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INTRODUCTION

This chapter introduces industrial electronics.
It covers some of the key developments and
includes definitions for a few of the major
terms. It also discusses the skills and knowl-
edge that the industrial technician must pos-
sess to work efficiently. Finally, it introduces
safety, which is of paramount importance for
those preparing to work in the ihdustrial envi-
ranment.

1-1
PERSPECTIVE

The industrial world is where raw materials are pro-
cessed, parts are manufactured. and final products
are assembled. It provides us with a high standard
of living in terms of the goods it offers and the em-
ployment it provides. It is central to eur economy
and to our general well-being. It is a changing world.
Many believe that we are now experiencing the sec-
ond phase of the industrial revolution or a totally
new technological revolution. Industry is changing
from a labor-intensive sector of our economy 10 a
highly technical and automated environment. This
change is impacting the industrial work force, and
future industrial workers will work with their brains
far more than with their brawn.

The merger of industry and electricity began early
in this century, when motors began replacing other
energy forms such as steam, waler, animals, and
humans. The motor was rapidly and widely applied
to a variety of industrial tasks. As the applications
increased, developing control systems that were
more flexible and accurate than the mechanical sys-
tems based on clutches, gears, belts. and pulleys
became necessary. The Ward-Leonard control sys-
tem was the first to gain widespread application. In
this system, the speed and direction of a direct cur-
rent (dc) motor were controlled by energizing its
armature circuit from a dc generator. By varying the

* polarity and intensity of the field current in the gen-

erator, it was possible to control the direction and
speed of the motor efficiently by varying the polarity
and magnitude of its armature voltage. The system
offered smooth and stepless speed adjustment. When
connected to a mechanical system with inertia, the
motor was even able to return power to the alternat-

ing current (a<) supsly upon deceleration. The e-
ciency and good ceatrol charzcteristics made the
Ward-Leonard system very popular even though it
is large, expensive, difficult to maintain, and not 0
efficient by modern standards.

Electronics beganto enter the industrial arena dur-
ing the 1940s. Varicus control devices were deve:-
oped to supplemen: and, in some cases, replace th:
Ward-Leonard system. The devices of that era i~
cluded thyratrons. mercury pool rectifiers, and ig--
trons. Up uxtil that time, de motors were chosen 7
control appiications because their torque and spesd
characteristics could be widely and smoothly coz-
trolled with good efviency. Then, frequency cont=:l

.of ac motors opened up new possibilities. This wzs

an attractiv2 deveiczmeni since an ac motor co-=
only one-fourth as much as a comparable dc mo:.”
During a lzter perod. solid-state replacemenis &o°
thyratrons. <alled : = stors. furtherextanded the >
plications ¢ ac mors. In tha 1930s. magnetiz &2
electronic zmplifiers using vacoum tubes) closad =
control leos for a more sophisticated agpl.

tions. Thess systems used feecback to control po

tioning automaticz’: and accurately and were cal -
servomechznisms. During the late 1950s and ez -
1960s, sol:d-state Cevices made their debut in ind.=-
try with devices szshas the transistor and the th:~-
istor. Robats first zopeared in the 1560s and w<2
used in appiications such as welding and spray paiti-
ing and in environments oo dangerous for humz=
workers. The operztional amplifier made its inroa’s
in the late 1960s, z2d systems based on digitaf Toc<
also gained in popalarity. The programmable con-
troller, also introduced in this period, began to eli=-
inate electromagnetic relay logic in timing and =-
quencing contrdl. During the 1970s the mirale
device, the micrormocessor, opened Up a new. ek
of sophistizated comrol for both de and ac Folaiss
eguipmen:. A micr grocessor is most of the Sirce =
of a digite! compuzer reduced 1o a tiny chipof s
Microproczssors coiKlY boosted the sorhis
s as managers and designer

of automzz2 sy s
actad to prassure iooincreased productivity and quz-
v,

In the modern industrial plant there are a varo
of dc motcr control systems ranging from fractio==!
horsepowsr ratings 10 ratings over 10,000 hors2-
power (hrl. Appications include portable povsr
tools, conveyors, robots, palletizers, koists, crans.
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elevators, rolling mills, tube mulls, extrusion milis,
and many others. Thanks to high-power thyristors,
ac drive systems are available with ratings ranging
from fractional horsepower to 20.000 hp and are re-
placing de motors in many industrial applications. In
addition to motors and motor drives, modern indus-
iry uses electronics in many processes and machines.
Examples include electronic welding, electroplating,
process control, and computer-controlled machines
such as lathes, milling machines. drill presses, and
robots.

Key Terms in Industrial Electronics

The following list of definitions is brief, but it will
help in developing a perspective of modern industrial
electronics:

Automation: the implementation of processes by au-
tomatic means without the need for human inter-
vention; self-moving, self-adjusting, and self-con-
trolling.

Prucess control: the control imposed on physical or
chemical changes in a material.

Automatic controller: a device that operates auto-
matically to regulate a varizble in response to a
ctommand and to a feedback signal.

Programmable controller: a device thut is configured
by software commands (instructions) to sequence
and time events.

Robot: a programnable. multifunction manipulator
desiznod 113 meve material, parts. tools, or spe-
ciali<ea devices through variuble pregrammed mo-
tious jor the performance of a variety of tasks
‘source. Robot Institute of America)

Microprocessor: the entire central processine uait nf
a computer reduced to a tiny chip of silicon.

Numerical control: a programming system of letters
and numbers that regulates an entire machining
process and the sequence of operations to machine
a work piece.

Flexible manufacturing system: a computerized pro-
duction line with a high degree of programmability
o allow quick and easy changes from one small
production batch 1o another.

CAD/CAM: computer-assisted design/computer-as-
sisted manufacturing.

Computer-integrated manufacturing: an integration
of design, engineering, manufacturing, and busi-
ness functions on a central computer or on a net-
work of computers.

REVIEW QUESTIONS

1. What is the name of the early motor control
- m that used a dc generator to encrgize the ar-
mature circuit of a dc motor?

2. Thyristors are solid-state replacements for

2. How much does an ac motlor cost as com-
pared 1o a de motor with similar ratings?

cally control mechanical

1-2 .
KNOWLEDGE AND SKILLS
REQUIRED

The industrial workplace is often a combination of
old, newer, and state-of-the-art technology. The
worker may be confronted with brand-new, late-tech-
nology equipment sitting beside equipment that is 50
vears old. This environment demands a thorough
understanding of basics. It requires a diligent tech-
nician who takes the time and makes the effort to
understand all of the equipment in his or hér care.
Learning cannot be confined to classrooms. The best
technicians are always aclively involved in learning
more about their technology and about their work-
place.

I'mportance of Theory

Basic circuit theory is one of the most valuable tools
for the industrial technician. Ohm’s luw. KirchhofT™s
laws. and other busic principles muke the logical
process of faull isolation possible. This knowledge
must be coupled with the ability to use instruments.
Meters, oscilloscopes, signal  gencrators,  logic
probes, logic pulsers. and other test equipment must
be used safely, accurately, and effectively. The tech-
nician must also understand the theory of operation
for the equipment being disgnosed. Some cquipmeni
is very complicated, and the overall picture must be
clear. 1f the equipment interacts with other equip-
meut. then the enlire system must be understood. A
familiarity with electronic circuits and devices is also
necessary. An electroiic circudt 1s one that contains
active components such as transistors and integrated
circuits. When troubleshooting at the component
level. one must understand the way the active de-
vices function. Then, when they malfunction. it is
possible to diagnose their behavior as abnoimal and
to make the proper replacements. Troubleshooting
at the board level i1s usually less demanding. In
board-level troubleslioating the fault is traced 1o one
plug-in circuit board or module, and then the entire
circuit is replaced. This is fine in those cases in which
a spare board is in stock. If a board is not in stock,
then loss of production time can cost the company a
considerable sum, It is also often wasteful to discard
a defective board. Defective boards may be sent back
to the manufacturer for repair, or the technician may
be expected to repair them. '

Imiportance of Mechanical Skills

In addition to clectrical and clectronic knowledge,
the industrial technician must have considerable me-
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chanical skill. Much of the work will involve mech-
anisms 1hat interact with circuits. Sometimes it is
difficult to determine whether a problem is mechan-
ical, electrical, or both. Mechanical skills are also
necessary [or the proper disassembly and reassembly
of equipment. All parts and fasteners must be rein-
stalled just as they were. Attitude has a lot to do
with this aspect of the job. Sorting parts and fasten-
ers during the disassembly process takes a little more
care, but this care usually pays off handsomely dur-
ing reassembly. The careful technician will also make
sketches when tearing down a complex unit, espe-
cially the first time.

Interpersonal Relationships

Human skills are sometimes overlooked but are very
jmportant. A breakdown in industry can cause a lot
of tension. The down time is costly. and there may
be considerable pressure on the techrician from sev-
eral sources to get things fixed quickly. Tempers can
flare and control is absolutely necessary. This is not
a pleasant atmosphere 10 work in, but it sometimes
occurs. Experienced and skillful technicians have the
ability to remain calm and communicative under
these conditions and are often highly valued for this
reason. Another aspect of interpersonal relations is
that the technician musl communicate with other
people who ma} have more operating experience
with the equipment. They may have been there when
it broke down or may have noticed some peculiar
behavior beforz it broke down, Obviously, this in-
formation is in-aluable. The skilled technician who
calmly asks a series of logical questions can stabilize
a tense situation and get on with the important task
at hand.

Another important human  skill for a trouble-
shooter is to liszen attentively to everything others
have to say but to acknowledge privately the possi-
bility that they may be wrong about some or all of
the information they give. First of all, a coworker
who did something wrong and damaged the equip-
ment may not be likely to tell the whole truth about
it. The person reporting might be confused or biased
or might fabricate some of the events for self-protec-
tion. This is not to say that people cannol be trusted,
but that they do make mistakes and very few like
admitting them. The best technicians learn to verify
facts. They never assume anything. Once something
is verified and noted (mentally or on paper). it is time
to move on 1o the next step. This kind of logical
process saves time in the long run. A disorganized

_technician will wind up going in circles because of

the failure to verify and note conditions.

Software problams are ancther area in which a
debate can erzue.and tempers can flare. Much mod-
ern industrial equipment is programmable. Programs
are called software and are written by programmers
who are sometimes a little too quick to blame the
hardware when things don't work as planned. To be
fair, there are also hardware technicians who are too
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quick to blame the software. Software problems can
be difficull to solve. A new program thal exercises
the cquipment in ways never tried before often cre-
ates a challenging situation, which requires a coop-

" erative effort by both hardware and software people

to solve the problem. This is why it 15 50 important
to deal skillfully with people; maintair.ng good work-
ing relations pays ofT handsomely. Oz the other hand.
a rude technician may aliznate everyeag in the plant
and be rendered ineffective because efa lack of com-
munication. Think about it.

Preventive Maintenance

In addition to correclive maintenande. preventive
maintenance is an important aspect of industrial elec-
tronics. This is often totally ignored. but it shouldn’t
be. Operation, instruction, and senvice manuals for
the equipment in the plant are invalzable. Periodic
lubrication. inspection, cleaning of air filters. running
of diagnostic programs, checking fo- ground faults.
and all the other procedures recommendsd in the
equipment manufacturer’s literature are zhsolutels
essential for a successful maintenans? Program.

Orzanizational skills are invaluahiz in instituting
an effective program. Maintenance fegs
piece of equipment will serve to =
gram. Logs ¢hould contain the dat
brief but complete description of £-
performed and every part replace
ciars stzrt a maintenance log

iecs of squipment. This procedurs =
pleiz operational profile in which 2. cavizioos
the eriginal factory specifications =z nates E
effor is thea made to restore the ezzpme=i ©
inal parameters. Minor problems. soch as b
out indicators and faulty panel swiihes. &re ne
maliv corrected immediately. Morz involv2d pro>-
lems should be scheduled for attezZon as scon 22
possitle, and any parts that are ne: on haad should
be ordered..A maintenance log shauld also contain
an iaventory of all spare parts in st for the equir-
ment. A general rule of thumb is o stock zn inven-
tory worth 10 percent of the purchzse price of the
equipment. The technician's experience and the
manufacturer's recommendations will diciaie what
should be stocked. Some common-£ems zre circelt
boards, modules. fuses, switches. dircuit breakers.
panel lamps, resolvers. tachome:zs. mot
solid-state parts such as diodes. iraristons
tors. and iniegrated circuits.

Asn operational profile is really afcm of preventing
maintenance. It is often combined =ith s .zral pr
cedures that ensure proper cperatioz. The gauipmezi
should be given full function and range f2slng. It
may also involve tune-ups of senvcmechzaisms a=d
adjustments of feed rates and spinZe speads, Feed-
back devices and limit switches arz also checked for
proper operation. Cleaning may be Zone z: the sa=¢
time, along with replacement of tydrauic and 2o
filters.




1  INDUSTRIAL ELECTRONICS AND ROBOTICS

BEVIEW QUESTIONS

5. Electronic troubleshooting may take place at
the board leve! or at the level.

6. Which level of troubleshooting demands more
rnowledge?

7. A good technician has electronic knowledge,
mechanical skill, and skills.

8. Programmable equipment may malfunction
because of problems in addition to elec-
tronic and mechanical faults.

1-3
SAFETY

Safety in any environment involves two major com-
ponents: knowledge and attitude. Knowledge is the
body of information that defines dangerous proce-
dures, conditions, materials, and all other potential
hazards. It also includes preper procedures: how and
when to use protective equipment, and how to react
in an emergency. Technicians should know cardio-
pulmonary resuscitation (CPR) and first aid treat-
ment for burns, acid contact, and other emergency
situations. They must also know the location of all
safety devices, emergency showers. fire extinguish-
ers. alarm systems, planned evacuation routes, and
shelter areas. Knowledge is absolutely essential but
does not guarantee safety. Most industrial workers
who are injured or killed have been trained. Some
people have a tendency to bypass safe procedures
for one reason or another. It is very imporiant to
gain knowledge and then make it a way of life. Tech-
nicians who have the knowledge and the proper at-
titudes are seldom injured.

The industrial environment may be replete with
many kinds of hazards. It is not possible to deal with
all safety areas adequately here. Radiation, loud
sounds, rotating machines, pinch points, dangerous
chemicals and gases, explosive atmospheres, and la-
sers are some examples of potential hazards for
which specific safety knowledge is acquired on the
job. This section will be limited to general rules of
electrical and mechanical safety.

Electrical shock can cause falls and other physical
reaction injuries, permanent damage 10 the human
body, and even death. Improper procedures may also
damage expensive equipment. Moving equipment,
such as a robotic arm, can cause serious injury. The
following rules will help establish safe procedures
and alert the zechnician to dangerous situations:

I. Circuits that are being serviced must be locked
open and lagged. A “‘buddy” system may pre-
vent any chance of anyone’s inadvertently en-
ergizing = system before the appropriate time,

- Dirt and moisture conditions must be noted.
They can drastically alter conductivity and may
provide unusual current paths.

()

10.

11

- All connections must be checked carefully. Ca-

bles that move and cables that are subject to
external abuse are especially susceptible to in-
sulation damage and connector damage.

. Contacts that normally carry heavy current must

be inspected periodically. They must be tight and
clean. High current can lead to heat, sparks, and
flames when it flows through a high-resistance
joint or connection.

. Care must be taken around batteries because

some types produce an explosive gas. Open
flames or sparks in their vicinity can result in an
explosion. Battery spills can be dangerous since
the electrolyte is extremely caustic.

. When working with live line voltage both hands

should not touch the equipment simultaneously,
Leaning on a cabinet with one hand while work-
ing with the other is dangerous. Hand-to-hand
shocks can be lethal. High-voltage mats and any
other protective equipment that is recommended

_ should be used when working on live circuits.

Rings, bracelets, and similar metal items should
not be worn around live circuits. Wet clothing
and shoes are good conductors of electricity and
must not be worn around live circuits.

- Test equipment must be kept in good working

order. Worn leads should be replaced. connec-
tors should be checked regularly, 2nd only exact
replacements for broken knobs and probes
should be used. Verify that the power cords are
in good condition and that grounds are intact.
Technicians must always keep their hund tools
and soldering equipment clean and in good work-
ing order.

- Manufacturer's service literature should be kept

readily available. Follow the recommended pro-
cedures for each piece of equipment that is
worked on.

- All work must conform to the current National

Electrical Code and any applicable local regula-
tions. [

Care must be taken when equipment is installed
and energized for the first time. A phase error
may cause motors to run backward with unpre-
dictable results. Most equipment contains a
phase-sequence lockout circuit which will pre-
vent the contactor from closing in the event of a
wiring error. Never manually override such de-
vices in such a situation.

Never defeat interlocks, limit switches, overcur-
rent devices, and other protective features, Ver-
ify that they all operate properly and have not
been tampered with. Do not overrate replace-
ment protective devices.

. Power devices, such as thyristors, thal are sub-

ject to large surge currents may physically fail
by package rupture and an.expulsion of materi-
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17.

19.

20.

als. Eye protection should be worn when work-
ing around such devices. Electrolytic and tan-
talum capacitors can also explode when subject
to an overvoltage or a reverse bias. A tantalum
capacilor may release a liquid electrolyvie. Skin,
cye, or mouth exposure to this material must
be treated promptly. Flush with large amounts
of running water and seek medical atlention
immedintely in the case of eye conlact of in-

gostion.

_ The side effects of certain medication may impair

judement or equilibrium or induce drowsingss.
Extreme caution must be practiced under such
conditions.

. Equipment grounds must not be removed or cir-

cumvented by the use of adaptors. The power
cord should be connected before using test

probes.

 Protective clothing and eye protection should be

worn when working around high-vacuum devices
such as cathode ray tubes.
Learn all appropriate hazard symbols and warn-
ing signs. .
Only approved fire extinguishers should be used
on electrical equipment. Water is a condudtor
and should not be used on electrical fires, Carbon
dioxide. foam. and halogen tvpes are preferred.
spacitors and hydraulic accumulators sters
ensrgy after the power has been turnad . :
hizh-vollage capacilor ma)y present a ! !
<nack hazard even when disconnected fres
source.
Be wary of moving equipment and pinch points.
Loose, floppy clothing invites getting caught in
machinery. Do not enter “*hard hat areas’” with-
out the prescribed protective gear.
Use extreme care when working around robots
since they can make unpredictable movements.

. Arobot that appears to be ‘*dead’" may be await-

21.

24,

ing input signals.

There are two operating zones, referred to as
envelopes, in robotics: the program envelope
and the absolute maximum reach envelope, in-
cluding the reach of any tooling. Leam the max-
imum envelope and stay clear of it.

. If servicing is required within a robot’s envelope

it may be necessary 1o use blocking posts that
are set into the floor to prevent the arm from
siriking anyone within the envelope.

. Verify that the robot works properly in the

~-12ach mode.”” Most control systems allow only
Jow movements when an operator or lechiician
is in the envelope. Make certain that the controls
are working properly.

Many robots use an interlocking control system
that prevents an automatic cycle from beginning
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before homing to the start position. This is a
safety feature because the home position is usu-
ally the fully retracted position. This system
must be checked for proper operation.

25. Robot controls may also be interlocked to other
pieces of cquipment such as conveyors. Thz en-
tire system must be checked for proper operation
to ensure that the entire cycle begins and ends
properly, for example. when a part clears & dic,
a mold, or a fizture.

26. Eye protection is absolutely essential around ro-
bots. A welding robot may initiate an arc without
any warning. Care must be exercised around la-
sers. In general, approved safety goggles should
be worn in all potentially dangerous situations.

27. The use of vacuum is preferred to the use of
compressed air for cleaning electronic equip-
ment. Many of the air filters usad in air cooling
systems contain fiberglass. which may cause se-

‘ rious eye injury if the glass fiters are blown into
the eye.

Be extremely careful with solvents. Many of them
are highly volatile. Breathing the fumes can be ex-
tremely damaging to the human body. Use of carbon
tetrachloride is strictly regulated by law because i
is easily absorbed mio the skin and causes crpan
damage. Some solvents stould be used only in an
area fitted with a flameproet exhaust hood. A resp.-
rator and ather protective clothing may also ke
required. Solvents are al=x known 0 d eloc-
trolytic capacitors. Electrointics arz espe
ceptible to halogepated hidrocarbons. w hich entsr
the end seals and cause mternal corrosion. Other
solvents and degreasers that should be avoided
around electrolytics include Freon. chlorinz. and fiu-
orine compounds. Spent sclvents must be disposed
of properly. Because it is usually unacceptable @
dump them into a sewer systzm. they are often stored
in holding tanks for eventuzl removal and processing.

Beware of polyvinyl chioride (PVC) insulation. It
is commonly found on wires and is used in heat-
shrink tubing. Gaseous hydrogen chloride is released
from PVC at a temperature of 230°C. The hydrogzn
chloride combines with moisture in the air, and 2
hydrochloric acid mist results. It acts as a primary
irritant and corrosive agen: 1o the respiratory system.
1t is also absorbed on conizct with skin, Do not uss
an open flame to activate heat-shriak tubing. Use a
heat gun or other zpproved technigue.

Safety in Tests and Measurements

Safe procedures may not 2ways be obvious. One of
the most dangerous and lezst understood procedurss
is in the area of floating measurements. A floati=z
measurement is taken with the test equipment chzs-
sis, for example, of an osciloscope. at seme potentizl
higher than ground. Technicians must sometimes
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make measurements across two points in a circuit
where neither is at ground potential. The common
connection for the signal may be hundreds of volts
with respect to the line ground. Another related prob-
lem is that the green grounding wire on lwo separate
line circuits may be several volts different. Although
this condition, known as a ground loop, is symptom-
atic of a poor grounding system, il does cause fault
current and interferes with proper test measure-
ments.

Oscilloscopes and other test equipment have a sig-
nal common terminal that is connected to the pro-
tective ground, which is usually the chassis of the
instrument. This protective ground is connected via
a green wire to the power line ground when the
instrument is plugged into an outlet. This is a safety
feature and prevents the chassis, cabinet, connec-
tors, probe ground, and the controls from assuming
a dangerous potential with respect to ground. With-
out this feature, it would be possible 10 receive a
dangerous shock just by touching some part of the
instrument. Unfortunately, it also requires that all
signals be measured with respect to ground, making
it difficult to measure a signal across two points in a
circuit when neither point is grounded. Connecting
the test equipment in a case like this will ground one
of the circuit points and may cause fault currents
whizh could damage the equipment. Even if it doss
not cause damage, the connection will often inject
noise into the circuit, causing abnormal operation
and making any meaningful measurement impossi-
ble. Too many technicians improper’; * tioat™ the
test equipment in these cases. craaiag a porentially
dangerous situation. Improper t'nat’ g defeats the
protective ground system by rcing a (hee-to-two
wire adaptor or by cutiing off the ground prong on
the pow.r connector. Using an isolation transformer
on tie oscilloscope is also unacceptable since it also
defeats the protective grounding syslem.

Floating an oscilloscope is dangerous because it
allows the cabinet, connectors, and test leads to as-
sume the same potentia.l as that of the probe ground
connection. One practice is to rope off the area when
floating measurements are being made, to protect
personnel from touching the oscilloscope and receiv-
ing a dangerous shock. This is a questionable prac-
tice, and it does not take into account that the power
transformer in the oscilloscope may be unduly
siressed, possibly leading to insulation failure. An-
other problem with this practice is that the capacitive
loading effect of the floating instrument exerts a filter
action on the circuit point where the probe ground
is connected, and this filter action may interfere with
proper operation and measurement. For these rea-
sons, floating measurements that defeat the protec-

tive ground system are
commonly practiced.

One acceptable method of performing floating
measurements is to use zn isolation amplifier be-
tween the oscilloscops and the circuit under test,
Ihe amplifier connects batween the oscilloscope and
the equipment under test and passes measurement
signals across an insulating barrier. Another method
that may work in some zpplications is indirect
grounding by using equipment such as a ground iso-
lation monitor. The monitor is connected between
the power lines and the test equipment. If the poten-
tial of the isolated ground exceeds 40 volts (V) peak,
it disconnects power to the test equipment, sounds
an alarm, and restores the protective ground circuit.

Another safe technique is to use an oscilloscope
with a differential input. Maiched probes are used
with the negative preamp input connected to the cir-
cuit common and the positive preamp input con-
nected to the signal test point. The common mode
dynamic range and the common mode rejection ratio
are important specifications of such an amplifier
since the measured signal may be very small in com-
parison to the common mode signal. Some techni-
cians forget this point and altempt lo use a quasi-
differential technique with a dual-trace oscilloscope
in the Apb mode. By inverting channel 2, the wo
signals are electrically subiracied. effectively remov-
ing the common mode signal. Unfortunately, the dy-
namic range of dual-trace amplificrs is too small, and
the common mode rejection ratio is only about 100
ta 1. The results obtained are often poor.

Another acceptable measurement technique is to
use an all-insulated oscilloscope. Battery-operated
cauipment avoids ground loops and is preferred by
many «chnicians. Finally, some advanced oscillo-
scopes use capable of stonng waveforms. If one of
these is available, two separale measurements can
be taken and stored: then the common mode signal
is mathematically subtracted out. Such cscilloscopes
are very expensive.

unzceeptable even though

REVIEI QUESTIONS

9. Safe workers have the required knowledge
and the proper regarding their environment
and practices.

10. Circuits that are being serviced should be
lecked open and

11. Dirt and moisture can decrease electrical

12. You should not work on circuits or machines
while wearing

-
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CHAPTER REVIEW QUESTIONS .~

1-1. What is the name given to a chip of silicon
containing most of the circuitry of a digital com-
puter?

1-2. Name a device that is configured by soft-
ware to sequence and time events.

1-3. A programmable, multifunction manipuli-
tor designed 1o move material, parts, or tools
through variable programmed motions for the per-
formance of a variety of tasks is commeonly called a

1-4. Name the two broad categories of mainte-
nance. -

1-5. Which category of maintenance is likely to
be ignored? .

1-6. An industrial technician should maintain 2
diary, called a . for each piece of equip-
ment. ;

1-7. According to the rule of thumb, if a piece
of equipment cost $30,000 then worth of
spare parts should be stocked for that piece of
equipment.

1-8. A phasc erTor may cause a piece of egquip-
ment to run

1-9. A robot that appears 1o be “'dead”” mzy be
awaiting a control

1-10. Heat-shrink tubing should never be al’-
vated with a

1-11. What prevents, the chassis and conneciors
of test equipment from assuming a dangerous po-
tential? ;

1-12. Isolation amplifiers. ground isolation moni-
tors, differential amplifiers, and battery-operated
equipment are examples of equipment that can be
used to make measurements safely.

ANSWERS TO REVIEW QUESTIONS

1. Ward-Leonard 2. thyratrons 3. one-fourth 4. position 5. component 6, component
9, attitude 10. tagged 11. resistance 12 metal items and wet clothing

7. human 8. softaare




SOLID-STATE DEVICES

This chapter investigates solid-state materials
and devices. A majority of industrial systems
are based on semiconductor technology
rather tha. the older vacuum tube technology.
Semiconductors are solid-state crystals that
can control and amplify. Every industrial em-
ployee with respansibilities for electrical and
electronic systems must have a good warking
knowledge of solid-state devices, including
their theory of operation and their physical,
electrical, and thermal characteristics.

2-1
SEMICONDUCTOR THEORY

Semiconductors are materials with electrical prop-
erties that fit in between the properties of conductors
and insulators. Common semiconductor materials in-
clude the elements carbon, silicon, germanium, and
the compound gallium arsenide. These materials op-
puse the flow of electricity and can be used to make
resistors and control devices.

It will be heipfi! to review conduction as a prelude
to examining semicnonduction. Copper is an excellent
conductor. It exhibits high conductivity because
many, many current carriers are available to suppon
the flow of current. One cubic centimeter (cm’) of
copper has 10*? current carriers. Figure 2-1 shows
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Fig. 2.1 Simplif
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the structure of atomic copper. Note that the outer-
most electron is called a valence electron. The va-
lence electrons are the only ones that can move
through the material and support the flow of current.
A length of copper wire is held together by metallic
bonding. In this siluation positive copper ions float
in a cloud of valence electrons. Any given electron
in the cloud is not associated with any particular
copper atom. Electrostatic forces between the posi-
live ions and the negative electrons hold the wire
together. Placing a potential difference across the
ends of the wire causes a significant current since so
many electrons are available to serve as carriers,
This type of flow is referre®to as a drift current.
Therefore, conductors such as copper behave as they
do because they have large numbers of current car-
riers.

Semiconductor materials, such as silicon, are held
together by covalent bonding. In this process atoms
share valence electrons with neighboring atoms to
gain a total valence count of eight. Figure 2-2 shows
the structure. Eight electrons fill the valence orbit
and leads to stability. The resulting silicon structure
is very stable and i- called « crysral. Since the va-
lence elestrons of the crystal are locked into the co-
valeat bonds, pure silicon conducts very poorly at-
room temperature. It is not possible to make abso-
lutely pure silicon, but it can be u!)proached with
only 1 impurity atom for every 10" silicon atoms.
Because of the lack of current carriers. it does not
even semiconduct. It is considered an intrinsic semi-
conductor. The resistivity of intrinsic (pure) silicon
al room temperature is 200,000 ohms per cubic cen-

Fuli valence

arhit Covalent bonds

Fig. 2-2 Silicon atoms sharing valence electrons,
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Intrinsic
germa nium

200+l

Fig. 2-3 Comparing resistivities of copper,
germanijum, and silicon.

timeter (Q/cm?). Compare this to the resistivity of
which is only 1.7 pfV/em? It should be ob-
¥vious how few ‘current ‘cafriefS"aré present in an
*intrinsic semiconductor as tompdred fo a conductor.
“Intrinsic germanium, another ‘Ssemiconductor mate-
' rial, exhibits a resistivity of 65'(Vem® at room tem-
“perature, Figure 2-3 compares the resistivities of cop-
- per, intrinsic germanium, andsilicon. It turns out
“that the higher resistivity of intrinsic silicon is an
_advantage when building ‘most semiconductor de-
“Wices and is one of the reasons’ that silicon is far
‘more popular than germanium. - ©

“Temperature can affect the reésistivity of semicon-
ductors. When heat enters the crystal, some of the
valence electrons will gain enough heat energy (o
break their covalent bonds. It is interesting to note
that electromagnetic radiation (such as light) entering
the crystal will also release carriers. This effect is
utilized in certain devices and will be covered in the
chapter on optoslectronics. The heat-liberated elec-
trons will support the flow of current. Carriers pro-
duced in this manner are known as thermal carriers.
As Fig. 2-4 shows, heat can release an electron from
its covalent bond and leave a positive hole behind.

The hole also acts as a carrier to support the flow of
current. Therefore, W ct istivity of

iconductors to_decrease as_temperature 10:

is relationship is_known as a negafive

L ient and is an important charac-

teristic of solid-state devices. Compare this with con-

5>

ductors which have a positive temperature coeffi-
cient. Their resistivily increases with an increase in
temperature. This occurs because heat emiering 2
conductor increases the activity of the electron

 cloud. The increased activity enhances the probabil-

ity of electron collisions for the drift current. The
collisions impede -the current, and resistsity in-
creases. This is why conductors become sepercoa-
ductors (no_fesistance), at_absolute zero (- 273°C).
Conversely, an intrirsic semiconductor inssiates ==
absolute zero since no-thermal carriers are preseat
J2bsolute zero since NQ g . =
“ia the enysial. - e merin
“Doping is the process used to make crystals semi-
conduct at room temperature. It is possible i diffuse
into the erystal impurity atoms that have five valence
clectrons. These materials, such as arsems. &%
called donor impurities because thex donzz= exic:
electrons to the crystal. The donated eleczon
not covalently bound and serve as current
Figure 2-5 shows a silicon crystal thatis deped
a donor impurity. The doping level is typicZ 3 3
small with something on the order of [ Tmpursy
for every 10 million silicon atoms. The doped mate-
rial is known as extrinsic silicon and shows a lowss
resistivity than intrinsic silicon. Matenals deped with
donor impurities are known as N-rype semconduc-
{ors since the current carriers are electrons zad hane
a negative charge.

It is also possible to dope the crystal with acceplor
impurities. These materials, such as boron, have only
three valence electrons. When they ent=y the crystal.
one covalent bond is not satisfied and 2 hole resvlts.
Think of the hole as a position for an ¢lectron. Thes2

Fig. 2-5 N-type silicon.
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Fig. 2-6 P-type silicon.

positions will accept electrons; for this reason im-
purities that create holes in the crystal are called
acceptor impurities. A semiconductor that is doped
with acceptor atoms is also extrinsic but is called P-
rype. The structure of P-type siliconis shown in Fig.
2-6. The holes behave as positive charges and sup-
port the flow of current in a similar fashion to elec-
trons. However, there are two importunt differences
between electron current and hole current; one of
the differences is indicated in iig. 2-7. Note that at
the top of the illustration a ho!. appears as the elec-
tron leaves the crystal at the right. Then that hole is
filled, and another appears 1o its lefi as the electrons
move to the right. It is apparent from Fig. 2-7 that
the holes seem to be moving opposite to the direction
.thc_ﬂmm JThe_second difference 1s_ lHat EoIe
current is based on position_swapping, and the,
parent moticn_ of the_holes is_slower than_simple
clertron motion_in_an N-type c-stal. This provides
N-type c'ﬂlconducto;' matenal mh % cqmpmme

spef.u advantage !h!Ch is m;],,\_—\ i ‘n some app]:-
cations.”
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We have discussed two ways lo provide crystalline
silicon with current carriers. Heat can produce ther-
mal carriers, and impurities can provide electrons or
holes to serve as carriers. Al room temperature, the
extrinsic carriers outnumber the thermal carriers by
about 1 million to 1. Thus, the extrinsic conduction
is all that concerns us and the thermal carriers are
insigmincant._However, somewhere in the range of
200 to 400°C, the conduction becomes intrinsic. In~
intrinsic conduction device characteristics are con-
trolled by temperature, and the device becomes use-
less for most e!cclromc applscalmns Intrinsic_con-

and therefore _most

semiconductor dcviccs mu‘t not exceed a tempera-
' e cold must also be avoided
since the erystals can crack. The range of safe op-

erating temperatures varies according to the type of
device (diode, transistor, iftegrated circuit, etc.) and
according to its classification. For example, com-
mercial integrated circuits are rated from 0 to 75°C,
industrial integrated circuits from —40 to 85°C, and
military integrated circuits from —55 to 125°C. Ger-
manium_devices_exhibit _intrinsic_conduction at a

much lower temperature than silicon _devices and
M%Mmmﬂfmim

ature range. This is another reason why silicon is fa
more use%nl Tor most applications, Storage tempera-

tures and soldering temperatures are also specified
by device manufacturers and must be observed.

As Fig. 2-8 shows, extrinsic crystals contain ma-
jority and minority carriers. The N-type crystal at
the top shows a majority of electrons. A few holes
can be found and are considered minority carriers.
At the bottom, the P-tyre crystal has a majority of
holes. A few electre.s - o1 as miuority carriers. Ther-
mal carriers conw in ;2 's. Remember, every elec-
tror that gaine it ﬂ,,-;p{jq;_l leaves a holz Dl‘:u ind. This
*i2ans that the number of mincrily carriers in aov
<..a1nsic crystal is directly related to the tempeature
of the crystal. For example, heating an N-type crys-
tal will cause a few electrons to be freed. These join
the other majority carriers. The holes that are created

N-type crystal
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Fig. 2-8 Majority and minority cami



al the same time become minority carricrs, Heating
a P-type crystal also releases a few electrons, which
become minority carriers, and the holes join the
other majority carriers. It will ke seen in subsequent
sections of this chapter that minority carriers act to
degrade the operation of devices such as diodes and
transistors.

REVIEW QUESTIONS
1. [Intrinsic silicon is another name for
silicon.

2. How does the resistivity of intrinsic germa-
nium compare to the resistivity of intrinsic silicon?

3. Semiconductors have a temperature
coefficient.

4. Conductors have a temperature coef-
ficient.

5. Extrinsic crystals can be either N-type or

6. Holes, in an N-type crystal, are considered
CAarTiers.

2-2
JUNCTION DIODES

Junction dicdes are two-terminal devices that utilize
both P-type and N-type conduction in a single crys-
tal. They are usually manufactured by a planar dif-
fusion process. By using heat, pressure. and a dopant
in gaseous form, it is possible to force atoms into a
erystal to create carrier sites. The structure Of the
tvpical diffused junction diode is illu-rat=c i Fig.
-2-5. The junction is the boundary reeion tetveen the
N-type material on the ‘21t and the -lype material
on tha right. It ic now a mechanical joint or a seam
since a contin:ous and single crystalline structure is
necessary to: diode action. The figure also shows
that a depletion ~=i!an forms along both sides of the
junction. This regiva it ik resull of free electrons
from the N material on thie i2ft crossing the junction
and filling holes in the P nmiterisl on . right. Notice
that there are no carriers in thi- depletion region.
The depletion region behavior is thes »{ore intrinsic.
We may expect it to exhibit very high resistance at
room temperature. Therefore, we may also expect

Junction
1 Carrers
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Fig. 2-9 Junction diode.
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Fig. 2-10 How the barrier potential is formed.

high lead-to-lead resistance in the diode when the
depletion region is present,

Figure 2-10 shows why all of the electrons from
the N material do not cross the junction and fill all
of the holes in the P material. As each electron leaves
the N side it also leaves its parent donor atom. This
donor atom becomes a positive icn since it has lost
an electron. Likewise, a negative ion is formed on
the P side, where each electron joins the valence
orbit of an acceptor atom. These icnized atoms pro-
duce a force called the fanizarion potential that pre-
vents any further carrier movement. Note that the
negative ions shown in Fig, 2-10 will tend to repel
additional electrons that might try to cross the junc-
tion to fill holes. The current that flows until the
forces go into equilibrium is called a diffusion cur-
rent. This is different from the drift current discussed
in the previous section. The ionization potential that
develops as a result of the diffusion current is also
known as the barrier potential. At rocm terrperature,
this potestial ic ap, =oximately 0 65 V' for silicon junc-
tions and 0.25 V 1ur eniwnium junctions.

It is possible, by using ai. =vternal voltage source,
to overcome the barrier potentiai and collapse the
depletion region. This is known as forward bias and
is shown in Fig. 2-11. Note in Fig. 2-11(b) that the
negative terminal of an external battery has been
connecled to the N material. Like charges repel, and
the electrons are driven toward the junction, thus
collapsing the depletion region. Assuming a silicon
diode, the external battery must provide more than
0.55 V to produce significant current through the
diode since the barrier potential must be overcome.
With sufficient forward bias applied, the diode cur-
rent can be large and some load- or current-limiting
device Wikl be ine Tied *o peotect the circuit. The
schematic symbol for the diode 15 given i tix.
2-11(a). The N side is called the cathode since it
delivers electrons to the P side. The P side is called
the anode. The direction of conventional current flow
is opposite lo the electron current; the diode symbol
is based on this flow, since the arrow indicates con-
ventional direction when the diode is forward-biased.
As a memory aid, note that the anode side of the
symbol is shaped like the letter A.
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Fig. 2.11 Junction diode with forward bias. (a) Schematic symbol
of diode. (b) Direction of current flow.

Figure 2-12 shows what happens when the diode
is reverse-biased. The positive terminal of the exter-
nal source is now connected to the N side of the
diode. Unlike charges attract, and the electrons are
moved away from the junction. This makes the de-
pletion region wider. The center of the diode now
exhibits intrinsic behavior, and very litle current
flows at room temperature. There will be some re-
verse current due to minority carrier action. Minority
electrons do exist in the P material. These are driven
by the reverse bias source to the junction, where
they combine with minority holes in the N material.
Since the number of minority carriers is directly re-
lated to temperature, reverse (leakage) current in-
creases with temperature. At room temperature, the
leakage current in many silicon diodes is so small
that it cannot be measured with ordinary meters. It
is usually in the nanoampere (nA) or microampere
(1A) range. At elevated temperatures, the leakage
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Fig. 2-13 Diode volrampere characteristic curve.

current can increase to the point where it adversely
affects circuit performance. Germanium diodes ex-
hibit much more leakage current at room lempera-
ture. It is typically in the microampere range for
small devices and in the milliampere (mA) range in
large devices. This is another reason why most de-
signs employ silicon devices.

Some important concepts of silicon diode behavior
are summarized in Fig. 2-13. It is a volt-ampere
graph. It shows diode current for various levels of
forward and reverse bias. Forward bias is designated
as Vyand ranges from the origin to the right on the
horizontal axis. Forward current is designated as Ir
and ranges from the origin to the top on the vertical
axis. You can see the effect of the barrier potential
by examining the forward bias portion of the graph.
“There is no current flow until a forward voltage of
0.65 V is reached. At this point the volt-ampere graph
is curved, because diode behavior is nonlinear near
the.turn-on point. This nonlinear region is nearly '
logarithmic, and some applications utilize this part .
of the curve when a logarithmic response is needed.
1 As the forwand bias is further increased, the graph
becomes linear, as it would be for a resistor. Figure
2.13 also depicts reverse bias (Vg) performance. No-
tice that as Vgincreases from the origin toward the
left, a small leakage current flows. This current is
small and remains rather constant up to the peak
inverse voltage (PIV) rating of the diode. Other des-
ignations, such as Vggru ( peak repelitive reverse volt-
age) may be used to specify this point. This maxi-
mum reverse bias voltage is typically specified from
50 to 1000 V in general purpose silicon diodes. If the
maximum reverse voltage is exceeded, the diode will
break down. Breakdown occurs at high potential
where the field is strong enough to break covalent.
bonds. The electrons accelerate and collide with
other electrons and knock them loose. An avalanche
of carriers results, and the graph (Fig. 2-13) shows a
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drastic increase in reverse current flow. This reverse
flow, if not controlled, will destroy the diode.

As Fig. 2-14 indicates, volt-ampere characteristic
curves can also be used to depict the effect of tem-
perature on diode performance. Note that the curves
show only forward bias performance. At 150°C. the
diode turns on at-0.6 V and reaches a current of 10
A at 0.8 V. Compare this to the —35° curve, which
shows turn on at 0.9 V and a current of 10 A at just
over 1 V. This occurs because the barrier potential
is temperature-dependent and decreases approxi-
mately 2 millivolts per degree Celsius (mV/°C). The
part numbers IN3659 through IN3663 represent o
series of 30 A silicon diffused junction diodes. The

(IN3639 is the least expensive part and is rated for
Viry of S0 V. The 1N3663 is the most expensive in
the series and is rated for 400 V.

Diodes as Rectifiers

One of the major industrial applications for diodes 1s
in the area of rectification. Rectification is a process
of changing alternating current to direct current.
Since diodes conduct well in one direction and op-
pose current in the other direction, they make ex-
cellent rectifiers. The rectification frequency is 1ypi-
cally 60 hertz (Hz) and general purpose diodcs are
characterized for this frequency. Chapter—6-lrealy
rectification-in-detaik

Some industrial circuits require rectification at
tigher niequencies. As ithe frequency goe. —oobve
! kilehertz (kHz), the dicde will have to be derated
because of the recovery time; this phenomenon is
due to stored charges which prevent a diode from
turning off instantaneously at the moment of reverse
bias. The current that continues to flow when reverse
bias is applied causes extra dissipation in the diode;

for this reason it must be derated for high-frequency.
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operation. It is known as the recovery curres:, and
it alse detracts from circuit efficiency. Speciz? fast-
recovery diodes have been developed to increase
efficiency and reduce diode heating when hizh fre-
quencies must be rectified. The recovery current
flows because a conducting diode injects elecirons
into the P-type anode. These injected electrons are
minerity carriers in the P material. At the mamerit
of reverse bias, these minority electrons will s=pport
a reverse current flow until they move back 1o the
N-type cathode or recombine with holes. The recov-
ery time is longest when the forward current is high
because the number of minority electrons is a func-
tion of the forward current. Fast-recovery rectifiers
speed up turn off by using gold doping in addition to
the ordinary donor and acceptor doping. The gold
provides extra sites in the crystal where recombina-
tion can occur, This makes it possible for the diode
to recover (turn off) faster. These rectifiers recover
in dozens or hundreds of nanoseconds and extend
rectifier performance to the hundreds of kilohertz.

Schottky Rectifier

The Schottky rectifier is another special diods that
extends performance into the megahertz (MHz) re-
gion. Schottkys are not PN junction devices but are
included in this section because they are used in
many of the same application areas (Fig. 2-151. An
N-type silicon chip is bonded to a barrier metal (typ-
ically platinum). At this semiconductor to metai bar-
rier the diode action is achieved. When the barrier
is forward-biased. the electrons from the N-1ype
cathode gain energy 10 cross the metal barrier. Since
the electrons gain energy in order to cross. these
devices are also commonly called hot-carrier diodes.
Once in the metal, the electrons quickly give up this

.~ Rluminuin srode contact
*lalybderum disk
Barreer motzl (platinum]
N-type sbican.chip
~__Molybdenum disk

__Copper heat spreaner
and cathode contact

(Detaul)

Epoxy p'larr‘ic

Copper heat zpresder
and cathode contact
Fig, 2-15 Schottky rectifier T0-210.
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extra energy and join the electron cloud associated
with metallic conductors. Minority carrier storage is
not a problem since the electrons are not minority
carriers in the metal anode. Therefore, there is no
recombination and no turn-off delay. Unfortunately,
Schottky diodes are restricted 1o low-voltage appli-
cations since they cannot block reverse voltages
much over 50 V. They are available with current
ratings up to around 100 A. The volt-ampere curves
in Fig. 2-16 show anather interesting characteristic
of Schottky diodes: They turn on at a much lower
voltage. At room temperature, the turn-on point is
0.35 V, and at 10 A the forward voltage is only 0.63
V. Compare this with Fig. 2-14. You will also notice
that the Schottky curves never become linear.

Zener Diodes

It was mentioned that diodes may be destroyed if
allowed to avalanche. This is true for rectifiers. How-
ever, zener diodes (Fig. 2-17) are normally operated
at the avalanche voltage. Fig. 2-17(b) shows the char-
acteristic curve for a zener. Note that the zener knee
is that part of the graph where reverse conduction
takes place. The diode is safe if the reverse current
is limited to the maximum value. Zeners arc rated
according to safe power dissipation. The maximum
reverse current may be found by dividing the power
rating by the zener voltage. For example, a 1-wall
(W), 10-volt (V) zener will have a maximum reverse
current rating of

Iyax = ‘1%

=01A

Thus, the diode will be safe at reverse currents up
to 0.1 A. However. solid-state devices must be de-
rated for operation above 25°C. This is why diodes
are often mounted on thermally conducting assem-
blies called hear sinks.

Zener breakdown is different from avalanche
breakdown. Zeners are very heavily doped PN de-
vices. The heavy doping produces a very narrow
depletion region, and even a moderate reverse bias
produces an intense field across the narrow region.
The intense field yields zener emission and the device
begins to conduct. Actually, zener emission occurs
up to around 4 V of reverse bias. Avalanche conduc-
tion is the major mechanism above about 6 V. The
region from 4to 6 Visa combination of avalanche
and zener emission. However, zener diodes are avail-
able with breakdown ratings up to 200 V. What has
happened is that the name zener has come to be
applied to a broad range of diodes designed to op-
erate in reverse breakover.

Zeners are not used as rectifiers. The characteristic
curve (Fig. 2-17(b]) shows that AV, is reasonably
small from the zener knee to Iyax- The impedance
(Z) of a zener diode is given by

AV, .

Z=EE

iz, Instantaneous forward current (A1

02

¢

lill

02 04 08 08 10 12 14
V;, Instantaneous vaitage (V)

Fig. 216 Forward voliage for a Schouky diode.

The ideal zener diode will show no change in V: and
has an impedance of 0 . The best practical zener
diodes have a low impedance, which indicates that
they approach the ideal. They show onlv a small
voltage change over a range of reverse current. This
makes them useful for voltage regulztion and refer-
ence applications. Zeners are availzble in voltages
from 1.8 to 200 V and in power ratings from 0.25to
50 W. Figure 2-17(a) shows the schematic symbol for

Schematic symba!
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Fig. 2-17 Zener diode. (a) Schematic symbol. (b) Volt-ampere
characteristic curve.



the zener dicde. Note that the cathode has extra
“wings"" that imply the breakdown characteristic
curve. Also notice that the conventional current di-
reclion is against the arrow when the device is op-
crating in reverse breakover. ITthe anode of a zener
is made 0.65 V positive with respect to the cathode,
it will turn on. Zeners have the same forward char-
acteristic curve as is shown in Fig. 2-13 for the rec-
tifier diode.

The zener voltage tends to increase with tem-
perature. Special temperature-compensated zener
diodes are available for those applications in which
a highly stable voltage reference is required. The
temperature compensation is achieved by connecting
a second dicde in series with the zener. The second
diode is forward-biased when the zener is operated
in breakover. and it drops less voltage as temperature
increases. This tends to cancel the change in zen=r
voltage. These devices are called reference diodes or
stabistors. They operate at around 6 V, and high-
precision types are available with a maximum voltage
change of only several millivolis (mV) and a temper-
ature coefficient of 0.001 percent. Reference diodes
do not have the same forward characteristic curve
as ordinary zeners do. because of the second com-
pensating junction.

Other Diode Types

A summary of diode schematic symbals is shown in
Fig. 2-18. This illustration will give you an overview
of the variety and application areas for diodes. Later
chapters will provide more details. The bidirectional
breakdown diode is a back-10-back zener device that
can be used in transient suppression service or in ac
power control. The constani corrent diede, which is
actually a field effect transistor, is covered later
in this chapter. The varicap or varactor diode utilizes

—l‘—Juncllun dhue
+ Zener diode
———Pr{—— Bidirectiona breakdownn diode
_I‘—cﬂﬂilrlnl cuirenl dioce
——J——— Scrottky dode
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0

_-—-“.—-_—_ Light smating dinds
.\\

———}4—— Photo dioce

Fig. 2-18 Schernatic symbols for virious diode Ivoes.
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the depletion region as the diclectric portion of a
capacitor. If you refer to Fig. 2-12, you will see that
the reverse-biased junction diode has much in com-
mon with a capacitor. The width of the depletion
region is direcily related to the reverse bias voltage.
‘Thus, diodes can serve as voltage-variable capaci-
tors. Light-emitting diodes are also common and
make excellent indicators. Photodiodes are useful in
sensing and control applications.

Figure 2-19 provides some examples of the way
diodes are packaged. The size of the package is re-
lated to the device ratings. For example, the DO-15
case is usually restricted to diodes having maximum
current ratings of 1 A or less. When the DO-15 case
is used to house zener diodes, the maximum rating
will be | W or less. The TO-3 metal case may be

|
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used to house diodes with current ralings up lo
50 A. Current ratings are directly related to the size
of the PN structure and its ability to transfer heat to
its environment, Therefore, the high-current devices
are physically larger and must be mounted in a pack-
age that allows efficient heat transfer. For example,
the TO-220 case uses a metal tab for conducting heat
away from the PN junction. Some packages are de-
signed to house more than one diode. The dual-diode
and diode bridge packages shown in Fig. 2-19 are
examples. Figure 2-20 shows an elaborate package
designed for three-phase service and forced-air cool-
ing. Water cooling is also used in some industrial

applications.

REVIEW QUESTIONS

7. A PN junction diode will exhibit a depletion
region under conditions of zero bias and
bias.

8. Diode leakage current is due to ——— car-
riers.
9. Diode avalanche occurs at high.values of
bias.

10. Diodes turn on at lower values of forward
bias as temperature ]

11. When a diode is used to convert alternating
current to direct current it is called a

12. Schottky rectifiers turn off very fast because
they exhibit no carrier storage.

2-3
JUNCTION TRANSISTORS

Figure 2-21 shows the way the planar diffusion pro-
cess can be used to build a device with two junctions.
Once again, the crystal is continuous, and the junc-
tions represent boundaries between the P- and N-
type regions. The structure is called a bipolar NPN
transistor. Bipolar means that the two polarities of
current carriers are present: electrons in the N ma-
terial and holes in the P material. Unipolar transistors
will be covered in the next section.

The schematic symbol for the NPN transistor is
also shown in Fig. 2-2l(a). The leads are identified
as emitter, base, and collector. These names tell us
something about the functions. The esiitter emits the
carriers, the base controls the flow of carriers, and
the collector collects the carriers coming from the
emitter. Note that the physical structure of the tran-
sistor is arranged so that the carriers coming from
the emitter must pass through the base region to
reach the collector. The schematic symbol shows an
arrow on the emitter lead. This arrow points in the
direction of conventional current flow as it does in
the diode symbol.

Another way to build a bipolar junction transistor
is illustrated by Fig. 2-22. Here, the base is N ma-

- ﬁl' -

Fig. 2-20 Three-phase rectifier assembly with forced air cooling
rated at 650 A.

terial. and the collector and emitter are made up of
P material. This structure is called a PNP transistor,
and the schematic symbol shows the emitter arrow
pointing in. Compare Fig. 2-21 with Fiz. 222 Asa
memory aid. think of NPN as denoting ~"Not Pointing
iN." Tivpe NPN and PNP transistors zre electrical
complements. They both can achieve b same basic
functions but with opposite emitter-collector flows.
They arc operated with opposite terminal polarities
as well. This feature makes them electrical comple-
ments and offers circuit designers some interesting
choices.

m

Collector i: ||;
N Fl N I

Base

Emitter
{a) 5t
Fig. 2-21 NPX transistor, (a) Schematic sy==cl. (B) Physical
structure.

Collector

&

Base

Eminter
{a) i2)

Fig. 2-22 PNP transistor. (a) Schematic symbol. (b) Physical
structure.
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Figure 2-23 shows an NPN transistor with bath
junctions biased. The transistor structure is shown
in “‘sandwich' form to illustrate the circuit action
more clearly. Voltage Vp reverse biases the collec-
tor-base junction and a depletion region is shown.
Voltage Ve forward biases the emitier-base junc-
tion, and that depletion region is collapsed. On the
basis of what we know about junction behavior, we
can expect conventional current to flow from the
base to the emitter and zero collector current or a
small collector current due to leakage. However, Fig.
2-23 shows that the collector current [, is substantial.
This is so because of the way the transistor is fabn-
cated. The base is a very thin region in the crystal:
on the order of 0.025 millimeters (mm) (about a thou-
sandth of an inch). It is moderately doped The
emitter is heavily doped. When the emitter-base
junction is forward-biased, the emitter sends large
numbers of electrons into the base region. Only a
few of the emitter carriers will combine with a hole
in the base material because the base does not con-
tain a great number of holes. Most of the emitter
carriers will come under the influence of the collector
field and be swept through the depletion region and
into the collector. Notice that the collector is positive
with respect to the base and will attract any electrons
that it can get. It is a statistical process whereby the
emitter electrons are far less likely to combine with
a hole and becoine base current than they are likely
to be swept into the collector. Typically, only 1 or 2
percent of the emitter carriers become base current:
the balance, 99 or 98 percent, become collector cur-
rent.

Even though the basc current is only a s.iali per-
centage of the total current in Fig. 2-23, il s very
important because it is a control current. Suppose
that Vag is adjusted to 0.3 V. If the transistor is
silicon, this voltage is not adequate to collapse the
emilter-base depletion region. Now, the emitter will
not emit its electrons into the base region. They will
never get close enough to the collector field to be
swept across the collector-Lase junction. Therefore,
all three currents are now zero. This is a very im-
portant concept. A small current (/) is controlling
much larger currents (g and I7). Another way to
demonstrate the control capabilities of the base
would be to place a large resistance in series with
the base lead in Fig. 2-23. This resistance would
reduce the base current, say, to half of what it was.
Now we will find the emitter and collector currents
about half of what they were before the resistor was
added. This shows that a transistor is capable of
gradual control: A change in the base circuit will be
accompanied by a proportional change in the emitter
and collector circuits.

How is the transistor controlled? We have dis-
cussed changing the base-emitter bias voltage. We
have also discussed adding resistance to the base
circuit to reduce the base current. Both seemed to
control emitter and collector behavior. This leads us
to_the conclusion that either point of view can be
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Fig. 2-23 NPN transistor currents.

taken. In other words, the transistor can be viewed
as a voltags-controlled device or as a current-con-
trolled device. Which will be used is a matter of
convenience. In Chapter 6. voltage gain in transistor
amplifiers is discussed. Voltage gain implies that a
small voltage change is accompanied by a larger volt-
age change in another part of the circuit. In this
chapter, we are more concerned with the current gain
of the bipolar transistor. Even though voltage gain
and currert gain are both viable points of view, the
bipolar transistor is definitely a current-amplifying
device. When it is operating as a linear amplifier, any
change in base current will cause a corresponding
change in emitter and collector currents. The most
important idea is this: Base current controls emitter
and collector current. There are voltage-controlled
transistors, and they will be discussed in the next
section.

Bipolar junction transistors are the workhorse of
industrial electronics. It is essential that you under-
stand their characteristics. Refer to Fig. 2-24, which
shows PNP action, and compare it to Fig. 2-23. The
PNP transistor is also reverse-biased from collector
to base and forward-biased from base to emitter.
Note that both external sources must be reversed to
accomplish proper bias for the PNP device. The
holes in the P-type emitter are plentiful, and most do
not recombine with electrens in the base. The col-
lector is negative, and a majority of the holes arc
attracted to it. Once again, the base current is very
small but critical in that it controls both emitter and
collector currents. Both NPN and PNP transistors
are capable of current gain, and both are useful as
amplifiers and controllers. However, it should be ap-
parent that they are not interchangeable since the
applied polarities are reversed, '
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Fig. 2-24 PNP trunsistor currents.

Figure 2-24 shows holes moving from emitter 1o
collector. Actually. the positions move as discussed
in the first section of this chapter. The illustration
makes the PNP transistor currents easier to under-
stand. The electrons move from the collector 1o the
emitter by moving from hele 1 hole. This type of
flow is a litzle slower. and for this reason NPXN tran-
sistors are better choices for hizh-frequency appli-
cations. The NPN transistor is also more convenient
to use in many negative ground circuits. Finally, de-
vice manufacturers make a broader line of NPN tran-
sistors than of PNP transistors. For these reasons.
most circuits use NPN transistors. However, the
complementary characteristics of PNP devices make
them very useful for certain applications, and many
industrial devices will use both types.

Let's summarize some very important ideas. The
collector-base junction must be reverse-biased for
proper transistor action. The emitter-base junction
must be forward-biased for the transistor to be on
(to conduct carriers from its emitter to collector).
The base current is a small percentage of the total
current. The emitter current is the total current (/g
= I + Iy, and the collector current is almost as
large. The base current controls the emitter and col-
lector currents. The NPN and PNP:transistors are
electrical complements.

_Characteristic curves are an important aid to un-
derstanding transistor behavior and are also a useful
way to present data. Figure 2-25 shows transfer
curves for a typical NPN tansistor. The curves
transfer (relate) the effect of base-emitter voltage to
collector current. At room temperature (25°C), the
transistor begins conducting at about 0.55 V. Al
150°C, the base-emitter turn-on voltage is only about
0.25 V. For a collector current of 40 mA, Vge varies
from 0.4 to 0.7 V from the high temperature to the

Jow temperature. The transfer curves show that the
transistor is a temperature-sensitive device.

A collector family of characteristic curves 15
shown in Fig. 2-26. These are notl transfer curves
since the collector voltage is plotied against the col-
lector curreat. The graph shows that the collector-
to-emitter voltage has little effect on the collector
current over most of the graph. For example, inspect
the lowest curve in the family. It is labeled Tor a base
current of 0 mA. This curve shows that the collector
current is constant at 0 over a range of collector
voltage from 0 to 300 V. This is reasonable because
with no base current there is no emitter or collector
current. What happens as the collector voltage goes

over 300 V? The curve shows that the collector cur- -

rent starts to increase. This phenomenon is called
reach-through. The collector field is now intense
enough to reach through the base and into the emit-
ter. Transistors are not normally operated at collec-
tor potentials high enough to cause reach-through.
What is controlling collector current in Fig. 2-26
when the collector voltage is normal? The curnves
provide the answer: base current. Look at the second
curve up. It represents collector behavior for a base
current of 0.2 mA. The collector current is nearly
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constant at about 12 mA for a range of collector
voltages near 0 10 about 200 V. The collecter resis-
tance is given by
AV
R.= 31"

This equation shows that the collector resistance is
high hecause the change in collector current is small,
Once again it must be stressed that base current. not
collector voltage, is the major controlling factor. The
only two places an the graph where collector voliage
does have significant control are near 0 V and at the
high end, where reach-through occurs. However, it
can be seen that the curves are not horizontal for the
higher values of collector current. The slope of these
curves indicates that collector voltage is playing a
partial role in selting collector current and that the
collector resistance is lower for the higher values of
collector current. ;

The dc gain of the transislor can now be investi-
gated with some numbers. Beia, or hgg. is defined
as the ratio of collector current to base current.

EXAMPLE

Caleulate the gain for an operating point of 50 V
and a base current of 02 mA by using the data
from Fig. 2-26:

SOLUTION
1
P @t
33 ‘fa
From Fig. 2-26, at Veg = 50V and Iy = 0.2 mA, Ie
= 12 mA.
o 10
0.2 = 10
=60
The ac curreni gain, hy, (ac beta), is found by
. Al A
hee = Tfi Vee

The vertical bar in this equation signifies that Vg is
1o be held constant. Although not plotted, the emitler
current can also be found. Remember that the emitter
current is the total transistor current. It can be found
by

Ig=1Ig~+ I¢c
Using the values from the previous example,

Ie=02mA + 12mA
122 mA

The value of hgg varies somewhat as the operating
point is changed. The collector family of curves in
Fig. 2-26 will now be used to calculate gain for an
operating point of 50 V and a base current of 1 mA.
These two conditions intersect at a corresponding
collector current of 80 mA.

80 mA
1 mA
80

e

I
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Fig. 2-27 The dc current gain.

Figure 2-27 is another type of transistor graph and
shows that hgg varies with collector current and with
temperature. Most transistors show best gain at some
moderate or intermediate value of collector current.
All bipolar transistors show increasing gain as tem-
perature increases.

Refer to Fig. 2-26 to sec how a constant power
curve can be used to define the safe operating area
for a transistor. Transistors are rated according to
maximum collector dissipation. Small transistors
used to switch and amplify small currents may have
a maximum collector dissipation of 100 mW. Lorge
transistors are available with collector dissipation
ratings of 300 W. The collector dissipation of a tran-
sistor is found by

Ye=1lex Vee

The constaui ¢ vwe. curve in Fig. 2-26 represcnis a
collecior dissipation of 10 W. Any point on the power
curve represents a curreni-voltage product et 1. For
cxample, the curve passes through the 1UL-mA,
100-V intersection (100 mA x 100V = 10 W). Since
there are an infinite number of operating points. the
power curve helps us decids which are safe and
which are not. Any point falling on the curve er to
the left will not exceed the maximum collector dis-
sipation. Any point falling to the right of the curve
will exceed the maximum collector dissipation.

If the maximum collector dissipation is exceeded
for any lenzth of time, the transistor will ov erheat
and be damaged or destroyed. This is known as the
thermal limit of the transistor. There are other fatlure
modes. A high current, even if momentary, can causc
a bonding wire within the trensistor case 10 melt
(open). Finally, second breakdown may occur. Sec-
ond breakdown is a failure mode peculiar to bipolar
power transistors and occurs within the safe oper-
ating area defined by a constant power curve. Itis
associated with high collector voltages which set up
fields in the crystal. These fields can cause the cur-
rent to be focused into a tiny area about the diameter
of a human hair. A localized heating, which may meit
a hole from the emitter to the collector, shorting ous
the transistor, results. Figure 2-28 combines the fail-
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ure modes into one safe operating area graph. Any
current greater than 15 A will exceed the bonding
wire limit. The dc curve shows the thermal limit as
the other controlling factor up to 60 collector-emitter
volts. Second breakdown is the limiting factor for
collector-emitter voltages from 60 to 120 V, where
the maximum current is less than would be allowed
by the transistor’s dissipation ratings. Figure 2-28
also shows that greater voltages and currents are safe
for pulse-mode service. A 0.1 millisecond single
pulse will not damage the transistor unless it exceeds
the bonding wire limit or involves a collector-emitter
voltage greater than 120 V.

Figure 2-29 shows that transistors must be derated
above 25°C. For example, at 100°C the thermal dz-
rating factor is 0.4. This means that the transistor is
capable of dissipating only 40 percent of its rated
power at that temperature. It can be seen that second
breakdown must also be derated at glevated temper-
atures, but not as much as the thermal ratings. At
100°C the second breakdown ratings are 80 percent
of maximum.

. Transistors have three operating modes: cutoff, -

linear, and saturation. Figure 2-30 depicts the modes
and shows an electrical equivalent for each. The tran-
sistor circuit is shown at the left and the equivalent
emitter to collector circuit at the right. It is important
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Fig. 2-29 Transister power derating.

to notice that the base circuit conditions determine
which mode is selected. Cutoff (Fig. 2-30[a]) is
caused by zero base current and results when the
base switch is open. The base current is zero, and
so are the other currents. All the supply voltage
drops across the transistor, which is acting as an
open switch from collector 1o emitter. The load is off
for the cutoff mode. The lincar mode in Fig. 2-30(b)
is selected by closing the base switch. The base cur-
rent is now some moderate value. The collector cur-
rent is now beta times the base current, and approx-
imately half of the supply voltage drops across the
collector-emitter circuit. Notice that the collector-
emitter circuit is now acting as a resistance. The load
is partially energized in the linear mode. Saturafion
(Fig: 2-30[c)) is caused by the base current’s reaching
some high value, Whert one of the resistors has been
removed from the base lead this condition results.
The collector circuit is now acting as a closed switch.
The drop from collector t0 emitter approaches 0 V,
and the current through the load is limited by Ohm's
law: the resistance of the load and the value of Vcc.

Hee *Vee

Ig=0
3

I, =0
\C

}- Vee = Vee

tb)

fe}

Fig. 2-30 Three operating modes for a traasistor. (a) Cutoff. (b)
Linear. (c) Saturation.
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The load is fully energized for the saturation mode.

Figure 2-30 also shows that a single source vol-
age is all that is required to bias both junctions of
the transistor properly. When the emitter lead is
grounded, a single positive supply will reverse bias
the collector and forward bias the base of an NPN
transistor. In actual use, the load could represent a
motor, a lamp, a heating element, or a relay coil.
The linear mode may not be desired in some appli-
cations. For example. in digital circuits the load is
switched on or off (saturation or cutoff). In other
applications, the linear mode may be desired. For
example, if the load is a motor, smooth speed control
can result from gradually adjusting the base current.

Suppose the circuit of Fig. 2-30 is used to provide

n off control for a d¢ motor. In this case, the circuit
will operate in cutoff or in saturation. When in sat-
uration, the transistor should closely approximate a

. osed switch from ihe emitter to the collector. Now

look at Fig. 2-31. This gragh shows the saturation
characteristics of a typical tunsisicr It shows that
perfect swilching action is not possibl=. For a load
(collector) current of | A, the base current inust be
at least 100 mA 1o saturate the transistor fully. Even
with this high base current, the graph shows that the
collector-to-emitter voltage is a little over 0.1 V. The
saturated transistor is approximating a closed switch
but not quite attaining it. At high load currents, say
8 A, the graph shows that even more base current is
required for saturation and that even more voltage
drops from collector to emitter. This 1s an important
factor when transistors are used to switch large
loads, as they often must in the industrial environ-
ment. Any drop across the transistor when it is sat-
urated detracts from circuit efficiency since some.of
the circuit energy will heat the transistor, rather than
all of it being available for the load. The base losses
are also significant in these cases. The graph shows
that the base current must be in excess of 1 A to
suturate the transistor for an 8-A load current. This
represents another loss which detracts from the over-
all cireuit efficiency. The next section of this chapter
investigates a newer type of transistor that improves
efficiency in these cases.
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Fig. 2-32 Transistor packages.

The larger the transistor structure, the larger its
current and thermal ratings and the better its saiu-
ration characteristics. Figure 2-32 shows some pop-
ular packages for transistors. The smaller packages
are limited in wattage and current ratings, 'jr-at Jow
is important in large dissipation devices The jage
metal packages provide good heat transfe: from the
crystal to the external heat sink. Sume pacizgess
house more than one transistor. The TO-116 ceramic
package can house four transistors. In that case ezc
transistor will have a maximum dissipation of 250
mW.

REVIEW QUESTIONS

13. On the schematic symboel for an NPN tran-
sistor, which lead has an arrow, and how does it
point?

14. The base current in a transistor is very im-
portant because it the other currents. .

15. How must the collector-base junction of 2
transistor be biased?

16. If a transistor is to be on, how must its base-
emitter junction be biased?

17. Refer to Fig. 2-25. If Vpgis fixed at 0.6 V
and the transistor's temperature is increased from
25 to 85°C. what will happen to the collector cur-
rent? s

18. Use Fig. 2-26 to find the collector current
when the collector voltage is 100 V and the bass
current is 0.6 mA. : 4
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2-4
FIELD EFFECT TRANSISTORS

The bipolar junction transistors covered in the lust
<ection are current-controlled devices. This section
investigates transistors that normally have no input
current: they are called field effect transistors and
they are voltage-controlled. Field cffect transistors
(FETs) ate unipolar devices. They involve @ single
conducting channel which can be of cither N or P
type muterial. The single conducting channel sup-
ports device current with majority carricrs only. Bi-
polar transistors support flow with both majority and
minority carriers, For example, in an NPN transistor
the emitter injects electrons into a P-type base re-
gion. These injected electrons are minority carriers
and delay the turn-off of the transistor since they
must be swept out of the base (or recombine) before
the collector current can cease. The FETs offer ad-
vantages in switching service since they do not sufter
the delays associated with minority carrier storage.
Because they also demand no input current. they are
easier to drive. You should recall that the required
base current to saturate a power bipolar transistor
fully is substantial. The FETs are also less temper-
ature-sensitive and less susceptible to second break-
down in high-power applications. These reasons ex-
plain why FETs and power FETs are gaining in
popularity.

Figure 2-33 shows the structure and the schematic
symbol for an N-channel junction field effect transis-
tor (JEET). The source lead sources the electron
current. the drain lead drains it, and the gate lead
controls the flow from source to drain. Conventional
current flow is from drain to source. The structure
shows that the source lead is a contact at one end of
a semiconducting N channel, and the drain lead con-
tacts the other end of the same channel. Nojunctions
are crossed, and only majority carriers (electrons. in
this case) support the flow. The gate lead is reverse-
biased with respect to the N channel. This sets up a
depletion region and prevents any gate current from
flowing. The negative gate repels the majority *lec-
trons in the channel and manages to push some of
them down into the substrate, thus increasing the
channel resistance and decreasing the source and
drain currents. This is known as the depletion mode
of operarion, since the channel carriers are depleted
by gate bias. If the gate is made sufficiently negative,
all of the electrons are removed from the channel
and the drain current ceases. This is called curoff.

Drain S G C

M-channel

P Substrate

Source
{al &) y

Fig. 2-33 N-channel junction field effect transistor. (a) Schematic
symbol. (b) Structure.
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Figure 2-34 shows the drain family of characteristic
curves for the N-channel JFET. It can be seen that
as the voltage from pate to source (Vgs) is made
increasingly negative, the drain current decreases.
When the gate voltage is more negative than 5 V, the
device cuts off and there is no drain current. This is
shown as the cut-off region in Fig. 2-34. The graph
also shows an ohmic region and a pinch-off region.
In the ohmic region the drain current is a function
of the drain-to-source voltage. It is due to the resis-
tance of the channel, and the graph shows the ex-
pected linear volt-ampere relationship. The pinch-off
region shows a constanl current behavior, where the
drain current does not vary over a wide range of
drain voltage. The pinch-off voltzge is shown as Vp
on the graph. Most switching and amplifying opera-
tions occur in the pinch-oft rezion of Fig. 2-34.
Therefore. these applications reguire a drain supply
greater than Vp.

Pinch-off is explained in Fig. 2-33(a). The electron
current is shown inside the transistor, and conven-
tional flow is shown outside the transistor. The gate
lead is tied to the source lead. and therefore Vgs is
equal to zero. The drain supply is adjustable. As the
drain voltage is gradually increased from 0 V, the
transistor initially operates in the ohmic mode. As
the drain voltage is increased further, a significant
voltage gradient begins to form across the N channel.
A gradient is a gradual voltage change along the
length of a resistive path that is supporting current
flow. The channel current creates a gradually increas-
ing positive voltage from left to right. Therefore, the
right end of the channel is more positive with respect
to the gate and the substrate than the left end. Or.
to say it another way, the gate is more negative with
respect to the channel at the richt end. This causes
a gradually increasing depletion region to form. At
pinch-off, the channel is constricted and allows only
<¢ much flow regardless of drain voltage, In transis-
tor applications, the pinch-off current is varied by
the gate-to-source bias voltage.

The value of drain current that flows during pinch-
off when Vs = 0 is called Inssand is shown in Fig.
2-24. It is the maximum current that will flow during
normal operation. Every JFET has a specific value
of Ipss, and it varies quite a bit from device to device,
just as frpg does among bipolar transistors.

W
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The FETs can be used as voltage-controlled resis-
tois. In the ohmic region, shown in Fig. 2-34, the
resistance of the drain-source channel is a function
of the gate-source voltage aloae, and the JFET will
behave as an almost pure vhmic resistor. The supply
voliage is set at Vp(or less) to operate the device in

its ohmic region. With zero gate hiss, the current’
g8

will be equal to Ipss, and the draii-tu-svuice resis-
tance will be at its minimum, As the pale-to-source
voltage is made increasingly negative, the channel
resistance will increase. ;
Constant-current or current-limiting diodes are
based on pinch-off and are actually FETs with a
common gate-source (cathode) conncction. Fig.
2-35(b) shows a Motorola MCI1303 current-limiting
diode. Its characteristic curve is shown in Fig.
2-35(¢). Current I is the specified current (3 mA =
0.6 mA) al the specified test voltage V, {25 V). Volt-
age Vpo is the maximum voltage that can be applied

to the device without exceeding its power or break-

down ratings. Impedance Zy is the impedance at the
limiting voltage (V; = 6 V) and is equal to 50,000 ()
minimum for the diode shown. An ideal current
source has an infinite internal impedance, and Z;. is
a measure of how closely the actual device ap-
proaches the ideal. These diodes are designed for
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Fig, 2-35 Pinch-off and a typical field effect diode. (a) Pinch-off
in an N-channel JFET. (&) MCI303 cuirent limiting diode. )

Characteristic curve of MCI130.
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Drain
Gate
Sgurea
fad th)
Fig. 2-36 P-channel junciion fichd effect transistar, fa) Schematic

symbol. (b) Structure.

applications requiring a current reference or a con-
stant current over a specified voliage range.”

The structure and schematic symbol for the P-
channel JFET are shown in Fig. 2-36. These devices
are the electrical complements of N-channel JFETSs.
Proper operation for the P-channel transistor in-
cludes a positive gate-to-source voltage and a nega-
tive drain-to-source voltage. The positive gate volt-
age will repel the majority holes from the P channel
and thereby control drain current. The drain current
will be epposite in directicn from the N-channel
JFET. Note the difference in the schematic symbols.
Compare Fig. 2-36 with Fig. 2-33 and look at the
arrow on the gate lead. As a memory aid, associate
N channel with pointing iN.

All JFETs are operated with reverse bias on their
gate leads 1o prevent gate current. However, there
will be some temperature-dependent gate leakage.
Also, a large input signal may momenturily overcome
the reverse bias and turn on the gate diode. An ap-
preciable amount of gate current will Aow, and this
will reduce the amplitude of the input signal. These
disadvantages are overcome by insulating the gate
terminal from the channel with a thin layer of silicon
dioxide (metallic ovide). Those FETs that use this
technigue are known as ractallic coxide semiconduc-
tor field effect iraisisiors, of MGIFETs, They mav
also be called insulated gare field cffeci rransistors
(abbreviated IGFETs). Figure 2-37 shuws the stiuc
ture and schematic symbol for an N-channel MGS-
FET. The structure and schematic symbol show thut
there is no electrical contact from the gate to the rest
of the transistor structure. These devices operate in
the depletion mode as do JFETs. A negutive voltage
applied 1o the gate termina! will repel electrons from
the N channel and reduce drain current. The N-
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channel MOSFET characteristic curves will be sim-
ilar to those shown in Fig. 2-34 for the N-cHannel
JFET.

The MOSFETs may also be operated in the en-
hancement mode. Notice that the P-type substrate in
Fig. 2-38 extends all the way up to the oxide layer.
There is no channel connecting the source and the
drain. This is a normally off device. Note that the
schematic symbol uses a broken line 10 indicate that
there is normally no channel connecting the source
to the drain. With zero gate-source bias, the device
is cut off and the drain current will be zero. Applying
a positive gate voltage causes electrons to be at-
tracted near the gate terminal, and an enhanced N
channel is the result. Now drain current will flow.
The N-channel characteristic curves are shown in
Fig. 2-39. It should be clear that drain current in-
creases with positive gate-source bias. The enhance-
ment mode is only feasible when the gate is insulated
from the channel. Any attempt to operate a JFET in
the enhancement mode would cause gate current,
which is undesirable. In addition, P-channel MOS-
FETs are available, and they are electrical comple-
ments to the N-channel devices. The arrow on the
schematic symbols in Figs. 2-37 and 2-38 will be
reversed for P-channel transistors.

All of the FETs discussed to this point use a lateral
flow of current between source and drain. A newer
structure has been developed with the drain connec-
tion at the bottom of the device. This allows a ver-
tical flow between source and drain. The vertical
format allows a wide, short channel with very low
resistance. Thus, vertical FETs (often called VFETs
or DMOS or VMOS devices) are very attractive for
high-power applications.

Silican

G dioaide

Drain

Gate

Source

ta) 1]

Fig. 2-38 N-channel enhancement MOSFET. (a) Schematic sym-
bol. {p) Structure.
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Fig. 2-39 N-channel enhancement mode characteristics.
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Current
flow is
vertical

Current
flow is
wertical

-1}
Fig. 2-40 Power FETs. (a} VMOS. (b) DMOS.

Power FETs are available in two basic structures.
as shown in Fig. 2-40. The schematic symbol for
either type is the same as shown in Fig. 2-38. They
are also available as P-channel devices, in which case
the arrow oa the symbol will be reversed. The VMOS
structure in Fig. 2-40(a) uses an etched V groove that
extends through the n+ and p and slightly into the
n— region. The n+ denotes heavy N-type doping
(more than 10 impurity atoms per cubic centime-
ter), and n— denotes light N-type doping (fewer than
10" impurity atoms per cubic centimeter). There is
an oxide layer that insulates the V-shaped metal gate
structure from the crystal. The P-type region necar
each of the drain contacts prevents a continuous N
channel between source and drain. The VFETSs are
enhancement mode devices and are normally off.
Applying a positive voltage to the gate causes elec-
trons 1o be attracted into the P regions, and an en-
hanced N channel results, Figure 2-40 shows that
conventional current flow is vertical from the drain
contact on the bottom to the source contacts on the
top. The overall N channel is very short and wide,
and an extremely low OX resistance can be achieved.
These devices are very attractive for switching and
controlling large currents in industrial circuitry.

The DMOS shown in Fig. 2-40(b) uses the double-
diffused structure. The gate metal is in a flat plane
and is insulated from the crystal by metallic oxide.
It is also an enhancement mode device. A positive
gate-to-source bias voltage will attract electrons into
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big. 2-41 HEXFET® struciure (courtesy International Rediifics
Company).

the P-type wellsand completc the N chanael betw een
the source and drain. Once again, current flow is
vertical through-a wide, short channel for low ox
resistance. The International Reclifier Company has
registered the name HEXFET for their DMOS power
FETs. Figure 2-41 shows the HEXFFT arrangemant,
A single HEXFET is made up of hundreds or thou-
% sands of hexagonal-shaped source cells. The celi-
are very dense (over 500,000 per square inch) and
act in parallel 10 provide very low oN resistance.
Figure 2-42 shows some typical transler character-
istic curves for 40-. 75-, and 150-W HENFET-.
These curves indicate the high transconductance ihat
. power FETs are noted for. Transconductance (g,,) is
4 transfer characteristic and relates the change in
drain current that occurs for a change in gate voltage
The cueies for the 150 W transistor in Fig. 2-42 shou
-1 drain current of 10 A (from 10 to 20 A}
wies the pate charzes § V (from 5 10 6 V). The
transconductance is

:

Aty |
|

S8 T
L s

=

= 10 siemens (S)

You should recall that canductance i the reciproci]

of resistance and is measured in sicmens (S). Trans-

conductance is the figure of merit for power FETs
fand small signal FETs) just as Ay is for bipolars.
Hipolar transistors are still very popular: FETs and
especially power FETs are newer devices and have
been increasing in popularity. Bipolar power tran~is-
tors have several imitations which detract from their
usefulness. They exhibit minority carrier storsge,
Which makes them slower in switching applications.
They suffer from second breakdown. Finally, they
are very temperature-sensitive, It wus shown that
beta goes up with temperature. This can lead 1o 2
condition known as thermal runaway, When a tran-
sistor is conducting sigrifcant current and dropping
significant voltage, it gets hot. This makes its gai
increase and it tends 1o conduct even more clrrent
Vit pets even hotter = i

#d the eain L5053z
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Fig. 2-42 Typica! transfer characteristics for N-channel HEX-
FETs .

more. The transistor m=y run away and be damaged
or destroyed by heat. Fower FETs eliminate minority
vairicr storage problems, do not exhibit thermal ru -
away tendencies, and have greatly reduced second
Preakdown problems. Last but not least, they aiz
easy to drive since there is no gate current. In low-
power applications, bipolur devices show better gain
and usually otfer more performance for the money.
Thus, the industrial worker will encounter both bi-
polar and unipolar transistors. It is important to
Know their schemauc symbols and polarities, the
way they are controlled, and whether thev arc .-
mally on or normally off devices.

Fiv effect transistors are packaged in muny of
s stine e styles as bipolar trausistors The TO-
22 package is popular .o 'ovi-power devices and the
TC. 200 nd TN-3 packages are often used for high-
Fower devices

REVIEW Qi BTGNS
19. Refer to Fig. 2-32 Des this device normally
operate in the depletion mods o in the enhance-
ment mode?
20, The pinch-off region in 4 FET is ol ~ known
as the constant region,
21. The P-channel FETs aic electrical
to N-channel devices.
22, Does the arrow on the schematic sy mbol
peint in or eut for P-channel FETs?
23. Metallic oxide semiconductor field efrect
traiisistors use metailic oxidz 1o the gate
rom the channel,
24. When the schematic symbol for a MOSFET
uses a broken line to represert the drain-lo-source

chanacl, it uperates in the made
23, it mode trassistors are narmally
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2-5
THYRISTORS

Both the bipolar and unipolar devices studied 1a the
previous sections have @ lincar mode of operation. *
This section deals with a fumily of devices that are
not capabiz of lincur operation,  Thyristors are
strictly switching devices based on a PNPN struc-
ture. They are bistihle (on or off) and use internal
regencrative feedback; They include two, three, and
four terminal devices and devices capable of unidi-
rectional (de) and bidirectional (ac) operation.

The silicon controlled rectifier (SCR) is the oldest
and most popular thyristor. It isan extremely reliable
device and can be expected to deliver billions of
operations before failure. 1t has current ratings that
range from 0.25 to several thousand am%res Tms.

he voltage ratings range up lo . Itas
pOSSIE[c 1o operate SCRs in parallel for even higher
current capacity and in series for greater voltage
capacily. As a control device, it is one of the most
impressive available with microwatt pulses having
the ability to switch hundreds of watts. This trans-
Jates to power gains on the order of 10 million times.
Silicon controlled rectifiers can turn on in about 1
microsecond (us) and turn off in about 10 to 20 ps.
They represent an economical solution to many in-
dustrial control problems and are especially suited
to switching applications up to several kilohertz.

The SCR is sometimes referred to as a reverse
blocking triode thyristor. Figure 2-43(a) shows ifs
structure. Since it js a triode. it has three external
connections: an ancde (A), a cathode (K), and a gate
(G). Figure 2-43(b) shows that its PNPN structure
can be viewed as a two-transistor structure with two

connections between the transistors. Figure 2-43(c)
shows the equivalent PNP and NPN {ransistor cir-

cui}._'zhji_vicﬂ of the SCR wil! help you understand

its{operation. Bipolar transistors are normally off
devices. They must be supplied some base current
to turn on. Therefore, an SCR is also a normally off
device. Notice that the collector lead of the NPN
transistor in Fig. 2-43(c} is the basc current path for
the PNP transistor. Also notice that the collector of
the PNP transistor is the base path for the NPN
transistor. This is the way the regenerative action is
achieved. Once the SCR is on, each transistor will
hald the other one on. This regenerative latching

T
P
N
Go— P
N
Fig. 2-43 Silicon controlled rectifier. (a) l
Basic structure. {(b) Viewed as a lwo-tran- K
sistor structure. (c) Equivalent two-tran-
sistor circuit. (d) Schematic symbol. {2}

sction means that an SCR must be turned off by
same external circuit action. Figure 2-43tdh shows

the schematic symbol.
L Silicg controlled rectifiers can be turned on in

/By avalanche: When the anode is made much

over oceurs and latches the device on. & ; i

. By rate of change: If the forward bias voltage
across the device increases very quickly, a current
will flow to charge the collector-base capacitance
of the PNP transistor, This charging current rep-
resents base current for the NPN transistor and
turns it on.

3. By high temperaturc: Reverse-biased silicon junc-
tions show a leakage current that approximately
doubles for every 8°C temperature rise. At some
temperature, {hé leakage current will reach a level
that latches the SCR on.

4. By transistor action: This is the normal mode of
operation for all but light-sensitive thyristors. An
external gate pulse or signal is used to switch on
the NPN transistor and latch the SCR.

5. By light energy: Light entering the junction area

will release electron-hole pairs and latch the SCR

on. Light-sensitive devices are covered in more
detail in the chapter on optoelectronics. |

Figure 2-44 shows the volt-ampere characteristic
curves for the silicon controlled rectifier. The reverse
blocking region -is shown in quadrant three of the
graph and is similar to that of a silicon rectifier.
Normally, the maximuim reverse voltage is never ex-
ceeded since reverse avalanche could destroy the
SCR. It should be emphasized at this point that SCRs

are unilateral devices: they norm conduct 1n one
P TR L T — iy T g
directon only. Forward avalanche 1s shown in quad-

L)

girechal Lnlr
Tant one. It occurs at zero gate current and at some

high value of forward bias. Notjice that turp-on oc:

wer V F ia e cur-
rent increases above zero. Current [, in Fig. 2-44
represents the greatest gate current and ensures turn-
on at even a low value of forward bias. This is the
normal turn-on mode for the SCR. Once the SCR is
on, it drives each of its transistor components into
saturation, and its internal resistance drops to a low
value. The graph shows that the high conduction

A
f 5
I P
N
N
P
Ge—— P
N c
K
K
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more positiye than the cathode, forward break-
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g P P " most pronounced at high current levels. To turn an
A : * Qusdrant 1 “*SCR off in a minimum amount of time, a reverse bias
S ——— : must be aPpIif:d across its anode and cathode ter-
: _ minals. This bias will diffuse the holes and electrons
1o the end junctions. A reverse curreat flows while
this is happening. After the carriers have been re-
Lai=n moved, the reverse current will cease, and the two
g = outer junctions’will assume a blocking state. Recov-
=y 7 2 ery is not complete, however. until the center junc-
Reverse Forward tioni-is cleared pf its ca iers by recombination. 1
Reverse ety Dlohi’s st Torward voltage/is reapplied before the center junc-
::"',_::‘"' o ¥ usdhtues tion is cleared, the SCR will gate itsell back on. LIS
s o bl ) T~ e .time _that ela jon ol
CH S (2 IS I VGl sue 4% gyplanche L& -
SR 0 <0t av sy T e Laiy 2 region) i) . safely. :
e past DI beimldlas Sogiotnasy - . - “several microsecorn
b s b TN Lianr . Ty t e . % -
* . Fig: 2-44 SCR volt-ampere characteristic curves. onds, depending on '.de?!Ct design. = e
il i W b - In ac power Control;' commutation IS automatic.
o R RO T Figure 2-46 shows the way that an SCR can be used
t TR, uis Do 3

Max. rev. voltage
| > 7.

2 TR R 0l s ol (ST

region is associated wilhé.__l_o_\_‘af forward voltage drop. - V‘ crk ol

" This makes the SCR efficient in switching operations. i 74/ i “Jr“ st
P g ' 4

——Figure 2:45 shows a test circuit ‘that demonstrates . / ' ’_’“ P

_the latching ability of the SCR - The external battery . ./ R, Dt

is erranged to forward. bias the SCR. It is not large =7 \//-}i AT e 9 5ch
enough to avalanche the SCR, so there is no current . e j =

flow. When S, is pressed, the gate circuit is com- ' source ('\" i s

pleted, and the base of the NPN transistor is now
forward-biased. The NPN transistor turns on and
supplies current to the PNP base circuit so it also
turns on" When S is released, the current continues
to flow through thé Ioad and the SCR. The SCR has -\ - :
latched on since each transistor is now supplyving the # j # X
base current for the other, and S must now be —

1 L b . .

opened 1o remove forward bias and %Ergolﬁ_mgjg_&\'—- S " 1
This is an important concept. Silicon controlled rec- X = o e
tifiers can be gated on, but they cannot be gated off. %

Gate turn-off devices (GTOs) have béen developed - o .
viTare expensive and not very popular. When SCRs - / ) I
are used to control dc power, additional circuitry is -
required to achieve turn-off. Turn-off is often called PR ! )
commutation and is achieved by momentarily zero.. % i
biasing or reverse biasing the device, ror example, |

one popular commutation circuit uses a second SCR_ /
to switch in a charged capacitor across the first SCR " .
‘reverse biasit.- ¢ | & 3 il
[ /; ~ When an SCR is conducting, each junction is for- ' Ny -
/L—grard-biased, and both base regions are heavily sat- % 3 , W 0N e J
urated with holes and electrons. The saturation is 4 T el
) “ 4% -~
[ o ’ ;
‘\ " 3 ; ‘l‘

SeA High powsr

L4
‘
:
.

o : [ x
" ‘[\ J v ‘...4’ %

Full power
Fig. 246 Usingan SCR 10 CORUT 3¢ powe =

l-"!g 2-45 SCR test circuit.
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to control a load cfficiently. The waveferms repre-
sent load current. The SCRis in serjes with the load.
A gate control circuit is used to pulse the gate lead
at the desired moment of turn.on, Tuin-off is auto-
matic_when the ac line passe hrough . It the
R is never gated on, the load power is zero. If the
SCR is gated on late in the pasitive alternation,
the load power is low. Load ower is controlled by
conduction angle. \k’ithmmﬂ
cireutt Is on much of the time and the power will be
high. However, since the SCR is a uni vi
aveform ca tili i =

only half of the w :

sible to achieve fLWM——-———_JLQLMEM

SCRs connected in inverse parallel or bv usipe rec-

Hler circuits in_conjunction with the SCR control,
eclner circuits are covere

in the power sources

chapter. .

Circuits such as the one shown in Fig. 2-46 are
very widely applied in industry. They are commonly
used to control motor speed, output from light and
heat sources, and battery charging. They are popular
because they are efficient. Silicon controlled recti-
fiers either block current flow or support it with a
very low resistance. When they are blocking, there
is no current flow and therefore no dissipation in the
SCR. When they are on, their low resistance ensures
a low voltage drop, and the dissipation in the SCR
is small. This means that almost all of the energy is
expended in the load and very little in the control
device.

Some of the packages used to house silicon con-
trolled rectifiers are shown in Fig. 2-47. As with
transistors, the larger devices are mounted in larger
packages and are capable of greater dissipation. No-
tice that the DO-200, or so-called hockey puck pack-

8)

2

TO-65
100 A

TO-33
150 A

Malded multipie
SCA paciages

Fig. 2.47 SCR packages,

age, can be used for devices rated as high as
3000 A. The molded packages at the bottom of the
illustration show that more than one SCR can be
mounted in a single package. These Packages are
convenient when bilateral control is needed.

Triac

Bil | J ievadiin
/ Ii 1 v two SCRs in a

si stalli u t is known as a friode

witch, or triac for short and its
structure and schematic symbol are illustrated in Fig.
2-48. It can support the flow of current in both di-
rections. It is also regenerative and latches on once
gated. Its connections are Jabeled main terminal |
(MT,), main terminal 2 (MT5), and gate (G). Figure
2-49 shows the triac's characteristic curves. It is a
symmelrical device and capable of the same perfor-

mance in quadrant three of the graph as it is in quad-
rant one. Current /., called the holdin current, is
6Tt v o; current required 1o hold the
Ldac on (keep it latched E SCK5 also have some min-
imum holding current value but only in one quadrant
of operation. The graph of Fig. 2-49 does not show
it, but the forward and reverse turn-on vollages can

Main terminal 2

Gate

Main terminal 1

(t]]

Fig. 2.48 Triac (triode ac semiconductor switch). (a) Schematic
SYR.5 W, fh) Structure, .

(b)

it
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I ‘_L) Ll B
j’
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Fentins { !
“Viea
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| =g —— -1, I
Vg
Quadrant 111
QMT? negathE)
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Fig. 2-4% Trige volt-amzere characteristic curve.



be ereatly reduced with gatc current. As with the
SCR, a triac is normally gated en and not operated
at breakover. — o PR Sl e
Figure 2-50 shows the advaniage of a triac in ac
power control. The circuit uses the main terminals
connccicd in series with the sovrce and the load. A
gate control circuit supplies pulses to gate the triac
on. The waveforms represent load current and show
that conduction angle controls the load power. Com-
pare this illustration with Fig. 2-46. It should be clear,
that a single triac provides full wave control.
Triacs arc very appropriate for some applications
but suffer’several ligﬁlaticns‘for others. They are not
available with current ratings beyond about 50 A and
voltage ratings above 600 V. Also, they have less
time to turn off than a pair of SCRs would have in 2
full waveform control circuit, Each SCR would have

: o taas SREE ; " i -
an entire half cycle to achieve turn-off if necessarg,\ Ra.d_"? Frequency Interference (BFIJ .
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Fig. 2-50 Uising a triac to conlrol ac power
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On the other hand, a triac must turn off during the
Jbrief moment whe the line passes through zero. If
he load is inductive (as in a motor), LU,
[{ficult in_a friac control cireuil, The current lags
the line-voltage in an inductive circuit. Commutation
is attempted when the load current drops below the
holding current value. Unfortunately, because of the
phase shift, there is a bias voltage across the tnac at
this time, and the triac recovery current acls as a
gate current and tries to turn it back on. The recovery
current is due to the recombination of holis and
electrons as the device attempts to reestablish its
depletion regions and enter the blocking mode. This

complicates circuit design.f%r)@rse/gggfon;;the

leu]=

¢"SCR is still the most popular thyristor forindustrial

. »
et
{ 3

All thyristors cause radio frequency interference
(RF1). They can cause a sudden rise in line current
at the moment they are gated on. Waveforms with
sudden changes in current are rich in harmonic,en:
ergy. Harmonics are integer multiples of some fun-
damental frequency. They can extend into the radio
frequency specirum and cause interference with ra-
dio receivers, television receivers, logic circuits, and
other sensitive equipment. For this reason, thyristor
control circuits must include filters to prevent RFL

REVIEW QUESTIONS

26. Silicon controlled rectifiers are normally
turned on by applying a brie® suise to their
terminal. : s

27. Refer to Fig. 2-42. "V ich value of gate cur-
rent wonld be uscd 10 vusure device Lirn-on?

2%, wier to Fig. 2-45. The SCR is gated « - by
closing switch <

29. Refer to Fig. 2-45. The SCR is turned off by
woening switch ; P

30. Comnutation in an SCR circuit refers to
some method of turning the device c

31. Comiauiation is automatic when the power
sourceis — .

32. Refer to Fig. 2-4¢.. As the SCR is gated on
earlier, the power dissipai«d in theload .

2-6
TRIGGER DEVICES,

Thyristors can be triggered (gated on) by simple di-
vider circuils consisting of resistors or capacitors
across the ac line. One of the divider components
can be made adjustable to produce earlier or later
firing to accomplish the conduction angle control dis-
cussed in the last section. Such simple divider cir-

cuits are seldom used, however, Ihey have the dis

"advantage of temperature instability. /Thyristors fire
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al iower gale currents as lhcir temperature il'ECl‘CEISBS.
Another problem is that the gate characteristics of
the thyristors vary from device to device, even
though the part numbers are identical and all have
bean made by the same manufacturer. ative re-

sistance devices are generally used to establish a
.more predictable and stable trieger behavior.

Unijunction Transistor

The unijunction transistor (UJT) exhibits negative
resistance and is a popular trigger device (Fig.
2-51{a]). It is made from a bar of li 8
type silicon with a heavily doped P zone alloyed into
‘the bar. The P zone forms the emitter section of the
fransistor and its only junction, hence the name wni-
Junction. The B, and B, (base 1 and base 2) contacts
at the ends of the bar are ohmic (no diede action).
In the equivalent circuit (Fig. 2-51[b]) the emitter
diode is connected at the junction of two resistors.
The bottom resistor_is variable. This is where the
negative resistance effect occurs. It is called a neg-
ative resiitance because it d es a 1
A i iode be es forward-biased wit
reige;"l to B, Complementary-UJTs are also avail-
e but are less'popular. They use a P-type bar and
an N-type emitter. The emitter arrow is reversed on
the schematic symbol for the complementary UJT.
The,."voll—a'mpere' Eh-é}_a'{::-t'é_nsuc curve of Fig. 2-52
shows (he fiegalive resistance behavior of the UIT.
As the forward bias is gradually increased across the
emitter lo base 1 section, a point, called Vp, is
reached; at it the diode becomes forward-biased, and
the transistor fires. It then enters its negative resis-
tance region, and the voltage quickly drops to a much
lower value. One normally expects the voltage drop
to increase as current increases, However, the UIT
curve shows a region where voltage decreases as the
current.increases. This is due to a sudden resistance
drop inside the transistor. The curve shows that the
emitter current at the firing point is called Jp. It also
shows a higher current, called the vailey current or
Iy. This valley current is similar to the holding cur-

= |

" rentin athyristor. The UJIT cannot assume any stable

&

-

operating point between I and Iy, It switches rapidly
- between the two. This characteristic makes the UJT
useful as a trigger device,

. The negative resistance behavior of the UJT can
5 .-(b_e understood by referring to Fig. 2-51. When the

mitter diode becomes forward-biased with respect

-
-
o base 1, it injects minority carriers into the region

between the emitter and the base 1 contact. These

/i—(:_ mipofity carriers decrease the resistance of the lower -
~

sart-of the bar. This is why the equivalent circuit
-shows the basc | resistor as a variable component.

‘When. this resistance_decreases, the diode forward

bias increases, increasing the diode current, and still -
‘more minerity carri_c[_s_m_w;__i_ﬂjec{gd.in[q:ﬂg_c_ lower. _

part of the bar: This regenerative’ action rapidly de-

“creases the resistance from the emitter to base 1.

™y [The firing Voltage-of a UJT.is predicted by the
-.\\9(7 voltage across the base leads and the intrinsic stand-
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doped N-

£ P} N,

g,

{a}

Fig. 2-31 Unijunction transistor (UJT). (a) Structure. (b) Equiv-
alent circuit. (¢) Schematic symbol.

Negative resistance regon

Vs

Fig, 2-52 UJT volt-ampere characterisiic curve,

off ratio of the transistor. Ihis ratio is et by the off
resistance from base ! to the emitter (Rp) and the
resistance from the emitter to base 2 (Rg.). The fou-
lowing equation is the familiar voltage divider rela
tionship:

Ry, _
Rz + Rpx "

When a supply voltage (Vgp) is impressed-across the
base leads of a UJT, the intrinsic standoff ratio de-
termines the voltage at the cathode of the emitter
diode. Since the diode is silicon. an additional 0.6 V
is required to turn the diode on. Therefore, the firing
voltage, or Vi, is given by

Intrinsic standoff ratio =

e | Vp=1 X Vgz - 0.6 )

The iniginsic standoff ratio of UITs ranges fiom 0.5
T 0.8

EXAMPLE

The supply is 12 V and the in‘rinsic standoff ratio
is 0.6. Find the firing voltage.

SOLUTION
Use the formula
V=1 % Vga - 0.6
Ve=06x12+0.6
=78V



_ transistor. When the .capacitor

Lbis AaReL (AT

by decreasing or increasing 1. the pe

DIT RELAXATION OSCLLATOR

Figure 2-53(a) shows a UJT relaxation oscillator
circuit that is useful in many industrial timing and
control applications. An oscillator is a circuit that
changes dc 1o ac. A relaxation oscillator is one type
that uses RC time constants to control the frequency
of oscillations. When the supply voltage is applied,
the capacitor begins charging through R,. Eventually,
the capacitor voltage reaches the firing point of the
UJT. The emitter diode turns on, the internal resis-
tance of the transistor from base 1 to the emitter
drops, and the capacitor is rapidly discharged
through R (it is usually less than 100 Q) and the
discharge current
reaches 1,; the UJT switches off and the next cycle
begins,“The waveforms “in" Fig.. 2-53(b) and "Fig.

* 2.53(c) show an-exponential sawtooth at the emitter

terminal and a pulse wavéform at the B, terminal.
The period of the waveforms is approximately equal
10 the K;C time constant. Since a capacitor reaches
63-percent of its final charge during the first time
constant, the approximation is good when the intrin-
sic standoff ratio js near 0.63.

EXAMPLE | . .

Ssuppose R, is 100 k) and C is 01 wE Find the
frequency of oscillation.

SOLUTION
Period = B X C
=T
= 100 X 10® X 0.1 X 10°®
T= 001s

The frequency (f) of oscillation is found by the
reciprocal of the period:

N e
f=7=%0 Dyccorces
= 100 Hz T

e

Figure 2-54 indicates one way that a UJT can be
used 1o control an SCR, which, in turm, controls the
power delivered to its load. This circui:ioomm!.r; load
power by conduction angle. The sooner the SCR is
gated on, the larger the conduction angle an the

_ greater the load power. Circuits of this type are called

. phase control circuils_since the phase angle of the
gating pulse in relation to the source_: ter< -
“mines conduction angle, The zener diode clips the

positive peaks of the source at its breakdown yolt-
age. The negalive alternations are clipped neat 0 V
since they forward bias the zencr. You should recall
from the previous section that the negative alterna-
tions are not used by an SCR control circuit of this
tvpe, and therefore there is no need 1o energize the
UJT circuit during negative alternations. The break-
down voltage of the zener is reached carly during the
positive alternation, and the voltage across the UJT
circuit is constant for nearly the entiré alternation.
Thé capacitor charges through R, until the firing volt-
age of the UJT is reached. When it fires, it develops
a pulse across Ry, which gates the SCR on..1he

¢ of the gating pulse can be advanced or retarded

the
' —

pe, |

TOHN R =)
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Fig. 2-53 UJT relaxation oscillator and waveforms? (a) Circuit
() Sawtooth waveform & the emitzzr E. () Pulse waveform &t
base B,. '

Load

R

Fig. 2-54 UJT phase coz=ol circuit.

UIT oscillator is sm=ll, extra gating pulses may b2
delivered during the positive alternation. These will
not cause any effect since the first pulse will gate the
SCR on and any subsequent pulses will be ignored.

Programmable UJT 2 AT .

The programmable unijunction Ir i.

an ;ggrova trigeer acvig. It is a small thyTistor
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5 5 o Fig. 2-56 Four-layer diode schematic sym- —“@L
bol. .
ye !
s

. \__'

1 Ll L - -

. Fig.-2.57 Silicon unilateral switch sche:
matic symbol,

Silicon Unilateral Switch

A silicon unilareral switch (SUS) is shown in Fig.

2-57. I iV iniature anode gate S
'2- ith a built-i ner diode from its gate to its cath-
» ade, This trigger device is more flexible than the four-
; layer diode because its gate terminal can be used to
( alter its forward breakover voltage. As all other ;ng-
i . “ ger devices do, it exhibits a negalive resistance char-
s . Its schematic symbol ger dev ’ el
and application in a relaxation oscillator circuit are acteristic. The SUS can be fired at low anode-to

shown in Fig. 2-55. Resistors Ry and R, program the Cﬂﬂéﬂdcd potentials. The major difference .ggtweer:
firing voltage of the PUT and form a voltage divider and UJT operations is that the Switc e'-: at
for the supply voltage',_'ir, for example they are equal i QYIS Ttem zener, and E_He
inevalue, the gate voltage of the PUT will be equal grg es at some fraction of |- . pply voltage. 1he
to half the supply voltage. The firing voltage will be US can la!m_be synchronize q: oclm ) ap-
equal to half the supply plus 0.5 V in this case. This plying PH se signals or a bias toi s\‘m &

programming feature gives the PUT a greater range i ST -
—tham the-UST and allows the designer to select the Diae (-3

Fig. 2-55 Programmable UIT (PUT) elaxation oscillator.

dCISI'I'Cd V . ]t also CIIITI] roblem with -~ I o, vt ) ; )

< **batch spr‘:‘?ad" since UJTsn:g;et::mg ::-tanufaclurl All the trigger devicgs investigated to this point are
ing batch will show a considerable spread in their unilateral. They fire in one direction enly. As such,
intrinsic standoff ratios, The PUT can be pro- they are more apprepriately applied in SCR control
grammed, with precision resistors to eliminate this circuits than they are in triac control circuits. They
problem. The peak Curreni /p is also a function of can be used to gate triacs by adding rectifiers or pulse
the programming reSistors. By using large resistors, transformers. but we will investigate bidirectional

it is possible to obtain a very low peak current in a trigger Jd.vices which are well suited to triac control.

PUT timing circuit. This makes t possible to increase Lvediag JJ!MWWE
the size of the timing resistor (R, in Fig. 2-55) to a sith_s_aducctional negative resistance characteris gsistance characteris-
much areater value than it can have in a UJT circuit, lic. Diac breakover current 1s typaca}l, ~round 100
Lhe U1 current’s being larger is a disadvantage withi "~ HA and occurs at approximately 30 V. A diac phase

"long time constants! since the current will cause a

*; drop across the timing resistor: and the capacitor will M, uls
__¢ Reverreach the firing voltage if the timing resistoris ( /
- made too large. The only way to achieve long timg.»/ - ¢
: e
[a)

. constants in a UIT circuit is to useé a large tming. .

4 - capacilor since liming resistors above 1 M{Y are not -

practical. [ .y g - ' p +
by (- |a: s L g : = ) T S
= L i e
Shockley Diode ;
Figure 2-56 shows the schematic symbol for a four-
layer diode (also called the Shoclkley diode). It is
tially_a_miniature SCR with ate lead. It v +v
exhibits negative resistance once its firing voltage is :
reached. Its volt-ampere characteristi¢ curve is the
same as for an SCR, except that there is no possi-
bility of varying the breakover oint with gate cur- :
rent. Four-layer diodes are av le with breakover I e i
ratings from about 10 V ta 4 y usually ex- -1
hibit peak currents] of about |100 and holding e
currents of | mA or'so. They Are used in some thy- fed

Histor 545“‘3 circuits. - A Fig. 258 Diac. {a) Schematic symbol. (b) Characteristic curve.

X - o —n P L pcon et

=5
+

i
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inating the hysteresis cffect, or *‘snap-on™ effect,

- found in many tridc contrel circuits. This effect is
. noticed when the phase angle control is slowly ad-
vanced from the zero power position. The load
“spaps” to some intermediate power level. Then the

' phase control can be backed off for low-power op-
., eration. AQY gir;uit that exhibits a different threshold
when a control Is moved in one direction than it COCS

when the control is moved_in another direction is
Fig. 2-59 Diac phase control circui. said (0 have hysterggis, Hysteresis caa be very de-
, sirable in some applications but is often undesirable

_ Wﬂﬂ'ﬁ‘ 2.59.°On either alter- in phase; cogtrol_clrc.mts. It is just nct’pcusﬂble_ 1o
" Tation, the capacitor will begin charging through the f’m'“"m".uz.gyf&%‘:“ “.'Emfl{“;l:&' g"m::;::‘s Juung
- variable resistor. When the capacitor voltage reaches The hy 4 fife?if effect can be imderstood by refer-

i

* the breakover potential, the diac fires and gates the ring to Fig. 2-59. Al zero power, the capacitor has

triac on. The phase angle can be advanced b de- X : :
. /‘-2'—5]——5_'1‘] — u-—h—Lr .~ been somewhat charged by the prior alternation al
creasing thé variable resistor. 1his shortens the time the beginnirig of 4 ¥ positive or i slosdnntion,

3
P

P L e —

constant, and the triac gales s0oner for a larger €ON- __  Thic charge is & reverse charge as far as the current

duction angle and greater Joad power. Increasing the R : A
. e - 2 alternation is concerned. It takes time o reverse the
variable resistor will delay firing for a smaller con- T e g S
duction angle and lower load power charge on the capacitor. This time delays the firing
PR of the diac. However, once the diac does fire. it gates
7 Y 46 | on the triac, which in turn tends to drain any residuzal
' Silicon_Bilnteral Switch 1! PR X charge from the capacitor. Therefore, on all subse-
e e S quent alternations, the reverse charge is abseat, and

Another full-wave trigger device, the silicon bilateral . A <

switch (SBS) is shown in Fig. 2-60, The SBS is equiy- e “f"a"“‘:;“har%f-‘ et q“'&”’-“‘ WET O

alent to iwo SUS devices connecled 1, INVELS par: =8 the diac. The phase angle is Row actance
XY and the load has snapped to some intermediate powar

allel, It typic: ly extubits a breakover of around 8 V level. It is now necessary lo increase the variabls
and has a more pronounced negalive resislance re- resis;or to back the wer level dmn;vlo T.:l" desir“w‘
gion than the diac. It is also more temperature-stable  congirion pe A

than the diac. The gate lead provides additional ca-

pabilities and can be used to alter the breakover i

characteristics. The gate lead is also useful for elim- Asymmetrical ac Trigger
Some phase control circuits take advantzge of the
gate terminal of the silicon bilateral switch 10 over

MT,
come the hysteresis, but an asymmetrical ac trigger
\)(/ i device can also be used (Fig. 2-61). This device prs-
sents a forward breakover voltage diteren: Irom its
W, in series with an SBS. Note that the schemaic sym-
| : bol includes a zener curve to show this effsct. Tie
¥ 5 5l typical asymmetrical trigger device switchez at 8
e b il e inoncdirectiohandnllﬁ‘lintheuher.lwdﬂﬁr:
ath T o It @or first at its lower breakover voltage when being ad-
¥ A s justed from zero power. Then it will fire at its higher
breakover voltage on the next alternation. This de-
lays £ring and tends to offset the teadency for thz
circuit to snap to an intermediate power level. Tz
asymmetrical trigger is a simple solution to snap-or.
—v +v but its inherent asymmetry develops a dc compone=:
in the load circuit which may not be accepiable i-

some applications.

MT.

2
o
(73] . & - -

Fig. 260 Silicon bilateral switch. (a) Schematic symbol. (b) Char-  Fig. 261 Asymetrical ac trigger schematic

acteristic curve. symbol. MT,

»
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REVIEW QUESTIONS

33. A unijunction transistor has an intrinsic stand-
off ratio of 0.75. What will its firing voltage be with
a 13-V supply?

34. Refer lo Fig. 2-33. Assume an intrinsic stand-
off ratio of 0.63 and calculate the period of oscilla-
tioz if the timing resistor is 470 kQ, and the Liming
capzcitor is 0.01 pF.

35. Caleulate the frequency of oscillation for
question 34,

35. Refer to Fig. 2-54. What happens to the load
power when R, is adjusted for lower resistance?

37. Refer to Fig. 2-54. What would happen to
the load if the period of the UJT oscillator were
mace longer than .33 ms? (Hint: Calculate the pe-
riod of the positive alternation.)

38. Refer to Fig. 2-55. If the supply is 10 V, Ry is
220 kM1, and R4 is 47 kN, what voltage will the ca-
pacitor charge to?

2-7
INTEGRATED CIRCUITS

The same planar process that is used to manufacture
most of the discrete devices covered in this chapter
is also used 1o manufacture most integrated circuits.
The typical integrated circuit uses components that
are all formed at the same time and are not individ-
ually accessible. This arrangement contrasts to that
of a discrete circuit, in which individual resistors,
diodes, capacitors, transistors, and other compo-
nents are infercon ected to form a working circuit.
Discrete circuis izouire assembly and some system
of intercornection such as a printed circuit board.
This means that discrete circuiis are larger and nio==
-ustly than an equivalent integrated circuit (1C). The
ICs are also usually more reliable and more power-
efficient than equivalent discrete circuits. Therefore,
designers choose [Cs wherever their use is feasible.
XMMany industrial systems are heavily dependent on
it . They do suffer power-handling limitations, so it
ic common to find equipment based on both inte-
grated and discrete circuits. The ICs handle most or
all of the low-level signal processing, and the discrete
circuits use large power devices to control the high-
level signals. :

The ICs may be classified according to the tech-
nology used to manufacture them. Figure 2-62 shows
a typical monolithic (monolithic means ““single
stone™) [C mounted in an 8 pin package. The chip is
the monolithic silicon structure that provides the
electrical and electronic functions. Some peaple use
the =ord chip when referring to a complete IC pack-
age. The silicon chip in Fig. 2-62 is bondzd to a
plastic or ceramic base. Wire bonds form electrical
connections from the siliconchip to the pins. A plas-
tic or ceramic cap completes the assembly. The pins
are identified by number. Count counterclockwise

Plastic or

Ceramic cap \

Index notch

Plastic or ceramic ba

Fig. 2-62 Typical integrated circuit construction.

when viewing the package from the top. Pin 1 is the
first one encountered after the index. The numbers
in Fig. 2-62 represent pin numbers.

Figure 2-63 shows an abbreviated cross-sectional
view of the chip. Now you can understand why itis
considered a monolithic structure. Each component
is an area buried in a single silicon structure and has
been formed by the planar diffusion process. Note
that P-type isolating wells are used to isolate one
component function electrically from the next. For
example, the NPN bipolar transistor at the left is
diode-isolated from the P-channel resistor to its i ght.
In normal operation, the PN isolation diodes are all
reverse-biased, and electrical componeat integrity is
maintained. The wells are produced du.ing a manu-
[acturing step called isolation diffusion, during which
a P-type impurity such as borou: is forced to penetrate
the chip until it reaches the P-type substrate. This
occurs not only at the sides, as shown in Fig. 2-63,
but also at the front and rear of every component
site. This leaves N-type islands that will become the
collectors of transistors, the cathodes of diodes, the
sites for P-channel resistors, one plate of a capacitor,
and so on. The junction diode shown in the illustra-
tion may also be used as a capacitor if it is reverse-
biased. Both NPN and PNP transistors are feasible,
as are the various unipolar transistors discussed ear-
lier in this chapter. Inductors are not feasible. After
all of the components have been formed, evaporated
aluminum is deposited onto the surface. The alumi-
num contacts selected areas of the chip through win-
dows in the silicon dioxide layer. Then, the unwanted
aluminum is etched away, leaving aluminum jumpers
that interconnect the individual components to form
a complete circuit.

The economy of the monolithic IC is now appar-
ent. All of the needed components for a circuit are
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® P-type isolating wells

: Aluminum
jumpers

— 0 ——

NPN P-channel
bipolar resistor
! wansistor {

Fig. 2-63 Cross section of a monolithic 1C clhip.

formed at the same time by the planar diffusion pro-
cess. Then aluminum interconnec{s these compo-
nents to form circuits. Another economical feature
is that monolithic ICs are batch-processed. Hundreds
of them are processed at the same time on a silicon
wafer that is typically several inches in diameter. The
completed wafer, including aluminum jumpers, is
about 400 micrometers (pm) [0.016 in.] thick.
The wafer is scribed, and the individual chips
are broken from it. Some complex chips contain
thousands of individual components and are only
6250 pm (0.250 in.) by 6250 pum: This miracle of
modern technology has allowed room-sized equip-
ment to shrink 1o desktop size. The price has also
decreased dramatically, with some computer-iype
circuits now costing tens or hundreds of dollars that
formerly cost hundreds of thousands of dollars. It is
easy to see why monolithic ICs have created a rapid
expansion of electronics into every industrial sector.
Very sophisticated control systems are now feasible,
and they are relatively inexpensive, small, efficient,
and reliable.

sost, but not all, ICs are monolithic. Another
manufacturing process can combine monolithic ICs
with larger component structures to. permit larger
signals to be controlled. Figure 2-64 shows the struc-

“ture of a hybrid IC. It can be seen that séveral types

of components are fixed to an insulating substrate of
ceramic or glass. Hybrids are either of the thin-film
or thick-flm variety. A thin-film IC uses very thin
films (about 0.3 wm) that are vacuum-deposited on a
substrate. Resistors are usually formed by depositing
tin oxide, nichrome, or tantalum strips; conductors
are made by depositing gold nichrome. The other
components, including one or more monolithic ICs,
are in chip form and are fastened to the substrate

" with conductive epoxy. Thick-film ICs use screen-

process printing to deposit resistive and conductive
patterns onto the substrate. These patterns are much
thicker than the vacuum-deposited ones. Hybrid 1Cs
of both types offer several advantages over mono-
lithic 1Cs. They can take advantage of separatc
power devices and therefore can handle larger signals

3 ~dle - s

(up to several hundred watts). This mskes them more
flexible and provides a greater range of applications.
They have a greater range of available capacitor and
resistor values, and precision resistor values can be
attained by trimming critical patterns with computer-
controlled laser beams. Unfortunately, their higher
cost makes circuit designers look to moaalithics first,
especially for high-volume applicatioss.

Integrated circuits are also identifzad as being dig-
ital or linear. A digital IC works with caly two circuil
conditions: on or off. Chapter 11 deils with digita!
circuits. A linear IC works with an rfnite number
of possibilities. For example, the vo2gz 0 3 linear
control circuit might be 8.5 V, or 8.5 V.or 8367 V.
and so on. Several popular ICs are b=
contain both linear and digital circus

Monolithic ICs are often further &Fersnuated on
the basis of the type of transistor that they use.
Bipolar 1Cs favor NPN transistors since they are
easier 10 fabricate in the chip and have higher per-
formance than integrated PNP transizors. The MOS
ICs use metallic oxide semiconduczor fizid effect
transistors. The PMOS 1Cs are basad on P-channel
transistors, and the NMOS ICs are bzsed on N-char-
nel devices. Also, some manufacizrers “invent”
terms such as HMOS to describe their particular
innavative process. The term HMOS is used by Mo-
torola, Inc., to identify their high-dessity NMOS de-
vices. The complementary metallic oxide semicon-

~ductor (CMOS) ICs use both N- and P-channel

transistors. Some ICs use both bipaar and unipolar
transistors and are called BI-FET ICs The field effect

Trarsstor

Mono!thic IC =
\ Film recstor Lardaciive

\ Conductive
epoxy

}_.T;'II condu="S

Fig. 2464 Hybrid integrated circuit construsIen.
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transistors are used in the integrated circuit’s input
circuits because of their advantages of high imped-
ance, low noise, low leakage currenis, and good tem-
perature stability.

Finally, ICs may be identified according to their
level of complexity. For example, in the digital world
the number of logic gates is a way to categorize the
complexity of an IC. A logic gate is a single decision-
making element, with each gate potentially contain-
ing a dozen or so components. A small-scale inte-
gration (SSI) device will have up to 10 gates; a me-
dium-scale integration (MSI) device has between 11
and 100 gates; a large-scale integration (LSI) device
has between 101 and 1000 gates; and a very-large-
scale integration (VLSI) device has over 1000 gates.
Digital 1Cs are also identified as transistor-rransistor
logic (TTL), emitter-coupled logic (ECL), elc., in<
tegrated circuits. These designations will be ex-
plained in Chapter 11.

There are thousands and thousands of active IC
part numbers, with new ones announced every
month. This may be bewildering to a beginner. How-
ever, the industrial technician seldom needs to be
concerned with the exact circuit located inside a par-
ticular IC. You will learn that some very common
features which are important to the technician are
pretty much the same for many ICs. Along these
lines, let’s take a look at 2 few very common IC
characteristics. Figure 2-65 shows a totem-pole out-
put stage that is very popular in digital ICs. The
transistors form the totem-pole, which is capable of
being driven high or low. When Q, is off there is no
base current path for Qy, and it is also off. When R,
provides base current to (, it is on. Therefore, if an
external load is connected as shown, the IC will
source current to the load. The typical TTL digital
IC can source a few milliamperes before its output
voltage dreps we far below the threshold voltage,

Ve

Integrated circuit

Fig. 2-65 Current source mode for totem pole IC.

> External
load

Fig. 2-66 Current sink mode for totem pole IC.

Now look at Fig. 2-66. Here, the totem-pole output
is low; Q, is <aturated on. and the drop across R, is
large. The bzse voltage at O, is too low for it to turn
on, and @5 now has plenty of base curreni and is on.
Note that the external load is now connected to the
supply point. and fthe IC is said to be sinking load
current. The typical TTL digital IC can sink several
times more current than it can source, Compare Fig.
2-65 and Fig. 2-66 to larify the difference between
current sourcing and cv rent sinking. Please note that
either a high or a low output can preduce load cur-
rent, depending on the way the external load is con-
nected. The totem-pole output stage can be rede-
signed with CMOS output transistors to allow both
devices to be off at the same time. Integrated circuits
with this feature are called tri-state devices. Their
outputs can be high, low, or off (high-impedance).

Figure 2-67 shows another popular output stage.
It is known as an epen collecror IC because there is
no internal connection to the collector of the output
transistor. Open collector devices offer the advan-
tage of allowing the output collector circuit to oper- -
ate at a different voltage level than the rest of the IC
circuitry. This is convenient when logic voltages
have to be translated from one level to another. An-
other advantage is that open collector outputs may
be tied together without the danger of excessive cur-
rent in the output circuit. Tying outputs together is
usually avoided with totem-pole ICs since a high
output would source excessive current to another
output that was low. Note that an external pull-up
resistor is required to develop an output swing in
Fig. 2-67.

Figure 2-68 shows some package styles for ICs.
The dual-inline package (DIP} is very popular for
both digital and linear devices and is made with 14,
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Flg. 2-67 Open collector I1C.

16, 18, or 20 pins. The mini-DIP is an 8-pin dual-
inline package. The LSI'VLSI package is available
with 24, 28, 40, and, less commonly, 64 pins. It is
often used for complex ICs such as microprocessors,
memory devices, and programmable devices. It is
wider than the DIP. The flat pack is used only in
compact, low-profile applications and is less popular.
The metal packages offer some advantages for heat
dissipation and are popular for power applications
such as amplifiers and, veltage regulators. Hybrid 1Cs

Dual-infine
package

Fig. 2-68 Integrated circuit package styles.

__'.!_;, -l,._;‘, ¥
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may be housed in any of the packages shown in the
left column of Fig. 2-68 or in a wide variety of custom
packages.

REVIEW QUESTIONS

39. Integrated circuit pins are numbered by
counting counterclockwise from the index when
viewing the package from the

40. In a monolithic IC, electrical integrity for
each component is maintained by reverse-biased

41. Refer to Fig. 2-65. Would the IC source any
current if the external load resistor were connected
to the supply rather than to ground?

2-8
TROUBLESHOOTING AND
MAINTENANCE

Solid-state devices are usually very reliable. Soms
industrial equipment will operate for years without
single solid-state device failure. However, all of the
devices covered in this chapter have two maiof ens-
mies: heat and transients. In some casss, fatlures
may oveur frequently. The industrial technician mus:
becoze proficient at locating defective devices ard
replacing them properly. A knowledge of ci-cuit o7-
eration 15 usually mandatory when troubleshootin:
This knosledge allows the fault or faults to be is>
lated. A picce of equipment may contain huadreds
or ev2n thousands of electronic componenis. O
viously. fault isolation is essential if the equipme=:
is to be repaired in a reasonable length of time. Later
chaprars of this book explain the operation of man:
circuiss and present specific troubleshooting infor-
matica. This section will be limited to some generz!
ideas concerning locating defective devices and re-
placing them.

Troubleshooting must always begin by verifvirz
that the equipment is set up and properly conanected.
In some cases, there is nothing wrong with the equip-
ment itself. A cable may have been pulled out, or s
cable may be connected improperly. A control max
be set wrong. Always check the obvious things firsz:
it can save a tremendous amount of time.

Ten it is verified that the equipment is defectivz.
refer to the manufacturer’s service literature for the
proper tear-down procedure. The literature may al=>
contzin specific troubleshooting procedures. Be cex-
tain that the power is off before removing panels.
covers, or cabinets. Never pull or inser: circut
boards with the power on. This can be a cznger 2
you znd to the equipment, Once access to the ci-
cuitry has been gained, it is time for a thorouzh visuz!
inspection. Solid-state devices usually do nt change
in physical appearance when defective, but other
components sometimes do. Be sure lo inspzct fans,
air filters, and other cooling components since hezt
is a killer of electronic equipment.
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Fig. 2-69 Testing solid state devices with an chmmeter.

After any obvious problems have been corrected,
it is time 10 decide how to isolate any remaining
faults. Troubleshooting techniques vary from circuit
to circuit and from technician to technician. They
also depend upon the kinds of test equipment that
are available. Whatever you choose, please remem-
ber to follow safe procedures. Some of the proce-
dures that can be used to isolate defective solid-state
devices include substitution, voltage analysis, wave-
form analysis, signal injection, and resistance anal-
ysis. Substitution is convenierit when devices are in
sockets. However, remember that a fault somewhere
else in the circuit may have damaged the original
part and is also likely to damage the substitute.
Never change devices with the power on.

Voltage analysis involves comparing actual circuit
voltages with voltages specified on a diagram by the
equipment manufacturer to determine whether any
are out of tolerance. Always verify supply voltages
first. Power supply troubleshooting is covered in
Chapter 5. A defective device may or may not upset

circuit voltages. Waveform analysis uses an oscillo-
scope to view signals into and out of circuits. If a
circuit has the proper operating voltages and the cor-
rect input waveform, then a bad or missing output
waveform is strong evidence that the circuit is de-
fective. Signal injection is a procedure in which an
input is stimulated with some external generator. It
is often used in conjunction with waveform analysis
to see whether the output responds as expected.
Resistance analysis is accomplished with the
power off and often with the suspected device iso-
lated from the rest of the circuit. Isolation may be
necessary to prevent unwanted paths from producing
abnormally low readings. Figure 2-69 shows the way
that an ohmmeter can be used to test several devices.
Verify your chmmeter polarity and open circuit volt-
age. Some multimeters have reverse polarity on the
Ohm’s function, and others do not use an internal
voltage large enough to forward bias junctions on
some ranges. Always learn your equipment first,
Ohmmeter tests are efféctive for detecting short-cir-



cuited junctions since a very low resistance will be
measured in both directions. A very high reading in
both directions indicates an open junction. The diode
tests in Fig. 2-69 show the expected results for a
good diode, It must be emphasized that the readings
in this illustration are refative. For example, a diode
that measures 200,000 2 when reverse-biased may
have excessive leakage for some circuits. Generally,
more Ieakage is normal in large devices than in small
devices. Leakage is also increased when the device
is hot. Germanium devices exhibit quite a bit more
leakage than silicon devices. You should also know
that the forward resistance of any junction will mea-
sure differently on different ohmmeter ranges be-
cause the volt-ampere characteristic of a diode is
nonlinear. £ ks

The transistor tests in Fig. 2-69 show the expected
ranges of resistance for a silicon transistor. You will
note that the collector-to-emitter reverse resistance
is not expected to be as high as the collector-to-base
reverse resistance. This is because the collector-base
leakage is amplified beta times in the collector-
emitter test. Your understanding of device theory
will make ohmmeter testing more productive. Figure
2.69 also shows that the emitter-base reverse resis-
tance may not test properly because the ohmmeter
voltage may be high enough to cause zener break-
down. Most transistor emitter-base junctions show
zener action at around 6 V, and many chmmetcrs
use 9V or more on their high range. As you gain
experience, you will learn the way to test quile a few
solid-state devices with an ohmmeter. It is even pos-

.sible to gate and latch some thyristors by placing the

positive lead on the anode and the negative lead on
the cathode, and then momentarily shori-circuiting
the gate to the anode. This will not work with large
thyristors since the chmmeter current, even on the
Jowest range, is less than the holding current. Field
effect transistors are often very sensitive during out-
of-circuit tests. The drain-to-source resistance may
vary quite a bit as you bring a finger near the gate
lead. Metallic oxide semiconductor field effect tran-
sistors are susceptible to damage by static discharges
and should not be checked this way. Integrated cir-
cuits do not usually lend themselves to chmmeter
testing. : “" .

Repeated failure of the same device must be in-
vestigated. It is probably a thermal problem, a tran-
sient problem, a defective power supply, a defective
load, or a design flaw. Check to be sure that all
cooling components are installed and working prop-
erly. Inspect the mounting area on the heat sink.
Burrs and peeled-over areas will reduce heat trans-
fer. There should be no paint or heavy oxide on the

‘mounting area. Galvanic action may cccur in corro-

sive atmospheres between copper cases and alumi-
num heat sinks. Be sure that the correct thermal
grease is applied. Everything must be installed cor-
rectly to prevent short circuits and excessive device
temperature. The insulator may be of the beryllium
oxide type. Be careful: Beryllium oxide parts must
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not be abraded or crushed because the dust is ex-
tremely dangerous if inhaled. Do not replace beryl-
lium oxide washers-with mica washers, since the heat
transfer will be impaired. Do not over- or under-
tighten stud mount dzvices. For example, the proper
torques for DO-4 and DO-5 packages (Fig. 2-19) are
15 inch-pounds (in.-12) and 30 in.-Ib, respectively.
Repeated failures may also be caused by the load
Make sure the load is electrically normal. If it 1s a
motor or solenoid, mike sure that it is clean and
properly lubricated :nd is operating freely. Also be
sure that the mechanical load on the solenoid or
motor is working smeothly and not binding. 7ran-
sients are brief periods of overvoliage and may eater
the equipment via the power lines. The induszrial

_environment is oftea replete with transients since

large inductive loads such as motors are constantly
being turned on and off. It may be necessary to add
transient suppressioz to the supply circuit. Tran-
sients are also gencrated when solid-state desices
switch inductive lozds within the equipment cirzuit.
Chéck the suppression networks and devices across
relay coils, solenoics. and motors. Suppressica is
covered in Chapter 3. Repeated failures due to design
flaws can be checkzd by contacting the manufac-
turer. The engineer=z staff may supply a cirzuit
modification or a su>stitute part with better ratzmgs.

Parts Identification

Exact replacement tarts ars usually the best oet
especially for the tecnician with limited experiznce
Solid-state devices czen have part numbers on 17el’
packages. The manutacturer's literature is alse gsu-
ally helpful for locat=g part numbers. The Joint Ziec-
tronic Device Engizeering Council (JEDEC) rzzgis-
ters part numbers ia this country. A registered par?
has been characterized to meet the specificazions
listed for that num=er. Registered solid-state rarts
(excluding ICs) hav: aumbers prefixed with IN. 2N.
3N, and 4N. This m=ans that you can buy a IN0(¢
rectifier, a2 2N690 SCR, a 2N3035 bipolar transistor.
a 3N128 field effect tmasistor. or a 4N32 opto coupler
from any of several manufacturers and be reasonably
assured that it will work as well as the original de-
vice. There are alsoregistered JEDEC package cum-
bers such as TO-3 t3at specify the physical parame-
ters of devices.

Data manuals, cross-reference guides, and substi-
tution guides are invziuable zids when trying to iracs
down part numbers. These materials contain valu-
able information co=cerning physical characterisiics.
electrical characterstics, &nd lead identificatioz

drawings. You will Z7d many good substitutic=s in
these sources. In scme casss the substitutions ar:
not appropriate. It 72ys 10 check both electrica! and
physical parameters. Some companies build quite 2
few solid-state devizzs with their own part number-
ing system. These conregisizred devices can often
be substituted for rezistered devices. An example is

a Motorola MJ4502 power transistor, which can be
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saostituted for a 2N 3744, The guides usuaily list both
svgisteres and nonregistered device numbers. Some
~dl duiivers are proprietary and will not show up
in the guides. [t may be necessary to buy a replace-
ment from the manufacturer of the equipment in
ihase canses.

Integrated circuit part numbers are also referenced
in some guides. The ICs have a part numbering sys-
tem that can vary considerably from manufacturer
to manufacturer. It pays to have a library of data
manuals from the various companies that build solid-
state devices. Supply catalogs are also helpful in
many cases and can often be obtained just by asking
for them. It pays to communicate with supply houses
and parts jobbers 10 obtain valuable literature. Inte-
grated circuit part numbers are usually a combination
of a prefix, a part number, and a suffix. The prefix
tses code letters to designate the type of circuit, the
part number specifies the device type, and the suffix
code specifies the package type and the temperature
range. There are many variations of this basic sys-
tem, and the manufacturer’s data books are usually
secessary to decipher all the information contained
i ihe part number. Many IC makers also put date
codes on their packages.

dandliig Solid-State Devices

The final consideration in this chapter is the safe
handling of solid-state devices. Many devices, es-
pecially the MOS types. are casily damaged by static
discharge. It is a little disconcerting to realize that
merely touching an expensive or hard-to-get device
can destroy it. The human body can generate th..
sarcls of volts frough simple movements such as
waln.ag, <!iding in a chair, or sliding = sleeve ~-rgss
a benck ap. These voltages are prifeularlv nigh in
iow-humidity conditions. Some .. aers must wear
* conductive wrist strap that is grounded through a
Iiigh-value resistor to bleed off static charges, Note:

This is only practiced in an approved environment
and with an approved grounding apparatus. The fol-
lowing guidelines are recommended to prevent static
damage of solid-state devices:

I. Work on a mewl suface. Plasiic minated table
tops are a poor choice for a work surface since
static build-up is likely.

2. Do not allow the relative humidity in the work
area 1o go below .50 percent.

3. Do not handle devices any more than is required.
They are shipped in protective carriers or pressed
into conductive foam and should remain there un-
til it is time to install them.

4. Immediately place removed parts into a protective
carrier or conductive foam.

5. Touch the protective package to ground before
removing the part.

6. Touch a grounded part of the equipment before
removing or installing a part.

7. Use as little motion as possible. Remember, fric-

tion generates static electricity.

When instruments are connected 1o circuits, al-

ways connect the ground lead first,

9. Use oaly antistatic spray materials and ¢tatic-con-
troiled vacuum desoldering equipment.

=

REVIEW QUESTIONS

42. When testing with an ochmmetcr, a reading of
i' * in both directions indicates afn) __ june-
HITR
43. Wiin toonng with an ohmmeics, a reading of
infinity onmis in borh directions indicates aln)
junction.
44. The number IN4001 is an exa.. = of ain)
part number.

CHAPTER REVIEW QUESTIONS

2-1. Electrons,ina P-type crystal. are cons ered
carriers.

2-2, Calculate the maximum reverse current for
a 12-V, 10-W zener.

2-3, Would the zener in queszion 2-2 be safe
when conducting maximum current at a tempera-
ture above 25°C?

2-4. Refer to Fig. 2-26 and calculate hee when
Vg is 100 V and the base current is 0.6 mA.

2-5, Caleulate emitter current for the conditions
of question 2-4.

2-6. Calculate the collector dissipation for the
conditions of question 2-4. Is it within the safe
‘Nitmai oporeling area?

2-7. What happens to transistor gain as temper-
ature increases?

2-8, When a bipolar power transistor fails at a
higher collector voltage and is within the safe ther-
mal area, the failure mode is called

2.9. How do the pulse-mode ratings of transis-
tors compare with their de ratings?

2-10. Suppose the thermal rating for a transistor
is 200 W. Use Fig. 2-29 10 deterrt.line the maximum
thermal dissipation for an operating temperature of
R0°C.

2-11. What are the three operating modes for a
transistor?

2-12. A perfect switching transistar would show
a collector-to-emitter drop of V at satura-
tion. v

2-13. Power FETs are normally devices.

2-14. Refer to the 40-W transfer curve in Fig.



9-42. What is the change in drain current when the
gate-to-source bias iricreases from7t08V?

2.15. What is the transconductance for the data
given in question 2-14?

2.16. When a bipolar transistor heats, its gain in-
creases, tending to make it conduct more and be-
come even hotter. This is known as

2.17. Refer to Fig. 2-49. What designates the
minimum flow to keep the triac on?

3.18. Triac commutation is complicated by
___loads since the internal recovery current
can act to gate the device back on.

2 2.19. Refer to Fig. 2-59. What happens to the

- load power as the variable resistange is increased?
.-+ 2-20. The circuit of Fig.2-59 cannot achieve
_.smooth coatrol when being adjusted from a
. power seiting. 4T
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2.21. The name given to describe the effect of
question 2-20 is

2.22. The asymmetrical ac trigger device is de-
signed to eliminate — .

2.23, Refer to Fig. 2-66. Would the IC sink any
current if the external load resistor were connected
to ground rather than to the supply?

2.24. Refer to Fig. 2-67 and assume that the ex-
ternal resistor has been removed. With a 5-V sup-
ply, what output voltage swing will be developed as .
0y is turned on and off? .

2-25." The number MJ802 is an example of a(n)
part number. -
Leakage currents are expecied to be

in power devices.

1226,

ANSWERS TO REVIEW QUESTIONS

1. pure 2. it is lower 3. negative
10. increases 11 rectifier 12. minority
from Sw8imA 18. 50 mA
25. off 26. gate 27. e

36. it imcreases
43, oren 44, registered

28.2 29.1 30.off

4, positive 5. P-type 6. minority 7. reverse 8 minority
13. emitter, out
21. complements’ 22.out 23.insuiate 24. enhantement

32. increases

19. depletion  20. current
3l. ac

37. it would be off 38.226 V 39.top

9. reverse

14. controls 15. reverse 1€ forward 17. increases

33 188V M.37ms 35 213 Hz

40. diodes or junctions 41.no 42 short-circuiied

SE



INTRODUCTION TO

MOTOR CONTROLS

This chapter will introduce direct current (dc)
and alternating current (ac) motor controls.
Of primary interest will be methods of start-
ing and stopping motors and controlling their
speed. Stepper motors, used where automatic
or computer control is important, are coy-
ered, as is the brushless motor. Alternating
current motors are very popular in both small
and large sizes in a wide range of industrial
applications. With the rapid introduction af
solid-state contral devices they are taking over
a growing number of functions previously re-
served for dc motors.

3-1 j ]
BRAKING DC MO™OPS

There are several factors that must be considered in
stopping a motor. When a miotor is disconnected
from the power source it will coast to a stop. Not all
maciines can be allowed to coast to a stop. When it
is necessary to stop a motor quickly, it is accom-
plished by braking. Braking can be accomplished by
s2veral methods, each of which has advantages and
disadvantages. There are three basic means of slow-

ing down a motor: friction. dvnamic action. and plug-
ging,

Applications of braking vary greatly. For instance,
a crane or hoist not only has to stop quickly but also
must hold heavy loads. Other motors, such as those
controlling machine tools, must stop quickly but do
not have to hold a load. Safety braking may be re-
quired to protect an operator from injury. In this
case, the fastest method is employed with little con-
sideration to the potential damage to the motor or
load. When dealing with equipment such as cranes
and hoists, we must realize that the load has a ten-
dency to turn the motor. This is known as an over-
hauling load. Overhung loads are those loads which
are applied in a direction perpendicular to the axijs
of the shaft. These types of loads are created by
supported weights such as those in hoists and ele-
valors,

42

Friction brakes (also known as magnetic or me-
chanical brakes) have been used to stop motors for
many years. Their application is similar to the brak-
ing of an automobile. The essential parts of the brake
are the friction material, shoes, bands or disks, and
operating devices. Most friction brakes are electri-
cally released and spring-set, so they will be set in
case of a power failure or interruption. Occasionally
it is advantageous to have a brake that is electrically
set. With this type of brake, it is possible to vary the
applied torque by adjusting the voltage to the brake
conl. .

The shoe brake needs only a small movement to
reiease it. For example, a solenoid may have to travel
less than 0.10 inches (in.). This short stroke gives
fast operation. A drum or wheel is driven by the
motor shaft to provide a larger braking surface than
thzt provided by using the motor's shaft alorie. Brak-
ing torque is directly proportional to the surface area
and the spripg pressure. Spring pressure is adjustable
R mosw ciction brakes.

The dis/. branc is arranged for mounting directly
to the motor end bell. The brake lining is a disk,
which is supported by a hub keyed to the motor's

" shaft and rotates with the motor. When the brake is

set. a spring pulls the stationary member into contact
with the rotating disk. The simplicity of a single mov-
ing part, the pressure plate, makes for less mechan-
iczl maintenance. No linkages or levers are used, as
they are in the shoe type.

The band-type brake has the friction material fas-
tened to a band of steel which encircles the wheel
and may cover as much as 90 percent of the wheel
surface. The increased braking surface allows lower
pressure per square inch of surface area, and a sub-
sequent reduction in wear of the brake lining. This
advantage is offset somewhat by the fact that the
brzking pressure is not egual over the whole band.
The band brake also requires a longer stroke to re-
lease it.

The basic material used in all brake linings is as-
bestos. When servicing any brake parts, do not cre-
ate dust by using a dry brush or compressed air; use
a swater-dampened cloth. The asbestos fibers may

become airborne if dust is created during servicing,
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Breathing dust containing asbestos fibers can cause
serious bodily harm. The main disadvantage of any
friction-type brake is that it requires more mainte-
nance than other types. The more frequently a motor
is stopped by the brake, the more maintenance will
be required. The solenoids used to energize most
[riction brakes are available for either ac or de¢ op-
eration.
Dynamic action, or_elecrical, braking is accom-
lished by changin _the connections to a molor with
or without the use of an auxiliary power source (de-
nding on the type of motor 10 be braked). If a
motor thal is still running is reconnected as a gen-
erator, the result is dynamic braking. The motor acts
a5 a2 loaded nenerator ihat devcdops a retarding
torque, which stops the motor rapidly. The generator
action converts the mechanical energy into electrical
energy and dissipates this energy as heat in a resistor.

Since dynamic braking is only present when lhe mo-

tor 1s rotating, a friction-lype

hold any overhauling load after it stops.

Ihe easiest 112% of motor to brake dynamically is
the shunt-wound dc motor. While the machine op-
erates as a molor, the counterelectromotive force
(cemf) opposes the line voltage and limits the ar-
mature current to a value sufficient to provide the
output torque requirements. Dynamic braking is ac-
complished by disconnecting the armature from the
line fpower source) and placing a current-limiting
resistor across the armature terminals while the field
remains energized. The armature will be rotating in
the magnetic field and will continue to generate a
cemf that is proportional to speed and the strength
=f the field. The armature current flowing through
the limiting resistor will be opposite to that produced
by the line. This reverse current in the armaiure will
produce a torgue opposite 'n the original motor ac-
tion and cause the mutor to slow ¢~wn. As the for-
ward speed is reduced, the generaied voitage is also
reduced. At the zero speed point, the generated volt-
age is also zero. The motor will stop at this point if
no overhauling torque is available to continue the
rolation. The connection for dynamic braking of a
shunt-wound motor is shown in Fig. 3-1.

The braking resistor is usually selected so that the
initial braking current is 150 percent of the normal
current. Braking times of milliseconds are not un-

LY L2

Shurt “eid

commen on [ractional horsepower motors. The field
winding may or may not be disconnected from the
line after the motor has stopped. When a field rheo-
stat is employed, it is customarily short-circuited to
increase the field to aid in the braking effect,

Dynamic braking may be used with a series motor,
as shown in Fig. 3-2, but the connections are more
complicated. If the motor were just disconnected
from the line and shunted by a resistance (such’ as
the shunt motor armature), no braking would be ob-
tained. This is because the current would flow
through the field in the wrong direction, thereby de-
magnetizing the field.

With the motor rinning and Cirent flowing frem
L1 to LZ, the cemf of the armature is in opposition,
as shown by the arrow in Fig. 3-2. The field current
is flowing from L1 to L2. For braking to occur, the
field must be connecled in" the reverse direction so
that the current flows through it in the same direction
it does when the motor is across the line. When the
switch is in position 2, the resistor is connected in
series with the fieid and the armature, forming a
closed loop. Notice that at this time the field con-
nections are reversed so the current flow due to the
armature emf is in the same direction as it is when
connected as a motor. The energy is quickly dissi-
pated in the resistor, and the armature stops rotating.

A combination of dynamic braking and friction
braking can be used when a very large load must be
stopped. Because the force of the load would wear
out the friction brakes too quickly, dynamic braking
can be used to slow down the load, and then the
friction brakes can be applied to finally stop and hold
the load if necessary.

Dynamic braking of a permaner* magne. (PM) mo-
tor is accomplished the same v-ay as it is with the
shunt-wound motor: the armuiure is disconnecied,
and its terminals »re shunted by a resistor._A very_
distinct difference should be noted: with the shunt-_
wound motor, the motor cannot be dynamically
Draked il there is a power failure. The field voltage
and current must be available to generate the dy-

namic braking. With the PM motor, the power failure

will not affect its braking ability because its field is
not affected by any power failures. A normally

L+ L2(=)

30T

=
CENF

Fig. 3-2 Dynamic breking circuit of a serjes-wound maior.
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Fig. 3-3 Transistor dynamic braking circuil.

closed relay across the armature will automatically
function in case of power failure and Joad the arma-
ture through its braking resistor, This inherent char-
acteristic is very important and useful in many cases.
For example it can be used on magnelic tape reel
drives to prevent unwanted spillage of tape in the
event of a loss of power. Figure 3-3 illustrates the
utilization of solid-state electronic components to
achieve dynamic braking of a PM motor. The diode
drop biases the transistor off when the switch is in
the run mode. When the switch is put into the stop
position, the armature no longer draws current from
the line. This is the brake mode; the transistor will
conduct because of the polarity of the armature’s
cemf. The cemf turns on the transistor circuit and
Rc acts as the armature load. This circuit will work
_just.as well for a shunt-wound motor, but the field

._circuit must remain connected to the line until the
.. motor stops.

—i.xA _compound-wonnd motor is actually both a
shunt- and a series-wound motor and can take ad-
vantage of either the shunt-braking circuit or the
series-dissipating circuit or a combination of the two.
However, the slower sgﬁed of the com%tmd motor
makes shunt-wound braking the prelerie met 5

“Plugging is a way of braking a motor by reversing
the power to the armature while the field remains
connected as before. Plugging the motor allows for
a very rapid and abrupt stop. Plugging can be used
to brake a motor if the armature power is removed
at_the point where the motor speed drops to zero.
Otherwise the motor will reverse. Plugging is more
severe than the other braking methods mentioned
because the voltage across the armature (in the shunt
motor) and across the entire motor (in the series
motor) is approximately twice its normal value at the

instant that braking is initiated. The cemf voltage in -

the armature is additive to the line voltage (the ar-
mature leads have been reversed while the rotation

is still in the original direction) until the speed goes
1o zero. Under normal operating conditions, the cemf
generated opposes the line voltage and thereby limits
the armature current.

Plugging is not usually recommended because of
the high armature currents drawn. Excessive arma-
ture heating and brush arcing will result, and brush
life may be severely affected. Motors used for plug-
ging are designed for this type of service.”In some
applications plugging is not permitted, and the motor
controls are interlocked to enforce this condition.

... Although manual and magnetic starters are used
 to reverse the direction of a motor, a special plugging
- gwitch is typically used in ing applications. The
 plugging . switch, ' sometimes called a zero-speed
switch, is connected to the shaft of the motor or its
load through a pulley or a shaft. The rotation of the
éwitch shaft, at a given speed, causes a set of con-
tacts to operate, either by a centrifugal mechanism
or by a magnetic induction arrangement. The main
function of the plugging switch is to prevent reversal
once . the countertorque action of plugging has
brought the load to a standstill. Without this switch,
the motor and load would stop and then run in the
opposite direction.

The plugging switch will usually open one set of
contacts and close another set of contacts as the shaft
speed increases past a presel number of revolutions
per minute (rpm). The continuous operating speed of
the machine should be many times the speed nzeded
to operate the switch contacts. This will ensure good
contact holding force and reduce the possibility of
chatter and subsequent false operation of the switch.

Figure 3-4 illustrates the wiring of a motor starter
circuit that includes a plugging switch. The normally
open (N.0.) contacts of the plugging switch (P) are
wired in series with a set of interlock contacts to the
reversing starter coil (R). Pushing the start button
energizes the forward starter coil (F) and the motor
starts forward. The forward coil is held in by the F,

" contacts across the start button now energized
(closed). As the motor increases in speed the N.O.
contacts on the plugging switch close at some preset
rpm. The closing of these N.O, contacts will not
energize the reverse coil (R) because of the F; con-

L1 L2
Start -
Stop l R, Cait *0.L.
P —
Fy
b F Coil
e e
a *Qverioad

Fig. 34 Typical motor plugging circuit.
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Fig. 3-3 Emergency stop plugging circuit.

tacts, which are now open. Pushing the stop bution
will drop out the forward coil (F) and cause the F,
contacts to close, permitting the reversing coil (R) to
encrgize through the still closed plugging switch. The
motor connections are now reversed, and the mo-
tor's countertorque acts as a braking force. When
the motor is stopped the plugging switch opens, dis-
connecting the reverse coil before the motor cun
physically réverse its direction.

Plugging is generally used for emergency stopping
of a motor. The plupging circuit of Fig. 3-4 would be
modified to inciule the emergency stz cireuitry as
in Fig. 3-5. The normal stop and run pushbutions
operale as in any standard starter circuit. The im-
portant difference is the addition of the emergency
stop pushbutton. Pushing the emergency stop push-
button will deenergize the forward starter (F) and
simultancously energize the reverse starter (R). The
reverse starter is held in by the R; contacts through
the plugging switch (P) ~nd the ncw clused F, con-
1acts of the forwar! .- 7ier coil (F). When the mozor
speed approacrs, rev: c7ze?, the prugeing switch
(P) will vz tc uscomnect the “or hefore (he
MO v wes direction. doere are S ton other
t;pes of plugging motors, whichi use o
delay relays, and other special devices.

s, WIME

LEVIEW QUESTIONS

1L - braking is required to hold an oves-
haulisig ioad.

2. Frictive i-rakes are electrically _____ and
spring-set.

3. The — tvpe friction brake uses a pres-

sure plale and spring set.

4. Theuse of _______ in brake linings makes
their maintenance a cautious and careful operation.

5. Name two other solid-state devices that could
be used instead of the transistor in Fig. 3-3.

6. When plugging a series motor, the voltage
across the motor is that of normal opera-
tion. ¥ 4

7. Refer to Figs. 34 and 3-5. In which figure
does the circuit show plugging accomplished at
every actuation of the stop buttons?

© weakening will preduce sp=

3-2

SPEED CONTROL OF DC MQ'I‘UHS
ndustrial application of de motors often requires, in
wddition to driving loads 2t a constant szaed or
torgue, the ahility to vary the speed of the motor.
The speed of most de motors can be easily zdjusted
from zero to speeds above the rated value. In addi-
tion to good speed control, the dc motor is well suited
for applications requiring momentary high-torque
outputs. A dc motor can produce torgue three to five
times its rated value for short durations._Begause of

their good speed control and high torgue, they arc

used in many industnial applications and also in min-
ing equipment. There are a variety of ways to control
ihe spee% of a dc motor. ranging from a simple series
rheostat to a modem generation of solid-state de-
vices.

_There are three methods by which the speed of a
shunt-wound motor, can be controlled: field weak-
ening, armature resistance_control, and armature
voltage control. The speed of a shunt-wound motor
can be described by the following equation:

V.= (. % R)
Pt IS, L1 - S+ .4
rrm = é'_(

Tae cquation shows that the speed can be made
1o change by adjusting the variables. V', R,. und &,
{1, changes proportionally with the load and is not
considered a speed-control vanable).

If the strength of the magnetic field of the shunt-
wound motor is reduced, the motor will speed up.
This speed-up occurs with the reduction in the field
-'rength because less cemf is developed by the -
mature. The difference beween the line voltage 2..d
the new cemf produces an i.crease i+ armature
rent, resuiling in an increase in output :orgue ana
specd. The torque is related 1o the flux field and
armaiare current by the 2 . ing equation:

T=K=é~ [,

The field can be weakened by coniactng a rheo-
stat in the field circuit as shown in Fiz. : Sia). Tis
rpm (speed) equation shows that weakening i5e fiela
increases the rpm, provided the armature voltag. '«
constant. Standard industrial motors will permit ‘s
speed increase of up to 400 percent. This method of
speed control is considered efficient, because the_
power Jostin the field rheostatis negligible; however,
the field can only be weakened within certain limits.
Weakening beyond a limit point can result in exces-
sive speeds and instability. The armature may also
overheat. The torque equation shows that a reduc;,
tion of the field &y will require an increase in the
armature current /, o maintain a given torque. The
torgue-speed curves for different values of increasing
resistance in the field are shown in Fig. 3-6{F). Field
ds above the normal
rated ‘speed. The motor ¢2n be overloaded easily
beczuse the rated lorque drops as the sp2aed in-
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Fig. 3-6 Field weakening speed control of the shunt motor.
fa) Schematc diagram. (b) Torque-speed curves.

creases, as shown in Fig. 3-6(b). Therefore, this tvpe
of control (fiecld weakening) is limited to cases in
which load conditions are very predictable and con-
trolled. ; '

A completely different set of characteristics occurs
for a shunt-motor with a rheostat in the’armature. In
this case of armature resistance control, the field
winding is kept at the rated or line voltage. Referring
again to the rpm equation, if the armature voltage V,
is reduced (by increasing the resistance), the motor
spéed will decrease. Therefore, armature resistance
control will lower the speed of the shunt-motor below
its rated base speed. As indicated by the torgue equa-
tion, an increase in load will result in an increase in
the armature current and a subsequent increase in
the voltage drop 2cross the added series rheostat

——

will'also be a corresponding I°R (power) loss in the
serics rheosta, P Pl
~ The resistance methods of field weakening and ar-
mature resistance described are very simple and in-
. expensive and will provide control of a shunt-wound
dc motor's speed above or below its rated value.
These methods were and are still used in many ap-
plications in the industrial environment. '

’f the_motor is started with very little load and the_
~ load 1s increased, the specd Wl|i Erop sﬁamw: iEE[e
Wi

\

Fig. 3-7 Tandem (series and shunt) armature speed control,

_Bolb,ama.gnd.abgm hém;&'n&g@mﬂoi&i’%ﬁ o

ed regulation of the S-S5

in_tandem to_improve the_speed reguiation o
‘shunt-wound motor. by” making the operating speed &
less_affected, by the’ changes in load torque. The = -
“shunted armaturé shown in Fig. 3-7 has a variable
resistance across (shunt) the armature and acts to = -
increase the current through the series resistance and
thereby reduce the difference between no-load and
full-load curfent. The series resistance is used to
control the armature voltage, as with the armature
control method for the shunt motor. K

The resistance methods of speed control just dis-
cussed are open loop methods (there is no feedback).
These methods are still found in many industrial ap-
plications. Motors are frequently controlled by vary-
ing the supply voltage to the armature. Armature

-

oy
-
v

i el

* yoltage control of shunt-wound metors can be open

loop or closed loop (having feedback) to control the
speed of the motor. Figure 3-8 shows open loop ar-
mature voltage control. This methed of motor cantrol
has several advantages:

1. Wide speed-range control

2. Speed not appreciably affected by changing load

3. Less power wasted at low speed

4. Ease of interfacing with complex electronic con-
trol systems

The nonfeedback controller, shown in Fig. 3-8(a),
produces the speeditorque curves of Fig. 3-8(b).
Speed regulation as the motor load varies is essen- -
tially the inherent regulation characteristic of the mo- . |
tor as the curves illustrate. The motor will operate
along the load line by jumping from one speed/torque
curve to another. An infinite number of curves is
made available by varying the armature voltage. Ar-.
mature voltage control may be obtained from one of
thé simple control circuits shown in Fig. 3.9. These
control amplifiers need only a simple reference vaolt-
age amplifier and a current (power) amplifier to pro-
vide infinite speed control. These circuits are also
applicable to PM motors. Though effective, these
methods are very inefficient, since substantiai power
is lost in the controlling device.

Open loop, or nonfeedback, control will be only
as stable as the load and the individual components
of the system. Fi 3-10 shows silicon -g_qgl_rpul‘l'e‘q
rectifier (SCR) mator speed circuits; The field cir--
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Fig. 3-8 Armature voltzge control of speed. fa) Schematic dia-
gram. 1B Torgue-spesd curves.

cuits have been omitted for simplicity. The motor
may also be a PM motor, as previously mentioned.
The circuit in Fig. 2-10(a) has a limited ~peed range
but will maintain constant speed under v=rying load
conditions. Though it is not obvicus at first glance

this_circuit_includes a fcedback element that en-

hances its control stability. This type of circuit makes

use of the cemf of the armature, which is a function
of the motor's speed and, therefore, can be used as
an indication of speed changes as the load varies.
When a load is applied to the motor, the motor speed
will start to decrease and. thug reduce the cemf in-
duced in the rotatingfari::aiull. With this reduced
cemf, the SCR will firg earlier jn the rectified cycle.
The SCR control is Ies:r prcciscghan a linear amplifier
but offers high efficienicy since the SCR is either on
or off. The simplicity of the c:'rcuitry and low parts
count make its use ail_raclive.J

The inclusion of th¢ unijunction transistor (UJT)
oscillator in_Fig._3:100). will give a wider range of
speed control, It should be noted that in both these
circuits, unfiltered direct current is used as the power
source. This unfiltered sourceis necessary in order

Lo commutate @ ; otherwise it will remain on,
_and all control will be lost. IE. Fig. 3-10() the pul-.
sating direct current also serves to turn off the UJT

oscillator, so it starts’ a new_charge cycle on cach

¢ cycle of the pulsating éupp[y_ voltage. Once the speed

bilgs. s
e LA Tk

el

K

PM/shunt mator

Speed - NEN

cantrol

la}
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woitage

Darlington |
Transistor |

=t

{-1]
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PM/shunt motor
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vo'lage o
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1
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e ' dioor
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]

Fig. 39 Simple solid-state motor-speed controllers. {a) Single
transistor speed control. (b} Op amp and Darlington power am-
plifier speed control. (¢) Op amp with MOSFET power amplifier.

control is set, the UJT firing point occurs at the same
time, after V,. goes to zero on each cycle. This de-
livers a constant power to the load. The circuit can

urn the power completely off but cannot turp it .
completelv on, as indicated by the waveforms in Fig.

3-11 (p. 49). Smooth varable control from 5 to 95
percent_of available_power can 55_9555]553 This=.

contrel is sometimes referred to a;ug var-
iation of a pulse-widt dulation (PWM)_ speed--

control circuit.
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Fig. 3-10 Motor speed control using
SCRs. .
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With the exception of the circuit in Fig. 3-10(a),
all the circuits presented thus far have been open
loop speed controllers. For applications demanding
precise and constant velocity under varying load con-
ditions, a closed lodg s}vstem is necded Block dia-
grams for closed loop controllers are shown in Fig.
3-12 (p. 50). The speed sensor (tachometer) generates
a voltage proportional to motor speed. This voltage
is fed back and compared to a reference vollage.
Any error between the two voltages is amplified and

- corrects the speed of the motor. The extra element

in this system that makes it work and closes the
feedback loop is the speed sensor (tachometer, in
this case). In many cases, a small PM motor is used
as a tachometer. Most tachometers develop an out-
put voltage proportional to the shaft speed. The po-
larity of the output voltage is dependent on the di-

rection of rotation of the shaft._ The output voltage
from a tachometer may be expressed as
V= K x rpm

where V, is the tachometer output voltage and rpm
is the armature shaft speed.- A value of 1.0 V/500
Jpm is typical. The output increases to 4 V if the
tachometer is rotated at 2000 rpm. Alternatives to
the generator-type tachometer include inductive
pick-ups and optical pick-ups to provide pulses that
are integrated (summed) for the speed feedback sig-

(b}

nal. These pick-ups usually require amplification to
be useful.

Figure 3-12(a) illustrates a first guadrant regula-
tion control circuit, so named because the speed/
torque curves are all in the first quadrant of the
cartesian coordinate system. That is, they are posi-
tive when the shafl is rotating in the forward direc-
tion. The motor in Fig. 3-12(a) rotates in o:dy one
direction (it is uma’arccnona!) Its speed will increase
or decreasé as the comparator turni§ “on or off the
input to the amplifier in response to the oompanson -
of the Speed (feedback) signal to that ol' the set pomt
reference. The closed loop system in Fig. 3-12(b) is
also referred to as a servosystem, which can also be
used to control the posilion as well as the velocity
of a system, with the addition of a position feedback
element. These aspects will be covered in depth in
Chapter 10. For now, it can be seen that by proper
selection of the refercn‘ccs, gains, motor, tachometer,
and scaling components, a high-performance speed-
control system is obtainable.

he series (unive _motor.is designed to o oper-
gtg__gwheg“_altema:mg or' 3:recl current and

is capable of

the vol I.h or._Thi 5
by three melhﬁ senes—'reszstanae control, shunt-
resistance cont and -~ . The

L
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Fig. 311 Waveforms for SCR-UJT circuit in Fig. 3-10b).

speed/torque curve oblained by wusing a rheostal in
series with the motor (armature and field) is illus-
trated in Fig. 3-13(a). Series-resistance control has
good starting characteristics (high torque at low
speed), but it is evident that the speed regulation of
the motor declines with decreasing speed, thereby
making good overall control of the motor's speed
difficult. The series resistor produces a voltage drop
in the circuit that is proportional to the curment in
the circuit. This voltage drop across the resistor will
increase as the motor is loaded (motor current in-
* creases with an increase in load). Tt can be seen that

the voltage across the motor will decrease with the |
increase in load a:ﬁ the speed will drop rapidly with_

an increasing load when a series resistor is used.
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Also, the higher the resistance, the greater the drop
in speed as the load increases. A series resistor or
rheostat will have its greatest effect on the starting
torque of the motor. Maximum current flows when
the motor is started and the resistive drop will limit
the motor voltage to its lowest value. The series
resistor usually will be adjusted for minimum resis-
tance for starting and then increased as the motor
gains speed. In theory, the molor can be adjusted to
near standstill (complete stop). However, as a result
of reduced inertia, armature cogging (the armature
speeds up as it enters the flux field and slows down
on exiting) is very pronounced at low speed; there-
fore, the lower limit must be setto a value at which
cogging is avoided.

-

15
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Fig. 3-12 Closed loop speed controllers. (a) Unidirectional feed-
back control, fb) Bidirectional feedback speed control.

The shunt-resistance control of the series motor,
along with its speed/torque curve, is shown in Fig.
3-13(b). The series motor can also be controlled by
shunting an adjustable resistance across the armature
as indicated. The speed control range is usually lim-
ited by this method because increased current must
pass through the field coils, with a corresponding
increase in heating. Although the speed range is lm-
ited, this method of control improves the speed reg-
ulation, as the curves indicate, while maintaining

good starting torques. Jt i excellent method for .
matching the speeds of motors o in =
arying the voltage app to series

typically produces a speed change of up to 7:1, de-

pending on the individual motor. Figure 3-13(c)
shows the circuit, along with the speed/torque curves
obiained by variable-voltage control. It can be seen
that the speed range increases, along with improved
regulation and starting torque. The variable voltage
can be obtained with the use of an autotransformer
and a rectifier assembly. At this point the system
" may be considered simply as a blackbox: alternating
current in, variable direct current out. ”

Since the series motoy'c on alternating cur-
rent as well as direct carrent, control for the motor
can be half-wave or full-wave. The use of an SCR
for control is shown in Fig. 3-14. This is a half-wave
device with feedback. The circuit uses the cemf of
the motor to vary the firing point, thereby maintain-

| _| oeC
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. ! 1
} \ Increasing 7
>Lh\“"‘-—-
\ ]
1 E SCrisvae
Torque .
— ¥ i e et
bc
shunt
rheostat
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'--..____ [ —
[
Torque 115V ac
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de . ]
voltage
control
L]
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i O >
& Decreasing V ot Fieid
w 1
N\--‘
%"-—?‘_‘"———_—
. [ ——
- Torgue

- {e) :
.. Fig. 313 Series (universal) speed control methods.

ing essentially constant speed control with varying
torque requirements. The SCR conducts on the pos-
itive half cycles only; therefore the control will pro-
vide substantially less tfjan full speed. However, spe-
cial motors (designed perate in this circuit) may
be used for full-speed operation.
For 60-Hz ac operation, a simple full-wave control
- such as the one illustrated in Fig. 3-15 can be used.
- This is an open loop control (no feedback). Varying
== R, varies the time for capacitor C; to charge to the
_._diac trigger voltage. When the diac triggers it will
/:, tum on the triac, as shown in the waveforms for V¢,

P R N 5 s g r-

it
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Fig. 3-16 Triac control with hysteresis compensation. o=

Vi, and Vyin Fig. 3-15(b). This will apply the supply
voltage Vs, less the drop across the triac (V7) across
the load V;. When the supply voltage goes through
2210, }he triac will turn off. It will remain off until
capacitor €, again charges (in the reverse direction)
to the diac trigger voltage. The waveforms show var-
ious settings of R, used to obtain early firing (22%)
for maximum power to late firing (157°) for minimum
power. This circuit does exhibit some dissymmetry
of the load alternations. This is caused by circuit
hysteresis due to capacitor C;’s retaining some
charge at the polarity of the initial voltage applied
across it. This dissymmetry is apparent by observing
the V. positive and negative waveforms of Fig.
3-15(!_)). The hysteresis can be reduced by using the
circuit shown in Fig. 3-16. This circuit is also a pop-
ular arrangement for lamp dimmers.

REVIEW QUESTIONS
8. Ficld weakening of a shunt-wound motor will
cause the armature speed to -y

9. The field weakening method of speed control
is rcasor;ab'ly efficient because the field current is |
___in comparison to the armature current.
10. A series rheostat in the armature of the
shunt motor will cause its speed to in com-
parison to base speed. .
11. Resistance control of a motor is a form of
loop-type control.
- 12. ____control of a shunt or PM motor is
easily adapted to solid-state or computer-type de-
YICes.
13. The unfiltered (pulsating) voltage used in the
UJT/SCR control is needed to the SCR.
14. The —_____ provides feedback for improved
speed regulation in the SCR circuit of Fig. 3-10(a). -

15. An increase in speed is obtained by
the firing angle of the SCR. i

.
B

3-3

STEPPER MOTORS_

The increasing trend toward digital control of ma-

chines and process functions has generated a demand

for mechanical devices capable of delivering incre-

mental motions of predictable accuracy. er
i si ig vice which
v . Each revolution of the stepper mo-

tor's shaft is made up of a series of discrete individual

. _steps. The motor usually provides for clockwise (cw)
 or counterclockwise (ccw) rotation. Therefore, the

'k

stepper motor is ideally suited for a wide g‘ari_ely of

control and positioning applications in the industrial

world. With the rapid growth of solid-state €lectron-

ics and digital techniques, the stepper motor appli- -

_ cations in peripherals, robotics, instrumentation con-

trols, and machine tools have grown rapidly and
continue to do so.

Conventional ac and dc motors have a free turning
shaft. The steppér motor shaft rotation is incremen-
tal. The basic feature of the stepper motor is that
upon being energized it will move and come to rest
after some number of steps in strict accordance with
the digital input commands provided. The stepping
motor therefore allows control of the load’s velocity,
distance, and direction. The repeatability (ability to
position through the same pattern of movements a
number of times) is very good. The only system error
introduced bv the stepper motor is its single-step
error, which is a small percentage of one step and is
generally less than 5 percent (0.09°). Most signifi-
cantly, this error iIs noncumulative, regardless of the
distance traveled or the number of times reposition-
ing takes place.

The stepping motor is an inherently reliable device
with bearings being the only part subject to wear. In
many applications, a stepping motor can replace
shorter-lived, more maintenance-intensive devices
such as brakes, clutches, and gears with an overall
improvement in reliability. ;

divided into three

D
e
£

nd.
s based on the basic

A stepper motor’s operation

. magnetic principle: like magnetic poles repel and un-

like poles attract. If the stator windings in Fig.
3-17(a) are energized so that stator A is the north
pole, stator B is the south pole, and the permanent
magnet (PM) rotor is positioned as shown, a torque
will be developed to position the rotor 180° from its

" indicated position. However, it would be impossible

to determine the direction of rotation, and, in fact,
the rotor may not move at all if the forces are per-
fectly balanced. If, as indicated in Fig. 3-17(b), two
additional stator poles C and D are added and ener-
gized as shown, we are able to predict the direction
of rotation of the rotor. As indicated in Fig. 3-17(b),
the rotor's direction of rotation would be counter-
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Fig. 3-17 Basic stepper motor rotation.

clockwise with the rotor aligning itself between the
**average” south pole and the *‘average’ north pole
as in Fig. 3-17(c).

The distinguishing feature of the PM stepper motor
is the incorporation of a permanent magnet, usually
in the rotor assembly. To allow beuter step resolu-
tion, four more stator poles are added, and teeth are
machined on each stator pole and also on the rotor.
The number of teeth on the rotor and stator deter-
mines the step angle that will be obtained each time
the polarity of one winding is changed. The stepper
motor shaft responds with a specific angular incre-
ment each time the winding pol-rity is changed, mov-
ing to the average pole. Tlis . pecific degree of shaft
rotation or increment is kLown as the step angle.
The PM stepping motor operates by mezns of the
interactions between the rotor magnet biasing flux
and the magnetic forces generated by the stator wind-
ings. If the pattern of winding energization is fixed,
a series of stable equilibrium points is generated
around the. motor. If the windings are excited in a
particular sequence, the rotor will follow the chang-
ing point of equilibrium and rotate in response to the
changing pattern, as shown in Fig. 3-18.

By virtue of the rotor's permanent magnet, there
is a detent torque developed in the motor even if the
stator windings are not excited. The detent torque
can be felt by turning a PM stepper by hand. A
restoring torque is generated on the rotor whenever
the rotor is moved from the position which has min-
imum reluctance (analogous to resistance in a dc
circuit) for the permanent magnet flux. This torque
is much lower than the normal energized torque and
is typically only a small percentage of the maximum
torque. e

The variable-reluctance (VR) motor has a stator
which has a number of wound poles. The rotor is a
cylindrical, toothed unit whose 12eth have a relation-
ship to the stator poles and their teeth (the statdr
may not have tecth). The number of teeth will be
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determined by the step angle required. A typical VR
motor is shown in Fig. 3-19. When a current flows
through the proper windings, a torque is developed
in such a way as to turn the rotor to a position of
minimum magnetic path reluctance. This position
will be statically stable in that external torgue is
required to move the rotor from this stable position.
This particular position is not an absolute one. There
are many stable positions in the average motor for
any given stator energization pattern. When a differ-
ent set of windings is energized, -the stator field
changes, causing the rotor to move to a new position.
Proper selection of the energizing sequence of the
windings allows the stable positions to be made to
rotate smoothly around the stator poles, establishing
the rotational speed and the direction of the rotor.
When the energized pattern is fixed, the rotor posi-
tion becomes fixed as well. Therefore, the shaft po-
sition is stepped by changing the pattern of winding
energization. Figure 3-19(c) illustrates the standard
excitation modes which produce a nominal step an-
gle. The dual excitation (two windings always on) is
chosen because of the higher torque ayailable. Un-
like the PM stepper,-the VR stepper has very little
residual magnetism, so there will be no force on the
rotor (detent iorque) when the stator is not ener-
gized. The step angle (determined by the number of
stator and rotor teeth) varies from 7.5 to 30°. The
VR steppers exhibit relatively low torque and inertial
load capacity. They are, however, reasonably inex-
pensive and suitable for light computer and industrial
instrument applications.

_The PM-hybrid stepper rotor combines the rotor
construction features of VR and PM types. A cross
section of this stepper is shown in Fig. 3-20. The

stator is of the wound type. Both the rotor and the
wound stator are toothed. This construction gives
the PM-hybrid higher torque capacity (50 to 2000+
ounce-inches [0z-in.]) with step accuracies of about
+3 percent and step angles that vary from 0.5 to 15°.
PM-hybrid designs offer excellent speed capability:
1000 steps/s and higher can be obtained. Although
their cost is relatively high, PM-hybrid designs de-
liver the best set of performance characteristics for
many applications.

Steppers are popular because they can be used in
an open loop mode while still offering many of the
desirable features of the feedback-type system: feed
them a defined number of pulses, and they will po-

sition within their step accuracy. The replacement of

mechanical parts (which arcl_susccptib_l,e to wear),

s ioch

Toothed armature

Fig. 3:20 Cross section of PM-hybrid motor with toothed armature
and stator. .l ;
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such as clutches and brakes, is eliminated because
stepper motors provide a greater reliability and con-
sistency, reasonable cost, and consistent perfor-
mance. The stepper motor is an excellent positioning
device. On the other hand, stepper motors are not
very energy-efficient, but that is the price one must
pay to obtain the unique characteristics of the step-
per motor. Its limitations include the following: avail-
able torque is inversely proportional to speed; speed
must increase gradually (if commanded to go from
stop to full speed immediately, it will stall); and the
stepper motor exhibits a low speed resonance point,
where torque is reduced drastically.

Some stepper motors achieve torque amplification
by means of a gear system integral with the motor.
Methods to achieve torque amplification are the use
of planetary gears and the use of a flexing mechanical
spline. Both methods allow a reduction in speed and
an increase in output torque by gearing down. For
instance, a stepper that delivers 50 oz:in. of torque
at 72 rpm will, with a 4:1 step-down gearing, deliver
200 oz'in. of culput torque at a spccd of 18 rpm,

To understand the stepping motor's unigue chus
acteristics thoroughly, we must examine the sleppms
motor log1c scquencmg A slmpllﬂed representation
of a stepping motor is shown in Fig. 3-21. Initially,
poies A and B are both energized with their north
poles up, attracting the rotor’s south pole to the
position as shown in Fig. 3-21(a). Reversing the po-
larity of pole A (Fig. 3-21[&]) draws the rotor clock-
wise 90° to its new position: this is known as a full
step. If pole A had been turned off, instead of being

Average
north

gy, |
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e
&
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south
{a}
Pole & % @

e ———@r < A

Average _ Average
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Fig. 3-21 Simplificd siepping segquence.

reversed, the rotor would rotate 457 (clockwise) to
line up with the field of pole B; this is known as a
helf step. The simple stepper motor in Fig. 3-21
would only have four full steps (90°) per revolution,
or cight (45°) half steps. Actual stepper motors obtain
smzll angle increments by using large numbers of
poles, as shown in Fig. 3-20. )

The most common stepper stator windings are cen-
ter-tapped dual windings known as bifilar windings.
Bifilar winding climinates transformer coupling to ad-
jacent windings. The use of bifilar windings on step-
pers also simplifies the required drive circuitry. Fig-
ure 3-22(a) shows a bifilar-wound stepper motor, its
power supply, and the switching points. Only a sin-
gle-polarity power supply is needed, whereas the mo-
tor of Fig. 3-21 would require a dual power supply
for reversal of the poles. Only a single power supply
is necded with the center-tapped windings.

The switching sequence shown in Fig. 3-22(b) is
called a four-step sequence (full step). To reverse
direction, read the sequencing chart upward from the
bottom. Since current is ‘maintained on the motor
windings when the moter is not being stepped, a high

torque results. As a rule of thumb you will
£ the power supply is about five times the
voltage rating of the motor. Series resistors are used
in the common leads to limit the current and improve
the inductive/resistive (L/R) time constant, for better
performance.

Figure 3-22(c) illustrates the eight-step switching
sequence, often called electronic half srepping. Un-
der this condition, the rotor moves half its normal
distance per step. For example: a 1.8°, 200 step per
revolution motor would become a 0.9°, 400 step per
revolution motor. Likewise a 0.72°, 500 step per rev-
olution model moves in increments of 0.36° for 1000

" stepe per revolution. The advantages of operating in

this mode include finer resolution and greater speed
capability, but with less available torque.

The switching sequence for these motors was orig-
inally achieved by mechanical switches, mercury-
wetted relays, or a commutator-brush arrangement.
These were very awkward and expensive, besides
being a maintenance headache. Electronic switching
resolved this problem quite easily and efficiently. The
circuits of Fig. 3-23 (p. 57) use solid-state devices to
drive (switch) the stepper motor windings. These
power drivers are used because most steppers re-
quire currents from hundreds of milliamperes up to
amperes. A 200-0z-in. torque motor opc:‘a'ing with

each winding that is on. This amaunl of current
switching or sinking is 100 large for logic circuitry to
provide, and drivers are required. Metal-oxide semi-
conductor field effect transistors (MOSFETs) are
taking over this type of switching application. An
attractive feature of the MOSFET is the built-in
diode. The integral body dicde is so named because
it is inherent in the silicon structure of the power
MOSFET. When the transistor switches off, a large -
voltage due to the collapsing field is generated in the



teh

56 INDUSTRIAL ELECTRONICS AND ROBOTICS
fed 158
~J
Fed/vhite 182
~
Black R
A '
i
White
Green :!33 ;
Gresn/white 154
~d
la)
Step Step Step 1 Srep Step
: Phase 1 2 3 ! 4 1
Step 51 S2 S3 = I | :
A OFE o OFF
1 OFF | ON oFF | o~ 4
cw = T [ 1 | 1
2 OFF on oN £ 8 e r——OE_F— =%
3 | on | off | on | OFF | CCW 7 | t
4 | on [ore | orr | on ¢ [or] on oFF
1§ ore | on | oFf | oN 1 | |
I'o reverse direction, read chart un from batiom, D OFF ON OFF
CW —
- CCoW
-l
Halt-Siep Sequence
Step Step Ste 5 L Step | Swup | Step
sep | 51 | sz | s3 | sa Phase . | d ‘51:9 1 Sus | Sup [ ik 1
Lo L on lor i | | | | | i e ]
2 QFF on | os- S | A GFF l —* on | r_O-—r—_—
3 off | ox ' o +;;,.' | ‘ ; : , i |
T & oo | oeeed oy OFFt :' 8 | ov | | | oFF | |l Lo
= \ B el 1 h
3 -l o k OQFF | Dp arr | enw I Lu
F % 1% 5 c : | Fe |
& ON oFF | ofr | oFr "‘i*r [ o ' ! l "-“'1 :
| [ |
7 on oFF | oFF | on |
D oN OFF | on |
8 OFF OFF | OFF oN —-—J | I i I L-
L 1 offF | owm orF | on CW —
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step sequence ana wav_forms,

motor winding. The voliage forward-biases the body
diode, and breakdown is avoided. The MOSFETs
will also switch large currents faster than bipolar
transistors.

The block diagrams for the logic circuitry required
to obtain a full-step sequence for Fig. 3-22(b) is
shown in Fig. 3-24. (Logic devices are covered in
depth in Chapter 11.) Any type of logic family that
supports the circuit requirements can be used. Figure
3-24(b) shows the lypical circuitry required using
transistor-transistor logic (TTL). The outputs are
then applied to the drivers previously mentioned.

Figure 3-24(c) shows the simplicity of usi

Sine a4 Coml-
ing 4 coill

plementary metallic oxide semiconductor [C:MOS)
circuit to obtain either the full- or half-step drive for
the bifilar motor. It should be noted that the full-step
control sequence is two on-time periods followed by
two off-time periods. The rate of stepping is deter-
mined by the frequency of the applied clock, wigh
each input pulse causing one step (or half step) in
the stepper motor shaft. The haii-siep sequence put-
tern is three on-time periods followed by five off-
time periods; like the full-step control it is very easily
obtained by solid-state circuitry. -
This type of control leaves a lot to be desired in
some modern computerized industrial and robotic
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*lntegial budy diods

Fig. 3.23 Stepper motor driver devices. ta) Tean
v

applications. Silicon monolithic integrated circuitry,
as shown in Fig. 3-25, contains all the input stages,
logic, and drivers necessary for sleppers rated up to
300 mA'coil. The output can be applied to one of the
previously discussed drivers if more power is re-
quired. The simplicity of one integrated circuit (IC)
is very desirable and cost-effective,

Stepper motors come in a wide variety of sizes,
types, and styles. The basic stepping principle for all
is the same, and they fall inlo one of the three types
discussed. They may have as little as two windings,
or as many as ten phase windings (these take 2500
steps for one revolution),

Asistors. ¢y Darlingon transistors. ) MOSFETS.

REVIEW QUESTIONS

16. Compared to the free turning shaft of the de
motor, the stepper motor is i

17. The stepper motor rotor illustrated in Fig.
3-17(c) seeks the - pole.

18. The rotor of the PM and PM-hybrid stepper
motor is made of what kind of material?

19. The variable-reluctance stepperhas.
residual magnetism,
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3-4
BRAKING AC MOTORS

Induction motors can be dynamically braked to an
abrupt stop, just as dc moters can, They are dynam-
ically braked by removing the ac power from the
motor and substituting dc power. When this is done,
the motor will act the same as the dc shunt motors
previously described. The stator of the induction mo-
tor, with direct current applicd, is similar to the field
EST.:tl\I) of a shunt motor, and the squirrel cage rotor
is similar to a shorted armature when dynamically
braked. The rotor acts like a dc genecrator with a
shorted armature, with high circulating currents in
the rotor bars. This rotational energy is dissipated in
the form of heat (in the rator) when the motor stops
abrupily.

The source of direct current for braking may be
large batteries or power supplies. The direct current
may also be supplied by a charged capacitor. Figure
3-26(e-d) shows examples (simple circuits) of ac in-
duction motor braking: Fig. 3-26(e) illustrates the
capacitor discharge method. The capacitor is
charged while the motor is running and discharges
through the windings when the motor is braked. This
arrangement eliminates the necessity for any external
power source.

oc
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REVIEW QUESTIONS

20. Induction motors can be dynamically braked
by applying ______ current to their windings.

21. Capacitor discharge braking requires
exlernal power source.

3-5
BRUSHLESS MOTOLS

The term brushless has been applied to a wide variety
of electric rotating devices. Most carlier devices
were used in applications in which unidirectional op-
eration was acceptable and minimum electronics was
a major consideration, as was elimination of the me-
chanical brush-commutator mechanism. The brush-
less de motor uses ac stator voltages of two, threzs,
four, or six phases. Typically, the brushless dc motor
has the torque/speed characteristics of the conven-
tional dc PM motor.

Development of low-cost position sensors (suchas
Hall effect integraed circuits and switching optical
sensors), economies favoring the use of rare earth
magnetic materials, and the availability of low-priced
semiconductors permit a more competitive position
for brushless dc motors. They are especially attrac-
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Fig. 326 Examples of induction motor braking.
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Contral
lage

Fig. 327 Simplified bloch diagram of

Hrushless de motor. L-___......_.

tive in applications requiring tachometer feedback
units. The brushless motor has high efficiency, long
life, low noise, and low power consumption.
Electronically commutated brushless dc motors
operate on the came motor action as the conventional
dc motor. except that the supply current switching
tin reference to rotor position) is accomplished by
<alid-state circuitry instead of the mechanical brush-
commutator combination used in conventional de
motors. In brushless de motors transistorized logic
senses the position of the PM rotor and controls the
distribution of current to the field windings. The field
windings are energized in sequence 1o produce a
revalving magnetic field, Rotor position is sensed by
solid-state light emitters and sensors, Hall effect de-
vices. or some other means. The sensor feedback
, t2tura 10 the conirol unit, which feeds the
ivers (hat turn on transistor svitches, thereby de-
livering the sequentially rotating currea’ 1o the field
cuils (stator), Figure 3-27 shows 2 brushless motor

Halt eiement

|
|
|
I
Fosition !
i sensor #2 E
I Switching 1
i 11ansisics Signal l
Ty _J Stators conditioner
% {if needed) |
i
|
|
S I =y = = 2

in basic block form. It should be emphasized that the
brushless de motor is not a stepper motor and has
smooth continuous shaft rotation and not the fixed-
step detents found in the stepper motor. Because of
the switching logic and circuitry associated with its
control, it could be mistaken for a stepper motor.
The most commonly used methods for angular po-
sition sensing are Hall effect sensors and optical sen-
sors. The Hall effect sensor detects the magnitude
and polarity of a magnetic field. The signals are am-
plified and processed (within the IC) 1o form logic-
compatible signals. A simplified block diagram of a
Hall effect sensor is shown in Fig. 3-28. The Hall
element has a constant current ([y) passed through
the element, which is usually indium. A magnetic
field with a flux density (B) is applied at right angles
1o the element and causes the cliarge carriers 1o be
redistributed within the element, causing a voiage
Vy. the Hall voltage, to be induced in a direction
perpendicular to the current and magnetic field. The
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‘Hall voltage is proportional to I (t!u:r’rentj and B (flux
density) and is expressed as _

=RXIX.B .

Vi D
where
V;; = Hall voltage, V
B = Flux density, gauss (G) -
I = Current, A
D = Element thickness, m
R = Hall constant

In Fig. 3-28. the Hall element exhibits a linear
output. but the trigger circuit (comparator) trans-
forms the Hall signal into an ox or OFF signal. and
the amplifier shown is the interface 10 the desired
control circuitry.

The other method of sensing rotor position for
electronic commutation is the use of photodetectors.
The basic concept is illustrated in Fig. 3-29. The
stationary light source (solid-state or incandescent)
emits a beam that is interrupted by a ciicular disk
chopper mounted on the rotor shaft. The disk chop-
per will have some number of sectors removed, de-
pending on the number of photodetector sensors and

Fig. 3-30 Typical brushless motor
and control circuit board.

Opzical
shaft
poston

I L sensars
Input Power et
ACor DC — -

" Fig..3-29 Optical rotor position i : : ] s

= L..’!ﬂ“ing, * i i L 8201 - i,_: .

stator phases. A 60° sector would be used with six
photodetectors, whereas a 180° sector would be used
with two photodetectors (as shown in Fig. 3-29). The
photodetectors (covered in Chapter 14) produce an
output that is amplified and convertad to a drive
signal, as with the Hall effect device. These signals
are then applied to the control circuitry to produce
a rotating field. The electronics, light source, detec-
tors, amplifiers, logic, and drivers ar: mounted in-
tegrally with the motor, as shown in Fig. 3-30. With
the advances in solid-state technology. this tvpe of
control may eventually be reduced to 2 single inte-
grated circuit.

Th= brushless motor stators can k¢ connected in

phase wye, three-phase delia, four-;:;-e z
six-phase delta. A rotor having 4 po2s & 5
phasz delia-connected stator will commutate 12

times per revolution every 307 of the retor shaft. This
arrangement gives the highest power efficiency
peak torque. The major drawback is that it requires
12 switching transistors. By comparison. a four-
phase, 4-pole configuration will yield the same peak
torque output and requires only eight switching tran-
sistors. The three-phase wye and three-phase delta,
4-pole configuration can be full-wave excited by us-
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Fig. 3-31 Three-phase commutation circuitr.

ing six transistors with commutaion 12 times per
revolution.

_ A schematic for three-phase commatation circuitry
is shown in Fig. 3-31. The input from the sensors
(omitted for clarity) is connecied 10 the decoders
3~'0F_ls with the direction signal to control the stator
excitation and the direction of rotation.

The brushless. de motor is finding applications in
servomechanisms, robotics, disk drives, and wher-
ever direct drive motors are required. Speeds up to
25,000 rpm are not uncommon, and the nonarcing
characteristics make it desirable for hazardous areas.

REVIEW QUESTIONS

22, The brushless mator exhibits torque/speed

curves similar to those of the de maotor.,
23 .The stator of the brushless dc motor has al-

iernating or direct current applied to the

windings. 3

24. The brushless motor has afn) lype
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25, Two types of rotor position sensors are light-
sensitive and effect type.

26. The brushless motor, like the stepping motor,
2xhibits detent torque. (true or false)

3-6 '
SPEED CONTROL OF AC MOTORS

One of the principal characteristics of the ac induc-
tion motor is its ability 10 maintain a near-constant
speed under normal load and supply voliage varia-
tions. All induction motors have 2 full speed lower
than the synchronous speed. This reduction in speed
is specified as percent slip. The synchronous speed
N is a function of line frequency ( ) and number of
poles (P):

120
7 o= el
N=5

This formula shows that the supply frequency and
the number of poles are the facters that determine
the speed of the motor. Unlike in the dec motor, the
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speed of an ac motor is not changed by varying the
applicd voltage. (One exception is the universal mo-
tor covered earlier in this chapter.) Reducing the
applied voltage of a large molor in order to reduce
its speed could damage the motor. This is due to the
excess heat build-up inside the motor. Most ac mo-
tors are not designed to have their applied voltage
vary more than 10 percent of the nameplate ratings.
{ Multispeed ac motors, designed 1o be operated at
a constant frequency, are provided with stator wind-
ings that can be reconnected to provide a change in
the number of poles and thus a change in the speed.
These multispeed motors have only a few speeds

" {usually no more than four), and these speeds are °

widely separated from each other.) -

To change the speed of a split-phase motor, it is
pecessary td change the number of poles., Speed
changing a capacitor-start motor is- also dope -by
changing the pumber of poles in the winding.“A var-
iable resistor or.transformer can be used to vary the
voltage across the winding of a permanent-split ca-
pacitor motor. These methods are shown in Fig. 3-
32. The variable voltage transformer (autotrans-
former) is preferred to the series resistor. Figure 3-
32(b) shows this method, which has the advantage
of keeping a constant voltage on the motor whether
under start or run conditions. There is also a large
reduction in heat loss compared to the _resistor
method of Fig. 3-32(a). By reducing the voliage
across the run winding only and maintaining full volt-
age across the capacitor (start) winding. more stable
low-speed operation is attained. This method is illus-
wrated in Fig. 3-32(c). S

The polyphase (three-phase) motor utilizes tWo
separate and independent windings for each pole.
With this arrangement, any desired combination of
wo, three, or four different speeds is possible [Speed
control of ac squirrel cage induction motors can be
accomplished if the frequency of the applied voltage
10 the stator is varied to change the synchronous

. The change in the synchronous speed (stator
rotating field frequency) resuits in a change in the
motor speed. There are two basic methods used to
vary the frequency of the applied voltage fo the ac

_motor: one uses an_inverter, the other a converter:
The inverter is used to change a dc voltage to an ac
voltage whose output frequency can be varied. The
converter will change the standard 60-Hz line fre-
quency into almost any desired frequency. Both the
inverter and converter usc solid-state devices
(mainly SCRs) for control* Prior to the use of solid-
_state devices, variable frequency was provided by
variable-speed motor-alternator sets. The initial and
maintenance costs are high for this approach in com-
parison to those of the solid-state devices; The solid-
state designs are often referred to as sfalic frequency
converters (no moving parts). The operating frequen-
cies are typically in the range of 10 to 200 Hz. The
major applications for variable-frequency drives are
textile machinery, machine tools, and stezl and paper

Vi adle rasisd
{sowed conral]
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aup
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_I-‘I;. 332 Voltage control of permaneat split capacitor motors.

+The basic requirements for a variable-frequency
inverter are shown iz Fig. 3-33 in block form. This
{ype of frequency coaversien is also known as a dc-
link converter because of the intermediate de con-
version that takes plzze. This method of conversion
is covered in more dz:ail in Chapter 8. At this point
we will examine the system at the block level. The
desired speed signal is applied to both the voliage-
controlled oscillator znd the pulse-width modulator.
The three-ring counter (count 1,2,3, 1,2,3, as the
name implies), via the logic circuits, cO the

ﬁW{g the six-sleann’fe%‘tse?'lf
co! s six thyns: arranged for a three-phase



61 INDUSTRIAL ELECTRONICS AND ROBOTICS
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input —e{ contal legie i=verter
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fl::‘rl:e::d Current feedback signal ;
protection
Fig. 3-33 Variubie frequency con- - E:;:re'f
verter block diagram. motor

full-wave bridge configuration. During each half
cycle that the thyristors are gated on by the ring
counter. pulse-width modulation ensures that the
1h_\'r1:a:prs are switched on and off at the proper times
to achieve voltage control within the inverter. Volt-
age feedback permits control of constant torque or
horsepower as desired. At the same time, stator cur-
rent control is obtained by means of current feedback
to the pulse-width modulator control block.

The other method of static frequency conversion
to obtain speed control of ac motors is the ac-ru-ac
Arequency converter, which is commonly raiad a cy-

cloconverier. Though inherently more efficient than

the de-link inverter, it has two major disadvantages.
First. in order to keep the outpul harmonics at an

ucceprat'e level, it must be operated in a range from
0 Hz {0 one-third of tie ac input source frequency.
Secom, v obtain bidirestional operation, a three:
phase cycloconverter requires a minimum of 36
SCRs with complex control ciremiry. The three-
phase cycloconverter is presented in more detail in
Chapter 8.

The easiest way to understand the principle of a
cycloconverter is to study the seldom used single-
ph;tse to single-phase cycloconverter. The basic cir-
cuit shown in Fig. 2-34 has two two-pulse midpoint
phase-controlled converters. One forms the posilive
group and the other the negative group, which is a
dual-converter configuration. The output current of
cach group flows in only one direction (SCRs are
umdwect_mnal devices). To produce an alternating
current in the load, the two groups, positive and
negative, must be connected in inverse parallel as
shown in Fig. 3-34. The positive group (SCR 1 and
bCR_J) permit load current to flow only during the
positive half of the cycle, when Vyyor Vyy is posi-
tve, and the negative group permits current flow
during the negative half cycle, when Vyyor Vayis
negative.

The waveforms are shown in Fig. 3-35, and an
inductive load 1s assumed. Voltages V,yand Vg are
180° out of phase (antiphase). By varying the firing
points (r; to r:} of the thvristors, the mean output
voltage to the load can be varied as indicated. Vary-
ing the firing delay anglés about 907 in a sinusoidal
manner at the desired output frequency will result in
a mean output load voltage that is sinusoidal at the
desired frequency, as indicated in Fig. 3-35.

The ac shaded pole motor can be made to vary its
speed by varying the voltage across its windings.
This is an inefficient method and produces a lot of
“excess heat. For years these motors (used for fans)
had their speed varied by ii=erting a choke in series
with the main winding. which eliminzied the /R (re-
sistive) losses.

The best passive device. however. is an autotrans-
former. It has the advantage of maintaining the same
voltage under high starting curren:. There 1s also

[em i e .
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Input

Output (before filtering)

TR .

Qutput after filtering
[note frequency change)

Fig. 3-35 Single-phase cycloconverter W aveforms.
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very little heat loss compared to the other methods.
By reducing the voltage across the run winding (only)
of the permanent-split capacitor motor (capacitor
run), while maintaining full voltage across the start
winding, the speed can be varied by varying the
output voltage of an autotransformer.

Most modern variable ac voltage sources are de-
rived from solid-state electronics, which is more
cost-effective, reliable, and efficient than resistors,
chokes, or transformers for varying ac voltages.

The ac power to a shaded-pole or permanent-ca-
pacitor motor is controlled by varying the rms value
of the ac voltage using thyristors. The typical method
used to vary the voltage is phase control. /Unlike
brush-type motors, induction motors give no con-
venient electrical indication of their mechanical
speed. This means that direct speed feedback is not
usually available. For many applications, such as
fixed fan loads, direct voltage adjustment with no
feedback (open loop) yiclds satisfactory perfor-
mance., -An example of this type of circuit is shown

_in Fig..3-36(a),/The single time constant circuit pro-
- vides - satisfacfory proportional speed control for
. shaded-pole and permanent split-capacitor motors

when the load is fixed. This type of circuit is best
suited for applications that need speed control in the
medium- to full-power range. It is especially useful
for fan or blower control, in which a small change in
motor speed produces a large change in air velocity.

Caution must be exercised because the motor may
stall if the speed is reduced below the motor's drop-

“out speed. The single time constant circuit is em-

ployed because it cannet provide speed contro! from
maximum to full off. Speed ratios as high as 3:1 can
be obtained from the single time constant circuit used
with these types of induction motors. As a result of
the inductive load and because the triac turns off
when the current reaches zero the source voltage
may be at a value other than zero. This commutating

Supply volug — —
’
’

Principal voltzoe
BCross UWiac s

(o)

Fig. 336 Solid-state speed control. (a) Conmol cireuit. (b) Voi-
age and curreot waveforss. ¥
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Fig. 337 Motor spead controlled by thermistor (lemperature..
voltage of the motors may have a rate of rise Av/Ar 3-7
which could retrigger the triac. The commutating Av/ TROUBLESHOOTING AND
Ar, shown in Fig. 3-36(b), can be limited by use of MAINTENANCE >
the RC netvwork across the device @ indicated in . ; Aol

Fig. 3-36(a).

Figure 3-37 illustrates how this tipe of circuit
could be easily modified to include z fzedback signal
telosed loop operation) by the addit:on of a temper-
ature-sensitive resisior (thernistor) 2long with a ca-
pacitor and a diac. in this circuit. the thermistor R;
acts in response 1o air temperaturz 0 control the
power 1o the fan motor. Resistor R. and its phase-
control network set the minimum fan tblower) speed
to provide continuous air circulztion 2ad to maintain
proper bearing lubrication.

REVIEW QUESTIONS

27. The induction motor speed ¢guation indi-
cates that the speed control terms are the
and the number of poles.

28. A split-phase motor with 4 poles runs at
1750 rpm. With 6 poles its approximate speed is
— TR

29. The auxiliary winding in the capacitor-run
motor is in series with the winding at re-
duced speeds.

30. Theuseofa___ ispreferred touse of a

variable resistor for voltage conircl of a shaded-
pole motor.
31. Solid-state frequency chznzers are also called
converters.

32. Besides the inverter, the

is a solid-
staie frequency converter. g

Preventive maintenance plays a key role in the eco-
nomics of all industrial installations. In today's
highly competitive industry, shutdown of equipment
or processes can be very costly. Preventive mainte-
nance. when properly performed, will help prevent
troubles before they start. Keeping good records of
all maintenance done will establish priorities and give
nctice of trends. Since motors constitute a major
portion of the electrical load in any industrial situa-
tion, their maintenance is of extreme importance.

Direct Current Moiors

The failure of a dc motor 1o start may be due to an
open in the control circuit, such as a line fuse, low
line voliage, or a frozen bearing (this condition will
trip the fuses or brezkers). Sparking at the brushes
may show the need for reseating. The resistance
method of controlling the speed of dc motors can
also be a source of problems. Resistors can change
value, usually because of overheating, so proper ven-
tilation should be confirmed if this type of failure
occurs. These resistors, except in the field weakening
case, usually decrease the base speed of the motor.
The wipers (sliding arm contacts) must be clean and
have good contact pressure 1o ensure proper con-
nactions. Some adjustment arms hzve a small brush-
like carbon contact that may need to be seated or
replaced. Use the equipment manafacturer’s main-
tenance guide as reference for any adjustments.
The solid-state devices in speed controls may fail
by opening or by short-circuiting. The loss of all
contrel in the SCR-type control =2n be: due o a
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¢horted SCR or a UJT that triggers it (if used). The
opening of either device will stop the unit from op-
erating or starting. After the power sources and sup-
plies are verificd, the solid-state devices can be
checked (with power off) by using the methods de-
scribed in Chapter 2.

The closed loop type of speed control relies on
feedback of one sort or another. The tachometer
signal, if missing (the line is either short-circuited or
opened), would make the system become open loop.
With no feedback available, the control would be
lost, and the system would run away. In this case,
the components and path of the feedback must be

£ checked. i

‘Reduction of control can be due to low voltages,

.. low gain, poor connections, and chahges in reference

voltage or associated circuits. The mechanical cou-
pling (linkage) in the feedback speed control must be
maintained; otherwise, control can 'be erratic and
unpredictable.

The universal motor will run slower on alternating
than on direct current so if a rectifier shorts it may
cause a drop in speed. The stepper motor will almost
always be electronically controlled because of the
switching sequence required by its windings. The
resistance in series with the power supply affects the
slewing (time constant) of the stepper motor. The
inductive/resistive (L‘R) time constant is inversely
proportional to the resistance; therefore, a decrease
in resistance will increase the slew speed and vice
versa. A large decrease can also cause overheating
due to the increase in the holding currents.

In many instances. the logic power is from another
source or a separate regulator. These voltages must
also be checked. The TTL-type logic families permit
only a 250-mV deviation in the supply voliage. Ex-
cessive ripple in the power sources can cause false
counting or gating of these control circuits and may
be suspected in cases of erratic operation. Comple-
mentary metallic oxide semiconductor (CMOS) logic
is less critical in this respect, Verify power supply
parameters early in the troubleshooting process.

Qutput drivers can fail if they are open or short-
circuited. Excessive heat is a major cause of pre-
mature failure. All heat sinks must be kept clean,
and any air flow restrictions must be corrected. The
diodes used for snubbing the inductance of the wind-
ings can fail, providing another source of problems.
A snubber is a circuit or a component used (o absorb
the energy produced by the field collapsing in an
inductive component.

Stepper Motors

Either a bad driver or its diode (if used) will abort
the switching sequence for a stepper motor. In most
cases, it will rock back and forth because of the loss
of driving torque necessary to overcome the detent
torque. In the case of the monolithic or integrated
controller, after all input signals have been checked

along with the power supplies and the output signals,
the chip may have to be replaced. Substitution is

_sometimes the only practical methed available in

these cases.
Do not dismantle stepper motors that use a PM

rotor. A 5 to 15 percent loss of torque results. Con-
sult the manufacturer's recommendations. A record
of failures and maintenance procedures should be
kept to alert you to all trends and causes, such as
line surges, overheating, and so on. Be sure to re-
place all shields, fasteners, filters, and grounding
straps before returning equipment 1o service.

- Alfernating Current Motors

Except small (fractional horsepower) motars, most
ac motors are controlled and protected by one or
more of the following devices: starters, breakers,
fuses, contactors, and thermal overloads. The integ-
rity of these components is the first thing to investi-
gate. If overloads, breakers, or fuses are tripped or
blown, you should investigate for ovechealing, over-
loading, or loose connections. Interaction with an
operator who uses the equipment may yield impor-
tant information as to the cause of (& problem and
should not be overlooked or ignoreé

Brushless Motors

Modern brushless motors used in =2 indusirial en-
vironment eliminate many of the mzchanizzl prob-
lems of other types of motors. Wia no brush of
commutation mechanisms, all problezs invelving the
wear associated with these parts are sliminatzd. The
rotors are permanent-magnet and should last indefi-
nitely if not abused. The constructioz is of 2 modular
form to assist in fast and efficient repair when re-
quired. The sensor unit has t be hossed in the mo-
tor: the commutation logic may or may not b2. These
devices should be reated like any other semicon-
ductors. The supply voltage to the ssnsors znd logic
circuits is critical and must be verified as being within
manufacturer’s specifications. The sensor and its
logic circuits are modular; therefore, replacement
with a spare unit is the best solutionto a sensor-1ype
problem. The modules can be best serviced at the
bench level or returned to the mansfacturer for ser-
vice. As with all solid-state devices. heat is a prime
problem. Ventilation systems must be kept clear and
clean. A restricted air flow that goes mcorrested will
lead to the eventual failure of the rzplacem=nt pari
as it did with the original part.

The driver and switching transitors sbould be
tested for short circuits or opens. Rememer tha:
there are two switching transistors per phasz.. Short-
circuited transistors may point to overloads, stator
coil shorts or grounds, or power smply problems.
Power switching devices can be compléx. so the
manufacturer’'s manuals are your frst scarce for
troubleshooting information. The brashless motor s
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best serviced by viewing it as a system. The location
of a faulty module is achieved by orderly investiga-
tion and the process of elimination.

Multispeed Motors

The troubleshooting and maintenance of static in-
verters are covered in Chapter 8. Speed controls
using multispeed motors can encounter problems of
loose connections, short circuits, or grounds to the
stator coils, especially since multiple windings are
involved. The normal testing for these failures is the
same as for the other motors, but more elaborate
procedures are necessitated by the complexity of the
connections. Starters, contactors, and any timers
that may be used are also suspect when multispeed
motar connections are used. Loose connections are
a very common occurrence and should always be
checked along with the supply voltage.

REVIEW QUESTIONS

33. Changes in the
motors will affect the speed.
34. If the power source is lost to a disk brake,

will the brake remain on or off?

35. If the diode in Fig. 3-3 short-circuits, the
transistor and the braking will be _______ all the
time.

36. If the grounded end of the bias pots in Fig.
3-9 open, the motors will .

37. If C, in Fig. 3-16 opens, the hysteresis con-
trol will improve. (true or false)

38. Why are the diodes shown inside the sym-
bols of the MOSFET drivers in Fig. 3-23(c)?

39, The brushless motor is usually serviced by
replacing'a suspect .

of the controls for de

CHAPTER REVIEW QUESTIONS

3-1. To brake a shunt-wound motor dynami-
cally, the resistor is placed across the field. (true or
false)

3-2. Dynamic braking of a series-wound motor
requires that the field, armature. and resistor be in
a closed .

3-3. The _____ motor can be dynamically
braked, but with loss of braking power.

3-4: The addition ofa _______ in the feedback
loop gives linear control of the motor’s speed.

3-5. If a tachometer has a K of 20 mV/rpm, at
300 rpm V, equals ¥:

3-6. A unidirectional motor control is also
called a quadrant control.

3-7. Using resistance control near standstill in a

series (universal) motor circuit czn cause-___ __of
the armature.
3-8. resistance control of the series

(universal) motor is common when paralleling mo-
tors,

3-9. Voltage control of the series motor is the
most common method used for speed control. (true
or false)

3-10. Series voltage control using a triac is an
example of wave control.

3-11. Full-range speed control is usually accom-
plished with wave-type control. :
3-12. All the methods of speed control for the
series (universal) motor cause the armature speed

4
3-13. The rotor and stator on the PM-hybrid

stepper motor are to give a high detent
torque. 3 y

3-14. What method is used to increase torque in
a stepper motor?

3-15. With an 8:1 step-down a 236-rpm stepper
ratio, output would be . g

3-16. Common center-tapped windings are also
known as windings.

3-17. The eight-step sequence of a four-winding
stepper motor is known as a step.

3-18. The ____ frequency is the prime speed-
determining factor of a <tepper motor.

3-19. A degres sector would be used
with four photodeteciors on the rotor positioning
mechanism in a brushless motor.

3-20. A three-phase delta stator would require

commutations per rotation.’

3-21. The three-phase cycloconverter uses at least
e SN

3:22. The _.. is the solid-state device used
for switching alternating current to shaded-pole mo-
lors.

3-23. If an induction notor is slowed too much,
it may

3-24. A 100 step per revolution stepper motor
will take how many steps in the half-step mode for
one complete revolution?

3-25. A gear reducer inside a stepper motor will
do what to the motor's torque? Its speed?

3.26. Loss of a driver or its signal will cause
most stepper motors to — .

3-27. A three-phase brushless motor will have
switching transistors that require testing.
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ANSWERS TO REVIEW QUESTIONS

1. friction 2. released 3. disk 4. asbestos 5. SCR, MOSFET 6. twice 7. Fig. 3-4 8. increase 9. smzll
10. decrease 11, open  12. voltage 13, commulate 14. cemf 15, decrease  16. locked/stiff 17. average
18. magnetic 19, linle  20. dc 21. no  22. permancnt magnel 23. ac 24. permanent magnet 25, Hazll
26. false 27. frequency 28. 150 29 run 30. autotransformer 31 static 32 :vcloconverter 33, resistance
34.on 35.on 36. rotate constamily 37, false  38. they are intrinsic  39. moduls




BASIC CONTROL DEVICES

This chapter begins with some of the more
simple devices of electronics such as switches
and fuses, large and small. The wide range of
timers from heater npes through state of the
art electronic tpes is thoroughly covered.
Higher-level switching by relays, contactors,
and starters for rotating equipment is pre-
sented with actual circuit implications. We will
examine all their fundamentals, applications
and maintenance requirements.

4-1
SWITCH BASICS

The eleciric switeh is a device for making, breaking.
or rerouling connections in an electrical circuit. This
switching is accomplished by the opening or closing
of two metal surfaces. Whichever type is used, the
result will be the same. The perfect switch will have
0 € resistance when closed, lur maximum transfer
of power. Conversely, the open switch will have in-
finite resisiance and be capable of withstanding high
voltages without aicing. However, any switch tends
to arc when it interrupts current flow. The greater
the currant switched, the hotter the arc will be and
the greater the deteriorztion of the switch contacts.
We wili iook at the types of switches common in
today’s electronic aquipment. With the ever-decreas-
ing size of electronic ¢components it is only natural
for switches now 1o be miniature and subminiature
imr size. But the current and voliage capacities will
also follow the progression: the smalier the switch,
the smaller the current and voltage capabilities.

Manual switches are the most widely used today,
and each one of us will more than likely operate this
type of switch sometime before the day's end. Figure
4-1 shows the basic construction for a manual-type
switch. The operator shown in part 4 in Fig. 4-1 can
be of a wide variety of styles. A few tvpes of oper-
ators are the bat, flat, and baton types. This family
of switches is classically referred to as toggle-type
switches.

A simple single-pole, single-throw (SPST) switch
has a single-pole, single-throw action and is capable
of opening or closing a single electric circuit. A dou-
ble-pole, single-throw (DPST) can open or close two

70

Operator

Lever Stop

Recessed cover
atiachment

Fig. 41 Manual switch construction,

circuits. The DPST switch can be used to open cir-
cuits where two “hot’ lines are involved, as in
240-V ac equipment. An SPDT has no center position;
single-throw switches are either on or off. The three-
position toggle switch has two extreme positions plus
a center posilion. The center position is generally
off, with the two extreme positions representing on
conditions. As illustrated in Fiz. 4-2 the B terminal
is referred to as the ““wiper,” or “common’” centact
of the switch, The center position of the three-posi-
tion switch is identified by the center OFF notation
(c.0.). This notation separates this three-position
type of single-pole, double-throw center off (SPDT
[c.0.]) switch from a single-pole, double-throw
(SPDT).

Black I
115V ac B 1A
60 Hz Ly 200V

White 100w diode
orless

Neutral

Fig. 42 Simple SPDT switch circuit.
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Fig. 4-3 Slide swilch construction.

When an operator pushes the button, slide, or le-
ver on a momentary-action switch, the switch con-
tacts move to transfer the circuit to the second set
of contacts. When the actuating force is removed,
the contacts return to the original pgsition. When an
operator actuates a maintained-action switch, the
contacts transfer to the second set of contacts. But
no change takes place with the contacts when the
operator removes the operating force. In some
switches the actuator may stay there after. removal
of the force. Application of a second actuating force
is required to return the actuator to its original po-
sition. This type of switch is known as alternate or
push-push action.

The slide switch shown in Fig. 4-3 uses a simple
slide action to produce the same connections as the
toggle switch. Except for the different type of oper-
ator action, the switched poles accomplish the same
results.

The dual-in-line package (DIP) switch is a minia-
ture form of multipole rocker or slide switch and is
made on standard IC socket centers of 0.300 in. The
DIP switch can be soldered directly into the printed
circuit board (PCB) or placed directly into an IC
socket. Most switches are SPST and favor the 14-
(seven switches) or 16 (eight switches) pin-package
arrangement. Actuation is seldom changed and oc-
curs mainly during installation, testing, and trouble-
shooting. A ballpoint pen makes a handy actuator
for DIP switches. Figure 4-4 shows a 14-pin DIP
switch with a typical circuit diagram.

The rotary switch is more indicative of electronic
equipment applications. The basic switch structure
is shown in Fig. 4-5. The rotary switch is generally
a maintained-action switch, but special indexes can
be spring-loaded for momentary action. Rotation can
be continuous (turned through more than one com-
plete circle) or limited to 360° or less. The rotary
switch has a variety of positions. If positions are 10
apart, 36 positions are available. The most common
angular differences between switch positions are 15,
30, 45, and 90°. One main advantage of the rotary
switch is the sequencing ability of its contacts. The
rotary switch can also have several banks of switch
sections on one shaft, allowing contacts to change
simultaneously and in sequence as needed for com-
plex switching applications. Imagine operating an os-
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cilloscope or multimeter without the aid of a rotan
switch. Contacts tan be short-circuiting or nor-
<hort-circuiting. Short-circuiting contacts are ezl
called make-before-break; that is, when switching 1
the next position, the wiper contact will be made L
the second position before breaking with the first se:
of contacts. The nen-short-circuiling contacts arg
called broci-beforc-—ake contacts. When switohing
from one posizion 1o :he next, the wiper contacts w.

break with the first contact before making with th
second contact. Applications of the shori-circuiting
type contacts include avoiding momentary opsning
of the feedback elements in a system, dropping ou:
a relay in a control application, and unloading ar

| 2 & & 8 B 7
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Open
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Tazz circust diagra—

{8~z+~1n epen posit o~ for a

s 70 acth seven stat.ons)
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Fig. 4-4 Dip ssitch (14720
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= ectromechanica
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Wale, 3-pole -crouit w == 2 nonshortng and 1 shorling ma,ng tomas

1 ectrical schematic
=t 3-pole switch

®

£ @ @.

Fig. 45 Nozeaclature of a standard rotary switch.
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Table 1 Table 2
10-Position Decimat 8-Position Decimal
Dl Comman to: Disl Common 10:
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o d o ®
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7 ase 7 .
8 ° a |lese
9 - ] g LR

Fig. 4-6 Thumbwheel switch and truth tables.

ammeler circuit when switching ranges, Rotary
switches are now being made for direct application
on printed circuits, They may be smaller than the
diameter of a dime, usually have only one deck, and
switch low-level signals,

Thumbwheel switches have become more com-
monplace for today's numerical and computer-con-
trol applications. Their switching capability is limited
to logic levels, with litile or no current. Their spe-
cially made decks output binary coded decimal
{BCD) (covered in Chapter 11), decimal, or hexadec-

tmal codes (also covered in Chapter 11) necessary to

Actuating plunger

/ Pivats  Spring
MNormally Normally

O closed ACtuator § Cpoced
y terminal b

A}
i
o g Common #

Narmally
open

1ermunal

N —y
Common terminal
.

(2) (£]

Fig. 4-7 Snap-action switch. ru) Operating principle. (h) Sche-
matic representation.

input information for controllers. The switches may
also be ganged, as shown in Fig. 4-6.

The position-sensing switch is typically a snap-
acting switch. The switching function is performed
by actuation of its input, In Fig. 4-7, the operating
principle of the snap-action switch with three elec-
trical contacts is shown in a cutaway view. This type
of switch is often called a microswitch, after the
company that is the world's largest manufacturer of
snap-action switches. Figure 4-7 also shows the elec-
trical symbology of this switch in its simplest form,
SPDT.

With no force on the plunger, the spring holds the
common conlact tightly against the normally closed
(N.C.) contact. As the plunger is depressed, the force
holding the common and N.C. contacts goes through
the gap and forces it firmly against the normally open
(N.0.) comtact. Upon removal of force on the
plunger, the N.O. contact's force approaches zero,
and the common contact snaps back to its rest. or
N.C., position. A few of the actuating methods
shown in Fig. 4-8 are the pin, leaf, lever, and plunger.
The various methods will fit a variety of ditferent
applications. }

Snap-action switches boast a low operating force
(3 gram-inches (e - in.] is common), yet ratings of
3 A, 250 V ac are not unusual. The DPDT is the
maximum circuit configuration found, but tandem
arrangements are possible. This switch is selecied
not only for its electrical rating, but also its mechan-
ical characteristics, operating force, overtravel, and
type of actuator. They are also available in enclo-
sures that can be water- or oil-tight and even explo-
sion-proof. Some environmental needs requive these
special housings, and nonsparking materials such as
nylon may be used for the roller.

A preximity switch senses and indicates the pres-
ence or absence of an object without requiring phys-
ical contact. Simple proximity switches are made up
of a sensing head, a receiver circuit for the sense
information, and an output circuit including a relay
or solid-state switch. The optoelectronic type is cov-
ered in Chapter 14,

The radio frequency (RF) proximity switch uses an
RF oscillator circuit with its coil located in the sens-
ing head. With no metal present, the oscillator output
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Fig. 48 Basic switch actuators.

is normal or logically low. If any metal gets into the
field of the sensing head the metal absorbs RF en-
ergy. The change in the oscillator is detected, and
the logic level goes to the high state. The response
can be very rapid as needed for high-speed counting
applications. The RF proximity switch can also be
used 1o sense the levels of acid or saline solutions.
The operating frequencies are less than 3 megahertz
(MHz) and are regulated by the Federal Communi-
cations Commission (FCC).

The ultrasonic beam proximity switch normally
uses two heads: one for transmission and one to
receive the signal. The transmitting and receiving
heads are matched at a selected resonant frequency
above the audio range. The detected output signal is
amplified to energize a relay or set a logic device.
Placing an object into the field of the beam between
transmitter and receiver will lower the output signal
amplitude and change the state of the logic or de-
energize the relay. The ultrasonic proximity switch

_overcomes the metal and acidic requirements of the
_RF proximity switch. _ - .
* The Hall-type proximity swilch uses 2 solid-state

“structure and requires a magnetic field for'_actuaﬁon.

This switch is covered in Chapter 3. )
Keyboard switches are of prime importance for
operator interventiom into a numerical or computer-
ized system. The membrane keyboard is simple and
inexpensive and can be sealed. The base may be
either the rigid or film type, as shown in Fig. 4-9.
The top layer is a flexible polyester membrane, with

. movable screened contacts. The middle layer is the

adhesive spacer that provides the gap between the
movable contacts and the stationary switch circuits.
The bottom layer is either a polyester film substrate
or.a PCB, depending on the type of construction
preferred. A three-by-four keyboard matrix is pop-
ular for touch-tone operations and is indicated as
dual-tone-multifrequency (DTMF) as required by the
phone company.

Panel-mount roller plunger—
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The 16-position keyboard is often used for hex-
adecimal input of data or instructions to micropro-
cessors, automatic controllers, and robots. Mem-
brane keyboards are also available in an 8-by-12
matrix configuration and can be interconnected with
an encoder (encoders are covered ix Chapter n
integrated circuit to produce the Amenican Standard
Code for Information Interchange (ASCII) (covered

Rigd base type

Film-bese type
Flexible

Fig. 49 Rigid and film membrane switches.
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Fig. 11 Capacitive key module.

in Chapter 11) code needed to communicate with
most computers today.

~ Th= crosspoint, or hard contact, k¢yboard is not
tempevatire- or humidity-sensitive, is low in cost,
and has a fow standby power consumption. This type
of contact is shown in Fig. 4-10. The switch matrix
can be arranged in any of i+ = siyles previou:ly men-
tioned. The contact material s precious metal to
provide inertness. to chemical action and provides a
long life. The moving key action of this type of key-
board is often preferred by touch typists.

Some solid-state keyboards feature capacitive key-
switches to provide a kevboard with unique capabil-
ities. They give high-speed data entry, including key-
to-disk, key-to-tape, and other types. With a high-
frequency clock (typically 666-kilohertz [kHz] at the
input to the key matrix, depression of a key allows
capacitive coupling of these pulses to the output of
the matrix. Figure 4-11 shows the physical construc-
tion of a capacitive key switch. Looking closely at
Fig. 4-11, you can see that no physical comact is
required for this switch. This contactless style gives

very high reliability.
REVIEW QUESTIONS

1. An ideal switch will have ___ chms when
closed and ohms when cpen. .

2, Canan SPDT be used to replace an SPST
switch of the same voltage and current ratings?

3. The maximum number of switch positions for
a 30° rotary switch is

4. If you do not want 10 open a circuit memen-
tarily when sequencing with a rotary deck, the
switch should be of the variety.

5. A switch is commonly used to input
BCD and hexadecimal codes.

6. The action switch is commonly used
for position sensing.

4-2

- RELAYS

The relay is an electrically controlled device that
opens and closes electric contacts affecting other
devices in the same or another circuit. Basic single-
pole relay action is shown in Fig. 4-12 with Fig.
4-12(a) being the unenergized state and Fig. 4-12(b)
the energized state. Without going into the magnetics
(to be covered later), when the switch is closed. a
north and south pole are produced across the work-
ing gap by the solenoid winding of the coil, producing
a magnetic flux as shown in Fig. 4-12{h). Note that
the pu-ver source shown is direct current. Operation
with alternating current will be discussed shortly. If
the current in the coil is slowly increased from zero,
a point will be reached where the armature snaps
(closing the gap) and closes the normally open (N.O.)
comtact. This is defined as the pick-up poinr and is
specifud Dy current or voltage by the manufacturer.
Coneorscl ., if the current in the coil is gradually
dec,easoc a point where the flux is too weak 1o hold
the gap ciused is reached and the armature sa2ps
open. This is called the drop-out current (or voltage)
and is usually considerably less than the pick-up cur-
rent (or voltage). The only noticeable physical dif-
ference between ac and de relays with the same rat-
ings is the addition of a shaded pole at the end of the
core. A thaded pole is a conducting ring that creates
a reagnetic f2ld that lags the applied field, prohibiting
the rapid rollapse of the flux across the gap. If this
were not (b2 ase, the relay would hum or chatter at
a 60-Hz rate, and contact positioning would be in-
determinate. The shading also causes ac relays to be
inherently slower to release than dc relayvs of the
same size. The delay is about 10 ms or longer to
prevent contact release at each polarity reversal on
60-Hz operation.

The contacts in an electromagnetic relay make or
break the connections in electric circuits. The var-
ious contact styles, materials, and ratings that are
typical for most relays 1o be covered in this chapter
are presented in Fig. 4-13. High-current conlacts are
usually of the single-button or bifurcated siyle. No-
ble metal alloys are used for the contact material (o
reduce oxidation that causes high resistance, The
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Fe 122 Common relay contacts,
tact resistance at lower actuating force. The cross-
bar contacts are used for dry circuit (no or little
current flow) and are made of gold 1o hinder any
oxidation for low-level (millivolts or microvolts)
switching circuits.

Contact arcing is more common in d¢ than in ac
circuit interruptions. The ac circuits go through zero
voltage at each half cycle and extinguish any arcing

that occurs. Any metal transfer is generally elimi-

nated, except for a roughening of the contact faces.
The dc arcing or spark discharge is damaging and
will cause metal 1o transfer from the negative contact
to the positive contact, as shown in Fig. 4-14. The
needle-type transfer which occurs at low voltage and
low contact force is particularly cbjectionable, and
the needlelike build-up may cause mterlocking of the
contacts. To prevent this, contact shunting or arc
suppression may be used to elimmate or minimize
contact arcing when switching inductive loads. The

type A circuit shown in Fig. 4-15 uses a capaciter
connected across the contacts. When the contacts
open, the inductive load generates a voltage due to
its collapsing field. This voliage will cause the ca-
pacitor to charge, and arcing will be avoided. The
addition of a resistor in the type B circuit limits the
discharging current of the capacitor when the con-
tacts reclose. The following formulas are appiicable
for determining R (ohms) and C (microfarads) for the
RC suppression network across the contacts:
!2
C=1w

where

—~
|

= circuit current, A
capacitance, uF

J

oo 0.1V

P‘

a
L}
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Fig. 4-14 Metal transfer of contacts.
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Fig. 4-15 Three types of arc suppression.

where

V = open circuit voltage (induced + supply)

) 50
X=1 % ?
Using 0.3 A () and 50 V (¥), as an example:
c=%0_ 0009 (usc0.01pF)
5 :
R=m = 55.6 10 (use 56 £2)

" The capaﬁcimr voltage rating should be greater lhan
the open circuit voltage by at least 20 percent The

Supply
+

SRR R

use of an oscilloscope will verify aperation and per-
mit timming of the network. The type C network
shown in Fig. 4-15 uses a metallic oxide varistor
(MOY) for quenching transients (this device is dis-
cussed in Chapter 5).

Arcing also causes radio frequency interference
(RFI) signals. Because RFI signals can cause prob-
Jems with the operation of sensitive equipment and
instruments, these suppression devices are-very im-
portant for the role they play in reducing interfer-
ence. The most effective point of installation is at
the source or at the contacls. " .
. Another problem. with relays relates to the col-

- lapsing magnetic field of the relay coil, ‘generating
transient or cemf voltage expressed as = | :
— Ldi
v ¥
where di is the change in current
dr is the change in time
L is the inductance, in henrys (H)

di _ change in current, A
therefore 7 = ~change in time, s

For example. if the coil inductance (L) is 3 H
(typical) and the coil current decreases to zero in3 -
ms (di) when 500 mA (di) was flowing, the induced
voltage from the preceding equation is

— Ldi
di L
-3 % 0.5
0.003

__ 15
0.5 % 107?
-300V

If unsuppressed, this voltage will destroy the tran-
sistor driver of Fig. 4-16. To minimize this transient,
one of three methods shown in Fig. 4-16 can be used.
The most effective may be a combination of the types
shown. The simple diode solution does reduce tran-

V=

- “sients, but it also delays the drop-out of the coil, and .

‘this ‘delay may be undesirable. The diode becomes
'forward-biased as a result of the induced reverse

Normal current
:‘ with driver on

Y

Current F! ‘ felay N

wihen driver « | | | < eoit

suina ot L. 8 .-I T }
Diode RC Zeners Mov
Solid-state
cail driver

. dc dec ac or dc acor do
Fig. 4-16 Different types of coil tran- - \ )
Circuit voltage

sient suppression. =
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voltage of the coil as shown by the previous equa-
tion. and the diode remains on until the induced
voltage drops to less than 0.6 V (for silicon diodes).
The zener diodes and the MOV types shown in Fig.
4-16 preclude this delaying action, by stopping con-
duction at their higher breakdown potentials, which
is far sooner than a diede will. Their breakdown
voltage must be greater than the cdil operating volt-
age, but less than the transistor’s breakdown voltage.

The basic relay contact forms, of which'18 exist,
are shown in Fig. 4-17 (p. 77). The illustration shows
that there are lwo ways lo represent relay contacts
schematically. Type A and type B are exactly the
same electrically. The form identifications are com-
monly used by various federal, military, and indus-
trial agencies, and familiarity with both types of sym-
bols is necessary. Forms A, B, and C are mosl
commonly encountered in typical relay circuits, as
well as in the switches previously discussed as SPST
and SPDT types, although form designation is more
commeon for relay contacts.

Figure 4-18 shows contact action that can be ob-
served by an oscilloscope and gives some standard
terms used to describe relay action. The contact
bounce on opening or closing can create arcing and
assaciated problems. Bounce usually is due to im-
proper armature seating, dirty or oily armatures. of
excess ripple in the applied coil voliage.

Relays with misadjusted residual gap screws may
suffer contact bounce as well. These screws are
shown in Fig. 4-19. They are factory-set, and adjust-
ment in the field should not be attempted. The con-
tact chatter shown in Fig. 4-18 can lead to RFI and
may indicate contact spring vibration or that the ac
performance of the coil is inadequate.

The general purpose relay shown in Fig. 4-19 typ-
ifies a very broad category of relays that finds wide
application. They can be designated as almost any
type, depending upon the industry in which they are
being used. A quick look through any manufacturer’s
relay catalog will verify this. A general purpose
power relay uses the button-type contacts shown in
Fig. 4-13 and is capable of switching up to 25 A. This
type of power relay switching is common for power
supplies, small motors, lights, and auxiliary circuits.
A typical circuit for small motor reversing is shown
in Fig. 4-20. The closure of §; in Fig. 4-20(a), or Fig.
4.20(b) will reverse the dc motor’s direction of ro-
1ation. A very subtle situation can be observed by
comparing these circuits. In Fig. 4-20(a), slow op-
eration of cither set of contacts (one contact is still
made when the other transfers) will short-circuit the
power source and will cause a catastrophic failure.
This condition cannot occur in Fig. 4-20(b), and this
is the preferred circuit. ;

There are over 20 types of primary relays used
today in industry and tkeir basic mechanical struc-
ture is similar to that shown in Fig. 4-19. A lele-
phone-type relay (though not confined to the tele-
phone industry) has a long coil compared to ils
diameter. Both ac and dc types are available, with a
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b = Bounce time
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Fig. 4-18 Typical contact responsc as observed on an oscillo- |
scope.
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Fig. 4-19 General purpose relay.
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very wide choice of contact forms. A short time
delay can be produced in a dc relay by placing one

- or more short-circuited turns around the core to pro-

duce an opposing flux on energization or deenergi-
zation. This short-circuited turn (or turns) is called
a slug. It is most commonly used on telephone-type
relays that have long coils.

The term reed relay includes dry reed relays and
mercury-wetted contact relays, all of which use a
hermetically sealed structure. The switch capsule of
a typical dry relay (form A) is shown in Fig. 4-21.
With the iremendous increase in low-level Iogic
switching. computer applications. and communica-
tion applications. the dry reed relay is an important
device.

The basic reed switch capsules consist of solid

* metallic contacts sealed in a glass envelope. These
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Fig. 4-21 Magnetic reed switches.

CHAPTER 4 BASIC CONTROL DEVICES 79

Permanent

magnet

type

—a + Mator
sawer

— -input

24Vac
1] e

flattened ferromagnetic reeds are sealed at each end
of the capsule. The reeds are separated by an air gap
and overlap inside the tube. The glass tube may con-
tain an inert gas, such as nitrogen, or have a high
vacuum for high-voltage switching. The contacts can
withstand adverse conditions of humidity, salt spray.
and high altitudes. When the capsule is surrounded
by a electromagnetic coil of sufficient flux density or
is exposed to a magnetic field, the extreme ends of
the reeds assume opposite polarity, as shown in Fig.
4-21(a). The attraction forces of the opposing mag-
netic poles overcome the reeds’ stuffness, causing
them to move toward each other and close. Removal
of the magnetic field will return the reeds to their
open position. This action can be done at high speed
and repeated millions of times. The capsule may con-
tain form B or form C contacts inormally cloced)
with the normally closed side-biazed magnetically
with a small magnet, as shown in [ig. 4-21(d). The
reeds may also be constructed to achieve a normaliy
closed position mechanically. The first reed relays to
appear had to be hand-wound, but today they are

~available with up to 4 poles and with standard cet!

voltages of 3, 6, 12, and 24 V. Electrostatic shielding
is incorporated around the reed capsules to reduce
pick-up and cross-iaik. These relays are now avail-
able in DIP packages for siandard IC sockets. High-
voltage techniques permit some of them to withstand
kilovolts and to have closed-contact resistances of
10 02 or less.

The original mercury-wetted reed relays were
formed with a movable reed having its base in a pood
of mercury and the end arranged to move between
two sets of stationary contacts. They had many dis-
advantages such as poor resistance to shock and
vibration, and they had to be operated in a vertical
position. Recent developments in mercury-wetisg
contacts have overcome these disadvantages. Thesz
rclays offer, as their principal advantages, no coniact
bounce and low, stable contact resistance. Follow
Fig. 4-22 as high-speed pictures 1 through 5 show the
mercury-wetted contact action for an SPDT bridging
(make-before-break) form C. The mercury is shown
in black.
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The mercury plunger relay has contacts that are
hermetically sealed in a glass or metal envelope in-
side a coil. Both normally open and normally closed
contacts are available. These relays can handle up
to 50 A. The sealed structure ensures that the con-
tacts are free from dust and air-borne contaminants.
This type of relay is position-sensitive and is not
useful in vibration environments.

The mercury displacement relay (MDR) shown in
Fig. 4-23 provides a self-renewing contact with a
single moving part. There are no pins and hinges as
in conventional relays, and the liquid mercury pro-
vides a new contact surface with every actualion.
The MDR is very quiet, considering ‘the current it
will handle. (Note: If an MDR breaks, use extreme
caution for clean-up because mercury vapor is highly
toxic, and its disposal must follow accepted safe
practices.)

Latching relays are available in two types: mag-
netic latching and mechanical latching. They may be
of the power, telephone, or even the reed type. Mag-
netic latching usually employs permanent magnets (o
make the contacts bistable. Thus, after coil power is
removed. the armature is magnetically held in the
actuated position. Reset action is accomplished by
applying either a voltage of proper polarity to a sep-
arate reset coil or a reverse voltage to the actuating
coil. Mechanical latching relays are of two basic
stylesi mechanical reset and electric reset. The me-
chanical reset type employs a coil and armature with
a reset mechanism. The mechanism locks the arma-
ture in the operated position after the coil has been
deenergized. Reset is accomplished by manually trip-
ping the locking mechanism. Electric resei types em-
ploy a second coil and armature to trip the latch
mechanism for resetting to the original position.
Some vendors call the latching relay an impulse,
alternating, or flip-flop relay for obvious reasons.
Solid-state relays will be covered in Chapter 14 on
optoelecironics. Z

A few special relays, though infrequently encoun-
tered, are worth mentioning. The RF, or coaxial,
relay is designed to attach directly to coaxial cables
and match the cable impedance of 50 to 75 f). Radio
frequency (RF) losses are minimized by ihe use of
glass silicone and melamine for insulation.

Sensitive relays require only small amounts of
power to operate (usually less than 100 mW). They
can employ reeds or dry circuit cross-bar contacts.
Low-voltage relays with coil resistances around 1k}
can be directly driven by MOS, TTL, or HTL de-
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Fig. 4-23 Mercuny displucement relay

vices (covered in Chapter 11) without the need for
buffers.

REVIEW QUESTIONS

7. Magnetic action of the armature closes the
contacts in Fig. 4-12, and the gpens the
contacts.

8. Is pole shading done on ac or dc relays?

9. Is arcing of contacts more predominant in ac
or dc load circuits?

10. Metal transfer not only degrades contacts but
can cause them to closed.

11. Which coil suppressors shown in Fig. 4-16
should not be used in circuit Fig. 4-20(a) or
4-20(6)?

12. By magnetically biasing the reed in Fig.
4-21(b), form contacts are realized.

4-3
TIMERS _

[

We will now look at timie delay relays (TDRs). Elec-
trothermal or thermostatic delay relays rely on a
heating element to provide a temperature differential
for mechanical expansion to open or close a contact.
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Originally built to a standard tube-tvpe base. they
arc now available in miniature versions for PCB ap-
plications. Though in use for many decades, they
still offer several advantages, including operation on
altzrnating or direct current, small sizz and weight.
simple construction, low cost, and long life. A hig
advantage or disadvantage is the recvele time. The
cooling time can be five lo ten times the actuating
time, which renders them undesirable for use in some
circuits. Delays of 2 to 300 s are very common, and
some models are adjustable. Time delay relays can
also serve as flashers. In a flasher service, the heater
circuit is opened with the load circuit, and a 30 per-
cent duty cycle is typical.

The electropneumatic form of TDR (also called the
dashpot time delay relay) consists of a relav which
has a plunger connected 1o a dashpot. The dashipat
is a device that employs either a gas (such as air) or
liquid to absorb energy and retard the moving parts
so as to produce a time delay. When the coil is
energized, the solenoid plunger pulls out the dashpot
piston at an adjustable rate. At the end of its travel,
the plunger completes the magnetic circuit and snaps
the contacts closed. The contacts are held by full
magnetic power until the coil is deenergized; then
drop-out is instantaneous. The gas or liquid used for
delaving is usually reused in a closed loop. thereby
eliminating outside contaminants.

The addition of a copper collar slug on the tele-
phone-tvpe relay previously discussed delays the
energization and sustains deenergization of this type
of relay. For maximum pick-up delay, the slug is
placed on the armature end of the core. Pull-in delays
up to 150 ms and drop-out delays of 500 ms can be
obtained. The electromechanical type of TDR is
shown in its basic form in Fig. 4-24. A wnall svn-
chronous ac motor drives a cam through an electro-
magnetic clutch and gear train. When the cam has
rotated far enough. it operztes a switch which con-
trols the load. As long as the power-line frequency
is constant. the time rotation of the cam will be
dependent only on the power-line frequency (not
voltage). thercby rmaking the svnchronous-motor
TDR one of the most slable tyvpes. The delay range
of the synchronous TDR is of the order of 50 to 1.
for a given gear ratio. Delays of 10 s 1o several days
can be obtained, with resolution on the order of 2
percent.

Adjustability is achieved by a mechanism that al-
lows the user 1o rotate the swilch with respect to the
cam. Reset is accomplished by releasing the clutch,
soa spring mechanism can return the cam to its initial
position, and requires 100 ms or more. Some units
have automatic reset and will recycle if a sustained
circuit is used or wait for another stari to begin an-
other cycle. This type is known as the inrerval timer.

The multicam timer is an extension of the syn-
chronous-motor TDR, with or without the clutch,
but has no reset. A cam is a set of circular plates
mounted on the shaft coupled to the motor by a gear
assembly. Each cam is independently adjusiable for

'L
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Fig. 4-24 Elecrromechanical time-delay relay,

2 to 98 percent of the total cycle time. Total revo-
lution time is determined by motor speed and by the
gear train assembly. A wide variety of models are
available to suit a wide range of applications. A most
common type with a push-to-start switch and a fric-
tion clutch is found in clothes dryers, dishwashers,
and industrial applications such as chemiczl and
other automatic processors that are cyclic in nature.
~~"Electronic timers have teen around for many
years. Early dcsigns used the vacuum tube, then the
thyratron tube, for the active element uscd for tim-
ing. With the arrival of solid-state electronics
(diodes, transistors, thyrstors. and integrated cir-
cuits) vacuum and thyratron tubes have been mostly
replaced in timing applications. Solid-state circuits
have offered an unparalleled reliability, efficiency.
and flexibility for use as control devices, in an ever-
widening range of zpplications.. The RC/hreshold
method is considered the oldest Class for electronic
ummg Fzgurc 4-25 shows a 1;pical threshold-type
circuit using a unijunction transistor with an SCR.
Although there are many sariations of the circui
described here, the characteristics are attributable to
all. With §, as shown, the czpacitor vollage is at
zero. Activating §,; applies the reference voliage
across the resistor and capucitor (R and C). The
voltage across the capacitor rises to 63 peicent of
the reference voltage in R = € seconds. or ure time

OFF.F2

1
I

L]

Fig. 425 Tyvpical UIT threshold-type circuit
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constant. This product is

T seconds = R ohms x C faﬁads
1s=10x1F

If we wait longer, the voltage will continue to rise
higher: to 86 percent at 2RC and to 95 percent at
3RC. The curve of voltage against time is not linear
but exponential. The larger the time constant, the
longer it will take to reach the threshold voltage.
Also, the closer the reference voltage is to the thresh-
old voltage, the longer it takes to reach it. Let’s look
at some numbers. If the threshold voltage were 63
percent of the reference voliage, then one RC time

constant would be required. If we wuse
R = 1 MQ and € = 1 uF then the time is
T

RC

(1 x 105 x (1 x 1079

ls

What if we want 60 s (1 min)? Then RC must be

increased 60 times. A 60-MQ resistor is not practical
because of the loading of the UJT on the charging

wnn

o e

circuit. If we need 1 h (60 min or 3600 s), we must
increase C to 3600 pF. Such capacitors are large and
expensive and have high leakage. We would have to
use electrolytic-type capacitors, which vary in value
and leakage with temperature changes. With aging,
capacitors and resistors change value and drift. All
in all, it is not unreasonable to expect a ‘worst-case”
error of 30 percent in RC/threshold designs. The uni-
junction in Fig. 4-25 could be replaced by a pro-
grammable unijunction transistor (PUT), permitting
a variation of the threshold voltage as shown in Fig.
_ 4-26. About 90 percent of RC/threshold timers use

“ either 2 PUT or UJTog st s cbnnn:

Y was introduced; it still enjoys popularity among de-
" signers. This timer's success can be attributed to
several inherent characteristics; :versatility, stability,
and low cost. The simplicity of the timer, along with
its ability to produce long time delays, has lured
designers from using mechanical timers and discrete
circuits and into the ranks of IC timer users,/The
timer consists of two voltage comparators, a bistable
flip-flop, a discharge transistor, and a resistor divider.
To understand the basic concept, examine Fig. 4-27.
This circuit shows the time delay mode, where the
output changes state at some design time after a
trigger signal is received. An internal resistive divider
sets the two comparator levels. Since the resistors
are of equal value, the threshold comparator is ref-
erenced at two-thirds of the supply voltage and the
trigger comparator at one-third of the supply voliaze.
When the trigger voltage is moved below ofie-third
of the supply, the trigger comparator changes state
and sets the flip-flop, driving the output to a high
state. An external capacitor can be connected to
either the threshold comparator or the trigger com-
parator, depending on the desired mode of operation.
Figure 4-27 shows the IC configured for time delay
operation (note that the capacitor is connected to

¢/ In the carly 1970s, the integrated circ { (1C) timer * ©

Time-delay operation
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: //IIg 4-27 Integrated circuit timer
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block diagram.




both comparators). The internal discharge transistor
is not used in the time delay mode. The operation
begins by lurning on the external trigger transistor,
which grounds the capacitor. The trigger comparator
now sees a low state and sets the timer output high.
When the transistor is turned off the capacitor begins
charging; when it reaches the threshold (1wo-thirds
V.o) the threshold comparator trips and the output
switches low a2nd remains low until the external trig-
ger transistor is turned on again. Thus time delay is
accomplished by having the output go high, and,
after a prescribed time interval, the output goes low.
- A few details about a standard IC timer, the 555,
“are worth mentioning. Because of its circuitry, the
555 IC will enly trigger on a negative-going edge of
the input pulse. It is necessary that the trigger input
be returned to a voltage greater than 113V, or that
ac couplinginto the trigger input be used. The control
voltage is brought in at the two-thirds point of the
reference divider. Imposing an external voltage at
this point can vary the timing. This feature makes it
possible to use the timer as a voltage-controlled os-
cillator or pulse-width modulator. When this control
feature is not used, the control voltage input should
be bypassed to ground with a ceramic capacitor. The
reset overrides all other functions of this timer. .~
With the arrival of large-scale ICs, mainly because
of metallic oxide semiconductor (MOS) technology
improvements, IC timers have been improved along
with other integrated circuits. The programmable
timer/counter of Fig. 4-28 is a typical example. The
*‘programmable’ feature increases its value for com-
puter-controlled applications as well as others. The
timing cycle is initiated by applying a positive-going
trigger pulseto pin 11. This trigger activates the time-
base oscillator, enzbles the counter section, and sets
all counter outputs to the “'low™ state, The time-base
oscillator generates pulses with a period equal to RC.
These clock pulses are counted by the binary counter
section. The timing cycle is completed when a posi-
live-going reset pulse is applied to pin 10. The timing:
sequence of output waveforms at various circuit ter-
minals aftér a trigger signal is shown in Fig. 4-28.
When in the reset state, both the time-base and the
counier sections are disabled, and all counter outputs
are at ""high” state. In most timing applications, one
or more of the counter’s outputs are connected back
to the reset terminal (5, closed in Fig. 4-28). Con-
nected this way, the circuit will start timing when a
trigger is applied and will automatically reset itself
to complete the timing cycle when a programmed
count is complete. If none of the counter outputs is
connected back to the reset terminal (5; open), the
circuit willeperate in its astable or free-running mode
after an input trigger. The binary counter outputs
(pins 1 to B) are open collector type stages and can
be tied together to a common pull-up resistor to form
a wired-or connection, which simply means that the
combined output will be low as long as any one of
the outputs is low. This allows the time delay asso-
- ciated -with each counter output to be summed by
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Fig. 4-28 Programmable times/counter circuit block diagram and
timing waveforms.

tying them together to a common bus, as shown in

- Fig. 4-28. For example, if pins 1, 5, and 6 were tied

10 the output bus, the total lime delay wo;Id be (1
+ 16 + AT = i
the timing cycle to be from 1 to 255?‘ where T =
RC.

When power is applied with no trigger or reset
inputs, the circuit reverts to its “‘reset” sizte. The
binary counter outputs are high or in a nonmndu-.-
ing state. Once triggered, the cucml is immune 0
additional trigger inputs, until the timinz cyc!
completed or a reset input is applied. During a tir
cycle, the oulputs change in accordance with Lie
timing diagram of Fig. 4-28. The oufputs can be uisd
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individually or can be **wired-or”’ as previously men-
tioncd. The period T of the time-base oscillator can
be modulated by applying a dc voltage to pin 13. The
time-base oscillator can also be synchronized by ap-
plying a sync pulse to pin 12. The time-basce period
is determined by the external RC network connecled
to pin 13. The waveform at pin 13 is an exponential
ramp with a period 7' = RC. The time-base output
(pin 14) is an open collector stage and requires a 20
k(2 pull-up resistor to pin 15 for proper circuit op-
eration. Al resel, the time-base output is at high
state, and subsequent 1o triggering, it produces a

_ negative-going pulse train with a period T = RC.

The time-base output is internally connécted to the
binary counter and in some applications may be used
as an input for externally generated clock pulses.

REVIEW PROBLEMS

13. An clectrothermal TDR operates on ac or dc
voltage?

14. The dashppt of an electropneumatic relay
speeds up actuation. (true or false)

15. Loss of liquid in the dashpot will
the delay.

16. To maximize the pick-up delay of a tele-
phone-type relay, the slug is put on the
end. 3

1'|?. What type of timer will wait to start another
cycle?

18. What value of resistor is needed for an
RC.'_threshoId timer constant of 4 s with 2 4 pF ca-
pacitor?

4-1
OVERCURRENT PROTECTION

Most electric and electronic circuits nced some sort
of safety valve for protection from dangerous over-
!aads. The oldest and most common type of protector
is the fuse. The common plug-type fuse was origi-
nated by Thomas Edison in 1890 and is available at
current ratings up to 30 A at 125 V. The high currents
that can be present during a short circuit can cause
electnca! damage to equipment, mechanical damage,
and pgs:nbly an extremely hazardous fire risk. There-
fore, it is extremely important not to bypass, short-
circuit, or oversize the replacement of a blown fuse.

The fuse is a device which protects by melting
(fusing), thereby opening the circuit in response to
an-overload or short-circuited current. The typical
electronic fuse utilizes silver wire or some other
metal link housed in a package that is often cylindri-

are rated for an ambient temperature of 25°C and
must be derated as the temperature increases. This
temperature requires good contact connections and
air movement to achieve the predicted life.

Fuses have three important specifications—cur-
rent rating, voltage rating, and fusing characteris-

Metal fuse Imk\ /Glul or ceramic tube

Metal end cap
Solder point

Air, vacuum, or chemocal Ll

(£}

Metal fuse Iink\

el e T

e L t, o o) & 01}
Fig. 4-29 Fuse construction. {a) Fast or medium acti
Slow action fuse. il

tics—and are manufactured in a ‘wide variety of
styles and shapes. The glass and ceramic tube fuses

.are popular for protecting electronic equipmentand

are shown in Fig. 4-29. : .
The current rating of a fuse is expressed in' RMS

amperes or fractions of an ampere. Fuse ratings are
established by a controlled set of tests referenced by
the Underwriters Laboratorics, Inc. It is extremely
important to remember that fuses are sensitive to
current, not voltage. A fuse will not blow (open) until
its melting temperature is reached. The current rating
is always stamped or otherwise indicated on the fuse
body.

The voltage rating of a fuse should be equal to or
greater than the circuit voltage. This rating is covered
by National Electrical Code (NEC)® regulations and
the Underwriters Laboratories (UL) to prevent fire
risks. Ratings of 32, 125, and 250 V are common and
adequately cover most electronic apparatus. The
voltage ratings apply to an interrupting capacity of
10,000 A. This is a large safety factor for the type of
short-circuit currents likely to occur in électronic

equipment. - ;
The normal-blo (standard) fuse is used for resistive .

or non-surge-type loads and should be replaced with

the same type when being renewed. This type of fuse
is mainly used for protection against short circuits.
The chart in Fig. 4-30 shows the electrical charac-
teristics of normal-blo fuses. Note that the fuses
shown can withstand a 10 percent overload for at
least 4 h. This style of fuse can have a glass or
ceramic body, as shown in Fig. 4-29. Glass fuses give
a better visual indication, but the ceramic fuses are
more rugged to abuse and will not shatter on extreme
overloads.

The second type of fusing characteristic is the slo-
blo. This type may also be called time delay or dual
element, depending on the manpfacturer.” These
types provide a time delay for overload currents
greater than 50 percent. They are useful in protecting
surge-type loads such as motors and capacitors.
Slow-acting fuses have two blowing mechanisms;
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Fig. 4.30 Fu<ing characteristics.

Fig. 4-29(b) shows that a solder joint is under spring
tension. A moderate overload will eventually melt
the solder, and the joint will pull apart, interrupting
the circuit. An extreme overload will melt the metal
fuse link and provide a quick respons=. Compare the
difference in Fig. 4-30 for the blowing time between
a normal-blo and a slo-blo fuse for the same per-
centape of overload. For example. the Blowing time
at *00 percent is 0.01 s for the normal fuse and 2 s
for the slo-blo 1ype.

Semiconductor fuses are used 1o protect diodes.
thyristors, and other semiconductors that have little
thermal storage capacity and cannot handle heavy
overloads {or any length of time. This type of fuse is
extremely fast-acting compared to normal-blo of the
same ralings as indicated in Fig. 4-31, which covcre
currents up to 10,000 A. It is especially important w
use an exact replacement when renewing semicon-
ductor fuses. Note that the chart is a log-log scale so
the numbers change rapidly along the time and cur-
rent axes. The fuses used in some semiconductor
circuits may be rated as high as 1000 A. Figure 4-32
shows the typical location of fuses in a solid-state
power supply application. Fuses F, and F, placed in
series with semiconductors and the supply lines are
a protection againsi internal faults and overload con-
ditions. Service interruptions cannot be tolerated in
large rectifying equipment in some industrial appli-
cations such as electrochemical applications. The
three-phase bridge of Fig. 4-32 is a usual method of
including one or two redundant parallel paths (shown
in dashed outline) to maintain uninterrupted opera-
tion, If a rectifier fails, the fuse opens, disconnecting
the short-circuited rectifier without damage to the
equipment or interruption of service. Fuse £ is pro-
tection against an external short circuit or excessive
Iqad currents at the output; F5 protects against shorn
¢ircuits and overloads.

With international trade mere commonplace today,
a word about international fuses is appropriate at this
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time. Most countries have certification by agencies
similar to UL here in the United States. The follow-
ing are acronyms for international, European, and
Canadian =gencies:

International Electrotechnical Commission (IEC)
Switzerland (SEV)

Verband (West German) (VDE)

Svenska (Sweden) (SEMKO)

Canada (CSA)

The European and Asian fuses are 5 by 20 mm and
are not the same as the 1/4 by 1 1/4 in. 3AG fuses
that are commonly used in the United States. These
fuses are 6.3 by 32 mm. Trying 10 install a 3AG 10
renew a 5-mm and vice versa can cause a hazardous
situation and should not be attempted. Also note that
most foreign fuses are rated at 250 V because that is
the primary operating voltage of their main line cir-
cuits, just as 120 V is the standard in this country. If
foreign equipment is involved. observe fuse sizes and
ratings carefully and judiciously.

Circuit breakers are automatic overcurrent protec-
tors designed to open under overload conditions. We
will cover the general purpose types applicable to
clectronic equipment. Circuit breakers are mainly
limited to :hree poles. The simple thermal circuit
breaker shewn in Fig. 4-33 responds to temperature
changes of its internul bimetallic element. This ele-
ment is in series: if the load current increases lo

Amrpere rating
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Fig. 4-31 Fuse characteristic curves.
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about 125 percent of the breaker's raling, it bends
and the contacts open. To provide additional protec-
tion, some types of thermal breakers contain a built-
in trip-free mechanism which allows the contacts to .
open, even if the breaker’s lever is manuafly held
reset. The performance curve in Fig. 4-33(c) shows '
that the thermal breaker has no true instantaneous -
tripping point.- This limitation precludes the simple i
thermal breaker from most applications.

The thermal-magnetic circuit breaker and its per-
formance curve are shown in Fig. 4-34. This breaker
operates by using the same principle as the simple
thermal breaker for moderate overloads. On extreme
overloads, the magnetic featurc comes into play and
takes over to assist in tripping the mechanism. The
magnetic field created by the fault current atiracts
the magnetic plate and opens the contacts. This ac-
tion provides the thermal-magnetic breaker with an
instantaneous trip capability for extreme overloads.
The thermal-magnetic types are therefore more de-
sirable for most applications.

The magnetic-hydraulic circuit breaker consists of
a solenoid with a dashpot (piston in fluid). The so-
lenoid coil is wound so that the spring-loaded core
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Fig. 4-34 Thermal magnetic breaker. (a) Action. (k) Characteristic
curve.

does not move at normal currents. On heavy over-
loads (usually ten times the rating). the strength of
the magnetic field attracts the armature to a cylinder
cap 1o open the contacts instantaneously. At small,
sustained overloads the field of the solenoid pulls the
iron plunger into the core. As the core moves into
the solenoid, it reduces the gap of the magnetic cir-
‘cuit and in turn increases the magnetic fiux. rhe
speed of movement of the piston is determined by
the viscosity of the silicone fluid in the dashpot. This
style of breaker has a time delay for moderate over-
loads. If the overload is removed before the piston
gets to the top, the spring pushes the piston back to
the bottom before the armature can trip the contacts,
Since breakers are basieally mechanical devices, it
is a common practice to manually trip them occa-
sionally to ensure their proper operation.

REVIEW QUESTIONS

19. What other fuse characteristic is important in
addition to the current and voltage ratings?
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4-5
SOLENOIDS, CONTACTORS, AND
STARTERS

A solenoid is an electrically energized coil in which
the turns of the windings are insulated from each
other even if bare wire is used. They are the basis
for all electromagnets. We are interested in the.so-
lenoid with a moving core called a plunger. This
device will convert electrical energy into mechanical
motion, which may be either linear or rotary. The
basic linear solenoids are shown in Fig. 4-35. The
plunger is the movable bar of high-permeability steel
or soft iron and may be laminated for ac operation
to reduce eddy current loss. Referring to Fig. 4-35(a),
when the coil is energized the plunger becomes mag-
netized and mutual attraction takes place between
the coil and plunger. The traditional solenoid is the
iron-clad or box style shown in Fig. 4-35(b). The
solehoid and plunger are provided with an iron or
steel jacket, which is usually laminated for ac oper-
ation. The effect of the frame is to increase the mag-
netic and mechanical forces slightly at the initial po-
sition and much more so at or near the final position *
of the plunger. In the magnetic-cushion type, Fig.
4-35(b), the plunger cannot strike the opposite end of
the open frame as it passes into the coil. thereby
eliminating the hammer blow effect which occurs in
iron-clad solenoids. This effect is utilized in electric
hammers, but in other applications the constant ham-
mering is detrimental to the solenoid and the noise
is objectionable. This effect occurs on the solenoids
shown in Fig. 4-35(c) and 4-35(d). In Fig. 4-35(c), the
iron-clad solenoid has its plunger travel limited by
the closed frame. The type illustrated in Fig. 4-35(d)
is known as the stopped iron-clad solenoid because
of the iron or steel plug or siep extending downward
toward the plunger to increase the pull at or near the
final position and also to increase the seated pull.
One of the important factors considered in select-
ing a solenoid is the work requirement for the sole-
noid. The force required by the load must not exceed
the force developed by the solenoid during any por-
tion of its travel; if it does, the plunger will not pull

Pluggzed
Intoped)

Open Closed

20. Fuse current rating is always given in
amperes.

21. Fuses are sensitive devices and
therefore require good solid connections.

22. What type of fuse is used for motors or ca-
pacitive loads?

23. What is the main criterion of semiconductor
fuse usage?

24. What is the major limitation of the simple
thermal breaker?

A B c o

Fig. 4-35 Solenoids and plungers.
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Vtﬂh——flﬂ Hz 120
Duty Cont,
Coil resistance (Ohms @ 25°C) B8
Watts scated 9.5
Amps seated 0.24
Amps %" 0.72

| Amps W 1.0

|l Amps %" 1.22

Fig. 4.36 Sample of solenoid specifications.
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in of seat. With an ac solenoid, this ¢ould burn out
the coil. The coil reactance will not reach its intended
maximum because the core (plunger) does not come
into position. Excess current will flow in the coil.
Never select or replace with an overrated solenoid
because it will develop more force than is required
by the load. The extra energy must be dissipated by
the plunger or field piece on impact, causing pre-
mature failure. Proper alignment of plunger and load
is also important. Loading which is not centered
along the line of plunger travel should be avoided or
corrected. If misalignment occurs, plunger wear in-
creases, and with ac solenoids, seating will be im-
paired. Where an ac laminated plunger is directly
linked to a mechanical load, jamming of the plunger
could burn out the coil.

With ac solenoids, an inrush current occurs until
the plunger is seated. The table in Fig 4-36 gives
typical values for an ac solenoid. As can be seen,
the longer the stroke the higher the inrush current,
and the inrush continues until the plunger is seated.
The operating limit of any solenoid is determined by
the temperature rating of the insulating materials
used in its coil. As long as this maximum is not
exceeded, the solenoid's pull characteristics will not
be materially degraded. With modern insulation ma-
terials, this maximum temperature is usually 110°C.
As the coil temperature increases, pull decreases. A
widely used rule of thumb is to select a solenoid
which will deliver a slightly greater force at 110°C
than the load requires for the anticipated coil voltage
as shown in Fig. 4-37. .

The duty cycle percentage is defined as the ratio
of solenoid coil oN time to the period of one cycle
(oN plus OFF time). For example, if a solenoid is
energized for 1 min and deenergized for 4 min the
duty cycle will be 20 percent, as follows:

oxN time % 100
o~ time + OFF time

_ 1 x 100 _
s 1=

Duty cycle, %

A majority of intermittent-duty cycles fall into three
categories: S0, 25, and 10 percent. Most solenoids
operated for up to 30 s ox time fall into the 50 percent
category. The 30-s to 3-min range falls into the 25
percent category, and the 3- to 5-min maximum ON
time would most likely fall in the 10 percent category.

Pull
Hominal

110°C 1otal
coil temperature

Actiual pull -
Reguired losd

Stroke

Fig. 437 Typical ac solenoid pull-stroke curve.

The continuous-duty solenoid may rémain perma-
nently energized at rated voltage without exceeding
its maximum temperature rise. A continuous-duty dc
solenoid may be subject to continuous ON-OFF cycles
without overheating; not so with the ac solenoid be-
cause of its inrush current. As Fig. 4-36 shows, high
coil current occurs until the plunger seats. The longer
the stroke the higher the inrush current. In continu-
ous-duty ac solenoids, subject to ON-OFF cveling,
repetitious surges could cause overheating. A reduc-
tion in duty cvcle or the use of a dc solenoid is
necessary. The intermittent-duty solenoid is designed
to be enercized for a maximum of 5 min’ without
excessive overheating. After 5 min it must be per-
mitted to cool before resuming operation. In some
cases thermal cut-out devices are incorporated as a
fail-safe measure for excessively high ambient tem-
peratures or overloads which could cause the plunger
to stall.

The speed of operation is a function of the applied
load and power. An ac solenoid’s operating speed
will vary, depending on the point of the applied volt-
age cycle. If a consistent operating speed is required,
a dc solencid should be selected. .

Push-type solenoids are usually modified pull types
and can use alternating or direct current. They have
a nonmagnetic pusher rod projecting through their
stops with the plunger protruding ‘out ‘the other end.

We must look at the rotary solenoid with its unique
style of aperation. Smooth rotary motion is achieved
by the use of ball bearings and a varying pitch ball
race. The solenoid can turn, step, index, lock, punch,
or lift in milliseconds. These units can have right- or
left-hand strokes and can weigh up to 5 Ib and have
starting torques as high as 1001b - in. for a 25 stroke.
In ordinary electromagnets, the magnetic pull in-
creases sharply as the air gap closes, but in the rotary
solenoid, this is compensated for by the compound
angle of incline of the ball races. The incline of the
ball races is steep at the beginning of the rotary
stroke and gradually decreases as the balls approach
the deep end of the ball races. This arrangement
amplifies torque at the start of the rotary stroke,
where it is usually needed.
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Fig. 4-38 Hold-in current-reduction circuils.

As for all the other electromagnetic devices dis-
cussed, the temperature is a very important factor.
As the temperature of the coil rises, so does its re-
sistance. Increased resistance reduces current flow
with a constant voltage source, consequently de-
creasing the output torque. Heat can be dissipated
by controlling the air flow, by mounting the solenoid
on a large surface (heat sinking), or by resorting to
duty cycle limiting, which is how they are rated by
the manufacturers. One way to decrease the temper-
ature rise in a rotary solenoid is to use a hold-in
circun to reduce current to a point at which tarque
is sufficient to maintain the solenoid in the energized
position. One commeon method to reduce coeil current
during hold-in is 2 normally closed (N.C.) switch in
parallel with a hold-in resistor, as shown in Fig.
4-38(a). When the pushbutton (PB) closes the circuit,
full voltage is impressed across the solenoid coil,
resulting from the bypassing of the resistor by the
N.C. switch. As the rotary solenoid approaches the
end of its stroke, a mechanical connection opens the

_ N.C. contacts. This reduces the solenoid voltage and

lowers power dissipation. Figure 4-38(b) shows an-
oiher technique for reducing hold-in current. When
the PB switch is first closed; current flows through
the base-emitter junction while charging capacitor C
to the input voltage. This base current turns on the
emitter-cellector circuit and allows full power to be
impressed across the solenoid. The hold-in continu-
ous current is supplied through R: thus limiting dis-
sipation in the solenoid. When switch PB is released,
the solencid is released and the capacitor is dis-
charged by R, and R, to prepare the circuit
next activation evele.
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TABLE 4-1 CONTRACTOR IULTI\GS

Motor Rating* Resistive Rulmg Horsepower®

600 V 600 V 120V

30 A . 40 A 1.5 (16IP
3 (343P)

A0 A 0A 2 (1o2P)
% 342P)

" A25°C. &0 Hz

Contactors are, in general, constructed in the same
way as relays. Normally, they are supplied with two,
three, or four N.O. contacts. They are used for
swilching power to control motor loads in refriger-
ating, air conditioning, heating, lighting, and venti-
lzting systems. Applications also include controlling
heating elements and primary power to an assembly
such as a copy machine or a computer. Ratings are
generally listed by continuous amperes or horse-
power. A lypical listing will look like the one shown
in Table 4-1. The symbol 162P denotes single phase
with 2 poles and 343P denotes three-phase with 3
poles. Contacts are usually field-replaceable. As an
option, an auxiliary snap-action switch is available
for low-power switching or coil interlock and latch-
ing. With the use of a control transformer. the con-
tactor coill may be operated at a lower voliage, as
shawn in Fig. 4-39. The addition of the control trans-
former is desirable in some instances 1o keep high
voltages off the switches and lights, and away from
the operators. This simple circuit provides a means
of energizing the contactor. Depressing the momen-
1ary staii button completes the circuit; the contactor
¢nzreizes, the light (R) lights, and the associated
poveeris applied to the load, The contact’s [CR (usu-
2y auxiliary) will now close, holding the circuit on
when the momentary start button is released. This
condition will persist until the operator intervenes by
momentarily pushing the stop button. In some cases.
a limit or thermal switch may be put in series with
the stop button or hold-in contacts (ICR) for protec-
tion. One disadvaniage of the second arrangement is
that an operator can hold the start bution in and
override the interlocks if they are wired in series
with the hold-in coniacts.

Contactors can be ac- or dc-operated, that is, for
the line or the actuation coils. In dc operation, a
magnetic blowout coil wound on a steel core is
—ounted between pole pieces. The blow out coil is
connected in series with the contactor and carries
the dc load current with the contactor closed. The
current sets up a magnetic field through the core and
the pole pieces. When the contacts open, the arc is
magnetically forced up and away from the contacts.
This lengthening and subsequent extinguishing of the
arc is rapid and greatly reduces wear and contact
burning. Contact wear allowance is the total thick-
ness of material that may be worn away before the
contact surfaces become ineffective. The contacts
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High sie
H, Hy Hy

- -

RAALER — transtormer

Stop

Interlock belongs
HERE and not HERE

Fig. 4-39 Simple pushbutton &
contactor circuit. X,

should be renewed when worn below the amount
specified by the manufacturer.

Starters can be of the manual or magnetic type.
Manual contacts are closed by v.crator force. To-
day's machines often require the convenience and
safety of remote control. The most common manual
type employed today is the drum-type switch. A
drum switch consists of stationary contact fingers
held by spring pressure against contacts on the pe-
riphery of a rotating cylinder or sector. Their use is
in applications in which the starter is operated fre-
quently, as in a machine shop by a machinist. A
reversing drum switch’s interp’ ! ~emaections are
shown in Fig. 4-40(a). A slon €udl he insarted or
removed by installing the grooe ace plates for re-
versing or ON-OFF operalion BY conuediing, as
shown in Fig. 4-40(i), a thiee-phase, three-wire niv-
tor can be reversed. Because no starting windings,
capacitors, or centrifugal switches are involved, re-
versing can be almost instantaneous. When used for
troiley- aid crane-lype operation, dynamic breaking
may be inciuded i the starter switch.

The magneiw siarter is Yery similar to the mag-
netic contactor in design and uperation. Both have
the feature of operating contacls when the coil is
energized. The important difference between contac-
tors and starters is the use of overload heater ele-
ments in the starter. There are motor starting
switches, for controlling small ac or dc motors up 1o
2 hp. that are equipped with their own overload pro-
tective devices. It is not always possible o control
the load that is applied to a motor. As a result, the
molor may overheat, and serious damage can occur.
For this reason, overload healer ¢lements arc added
in the motor starter. The same current that is causing
the motor iv overheat is also going through the ther-
mal element. We will now_and in the future refer to
these elements as thermal overload relays, as they
are designated by industrial convention. They are
available in the bimetallic type and the fusible-alloy
type. The bimetallic type has two heaters in series
with the circuit to be protected, and above these

ICA oC

- ”: I Lﬂ‘ j @ CR

N.C. MO

Hy

Lew voltage
54

o8 |
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2y 3o Mater

heaters are two bimetallic strips. Heating will acti-
vate the bimetallic strips, release, and cause the con-
tacts to open. The fusible-alloy type has two heaters,
each surrounding a thermal element consisting of a
small tube, inside of which is a loose-fitting shaft.
The tube and shaft are joined together by a low-
melting alloy. On overload, the increased current
melts this alloy, allows the shaft to turn, and open
the contacts. All overload relays should be trip-free.
This means that they cannot be held reset, causing
damage to the motor. If an overload trips, the cause
should be investigated and removed before the reset
is actuated to put the starter back into operation.
The overloads are selected to have an ultimate trip-
ping current of 15 percent overload on the motor.
Fieure 4-41 shows a typical three-phase motor starter
ciicuit Magmmm with thermal overloads included.
Pushing the start button energizes the CR coil and
closes all CR contacts. The motor runs until the stup
button is pushed or until an overload activares the
thermal clements in line 1 or line 3, opening one of
the averload (O.L.) switches in series with the CR
coil. If it is the fusible type, it must be replaced

.

Switch Cantact Positions

1]

111

FWD
(8}

Fig. 4-40 Raversing drum switch.
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L1 i Lz

Fig. 441 Starter circwt for three-
phase motor.

before resetting can be done. The bimetallic tipe can
be reset after it cools and proper investigation of the
canse has tzken place. A commercizl fullvoliage
starter is shown in Fig. 4-42.

Reduced-voltage starters are dividad inie saveral
I)';‘ESI -
1. Autotransformer
2. Primary resistor
3. Wye-delia (or star-delia)
4. Part winding
Why use a reduced-voltage starter? In coanecting 2

motor directly agross the line, the in-rush {starling) -

cirrent may be on the order of five to teri times he
full load current of the motor. This high curreat often
s will cause large ling disturbancés 2nd excess siress
on components, connections, and wiring. The bz

- principle of the reduced-voliage starier is-to apply
some percentage of the ling voltage 10 stant the mo-
tor. After the motor starts to rotate. it is switched or
incremented to full line voliage. In the autorrans-
former type, starting steps are usuzlly 30, 63, or &
percent of full voltage. It should be noted that at
reduced voltage, the output torque available is also
reduced. This effect is important when the moter is
starting under a heavy load.

Fig. 4-42 Full-voltage magnetic starier  {conrteésy General Elec-
tric Co.). x

For example.

the torque is 23 percent.
65 percent voltage tzp. the torque is 42 parcent.
. the torgue 15 64 percent.

30 percent voltage tzp.

(Note: Torque varics 25 the square of the voltage.)
The circuit diagram in Fig. 443, shows the contacis
of a reduced vohage autotransformer starter. The
two autotransformers are connected in open delta to
provide reduced-voliage starting. The 50 percent taps
have been selectad for 25 percent staring lorque.

- Five start contacts S and three run comtacis R are

_required. The overloads have been omitted for clarity
but would be included and zre always necessary. A
timing relay is operated by the starter contactor. The
motor accelerates at reduced voliage through the S
contacts: after a few predetérmined seconds. the
timer contacis closs, deenerzizing the startar tS)con-
tactor and energizinz the running (R coatactor. This
also disconnects the awtotransformer and pats full
line voltage on the moior

Figure 4-44 tllustrates a resistor-1vpe sterier. Sim-
ilar to the autotransformer type previously men-
tioned. it has the same sequence. After 2 preset tims
the run contactor shori-circuits the line resistors and
applies full line voltzge to the motor. This type of
starting gives smooth acceleration, because the mo-

Fig. 443 Reducedvolag: suteeransformer stanizr
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L3

Fig. 444 Resistor starter.

tor is never disconnected from the line, but is very
inefficient as a result of the high power loss in the
resistors during starting.

When using the wye-delta (or star-delta) reduced-
voltage tvpes, all three-phase motor windings (six
connections, T,-T) must be available for connecting
to the starter as indicated in Fig. 4-45, Figure 4-45(b)
shows the equivalent start ciruit. This circuit is
achieved by closing the § contacts and the LC con-
tacts. After a preset delay, the § contacts open and
the D contacts close, and the LT contacts remain
closed. Figure 4-45(¢) shows the equivalent run cir-
cuit. The S and D contacts are mechanically inter-
locked to prevent both from ever activating at the
same time. This type of starting requires no extra
components as the previously discussed types do,
but the motor must be made for this type of starting.
That is, all winding connections must be available.

The part winding =tarter also requires that the mo-
tor have all windings available (six or nine connec-
tions}. There .= six basic arrangements for this type

T8
Tl

T3
2 TS L3
]
T3
s
T2
T4

Equivalent start circuit

of starting, and it is best understood by referring to
the diagrams and table of Fig. 4-46, in which the run
(R) contacts and start (S) contacts are shown, The
common two-step circuit which is illustrated pro-
vides a starting current equal to about 65 percent of
the motor's normal locked rotor current for a starting
torque of about 45 percent. The equivalent circuit
connections for the table of Fig. 4-46 are shown.
The starter is designed so that when the start con-
tacls are energized the part winding of the motor is
connected to the input lines. After about 4 s the
second set of windings is connected, and the motar
develops its normal torque.

The last type of starter we will investigate is the
reversing starter. The reversing starter is, in effect,
two starters, of equal size, used for a given motor
application. To reverse direction of any three-phase
motor any two line connections are interchanged, as
with the drum switch of Fig. 4-40. It is a problem to
connect the two starters to the motor properly so
that the line feed from one starter is isolated from
the other. Either mechanical or electrical or both
tvpes of interlocks are employed to prevent both
starters from closing their line contacts at the same
time. Figure 4-47 (p. 94) shows a commercial revers-
ing magnetic starter. Note in Fig. 4-48 (p. 94) that
only one set of overloads is needed to protect both
forward a:d reverse connections. When the forward
(F) button is actuated. the normally closed F contacts
in the reverse circuit open, disabling the reverse start
circuit until the stop button is actuated. And the
converse is true for reverse (R) motion; note also the
R contacts in the forward circuit. The interlocking
described (s the electrical type. Catastrophic failure
would o ~ur i’ poth sets of contacts were allowed to
close @ thz same time. As a dowble precaution a
mechanically interlocking type of reversing starten is

L1

T

L1

T4,T5, T6 T1,T6

13 Lz
i T3. 75 T2, 74
Equivatent run cireuit

(&) (e}

Fig. 4-45 Wye-delta starter. {a) Starter circuit. {5) Wye connection. {¢) Delta connection.
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Fig. 4-46 Part winding starter.

26. If misaligned with its load, a solenoid will

available and is preferred by many designers and
not pull in or

technicians.

27. A jammed plunger in an ac solenoid can

REVIEW QUESTIONS the coil.

25. The *‘stopped iron-clad solenoid’* shown in
Fig. 4-35(d) is designed for increased mechanical

28. What is the maximum OX time for a 33 per-
cent duty cycle if the OFF time is 2 min? _
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Fig. 4-47 Magnetic reversing starer
«courtesy General Electric Co.
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Fig. 4-48 Reversing starter. I ,?‘
4-6 understanding or a lack of knowledge of the process.
TROUBLESHOOTING AND Whatever the problem, it should be recognized and
SIAINTENANCE handled carefully, efficiently, and as diplomatically

Basic controls are the primzrv controls for most in-
dustrial equipment. Because most of these devices
are line-operated, extrenie ware and safe trouble-
shooting techniques are necessary. Becatise of the
nature of these controls the analysis of anv problem
has to be brokea down as to whether it is =lectrical
or mechanical. I some cases, problems may be
both. The line voltage may be 110, 220, or 440 V so
it is recommended that batterv-operated test equip-
ment be used. A buddy system is desirzdle when
controls are remote from the device theyv are con-
trolling. The best sequence of effective troubleshoot-
ing starts with a careful analysis of the problem. If
resistance measurements are to be made or if it is
necessary 1o disconnect leads, you must lock out
circuits and tag them oFF for maintenance a5 a stan-
dard safety practice. Occasionally, a problem may
be due to personnel. As long as people operate con-
trols that operate machines end processes, problems
that are not within the normal realm of troubleshoot-
ing techniques can arise. They may be due to a mis-

as possible.

Visual inspection of all external controis lights,
fuses, brezkers, and connections is the first order of
business. Any unusual odors or signs of burning or
overheating should be investigated immediately, es-
pecially where solenoids. transformers, and relay
coils are involved. A blown fuse or tripped circuit
breaker indicates the need to investigate, not merely
1o replace or reset the protection device. Fuses are
temperature-sensitive, and therefore poor or loose
connections of their holders can cause a failure not
related to the existing circuitry. This is also true for
circuit breakers and especially thermal overloads
used for motor starters. Some overload units may be
on the same frame as the motor or processor and
thereby subject to constant vibration. This vibration
can cause connections to loosen and produce inter-
miltent connections or overheating in high-current
circuits. Troubleshooting can be done with the power
on (hot) or with the power off (dead). In the OFF
circuit, the ohmmeter is one of the best ways 10
check continuily of a circuit. Parallel or branch cir-



cuits may have to be disconnected to eliminate al-
ternate paths. Most toggle, slide, and snap-action
types of switches can be checked this way with good
results. : j N 2
“Rotary switches may make at some positions and
not at others, so careful testing is necessary. Clean-
ing can be done with a sharpened pencil eraser or
commercial spray cleaners. Be sure to follow the
directions on the «can.” Caution must be observed
because many contact cleaners are not safe to use
on plastics and should be avoided. Many of today’s
switches have plastic parts, and instead of a simple
cleaning job, 2 major replacement may be required
if the wrong cleaner is used. Most thumbwheel-type
switches can be checked with the aid of a schematic
or a table such as the one shown in Fig. 4-6.
Keyboard types are best serviced with the use of
an oscilloscope since a serial-type code may be pro-
duced on actuation. Some kevboards require whole
blocks of key replacements, although others allow
individual keys to be replaced. The service literature
is the best aid in such circumstances.
Electropneumatic TDRs may develop leaks or bind
internally and usually require replacement. A short-
ened time-out can be due 10 a loss of fluid or gas, as
an increase in timing may be caused by dirt or grime
on moving parts. If at all possible; remove the unit,
if cleaning s indicated, to a vented hood, using the
- manufacturer’s recommendations on cleaning.

Electromechznical TDRs are very susceptible 10 -

mechanical wear and-fatigue of movable parts and

riced periodic lubrication. Some have covers to pre-
vent dust, dirt, or ¥apors from contaminating the
enclosure and should be replaced immediately during
maintenance.

Most solid-state timers are virtually maintenance-
free as far as their mechanical aspects are concerned.
But semiconductors do fail and must be replaced. It
the frequency of failures increases, the power supply
should be investigated. Chapter 5 discusses power
supply troubleshooting. Line transients (brief over-
voltage condition) are another common cause of
sold-state failures and should not be overlooked.

Relays should not hum or chatter when energized.
In the case of dc types, the power supply should be
checked first. The armature and gap should be free
of all dirt and grime. Oil should naver be on any part
of a relay’s magnetic circuit because it attracts and
holds dust and dirt, which hinder the magnetic action
of the armature.

Most contacts are plated with special materials and
should not be cleaned with abrasive-type tools, such
as files or emery cloth. Excessive pitting, @s in Fig.
4-14, requires replacement of the relay or its con-
tacts. Pitting may be due to failure of th2 suppression
network or a load change from the original design,
in which case a different suppression network may
be'required. g

Reed relays are maintenance-free but do fail 2nd
need replacement periodically. They are magnetic
devices and must not E:e subject to large stray mag-
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netic fields; they have a low current capacity and

_ will not tolerate overloading. Low supply voltage has

a great effect on all relays 2nd should be the first
priority when doing checks with power on.

Solenoids are typically op-off, in-out, etc. devices.
Any deviation such as noncompletion of a full stroke
or sluggish operation should be investigated. Many
solenoids are attached to valves that control air,
water, oil, or other industrial finids or gases. They
can appear almost any place in a control system and
are usually remotely controlled. Alternating current
solenoids may hum slightly; however, an excessive
hum usually indicates that the plunger is not seated
properly. Remember the coil may overheat, as shown
in Fig. 4-36, as the result of excessive current flow.
Cleanliness when dealing with any electromechanical
device cannot be overemphasized. Also remember
1o check the voltage on the coil because it may in-
dicate a loosz or intermittent connaction and possibly
a low voliage, which can cause peor actuztion and
result in eventual failure of the unit. A check of the
de resistance of coils is.a good practice when looking
for an open coil. Remember that ac coils rely on
inductive reactance so their dc resistance will be less
than that of 2n equivalsnt dc type. A current probe
or clamp-on ammeter will give the best results 1o
verify the manufacturer’s indicated ratings.

Rotary solenoids.are intermitient devices; if fail-
urds occur 100 frequently. the cumrent limiting or
timing network mzy be defective, Forinstance. if the”

. capacitor (€] in Fig. 4-38(b)1s leaky. 1he transistor

(@, may shunt the limiting resistor (R.) =nd cause -
the coil to overheat. rasulting in premature failure.
Or 20 increase inthe resistance of R, may cause the
rotzry solenoid not to hold: a simple ochmmater test
is best to verify this problem.

Common problems encountered with contactors
and starters ara loose connections and grounds. Most
wiring 1o these devices is through conduits. Nicks
znd scrapes on wire insulation that occur during in-
stallation may produce problems af a later date.
Grounding on one lead of a three-phase motor, as in
Fig. 4-39, may reduce its speed of torque or even
chanze its rotation. When voltage checking, phase-
to-phase voltages. as well as phass-to-neutral mea-
surements, are necessary. Contacts used in starters
and contactors are available from the manufzcturer
and should be replaced when excessive wear is de-
termined. These units should not hum, as discussed
in connection with solenoids, and often indicates im-
proper seating. Along with checking the coil volt-
ages. look for loose parts or connections and dirt.
Dirt or grime in the armature gap will inhibit proper
seating and lead to excessive contact wear due 1o
low pressure. Looking at closed contacts will not
provide the necessary information, since contact
damage will not be apparent. As mentioned about
relays, most contacts are plated and should not be
filed. When contacts are pitied or worn, contzct re-
placement is the best solution and may prevent 2
failure at a future date. .
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Thermal overloads are temperature-sensitive de-
vices, .just as fuses are. Therefore, cleanliness,
proper venulation, and good solid connections are
very importani for efficient operation. Frequent trip-
ping of an overload may be the first indication of
motor damage, a load increase, or some sort of bind-
ing. A current measurement of the motor's line cur-
rent under load will be in order if no short circuits
in the wiring or motor are indicated.

Fuses and circuit breakers play an important role
in the safe operation of electrical equipment. A vio-
lent rupture of a fuse or instaneous tripping of a
breaker usually indicates a dead short or breakdown.
Checking for short circuits with an ohmmeter is the
best procedure before reenergizing the system. If a
breakdown is suspected, a Megger (a high-resistance/
high-voltage ohmmeter) test is one of the best but
should be used only if the suspected device can be
isolated from the circuit. Never overrate or override
a fuse or circuit ‘breaker. Doing so may result in a
fire or other severe equipment damage. The most

imporiant aspect of good troubleshooting and main-
tenance is logical and sensible application of your
knowledge.

REVIEW QUESTIONS
29. Basic controls besides having electrical prob-
lems may also have problems.

30. A_____ inspection of all external controls
is the first approach to solving a problem.

31. In Fig-4-27, if C were short-circuited what
symptom would result?

32. Excessive hum on an ac relay or contactor
may indicate what?

33. Filing pitfed relay contacts is a good mainte-
nance practice. (true or false)

34. Overheating in solenoids is the most com-
mon cause of their failures. (true or false)

CHAPTER REVIEW QUESTIONS

4-1. What type of switch matrix is used for the
DTMF coding? Hexadecimal?

4-2. Name a contactless tvpe of keyboard
switch.

4-3. Calculate the R and C needed across con-
tacts breaking 1 A at 25 V dc.

4-4. Draw a circuit that makes form C relay
contacts by using form A and form B contacts.

4-5. Would you expect more or less contact
bounce and chatter from a mercury-type relay?

4-6. What type of relay uses a separate reset
coil?

4-7. Caution during cleanup of a broken
relay is a necessary safety practice.

4-8. Relay drop-out current is usuallv consider-
ably ______ than relay pick-up current.

4-9. If the capacitor voltage of Fig. 4-27 is zero,
the output is

4-10. If pins 3, 6, and 7 are connected to the out-
put bus on Fig. 4-28, and RC equals 10 ms, T equals

4-11. To operate in the astable mode, S, of Fig.
4-28isleft —____,

4-12." What controls the delay of the magnetic-
hydraulic breaker?

4-13, What can happen 10 a breaker that has not
been tripped for a long period?

4-14. If Q, short-circuits in Fig. 4-38, the rotary
solenoid will

4-15. If you were to put a pilot lamp into the cir-
cuit of Fig. 4-41 to indicate control, should it be
connected across start, stop, O.L.s, or the coil?

4-16. If the overloads trip in Fig. 4-48 in the for-
ward direction, will the motor stop or reverse di-
rection?

4-17. Increasing a solenoid’s stroke will help it
1o seat better. (true or false)

4-18. Refer to Fig. 4-39. If the 1CR contact
failed to close, what would be the symptom?

4-19. What is the purpose of the N.C. R and F
contacts in Fig. 4-487

4-20. Refer to Fig. 4-32. If any of the F, fuses
opens, a - may be short-circuited.

4-21. What is the primary difference between a
3AG and a Eurcpean fuse?

ANSWERS TQ REVIEW QUESTIONS

1. zero, infinite 2, yes 3. 12 4. shori-circuiting

28. 1 min 29, mechanical 30. visual
A3, false 34 e b

5. thumbwheel 6. snap-action 7. spring action

19. fusing characteristics
or dual element 23, fast-acting  24. no instantaneous trip point 25, pull 26, seat 27, overheat/burnout
31. cannot trigger, inoperative

9. dc loads  10. stick or lock 11. single diode, ac power
15. shorten 16, armature 17. imerval 18. 1.0 MQ
22.slo-Fis

8. ac relays
14, false, slows actuation
20. RMS 21. temperature

12. B 13, both zc and dc

32, dirty magnetic circuit
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POWER SOURCES

This chapter deals with one of the more fun-
damental units in industrial electronics and
robotics. Power sources are critical to any in-
dustrial svstem. A malfunctioning source is al-
most sure to prevent normal systen opera-
tion. Practically all of the electronic circuits
used in industrial systems require direct cur-
rent (dc) for energization. This chapter exam-
ines modern dc sources, their principles and
characteristics, and troubleshooting tech: .
HRIQUES: - - <

e

- BATTERIES
- -CeHs and batteries have long been important itzms
in industrial systems. Lately, they are increasing in
importance because of two major trends. The first is
the increasing amount a@nd diversity of portable
equipment. Modern components and manufacturing
techniques have made it possible to create mobile
and portable equipment that formerly would not have
_been feasible because of size and weight restriclions.
This portable equipment must often operate indepen-
dently of fixed power circuits. The second major
trend is uninterruptible circuits and equipment.
These devices must conlinue 1o operate, or at least
retain important information, in the event of a loss
of primary power. Such devices are often said to be
battery-backed-up and are increasing as more digital
and computer systems are applied in the industrial
environment. A good example is an industrial control
system that stores important data in memory circuits
as it operates. These memory circuits may be backed
up by battery power in case of a failure of the main
alternating current (ac) supply. In this case, the con-
trol system can quickly resume proper operation
when the main supply is restored. Without backup,
restoraiion Lo normai operation couid be very com-
plicated because the system would have no way of
determining various data parameters and other con-
trol conditions at the time of the interruption.
A battery is made up of series, parallel, or series-
parallel combinations of electrochemical cells. Series

combinations viald more voltage than a single cell
can provide. Parallel combinations yield more am-
pere-hour (A - h) capacity than a single cell can pro-
vide, and series-paraliel can increase both voliage
and ampere-hour capacity. Cells are divided into two
broad categories: primary and secondary. A primary
cell invokes an irreversible chemical change in the
cell structure wpon discharge. This means that pri-
mary cells cannot be recharged. They are replaced
with new cells (or new batteries) when they becoms
discharged.-A secondary eell or battery also pro-
duces chemical change in the cell structure when it

i discharging. but the chemical change is reversible.

* Secondary sources can be-restored to a full-charge.
_or near Jull'charze. condition by passing a charging
current of the proper magnitude and duration through
the source in a direction opposite to the discharze
current. G

Carbon Zinc Cell

Cells and batteries are usually identified by the major
materials uszd to build them. The carbon-zinc cell or
battery is a very inexpensive and therefore popular
primary type. They are often called dry cells since
the electrolyte is in paste form to prevent the leaks
and spills often associated with wer cells, in which
the electrolyte is in liquid form. In a carbon-zinc cell
(Fig. 5-1) zinc acts as the anode, the electrolyte is
ammonium chloride, and a carbon rod serves as the
positive contact. The ammonium chloride splits into
positive ammonium icns and negative chlorine ions.
The zinc anode dissolves in the electrolyte and gives
off positive zin¢ ions, leaving an excess of electrons
on the anode and the negative terminal shown in Fiz.
S-1. The zinc ions combine with the chlorine ions
and form neutral zine chloride. The ammonium ions
are repelled by the zinc ions going into solution and
migrate to the carbon electrode, where they pick up
an electron and split into ammonium and hydrogen
gases. This produces a deficiency of electrons on the
carbon electrode and positive terminal shown in Fig.
5.1. When an external load is connécted, conven-
tional current flows from the positive terminal,
through the load, and into the negative terminal of
the cell. ; :
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Fig. 5-1 Construction of a carbon-zinc cell,

During high discharge rates, the chemical action
of the carbon-zinc cell can cause the cell capacity to
fall off. The hydrogen gas that is formed collects on
the surface of the carbon rod. Hydrogen gas acts as -
an insulator, and the resistance of the cell increases.
In this condition the cell is said to be polarized and
cannot deliver adequate current flow. Manganese
dioxide is added to the electrolyte to act as a depo-
larizer. It provides oxygen that combines with the
hydrogen gas to form water. However. the depolar-
izer will not keep up with the hydrogen production
at high discharge rates. Therefore, carbon-zinc cells
may have to be rested to realize their expected am-
pere-hour capacity vhen they are used in high-cur-
rent applications.

Carbon-zinc cells should not be stored for long
periods of time. Storage time is referred to as shelf
life and should not exceed I year. The electrolyte
tends to dry out. raising the internal cell resistance.
Another problem is that impurities in the zinc anode
will set up many local cells, and the resulting local
action deteriorates and depletes the cell. Shelf life
can be improved somewhat by storing carbon-zine
cells and batteries at reduced temperatures.

Alkaline Cell

The alkaline-manganese cell {usually called afkaline
cell or alkaline battery) is constricted inside-out
when compared to the carbon-zinc cell and offers
considerable improvements. It is also a primary type
and cannot be recharged. A zinc rod in the center of
the cell serves as the anode, and the clectrolyte is
an alkaline solution of potassium hydroxide and zine
oxide. The outer, positive electrode is cylindrical
manganese dioxide; which provides faster depolari-
zation because of the large surface area of the cvl-
inder. As a result, alkaline cells and batteries are
m 2., setter suited to high-current applications. They
=0 110t require rest periods and can Jast several times

as long as equivalent carbon-zinc types. They gen-
erate 1.5 V per cell (as does carbon-zinc) and are
built with a button top that contacts the positive
electrode and a bottom plate that contacts the zinc
rod. This makes their external appearance and po-
larity compatible with those of carbon-zinc cells.
They are more expensive to buy. but they may be
more economical in the long rum.

EXAMPLE

A size D carbon-zine cell will provide 50 mA for
15 h. At this point, the cell voltage will have
dropped to 1.3 V, which is usually considered the
discharged condition. A size D alkaline cell will
provide 50 mA for 536 h before reaching the 1.3-v
cutoff. What is the capacity of the two cells?

SOLUTION

The ampere-hour capacity for the two types can
be calculated as follows:

50mA X 15h = 750 mA - h
=075A'h

S0mA X 56 h = 2500 mA - h
=28A-h

It is clear that the alkaline cell provides almost four
times the ampere-hour capacity provided by the car-
bon-zine cell. Alkaline cells also enjoy a longer shelf
life (about 3 years) and are less likely to leak and
damage expensive circuits and cquipment.

Lithium Cell

Lithium cells are available in several types. The con-
struction of a lithium thionyl chloride cell that boasts
the highest energy density available among primary
sources is shown in Fig. 5-2, The densities are as
high as 420 W - h/Kgand 800 mW - h'em?. Lithium cells
and batiteries can be considered permanent compo-
nents in some electronic systems. Because of their
extremely low self-discharge characteristics and their
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Fig. 5-2 Construction of a lithium thionyl chlorids cell.




40 —
- 35 - - 1
g 1
/ N
a0f |
T B .e
25 == =
1
|
: !
5 20 — i :
> BN 5502 50 188 35k 13 28
~125=4 | ~E0mA ~15mA ~43mA ~-1mA 200 A
| 785 A 0 |NOCA-M{IDZABI{I03 A-5] 125 AR {108 A=h]
15 : !
1o\l | .
| | |
i i :
05 - L !
{ . | _
| 1
] ! . ! |
8 ' ;
61 02 10 Al g _ 105

17 Hours~

= 3 * Typical discrarge 25_16 afizr 1 year sorag? - =
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hermelically —sealed construction. their projected
shelTlife is greater than 10 years when they are stored
at room temperature. They develop an open circuil
potential of 3.68 V and a nominal working 3.4 \.
Figure 5-3 shows the discharge characteristics for

a size D lithium thionyl chloride cell. Notice the
unusual voltage response for the first 0.1 b of oper-
ation. With a 25-0) load (approximately 123 mA), the
cell output drops to 1 V and then recovers 10 3.1 Y
after 0.3 h. This is called the transition period and
may be an unacceptable characteristic because the
transition minimum voltage may not be adequate to
operate some systems. This type of cell is not gen-
erally used in high-current applications for this rea-
son. Note, from Fig. 5-3, that the transition minimum
voliage is about 2.4 V for a load of 3500 Q2 (approx-
imately 1 mA). Also note that the cell will deliver
10.5 A - h of energy when loaded this way. This is
14 times the energy that can be realized from the
same size carbon-zinc cell! Figure 5-3 also shows
that the plateau voltage is extremely flat after the
transition period and extends to over 50,000 h for a
load current of 200 microamperes (pA). Fifty thou-
sand hours equates to 5.71 years. 1t should be clear
why Fthium batteries and cells are attractive sources
for low-current applications such as memory backup
and as voltage references.

" Figure 5-4 shows a typical backup circuit for a
complementary metallic oxide semiconductor ran-
dom access memory (CMOS RAM). When the main
5-V supply is available, diode D, is forward-biased,

and current-is-supplied to the memory circuiz as
shown. Diede D- is now reverse-biased, and its leak-
age is normally in the nanoampere (nA) range and
can be ignored. If the main 3-V supply fails. D, is
reverse-biased, and D, becomes forweard-biasad. A
backup current flows as shown in Fig. 5-4. The
backup voltage will be approximately 3 V since D-
will drop 0.6 V when forward-biased. A valus of
3 V is adequate for data retention in the CMOS
RAM. The resistor is optional and is included to
prevent a high charging current through the lithium
cell in the event that D, short-circuits.

Another variziion is the lithium-iodine cell. Its
construction can be seen in Fig. 5-5. It uses a lithium
anode and an iodine cathode. It is designed 1o be
permanently soldersd onto a printed circuit board
(PCB). The iodine version does not have the energy
density of the type previously discussed. However,

Maln current
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g \ ' = CMOS
HEN> L RAM
D #
y o,
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25 V Lithivm cell
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Fig. 5-1 Pawer back-up for memory <hip.
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Fig. 5-5 Construction of a lithium-iodine cell.

it is considered a quasisecondary source in that it is
capable of some recharging under conditions of low
reverse currents. The charging current is typically

limited to 1 pA. The circuit of Fig. 5-4 can be mod- -

ified for a trickle charge of 1 pA by shunting D; with
a high-value resistor. Since lithium-iodine cells de-
velop an open-circuit voltage of about 2.8 V and
since the drop across D; can be assumed to equal
0.6 V, the calculation for the resistor is straightfor-
ward:

V -
=7

ey

= 1 pA

= 1.6 MQ)

Figure 5-6 shows that the storage time for a lithium-
iodine cell is 100 years at room temperature! Other
primary cells with industrial applications include the
lithium manganese dioxide, mercury. and silver ox-
ide cells,

Nickel-Cadmium Cell

Secondary cells are often used in those cases in
which more current is required than in memory
backup and reference applications. The discussion
will be limited 1o two designs: nickel-cadmium cells
and gelled electrolyte tvpes.

Nickel-cadmium cells and batteries are often re-
ferred to as ni-cads. A typical ni-cad cell is shown
in Fig. 5-7. It uses a potassium hydroxide electrolyte,
a cadmium and iron oxide negative electrode, and a
nickel hydroxide and graphite positive electrode.
They develop an almost constant 1.25 V per cell over
90 percent of their discharge cycle. The discharge
charactenistics are shown in Fig. 5-8. Note that the
discharge capacity can range from 90 to 120 percent,
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Fig. 5-6 Lithium-icdioe cell storage time.
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Fig. 5-7 Construction of a nickel cadmium cell.

depending on the rate. A 0.1C rate indicates that the
current will be 0.1 times the ampere-hour ratine. A
size D ni-cad is rated at 4 A - h and will actually
deliver 4.8 A - h (120 percent) when it supplies a
current of 400 mA (0.1C). The cutoff voltage is usu-
ally considered to be 1 V per cell. Ni-cads feature a
low internal impedance and are well suited 1o high-
current applications, including pulse applications,
where rather high currents must be supplied for short
periods. Due to their ability to supply high currents,
they must not be short-circuited because cell damage
or circuit damage may result. They are usually rated
for at least 500 charge-discharge cycles.

Ni-cads will retain 50 percent of their capacity
when stored for 3 months at 20°C. They may be
stored in either a charged or discharged condition.
Several cycles of charge-discharge may be required
after an extended storage period to restore normal
capacity. They may also require several deep cycles

Charge: D.1ICx 16 h

Discharge rates: 0.1,1C,02C,1C.2C
Temperature: 20°C

Discharge = 1.0V
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Fig. 5-8 Nickel cadmium cell discharge characteristics.
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(drained to 1.0 V.per cell and then completely re-
charged) after an extended number of shallow cycles.
A shallow cycle is a situation in which the cell is
recharged after it has delivered only a portion of its

rated capacity. Too many shallow cycles may cause

a *‘memory” effect, and the cell will tend to deliver
only that portion of its capacity that it remembers
delivering. This effect, although interesting, is often

_overrated, and ni-cad. batteries containing three or
- more series cells are more often damaged by overly
deep discharging. The individual cells are seldom
matched in capacity and the weakest cell will even-
tually drop to 0 V and then become a lead. When
this occurs, its polarity will reverse and permanent
damage often results.

Ni-cads can also be damaged by overcharging and
by rapid charging. For this reason, a constant voltage
source is not recommended. You may recall that 2
constant voliage source is characterized by a low
internal resistance. Constant current is the preferred
charging mode, and a constant current source is char-
acterized by a high internal resistance. A voltage
source can approximate a current source simply by
addition of a series resistor.

~ EXAMPLE

It is desired to charge a 12-\’ ni-cad batteny-from
4 24-V source. Also assume that the charging rate
~is to be thé standard C/10 rate, at which the charg-

-~ ing current is found by dividing the ampere-hour

-~ .capacity 101 by 10. Find the value of the series
~.resisior required.” © : g :

"SOLUTION )

" A CA0rate will be 04 A for a 4-A-h battery. The

resistor will have to drop 12 V (24 — 12/ at 2
current of 04 A

ot |

[E5]

w o
g2
=l

The C/10 rate will require at least 14 h for full charga.
The battery will not completely recharge in 10 h since
no secondary source is 100 percent efficient. Mare
charging energy must be delivered to the battery than
its rated discharge energy. A C/10 rate is considerad
very safe since the battery may be left on charge
indefinitely with no resulting damage due to over-
charge. Faster rates are possible, such as a C/4 rate,
which will recharge the battery in 5 h. However, it
must be noted that a C/4 rate must not be applied to
a ni-cad for more than 6 h; if it is, the cell temperature
will begin to rise and permanent damage will result.

Special quick-charge ni-cads are available to
achieve a full charge in a minimum of 4 h. Special
charging circuits are often used with these types 10
provide automatic cutback to a C/10 rate when full
charge is reached. The cutback is usually triggered
by a circuit that monitors cell voltage and cell tem-
perature.

CHAPTER S _PDW_EE-{ SOURCES ‘1_01
Gel Cell

Gelled-electralyte cells (usually referred to as gel-
cells) are close cousins to the lead-acid cells used in
automobiles. They enjoy a high output of 22 V per
cell, and their cutoff point is 1.75 V per cell. They
can be totally discharged without any danger of dam-
age due to cell reversal. They use lead-calcium elec-
trodes and are completely sealed lo operaie in anyv -
position. However, they do require & one-way safely
vent in the event that cell pressure would excead
some safe limit. They are capable of several hundred
cvcles and should not be charged indefinitely, even
at a C/10 rate. They also should not be stored for
extended periods in a discharged condition. When
this occurs, permanent sulfation of the electrodes
will reduce capacity and eventually lead to cell fail-
ure. Gel-cells, like ni-cads, have alow internal resis-
tance and should not be short-circuited. They serve
well in high-current applications, although the deliv-
ered capacity drops in these situations, and res:
periods may be required. The major drawback of gel-
cells is their tendency to releass hydrogen gas. This
is especially prevalent at high charging rates. Hydro-
g2n gas is extremely explosive, and this character-
istic precludes the use of gel-cells in some industnal
environmanls. .

REVIEW QUESTIONS ~ ~

‘1. Which broad category of cells undergoes ar
ieversible chemical change during discharge? -

3. Carbon-zine celis may require rest periods
when usad at high discharge rates ‘because of cell

3. Calculate how long an alkaline D cell will sup-
ply 80 mA before reaching its cutoff voltags.

4. Which type of cell, under a coadition of high
initial discharge, produces a minimum transition
voltage before reaching its plateau voltage?

3. Itis desired to trickle-charge 2 2.8-V lithium-
iodine cell at 2 pA from a 10-V supply. Using Fig.
5.4 as a guide, calculate the value for the resistor

_that would be connected across Ds.

6. You wish to charge 26-V,2-A - h ni-cad bat-
tery at the C/10 rate. A 12-V constant-voliage
source is available. Calculate the series resistor.

5-2 |
RECTIFICATION u

Rectification 15 the process of changing alternating
to dirzct current. Solid-state diodes have proved o
be very efficient rectifiers. Figure 5.9 shows a hali-
wave rectifier circuit that uses a diode (D) 10 change
alternating current to direct current. An alternating
voltage appears across the secondary of the trans-
former and forward-biases the diode every half cycle.
Current flows through the diode and the load resistor
only half the time and only in the direction shown.



102 INDUSTRIAL ELECTRONICS AND ROBOTICS
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Fig. 5-9 Half-wave rectifier circuit. I

Note the waveforms across the load (Vg,) show in
Fig. 5-9. This waveform is called half-wave pulsating
direct current and shows one load pulse for every
cycle of the input. The waveform across the diode
(Vp) shows the reverse voliage peaks when the diode
is off. It also shows the diede loss, which is the
voltage drop across the diode when it is conducting.
For silicon rectifiers, this loss ranges from 0.7 to
1 V and is directly related to load current.

The polarity of the rectified direct current can be
predicted by assigning a current direction through
the load and then the drop across the load. Figure
3-9 shows conventional current flowing down
through the resistor: the resistor polarity is therefore
positive at the top. Another way to predict polarity
is 10 observe that the cathode lead of the diode con-
1acts the positive end of the load. This is always the
case in any rectifier circuit and is » good way 10
predict load polarity. If the diode is vevearsed, the
anode lead will contact the top of the load, thus
making it negative. Since the bottom of the load
resistor is grounded and sincz ground is the normal
reference point, Fig. 3-9 can be considered a positive
supply as drawn and a negative supply if the diode
is reversed.

Half-wave rectifiers are not time-efficient since
they load the source only on every other aliernation.
The extreme pulsation of load voliage and current is
also considered a disadvantage. The pulsations can
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be removed by filtering, but the process often causes
high-heating (root mean square [mms]) currents to
flow in the transformer secondary and in the rectifier.
Also, the unidirectional current flow in the secondary
biases the transformer core with a de flux, and a
larger and heavier core may be required to avoid
saturation. Because of their disadvantages, half-
wave rectifiers are generally limited to low-power
applications. They are more attractive for rectifying
high-frequency square waves, for example, in
switch-mode power supplies, which are covered in
section 3-7.

A full-wave rectifier circuit using a center-tapped
transformer is illustrated in Fig. 5-10. It uses two
diodes and produces two Joad pulses for every cycle
of the input. The load waveform is called full-wave
putlsating direct current. When the top of the sec-
ondary is positive. D, is forward-biased, and load
current flows as shown Ly the solid arrow in Fig.
5.10. Notice that only the top half of the transformer
secondary is conducting. since D, is now reverse-
biased. On the next alternztion, D, is forward-biased:
load current flows as shown by the broken arrow,
and only the bottom half of the secondary is con-
ducting. In Fig. 5-10, Vpwill be equal to half the peak
secondary voltage since only half of the transformer
winding conducts at any given time. Note that the
top of the load resistor is positive and is in contact
with the cathodes of the rectifiers.

Fig. 5.10 Fuil-wave (cenler-tap) rectifier circuit,



. The bridge rectifier in Fig. 5-11 is full-wave and
uses four diodes. It eliminates the néed for a center
-tap.-When the top of the secondary is positive, D;
and D, are forward-biased, and current flows as
_shown by the solid arrow. When the bottom of the
secondary is positive, D; and Dy are forward-biased,
and current flows as shown by the broken arrow.

- “Once again it is seen that the positive end of the load

is in contact with the cathodes of the rectifiers. The
load waveform in Fig. 3-11 is drawn as negative-
going. Compare it ta the joad waveform shown in
Fig. 5-10. The reason for the difference is that Fig.
3-11 is a negative supply. The positive end of the
load is grounded. The circuit can be changed 10 a
positive supply by reversing all four diodes or by
changing the ground connection to the negative end
of the load. The waveform shown in Fig. 5-11is what
would be seen on an oscilloscope if all conditions
were normal. Normal means that the instrument
ground is connected 10 the circuii ground, and a
negative voltage causes a downward deflection on
the oscilloscope screen.

The center-tap and bridge circuits both seem to be
capable of the same performance. However, there
are several differences. The bridge circuit uses 1Wwo

_diodes conducting in series. The diode losses will
therefore be twice as great. A typical diode-loss in
<olid-state reclifier circuits is'1 V per diode. There-

+fore;2 ¥ will be lost in the bridge circuit and only

- 1 .Vn the cepter-tap circuil. This is sigaificant in

. Jow-voltage supplics, and the center-tap circuit may
*_be preferred in those applications. One advantage of

" the bridge circuit is that it requires only half as many

secondary turmns to devélop any given voliage. Using
half as many turns results in a less bulky transformer
even though larger wire will be required because the
entire secondary must conduct on both zliernations.
Another advantage of the bridge circuit is that the
rectifier diodes are subjected to half the peak inverse
voltage (P1V) when compared to the center-tap cir-
cuit. Because of these differences, the bridge circuit
is generally preferred at higher voltages and the cen-
ter-tap circuit at lower voltages. However, in prac-
tice, both circuits will be found operating over a
broad range of voltages.

Figure 5-12 summarizes five important rectifier cir-
cuits. It lists their average dc output voltage (Vo).
PIV per diode, rms ripple voltage, and ripple fre-
quency and shows their output waveforms. Notice
that the average dc output voltage is lowest for the
half-wave circuit and is only 43 percent of the rms
input voltage. Also notice that the ripple voltage is
the highest, at 54 percent of the rms input voltage.
This makes the percentage of ac ripple very high for
the half-wave supply. The percentage of ripple in the
output voltage is given by

Ripple voliage as fraction of input voltage
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" This high ripple percentage emphasizes one of the

disadvanmages of the half-wave rectifier circuit-
Figure £12 also shows two three-phase rectifier
circuits. These circuiis are very popular in industrial
equipment and have several advantages over the sin-
gle-phase circuits already discussed. Nofe the low
rms ripple voltages for the three-phase circuits. For
example. in the case of the three-phase brdge circuit:

ripple, % =, “1";53 % 100
= 322%

This low percentage of ripple shows that the output
of three-phase rectifiers 15 a much more pure form
of direct current than is providad by single-phase
cireuits. Figure 3-13 shows why. The waveform for
the line-to-neutral circuit is shown in Fiz. 5-13(a).
Three sine waves ara drawn 120 electrical degrees
apart, The negative alternations are shown zs broxen
lines 2nd are eliminated in the line-to-neutral circuit.
The resuhing ripple is formed by the posithve alter-
nations only, Figure 5-13(b) shows that the negative
alternations are folded up 1o the positive part of the
graph by the three-phase bridge circuit, resulting in
a very small ripple voltage.

Two popular multiphase -rectifier circeits are
chown in Fiz. 5-14. The six-phase star circuit (Fig.
<.14]4)) has’a small (4.22 percen:) ripple coaient and

-. a ripple frequency equal 10 six times the line fre-

quency. The greph shows 'six output pulses for onz

- evale of inpul. A six-phase bridge would achieve
- even Iess fipple content and a ripple frequency equal

lo 12 times the input frequency. Figure 5-14b) s 2
three-phase double wye with an interphzse lrans-
former. Again. the rfippie percentage is only 4.32 per-
cent. and the ripple frequency is six times the line
frequency.

Multiphase rectifiers have low ripple percentages
and high ripple frequencies. These are both advan-
tages. Another advantage, especially in high-current
supplies, is the low rectifier-cell ratios found in mul-
tiphase supplies. The cell ratio is the comparison of
rectifier current to load current. For example, ina
single-phase half-wave circuit the cell ratio is 1.00
since the single diode must conduct the entire load
current. A single-phase full-wave circuit shows a cell
ratio of 0.5 because any diode is on half the time.
Three-phase circuits have cell ratios of oaly 0.333.
and the six-phase circuit shown in Fig. 5-14(a) shows
a cell ratio of only 0.167. Small cell ratios relax the
current ratings for individual diodes used in rectifier
service. J

Rectifier diodes must be derated according o case
temperature and service. The curves in Fig. 5-13
show that these diodes must be derated at tempera-
wres zbove 150°C. The diodes must also be derated

160

rippl = - y
pple. % average dc output as fraction of input voltage

= 1209
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Fig. 5-11 Full-wave (bridge) rectifier circuit.
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Fig. 5-13 Three-phase ripple voltage.

‘according 1o the type of circuit in which they are 10
be used. This is due_to the heating effect of pulse

current. Power dissipation varies as the square of thé

- current (P = FR), and the high-current amplitude

associated with pulse waveforms creates more heat

loss in diodes than is indicated by the everage cui-
reat. A diode is capable of its greatest forward cur-
rent at difect current (no pulsation) and iis least for-
ward current in six-phase star service (the narrowest
pulse). The curves show that the same diode can

support 12 A in single-phase service andonly 8 A in

six-phase service up to 150°C, However, do not for-
get the cell ratios. A single phase fullwave circuit

shows a cell ratio of 0.5, and the six-phase star shows

a cell ratio of 0.167. This means that six diodes of
the type shown in Fig. 5-15 could provide a dc load

current of up to 47.9 A [(1/0.167) x 8)] in six-phase

star service, and two diodes could sapply up 10

24 A [(1/0.5) % 12]in single-phase, full-wave service.

In actual practice, they would not be called upon to

deliver their maximum currents as most circuit de-
signers derate manufacturer's specifications to ap-

proximately 70 percent for good reliabiity.

You may be curious about the dc curve shown in
Fig. 5-15. Since we have investigated the use of
diodes to rectify (change alternating to direct cur-
rent), the purpose of this curve may ot be readily
apparent. In addition to rectification, diedes can be
used to isolate one circuit from another. Two dc
power supplies can be used in paralicl to supply
current 1o a load when one supply cammot provide
adequate current. Diodes in the outpat fines to the
load prevent either supply from delivering 2 current
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Fig. 5-14 Multiphase rectifier circuits. {a) Six-phase star circuit.
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Fig. 5-15 Diode derating according 1o temperature and service.
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10 the other supply. This is an example of diode
isolation and indicates one example where diode dc
ratings would be appropriate.

The two most obvious rectifier diode specifications
are their average forward current rating and their
P1V rzting. Others include the following:

1. Physical characteristics (mounting details, etc.)
2. Thermal characteristics
3. Power dissipation

4. Recovery time

5. Transient voltage rating
6. Avalanche rating

7. Current surge rating

Recovery time is a measure of how quickly a diode
can stop conducting when suddenly reverse-biased,
It takes time 1o sweep the carriers from the junction
region, and high-frequency rectifiers must have a
rapid recovery time or circuit efficiency will suffer
and diode heating will be a problem. The transient
voltage rating is a measur= of the amount of nonre-
pelilive voltage stress a diode can withstand. It is
especially useful in industrial environments in which
large inductive loads are being switched. The ava-
lanche characteristic occurs in controlled-avalanche
rectifiers, in which excess voltages can be expected
10 produce predictable (controlled) results. Noncon-
trolled avalanche often results in the rectifier's being
destroved. Finally. current surge ratings are nonre-
petilise current demands and are especially impor-
tant when capacitor-input filters are used, as dis-
cussed in the next section.

REVIEW QUESTIONS

7. Refer to Fig. 5-9. Assume no diode loss and
an rms secondary output of 30 V. Calculate the av-
erage dc voliags across the resistor. Hint: Refer to
Fig. 5-12.

8. Again use Fig. 5-9 and the same assumptions
as in question 7. Calculate the ac ripple voltage
across the resistor.

9. Is the circuit of Fig. 5-10 a positive supply or
a negalive supply with respect to ground?
10. Refer 10 Fig. 3-10. Assume no diode loss and

&n rms secondary output of 30 V across the entire
winding. Calculate the average dc voltage across

the resistor. .

_11. Again use Fig. 5-10 and the same assump-
lions as in question 10, Calculate the ripple voltlage
across the resistor and the percentage of ripple.

12. Refer to Fig. 5-11. Assume a per-diode loss of

1 Vand a [0-V (rms) secondary. Calculate the ay-
erage dc output voltage. .

13, Why is the diode in Fig. 5-15 rated up to
19 A in dc service and only up to 8 A in six-phase
star service?

5-3 7
FILTERING

Except for applications such as welding, electroplat-
ing, battery charging, and motoring, the output of
single-phase rectifiers contains too much ac ripple.
A filter circuit will be needed to smooth the pulsating
waveform and make it more like pure direct current
(a straight line). Figure 5-16 shows some power sup-
ply filter circuits. They are used between the rectifier
output and the load. They are examples of low-pass.
filters since they are designed to pass direct current
(0 Hz) and to block the ac ripple (some multiple of
the line frequency).

Figure 5-16 shows that power supply filters may
be divided into two broad categories: capacitor input
and choke (inductive) input. The capacitive input
types are shown in Fig. 5-16(a). The rectifier output
would be connected at the left of the circuits drawn.
The left represents the input side of the filter. Notice
that the filter input contains a shunt capacitor. Also
notice that in Fig. 5-16(b) the inductive input filter
types show a series coil (choke) at the filter input.
Supply performance is affected by whether the input
component is a capacitor or a choke.

Capacitor input filters draw large current pulses
from the rectifiers and from the transformer second-
ary. They produce a high load voltage when litile
current is drawn and much less voltage when full
load is reached. This makes their voltage regulation
poor. Voltage regulation is calculated as:

Percent regulation = %,—V x 100
FL
where A V = change in voltage from no-load to

full-load
VeL = full-load voltage

EXAMPLE

Suppose the output of a power supply drops from
13 V' at no-load to 11 V at full-load. Find the per-
cent regulation.

(o G == Load
(#) Capacitive input
L, Ly L
_IVVW\I/VWH —_—T Y ey
C = Load c T Lead

il

Fig. 5.18 Power supply Riler circuils.

(&) Inductive input



SOLUTION
Percent lation = ax o e
Fegy VeL 1
== 2
=1 > 100
= 182%

Choke input filters lengthen the rectifier and trans-
former conduction time. This decreases the heating
effect in these components for any given value of
load current. They also show a lower output voltage
and better voltage regulation when compared to the
capacitor input types. In spite of these facts, the
‘single-capacitor filter, shown in Fig. 5-16, has be-
come very popular. The weight, size, and cost of
inductors have eliminated them from most solid-state
power supply designs. It is now possible to build
supplies with adequate characteristics without using
filter inductors because of the excellent current rat-
ings of solid-state diodes, the improvements in elec-
trolytic capacitors, and the performance of modern
voltage-regulator circuits. Inductors are more attrac-
tive at high frequencies where far less core is re-
quired. Switch-mode power supplies use frequencies
in the tens and hundreds of kilohertz, and filter in-
ductors are employed in these designs. This topic is
covered in section 5-7.

The full-wave, center-tapped circuit in Fig. 3-17(a)
has a single capacitor filter in parallel with the load.
The voltage waveform across this parallel combina-
tion (Fig. 5-17[k]) shows that the capacitor charges
to the peak value of the ac input (1.41 x V... If
the capacitor is large enough, it will hold the load

h A2V

>

c j Load

er‘f"
!

(s}

Capacitor discharge

i
i Current supplied ia
1 capacitor and load*
!
i
i
]
i
1

le) -|
2
Current in D,
[t}

Current in 0,

Fig. 517 Full-wave rectifier with a capacitive input filter. (a) Rec-
tifier circuit. (%) Voltzge across the capacitor. (¢) Current in dicde
Dy, (&) Current in dioude D,
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voltage near this peak value over the period of the
half cycle until the next rectifier pulsecomes along.
The capacitor has eliminated most of the ac ripple
across the load. The remaining rippleis designated
as A V,and resembles a savicoth waveform. The
current waveforms (Fig. 5-17[c] and [ indicats that
the rectifiers conduct for only short periods of time,
Of course, the transformer secondary aurrent i also
of a pulse nature. The amplitudes of the current
pulses are about five times greater than the load
current in a typical power supply of #is type. The
heating effect is much greater for puke‘type wave-
forms, and the components must be derated when
capacitor input filters are used. For example, the
transformer in this circuit should not ke expected to
deliver more than 80 percent of its rawd current.

The current pulses can be understoad by examin-
ing the waveforms in Fig. 5-17. 'l he stored voltage
across the capacitor keeps both dedes reverse-
biased most of the time. Neither disde will begin
conducting until the peak secondary veltage exceeds
the capacitor voltage by about 0.6 ¥ This 0.6-V
difference is required to collapse the diede depletion
region. At the time of turn-om, the diode supplies
charging current to the capacitor and seme current
to the load. The diode continues to conduct until the
secondary voltage reaches peak. It shauld be <lear
that the diode current is relatively shost in duration
under these conditions and that extra smess is placed
on some power supply components. Extra voltage
stress is also created in three-phase redifier circuits.
The PIV is increased from 2.45 x V_, to 2.82 x
V.ms with a capacitive input filter.

Selecting the capacitance for a simple filter ac
shown in Fig. 5-17 depends on th:ee factors: ripple
frequency, load current, and alluwable ripple volt-
age. It is accomplished by

I

i
where C = capacitance, F
I = load current. A
A V = peak-to-peak ripple, V
T = ripple period, s

EXAMPLE

Suppose a capacitor is needed for a 10-A power
supply. Also assume that the supply is full-wave,
runs from the 60-Hz single-phase acline, and may
have 1-V peak-to-peak ripple. Find the value of the

capacitor.

SOLUTION

The ripple frequency is twice the line frequency
in this case, and the period may be found by

T =
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Fig. 5-18 Voiiage multipliers. (a) Half-wave doubler. th) Full-wave

doubler.

Now the capacitance can be found by

10

€= Px 833 X 107%
= 00833F e
= -83,300 pF E i

There are two other important ¢apacitor ratings.
The first is the voliage rating. For safety, the voltage
rating must be_ somewhat greater than the peak sec-
ondary voliage. The second rating is the current ca-
pability of the capacitor. The capacitive ripple cur-
rent (for an input capacitor) is approximately 2.5
times the load current. This amounts to 23 A for the
previous example. This ripple current heats the ca-
pacitor. Heating shortens the life of the capacitor,
and this factor must be taken into account for good
reliability.

Voliage Multipliers

.Capai_:itive filters also lead the way to voltage mul-
tipliers. [Figure 5-18(a) is a half-wave doubler. As-
sume the first alternation makes the top of the sec-

ondary negative. This will forward-bias Dy, and G,
will be charged to the peak secondary voltage. The
next alternation will forward-bias D;, and the stored -

charge across C; will series add with the sécondary
voltage. Also, C; will be charged to twice the peak
secondary voltage. The load will see a peak voltage
of 2 x 1.41 2.82 V... The ripple frequency is
equal to the line frequency, since C; and the load
receive a line pulse once per cycle,/The full-wave
doubler in Fig. 5-18(b) provides two line pulses per
cycle, Capacitor C; is charged through D, to the peak
secondary voltage, and C; is charged through D, 10

 the peak secondary voltage. The capagitors are in

series, and the load sees twice the peak secondary
voltage. Both capacitors are in the load circuit, and
both alternations pulse the load; thus full-wave op-
eration is realized and the ripple frequency is twice
the line frequency. -

The half-wave doubler in Fig. 5-18(a) is safer in

some applications because it allows one side of th

ac source 1o be grounded. Neither side of the ac
source may be grounded in the full-wavé doubler
circuit.- Grounding the chassis is possible in line-
operated equipment (no on-board isolation trans-

_ former) with the half-wave doubler and can prevent

a “*hot"’ chassis and ground loops. This topic is cov-
ered in more detail in a later section of this chapter.
Voltage doublers can provide a dc voltage that is

' pearly three (2.8) times the ac input: Their output

drops rapidly under load, -however, and double the - - j

rms input is Tormal under'working’mnditiuﬁs." They
are noted for poor voliage regu!aiion.f Figure 5-19.

-~shows that high-prder voltage multiplication is also

possible; € is charged through D; to the peak voli-
age V. Then C- is charged through D, with G, serics
aiding the secondary voltaze. Now Cj is charged
through Dj, and capacitors C, and €, series aid the
secondary. Thus, a voliage equal to three times Vis
available at the cathode of Ds. If the circuit shown
in Fig. 5-19 is to be used to supply any of the evenly
multiplied voltages (2V, 4V, 6V), the ground will
have to be moved to the top of the secondary./In
theory, any multiplication factor is possible. In prac-
tice, circuit efficiency limits high-order multiplication
1o very-low-current applications such as in cathode-
rav tube supplies.

Fig. 5-19 High-order voltage multiplier.
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REVIEW QUESTIONS

14. A power supply develops 48 V at no-load
and 40 V at full-load. Calculate its regulation.

15. Which broad category of powsr supply filter
develops a high no-lead output voliage?

16. Which broad cztegory of power supply filter
is noted for poor voltage regulation?

17. Which broad category of power supply filter
causes high peak rectifier current?

18. Refer to Fig. 5-17. Assume no diode loss, a
very small load current, and a 30-V,,, secondary.
Calculate the dc load voltage.

19. What will happen to the dc load voltage cal-
culated in question 18 if the load current increases?

20. What will happen to the percentage of ripple
in the circuit of question 18 if the load current in-
creases?

5-4
VOLTAGE REGULATION

Voltage regulation is the ability of a power supply
to hold its output potential constant under conditions
of changing line voltage, temperature, and load cur-
rent. Some industrial circuits are critical and demand
voltage regulation of less than 1 percent. These cir-
cuits will n:qmre power supplies with voltage regu-
lators.

Line voltage varies with demand. A brewnout is a
condition in which the demand is so high that the
power company is forced to reduce the line voltage
intentionally to protect its equipment. Industrial cus-
tdmers are not protected from brownouts and may
even experience a greater reduction in line voltage
than residential consumers.

When line voltage 1s abnormally low, the output
from a power supply will also tend to be low. The
ability of a power supply to hold a constant output
over a range of line input voltage is termed line reg-
ulation, One way 1o achieve line regulation is to use
a ferroresonant power transformer. These transform-
ers are designed with separate core windows for the
primary and secondary windings. They have two
magnetic circuits: the main flux path and the shunt
flux path. The main flux path couples the primary
and secondary circuits. The secondary circuit -is
tuned to resonate at the line frequency by connecting
a capacitor across a part of or all of the secondary.
The value of this capacitor is several microfarads in
60-Hz supplies. The Q of the tuned circuit is high
enough to cause large circulating currents that satu-
rate the core in the main flux path. Saturation is a
decrease or increase in magnetizing force that is not
accompanied by a corresponding change in flux den-
sity. With the main flux path saturated, line voltage
fluctuations ‘will not change the main flux density,
and the secondary voltage will remain constant. Of
course, if the primary voltage drops too low, the core
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can come out of saturation, and the secondary volt-
age will drop.

The shunt magnetic flux path in a ferroresonant
transformer is prevented from saturating by air gaps
placed in its magnetic circuit. Air has a much higher
reluctance than transformer iron, and this character-
istic limits the flux in this part of the -11:;'1..‘.. Srenit
If a greater demand is placed on the secondary cir-
cuit, the Q of the secondary tuned circuit is reduced.
and therefore the circulating currents are also de-
creased. Since the shunt path is linear (nonsatu-
rated), it can respond to this change, and a decrease
in flux results. With fewer linés of force in the shunt
circuit, the main flux density can increase; more en-
ergy is transferred from prnimary to secondary to
make up for the increased demand on the secondary
circuit. Thus, the ferroresonant transformer aiso reg-
ulates for load changes. Unfortunately, the size,
weight, and cost of these transformers eliminate
them from many designs, but they are counted
among the most reliable voltage regulators available.

A more common way to achieve line ard load
regulation is to use a separate regulator circuit after
the power supply filter. In Fig. 5-20, a simpie regu-
lator uses a zener diode (D) in shunt with the load.
As long as the zener operates in its constant voltage
region, the load voltage will also remain constant.
Zener diodes can generate noise (especially when
operadng near the knee) so that a capacitor is often
included in this circuit 1o bypass the noise from the
load. This circuit will operate properly over a range
of load and line conditions. If the unregulated input
voltage drops too low, the zener will stop conducting
and regulation will be lost. If the load demand goes
too high, the drop across series resistor R will in-
crease 1o the point where the zener stops conducting.

Zener
knge
Va M
Zener
cn-r.‘m"' characteristic
e curve
region
= Lgmis
I
Al
R
+ AN
la1 s L
!.I'nr!gu ated il o —=r b
ngut
Fig. $-20 Shunt zerer regulasor
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and once again regulation will be lost. Another prob- ST

lem is that the safe zener dissipation may be ex-

ceeded if the load demand drops to zero or if the :

unregulated input voltage goes oo high. Unregulated
The regulator circuit of Fig. 5-20 is limited to low- Input

power applications. A few simple calculations will

illustrate why. =~ : E

EXAMPLE

Suppose a regulated 15 V at 2 A is required and
the unregulated input is 20 V!

:_-l-c%m
1 '

{3} Positive regulator corguit

SOLUTION - : g
The zener current is often set at half the load i QJ !
cun'tam in this design so it shou]‘d be 1 A Ohn_fs L Ay i
law is used to caleulate the required series resis- g 1 _\[
tor A. It will conduct the load current plus the P 4 c :
zener current (2 + 1 = 3 A) and will drop the T
difference between the input voltage and the load % o

voltage (20 — 15 = 5V
(b} Kegative resulszor circuit

=t
I Fig. 5-21 Serizs pass circuits.
5
~.3 2 . :
=187 0 dissipation occurs if the load current drops o zero.
: s = - In the case of Fig. 5-21, with no-load current there
The zener dissipation will be equal to its.voltage - can be no emitter current and: no base current. The
drop times its current. However, if there is anv-  zener will now conduct 60 mA for'a dissipation of
possibility that the load current candroptozero . = e PR el e S
‘the diode will have to-conduct all of the-current: i P= éjéqu'm'i : e
PV o Sea SRS e e 20T By i
—15% 3" =+~ Now this'is, far more acceptable. The cost of the
% s : zener is reasonable. and circuit efficiency is much
y . better at low load currents. The circuit can-also be
A 45-W zener diode is unacceptable because of its arranged for regulating negative voltages. This is
cost, and the efficiency of the circuit is poor when shown in Fig. 5-21(h). Note that the zener is reversed
the load current is low. This is why the shunt zener and that the series pass transistor is a PNP device.
regulator is limited to low-power applications. The shunt circuit of Fig. 5-20 and the series pass
Figure 5-21 shows positive and negative regulators circuits of Fig. 5-21 will not develop the same load
that are an improvement over the shunt circuit. In voltages with a 15-V zener diode. The series pass
Fig. 5-21(a) a zener diode and an NPN transistor circuit will have a lower output since the pass tran-
form a positive voltage regulator. The transistor Is sistor will show some drop from base to emitter. This
called a series pass transistor in this application: It js usually 0.7 V in a silicon transistor that is con-
passes the load current from collector to emitter. The ducting moderate currents. Therefore, the load volt-
zener is used to regulate the base voltage of the age can be expected to be 0.7 V less than the zener
transistor. Regulating the base voltage also regulates voltage in Fig. 5-21. However, at high load currents
lhe‘cmitter vqllage if we can assume a constant base- the base-to-emitter drop is going to be greater. A
emitter drop in the transistor. If the emitter voltage’ series-pass transistor that is conducting 5 A will show
is rggulated. then the load voltage is also regulated a base-emitter voltage closer to 1.2 V, and the output
in Fig. 5-21. The current gain of the transistor greatly voltage will then be 1.2 V less than the zener voltage.
relaxes the zener dissipation. If we assume a gain of So the problem with the circuits shown in Fig. 5.21
50 from the base to the emitter and a load current of is that the no-load to full-load voltage will drop 2 half
2 A, the base current will be 40 mA (2/50). Now the volt or more in a 5-A supply. This amount of voltage
zener current can be set to half this value, or 20 mA. change may not be acceptable in some applications.
If we again assume a 20-V unregulated input and a A feedback regulator with better performance is
15-V zener, resistor R is now - - shown in Fig. 5-22. The output is sampled by the
5 voltage divider R, and Rj, and some portion of the
R =576 load voltage is fed back to the base of 0,, which acts
pot 8'3 30 as an error amplifier. The feedback voltage 1s com-
X e pared to the zener voltage, which acts as a reference.
Notice that the resistor is much larger than in the Any error between the two voltages is amplified and

shunt regulator. Once again, the worst-case zener . used to reduce the error. Suppose the load voltage

-
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Fig. 5-22 Feedback regulator.
in Fig. 5-22 is 15 V ana that R; = Rj. They will

divide the 15 V in half, and therefore the base voltage
of O, will be +7.5 V with respect to ground. If the
zener is 2 6.8-V unit, the emitter of @, will be +6.8
V. The base-emitter bias of 0, will therefore be 0.7
V (7.5 — 6.8), and there will be moderate emitter
and collector current in Q5. Resistor Ry conducts two
currents: the base current for O and the collector
current for 0;, Now, suppose the load demands more
current. As always, this will tend to make the output
voltage drop. This drop will reduce the base voliage
of Os. The emitter voltage is constant because of the
zener. and now there will be less voltage from base
to emitter in Qs As Vi, decreases. so must base
current I,. As [, decreases, so must collector current
I, Finally, with 0. demanding less collector current,
R, can supply more current to the base of @, and
turn it on harder. When a series-pass transistor is
turned on harder it has less resistance and will drop
less voltage from collector to emitter. In Fig. 5-22.if
Ve in @y drops. more of the unregulated input volt-

“age must drop across the load. Thus, the load voltage

i.

has been stabilized by the feedback.

The application of feedback achieves good voltage
regulation. It also providés ripple rejection since rip-
ple is also an error in output voltage. Feedback is
the basis for most regulator designs. It is based on
sampling the output and comparing it to some ref-
erence. Any change in output, including ripple, is
amplified by an error amplifier. The error amplifier
then controls a series-pass transistor to eliminate
most of the error. If the output is low, the pass
transistor is turned on harder. If the output is high,
the pass transistor is turned on less. Using feedback,
it is possible to build regulated supplies that show no
significant change in output over the full range of
load currents and over some range of the unregulated
input. It should be emphasized that in circuits such
as that in Fig. 5-22 the unregulated input must be at
least 2 V greater than the regulated load vollage.
Otherwise, the pass transistor will saturate, and con-
trol will be lost.

The regulation and ripple rejection of a feedback
regulater is related to the gain of the error amplifier,
A high-gain error amplifier will provide very good
regulation and ripple rejection. However, the accu-
racy of the output can be no better than the accuracy
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" of the reference voltage. Some power supplics use

an integrated circuit zener diode in place of un or-
dinary zener diode. These integrated circuits aic also
called reference diodes and provide a much more
accurate reference voltage. For examgle, an vilinary
zener 6.9-V shunl regulator will show a [7-mV
change in output when its input changes 10 pe:cent.
An equivalent IC zener, the LM129, will shov only
a 180-pV chznge under the same conditions. The IC
references arz also more temperature-stable (0 or-
dinary zener references. The schematic symbol used
to represent a reference diode or IC zener is the ~ame
as the ordinary zener symbol. The package v be
a small type such as the TO-92 with two leads. ! hus,
it is possible to misidentify an IC reference a1 re-
place it with an ordinary zener. This will causc ~on-
siderable degradation in the accuracy of the output
voltage.

Integrated circuit voltage regulators that cotain
the reference circuit, the ertor amplifier, the pass
transistor, and protection circuits all in one package
are available. Figure 5-23 shows how easy theso de-
vices can be to apply. In the schematic diagran (Fig.
5-23[c]) three connections are made between 1he un-
regulated source and the load. The capacitois may
not be required in some applications. Capacitor €,
is needed onlyv if the regulator is located som« dis-
tance from the main filter capacitor. This is the case
with on-card regulators. An on-card system u-=es a
separate regulator on each printed circuit card in lieu
of one large main regulator. Capacitor C; may be
required to improve the response of the regulator to
transients. Three terminal regulators are available in
small packages (such as the TO-92) and in larger
packages such as the TO-3 and T0-220, as shown in
Fig. 5-23(a) and Fig. 5-23(b). Groundiiig the case or

ta) {-1]

3

Volage Dut

regulator
Uormuisted o oRG: Ground  AE; QLo
pu
*utount chysically close 1o 1T regulater

fel

Fig. 5-23 Integrated voltage regulator. (a) TO-3 package. (&1 TO-
220 package. {5} Regutsior circut. .
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Fig. 5-24 Current boost circuit.

tab of the package is shown only as a general practice
since these conneclions are inputs on some devices.
The small package regulators have ratings of around
100 mA, the TO-220 devices as high as 3 A, and
some TO-3 devices as high as 10 A. They are avail-
able with several fixed voltages such as in the 78XX
series. The 7805 is a fixed 5-V regulator, the 7812
regulates at 12V, the 7815 at 15 V, and so on. They
are available as negative regulators in the 79XX se-
ries (for example, the 7905 is a negative 5-V regula-
tor). Many integrated voltage regulators are adjust-
able, or can be configured for adjustment, and some

_are designed for switch-mode service; as will be seen -

_ in section 5-7: _ 2%,

-The current of an integrated circuit i'p_ltagb“?‘qgﬂ'

. lator can bé boosted by adding an external PNP pass.
-~ transistor to a fixed positive regulator as in the circuit - -
__of Fig. 5-24, The integrated circuit will supply all the ..
load current Up to the point where the current in
" resistor R is enodugh to cause & voliage drop of

0.6 V At thi; point, the transistor will be turned on,
and it too will help support the load'current. If R is
4.7 0, the turn-on current will be

0.6
17
128 mA

I=

D;

Lk

£ Ground % Load

“As the load demands more and more current, the

drop across R will continue fo increase and turn the
pass.transistor on harder. Figure 5-24 shows that the

polarity of the drop across R is correct for forward-

biasing the base-emitter junction of the PNP transis-

{or. A similar circuit arrangement is possible with a

negative regulator and an NPN pass transistor.

- Fixed integrated voltage regulators can also be

used to supply variable output voliages. In this ser-
vice, the ground terminal is connected to some tef-
erence voltage rather than directly to ground. Figure
5.35 shows a dualcomplementary supply with ad-
justable output voltages. The supply is d.m!—mmp!e-
mentary since it provides both positive and negative
voltages with respect to ground. The rectifier circuit
is a combination of two full-wave, center-tapped sup-
plies. This arrangement is also called a center-tapped
bridge rectifier. Capacitors C, and C: filter the posi-
tive and negative voltages. The 7805 is a fixed posi-
tive 5-V integrated regulator, and the 7905 isa fixad
negative 5-V regulator. However, the supply is ad-
justable over a range of 5 to 20 V-positive and neg-
ative with respect to ground. Notice that the ground
terminals of the fixed regulators are driven by trian-
gular symbols. The triangle is -commonly -used in
schematics and block diagrams to represent an am-
plifier. The inputs of the amplifiers in Fia. §-25 are
at the right and are marked with minus { —)and plus

. (+) symbols. Tha minus input is called the inverting .
" input. Any positive-going signal applied here will *
‘cause the output to go in a negative direction, and

~any negative-going input will drive the outpul ina.

positive direction. Notice that the wiper arm of R
supplies the inverting input of the top amplifier. If
the wiper arm is moved toward R more of the
negative output voltage will be applied to the top
circuit. This negative-going signal is inverted by the
top amplifier, and the ground lead of the 7805 is
driven in a positive direction. The 7805 will develop
an output that is 5 V plus the positive voltage sup-

D,

D, Gnd
E R 5
2 B : Pesitive
C, — ) ]

1

& =t - S e ), S SR
L Negative
C T~ + > load
Gnd I

Al

Fig. 5-25 Dual complementary supply with tracking.




plied to its ground lead. This makes the positive
supply adjustable by changing the setting of R,

What happens to the negative voltage in Fig. 5-25
when Ry is adjusted? The wiper arm of R, also sup-
plies a signal to the bottom amplifier. In this case the
signal is suppiied to the plus input, which is a non-
inverting input. When the wiper arm is moved toward
R; the resultant negative-going signal is amplified and
drives the ground lead of the 7905 in a negalive di-
rection. The negative output voltage will be -5V
plus the negative voltage supplied to its ground lead.
This makes the negative supply voltage adjustable
by changing the setting of Ry.

Both outputs shown in Fig. 5-25 are adjustable
with Ry. When the wiper arm of Ry moves toward
R, the positive output goes more positive and the
negative output goes more negative. One control ad-
justs both supplies. This is known as a fracking sup-
plv. The positive output voltage tracks the negative
output voliage. Supplies can be single or can have
more than one output, If they have two outputs, they
can be complementary (one positive and one nega-
tive). Supplies can be fixed or adjustable. Finally,
supplies that have more than one output can be in-
dependent or tracking.

REVIEW QUESTIONS .

21. Refer to Fig. 5-20. Assume 5 V across the
load. a load current of 100 mA. an unregulated in-
put of 8 V, and a zener current of half the load
current. Calculate the resistance of R and its power
dissipation.

22. Use the data of question 21 and calculate the
zener dissipation with the load connected and with

_ the load disconnected.

23. Use the data of question 21. At what load
current will the circuit stop regulating? What hap-
pens to the zener current at this point? What hap-
pens to the output voltage if the load current in-
creases even more?

24. Use the data of question 21. At what unregu-
lated input voltage will the circuit stop regulating?
(Hint: Try calculating the load resistance and draw
an equivalent circuit.)

25, Refer to Fig. 5-21(b). Assume an unregulated
input of 10 V, a current gain from base to emitter
of 80, a 5.7-V zener, and a load current of 100 mA.
Calculate a value for R that will set the zener cur-
rent to half the base current.

26. Use the data of question 25. What load volt-
age can be expected?

5-5
CURRENT REGULATION

Most pewer supplies operate in the constant-voltage
mode. They maintain a fixed load voltage over a
range of load currents. A constant-current supply
will maintain a fixed load current over a range of load
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resistances. Constant-current supplies are useful for
charging batteries, for supplying bias currents in ref-
erence circuits, for energizing electromagnets, and
for performing various control applications. Many
constant-voltage supplies also have a constant-cur-
rent mode. This mode is useful to protect the supply
and the circuits it energizes in the event of a fault
such as 2 short circuit. A supply that rcacts to. an
overload by changing from constant-voltage to con-
stant-current operation is said to have auromatic
crossover.

Figure 5-26 shows three constant-current circuits,
Each will supply a fixed current over a range of load
resistance. At some high value of load resistance,
the current will fall off as the load voltage cannot
exceed the input voltage. The output voltage is called
the compliance voltage, and the compliance range
predicts the values of load resistance that will receive
a constant current. Figure 5-26(a) is a field effect
transistor (FET); the load current will be equal to its
Ipssrating. The FETs (constant-current diodes) may
be used to supply a constant bias current to zeners
or IC zBners for a more stable reference voltage, A
transistor circuit in which the drop across the emitter
resistor is zener-regulated is depicted in Fig. 5-26(b).
The constant voltage across R, predicts a constant

+

Constant R, ,'RL =1Ipss
current G
ciode N-channel
JFET
la)
Ay
+
o
P
g — 0.7
Ay [a = =
R,
&)
! n | voiage (0%
i regulatar
Gnd R,
V.
I’a. - ﬁ_ +1a
A,

e}

Fig. 5-26 Constant-current circuits.
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current in R, and also in the emitter and collector
circuits of the transistor. Figure 5-26(c) shows how
an IC voltage regulator can be usad to provide a
constant current. The load current will be equal to
the regulator output voltage divided by R, plus the
quiescent drain current of the IC.

Figure 5-27 shows a constant-voltage power supply

“with current limiting. It uses an error amplifier to

compare a reference voltage against a sample of the
load voliage. Any change in load voltage will cause
the amplifier to bias the pass transistor so as to re-
duce the error. Resistor R;, diode D, and capacitor
C form a stable reference voltage in Fig. 5-27. This
reference voltage is fed to the noninverting input of
the amplifier. The inverting input of the amplifier is
connected to the junction of R, and Ry, which divide
the Iead voltage, The amplifier output drives O,
which is direct-coupled to @, the pass transistor.
The direct connection from the emitter of 0; to the
base of O; produces a high overall current gain, and
the 1wo transistors are usually called a Darlingion

_ pair. Transistor O; is off when the supply is operating

[

in the constant voltage mode and has no effect on
circuit performance. If the load should demand less
current, the load voltage will tend 10 ifcrease. The
divided voltage %t the inverting impul of the error
ampmicr will ‘also increase.- When a, pcmme going
signal appears at the inverting mpui ‘the output goes
less positive. This means less drive to the Darlinzton
pair. and the pass transistor now dreps moré voliage.

“This action decreases the load voltage, and much of

the onginal error is eliminated.

The consiant-voltage mode of Fig. 5-27 will range
from zero load current to that value of load current
which causes enough drop across R to turn on 0.
Resistor R; is in series with the load and can be
considered a current-sensing resistor. When the load
current goes high enough to drop about 0.6 V across
R;, O; will turn on, assuming it is a silicon transistor.
Notice that the polarity across R; forward-biases the

Fin .77 Cnnuventional
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base-emitter junction of (5. When @; comes on, it
loads the output of the error amplifier. Current that
narmally was supplied through Rz to the base of O,
is now supplied to Q5. This redudes the drive to the
Darlington pair, and the output voltage drops. The
load resistance can continue to decrease toward
shor-circuit conditions, and the load current stays
reasonably constant. Power supplies that cross over
from constant-voltage to constant-current operation -
at some value of load current employ conventional
current limiting.

Conventional current limiting applisd,to the cur-
rent boost circuit studied earlier is shown in Fig.
5-28. Most integrated circuit voltage regulators have
internal current limiting and protect themselves from
overloads. When they are current-boosted, the inter-
nal current limiting will not protect the pass transis-
tor. Figure 5-28 shows how two components can be
added to provide current limiting for pass transistor
0,. Resistor R, is the current-sensing resistor. It
senses that portion of the load current supplied by
pass tramsistor ;. When 0,’s current goes high
enough, the drop across R, reaches 0.6 V and turns _
on (J,. When (0 is on, it acts in parallel with R, to
decrease its effeclive resistance. Less resistance

-means less voltage drop across R, and less bias for

pass transistor @,. Transistor-Q; will npw drop more
voltage from its calleclo:—lo—:nnner terminal. and the
load: voltage will begin lo drop. The supply has
crossed over from constant-voltage to constant-cur-
rent operation. The maximum load current in this
circuit will be equal 1o the limiting current of the
integrated circuit plus the limiting current of the pass
transistor.

Conventional current limiting may not alway's pro-
tect the pass transistor and other components from
damage. A sustained short circuit will create high-
power dissipation in the pass transistor. For exam-
ple, a 2N3055 pass transistor is rated at 15 A and a
collector dissipation of 113 W. If it is operated in a
5-A 12-V power supply with conventional current
limiting, it may seem that it should be safe under all
load conditions. However, it can be destroyed by
excessive collector dissipation. Suppose it is oper-
ated with an unregulated input of 18 V. If the load is

R
e‘
i
Unregulated a
input 2
In | valtage

taculator

* Ground % Load

Out

Fig. 5-28 Conventional current limiting added to a current boost
circuil.



a short circuit, all of the input will drop acress the
pass transistor. The transistor diSsipation will be

P.=V,.x 1.
18 x5
S0 W

It still seems sale since 90 W is less than its rated
113 W. However, its rated dissipation is for a case
temperature of 25°C (77°F). When a transistor is dis-
sipating 90 W it becomes very hot. Figure 5-29 shows
the derating curve for the transistor in question. No-
tice that the curve shows 90 W of dissipation to be
maximum at a temperature of 63°C. The transistor
may be destroyed if the short circuit lasts long
enough for the case to exceed this temperature.
Another form of current limiting may be more de-
sirable, especially when long-term overloads are ex-
pected, Foldback current limiting provides better
protection for the pass transistor and other circuit
components. Figure 5-30 compares the graphs for
{wo types of current limiting. Notice that in Fig.
5-30(a) the supply operates at a constant output of
12 V up 1o load currents just over 5 A. This is the
constant-voltage region. As the load resistance
drops, the current demand goes beyond 5 A, and the
output voltage starts to drop. It continues to drop
until it reaches 0 V at short-circuit conditions. There
is little current change from the beginning of limiting
to the short-circuit condition. In foldback limiting
(Fig. 5-30[5]) the constant-voltage region is the same.
As the load demands more than 5 A. the current
starts to fold back (decrease). At short-circuit con-
ditions, the currentis 2 A. The dissipation in the pass
transistor can now be calculated by using the same

conditions as before but with a foldback current of
2A:

]

Po=18x2=36W

This is a much more reasonable dissipation. Accord-
ing to Fig. 5-29 the transistor is safe up lo a case
temperature of 140°C. A moderate heat sink will be
able to accomplish this. and the pass transistor will
be safe even if subjected to a prolonged short circuit.
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| i
a1 | .
— - 1
i . |
- \ i
3 8o ' :
3 2 \\\ i
5 60
£ a0 \ 1
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5-29 Power temperature derating curve for a 2N3055 transis-
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Fig. 5-30 Conventional current limiting compared to foldback cur-

rent limiting. ‘a) Conventional current limiting. b) Foldback cur-
rent limiting.

Figure 3-31 shows a circuit that employs foldback
current limiting, Transistor Q5 is off under normal
load conditions. Comporents Ry, D, and C develop
-a stable reference voltage for the noninverting input
of the error amplifier. Resistors R, and R, divide the

Unregulated
input

Fig, 5-31 Foldback current limiting.
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load voltage for the inverting input. Any error pro- -
duces more or less drive to the Darlington pair, 0;
and @, and the supply operates as a constant voltage
source. If the load demand continues to increase, the
drop across R; (the currént-sensing resistor) and Vi,
of Q; will increase. Note that the polarity of these
two drops provides forward bias for the base-emitter
circuit of Q. Also notice that the drop across-R.
provides a reverse bias for Q5; @; will not come on ~
until the two forward drops can overcome the drop
across Ry and the required junction voltage of O;.
When @; comes on, the limiting action begins. Now
Q; can divert drive current from the pass circuit.
This causes the output voltage to begin dropping. It
also reduces the voltage across R, and Rs since the
base voltage of O, tracks the output. With less drop
across Ry, Os turns on harder since the R, drop is a
reverse-bias source for Q5. The output is now folding
back since Q; is conducting more than it did before
with a given voltage across the current-sensing resis-

_tor. H the load becomes a short circuit, the current

in Ry approaches zero and no longer acts to produce
any reverse bias for 0;. Now, only a fraction of the
rated supply current is required in Ry to keep Q; on.

Current-limiting circuits of each type can ‘‘latch-
up” under certain conditions, although the foldback
type is more likely to do so. Larch-up oecurs when

_ the supplyis turned on and the output fails to come
-up to its full value. It latches-at some point on its

limiting curve. Some loads present a low resistance
.at turn-on; for example, an incandescent lamp shows

~ a very low resistance when cold. This type of load -

can latch the supply at some point on its current-
limiting curve’ With the current limited, the lamp
will never reach its normal operating temperature or
its normal operating resistance, and the output will
remain latched at some voltage lower than normal.
Dual-complementary power supplies may also latch
up if one polarity supplies a bias to a circuit energized
by the other polarity. At turn-on, the bias is missing,
the circuit draws excessive current, and the supply
goes into limiting. If the bias side uses voltage from
the limiting side, the bias may never reach a normal
level, and the limiting action will continue indefi-
nitely.

REVIEW QUESTIONS

27. Refer to Fig. 5-27. Assume R, is a 0.15-02
resistor and (; is a silicon transistor. At what load
current will the limiting action begin?

28. Use the same conditions as in question 27. If
the output is 12 V, over what range of load resis-
tance will the supply act as a voltage source?

29. Use the same conditions as in question 28.
Over what range of load resistance will the supply
act as a current source?

30, Refer to Fig. 5-28. Assume that the inte-
grated circuit regulator is internally limited to
1.5 A, that O, is a silicon transistor, and that R; is

- a 0.07-Q resistor. Calculate the maximum load cur-
rent. o S5 ?
_ 31. Use the information provided by Fig. 5-29
and Fig. 5-30(b). Calculate the maximum safe case
temperature if the unregulated input is 15 V and the
load is a short circuit.

32. Use Fig. 5-30(a) and predict the load current
for a 2-(1 load resistor. (Hint: Use Ohm’s law and a
graphical approach that satisfies a slope of 2 (1)

5-6
PROTECTION DEVICES AND'
CIRCUITS

The current regulation circuits discussed in the pre-
vious section provide protection for the power sup-
ply and load circuits for certain kinds of faults. This
section examines some other devices and circuits
that offer additional protection. Fuses and circuit
breakers are covered in Chapter 4. You may wish to
review the discussion of these devices since they are
commonly used to protect power supplies and other
industrial circuits.

_ Line transients are common in the industrial en-
_vironment. They are caused by lightning, switching
-of large inductive-loads such as motors, and mal-
“functions in other parts of the industrial plant. They

-~ -can cause all sorts of damage 10 wiring and equip-

: ment, and semiconductors are especially susceptible..
Studies show that oné 5000-V transient can be ex-
pected per year for every 120-V circuit in this coun-
try; lower voltage transients can also be expected
even more frequently. Fuses and circuit breakers are
too slow-acting to prevent transient damage.

A varistor (Fig. 5-32) can be used to absorb tran-
sient energy safely and to protect sensitive diodes,
transistors, and integrated circuits. Varistors are
voltage-dependent resistors. When the line voltage
is normal, a varistor has a very high resistance and
draws very little current from the line. When a tran-
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Fig. 5-33 MOV voli-ampere characieristic curve.

sient comes along, the resistance of the varistor
drops sharply. This drop will cause high current in
the varistor, and the transient will be safely ab-
sorbed. The wafer of zinc oxide in Fig. 5-32 contains
boundaries between the grains. These boundaries act
as semiconductor junctions, and each requires about
3 V to become forward-biased. The boundaries act
in series, and the brezakdown characteristics may be
controlled by the thickness of the wafer. The metallic
oxide varnistor {MOV) structure produces a rather
high capacitance. This characteristic is usuzlly of no
consequence in power line applications.

Figure 5-33 shows the characteristic volt-ampere
curve for an MOV, There is no current flow over the
normal ac line swing. However, if the line swings
positive enough, the positive current in the MOV
will increase sharply. The graph shows the same ac-
tion for positive- and negative-going transients.

Four common packages for MOV devices are
shown in Fig. 5-34. The axial devices (Fig. 5-34[b])
can absorb 2 joules (J) of transient energy at currents
up 1o 100 A. The high-energy package (Fig. 5-34[d])
is rated up to 6500 J and 30,000 A. Foriunately,
transients are usually very short in duration.

EXAMPLE ' :

Suppose a transient reaches 5000 V, lasts 10 ps,
and causes a current flow of 100 A in an MOV
device. What is the absorbed transient energy?

SOLUTION

Energy =V.X [ X 1 .

= 5000 = 100 X 10 X 10°°

=51
Five joules is too much for the axial package but
could be ea.stly handled by the larger packa-:s shown
in Fig. 5-34.

Figure 5~35 shows a t\r pical application of an MOV

in a power supply circuit. The varistor is connected

Sin parallel with the transformer. primary. Normally,

it shows a very high resistance and draws aimost no
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Fig. 5-34 MOV package style. fCourtesy General Eleciric Co.).

it drops in resistance and absorbs much of the tran-
sient energy. It protects the transformer, rectifier,
filter, regulator, and load. Depending on the ampli-
tude and duraticn of the transient, the fuse in Fig.
5-35 may not blow. The MOVs act in nanoseconds
and are therefore 100,000 times faster than fuses.
Another type of overvoltage situation can develop
in power supply circuits. Many circuits use series
pass transistors. These are hardworking devices and
are thereforz failure prone. Unfortunately, the most
common failure mode in a series-pass transistor is
an emitter-to-collector short. This fault places the
entire unregulated supply voltage across the load.
Since the load may contain many sensitive devices
such as integrated circuits, extensive damage can
result in a piece of equipment if 2 series-pass tran-
sistor shori-circuits.
+ Figure 5-36 shows a crowbar circuit added to a
high-curreat power supply to prevent circuit damage

_inthe event of a regulator failure. The crowbar cir-

cuit is made up of D), Rs, Cs, and the SCR. With

~——ctrrent-from the acline. In the ev:nt._nf,am.n.smm._,._normal loadxnlmmﬂum off Ifthe load.
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voltage goes too high, the zener breaks over and
current flows in Ry. The drop across R, gates the
SCR, and it turns on. Notice that the SCR sits across
the unregulated input and therefore quickly blows
the fuse. Capacitor Cs prevents noise from false-
gating the SCR. The simple zener gating circuit does
not provide a precise crowbar action. Some circuits
are more elaborate. Overvoltage-sensing integrated
circuits that provide accurate trip points and pro-
grammable delay characteristics are available.

The rest of Fig. 5-36 works as the series-pass cir-
cuits already discussed. However, theré are 2 few

details worth mentioning. There are four pass lran- |

sistors operating in parallel. Transistors Qs 10 Qs
share the load current and give this regulator high
current capacity. Resistors Rs to Ry help balance the
transistor currents. If one transistor has a higher
current gain than the others, it will conduct more
than its share of the load current. This will make it
run hotter than the other three transistors. Transistor

gain increases with temperature rise. As it heats, it
will continue to conduct more current and become
even hotter. This situation is called thermal runaway
and can lead to the destruction of the transistor. The
emitter resistors prevent thermal runaway in this cir-
cuit by dropping more voltage with an increase in
current. This drop subtracts from the base-emitter
bias and decreases the transistor current: Typically,
these resistors (Rs to Rg) are 0.1 ). Transistor 05 in
Fig. 5-36 is a driver for the pass transistors. The
MC1469 integrated regulator cannot supply enough
drive current for four pass transistors, and O pro-
vides the needed current gain. Transisior Gy seases
the drop across Rj and, ‘along with the internal cir-
cuits of the MC1469, provides conventional current
limiting. Notice that the MC1469 is housed in 2 614
metal package with 9 pins. A

Thermal protection involves sensing the tempera-
ture of some component (usually the pass transistor)
and shutting the supply down at some critical tem-
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perature. Many of the integrated circuit regulators,
such as the 78XX series, employ this technique. A
thermal shutdown transistor is located close to the
series-pass transistor in the circuit. The shutdown
transistor-is biased to 0.4 V and remains off at rea-
sonable iemperatures; if the shutdown transistor gets
oo hot (130°C or so), 0.4 V is enough 1o lurn it on.
When it comes on, it removes the base drive from
the pass transistor, and the output is turned off. The
shutdown temperature is several degrees above the
temperature at which the regulator will turn back on.
The difference between these two temperatures,
known as hysteresis, prevents the regulator from rap-
idly escillating (switching back and forth) between
on and off conditions.

REVIEW QUESTICNS

33. Is the relationship between voltage and resis-
tance in a metal oxide \ansmr (MOV) direct or in-
verse?

34. Is the relationship between the duration of a
transient and its energy content direct or inverse?

35. Calculate the energy in joules contained in a
2000-V, 350-A transient that lasts 20 ps.

5-7
SWITCH-MODE SUPPLIES

" Almost all of the voltage regulators studied up 1o this

' point have used a series-pass transistor. These reg-
ulators can provide excellent performance but are
relatively inefficient. The pass transistors consume a
sigaificant parl of the tolal energy as they conduct
the full load current and drop part of the unregulated
input voltage. They run hot and require substantial
heat sinking in many cases) A design that eliminates
series-pass transistors is illustrated in Fig. 5-37. It is
not a switch-mode supply but is included in this sec-
tion because it introduces an important concept.

The bridge section of Fig. 5-37 uses two rectifiers
and two silicon-controlled rectifiers. The SCR con-
trol circuit gates the bridge into conduction early or
later in the half cycle, depending upon demand and
line voltage. The waveforms show how the average
dec output of the bridge is related to SCR gating time.
Early gating produces a high dc average, and late
gating produces a low dc average. An error amplifier
compares a reference voltage with a sample of the
load voltage. Any difference will change the gating
of the SCRs and reduce the error.

The SCR-regulated supply is more efficient than
any of the series-pass circuits. When an SCR is off.
it blocks current. Zero current ensures Zero power
dissipation in the SCR. When an SCR is on, it drops
very little voltage, thus ensuring little power dissi-
pation in the SCR. The point is that the SCR does
not dissipate very much power because it is a switch-
ing device. It is either off or on. On the other hand,
a pass transistor is somewhere between off and on.

—It operates in the linear region; it acts as a resistor
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and therefore consumes energy. In switch-mode
power supplies the control transistors are not oper-
ated in the linear region. This gives this type of sup- *
ply an efficiency advantage similar to that achieved
by the SCR supply and also allows it to be operated
at frequencies far bevond the line frequency, The
higher frequencies allow a significant reduction in
the size and weight of transformers, inducters, and
fiker capacitors. Switching supplics are about one-
third the size and weight of equivalent linear types.
Switch-mode operation can achieve regulation by
using pulse-width modulation. Figure 5-38(a) repre-
sents a high-duty cyvcle since the width of the posi-
tive-going pulse is a large perceniage of the cycle. In
this case it is about 75 peicent. A square wave has
a duty cycle of 50 percent since the positive pulse is
equal to one-half cycle. Assuming an operating fre-
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Fig. 5.38 Pulse width modulation. (2} High duty eyele. (&) Low
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quency of 40 kHz, the calculation would ‘appear as which the load voltaec is conSIdcrably lcss lha.n lha_

follows: “input voltage
P ‘Not only is the switching modc much more effi-
Dul_y cycle, % = 7‘ > 100 cient, it also allows reg.ul.ator conligl.mmens not pos-
1875 x m’_ﬁ = “sible with the senes-pass arrangement. ‘In " Fig. .
= Srxj0-¢ % 100 5-39(b) the load voltage is greater than the input
= ?q‘% voltage. ‘When the PWM goes positive it turns_the
S transistor on and current flows through the transistor
With rectangular waveforms, the dc averdge is equal and the inductor. When it goes negative,-the transis-
to the dc peak times the duty cycle. Assuming peak tor turns off, and the field in the inductor collapses
values of 100 V, the waveform in Fig. 5-38(a) would and generates a voltage that adds in series with the
average 10 75 V and the waveform in Fig. 5-38(b) 1o input voltage. The diode is now forward- blased load
235 V because its duty cycle 1s 23 percent. current flows, and the filter capac;lor is charged.
:' Figure 5-39 shows thres switch-mode regulator When the transistor turns on again, the dipde pre-
mpﬁaurauons In each case, the switching transistor vents it from discharging the filter capacitor,/The load
is driven by a pulse width modulator (PW M). The de voliage can be oppesite in polarity to the input volt-
load \oltage is controllad in these circuits by con- age as shown in Fig. 5-39(c). These circuits are handy
trolling the duty cycle of the rectangular waveform in cases such as a positive ground system in which
supplied to the base of the switching transistor. one or lwo negative voliages are required. When the
In the circuit of Fig. 5-3%(a) the load voltage is less transistor turns off, the inducior discharges through
than the input voltage. When the output of the PWM the diode and the load. Since the direction of dis-
goes positive, the transistor turns on. Load current charge current must be the same as the direction of
is supplied through the transistor and the inductor. charge current, demonstrating that the loacl polarity
When the output of the PWM goes negative, the is opposite ta the source polarity is easv_.
transistor turns off. Load current continues to flow L'( Regulation in a switch-mede supply is 5 matter of
since the ficld of the inductor collapses and forward- comparing the load voltage with a reference v oltage
biases the diode. The filter capar:itor also helps to and using any error to correct the duty cycle of the
mamtam lo&d current while the transistoris off, The .  output of the PWM. Figure 3-40 shows a step-down
oad receives relativ cEy pure direct current. The step- regulator based on an 111182['34.8(1 circuit specially de-
do\m configuration is.much more efficient than its- signed for switch-mode power suppl:cs._'l'he PWM
“series-pass equivalent, cSpema]h in those cases in . is contained in the chip afd consists ef an oscillator,

AND gate,-and a latch, The oscillator produces-a
rectangular waveform, and its frequency of opzration °
is controlled by external capacitor C;. The AND gate
is a circuit that turns on znd passes a signal to the
latch only when both of its inputs are positive. The
latch is a storage circuit that remembers a high signal
Load that was applied to its S input and supplies that high
signal to its @ output until i is reset at its R input.
Transistors @, and (, form a Darlington switch that
will be turned on when the Q output of the latch is
high ){/oltage regulation is achieved in Fig. 5-40 by
comparing an internally developed reference voltage
with a sample of the load voliage. Any error is com-

% pensated for by pulse-width modulation. For exam-

oYY L

L g
\|
)

Inpat

D)

{a] Step-down configuration

ple, if the load demands more current, the voltage

tends to drop. Dividers Ry and R» will then send a

negative-going signal to the error amplifier. 1t is in-

verted, and the output of the amplifier goes positive

(high), enabling the aAxD gate. The positive-going os-

ST - c_illaior wi}l then set the latch and wrn on the Dar-

lington pair. The latch is reset at its R input by the

: oscillator signal. The duty cycle is a function of the

+ s 4 error amplifier output, For example, if the amplifier

MJ I_ never goes high, the duty cyc| cle will be 0 percént

3 i T A since ihe AND gate wili never be enabied. On the

b I T other hand, if the amplifier output is continuously

* high, the latch will be immediately set after it is reset

and the duty cycle will approach 100 percent. Normal
operation falls in between these two exlrcmesg :

fc) Inverting configuration ot <t — ( Figure 5-40 also provides for current limiting. Re-.

sistor R, senses the current to the Darlington pa:r

Al
/

Inpet

Fig. £39 Switch-mode regulator configurations.
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Fig. 5-40 Integrated circuit step-down regulator.

When the drop across R, reaches about 0.3 V the
oscillator waveform is reduced in duty cycle, Now
it is not possible for the Darlington switch to be
driven with a duty cycle as high as before, and the
output is limited. As shown, the circuit can safely
deliver about 1 A of load current. Tt is possible to
use pin 3 of the integrated circuit 1 drive an external
switching transistor for moiz lead current. It is also
possible to use an external J:ode and therefore not
use pins 1 and 2 on the device. Pins 4 through 7
access an additional amplifier that can be used for
temperature control or some other power supply fea-
ture. The inicerated circuit can be used in any of the

. three configuitions shown in Fig. 5-39.) ]

i
E“?&_‘)nl'{
i/

[ Converters are ancther category of switch-mode
supply. A converier iz a circuit that changes direct
current to alternating current and then back to direct
current again3This makes it possible to transform
one dc voltage to another dc voltage>It also permits
transformer isolation at a considerable savings in size
and weight because the frequency of operation is

. much higher than the normal line frequency)/Figure

5-4]) shows a width-controlled converter with voltage

~—regulation. Transistors @, and @, are driven with out-

of-phase rectangular waves. Note that they will al-
ternately conduct and allow primary current in T,.
The Joad voitage is sampled by divider R;-R: and
compared with a reference. Any error-is used to
modulate the width of the pulses supplied to the base
circuits. Increased load demand will be compensatled

for by increasing the pulse width and the oN timé for
bath transistors. This will increase the energy deliv-
ered 1o the transformer and compensate for the in-
creased load demand.

(

Diodes D, and D. in Fig. 3-41 rectify the high-
frequency alternating current. Inductor L, and ca-
pacitor C, form a choke-input. filter. There are
periods of time when baoth transistors are off, and L,
will then discharge 1o maintain the load current.
Diode D; is forward-biased by L, at those times and
completes the discharge circuit. The circuit will func-
tion without D;, but then the discharge current is
forced to flow through the rectifiers and the second-
ary of the transformer. This condition is not desirable
because it igcreases the dissigation and lowers circuit
efficiency. .

Switch-fdde regulators and convertess are quite 2
bit more efficient than series-pass arrangements’ 22t
ter efficiency translates to reduced heat sink require-
ments, and a smaller supply results.ZThe high fre-
quency of operation reduces the size of filter
components and the size of the cores in the inductive
components. All in all, it seems that they have every
advantage. There is one disadvantage, however.

“They are noisy. They operate with rectangular wave-

forms. Rectangular waveforns are composed of a
fundamental frequency plus a series of harmonically
related frequencies. The third harmonic is three
times the fundamental; the fifth is five times the fun-
damental; and so on. Harmonics add to the noise in
the cutput of the supply@They also create another
problem, called eleciromagneiic interference (EMI).
The energy content of the harmonics falls off at the
higher frequencies, and the majority of the noise
ranges from 10 to 500 kHz. There is often enough
high-frequency energy lo cause radiated isterference
with nearby equipment. Shielding and cutput filters
are required to conirol radiated EMI.
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Fig. 531 Widih-centrolled coaverterregulator.

e Sx\ilcﬁer_s also may create problems with . con-
ducted EMI. The location of switching transistors

directly: off the power lin¢ and their high peak cur- .

rents can create significant line noise. Switchers can
place noise on both sides of the line referenced to
ground (common mode noise) and can also place
noise on one side of the line referenced to the other
(differential mode ncise). Line filters are required to
attenuate these forms of line noise.

Figure 5-42 shows a frequency-controlled sine
wave converier. Sine waves solve some of the noise
and EMI problems because they have no harmonic
content. The circuit uses power FETs to switch the
direct current produced by D;-D,. The resulting
square wave is converted to a sine wave by a reso-
nant tank circuit formed by Ly and C;. These two
components are tightly coupled by transformer T,
and behave as though they were in parallel. The high-
frequency sine waves are changed to direct current
by Schottky rectificrs Ds and Dg and L, and Cs form
a choke-input filter. ;

The circuit of Fig. 5-42 uses frequency modulation
rather than pulse-width modulation. The duty cycle
of the drive signals supplied to the FETs is fixed at
50 percent. Any change in load voltage will shift the
frequency of the drive signal. This is accomplished
in the voltage-contralled oscillator (VCO). The tank
circuit has some natural resonant frequency estab-
lished by the inductance of L, and the capacitance
of C;. Suppose the VCO is generating a signal above
the resonant frequency. A tank circuit shows maxi-
mum voltage when driven at its resonant frequency.

Reterence

The circuit O is such that an octave-frequency-in- -
crease translat=s to a 12-decibel {dB) drop in tank
voltage. An octave increase imeans double and 2
12-dB dropmeans one-fourth. Therefore, if the tank
voltage were 20 V at 2 VCO frequency of 150 kHz
it would drop to 5 V at a frequency-of 300 kHz. Any
error in load voltage is corrected by shifting the VCO
in the proper direction. Figure 5-42 operates above
resonance, and an increased load demand will lower
the VCO frequency closer to resonance which will

_increase the tank voltage. Decreased load demand

will raise the VCO frequency further away from res-
onance and decrease the tank voltage. The slope of
the contre! curve is 12 dB per octave.

The power FETs and Schottky rectifiers in Fig.
5-42 permit good circuit efficiency into the hundreds
of kilohertz. This is not possible with bipolar tran-
sistors and ordinary recfifiers because of their poor
switching performance at high frequencies. They
cannot turn off fast enough, because of carrier stor-
age. It takes time to sweep all carriers from their
junctions so conduction does not cease jmmediately

" ‘when forward bias is removed. Field effect transis-

tors are unipolar and do not exhibit the carrier stor-
age associated with bipolar devices. The Schottky
diodes use metal on one side of the junction and
doped silicon on the other. This construction tech-
nique eliminates the depletion region and the storage
problem. Power FETs are also more rugged, in that
they do not suffer from secondary breakdown, which
is a phenomenon suffered in bipolar devices when
the crystal develops hot spots. The hot spots are
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caused by current crowding associated with the in-
tense fields generated in power devices and can lead

to breakdown even though the fransistor is operating

in-ts safe .area, Primary breakdown is caused by

- operation outside the safe area.

. Diodés D; 10 D, and capacitors C; and Csin Fig.
542 make up a bridge-doubler circuit. The circuit -
: asts as a doubler With the 120-V jumper installed:

the dc voltage supplied to the switching transistors
would bz around 240 V with a 120-V ac input. With
the jumper removed, the circuitacts as a bridge rec-
tifier and supplies about 240 V 1o the transisters with
a 240-V ac input. Thus, the circuit can be configured
for either of two line voltages with the jumper. Line
isolation is achieved in 7;. Since the frequency of
operation is so high, this transformer is tiny com-
pared to an equivalent line frequency device.

_ REVIEW QUESTIONS

16. Calculate the efficiency of a series-pass regu-
lator that supplies 5 A at 12V from an unregulated
input of 18 V. (Hint: efficiency is found by dividing
useful output by total input.)

37. If a switch-mode supply operates at 30 kHz,
calculate the duty cycle if the ON time is equal to
12 ps.

-38. Assume that you are observing the drive sig-
nal to the base of a switching transistor in a power
supply. What can you expect to se¢ happen if the
load current is suddenly decreased?

39. Calculate the average voltage of a rectangu-
lar waveform with a peak value of 25 V and a duty
cycle of 85 percent.

40. Can the integrated circuit shown in Fig. 5-40_

Error amphifer

be used to develop a negative voliage in a positive
ground system?
~ 41, What will happen to the load voliage in Fiz.

5-40 if.R; is adjusized for less resistance? o4

42, Which compenent in Fig. 5-41 is included 1

" reduce the dissipation in the transformer and-the

rectifiers? .

43, What do schematic symbols Ds 2ad D in

Fiz. 542 depict? %

5-8
TROUBLESHOOTING AND
MAINTENANCE

Power sources are considered the heart of electronic
equipment. They mus! function properly for the
equipment to work as designed. Technicians must be
familiar with power supply operation and know how
to verify correct performance. They must be able to
diagnose malfunctions and replace components to
restore proper and safe operation. Because the
power supply can affect all parts of the system, vei-
ification of supply voltages, currents, and waveforms
must precede any troubleshooting efforts in other
parts of the system. More than one technician has
spent valuable time troubleshooting 2 normal circuit
that is acting abnormally because of a faulty supply.
It is usually easy to verify proper operation in 2
power supply, and this must be done early in the
troubleshooting process.

Safety is the main consideration when trouble-
shooting. Severe electrical shock, burns, fires, equip-
ment damage, and losses in production time are some
of the penalties for improper work procedures.
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Grounded test equipment may lead to ground loops.
Some parts of the ac line and some parts of the power
supply circuitry can be hot with respect to an earth
cround. The act of plugging in a piece of test equip-
menl normally connects its czse and any ground
izads to an earth ground. Therefore, if any of the
ground leads is brought into contact with a hot cir-
cuit. a ground loop results and very high fault cur-
rznts will dow. Or the tzchnician's body can become
part of the loop if the case of the test equipment and
z hot circuit are touched at the same time.

It may be necessary to use battery-operated test
equipment when working on some industrial circuits,
This permits the instrument case and test leads 1o
remain “‘floating™ with respect to ground. Floating
measurements require special safety procedures. For
example, the case of a piece of test equipment that
i5 being used in a floating measurement may be hun-
dreds of volts with respect to ground. Touching the
case may cause a severe shock if the technician’s
body has any conductivity to ground. Special test
equipment, insulating mats, clothing, and other pro-
tective gear are musts when making floating mea-
surements.

Isolation transformers can be used in some cases
to prevent ground loops. The power supply can be
isolated from the ac line by energizing it from the
transformer secondary. This eliminates ground loops
Eut does not eliminate other shock hazards. No mat-
2r what the working conditions dre, sale practices
must be followed. Safe workers have an orderly way
of working. regardless of the conditions at the time,
They regard all circuits as potentially dangerous and
are not lulled into sloppy work habits by terms such
&s low voltage. For example. Fig. 5-42 shows a
power supply design that could be used in an indus-
trial control computer to supply 5 V to the logic
cireuits, What could be safer than 5 V? Well, the
Fower supply does develop 5 V for the load but
works initially at 240 V dc in the switching section!
Direct current of 240 V de is potentially very dan-
gzrous and must be treated with respect. Figure
5-42 also points out that line isolation is achieved in
only part of the power supply circuit. The bridge-
doubler runs directly off the ac line, and a ground
loop can result during work on this part of the circuit.

The industrial technician must also be aware that
the metal case of certain power supply components
may be at a high potential with respect to the com-
mon ground. For example, refer to the voltage-dou-
bler circuits shown in Fig. 5-18 Depending on ca-
pacitor construction, C; could be a shock hazard in
these circuits. In the half-wave doubler, the casz of
C, would be at the full secondary voltage referenced
0 ground. In the full-wave doubler, the case of C,
would be at half the load voltage referenced to
ground,

Power supplies are potential shock hazards even
when turned off, Today, the large <apacitive filter is
the most comman way toachieve pure direct current,

Capacitors can store quile a bit of energy and may
store it for long periods of time. Safety demands that
the capacitors be discharged before touching parts
of the circuit or making some measurements. Short-
circuiting capacitors by a hand tool or test lead is
not advisable in high-energy supplies. The energy
delivered by some capacitors when short-circuited is
enough to vaporize an alligator clip! Special dis-
charge rods with internal current-limiting resistors
are used to bleed off capacitors in high-energy equip-
ment.

Troubleshooting is a logical procedure. It begins
by carefully observing the symptoms and all oper-
ating conditions. The logical technician verifies al!
control settings, external connections and cabling,
and power to the unit before tearing it down. Once
the technician is sure that there are no obvious ex-
ternal reasons for malfunction, then it is time to
power down. In the industrial environment, it is often
necessary to lock circuits off and tag them. The tag
warns that maintenance is underway, Tear-down pro-
cedures are often presented in the equipment man-
ufacturer’s literature. So are important safety pre-
cautions. Find all relevant literature and use it!

A visual inspection of the inside of the equipment
follows tear-down. Look for obvious problems such
as foreign objects, leaking batteries and capacitors,
broken wires, cracked circuit boards, burned com-
ponents. components not seated properly in their ~
sockets, circuit boards not seated properly in their
connectors, loose connectors, and dirt. The indus-
trial environment is often very dirty, and you may
find that the equipment is loaded with grime and dust.
This kind of build-up is often conductive and must
be cléaned. Be sure to wear a respirator when clean-
ing up since the dus' may be hazardous. Do not
forget to check veniilaiion systems and to clean any
air filters. Any liquid material inside the equipment
may present a wore difficult problem. Try to find out
where it came from and what it is.

It may be necessary to remove circuit boards and
wash them, in some cases. Check the manufacturer’s
recommendations before proceeding. Some may rec-
ommend a sofuiion of 90 percent ethyl alcohol and
10 percent water. If corrosive materials such as chlo-
rides are on the board, a solution of water and bi-
carbonate of soda may be used to clean and neutral-
ize the board. The boards must be thoroughly rinsed
with deionized water and dried before installation.

Battery and cell maintenance is usually straight-
forward. A voltage check will verify whether the unit
must be replaced. However, do not make the mistake
of measuring open-circuit voltage. A weak battery
will often show a normal voltage until loaded. En-
ergize the load circuit or select a resistor of the
proper resistance and power ratings and make a test
under normal load conditions. Some equipment may
have a battery test switch for this purpose. If a sec-
ondary battery is below the cut-off voltage, verify
proper operation of the charging circuit. Keep a
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ma‘mtenﬁﬁcc log and always date the replacement of
any cell or battery. Many technicians also tag the

- equipment to indicate the date that the baitery was. -

replaced. These habits save time and money. Finally,
leaking cells and batteries must be replaced because
electrolyte material is highly corrosive and conduc-
tive. '
The most common failure mode for solid-state rec-
- tifiers is a short circuit. Make sure the power is off
and that the filters are discharged and then run an
ohmmeter check when you suspect a bad rectifier.
Use a low range and check for different readings as
the ohmmeter polarity is.reversed. Do not expect to
see infinite reverse resistance when running is-circuit
checks. For example, refer to Fig. 3-10. Suppose the
ohmmeter positive lead is on the cathode of D> and
the negative lead is on the anode. This reverse-biases
D and D,. but ohmmelter current will flow through
the bottom half of the secondary and the lozd, If the
diode is good, the reading will be a functioa of the
load and secondary resistance. The forwand resis-
tance of a solid-state diode is also important. Most
ohmmeters do not turn the diode on very hard, and
a good diede will show a resistance considerably
greater than 0 Q. A short-circuited diode will show
_ 08 in both directions. Removal of at least onz diode
lead from the circuit will allow conclusive tests. Sil-
icon rectifiers normally have a reverse resislance
- ‘higher than the top range of the ohmmeter. Replate

any leaky units. Don’t forget that at least .6-Vis ~

“necessary lo turn on a silicon diode. Soms chmine-
12rs have a special low-voltage ohms function. which
cannot be used when testing diodes. Finallv, if 2
rectifier is rated at more than 1000 V it mzy be 2
series combination of diodes and cannot be tested
with an ordinary ohmmeter. It will test open (infinite
resistance) in both directions.

Filter capacitors, especially the electrolyi= type,
are failure-prone. They may develop excessive leak-
age and may even short-circuit. They can &se dry
out and lose much of their capacity. Finally, they can
develop a high series resistance which limits their
ability to deliver load current. In-circuit testing can
be used to find a short-circuited capacitor. Observe
polarity and, as in the case of rectifier testing, be
aware of other paths for the chmmeter currzat. Re-
move at least one capacitor lead for more coaclusive

testing. A momentary low resistance followed by

increasing resistance is to be expected when ochmme-
ter-testing large capacitors. Large electrolytics al-
ways show some leakage, and the chmmeter will not
reach an infinite reading on its highest range. Testing
for excessive leakage is best done at the rated voli-
age. Also, testing for capacity and series resistance
demands a capacitor tester. It may be most effective
1o try a new capacitor when symptoms such as ex-
cessive ripple point to the filter. Electrolytics have a
shelf life and the technician should be aware that a
“new"" capacitor can be defective, especially if it has
spent 10 years in storage. ) =
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As mentioned béfore, troubleshooting is a logical
process. Good troubleshooters use analysis 1o limit
the possibilities. They can take a set of symptoms
and zero in on a set of possible causes. They under-
stand circuit laws and know how circuils operate
normally. This knowledge leads them to the answers
they are looking for. For example, look at Fig."5-20.
Suppose that the load voltage is zero. First verify
that there is some input to the circuit. It is not pro-
ductive to troubleshoot a regulator circuit until it is
verified that the input is normal or at least low. Zero
input usually points to a defect in a circuit before the
regulator. Low input may point to an overload con-
dition. Suppose the unregulated input in Fig. 5-20 is
low or normal. What kinds of fzults could cause the
load voltage to be zero? Resistor R may be open, or
the zener, capacitor, or load may be shori-circuited.
If resistor R is open, it will be cold. If there is a short
circuit, it will probably be hot. In fact, it may smell
and look burned. Usz all of your senses but be care-
ful what you touch. You could be burned or shocked.

Suppose the load voltage in Fig. 5-20 is loo high.
This changes the analysis. Now, the only probable
fault is an open zener diode. It is unlikely that R is
short-circuited because resistors seldom short-cir-
cuit; if it did short-circuit, it would probably destroy
the diode. - i

We are dealing with veltage analysis. We are mea-
suring circuit voltages and analyzing possible causes .

for improper readings. Leamn how to take measure- . - -

ments safely when the equiparent is on because much
troubleshooting filst be done this way. Watch where

‘vou put your arm. wrist, hand. and fingers. Use in-

sulated probes and never have more than one hand
in the circuit at one time. A forearm-to-finger shock
can be bad enough, but 2 hand-to-hand shock can be
lethal.

After the voltage analysis, it may be time to go
back to resistance analysis. If the load voltage is zero
in Fig. 5-20, we know that any of three short circuits
and one open circuit are among the possibilities.
Power down, discharge the capacitors, and use the
chmmeter to find the problem. Start with an in-circuit
check of R. Try both polarities even though it is not
a diode. Sometimes you can avoid forward-biasing
junctions in other parts of the circuit with this tech-
nique. The highest reading that you can obtain is
closest to the correct reading. If R measures too high,
you have found the trouble or part of it. There still
could be a short circuit that caused excess current
in R and burned it out. Use the ohmmeter to check;
if a short circuit is found, leads will have to be dis-
connected since the diode, capacitor, and load are
connected in parallel, ~

Look at the series-pass circuit in Fig. 5-21(a). As-
sume a normal unregulated input and zero load volt-
age. What kinds of component failures are possible?
The transistor could be open, resistor R could be
open, and the diode or the capacitor could be short-
circuited. A short-circuited load is another possibil-
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ity, but it would probably cause the unregulated input
voltage to be lower than normal, and the pass tran-
sistor would be hot because of the high current flow,
Suppos; the load voltage in Fig. 5-21(a) were too
hizh. This might be caused by an open diode or a
short-circuited pass transistor. A quick voltage read-
inz from ground to the base of the transistor will
eliminate one or the other. A high voltage here points
10 an open zener, and a normal readiag indicates that
the transistor has short-circuited.

Low output voltage often points to an overload. If
a regulator uses current limiting, the output voltage
will drop below normal with excessive load current,
Even without current limiting, overloads always can
be expected to cause voltages to drop below normal.
Overloads also make circuits run hot. However, do
not jump to conclusions, because some components
are quite safe at temperatures that will burn your
finger. Sometimes it is necessary to use current anal-
ysis. Most technicians avoid this since the circuit has
to be broken to insert the ammeter. If a series resistor
of known value is available, measure the drop across
it and calculate the current with Ohm’s law. Don't
forget the possibility of latch-up (discussed in the
section on current limiting). In some cases, it may
be necessary to remove some or all of the load from
ths supply to determine whether normal operation
c&n be restored.

Another cause of voltage error is a fault .in the
reference supply. This is easy to verifv with a voltage
check. Don't forget to check the divider that sam-
ples the output voltage. Any problem here will send
the wrong voltage to the error amplifier and cause
an oulput error. A cwrent-limit circuit can also
cause voltage error if it is defective. Suppose R;
ir Fig. 5-27 increases in value. It will cause the cir-
cuit to o into current limiting at less than maximum
lozd current, and the load voltage will be below
normal.

Repeated pass transistor failures may indicate a
defect in the current-limit circuit. Suppose Q, in Fig.
5-31 is replaced and normal operation is restored. It
will be wise to check the supply for foldback; other-
wise the replacement transistor may fail in a short
period of time. If ; is open, the supply will not
limit, and the pass transistor will not be protected
from overloads. Sometimes the difference between a
eood technician and a poor technician is that the

-good technician repairs the equipment once, and the
poor technician repairs it once a week.
_ Blown fuses with glass tubes should be visually
inspected. It is easy to tell the difference between a
moderate overload and a severe overload, A severe
overload often covers the inside of the glass with
_spattered metal and black smoke. These kinds of
clues are valuable. For example, suppose the circuit
of Fig. 5-35 is dead. Inspection of the fuse reveals a
severe overload. If lightning made the lichts flicker
when the squipment went dead,.it is easy to piece
_together what happened. If there was no transient,

then it is likely that there is a dead short circuit in
the equipment, and it will be wise to look for it before
energizing the equipment again. A severely blown
fuse in Fig. 5-36 indicates that the crowbar circuit
was tripped. The pass transistors and Q- should be
checked for emitter-to-collector short circuits before
turning the supply on. If the transistors are good, the
integrated circuit may be defective, divider R;-R,
may be wrong. Dy may be short-circuited, the SCR
may be short-circuited, or noise may have caused
false gating of the SCR.

Switch-mode supplies can exhibit some additional
symptoms when compared with linear supplies. They
can make sounds such as clicking, chirping. and
squealing. They are designed to operate above the
limit of human hearing, but defects and overloads
may cause the frequency todrop. Overloads can also
cause a switcher to shut down and then restart re-
peatedly. This can create audible clicking and chirp-
ing. Always investigate the possibility of an overload
when unusual sounds are heard,

An oscilloscope is the preferred instrument for
analyzing switch-mode supplies. Rectangular wave-
forms can cause misleading readings in a voltmeter
unless the meter is capable of true rms performance
at the frequency of operation. Most meters are not
true rms indicators. and some true rms meters are
not accurate at switch-mode frequencies. It is also
good practice to check the output of linear supplies
for ripple and noise with an oscilloscope. The fre-
quency of operation also must be verified in switch-
mode supplies. This can be done with sufficient ac-
curacy on a good oscilloscope by measuring the
period of the waveform and then deriving the fre-
quency. )

The last step is the replacement oi defective com-
ponents. It is mandatory 1o use exactl replacements
or substitutions with equal or better specifications.
However. this can be a trap for the beginning tech-
nician. Replacing a 1-W resistor with a 3-W resistor
can cause failure of a more expensive component if
the original design intended that the resistor would
increase in value under overload conditions. Substi-
tuting a larger-capacity filter may cause excessive
current peaks in the rectifiers and transformer. Gen-
erally, it is safest for the beginner to match replace-
ments 1o the original parts as closely as possible; this
means according to component type, as well. It is
poor practice to replace a film resistor with a carbon
composition resistor, for example, Such substitutions
can even lead to fires. The physical size is also im-
portant. Make sure the replacement has the proper
lead arrangement and that it will fit in the space
available. Make your work look like the factory wir-
ing as much as possible. Replace all components,
even seemingly unimporiant ones such as ferrite
beads. Do not leave lonz leads on components. For
example, unless bypass capacitors such as C;, C,.
and C; in Fig. 5-36 have short leads, the integrated
circuit may become unstable.
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Finally, it must be emphasized that cerlain com-
ponents are special and have rather critical specifi-
cations. Rectifiers Ds and Dy in Fig. 5-42 must beof

- the Schottky type. Ordinary rectifiers will not work.-~
in this circuit. They will overheat and ‘be destroyed
and may cause-additional circuit damage. Capacitor = -
C; is another example of a special component. It is -
a special four-lead capacitor designed for low effec- -
live series resistance (ESR)."An ordinary capaciior —

- has a much higher ESR and would be overheated
and destroved in a circuit of this type. The inductors
in switchers and sine wave converters are also spe-
cial. They are quite often cup-core lypes, where the
cores surround the windings or toroid types, Where
the windings are placed on doughnut-shaped cores.

~~ 45. Which part
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 REVIEW QUESTIONS

44, What must the technician guard against when
_ working on *‘hot*" circuits with grounded test
_equipment?- - = '

ich part of a power shpply may siore a
- charge for some lime? ol
46, Refer to-Fig. 5-11. A technician connects the
- positive ohmmeter-Jead to the. cathode of D, and
the negative lead to its anode. Is the technician
‘measuring the forward resistance of D,? Is the re-
verse resistance of D, being measured?
47. What is being measured in question 467

48, Refer to Fig. 5-22. Transistor 0 is open.
What is the symptom?

CHAPTER REVIEW QUESTIONS

5.1. If a 6V, 2-A - h ni-cad battery is com-
pletely discharged, what is the minimum time re-
quired to completely restore it at a C/10 charging -
rate? How long can it be left on charge before it is
damaged? : e R >
- 5.2, Why is it poor practice to store discharged

=~ - - gel-cells for an extended period?

5.12. Suppose the circuit of Fig. 5-35 is designed

1o operate on common 120 Vac. Why would it not
be possible to use an MOV designed to break over
at 150 Vde? -

513, Refer to Fig. 5-36. Which component sets
the crowbar trip point?2. 3 S

" 5.14. Refer to Fig. 5-36. Potentiomeier R, is

- 5.3, Assume a line frequency of 60 Hz. Whatis ~ ~used 10 adjust the doad voltage. Why must it b2 ad- .

" the ripple frequency in a line-to-neutral three-phase

;- wye rectifier?

5.4, What is the rectifier cell ratio for a single-
phase, full-wave bridge circuit?

5.5. Refer to Fig. 5-17. Calculate the capacitor
value required to keep the ripple voitage at 1V
peak-to-peak. Assume a load current of 10 Aanda
line frequency of 40 kHz.

5.6. What can you conclude from question 3-3
regarding the size of filter components required in
high-frequency switch-mode power supplies?

5.7. Refer to Fig. 5-18(b). Assume no diode
loss, a light load, and a 120-V rms secondary. What
is the dc load voltage? :

5.8. Refer to Fig. 5-22. What can be expected
to happen to the output voltage if resistor
opens? ;

5.9, Refer to Fig. 5-24. Assume a pass transis-
tor with 2 Vi of 1.3 V at a collector current of 4 A.
Select a value for R that will set the integrated cir-
cuit-regulator current at 1 A when the load current
is5 A.

5-10. Use Fig. 5-30(b) and predict the load cur-
- rent for a 2-0 load resistor. :
5.11. An MOV is rated at § J and 200 A. As-
sume maximum current flow and calculate the max-
imum voltage that it can safely withstand for 5 ps.

justed carefully in 2 circuit of this type?

515 Calculate he frequency of the seventh har-
monic in 2 switch-mode supply that operatas at
35 kHaz.

5.16. What two undesired efiects are causad by
harmonic energy in switch-mode supplies?

5.17. How much harmonic energy can be found
in a sine \yavnei-- =1

5-18. Name two problems or limitations assodi-
ated with bipolar power transistors that are not as-
sociated with power FETs.

5-19. Refer to Fig- 5-22. If R, is open, what is
the symptom? _

5.20. Refer to Fig. 5-27. If R, is open, whal is
the symptom?

5.31. Refer to Fig. 5-36. Transistor (- has a col-
lector-to-emitter short circuit. What is the symp-
tom?

5.22, Refer 1o Fig. 5-36. Transistor 0, is open.
What is the symptom?

5.23, Refer to Fig. 5-40. Resistor R, has in-
creased in value. What is the symptom?

. 5.24, Refer to Fig. 5-22. What can be expected
to happen 1o the load voltage if the series-pass
transistor develops a collector-to-emitter short?



128 INDUSTRIAL ELECTRONICS AND ROBOTICS

ANSWERS TO REVIEW QUESTIONS

. primary 2. polarization 1. 35 h 4. lithium thionyl chloride, 5. 3.3 MO 6,300 7.225V 8 27V
9. positive 10, 13.5 V11, 6.43 V; 47.8 percent  12. 7 V. 13, pulse waveforms show a greater heating effect
14. 20 percent 15, capacitor input 16, capacitor input 17, capacitor input 18. 42.3 V 19, it will decrease
20. 1 will increase 21 200; 045 W 22,025 W; 0.75 W 23, 150 mA; drops to zero; drops below 5V 24. 7V
25. 23520 26.53% 27.4 A 28 frem3 woinfinity (0 29, from0t0 30 30. 10.1 A 3L 1S4°C 32.53 A
33. inverse 4. direct 35, 14 36, 0667 or 66.7 percent 37. 36 percent  38. the duty cycle will decrease
39.21.3 V' 40. yes 4L it will go down 42. D; 43, Schottky rectifiers 44. ground loops and shock  45. filter
capacitor 46. no:no  47. the load plus the forward resistance of Dy (depending on primary resistance, D; may also
be tuned on) 48, high output and no voltage rezulation




