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Preface

During the past 20 years, applications of electronic devices have
made tremendous advances in practically every field of power and
industrial engineering. Accordingly, many operating engineers and
electricians, with little knowledge of these devices to guide them,
are confronted with installing, operating, and maintaining elec-
tronic equipment. It was to help them that the author started to-
write a series of articles, published in Power from April,- 1948, to
November, 1951, under the general title “Electronics for the Power
Engineer.” :

These articles tell in easy lessons what electrons are and describe
the different kinds of electron tubes commonly used and how they
are applied as power rectifiers, amplifiers, controllers, protective
devices, and frequency changers in a wide variety of circuits. The
series met with such favorable response that it was decided to com-
pile them into this book. \

A practical knowledge of the electron is'a ‘necessary background
for a clear understanding of electron tibes and the circuits in which
they are used, so the first chapter is devoted to this subject. The

electron is presg:nted as a simple and useful tool, rather than as a.
" mysterious particle that only a high- ‘browed physicist can compre-
hend. In a practical way this chapter shows how electron arrange-
ments in atoms cause them to combine chemically, why some gases
are inert, why some metals are light-sensitive and others are good
conductors, why bodies become electrlcally charged, how a slow
driff of electrons in a closed circuit constitutes electric-current flow,
and how electrons are released from solids in hot-cathode and in
light-sensitive tubes. ‘ :

Changing alternating current to direct is a major application of

electron tubes. Such tubes range from thimble size, good for a few
‘ : Tl ) :
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microamperes, to great mercury-pool cathode designs that supply
thousands of amperes. Because rectifiers are used so widely, three
chapters are devated to their applications, circuits, and operation. -

Electronic relays, both instantaneous and tlme-delay, are the Jack-
of-all-trades among electronic devices. The operation of several types
is explained.

How oscillators operate has always been a stumblmg block to prac-
tical electrical workers and to many engineers. Simple explanations
based on hydrauhc analogies make these devices easily understood.
These explanations are then applied to commercial osc111ators to
show how they work. :

Alr-polluuon laws have made practically every plant engineer

conscmu%ﬂof smoke problems and electronic devices that indicate

.and recorfl smoke dennty Like smoke 1nd1cators,.electromc flatiie-

failure devices have come into wide use. They offer protection
agains exp“loslon hazards, always associated with burning gas, oil,
.or pui;vel’lzed coal in boilér furnaces. The operation of several de-
sighs is given in detail.

Adjustable speed is another broad field of applications of elec-
tronic equipment. These include variable-speed transmissions, mag-
netic drives, d-c motor and generator exciters, power and control

- units for d-c motors operating on a-c circuits, and electronic speed
control of a-c motors. All these receive broad treatment.

Electrical fundamentals and elementary circuits are treated in

separate chapters. But the reader is not left to wrestle with these
fundamentals by himself. Instead, he is shown how they are applied
in the operation of relay, smoke-detector, motor-speed-control, and
other circuits.
Except in Chapter 4, direction of electron flow is used as direction
of current flow. This is done in order to have current flow conform
_ with electron flow from cathode to anode of electron tubes. It is not
rational to say, as is sometimes done, that electrons flow in one direc-
tion and current flows in the opposite, particularly when a slow
drift of electrons in a circuit is accepted as current flow. So if we
accept electron flow as current flow and forget past mxstakes, it
eliminates much confusion.
The author thanks Philip W. Swain, editor, and Louis N. Rowley,
executive editor, of Power for making this book possible; Miss Cora
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F. Sanders, assistant editor, for copy-reading the manuscript of the
original articles to- keep my English on the straight and narrow
_path; and Joseph C. McCabe, for reading page proofs of the articles
and making many constructive suggestions.

F. A. ANNETT

New York, N. Y.
December, 1951



Contents

¢

PREFACE . . . . . « « « & o o & 0 o v o o

.THEELECTRON . . . . . < . « « « « . .
Elements—Hydrogen Atom-—Isotopes—Succeeding Elements—Electron
Orbits—Atomic Groups—Electronic Chemical Valence—Electron Flow—
Free Electrons—Current Flow—Electron Flow Is Slow—How Electrons
Flow—Hydraulic Analogy of Electron Flow—Action in a Battery—Posi-
tive and Negative Charges—Too Few or Too Many Electrons—Refer-
ences. - ~ ‘

. ELECTRON TUBES P e e 4 e e e e

Thermionic Emission— Ednson Effect—Cathode Materxals—Dlrectly
Heated Cathodes—Indirectly Heated Cathodes—Anode Materials—Grid
Materials—Electron-tube Forms—Two-element Tubes—Current Flow in
Tubes—Gas-filled Tubes—Three-element Tubes—Four- and Five-ele-
ment Tubes—Cold-cathode Tubes.

. PHOTOELECTRIC TUBES . .

Tube Construcnons—L:ght-sensnuve Metals—nght Flux—Lxght Umts—
Light from Electric Lamps—Light on Phototube Cathode~Obstruction
to " Light—Diffusion—Reflection—Deflection—Refraction—Flame Inten-

sity—Photoelectric-tube Current—Current Flow in Gas-filled Tubes—

Circuit Diagrams—Grid Potential.

. REACTORS AND CAPACITORS . .

Inductance—Induced Voltage—Voltage- dercuon Rule—SelI mductance
—Mutual Inductance—Inductive Devices—Magnetic Field around a
Coil—Reactors—Saturable Reactor—Potential Transformers—Step-down
Transformers—Load on Transformers—Symbols-- Autotransformers—
Peaking Transformers—Capacitors—@peration Is Simple—D-c Hydraulic
Analogy--Capacitors on A-c Circuits—A-c Hydraulic Analogy—Voltage
and Frequency—Capacitance—Hydraulic Analogy of a Reactor.

. ELECTRON-TUBE RECTIFIERS . .

Half-wave Simple Rectifiers— Full-wave Recuﬁers—Duplex Tubes—-

Pulsating Current—Capacitor Filters—Inverse Voltage—Reactor-capaci-
: vi

0

2]

40

55

80



10.

1.

CONTENTS

tor Filters—Hydraulic Analogy of Filter—Filters, Voltage Regulators—
Voltage-regulating Tubes—Voltage Doublers—Two-tube Voltage Dou-
blers—Battery Chargers—Gas-filled Tubes—Storage Batteries—Battery-
charging Tubes—Automatic Chargers—Voltage Regulator—Thyratrons—

Grid Control—Phase-shifting Grid Voltage—Reversal of A-c Wave.

. MERCURY-ARC RECTIFIERS

Starting Methods—Large Recuﬁers—Smgle anode Dcsxgns—How the
Rectifier Operates—Excitation Circuit—Ignitron Designs—Firing Meth-

106

ods—Voltage Control-Pumped-type Ignitron—Tank-cooling System— -

Rectifier Connections—Sealed Ignitrons.

. DISK-TYPE RECTIFIERS . . . ' oL

Copper-oxide Rectifiers—Inverse Current—Theory of Operatxon-Rec-
tifier Characteristics—Selenium Rectifiers—Magnesium—Copper Sulphide
Rectifier—Rectifier Operation—Bridge Assembly—Battery Charging—
Rectifier Applications—Voltage Doubler—Rectifiers Compared.

. INSTANTANEOUS ELECTRONIC RELAYS .

Three-element Tubes—Controlling Output of 'I‘rlode-—Acuon of the
Grid—On-off Control-Current Flow through Tube—Resistors Replace
Batteries—Phototube Replaces Contact—Control by Light Beam—Am-
plifier and Relay—Grid Resistor—Phototube Control-Dark Phototube
Control—Light-beam Changes—Other Phototube Uses—Room-lighting
Control—Grid-rectification Voltage.

. TIME-DELAY ELECTRONIC RELAYS . . . . e e

Electronic Relays—Relay Applxcatxons—Tlmmg Clrums—Voltage Di-
viders—A-c Time-delay Relays—Grid Rectification—Adjusted Time
Delay—Time-delay Control—Thyratron Amplifier—Thyratron Grid Cur-
rent—Shield Grid—Time-delay Reset—Time Required to Close Relay.
ONE-, TWO-, AND THREE-STAGE AMPLIFIERS .

Single-stage Amplifiers—A-c Signals—Volts across Tube—Twostage Am

plifier—Capacitors Are Charged—Relay Circuit—Grid Signal—Three-

stage Amplifier—Transformer Polarity—Minus Bias—Input-signal Re-
verses—Push-pull Amplifiers—Bias Blocks Tubes.

VOLTAGE-REGULATING DEVICES . . . .
Autotransformers—Tap Changer— Two-wmdmg Transformers—-Auto-
matic Regulation—Voltage-regulating Traasformer—Operation of Reso-
nator—Current-regulating Tubes—Cold-cathoede Tubes—Vacuum Tybés
—Cold-cathode-tube Operation—Cold-cathode-tube Voltage Drop—Line-
voltage Increase—Cold-cathode Tubes in Paralle]-Cold-cathode Tubes
in Series.

119

130

148

163

176



Vil

CONTENTS

12. ELECTRONIC OSCILLATORS . . . . .

13.

Oscillator Operation—Charge of Capacitor Decreases—Hydraulic Anal-
ogy of Oscillator—Feedback Circuit—Minus Bias on Grid—Grid-bias
Impulse—Grid-leak Method—Stabilizing the Ogcillator—Hartley Oscil-

‘lator Circuit—Colpitts Oscillator Circuit—Induction-heating Oscillator—

Dielectric Heating—Oscillator Operates Relays—Relay-circuit Operation
—Metal Plate Closes Relay—Oscillator in a Meter.

PHOTOELECTRIC DEVICES

- Photoconductive Cell—Photoelectric Tube—Photovoltaic Cells—Cell

14,

18.

16.

17

Construction—Cell Voltage—External Resistance—Current Characteris-
tis—Meéasuring Light—Speed of Response—Meter Connections.

SMOKE INDICATORS AND RECORDERS . . . . . . . . | .
Smoke a Nufsance—Density Measurements—Mirror Reflects Smoke—
Periscope Indicator—Smoke Observation—Other Indicator Designs—
Thermopile Measures Smoke—Bolometer Smoke Detector—Recording
Smoke Density—Smoke and Haze Gages—Haze-indicator Operation—
Electron-tube Action—Simplified Smoke Indicator—Thyratrons as Re-
lays—Light-source Transformer—Thyratron Grid Bias—Dense Smoke in
Stack—Light Haze in Stack—Light-source Lamp Circuit—Capacitors
Maintain Grid Bias—Phototube Type—Tube Bias—Indicator Adjust-
ments—Photovoltaic-cell Type—Recorder Operation—Fuel-air Ratio—
Automatic Combustion Control—Phototube Combustion Control.

COMBUSTION SAFEGUARDS . . . . . . . . . . .
Explosion Hazard—Flame-failure Protection—Operating Principle—
Photoelectric Tube—Fuel Valve Opens—When Flame Fails—Flame Elec-
trode—Main Gas Valve~Ground on Electrode—Electronic Relay—Relay
Circuits—Grid Bias—Fuel-burner Control—Starting the Flame—No-flame
Conditions-—Flame Illumination—Time-delay Relay—Phototube and
Amplifier—Timing Capacitor—Flame Rectification—Burner Is Lighted—
Timing Relays—Oil-burner Control—Electronic-lame Relay—Timing
Relays in Control Operation—Heat Demand Satisfied—False-flame Indi-
cation. :

AUTOMATIC COMBUSTION CONTROL . |, e e,
Electronic Control—-Master Regulator—Position Regulator—Air-volume

_Regulator—Control Panels—Maximum-Minimum Panel—Forced-draft

Regulator—Coal Feed and Air Volume—Electric Actuator—Manual Con-
trol—Automatic Control—Amplifier Diagram—Motor Operation—Motor
Rotation Reversed—Maximum-Minimum Control—Tube Circuits—Max-
imum Boiler Loading—Minimum Boiler Loading.

MAGNETIC-DRIVE CONTROL Cor e e e e e e e,
Magnetic Drive—Electronic Speed Control-Rectifier-output Control—
Saturable Reactor—A-c Grid Voltage—D-c Grid Bias—Phase Shift—D-c

185

203

213

242

264

279



18.

19.

20,

0.

CONTENTS

Coil Supply—Potentiometer Control-Control Operations—Time-delay
Relay—Speed-and Voltage Stabilizer—Voltage Relays—When Automatic
Control Fails—Auxiliaty Control—Eddy-current Drives—Speed Control
—Starting Circuits—Rectifier Circuits—Control of Output Speed—Plus
D-c Bias—Minus D-c Bias—Grid Voltage—Speed Range—Tachometer
Generator—Filters Smooth Ripples.

MOTOR AND GENERATOR EXCITERS . . . . . . . . . . .
Variable-voltage Control—Simple Electronic Exciter—Operation of Ex-
citer—Exciter Capacities—Largesize Rectifiers—Exciter with Speed Con-
trol—Phase-shift Device—Minimum Output Volts—Control Circuits—
Antihunt Circuit—Rectifier Voltage Rises—Rectifier Voltage Decreases
~Generator and Motor Controls—Motor-field Relay—Snubber Circuit—
Grid Potential-Motor-field ‘Control—Half-wave Rectifier—Timing Re-
lay~Generator-field Coils—Back Rectifier—Motor-field Rectifier—A-c
Rider on a D-c Bias—Signal Voltage—Tapped Voltage Divider—Motor
Excitation — Acceleration-rate Control—Capacitor and Pentode—Grid
Voltages of a Pentode—Current through Pentode—Raise Generator
Volts—Plus Bias on Rectifier Grid—Motor Speed Increased—Motor
Speed Reduced—Rectifiers Stabilized. :

D-C MOTOR CONTROL . e e e e e T e,
Selenium-disk Rectifiers—Field-coil Circuit—Armature Circuit—Speed
Control--Larger Size Controls—Time-delay Relay—Starting the Motor—
Electron-tube Control—Control Operation—Grid Voltages—Control of
Tube Output—Added Features—Field Circuit—Grid Voltages—IR-drop
Compensation —Currentlimit Control—D-c Motor Control —Control
Transformers—Time Relay—-Shunt-field Circuits—Control-power Supply
—Control Circuits—Speed Control—Minimum-speed Adjustment—Speed.-
change Rate—Armature-volts Adjustment—Armature-volts Stabilizer—
IR-drop Compensation—~Current Limit—Overload Selection.

SPEED CONTROL OF A-C MOTORS . e e e e e
Single-phase Control—Control Operation—Reverse Operation—Uni-
versal-motor Control—Control Switch—Polyphase-motor Speed Control
—Tubes Connected Inverse Parallel-Constant-voltage Circuit—Starting
the Motor—Tachometer Generator—Speed-adjusting Potentiometer—
Minimum-current Control—Control Applications—References.

LIQUIDLEVEL AND PUMP CONTROLS . . e e e
Liquid-level Control-Liquid Rises—Capacitors Hold Grid Bias—Con-

trol Keeps Tank Full-Pump-sequence Control—Grid Bias—Sequence -

Switch—Starting Pump 1—Starting Pump 2—Delay-release Timer—Start-
ing Pump 2 First.

299

319

340

351



X CONTENTS

22. HEATING-SYSTEM.ELECTRONIC CONTROL . . . ... . . ., .
Electronic  Control—Anticipator—Bridge Circuits—Thermostats—Out-
door Temperature—Cycler Element—Systern Operation—Cycler Opera-
tion—Outside Temperature Falls—Morning Heating—Outside-tempera-
ture Control-Outdoor Element—Tube Circuits—System ‘Operation—
Outdoor-temperature Changes—Potentiometers—Night Operation.

INDEX..................,

359

375



CHAPTER 1. Thc Electron

Operation of all electronic devices involves methods of producing
and controlling a flow of electrons. Therefore, we shall first learn .
what electrons are, how they are made available, and some laws that
govern their action under different conditions.

Elements. All matter is composed of one or more of 92 elements
found in nature, such as hydrogen, oxygen, nitrogen, carbon, lead,
iron, silver, gold. An element is a substance that cannot be separated
chemically into anything but itself. For example, hydrogen cannot
be separated into anything but hydrogen no matter how small it is
divided, nor can gold be changed chemically into anything but gold.

An atom is the smallest division that can be made of any element.
. Smallest and simplest is the hydrogen atom, while at the other end
of the scale of elements is the uranium atom. It is the heaviest and
most complex known, neglecting neptunium, plutonium, amencmm,
and curium, recently created artificially.

Up to about 50 years ago the atom was believed to be the final
division of matter. Then evidence began to accumulate that possibly
it was composed of particles. Today through almost countless experi-
ments by scientists we know this is so. Some 12 particles have been
found in the atom. Of these, the three that we are most interested
in are the following: '

1. The electron, smallest subdivision of electricity, has a negative
charge.

2. The proton, an elementary particle, has a positive electrical
charge equal to the negative charge on the electron, but it weighs
1,836 times as much.

3. A neutron weighs about the same as a proton but is without an
electrical charge; therefore it is electrically neutral.

In dealing with electronic devices the electron is Jack-of-all-trades.
1
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Electrons, protons, neutrons, and probably the other particles are
arranged in fairly well-defined patterns to build the different atoms.

' Hydrogen Atom. This atom has a proton that serves as a nucleus
about which a single electron rotates (Fig. 1-1). Here we have a solar
system consisting of one sun, a single proton with a positive elec-,
trical charge about which revolves a single planet—an electron with
a negative electrical charge.

Atoms and electrons are so small that they cannot be seen under
the most powerful microscopes. The hydrogen atom, smallest and
lightest, has a diameter of about four billionths of an inch. But the
electron’s diameter is only about one-hundred-thousandth part of
the atom’s diameter. Compared with their dimensions, space is very

——

-~

Vd ~
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, Electron 30 ft \
Electron, / 7 in diameter \
mass | _—— / \
\ 7 \\ \
/
/ \ ~-300- )
Y miles \ !
e .y
< \Proton the size of //
\Proton,mass / \. 0Ppea .
\ 1836 / AN e
- \__a” \\s~_.f’
Fig. 1-1. The hydrogen _ Fig. 1-2. This conception of the
atom has a proton that hydrogen atom was devised by
serves as a nucleus about the English physicist Sir Ernest
which rotates a single Rutherford.
electron.

great between electrons and between them and the nucleus about
which they revolve. Figure 1-2 shows Sir Ernest Rutherford’s con-
ception of the hydrogen atom. According to this famous English
physicist, if we imagine the electron enlarged to 30 foot diameter, it
would be 300 miles from its proton, which would be the size of a pea.

At ordinary temperatures the electron of the hydrogen atom has
a velocity of about 75 miles per second in the orbit around its proton.
The proton with its plus charge attracts the electron with its equal,
negative charge so that they tend to fall together just as the earth’
tends to fall into the sun from gravitational pull. Because of their
velocity, however, both earth and electron tend to fly out into space
but are held in their orbits by the attraction between them and their
sun or proton. -

I
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As we shall see later, increasing the energy of electrons by heat, - -

light, or radiation causes them to accelerate in their orbits until some
fly out into space. Thus, electrons may reach speeds that approach
that of light. ‘

Practically the total mass of the atom is in its nucleus. In the
hydrogen atom the mass of the proton, or nucleus, is 1,836 times that
of the electron. Because of its comparatively great mass the proton
is very dense and, therefore, small compared with the electron (Fig.
1-2). The proton in the hydrogen atom is only 1/2,000 the size of
the electron. e

Isotopes. We may better understand helium, the next atom in the

electron scale, if we consider the isotope of the hydrogen atom.

g W
rd S

z N\,
“Electron N ———
// / .\\ - S~
§  Neutron, '\ 7 Electrons®
. 5o ~ / Electrong®,
) -
\ Prot /’
L PFrofon: ’
o ° ! \_ Nucleus /
\;\~_’/ ) \\“_‘1'/
Fig. 1-3. The hydrogen iso- Fig. 1-4. The helium atom
tope has a proton and a has two- elsctrons that
_nsutron *hat are _ bound rotate in a single orbit
closely together to form a around the compact nuy-

nucleus. i cleus.

Among all atoms, some are isotopes. They are identical with all the
other atoms. in a given element, but their atomic weight is different,
which is due to the addition of one or more neutrons to the normal
number in the nucleus. For example, the hydrogen atom has a single
proton for a nucleus whereas its isotope has a proton and neutron
bound closely together, as in Fig. 1-3. Because the neutron has prac-
tically the same mass as the proton, the atomic weight of the hy-
" drogen isotope is double that of the hydrogen atom. One in about
every 5,000 atoms of hydrogen is an isotope and is known as “heavy
hydrogen.” It was isolated by Dr. Harold Urey. Water containing
this isotope is called “heavy water.”

The helium atom, next in the electron scale, has a compact nucleus

with two electrons traveling around it in an orbit (Fig. 1-4). The -
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nucleus (Fig. 1-5) includés two protons with a positive charge equal
to that of the two electrons. The neutrons have no charge but in-
crease the atomic weight of the atom by an amount equal to their
mass. A helinm atom may-be considered as two hydrogen isotopes
compressed into a single atom; consequently, it has double the
atomic weight.

‘ 4~ Proton
Neutron
,/’““\\\ Proton
// . : Fig. 1-5. In the nucleus of
"--"“ \\ the helium atom two pro-
I \ tons and two neutions are
! \‘ bound closely together.
| 9 @
\ ; EE roton
/ " Neutron
\ ’ // ’
Fig. 1-6. The lithium atom has three Fig. 1-7. The nucleus of the
electrons rotating about a nucleus: Tithium atom, diagramed in
two in an inner circular orbit, one Fig. 16, includes three. pro-
in an outer orbit. tons and three neutrons.

A lithium atom (Fig. 1-6) has two electrons' in an inner circular
Ol‘blt, as in the helium atom, and one in an outer orbit rotating
about a compact nucleus that includes three protons and three neu-
trons (Fig. 1-7). The electrical charge on the three protons in the
nucleus equals that on the three electrons in the orbits, so the atom
is in a state of electrical balance. _

. Succeeding Elements. The number of electrons in the outer orbit
increases by one for each of seven succeeding elements, lithium,
beryllium, boron, earbon, nitrogen, oxygen, fluorine, until we reach
neon, which has two electrons in its inner and eight in its outer orbit,
as in Fig. 1-8. The next element in the atomic scale, sodium, has a
third orbit in which a single electron rotates. Electrons in this orbit
increase by one through seven succeeding atoms until we come to
argon, which has eight (Fig. 1-8). Beyond argon the electron con-
tinues to increase by oné for each succeeding element up to uranium,
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which has 92, arranged as in Fig. 1-9. This element has attracted
" much attention because of its use in the atomic bomb and as a pro-
posed source of energy for power generation.

In the nucleus of each atom there are positively charged protons
in an equal number to the negatively charged electrons outside.
Combined with the protons are an equal number of neutrons in the
simpler atoms and a greater number in the more complicated one.
But this part of the atom is of little interest in the study of electronics
because all phenomena that we. shall study result from distribution
and movement of electrons. For this reason we shall not devote
further attention to the nucleus, which contains most of the energy
of the atom and around which has developed the absarbing science
of nuclear physics. 4 :

Electron Orbits. The illustrations so far used show the electron
orbits in the same plané. According to the Bohr theory the orbit

>

P

,_lg“\ N,

~ - ” "I
N P
N _._’__,«
Fig. 1-9. The uranium atom, the most Fig. 1-10. The 92 electrons of the
complex. found in nature, has 92 elec- vranium atom are divided into seven
trons. It is notable for its use in atom shells as the diagram shows. The ball
bombs. in the center is the nucleus.

of each electron is in a different plane to form what are called “space
shells.” That is, instead of the 92 electrons.of the uranium atom
being arranged in seven orbits in a single plane (Fig. 1-9), they are
in seven space shells (Fig. 1-10), each electron moving in a different
orbit. The numbers on the space shells indicate the number of elec-
trons in each, the nucleus being shown in the center as a round



