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Appendix I. OPERATING INSTRUCTIONS AND TYPICAL EXPERIMENTS

1-1. INTRODUCTION.

1-2. This appendix contains the necessary information to familiarize the user
of the equipment with the operational capability of the analog computer trainer.
The information is divided into three areas: turn on/turn off procedures; oper­
ating procedures for the control panel to familiarize the user with the front panel
controls that will constantly be used during the plug-in module experiments; and
experiments that will demonstrate how to use and operate the different plug-in
modules. Prior to performing any of the instructions contained in this appendix,
it is recommended that the user of this equipment thoroughly familiarize them­
selves with the front panel controls and indicators described in Section 2.

1-3. POWER TURN ON/OFF PROCEDURE.

1-4. POWER TURN ON. To initially apply power to the analog computer trainer
perform the following instructions.

a. Connect the analog computer trainer to 117 vac, 60 Hz commercial
power by inserting the three prong power connector into a 117 vac outlet.

b. Momentarily depress the POWER switch/indicator on the control
panel.

c. Observe that POWER switch/indicator lights red.

NOTE

When power is initially applied, all lamp indications should
be ignored, except the POWER switch/indicator.

d. The analog computer trainer is immediately ready for use after power
is initially turned on, since no warm-up time is required.

1-5. POWER TURN OFF. To remove power from the analog computer trainer,
perform the following instructions.

a. Momentarily depress POWER switch/indicator.

b. Observe that POWER switch/indicator goes out.
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1-6. CONTROL PANEL OPERATING PROCEDURES.

1-7. Since the control panel contains most of the controls that will be used
constantly to perform the plug-in module experiments, instructions for operating
this panel are given to familiarize the user with its operation.

1-8. DC VOLTAGE MEASUREMENTS. The following instructions are intended
to familiarize the user with the operation of the METER FUNCTION section of
the control panel. This will be accomplished by measuring the ±10-volt de
supply available on the front of the control panel. Although, the procedure for
measuring an unimown voltage would be the same as those provided below, the
user of this equipment should remember not to connect a voltage to the meter
that exceeds its ±15-volt de limits.

NOTE

The pushbuttons for the COMPONENT SELECTOR,
REPETITIVE OPERATION, and the METER FUNCTION
are operated by momentarily depressing any one of the
desired pushbuttons. The pushbuttons for the REPETITIVE
OPERATION and the METER FUNCTION are released by
partially depressing any other pushbutton until the previously
depressed pushbutton returns to normal. To release a
COMPONENT SELECTOR pushbutton, partially depress the
same pushbutton that was previously depressed.

a. Momentarily depress the METER FUNCTION 15V pushbutton. When
making voltage measurements of an unknown de voltage, the 15V pushbutton
should always be depressed first to protect the meter. The other METER
FUNCTION voltage pushbuttons can be depressed afterwards, to obtain a more

accurate reading.

b. Connect a patchcord between the REFERENCE +10V jack, and the

METER + jack.
c. Connect a patchcord between the REFERENCE OV jack and the

METER - jack.
d. Observe that meter point deflects 10 units to the right of the zero

reference.
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NOTE

To measure a negative do voltage, the procedure would be '
the same as steps a through d, except the unknown negative
voltage would cause the meter pointer to deflect to the left
of the zero reference.

e. Remove all patchboard connections.

1-9. NULL MEASUREMENTS. The following procedure will demonstrate the
use of the METER FUNCTION section of the control panel to make a null
measurement of an unknown de voltage, that does not exceed the ±10-volt limita­
tions of the NULL POT potentiometer.

a. Momentarily depress the METER FUNCTION NULL VM pushbutton.

b. Set POLARITY switch to +10V position.

c. Connect a patchcord between the REFERENCE +10V jack and the
METER + jack.

d. Connect a patchcord between the REFERENCE OV jack and the
METER - jack.

e. Observe that meter pointer deflects to the right of the zero reference
point.

f. Rotate black knob on NULL POT potentiometer until meter pointer is
centered on zero indication.

g. Read value shown on NULL POT potentiometer to determine unknown
null voltage indication.

NOTE

The number shown in the index window on the NULL POT
potentiometers indicates a voltage value from 1 to 10-volts,
depending upon the digit being displayed. Whereas the 0 to
90 calibration marks on the outside dial, indicate the voltage
value in tens and hundreds, respectively. In step g, the
NULL POT index window should display the number, "10",
and the calibrated marks around the dial would indicate
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zero which represent the value of the known +10-volt de
input used in this procedure. If 9. 6 volts had been applied
to the meter jacks, the index window would show the 9
digit, and the calibrated dial would indicate 60 for a null
indication of 9. 60 volts.

h. After completing the null measurement instructions, remove all
patchcord connections, and set the POLARITY switch to the OPEN position.

1-10. COMPONENT SELECTOR OPERATION. The COMPONENT SELECTOR
section of the control panel provides a convenient point to quickly add known
components to the front panels of other modules, plus controlling the selection
of these components by means of pushbuttons.

a. Insert any combination of eight bottle plugs (resistance and capacitance)
into COMPONENT SELECTOR A through H jacks, that can be used during the

experiment.

b. Connect patchcords between the COMPONENT SELECTOR OUTPUT
jacks, and the desired termination points on the front panels of the plug-in

modules.
c. Selectively depress the COMPONENT SELECTOR pushbutton(s) to add

the bottle plug components into the required circuit(s).

d. Partially depress the COMPONENT SELECTOR pushbutton to remove

the bottle plug component from the circuit.

e. After completion of the experiment, the patchcords and bottle plugs
should be removed from their associated jacks to prevent any undesired con­

nections during a new experiment.

1-11. LOGIC CLOCK PROCEDURES. The following procedure will demonstrate
the use of the LOGIC CLOCK section on the control panel.

a. Rotate the LOGIC CLOCK MIN/MAX control knob to the MIN (ccw)
position. This is the off position for the LOGIC CLOCK output.

b. Connect oscilloscope vertical input to the LOGIC CLOCK OUTPUT
jack, and also connect oscilloscope ground to the 0V REFERENCE jack.

1-4

NOTE

The LOGIC CLOCK OUTPUT jack is normally connected
to the A/D converter module INPUT jack during experi­
ments, and should not be used as a logic clock source for
any other jack terminals.

c. Set the LOGIC CLOCK .01-. i SEC/. 1-1 SEC toggle switch to the
.1-1 SEC position.

d. Rotate LOGIC CLOCK MIN/MAX control knob to the MAX (cw)
position, while observing oscilloscope.

e. Oscilloscope will display pulses with a repetition rate varying from
. 1 to 1 second (10 to 1 Hz), as the control knob is rotated. £’ V

f. Set the LOGIC CLOCK . 01-. 1 SEC/. 1-1 SEC toggle switch to the
. 01-. 1 SEC position.

g.
the MAX

Rotate LOGIC CLOCK MIN/MAX control knob from the MIN (ccw) to
(cw) position, while observing oscilloscope. o S

h. Oscilloscope will display pulses with a repetition rate, varying from
. 01 to . 1 seconds (100 to 10 Hz) duration, as the control knob is rotated.

i. Rotate LOGIC CLOCK MIN/MAX control knob to the MIN (fully
counterclockwise) position.

j. Remove oscilloscope connection from LOGIC CLOCK OUTPUT jack.

1-12. REPETITIVE OPERATION. The following procedure will demonstrate how
to use the REPETITIVE OPERATION section of the control panel to provide
automatic and manual control of the summer integrator module.

a. Plug the summer integrator module into the analog computer trainer
chassis, and tighten thumb screw on front panel of module.

b. Connect JI3 jack on front panel of summer integrator module to
vertical input on oscilloscope.

c. Connect J3 jack on front panel of summer integrator module to ground
connection on oscilloscope.
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d. Connect REPETITIVE OPERATION OSCILLOSCOPE SYNC/SWP jack
on control panel to external sweep input jack on oscilloscope.

e. Insert a 0.1 uf (brown) bottle plug between JI and J9 on the summer
integrator module to stabilize the output.

f. Momentarily depress 20 MS REPETITIVE OPERATION pushbutton
control panel.

g. On the oscilloscope, observe a sawtooth pulse occurring every 40# MS.
This indicates that the amplifier in the summer integrator module is drifting
toward saturation for 200 MS, and then resetting for 200 MS. /v.

1-13. EXPERIMENTS / \

1-14. A/D CONVERTER OPERATION. The objective of this experiment is to
demonstrate the basic function of the analog-to-digital converter circuit. This
is accomplished by applying known inputs into the analog-to-digital converter
module, and visually monitoring the binary display lamps on the front panel.
Before performing the following instructions, plug the analog-to-digital converter

module into the chassis.
a. On the A/D converter, set the POLARITY switch to the + position.

b. On the control panel, set the . 01-. 1 SEC/. 1-1 SEC switch to the

. 01-. 1 SEC pushbutton.
c. Turn LOGIC CLOCK control knob fully clockwise to the MAX position.

d. Release all METER FUNCTION pushbuttons.

e. Connect a patchcord between the LOGIC CLOCK OUTPUT jack on the
control panel, and the CLOCK jack (J8) on the A/D converter module.

f. Connect an orange patchcord (stacking type) between the 0V REFERENCE

jack and the lower jack of POTENTIOMETER A.

g. Connect a patchcord between the +10V REFERENCE jack, and the

upper jack of POTENTIOMETER A.
h. Connect an orange patchcord between the center jack of POTENTIOM­

ETER A, and the INPUT jack (J2) on the A/D converter.
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i. Adjust POTENTIOMETER a until 64 is the only lamp that is steadily
lit on the A/D converter panel.

j. Connect a patchcord between the bottom jack of POTENTIOMETER A
and the METER - jack. .

k. Connect another jumper between the center of POTENTIOMETER A,
and the METER + jack.

1. Set NULL POT to approximately 3. 0.

m. Set meter POLARITY switch to +10V position.

n. Momentarily depress NULL VM METER FUNCTION pushbutton.

o. Adjust NULL POT until meter pointer indicates zero (null).

NOTE

A binary display of 64 corresponds to a voltage indication
of 2. 5 volts.

p. Observe that value shown on NULL POT is approximately 2. 5-volts de.

q. Release METER FUNCTION pushbuttons.

r. Adjust POTENTIOMETER A until 128 is the only lamp that is steadily
lit on the A/D converter panel.

s. Set NULL POT to approximately 5.5.

t. Momentarily depress NULL VM METER FUNCTION pushbutton.

u. Adjust NULL POT until meter pointer indicates zero.

NOTE

A binary display of 128 corresponds to a voltage indication
of 5. 0 volts.

v. Observe that value shown on NULL POT is approximately 5. 0 volts de.

w. Leave all equipment exactly as it is to perform the D/A converter
experiment.

1-15. D/A CONVERTER OPERATION. The objective of this experiment is to
demonstrate how a parallel 8-bit input can be converted from either a binary or
a binary coded decimal into a known output voltage. This can easily be accom­
plished by utilizing the parallel 8-bit output from the A/D converter in the 
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previous experiment as the input for this experiment. Before performing
the following instructions, plug the digital-to-analog converter module into the
chassis.

NOTE

Due to the required inputs for the experiment (parallel 8-bit
input), this experiment will be an actual continuation of the
previous experiment (directly from the last step, w) where
a 5. 0-volt de input illuminated the 128 lamp.

a. Set MODE switch to BIN position on D/A converter.

b. Set POLARITY switch to + position.

c. Connect eight patchcords between the A/D converter and the D/A con­
verter modules. Binary 1 to binary 1, binary 2 to binary 2, binary 4 to binary 4,
etc.

d. Disconnect patchcord connection from the center jack of POTENTIOM­
ETER A, and reconnect patchcord into the OUTPUT jack (J5) on the D/A
converter.

e. Depress NULL VM METER FUNCTION pushbutton.

NOTE

Tamp 128 is lit, and this corresponds to 5. 0 volts.

f. Adjust NULL POT until meter pointer is on zero (null).

g. Observe that NULL POT indicates an approximately 5. 0 volts, so that
the 5. 0-volt input to the A/D converter is approximately the same 5. 0-volt output
at the D/A converter.

h. On D/A converter, set MODE switch to BCD position.

i. Observe that BCD 80 lamp is lit on D/A converter module.

NOTE

The BCD 80 indication corresponds to 80% of the D/A conver­
ter full scale output, which is normally 10-volts. Therefore,
the D/A converter output should be 8 volts.

j. Adjust NULL POT until meter pointer indicates zero (null).
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k. Observe that indication on NULL POT is approximately 8. 0 volts.

1. Disconnect all test connections, components, and restore equipment
to normal.

1-16. DIVIDE CIRCUIT. Consider the circuit shown in Figure 1-1 in which the
Multiplier module is placed in the feedback path of the Operational Amplifier
module. For this configuration, the operational amplifier will try to maintain
a "virtual ground" at the inverting input.

Figure I 1. Current Flow for Squaring and Square Root Circuit

Assuming that the bias current of the operational amplifier is negligible, then: 

and

(1/10) VxVy Vz

R1 " " R2 '

Solving for Vx,

Vx R„ (1/10) V •
z y

If we make Ri = (1/10) R2, then 
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Hence, the output voltage is the ratio of V to V and provides a divide function.
z y

This analysis is, of course, the ideal condition. If the multiplier error is taken
into account, the output voltage is found to be:

x _R2 (l/10)J Vy + (1/10) Vy ’

where AE is the error voltage at the output of the multiplier. From this equa­
tion, it is seen that divide accuracy is strongly dependent upon the accuracy of
the multiplier, particularly at small values of Vy.

1-17. SQUARE ROOT CIRCUIT. If in Figure 1-1, both the Vx and Vy inputs
are tied together, the result is:

R!

o
V (1/10) V / + AE

Zj -A.__________  

or

„ ,/RlVz AE
Vx V Ro (1/10) 1/10 

where AR is again the multiplier error. If

RR1 10 ’

then

Vx = J V210 (AE)

Assuming the ideal case for which AE = 0, then 

x

and the square root function is accomplished.

1-18. SINUSOIDAL PERIODIC FUNCTION CIRCUIT. Periodic functions of time
are frequently used in analog work as driving or exciting functions of dynamic
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computing or simulating systems. The most widely used of these are the
trigonometric functions sin cot and cos cot. These are generated by solving
the equation

d2 e de 9
— +2a—o+% eQ = o

where a is the damping constant and co0 is the undamped or natural frequency.
Solving the equation,

e0 = f~atsin(x>dt

where wd is the damped frequency defined by

/ 2 2
wd " Vwo “d •

The closed-loop circuit of Figure 1-2 is particularly useful for generating this
function. The resistance used for is selected to adjust the natural frequency,
while the setting of POT*-determines the magnitude and sign of the damping con­

stant. The initial conditions on the two Summer Integrator modules determine
the initial amplitude and slope of the output voltage and therefore can be used to
adjust the phase of the periodic function. In this way, either a sine or cosine
function can be obtained. A 100K resistance at R| will cause a 5. 0 Hz output
frequency; a IM resistance will result in a 1. 6 Hz output.

1-19. SECOND HARMONIC SYNTHESIZING PERIODIC FUNCTION CIRCUIT.
One means of frequency doubling makes use of the trigonometric identify
cos^cot = 1/2 (1 + cos 2 cot). This identity indicates that the output obtained
when the cosine function is applied to both Multiplier Module inputs consists of
a DC term and a component at twice the input frequency. Another means of
doubling makes use of the identity (sin cot) (cos cot) = 1/2 sin 2 cot. This method
has the advantage of having no output DC term. Figure 1-3 shows how the
Multiplier Module is connected to the circuit of Figure 1-2 to produce the second
harmonic of sin cot.
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1-20. THIRD HARMONIC SYNTHESIZING PERIODIC FUNCTION CIRCUIT. Let
us consider the familiar Fourier series for a square wave.

e = sin u>t + 1/3 sin 3 cut + 1/5 sin 5 cot + 1/7 sin 7 cot

Obviously we can obtain the third harmonic of sin cot by subtracting sin cot from
a square wave of the same frequency. We will also obtain all the other odd
harmonics, which are easily removed by low-pass filtering.

1-21. Figure 1-3 shows how the Comparator module and the Differential Ampli­
fier module are connected to the circuit of Figure 1-2 to produce the third har­
monic of sin cot. The Operational Amplifier module is connected to form an
active second order filter, providing 40 db per decade attenuation to frequencies
above the cutoff at approximately 4 Hz.

1-22. SAWTOOTH SYNTHESIZING PERIODIC FUNCTION CIRCUIT. The Fourier
series for a sawtooth waveform with positive slope is

e = -(sin c*)t + 1/2 sin 2 cut + 1/3 sin 3 cut +................. )

We can closely approximate this series by summing the frequency components
produced in the preceding three experiments, as shown in Figure 1-3. The
resulting output will lack only the components -(1/4 sin 4 cut + 1/5 sin 5 cut +
1/6 sin 6 cut +.......... ). To implement the circuit, apply minus ten volts to the
initial condition jack of amplifier 1 to force its output to a plus ten volt initial
condition. Ground the initial condition jack of amplifier 3. Adjust POT 1 until
oscillation is sustained, with a ten volt peak output from amplifiers 1 and 3,
when the mode control is switched from reset to operate. Verify that the Multi­
plier module peak output is 5 volts and adjust the Multiplier Balance control for
output symmetry. Set POT 2 to 0. 25 and adjust POT 3 near 0. 05 until ampli­
fier 7 output is 3. 33 volts peak.

1-23. PROGRAMMING PROCEDURE. Scale factors play a very important part
in the programming procedures for an analog computer. Since the computer
voltages are limited ±100 volts while the problem variables may have any finite
magnitudes, some means must exist to relate these magnitudes so that the prob­
lem variables may be represented in the computer by voltages and then trans­
formed back into problem quantities. Scale factors accomplish this relationship
in a process known as magnitude scaling.

1-14

1-24. Scale factors are determined by correlating the maximum allowable
amplifier output voltages to the maximum values anticipated for the variables
which the voltages are to represent. As an example, suppose that the velocity
dy/dt (y in Newtonian notation) is a problem variable and is to be represented in
the computer by the voltage e. We would write e = Sy where S is the scale
factor. If y has the units of feet per second, the scale factor must have the
units of volts/(feet per second) to make the expression dimensionally homoge­
neous. The magnitude of the scale factor would be determined from the
relationship:

S estimated maximum value of y v°lts/(ft/sec)

If the maximum values of the physical variables are estimated too high, the
scale factors may be so small that the output voltages are too low for an accurate
computer solution. On the other hand, if the maximum values of the variables
are estimated too low, the scale factors will be too large, and the maximum
amplifier output voltages will exceed the limiting voltages. Therefore, the
selection of satisfactory scale factors depends, to a great extent upon what is
known about the magnitude ranges of the variables which are to be represented
by voltages in the computer. Sometimes, in simulating physical systems about
which little is known, it may be necessary to arbitrarily select scale factors,
run a trial solution on the computer, and, if necessary, adjust the scale factors
according to the information gained from the trial solution.

1-25. Sometimes, maximum estimated values for the variables may be estab­
lished by considering realistic values which could be expected, in the light of
past observations, to appear for that type of physical situation. For example,
the motion of an automobile traveling over a rough road may be considered as
the combination of a rotation about a horizontal axis through the center of gravity
and a vertical translation of the center of gravity. The maximum estimated
rotational and vertical displacements used for determining the respective scale
factors should be consistent with such values observed in actual automobile per­
formance. In general, the ability to estimate suitable scale factors for compli­
cated systems, depends primarily upon the programmer's experience and his
knowledge of the particular field with which the problem is concerned. For
instance, a programmer experienced in the field of dynamics and vibrations 
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would probably base his estimate of the maximum displacements and velocities
of vibrating coupled systems upon the approximate response indicated by the
simpler uncoupled equations of such a system.

1-26. The following sequence of steps furnish a general guide for programming
a problem to the analog computer.

1. Determine the equations which constitute the mathematical model of
the physical problem. These will generally consist of various types of differen­
tial equations and attendant algebraic expressions.

2. Solve the differential equation for its highest-order derivative.
Write the expressions for the subsequent lower-order derivatives and the
dependent variables in operator notation. Arrange any attendant algebraic equa­
tions in the most convenient form.

3. Introduce appropriate scale factors into the equations determined in
step 2. These equations will then be in terms of voltages.

4. Sketch a circuit diagram showing the operational amplifiers, R-C
networks, auxiliary equipment, and interconnections necessary to form com­
puter circuits analogous to the scaled equations of step 3.

5. Wirte the circuit equations from the circuit diagram. These equa­
tions will be in terms of voltages, resistors, capacitors, potentiometer settings
and circuit constants.

6. Estimate the maximum anticipated values of the physical quantities
which appear as computer voltages, and determine the respective scale-factor
magnitudes.

7. From the analogies determined between the equations of steps 3
and 5, determine the required values for the constant input voltages, initial­
condition voltages, resistors, capacitors, potentiometer settings, and so on.

8. Show the values determined in step 7 next to the appropriate symbols
in the circuit diagram.

It is suggested that the reader refer to this section while studying the example
which follows. Such a procedure will lend significance to the steps outlined
above.
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I 27. PHYSICAL PROBLEM SOLUTION. In the very simple and familiar
problem of a body subjected only to the force of gravity, let us consider that
the body is projected vertically upward and an initial velocity y0 = 128. 8 ft/sec.
If the displacement y is taken as positive upward, as shown in Figure 1-4, the
differential equation of motion, neglecting air resistance, is:

d*y
-32.2

■O x

Figure 1-4. Physical System

We obtain, for y and y,

y = 5 fy] +yo-i [(-32.2)]+yo
(1)

y = ify] +y0 (2)

Equations (1) and (2) indicate the necessary computer operations and show that
two integrators are required. Multiplying equations (1) and (2) by the scale fac­
tors S| and S2, respectively, we obtain the problem equations in the following
voltage form:

ei = "Siy = -i [-Si(32.2)] -Sxyo

e2 = ‘ S2 y = " D [“S2 y] + S2 <)

(3)

(4)

Now let us discuss the sign convention used in transforming the problem equa­
tions (equations (1) and (2)) to their corresponding voltage forms, represented
by equations (3) and (4). In writing ej = -Si y instead of Si y in equation (3),
the programmer is specifying that the voltage e^ will always represent the
negative of the quantity y; when y is positive e^ will be negative, when y is
negative, e^ will be positive. In making this specification, a negative sign must
be added to the initial-condition term so that the latter maintains the correct
sign relationship with the variable. The negative sign preceding the integral
operator will always be included in all voltage equations, since it identifies the
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sign inversion characteristic of the amplifier. The sign of each term inside
the bracket of the integral term comes from the problem-equation.

1-28. In equation (4), the programmer writes = ^2 y’ ^1US specifying that the
voltage eg and the variable y will always have the same sign. The sign preced­
ing the initial-condition term is left unchanged, since the term has the correct
sign relationship with the variable. However, the sign-inversion characteristic
of the amplifier must be compensated for if there is to be a direct sign relation­
ship between and y. This is accomplished by multiplying the quantity inside
the bracket of the integral term by negative unity. In equation (4), for example,
S2 y was changed to -S2 y since a positive y appeared in equation (2). (If y had
a negative sign preceding it in equation (2), the quantity within the bracket in
equation (4) Would be a positive S2 y.) The negative sign inside the bracket of
equation (4) specifies that the voltage input to the amplifier simulating equation
(4) must be proportioned to the negative of y. The sign relationships desired
between the problem variables and the voltages representing them may always
be arbitrarily selected by the programmer by using the sign convention just
discussed.

1-29. Noting the operations indicated by equations (3) and (4), the computer cir­
cuit diagram is drawn as shown in Figure I-5a. Referring to the general circuit
equation of a summing integrator, Figure 1-5 may be utilized to write the follow­
ing circuit equations:

E1

+ E2

ei = -Siy = -5

e2 = s2 y=' 5
-K1 S11
-R2C2 .

'ei 1
*1 cl_

(5)

(6)

Note that a negative sign precedes each integral operator, just as in the problem
equations in voltage form. This again identifies the sign-inversion characteristic
of the amplifier. Note also that the sign relationships between the problem vari­
ables and the voltages representing them are carried into the circuit equations
and appear inside the brackets. Constant source voltages, such as ej in equa­
tion (5), are always written as positive in the circuit equations. Their correct
polarities will then be determined by the analogies, as illustrated subsequently.
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Figure 1-5. Simulation of Physical System

(?)

(8)

Similarly, comparing equations (4) and (6) shows that

from which

(9)

It can be seen that equations (5) and (6) are analogous in form to equations (3)
and (4), respectively. Comparing equations (3) and (5), it is apparent that

K1

E1 = -Slyo = -S1 (128>8)

= S2y
KlSly
R2C2

____ S_2
R2 C2 " S1

ei
r^c; = -s <32-2>
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and

E2 = S2yo = 0 (10)

The reader should pause here to consider a few facts about the analogies just
written. Equation (7) is not a true analogy, since the analogous members of the
equation have opposite signs. However, the analogy may be made a true one by
specifying that e^ is to be a negative voltage. Tn this manner the analogy deter­
mines the correct polarity of the constant input voltage. Note that ej is the only
unspecified quantity in the analogy that is sign-conscious. The above discussion
is true also for analogies involving initial-condition voltages such as equation (8).
Here the analogy determines that the initial voltage E^ must be negative. Note
that if the initial condition of the problem had been -128. 8 ft/sec, the initial
voltage E j would be positive. Equation (9) is a true analogy as written. If it
were not, it would indicate a programming error, for an inspection of equa­
tion (9) also reveals that the analogy contains no sign-conscious quantities. Note
also that in this latter type of analogy the problem variables cancel. This also
constitutes a programming check. If the problem variables do not cancel from
the analogy, a programming error exists. After checking the analogies written,
the next step in programming is to determine the component values from the
analogies.

1-30. To determine the magnitude of the resistors, capacitors, and input volt­
ages, the scale factors must be known. In this particular problem, the maximum
velocity is 128. 8 ft/sec and the maximum displacement y, from a consideration
of energy, is

1 (yo> (128. 8)2 ocr7 c
y = 77------= ca a = 257. 6 ftJmax 2 g 64.4

Hence

Si = = °- 0775 (say 0.05)1 ymax 128‘8

S9 = ^7% = 0.0387 (say 0.025)
A V i • vJmax

1-20

The scale factors selected as - o. 05 and S2 = 0. 025 are more convenient

conversion factors than the values of 0. 0775 and 0. 0387. Thus, from equa­
tions (7) and (8), we may take as one possible set of values:

= 1 megohm

Cx = 1 mfd

ei = 1. 61 volts

E^ = 6. 44 volts

From equation (9) we have

K1 S2 _ 0.025 _ 0 5
Co S1 0.05

ZJ Z J_

If R2 = 1 megohm and C2 = 1 mfd, then K-^ = 0. 5.

1-31. The completed circuit diagram is shown in Figure I-5b. The constant
input voltage e. = 1. 61 volts and the initial-condition voltage E^ = -6.44 volts
are readily set on the computer by dividing reference voltages. Note that the
negative sign preceding each of the voltages e^ and E-^ was determined from the
sign of the respective analogy.

1-32. It should be apparent, from equation (8), that the magnitude of the initial
velocity yo may be easily varied by varying E^. Thus, if an initial velocity of
6. 44 ft/sec were specified, the corresponding initial voltage would be
Ei = -3.22 volts, produced by applying +3.22 volts initial voltage.

1-33. The graphs of Figure 1-6, which display the velocity and displacement
curves will be obtained by feeding the respective outputs of amplifiers 2 and 3
to an X-Y plotter. In plotting each of the curves, the pen may be driven at a
constant sweep rate of 1 in. /sec along the abscissa of the graph, while the respec­
tive amplifier outputs control the vertical motion of the pen. Since the vertical
motion of the pen on an X-Y plotter is upward for a positive input voltage, it is
necessary to add the sign changer, show in Figure 1-5 for recording the velocity.
Without the sign changer, the velocity plot on the X-Y plotter would be in the
fourth quadrant.
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Figure 1-6. Computer Solution

1-34. The ordinate scales for the velocity and displacement graphs of Fig­
ure 1-6 are determined by considering the respective scale factors S1 and S9
and the vertical gain of the plotter. The vertical gain of the plotter will be set
at 1. 5 volts/in. With S-^ = 0. 05 volt/(ft/sec), the velocity scale becomes
30 (ft/sec)/in. Similarly, with the same vertical plotter gain and S2 = 0. 025
volt/ft, the displacement scale will be 60 ft/in.
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