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Preface

The increasing application of electronic devices
to industrial control and manufacturing processes
indicate a definite necd for a basic course of this
nature in the cirriculun of the Electrical Engi?eering
student. The actual applications are so varied, in
fact, we dare only wonder how far reaching or how varied
these applications can be in the future - it is believed
that a course of this nature should primarily emphasize
fundamental aspects of control and industrial electronics.

It is intended that this course be preceded by a '
thorough understoending of clectron tube characteristics,
d-¢c and a~-c circult networks in addition to the usual
required methenatic courses through differential
equations. This background is necessary for the student
if he is to have sufficient tine to adequately cover
the principles of industrial electronics.

The first chapter briefly outlines the general
terninology applying to the very broad field of -auto-
natic control., The student nust not only extend his
vocabulary in this field; but he nust realize that
therc gay be many rncthods of uccomplishing the same final
result, including electronic methods., Several examples
and illustrations are offered as an indication of
methods of analysis which are enployed in control
problems, Incidentally, it is hoped that the mathematical
treatments and analogies.nay encourage analytical thinking

and indicate the necessity for a strong mathematical
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background. The student riust not lose sight of the
faet, although very elaborate and expensive electronic
control devices can be constructed and arranged to govern
a process, there may bg rnuch simpler and less expensive
methods also avallable, There is a tendency to loss sight
of this fgct when the "mystical' electronic unit is made
available, If electronic applications are to receive
their deserved attention, they must be cautiously and
judiciously applied in the field only after considered
evaluation,

The second section of the course deals with principles
of conversion and circuit elements in combination with
electron tubes under both steady and changing conditions.
It has been found that the student will obtain a much
firmer concept of specific applications if he is able to
analyze circuit combinatipns dynamically rather than from
a point by point approach. This procedure lends itself
readily to circuit stgdy and analysis based upon
oscilloscopic studies.

The last portion of the'course deals with electronic
systems, In some instances, specific applications are
introduced to illustrate a method of combining circuit ‘
elenents t? satisfy a predetermined control process, but,
in general, it is desirable to develop a system to satisfy
the predetermined process and arrange the circuit elements

as a part of the system.
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1.
THE PRINCIPLES OF CONTROL

The general concepts of control are more or less
familiar to us all, We must have coqtrol and control
methods in government, in‘the church, in human action,
in manufacturing; in fact, any process must be controlled
if a defin%te goal is to be attained, From an engineering
standpoint, control may be accomplished either manually
or automatically. The automatic controller is any kind'
of device which will measure the variation‘of a.Srocess,
either.continuously or at stated intervals, and then ‘
make corrections according to some predetermined rule,
thus holding the process within prescribed limits.
Continuous processes involving high speed, and high
accuracy mass production lines have given added emphasis
to automatic control within the past few years, High
accuracy has demanded control methods more ;eliable than
possible through direct mounual manipulation, The simple
process of applying the acetylene cutting torch to a sheet
of steel may be done by hand, or some mechanical gadget may
accomplish the same result, Simply cutting a gash across
the steel plate is of no value to us however, The cut
must be of such a nature that'it fits into a general plan
previously conceived; ﬁhat is, regulation must be applied
to the control process. '

The actual control devices which may be applied to
regulate a process are essentially unlimited. Some vefy

simple arrangement of levers and gears may accomplish

exactly the same control as some other very elaborate



cbmplex device., Yet there nmust always be sone few
fumdanental laws of science which apply to the control
problem of industrial manuvfacturing. As lonz as these
lavs are sabisfied the process may be regulated nanuvally
or it may be done automatically, The final method of
repgulation hecones a study of relative product cost. Yet,
in any case, control is an exact science, the basic laws
annly here as they do in all other branches of science,
and the nroblem should he analyzed by the scne methods
as used ir any of the exact sciences. 0:ce the laws
governing the reqguired »nrocess have been established, it
incenuity to devise
mechanical or elec trical means to satisfy these laws and
control the nrocess.

oL

Until recent years thoc laws of regulation were
satisfied by soiie nanval operation which involved thce human
elements, The result was a product which was not eatirely
uniform. aAutomatic methods of acconplishing the regulation
of a process nay be devie~”, often with increased

efficiency and econony resulting. Autonatic control of

an entire industrial »rocess may be resuired or perhaps
only sone onc operction i~ a rrocess mar be rmade automatic,
The finel product will ultinetely deternine whether it is

u

econonical for the manuficturer to narticinate in the
research and developrnient rezuired for the automatic control
of the process or whether seni-automatic, or nanual control

w

can econoniically satisfy the tolerance recuirenents of the
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Terninology: Before pro-~-:* g further with the discussion,
it is nececgsary to establish certsin definitions. The
general ternianoclogy in the ficlcd of automatic control

seenis still to be in sorc confusion., Receatly terms and
concapts of automatie control have been prepared by the
ASKE Industricl Insbruments and Regulators Division

Comnittee on Terminology.

Autormatic Control Siystem

-

autonatic control of any process must be arranced

o

so that a balanced state exists, The ternm process, as

used, is general and may be considered &s belny cormosed

of the denand or oub»ut, and the surnly or encrgy source,
In general, a balaiced coaditicn cain be satisfied by a
control srstem censisting of (1) some msanz of nmeasuring

the procesc pediur and () some method of contrelling this
rediuri, This latter srsuei acts to regulate the coatrol
asent. The neasuring part of the control srster will

-~

rcasist of the (2) primary seansitive elensnt and (2) the
o~

easuring or converter elierient. The contrelling »art of

the system consists ol (1) the controller nroncr and (3)

The »rinary sensitive eleient ig subjeeted directly

to the iastantaneo:s variations of the controlled rediunm.

pressurce ciamber., The nmecacurine elencn
convert the variatlior cof the primary sensitive element into
sone kind of indicction of the state of the conhbroll:zd

variable., Clten times these two elerents of the ceatrol
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systen are combined in a wmanner so that one device performs

bothh functions. Tor instance a nercury thermoneter can

neasured controlled
contral veriable variable
agent gt L J ! o
sk A—
I primary
TROCESS sensitive
element
finol
control A . o

clement

regsuring
controller element

Fire leo Gonrnerel arrasangeficnt of an automatic control
systeri annlied to a nrocess.

[©]

asily be arrancsed to act as an clectric switeh. Fige 2°
shoviss a corwion mercury thernmomster. Two fine rlatinum
wires are sealed in the plass envelone so that they

protrude throuch into th:

mherature of the nercur is inersasec
temmerature of the nmercur s is crease(
due to heating the nercury will rise
in the column and conplete the

electricsl circuit betwsen the two

™ TTIITT 1T
Tnl' [ rnlrrllgl } I

contocts, The linmits of oreration

can be set between any desired points
by »morer placement of the contacts,

It may hapnen that nore control poinus

maw Lo desired, This can be obtained
Fig. 2. Mercury’
r

noncver switch. Dy including other contact wires
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L by

perhans arranged te cive two sneed or rmulti speed convrol

of the finel coatrol elerznt. 4an auxiliary teaperature
scale nisht be included ii cetual temperature readinss are
also desirzd. It often haprens that temnerature nary have
to be controlled within very close linits The above t pe
of therrometer switch can he arransed to operate ol a
temperature differential of o.:ly a few hundredths of a

] L

derree by carefully coastrzeting the glass tubing in the

ion of desired control, thus givian a nasnified mercury

he controller is a device arranged to detect the
ariations in the ¢ SU“L“: elesient and initiate corrective
action throush the final coantrol elemsnt. The final

control elaonent rwuwst ¢

fe]
'S
[©)
H
]

e upon the control azgent

in sone manner to off-set the change wiich occured in the
controlled nediunm. JQuite often one or morc of these
elements are combined into a single device, et the various

steps in tho aubtomaticallr controlled nrocess rust be

as regulation. In sractice many variable factors in the

256 ir
srsten nresent seriocus nroblecs if stoble oreration is to
be rmainteined, The rnrocess recuirencots will Jetermine
the desree of stability demanded of any control systen.
Stability of regulation nay be compared to a resonant

inductive-capacitive circuit, The amount of da:.. inz

resistance introduced in the L-C circuit ultinmately
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deterrinzs the current-tine recction. In the control

svstem the flov-tine 1eact2';s likewise determine the

stability of the sratem (fiz. 3).

= ovur—danped i
becogniss._ == o1 - 5t s At i s el P SR Vi
ST /
o
\\\ \- ‘.“-"‘"‘-
R & critically -
> \\'y\ *~_ danped
T — -
o~ i ~ . -~ tine
< \\\\ - val — 2
ard \ 1' =il A A N 3
o k. 4 under denped
- PR /.
a?’
par L = gcteady hunting
N //
S A S L AR, 1L \_._._- o e e o e i e e A e =
L e unsteble
b S >
Fig. 9. Degrees oi process reguiation,

hinderances to stability resulte Trom systea ard process

- 5 h PR PERTIVRN W S K S R . .-1—.-. .
lags, ¥Which may cuuse hunting or cven unstable o

ogeillating conditio

- - N v T - ) -y - - - 1 - - e =
sraten oy Ye nude as stable as the »nrocess recuires.

stable aetion accurs when the active forces of the systen
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oppose each other in time apd magnitude and must be
achieved regerdless of cost.

Seldom does a control system maintain the controlled
medium at a single constant value; this would impose most
stringent conditions on the control system; but usually
the controlled medium may be allowed to vary between

certain limits (Fig. 4).

e, 7 W YOO RRTRMPS 1 TSTRCTINEN | TR

10';.?0 T LT e L L L e e Lt

Fig, 4. Ideal differential of the controlled medium.

Process Lags

If the controlled system and the process had no time
lags, the problem of automatic regulation would be some=-
what simplified.and the process differential could be
reduced to zero., However these lags are present and must
be counteracted in some manner. Further, these lags,
combined with the method by which t?e controller produces
the counteraction (mode of control), ultimately determine
the rules governing the action of the controlled system.
A number of lag Tfactors may exist in a system which prevent
the control agent from responding instant}y to a differ-
ential variation of the controlled medium, The lags
present in the process itself will first be considered.
They include capacity'lag, transfer lag, transportation

lag, and rcaction lag.
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Process Lags

The ability of the process to abgorb or store up
energy is referred to as its capacitv, The amount of
energy stored represents the difference between the energy
entering and leaving the process during a given interval
of time. The orrosition to instantaneous energy flow is
senerally referred to as resistance, If resistance is
present, the process has not instantly conducted the
enersy flow, otherwise there could have been no energy
storege; i.e., the syster: would have no capacity, There

are many tines vhen the canacity of the nrocess proves

.

advantageous, for the capacity has an inertial effect,

and displars staebilitzing tendencies., If the process

reguirses instantancous resnonse, however, process capacity
is objectzonable, The fact that the process does store
energy, rieans vl:at the controlled nedium does not resnond
instantlr to sose chanme established in the control ageat;

in effeect, a time interval exists which is referred to as

The greater the process capacity-often referred to

as demand 81idg capacity-the greater the time constant; or

(=N
1
H
]
Hh
Los°)
[
ct
-
ct
0
1)
H
[44]
)
o
D
]
ck
=
@)
L]
~t

tability. TFige. 5 will indicate

low demand side

o capacity
=¥
> o
el T
oY + O
5 g B
o
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the uncontrolled process reaction of processcs with high
and low capacity and thé resulting chanze on cach system

as a given supply chan~e 1s nade,

The scecond lag nrcesent in the process is transfer lag,

S e

Any sort of barrier betwe 2 the supnly and demand sides

adds resistance and capacity to the system. If this

L3
ffects, re-

canacity is high it also has high inertial e

tarding any change in the demnand side whieh night be

attempted by the supnly side., This sunply side capacitr,

or transfer barrier results in transfcr lag. As opnosed

to process capacity leg, transfor las is usually

This results 1n overshooting the nrocess differential.
Fig. 6 indicates the retardinz cflfect of transfer lag which

without transfer

lag |
'8 0} rm,/— ke 'th t- .
- .-:IJ g | b . Wl ransier
e °o D ol lag
. ] : /
= 40
A S £ " Lat
~ i o I
! ~ ! .

Fige 6e Iffect of introdfucing transfer laz in the
DrOCESS,.

iight be present in the areton of f£ig

|_a.

e 7+« The heating

element is imbedded in a ceramic housing which has both

Digtance~velocity las results Tros the nlacement of

the primary sensitive elepent with resveet to the energy
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supplye. If the primary element is remotely locat~d

(fige 7) there will be an interval of time (delay) required

7/9 7/
/ /
fluid Ll Ts Controlled
flow SRR medium

‘o

fo t}/f 3/ e
’/// // A 77 _, // // pressure
: <4 sensitive
Electric heating elenent

|
|
Distance ._!
i

element and
ceramic housing

Pize 7. Svstenm having transfer las (susnly side) and
capacluy lag (demand side),
Tor the conirolled ncdiun to reach the gensitive element
after its temperaturc has been altered by the heating

process. The delay may be einressed as

lap = 4isbance - gegq time
This interval betve the tinme when the demard eLg;,oﬁ

and the tine that the corrected mediun required to neet the

('D

increased demand is the distance-velocity lag, somctines

J

l_t

ed transporvation lag. This effect on the procsss of
7

fige is shown in fig. 8.
_oJdeud —
- zone
8 o
H -
> o 5 ‘ |
o oerd
— + 3
£ 0 om
s . 8 £ |
2 ' | |
| | |
! b1 tg ,
Fige 8. Effeet of transnortation lag, transfer lag,
and canacity lag.

is known as the nrocces uoan-
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’ it K

tine, i.e:, the controlleld medium will not correct for
demand changes for a definite time, and even though
correction was started immediately in the heating process
the primary clement will not begin to indicate the =+ 72
corrective measure for some time,

Reaction las may be »resent in some processes,

principally chenical processes., liony chemical nroccsses

L

require long periods of time before the process is - e

comnleted and a uniform average condition results., It is

-

mpossible for the nrimer- onisitive element to ‘know'

|

just when this time occurs and initiate corrections for
any deviation from normal., ‘hen reaction log is encounter-
ed in any process it usuv. 11 proves nore effective to
control some "secondary' element in the process which in
turn is relateq to the rinal process demand.
Controller lags

Mot only mey the process contain several lags but the
controller itself nay be guilty of introducing various lags,
Chviously, it is desirable to have the controller respond
instantaneously but this nay not be achieved. Zach elercnt
in the control srsten mavy introduce individual lacs. The
primary sensitive element may not instantly respond to
changes in the controlled nedium but may require definite
tirie to reach equilibriun after fhe controlled mediun has
changed, Likewise the ncasuring element may not instantly
syinchronize with the primary neasuring clercat. The
controller itsclt may require some time to convert the

i.

nformation fromn the measuring element into 2n cetivathins
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force for the final control clement; and last, the control
elenecnt is seldon instantaneous in its action.

A simple application of a controlled system like

fige. 1 may best illustrate the action of a system contain-
ing several distinct lasg.. .« liguid is forced to travel
through the piping arrangenent of fig. 9. The liquid

emerges fron process I with a temperature Ty;. Before

Thermometer

“

e "'/ 4 g vy ___1' Jf. "T / X ’/ Fr I/ : "\_' . /‘ BN
/\\/ \__ N |/§://é}/ f,‘-{/'?f,ff?’/?cé(/f)/ "\{\_-,/'t' g v,

distance-velocity lag

Ty ~ .
From ; . i s M,
Frocess I L S . _ = —— # ><\ kS \»{ N grocESs
S\
A, ,.-, £ Fi ; B 3'/ oy '- N
e \_-"\\ VL BT / LLIL : _,/(\ lgyél / \,(/
~ 9 _/'\.\?_,/ ‘-:}_z ~ \,: /\\\ r}{:\ \'\ 2, N . N ry'-. e S v ‘)’\/ /

ceramic housing over
heater ccil (cause)

-
Mg, 9.
,

entering process II, tie L ... crature nust be increased to

Toe An enlarged arec is iutroduced in the pipe to allow

T
on
(@]
5]
ek
ot
o
4
]
H
163
o
o+
o 3
o
I—_l
[
Q
o
=
Qs

dead time for the annlied

terperature so that it wiili emerze with a temperature Ts

as reguired in nrocess II. There will be some
predetermined transporteticn laz betizeen processes I and
11,

An electric heatine element imbedded in a ceoranic
housing serves as the source of hent energy reguired to

increase the liquid temnerature to To. The ceranic housing
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will introduce a transfer lag, and the liquid can only
respond slowly to any sudden application of energy to the
heating coil. In a similar manner the outer insulation
and the ceramic housing tend to retain their temperatur?
even though the liquid temperature should drop suddenly,
and this stored heat would transfer to the cooler liquid3
This controller capacity lag displays an inertial effect.
The ceramic housing may be considered as composed of two
parts, the high heat capacity and negligible thermal
resistance and a surface condition whicp has negligible
heat capacity and high thermal capacity. As long as
conditions are stable, the rate of transferring heat from
the source to the demand side will depepd only on the drop
of temperatur? across the solid surface. But should the
demand change, the thermal capacity of the ipner ceramic
requires time before its temperature changes.

This general procesg might be accomplished by a number
of physical arrangenents, @ut consider the electrical

method proposed in Fig. 10. The electrical heating clement

M
Temperature
X differential
i T 2106
= ¢
| ¢
]
" 3 T
Tl - \ s [ —_— 2

AAA—
Fig. 10, Automatic heat control system

is controlled by a relay. A mercury thermometer acts as a
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monitor switch to energize the heater whoneYer T, drops
below a predetermined level, Theoretically, the overall
process might be pictured graphically as in Fig. 10, As
represented here the temperature of the liquid to process
IT was allowed to have a variation of plus or minus 109 end
we find these limits are reached in a time At = tz - tl,
which may be considecred as the lag of the entire systen.
Vhile it might be possible to reduce the temperature
variation to perhaps plus or minus 2% it might prove
uneconO@ical based upon a study of the entire process
€conomye.

The lag AT might likewise be reduced but again the
process might not require such close limits and economi-
cally could prove undesirable, It is interesting to note
that the lag of this simple system is quite involved., We
have already indicated several lags which occur in the
system, ‘e must also considey that there arc slight lags
introduced by the thermometer, and the heating element as
it comes up to opera?ing temperaturc, once the relay
contacts have closed. The relay further introduces dead
time in the system. Controller decad time is the interval
between the change of the variable_and the final movenent
of the relay to close the contacts.

Suppose that in our examplc the thernometer is located
some distance from the hecating element. The responsc of
the thermometer would not instantly follow changes near
the heating element but rather there would be a definite

delay introduced which is proportional to the distance
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between the heating clerent and the thermometer location
and to the velocity of the licuid. The remote locetion ¢f
the neasuring clenent ihroduces rrocess dead tine (some-

tiries callcd distance velocity lag) which is ecual

distance ¢ velocity and illustrated in fig. 11,

&

o i |

o o Canpucity lag
20 o e At o] \ of demand
oz o

0o

2gk ! |

ol o

At - procsse dead iime B
v

Derand

1
Ty ¥

P
|
|
l
l
|
|
7

o
]
H
O
(o]
@
0
n

Figze. 11. Delaved tempercturc rcspounse dus
ad tine in uncontrelled sis

futouatic contrel ray be incorporated in almost any
process, «hetier this 1s desirable or not is aﬁothur
guestion which must finally be deternired in relative
econontlies. Auvtomatic control may result in rnore uvniform
regulation of a process but this ray not be called for;

hut in general, the outstanding advantages in fovor of

autometic control acrue from increasced production, higher

unifornity of nroduct, decreased unit cost, increascd
efiiciency, mreater utilizotion of material etce.

4z

The recquirenents imposed on automatic control equin-

nent are generally rore =7 ~°7 than trose demanded of
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individual nanually controlled rmachines. 1lwchines are

usually satisTacltory as long as they coavinue to operate

without requiring too muci maintenance and power, vwhile

control nechanisms must be depended unon to work accurately

over nuch-longer neriods of time. A punch press nay

b -

centinue to operate cven though certain of its mechanisns
may be badly worn and even though the cction tine may

vary within limits; but if it is automatically controlled

the opcrator may losc a haiad, or an CJJCJ""VO nart may be

The nerits of automatic contrel are always evaluated

finc) pursose

(o]

by the enda product in any process, for th

=

of automatic control is to secure incrcased cfficiency in

the process, or ve improve the ocualitr.
It is seldom that e~ “~rn of automatic controller
operates directly from tlhs finel product of a process.

*

T o e e = e pp oo, S e Yoo
Liore often the nrinary rieasuring alepnent is arransed to

respond to some intermedl Us stepn in the process. Actually

the measuring eleneat may iantreduce lags and static errors

and specific values may I:ave 1itile neaning te the measur-

ing element. Temperature distribubion may illustrate our
problem. Scveral theriocounles may be advantaseously

located throughout an oll coclcd transfermer and ~rransed
to avtornatically shirft loading should the torperature

e . a4 L |
Giceesd sone rredeternined walue. 4otusglily thz
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‘

B

thermocouplcs may not have been placed at the "hot spots”,
hut e relative position wes chosen vihen locating thermo-
couples, The exact relation existing between the "hot
spots™ and the chosen location nust be known however, Any
absolute reasurenecnts nadc at the thermocouples would not
give truc "hot spot® temperatures and static errors might
be high, Unlcgss it is desired to know absolute values of
ternerature this sgystem would prove catirely adequate for
auvtomatic control so long ac operating creles ca be

ible

{91]

neriodically reneatcd (reproducibility). It is pos
that sone sedinent mixht accunwulate about one or more of
the therriccourles and cause the neasuring element rcsnonse
to drift, This static ecrror is of little conseguence as
long as some corrcetion r "'n"3 are available and adequate
cormpensation can he introdused to meintzin the desired
degree of rcuroducibilityr, b
IT the above nrocess re-nuired ahsolute metered values
of temperoturs s well as auvtomatic pretection the control
egquirnenv becoses riore Gificult to nointain and service,.

-get static errors may not also

wn
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» correctionsg for metering accuracy. However,
it is seldon thet botlh automatic control and abBsolute meter-
ing are recuired of the same equinment; althouch electrical
and elecvronic control devices do lend themselves Lo this
type of service nost readily,

he dead time lag of electrical piclup devices or

dead zone of ncchanical nessuring elements. Friction and
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F

lost motion in riechanical pressure geges, lowmeter, etce,
ray cause the dead time to be 4 to .10 times grecter than
a corresnonding electrical converting elenent,

Process drifts due to ambient conditions have a
marked effect upon dead tine with & resultant effect upon
the reproducibility, If ambient drift is ranid, variations
ars gresater for each operation and inspecticn rethods will

catch the errors and necessary correcticns can be
d

immediately introduced in the controller, Slow drift may
cause the varietions to be so gradual that much material

may actually be spoiled before inspecticn detects the
drift, This is obviously relatzsd to the differential of
the resultant nroduect. ¥ - limited tolerance (snall
differential) demands most cweceting coatrol and is reflect-

B

ed in the amouvnt of dArift tolerated by the auvtomatic

xperimental small scale niodels and this information is
guite readily inccrporated in electronic control devices,
arranged with circuits wileli even give pre-emphasis to the
known drift of a process,

The primery measuring element rust be so chosen that

it will res»ond to pressure, temperature, or some chanzing
physicel quantity in the process., Often the controlled
nediurt is not measured but some indireect part of the nrocess
nay be chosen, but the exsct relation of this chosen
condition tc the controlied medium must be knov Siould

any unusual change occur in this relaticnship, automatic



control instantly loses its value. Suzposc that a process
is arranced so that as o tenrercturs change occurs a
changce in pressure results., Thlz pressure change may in
turn operate a piston and finzlly cqntrol the energy source

supplying the increcased temnerature. Exact relations nust

gnergy supply is to be nade to excctl
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caused by the temperature change o

-

Any changes in load in an autonetic system must be
off-set by sur chanpes, Load changes result from:
(a) Cx s in cdemand
Lod Ol s in sunnly
(¢) Cu o8 in associated veriables
(d) Crannecs in control point,

Any demond chanve is inmediately refleccted in the controll-

ed nadivm while a chanre in sunnly reflects a ¢alayved

8 a0 the fcasurcgd varisble, iz, 12,

\l’

l \ I will bLe observed fror
| | fig. 12 that the measured
£ mand charge - 2
L | due to |demand churg varicble resueands rapidly to
.0; ( I - bt 5o . T ] =] "
& - a sudden chanse 1n demand
o ; / jdue to supply
2 ' [chamya but the change due to sunplw
0 | /
b I T . o !
2 & | change is quite slugrish due
: l . to transfer lag. Many
% | nrocesses rust tolerate lags
: ;
2 | suckh as illustrated, and
l L should autometic control be

tl. t

tiv]

. ) ) applied to such a system
Fige 12, ZEffect of load

chanze 6n uncontrolled allowance rust be made for

Process., '

these delevs., Lags thus
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force the controller to 1*530ﬁke what the controclled

variable was, not what it is, yet the autometic control

svstem must function to return the variasble to a preache-
duled level, rreferrablv in as short a time as consistent
with recaguirements of the process,

Controlled Veriables

(o]

48 previously indicated contrel devices are desigaed
to reshond to changes in temperature, uressure, liguig
level, or sone other physical guantity in the process.
Fractice indicates thet a number of variables in the
»rocess moy reguire control if the process is ©
balance. Cnly a linited nurber of these variables need
to be measured however to control any particulizr process.
Undcubbtedly tempnerzturce is the most important

e e . e ——

cult

|_.h

variable in industrial »rocesscss. Heat flow is A4iff

l_J.

to control, often rhysisc .. otion of natter is not involved,

and processes arc c¢ften influenced by several temperatures

and hence control deviccs :ust be arranced to res»ond to
tenserature dif cavials. Tre neasuring element may
agssune o variety of forms arranged to convert temperature
chense into eituer nhysical movescent or electriczl impulse
reltages dependiag unon the trhe of controller systen.
‘ressure or vacunum control is cuite often associated

with terperature control., Like temperaturs, pressure or

. -

vacuunt chanses usually operate within snecified limits

end sone differcntial can be established for the nrocess.

I

Fluid flow &nd liouid lcvel control are esnceially
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process at the »roper moment and alse zZerve as a source
or conveyor of enerzyv.

‘any other controlled variables moy b associated
cecess, humidity, concentravions, dimensions,

.

eve

aeporation, drying, nurification,are only a f

the many variables w

to any nrocess,

cordLﬁ;:_ . #utomatic control

is & patheraticelly cxaet science. Xt obers all the lavs
b s Iy man S ' - e ] -~ ey s

of the phweical sciences, Iven & sinple nrocess rnay in-
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volve rons related voriahles., The exact relations of all

o SR B | 4 i s = T . . e . ;
of these te the comnlete rreccess nust he known and enrress-
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differentials, Veloeity, ~eec-leraticn, hest flow
T Tuyaey =] 3 de S s AmTr n Mo 3o e 1~

visradticn, oscilleoticn nay all b2 oxpressed as partial

derivatives, Pure nathenatical studies are cumbersone,

though necessary. It is often convesnieat to sur*l“’eﬂt

nure rathenatical anglyeis with sirerierntal test data,

1y - L) 3

IT2ls date 1s often obtal:izsd from scale models arronzed as

a ™ l t hrc aoc miy i nroaedure ia nPhten noppagsar 310 h
ol Ze ~aals BTOCEedUre 1g 0OLTen necessary T the

relctiron of tie variedles to ons crncther and to the nrodess

are o be propverly evaluated., Under sorne condi

C’ 1'
C)
=
Ul
(=5
ct

proves Gesireble to convert the »rocess to sore simple
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analony, nerhans hydraulic, thermal, clectrical or
mechanical, and then deternine the reaction of the systen
based on an anelogry mor: ... iliar to the eagineer, Of
course the ults can then be converted into terns of

the actual »rocess, The analosy is most cacily explaincd

by corpar ing the rmatherw.iical equations of the two systers,

¥

For exannlec, the eguaticn of a series clectrical circul

containinr resistance R, inductance L, and capacitance C,
and acted on bv a voltaze e rproducing current i1 is:

= S yE e e Vo o Tt e S e T 2 ey R
containing nass kM, and stifrness K, a reslstance R, and

acted cn by an alternatine force T, producing alternating

%,

velocity v, the differential eguiation is:
fzM e Ry o X vat
dt

by using conpliance C as the recinrocal of stiffness T

3
]
-
alon
cH A
Ll
T
.
>
<!
s
(@ =
<
o
ot

romdX pén X
ata T

where X is the disrlacement. Fror these eguations we can
set ur the analogue vhere:

analosous to inductan

— —
QUM

stance

Ly 18 analogous to current
cec.ent is analogous to charge
Force iz analogous to voltage.

(e c
onpliance is anclozous to capacitance
ifechanical resistvance is analozous to elentrical
resis
i

T

@

e B S e S St
i
@
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his analogy hetwezn the reshanical and the electrical

[67]

O]

ysten may be summarized, Table I gives the relation
bebween the electrical systernn and the corresponding

riechenical cuentities errrzaced in the metric system.

Toble I

. ——— 3 5 S £ A S T B ———

Lechanical

s - ————

5

L uantity Unit SvmboliCuantity Unit SImbol
Velocity cn/sec v current enseres i !
forece dime £ ivoltage volta e ;
disnlacenient cm x Lenarse coulonbs a

| 11083 sl K rinductonce Fanry L
cemplicnee ecm/dyne ,  ‘eapacitonce Farad Co

i st 1 { ‘ B
resiguvan t e

reactan

el

St
: o
impedance

In a sinilar nanner electical ond nscienical egustions

may be analogous ao incdiceted in Table IT,

Table II
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This sort of mathewstical a§al03y nay be extended
to apply to any »nrocess analysis, Table III,
Table III

e -

! .Dimensiona Liguid o
_ Syribol ‘Thermal Fre essure Luvel;ulectrlcal
: H "_ ! !
uentity | 0 BT i Cu, Ft. Cu. Fi, .00 ‘Lomb -
FPotential’ v Degree | Pounds/ Toot  ; Volt !
R S L35G Jﬁl-:.“ LA
‘Tine 5 T ninute 1inute Iiinute, Second
IF|.1.O1r . i Q/T ; ?I%U/? {/t‘.. J.t uU.. 1-:.-)0. U\;L.J.Ola.b-.)—r\mt i
- i : Llinute mlnute Mlnutei Sec _
Capacity | = © BIU . Cu._ bQLaJL Ft.LCou101bs-rdh
| : v Decrees Founds | ¥oot ., Volt
? - ' per Sq. :
i : i : Inch : ¢
. 3 T : s, RS I s
:Resistance VT | s Pounds™ 'Teet ! Volts =0l
%, : ' T'er 3¢, .Cu., Ft, Coulombs™V:s

! *Inéh  ~ ‘Per Min,>er Sec.

E ' L’u. 'th.'. ¥

; cor Ming

There nay be tincs vhen this sort of methematical

treatment nay be simplified by grenhical solution.

Dynomic regulution involves seversl variables and lags.
sly, but in a predeterrmined seaquence
Plotted curves of cause arnd effect may lead directly to
a solution of the comnlex problem, This sort of solution
reguires corplete information about each part of the
controlled systeri, The individual characteristics can thed
be pronerly ccordinated to yield the final control action,
A

Al example may perhans best serve to illustrate

the method of analosies. & simple thermal process is

o
H

renged as shoum in Fiz, 13, First consider the system
S

as ideal, i.e.,, it will have no lags, hence all

cupplied tihe system will irmmediately flow out, or the
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rate of enerzy change across the process will be zero,
The initial tempera bure of the entire process will be

chosen at 0 degrees.

, = instantaneous process heat
(enersy)
o= initial heat energy

i
Ts Q1- auxiliary heat surply

Pr?;ess ™. U= heat flowing out
{ 7 = instentaneous nrocess
¢’ temnerature
“ R T,- initial temperzture
T1- tempercture of auxiliary
——‘ P supply
To- Tinal temperature flowing
out
- - mass_cf v1rwable
cupn I 8 = snecific heat of varieble
PR (constant)
C = capacity of nrocess (Mx s5)
' R = resistance of nrocess
. \R= 0

Before attenpting & eolution, it is desirable to

are nlaced in contacy, tiie cooler body hecones

1

» and the warmer becones cooler, until

=i I AT
LES L B

they are both at the sare temperature.
2+ The value of this common temperature
depends not only unon the criginal © ﬂﬂeratures

but upon the nature of the two bodies % = Ms(T,-T

1. ..
The amount of heut reqguired to raise M lb., of a

substance frcecm Ty to ‘2 derends directly on the specific
heat of the substance,
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- ‘

2. Bqualization of temperatures, while
it may be retarded, cannot be prevented by
interposing anything between them,

Since the initial temperature of the system has been

4

clhiosen as zero, T ) = 4 = 0, For the moment we will

4

consider the cystem as ideal, hence the inflow of leat

will be egual to the outflow or 9, = Gz, Now if heet is

o]

suddenly supplied to the system throusgh the auxiliar

supply G4 then the temperature of the nrocess will be

=

in general T = 2. , and the rate of chenge of th

temperature can be expressed as

& ey - ool o R = 9 I

and Tl will be either p»lus or minus, depending on the

value of L] as compared to e
In an cctual case, the process will have sone

4 Fl

definite capacity, i.c¢., any supply change will not be

e

instantly equalized in the zysten, so the temperature of
tiie process will possess a time rate change., Since the
heat flow across the canacity is not instantaneous we may

sition to the flow of

O

say that the canacity disnlays oup

g

as a resistance

jon
(O]
¥
]
@
jol]

heat, This characteristic can bhs

e

2 - E T 17 = L] ]
so that R = 28 , T'hen a sudden chanze is effected in Q1
the temneratures do not instantly esuvalize so Tl‘TTo =

T = To, but T will cssume a raote of change and the heat

fol |

; " . By 8 o [ T
flowing out will be varying, for R = tary or s = To Uron
making this substitution in eguation (I), the rate of

0y
tempcrature change is ™ = Y1 " §  eand clearing of
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fractions, the rate of temperature change at the outlet
of the system is

ol Bl (I1)
RC
Once equilibrium has been reached the outlet temperature

will have reached a limiting value so that T = Tz, Like-

4

wise, the heat energy flowing out will then be (10+ Ql) =

Qoe Therefore, applying the definition of resistence,

9]
i TB s
Eﬁg +01

- ITX
Tp = R(Q+) s

and in a similar way the initial temperature of the
process could be exprressed as

Ty = ROy
The initial heat entering the process was chosen as zero
(€o = 0) so Tz = R%; and using this value in equation [II);

it can be rewritten as
1. T2 " Tg or

Since Ty is the final congstant temperoture, equation (IV)

riay be rewritten as

RC(Ty = Tg)+ (Ty - Tg) = 0 (7)

A general solution of this differenticl equation is
%

To -~ Tp =¥ RC (VI)

and the constant of integration can be readily evaluated

by considering the process at the instant when T = 0, or
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K=(T, - Tg)t .. Putting this value of K in equation
=0

(V1)

-t

T -Tg = (T, - Tp) & RC
t=o0

and solving for T gives an expression for the temperature

at any instant during the process.

T = TpHT, - Tp), &

t
RC (VII)
The general form of equation (VII), should be
immediately rccognized by the electrical student as the
type of expression used to investigate the potential
distribution of a resistive-capacitive network. Fig. 14

and the foregoing process could have been analyzcd ju%t as
T v.:Vz - I(Vo - Vzl &£ re

ety T
1 c v VO 7]
2“ 0

v
Potential
characteristic

¥

Fig. 14. Electriccl nctwork having the sane
characteristics as Fig. 13.

readily in terms of the electrical circuit and then
interpreted in terms of the heat flow problcn.

The circuit reaction depcnds upon both R and C
and in the electrical systen, the tine cons tant represents
the time required for the potential to assume 63% of its
limiting value. This time delay represents the lag co-

efficient for any system. The process reaction rate is the
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recinrocal of the process caracity. In the slectrical
circuit a large capacity would take longer to charge or it
would have a clow reactic: m.te as comnared to a small

cenacity circuit,

I_.Tl

It

14))]
iy
(@]

ox
e

eldom that a single capacity process ould
ed in

n practice., Usually, several capacities

= ¢

be encounter
will be involved. In the above exanple, sunpose the
auwxiliary - heat sunply was composed of an electrical heat-
ing coil embedded in a ccramic hpusing end carefully

=

covered with an iasulat

|_lo

g layer. This would introduce

a transfer lag. Again the syeten night be anelyzed as an
equivalent electriccl systom and later be interpreted in

terms of actuzl conditions., Fige. 15 will illustrate the

circuit cond@tions corresponding to the introduction of a

transfer loge

[ ]

r——-
s Womrse
(5

}_,_l

.
i

o}

iv]
—

F

Cha rge

time

Fige. 15. ZIquivalent two~-cupacity nrocess,

The ceramic housing has a certein carnacity but is

separated from the canceity of the licuid by an insulating

layer, or resistance, und will behave in a menner as
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.

coefficients., 4Ls these lag coefficients (Ry and Ro)

ct

approach equality the trunsfer lag approaches & maximur

)
but if either of the two lag cocfficicnts dre made small,
the transfer lasg is nroportionally reduccd.

Autou;tlc control micht be epplied to such a process
as dcseribed, and knowing the characteristics of the

process the control device may be easily arranged to

rmaintain the outlet temperature within very close linits

i~

should this be desirable.

Tynes of Controllers,

(o]

Several examples of process control have been used

to illustreate syvsten performance. ‘/hile these processes
would enmploy only simple Arwipcs to achieve the necessary
control, it is desirable tc consider in some detail the
action of the nore common types of controllers. The

controller must be arranrsczd to Fe"ﬁure changes occuring

o

in the controlled wvariable, or demand, and then using thece

measurencnts, operate on the control agent (supply) to

correct the deviation of the controlled variable as soon
as possible. Controllers nay ve classified in several ways
but one of the morc coruvion metiods is to group the

.

controllers according to resnonses, as follows

(2) Tvo-position or on-off controller.

(b) Two-pozition contreller with nre-det rmined
veration oyecle,.

(¢) Pronortional nosition controller,
(d) Floating controller (single snecd, two speed,
and proportional swveed),

(e) Prorortioral pius iloating controller,



(f) Provortioncl nlus floating plus rate of
chauze controiler.

Tvro Position Controller,

The simnlest tyne of controller used consists of an

on-off device arranced so that the supply 1s turned on

The controller is arranged to turn on the supnly at a
predeternined demond low and Yo turn the supply off at a

civen demand hish., The control will onercte on a cycling

: .

princirle and 1if

/¢

limits, the controller will have a cyeling differential.

arranzed to orperate between some fixed
Consider an ideal situation similar to Tig. 16,
Process II is to be used tc heat treat small objects and
we will assume for the woment that no lags are pregent,

|Ehﬂ mometer

Supply ==
i O

T“J

[+
Or-off contrcller Haat

' Treating
Vat
Hester Y,
From Frocecss Ei/., ;i/“:]//"*— |

Ty

—

Fige 16, Cn=off sui.orolled process.

*

As a low temperature object is placed in the vat, the
licuid tenrerature will drop bclow Tg, the heater nust
tihren be energized to supply enough energy to return the
temperature of the licuid in th; vat to Tg at which time

the heater is to be tumeaed off, As different objects arc

placed in the vat, the controller will function to repeat



the supply creles The demeand will decend upon the
size and initial temperature of the object nlaced in

the vat and is represented in Fig. 17,

large object

o
=
3
g
A stall objiket
I | -
¥ ty by

Fig. 17, Demand nlaced upon System

a low temperature object,is nlaced
in the vat and left for « time %= ty - t7 at which time

it is withdrawn and a smaller object is simulteneously
dropred in the vat, The on-off controller action slhiould

to make the supply cyele during this treating

]

period and the operating differentic) is shown in Fig.

18 : )
e I-q- --—-JI vycling period

-

ANAWAY \ L[ T\J’\\JAM

RYRYE L LR AT
| |

Heut supply

() (b)
fige 18, Idezcl cyeling of on-off Controllcr.

During the tire tg - %7, when a large object is in
the vat, the reaction rate is slow end the period of the

supply cycle will be longsr than for a smaller object



placed in the vet from tg to ty, The differential

limit and process reaction ratc deternine the cycling
period, being proportional to the width of the controller
differential and inversely related to the recction rate.
If the differcntial width had been reduced to half that
shovn in Fig. 18., both the amplitude a?d the period of
the supply differcential Uﬁﬂlﬁ-be halved, Fig.JlBB.

If the cycling process becomes too short, undesir-
able conditions exist; and eventually the controller nay
not have tim? to operate satisfactorily between cycles,

In this case, the heat supply would not shut off between
cycles, Usually this could @e overcome by introducing
some dead time in the system., Thile this would allow

the temperature to overshoot, plus or minus the differen-
tial of'Tg, it will allow longer periods hetween on-off
control. The amplitude of cycling is not only proportional
to the process reaction rate but also pronortional to deud
time and the width of the controller differential, while
the period is inversely proportipnal to the reaction rate
and directly pronortional to the width of the differential
and the length of dead time. This effect is shown in

Fige 19,

/ diffzsrential

| /
f}" ”/ W'?’

Controlled
emperature T,

m

t

Fige 19, Dead tine in op-off controller.
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The practical case differs somewhat becausc transfer
lag is present in the sya*~mn - both in the neasuring
controller device aund in the process itself, This trans-~
fer log will "round off" the peaks of the heat supply
cycle and also as the srallcr objects arce placed in the
vat, the demand is not os great as when larger objects
are introduced, or the overshoot is reduced in proportion
to the demand a@d the practical supply characteristic

is shovm in Fig. 20.

ﬂ .error due to droop

AN
\J byt \U YVATALE

i
. by t, s

Controlled Temp», To

Fig, 20, Cheracteristics of a orictical "on-off?
controlled ¢

The demand causes an error to exist in the average
controlled ternerature, is the objecet ig introduced in
the vat, a suddea large demnnd is placed on the system
and the overshcot results in a large temperature increase
while the smaller object denands legs energy to raise its

] =

hig d

o

_fference between

tenperature to the desired value, T

Y

the two averages is referred tc as the droop. Immediate
reoction of the controller and Lpe process are necessary
if this droop is to be minimized. This, of course, is
vital in any process.

The supnly action for this vrocess is sho'm in

Fige 21, Up to time t3 the supply is periodicully timed
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4

on and off to naintain T but when the object is

o

[ 4

NA000 7 U VDOV
&f”’//’////;/’ %/? 7
SUAU) A v
Wi 70000
0 tq to ta

T'ig. 21, Supply action of Process
introduced in the liquid at tl, a sudden demand will
cause the supply to operate for longer pceriods until the
dermand is satisfied whilc smaller objects will require
shorter and less frequent on period than when thc demand
was higher, This process night be manually controlled by
an attentive opcrator but a s@mple_automatic devicc might
be rcadily incorporated, (TFig. 10). The on-off control
when autonmatically operated should be applied to proccsses
which have the following characteristics:

l. Dead time and transfer lag of thé proccss
and measuring elecnents are small.

2. Reoction rate of the process is slow (high
capacity).

3« Load changes rclatively smnll and slow,

Two Position Controllcr with Prc-determincd Cyclec,

The two position controller just described has the
disadvantage that the period of cycling and the amplitude
of cycling varies widely and often tends to overshoot

the desired differential, If this method of control is to
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be applied to a repeating process, it may be improved
greatly by introducing an auxiliary cycling control which
will result in lowered differential amplitude and cycling.
By supplying the enerzy to the process in small quantities
and at frecuent intervals, the process variable oscillation
can be almost eliminated.

By adding a cycle timer and relay in series with the-
arrangenent of Fig, 16, our purpose could be accomplished.

This new arrangenent would be connected as shown in Fig.

22,
o ,,,____‘ '8
Cycle =
Timer Ay. 1 |
y. 2 ' fDifferential
o——e— ¢ J-
e it e
W
Heater Zlement
—- AANAAAN A
ool rFa
o e, 1)
NPV — L
Fig. 22, Application t6 a system as shovm in
Fig. 16.

Two relays are connected so their contacts are in
series with the heating clemcnt and its energy supply.
Relay 1 is connccted to a cycle timer so arranged that
it periodically opcns and closes the contacts at a pre~
determined uniform rate. The on-off time of the timer is
adjusted so that it will be on for a period proportiqnal
to the period 9f the normal temperature differential,

In this manner, energy is added to the system in short
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"pursts? and the total amount of added heat will be
determined by the temperature deviation which activates
Relay 2 only during deviation periods,

This type of control systen is obviously best suitcd
to repeating uniform processes, Sudden irrogular demands
cannot be readily compensated for asz the amounts of heat
addcd during the active intervals is linited by the action
of the timer rclaye. <So long as the demand remains reason-

ably uniform, however, the controller action maintains

very constant temperaturc conditions and the energy is

’

supplied &t regular short intervals, thus rcducing any

oscillzting tondenciess

Proporticnal-Cosition Contreller,

Processes often reouire closcr regulation than

.

provided by the on-off controller, which nroduces cycling
action. If the controlier is sc arranged that the final
control elencnt selected a definite but different nosition

pronortional to the rate of change in the demand side

3

variable, it is knowm as 2 nroportional position controller,

chk
H
[®]
|._J
-
@
=
UJ

thus the coun yoten allows cnergy to flow in

proportion to the demand. This controller will opcrate
over a hand contrelled by the predetermincd response range
of the neasuring clemcnt - 1% moves the final control

cloment betiveen its two c¢itremes of full oan or closed.

>3 to as throttling range

O

This control band may bec referrec

3]

or propcrtional band. Tince each final control element

position corrcsponds to a definite value of the controlled

variable, thc device will control-at = definite point
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following every change in the controlled variable, which
neans the proportional controller will have a demand crror
or droop somecwhat like the oh-off controller,

The throttling range represents the ratio of the
per cent of the full scale process variable required to
produce a 100 per cent change of the final control clencnt,
The effectiveness of the controller is thus indicated by
the throttling range, If the overccntage is large; the
change effcected in the control agent will have only a small
effect on the controlled mediun, The cffeet of differcnt

throttling ronges 1s indicated in Fig. 23,

100

200 7% T.R.

o
o

asuring device

=

range cf m

>
e
P ——

0 Y 100

Fercent Demund

—_

'1g. 25. IDIffeet of throttling renge on control,.

o

As long as supply responso remaeins proportional to
the fincl contrel action, it will be observed that a 10%
decrease in demand will result in a 10% change in cupply

for a 100% T.R. whilec only a 2% supply change would result
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if using a 20% T.R. While it would be ideal to reduce
the control bend to zero, this 1s imrractic.l due to
undesirchle lags in the nrocsss, As the throtiling range
is reduccd the nrocess lags will finally result in systen
oscillation. The control band cannot be reduced be fond
a critienl valuc aad, as with the on-off controllor, there

will be a defin

-

tc characteristic droop, Fig. 24.
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Fig. 24, Iffect of throttling range upon process
shT i1ty

o
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The throttling range nwust be carcfully adjusted in

terms of the nrocoss lags to »rovent oscillating or hunt-

ins, Such controller actio. is obviously undesirable if

controller wenr and servicing is to

-

o’
Q

rminimized, ‘Mhen
using an electronic coutroller, hunting can bc overcone

by using negative fecedbeck corrcction circuits. Obviously

this will prove desirable as the control range can readily
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be reduced and systen variations reduced to a mininum,

Floating Controller.

The floating contro’.. .. is arranged so that the

D

position of the Tinal control clement has no fixed re-

¢

lation to the variation of the controlled medium, but r .the

1t opcrates continuously as deviation of the controlled
mediun occurs. The floating controller action may be
single speed, tgo snced, or prOportional-sbecd denending
unon the desired tolcrances alloved for the system
variation, The final control elcment is normally
operated very slowly and the ccoatroller is adjusted so
that the variotion in the controlled mcdium has run its
course beforc the Tinal control clement reacice the limit
of operation. Ii comstant cycling is to be prevented with
the floating controller, soume dcad timc nust be introduced
in the systcn. Dead tine also tends vo make the systen
stable,

Single specd action applies to a syster in which
the final control clement operates-'at a constant rate whilc
rny deviction of the controlled medium exists. Two spced
or multiple specd controllers are similar excent that
some arrangoricnt is incorzorated in the contreoller so that
the finel controller will oncratec at & diffcrent speed if
the variation of the contrclleéd modium cxcolids a pre-
determined linit. Iroportional-specd control is applied

such menner that the response cf the final control element

[
b
=

s proportional to the nognitude deviation of the controlled

’

mediun, and hence the decad time can be rcduced or eliminated

|
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in the controller action. XA comparison of the action of
the three types of floating controllers is showm in
Fig. 25,

c
Dead zone (c)

Single—speed [*

- )
(2}

L
1+

Two—speed

Controllsed varia¥le

slow rate —~
V/}‘ Controller Types

_____ (a) Single—speed
fast rate (b) Two—speed
(c) Proportional—

- 3 Gd -
Normal P

L
Ll

Response rate of

| <—final control— > +
t
-
N

Fig. 25. Action of flooting Controllers

Proportional-plus-Floating Controllcr

Proportional control is arranged so that the rate of

change of the final control clenent is proportional to the

rate of change of the deviation of the controlled medium
from its nornal state, while the proportional-speed-float-
ing controller is arranged so that the rate of the final
control is proportional tc nmagnitude of the deviation of
the controlled medium from nornel,

By combining these two systems, the final control
elenent will respond at a rate which is the sun of:

(a) a rate proportional to the deviation.

(b) the rate of change of this deviation.
The action of the proportional controller may_be c:zprcssed
in terms of the rate of deviation from normal. If §

4

reprcsents the deviation and A is a constant for the systenm,



then the controller cction becomes

-

as
dt

The floating controller action is proportional to the
magnitude of thce deviation so if B reprcsents this system
constant, then the controller action becones

Bé
and the combined action rma¥ be cxnressed as

- %% = B&-tA%%

where P renresents the final control clement position,

Such a system will have the stability of the
nroportional controller and the invaricble control point
of the floating controller, The dcad-time required by
the floating controller is not reguired since the pro-
portional componcnt prqducos the stabilizing setion required
to provent oscillation.

A certain process has a sgddey demand incrcase
imposed on it, as shown in Tig, 26, he system iz auto-
matically controlled by a nroportional-plus=floating
controllcr, The pronortional control produces a correction
as in curve (b) while floating control action produces
the correction of curve (¢). The sum of these two
corrective factors actin~ ~*-mltaneously produce a
corrective gction like curve (d) which is the sum of
(b) and (c).

The combination of ti..c two controller tynes results
in a controller which will resct the control voint auto-

F

matically after soric change in demand occurs, Incidentally,
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the combined process acts to climinate the droop of the

Bombined
corrzsction
(b)¥ (c)

(c)
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Fig., 26 Summation effcct of Proportional-plus-
floating control,
provortional controller with & ninimum of cyclins once
the throttling renge and floating time have becn pronerly

adjusted,

Pronortional-plus-flocting-plus-sccond dcrivative Controllcr

The pronortionsl-plus~floating control process tends

to oversheoolt the fincl cortrnlled value vhon a sudden

change occurs in the demond, If this is to be overcome,

nore cncrgy aust be rapidly added to the systom but

stability must be maintairced. This can be accomplished

if a lcrge correction can be instantancously added at the

tine of demand increcsc ond then be made to swing farther

in the negative dirccetion beforc returning to a normal
P

position, i.c., thc final control clement nust be changed



s

by amounts corresponding to the rate of change of the

.

deviation from normal, Mathematically, this reproscnts

a second derivative action:

a (da5) = a®s
dt(dt) R
‘ien such action is superimposed on the proportional-
plug floating coantrollcr, the action beconc
w G e o sllE %
""":""J_)'*i +
T e £ A ¢ 1
This action is shown graphically in Fig, 27.
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Flge 27. Proportional Floating sccond derivotive
Control,

Neither the nronortional control rnor the sccond
derivative contributec anything to the final correction,

but is detcrmined entirely by the floating control and

ultimately determines the change resuired to stabelize

>
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any change in the demand side of the prodesss ' The rate
of change of the controller, %% , represents in effect
a velocity term and depends upon the deviation o@ the
process ) (process variable) and its derivatives.

A, B, and C and constants which depend entirely upon
the complete system of variable control. Obviously,
the action of the floating control (B&) is independent
of time variationse. The proportional position control
action represents @ velocity change of the process
variable while the second derivative control is, in
effect, an acceleration term.

Fige. 27 shows that thie Tloating control action
changes in demand,., The proportional cohtrol will vary,
depending on the process variable and the rate of change
of the process variable. .4iny oscillation of the
variable will also be repected in the proportional control-
ler and the oscillation m&égnitude will depend on the
throttling range (TeR. ) of the proportional position
controller. As soon as the fluctuations have been

damped out, the proportional control returns to its

-
Kl

initial position, i.e,, the average effect is zero over
a period of tine and operates only during initial or
norentary changes imposed on the process variable,

The second derivative controller operates in
proportion to tihe acceleration of the process variable,
or the rate of change of tle prooortional-control7er

o

and has a slope like the process variable,
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Electronic Control Systems

Autonatic control of the process may be accomplished
in a number of wavs - sonme simple, some claborate, some
nechanical, some electrical., The discussion will consider
electronic control nethods, and the application of electron-
ic systems to industriul processes, The clectronic
control system basicly acmomp;ishgs the same result
as other controllers (see .17, 1), The only differcnce
comes in the methods of achieving the control, TFig,., 28
indicates the general arrangenent of an clectronic
control system as applied Lo a process, A comparison

of Fig, 1 and Fig. 26 will indicete the zeneral

Comtrol [ | | L | irimary LcControlled

control wonirolled msusuring >
—_— elemeht Irogess — and -
agent conversion| medium
/\ element
forrsction

&

alement

Y
Anti-hunt w

connzction

nlsetronic
.odification Unit . e

g

ig. 28, Hlectrc '~ fontrol S?stem.
similarities of the two controller systemg, The principle
difference lies in the fact that the cleqtronio control
systen denends unon clectro Lube action, JSince the
electron tube fundencrtally requires a votsntial change
at its input to ‘trizger® it, the primary measuring

element rust be so constructed that it will convert sone
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change in the controlled roiiun to an electrical cuantity.
The conversion element, as it is called, may be so
arranged that it will convert the process chaige to a

voltage, a current, or a field (electrostatic or

plied, will activate

magnetic), which when nroperly ap
the electronic rmodification unit.
The electroric modificntion unit consists of a
vacuum tube circuit of such nature that the electrical
guantity supnlied by the conversion element will modify
the static halorces of the electronic unit and cause the
correction element to operate upon the »Hrocess to return

e

stote, The nodification unit will con-

fat]

it to =2 balance )
sist of vacuun tubes arranged as amplifiers, oscillators,
C¢atectors, bridﬁes, or some ceonbination of these circuits.
In any of these applications, the electronic modification
unit must modify the cutput of the conversion elenent

and in_turn supply the corrcction element with activating
energye.

The correction element may in sone cases operate
directly unon the control agent, and in cother instances,
the recuirements nay be such that the correction clement
serves as & coudling device betwecn phe electronic
system &nd the fincl control elemcnt.

Several of the controllers previocusly discussed had
a tendency to "ovcrshoot' vhen acting to correct variations
in the ceoatrolled nediun,. 'I..2 poor stability »roves
particularly troublesone wihen employing electronic

£

devices as o part of the control system., "Overshooting”



48,
the control diffcrentisl, due to system lags, produces
over corrective measures viicn in turn cggravates the
alrecdy unsteady bolonce of the'system and finally
auses oscillation or "hunting®. This frult nay be
readily corrected in electronic devices by using
negative feedbock correcticns in the anplifier,
Effectively, this anti-hunt correction has the effect
of autonctically desensitizing the unit by introducing
equivalent dcrwping resistonce in the system, The
equivalent doemping resistance will be automatically
controlled by the amount of "overshoot™ or instability
present in the systenr at anv instant., There noy be
times when huntinz can be damned by riechanical arrange-

¢

ments; however, the electric:l feedbock method is so

0]

simple and satisfoctory that other methods cre seldom
used with electronic control methods.

“herever balence of the controlled medium is dis-
turbed the conversion elernicat must respond in such a
nammer that the final correction produced on the control
agent will act to counteract the disturbonce; in effect
180° phace inversion must exist, IT cause and effect eore
to act Simgltanoously all lags in the systen: nust be
eliminated, This is, of course, impractical but the lags
in t@o clectrical control system cun be made to approach
ZETro.

hile electronic control devices reunresent over

4

50% of the applicotions of electronic devices in industry,

numerous other applications exist also. According to a

by
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survey made by the Research Departmen? of the McGraw-
Hill Publishing Company, Inc. in 1944, eight major
function groups of electronic devices were common in )

industry. This classification according to the function,

or use, of the equipment follows:

Present Potential

Function Use % Use %
Control 52,0 45,9
Electronic Heating 123 22.4
Regulation 847 14.4
Power Conversion 2344 149
Counting, sorting, weighting

inspecting 17.2 11.6
Molecular vibration uses 5.2
Measurement and analysis 46,4 30,2
Safety 19,0 13.7

Table IV - Present and Potential Use of Electronic
devices in Industryl

‘lhile this tabulation is representative of only the
larger industrial concerns, it does indicate a definite
trend. The fact that these industries actually wanted
electronic devices to perform many different new functions
should not only encourage the electronic Engineer but
shouid present a definite challenge to his ingenuity.

The chapters which follow will outline the principles
and special applications of electronic devices as they

combine to form complete electronic systems,

1 Electronic Applications in Industry - McGraw-Hill
Research, New York, New York
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CHAPTER II
CIRCUIT BLENIENT CHARACTZRISZTICS «~ COMBINATIONS

Industrial electronics is only one of several
members of the large family of electronics, i.e., some
electrical device which contains as one of its many
elements the electron tubec. Certainly there arc many
times when the application of electronic devices to
industrial processes has decided merit over other methods.
Blectronic devices can be made extremely sensitive; remote

control becomes a simple matter; response is essentially

nstantaneous; and in addition, great flexibility in

!..J-

design allows the electronic device to satisfy an
extrene variety of physical denands, Because of the

almost unlinited verictions which nay exist in electronic

e

equipment, and still more or less completely satisfy

given recuirenents, it appears undesirable to study
specific pieces of ecuipnent. In general, all electroniec
devices have certain common elements, Before attempting
an analysis, or the desizgn, or even servicing of industrial
electronic equipment, it is necessary to consider sone of

he differcances bvetiieen industrial electronic and communica-

tion devices. Doth contain vacuun tubes, resistors,
condéensors, etc.,; from there on they are usually cuite
different. Industrial electronic devices are often
influenced by transient conditions, or non-sinuscidal
waves, and include many special function devices. Hence,

it is desirable to eixtend previous theory to include

several new concepts,
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Without exception, componecnts will display
lineer characteristics under limitcd steady-state
conditions - even though this range may be only
increncntal - but under the influence of very widc
changes and traasicnt conditions thc componcnts nay
give surprisingly non-linear reactions., In fact, we
rnight analyze conponent part qction in terms of its
lincar and non-lincar regicnc, The following peragranhs
will briefly revicw the goncral nature of circuit
clements and the varicty of characteristics they may
display. %ec arc morc intercsted in the characteristics
of clement conmbinctions as they rcact in combination,
However, it is desirable to briefly rcview outspanding
pecularitics of the various clenents themselves,

Industrial Symbols,

Before investigating the characteristics and

pceularities of component reactions, it is nececssary

to tabulqte differcnces which cxist in industrial symbol
notction., Although the industrizal symbols may tend to
confusc the communication Enginecr, and though there secms

to be no good reason for conflicting notation, industrial

wiring dicgrams do use the following symbols,
NOMENGT TTTI

STANDARD
ASA DEVICE INDUSIRIAL
Noe SYMBOL

2.1 Battery —-:—l '| ’ | l | r‘—




3ed Japacitor (fixed) L=
3¢5 Capacitor (variable) _‘ ('
5.1 Reactor — (fixed) L

Transformer shown

by two or mors of G
5.2 these symbols.
5.8 Reactor (adjustable) %
Yol Wires cross |

no connection |
T2 \lires connected %
74 Ground (common) B
8.1 Contacts — Normally |

closed (N.C.) /P/*/
8e2 Contacts — Normally | !

open (NeO.) '
843 N.0. contacts, time 1|

delay closing v
Be4 N.C. contacts, time /H/

delay opening

i S
8.8 Contactor, magnetic /\/
' T T
9.1 Fuse —{ T
10.2 Lamp — letter O
shows color

15,1 Dry plate Rectifier pl
172 Resistor (fixed) .__[:}_.__._
17.3 Resistor (variable) -——J__‘El-— —@1




esistance

A2 unit which has resist;nce deliberately lunmped
is referred to as a resistor., The resistance, of course,
represents an opposition to current flow, This night be
stated in another way - the greater the number of free
electrons in a given mes:s of a substance, the easier for
current to flow and the neasure of the number of free

electrons per unit volume is its resistivity. The total

linear resistance of a ncterial mass is then

9
where R = total resistance of material in
ohns .
(( = resistivity, relative property

of material,
1 = lenzgth of material,
A = cross-sectional area of material,
Ture resistance alwars follows Chm's law, and hence, there
will be no electrical storage. This means that a poten-
tial gradient will appear across a resistor only when
current is actually flowing,
then e = Ri
where e - instantaneous voltége drop
R - constont of circuit (Resistance)

i instantaneous current flow

and no natter how simple or how complex the voltage wave

‘

rnay be, the above relation will hold. t rmust be kept

in mind that conrmercial resistors noy possess inherent

{41]

inductance or capacitance due to construction. These
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effects are generally of little conséquence in
industrial applications, however,

Resi;tors zre of nore or less standardized con-
struction. The physical size is limited by the power
dissipation and the material constituting the unit.
Carbon and carbon mixture resistors range from the tiny
+ watt size up to large carbon stacks and may have a
resistance range of but a few ohms up to several million
ohms, *ire wound units lilsivise vary depending upon
the dissipation recguirenents. Incidentally, the dis-
sivation rating is based upon the allowable heat range
of the resistor for const nt resistivity when located
in the center of a cubic foot of free air.

Temperature Coefficient

Temperature and recistance effects are so closely
related that it often proves desirable to utilize the
relation in electronic devices. Material is composed of
atoms which in turn consist of positive and negative
particles of basic electricity. Temperature chanses
cause atomic volume changes and simultaneously vary the
restraining forces which hold the atom together. 'ihen
the restraining forces acting on the individual electrons
are altered, the ability of the atomic st;ucturc to oppose
externally applied forces . ulso changed, This effect is

defined as the Temrerature coefficient of resistance and

represents the change in resistance per degree per-ohm at
the initial temperature. Ii the temperature coefficient

is constant, the tenperature resistance-relation can be
] AL
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readily expressed as o linear proportipn

_—EI-—— ‘-’((TB - Tl)
where R, -~ resistance at initial temperature,
T
l.

R, - resistance at new temperature Toe

»; = temperature coefficient of material
at T;.

Many materials do not display such a simple linear
relat;on at all or for only a very limited temperature
range. However, the principle of resistance change with
temperature change is advantageously employed in many
auxiliary electronic devizes, It nust not be overlooked
that reproducibility is perhaps the first requirement ‘
demanded of any industrial electronic application. Hence,
great care must be_exerciscd when choosing a temperature
sensitive resistor., Flatinum is highly dependable and
repeating accuracties of 0,01% are readily obtainable, while
carbon definitely lacks any permanent characteristics.
Temperature sensitive resistorg find wide application as
primary sensing and conversion units in industrial control
applications.

Deformation resistance

/henever a naterial object is compressed or expanded
due to changes in external forces, the dimensions will
be altered. Suppose a thin resistance wire is stretched
under tension (not beyond its elastic limit). The strain
will cause the wire to bcc.... longer by a small amount
ae and also have its cross-sectional area reduced by an

amount Aa. Hence, there will be a proportional increase
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in its residgtance for

ar =% 05 (3)

30 long as wire material is chosen which has a very low
temperature coefficient and a high elastic limit, a
satisfactory unit may be assemble@ to display good
resistance-strain characteristics, Before the unit
can be applied to measuring or cqntrol devices, its

reliability must be unquestioned,

Non-Linear Resistance

So far, we have considered resistance as a constant
depending only on certain physical dimensions. Electronic
circuits may contain many non-linear resistances as well
as the linear type previously mentioned. The electron
tube itself is seldom operating as a linear value, although
there are many times we wish it would., Naturally,
if a devicelis non-linear it no longer obeys the steady-
state Ohm's law, but we must e.upress non-linear resistance

in terms of cmall changes so

= de
r = - (4)
[N
where r = instantanedus non-linear value of
resistance,
de = incrementol voltage change at
operating point of resistor.
di = incremental current change &t

operating point of resistor,
This immediately indicates that the current-voltage
characteristics of the unit is non-linear if plotted on

regular coordinate paper, (Fig. l1l). Some of the more



arc tungsten or carbon filament lamps, copper-oxide (or

seleniun) rectifiers, thyrite, thermistor, ballast tube,

varistor, etc,

Fige 1. Current voltage characteristics of typical
non-lincar resistors,

Hezative-resistonce

we certainly cannot go to the store aad purchase a

.

negative-resistance unit, but there arc certain devices

etal
which, wvhen carefully adjusted, do display a negative

resistance characteristic, i..., the current flow decrease

as the aprlied voltage is increased (Fig. 2) and this would

4
- L,

B Eg Epp

O

Fig. 2. Iegative resistance characteristic of a Tetrodc,
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be expressed as

- de
I""-f"a"'f

but although seldor: linear in nature, therc are times when
the device may display limited linear ncgative resistance
characteristics.

There are several important negative resistances
devices hesides tihe sPOCially operated vacuun tubc. Certain
chemical compounds, mainly metallic "ides" as oxides,
carbides, sulfides, nitrides, etc., display a negative
resistance characteristic, Several of these naterials
are readily available and rcasonable in cost, and pro-
duction methods are now extended so the materials can be
made to display a high degree of reproducibility. Certain
gascous conbinations likewisc possess the above character=
istics under ionization nrocesscs and, honece, can be
utilized in properly coanstructed devices,

Capacitor

The capacitor

|
2
(o

>ffectively an clectrical storage

tank for potentizl energy. The capacity of a condenser

w0

(a

it is cormmonly called) is the factor indicating the

cuantity of charge which is stored in a diclectric field.
-0

° Ty

where Q. = total amount of chargé transferred to
the condenser plates,

11

V = potential difference recuired to trans-

fer the charge,
Since the dielectric storage ability is a function of its

atomic arrangement and its physical dimensions, capacity

may be readily expressed in terns of these cuantities,
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- KA
¢z

capacitance in farads

where C

= area of active dieclectric included
between plates

=
1

diclectric constant (relative atonic
nature of dielectric)

=
i

t spacing betwecn plates

The total energy stored in the condenser is

This stored cnergy will appcor as an atomic stress of the
dielectric material senarating the plates of the condenser,
and will tend to act as a stabilizing factor so as to
prevent voltage change in its circuit. “7hile current does
not flow through the diclectric (except on breskdown), there
is a definite flow of clectrons to one set of conducting
plates, and a corresponding flow away from thc other set
of plates whenever g condenser is being charged; and so
long as the clectron distribution oa the two sets of
plates is uncven, energy remains stored. The ideal

)

condenser would remain in an energized state indefinitely,

once it had been charged, but condensers are not ideal,

4

Even though the diclectric is an insulator, it is not
perfect and hence the unnatural stresses sct up by the
charge will ultimately equalize, This is another way of
saying that some leakage (hish parallel rgsistance) exists
in the construction with attendent losses, These losses
may be sunniarized as:

(a) Resistance loss - thé condenser leads and

plates are of metal, hence, an I2R loss
due to resistance,



61,

(b) Leakage loss -‘the dielectric has a few
free electrons, hence, sSome actual transfer
may occur between atoms, This represents
a resistive current‘with attendant ISR loss.,

(¢c) Absorption loss - the dielectric atoms do not
instantly return to their original formation
when discharged, i.e,, the dlelectric retains
a certain amount of energy which appears as
an absorbed charge and will not be recovered
during rapid reversals (high frequency a-c).

(d) Hysteresis loss - absorption loss may be partly
off-set by applying an opposed voltage for an
instant. This represents an energy loss,
for actually some energy on the reverse cycle
(of applied a-c¢) is required to reverse the
atomic formation,

It is common to express the imperfectness of the condenser
in terms of its dissipating factor

D= stcs

where D = dissipation factor.

Rg = a series resistor equivalent to the
leakage resistance of the condenser.

W= 2gf

Cq = capacity of equivalent perfect condenser
in series with Rg.

likewise, the dissipating factor could be expressed in terms
of an equivalent parallel impedance arrangement sucﬁ that

p - D% Rs T Twtg " Twey

where Rp = a parallel resistor equivalent to the
leakage across the condenser,
Cp = capacity of equivalent perfect

condenser in parallel with Rp.

Condenser Current

The charge eiisting on the condenser was shown to be

related to the potential producing it by C = % .



Electronic cireuits are seldom allowed to reach
final conditions; but nore often, t@me rate? of' change
and transient conditions are active., Ience, the above
factor must be expressed as an instantaneous condition.
Let q be the charge on the condenser at any instant and v
the corresponding potential drop. Then

q=0v
and the rate of change with respect to time may recdily

be expressed as
4q =
dt

but by definition %% = i, so the charging or discharging

pﬁa
o<

condenser current is proportional to the rate of change

of the voltage

L= C%%
The instantaneous voltage accuired by the condenser as

it charges under the influences of an applied voltage can
be readily exzpressed. Since i = C%%

ing current, it can be revritten so dv = %idt and if the

represents the charg-

expression is integrated, the back voltage at any instant
will be
-l

Suppose a sine wave charging voltage is applied to the
condenser so € = Ey sih wt, The charging current will then
be

i 2 0L (g, sin wt)
dt m ==
d

- — - - 4 & A = -
but since = (E, sin wt) = wE, cos wt, the instantaneous

charging current will be i = wWCE, cos wt
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but WCEH is the maximum current which will flow during

the cycle, for

H
-

n
i
}—l
3

e
-/ g
. T

—

2

rd

AN - 21T

e

[/

Fig. 3 Instantaneous charging
current for perfect condemnser
with sinusoidul voltage

applied.

= wCE
n

From Fig, 3 it is apparent

that the charging or dis-

charging current is always

90° ahead of the voltage

for a perfect condenser,
Now consider the

condenser under the

influence of a triangular voltage. Acain the relations

hold as stated above, i.e., the instantaneous current is

proportional to the rate of change of the voltage. Fig.

4 shows the applied triangular voltage. As the voltage

rises from O to t, the slope r=mains constant, so the current

will be of a steady value until t, when the voltage reverses

= 53 9

8 7 |

I_...._._._'

|
| 1

tll

Fig. 4.

|

L_

Capacitive Différentia-~
ting Action.

its rate of change and
steadily decreases to
Zero ?t a negative rate;
hence, the negative pulsg
of current from %; to t,.
These same methods may be
Xtended to include any

type of surging or repeat-

ing voltage wave as encountered in electronic devices.

Like the resistor, we find the condenser normally
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displays linear characteristics for any given frequency
or capacity is a circuit constant so long as no physical
change occurs in its construction. Of course, we have
variable condensers, as well as fixed condensers, electr-
lytic as well as dry types, etc., However, like the resistor,
we do find that capacity can be made to vary with temperaturg,
pressure, etc., by arranging for relative physical movement
of the plates., ''e find these types of construction somc-
times used in industrial cointrol application.

Self-Inductance

Another form of electrical storage device is the
inductance coil, Its action can be readily determined by
Lenz's law - merely a restatement of the law of conservation
of energy. The Law says that whenever changing flux links
a wire or coil, an opposing potential will be established
in the coil. This might be considered as cause and effect.
Somcthing first causes a change of current flowing in a
conductor; but when current changes, the attendant magnetic
field also changes in time phase with the current change,
but 90° in space phase, 'Thenever flux changes occur about
a conductor, there will be voltuge induced which opposes
the action causing the initicl current change, i.e., opposecd

in time phase, or mathematically

g

e - "kdt

where N number of times flulz change cuts

the current (numbcer of coil turns). -

ag

dt

rate of change of flux linking the
current.

The induced voltage may also be expressed in terns of the
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change in current causing a flux change

- di

¢ = %
where K = a proportionality constant
%% = rate of change of current

These relations express the same condition so

di - ..d

K‘&'E'NE%

o x = ndg
ail

and K is simply a proportionality factor of the physical

wire arrangement known as the inductance of a coil, hence
= n&2
L = Ngt

but L represents the physical arrangement of the current

path (or wire) so L can also be expressed as a function

of physical dimensions of the wire

L = 04 NgA/p(henries
1071
where N = number of turns in coil
A= cross—section&l.area of flux path
1 = length of flux path

H

These conditions assume an ideal situation, the arrangement

relation of permeability (ﬁiof air = 1)

of the current path and the linking flux must be perfect
if no flux is lost due to leakage.

Inductance Current

Since N¢@ is equal to Ldi, this substitution may
be made in the above expression so that the opposing
voltage may bec expressed in terms of the coil inductance

and the rate of current change or
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- dai’
ei--La-E
Rearranging so di = % eidt, i may be determincd by

integration

=Ifeidtc

and for steady-state conditions C is zcro.

The u/%idt reprcsents the area under the e-t curve and
nay be readily found either analytically or graphically.

Suppose that a sinusoidal voltage is ceting upon a
pure inductive air cored coil gu = 1), The charging
current flowing to maintain the field will then be recadily
determined.

Let e = Em sin wt be the applied voltage acting on

the inductor L.

. - ldf .
izg /e dat T Em sin wt dt

i=~-gyLcoswt= ;% cos (=wt)

E
but M is the maximum current that will flow since

wL I:ﬁ :_EE

oI Wy,
When these time relations are plotted, we have the
characteristics of an ideal inductor as shown in Fig. 5
illustrating the typical

4 \ current lag of the induct-

A < ance coil,

If this same coil should
Fig. 5. Instontaneous current- be subjected to a square
voltage ¢haracteristic of an

inductor. wave voltage as shown in

Fig. 6, the resulting current flow will be of a sawtooth
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nature, This will become apparent if the integration

En

i
process is carried out
_’.—-'
i s .
’f.#—"H either mathenotically or
— - *
Yo £>t44+v i graphically., Consider the
positive voltage pulse E
Figs 6. Current flow in lasting from to to t] or AT

inductance coil,

izlfedtzlj'Eat:E;:t
e ¥ T

ﬂE

- =t

T
which is a linear ecuation in i and t with a slope of %.
The scne result will be obtained graphically by con-

sidering some time interval At and neasuring the area

under the voltage curve up

L to the time t, ‘hen plotted,
B | ;
1 L we obtain 2 stepped current
- 1 - curve as shown in Fig. 7, but
to t] by
as the interval ot 1s made
smaller, the final curve will
Fig, 7. Grephical approach the current curve of
deterninaetion of inductive '
current, Pige 6, This sort of analysis

nay, of course, be extended to include any kind of veoltage
condition,

The rractical Inductor Charcchteristics

S0 far, we have considered the fundamental action of

only an ideal inductance coil whiich never exists in practice,
Any coil of wire nust have resistance distributed through

the winding, In addition to the distributed resistance

4

of the coil, there will be core lossss present so long as
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the inductor has a nagnetic core, The core losses consist
of both hysteresis and eddy current losses, There is
always some flux leakage, too, for no matter how careful
the construction, some few flux lines will fail to complete=-
ly encircle the current path. These losses tend to absorb
energy and hence may be considered as additional equivalept
resistance acting in conjunction with an ideal inductance,
This resistance results in some energy dissipation (as
heat) whenever current flows through the inductor and
is usually treated as a lumped cuantity acting in series
with an ideal coil, The relative merit, or Q, of a
particular coil is éimply a way of conparing the actual

coil to the ideal, for

- WL

s

Obviously, the ideal coil would have an ecuivalent series
Resistance Ry of zero or its Q would be infinite, The
actual coil will have some finite resistance, hence, the
coil Q will be definite and usually in the order of 100 or
less., There nay be times when it is desirable to express

0 in terms of an equivalent parallel resistor and an ideal

series or parallel coil,

= Law
tp T - Ig

Y]

where L ideal parallel coil

p
Rp

equivalent parellel resistance

N = WLS = nmerit of coil
Rg
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ideal series coil

~g

Rg

equivalent series resistance

The included resistance of the cqil will modify the
resultant circuit current when a voltage wave is acting on
the practical coil. Consider a coil which has a definite
quantity of resistance distributed through its winding
and acted upon by a positive voltage pulse as shown in

Fig. 8.

Ry, s

5]

Y

g L
T -E

Fig. 8. Current-voltage charactéristic of impure
inductance,

By Kirchoff's voltage law

€. = Rr7i ) di

rearranging gives a linear differential equation

Rt
applying the integrating factorgL and solving the

equation yields the following value of i:

Rt Rt
1€7 =8f67  awc
Rt Rt
16" =2EEY o
Rt
i:.qq-ca_f,—

R
and, if the time reference is chosen so that i = O when
t = 0, then we can evaluate the constant of intesration,

» e
or C = =R, hence
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1=8(1-€ * )

Vle chose a type of voltage wave so e =+E from t, to ©;.
Considering the current change during the interval t, to

tl, the instantaneous current will be

_ Rt

i:%u-é r)

The current exponentially approaches a limiting value of
% , for as t becomes large compared to the value of % , the
Rt ;

L

exponential term & approaches zero.

Suppose the voltage supply is suddenly interrupted
at t;. The energy which has been stored in the inductance
field by the current flow must dissipate itself, The
collapsing current will induce a high voltage (L%%) which
tries to oppose the sudden change and sustain current flow,
This induction voltage must be dissipated through resistance
in the form of heat. Obviously, if the resistance discharge
path is high, trcmendous voltage may be induced and cause

arc over in the switeh or between turns of the coil, Fig. 9

{ shows the voltage current con-

% I\ ditions during this energy decay
et % y .
TN period, Uhen the inductance is
~ \ b
e ”_’___tl\“ very large, compared to the
de tens : "
Pl resistive discharge path, it may

be necessary to provide some

auxiliary low resistance dis-

Fig. 9. Inductive decay charge path to protect the
period.

inductance. A resistor might

be shunted directly across the coil but this calls for wasted
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supply energy and a lowered c¢ircuit Q. Switches may be
arranged to insert resistance across the coil before t?e
supply circuit ?s opened. Scnetimes special resistors,
such as thyrite, display the correct negative resistance
characteristic to be left permanently connected across the
coil without excagsive lowering of the circuit Q under
normal excitation.

If the applied voltage‘had been of such a nature that
it also was a tine function, the resulting current expression
is much more complex. Consider the case of a sinusoidal
voltage when suddenly applied to the circuit,

Let eg = By sin (wb+X) where is the fixed angular
displacement between e ﬁ 0 and t = 0 and measured positively
as e passes through O in the positive sense. This notation
is familiar from previous circuit studes., Kirchoff's
voltage Law then allows us to establish the instantaneous

voltage relations in the circuit as:

3%1- Ri = E sin(wt+o()

This is a linear differential equation whose gencral

1
solution may be written for the depcendent variable.

Rt
i= L % sin(wt +«) - L cos (wt+0()}_+cle. L
(R& wRLR)
Rewriting this expression yields
= R wL
i= By sin (Wt +&) - ==/ cos (wt+0()}
VRE,,' WoLZ {VR3+ WeLZ VR%+ wi.2
_ Rt
+C_e -

1

Ls

l'Kells -~ Elementary Differential Equations, pp. 49,.50,
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Applying the familiar impedance triangle to the
expression within the brackets, and making equivalent

substitutions, the current equation can be simplified.
wL

] sin § ¥ ———
& Vr2 wir2
X wl

6 - _R

R cos @ = —E;_:;_E
-
i=1Iy {.cos @ sin(wt+X)=-sin @ cos(throc}-\- c, e &
Rt

i= ;2 sin(wt+ot= g)+c, € "I

In view of the superposition theorem, we find the
current is composed of two components each of which vary
with time, The first component is the usual steady-state
expression and varies sinusoidally with time, while the
second component is an exponential time variation represent-
ing a transient current,

e must yet evaluate G (the integration constant)
before we can completely define the current conditions in
the circuit, If we consider the voltage as suddenly applied
to the circuit, no current will be flowing prior to this
instant, so

i =0whent = 0 and

B
C; ="y sin (K=~ @)
and the current will flow according to Rt

1= Zﬁ sin (wt+X - @) - % sin (X~ @) 6 r

or i total = ig - it as shown in Fig, 10, The initial

conditions imposed on the circuit were that i = O when
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T'e cteady state current at the instant of

i
7% Ltotal N
/ \e /
ﬁ ; / \
‘ \\‘ to A \ S—— \‘ -
I(_ oL \ - | I ¢ ‘\ \\ \
\ y \ \ / \
\ dg \ \ /
\ . e Va

Fige 10,

Gcneral graph of transient current period.

E.
switch closure will be — sin («(-@) and the transient

component will be ~ Eﬁ

sin (X =@) incdicating that the two

components will pe equal but cancel one another as the

swiiteh is closed.

It will be interesting to note the effects of switching

upon the circuit current. If the instant of switching,

0]

will be no transient., T.is

A= g,

T-ecn

=

iz Tinsin wt

INI

which is the steady-state current that will flow,

condition is shown in Fiz. 1ll.
- ~

e /
=4 _R f ‘\
RN

Fiz, 11, Special case when
K = P

t,, is chosen so (X -@) is either zero or 180 degrees, there

can be readily shown by letting

Tris

’

If on the other hand, sin
(x-@) = 1 when t = 0, the
mnaximum transient and steady-

state current will surge as
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the switch is closeds But if sin (¢ =@) = 1, then the

angle (<X =@) = % or some nultiple thereof, If the

circuit has a high 7, then the largest trgnsient will
occur as <X approaches zero or 180 degrees. If the

2
circuit is very low 0, then ¢ will approach zero degrees

so the marxrimum transient would then occur as <X approaches

%‘ or some multiple,

An interesting case occurs when the switching
action takes place at the instant the applied voltage is
also zero. Under this condition, X = 0 and i also must
be zero as the circuit is first energized at t = 0,

Inserting this limitation in the current equation gives
« = B . iy -2t
1l = - - -
7 sin (wt Q) T sin (-g) e T

At the instant of switching the stgady-s?ate and transient
current will be egual and opposite, llow, if the circuit

0 is high the phase angle @ will approach 90 degrees and
the instantancous current will appear as in Fig, 12, The
steady state component will
rapidly approach the current
flow for the ideal coil

( -Ip cos wt) while the

maximum transient current
at t = 0 will approach Im

of the steady state component

as a limit. This can be

easily shown if it is re=-

Fig. 12+ Switching Transient. called that sin (wt-90) =
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- cos wt, and high @ implies very low resistance, hence,
i= %E cos wte O

This method of analysis may be extended to include ‘
any form of complex voltage wave encountered in practice,
provided an_expression involving time can be set up for
the voltage. This can then be inserted for e in the
general expression

dls+Ri = ¢

at T b
and a solution similar to the above will be necessary.
In practice, it is often noore convenient to analyze the
circuit response by using oscillogrgphic records of
circuit current and applied voltege, These oscillograms
may be obtained using a two element electromagnetic
oscillograph or an electron switch and cathgde ray

oscilloscope designed for transient studies.

Non=linear Inductance

e have based the previous discussion on an air
core inductance which may always be considered sensibly
constant regardless of current magnitude, ‘‘henever we
have an iron cored inductance, there is no longer a
linear current-voltage charuacteristic, but the effect of

changing permeability causes the inductance to vary
'

proportionally, for

- O.4¢ T4

L S X
«10°L éxﬂ
where zﬁ}ﬁ: Qgi_
FAN;
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/A B = an incremertz] change of flux density
in the core.

AH an incremental change of the magnetizing -

force (proportional to change of current).

" ’

The magnitization curve, Fig, 13, for any iron has
a changing slope (.A1) as different operating points are
chosen, If two operating conditions happen to be chosen,

ey |

2 as indicated in Fig. 13, it
T &

. . - is obvious thaot the wvalues

“AH of incrementel permeability
will be quite different.
Either of the operating
conditions could be readily
established by allowing

AH H

'IH°4 enough d-c current flow in

Fig. 13, Typical magnetiza- the coil to esteblish a
tion curve for iron.

static operating point as
Hys Should a~c then be imposed on the d-c current, a small
change in H may then produce either large or small changcs
in B, depending entirely upon the choice of Hy and the
relative megnitude of the a-c current., This characteristic
is often advantageously employed waen it is desirable
for an inductance to display o non-linear characteristic,
Such devices as saturable reactors and peaking transformers
are designed so they have non-linear characteristics-
dependent upon the non-linear change of permeability.
The "swinging® choke, often used as the input to a filter

system, displays this non-linear characteristic, It is

so designed that it displays high inductance with low values
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of d=c current and low inductance with high d-c¢ current
flowing in the winding, and if the d-c component is increas-
ed too nuch, the core becomcs saturated, Under these
conditions the choke will have minimum inductive character-
isticse

The saturable reactor is another magnetic controller
which utilizes core saturation effects to control wide load
demands. Several methods of common construction are shown

in Fig, 14,

TD.C./ A D.-’))\ A UeCa A
1
ﬁ_‘l 1 _n.l b <
< g * Ly j
o> el
| ]
AcCol l mela (2 4 A.‘:e‘

(a) Series a—¢ .inding (b) Parallel a—c inding (c) 4 Legzed core

~

Fize 1l4. Trpes of Saturable reactor Construction

Simply applying d-c to one winding of a transformer
will give sorie control of the a-c¢ inductance but with a
large decrease in effective primary inductance as the

d=¢ winding acts effectively as a short circuit to the

a-c on another winding. This would result in large losses.

:
By properly arranging the windings,with refergnce to tpe
flux path, this objection is readily overcome, In Fig, 14,
the a-¢ windings are polarized on the core S0 that all a-c
flux cencels in the middle leg of core a or b zand the two
central legs-of core ¢ - this cells for careful a-c balance

riagnetically, Vhen d-c is applied to the auxiliary winding,

there will be a definite steadr flux set=up in both a~-c¢ flux
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; ‘
paths, and due to the non-linear perneability of the iron,
the a-¢ inductive effect will be made to vary as the d-c
control flux is varied., Reasonable design will easily
allow a 20 to 1 inductive change, The three-leg core
construction has a rather high flux leakage. The core
windows have to be cuite loar~c to accommodate the
necessary windings and so do not form a very complgte nag-
netic screen for either internal or external field. The
four-leg corec shown in Fif. 14 (¢) gives a better magnetic
construction with lower losses, better shielding from
external fields, and greatercoupling betwecn the a-c and d-c
fields.

The magnetic change causing inductive variation is

slow, although the series connection, Fig. 14 (a), is
faster acting than the parallel connection, and speed can
only be obtained by sacrificing efficiencys The saturable

reactor normally acts as a series controller, Fig, 15, The

D.C. Lontrol Magnetic characteristic,

7

being non~linear, cause

Loud ‘ considerable distortion
"
in the a=c current (high
A.C. Supply L 3rd harmonic content) with
Fig., 15, 3aturablé reactor attendant change in wave

centrol of loading,

shape of the load voltarce,
The Tlux distortion is greatest about the knee of the
magnetization curve, which represents the mid-range of d-c
control,

The saturable rcactor allows a very small amount of
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d=-c power to control large blocks of a-c power flow, and
furthermore, the a-c and d-c paths are conpletely imsulated
from each other which is highly desirable fromn both the
control and operational standpoint.

There are times when one reactor alonc does not vield
the desired range of control. If two or more saturable
reactors are connected in tandem, a very small amount of
d=c energy may control a very large a-c load, There are
other times when several independent a-c loads may be

simultanecously controlled by & single d-c supply control,

Mutual Inductance

vhen varying currcnt flows in a coil, we havc shown
that a self induced voltagec will be generated which oppcscs
the applied emf to limit tlic current to somec valuc dependent

upon the coil construction,

oo alf =

The changing flux caused b;” thc¢ current change nay be
readily expresscd in terns of the coil construction from
the above relation

g = L di :(.&n‘%«A) di
at N4d (T Nr ) dT®©

and by lumping the fixcd dimensions of the coil in 2 constant

+

the change in flux might be expressed as

aP = er oL

?1% -

where K = O.4zl
el

Suppose this flux ghaﬁ;c ccecurred in the core of the

coil arranged as in Fig., 16, and assuming constant
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pernmeability, then the voltage induced in the second

winding due to currecnt change in the first coil could be

written for
d

62 = Ngd

Fl

but if thc prcvious expression for %% is inserted, then

eg = K NlNz/A%%
‘Mutual inductance (Ly) is defined as the ratio of
voltage (eg) induced in one coil to the current change

in another coil producing thc nutually changing flux

€2
IrI - N - e K \
LI‘,‘ -a-i-l /‘IL:LN'B
at
- S¢ long as we consider
» i leckage flux negligible, as
Lo RS S 4\—-—- -8
dt <J < nay be the case for an
\;rl ¢¥\'|P S
~ L % .
+~ F e, unloaded iron core trans-
- L s J
-C:P d -
[ ~dt ———-—0  former, the scecondary
.

voltage ney be readily

Fig. 16; . mutually coupled expressed in terms of the

Circuit. .
turns ratio

o1 = W1d
\Ex!

Eg. = N2

Gy, A

This expression will hold so long as no load is cctive on

the secondary and the voltage-current relations are as

’

shown in Fig., 17. Actual’ , there arc losses in the trans-
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former and though the primary currcnt is small, it will

bLe definite, Furthermore, the iron path through which

e M — - the flux is being forced is
el :é; d E? ‘.t—‘r-

not linear and its magnctiza-

tion charactcristic tends to

el '
/
P\\h,//? flatten off toward the satura=-

A | tion point. This action will
‘/45&/#‘\\1 J result in the generation of a
\
"/ R:?qit definite third harmo:nic current

in the primery, If the supply

r source were ideal -~ no internal
1 - resistance - this would be of
Fig, 17. Fhase reclations little consequence perhaps;
of the fwtually coupled
circuit, sut the supply source resistunce

allows a definite third harmonic current to flow in the
primary circuit. As a result, thc secondary voltage will
tend toward distortion. Tl.c¢ Tarther the iron is worked
toward saturation and the greater the source rcsistance,
the morc third harmonic voltage is induced in the socondary.
until finally & distorted, peaked secondary voltage results,

An intercsting application of the saturating action
of iron is the peaking transformcr, If the unit is so
designed that the prinary currcnt for cxeceeds the saturation
current recuired by the corc, tgere will be no flux change
except during current reversals, And, since the secondary

ks

voltage is determined by —N%%, there will be only sudden

short pulses of developed voltage as shown in Fig, 18,

Soric seriecs limiting resistcr (or inductance) is generally
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connceted in the primery circuit to control the peaking

action and limit the trancfowvrer heating, This type of

(4

Fige 18, Peaking transformer Action
transformer action is very inefficicnt-but when a peaked
voltage is necded, it serves admirably. Such trancformers
arc often used to supply control firing pulses to thyratron
circuitse.
The transformer nmay also be used as & coupling
transformer betwecn tubes in an amplifier and, when so

connected, there will be pr :.Zcally no loading imposed

-
. ’

on the secondiry, that is, ninimum sccondary current will

E ’

flow, Many otler industrial applications, however, recquire

current Tlowing, The secordary current will produce &
counter flux in the core so that thc sglf induced primary
voltage becomes proportionclly smaller, The equivalent

net voltage then scting on the primary will increasc, This
is only another way of savia~ that thc energy supplicd to
the primary increascs proportionally to the increase in
secondary loading.

Mutuel inductance devices prove cxtremely versatile
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and serve in many indust’n) electronic devices,

Inductance-Capacitance Circuits

The L-C circuit is one of the most interesting and

the many possible variations result in a variety of
applications., The elements may be either connected in
series or in parallel and the circuit reactions will
vary depending on the proportioning of L and C. The actual
circuit will always includc some distributed resistance
in the inductance but additional resistance may also be
included due to loading and other effects. The complete
RILC circuit may be so proportioned that at the opcrating
frequency

(a) Zg DI,

(b) KL = Xc

(e) % <X,
Fach circuit proportion will result in different relative
values of instantaneous voltage and current relations, and
the effects of varyipg the resistance will still further
modify the reactions. Thus, the circuit reaction to an
applied voltage cannot be numerically predicted until the
relative proportions of R, KL‘and Kc f?r the operating
conditions are known. Je may, however, generalize on the
circuit action.

If either Xj or I, preaocwinates at the operating

frequency, the resulting current 1will be controlled by the
predominating reactance, and will either lead or lag

depending upon rredoninance and circuit connections. The
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general reactance curve will help in predicting current-

voltage relations. Consid.or wile series'connected circuit
where X3 >ZX, at the operating frequency. Fig 19 shows
this condition at f] for & specified valuc of L and C,

Obviously, the current

deriend will be limited by

-y ////////’/ the resistance ocnd the pre-
5 - — dominant reactancc (X -Xs)

. i L,
l’/ﬁ,aﬂ””'ﬂﬁ-'for the circuit; hence, the
-JXq current will be predominctec-

ly inductive., The general

steady-state current voltige

Fig. 19, Reactance vs characteristic of the serioq
frequency characteristic,.

circuit are shovn in Fig,
b

—= "W\ 5 o3
c B L 20y as L; and X, are pro-
e g e portioned diffcrently. On
o Xp” %, the other hand, if R, L,
#
/ A 1 and C ar? conneectcd in
/ N
% 3 arallel, the resistonce and
’ / ‘N ’
' N capacitive reactonce being
e Xo2 &g smaller megnitudes than the

f//; inductive reactance, the
\\\MHA{///" 5 predominating current will
: -w\ i be controlled by R and C

[

»  Then the circuit will demcnd

//{ \\\\\H/,/AF principally ccprcitive

. .

Fige 20, SteadJ;Sugtb hCulO currcnt - just the opposite
of a series circuit. :
of the series circuit,
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Fig. 21.
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The general steady-state action of the parallel

.57 i

> i,

A

/"‘\

i e\
/ \ 7
/ ) 2
X /

X2 X, %
1L< ig

Steady-state action

of a parallel circuit.,

circuit when connected across an a-c¢ supply is shown in

A more interesting case occurs (Fig. 21) when

e - Xy at the operating
frequency. The applied
voltage will attempt to
charge and discharge the
capacitor field, but at
the same time the induct-
ance is demanding a
decrease and increase in
its electromagnetic field.
Hence, th? discharging
capacitor, being series
connected locally will
supply charging energy

to the inductance and the
discharging inductance
will in turn supply the
condenser with charging
energy. J1f the resistance

of the local circuilt is

small, very little of this exchanging energy is lost as _
heat and the local current flowing will be extremely high.
VVhen the exchange of ener~~ tokes place at the same rate as
the supply frequency (RL = Kc), the circuit is in resonance.
Since the local series resonant circuit demands only a

L4

small current flow to surrly the losses of the circuit,
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it is the equivalent of a high resistance load to the
supply source. It is interesting to note that all the
supply source needs to do is simply kick the circu%t with
a power pulse to start the energy exchange process, and
with little resistive loss, the energy will continue to
oscillate in the circuit for some time. This condition
is referred to as underdamping.

Suppose a pulse of voltage is suddenly applied to
the series circuit of Fij. 22. The charging condenser
monentarily acts as a short circuit, but the series
inductance will try to prevent this current surge fronm

flowing. Hcnce, the current will start to rise as an

P i
R E
" = SRS
& L + \\ t
N\ g o
- t \S 7 t
- + L ~ 4

Fin, 22, Trznsient state of series circuit
inductive current but will rise much_more rapidly due to
the charging demand of the condenser, Tre pulse suddenly
drops to zero at tl and leaves a short circuit across
the source. Tre energy in the nagnetic field will start
to dissipate itself and will charge the condenser-still
higher due to a reversal of current from.tl to ta. But,
as the condenser potential becones higher than the decaying

inductance voltage, the condenser will begin to discharge
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-3

to maintain voltage ecuilil:zum and current will again

£

flow fron tg to ts. Mis process vwill continue until
the energy initiclly stored in both fields has dissipated

itsell 2s khect in the resistor, Thre current reversals

.

will teke place at regular tine intervals corresponding

to a definite frequency such that X, = X the natural
- A e _Te

c?
resonant frequency of the circuit,

If the resistance had been large so that it dissipat-
ed essentially all of the exchiangc energy, the circuit
could not continuec to oscillate and viould be referred
to as overdanped, Since the current surging in the

series circuit is high, the inductive and capacitive

«©

voltage drops will be much higher than the source voltage;
:

the higher the circuit Q, the greater this voltage

amplification, Thi; will become nore obvious wiien the

circuit is anclyzed. The naximum current of the resonant

series circuit will be
. - I

I =
R

e o )

s

hence, the inductive acnd capacitive drops will be 9 tines

the applied voltage, E..

The pa?allol resonant circuit bchaves soneshat
differently. The parallel elements e:change large amounts
‘ ?
of energy through thelr local cirogit - this 1s, in Taect,
a localized series resona:™ “rinche However, the source
needs only to supply tiic lcsses in the local circuit
" 7

wihich nornally are made cuite low; thus, since the parallel
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circuit demands only small current flow, it may be
considered as presenting o vary high equivalent inpedance
to the supply. 4s long as the circuilt ) is reasonably

high, wL may be considered essentially ecual to %ﬁ

and the parallel impedance may be readily evaluated

zZ = EEEL_ & Hééﬂg = ;_ (EL) s ok or
Zo+ L, wC 'R CR

Z = wlL (E’"—’) = wL%

‘ F

However, the higher the circuit 3, the greater the
exchanging current in the L-C circuit. This localized
current would represent au equivalent current amplifica-
tion in the local circuit. It can be shown that the
branch currents will be 3 times-the current supplied by

~

the source for a high 7

-

circuit.,
The above characteristics of series and parallel

circuits are wholly true onl;” after the circuit has
reached steady-state conditions. The current demands
will vary somewhat just at the ins?ant the supply is
initially connected to the circuit. Juite large amounts
of transient energy must flow if the electyom&gnetic and
electrostatic fields are to be established, Only as soon
as inductive~capacitive encrgy exchange has been equalized
do the preceding conditions prevail,
‘

ihen an a-c¢ supply is connected across an RLQ RLTONL,

the concepts previously mentioned will still hold. The

current supplied to the ciupacitor by the source reaches

its positive maximun just <o the supply is changing most
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rapidly in a positi%ﬁ sense, so the voltage is passing
through zero and a quarter crclc 2head of its mainum -
positive peak, The current in the inductance is maxinum
just at the end of the half cycle in which the source
has been working to force current flow in its dircction.
At this instant, the volt.~: is just going throush zero
in a positive sense, so the inductive current is at its
maxinum negative value, Thus, at this instant we have
both a positive and negutive currcnt demand., The difference
between these currents (the Ri drop) must be supplied
by the source, If the frequency of the supply does not

)
agree with the natiurol rcconant frecuency of the circuit,
the supply current will be either leading or lagging
depending upon the direction of frequency disagreement,

The Electron Tube

I

The electron tube, as applied to industrial
electronics, may be recuired to satisfr any one of several

basic functions - it may act to rectify, amplify, elin,
or nix variocus voltages involved in the process, Basically
the current-voltage characteristic of the tube is non-
linear and resistive in noture. Since it is @ non-linear
device, its characteristics are considered as differential
ratios, The nore importait cheracteristics determined

by its construction features mey be summarized as plate
resistance, nmutual conductance, and amplification factor.
The tube may be thought of as an electrostatic check

valve arranged so some potentictl change on the tube elements

control the amount of power (or current) flowing in the
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controlled circu;tt‘ The tube will function much as
a check valve, i.e., there can be only unidirectional
current flow through the tube circuit. There are
numerous methods of classifying thc hundreds of available
tubes, but one satisfactory mcthod may arrangc them as
vacuum tubes, gas-filled tubes and special tubes., This
is a very broad gencral classification which may then be
subdivided in terms of thc number of elements includod‘
in the tube construction as the diode, triode, tetrode,
etc.

The Vacuum Tube

The number of elemcnts, their rclative positions,
and thc applicd opcrating rotcntials, combine to form
an electrostatic ficecld within the vacuum tubec. Any
variations caused in the field will result in control
over the clectron strecam trying to flow across the field,
Since the elcectrostatic ficld is detcrmined by applied
potentials, whilc thc elcctron flow depends on the ficld,
the diffcrential form of Ohm's Law may be applied, so the

instantaneous plate rcsistance may be expresscd as

oF
Ty :ari] E, is constant
So long as the tube has morc than two elcments and one
of its elements is arrangc. i the construction so that
any small potential change, and its resulting change of
the electrostatic field in the tube, has a controlling
influence on the electron flow, the tubc will have an

amplification factor and mutual conductance. The



91,
amplication fector is thus a ratio showing the effective-

ness of the element potentials in controlling the current

Tlov, )
T
zn SE;
= ; S - -
A oI Eﬁ%ﬂ Ip is constant

-

Mutual conductance indicates the relative ability

=]

of the grid to control the current flow in the tube so
Gm=?hﬂ

obg| Ep is constant

These so-called constants really tell very little of
the tubes action for they simply represent the slope of the
characteristic at any one operating point. DBefore a
complete story of the tub o 1 be told, vie must refer
to & set of characteristics of the tube. These are
usually shown gr;phically over a wide range of operating
conditlons. Fig. 25 shows tie grid, plate, and constant

current characteristics for a triode.

» 4\ 4\ 41

b
\\EBB Ee

—

B / - Eap

s ec

"

pin p
acc . JBB

Fige 23. Typical triode characteristics

hen the slope ol these characteristic curves are

plotted, the "constants” are quite wvariable, especially
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over certain parts of thc cpcrating range.

A

Since the vacuunm tube is a

yZ i

/ non-linear resistive device,

it does not always have the
gn1 sane proportional current
change for a given potentizl

change. Many applications

N .
i of tubes in industrial
T, devices recuire nearly
fMig. 24, Variation of linear respense., Vhen a
the "constants™ of a tricue
tube., circuit is so arranged that

é

a linear and non-linear resistcnce are connected in series,
the non-linear effect can be minimized by proportioning
the two resistors so the ratio of the non-linear to linear
resistor approaches zero, Operating limitations prevent
the ideal dondition from being realized, but the series
linear resistor (plate load) can be made several tinmes
greater than the non-linear plate resistance,

The internal electrostatic control field of the

vacuun tube is proportioned accordinz to relative spaci

&

of the elements., L high-nu tube would have & smell mesh
control grid located very e 1 the cathode so a ver:y
small chenge in its relative potential would have a large
effect upon the tube current, and a larze swing in plate
potential results in rapidly increasins non-linear actiomn,
FPractical limiteations on the electrostatic fiecld control
prevent the triode from having an emplification factor

over 100.
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Br introducing a "screen grid"”, between the control
grid and the anode, t@e‘anode can be effectively isolated
frori the control grid., The screen grid operates at a
constant positive vol*tage and establishes a constant
accelerating force upon the electron stream. So long
as this screen is n@lnt;:ned at a constant potential
below that of the plate, it effectively screens any
changes in plate potential from the control grid, WS
the tube Ulll displey the charapteristics of an equiva-
lent constant current generator. If the plate potentia
drops below the screen potential, the tube digplays a
negative res stuncc e"”ect due to secondary emission at
the plate (3ce Fig. 2).

Secondory enission effects can be overcone if tpe
field effect fron screen .o i:0de could be nulifieds By

introducing ¢ suppressor grid between the scrcen and plate,

and connectine it so it is at the same potential as the

-

cathode, the electrons wiilich break through the screen and
suppressor region will now be attracted by the positive
plate even though the plate potential mey be lower than
the screen potential. Ti.e elemination of secondary
erniission results mn the avsence of the negative resistance
region and, hence, the opcr~ting range of the pentode
may be extende@ to include a greater portion of the
supply voltage,

Br »nroper physidal placement of the grids with
reference to each other, the electrostatic field mey be so

established thet the constant eurrent pentode characteristic



ray be extended over still a greater portion of the

supply voltage. This type_of construction may actually
require no suppressor grid, The control grid structure

is adjusted so it is exactly in line with the screen

grid and the electron flow is "beamed™ to the plate. DBean
formins plates near the anode are held at cathode
potential and not only help in the bea@ing action but

also suppress secondary anode enission. The electrostapic
control action is even better than in the pentode field.
The screer current will be less than for & corres;onding
pentode, so beam tubes form excellent power ananlifiers.

The Gas filled Tube

The coastruction of the gas filled tube nay upon
first inspection appear to be essentially the sane as a
vacuunt tube., One outstan’’:  difference exists. .s the
name inplies, some gas or gas forming materia; has been
purposely introducsd in the tube construction. Very

different characteristic: rcsult.

Critical
g Tiring
Flate

. B voltage
Non~- Critical EB g

: ; pulse
conducting rzgion

region
-h“"_ tirgg,
— E ol =

Grid control locus

Gas Tube Control Characteristic

=]
.H.
(R
-
av]
w
L ]
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Once the gas is ionized, the positive partvicles float
in toward the negative coutiol g?id and conpletely
blank out its controlling effect, TIurthermore, the
gas forms a very low resistance path for the electrons
to travel throush from cathode to plate with the result
that tube resistance has little effect upon the circuit,
The ionization effect results in an effective neutraliz-
ing of the space charge in the tube, thus the constant
internal drop of the tube is approximately equal to the
ionizing potential of ?he gas for any current within the
cathode eniission range. Relatively little energy is
lost within the tube, and consecuently, large currents

vlate, e maximum emission

-

can be tolerated by the
characteristic of the cathode metericl will be the limit-
ing current factor.

The gos tube is slow in its action., Time is reguired
to ionize or deionize gas and, hence, the plate current
will not instantly follow control grid impulses. Grid
control of the tube firing may be agcompl@shed by biasing

the control prid with a d-c voltage. Tig. 27 shows how

///’/d# variation in this control
&b 7 bilas may be used to control
On 192 ¢/£ }, the firing angle of the tube,
Z//, Iotice that the minimum tine
Ez; _:_:z=- - “§‘P of power flow will be 1/4
“e3 cycle of the applied plate
. )

voltage pulse. Furthermore,

.

Fég: 27, D=C control of the as the firing point approaches
firing angle of a gas tube,
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this value the slope of the grid control locus is not
much different than the bias voltage slope; hence, the

xact firing point becomes uncertain as Ec approaches
a value corresponding to IT/2 of the plate voltage pulse,
If the bias is increased beyond this critical biag
toward Ecs’ the tube cannot fire during the cycle,
Firing control may also be accomplished by applying

an a~-c grid vgltage having the same frequency as the
plate voltage., As the relative phase of the grid and
plate voltages are shifted the firing angle may be

readily controlled over nearly the full 180° of the plate

voltage pulse, TFi~. 28 shows how the applied control

“EB o)

/
)

4 ec

=

e

-

2]

Fim, 284 A=-C control of firing angle of gas tube
() tube will not fire (b) tube fires

at Ql (¢c) tube fires at 92.

voltage may be shifted to intersect the control locus of
the tube at any desired firinz angle. DNote that e, must
always be greater in magnitude than the corresponding
control locus., Furthermore, the grid will at times be
forced positive by the a-c grid voltage; hence, grid

current nmust flow even though the tube might be completely
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cut off for the full cyele. This is not desirsble for
certain types of grid coantrol gas tubes. 'hereas the
d-c control became uncertain, as the bias forced the
firing angle close to TT/2, the a-c control becomes
uncertain as the a~c bias forces the firing angle toward
0° or 180° hecause the slope of the control locus and
the grid voltage approoch each other,

A combination of d-c and a-c gives much better control
for now the acmplitudes of cuch voltoge may be independently
adjusted as well as the relative phase of the a-c grid
comnponent and the plate voltoge. This control is illustret-

4

ed in Fig. 29, 4&s eg is shifted, in phase, there can

still be sorie uncertiinty
Z3B of control as 0 or 180° is
approached due to slope
/ : similarities of the control
. G > locus and thg instantaneous
e » grid voltage.
\ “hen it is necessary
Jm:/éc N for the thyratron to fire
/ at exactly the same instont
= 4
rig. 29, A~C D-C firing in each successive cycle,
Control,

it mar prove best to super-

inpose a sharp positive pulse voltage on a d-c hias

Fl

conponent, Fig, 30, This type of control pulse may be
obtained in severcl wore +hich will be discussed later.

The nore comnon circuits utilize one of the following

devices; saturable reactor, peaking transformer,
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differentiating network, or some impulse generator in
corbination with a phase shifting network to control the
relative time when applying

the positive pulse, This

e ) type of control also aids
P .
f deionization of the gas and
Ol‘,& &
- - helps clear the grid of emit-

Beg \\\\\‘#// ing material deposited there

during the conduction tinme

: °g

=DG o/ of the firing cycle.
Fig. 30. Impulse firing Industrial processes
control of thyratron,

utilize the gas filled tube

to advantage when larger currents are demanded than the
vacuum tube will carry. Some of the more important gas
tubes include the gas fil'«” rectifier, the thyratron, the
ignitron, the mercury arc rectifiers, and regulator tubes.

Special Tubes

There are many tubec vhiich may be considered as special
types. TFhotoelectric tubes depend upon the ability of a
specially coated cathode To emit electrons when inlTluenced
by an impinging light beam. Photoelectric tubes may be
either vacuum or gas types depending upon the desired
characteristics., TFhotoelectric multiplier tubes are cuite
useful and increase the effect of the few photoelectrically
eriitted electrons many times., Multiplier tubes require
extremely high voltagesc and this may prove dicadvantageous.
Other tubes, as the cathode ray tube, the "nagic eye" and

electroneter tubes are often used in industrial application:.
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Resistance~Capacity circuits

Consider a circuit composed of lumped capacity and
resistance suddenly connected across a steady voltage

source as showvn in Fig. 3l.

R

h b=
%l
i o
}

Fig. 3ls Transient RC Action.

Kirchofft's law allows us to write the instantaieous
voltage equation of the circuit, so
g = en +€g
Substituting instantaneous voltagé drops for the period

from t; to ty, when the voltage is of constant value I,

the voltage equation becomes

le are interested in instantaneous rate of chonge
conditions in the circuit., Differentiation of the voltage

equation with respect to time will describe this condition

o=pgrdl dg
dt t
dg = . i
but T T~ 1 so the equation becomes
di i -

rearranging the equation gives a linear differential

equation similar to the ecuation of the L-R circuit.
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= da
1 RC

This equation when integrrtecd gives the instantaneous

current flow

The integration constant «ill be evaluated in terms of
the circuit constants when it is remcmbered that g = O

at the instant the switch is closed (t = 0).
t
RC

4

R+% when q =0, t =0

EZKE
K =R
Substituting the valuc of K then gives an expressica for

currcnt at any instant

ct

_E W
1 =3¢

The curreptlis naxinun (%) at the instant the switeh is
closed, i.e., the condcnsc acts as an instantaneous
short circuit with R alonc limiting the currecnt, and then
exponentially decreases until, after a relativcely long
roeriod of tinc, the current exponcntially approaches zero
as shown in Fig. 31.

The voltage across the resistor at any instant is Ri
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and by Iirchoff's law, the voltaze drop across the conden=-
ser at any instont nust be the difference betreen the
steady applied voltage and the resistor drob so

€ = L - 1R

-—

T E(1-& RC)
The instantaneous condenser voltage has been alrecdy
; w i
Xpressed as an integral of the current e, = ;Jridt

and since the chorging current has been found to be

the condenser voltage could be readily

7 - T
k| Fa 3 e e - — 1 1
deternined for integrating e, = ﬁﬁjff: ne 4t shows that

TH -

- L ‘u-_ -
e, = W (-uCE HOK

R 4 1

The integration constont I nay be evoluated vhen we rene:iber

et e, ~ 0 at the ingtant the siritenh is to be closed

4

(t = 0) and hence,

I\' -
x ]

Fl

Ience, the notential across the condenser a2t any instant

“

exactly checks with the previous nethod of evaluation,

L
= B(1- £ £O)
If it so hanrened that the product of RC was equal to the

ticze chosen to investigate the circuit conditions, then

ec = :‘(l" E' )

S

Other time intervclo coul Lce investisgcted for the above
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value of R and C and a time per-cent voltage curve could

be drawn as in Fig., 32.

If the circuit had become completely stabilized

TN 908 _ -
o - X
E_' 63 LT} l- E’ :{c
'_‘_
21 | 50%
2] |36.81
= A Bl
] L

34 & =C
AR O’}’ _\-“‘-—-——_..

; o
0.1 0.693 1.0 " 2.0 2.5 3.0
Ratio T

I'is. 32, Instantaneous potentials of an RC Circuit.
(i reduced to zero), and the circuit suddenly connected to
discharge the stored condenser energy through the resistor,

the instantaneous discharge voltages would be
.t

e. -~ e_ =& E RC

so the curves of Fin. 32 will still be applicable by
choosing the corresponding exponential curve,
The product of RC is generally referred to as the

time constant of the circult and represents either the

tinme required to discharge a condenser 63.2% of its
original charge or to charge the condenser to 65.2%

of its final value. The tine constant must be related
to some chosen time interval so that either

(2) RC<T,
(b) RC = T,
(c) RC}TO
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The three possible conditions are shovm in Fig. 33
+00 and in relation to the given
period considered, the cir-

cuit is said to have a short-

time constant when RC TO, an

equal time constant when

ig. 33. RC Circuit Reaction. .
Fig, 33 C Circuit Reaction RC = T, and a long time

constant when RC T . It is interesting to observe that if
the circuit has a short time constant, the current has
decreased to practically zero by the time the period con-
sidered (TO) has become 10 times as great as RC., But, if the
circuit has a longer time constant, the condenser is only
partially charged at the end of the period considered., Now
if the applied voltage is suddenly changed to some new value
at the end of To seconds, the condenser will have already
acquired an initial charge Q,, and the current flowing after
this change will be governed by two voltages. Suppose, for

illustration, the voltage is suddenly increased at time TO.

The back voltage already acquired by the condenser is %9
and the current which flows will be due to the difference

0
of the new potential E, and the condenser voltage ég .

The current at the instant after the sudden voltage increase
has no relation to the current just prior to the change

and must be equal to the voltage change plus or minus
(depending on an increase or decrease) any back voltage due to

initial charge on the condenser, hence

I =5 -2

o~ C
e

Hence, this is the new integration constant of the previous
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analysis and

naking this substitution in the gencral current cxprossion

gives thc instantancous currcnt after the change

Fig., 34 shows thc cction of an RC circuit undcr thcse

conditions,.

=
R

-t
ec:E(l -& RC ) 0o=E, .,.(%o_ .._EJ)E_‘I%_C-

Fig. 34. Instantancous rclations in an RC circuit
when the supply is suddenly incrcascde.

The scriec results could be obtaincd by a rathcer sinple
graphical netheod which will be illustratcd in the fellowing:
Let us analyzc a long RC circuit when acted upon by
a pulsc typc of voltagc. The gencrator voltage is varying
between +150 volts and 4300 volts with respcet to ground,

holding cach valuc stcady for 100 nicroscconds. In
cffcet, we have a squarc wave of 75 volts amnplitude supcr-
inposcd on a d-c voltage of 225 volts. %'/e will choosc

thc resistor and copacity so they have a tine constant of



200 microseconds,

shovn in Pig, 35}

1054

The conplete circuit reaction is

300 ; o
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e
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Fig. 35

The circuit is suddenly energized at t = O.

Action of a long RC Circuit

Y

Since

there is no difference of potentiel across the condenser
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plates at this instant, t .. rull 300 volts appears across
the resistor due to electron flow., The condenser begins
to charge exponentially. The applied voltage remains
constant for 100 microseconds, during which time the

¢

condenser acquires a charge @ such that its back voltage.

& is 407 (See Fig.32) of the applied 300 volts, vhile
the drop across the resistor has dropped to 180 volts.
At the end of the first pulse period the voltage suddenly
drops to 150 volts. Sincc thc condenser had ogly
reached 120 volts difference across its plates, it will '
continue to charge but toward 150 volts not at 300 volts,
and from lzoﬁv&lts, not zero as during the first 100
microseconds. Thus the effective charging voltage is 30
volts at the instant the pulse voltage changed from 300
to 150 volts, JLAfter 100 rniicroseconds riore, the condenser
will assume 40% of the effective charging potential, and
the total voltage difference across the plates will be
132 volts at the end of 200 microseconds, )
WWhen the applied voltage dropped from 300 to 150 wvolts
at the end of 100 microsecoinds, this represented an
instantaneous change of 150 volts in the negative )
direction. Since this change occurred in zero time, the
voltage across the condenser could not change, and all of
this change had to appear across R and in the same
direc?ion, so the voltage dropped from 180 volts to 30
volts. During the followin~ tirie that the condenser is
charging fron 120 to 132 volts, the resistor potential

across the resistor will drop from 30 volts to 18 volts.



107,

At the end of 200 microseconds, the applied pulse
voltage instantaneously increases to 300 volts again, C
cannot charge instantaneously so the change nust be.
off-set by a potential ris- o:ross R = t? 168 volts. C
charges from 132 volts towards 300 volts, an effec?ive
charging voltage of 168 volts for 100 microseconds,
leaving the potential across thg condenser at 200 volts
at the end of this pulse period, During the same interval
the pgtential drop across R must change from 168 to 100
volts, At the end of 300 microseconds the condenser voltage
will @e 200 volts and the resistor voltage will be 100
voltse At this insta§t, the supply suddenly drops again
from 300 to 150 volts, another change of 150 Yolts in a
negative direction., By reference to Fig., 35 , it will be
seen that e, drops to negagive 50 volts, although nothing
but positive voltage has been applied to the circuit:
During this, period the condenser d?scharges slightly, since
the polarity across R has reversed, and reverse current
flows in the circuit. C discharges 20 volts from 200
volts toward 150 volts during this.period, and the resistor
voltage rises to negative 30 volts,

Notice that C is always charging as long as ep is
positive and that as C char;cs ep becomes less positive;
but vhen ep is negative C discharges and ep becomes less
negative, As time progresses the condenser continues to
increase its charge every cycle until the average voltage
has shifted down far enouct t.ut C will discharge as much

as it charges each cycle, The area below the reference
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line is the same as the area above for each cycle, hence
the condenser no longer takes energy from the source.

Actually, a long RC would be relatively much greater
(RC = q.OT0 or more) and would require longer to become
stable. S?ppose it required 1000 cycles to reach
equilibrum, this would be only one second after the signal
was applied in the case of a 1000 cycle per second voltage.
It is apparent then, that if the condenser voltapge does
not change nuch during a cycle, the resistor voltage will
tend to vary exactly as the applied voltage regardless
of the actual wave shape applied,

This characteristic of the RC circuit leads to one of
its most important applications - the coupling device
between amplifier tubes, The multi-tubec amplifier
comnmonly requires that the changes of plate voltage on
one tube be passcd to the grid of the succeeding tube
without placing the grid at the same quiescent potential
as the preceqding plate, 1/ith the coupling arranpement
shown in Tig., 36, any variations in the plate voltage of

VT-1 — VT-2 VT-1l will affect the grid of

—l
__€%$> ] & H e VI-2 as a potential drop across
R

R. These variations occur as

L . varies but R, and hence the

grid of VI-2, is isolated from

ke the plate potential of VT-1

Fig. 36+ RC Coupling in by the condenser C,
an Amplifier.

Variations of the basic circuit will be discussed

later when wvie consider differentiating and integrating
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circuits.

Rectifier~Inductance Cireuits

Industriai electronic circuits often include a ‘
r?ctifier tube connected in series with some simple R,
L, or C combinetions, <Suppose a half wave rectifier is in

series with an R-L circuit and energized from a sinmsoidal

voltage source of negligible impedance as shewn in Fig,

37 o
aQ
U/
R
@ e=E sin wt
' L

.

Fig., 37, Transient characteristics of a simple rectifier,
‘ .

The rectifier tube can, of course, pass current only
so long as its anode,is positive, As the vg%tage starts
positively from zero,as indicated in Fig., 37; the current
rnust also start from zero as indicated in the previous
discussion of an R-~L circuit and Will consist of a
transient and a steady-state tern, As the applied voltage
continues through its positive excursion and finally

) )

bgok’to zero, the tube effectively opens the supply circuit,
$.6., the plate is forced negative by the negative supply
bulse. But at the same tine, the energy wpich has been
stored in the magnetic field must collapse. This means that
a voltage will be induced in the coil which is

?
-N%% x 10 "8, and its polarity is of such nature as to

maintain the rectifier plate nositive even though the
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supply source has reversed polarity. Current will
¢ontinue to flow until the energy has been dissipated by

the resistor. These conditions are indicated in Fig. 38.

+®-—— + +@- +

¥ =
@ e= Epsin wt + *\'D ez0 T
i - i 4= -N99(168)
- = dt
(a) Churging relations. (b) Discharging relations.

Fig, 38, Half-wave rectifier, induétance, and
resistance in series,

When the self-induced inductor voltage drops below the ‘
corresponding instantaneous value of the applied voltage,
the rectifier no longer conducts and the circuit

remains idle until the nekt_gssitive rulse from the supply
initiates the process again, This action is typical of

any practical inductor for the distributed resistance

may be considered as a lumped quantity. The same action

is just as true for a circuit composed of separate resistor
and inductance, The duration of the current pulse is always
greater than 180° for any practical inductance circuit and
the "overhang™ depends upon the length of time required

for the resistor to dissipate enough energy to cause the
self-induced voltage to become equal and less thgn the
increasing negative value of the applied voltage. This

may be expressed as the ratio of %é or the 3 of the circuit.
A high Q circuit will allow the current pulse to flow

for 90% or more of the applied voltage cycle, while a low

2 ecircuit will limit the current pulse to slightly over
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50% of the voltage cyole,

An analysis o? the.eurrent pulse by any of the common
methods (Fouriers, etc,) will reveal that the peak current
will be greater than if no rectifier tube had been
included, and if iron is present some tendency toward
saturation exists, wi?h still higher peaks resulting.

Like the peak current, the effective and average currents
will also be higher for the rectifier circuit. More
heating will result for a given average flux density
condition. This must be kept in mind when choosing
magnetic devices to operate in such a circuit,

If an addit@ona} resistor is paralleled across the
inductor of Fig. 37, the inductor current becones
unidirectional, Consider the action of this circuit

shown in Fig. 39,

54

@
L
e
8 T

b 8t ty g

Fig. 39, A 8eries parallel circuit action.

As the supply voltage increases positively from
to the tube will conduct and its current will divide in
the two parallel branches, The current in the resistor

branch will exactly follow tliic change in voltage while the
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current in the inductive b;anch will behave exactly
as in the previous circuit. ‘hen the supply voltage
reverses polarity, the energy stored in the inductance
field again sets up a potential to force current back
through the supply; but since R is in parallel with the
inductor, current will also be forced to flow through it
but in a reverse direction, ‘/hen the negative supply
potential eguals the drop across the parallel circuit
(at tl) the tube can no longer conduct since the supply
voltuarne conthuco to increase nore negatively, and holds
the rect “la ¢ at & negative potential with respect
to its cathode. However, the remeining energy stored in
the inductance field will continue to discharge through

R and r along an erponential rath. 30 long as this

-~
‘

5

resistance peth is not too low, the inductor energy will
not have been completely dissipated before the nex

positive pulse of the supply voltage begins (at tz) and the

1

H

nductor current will proceed to rise fror: this residual

value resulting in unidirectional inductor current after

.

a few cycles, until the circuit losses durinz the negative
voltage healf ﬁ"“lo:, balance the galn during the positive

voltage haolf crcle,

Another interesting part of the circuit action occurs

L

between t, and t5. The rectvifier ceased conducting at

t; but current continued to flow in the parallel circuit,
The drop across R continues for some time depending upon
the length of the time constant. Polarity conditions are

showvn in Fig, 40a, b, ¢, and d. So far as the reetifier
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tube is concerned, it will have a voltage across it
—40= 05—
| + - f\IT

+ r U_ 4+ »

@ ). Do g

2 L ag

'

o +fﬂ at
I ) Iy O
r P
(a) During time t, to t'. (b} During time t' to tl.
AN
Vg 4
R
- ‘Fd
raf
T + 4+ at
I; -
(¢) During time t; to t.. (@) During time tp to tB'

Fig., 40, ©Series Parcllel Circuit Action.

which is the sum of the supply voltage and the drop across
the resistor R. Obviously, if the resistor R is made
very small, the discharge energy during t' to tl will be
dissipated almost instantly and the time interval will
become very small, or tl will occur rmuch earlier in the
voltage cycle., Furthermore, very little energy could be
stored in the inductor during the charging time since

a small value of R would effectively by-pass nost of the
rectifier current arcund the inductcr, 1/ith little

energy stored in the inductor it could not force energy to
flow back through the line against the supply source,

This circuit should have rather a long time constant

if this condition is to be avoided.
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The supply voltage is rdpidly decreasing toward zero
between tg and tz while the resistor voltage is
exponentially decreasing to zero but of reversed polarity
so far a8 the rectifier tube is concerned. From the
instant to5 on the resistor drop exceeds ?he supply
voltage in magnitude, hence the ?ectifier, being influenc-
ed by the positive drop across R, will conduct before
the supply voltage returns to zero (tz). But as soon
as the tube conducts it effectively short circuits R
and so the inductor nmust dissipate its remqining energy
in r (so long as Tp is neglected or smell), There will
then be no current in R v .b.1 time.tg when the supply
again takes control of the circuit, This type of circuit
may be employed in cgnnection with thyratron tubes for
control applications.
It was pointed out that the previous circuit nmust
have a fa%rly high value of R if the losses are not too
xcessive, and reverse_current is to flow during the
negative voltage cycle, If the resistance across the
inductor could be made infinite during the en?rgy charging
period and zero during the discharging period, the current
in the inductor will approach a steady d-c current flow,
This ideal circuit'can be readily approached by employing
the circuit of Fig. 41, often referred to as the "free-
wheeling” circuit.
When the supply volter 2 is increasing positively
from t, thg inductor is clLurging according to previous

El

discussion, and if the inductor has high 3, the coil
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current will apprcach an instantaneous value of

= I, (l-cos wt)

O
P
VT-1
e - i t
@
VI-2 L

Fig. 41, The ‘freevheeling’ circuit.

The rectifier VT-1 will be carrying the charging
current during this period but VT-2 will have reverse
polarity on its elements and will act as an open circuit,
Fig. 42(a), thus g%ving the circuit a very high O so
long a2s r is small. ‘/hen the supply voltage reverses
polarity, the energy stored in the inductor field will
establish a back emf as in Fig. 42(b), which makes the
anode of VT-2 positive and it will begin to conduct. Its
internal resistunce will be small so we may think
of it as a short circuit across the inductor terminals
resulting in a low resistance discharge circuit; hence, the
current will decrease slightly during this period from
t; to t;. Unlike the previous circuit, the voltage )
drop across the tube VT-2, while of correct polarity,
will be very‘snall due to the low resistance of the tube
VT-2. Hence, the current flow back through VT-1 will be

only an instantaneous pulse.

Vhen the potentisal of the supply again reverses the
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current flow will he added to the residual current, so

L — 7

&
.
q— V-2 dt
- - +
IT = IL
(a) Charging current t, to t,. (b) Discharging current t,to &,

Fig. 42. Equivalent circuit action.
that after a short "pyramiding® effect, the current will
approach a stcady-state condition such that the positive
half cycles supply just enough encrgy to offset the losses
of the negative half cycles,

This sort of circuit has received considerable
attention in conncection with saturable reactors. Such a
circuit nornally uses ¢ grid controllecd thyratron in
placec of VT-1 (Fig. 43) so that snooth simplc control
of thc d-c magnetizing currcnt in the saturable reactor
mnay be established. This circuit may be applicd when the
load demands such control. Theatre dimning of lights
night be readily accomnplished by such a circuit.

Rectifier-Capacitance Circuits

If a rectifier is connected in series with resistance
and capacity and supplied fronm a sinusoidal sourcec, the

currcnt flowing in the circuit may be used to supply
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timing pulses %o industrial electronic devices., Timing

Grid control
i C
e

Saturable
Reactor

o

T

Supply
Fig., 43, Simple circuit to control energy flow
to load.
devices are very important in rrocess control. Consider
the action of the circuit in Fig, 44,

] C

©

Fig. 44. Series circuit action.

As the supply source storts from zero in the positive
direction, the tube will allow current to flow in the
circuit to charge the condcnser, The series resistor
tends to retard the current flowing into the condenser
but as the voltage decreéses bacl: to zero some charge
will be left in ?he con@enser ahd it will have the polarity
indicated in Fig, 45(a). +s soon as the supply potential

decreases below the potential, due to the charge stored
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in the capacitor) the anode of the tube becomes lezs

A

Q)-.

-

N S

Fig. 45. DPotential conditions of Fig. 44 during
initial charging.

positive than the cathode and will no longer conduct.
This potential condition will e:xist until the supply
potential again becones positively eqqal to the "stored
potential® in the condenser (time tg). It is important
to notice that as the supply potential swings through its
maximum negative voltage an inverse voltage approximately
equal to ZxEm will_appear across the anode-cathode of

the rectifier tube. If the tube is not carefully chosen
it may not be able to withstand this high peak inverse
voltage. The tube is really acting as an insulator
during its non—conducting periods to prevent arc-back
current in the circuit. If arc-back should occur,

serious damage to the tube would likely result. If the
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condenser were perfect it would hold this potenti?l
exactly while the c¢ireuit is idle, but, of course, in
practice gbme dmall dielectric loss is always present
so the cohdgnser potential will decrease slightly during
this period, |

When the supply voltage again starts to increase
positively, the condenser will again assume a potential
equal to the inoreaging voltage supply as it exceeds the
condenser potential.‘ From the instant when these two
potentials are equal, the tube anode will become
increasingly positive and the condenser will demand
additional charging current. This process will continue
for several cycles until the condenser potential has
be?ome equal to the maximun supply potential., From then
on, only very sharp current pulses will flow in the circuit
allowing thc supply to furnish positive energy to of?—set
the dissipation occurring in the practical condenser,

If the resistor had been connected in parallel with

/'\.._“‘___-

i\

e

Fig. 46, Simple Rectifier~filter System

’

the condenser, a common form of low pass filter results.

The circuit is shown in Fig. 46. l/hen the circuit is first
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energized during the positive swing of the supply voltage,
the rectifier will allow charging current to flow,

The current in each branch of the pargllel load will_
be determined on;y by t@eir constants, These currents

-arec shovm in Fig. 47(a). The condenser currcnt continues

+E l ; -
+ + +
I I
Q\J es B ﬁ C l.J_-
- s
A 'LT
Fige 47(c) Firind Circuit Tig. 47(b) Instantaneous

from t, to tl. ehorging relations

cf Circuit

to flow for % cycle, or until it is charged to‘the peak
value of the supply voltage. Beyord this peak, the supply
is decreasing toward zero so the higher potential of the
condenser will begin discharging through the parallel
resistor. BEut the resistor will continue to draw current
from the supply as long as the tube will conduct, At time
t, the drop in r due to the capacitor discharge current
begins to exceed the instantaneouvs sunply potential

which rakes the anode of the tube negative with

referencc to its cathode (Fig. 48) and it will no

longer conduct until its anode-cuthode potential is reversed.
The condenscr continues to discharge exponentially through
tiie resistor. If the resistor is small enough to completely

discharge the condenser before the supply voltage again starts
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on its pos@tive swing, the above process will ?epeat
each cycle, However, if the resistor is large, the
condenser will still retain a part of the charge from
the first cycle, eand charging current cannot again f%ow
until the anode of the tube has been forced positive,
i.e., the instantaneous supply voltage must exceed the
stored po@ential of the

condenser., The condenser will

be charged as before once
current begins to flow, and
after a few cycles, the voltage

and current will appear as in

LA

Fig. 46, So long as R is large,
Fig. 48, Eguivalent the voltage across the capacitor
Circuit from t; to tp

approaches a condition where
there is little difference between the peak and average
values, This type of circuit may be very satisfactorily
employed as a filter circuit for a d-c supply so long as

the load current is very small.,

Rectifier-Inductance-Capacity Circuits

The number of variatipns possible with these
circuit elements is great., BRach variation will result in
modified current and voltage charocteristics., The practical
inductor, of course, always includes some resistance and
there may be times when we purposely introduce additional

- o a

resistance in the circuit. Hence R, L, C, and the
rect%fier ney be connected in series with the supply, or

4

R, L, and C may be connected in parallel and then in series
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with the rectifier and supply. These two general circuits
may then be modified so the reactions will be quite
different depending on the relative proportions of
R, L, and C, |

Consider first the arrangement shovn in Fig. 49.

R will be considered as

\LJ . small but representing the
- distributed resistance of
GSZ) r the inductor. The constants
c L and C may be proportional
so that
o (a) TL>Xg
Fig. 49, A rectifiér- (b) Zg= g

filter system,
(6) < Xg

Bach circuit proportion will result in different rglative
values of instantaneous ourrent and voltage valges.
Suppose we consider the first case where KL;’XC' AS
the applied voltage rises in a positive sense from zero,
the tube wi;l allow charging current to flow through
the circuit. The inductance of the circuit requires
that the current be zero at t ® 0 and momentarily the
condenser will act as though short-circuited, so the
currcent will start to rise following a typical rectifier-
RL current characteristic, Simultaneously the condenser
will begin a high charging current demand but the series
inductance-resistor combination will delay and limit

the current surge denanded by C, But as the inductance
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begins to allow current flow the condenser will gradually
assume & charge until its back voltage will become
equal and greater than the instantaneous supply
magnitude and will try to prevent further current
flow until the next corresponding wvalue of the cycle.

In the meantime, the inductance was left in an energized
state which must try to collapse. The self-induced
voltage of the decaying inductive energy will attemp#®

to maintain the rectifier plate positive after the
supply starts decreasing in magnitude. Thig mnust be

done against the opposing condenser voltage, so

t-l tzi\ {3 /l
§ 3 % : y
Fig. 50. 4Anclysis of Fig. 49. .

the inductive discharge will be delayed, If the
condenser iz cuite larne (KGPO} the inductive c9rrent
surge can displey only a nomentary effect, hence, the
condenser will tend to retain its ‘'stored potential™®

until the supply source has again reached an equal potential
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in the next cycle so the tube may again conduct to
supply the inductance with its discharged energy. This
type of circuit proves quite §atisfactory as a smoothing
filter for rectifier supplies, provided L and C are
- effectively large while R is kept as small as consistent
with inductance design. This combination results in
rather constant voltage across the condenser, so.if the
load is connected to utilize the capacitor voltage,
it will receive fairly smooth power flow, ‘'hen several
such sections are connected in tanden, t%e final load
voltage will approach a steady d-c vniﬁe.

Bridege Circuits

The bridge circuit is normally considered as a
measuring device so arranged that balance will indicate

the value of an unknown. ‘/hen the bridge is balanced

‘

(Fig. 51) some applied voltage, e has been balanced

a?
out so that no voltage appears across the opposite

bridze diasgonal,

|

|
%y rrfL
— Balance equation :
e
C.
G@es &3 21024 = 23 23

Fige 51ls The fundamental bridge Circuit.
The bridge nay operate from & direct current source if

all of the arms happen to be pure resistors, or it
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nmay operate from an a=c source if the arms include
recctance., The a-c bridge is perhaps nore versatile
in that it may be arranged so that it is insensitive
to the freauency of the applied voltage (single angle
type) or it mey be arrenged to ba;ance at a selected
frequency (opposite angle bridge). The frequency
selective bridge may be arranged to indicate (1) directiopn
of unbalance (2) phase unbalance. ‘hile the balcnced ‘

bridge may be readily employed for measurement purposes,

the unbalaonced bridge finds wide application in industrial

electronics devices., So long as one of the arms can be
made to vary proportionally to the change of the controlled
process medium, the bridge may conveniently serve a8
the couprliag circuit betwegn the primary sensitive
element and the controller. Such devices that change
their resistance or reoctance under temperature, dis-
placenient, or »ressure changes nay satisfy the above
unvbalonce condition.

The wvocuunr tube bridge has received wide attention
in the industricl field both as a metering device and
as a controller, Two tubes are arranged Sso that_their
plate resistocnce replaces two of the hridge arms. One
of @nc tupes has. its grid returned to ground as shown in
Fig. 52 Icr preliminary adjustment, the other grid
is also terorarily grounded and R2 is balanced so the
bridge satzsfies the basic bridge equation., If some
small. voltage, for instance +AE, is then applied to

vhe grid of VI-1 its plate resistance will decrease by a
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proportionate amount., Since no change occurred on VT-2,
the bridge output will be no longer balanced and the

indicator I will show both direction and riagnitude of

(Rl + aRZ)rpz =

(R5 + szlrpl

Eig. 52. -Basic VT Bridge Circuit

unbalance, The vacuun tube bridge may be made very
stable and esgenticlily independent of power supply
voltage variations if degenerative resistors are included
in the cathodc circuit of the tubes, The bridge, of
coursc, has thc advantaze of some amplification duc to
tubc action, Fxtreme changes in ol can be limited by
saturation, and cut-off charactcristigs so that the
indicating device will not bc damaged,

It is iptcresting to noticc that when a common cathode
rcsisto? is inserted at X, Fig. 52, a "push~pull" action
rcsults, When the ot was applied, a docregso was
indicated in platc recsistance of tube VT-1l, This means
an incrcasc in plate current with a corrcsponding
inerecasc in drop. But an incrcased cathode voltage is
the cquivalent of biasing VI-2 negatively, hence, its

platc currcnt will decrecse making the platce resistance
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of VI-2 greater with a somewhat greater potential
active across the indicating device M. llany interesting
vacuun bridge applications may suggest themselves to
the reader.

Fhase Shift Circuits

A variety of applications of this general circuit
are found in industrial electronic devices., The
particular application recuirerents will usually ‘
determine the particular phase-shifting circuit employed,
although there may be several methods of achieving
the same result. The phase-shifting circuit may be
arranged to give a predetermined phase shift, or it may
be adjustable so a particular phase relation may be
chosen at will, Most phase-shifting networks are
arranged to produce definite shift between the output
and input voltages, One of the imporpant applications
is grid control of the thyratron tube,

One of the simplest and most useful phase shifting

bridges for thyratron control is shoom in Fig, 53. A&

R
es eo e | es
: ¢ LJ

(a) Capacitive shifter. (b} Inductive shifter,

Fig. 53. Cormmon types of phase Shifters.
center-tapped low impedance transformer fecds the load

circuit consisting of R and C (Fig, la) or R and L
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(Fig. 1b). The cirecle diagrams for the two load

¢ircuits are shown in Fig. 54. The current flow in the

ESBC

I locus

// : / I locus

hsec

Fig. 54. Current locus as R is variecd.
varigble resistor will produce a proportional voltage
drop. Now; if the voltage is picked off at the junction
point of the resistor-reactance Wi?h referencc to the
mid-tap of the transformer winding, the phase reclation

of this voltage to the sccondary voltage will be as

indicated in Fig. 55.

Fig., 55. .Output voltage vector as R is varied.

It is interesting to note that eg has constant
magnitude as its phase is varied with respect to the
secondary voltage. TFurthermore, the inductive portions
of the circuit always contains some distributed
resistance so complete 180° control is never possible

with this circuit. One other important limitation of
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the circuit should be noted. So long as the circuit

connected to ey draws essentially no current, the phese
control indicated above will hold, but if we begin to
load the circuit output the phase relations will begome
quite different dependinsg on the nature of the load.

The impedance of the network should be kept reasonably

&L

-

srnall at the operating frequency if.loadlng efTects and
voltage changes are to be minimized, Likewise, the
voltage will no longer remain constant in magnitude.
“Then the circuit is epplied to the control grid of a

esistor should be connected in

ct
=
<
H
&)
ct
K
O
=
-
ja]
l_l
=
-y
-
c+
‘...I‘)
o
=
H

series with the zrid in order to riinimize any loading
effects caused by grid current.

‘e have considered the control elerient as a variable
resistor., This is perhaps the simplest method for
manual control. Tiere are times when this method of
control may not prove desiraple, particularly, when
automatic control is desired. The npanually controlled_
resistor might be replaced by an ‘‘electronic™ resistor.
If the circuit is arranged so the plate resistance of a
vaecuum tube replaces the resistor element, manual
control mey be dispensed with and the phase control could
be made to automatically follow ani” control grid
variation impressed_on the tube. hile a tube connected

TS

in this menner (Fig. 56) will be limited in its range

.

of resistance variation, renote and autonatic control

K

may still be achieved, Howvever, the circuit is difficult

to apnly as the control tube circuit introduces high



130.
dwe potentials which must be isolated from the thyratron

Xo=>0 grid circuit by very

1 low reactance, Any

[//, :El sudden control transients
! T

&_control

readily pass through

=
]
impulse L. ) .
J the capacitive circuits
e.-.—. -
causing false responses,
Capacity variation
Fig. 56. ZElectrodnic control may be enployed under

of phase shifter.
limited conditions.,

When operating at the low power frequencies, very large
values of capacity are requireq if the circuit inmpedance
is to be kept reasonably small, Continuously variable
capacitors in large sizes are neither available nor
economically justifisble, However, if the frequency is
quite hish, or if the network impedance can be high (zero
current demand), conventional types of variable air
condensers méy be used.

Inductance variation, on the other hand, is easily
achieved. by employing a saturable reactor. This method
of phase control has proven very desirable. It becomes a
simple natter to electronically control the effective a-c
reactance, anc furthermore, inductance does not readily
respond to sudden control transients which might be active
in the circuit., The separate a-c and d-c circuits of the
saturable recctor allow complete d-c isolation_between the
controlling tubes and the controlled tube grid.

Terhaps the simplest arrangement of the saturable
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reactor circuit is shown in Fig. 57. The circuit shows
reasonably fast response,
the entire inductance range

eg e e being covered in 2 to 4

hundredths of a second.

VN .
A Many other electronic
phase shift circuits may
dec control be used in industrial
voltage '
HJ | electronic devices. Some
¢ 4'h| of these will be discussed
Fig, 57. Electronic Control in later sections,.

of Phase Shifter,
One other increasingly

important method of obtaining phase shift for contro;
purposes is the employment of a selsyn phase shifter,

This requires’ that either two or three phase power be
available, but phase shifts are no longer limited toless than
180 degrees. The construction of the selsyn is similar

to that of the three phase alternator, in a fractional
horsepovier size., However, the action is quite different.
When a three-phase supply is connected to the distributed
three-phase Y -connected stator windings, a rotating
three-phase field is established with 120 degree displace-
ment. he rotor consists of a single winding arranged to
rotate with respect to the stator structure. Fig. 58
shows the three fluxes resulting from the application of

a threemsphase voltage on the stator at a particular
instant during their cycle. The relative angle of the

stator winding is indicated as @. The voltage induced
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in the rotor at any instant is =N E%I where QT is the
vector summation of the three fluxes actively cutting

¢ the rotor winding at
Ve a
\\\Q\ )(, //<<:\\ any particular instant

during the voltage cycle,

The three coil currents

required to establish
the field may be expressed
as:

Fig., 58, Time and space phase’
relations of the selsyn stator,.

Po = ﬂm sin wt

P = P sin (wt+ 120) = ~isin wt;[gicos wt

ﬁo = Q’m sin (wt « 240) -Lsin wt -1% cos wt

By the proper choice of rotor references, the summation
of the rectangular flux components of the resultant field
is effectively

3 .
gp = Eﬁm sin wt

Thus the resultant field is of constant magnitude and
revolving with constant angular velocity.

The flux cutting the coil is proportional to
cos (wt - ©) and the induced voltage to sin (wt - ©) so
the time-phase displacement of the indu?ed rotor voltage
is equal to the angular displacement, 6, of the rotor fron
its zero position. The selsyn mey be connected in several
other copventional ways to afford remote indication of

positione.
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The Differentiating Circuit

The instantaneous voltage drop across the resistor
of an R-C circuit has already been shown to be e, = iR
but also the rate of change of the resistor voltage was
expressed as R %%, or it eould be said that the instantaneous
change in voltage across the resistor is proportional
to the rate of change of circuit current. 3ut the
circuit current is always proportional to the driving
voltage, hence, the rate of change of current must be

proportional to the rate of change of the component drop

¢ ¢

or we could say that e, = K %% y 1., the drop across

the resistor is proportional to the differential of the
active voltage. If the R-C circuit is so connected that
the instantaneous voltage drop across the resistor is
used, the circuit is knovm as a differentiating ecircuit.
It can also be shown that the drop across the inductance
of an L-C circuit, or the secondary voltage of a transformer,
is proportional to rate of change, There is one limita-
tion, we nmust vet impose_on these circuits to male true
differentiating circuits, The duration time of the applied
voltage pulse must be considersbly greater than the circuit
constant. (Fig. 59).

In a previous discussion, it was shown that the
resistive drop of a long RC circuit almost exactly
followel any changes which occurred in the supply voltage.
However, if the tine constant is very nuch snaller than

the pulse duration time, the condenser will have sufficient

time to completely charge during the pulse period, and
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likewisc, it will completely discharge during the
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recovery period.
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Fig., 59, Typical diffcrentiating Networks.

Fig. @0 will illustrate the gnalysis of a short
RC circuit. Referring to Fig. 32, it will be found that
if T = 10 RC the charge or discharge voltage of the
condenser ?ili have reached about 99,9% of its final
value, So, practically speaking, thc condenser will
have reached sta?lc voltage conditions by the end of
the pulsc period, while the resistive drop will héve
dropped to zero., At the end of this pulse period, the
supply voltage suddenly drops to zero, This sudden change

nust appear across R as & negative voltage since e, cannot

c
change instantane?usly.- But considering the supply
impedance as zero, the condenser will discharge through R
during this p?riod which is just long enough to allow e,

to reach zero, Remembcring thut e¢; and ep must be equal at
all times during discharge, the resistivg voltage will also
return to zero at the end of this period. As the supply )

L

repeats its cycle, the charge~discharge cycle will repeats -
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Fig, 61 will further illustrate the action of a
short RC circuit. The same RC combination was used as
before (Fig. 60) but the pulse period has been doubled

(T = 20 RC). C will charge completely before the pulse
100 : i

=

Y

100

100

microssconds_

O 2000 4000 6000 8000 10000
Fig. 60, Charccteristics of short RC Circuit.
is removed so there is & period of time during which
e, remains constant and equal to the applied pulse
nmagnitude, while ep remains at O during this same period.

4

At the end of the pulse tine, ep drops negative to offset



the sudden change in pulse voltage,
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C then discharges

completely through R before the beginning of the next

pulse,

100

H

It will be observed that the smaller the RC product,

100

100

0 4000

Fig, 6l. Very short RC circuit Action.

80
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120¢

0

16000

pseq.

compared to the pulse time, the more nearly the resistor

drop approaches the derivative of the applied voltage
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pulse; or, saying it in another way, the shorter the time
constant, the sharper the pulse across the resistor.

A similar analysis of the other two gencral types
of differcntiating networks will reveal that they react
in essentially the same manner as the RC differentiating
circuit, Several important applications will be found
in industrial electronic circuits., It has been already
indicated that thyratron firing circuits may be controlled
by sharp firing pulses. This type of network is also

often used to initiate timing and counting impulses,

Differentiating circuits may also bec used to discriminate

betwrecn various signal
pulses, allowing different
control actions to be
initiated as thc wave shape

of thec pulsc signal is

varied,
acLT " ’
Analysis of differen-
Fig. 62. Action of a simple tiating netwvorks is easily

Differentiating Circuit
accomplished by oscillo-

scopic traces. The instantaneous voltage nagnitudes can
be rcadily mecasured and calculations can then be made
based upon these measured values. The output voltage of

the differentiator (Fig., 62) is
t

- = RC
81, = E]_E'
L. %
The voltage at the cnd of the half-period (%) is Es;

insert this in the general equation so

T/2
EﬁE:.&'“CL
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and knowing the time of the repetition cycle allows
RC to be readily calculated.

The Integrating Circuit

Just as the drop across one of the elements of the
networks, shown in Fig., 59, approaches the differential

of the applied voltage as the time constant becomes very
snell, so tiie condenser voltage approaches the integral

of the applied voltage as the period of the voltage becomes
very long. This will becone nore apparen@ after a
compgrison of the condenser drops of Figs. 60 and 61 are

made., The nore cormmon integrating circuits are shown in

Fig. 63. The output voltage will become approxinately

—

(0]
90

« R
€= T &g dt
eg 4t L

&l

2o

5097 T AT

Fig. 65. Integrating networlks
proportional to the duration and repetition rate of the
supply pulse as the ti@e constant becomes great compared
to the duration period. Anclysis of the integrator shows
that the exponential r%fe of the capacitor voltage is

- ——

RC

®c = E1 (1~ E ) where 5, = 52-»§_

This is illustrated in the oscillogram of Fig. 64. If the
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integrator is energiZed by some irregular type of pulse

voltage, the action over some time interval is such that

Fig. 64, Integrator Analysis

the integrating circuit "sums up" the energy of the pulsss
and develops an output voltage which averages t@e varying
pulse voltage over the time interval -considered.

Integrating ngtworks find application in industrial
electronic devices. For example, certain types of
primary measuring elements respond to produce voltage
proportional to acceleration (pie?oelectric pickup element).,
If this output is integrated once, a voltage proportional
to velocity is obtained, integration a second time gives
a voltage proportional to displacement, thus allowing
com?lete velocity or displacement studies to be carried
out,

In certain applications, it is desired to operate
a control element sone definite ?ime after the operation
of the primary measuring elenent, One of the several
ways in'which this can be accomplished is outlined in" -
Fig. 65,

A sine wave is applied to the input of a square

wave generator., The square wave output is arranged so it
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is inverted with refemence to the applied signal. The

A Square B C D
wave Integrator > Clipper [
S5i Wave generator

voltage
dave at A
Wave at B = El
T Clipping
Wave at C i T level
Ey B!
o : -
Jave at D \/ :

Fig., 65. Controilcr incorﬁorating a time delay System.
square wave is then applied to an integrating circuit ;
and the integrator output is then fed to a "clipper” tube,
The output of the clipper corresponds to the shaded
portion of the integrated square wave. The delay time
is the time by which the leading edge of the output wave
is delayed with respect to the leading ecdge of the original
sine wave,

The output of the integrator circuit is
%
ec = By (1-€& ®) where E, =

=
ol o
V) [e5

l_l

+

This voltage is then clippecd sot
! 1
- " RC, . =
Ez = El (1-6 ) - EC+ 2
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/ ¢

Oscilloscopic analysis will allow the voltages, E,,

v 4

Ey and Bl to be neasured, and knowing RC, the delay time

4

can be readily calculated, IlNote that if To is decreased,
then the delay is increased; if RC is increased the delay
will be increased; or, @f the clipping level is decreased
the delay will decrease.

sd¢itional applications of integrating as well as

differentiating circuits will suggest themselves.
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GHATPTER III
CONVERSION METHODS

ie electron tube is fundamentally a voltage operated
device. The various tube constructions determine just
how the tube and its associated circuits will respond
to the controlling voltage which is to operatc the
elcctronic device. Table IV, Chapter I, gave an _
indication of the functions of electronic devices, 'ith
but few exceptions these functions are initially
dependent upon some process variablc. Even the exceptions
are likely to include some control arrangement in the
system., Since these ?1ectroﬁic devices must respond to
the process variationm, it is nccessary that some “coupling®
arrangecnent must be egtablished between the process and
the clcetronic device. The primary measuring and
conversion element (Chapter I) must serve this purpose.
Some arrangecment nust be devised which will change the
information about the process deviation into an electrical
signal. Just how this‘signal voltage is made to vary,
or how it is initioted, dopends upon the ingenuity of
the designer, In any event, it must be gencrated and
controlled by the process variable in such a way that
it represents definitc predetermined information. The design
of the actual device uscd to ocouple the process to the
electronic circuit secms almost unlimited, but so long
as the variable of the process can be mcasured, some device
can be built to convert thc measurecd quantity_into a

controlling voltage for the electronic device, No matter
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whether the conversion device opcrates dircctly from the
process variation, or from some incidental part of the
process, the information sent to the electron circuit must
have some predetermined relationship to the process itself,
All conversion methods are based upon the fundamental
physical laws of science, ‘

There may be a temperature or pressurc change, a
displacenent or a time variation, a frequency or flow
variation, but in any event, the conversion elecment nmust
interpret this ipformation for the electronic systcm as
a voltage change. To attempt a complete discussion of all
available conversion elemnents would only represent a
complete review of all the basic physical laws of science
and their ingcenious applications to ecuipment,

Fundamental Variables

One of the immediatc effects of temperature change
is expansion or contraction of an object. Secveral other
important material changes resulting from tempcrature
changes are:

(2) resistance or conductivity change
(b) permeability change

(c) voltage gencration

(d) optical and sound cffects

(c) Piezocleetric effeets

(f) dielectric or capacitive change
(=) chemical change

(h) electronic emission

Pressure changes resulting from a process variation
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may, likewise, cause any of the above variations, or
combinations of several of these changes may result., Dis-
placement changes may result directly from pressure or
temperature changes of the variable or some indirect
part of the process may be utilized to produce changes
proportional to the final product. Many of the effe?ts
are so interrelated to the cause - and, incidentally, to
the final product - that the measuring-conversion element
is arranged to respond to some secondary effect of the
process. This secondary effect may be quité unimportant
to the final product but so long as a conYersion element
may be made to respond in the desired way, it may be
utilized. As a continued study of electronic applications
is made, it becomes increasingly difficult to c%assify
converters under a few simple isolated headings, especially
in view of the variety of control systems common in industry.
A simple on-off control converter may be easily dgsigned
but the process may call for proportional control. 1In
other words, each process has its own peculiar character-
istics and calls for a specially developed system, Too
often, there is a tendency to try to adopt existing
electronic equipment rather than devise equipment with
characteristics to exactly satisfy the process requirements,

The literature 1. affords ample discussion of the
measuring instruments themselves; however, it is desirable
to review the fundaments of conversion methods. The

dio Instruments for Measuring and Controlling Frocess *

??ria?les - Staff - Chemical and Met. Eng., 50-1,5,108.
943) ;
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methods of applicatiof and the choice of auxiliary
nechanisms is limited only by the ingenuity of the
designer., Thus the conversion element may assume a variety
of forms. For example, it could be a piece of resistance
wire so arranged that it changed resistance when the
surrounding temperature changed. If a current was flowing
through this conversion element, a variation in voltage
across the resistor terminals would develop as the
surrounding temperature changes. This changing voltage
could then be applied to the input of the electronic
device, Or the converter could be a thermocouple so
arranged that, as the surrounding temperature changed,
voltage would be generated by the thermocouple in
proportion to the change in temperature. This voltage
could then be applied to the electronic circuit to obtain
exactly the same control as with the resistance variation
of the converter, Other methods of obtaining the‘same
electronic control might be utilized, Ultimately, the
choice of the converter would depend upon the ease of
application to the process and the reproducibility
possible,

Resistive Converters

One of the simpler converters consists of a resistor
element arranged so that its resistance wil; change in some
predetermined manner as the process changes.,

Temperature effects upon various resistance elements
have already been mentioned. Table V gives the physical

constants of some of the more common materials used in



TABLE V-
Resistivity Temperature

Moterial 4 ohms/co Coefficient
aluminum 2.638 00403
ﬁrasa 8 «002
Brenoo 17.8 «0005
Carron 6500 at 0° — 40009
Coprer 1.724 «00393
Gold 2,44 <0034
Grapn’.te 800 at 0° -
Iron 9.8 .0065 (2—100)
Iron Cast 79 — 104 —_
Lead 22,0 0039
Mercury 5,08 at 0° +0047 (0-100)
Plat inum 9.83 at 0° .003
Silver 1.629 at 18° 0038
Steel (soft) 11,8 +004
Steel (hard) 45,6 .0016
Steel (nickel) 30 — 85 «0007
Tin 11.5 .0042
Tungsten 5.5 .0047 (0-100)
Zine 5.75 at 0° .0037

Values related at 20° ¢ level unless

otherwise specified

1
* Compiled by \Wiestinghouse Electric Company

147,



148,
temperature sensitive uniﬁs. The resistance thermometer
is suitable for feasuring temperatures from the lowest
range to the highest. The thermometer element is a
carefully constructed coil of wire usually made of nickel
or platinum, The coil is often wound with very little
wire to have only low resistance., This results in fast_
action as the thermal lag has been reduced to a minimun.,
The cnoice of this rasistance element materiel, however,
will be determined by the temperature range and the
desired response to the process variation. It is a problem
of design ingenuity to couple this thermometer element
to the process. Dut in many instances, the resistonce
element must be remotely located to the electronic
circuit. The long connecting leads may have resistance
of the same order as the temperature element and may
introduce large errors, The circuit and measuring element
must be so arrange¢ and installed that the effects of the
lead resistance is minimized. Perhaps the simplest gircuit

utilizing the therrometer element is shown in Fig. 1l.

= } | 9 T

(6E)=
(AR) (A1)
Llectronid
—— Voltmeter RT

i

Fig. 1. Simple resistance converter connections.

<

a) Busic Cuircuit wodified listhod

Ohm's Law applies directly to the circuit. Any change

in temperature will cause the spccial resistor coil
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Rp to change by an amount 4R which results in a current
change AI, Rl may represent the lumped‘lead resistance
and calibra?ing resistor, Incidenta%ly, the series
resistor Ry, if large compared to Rp, will minimize
any slight non-linear tempe?ature-resistance characteristics
of Rp, but at the sane tine, may introduce relatively
large thermal lags. The circuit may be readily modified
to eliminate lead errors. The resistor is arranged with
four leads as shown in Fig, 1(b)., The two extra leads
which return to the indicating device carry practically
no current, hence, there is no great error introduced
as their resistance varies. The drop across the
tenperature indicating element must be read by a very
high resistance voltmeter if its lead current is to‘be
kept negligible. Since this potential drop is small,
an electronic amplifier-voltmeter is often used as the
temperature indicating meter., The meter scale can be
calibrated to indicate temperaﬁure directly.

A simple bridge circult proves to be especially
adaptable to rernote measuring devices and the effects
of lead va?iations can then be corpensated for simply.and
completely. Fig. 2(a) shows the basic bridge circuit.
One arm‘of the bridge consists of the special temperature
element, and the other three arms are normally of ecual
value but wound of some very low temperature coefficient
naterial, usually‘manganin. The unbalance of the bridge
is indicated by MM, which may be a galvanometer, or an

electronic circuit. The temperature can then be read
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directly by calibrating the scale of M., The basic
circuit o? Fig. 2, will
of course, be affected by
lead temperature variations,

‘ .

thus, introducing lead

errors, oeveral effective

E;R
Fig. 2, Basic temperature to eliminate this error.
indicating bridge. '

circuits may be arranged

Fig. 3 indicates tvwo methods
of modifying the bridge to compensate for lead effects.,
Additional resistance due to the lengthenecd leads will
vary equally in both arme so that their change is

completely cancelled,

Fig. 3. Bridge Compensation of temperature Converter.

In operation, the bridge is first balanced to the
desired reference or ambient temperature by adjusting
Rl so the meter M sives a null indication. As the
tenperature of R changes, the meter will swing in
proportion to tliec bridge unbalance., The scale of M may
be calibrated dir?ctly in temperature change or one of
the resistors, Ry, may bear a temperature scale and be

adjusted to bring the meter M back to the balanced or null
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point for each readingi

In addition to the direct indicating characteristic
of the bridge? it lends itself readily to remote auto-
matic control. The output of the bridge may be applied
to the input of electronic circuits designed to auto-
matically control the process., These automatic control
systenis will later be discussed in detail. )

There are many processes where the bridge may serve,
but occassionally, it cannot be in a fixed or stationary
position. Perhapns it‘must rotate at high speed ﬁ%th the
variable, or possibly, it must move along a track,
However, if some sliding contact or slip ring arrangement
can be devised, th? temperature bridge may still be
satisfactory. Now, not only lead resistance vgriation
must be taken into account and compens?ted for, but ?130
contact resistance variation, sparking, dust effects,
etce If the entire bridge arrangement is mounted in
its traveling position, these effects may be minimized
to a great extent. Usually two of the arms are
arranged to be active with temperature while the other
two are neutral and will be chosen to give balances
at the desired operating temperature., Fig. 4 shows
how this circuit would be connected and arranged.
Any contact resistance variation at the slip rings can
only affect the battery circuit or the measuring circuit.
If these are both high resistance circuits, the variations
will be minimized, Additional resistance is shown in

series with the battery to achieve this effect, while
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the ifidicating device can be electronicclly controlled
by the bridge unbalance voltage so that its loading
effect hecomes nesligible. As the bridge was designed
to balance at the operating temperature, only very small
currents will be flowing in this type of circuit still
further reducinz the effects of contact irregularities.

Another type of temperature sensitive resistor is the
"thermistor™ developed by the Bell Telephone Lzboratories,
It is a hish resistance unit which makes it especially
adaptable to thé high impedance circuits of electronic
devices. The thermistor displays a negative resistance
characteristic as its temperature is increased, displaying
very larse resistunce chonge ui?h variations of the

temperature of inpressed energy. It not only may be used
ShTft

\J

—t
—
——

3

$

.

Fig. 4. ©Slip ring connections to a rotating bridge.
: i ‘
to indicate temperature, either for measurernent, control,
or comparison, but it is often used to neutralize
undesireg tenperature effects of positive coefficient
circuits. The thermistor 1s alzo used where power flow
nust bear a definite relationshin to temperature., The

mass of the thermistor introduces definite lag or time

delay as it is Leated or as it cools. It may thus serve
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in the field of delay relaying.
The thermal conductivity cell is used to measure

not only temperature but pressure, gas content, displace-
ment, humidity, flow and other effects. .1 carefully
chosen wire having a high rat19 of resistance change to
tenperature change is utilized., The wire is usually
rnounted in a glass tube and arranged to operate under
either constant current or constant voltage excitation.
Often a dual arrangenent is used for compgri?on purposes.

Two forns of these cells are shown in Fig, 5, The method

AN e Y L

GAS FLOw =~ —_— -
L —=— wire Gas
= &T Stdu
| Coil ) —
—~—— »1 tension —— —
spring ] Hg é
~1.— — \
" _
a) Simple flow_cell b) Comparison cell

Fig. 5. Thermal conductive Cells,
of coupnling these cells to the process variable depends
upon the cuantity to be measured,

The filament of the cell is energized and develops a
certain definite amount of heat. This heat is conducted
away fron the wire by the material inside the enclosing bulh
Ais the rate of conduction varies, the temperature of the

filament itself varies resulting in a change in the fila-

nent temperature., The resulting resistance change will cause
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a change in the filament gurrent which may be measured
by some convenient method., The comparison cell conveniently
forms two arms of a bridge circuit for neasurenient work
or cornparison measurenents as shown in TFig., 5(b).
Resintive converters are conveniently applied to
processes to utilize process prescure, motion, or dis-

placement effects. The resistance unit is generally

’ .

licht weight, inexpensive, easy to bui;d in uniformity,
simple to apply, and eocsy to calibrate, So long as the
nrocess is of such a nature that some displacement or
motion has the desired relation to the final product,
it may be utilized. If the motion is of such a nature that
the asgociated enerpgy nay be coupled to o shaft, or
otherwise coupled to a variable resistor unit, the
resulting resistance variation can be utilized to convert
the motion to a control voltagze for measurenent or auto=-
natic conbrocl purposes,

The rotury type of potentiometer is often readily

adaptanle to the precess motion. These controls are

2

recdily available cornmercially in ¢ variety of windings.

It must be kept in nind that as the slider travels over the

.

wire ound resistor, the variation is actually a stepped

6]

change. Tails can be overcome by using ccrbon plated

resistor strips. Tois type of construction is limited to
. ?

rother low current applications, and further, their 1if§

i3 sonewhot shorter than the wire wound tyvpe of control.,

I extrenmely high resistance values are involved, the

wire wound unit becones too avkword and resort is made to
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the carhon strip potentiometers. Sorne controls are of
conventional design, arransged so a slider noves through
an arc of abou’ 300° to 5500; others are available which
have continucus windings so the slider nay revolve over the

=

Tull 360° arc, Fig., 6 shows the schematic of several of

-
A

Fig. B. Special 760° Control Resistors.
these continuous types of windings, The winding at (a)
is tapped every 120° around the slider ore. The shaft
is coupled_to tvio insulcted sliders diametrically opposite
each other. This sort of control shalt is ecgily applied

to o rotating process. The tapped winding ray then be

145

renotely connceted to a specicl indicating instrument
actucted by ¢ snall DC  selsyn or synchro., The general

arrangenent of such ¢ systent is shovm in Tig. 7.

Resistor arms field coil /’Xi
coupled to
procesas
SRS

I-m??:-—{ A

. rotor coil 4

s

Fis. 7. Remote Indicating Control System.

This forr: of veriable control ncy be tapped every
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90° around the slider path as shovm in Fig. 5(b). This
sort of control may function as ? bridge whose unbalance
depends upon the slider position, or if the windings are
properly distributed or tapered in terms of the slider
rotation, special displacement~voltage characteristics
can be obtained from the direct current bridge connection.,
Special types of resistors are arranged $o that as a moving
arm is rotated over the sur?ace of a resistance card,
the variation is sinusoidal, This sinusoidal resistance
variation may then bg used to set up a sinusoidal iR
change with rotation. Because of the relatively simple '
constructibn of thes? resistance elenents specially tapped,
or specially tapered, potentiometers can be obtained at
moderate cost,

Since these control potentiometers are normally
designed to carry relatively small currents, they are
limited in their applications. If very large currents
must be controlled by the process, either some primary
and secondary control arrangement must be devised or
perhaps the process may be directly coupled to a carbon-
pile. ‘’hile the carbon-pile rheostat is not the most
uniforn smooth sort of control, it will carry great
cmounts of ?urrent with reasonab}e dependancy. The
carbon~pile, as the name implies, is made of a stack of
carbon vashers, As the pressure on this pile is wvaried
the contact resistance changes between carbon slugs, hence,

the tota; resistance depends upon the pressure applied to

the pile. "hile the total variation of the high current
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pile is limited, it may b? arranged to obtain the
desired control, However, there is some backlash in
these controls as the original condition is not r?stored
when the pressure change is removed, Furthermore, carbon
has a negative temperature coefficient so the pile
resistance does not depend upon pressure alone, Humidity ,
and internal power dissipation also result in errors; hence,
this form of control does not lend itself too well to
automatic control systems where reproducibility and
regulation are paranount.

an interesting application of the carbon pile
principle is found in the common telephone transmitter
button, 'hen only quelitative sound or pressure measure-
ments are required, this carbon button may prove
satisfactory. It must be born in mind, however, that
the button will not respond uniformly if the pressure
Variation‘becomes too rapid or too slow (poor frequency
response).

There are times when the carbon pile principle may
be utilized to measure displacernient or deformation., If
an insulated surface is coated with a film of finely
divided carbon particles in close contact, and then
subjected to deforming stresses, the resistance will
change. Usually the carbon particles are suspended in
some sort of binding or glue base which will adhere
and cemnent the carbon to the insulating surface. If the
carbon‘coating is to be applied to an object of insulating

nature, it may be painted directly on the surfaces to
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be analyzed; or if the object is a conductor, the
carbon film may first be cprecd on insulating_paper and
the unit then cemented to the objects surface. This
form of ‘iresistor” can be conventiently applied “on the
job'", and can be made to have most any rgsistance desired
by controlling the amount of carbon used. This is
convenient for electronic circuit applications. The
resistance of the carbon patch Varies in’proportion to any
longitudinal or transverse strain, hence, the unit may
prove quite effective for testing structural disturbances,
The carbon patch may be utilized in any of the previous
cirocuits to function as a variable resistor although it
is commonly applied to the bridge circuit utilizing
electronic indication.

Another interesting application of the resistance
bridge is the Silverstat. The balance is disturbed
as the control shaft rotates, and sections of the tapped

resistor are short-circuited as shown in Fig. 8. As the

]

R i
» C—] To T
1 | control
e I circuit Rg ‘lr
]
T _

Fig, 8, The Silverstat Bridge.

shaft rototes it moves the arm to successively short the

silver contacts at the ends of the spring leaves of the
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swvitech, As the springs are shorted, the resistance is
successively varied in steps to give thg unbalanced control
voltage required in the control circuit. The bridge can
often be arranged to carry sufficient current to directly
operate the cgntrol circuit without requiring additional
amplification.

It has alrecdy been indicated in Chapter II that the
resistance of wire can be made to vary with its-dimﬂnsional
changes to give a good stroin indicating device. Practice
indicates that while changes in registance due to strain
can be approximated by calculation, actual calibration
of the wire must be made before great reliability and
accuracy result. These resistance converter units are
normally made by cementipg a grid of selected alloy wire
to a poper backing strip.

The construction of several gages are shown in

Fig. 9. The single gage is usually applied to give stress
A =

B

| | |/
T e T2
D E : L[\Jlb | %e%gth l 7
i ‘ ~.5?§’
A Ao Pvia W

a) Single gage b) Rousette gages

Figs 9., Typical Strcin Gage Construction.
or strain indications in a single direction while the
rousette gage is applied when the direction and magnitude

of the relative strains in each direction are not known.
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TABLE VI. STRAIN GAGE DIMENSIONS

Effective Overall
Type Gage Length Resistance Dimensions Application
A1 3/16" 120 Ing1ing] /16"
A5 1/2n 120 ingldinx1 /18" Accurate over
_ wlde temperature
b= 1/am 120 dnx1liy] /16 Range
A-8 1/8m 120 $rx13x1 /16"
c-1 11/16" 500 2rx11x1 /16"
Dynamic strain
35 1/2" 350 Inx1%7x1/16"  measurements.
R-1 (3 type A-1 13"x13"'x1/16" Two dimensional
at 45°) stress analysis

(For detailed description of many intermediate gage types, see
reference 2 belaw)

The entire unit is considerably smaller than a postage
stamp (see table VI) and can be readily applied to almost
any size or shaped object under study or in some cases
the gege nay be asseribled as an integral'part of the
object., Several types of strain gages are available
commercially for various types of tests. One type is
designed for static strain neasuremncnts over a reasonably
wide temperature range; another type for dynamic strain
measurements; the rousette type for two dimensional
stress analysis; and_special types are available to neet
unusual requirements.

The strain gage element is usually wound either with

a copper-nickel alloy resistance wire or with wire known
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as Iso~elastic. The latter has a greater sensitivity, buF
has a much higher temperature-resistapce sensitivity also,
which at times limits its application.

The strain sensitivity is defined as the ratio of
unit resistonce change to unit strain change, and its
unit is ohms per ohm divided by inches per inch., Tor the
copper—pickel wire - in straight lengths - this figure is
about 2,15 while for the iso-elastic wire, it is ab?ut
3.6, 'Then formed into grids for commercial service, these
nurtbers become progressively smaller with decrease in
gage length. The gage mey be connected in either an a-c
or d-c bridgg arranged to measure its resistance change
under strcin. By the definition of the sensitivity

factor

RxXALx F
AR = L

Suppose a particular gage had a resistance o? 119.5 ohms
and a sensitivity factor of 2 (see type A-l). The
maximum wattage whi?h this gage will handle is one-tenth
watt. Under strain, the change in resistance was
measured and found to be 0,3 ohms per mil, If a current
of 2? milliamps was flowing in the gage during measure-
ment, the voltage change is only 8.4 millivolts per mil
displacement., Such a small voltage change calls for
electronic amplification, If Fhe strain is static in
nature or very slowly changing, the elecpronic amplifier
must be designed to pass and amplify d-c. “'hile, if the
strain varigs rapidly and continuously, and a-c amplifier

may be used.
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Goges are seldom used singly. Often many gages will
be distributed about the maﬁeriai to be analyzed and
arrangement can be made to switch the measuring instrument
from one gage to another. One terminal of each gage
con be conected to a common ground buss on the instrument.
The other connection must be switched as information is
desired,

The common bridge circuit used with the gage
normally uses twp goges, one connected as a dummy as
indicated in Fig. 10, This dummy is usually a duplicate

of the active gage, which

Active is mounted on a piece of
guge

similar material to be

tested (but not stressed).
Thus, temperature effects

/

Fig. 10, Simple Stiain Gage leaving an indication of
Bridge.

are effectively cancelled

only strains due to loads,

Capacitive Converters

The capacitive converter is fundamentally a very
simple device but proves to be very versatile in applica-
tion, ‘It may be arranged to convert displacement, or
motion, or tempercture change ihto_an electrical quantity
proportional to the process change, Conacity change can be
affected by a change in any of the physical dimensions of

L

the converter, or by a change in the dielectric, since

- kA
dnt
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It Eecomés a matter of ingenuity of design to arrange
the condénser so that the process may change the spacing
(t), the area (A) or the dielectric (k), or any
combinati?n of ﬁhese‘three cuantities. The capacity
variation, of ooﬁrse, must occur in some known way and
have the desirgd proportional change with respect to the
process change. Capacity converters can be built so
they are independent of‘temperature (zero temperature
coefficignt) varictions, although the design becomes quite
criticel, The capacity of any of the usual converters
is oquite sma}l -~ often in the order of a few micro -
micro farads. There are several circuits available which
can utilize this change and evaluate it, DBridge circuits -
and electronic amplifiers may be used or frequency control-
led oscillators nmay be employed with the lower capacity
convefters.

Some converters may be set up by simply arranging
a mechaniQal coupling device to a standard variable
condenser. These are available commercially which have
straight-line capacity characteristics,_or so-called
straight-line frequency characteristics. It is best to
'choose a condenser which varies with a dgsired relationship
to the particular changes of the Process:

The book ty?e condenser, Fig. ll(a)g can be arranged
to follow linear, the inverse square law, or other
variations as desired: A reciprocal law condenser may
be arranged as in Fig. 11(b),

If the plates are arranged to move along their own
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aris parallel to o fixed plate,; the capacity variation

may be made linear by Fig. 12(a). The capacity could

. lMovable
3 plate
>
- A
plate -
Fixed
Fixed plate plate
a) Book type cmpacitor b) kiodified book type

Fig. 11, Simple types of Condensers.
be varied in the same manner by utilizing a similar move-
ment of a dielectric strip in the field of the fixed
plates, (Fig. 12(a). Fig. 12(b) shows an arrangement

such that the capacity varies in proportion to the square

fixed
fixed plate plate
// b @
movable
plate
Fa
a) AacXad b) AC xad? ¢) ACxsinA

rig. 12, Seveyal types of Capacitive Converters.
ol the displacement, while Fig. 12(c) will produce capacity
variction prpportional to the sine or cosine of the
displacement.
Many other forms of capacitors can be readily deviseq
which may prove entirely ?atisfactory for the application,
In any applicat®ion design, it should be kept in mind that;

first; as much capacity variation as possible is desired;
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and second, the capacity of the converter should be as
large as possible so that distributed effects and conditions
will intrqduce minimum disturbance in the measuring
eQuipment. These conditioqs are necessary if reproducable
results are to be obtained. )

The capacity of most any conv?rter, however, is
limited to relatively small values, hence, grect care
must be exercised to shield the equipment from extraneous
effects. TFurthermore, a low capacity device presents
very high impedance, even at reasonably high frequencies,
and culls for careful attention when installing. The
leads themselves may have more distributed capacity
than the pickup device. If the operating cycle of the
device is foirly uniform a series inductor may be
connected at the pickup and the combination made resonant
at the operating frequency. This arrangement presents
a low impedance to the connecting system and thus
mininizes externul effects. So long as the‘frequency
variation of the opercting cycle is }imited, linear change
can be affected in the pickup device,

Temperature change can be readily measured if the
condenser plaotes cre arranged to move as the process
temperature vdries. The plates should be made of thermostat-
ic metals and arranged so they are free to move as the
temperature changes. The condenser may be arranged to
have any convenient physical forﬁ. In order to accentuate
the plate displocement, it is often convenient to use

bimetclic plates. Bimetalic moterial is composed of
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‘laminated layers of metals having very different
expansion coefficients. I/hen cooled or heated the
bimetal sheet will bend or warp due to the unequal
expansion of the surfaces. The sheet tends to bend
following a spherical surface whose radius of curvature

is approximately

whére t'= thickness
k = constant of the metals
T = temperature change

If the bimetal is arranged in the form of a beam
(Fig. 13), the approximcte deflection per degree F change

support

,/////////
/ 7
7 /
S

can be calculated

L

.

Fige. 13. Bimetallic Beam.

R =8 -6 2
d - 64310 L
i T inches/degree F

where the dimensions of Fig. 12 applye.

The change in capacity between two such beams can
then be determined as a function of the temperature
change, The longer and thinngr the beam the greater

the change which would result, It may not always be
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convenicent to install a long converter of this type, but the
same action could be obtained by coiling the bimetal
strip in thélform of a spring and allow it to move

relative to a fixed plate as ghown in Fig, 14,

////// fixed plate ‘////’/

o= 0.0008L degrees
1 t degrees F.

anchored to solid support

t . Bimatallic strip

I'ig. 14, Modified Beam Capacitor.
Other arrangements will_suggest themselves as the
application is analyzed,

Occasiona}ly sound effects (pressure effects) have
to be measured, This may conveniently be done by
utilizing o condenser microphone., A very thin stretched
diaphram is arranged to vipratg relative to a fixed

back plate as shown in Fig. 15. As the dlaphram vibrates

~

———
@./pressure wave the Spacing betv‘(een the
back plate and the

\\ . . \\\\
NN ““‘3\-¢J8tﬁﬂmhed diaphram changes with a
S — y diuphram
resulting change in capacit
;E;j{)f/jfzﬁzf/’/ ' Solid back > e
] ] - plate. which is then applied to
Fige 15, Cross-section of a some electronic measuring

simple condenser microphone
device where frequency,

amplitude, or phase variation may be measured, A modified

form of condenser microphone is the Electret. Two parallel
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plates are arranged to have a thin layer of wax between
them, During the construction, a high voltage is applied
to the plates while the wax is molten and gllowed to
remain until the wax has completely cooled, This gives
a capacitor which has the characteristics of a condenser
charged continuously through a hig? impedance, As the
plates are subjected to some force, a voltage appears
at the terminals which is proportional to the bending or
distortion,

Flow and lecvel varlations may be convgniently
neasured by the capacitive type of pickup. Two electrode
plates immersed in an insulating liquid form a'capacitor.

As the dielectric of the condenser varies (Fig. 16), the

T:::::::;:‘hhxy capacity of the pickup will

$ - ) vary. The capacity change
0= can then be utilized to
e ’ control the electronic device,
il Many licuids display high
Fig. 16. Capacity variation  dielectric constants at

due to dielectric change.
normal temperatures and some

have negative temperature characteristies., Often chemical
processes can be arranged to produce capacitive changes as
required for control. Concentrations are easily read
due to dielectric variations and continuous flow
neasurerients may be easily established.

The dielectric moisture neter is an interesting
application., The sample, whose moisture content is to be

neasured, is inserted between two electrode plates, Since
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the dielectric constant of water is abogt 8 times that
of most common non-conducting materials, the moisture
content of the sample will have a marked effecl upon
the cupa?ity of the measuring element! This change in
capacity, due to the moisture content, may then be |
utilized in a phase shift or LC oscillator. circuit
and desired mecsurements can be made. The‘measuring
plates remain fixed during any measurement, so thoir
capacity alone can be readily measured and corrections
allowede

Inductive Converters

Inductive converters are arranged so that some
physical change of the process will produce a knovm change
in the inductive pickup. The pickup changes result from
relative change in a magnetic field and ean represent
either inductive change or voltage change. Certain ?f
theg? converters generate a voltage due to vibration,
etc., and will be considered in a liter section.

The principle of the inductive comverter depends
5 .
= 0,4 N

A henries.
1071

upon the inductance equation for L

It is quite practical to control the inductgnce by ‘
changing the permeance of the.magnetic path. Hche, if
some part of the process can alter either 1 OT 4 , the
inductance change will be related to the process change.
To make the problem more generall consider that any
change in the magpetic field will produce the desired

inductance change,
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Perhaps the simplest inductive con?erter is shown
in Fig. 1?. Vhen the M:eeper" is moved, a variation in
the ailr gap will cause a proportional change in the
magnetic field which disturbs the normal inductance, This

form of variable inductor

CV/-{_/’/////_/_{A may be connected in an
N S
4t initially balanced bridge
£ D

of either the single or

double angle type. As the
keeper® is displac?d from
Fige 17. Simple form of its normel position, the

Inductive Converter ’

bridge will be unbalanced.

The unbalance voltage is quite small and is normally
amplified electronically. The movement of the "keeper"
may be amplified somevhat by proper lever action,

It ?nly direct variation in inductance is to be
utilized, the core of the magnet must be excited by some
externally applied energy. The core may be energized by
using either a permanent magnet or by exciting the core

with d-¢ or a-c¢. Fig. 18(a) indicates a method utilizing

periodic displacsnent

= {

'y T v.T. ] < T v.r.
P s h‘""? . b
// . - Amp. 4""‘"—-—-, < - Lfmp.
s { 1 L 'I ‘

| e ®LC or AC,

a) Fermanent magnet excitatiom. b) Seperate excitation.

Fig, 18, Forms of Electromagnetic Converters,
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the permanent magnet, while Figi ;B(b) utilizes an a-¢
or a d«c field separately excited.

The magnetic variation caused by the process may be
either slowly varying or rapidly verying. Care must be
exercised to insure that the mass of the "keepers" is not
set in motion_so nechanical resonance develops in the
moving system.

The application of these converters depends upon
the ingenuity of the designer. The "keeper" may be
acuated either through some connection to the process
or it may be an actual part of the process itself,

Temperatgre variactions can be readily converted
by the device. Suppose the "keeper' was made of a bi-
metalic‘magnetic strip. As the surrounding temperature
changes, the "keeper" deforms and Produces a change in the
flux path, Caore must be exercised, however, as not only
the ”keepe?" will be deformed but as the core and winding
are heated, they also chonge. The resistance of the ’
copper coil depends upon its temperature. Furthermore,
the coildwill tend to expand as its tempercture increases.
. Likewise, t@e magn?tic core has a fairly high expansion
coefficient, hence, the reluctance of the path changes
as the temperature, These difficulties can be offset by
using a balance coil of the same dimensions and operated
at the same temperature as a second arm of a ?ridge.

The dummy would have o fixed "keeper” however, and the
cirsult can then be balanced for any initial reference.

The magnetic variction caused by a diaphram movement
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is easily adaptoble to inductive cohverters. If the
"keeper" is replaced by a magnetic diaphram, pressure or
sound variations will cause the diaphram to move. This
movemen# in turn produces some change in the measuring
circuit, This sort of converter has been extensively
aprlied to the analysis and study of combustion gngine
operation, and to pressure distribution anclysis,

One type of device used for 9ombgstion pressure
measurements is shown in Fig, 19, As the pressure wave

To measuring .
instrument or hits the diaphram, it is

controller
Fermanent c moved, This alters the

magnet
core

air gap with a resulting

change in the reluctance

4ir gap of the flux path. Other

Diaphram —
| T[ types of pressure con-
Prcssure wave., verters are arranged so
Fige 19. Inductive converter they form arms of a

for pressure analysis, ’
bridge circuit, However,

the particular application will finally determine the
type of converter most adaptable to the process.

An advantage of the inductive converter 1s that it
normally has a rather low impedance, This results in
simplified installations as long as connecting leads ]
do not disturd thg converter response characteristics,
On the other hand, the inductive pickup is very
susceptible to extraneous magnetic field errors and
ccre must be exercised in placing the converter in a
negnetically neutral position, or it nust be adequately

rnielded against external fields,
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Certain pickups may be arranged :io the magnetic
core moves with the process rather than the "kgepe?"._

An inertic pickup of this type is shown in Fig, 20.

The outer magnetic

Diaphram | housing is bolted to the
moving process., As it
Indzgfincéﬂ_ moves about, inertia
Suspended effects tend to move the
e coil and core arrangement
_ . which is suspended by the
Fige 20« An inertia pickup. diaphram., Movement of

the inner construction alters the magnetic flux path
and results in an inductance change.. This system has
rather high inertia effects duec to its large mass and
care must be exercised in its application so that it does
not vibrate aﬁ its natural resonant frequency. This type
of pickup gives a variation which is proportional to
acceleration, ?o if velocity or displccement studies
are to be made, it must be followed by integrating
circuits.

Any of the pickup elements described may be readily
converted from acceleration to velocity response if
the moving element is rigidly coupled to the process
so the change depends only upon the rate of change of
the process. In practice, the acceleration pickup
is arranged‘so the driving energy acts directly on
tha housing, wiile the velocity pickup applies the driving

ensrgy sc rosion is independent of the housing. Any
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velocity pickup may be converted to a Qisplacemegt
unit by integrating its output voltage. However, the
inductive pickup can be made to have a linear displacement
characteristic if the nagnetic field is_excited from
an a-c source. The device shown in Fig. 18(b) will give
a response proportional to the velocity of the keeper if
the field is exzcited from a d-c source, or its response
can be altered to yield a digplaoement voltage if the
excitation is changed to a-c. The action under a-c
excitation is equivalent Lo a variable ratio transforner
arranged so the ratio changes in a pre-arranged nanner.

It nmust be kept in nind that the displacement controls
the o?tput response. As long as the displacement is very
small, the output tends fteoward linearity with respect to
the displacement, but as soon as the displacement becomes
large, some different law will apply. If the arrangement
simply varies the inductance, large displacenent of the
keeper tends to produce o regiprocal relation between
displacement and the process.

Another forn of this type of nickup may be arranged
to respond to variations in non-niagnetic conditions.

The magnetic conditions of an a-c¢ field nay be appreciably
altered if some non-maginctic metal is introduced due

to the eddy current losses., An interesting application

of this principle is used in the thickngss gage. The
pickup device is arranged as in Fig. 21. Two ecual coils
are vound on the outside core pieces and connected in

opposition, The core is excited from an c-c supply whose
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frequency is cgnsiderably higher than the variations
of the procegsi If the process to be measured is
hon-magnetic, the higher frequency produces a greater
eddy currcnt loss (remember ?he loss is proportional to
the square of the frequency). The balance gap is
initially adjusted so that ae is zero with the desired
sample in plcce. As‘some deviation is now enc?untered
in the neasuring gap, due to process variation, the
eddy current loss unbalances the two magnetic paths and

a diffecrence in voltage ae results. This can then be

fed to some indicctor or an electronic controller.

Zxcitution
Balance gap --y ¢ A.C. ¢  —lieasuring gap
9 -~ 11—
< 4»--..__.,p ‘-___,:
‘,..--"" -
0 A€ e
Fig. 21, Magnetic circuit of a thickness
Gage.

Voltaze Converters

This type of converter is coupled to the process
in such a manner that the process variation will genetrate
a corresponding voltoge. This voltage is normally quite
small and requires ampl;fication before measuring or
control can be achieved, Continuously changing conditions
are rcquired by this type of converter so it wou}d
only be appliecd %o dynamic or motional processes,

Lenz's law 1s_applied successfully to several types

of ecorverfter units, If a coil is arranged in a mognetic
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ficld, rclative motign will generate a voltasge
proportional to -N%%. The moving coil converter is one
of the simplcst applicapions of this principle. The coil
can be incrtia opcrated, or it may be directly coupled
to the process., The unit consists of a light weight
coil suspcnded in a strong unidirectional ficld. Some
sort of returninz spring mechanism or spider is arranged

to allow freedom to the coil motion, as showmn in Fig. 22.

Moving coil fgmanent
in air g“mgnet This type of converter is
gap .
I v especially adaptable to
/ = A L . g '
4 7 vibration studies. The
Soft iron -+ /
pole _ moving coil under these
piece / \“M-—c;—/_ : 1"
P4 conditions would vibrate
V4

i rings . .
SUSpension Spring violently and give false

Fi~, 28.. A ovins coil readings. Howe}er, if this
Converter

coil is wound on somne

lightweight non-magnetic
metalic form, such as aluminum, the eddy currents induced
in the coil form will damp the movement and the response
voltage will be generated., The pickup is rigidly mounted
on the moving object and any sudden motion or vibration
will then move the coil relative to its field due to the
inertia effect of the coil mass. Hence, the generated
voltage will be proportional to the acccleration of the -
vibration which in turn is proportional to the displacemenp
times the square of the frcquency of the generated voltage.

Another form of voltage generating converter depends

upon the piezoelectric effect, i/hen a natural quartz or

a Rochell salts crystal is strained, a dielectrio
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polarization occurs, with the result that changes appear
at the surfaces, If some electrode is in contact with
two opposite crystal surfaces, the charge appearing at
the electrodes gives a potential difference which is
related to the distorting force on the crystal. The
generated potential must be amplified and converted to
a corresponding nower pulse before it can be utilized

for measuring or control purposes, Fig. 23 shows a piece

P;gf,g_lﬁzl of cut crystal mounted between
zgi; \ two electrodes. '/hen pressure
¢ pada 455 is applied as indicated, the

X

. : - 1 +©
—— direct piezoelectric effect

elsctrodes

produces polarization in the

2 Bxis A Szls crystal structure inducing

Fig, 23, A piezoelectric
generator ecual and opposite charges

on the crystal faces at the electrodes, Jis the pressure
varies, the difference in charge varies directly. The
Rochelle salt crystal also displays large variations in
its dielectric coastants as its tenperature is changed,
A special form of capacitor may be built up using the
crystal as the condenser dielectric, This special crystal
condenser nay then best be utilized to control the
oscillating frequency of an electronic generator. Care
rnust be used to see that the Rochelle crystal is not sub-
Jected to temperatures exceeding 125OF.

The crystal generator is an extremely hish impedance
device and the same installation precautions nust be

observed as with the capacitive pickups. The voltage
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output is quite low under normal conditions but the smaller
the area and the greater the thickness of the crystal,
the higher the voltage output. The natural resonant
frequency of these units is quite high and, for normal
applications, the crystal is forced at a relatively
low frequency,

The common crystal microphonc unit operates on this
principle, and may have a frequency response of fron about
one cycle per sccond to well above ten thousand cycles
per second., However, the output is normally several
DB higher at the higher frequencies and, hence, care must
be exercised in the application that false readings are
not obtained, The crystal is cut from a Rochelle salt
formation which displays the greatest piezoclectric effect
known, However, these crystal units can be permancntly
damaged by tempcecratures above 1250F. The method of
mounting the crystal will determine its voltage relation
to the process. It may be arranged as an inertia pickup
by proper mounting (geophone) or the crystal may be
direcctly propclled by the process giving veloeity
characteristics,

An intcresting application of the piezoelectric
effect is the smoothness gagefl A lever arm is arranged
to move over thc test surface. The arm in turn is arranged
to activate a crystal converter., As the arm is moved

over the surface, any irregularity or roughness is

An instrument for measuring surfaée roughness.
Elecctronics, November 1942, pg 70,
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tronsferred through the arm to apply pressurc on the
crystal. It in turn induces a chargc voltage between
its clcetrodes which is fed to a high gein amplifier to
record the variations in the surfacc.

Chemical processes mcy sometimes be arranged so that if
electrodes are immerscd at several points in the process,
potential differences will exist between them., By proper
choice of the clectrodc materials, the induced voltage ‘
nay be uti%ized to indicate variations in concentrations,
impuritics, and other undosirable conditions in the
process,

Liquid flow through o pipe may also be arranged to
induce 2 voltage. If an insulated sc?tion of metal pipe
is mounted in a strong mcg.ctie field, liquid flowing
in the pipe will generate a potential normal to the
field and the dircction of flow, Carc must be excreised
thot the liquid does not reccet with the clectrode
surface if dependable results arc to be obtained,

Heat can be readily converted to o proportional
elecctrical voltcoge by employing the thermocouple as a
converter unit. Its output can then bo.readily amplified
for instrumentation or control purposecs,.

The thermocounle is mode of two dissimilar mctal
wires bonded together at a common junction. The greater
the separction of the wirce matericl in the electrochemiccal
series the g?oater the voltage produced per degree
temperature, The wire filament should bec very small

if small thermal lags and high sensitivity are obtained.
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It is nccessary that the tliicrmocouple material be unaffected
by its surrounding atmospherc if relicble readings a?e to be
obtained., This results in several alloys becing used,
the choice depending upon whether the surrounding '
atmosphere is aeidic or alkaline, In some instances,
it is necessary to enclosc tre thermocouple in a glass
bulb if oxidation is to be prev?nted . then high
temperatures arc to be measurecd, the wire must be quite
heavy even though the scnsitivity is rchOed somewhat,
The lower the temperature to bc measured, the smaller the
wire must be. Thc thermocouple clways disp}nys sonec lag but
will be reduccd as the wirc size is reduccd, Si?co
the thermocouple is scnsitive to heat radia?ions, it has
been applied in spectral analysis equipment, celestial
observations and other light radiction mecsurcements. The
radiction thermocouple junction is formed of extremely
thin ribbons and the junction tcmperature is effcetive
in producing corresponding circuit changes. The con-
struction yields a low impedancc deviee and, hence, it
may be directly connceted to o galvanomcter of matehing
impedance when instrument:tion is desired, or it may
directly trigger thyrctrons at predctcermined temperatures.
The thyrctrons may then orcrcte corrective or control device:

Anot?sr device for measuring radiant cnergy is the
bolometer3 and the thernmal conductivity ccll, previously
mentioned., The bolomcter tube is arronged so the
sensitive wire is madevof two different pieccs of matericl

joined ot their center, This, in effect, forms a
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thermocouple junction. A constant current flows to
heat the junction ond any radiant cnergy or any change
in the conducting medium causes a superimposed vo%tage to
appear in ?he bridge circuit. The bolometcr tube, shown

in Fig. 24, may respond to pressure or vacuum changes in

To pressure or the systcn to which it
vacuum ! .
Sysjii——_’//,f”“‘“'*_——" is connected, or it may
/.——
: respond to radiant ener
Ve
_____—hﬁﬂ\h‘___;—*___ ) focuscd upon one arm
/, |

Thosticeouple bridee of its resistive bridge
by noting the current
Fig, 24, Typical Bolomcter required to re-establish
Construction, ’
balonce,

Occasionally quartz crystals may be used as
temperaturc converter units. The cuartz crystal will
control thg oscillation frequency of an electron tube
oscillator, Certain cuts of the crystal will accentuate
the frequency-temperature characteristic and if som?
nethod of mecsuring the frequency drift is arranged, small
tempcrature chan@es may be accurately necasurcd for
control purposcs.

The photoelectric ccll has received widc application
as a voltage conversion unit, They arc s?lcctive detcectors
of radiant encrgy and may be of two typcs, the photo-
omisgive cell and the photo voltaic, or sclf-gencrating
types Thec photocmission tubec is a high impedance device

while the self-gecnerating cell has rother low impedance

but still much higher than the thermocouple. The
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photoelectric converter is onc of the most versatile and
usceful converters, It is usually rather a simplec matter
of coupling the cell to the process by using a light
beom, Photo tubes are mode in single and doublc anode
types and are also combincd with the elcctron rmultiplier
tubec to give extremely high output with very small
chonge in the impinging light. It is often possible to
enploy an optical lever system to give highly amplified
light changes to the ecll, This nay prove morec oonvenien?
than adding cquivolent amplification after the photo cell,
This is particularly truc when very slow changes occur
in the systcm as it oftcn proves simplcr and more reliable
to cmploy an optical amplificr rather ?han 2 high gain
d-c¢ amplificr following the photo cell, An interesting-
light lever hos been developed by General Electric Co.l'
Fig., 25 shows the general opcration of this metering

systeme " The systems mey be applied to a bridge circuit

I/E ; 'Nc. 2 Fhotocell plate

T /

11rror on recording element
v::—-‘

;—t________“__-

rg ) :72321:)Galvanometer mirror
R @:ﬁ(}/

Ho. 1 rhotocell plate Light source and lens system

Fige. 25, Thoto Cell light becam lever balancing
arrangenent.

(cither a-c or d-c). The gulvunomoter mirror 1s c used

’

l. Genercl Electric’Review, 38:189, April 1956 40 228,
May 1937; 46:623, Novcember 1945, 36:271, June 1933,

Transactions AIEE March 1932, p. 226.
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to move by the "detector’ currcnt in the bridge circuit.
As the bridge is brought into balance, the light beam
will divide equally and influence both photocells
equally., The ccll output workg an clectronic amplifier
which drives a recording moter,

Simpler applications of the photo cell include all
on-off control systems, '/henever the light beam is
interrupted, the photocell is arranged to operate a
vacuum tube relay system. This class of ecuipment would
include such dcvices as automatic door openers, burglar
alarms, counting, inspecction, sorting opecrations, and
safety devices for industrial machines. Either visible,
ultraviolet, or infrarcecd light may be utilized in the
application,

Timec delays may be simply incorporated in photo
electric control devices, Fig. 26. The choice of R and

C will determine the

amount of delay intro-

duced in the relaying

systems, The photocell,

being of a high impedance

nature, cannot operate

s +* the relay directly.
Fig. £6. 4 Fhoto-electric The direct coupJ.Cd
Relay with Time Delay.
anmplifier tube is there-
fore connected so the photo tubc faces the very high
impedance of the grid circuit. The tube then functions

as a converteor, giving a corrcspondingly large current
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change in the plate circuit as the light infensity is
varied on the cell plates

Many applications of the photo electric converter
are of such a nature that the tube cannot be conveniently
located in a darkened room and random @llumination could
conpletely impair consistent operation. This may sometimes
be prevented by using selective light filters and an
ultra-violet or an infrarred light source. If visible
illumin: tion is employed, a sharply focused lens system
will prevent random illunination from affecting the
system. This systen may be still further improved by using
"in line” pin-hold irises to prevent any randon light
from reaching the lens system. ‘

The double anode tube or two individual tubes may
be employed at times in a balanced bridge arrangement
to correct for random illumination. One plate is sub-
jected to only the random room illunination while the
second plate will receive not only random light but also
the process illumination, After initial balancing under
roort illumination only, any change in the process
illunination will cause a corresponding unbalance in
the bridge which is then amplified by the system.

Photocells respond as well to heat and color
radiations as to light radiations and are utilized in
many processes where these quantities are to be measured.
Usually special filters and comparison or bridge circuits

are utilized in these applicatiohs,
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Special Converters

There are many process variables which may not be
conveniently coupled to the previously described converter
devices, Occasionally the process variation must be
passed through several stages before the final
electrical conversion can be achieved., It would become
almost impossible to consider individually the great
variety of special converters, some finding wide
application, others only an occasional use,

Occasionally converters or even complete control
systems may have wide enough application to processes to
warrant mass production of the deyice for industrial
consumption., IMore often, however, control systems are so
highly specialized that only one or at best a limited
number of‘the devices will be built and applied to
processes. This type of application of process control
is quite costly to the consumer and its worth nmust be
justified in extended savings in the complete process.

Industry is however finding that the various
applications of control are economically justified to the
extent that many companies retain research departments
in this field. The men employed in this type of -
development work are continuously faced with néw problems
which tax their ingenuity to the fullest extent. An
unusual amount of ability is required if satisfactory
equipment is to be designed to adequately meet the @emands

of increased production rates and improved accuracy.
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A search of the literature will feveal many
interesting applications of the pr%nciples outlined in
the preceding paragraphs. However, space will not permit
detailed discussions of the varied applications., A
representative bibliography is included and further
reference may be made to such indexes as:

(a) The Engineering Index

(b) ZElectronic Engineering Master Index

BIBLIOGRATHY OF RECIENT ARTICLES:

'

Dust if €hémicals lleasured by Photocell - E January 1937,
Pe 460

The Flux Graph -~ E May 1942, p. 52, . .
Hydrogen Moisture Check - Electronics,_Augugt 1942, p. 100,
Mass Spectroneter - E November 1943, p. 120.

Oscilloscope to check spéed of small Motors - Electronics,
October 1939, p. 47,

B-H Curve Tracer - E November 1943, p. 128. ) ]
Detecting Small Mechanical Moveme?ts_— E quly 1945, p. 104,
Heat Transfer Tests -~ E July 1943, Dp. %15, '

Electronic flow Meter - E January 1940, D. ?O._

Industrial Measurements - RN S?ptgmbe? 1943, p. 3.

Nail Detector - E January 194?, p. 72.

Yarn Tester -~ E February 1939, p. 1l2. .. )

Quartz Crystal Acceleronmecter —)GEB May 1942, p. 269,
Surface Analyzer -~ E July 1942, P« 54.

Vibration’Fick-up Use to Balance Motor Rotors - E June

+

Vater Level Indicator - E March 1940, p. 23,
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¢

Color Analyzer - E March 1936, p. 17.
Color Separator - E March 1937, p. 25.

L]

Amplidjme Control for paper making - EI - February 1943,
p. 69,

4

Electronic Sewing llachine - E August 1943, p. 90.
Checking Auto breaker Points - E April 1942, p. 34.

Cooling Control of Ore by Photoelectric Relay - E November
1941, p. 55.

Electronic Robot lMeasures Creep of Metals -~ E November
1942, p. 86,

4

Punch Fress Control by Ihototube - E July 1937, p. 21, .
VIrapping candy bars automatlically - E August 1937, p. 18.
Carbon Arc Control Unit - E March 1942, p. 65,

4

Test the Velocity of Bullets - E November 1940, p. 28.

Circuit eélerments in Electrical remnote Control - E December
1942, p. 57,

o’

Control Circuits for Industry - E January 1941, p. 29,
Geophysical Surveying with Electronic Tubes - E August 1939,
P. 28,

¢

Remote control of Model Boat - E August 1940, p. 19.

s

Factory experience with the Fhotocell - E March 1938, p.l5.
. ?

Photoélectric Controlled coal Larry - E December 1942,
P. 84,

]

Fhototube Control of Fackaging Machines - E October 1943
Pe 94.

?

Industrial Temperature Control - E December 1942, p. 72.

Temperature Measurefnent and Control by Electronics - E
October 1942, p. 56.

Capacity Operated Relay -~ E November 1937, p. 46.
Automatic Timer for Velding - C February 1940, p. 13,
Low-Frequency Timing Circuits - E October 1942, p. 84.

Time Delay Circuits - E March 1938, p. 38,
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Autddyne convertérs “ RN July 1946, p, 42. o
Automatic Frequency Control - RN %pr@l 1?46, P. 46,
Ratio Detector -~ QST Janu§ry“194§, Pe 26a

Perreance - Rad June lgéé,ip.vzg..

Selsyns - R February‘lgée, P. 38.

Selsyns - CQ May 1946, p. 29.

Precision 'eishing - EI January 1943, p. 77. L )
Self-Balancing Totentioneter - EI;?MayQ-194$, P. 69.
Photoelectric Guard - EI August 1943, ?. 101.
Calibrating Springs - ZEI November 1943, p. 121.

Electronics-and the Chenical Industry - Chem. & Eng., N
22:2170, December 25, 1944, -

Relays in Industrial Tube Circuits - E 17:134 December 1944,
E 18:136 January and- °
E 18:133 Feb;uary~1945.

Autonatic Liquid Level Controls - E April 1945, p. 12;. )

Detecting Small Mechanical Movements - E July 1943, p. }05.

Torsional Magnetostriction Pickup - E June 1946, p. 107,

_Abbreviations used for Magazine References

E - Electronics
GER - General Electric Review
EI ~ Electronic Industries
C - Cormunications
ST - OST
Rad - Radio
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