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DEVELOPMENT OF A LINEAR RECORDING METER

INTRODUCTION

Since the beginning of World War II, automatic record-
ing and controlling processes have been widely used.1 Howe
ever, of all the instruments developed to date, the servo-
mechanlism type has become most popular., Although, the use of
the word servomechanism in the engineering field 1s rather
recent, the field of automatic control, which 1t covers, 1s
not new.

The purpose of this paper i1s to describe and analyze
a graphic linear recording meter, The instrument, aside
from its linear recording characteristic, has the following
features:

l. High input

2. Error less than 5%

3. Records 1 cycle per minute d.c. signal changes

(0 to 10 volts) on polar coordinate paper

Emphasis 1s placed on the relationship of the meter
to a servomechanism. With slight modifications in design,
the meter can be readily used as an automatic control device.

This will be more evident when 1t 1s compared with a servo-
mechani sm,

k
"Electronic Recording Instruments,”" Electrical
Engineering, January, 1946, pp. 36=44,




In the construction of the lnstrument, the following
devices were necessary:
l. A suitable detector
2. A circuit to be responsive to polarity changes
in the signal
3. A means of obtalning linearity in the recording
process
4. A recording mechanism
The recording Instrument of thls thesis utilized a
rotating table (polar table) for convenience in construction
and overall test.
The general discussion of the next section will show

the means by which the above devices were obtained.



GENERAL DISCUSSION OF THE LINEAR RECORDING METER

"Servomechanisms can be considered as a class of auto-
matic regulators whose purpose is to keep a regulated quan-
tity matched to a reference quantity.“2 To show that the lin-
ear recording meter of this thesis can be thought of as a
gervomechanism, the elements of a recording instrument are
briefly presented.

In general, a recording or control process can be
represented by Figure 1.3 The primary element detects the
variasble to be measured, and its output is Injected into the
measuring circuit. The measuring circult, in most cases,
consists of some form of a bridge followed by several stages
of amplifiers, The amplified output signal of the bridge
may operate directly a recording mechanism. Part of the out=-
put of the measuring circult actuates a controller, The con-
troller in turn compares its input with a known reference, or
1t may operate the recording mechanism as well. The record-
ing control process can be made more accurate by including
in the controller a final control element, which returns to
the primary element an intelligence to correct for any error

in the position of the recording mechanism,
Figure 2, which 1s the block diagram of the linear

2
S. W. Herwald, "WPorms and Principles of Servomechanisms,"
Weatinghouse Engineer, September, 1946,

3
D. M. Nielson, "Electric Measuring Instruments,™
Electrical Engineering, February, 1946, pp. 66-74.
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recording meter developed by the writer, shows its relation=-
ship to the general type as indicated by Figure 1. The only
difference in the two dlagrams 1s that in Figure 2 the measur-
ing clrcult does not control the motion of the recording mechan=~
ism directly.

Figure 3 represents a general block diagram of a servo-
mechanism of the control type.4 The relationship to the record-
ing meter is indicated below the diagram,

The linear recording meter of this paper can be likened
to the servomechanism represented in Figure 3, A general dis-
cussion of the operation of the meter will point out the similar-
ities,

Figure 4 is a complete schematic of the linear record-
ing meter referred to in the following discussion.

Assume for the moment that the input terminels A and
B are connected together and that the arm of potentiometer
Pz coincides with point B. This will represent zero input
signal voltage to the grid. It i1s easily seen that there will

be a particular setting of the potentiometer P, that will pro-

3
duce no a.c., voltage difference between points X and Y.

By considering the resistors R1 as two arms of a Wheat-
stone bridge and the sections of the tube (6SN7GT) as the
other arms, there wlll be a null developed between points X

and Y when Pl is varied. This assumes a constant a.c. plate

4
H. Lauer, R. Lesnich, L. E. Matson, Servomechanism
Fundamentals. New York: McGraw-Hill Book Company, 1947. p.64.
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voltage.

As Pl is varied about the null point, the a.c. voltage
between X and Y is reversed in polarity., This reversal can
be observed by the use of a cathode ray oscilloscope across
the bridge output.

Assume that with the bridge balanced and that a d.c,
voltage e is introduced between the terminals A and B.
Immediately, the bridge becomes unbalanced due to the fact
that the arm of the bridge, which contains vacuum tube Tl’
has developed an equivalent voltage equal to ue in its plate
circuit. When the polarity of the net input grid voltage
is changed, the unbalanced voltage between polnts X and Y
reverses in polarity also. Thls reversal in polarity 1s of
the same character as previously discussed when Pl was varled
about the null point., Therefore, any change in magnitude or
polarity of the d.c. input voltage willl cause a proportionel
change in the output voltage of the bridge. This assumes
linear operation of the tube.,

At this point in the discussion, we can identify two
important features of the recording meter, The grid of vacuum
tube Tl or the input terminals A and B are representative of
the sensitive primary element whereas the Wheatstone bridge
is seen to be the measuring circuit.,

The output terminals X and ¥, of the bridge, are con-

nected to an i1solating transformer (T). The transformer also

furnishes an increase in the voltage output of the bridge.
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This increase in voltage 1s not a necessary function as 1t
feeds to a stage of voltage amplification.

The condenser (02), paralleling the transformer second-
ary, resonates the secondary to the 60 cycle a.c. frequency.
Since the primary contains a half wave voltage, the second=-
ary will contain a great deal of harmonics. Therefore, the
transformer and condenser 02 can be looked upon as a filter,

The single stage of voltage amplification is suffi-
cient. The amplifier Ts i1s a voltage amplifier utilizing cur-
rent feedback to reduce the distortion and insures better
stability.

At this stage, it should be pointed out, that odd sym-
metry in the wave form is important, otherwlse the two thy-
ratrons wlll not flre symmetrically. It is noted that the
wave form has not been stipulated, but 1t must contain odd
symmetry.

The a.c. output of the single stage amplifier 1s
coupled to the grid of a degenerative amplifier phase inverter.
The coupling condenser (05) and grid resistor (Rs) also serve
to shift the fundamental a.c., component of the bridge voltage
so that the voltages which are placed on the grids of the
thyratrons, that follow later, are in phase with their

respective plate voltages.

The phase inverter from its appearance seems tc be an
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ordinary amplifier.5 A closer examination reveals that the
cathode and plate resistors (RB) are of the same magnitude.
Therefore, the a.c. voltage drops across the resistors are
equal in magnitude and of opposite polarity. Consequently,
two a.c, voltages of opposite polarity are obtained. Each
voltage 1s coupled through a capacitor (04) and a resistor (Ry),
as shown in Figure 4, to the corresponding grid of the thyra-
trons. The coupling capacltors (C4q) are used to eliminate
any d.c. voltages to be impressed on the grids of the thyra-
trons and the resilstors (Rq) to provide a d.c. path for the
bias.

The thyratrons are used to control the direction of
rotation of the reversible d-c motor. They are connected in
the usual push-pull fashion with the load of each tube con-
gisting of a serles winding of the motor as indicated in Fig-
ure 4. The two tubes have initially a small d.c. bias to pre-
vent firing of the tubes when no signal is applied to the
grids. The plate supply of the thyratrons 1s sinusoldal and
its value 1s determined by the rating of the d-c motor.

When the plate of one tube is positive at the same
instant that 1its grid is positive, 1t will fire and cause
the motor to operate. Similarly, as the plate and grid volt=-

age of the other thyratron are simultaneously positive, it

8
Walther Richter, Fundamentals of Industrial Electronics.
New York: McGraw-Hill Book Company, 1947, De. 265s
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will pass current in the other series winding of the motor

to rotate 1t in the reverse direction. To obtain the optimum
operation of the motor, it 1s desirable to have the a.c. sig-
nal grid voltage in phase with the plate voltage. As pre-
viously discussed, Cz and Ry are utilized as a phase shifter
for this purpose,

For the moment, let us return to the measuring circuit,
It was pointed out that when a potential is introduced into
terminals A and B, the polarity of point X with respect to Y
depends upon the polarity of the grid voltage, To rebalance
the bridge or reduce the voltage between X and Y to zero,
several methods can be employed. The potentiometer P, can be
varied in a direction to rebalance the bridge. A voltage of
the same magnitude but opposite polarity can be introduced
in series with the applied signal so that the resulting grid
voltage input 1s zero. Of the methods outlined, the intro-
duction of a voltage of opposite polarity. will give the
linear response desired 1n the meter. Thlis voltage is obtalned
by means of a voltage divider P2. The arm of the voltapge
divider i1s connected to the cathode and one end to the ter-
minal B as shown in Figure 4.

Therefore, to rebalance the bridge, the arm of the
voltage divider 1s moved in the direction to reduce the
effective input voltage to the grid circult to zero.

The motor shaft, Figures 5 and 6, 18 connected through
reduction gears to a precisely ground threaded shaft, This



FIGURE 5 = Fhotograph of Linear Recording Meter



FIGURE 6 = FPhotograph of

Mechanical System
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shaft has on 1ts assembly the arm of the voltage divider

and the recording pen. As the screw, which has one degree
of freedom, rotates, the assembly containing the contact arm
and pen will move correspondingly. Since the voltage divider
has uniform resistance, the voltage drop per unit section
will be proportional to the displacement. Therefore, if a
unit positive d-c voltage is applied to the input A-B, the
motor will rotate in the direction dictated until the volt-
age divider introduces one volt of opposite polarity back
into the input. The resulting polarity of the input will
determine which thyratron will fire to cause the proper
direction of rotation of the d-c motor.

In the previous example, let us assume the input sig-
nel is reduced to a half volt, Immediately, the resulting
voltage on the grid 1s negative (% volt) and consequently
the motor is caused to rotate in the direction to reduce
the voltage divider input to a negative half volt. Wean-
while, the pen, which is also attached to the same assembly
as the contact arm, moves linearly. This is easily seen,
as the contact arm moves proportional to the signal input
voltage.

At this point, we can now identify the remaining parts
of a recording meter, The amplifier, phase inverter, thyra-
trons, and motor represent the controller. The recording pen
is the recording mechanism and last, the voltage divider is
identified as the final control element.
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From the servomechanism viewpoint, 1t is now seen
how Figure 3 is justified. The signal input to the grid is
represented by 91, whereas 90 i1s obtained from the voltage
divider, The difference in these two voltages wlll cause a
corresponding change in the output of the bridge which can be
consldered as the error voltage ©. The load on the controller
1s the inertia of the associated mass and the frictional
forces.

Since this section dealt with the system in general,
the following sections wlll present an electrical and

mechanical analysis.
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ELECTRICAL ANALYSIS

In order to have a better understanding of the follow-
ing analysis, each unit will be analyzed separately and then
the results will be correlated into one unit.

Four sections of the meter will be considered in the
following order:

1. Measuring section (Bridge)

2. Amplifier

3. Phase inverter

4, Thyratron circult

Rather than consider particular values, general sym-
bols are used throughout in order to generaliZe the analysis,

1. Measuring Section (Bridge)

The measuring section is reproduced in Figure 7(a)
including the resonated output transformer since it repre-
sentas a load on the tubes of the bridge circuit.

Although this circuit employs an alternating current
plate supply voltage, the equivalent plate circult theorem
is used in the analysis.s Therefore, it is obvlious that p
and rp represent average values.

In Figure 7(b) 1s represented the equivalent circuit
of the bridge section in Figure 7(a), It is assumed that the

plate resistance of each tube 1s identical and that Pl is set

i i
Jacob Millman and Samuel Seely, Electronics., New York:
McGraw-H11l Book Company, 1945, p. 518.
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(a) Actual Circuit

(b) I.Equivalent Circuit

FIGURE 7 -: Measuring Circuit (Bridge)
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at its midpoint so that the combination of R, and % of P

1 1

will represent R.

When no signal is present between terminals A and B,
it is evident from the equivalent circult that no voltage will
be developed across Z when e is zero., However, as soon as a
signal e 1s introduced, an equivalent voltage)ue is introduced
in the arm contalning tube T,. By the superposition theorem,
the eircuit of Figure 8(a) is derived. Consequently, any
voltage developed across Z is evidently due to the unbalanced
voltage resulting from the input signal.

Applying Thevenin's theorem, Figure 8(b) is obtailned.
The voltage Beq is the open-circuited voltage across terminals
land 2. Req is the impedance looking into the terminals 1 and

2 with all generated e.m.f.'s short-circuited,

Ceq = 4 ER s

A +A-'P

/?e? = Are 4_‘A34@ JéLfiﬁEﬁa (2)

R+lp +/p - TR+np

The value of the voltage E developed across Z is now easily

obtalned by applying the potentiometer rule to Figure 8(b).

£ - _ei.:f__‘z;—- e 7&_@__@_——-— (3a)
Fog 1 RNt REMT
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Rearranging equation 3a in the form of equation 3b, 1t 1is
seen that the input voltage to the transformer is amplified.

E = € (3b)
az/?g ole e

If Z and R are both made large in comparison to rp
the input voltage to the transformer 1s approximately/ue.

Since Z represents the input impedance looking into
the transformer terminals X and Y, the usual method of trans-
former analysis i1s applied. Considering the core losses of
the transformer to be negligible, since the frequency of
operation is low, and for all practical purposes, the coeffici-
ent of coupling to be unity, the general expression for the
impedance Z is obtained.7
z,,_ga_

E'—'-/?F"‘
Z, + 22 (4)
A

The condenser (Cg) is resonated with the transformer
secondary at 60 cycles.
2. Amplifier

The grid voltage s determined in the Appendix, 1is

the input voltage to the amplifier T, which can be analyzed

3
using the equivalent plate circult theorem. It 1s to be

7
See Appendlx
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noted that this amplifier contains negative current feed-

8
back,

Figure 9(a) represents the actual circuit of the amp-
lifier. Since R5 is much greater than R4, the effective out-
put voltage is determined with simplicity by the use of Fig-

ure 9(b). The effective grid voltage is easlly seen to be

el_ipRS.
. &.
e ()
but ep = e, ~Ap K3
therefore )
e U - . (6
T B e

From the diagram, the grid voltage (32) of the next

section is as follows:

€ =i f = —LE A (7)
2 =4k F T ) ehy e oo

3. Phase Inverter

The analysis of the phase inverter 'I'4 is identical to
the previous analysis. Figure 10(a), as far as calculation
are concerned, 1s reduced to Figure 10(b). Therefore, replac-

ing R, and R4 by R6 and el by 32, we obtain the grid voltage ezo

8
Millman and Seely, Op., Cit,, p. 612,
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FIGURE ¢ - Voltage Amplifier
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(a) Phase Inverter

“p N
Mee2 Rg ex
% ’

(b) Approximate Equivalent Circuit

FIGURE 10 -~ Degenerative Amplifier-Fhase Inverter
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= 8
/{2%4-2) + Ao (8)

Cs

Substituting for the values of e and e, the following equa-
tion is obtained for the output voltage:

o PR, T Y PP @l ZeoZes
63 # 4§£;¢ﬁ€)fy%p lga;2ﬁ9¢dgﬂb%p 6%}*%%*&;+E€2)ﬂgﬁ€$%p(9)

or

@ = A H Ay €

where Al represents the amplification of the bridge, A2 the

amplification of the amplifier, and A, the amplification of

o
the inverter,

4, Thyratron Clrcult

The thyratron cirecuit is not analyzed as 1t represents
an off and on type of switch., The requirements for operation
is that the grid voltage of the thyratron should be great
enough to override the d-c bias present,

Although a change of 0.1 volts in the input operates
the motor, the actual voltage on the grid of the thyratron
when it fires is the d-c bias plus 0.1 volts, The point at
which the thyratron fires willl depend upon the d-c bias on
the grid.

When the thyratron fires, it will supply power to the
motor which in turn drives the arm of the potentiometer., The

potentiometer feeds a voltage into the input to counterbalance
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the signal voltage e. The time required to rebalance the

bridge depends primarily upon two factors: the speed of the
motor and tb.é signal voltage change. The greater the signal
voltage change, the farther the pen has to travel to rebal-

ance the bridge.
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MECHANICAL ANALYSIS

The electrical analysis just presented does not
bring out the effects of the reversible d-c motor and its
associated parts. If the electrical circuit 1is designed
properly, there will be no danger from electrical oscilla-
tions. However, when moving parts are concerned, there 1is
danger of mechanical oscillations or the possibilities of
the system being overdamped.

The purpose of this section 1s to show the relation-
ship of the operation of the recording meter with respect to
its mechanical properties.

Figure 3 is redrawn with slight modification in Fig-
ure 1l to faclllitate the analysis of the mechanical system.g

Applying Newton's laws to the motion of a system, the
accelerating forces can be equated to the retarding forces.
The only accelerating force (K8) as observed from the dia-
gram i1s the motion of the reversible d-c motor as dictated
by the error voltage ©, Thus the remalning forces acting
within the system are evidently the retarding forces. These
are seen to be due to the inertia (J dzeo/dtz) and viscous
friction (F de /dt).

The forces acting in the system are described by the
following equation:

9
Lauer, Lesnick, Matson, Loec. Cit.
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VA b, - KO (20)
a/,z! F’T

The error voltage © ls the difference between the input
and the output voltages.

5 é%, =B, -8

(11)

Substituting the value of 90 into equation 10, an equation

relating the error voltage to the signal input voltage is

obtained,

To obtain any meaning from this differential equation,
the relation of ©; as a function of t must be known. It
appears from the equation, that the input signal must be a
known factor. However, as it will be shown later, this will
not be a necessity.

From the differential equation 12 it 1s seen that
regardless of the input signal function, the general transient
equation will be the same. It 1s the steady state error that
will differ with the function of the input voltages.

Since 1t 1s the transient response that develops

oscillations, its equation is derived. To obtain the translient
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10
solution, the differential equation 1s set equal to zero.

J’c/ Fgﬁ L KD = (13)

The solution of equation 13 can be obtained in many

ways., However, the classical method is used here.ll

FEIEEN , [5HEH

8, =AHe (14)

Examination of equation 14 indicates that the radical
of the exponent is the controlling factor, The values for F,
K, and J will determine whether the system is damped, critic-
ally damped, or oscillatory.

1 1"*2/432 1s less than K/J, than the value under the
radical becomes negative and oscillations begin. This fact
is evident with a mathematlcal substitution. For convenience,

let jb = jfi?J-Fa/4Jé1 and a= F/2J where j= §-i. Therefore,

equation 14 can be written as follows:

Oy = e"“’f@g/j’t,;. ﬂe-y,ély s

bt

Substituting for e end e~JP% thetr equals

10
Louls A, Pipes, Applied Mathematics for Engineers and
Physicists. New York: Mcgraw-ﬁiii"ﬁbok Company, 1947, p. 109,

11
Ibid, pp. 111-112,
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éﬁfdﬂjﬁzz <2ﬁsz§%za)+5/-$%b(if%i)
E?3fj;f = c?ostiﬁzé)-szcsévéiézij

and collecting terms, the following is obtained:

B = g"'“;‘/{/ﬁdaf{}ﬁ Y4 S/h/},f)j (16)

o

where D = A 4 B and C = j(A-B).

The preceding equation is immediately recognized as a
damped oscillatory wave., The constants C and D are deter-
mined from the conditions of the system. This requires that
the steady state solution be known.

The critically damped case occurs when b 1s identi-
cally equal to zero. Applying the classical solution to differ-
ential equations with multiple roots, equation 17 is obtained.12

En, = Eua"f(f, oy 'f) (17)

cd

where Cl and C_, are arbitrary constents.

2

Equation 17 represents the 1deal conditions under which
this system would operate best., However, in general practics,
this 1s never obtailned.

Since in most systems, the controller constant (K) and

mass (M) are difficult to control, the frictional factor (F)

12
Ibid., p. 112.
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would be the remaining factor that could be varlied in
removing the oscillations. This was found to be effective

in eliminating hunting of the recording pen.
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EXPERIMENTAL RESULTS AND DISCUSSION
OF MECHANICAL CONSTRUCTION

The mechanical design and construction of the meter
is as important as the electrical design. Figure 6 shows
a closer view of the mechanicel details., Micro switches are
placed beside each end of the threaded shaft to prevent the
recording pen assembly from jamming at the ends. Thus, a
signal voltage greater than the design 1limit will automaticelly
stop the motor from rotating when the pen reaches 1/8" from
the end of its pen travel,

The potentiometer is located directly under the threaded
shaft and the potentiometer arm. Its arm, which is a silver
plated brush, extends downward from the pen assembly to the
potentiometer,

The rectified output of a selsyn transformer was used
to test the performance of the recording meter, Figures 5
and 6 show the selsyn mechanically coupled to the rotating
disc. The dise, in turn, is rotated very slowly by a d-c
motor. Therefore, as the recording disc (polar table) is
rotated, the output of the selsyn will change correspondingly
with respect to the position of the dise,

The output of the selsyn is rectified and used as the
input signal voltage to the meter. The pattern obtained, with
e signal of thls nature is a figure eight. It is easily seen
that as the selsyn 1s rotated, the envelope of the output volt-

age 1s sinusoidal.
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In Figure 12 1s shown the comparison between the actual
plotted curve (dotted) and that obtained with the recording
meter (solid curve). The error involved is less than five
percent. The small error involved about the zero point can
be due to several causes which are unbalance in the supply
voltages to the system and the rapid change in the signal
voltage in changing from zero to a miximum, The voltage
change from meximum to zero is not as rapid as it is from
zero to maximum, This was evidenced by means of a vacuum
tube voltmeter. A cathode ray oscilloscope can be placed
across the output of the bridge to show the error voltage
change.

Flgure 13 1llustrates the effect of increasing the
speed of the polar table, The reversible motor 1s not capable
of following the rapid change in the input signal as shown
by the error introduced. Since there i1s a time lag in the
movement of the pen, that 1s 1t requires a definite time
for the pen to rebalance the bridge, it 1s obviously seen that
for a great change in the input signal with a small displace-
ment of the disc, 1t will cause large errors if the disc is
rotated fast. Therefore, a definite relationship exists
between the rate of change of the recording dise¢ and the
input voltage. Consequently, a different speed of the disc
seems necessary with each type of input signal. However,

this can be avoided by adjusting the speed of the disc to
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record a voltage change from zero to maximum scale reading
with approximately 3° turn of the dise. In this manner, it
will be certain that all important parts of the curve will be
recorded. This polnts out the necessity of adjusting the
angular velocity of the disc with respect to the rate of
change of input signal voltage.
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SUMMARY AND CONCLUSIONS

Examination of the graphlc results indicates that a
linear recording method has been obtained. The theory, as
outlined in the dlscussion, is, therefore, well substanti-
ated,

Although a polar table was used in the test, the
instrument can also be adapted to record on cartesian coordin-
ate paper. The necessary change would be to replace the polar
table with a standard chart driving mechanism.

One immediate appllcation of this recording meter is
to plot a polar diagram of model antennas utilizing the
rectified output of a crystal detector. Another application
of the instrument is to employ it in connection with an
antenna pattern caleulator whose output is a modulated 60
cycle sine wave.

It appears a great many uses will be found for the
recording meter,

The deslgn of the meter could be further improved by
the use of

a) Low voltage, low grid current, high current

carrylng capacity triode gas tubes

b) Continuous current rating reversible d-c motor,

It 1s believed a d.c, feedback path into the input
could be arranged to act as a anti-hunt circuilt for the d-c

motor.
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APPENDIX
Determination of the Impedance %
and the Voltage el
To determine the input impedance of the transformer (T)
several assumptions will be made. Core losses and leakages
will be neglected and unity coupling will be assumed.
Applying Kirchhoff's laws to Figure l4ewe obtain the

following equations:

£ = Zo(20+Ks) + Zs Zm (A1)
0= Zs %z +IsZs + 2o % (42)

Solving for IB from A2

Zon

—'—%; e (A3)

-.Z:-s:

and substituting this value of I, and Al and solving for Ip

we obtaln

B (R
p »Z )7 +2s) — 20y (Ad)

Z

Therefore, the impedance looking into the transformer term-
inals X and Y 1s the ratio of the input voltage to input

current,

=z =

il

=
Zo Z,+Zs (A5)
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Since unity coupling is assumed, Z, = 8Z,, where a = Zs/Zp.

Replacing Z, and Za into equation A5 and collecting terms

z_.._.
e "'O; (A8)
Zp + Z2
,D
a*
An equivalent circult for equation A6 1s represented by Fig-
ure 1l4b. The impedance Z, 1s the secondary load impedance
including Rg.
The determination of 1> which represents the voltage
drop across 62, requires the equation of the secondary cur-

rent Ia‘ Substituting equation A4 into equation A3 we obtain
I

8.
Z
Ty = — L (A7a)
Zy - (B + Z)E +Zs)
Replacing Z by its equal azp
£Z,
R e sn —— (A7b)
o +25)Zy + > 22
Considering Figure l4c, eq is seen to be 12,00
; Z, 2
O ey = — Al Bt (ABa)

%+22)7 +a*% 2o

Since Z, was defined as the secondary load, it can be
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substituted into equation ABa, where 2.'2 = Rg ¢ 202'

& = Q,Efﬁ?cz (A8D)
' BB r%) e o e

The negative sign is not included, since it indicates
that e is 180o out of phase with respect to the input volt-

age E.
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13
Values of Components

Cq 50 uf Ry 25,000 Ohms
Co 04 " R, 1,000 . ¥
Ca 02 " R5 2,000 "
04 +8 " R, 50,000 *

Rg 100,000 "
Py 25,000 Ohms Rg 50,000 "
Pg 110 Ohms Ry, §0,000 "

HB 1 Megohm

Sq Series Field (Forward)
32 Series Field (Reverse)

A Armature of d-¢ motor

T1 and T2 are half sections of a 6SN7GT vacuum tube,
n n n 1 " " " n i n
T5 and T4

T, and T, " 2050 gas tubes.

Reversible d-c motor is rated at 27 volts

13
Refer to Figure 4,



