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ELECTRICAL LABORATORY II

EE 25 is a continuation of EE 24.

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

sudh information as laboratory safety, characteristics of components

and instruments, etc.

Work will be recorded in a bound notebook as in EE 24.

The projects will cover resonant circuits, electrostatic fields,

magnetic 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

dielectric 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, ve 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

(perhaps arbitrariV chosen) electrostatic potential.

It is known that the direction of the field intensity vector

tat 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 (I) and the field intensity at a point are related (in

rectangular coordinates) by the formula:

->
= - [ u u? th

x dx

1

( 1 )



-> 6 ->
where the vector operator V = ux "y

and the minus sign appears because of the definition of E
. .

and CIL'

Consequently, if a number of equi-potential surfaces in a

region can be determined, along with the numerical value of the

potential on the surfaces, the 2P-field (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, (1), and the electric field

intensity, E.

II. The Analogue Method

An experimental or analogue method for obtaining constant

potential surfaces in an axtitrary tWo-dimensional electrostatic

field will now be illustrated.

In fig. 1 are shown two conducting bodies in an isolated

region at potentials (1)1 and (1)2, respectively. To determine the

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

fig. 1
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V = - (1)2)

fig. 2
V
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RE:57,57;;WCL.

PAPEX

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

is ue.ed. On this, copies of the conducting bodies are painted using

silver paint. A battery is connected between these two painted

areap to represent the difference of potential (1)1 - Across

the battery is connected a calibrated potentiameter.

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 potec'iometer.

Thus a field plot is obtained.

III Requirements

Several configurations of conducting bodies on resistance

paper have been prepared. Obtain a plot of a family of equi-

potential surfaces for these configurations.

Two different configurations are shown in figures 3 and 4.



3 fig.

For the arrangement in fig. 3 dbtain at least three equi-

potential lines between the two conducting bodies. For fig. 4,

dbtain seven.

Can an exact analytical expression be obtained for the equi-

potential surfaces. Give an intuitive explanation for their

configuration. Can the plot dbtained in fig. 3 be predicted fram

that dbtained in fig. 4?

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?

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
2-24-65

BS/cl



La Place's Equation in Rectangular Coordinates

(1-A )

The equation describing the behavior of the potential of an

electrostatic field in a charge free region is called Ia Place's

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

an incremental volume.

At
yall NNIIM

fig. A.-1

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

Introduction to Electrical Science by LePage and Balabanian, as:

L1X

u da =
n e'

(3-8)
(1)

Let us compute the left-hand side of (3-8) for the incremental

volume in rectangular coordinates shown in fig. 1.

- E
x
dydz + (E

x
+ dyd.:z

Eydxdi + (Ey + dxd.2

- Eldxdy + (E.!1 + dxdy = 2-- dxdydt
6

(2)



(2-A3

where: q = pdxdydt and p is the charge density.

Equation (2) reduces to:

6E 3E
=X -I- y +

6x 3y az
o

But equation (3) may be written as

( 3 )

, u> . 3 U.
>

a3N U
>E + u>E

+ u>:E p
>

kx3x-py3y-1-zt)( xx yy zz)
e
o

(4)

H> 3 if> 6 3
if k u + uy 6y + u is treated as a vector operator.

x ox t oz

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

as 'del'.

Equation (4) may be written as:

> 0
E (5)

o

But if the electrostatic potential at a point is (I) the electro-

static field at that point is given by:

, 3(1) > 34 --> 6(131p N

E> = -ku p + u + u. 1

P x y

71)

(6)

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

VI
= 324 32d1

6
2
4)

by.2
6Y2

at2
eo (7)



EqUation (7) is called Poisson's Equation and when p = 0, it

reduces to

(3-A)

V?(I) = 0 (3)

which is called La Place's Equation.-.._t

Although the form of V2 will be different in different coordinate

systems, the fundamental relationships expressed by equs. (6), (7)

and (8) are independent of the coordinate system. Furthermore,

equations of this fonn describe any force field which is governed

by an inverse square law (for example, the gravitational field:
Mrp2

F = G 2

The simplest application of the above equation occurs probably

in analysis of the field between two large parallel conducting plates

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

effects are neglected. From symmetry Ex and E = 0. Therefore,

v2i

1--)
I I_

0. y
fig. A-2

equation (8) reduces to:

72(1) = 0
637.2



Therefore:

and:

(I) = y + 1C2

To determine Ki and 1(2, apply the boundary conditions:

At y = 0 = a, = 0; therefore K2 = O. At y = (b-a) = d,
-Val°

(I) = -Vab; therefore, Ki =

Note:

Therefore:
-Vab

E = -u

(4-A)

1P
iTherefore E is n the u direction; its magnitude is constant =

V
ab . The equipotential surfaces are planes parallel to the

conducting plates and y =
V
ab--

Y Y.

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

B. Silverman
2124165

BS/c1



Project 5

Characteristics of Inductors

EE

I. Introduction

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

physical components approximate the models assumed in the original design.

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.

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

reduce the physical size of the components!, This limits the range of the

amplitude of applied signal for which a given component can be considered

linear.

Furthermore, there is inherent distributed capacity among the ciAll

windings of an inductor which (along with the inductance) gives the coil a

self-resonant frequency, This restricts the useful frevency range for such

an inductor (or coil).

In thfs 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. 4.7-4.8, pages 121-127, Electrical Enc;ineerinz Science Clements

and Johnson)

al di
e = n = L

dt dt
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or:

L =
1 =N.d=NC
di Pi

Therefore, the inductor will Le linear (or constant) if the ratio of

the magnetic flux threading its winding, 0, to the current flowing in that

winding (which produces the flux), i, is constant (independent of the

magnitude of the current and flux).

The 0 vs. i curve (the hysterisis loop) can be observed utilizing the

current shown below- in Fig( 1.

4/S041'720A/
TRAPA6-cem.,/45.

ciec)

R = 10 ohms, 2 watts N
1
= 800 turns

1

R
2

. (10)6 ohms

C = 0.1 microfarads N
2

= 200 turns

Figure 1.

The physical dimensions of the molybdenum permalloy core are showm in

Figure 2.
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Dimensions of Core

Fig. 2

Equivalent Circuit of Inductor

Fig, 3

3

Requirement: Determine the approximate range of linear operation of

the inductor. State this range in terms of maximum allowable flux density

(B, webers per square meter) and magnetic field intensity (111 amperes per

metdr) in the core.

Determindtion of Freguency Range

For our purposes the upper limit of the useful frequency range of the

than
inductor- will be somewhat less/its self-resonant 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

applications this will limit the useful frequency range of the inductor

rather than its distributed capacitance.)

Assemble an impedance bridge using decade resitance, inductance, and

capacitance boxes and determine the components in the equivalent circuit of

the inductor shown in Fig, 3, If this assembly becomes unsatisfactory as

the frequency of the applied signal,increases, use a General Radio Co, bridge

to complete your measurements.



If the values of components tn 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.

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

4 . BM obtained from the curve observed in the arrangement in Fig. 1. List

possible causes of discrepancies.

IV. References

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

3.8, 3.11, 4.7, 4.8.

2. Electronic 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

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

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

Output Power (100) Output (100)
11 Efficiency = Input Power Output Losses

(for rated full load conditions

V (no load) - V
'out

(full load)
2) Regulation = out (100).

Vout (full load)

Frequently, facilities are not available in the laboratory to measure the

performance of transformers under SUll-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 an 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 short-circuit the secondary and allow rated current to flow, the

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

voltace for rated current under short-circuit conditiomis small. Do not

apply full line voltage.

The equivalent circuits representing the transformer under the two con-

ditions of test are shown below:

aprossrafatromessar

Pt

Open circuit test

=L 1-422.
0

1

Short Circuit Test

Fig. l Fig. 2

Equivalent circuit

is:

An equivalent circuit for low frequencies and arbitrary load conditions

Equ. Circuit (Referred to Primary)

Fig. 3

R
1
= Resistanceof primary

winding

XII= Leakage reactance of
primary

a = Effective turns ratio

R
c
= Equivalent core loss

Resistor

X = Nhtual Reactance
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The elements of tin equivalent circuit in Fig. 3 can be dbtained from the

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

Regulation

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

Problem

Determine the efficiency, regulation, and equivalent circuit of a labora-

tory filiament transformer. Determine the equivalent circuit from open and

short circuit data (note: assume: 111 = a2R2, X7 a
2

) and bridge measure-
1J2

ments.

References: Electrical Engineering Science, Clement and Johnson, Chapter 17.

Introduction to Electrical Science, LePage and Balabanian, Chapter 4.

Required Equipment

Filament Transformer

Variac

Isolation Ttansformer

Oscilloscope

Impedance Bridge

G.R. Type 1650
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Graphical Determination of Average Power

I/ORM& AE072:
Ikve/Z, PLATE a 7-

Fig. 1

1
(1) Pave = Jr v i dt where T is period of v and I.

Fig. 2

2 /1 2 1/2 1

It is required that: RC >> T ; CR +
%

>> 1Z 1.
iC

v = f dt
c c R

d vc
(2) v R C

(3)

d v
v2,1

Pave = dt = 1 jr RC ---- dt1

T
o

T dt RI

(4) vR
.11: d v

T R
1 1

The integral in eq. (4) is represented by the area in Fig. 2.

Thus, the average power dissipated is a 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 physical

principles of operation and design will not be undertaken at this

time.

The schematic representation of a triode is shown in Figure 1.

Re/ore
/° 4The entire structure is contained in an

evacuated envelope which is represented

by the circle in Fig. 1. The heater

maintains the cathode at a sufficiently

high temperature so that electrons are

emitted from the surface of the cathode

under the influence of an electric
Fig, 1. Vacuum Tube

Triode

field. The heater is not shown usually ta circuit diagrams.

Zhe 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

heater must be functioning before the plate-to-cathode voltage

is applied.

If the grid is ignored, the cathode and plate (or anode) form

a vacuum tube diode. See Fig. 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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Figure 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 flow.

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

close physically 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 aid the surface of the cathode. Thus, a small grid-to-cathode

voltage results in a large change in plate current and load voltage

(e ). Consequently, the circuit of Fig. 2 exhibits the property

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

is greater -Ulan the puwer supplied by the signal source, es. This

additional power is supplied by the bias supply E
-bb' The action
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of the triode converts this d, c, 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-

tabled always at a lowex potential than the cathode by the bias

E
cc and the grid current will be zero.

It was pointed out that the bias supply
bb'

is a source of
E

power, That portion of this power which is not dissipat,:d 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 ,:urrent specified by the tube manufact-

urer must be:observed orthe tube will be destroyed.

II, aaphical kyresentation4 Plate characteristics

At this point, it is necessary to outline a wethod for quanti-

tatively describing a triode. This will allow us to measure and

evaluate its performance; to design amplifiers to meet stated

specifications; and to analyze existing circuits,

The performance of a triode can be given by stating the relation-

ship among its plate current, ib, its plate-to-cathode voltage, eb,

and its grid-to-cathode voltage9 ec. It is assumed that the grid

current is zero. Since 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, ib vs eb, ec = constant. (See Fig. 3.)
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Fig. 3. Plate Characteristic - Typical Triode.

et, (Yo/74)

These are static characteristics; for instance, if in Fig. 2,

e
s
= 0 and Ecc = k

1,
the state of the triode wuld be described

by the quiescent operating point g, If, now, es becomes a time-

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

in accordance with the new value of ec = (E + e
s
). Thus, the

cc

performance of the triode can be predicted for any given input

signal es, load RL, and bias voltages E00 and Ebb.

It is convenient to represent the various circuit parameters

as a sum of a d, c, term and a varying quantity. The present

discussion will be limited to linear class A. (class A indicates

that plate current is always present; class Al indicates that
.1801.41.11

there is no grid current) mode of operation, Then the d, 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:

ec = Ec + e (in general)

= E
cc

+ e
s

(in this particular case)

eb = Eb + ep

= Ebb ibRL = (Ebb IbRL) p
RL

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 Pig. 4

may be used.

Pig, 4. Test Circuits

R = 18000 ohms

10K Potentiometer

Only obtain a few specific curves in the family of plate

characteristics since this information is readily available.

Display some plate characteristics and a load line on the

oscilloscope.

11

AO/
604Ar 411
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Problem 2. Voltage Gain. If a sinusoidal voltage es = Es sin at

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

be represented as Ep
where eb = Eb e

p
and e

p
= E

p
sin (cat -07).

The magaitude of the voltage gain is defined as:

When Ebb = 300 volts, E00 = -8 volts, /T Es = 2 volts and

RL = 18000 ohms,-determine A from the plate characteristics.

III. Equivalent AO Circuit

Analytically, we proceed as follows:

ib = f(eb, ec) ( 1 )

Farthermore, if the range of operation is restricted to the

region in which the plate characteristics are approximately stralght,

parallel lines equidistant apart for equal changes in grid voltagel

i
b

can be represented as:

Define:

ib = f(EbE0) :Lk Ae A

e b Lie
ve 0

(2)

aib
Q'b 0 W= A lila

dib

le c=const.

(3)



(4)

The quantity rp is called the dynamic plate resistance:

called the transcondur:tance.

Eqns. 2 reduces to:

or

I
bo

+ Aib bo r
1

= I + Aeb + gmAe0
P

e
P

+ gm eg . (5)

gi.
is

If in eqn. 2 the current ib is fixed (i.e ib = Ibo and

Ai
b

= 0):

0
de

b
de

c
ib=const. aeb

=Li. (6)

7

The quantity g is defined as the amplification factor. Equation

(5) may be written as:

or

1

i
p r

(-i
p
RL) + gmeg

P

/Leg = ip (rp + Rio). (7)

Equation (7) describes the circuit shawn in Fig. 5b.

This circuit is the equivalent a.c. circuit for the circuit

shown in Fig. 5a. It describes the a. c, or signal behavior of



--4; 4*---0

11

(a)

_

8

(b)

ec = Ec + eg = E
cc

+ e
s

eb = Eb + ep = (Ebb IboRL) ip RL

ib = Ib + ip = Ibo + ip

Figure 5, Equivalent A. C. Circuit.

the circuit and does not include the information about the

quiescent parameters. Note that the assumed polarities of ge
g

and e and the reference direction of i in (b) are not arbitrar
P P

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

Problem 2. Equivalent Circuit Calculations,

1. Determine tt, gm, rp from the static characteristics.

2. Compare the computed value of voltage gain A obtained

using Fig. 5b with that obtained graphically using the plate

characteristics.
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3. Note.that if the amplitude of es is small compared to

Eco, the average value of the plate current, Ib, does not change

when the signal es is applied. Observe that as the amplitude of

es is increased, Ib does increase, This indicates that the tube

behavior is becoming nonlinear. Demonstrate this fact analytically.

4. In Figure 5b, if /Leg and rp represent a source (or

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

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

Use this fact to determine r experimentally (E
cc

= -8 volts,

E
bb

= 300 volts).

Notice that we have been considering the terminal characteristics

(expressed analytically as ib = f(eb, ec)) of the triode without

studying 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 evtry

opportunity to gain further knowledge about things with which they

work,

IV. References

1. ROA Receiving Tube Manual

2. APPLIED ELECTRONICS, T. S. Gray

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

B. S. 1/31/64
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DEPARTMENT OF ELECTRICAL ENGINEERING

PROJECT 2

V INTRODUCTION

In the first project the characteristics of a linear class A; triode

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

an amplifier is constructed this way.

II. THE SELF-BIASED TRIODE

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

biasing resistor Rk as shown in figure 1.

(4y

Fig. 1 Self-Biased Triode Amplifier

Problem:

In figure 1 if RL = 18,000 ohms and Eub is 300 volts, determine the

value of R
k
which will provide E

c
= -6 volts.

Notice that in figure 1, a:

eg = es - iRpk
In other words the grid-to-cathode terminals are not accessible to

the input signal e
s
and an additional signal voltage (1 R,) which is

P

(1)

011111
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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 size in parallel with Ric, this

feedback effect can be eliminated.

Problem:

Determine the value of C
k

in figure(11 bl required so that the magni-

%ut
tude of the voltage gain IA 1=

E
s

will be constant for all sinus-

oidal signals es whose frequency is above 200 cps.

Problem:

Compare the magnitude of the voltage gain IA J 'or the circuits of

figAre(1, a)and(1, b).

a) Check the gain as the frequency of es is changed from 50 to 5,000v

cps.

b) When the frequency of es is 1,000 cps., check the gain when the

peak value of e
s
=

s
varies from 0 to 6 volts.

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

1) Analytically, by developing. an equivalent ac circuit for the

circuits of figures(lia)and(b)from which the gain may be cal-

culated.

2) Graphically, by constructing a family of es = constant - curves

on 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(1,b)may be obtained from the conventional

plate characteristics.

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



3

amplifier in figure(l, b).

E
2

1) Plate Eff. =
out

bbIb
(loo)

where E
out

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

put voltage.

E
2

Circuit Eff. = -
out

EL ( o )

where E
f

and
f
are the rms filament voltage and current,

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.

=zoo

Joel'
=4 4

----

Es
Fig. 2 Cathode Folloer Circuit



Ptoblbh:

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:

0 I
1

in figure 3

4

Fig. 3 Oubput 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 Ro for the circuit of figure(1, b)with that dbtained

for figure 2.

IV REFERENCES (See Project 1)
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Project III

AMPLIFIER FREQUENCY RESPONSE

Introduction

It is useful to define various measures of performance for equipment.

For instance the frequency response characteristic of a linear rlass A

amplifier indicates 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 Cou led Amplifier t

In this project the frequency response of an R-C coupaed (resistance-

capacitance) triode amplifier will be examined. Frequently, a single

stage (one vacuum tube or transistor) does not provide sufficient gain and

two or more stages will be cascaded. It is imrortant that bias voltages

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

/Rico) = Eoer 449

Figure 1. Definition of Frequency Respanse of a Linear Network.
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This can be assured by using coupling capacitors between stages to provide

de isolation. For instance, in Fig. 2, the coupling capacitors are

represented by C.

Fig. 2. Cascaded R-C Coupled Amplifier.

However, these capacitors 34mit the low frequency response of the amplifier.

In fact, if f = w/2n is the lowest frequency in a signal es which we wish

to amplify without distortion, it is required that 1/63C
c
< 0.1 R . 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).



Triode Interelectrode Capacitances

Fig. 3a.

3

P

4.e
/t46

p.)1

/
id)coy (hy-z)

tiTect of C in Ideal Voltage
Amplifier gp

Fig. 31D.

The interelectrode capacitances can be measured accurately and are

included in manufacturers' data. Wring capacitance is difficult to

estimate accurately. Sometimes the values of interelectrode capacitances

are doubled in an initial design to account for this added capacitance. In

addition, the effect of C
gP

at the input terminals is "amplified" as

indicated in Fig. (3b). Nbte 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.

Problem

Determine the freq.Y.ncy response,

Eout (jw)A(&) (001



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

frequency response has been approximated arbitrary by the 100 ppf.capacitor.

Fig. 4. R-C Coupled Amplifier.

Ebb 300V

lEinl = 11/

R" = 1000 ohms

R
L
= 18,000 ohms

R = 270,000 ohms

C
c
= 0.01g

Ck=O.2Lf

C = 100 wif

Equivalent Circuits

To facilitate analysis, equivalent cimuits 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 C
pk

are negligible. 3) The high-frequency range where Ck
and C

c
may

be neglected. See Fig. 5.

Determine the frequency range in which each of the above equivalent

circuits is valid.



/448

Midband

1 L..
1

11111.1116.

)exi. TCt

Low Frequency

Fig. 5. Equivalent Circuits

5

High Frequency

DB Gain vs. Frequency

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

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

G
db

.= 20 log10 A(jw)

[

E
o t

Ow)]
= 20 log10 (.1(01

in " 1

Plot IG
db

I 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,

f
2

, the midband. The bandwidth BW, is defined as:

BW = f
2

- f
1



6

Calculate and check experimentally the bandwidth of the amplifier.

References

ElectricalEice, Clement and Johnson, Chapter 14.

Applied Electronics, T. S. 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. Bbwever, for the general purpose of linear

amplification no alternative to the vacuum tUbe was available until the

invention of the transistor in l948.

Characteristics of Transistors

Ttansistors 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 tithe

useless. In principle, a transistor should have an indefinite life when

used properly. In fact, manufacturers have not yet achieved this goal.

As linear amplifiers, vacuum tlibes 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

other hand, transistors require no filament power and the law 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
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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

N-P-N Transistor

Figure 1

eAsE

coztEeme.

Eni/gzite

P-N-P Transistor

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-relmrse

direction.

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

...,
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Problem

A number of unidentified p-n-p transistors have been received as a

gift. It is desired to use them in the common-emitter configuration as

shown in Fig. 2. Tb predict the amplifier performance, static characteristics

and an ac equivalent cir,mit are desirable.

easosimo""1"...-

ecE (Vont!)

Fig. 2. Transistor Amplifier Fig. 3. Mb-lector 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 tase current (i
c

f(e
ce

is useful.

Obtain the static collector characteristic as shown in Fig. 3. Let

e
ce

vary from 0 to 10volts; let i
B
vary from 0 to 1 ma. in 100 microampere

steps. (see Pig. 4, pg. 5, project I)



Equivalent ac Circuit

Tf i
c

f ).(e .

ce B"

c c

6ic Aece i3 61B
ce

= g Ae + cc P1
. o ce cB B

Develop a collector ac equivalent circuit which includes the parameters

g
o
and a

cB

Determine go and mcB for this transistor from the static characteristic.

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

e. E. sin wt.
in in

I
c
(ac)

1

E
out

Measure: IA ; A =
V E

in
I

Pout (ac) Pout (ac) (100)

G
Pin (ac) ;

eff.=
P (Total)
in

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 21022, 2N323, 2N324 are alloy junction
PNP transistors intended for driver service in
audio amplifiers. They are m;niaturized versions
of the 2N190 series ,of G.E. transistors. By con-
trol of transistor characteristics during rnanu-

1_7322. 2N323.
2N324

facture, a specific power gain is provided for
Outline Dr:ming No. 2

each type. Special processing techniques and the
use of hermetic seals provides stability of these characteristics throughout life.

SPECIFICATIONS
ABSOLUTE MAXIMUM RATINGS: (25'C)
Voltage
Collector to Emitter (REn = 10K)
Collector to Base

Current
Collector Ic 100 ma

Power
Collector Dissipation Pest 140 mw

Temperature
Operating TA 65 ro 60 'C
Storage Zan 6.5 to 85 'C

VCEK 16 volts
Vcso 16 volts

TYPICAL ELECTRICAL CHARACTERISTICS: (WC)
D.C. Choi octeristics 2N322 2N323
Base Current Gain ( Ic= 20 ma; Ver. = Iv ) hrE 50 75
Collector to Emitter Voltage

(REn = 10K; Ic = .6 ma) VCER 16 16
Collector Cutoff Current (Vat I6v) Ico 10 10
Max. Collector Cutoff Current (Vett = 16v) leo 16 16
Small Signal Characteristics
Frequency Cutoff (Vert = 5v; In = 1 ma) fah 2.0 4.5

Collector Capacity (VCR = 5v; IE = 1 ma )Cob 25 4-..a
Noise Figure (Veil = 5v; IE = 1 ma) NF 6 6
Input Impedance (V cE = 5v; In = 1 ma) hie 220A 266080

Current Cain (VcE = 5v; IE = I ma) h r
.i

Thermal Characteristics
Thermal Resistance Junction to Air .25 .25

Performance Data Common Emitter
Power Cain Driver (Vcc = 91: ) C. 42 43
Power Output Po I I

2N1097. 2N1098
Outline Drawing No. 2

2N324
95

.. . . I 1 t i

3.0 mc
23 pa

t o""lhb3

C 'rim.25

44 db
1 "I'y

The General Electric Types 2N1097 and
2\1098 are alloy junction PNP transistors in-
tended for low power output and audio driver
service in entertainment equipment. These
types are similar to the General Electric Types

2N322 and 2N323 except for hy}: limits.

SPECIFICATIONS

ABSOLUTE MAXIMUM RATINGS: (25'C)
Voltage
Collector to Emitter (REn = 10K) VrElt
0,11(-d(pr to Base Vest,

16 volts16 volts

Current

TRANSISTOR SPECIFICATIONS

Collector Ic 100 ma

Temperature
Storage TsTi; 65 to 85 C
Operating Junction Tr 60 'C

Power
Transistor Dissipation* Par 140 inw

ELECTRICAL CHARACTERISTICS: (25`CI
D-C Characteristics 2N1097 2N1098
Collector Current (Vert = 16v) Ir no 16 16 Aa max.
Forward Current Transfer Ratio

(Ic = 20 ma; Ver.; = 1v) IrrE 34-90 25-90

Low Frequency Characteristics
(VI- LI- Sy; It: :.--.. 1 ma; f = 1 KC)

Output Capacity (Typical) Cob 25 25 ittrf
Forward Current Transfer Ratio (Typical) life 55 45

*D era te 4 mwrC increase in ambient temperature over 25*C.
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EE 25 PROJECT V

Oscillator Circuits

Introduction

In this proje '-)ehavior of two types of oscillator circuits are

examined. Prior to die 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."

Freguency Response of raraaAel-Tuned Circuit

L is one coil of a G. R. variable inductor.

C is Heathkit decade box.

,

Adjust C so that w
res.

. 271f
res.

--=-.5k10)
4

.

Flg. l, Parallel-Tuned Circuit,

Using an impedance bridge, determine Z(w) = (R + jX) for the circuit

shown in Fig. 1. Plot R and X versus frequency.

Note that r is the inherent resistance of the inductor having an

inductance L. Because of "skin effect" r varies with frequency and the exact
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variation cannot be given as a simple, accurate, analytical expression fbr

all inductors. From the above data determine the val.ues 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

of the inductor in Fig. 1. On the same sheet plotthat qes' = 0.1
res.

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

Fig. 2. Low-Q Circuit

Tuned-Collector Oscillator Circuit

Figs 3. Transistor Oscillator



In the circuit shown in Fig. 3, the same type transistor is used as

that studlead in .rpi.ojéet

Determine the approximate value of m
CB

required to inik",n4.

What is the approxiLate frequency of oscillation.

Investigate the performance of the oscillator shown in Flg. 3, Include

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

Phase-Shift Oscillator

Fig. 4. Phase Shift Oscillator

Determine the approximate value of 4 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.

BS
3/9/64



EE 25 Project VII

APPLICATIONS OF ANALOG COMPUTERS

I. Introduction

In analyzing some physical problems, particularly those described by

differential equations, it is more convynient sometimes to use an electronic

analog comPuter than a digital computer. For instance, the solution can be

displayed graphically utile 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 dispaayed-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 EXmnple

The operation of an 6 .alog computer will be illustrated further by

considering a specific prdblem. Consider the equation:

1

d
2
x dx

"""Pi +a
2

+a3 x+ ao3

dt
e

d
t

dx
at t 0) x ' A0, TE 0

Equation (1) is rewritten as:

(1)



.

d
2
x f(t) a2 dx 611 a4 3

-

dt
2 a

1
a
1

dt a
1

a
1

2

(2)

In general) one always solves for the highest-arder derivative in the

Where this is done, only integrators (and no differentiators)
Iva*

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.

x.

1....)16.1.=1)10.4

aa
2 _1 4 3Fig. 1

d
2
x f(t)

Block Edagram:
dx

-

a
x -

1
dt a

1dt
2 a

1
a a

1

If the block diagram in Fig. I can be implemented and if x(t) can be

observed, this yieldn a solution to Eq. (1).

7b implement this block diagram, the !:ollowing components are



3

needed:

is 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 acconplished, by a unity gain amplifier.

3) a summer01:. It will te shown in the next section that summing

occurs when several signals are applied to the input of a single amplifier.

4) an integrator. This vilLibe. discussed in the next section.

5) other special !Unctions. Fbr instance, in this problem, x3 must

be generated. In other problems, x
2

, log x, xy, etc., may be needed. These

may be obtained in a variety of ways. For instance, in the model TR-10

(aYailable in the laboratory), x
2
is gengrated from x using a diode circuit.

The product xy is obtained from the relation:

1
xy = ((x + y)

2
- (x - y)112

A2

The function, sin tat, is obtained by solving the equation, x + w2x = 0,

dt2

on the computers

lifier kite ator Inverter Summer Constant

NUltiplier)

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,

III. The 0 erational

Refer to material in the list of references for detailed information about

these components



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

+i = i
a

+
f,

.-.0010

4

4100

4

(3)

4111

ONO

semeoz.

Fig. 2. OPERATIONAL AMPLIFIER

It may be assumed that is = 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 e
2

- e
a

Ri R
2

hirthermore:

e
a

Therefore:

e
o

-A

+ II

ei - ea ea - eo

R
f

, f / 1
R 12 R,

e - + 1 +.. 1 -
o

- ( -= e + = e +. = e ]
1 %

j

A R1 R2 R Ri 1 R
2

2 ''R i

If A is 100 or greater and the R's are approximately equall(6)

is approximated by:

R, R
f

eo - [ e + e +... e .

R1 1 R2P R

(5)

(6)
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Eq.(7) indicates that the circuit in Fig. 2 performs the functions

of summtpg, inverting, and constant multiplying. In the TR-10 computer,

several input (and output) jacks are available for each amplifier,

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

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

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

always is inversion in one stage of amplification.

If R
f
is replaced by a capacitor in Fig. 2, this circuit becomes

an integrator. This is shown in Fig. 3.

Now:

a) circuit b) synibol

Fig. 3. INTEGRATOR

i = + i
1 f a '

i
a

is negligible. Therefore:



eo
Again e

a
and A is 100 or greater.

-A

Consequently:

1
e = -
o RIC

e dt + E
1 0

0

6

Eq.(10) shows that the circuit of Fig. 3 is indeed an integrator.

In the TR-101 C is wired permanently in the circuit and equals

10 microfarads. Again, R1 may be 10,000 ohms or 100,000 ohms. The

integrators include jacks (marked IC) to allow the insertion of initial

condition, E0.

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 is rrirawn in Fig. 4 using conventional symbols.

-ze

dx2 f(t) a2 dx 74.1 x .a14' x3F1g.4. BLOCK DIAGRAM: = - 717

dt 11

(10)

Integrator 5

ith gain of 10;
i.e., out = - 141n)d

órvunesici
gai*ot/erliefer $le 2

bvt/EZ7ER
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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 perform

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-l0, the manufacturer specifies that the solution should

occupy a tine of 15 to 6o seconds.

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

-approximated as
[aa/a1]1/2

the damping coefficient is a2 , and f(t)
2a

is specified in a particular problem. With this informati5n 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 p in Eq.(11)

hnlow to meet these requirements. Let:

t = y/fi

dxdx dx
dt dy dt

d
n
x

.11.11MINIM

dt
n

n dnx
P ayr
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Eq.(1) is transformed to:

d
2
x 3 llea P '1" a 2421 +a x + a x tafp,

1
dy
2 2 dy 3 4

Eq.(14) is solved on the computer (after amplitude scaling) and

the solution to eq.(1) is dbtained by

x(t) = x(y/ft) . (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 variable such as a spacial coordinate.

As an example, consider

Jac = 0 ; at t = 0, x = 150.
dt 100

The solution to (16) is

(16)

t

x = 150s 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 = fit = -- and (16) becames
10

1_ dx x dx x
10 dy 135 = ay 10

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

(18)

(19)
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L. Amplitude Scalinz

All analog computers are built to operate within a certain voltage

VS
range. For instance in thelng-10 the range is: -10 volts < + 10 volts.

Any signals greater than 10 volts which are app7ied to any amplifier in

the circuit will overload this amplifier causing it to function improperly

and give erroneous results. Consequently, the magnitude of all signals

(or voltages) in the computer must be maintained less than 10 volts.

In the problem illustrated by Fitt,. 1 and Fig. 4, f(t) and initial

conditions X
o
and X

o
will have magnitudes and dimensions (Ind units)

specified by the problem to be solved. Hawever, they will be entered

d
2
x

as voltage inputs to the computer. They give rise, in turn, to
2

dt
/

dx
x3 whose values are related thraugh the equation (problem) being

3 A
solved. For instance, in Fig. 4 if X0:> 2.1, volts, X

o
= Ii(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

v -g
' A

o
e

y CO8 My =
'0

cos mt. Then

Let

dx ix'

I dy Ipeak I 'peak

d
2
x 2 ,21 < m Ix'

peak
etc.

47

After making these estimates Eq(14) is transformed again as follows:

Z =
h

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

signals) in Fig. 4 less than 10 volts. Eq(l4) becomes

(2o)
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2 d
2
Z dZ 3 3 /

a
1
011 --- +a

2
hi3 +a

3
hz + a4hz'dy

dy2

X
o

xo
ze n 7, 7 .-.'a

o h h

Equation (21) is the equation programmed on the computer to solve

the original equation 1.

Finally:

(21)

x(t) = h Z(y/p). (22)

Consider the amplitude scaling of equation (19):

dx x
+

1
= 0 ; y = 00 x = xo = 150.

dy 0

dy
The peak value of x is xo and = -

ty 10

and

Let Z Z = = 7.5 volts.
20 o 20

The equation solved on the computer is:

dz z

dy 10

(23)

0; (24)

x(t) = 20 Z (y/0) = 20 Z(10y). (25)

Nate if all the signals were small, say less than 1 h in 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

Nothing has been said about the accuracy of the analog ccaputer.

An accuracy of at least three significant figures is maintained usually

in commercial equipment. Errors are introduced because components are not



ideal; i.e.) the amplifiers draw some current as do other components

such as potentiometers; also, the gain -A of the amplifiers is finite

not infinite. Also, errors are introduced by the operator in 4r144:110

settings.

After you become familiar with the elementary operation of the

analog computer, you should concern ycarself with its accuracy. See

the references listed.

VI. Problems

Solve: 1) kx -5"-3 =O;att=O,x=l.
dt 1 0

d2x
2) ----2- + 25x + l0x3 = 0; at t = 01 x = 50 k = O.

dt

3) g225.+ 0.ol 21I+x=0;t= osx= o.

dt
2 dt

4) d2x dx
- 0.1 -d-t- + x = 0 t = 0, x = co; k = 5.

dt

5) d2x 2 dx
- - x ) =, 0; t = 0, x = 1, = 1.a. x

dt

solve for: K = 10, K = 1, K

Predict the form of solution you expect from the analog computer.

Resolve any differences between predictions and results.

VII. References

1) Instruction Mhnual for Mbdel TR-10 Analo Co I uter

2) Analog Computer TechniQies, C.L. Johnson, McGraw-Hill Book Co.

NOTE: Both references have extensive bibliographies
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