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While using technical manuals associated
with the equipment you will be working on, you
will find the below notations at the end of some
paragraphs.

The notations are used to emphasize that
safety hazards exist and care must be taken or
observed.,

WARNING

AN OPERATING PROCEDURE,
PRACTICE, OR CONDITION, ETC,,
WHICH MAY RESULT IN INJURY
OR DEATH IF NOT CAREFULLY
OBSERVED OR FOLLOWED.

CAUTION

AN OPERATING PROCEDURE,
PRACTICE, OR CONDITION, ETC,,
WHICH MAY RESULT IN DAMAGE
TO EQUIPMENT IF NOT CARE-
FULLY OBSERVED OR FOLLOWED.

Note
An operating procedure, practice, or

condition, etc., which is essential to
emphasize,

it



TOPIC

CONTENTS

1. Introductionto ElectronTubes ...........civivrinenn.

2. Special Purpose Tubes . ... .o ottt e e i e

3. Power Supplies ... ..o e

APPENDIX

....................................................

iii

Page
1-1
2-1
3-1






TOPIC 1

INTRODUCTION TO ELECTRON TUBES

LEARNING OBJECTIVES

Learning objectives are stated at the beginning of each topic. These learning
objectives serve as a preview of the information you are expected to learn in the
topic. The comprehensive check questions are based on the objectives. The

learning objectives are listed below.

Upon completion of this topic, you will be able to:

. State the principle of thermionic emission
and the Edison Effect and give the reasons
for electron movement in vacuum tubes.

. Identify the schematic representation for the
various electron tubes and their elements.

. Explain how the diode, triode, tetrode, and
pentode electron tubes are constructed, the
purpose of the various elements of the tube
and the theory of operation associated with
each tube.

. State the advantages, disadvantages, and
limitations of the various types of electron
tubes.

5. Describe amplification in the electron tube,

the classes of amplification, and how
amplification is obtained.

. Explain biasing and the effect of bias in the

electron tube circuit.

. Describe the effects the physical structure of

a tube has on electron tube operation and
name the four most important tube
constants which affect efficient tube
operation.

. Describe, through the use of a characteristic

curve, the operating parameters of the
electron tube.

INTRODUCTION TO ELECTRON TUBES electronics, the laws still apply. You will use them
continuously in working with electronic circuits.

In previous study you have learned that
current flows in the conductor of a completed
circuit when a voltage is present. You learned that

current and voltage always obey certain laws. In

One basic difference in electronic circuits
that will at first seem to violate the basic laws is



that electrons flow across a gap, a break in the
circuit in which there appears to be no
conductor. A large part of the field of
electronics and the entire field of electron tubes
is concerned with the flow and control of these
electrons “across the gap.” The following
paragraphs will explain this interesting
phenomenon.

THERMIONIC EMISSION

You will remember that metallic conductors
contain many free electrons which at any given
instant are not bound to atoms. These free
electrons are in continuous motion. The higher
the temperature of the conductor, the more
agitated are the free electrons, and the faster
they move, A temperature can be reached where
some of the free electrons become so agitated
that they actually escape from the conductor.
They “boil” from the conductor’s surface. The
process is similar to steam leaving the surface of
boiling water.

Heating a conductor to a temperature
sufficiently high to cause the conductor to give
off electrons is called THERMIONIC
EMISSION. The idea of electrons leaving the
surface is shown in figure 1-1.

EDISON EFFECT

Thomas Edison discovered the principle of
thermionic emission as he looked for ways to
keep scot from clouding his incandescent light
bulb. Edison placed a metal plate inside his bulb
along with the normal filament. He left a gap, a
space, between the filament and the plate. A
battery was placed in series between the plate
and the filament, with the positive side toward
the plate and the negative side toward the
filament. This circuit is shown in figure 1-2.

Now, when Edison connected the filament
battery and allowed the filament to heat until it
glowed, Edison discovered that the ammeter in
the filament-plate circuit had deflected and

I-2

Figure 1-1.—Thermionic emission,
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Figure 1-2.—Editon’s experimental circuit.
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remained so. He reasoned that an electrical
current must be flowing in the circuit—EVEN
ACROSS THE GAP between the filament and
plate.

Edison could not explain exactly what was
. happening. At this time, he probably knew less
about what makes up an electric circuit than
you. Because it did not eliminate the soot
problem, he did little with this discovery.
However, he did patent the incandescent light
bulb and made it available to the scientific
community.

Let’s analyze the circuit in figure 1-2. You
probably already have a good idea of how the
circuit works,
electrons to boil from its surface. The battery in
the filament-plate circuit places a POSITIVE
charge on the plate (because the plate
is connected to the positive side of the battery).
The electrons (negative charge) that boil from
the filament are attracted to the positively
charged plate. They continue through the
ammeter, the battery, and back to the filament.
You can see that electron flow across the space
between filament and plate is actually an
application of a basic law you already
know-UNLIKE CHARGES ATTRACT.

Remember, Edison’s bulb had a vacuum so
that the filament would glow without burning.
Also, the space between the filament and plate
was relatively small. The electrons emitted from
the filament did not have far to go to reach the
plate. Thus, the positive charge on the plate was
able to reach out and attract the negative
electrons.

The key to this explanation is that the
electrons were floating free of the hot filament.
It would have taken hundreds of volts, probably,
to move electrons across the space if they had to
be forceably pulled from a cold filament. Such
an action would destroy the filament and the
flow would cease.

The application of thermionjc emission that
Edison made in causing electrons to flow across
the space between the filament and the plate has
become known as the EDISON EFFECT. It is
fairly simple and extremely important.
Practically everything that follows will be

The heated filament causes
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related in someway to the Edison effect. Be sure
you have a good understanding of it before you
g0 on.

Qi. How can a sheet of copper be made to
emit electrons thermionically?
Q2. Why do electrons cross the gap in a

vacuum tube?

THE DIODE TUBE

The diode vacuum tube we are about to
study is really Edison’s old incandescent bulb
with the plate in if. Diode means two elements
or two electrodes, and refers to the two parts
within the glass container that make up the
tube. We have called them filament and plate.
More formally, they called CATHODE and
PLATE, respectively. Sometimes the filament is
called a HEATER, for obvious reasons. More on
this later.

Scientists a few years after the discovery of
the Edison effect had learned a great deal more
than was known by Edison at the time of his
discovery. By the early 1900%, J. J, Thomson in
England had discovered the electron, Marconi, in
Italy and England, had demonstrated the
wireless which was to become the radio. The
theoretical knowledge of the nature of
electricity and things electrical was increasing at
a rapid rate.

J. A. Fleming, an English scientist, was
trying to improve on Marconi's relatively crude
wireless receiver when his mind went back to
Edison’s earlier work. His subsequent
experiments resulted in what became known as
the FLEMING VALVE (the diode), the first
major step on the way to electronics.

OPERATION OF THE DIODE TUBE

Before learning about Fleming’s valve, the
forerunner of the modern diode, let’s look at



Edison’s original circuif. This time, however,
we'll draw it as a schematic diagram, using the
symbol for a diode instead of a cartoon-like
picture.

The schematic is shown in figure 1-3.

Note that this is really two series circuits.
The filament battery and the filament itself
form a series circuit. This circuit is known as the
filament circuit.

The path of the second series circuit is from
one side of the filament, across the space to the
plate, through the ammeter and battery, then
back to the filament. This circuit is known as
the plate circuit.

You will note that a part of the filament
circuif is also common to the plate circuit. This
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figure 1-3.—Schematic of Edison’s experimental circuit.

part enables the electrons boiled from the
filament to return to the filament. No electron
could flow anywhere if this return path were not
completed. The electron flow measured by the
ammeter is known as plate current.

The voltage applied between the filament
and plate is known as plate volfage. You will
become familiar with these terms and with
others that are commonly used with diodes and
diode circuits as we progress.

Diode Operation With
A Positive Plate

Fleming started with a two-element tube
(diode) similar to Edison’s and at first
duplicated Edison’s experiment. The results are
worth repeating here. Loook at figure 1-3 again.

With the plate POSITIVE relative to the
filament, the filament hot, and the circuit
completed as shown, the ammeter detected a
current flowing in the plate circuit. Because
current is the same in all parts of a series circuit,
we know that the same current must flow across
the space between filament and plate. We know
now that the electrons boiled from the heated
filament are NEGATIVE and are attracted to
the POSITIVE plate because UNLIKE
CHARGES ATTRACT.

Diode Operation With A
Negative Plate

Fleming’s next step was to use a similar
circuit but to reverse the plate battery. The
circuit is shown in figure 1-4.

With the plate NEGATIVE relative to the
filament, the filament hot, and the circuit
completed as shown, the ammeter indicated that
ZERQ current was flowing in the plate circuit.

Al. By heating it.

plate.

A2.  Because the negatively charged electrons
are attracted to the positively charged
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Figure 1-4.—Diode with a negative plate,

Fleming found that the NEGATIVE charge on
the plate, relative to the filament, CUT OFF the
flow of plate current as effectively as if a
VALVE were used to stop the flow of waterin a
pipe.

You have all of the facts available that
Fleming had. Can you give an explanation of
why the diode cuts off current when the plate is
negative?

Let’s put the facts together. The filament is
hot and electrons boil from its surface. Because
the filament is the only heated element in the
diode, it is the ONLY source of electrons within
the space between filament and plate. However,
because the plate is NEGATIVE and the
electrons are NEGATIVE, the electrons are
repelled back to the filament. Remember that
LIKE CHARGES REPEL. If electrons cannot
flow across the space, then no electrons can flow
anywhere in the plate circuit. The ammeter
therefore indicates ZERO.

It might seem to you that electrons would
flow from the negative plate to the positive
filament under these conditions. This is NOT the
case. Remember that it takes a heated element
to emit electrons and that the filament is the
only heated element in the diode. The plate is
cold. Therefore, electrons cannot leave the plate,
and plate-to-filament current cannot exist.
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The following is a summary of diode
operation as we have covered it to this point:

Assume that all parts of the circuit are
operable and connected.

® PLATE CURRENT FLOWS WHEN THE
PLATE IS POSITIVE.

PLATE CURRENT IS CUT OFF WHEN
THE PLATE IS NEGATIVE.

PLATE CURRENT FLOWS ONLY IN
ONE DIRECTION—FROM FILAMENT
TO PLATE.

Measuring Diode Voitages

As you know, it is impossible to have a
voltage at one point, because voltage is defined
as a DIFFERENCE of POTENTIAL between
two points. In our explanation above we
referred to plate voltage. To be exactly right, we
should refer to plate voltage as the VOLTAGE
BETWEEN PLATE and FILAMENT. Plate
voltages, and others that you will learn about
soon, are often referred to as if they appear at
one point. This should not confuse you if you
remember your definition of voltage and realize
that voltage is always measured between two
points. M1 and M2 in figure 1-5 measure plate
voltage and filament voltage, respectively.

Epri Esec Ip
N N_M NN o,
\VARV) &/ 2 -

Figure 1-6.-Alternating voltage on the plate.



The reference point in diode and other tube
circuits is usually a common point between the
individual circuits within the tube. The reference
point (common) in figure 1-5 is the conductor
between the bottom of the transformer
secondary and the negative side of the filament
battery. Note that one side of each ammeter is
connected to this point.

Q3. Name the two series circuits that exist in
a diode circuit,
Q4. Before a didde will conduct, the cathode

must be what polarity relative fo the
plate?

Diode Operation With An Alternating
Voliage On The Plate

After experimenting with a positive plate
and a negative plate, it was logical that Fileming
-would replace the direct voltage of the battery
with an alternating voltage. In our explanation,
we’ll use a transformer as the source of
alternating voltage. The circuit is shown in figure
1-5.

Note that the only real difference in this
circuit from the previous ones is the
transformer. The transformer secondary is
connected in series with the plate circuit—where
the plate battery was previously.

Remember from your study of transformers
that the secondary {oufput) of a transformer
always produces an alternating voltage. The
secondary voltage is a sine wave as shown in the

figure.

You'll remember that the sine wave is a
visual picture, a graph of the change in
_ alternating voltage as it builds from zero to a
maximum value and then drops to zero again
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just before it reverses direction and continues in
the same manner.

Assume that the polarity across the
secondary during the first half-cycle of the input
a.c. voltage is as shown in the figure. During this
entire first half-cycle period, then, the plate’s
polarity will be POSITIVE. Under this
condition, as you know, plate current flows, as
shown by the ammeter.

The plate current will rise and fall because
the voltage on the plate is rising and falling,
Remember that current in a given circuit is
directly proportional fo voltage.

During the second half-cycle period, the
plate’s polarity will be NEGATIVE. Under this
condition, for this entire period, the diode will
not conduct. If our ammeter could respond
rapidly, it would drop to zero. The plate-current
waveform (lp) “in figure 1-5 shows zero current
during this period.

Here is a summary of the effects of applying
alternating voltage to the plate of the diode:

1. Diode plate current flows during the
positive half-cycle. It changes value as the plate
voltage rises and falls.

2. The diode cuis off plate current during
the entire period of the negative half-cycle.

3. Diode plate current flows in PULSES
because the diode cuts off half the time.

4. Diode plate current can flow in only one
direction. It is always a d.c. (In this case
PULSATING B.C.—one that flows in pulses.)

5. In effect, the diode has caused an
alternating voltage to produce a direct current.

The ability to obtain direct current from an
a.c. source is very important and one function of
a diode that you will see again and again
wherever you work in electromnics.



The circuits that we have discussed up to
this point were chosen to show the general
concepts discovered by Edison and Fleming.
They are not practical because they do no useful
work. For now, only the concepts are
important. Practical circuitry will be presented
later in this topic as you learn specific points
about the construction, limitations, and other
characteristics of modern diode tubes.

Q5.  An a.c. voltage is applied across a diode.
The tube will conduct when- what
alternation of a.c. is applied to the plate?

Q6. What would be the output of the circuit
described in question 57

DIODE CONSTRUCTION

Diode tubes in present use are descendants
of Fleming’s valve. There is a family
resemblance, but many changes have been made
from the original. Diodes are both smaller and
larger, less powerful and more powerful, and
above all, more efficient and more reliable. The
search for greater efficiency and reliability has
resulted in many physical changes, a few of
which will be covered in the next paragraphs.

Most of what is said here about construction
and materials will be true of all electron tubes,
not just diodes.

Filaments

Modern filaments in ALL tubes last longer,
emit greater amounts of electrons for a given
size, and many operate at a lower temperature
than in the early days. Most improvements have
resulted from the use of new materials and from
better quality control during manufacture.

Three materials which are commonly used as
filaments are tungsten, thoriated tungsten, and
oxide-coated metals.
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Tungsten has great durability but requires
large amounts of power for efficient thermionic
emission. Thoriated-tungsten filaments are made
of tungsten with a very thin coat of thorium,
which makes a much better emitter of electrons
than just tungsten. Oxide-coated filaments are
made of metal, such as nickel, coated with a
mixture of barium and strontium oxides. The
oxide «coat, in turn, is coated with a
one-molecuie-thick layer of metal barium and
strontium. Oxide coating produces great
emission efficiency and long life at relatively low
heat.

A.C. VOLTAGE FOR FILAMENTS.—A
major advance in electronics was the elimination
of batteries as power sources for tubes. Except
in electronic devices designed to be operated
away from the power source, alternating current
is used 1o heat filaments.

A separate filament transformer may supply
voltage or it may be taken from a filament
winding that is part of a power transformer. The
actual voltage may vary from 1 volt up and is
dependent on the design of the tube. Common
filament voltages are 5.0, 6.3, and 12.6 volts a.c.
Filaments may be connected in series with other
tube filaments or may be in parallel with each
other. This is determined by the equipment
designer,

Cathodes

As was mentioned previously, a more formal
name for the electron-emitting element in a tube
is the CATHODE.,

Cathodes in all tubes, not just diodes, are of
two general types, either directly heated or
indirectly heated. Each has its advantages and
disadvantages.

DIRECTLY HEATED.—The filament that
has been the electron emitted in all the
discussions so far in this topic is the directly
heated type of cathode. Directly heated
cathodes are fairly efficient and are capable of



emitting large amounts of electrons. Figure 1-6
shows this type and its schematic symbol.

An added advantage of this type of filament
is the rapidity with which it reaches
electron-emitting temperature. Because this is
almost instantaneous, many pieces of electronic
equipment that must be turned on at infrequent
intervals and be instantly useable have directly
heated cathode tubes.

There are disadvantages. Because of ifs
construction, parts of the filament are closer to
the plate than other parts. This resulis in
unequal emission and a loss of efficiency.
Another disadvantage occurs when d.c. is used
to heat a filament. The filament represents a
resistance. When current flows through this
resistance a voltage drop occurs. The result is
that one side of the resistance, or filament, is
more negative than the other side. The negative
side of the filament will emit more electrons
than the positive side which, again, is less

SUPPORT
m c+—FILAMENT
DIRECTLY
HEATED

SCHEMATIC CONSTRUCTION

Figure 1-6.—Cathode schematic represantation.

efficient than if the filament has equal emission
across its entire surface.

When a.c. is the source of filament power, it
causes a small increase and decrease of
temperature as it rises and falls. In turn, this
causes a small increase and decrease of emitted
electrons. This effect is not too important in
many diode circuits but is undesirable in other
tube circuits.

INDIRECTLY HEATED.—Figure 1-7 shows
this type of cathode and its schematic symbol.
Indirectly heated cathodes are always composed
of oxide-coated material. The cathode is a
cylinder, a kind of sleeve, that encloses the
twisted wire filament. The only function of the
filament is to heat the cathode. The filament is
often called a heater when used in this manner.

Some schematics do not show heaters and
heater connections. Heaters, of course, are still

CATHODE ., e
OXIDE- COATED

CATHODE SLEEVE

HEATER
—— HEATER
FILAMENT
SCHEMATIC CONSTRUCTION

Figure 1-7.~Indirectly heated cathode schematic.

A3.  Filament and plate.

A4.  Negative.

AS. Positive,

A6.  Pulsating d.c.
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present in the tubes, but their appearance in a
schematic adds little to understanding the
circuit. The heater is not considered to be an
active element. For example, a tube with an
indirectly heated cathode and a plate is still
called a diode, even though it might seem that
there are three elements in the tube.

Because indirectly heated cathodes are
relatively large, they take longer to heat to
electron-emitting temperature. Once up to
temperature, however, they do not respond to
the smali variations in heater temperature caused
by a.c. fluctuations. Because of the inherent
advantages, most tubes in use today have
indirectly heated cathodes.

Q7. Besides tungsten, what other materials
are used for cathodes in vacuum tubes?

Q8.  What is the advantage of directly heated
cathodes?

Plates

Edison’s plate was just that-—a plate, a flat
piece of metal. Plates are no longer flat but are
designed in many different shapes. Figure 1-8
shows two diodes, one with a directly heated

Figure 1-8.—~Cutaway view of plate cathede construction.

cathode, the other with an indirectly heated
cathode. Each plate is cut away to show the
internal position of elements and the plate
shapes.

Plates must be able to hold up under the
stress of heat created by the flow of plate
currents and the closeness of hot cathodes. They
need to be strong enough to withstand
mechanical shocks produced by vibration and
handling.

Some typical materials used for electron-
tube plates are tungsten, molybdenum,
graphite, nickel, tantalum, and copper.

Tube Bases

The base shown in figure 1-9 has two
functions. First, it serves as the mounting for
tube elements. Second, it serves as the terminal
points for the electrical connections to the tube
elements. This is accomplished by molding or
otherwise bringing pins (or prongs) through the
base. The internal ends of these pins are

_ GL.LASS ENVELOPE

PLATES

FILAMENTS

Figure 1-8.—Diode construction.
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connected to tube elements. The pins themselves
are male connections.

The base must be mechanically strong and
made of an insulating material to prevent the
tube elements from shorting.

Tube Sockets And
Pin Numbering

Because they require relatively frequent
replacement, most tubes are designed fo plug into
sockets permanently mounted in the equipment.
Tube pins and sockets are so designed that tubes
cannot be plugged in incorrectly.

Tube sockets must make secure mechanical
and electrical contact with tube pins, must
insulate pins from each other, and must provide
terminals to which circuit components and
conductors are connected.

Each element of a tube is connected to a pin
in its base. To trace a circuit easily and
efficiently, it will be necessary for you to match
elements with their pin numbers. This
information is available in tube manuals and
equipment schematics. Figure 1-10 shows these
numbers on one example of a diode symbol.
You will also note the designation V1 beside the

V1

Figure 1-10.—Identification of tube elements.

tube. Electron tubes are often identified in
schematic diagrams by the letter V and a
number,

Now, to make use of the information in the
symbol, you need to know the system used to
number tube pins and socket connections.

Figure 1-11 shows five common pin
configurations as viewed from the bottom of
each tube or socket. This is important. In every
case, pins and pin connections on sockets are
numbered in a clockwise direction—WHEN
VIEWED FROM THE BOTTOM.

In each of the five pictures in figure 1-11,
there is an easily identified point from which to
start numbering. In the 4-prong and 6-prong
tubes, the point is between the two larger
prongs. In the octal tube, the point is directly
down from the keyway in the center of the
tube. In the 7-pin and 9-pin miniatures, the
point is identified by the larger distance between
pins.

N :
R
7_PIN_MINIATURE 9 PIN MINIATURE

Figure 1-11.—Pin identification; all tubes are viewed
from the bottom.

metals.

quickly.

A7.  Thoriated-tungsten and oxide-coated

A8. They reach operating

temperatures




Q9. Name two functions of the base of a
vacuum tube.

The Envelope

The envelope of a tube may be made of
ceramic, metal, or glass. Its major purpose is to
keep the vacuum in and the atmosphere out. The
main reason for this is that the heated filament
would burn up in the atmosphere. There are other
reasons for providing a vacuum, but the impor-
tant thing is to realize that a tube with a leaky
envelope will not function properly,

The silver spot you will sometimes see on the
inside surface of the glass envelope of a vacuum
tube is normal. It was caused by the “flashing” of
a chemical during the manufacture of the tube.
Burning the chemical, called the GETTER, helps
to produce a better vacuum and eliminates any
remaining gases,

ELECTRICAL PARAMETERS
OF DIODES

Thousands of different tubes exist. While
many of them are similar and even interchange-
able, many have unique characteristics. It is a fact
that differences in materials, dimensions, and
other physical characteristics, such as we have
just covered, result in differing electrical
characteristics,

The electrical parameters of a diode, and any
tube, are specific characteristics and limitations.
In the process of discussing parameters, we will be
working with exact values, Voltages will be
increased and decreased and the effects measured.
Limiting factors and quantities will be explored
and defined. The discussion will be based on
simplified and experimental circuits.

It is important for you to realize that
practically all of the parameters, limitations,
definitions, abbreviations, etc., that will be

i-11

covered in these next paragraphs will be directly
applicable to the more complex tubes and circuits
you will study later in this topic. Diode para-
meters are the foundation for all that follow.

Symbols

You have learned to use letters and letter
combinations to abbreviate or symbolize electri-
cal quantities. (The letters E, I, and R are
examples.) We will continue this practice in
referring to tube quantities, You should be aware
that other publications may use different abbre-
viations. Many attempts have been made to
standardize such abbreviations. None has suc-
ceeded completely.

Table I-1 lists electron-tube symbols used in
the remainder of this topic. The right-hand
column shows equivalent symbols that you may
find in OTHER texts and courses.

Plate Voltage-Plate Current
Characteristic

You know that a positive voltage on the
diode plate allows current to flow in the plate
circuit, Each diode, depending on the physical
and electrical characteristics designed into the
diode, is able to pass an exact amount of current
for each specific plate voltage. (More voltage,
more current-—at least to a point.) The plate
voltage-plate current characteristic for a given
diode is a measure of exactly how much plate
voltage controls how much plate current. This is
often called the Ep - Ip characteristic.

The Ep - Ip characteristic for a given diode is
determined by design engineers using mathemati-
calanalysis and laboratory experiment, You, asa
technician, will never need to do this, However,
you will use the results obtained by the engineers.
You will also use your knowledge of the diode as
you analyze equipment malfunction.



Table 1-1.~Symbols for Tube Parameters

Assume that we

1-12. (The filament has the proper voltage—even
though it isn’t shown on the diagram.) Our
purpose is to determine just how a changing
voltage on the plate changes (or controls) the
plate current. The method is as follows:

1. Starting with zero volts from our

variable d.c. voltage
voltage (Ep) in steps
is reached.

2. At each S50-volt step, measure the
milliamperes of plate current (Ip) that flow
through the meter. Record the Ip meter

TH1S TEXT MEANING TExTs
Ep | PLATE VOLTAGE, D.C. VALUE
Epp | PLATE SUPPLY VOLTAGE, D.C. B+
Ec | GRID BIAS VOLTAGE, D.C. VALUE Eg |
Ecc | GRID BIAS SUPPLY VOLTAGE, D.C. c-
ep | INSTANTANEOUS PLATE VOLTAGE
ec | INSTANTANEOUS GRID VOLTAGE
eg | AC. COMPONENT OF GRID VOLTAGE |
ép | A.C. COMPONENT OF PLATE VOLTAGE (ANODE)
Ip | D.C. PLATE CURRENT
Rp | D.C. PLATE RESISTANCE
Rg | GRID RESISTANCE
Rk | CATHODE RESISTANCE
R, | LOAD RESISTANCE

P

have the circuit in figure

source, increase the plate
of 50 volts until 400 volts

VARIABLE

D.C. PLATE
VOLTAGE
SUPPLY

&/

readings, step by step, so that the results may be

analyzed.

Figure 1-12.,—Determining diode plate characteristic.

A9. It serves as a mounting for the tube
elements and as the terminal connection
to the circuit,

1-12



Assume that table 1-2 shows our results.
While we could use the table, 2 more normal
procedure is to plot a graph of the values. Such a
graph is called an Ep -Ip CURVE and is shown
in figure 1-13. Each tube has its own Ep -Ip
curve which is available in commercial tube
manuals and in many equipment technical
manuals. Each curve will be different in some
respects from every other curve. The shapes,
however, will be similar.

The Ep-Ip curve in figure 1-13, although
just an example, is typical of real plate
characteristic curves. Certain characteristics,
applicable to diodes and other tubes, may be
learned by studying it.

First, look at the part of the curve to the left
of point A. Because it is not a straight line, it is
referred to as NONLINEAR. Note that a change
of 150 volts (G-150) caused a change of 10 mA
of plate current (0-10). In comparison with the
straight-line part of the curve, between points A
and B, this is a relatively small change in current.
The smaller the change in current, the flatter the
curve.

In explaining this NONLINEAR portion of
the curve, let’s go back just a bit to electron
emission. The electrons emitted by a cathode
form a cloud around the cathode. This cloud is
called the SPACE CHARGE. The closer the
space charge is to the cathode, the more densely
packed it is with electrons. In our example, the
lower plate voltages (0-150 volts) over this part
of the curve exert a pull on only the outer fringe
of the space charge where there are few
electrons. This results in relatively few electrons
flowing to the plate.

Now look at the center portion of the curve
between A and B. This is known as the LINEAR
portion because it is nearly a STRAIGHT LINE.
Over this portion, a change of 50 volts Ep causes
a change of 10 mA I,

Table 1-2—Ep - lp Values Obtained by Experiment
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Figure 1-13.~Ep - |p characteristic curve.

The reason for the increased change in plate
current for a given change of plate voltage also
has to do with the space charge. With a higher
plate voltage (over 150 volts), the attraction
from the plate begins to influence the MORE
DENSE part of the space charge which has
greater numbers of electrons. Therefore, a higher
current flows for a given voltage than in the
nonlinear part. The curve becomes steeper. In
our example, this linearity continues fo about
300 volts, point B.

Lastly, let’s look at the top portion of the
curve. The plate current plotted here is
produced by the higher plate voltages. However,
the amount of current change for a given voltage
change is greatly reduced. The reason for this
again involves the space charge. At about 300
volts, almost all of the electrons in the space
charge are flowing to the plate. A higher voltage
cannot attract more electrons because the
cathode cannot produce any more. The point
where all (or almost all} available electrons are
being drawn to the plate is called PLATE
SATURATION or just SATURATION. It is one
of the limiting factors of every tube.

You can see from the analysis that the most
consistent control of plate current takes place
over the linear portion of the Ep -Ip curve. In



most applications, electron tubes are operated in
this linear portion of the characteristic curve,

Plate Resistance (Rp)

One tube parameter that can be calculated
from values on the Ep -Ip curve is known as
plate resistance, abbreviated as Rp. In a properly
designed electron tube, there is no physical
resistor between cathode and plate; that is, the
electrons do nof pass through a resistor in
arriving at the plate. You may have wondered,
however, why the variable d.c. voltage source of
figure 1-12 didn’t blow a fuse. Doesn’t the plate
circuit appear to be a short circuit—a circuit
without a load to limit the current?

The fact is, there is a very real, effective
RESISTANCE between cathode and plate. It is
not lumped in a resistor, but the circuit may be
analyzed as if it is. The plate resistance of a
given tube, Rp, can be calculated by applying
Ohm’s law to the values of Ep and Ip. Figure
1-14 is a typical diode Ep - Ip curve. ’?‘he plate
resistance has been figured for Rp under three
different conditions. These were figured as
follows:

Given (for example): Ep = 20 volts

Ip = 40 milliamperes

Rp-424.2 E
i
!
< i
£ Y ¥ s R 82:?9.0 ;
=z 1 []
: .
5 o
i 1
Ry=800 H !
10.._-2-_- : :
i ! i
i ! !
0 8 20 28

Ep IN VOLTS

Figure 1-14.—-The Ep-lp characterisitic curve for &
dioda.
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Remember that 1 mA = .001 ampere; therefore
40 mA = .040 ampere)

Solution:

- 20volts
.040 amperes

N
!

= 500 ohms

The other two indicated values of Ry were
figured in the same way.

You should note that there is very little
difference in plate resistance when the Ep and I
values are taken from the linear portions of
curves. Check this out with values taken from
the linear portion of figure 1-13.

Rp (with a capital R) is the effective
resistance offered to d.c.

PLATE RESISTANCE IN GAS
DIODES. —Gas diodes are of a type of tube that
has not yet been discussed. They are mentioned
here only because of their plate-resistance
characteristic.

Instead of a high-vacuum environment, some
tubes have small amounts of gas introduced in
the envelope vacuum during manufacture.
Argon, neon, helium, or mercury vapor are
commonly used.

When a certain minimum voltage is placed
on the plate, the gas molecules in the envelope
ionize. This happens by a process that will be
explained when gas diodes are studied. The
positive ions tend to cancel some of the effects
of the space charge that influence plate
resistance in a vacuum tube. This canceling
reduces internal plate resistance to a relatively
low, constant value. In applications that require
a large plate current, the low plate resistance of
a gas-filled diode has an efficiency that cannot
be approached by a high-vacuum diode.

This and other characteristics of gas tubes
will be covered later.



Q10. Vacuum tubes are designed to operate in
what portion of the Ep - Ip curve?

Q11. What value can be calculated from the
values found on an Ep - Ip curve?

Plate Dissipation

When electrons are attracted from the space
charge to the plate, they are accelerated by the
attraction. This speed gives them energy which
causes the plate to be struck with a considerable
force. As the electrons strike the plate, this
energy is converted to heat. The plate must be
able to withstand the increase in femperature.
The maximum amount of power (watts) that a
given plate can safely dissipate is called the
PLATE DISSIPATION rating.

The amount of plate dissipation for a given
tube under a particular set of plate conditions
may be found by applying the following
equation:

Plate dissipation = Ep x Ip
= 20 volts x .040 amperes
= .8 watt

This is a relatively small wattage. It’s probable
that the plate of our example diode is not
overheating. A tube manual could tell us for
sure.

Plate dissipation is a circuit loss that must be
made good by the power source in a circuit. In
our example, this is the plate voltage supply.

Peak Current Rating

The maximum instantaneous current that a
tube can pass in the normal direction (cathode
to plate) without damage is called the PEAK
CURRENT RATING. Peak current rating is
determined by the amount of electrons available

from the cathode and the length of time plate
current flows.

Peak Voltage Rating

This is the maximum instantaneous voliage
that can be applied to a tube in the normal
direction without a breakdown.

Peak Inverse Voltage Rating

This is the maximum voltage that can be
applied to a tube in the reverse direction (plate
negative with respect to cathode). Exceeding
this will cause arc-over from plate to cathode
and will damage the tube. PIV, as this is
sometimes abbreviated, becomes very important
in the rectifier circuit to be discussed as a later
major subject.

Transit Time

Things that happen in eleciricity and
electronics are often explained as if they happen
instantaneously. As fast as electricity acts,
however, the truth is that it takes time between
cause and effect.

Each tube has a factor called TRANSIT
TIME which is the time it takes for an individual
electron to move from cathode to plate. In
certain applications "involving high-frequency
voltages, transit time places a limifation on
tubes. This limitation will be explained when the
circuits affected by it are discussed.

Summary of Diode Parameters
And Limitations

You should now have a basic understanding
of diodes, many of their characteristics, and
some of their limitations. One of the more
important concepts that you should now
understand is that most of these characteristics
influence each other. For example, practically
all plate characteristics are interrelated. Change
one and the others change. Another example is
heater voltage. Every tube parameter affected by
the cathode depends on proper heater voltage. It
is interrelationships such as these that make
electronics both fascinating and at times
frustrating.



Many of the limiting factors that have been
discussed are the same ones found in other
electrical devices such as motors, stoves, toasters,
etc. Heating and overheating, insulation break-
down, excessive voltage and current, are all
limitations that you have noted before.

The point is that just about everything you
have learned about electricity can be and should
be applied to electron tubes. Little is new except
the environment.

Q12. A large negative voltage is applied to the

plate of a diode, and a large positive
voltage is applied to the cathode, If the
tube conducts, what tube parameter has
been exceeded?

THE TRIODE

Diode electron tubes can be used as rectifiers,
switches, and in many other useful applications.
They are still used in Fleming’s original applica-
tion in radio circuits. You will see the diode in just
about every piece of electronic equipment.

As with all inventions, Fleming’s diode was
immediately the subject of much experimentation
and many attempts at improvement. An American
experimenter, Dr. Lee De Forest, added another
active element to the diode in 1906. He was trying
to improve the radio application of Fleming’s
diode. His new tube was eventually called a
triode.

De Forest’s triode was not very successful as
aradio “detector,” More importantly, in 1912, De
Forest discovered that his original triode could
AMPLIFY or magnify very weak electrical
impulses, It is because of the triode’s ability to
amplify that De Forest is honored as one of the
great radio pioneers.

The immediate application of the triode
amplifier was in telephone and radio. Both fields
were limited because electrical impulses (signals)
became weaker and weaker as the distance from
the signal source increased. The triode, along with
other developments of the time, made long-
distance communications possible, Looking back,
we can now see that the amplifying tube was the
real beginning of modern electronics and in-
fluenced everything that followed. Let’s find out
more about the idea of amplification and how it is
accomplished in the triode.

You are already familiar with a type of
amplification. Step-up transformers were dis-
cussed in FM 11-61 (Communications-
Electronics Fundamentals: Basic Principles
Alternating Current). You should remember that
an input voltage applied to the primary of a step-
up transformer is increased in amplitude at the
secondary by a factor determined by the step-up
turns ratio.

For example, if 5 volts were applied to the
primary of a 1:3 step-up transformer, the secon-
dary would produce 15 volts. In other words, the
input voltage was amplified by a factor of 3.
When applied to electronic circuits, these primary
and secondary voltages are more often called
signals, or input and output signal, respectively.
In electronics it is sometimes necessary to increase
the amplitude of an input signal many times—
often, hundreds or thousands of times!

Because of size and design limitations, trans-
formers are usually not practical for use in
electronics as amplifiers.

De Forest’s first experiment with the diode
was to place an additional metal plate between the
cathode and plate. An a.c. signal was applied to
this piece of metal between the cathode and the
plate. When the circuit was energized, De Forest
found that the ammeter stayed on zero
regardless of the polarity of the input

Al0.

All

The linear portion.

Plate resistance Rp.
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‘signal. What was happening was that the new
element was blocking (or shadowing) the plate.
Any electrons attempting to reach the plate
from the cathode would hit the new element
instead. As the circuit didn’t work, it was back
to the drawing board.

In his next attempt, De Forest decided to
change the element between the cathode and
plate. Instead of a solid metal plate, he used a
wire mesh. In this way eclectrons could flow
from the cathode, THROUGH THE WIRE
MESH, to the plate. This tube circuit is shown in
figure 1-15. In view (A) vou see De Forest’s
circuit with 0 volts applied to the third element,
(today called a control grid or occasionally just
the grid). Under these conditions, assume that
the ammeter reads 5 miliamperes. With no
voltage applied to the grid, the grid has lLittle
effect on the electron stream. For all practical
purposes, the control grid is not there. Most
electrons flow through the open mesh. The tube
functions as a diode.

In view (B), you see De Forest’s tube with
+3 volts applied to the control grid. When
De Forest applied this voltage, he found that

5 MILLIAMPERES

ELECTRON
FLOW

10 MILLIAMPERES

plate current, Ip, increased by a large amount.
(We'll say it doubled to simplify the explana-
tion.}) You already know that the only way to
double the plate current in a diode is to increase
the plate voltage by a large amount. Yet,
De Forest had doubled plate current by applying
only 3 volts positive to the control grid!

The reason for this is fairly easy to
undesstand. It’s the old principle of opposites
attract. When the control grid was made
positive, electrons surrounding the cathode
(negative charges) were attracted to the grid. But
remember, the grid is a metal mesh. Most of the
electrons, instead of striking the grid wires, were
propelled through the holes in the mesh. Once
they had passed the grid, they were attracted to
the positive charge in the plate.

You might wonder why the grid would make
that much difference. After all, the plate has
300 volts on it, while the grid only has 3 volts.
Surely the plate would have a greater effect on
current flow than a grid with only
one-hundredth the attractive potential of the
plate. But remember, in your study of
capacitors, you discovered that opposites attract

2.5 MILLIAMPERES

L3 +*
“fsi = P Fob =
[ —_— [ —
200vT - 300vT -
|——e i—e ~i|i—e
Ece Ece ce
3V 3y 3y

(A)

(B)

(C)

Figura 1-15.—De Forest's experiment.
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because of electrostatic lines of force, and that
the strength of electrostatic lines of force
decreased with distance. In De Forest’s tube, he
had placed the grid very close to the cathode.
Therefore, if had a greater effect on current flow
from the cathode than the plate which was
placed at a much greater distance from the
cathode. For this reason De Forest was able to
double the current flow through the tube with
only +3 volts applied to the grid.

De Forest had certainly hit on something.
Now the problem was to find out what happens
when a negative potential was applied to the
grid. This is shown in view (C) of figure 1-15.
When De Forest applied -3 volts to the grid, he
found that plate current was decreased to half of
what it was when the grid had no voltage applied
to it. The reason for this is found in the
principle of “likes repel.”” The negatively
charged grid simply repelled some of the
electrons back toward the cathode. In this
manner, the attractive effect of the plate was
decreased, and less current flowed to the plate.

Now De Forest was getting somewhere.
Using his new tube (which he called a triode
because it had 3 elements in it), he was able to
control relatively large changes of current with
very small voltages. But! was it amplification?
Remember, amplification is the process of
taking a small signal and increasing its
amplitude. ' In De Forest’s circuit, the small
input signal was %3 volts d.c. What De Forest got
for an output was a variation in plate current of
7.5 milliamperes. Instead of amplification,
De Forest had obtained “conversion,” or in
other words, converted a signal voltage to a
current variation. This wasn’t exactly what he
had in mind. As it stood, the circuit wasn’t very
useful. Obviously, something was needed. After
examining the circuit, the answer became
obvious—Ohm’s law. Remember E=IxR?
De Forest wanted a voltage change, not a
current change. The answer was simple:

If you and you simply
want have add
E = I x R

In other words, run the plate current variation
(caused by the voltage on the grid) through a
resistor, and cause a varying voltage drop across
the resistor. This is shown in figure 1-16.

The circuit is identical to the one in figure
I-15 except that now a resistor (called a
plate-load resistor, R; ) has been added to the
plate circuit, and a voltmeter has been added to
measure the voltage drop across Ry .

In view (A) of figure 1-16, the control grid is
at 0 volts. Once again 5 milliamperes flow in the
plate circuit. Now, the 5 milliamperes must flow
through R; . The voltage drop is equal to:

E=IxR

E =(5 x10°% amperes) x (10 x 10? ohms)

E=0Gx10H)x(10x 10-»
E=5x10
E = 50 volts

Thus the voltage drop across the plate-load
resistor, R;, is 50 volts when no voltage is
applied to the grid. In view (B) of the figure, +3
volts is applied to the control grid. Once again
plate current increases to 10 milliamperes. The
voltage drop across R; is

E=IxR

E =(10x 192 amperes) x (10 x 1¢? ohms)
E=10x 10

E = 100 volts

By applying +3 volts to the grid, the voltage
drop across R; was increased by 50 volts (from
the original 50 volts to 100 volts). In view (C),
-3 volts has once again been applied to the
control grid. Once again plate current decreases
to 2.5 milliamperes, and the voltage drop across
R; drops to 25 volts.

Al12, Peak Inverse Voltage (PIV).
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Figure 1-16.—Oparation of the plate load resistor,

We have caused the voltage across Ry to
vary by varying the grid voltage, but is it
amplification? Well, let’s take a look at it. The
grid voltage, or input signal, varied from +3 to -3
volts or 6 volts. The voltage drop across Ry
varies from 25 volts to 100 volts, or 75 volis. In
other words, the triode has caused a 6-volt input
signal (varying) to be ouiputted as a signal that
varies by 75 volts. That’s amplification!

Q13. What is the primary difference between a
diode and a triode?

Q14. Why does the grid have a greater effect
on electron flow through 2 vacuum tube
than the plate?

Q15. What component is used in a triode

amplifier to convert variation in current
flow to voltage variation?
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Let’s summarize what has been learned so
far:

@ A relatively small change in voltage on
the grid causes a relatively large change in plate
curtrent,

@ By adding a plate-load resistor in series
with the plate circuit, the changing plate current
causes a changing voltage drop in the plate
circuit.

@ Therefore, the small voltage change on
the grid causes a large change of voltage in the
plate circuit.

@ By this process, the small input signal on
the grid has been amplified to a large output
signal voltage in the plate circuit.

We'll leave De Forest at this point. He
showed us that the control grid can, in fact,
CONTROL plate current. He also showed that
the changing plate current can create a changing



plate voltage. To some degree, his changing
voltages and currents also changed the world.

INTRODUCTION TO GRID BIAS

Several features of practical triode circuits
were purposely left out of the circuits just
discussed so that the idea of grid control could
be presented more simply. One of these is the
concept of grid bias.

Let’s take another look at the circuit in
figure 1-15(B). We found that the positive
charge on the grid caused more plate current to
flow. However, when the grid becomes positive,
it begins to act as if it were a small plate. It
draws a few electrons from the space charge.
These electrons flow from the cathode across
the gap to the positive grid, and back through
the external grid circuit to the cathode. This
flow is known as grid current. In some tube
applications, grid current is desired. In others it
is relatively harmless, while in some, grid current
causes problems and must be eliminated.

Most amplifier circuits are designed to
operate with the grid NEGATIVE relative to the
cathode. The voltage that causes this is called a
BIAS VOLTAGE. The symbol for the bias
supply is E... One effect of bias (there are
several other very important ones) is to reduce
or eliminate grid current. Let’s see how it works.

GRID BIAS is a steady, direct voltage that is
placed at some point in the extemal circuit
between the grid and cathode. It may be in the
cathode leg or the grid leg as shown in figure
1-17. It is always in series with the input signal
voltage. In each of the circuits in figure 1-17,
E.. makes the grid negative with respect to the
cathode because of the negative terminal being

Figure 1-17.—Basic biasing of a triode.

connected toward the grid and the positive
terminal being connected toward the cathode.
With identical components, each c¢ircuit would
provide the same bias.

Battery bias is practically never used in
modern circuits, Because of its simplicity,
however, we will use it in analyzing the effects
of bias. Other, more practical methods will be
studied later.

Let’s assume that the bias voltage in figure
1-17 is -6 volts. Also, let’s assume that the
peak-to-peak signal voltage from the transformer
is 6 volts. Each of these voltage waveforms is
shown in figure 1-18. From past experience you
know that voltages in series ADD. Figure 1-18
has a table of the instantaneous values of the
two voltages added together. The waveforms are
drawn from these values.

Because the bias voltage is more negative
than the signal voltage is positive, the resultant

voltage (bias plus signal), E,, is ALWAYS

Al3. The triode contains a third element
called the control grid.

Al4. Because it is closer to the cathode.

AlS., Aplate load resistor R, .
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Figure 1-18.—Typical grid waveforms.

negative. The signal, in this case, makes the grid
voltage go either MORE or LESS NEGATIVE,
(-9 to -3) but cannot drive it positive,.

Under these circumstances, the negative grid
always repels electrons from the space charge.
The grid cannot draw currenf. Any problems
associated with grid current are eliminated,
because grid current cannot flow to a negative

grid.

You have probably already realized that the
negative bias also reduces plate current flow.
(Negative charge on grid-less plate current,
right?) The trick here is for the circuit designer
to choose a bias and an input signal that, when
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added together, do not allow the grid to become
positive nor to become negative enough to stop
plate current.

Tube biasing is very important. You will
learn much more about it shortly. From this
brief introduction, you should have leamned that
grid bias:

is a steady, direct voltage that in most cases
makes the grid negative with respect to the
cathode,

is in series with the signal volfage between
grid and cathode,

acts to reduce or eliminate grid current,

acts to reduce plate current from what it
would be if no bias existed,

is produced in other ways than just by a
battery,

is important for reasons other than those
just studied.

OPERATION OF THE TRIODE

The circuit in figure 1-19 brings fogether all
of the essential components of a triode
amplifier. Before analyzing the circuit, however,
the term QUIESCENT needs to be defined.

The word quiescent identifies the condition
of a circuit with NO INPUT SIGNAL applied.
With a given tube, bias supply, and plate supply,
an exact amount of plate current will flow with
no signal on the grid. This is known as the
quiescent value of plate current. The quiescent
value of plate voltage is the voltage between
cathode and plate when quiescent current flows.

Simply, quiescent describes circuit
conditions when the tube is not amplifying. The
tube has no output signal and is in a kind of
standby, waiting condition. Now let’s go on to
figure 1-19. With no input signal, under
quiescent conditions, assume that 1 milliampere
of current flows through the tube, cathode to
plate. This current (Ip) will flow through Ry
(load resistor) to the positive terminal of the
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Figure 1-19,—Triode operation.

battery. The current flowing through Ry causes
a volfage drop (IR) across R; equal to:

E=1, xRy
E=1x 10"? amperes x 100 x 10° ohms
E = 100 volts

Subtracting the voltage dropped across the
plate-load resistor from the source voltage of
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300 volts gives you 200 volts (300 volts - 100
volts). Thus, the plate voltage (Ep) is at 200
volts. The quiescent conditions for the circuit
are:

grid voltage = -6 volis

plate voltage (Ep) = +200 volts

These values are shown on the waveforms as
time a in figure 1-19.



You should notice that even though the grid
is more negative (-6 volts) than the cathode, the
tube in the circuit is still conducting, but not as
heavily as it would if the grid were at zero volts.

Now look at the input signal from the
transformer secondary. For ease of explanation,
only three points of the a.c. sine wave input
will be considered: point b, the maximum
negative excursion; point ¢, the maximum
positive excursion; and point d, the zero
reference or null point of the signal. At time b,
the input signal at the grid will be at its most
negative value (-3 volts). This will cause the grid
to go to -9 volts (-6 volts + -3 volits). This is
shown at time b on the grid voltage waveform.
The increased negative voltage on the control
grid will decrease the electrostatic atfraction
between the plate and cathode. Conduction
through the tube (I,) will decrease. Assume that
it drops to .5 milliampere.

The decrease in plate current will cause the
voltage drop across the plate-load resistor
(R ) to also decrease from 100 volts, as
explained by Ohm’s law:

E=I, xRy
E = .0005 amperes x 100,000 ohms
or
E={(.5x 10® amperes) x (100 x 103 ohms)
E = 50 volts
Plate voltage will then rise to +250 volts,
Ep = 300 volts - 50 volts = 250 volts

This is shown on the output signal waveform at
time b,

At timec, the input has reached its
maximum positive value of +3 volts. This will
decrease grid voltage to -3 volts (-6 volts + 3
volts). This is shown on the grid voltage
waveform at time c. This in turn will increase
the electrostatic force between the plate and
cathode. More electrons will then flow from the
cathode, through the grid, to the plate. Assume
that the plate current in this case will increase to
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1.5 milliamperes. This will cause plate voltage
(Ey) to decrease to 150 volts as shown below,

E=1, x Ry
E = (1.5 x 10" amperes) x (100 x 103 ohms)
E = 150 volts

E, = 300 volts - 150 volts

Ep = 150 volts

This is shown on the output waveform at time c,
At time d the input signal voltage decreases back
to zero volts. The grid will returm to the
quiescent state of -6 volts, and conduction
through the tube will again be at 1 milliampere.
The plate will return to its quiescent voltage of
+200 volts (shown at timed on the output
waveform).

As you can see, varying the grid by only 6
volts has caused the output of the triode to vary
by 100 volfs. The input signal voltage has been
amplified (or increased) by a factor of 16.6. This
factor is an expression of amplifier VOLTAGE
GAIN and is calculated by dividing the output
signal voltage by the input signal voliage.

Before going on to the next section, there is
one further thing you should be aware of. Look
again at the waveforms of figure I-19. Notice
that the output voltage of the amplifier is 180°
out of phase with the input voltage. You will
find that this polarity inversion is a
characteristic of any amplifier in which the
input is placed on the control grid and the
output is taken between the cathode and plate.
This is normal and should not confuse you when
you troubleshoot or work with this type of
circuit.

Q16. Why is the control grid of a triode
amplifier negatively biased?
Q17. For a circuit to be considered to be in

the quiescent condition, what normal
operating voltage must be zero?



Q18. A triode amplifier similar to the one
shown in figure 1-19 has an E,,, = 350
volts d.c. The plate-load resistor is
50 k2. Under quiescent conditions, 1.5
milliamperes of current conducts
through the tube. What will be the plate
voltage (Ep) under quiescent conditions?

Q19. A 2-volt, peak-to-peak, a.c, input signal
is applied to the input of the circuit
described in Q18. When the signal is at
its maximum positive value, 2.5
milliamperes flow through the tube.
When the input is at its maximum
negative value, conduction through the
tuEe decreases to .5 milliampere.

a. What is the peak-to-peak voltage of
the output signal?

b. What is the phase relationship
between the input and output signals?

FACTORS AFFECTING TRIODE
OPERATION

The triode circuit you have just studied is a
fairly simple affair. In actual application, triode
circuits are a bit more complex. There are two
reasons for this. The first has to do with the
triode’s ability to amplify and perform other
functions. Triodes come in many different
types. Each of these types has different internal
characteristics and different capabilities. Because
of this, each triode circuit must be designed to
accommodate the triode’s special characteristics.
The second reason for the increase in
complexity of triode circuits has to do with
DISTORTION. Distortion occurs in a tube
circuit any time the output waveform is not a
faithful reproduction of the input waveform.

Polarity inversion and voltage gain of the output
waveform are not considered to be included in
this definition of distortion. Some circuits are
designed to distort the output. The reason and
methods for this deliberate distortion will be
covered in a later NEETS module. For the most
part, however, circuits are designed to eliminate
or reduce distortion.

Overdriving the Triode

Because the grid is close to the cathode,
small changes in grid voltage have large effects
on the conduction of triodes. If a large enough
input signal is placed on the grid, a triode may
be driven into either plate-current cutoff or
plate-current saturation. When this occurs, the
tube is said to be OVERDRIVEN. Overdriving is
considered to be a form of DISTORTION.

Look at time zero (0Q) in the waveforms of
figure 1-20. The input signal (E;y) is at zero
volts. Grid voltage equals the bias voltage (-6
volts), and one milliampere of current is flowing
through the tube (quiescent state). Plate voltage
(Ep) is 200 volts.

On the negative half of the input signal, the
grid voltage is made more negative. This reduces
plate current which, in tum, reduces the voltage
drop across R;. The voltage between cathode
and plate is thereby increased. These
relationships can be seen by following time a
through the three waveforms.

Now, let’s make the assumption that this
particular triode cuts plate current flow off
when the grid reaches -24 volts. This point is
reached at time b when E;y is -18 and the bias is
-6 (-18 and -6 = -24). Plate current remains cut
off for as long as the grid is -24 volts or greater.

current,

Al6. To prevent them from drawing grid

Al7. The input signal,
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Figure 1-20.—Ovardriven triode.

With zero current flowing in the plate
circuit, there is no voltage drop across Ry . The
entire plate-supply voltage, E,, (300 voits),
appears as plate voltage between cathode and
plate. This is shown at time b in the output
signal waveform, Between times b and ¢, the grid
voltage is greater than -24 volts. The plate
current remains cutoff, and the plate voltage
remains at +300. The output waveform between
times b and ¢ cannot follow the input because
the plate voltage cannot increase above +300
volts. The output waveform is “flattopped.”
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This condition is known as AMPLITUDE

DISTORTION.

When the grid voltage becomes less negative
than -24 volts, after time ¢, the tube starts
conducting, and the circuit again produces an
output.

Between times ¢ and d, the circuit continues
to operate without distortion. At time e,
however, the output waveform is again distorted
and remains distorted until time f. Let’s see
what happened.



Remember that every cathode is able to emit
just so many electrons. When that maximum
number is being emitted, the tube is said to be at
SATURATION or PLATE SATURATION.
Saturation is reached in a triode when the
voitages on the grid and plate combine to draw
all the electrons from the space charge.

Now, as our grid becomes less negative
(between times ¢ and d), and actually becomes
positive (between times d and e), the plate
current increases, the voltage across R
increases, and the plate voltage decreases.

Apparehtly, when the grid voltage reached
+12 volts at time e, the plate current reached
saturation. Maximum plate current (at
saturation) results in maximum voltage across
R; and minimum plate voltage. Any grid voltage
higher than +12 volts cannot cause further
changes in the output, Therefore, between times
e and f, the plate voltage remains at +100 volts
and the waveform is distorted. This is also
AMPLITUDE DISTORTION.

This has been an explanation of one cycle of
an input signal that overdrives the tube. You
should notice that, using the same circuit, a
50-volt peak-to-peak input signal caused a vastly
different output from that caused by the &-volt
peak-to-peak input signal. The 6-volt
peak-to-peak signal did not overdrive the tube.
When the input signal was increased to 50-volts
peak-to-peak, the tube was forced into cutoff
when the grid was driven to -24 volts, and into
saturation when the grid was driven to +12 volts
(the grid voltage plus the signal voltage). During
these periods, the tube could not respond to the
input signal. In other words, the output was
distorted. A method commonly used to partially
overcome distortion is to vary the bias voltage
on the grid. The point at which the tube goes
into cutoff or saturation can then be controlled.

For this reason tube biasing is of great
importance in most tube circuits.

Q20. The waveforms shown below are the
input and output of an overdriven
triode.

!
B

INPUT ouUTPUT

a. Distortion A at the output is the
result of what condition?

b. Distortion B at the output is the
result of what condition?

TYPES OF BIASING

There are two main classes of
biasing--FIXED and SELF. In a tube circuit that
uses fixed bias, the grid-bias voltage is supplied
from a power source external to the circuit. You
are already familiar with battery bias which is
one form of fixed bias. When fixed bias is used
in a circuit, it can be represented as either a
battery, as shown in figure 1-21{A), or as a
conductor connected to -E, in figure 1-21(B).
Fixed bias is rarely used in electronics today.
For this reason, no further discussion will be
given.

The most common type of biasing is called
SELF-BIASING. In circuits using self-bias, the

Al8. +275 volts.

Al19. (a) 100 volts.

(b) 180° out of phase.
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Figure 1-21.—~Fixed bias.

bias voltage is developed across a resistor in the
cathode or grid circuit by tube current. There
are two main methods of self-bias: cathode
biasing and grid-leak biasing.

Cathode Bias

The first method to be discussed s
CATHODE BIASING. In circuits using cathode
bias, the cathode is made to go positive relative
to the grid. The effect of this is the same as
making the grid negative relative to the cathode.
Because the biasing resistor is in the cathode leg
of the circuit, the method is called CATHODE
BIASING or CATHODE BIAS. A triode circuit
using cathode bias is shown in figure 1-22,

Figure 1-22.—Cathods bias.
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The only difference between the illustrated
circuit and the one used to demonstrate triode
operation is the elimination of the battery E,
and the addition of circuit components Ry, the
cathode biasing resistor, and Cy , the cathode a.c.
bypass capacitor, and grid resistor Rg {whose
purpose will be explained later).

When the tube conducts, current flows from
the battery through Ry, to the cathode, through
the tube to the plate, through Ry to the positive
terminal of the battery. The current flowing
through R, will cause a voltage drop across Ry .
The bottom of R, goes negative while the top
goes positive. This positive voltage at the top of
R, makes the cathode positive relative to the
grid.

You may wonder what purpose Cy servesin
this circuit. C; serves as an A.C. BYPASS.
Without C,, the bias voltage will vary with a.c.
input signals. This is particularly troublesome in
the higher frequencies like those found in radio
receivers. Ry, the cathode-biasing resistor, is
used to develop the biasing voltage on the
cathode.

The input signal will be developed across R;.
You will read more about the circuit component

later in this topic. Cathode-biasing voltage is
developed in the following manner.

As mentioned earlier, we said that the bias
voltage would vary with the input unless Cy, the
cathode bypass capacitor, was used.

To understand how the bias voliage will vary
with an a.c. input signal, disregard C, for the
moment and refer to figure 1-22 again.

Notice that under quiescent conditions, the
voltage at the top of Ry is +10 volts. Now let’s
apply the positive-going signal illustrated to the
left of the tube. When the positive signal is
applied, conduction through the tube will
increase. The only firouble is that current
through Ry will also increase. This will increase
the voltage drop across Ry and the cathode
voltage will now be greater than +10 volis.
Remember, at this time the plate is going
negative due to increased conduction through
the tube. The combination of the negative-going
plate and positive-going cathode will decrease
the electrostatic attraction across the tube which



will fower conduction of the tube. The effect of
this will be to reduce gain of the tube.

When the negative-going signal is applied,
conduction through the tube decreases. Current
through Ry decreases and the voltage drop
across Ry decreases. This causes the cathode to
go more negative, which tends to increase
conduction through the tube. The way a
negative-going signal is amplified is by decreasing
plate current and allowing the plate to go
positive (remember the 180° inversion). Thus,
increasing conduction on the negative half-cycle
decreases gain of that half-cycle. The overall
effect of allowing cathode biasing to follow the
input signal is to decrease gain of the circuit
with a.c. inputs.

This problem can be overcome by installing
Cy. The purpose of C; is to maintain the
cathode bias voltage at a constant level. In
common usage, the action of Cy is referred to as
“bypassing the a.c. signal to ground.”

The action of C; will be explained using
figure 1-23. View (A) shows the circuit under
quiescent conditions. With some conduction
through the tube, the cathode and tops of Ry
and Cy are at +10 volts.

+Epp

+10V

In view (B), the positive-going signal is
applied to the grid. This causes increased
conduction through the tube which attempts to
drive the cathode to +20 volts. But, notice the
top of C, is still at +10 volts (remember
capacitors oppose a change in voltage). The top
plate of C, is in effect 10 volts negative in
relation to the top of Ry. The only way that Cy
can follow the signal on the top of Ry (+20
volts) is to charge through the tube back to the
source, from the source to the lower plate of G .
When Ck charges through the tube, it acts as the
source of current for the cathode. This causes
the cathode to remain at +10 volts while the
capacitor is charging.

View (C) of the figure shows the same
circuit as before, but with a negative-going input
signal. Under these conditions, conduction
through R, will decrease. This will cause a
decrease in current flow through Ry . Decreased
current means decreased voltage drop. The top
of Ry will try to go to +5 volts. ¢, must now go
more negative to follow the top of Ry. To do
this, current must flow from C; through Ry, to
the top plate of Cx. This discharging of Gy will
increase current flow through Ry and increase
the voltage drop across Ry, forcing the top to go

— —Ehb

(B)

*Epy
le
.-V ‘-_)

CAPACITOR CAPACITOR
CURRENT | CURRENT
+10V +5 +10V

Y]*+1¢ ﬂh\i
Ry
—~ ~Enb b= ~Epp

Figure 1-23,—Effect of the bypass capacitor,

A20. (a) Cutoff.

{b) Saturation.
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more positive. Remember the voltage drop is
due to current flow through the resistor. (The
resistor could care less if current is due to
conduction or capacitor action.) Thus, the
cathode stays at +10 volts throughout the
capacitor-charge cycie.

There is one point that should be made. C;
and R, are in parallel. You learned from
previous study that voltage in a parallel circuit is
constant. Thus, it would seem impossible to
have the top of Ry at one voltage while the top
plate of €, is at another. Remember, in
electronics nothing happens instantaneously.
There is always some time lag that may be
measured in millionths or billionths of seconds.
The action of C; and Ry that was just described
takes place within this time lag. To clarify the
explanation, the voltages used at the
components Ry and C, were exaggerated. Long
before a ten volt differential could exist between
the tops of Ry and Cy, C, will have acted to
eliminate this voltage differential.

The capacitor, then, can be said to regulate
the current flow through the bias resistor. This
action is considered as BYPASSING or
eliminating the effect of the a.c. input signal in
the cathode. For 4ll practical purposes, you can
assume that a.c. flows through the capacitor to
ground. Bui, remember, a.c. only appears {o
flow across a capacitor. In reality the a.c. signal
is shunted around the capacitor.

There are two disadvantages associated with
cathode biasing. To maintain bias voltage
continuously, current must flow through the
tube, and plate voltage will never be able fo
reach the maximum value of the source voltage.
This, in turn, limits the maximum positive
output for a negative input signal (remember the
180° inversion). In addition, maximum plate
voltage is decreased by the amount of
cathode-biasing voltage. What this means is that
you can’t get something for nothing. If the
cathode is biased at +20 volts, this voltage must
be subtracted from the plate voltage. As an
example, consider a triode with a 10,000 ohm
plate resistor and a +300 volts d.c. source
voltage. If a current of 2 milliamperes flows
through the tube under quiescent conditions, 20
volts are dropped across the plate-load resistor.
The maximum plate voltage is then 300 volts -
20 volts = 280 volts d.c. Now, consider the 20

189-566 0 - 87 - 2
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volts dropped across the cathode resistor. Plate
voliage becomes 280 volts - 20 volts = 260 volts.
To understand this a little more thoroughly,
look at figure 1-24. In view (A), the source
voltage is 300 voits d.c. There are two ways that
this voltage can be looked at: either the plate is
at +300 volts and the cathode is at 0 volts
(ground), or the plate is at +150 volts and the
cathode is at -150 volts. In electronics, it is
commoen practice to assume that the plate is at
+300 volts while the cathode is at 0 volts. To
simplify this discussion we will assume that the
plate is at +150 volts, and the cathode is at -150
volts. The potential difference between plate
and cathode is 300 volts. If a plate-load resistor
is installed, as shown in view (B), 20 volts are
dropped by R;. The potential difference
between the plate and cathode is now 280 volts.
In view (C), Ry has now been placed in the same
circuit. Ry drops 20 volts. Therefore, the effect
of cathode biasing is to reduce the maximum
positive signal that the circuit can produce. In
this case, the maximum positive signal has been
reduced by 20 volts. Despite these
disadvantages, cathode biasing has two main
advantages. It is simple and economical.

Grid-Leak Biasing

The second type of self-biasing to be
discussed is GRID-LEAK BIAS. As the name
implies, bias voltage is developed in the grid leg
portion of the circuit. Bias voltage in this type
of biasing is derived by allowing the positive

Ezx RL
20V Ep =130V
Epp —— Epp m
150V
(A) (B) (C)

Figure 1-24.—Loss due to cathode biasing,



input signal to draw grid current through a
circuit made up of a resistor and capacitor.
There are two types of grid-leak bias commonly
in use: SHUNT TYPE and SERIES TYPE.
Because shunt type grid-leak biasing is the
simplest, it will be discussed first. Figure 1-25
depicts a simplified triode circuit employing the
shunt type of grid-leak biasing. Before starting
the explanation of shunt grid-leak biasing, there
is one thing you should bear in mind. Because
the bias is derived from the positive input signal
through capacitive action, the input signal must
go through several positive alternations before
the final operating bias voltage is achieved. It is
only necessary that you bear this fact in mind.
Why this is so, will be explained in the following
discussion.

View (A) of figure 1-25 shows the circuit
under quiescent conditions. You will notice that

CHARGE CIRCUIT

(C)

the circuit is simnilar to the one used when tricde
action was discussed. The only additions are the
grid resistor R;, coupling capacitor C;, and
resistance rgk. Resistance rgk doesn’t exist as a
physical component but is used to represent the
internal tube resistance between the triode’s
cathode and grid. Electrically, rgk is quite small,
about 500 ohms. Under quiescent conditions,
some conduction occurs through the tube. Some
electrons will strike the wires of the grid, and a
small amount of GRID CURRENT will flow
through to ground. This will cause the
right-hand plate of C; to go slightly negative.
This slight negative charge will, in turn, keep the
grid of the tube slightly negative. This limits the
number of electrons that strike the grid wires.

In view (B) of the figure, the first positive
alternation of a series of a.c. alternations, Epy, is
applied to the circuit. The positive-going voltage

(=

DISCHARGE CIRCUIT
(D)

Figure 1-25.—8hunt gridHeak hiasing.



causes the left-hand plate of C, to go positive.
The left-hand plate must lose electrons to go
positive. These electrons leave the left-hand
plate of C; and travel to the input source where
they will be coupled to ground. From ground,
current flows through R, causing a negative
(bottom) to positive (top) voltage drop across
Rg. In effect, the a.c. signal has been coupled
across the capacitor. Because of this, capacitors
are said {o pass the a.c. signal while blocking d.c.
(In reality, the a.c. signal is coupled around the
capacitor.) In view (C) of the figure, the
positive-going voltage at the top of Ry will be
coupled to the grid causing the grid to go
positive, The positively charged grid will attract
electrons from the electron stream in the tube.
Grid current will flow from the grid to the
right-hand plate of C_,. This will cause the
right-hand plate to go negative. (Electrostatic
repulsion from the right-hand plate of C, will
force electrons from the left-hand plate of C,,
causing it to go positive.) The electrons will flow
through the signal source, to ground, from
ground to the cathode, and from the cathode to
the grid, and finally to the right-hand piate of
C.. This is the biasing charge cycle. You may
wonder why the charge current went through
the tube rather than through R,. When the grid
goes positive in response fo the positive-going
input signal, electrostatic attraction between the
grid and cathode increases. This, in turn, reduces
the resistance (rgk) between the grid and
cathode. Current always follows the path of
least resistance. Thus, the capacitor charge path
is through the tube and not Rg.

When the first negative alternation is applied
to the circuit (view D), the left-hand plate of C,
must go negative. To do this, electrons are
drawn from the right-hand plate. The electrons
travel from the right-hand plate of C_, through

, causing a voltage drop negative (top) to
positive {(bottom), from the bottom of Rg,
through the source, to the left-hand plate of C.
C. will discharge for the duration of the negative
alternation. BUT! C, can only discharge through

R,, which is a high-resistance path, compared to

the charge path. Remember, from your study of
capacitors that RC time constants and the rate
of discharge increases with the size of R. C; can
therefore charge through the low resistance of
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rgk to its maximum negative value during the
positive half-cycle. Because C; discharges
through R, (the high resistance path), it cannot
completely discharge during the duration of the
negative half-cycle. As a result, at the
completion of the negative alternation, C_ still
retains part of the negative charge it gained
during the positive alternation. When the next
positive alternation starts, the right-hand plate
of C, will be more negative than when the first
positive alternation started.

During the next cycle, the same process will
be repeated, with C_ charging on the positive
alternation and discharging a lesser amount
during the negative alternation. Therefore, at the
end of the second cycle, C, will have an even
larger negative charpge than it did after the first
cycle. You might think that the charge on C,
will continue to increase until the tube is forced
into cutoff. This is not the case. As the negative
charge on the right-hand plate of C, forces the
grid more negative, eclectrostatic attraction
between the grid and cathode decreases. This, in
effect, increases the resistance (rgk) beiween the
cathode and grid, until rgk becomes, in effect
the same size as Ry. At this point, charge and
discharge of C, will equal one another and the
grid will remain at some negative, steady voltage.
What has happened in this circuit is that C; and
Rg, through the use of unequal charge and
discharge paths, have acted to change the a.c.
input to a negative d.c. voltage. The extent of
the bias on the grid will depend on three things:
the amplitude of the input, the frequency of the
input, and the size of R, and C.. This type of
biasing has the advantage in that it is directly
related to the amplitude of the input signal. If
the amplitude increases, biasing increases in step
with it. The main limiting factor is the amount
of distortion that you may be willing to tolerate.
Distortion occurs during the positive alternation
when the grid draws current. Current drawn
from the electron stream by the grid never
reaches the plate, therefore the negative-going
output is not a faithful reproduction of the
input, while the positive-going output (during
the negative input cycle) will be a faithful
reproduction of the input. This is similar to the
situation shown in the flattopped portion of the
output signal in figure 1-20.



The SERIES GRID-LEAK BIAS circuit
shown in figure 1-26 operates similarly to the
shunt grid-leak circuit. When the first positive
alternation is applied to the left-hand plate of
the grid capacitor, Cg, the left-hand plate must
lose electrons to go positive with the input,
Electrons will leave the left-hand plate and flow
through R,, causing & negative (left-hand side)
to positive (right-hand side) voltage drop. From
the right-hand side of the electrons will flow
to the right-hand plate of C,. The positive
voltage developed at the right-hand side of Rg
will be coupled to the grid. As the grid goes
positive it will draw current, causing C, to start
i~ charge through the low resistance path of the
tube. During the negative alternation of the
input, Cg will discharge through the high
resistance path of R,. Once again it will not be
completely discharged at the end of the negative
aiternation, and the capacitor will continue on
its way toward charge equilibrium.

In summary: grid-leak bias causes the grid to
draw current when the input signal goes positive.
This grid current (which is a negative charge) is
stored by the coupling capacitor (C,) which will
keep the grid at some negative potential. It is
this potential that biases the tube.

Q21.

What type of bias requires constant
current flow through the cathode circuit
of a triode?

Figure 1-26.—Series grid-leak biasing.
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Q22. When z circuit uses cathode biasing, the
input signal can cause variations in the
biasing level. How is this problem

eliminated?

Q23. In a circuit using grid-leak biasing the
coupling capacitor (C_) charges through
a low resistance path. What resistance is

used in this charge path?

Q24. Grid-leak biasing in effect rectifies the
input a.c. signal. What feature of the
circuit is used fo accomplish this

rectification?

OPERATING CLASSIFICATIONS
OF TUBE AMPLIFIERS

Some discussion of the classes of operation
of an amplifier is needed at this point. This is
because their operation class is directly deter-
mined by the bias voltage of the tube.

The classification of amplifiers by operation
is based on the percentage of the time that the
tube conducts when an input signal is applied.
Under this system amplifiers may be divided into
four main classes: A, AB, B, and C.

CLASS A OPERATION

An amplifier biased into CLASS A
operation, is one in which conduction through
the tube occurs throughout the duration of the
input signal. Such an amplifier is shown in figure
1-27(A). This is the same type of circuit with
which you are already familiar. Notice that
when you coinpare the input o the output you
can see that the tube is always conducting, and
that the enfire input signal is reproduced at the
output.
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Figure 1-27.—Classes of amplifier operation.

CLASS AB OPERATION

The class AB amplifier is one in which the
tube conducts for more than half, but less than
the entire input cycle.

View (B) of figure 1-27 depicts an amplifier
biased into CLASS AB operation, Notice that in
this application, grid bias has been increased to
-9 volts. We will assume that the tube reaches
cutoff when the voltage on the grid is -10 volts.
Under these conditions, when the input reaches
-10 volts, the tube will cut off and stay cut off
until the input goes above -10 volts. The tube
conducts during the entire duration of the
positive alternation and part of the negative
alternation. If you remember back in the
discussion of distortion, it was pointed out that
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this represents distortion. In some amplifiers,
faithful reproduction of the input is not an
important requirement. Class AB amplifiers are
used only where this distortion can be tolerated.

CLASS B OPERATION

A CLASS B biased amplifier is one in which
the tube will conduct for only half of the input
signal duration. This is accomplished by simply
biasing the amplifier at cutoff. View (C) of
figure 1-27 depicts a class B biased amplifier.

As you can see, the tube conducts on the
positive alternations. As soon as the input signal
voltage reaches 0 volis, the tube cuts off. The
tube will remain cut off until the input signal



voltage climbs above zero volts on the next
positive alternation. Because the tube conducts
during the entire positive alternation, but not on
the negative alternation, the tube conducts for
only half the input cycle duration.

CLASS C

CLASS C amplifiers are biased below cutoff,
so that the tube will conduct for less than half
of the input signal cycle duration. View D of
figure 1-27 depicts a class C amplifier. Notice
that the tube is biased one-half volt below
cutoff. The tube will only conduct on that part
of the positive alternation that is above +.5
volts. Therefore, the tube conducts for less than
one-half cycle of the input. Again, this class can
be applied only where severe disfortion can be
olerated.

TUBE CONSTANTS

In the discussion of triodes, only the effects
of the external circuit on the passage of current
through the tube was considered. The behavior
of the electron stream in a2 conducting fube is
also under the influence of the physical
structure of the tube. The effects that the
physical structure of a tube has on the tube’s
operation are collectively called TUBE
CONSTANTS. Four of the most important of
these tube constants are: TRANSIENT TIME,
INTERELECTRODE CAPACITANCE,

TRANSCONDUCTANCE,
TION FACTOR.

and AMPLIFICA-

TRANSIT TIME

Unlike electron flow in a conductor,
electrons in a vacuum tube do not move at the
speed of light. Their velocity is determined by
the potential difference between the plate and
cathode. The amount of time it takes for the
electrons to travel from the cathode to the plate
is called TRANSIT TIME. As a result of this
time difference, the appearance of a signal at the
grid of a tube is not followed instantaneously by
a change in current flow in the tube. Under
normal conditions, the effect of this small time
lag between the input signal and a change in
tube current is unnoticed. At frequencies such as
those used in radar equipment, this is not the
case. Transit time at these frequencies has a very
marked effect on tube operation. It is a major
factor that limits the application of a given tube
at higher frequencies.

Q25. Match each amplifier characteristic listed
below with its class of amplification.

a. Current flows through the tube for
one-half cycle.

b. Current flows through the tube for
less than one-half cycle,

¢. Current flows through the tube for
the entire cycle.

A21. Cathode biasing.

A22. Through the use of a bypass capacitor.

A23. gk, the cathode to grid resistance.

A24. Unequal charge and discharge paths of
the coupling capacitor C,.
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MU AND TRANSCONDUCTANCE

In your study of triodes so far, you have
seen that the output of a triode circuit is
developed across the tube. The output is caused
by the voltage dropped across Ry due to current
flow from tube conduction. In all the
demonstrations of gain, it was assumed that Ry
was held constant and current through the tube
was varied. In this manner a voltage gain was
achieved. If the resistance of R; is changed, by
the designer, the gain of a triode circuit can be
either increased or decreased. This is fairly easy
to understand. Assume that a circuit is
composed of a triode with a plate-load resistor
of 100 k£2. If a +2 volt signal causes 2
milliamperes to conduct through the tube, the
voltage drop across R (the output) will be:

E=I1xR
E=I, x Ry

E =(2x 10 %amperes) x (100 x 103 ohms)

E=2x 100
E = 200 volts
Gain = output
mnmput
Gain = 200 volts
AT volts
Gain= 100

Thus, the gain of the circuit is 100, If the
plate-load resistor is reduced to 50 k§2 and the
input is kept at +2 volts, the gain will be reduced
to:

E= Ip X RL
E=(2x 10-3 amperes) x (50 x 103 ohms)
E=2x 50
E =100 volts
. _ 100 volts
Gain = 2 volis
Gain = 50
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As you can see, voltage gain is dependent on
both the tube characteristics and external circuit
design.

The voltage gain is a measure of circuit
efficiency, not tube efficiency.

The actual characteristics of a tube are
measured by two factors: mu(u) or
AMPLIFICATION FACTOR; and
TRANSCONDUCTANCE or g,. The
amplification factor (represented as u) of a tube
is measured by the ratio between a change in
plate voltage and a change in grid voltage
required to cause the same change of plate
current. This is expressed mathematically as

AEp

“:A_Eg'

While this may sound complicated it really isn’t.
Look at figure 1-28. Here you see in view (A) a
triode with a +1 volt input signal. At this grid
voltage, current through the tube is at 1
milliampere. If the input voltage is raised to +3
volts, current through the tube increases to 2
milliamperes. The change in Eg (AEy) is then 2
volts. This is shown in view (B). Suppose that
the grid voltage is returned to +1 volt, and plate
voltage is increased until the ammeter in view

+Ebb
250v

+Epp
250V

1 MiLLt-
AMPERE

2 MILLI-
AMPERES

+1V

Figure 1-28,—Obtaining gain and transconductance.



(C) reads 2 milliamperes of plate current. At this
point plate voltage is measured. It is found that
plate voltage had to be increased by 100 volts
(350-250) to get the same change of plate
current (1 mA). The change in plate voltages
(AE,)is then 100 volts. The amplification factor
() for just the tube is then equal to

AEp
“ I s
AEg
_. 106 volis
2 volis
u=50

As you can see, mu is a measure of the ability of
a tube to amplify. By comparing the mu of two
different types of tubes, you can get an idea of
their efficiency. For example, assume you have
two different tubes one with a mu of 50, and
the other with a mu of 100. If both fubes are
placed in a circuit whose input varies by 2 voits,
you can expect the following changes in plate
voltage.

Tube 1:
AEp
=
AE,
ABp =ux AE,

AE, =50 x 2volts

AEp = 100 volts

Tube 2:

AE,
“ﬁ_—
AE,

AEp = u x AE,

AEp = 100 x 2 volts

~ AEp =200 volts

Thus, you can expect twice the change in plate
voltage from tube 2 as from tube 1 for the same
input voltage. Therefore, tube 2 will have twice
the gain of tube 1.

Transconductance

Transconductance is a measure of the change
in plate current to a change in grid voltage with
plate voltage held constant. The unit for
conductance is the mho (siemens), pronounced
“moe.” Transconductance is normally expressed
in either micromhos or millimhos.
Mathematically transconductance is expressed
by the formula:

Al
~ AE

Bm
E

Examine figure 1-28, views (A) and (B), again.
In view (A), the input voltage is +1 volt. At +1
volt Eg, the plate current is equal to 1
milliampere with a plate voltage of 250 volts. In
view (B), the input voltage (E;) is raised to +3
volts. AE,, as before, is equal to 2 volts. This
increase in grid voltage causes plate current to
increase to 2 milliamperes. The change in plate

A25. (a) Class B.

(b) Ciass C.

{c) Class A.
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current (Alp)  is then equal to 1 milliampere.
Thus, transconductance (g_ } is equal to:

Al
Bm = AE,

. | milliampere
m 7} volts

8, = -5 millimho
or 500 umhos

Remember that the voltage gain of a circuit
is measured by the ratio of the change in plate
voltage versus the change in grid voltage.
Because plate voltage is developed across a
resistor, the more current varies with a given
input signal, the greater will be the output
(E = I x R). If you have two tubes, one with a
gm of 500 umhos and the other of 5000 umhos,
you can estimate the relative gain of these twa
tubes. Assume that a circuit in which you wish
to use one of these tubes in has a load resistor of
100 k2 and that AE, will be 2 volts. The
voltage gain of these two circuits will be:

Tube 1:
_Llp
fm TAE,
AIP = AEg XEm

Alp =2 x .5 millimho
Alp = 1 milliampere
AE, = Al x Ry

AE, = (1 x 1073 amperes) x (100 x 10° ohms)

AE, = 100 volts

Gain = output
input
Gain = 100V =50
A

Tube 2:

_ Al
Em AE,
Alp = AB, X gy

AIp = 2 volts x 5 millimhos

Al = 10 milliamperes

AEp = AIP x Ry
AE, = (10 x 10-3 amperes) x (100 x 103
By ohms)

AEp = 1000 volts

.. 1000 volts _

Gain = Svols 500

As you can see, tube 2 is 10 times the amplifier
that tube 1 is.

Q26. The plate voltage of a tube will vary 126
volts when a 3-volt a.c. signal is applied
to the control grid. What is the gain of
this tube.

Q27. If the mu of a tube is 85 and the signal
at the control grid is 4 volts a.c., the
plate voltage will vary by what amount?

Q28. Transconductance is a measure of the
relationship between what two factors?

Q29. A tube has a transconductance of 800
umhos and a load resistor of 50 kQ2.
When control grid voltage varies by 6
volts, the plate voltage will vary by what
amount?

INTERELECTRODE CAPACITANCE

As you know, capacitance exists when two
pieces of metal are separated by a dielectric.
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You should also remember from your studies
that a vacuum has a dielectric constant of 1. As
the elements of the triode are made of metal and
are separated by a dielectric, capacitance exists
between them. 'Tthis capacitance is called
interelectrode capacitance, and is schematically
represented in figure 1-29.

Notice that there are three interelectrode
capacitances involved in a triode. The
capacitance between the plate and grid,
designated C__, is the largest, because of the
refatively large area of the plate, and therefore
has the greatest effect on triode operation. The
grid-to-cathode capacitance is designated C,, .
The total capacitance across the tube 18
designated Cpk.

Figure 1-28.—8chematic representation of interelectrode
capacitance.

As we said earlier, C__ has the greatest effect
on the tube operation. This is because this
capacitance will couple part of the a.c. signal
from the plate back to the grid of the tube. The
process of coupling the output of a circuit back
to the input is called FEEDBACK. This
feedback affects the gain of the stage. If may be
desirable in some applications. In others, the
effects must be neutralized. The effects of C
are greater at higher frequencies where X is
lower.

DEVELOPMENT OF TETRODE

Interelectrode capacitance cannot be
eliminated from vacuum tubes, but it can be
reduced. The easiest method found to reduce
interelectrode capacitance is to split the
capacitance between the grid and plate (Cpy)
into two capacitors connected in series. This is
done by placing an extra grid, called the
SCREEN GRID, between the control grid and
plate. This is shown in figure 1-30.

Remember, from your study of capacitance,
conneciing capacitors in series reduces the total
capacitance o a value smalier than either of the
capacitors. This is mathematically summed up as
follows:

= ELX C2
S )

The addition of the screen grid has the effect
of splitting Cp . into two capacitances (C1 and

A6, 42,

A27. 340 volis,

voliage.

A29. 240 volts.

A28. The changes in plate current and grid




SCREEN

CONTROL
GRID
(G}

Figure 1-30.—Effect of the screen-grid on interelectrode
capagitance.

C2) connected in series. Therefore, the total
interelectrode capacitance between the control
grid and plate is greatly reduced.

OPERATION OF THE BASIC
TETRODE CIRCUIT

Figure 1-31 depicts a basic tetrode circuit.
While the circuit may look complicated, it isn't.
You are already familiar with most of the
circuit. Only three components have been
added: the screen grid, the screen grid dropping
resistor, and the screen grid bypass capacitor
(Cyp )
gThe problem now is: at what voltage and
polarity should the screen grid be operated? If
the screen grid were operated at a potential that

Figure 1-31.—Basic tetrode circuit.
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would make it negative in relation to the control
grid, it would act as a negative screen between
the plate and control grid. As a result, gain
would be reduced. If the screen grid were
operated at plate potential, it would draw
current from the electron stream when the tube
conducts. Because of this, the value of ng is
normally selected to cause the screen grid to be
positive in relation to the control grid, but not
as positive as the plate.

Despite this precaution, the screen grid still
draws some current from the electron stream.
Any signal applied to the control grid will
appear at the screen grid inverted by 180° from
the input signal. This is undesirable, as it reduces
the gain of the tube. Consider the effect if the
control grid goes positive. Conduction through
the tube increases, and since the screen grid is in
the electron stream, it will draw some current.
This causes the screen grid to go toward negative
potential (less positive). The effect then, is to
place a negative-going electrode between the
plate and positive-going control grid. The plate
becomes partially screened by the negative-going
screen grid, and again, gain will decrease.
Because the signal at the screen grid is always
180° out of phase with the control grid, its
effect will always be to oppose the effect of the
control grid.

To overcome this, a bypass capacitor (ng) is
connected beifween the screen grid and ground.
The addition of this capacitor will shunt, or
pass, the a.c. variations ont the screen grid to
ground while maintaining a steady d.c. potential
on the screen grid. In other words, C,, removes
all of the undesired effects mentionéd in the
previous paragraph.

One very useful characteristic of the tetrode
fube is the relationship between the plate and
screen grid. The screen grid will lessen the effect
that a decreasing plate potential (negative-going
signal) has on conduction through the tube. In a
triode, when the grid goes positive, the plate
goes negative, This decreases -electrostatic
attraction across the tube and tends to decrease
the gain somewhat.

In a tetrode, the screen grid has the ability
to isolate the effect that a.c. variations on the
plate have on the electron stream.

The positively charged screen grid will
accelerate electrons across the tube even though



the plate is negative going. As long as the plate
remains positive in relation to the cathode, it
will draw off these accelerated electrons. As a
result, conduction through the tube when the
plate is going negative will not be decreased.
This is another big advantage of screen-grid
tubes.

TETRODE CHARACTERISTICS

Because the screen grid is in the electron
stream, it will always draw some current. The
current drawn by the screen grid will be lost to
the plate. This means that the transconductance
of a tetrode, which is based on the amount of
plate current versus control-grid voltage, will be
lower in tetrodes than in triodes. The formula
for transconductance of a triode:

)

Em A,

must be adjusted for screen-grid current, and
becomes

bn TTTAE,

As you can see, the transconductance for a
tetrode can never be as high as for a tricde of
similar construction.

Secondary Emission

While iowered transconductance in a tetrode
is an undesirable characteristic, it is not the
reason that tetrodes have found little acceptance
it electronics. The factor that severely limits the
operation of tetrodes is SECONDARY
EMISSION,

Because the screen grid is positively charged,
electrons traveling from the cathode to the plate
are accelerated. Electrons are accelerated to such
an extent that they dislodge electrons from the
plate when they strike it. This is similar to the
manner in which a high-velocity rifle bullet,
fired into a pile of sawdust throws sawdust
about. Some of these electrons are fired back
into the tube, where they tend to accumulate
between the screen grid and plate. This effect is
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most pronounced when the signal at the control
grid is going positive and conduction through
the tube is increasing. The plate in this situation
is going negative in answer to the control-grid
signal. This causes the electrons accumulating
between the plate and screen grid to be attracted
to the screen grid. The current that is drawn by
the screen grid is lost to the plate and gain is
decreased. Gain is also decreased in another way.
The negative charge accumulated by secondary
emission causes some of the electrons (from the
cathode} to be repelled from the plate which
further reduces gain.

Another wundesirable characteristic of
tetrodes associated with secondary emission is
that the outputs are NOISY. What this means is
that small sporadic signals appear on the main
output signal, as shown in figure 1-32. When
electrons are knocked from the plate, they
represent losses of plate current and
corresponding positive pulses on the output.
Electrons falling back to the plate represent
increases in plate current and cause
negative-going pulses to appear in the output,

For these reasons tetrodes are only used in
very specialized applications of electronics.

Q30. How does the addition of a screen grid in

a tetrode reduce interelectrode
capacitance?
*+Epp *Epp

TRIODE TETRODE

Figure 1-32.—Noise in a tetrode circuit.



Q31. What undesirable effect is created in a
tetrode by the screen grid?

THE PENTODE

The problem of secondary emission
associated with the screen grid of a tetrode has
been reduced by --you guessed it, the addition of
another grid.

This third grid, called a SUPPRESSOR
GRID, is placed between the screen grid and
plate. The suppressor grid is normally connected
either internally or externally to the cathode
and bears the same charge as the cathode. This is
shown in figure [-33. Because of its negative
potential (relative to individual electrons), any
electrons that are emitted by the plate, through
secondary emission, are repelled back toward
the plate.

You might think that a grid with a negative
potential placed close to the plate would
interfere with the electron stream. However, this
is not the case. Because the suppressor grid is

Figure 1-33.~Basic pentoda circuit,

negatively charged, it will not draw grid current.
Additionally, the wide spacing between the
meshes of the suppressor and its Iocation
between two positive elements of the tube
ensures that the suppressor grid’s effect on the
electron stream will be minimum. Only the
electrons emitted by secondary emission from
the plate are affected by the suppressor grid.

Because pentodes do not suffer f{rom
secondary emission, they have replaced the
tetrode in most applications.

Q32. The suppressor grid is added to a tetrode
to reduce what undesirable characteristic
of tetrode operation?

Q33. On the diagram below, name the
elements of the vacuum tube and their
potentials relative to d.c. ground,

a

W

SUMMARY

This topic has introduced you to the four basic types of vacuum tubes.
The following is a summary of the main points of the topic.

THERMIONIC EMISSION is caused when
metallic substances are heated to high
temperatures. Electrons liberated by thermionic
emission provide the conduction currents of
vacuum tubes,
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AMMETER —

METAL
PLATE

A DIODE VACUUM TUBE is composed of two
elements: the cathode and the plate.

GAP

FILAMENT

bt

A30.

A32.

A33.

The interelectrode capacitance (cpg) is
divided between two series capacitances;
thus, cpg is greatly reduced.

Secondary emission, and noise,

Secondary emission.

(a) Plate, positive,
(b) Suppressor grid, negative.

{c) Cathode, can be negative, positive or
at d.c. ground potential depending
on biasing type.

(d) Control grid, negative.

f
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THE CATHODE s the electron-emitting
element of a tube. Cathodes are usually
composed of special materials that are either
directly or indirectly heated.

DIODE OPERATION depends upon current
flow through the tube. Because the cathode is
the only electron-emitting element in the tube,
current can only flow in one direction, from the
cathode to the plate. For current to flow, the
plate must be positive relative to the cathode,
When the plate is negative relative io the
cathode, current cannot flow within the tube.

THE CHARACTERISTIC CURVE for an
electron tube is a graphic plot of plate current
(I;) versus plate voltage (E;). From this, d.c.
plate resistance can be computed by the
formula:

Rp =
IP

FACTORS THAT LIMIT VACUUM TUBE
OPERATION are plate dissipation, maximum
average current, maximum peak-plate current,
and peak-inverse voltage.

DIODE RECTIFIERS take advantage of the fact
that diodes will conduct in only one direction.
When a.c. voltages are applied to diodes,
conduction occurs only on the alternation that
makes the plate positive relative to the cathode.
Because of this, the output current consists of
one polarity. Because it flows in pulses rather
than coniinucusly, it is called pulsating d.c.

SUPPORT
a—F [LAMENT
DIRECTLY
MEATED
SCHEMATIC CONSTRUCTION
AMMETER
AN
% Eyp
T o4

14

P4t
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DICDE CONSTRUCTION is the basic
construction plan of most vacuum tubes. The
tube is constructed of the following parts:
filament and/or cathodes, plates, envelope, and
base.

A TRIODE is basically a diode with a control
grid mounted between the plate and cathode.
The control grid gives the triode the ability to
amplify signals.

THE OPERATION OF A TRIODE depends on
the ability of the control grid to either increase
or decrease conduction through the tube in
response to an a.c. input signal. The output
voltage is developed across the tube between the

_ GLASS ENVELOPE

PLATES
——

FILAMENTS

BASE

PINS
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cathode and plate because of the voltage drop
across the plate-load resistor changing as the
plate current responds to the input signal.

TUBE BIASING is the process of placing a d.c.
voltage, usually negative, on the grid. Bias has
several functions in circuit design. Biasing may
be divided into two types: fixed and self. Tubes
using fixed bias have a d.c. voltage applied to
their control grids from an external source such
as a battery. Self-biasing voltages, on the other
hand, are- derived from current conducting
through the tube. The most common types of
self-biasing are cathode biasing and grid-leak
biasing.

THE CLASS OF OPERATION OF AN
AMPLIFIER is determined by the bias applied
to a triode. An amplifier operating as class A
conducts continually through the duration of
the input cycle. Class AB operation occurs when
the amplifier conducts for more than haif but
less than the entire duration of the input cycle.
A class B amplifier conducts for only 50% of the
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input cycle. The class C amplifier conducts for
iess than half of the input cycle.

TRANSIT TIME is the time required for
electrons emitted by the cathode to reach the
plate. Because transit time in a vacuum tube is
considerably less than the speed of light, vacuum
tube operation is affected at high frequencies.

INTERELECTRODE CAPACITANCE is created
by the naturally occurring capacitance between
elements in a vacuum tube. One effect of
interelectrode capacitance is to feed back a
portion of the cutput of a triode to the input.
This effect is a prime-limiting factor in applying
triodes. It is a major reason why triodes are
seldom used—especially at the higher
frequencies.

MU AND TRANSCONDUCTANCE are
measures of tube efficiency. Mu (u), or
amplification factor, is a measure of the amount
that plate voltage varies in relation to variation
of the input voltage. Mathematically, mu (i) is
expressed as

AEy
R=
AE,

TRANSCONDUCTANCE on the other hand is a
measure of the amount of variation of plate
current caused by a variation of the input signal.
Mathematically it is expressed as:

Al
g e
m “AE,
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TETRODES were developed to compensate for
the effects of interelectrode capacitance. Placing
a positively charged screen grid between the
control grid and plate has the effect of adding a
capacitor in series with the capacitance that
exists between the control grid and plate. This
reduces total capacitance below the value of
either capacitor as shown by applying the
formula:

_ClxC2

Cr=¢&rvc

SECONDARY EMISSION of electrons from the
plate is caused by the acceleration of electrons
by the screen grid. This causes the performance
of a tetrode to be degraded. In addition to
reduced amplitude, the output signals become
noisy.

PENTODES do not suffer from the effects of
secondary emission. This is because a negatively
charged suppression grid placed between the
screen grid and plate forces any electrons
emitted back to the plate.
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TOPIC 2

SPECIAL PURPOSE TUBES

LEARNING OBJECTIVES

Learning objectives are stated at the beginning of each topic. These learning
objectives serve as a preview of the information you are expected to learn in the
topic. The comprehensive check questions are based on the objectives, The
learning objectives are listed below.

Upon completion of this topic, you will be able to:

1. Determine the number and type of in-
dividual tubes contained within the single
envelope of a multi-unit tube.

2. Explain the function and operating principle
of the beam power tube and the pentode
tube.

3. State the difference between the capabilities
of conventional tubes and variable-mu
fubes,

4. Describe the construction of uhf tubes, and
explain the effects that ultra-high {re-
guencies have on conventional-tube
operation.

5. Explain the operation of gas-filled diodes,
thyratrons, and cold-cathode tubes.

6. Explain the operating principles behind
cathode-ray tubes, and the manner in which
these tubes present visual display of elec-
tronic signals,

INTRODUCTION TO SPECIAL
PURPOSE TUBES

Because of their great versatility, the four
basic tube types (diode, triode, tetrode, and
pentode) covered in topic I are found in the
majority of electronic circuits. These types of
tubes do have limits however, such as, size,
frequency, and power handling capabilities.

Special purpose tubes are designed to
operate or perform functions beyond the cap-
abilities of the basic tube types discussed in topic

2-1

1. The special purpose tubes covered in this topic
will include multi-unit, multi-electrode, beam
power, power pentode, variable-mu, uhf, cold
cathode, thyrairons, and cathode-ray tubes,

MULTI-UNIT AND MULTI-
ELECTRODE TURES

One of the problems associated with electron
tubes is that they are bulky. The size of



an electron tube circuit can be decreased by
enclosing more than one tube within a single
envelope, as mentioned in topic 1. There is a
large variety of tubes that can be combined into
this grouping of ‘‘specialty tubes” called
MULTI-UNIT tubes. Figure 2-1 illustrates the
schematic symbols of a few of the possible
combinations found in multi-unit tubes,

An important point to remember when
dealing with multi-unit tubes is that each unit is
capable of operating as a separate tube. But,
how it operates, either as a single tube oras a
multi-unit tube, is determined by the external
circuit wiring. When vyou are analyzing the
schematic of a circuit, simply treat each portion
of a multi-unit tube as a single tube, as shown in
figure 2-2.

Another type of special purpose tube is the
MULTI-ELECTRODE tube. In some
applications, tubes require more than the three
grids found in conventional tubes. In some cases,
up to seven grids may be used, These types of
tubes are called multi-electrode tubes and are
normally classified according to the number of
grids they contain, An example of this is

DuC-DIODE DUO-DIODE DUC=-DIQDE

TWIN TRIODE TWIN PENTODE DIODE PENTODE

TRICDE PENTODE

TWIN-DICDE
PENTODE

illustrated in figure 2-3, Here, you see a tube
with five grids; hence, its name is “pentagrid.”
The application of these fube types is beyond
the scope of this module, buf because
multi-electrode tubes are commonly used you
should be aware of their existence.

BEAM POWER AND POWER
PENTODE TUBES

The tube types you studied in the first topic
have one serious drawback; namely, they are not
suitable as power amplifiers. Because of
high-plate resistance and internal consiruction,
tubes such as the triode, tetrode, and pentode
are used only as voltage amplifiers, When power
amplification is required Chigh-current

requirements), special purpose fubes called
POWER PENTODES and BEAM POWER tubes
are used.

Figure 2-4 shows the arrangement of grids in
a conventional pentode. The small circles depict
cross sections of the grids. Notice that each grid
is offset, or staggered, from the grid directly

TWIN TRIODE TWIN TRIODE TWIN-INPUT TRIODE

TWIN-DIODE
TRIODE

TETRODE
PENTOQDE

DIODE TRIODE
PENTODE

Figure 2-1.—Typical multi-unit tube symbols,



OUQ - DIODE
TETRODE

1 TETRODE

DICDE-TRIODE
PENTODE

1 PENTODE

2 DIODES

1 TRIODE 1 DIODE

Figure 2-2.—Multi-unit tube identification.

PLATE

SUPPRESSOR GRiD
SIGNAL. GRID SREEN GRiD
CONTROL GRID T A
CATHODE FILAMENT

Figure 2-3.~Pentagrid muiti-electrode tube,

CONTROL SCREEN

CATHODE PLATE

ELECTRON
PATHS

figure 2-4.—Electron flow in a conventional pentode.

behind it, This arrangement of grids permits
each grid to be exposed to the electron stream
flowing from cathode to plate. In this way, each
grid will have maximum effect on the electron
stream. There are two undesirable effects

associated with the staggered grid arrangement
which make it unsuitable for use in power
amplifiers.

First, no direct path exists between the
cathode and plate. Electrons leaving the cathode
must run an obstacle course around the grid
wires to reach the plate. Some of these electrons
are deflected by the grid and scattered and, thus,
never reach the plate. Secondly, some electrons
strike the grid wires and are removed from the
electron stream as grid current. Because of these
two undesirable effects, the amount of plate
current that can flow through the tube is greatly
reduced. Because of this loss of electrons from
the stream, conventional tetrodes and pentodes
are not suitable for power. Therefore, a special
class of tubes has been developed to overcome
these problems—the BEAM POWER and
POWER PENTODE TUBES.

Figure 2-5 shows the cross section of the
power pentode. Notice that there is no staggered
grid arrangement. Instead, each grid wire is
directly in line with the grid in front and behind
it, The screen and suppressor grids are shielded
from the electron stream by the control grid.
Because the screen grid is “shielded” by the
control grid, it can draw little grid current from
the electron stream.
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Figure 2-5,—Electron flow in a power pentode.

This arrangement of grids offers few
obstacles to electron flow. Electrons will flow in
“sheets” between the grid wires to the plate.
The effect is to allow more of the electrons
leaving the cathode to reach the plate, Thus, the
tube has the advantage of high power output
and high efficiency, An added advantage to this
type of grid arrangement is high-power
sensitivity. This means that the tube can respond
to much smaller input signals than the
conventional electron tube, The reason for this
is obvious; many more electrons reach the plate
from the cathode. Therefore, large plate currents
can be obtained from relatively weak input

signals.
Another type of power amplifier tube that is
similar to the power pentode is the

BEAM POWER TUBE. Beam power tubes have
the same grid arrangement as the power
pentodes. In addition, they use a set of beam-
forming plates to force the electron stream into
concentrated beams. Figure 2-6 depicts the
internal construction of a beam-forming tube
and its schematic representation. Notice that the
beam-forming plates surround the grids and their
supporting structures and are internally
connected to the cathode. This internal
connection ensures that the beam-forming plates
are at the same negative potential as the
cathode. Electrons that are emitted from the
sides of the cathode are repelied away from the
grid supports and into the electron stream by
the negative charge on the beam-forming plates.
Electrons pass to the plate through the spaces
between the beam-forming plates and, by doing
0, they are concentrated into beams. Because
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Figure 2-6.—The beam-power tube.

the beam-forming plates are at a negative
potential, any electrons emitted by secondary
emission are repelled back to the piate. The
effect of the beam-forming plates is to increase
the number of electrons in the electron stream
by forcing stray electrons emitted from the sides
of the cathode away from the grid supports and
into the electron beam. Electrons that are
deflected from the grid wires are also forced info
the beam. This increases the total current



flowing to the plate. For this reason, both
beam-forming and power pentodes are suitable
for use as power amplifiers.

VARIABLE-MU TUBES

In most electron-tube circuits, the operating
level of a tube is determined by the level of bias.
When a negative-bias voltage is applied to the
control grid of a tube, with no input signal, the
conduction through the tube is reduced, thus
the damage to the tube is minimized. There is
one drawback to this. Because the control grid is
already negatively charged by the bias voltage,
the negative alternation of a large input signal
will drive the tube into cutoff long before the
positive alternation can drive the tube into
saturation. Once the negative alternation reaches
a certain level (determined by the bias voltage
and tube characteristics), the tube simply cuts
off. For this reason conventional tubes, which
you previously studied, are called
SHARP-CUTOFF TUBES. Because of this sharp
cutoff, the range of amplification of the
conventional tube is limited by the bias voltage
and tube characteristics. Once this range is
exceeded, the output becomes distorted due to
cutoff.

In most applications, the sharp cutoff
feature of conventional electron tubes causes no
problems. However, in some applications
electron tubes are required to amplify relatively
large input signals without distortion. For this
reason, the variable-mu tube was developed.
VARIABLE-MU TUBES have the ability to
reduce their mu, or u, as the input signal gets
larger. As the mu (u) decreases, the likelihood
that the tube will be driven into cutoff
decreases. (For an amplifier, this may appear to
be self-defeating, but it isn’t.) The idea is to
amplify large input signals as much as possible
without causing the tube to cut off or create
distortion. Because of their ability to avoid
being driven into cutoff, variable-mu tubes are
called REMOTE-CUTOFF TUBES. You should
be aware, however, that a variable-mu tube can
be driven into cutoff, but the amplitude of the
input signal required to do so is considerably
greater than in conventional sharp-cutoff
tubes.
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The key to the ability of a variable-mu tube
to decrease gain with an increase in the
amplitude of the input lies in its grid
construction.

To understand how the unique grid
construction of a variable-mu tube works, we
will first examine the grid operation of a
conventional tube during cutoff, Look at figure
2-7. Here, you see a diagram of a conventional
sharp-cutoff triode with zero volts applied to the
control grid. In view (A), the majotity of the
electrostatic lines of force leave the positive
plate (+) and travel unhindered between the
evenly spaced grid wires to the negative cathode
(-). Electrons emitted by the cathode travel
along these lines from the cathode, through the
grid spacings, to the plate.

In view (B), a bias voltage of -6 volts is
applied to the grid. As you can see, some of the
electrostatic lines of force are attracted to the
negatively charged grid wires while the rest pass
through the grid spacings. Because there are
fewer lines of force reaching the cathode, there
are fewer paths for electrons to use to reach the
plate. As a result, conduction through the tube
is decreased,

In view (C), the negative potential of the
grid has been raised to -20 volts which drives the
tube into cutoff. All of the electrostatic lines of
force terminate at the negatively charged grid,
instead of continuing on to the cathode. The

electrons emitted by the cathode will not feel

the electrostatic attractive force of the positively
charged plate. Under these conditions, current
cannot flow through the tube.

Now look at figure 2-8. Here you see a
diagram of a variable-mu, or remote-cutoff,
tube. The only difference between the remote-
cutoff tube depicted and the sharp-cutoff tube is
in the grid wire spacing. In the conventional
sharpcutoff tube, the grid wires are evenly
spaced while in the remote-cutoff tube the grid
wires in the middle of the grid are placed
relatively far apart. This is shown in view (A).

In view (B), the control grid is at zero
potential (O volts). Just as in the sharp-cutoff
tube, electrons leave the cathode and travel
along the lines of electrostatic attraction,
through the spaces between the grid wires to the
piate, In view (C), a bias voltage of -6 volts is
applied to the grid, Because of the close spacing
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of the grid wires at the ends of the grid,
electrostatic lnes of force at the ends are
effectively terminated. The lines of force can
only pass between the widely spaced grid wires
closer to the center of the grid.

In view (D), the same negative potential
(-20 volts) is applied to the grid that caused the
conventional sharp-cutoff tube discussed earlier
to go into cutoff. This voltage is high enough to
terminate most of the electrostatic lines of force
on the grid wire. But, because of the wide
spacing between the center grid wires, some
electrostatic lines of force are still able to pass
between the center grid wires and reach the
cathode. Conduction will still occur in the tube,
but at a reduced level. If the grid is driven even
more negative, lines of force will be blocked



from reaching the cathode, except at the very
center of the grid. As you can see, the
remote-cutoff tube, by its ability to reduce gain
{conduction), handles large signals without going
into cutoff, A variable-mu tube such as a 6SK7
with -3 volts applied to the grid will have a
transconductance of about 2000 pmbhos. If the
grid is driven to -35 volts, the transconductance
of the tube will decrease to 10 umhos. This same
increase in negative-grid voltage would have
driven a conventional tube into cutoff iong
before reaching -35 volts,

Q1. What is the major difference in grid
construction between power pentodes
and conventional pentodes?

Q2. Beam-forming tubes and power tubes are
similar except that power pentodes lack
what element?

Q3.  What effect does the shielding of the
screen grid by the control grid have on
plate current in beam-forming tetrodes?

Q4.  What effect does a large negative input
signal applied to a variable-mu tube have
on (a) conduction through the control
grid, and (b) gain of the tube?

Q5. Identify the type of electron tube(s)
which would be most suitable for the
following applications.

(a) Power amplifier

(b} Voltage amplifier with small
signal inputs

(c}) Low distortion amplifiers for use
with large signal inputs

SPECIAL UHF TUBES

In the earlier discussion of conven-
tional-electron tubes, you learned some of the
limitations of tubes, One of these limitations
was that the conventional tube was not able to
operate (amplify) at extremely high frequencies
such as those used in radar equipment. Even at
frequencies lower than those used in radar
equipment, problems occur. For example, at
ultrahigh frequencies (300 MHz to 3000 MHz),
transit time effects make the operation of a
conventional-electron tube impossible. For this
reason, the special ultrahigh frequency tubes
were developed to operate within this frequency
range.

Before going into a discussion of the way in
which special uhf tubes counter the effects of
transit time, you should understand the manner
in which transit time affects conventional
tubes.

LIMITATION OF TRANSIT TIME

The limitation of transit time will be
explained using figure 2-9. In view (A), the
positive going alternation of a uhf a.c. signal is
applied to the grid of a conventional-triode tube.
The first positive-going alternation reduces the
negative bias on the grid, and electrons start to
move foward the grid. Since the input is an
ultrahigh frequency signal, the majority of the
electrons cannot pass the grid before the input
signal progresses to the negative alternation. The
electrons that have not yet passed the grid are
either stopped or repelled back toward the
cathode. This is shown in view (B). Before these
electrons can move very far, the second positive
alternation reaches the grid, and causes even
more electrons to move from the cathode {view
C). At the same time, the electrong that were
repelled from the grid toward the cathode by
the first negative alternation feel the effect of
the positive-going grid. These electrons reverse
direction and again move toward the grid,
Because these electrons had to first reverse
direction, they are now moving slower than the
electrons that are attracted from the cathode by
the second positive alternation. The result is that



the electrons from the cathode catch up to the
slower moving electrons and the two groups
combine (view C). This action is called
BUNCHING.

In effect, the area between the grid and
cathode becomes highly negatively charged, as
shown in view (D). This negative charge is
surrounded by an electrostatic field. The
electrostatic field cuts the giid and repels
electrons which are present in the grid. As
electrons are forced from the grid, the grid tries
to go positive. Unfortunately, this tendency
toward a positive charge attracts electrons from
the mass or bunched charge. Thus, as an electron
is forced from the grid; it is replaced by another
from the massed charge. Electrons forced from
the grid represent grid current (Jg), as shown in
view (E). The grid current flows from the grid
through Rg, to the cathode, from the cathode,
to the massed charged, and back again to the

grid. The movement of current in this manner is,
in effect, a path for current flow from the
cathode to the grid. Because current flows
between the cathode and grid, the resistance
(rgk) between these elements is lowered to the
point of a short circuit. The grid, in effect, is
short circuited to the cathode and ceases to
function, and this, in turn, lowers tube
efficiency dramatically. This is shown in view
() of figure 2-9.

Transit time may be decreased by reducing
the spacing between electrodes or by increasing
the electrode voltages, which in furn increases
electron velocity through the fube.

The problem with the last solution is that
the tube does not present an infinite resistance

‘to current flow. If the operating voltage is raised

to an operating potential that is too high, arcing
(arcover) occurs between the cathode and plate
and, most likely, will destroy the tube. For this

increased.

A4, (a) A

tetrode.

Al.  Conventional pentodes have a staggered
grid arrangement, while power pentodes
have a shielded grid arrangement.

A2,  Beam-forming plates.

A3. By increasing the number of electrons
that reach the plate, plate current is

large negative voltage causes
conduction to occur only at the
center of the grid.

(b) Decreases gain.

AS. (a) Power pentode or beam-forming

{b) Conventional tube.
{c¢) Variable-mu tube.
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Figure 2-9.—Effect of transit time at uitrahigh frequencies.

reason, the effects of transit time are reduced in
uhf tubes by placing the tube elements very
close together,

UHF TUBE TYPES

- Uhf tubes have very small electrodes placed
close together and often are manufactured
without socket bases. By reducing all the
physical dimensions of the tube by the same
scale, the interelectrode-capacitance and transit
time effects are reduced, without reducing the
amplification capability of the tube. A
disadvantage to. this type of tube construction is
that the power-handling capability of these
tubes is also reduced due to the close placement
of the tube elements,

Uhf tubes are placed in three broad
categories based on their shape andfor
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construction; ACORN, DOORKNOB, and
PLANAR TUBES.

Acorn and Doorknob Tubes

ACORN TUBES, as shown in figure 2-10,
are available for use as diodes, triodes, or
pentodes. Acorns are very small tubes which
have closely spaced electrodes and no bases. The
tubes are connected to their circuits by means of
short wire pins that are sealed in the glass or
ceramic envelope. Because of their small size,
acorn tubes are usually used in low-power uhf
circuits,

The DOORKNOB TUBE is an enlarged
version of the acorn tube, Because of its larger
physical size, it can be operated at higher power
than the acorn tube,
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Planar Tubes

PLANAR TUBES are so named because of
their construction. The ordinary (conventional)
tube wyou studied earlier uses concentric
construction. This means that each element
(cathode, grid, and plate) is cylindrical in shape.
The grid is placed over the cathode, and the
plate, which is the largest cylinder, is placed over
the grid. The result is a tube composed of

concenfric cylinders like the one shown
in figure 2-11. Thus, the name concentric
tubes. '

At ultrahigh frequencies, the problems of
.producing small tube elements while reducing
the spacing beiween elements become very
difficult, Not only are the elements hard to keep
parallel with each other during the
manufacturing process, but they also have a
tendency to warp and sag under normal
operating conditions. Since these elements are
already as close together as possible, any
reduction in element spacing can cause arcing.
Therefore, a new type of tube was developed to
prevent arcing or element sagging in
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PICTORIAL DIAGRAM OF
MECHANICAL STRUCTURE

Figure 2-11.—Concentric construction of a conventional
tube.

~pnventional tubes. This tube is known as the
planar tube.

Planar tubes are electron tubes in which the
cathode, plate and grids are mounted parallel to
each other, Their physical construction greatly
resembles a schematic diagram of a normal tube,
as shown in figure 2-12.

A typical planar tube is depicted in figure
2-13. Notice that the tube elements are mounted
close to each other and are paraliel to one
another. The oxide coating of the cathode is
applied to the top surface only. Therefore, the
emitting surface of the cathode is parallel to the
plate and grid.

The plate of the tube consists of a
cylindrical stud. This stud-plate construction has
two purposes. Its flat lower surface serves as a
parallel plate, and ifs external upper end serves
as the external-plate connection from the tube
to the circuit.

Because of its construction, the planar tube
cannot use the ladder type grid, with which you



Figure 2-12,—Resemblance of a planar tube to a
schematic diagram.

are familiar, Instead, the grid, formed into a
circle, is composed of a wire mesh similar to that
of a common screen door.

The cathode structure is manufactured in
two parts. Point A of figure 2-13 is the metallic
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shell of the tube and is used to couple (or
connect) unwanted radio frequency signals from
the cathode to ground. This connection is not,
however, a direct coupling. The wafer at point C
of figure 2-13 is composed of mica which serves
as a dielectric. The lower extension of the
cathode serves as one plate of the capacitor,
while the other plate is formed from the
flattened upper portion of the cathode-
connector ring. The cathode has a direct
connection to the tube pin through the
connector labeled point B. You might think that
this is a rather complicated method to connect
the cathode to a circuit, but it serves a purpose.
At high frequencies, the wiring of a circuit can
pick up radio frequency signals and retransmit
them, If the wiring involved happens to be the
wiring used to supply d.c. voltages to the circuit,
all the tubes in the circuit will receive the signal.
The result will be massive distortion throughout
the circuit,

ENLARGEMENT OF
CATHODE - GRID - PLATE AREA

CATHODE

Figure 2-13.—~Internal structure of & typical planar tube.



The problem can be eliminated by isolating
-the d.c. and radio frequency circuits from each
other. In planar tubes, this is fairly simple. The
point A ring is grounded. Any 1f signals that the
cathode may pick up through tube conduction
are grounded or shorted to ground through the
capacitive coupling with the point A shell. In
other words, the point A shell - (capacitive
ground) serves the same function as the bypass
capacitor in a cathode-biased circuit, Because
the capacitor will not pass d.c., bias voltages can
be applied to the cathode through the tube pins.

Notice the external shape of the planar tube
in figure 2-13. The tube is composed of §
sections, or cylinders. As you go from the top to
the bottom, each cylinder increases in diameter.
Because of this piled cylinder construction, the
tube resembles a lighthouse, and is therefore
known as a LIGHTHOUSE TUBE.

Another type of planar tube is shown in
figure 2-14. This type of tube, because of its
external appearance, is called an OILCAN
TUBE. The major difference between it and the
lighthouse tube is the addition of cooling fins
mounted on the tube to handle more power
than the lighthouse tube. Because of their planar
construction both types of tubes are capable of
handling large amounts of power at uhf
frequencies.

COOLING FINS COMMON
ELECTRICALLY TO ANODE
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Figure 2-14.—Qilcan planar tube.

Q6. What effect does transit time have on a
conventional triode operated at uhf
frequencies?

Q7. Uhf tubes counter the effects of transit
time in what manner?

Q8. Acorn and doorknob tubes cannot
handle large amounts of power for what
reason?

Q9.  What type of uhf tube was developed to
handle large amounts of power?

GAS-FILLED TUBES

You know that great effort is made to
produce a vacuum which is as perfect as possible
within electron tubes. But, even the best vacuum
pumps and getters cannot remove all of the air
molecules, However, the chances of an electron
hitting a molecule in a near vacuum are very slim
because of the great distance between the
molecules as compared to the size of the
electron. An electron can pass between two
molecules of air inside the tube as easily as a pea
could pass through a circle having a diameter
equal to that of the carth!

In some tubes, the air is removed and
replaced with an inert gas at a reduced pressure,
The gases used include mercury vapor, neon,
argon, and nitrogen. Gas-filled tubes, as they are
called, have certain electrical characteristics
which are advantageous in some circuits. They
are capable of carrying much more current than
high-vacuum tubes, and they tend to maintain a
constant IR drop across their terminals within a
limited range of currents. The principle of
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operation of the gas-filled tube involves the
process called ionization,

ELECTRICAL CONDUCTION
iN GAS DIODES

An operating gas-filled tube has molecules,
ions, and free electrons present within the
envelope. In a gas-filled diode, the electron
stream from the hot cathode encounters gas
molecules on its way to the plate. When an
electron collides with a gas molecule, the energy
transmitted by the collision may cause the
molecule to release an electron. This second
electron then may join the original stream of
electrons and is capable of freeing other
electrons. This process, which is cumulative, is a
form of ionization. The free electrons, greatly
increased in quantity by ionization, continue to
the plate of the diode. The molecule which has
lost an electron is called an ion and bears a
positive charge. The positive ions drift toward
the negative cathode and during their journey
attract additional electrons from the cathode.

The velocity of the electrons traveling
toward the plate varies directly with the plate
voltage. If the plate voltage is very low, the
gas-filled diode acts almost like an ordinary
diode except that the electron stream is slowed
to a certain extent by the gas molecules. These
slower-moving electrons do not have enough
energy to cause ionization when they hit the gas
atoms. After the plate voltage is raised to the
proper level of conduction, the electrons have
enough energy to cause ionization when they hit
the gas molecuies. The plate potential at which
ionization occurs is known as the IONIZATION
POINT, or FIRING POTENTIAL, of a gas tube.
If the plate voltage is reduced after ionization, it
can be allowed to go several volts below the
firing potential before ionization (and hence
high-plate current) will cease. The value of the
plate voltage (E,) at which ionization stops is
called the DEIONIZATION POTENTIAL, or
EXTINCTION POTENTIAL. The firing point is
always at a higher plate potential than the
deionization point.
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GAS TRIODE

The point at which the gas ionizes can be
controlled more accurately by inserting a grid
into the gas diode. A negative voltage on the
grid can prevent electrons from going to the
plate even when the plate voltage is above the
normal firing point. If the negative-grid voltage
is reduced to a point where a few electrons are
allowed through the grid, ionization takes place.
The grid immediately loses control, because the
positive ions gather about the grid wires and
neutralize the grid’s negative charge. The gas
triode then acts as a diode. If the grid is made
much more negative in an effort to control the
plate current, the only effect is that more jons
collect about the grid wires—the tube continues
to conduct as a diode. Only by removing the
plate potential or reducing it to the point where
the electrons do not have enough energy to
produce ionization will tube conduction and the
production of the positive ions stop. Only after
the production of positive ions is stopped will
the grid be able to regain control.

Such gas-filled triodes are known as
THYRATRONS. Thyratrons are used in circuits
where current flow in the thyratron’s output
circuit is possible only when a certain amount of
voltage is present on the thyratron’s grid. The
flow of plate current pessists even after the
initiating grid voltage is no longer present at the
grid, and it can be stopped only by removing or
lowering the plate potential. The symbols for
the gas-filled diode, the voltage regulator, and
the thyratron are the same as that for the
high-vacuum tubes except that a dot is placed
within the envelope circle to signify the presence
of gas. Some examples of gas-filled tube
schematic symbols are shown in figure 2-15.

Before leaving this section you should be
aware of one precaution associated with
mercury-vapor tubes. The mercury vapor is not
placed in the tube as a vapor; instead a small
drop of liquid mercury is placed in the tube
before it is sealed. When the liquid mercury
comes in contact with the hot filament, the
mercury vaporizes.

To ensure that the mercury has vaporized
sufficiently, the filament voltage must be
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Figure 2-15.—Schematic diagram of gas-filled tubes.

applied to mercury-vapor tubes for at least 30
seconds before the plate voltage is applied. If
vaporization is incomplete, only partial
ionization is possible, Under these conditions,
the application of plate voltage results in a
relatively high voltage drop across the fube
(remember E=I1x R), and the positive ions
present are accelerated to a high velocity in the
direction of the cathode. As the ions strike the
cathode, they tear away particles of the emitting
surface, and permanent damage to the cathode
and fube usually results. When the mercury is
.completely vaporized, the action of the gas is

such that the voltage drop across the tube can
never rise above the ionization potential {about
15 volts). At this low potential, positivedon
bombardment of the cathode does not result in
damage to the emitting surface,

Generally, when gas-filled tubes are in the
state of ionization, they are illuminated
internally by a soft, blue glow. This glow is
brightest in the space between the electrodes
and of lesser intensity throughout the remainder
of the tube envelope. This glow is normal and
must not be confused with the glow present in
high-vacuum tubes when gases are present. A
high-vacuum tube with a bluish glow is gassy and
should be replaced. The ionization of these gases
will distort the output of the tube and may
cause the fube to operate with much higher
plate current than it can safely carry.

COLD-CATHODE TUBES

The cold-cathode gas-filled tube differs from
the other types of gas-filled tubes in that it lacks
filaments, Thus, its name “COLD-CATHODE
TUBE.” In the tubes covered in this text thus
far, thermionic emission was used fo send
electrons from the cathode to the plate. This
conduction of electrons can be caused in
another manner. If the potential between the

cathode,

elements.

short circuits.

A9.  Planar

A6. It causes the control grid to short to the

A7. By reducing the spacing between tube

A8. The close spacing of tube elements
allows for the ready formation of arcs or




plate and cathode is raised to the point that tube
resistance is overcome, current will flow from the
cathode whether it is heated or not. In most
applications in electronics, this method is not
used because it is not as efficient as thermionic
emission. There are two applications where cold-
cathode emission is used. The first application
you are already familiar with, although you may
not be aware of it. Every time you look at a neon
sign you are watching a cold-cathode tube in
operation. Thus, the first application of cold-
cathode tubes is for visual display. You are also
familiar with the reason for this visual display. In
FM 11-60 (Communications- Electronics Funda-
mentals: Basic Principles Direct Current)on mat-
ter and energy, it was explained that when energy
is fed into an atom (neon in this case), electrons
are moved, or promoted, to higher orbits. When
they fall back, they release the energy that
originally lifted them to their higher orbits. The
energy is in the form of light. Cold-cathode tubes
are also used as VOLTAGE REGULATORS.
Because voltage regulators will be dealt with
extensively in the next topic, their operation will
not be covered now. At this point, it is only
necessary for you to understand that a cold-
cathode tube has the ability to maintain a constant
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voltage drop across the tube despite changes of
current flow through the tube, The tube does this
by changing resistance as current flow varies.

Examine figure 2-16. Here you see a cold-
cathode tube connected to a variable voltage
source. The variable resistor rkp does not exist as
a physical component, but is used to represnt the
resistance between the cathode and plate. Most
cold-cathode tubes have a firing point (ioinizing
voitage)at about 115 volts. Thus, the tube in view
(A) of the fitgure is below the firing point.
Because the tube lacks thermionic emission
capabilities, no current will flow and the tube will
have a resistance (rkp) near infinity. The potential
difference between the plate and ground under
these conditions will be equal to the source (E,,)
voltage, as shown on the voltmeter,

In view (B), the source voltage has been
raised to the firing point of 115 volts. This causes
the gas to ionize and 5 milliamperes of

Ebb Epp
+1i5VY +200V
RL RL
A J1:=5ma A Ji:40ma

(A) (B)

i

Figure 2-16.—Cold-cathode tube operation.
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current will flow through the tube. Because the
tube represents a resistance (rkp), voltage will be
dropped across the tube, in this case 105 volts,
The plate-load resistor (Ry) will drop the
remaining 10 volts. The resistance of the tube at
this time will be equal to:

rkp=-4f-§-

_ 105 volts
kP = “505 amperes

tkp = 21 kQ

In view (C) the source voltage has been
raised to 200 volts. This will cause more gas in
the tube to ionize and 40 milliamperes of
current to flow through the tube. The increased
ionization will lower the resistance of the tube
(rkp). Thus, the tube will still drop 105 volts.
The tube’s resistance (rkp) at this time will be
equai to:

I

105 volts
4 millamperes

tkp=

tkp =

tkp= 2.625 k{2

As you can see, increasing the current flow
will cause more ionization in the tube and a
corresponding decrease in the tube’s resistance.
Because of this, the tube will always have a
constant voltage drop between its plate and
cathode throughout its operating range.

Q10. What are two advantages that gas-filled
tubes have over conventional electron
tubes?

Ql11. Once ionization has occurred in 3

thyratron, what control does the conirol
grid have over the tube’s operation?
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Q12. What precautions should be exercised
when using mercury-vapor thyratrons?
Q13. Cold-cathode tubes can be used as

voltage regulators because of what
characteristic?

THE CATHODE-RAY TUBE (CRT)

Although you may not be aware of this fact,
the CATHODE-RAY TUBE shown in figure
2-17 is, in all probability, the one tube you are
most familiar with, Before vou started your
study of electronics you probably referred to
cathode-ray tubes as picture tubes, The
cathode-ray tube (CRT) and the picture tube of
a television sef are one in the same.

Cathode-ray tubes are wused in more
applications than just television. They can be
considered as the heart of the many types of
electronic equipment which gve visual
information.

Cathode-ray tubes have one function that
cannot be duplicated by any other tube or
transistor; namely, they have the ability to
convert electronic signals to visual displays, such
as pictures, radar sweeps, or electronic
waveforms.

All CRTs have three main elements: an
electron gun, a deflection sysiem, and a screen.
The electron gun provides an electron beam,
which is a highly concentrated stream of
electrons, The deflection system positions the
electron beam on the screen, and the screen
displays a small spot of light at the point where
the electron beam strikes it

THE ELECTRON GUN

The ELECTRON GUN is roughly equivalent
to the cathodes of conventional tubes. The
cathode of the electron gun in the CRT is



Figure 2-17.—Cutaway view of a typical CRT.

required not only to emit electrons, but also to
concentrate emitted electrons into a tight beam.
In the electron tubes that you have studied, the
cathode was cylindrical and emitted electrons in
all directions along its entire length, This type of
cathode is not suitable for producing a highly
concentrated electron-beam. The cathode of the
CRT consists of a small diameter nickel cap. The
closed end of the cap is coated with emitting
material. This is shown in figure 2-18. Because
of this type of construction, electrons can only
be emitted in one direction. Notice that the
emitted electrons shown in figure 2-18 are
leaving the cathode at different angles. If these
electrons were allowed to strike the screen, the
whole screen would glow. Since the object of
the CRT is to concentrate the electrons into a
tight beam, a special grid must be used. This
special grid is in the form of a solid metal cap
with a small hole in the center. The grid is
placed over the emitting surface of the cathode
and charged negatively in relation to the

cathode. The dotted lines represent the
EMITTED
OXIDE COATINGy ELECTRONS

HEATER{)}O{)\

CATHODE

Figure 2-18.—CR'T cathode.
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electrostatic field between the grid and the
cathode, as shown in figure 2-19. Since all
emitted electrons leave the cathode (point C),
their paths can be identified. An electron
attempting to travel from point C to point B
(downward) will instead follow the path from
point C to point E to point P. Consider an
electron leaving from C in the direction of point
A (upward). Its path will be curved from point C
to point P by electrostatic repulsion. These
curving electron paths are due to the negative
potential of the prid coupled with the high
positive potential of the anode. The potential of
the anode attracts electrons out of the
cathode-grid area past point P toward the screen.
The grid potential may be varied to control the
number of electrons allowed to go through the
control-grid opening. Since the brightness or
intensity of the display depends on the number
of electrons that strike the screen, the control
grid is used to control the brightness of the
CRT.

Figure 2-19.—Operation of the CRT grid.



The proper name BRIGHTNESS CON-
TROL, is given to the potentiometer used to
vary the potential applied to the control grid.
The control grid actually serves as an electron
“lens.” It is this electronic lens that you adjust
when you turn up the brightness control on
your TV sef. Notice that the effect of the grid is
to focus the electron beam at point P in figure
2-19.

After passing point P, the electrons start to
spread out, or diverge, again. Therefore, it
becomes necessary to provide some additional
focusing to force the electrons into a tight beam
again. This is done by two additional

FOCUSING ANQDE

FILAMENT
CATHODE

positively-charged electrodes as shown in figure
2-20. The first electrode is commonly called the
FOCUSING ANODE. Generally, the focusing
anode is charged a few hundred volts positive in
respect to the cathode. Electrons emitted by the
cathode are attracted to the focusing anode.
This is the reason that they travel through the
small hole in the grid. The second electrode,
called the ACCELERATING ANODE, is charged
several thousand volts positive in relation to the
cathode. Any electrons approaching the focusing
anode will feel the larger electrostatic pull of the
accelerating anode and will be bent through the
opening in the focusing anode and will travel

ACCELERATING ANODE
' g +2000V \

Figure 2-20.—Electron-beam formation in a CRT.

All. None.

Al10. (a) They can carry more current.
{b) They maintain a constant IR drop
across the tube.

Al12. The filament’s voltage should be applied
to the tube at least 30 seconds before
attempting to operate the tube.

Al13. They have the ability to maintain a
constant voltage drop across the tube
despite changes in current flow.
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into the area labeled D. You might think that
once an electron is in this region, it is simply
attracted to the accelerating anode and that is
the end of it. This does not happen. Because the
accelerating anode is cylindrical in shape, the
electrostatic field radiating from it is equal in all
directions. Thus, an electron is pulled in all
directions at once, forcing the electron to travel
down the center of the tube. Then, the electron
is accelerated into the accelerating anode. Once
it passes the mid-point (point E), it feels the
electrostatic attraction from the front wall of
the accelerating anode, which causes it to move
faster toward the front. Once it reaches point F,
equal electrostatic attraction on either side of
the opening squeezes it through the small
opening in the front of the anode. From there, it
is joined by millions of other electrons and
travels in a tight beam until it strikes the screen
(point S).

THE CRT SCREEN

The inside of the large end of a CRT is
coated with a flourescent material which gives
off light when struck by electrons. This coating
is necessary because the electron beam itself is
invisible. The material used to convert the
electrons’ energy into visible light is a
PHOSPHOR. Many different types of phosphor
materials are used to provide different colored
displays and displays which have different
lengths of PERSISTENCE (duration of display).

In one way, the CRT screen is similar to a
tetrode vacuum tube, Both suffer from the
effect of secondary emission. In order to reach
the screen, electrons from the cathode are
accelerated to relatively high velocities. When
these electrons strike the screen they dislodge
other electrons from the material of the screen.
If these secondary emission electrons are
allowed to accumulate, they will form a
negatively-charged barrier between the screen
and the electron beam. The result would be a
distorted image on the CRT screen. The method
used to control secondary emission, which you
are already familiar with, i.e., a suppressor grid,
is not practical in CRTs. Instead a special

coating called an AQUADAG COATING is
applied to the inside of the tube as shown in
figure 2-21. This coating is composed of a
conductive material, such as graphite, and has
the same high-positive potential applied to it
that is applied to the accelerating anode. This
allows the aquadag to perform two functions.
The first is the elimination of secondary emitted
electrons. This is done by attracting the
negatively charged electrons to the positive
aquadag coating and removing them by the
positive voltage source. Second, because the
aquadag is operated at a high-positive potentiat
and is mounted in front of the accelerating
anode, it aids in the acceleration of electrons
toward the screen.

Before going on let’s review what you have
already learned about CRT operation,

1. Electrons are emitted from a specially
constructed cathode and move toward the front
of the CRT.

2. The number of electrons that leave the
area of the cathode is determined by the
cap-shaped grid. In addition, the grid
concentrates the emitted electrons into a beam.

3. The electron beam is focused and
accelerated toward the screen by two electrodes:
the focusing anode and the acceleration anode.

4. The electron beam strikes the screen and
causes a bright spot to appear at the point of
impact.

5. Any electrons released by secondary
emission are removed from the tube by the
aquadag coating. -

W
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AQUADAG

Figure 2-21.—Aquadayp coating in a CRT.



DEFLECTION

At this point, you have a bright spot in the
center of the CRT screen as shown in figure 2-22.
Having watched TV, you know that a TV picture
consists of more than just a bright spot in the
center of the picture tube. Obviously, something
is necessary to produce the picture. That some-
thing is called DEFLECTION. For the CRT to
work properly, the spot must be moved to various
positions on the screen. In your TV set for
example, the spot is moved horizontally across
the CRT face to form a series of tightly packed
lines. As each line is displayed, or traced, the
electron beam is moved vertically to trace the next
line as shown in figure 2-23. This process starts at
the top of the tube and ends when the last line is
traced at the bottom of the CRT screen. Because
the beam is swept very fast across the CRT and
the phosphor continues to glow for a short time
after the beam has moved on, you do not see a
series of lines, but a continuous picture.

While this discussion of deflection ona TV
screen may be interesting, as a technician it is not
the major way in which you will use CRTs. The
CRT makes up the heart of the technician’s major
tool: the OSCILLOSCOPE. Remember, the

SCREEN

/spm

Figurs 2-22.—Impect of an electron beam on a CRT
Kreen,
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unique function of a CRT is to convert electronic
(and electrical) signals to a visual display. This
function of a CRT is used by the oscilloscope to
actually show the waveform of any electronic
signal. For this reason, the type of deflection used
in oscilloscopes will be discussed.

Electrostatic Deflection

As you should know, there are two ways to
move an electron (and thus an electron beam). An
electron may be moved either by a magnetic or
electrostatic field. Because of this, there are three
possible ways to move or deflect an electron beam
in a CRT: magnetically, electromagnetically,
and electrostatically. Each type is used in elec-
tronics. In general, though, electro-
static and electromagnetic deflection are

START
SWEEP

END
SWEEP

NOTE :

REMEMBER , IN REALITY

THESE LINES ARE PACKED

TIGHTLY TOGETHER. THEY ARE
SPREAD OUT IN THIS ILLUSTRATION
ONLY TO GIVE YOU AN IDEA OF
HOW THEY ARE DEFLECTED.

Figure 2-23.—Defloction of an slactron beam across a
TV screen.



the types used most often. Your TV set, for
example, uses electromagnetic deflection while
much of the test equipment in the Navy uses
electrostatic deflection.

ELECTROSTATIC DEFLECTION uses
principles you are already familiar with. Namely,
opposites attract, and likes repel. Look at figure
2-24, view (A). Here you see an electron
traveling between two charged plates H, and
H,. As you can see, before the electron reaches
the charged plates, called DEFLECTION
PLATES, its flight path is toward the center of
the screen. In view (B), the electron has reached
the area of the deflection plates and is attracted
“toward the positive plate H, while being
repelled from the negative plate 9Hx . As a result,
the electron is deflected to the right of the

VIEWER
CRT SCREEN
|, DIRECTION DEFLECTED
OF TRAVEL DIRECTION
OF TRAVEL
M Ho H) Ha
- + - +
ELECTRON
‘/
(A) (B)
(C)

Figure 2-24.--Deflection in a CRY.

inside of the screen. You, the viewer, will see the
spot of light deflected to the left of the CRT
face (remember, you are on the opposite side of
the CRT screen). This is shown in view (C).

A spot of light on the left-hand side of the
CRT screen, however, is no more useful than a
spot of hght in the center of the screen. To be
useful, this spot will have to be converted to a
bright line, called a sweep, across the face of the
CRT screen. The manner in which this is done
will be explained using figure 2-25. In view (A),
five electrons are emitted in sequence, 1 through
5, by the electron gun. The left deflection plate
{H, Y has a large positive potential on it while the
right plate (H,) has a large negative potential on
it. Thus, when electron 1 reaches the area of the
deflection plates, it is attracted to the left plate
while being repelled from the right plate. In view
(B), electron 2 has reached the area of the
deflection plates. However, before it arrives, R1
and R2 are adjusted to make the left plate less
positive and the right plate less negative.
Electron 2 will still be deflected to the left but
not as much as electron 1. In view (C), electron
3 has reached the area of the deflection plates.
Before it got there, R1 and R2 were adjusted to
the mid-point. As a result, both plates have 0
volts applied to fthem. Electron 3 is not
deflected and simply travels o the center of the
CRT screen. In view (D), electron 4 has reached
the area of the deflection plates. Notice that R1
and R2 have been adjusted to make the left
plate negative and the right plate positive. As a
result, electron 4 will be deflected to the right.
Finally, in view (E), the left plate is at its
maximum positive value. Electron 5 will be
deflected to the extreme right. What vou see
when you are facing the CRT is a bright
luminous Hne, as shown in view (F). While this
description dealt with only five electrons, in
reality the horizontal line across a CRT face is
composed of millions of electrons. Instead of
seeing five bright spots in a line, you will see
only a solid bright line.

In summary, the horizontal line displayed on
a CRT or on the face of a television tube is made
by sweeping a.stream of electrons rapidly across
the face of the CRT. This sweeping action, or
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Figure 2-25.—-Horizontal deflection.

scanning, is performed by rapidly varying the
voltage potential on the deflection plates as the
electron stream passes.

Vertical Deflection

As mentioned earlier, a CRT can be used to
graphically, and visually plot an electronic signal
such as a sine wave. This is done by using a
second set of deflection plates called
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VERTICAL-DEFLECTION PLATES. Examine
figure 2-26. You are looking at the front view
(facing the screen) of a CRT, back into the tube
at the deflection plates. In normal usage, the
horizontal plates sweep a straight line of
electrons across the screen while the signal to be
displayed is applied to the vertical deflection
plates. A circuit of this type is shown in figure
2-27. This figure will be wused to explain



VERTICAL
DEFLECTION
PLATES

Figure 2-26.—Arrangement of deflection plates in 2
CRT, front view.

how a sine wave is displayed. First, however, you
need to understand what is happening in view (A).
The box on the left of the CRT labeled
HORIZONTAL-DEFLECTION CIRCUITS is
an electronic circuit that will duplicate the actions
of R1 and R2 used earlier in making up a
horizontal line. Notice T1; the output of this
transformer is applied to the vertical-deflection
plates. The signals applied to the vertical plates
are 180 degrees out of phase with each other.
Thus, when one plate is attracting the electron
beain, the other will be repelling the electron
beam. Because you are only concerned with what
happens inside the CRT, this circuitry will be
eliminated and only the CRT and its deflection
plates will be shown, as in view (B).

Now look at view (C). While this illustration
looks complicated don't let it worry you. You
have already analyzed more complicated dia-
grams. The sine wave in the center of the screen is
the signal that will be displayed as a result of the
two 180-degree out-of-phase sine waves applied
to the vertical-deflection plates. The five spots on
the center sine wave represent the five electrons
used to explain horizontal deflection. Only now
these electrons will be deflected both vertically
and horizontally. The time lines, | through 5,
represent the time when each like-
numbered electron reaches the area of the
deflection plates. Because you already know

HORIZONAL
DEFLECTION
CIRCUITS
. T
u
3‘ : r\}
r
CRT
TIME
S VERTICAL
T5 TaT3T2 Ty DEFLECTION
PLATE
ATTRACT
REPELL
ATTRACT
: VERTICAL
REPELL DEFLECTION
PLATE

Figure 2-27.—Vertical deflection in a CRT.
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how the electron beam is swept or dehiected
horizontally, no discussion of horizontal
deflection will be given. Just remember that
from T1 to TS5, the electron beam will be
continuousty moved from your right to your
left. Now that you know where everything is on
the illustration, you are ready to discover how a
sine wave is displayed on a CRT,

At time 1 (T1), the sine waves applied to
both vertical-deflection plates are at their null
points, or zero volts. As a result, electron 1 is
not vertically deflected and strikes the CRT
screen at its vertical center. At time 2 (T2), the
sine wave applied to the top plate is at its
maximum negative value. This repels electron 2
toward the bottom of the CRT. At the same
time, the sine wave applied to the bottom plate
is at the most positive value, which attracts
electron 2 even further toward the bottom of
the CRT. Remember, the beam is also being
moved to the left. As a result, electron 2 strikes
the CRT face to the left and below electron 1.
At time 3 (T3), both sine waves applied to the
vertical-deflection plates are again at the null
point, or zero volts. Therefore, there is no
vertical deflection and electron 3 strikes the
CRT face in the center of the vertical axis.
Because the electron beam is still moving
horizontally, electron 3 will appear to the left
and above electron 2. At time 4 (T4), the sine
wave applied to the top vertical-deflection plate
is at its maximum positive value. This attracts
electron 4 toward the top deflection plate. The
upward deflection of electron 4 is increased by
the negative-going sine wave (at time 4) applied
to the bottom deflection plate. This negative
voltage repels electron 4 upward. Thus, electron
4 strikes the CRT face to the left and above
electron 3. Finally, at time 5 (T5) both input
sine waves are again af zero volts. As a result,
electron 5 is not deflected vertically, only
horizontally., (Remember, the beam is
continually moving from right to left.)

While this discussion is only concerned with
five electrons, vertical scanning, or deflection,
involves millions of electrons in a continuous
electron beam. Instead of seeing five spots on
the CRT screen, you will actually see a visual
presentation of the sine wave input. This was, as
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you remember, described earlier as the unique
feature of the CRT. You may hve wondered
why so much space in this topic was taken up
with the discussion of the CRT. There are two
reasons for this. First, the field of electronics is
in a constant state of evolution. Transistors are
rapidly replacing vacuum tubes. Transistors at
the same time are being replaced by integrated
circuits (1.C.). As you progress in your career in
electronics, you will find that the equipment
you work on will follow this evolution, from
transistors to L.C. chips. Of all the tubes
discussed in this text, the CRT is the least likely
to be replaced in the near future. Thus, in all
probability, whether your career in electronics
lasts for only the time spent with this text or
twenty years, the CRT will be your constant
companion and co-worker.

The second reason for this rather extensive
coverage of the CRT is that, while the CRT has a
unique ability, it operates exactly like all the
tubes previously discussed. This fact should
become clear in the following summary of
CRTs.

SUMMARY OF THE CRT

This summary will summarize not only the
CRT, but will also point out the similarities
between the CRT and other tubes.

Look at figure 2-28. Here you see both a
schematic diagram and pictorial representation
of a CRT. Each element is identified by a circled
number. Each number (element) will be
discussed as to its function in a CRT and its
similarity fo elements in conventional tubes.
This summary will help vyou tie together
everything you have learned about the CRT and
electron tubes in general.

@ The Heater—serves as the source of
heat for the cathode in both the
CRT and indirectly heated tubes.

@ The Cathode—serves as the source of

thermionically emitted electrons in

both the CRT and conventional
tubes. The major difference is that in
the CRT, the cathode is circular in
shape and the outer surface is coated
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Figure 2-28.—~Summary of the CRT.

to ensure that electron emission is
roughly unidirectional.

The Control Grid—in both the CRT
and conventional vacuum tubes, the
control grid controls the number of
electrons that will be fired across
“the gap.’” The major difference is in
the physical construction.
Conventional fubes employ a
wire-mesh ladder type grid, while the
CRT employs a cap-like grip.

The Focusing Anode-—in the CRT,
this anode serves a dual purpose of
attracting electrons from the area of
the control grid and focusing the
electrons into a beam. Its function of
attracting electrons from the area of
the grid is similar to the action of the
plate in a conventional tube. The
focusing action of the anode is
similar to that performed by
beam-forming plates in the
beam-forming tetrode. Bear in mind,
though, that beam-forming plates are
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negatively charged and repel
electrons into electron sheets, while
the focusing anode is positively
charged and attracis electrons into a
beam.

The Accelerating Anode—in the
CRT, this anode is used to accelerate
electrons toward the front of the
tube. Its action is similar to the
screen grid of tetrodes and pentodes.
But remember, while the screen grid
in conventional tubes accelerates
electrons toward the plate, its
primary purpose is to reduce
interelectrode capacitance, NOT
accelerate electrons.

The Vertical-Deflection Plates—in
the CRT, these plates move the
electron beam up and down the
screen. When used in test equipment,
the input signal is usually applied to
these plates. While no equivalent
element is found in conventional




tubes, the principle employed
{electrostatic attraction and
repulsion) forms the heart of all
vacuum tube operation.

@ The Horizontal-Deflection Plates—in
the CRT, these plates move the
electron beam by electrostatic
attraction and repulsion, hori-
zontally across the CRT screen. In
most equipment employing the CRT,
including television sets, electronic
signals are applied to these plates to
trace or paint a horizontal line.

The Agquadag Coating—in the CRT,
this coating performs the same func-
tion as the supressor grid in conven-
tional tubes; namely, eliminating the
effects of secondary emission. In
conventional tubes, the supressor
grid is negatively charged and repels
secondary emission electrons back to
the plate. In the CRT, the aquadag is
positively charged and attracts
secondary emission electrons away
from the screen.

@ The Screen—also called the face, is a
unique element of the CRT. When
struck by electrons, the phosphor
coating becomes luminous, or glows,
thus enabling the tube to visually
present electronic signals.

From this comparison of the CRT and other
types of electron tubes, one fact should be clear.
Almost all tubes, no matter what their function,
operate on two principles: electrostatic
attraction and repulsion, and thermionic
emission. By keeping these two principles in
mind, there is no type of tube operation which
is beyond your ability to analyze.

Q14. What is the unique ability of a CRT?

Q15 What are the three main parts of a CRT?

Q16. What term describes the ability of a spot
on a CRT screen to continue to glow
after the electron beam has struck it and
moved away?

Q17. The electron beam in a CRT is made to
sweep from right to left across the
screen. What tube element causes this
sweeping motion?

Qi8. In applications where electronic
waveforms are displayed on a CRIT
screen, the input signal is normally
applied to what CRT element?

SAFETY

There are certain safety precautions you
should follow when you are working with or
handling the special tubes covered in this topic.
These tubes and their associated precautions are
examined in the following sections.

ELECTRON TUBES

The average electron tube is a rugged device
capable of withstanding the shocks and knocks
of everyday usage and handling. However, they
are not indestructible. You should remember
that most electron tubes contain a near vacuum
enclosed by a glass envelope. Because of this, the
glass is under constant stress from atmospheric
pressure. Any undue stress, such as striking the
envelope against a hard surface, may cause the
envelope to shatter, resulting in an IMPLOSION.

An implosion is just the opposite of an
explosion. When the glass envelope of an
electron tube shatters, the outside atmosphere
rushes into the tube to fill the vacuum. As the
air rushes into the tube, it carries glass fragments
of the envelope with it. Once these fragments
reach the center of the tube, they continue
outward with considerable velocity. The result is
similar to an explosion, in that the immediate
area surrounding the electron tube is filled with
fast-moving glass fragments. You, as a nearby
object, may find yourself the target for many of
these glass fragments. For this reason all electron
tubes should be handled with care.
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CATHODE RAY TUBES (CRTs)

Due to the small size of most electron tubes,
the possibility of hazard is usually very small.
There are two exceptions to this: CRTs and
radioactive tubes.

The glass envelope of a CRT encloses a high
vacuum. Because of its large volume and surface
area, the force exerted on a CRT by atmospheric
pressure is considerable. The total force'on a 10-
inch CRT may exceed 4,000 pounds. Over 1000
pounds is exerted on the CRT face alone.

When a CRT is broken, through mishandling,
a large implosion usually occurs. Almost two
tons of force husl glass fragments toward the
center of the tube. At the same time, the
electron gun is normally thrown forward inside
the tube, The face, because of its size, tends to
move very slowly toward the center of the tube.
This presents one of the main hazards of a
broken CRT. The electron gun passes through
the center of the tube with considerable force. It
continues until it strikes the CRT face. The
impact from the electron gun normally breaks
the CRT face into many small fragments which
are hurled outward. The face is coated with a
chemical coating that is extremely toxic. If you
are unfortunate enough to experience an
accidental implosion of a CRT and are nicked by
one of these fragments, seek immediate medical
aid. As you can see, improper handling of a CRT
can be very hazardous to your health.

The CRT is, in essence, a tiny fragmentation
bomb. The major difference between a CRT and
a bomb is: a bomb is designed to explode, a
CRT is not. As long as a CRT is properly
handled it represents no danger to you. Only
when it is mishandied do you risk the danger of
being pelted with an electron gun and toxic glass
fragments. When handling a CRT, you should
take the following precautions:

1. Avoid scratching or striking the surface
of a CRT.

2. Do not wuse excessive force when
removing or replacing a CRT in its deflection
yoke or its socket.

3. Do not try to remove an electromagnetic
type CRT from its yoke until the high voltage
has been discharged from its anode connector
(hole).
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4, Never hold a CRT by its neck.

5. Always set a CRT with its face down on
a thick piece of felt, rubber, or smooth cloth.

6. Always handle a CRT gently. Rough
handling or a sharp blow on the service bench
can displace the electrodes within the tube,
causing faulty operation.

7. Safety glasses and protective gloves
should be worn when you are handling a CRT.

One additional handling procedure you
should be aware of is the proper method of
disposal of a CRT. When a CRT is replaced, the
old CRT cannot be simply thrown into the
nearest dumpster. A CRT thrown in a dumpster
represents a hidden booby trap. Therefore, al-
ways render the CRT harmless before disposing
of it. This is a fairly simple procedure as outlined
below. .

Note: Wear safety goggles when you are
rendering a CRT harmiess.

@ Place the CRT that is to be discarded
face down in an empty carton and cover its side
and back with protective material.

@ Carefully break off the plastic locating
pin from the base (fig. 2-29). This can be done
by crushing the locating pin with a pair of pliers
or vice grips.

NECK OF CRT

LOCATING
PIN

Figure 2-28.—Cathode ray tube base structure.



¢ Brush the broken plastic from the pin off
the CRT base,

¢ Once you have done this, look into the
hole in the base where the locator pin was, You
will see the glass extension of the CRT called the
vacuum seal. Grasp the vacuum seal near the end
with the pliers and crush it.

This may sound a little risky but it isn’t. The
vacuum seal can be crushed without shattering
the tube. Once the seal has been crushed, air will
rush into the tube and eliminate the vacuum.

CONVENTIONAL TUBES

While conventional tubes present few safety
problems, beyond broken glass and the possi-
bility of cutting yourself, there is one precaution
you must know. Namely, electron tubes are hot.
The filaments of some tubes may be operated at
several thousand degrees. As a result, the en-
velopes can become very hot. When working on
electron tube equipment, always deenergize the
equipment and allow the tubes sufficient time to
cool before removing them. If this is impossible,
use special tube pullers which are stocked for this
purpose. Never attempt to remove a hot tube
from its socket with your bare fingers.

(¢} Screen.

Al6. Persistence,

Al4., To visually display electronic signals.

Al5. (a) Electron gun.

(b} Defiection system.

AY¥7. The horizontal-deflection plate.

Al18. The vertical-deflection plate.




SUMMARY

The following summary covers the main points of this topic. Study it to be sure you understand the

matertal before progressing to the next topic.

MULTI-UNIT TUBES were developed to reduce
the size of vacuum tube circuits. By incorporating
more than one tube in the same envelope, the size
of a vacuum tube circuit can be reduced consider-
ably. While a single envelope may contain two or
more tubes, these tubes are independent of each
other,

MULTI-ELECTRODE TUBES
were developed to extend the cap-

ability of conventional tubes. In TWIN - DIODE
some cases, a multi-clement tube TETRODE
may contain up to seven grids. These
types of tubes are normally classified
by the number of grids they contain,
A
DIODE - TRIODE
PENTODE

POWER PENTODES are used as current or
power amplifiers. Power pentodes use in-line grid
arrangements. In this manner, more electrons can
reach the plate from the cathode. In effect, this
lowers plate resistance and allows maximum
conduction through the tube.

006

¢ TETRODE 2 DIODES
) +’ + @
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ELECTRON
PATHS
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GRID
CATHQDE PLATE
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BEAM-POWER TUBES are also used as power
amplifiers. In addition to the in-line grid
arrangement, beam-power tubes use a set of
negatively charged beam-forming plates. The
beam-forming plates force electrons that would
normally be deflected from the plate back into
the electron steam and, thus, add to the number
of electrons that the tube can use for power
amplification.

VARIABLE-MU (u) TUBES or

REMOTE-CUTOFF TUBES were 1 eed ]
developed to extend the ) CATHODE P — % %

amplification range of electron
tubes by avoiding the possibility of
driving the tube into cutoff. This is
dgne by uneven spacing of the grid
wires.
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UHF TUBES are special purpose
tubes designed to operate at
ultrahigh frequencies between 300
MHz and 3000 MHz with minimum
effect from transit time limitations.
Among these are: acorn tubes, and
doorknob tubes, lighthouse tubes
and oilcan tubes.

PLANAR TUBES have their plates
and grids mounted parallel to each
other. Because of their planar
construction, they can handie large
amounts of power at uhf
frequencies.

GAS-FILLED TUBES contain a small amount of
gas which ionizes and reduces the internal
resistance of the fubes. Because of this, gas-filled
tubes can handle relatively large amounts of
power while maintaining a constant voltage drop

across the tube.

SCREEN
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GRID Sng-g

v-R TUBE
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COLD-CATHODE TUBES &ck
heaters or filaments and, thergfore
do not use thermionic emissibn.
Instead, a voltage potential applied
across the tube causes the internal
gas to ionize. Once ionization has
occurred, che voltage drop across
the tube remains constant
regardiess of increased conduction.

The CRT is a special purpose tube
that has the unique ability to
visually display electronic signals.
The CRT uses the principles of
electrodtatic attraction, repulsion,
and fluorescence. Because of its
unique ability the CRT makes up
the heart of many types of test
equipment that you will become
familiar with during your career in
efecifonies.
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TOPRIC 3

POWER SUPPLIES

LEARNING OBJECTIVES

Upon completion of this topic, you will be able to:

I. Identify the various sections of a power

supply.
2. State the purpose of each section of a power

supply.

3. Describe the operation of the power supply
from both a whole unit standpoint and from
the subunit standpoint.

4. Describe the purpose of the various types of
rectifier circuits used in power supplies.

5. Describe the purpose of the various types of
filter circuits used in power supplies.

6. Describe the operation of the various volt-
age and currentregulators ina power supply.

7. Trace the flow of a.c. and d.c. in a power
supply, beginning from the a.c. input to the
d.c. output on a schematic diagram.

8. Identify faulty components through visual
checks.

9. Identify problems within specific areas of a
power supply by using a logical isolation
method of troubleshooting.

10. Apply safety precautions when working with
electronic power supplies.

INTRODUCTION

In the early part of this century when elec-
tronics was first introduced, most electronic equip-
ment was powered by batteries. While dependence
on batteries allowed the equipment to be portable
(to some degree), it also placed several limitations
on how the eqiupment could be used. Because of
their general inefficiency, batteries had to be
either replaced frequently or, if they were recharge-
able, kept near a d.c. charging voltage. Thus, the
advantage of having portable equipment was
more than offset by the need to replace or
recharge batteries frequently.

3-1

Through a need for reliability, convenience,
and cost effectiveness, which the use of batteries
failed to meet, the “electronic power supply” was
developed.

Today all electronic equipment requires
some form of a power supply. For this reason, this
topicis of extreme importance to you. Therefore,
we will discuss the sections, individual com-
ponents, and their purposes within the power
supply. Troubleshooting each section and its
components will also be discussed in this topic.



{INPUT}

TRANSFORMER RECTIFIER

{OUTPUT)

REGULATOR

FILTER

Figure 3-1.—Block disgram of a basic power supply.

THE BASIC POWER SUPPLY

Figure 3-1 shows the block diagram of the
basic power supply. Most power supplies are
made up of four basic sections: a TRANS-
FORMER, a RECTIFIER, a FILTER, and a
REGULATOR.

As you can see, the first section is the
TRANSFORMER. The transformer serves two
primary purposes: (1) to step up or step down
the input line voitage to the desired level and
(2) to couple this voltage to the rectifier section.
The RECTIFIER section is used to convert the
a.c. signal to a pulsating d.c. voltage. However,
you will see later on in the topic that the
pulsating d.c. voltage is not desirable, For this
reason, a FILTER section is used to convert the
pulsating d.c. voltage to filtered d.c. voltage.
The final section, the REGULATOR, does just
what the name implies. It maintains the output
of the power supply at a constant level in spite of
large changes in load current or in input line
voltage. Depending upon the design of the
equipment, the output of the regulator will
maintain a constant d.c. voltage within certain
limits.

Now that you know what each section does,
let’s trace a signal through the power supply and

360VAC
m -- TRANSFORMER ﬂ RECTIFIER
120VAC1:
__u_ 1:3 U fULL-WAVE

.

see what changes are made to the input signal.
In figure 3-2, the input signal of 120 volts
a.c. is applied to the primary of the trans-
former which has a turns ratio of 1:3. By
multiplying the input voltage by the ratio of
turns in the primary windings to turns in the
secondary windings in a step-up transformer,
the output can be calculated. Therefore, 120
volts a.c. X 3 = 360 volts a.c. at the output.
Because the diode tube in the rectifier section
conducts only on the positive alternation of the
input signal, the output will be only half of
the input signal, or 180 volts of pulsating d.c.
to the filter. The filter section contains a
network of resistors, capacitors, or inductors
that controls the rise and fall time of the varying
signal so that the signal remains at a more con-
stant d.c. level. You will see this more clearly in
the discussion of the actual filter circuits. You
can see that the output of the filter is at a
180-volt d.c. level with an a.c. RIPPLE voltage
riding on it. {Ripple voltage is a small a.c.
voltage riding at some d.c. voltage level, Nor-
mally, ripple voltage is an unwanted a.c. voltage
created by the filter section of a power supply.)
This signal now goes to the regulator where it
will be maintained at approximately 180 voits
d.c. to the load.

180VDC 180VDC

~t80VDC

FILTER REGULATOR

Figure 3-2.—Block diagram of a power supply.
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Q1. What are the four basic sections to a power
supply? :

Q2. What is the purpose of the regulator?

THE TRANSFORMER

The transformer has several purposes: In
addition to coupling the input a.c. signal to the
power supply, it also isolates the electronic
power supply from the external power source
and either steps up or steps down the a.c. voltage
to the desired level. Additionally, most input
transformers have separate step-down windings
to supply filament voltages to both power supply
tubes and the tubes in the external equipment
(load). Such a transformer is shown in figure
3-3. Because the input transformer is located in
the power supply and is the ultimate source of
power for both the load and the power supply, it
is called the POWER TRANSFORMER. Notice
that the transformer has the ability to deliver
both 6.3 and 5 volts a.c. filament voltages to the
electron tubes. The high-voltage winding isa 1:3
step-up winding and delivers 360 volts a.c. to the
rectifier. This transformer also has what is called
a “‘center tap.’’ This center tap provides the
capability of developing two high-voltage out-
puts from one transformer.

Q3. What are the purposes of the transformer
in a power supply?

T!

7
wou] 3
—d

180vAC

I
18OVAC ~

[~

Figure 3-3.-~Typical power trausformer.

360VAC

1

3-3

What are the low voltage windings in a
transformer used for?

Q4.

What is the center tap on a fransformer
used for?

Qs.

RECTIFIERS

From previous discussions, you know that
rectification is the changing of an a.c. voltage to
a pulsating d.c. voltage. Now let’s discuss the
process of rectification.

Since a diode vacuum tube will pass current
in only one direction, it is ideally suited for con-
verting alternating current to direct current, If
an a.c. voltage is applied to a diode, the diode
will conduct ONLY DURING THE POSITIVE
ALTERNATION OF VOLTAGE when the
plate of the diode is made positive with respect
to the cathode.

Figure 3-4 shows a diode connected across
the 120-volt a.c. line, During the positive alter-
nation of the source voltage, the sine wave
applied to the tube makes the plate positive with
respect to the cathode. At this time the diode
conducts and plate current flows from the
negative supply lead, through the milliammeter,
through the tube, and to the positive supply
lead. This is indicated by the shaded area of the

Vi
* : CONDUCTING
al
(-]
120VAC -% 180° 360
Q. \
-
CUTOFF
== (4n)

o/

Figure 3-4,—Simple diode rectifier.



output waveform. This current exists during the
entire period of time that the plate is positive with
respect to the cathode (for the first 180 degrees of
the input sine wave),

During the negative alternation of plate
voltage (dotted polarity signs), the plate is driven
negative and the tube cannot conduct. When
conditions are such that the tube cannot conduct,
the tubeis said to be in CUTOFF, This is indicated
by the dotted waveform. The tube will be in cutoff
and no current will flow for the entire negative
alternation.

For each 360-degree cycle of input voltage,
the tube conducts for 180 degrees and is in cutoff
for 180 degrees. The circuit current therefore has
the appearance of a series of positive pulses, as
shown by the shaded areas. Notice that although
the current is in the form of pulses, the current
always flows through the circuit in THE SAME
DIRECTION. Current which flows in pulses in
the same direction is called PULSATING D.C.
The diode has thus RECTIFIED the input
voltage. Although the principle of rectification
applies to all rectifier circuits, some rectifiers are
more efficient than others. For this reason, the
three rectifier circuits most commonly used in
electronics today—the half-wave, full-wave, and
bridge-—will be explained.

d} mn ‘
fﬂO(}’AC “ VE % o
Fi I ; - R Eout

Figure 3-5.—Half-wave rectifier circuit.

A Practical Half-Wave Rectifier

Figure 3-5 is a diagram of a complete half-
wave rectifier circuit. For the diodetobeused asa
rectifier, it must be connected in series with a load
device (R, for this circuit) through which the
direct current flows. Because electronic
equipment requires various input voltages, it is
necessary to have a rectified voltage which is
greater (or smaller in some cases) than the source
voltage. The rectifier plate circuit is supplied
power from a step-up (or step-down) transformer.
Notice that the transformer has the two secondary
winding mentioned earlier. The lower winding
supplies high voltage to the plate and cathode of
the diode, and the upper winding supplies a low
a.c. voltage to the filaments of the diode. Notice
also that the cathode of the diode

the desired level.

voltage outputs,

ANSWERS TO QUESTIONS Q1. THROUGH Q5.
Al. Transformer, rectifier, filter, regulator.
A2. To maintain a constant voltage to the load.
Al. It couples the power supply to the a.c, line
voltage, isolates the a.c. line voltage from the
load, and steps this voltage either up or down to

A4, Filament voitage to the electron tubes.

AS. Provides capability of developing two high-
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is connected to the secondary winding of the
transformer through the load resistor (Rz). Any
current flowing through the tube also flows
through the load resistor causing a voltage to be
developed across it. The magnitude of the
voltage developed across the load resistor is
directly proportional to the amount of current
flowing through it (Ohm’s law: E = IR).

You will better understand the operation of
the half-wave rectifier circuit if it is redrawn in
the form of a simplified series circuit. As you
can see in figure 3-6, the diode (V1) and load
resistor (Rp) are in series with the secondary
winding of the transformer, During the positive
alternation of the input, as the voltage in the
secondary winding increases, the current
through diode (V1) and load resistor (Rz) in-
creases. Since the diode tube and the load
resistor form a series circuit, the same current
flows through both the tube and the resistor,
This current produces a voltage drop across the
tube and the load resistor which have polarities
as shown, Since the plate resistance of the tube is
only about 500 ohms and the load resistor is
10,000 ohms, approximately 95 percent of the
applied voltage of the 425 volts is dropped across
the load resistor (425 x .95 = 404 V) and 5 per-
cent (425 x .05 = 21 V) across the tube.

During the negative half of the alternation of
input voltage, the tube cannot conduct and no
current flows in the circuit, Since there is no cur-
rent flow through R, the load voltage remains

Figure 3-6,—Simplified half-wave rectifier circuit and
waveforms.

189-566 0 - 87 ~ &

at zero volts throughout the negative alterna-
tion. During this time the entire negative alterna-
tion is felt across the tube. The reason for this is
derived from Kirchhoff’s law which states:

E; + E, = E,

The sum of the load voltage and diode voltage
equals the applied voltage.

Since a half-wave rectifier conducts once for
each full cycle of input voltage, the frequency of
the pulses is the same as the frequency of the in-
put sine wave. The output pulse frequency is
called RIPPLE FREQUENCY. If the rectifier
circuit is supplied power from a 60 hertz a.c.
line voltage, 60 pulses of load current will
occur each second. Therefore, THE RIPPLE
FREQUENCY OF A HALF-WAVE RECTI-
FIER IS THE SAME AS THE LINE FRE-
QUENCY.

If a series of current pulses like those ob-
tained from a half-wave rectifier is applied to a
load resistance, an average amount of power wiil
be dissipated over a given period of time. This
average d.c. power is determined by the
amplitude of the pulses and the time delay
between pulses. The higher the peak amplitude
of the pulses or the less the time between pulses,
the greater the average d.c. power supplied to
the load. To determine average d.c. voltage
(Eavg), it is necessary to know the average value
of the pulses, and the peak value of load voltage.
This is illustrated in figure 3-7.

Since current and voltage waveforms in a
half-wave rectifier circuit are essentially half sine
waves, a conversion factor can be developed on

PEAK VALUE

0.636 MAX

AVERAGE 0.318 MAX

DAY DN

Figure 3-7,—Peak and average values for a half-wave
rectifier.




this basis. The formula for average value was
discussed in FM 11-61. By now you should know
that the average value for a full sine wave is 0.637
times its peak or maximum value. Therefore, if
you want the average value of a half-wave rectifier
output, you should use half the value of .637
(.318) times the peak or maximum voltage as
expressed in the following equation:

Where:

Emax = The peak value of the load voltage pulse

Eavy =0.318 X E,.ax (the average load voltage)

In most applications the drop across the
rectifier tube is small compared to the load
voltage,and E . in our equation can be assumed
to be the same as the peak value of the input sine
wave.

Since the load current has the same wave
shape as the load voltage, the equation can be
modified so as to apply to the load current. Thus,

Where:
Imax = The peak load current

Lavg = 0.318 X Lnax (the average load current)

If a line is drawn through the rectified
waveform at a point which is 0.318 of the distance
from zero to maximum, the waveform will be
divided so that area A is equal to area B.
Therefore, current or voltage pulses with a value
of 0.318 of the peak value have the same effect on
the load as a steady voltage or current.

The half-wave rectifier uses the transformer
during only one-half of the cycle. Therefore, for
any given size transformer, less power is de-
veloped than if the transformer were used on both
halves of the cycle. In other words, to obtain large
amounts of power, the half-wave transformer
must be relatively large in comparison to what it
would have to be if both halves of the cycle were
used. This disadvantage limits the use of the half-
wave rectifier to applications that require a very
small current drain. The half-wave rectifier is
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widely used for commercial a.c. and d.c. radio
receivers and other applications where inexpen-
sive voltage supplies will suffice. As you can see
from your study on half-wave rectifiers, this type
of circuit placed many limitations on electronic
equipment. For this reason another type of
rectifier circuit had to be developed. One of the
factors that had to be considered was how to use
the full output from the transformer to obtain the
highest average voltage and current. Thus, the
FULL-WAVE rectifier was developed.

Q6. Does a rectifier tube conduct on the
positive or negative alternation of the
inpat signal?

Q7.  What term is used to describe the period
when the diode is not conducting?

Q8.  Current which flows in puises in the same
direction is called .

Q9.  For adiode to act as a rectifier, should it
be connected in series or parallel with the
load?

Q10. What is the ripple frequency of a half-
wave rectifier if the input frequency is 60
Hz?

Q11. What is the equation for determining
average voltage in a haif-wave rectifier?

The Conventional Full-Wave Rectifier

A full-wave rectifier is a device that has two
or more diodes arranged so that the load current



Figure 3-8.—Simple full-wave rectifler (flrst alternation).

flows in the same direction during each half-

cycle of the a.c. supply.

A schematic diagram of a simple full-wave
rectifier is shown in figure 3-8. The transformer
supplies the source voltage for two rectifier
tubes (V1 and V2). This power transformer has a
CENTER-TAPPED high voltage secondary
winding that is divided into two equal parts (W1
and W2). W1 provides the source voltage for V1
and the other winding (W2} provides the source
voltage for V2. The connections to the diodes
are arranged so that the diodes conduct on alter-
nate half cycles.

During one alternation of the secondary
voltage, the polarities will be as shown in figure
3-8. The source for diode V2 is the voltage in-
duced into the lower half of the transformer
secondary winding (W2). At the specific instant
of time shown in the figure, the plate voltage on
V2 is negative, and V2 cannot conduct.

Throughout the period of time during which
the plate of V2 is negative, the plate of V1 is
positive. This is illustrated by the polarity signs
across W1 which indicate the source for V1,
Since the plate of V1 is positive, it conducts,
causing current to flow through the load resistor
in the direction shown by the arrow.

Figure 3-9 shows the next half cycle of
secondary voltage. As you can see, the polarities
across Wi and W2 are reversed. During this
alternation the plate of V1 is driven negative and
V1 cannot conduct.

3-7

Figure 3-9.—Simple full-wave rectifier (second alterna-
tion.

For the period of time that V1 is negative,
the plate ¢f V2 is positive, permitting V2 to con-
duct, Notice that the plate current of V2 passes
through the load resistor in the same direction as
did the plate current of V1. In this circuit
arrangement, a pulse of load current flows dur-
ing each alternation of the input cycle. Since
both aliernations of the input voltage cycle are
used, the circuit is called a FULL-WAVE
RECTIFIER.

Now that you have a basic understanding of
how a full-wave rectifier works, let’s cover in
detail a practical full-wave rectifier and its
waveforms.

A Practical Full-Wave Rectifier

A practical full-wave rectifier circuit is
shown in figure 3-10. It uses two diodes (V1 and
V2) and a center-tapped transformer (T1). When
the center tap is grounded, the voltages at the
opposite ends of the secondary windings are 180
degrees out of phase with each other. Thus,
when the voltage at point A is positive with
respect to ground, the voltage at point B is
negative with respect to ground. Let’s examine
the operation of the circuit during one complete
cycle,

During the first half-cycle (as indicated by
solid arrows) the plate of V1 is positive with
respect to ground and the plate of V2 is negative,
As shown, current flows from ground (center
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Figure 3-10.—Complete full-wave rectifier.

tap), up through the load resistor (Ry), through
diode V1 to point A . In the transformer, current
flows from point A, through the upper winding
and back to ground (center tap). When V1 con-
ducts, it acts like a closed switch so that the
positive half cycle is felt across the load.
During the second half cycle (broken lines)
the polarity of the applied voltage has reversed.
Now the plate of V2 is positive with respect to
ground and the plate of V1 is negative. Now
only V2 can conduct. Current now flows, as
shown, from ground (center tap), up through
the load resistor (Rz), through diode V2 to point
B of T1. In the transformer, current flows from
point B up through the lower windings and back

to ground (center tap). Notice that the current
flows across the load resistor (Rz) in the SAME
DIRECTION for both halves of the input
cycles.

When the output waveform from the full-
wave rectifier is examined, it consists of two
pulses of current (or voltage) for each cycle of
input voltage. The ripple frequency at the output
of the full-wave rectifier is therefore TWICE
THE LINE FREQUENCY.

The higher ripple frequency at the output of
a full-wave rectifier has a distinct advantage:
Because of the higher pulse frequency, the out-
put is closely approximate to pure d.c. This

A6. Positive.

A7. Cutoff.

ASB. Pulsating d.c.
A9, Series.

410, 60 heriz,

ANSWERS TO QUESTIONS Q6. THROUGH 11,

All, Egy = 0.318 X Epups.




PEAK VALUE

0 AREA A = AREA B

Figure 3-11.—Peak and average values for a full-wave
rectifier,

higher frequency also makes filtering much
easier than the output of the half-wave rectifier.

In terms of peak value, the average value of
current and voltage at the output of the full-
wave rectifier is twice as great as the average cur-
rent or voltage at the output of the half-wave
rectifier. The relationship between peak and
average values is illustrated in figure 3-11.

Since the output waveform is essentially a
sine wave with both alternations at the same
polarity, the average current or voltage is 63.7
percent {(or .637) of the peak current or voltage.

As an equation:

Where:
Eas = The peak value of the load voltage pulse
Eoy = 0.63’f X E,uux (the average load voltage)
And where:
Imar = The peak value of the load current pulse
Lave = 0.637 X L., (the average load current}

Example: The total voltage across the high-
voltage secondary of a transformer used to sup-
ply a full-wave rectifier is 600 volts, Find the
average load voltage. (Ignore the drop across the
rectifier tube.)

Solution: Since the total secondary voltage is
- 600 volts, each diode is supplied one-half of this

value, or 300 volts. As the secondary voltage is
an rms value, the peak load voltage is:

Enax = 1.414 X E;
Enae = 1.414 x 300
E,... = 424 volts

The average load voltage is:
= 0.637 X Emax
0.637 x 424
270 volts

Eavg
Eavg
E

avg

NOTE: If you have problems with this
equation, review FM 11-61 pertaining to this
area,

As you may recall from your past studies in elec-
tricity, there are advantages and disadvantages
in every circuit. The full-wave rectifier is no
exception. In studying the full-wave rectifier
you have found that by doubling the output fre-
quency, the average voltage has doubled and the
resulting signal is much easier to filter because of
the high-ripple frequency. The only disadvan-
tage is that the peak voltage in a full-wave rec-
tifier is only half the peak voltage in a half-wave
rectifier, This is because the secondary of the
power transformer in a full-wave rectifier is
center tapped, therefore only half the source
voltage goes to each diode.

Fortunately, there is a rectifier which pro-
duces the same peak voltage as a half-wave
rectifier and the same ripple frequency as a full-
wave rectifier. This circuit, called the BRIDGE
RECTIFIER, will be the topic of our next
discussion.

Q12, What is the ripple frequency of a full-wave
rectifier with an input frequency of 60 Hz?

Q13. What is the average voltage (E,,,) output
of a full-wave rectifier which has an out.
put of 100 volts peak?



Figure 3-12.-Bridge rectifier circuit.

The Bridge Rectifier

When four diodes are connected as shown in
figure 3-12, the circuit is called a BRIDGE REC-
TIFIER. The input to the circuit is applied to the
diagonally opposite corners of the network, and
the output is taken from the remaining two cor-
ners.

During one half cycle of the applied voltage,
point A becomes positive with respect to point B
by the amount of voltage induced into the sec-
ondary of the transformer. During this time, the
voltage between points A and B may be con-
sidered to. be impressed across V1, the load

resistor Rz, and V3, in series. The voltage:

applied across these tubes makes their plates
more positive than their cathodes, and current
flows from point B through tube V1 in an

upward direction across the load resistor,
through tube V3, to point A, This path is in-
dicated by the solid arrows, and the waveform is
shown as numbers (1) and (2).

One half cycle later the polarity across the
secondary reverses, making the plates of V1 and
V3 negative with respect to their cathodes. At
the same time, the plates of V2 and V4 become
positive with respect to their cathodes, and cur-
rent flows in the direction indicated by the
dashed arrows. The current through R; is always
in the same direction. This current, in flowing
through Ry, develops a voltage corresponding to
that shown in waveform (5) of the figure. The
bridge rectifier is a full-wave rectifier since cur-
rent flows through the load during both half
cycles of the applied alternating voltage.

One advantage of a bridge rectifier over a
conventional full-wave rectifier is that with a
given transformer the bridge rectifier produces a
voltage output that is nearly twice that of the
conventional full-wave circuit., This may be
shown by assigning values to some of the com-
ponents as shown in figure 3-13, views (A) and
(B). Assume that the same transformer is used
in both circuits, The peak voltage developed
between points X and Y is 1,000 volts in both
circuits. In the conventional full-wave circuit,
view (A), the peak voltage from the center tap to
either X or Y is 500 volts. Since only one diode
can conduct at any instant, the maximum
voltage that can be rectified at any instant is 500
volts, Therefore, the maximum voltage that
appears across the load resistor is nearly, but
never exceeds, 500 volts (because of the small
voltage drop across the tube), In the bridge rec-
tifier of view (B), the maximum voltage that can
be rectified is the full secondary voltage which is
1,000 volts. Therefore, the peak output voltage
across the load resistor is nearly 1,000 volis.

Al12, 120 hertz.
Al3. 63.7 volts,

ANSWERS TO QUESTIONS Ql12. AND Q13.




(B)

A. Conventional full-wave

B. Bridge

Figure 3-13.—Comparison of conventional full-wave and
bridge rectifiers.

Thus, with both circuits using the same
transformer, the full-wave bridge circuit pro-
duces a higher output voltage than the conven-
tional full-wave rectifier.

A second advantage of the bridge rectifier is
the low ratio of peak inverse voltage to average
output voltage. For this reason bridge rectifiers
that use vacuum tubes are widely used in high-
voltage power supply applications,

If directly heated diodes are used in a bridge
rectifier, three separate filament transformers
are required. This is due to the different poten-
tials existing at the filaments of the diodes. The
filaments of V2 and V3 in figure 3-14 are at the
same potential, but the filament of V1 is at a dif-
ferent potential from either V2 or V4. The three
filament transformers must be well insulated
from each other, and from ground, because of
the high potentials to which they are subjected.
The use of indirectly heated diodes would solve
the filament transformer problem, but the high
potential difference between cathode and heater
would be likely to resuit in arcing.

Figure 3-14.—Bridge rectifier with filament transformers.

(14, What is the main disadvantage of the con-
ventional full-wave rectifier?

Q15. What main advantage does a bridge rec-
tifier have over a conventional full-wave
rectifier?

FILTERS

While the output of a rectifier is a pulsating
d.c., most electronic circuits require a substan-
tially pure d.c. for proper operation. This type
of output may be provided by placing single or
maultisection filter circuits between the output of
the rectifier and the load.

There are four basic types of filter circuits:

Simple capacitor filter
LC choke-input filter
LC capacitor-input filter (pi-type)
RC capacitor-input filter (pi-type)

The function of each of these filters will be
covered in detail in this topic,

Filtering is accomplished by using various
combinations of capacitors, inductors, and/or
resistors. Inductors are used as series im-
pedances to oppose the change in flow of alter-
nating (pulsating d.c.) current. Capacitors are



used as shunt elements to bypass the alternating
components of the signal around the load (to
ground). Resistors are used in place of inductors
in low current applications.

Let’s briefly review the properties of a
capacitor. First, a capacitor opposes any change
in voltage, The opposition to a change in voltage
is called capacitive reactance (Xo) and is
measured in ohms. The capacitive reactance is
determined by the frequency (f) of the applied
voltage and capacitance (C) of the capacitor.

1

~ 159
- 27fC

Xe e

or

From the formula, you can see that if fre-
quency or capacitance is increased, the X¢ will
decrease. Since filter capacitors are placed in
parallel with the load, a low X will provide bet-
ter filtering than a high X¢. This is done by pro-
viding a better shunting effect of the a.c. around
the load, as shown in figure 3-15.

POWER - POWER ,.
SUPPLY l SUPPLY
cl
L04D (0A0
CHARGE _L mscuanss
L L PATH .._
(A) ( B)

B. Slow discharge time

-

A. Fast charge time

Figure 3-15.—Capacitor filter,

In order to obtain a steady d.c, output, the
capacitor must charge almost instantaneously to
the value of applied voltage. Once charged, the
capacitor must retain the charge as long as possi-
ble. The capacitor must have a short charge time
constant (view A} and a long discharge time con-
stant (view B), This can be accomplished by
keeping the internal resistance of the power sup-
ply as small as possible (fast charge time) and the
resistance of the load as large as possible (slow
discharge time).

From your earlier studies in basic electricity,
you may remember that one capacitor time con-
stant is defined as the time it takes a capacitor
to charge to 63.2 percent of the applied voltage
or to discharge to 36.8 percent of its total
charge. This can be expressed by the following
equation:

t = RC
Where: R represents the resistance of the
charge or discharge path
And; C  represents the capacitance of the

capacitor

You should also recall that a capacitor is con-
sidered fully charged after five RC time con-
stants. Referring to figure 3-16, you should see
that to obtain a steady d.c. ouiput voltage, the
capacitor should charge rapidly and discharge as
slowly as possible.

In filter circuits the capacitor is the common
element to both the charge and discharge paths.
Therefore, in order to obtain the longest possi-
ble discharge time, you want the capacitor to be
as large as possible. Another way to look at this
is: The capacitor acts as a short circuit around

Ald,
rectifier.

A1lS,

ANSWERS TO QUESTIONS Ql4. AND Q1i5.

The peak voltage is half of that of a half-wave

The bridge rectifier can produce double the
voltage with the same size transformer,

3-12



CHARGE

ol

DISCHARGE ——-«l

it

100

Y100

g0

80

70

60

50

" 40

30

PERCENT OF CHARGE AND DISCHARGE

20

10

1RC 2RC 3RC

4RC

5RC {

e TIME ———>

Figure 3-16.—RC Time constant chart.

the load (as far as the a.c. component is con-
cerned}, and since

1
Xe =z
the larger the value of the capacitor (C), the
smaller the opposition (X¢) or resistance to a.c.
Now let’s look at inductors and their
application in filter circuits. Remember, AN IN-
DUCTOR OPPOSES ANY CHANGE IN
CURRENT. In case you have forgotten, a
change in current through an inductor produces

3-13

a changing electromagnetic field. The changing
field, in turn, cuts the windings of the wire
in the inductor and thereby produces a counter-
electromotive force (cemf), It is the cemf that
opposes the change in circuit current. Opposi-
tion to a change in current at a given frequency
is called inductive reactance (X;) and is
megsured in ohms, The inductive reactance (X;)
of an inductor is determined by the applied fre-
quency and the inductance of the inductor.
Mathematically,

XL B 27rfL
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Figure 3-17.—Voliage drops in an inductive filter,

From the above formula, you know that if fre-
quency or inductance is increased, the Xy will in-
crease. Since inductors are placed in series with
the load (figure 3-17), the larger the X;, the
larger the a.c. voltage developed across the in-
ductor and the smaller the a.c, voltage
developed across the load.

Now back to our circuit. As illustrated in
figure 3-18, when the curreni starts to flow
through the coil, an expanding magnetic field
builds up around the inductor, This magnetic
field around the coil develops the cemf that
opposes the change in current. When the rec-
tifier current decreases as shown in figure 3-19,
the magnetic field collapses and again cuts the
turns (windings) of wire, thus inducing current
into the coil. This additional current adds to the
rectifier current and attempts to keep it at its
original level.

Now that you have read how the components
in the filter circuits react to current flow from

EXPANDING
/L,\/f MAGNETIC
FIELD
=3
POWER o, @ @\
SUPPLY
+

Figure 3-18,—Inductive filter (expanding field).
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Figure 3-19.—Inductive filter (collapsing field).

the rectifier, let’s discuss the different types of
filter circuits in use today.

Q16. If you increase the value of the capacitor,
will the X increase or decrease?

The Capacitor Fiiter

The simple capacitor filter is the most basic
type of power supply filter. The application of
this filter is very limited, It is sometimes used on
extremely high-voltage, low-current power sup-
plies for cathode-ray and similar electron fubes
which require very little load current from the
supply. This filter is also used in application
where the power-supply ripple frequency is not
critical and can be relatively high.

The simple capacitor filter shown in figure
3-20 consists of a single-filter ¢lement, This
capacitor (C1) is connected across the output of
the rectifier in parallel with the load. The RC

vl

)

N
R
= v2
Fl .

Figure 3-20.~-Full-wave rectifier with a eapaciter filter,




charge time of the filter capacitor (C1) must be
short and the RC discharge time must be long to
eliminate ripple action when using this filter. In
other words, the capacitor must charge up fast
with preferably no discharge at all, Better filter-
ing also results when the frequency is high,
therefore the full-wave rectifier output is easier
to filter than the haif-wave rectifier because of
its higher frequency.

To understand better the effect that filtering
has on E,,, compare the rectifier circuits
without filters in figure 3-21 to those with filters
in figure 3-22. The output waveforms in figure
3-21 represent the unfiltered outpuis of the haif-
wave and full-wave rectifier circuits. Current
pulses flow through the load resistance (Rz) each
time a diode conducts. The dashed line indicates
the average value of output voltage. For the
half-wave rectifier, E,,, is less than half the peak
output voltage (or approximately 0.318 of the
peak output voltage) while E,,, for the full-wave
rectifier is approximately 0.637. This value is
still much less than the applied voltage. With no
capacitor connected across the output of the rec-
tifier circuit the waveform has a large pulsating
component (ripple) compared with the average
or d.c. component. Now refer to figure 3-22.
When a capacitor is connected across the output
(in parallel with R, ), the average value of output

v
ONE
K CYCLE
‘..._
o+ (318
Eavg
L ARl
T - HALF ~WAVE
RECTIFIER
S‘ ONE
+\ CYCLE {.63?)
Eavg
ui . F
n FULL-WAVE
T RECTIFIER

(8) =

B. Full-wave rectifier

o
Ky

A. Half-waverectifier

Figure 3-21.--Half-wave/full-wave rectifiers (without
filters),
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Figure 3-22.—Half-wave/full-wave rectifiers (with capaci-
tor filters).

voltage (Ea,p) is increased due to the filtering
action of capacitor C1.

The value of the capacitor is fairly large
(several microfarads); it thus presents a rela-
tively low reactance to the pulsating current and
stores a substantial charge. The rate of charge
for the capacitor is limited only by the resistance
of the conducting diode which is relatively low.
The RC charge time of the circuit is, therefore,
relatively short. As a result, when the pulsating
voltage is first applied to the circuit, the
capacitor charges rapidly and almost reaches the
peak vahlue of the rectified voltage within the
first few cycles. The capacitor attempts to
charge to the peak value of the rectified voltage
anytime a diode is conducting, and tends to
retain its charge when the rectifier output
falls to zero. (The capacitor cannot discharge
immediately.) The capacitor slowly discharges
through the load resistance (R;) during the time
the rectifier is nonconducting.

The rate of discharge of the capacitor is
determined by the value of capacitance and the
value of the load resistance. If the capacitance
and load resistance values are large, the RC
discharge time for the circuit is relatively long.

From the waveforms shown in figure 3-22,
you should see that the addition of C1 to the cir-
cuit results in an increase in the average value of
an output voltage (E...) and a reduction in

3-15
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Figure 3-23.-Half-wave rectifier capacitor filter (positive
input cycle),

the amplitude of the ripple component (E,) pres-
ent across the load resistance.

Now, let’'s consider a complete cycle of
operation using a half-wave rectifier, a
capacitive filter (C1), and a load resistor (Ry).

As shown in figure 3-23, C1 is assumed to be
large enough to ensure a small reactance to the
pulsating rectified current, The resistance of R,
is assumed to be much greater than the reactance
of Cl1 at the input frequency.

When the circuit is energized, the diode con-
ducts on the positive haif cycle and current flows
through the circuit allowing C1 to charge. Ci
will charge to approximately the peak value of
the input voltage. The charge is less than the
peak value because of the voltage drop across
diode V1. The charge on C1i is indicated by the
heavy, solid line on the waveform.

As illustrated in figure 3-24, the diode (V1)
cannot conduct on the negative half cycle, The
reason for this is that the plate of V1 is negative
in respect to the cathode. During this interval,
C1 discharges through load resistance R;. The
discharge of C1 produces the downward slope
indicated by the solid line on the waveform in
the figure.

CAPACITOR
DISCHARGE
TIME

i

AKOUNT OF
CAPACITOR
DISCHARGE

Vi

Ry

1

Figure 3-24..--Half-wave rectifier capacitor filter (negative
input cycle).

During the discharge period, in contrast to
the abrupt fall of the applied a.c. voltage from
peak value to zero, the voltage across Cl (and
thus across R;) gradually decreases until the
time of the next half cycle of rectifier operation.

Keep in mind that for good filtering, the filter

capacitor should charge as fast as possible and
discharge as little as possible.

Since practical values of C1 and Ry ensure a
more or less gradual decrease of the discharge
voltage, a substantial charge remains on the
capacitor at the time of the next half cycle of
operation, As a result, no current can flow
through the diode until the rising a.c. input
voltage at the plate of the diode exceeds the
voltage of the charge remaining on Cl. The
charge on Cl1 is the cathode potential of the
diode. When the potential on the plate exceeds
the potential on the cathode (the charge on C1},
the diode again conducts, and C1 commences to
charge to approximately the peak value of the
applied voltage.

After the capacitor has charged to its peak
value, it commences to discharge. Since the fall
of the a.c. input voltage on the plate is con-
siderably more rapid than the decrease on the
capacitor voltage, the cathode quickly becomes
more positive than the plate, and the diode
ceases to conduct.

A16. Decrease.

ANSWER TO QUESTION Q16.
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Figure 3-25.—Full-wave rectifier (with capacitor filter).

Operation of the simple capacitor filter using
a full-wave rectifier is basically the same as
discussed for the half-wave rectifier. Referring
to figure 3-25, you should notice that because
one of the diodes is always conducting on either
alternation, the filter capacitor charges and
discharges during each half cycle, (Note that
each diode conducts only for that portion of
time when the peak secondary voltage is greater
than the charge across the capacitor.)

We stated before that a major advantage of
full-wave and bridge rectifiers over half-wave
rectifiers is the ease of filtering their output
voltages. You can now see the reason for this.
The ripple frequency is doubled; therefore, the
time period the capacitor is allowed to discharge
is cut in half. This means that the capacitor
discharges less. Thus, ripple amplitude is less,
and a smoother output voltage occurs.

Another thing to keep in mind is that the rip-
ple component (E,) of the output voltage is an
a.c. voltage and the average output voltage
(Eavg) is the d.c. component of the output. Since
the filter capacitor offers a relatively low im-
pedance to a.c., the majority of the a.c, compo-
nent flows through the filter capacitor. The a.c.
component is therefore bypassed (shunted)
around the load resistance and the entire d.c.
component (or E,,,) flows through the load
resistance. To clarify this statement, let’s take a
look at the formula for X¢ in a half-wave and
full-wave rectifier. First, you must establish
some values for the circuit.

HALF-WAVE RECTIFIER

FREQUENCY AT RECTIFIER QUTPUT:;
60 Hz

VALUE OF FILTER CAPACITOR:
30 uF

LOAD RESISTANCE (R.): 10 k@

N

Xe = 35@
159

Xe =3¢

. - 159

€ =60 x_.000030

159

Xc = 5018

Xo = 88.30

FULL-WAVE RECTIFIER

FREQUENCY AT RECTIFIER QUTPUT:
120 Hz

VALUE OF FILTER CAPACITOR:
30 uF

LOAD RESISTANCE (Rz): 10 kQ

1

Xe =35
159

Xc = 3¢

X = 159

¢ =730 % .000030

_.159

Xc = 036

Xo = 44.16Q
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As you can see from the calculations, by
doubling the output frequency of the rectifier,
the impedance of the capacitor is reduced by
one-half. Therefore, by using the simple
capacitor filter in conjunction with a full-wave
or bridge rectifier, improved filtering is provided

because the increased ripple frequency decreases

the capacitive reactance of the filter capacitor.
This allows the a.c. component to be passed
through the capacitor more easily. Therefore, a
full-wave rectifier output is much easier to filter
than that of a half-wave rectifier.

It should be obvious that the smaller the X¢
of the filter capacitor in respect to the load
resistance, the better the filtering action. By
using the largest possible capacitor, the best
filtering is achieved. The load resistance is also
an important consideration. If load resistance is
made small, the load current increases, and the
average value of output voltage (E,,,) decreases.
The RC discharge time constant is a direct func-
tion of the value of the load resistance;
therefore, the rate of capacitor voltage discharge
is a direct function of the current through the
load. The greater the load current, the more
rapid the discharge of the capacitor, and the
lower the average value of output voltage. For
this reason, the simple capacitor filter is seldom
used with rectifier circuits that must supply a
relatively large load current.

Q17. What is the most basic type of filter?

Q18. In a capacitor filter, is the capacitor in
series or parallel with the load?

Is better filtering achieved at a high fre-
quency or at a low frequency at the input
of the filter?

Q19.

Does a filter circuit increase or decrease
the average output voltage?

Q20.

3-18

Q21. What determines the rate of discharge of
the capacitor in a filter circuit?

22, Does low ripple voltage indicate good or
bad filtering?

Q23. Is a full-wave rectifier output easier to
filter than that of a half-wave rectifier?

FAILURE ANALYSIS OF THE CAPACI-
TOR FILTER.—In general, with the supply
voltage removed from the input to the filter cir-
cuit, one terminal of the filter capacitor can be
disconnected from the circuit.

CAUTION

REMEMBER—AN UNDISCHARGED
CAPACITOR RETAINS ITS POLAR-
ITY AND HOLDS ITS CHARGE FOR
LONG PERIODS OF TIME. TO BE
SAFE, USE A PROPER SAFETY
SHORTING PROBE TO DISCHARGE
THE CAPACITOR TO BE TESTED
WITH THE POWER OFF BEFORE
CONNECTING TEST EQUIPMENT
OR DISCONNECTING THE CAPACI-
TOR.

The capacitor can be checked, by using a
capacitance analyzer to determine its effective
capacitance and leakage resistance, During these
checks it is very important that correct polarity
be observed if the capacitor is an electrolytic. A
decrease in capacitance or losses within the
capacitor can cause the output to be below nor-
mal and can cause excessive ripple amplitude.

If a suitable capacitance analyzer is not
available, an indication of leakage resistance can
be obtained by using an ohmmeter. Resistance
measurements can be made across the terminals
of the capacitor t{o determine whether it sis



shorted, leaky, or open. When testing electro-
Iytic capacitors, set the ohmmeter to the high
range and connect the test probes across the
capacitor. Be careful to observe polarity. This is
important because current flows through an
electrolytic capacitor with less opposition in one
direction than in the other. If the current polar-
jty is not observed, an incorrect reading will
result and damage can occur. When the test
probes are first connected, a large deflection of
the meter should take place, and then the pointer
should return slowly toward the infinite-ohms
position as the capacitor charges. For a good
capacitor with a rated working voltage of 450
volts d.c., the final reading on the ohmmeter
should be over 500,000 ohms. (A rough rule of
thumb for high-voltage capacitors is at least
1000 ohms per volt.) Low-voltage electrolytic
capacitors (below 100 volts rating) should in-
dicate approximately 100,000 ohms.

If no deflection is obtained on the ohmmeter
when you are making the resistance check
explained above, an open-circuit capacitor is in-
dicated.

A steady full-scale deflection of the pointer
at zero ohms indicates that the capacitor being
tested is shorted.

An indication of a leaky capacitor is a steady
reading on the scale somewhere between zero
and the minimurmn acceptable value. (Be certain
this reading is not caused by an in-circuit shunt-
ing part.) To be valid, these capacitor checks
should be made with the capacitor completely
disconnected from the circuit im which it
operates.

In high-voltage filter capacitor applications,
paper and oil-filled capacitors are used in addi-
tion to mica and ceramic capacitors (for low-
capacitance values). In this case, polarity is of no
importance unless the capacitor terminals are
marked plus or minus. It is, however, good
maintenance practice to use the output polarity
of the circuit as a guide, connecting positive to
positive, and negative to negative, Thus, any
adverse effects of polarity on circuit tests are
minimized and the possibility of damage to com-
ponents or to test equipment is eliminated.
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Figure 3-26,—Full-wave rectifier with LC choke-input
filter,

The LC Choke-Input Filter

The LC choke-input filter is used primarily
in power supplies where good voltage regulation
is important and where the oufput current is
relatively high and subject to varying load
conditions, This filter is used in high power
applications such as those found in radar and
communication transmitter power supplies.

In figure 3-26 you can see that this filter con-
sists of an input inductor or filter-choke (L1)
and an output filter capacitor (C1).

Inductor 11 is placed at the input to the filter
and is in series with the output of the rectifier
circuit, Since the action of an inductor is to
oppose any change in current flow, the inductor
tends to keep a constant current flowing to the
load throughout the complete cycle of the
applied voltage. As a result, the output voliage
never reaches the peak value of the applied
voltage; instead, the output voltage approxi-
mates the average value of the rectified input to
the filter, as shown in figure 3-27.

The reactance of the inductor (X} reduces
the amplitude of ripple voltage without reducing
the d.c. output voliage by an appreciable
amount. (The d.c. resistance of the inductor is
just g few ohms.)

The shunt capacitor {C1) charges and
discharges at the ripple frequency rate, but the
amplitude of the ripple voltage (E,) is relatively
small because the inductor (L.1). tends to keep a
constant current flowing from the rectifier cir-
cuit to the load. In addition, the reactance of the



L] The value of the filter capacitor (C1) must be
relatively large in order to present a low opposi-

O Y YY) tion (Xc) to the pulsating current and to store a
INPUT FROM l substantial charge. The rate of the charge for the
FULL-WAVE Ci RL capacitor is limited by the low impedance of the
RECTIFIER I a.c. source (transformer}, the small resistance of

o the diode, and the counter emf developed by the

- coil. Therefore, the RC charge time constant

LC CO':SKE INPUT FILTER (figure 3-28) is short compared to its discharge
*'cycle"'} time. ) o

As a result, when the pulsating voltage is first

N - applied to the LC choke-input filter, the induc-

IEGVQ tor or filter choke (L) produces a counter emf

O which opposes the constantly increasing input

voltage. The net result is to effectively prevent
the rapid charging of the filter capacitor (C1).

Y XYY LE

O 11 vI{50R) Liiton

(500}
Figure 3-27.—Waveferms for & LC choke-input filter, }l .

SR 10k
o

Ci
shunt capacitor (X¢) presents a low impedance v2(500) I
to the ripple component existing at the output of |
the filter, and thus shunts the ripple component =
around the load. The capacitor attempts to hold
the output voltage relatively constant at the
average value of the voltage. Figure 3-28.—LC choke-input filter (circuit resistances),

ANSWERS TO QUESTIONS Q17. THROUGH Q23.

Al17. Capacitor.

Al8. Parailel.

A19. High,

A20. Increase.

A21. Value of capacitance and load resistance.
A22. Good,

A23. Yes.
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Figure 3-29.—LC choke-input filter (discharge path).

Thus, instead of reaching the peak value of the
input voltage, Cl only charges to the average
value of the input voltage. After the input
voltage reaches its peak and decreases suffi-
ciently, the capacitor (C1) attempts to discharge
through the load resistance (R;). Cl will
attempt to discharge as indicated in figure 3-29.
Because of its relatively long discharge time con-
stant, C1 can only partially discharge.

The larger the value of the filter capacitor,
the better the filtering action. However, due to
the physical size there is a practical limitation to
the maximum value of the capacitor,

The inductor or filter choke (L1} serves to
maintain the current flow to the filter output
(capacitor Cl and load resistance Rz) at a
nearly constant level during the charge and
discharge periods of the filter capacitor.

The series inductor (L1) and the capacitor
(C1) form a voltage divider for the a.c. compo-
nent (ripple) of the applied input voltage. This is
shown in figure 3-30. As far as the ripple

HIGH
Li? imeepENCE

o ¢ R
L
o LOW
IMPEDENCE

A.C.
COMPONENT

Figure 3-30.—LC choke-input filter (as voltage divider).
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component is concerned, the inductor offers a
high impedance (Z) and the capacitor offers a
low impedance. As a result, the ripple compo-
nent (E,) appearing across the load resistance is
greatly attenuated (reduced). Since the induct-
ance of the filter choke opposes changes in the
value of the current flowing through it, the
average value of the voltage produced across the
capacitor contains a much smaller value of rip-
ple component (E,), as compared with the value
of ripple produced across the coil.

Now look at figure 3-31 which illustrates a
complete cycle of operation where a full-wave
rectifier circuit is used to supply the input
voltage to the filter. The rectifier voltage is
developed across capacitor Cl. The ripple
voltage in the output of the filter is the alter-
nating component of the input voltage reduced
in amplitude by the filter section.

Each time the plate of a diode goes positive
with respect to the cathode, the diode conducts
and C1 charges. Conduction occurs twice during
each cycle for a full-wave rectifier. For a
60-hertz supply, this produces a ripple frequency
of 120 hertz. Although the diodes alternate (one
conducts while the other is nonconducting), the
filter input voltage is not steady. As the plate
voltage of the conducting diode increases (on the
positive half of the cycle), capacitor Cl
charges--the charge being limited by the im-
pedance of the secondary’s transformer wind-
ing, the diode’s forward (cathode-to-plate)
resistance, and the counter emf developed by the
choke, During the nonconducting interval (when
the plate voltage drops below the capacitor
charge voltage), C1 discharges through the load
resistance Ry. The components in the discharge
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Figure 3-31.-Filtering action of an LC choke-input filter.



path have a long time constant; thus C1 dis-
charges slower than it charges.

The choke (.1} is usually of a large value, on
the order of 1 to 20 henries, and offers a large
inductive reactance to the 120-hertz ripple com-
ponent produced by the rectifier. Therefore, the
effect that 1.1 has on the charging of the
capacitor (C1) must be considered. Since L1 is
connected in series with the parallel branch con-
sisting of C1 and Ry, a division of the ripple a.c.
voltage and the output d.c. voltage occurs. The
greater the impedance of the choke, the less the
ripple voltage that appears across Cl and the
output. The d.c. output voltage is fixed mainly
by the d.c. resistance of the choke.

Now that you have read how the LC choke-
input filter functions, let’s take a look at it using
actual component values. For simplicity, the in-
put frequency at the primary of the transformer
will be 117 volts 60 hertz. Both half-wave and
full-wave rectifier circuits will be used to provide
the input to the filter.

Starting with the half-wave configuration as
shown in figure 3-32, the basic parameters are:
with 117 wvolts a.c. rms applied to the TI
primary, 165 volts a.c. peak-to-peak is available
at the secondary [(117 V) X (1.414) = 165 V].
You should recall that the ripple frequency of
this half-wave rectifier is 60 hertz, Therefore, the
capacitive reactance of Cl is:

1
Xe = 305C
Xe = 1 =
(2)(3.14)(60)(10Y(107°)
_ (D(0%
Xe = “greg—
Xc = 2650

V1 L1

T1
I17VAC
60 Hz

Figure 3-32.—Half-wave rectifier with an LC choke-input
filter.
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This means that the capacitor (C1) offers 263
ohms of opposition to the ripple curreni. Note,
however, that the capacitor offers an infinite im-
pedance to direct current, The inductive react-
ance of L1 is:

)(1; = 27Tf1;

Xt

(2)(3.14)(60)(10)
Xz = 3.8 kilohms

This shows that L1 offers a relatively high
opposition (3.8 kilohms) to the ripple in com-
parison to the opposition offered by C1 (265
ohms). Thus, more ripple voltage will be
dropped across L1 than across Cl. In addition,
the impedance of C1 (265 ohms) is relatively low
in respect to the resistance of the load (10
kilohms). Therefore, more ripple current flows
through C1 than the load. In other words, Cl
shunts most of the a.c. component around the
load.

Let’s go a step further and redraw the filter
circuit so that you can see the voltage divider ac-
tion. (Refer to figure 3-33.) Remember, the 165
volts peak-to-peak 60 hertz provided by the rec-
tifier consists of both an a.c. and a d.c. compo-
nent. The first discussion will be about the a.c.
component, Looking at figure 3-33, you see that
the capacitor (C1) offers the least opposition
{265 ohms) to the a.c, component; therefore, the
greatest amount of a.c. will flow through CI.
{The heavy line indicates current flow through

Ct

X¢ =265n-i|j

Figure 3-33.—(A.c. component} in an LC choke-input
filter.



the capacitor.) Thus the capacitor bypasses, or
shunts, most of the a.c. around the load.

By combining the X of Cl and the
resistance of Ry into an equivalent circuit, you
will have a total resistance of 258 ohms.

RT = RD (R
TURITEF R2

You now have a voltage divider as illustrated in
figure 3-34. You should see that because of the
impedance ratios, a large amount of ripple
voltage is dropped across L1, and a substantiaily
smaller amount is dropped across Cl1 and Ry.
You can further increase the ripple voltage
across L1 by increasing the inductance:

XL = Z‘J'I'fL

Now let’s discuss the d.c. component of the
applied voltage. Remember, a capacitor offers
an infinite (o) impedance to the flow of direct
current. The d.c. component, therefore, must
flow through R, and LI. As far as the d.c. is
concerned, the capacitor does not exist, The coil
and the load are, therefore, in series with each
other. The d.c. resistance of a filter choke is very
low (50 ohms average). Therefore, most of the
d.c. component is developed across the load and
a very small amount of the d.c. voltage is
dropped across the coil, as shown in figure 3-35.

As you may have noticed, both the a.c. and
the d.c. components flow through L1, and
because the coil is frequency sensitive, it

L$ LARGE

X =3.8kap RIPPLE Li
VOLTAGE
¥ = 3.8k0
. SMALL
cl RUEIOKAY cippie
{Xg AND R
= = IN PARALLEL)

ACTUAL CIRCUIT =

Figure 3-34.—Actual and equivalent circuits.
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D.C. COMPONENT

Figure 3-35.—D.c, component in a LC choke-input
filter,

provides a large resistance to a.c. and a small
resistance to d.c. In other words, the coil
opposes any change in current, This property
makes the coil a highly desirable filter compo-
nent. Note that the filtering action of the LC
capacitor input filter is improved when the filter
is used in conjunction with a full-wave rectifier
as shown in figure 3-36. This is due to the
decrease in the X of the filter capacitor and the
increase in the X of the choke. Remember, rip-
ple frequency of a full-wave rectifier is twice that
of a half-wave rectifier. For a 60-hertz input, the
ripple will be 120 hertz. Let’s briefly calculate
the X¢ of Cl and the X of L.1:

Xe = BB IH120)(10)(109)

x, — (0010

7536
Xc = 132.5Q
Xp = 2xfL
Xz = (2)(3.14)(120)(10)

¥, = 7.5 kilchms

1t should be apparent that when the X¢ of a
filter capacitor is decreased, it provides less
opposition to the flow of a.c. The greater the
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Figure 3-36.~Full-wave rectifier with an LC choke-input
filter.

a.c. flow through the capacitor, the lower the
flow through the load, Conversely, the larger the
Xy, of the choke, the greater the amount of a.c.
ripple developed across the choke; consequently,
less ripple is developed across the load. Better
filtering is thus obtained.

Q24. In an LC choke-input filter what prevents
the rapid charging of the capacitor?

What is the value ususlly chosen for a
filter choke?

Q2s,

If the impedence of the choke is increased,
will the ripple frequency imcrease or
decrease?

026.

FAILURE ANALYSIS OF AN LC
CHOKE-INPUT FILTER.—The filter
capacitors are subject to open circuits, short cir-
cuits, and excessive leakage; the series inductor
is subject to open windings and, occasionally,
shorted turns or a short circuit to the core.

The filter capacitor in the choke-input filter
circuit is not subject to extreme voltage surges
because of the protection offered by the induc-
tor; however, the capacitor can become open,
leaky, or shorted.

Shorted turns in the choke may reduce the
value of inductance below the critical value, This

will result in excessive peak-rectifier current,
accompanied by an abnormally high output
voltage, excessive ripple amplitude, and poor
voltage regulation. A choke winding that is
open, or a choke winding which is shorted to the
core will result in a no-output condition. A
choke winding which is shorted to the core may
cause overheating of the rectifier element(s),
blown fuses, etc.

With the supply voltage removed from the
input to the filter circuit, one terminal of the
capacitor can be disconnected from the circuit.
The capacitor should be checked with a
capacitance analyzer to determine its
capacitance and leakage resistance. When the
capacitor is electrolytic, you must use the correct
polarity at all times. A decrease in capacitance or
losses within the capacitor can decrease the effi-
ciency of the filter and produce excessive ripple
amplitude. If a suitable capacitance analyzer is
not available, you can use an ochmmeter to check
for leakage resistance, The test procedure is the
same as that described for the input capacitor
filter.

So far, this section has discussed in detail the
operation and troubleshooting of the basic in-
ductive and capacitive filter circuits. In the two
remaining types of filters, only the differences
between them and the other basic filters will be
discussed.

Resistor-Capacitor {RC) Filters

The RC capacitor-input filter is limited to
applications in which the load current is small.
This type of filter is used in power supplies
where the load current is constant and voltage
regulation is not necessary. For example, RC
filters are used in high-voltage power supplies
for cathode-ray tubes and as part of decoupling
networks for multistage amplifiers.

Figure 3-37 shows an RC capacitor-input
filter and associated waveforms. Both half-wave
and full-wave rectifiers are used to provide the
inputs.

The RC filter in figure 3-37 consists of an in-
put filter capacitor (C1), a series resistor (R1),
and an output filter capacitor (C2). Although
not part of the RC filter, Ry is shown to help ex-
plain the circuit, This filter is sometimes
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Figure 3-37.—RC filter and waveforms,

referred to as an RC pi-section filter because its
schematic symbol resembles the Greek letter =.

Although the single capacitor filter is suitable
for many noncritical, low-current applications,
when the load resistance is very low or when the
percent of ripple must be held to an absolute
minimum, the capacitor value required must be
extremely large. While electrolytic capacitors are
available in sizes up to 10,000 pF or greater, the
larger sizes are quite expensive. A more practical
approach is to use a more sophisticated filter
that can do the same job but that has lower
capacitor values, such as the RC filter.

The waveforms shown in view (A) of figure
3-37 represent the unfiltered output from a
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typical rectifier circuit. Note that the dashed
line, which indicates the average value of output
voltage (B..,) for the half-wave rectifier, is less
than half the amplitude of the voltage peaks (ap-
proximately 0.318). The average value of output
voltage (E..,) for the full-wave rectifier is
greater than half (approximately 0.637), but is
still much less than, the peak amplitude of the
rectifier-output waveform, With no filter circuit
connected across the output of the rectifier cir-
cuit (unfiltered), the waveform has a large value
of pulsating component {(ripple) as compared to
the average (or d.c.) component.

An RC filter, such as a pi-section filter, does
a much better job than a single capacitor filter.



Figure 3-37 illustrates an RC filter connected
across the output of a rectifier. Cl performs
exactly the same function as it did in the single
capacitor filter. It is used to reduce the percent-
age of ripple to a relatively low value. Thus, the
voltage across C1 might consist of an average
d.c. value of + 100 volis with a ripple voltage of
10 volts, as shown in view (B). This voltage is
passed on to the R1-C2 network, which reduces
the ripple even further (view C).

C2 offers an infinite impedance (resistance)
to the d.c. component of the output voltage.
Thus, the d.c. voltage is passed to the load, but
reduced in value by the amount of the voltage
drop across R1. However, R1 is generally small
compared to the load resistance. Therefore, the
drop in the d.c. voltage by R1 is not a drawback.

Component values are designed so that the
resistance of R1 is much greater than the react-
ance of C2 at the ripple frequency. C2 offers a
very low impedance to the a.c. ripple frequency.
Thus, the a.c. ripple senses a voltage divider
consisting of RI and C2 between the output of
the rectifier and ground. Therefore, most of the
ripple voltage is dropped across R1. Only a trace
of the ripple voltage can be seen across C2 and
the load.

In extreme cases where the ripple must be
held to an absoluie minimum, a second stage of
RC filtering can be added., In practice, the
second stage is rarely required. The RC filter is
extremely popular because smaller capacitors
can be used with good results,

The RC filter has some disadvantages. First,
the voltage drop across R1 takes voltage away
from the load. Second, power is wasted in Rl
and is dissipated in the form of unwanted heat.

Finally, if the load resistance changes, the
voliage across the load will change. Even so, the
advantages of the RC filter overshadow these
disadvantages in many cases,

Is an RC filier used when a large current
or a small current demand is required?

Q27.

Q28. Why is the use of large value capacitors in

filter circuits discouraged?

0Q29. When is 2 second RC filter siage used?

FAILURE ANALYSIS OF THE
RESISTOR-CAPACITOR (RC) FILTER.—
The shunt capacitors (C1 and CZ} are subject to
an open circuit, a short circuit, or excessive
leakage. The series filter resistor (R1} is subject
to changes in value and occasionally opens. Any
of these troubles can be easily detected.

The input capacitor {C1) has the greatest
pulsating voltage applied to it and is the most
susceptible to voltage surges. As a result, the in-
put capacitor is frequently subject to voltage
breakdown and shorting, The remaining shunt
capacitor (C2) in the filter circuit is not subject
to voltage surges because of the protection
offered by the series filter resistor (RI1).
However, a shunt capacitor can become open,
leaky, or shorted.

A25. 1 to 20 henries.

A26. Decrease.

ANSWERS TO QUESTIONS Q24. THROUGH Q26.

A24. C,,, of the inductor,
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A shorted capacitor or an open filter resistor
results in a no-output indication. An open filter
resistor results in an abnormally high d.c.
voltage at the input to the filter and no voltage at
the output of the filter. Leaky capacitors or
filter resistors that have lost their effectiveness,
or filter resistors that have decreased in value,
result in an excessive ripple amplitude in the out-
put of the supply.

LL Capacitor-Input Filter

The LC input filter is one of the most com-
monly used filters. This type of filter is used
primarily in radio receivers, small audio
amplifier power supplies, and in any type of

power supply where the output current is low
and the load current is relatively constant,

Figure 3-38 shows an LC capacitor-input
filter and associated waveforms. Both half-wave
and full-wave rectifier circuits are used to pro-
vide the inputs.

The waveforms shown in view (A) of figure
3-38 represent the unfiltered output from a
typical rectifier circuit. Note again, that the
average value of output voltage (Ea,,) for the
half-wave rectifier is less than half the amplitude
of the voltage peaks. This is indicated by the
dashed line. The average value of output voltage
(Eayg) for the full-wave rectifier is greater than
half, but is still much less than, the peak
amplitude of the rectifier-output waveform,
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Figure 3-38.—LC capacitor-input filter and waveforms.
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With no filter circuit connected across the out-
put of the rectifier circuit (unfiltered), the
waveform has a large value of pulsating compo-
nent (ripple) as compared to the average (or d.c.)
component.

A common type of LC filter is shown in
figure 3-38. C1 performs the same functions as
discussed earlier by reducing the Tipple to a
relatively low level as shown in view}(B). L1 and
C2 form the LC filter which reduces the ripple
even further (view C).

L1 is a large value iron-core inductor
(choke). It has a high value of inductance and,
therefore, a high value of X; which offers a high
reactance to the ripple frequency. At the same
time, C2 offers a very low reactance to the a.c.
ripple. L1 and C2 form an a.c. voltage divider
and, because the reactance of L1 is much higher
than that of C2, most of the ripple voltage is
dropped across 1.1, Only a slight trace of the rip-
ple appears across C2 and the load.

While the L1-C2 network greatly reduces the
a.c. ripple, it has little effect on the d.c. You
should recall that an inductor offers no react-
ance to d.c. The only opposition to current flow
is the resistance of the wire in the choke.
Generally, this resistance is very low and the d.c.
voltage drop across the coil is minimal., Thus,
the LC filter overcomes the disadvantages of the

RC filter.
Aside from the voitage divider effect, the in-

ductor improves filtering in another way. You
should recall that an inductor resists changes in
the magnitude of the current flowing through it.
Consequently, when the inductor is placed in
series with the load, the inductor tends to hold
the current steady. In turn, this helps to hold the
voltage across the load constant.

The LC filter provides good filtering action
over a wide range of currents. The capacitor
filters best when the load is drawing little cur-
rent. Thus, the capacitor discharges very slowly
and the output voltage remains almost constant.
On the other hand, the inductor filters best when
the current is highest. The complementary
nature of these components ensures good filter-
ing over a wide range of current when size of
components is a factor.

The LC filter has two disadvantages. First, it
is more expensive than the RC filter because an
iron-core choke costs more than a resistor. The
second disadvantage is size, and the iron-core
choke is bulky and heavy. Thus, the LC filter
may be unsuitable for some applications but is
still one of the most widely used.

Q30. What is the most commonly used filter in
use today?

Q31. What are the two main disadvantages of
an LC capacitor filter?

FAILURE ANALYSIS OF THE LC
CAPACITOR-INPUT FILTER.—Shunt
capacitors are subject to open circuits, short cir-
cuits, and excessive leakage; series inductors are
subject to open windings and occasionally
shorted turns or a short circuit to the core.

The input capacitor (Cl) has the greatest
pulsating voltage applied to it, is the most

A27. Small,

A28. Expense.

minimum.

ANSWERS TO QUESTIONS Q27. THROUGH Q29.

A29. When ripple must be held at an absolute




susceptible to voltage surges, and has a generally
higher average voltage applied. As a result, the
input capacitor is frequently subject to voltage
breakdown and shorting. The output capacitor
(C2) is not as susceptible to voltage surges
because of the series protection offered by the
series inductor (L1), but the capacitor can
become open, leaky, or shorted,

A shorted capacitor, an open filter choke, or
a choke winding which is shorted to the core,
results in a no-output indication. A shorted
capacitor, depending on the magnitude of the
short, may cause a shorted rectifier,
transformer, or filter choke and result in a
blown fuse in the primary of the transformer.
An open filter choke results in an abnormally
high d.c. voltage at the input to the filter and no
voltage at the output of the filter. A leaky or
open capacitor in the filter circuit results in a low
d.c. output voltage, This condition is generaily
accompanied by an excessive ripple amplitude.
Shorted turns in the winding of a filter choke
reduce the effective inductance of the choke and
decrease its filtering efficiency. As a result, the
ripple amplitude increases.

VOLTAGE REGULATION

Ideally, the output of most power supplies
should be a constant voltage. Unfortunately,
this is difficult to achieve. There are two factors
which can cause the output voitage to change.
First, the a.c. line voltage is not constant. The
so-called 115 voits a.c. can vary from about 105
volis a.c. to 125 volts a.c. This means that the
peak a.c. voltage to which the rectifier responds
can vary from about 148 volts to 177 voits. The
a.c. line voltage alone can be responsible for
nearly a 20 percent change in the d.c, output
voltage. The second thing that can change the
d.c. output voltage is a change in the load
resistance, In complex electronic equipment, the
load can change as circuits are switched in and
out. In a television receiver, the load on a par-
ticular power supply may depend on the
brightness of the screen, the control settings, or
even the channel selected.

These variations in load resistance tend to
change the applied d.c. voltage because the
power supply has a fixed internal resistance. If
the load resistance decreases, the internal
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resistance of the power supply drops more
voltage. This causes a decrease in the voltage
across the load.

Many circuits are designed to operate with a
particular supply voltage, When the supply
voltage changes, the operation of the circuit may
be adversely affected. Consequently, some types
of equipment must have power supplies which
produce the same output voltage regardless of
changes in the load resistance or changes in the
a.c. line voltage. This constant power supply,
may be achieved by adding a circuit called the
VOLTAGE REGULATOR at the output of the
filter. There are many different types of
regulators in use today and to discuss all of them
would be beyond the scope of this topic.

LOAD REGULATION

A commonly used FIGURE OF MERIT for
a power supply is its PERCENT OF REGULA-
TION. The figure of merit gives us an indication
of how much the output voltage changes over a
range of load resistance values. The percent of
regulation aids in the determination of the type
of load regulation needed. Percent of regulation
is determined by the equation:

Percent of Regulation

= Erso load — Eful! load % 100
Efull load

This equation compares the change in output
voltage at the two loading extremes to the
voltage produced at full loading. For example,
assume that a power supply produces 12 volts
when the load current is zero. If the output
voltage drops to 10 volts when full load current
flows, then the percent of regulation is:

Percent of Regulation

= Eno foad ~— Efu” load x 100
Efuit 16ad

12 - 10
= ey x 100

=~1—20—>< 100

20%



ideally, the output voltage should not
change over the full range of operation. Thatis, a
12-volt power supply should produce 12 volts at
no load, at full load, and at all points in between.
In this case, the percent of regulation would be:

Percent of Regulation

= Eno load — Efull load % 100
Efull load

12 — 12
12

0.
12><100

= Q0

Thus, zero-percent load regulation is the
ideal situation. It means that the output voltage is
constant under all load conditions. While you
should strive for zero percent load regulation, in
practical circuits you must settle for something
less. Even s0, by using a voltage regulator, you
can hold the percent of regulation to a very low
value.

h

x 100

Q32. What two factors can cause output d.c.
voltage to change?

Q33. What is the commonly used figure of
merit for a power supply?

Q34. If a power supply produces 20 volis with
no load and 15 volts under full load, what
is the percent of regulation?

Q35. What percent of regulation would be
ideal?

REGULATORS

You know that the output of a power supply
varies with changes in input voltage and circuit
load current requirements. Because many mili-
tary electronic equipments require operating volt-
ages and currents which must remain constant,
some form of regulation is necessary. The circuits
which maintain power supply voltage or current
outputs within specified limits, or tolerances, are
called regulators, They are designated as d.c.
voltage or d.c. current regulators depending on
their specific application.

Voltage regulator circuits are additions to
basic power supply circuits which are made up of
rectifier and filter sections. The purpose of the
voltage regulator is to provide an output voltage
with little or no variation. Regulator circuits
sense changes in output voltages and compensate
for the changes. Regulators that maintain volt-
ages within plus or minus (+) 0.1 percent are quite
common . The diagram in figure 3-39 clearly
illustrates the purpose of the voltage regulator.

There are two basic types of voltage regula-
tors. Voltage regulators are classified as series or
shunt, depending on the location or position of
the regulating element(s) in relation to the circuit
load resistance.

ANSWERS TO QUESTIONS Q30. AND Q31.

A30. LC capacitor-input filter.

A31. Cost of the inductor and size of the inductor.
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Figure 3-40 illustrates the two basic types of
voltage regulators. In actual practice the cir-
cuitry of regulating devices may be quite com-
plex. The simplified drawings shown in the
figure are presented to emphasize that there are
two basic types of voltage regulators. Broken
lines have been used to highlight the differences
between the series and shunt regulators.

The schematic in view (A) is that of a shunt-
type regulator. It is called a shunt-type regulator
because the regulating device is connected in
parallel with the load resistance. This is a
characteristic of all shunt-type regulators. The
schematic in view (B) is that of a series regulator.
It is called a series regulator because the
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Figure 3-40.—Serles and shunt regulators.

regulating device is connected in series with the
load resistance.

Series Voltage Regulator

Figure 3-41 illustrates the principle of series
voltage regulation. As you study the figure,
notice that the regulator is in series with the load
resistance and that all current passes through the
regulator. In this example variable resistor R, is
used for regulation. Examine the circuit to deter-
mine how the regulator functions. When the in-
put voltage increases this also causes the output
voltage to increase. However, since the voltage
regulator device (R,} senses this change, the
resistance of the regulating device increases and
results in a greater voltage drop across R,. This
causes the output voltage to decrease to normal
or, for all practical purposes, to remain con-
stant.

You should be able to see that as the input
voltage decreases, the resistance of the variable
resistor R, decreases almost simultaneously,
thereby compensating for the voltage drop,
Since there is a smaller voltage drop across R,,
the output voltage remains almost constant,
Voltage fluctuations within the circuit occur in
microseconds.
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Figure 3-41.,—Series voltage regulator.
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The diagram in figure 3-42 represents a
shunt-type voltage  regulator. Notice that
variable resistor R, is in parallel with the load
resistance R; and that fixed resistor R, is in
series with the load resistance. You already
kniow the voltage drop across a fixed resistor
remains constant unless there is a variation (in-
crease or decrease) in the current through it.

In a shunt regulator as shown in figure 3-42,
output voitage regulation is determined by the
current through the paralle! resistances of the
regulating device (R,), the load resistance (R;),
and the series resistor (R,). For now, assume that
the circuit in 3-42 is operating under normal con-
ditions, that the input is 120 volts d.c., and that
the desired regulated output is 100 voits d.c. For
a 100-volt outpui fo be maintained, 20 volis
must be dropped across the series resistor (R,). If
you assume that the value of R, is 2 ohms, then
you must have 10 amperes of current across R,

and R;. (Remember: E = IR.} If the values of
the resistance of R, and R; are equal, then 5
amperes of current will flow through each
resistance (R, and Ry).

Now, if the load resistance (R;) increases,
the current through R; will decrease. For exam-
ple, assume that the current through Ry is now 4
amperes and that the total currenft across R; is 9
amperes, With this drop in current, the voltage
drop across R, is 18 volts; consequently, the out-
put of the regulator has increased to 102 volts.
At this time, the regulating device (R,) decreases
in resistance, and 6 amperes of current flows
through this resistance (R,). Thus, the total cur-
rent across R, is once again 10 amperes (6
amperes across R,, 4 amperes across Rz);
therefore, 20 volts will be dropped across R;
causing the output to decrease back to 100 volis.

You should know by now that if the load
resistance (Ry) increases, the regulating device
(R,) decreases its resistance {0 compensate for
the change. If Ry decreases, the opposite effect
will occur and R, will increase. Now take a look
at the circuit when a decrease in load resistance
takes place.

When R; decreases, the current through R,
subsequently increases to 6 amperes. This action
causes a total of 11 amperes to flow through R,
which now drops 22 volis. As a resulf, the out-
put is now 98 volts. However, the regulating
device (R,) senses this change and increases its
resistance so that less current (4 amperes) flows
thiough R,. The total current again becomes 10
amperes, and the output is again 100 volis,

ance,

A3d. 25%.
A35. 0%,

ANSWERS TO QUESTIONS (32. THROUGH Q35.

A32. A.c. line voliage and a change in load resist-

A33. Percent of regulation.




From these examples, you should now under-
stand that the shunt regulator maintains the
desired output voltage by sensing the current
change that occurs in the parallel resistance of the
circuit.

Again refer to the schematic shown in figure
3-42 and consider how the voltage regulator
operates to compensate for changes in input
voltages. You know, of course, that the input
voltage may vary and that any variation must be
compensated for by the regulating device. Con-
sider an increase in input voltage. When this
happens the resistance of R automatically
decreases to maintain the correct voltage division
between R and R You should see, therefore,
that the regulator operates in the opposite way to
compensate for a decrease in input voltage.

So far the operation of voltage regulators
that use variable resistors has been explained,
however, this type of regulation has limitations.
Obviously, the variable resistor cannot be ad-
justed rapidly enough to compensate for frequent
fluctuations in voltages. Since input voltages
fluctuate frequently and rapidly, the variable
resistor is not a practical method for voltage
regulation. A voltage regulator that operates
continuously and automatically to regulate the
output voltage without external manipulation is
required.

Q36. The purpose of a volitage regulator is fo
provide an output voltage with little or
no

Q37. The two basic types of voltage regulators
are and .

(338. When a series voltage regulator is used to
control output voltages, any increase in
the input voltage resulis in an increase/a
decrease in the resistance of the regulating
device.

Q39. A shunt type voltage regulator is con-
nected in series parallel with the load
resistance.

Basic VR Tube Reguiator Circuit

Although electrical characteristics of the VR
tube were covered in topic 2 of this manual, it is
necessary to cover the capabilities and limitations
of the VR tube itself.

Table 1 gives characteristics of common VR
tubes. This table includes a column that shows

Table 1.—Voltage regulator Tube Ratings

Operating Current Minimum Regulated
Type Volis Min, Max, Supply Voltage
0A2 150 5 30 185 2
OA3-VR7S 75 5 40 105 5
0OB2 108 5 30 133 2
OB3-VR90 90 5 40 130 6
0C2 75 5 30 105 5
OC3-VR105 105 5 40 135 2
OD3-VR150 150 5 40 185 4
0G3 85 1 10 125 4
1B46 80 1 2 225 3
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Figure 3-43,—Basic VR fube regulator,

the amount of regulation io be expected over the
operating range of the tube. As can be seen, a
variety of VR tubes is available. A common
designation for VR tubes is the use of numbers,
such as VR105-40, The letters indicate the func-
tion of the tube (voltage regulator). The
numbers preceding the dash indicate the max-
imum current (in milliamperes) which may be
allowed and still maintain regulation. The
minimum supply voltage column indicates the
lowest supply voltage that will ensure firing each
time the supply is energized. The minimum value
of current gain in the table is the current re-
quired to sustain operation within the normal
glow discharge region. This current is sotetimes
called the ‘““keep alive’’ current.

Figure 3-43 shows a basic VR tube regulating
circuit, The voltage produced by the source is
150 volts. The VR0 will provide a constant 90
volts across the load resistance (R;) if the tube is
operated in the normal glow discharge region.
This means that 60 volts is dropped across R,
which is the series limiting resistance used to
limit the current through the VR tube.

Since the operating limits of a VR tube
are determined by its maximum and minimum
currents, circuits using such tubes should be
designed to allow maximum variations in current
above and below the normal point of operation,
The normal point of operation, which allows
maximum variation in current, must be midway
between the current limits of the tube. This
median current is called I,... and can be
calculated by the use of the following equation:

Imax + Imt’n

Imean =

The mean current for the VR%0-40 as shown
in figure 3-44 can be determined by using the
following values:

40 + 5 _ 45

5 5= 22.5 mA

Imean =

To calculate the value of series dropping
resistance R,, the following equation can be
used:

_. Source Voltage — Regulated Voltage

R,

Imean + Iload (average)

$ 9008

Figure 3-44.—Simplified VR tube regulator.

A36. Variation,
A37. Serles and shunt.
A3B. Increase,

A39, Parallel,

ANSWERS TO QUESTIONS Q36. THROUGH (Q39.
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If the average current flowing through the
load of figure 3-44 is 100 milliamperes, the series
dropping resistance can be found in the follow-
ing manner:

_ 150 — 90 _ 60 volts

s =3 E T 100" 125 ma -~ 490 ohms

R

According to Ohm’s law, the value of the
load resistance for this circuit figure will be %00
ohms if a current of 100 milliamperes flows
through Rj;. The internal resistance of the VR
tube can be calculated in a similar manner. With
22.5 milliamperes flowing and 20 volts dropped
across the VR tube, its resistance is 4 kilohms.

To show voltage regulation in the circuit for
figure 3-44, assume a constant supply voltage of
150 volts and a variable load resistance. If the
value of R; were t0 decrease to 857 ohms, the
load current would increase to approximately
105 milliamperes to maintain 90 volts across the
ioad resistance, R, musi drop 60 volts, To do so
requires a current of 122.5 milliamperes flowing
through the series resistance. Since 105
milliamperes is now flowing through the load,
the current through the VR tube must decrease
from 22.5 milliamperes to 17.5 milliamperes.
The sequence of events will be discussed in more
detail to help you better understand the manner
in which tube current is made to vary.

The original load resistance was 900 ohms.
Changes in this resistance will not occur instan-
taneously, but will require some time to vary
from 900 ohms to a new value, As resistance of
the Toad begins to decrease, load current begins
to increase. The minute increase in load current
will flow through the series resistance R, causing
a slight increase in E,. This slight increase in
voltage across R, will result in the VR tube
voltage dropping slightly. This slight drop in
tube voltage will cause a decrease in the ioniza-
tion of the tube gas which in turn increases the
resistance of the tube. As a result, less current
flows through the tube,

Note that tube current can decrease only to a
value of 5 milliamperes before deionization
occurs. Therefore, the load current cannot ex-
ceed 117.5 milliamperes, for beyond this value,
tube current becomes less than 5 milliamperes
and regulation ceases.
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If load resistance were to increase, load cur-
rent would decrease. This would result in the VR
tube current increasing to maintain a current of
122.5 milliamperes, The VR tube current can
only increase to 40 milliamperes. Beyond this
value of current, the tube enters the abnormal
glow region and tube voltage increases. The
upper limit of the VR tube current will occur
when load current decreases to a value of 82.5
milliamperes. When load current drops below
this value, the VR tube ceases to regulate the
load voltage, It can be seen, therefore, that with
a constant source voltage but variable load
resistance, the limits of regulation will be
reached when current in the load exceeds 117.5
mitliamperes or drops below 82.5 milliamperes.

The VR tube regulator can also compensate
for changes in power supply voltage. Under
these conditions, the load resistance will remain
constant while power supply voltage will be
variable. Reference should be made to figure
3-44 for the following discussion.

Assume the source voltage begins to increase
from an original value of 150 volts toward 155
volts. As this voltage increases, current through
R, increases from its original value of 122.5
milliamperes. Initially, this additional current is
drawn from the load, causing a slight increase in
1oad voltage. This increase in load voltage is feit
across the VR tube and causes an increase in
tube ionization. This decreases the internal
resistance of the VR tube with a resultant in-
crease in tube current. When source voltage
reaches 155 volts, current through R, is approx-
imately 133 milliamperes (R; = 490 ohms). Most
of the additional current through R, flows
through the VR tube. As a result, approximately
33 milliamperes flows through the VR tube,
maintaining the load voltage at 90 volts,

Since VR tube current decreases as source
voltage decreases, some point will be reached
where tube current drops below its lower limit of
3 milliamperes, When source voltage drops
below 141.4 volts, tube current will be less than 5
milliamperes and regulation will cease. The
upper and lower limits of the supply voltage
variations which can be allowed and still provide
regulation in the circuit are 158.6 volts and 141.4
volts, respectively. Remember that tube voltage
varies slightly through its operating range, but



this voltage change is less than that which would
exist without the use of a VR tube.

As the source voltage increases, the current
through the VR tube increases. Since the upper
limit of tube current is 40 milliamperes, thereis a
limit in the ability of the tube to regulate increas-
ing voltage. When the supply voltage exceeds
158.6 volts, tube current will be greater than 40
milliamperes and regulation will cease,

If source voltage decreases from 150 voits to
145 volis, only 55 volts must be dropped across
the 490-ohm series resistance (R,) to enable lead
voltage to be maintained at 90 volts, Current
through R, for a 55 wvolt drop is 112
milliamperes. Since load current is 100
milliamperes, the remaining 12 milliamperes
must flow through the VR tube. This represents
a decrease in the ionization level of the VR tube
with a resultant increase in tube resistance,
Under these conditions, 90 volts will be main-
tained across the load resistance,

VR Tubes Connected in Series

In applications where a regulated voltage in
excess of the maximum rating of one tube is re-
quired, two or more tubes may be placed in
series as shown in figure 3-45,

In the figure a VR75-30 and a VR105-40 are
shown connected in series, The source voltage is
250 volis, and 82.5 milliamperes flows through
the load resistance. Since current through the
two VR tubes is common, the limits of regula-
tion are determined by the tube having the

© A
3 Rg=7000
0c2
VR75-30
RL<
oCc3
VRIQEB-40
Iﬂ = B2.5mA
¥ L

Figure 3-45.--VR tubes in series.

smaller current limitations. (In this case, the VR
75-30). In computing I,e.. for this circuit, Lyax
and Ineqn Wwill be 30 milliamperes and 3
milliamperes, respectively. Therefore, the mean
current will be 17,5 milliamperes.

The value of R, in the figure can be com-
puted using the source voltage of 250 volts and
the total current through R; (load current +
Lmean). Using these values, R, = 700 ohms. Note
that the regulated voltage to the load is 180
volts, This provides a regulated voltage greater
than would be possible using either VR tube by
itself.

Another advantage of using VR tubes in
series is iftustrated in figure 3-46. In this circuit,
several values of regulated voltages are obtained
from a single power supply. ‘

The current flowing through V2 in the figure
is a combination of the current through R1 and
the current through V1. The current through V3,
on the other hand, is the sum of the currents
through V2 and R2. Since V3 has more current
flowing through it than any of the other VR
tubes, it places or determines the limit on the
maximum current in the VR tube circuit. Since
the maximum rating of V3 is 40 milliamperes,
the currents through R1 and R2 must be limited

Q
300V
VR75-40
228V
Q
VR1I50-40
R3:E
P
75V X
RZE;
>R
VR75-40
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e
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Figure 3-46.-—VR tubes as voltage dividers.



to only a few milliamperes, or the rating of V3
will be exceeded and regulation will cease.

The obvious advantage in using VR tubes in
series is to provide several regulated voltages
from a single power supply. The primary dis-
advantage is in the current limitations. Since it is
impossible to have all VR tubes operating about
their mean current values, this limits the ability
of the circuit to regulate over wide ranges of
variations in load resistance or source voltage.

VR Tubes Connected in Parallel

One might expect that connecting VR tubes
in parallel as shown in figure 3-47 would increase
the current handling capacity of the network.
Although this statement is true in the operation
of some gas filled tubes, it is not true of VR
tubes. In figure 3-47, two VR tubes are con-
structed in exactly the same way. The only
difference will be a slight variation in their
ionization potential. For the purpose of this
discussion, VR tube VR1 will have a lower
ionization potential than VR2. The potential
that must be reached before a VR tube ionizes is
considerably higher than its normal operating
voltage.

When voltage is applied to the circuit of
figure 3-47, as soon as the correct potential is
reached, VR1 begins to conduct and the poten-
tial across it decreases to its operating voltage.
The potential across VR2 never becomes suffi-
ciently high enough to cause it to ionize.
Therefore, placing the VR tubes in parallel
accomplishes no useful purpose. When greater
current handling capacity and better regulation
are desired, electronic (vacuum tube) regulator
circuits are used.

CPOr

;
i_

Figure 3-47.—VR tubes connected in parailel,

FAILURE ANALYSIS OF THE VR TUBE
REGULATOR.—Initially, some indication of
the trouble associated with a gas-tube regulator
circuit can be obtained by visual inspection to
determine the presence of the characteristic glow
from the ionized gas within the tube., When cur-
rent through the tube is near its maximum
rating, the tube is highly ionized; when the cur-
rent is near its minimum rating, the tube is
lightly ionized; therefore, the intensity of the
gaseous discharge within the tube is an indica-
tion of tube conduction., If the tube is not
ionized, however, this does not necessarily mean
that the tube is defective. The same indication
(lack of characteristic glow) may possibly occur
if the following indications are observed: the
series resistor (R,) increases in value, the d.c.
input voltage (E,) is below normal, the load cur-
rent is below normal, or the load current is
excessive. It is therefore necessary to make d.c,
voltage measurements at the input and output
terminals of the voltage regulator circuit to
determine whether the fault lies within the
regulator circuit or whether it is external to the
regulator circuit.

The value of the series resistor (R;) can be
checked by ohmmeter measurements to deter-
mine whether any change in resistance has
occurred. If the maximum current rating of the
regulator tube is exceeded for a considerable
length of time, the tube may be damaged and
lose its regulation characteristics; therefore, the
regulator tube itself can be suspected as a possi-
ble source of trouble.

Although VR tubes are used extensively in
electronic equipment, there are circuits which re-
quire a greater degree of regulation than a VR
tube can provide. For this reason an electron
tube voltage regulator is used.

Electron Tube Voltage Regulator

An electron tube may be considered as a
variable resistance. When the tube is passing a
direct current, this resistance is simply the plate-
to-cathode voltage divided by the current
through the tube and is called the d.c. plate
resistance (R,). For a given plate voltage, the
value of R, depends upon the tube current, and
the tube current depends upon the grid bias.
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A. Electron-tube voltage regulator using a battery for
the fixed bias
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Figure 3-48.—Eleciron tube voltage regulator,

Refer to figure 3-48, view (A). The resistance
of V1 is established initially by the bias on the
tube. Assume that the voltage across the load is
at the desired value. Then the cathode is positive
with respect to .ground by some voltage (Er).
The grid can be made positive relative to ground
by a voltage (E2) that is less than E1. The poten-
tiometer R2 is adjusted until the bias (grid-to-
cathode volitage), which is E2—E], is sufficient
to allow V1 to pass a current equal to the desired
load current. With this bias, the resistance of V1
is established at the proper value to reduce the
rectifier output voltage to the desired load
voltage.

If the rectifier output voltage increases, the
voltage at the cathode of V1 tends to increase.
As El increases, the negative bias on the tube
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increases and the plate resistance of the tube
becomes greater, Consequently, the voltage
drop across V1 increases with the rise in input
voltage, If the circuit is properly designed, the
increased voltage drop across V1 is approxi-
mately equal to the increase in voltage at the in-
put. Thus the load voltage remains essentially
constant,

The resistor (R1) is used to limit the grid cur-
rent. This is necessary in this particular circuit
because the battery is not disconnected when the
power is turned off. However, the battery can be
eliminated from the circuit by the use of a glow
tube (V2), as shown in view {B} of the figure, to
supply a fixed bias for the grid of the tube. The
action of the circuit in view (B} is the same as the
action of the circuit in view (A). The output
voltage of the simple voltage regulators shown in
the figure cannot remain absolutely constant. As
the rectifier output voltage increases, the
voltages on the cathode of V1 must rise slightly
if the regulator is to function.

The voltage regulators shown in the figure
compensate not only for changes in the output
voltage from the rectifier, but also for changes in
the load. For example, in view (B} if the load
resistance decreases, the Joad current will in-
crease. The load voltage will tend to fall because
of the increased drop across V1. The decrease in
load voltage is accompanied by a decrease in bias
voltage on V1. The bias voltage on V1 is equal to
E1—E2. Thus the effective resistance of VI is
reduced at the same time the load current is in-
creased. The IR drop across V1 increases only a
slight amount because R decreases about as
much as I increases. Therefore, the tendency for
the load voltage to drop when the load is in-
creased is checked by the decrease in resistance
of the series triode.

Q40, In an electron tube regulator, the electron
tube replaces what component?

CURRENT REGULATION

Before going to the next section, there is one
type of regulation that should be discussed—
current regulation. In most power supplies,



current is not directly regulated. Fuses and other
circuit protectinn devices are used to set an
upper limit to the amount of current that can
flow in a power supply. Once this limit is
exceeded, the fuse simply opens and the power
supply is deenergized. Beyond this, current is
usually left unregulated because the load will
draw from the power supply only the amount of
current that it needs. Decreases and increases in
the power supply voltage caused by variations in
load current are usually controlled by the
voltage regulator.

The Amperite Regulator

There are some cases where current must be
regulated or kept at a relatively constant value.
The best example of this is the filament supply
of a power transformer located in a power sup-
ply that is designed to supply filament power to
many tubes. You can see this in view (A} of
figure 3-49, which is a portion of a power supply
designed to supply 50 vacuum tubes with both
plate and filament voltages. Under normal con-
ditions, circuit current will not exceed 2.5
amperes. For this reason, the power supply has
been fused at 3 amperes. Because you are only
interested in current regulation at this time, only
the portion of the power supply that deals with
current regulation is shown; namely, the power
transformer and four of the (fifty) parallel con-
nected vacuum-tube filaments. At operating
temperatures, the resistance of each filament is 1
kilohm. Because the filaments are connected in
parallel, the total filament resistance at
operating temperature is 20 ohms. Ohm’s law

E

I'=x

tells you that the filaments draw .315 amperes.
You should know from your previous study that
as conductors are heated, their resistance in-
creases. Therefore, the cold resistance of the
filaments is considerably lower than the hot
resistance. In this case, assume 100 ohms per
filament. The total resistance of the 50 parallel
filaments is then 2 ohms when the power supply
is first energized, and the filaments draw 3.15
amperes of current, If the current for the rest of
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Figure 3-49.—Amperite regulator,



the power supply is added to the filament cur-
rent, the surge current will cause the power sup-
ply to draw § amperes when it is first energized.
Unfortunately, the power supply is fused at 3
amperes. Under these conditions, it would be
impossible to keep the power supply on the line
long enough to get the filaments up to operating
temperature.

There are three possible solutions to this
problem, The first is simply to fuse the power
supply at 5 amperes, but this could aliow ex-
cessive current to flow in the power supply.
Another solution is to use a slow-blow fuse. Un-
fortunately, the duration of the current surge
may exceed the time limit that a slow-blow fuse
can handle. Therefore, current regulation is the
best solution to this problem,

Because of its quick-heating ability, the
amperite tube is ideal as a current regulator. The
amperite regulator is nothing more than an iron
wire enclosed in a hydrogen-filled envelope.
Because of iis construction, the iron filament
will heat quickly when current is applied to it,

View (B) of figure 3-49 shows the amperite
regulator connected in series with the filaments
of the load. When the power supply is first
energized, the iron wire of the amperite gets hot
quickly and presents a large resistance connected
in series with the 2 ohms of filament resistance.
As a result, most of the voltage is dropped
across the amperite, Because of the large
resistance of the amperite regulator, current in
the circuit is held to an acceptable level in
accordancge with Ohm’s law:

As the filaments warm up, their resistance in-
creases, a fact which causes circuit current to
decrease, The decreasing circuit current allows
the iron wire of the amperite to cool. As it cools,

its resistance decreases until the approximate
resistance of the circuit wiring is reached. You
might think that decreasing the resistance of the
amperite would allow circuit current to increase
again, but this does not happen. As the iron wire
of the amperite cools and its resistance
decreases, the resistance of the warming tube
filaments increases. Throughout the entire
heating cycle of the filaments, the total
resistance of the series circuit, consisting of the
amperite and tube filaments, remains fairly
constant. When power is {irst applied, most of
the resistance is in the amperite. Therefore, most
of the voltage is dropped across the resistance of
the amperite. Halfway through the cycle, the
resistance of the amperite and the resistance of
the filaments are approximately equal, and the
voltage drops across the two series elements are
equal. Finally, when the filaments have reached
their operating temperaiure, most of the
resistance is in the filamenis of the tube,
Therefore, most of the voltage is dropped across
the tube filaments.

The important thing to note is that the total
circuit resistance remains approximately the
same throughout the heating cycle. As the cycle
progresses, the resistance of the amperite
decreases as the resistance of the tube filaments
increases. Because resistance and voltage (6.3
volts) remain constant, current remains con-
stant, except for the slight surge in the beginning
of the heating cycle which is necessary to heat up
the iron wire of the amperite.

MNow that the different types of regulators
have been discussed, you should be able to see
that there are many variables that affect good
regulation.

Although you may not be required to design
regulators, you will be required to maintain
them because your electronic equipment
depends upon good regulation to operate prop-
erly.

AdQ. Variable resistor.

ANSWER TO QUESTION (40.
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Up to this point only the individual sections
of the electron tube power supply have been
discussed. In the next section, the techniques of
troubleshooting these individual sections and the
total power supply will be discussed.

341. What is the purpose of the amperite
regulator?

Q42.  As the tube filaments in the load heat up,
will the circuit current increase or
decrease?

TROUBLESHOOTING POWER
SUPPLIES

Whenever you are working with electricity,
the proper use of safety precautions is one of the
most important things you should remember. In
the front of all electronic technical manuals, you
will always find a section on safety precautions.
Also posted on each piece of equipment should be
a sign listing the specific precautions for that
equipment. One area that is sometimes over-
looked and is a hazard is the method in which
equipment is grounded. By grounding the return
side of the power transformer to the metal chassis,
the cathode of the tubes in both the power supply
and the load being supplied by the power supply
can be wired directly to the metal chassis. Thereby
the necessity of wiring each tube directly to the
return side of the transformer is eliminated. This
method saves wire and reduces the cost of
building the equipment. While this solves one of
the problems of the manufacturer, it creates a
problem for you, the technician. Therefore,
before starting to work on any electronic or
electrical equipment ALWAYS ENSURE THAT
THE EQUIPMENT AND ANY TEST
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EQUIPMENT YOU ARE USING IS
PROPERLY GROUNDED AND THAT THE
RUBBER MAT YOU ARE STANDING ON IS
IN GOOD CONDITION. As long as you follow
these simple rules, you should be able to avoid the
possibility of becoming an electrical conductor.,

TESTING

There are two widely used checks in testing
electronic equipment., The first one is the
VISUAL CHECK. The importance of this check
should not be underestimated because many
technicians find defects right away simply by
looking for them. A visual check does not take
long; in fact you should be able to see the problem
in about two minutes if it is the kind of problem
that can be seen. You should learn the following
procedure. You will find yourself using it guite
often, as it is good not only for power supplies but
also for any other type of electronic equipment
you may be troubleshooting.

A. BEFORE YOU PLUG IN THE
EQUIPMENT, LOOK FOR:

(1) LOOSE TUBES-—A tube thatis not
properly seated in iis socket may not be making
proper contact with the rest of the circuit. it may
very well be the source of your problem. Push the
tube completely into place.

(2) SHORTS—Any terminal or con-
nection that is close to the chassis or to any other
terminal should be examined for the possibility of
a short. A short in any part of the power supply
can cause¢ considerable damage. Look for and
remove any stray drops of solder, bits of wire,
nuts, or screws. It sometimes helps to shake
the chassis and listen for any tell-tale rattles.
Remember to correct any problem that



may cause a short circuit. If it is not causing
trouble now, it may cause problems in the
future.

(3) DISCOLORED OR LEAKING
TRANSFORMER—This is-a sure sign that there
is a short somewhere. Locate it. If the equip-
ment has a fuse, find out why the fuse did not
blow; too large a size may have been installed, or
there may be a short across the fuse holder,

(4) LOOSE, BROKEN, OR COR-

RODED CONNECTIONS—Any connection
that is not in good condition is a trouble spot, If
it is not causing you present trouble, it will
probably cause problems in the future. Fix it.

(5) DAMAGED RESISTORS OR

CAPACITORS—A resistor that is discolored or
charred has been subjected to an overload. An
electrolytic capacitor will show a whitish deposit
at the seal around the terminals, Check for a
short whenever you notice a damaged resistor or
capacitor, If there is no short, the trouble may
be that the power supply has been overloaded in
some way. Make a note to replace the part after
signal tracing. There is no sense in risking a new
part until the trouble has been located.

B. PLUG IN THE POWER SUPPLY AND
LOOK FOR:

(1) SMOKING PARTS—If any part
smokes or if you hear any boiling or sputtering
sounds, pull the plug immediately. There is a
short circuit somewhere that you have missed in
your first inspection, Use an ohmmeter to check
the part once again; begin in the neighborhood
of the smoking part.

(2) COLD TUBES—After allowing
about two minutes for warm-up, touch all the

tubes on the equipment, If a tube is cold, it is
either burned out or there is a break in the heater
connections and the tube is not receiving proper
heater voltage. Remove the tube and connect an
ohmmeter across the heater terminals to see if
the filament is open (reads almost infinite
resistance}. If the filament reads open, it is
burned out. Replace it with a good tube, If the
filament reads a low resistance, this indicates
that the filament is all right, so use an a.c.
voltmeter to find the break between the filament
and the output of the transformer.

(3} SPARKING—Tap or shake the
chassis. If you see or hear sparking, you have
located a loose connection or a short, Check and
repair.

I you locate and repair any of the defects
histed under the visual check, make a note of
what you find and what you do to correct it. It is
quite probable you have found the trouble,
However, a good technician takes nothing for
granted, You must prove to yourself that the
equipment is operating properly and that no
other troubles exist.

If you find none of the defects listed under
the visual check, go ahead with the signal tracing
procedure. The trouble is probably of such a
nature that it cannot be seen directly with vour
eye—it must be seen through the eye of the
oscilloscope.

The second type of testing is signal tracing.
Tracing the a.c. signal through the equipment is
the most rapid method of locating a trouble that
cannot be found by a visual check, and it also
serves as a check on any repairs you may have
made. The idea is to trace the a.c. voltage from
the transformer, to see it change to pulsating
d.c. at the rectifier tube filament, and then to see

AdZ, Decrease,

ANSWERS TO QUESTIONS Q41. AND Q42.

Ad41. Current regulation.
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the pulsations smoothed out by the filter. The
point where the signal stops or becomes
distorted is the place to look for the trouble.

Before you begin signal tracing, it is a good
idea to measure the d.c, voltage, The d.c. output
voltage should be in the neighborhood of 340
volts. If you have no d.c. output voltage, you
should look for an open or a short in your signal
tracing. If you have a low d.c. voltage, you
should look for a defective part and keep your
eyes open for the place where the signal becomes
distorted.

Signal fracing is done by observing the
waveform at the input and output of each part
of a circuit. It is the method used to localize
trouble in a circuit.

Let’s review what each part of a good power
supply does to the signal, as shown in figure
3-50. The a.c. voltage is brought in from the
power line by means of the line cord, This
voltage is connected to the primary of the
transformer through the ON-OFF switch (S1).
At the secondary winding of the transformer
(points 1 and 2), the scope shows you a picture
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of the stepped-up voltage developed across each
half of the secondary winding-—the picture is
that of a complete sine wave. Each of the two
stepped-up voltages is connected between
ground and one of the two plates of the rectifier
tube. At the two rectifier plates (points 4 and 5)
there is still no change in the shape of the
stepped-up voltage—the scope picture still
shows a complete sine wave.

However, when you look at the scope pattern
for point 6 (the voltage at the rectifier heater),
you see the wave shape for pulsating direct cur-
rent. This pulsating d.c. is fed through the first
choke (L1) and filter capacitor (Cl), which
remove a large part of the ripple or “hum,”’ as
shown by the waveform for point 7, Finally the

-d.c. voltage is fed through the second choke (L2)

and filter capacitor (C2), which remove nearly
all of the remaining ripple. See the waveform for
point 8, which shows almost no visible ripple.
You now have almost pure d.c.

No matter what power supplies you may en-
counter in the future, they all do the same
thing—they change a.c. voltage into d.c.
voltage.

7 8

Figare 3-50,—Complete power supply {(without regulator),



COMPONENT PROBLEMS

The following paragraphs will give you an in-
dication of troubles that occur with many dif-
ferent electronic circuit components.

Tube Troubles

The symptoms of tube trouble will vary with’

every type of circuit and each type of tube.
However, the problems that can develop with a
tube are common to every tube. Here are the five
possible tube troubles which you should keep in
mind. The meaning of each trouble will be clear
by the time you end your study of vacuum tubes,
even though you may not quite understand them
now.

. The filament, after long service, may be
unable to emit as many electrons as are
required for proper operation,

. The filament may burn out,

. A tube element—the plate, for
instance—may break its connection with
the tube base pin.

Two elements, such as filament and plate,
may short together,

The tube may become gassy.

£ )
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The symptoms you will come across in signal
tracing will be many and varied. You will need to
combine your “‘know-how’’ of the circuit and
your knowledge of these five possible tube
troubles to determine if the tube could in some
way be causing the symptoms. If the tube is
suspected of causing trouble, then you will need
to try another tube in its place or check it on a
tube tester. But remember, the final check of
whether or not the old tube was bad is whether
or not the equipment works properly when a
good tube is put in its place. Therefore, putting
in a good tube and then trying out the equipment
is the best check,

Transformer And Choke Troubles

As you should know by now, the trans-
former and choke are quite similar in construc-
tion. Therefore, it is no coincidence that the
basic troubles that they can develop are the
same.

I. A winding can open.

2. Two or more turns of one winding can

short together.

. A winding can short to the casing which is
usually grounded.

Two windings can short together, This
trouble is possible, of course, only in
transformers.




As with the tube, the symptoms of these
troubles will vary with the type of circuit.
However, when you have decided that one of
these four possible troubles could be causing the
symptoms, there are definife steps to take. If
you surmise that there is an open winding or
windings shorted together or to ground, an ohm-
meter continuity check will locate the trouble. If
the turns of a winding are shorted together, you
may not be able to detect a difference in winding
resistance. Therefore, you need to connect a
good transformer in the place of the old one and
see if the symptoms are eliminated; but keep in
mind that transformers are difficult to replace.
Make absolutely sure that the trouble is not
elsewhere in the circuit before changing the
transformer.

Occasionally, the shorts will appear only
when the operating voltages are applied to the
transformer. In this case you might find the
trouble with a megger—an instrument which
applies a high voltage as it reads resistance.

Capacitor and Resistor Troubles

Only two things can happen to a capacitor:

1. It may open up, removing the capacitor
completely from the circuit.

2. It may develop an internal short circuit.
This means that it begins to pass current as
though it were a resistor or a direct short.

You may check a capacitor suspected of
being open by disconnecting it from the circuit
and checking it with a capacitor analyzer. You
can check a capacitor suspected of being leaky
with an ohmmeter; if it reads less than 500
kilohms, it is more than likely bad., However,
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capacitor troubles are difficult to find since they
may appear intermittently or only under
operating voltages, Therefore, the best check for
a faulty capacitor is to replace it with one known
to be good. If this restores proper operation, the
fault was in the capacitor.

Resistor troubles are the simplest, but like
the rest, you must keep them in mind.

1. A resistor can open up.
2. A resistor can increase in value.

3. A resistor can decrease in value.

W —
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You already know how to check possible
resistor troubles. Just use an ohmmeter after
making sure no parallel circuit is connected
across the resistor you wish to measure. When
you know a parallel circuit is connected across
the resistor or when you are in doubt, disconnect
one end of the resistor before measuring it. The
ohmmeter check will usually be  adequate.
However, never forget that occasionally inter-
mittent troubles may develop in resistors as well
as in any other electronic parts, Also remember
that the final proof that a resistor is bad is when
you replace it with another resistor and the
equipment operates satisfactorily.

Although you may observe problems that
have not been covered specifically in this topic,



you should have gained enough knowledge
to localize and repair any problem that may
occur.

(43. Whet is the most important thing to
remember when iroubleshooting?

Q44. What is the main reason for grounding the
return side of the transformer to the

chassis?

Q45. What are two types of checks used im
troubleshooting power supplies?

SUMMARY

This topic has presented you with a basic description of the theory
and operation of a basic power supply and its components. The follow-
ing summary is provided to enhance your understanding of power

supplies.

POWER SUPPLIES are electronic
circuits designed to convert 3.c. to
d.c. at any desired level. Almost all
power supplies are composed of
four sections: transformer, rec-
tifier, filter, and regulator.

THE POWER TRANSFORMER is the input
sransformer for the power supply. In addition to
the high voltage, the power transformer also
supplies filament voltage.

THE RECTIFIER is the section of the power
supply that contains the secondary windings of
the power transformer and the rectifier circuit.
The rectifier uses the ability of a diode to con-
duct during one half cycle of a.c. to convert a.c.
to d.c.
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HALF-WAVE RECTIFIERS give an output on
only one half cycle of the input a.c. For this
reason, the pulses of d.c. are separated by a
period of one half cycle of zero potential
voitage.

FULL-WAVE RECTIFIERS con-

duct on both halves of the input 5

a.c. cycles. As a resulf, the d.c.

pulses are not separated from each 600
other. A characteristic of full-wave B

rectifiers is the use of a center-

tapped, high-voltage secondary. 7
Because of the center tap, the out-

put of the rectifier is limited to one-

half of the input voltage of the
high-voltage secondary.

BRIDGE RECTIFIERS are full-wave rectifiers
that do not use a center-tapped, high-voltage
secondary. Because of this their d.c. output
voltage is equal to the input voltage from the
high-voltage secondary of the power
transformer. Bridge rectifiers use four diodes
connected in a bridge network. Tubes conduct in
diagonal pairs to give a full-wave pulsating d.c.
output,

300vac
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FILTER CIRCUITS are designed to smooth, or
filter, the ripple voltage present on the pulsating
d.c. output of the rectifier. This is done by an
electrical device that has the ability to store
energy and to release the stored energy.

CAPACITANCE FILTERS are nothing more
than large capacitors placed across the output of
the rectifier section. Because of the large size of
the capacitors, fast charge time, and slow
discharge time, the capacitor will charge to
average value, which will keep the pulsating d.c.
output from reaching zero volts.

INDUCTOR FILTERS utilize an inductor
called a choke to filter the pulsating d.c. input.
Because of the impedance offered to circuit cur-
rent, the output of the filter is at a lower
amplitude than the input.

PI-TYPE FILTERS employ both capacitive and
inductive filters connected in a pi-type con-
figuration. By combining filtering devices, the
ability of the pi filter to remove ripple voltage is
superior to that of either the capacitance or in-
ductance filter.
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ANSWERS TO QUESTIONS Q43. THROUGH (Q45.
A43. Safety precautions,
Ad4, Reduce the cost of manufacturing equipment.

A48, Visual and signal tracing,
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VOLTAGE REGULATORS are circuits
designed to maintain the output of power sup-
plies at a constant amplitude despite variations
of the a.c. source voltage or changes of the
resistance of the load. This is done by creating a
voltage divider of a resistive element in the
regulator and the resistance of the load. Regula-
tion is achieved by varying the resistance of the
resistive element in the regulator,

A SERIES REGULATOR uses a variable
resistance in series with the load. Regulation is
achieved by varying this resistance either to in-
crease or decrease the voltage drop across the
resistive element of the regulator.
Characteristically, the resistance of the variable
resistance moves in the same direction as the
load. When the resistance of the load increases,
the variable resistance of the regulator increases;
when load resistance decreases, the variable
resistance of the regulator decreases.

SHUNT REGULATORS use a variable
resistance placed in parallel with the load.
Regulation is achieved by keeping the resistance
of the load constant. Characteristically, the
resistance of the shunt moves in the opposite
direction of the resistance of the load.
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VR-TUBE REGULATORS are shunt regulators
which use a cold cathode as a variable resistance
in parallel with the load. Because of their ability
to maintain a constant voltage potential between
their plates and cathode, glow tubes can be
connected in series to regulate any voltage.
Additionally, glow tubes can be used to deliver
different voltages to different loads.

SIMPLE ELECTRON TUBE REGULATORS
use the d.c. plate resistance of a triode as a
variable resistance in series with the load. The
resistance of the vacuum tube is varied by chang-
ing the amount of conduction of the tube. This
is done by holding the control grid voltage at a
constant level and allowing the cathode voltage
to vary with the output voltage.

THE AMPERITE VOLTAGE REGULATOR
or BALLAST TUBE is normally used to control
current surges. This is done by heating an iron
wire in a hydrogen-filled envelope, The hot iron
wire will present a large resistance to current
flow.

3-50

{
I
]
{
|
[ I
1Y v
; — | +
R
FILTERED OUTPUT ; 5
VOLTAGE FROM v2 £l A
RECTIFIER e 2 0
i
- =
46 ADDFTHONAL
AMPERITE FILAMENTS
REGULATOR (\ [\ (\ f\
L < & < &
6.3 VOLTS

110 VOLTS




APPENDIX 1

GLOSSARY

ACCELERATING ANODE—An electrode
charged several thousand volts positive and used
to accelerate electrons toward the front of a
cathode-ray tube.

ACORN TUBE-A very small tube with
closely spaced electrodes and no base. The tube
is connected to its circuits by short wire pins
which are sealed in a glass or ceramic envelope.
The acorn tube is used in low-power uhf circuits.

AMPLIFICATION—The ratio of output
magnitude to input magnitude in a device
that is intended to produce an output that is an
enlarged reproduction of its input.

AMPLIFICATION FACTOR-—The voltage
gain of an amplifier with no load on the output.

AMPLITUDE DISTORTION—Distortion
that is present in an amplifier when the
amplitude of the output signal fails to follow
exactly any increase or decrease in the amplitude
of the input signal.

AMPERITE (BALLAST) TUBE-A
current-controlling resistance device designed to
maintain substantially constant current over a
specified range of variation in applied voltage or
resistance of a series circuit,

ANODE—A positive electrode of an elec-
trochemical device (such as a primary or second-
ary electric cell) toward which the negative ions
are drawn,

AQUADAG COATING—A special coating
of a conductive material, such as graphite,
which is applied to the inside of a CRT. This
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coating eliminates the effects of secondary emis-
sion and aids in the acceleration of electrons,

BEAM-POWER TUBE—An electron tube
in which the grids are aligned with the control
grid, Special beam-forming plates are used to
concentrate the electron stream into a beam.
Because of this action, the beam-power tube has
high power-handling capabilities,

BRIGHTNESS CONTROL-—The name
given to the potentiometer used to vary the
potential applied to the control grid of a CRT.

CATHODE--The general name for any
negative electrode.

CATHODE BIAS-The method of biasing'a
vacuum tube by placing the biasing resistor in
the common-cathode return circuit, thereby
making the cathode more positive with respect
to ground.

CATHODE-RAY TUBE (CRT)-An elec-
tron tube which has an electron gun, a deflection
system, and a screen. This tube is used to display
visual electronic signals.

CHOKE--An inductor used to impede the
flow of pulsating d.c. or a.c. by means of self-
inductance.

COLD-CATHODE TUBE—A gas-filled
electron tube which conducts without the use of
filaments. Cold-cathode tubes are used as
voltage regulators,

CONTROL GRID—The elecirode of a
vacuum tube, other than a diode, upon which a
signal voltage is impressed to regulate the plate
current,



DEFLECTION PLATES—Two pairs of
parallel electrodes, one pair set forward of the
other and at right angles to each other, parallel
to the axis of the electron stream within an elec-
trostatic cathode-ray tube,

DEIONIZATION POTENTIAL-The
potential at which ionization of the gas within a
gas-filled tube ceases and conduction stops, also
referred to as extinction potential.

DIFFERENCE OF POTENTIAL--The
voltage existing between two points. It will result
in the flow of electrons whenever a circuit is
established between the two points.

DIODE—AnR electron tube containing two
electrodes, a cathode, and a plate.

DIRECTLY HEATED CATHODE--A
wire, or filament, designed to emit the electrons
that flow from cathode to plate. This is done by
passing a current through the filament; the cur-
rent heats the filament to the point where elec-
trons are emitied.

DISTORTION-—An undesired change in the
waveform of the original signal, resulting in an
unfaithful reproduction of audio or video
signals.

DOORKNOB TUBE—An electron tube
which is similar to the acorn tube but larger. The
doorknob tube is designed to operate (at high
power) in the uhf frequencies.

E,-I, CURVE—The characteristic curve of
an electron tube used to graphically depict the
relationship between plate voltage (E,) and plate
current (I,).

EDISON EFFECT—AIlso called Richardson
Effect. The phenomenon wherein electrons
emitted from a heated element within a vacuum
tube will flow to a second element that is con-
nected to a positive potential.

ELECTRON GUN--An electrode of a CRT
that is equivalent to the cathode and control grid
of conventional tubes. The electron gun pro-
duces a highly concentrated stream of electrons.
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ELECTROSTATIC DEFLECTION—The
method of deflecting an electron beam by pass-
ing it between parallel charged plates mounted
inside a cathode-ray tube.

FILAMENT-—The cathode of a thermionic
tube, usually a wire or ribbon, which is heated
by passing current through it,

FILTER-—A selective network of resistors,
capacitors, and inductors which offer com-
paratively little opposition to certain frequencies
or to direct current, while blocking or at-
tenuating other frequencies.

FIXED BIAS—A constant value of bias
voliage.

FLEMING VALVE-—An earlier name for a
diode, or a two-electrode vacuum tube used as a
detector,

FOCUSING ANODE—An electrode of a
CRT which is used to focus the electrons into a
tight beam,

FULL-WAVE RECTIFIER—A circuit
which uses both positive and negative alterna-
tions in an alternating current to produce direct
current,

GETTER—An alkali metal introduced into a
vacuum tube during manufacture. It is fired
after the tube has been evacuated to react
chemically with (and eliminate) any remaining
gases.

GRID BIAS-A constant potential applied
between the grid and the cathode of a vacuum
tube to establish an operating point.

GRID CURRENT-—The current which flows
in the grid-to-cathode circuit of a vacuum tube,

GRID-LEAK BIAS-—A high resistance con-
nected across the grid capacitor or between the
grid and cathode. It provides a d.c. path to limit
the accumulation of a charge on the grid.

HALF-WAVE RECTIFIER—A rectifier us-
ing only one-half of each cycle to change a.c. to
pulsating d.c.



HEATER —Same as a filament,

HORIZONTAL-DEFLECTION
PLATES—A pair of parallel electrodes in a
CRT which moves the electron beam from side
to side.

IMPLOSION—The inward bursting of a
CRT due to high vacuum. The opposite of ex-
plosion.

INDIRECTLY HEATED CATHODE—
Same as the directly heated cathode with one ex-
ception: The hot filament raises the temperature
of the sleeve around the filament; the sleeve then
becomes the electron emitter.

INTERELECTRODE CAPACITANCE-~-
The capacitance between one electron-tube elec-
trode and the next electrode toward the anode.

IONIZATION—The electrically charged
particles produced by high-energy radiation,
such as light or ultraviolet rays, or by the colli-
sion of particles during thermal agitation.

IONIZATION POINT-The potential re-
quired to ionize the gas of a gas-filled tube.
Sometimes called firing potential.

LIGHTHOUSE TUBE—An electron tube
shaped like a lighthouse which is designed to
handle large amounts of power at uhf frequen-
cies.

LINEAR-~-Having an output that varies in
direct proportion to the input.

mu—Symbol for amplification factor.

MULTI-ELECTRODE TUBE—An electron
tube which is normally classified according to
the number of grids. {The multi-electrode tube
contains more than three grids.)

MULTI-UNIT TUBE—An electron tube
containing two or more units within the same
envelope. The multi-unit tube is capable of
operating as a single-unit tube or as separate
tubes.
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NONLINEAR—Having an output that does
not rise or fall directly with the input.

OILCAN TUBE—A type of planar tube,
similar to the lighthouse tube, which has cooling
fins, The oilcan tube is designed to handle large
amounts of power at uhf frequencies.

PEAK CURRENT—The maximum current
that flows during a complete cycle.

PEAK-REVERSE VOLTAGE--The peak
a.c. voltage which a rectifier tube will withstand
in the reverse direction.

PEAK VOLTAGE—The maximum value
present in a varying or alternating voltage. This
value may be positive or negative.

PENTODE TUBE—A five-electrode elec-
tron tube containing a plate, a cathode, a con-
trol grid, and two grids.

PERSISTENCE-—The duration of time a
display remains on the face of a CRT.

PHOSPHOR-—The material used to convert
the energy of electrons into visible light.

PLANAR TUBE—An electron tube, con-
structed with parallel electrodes and a ceramic
envelope, which is used at uhf frequencies. It is
commonly referred to as lighthouse tube.

PLATE DISSIPATION—The amount of
power lost as heat in the plate of a vacuum tube.

PLATE RESISTANCE—The plate voltage
change divided by the resultant plate current
change in a vacuum tube, all other conditions
being fixed.

POWER PENTODE—A special purpose
tube used to provide high-current gain or power
amplification. Each grid wire is directly in line
with the one before and after it, a fact which
allows more electrons to reach the plate,

POWER SUPPLY—A unit that supplies
electrical power to another unit. It changes a.c.
to d.c. and maintains a constant voltage output
within limits.



QUIBSCENCE-—The operating condition of
a circuit when no input signal is being applied to
the circuit,

RECTIFIER—A device which, by its con-
duction characteristics, converts alternating cur-
rent to a pulsating direct current.”

REGULATOR--The section in a basic
power supply that maintains the output of the
power supply at a constant level in spite of large
changes in load current or in input line voltage.

REMOTE-CUTOFF TUBE--An electron
tube in which the control grid wires are farther
apart at the centers than at the ends. This
arrangement allows the tube to amplify large
signals without being driven into cutoff. This
tube is also called a VARIABLE-mu tube.

rgk—The symbol used to express the
resistance between the grid and the cathode of
an electron tube.

rpk—The symbol used to represent the
variable resistance between the cathode and
plate of a tube.

RIPPLE FREQUENCY—The frequency of
the ripple current. In a full-wave rectifier it is
twice the input-line frequency.

RIPPLE VOLTAGE-The alternating com-
ponent of unidirectional voltage. (This compo-
nent is small compared to the direct
component.)

SATURATION—The point in a tube where
a further increase in plate voltage no longer
produces an increase in plate current. At this
point the upper limit of the conduction
capabilities of the tube has been reached.

SECONDARY EMISSION—The liberation
of electrons from an element, other than the
cathode, as a result of being struck by other
high-velocity electrons.

SCREEN GRID—A grid placed between a
control grid and the plate and usually main-
tained at a fixed positive potential,

SELF-BIAS—The voitage developed by the
flow of vacuum-tube current through a resistor
in a grid or cathode lead.
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SHARP-CUTOFF TUBE--The opposite of
a remote-cutoff tube. An electron tube which
has evenly spaced grid wires. The amplification
of the sharp-cutoff tube is limited by the bias
voltage and characteristics.

SPACE CHARGE—An electrical charge
distributed throughout a volume or space.

TETRODE TUBE—A four-electrode elec-
tron tube containing a plate, a cathode, a con-
trol grid, and a screen grid.

- THERMIONIC EMISSION~—Emission of
electrons from a solid body as a result of
elevated temperature.

THYRATRON TUBE—A gas-filled triode
in which a sufficiently large positive pulse
applied to the control grid ionizes the gas and
causes the tube to conduct, after which the con-
trol grid has no effect in conduction.

TRANSCONDUCTANCE—Transconduct-
ance is a measure of the change in plate current
to a change in grid voltage with the plate
voltage held constant. Transconductance (g,.) is
usually expressed in micromhos or millimhos.
Mathematically,

I
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TRANSIT TIME—The time an eleciron
takes to cross the distance between the cathode
and the plate.

TRIODE TUBE—A three-electrode electron
tube containing a plate, a cathode, and a control
grid.

VARIABLE-mu-TUBE—Same as remote-
cutoff tube.

VERTICAL DEFLECTION PLATES—A
pair of parallel electrodes in a CRT which moves
the electron beam up and down.

VOLTAGE GAIN—Ratio of voltage across
a specified load.
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cathode bias, 1-27 to 1-29
grid-leak biasing, 1-29 to 1-32
Bridge rectifiers, 3-10 to 3-11

C

Capacitor and resistor troubles, 3-45 to 3-46
Capacitor filter, 3-14 to 3-19
Cathode bias, 1-27 to 1-29
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CRT screen, 2-19
deflection, 2-20 to 2-24
electron gun, 2-16 to 2-19
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Conventional full-wave rectifiers, 3-6
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Electrical parameters of diodes, -11 to 1-16
Electron gun, CRT, 2-16 to 2-19
Electron tube safety, 2-26 to 2-28

CRT, 2-27 to 2-28

conventional tubes, 2-28
Electron tube voltage regulator, 3-37 to 3-38
Envelope, diode tube, 1-11

Filaments, diode tube, 1-7

Filters, power supply, 3-11 to 3-29
capacitor, 3-14 to 3-19
LC capacitor-input, 3-27 to 3-29
LC choke-input, 3-19 to 3-24
resistor-capacitor (RC), 3-24 to 3-27

G

Gas-filled tubes, 2-12 to 2-14
electrical conduction in gas diodes, 2-13
gas triode, 2-13 to 2-14

Gas triode, 2-13 to 2-14

Glossary, Al-1 to Al-4

Grid bias, introduction to, 1-20

Grid-leak biasing, 1-29 to 1-32

Interelectrode capacitance, 1-37 to 1-38
Introduction to electron tubes, 1-1 to 1-47
diode tube, 1-3 to 1-16
construction, 1-7 to 1-11
electrical parameters of diodes, 1-11 to
1-16
operation, 1-3 to 1.7
introduction, 1-1
learning objectives, 1-1
operating classifications of tube amplifiers,
1-32 to 1-34
class A, 1-32
class AB, 1-33
class B, 1-33
class C, 1-34

Introduction to electron tubes—Continued
pentode, 1-41
summary, 1-41 to 1-47
thermionic emission, 1-2 to 1-3
Edison effect, 1-2 to 1-3
triode, 1-16 to 1-32
factors affecting the triode operation,
1-24 to 1-26
introduction to grid bias, 1-20
operation of the triode, 1-21 to 1-24
types of biasing, 1-26 to 1-32
tube constants, 1-34 to 1-41
development of tetrode, 1-38
interelectrode capacitance, 1-37 to 1-38
mu and transconductance, 1-35 to 1-37
operation of the basic tetrode circuit,
1-39
tetrode characteristic, 140 to 1-41
transit time,-1-34

L

LC capacitor-input filter, 3-27 to 3-29
1.C choke-input filter, 3-19 to 3-24
Load regulation, power supply, 3-29 to 3-30

M
Multi-unit and multi-electrode tubes, 2-1 to 2-2
0

Operation of the triode, 1-21 to 1-26
factors affecting triode operation, 1-24 to
1-26
overdriving the triode, 1-24 to 1-26

P

Peak current rating, i-15

Peak inverse voltage rating, 1-15
Peak voltage rating, 1-15
Pentode, 1-41



Planar tubes, 2-10 to 2-12
Plate dissipation, 1-15
Plate resistance (R,),1-14
Plate voltage-plate current characteristic, 1-11 to
i-14
Plates, diode tube, 1-9
Power supplies, 3-1 to 3-50
basic power supply, the, 3-2 to 3-4]
current regulation, 3-38 to 3-41
filters, 3-11 to 3-29
load regulation, 3-29 to 3-30
rectifiers, 3-3 to 3-11
regulators, 3-30 to 3-38
transformers, 3-3
voltage regulation, 3-29
introduction, 3-1
summary, 3-46 to 3-50
troubleshooting power supplies, 3-41 to
3-46
component problems, 3-44 to 3-46
testing, 3-41 to 3-43
Practical rectifiers, 3-4 to 3-6, 3-7 to 3-9
full-wave, 3-7 to 3-9
half-wave, 3-4 to 3-6

Rectifiers, power supplies, 3-3 to 3-11
bridge rectifier, 3-10 to 3-11
conventional full-wave, 3-6
practical full-wave, 3-7 to 3-9
practical half-wave, 3-4 to 3-6
Regulators, power supply, 3-30 to 3-38
basic VR tube regulator circuit, 3-33 to 3-36
electron tube voltage regulator, 3-37 to 3-38
sertes voltage, 3-31
shunt voltage, 3-32
VR tubes connected in parallel, 3-37
VR tubes connected in series, 3-36
Resistor-capacitor (RC) filter, 3-24 to 3-27

Series voltage regulator, 3-31
Shunt voltage regulator, 3-32

-3

Special purpose tubes, 2-1 to 2-33
beam power and power pentode tubes, 2-2
to 2-5
cathode ray tube (CRT), 2-16 to 2-26
CRT screen, 2-19
deflection, 2-20
electron gun, 2-16 to 2-19
cold-cathode tubes, 2-14 to 2-16
electron tube safety, 2-26 to 2-28
CRT, 2-27 to 2-28
gas-filled tubes, 2-12 t0 2-14
electrical conduction in gas diodes,
2-13
gas triode, 2-13 to 2-14
introduction to special purpose tubes, 2-1
multi-unit and multi-electrode tubes, 2-1 to
2-2
special uhf tubes, 2-7 to 2-12
limitation of transit time, 2-7 to 2-9
uhf tubes types, 2-9 to 2-12
summary, 2-29 to 2-32
summary of CRTs, 2-24 to 2-26
variable-mu tubes, 2-5 to 2-7

Symbols, electical parameters of diodes, 1-11

T

Tetrode, 1-38 1o 1-41
characteristics, 1-40
secondary emission, 1-40 to 1-4]
development of, 1-39
operation of the basic circuit, 1-39
Thermionic emission, 1-2 to 1-3
Edison effect, 1-2 to 1-3
Transconductance, tube constants, 1-36 to 1-37
Transformers, power supply, 3-3
Transit time, 1-15
Transit time, limitation of, uhf tubes, 2-7 to
2-9
Triode, 1-16 to 1-32
factors affecting the triode operation, 1-24
to 1-26
overdriving the triode, [-24 to 1-26
introduction to grid bias, 1-20
operation of the triode, 1-21 to 1-24
types of biasing, 1-26 to 1-32
cathode, 1-27 to 1-29
grid-leak, 1-29 to 1-32



Troubleshooting power supplies, 3-41 to 3-46
component problems, 344 to 3-46
capacitor and resistor troubles, 3-45
to 3-46
transformer and choke troubles, 3-44
tube troubles, 3-44
testing, 3-41 to 3-43
Tube amplifiers, operating classifications of,
1-32 t0 1-34
class A, 1-32
class AB, 1-33
class B, 1-33
class C, 1-34
Tube bases, diode tube, 1-9
Tube constants, 1-34 to 1-41
development of tetrode, 1-38
interelectrode capacitance, 1-37 to 1-38
mu and transconductance, 1-35 to 1-37
transconductance, 1-36 to 1-37
operation of the basic tetrode circuit, 1-39

I4

Tube constants—Continued
tetrode characteristic, 1-40 to 1-41
transit time, 1-34
Tube sockets and pin numbering, diode tube,
i-10

U

uhf tubes types, 2-9 to 2-12
acorn and doorknob tubes, 2.9
planar tubes, 2-10 to 2-12

\2

Variable-mu tubes, 2-5 to 2-7

Voltage regulation, power supply, 3-29

VR tube reguiator circuit, basic, 3-33 to 3-36
VR tubes connected in parallel, 3-37

VR itubes connected in series, 3-36
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