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1.

I, IHNTRODWCECRIOR

l, The Formal Solution Of Vacuum Tube Circuit Problens ;=

In general, neglecting the effects of contact voltages
and variations in filament emission, the operation of
a three-electrode thermionic vacuum tube is completely
determined by the two fundamental relstions:

(1) i, = £leg, o) *

(2) ig = £'(eg, ep)

which represent

the static characteristic 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 potentisals,

Theoretically, any circuit 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 analytically represented only by means of infinite
series of one form or another. While solutions based on
series representations of the charascteristie surfaces of
a8 tube may be valuable for obtaining certain types of
information, in genersl they are extremely cumbersome to

handle and do not give & clear picture of the operation

of the circuit.

*See Appendix A for list of symbols.
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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 cese of an amplifier
having a purely resistive load. In this case the
dynamie plate-current characteristie of the tube 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 readily 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 analytical treatment of the problem
would require complete representation of the characteristic
surfaces by series expansions. The problem thus becomes
80 involved that rigorous analytical 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
analysis, to assume that the various parameters of the
tube (as defined in terms of the static characteristic
curves) are quite constant. The effects of grid currents
are frequently neglected and the tube is often replaced
by an "equivalent" circuit comprising a fictitious
generstor having an internal voltage (A eg) and an
internal resistance (Ry,), where () 1s the amplification
constant of the tube; (RP) 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 that they do enable
an analytical approach to problems which it would

otherwise be practically impossible to solve.

2. The Machine Solution Of Vacuum Tube Circuit

Problems: -~ It has been indicated that the rigorous

solution of a vacuum tube circuit problem is logiecally
based upon the statie characteristies of the tube.
These characteristics are obtainable only from

experimental data and are best represented in the form
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of plotted curves. This being the case, the logicel
method of attacking a vacuum tube circuit problem is,
perhaps, by some graphical or mechsnical process wherseby
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
a machine for solving ordinary differential equations.
By means of the differential analyzer it is
possible to work directly from the statiec characteristie
curves of & vacuum tube and to obtain, in the form of a
plotted curve, a solution of a particular circuit problem
for a specified set of boundary conditions. Although a
solution obtained in this manner is devoid of
generality 1t is nevertheless of great interest and
value if for no other reason because of the clear
picture it gives of the behavior of the vacuum tube

and its external circuite.

3¢ 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
(2) a one-stage amplifier circuit having a
tuned parallel circuit as an external
plate impedance.
The steady-state performance of the oscillator for various
cirecuit 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 Genersal 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 s 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 Bypes of vacuum
tube circuit 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
discussion 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
machine will be discussed, interpreted, and compared
with experimental data. The fifth chapter will

comprise & 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.



Te

I I. THE DIFFERENTIAL ANALYZER

1. General Remarks := The differentisl anslyzer

is a machine for solving ordinary differential equations,
In its present form, the machine is capable of solving
equations of any order up to the sixth and with any
reasonable degree of complexity. As many as three
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
conditions.

The differential analyzer is the outgrowth of
e series of developments which have been carried on
during the past five or six years in the Department of
Electrical Engineering of the Massachusetts Institute
of Technology. The development, the mechanical
details, and the use of the differential analyzer have
been very fully discussed in an article by Dr. V. Bush
entitled: "The Differentisl Anslyzer. A New Machine For
Solving Differential Bquations." *, 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 hers.

* The materisl in this section has been drawn largely from
this article. See bibliography for additional references.



Fig. 1. The Differential Analyzer

2o A Brief Description Of The Machine:- A

photograph of the differential analyzer 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
disc-and-wheel mechanical integrastors. BEach of the
integrators is directly coupled to a two-stage

mechanical torque amplifier, the purpose of which is to

amplify the extremely small torgque provided by the

integrator wheel to such an extent that it is ample for

driving the shafting and other parts of the machine in



Fig. 2. An Integrator

Pig, 3. A Torgque 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
displacements of which are (u), (v), and (w); so

connected that at every instant:

o
un= 29 W dv

Fig. 4. An Input Table

An input table, Fig. 4., has two shafts, one of
which displaces a pointer horizontally in the direction

of 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
oneg is controlled manually by means of a crank. Thus
if the rotations of the shafts causing vertiecal 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 function :
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 it on the curvee.

FPige be¢ The Output Table
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The output table, Fig. 5., has three shafts, one
of which displaces a carriage horizontally and the
other two of which impart vertical displacements to
recording pencile mounted on the carriage. Two
quantities can thug 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
errors introduced by backlash in geared drives can be
exactly compensated for. The standard symbols for the
various parts of the differentisl analyzer and their
funetions are indicated in Fig. 6.

Very generally, "the procedure of placing an
equation on the machine is somewhat as follows: A bus
shaft is assigned to each significant quantity appearing
in the equation. The severasl relations existing
between these are then set up by means of connections
to the operating units: & functional relation by connect-

ing the two corresponding shafts to an input table,
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Frgore 6.

Spiral Gear Boxes

Spuvr Gears

el

3

Aatio In Figures

Inilegrator

ol

Ovipv’? Table

-
— I

Righ! Herd Left Hond
Adder
™ & a
P ; b
. < A
Frontiash Urit &
C=a+ b
Inpet T7able
5 — 33
t - o
s = f(2)
5-/0-32




14.

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 maﬁe which represents
the equality expressed in the equatioN: sesececcces
When this has been done the machine is locked, and

the rotation of the independent-variable shaft

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
connection 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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III, THE TYPES OF VACUUM TUBE CIRCUIT PROBLEMS WHICH
CAN BE SOLVED ON THE DIFFERENTIAL ANALYZER.

le. The General Method Of Attack:- As has slready

been pointed out, a rigorous treatment of a cireuit
involving a thermionic vacuum tube would logically
be made in terms of the functions:

(1) i, = f(eg, ep)
(2) i, = f'(eG, ep)

PN &
g o
o Q' %\Kfl/t’g A

F}gure V4

aoge

Ep

which represent the statie characteristic surfaces of

the deviece. If the circuit containing the tube be
represented in general form, as indicated in Fig. 7., the
equations which completely specify its performance can

be written as follows:

(1) ip = fleg, o)
(2) 1, = 2'(eg, ep)
(3) o, = Zg(D)iy 4 eg
(4) EP = ZP(D)ip e
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where e 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
differentiator. 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
external impedances in the grid and plate circuits
can be obtained, a perfectly rigorous solution of the
problem can be effected by means of the M.I.T.
differential analyzer.

The input tables of the differential
analyzer have been designed to accomodate plotted
cufves expressing quantities as functions of one
variable only. In order to represent the ip, ig
functions of a vacuum tube it would be necessary
to plot a very complete family of curves - each of

which would express i or ig, as the case may be,

P
as & 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 ep 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 & 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
different constant value of plate voltags.' As the
golution of the problem proceeds, both the grid and
plate voltages of the tube change continuously. The
change in grid voltage automatically causes the machine
to displace the input table pointer in the horizontal
direction. If now the operator of the input table
knows the value of the plate voltage at every instant
of time it is & relatively simple matter for him to
manipulate the input table crank so as to always keep
the index over that point on the input plot which
corresponds to the particular instantaneous values of
rlate and grid voltages. If this is done, the input
table feeds into the machine the variable quantity ip
as a function of eg and ep « If the pointer on the
input table is replaced by & pencil, as the solution
of the problem proceeds the dynamie charscteristic of

the tube and circuit will be trasced out.
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In order that the operator of the 1p input
plot can know the value of the plate voltage (ep) at
any instant of time, the following expedient may be
resorted to: Let one of the output pencils be arranged
to record e, as a function of time and let the record
be traced out upon a piece of coordinate psper 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 wvalues through which ®p
undergoes and let that person be in constant communication
with the operator of the input plots The operstor of the
input plot can thereby be kept advised at every instant
of 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
& little care in following the plot, this method of
obtaining iP as a function of both eg and ep can be
made to work surprisingly well. In order that
communication between the man reading values of ep
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 eircuit 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
e 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
eircuit can be solved on the machine is that all of
the terms comprising the expression for the baekévoltage
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
circuit equations. This is an extremely important
requirement since the machine is unable to perform
differentiations. Aside from the operstions of

addition, 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 vaeuum tube circuit problem it is necessary to

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

P
problem camnnot, in general, be solved by means of the
machinees This is the chief criterion in determining
whether or not a vacuum tube circuit problem can be solved

by mesns of the differentisl 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 eould 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 eircuit problem
be attacked. If the action of the tube is 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 are compafable 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

characteristic curvese.



2l.

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
characteristic 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.
When a very complete set of characteristie curves is
needed, and the current values corresponding to extremely
high grid and plate voltages ars required, special
precautions must be taken. Meters 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 give a horizontal axis proportional to
the grid voltage applied to a tube. The plate current
could then be passed through a vibretor and a trace of
ip as a function of eg , for a constant value of e, ,
could 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
desiragble in the regions of low plate voltages and
extremely high grid voltages where saturation effects

of one sort or another become manifest.

2e Circuits Involving Triodes: The types of

three-electrode thermionic vacuum tube circuits which
were considered in the course of this investigation,
to discover possibilities of solving them by means of
the differentisl analyzer, will now he briefly
discussed.

The oscillator circuits considered were the
"tuned-grid", "tuned-plate", "Hartley", and "Colpitts".
These circuits, in elementary form, and the
differential equations which describe their behavior
are given in Figs. 8 to 11, ineclusive.

As indicated in Fig.8 the equations for the
tuned-grid circuit involve terms containing the time rate
of change of plate current (ip). Por this reason, as
previously explained, & rigorous solution of the
circuit cammot be made upon the differentisl snalyzer.

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 absurd thing to do.
Similarly, the equations describing the performance

of 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
effects of the grid current be neglected, however, the
problem lends itself very nicely to machine solution.
In the case of the Hartley oscillator circuit
(Fig. 10) the voltage equations involve the derivatives
of both iG and iP with respect to time, and rigorous
treatment is out of the question. Moreover, when the
coils L, and Lp 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
(PFig. 11) involve the time rate of change of plate
current. Moreover, the circuit has five meshes and the
differential equations which determine its performance
therefore involve a considerable number of terms.
Rigorous solution of the Colpitts oscillator circuit on
the present differentiasl analyzer is quite impracticable.
Thus it appears that none of the commoner triode
oscillator circuites 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 circuits were

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

having simply a coil and a resistaence 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.
Fig. 13 represents a one stage amplifier having

a tuned parallel circuit as & load impedance. This

eircuit is closely analagous to the tuned plate

oscillator circuit (Fig. 9). The essential and

important difference between the two being that the grid

excitation 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 i, ,

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

cage of the one just discussed.
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The possibility of obtaining differential
analyzer salutions of various types of detector and
modulator circuits involving triodes has also been
briefly considered. In general the equations of such
circuits invariably involve derivatives of either plate
or grid currents, or both, and machine solutions

therefore cannot be obtained.

3. The Dynatron Oscillator:- The dynatron

oscillator is an important and interesting example of a
vaguum tube circuit which is admirably adapted to
differential analyzer solution. The circuit diagram
of a typical dynatron oscillator and its differential
equations are shown in Fig. 15. In the case of the
dynatron oscillator there is no external impedance in
the grid ceircuit 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 ip - ep ourve (such as the one 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 (ep) and one of the chief

difficulties 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
meangs 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 osecillator 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 as being a particularly interesting example
of a vacuum tube circuit which can be rigorously solved

by means of the differential analyzer.

* M.S. thesis, course VI. Submitted June, 1932.
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IV. THE TUNED-PLATE OSCILLATOR PROBLEM :=

1., Preliminary Experimental Work:- The decision

to study the performance of a tuned plate oscillator
ecircuit having been made, the next logical steps were
the selection of a suitable vacuum tube and the choice
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 osceillator of small power
output and also because of its moderate battery
requirements. The manufacturers' data on the tube are

given in Table I.

Table I
DATA ON RADIOPTRON UX 112-A

Intended Use: Power Amplifier Filament Volts: 5.00
G el Pilament Amps. 0.25
mills ohms MeM. milli watts
Ep Bg lp Rp k Gp “OQutput
135 -9 Tel 5000 8.0 1600 120
15705 "’1()-5 905 4700 8.0

1700 1986

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 e 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
opersting conditions which might be of interest. A4s a
result of this preliminary study it was decided that the
differential analyzer should be set up to accomodate
approximately the ranges of values of circult parameters
and varisbles indicated in Table II. {See next page.)
Using the point-by-point method & very complete
set of static characteristic curves for a UX 112-A tube
was next obtained. Enough data were taken to plot curves
covering the ranges of current and voltage indicated in
Table II. A photostat of the characteristic curves
obtained appears in Fig. 24, page 60. The exXperimental
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 differentisl
analyzer solution of the problem, the next step was the

determination of a suitable machine set-up.
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gl W 1I
QUANTITY RANGE OF VALUES 70 BE COVERET

Ep sesssesssssssses CoOnstant at 140 volts

BEG eveeeeceesvececes Constant at ~10 volts

L tssssssscscassss (0e20 to 1.50 henrys

.C sesescsssscssase 005,00 to 5.00 microfarads
K tesecsisccsacans 0.00 to 0.70 henry

R seseesssessscess 0,00 to 150 ohms

ip sesscsssscscscsse 0.00 to 0.160 ampere

12 secesesssscsesse 0.00 to 0.350 ampere
(1p=1p) secescscecse 0,00 to 0.350 ampere

Qg o ereiessssssss = 175 to. 176  mmps.feec.
gz ceccascsssscssese = 200 to 260 volts

8p eeccccccersscses 0.00 to 340 volts

@G eescsesssessssss = 80 to 80 volts
2., Preliminary Steps in the Machine Set-Up:-

The tuned-plate oscillator circuit used and the differentisl

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

From the set of differential equations at the bottom of

Pig. 16 the preliminary pachine connection diagram on

page 35 was prepared.

It will be observed that on the preliminary

connection diagram the coil inductance has been assigned

a value of one henry and no special provisions have been
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made to permit alteration of this value without making
extensive 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
Table I1I. (Page 33.) When an attempt was made to find

a suitable machine lay-out for the problem it was
digcovered to be impracticaeble to make the set-up as
flexible as originally intended. To keep the time of
solution of the problem within resson 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 s second
very similar diasgram was prepsred. This "intermediate"
connection diagram appears in Fig. 18 (page 37). The
chief difference between this and the first diagram is
that there have been introduced a great number of un-
determined constant factors and gear ratios. Thus the
time shaft has been labjed "At"; the ip shaft has been
labled "Biz" and so on. Wherever two shafts are coupled
through a set of gears, the gear ratio has been introduced
as a factor. For example, the "nlat" shaft is coupled to
the "At" shaft by a set of gears having a ratio (1:n,).
When two shafts are conneeted 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 integrsator II in Fig. 17, the
complete constent is (6/32)e In preparing the
intermedigte connection diagram sufficient gear changes
were introduced to insure complete flexibility yet at
the same time every attempt was made to keep the number
of undetermined factors at a minimum.

When the fingl connection which expresses the
equality was made there was introduced a relationship
between shafts already labled and from this was obtainead
an equﬁtion involving undetermined constants which had
to be satisfieds In this problem the finad connection

was made through the integrstor which forms

L dt i
at 5, e

and the "closing" equation is:

; 4 , -
whenece:
S _ 328
2Moth1 =
Afg

The constants which enter into this equation had to be
selected so as to satisfy it.

In FPig. 18 +the factors of the various gquantities
to which shafts have been assigned represent the number

of turns of the shaft per unit veslue of the quantity .
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Thus in the case of the "At" shaft, "A" rotations
correspond to one second of time and in the case of the
"noBip" 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:

whence:

In this particular problem the above equation and the
"eclosing equation™ previously set down are the only
equalities which must be satisfied in the choice of
constants.

In addition to the above relations there are a
number of inequalities which must be fulfilled. These
involve the maximum values 0f the various circuit 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

either direction, which it is permissible to give shafts

displacing integrator carriages is thirty-eight.
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Input table pointers and output table pencils can be
displaced 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
will be driwen beyond its allowable maximum value.

From the foregoing and & 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
equealities and inequalities which had to be satisfied:

Equalities;
322
(1) ngmem, =
Alg
(2) ngngnnglly  _  gzp f
f2M10 A d
Inequalities;
(3) nzB (.350) = 180
(4) (ny/ng) B (.160) = 360
(5) nyng B (.350) = 38
(6) -3—;—2— n,ngngng A B d (200) = 180
(7) -3—}*?‘1 nanlonll Bﬂ (175) = 38
(8) —L- ngnjonqanyz BES (80) = 240
32

(9) A (.2 x 108) = 38
(10) A (150) = 38
(11) & (0.7) = 38

In choosing gear ratios to satisfy a set of equations

such as the above all ratios should be kept as small as
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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. Computation of Gear Ratios and Scales. The

Fingl Connection Diagram:- A set of gear ratios and

scales compatible with the above equalities and
inegqualities was calculated. The maximum value of "t"
(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:
n, &4 (0.08) = 480
Substituting the value of nj:
== A& (0.08) = 480
24
whence: |
A = 144,000,
Since the maximum speed of the time shaft is approximately
480 R.P.le 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
considered. According to equation (1):
32 x 32

Ap

* Gears in the following ratios are available: 1:1, 1:2, 1:4,
and 2:3. 25 3

ngnjoniy =
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A value of (1/32) was assigned to the product (nznlonll) .
Since A had already been made equal to 144,000 the

value of A4 was thus automatically fixed at:

_ B2 x 32 x 32 _ _256 :
4 144,000 T126 turns/ohm

Now the value of B used also had to satisfy relation (10):
(10) A (160) = 38

Now:

256 x 150 &£ 34.2
1126

and the inequality is satisfied.
Relations (2) and (9) were next given considerstion.
According to (2):

(2) n,Ngnyng 32 A
np N30 A d

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

the value of ( & ) became fixed at:

d = 52 x8 = SRxBSa X3 _ 64
A 144000 x 1125 421876
Now relation (9) also had to be satisfied:
(9) d (.2 x10%) = 38
Since:
ng‘é—%— x (,2 x 10%) £  30.4

(9) was satisfied and the computed value of ( d ) could
be used.

The following relations were next considered:

(5) ngng B (.350) = 38

(4) (ng/ng) 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 % = 1000 turns / ampere.
A value of (1/12) was assigned to the product (m,n;)

whereupon:

n,n, B (.350) = 1000 x o350 _ 29,2
476 12

and relation () was satisfied by a wide margin.

The following relations were next considered:

P

(11) 6 (0:7) = 88
Relation (8) was allowed to become an equality and s
value of (%) was assigned to the product (ngnn;sniz) e

The value of ( 6 ) therefore became:

— S8 x 32 x 240 x 1185 x 4 _ 54 ¢ .
6 1000 x 266 x 80 54 turns/hy

Since:
fd x 0.7 = 3708

relation (11)
was satisfied and the calculated value of ( 6 ) could be
used.

Relation (6) wgs next given consideration.

(6) .5_;2 ngngnyng & B & (200) = 180

In this the only two constants which had not yet been
assigned values were np amd ng o The value of unity was

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

SR x U2 x 180 x 12 x 421896 507
144000 x 1000 x 200 x 64 Tt

To restrict the height of the e output plot it was

P
decided to let ng equal (1/3).
There then remained only two inequalities to be

considered; (3) and (7). In order to restrict the
height of the 12 output plot to a convenient size, ng
was made equal to (1/4), a value which easily satisfied
relation (3). 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
wag satisfiede The inequality is:

() -5% ngnjoniy B 8 (175) = 38 ”
Making numerical substitutions we have:

E%xg-%foOOOx %%5 x 175 = 3849

eamd it 1is 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:

3 E

Oy = —= n — —_—
17 24 & 4
n7 = 1 ng = -:];

ey e. ~ 3
seiighi — 22 Egijphiphis = =
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= = 1
i S sdatielsy
ngnenyty - _ 4 n, "

HpPi0 L TR

nj4 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, ny, and nyg
were 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
constents as is indicated on the intermediate connection

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

2
scale 1is determined as follows: The i, shaft makes
(ngB) or (4x1000) or 250 turns per ampere. Since the
output table lead screw has 20 threads to the inch,

the scale of ia is:

ﬁ%% inches per ampere

or:
0.080 amperes per inch
The values of the other output and input scales were
similarly determined. The resulfg are given in the
following summary:

Input scales:

ip : (8/900) or 0.00889 amperes/inch
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TAB LB 6

Gear Ratios And Constants - Oscillator

nlz?a-ilz %xixg) n10=‘é‘

s= 1 Lo b I i
n3=i- nip = 1

M = %,;%x%) nyz = 2
n5=fé'=(%x%x-§-x-§-) nl‘*:%

” = n= 3

n, = 1 !
na‘:-‘]s‘:(%x-g-)

b d

= 144,000 turns per second

I

A

B 1000 turns per ampere

o = (64/421,875) turns per unit (1/C)
p = (256/1126) turns per ohm
6

= b4 turng per henry

eg : (20/38) or 6.667 volts / inch
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Output scales:

t : 0.0025 seconds / inch

i, : 0.080 amperes / inch

i, (32/900) or 0.03556 amps. / inch
S 33.75 volts / inch

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

When a satisfactory set of gear ratios and scales
was obtained, the final machine connection diagram shown
in Pig. 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
diagram, frontlash units are inserted in every drive
where the presence of backlash might introduce serious
errors., The diagram is practically self-explanatory,
except, perhaps, for this one point. The proper values
of nyj; and n;y were found to be respectively 2 and £ .
On the mackine 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 exceceptionally heavy loads. Integrator II
is the only one which is equipped with three stages of
torque amplification.

After.the connection diagram was finished, the
i, = fleg, eP) input plot was prepared to the
proper scale. A number of sheets of output table paper
were also provided with ep 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 ip
input plot appears in Fig. 24. (See page 60.)

4, Machine Solution of the Problem:- The

differential anslyzer was connected exactly as indicated
on the diagram in Fig. 19. (Page 48.) The ip input

plot was arranged on the first input table. The pointer
on the second input table was replaced by & 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 as a function of time. &4 simple
talking circuit comprising a battery and two Bell System
operators' telephone sets with head-band receivers and
breast transmitters was provided so that the operator
of the first input table could be in constant and reliable

communication with the man stationed at the e output

P
plote In following the input plot, the system of
opergtion previously discussed on pages 17 and 18 was

employed.
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After integrator displscement zeros had been
checked; after frontlash units had been set to provide
proper correction; and after other necessary minor
adjustments had been made, everything was finally in
resdiness and an actual solution of the problem was
undertaken. Referring to the circuit diagram in Fig. 16
(page 34), the first solution was made for the case
where switech "Sq" is initially closed and "Sp" 1s
gsuddenly closed at time (t = 0). For these starting
conditions +the initial value of is 1is equal to 1p -
which is determined by the coil resistance R and the
plate and grid battery voltages. The condenser 1is
initially uncharged, but upon the instant of closing
the switeh ©Dbecomss charged to a potential equal to
the voltage drop across the coil - i.e. to (R) times
the initial value of ip e Sinee R 1is extremely small
compared to the internal plate-filament resistance of
the tube, substantially all of the battery voltage {Ep)
initially appears across the tube. The plate curremt
is therefore substantielly that determined from the ip
input plot for the values:

eg = Eg

op = Bp o
EP was made equal to 140 volts and BEg to ~10 volts.
The corresponding value of ip is 0.0073 ampere and the
initial drop across the coil (for R = 30) is:

30 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 and

the mutual inductance (ﬁ) was made equal to 0.40 hy.
Integrators II, ILI, and IV were given displacements
corresponding to the selected values of M, C, and R.
Integrators I and IV were set on zero. The e output

P

pencil was set at the point corresponding to (t=0, e,= 140)

P
(the initisl value of the condenser voltage being negligible).
The eg output pencil was set at the point (0, ~10) and
the i, output pencil was set at (0, .0073). The i,
input plot pointer was then set at (=10, 0) and cranked

up to the point (eg= ~10, e, = 140). Integrator I

P
was thereby given the proper initial displacement. The
machine was then started.

Oscillatione began very gradually indeed, the
operating point of the tube describing an elipse-like
spiral. So gradually did the oseillations 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-
up process was s0 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
initisl condenser charge is as follows: Let the voltage to

which the condensdr is initially charged be "V", and let the
switches "Sl“ and "Sp" (PFig. 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:

Mg - v / (L= 1)
= - = - amps./sec. = 1

at L 5

iz = 0

ip = flinitiel eg , initial ey)

op = (Ep + V) volts

OG = {EG' - W) volts

The steps in the starting procedure may be briefly

gsummarized as follows:

l. 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, .

4. Set iz and i, output pencils on zero.

5. Set e, output pencil on the point corresponding
to t=0 and ep = (Bp + V).

6o Set eg output pencil on the point corresponding
to t=0 and eg = (-10 - MV),

7. Disconnect the horizontal drive on the i, plot
and set the pointer over the point corresBonding
to i = O and eg = (-10 - MV). Reconnect and
crank® the pointer up to the curve corresponding
to the initial value of e, = (E_+ V). The
machine is now ready for uSe. 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 1V, (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 mgechine. All scsles, peak values, and circuit
data are given on the drawings.

In FPig. 20 forty equally spaced ordinates were
erected for one cycle and the values of eg, €p» and i

P
at these ordinates were measured., From the data thus

obtained it was possible to plot, on the 1P = ‘flsn. 6.}

P
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
conditions used in Run No. 3. was thereby obtained.

The dynamie characteristics for Runs Nos. 5 and 11 were
similarly obtained. The data scaled from the curves at

the various ordinates are tabulated in 4Appendix D.
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TABLE (b

Results Of Differential Analyzer Solutions
(Oscillator Problem)

Run hys. mfd. ohms secs. CePeBe CePeBe
lio. M c R T 4 g
3 «50 16117 50,00 - - -
2 «5b N 50.00 .0242 41.32 40,75
3 «50 7.409 50.00 .0170 b8.88 5B8.2
4 .40 7.409 50.00 .0170 58.82 58.2
b 35 7.409 50,00 0170 £8.88 68.2
6 « 30 7.409 50.00 - - -
7 .40 7.409 70.00 - - -
8 «40 7.409 60,00 .0170 58.82 58.2
9 «40 7.409 40,00 .0170 58.82 58.8
10 «40 7.409 30.00 .01702 58,74 68.2
P B4 +40 7.409 20,00 + 0171 56.48 b8.2
12 A 140 7-409 10. OO = " s
Run max. min, mAX. min. meX. min,
No. eG eG ep ep i ig
1 - (Oscillations died out rapidly)
2 55.9 "5501 236 37.5 0497 "'-521
5 52.0 ‘7103 262 16 0367 --297
4 36.3 -55.3 252 23 « 543 -.276
6 - (0Oscillations died out gradually)
7 ~ (Oseillstions died out gradually)
8 31.b -50.7 240 33 312 -.244
9 41.2 -60.86 265 13 371 . -.314
10 44,9 ~63.8 274 b 392 ~ 540
i % 1 50,0 -69.2 288 -8 «418 -.387
1g - (Amplitudes excessive after few cycles)
Note:

The values in this column were calculated from the
relation: ik

T NS

All runs were started with assumed initial condenser charges.
Machine results for run No. 3 appear in Figure 20

Machine results for run No.ll appear in Figure 21

In 811 runs the folloving values were constant:

Ep 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 and 26. (See next two pages.)
The dynasmic characteristic for Run No. 3 (shown

in Fig. 24) was also plotted on & much larger copy
of the statiec characteristic curves and measurements
were made thereon to obtain data for determining the
cyclical variation of the following tube parameters:

(a) The amplification constent ( A )

(b) The mutual conductance (Gy)

(e) The differential plate resistance {RP) .
The 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 appendix,
The curves shown in Fig. 26 (page 62) indicate the
manner in which the tube parameters vary during the
opereting cycle. These curves strikingly reveal how
far we come from representing the actual facts when in

the analytical treatment of an oscillator circuit, we

assume that the tube parameters are constantse.

6. HExperimental Work To Check The Machine Results:-

In order to substantiate the results obtained from the
differential 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 oscillograms were obtained. The tube whose
characterigtics had been used on the differential analyzer

was employed in the oscillator ecircuit. 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. 11l. These appear in Figs. 30 and 3l.

All of the oscillograms were taken with a small
portable Genersl Electric, two-element oscillographe.
The time scales are unknown. A one-stage, transformer
coupled, push;pull amplifier wsas used in obtaining the
oscilloégrams of the various voltages. The input impedance
of this amplifier was at all times greater than & million
and a half ohms. The distortion introduced by the
amplifier seemsed to be small when the input and output
traces of a fairly ragged 60 cycle wave were compared.
The chief difficulty in obtaining the oscillograms of
voltages was due to 60 cycle inductive interference,
elimination of which seemed to be impossible without
resorting to elaborate shielding of the osecillator coils.
On some of the voltage oscillograms the distorting effects
of this interference are quite noticeable.

On the oscillograms corresponding to machine
solution No. 3, forty equally spaced ordinates were

erected for one cycle and the values of i,, eg, and e

p’ P

* Except in the case of the inductance.
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at these ordinates were scaled off. The results of
this work are tsbulated in part (2) of appendix C.

The data thus obtained were used to plot the excursion
of the operating point on the family of statie
characteristic curves. This excursion is drawn in

green 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.,

The results of this work appear in Figs. 32 and 33.
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oscillograms
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Comparisor OF Diffcrential Analyzer Solvtior
And Oscillograms
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Comparison OF Liffereniis/ Anslyzer Solvtiorn
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The machine results are indicsated by the so0lid black
lines; the oscillograms by the broken lines.

It is 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
regsults. The oscillogram revesls that during the
positive half of the ey cycle, when the grid current
flows, the grid voltage wave is considerably distorted.
The 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 faet that in
the machine solution the opersting point of the tube
appears to describe the dynamic charascteristic in a
clockwise direction whereas actually, as revealed by
the oscillograms, the point should appear to move in a
counter-clockwise direction. (Compare the dynamie

characteristies plotted in Pig. 24, page 60.)
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V. THE AMPLIFIER PROBLEM

l. Preliminary:- The second type of thermioniec

vacuun tube circuit which was studied by means of the
differential analyzer in the course of this investigation
was & one-stage amplifier having s tuned parsllel circuit
for an external plate impedance. The amplifier circuit
and the differential equations which determine its
performance are shown in Fig. 34, (See page 73.)
The transient and steady-state behavior of the circuit
was studied for various operating conditionse. The same
characteristic curves which had been used in the
oscillator problem were also used in this investigation,
after having been replotted to suitable scales . The
relatively 1low 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:
87 = 10 sin 2007%

and that in
studying the behavior of the circuit it would be inter-
esting to vary the inductance (L) of the parallel circuit
from approximgtely 0.3 to 2.0 henrys and the capacity
(C) from 8 to & microfarads. Battery voltages of
B = 1%0 and EG'= -10 were arbitrarily selected.

Y
On the basis of these assumptions it was possible, from



73.

Amplitier  Froblern

Circes? Diagram Ard £ gva fr0r7s

UX//Z'A + fp
-A =
AN ;
Input *\ & e  Output
Ti 2 e | H——?
, =
A, /; T L e )
? ralll gy & lfé-t’}) Z
<8 : &
=itz
The Cirrevit eguations ore:
) e . e
1 : s
& g Al F L +C//z, )t

O S8 Tl vl

For 71he mackine rthe equa//on.s gre writtes :

ok B L
La_;;_’fé = =Ry migti-5)al

)
Gl =B ) ot
S-15-32 w. H. R
Pig. 34




4.

rough calculations, to discover the probably ranges of

values of the different variables. These are summarized

in Table V.
TABLE v
(Data for Amplifier Froblem)
QUANTITY RANGE OF VALUES TO BE COVERED

E esecssscese Constant at 160 volts

B e s e Constant at either ~10 or -20 v.
L i b e W 200 to 0.30 henrys

cesessscess  £.00 to 8,00 microfarads

R essccsccnss 0.00 to 200.0 ohms

i cessecssssss Q,OO to 0.040 ampere

ig csssesccsae -0.,600 to 0.600 anmpere

(1g=1p) eeeeeees =0.600 to 0.600 ampere

8C coscesscess 34,0 to 14,0 volts

ep Sepupas s sn 40.0 to 280 volts

dip

e, LR I A ) -370 to 570 ampSo per S88C.
at

2o The llachine Set~Up:~ Using the equations

given on page 73, the preliminary machine connection
diagram shown in Fig. 35 (next page) was prepared.
From this the intermediate connection diagram (Fig. 36)
was drawn and the egquations to be satisfied in the

selection of the gear ratios and 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 down. The
relationships which had to be fulfilled in the selection

of gear ratios and scales are as follows:

Equalities:
(1) ngngngnyp = 5%
Aébd
(2) o i 7oty ORI 1]
Bghg L
Inequalities:
(3) N (10) = 180
{4) njg N (10) = 180
(?) (ng/n,) B (.040) = 360
(6) nzngB(.600) = 38

3
(7) B22 ngngngn,,B64A (370) = 38

(8) 5.0 -
3 &8
R e
£ x 10

(10) & (200) = 38

Working with these relationships, and following
the same general procedure that was described in the

* o

discussion of the tuned-plate oscillator problem,
suitable set of gear ratios and constants was found.
The results of this work are summarized by Table VI.

(See next page.)

*Page 40 etc.
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TABLE Vi

Gear Hatios and Constants - Amplifier Problem

no = 3 ng = 3
ny = %_6- = (2 x ) ng = %
Hp & 4 njo= 3
Rg = i' nn’%
e %’5 4 “i"%“%”%’%) Mige
ng = % nl?"%
ng = 1 nls"%
Ry = 2

= 153,600 turns per second
= bH00 turne per ampere

i

= 10 turns per volt

A

B

N

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

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

= (38/200) turns per ohm

The input and output table scales, as determined

from the constants in Table VI and the relationships

indicated on the intermediate connection disgram (see page 76)

were found to be as follows:
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Input plots;
ip = fleog, ep) plot;

i, ¢ (1/450) or 0.002222 amps./inch

eg : 2 volts / inch

e17 = 10 sin 2007t plot;
e7 : 2 volts / inch
t : (1/1920) or 0.00052083 sec./in.
{19.2 inches = .0l second)
Output Plots;
t : 24 inches = .05 seconds or
1l inch = 0.002082 s.

e; : 4 volts / incp
oo : (512/19) or 26.95 volts / inch
(4/450) or 0,008888 amps./ inch

=]

The "ep Scale";

e {1024/57) or 17.965 volts / inch

p
Using the gear ratios listed in Table VI, the

fingl machine connection diagram shown in Fig. 37 was .

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

the second input table was provided with a paper scale

from which values of plate voltage (ep) 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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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 ep as a function of time was not desired.

The input voltage wave (e; = 10 sin 2007 %) was

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

to follow) and only one cycle was plotted. In operating
the machine, when the end of this cycle was reached, the
machine was shut down and the inpuf table carriage was

released snd reset at the beginning of the cycle.

3. Machine Solution Of The Problem:~ A photostat

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

p
The data from which this plot was made are tabulated in
Appendix B. The method used in following the plot was
identical with that employed in the solution of the
oscillator problem. *

A1l 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 1is
suddenly applied to the input terminals at time t= 0.

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

* Explained on page 49.
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starting conditions the initigl values of the wvarious

quantities are as follows:

eqg = B ( -10 or -20)
By = By (neglecting small resistance

drop in the coil)
12 = i

D
e, = condenser voltage = (~R x initial ip)
92 — 0
g = o
at

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 is set to indicate the proper

value (EP) of e,, on the voltage scale provided there,

P
The displacements of integrators I and IV are set to
zero and those of integrators II, III, and V are
adjusted to give the desired values of C, L, and R.
(Refer to the machine lay-out sheet on page 80.) The

84 input plot pointer is set on zero. The iP input

plot pointer is first set at (Eg, 0) and then is
cranked upward until the curve corresponding to the
initial value of e:p is reached. Doing this gives
integrator I and the ip output pencil the proper initial
displacements. When these adjustments have been made

the machine is ready for use.
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T &8 Byl aeiL T

Results Of Differential Analyzer Solutions
(Amplifier Iroblem)

Run volts hys. mfd. ohms * 8. DB
No. Bg L c R %
i =10 « 6340 4 50 6 100

2R =10 « 6340 4 2b 9 100

o -10 . 6340 4 15 1 100
4 -10 « 6340 4 10 13 100
5 -10 e D170 8 5] 18 100
6 -10 8450 O 13 .32 10 100
7 -10 L2669 2 20.00 8 100
8 -10 2B e €D 15.97 8 100
9 -20 . «6340 4 10 100
10 ~-10 « 3170 2 5 6 200

A -20 s oL 10 2 S ) 200

18 -10 «6340 o 10 -

13 -10 « 6340 5 10 -

Run maX. min. max. min. W L/R Z

o, €o eo 1p ip

1 S0 et ~38.6 +0285 00635 7.9b 3300 = J416

P hlab -52.3 <Q21% | <00h4 15.90 6330 - J398

3 623 -61l.5 « 0181 L0073 26.54 10640 - j443

4 T2evS -63.9 01325 ,00978 39.8 16830 -J396

5 61:3 «51.8 . <0207 LO0R9S 29.8 7920 - § 0.**

6 68 ol =1 o5 .0145 ,00862 39.8 21150 =« 3 O,

7 7540 ~T6ed +D17L " 007D 59.8 26540 - ] O.

8 71,0 ~71.0 » 0171 L0079 29.8 26340 - J O.

9 3b.0 -~ 31,4 ,00453 .0000 39,8 16830 - J396
41 24 .6 -22 .4 » 00747 .0000 39.8 63 =~ § 032
12 29,7 -28.3 .0382 00088 39.8 159 i 1595
138 s I =291 0 L0386  L,ORGEE 39.8 168 .= ] 1878
lote:

* N equals durution of transient in cycles.
*¥*¥uandrature component too small to be obtained on slide rule
Values of £ satisfy the relation:

R g
= enie

In all runs the value of Ep was 160 volts.

2 1is the impedance of the tuned circuit at 100 c.p.s.
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Solutions of the problem were obtained for various
combinationsg of cecircuit 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 :

ERERGTRT. Ia
27wV IC

with f equal

to 100 cycles per seconds Although in a tuned parallel
gircuit 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 slightlye. The values of "Z" given in
Teble VII are the calculated impedances of the parsllel
circuit at a frequency of 100 cycles per second. These

values were computed from the known relationship: *

B + Ju [L- o(r®+ 1% o8]

R® 02 w? 4+ (L0 w?®~1)2

Pigure 38 is a photostat of a tracing msde from
the machine output plot for run Ho. 24. It is & typical
example of the results obtained from the machine. ZPrints
made from tracings 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

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

* Prom K.S.Johnson, Page 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
gsettled down to a periodic variastion sbout 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 amplitude. The dynamie
characteristies 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 éycles 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 voltagee The curves on page
88 show the response under similar conditions when the
biasing 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 characteristics
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 wavesg.

Fige 42 (page 89) illustrates the steady-state
performance of the amplifier when the parallel circuit
is adjusted to present an impedance

Z = 1569 + j 1675 ohms
to the fundamental frequency. Fig. 43 (page 90) indicates
the behavior when the parallel eircuit impedance is
Z = 158 - J 1576 ohms

at one hundred cycles. These two solutions were made
to determine the general effects of inductive and
capacitative loads upon the performance of the amplifier.
Values were scaled from the results of these two runs
for the purpose of reconstructing the dynamic character-
istiess The date obtained from the curves are tabulated
in appendix E 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 %hen the load is capacitative
and counter-clockwise when it ig inductive., Except for
this very important difference the two characteristies

are similar.
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¥Ia. CONCLUSION

In general, 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 wvacuum tube circuit
problems. Unfortunstely the number of different types
of such problems which can be handled on the present
differential analyzer is small., Bvidently 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 Qynatron 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 thé absurdity of regarding the parameters
of an oscillating tube as constants. They also indicate
that the grid current has an appreciasble effect upon
the performance of the circuit and that it cannot be
neglected in any analysis which pretends to be rigorous.

L'he results obtained in the study of the amplifier
problem indicate, in accord with the elementary theory
of triodes, that when the externsl 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 dynamie
characteristic is elliptical in shape. If the

external reactance is negative, the operating point

of the tube appears to describe the dynamic characteristiec
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 mgchine solutions of those
circuits which, at present, apparently cannot be handled. *
It would be particularly desirable to find a method of
obtaining rigorous solutions of the amplifier circuit
having a simple inductive and resistive load. (See the
schemgtic in Fig. 12, page 26.) It would also be
desirable to further investigate the agreement between
results obtained from the differential snalyzer 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 seq.
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A EPRENDIR A
A List Of The More Important Symbols

1p sesesesssenss plate current of the tube
iG e 088088 00ssaee gl‘id Curren‘t Of the tube
i se s N snscsane, B BOL1 psurrent

Bp eeecccesciens plate potential - referred to nepgative
side of the filament

eG S8 ceeeoe e Erid pOte]’]tial - referred tO neﬂ'ative
side of the filament

@p eescssscscces & condenser voltage

L esesssscsssses €01l inductance in henrys

C esesssssesecss cCapacity of a condenser in mfds.

M essssessecscss mMutual inductance in henrys

R essecsssssese resgsistance in ohms

T essescssesessse time of one period in seconds

& esssesssssssse Tfrequency in cycles per second

RP sessssssssses Qdifferentiasl plate resistance -~ ohms
Gp eeeeesssscees mutual conductance in micromhos

M ceeeececccccs amplification constant of a tube
2

sasssssssnnas dmpetancs of & tunsd parallsl scircuit
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A2PRENDIX B

DATA FOR BSTATIC CHARACTERIGTICS UX - 112 A

2
EP 10
iy Eg i,
- -5 0
1.3 0 o3
1.4 5 4.4
1.4 7.5 7.8
1.4 10 10.9
34 186 14.3
1.4 15 1.7
1.4 20 23.5
l.4 26 2746
30 3045
35 32.8
4 40 34.1
45 2542
ip 50 3642
55 37.0
2.81
5.0
5.7 14
5,8 “p
5.8 i
5.85 e P
6.0 10 14.0
6.0 15 21.8
6.0 20 2649
6el 25 32
5.9 30 36.2
6.0 356 39.2
6.0 40 41.5
45 43
50 44
6 55 44,5
60 45
- 75 45
3.8
8.0 18
10.4 “p
11.6 E i
12.4 - P
12.8 10 15.8
13.1 15 25.6
13.2 20 3261
13.2 2245 356
1343 25 37
oy Y 37

Ep 18
LT
30 41.5
52.5 - 43 .8

356 46
37.6 48
40 49,7
42.5 bl
50 b3 .5
656 b4.5
60 bb
65 bbeb
70 56
75 556
80 b4 .4
EP 22
EG 1p
10 18.56
15 29.5
20 40
256 45,5
30 49.1
35 51.5
40 3.8
45 56
50 b7.5
bb 68
60 58.5
Ep 24
e
10 18,6
15 31.0
20 41.8
22,6 46.8
25 49.3
£%.5 b2
30 b2 <L
32D 54,3
356 b5.2
37«5 65.9

Filament voltage constant at 5 volts,

The Values of plote current (ip)

are in milliamperes

*
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(Appendix B)

24 Ep= a2 E'p =40
5604 52.5 7705 2
57 35 79 ¥ ik

57.6 37.6 79 30 91
58.56 40 79 32.5 95
58.5 42,5 78.5 35 103 .5
58,7 45 772 3%7.6 107
5847 47.5 78.5 40 109
62.3 50 73 42.6° 110
62 52.6 71 45 109
61.5 55 69 47.6 107
61 bT7.5 6% 50 1056
gg 60 64 B3.6 102.5
a8 655 101

i E7.5 97

TR A

28 | y
Bg 1p :
i 20 53,1 -
zg 25 67,2 b
- 30 79

2 Bp.5 ) 82,6 Ee e
- b4 37.6 86.5 §8 gg.s
58.6 40 - 8545 35 107
62 42.b 856 %75 118

64.1 45 . B4 40 114
65.5 47.6 82.5 2.8 136
6645 50 80.2 45 115
67 53.5 78.5 47.5 114
67 535) 9 - 50 113
66 5746 71.5 2.5 111
65 . 60 70 55 110
gg.a 57.6 10%

60 104

62 =
R Ep 36 62.5 97
59.5 E i

G p
58 BE.= 48
20 55 P
26 70 i
30 82 Be P
32.5 87 %0 97
1p 25 90 35 112
37.5 91 87,6  11%
51.9 40 91.5 40 121
65 42,5 91 42.5 124
"5 45 89.5 45 126
47.5 87.2 47,56 1£6
50 85.8
52,5 83
55,0 81



Ep-48
Eg ip
50 126
52.b6 124
bb 123
67.5 122
60 119
Ep- 50
Eg ip
~-10 0
~7.5 « 006
"’5.0 .42
=2.5 2.2
-5 42
0 5.8
5 15.8
10 29
16 44,5
20 61.5
2b 80
30 98.2
356 115
40 130
45 142
Ep::GO
- H
~10 0
~-7.5 .068
-5 .90
-2.5 3.3
0 Ted
b 18.8
10 3245
156 48,0
20 66
25 856
30 103.5
35 122
40 138
42,5 147

103.

Ep = 70
Eg ip
-12.56 0
- 7.5 « 34
s 5 1.93
- 245 5.0
0 %
b 22,0
10 3641
15 53
20 70.9
22.5 80,2
2b 90.0
28,5 99
30 109.1
3245 118.5
356 b b 3 4
375 136
40 144
bp s 80
0k
~12+5 0
-10 0.082
e 7-5 0.94
- b 3.2
- 2.5 700
0 12.4
2.5 18.5
5 25.5
75 3245
10 40
156 57.5
20 75.8
25 96.5
30 115,
35 132.5
3745 144,
Ep = 90
EG ip
-12.5 0.0072
-15 0.0000

(Appendix B)

%p

Fo XA

(-
SFOMPpOMOTIO =
™ o o ® [ep]

o, O O

E

"1705
-15
-12.5
-10
- 7.5

=300

0,36
149
4.9
9.3
15.2
21.9
29«1
36.1
44,1
62.0
80.9
100.9
121
140

= 1110

18 Nollele]
[ ) ° [ ]
& oo
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(Appendix B)

E_ = 110 = =
b Ep 120 Ep & 150
Eg 11} Eg 1P Eg ip
< B 9.8 -10 53 -22.5 0
el S A 16.9 R 9.8 L L 0,05
0 22.6 w B8 3B P -17.6 0.62
2,5 30 e BRSO -15 2.3
5 37,5 0 29.5 o I 5.4
7.5 4505 2.5 3705 -10 9'8
10 54,2 5 46 s 9.8 15.3
NE B 63.0 7.5 54.1 sl 21.9
20 92.5 18.5 73 0 37.5
25 113 15 83 2.5 46
30 133 7.5 92 5 54,7
32,5 143 20 103 7.5 63
po.6 115.5 10 72.5
£5 123.0 12.56 82.9
Ep = 120 £7.5 134 15. 93.1
30 146 17.5 103.5
Eg 1p 20 114.5
20 0 B 140 i oy
~17.5 0.0013 P 53.5 ii"é
= BN Il B
-10 3.5 22,5 0 B = 160
i 6.4 -20 0.0033 B
i 12.5 =17.5 0.197 Eg i
N T e ~15 1.26 P
0 26 -12.5 3.6 -25 0
2.5 3346 w b 73 -22.5 0.0072
5 41.2 o MLB L - A8 -20 0.£58
7.5 50 -5 18,4 =17.5 1.35
10 58 - 2,5 25.5 15 3.8
12.5 68 0 33,8 ~12.6 7.5
15 7.5 2.5 41.8 ~10 12.4
17.5 87.6 5 50 L .5 7.5
20 98.0 7.5 = B9 b 18.4
£e.8 108 10 67.5 B 25.5
°5. 117 YEE  ATS - 2.5 335
ar.B 128.5 16 88, 0 42
20 109 5 59
; £2.6 119 .5 68.5
Ep = 130 o5 130.5 10 7746
27.6 142 12.5 88.8
B ip 15 99,1
17.6 109
-20,0 0 20 119
=175 0.034 22.6 131
-] 5 0.b4 35. 142
-12.5 2.2
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(Appendix B)

Ep = 170 By, = 200 B, = 240
1
Eg P Eg 1p Eg ip
- 25 0 ~30 0 %
- L] -25 0029 -
=178 2.4 =22,.,B 1.3 _33.5 g.gg
=18 5.4 -20 3.5 _25 3.8
-1205 908 -17.5 7 -22.5 7‘4
«10 h.d LB Al =20 i 2
o S ¥E.6 0 19,8 RETR R
g 28 -10 24, T 23.4
g LNE o Eile 230 38.9
0 46,1 - B 39,2 SmE AT
£.5 66 S B AB8 e 56.1
5 64 0 58 g R
7.6 73,5 2.5 6846 A 7
10 83 e Al 2.5 87.1
18.6 | 94,1 7.5 88 5 97.4
15 104 30. 98 ’
17.5 %12 12.6 109
20 2 16  120.5 &
22.5 136 17.56 130 o B
o5 146 20 139
22.5 149 G 'p
X 25 - ~37.5 0.0005
Ep..180 a5 0.062
~32.5 0.44
~27.5 0 £g i i A 703
Zos 0.0123 P WS o
-22.5 0.30 TR S L
~20 1.43 =30 0.028 -17.5 23
-17.5 3.7 -27:5 0.54 ..15 3005
=1k 7.4 ~25 1.4 w3 LB 38.2
"12.5 1208 -22.5 306 —10 47
=10 18 -20 740 il 55.9
Mgt O R EE e i 65.4
- b 32.8 -15 170 ST 76
SRl kg <12:8 B89 o 86.9
0 50.5 ~10 31.1 X
2.5 59 - 7.5 5901
5 69 w B 48,4 -
7.5 178 0 67 b et
10 88 .5 2.5 T7.B
12 .b 97.6 5 87.6 g iP
15 107.5 7.5 97 e 0
17.6 117.8 100 108 g SLons
20 128.7 12.56 119 ik " 06
22.5 138.5 T T =875 LR
25 148.5 17.56 139.5 D el



"52 .5
=30
*27.5
-25
-22-5
-20
~17.5
-15
=12.5
=10
= 7.5
- b

- 2.5

~275

-22.5
-20
-1705
-15

‘-12-5

-10
- 7.5

.0024
.079
- 54
«80
4.00
75
1l.6
17.2
23
30.2
37.9
46.2
55
64
75.1

HOoOGOO 9

(Appendix B )

~-32 .5
=30
-27.5
=25
~22¢5
-20
-17.5
=15
-1205

T
e}
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APPENDIX C

Containing Data On Integrator Displacements

Fart l. Data For The Oscillator Problem:

Integrator II * Integrator III *
(6 = 54) (A = 64/421875)
M Turns c 1/¢ Turns
Disple. mfd. Disrl.
.60 324 7.409 £4900 20.48
55 £9.7 15,117 66170 10.02
«50 27.0
«45 24.3
+40 21.6
s 08 18.9
30 16.2
Integrator V * Intecrator IV
(B = 256/1125) (Constant equals 2/9)
R Turns volts ink¥tisl
Displ. v dig Turns
it Displ.
10 2.276
20 4050 10 "'10 "'2.22
.- S0 6.83 15 -15 -3 633
40 9.10 20 -20 -4 .44
50 11.38 2b -£5 ~5.65
70 156.93 40 =40 ~-8.88
60 -60 «13.33
120 -120 -26.65
Note:

* Used to introduce a constante

The displacements of integrator I were automatically
taken care of when the initial value of i was
"eranked in", They vere not recorded.
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(Appendix C)

Part 2. Data For Amplifier rroblem:

Integrator II * Integrator II11I *
(B = 38/480000) (d = 512/67)

e Turns L Turns
mfd. Displ. hys. Displ.
8 9,90 s 0 LTD 28.32
6 13.20 + 4224 21256
5 16,82 « 5065 1754
4 19.80 _ .6340 14507
3 26,40 . 8450 1061
2.5 o168 p Ul g e 9,10
et ) 39.60 1+269 7.08

Integrator V *

(6 = 38/200)

R Turns
Ohms Diepl.
5 0,95
10 1.90
13.32 24530
15 2.85
15.97 34036
20 3.80
2b 4.75
50 9.50
Note:

* Used to introduce constant.

For all runs integrator 1V was initially set on zero.
The displacements of integrator I were automatieally
taken care of when the initial value of ip was
"cranked in". They vere not recorded.



109.
APPENFD X D

Containing Special Data Pertaining To Runs 3, 5, 11
(See Table IV)

Part 1. Data Obtained from results of Run lio.3 - which
are reproduced in Flgura 20. (In body of paper)
The values of eg , and i tabulated
below were sc:ailed f?om gurves PlVPn by the
machine. The ordinate numbers agree vith those
marked on Figures 20 and 32. The dynamic
characteristic shown in Figure 24 was reconstructed
from data given below. The values of tube
parameters given below were calculatec from data
graphically obtained from the static curves.
The wvaslues of the various parameters are plotted
versus ordinate number in Figure 26,
micro-
Ord. volts volts MeBe Aanps. mhos ohms M
Ho. eg °p ip is Gm Rp
0 0 111+D 2l.4 « 563 2790 2860 7.99
: -10 132.1 7«5 « 367 1333 5600 7.48
2 ~19.7 152.0 1.6 « 863 0 inf. 0
3 -28.8 173.4 0 «851 0 inf. 0
4 -239,.4 192.4 0 0529 0 inf. 0
b ~47 .4 209 0 «301 0 inf. 0
6 -54,.6 227 0 <268 0 inf. 0
; 4 ~61 B 240 0 224 0 int. 0
8 ~6546 250 0 N 0 inf. 0
9 -69.1 256 0 «134 0 inf. 0
10 -70.8 260 0 080 0 inf. 0
y 4 «T71.3 263 0 .0304 0 inf. 0
12 ~T70.8 26045 0 - 024 0 inf, 0
13 -67.8 £5% 0 - 07356 0 inf. 0
14 «63.8 249 0 - 121 0 e o 0
15 "58.5 239 O e 0163 0 11’!f. O
16 -51.9 2RY 0 - «200 0 inf, 0
17 -45.6 215.6 0 - .258 0 3 info O
18 -38.2 201 0O = B62 0 inf. 0
19 -29.7 1856 0 -.282 0 inf. 0
20 -21.05 169 l.4 - .294 332 24200 8 06
i 8 -12.0 1562 6.75 =.298 1430 4590 56
5 - 3.47 136 22,4 -.295 2560 3030 7.76
23 4+ 5.33 1156 44.5 -.287 3300 2350 T« 76
24 14 .68 95.2 66.0 =,E70 3650 1975 7.21
25 24,0 77.0 91. -.246 3870 1906 736
26 334 56.7 113. ~e 207 2800 1405 4.63
27 41.5 39.5 104. -.164 2356 244 .0587
28 47.1 27.7 675 «.119 -410 342 - .140
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micro-

Ord. volts volts MeBe anps. mhos ohms ./4

29 50.4 203 b5 -.0718 188 1020 « X958
30 2.0 16.5 49,7 -.0232 168 416 .078
ol 51.9 15.8 45,4 ¢.0368 21) 416 . 068
SE 49.8 16.9 FO.E ¢.0944 a0 426 «100
33 46.7 20.6 bbs .144 211 689 +145
34 4.7 B (6.9 «190 255 450 -.106
36 7B 3645 85.4 « 230 Ell 375 079
36 32.17 46.6 103 e 265 2410 882 212

Sl 25.8 59.1 86+ +» 302 3670 21656 7.94

oo 18.67 74.9 - 607 +SE9 3670 2195 6.06

39 10.13 91.5 3748 e 349 34170 23560 8.10

40 0 111.4 21 .4 0D 2790 2860 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:s:l tracing measured 18"x24"

80 the graphical viork could be done with accuracy.

In determining G the slopes of the curves vere
measured at the desired points by mesns of a straight
edge and protractor. The sngle between the tangent to the
curve and the horizontal axis was determined in each case.
The scales to which the curves were plotted were such
that the exrpression for G became:

Gy equals 1333 tan A micromhos

where 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 R was found by
taking the ratio of small increments of ep and ip.

Rp equnis éfﬂ

ékip
The values of the amplification factor
computed from the known values of Gp
the relation:
Ry G

In this paper the usual definitions of the tube
parameters have been used.

(M) wers

and Rp by means of

M equals
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Definitions of tube parameters:

'deE

3 for constant i
deg

Anplification factor = P

Differential plate resistance

de
h—"f = (-d—i-E-—) for constant eg

P
Mutusl Conductance
di
é; PR it for constant e
” deG P
Part 2, The following data wss scaled from the

oscillograms shown in fipgures 2%, 8B, and 29.
These oscillograms vere tsken for cct. conditions
corregponding to those in Run No.3

Ord. volts volts volts M8 anps.
No. e ec ep ip 12
0 ~-10 4. 144 11.2 « 540
3 ~38.5 46 186 0 «298
4 ~-47 58 198 0 » 262
5 -54,5 8l.3 ERY 0 217
7 -665.8 108 248 0 «119
8 ~(8.1 119 259 0 . 0704
9 =~70.4 126 266 0 .0181
10 -71 129 269 0 -+.0402
b (1 5 ~69.8 129 269 0 -,0804
12 -67, 128 268 0 -.121
13 ~62.4 121 261 0 -+159
14 ~5T7.3 107 247 0 -.191
16 ~53.3 90 230 ~0 -.221
16 =45.3 719 212 0 ~ . 245
1% 3.1 bbe7 196 0 -+262
18 -31a7 34 174 0 -.268
39 ~Zleb 8 148 0 -.270
20 -10 =10 130 6.72 -.264
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Ord. volts volts volts MeBo AMpE .
No. eg e, ep ip 12
gl + 0.82 - 24 116 ' 23D -.251
28 B.24 - 44 96 35.8 -+239
il 15.6 - b6 84 49.3 - 28]
24 24 .2 -67 : 73 7065 -.181
25 3004 - 81 59 81-8 "-161
£6 553 - 93 47 86.1 -+.131
A O34 .4 -104 36 76.1 -,0804
29 31le6 -119 el b2 .6 . 0201
30 34 .4 -123 17 b3.8 0765
31 35.6 -125 15 65,0 «dl21
B 39,0 ~124 16 80,6 s 16T
33 41.8 -122 18 1030 » 199
34 45,8 ~116 24 137.8 229
35 47 .6 -108 a8 150.0 «+ 259
36 48,2 - 87 b3 156.0 .£88
27 45.8 - 65 76 1423.0 « 318
38 29.9 - 3% 103 952 328

. &9 B8.23 - 13 12 54.8 038

Part 3. The folloving Data were obtsined from the results
of Run No. 5 (see page 56) and were used to
plot the dynamic characteristic shown in Fig. 2F.
(See page 61 .) The ordinate numbers correspond
to those on page £56.

Ord. volts volts
No. T ep
0 0 956
3 - 6.0 i G
2 -12 129

3 ~-18 147
4 "'23.7 165
b -28.1 179
6 =332 196
7 ~-37.3 210
8 -40,.6 i |
9 ~42.7 230

10 -40,7 £30

13 -45,3 238
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Ord. volts volts
No. eg e
P
12 -45,.2 239
13 -44 4,7 238
15 ~39.6 £29
16 -3645 220
i g -32.8 212
18 ~-2846 202
19 -24,0 188 .
20 -19.3 176
21 -14.0 163
22 - 9.2 147
23 - 3.33 138
24 1.33 199
2b 6.0 105
26 10.0 97
ET 14.4 79
28 18,1 67
29 2l.2 56
30 23.4 47
31 24.7 41
32 26.3 37
33 £4.8 36
34 23.4 37
35 213 41
36 18.0 48
317 14.6 E6
38 9.95 67
39 4.67 80
40 0 95
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. 26. (See page 61 .) The
ordinate numbers correspond to those on psge 58.
Oﬁd' volts volts
O. eg ep
0 -69.2 288
1 ~-68.1 287
2 -65.3 282
3 -6046 271
4 ~56.0 2569
b -50.0 248
6 -42.0 226
7 ~33.3 2056
8 -24.7 185
9 -15.3 163
10 - 6466 140



volts
eG

24617
12,00
2047
29,7
3843

43.9
47.3
4943
50.0
48.9
46.7
42,6
38.0
3247
2646
20.4
12.66

65.00

- 333
"12.66
~2247
=32.,0
-40.7
-47.3
-54,3
‘60.2
-6405
-67.9
-69,0
-6902
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Part 1. Data For Dynamic Characteristic Run No. 124
Following values were scaled from curves in Fig. 42

Ord. volts volts volts mills
No. eg eo ep ip
0 ~10 -£5.8 134.2 6.00
1 n 806 -26595 153.0 8.{16
2 - 7.4 -27.E 13&.0 10.7
3 " 601 ‘27.1 153-0 1302
4 - 5.0 ~26.,95 132.0 15.7
5 - 4.0 -2642 134.0 19.2
6 - 3.0 -26.5 136.0 22,7
7 - 2.1 -23.6 136.0 25.8
8 - 1:4 ‘21.6 138.0 2805
- - 0.8 -19.0 141 31.1
10 - 0.5 ~16.5 143 333
1 3 - 0,2 =13.5 146 36.1
12 0 =10.7 149 O6.8
13 - 0.2 - T+1b 163 o7.8
14 - 0.5 - 3,91 156 38.2
156 - 0.8 - 0.9b 159 379
16 - l.4 2.7 163 37.3
17 - 2.1 5.66 166 36 .4
18 - 3.0 9.31 169 34.9
19 - 4,0 12.3 L7E 32.9
20 - 500 15-4 175 31.1
3 - 6.1 1841 178 28.9
ER - 7.4 2045 181 £5.9
23 - Ha.6 s e 183 23.1
2b -11.4 27.8 187 17.4
£7 -13.8 29.4 189 12.5
28 =15.0 29.5 190 10.3
29 ~16,0 29.4 189 8.3
30 - =17.0 28.6 189 6445
32 ~1l8.6 2548 166 Se64
38 -19.2 £3.1 183 2.67
34 ~19.56 20.5 181 2.00
36 ~19.8 17.4 &TT 1.5b
36 -20,0 13.6 174 5 8 i
37 "19-8 9.7 170 093
a8 -19.56 5.40 165 .89
39 -19.2 1.48 161 «89
40 "'18.6 W) = 1.89 158 .89
41 -17.9 - 5.66 154 .89
42 - -17.0 - 95,98 150 «93

43 =-16.0 =13.5 146 122
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Ord. volts volts volts mills
No. 5] a. a i

G & p p
44 -15.0 =-17.3 143 dsoB
45 -1"9 “00.1 140 2.14
46 -12.6 -22.6 L& S 02
47 "1104: -::406 155 4.82

Part 2. Data for Dynamic Characteristic Run lo. 134
Following Values scrled from Curves in Fig. 48

Ord. volts volts volts mills
No. eG eo ep i
1 - 8.6 £4.4 184 23.5
A - 7.4 22.8 183 2642
3 - 6.1 19.556 179 28.8
4 -5.0 16.85 LT 81.5
5 - 4.0 12.48 17345 38.7
6 vied 5-0 9.84 169-8 3600
7 - 2.1 B.66 16547 37.8
8 - 1.4 1048 161-5 38.6
9 - 0.8 - 1.89 168,.1 &B.6
10 - 0.5 - 5.39 155 36.0
% - 0.2 - 9.44 151 373
12 0 -12.40 148 3642
13 - 0.2 -16.19 144 34.6
14 = 0.5 -18.88 141 32.8
15 i 0.8 "‘31.6 138 3002
16 - 104 "24.1 lbﬁ 2705
1 - 2.1 -26.8 124 24 .4
18 - 3.0 -27.4 133 2l.3
19 - 400 -28.3 132 lBug
20 - 5.0 -28.5 152 15.2
2l - 6.1 -28.2 132 A 1
28 - 7.4 -28.2 132 9.8
23 o 8.6 -26o4: 134 7.45
24 -10 -24.9 135 7.68
2b -11.4 -23.0 137 3+99
26 ~12.6 -20.9 139 311
24 -13.8 -17.5 142 2.22
28 -15.0 -14.7 1456 1.55
29 -1600 "11.85 148 1-24
50 "1700 - 8-09 152 Oobg
31 -19.9 - b.12 155 0.71
32 =1t .6 - 0.10 169 0.53

33 -19.2 + 2.02 162 0.53
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Ord. voltse volts volts milils.
No. eg 02 ep ip

34 -19.,5 b.66 166 0.53
&5 -19.8 8.35 168 Q.62
36 -20 5L S 192 0.60
3 -19.8 14.8 1756 0.93
38 =19.5 7 40 178 1.42
39 -19.2 £20.2 180 2,18
40 Mo ~18.6 22.8 183 3.02
41 -17.9 24.3 184 3.99
42 -17.0 2.8 186 .41
44 -15.0 27.8 188 Q.37
45 -12.9 £8.3 188 11.80
46 -12.6 2.9 188 14.25
47 -11l.4 271 187 1781
48 -10.0 26.3 186 20.4



