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» INTRODUCTION

le The Formal Solution Of Vacuum Tube Circuit Problems:

In general, neglecting the effects of contact voltages

and variations in filament emission, the operation of

3 three-electrode thermionic vacuum tube is completely

letermined by the two fundamental relations:

1) i = fleg, eo)"
2) ig = (eg, ey)

which represent

the static charscteristic surfaces of the tube. The first

of these relations expresses the plate current as a

function of grid and plate potentials, The second rela-

tion gives the grid current as some other function of

the grid and plate potentials.

Theoretically, any eircuit involving a three-

electrode vacuum tube can be completely and rigorously

solved using the above fundamental relationships.

Unfortunately, however, the characteristic surfaces

of triodes are usually quite complicated affairs and they

can be analytieally represented only by means of infinite

series of one form or another. While solutions based on

series representations of the characteristic surfaces of

a tube may be valuable for obtaining certain types of

information, in genersl they are extremely cumbersome to

handle and do not give a clear picture of the operation

of the circuit.

kan Appendix { for list of svmbols.
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The series expansion representation of the

characteristics of a vacuum tube is really of practical

value only in the relatively simple case of an amplifier

having a purely resistive load. In this case the

iynamie plate-current characteristicofthetube and

circuit can be either experimentally determined or it

can be calculated from the static characteristic curves.

The portion of this characteristic to which the operation

of the tube is confined can then be represented by some

convenient form of series expansion, and a rigorous

analytical treatment of the behavior of the tube and

its external circuit can be made. In the more general

case where the external plate impedance is complex, the

dynamic characteristic cannot be resdily predetermined

and rigorous treatment of the problem is no longer

practicable.

In the case of an oscillating vacuum tube circuit

the dynamic characteristics are usually quite complicated

and extend over very considerable portions of the

characteristic surfaces. Since they cannot be predeter-

mined, a rigorous anslytical treatment of the problem

would require complete representation of the characteristic

surfaces by series expansions. The problem thus becomes

80 involved that rigorous anslytical treatment is

practically impossible.
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Because of the tremendous difficulty of

rigorously treating vacuum tube circuit problems it has

become customary, for the purpose of elementary

anelysis, to assume that the various parameters of the

tube (as defined in terms of the static characteristic

zurves) are quite constant. The effects of grid currents

are frequently neglected and the tube is often replaced

by an "equivalent" circuit comprising a fictitious

generator having an internal voltage (Aeg) and an

internal resistances (Rp), where (um) is the amplification
constant of the tube; (R;) is the differential plate
resistance, and (eg) is the grid potential. The use of

these simplifying assumptions frequently leads to results

which are very far indeed from representing the circuit

conditions which actually exist. The only justification

for the use of such assumptions is thet they do enable

an analytical approach to problems which it would

otherwise be practically impossible to solve.

2. The Machine SolutionOfVacuumTube Circuit

Problems: =- It has been indicated that the rigorous

solution of a vacuum tube circuit problem is logically

based upon the statie characteristics of the tube.

These characteristics are obtainable only from

sxperimental data and are best represented in the form
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of plotted curves. This being the case, the logical

method of attacking a vacuum tube circuit problem is,

perhaps, by some graphical or mechanical process whereby

a solution can be obtained by working directly from the

plotted curves. Such a method of solution is possible

by means of the M.I.T. differential analyzer, which is

8 machine for solving ordinary differential equations.

By means of the differential analyzer it is

possible to work directly from the static characteristie

curves of &amp; vacuum tube &amp;nd to obtain, in the form of a

plotted curve, a solution of &amp; particular circuit problem

for a specified set of boundary conditions. Although a

solution obtained in this manner is devoid of

generality it is nevertheless of great interest and

value if for no other reason because of the clear

plcture it gives of the behavior of the vacuum tube

and its external circuit.

3s The Object Of This Study: - Briefly stated,
it is the object of this study to generally investigate

the practicability of solving thermionie vacuum tube

circuit problems by means of the differential analyzer

and to attempt to obtain, by means of the machine,

rigorous solutions of the following two typical types

of three-electrode vacuum tube circuits:
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(1) a "tuned-plate"™ oscillator circuit

a one-stage amplifier circuit having =a
tuned parallel circuit as an external
plate impedance.

(2)

The steady-state performance of the oscillator for various

circuit conditions will be studied. Both the transient

and steady-state performance of the amplifier circuit,

for various operating conditions, will be investigated.

It is hoped, by means of the results obtained from

these investigations, to present a clearer picture of the

performance of a three~electrode vacuum tube than has

heretofore been possible.

4. The General Plan of The Paper:- The body of

this paper will be divided into four chapters. The

first of these, which will immediately follow this intro-

ductory section, will comprise a brief description of

the differential analyzer and 8s short discussion of its

use and limitations. The next section, which is to

constitute the third chapter of this thesis, will be

devoted to a general discussion of the types of vacuum

tube circult problems which can be solved on the

differential analyzer. The reasons therefor and some

of the more general aspects of the problem will be

treated. The fourth chapter will consist of a complete

liscussion of the tuned-plate oscillator problem. The

steps in the machine solution will be recorded: the
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difficulties encountered and the methods of overcoming

them will be described. The results obtained from the

nechine will be discussed, interpreted, and compsred

with experimental data. The fifth chapter will

comprise &amp; similar treatment of the amplifier problem.

In the final chapter a general discussion of the results

of the study and their significance will be given and

suggestions for further investigations will be made.
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I I. THE DIFFERENTIAL ANALYZER

l. General Remarks :- The differential analyzer

is a machine for solving ordinary differential equations.

In its present form, the machine is capable of solving

gquations of any order up to the sixth and with any

reasonable degree of complexity. As many as threes

simultaneous second order equations can be handled.

The coefficients of the various terms may be either

constant or variable. The machine provides solutions

in the form of plotted curves for specified boundary

sonditionse.

The differential analyzer is the outgrowth of

a, series of developments which have been carried on

during the past five or six years in the Department of

Blectrical Engineering of the Massachusetts Institute

of Technology. The development, the mechanical

jetails, and the use of the differential analyzer haves

been very fully discussed in an article by Dr. Ve. Bush

sntitled: "The Differential Anslyzer. A New Machine For

Solving Differential Equations." *, This article was

published in the "Journal of the Franklin Institute" for

October, 1931, and the reader is referred to it for a

more complete account of the machine than it is feasible

to present here.

The material in this section has been drawn largely from
this article. See bibliography for additional references.
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Fig. 1. The Differential Analyzer

2e A Brief Description Of The Machine:~ A

photograph of the differential anslyzer is shown in Fig. 1.

A diagram of the layout of the machine appears in Fig. 19.

[see page 48.) As is apparent from these illustrations,

the differential analyzer consists essentially of a very

flexible system of longitudinal and transverse bus shafts;

four "input tables"; an "output table¥; and six Kelvin

diisc-and-wheel mechanical integrators. Each of the

integrators is directly coupled to a two-stage

mechanical torque amplifier, the purpose of which is to

amplify the extremely small torque provided by the

integrator wheel to such an extent that it is ample for

iriving the shafting and other parts of the machine in



Figs 2. An Integrator

Fig. 3. A Torgue Amplifier
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whatever manner may be necessary for the solution of the

particular problem.

The general arrangement of an integrator is

apparent from Fig. 2. Briefly, the device may be

considered as a unit having three shafts, the angular

iisplacements of which are (u), (v), and (w); so

connected that at every instant:

e—
whe5 | was

sha a

X

Fige 4¢ An Input Table

&amp;n input table, Fig. 4., has two shafts, one of

which displaces a pointer horizontally in the direction

nf abscissas, and the other vertically in the direction
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of ordinates. The shaft producing the horizontal

displacement is driven by the machine while the other

one is controlled manually by means of a crank. Thus

if the rotations of the shafts causing vertical and

horizontal displacements be denoted respectively by

"p" and "q", it is seen that the input table gan be

used to feed into the machine any funetion :

p = f(q)

by simply plotting the

function of the input table and manually controlling

the vertical displacement of the pointer so as to

always keep 1t on the curve.

Fige be The Output Table
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The output table, Fig. 5., has three shafts, one

of which displaces &amp;a carriage horizontally and the

other two of which impart vertical displacements to

recording pencils mounted on the carriage. Two

quantities can thus be simultaneously recorded as a

function of a chosen variable.

By means of right and left handed spiral gear

boxes, longitudinal and transverse shafts can be

interconnected as necessary. Sets of spur gears of

simple ratios (1:1, 1:2, 1:4, and 2:3) are provided

for the connection of adjacent longitudinal shafts.

Differential gears or "adders" are provided for

connecting three adjacent longitudinal shafts so that

the total number of rotations of one will be the sum of

the rotations of the other two. By means of "frontlash

units", which can be inserted at convenient points, the

orrors introduced by backlash in geared drives can be

sxactly compensated for. The standard symbols for the

various parts of the differentisl analyzer and their

functions are indicated in Fig. 6.

Very generally, "the procedure of placing an
squation on the machine is somewhat as follows: A bus

shaft is assigned to each significant quantity appearing

in the equation. The several relations existing

between these are then set up by means of connections

to the operating units: a functional relation by connect-

ing the two corresponding shafts to sn input table.
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a sum by placing an adder in position, an integral

relationship by an integrator, and so on. When all

the relationships which are involved have been thus

represented a final connection is made which represents

the equality expressed in the equations o-

When this has been done the machine is locked, and

the rotation of the independent-variableshaft

will drive everything else, thus forcing the machine

to move in accordance with the expressed relationship

of the equation." ¥*

The very important question of selecting scales,

limits, and gear ratios for the solution of a specific

problem will be discussed and illustrated later in

sonnection with the description of the solutions of

the two problems which were studied in the course of

this Investigation.

* From page 459 of the article by Dr. V. Bush. Loc. cit.
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[TI. THE TYPES OF VACUUM TUBE CIRCUIT PROBLEMS WHICH

SAN BE SOLVED ON THE DIFFERENTIAL ANALYZER.

l. The General Method Of Attack:- As has already

been pointed out, a rigorous treatment of a circuit

involving a thermionic vacuum tube would logically

he made in terms of the functions:

(1) 1, = £lep. op)
(2) i, = £'(-

TN

(=—rAAAN

Figure
afin

/

{iio hee

which represent the static characteristic surfaces of

the devicee If the circuit containing the tube be

represented in general form, as indicated in Fig. 7., the

squations which completely specify its performance can

ba written as follows:

(1)
(2)
(1%)
:

 IL = flag, ey)
 |£' (eg, oy)

= Z2.(D)1 4+ =

——
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where eq represents a source of voltage in the

external grid-filament circuit; where the Z's are

general complex impedances and where D is the time

iifferentiator. The solution of the circuit must

be made from these equations. If the plate and

grid current functions can be satisfactorily

represented by input plots, and if all of the terms

which enter into the voltage expressions due to the

axternal impedances in the grid and plate circuits

can be obtained, &amp; perfectly rigorous solution of the

problem ean be effected by means of the M.I.T.

differential analyzer.

The input tables of the differential

analyzer have been designed to accomodate plotted

surves expressing quantities as functions of one

variable only. In order to represent the 1 ig
functions of a vacuum tube it would be necessary

to plot a very complete family of curves - each of

which would express ip or ig, &amp;s the case may bs,

rs a8 function of one of the independent varisbles

for a constant value of the other independent variable.

For example, families of curves expressing the

currents as functions of the grid voltage eg for

various constant values of plate voltage e, might

be plotted. If a sufficient number of such curves

were drawn, the functions could be quite accurately

represented.
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Assume now for the moment that the machine is

set up for the solution of a specific triode circuit

problem and that an operstor is following an input

plot which comprises &amp; family of curves giving the

plate current of the tube as a function of the grid

voltage ~- each curve of the family being drawn for a

lifferent constant value of plate voltages As the

solution of the problem proceeds, both the grid and

plate voltages of the tube change continuously. The

change in grid voltage automaticslly causes the machine

to displace the input table pointer in the horizontal

lirection. If now the operator of the input table

knows the value of the plate voltage at every instant

of time it is a relatively simple matter for him to

nanipulate the input table crank so as to always keep

the index over that point on the input plot which

corresponds to the particular instentaneous values of

plate and grid voltages. If this is done, the input

table feeds into the machine the variable quantity ip

a8 a8 function of eg and 8p If the pointer on the

input table is replaced by &amp; pencil, as the solution

of the problem proceeds the dynamic characteristic of

the tube 8nd circuit will be trsced out.
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In order that the operator of the 3, input
plot can know the value of the plate voltage (ey) at

any instant of time, the following expedient may be

resorted to: Let one of the output pencils be arranged

to record op, 23 a function of time and let the record

be traced out upon a plece of coordinate pesper which

has previously been provided with a scale from which

values of ep can be read directly with considerable

accuracy ~ say to the nearest volte Now let a person

be stationed at the output table for the purpose of

continuously reading off the values through which ep

undergoes and let that person be in constant communication

with the operator of the input plots The operator of the

input plot can thereby be kept advised at every instant

0f the value of the plate voltage on the tube and

he can control his crank accordingly. By having the

values of ep called out continuously, and by exercising

a little care in following the plot, this method of

obtaining i as a function of both eg and ey can be

made to work surprisingly well. In order that

communication between the man reading values of ®p

from the output plot and the man operating the input

plot be free of interference from room noises, it is

advisable that a simple talking circuit comprising

standard operators telephone sets with breast

transmitters and head-band receivers be provided.
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Thus the chief difficulty in the differential

analyzer solution of triode circuit problems can be

Overcome. That is to say, it is practicable to arrange

p standard input table to give either the plate or the

grid current as a function of two variables; the plate

voltage (ep) and the grid voltage (eg)
The second requirement to be met before a triode

zireuit can be solved on the machine is that all of

the terms comprising the expression for the back-voltage

due to the external circuit impedances be obtainable.

That is, all derivatives must be obtainable by addition

or subtraction of the various terms entering into the

zircuit equations. This is an extremely important

requirement since the mschine is unable to perform

iifferentiations. Aside from the operations of

pddition, subtraction, multiplication, and division, the

machine is capable only of integration. It follows

from this fact that if, for example, the time rate of

change of a function being supplied from an input table is

absolutely required, the problem is incapable of solution.

Thus if in a vacuum tube circuit problem it is necessary to

have the time rate of change of either i or i;, the

problem cannot, in general, be solved by means of the

renin, This is the chief criterion in determining

vhether or not a vacuum tube circult problem can be solved

by means of the differential analyzer.
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It might seem, upon first consideration, that the

necessity of obtaining a derivative of a quantity being

fed to the machine from an input plot could be

obviated by integrating or otherwise transforming the

original voltage equations. In the cases considered in

the course of this investigation, however, such was not

found to be the case. Whenever the time rate of change

of a plate or grid current entered into an equation, the

problem was found to be incapable of machine solution.

Throughout this paper it has been tacitly assumed

that the static characteristic curves of a vacuum tube

completely and exactly determine its behavior under

dynamic conditions. This assumption is practically

necessary no matter how the vacuum tube circult problem

be attacked. If the action of the tube 1s purely

thermionic - as it is substantially in modern high vacuum

tubes - and if the operating frequency is low, this

assumption is entirely justifiable. When the operating

frequency is so high that the interelectrode capacities

of the tube sare comparable in magnitude to those in the

external circuit, the static and dynamic charscteristics

of the tube proper will no longer coincide. In this case

it is necessary to combine the internal tube capacities

with the impedances of the external .circuit before a

solution of the problem can be made from the static

~haracteristic curves.
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The best available method of obtaining the static

characteristic curves of a tube seems to be the

"point-by-point" method. If in taking data for the

sharacteristic curves of a tube by this method care is

exercised to prevent excessive heating of the tube parts

quite representative curves can no doubt be obtained.

Hhen a very complete set of characteristic curves is

needed, and the current values corresponding to extremely

high grid and plate voltages are required, special

precautions must be taken. Metsrs which respond very

quickly to changes in applied currents or voltages

should be used and, when making the measurements, the

plate and grid voltages should be impressed upon the

tube absolutely no longer than is necessary to obtain

readings. There should also be an appreciable time

interval between successive readings to prevent the

average operating temperature of the tube from becoming

too high.

It is possible that an oscillograph might be

arranged to glve a horizontal axis proportional to

the grid voltage applied to a tube. The plate current

could then be passed through a vibrator and a trace of

lp as a function of eg , for a constant value of ep »

sould then be obtained. The chief objection to such

an arrangement is, perhaps, that the curves obtained

would necessarily be drawn to a very small scale. The

methpd might nevertheless be very effectively used to
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check the general shape of curves obtained by the

point-by-point method. Such a check would be especially

lesirable in the regions of low plate voltages and

axtremely high grid voltages where saturation effects

of one sort or another become manifest.

2e Circuits Involvine Triodes: The types of
three-electrode thermionic vacuum tube circuits which

vere considered in the course of this investigation,

to discover possibilities of solving them by means of

the differential analyzer, will now he briefly

liscussed.

The oscillator circuits considered were the

"tuned-grid", "tuned-plate", "Hartley", and "Colpitts".

These circuits, in elementary form, and the

lifferential equations which deseribe their behavior

are given in Figs. 8 to 11, inclusive.

As indicated in Fig.8 the equations for the

tuned-grid circuit involve terms containing the time rate

of change of plate current (iy). For this reason, as
previously explained, a rigorous solution of the

zircult cammot be made upon the differential analyzer.

In order to solve the problem by means of the machine

it would be necessary to neglect the plate current

and that, of course, would be an sbsurd thing to do.

Similarly, the equations describing the performance

vf the tuned-plate oscillator (Fig.9) include terms
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containing the rate of change of grid current (ig)

with respect to time and a rigorous machine solution

of the problem cannot, therefore, be obtained. If the

affects of the grid current be neglected, however, the

problem lends itself very nicely to machine solution.

In the case of the Hartley oscillator circuit

(Pig. 10) the voltage equations involve the derivatives

of both iz; and iy with respect to time, and rigorous
treatment is out of the question. Moreover, when the

soils L, and Lo are considered to have mutual inductance
the equations contain too many terms to be solvable on

the present differential analyzer.

The equations of the Colpitts oscillator circuit

(Pig. 11) involve the time rate of change of plate

surrent. Moreover, the circuit has five meshes and the

jifferential equations which determine its performance

therefore involve a considerable number of terms.

Rigorous solution of the Colpitts oscillator circuit on

the present differential analyzer is quite impracticable.

ihus it appears that none of the commoner triode

oscillator circuits can be solved rigorously by means

of the differential anslyzer. At the outset of this

investigation it was hoped to obtain rigorous solutions

of at least one of the types of circuits just considered.

The possibilities of obtaining machine solutions

of several elementary farms of amplifier circults were

glso investigated. The circuits considered are
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schematically represented by Figs. 12 to 14. The circuit

having simply a coil and a resistance in series for a

load impedance cannot be solved for the same reason that

plate current can't be taken into account in a tuned-grid

oscillator - the rate of change of ip with respect to

time is required. It is unfortunate that this circuit

cannot be handled since by making the resistance (R)

large and the inductance (L) small the condition of

a loafled amplifier having an output transformer with

appreciable leakage reactance could be simulated.

A study of the steady-state and transient behavior of

such a circuit would be both valuable and interesting.

Pig. 13 represents a one stage amplifier having

sn tuned parallel circuit as &amp; load impedance. This

circuit is closely analagous to the tuned plate

oscillator circuit (Fig. 9) The essential and

important difference between the two being that the grid

sxcitation voltage for the amplifier is taken from

an external source and that by suitably choosing the

grid biasing battery (Eg), grid current can be eliminated =

practically speaking. Since the equations specifying the

behavior of the circuit do not involve derivatives of ip ,

a perfectly rigorous solution can be made by means of the

differential analyzer. The circuit represented in Fig. 14

can also be rigorously treated since it is merely a special

rage of the one just discussed.
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The possibility of obtaining differential
analyzer sdlutions of various types of detector and

modulator circuits involving triodes has also been

briefly considered. In general the equations of such

circuite invariably involve derivatives of either plate

or grid currents, or both, and machine solutions

therefore cannot be obtained.

3s The Dynatron Oscillator:- The dynatron

oscillator is an important and interesting example of a

vacuum tube circult which is admirably adapted to

iifferential analyzer solution. The circult diagram

of a typical dynatron oscillator snd its differential

squations are shown in Fig. 15. In the case of ths

dynatron oscillator there is no external impedance in

the grid circuit which means that the grid potential

is constant and quite independent of the grid current.

(It is assumed that the grid battery has negligible

internal impedance.) When the circuit is oscillating,

the operating point of the tube therefore follows a

single i, - ep ourve (such as the ons represented at

the bottom of Fig. 15) amd the dynamic and static

characteristics coincide. As far as the machine is

concerned, the plate current of the tube is thus a

function of one variable only (e,) and one of the chief

1ifficulties in the solution of conventional triode
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circuit problems is eliminated. For further information

on the solution of a dynatron oscillator circuit by

means of the differential analyzer, the reader is

referred to a thesis by J.E. McGraw, entitled "Experimental

and Integraph Study of the Dynatron Oscillator Operating

at Low Frequencies". *

4, Summary:- From the foregoing considerations

it is apparent that there are relatively few types of

vacuum tube circuit problems which can be solved by

means of the present differentisl analyzer. Of these,

only the amplifier with a tuned parallel circuit for

a load impedance and the dynatron oscillator can be

rigorously treated. For the purpose of this thesis

investigation it was decided to attempt machine

solutions of a tuned-plate oscillator circuit (in which

the grid current would be neglected) and of an amplifier

having a tuned parallel circuit for a load impedance.

The oscillator problem was selected largely because of

its interest and relative simplicity. The amplifier problem

was chosen a8 being a particularly interesting examples

of a vacuum tube circuit which can be rigorously solved

by means of the differential anslyzere.

MeSe thesis. course VI. Submitted June 193°.
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IV. THE TUNED-PLATE OSCILLATOR PROBLEM :=

1. Preliminary Experimental Work:- The decision

to study the performance of a tuned plate oselllator

circuit having been made, the next logical steps were

the selection of a suitable vacuum tube and the cholce

of a working frequency. It was decided that the tube

should be a Radiotron UX 112-A, this selection being

made because the characteristics of that tube generally

render it fit for use in an oscillator of small power

output and also because of its moderate battery

requirements. The manufacturers' data on the tube are

given in Table I.

Table 1

DATA ON RADIOTRON UX 112-A

Intended Use: Power Amplifier Filament Volts: £5.00
LL Filament Amps. 0.25

mills ohms Mele milli watts
Ey Bg I Rp Gp Output
125 - 9 7.0 5000 8.0 1600 120 :

It was decided that the operating frequency of

the oscillator should be low in order that the internal

capacities of the tube would be quite negligible. An

operating frequency of about sixty cycles per second was

thought to be satisfactory. Two large air-cored coils,
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provided with taps, were procured and arranged so that

their mutusl inductance could ve varied at will by

simply altering the distance between them. Suitable

condensers were provided and the circuit shown in

Fig. 16 (page 34) was arranged. With the aid of a

small portable oscillograph a hasty study was made to

determine the probable maximum values of plate and coil

currents to be encountered in covering the range of

operating conditions which might be of interest. As a

result of this preliminary study it was decided that the

differential snalyzer should be set up to accomodate

approximately the ranges of values of circuit parameters

end variables indicated in Table II. (See next page.)

Using the point-by-point method a very complete

set of static characteristic curves for a UX 112-A tube

was next obtained. Enough data were taken to plot curves

sovering the ranges of current and voltage indicated in

Table II. A photostat of the characteristic curves

obtained appears in Fig. 24, page 60. The experimental

date from which the curves were plotted are tabulated in

appendix B. Having obtained the static curves of the

tube and the necessary information on the range of

parameters and variables to be covered in the differential

analyzer solution of the problem, the next step was the

jetermination of a suitable machine set-upe.
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TABULE II

QUANTILY

i
-~
Ln

-»

RALIGE OF VALUES T0 BE COVERKET

Constant at 140 volts

Constant at ~10 volts

0.20 to 1.50 henrys

35.00 to £5.00 microfarads

0.00 to 0.70 henry

0.00 to 150 ohms

(1o-ip) f

dip ;
it
2c

2 ~

EI\ -r

So.

-

0.00 to 0.160 ampers

0.00 to 0.350 ampere

0.00 to 0.350 ampere

- 175 to 175 amps./sec.

- 200 to 200 volts

0.00 to 340 volts

- 80 to 80 volts

2. Preliminary Steps in the Machine Set-Up:-

The tuned-plate oscillator circuit used and the differential

squations which determine its behavior are shown in Fig. 16.

From the set of differential equations at the bottom of

Fig, 16 the preliminary machine connection diagram on

page 35 was prepared.

It will be observed that on the preliminary

connection diagram the coil inductance has been assigned

&gt;» value of one henry and no special provisions have been
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made to permit alteration of this value without making

sxtensive changes in the entire set-up. Originally it

was planned to obtain machine solutions of the oscillator

problem for the range of values of L and C indicated in

Fable II. (Page 33.) When an attempt was made to find

a suitable machine lay-out for the problem it was

liscovered to be impracticable to make the set-up as

flexible as originally intended. To keep the time of

solution of the problem within reason and also to effect

certain other important simplifications, it was necessary

to assign a constant value to the coil inductance. For

convenience this value was made equal to unity.

From the preliminary connection diagram a second

very similar disgram was prepared. This "intermediate"

connection diagram appears in Fig. 18 (page 37)e The

chief difference between this and the first disgram is

that there have been introduced a great number of un-

determined constant factors and gear ratios. Thus the

time shaft has been labled "At"; the 15 shaft has been

labled "Bi," and so one Wherever two shafts are coupled

through a set of gears, the gear ratio has been introduced

a8 a factor. For example, the "nA" shaft is coupled to

the "At" shaft by a set of gears having a ratio (1:n4).

When two shafts are connected to an integrator the factor

of the integrator (1/32) is introduced. When integrators

are used to introduce circuit constants an additional factor
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representing the number of turns of the displacement

shaft per unit value of the constant is also included,

Thus in the case of integrator II in Fig. 17, the

complete constant is (6/32)e In preparing the

intermediate connection diagram sufficient gear changes

were introduced to insure complete flexibility yet at

the same time every attempt was msde to keep the number

of undetermined factors at a minimum.

When the final connection which expresses the

equality was made there was introduced a relationship

between shafts already lsbled and from this was obtained

an equation involving undetermined constants which had

to be satisfieds In this problem the finad connection

was made through the integrstor which forms

ai.2 dh—[a at = 1p

and the "closing" equation is:

1 _1
z5 XxX 35 Nohq ony 14 BA = B

vhence

_ 32%
Lom o™Ma — ad

I'he constants which enter into this equation had to be

selected so as to satisfy it.

In Pig. 18 the factors of the various quantities

to which shafts have been assigned represent the number

&gt;f turns of the shaft per unit vslue of the quantity .
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Thus in the case of the "At" shaft, "AY rotations

sorrespond to one second of time and in the case of the

"noBipg" shaft, "ngB" rotations correspond to unit

value of ip , that is to one ampere.

Adders are so constructed that all three of the

shafts connected to them must have the same number of

turns per unit. This requirement introduces among the

undetermined factors additional equations to be satisfied.

Thus in the case of the lower adder represented on page 37

the following relation had to be satisfied:

4 Bol =
Zo nNghyhol = 25 DamoBf

whence:

n,n.n,ng _ 32 A
Noh Ad

In this particular problem the above equation and the

"closing equation" previously set down are the only

equalities which must be satisfied in the choice of

nonstants«

In addition to the above relations there are a

nunber of inequalities which must be fulfilled. These

involve the maximum values of the various circult parameters

and variables and must be satisfied in order that nothing

will go out of range in the course of solution of the

problem. For example, the maximum number of turns, in

3ither direction, which it is permissible to give shafts

Aisvnleecing integrstor carriages ig thirtv-aight.
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Input table pointers and output table pencils can be

iisplaced vertically only 360 turns and horizontally

only 480 turns. In selecting the scales and gear

ratios for the solution of a problem, care must be

exercised to insure that none of the displacements

¥ill be driven beyond its allowable maximum value.

From the foregoing and &amp; consideration of the

connection diagram on page 37, and the table of maximum

values on page 33, it is evident that for the particular

problem here being described the following are the

equalities and inequalities which had to be satisfied:

Equalities;

(1)

a)

328
Noli] = —————e

Ag
ngnelpllg zp

Nol Ad

[nequalities;
(3)

(4)
(5)
(6)
(7)

ngB (.350) = 180

(n,/ng) B (.160) = 360

nyng B (.350) = 28

~3 n,nenpng A B d (200) = 180

wa ngnjonyy BA (175) = 38

po ngngony ony 5 BEA (80) = 240
d (.2 x 106) = 38

(10) AB (150) = 38
11) &amp; (0.7) = 38

(8)

In choosing gear ratios to satisfy a set of equations

ach ag the shove 111 retios shonld ha kent as amall a=
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possible and all must be obtainable from combinations

of the four values of simple gear ratios which are

available for use on the machine. *

3. ComputationofGearRatiosandScales.The

Fingl Connection Disgram:- A set of gear ratios and

scales compatible with the sbove equalities and

inequalities was calculated. The maximum value of "tt"

(for one "solution") was made 0.08 seconds, giving

an output time scale of 0.08/24 or 0.0025 seconds per

inche A value of (1/24) was arbitrarily assigned to

ny « The value of A was then determined from the

relation:

ny, &amp; (0.08) = 480

Subgtivuting the value of ny:

== A (0.08) = 480

mhence:

A = 144,000.

Since the maximum speed of the time shaft is approximstely

480 R.P.M. this meant that the time required for a

solution (i.e. the time required for the output pencil

to travel across the paper once) was fixed at about

24 minutes .

Equation (1) and inequality (10) were next

songsidered. According to equation (1):

nemo = 2XIE
Gaars in the following ratios are available:

ang
1:1, 1:2, 1:4,
De PO
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A value of (1/32) was assigned to the product (ngpnynsngq)

Since A had already been made equal to 144,000 the

value of #4 was thus automatically fixed at:

4 = BR m= Lh turns/ohnm.
Now the value of4used also had to satisfy relation (10):

(10) A (150) = 38
 J yw2

256 FadTSE x 150 34.2

and the inequality is satisfied.

Relations (2) and (9) were next given consideration.

According to (2):

(0) D4flelnlo 32/4
ng 030 aA d

A value of (1/3) wag assigned to this equation, whereupon

the value of ( &amp; ) became fixed at:

A = 32 x3 _ 32 x266%x3 _— 64
144000 x 1125 421875

Now relation (9) also had to be satisfied:

d (.2 x 108) = 3s

Since:
64 6y = .REX (,2 x 10°) 30.4

(9) was satisfied and the computed value of (4d ) could

hae used.

The followlng relations were next considered:

(5) nn, B (.360) = 38

(4) (na/ne) B (.160) = 360
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Relation (4) was allowed to become an equality and a

value of (9/4) was assigned to the quantity (ny/ns)

The value of B then had to become:

B= 2250 x 2 = 1000 turns / ampere.

A value of (1/12) was assigned to the product (m,n.)

whereupon:
n,n,B(.350) = 1000_% +250 = 29.2

and relation (5) was satisfied by a wide margin.

The following relations were next considered:

(8) i,

(11) 6 (0.7) = 38

Relation (8) was allowed to become an equality and a

value of (4) was assigned to the product (ngnignioniz)

The valus of ( 6 ) therefore became:

5 — 22 x 22 x 240 x 1125 x 4 _ .1000 x 256 x 80 54 turns/hy

Since:
H4&amp; 2 07 — ZT5

relation (11)

vas satisfied and the calculated value of ( 6 ) could be

nseda.

Relation (6) wgs next given consideration.

(6) 1 ngnyng &amp; B &amp; (200) = 180Aol n4ngiipng
In this the only two constants which had not yet been

assigned values were np and ng . The value of unity was

given to ny whereupon 1it became necessary that ng have
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a value less than

32 x 32 x 180 x 12 x 421875 __ 507
144000 x 1000 x 200 x 64 -

To restrict the height of the ep output plot it was

lecided to let ng equal (1/3).

There then remained only two inequalities to be

sonsidered; (3) and (7)s In order to restrict the

height of the i, output plot to a convenient size, ng

was made equal to (1/4), a value which easily satisfied

relation (3)e All of the values entering into relation

(7) had by this time been assigned. It was therefore

necessary only to determine whether or not the relationship

was satisfiede The inequality is:

(7) = ngnjonii B 8 (175) = 38

Making numerical substitutions we have:

== x 2% x 1000 x 256 x 175 = 3849

md it 1s seen that the inequality is not quite satisfied.

The relation is so nearly satisfied, however, that it

was considered unnecessary to revise the calculations.

Summarizing the results thus far obtained for

gear ratios we have that:

ny = —
24

Np = 1

 1
 en 0 et RE)

1
nz = 1

_ 4

ng = =

_ 1

NonjpoljpeM1z = 7



1
nani o = 8

ngngnnng _ 1

Noh o

a

+2)a

1NyNlpg = —=4-6 12

fa _ 9
ng 4

n14 and nyg as yet undetermined.

By inspection it was an easy manner to find

simple gear ratios which satisfied all of the above

equations. For convenience in scales, n,, and mg

vere respectively made equal to (1/4) and (1/2).
The set of gear ratios and scales which were

finally decided upon are listed in Table III. (Page 46.)

The scales of the various input and output plots

are determined by the various gear ratios and other

constants as is indicated on the intermediate connection

liagram, page 37. Thus, for the i, output plot the

scale 1s determined as follows: The ig shaft makes

(nzB) or {%x1000) or 250 turns per ampere. Since the

output table lead screw has 20 threads to the inch,

the scale of ig is:

£50
50

inches per ampere

re

0.080 amperes per inch

The values of the other output and input scales were

similarly determined. The results are given in the

following summary:

Input scales:

8/900) or 0.00889 ' smperes/inch



A

x -

TABLE III

ear Ratios And Constants

ny {« - &amp;

3
)

11 -

Ne

Na = = ig T (2 x %)

Op= 18 (1A i, 24 £rs %y xg)
-£2

nn _ -—
i” 1

ng = 1 (1.2=z = (5 x 3)

- Oscillator

140 2 4
0

njy =
2
a

Dio = 1

ny a 4

. =

yg= 9

1
Ng = g

T 144,000 turns per second

B = 1000 turns per ampere

od = (64/421,875) turns per unit (1/C)

B = (256/1125) turns per ohm

6 - 54 turns per henry

3 (20/3) or 6.667 volts/inch
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Output scales:

0.0025 seconds / inch

0.080 amperes / inch

(32/900) or 0.03556 amps. / inch

33.75 volts / inch

3a : (40/3) or 13.33 volts / inch

When a satisfactory set of gear ratios and scales

wag obtalned, the final machine connection diagram shown

in Fig. 19 (page 48) was prepared. This diagram is a

schemgtic representation of the plan view of the machine

and shows the actual location of each unit. All gear

ratios are clearly indicated upon it and the location

of frontlash units and all other information necessary

for connecting the machine is given. In preparing the

iiagram, frontlash units are inserted in every drive

where the presence of backlash might introduce serious

arrors, The diagram is practically self-explanatory,

except, perhaps, for this one points The proper values

of ny 3 and ng were found to be respectively 2 and

On the machine lay-out sheet apparently they have been

made half these values. Such is not the case however,

because a pair of two-to-one "step-up" gears is

permanently installed in the output drive of integrator Il.

These two step-up gears are incorporated in a special

large torque amplifier which has been provided to facilitate
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the handling of exceptionally heavy loads. Integrator II

ls the only one which is equipped with three stages of

torque amplification.

After the connection diagram was finished, the

iy = (eg, op) input plot was prepared to the
proper scale. A number of sheets of output table paper

were also provided with op voltage scales, horizontal
lines being drawn across the sheets at intervals at five

volts. When this work was finished the problem was ready

for the machine. A photostat of a tracing of the by

input plot appears in Fig. 24. (See page 60.)

4. Machine Solution of the Problem:~ The

iifferential analyzer was connected exactly as indicated

on the diagram in Pig. 19. (Page 48.) The i, input
plot was arranged on the first input table. The pointer

on the second input table was replaced by &amp; pencil held

in an improvised mounting; the crank was removed; and

the table was connected as indicated on the diagram so

that it would record ep a8 a function of time. A simple

talking circuit comprising a battery and two Bell System

operators’ telephone sets with heasd-band receivers and

breast transmitters was provided so that the operator

2f the first input table could be in constant and reliable

communication with the man stationed at the ep output

plote In following the input plot, the system of

operation previously discussed on pages 17 and 18 was

smplovede.
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After integrator displacement zeros had been

shecked; after frontlash units had been set to provide

proper correction; and after other necessary minor

adjustments had been made, everything was finally in

readiness and an asctual solution of the problem was

andertaken. Referring to the circuit diagram in Fig. 16

(page 34), the first solution was made for the case

where switch "Sq" is initially closed and "Sp" is

suddenly closed at time (t = 0). For these starting

conditions the initial value of ip 1s equal to i, ,
which 1s determined by the coil resistance R and the

plate and grid battery voltages. The condenser 1s

initially uncharged, but upon the instant of closing

the switch becomes charged to a potential equal to

the voltage drop across the coil - i.e. to (R) times

the initial value of is e Since R 1s extremely small

compared to the internal plate-filament resistance of

the tube, substantially all of the battery voltage (Ej)

initially appears across the tube. The plate current

is therefore substantislly that determined from the i,

input plot for the values:

® = Ey,

By was msde equal to 140 volts and Eg to «10 volts.

The corresponding valus of ip is 0.0073 sempere and the

initial drop across the coil (for R = 30) is:

20 x 0.0073 = 0.219 volts.
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The initial rate of change of the coil current is zero.

A value of 7.409 microfarads was assigned to C sand

the mutual inductance (M) was made equal to 0.40 hy.

[ntegrators II, III, and IV were given displacements

corresponding to the selected values of M, C, and R.

Integrators I and IV were set on zero. The en output

pencil was set at the point corresponding to (t=O, en= 140)
(the initisl value of the condenser voltage being negligible).

The eg output pencil was set at the point (0, -10) and

the 1, output pencil was set at (0, .0073). The iy
input plot pointer was then set at (-10, 0) and cranked

up to the point (eg= ~10, e,= 140). Integrator I
¥as8 thereby given the proper initial displacement. The

machine was then started.

Oscillations began very gradually indeed, the

operating point of the tube describing an elipse-like

spiral. So gradually did the oscillations build up that

the amplitude was still extremely small after the output

pencil had completely traversed the paper several times

and a dozen or so cycles had been executed. The building-

np procese was 80 slow that it was decided to abandon

the run and to make a fresh start, assuming an initial

charge on the condenser.

The general procedure of starting with an assumed

initial condenser charge 1s as follows: Let the voltage to

which the condensdr is initially charged be "V7", and let the

switches "S." and "S." (Fig. 16) be closed simultaneously
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at time (t = 0). From the differential equations for the

circuit it is evident that initially the various quantities

have values as follow:

dis2 Vv —_—= —-=- = -V samps./sec. (L=1)Tt I ps./

i. )

f(initisl eg , initial ey)
= +op = (By Vv) volts

8g = (Bg ~ MV) volts

ly, =

The steps in the starting procedure may be briefly

summarized as follows:

le Give integrators II, III, and V displacements
to introduce the desired values of M, C, and R.

2. Set the displacement of integrator I at zero.

3. Displace integrator IV by an amount corresponding
to (-V) thus taking care of the initial rate of
change of i, =

1. Set ip and ‘1p, output’ pencils on zero.

De Set ep output pencil on the point corresponding
to t=0 and ep=(Ep+Vio

De

!

Set eg output pencil on the point corresponding
to t=0 and exc = (-10 ~ MV).

Disconnect the horizontal drive on the i, plot
and set the pointer over the point corresponding
tbo i_= 0 and eg = (~-10 - MV). Reconnect and
srankf the pointer up to the curve corresponding
to the initial value of e, = (E_+ V). The
machine is now ready for Re. p

The starting procedure outlined above was found to

be so satisfactory that it was used in practically all of

the solutions which were obtained. By exercising a little
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judgment in the selection of the value of V (the voltage

to which the condenser is initially charged) it was often

possible to attain steady-state conditions of oscillation

within one or two cycles.

The circuit conditions for which solutions were

made and the results obtained are summarized in

Table IV. (see page 54.) Data on the integrator

displacements corresponding to various values of

constants and slopes are contained in the first part

of appendix Ce.

Typical samples of the results obtained from the

differential analyzer are given by Figs. 20 to 23 inclusive.

All of these illustrations are photostats of tracings

made from the original curves drawn by the output pencils

of the mschine. All scales, peak values, and circuit

data are given on the drawings.

In Fig. 20 forty equally spaced ordinates were

srected for one cycle and the values of eg, ps and i,
at these ordinates were measured. From the data thus

obtained it was possible to plot, on the A = f(eg, ep

curve sheet, the excursion of the operating point of the

tube for one complete cycle. The dynamic characteristic

of the tube and circuit for the particular get of operating

sonditions used in Run No. 3. was thereby obtained.

The dynamic characteristics for Runs Nos. 5 and 11 were

8imilarly obtained. The data scaled from the curves at

the various ordinates sre tabulated in 4ppendix D.
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I ABLE IV

Results Of Differential Analyzer Solutions
(Oscillator Problem)

tun
NO o

hys.
A

mfd.
 co

ohms
2

30CS
T

CrPaBo

1
ey

» 50

55
00
.40
35
» 30

40
40
40
.40
40
4.0

15.7il 50.00
70-00
TONY

bh
&gt;

“No en
&gt;. RO

‘D0
! #

ANT

»

AD)

i
AR 70

J

10
11
T

3

Run max.
NO ec

min, maxX. min. mex.
eq 8p ep io

1 (0scillatfons died out rapidly)
-b3.1 236 375 «497
-71.3 262 16 0007
550d 252 23 » O43

(Oseillations died out gradually)
- 'Oscilletions died out gradually)

51.b -5067 £40 25 23128
41.2 -60,85 265 13 2371
44,9 ~-63.8 274 [ 2392
b0.0 -69.2 288 -&amp; 418

(Amplitudes excessive after fev. cycles)

9
10
11
12 fan

CaPs8

40.78
b8e2
58e2
RB8.2

D82
82
b8.2
RE2

in.ip
-321
. 297

276
:AB

r

~

-.244
-.314
- e540

-387

Note:
J

The values in this column were calculated from the
relation: . 1

 = Hie

All runs were started with assumed initial condenser charrns.
Machine results for run No. 3 appear in Figure 20
\lachine results for run No.ll appear in Figure 21
In 811 runs the folloving values were constant:

B, at 140 v. EG at -10 v. L at 1.00 hy.
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The dynamie characteristics, as reconstructed from

these data, appear in Figs. 24 snd 26. (See next two pages.)

The dynamic characteristic for Run No. 3 (shown

in Fig. 24) was also plotted on &amp; much larger copy

of the static characteristic curves sand measurements

nere made thereon to obtain data for determining the

ryclical variation of the following tube parameters:

(a) The amplification constant ( 4 )
(b) The mutual conductance (Gp)
(¢) The differential plate resistance (Rp)

I'he results of this work are tabulated in part (1) of

appendix D. Additional information on the method

of obtaining the results is also given in the appendir.

The curves shown in Fig. 26 (page 62) indicate the

manner in wvhich the tube parameters vary during the

operating cycle. These curves strikingly reveal how

far we coms from representing the actual facts when in

the analytical treatment of an oscillator circuit, we

assume that the tube parameters are constantse

5 Experimental Work To Check The Machine Results:-

In order to substantiate the results obtained from the

iifferential analyzer and also to qualitatively determine

the effects of having neglected the grid current in the

machine solution of the problem, an oscillator was set up

and some ogcillograms were obtained. The tube whose

characterigtics had been used on the differential analyzer

vas emploved in the oscillator circuit. The constants of
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the circuit were equal to those used in machine solution

No. 3. * Oscillograms of the plate, grid, coil, and

condenser currents, and the alternating components of

grid and plate voltages were obtained. These oscillograms

are shown in Figs. 27, 28, and 29. (See pages 64 - 66.)

A similar set of oscillograms was obtained for

circuit conditions corresponding to those used in

machine solution No. ll. These appear in Figs. 30 and 31.

All of the oscillograms were tsken with a small

portable General Electric, two-element oscillograph.

The time scales are unknown. A one-stage, transformer

zoupled, push-pull amplifier was used in obtaining the

pscillégrams of the various voltages. The input impedance

of this amplifier was at all times greater than gs million

and a half ohmse The distortion introduced by the

amplifier seemsd to be small when the input and output

traces of a fairly ragged 60 cycle wave were comparede

The chief difficulty in obtaining the oscillograms of

voltages was due to 60 cycle inductive interference,

slimination of which seemed to be impossible without

resorting to elaborate shielding of the oscillator coils.

on soms of the voltage oscillograsms the distorting effects

of this interference are quite noticeable.

On the oscillograms corresponding to machine

solution No. 3, forty equally spaced ordinates were

srected for one cycle and the vslues of i,, eg, and e.

Except in the case of the inductance
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 ft these ordinates were scaled off. The results of

this work are tabulated in part (2) of appendix Ce.

The data thus obtained were used to plot the excursion

of the operating point on the family of static

tharacteristic curves. This excursion is drawn in

oreen ink in Fig. 24, page 60.

6. Comparison Of Machine Results and Oscillograms:-
To facilitate comparisons. the results of machine solution

No. 3 and the corresponding oscillograms have been

replotted to convenient scales on the same set of axes.

lhe results of this work appear in Figs. 32 snd 33.
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The machine results are indicated by the solid black

lines; the oscillograms by the broken lines.

It ig evident from the curves in Figs. 32 and 33

that the neglection of grid current in the machine

solution considerably affected the character of the

results. The oscillogram reveals that during the

positive half of the es cycle, when the grid current

flows, the grid voltage wave is considerably distorted.

I'he nature of the distortion is such as to bring the

peak value of grid voltage later in the cycle ~- at a

time when the plate voltage is considerably higher.

This circumstance largely accounts for the differences

in the appearances of the machine and oscillograph plate

current records. It also accounts for the fact that in

the machine solution the operating point of the tube

appears to describe the dynamic characteristic in a

clockwise direction whereas actually, as revealed by

the oseillograms, the point should appear to move in a

sounter-clockwise direction. (Compare the dynamic

characteristics plotted in Fig. 24. page 60.)
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Ve THE AMPLIFIER PROBLEM

l. Preliminary:- The second type of thermionic

vacuum tube circuit which was studied by means of the

differential analyzer in the course of this investigation

was &amp; one~stage amplifier having sa tuned parallel circuit

for an external plate impedance. The amplifier circuit

and the differential equations which determine its

performance are shown in Pig. 34, (See page 173.)

The transient and steady-state behavior of the circuit

wes studied for various operating conditions. The same

characteristic curves which had been used in the

oscillator problem were also used in this investigation,

after having been replotted to suitsble scales « The

relatively low operating frequency of one hundred

cycles per second was chosen in order that the internal

capacities of the tube would be negligible. It was

decided, early in the course of the investigation, that

the amplifier input voltage should be:

37 = 10 sin 200%

and that in

studying the behavior of the circuit it would be inter-

ssting to vary the inductance (L) of the parallel circuit

from spproximately 0.3 to 2.0 henrys sand the capacity

(C) from 8 to 2 microfarads. Battery voltages of

By = 160 and Eg = «10 were arbitrarily selected.

On the basis of these asssumptions it was possible, from
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rough calculations, to discover the probably ranges of

values of the different variables. These are summarized

in Table Ve

T ABLE

QUANTITY

3+
dio ..
dt

(Data for Amplifier Froblem)

RANGE OF VALUES TO BE COVERED

Constant at 160 volts

Constant at either -10 or -20 v.

2600 to 0.30 henrys

2.00 to 8.00 microfarads

0.00 to 200.0 ohms

0.00 to 0.040 ampere

»0.600 to 0.600 ampers

0.600 to 0.600 amrere

-T'.0 to 14.0 volts

40,0 to 280 volts

«370 to 370 amps. rer sec.

2¢ The Machine Set-Up:~ Using the equations

given on page 73, the preliminary machine conneetion

diagram shown in Fig. 35 (next page) was prepared.

From this the intermediate connection diagram (Pig. 36)

was drawn and the equations to be satisfied in the

selection of the gear ratios snd constants were determined.
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Using the data given in table V, the various inequalities

which had to be satisfied were also written downe. The

relationships which had to be fulfilled in the selection

of gear ratios and scales are as follows:

Equalities:

{1)

(2)

NoNglgll]g ==
229
Abd

nnn Ny _ 326
Nong Aj

Inequalities:
(3)

(4) nis N (10) = 180

(5) (ng/ny) B (.040) = 360
(6) nzngB(.600) = 38

(7) wie nongngn, B64 (370) = 38

N (10) = 180

(8) °_ -
» 3 58

1) _P__. E = 3g
2 x 10

10) 6 (200) = 38

Working with these relationships, and following

the same general procedure that was described in the

discussion of the tuned-plate oscillator problem, * a

suitable set of gear ratios and constants was found.

The results of this work are summarized by Table VI.

(See next page.)

K Para 40 ate.
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TABLE V I

Jear Hatios and Constants - Amplifier Problem

0A Ng -—
- 2

Cro = (2x d)
N= = 16 — 4 a

- =

Ng — o

lo -
—— n

— 4
Mo=5

np
-

-

- 2
N91= o

nl. - no
= (Lpdxlplrd(Lrdxtxixz)

neg -
g
o Oyo = ~

e

n,. =.

———— T
_

Nz=4

Nvy —
a—

2

= 153,600 turns per second

= 500 turns per ampere

= 10 turns per volt

oo = (512/57) turns per unit (1/L)

8 = (38/480,000) turns per unit value (1/C)

A = (38/200) turns per ohm

3

oe——————

The input and output table scales, as determined

from the constants in Table VI sgnd the relationships

indicated on the intermediste connection disgram (see page 76)

mere found to be as follows:



-g

Input plots;

“0 — fleg, ep) plot;
i, : (1/450) or 0.002222 amps./inch

3n : 2 volts / ineh

3 = 10 sin 2007+ plot;

a7 : 2 volts / inch

(1/1920) or 0.00052083 sec./in.
(19.2 inches = .0l second)

Output Plots:

24 inches = .05 seconds or
1 inch = 0.002082 s

&gt; 4 volts / inch

30 (512/19) or 26.95 volts / inch

Ly, : (4/450) or 0.008888 amps./ inch

The "op Scala";
3 . . (1024/57) or 17.965 volts / inch

Using the gear ratios listed in Table VI, the

fingl machine connection diagram shown in Pig. 37 was

prepared. (See next page.) As indicated on the diagram,

the second input table was provided with a paper scale

from which values of plate voltage (e,) could be read

directly. This scale could be read quite accurately

to the nearest volt. The horizontal deive of the table

was left disconnected so that the pointer simply travelled

vertically up and down the scale, indicating the
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Fig. 37
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instantaneous values of plate voltage. This

arrangement, instead of the one employed in the machine

solution of the oscillator problem, was used because of

its greater simplicity and also because an output

record of °, a8 a function of time was not desired.

The input voltage wave (eq = 10 sin 20070 t) was

drawn to a very large scale (so that it would be easy

to follow) and only one cycle was plottede In operating

the machine, when the end of this cyele was reached, the

maghine was shut down and the input table carriage was

released and reset at the beginning of the cycle.

8.Machine Solution Of The Problem:- A photostat

of the actual i, input plot appears in Fig. 44. (See page 93).

I'he data from which this plot was made are tabulated in

Arpendix Be. The method used in following the plot was

identical with that employed in the solution of the

oscillator problem. *

All of the solutions obtained were made for the

condition where the circuit is initially at rest ( the

tube filament being turned on and normal battery voltages

being impressed ) and a voltage e; = 10 sin 2007t is

suddenly applied to the input terminals at time t= O.

[Refer to the circuit diagram on page 73.) For these

Kk Explained on page 49.
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starting conditions the initial values of the various

quantities are as follows:

ly = (eg, ey)
3G = Eg ( «10 or -20)

2. Ep (neglecting small resistance
drop in the coil)

Lo, = i
3a — condenser voltage = (~R x initial ip)

39 9

a2 = ©
1t

The procedure in starting the machine for these

initial conditions is briefly as follows: Both of the

output table pencils are set on zero. The pointer on

input table number 2 1s set to indicate the proper

value (Ep) of e, on the voltage scale provided there.
The displacements of integrators I and IV are set to

zero and those of integrators II, III, and V are

ndjusted to give the desired values of C, L, and R.

(Refer to the machine lay-out sheet on page 80.) The

81 input plot pointer is set on zero. The i, input

plot pointer is first set at (Eg, O) and then is

sranked upward until the curve corresponding’tothe

initial value of op is reached. Doing this gives

integrator I and the bo output pencil the proper initial

displacementse When these adjustments have been made

the machine is resdy for use.
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Tr ABLE VII

Results Of Differential Analyzer Solutions
(Amplifier lroblem)

Run
Ri

LO
11
12
13

Run
No.

10
11
12
13

1ts0i
-10
~10
-10
-10
-10
~10
-10
10
~-20.
-10
~20
-10
=10

aXego
57.8
5l.5
52 ed
12.3
5led
Be7
75.0
71.0
35.0
19.40
24,6
29.7
ng"

hySs

» 6340

6340
6540
» 6340

3170
+8450

1.269
1.013

»6340
»3170
» 3170

»6340
6340

mine.
eo

~38 «6
~52e3
-61.5
~6349
-51.8
~71.5
~76ed
-71.0
- 31la¢
-16.45
~22 4
-28.,3
-29_1

nfd- 2hms
)

50
25
15
10

H
13.32
20.00
15.97
1.0

b
b

10
10

&gt; r
oa)

3

Max. mine.

i, i,
, 0285 00533
,0217 L,0054
,0181 ,0073
,013256 ,00978
»0207 00692
,0145 ,00862
»0171 0079
»0171 .0079
»00453 0000
»035b2 ,0000
» 00747 ,0000
,0382 ,00088
LORB86E L,000868

-

1
13
18
10

C

-»

Lb L/R

7.95
moan

Ladi|

 .- ~

ZePe8e
2

100
100
100
100
100
100
100
100
100
200
200

3300 = J41b
6330 - 3398

10540 - j443
15830 -J396

7920 - J 0.”
"1150 « © Oe.

5340 Oe.
15830 396

bed «032
063 - «032

159 . _ 15675

168 =~ § 1876

[Fe

Note:

* ¥ equals durstion of transient in cycles.
#* uadrature component too small to be obtained on slide rule
Talueg of ff satisfy the relation:

ff=- 1osTYLC

In all runs the value of K, was 160 volts.

ie tha impedance nf the *uned circuit at 100 CDPB.
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Solutions of the problem were obtained for various

combinations of circuit conditions. The runs made; the

circuit data; and the results obtained are summarized

in table VII, As noted therein, most of the values of

L and C were selected to satisfy the relation :

 _.—— .

2mY LC
with f£f equal

to 100 cycles per seconde Although in a tuned parallel

circuit having dissipation the values of L and C which

satisfy the above equation are not equal to those which

cause the impedance of the parallel combination to be a

maximum, if the circuit resistance is small they differ

from them but slightly. The values of "2" given in

Teble VII are the calculated impedances of the parsllel

circuit at a frequency of 100 cycles per seconde. These

values were computed from the known relationship: *

,
R + jw [I~ C(R2+12w?)]

R® C2 w?4+ (LC we~ 1)%
Pigure 38 1s a photostat of a tracing made from

the machine output plot for run No. 24. It is a typical

axample of the results obtained from the machine. Prints

nade from traeings of the steady-state solutions obtained

in other runs appear as Figs. 39 to 43 inclusive.

4. Discussion of Results:- In all of the solutions

vhich were made with the parallel circuit "tuned" to the

from Ke DSeJohnson Para 174. See bibliography.
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fundamental frequency, the input and output voltages

are substantially 180 degrees out of phase. In each

case the plate current attained quite high values

during the first cycle or two and then gradually

settled down to a periodic variation about a constant

value. In those cases where the impedance of the tuned

circuit was high and the reactive component was small,

(as in runs 5 ~ 8) the plate current was nearly

sinusoidal and of very small amplitudes The dynamic

characteristics in these cases were substantially

straight lines and very nearly horizontal. In no case

did the transient become inappreciable until at least

half a dozen cycles had been completed.

The curves on page 86 (Fig. 39) illustrate the

behavior of the amplifier circuit when the grid bias

is such that no plate current flows when no voltage

is impressed upon the input terminals. The curves on

page 87 reveal the steady-state performance of the

amplifier when the parallel circuit is tuned to double

the frequency of the input voltage. The curves on page

88 show the response under similar conditions when the

blasing battery is such that, with no input voltage, the

plate current is zero. In both of these runs, at the

time the solutions were made, the dynamic charactcristics

were observed to bear a resemblance to a very flat

ellipse which has been seized by the ends and twisted

through one complete turn. The characteristics crossed
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themselves twice and not at the same point. This fact

might be surmised from the general shape of the output

voltage waves,

Pig. 42 (page 89) illustrates the steady-state

performance of the amplifier when the parallel circuit

is adjusted to present an impedance

Z = 159 + J 1575 ohms

to the fundamental frequency. Fig. 43 (page 90) indicates

the behavior when the parallel circuit impedance is

Z = 158 =~ J 1676 ohms

at one hundred cyclese These two solutions were made

to determine the general effects of inductive and

capacitative losds upon the performance of the amplifiers

Values were scaled from the results of these two runs

for the purpose of reconstructing the dynamie character-

isticse The data obtained from the curves are tabulated

in appendix EB and the dynamic characteristics are plotted

on the photostat appearing as Fig, 44 . (See next page.)

The excursion of the operating point for the case of the

inductive load is drawn in green ink. It is very

interesting to observe that the directions in which the

operating point describes the characteristics are contrary

the point moving clockwise when the load is capacitative

and counter-clockwise when it is inductive. Except for

this very important difference the two characteristics

are similar.
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T I
ES - CONCLUSIO N

In genergl, the results which have been obtained

conclusively indicate that it is entirely practicable

to employ the differential analyzer in the solution

of certain types of thermionic vacuum tube circuit

problems. Unfortunately the number of different types

of such problems which can be handled on the present

differential analyzer is small. Evidently no problem

which involves equations containing derivatives of

plate or grid currents is susceptible to machine

solution, Of the circuits which can be solved, appar-

ently the dynatron oscillator and the amplifier with a

tuned parallel circuit for an external plate impedance

are the only ones which can be rigorously treated.

The results which were obtained from the differential

analyzer solutions of the tuned-plate oscillator problem

strikingly reveal the absurdity of regarding the parameters

of an oscillating tube as constants. They also indicate

that the grid current has an appreciable effect upon

the performance of the circuit and that it cannot be

neglected in any analysis which pretends to be rigorous.

Ihe results obtained in the study of the amplifier

problem indicate,inaccordwith the elementary theory

yf triodes, that when the external impedance in the

plate circuit of the tube is a resistance, the dynamic
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charscteristic is practically a straight line. When

the external plate impedance is complex, the dynamic

characteristic is elliptical in shape. If the

external reactance is negative, the opersting point

of the tube appears to describe the dynamic characteristic

in the clockwise direction. When the reactance is

positive the characteristic is described in the counter-

clockwise direction.

By way of further investigation upon the subject

of this thesis, it might be well to attempt to find

methods of effecting rigorous machine solutions of those

circuits which, at present, apparently cannot be handled.

It would be particularly desirgsble to find a method of

obtaining rigorous solutions of the amplifier circuit

having a simple inductive and resistive load. (See the

schematic in Pig. 12, page 26.) It would also be

desirgble to further investigate the agreement between

results obtained from the differential analyzer and

actual circuit performance, as revealed by oscillograms.

It is possible that additional study of the subject of

this thesis might lead to a more rational, approximate,

analytical method of treating thermionic vacuum tube

circuit problems than is now available.

Refer to paragraph 2 of chapter III. page 22 et saa.
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£2 PPENDIX

A List Of The More Important Symbols

}
”y

Lr

n
&gt;]

3
y

$3
~

Im ¢

plate current of the tube

~seee grid current of the tube

~ese 8&amp; cO0l1ll current

«es plate potential - referred to
side of the filament

negative

 an &amp; &amp; oO grid potential - referred to
side of the filament

negative

res 8 condenser voltage

eeee €01il inductance in henrys

-eese capacity of a condenser in mfds.

- asses mutusl inductance in henrys

resistance in ohms

time of one period in seconds

frequency in cycles per second

--aes @differentiasl plate resistance - ohms

---~- mutual conductance in micromhos

~ ao 9 0°

® &amp; =~ amplification constant of a tube

impedance of a tuned parallel circuit
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R

in

N)

10
15
20
30
40
50
~0)

Te
"I'S]3

0
10
15
20
25
30
35
40
50
650
65
70
30)

»
2

2
10
15
20
25
50
35
40
45
50)

APPENDIX B

DATA FOR STATIC CHARACTERILTICS

-S
 A La

~

-5
0
D
Teb

10
12.5
16
20
2b
30
35
10
£5
50
BS

-

: oat 10.9
14.3
17.7
3b
2765
305
5248
4.1
358
3662
37.0D

281
beO
De ’

5e8
5.8

5.856
560
BeO
560
bel
569
6.0
8.0

Hn 1-

ia L,
10
15
e0
25
30
35
40
4 5
50
bd
50
75

14,0
21.8
26e9
32
3662
39.2
41.5
43
44
44.5
45
45

-

Ly
Je8
BeO

10.4
11.6
12.4
12.8
13.1
13.2
1362
123.3

3 18
Bn i

W

10 15.8
15 2545
20 22el
2245 25
25 37
on FR zn

UX ~ 112A

2 18

ey Ly
30
B2e5
35
376
40
42.5
b0
65
60
55
70
75
80

41.5
43.8
46
48
49,7
01
B35
4.5
b5
6beb
55
bb
R4 4

4 B59

Sn
y L,

10
15
20
2b
30
55
40
45
50
55
50

18.5
£945
40
1545
$9.1
5leb
B38
56
Bb7.5
58
E8.H

2 24

2
3

i

EL
10
15
20
22 eb
£5
£745
30
325
55
zn 5

18.6
31.0
41.8
46.8
4963
52
52.8
b4.3
Pbe.2
RE.9

?ilament voltage constant at 5 volts.
The Values of nlete current (i.) sre in milliamperes
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(Appendix B)

i,
1° .F
ar
47.5
HO
B2eb
bb
66
575 30
50 3165
6245 51
70 63
76 63
30 63

2 = 20

10-
16
20
2265
2B
27.5 |
30. Bo
32D 85.5
35 6645
237 eH ¥
40 27
1245 56
15 65
17.5 63.8
50 63
Beeb 62
55 61
B75 59.5
50 58

8. - 32

7
EY

20
26
Z 0)

51.9
66
"HR

Bp = 32

el -y

52 eb 77.5
35 79
375 79
40 79
42.5 78-5
45 77-5
1765 75.F
50 70
2.5 71
55 69
BT7e5 67
50 64

3. = 24

20 Ly
20 5361
2b 57.8
10 79
BRe5 B25
35 B4.5
375 85.5
40 BHeH
48.5 85
45 B4
17.0 B2.5
50 80.2
D3 eH 78.5
55 4
57.5 71.5
RO 70

i. = 36

Bn D

20
2 6
30
325
35
375
40
1245
45
£75
50
5245
ceMN

56
70
32
37
90
91
91.5
31
89.5
B7.2
55.8
B3

B. -

I 10

a0-* "b
10
20
50
3245
55
275
40
4245
45
47.5
b0
D3 eb
55
575
50
A9.5

25eb
57
91
25
103.5
107
109
110
109
107
105
102.5
101
97
04
85

i

«» 14

2?{.

20 60
30 93.5
35 107
375 112
40 114
42.5 115
46 116
475 114
50 113
BE eH 111
55 110
B75 107
60 104
AO BR on

2, » 48

{ar

20
256
mY .6

or
¢ 3

ov
112
117
121
124
126
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Bp = 48
ia "3

50
D2eb
55
B75
20

L2h
1P4
jor

cw B® “ oFmC

&amp; yr
»

-10
-7b
-be0
2BH

C
» 006

CO

-D
8

5
10
16
20
2h
30
35
40
“R

Ye8
15.8
29
44.5
515
20
8.2

1.5
170

By=60
in

10
-7e5
-5

&gt;.Bb

6
20

} tT

-

10
15
20
25.
30
35
10
49 _K

1,
2245
48.0
56
85

103.5
1 09

8, © 70

ia i.

-12.0
1.0
EN:

5

10
15
20
22H
25
eZ eb
50
325
35
375
10

én, © 80

Br
-12¢5
-10

75
Je
25
nN
2b
)
7.5

10
15
20
25
50
36
27.5

3{4. 3
= 90

3
a ry

IS4

12.5
16H

0
+005

» O4

L.93
5e0
De

22.0
3661

53
70.9
80,2
20.0
29
’ 09,1

'8¢5

0
0.082
0.94
Del
7.0

12.4
18.5

2545
3245
40
5765
75.8
9645

115,
132.5
124.4

'p
0.0072
0.0000

2 =n= 100
Aiiy lo

10
Ted
5e0
eb
0
2eb
b
T.5

0.96
3e2
7.0

12.2
18.3
25.5
253
40,8

10 48.5
15 67.0
12.5 5746
17.5 76
20 86
25 106.5
275 117
50 127
29.5 138

5 90

oWy
- Ly

9)
7.5
)

2a.Dh

0.56
1.9
4.9
9.3

15.2
21.9
29.1
3661
44.7
62.0
80.9

100.9
121
140

0
&gt; eh
5
"5

L0
1.5
20
2b
30
ZF

Zh = 110

ain [

-17.5
-15
=12.5
-10
- .5K

0
0.24
0.5
2el
FA
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E, = 110

in *n
DeO 9.8
deb 1567
J 225
2e5 30
5 3745
7¢5 45.5

10 b4.,2
12.5 53.0
15 7245
20 92.5
25 113
30 133
2240 143

Bp = 120

3“03 vy
-20
17.5
-15
«15
-10

7.5
b
2eb
J
25
5
Te

10
12.5
15
17.5
20
£245
£5
2745
20)

0
0.0013
De146
l.1
Zeb
6.4

12.5
18.5
26
B56
41.2
50
58
58
7765
87.6
98.0

108
117
128.5
140

Bn = 130

Bn by
-20.0
-17.5
-15
=1?_HK

0
0.0324
J.54
Do

E =130
Dn

Bq L,
-10 5¢3
- 7b 9.8

5.0 15.2
~ 245 22.0

0 29.5
2¢5 3745
5 46
7.5 P4.1

10 63
12.5 73
15 83
17.5 93
e0 103
22e¢5 113.5
£5 123.0
£7.65 134
30 146

Bo = 140

Ba i
L245
-20
=17e5
~15
-124.5

Ted
b
eb
0
2e5
5
7.5

10
12.5
15
17.5
20
c2eb
eb
br BK

0
0.0033
0.197
1.26
Seb
Ted

12.4
18.4
2545
33.8
41.8
50
59
675
775
88.
98

109
119
130.5
149

3, = 1560

ia L
Pp

22.5
-20
Web
Lh
L245
9
75
&gt;
Zeb
0
Reb
5
765

10
12.5
15,
17.5
20
2245
25
pnBK

) = 160

hn L
-25
~224H
-20
-17.5
-15
-12.5
-10
-12 oD
- Tb

5
2e5
0
245
5

75
10
12.5
15
17.5
20
225
DR

0
0.05
0.62
ed
D.4
9.8

15.3
2l.9
29.1
375
46
b4.,7
63
7245
BZ2.9
93.1

103.56
114.5
126
137
1489

0
0.0072
0.258
le35
8
7.5

12.4
Te5
18.4
£beb
3345
42
50
59
6845
776
88.8

99.1
109
119
131
142
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Ep = 170

iG i,
25

~2245
-£20
~17.5
-15

126.5
-10

745
5
2eb
J
2eb
5
T¢5

10
12.5
15
17.5
20
22e5
PH

By = 180

ig
-27.5
-25
-22.5
-20
-17.5
-15
-12.5
-10

7.5
5
2.5
0
2.5
5
Ted

10
12.5
15
17.5
20
22.5

ip

0
N.C?"
9

LOea
21.9
28
Xi
16.1
55
64
7365
83
94.1

104
115
126
136
146

0
0.0133
0.30
1.43
3.7
7.4

12.2
18
25
32.8
41
50.5
59
69
78
36 «5
97.6

107.5
117.8
128.7
138.5

Ep = 200

2a
~30
«2TH
-25
-22e5
~20
17.5
2.50
7.

0
0.025
1.29
1.3
3.5

I

5
2 oD

A

0
2 oD

&gt;.6
68.5
7.5
88
98

109
120.5
130
139
1.00

De
Ted

10.
12.5
16
1766
20
22H
PH

u = 220

a
~32 65
~30
~2T7e¢5
-25
«2245
-20
-17.5
-15
~12.5
-10

7.5
b
0
2ed
b
75

10
1245
15

0
0.028
0,54
le4
3¢6
7.0

11.4
17.0
£369
31.1
29.1
484.4
67
775
87.5
97

108
119
129

2 = 240

ia “n
=-3b
-32 eH
=-30
-275
-25
~E24D
20
~17¢5
-15
-10

7.5
Se
Zeb
0
2eb
B

0.0002
0.038
0.38
l.61
D8
7.4

11.8
17.1
£34
3849
47.5
56.1
66.5
77
87.1
97 .4

Ey = 260

2D4Je) Ly
=~375
-35
-3L 65
-30
-275
- 25

~2249
-20
«17.5
-15
-12.0

10
7.5

0.0005
0.052
0.44
l.6
569
7.3

11.8
173
£3
2045
38.2
47
55.9
65.4
76
86.9

2e5
nN

A -—
in = 280

in L
-42,5
-40
~37 65
“2K

0
0.001
0.063
N./K1l
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Fr

‘a
35-7
30
~27.7
-25
22.0
-21)
=17.5
-15
12.5
-10
- 75

- Bb

2.b

280

-7
-0

"LR
*

I~

To.

ty, &gt;
Te

1663
55.2
5H
75
85.1

Bp = 300
33 Ly

-d
- A 2 «D
wl)
3 7.5

273.5
 = 30)

~2T7e5
-25
-224H
-20
-17.5
-15
-12e5
-10

7 OR

0
0.0024
0.079
0.54
1.80
4.00
75

11.6
17.2
2d
50¢2
“79
AR.D

ry;

Go —-
Pi

3

A

=50
-45
=-40
~37.5
-35
-3C +5
-30
=27.5
-25
-22eD
~20
-17 od
-15
~12 eb

3240

1
0
0
2.0
4.3
7.8

12.3
17.6
23.4
29.6
365
45
54
63
na
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 nn P PENDIX

Containing Data On Integrator Displacements

rart le. Data For The Oscillator Problem:

‘ntazrator 11 Integrator III *

(8 = 54) (A = 64/421875)

furns
Disnle.

C
mfd.

1/C Turns
Disrl ®

YU
05
»50
45
»40
 » 35

«30

32 «4
PA."
7.0
‘ed

&gt;le6
18.9
16.2

7.409 124900 20.48
15.117 66170 10.02

[Integrator V Integrator 1V

(4 = 2566/1125) (Constant equals 2/9)

Turns
Displ.

rn} ta intial
dig
2

Turns
Displ.

10
20
30
+0
50
50
70

2275
Lt.50
5.83
9.10

11.38
13.65
15,93

10
15
20
25
30
40
60

120

~C eC
3 edd

~-4 44
-5 +55
-~6e66
~5488
13.33
= 26.65

J

J

«30
-120

Note:

¥ Used to introduce a constant.
The displacements of integrator I were automatically
taken care of when the initial value of ip was
'aranked in". They vere not recorded.
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Part 2. Data For Amplifier rroblem:

C
mfd

=)

or

4
3
Bed
20

[ntegrator II

(B = 38/480000)

urns
PDispl.

3.90
13.20
Lb6.82
19.80
26.40
21.68
29.60

[Integrator 11I

(d = 512/87)
L

"VS.
Turns
Disyvl.

pr. -

. .

&gt;

rE

28632
21.28
17.74
14.17
10.61
9.10
7.08

le Cle
1.7G9

Integrator

(§ = 38/200)

R
Yrma

5
10
13.32
15
16.97
£0
25
RO

urns
Diani.

Je 95
1.90
e «530
2e85
5.036
5.80
4.75
3.50

hota:

* Used to introduce constant.
Por all runs integrator IV was initially set on zero.
The displacements of integrator 1 were automatiwally
taken care of when the initial value of 1, was
"eranked in". They vere not recorded.
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APPENDIX D

Containing Special Data Pertaining To Runs 3, ©&amp;, 11
(See Table 1V)

Part 1.

Orde volts
NO eo en

1 0
-10
~19.7
-28.8
59.4
-47.4
54.6
~61 «8
~6546
-69.1
70.8
T7163
-70e2
-6748
5348
-58.5
~51.9
~454,6
~-3842
-29.7
=P1.05

[a
”

0
re

=
(.

x

6
7

8
.9
20
21
22
2d
24
2b
26
27
&gt; 8

35.
41.5
147.1

Data Obtained from results of Run lio.3 - which
are reproduced in Figure 20. (In body of paper)
The values of eG , 6, , 1, , and io tabulated
below were sc:iled £Pom Purves given by the
machine. The ordinate numbers agree vith those
marked on Figures 20 and 22. The dynamic
characteristic shown in Figure 24 was reconstructed
from data given below. The values of tube
parameters given below were calculatec from data
craphically obtained from the static curves.
fhe values of the various parameters are plotted
rersus ordinate number in Figure 26.

volte
8_.

m-r pp
~

micro-
mhos

Gn
ohms

Ry
Ad

171 ,F
 ~~

— - gy
x

26
L73-
192.
209
2a"
240
250
256
260
263
P60E
257
249
239
227
215
201
185
169
152
§614)
115

95.2
77.0
5667
595
27.7

 Ld
303
+351
» 329

301
263
0224
e177
» 134
» 080

0304
-024
-Q735
“21
163
200
"EE

- 68

‘2

ivy

“Pag 2860
5600
inf.
inf.
inf.
Inf.
inf.
inf.
inf.
inf.
inf.
inf.
inf.
int.
inf.
inf.
Inf,
inf.
inf.
inf.

24200
4590
3030
2350
1975
1905
1405

244

71.99
7.48

"

¥

1

7

F

-

0
0
L:4:
Ge"

2a
44.5
56.0
91,

L113.
104, Le
67.5 = 119

v
32%

1430
2H60
300
2550
237¢
230M

235
=A]0

~

0
8.06
6656
7.76
7.76
7.21
7.26
1.63

0%"
140
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Ord. volts
No. eg

29
30
31
22
33
54
35
36
37
38
39
10

30.457,
51-

37,
Bee”
che”
18.7
10-~
0

volts Mele

9. in

20-3 "De

Bamps.
ie

~ pany ~

“a LY

20
230
265
302
229

micro-
mhos

Gm
188
180

&gt;

-J
coe

-S

A

ohms
Hp

1020
416
416
126
£89
180
375
5862

21656
2195
2380
SHED

AA

+192
,078
» 068

«100
«145

-.10¢
«079

2.12
7.94
6.06
B.15
7.99

[Information On Calculation Of Tube Parameters:

The values of G,, vere computed from the slopes
of the characteristic curves at the various points in
the operating cycle. The work was done on a set of
static curves made from the tracing of vhich Fig. 24
is a photostat. The origin:l tracing measured 18"x24"
s0 the graphical vork could be done with accuracy.
In determining Gp the slopes of the curves vere
neagsured at the desired points by means of a straight
sdge and protractor. The angle between the tangent to the
curve and the horizontal axis was determined in each cass.
I'he scales to which the curves were plotted were such
that the exnression for G, became:

Gy, equals 1333 tan A micromhos

rhere A is the angle the tangent line makes with the horizontal

The values of Rp were also obtained directly from
the curves. At each point the value of Bp, was found by
taking the ratio of small increments of e, and i..

RQ eaunls A°p
™ A i,

The values of the amplification factor (AM) wers
computed from the knovn values of Gp and Ry; by means of
‘he ralgstion:

M eauals R, G_
In this yraper the usual definitions of the tube

naramaters krsve been used.
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Defiritions of tube parameters:

“de
— |2Aninplification factor = Rh | ror constant i,

Differential plate resistance

Ao = (722) for constant eg

Mutual Conductance

di
_ (%p ArZ — 2) for constant e,

Part 2.

ord.
NO.

Y
a

LD
11
12
] X

L6
L7
L8
19
oN

The following data was scaled from the
oscillograms shown in figures 2%, £88, and 29.
These oscillograms vere tsken for cct. conditions
corresponding to those in Run No.3
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ord.
No.
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Part 3.
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The follov.ing Dats were obtained from the results
of Run No. 6 (see page 56) and were used to
plot the dynamic characteristic shown in Fig. 25.
(See page 61.) The ordinate numbers correspond
0 those on page B56.
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Part 4.

Ord. volts
Noa eg
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The following data were obtained from the
results of Run No. 11 (see page 58 .)
and were used to plot the dynamic characteristic
shown in Fig. 25. (See page 61 .) The
Jrdinate numbers correspond to those on psge 58.
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Noe

11
12
13
l4
16
16

7
18
1 9
20
21
p2
22
24.
25
26
&gt;
28
39
30
31
32
33
34
35
36
37
38
39
9

tsolVv a

2e67
12.00
20e7
£967
58e3
43.9

47.3
4963
0.0
48.9
4667
42.6
38.0
BLe7
2646
20.4
12,66
5.00
3 e333

~12.66
2c
~3260
=40.7
~47 65
54.2
~-60,2
-64.5
-67.9
~69.,0
~694°

volts
°p

116
91
58
4%7
A
11

0

15
27
39
55
13
35

116
137
163
187
209
230
247
£63
275
283
287
288



fart 1.

rd.
NOo

N

l J

fie

1
y

x
x

y

lo
17
LE
19
20
21
22
zz
24
25
26
27
28
29
20)
51
3
33
54
55
36
37
58
39
40
41
4Z
42

1 Ya

CL J2ENDIX x

Data For Dynamic Characteristic
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Part 2.
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Data for Dynamic Characteristic gun No. 13A
following Values sc+wled from Curves in Fig. 43
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