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ELECTRICAL LABORATORY II

EE 25 is a continuation of EE 2k.

The student should refer to the appendix of EE 24 manual for

such information as laboratory safety, characteristies of components

and instruments, etec.

Work will be recorded in a bound notebook as in EE 2L.

The projects will cover resonant circuits, electrostatic fields,

magnatic devices, and electronic devices.

B. S.

1/15/67
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Electrostatic Field Plotting

I. Introduction

Frequently, problems in electrostatics involve conducting and
dielactric bodies of complicated geometric configurations. Exact
analytic solutions to these problems cannot be obtained always.
Approximate graphical solutions to these problems can be obtained
using the analogue device called field plotting.

By field plotting, usually, we obtain constant potential

surfaces;..i.e., we determine a family of surfaces in which each

surface represents the set of all points in the region at the same
(perhaﬁs arbitrarily chosen) electrostatic potential.

; It is known that the direction of the field intensity vector
E'at a point is normal to the equipotential surface containing that

point (see page 3 - 16 of your notes, Introduction to Electrical

Science).
Furthermore, because an electrostatic field is conservative, the
potential § and the field intensity B at a point are related (in

rectangular coordinates) by the formula:

> 93 => .9 > 93
P[RR B

{£

!

q-
-




= 3 = 9 ., => 9
where the vector operator V = w 3% + uy Sy + u:z 52

and the minus sign appears becavse of the definition of E

and .

Consequently, if a number of equi-potential surfaces in a
region can be determiqed, along with the nunerical value of the
potential on the surfaces, the Elfield (i.e. the force on a unit
positive charge) is also determined and the problem is solved.

See the attached appendix for an additional discussion of
the relation between the potential, ¢, and the electric field

intensity, E?

II. The Analogue Method

An experimental or analogue method for obtaining constant
potential surfaces in an arbitrary two-dimensional electrostatic
field will now be illustrated.

In fig. 1 are shown two conducting bodies in an isolated
region at potentials ¢1 and ¢2, respectively. To determine the

resulting field in this case, the apparatus of fig. 2 is used.

fig, 1
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To simulate the conditions of fig. 1, a special resistance paper

is used. On this, copies of the conducting bodies are painted using
silver paint. A battery 1s connected between these two painted
areas to represent the difference of potential (¢l - ¢2). Across
the battery is connected a calibrated potentiometer.

Connected to the variable arm of the potentiometer is an
ammeter and a probe. If the probe is moved along a path on the
resistance paper so that the ammeter reading is always zero, that
path is the line of constant potential corresponding to the setting
of the poter*iometer.

Thus a field plot is obtained.

III Requirements

Several configurations of conducting bodies on resistance
paper have been prepared. Obtaln a plot of a family of equi-
potential surfaces for these configurations.

Two different configurations are shown in figures 3 and b,




VI 777277277727

i
o
W

fig. 4

For the arrangement in fig. 3 obtain at least three equi-
potential lines between the two conducting bodies. For fig. U,
obtain seven.

Can an exact analytical expression be obtained for the equi-
potential surfaces. Give an intuitive explanation for their
configuration. Can the plot obtained in fig. 3 be predicted from
that obtained in fig. 47

Obtain a field plot for the arrangement shown in fig. 5.

Can an exact analytical solution be found for these equi-
potential surfaces? Can you explain their configuration on an

intuitive basis?

NN N N SONLS)

- N
BN NN N N

AN NN NN NN NN
fig. 5

References: Electrical Engineering Science, Clement and Johnson,
McGraw-Hill Co., Chap. I.

Introduction to Electromagnetic Engineering, Harrington,
McGraw-Hill Co., Chap. 5.

B. Silverman
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Ia Place's Equation in Rectangular Coordinates
The equation describing the behavior of the potential of an
electrostatic field in a charge free regior. is called la Place's

Equation. It can be derived by the application of Gauss' Law to

. Z
an incremental volume.

pY-

gl

|

|

|

|

Ao = = Y
//A\Z AK

)/ fig. A-1

Gauss' Law is given as equation (3-8) page (3-9) of your notes,

Introduction to Electrical Science by lLePage and Balabanian, as:

= . >
# E> v.n da = ___q_~ (5-8)

e‘:
(1)
Let us compute the left-hand side of (3-€) for the incremental

volume in rectangular coordinates shown in fig. 1.

. OEx )
- E dydz + (EX + 350) dydz
, OEy4.. .
- Edxdg + (B + <% dxdz
yxde + (B + 57
JE; zl;» |
- E,dxdy + (B, + 5,27 axdy = 2— axdyde

8
(2)




where: g = pdxdydz and p is the charge density.

Equation {2) reduces to:

3 aEx +C“y + BEZ _ P
Ox ay 0% 60 (5)

But equation (3) may be written as

- -> - —'.> - -
a 0 u. 0 UE +UE + Ukl
( Uy 5ot uy S + 7 3;% ( “xx Yy 7 z) = —g—

o
(4)

. > 9 = 9 d .y .

if ( Uk T TSyt —52) is treated as a vector operator.

The symbol used for this vector operator is V, usually referred to

as ‘'del’.

Equation (4) may be written as:

g

=
VeE == (5)
- o]
But if the electrostatic potential at a point is ¢p’ the electro-

static field at that point is given by:

- = -
Note: §>'must be everywhere normal to equi-potential surfaces

because no work is done when a test charge moved along such a surface.

Therefore, equ. (5) reduces to

v o= v
=% L %, % _-o
5 w2t & (T)




(3-A)

Bquation (7) is called Poisson's Fquation and when p = 0, it

reduces to
v =0 8)

which is called l1a Place's Equation.:..c

Although the form of V2 will be different in different coordinate
systems, the fundamental relationships expressed by equs. (6), (7)
an@ (8) are independent of the coordinate system. Furthermore,
equatiéns of this form describe any force field which is governed
by an inverse square law (for example, the gravitational field:

MiM

2
=)

F=G
r

The simplest application of the above equation occurs probably
in analysis of the field between two large parallel conducting plaﬁes

connected by a battery. This is shown fig. 2. Fringing or edge

effects are neglected. From symmetry Ex and %i = 0. Therefore,
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D o T PSP,

Therefore:

and:

¢ = K ¥+ K,

To determine Ki and K., apply the boundary conditions:

2
Aty =0 =a, § = 0; therefore K, =0. Aty= (b-a) =4,
‘ -V
] ab
¢ = “Vap? therefore, Ki = .
a
Therefore:
-V
¢ =__ab ¥y.
3 (a)
Note:

E = -9 - ’3; 3%%‘ (v)

N > . . . . s
Therefore E is in the u.y direction; its magnitude is constant =
\'J

ab . The equipotential surfaces are planes parallel to the
d
conducting plates and ¢ _ = Vab - -

y 3 ¥

Thus equs. (a) and (b) completely describe the field.

B. Silverman

2|24|65
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Project 5 EE 24

Characteristics of Inductors

I. Introduction

In electrical circuit design it is important to know how well available

physical components approximate the models assumed in the original design.

Y R o e [

For instance, in many control and computer applications the nonlinear

properties of ferromagnetic inductors are used. On the other hand, linear

inductors are needed in many filtering or frequency discriminating networks.

s Nt e it &

However, often ferromagnetic materials are used in these latter cases to 5

reduce the physical size of the components. This limits the range of the ]

smplitude of applied signal for which a given component can be considered
linear.

Furthermore, there is inherent distributed capacity among the etill

windings of an inductor which (along with the inductance) gives the coil a
self-resonant frequency, This restricts the useful frequency range for such
% an inductor {or coil).

In this project we wish to establish the useful amplitude and frequency
ranges of an inductor having a powdered molybdenum permalloy core. At the

same time, we will gain experience in additional measurement techniques.

: II. Determination of Amplitude Range

One should recall that the following relations for a linear inductance

(see sec. %.7-4.8, pages 121-127, Electrical Engineering Science, Clements

and Johnson)

ag di
e=ngr=Ll3’




or.:

_ o888
L=N ai N i~ N i’

1S

>

Therefore; the inductor will be linear (or constant) if the ratio of
the magnetic flux threading its winding,'¢, to the current flowing in that
winding (which produces the flux), i, is constant (independent of the
magnitude of fhe current and flux).

The ¢ vs. i curve (Lhe hysterisis loop) can be observed utilizing the

current shown below in Fig. 1.

crRO
ISOLATION
TRANS £ 0&mek
o -0 o
N
M, 3
60 cas VERLS? o
T -5 o
° o 'i Vekr: #Hok.
- 7
= =3
Rl = 10 ohms, 2 watts N1 = 800 turns
3 R, = (10)6 ohms
¢ = 0.1 microfarads Né = 200 turns
Figure 1.

; The physical dimensions of the molybdenum permalloy core are shown in

Figure 2.
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Dimensions of Core ‘ Equivalent Circuit of Inductor

Requirement: Determine the approximate range of linear operation of

the inductor. State this range in terms of maximum allowable flux density
(B, webers per squsre meter) and magnetic field intensity (H, amperes per

meter) in the core.

s

III» Determindtion of Frequency Range

For our purposes the upper limit of éhe useful frequency ;ange of the
inductor- will be somewhat 1ess/%%gnself—résonant frequency. This self-
resonant frequency can be determined by measuring the impedance of the
inductor versus frequency. (Note: The energy losses of the inductor
will increase with an increase in frequency of applied signal and in some
appiicationé this will limit the useful frequency range of the inductor
rather than its distributed capacitance.}

Assemblg an impedance bridge using decade resistance, inductance, and
capacitance boxes and determine the components in the equivalent circui? of
ghe inductor shown in Fig, 3- If this assembly becomes unsatisfactory as
the frequency of the applied signg}vincreases, use a General Radio Co. bridge

to complete your measurements.




]

If the values of components in the equivalent circuit vary with frequency,
these values must be shown as graphs rather than as fixed quantities.
Note: The value of self-resonant frequency obtained by this method

can be checked using Lissajous figures on the oscilloscope.

o g <, o i R e

Requirement:

; 1. Determine the self-resonant frequency of the inductor.
2. Using the value of inductance found at a frequency 1000 cps, determine
the permeability of the core material. Compare this with the value of

: g o= B/H obtained from the curve observed in the arrangement in Fig. 1. IList %

possible causes of discrepancles.

IV. References

1. Introduction to Electrical Science, Clement and Johnson, paragreaphs

O 3.8, 3.11, 4.7, k.8.

5. Flectronic Instrumentation, Prensky, Chapters 4 and 5.

Dr. B. Silverman
Oct. 15, 1963
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Transformer Characteristics

Transformers are used in many different applications in electrical engi-

neering. In different applications, differ at characteristics may be de-

sirable.

Power Transformers

3
3
3
.E
]
3
E"

When transformers are used to change voltage and current levels in the

AR A L O N

transmission of large amounts of power, two characteristics are of interest:

Rtk R

. Output Power (100 output (100 f
1) Efficiency = put_Power (100) _ put (100) (for rated full load conditions)

Input Power ~ Output + Losses

Vout (no load) - Vot (full load)

2) Regulation =
Vout (full load)

(100).

Frequently, facilities are not available in the laboratory to measure the
performance of transformers under adl-load conditions. Therefore, other tests

are performed which allow the calculation of efficiency and regulation.

Efficiency Determination

? There are two major sources of power loss in 2an iron core transformer:
1) the core losses; and 2) winding losses.
The core losses do not vary appreciably with load. However, the winding
losses equal the winding resistance times the current squared.
Therefore, by measuring the power supplied to the transformer when the

secondary is an open-circuit (the primary current is small), the value of

the core losses is obtained.
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If we shoxr-circuit the secondary and allow rated current to flow, the

power dissipated is the winding loss, approximately. Note: The required input

voltage for rated current under short-circuit conditiomsis small. Do not

[ —
e —

apply full line voltage.

The equivalent circuits representing the transformer under the two con-

ditions of test are shown bzalow: LT
/‘/ :/XI 7 (’b ),2
L=l,+@YL,

O e — AW/ T
‘ R=K+a°g,
A ”
o , : e
Open eircuit test Short Circuit Test
Fig. 1 Fig. 2

Equivalent circuit

An equivalent circuit for low frequencies and arbitrary load conditions

is: Z 2
f/ )Q./ a (Z Q /E?.
o—-——.
MA A dam 1] —M B5E0 D
’ R, = Resistanceof primary
winding
R X e )LL1= Leakage reactance of
C -
primary
a = Effective turns ratio
o o R = Equivalent core loss
Resistor

Equ. Circuit (Referred to Primary) Xy = Mutual Reactance

Fig. 3

N

TR gy 1A B e T R T e T T g T TR T R R N e R T B A RO
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)

The elements of th: equivalent circuit in Fig. 3 can be obtained from the

open and short-circuit test. They may also be obtained by bridge measurements.

Regulation

The regulation may be calculated from the equivalent circuit of Fig. 3.

Problem

Determine the efficiency, regulation, and eguivalent circuit of a labora-
tory filiament transformer. Determine the equivalent circuit from open and
2
short circuit data (note: assume: Rl = agRg, XIh = & XLE) and bridge measure-
ol

ments.

References: Electrical Engineering Science, Clement and Johknson, Caapter 17.

Introduction to Electrical Science, lePage and Balabanian, Chapter L.

Required Equipment

Filament Transformer
Variac

Isolation Transformer
Oscilloscope
Impedance Bridge

G.R. Type 1650
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Graphical Determination of Average Power

o — T T
R +

C =1 Z| v

& ¥ -

| — 1 a

-
.

| ‘ YERTICAL ZATE
——>HORIZ, (LATE ————— L coppe
; Fig. 1 rie. 2

T
(1) Pave = %—5 f v i dt where T is period of v and i.

o)
. o 1/2
Tt is required that: RC>> T ; [R° + (%‘-5“) 1 > |zl

- R Sir o AR L PRt

4

1 v

! vc=3c Rdt
d.vc

(2) v=RC-73%

;" G) i=%

L - L R A S

ST S T ARET TR R

_ 1 RC
() Y valch

: The integral in eq. (%) is represented by the area in Fig. 2.
Thus, the average power dissipated 1s 8 two-terminal impedance Z can be

determined by using the circuit shown in Fig. 1 and measuring the area in

Fig. 2.
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VACUUM TUBE TRIODE CHARACTERISTICS

I. Introduction

In this project we wish to investigate some of the external
characteristics of vacuum tube triodes. The study of the physilcal

principles of operation and design will not be undertaken at this

time.
The schematic representation of a triode is shown in Figure ?!.
PP
The entire structure is contained in an r—ég—Zté

evacuated envelope which is represented
by the circle in Fig. 1. The heater
maintains the cathode at a sufficiently

high temperature so that eléctrons are

emitted from the surface of the cathode
Fig. 1., Vacuum Tube

under the influence of an electiric Triode

field. The heéter is not shown usually in circuit diagrams.

The cathode, then, is the source of free electrons. Its
surface is coated with a low work-function material (for receiving
type tubes). In order not to damage the cathode surface, the
hesater must be functioning before the plate-to-cathode vcltage
is applied.

If the grid is ignored, the cathode and plate (or anode) form
a vacuum tube diode. See PFig. 2. For instance, if the grid were

connected directly to the plate, the triode would function as a

diode. When the plate-to—cathode voltage is positive, some of the
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Pigure 2. Elementary Triode Amplifier Circuit.

liberated cathode electrons readily traverse the tube causing a

: plate current. If the voltage polarity is reversed, current will

| not rlow,

The grid is a fine-wire, wide-mesh screen structure located

close physicully to the cathode. Because of this closeness, a
small difference of potential between grid and cathode (compared
to plate-cathode potential) produces a relatively large electric
field ai the surface of the cathode. Thus, a small grid-to-cathode
voltage results in a large change in plate current and load voltage-
(eL). Consequently, the circuit of Pig. 2 exhibits the property

‘ of power gain; i,e., the signal power dissipated in load resistor

'f 1s greater than the power supplied by the signal source, g This

:2' \ additional power is supplied by the bias supply Ebb’ The action




of the triode converts this 4. ¢. power to signal power.
In receiving tubes +the grid can be damaged easily if it
conducts appreciable current. In this work the grid will be main-

tained always at a lower potential than the cathode by the bias

)

Ee and the grid current will be zero.

It was pointed out that the bias supply Ebb’ is a source of
power. That portion of this power which is not dissipatcd in the
load RL is dissipated by the plate of the tube., This plate
dissipation manifests itself in the form of heat and the maximum
values cf plate voltage and zurrent specified by the tube manufact-

urer must be :observed or~the tube will be destroyed.

L) II. Graphical Representation; Plate characteristics

At this point, it is necessary to outline a uethod for quanti-
tatively describing a triode. This will allow us to measure and
evaluate its performance; to design amplifiers to meei stated
specifications; and tc analyze existing circuilts, ‘

The performance of a triode can be given by stating the relation- i.
ship among its plate current, ib, its plate-to-cathode voltage, €y |
and its grid-to-cathode voltage, €y« It is assumed thati the grid
current 1s zero. Sinée the relationship is nonlinear over most
of the allowed operating ranges, often this information is
presented graphically. In order to present this data on a two-
dimensional sheet, one variable is held constant and the other two

are varied. The most frequently used data is the so-called plate

) characteristics, i, vs. e,, e, = constant. (see Pig. 3.)

ERIC

Full Tt Provided by ERIC.
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Fig. 3. DPlate Chzracteristic - Iypical Triacde.
These are static characteristics; for instance, if in Fig. 2,

= Q0 and Ecc = ki’ the state of the triode would be described

by the gquiescent operating point Q. If, now, eg becomes a2 time=~

/ 0K > [ 2K

varying voltage, the operating point Q will move along the load-line

in accordance with the new value of e, = (Ecc + es), Thus, the

performance of the triode can be pradicted for any given input

signal e load RL’ and blas voltages ECc and Ebb'

oy
It is convenient to represent the various circuit parameters
as a sum of a d. ¢. term and a varying guantity. The present
discussion will be limited to linear class A1 (class A indicates
that plate current is always present; class A, indicates that

there is no grid current) mode of operation. Then the 4. c. Term

is the quiescent or bias- value of the parameter and the varying
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term arises from the presence of a signal., Referring to
Pig. 2:

e =E + € (in general)

=E  +e (in this particular case)

ey = Eb + ep
= Epp = 1By = (Bpy = IyRy) = 1.8y
ib = Ib + ip = Ibo + ip.

Problem 1. Obtain the static plate characteristics for the triode

type 6J5. Refer to a manufacturer's tube manual for typical
characteristics of a 6J5. A test circuit such as shown in Fig. &

may be used.

/—_‘_..

7\
1I|‘

N

Pig. 4., Test Circuits

K, R. = 18000 ohms

10K Potentiometer

L

Only obtain a few specific curves in the family of plate
characteristics since this information is readlly available.
Display scme plate characteristics and a load line on the

oscllloscope.

#0"Y
e Fr9. 54

AQ




Problem 2., Voltage Gain. If a sinusoidal voltage e = J2 E, sin pt

is applied to input, the rms value of the signal output voltage may

be represented as E_ where e, = Ey + e and e, = J2 E, sin t +77).

P p
The magnitude of the voltage gain is defined as:
E
ad =
E,
When Ebb = 300 volts, Ecc = -8 volts, JE- ES = 2 volts and

Ry = 18000 ohms, "détermine A from the plate characteristics.

III. Eguivalent AC Circuit

Analytically, we proceed as follows:

i, = f(eb, ec) (1)

Furthermore, if the range of operation is restricted to the
region in which the plate characteristics are approximately straight,
parallel lines equidistant apart for equal changes in grid voltage,

ib can be represented as:

aib Bib
ib = f(EbEc) + -5—3'; Aeb + -5—9—0- Aec
(2)
Define:
aa:b =A lim g'l:g
b ey—>0 b c=const.

(3)

1]
"3""‘

o)
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= gy (4)

The quantity r_  is called the dynamic plate resistance: 8 is

p
called the transcondurntance.

Eqns., 2 reduces to:

= L
Ibo + Aib = Ibo + rp Aeb + gmAec
or
i =i e +g e . (5)
P T P °m°g
If in eqn., 2 the current i, 1s fixed (.., 1 = Iy, and
Aib =0):

21y
de N e
b _ _vY“c _ _
T T, = 3L, &' TH (6)
ibzconst. aeb

The quantity [L is defined as the amplification factor. Equation

(5) may be written as:

RNGAE ORI IRk e o iy

1

tp = T (-1, Rp) + gge,
or i
lleg =1 (rp + Ry, (7)

Equation (7) describes the circuit shown in Fig. 5Sb.
This circuit is the equivalent a.c. circuit for the circuit
shown in Pig. 5a. It describes the a. ¢, or signal behavior of
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e
RS & P ,;
L ﬁ‘ —1¢ A;_ _5%07‘ 4
E i
+ + a/ , ;
K Y i
.—A:hgf .
(a) (v)
e, = Ec + eg = Ecc + eg
€y = Eb + ep = (Ebb - IboRL) - ip RL

1b = Ib + 1 = Ibo + ip

Pigure 5. Equivalent A. C. Circuit,

the circuit and does not include the information about the
quiescent parameters. Note that the assumed polarities of [[eg
and e and the reference direction of i_ in (b) are not arbitrary

p p
but are determined by those assumed in Fig. 5a.

Problem 2. Equivalent Circuit Calculations.

1. Determine [{, &ns Tp from the static characteristics.
2. Compare the computed value of voltage gain A obtained
using Flg. 5b with that obtained graphically using the plate

characteristics.
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Rl > Vo

5. Note that if the amplitude of e is small compared to

E the average value of the plate current, Ib’ does not change

ce?
when the signal ey is applied. Observe that as the amplitude of

e 1s increased, Ib does increase. This indicates that the tube

behavior is becoming nonlinear. Demonstrate this fact analytically.

4, In Figure 5b, if l[eg and rp represent a source (or

generator) and RL represents a load, maximum power will be delivered

to RL when RL = rp for a fixed [ieg and rp. Verify this statement.

Use this fact to determine rp experimentally (Ecc = -8 volts,

Ebb = 300 volts). |
Notice that we have been considering the terminal characteristics }

(expressed analytically as iy = £(eys ec)) of the triode without |

studyihg the physical bases which give rise to these characteristics.

Frequently, . engineers are required to use devices with only

this type information, but most successful engineers use every

opportunity to gain further knowledge about things with which they

worke.

IV. References

1. RCA Receiving Tube Manual

2. APPLIED ELECTRONICS, T. S. Gray

5. Fundamentals of Vacuum Tubes, A. V. Eastman

B. S. 1/31/64
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PROJECT 2

3 I7 INTRODUCTION

In the first project the characteristics of a linear class Al triode

amplifier in its most elementary form was studied. It is rare that

an amplifier is constructed this way.

TR AT D x

RS T e S

IT. THE SELF-BIASED TRIODE

For instance, usually the grid-to-cathode bias is obtained by a self-

biasing resistor Rk as shown in figure 1.

(d,) h "’i

Fig. 1 ©Self-Biased Triode Amplifier

: Problem:

| In figure 1 if R, = 18,000 ohms and E., is 300 volts, determine the
i value of R which will provide E_ = «6 volts.

?

g Notice that in figure 1, a:
| . e, =€ - 1ka (1)
In other words the grid-to-~cathode terminals are not accessible to

- the input signal e  and an additional signal voltage (ipBy) which 1is




proportional to the output (current, in this case) is applied to the
input. This is an example of feedback in an amplifier circuit. By
placing a capacitor Ck of appropriate gize in parallel with Rk, this

feedback effect can be eliminated.

Problem:

Determine the value of Ck in figure{l, by required so that the magni-
E

tude of the voltage gain ]A ]: Eout will be constant for all sinus-

S
oidal signals e, whose frequency is sbove 200 cps.

Problem:

Compare the magnitude of the voltage gain |[A | for the circuits of

figure(l, a)end (1L, b

a) Check the gain as the frequency of e, is changed from 50 to 5,000 .
cps.

b) When the frequency of e is 1,000 cps., check the gain when the
pesk value of e = \rﬁﬁs varies from O to 6 volts.

¢) Verify the experimental results of (a) and (b):

1) Analytically, by developing an equivalent ac circuit for the
circuits of figures(l,a)and(b)from which the gain may be cal-
culated.

2) Graphically, by constructing a family of e, = constent - curves
or: the plate characteristics of a 6J5 triode. From these the
gain for the circuit of figure (1, a)may be obtained graphically;
the gain in figure(l, b)may be obtained from the conventional

plate characteristics.

d) Determine the plate efficiency and the circuit efficiency of the




amplifier in figure(l, b)

2

E
t
1) Plate Eff. = == (100)
L Ablb

where EouJo is the rms value of the a.c. component of the out-

put voltage.

&3]

2
oub (100)

1 BTy + Eeled

where Ef and If are the rms filament voltage ard current,

?

Circuit Eff. =

respectively.

III. THE CATHODE FOLLOWER

The .use of triodes in the amplifier circuit configuration of figure 1

is only one of many applications. When used in a different configura-
tion, the circuit displays different characteristics.

For example, figure 2 shows a cathode~follower circuit in which the
output voltage is obtained from the cathode circuit instead of thc

plate circuit.

y =200 volrs

7
+ .
C?; ’L:\\ 0, <354=\[2'és; St
- 6oaf" Q :ﬁé 5///4t
45
Es

Fig. 2 Cathode Follo-er Circuit




IV

Problém:

a) Determine an equivalent a.c. circuit for the amplifier shown in
figure 2.

b) Determine the voltage gain A for this circuit.

c) Determine the output resistance (impedance) of this circuit. The
output resistance RO is defined as:

E

R = ii in figure 3
SIS S > 0
T ? » ¢
«— 4 N2 I, st
A {
C
ﬁqg' ¢:; :r\[ii £§ J777¢Zﬂf_

Fig. 3 Output Resistance Determination
If the equivalent a.c. circuit in part (a) is reduced to a
Thevinin's equivalent circuit, the equivalent resistance in that
circuit equals the output impedance. (See pages 362-366, Elec~

trical Engineering Science, Clement and Johnson)

d) Check the values of gain and output resistance experimentally.
e) Compare A and R for the circuit of figure(l, b)with that obtained
for figure 2.

REFERENCES (See Project 1)
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Project III
AMPLIFIER FREQUENCY RESPONSE

Introduction

Tt is useful to define various measures of performance for equipment.
For instance the frequency response characteristic of a linear class A
amplifier indjicates over what frequency range (this may be interpreted
as time characteristics of the signal, also) of input signals the circuit

output will be an amplified faithful replica of the input. (See Fig. 1)

R-C Coupled Amplifier

In this project the frequency response of an R-C ccupled (resistance-
capacitance) triode amplifier will be examined. Fraquently, a2 single
stage (one vacuum tube or transistor) does not provide sufficient gain and
two or more stages will be cascaded. It is important that bias vcltages

in one stage do not cause undesired effects in other stages.

S
+0-
E 4 AGw) E 4%)

~ </
o~ &

Aga = Eer 84
£, G4

Figure 1. Definition of Frequency Response of a Linear Network.




This can be assured by using coupling capacitors between stages to provide
dec isolation. TFor instance, in Fig. 2, the coupling capacitors are

represented by Cc.

AN

i -

&4t

Fig. 2. Cascaded R-C Coupled Amplifier.

However, these capacitors limit the low frequency response of the amplifier.
In fact, if f = w/2rx is the lowest frequency in a signal e which we wish

to amplify without distortion, it is required that l/wCc < 0.1 Rg' Further-
more, any reactive elements in the circuit will affect the frequency response.
In addition to the capacitors and inductors specified by the designer, there
are present always the inherent interelectrode and wiring capacitances (also
lead inductances) which place an upper limit on the frequency response of

an amplifier. (See Fig. 3a).




S - W E.
WC, /“ 5

— - #“%s

2=z Es _ _/
z ;wc;oj (1+4Y
Effect of C__ in Ideal Voltage °
Triode Interelectrode Capacitances Amplifier
Fig. 3a. Fig. 3b.

The interelectrode capacitances can be measured accurately and are
included in manufacturers' data. Wiring capacitance is difficult to
estimate accurately. Sometimes the values of interelectrode capacitances
are doubled in an initial design to account for this added capacitance. 1In
addition, the effect of Cgp at the input terminals is "amplified" as
indicated in Fig. (3b). ©Note that in cascaded amplifiers (Fig. 1) the
input to the second amplifier is the output of the first. At any rate the
frequency response of an amplifier (or any network) is determined accurately

usually by measurement.

Eroblem

Determine the freqr - ncy response,

(Jw)
Jw)

Eout

A(Jw) = £ ,

in




of the circuit shown in Fig. 4. The effect of succeeding stages on the

frequency response has been approximated arbitrary by the 100 upf - capacitor.

i( Epyp, = 300V
GJ5 e IS

g - c | |Ein| = 1V
r_{“ - R,..= 1000 ohnms
& ’% R. = 18,000 ohms
K L
= i
I

. =0 |t
(7 R = 270,000 ohms
, ¢, (v Cor g
4 1
3 R\ G
3 X C = 100 ppf
- Fig. 4. R-C Coupled Amplifier.
()
? Equivalent Circuits
3 To facilitate analysis, equivalent circuits for the amplifier are

considered usually in three frequency ranges:

1) The midband range where the gain is constant and the reactive elements
; have negligible effects. 2) The low-frequency range where the effects of
C and Cpk are negligible. 3) The high-frequency range where Ck and Cc may
be neglected. See Fig. 5.

Determine the frequency range in which each of the above equivalent

circuits is valid.




hd

.
”

R A {3

T c+
- —JL ok
ks T | _

Midband Low Frequency High Frequency

e e A A N ]
e

+ | ™
2
N>

~>

2

D

Fig. 5. Equivalent Circuits

DB Gain vs. Frequency

It is convenient to discuss the gain ik the units of Decibels. See

Clement and Johnson, E. E. Science, pp. 417-420.

Gqp, = 20 log,, A(jw)

Eout(aw)

20 1 .
%810 B _ (Gw)

it

Plot lGdb' vs. frequency (on a logarithmic scale) (see pg. 419, Clement

and Johnson).

The voltage and power output will be a maximum in the midband range.

When the gain has decreased by 3 db from the midband gain, the power has
decreased by one-half. This will occur at frequency below, fl, and above

)
f2’ the midband. The bandwidth BW, is defined as:

BW=f2~fl




Calculate and check experimentally the bandwidth of the amplifier.

References

Electrical Engineering Science, Clement and Johnson, Chapter 1.

Applied Electronics, T. 5. Gray.
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TRANSISTOR CHARACTERISTICS

Introduction

In this project, the terminal characteristics of transistors used as
linear class A amplifiers will be examined., The vacuum tube triode was

invented in 1907. Since then, there have been major modifications such as

tetrodes and pentodes; and high-frequency generators such as klystrons and
magnetrons have been invented. However, for the general purpose of linear
amplification no alternative to the vacuum tube was available until the

invention of the transistor in 1948,

Characteristics of Transistors

Transistors have some desirable characteristics (and some undesirable

ones) which vacuum tubes do not possess.

Vacuum tubes have a limited (though frequently long) life. If nothing
else fails first, the cathode deteriorates and ultimately renders the tube
useless. In principle, a transistor should have an indefinite life when
used properly. In fact, manufacturers have not yet achieved this goal.

As lineay amplifiers, vacuum tubes are relatively inefficient. Most
tubes require a supply of continuous filament power and the relatively large
plate voltages (and currents) result in high plate dissipation. On the
5 other hand, transistors require no filament power and the low Junction
voltages produce small amounts of internal power dissipation.

{ However, since transistors are semiconductor devices their characteristics

depend strongly on their operating temperatures. Because of their small




physical size, they can dissipate only limited amounts of heat. Excessive

currents and voltages can cause temperature increases which result in

permanent damage.

Static Characteristics

A junction transistor consists of an encapsulated sandwich of ‘p' and

'n' type semiconductor materials* as illustrated in Fig. 1

COLLECTD
3 NEOULCTL . pleouscror
S4sE
] e i L o—i Y
() EmirTER E TER
? E
N-P-N Transistor P-N-P Transistor

1 For an explanation of the operating principles of a transistor, refer
to the texts listed in the reference section.

In Figure 1, notice that the base and emitter form- a p-n junction and
the base and collector form another. To operate the transistor as a class A
amplifier, the base-to-emitter junction will be biased in the forward

direction and the base-to-collector junction will be biased in ‘the 'reverse

direction.

*
Review Ch. 2, pg. 53-60, EE Science, Clement and Johnson.




R O

d il

Problem

A number of unidentified p-n-p transistors have been received as a
gift. Tt is desired to use them in the common-emitter configuration as
shown in Fig. 2. To predict the amplifier performance, static characteristics

and an ac equivalent circuit are desirable.

S
N3 //
¥

' A B
+ Gour el
) J
+ - P
ce (Vor#s)
Fig. 2. Transistor Amplifier Fig. 3. Odllector Characteristic

For the vacuum tube triode it is useful to describe the plate current
as a function of plate voltage and grid voltage.

Here the static collector characteristic, the collector current as a

function of collector-to-emitter voltage and base current (ic = f(ece, ig),
is useful.
Obtain the static collector characteristic as shown in Fig. 3. ILet

e vary from 0 to 10 volts; let i

e vary from O to 1 ma. in 100 microampere

B
steps. (see Fig. 4, pg. 5, project I)




Equivalent ac Circuit

fi =71 . 1),
If i, _(ece, lB)’
oi Bic
Mo =3 M%ce * I Ys

Develop & collector ac equivalent circuit which includes the parameters

g, and a g

Determine g, and @ on for this transistor from the static characteristic.

Set up the circuit shown in Fig. 2. Apply a sinusoidal signal,

e: =8, sin wt.
in

in
E I (ac)
out , __c .
Measure: IAV] =5 AI ® T aaY
in B
\

.. Pbut(ac) e Pbut(ac) (100)
"%nZaci’ ’ Pﬂlﬁmmn)

Check these measurements using the static characteristics and the

equivalent ac circuit.

References

G. E. Transistor Manual

Electronic Circuits, E. J. Angelo, Ch. 8 and 9.

Electronics, (2nd Edition) Millman.




The 2N322, 2N323, 2N324 are alloy junction

P;\ilP transis&ors i'rrlilended for driver sdervice in 2N322, 2N323.
audio amplifiers. ey are miniaturized versions

of the 2N190 series of G.E. transistors. By con- 2N324
trol of transistor characteristics during manu-
facture, a specific power gain is provided for
each type. Special processing technigues and the .
use of hermetic seals provides stability of these characteristics throughout life.

Outline Drawing No. 2

SPECIFICATIONS

ABSOLUTE MAXIMUM RATINGS: (25°C)
Voitoge
Cpollector to Emitter (Ren = 10K) Verr —16 volts
Collector to Base Vero —16  volts
Current
Collector Ic -100 ma
Power
Collector Dissipation Pex 140 mw
Temperoture
QOperating Ta —65to 60 *‘C
Storage Tsta ) —65t085 °C
TYPICAL ELECTRICAL CHARACTERISTICS: (25°C)
D.C. Chaiocteristics 2N322 2N323 2N324
Base CurrentGain (Ic=—20ma; Ve =—1v) hre 50 75 95
Collector to Emitter Voltage

(Res = 10K; Ic = —.6 ma) VCER -16 —16 —16 wlts
Collcctor Cutoff Current (Ve — —16v) Ico -10 -10 =10 ua
Max. Collector Cutoff Current (Vew = —16v) Ico -16 16 —16 xa

Small Signal Characteristics

Frequency Cutoff (Ves = —5v; It = 1 ma) faon 2.0 23 3.0 mc{
Collector Capacity (Ve = —5v; I = 1 ma}Cob 25 a5 25w
Noise Figure (Ves = —=5v; Ie = 1 ma) NF 6 6 6 d;,'
Input Impedance (Ver = —5v; Ig = 1 ma) hie 2200 2600 3300 ehms
Current Gain (Vce =—5v; Ie =1 ma) hte 43 68 85

Thermal Charocteristics o
Thermal Resistance Junction to Air 25 25 25 Cramw
Performance Dota Common Emitter '
Power Gain Driver (Vee =9v) <. 42 43 H :\\}:\'
Power Output Po 1 1 '

The General Electric Types 2N1097 and

2N1097, 2N1098 2N1098 are alloy junction PNP transistors in-
tended for low power output and audio driver

Outline Drawing No. 2 service in entertainment equipment. These

) types are similar to the General Electric Types
2N 322 and 2N323 eacept for hyx: limits.

SPECIFICATIONS
ABSOLUTE MAXIMUM RATINGS: (25°C)
Voltage
Collector to Emitter (Ren = 10K) VeEx —16 volts
Collector to Base Vero —16 volts
TRANS!ST_(_).R_SPECIFICATIONS
Current
Collector Ic ~100 ma
Temperoture
Storase Ts1s ~63 to 85 *C
Operating Junction T 60 *°C
Power )
Transistor Dissipation® Pav 140  waw

ELECTRICAL CHARACTERISTICS: (25°C)
D-€ Charocicristics 2N1097 2N1098
Collector Current (Ven = —16v) Icno -~16 ~16  pamax.

Forward Current Transfer Ratio
(Ic = 20 ma; Vee = 1v) hre 34-90 25-90

Low Frequency Characteristies

(Ve == —5v; le = —1 ma; ¢ = 1 KC)
Qutput Capacity (Typical) . Cov a5
Forward Current Transfer Ratio (Typical) hte 58

suf

"nio
nn

*Derate 4 mw/*C increase in ambient temperature over 25°C.
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EE 25 PROJECT V

Oscillator Circuits

Introduction

In this preo.ie ¢ ™ehavior of two types of oscillator circuits are
examined. Prior to che examination of these circuits, the frequency
response of a parallel-tuned circuit will be investigated.

The student should consult the following:

1} Class notes on Oscillator Circuits; 2) EE Science, Clement and

Johnson, pg. 158-161, regarding "skin effect;" and 3) EE Science,

Clement and Johnson, pg. 452-461, regarding "Q."

Frequency Response of Para.iel-Tuned Circuit

I, is one coil of a G. K. variable inductor.

T C is Heathkit decade box.

) b
~ Adjust C so that w . = 2xfres.~5~'(10) .

5
M

Fig. 1. Parallel-Tuned Circuit.

Using an impedance bridge, determine Z(w) = (R + jX) for the circvit
shown in FPig. 1. Plot R and X versus frequency.
Note thet r is the inherent resistance of the inductor having an

jnductance L. Because of "skin effect" r varies with frequency and the exact




variation cannot be given as a simple, accurate, analytical expression for
all inductors. From the above data determine the values of r and Q of
the inductor at the resonant frequency of the circuit.

What are the limiting errors in the values of r and Q. (See Appendix
VI of EE 24 notes.)

Figure 2 represents the circuit of Fig. 1 which has been modified so

that Q:;s, = 0.1 Qres of the inductor in Fig. 1. On the same sheet plot

IZ(w)l versus frequency for the circuits of Fig. 1 and Fig. 2.

F()

\
]
O

Fig. 2. Low-Q Circuit

Tuned~Collector Oscillator Circuit

e

10 Ko (‘

Fig, 3. Transistor Oscillator




In the circuit shown in Fig. 3, the same type transistor is used as
that stud:tedsin project IV.

Determine the approximate value of a,.. required to4j”§#§ﬁﬁw,
N e i

CB i T, SR e A " o e L
What is the approxinate frequency of oscillation.
Investigate the performance of the oscillator shown in Fig. 3. Include

such things as its frequency, voltage amplitude{ and power output ranges.

Phase~Shift Oscillator

6SFS~ | “*)ﬁ" ——

'“ 330k (00 K-}

P DN [COUSES | OOKA:

——

T250Y

A

100 K12

na

Fig. 4 Phase Shift Oscillator

Determine the approximate value of p required to initiate oscillations
in the circuit in Fig. 4. What will be the frequency of the oscillation?

Investigate experimentally the performance of this oscillator.

I
3/9/6h
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A?TEICAETONS OF ANALOG COMPUTERS

i. Introduction

In analyzing some physical problems, particularly those described by
differential equations, it is more convenient sometimes to use an electronic
analog computer fhan a digital computer. For instance, the solution can be
displayed graphically while the system parameters (including initial and
" boundary conditions) are varied.

In the analog computer, the various parameters and mathematical
operations of an equation are simulated by electronic circuits. The
computer operator has access to the terminals of these circuits through a
patch panel. The output of the computer is a voltage (which is a function
of time). This voltage can be used to actuate a recording pen (or other
equipment) or can be displayed -on an oscilloscope. When this voltage and
time are "scaled" properly (or calibrated), they represent the dependent

and independent variables, respectively,. of the original equation.

II. An Example

The operation of an & .alog computer will be illustrated further by

considering a specific problem. Consider the equation:

2
d dx
8, -d-;g + 8.2 3t + ajx + ath = £(t); (1)

dx L
attBO, x=xo,'a'£=xoo

Equation (1) is rewritten as:




Ex _f(t) Z2ax %
a8

e qte 81 By dF 8y

3 (2)

P |2
|+
®

In general, one always solves for the highest-order derivative in the
\_wmgggfgagn. Where this is done, only integrators (and no differentiators)
are needed to simulate the problem. This is a practical consideration; it
is much easier to build a workable stable system involving only integrators
than one including differentiators.
’ The key to understanding the analog computer is in this next step. A

block diagram representing Eq. (2) is drawn in Fig. 1.

£ 7 - % °

a — d
% gl

2 a a a
Fig. 1. Block Diagram: %:%ﬂ-f%"{-;ﬁx-f-ﬁ
‘ dt 1 1 1 1

If the block diagram in Fig. 1 can be implemented and if x(t) can be
obgserved, this yields a solution to Eq. (1).

To implement this block diagram, the llowing components are




*
needed: )

1) an arbitrary function generatox}'.\ This supplies the driving function
f(t). Frequently, this is accomplished using diode circuits.

2) a constant multiplier, M . This is accomplished with potentio-
meters and amplifiers. When the constant multiplier is minus one (-1),
it is called an inversion. This is accomplished by a unity gain amplifier.

3) a sumer, ¥ . It will be shown in the next section that summing
occurs when several signals are applied to the input of a single amplifier.

L) an integrator. This will.be discussed in the next section.

5) other special functions. For instance, in this problem, x3 must
be generated. In other problems, x2, log x, Xy, etc., may be needed. These
may be obtained in a variety of ways. For instance, in the model TR-10
(available in the laboratory), x2 is generated from x using a diode circuit.

The product xy is obtained from the relation:

xy=H.(x+y)2 - (x - ¥

. : 2
The function, sin wt, is obtained by solving the equation, 2_125 +uPx =0 ,
dt

on the computer!

III. The Operational Amplifier (Integrator, Inverter, Summer, Constant

Multiplier )

Modern electronic analog computers are attractive tools because (among

other things) high-gain stable d.c. amplifiers can be built which provide

excellent integrators. This will be demonstrated in what follows. First,

*
Refer to material in the list of references for detailed information about
these components.




consider the circuit shown in Fig. 2. It follows that:

1, 44,4+ .0 4y = 4 + 1 (3)

. -—)jp Rp
L
,r:_*_f__zj__. ”
i’é ) —=-1 ~A I o, &
—_— G %
< ot -=- e
- _t*"“‘: f_—l + +
jf Ls - SYri80L
S
.uI_L_____L .

Fig. 2. OPERATIONAL AMPLIFIER
It may be assumed that 13 = 0. The input terminal to amplifier {-A) is

the grid of a vacuum tube or base of a transistor. Eq(3) may be written as:

el - ea . 32 - ea ei - ea _ ea - eo (u)
R +O. » R - R
Ry > { £
Furthermore?
eo
e, = Ta (5)
Therefore:
R R R R
f , % 1 1 f f £
e D-=(=+3=+..=))=-[5e +=—e+...0—¢e_] (6)
o) A Rl R2 R1 R1 1 R2 2 Ri i

If A is 100 or greater and the R's are epproximately equal, (6)

is approximated by:

e:-[-—ge 4+ == e +...-f-ej. (Z)




Eq.(7) indicates that the circuit in Fig. 2 performs the functions
of summing, inverting, and constant multiplying. 1In the TR-10 computer,
several input (and output) Jacks are available for each amplifier.

Resistor R, is 100,000 ohms and wired permanently into the circuit;

f
10,000 ohms and 100,000 ohms plug-in resistors are available for the

Ri's which give multiplying constants of 10 and 1, respectively. There

always is inversion in one stage of amplification.

E If Rf is replaced by a capacitor in Fig. 2, this circuit becomes

<

an integrator. This is shown in Fig. 3.

___{C &
- 4 |4 .
J R P -A ° /—
t + &, —>
/
fi CZ' <T?
a) cireuit b) symbol
Fig. 5. INTEGRATOR
Now:
o=, 44 5 (8)
but i a is negligible. Therefore:
e, ~ &€
_ 1 a o a_ -
() L ="% =1p = C 5 (e, - e)) )
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Again e, -_-—Z- and A is 100 or greater.

Consequently:
t

1
e, = - RC [ e, dt + E, (10)
0o

Eq.(10) shows that the circuit of Fig. 3 is indeed an integrator.
In the TR-10, C is wired permanently in the circuit and equals
10 microfarads. Again, Rl may be 10,000 ohms or 100,000 ohms. The
integrators include Jacks (marked IC) to allow the insertion of initial

condition'é EO'

IV. Scaling

There is one additional requirement to be met before "answers"
can be obtained from the computer. This involves the so-called
"amplitude and time scaling"; i.e., converting the output voltage of
the computer and the variable, time, to units of the independent and
dependent. variables of the original equation to be solved.

Before beginning the discussion of scaling, the block diagram of

Fig. 1 ie vedrawn in Fig. 4 using conventional symbols.

%o X
/b—"‘(? 2 dx |

~ Lt X Integrator # 5 3
J > Z 3 )— ith gain of 10; p |
/ / ‘ =X i.e., out = - J.O[m)d'

crounded

ay @t———— C Patertioncrer 2
| =2 =&
—~ .__@_ IMVELTER # 3

Fig.4. BLOCK DIAGRAM:
dt 1




A. Time Scaling

In any physical system there may be natural resonant frequencies

and time constants which characterize its response. Also, the forcing

function f(t) may be periodic or, in general, will vary with time. On

the other hand, the computer may have a limited frequency response. For
instance, when a mechanical recorder is used, this has a limited frequency
response. Also, high frequency signals within the computer usually
decreases its accuracy.

All components of the computer must be able to respond and peffonn

in a manner which will describe the equation being solved. Also, the

output solution should include the range of interest of the independent

variable.
For the TR-10, the manufacturer specifies that the solution should
occupy & time of 15 to 60 seconds.

In the problem of Fig. 4 and Eq.(1l) the natural frequency can be

- approximated as [aza/al]l/2 , the damping coefficient is fg , and £(t)

2a
. 1
is specified in a particular problem. With this information one decides

how many cycles or time constants,etc. should be included in the 15 to
60 second time interval of the solution and picks a value of B in Eq.(11)

brlow to meet these requirements. lLet:

t= y/B, (11)
ax _ dx & g &

at - ay at - P @’ (12)
n n

ax _ gt Zx (13)
at dy




Eq.(1) is transformed to:

P
3152 i;% + 8, Q%? + 8y X + 8y x3 - €(y/8) (1k)

Eq.(1%) 15 scived on the computer (after amplitude scaling) and

the solution to eq.(l) is obtained by

x(t) = x(y/B) . (15)

This time scaling assures that the time variations of the signals
are restricted to a range which can be accommodated by all components of
the computer.

Of course, the independent variable t need not represent time, but
might be some other wvariable such as a spacisl coordinate.

As an example, consider

24 -2 -0;a8tt=0, x =150, (16)

The solution to (16) is

t

- e

x = 150" 100 . (17)

Suppose we wish to display a solution corresponding to five time
constants of this equation within 60 seconds. In Eq.(16), five time

constants corresponds to 500 seconds. Therefore, let:

y= Bt = —= and (16) becomes (18)
1 dax . S ax x

Now Eq.(19) would be solved (after amplitude scaling, .




E. Amplitude Scaling

All snalog computers are built to operate within a certi}p voltage
<

range. For instance in the TR-10 the range is: -10 volts 5_44- 10 volts.
Any signals greater than 10 volts which are app’ied to any amplifier in
the circuit will overload this amplifier causing it to function improperly
and give erroneous resuits. Consequently, the magnitude of all signals
(or voltages) in the computer.must be maintaivred less than 10 volts.

In the problem illustrated by Fig. 1 and Fig. 4, f(t) and initial
conditions Xb and ib will have magnitudes and diniensions {and units)

specified by the problem to be solved. However, they will be entered
: 2
as voltage inputs to the computer. They give rise, in turn, to Q—% ’
dt
%%, X, x3 whose values are related through the equation (problem) being
3

solved. For instance, in Fig. I if X, >2.15 volts, X, = X3(at t = 0)
> 10 volts and our solution would not be correct. In estimating the
peak values of all the amplifier .signals the time-scaled equation (14)

must be used. Suppose in (14) that x is equal approximately to

Xo e.'K.y cos my = Xo e-BKt cos B mt. Then

gl

|peak.< m lxlpeak

lﬂa
»

V)

| < m2_|x! , etc.

peak

&

After making these estimates Eq(l4) is transformed again as follows:

Let Z= i, (20)

where h is chosen to insure that the peak values of all variables (or

- i
signals) in Fig. gxless than 10 volts. Eq(l4) becomes




10

2

2 4z 3,5 _ . o
a, B'h 2+82thy+83hZ+ahhz = f(y/B); (21)
w L]
X 5
at £t =0, Zo =n ZO = u°

Equation (21) is the equatlion programmed on the computer tc solve
the original equation 1.

Finally:
x(t) = &k z(y/B). (22)

Consider the amplitude scaling of equation (29):

x L ] — —— —
ay + 0 - O;y=0, x= xo = 150.
dr _ X
The peak value of x is xo and - = IQ .
- X . _ 120 _
let 2 = 55 Zo = =45 = 7.5 volts. (23)

The equation solved on the computer is:

and
x(t) = 20 z (y/B) = 20 z(10y). (25)

Note if all the signals were small, say less than 1, hin Eq.(20)
would be less than 1. Peak signals should be of the order of 5 volts

to give good signal-to-noise ratios.

V. Accuracy

.thhing has been said about the accuracy of the analog computer.
An accuracy of at least three significant figures is maintained ususally

in commercial equipment. Errors are introduced because components are not




idesl; i.e., the émplifiers draw some current as do other components
such as potentiometers; also, the gain -A of the amplifiers is finite
not infinite. Also, errors are introd
settings.

After you become familiar with the elementary operation of the
analog computer, you should concern yourself with its accuracy. See
the references listed.

VI. Problems

dx X
Solve: 1) 'azi»i-a:o;att:o,x:l.
d2x 3
2);:§+25x+10x =0;att=0,x=5,:'c=0.

LR LN i L a s

2
3) 9__2(.+0‘019.-"_+x=o;t=0,x=10, J.{=Oo

| i) at? at

2
ll) dx_oolg.}‘_ +x=0;t=0,x=0,5{=5.
; at
3 at
2
5) dx 2, dx . 1. X
O Bk R

solve for: K =10, K=1, K= 0.1
2 Predict the form of solution you expect from the analog computer.
Resolve any differences between predictions and resuﬁfs.

VII. References
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NOTE: Both references have extensive bibliographies
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