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PREFACE 

Temperature control systems are as interesting as 

they are varied in purposeo Temperature control is used 

in large electric furnaces c;J..nd for small ove;n.s only large 

enough for a quartz crystalo Ovens may use simple thermo

stat control or a complex feedback network, keeping tem

perature co:,:istant within o:,:ie-thousandth of a degree~ 

Design of a temperature control system involves work with 

heat transfer fu,:ndamentals~ electronic circuitry~ and 

feedback theory~ This thes~s will present design consider

ations in all these areaso In addition, analysis of sys

tem operation using analog simulation techniques will be 

undertaken9 This technique of system analysis has been 

especially rewardingo A complete control system was built 

to compare the theoretical design work and operation pre

dictions with actual operationo The problem of measuring 

oven temperature stability was quite perplexing since the 

most sensitive means of temperature sensing available was 

used to control the oven in the first place. 

I would like to express here my deep appreciation to 

my thesis adviser~ Dro Harold To Fristoe, for his gu;idance 

in all the diversified fields of investigation undertaken. 

I also owe a debt of gratitude to Professor J. R. Norton 
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for his help throughout my gra~uate endeavor~ and to Mr. 

Freddie W. Wenninger for his unceasing encouragement and 

suggestions in writing the thesis. 
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CHAPTER I 

INTRODUCTION 

The parameters of many important devices are 

dependent to some extent upon their temperature. Resonant 

frequency~ the most important parameter of a piezoelectric 

quartz crystal~ i.s remarkably independent of temperature, 

and is consequently used in applications utilizing this 

featureo It is this inherent independence of the frequency 

characteristic~ however 1 which makes it worthwhile to 

stabilize this parameter still further by controlling 

temperature of the environment as accurately as possible~ 

The dependence of the series resonant frequency upon tem

perature of a typic~l AT cut quartz crystal is indicated 

in Figure lo (l)o 

Change in 

freque:ncy 

I 

Temperature 

Figure lo Frequency Dependence 
of a Typical AT Cut Quartz Crystal 
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This relationship of fre quency and temperature suggests 

that its surroundings should not only be kept at as con

stant a .temperature as possible, but at some particular 

" turnover" temperature , tc' as well. This temperature, 

typically 50° C, should be kept in mind when an oven is 

designed for quartz crystal environment. 
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Piezoelectric crystals are by no means the only 

devices which benefit from a constant temperature environ

ment . Another class of devices , having parameters which 

are monotonic functions of temperature, includes transis

tors, operational impedances for analog computation, and 

mechanical devices such as delay lines . 

Achievement of a constant temperature has evolved 

through several stages of improvement. Temperature may be 

controlled with a the~mostat, but in such a system the 

heater either delivers full power or is off. A tempera

ture oscillation necessarily results and accuracy is 

limited to about 0 . 1° C. An important refinement was real

ized when power of the heater was caused to be proportional 

in some manner to the error in temperature. 

In 1897, Gouy used a mechanical means of achieving 

proportional control . (2). A vibrating wire made contact 

with the top of a mercury column during some part of its 

cycle . The connection controlled a heater, its "on" period 

being a function of mercury column height . Ingenious as 

it was , this method and other mechanical means of propor

tional control have generally been replaced by electronic 

means of regulation. 



The combination of two proportional units, one 

enclosing the other, represents the state of the art. 

Stabilities on the order of .001° Care presently being 

achieved using double proportionally controlled systems, 

Various novel methods for controlling temperature, 

such as that depending on the change of state of a sub

stance, have also been suggested, but are not generally 

used because of some limitation. (3). 
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The conventional method of designing the proportion

ally controlled oven is one involving mainly experience 

with such systems and very little theoretical considera

tion of the heat transfer characteristics of the oven. 

This paper will present a method of predicting the effects 

of heater placement, transfer characteristic of the feed

back amplifier , etc . 1 before building the system. This 

will be done primarily using analog simulation techniques. 

Theoretical aspects will also be discussed considering the 

relevant transfer functions. 

Analysis will be confined to a single proportionally 

controlled system. Use of a nonlinear feedback amplifier 

for oven control in place of the usual linear amplifier 

will be shown to permit more desirable transient charac

teristics for a given steady-state temperature error. 

Finally, operation of a system incorporating the 

desirable features suggested by theorectical considera

tions will be described. Effects of various changes of 

parameters predicted by the analog model will be verified 

using the real control system. 



CHAPTER II 

THE SYSTEM AND ITS COMPONENTS 

Consideration of lemperature 

Control Systems 

Almost all 9em~erature control systems can be broken 

into block sections and represented as shown in Figure 2. 

- Heater - Oven -

' 

Feed'ba,:.lk - Temperature 
~ -Amplifier Sensor 

Figure 2. Block Diagram of a Conventional 
Temperature Control System 

In the simple case of the thermostatically controlled 

oven~ the feedback am~lifier is not used; the temperature 

sensor itself controls the heatero More sophisticated 

4 



systems, however, utilize a linear feedback amplifier 

which, !or small temperature errors, applies heater con-

trol in the form of a heater voltage proportional to the 

error in temperatureo Since heater power is proportional 
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to the square of the cpntrol voltagej the over-all steady-

state transfer function of :heater power versus temperature 

error is shown in Figure 39 

Heater Clipping level 
of amplifier 

power /.,... _,......--~-

------- .~ 

0 

I 
I 

Steady=state operating point 

Temperature error 

Figure 3o Heater Power of the Conventional System 
as a Function of Temperature Error 

The steady-state operating point is indicated for some 

arbitrary heat power required for equilibrium" This char-

acteristic leaves much to be desired 9 however~ since maxi-

mum over=all gain is greatest in the region where it is not 

needed~ the steady-state operating region having relatively 

low gaino 



A more desirable stea~y-state transfer function is 

shown in Figure 4. 

Heater 

power 

0 Temperature error 

Figure 4o Heater Power as a Function of 
Temperature Error for the Improved 
System 

6 

It is seen that the highest gain available is in the region 

of steady-state operationo In the previous case 9 as the 

temperature approaohes the steady-state value from a cool 

initial conditi91-1 at the ri.ght ( see Figure 3) ~ the oper

ating point is almost reached before the heater power 

begins to dropo In the improved case 9 howeverj the heater 

power is gradually lowered as the operating point is ap

proachedo It is evident that for identical gains at the 

operating point 9 use of the second system will result in 

less over~hoot and possibly in fewer stability problemso 

If 9 on the other hand~ the two systems were designed to 
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satisfy stability and overshoot considerations, the second 

would yield a smaller steady-state temperature error. 

At least one transfer characteristic other than the 

square function of Figure 3 has been used with some 

success . Malmberg and Matland have used compensating 

circuitry to obtain a truly proportional relationship be

tween heater power and temperature error . (4). 

A system will now be considered which provides the 

response depicted in Figure 4 . Suppose that a nonlinear 

feedback system is used in place of the linear amplifier 

considered here t ofore . This may be achieved as shown in 

Figure 5. 

First, the operation of this system is analyzed be

ginning with the sensor. The temperature sensitive bridge 

shown is excited with a square wave source , providing a 

small square wave error voltage whose amplitude is propor

tional to the temperature error . This square wave is 

applied to the RC differentiating circuit shown j resulting 

in the familiar train of exponentially decaying pulses. This 

train is amplified by a linear amplifier ~ which may clip 

if it is driven beyond its range of linear operation. 

These clipped 9 exponentially decaying , pulses are then ex

amined by a comparator ~hich has some arbitrary output 

level when the pulse voltage exceeds the reference voltage 

shown . The train of output pulses from the comparator are 

rectangular in shape and their duration is always less 

than one-half cycle of the input error signal . Now suppose 



f\J JL./1...---
aot~ 0 

source Gate Heater 

..fLJl_ 
refo --:--~--------- V 

---~~~~~~-1 Comparator 

Reference 
voltage 

Linear 
Amplifier C 

-:-

J1._f 

Oven 

Sensing 
Bridge 

Figure 5 o The Improved Temperature Control System 
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the bridge is supplied from an a.c. source synchronous 

with the a.c. power source, say the 60 cycle line. The 

output of the comparator is then synchronous with the 

power source and may be used to switch a particular part 

of each cycle of the power source voltage across the heat= 

in.g element 9 using the gate shown. It is seen that for 

large error signals~ an entire half cycle of the supply 

voltage is impressed across the heater. Also 9 when there 

is no temperature error 9 the heater will not be turned on. 

The choice of the time constant of decay~ RC~ has a 

marked effect on system operation. If the rate of decay 

is chosen too small~ corresponding to a large value of RC~ 

drift of the comparator level will become a major source 

of error. If the decay rate is too large 9 resulting from 

a small value of RC~ sensitivity of the system will be 

small unless the amplifier gain is made large 9 in which 

case noise becomes a problem. In view of these restric

tions 9 the time constant was chosen to be 50'cl of the 180 ° 

half cycle of the aoCo line voltage. Each pulse will fall 

t;o about 2o5% of its initial value before the next pulse 

is initiated using this decay rate~ whieh corresponds to a 

time constant of 000232 seconds. 

The exact relationship bet111Teen the error signal and 

power applied to the oven by the heater is not easily 

seen, so it is derived in Appendix A" The shape of the 

steady=state transfer function is that already shown in 

Figure 4o It will be considered in more detail in later 

chapterso 



Design and Analysis of the Oven 

In practicej when a system is sensitive to tempera

ture~ the size of the temperature sensitive section is 

usually small. Quartz crystals~ solid state choppers, 

d.c. amplifier input stages 1 can all be contained in the 

volume of a few cubic inches. A single size of oven is 

therefore capable of haµdling the majority of circuit 

engineering problems. 
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The shape of an oven is not usually dictated by its 

contents~ since components of the temperature sensitive 

circuit are relatively small and may be arranged to fit 

whatever configuration is available. The shape canj there

fore~ be chosen to satisfy other considerations. A spher

ical shape would be ideal from the theoretical point of 

view since there wouJd be no corners to heat or cool more 

rapidly than the rest. Construction. problems rise immedi

ately~ however. A rectangular configuration could be con

structed easily~ but has corners and a higher surface/ 

volume ratio~ resulting in more heat lost to the surround

ings. A good compromise between these two extremes is a 

cylinder of about equal height and width. This shape is 

by no means critical 9 however~ since long narrow cylinders 

are presently being used successfully. 

Aluminum is usually chosen for the enclosure because 

of its rapid heat conduction and merits in fabrication. 

This heated enclosure may be eurro~nded by one of a number 



of insulating materials, cork being used extensively 

because of its low coefficient of thermal conduction and 

ease in ha:ndlingo 
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Ideal placement of the heat source would be achieved 

by a distrlbuted winding of resistance wire covering tb.e 

entire surfaceo In practice~ however~ several lumped 

sources are usedo In the case of the cylindrical oven 9 

two heating windings~ each placed near one end and wound 

around the cylinder~ are found to be a good compromiseo 

For the reasons given above~ an aluminum oveni as 

shown in Figure 6~ was machined and will be the configura= 

'tion used for all investigationso 

Primary investigation of operation will be done using 

the heater placement showno The oven may be thought of as 

being broken into four sections~ separated by the heaters 

and the central circumferenceo With the heater placement 

shown 9 the masses of these sectio11s will be equalo This 

configuration has several important features including~ 

Ao The ends will ne:ither overheat nor assume the 

steady=state -temperature o slowly in transient 

operation since their behavior will be similar 

to the point sampled by ·the temperature sensor. 

Bo Load is equally shared by the heaters 9 yielding 

s;ymmetrical performance o 

Go No heat flows c-).'Cross the central circ11mference ~ 

resulting in convenient theor,etic.a.l analysis of 

the heat flow and resulting temperatureso 



O'> 
0 

CX) 

~o65~ 

Temperatux•e sensing device 

Typical heater placement 
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It is now to be established how the temperature at 

the sensing point changes when a step input of heat energy 

is supplied by the heaterso This is the case when a volt= 

age is suddenly applied to the heaters 1, as in turn=Ono 

Since 9 for each ~eater~ equal amounts of heat will flow 

toward the center o.f the oven and toward the end~ and no 

heat flows across the ce:nt:pal circumference~ the equiva-

lent model in Figure 7 may be u.sedo 

Uniform heat~ 
flow density 9 
f'I ·'·h:"'O"'"''h 'i':'hfl! ~~ i!.f.l ':L v_,,E'Y""J. uJ.lv 

end surfa,c;e 

1370:J 

~ Tempe.ratu:re measm~ed on 
this end s1J.'l:'.'f'ace 

Figure 7o First Equivalent Model 
o.f the Oven 

It is further assumed that the oven wall is thin and 

the generated heat is distributed evenly around the oveno 

It follows~ then 9 that the heat flow is one dimensio':nal. 

Because of this~ the model can be sim:pli.fied furtheri as 

shown j_n Figure 8 9 where the sla.b of constant thickness 
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may be extended indefinitely in height and widtho 

3.00 cm. 
I• >I 

Uniform heat 
flow den.sitys 
Q~ through 
this side 

Temperature measured 
~ on this side 

Figure 8. Second Equivalent Model 
of the Oven 

In summ.ary~ Figure 8 shows solid matter bounded by 

two parallel planesq The initial condition is uniform 

zero reference temperature 9 and the boundary conditions 

are (a) constant; flux~ Q. 1 into the solid at the left side~ 

and (b) no lleat flow from the solid at the right side o The 

temperature 9 v 9 at any time~ t~ under these conditions has 

been shown to be. (5)o 



where 

Q is flux at the le!t boundary 

K is the coefficient of thermal conductivity of the 

solid 

k is the diffusivity constant of the solid 

Lis the thickness of the solido 

15 

The summation term converges quite slowly for small values 

of time~ so the equation was solved with the aid of a 

digital computero AssUliling a practical value of heater 

power~ 15 watts total, and an aluminum oven of the con

figuration discussed~ the solution of temperature at the 

sensing point as a function of time is given in Figure 9. 

It should be noted that this solution does not include 

heat losses from the oveno These will be insignificant 

throughout the time interval shown~ but will become appre

ciable at a later timeo A linear assymptote as shown~ 

then~ will not be valid except for small intervals of time~ 

or small ranges of temperatureo 

Temperature 

oOl 

0 l ~ 
Time in Seconds 

Figure 9. Temperature of the Oven as a Function 
of Time for·Small Values of Elapsed Time 
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Considering operation on a muqh larger time scale~ it 

is noted that ~eat lost from the oven through the insula

tion to the surroundings is proportional to the temperature 

difference between the oven and its surroundingso If am

bient temperature is chosen to be zero as a reference~ a 

basic heat transfer relationship may be used: 

where 

(1.2) 

q1 is the heat energy generated by the heater per 

un;i..t time 

q2 is the rate of heat loss from the oven 

M is the mass of the oven 

c is the specific heat capacity of the oven material. 

Realizing that q2 is proportional to the temperature 

difference~ the conduction coefficient of the insulating 

materialj and the physical configuration~ Equation (1.2) 

may be expressed as 

where Bis a function of the insulation conduction coeffi= 

cient and the physical configuration~ which are constantso 

An equation e:x:plici t in v may be found from Equation (1.3) 

to be 



This relationship is shown graphically in Figure 10. 

Temperature 

B 

~ • Mc Time constant is 1r 

C Time 

Figure lOo Temperature of the Oven~ With Losses 
to the Surroundings 9 as a Function of Time 
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ql 
This plot indicates the maximum temperature~ B 1 that can 

be reached by the oven when supplied with heat power at 

the rate q1 . It clearly shows the importance of using a 

heater capable of a much larger power than that power re

quired for steady-state operation. This is especially 

true if the ambient temperature may assume an unexpected 

low value. It becomes evident 9 then 9 that the maximum 

temperature attainable is an important characteristic of 

an oven design and should be known before attempting to 

construct a practical system. 
g_l 

The problem of determining the temperature~ 13 ~ is 

elementary if the insulation surrounding the oven can be 
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I 

considered a thin shell~ In such a case~ heat transfer is 

normal to the surfaces. In a practical case~ using the 

configuration of the actual insulating jacket built 1 and 

shown in Figure 11 9 there c1re corner effects. 

t 

~ 
Cork shell 
l..4 c:mo 
thick 

Figure llo The Oven Insulating Jacket 

Since the shell shown in Figure 11 is not too thick~ a 

good approximation of ql may be determined by using mean 
B 

values of its diameter and length 9 and its true thickness. 

The conduction coefficient of cork insulation can be found 

in the literature and :+:>anges in value from .0001 to .00013 

cal/sec cm aco (2, 5). 

The constant B~ introduced in Equation (1.3) may be 

d 1 . · tl KA h A . th f expresse more exp 1.ci y as x ~ w~ ere is e area o 
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the shell using the mean dimensions~ and xis shell thick

nesso A familiar relationship of steady~state heat 

conduction~ 

£li: 
V - KA (1.5) 

is usedo (2)o The steady-state temperature above zero 

reference 9 according to Equation (1.5)~ should lie between 

68° and 88° Co The configuration and power of 15 watts 

already considered were used to arrive at these figures. 

The oven shown in Figure 12 assu,med a steady=state temper

ature difference of 44° C using a heater power of 8.4 

wattso This would correspond to a final temperature of 

78° C if it were allowed to achieve equilibrium using the 

15 watt heater power assumed in the calculationo 

It is found that the approximations made regarding 

the (!Ork shell appear to be satisfactory and a power of 15 

watts is quite adequate 9 since the steady-state temperature 

of operation will be several times lower than the oven is 

capable of reaching o 

Means of Temperature Sensing 

Several devices have already been considered which 

show marked changes in parameters with temperature changes. 

This temperature de:pe:ndence~ however~ undesirable in most 

applications~ is necessary for a device to sense tempera-

t:ure of the oven~ indicating what temperature correction 

is :neededo The great majority of devices which have a 
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Figure 12. The Oven and Enclosure 
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temperature dependent parameter unfortuna·tely wi.11 not; 

serve the purpose well because of aging effectso The 

search for a suitable device inevitably leads to consider

ation of devices which are especially desi.gn.ed temper= 

ature sensing or c.ompensating ap:plicationso Solution of 

the sensing problem may be achieved using a sensistor or 

thermistoro The former is a small silicon bar whose 

resistance is a function oi" temperature o The latter is a 

ceramic device serving the same purposeo A sensistor was 

chosen because of its hermetically sealed,, T0=5 case o Its 

resistance changes linearly with temperature oyer a suffi

cient temperature range with a coefficient of +O o ?%/''C of 

the nominal 9 room temperature~ resistance valueo 

To achieve a maximum sensitivity to temperature the 

sensistor is used in a bridge arrangement~ preferably using 

wirewou11d resistances to avoid long term drift o The bridge 

supplies an error voltage to a following amplifier$ which 

is used to correct the oven temperature in the direction 

indicat;ed by the sensistoro 

S:pec.ificat:ions on the construction ax1d mater:i.als of 

the sensistor used were not availabli~ o It:s thermal char= 

acteristics, theref'ore 9 had to be found using experimental 

techn.iques o Appendix B describes a method of finding the 

resistance of the sensistor as a function of time when a 

step function of temperature is applied to -the case,, 

Figure 13 is the result of such an experiment using a 

temperature step of about 22'" Co 



Resistance 

in kilohr.l')s 5 

0 .? 10 20 Time in sec. 

Figure l3o Transient Thermal Characteristic of 
the Sensistor 

This response is somewhat slower than that expected and 
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will be a very important consideration in system stability 

and the value of loop gain choseno 

The Feedback Amplifier 

For accurate control of tem.perature 9 very small error 

signals must be detected and amplified to a level suffi-

cient to control the heatero The linear amplifier shown 

in the system of Figure 5 (page 8) which serves this pur= 

pose must satisfy two :main requirements" First 9 t;he am= 

plifier must handle large overloads associated with the 

pulse peaks exceeding its linear operating range and re= 

cover quickly 9 amplifying the remainder of the exponential 

decay of the pulse linearly. This not a condition 

easily achieved. Second 9 the gain of the amplifier must 



remain fairly constant~ because gain changes will cause 

corresponding changes in the steady-state temperature 

error. It should be noted that temperature 00 error 00 is 
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defined to be the temperature difference between operating 

temperature and that temperature causing zero error signal 

from the temperature sensor. If the steady,..state error is 

constant~ then~ there is nothing more to be desired in the 

steady-state operating phaseo 

It was found tl::J..at the most convenient means of 

achieving rapid recovery from overload was the use of a 

do Co amplifier wi.i;ih heavy do Co feedback to stabilize the 

operating point~ and only enough a.c. feedback to provide 

a stable value of a chosen loop gaino In this solution~ 

only one reactive element is needed 9 a single capacitor in 

the feedback path of the amplifier permits feedback only 

at d.c. and low frequencies. An arrangement achieving 

this selective feedback is shown in Figure 14. 

Input d.c. 
amplifier 

1----,.----0 Output 

Figure l4o Feedback Amplifier Capable of 
Recovering Quickly From Transient Overload 
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The two resistances in the d.c. feedback path determine 

the amount of d.c. feedback. They also determine the 

closed loop overload recovery characteristics. If heavy 

doCo feedback is used 7 tnecapacitor stores a greater 

charge through the smaller resistors than if light d.c. 

feedback were used. For smaller values of d.c. feedback, 

overload consequences~ therefore~ become progressively 

less disturbing. This indicates that the d.c. amplifier 

itself should be as drift free as possible~ requiring a 

minimum of d.c. feedback to stabilize its operating 

point. An amplifier configuration meeting the require

ments discussed is the differential amplifier. Design Qf 

a suitable circuit will be carried out in detail in 

Chapter III. 



CHAPTER III 

DESIGN OF THE FEEDBACK SYSTEM 

The Sensing Bridge 

In Chapter II, it was determined that a bridge arrange

ment using a sensistor in one of the arms was to be used 

as the temperature sensing deviceo In order to use the 

nonlinear feedback system proposed, bridge excitation must 

be in synchronism with the heater power source, and it 

must be a balanced square wave source. A convenient wa:y of 

obtaining a synchronous square wave is by clipping a sine 

wave isolated from the line voltage, which is used as the 

heater supplyo The balanced sine wave voltage needed can 

be obtained using transformers as shown in the diagram of 

the complete bridge network in Figure 15. As indicated~ 

isolation from the 110 volt aoc~ line is accomplished using 

two 603 volt filament transformers back-to-back~ resulting 

in a balanced 110 volt sourceo ~o achieve as complete 

isolation as possiblej the 6.3 volt windings are bypassed 

to·· gro1;l.Ildo Balance of the isolated 110 volt sine wave is 

improved by using the two parallel RC networks shown. A 

single capacitance and resistance of the proper values, 

each placed on the correct line~ would balance stray 

25 
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capacitance and leakage resistance. The two networks 

shown, one on each line, will achieve the best possible 

isolation if the fixed values are chosen correctly and the 

variable c omponent s are adjusted for balance. 

A square wave approximation is obtained by clipping 

the balanced sine voltage with two avalanche diodes. On 

each half cycle , one of the diodes is forward biased and 

the other is i n the avalanche breakdown condition, their 

respective modes of operation changing for each successive 

half cycle. Choice of avalanche voltage is dependent upon 

several factors . It should be high enough to give suffi

cient bridge sensi tivity, but low enough to yield a good 

square wave approximation from the clipped sine wave. 

Units having a 6.8 volt breakdown were found to be a good 

c ompromise. The value of the two 2.2 kilohm resistors 

shown i n the diagram supplying the avalanche diodes with 

current wer e det ermi ned in consideration of the dissipation 

of t he di odes . The value chosen results in a diode power 

di ssi pation well below the r ated maximum value. The diodes 

also serve t o elimi nat e l i ne voltage variations as a source 

of error in oper ation of the bri dge . 

Choice of t he bridge resistances for opti mum perfor

mance i s di s cus sed extensi vely in the literature . (6). It 

c an be shown t hat i f the bridge is excited by a voltage 

s ource , t he r esi s tance of R1 and R2 in Figure 15 should be 

as l ow as possible . For the voltage source using avalanche 

diodes just discussed , however ~ low values of these 
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resistors degrade the risetime of the approximated square 

wave~ and for values lower than about lOO ohms the diodes 

quit clipping entirely. Again, a compromise must be made; 

values of 2.2 kilohm~ as shown~ were choseno While greater 

sensitivity would be ach;i.eved by using a sensistor of much 

lower resistance than the input impedance of the following 

amplifier, a 5 kilohm 1,lllit was available and was used. 

Although the practical advantage would be small, a 2.2 

kilohm unit could probably be used without excessively in-

creasing the square wave risetime. 

The feasibility of the sensing bridge in Figure 15 

can be established by determining the output signal 

resulting from some temperature errorj say 1° C. An equiv-

alent circuit of the sensing bridge may be drawn as in 

Figure 16. 

Amplifier input 
impedance 

Figure 16. Equivalent Circuit of Bridge Network 
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The value of the amplifier's input impedance is anticipated 

considering that the input stage will be differential as 

already suggested o The input impedance is taken to be 

twice the common emitter input impedance of the transis

tors 9 10 kilohm is the resulting typical value. 1 The loop 

equations associated ~ith the three currents shown can be 

solved simultaneously, resulting in a sensitivity of 0.88 

µao/ °Co This value results from the bridge circuit being 

driven by a doCo excitation source . If square wave exci-

tation is applied as proposed, the sensitivity can be ex-

pressed as twice the value when d oCo excitation is used, 

or 1.76 µao peak-t o-peak/°Co It is seen that considerable 

gain will be required to drive a heater requiring several 

amperes when an error of one-hundredth of a degree or so 

is to be correctedo 

The Linear Amplifier Circuit s 

Before t he error signal from the sensing bridge is 

amplified , it is operated upon by an RC network , the 

result being a series of exponentially decaying pulses ~ 

already shown in Fi gure 5 (page 8) 0 The time constant of 

t he decay is es t abli shed by the coupling capacitor and an 

1Although matching the input impedance of the ampli
fier t o the equivalent bridge impedance would provide max
imum power transfer 9 the advantage gained would be small 
since the signal level from the bridge is considerably 
higher than t he equivalent noise i nput of t he first amp
lifier stageo 
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equivalent resistance value consisting of the source re-

sistance of the bridge in series with the amplifier input 

resistancea The value of the coupling capacitor will, 

t herefore ~ depend upon the amount of voltage feedback used 

on the amplifier ~ since it affect s its input impedance. 

If t he amplifier i s heavily fed back at signal frequencies, 

its input impedance is very low and the sensor's equivalent 

source i mpedance of 3.1 kilohm determines the value of the 

coupli ng capacitor. Using the value of RC selected in 

Chapter II of .00232 seconds, the value is found to be 

about .75 µf. If no feedback is used and the input imped-

ance of the amplifier is taken to be 10 kilohm, the value 

is about 0.18 µf . In practice ~ the value will lie some-

where in this range unless the time constant is purposely 

chosen to be a different value. 

The circuit of the differential amplifier to be con

sidered is shown i n Fi gure 17. Component values shown on 

the diagram are standard 10% tolerance values , chosen as 

the best values in consideration of the calculated values. 

The first stage i s designed to operate with a low 

noise figure s i nce t he error signal at this stage is very 

small. Optimum values of collector-emitter voltage and 

collector current for qui et est operation are about 3 volts 

and 0.3 ma. ~ respecti vely. 2 The base and emitter voltages 

2Thi s was determined in a seminar project under 
Professor Paul McCollum (1961) . 
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of both transistors of the first stage are determined by 

the voltage reference applied to the base of TR2, in this 

case zero . The emitter and collector resistor values are 

found which determine the correct operating point; the 

closest standard values were actually used. A worst case 

calculation may be performed by assuming an emitter re

sistor 10% too low and collector resistors 10% too high. 

Such values result in a collector-emitter voltage of 1.0 

volt. This is not a particularly good operating point, 

but it is perfectly safe. 

Using the standard resistance values chosen in the 

design of the first stage 9 the collector voltages are de

termined . These must be very nearly equal when the ampli

fier is operating in its l inear range because both 

transistors of stage two must be forward biased . Thi.s 

value of stage one collector voltage is used, along with a 

proposed operating point of stage two 9 to determine the 

values of resistances in the second stage . 

Design of the third stage must be carried out in con

sideration of operation under overload . Ideally , under 

overload conditi ons ~ as when the system has been turned on 

but the oven has not approached steady-state operation 9 

the output waveform should be a square wave synchronous 

with the heater power source. To accomplish this, the 

average value of the output voltage must be zero 9 other

wi se 9 the stabi lizi ng feedback path would apply extra bias 

current to the input transistor ~ producing an unsymmetrical 
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rectangular waveform. For moderate overloads, it would be 

seen that this unsymmetrical waveform, as it appeared at 

the output, would indeed have an average value near zero. 

When TR5 is bottomed in the overload condition, its 

mate is turned off, and its collector voltage is determined 

by the collector resistor ~ the emitter resistor, and the 

output impedance of the stage driving it. If this output 

impedance is somewhat higher than the parallel combination 

of t he collector resistor and emitter resistor, the collec

t or voltage is determined mainly by these two resistances 

acting as a voltage divider between the two power busses. 

The emitter resistor should be chosen considerably smaller 

than the collector resistor to permit large positive volt

age swings before overload . The collectors of the second 

stage mus t rest at a fairly large positive voltage for the 

same reason. The second differential stage has been de

signed t o operate at a collector voltage of +7.1 volts. If 

it i s desi red to use a coll ector current in the third 

stage of about 1 ma. ~ the emitter current of 2 ma . and its 

voltage of +7.2 volts (allowing 0 . 1 volt for Vbe drop) de

termine the value of the emitter resistor ~ 1.5 kilohm, as 

shown . Under no=signal conditions , the output voltage 

must rest near zero ~ this being the reference voltage at 

the base of TR2. The 10 kilohm collector resistor shown 

will effect the 10 volt drop when i ts equal share of the 

combined emitter current flows through it. The other 

collector resistor is chosen to be 10 kilohm also, although 



it could be left out of the circuit entirely if desiredo 

When TR5 is cut offj the output voltage is determined 

by the voltage divider consisting of its collector resistor 

and the resistor to ground showno The latter is chosen to 

provide a negative output voltage equal in magnitude to 

the positive output voltage present when the transistor is 

saturatedo The requirement of zero average voltage will 

then be meto 

The output of the last differential stage is buffered 

with an emitter followero The emitter resistor must be 

chosen low enough to provide from the +10 volt bus all 

load current needed when the output voltage assumes its 

most positive valueo The va+ue shown was determined after 

driving requirements of the following nonlinear circuits 

were determinedo 

Voltage gain of the complete amplifier circuit can be 

calculated if parameters of the transistors at their re

spective operating points are knowno Using these parame-

ters~ which include common emitter current gains of 100 to 

200,, the over=all open loop voltage gain should be 4.5x 

1050 Inclusion of t;he drop across the sensor 0 s equivalent 

output impedance reduces this gain to an effective value 

of about 4 x 105 when only stabilizing feedback is used. 

Since it has been shown that the sensor 0 s sensitivity is 

about 1.76 µa. peak-to=peak/~c when used with a 10 kilohm 

load, the amplifier will deliver a? volt peak=to=peak 

signal for 0001 ©C temperature error. If~ after 



investigation of the entire systemi this gain is too 

large~ feedback may be applied to the amplifier via the 

feedback path~ Rf. 
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DoCo and very low frequencies are fed back through 

the low pass section showno The values of this section 

are not critical~ those shown result in a doCo loop volt

age gain of 30~ which is small enough to insure output 

drift of only a few tenths of a volt due to Icbo and Vbe 

changes in the first stage over a wide temperature range. 

The gain of the amplifier is more stable than might 

be expected if only the common emitter current gain change 

with temperature were consideredo As temperature rises~ a 

transistor's current ga~n and input impedance also rise 9 

the increased input impedance causing a larger proportion 

of the driving current to be lost in the collector resistor 

of the preceding stage. The compensation is less complete 

for the first stage? however~ since it is driven from the 

relatively low impedance sensing bridge. 

Gain may be reduced and made more stable by the addi

tion of a non=selective feedback patho If feedback were 

applied~ however~ the uncompensated amplifier would prob

ably not be stable because of distributed phase shifts of 

the four stages at high frequencieso To permit stable op

eration9 the gain of the amplifier may be rolled off with 

the step network shown between the collectors of the first 

stageo The lower corner frequency will occur where the 

magnitude of the capacitor's reactance is equal to the sum 
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of the two equivalent impedances at the collectorso Each 

of these impedances is determined by the load resistorjthe 

transistor 0 s output impedance~ and the following stage 0 s 

input impedance~ which are respectively 22~ 25 9 and 11 

kilohm for the circuit and transistors actually used" The 

lower corner frequency is consequently 1.4 kco Open loop 

gain will decrease 20 dbo per decade as frequency increases 

to the upper corner frequency~ which is determined by the 

step resistoro The value shown causes roll-off for one 

decade and is sufficient for light feedback. 

The Switching Circuits 

According to the system described in Chapter II~ the 

train of exponentially decaying pulses from the feedback 

amplifier is to be compared to a reference voltage~ and 

the heater turned on when a pulse exceeds this reference. 

A circuit accomplishing this~ and subsequent circuitry 

driving the heater is shown in Figure l8o 

The comparator function is accompli.shed using a dif

ferential pair arrangement a One base is referenced with 

the voltage divider shown 9 the signal to be compared with 

this reference ,rol tage is applied to the other base o When 

the input voltage is more negative than the +5 volt refer

ence9 TR8 conducts and operates as an emitter followero 

Possible input voltages lie between ~7 volts 9 being lim

ited by clipping in the feedback amplifier" For the most 

negative voltagei about 17 volts will be dropped across 

.. 
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the emitter resistoro The collector resistor is chosen 

small enough to keep the transistor from bottoming 1 or it 

may be omitted entirelyo TR8 operates in this emitter 

follower fashion until the output voltage reaches +5 voltso 

For inputs greater than +5 volts TR8 wtll be cut off, TR9 

will be bottomed against the +5 volt reference 1 providing 

its collector resistor is chosen correctly~ and TRlO will 

consequently be turned off. 

Let us now investigate the 00 heater-on °0 condition 

which results when TRlO is turned offo TRll and TR12 are 

emitter followers driving the power switch 9 TR13. The 20 

ohm load presented at the emitter of the second follower 

appears multiplied by its current gain at its baseo This 

valuei in turn~ appears at the base of the first follower 

multiplied by its own current gain. Using units with 

gains of about 50 for these two stages results in an input 

impedance for TRll of about 50 kilohmc This value~ along 

with the voltage divider values shown~ results in a volt

age of =6 volts at the base of the first follower since 

TRlO is cut offo This voltage~ less about a volt drop 

across the three base-emitter junctions~ appears across 

the 20 ohm resistor~ resulting in a base drive of 025 

ampere for the power switcho This value of drive will be 

quite sufficient considering a peak collector current of 

about 3 amperes is drawn and a switching transistor with 

gain of at least 12 is usedo To insure good bottoming 

characteristics and switching reliability~ a unit with 
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current gain of 50 or 100 should actually be usedo 

When TRlO is turned on~ the heater is turned off~ so 

the only appreciable load resistance reflected to the base 

of TRll is its emitter resistor multiplied by its gain. 

This value and the two resistors connected to its base 

det;ermine its base voltage of about +lo6 volts. Adding 

the drops of two base-emitter junctions results in about 2 

volts reverse bias on the power switching transistor. The 

diode D1 provides a path for Icbo of the power switch. Up 

to 17 ma. leakage current can be supplied by the 470 ohm 

emitter follower resistor. Diode D2 and the filter capac

itor provide a d.c. voltage source for the emitter follower 

TR12~ so its current is not drawn from the supply used for 

lower level stages. Diode n3 blocks positive voltage from 

the power switching transistor during positive half cycles. 

Since the power switching transistor must handle up 

to 3 amperes of collector current~ it must be a power type 

unit although power di.ssipat;ed by it; is small" On the 

other hand 9 although the last emitter follower draws only 

250 mao at most~ the voltage appearing from emitter to 

colleetor results in an average dissipated power of more 

than a watt 9 requiring use of' a power type here alsoo 



CHAPTER IV 

.ANALYSIS OF THE SYSTEM USING ANALOG SIMULATION 

Analog Representation of the Complete System 

It would indeed be difficult to overemphasize the 

utility of electrical analog techniques in the analysis 

of heat flow problemso The parameters of a mechanical 

system~ such as thermal conductivity 5 are difficult to 

ch.angeo Condi.tions such as heater placement are also 

varied with difficultyo Finally~ the variables~ such as 

temperature and heat flow~ must be measured with spe

cialized sensing devices, If an electrical analog of the 

system is used, however~ the parameters are represented by 

component valuess a11d conditions may be varied by merely 

changing electrical connections" The variables of temper

ature and heat flow are rep:resented by voltage and current, 

respectivelyo Analog time may be chosen to be different 

from real system time 9 therefore~ it is convenient in many 

heat flow problems to use a time scale such that a period 

of minutes or hours of real time may be represented by 

analog operation of only a few secondso Many combinations 

of parameters can be investigated ·using an analog model in 

the time required for the mechanic.al system to respond to 

40 
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a single set of conditions. 

An electrical analog model of the temperature control 

system already discussed is shown in Figure 190 The oven 

analog actually represents only one-half the oven j this 

procedure having been justified in Chapter IL. The analog 

is ver satile enough to analyze systems differing in heater 

and sensor placements , feedback system transfer function, 

and maximum heater power . Additional feedback paths to 

i nvestigate the effects of rat e feedback or perhaps first 

derivati ve compensation may be conveniently incorporated. 

The analog system is magnitude scaled to operate 

within one degree Fahrenheit1 of the steady-state operating 

t emperature. Alt hough this range is insufficient for the 

c omplete transition from the cold 'j or II off 00 , state to the 

warm s t eady-state ~ i t is adequat e for investigation of re-

c overy from complet e overload conditions and is also 

sensitive enough t o measure temperature changes as small 

as .01 @F easily . 

The sensistor i s small ~ so it is considered t o sense 

t he temperature of t he oven without appreciable heat flow. 

The oven and sensor analogs are t herefore buffered by an 

operational amplifier o The sensor analog actually repre

sents the transient relati onshi p between temperature of 

1The system of English unit s is used here because of 
its extensive use in the literature . The metric system 
adhered to i n t he previous chapters corresponds ~ in turn, 
to the units used in t he field of t hermodynamics and heat 
t ransfer . 
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the sensing element of the sensistor and its case tempera

ture. The sensor analog output is therefore a voltage 

representing temperature of the sensing element. Sensi

tivity of the sensistor is included in the system's loop 

gain ~ which is treat ed in Appendix C. A step voltage can 

be added to the sensor analog voltage to represent the 

abrupt readjustment of the temperature at which the sensing 

bridge is balanced. Transient response of the system can 

be i nvestigated using this means of disturbance. A func

tion generator is used to achieve the desired relationship 

between this error signal and heater power. 

The oven analog must be driven from a current source 

in accordance with the analogy between heat flow and elec

tri cal current . Thi s is accomplished by driving it from a 

voltage source through some known, fixed, resistance. 

Change of voltage at the oven analog input is compensated 

for by adding an equal value to the voltage source through 

a feedback path of unity gain. Current flow into the oven 

analog i s therefore seen t o be proportional to the desired 

function of the error voltage created by the function 

gener at or. 

Analog Ci rcui ts of the Oven and Sensistor 

Analysi s of steady- state heat flow in a solid can be 

car ried out using an e l ectrical analog circuit containing 

only r esistors . The resi stor s r epresent 1 and are propor

tional to ~ the thermal resistivity of the solid, If 



transient response is also desired, an analog circuit 

incorporating capacitors representing heat capacity of the 

solid'" is used. Analog representatione of both types are 

given excellent treatment by Karplus .. ( 7). The electrical 

analog is composed of several sections, each representing 

a corresponding section of the objectj and each being of 

the form shown in Figure 20~ 

Figure 20. Electrical Analog for 
Representing Thermal Conduction 
in Solids 

The sum of the two resistances represents the thermal 

resistance of the section, measured from one side of the 

sectiori to the other in the direction of heat flow. Tlle 

capacitor represents the heat capacity of. the section. 

Values of the electrical analog are related to the thermal 

values by three sc1:1.le factors: 

L = voltage/°F 
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Values of the electrical analog may be e~ressed in ter:rns 

of the scale factors and the thermal values as 

R ;:: m.n.R (4.1) e . t 

and C :;: ~ (4,2) e m. R 

The values of heat flow and temperature are measured as 

current and voltage res~eGtively, and are related by the 

expressions 

Voltage= (temperature)(L) 

and Current = (~:) (heat flow) • (4.4) 

In choosing the scale factors~ one should keep in mind a 

convenient analog time scale 9 practical restrictions on 

electrical components, esp~cially the capacitors, and th~ 

maximum value of temperature which may be reached, 

Convenient values of the scale factors are chosen and 

analog values calculated in Appendix D. 

Heat flow through the cork insulation to a fixed 

ambient temperature from a section of the oven may be in~ 

eluded in the analog as a resistance across the capacitor 

Ceo If this scheme were used, however, the lower, or 

common, bus would necessarily represent ambient 
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temperature. In analog computation, the maximum machine 

voltage is generally 100 volts, so this voltage would rep-

resent the maximum temperature of some part of the system 

if properly scaled . A consequence would be that small 

changes about the steady-state operating temperature would 

be i nconveniently small. This inconvenience can be 

remedied by considering operation only about the steady-

state temperature . Use of the analog system in the con

di tion of initial warm up is of little value because the 

heater is delivering peak power constantly. The resultant 

warm up characteristic has already been discussed in 

Chapter II . If ~nterest is concentrated within a degree 

or two about the steady-state temperature, heat flow 

through the cork insulation may be assumed essentially 

constant . This approxim~tion may be achieved by drawing a 

constant current from each of the analog capacitors, rep

resenting the heat lost from each of the oven sections. 

The r equired current sources may be formed by using two 

operati onal amplifiers for each source , the method of 

achieving constant current drive having been described in 

t he first part of this chapter for use as the analog heat 

source . If the analog system uses many sections in the 

oven analog , a prodigious number of amplifiers is required. 

Another approximation can be made which reduces this number 

c onsi derably . Although temperature of the oven may be 

caused t o vary over a range of a degree or two by intro

ducing disturbances , the temperatures of several adjacent 
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sections vary similarly. Only two current sources are 

actually used, the~, each draining from one section the 

correct leakage current. The leakage currents drawn from 

sections on each s i de of these two correctly driven ones 

are approxi mations to the correct values. The error is 

small ~ however , since the temperature differences between 

adjacent sections is small. Operatic~ of these current 

sources is more clearly expressed in Figure 21, which 

shows the electrical analog of the oven, using the values 

of components found as described in Appendix D. The 

heater and sensor may effectively be placed at any one of 

ei ght posi tions along the oven by making the corresponding 

connections to any of t~e eight analog sections. The con-

necti ons , as shown , result in an analog of the oven 

ac t ually used . 

An a l ternate approach was taken to determine the 

electri cal analog of the sensistor. The internal struc-

ture and composition of the unit were not available , so 

t he t rans i ent response determined i n Appendix B was simu

l a t ed using three sections arranged as shown in Figure 22. 
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Figure 22. Sensistor Analog 
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The values shown were determined empirically and result in 

response to a step input which approximates the sensistor's 

response with a maximum error of about 5%. More sections 

would result in a closer approximation. This technique of 

determining the analog circuit is expedient when the tran

sient response of the physical system is known. (8). 

Using the Analog System 

A prime application of the analog system is its use 

in determining a desirable value of gain for the amplifier 

in the feedback system. The maximum voltage gain that was 

considered useful in Chapter III was 4 x 105. The analog 

system of Figure 19 satisfies this gain requirement, but 

the system as shown is unstable, indicating the value of 

loop gain is too high. Oscillation of the oven and sensor 

temperatures is depicted in Figure 23. This strip chart 

recording was taken at a speed of 5 mm/second and a verti

cal sensitivity of 5 volts/cm. Scaling of the anal9g sys-

tem results in the equivalent real system scales shown. 

The reference temperature corresponds to zero analog volt-

age and has little significance. Notice that the sensor 

temperature') measured at the sensor analog output, lags 

the oven temperature j measured at the heater location. 

This phase shift , necessary for the instability, is caused 

mainly by the sensistor 9 this can be affirmed by observing 

the phase relationship of the voltage changes on the input 

arid output points of the sensor analog. 
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For lower values of loop gain2 j the oscillation 

becomes smaller, and for values less than about 2 x 105, 
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sustained oscillations no longer occur. A value somewhat 

lower than this gain is more desirable ~ howeverj to reduce 

overshoot and transient oscillations after system disturb

ances . A gain of 4 x 104 was found to yield desirable 

operation, oven and sensor temperatures for this gain are 

shown in Figure 24 (on preceding page) after a disturbance 

equivalent to .5° Fis introduced . The sensor temperature 

corresponds to the sensor analog output j which is the tem-

perature of the sensistor's sensing element . The oven 

temperature represented is the temperature at the heater 

position 1 although temperature at any of the other seven 

oven locations may be observed just as easily. The tem

perature disturbance is introduced into the system using 

the switch shown in Figure 19 (page 42). This corresponds 

to unbalancing the temperature sensing bridgej changing 

the steady=state operating temperature . The disturbance 

was switched into the system at the time reference zero 

and was removed at a later time apparent from the response 

plots . 

Another fruitful field of investigation using the 

analog system is the investigation of heater and sensor 

placements and their effects on transient response. 

2Loop gain changes are effected by changing the feed
back resistor of the summing amplifier following the sensor 
analog in Figure 19. 
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Figure 25 shows improvement of the transient response as a 

result of effectively distributing the heater winding 

evenly along the cylindrical portion of the oven surface. 

The di sturbance was an equivalent .1° F s t ep . Notice the 

temperat ure change at the heater i s smaller for the dis

t r i buted wi ndi ng due to its proximity to the sensor. The 

overshoot is less for the same reason . 

Operation of the heater while recovering from a .5° F 

di sturbance i s shown in Figure 26 . Immediately after the 

disturbance is introduced , the heater begins to deliver 

its maximum power . This power drops , overshoots, and 

finally assumes a slightly higher value than originally to 

provide a higher oven temperature ~ as determined by the 

di sturbance . The discontinuities of the slope of the 

power plot result from the function generator approxima

tion of the transfer func tion of the feedback path. The 

sensor 0 s t emperature is shown on the lower chart. Notice 

· that t he heat er is never cut compl et ely off during the 

rise t o a hi gher ov en t emper ature . When t he disturbance 

is removed , however , the heater is turned off and the oven 

s lowly c ools , loosing heat through the i nsulation until 

t he s ensor r eaches its original t emperature ~ when the 

heater is again t ur ned on to maintain t his s t eady- state 

t emperature . 

A t hird r emaini ng us e of the analog system is the 

analysis of operation f or systems using different transfer 

functions of heater power delivered versus temperature 
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Figure 25 0 Effect of Heater Placement on Transient 
Response 
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Figure 260 Heater Power in Transient Operation 



54 

error sensedo In at least one case~ workers in the tem

perature control field have used a feedback path which 

causes the heater power to be proportional to the error 

signal~ i o e o ~ a linear feedback patho ( 4) o The more common 

method of control is one already discussed in Chapter II~ 

the heater power being proportional to the square of the 

error signal~ shown in Figure 3 (page 5)o Transient 

response of these two systems are shown in Figures 27 and 

28 9 respectivelyo In each case~ loop gain was normalized 

to be equal to the gain of the system used heretofore at 

the steady-state operating temperatureo Operation of one 

system cannot be said to be definitely superior to another, 

each offering distinct advantageso Response of the two 

systems may be compared to that of the former system~ 

shown in Figure 24 (page 50)o 

In addition to the three major fields of investiga

tion described~ the analog model is useful in determining 

the effects of such factors as increased maximum heater 

power 9 and alternate feed.back paths o More valuable than 

any single result obtained from the analog model~ however 1 

is the insight into system operation as a whole~ made pos

sible by the rapid and completely accessible solutions on 

the electrical modelo 
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CHAPTER V 

CONCLUSION 

In a temperature control system which does not employ 

integral feedback~ there will be some small difference 

between the steady=state operating temperature and the 

temperature at which the sensor senses no erroro This is 

the small signal which~ when amplified~ drives the heating 

elemento Even though this error can be made small by 

using a high gain feedback path, it is still subject to 

changes from a number of sourceso The most serious source 

is usually change of the temperature surrounding the oven. 

If this temperature rises~ less power will be required 

from the heater 9 and a smaller error signal than before 

will be generated to produce the lower heater power. A 

figure of merit may be defined which indicates the extent 

of this error. For a certain rise in surrounding tempera-

ture~ the temperature at the sensor will also rise~ but on 

a much smaller scale. If the ratio of ambient change to 

oven change is formed 9 some large number results. The 

system using a feedback amplifier gain of 4 x 104 results 

56 



57 

in the figure of merit being about 100. 1 If transient 

response is not an important consideration, the analog 

system has indicated that gains up to 2 x 105 can be used 

before instability becomes a problem. The figure of merit 

would then have a maximum value of about 500 for this 

system. This means that for each degree the ambient temp

erature changes the oven temperature at the sensor will 

change 1/500 degree . This figure indicates why it is 

common practice to place the oven inside a second tempera-

ture controlled enclosure. 

Another source of error results from changes in gain 

of the feedback system. This problem has been discussed 

earlier in consideration of gain stability of the feedback 

amplifier . In addition to gain changes originating in the 

circuitry , which can be reduced by proper design and use 

of feedback , gain may effectively be changed by changes in 

the a.c. line voltage , which supplies the heater winding. 

A rise in line voltage produces a greater heater power for 

the same t emperature error ~ which is effectively an in

creased loop gai n . An increase of 10% in line voltage re

sults in a drop in the error required for steady-state 

operation of about .009° C. If a greater gain is used, 

thi s t emperature change can be reduced to a few thousandths 

of a degree for normal line voltage fluctuations. ~ine 

1steady- state system response to changes in conditions 
such as the ambient temperature can be determined using the 
feedback t ransfer function shown in Figure 30 of Appendix A. 



voltage regulation with a regulator transformer does not 

offer a means of improvement since this device utilizes 
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t he saturation characteristic of the transformer core to 

limi t the peak voltage. In steady- state operation, the 

heat er draws power from the line only during the first 60° 

of a cycle and this portion of the l i ne voltage cycle is 

altered very little by the regulator transformer. In 

addition to peak voltage regulati on, the transformer intro

duces a phase shift which is dependent upon line voltage. 

A serious drift problem could result , completely obscuring 

any benefit obtained from the constant voltage feature, 

unless the sensing bri dge were supplied from the trans

former also. 

Although the sensor is capable of controlling the 

temperature at its own location , the temperatures of other 

sect ions of the oven are just as important. The analog 

system reveal ed t hat a temperature gradient exists in the 

oven which causes t he temperatures of different parts to 

di ffer from t he sensor temperature by as much as .05° C in 

s t eady- state ope r a t ion. This difference would be insig

nificant i n almost any application , but if the heater 

power changes to compensate for ambient temperature changes, 

the t emperature gradient through the oven also changes. 

The average t emperature of the oven ' s surface will, there

fore , be dependent to a marked extent upon the ambient 

temperature . Unlike the first source of error mentioned, 

which is a fun9 t ion of loop gain , this relationship is 
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unrelated to gain; the temperature gradient is a function 

of the physical configuration and the heater power. 

Distribution of the heater winding appears to be the most 

expedi ent means for reducing the temperature gradient and, 

c onsequent ly , its changes. Theoretically, the gradient 

coul d be ent irely eliminated in the steady-state condition 

by properly distributing the heater winding. In addition 

to the use of a distributed heater, placement of the oven 

within another enclosure which is t emperature regulated 

would reduce error due to the temperature gradient. 

Another reason for the well-founded popularity of double 

proportional control has then been found. 

It should f i nally be noted that while much of the 

analysi s undertaken has been in consideration of transient 

operati on , in many cases this characteristic is of little 

i mportance . The system developed , offering good transient 

operation , would be useful for enclosing temperature 

sens i t i ve devices which themselves dissipate a variable 

amount of power. Ovens not enc losed wi thin a second regu

lated enclosure also may have to operate under transient 

c onditi ons, while double proportionally controlled systems 

encl osing circuits di ssipati ng small or constant power 

would be les s demandi ng of transi ent operati on. For this 

t ype of syst em , mor e regard should be gi ven to minimizing 

l ong t erm drift , achi eving stability with high loop gain , 

etc. There appear to be several areas of i nves tigation 

which mi ght prove fruitful in achieving very accurate 
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temperature control with excellent long term stability. A 

much higher d.c, loop gain might be used if gain were 

attenuated sufficiently at frequencies where phase lag 

resulting from the oven and sensor become appreciable. 

Integral feedback could be used to achieve more accurate 

regulation by reducing the steady-state error theoretically 

to zero. Undoubtedly~ as new, more exacting applications 

are found for temperatUJ;'e controlled enclosures, these and 

other techniques will be used in achieving temperature 

stabilities not yet approac~ed. 
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APPENDIX A 

A temperature control system which provides a 

desirable relationship between heater power ., and temper ... 

ature error was described in Ch~pter lI~ The el~ctronic 

section of the !eedback ~yete~ determined at that time is 

more fully described aa shown in Figure 29, which includes 

the error signal supplied by the sensing bridge and subse

quent circuits controlling the oven heater, shown as 

resistance Rr,,o 

e2 = E:2 s:Lnwt ~ · /'. 
I V ,n--~.... Gate 

Comparator 

Figure 290 The Oven Control System 
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The voltage gain, K, is defi~ed to include the voltage 

divider effect of the sensor impedanc~, Rg~ an~ ainplifier 

input impedance, Rin' o~ the error voltage, eg. The volt

age, e1 , may then be expre$sed as a time function, 
I 

where 

(1) 

e: if:1 the natural. logari tllm base 

and time, t, is~ value from t ~ 0, when the pulse 

begins, tQ its du.ration, 

Taking the logaritbm of both sides of Equation (1) yields: 

Ln e1 ~ Ln K + Ln eg - t/RC (2) 

or, solving .for t, ( ) Ke · 
t ·= RC(Ln K + Ln eg - Ln e1) ¥ RC Ln el5 , (3) 

Now, let e1 = E1 , a constant reference level used by the 

comparator. Then 

(4) 

In order to det~rmine the pa.rtof the cycle of the power 

source voltage which ;is applied to the heater, Equation 

(4) may be stated as~ 

(5) 



This form yields the radiail measure of the power cycle 

applied. 

If e2 is expressed as a time functioA, the average 

power dissipated by the heater when the voltage e2 is 

applied for only a fixed part of each cycle may be ex

pressed as: 

If T~ the period of e2 , is replaced by its value 2n/w, 

Equation (9) may be expressed as: 

1 w 1 tl = Ir 2; E~ sin2 wt dt 
L 0 

which may be evaluated giving: 

E2 
PL=~ [2wt - s1n2wt J 8n:RL 

for o ~ wt$ n o 
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(6) 

(7) 

(8) 

Substituting the expression o;f Equatioil (4) for the value 

of time in Equation (8) yields: 

PL = a~l {2wRC Ln (i;: eg) - sin [ 2WRC Ln(~ eg) ]} • 

(9) 
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This value of heater power as a function of error signal 

is shown graphically in Figure 30. 

Figure 300 The Relationship Between Error 
Signal, eg~ and Heater Power~ PL 
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THERMAL CHARACTERISTICS OF THE SENSISTOR 
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APPENDIX B 

It is necessary to know the thermal characteristics 

of the temperature sensor, in addition to those of the 

oven itself, in order to choose the gain of the control 

system wisely . The change of the temperature sensitive 

parameter of the device is usually available with .a speci

fied resistance change per unit temperature change. This 

is only a steady-state specification, however, and infor

mation concerning the transient behavior is not generally 

available . Such is the case with the sensistor used in 

the sensing bridge described in Chapter II. 

In order to determine the resistance of the sensistor 

as a function of time when its temperature is suddenly 

changed (step i nput of temperature) , the arrangement shown 

in Fi gure 31 was used . 

The output voltage, e0 , of the circuit shown in 

Figure 31 is approximately 1 volt for each 100 ohm change 

i n resistance of the sensistor. 

The temperature step input was applied by suddenly . 
i mmers i ng the sensistor body (but not the leads!) into a 

c ont ai ner of crushed, melting, ice and moving it continu

ally to mai nt ai n a temperature of zero °Con its surface. 
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Figure 32, Transient ~hermal aesponse of tne Sensistor 
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The approximate relations~ip of output voltage and resist

ance cha.nge as already described is sufficiently accurate, 

considering the possible experimental errors in the 

procedureo 

The transient thermal response !amid resulting from a 

22° C temperature chap.ge is shown in Figure 32 (on the 

preceding page). 



APPENDIX C 

CHOICE OF LOO~ GAIN OF THE ANALOG SYSlEM 
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APPENDIX C 

It will be noticed that the feedback path of the 

analog system in Figure 19 of Chapter IV (page 42) does 

not stipulate how the steady-state transfer function is 

obtained in the real system. While the desired transfer 

function of the control system is actually obtained using 

the pulse techniques ~nd switching circuits already 

described, the analog merely represents the over-all feed

back transfer function using the function generator and the 

distributed gain of the feedback loop. The gain of the 

feedback loop is found by considering what gain is needed 

to just drive the heater to :i. ts maxi)Ilum power. 

Recalling the method used to achieve the transfer 

function~ an error signal pulse which just reaches the 

reference voltage of the comparator has an initial value 

equal to the comparison voltage and decays with a time 

constant of e00232 second. Its instantaneous voltage one

half cycle later, then, will be 

Ece:-t/RC = Ece:-,00833/.00232 = 027 E 
• C ' 

Ec being the comparison voltage. It was determined in 

Chapter III that a .001° C temperature error would cause a 

3 o 5 volt peak signal at the c.omparator. This corresponds 
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to a .002579 F error producin~ a signal which just equals 

the comparator reference of 5 VQlts. The temperature 

error necessary to just caus~ the comparator to hold the 

oven on for a complete hal! cycle is therefore 

Loop gain of the analo5 system is ~hosen so that the oven 

analog is driven with the curre~t representing full power 

drive when an error of "094° F ;is ;present, One point of 

the nonlinear trans;fer t®ction :Ls~ therefore, <\eterm.ined. 

The function g~nerator is then adjusted to yield the 

transfer function, using the known point as a reference. 
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APPE.ND;J:X D 

In Figure 21 of Oh~pter IV, the oven half' is shown 

represented by eight an~log sections. Five ot these :rep

resent the eyl~~dr~cal portion ae equal r~ngs; the othe~s 

represent the cir~ula~ end ~late as three conc~ntrie 

annuli,. The therlll,aj. :r:es:i.stap.ces and capaci tie~ of these 

se<?tions can ~e :fOWlQ. us,i;p.g available relat;Lonshl.ps, (7), 

Fo:v example, the theJ;"mal, re~istanqe, Rt' of one of the 

ring sections may be expressed as; 

where: 

xis the length of the section, 

A is its cross sectional (U'ea, 

(l) 

and k is the the:rmal Qo~ductivity of the material. Using 

English units for dimensionij, heat in BTU, and time in 

hours, as is the general p~actice, results tn a value of 

Also~ the thermal capaQity of the sectio~ is 

(2) 



where: 

Pis density of the material, 

c is specific heat of the material, 

and Vis volume of the section. 

The resulting value of Ct for the ring is 

ct = .0150 BTU/ °F • 
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Some considerations in the choice of scale factors 

relating thermal characteristics and the analogous elec

trical component values have been discussed, A convenient 

time scale may be chosen as five seconds analog time per 

minute real time. Expressing electrical time in seconds 

and real time in hours, as is generally done, results in 

the scale factor 

n = 300 sec./hr. 

The value of m, defined as thermal capacity per fara4 of 

electrical capacity, is taken to be 

m = 104 BTU I °F farad 

because the resulting value of analogous capacitance for 

the ring sections is convenient. The value of L, as volt

age of the analog per degree Fahrenheit, is fixed by the 

desired range of temperature to be covered and the maximum 

operating voltage of the analog. The oven analog is capa~ 

ble of a 50 volt negative swing, leaving 50 volts for 

operation of the current drivers. This voltage and the 



77 

maximum temperature drop of l°F determine the value of L: 

L:;; 50 vol.ts/°F~ 

Having determined the scale factors, the electrical eompo~ 

nent values of the r~ng e.nalog are expressed as; 

and 

on 
Ce ;: .......:i:. 

'~ 

( 3) 

(4) 

Equations (1) and (2) were also used to determine the 

thermal resi~tances and capacities of the three end 

sections •. ~he resulting thermal resis~ance values are 

only approximate, an average value of the cross section~l 

area having been used for the value of A in E~uation (l)~ 

Val~es of the resistors drawing off the leakage cur~ 

rents are found in consideration of the heat lost through 

the cork insulation, Current in the analog is related to 

heat flow in the 9ven by the expression 

(5) 



where q is the heat flow in BTU/hr. Solution of this 

equation results in a scaled value of current, 

I~ .057 ma./watt 
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It was found that the oven reached a temperature 78° C 

higher than ambient temperature in steady-state operation 

with a power of 15 watts. Heat loss, when the oven is at 

its normal operating temperature difference of 15°0,is 

therefore (15)(15°0/78°0), or 2.88 watts. Since the tem

perature at all points on the ove~ surface are approxi

mately equal, this loss will be distributed among ~he 

sections of the analog proportionate to the area each 

represents. For example, one of the rings represents 6.1% 

of the area of the oven. This portion of the total power 

loss is 0.175 watts, which corresponds to an analog current 

of .010 ma. The current source drawing this current is 

seen from Figure 21 to actually be a 50 volt voltage source 

causing a current to flow through the leakage resistor. 

This voltage and the leakage current just found fix the 

value of the resistor as 50 volts/.010 ma., or 5 megohms. 

Resistance values pf the other leakage paths are found 

similarly. 
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