used. Examples are shown in Fig. 3.2.
These deflne a texminal resistance having the general
form of equation 3,1, but pemmit & better spproximation
to any desired curve.

3.3 METHOD OF EQUALISING THERMISTORS

Godin®® in 1961 desczibed a bridge for direct

measurement of temperature differences. This instrument
only meagures temperature differences acc-urately if

two Ldentical thermistors sre used. Two gimilar thermigtors
can be trangformed into the equivalent of two nearly
identical thermistors, by wusing serles and parallel

resistances.

. At a given temperature Ty , ‘two similar thermisge
tors can always be made identical . In proctice this
fidentlity can be made to hold over a conslderable range.
Considering two thermistors C and D whose resistances



R, and R, are given by the formulae
R, = A, P (Bg/ T )and Ry = Ay exp (Bp/T) (3.4)

The symbols should be chosen so that at Ty ,

- -—--EB- > ---—-Rc {3o5 ’

aT ar
1f Ry 1s placed in parsllel with flxed resistance X,
the combined resistance Rp will be given by
R By

K+ Ry

(3.6)

Differentiating with respect to T gives
: : 2
B . L nfpK
4T 12(x * R
% B¢ Rg
and — = - ———
dar °

At temperature T) moke dR;/ dT = dR, 7/ dT

(3.7)

(2.8)

Therefore
Bg RelX + RpJ® = Bp Ry X

Bl * P (BBt

BBy = By Ry

(3.9)
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To make the themmistor id=entical at Ty
a resistance S must be placed in seories with elther

R, or Rg . Depending on the circumstances

$ = ¢ (R, «Ry) both atT (3.19)

3.4 THERMISTOR LINEARIZATION

3.4.1 Pringlple

. The R«T characteristic of an N.T.C. thermistor
obeys &n exponentiasl law. From this it follows that
the conducténte against temperature characteristic of
a thermistor is also non-1finear. It has been found that
2 linear resistance against temperature characteristic
can be achleved over a lihitaé temperature range 1f the
thexnistor is shunted with a sulteble fixed resistance
(Flg. 3.3a) sSimilarly, it has been found that a linear -
conductance against temperature chamaa%e:isﬁic can
Bé achieved over a limited temperature range if a sul~
table fixed resistor is connected in serles with the
thermistor (Fig. 3.3b). |

A themistor plus shunturesisﬁancaﬂnetyork
has a point of inflection where the rate aflchahgé of
reslstance with temperature is at a maximum, It is about
this point of inflection that a more linear change in
reslstance 1s obtained.



p FiG.S-3{a A THIAMISTOR PLUS SHUMT-HESI5TC

AN NETWORC SUCH AS THIS CAN 2= 1j8ED
€~ ——0 ‘TO OS-IAIJ\! ﬂ T l\ o th v\L_SIS |.’-“.l\uz..
—@—' VERSUS-TEMPERATURE CHARACTER —
' ISTIC
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° {”9“““‘“" FIG.3: 3(b) A LINEAR CONDUCTANCE VERSUS -'

TEMPERATURE CHARACTZERISTIC CAN
GT Cs BE OBTAINED WITH A RESISTOR
CONNECTED IN SERIZES WITH THE
THERMISTOR .
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16.3-3(c) THE PARALLEL NETWORK SHOWN IN FIG.3-3(q)
HAS A RESISTANCE —VERSUS — TEMPERATURE
CHARACTERISTICS AS SHOWN HERE. IN THIS
SYAMPLE mp=l,3450 , B=3,000°X AND
RESISTANCE OF 2,C00."N. AT 20°C.
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Considering the network of Flg. 3.3{a) . The
total resistance of the netwoxk is

| Re 2
Roe IR

Rt ,

.. The condition that point of inflection lies at
temperature Ty

(3.113

a’r | |
d7

T=1

Therefore by the applying the ¢ondition in Equation 3.11,

we get,

(3.12)

(3.13)

. ® parallel resistance

, RT& = peglgtance of the themistor at tempex‘atuxe ori .

_ Ts__ = inflection temperature in OK‘
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‘5 A thermistor end 2 series resistor network has
an inflection point where the maximum xate of change
of conduc?tance with temperature occurs. It is about
this point of inflection that a more linear change in
conductbance 4is obtained. Formulae relating to this
point of inflection have been derived from which compo-

nent walues can be determined.

a8 (3.14)
-;% = @1,1 — - (3.15)

where G, = geries conductance
Gf:l = Thermistor conductance at temperature Ty

T #  Inflection temperature . QK

3.4.3 Deston Considerations

From the bas‘ic themistor equaticn, the
temperature coeffiaient of the themistor has been
shown to be « (B/I‘Z) v therefore, at ‘tempexature Ty
the temperatare coefficient is - (B/’I‘f ) .« If now
we look at equation 3.12 it can be ssen that unless
Ty is high or B is very low the temperature coeff i~
cient of the parallel n:etwo-’rk,‘ at Ty , relative to the
thermistor, can be consldered as being approximately
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equal to~{ B/4 (‘1‘1)2) s therefore the resistance
change required will be approximately 3/4 of the resig~
tance change o§<the thexrmigtor. If dR/4AT of the
network is known, then an approximate value of thermi~

- stor sresistance at the inflection temperatute 0r'mﬁd‘
range temperature, can be determined for an estimated
value of (B/T9 , from which the nearest standard
thermistor can be obtained to give the calculated thex-
mistor resistance value at Ty « In this way a thexw
mistor reslstance cen be determined falzly quickly,

for say, a compensetion problem, where a linear reglstance
change 1s necessary. The shunt reslstance can be detere
mined from equé‘tiﬁn 3.11. |

3.4.4 Lineaxity .

The linearity obtalned worsens as the temperw
ature deviam‘.an from ‘71_"1 is increased, thus the degree
of linearity over a given temperature range will depend
on the extent of the range. Over a % 2% range,
linearity sulteble for most practical purposes can be
achieved. Better linecarity over & wider temperature

range is possible by considering, instead of the slope

g? ~ from Equation 3.12 as drawn in Pig. 3.3(¢), a slope

swung about the inflection axis, which will cross the
hetwork resistance against temperature characteristic
at three points, including the inflection point. In
this way deviation about the slope is semewhat reduced.
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Expanding the resistance R of equation 3.11
into an infinite serles about the inflection temperate
ure ‘1‘1 ag follows |

_, o . p2 . n g
R(T) = R(Ty) + hR' (T ) + »? R*(Ty) *;—;— R (:_r)

‘ . 0-(361.6a}
On substituting the value of rp and_ substituting

the value of highexr der&vative in Bquation 3.16a,

| n3B 2 Wp 2
R(T) = R(Ty)+ hR'(Ty) - RY(T,) * «-—-g R (Ty)
- 21} KTy
where h = T~Ty and K. € 10 the tems in h3 , b?
wte . indicate departure from lineaxity and may be regarde
el as error temms 33 » 8 ete. 6§ is negligible
compared €5 for small values of h , since,

4 2
6 K T3 / - T i1 (3.7

This shows that for all values of h <20 and T, > 00 K,

€4

64 & 1@ ga * 513_3@@ KE' 3 2 ., Therefore only G

need be considered for calculating the exror 4n linearity.
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3.5 LINEARISATION OF TEMPERATURE-OUTPUT CHARACTERISTIC

3.5.1 Dhrect Reading Bridges

Baxly bridges have been descxibed by ﬁéﬁ‘tﬁf&‘@c
Herington and ﬂandiev?é s 2nd Greenhill and Whiteheadw
No specific sttempt was made to obiain 2 linear thermoe
meter. However in recent years attempts have been made

16,39 to produce a lineay thermo«

by some investigators
meter in which the themmistor is opersted in the zero

| mtemal d&ssipatian mode..

. B.5.2 iimaa:ﬁ.ﬁaﬁm

| Linearisatima of inhemuy xwmlineax depenw
deﬁcé nf c:urrem and vamage of an N.T.C. themistm:
in series mf:h a xesistance r and em.f. E gen
be econsidered ~analytlcally. Aﬁsuming that the themistaf
resistance R .was given by Equation 2.7, i.e. R= R,

enp(B/T) . . ’fh@ current I is glven by

. R4z

“{3.18)

Expanding the current into an infinite series gbout the
waz-king tempamtum Te as fallcwu :

BT % . EE
It’r) = I{T) + hif (*r )4~ ” )4 b oveme ”,: (T
2t . at

{3.19)




where h # (TeT,) and I*,I*, ... .Zﬁn are the first,
second and nth derivatives of I with respect to T.

The approach to linearisation was based on making the
second derivative on the right hand side of Equation 3.19
zero. The condition, cbtalned by differentlating Equation
3.18 twice with respect ‘E@ T is

B - 2 'I

— " (3.20)
B Q % Fo ’
where R, = R, exp .(Bf“rb) '+ On gubstituting this value
for r into higher derivatives in Equation 3.19 this
becomes,

’ h332 nond
N =T, * BT e — 1(T) + —5THT) (3.20)

3t m‘ A T |

- The terms in h3 !fzﬂ[L etc indicate departure from linearxity
and may be regarded as error terms, 65; » 6 etc, 8y

1s negligilie compsred with 6, for emall values of h ,

since
h?‘?ag

N
INTY) = e (3.2)
2 1 %o |

33 o

 This shows, for example, that at all velues of

Te 20K , 6 <0 6, 4f h{D K. Hence only

63 nead be considered. On this basls Beakley showed
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that 4f it i¢ requizred to construct a thermometer to
measure temperature from 200 K to 310 K with 2 éhemﬂ.stoz
for which B = 3000 K , the departure from linearity

has & maximun value of 0.03%C . I£ an ervor of 0.1%

15 pernissible then a range from 286 K to 316 K may

be covered.

36 LINEARL SATION OF mfrmxmma QUTRUT -
o | Anather techniqne of linear&satian wEs sugdested
by Harruff gonsidexing the pﬁtenﬂometer divider ciz~
cult af Fig. 3.4, where RQ m&ght be ; themister. The

| -.cutpat voltage Ls.-a nonls_neaz fumti.on of 32 '

E, = 31 f(“- ,L) , {3.23}

| If %he values af Fl2 nece%arv to give unifam

(nneamﬁ} mcremem,e. of autput veltage e:hange ara plc%ed
g 'againet a temparature scale, ‘theﬁ the characterisﬁc

of a typical themmistor can be added in Fig. 3.5 to
" show what"l‘ihejérisaﬁen must accomplish. It would
appear to .'I.:é easy just to rai é'e the high tanpax%tﬁxe
end of the thermistoy cuxve with & series resistor
and reduce its overall slope with a shunt to match the
required characteristic.



RESISTANCE

Rp PRODUCING LINEAR
RESPONSE

———————

TEMPERATURE C

°IG.3-5 THE CURVE OF WHICH GIVES LINEAR POTENTIAL DIVIDER
OUTPUT AS A PRETENDED FUNCTION OF TEMPERATURE
LOOKS SIMILAR TO THE CURVE OF A TYPICAL THERMISTOR.

[ 4

G.3:6 DUAL ELEMENT NETWORK FIG.3:7 TRIPLE ELEMENT
NETWORK.




This approach turhs out to afford an exact
match at & maximum of three polntg, while the discre-
pencies between the curves are usuably large with any
economically reasonable network of passive resistors.
The veason is not hard to find, The curve of Ry is 2
rational functiony while the characterlstic of 2
negative tempersture coefficient themmistor 1s an
exponenitial function. The two cuxves just are not

of the same shape

3.6.1 Two Thermistor Network

The gecond temperature sensitive element added
in Fig. 3.6 provides & much ¢loser match to the required
Ry cuzve then a metwork of constant resistor €an),
Values ¢an be assigned to the circult elements by solving
the set of equations.

Boo DA B, = Fn ———  (3.24)
RT, (RTy +R) * le'rlﬂﬂ' +R)

where n = O, 192435 ¢+ vuy EQfA E@

, " 1 1 | -
1 T TO T TO |

Absolute temperature, T = 'j!fo +nldA T

B and C are constants for & given themmistor, but not
necessarily the same for both the thexmistors. A more
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£1luminating solution technigue is a kind of mechanised
trial and error. A computer programme can be written
to calculate R and R, , given characteristics of the
two themmlistors. |

3.6.2 Thrse=Themnt stor Network

Stil) closer linearisation is possible with a
 third sensitive element, as shown dn Flg. 3.7 . The

‘ Q&é&%@i ﬁhednumbéx of independently variable elements
in thé.ﬁetWka;7the more closely it will approximate
the desired curve. Therefore, as sensitive elements are
aﬁded to the circui t, 11neazz%y may be improved and/or
temperature gpan widened.. .

SATIGN G? THE GMW‘I‘ GF BBZBGB NETWQHK

3.7 LINENT

. The resistance~temperature charactezistie of
a thermistor can be linearised by connecting a nons

- temperature sensitive, resistance in parallel. Farhd

andLG&aves?33tweﬁpmmendeﬂ the shunt to have a zesiste

. ance equal to that of the theimisfto:: at the mid point

of the temperature range over which 1iﬂeaxizat&en ié
required . Nordon and Baﬁnbri&g&mg suggeated a different
value of shunt resistor using Beaklev approaah which

could give morelaccuzate linear characteristic of thexe
mistor. They used two such linearised identical ther-
mistors in the two arms of Wheatstone bridge. The bridge
is balanced with both thewmistors at the same temperature
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and it will remein balanced at any other temperature
within the range of lincarisation provided the tempera-
ture of both themmistors remain equal. The arrangement
1s shown in Fig. 3. 8. Temperature can be mezsured in
terms of the mswt#nca S which will be a linear funce

tion of temperature.

Ingtead of calibrating the reslistance in terms
of temperature Scott3? 1linearised and calibrated the
output of the bridge in terms of terms of temperature.

The approach used 3.3 outlined belbw () |
(1) Assume the resistance = temperature character-

istic of the sensing device is of the fomm,

e .. @
R =R (1% —
A+ B

) (3.26)

where R 15 the resistance of the device 3t temperature
@ and A and B are constants, It will be shown that the
resistance changes of this form produce a truely linear
output from a properly designed bridge. Fit thls
equation to three experimental points from the chafac«-
terdstic of the sensing device.

(i1) Estimate the exrors directly as the difference
batween the assumed equation and the experimental cugve
of the sensing device.



FIG.3:8 A BRIDGE CIRCUIT

FIG.3-9 A BRIDGE CIRCUIT
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(i14) Equate the nonelinear output terms to zero and
from this equation obtain the desired values of the ¢lzre

cult paraméﬁe_rs .

1t is possible to linearise outputs by the use
of simple shunt or series arriangements but this is not
noymally done in practice. Rather the elements of the
bridge network are used to provide the shunt or series
resigtance.

The general case baseﬂ on the clreult of Fg.3.9
is cangidemém Assumng that the imemal resistance
of battery s zero, the gurrent I through amm G is

'-»givenby,

E(YX .saz)

F( m*‘?? (z«sx}wz(mx) *xﬂ(%z} *G [ F( mwz*rzh(mx) (wz)}

(3.20)

-Now allowing R to ahaﬁge" to R uf # %) where® is diae
_'menasiwiassf\. Furtha::maré’ it is requi red that % 48

t‘c;f the fomm ¢ / '(Al* B e) whé_ré ‘-é'i:sévariable“ causs
ing changes in R, and A and B are 'ééhstams-. Now «
will appear in both Awnerstor and denomenator. Both
numerator and denomenator are multiplied by A+ B @

to leave the numerator as a linear function of € . In

the denomenator none &  terms will be multiplied by
A+ B @ whilst « terms will be replaced by & . If



now %the & terms of the denomenator are equated to

zero the followlng expression results *
[P‘ {(R+ B+ RY (23 + Yz {(ReRB +R}+xR (V2) f"’"’”]‘
+GF [{‘Btﬁﬁﬁﬂdm) * {%wxjﬂ *E‘} {v+2) } 20 (3.28)

which s the condition for I to be iinear function of © .
This has been done by equating the nonelineazity produce
ing temms to Zero.

Now putting G= s R, F = PR and Z= X, Y= R

X= § R end solving equatien 3.28 forB.

whence,

:agg.«m; p Hwﬂq* (M‘gli

4%+ 2*?( 14-@) *qptz’ka?} * (1+§3 !]
C(3.9)

B=w

For B =0 {L.e. battery amm resigtance zero) this
degenerates to on e
N ORI CAA R

(% + 251 +4)

(3.20)

For =@ (i.e. infinite impedance output indicator)
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P‘ ‘H_.;.g

p (2* a?;) * (Mﬁ;)

{3.31)

Serles shunt constant corrections « Considering srm R
in Flg. 3.9 , compxﬁ.aing an element Q _shunted :asr a
masistaéce Py and all@wing amr ms& s‘tam:e ¢hange 'to
occur in Q such ‘that. @ changes 40 Q (1 # %) . Hence

R(L+ 4 = —— (1) = ol - (3.3
. B | Q( 1+ ,“F&*P ,

fmm which,
P ) - »
a{xw)*P' | S

Now all@ming %, ‘tobe of fhe form &/ {(C+DE) hence,

« = DU (3.3

[m . ar(pedp ﬁ]

J— ¥ -
*f_?;c-v P

or compared with « = used earlier.

A+*B®
A"”"._‘_"“"“"‘C_ ‘?_5_;:} P " ,

B - Q | C qe n
or D = ol - {3.39)
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~ For a gimilar serles arrangemont, with the element Q
,'a-na the serles yresistance 5 44 can be found that

B = Q*sn oy D = --E--B (3.36)
Q Q3 .

3.8 LINEARISING OF SELF HEATED THERMISTOR

3.8.1 Introduction

In some cases inadequate response may be
abtained at low bridge voltages. It is always tempting
%0 int¢resse the supply voltage to the thermistor in an
attempt to improve its sensitivity, however, the
equations developed in the preceeding sections became
invalid as the self heating increases and a different

approach to linearisation must be taken.

It can be shown that in the self heated réode,
a2 point of 4inflectionin the ‘théxmistcr current versus
temperature cuzve still exists snd the possibility
axlges of lineasising the thermistor about this peint.

3.8.2 Principle of Linearisation

_ Congidering & simple clreuit having a thermistor
and a resistor connected scross a supply Vy » The
resistance of the thexmigtor is A o 8 T at absolute

temperature T, where A and B are .eanstants, and P be



the ﬁ.m& series resistor. V is the voltage drop across
thexmistor and I is the current flowing through the
circuit. From the knowledge of themai dissipation
congtant of the themisytozz, it &s possibie to derivé |
Vsl cuzves for the device at any glven ambient tempes
;«atuxa. T. A temperature span ig chosen over which
‘approximate 1inearity 1s desired and the mid and
extreme temperature of this span (Ty, T, , T, Tespectively,
where ToeT, = To «T,) are used to calculate three VeI
eu;;ve:s. ‘i‘he J.aad line of the ci::cui.t is then placéd over
| i:he gurve either graphi cally ox via i:ha cmpu%er ar:d
moved around. Unit equsl Mngths are stepped out alcmg
- itself in going fxom\iz,,tﬁrlb and from Tp %0 T, . The
resulting values of P and V, imply that the departure
- from lineaxity is zexo at Tg , T end T, and hopefully

the exrror between these axtremés is small.

3.9 CNGLUIANS

(a) Linearlsiﬂg the RmT ehamacterxstlés -

| ‘(1)‘ ) ?arhi and Groves suggeste& the shunt te have
a resi-stance eqqai to ‘I;hajt__ of the _,themiata:,at the mid
point of the temperature manée,wéw which Mnéaﬂsﬂim
fs required. In all probsbility this thumb rule was
arreived Aat ofter experimental verification.
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{51) However theoretically it can be shown that a

_ Bw2T
, , i
shunt resistance equal to Mich &
qu | Rfi[aw‘q ] {which 1s a
¢ondition for point of inflection to occur at the mid

of the temperature range over which linearity is desired)
will effect lincarisation of the ReT characteristic
over a‘range on elther side of the point of inflection.
(b) Lineazising T= output Voltage Charactexistic «

(1) Ilinearisation of the output voliage versus
‘temperature characteristic can be effected by potens
ﬂometrlﬁ arrangement. The more the number of parallel
branches the more will be the linearitv achieved.

(41) Linea:ity can also be achieved by incorporatin
the thermi stor in one amm of the bridge.
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SELECTION FACTORS AND TESTING OF THERMISTORS

4
4.1 SELECTION FACTORS

4.} .1 INTRODUCTION

It has already been discussed thatthe thermig~
tors are thexmally sensitive resistors that exhibit
& reslistance change of about 4 percent per degree
centrigrade (NTC themmistors) . They have a stable,
ceramic~like structure consisting mostly of metallic
oxides, and are mmﬁercialiy available in a variety
of shapes such ag digks, washers, rods and beads.
Different types of themmistors have its own merits
and demerits., Size, response time, maximum rated
temperature and preclsion of menufacture are some of
the factors involved in selecting the proper type

of themistor.

4.1.2. Type Selection Factors

The response time of a thermistor is closely
related oto Lits gize and also 1o the mounting arrange~
ments and operating conditions., The smallest bead
type unit has a diameter of @.007 inch without glass
coating, The same bead with glass coating is only 0015
inch in diameter. This unit hag a fast themmal time
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congtant of sbout 1 sec. when suprorted by its own leads
in st‘ili airx, The time constant is less in moving aix,
or in oil, or when the unit is embedded in ano ther
object whose tempexamre is to be sensed. Some of the
large washer type themmistoxs (for example, 374 inch

. in diametex) have themmal ‘time constant of 20r 3

- minutes. This figure can be reduced by bol ting the

wagher themistor. to a thermal sink,

‘Maximum :v‘:a't‘ed_ temperature éieit:,ends on whether

| a umtls glass coated and whether it has attachaa
l«eadjsi." -ﬁi“sbs and rods with leads are usually rated

at mﬁac mnﬁnﬁous-;ambient,_:;teinpei-a ture. the gsame

unit without leads are rated at 150°C. Glass coated
beads will withs*tand Po°c centinuausly The types wi th
»salmsxeﬂ leads are 1imi ted by 'i:he mel ting point of the

- salder. ‘I’ypes vid thout scldered leads will not be des~

“cmyad by exposu:re to hi.gh temperatures for short per~
'- iods, but mayﬁshow a sl:ight permanent resistance shift.

‘The basic thermlstor is sintered in air at. =
temperature between 1200 and 1400 9(}# during manufacture.
Disks, washers 2and rods are metalized aft"a»tmperawre
of 650°C and beads axe glass ceated at 850°C so thet

- the maximum ratings are consexvative.
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The precision with which the various types

i\

of thermistors can be manufactured is another factor
in the choice of proper type. Discs washers and rods
are usually furnished with a 10 % wresistonce tolera-
nce ata specified tempersture, while beads are furni=
shed with a 15 or @ percent resistance tolerance at

a spec;fied temperature. Discs and washers can be
furnished to a greater precision but with a slights
increase in the cost, since they can be ground in
manufacture, reducing their diameter, and thus
adjusting their resistance, Themmistors discs have
been furnished in quantity with a resistance accuracy
of 025 percent. Bead types are difficult to produce
to higher precision because of thelr small size, and
consequently are usually only furnished at higher
precision by simple selection and at consequent increase

in price.

The tovlerance discussed above are the varia-
tions encountered from unit to unit. A given unit will
repeat its perfoxrmance indefinitely over a 100°C
range wi thout detectable hysteresis or variation. The
tolerances may seem high compared to the twlerances
nomally assoclated with wire resistance thermometers,
however, the ten times higher temperature coefficient
of the thermistor pemmits ten times the resistance



variation for the same temperature accurscy.

In terms of temperature accuracy, discs,
rods, and washers are usually furnished with 2 given
resistance within about 2°C of a specified temperature.

Discs have been furnished with & precision of O 05°¢.

Ano ther type of precision has i do with the
difference from unit to unit in following the nominal
resistance = temperature curve specifled by manufacturer.
This departure from the curve (or tolerance on temperature
coefficient) ie about plus ‘or minus 0.59C pver a 100°¢C
range for discs and rods, and about plus or minus
2.5°C ever 2 100°¢ range for beads, Again this wle-
rance refers t variations from unit to unit, a given

unit reproduces without detectable change.

The factor most commonly overlooked in the
applications of themmistors is the power level at
which the unit is operated. Nommally the themmistors
must be operated at much lower power levels than ¢ thex
resistors would be when an oxdinary 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 .LOODC above amblent temperature. A themistor
of the s2me size may also not be damaged by one watt,
but the fact that it has been heated to 100°C above
ambient temperature is not conductive t accurate mea=

surement of thd ambient temperature.

As a result, the maximum power rating of a
thermistor is usually not as importent as a knowledge
of its actual temperature rise when dissipating a given
amount of power. Therec is a proportionality between
the dissipating power and the temperature rise, that
is vsual.;y‘: expressed 8s a8 digsipation constant of so
many milliwatts of electrical powexr per resultant degree
centigrade rise in temperature. The exact specification
of the dissipation constont ig difficult since it depends
on the environment and method of mounting the themmistor.
The value given is usually that which applies when the
thexmistor is suspended by its own leads in still aizx.
The same themmistor in oil, or in moving air, ox |
clamped to some other cbject may have & dissipation

constant ten or more times the value given for still airx.

In actual design there is no objection to
allowing the themmistor t zun slightly hotter than its
surroundings, since this method achieves maximum output
or sensitivity. However, temperature rise should be

restricted to a2t most @ few times .. The accuracy of
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temperature to which the meagurement is to be made.
Otherwise, undesirable effects such as l_orig v:am;up _

time er variation in readings can result.

4.5 METHOD OF MOUNTING THE THERMISTORS®

Two 6 cm lengths of 40 SWG enamelled
copper wire should be taken and the ends be c¢leaned
and tinned with 40760 alloy multicore solder for
about 1/2 mm. All traces of flux should be removed
and the wire be insarte@ in a no.l hypoderhic needle
with the soldered tps projecting 1 cm from the
needle tip. |

The themmistor should be attached to a wire
frame with shellac to fecilitate soldering the assembly
is perfommed on a flat glass plate with components
held in posi ﬁ.or} with small pillets of platicine. The
platindum«iridium / | copper Jjoints were made with
a minimum of solder. The surplus themistor leads are
then trimmed to the _jbint and the plasticine removeﬂ.v
Great care is necessary in performing this operation.
The copper lesds are then drawn into the hypodemmic
needle until the thermlstor bead lay centrally on
the needle tip. |
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A small quantity of ohmaline air=drying
varnish should be applied to the tips and be allowed to
dry for two days. The terminal ends of the copper lead
wires are setled to the hyperdemmic head by dropping a
small quantity of varnish into the head between the
leads while the hypodermlc is suspended in the vertical
position, tip downwaxds. The probe should be left in
this position for forty elght hours to allow the varnish
4o haxden, and then should be tested for continuity and

insulation resistance.

A more mechanic¢ally robust seal might result

if a themosetting resin, such as arxaldite, are used .

4.3 TEMPERATURE STABILITY

It is of parampunt importande in a measuring
instrument that the scale reading does not change signi-
ficantly after calibration. Themistors usel for thex
mometery in particular should therefore be agedé'. The
folloving is 2 summary of the conclusions which may

be drawn concerning long and shoxrt term accuracy.

4,3.1. N.T.C. Thermistors

(a) Measurement of small temperature di fferences

over short perlods of time can be very accurate., In a
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calorimeter 0..0002 K has been claimed6 in a temperature
difference of 0.01°C . A short term stability of 5

parts in .106, corresponding to an accuracy of tempera~

ture 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 0.01°C in a temperature difference of 6~12°C. ..

(¢)  Long term stability depends upon previous his-
tory of the thermistor and whether it has been taged! .
It may be affected by thermal shock or large temperaturxe

chagges.

- {d) - A short temm -staﬂi}'.ity of + 0.2 K has also
been achieved for themmistors with especislly <low
resistivity, made to operate at lisuidenitrogen bolling
 point (‘»25314)‘. ® %w@ex‘; if long ftem sfabij.ity better
than ¢ 10°c 15&-@@1@ periodic recalibration is nece-

S$GaTY.

§ B

4.4 TESTING OF THERMISTORS

4.4.1 Introduction

.. 1In the earlier pages, the selection factors of
the themmistor, which a designer of Electzonic Systems
(in which the thetmistor is an inherent part) has often



i)
Q0

to take into account, are discussed. A brief summary
of the methods used foxr testing the thermistors in
g0 far as thelr perfomance characteristics are

concerned .

7
4.4.2 Detemmination of B and K

The representation of R in Equation 2.14 readily
1ead§ to 8 detexmination 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,

BP=P))/K
(Py/K + T,) (Po/K + Tg)

log, By ~ log R, = (4,1)

B(Py =P} /K

log eRz" leg QR =

(402)
3 S

(Py/K + T} (Py/K + T,)
Dividing snd solving for K we find
1 Py PznPaf) log Ryt Pt Pa-zéli log, Ryt 93( Pl--Pz} log Ry

K= - ~ . :
1, ( Pz" Pa) ngERl-i-(Ps"‘ 1) 109932* ( Planf 109,R,

| {4.3)
K being known, B can be calgulated from Equation 2.14.
The second approach is graphical, From Equations
2.9 and 2.10 we can write,
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logeRh = 1oge Rc + B /15

logGR. = 1°9a3¢* B/7{ &+ Ié)
so that

| | o el 1
Hence a plot af[ioge (B/ﬁai] against P ; has a slope
of T K and the intercept on the ordinate axis it T,/B.
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APPLICATIONS BASED ON VARLATION OF DI $SIPATION CONSTANT

5.1 INTROBUCTION

The dissipation constant or themal conductance,

& te not a property of the themmistor alone, although

it is affected by its geometry. It is markedly influenced
by the ambient atmosphere. As is well known, heat
| aan‘be logt from a body by conduction, convection and
radiation. As far as themmistors ave concerned the
' atmo sphere' foxr applications invelving variation of
digsipation constant, is either liquid or gasepus. These
applications are diverse and cover many areds of scien=
tific Interest and engineexing practice. They may be
cummarised as in the following subdivislons, anemometers,
flow-metexrs and fluidnvelocity’meters. manometers (vacuum
gauges), thermal conductivity analysis and gas=

chromatogxraphy.

5.2 EFFECT OF AMBLENT ON K

At the atomic or molecular level, heat emchange
. between 2 salid rody and surrounding gaseous oF liquid

.i,ambient atmasphere ig the result of collisions of the

| free particles of the surzcunding medium with the solid.

The rate at which heat is p lost:fmom such a body at a

highex tgmperétuze1than its surmunding medium clearly
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depends on whether this is gtationary or moving. In
the latter case the collision rate is higher and the
rate of heat loss i¢ correspondingly increased. For
gaseous atmospheres the themmal conductivity of gas
increases line&rlv‘With pressure {from nearly vacuum
conditions) upto an air~equivalent presgsure af about
20 4, in the to~called molecular~flow pange, but
becomes independent of pressure at pressures somewhat
in excess of this when the probability ¢f molecular
collisions increases significantly.

5.3 APPLICATIONS BASHD ON THE RATE OF FLOW °'°

These include anemometers and flow and fluid-
velocity meters. Rasmussen!? 58 approximate analysis will
be followed here to indicate the ii’ste:}t‘action. between
K and t{m medium. His interest ;was in producing an
improved bathy themograph and an accurate aceanographic
velocity meter, so both ambient temperature T, and
fluid velocity are considered as variables. The heat

transfer equation 2.2 ig

aT _ ,
C wwe #« K(Tw»T = P
k(T Ty s

i

(2.26)
The approxdmations made are

{a) the initial bead temperature isg T, » the correspond-
ing themmistor resistance is R, and,
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RﬁRoD.'Pi‘Q(Tg-TO)} )

cco belng the temperature coefficient of resistance
at Ty , (Valid ££ T = Tb“_ ‘i‘b Y

(b) there is a constant hesting current I.
on substitution in EBquation 2.26 foxr P = IZR,
with R defined as in Equation 5.1, the following

equation is obtained,

T,
aT T = pe B (5.2)
at T 4
whezre, i {K = P % ¥
-
P(l - <% T,}
n = e
e
1 = X
& = =

{ with K a function of veloeity, v, and TV, T and Ty

functionsg of time.

The wusefulness of equation 5,2 may be demons=-
trated byd etermining the behaviour in a simple case
in which the-ambient ‘!:émgé:catuxe gradient ¢ = d-;%
is constanty It is aésuﬁé.d that a steady state &xists
at t=0, so that Po = K (T'O\--, Ié) is the initial
condition. The solution of Equation 5,2 is,



o 112 , -t/ ¥ T
T—-' To**r gv{ e ~l)*;;—gv't
(5.3)

It is important o note that the reduction in effective
time constant represented by T1/T igs the result of the
dissipation of powex in the themistor, and is speci-
fied by
T 1
LA . .
T

- - (5.4)
[L+8 R /12 K(v)]

The reduced time congtant, which means a more rapid
response, is accompanied by 3 reduced sensitivity to
fluld témpemtum vaﬁatiens and an increased sensitiw

vity to speed variations.

A knowledge of the dependence of K on the
relative speed, v,' of the fluid 1s necegsary for a

more general solution of Equation 5.2.

Under steadysstate conditions we have from
Equation 2.1

Tm'ra«:« XV

T can also be expressed as follows, from the basic

(5.5)

thexmistor resistance = ‘&\emp"e"?ziﬁure Equations {2410

and 2u13) « T::z
ra 4a

»
o=
-

(5.6)

%, T, = log, { %:)
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These two expressions can be equated and adjusted to

give, - » -1
. P % T
' o P a "a : .
_ R
| 1og, ('Eg) - |

~Hence K{v} can be determined from eaglly-measured
va:iabies;, A 'suit;ible experimental a:rrangeneﬁt for
detezﬁining K{v} from this equation is outliﬁed by
Hasmussenay'The.thermistor is supported at the tip of
vthe‘haxizontal arm from a #é&tiéal‘shafﬁ, which can
be zstatéd at known velecities within a larye Dewor
jar containing the fluid in question.

5.4 APPLICATION TO INSTRUMENT DESIGN

5.4.1 In Bathythemmography

. The th@ory‘presented above hes been widely
impzemenfed” Rasmussen's particular interest was in the
design of 2 bathythermograph, fllustrated by the
schematic disgram of Fig. 5.1. In thig iﬁst:umeét a
themistor, heated by a constant current, is carried
‘down &nﬁo’the depths of the sea by a weight suspendgd
from a light cable. The integxatarrgives an output
voltage proportional to the‘lengﬁh of cable and tﬁe
themistor voltage dzop is amplified to give the
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the necessary dlectrical signals to operate an X-Y
recorder. If a diving rate of 5 ft/s, a mximum
temperature gradient of 0.25 °C/ft and a variatlonal
temperature accuracy of 005°¢C are specified then the
design considerations are as follows. From Equation 543

'g% = 0315 (1 = Pl ) L (5.8)
On the assumption that the rate of change attains 99%
of the maximum in an interval coxresponding to a tempere
ature change of 0,05 deg C an 3‘%31?6%1%‘&1&‘5&?&1&3& of time
congtant 1" is obtained of 0.DI4 §. Since the time
constant in air is nearly 25 times that in water a
themistor having a time constant in air o £ approximas
tely 0.355¢ 1s required, i ié; s beadetype themi stor
is indlosteds A stendard zenge of bead type themistos
is iﬂdﬁ.cateﬁg A sfanaaw renge of bead type themistors
has & themmal time constant of sbout 0.56 § in aixy
1.e¢ about 002 § in water, This 1s greater than the
effective time constant¥?, which is 0.014 S; hence the
required peduction can be determined from Equation 5.3
as follows , |

0014 3 BP
com 1 KT, + /K>

In golving this equatlon the maximum expected velue of

n

- {5.9)
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T, should be considered, Taking K= 1.45 mWK (in water)
and B ® 3600 K, with an ambient temperature of 290 K,
it follows that the heating power required is @ 22.5 mi.
. This corresponds to & themmistor temperature of about
3065 K, i.0, 15,5 K above ambient. |

S¢4+2 In Low Pressure Measurement

At nommal pressures both the viscosity and
themmal conductivity of gases are independent of the
pressurei At low pressure (% number of mol ecule'sfcma},
such that mean free paths of molecules are of the order
of or greater than the dimensions of the enclosure,
‘the thexmal conductivity is proportional to the pressurs,

. Considexing a hot surface at temperature T, surrounded
by a monotonic gas at low pressure in an enclosure at
ambient temperature, Ta. Molecules striking the hot
surface with inecldent tempevrature Ty are ye-emitted
or reflected with a mean energy corresponding to a
temperature ‘i‘g KT, @ Tg » ©On this basis an
accommodation eoefficlent, g( s caN be déﬁned,

e

& & Ty iy
Te» Ty

It is established that in such collisions
the mean energy transferred to or from & surface at T,

per melecule, is given by E= 2 kT. Hence 4f » represents
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the number of incident molecules per ¢m? , The net
energy transfer per second is

B = Y2k (Tp- 1)

. . PN

| ._._ o ﬁ; I1§ (5.11)

. This -felleiﬂs, since 2 molecule of mass m approaching the
surface with incident velocity v4, rebounding with the
seme speed will experience & momentum change of 2m Sri and
if v molecules of density n per cm® strike an ares
of 1 cm? per saé«md the total impulse exerted on the
ares per unit time s 2my vy , pressure P, is defined
as the rete at which momentum is imparted per mng ¢ 50
that P=2my vy, andit can also be shown that
P= a KT

The application of hedted thermistors to vacuum
measurement is obvious, Various ingtruments have been
descreiba O 113 %3'14 for the measurement in the
pressure range ,lpm"'? mm Hg, although some do not
cover the whole rangen That due to Bradleyl® does, It
congists a bead type thexmistor sealed into the end of
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the closel eapillary ps shown in Fig. 5.3. After calie
pration the themistor may be used directly in the range
3.-10"3 mm Hg. Pressure in the lower range are measuxred
by compressing the gas in the small chambex enclosing
the thermistor until the pressure ises to .10'"3-’-1

mm Hge The pressuze in the chamber is then detemmined
and the original vexy low pressure can be caloulated
£rom the compression ratio. Bradley's gauge uged a
wheatstone bridge with 8 balancing thermistor in series
with & reslstance in an adjacent am to the sensing
thexwistors Vaxictk and sa:fﬁ-bn covered the zange
110 mn Hg dizectly by depositing miniature themis:
tors on thin metal %ils.

An assaciateé applmaﬂon which depends on the
peagurement of change of low pressure with time is in

14
4he detern mination of molecular weight by effusiometery

 This involves the reloase of the gas, whose molecular
weloht L8 %o be determined, by effusion through 8 small
oxifice into @ cham’bex which is inltially avacuated .

5.4.3 In Gas Malysis and chmmatogmphy

chmmatography emerged a8 8 chemical analyticai
technique, The technique has been extended o gases and

4 known as 'gas chromato graphy' . There are two variants.
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in the first- 'gas liquid partition chromatography',

. G,LB, or 1'gas liquid chromatography' GLC, the absorbing
agent is a liquid, distributed on a solid support, in
the second, g8s solid chromatography, GSC, ‘the absorbent
is 8 wgolid, but GSC has proved to be of less value than
GLG {» Gaseliquid chromatogzaphy. can be used to detexrmine
the makesup of & gaseous mixture. In the latter case

an inert gas 1s used to transport the unknown sample
into the column and thaough it, The emergence from the
column of a particular constituent of a gasecus mixture
is sensed, for a2 fixed rate of cargier gas flow, by its
intrinsic themsal conductivity. Hence if 2 means of
measuring instantanepus thermal conductivity is avallable,
both the qualitative and quantitative indication of the
coristituents 1s posgsible.

. The sensing head for GLC s a themmaleconductivity
celli This is shown schematically in Flg. 5.2, It
consists of & metallic block, of laxge hest capacity,
through which both the input and output gaseous stresms
fxom the column flow. Holes bored trensversely to the
direction of "gas flow' with appropriste seals, contain
matched themistors which are connected electrically
in the usual wheatstone bridge circuit, In view of the
sengitivity of the themistor resistance to temperature
and gas flow rate both of these have to be controlled.



5.4 .4 Other Applications Based on Rate of Flow

Several papers have been written on the applii-
cation of thexmistors to anemometry. These include inse
txumentation for measuring wind speed and forced flow
under laboratory conditions. As discussed earlier in
detall the dissipation constant is a function of velocity
of the gas in ambient medium. It ig this cherscteristic
which 1s exploited in anempometry.

5.5 DESIGN DETAILS OF A SIMPLE GAS ANALYSER AND

uction
For demonstirating the application of thermistors
in gag analysis a simple themistor device has besn
designed and fabricated which ¢an be used both for gas
analysis and with glight modification for anemometry

PUXPOEBES..

5.5.2. Bagi¢ Principle

~ The device essentially exploits that property
whereby the dissipation constant and therefore the
resigtance of a themmistor depends on the themal cone
ductivity of the medium and the velocity of' the ambient
in which &t is placed. The basic arrangement shown in
schematic foxm in Fig. 5.2 essentially consists of two
A £2Y

“ ..‘;:?r‘il J:r' Y L”II”ULCKS‘/T/ Jf AU
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‘chambers in which are housed two matched themmistors.
~One of the chambers and hence the themmistor is maine
tained under yeference conditions which are kép’c
constant. These conditions are the constituents of the
ambient medium and its velocity and temperature. %hzs
thermistor will henceforth be referred to as the
reference themistor. The other chamber houses the
sensing thermistor which &8 surrounded either !“a‘y' the
- gas under analysis or by the m-edium whose velocity is
. . %0 be meagured, These two thexmigtors foxm the'adjae:ent
~ammsg of a wheatstone bridge, the output of séhi_ch. ig a
measuze of the measuxend. Initially the two chambers
are kept under reference conditions and the bridde output
is balanced so thet the bridge output is zexo, Next the
gas to be analysed is intmducéd‘ into the .é:ensing chambex,
" Depending upon the ‘Bhémal candnctivity of this gas the
'disaﬂ.pation constant and therefare the resz.stance of the
‘gensing thermistor will undergo a change causing an un=
Jbalancedsutput vcltage 1o appear from across the bridge
which can be calibrated in temms of elther the percentage
concentration of a particular gas or geses or the velow
city of flowy depending on whether the deivicé‘ is being

used as a gas analyser or as an anemometer respectively.

545.3. cgnstmcltional ..i:?e‘bails and ﬂesig@: Considezations

Thermostat is & rectangular chamber of 1' *BAx6 "
size made of aluminium. It Ls insulated by means ﬁbre
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sheet to make the heat loss by conduction and radiae
tion as sméll as possible. ‘he thickness of the alumi-
nium sheet used in the construction of the chamber is
deliberately kept large (1/8%) so that it has a large
themal capacity consequently reducing the temperature
variations ingide the chamber in response to rapid
changes in the envizonment temperature. The chamber is
heated by means of a heater coll placed on one of its
sidess Alr is made to circulat by mesns of revolving
blades attached to & small motor shaft so that there

is no temperature gradient in the chamber and the tempe
erature inside 1t is maintained mearly constant, The
blades are shaped in such 2 way~details of which are
clearly visible in the plate le that air is made to clr-
culate radially. Two brass chambers (3% cube) are placed
on the opposite end of the heater colli, These containers
must be exactly similsr in size and shape and must have
the same thexmal capacity, which will provide uniform
and eaqual heating of the two themmlstors under similar
gas flow conditions. The choice of the chamber material
was decided from considerations of themmal capacity and
constructional facilitiesi In order to render temperature
inside the chamber insensitive to ambi ent. temperature
variations a high themmal capacity material wes required.
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From this consideration and the fact that 'bras‘s lended
ftself easily and economically to brazing it was deci-
ded to use brass,

~ The ghape of the chamber ideally must be su¢h
that the thermistor is equally spaced from 8ll the sides
~cf£ the chambex. From this conslderation the ideal shape
is spherical, but on asccount of fabrication diffuculties
the next best shape, viz., cubical was selocted.

. A few exploded views of the device are shown

8544 Themistor Selection

The speci ficatlon of the themmistors suiteble

for this application should be such that they have
very small time constant, (preferably of the order of
1 sec. or even less) be impexvious to gas and moisture

- and good stability CB should be peasonably constant with
.‘timé} » From these considerations the type of the ther-
mistor selected was epoxy coated bead type, From consi~
derations of accuracy it is absolutely essential that
the two thexmistors be as exactly matched as possible
80 that at all temperatures the temperature coefficients
are necarly the same and the value of B, the material
congtant, Use of matched thermigtor will thus ensure



that under fdentical ambient conditions in the two
chambers the value of the themmistor resictance will

be the zame.
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APPLICATIONS BASED ON RESISTANCE TEMPERATURE CHARACTERISTICS
6 .1 INTRODUCTION

One of the extensive fields of spplication of
i;hémjis_tors is in temperature measurement and sensing,
and also temperature ¢control and alamm systems. They
can be used as well to compensate for changes in reslse
tance of the circult components having a temperature
coefficient of resistance of opposite sign, N.T.C.
themmistors, in conjunction with passive lineerising
résis-ﬁors',f are mainly uged for ,%hbs;;\purpo s,é: to compensate
for the positive increase of resistance with temperature
of metallice donductorsi The features of themmlstors
which send them to these applications are :

, (a) a large temperature coefficlent of resistance

_{b) small size | o

() the ability to ﬁithstand electrical and mechenical
stresses | ,

_{d) the ability to operate over 2 wide range of tempexature
~{e) the large range of reslstance values which can be

realisged.

For temperature megsurement +the nonelinear

resistance~tempeorature characteristic of N.T.C themistors
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ls a disadvantage, but technicues are available for
changing thig to 2 linear one which have been discu-
ssed in detall in Chapter III.

6.2 TEMPERATURE MEASUREMENT

Generally & themistor 1s chosen for temperae
ture measurement where remote indication and slamm
are desired, digital indication is required, emsll
size is essential, ruggedness is necessary or where
& gnall temperature difference is involved, A platinunm
resistance themmometer would be chosen where long temm
stability L of the highest importénce or where the
temperature Ls too high for a themistor { >350 K).
. Thermocouples are only useful for measurement of large
temperature differences as they have & lower sensttivity,
or for measurement of temperature in the very high ranges
for which themmlstors are unsuitable.

 Fora simple thermistor system it is sufficient
to monitor the current through a series combination of
a pagsive resistor and a themmistor, fed from & constant
voltage supply. However, the majority of applications
involve the use of 3 Wheatstone bridge to eliminate the
standing cument; with themmistor or preferably the
themistor and the eempansating network occupying one
arm, the other amms ideally are temperature insensitive

resistors.



Direct redding thermistor bridges glve an
indication of temperature efther in terms of the balanced
current in the detector or & caliberated resistance
arm, which is adjusted to glve & balance at a fixed
temperature.

The other type of bridge, which is ugeful for
many epplications, such as themmoelectric chemical
analyses and dewepoint hygrometry, is designel to

measure temperature differences.

Common to both types of bridge &s the problem
of decrease of rete of change of (N.T.C}) Themistor
resistance with incressing temperature . This leads
to 8 temperature ~dependent sensitivity. A second
problem is the spread of constants for thermistors,
gven of a glven type.

6 +3 INCORPORATION OF THE THERMISTOR IN A WHEATSTONE
BRLDGE
‘It will be seen that when a themistor is
incorporated in 2 Wheatstone bridge in which the other
components are passive, there is an unbalanced voltage
across the detector when the resistance of the themistor
changes with temperature and so is the change in the
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detector current 1 g* ‘fhe -ci.:wui-t to b-e mngidé:ced is
shown in Fig. 6.1 'i‘he th:cee equations defihiﬂg thig

n-etwqu are ¢ .
=R1{Il - Ig)? + Rly

B = (Rt RYI* RI, } (8.
T

. Eliminating I, and I gives .
Eb(alﬂ ] R)

7 RERS RRS Ry ¢ RAG RRY * R (RR ARG

{(6.2)

which may be rewritten as,
- Bftdenr S
S T (6 .3)
e | PR.‘*‘ 9

where L, ™, P, qare constants, An alternative fmmz is

‘ 5/ + mq / 2
Ig % Constant = Eb{ P L ) . {6 .4)
R + q / P

which may be recast as, . .. o
Rt | '

where s is 2 constant which may be texmed 8 sensitivitya-
te‘.‘iuction factor e



FIG.6-1 WHEATSTONE BRIDGE CIRCUIT FOR
TEMPERATURE MEASUREMENT .

FIG.6-2 THERMISTOR BRIDGE GIVING NEAR CONSTANT
SENSTIVITY OVER A LIMITED RANGE OF
TEMPERATURE .
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Equation 6.5 can be made linear in T, It i¢ analogous
to ecquation 3.eand is linear in T for the same conditions
that sgquation 318 4s ldnear in T, {.e.

1 E” “"2* ’“ ¥ mﬁ’ﬁ] %y x

s a——————————

9
T e e
P

(:cg z-} {x t z~3} # 3:23:3 4+ x

8.1
 The relationship between galvanometer current and tempes
rature ¢an ke shown to be |
- re 2 .
dlg  SBy(B ¢ 2T,) h™ B
' ’ 43‘5&"’30 12 %

where * hé represents the limits of range of thexmometer.

In the design of directereading themometer r is
calculated from Equation 3.20 and § from equation 6.6.
. 1f a current limiting resistor is used in series with
the battery supplylng ths byldge the expression for
galvenometer current again is of the foxm of equation3.

and @ 1linear response is approximated.
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It is implicit in the above discussion that
sal fehetting of the thexmistor is insignificant;, The
effect of small self-heating is considered by Beakloy.

6.4 CONSTANT SENSITIVITY BRIDGE

gince the rate of change of (N.T.C) themistor
’ ‘?es_i stence with temperature decreases with temperature,
the gengitivity of the simple bridge considered so fax
decreases as the working temperature increases, Plits
and Pﬁastleym have described a bridge in which near
constant sensitivity can be achieved over & limited
range of temperature. Thelr e¢ircuit is shown in Flg. 6.2.
. The npvel feature is a tapped resistance A, part of which
is in series with the thexmistor and the r@namdér in
series with the supply to the bridge. With this arrange~
ment it has been shown, to @ filrst approximation, that
d;g/a*r is indepeﬁdent of R and hence of T if

_2RaR
(Rg* R)

6.5 SELF BALANCING THERMOMETER

% By« A

Priestley has described a selfebalancing
bridge in which the d.c. out of balance signal from
the bridge is fed to 2 seﬂoﬂmplififer, which drives . a

servo-motor, which ig connected to a balancing ten«tumn
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potentiometer in one aym. This hag a straight-through
spindle and one end of this is connected to digidial.
, Fﬁestley' incorpvrated the themmlstor in shunt with
a reslstance S of value

{B «21,)
(B v 2h)

§ 5 R (6.49)
~which ﬁveé a s‘e'z‘:qnd _d;ffe:ential _mefficigqt of zexc
in ihe; k’fayj'ior expanslon of the reslstance of the combi«
nayi%m as a function of T about T, « B, is thé themis-
tor vz-esist}anqe at Tﬁ ami B t_he: _;!!.a%eriﬁl %nstaﬂt?,‘(@f’
Beakloy' szé camespandiﬁg cxi'taria i‘:‘ar'-—a« resistance in
serdes with the the@isﬁor) o

. An eamliex themmeﬁer for measu:;ng small
temperature ehanges on a shoxrt texm basn.s was descxwibed
by Greenhlll and Whitehead“. who achieved an accuracy
of 0 »0002°€2 4n 0.01°C. The senging themistor was
incorpozated in 8 d.c. wheatsfona br&dge with a :aﬁeet*
ing galvaﬁameter da’becﬁar‘ 'rhe inc:iaent 1§.ght 'l:o this
was chopped usi.ng a alottea mtating dise to pmduce 8.8 .
at about 5 KHy o ‘!’he reﬁeeteﬁ .‘Light :lmpinged en a
Photaelectric cell efter passﬁ.hg the edge of a wi.de "
slit, was ﬁmplﬁ. fled and pmduceﬂ en output which was
vfed back to a second thaxmistor in an adjacent axm,
| thereby heating it. Thg‘_;res_istance of this second
-éhem;ﬁ.stbr depends on the amplitude of iha'a@c@ cutput
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fyom the amplifier, which in turn dapen‘ds' upoh the amount
of off-palance current in the galvanometer; The output
a8pcye 0f the amplifier is recorded aniafter calibration
of the sensing themistor can be used as a medgure of

~ temperature change.

6.6 DIFFERENTIAL THERWOMETERS

. For some applications the meaaﬁiement of tempew
rature difference, rather than the direct metisurement of
 temperature, is required, A wWheatstone bridge is again
to be preferred, but now ingorporeting two thermistors
in pdjacent amms as sensing elements. Ideally these
should be perfectly matched, not only at dthe operating
temperature, bu*t over the range of temperature difference
to be measured, this condition does not arise naturally
so equilisation is necessary.

_In thelr bridge Nordon and Bainbridge'® first
linearised each thermistor wslng shunt resistors and
then equalised the combined wesistence at a given tempe-
rature, by connecting a resistance in series with one
of the @embinati.onsw The different tempvara'ture gensitie
vitles were compensated by passing differmt constant
currents through each amm, of such values that the seme
potential véxiaiions per unit of temperature change

occurred acxoss each. A high impedance detector was



used in the bridge to permit this, A linear dependence

on temperature, with & maximum error of 0,5 % was obtained
over & xange of 50 K and with & maximum erroxr of 0 .05%

| over 8 range of 18 K about ambient. |

Ca“odinig used 2 somewhat different approach

to equalisation. Gnly one of the thermistors was shunted
by 8 resistance and the value of this was detemmined

by ecquatint the ﬁx‘rat temperature«coefficient of resistance
of ft;he_ganibination with that of the other themmistor.

- Equilisation af resistance at the operating temperature
was achieved by connecting 2 small resi stmeé either in
series wﬁi‘eh the sixunt ca'uxbiﬁa’hion or the other themmistor.

ﬁdinm*m described the desigh of two di*ff’erenm
tial briéges} The first used two uncompensated thermise
tors within the bridge and was based on snalysis for
Zero tempexaturescoefficient of detector galvanometer
current and maximum sensitivity to differential temperss
ture azz!%xr:ing;e.sfg:?3 This involved nonelinear scaling and a
variation of sensitivity with temperature, unless the
operation was clo ,s-e‘,tp the design temperature. In the
second design equamsam@fa was considered.

6.7 TYPES OF DISPLAYS IN THERMISTOR THERMOMETRY

. Blectronic themmometers employing thermistors

N
ﬁ\A



as the sensing element can display the measurand in 2
variety of foms « the more important of which are
analog.digltal ox graphical.

In electronic analog themmometers the end de-
vice is either a voltmeter, ammeter or 'a : fgéivanemetex*.
Some of the outstanding advanteages af ﬂﬁs fom oF
display are ¢

L. | ﬁmplicitv and low cost
2. Capable of displaying continuously the measm:e

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

On the other hand the fast expanding digital
form of display is superior to its analog counterpart
in folloewing re‘spects :

1. Greater over all sccuracy.

2 Display in digital form eliminates reading errors

and saves operator's time in taking meagurements.
3. . Lends itself admirably to digital telemetry
systems which are definitely stapéxﬁox to its
- analog counterpart. ,
4, ~ Capable of communicating with digital computers
- which are increasingly being usel for both data

reduction and automatic control systems.
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6.8 TEMPERATURE SENSING AND CONTROL

There are many appli.eations in which the temperaw
ture dependence of themmistor resistance is uged as a
sensor for purposes of initiating control, rather than
as a means of measuremeént. In control applications the
error signal is generall amplified and either operates
a relay (ON=OFF control) or controls the conduction
period of a thyratyon, silicone¢ontrolledwrectifier

or the operation of a transistor.

While a themmistoxr and its required associated
equipment are more expeénsive than a standard thermostat,
the thermistor has certain advantages in temperature
control applications. The most important advantage is
the ease of adjustment of the control point.

6.84 Digital Temperature Indi c_'ajquas

In digital temperature indicator 2 temperature
sensitivity themistor is used to control the current
through a voltage divider and, congequently, the
voltage drop across each half of the voltage dividers
The circuit uses two lamps *bo indicate the temperature
range of the ambient air. The digital temperature indie

cator can indicate relative temperature (coldewarms hot)
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from 50 to 60°C . when the relative temperature is cold,
only lamp 1‘1 is 1illuminsted, when the relative temperature
is wazm, both lamps L; and L, are 1lluminated. where the
relative temperature is hot only lemp Lo ie f1lluminated .
See Fig. 6,3.

To adjust the digital temperature indicators,
maintain the thermistor at the desired temperature and
adjust wagm adjust resi;tw R, so that lamp L, Just
lights, Now, with the themmlstor still welntained at the
desirved temperature, adjust hot adjust resistor Ry so that
lamp Iy vill just turn off.

when the éigi*tai temperature indicator is
properly adjusted, the resistance in paraliel with neon
lamp ,Lz will be lewer than the resistance in parallel
with peon lamp Ll 1€ the ambient alx temperattim is cold.
This is'due to the temperature coefficlent of the
themistor PB‘-’ The resistance of i’g is directly propor~
tional . to the temperature. Since the seme current flows
through Ry, Rp, Rsand Re s @ larger voltage is dropped
across Ll_than across ;_{.2 W The'higher vo}.tagé is just
sufficient to 1lluminate Ly . When the amblent temperature
becomes waxm, the resistance of the thexmistor Rb in¢reag~

es just enough so that the resistance in parailel with
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FIG.6:3 R; —HOT ADJUST, Rg— WARM ADJUST
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FIG. 6-4 LIQUID LEVEL INDICATOR

TO SCHMITT TRIGGER
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FIG.6'5 PRACTICAL CIRCUIT OF DIGITAL TEMPERATURE

INDICATOR.
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oach lamp is the same. Therefore the same voltage is
dropped across each lamp and both of them will bo f1llue
minated . When the temperature becomes hot, the gesistance
across Ly becomes greater than the resistance across
Ly,and only lamp 1..2 s 41luminated.

6.8.2 Liquid-Level Indicatoxr

The 2dcuid-level indicator uses & temporature
sensitive thexmlistor R«10 4immersed in the liquid as
the 1iquid level sengor. With themmistor Re10 immersed
in the 1licquid, indicator lamp Ly is 1lluminated Sce Flg.
64. If the 1iquid level drops below the themmistor
the resistance of the thermlstor {s increased, causing
indicator lamp L, to oxtinguish and indicator lamp L,
to be L1lluminated, When the liquid level drops below
the thexmistor level, there s a 10 to 30 second delay
before Ilow indlcatox lamp L, illuminates. When the
1iquid level riges above the thermistor level , there
is @ 2 %o 10 second time delay before nommal indicator
lamp 1‘1 illuminates. Both lamps are extingulghed from
1 to 5 seconds during the transition period.

When themlstox Rw s immexsed in licuid, its
z-esistancg ig relatively low and more voltage is dropped
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across resistor R, then across the themmistor. This high
voltage across R, is sufficient to illuminate neon -
lamp L, ; When the liquid level drops below the ther~
mistor, 1ts resistance increases and more voltage is
dropped across it than acgross Ry . Thus neon lamp Lo
is illuminated and L, 4is extinguished. Due to fairly
slow temperature change of the themmistor, there iz 2
slight delay encountered in the eperation of the indi~
cator 1ights.

The author has fabricated the temperature and
licquid level indicator using the same pxinciple. The
practical circult of Sig. 6.3 is shown in Flg. 6.5,
 The themmistor used in BGX 15 K. The diodes in the
branch gb and be are incorporated wuch that the current
flowing in one brengh does not flow in the other. The
" gircuit is fed with 9 V a.c. The voltage across bd
‘and be 4s fed to- the base of Schiktt trigger. The
_ Sehmitt Trigger is designed for 6 V d.¢. supplied by
- eonstant voltage souxce. The complete P}gi::'-cuit"is giv.ea
in Fig. 6.6. The voltages dxop ar’:még;-.‘bai‘ana be are
sufficient to tyigger the Schmitt eircuit at 2 get .

- value of . temperature. '
6.8.3 Deslgn Conelderations. -

The themistor circuit is degigned such that the

current in branch ab does not flow in branch be and vice~
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versa, and the potential of polnt e and d should .
always be negative with respect to b for the current
flowing for each half ¢ycle through the two branches
altemativoly. In order to achieve this two diodes in
the direction shown in Fig. 6.5 are connected. Moreover
the resistance of the branche s ab and be are kept
sufficiently laxrge as compared to theif parallel branch.
The resistances db and be are such that the potential
drop across them is sufficient to operate the Schmidt
txigger.

Constent voltage supply dource is designed for
6 Vv, 256 mA curmnt. The voltage ig made congtant by .
using a zenér.' The complete circuit 1s shown in Fig.6b .6
In order to raise the power rating of the supply two
power transistors SKIOO are used in parallel.

Behmitt trigger is designed to operate at .2 V.

6.9 TEMPERATURE CONTROLLER™

It consists of two units :(a) column oven, and

(b} electronic controller for the oven.

This is a chamber where a constant temperature

is maintalned. Inside the ovew are incorporated the
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following ¢
(a) A blower Unit « fitted to the left hand side of the
oven, The blower is operated by means of & fractional

hoxrse power motor mounted horizontally outgide the oven.

_ {b) Heater assembly - consigts of one 1000 watts heater
wired round the blower and connected to the supply opera-
ted by a relay.

649+2. Electronic Controller for the Oven

A sensoyr unit, a themmistor, is mounted on the
wall of the column oven en the right hand gide. This
gensor unit lg connected in a Wheatatone Bridge circult
operated from a 6 V A.C. supply . The change in the
resistance of the sensor coxrresponding to the change in
the temperature of the oven xesults in an out of
blanee in the bzidge voltage. This voltage is amplified
by means of an amplifier and is fed to the relay, which
in tumn operates the heater. The Schematic clrcuit
diagrem is shown in Flg. 6.7. |

6410 TEMPERATURE OOMPEWH_Q;«” |

A thermmistor conh be used €0 compensate an elect-
rdcal device for undesired variations in perfoxmance
that are causeal 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 , millivoltmeters are subject to errors in
¢alibration with changes in temperature, and consequently
resistance, of the moving collj A suitable themistor
network {ususlly consisting themistor and assoclated
shunt registoxr) can be connected in series with the

coil so that the oveiall resistance 1s congtant despite

temperature changes.

, - In a resolver {engular~position data transmitter)
ma!;ufacturéd by the Control Englneering Coxpoxation, bead
type thermlstor is directly embedded directly in the
colls of the unit and not only compensate for changes

in resistance of the copper windings, but also simultae
neously correct for variations &n the magnetic proper~
tios of the core metexlal . Varxiations in the 'Q' of the
IF transformers of certain Alr Force radio recelvers

is prevented by the inclusion of 2 suitable themmistor
in the circuit.

In battery chargers, the proper point to switch
from a high charging rate %o 2 low rate d_eﬁen‘ds on
battery temperature, The berg Gibson Manufacturing Co.
uses 8 thexmistor in sexies with a voltege Sensitive
relay to perform this function in thely charger. The
themmistor c¢iycuit cnergizes the relay at a proper vol-
tage in accoxdance with temperature.
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6.11. THERMISTOR THERMOMETER BASH ON AN ASTABLE
MULTIVIBRATOR%4, 25,26 |

An electronice thermometer 15 described which is
reliable, sensitive, linear and simple to manufacture,
and has uses in industry, medicine, etc.

6 .11.2 Principle of Operation

Flge 6.8 shows an astabie multivibrator with a
moving coil metexr connected between the output collectors.
~ When Bal o RBZ the mean current through the meter ls
.;em.,({sig;; 6.9) as t; equal %, , and the pointer is
at zero, By }..ewaz:ing the value d f one of tﬁa base resis~
tors Ry , 4 or tg will be shorter. The mean current
will therefoxe diverge from zero and the meter will show
a reading, Flg. 6.10. It is easlly seen that

ime;ﬁ- = [{tl =ty £ (te t) Jiméfx

ox ingan /1., = () = ty) / (H+ t)

L1f Ry, is replaced by 2 themmistor (N.T.C) then, if
. T; is the lowest temperature to be measured and T, is the
hi ghest

Ry = PRurel 1)
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Since , :
Ay~ to) 7 (e tg) = (Byye Bypd /(R + Rype )

= AR / (2891-—*:&8)

then
’*mwan = [( Ry = %m:’ / (“m.“' R N'r(:)] dnax
and - L= oean Mmax )
Avre © Fm e
1+ u‘nzean /4 max )

. dpean 15 defined to be equal to the meter current at
full deflectlon, and one can therefore zeplace i,4.n
by Ipean” ne Then the value of Rypg which glves a
pointer movement equal to i/n of full deflection is
| P Epean 7 tpax ) |
nt+ (1 /3

mean. max )

6.11.3 Linearity

"Let C = Imean / 1

then by using Equa'd.on (6.10)
R‘Bl —~AR uﬂal[(nn(;) /(H*C)]
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and AR = 2Ry C/(nc (o & n 5 1) (6.12)
It is seen that a condition of linearity is that C ¢¢ n,

2 C ¢ 1 as n
or C ¢ 1 as dn

. From Equatﬁ.on 6.11

=1

¢ = Aa..n/(znm «A R)

~To keep C small one must engure that Ry >> AR

6plle4 Meximum Error Due to Nonlinearity

‘ E@zaﬁsﬂ 6:4.,—13. gﬁ.’wes; |

AR = 2Ry / (n/c + 1)

5 - :i.é z*equigzad to find an expression whic¢h glves th_e

maximum ¢rror for Rypg when n is chosen arbitrarily.
Now

2{3831 2RB1

~f| n =
n/C o+ 1 | Ve 1

where |f ] is the difference between the thesveti cal
linear value of Ryr. and the value obteinad, and

therefore ,

2 Rg: (n«1)

(n/C + n) {(n/C + 1)

. The differentlal coefficient for this expression is
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2 [ (G ~(n-t) () ) ]
af .
dn

V'(“*‘“}('ﬁ *1)]

and by setting df/ dan = 6

ne 2+ (14C)/(1% L/C) =2+ C (6.12)
and 2> C . |
 The maximum error due to Non-lineaglty thus lies very
near the middle of the scale, {exactly, when A R=4 Ry, /2)

The maximﬁm ermr{ SeeFig 6@3.1) will be ,

£ = B ;) SR D Boay

“max —
e #1431 . 2%C

max o _ﬂmgx _2 SR VR - TA

6.11.5 Stability

It is seen that a change in batteﬁ voltage has
no influenceé on the meter zexo deflection, as t; = ¢,
But (see Fig: 6.8) . . . _ “
tl - ta . L2

5"mtan ' \

and therafo:re variatians in supply tmltaga must be taken
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into consideration, i.e. o stabilized voltage should

be used« Coze must be taken not ta pasvs 400 much current
through the base NTC- ;ﬁesisfai, but to wozk on the
linear sc-‘ai_e in thé voliage= current characteristics of
‘these reslstors, Because of the pulsed current, highex
maximum va;ués ﬁhgﬁ shown in the characteristics ¢an

be used. - |
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MISCELLANEOUS APPLICATIONS OF THERMISTORS

7.1 INTRODUCTION

In this Chapter wvarious applications of both
NTC and PIC themmistors will be considered which are
based on elther their small signal or their nonlinesr
or transient properties all of wh'ich, have been considered
in detall in earlier chapter, The small signal properties
of the N.T.C. type themmistors can be exploited for using
it as a variable radio frequency resistor and those of
both N.T.C. and P.T. C types for phaée shi fting, diff-
erentiating and integrating applications, Nen lineaxr
applications include psci.llator amplitude and low fre-
quency regulation, amplifier gain or level stabilizae
tion, voltage and current limiting or regulation, volume
limiting and signal expansion and compression. Transient
applications are in overload protection, surge suppre-

ssion, time delay in relay clrcuits and switching.

_ Some of these applications which have potentiae
lities for further development and popularization wil}
be outlined in this Chapter.

7.2 THE THERMISTOR AS A LOW FREQUENCY CIRCUIT ELEMENTZ
742.1 Pha se~Advancing (Di fferentiating) Circuit o

- The use of an N,T,C. themistor will be considered
for the simple circuit shown in Fig, 7.1 & and in equivalent



form in 7.1b . The direct current bias circuit is mot

showm . The voltage ntransmission is given by
_ oy, PR IET(RE R )(Ret R) /2Ry
Ty & —& =

Vi R + nl-m +in?¥ {m-nlm )(a +R )/ga

(7 .1)
The Jocus of the tip of the corresponding vector is a
semicircle as shown in Flg, 7.2. Two conditions are

portrayed. On the left the d.ci bias is such that Rp+R,
is positive ¢ the phase shift is therefore less than |
o0° at all frequencies. On the right the themmlstor is
biased sufficiently for beyond turnover that Ry+R, is
negative ¢ phase advance up to 180° can be achievel

in this case.

The circuit time constant is (see section 2.4.3)

(R *R )(R *Rl*ﬁ)
e = ¥ - (7.2)

2 “"oo (m 4 B+ R)
A choice of additional series and shunt o resistances

enables the circuit time constant to be adjusted to

any desired value. For the clrcuit configuration shown

in Figw 7.3. it is 3
| (Ry* B, ) (R, + R)
T, = ¥ (7.3)
' 2R_(R_+ R )
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where Ry is the resistance presented to the thexmistoxr ¢
Rg = R+ 33 (R+ R) 7 {3'3# Ri* R) (7 .4)

If the clreuit s to be stable Rﬁmust be greater ihan
'R, and for the time constant to be large Rg= R, . .
Hence the larger is the demanded ti-me‘ congtant the greater
is the possibility of Anstability.

To 1llustrate a possibie design procedure it will
be assumed that the themnistor impedance is specified
and values of R, Ry, R, and Ry have to be chosen to
define @ required ratio of high to low frequency trang-
mission Tgq,. = Ty
Te = XY o where ¥ . is the teffective themal time

/ Tgo » 2nd a circult time constant

constant'of the themistor, defined in Equation 2.51 .

Hence,
{1.5)
and
(7.6)

Since R, and R, have been prescxibed, Rq is fiﬁed;: The
transmission ratio 4s given by, ,,

(R Rp) (Rt B[R+ Bp) L
(R B) (R Rg) R+ R, | %

Tgp °
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16.7-1 (@) PHASE ADVANCING CIRCUIT INCORPORATING
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where .

R, = R, + R R,/ (R* Ry |  {7.8)
is thercfore also fixed, R should be made as small as
possible, so that the a‘htenuatipn will be small. The
minimum Va:lua is that of the voltege source. Elither
R,l s Rporx 83 may be given en arbitrary value, say
z2ero and the others calculated using Equatlons 7.6
and 7,.8.

7.2.2 Phase Retaxding {integreting) circuit

Again on N.T.C Themmistor will be used by way
of example. This general form of circuit &5 shown in
Fig. 7.4 . The transmission igs

o Va v
Ty =R s g . 3 .
B R (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 R, presented to the thermlister

is given by 33(
Rg = Bp * - = = B .® (7.0)
: R % R_l* R3 Xel

The ratio *rn of the high t0 low frequency transmission
is
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Byt R) (R + m)

l = '
. (Rg*Ry, ) (Ry*R; +R )
Typ = —= (Ry*R,) (Ry*Ry )
: 1-Tgo 1= Ry RD bl U

(Rg#R) (Rt By + B
L (R Ryt )

il e (7.11)
x (R;t Ry + R))
~ From this,
| Rm- X Tﬁ.r Re o
Ry + Ra B e — (7.12)

Equations 7.6 and 7.12 may be used to design the integrating
network.

7. 3 LIMITER (REGULATOR, COMPRESSOR)Z%

The nonlineax resistance of the thermistor may
be employed in simple circuits for signal limiting,
peak compression, and voltage regulation.

. Flg. 7.5 shows 8 clzrcult of this type which is
seen to resemble the variator limiter ¢ircuit. Resistor
R and the themistor form a voltage divider with the
upper output teminal of the circult connected to the
tap between them. The thermmistor and the resistor are

shosen so that, at nommal desired output voltage, the



W
R
Y
A-C OR D-C REGULATED
INPUT \ OUTPUT

I

FIG75 LIMITER (REGULATOR COMPRESSOR)

LN
ANV B
A-C OR D-C R BUTPUT
INPUT

1 _ 7

FIG.7-6 EXPANDER

R
a4 RY
7/ —.n D—-C RELAY
———
ocmeur Jne A
| | 70O CONTROLLED
T s ’ CIRCUIT
- o0 0

i} QFF

FIGT7 Tt L -CL _\Y AL _AY.




T

Y
[T
<

thexmistor resistance 1s high., If the input voltage

then ingreases, current I increases and lowers the resisg~
tance of the thexmistor. This, in effect, causes the

tap to move down the voltage divider, reducing the
output voltage to its )ariginal leve"i';{. In thisg way the
output voltage is stabilized .

Several of these single stages may be cascaded

for incretsed voltage regulation or signal compzession.
7.4 EXPANDER®

In Fige 7.6 the themmistor is connected ahead
of resistor R, The resistance of the latter is chosen
low with respect to the thermistor resistance, so that
the themmistor resistance will be the most effective
in determining the current I, The output voltage is
the drop IR across the resistor.

A small change in input voltage produces & large
_c-hagge in the-mistor current, and thlis, in turn, prodces
a8 large change in the output voltage drop across resige
tor R, This circuit must not be misconstrugd as an
amplifiery it magnifies the ratio of chenge of input
voltage but not the absolute voltage. The input voltage
itself actually is reduced by the voltage-divider action
of the resistor and themistor in series.



1id
Several of these single stages may be cascaded

for increased expander action.

7.5 TIME ~DELAY RELAYZ .

The time-delay effect evidenced by a'thémi.stox
after switching on its current may be utilized to delay
 the pickup af a relay. I»'ig. 7.7 shows the simple clrcuit
v'l‘he themi stor is. mnnected in series with the relay
coi.l A time interval follows closure of switch S before

the cur;cent I reaches a level hi.gh enaugh to actuate

'the relay. |

... A large number of time~delay characteristics are
. available in commexcial thermistors. . The delay intexval

with a given themistor may be eontmlled over a reasom-

is opened, the relay dmps out 1mmediately.

746 ssqusmm. SMTc}ENG CIRWIT%

Aftér swi‘%ch 3 3.sl' c:logé&' 1n ‘Ehe' éiicuit shown
in Fig._; .8, the ﬂ.ow uf current into the varlous loads
RL, %o Rly starts at verious times, depending upon
the time-delay characteristics of the i:hemistoxs T
to T, . By sultable cholce of the thennistors, this
~dction may be made gsequentiali Thus Ry is energlzed
immediately, since there is no thexmistor in this leg
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of the circuit, and if the time delay of each themmistor
15 longer than that of the preceding one, the other legs
will operate in sequence ( Ry 5 4 then RL3 , hext RL4'

and finally RL5 ).

If this circuit is employed for driving oxr trig-
gering other circults, R]‘..l to RL5 may be actual resis-
tors, and output voliage taken from therminals a to e

and the common terminal ¢£.

747 SELECTOR SWLTCHING CIRCUIT®

In Fig. 7.9 , when any one switch §, to §; is
¢losed, operating current will flow through the corres-
ponding- load m.l 'I:o' ‘R_L,; s but only negligible curzent
_ (zero current) will flow through any othexr load if its
switch also is closed. The ON leg prevents any othex
legs in the clrcuit from being switched on, thus only

oche leg can be ON at a time.

The themistors are chosen o that their vesise

tances with respected to the accompanying load resistance
will permit maximum current flow. When one themmistor
is conducting heavily, the voltage drop across the
common series resistance R, reduces the voltage at all
other themmistoxs to a level too low for any of the
others to conduct heavily at the same timez Only when
the switch is the conducting leg is opened will the
starting condition be restored and another lea ba
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operable.

Al though mechanical switches are shown here
for simplicity in illustration, they might be electronic
switches.

28
7,8 B=C OSCILLATOR STABILIZATION

The Wien-bridge oscillator circuit is widely
used in lowedistortion, R~C tuned audio and supersonic

signal generators at frequencles upto one megacycle.

Fig. 7.10 shows a pomtiorn of the oscillator
¢ircuit, In this axrangement, positive feedback for
oscillation is transmitted through C, and the ReC
tuning circuit Rl-cl - 82 - 02 fo ﬂegative,, feedback
for stabllity is provided through G, , Rz and the
themmistor. The cathode of tube ‘Ji is tapped to the
junction of Ry, and the themmistor. The nonelinear
resistance of the thexmistor automatically regulates
the ampunt of negative feedback and stabilizes the
cathode voltage, sincé very large changes in the
themistor current result in only small changes,
in the cathode voltage~ the voltage drop across the
thexmistor.
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7.9 AJTOMATIC GAIN CONTROLZ

Fig. 7.11 shows one arrangement for automatic
gain control of an audio amplifier. Here an inpute
signal voltage divider is formed by R} and a themistor
in geries, This is an indirectly heated thexrmistor, and
its heater element 1s connected to the low-~impedance

output of the amplifier.

. When the output signal rises above a predetere
minéd level in response to an inputesignal increase,
the heater element is energized. This heats the thermis=-
tor and lowers its resistance, eausinf_g the voltage di-videx
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 Ry . When the
- input and output signal fall, the opposite action takes
place. In this way, the gain is stabilized at a desired
level .

- The output charxacteristics of the amplifier must
be such that connection of the heater element of the
themmistor does not introduce distoxrtion or serious
ocutput power loss,

7.10 COMPENSATION OF TRANSISTOR D-C BIA %

To prevent themrmal runaway and the possible
dbstruction of the transistors, and to maintain the
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proper operating point of a transiestor circuit, the
d.cy base bias must be stabilized. The transistor cuxze
ents increase with temperature, o automatic tempera«

ture compensation is imperative.

Fige 7.12 shows the use of a themmistor to
stabilize a transistorized power amplifier againgt
collector « current variations due to temperature.

Here the thezmistor is shunted agross the lower leg

Ry of the base~bias voltage divider B R,. The thexmistox
is mounted close to the transistors so as to experience
the same temperature _emv-imnma,nti As the temperature |
increages, the resistance of the themmistor decreases.
This lowers the total resistance of the lower leg of

the voltage dividex and reduces the d-¢ base voltage,
lowexring the collector current to its initial, safe

low value,

7.1l LOW FREQUENCY MULTI VIBRATOR

The instabllity of seriesmconnected P.T.C
themigtors has been utilised in the circuit shown
in Figs 7.13 to generate r;eiaxatio.n oscillations
with a period ranging fyom 30 to 40 S. The cold
resistances of the N.T.C. themistors are nominally
equal to and high, whereas those of the P.T.C. thermis-

tors are nominally equal and low. When the voltage is



 first applied the curzent will flow almost entirely

through ammg A and B. Suppose A starts to heat first,
as already described this will be regenerative.
Eventually the voltage acrogs A will rise almost %o
the appliel voltage. This will cause the N T.C. ther-
mistor, D, to be heated and its resistance to fall,
again 2 regenerative process, which progressively
diminishes +the current in A and increases that in P.
- T.C. themmistor B. The resistance ¢of D eventually
becomes very small and thermajo:ityVéf'the applied
voltage then appears across B. With a2 proper choice
of cold values of resistance A will now have returned
to its original low resistance value so that as Bts
resistance approaches its maximum value the current will
shift from the path through B and D to that through A

and C and the c¢ycle then repeats.

7.12 MOTOR PROTEGTION AGAINST TEMPERATURE VARLATION

Small Vehti;atorwcqeled electric motors often
opegate'under conditions in which dust accumulates in
the wventilator over a long pexiod and often lLeads to
overheating end failure. A safeguanrd can be provided
by connecting a P.T.C. thexmistor in series with the
motor, mounted in thermal contact with its winding.
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The load line of the motor nomally 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 falls below the load line so
that switching occurs to an intersection at low current
and high voltage, before the motor is pexmanently |
demaged . |

7213, MOTOR PROTECTION AGAINST OVERLOAD

If an electric motor is overloaded or braked
while zunning at its rated voltage then the winding
may again be damaged due to Joule heating. Dec¢reasing
the speed increases the ammature éuz’rentsand thig is
equivalent to decreasing the effective resistance, This
can be prevented from causing permanent damage by
connecting a P,T.C, thermistor in series with motor,
s6 that the nommal operating position is with an intes~
section of motor load line with a linear part of the
characteristic, and overload, wepresented by a rotation
of the 1:o‘ad' line clockwise sbout the applied voltage
as a pivet, trkps ¢o a high vnltage, low current
operating point in the nonlinear region.

W - -
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TRANSISTOR AS A THERMO~RESISTIVE ELEMENT

8.1 INTRODUCTION

Characteristics of the transistor are greatly
affected by themmal variations. To some extent each
of the parameters of any ‘transis‘tér equivalent circuit
exhibits temperature sensitivity. Trangistor resistance
decreases with the increase in temperature and vice-
versa in the direction of current flow. This gensitivity
of transistor resistance to heat changes the base

current, collector current and the cuxrrent gain |! hFE'

It has long been regerded as a drawback that
transistors are temperature sensitive in thelr noimal
use, howevex, this adverse temperature instability can
be used o advantage in the transistor electronic

themmometer.

8.2 VARIATION OF PARAMETER WITH TEMPERATURE

To some extent each of the parameters of any
transistor equivalent circuit exhibits temperatur-e
sensitivity: vhen the internal or junction temperature
varies over a considerable range, definite steps must
be taken to compensate a circuit for changes in para-

motexr values.
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| A number of curves showing the variation of
base to enitter voltage, collector to emitter voltage,
base current, collector current, current gain and emitter
to collector resistancé with temperature are shown in

Figo 801; 8.2 and 8.3.

| Fig. 8.1 shows that emitter to base voltage
décreases linearly with the increase of temperature when
the collector current is kept constant. This is ture for
germanium as well as for silicon transistors in general.
The change for germenium transistor is ebout «1.8 mv pér
%, while._‘ for silicon is ~1.7 mv per . The change is
101667 mv per degree centkgrade for a germanium 2N404
trangistor, VCE decrease linearly with temperature rise
upto about 45°C and then the degree of decrease becomes

very low as the transistor goes to neaxr saturation,

Fig. 8.2 shows the variation of Ic and IB
with temperature. Both increase with temperature IC
becomes constant when the transistor saturates. Similarly
Rog decreases with temperature rise until I, becomes
constant, when the change in Rop is negligible as shown
in Flg. 8.3.
8.3 TRANSISTOR ELECTRONLC THERMOMETERS!s32
8.3.1 Principle

Varlation of transistor Vpp characteristic withe

temperature is linear over a wide range of temperature.
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This‘variaubn can be made tc¢ control the deflecti.én ofa
meter which in turn can be calibrated directly in degrees.

To maintaln constant collector current, tho base
bilas must be increased as the temporature decreases and
convexrsely. The relationship between base bias and tempexas
ture 15 linear over s wide range of temperatures and 1f
the base for a constant collector current is calibrated
in degrees, it becomes a temperature scale, For a typlcal
germanium transistor (2N404), variations in bias is about
1.03667 mv per degree centigrade. The transistor thermoe
meter can acc urately measure the small base voltage
incroments :o:raspenaing to temperature changes for

calibration'into’ dégrees of temperature.,

,‘ A highly sens%ive' and accurate *ﬁwénsisto} thermome texr
_having high speed responge is shown in Fig. 8.4 . This |
ci:cmﬁt can be used for house hold snd outdoor applif;aﬂans.
The temperature sensing element 4s.a 2N404 transistor,

Refetzing to Fig. 84, switch Sl applies power
to the transistor, This is a 6 Vd.c. supply stabilized by
means of a zonor. circuit censtanﬁs will ¢change for other

values of voltage.

" A bias voltage in steps representing degree C is
provided for the d.c. fnput ¢o the transistor, bias
veltage increments to maintain a giv-en collector voltage
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are about 101667 nmv per deg. C. The potential divider

Potentiometer P‘i is calibrated f@‘r, scale divided
into ten steps each contsining 61.5 ohms and representing
J.O°C. First step of Ri had 30.75 ohms and represents 5%.
similarly R, has 10 steps each 6.15 ohms and calibrated
for 19C and Ry having 10 steps each 0.615 ohm and
representing 0.1%.

- with a change of 6.1%5 ohms in the bias resistance,
the bias voltage varies by 1.01667 nv.

8.3.2 Design Canss.derationa

As has been discussed sbove 1°C is denoted by »a
6.15 ohms variation in the blas resistance. Therefore
temperature can be calibrated in terms of resisgtances.
Temperature in decade form 1.e. steps having equivalont
temperatuie of 0.1%¢ , 1°¢ and 10°C , have been obtained
with the help of By» Ryand Bs . '34 is selected so that a
collector voltage of sbout ) V is cbtained when the
transistor temperature is 30°C . R and R, are so chosen
that the pe‘bential drop across 96 is about ) vV, The
0«50 microampere galvanometer reads zero when point A
and B are at the same potential. If the temperature of
the transistor changes, the base biasing decades and R,
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 blas s calibrated to

read temperature,

8.3.3 Calibration

Tests made vith the thermostat producing temperature
below 0"0 and sbove ambient temperature indicated linearity
of base voltage versus temperature. It had also been noted
that bias resigtance vorsus temperature cuxve 1s alﬁo
1inear 3if the resistances are connected in potentisl divider
foxm so as to keep the total resistance across _suppiy

constant. The curve s shown in Flg. 8.5,

The theory that the linear variation of resistance
coxrresponds to linear variation of output voltage, in 2
potential divider arrangement, can be ex;i:la,ined by refew
rring to Fig. 8.6 .

. Vin

Bt Ryt Ry

Current I = . = congtant since

R¥ Ryt Ry 16 constant

anavm = tal «Rl |

Therefore if R, varies linearly, unt s too,varies linearly.

8.3.4 Perfommance Specifications

2.  Accuracy of the instrument is 1%

b. Least count 1s 0.1°¢

¢ The range of the ingtrument is -.1506 to 70%
d. Repeatebllity of the instrument is 70%.
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O Base to emitter vesistance of the transistor is
inversely proportional to temperature from «15%C to 80°¢C.
£. Sensitiviiy of the instrument 4s 6.15 ohms per degree
contigrade variation of the base to emittez‘bias resistance

of the transistor.

8.3.5 Discussion

Transistor electronic 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 disadvantages

in case of mercury thozmometer over transistor electronic
thermometers are the following viz _,,,' (1) it éan not be
used';fomui.ak éaﬁaﬁms of temperature, (i1) it taicé-s
more time to reach the mrcﬁtﬁrvmlmn_m the required
temperature, and (iii) the accﬁiaw is lesgs., Themmistor
el@ctmnic thermometer is more gengitive to temperatum
i:han th& tr&nsistor electronic themomatez, but tha change
of resistance of themisto:r wi‘tb temperatam .is non lineax.

Other devices of temperature measurement are platinum
resistance th@mmeter and the thermmouple. A}.though
| bath the dev:.ces can measure temperatume over a lame ;
span ( upm ,z,eoa“’c .’m case of piaﬂ.num resi stance thémomete:
and upto 2%0“0 in case cf themocuuple) with greater
"accuzacy, chage are not portable and are very costly and
“the méi#ténanée is difficult. |
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| A useful classification vith regard to the mode of
'6peiétibﬁ”g£ instruments separates devices by thelr opexa~
tion off ét'nnll or a deflection principle . In a
defl@at&oﬂ,tybe device the measured quantlty produces

some physical effect that engenders a similar but opposi«
ting offect in some part of the instrument. The opposite
effect Ls closely related to some variable (ugually 2
mechanical displacement or deflection) that can be directly
observed by some human sense. The opposite effect increases
untll a balance is achieved, at wh ich point the 'deflection*
s measured and the value of the measured quantity inferred
from this, |

In contrest to the deflection type device, a
null=type device attempts to maintain deflection at
zero by suitsble application of an effect opposing that
generated by the measeured quantity. Necessary to such
an operation are a detector of unbalance snd a means
~{manual or sutomatic) of restoring balance. Since
deflectionis kept at zoro (ideally), detemmination of
numerical values requir es accurate knowledge of the
magni tude 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 deoponds on the calibxation of.{he scale vhoreas

in ths null instrument 4t depends on the accuracy of tho
otondard scale to which the measurand is compared. The

pce uracy attainsble by thenull method is of a higher
1cvol than that of the deflection method. Another advantage
of null mothods &s the fact that, since the measured
quantity i1s balanced out, the detector of unbalance ¢an

bo mndo very sensitive because it need cover only o small
range oround zero. Also the detector need not be calibrated
since it must detect unly the presence and direction of
unbalance and not the amount. On the other hand, 2 deoflec~
tion 1nstrument must be larger, more rugged, and thus

less sensi%ive if e Ls to measume large magnitudes.

The disaﬂvantages of null methods appear main;y |
in dynamic meagurements. By the usge of autamatic balanaing
dovices. (such as the instrument ,servomechanignﬂ,the .
speod of . null methods may be improved congideerab;y, |
and the instruments of this type axe of gieatiimpérﬁance.
Keeping in view the sbove montioned advantages
and d;sadyantages of the two types of measurements, null
method was considered better than deflection method for

transistor clectronic thexmomote:.



-

C.ooL




e
{0

CONCLUSION

{a) Thezmi stors as temperature sensors for preclsge
measurement of temperature are best fitted for measurement
of very smali temperature differences of the order of 0.01%C
over a limited temperature range (typical oxder belng 20%¢)
This is on account of the high temperature coefflcient and the
fact that substantial lineaxity of the ReT characteristic can
be achieved only dver a range of. abeuf.aﬁaa, 

'(hé They axa most popular as sensors of such guantities
as temperatura. low pmessure, thexmal, aond@ct&VitV, ligquidg
and gas leW@ for contxol of thess quantities and such other
applications where linearity of the sengax}éharactemistic‘is
not a stingent requirement.

(ﬂ) It has been establishad in the present work that the
transistors {preferably germanium txagg;bters) have & great

—

scope of being used as temperature gsensors in "Electronia
thermometers® which have the advantages of greater accuracy,
speed of xespense_rnggedngssf.and linearity over the conven=
tional thermcmeters¢51n particular electronic thermometer using
a transistor as sensor has advantages of accurate measurement of

low tempexatuﬁeai
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