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PREFACE

This is the second edition of the Handbook of Electrical Design Details (HEDD), orig-
inally published in 1997. It is a well-illustrated reference book on electrical power and
lighting—how it is generated, transmitted, distributed, and used. Considerable new
information has been added in this edition but it is a smaller volume, making it more
user-friendly and easier to keep on a desk or shelf. Among the topics new to this edi-
tion are computer-aided electrical drawing (CAD), basic switch and receptacle circuit
wiring, outdoor low-voltage wiring, telephone and structured wiring, and electrical
surge protection.

This book begins with a discussion of electrical drawing and symbols and the impor-
tance of specifications in electrical projects. The chapters that follow cover power gen-
eration, transmission, and distribution. Design details of generators and transformers and
their role in delivering electric power to consumers’ homes or buildings are included.
Aerial and buried service entrances are explained and illustrated, as are main panels or
loadcenters and the principles of earth grounding.

Properties of wire and cable are presented, and the dimensions and the details of basic
electrical wiring devices are described and illustrated. The rules for installing branch
circuit wiring are given along with an example of a load calculation and the reasons for
load balancing. Extensive coverage is given to lighting, lamps, and indoor and outdoor
lighting design. Other chapters explain telephone and structured wiring, electric motors,
emergency and standby electrical systems, and the essentials of surge protection.

This edition of HEDD makes many references to the National Electrical Code®
(NEC®)* on all topics governed by the code, such as wiring protection, wiring methods
and materials, and standard equipment, where appropriate for reader guidance. In
the chapters on wire, cable, and wiring devices, individual drawings represent whole
classes of standard products such as switches, receptacles, and lamps, replacing the
many repetitive catalog pages that appeared in the first edition.

Each chapter begins with a content summary called “Contents at a Glance” and an
Overview of the chapter. In addition, there are separate glossaries of technical terms
at the ends of the chapters on transformers, electrical service entrance, wiring, light-
ing, motors, telecommunications, emergency and standby systems, and surge protec-
tion, for handy reference and quick memory refreshing.

This second edition of HEDD has been written in an informal descriptive style,
with minimal use of mathematics. The readers most likely to benefit from this book
are electrical contractors, electricians, and instructors. Others who will find this vol-
ume helpful are those employed in the electrical industry in manufacturing, service,

*National Electrical Code and NEC are registered trademarks of the National Fire Protection Association,
Quincy, Massachusetts.

Copyright 2003, 1997 by The McGraw-Hill Companies, Inc. Click Here for Terms of Use.
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PLANNING FOR ELECTRICAL

DESIGN

CONTENTS AT A GLANCE

Overview Drawing Line Widths and Styles
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Electrical Drawing Preparation Electronic Graphic Symbols
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Electrical CAD Software Electrical Project Drawings

CAD Drawing Plotters Electrical Product and Work Standards
Drawing Sizes and Conventions What Are Electrical Specifications?
Drawing Reproduction

Overview

A successful electrical power and lighting project depends on effective planning in the
form of drawings, schedules, and contract specifications. This contract documentation
provides a concise picture of the objectives for the electrical project work to be done.
It also serves as a record of intent for owners and as instructions and guidance for
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PLANNING FOR ELECTRICAL DESIGN

contractors, electricians, installers, and others performing the work. Contract docu-
ments, which might also include surveys and test data, are legal documents, and they
can be used as evidence in court cases involving contractor malfeasance, or failure to
comply with the intent of the drawings and specifications.

The present conformity to accepted formats for drawings and specifications is the
result of years of practical experience reinforced by accepted national and international
standards issued by government agencies and private standards organizations. The stan-
dards organizations are advised by experienced personnel from the ranks of manufac-
turers, contractors, and other interested parties. The intent of standards is to produce
unambiguous documentation that is understandable by all project participants, from
engineers and architects to contractors, project supervisors, electricians, and installers.

This chapter discusses the preparation of drawings and schedules and their repro-
duction. It also explains and illustrates typical standard electrical symbols used on plan-
view, one-line, and schematic drawings for electrical construction, and identifies the
principal government and industry agencies whose standards affect all phases of elec-
trical work. Appendix A is a compilation of American National Standards Institute
(ANSI) electrical symbols and National Electrical Manufacturers Association (NEMA)
plug and receptacle and circuit wiring configuration diagrams. Appendix B contains the
front matter and selected commonly used sections of a typical electrical specification,
to show how a written specification is organized, its legal language, and its style.

Electrical Drawing Objectives

Drawing for an electrical project serves three distinct functions.

1 Describes the electrical project in sufficient detail to allow electrical contractors to
use the drawings in estimating the cost of materials, labor, and services when
preparing a contract bid.

2 Instructs and guides electricians in performing the required wiring and equipment
installation while also warning them of potential hazards such as existing wiring,
gas pipes, or plumbing systems.

3 Provides the owner with an “as-built” record of the installed electrical wiring and
equipment for the purposes of maintenance or planning future expansion. The
owner then becomes responsible for recording all wiring and equipment changes.

A typical electrical drawing consists of solid or dashed lines representing wiring or
cables and symbols for luminaires, receptacles, switches, auxiliary systems, and other
electrical devices and their locations on a scaled architectural floor plan of a home or
building. The drawings also include title blocks to identify the project, the designers
or engineers, and the owner, and change blocks to record any changes that have been
made since the drawing was first issued.

In any given set of electrical drawing there are also specialized drawings such as
one-line, elevation or riser, and electrical equipment installation drawings. There
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ELECTRICAL DRAWING PREPARATION 3

might be no drawing requirements for relatively simple electrical projects such as
updating the amperage capacity of a home or extending branch wiring into a base-
ment, attic, or extension. In these situations, all information needed can be included in
a written proposal or other contractual agreement.

For commercial projects or new home construction, formal drawings are required to
gain approvals from building inspectors and the local electric utility. A typical set will
include several 24 X 36 in. architectural floor plans marked with the appropriate elec-
trical graphic symbols. The set might also include drawings for telephone and multi-
media structured wiring, outdoor wiring, or a security system.

By contrast, major large-scale construction projects such as shopping centers, high-
rise office buildings, factories, hospitals, and scientific laboratories might require
dozens of 24 X 36 in. (or larger) sheets, depending on the size and complexity of the
project. These might include one-line drawings and manufacturer-furnished wiring
diagrams for installing equipment. For complex projects, special instructions and
installation schedules will also be included.

Electrical Drawing Preparation

The preparation of electrical drawings for updating an existing electrical system or con-
structing a new one is the responsibility of a consulting architect, engineer, or designat-
ed experienced employee in an architectural or consulting engineering firm. The actual
drawing could be performed by on-staff electrical engineers or designers, or it could be
subcontracted out to consultants specializing in electrical power and lighting design.

However, consulting engineering firms are usually retained to design and supervise
the construction and electrical work in major commercial, industrial, and government
projects. These firms employ registered professional electrical, mechanical, structural,
and civil engineers as well as specialists in writing specifications and drafting for
large-scale projects. Some engineering firms also employ registered professional
architects who are experienced in building design. All of these specialists might par-
ticipate in the preparation and approval of electrical drawings and specifications,
because close coordination between these disciplines will help to avoid mistakes or
oversights that are costly and time-consuming to correct in the field.

If a project is to include custom-made electrical-powered equipment such as
machine tools, generators, conveyors, escalators, or elevators, the project manager
will request generic drawings of that equipment from qualified vendors for estimat-
ing and planning purposes. These drawings will show floor space and ceiling height
requirements for the installation of the equipment, the relative positions of any nec-
essary auxiliary equipment, and the recommended positions of all piping and wiring
required. The drawings will also show the correct orientation of the equipment to
assure sufficient space for operators and maintenance personnel to move around the
equipment to gain access to all removable panels or hatches and to provide for the
swing radius of any hinged doors. If the equipment is large, measurements for mini-
mum space requirements to move the equipment into the building will be included.
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These measurements will be useful in sizing entryways or scheduling the installation
before the walls are covered.

In some cases large units such as machine tools, furnaces, or elevators will require
the preparation of special concrete foundations, and construction drawings will be pro-
vided by the manufacturer. This work must be completed prior to the delivery of the
equipment.

Generic drawings will be replaced by drawings of the actual custom-built equip-
ment after it has been ordered. These drawing might be accompanied by installation,
operation, and maintenance manuals prepared specifically for the project. These will
later become part of the owner’s engineering documentation.

The electrical contractor might have his or her own staff designers prepare supple-
mentary electrical drawings if they are needed to clarify certain aspects of the instal-
lation, help to avoid mistakes, speed up the work, or provide extra guidance for the
field supervisors.

Computer-Aided Drawing

Most large engineering consulting and architectural firms in the United States have
made the transition from manual to computer-aided drawing (CAD). These companies
have had to purchase computer workstations, applications software, and plotters, as
well as pay for personnel training in CAD. The dedicated workstations and off-the-
shelf high-performance desktop computers now available are capable of supporting
the most sophisticated commercial CAD software available. The pricing for both is far
lower today than it was only a few years ago, making CAD affordable even for small
design firms and individual professional consultants.

The acronym CAD also stands for computer-aided design, but this is a misnomer.
CAD programs do not do design work; that must still be done by skilled draftspersons,
designers, or engineers with sufficient technical knowledge and training to perform
professional-level work.

CAD drawing can be learned on the job, in trade and technical schools, or at train-
ing facilities set up by software vendors. However, the training in a software vendor’s
classes focuses on teaching the company’s proprietary software and might not include
instruction in the use of competitive or alternative software.

An experienced electrical designer or drafter might require months of on-the-job
practice with specific CAD software to become proficient enough in its use to do pro-
fessional work on the workstation more cost-effectively than it could be done by tra-
ditional manual drawing.

The software needed for electrical power and lighting design work typically consists
of two components: a general purpose two-dimensional (2-D) CAD software package
and supplementary applications-specific electrical design software. While it is possi-
ble to do professional electrical drafting with basic off-the-shelf 2-D CAD drawing
software, the addition of the supplementary electrical design software will relieve the
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user of the onerous task of creating custom files of symbols and other design elements
specific to electrical construction.

The supplementary applications-specific software is expected to pay for itself within a
short period of time and increase drawing productivity. This software typically contains
a complete library of electrical symbols, which can be selected from a menu and dragged
into position on the workstation screen for proper placement on the architectural or one-
line drawings. Most electrical drawing software permits the user to modify the industry
standard symbols or create new ones for specific devices or equipment.

Many corporate clients of architectural or engineering consulting firms as well as
U.S. government agencies have their own drafting style guides, which must be fol-
lowed in the performance of contract work. They might, for example, have their own
specialized symbols or make specific selections in cases where two or more alterna-
tive symbols are approved and accepted by the industry. All drawings produced for the
bidding process and later construction phases must be drawn in accordance with these
guidelines.

Some CAD programs are capable of producing the proper forms and making the
necessary calculations to produce material lists and cost estimates based on the num-
ber and type of symbols placed on the drawing.

The benefits of CAD electrical drawing are the following.

B Saving time in the preparation of all types of electrical drawings.

Eliminating the tedious tasks of lettering and drawing uniform lines and symbols.

B Permitting the transfer of large sections of drawings prepared originally for one
project to be reused on a different project.

B Providing databases of “families” of master digitized drawings that can be modi-
fied for reuse on other projects or become de facto templates for new drawings.

B Making rapid changes on completed and approved drawings to reflect field changes
such as the substitution of different equipment.

B Making rapid corrections of mistakes or oversights that have been discovered.

B Reproducing corrected drawings rapidly for use in the field, eliminating concern
that work might be done against obsolete drawings, necessitating costly rework.

B Permitting work to be done on a specific drawing by two or more persons at sepa-
rate workstations within the same office or miles apart, because data can be trans-
mitted over networks to a master workstation. This permits two or more persons to
participate in the design work in real time.

B Reducing the space required to store completed drawings, because digital data can
be stored on a centralized server, computer disks, or CD-ROMs.

B Accelerating the distribution of drawings to all concerned parties: owners, con-
tractors, equipment manufacturers, and suppliers. The drawing data can be trans-
mitted over computer networks and printed out by the recipient, saving time and
delivery cost.

B Providing a secure backup for all master drawings files if the drafting offices are
destroyed by fire or flood, saving the time and expense needed to reconstruct the
drawings from alternative sources.
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Electrical CAD Software

Some software publishers specialize in electrical design CAD software for both elec-
trical drafting and estimation. These software packages typically supplement the capa-
bilities of AutoCAD, a recognized proprietary brand of general-purpose CAD
software. AutoCAD can be adapted to many different technologies, but it does not
contain coding for either electrical drawing or estimation.

The basic AutoCAD software has a menu structure that permits drawing lines, cir-
cles, arcs, rectangles, polygons, spline curves, and hatching. It also permits the gener-
ation of text, scaling, and dimensioning. The modifying commands include erase,
copy, mirror, stretch, and array. It also permits the creation of blocks and templates.

The electrical drafting software builds on these capabilities and contains a library of
hundreds of standard electrical symbols as well as a collection of easily modified
detail diagrams, schedules, and title blocks. The default symbol library included in the
software can be customized to accommodate all user or client drawing standards that
are different.

The electrical software permits the designer to make accurate measurements of all
circuit routings, regardless of the scale of the drawing. It also contains an architec-
tural drafting “toolkit” that permits the drafter to modify a building’s architectural
floor plan to include any desired electrical work that cannot be accommodated in the
original design. For example, a wall location might be moved to allow more space for
the installation of a flush-mounted electrical cabinet or the installation of structured
wiring bundles.

Logic inherent in the software monitors the use of the symbols and indicates possi-
ble errors. Electrical drafting software typically includes the following functions.

B Multiple user interfaces: mouse-driven, on-screen, and digitized template formats.
These menu systems are designed to be intuitive, to save the draftsperson’s time in
calling up desired functions.

B Automatic graphics and text sizing to adjust to required drawing scales.

B Customizable layer management that accommodates all layering procedures
required where interconnected electrical circuits exist on two or more floors.

B Modular riser symbols for quick assembly of single-line diagrams. Symbols and
connecting feeders can be put together quickly in building-block fashion.

B Automatic labeling features for circuitry, feeders, special raceways, cabling, fix-
tures, and equipment, with various line-breaking routines and branch or feeder
markings.

ELECTRICAL COST ESTIMATION SOFTWARE

CAD software revolutionized the drafting process and eliminated the drudgery of
manual drawing by permitting engineering drawing to be made on computer screens,
speeding up the entire design process. It was later found that the digital data accumu-
lated in the preparation of CAD drawing could serve double duty by taking the
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drudgery out of cost estimation of electrical projects, a task that must be performed as
part of the bidding and overall project cost estimation process.

Some estimation software has the ability to keep track of the number and kind of
electrical devices and wiring placed on a CAD drawing, either during its prepara-
tion or after the drawing is completed, to produce the desired estimation documen-
tation automatically.

CAD Drawing Plotters

Special plotting equipment is required to print out drawing sizes larger than about
8.5 X 14 in., the upper limit of most standard office inkjet or laser printers. Today
there are many different models of inkjet plotters capable of printing out drawings
up to 42 in. wide on rolls of paper, vellum, or film that permit drawing lengths that
are proportional to their widths. The printing can be done on any of eight different
types of media, including five different kinds of paper and two different kinds of
film. These plotters use the same thermal inkjet printing technology as standard off-
the-shelf desktop inkjet printers. The cost of plotters depends on such factors as

B Width of drawings they can print (typically from 24 to 42 in.)

B Print quality in dots per inch (dpi)

B Ability to print in color in addition to black

B Ability to send and receive digitized drawing data over networks

Table 1-1 lists the range of features and capabilities found on commercially available
inkjet plotters. Basic inkjet plotters that print only in black on media up to 24 in. wide
with acceptable 600 X 600 dpi print quality are now priced under $1500. However, top-
of-the-line plotters are priced up to $8000; they can also print in color on media up to
42 in. wide, offer print quality of 1200 X 600 dpi, and include a hard-disk drive and
circuitry for sending and receiving digitized drawing data over computer networks.

Drawing Sizes and Conventions

Most electrical drawings are drawn on 18 X 24 in. to 24 X 36 in. paper, but some mea-
sure as large as 30 X 42 in. From small to large they are sized A through D.

DRAWING TITLE BLOCKS

Electrical drawings typically contain a title block in the lower right-hand corner to
identify both the intent and the source of the drawing. The contents of title blocks have
generally been standardized so that all persons having access to the drawings and a
need to use them can find the information they want in the same location, regardless
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8 PLANNING FOR ELECTRICAL DESIGN

TABLE 1-1 CHARACTERISTICS OF THERMAL INKJET PLOTTERS

(Based on Available Commercial Models)

Media sizes (1) 8.3 X 8in. to 42 X 600 in.

Print length (max.) 50 ft

Print technology Thermal inkjet

Print quality (black best) 600 X 600 dpi to 1200 X 600 dpi

Print color (2) Black (cyan, magenta, yellow optional)

Print languages HP-GL/2, HP-GL, HP-RTL, HP-PCL3-GUI

Media types Bright white inkjet paper (bond), translucent bond,

natural tracing paper, vellum, clear film, matte film,
coated paper, gloss photo paper

Memory (3) 4 MB RAM to 96 MB RAM

Connectivity, opt. (4) Centronics parallel, IEEE-1284-compliant, USB1.1
(Windows 98 and 2000)

Dimensions (W X D X H) 40 X 9 X 13in.t0 49 X 19 X 14 in.

NOTES:

(1) For engineering applications drawing sizes A, B, C, D, and E.
(2) Colors standard on some models.

(3) High-end models include hard-disk drive.

(4) Applies only to network-compatible models.

of the origin of the drawing. Uniformity in drawing style, format, and typefaces can
eliminate time wasted and frustration in searching for needed information.

Title block size is generally proportional to both drawing size and the extent of
information needed in it. A typical drawing block contains all or most of the follow-
ing information:

Name of the project and its address

General description of the drawing

Name and address of the owner or client

Name and address of the organization that prepared the drawing

Scale(s) of the drawing

Approval block containing the initials of the drafter, checker, and design supervisor
who approved the drawing, all accompanied by initialing dates for accountability
Job number

Sheet number

The objective of the initialing process is identify all of the persons who participat-
ed in the drawing process and provide a paper trail to assure accountability for the
accuracy of the drawing. Some drawings also include the signature, initials, or profes-
sional stamps or seals of the responsible architect or consulting engineer, and some
also include the initials of the project owner or representative.
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DRAWING LINE WIDTHS AND STYLES 9

DRAWING REVISION BLOCKS

Revision blocks are lists of changes accompanied by the dates of those changes and the
initials of the person who made them. This information is contained within a lined and
bordered block adjacent to the title block. The initial change entry is made just above
the lower margin of the drawing, and all subsequent changes are listed in date order
ascending from the first entry. This means that the latest change entry is always at the
top of the revision block so that the history of changes can be read in top-down order.

Drawing Reproduction

Most of today’s engineering drawing standards were adopted when engineering draw-
ings were drawn manually and lettered with pencil or ink on translucent vellum sheets.
Those drawings were made on translucent cloth media so that they could be repro-
duced by placing the master drawing on photosensitive paper and passing it through a
reproduction machine. The underlying photosensitive paper was exposed to light that
passed through the drawing. It was then “developed” by a chemical process.

The blueprint process (white lines and features on a blue background) predominated
until the middle of the last century. The Ozalid diazo blueline process (blue lines and fea-
tures on a white background) has superseded blueprinting as the preferred method for
reproducing drawing. It can be used to reproduce CAD or manually prepared drawings.

The cost of Ozalid process reproduction of drawings is less than that for blueprints or
direct printout on a plotter, and it is faster than either of the other processes. Moreover,
blueline prints, like black-on-white inkjet printouts, are easier to read than blueprints.

The Ozalid printer is contained in a long metal bench-mounted box containing a
conveyer-belt system and an ultraviolet lamp. The conveyer moves the master draw-
ing, paired with light-sensitive diazo paper, past an ultraviolet light tube that extends
the length of the machine. These machines are capable of reproducing drawings in
sizes up to 30 X 42 in.

The inkjet plotter has not eliminated the need for the Ozalid machine. The Ozalid
process is still used to reproduce earlier manually prepared file-drawing masters, and
it can reproduce CAD drawings that have been printed on translucent vellum by an
inkjet plotter.

Drawing Line Widths and Styles

Line widths and styles convey different kinds of information on engineering and archi-
tectural drawings. For example, dashed lines have one meaning and dotted lines another.
Center lines of alternating short and long segments divide drawing elements, and dashed
lines with uniform segments and spaces show physical connections between drawing ele-
ments. Technical details on drawings are indicated by graphic symbols combined with
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lines. However, there is no uniformity in the use of lines that appear on architectural,
mechanical, electrical, electronic, and civil engineering drawings.

Line widths on manually prepared engineering drawing were obtained by inserting
graphite “leads” of different thickness in holders and shaping their ends as wedges to
be dragged along the drawings. Alternatively, if the drawings were inked, the spacing
between the blades of ruling pens was adjusted to the desired spread with a small thumb
screw and India ink was inserted between the blades, where it was retained by capillary
action. As the pen was dragged along the drawing media, the ink flowed out in the
desired width. However, the drafter had to manually set the lengths of dashes and
spaces on straight and curved lines, a tedious task that required high concentration.

CAD has eliminated the chore of manually drawing lines of uniform width and uni-
form dashes and spaces between them. The draftsperson can select the appropriate line
width and style from a menu on the workstation screen. The lines selected can be
drawn horizontally, vertically, or at any desired angle.

Electrical engineers have generally agreed on the line conventions that represent
wires, cables, conduit, and wiring within conduit, as illustrated in Fig. 1-1. For exam-
ple, branch circuit power wiring is represented as a solid line, while both switched
and control wiring are represented by broken lines. Abbreviations inserted within
breaks in the lines, such as “EM” for emergency and “CT” for cable tray, identify
their functions. Home runs from electrical devices to panels are represented as lines
with arrowheads.

However, there is no enforcement of generally acceptable line drawing standards
within the industry. Unless the draftsperson is required to follow a company style or
style is mandated by the client, there are many possible variations of the line samples
shown in the figure. For example, some drawings show branch circuit wiring as heavy
lines and control wiring as fine lines.

Branch circuit power wiring
—_—— Branch circuit-switched wiring
—_—— — Branch circuit AC or DC control wiring

Branch circuit emergency AC or DC

EM wiring: 3/4" conduit, 2 #10 and 1 #10
ground, unless otherwise noted
CT Cable tray

o Conduit down
(¢—————  Conduitup

Home run; 3/4" conduit, 2 #12 and
1 #12 ground, unless otherwise noted

Figure 1-1 Lines used to indicate wiring on electrical drawings.
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ELECTRICAL GRAPHIC SYMBOLS 11

Also, in some drawings the number of wires in a cable or conduit is indicated by
short diagonal slashmarks made through the line. This convention might be followed
only if there are more than three wires. In other schemes, wire gauge is indicated by
numbers positioned above or below the slashmarks.

A properly prepared drawing will include a key of symbols that explains the mean-
ings of all of the lines and symbols. Reference should always be made to this key to
verify the meanings of lines and symbols before trying to interpret the drawing.

Electrical Graphic Symbols

Electrical engineers and designers generally follow accepted standards for the basic
electrical and electronic symbols. These electrical symbols can be classified as those
used on connection and interconnection diagrams and those used on elementary or
schematic diagrams.

Connection and interconnection symbols represent complete electrical devices such
as switch outlets, receptacle outlets, lighting fixtures or luminaires, and auxiliary sys-
tems. These symbols take the form of relatively simple geometric shapes modified
with lines and letters inside or outside of them. The intent was to create a kind of tech-
nical shorhand that could be easily learned. They were kept simple to reduce the time
and expense of preparing drawings, particularly those used in the field for installation
of common off-the-shelf electrical components.

Figure 1-2 includes a selection of electrical connection and interconnection symbols
recommended by the American National Standards Institute (ANSI) for use on architec-
tural drawings. These symbols, or modified versions of them, are widely used on elec-
trical drawings in North America. Appendix A also includes a page of these symbols.

CAD clectrical drafting software has eliminated the chore of reproducing these
symbols. The software contains a library of symbols that can be accessed from a
menu, downloaded, and dragged into position on the face of the screen as needed. The
basic symbols can be modified to fulfill special requirements or identify devices not
listed in the standard symbol list. In the past, symbols were usually drawn by the
draftsperson tracing around the inside of geometric cutouts in templates made of sheet
plastic.

As with line conventions, the motivation for using standardized symbols is to elim-
inate the time involved in trying to interpret drawings that include unfamiliar propri-
etary symbols. It is important that the symbols be easily recognized by all parties
involved in an electrical project, from the designer to the electricians doing the work.
As a result, the chances of making costly mistakes in interpretation are lessened.

Moreover, large architectural and consulting engineering firms with national and
international clients approve of symbol standardization because of the many people of
different backgrounds, languages, and cultures who could be using the drawings. This
is especially true of large-scale new construction projects such as hospitals, power sta-
tions, and industrial plants involving many different contractors.
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SWITCH OUTLETS
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Switch & single
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Switch & duplex
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E light fixture

@ Junction box

—>  Annunciator
[¢] Pushbutton
Chime
[} Buzzer

Figure 1-2 Graphic symbols for electrical wiring diagrams.

As a condition of accepting a contract, many government agencies and large corpo-
rations require that drawings and specifications meet their standards. They provide
architectural and engineering design firms and eligible contractors with copies of their
documentation and drawing standards before any work is done. U.S. government agen-
cies including the Department of Defense (DoD), the National Aeronautics and Space
Administration (NASA), and the National Security Agency (NSA) each issue their

own drawing and specification standards.
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ELECTRICAL CONNECTION AND INTERCONNECTION
SYMBOLS

It can be seen in Fig. 1-2 that the basic symbol for the single-pole switch classed under
“switch outlets” is the letter “S,” but the symbol can be modified to represent other
switches by adding number or letter subscripts to indicate switch outlets such as dou-
ble-pole, three-way, and four-way, or functions such as pilot light, thermostat, timer,
and ceiling pull switch.

A circle intersected by a horizontal line is the symbol for a single grounded recep-
tacle in the “receptacle outlets” category. By adding additional lines to represent the
number of outlets, the single-receptacle symbol becomes the symbol for duplex,
triplex, and fourplex receptacles. Also, by adding letter abbreviations for special func-
tions such as range, and ground-fault circuit interrupter (GFCI), symbols for other
receptacles are obtained. If the receptacles are ungrounded, they are followed by the
letters “UNG.”

In a similar manner, the basic symbol for a luminaire in the “lighting outlets” cate-
gory is a plain circle, but adding a short line projecting to the left makes it a wall-
mounted luminaire. Here again, letters within the circle, such as “X” or “J,” represent
functions such as exit and junction.

Most of the symbols in the “auxiliary systems” or “residential occupancies” cate-
gory are based on the square, but some are based on circles. Here again, letters can be
used within the symbol, such as “TV” to represent a television jack and “CH” to rep-
resent a chime. Other symbols in this group include those for bells, buzzers, smoke
detectors, telephone outlets, pushbuttons, and ceiling fans.

In the case of luminaire symbols, schedules either on the drawing or within the writ-
ten specifications provide supplementary information about that luminaire, including
the name of the manufacturer, its catalog number, the type of lamp to be installed, volt-
age, finish, and mounting method.

Symbols for many of the objects are drawn in sizes that approximate the size of the
actual object drawn to the same scale as the architectural floor plan. They are accu-
rately located on the floor plan with respect to the building configuration, walls, doors,
windows, etc. Where extreme accuracy is required in locating outlets, luminaires, or
electrically powered equipment, exact dimensions are given from reference points on
the floor plans, such as height above the finished floor line or distance to the nearest
finished wall.

The key of symbols previously mentioned identifies the symbols and all included
internal letters or letter and number subscripts. There are also graphic symbols for
distribution centers, panelboards, transformers, and safety switches not shown here.
Unless mandated by contract requirements, the designer is free to modify standard
symbols as desired, provided that they are identified in the key of symbols or other
contract documentation. A detailed description of the service equipment on a pro-
ject is usually given in the panelboard schedule or in the written specifications.
However, on small projects the service equipment might be identified only by notes
on the drawing.

Appendix A includes a compilation of these ANSI architectural symbols.
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ELECTRICAL SCHEMATIC SYMBOLS

Another group of symbols, called elementary or schematic symbols, is used on elec-
trical one-line and schematic drawings. A selection of these symbols is shown in Fig.
1-3. Electrical schematic symbols are used in drawing circuits such as those for motor

starters or the wiring inside appliances or building service equipment.

n

(b) Capacitor

|+

{a) Battery

Y e

Air, single-pole  Qil, three-pole

{c) Circuit breakers
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(j) AC motors {k)Generator

Lo ban)
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(1

A  Ammeter
¥  voltmeter
W Wattmeter

®

{h) Electrical meters
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parallel

(i) DC motors
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(d) Inductors (windings) (1) Resistor (m) Rheostat
— T+ or —L
—/\j_ —o/o— _ -
(e) Fuses Knife, SPST Pushbutton, N.O.
4L | O® |= 5~ L
o —° h °
(f) Ground (g) Lamps Knife, DPDT Pushbutton, N.C.

{n) Switches

I oo

Iron core  Potential Current
Autotransformer
General

(o) Transformers

Figure 1-3 Graphic symbols for electrical schematics, Part 1.
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Electricians installing equipment in the field might work with electrical schematic
diagrams if it is necessary to make specific connections inside an appliance or to hook
up a motor for a furnace, hot water heater, fan, compressor, pump, or other machine.

There are graphic symbols for all of the basic components in an electrical circuit,
such as capacitors, fuses, motors, meters, resistors, switches, and transformers. These
symbols are generally pictorial representations of the electrical functions performed
by the components. Most of these symbols were first used near the end of the nine-
teenth century, well before electronics was considered a separate technology, but the
set of standard symbols has been modified over the intervening years.

During World War II the U.S. Navy and War departments ordered the simplification
of some of the symbols to speed up the manual preparation of drawings for military
procurement. These were later made standards by the U.S. Department of Defense. For
example, the loops in the symbols for windings or coils that were standard on prewar
electrical drawing for inductors and transformers were replaced by easier-to-draw
scalloped lines. However, these obsolete symbols can still be seen in some textbooks
and equipment manufacturers’ catalogs. There is less uniformity in the depiction and
use of standard electrical schematic symbols in manufacturers’ catalogs and installa-
tion and maintenance diagrams because many of the older, well-established electrical
equipment manufacturers still favor the traditional symbols.

Some of the basic symbols are described below.

B Battery: The multicell battery symbol is a set of long thin and short thick parallel
line segments representing poles, as shown in Fig. 1-3a. It is used on both electri-
cal and electronic schematics in North America. The plus sign next to the long seg-
ment identifies the positive pole.

B Capacitor: The capacitor symbol used in both electrical and electronic schematics
is a straight line segment next to a curved line segment, as shown in Fig. 1-35.

B Circuit breakers: The symbol for both thermal and thermal-magnetic circuit break-
ers rated for less than 600 V is a semicircle positioned over a gap between the ends
of two conductors, as shown in Fig. 1-3¢. The symbol for higher-rated circuit break-
ers, such as the oil-immersed units in distribution substations, is a square contain-
ing the letters “CB,” also shown in the figure.

B Inductors or windings: The modern symbol for an inductor or winding is a scal-
loped line used to signify a single winding, as shown in Fig. 1-34. If the inductor
has a ferromagnetic core, two parallel lines are drawn next to the scalloped line, as
shown in the same figure. However, some one-line electrical diagrams still use
zigzag lines as symbols for inductors.

B Fuses: In electrical drawings, the fuse symbol is either a rectangle with bands at
each end, as shown in Fig. 1-3¢, or a sine-wave curve, also shown in the figure. The
latter symbol, however, is more commonly seen on electronic schematics.

B Ground connection: Three parallel line segments of diminishing length intersected
by a vertical line representing the conductor, as shown in Fig. 1-3f, is the symbol
for an earth ground. This symbol is also used on electronic schematics.

B Lamps: The schematic symbol for a lamp can be a circle with four radiating line seg-
ments 90° apart, as shown in Fig. 1-3g. These could include a “W” for white or an
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“R” for red, with the designation “PL” for pilot light. An alternative is a circle with
a cross inside.

Meters: The basic meter symbol is a circle; an “A” inside represents an ammeter, a
“V” a voltmeter, and a “W” a wattmeter, as shown in Fig. 1-34.

DC motors: There are many different symbols for motors, the most basic being a
circle representing the frame and the letter “M” inside. The type of motor must be
determined from the context of the drawing. Common variations for DC motors
include circles with marks representing brushes or circles with the horsepower rat-
ings within the circle, as shown in Fig. 1-3i. DC motors have also been represented
by a circle with the letters “Arm” inside to designate an armature, with the symbol
for a series or field winding attached.

B AC motors: The basic symbol for a single-phase AC motor is a circle with two pro-

jecting line segments, while a three-phase motor symbol is a circle with three line
segments. The symbols for three-phase synchronous and induction AC motors are
shown in Fig. 1-3;.

Generator: The generator symbol is a circle with a “G” inside and two tangent lines
representing brushes, as shown in Fig. 1-3%.

Note: 1t is common practice to provide additional information on motors and gen-
erators in a schedule on the drawing. This includes identification of the manufactur-
er, type, and horsepower rating for a motor or output voltage rating for a generator.
Resistors and rheostats: A rectangle with line segments projecting from each end,
as shown in Fig. 1-3/, is the most commonly used symbol for a resistor on electri-
cal schematics. The symbol for a rheostat, variable resistor, or potentiometer on
electrical schematics is shown in Fig. 1-3m. It represents a movable contact or
wiper on a curved resistive element.

Switches: Four different switch symbols commonly used on electrical schematics
are shown in Fig. 1-3n. The single-throw knife switch symbol is a line representing
a pole connected at one end to a conductor and offset so that when closed it will
bridge the gap to complete the circuit. The double-throw knife switch symbol is two
single-throw switches in parallel, with their poles connected. The normally open
(N.O.) pushbutton switch symbol is an inverted T-shaped pole above a gap between
two conductors, and a normally closed (N.C.) pushbutton switch has its pole bridg-
ing the gap between two conductors, completing the circuit. These symbols are also
used on electronic schematics.

Transformers: The basic electrical symbol for a transformer is a parallel pair of scal-
loped lines representing windings, but the symbol for a transformer with an iron core
(or steel laminations) has two parallel lines between the windings, as shown in Fig.
1-30. Other symbols in the figure are those for current and potential or voltage trans-
formers. However, the zigzag symbol is still widely used on electrical one-line draw-
ings to represent a transformer. An autotransformer or single-winding transformer is
represented as a single winding with several taps, as shown in the figure.

Circuit breaker configurations: Two or more circuit breaker poles can be organized
to open or close simultaneously, as shown in Fig. 1-4a. Circuit breakers with ther-
mal trip units (thermal overloads) are represented as having conjoined C-shaped
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—f— OR —O=1C—
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TO_I — or —ovo—

Normally open with
time-delay opening

T?H'— OR—OIG—
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time-delay opening

T?I/I'— OR—OIG—

Normally closed with
time-delay closing

L4
I

Time-sequential
closing

1

{c) Contactor states

Figure 1-4 Graphic symbols for electrical schematics, Part 2.

elements connected to one conductor, and those with magnetic trip coils (protective
relays) are represented as Z-shaped elements connected to one conductor.
B Limit switch positions: Limit switch symbols are drawn as parallel lines or as
modified switch symbols, as shown in Fig. 1-45. Both “normally open” (N.O.)
and “normally closed” (N.C.) limit switch symbols are illustrated.
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B Contactor states (for limit switches and relays): The parallel line symbol for a con-
tactor, as shown in Fig. 1-4¢, is widely used in electrical schematic drawings and
logic diagrams. A gap between the lines indicates that they are normally open
(N.O.), but a diagonal line across the symbol indicates that they are normally closed
(N.C.). The letters “TC” adjacent to the symbol indicate “time-delay closing,” while
the letters “TO” indicate “time-delay opening.” Alternative symbols for contactors
with equivalent meanings shown here are modifications of the standard knife
switch symbol.

B Contactor symbols on schematic drawings are usually accompanied by the symbol
for a coil, a circle enclosing a letter “C.”

Electronic Graphic Symbols

Before the turn of the twentieth century the electrical industry was engaged in the
manufacture and installation of equipment for DC and AC power generation and light-
ing, and transmission, and distribution, is still very much its role today. At that time
there were also separate telegraphy and telephony industries. The Atlantic Cable was
functioning, and there were practical telegraph systems and telephone companies in
the advanced Western countries. However, about that time experiments demonstrated
that wireless telegraphy was practical, and after Guglielmo Marconi sent a wireless
signal across the Atlantic in December 1901, the radio industry was born.

The early radio industry focused on the design and manufacture of components and
equipment for transmitting and receiving radio signals. Although it was a spinoff of
the electrical power industry and depended on the same electrical laws and measure-
ment instruments as well as many of the same components, it developed as a separate
industry with no links to the power, telephone, or telegraph industries.

After World War II the radio industry evolved into what is now known as the elec-
tronics industry, which has expanded to include computers and computer science.
From its origins in the development of vacuum tubes and their application in rectifiers,
detectors, amplifiers, and radio transmitting and receiving equipment, it went on to
produce semiconductor devices and integrated circuits.

It was not long before the benefits of electronics in terms or reliability, low power
consumption, and versatility attracted the attention of the electrical power industry,
which began to incorporate electronic devices and circuits into its equipment. This
brought the electrical power and electronics industries closer together.

Soon electromechanical rectifiers were replaced by solid-state rectifiers, electronic
instruments replaced moving-coil instruments, and in many applications solid-state
electronic relays began to replace electromechanical relays.

Today the electronic/computer industry has a close cooperative relationship with the
electrical power industry. Electronic ballasts are replacing magnetic ballasts for fluorescent
lamps, and solid-state circuits have made possible such products as dimmers, GFCI cir-
cuits, occupancy sensors, and surge protectors. Microcontrollers have also replaced banks
of relays for the control of a wide range of appliances, machines, and motion controllers.
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Despite this close tie between electronics and electrical power, it is still possible
for an electrician or electrical contractor to perform his or her work without train-
ing in electronics; however, that situation is fast changing, due in large part to
deregulation of both the telephone and electrical power industries. A working
knowledge of electronics is now considered to be an essential part of the training
for electrical contractors and electricians as well as electrical equipment and main-
tenance personnel.

As discussed earlier, many of the original electrical symbols have been adopted by
the electronics industry for use on electronic schematics. They include symbols for the
battery, capacitor, earth ground, lamp, and transformer. However, a new set of spe-
cialized radio (and later television) symbols had to be developed to represent compo-
nents not found in electrical power circuits. These include antennas, cathode-ray tubes,
headphones, speakers, radio-frequency coils, crystals, and receiving tubes. Later, new
symbols were developed for thyratrons, magnetrons, klystrons, traveling-wave tubes,
solar cells, transistors, and integrated circuits.

Figure 1-5 illustrates some of the more commonly used electronic symbols that are
likely to appear on schematics for the rectification, amplification, and control of power.
Electronics schematics identify each symbol with an alphanumeric code and rating
information near the symbol. For example, batteries are rated in volts, capacitors in
microfarads, inductors in microhenries, and resistors in ohms.

B Batteries: The multicell battery symbol shown in Fig. 1-5a is common to both elec-
trical and electronic drawings. The symbol for a single cell (also called a battery) is
more commonly found on electronic schematics. Batteries are identified on elec-
tronic schematics as B1, B2, etc.

B Capacitors: Electronic schematics distinguish between various types of capacitors,
as shown in Fig. 1-5b. The symbol for the variable capacitor has an arrow through
it, and the symbol for the electrolytic capacitor has a plus sign above it to indicate
its polarization. Capacitors are identified on electronic schematics as C1, C2, etc.,
and their values in microfarads (.F) are usually given.

B /nductors: Electronic schematics use the same symbols for windings, coils, or
inductors as electrical schematics, as shown in Fig. 1-5¢. Inductors are identified
on electronic schematics as L1, L2, etc.

B Diodes: The diode symbol in electronic schematics is an arrowhead pointing to the
flow of conventional current, as shown in Fig. 1-5d. Electronic schematics include
many different variations on this basic symbol to represent zener diodes, light-emitting
diodes (LEDs), and thyristors. The outward-directed arrows on the LED symbol
represent emitted light. Diodes on electrical schematics are identified as D1, D2,
etc., but LEDs are identified as LED1, LED2, etc.

B Fuses: The electronic symbol for a fuse is a sine-wave shape, as shown in Fig. 1-
Se. Fuses are identified on electronic schematics as F1, F2, etc.

B Ground: Electronic schematics use the same ground symbol as electrical schemat-
ics, as shown in Fig. 1-5f

B [ntegrated circuits (ICs): The symbol for an integrated circuit is a rectangle with
the projecting lines representing its pins, as shown in Fig. 1-5g. It is a pictorial
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Figure 1-5 Graphic symbols for electronic schematics.

representation of a rectangular IC package as viewed from the top. The notch at one
end indicates the starting point for pin numbering. The first pin is on the upper right
corner and numbering continues counterclockwise around the device, with the last
pin at the lower right corner. This information is important for orienting the IC cor-
rectly in a circuit. ICs are identified as IC1, IC2, etc. They might also be identified
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with industry standard type numbers such as 555 or 7447, or a manufacturer’s numer-
ical designation such as CD4040. The most advanced and fastest microprocessors are
also represented by this symbol, but they will have many more pins than most ICs.

B Thyristors: The symbol for the most common half-wave thyristor, the SCR (for sil-
icon controlled rectifier), and the triac are shown in Fig. 1-5A. They are three-ter-
minal variations on the basic diode symbol.

B Transistors: Figure 1-5i shows the symbols for typical discrete power transistors
that are widely used in electrical control systems. Other symbols have been devel-
oped for various field-effect transistors (FETs). The MOSFET and power MOSFET
symbols are shown here. On electronic schematics transistors are identified as Q1,
Q2, etc. They are also marked with an industry standard number or the manufac-
turer’s proprietary designation.

B Rectifier bridges: A configuration of four rectifier diodes, as shown in Fig. 1-5j, is
called a bridge. Bridges are widely used in electrical equipment for rectifying full-
wave AC. Bridges are identified on electronic schematics as BR1, BR2, etc.

B Relay: The electronic schematic relay symbols shown in Fig. 1-5k are more detailed
than the relay symbols shown on electrical schematics. The rectangle above the
relay contacts represents a solenoid. In this example the contacts are normally open
(N.O.). When the solenoid is energized, the contacts will close. Relays are identi-
fied on electronic schematics as RY 1, RY2, etc.

B Resistors: The zigzag line symbol in Fig. 1-5/ is the one accepted for U.S. electronic
schematics. The variable resistor or potentiometer symbol is the resistor symbol
with an arrow at right angles to indicate a movable contact. Resistors are identified
as R1, R2, etc., and the value in ohms is usually given.

B Switches: The electronic symbols for switches shown in Fig. 1-5m are the same as
those used on electrical schematics. Switches on electronic schematics are identi-
fied as S1, S2, etc.

B Transformers: The symbols for transformers, as shown in Fig. 1-5n, are basically
the same the same as those used on electrical schematics. Transformers are identi-
fied on electronic schematics as T1, T2, etc.

Drawing Schedules

Drawing schedules are systematic listings of equipment in tabular form accompanied
by identification notes. They provide information about the components and equip-
ment shown as symbols on the drawings. Schedules typically are placed on one-line
drawings, wiring diagrams, and riser drawings.

Schedules on drawing sheets are more convenient for the use of field supervisors,
electricians, and installers than separate specification pages that could be easily lost or
misplaced in the field, and they save time required to find the information on separate
pages. Also, when the schedules are on the related drawings, the draftsperson is better
able to coordinate the symbols with the supporting information. This simplifies mak-
ing changes and assures data accuracy without having to cross-reference other sources.
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A luminaire schedule, for example, typically lists the luminaire number, type, man-
ufacturer, catalog number, and mounting method. It might also include a symbol key
to identify the luminaire symbols on the drawing.

The information in schedules might also be duplicated in the written specifications
for contract management and supervision purposes, but these specifications are not
always available on the job site. Other schedules frequently found on electrical draw-
ings include connected load, panelboard, electric heat, kitchen equipment, and recep-
tacle. These schedules are placed on drawings for homes, offices, and small
commercial businesses. However, many other kinds of equipment schedules appear on
drawing sets for high-rise buildings, factories, shopping centers, and other more
complex projects.

Electrical Project Drawings

ELECTRICAL WIRING DIAGRAMS

The most common electrical drawings are wiring diagrams or wiring plans. In these
drawings the electrical lines and symbols are superimposed on an architectural floor
plan, as shown in Fig. 1-6. The drawing scale must be large enough to permit symbols
and line conventions to be drawn legibly. Floor plans for new homes, office buildings,
and large industrial, commercial, or government projects are drawn by architectural
drafters to a scale appropriate to the floor area of the building or project. The scales
selected are typically from % in. equals 1 ft to 1 in. equals 1 ft, and depend on build-
ing size. The electrical designer marks the symbols for the electrical devices such as
switches, receptacles, and luminaires and lines representing wires or relationships on
a copy of the floor plan.

Some electrical design CAD software includes code for making changes in the
architectural drawing if that becomes necessary. For example, it might be necessary to
relocate a wall to provide enough space behind it to run cable bundles or permit deep
electrical panels to be flush-mounted. The electrical designer might make those
changes based on his or her knowledge of building construction and the space require-
ments for the cables or panels to be placed behind the walls.

Figure 1-6 is a one-sheet electrical wiring diagram for a two-bedroom private home.
It contains many of the same elements that would be found on wiring diagrams for
larger commercial or industrial buildings. This diagram contains a key of symbols and
a list of branch circuit ratings to guide the electricians or installers in the field.

Wiring diagrams are important because they are required for obtaining work per-
mits from local building inspectors and approval by the local power utility. The wiring
diagram gives the building electrical inspector an overview of the scope of the work
to be performed and later serves as a guide for the inspector during the work in
progress and after the work is completed. In situations where the project involves new
or updated connections to the power line, the local power utility must be informed and
may ask for a copy of the wiring diagram.
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Figure 1-6 Electrical system drawing for a two-bedroom home. The dashed
lines match the luminaires to the switches that control them.

The wiring diagram is also a major source of information for preparing lists of

materials, and it also serves as a guide for sizing cable lengths and scheduling the
installation of electrical devices and building services. A properly prepared wiring dia-
gram should be comprehensible to those who are familiar with the symbols and con-
ventions used in preparing it.
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Because wiring diagrams are two-dimensional floor plan drawings, they do not include
information about the heights of switches, receptacles, and luminaires above the floor.
With the exception of ceiling fixtures, which are obvious from the diagram, the heights
of receptacles and switches above the floor and their separation distances are dictated
by the National Electrical Code® (NEC®)* and local building codes. In most cases the
local codes will be keyed to the NEC, but they may be more specific about certain details
based on local experience. For example, where soil conditions are typically dry a more
elaborate grounding system might be required, or more provisions for protection against
lightning strikes might be required in parts of the country where there is a high incidence
of lightning. Any exceptions to the NEC requirements for device placement must be noted
on the diagram. For example, switches and receptacles might be placed at more conve-
nient heights for the handicapped occupants or those in wheelchairs.

Nevertheless, it is possible for a homeowner without formal training or experience
in electrical wiring to prepare an acceptable wiring diagram if all of the rules and pro-
cedures are followed. A basic requirement, however, is familiarity with all of the rele-
vant sections of the NEC, with emphasis on chapters 1-4. All submissions of wiring
diagrams should be accompanied by a copy of a list of materials and a symbol key.

Some basic rules for the preparation of an acceptable wiring diagram are as follows.

B Draw or obtain a scaled architectural drawing of the floor area to be wired showing
walls, doors, windows, plumbing pipes and fixtures, and heating and cooling ducts.

B Determine the floor area by multiplying the room length by width and then deduct any
floor areas occupied by closets and storage areas. Indicate this figure on the diagram.

B Mark the location of switches, receptacles, luminaires, and permanent appliances
such as ranges, microwave ovens, heat exchangers, and attic fans with standard
electrical symbols.

B Draw in cable runs between wiring devices, indicating approved cables by type des-
ignation, wire gauge, insulation type, and branch circuit amperage. If conduit is
used, size and location should be given.

B Identify the wattages for luminaires, permanent appliances such as ranges and air-
conditioning systems, building service equipment such as furnaces and hot water
heaters, and the type and size of each electrical box.

ONE-LINE DIAGRAMS

One of the most important drawing types for the design of a new electrical system or
modernizing an existing system is the one-line drawing. It uses single lines and stan-
dard symbols to show electrical wiring or busbars and component parts of an electric
circuit or system of circuits. The one-line drawing differs from the wiring diagram in
that it does not specify device (receptacle, switch, luminaire, etc.) locations or switch
locations for controlling those devices.

The one-line diagram in Fig. 1-7 gives an overview of a complete system and how it
works. For example, a three-phase load requires three wires, and each wire has its own

* National Electrical Code and NEC are registered trademarks of the National Fire Protection Association, Quincy,
Massachusetts.
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pole of a control switch and one overcurrent device. It is not necessary to repeat this

information three times on the diagram; one line shows what happens to all three wires.
General rules must be followed in preparing one-line diagrams. Compliance with

these rules helps to ensure a complete, accurate, and easily interpreted diagram.

B Indicate relative positions of components in a building or factory. For example, dis-
tinguish between those parts of the system that are inside or outside a building. This
makes the drawing easier to interpret because components are properly located with

respect to each other.
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A 14,400/120V A 14,400/120V
20/51 51N 50/51 51N
3-100/5 § Oz ol 3-100/5 § Oz Ol
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Figure 1-7 Typical one-line electrical diagram.
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B Avoid duplication of lines symbols, figures, and letters. A one-line drawing is a pre-
cise form of technical communication, and every line, symbol, figure, and letter has
a definite meaning. Unnecessary duplication will make interpretation more difficult.

B Use standard electrical symbols for the more common wiring devices. The use of
alternative or modified symbols for common wiring devices leads to confusion and
detracts from the correct interpretation of symbols for unusual or special components.

B Allow for future expansion, either on the drawing or with explanatory notes.

B /nclude correct title data. Assign titles with care to be sure that they identify each
component correctly, eliminating confusion with other components in the system.

B [nclude all pertinent technical information.

The following checklist will be helpful in avoiding the omission of important tech-
nical information.

B Manufacturers’ designations and ratings of all machines and power transformers
included in the project

B Ratios of current and voltage transformers, taps to be used on multiratio trans-

formers, and connections of dual-ratio current transformers

Connections of power transformer windings

Circuit breaker ratings in volts and amperes, interrupting ratings, and type and

number of trip coils on circuit breakers

Switch and fuse ratings in volts and amperes

Any special features of fuses (current limiting, dual element, etc.)

Functions of relays

Size and type of conductors

Voltage, phase, and frequency of incoming circuits; indicate wye and delta systems,

and show whether they are grounded or ungrounded

POWER RISER DIAGRAMS

Power riser diagrams are single-line diagrams showing electrical equipment and instal-
lations in elevation. Figure 1-8 is an example drawn for a combined office and ware-
house. It shows all of the electrical equipment and the connecting lines for service
entrance conductors and feeders. Notes identify equipment, the size of conduit neces-
sary for each feeder, and the number, size, and type of conductors in each conduit.

ELECTRICAL SCHEMATIC DIAGRAMS

Electrical schematic drawings are usually prepared by equipment manufacturers to
show the electrical connections that must be made by the electrician or installer. They
are also used for testing, troubleshooting, and maintenance of the equipment. As an
example of an electrical schematic diagram, Fig. 1-9 shows an across-the-line starter
for a three-phase motor powered from a three-phase, three-wire supply.

It can be seen from the diagram that the motor starting equipment is housed in two
separate enclosures. This starter would normally be shipped by the manufacturer with
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Figure 1-8 Power riser diagram for a combined office-warehouse building.

the motor it will control. The contactors, overcurrent protective devices, transformer,
and operating coil are in one enclosure, and the start/stop pushbuttons are in a sepa-
rate enclosure so that they can be mounted some distance from the motor.

In this schematic each component is represented by a graphic symbol, and each wire
is shown making individual connections between the devices. However, multiple wires
could appear as one line on the drawing. As on this drawing, each wire is usually num-
bered to indicate where it enters the enclosure, and those numbers are repeated for the
same wires connected inside the enclosure.

The three supply wires are identified as L1, L2, and L3; the motor terminals are des-
ignated T1, T2, and T3; and the normally open line contactors controlled by the mag-
netic starter coil C are designated as C1, C2, and C3. Each contactor has a pair of
contacts that open or close for control of the motor.

The remote control station consists of the stop and start pushbuttons connected across
lines L1 and L2 by the primary of an isolation control transformer. The transformer sec-
ondary in the control circuit is in series with the normally closed overload contactors
(OC) and the magnetic starter coil (C). The stop button is also connected in series with
the starter coil, and the start button is connected in parallel with the starter coil.
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Figure 1-9 Schematic diagram for an across-the-line motor starter.

In this circuit, the control transformer isolates the control circuit and prevents it
from responding to any ground faults that could cause the motor to start accidentally.
The isolating transformer can have its primary winding identical to its secondary
winding so that input voltage equals output voltage, or it can step the motor circuit
voltage down to a lower level as an added safety measure for the control circuit.

ELECTRICAL DETAIL DRAWINGS

Electrical detail drawings are prepared as separate sheets to give the installer more
complete details of a specific, nonstandard installation requirement. Figure 1-10 is a
detail drawing of a section through the wall of an office warehouse. It provides details
of how and where hanger fittings and boxes are to be placed between a column and
insulation to support a run of bus duct.

Any set of electrical drawings might require additional “blowup” drawings of certain
technical details that are not clearly indicated on small-scale drawings, particularly plan
views. In this example, it is an elevation view of a section wall shown on a plan view. It
includes both mechanical and architectural details. Other drawings might show section
views of special foundations or footings, or suspension systems for electrical equipment.

These detail drawings might be drawn by the consulting architectural or engineer-
ing firm on complex projects, but they might also be supplied by the manufacturer of
the equipment or hardware to be installed. The consulting firm will collate these draw-
ings into the related set with appropriate sheet numbers.
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SHOP DRAWINGS

Many items of electrical equipment such as motors and motor control cabinets are
standardized by the manufacturer, and the outline and footprint dimensions are includ-
ed in their catalogs. However, large, costly electrical equipment such as high-voltage
switchgear, transformers, motor control centers, HVAC (heating, ventilating, and air
conditioning) systems, and elevators are usually custom made for each project. Project
shop drawings for this equipment are usually drawn by the manufacturer and furnished
prior to the delivery of the equipment. They might also include installation and main-
tenance manuals custom-prepared for the specific project.

The architect/engineer requires dimensional outline information to lay out the loca-
tion of the equipment on the elevation drawings and check for any possible interfer-
ence conflicts that could develop. For example, the equipment must be positioned to
provide, safe easy access to the equipment for routine maintenance. Allowance must
be made for the swing radii of all doors, and adequate space must be allowed for main-
tenance personnel to gain access to the equipment through removable cover panels as
well as enough room to work.
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In some cases, special concrete footings must be prepared with specified lag bolts for
anchoring the equipment before it is delivered. This work must be completed and the con-
crete must be sufficiently cured to accept the load when the equipment arrives on the site.

Shop drawings also are helpful for the contractor responsible for installing heavy
equipment, so any required cranes or other heavy moving equipment will be on the site
prior to the delivery of the equipment. In addition, the contractor must make sure that
any existing openings in the walls or doorways are wide and high enough to provide
adequate clearance for the entry of the equipment. Advance information will give the
contractor enough time to install any conduit, cable trays, or plumbing that would be
difficult or excessively costly to install after the equipment is in place.

As-built drawings that include detailed “factory-wired” connection diagrams will
assist the installer in performing any “field wiring.” Later they will be important if any
commissioning procedures or final acceptance testing is required. These drawings will
then become part of a maintenance file to assist the maintenance personnel in the per-
formance of any troubleshooting that might be required at a later date, after the equip-
ment is operational. These drawings and any operation and maintenance manuals are
essential documents of record that will be useful for making any later additions to the
facility.

Electrical Product and Work Standards

The generation, transmission, and distribution of electrical power are now deregulated,
but many rules, regulations, and standards still apply to the manufacture of electrical
equipment, the job site, and the installation of electrical systems. Many of these stan-
dards are focused on safety issues, such as the elimination or avoidance of hazards in
working with or using electricity.

The installation of any inferior wiring devices or equipment, substandard work-
manship, or inadequate test and maintenance procedures could be the cause of fires or
explosions and result in the creation of electric shock hazards. There is a need for
standards that, when adopted, will serve as a basis for proper inspection and supervi-
sion. There are regulatory standards, national consensus standards, product standards,
installation standards, and international standards.

The consensus standards include the National Electrical Code (NEC), the National
Electrical Safety Code (NESC), National Fire Protection Association (NFPA) 70B and
70E, and other NFPA standards, as well as American National Standards Institute
(ANSI) and the Institute of Electrical and Electronic Engineers (IEEE) standards.
Interested persons with requisite education, training, and background experience vol-
unteer their time and expertise to develop these standards. Some might be employees
of electrical product manufacturers, and others might be consultants or engineering
professors.

Some standards were developed specifically for electrical applications. These
include the National Electrical Code (NEC) (officially NFPA 70) and the National
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Electrical Installation Standards (NEIS). In addition, the National Electrical
Manufacturers Association (NEMA) standards cover equipment design and construc-
tion, while the Underwriters Laboratories Inc. (UL) standards cover safety provisions
in the manufacture of electrical devices, products, and accessories.

The National Fire Protection Association (NFPA), publisher of both the NEC and
NESC, has also developed standards related to electrical work including:

B NFPA 79 Industrial Machinery
B NFPA 780 Lightning Protection
B NFPA Static Electricity

The NFPA has also developed standards for fire prevention, installation of sprin-
klers, stacking materials, and a standard building code. The following organizations
have also developed standards that have a bearing on electrical work:

ACS: American Chemical Society

ACGIH: American Conference of Governmental Industrial Hygienists
AIChE: American Institute of Chemical Engineers

ASME: American Society of Mechanical Engineers

ASTM: American Society for Testing and Materials

ASSE: American Society of Safety Engineers

AWS: American Welding Society

CGA: Compressed Gas Association

CMA: Chemical Manufacturing Association

CMAA: Crane Manufacturer’s Association

GSA: General Services Administration Federal Supply Services
NSC: National Safety Council

OSHA: Occupational Safety and Health Administration

Individuals or organizations with a professional or business interest in these stan-
dards can join these organizations to help support them and gain access to their
newsletters so that they can stay informed on any changes within the standards.

Standards-making organizations may make changes to their standards between nor-
mal cycles that are not included in the printed text of the original issue of the standard.
The NFPA, for example, does this in the form of a Tentative Interim Amendment
(TIA). Additionally, changes may take place without a formal notice of change, so it
is important to stay current with any given standard. Interested parties can communi-
cate with these standards organizations and suggest changes or revisions in standards.

It is the responsibility of all electrical contractors, electricians, and installers in the
field to know which standards apply to any project taking place within any given
location or job site. It is also important to remember that not all standards that might
apply to every job site or location actually apply. A hazard assessment by the project
supervisor or licensed electrician must determine which standards apply at each
workplace and that they are followed.
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The contractor has the responsibility for assuring that a workplace is free from rec-
ognized hazards and is a safe place for electricians and installers to work. This could
apply to such factors as the quality of ladders or scaffolding at the site or the need for
safety goggles or face masks when performing certain kinds of work. For example, eye
protection should be worn during any grinding or cutting operations that could result
in flying chips of metal, and proper face masks should be worn by anyone performing
burning or welding that could result in the release of toxic gases.

Designers, engineers, contractors, electricians, or equipment installers and all other
persons whose work is governed by one or more standards should be familiar with and
know how to apply the rules found in all of the applicable standards. These are the rules
that relate to design, including safety considerations, for a particular project or task.

What Are Electrical Specifications?

Electrical specifications for buildings or projects are written legal descriptions of the
work to be performed by the electrical contractor, subcontractors, and electric power
utilities and the responsibilities and duties of the architect/engineer, general contrac-
tor, and owner. Electrical specifications and electrical drawings are integral parts of
the contract requirements for the performance of electrical work.

Because specifications are a significant part of a legally binding contract, typically
involving expenditures of thousands or even millions of dollars, it is important that
they be mutually compatible with the drawings and as free as possible of errors or dis-
crepancies. It has long been known that even minor errors in wording or intent or the
presentation of incorrect data or measurements can result in expensive repairs or
replacements of hardware, lost time in the completion of the schedule, and serious
project cost overruns due to delays and the need for additional labor and supervision.

In most engineering and architectural firms, regardless of size, specifications writers
are skilled persons with technical backgrounds who report to a responsible project super-
visor. The preparation of an error-free specification is a time-consuming task calling for
the writer’s patience and the ability to deal effectively with complex technical details. The
process might call for many drafts and revisions following the review, comments, and cor-
rections made by persons within the architect/engineering organization with specialized
knowledge and experience in each of the trades involved in the project. As with drawings,
all responsible reviewers are expected to sign the final version that is released for bid.

Nevertheless, this does not relieve specifications writers of their responsibilities,
because they are expected to have sufficient knowledge of the project to make them
capable of finding and resolving any discrepancies between the specifications and the
drawings. Discrepancies are most likely to occur when

B A generic master or prototype specification is used without making all of the mod-
ifications necessary to reflect what is actually shown on the working drawings.

B Revisions that should have been made in a previously prepared drawings are indi-
cated only by a note in the revision block, leaving the drawing unchanged.
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B Revisions in items that are listed both in schedules on the drawings and in the writ-
ten specifications are made on only one of these documents.

For example, there is a discrepancy if the specification calls for one loadcenter but the
drawing has been revised to show two loadcenters and this change is not reflected back
to the specifications. Such a discrepancy could result in unnecessary costs, unless
caught in time. For this reason, it is not good professional practice to duplicate the same
information on both specifications and drawings. It is preferable that the required infor-
mation be placed on the document on which it is most logically found to assure com-
pliance, with perhaps a reference to its location on the other document.

If for some reason duplication of information occurs in both drawings and specifi-
cations, and it is not practical to delete it from one of the documents, the project super-
visor should add a note to the contract before it is put out for bid stating whether the
specifications or drawings take precedence.

THE MASTER ELECTRICAL SPECIFICATION

Appendix B is a sample master electrical specification edited specifically for electri-
cal work to be done in a new residence or small office. It is intended for educational
purposes only and should not be used as the basis for an actual contract specification
unless reviewed and approved by a licensed electrical contractor or specialist in elec-
trical power and lighting specifications.

A master specification, regardless of its source, is a generic prototype or template that
functions both as a check-off list and repository of useful paragraphs from which a speci-
fications writer can pick and choose to prepare a working specification. Those paragraphs
that do not relate to the project can be deleted and new or revised paragraphs can be added.

The master specification is written in a quasi-legal style with words such as shall,
will, and may having very specific meanings. Shall, for example, indicates that the
party named must carry out the specified activity; will indicates that there is certain-
ty that the party named will perform the specified action; and may means that per-
mission can be granted for the party named to take a specific action. Some phrases
widely used in specifications to convey specific meaning are or equivalent, as
approved, and unless otherwise specified.

The master specification might be the result of years of accumulated experience of
an engineering or architectural firm, or it could be a document prepared by an indus-
try-sponsored institute based on the collective experience of its members. Regardless
of the specification’s origin, it is the specifications writer’s task to modify or “tailor”
it to fit a specific project. After all of the applicable general paragraphs have been
selected, they are supplemented with the additional information required to identify
the desired materials, equipment, products, and devices, and perhaps even specify the
methods or procedures required for the performance of the work.

It necessarily follows that implementing a master specification requires specialized
technical knowledge in the interpretation of drawings and practical experience or training
in a specific trade. Experience is also needed in knowing the optimum locations for pre-
senting certain kinds of information, either on the drawings or in the specification.
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For many straightforward projects such as modifying or updating the electrical sys-
tem in a residence, small office building, or retail shop, a simple one-page specifica-
tion or description of the work to be done may be sufficient to describe the scope of
the work. However, it might also have one or two working drawings attached, if nec-
essary. By contrast, large-scale commercial or industrial projects might require hun-
dreds of pages of specifications and hundreds of working drawings.

Master specifications are also prepared for the work of other trades such as masonry,
carpentry, structural steel work, plumbing, and machine or mechanical equipment instal-
lation. Each of these divisions in a general specification is organized in a manner simi-
lar to the electrical division with certain provisions and special conditions common to
all. They also include paragraphs covering such topics as the type and quality of mate-
rials to be used, the equipment to be furnished, workmanship, and testing.

The general specification must deal with situations where the work of various trades
overlaps or is interdependent. This calls for precise definitions of work boundaries and
the responsibilities among subcontractors. It might also involve precise scheduling to
minimize worker downtime in one trade while the work of another trade is performed.

Master electrical specifications are typically organized in sections such as the
following.

General Provisions sections consist of a group of considerations and regulations
that apply to all sections of the division. Topics covered might include the scope of
work, electrical reference symbols, codes and fees, and tests to be performed.

Basic Electrical Material and Methods sections identify type and quality of materials,
equipment, and devices specified for use such as wiring and cable, conduit, boxes, cab-
inets, loadcenters, switches, receptacles, motors and starters, and overcurrent protective
devices. They might also specify methods for installing certain kinds of equipment.

Power Generation sections cover equipment used for emergency or standby power
generation that would take over essential electrical service during a utility power out-
age. They usually include installation requirements for emergency circuits, generator
sets, storage batteries, controls, and distribution switches.

Medium Voltage Distribution sections cover the installation of high-voltage (over-600-
V) transmission and distribution facilities required for large government or industrial
facilities, work that would not be performed by publicly held electric utilities because it
does not relate to their system operation. The equipment specified in these sections is
usually rated for more than 2.4 kV, and includes substations, switchgear, transformers,
rectifiers, converters, power factor-correction capacitors, and instrumentation.

Service and Distribution sections cover the distribution of power under 600 V for res-
idential, commercial, and light industry projects including service entrances, metering,
grounding, branch circuit loadcenters, and branch circuits including the size and num-
ber of conductors, wiring devices, circuit protection devices, and installation methods.

Lighting and Luminaires sections cover interior and exterior luminaires and lamps.
Schedules identify luminaire types and locations and the ratings, types, and number of
required lamps. These sections cover the requirements for indoor lighting, including such
topics as track and recessed lighting, emission colors of lamps, and types of ballasts. They
can also cover outdoor floodlighting and even street lighting, poles, and standards.
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Special Systems sections cover a wide variety of special systems related to or depen-
dent on electrical power. Examples include lightning and surge protection, battery
chargers, outdoor low-voltage lighting systems, and door chimes.

Communications sections cover such systems as fire alarm, burglar alarm, surveil-
lance, multimedia, public address, and intercommunication, as well as wiring for tele-
phone systems and cabling for cable and satellite TV systems.

Heating, Ventilation, and Air Conditioning sections cover the installation and wiring of
electric heating, ventilating, and air-conditioning equipment. Examples include ranges,
microwave ovens, washing machines, dryers, baseboard heaters, exhaust fans, and wall-
mounted air-conditioning units. The work of these sections requires cooperation between
mechanical equipment and appliance installers and the electrical contractor.

Controls sections cover controls and instrumentation installed on a project.
Examples include recording and indicating devices, interior low-voltage lighting con-
trol systems, thermostats, and remote HVAC controls.

PREPARING A WRITTEN SPECIFICATION

The preparation of an accurate and complete electrical specification is the responsi-
bility of the architect/engineer and is an integral part of the project contract docu-
mentation. The specification must be coordinated with the project electrical drawings,
and failure to do so can result in significant costs and lost time for making corrections.

The electrical specification for a project might refer to hundreds of products, parts, and
components as well as numerous items of equipment and systems. By agreement between
the owner and the architect/engineer, these items can be specified in different ways. They
can be approved only if they are the products of a single manufacturer and are identified by
a part or model number. Alternatively, the citation of one manufacturer and model num-
ber can become the standard for quality and specification grade (hospital, industrial,
commercial, or residential) if the phrase “or equivalent” is added. Yet another option is
simply the statement in the specification that a material or product shall conform to a spe-
cific commercial, federal, or military standard or comply with certain codes and tests.

In some specifications, especially those calling for the procurement of equipment or
systems, a summary of critical performance characteristics and perhaps outline
dimensions is included to define the desired products. This information can be
obtained from the catalog data obtained from a number of manufacturers whose prod-
ucts have been approved as meeting the specification requirements. By using this
approach, procurement is opened to competitive bidding from a wider base of quali-
fied suppliers. This can lead to more favorable prices and delivery schedules.

GENERAL AND SPECIAL CONDITIONS AND PROVISIONS

The General Conditions section of written specifications consists of a selected group of
regulations that apply to the general contractor as well as all subcontractors (electrical,
mechanical, structural, plumbing, etc.). The General Conditions are usually presented as
a formal standard document entitled General Conditions of the Contract for Construction.

TLFeBOOK



36

PLANNING FOR ELECTRICAL DESIGN

Among the subjects covered in General Conditions are the bid, the required con-
tract, and performance bonds and insurance payments, as well as the identification of
those responsible for such duties as removing rubbish and providing temporary elec-
trical service. All of these subjects are of concern to the electrical contractor. The elec-
trical specification writer must make certain that nothing in the electrical specification
conflicts with these General Conditions.

Some project specifications include Supplementary General Conditions and Special
Conditions. These are inserted after the General Conditions, and they normally apply
only to the general contractor. However, if there is a requirement for Supplementary
General or Special Conditions that apply to only one trade, they are usually inserted
in the division of the specification that applies to that trade.

Electrical specifications typically include a General Provisions section that applies only
to that division. It is intended to remind those using the electrical specification that the
General and Special Conditions apply because they are also a part of the specification.

The General Provisions section typically includes paragraphs entitled Temporary
Power; Electrical Drawing and Symbols, including the requirement that a symbol list
appear either on the drawings or in the written specification; Work Included; Work Not
Included; and Codes and Fees. The Codes and Fees section states that the electrical
contractor must comply with all applicable codes, federal laws, state and local ordi-
nances, industry standards, electric utility specifications, and fire insurance require-
ments. It also includes a penalty clause to be invoked against the electrical contractor
for noncompliance.

Some electrical specifications include only a General Description of the Work or
Scope of the Work on the assumption that this will be sufficient because more detailed
information will follow in subsequent pages.

The sample master specification in App. B contains both Work Included and Work
Not Included sections. The latter section identifies the electrical equipment to be

B Furnished, installed, and wired by others.
B Furnished and installed by others, but wired by the electrical contractor.
B Furnished by others, but installed and wired by the electrical contractor.
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Overview

The first commercial power plant was opened in San Francisco in 1879. It was fol-
lowed in 1882 by the opening of Thomas Edison’s Pearl Street station in New York
City, which delivered direct current (DC) electric power. In 1893 alternating current
(AC) generation and transmission were displayed at the Chicago Worlds Fair. By 1896
an AC transmission line had delivered power generated by a Niagara Falls hydroelec-
tric plant some 20 miles to Buffalo, New York. After a contentious battle between
Thomas Edison and other proponents of DC power, the advocates of AC power such
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as Nikola Tesla and George Westinghouse prevailed. Alternating current became the
accepted national power standard. Demonstrations had proven that AC transmitted over
long distances sustained lower power losses than DC transmitted over the same distances.

Over the next hundred years a North American power grid, a major development in
power generation and transmission, evolved from the consolidation of separate AC
power generation and distribution networks. This grid now stretches across the coun-
try from New York to California, with parts extending into Canada and Mexico. More
recently, computer-controlled switching systems with advanced software have been
introduced into the power grid.

Meanwhile, electric power generating capacity has fallen behind the ever-increasing
demand for electricity in North America. The power shortage has been traced to the
complications brought on by deregulation, a shortfall in the construction of new power
plants, and strong environmental activism that has inhibited new plant construction.

The deregulation of the electric power industry in the 1990s has resulted in immense
changes in the industry since that time. While traditional electric utilities still gener-
ate, transmit, and distribute electricity much as they did before deregulation, many
others have taken advantage of deregulation to divest themselves of their power gen-
eration facilities, which had long served their local areas. Of these utilities, some
acquired newer, more efficient generation plants in other locations, while others aban-
doned generation altogether. Some utilities that gave up on generation claimed that
they wanted to concentrate their resources on transmission, distribution, and improv-
ing customer service, but others admitted that they just wanted to be free from the con-
stant public complaints about the air pollution produced by their power stations.

As a direct result of deregulation, the electric power industry has seen the entry into
the market of small and independent power producers, so-called merchant generators,
and power marketers. Moreover, there has been a significant increase in mergers and
acquisitions within the industry, along with the entry of some power utilities into other,
more lucrative commercial enterprises. The objective of some of this diversification
has been the formation of integrated energy services.

Power marketers act as independent middlemen who buy and sell electricity in the
wholesale market at market prices. Most of this power is traded in the growing elec-
tricity commodity market. In the past, power marketers did not own electric generation,
transmission, or distribution facilities, but recently even this has changed. They are now
acquiring generation plants under various ownership and leasing arrangements.

Electric utilities now bid for electricity from various generation plants in two auc-
tions, one that occurs every day before the power is scheduled for use and another that
happens an hour before use.

The U.S. electric power industry today is a complex mix of organizations consisting
primarily of shareholder-owned, cooperative-owned, and government-owned utilities
engaged in power generation, transmission, and distribution. There are, however, other
participants classed as nonutility producers and suppliers. As one of the nation’s
largest industries, the revenues generated by the U.S. electric power industry surpass
those of the telecommunications, airline, and natural gas industries.

Demand for electricity in the United States has historically been closely correlated
with economic growth. Since the end of World War II, electric power demand has
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matched the growth in the gross domestic product (GDP), the indicator of economic
health. The reasons for this increasing demand for electricity include the population
expansion, the surge in the use of electrically powered labor-saving machines, tools,
and appliances, wider acceptance of air conditioning in all parts of the country, and
the popularity of home entertainment electronics and computers.

Newer models of TVs, stereo systems, and computers consume more power than
their predecessors, and the Internet has attracted nearly around-the-clock home com-
puter operation. Deregulation introduced competition and the price of electricity with
respect to the cost of living index has fallen, encouraging even more consumption.

The electric power industry recognizes three major customer groups: residential,
commercial, and industrial. As one might expect, the number of residential customers
far exceeds the number of commercial and industrial customers. The commercial cus-
tomer base includes retail stores, hotels, offices, and restaurants, but the ratio of cus-
tomers to the total sales of electricity is relatively small. The customer base in the
industrial sector is the smallest, accounting for less than 1 percent of all electric utility
customers. The sector consists primarily of large corporations engaged in manufac-
turing, mining, and the processing of oil, chemicals, metals, and food.

Surprisingly, each of these groups buys about one-third of the total power generated
in the United States. However, there is yet another smaller group of customers, not
classed among the big 3 because it consumes less than 3 percent of all electricity gen-
erated. This group includes railroads, national, state, and local government agencies,
and the state and municipal authorities that pay for street and highway lighting.

Energy for Electricity Generation

More than 85 percent of all electric power generated in North America is produced by
AC generators that are driven by steam turbines. Of this amount, more than 65 percent
of the steam is produced by burning of fossil fuels, primarily coal and natural gas. The
pie chart Fig. 2-1 illustrates the distribution of energy sources for electrical power gen-
eration in the United States. The proportions hold for North America and many
European countries as well.

Coal is the dominant fossil fuel consumed to produce steam, accounting for more
than 50 percent of all energy consumed. Despite its reputation as a constant threat to its
neighbors, nuclear energy accounts for only about 20 percent of the energy consumed
for electric power generation. The nuclear reactors function only as steam generators.

Natural gas is in third place among energy sources for steam generation. Oil is also
a fossil fuel accounting for only about 3 percent of the energy consumed for electric
generation, but most of it is used to power gas turbines in turbine generators or as fuel
for the diesel engines in engine—generator sets.

Coal remains the dominant fuel worldwide for producing the steam required for
electric power generation, despite efforts toward using the so-called renewable resources:
water power, wind power, and solar power. Coal retains its importance because it is
plentiful and relatively inexpensive and because many industrialized countries have
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adequate domestic sources. The United States, for example, does not have to depend
on foreign sources for coal.

The burning of coal, oil, and natural gas provides 85 percent of the world’s commer-
cial energy and 80 percent of all human-caused carbon dioxide emissions. Energy
demand has nearly doubled in the past 30 years, and it is expected to increase another 60
percent by 2020. At present only about 10 percent of the world’s total energy is supplied
by renewable energy, although in some countries its use is said to be growing rapidly.
This figure is comparable to the approximately 10 percent figure for North America.

Hydroelectric power dominates among the renewable sources, but such alternative
sources as wind turbines, solar cells, biomass fuels, and hydrogen fuel cells still
account for only a few percentage points. Nevertheless, some studies have predicted
that renewable energy sources could provide half the world’s energy needs by 2050.

The burning of fossil fuels has been identified as the source of most of the world’s
pollutants—sulfur dioxide, nitrogen dioxide, particulates, and ozone. These emissions
have been blamed for air pollution, smog, and acid rain, and they have been identified
as a major cause of death and serious health problems. However, motor vehicles pro-
duce far more of these pollutants than electric power plants.

Because it is easier to focus on power plants than vehicles, citizen groups, envi-
ronmentalists, and health professionals have demanded more government regula-
tions to control and possibly eliminate objectionable emissions from power plants.
Despite the fact that the electric power industry has done much to reduce its emis-
sions over the past 20 years, primarily as a result of new plant construction, friction
between the government and the industry still exists.

Some power plant owners have argued that some pollution control regulations are
excessive, impractical, and too costly to implement in older plants. They say that com-
pliance would be so expensive that they would either have to shut down the plants or
raise electric rates. They add that by shutting down the plants they would deprive many
people living nearby of a reliable local power source, and that low-income families
would be unable to pay the higher rates.

Some have said that the obvious solution is to build more nuclear power plants
because they do not produce pollutants, but this argument does not seem to be a viable
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option. Nuclear power plants have long been controversial because they pose a threat to
public safety and health due to the possibility of nuclear accidents caused by equipment
failure or operator error. This hazard was amply demonstrated by the well-publicized
reactor meltdown at Chernobyl in the Ukraine and the many casualties it caused.

More recently, the public has become alarmed over the accumulation of spent
nuclear fuel at existing nuclear power plants and the hazards that are presented by
transporting large quantities of radioactive waste material from those sites over the
nation’s highways to a storage facility in the Nevada desert.

Another serious consideration has been the security at commercial nuclear plants,
because of the threat of terrorist attacks on the reactors that could release radioactive
materials into the air. All of these factors have led to more legal constraints on the
operation of existing nuclear plants and any construction of new ones, along with pres-
sure to decommission more existing plants.

As a result of all of this controversy, natural gas is reemerging as the fuel of choice
for new power plants in the United States because its combustion by-products are
lower in polluting gases and particulates than coal-fired plants. This means that the
scrubbing and filtering systems need not be as comprehensive as those required for
coal-fired plants.

Federal laws prohibiting the use of both natural gas and petroleum products as fuels
for power generation were passed during the energy crisis of the 1970s. That prohibi-
tion was only lifted years later, in 1987. Many of the new power plants being built or
planned will be capable of generating steam from either natural gas or coal. The choice
will depend on the price and availability of natural gas.

Despite high hopes for the renewables, the most important of these sources, hydro-
electric generation, has proven to be unreliable in times of drought. Moreover, environ-
mental concerns about the damming of bodies of water large enough to produce electric
power reliably and cost-effectively have led to public protests against new dam con-
struction. Here again, there is pressure to decommission many existing dams to improve
the water flow in rivers and restore now submerged lands to a natural condition.

Complaints about the unsightly appearance of wind turbines and the threats they
present to migrating birds have cast a shadow on that technology. Hopes for econom-
ical power generation from large arrays of solar panels have been dashed, and research
into power generation by ocean waves and tides has yet to prove its viability.

Coal-fired, hydroelectric, and nuclear power plants remain the most economical
sources for electric generation on an hourly basis for 24-hr periods. Because oil-fueled
turbine and diesel engine generators have a higher hourly cost, their operation is
reserved for peak periods or as backup when other power plants are offline for repairs.

Newer technologies have been introduced to correct the pollutant emissions from exist-
ing coal-fired power plants. Improved fabric filters and electrostatic precipitators are
removing particulates, the dust and smoke that affect air quality. An electrostatic charge
is applied to the particulates in precipitators, and the particulates are then passed through
an electric field where they are attracted to collecting electrodes. The electrodes are then
mechanically jolted, causing the particulates to drop into collecting hoppers.

Various flue-gas desulfurization (FGD) processes including lime/limestone wet
scrubbers and dry scrubbers are being installed to remove sulfur dioxide, the industrial
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pollutant that forms acid rain. In addition, catalytic reduction systems (SCRs) are
reducing the emission that reacts with sunlight to create ground-level ozone, or smog.

North American Power Grid

The North American power grid consists of interconnected grids of generating plants,
transmission lines, and distribution facilities that blanket the United States and extend
into both Canada and Mexico. Transmission lines link generators to substations that
distribute electricity to local customers throughout this vast region. These grids pro-
vide electric utilities with alternative power paths in emergencies, and allow them to
buy and sell electricity from each other and from other power suppliers.

The U.S. power grid consists of three networks: the large Eastern and Western, and
the smaller Ercot within Texas. Essentially independent, they are connected by high-
voltage DC lines in only a few locations. In emergencies, power can be transferred
from one connection to another, but power failures cannot spread between them.

There are more than 700,000 mi of high-voltage transmission lines in the three
interconnected networks of the grid. Each of the three networks in the grid pro-
duces and distributes AC, but they are connected by DC links, which are easier to
control. Today 138 control areas monitor the grid with computers that predict energy
flow and anticipate reactions to power failures. Within each of these networks, the
amount of electricity consumed must equal the amount of electricity produced at
all times.

The Eastern grid covers the entire East coast from Maine to Florida and extends
westward to the Continental Divide and northward into Canada. The Western grid cov-
ers the western states from the Continental Divide to the Pacific coast, also extending
into Canada and Mexico. The Ercot grid covers eastern Texas.

Each grid is composed of a tangle of transmission lines operated by a diversified
group of owners from regulated utilities to government agencies and private power
marketers. A disparate set of state, regional, and federal regulators governs the opera-
tion of the networks. Far from a perfect system, it still requires that restraints be
applied to avoid overloading; consequently, it has been called a “work in progress.”

Transmission operators in strategically located control substations monitor:

B Electricity flowing from their own regional networks
B Changes in customer demand

B Transfers of electricity between the grids

B Power from transfers flowing through their own grids

A computerized system permits the operators to:
B Control the network

B Find alternate sources when generation plants are offline
B Verify that power transfers follow orderly procedures
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The transmission lines within the networks operate at voltage levels of 765, 500, 345,
and 230 kV. The ever-increasing demand for power in the United States has not been
matched by the construction of needed extensions to the existing transmission infra-
structure. To remedy this shortcoming, engineers have turned to computer science and
electronics for controlling the grids and making them work faster and more efficiently.

The development of specialized high-power silicon thyristors has made it possible
to switch high levels of power faster than could be done earlier, compensating, in part,
for the lack of needed transmission line extensions. Thyristors, like transistors, can
turn the flow of electrons ON and OFF, but they can handle larger power loads more
effectively than transistors because of their higher electrical ratings. Moreover, once
turned ON, thyristors stay ON. This characteristic allows energy to flow continuously.

However, stock thyristors are unable to switch electrons as rapidly as transistors,
which are orders of magnitude faster. This has limited their capabilities for high-speed
power switching in the grid. This was overcome with the development of the insulat-
ed-gate bipolar transistor (IGBT), a four-layer discrete power transistor that combines
the characteristics of a power MOSFET and a thyristor. MOSFET transistors open and
close the thyristor’s latch electronically. These devices have also been used to control
electric motors and low-power generators.

The IGBTs make the grid less vulnerable to voltage sags, surges, and noise in the
power signal. Without electronic control of high-power transmission, power-line loads
must be limited to as little as 60 percent of their rated thermal capacity, the tempera-
ture at which overheated wires sag into trees or onto the ground, and short out.

Computer-based controllers can bypass surges or sags automatically and much more
quickly than would be possible with the manual adjustment of transformers or depen-
dence on automatic circuit breakers that sense a disturbance and simply “trip” a trans-
mission cable offline. That action can send surges of power through neighboring cir-
cuits, tripping them as well, leading to massive regional outages.

The efficient operation of the North American electrical grid now depends on com-
puters, software, and solid-state power electronics capable of handling heavy current
loads. These systems have improved the reliability of power distribution throughout
North America. They have also made it possible to increase the efficiency of existing
power plants while reducing the urgency for the construction of the thousands of power
plants that will be needed in the United States alone in the near future.

It is expected that electronic controls will eventually be located throughout the
nation’s power grids. Integrated network controls could synchronize all of the system’s
electronics to optimize flow over the entire grid. The Electric Power Research Institute
estimates that integrated control could boost the overall transmission capacity of the
existing infrastructure by 30 to 40 percent.

Single- versus Three-Phase Power

The principal elements of an electric power system are the generating stations, the
transmission lines, the substations, and the distribution networks. The generators
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produce the electricity, the transmission lines move it to regions where it is con-
sumed, and the substations transform it for industrial, commercial, and residential
use. Finally, the distribution networks carry the electricity to the customers.

Most AC power is generated as three-phase power. Both three-phase and single-
phase devices can be powered from a three-phase supply. A three-phase circuit is a
combination of three single-phase circuits. The current, voltage, and power relations
of balanced three-phase AC circuits can be studied by applying the rules that apply to
single-phase circuits.

The sine waves of three-phase voltage are separated by 120 electrical degrees
because they are generated by three separate sets of armature coils in an AC gener-
ator. These three sets of coils are mounted 120 electrical degrees apart on the gen-
erator’s armature. The coil ends could all be brought out of the generator to form
three separate single-phase circuits, but they are conventionally interconnected so
that only three or four wires are actually brought out of the generator.

Single-phase AC voltage with zero power factor has both voltage and current sine
waves in phase, so they cross the zero line together twice in each cycle. Similarly, a
plot of three-phase voltage sine waves, also with zero power factors as shown in Fig.
2-2, has all three voltage and current waves crossing the zero line twice each cycle
together. Each of its three phases, V1, V2, and V3, is separated by 120 electrical
degrees.

Power supplied to each of the three phases of a three-phase circuit also has a sinu-
soidal waveform, and the total three-phase power supplied to a balanced three-phase
circuit remains constant. As a result, there are two practical reasons why three-phase
power is superior to single-phase power for many applications.

1 Three-phase machines and controls can be smaller, lighter in weight, and more effi-
cient than comparable single-phase equipment. More power is supplied to them in
the same period than can be supplied by a single-phase power circuit. However, the
trade-off for this advantage is that three-phase machines and controls are more
complex and expensive.

2 Only about 75 percent as much copper wire is required for distributing three-phase
power as is required for distributing the same amount of single-phase power.

vl V2 V3

+ Volts

Time —m

«120° +120° +120°
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Figure 2-2 Three-phase voltage waveforms are
separated by 120 electrical degrees.
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Power Generating Stations

A power generating station contains one or more AC generators capable of generating
power at predetermined voltage levels. As discussed previously, the mechanical power
for spinning most generator shafts is obtained from steam, and most of the steam is
produced by boilers heated by burning fossil fuels or nuclear reactors. The steam spins
turbines, which in turn drive the generator. In the case of hydroelectric generation, a
hydraulic turbine driven by water falling through a dam penstock drives the generator.

Gas turbine or diesel engine generators, either sharing space in conventional power
stations or in separate buildings, generate the additional power required for peak load
periods or emergencies.

The capacities of power generating stations are rated in megawatts (MW). The
largest coal-fired station now in service produces 1100 MW, but three recently con-
structed coal-fired stations produce 650, 800, and 950 MW. Many of the new fossil
fuel-powered stations planned for construction within the next few years will produce
power only in the range of 80 to 750 MW. By contrast, most nuclear power stations in
the United States produce from 1150 to 1300 MW.

Some of the new power stations are intended primarily to supplement the gener-
ating capabilities of existing larger stations in different parts of the country. Natural
gas is now the favored fuel for these new power plants, but some of these will be
designed as dual-function plants: Natural gas will be the primary fuel, and oil will
be the backup fuel if gas price increases make its use uneconomical or the gas sup-
ply is disrupted.

The smaller-capacity gas turbines and diesel engine generating stations for use dur-
ing periods of peak load or emergencies are typically run for only a few hours each
day. Because they are rated for up to 100 MW, some power stations have installed as
many as six of these to achieve capacities of 500 MW.

AC Generators

AC generators are synchronous machines capable of generating AC electric power.
The interactions between the multipole magnetic fields of the stators (armatures) and
rotors of synchronous generators generate the electrical power. The interaction is
called synchronous because when the generator is running, the stator and rotor mag-
netic fields turn at the same speed.

A single small generator might have a rating of a few hundred watts, but the largest
single machines have ratings that exceed a billion watts. All synchronous generators
have wound armatures and rotors, but the armature is wound on the stator rather than
on the rotor, and the field winding is wound on the rotor. Figure 2-3 is a cutaway view
of a synchronous AC generator with a solid cylindrical-wound rotor that permits it to
turn at high speed without self-destructing.
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Figure 2-3 Cutaway view of a synchronous AC generator with a solid
cylindrical rotor capable of high-speed rotation.

The organization of a utility AC generator is opposite that of most DC generators
and both AC and DC motors. If these machine have armatures, they are wound on their
rotors; if they have field windings, they are wound on their stators.

The construction of AC generators is reversed to eliminate the complexities of slip-
ring mechanisms for obtaining the AC power and to provide more stable mechanical
support for the stator windings. With more rigid support, the stators eliminate vibra-
tions that create centrifugal forces which degrade the quality of the AC output.

The armature windings are fitted tightly into slots on the inner surface of the stator
formed by stacking magnetic sheet steel laminations. The field coils are then wound
in axial slots in the outer surface of the solid cylindrical magnetic steel rotor. The rotor
and stator together form the magnetic circuit. Most utility AC generators have a three-
phase armature winding.

The insulation of the AC generator is simplified by having a revolving field and sta-
tionary armature. As the poles move under the armature conductors on the stator, the
field flux cutting across the conductors induces an alternating voltage. It is alternating
because poles of opposite polarity pass successively by a given stator conductor. The
alternating voltage appears at the stator windings and is brought out directly through
insulated leads from the stationary armature.

Because most utility AC generators run at constant speed, the voltage generated
depends on field excitation. The rotating field is supplied with 120 or 240 V DC from
a separate small DC generator called an exciter through two slip rings and brushes.
This arrangement permits the generated voltage to be controlled by adjusting the
amount of field excitation supplied to the exciter. The field excitation, in turn, is con-
trolled by varying the excitation voltage applied to the alternator field.
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The exciters that provide DC field excitation are usually connected directly to the
generator or driven by a belt from the generator. However, some generators have sep-
arate motor-driven exciters.

The rotor and stator of a synchronous machine must have the same number of poles,
because power generation is the result of the magnetic interaction between a succes-
sion of north—south magnetic-field pole pairs.

AC FREQUENCY GENERATION

The frequency of the generator’s output voltage depends on the number of field poles
and on the speed at which the rotor is turning. In a given coil, one complete voltage
cycle is generated when a pair of rotor poles (north and south) is moved past the coil.
The AC output frequency f of the generator is related directly to the number of poles
p, and the mechanical speed of the rotor is N. The frequency f'in hertz is found by

pN

/=10

where p is the number of poles and N is the number of revolutions per minute (rpm).

It can be seen that the product of p and N must be a constant to obtain either a 60-
or 50-Hz output frequency. The standard power frequency in North America is 60 Hz.
Most electrical utility AC generators have two poles and are driven by fossil-fueled
steam turbines. From the equation above, it can be determined that with two poles,
rotor speeds must be 3600 rpm for 60 Hz and 3000 rpm for 50 Hz AC.

By contrast, AC generators driven by steam turbines with the steam produced by
nuclear reactors have lower speed requirements. They are typically four-pole machines
with rotor speeds of only 1800 rpm for 60 Hz or 1500 rpm for 50 Hz AC.

From the equation it can be seen that all AC generators driven at slower speeds must
have more poles to obtain the 50- or 60-Hz output. For example, an AC generator that
is to be driven by a diesel engine with a shaft speed of 400 rpm must have nine poles.

AC GENERATOR ROTORS

Synchronous AC generators are fitted with one of two different rotor designs depend-
ing on their intended rotational speeds.

B Round rotors are solid steel cylinders with the field winding inserted in slots milled
into the surface or the rotor. They usually have two or four poles. Round rotors can
withstand the stresses of high-speed rotation.

B Salient-pole rotors have multiple pole pieces (typically six) mounted to the rotor
structure, and the field winding is wound around the pole pieces. Because of their
more complex construction and larger diameter-to-length ratios, salient-pole rotors
cannot withstand the stresses of high-speed rotation.

Electric utility steam-turbine—driven generators designed for 50- or 60-Hz AC output
voltage have round rotors with two poles because they can withstand the stresses of
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speeds of 3000 and 3600 rpm. Hydroelectric, diesel, and natural-gas engines have far
lower shaft speeds than steam turbines, so the generators they drive usually have six or
more pole rotors, requirements usually met with more complex salient-pole rotors.

Three-phase AC generators have a winding that is made up of three separate stator
windings, each displaced from the other two by 120 electrical degrees. The three wind-
ings can either be wye- or delta-connected. The wye connection is more common
because it is better suited for direct high-voltage generation.

BUS VOLTAGE GENERATION

When a steam turbine or other driver has brought the generator rotor up to its required
speed, its field is excited from the DC supply, as shown in the single-line diagram
Fig. 2-4. As stated earlier, most AC generators run at constant speed, so voltage gen-
eration depends on field excitation. The generator field is energized by the main
exciter. A voltage of 13.8 kV is generated by the generator shown, and it is stepped
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Figure 2-4 Single-line diagram of a power station AC
generator. CT = location of a current transformer; VT =
location of a voltage transformer.
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up to 138 kV by the main transformer. It is then passed through the circuit breaker
and isolating switches before being applied to the 138-kV bus.

The generator is grounded through a grounding transformer. Current transform-
ers, whose positions are indicated by the “CT” abbreviations, are positioned on both
sides of the generator, the main transformer, and the circuit breaker. There is also
one located at the service transformer. They provide power for the measuring instru-
ments and relays.

A voltage or potential transformer indicated by the “VT” abbreviation on the output
side of the generator provides the necessary voltage for voltage regulation, relays, and
instrumentation. The service transformer provides voltage for the power station’s aux-
iliary equipment, and a lightning arrester protects the generator. The main trans-
former’s neutral point is grounded by another current transformer.

Auxiliary Power Station Equipment

The operation of a generating station requires many different subsystems and acces-
sories for the control of its vital functions. For example, there are controls for the steam
and water pressure to the turbines, the excitation field of the exciter, the rotational speed
of the generator armatures, and the voltage at the input to the step-up transformers.

Other important services in a power station are auxiliary electrical power gener-
ation to provide for the station’s heating, lighting, and cooling requirements as well
as the operation of measuring instruments and internal and external communica-
tions equipment. The electric power needed for the proper operation of power sta-
tion service equipment can range from 5 to 10 percent of the total power output of
the generators.

Instruments monitor boiler temperature, turbine temperature, shaft speeds, gener-
ator voltages and currents, power output, phase synchronization, and load. Fossil-fuel
power plants must also control the effluents from their cooling systems, and smoke
and fly ash from their stacks. Power station communications equipment includes
telephone and radio links for internal plant operation and telephone, radio, and data
links for maintaining constant contact with other parts of the electrical system out-
side the station.

Generator Synchronization

When a generator is connected to a three-phase transmission bus in a system, it is
important that its frequency be synchronized with the frequencies of other generators
supplying power to that bus as well as the frequency of the voltage in the bus. A syn-
chronizer or synchroscope indicates whether the generator and the bus are in syn-
chronism. This instrument can be a rotating pointer on an electromagnetic instrument
or can show up as a pattern on an instrument with a cathode-ray tube.
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The three-phase generator is connected to the high-voltage three-phase bus through
disconnecting switches and a circuit breaker. One step-down voltage transformer is
connected to one phase of the generator, and a second step-down transformer is con-
nected to the same phase on the bus. The secondaries of the transformers are connected
to a synchronizing bus.

A voltmeter can indicate either the actual voltage of the transmission bus or the gen-
erator, depending on how it is connected to the synchronizing bus. The generator volt-
age is applied to one terminal of the synchroscope and the transmission bus voltage is
applied to the other terminal. If the two voltages are not in phase, an indicator will
show the need for synchronization.

Wye- and Delta-Connected Loads

Wye and delta connections for generators are also used for other loads such as motor
windings, lamps, and transformers. The same current, voltage, and power relations
that apply for generators also apply for other three-phase load connections.

Figure 2-5 illustrates the wye and delta connections for either load or source, where
E, = load voltage, I, = load current, E, = phase voltage, I, = load current, and Z,
= load impedance.

Figure 2-5a is the schematic diagram for the wye connection and its various voltage
and current relationships, and comparable information for delta connections is given
in Fig. 2-5b. A discussion on the use of wye and delta connections for transformers is

given in Chap. 3.
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Figure 2-5 Three-phase connections for a load or source: (a) wye; (b) delta.
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AC Transmission Systems

After electrical power is generated by a power station at voltages from 1000 to 26,000
V (1to 26 kV), it is fed to transformers that step the voltage up to higher values more
suitable for transmission over long distances. These transformers step voltages up to
values that include 110, 138, 230, 345, 500, and 765 kV. Of these, all but 110 and 138
kV are transmitted over the North American power grid.

Transmission lines can span distances as long as hundreds of miles and provide
electric power to large geographic regions. The ability to transmit electric power from
one location to another with minimal voltage loss was made possible by the invention
of the transformer. The step-up transformer increases the AC generator voltage from
the primary winding to the secondary winding, but it also steps down the current.

The step-up transformer at the power station produces an extremely high voltage
with low current, which flows through the high-power transmission lines strung on tall
steel, aluminum, or wooden towers and poles located across the country. These power
lines connect to step-down transformers at local substations. Step-down transformers
reduce voltage from the primary winding to the secondary winding, but step up cur-
rent. Transformations occur many times throughout the transmission path across the
country to urban, suburban, and rural areas.

The reliability, security, and stability required of transmission systems are assured
by the transmission substations. These substations include switching, high-voltage
transformers, and control equipment. High-voltage switchgear protects against line
faults, contains disconnect switches for maintenance purposes, and might also include
the equipment for connecting two transmission lines and synchronizing their voltages.

The selection of operating voltage depends on the amount of power to be carried
and the distance to be covered. The permissible power loading of a circuit depends
on such factors as the thermal limit of the conductors, their clearances above the
ground, the voltage drop between the transmitting and receiving ends, reliability
considerations, and the power requirements needed to keep the generating stations
in synchronism.

Maximum AC transmission voltages rose from 500 to 765 kV, now the highest AC
voltage in commercial use. Some 2000 mi (3200 km) of 765-kV lines are now in ser-
vice in the United States. While problems associated with insulating the lines to with-
stand lightning have been overcome, insulating them adequately against voltage surges
caused by circuit breaker operation still remains problematic.

Research and test lines have experimented with voltages as high as 1500 kV, but it
is unlikely that voltages much higher than 765 kV will be used in North America
because of existing environmental and political considerations. These include public
challenges based on audible noise or “hum” levels, the need for wider rights-of-way,
and concern for the possible adverse effects of high voltage on persons and animals in
the immediate vicinity of the transmission lines. Moreover, many people would object
to the intrusive visual impact caused by the taller transmission towers and higher
cables that would be required.
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TRANSMISSION CABLES

The conductors for high-voltage transmission lines are typically made from copper,
aluminum, copper-clad steel, or aluminum-clad steel. These lines are suspended
from many different kinds of supporting structures by strings of porcelain insula-
tors. The most common of these structures are the self-supporting steel towers or
poles. The construction of these towers and poles has permitted significant increas-
es in the distance between supporting structures, and has helped to reduce the cost
of transmission. Transmission towers are modified structurally to withstand the
stresses involved when they are used to change the directions of entering conduc-
tors to different outgoing angles. Modern high-voltage transmission lines that tra-
verse essentially straight paths can have as few as six towers per mile.

UNDERGROUND/UNDERWATER AC POWER TRANSMISSION

High-voltage underground cables have been installed in response to adverse public
response to the visually offensive high-rise transmission towers in or close to populat-
ed communities. Underground cables rated for voltages as high as 500 kV have been
developed. They were first placed in service in the United States in 1976.
Traditionally, underground cable systems have been installed in cities and other heav-
ily populated areas, where open high-voltage lines present a safety hazard. They have
also been installed where overhead lines were not practical, in locations such as airport
approaches because of aircraft safety issues, or water crossings where overhead lines
are not feasible because of interference with water traffic. For crossing large bodies of
water, trenches are dug or dredged to depths related directly to the voltage being car-
ried by the cable, and the crossings are marked near the shore lines.

Extruded dielectric cables have become the U.S. standard for voltages to 161 kV.
Low-pressure cables have hollow cores for the circulation of oil under low pressure.
The oil provides temporary protection of the enclosed wires from water damage
should the cable sheath develop a leak. High-pressure oil-filled pipe-type cables are
commonly installed for 230- and 345-kV applications in the United States.

Oil is circulated in the pipe under high pressure (14 kg/cm? or 200 psi). Most new
cable installations make use of extruded dielectric, but pipe-type cables account for 75
percent of the approximately 2400 circuit miles now in service. From 15 to 20 percent
of the cable is extruded dielectric, and most of the remainder is self-contained fluid-
filled cable.

Transmission Towers, Poles, and Frames

Structures are built to support single, double, or multiple circuits. Structures for
supporting single or double circuits are generally used for transmission lines in
rural areas, where rights-of-way are inexpensive. High right-of-way costs generally
rule them out in congested urban and suburban areas. Three or more circuits can be
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supported in heavily populated areas to transmit large blocks of power over one
line. Many different kinds of structures are used to support transmission-line con-
ductors. These include:

W Steel structural towers: rigid self-supporting, semiflexible, and guyed
W Steel tubular poles: self-supporting and semiflexible

B Aluminum structural towers: rigid self-supporting and guyed

B Wood poles and H frames

B Concrete poles

The optimum transmission-line supporting structure depends on such factors as:

B Location of the line

B Funds allocated for its construction
B Cost of maintenance

B Availability of material

The three basic kinds of rigid towers used for supporting single- or double-circuit
lines are used for different economic and engineering reasons:

B Tangent suspension towers support normal line spans with no changes in direction.
B Angle suspension towers support normal line spans with small-angle turns.
B Angle suspension towers support normal line spans with large-angle turns.

Steel towers are widely used to carry high-voltage transmission lines over distances
of hundreds of miles with stretches that might be over rugged terrain. Wide conductor
spacing is required to assure adequate clearance for the electrical phases and their
insulators even during high wind or tornado conditions. The tower must be high and
strong enough to maintain safe conductor sag distances above the ground even when
the conductors expand during exposure to ambient temperatures in excess of 100°F. At
the same time, the tower structure height must be reasonable. The size and form of the
tower depends on

B Nature of the terrain traversed

B Voltage carried

B Combined weight of both the insulators and conductors
B Turns in the direction of the line

The “spotting” or spacing of these towers also depends on the path to be followed
by the transmission line and the terrain traversed. Tower spacing can be wide if the ter-
rain is essentially flat and the path between them is essentially straight point-to-point.
However, long spans are also required if the lines cross ravines, lakes, rivers, or moun-
tainous areas.

Self-supporting towers offer the advantages of long life with minimum inspection
and maintenance costs. They are widely used to support three-phase transmission lines
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carrying voltages up to 765 kV. The basic parts of towers are the base or footing, the
main tower structure, the bridge or crossarm members, ground wires, insulators and
vibration dampeners, and the tower’s grounding system.

Figure 2-6 shows a conventional tangent self-supporting steel tower capable of car-
rying 500 kV. It is designed to support a bundle-conductor line with three 971.6-kcmil
aluminum-clad steel wire conductors per phase. The spacing between the three con-
ductors in the bundle is 18 in., and the spacing between the three phases is 40 ft. Two
overhead ground wires consisting of seven No. 9 strands of aluminum-clad steel wire
are suspended and insulated from the tower with distribution-type guy strain insula-
tors. These ground wires are also used to transmit carrier-current communications
channels. Each ground-wire insulator has a spill-over gap to protect it during lightning
discharges. The legs are spaced 36 ft apart in a square configuration.

If the towers are to be located on sloping ground, the towers will have legs of differ-
ent length to compensate for the angle of slope. Towers that support lines that turn are
reinforced to take the additional load, and offset cross-arms to support the insulators
that will offset from vertical to support the turning conductors. The wider the angle of
turn, the more pronounced will be the offset of both the crossarms and insulators.

The horizontal spacing between phases of lines carrying 500 kV will be 30 to 40 ft,
and the cross-arms will be about 80 ft wide. However, if 765 kV is being carried, phase
spacing is increased to about 45 ft and crossarm lengths can exceed 120 ft.

Insulated

- 33 w33 ground-wire
* support : 7 #9

17' 18" strands aluminum:
B clad steel wire
_% a0 18]
ole Y oo el 3 971.6-kem
vt . : aluminum-clad
steel wires:
Phase 18" spacing/
separation phase
124
(72' to 124")
in 2' steps

square

Figure 2-6 A 500-kV steel self-supporting transmission tower.
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Semiflexible self-supporting towers are useful for voltages up to 500 kV. They have
narrower leg spacing at right angles to the line direction and require less structural
steel. To compensate for the narrower tower bases, ground wires are strung more tight-
ly to take up unbalanced loads and become part of the structural system. Some self-
supporting towers also have crossed guy wires between legs of the tower to increase
lateral strength.

Guyed towers overcome the weakness of semiflexible towers in line with the line.
They can be built with two narrower legs spanning a fixed distance at right angles to
the line, while guy wires between and outside of the legs make the structure rigid. The
guy wires are securely anchored in the ground. Another kind of guyed tower has two
thin structural legs supporting the cross-bridge, which converge at a single hinged
point at the base to form a V-shape. Guy wires in the direction of the line and at right
angles to it provide the required rigidity.

Although steel towers predominate, the demand for high-strength aluminum-alloy
towers is increasing. They can be built to the same structural designs as steel towers,
but the use of aluminum calls for an engineering trade-off. While aluminum offers bet-
ter resistance to corrosive atmospheres, it is more expensive than steel and lacks its
rigidity. Aluminum is commonly used in the construction of guyed towers.

Tubular steel poles are being used for voltages up to and including 345 kV along
railroad rights-of-way and other locations where space for running transmission lines
is restricted. The conductors and supporting insulators are suspended vertically in the
same plane from arms or booms projecting from the steel poles. These poles are usu-
ally tapered and about 100 ft high. For 230 kV, the arms are about 9 ft long, so they
hold the insulators and conductors about 9 ft away from the pole; vertical phase sepa-
ration is about 18 ft. These towers are normally spaced about 300 ft apart.

H-frame structures with wood pole legs and laminated wood crossarms can support
345-kV lines. They can be constructed for considerably less cost than metal towers.
Figure 2-7 shows an H-frame structure with a trussed crossarm used on 345-kV lines.
The line has two 795-kcmil aluminum-clad steel conductors per phase with18-in. bun-
dle spacing and 28-ft phase spacing. The insulation hardware is not grounded, so the
structure takes full advantage of the impulse insulation of its laminated wood crossarm.
Lightning flashovers could occur between the conductors and ground wires on the
poles, but they are not expected to follow the insulator string and crossarm. The height
of the legs can vary from 75 to 100 ft, as required for the site. The poles and timbers
are made from Douglas fir treated with pentachlorophenol.

High-Voltage DC Transmission

Many years of experience with extra-high-voltage DC (EHVDC) transmission lines
has demonstrated that DC voltages as high as 800 to 1000 kV could be sent cost-effec-
tively over long distances with minimal line losses. It was also found that EHVDC can
overcome some problems that restricted the use of alternating-current systems over the
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Figure 2-7 A 345-kV wood H-frame transmission tower.

same route. In the United States 800-kV HVDC systems are now operating, but a
1000-kV system is operating in Sweden.

The greatest disadvantage of EHVDC is the need for costly AC-to-DC conver-
sion equipment to convert incoming AC power to DC power and later reconvert it
to AC for distribution to consumers at useful voltage levels. The development of
solid-state rectifiers has made overhead HVDC economical for distances of more
than 400 mi (650 km), but underground HVDC transmission lines are a far shorter
25 to 30 mi (40 to 50 km).
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Overview

This chapter covers the functions performed by high-voltage power transmission and
distribution equipment in the electrical power industry. Basic transformer theory is
discussed here to highlight the similarities in construction and operation of all trans-
formers, whether they are low-power units or high-voltage transformers used in trans-
mission and distribution. The transformer configurations used in single-phase and
three-phase applications are discussed. In addition, the more specialized voltage and
current transformers for high-voltage instruments as well as autotransformers are
explained. The transformer section of this chapter includes a glossary of transformer
terms for ready reference.

The circuit breakers discussed in this chapter are rated for more than 600 V. They
operate on different principles than the more familiar low-voltage units and have differ-
ent distinguishing features. (Residential low-voltage circuit breakers are discussed in
Chap. 5.) The functions of high-voltage circuit switchers, reclosers, interrupter switch-
es, and voltage regulators in power transmission and distribution systems are explained.

To make the most effective use of AC power, it is important that inductive reactances
be minimized to bring the voltage and current waveforms into a closer phase relationship.
The subjects of power factor and power factor correction are discussed, and the role of
power capacitors in power factor correction is explained. The use of the kilovarmeter to
monitor power factor and capacitive reactance during typical 24-hr periods is discussed.

The way in which rotary or static phase converters convert single-phase to three-
phase power is explained. Power semiconductors are playing an increasingly important
role in power rectification and control. The semiconductor devices most widely used
in the performance of those functions are identified and explained.

Transformers, General

A transformer is a static electrical component with no moving parts that is used for step-
ping voltage up or down or isolating one circuit from another. Transformers have the abil-
ity to convert low-voltage, high-current AC to high-voltage, low-current AC, or vice versa,
with minimal energy losses. Minimizing energy losses is critical in all power generation,
transmission, and distribution systems. Transformers work only with AC in accordance
with the physical laws of magnetic induction, and they are inherently low-loss compo-
nents. The simplest low-voltage transformers can be made by winding separate coils of
insulated wire around a ferromagnetic core, typically a stack of steel laminations.

When one coil or winding, called the primary or input coil, is energized, the core is
magnetized so that the resulting magnetic flux induces a voltage in the second wind-
ing, called the secondary or output coil. The change in voltage (voltage ratio) between
the primary and secondary coils depends on the number of turns in each winding.

Transformers are widely used in electrical power and lighting circuits as well as
many low-voltage electronic products. The large transformers in power generation sta-
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tions step up the output voltage of AC generators to higher values for more efficient
transmission over transmission lines while also reducing the current values. Somewhat
smaller transformers at electrical substations step the transmitted voltage down to the
values more useful for regional and local distribution to customers while also stepping
up the current.

Some of the smallest commercial transformers are found in the AC-to-DC convert-
ers that convert line AC voltages to the low DC voltages required for powering elec-
tronic products including cordless telephones, notebook computers, and cellular
telephone battery chargers. However, transformers are the largest and heaviest com-
ponents in the stand-alone linear power supplies for industrial, military, and commer-
cial applications. The 60-Hz transformers built into TV sets and stereo systems are
also large and heavy, but the high-frequency switching transformers in desktop and
laptop computers are considerably smaller and lighter.

Transformers can also isolate circuits, suppress harmonics, and regulate line volt-
age between distribution substations and consumers. Zigzag grounding transformers,
for example, derive neutrals for grounding and a fourth wire from a three-phase neu-
tral wire. They can be operated at voltages below their nameplate ratings, but they
should not be operated at higher voltages unless they have taps intended for that pur-
pose. However, when a transformer is operated below its nameplate rated voltage, its
kVA output is reduced correspondingly.

Single-phase transformers rated 1 kVA and larger and three-phase transformers
rated 15 kVA and larger can be reverse-connected without a loss of kVA rating. This
is possible with high-power transformers because their turn ratios are the same as their
voltage ratios. The turns ratio compensation on a low-voltage winding of a single-
phase transformer rated below 1 kVA rules this out, because the low-voltage winding
has a higher voltage than is indicated by the nameplate at no load. Although the trans-
former will not be harmed, its output voltage when reverse-connected will be lower
than is stated on its nameplate.

TRANSFORMER CLASSIFICATION

Transformers are classified in many different ways: dry- or liquid-insulated, single-
phase or polyphase, step-up or step-down, and single-winding or multiwinding. In
addition, they are classified by application. For example, there are voltage or potential
transformers (VTs) and current transformers (CTs) that are used step high voltage and
current down to safe levels for the measurement of voltage, current, and power with
conventional instruments. The transformers discussed in this chapter are

Autotransformers

Auto zigzag grounding transformers
Buck-boost autotransformers
Current transformers

Distribution transformers
Substation transformers

Voltage transformers
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In addition to the many different kinds of transformers, there are many different
ways to connect them. These include delta-to-delta, delta-to-wye, wye-to-delta, and T.

NEC TRANSFORMER REQUIREMENTS

NEC 2002 Article 450, Transformers and Transformer Vaults (Including Secondary
Ties), states the requirements for the installation of transformers. It covers overcurrent
protection for transformers rated for more or less than 600 V, autotransformers rated
for 600 V or less, grounding autotransformers, secondary tiers, parallel operation,
guarding ventilation, and grounding. Specific provisions apply to different types of
transformers such as dry-type and liquid-insulated for both indoor and outdoor instal-
lation. Transformer vault location, construction, ventilation, and drainage require-
ments are also given.

The NEC has defined a secondary tie as a circuit operating at 600 V or less between
phases that connect two power sources of power supply points, such as the secondaries
of two transformers.

SUBSTATION TRANSFORMERS

Power is transmitted at high voltages because less current is required to transmit a
given amount of energy at a higher than a lower voltage. Consequently, electrical ener-
gy can be transmitted with less I°R or line loss when high transmission voltages are
used. Transmission voltages as high as 500 kV can only be obtained from step-up
transformers at power stations, because AC generators cannot generate voltages at
those values.

Step-down transformers in distribution systems reduce the high transmission voltages
to the values needed by industrial, commercial, and residential consumers. Large power
transformers rated at 35 kV or more can reach efficiencies of 99 percent at full load.

Figure 3-1 shows a primary or secondary open substation transformer that can trans-
form transmission voltages to useful levels. Both three-phase and single-phase substa-
tion transformers can be constructed in this configuration. They are made from a wide
range of steel cores and winding conductors to meet specific substation requirements.

The transformers can be either wound-core or shell-type (these are discussed later).
Their core and coil assemblies are placed in steel tanks that are filled with either elec-
trical-grade mineral insulating oil or another suitable dielectric coolant. These trans-
formers can be self-cooled or forced-air-cooled. In addition, they can be built
specifically for indoor or outdoor installation.

Transformer Characteristics

Figure 3-2 is a diagram of a conventional (core-type) single-phase transformer. It
shows two independent coils or windings, the primary and secondary, wound on a
closed-ring core made from a stack of laminated sheet steel.
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Figure 3-1 Secondary open substation transformer. Courtesy Cooper Power Systems

If an AC voltage is applied to the primary winding of the transformer, an electro-
magnetic field or flux forms around the core and expands and contracts at the input
frequency. This changing flux cuts the wires in the secondary winding and induces a
voltage in it. Because the turns of both windings are cut by the same magnetic flux,
the voltage induced in each turn of both windings is the same. Thus the voltages across
the windings of a transformer are directly proportional to the turns in each winding:

Primary ampere-turns = secondary ampere-turns

From this expression, it can be determined that the ratio of the currents in a trans-
former is inversely proportional to the ratio of the turns. The voltage that appears
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Figure 3-2 Schematic diagram of a basic transformer.

across the secondary winding depends on the voltage at the primary winding and the
ratio of turns in the primary and secondary windings.

Transformers obey the law of conservation of energy, meaning that the product of
voltage and current (power) in the primary winding equals the product of voltage and
current (power) in the secondary winding, except for losses. For example, if the voltage
at the secondary terminals is twice the voltage at the primary terminals, the current at
the secondary terminals must be half that at the primary terminals to keep the product
of voltage and current constant.

A step-up transformer has more turns in its secondary winding than in its primary
winding, so the voltage across the secondary winding will be higher than the voltage
across the primary winding. Similarly, a step-down transformer, as shown in Fig. 3-2,
has fewer turns in its secondary winding than in its primary winding, so the secondary
voltage will be lower than the primary voltage.

The letters identifying the input and output terminals in Fig. 3-2 follow the industry
standard marking code. High-voltage winding terminals are marked H1, H2, etc., and
low-voltage winding terminals are marked X1, X2, etc. Thus, the high-voltage winding
is commonly called the H winding, the low-voltage winding is commonly called the X
winding, and the numbers of turns of each winding are designated as Th and Tx.

POWER TRANSFORMER RATING

Power transformer capacity is rated in kilovolt-amperes (kVA). The output rating for a
transformer is determined by the maximum current that the transformer can withstand
without exceeding its stated temperature limits. Power in an AC circuit depends on the
power factor of the load and the current, so if any AC electrical equipment is rated in
kilowatts, a power factor must be included to make its power rating meaningful. To
avoid this, transformers and most AC machines are rated in kVA, a unit that is inde-
pendent of power factor.

In addition to its kVA rating, the nameplates of transformers typically include the
manufacturer’s type and serial number, the voltage ratings of both high- and low-
voltage windings, the rated frequency, and the impedance drop expressed as a per-
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centage of rated voltage. Some nameplates also include an electrical connection
diagram.

Power transformers are generally defined as those used to transform higher power
levels than distribution transformers (usually over 500 kVA or more than 67 kV). The
kVA terminal voltages and currents of power transformers, defined in ANSI
C57.12.80, are all based on the rated winding voltages at no-load conditions. However,
the actual primary voltage in service must be higher than the rated value by the amount
of regulation if the transformer is to deliver the rated voltage to the load on the secondary.

TRANSFORMER CONSTRUCTION

The two most common types of transformer construction are the core or form type and
the shell type. The core-type transformer shown in Fig. 3-2 has an open rectangular
laminated steel core with the primary winding wound on the left “leg” of the core and
the secondary winding wound on the right “leg.”

A transformer could be wound as shown in Fig. 3-2, but the separation distance
between the primary and secondary windings would mean that much of the primary
winding flux would not cut the secondary winding, resulting in transformer loss called
leakage flux. To minimize leakage flux in commercial core-type transformers, the
windings are divided, with half of each winding being placed on each leg of the core.
The low-voltage winding is wound around the core and the high-voltage winding is
wound over the low-voltage winding.

In the alternate shell-type transformer shown in Fig. 3-3, both the primary and sec-
ondary coils are wound on the central “leg” of the core. In shell-type transformers the
magnetic circuit is short and the length of the windings is long. Typically the shell-type
transformer has a larger core area and a smaller number of winding turns than a core-
type transformer with the same output and performance. Also, the shell type typically
has a greater ratio by weight of steel to copper. The laminated steel cores are made
from stacks of E- and I-shaped stampings assembled around toroidal bobbins.

Stacked power transformers cores are made from a wide range of core steels to
minimize core loss. High-voltage primaries are wound with wire, typically either
aluminum or insulated copper magnet wire, and secondary windings are wound
from sheet metal strips, typically aluminum. Windings are typically insulated

Laminated steel core
|

Figure 3-3 Shell-type trans-
former core construction.
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between layers with adhesive-coated, thermally upgraded paper. The cores are
made of single-turn laminations cut and formed so that each lamination completes
a magnetic circuit. The laminations are assembled through and around the coil in a
staggered joint pattern to keep core loss and exciting current to a minimum.

Most single- and three-phase power transformers are custom-made by transformer
manufacturers to meet customer requirements. These can usually be met with either
core- or shell-type construction. The purchase decision is usually based on the manu-
facturer’s recommendations for the end-use application, cost, and the firm’s manufac-
turing facilities. Customers can, however, state preferences based on field experience or
other technical considerations. Both core- and shell-type transformers can be made with
ratings up to about 300 kVA, but there could be a significant difference in price. They
can be dry or oil-immersion units, for which additional insulation and cooling are required.

The wound-core transformer is yet another type of construction. It has a core that is
formed by winding a strip of silicon steel into a tight spiral around the insulated wind-
ings. However, its maximum kVA ratings are lower than can be obtained from the
other two types of construction.

TRANSFORMER LOSSES AND EFFICIENCY

The efficiency of all power transformers is high, but efficiency is highest for large
transformers operating at 50 to 100 percent of full load. However, some losses are pre-
sent in all transformers. They are classified as copper or PR losses and core losses.

Copper losses, also called load losses, are proportional to the load being supplied by
the transformer. These losses can be calculated for a given load if the resistances of both
windings are known. As in generators and motors, the core loss is due to eddy-current
induction loss and hysteresis (molecular friction) loss, caused by the changing polarity
of the applied AC. If the cores are laminated from low-loss silicon steel, both eddy-cur-
rent and hysteresis losses will be reduced. Nevertheless, well-designed transformers in
all frequency and power ranges typically have efficiencies of 90 percent or more.

TRANSFORMER COOLING

When a large transformer is operating under load, heat is generated in both the wind-
ings and the core, due to copper and core losses. The methods used for cooling trans-
formers depend on their size, rating, application, and location. Power transmission and
distribution transformers can be cooled by forced air, circulating water, electrical-
grade mineral oil, or other suitable dielectric coolants.

The cooling liquid provides additional insulation between the windings, and it con-
ducts heat from the windings to the conductive sidewalls and surface of the tank,
where it can be dissipated in the surrounding air. The liquid circulates through the tank
by natural convection because of temperature differences in the liquid. Some liquid-
cooled transformer tanks are made with cooling fins so that the coolant has contact
with a larger radiating surface. Where conditions require it, the oil can be circulated
by pumps or the oil cooling can be supplemented by water cooling, forced air, or both.
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Air-cooled dry transformers are specified where oil-cooled transformers located
indoors in industrial facilities would present a fire hazard. The windings are wound so
that the natural circulation of air will dissipate the heat from the windings and core.
These transformers can be enclosed in perforated metal cases to allow maximum cir-
culation of the air through the windings. Where conditions require it, natural trans-
former cooling can be supplemented by forced-air circulation.

AUTOTRANSFORMERS

An autotransformer is a special transformer consisting of a single continuous winding
that is used for both input and output voltages. Because the primary and secondary
windings are the same, they are connected electrically as well as magnetically.
Autotransformers have features that can make them superior to two-winding trans-
formers for many applications because of their lower cost, greater efficiency, smaller
size and weight, and better regulation.

Figure 3-4a is a schematic for a step-down autotransformer. The entire winding
ac forms the primary winding, and section ab forms the secondary winding. It can
be seen that section ab is common to both the primary and secondary windings. As
in the standard two-winding transformer, the ratio of voltage transformation is
equal to the ratio of primary to secondary turns, if the losses are neglected. The fol-
lowing relationships apply:

Eh _ Th _ Ix
Ex Tx Th

The autotransformer winding shown in Fig. 3-4b has a total of 230 turns with sections
ab and bc, which have 160 and 70 turns, respectively. If a voltage of 460 V is applied

4,54 6.4A
IH—:— a IX—:-—

160T 1.9A 320V |50n

460V

b

e
70T l4.5A 6.4A

C
(a) (b)

Figure 3-4 Autotransformers: (a) schematic of a step-down autotransformer;
(b) wiring diagram of an autotransformer supplying a load.

TLFeBOOK



66

POWER SYSTEM EQUIPMENT

to the winding ac, the voltage across each turn will be 2.0 V, and the voltage from a to
b will then be 160 X 2.0 or 320 V.

If a noninductive load of 50 () is connected to winding ab, a current Ix of 320/50,
or 6.4 A, flows, and the power output of the transformer is 320 X 6.4, or 2048 W.
Neglecting the transformer losses, the power input must be 2048 W and the primary
current must be 2048/460, or 4.5 A.

Thus the section of the winding that is common to both the primary and secondary
circuits carries only the difference between the primary and secondary currents. For
this reason, an autotransformer uses less copper wire in its windings and is more effi-
cient than a comparably rated conventional two-winding transformer.

If a multivoltage supply is required for an application, an autotransformer with mul-
tiple taps can provide the required output voltages. The connections from the various
taps are brought out to terminals or a switching matrix so that any of a number of volt-
ages can be selected.

Autotransformers are most effective for voltage transformations near unity. For
example, an autotransformer can boost a distribution voltage by a small increment to
compensate for line drop. Autotransformers can also start AC motors because they
permit a reduced voltage to be applied to the motor during the start-up period.

Autotransformers are not recommended for supplying a low voltage from a high-
voltage supply, because if the winding common to both primary and secondary
should open accidentally, the full primary voltage will appear across the secondary
terminals. This could damage connected equipment or circuitry and pose a shock
hazard for personnel.

TAP CHANGING

High-voltage windings of substation and distribution transformers are equipped with
tap-changing devices to compensate for drops in line voltage and to make small
adjustments in the transformer ratio. The winding is tapped in several places, and con-
nections are made from these places to a tap-changing switch or a terminal block
inside the transformer tank. By operating the switch or changing the connections to
the terminal block, changes can be made in the number of active turns in the winding.

Taps are typically either two 2.5 percent above and below or four 2.5 percent below
rated voltage. These changes are usually made with the transformer offline, but some
transformers have external tap-changer switches that can be operated outside the tank
for safe operation under load.

SINGLE-PHASE DISTRIBUTION TRANSFORMERS

Single-phase distribution transformers are usually made with the secondary or low-volt-
age windings in two sections, as shown in Fig. 3-5. The two sections can be connected
in series as shown in Fig. 3-5a to supply a three-wire, 120/240-V load. This connection
is widely used by power companies to provide both 120 and 240 V to residential and
commercial customers. Alternatively, the two sections can be connected in parallel as
shown in Fig. 3-5b to supply a two-wire 120-V load. Power companies use this connec-
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tion where the load is comparatively small and the secondary circuit length is short.
Examples are providing 120-V power for rural pump houses and roadside stands.

There are three general types of distribution transformers: pole-type or overhead,
pad-mounted, and submersible. They are typically built to customer order and must
comply with the latest industry standards.

Overhead single-phase distribution transformers Figure 3-6 is an electri-
cal schematic for a single-phase distribution transformer that steps down a single-
phase primary voltage (7.62 kV) to the more manageable 120/240 V AC. Single-phase
overhead-type transformers are manufactured as conventional, protected, step-down,
and high basic impulse level (BIL), and as autotransformers. A cutaway view of a sin-
gle-phase overhead or pole-mounted distribution transformer is shown in Fig. 3-7.
These transformers are made with a wide variety of ratings and meet or exceed the
requirements of applicable ANSI and NEMA standards. Some are designed to meet
the Rural Utilities Service (RUS) standards.

X1

X3 120V
240V

X2 120v

X4

(a) (b)

Figure 3-5 Single-phase transformers: (a) connected in series to supply a
three-wire, 120/240-V AC system; (b) connected in parallel to supply a two-wire,
120-V AC system.

© Ungrounded ©
conductor 120V AC
7.6-kV
primary Grounded 240V AC
conductor 120y AC
O + O
Ungrounded
conductor —
System ground

Figure 3-6 Schematic of a single-phase transformer for
stepping down high distribution voltage to 120/240 V AC for
electric service.

TLFeBOOK



68 POWER SYSTEM EQUIPMENT

HANDWHEEL

BIRDGUARD _1

HIGH-VOLTAGE BUSHING

ARRESTER

~=— LIFTING LUGS

LOW-VOLTAGE BUSHING
SECONDARY BREAKER

HANDLE
‘GROUND STRAP

OVERLOAD SIGNAL
LIGHT

CORE

COILS

RECESSED BOTTOM ]
Figure 3-7 Single-phase overhead distribution transformer. Courtesy Cooper Power Systems

Conventional overhead transformers are manufactured in ratings of 5 to 500 kVA.
Completely self-protected (CSP) overhead transformers are manufactured in ratings of
5to 167 kVA. CSP transformers have direct-connected primary arresters, internal sec-
ondary breakers, and internal primary fuses. This eliminates the need for separately
mounted protective devices, which otherwise must be installed at extra cost.

Single-phase step-down and autotransformers reduce single-phase distribution volt-
ages to new distribution voltages. Step-down transformers are manufactured with rat-
ings of 25 to 500 kVA with dual primary or secondary voltages through 250 kV BIL.
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Autotransformers are manufactured in ratings of 167 to 5000 kVA depending on the
ratio between the primary and secondary voltages. They are available in a variety of
tap arrangements. Single-phase overhead high BIL transformers are manufactured
with ratings of 5 to 500 kV and they have high BIL ratings from 200 to 250 kV.

The connections for single-phase pole-mounted or overhead distribution transform-
ers are made inside their mineral oil-filled cylindrical cases. Only three secondary ter-
minals are brought to the outside of the transformer case.

Pad-mounted single-phase distribution transformers Single-phase pad-
mounted distribution transformers are used in underground distribution systems where
it is preferable to have underground rather than overhead distribution. An example of
a single-phase, pad-mounted distribution transformer with its cover raised is shown in
Fig. 3-8. The electrical schematic for these transformers is the same as that for the
overhead transformer in Fig. 3-6.

Single-phase, pad-mounted transformers are manufactured with ratings from 10 to
167 kVA. All of these distribution transformers are oil-insulated, self-cooled, and
made with loop or radial feed. They can meet or exceed ANSI and NEMA standards.

Pad-mounted distribution transformers are enclosed in steel tamper-resistant pro-
tective cases designed with low profiles. They are usually painted green to blend in

STRIPS FOR TAMPER
RESISTANCE

DOOR
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PROVISION
AUTOMATIC PRESSURE
RELIEF DEVICE

BAY-O-NET FUSE
NAMEPLATE

PARKING
STAND LOW-VOLTAGE BUSHING
HIGH-VOLTAGE
BUSHING
GROUNDING STRAP
DUAL
VOLTAGE
SWITCH
GROUNDING
GROUNDING PROVISIONS
PROVISIONS

REMOVABLE SILL

FLOATING LOCK POCKET

Figure 3-8 Single-phase pad-mounted distribution transformer. Courtesy Cooper Power Systems
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with the shrubs and low hedges of residential landscaping. Smaller RUS-approved ver-
sions with ratings of 10 to 50 kVA for rural electrification power irrigation pumps and
oil field equipment, and are also installed in sparsely populated residential areas.

Submersible single-phase distribution transformers Single-phase sub-
mersible underground transformers are enclosed in round vertical stainless steel tanks
that are hermetically sealed for protection against repeated flooding and/or immersion.
The terminals, ground pads, and nameplates are mounted on the covers for easy access
from ground level. These transformers are made in ratings of 25 to 167 kVA. Their
electrical schematics are the same as in Fig. 3-6.

Where submersible transformers are to be installed in a trench that is not subject to
repeated flooding or immersion, they are enclosed in stainless steel tanks. Their ter-
minals, ground pads, and nameplates are mounted on their covers.

THREE-PHASE CONNECTIONS OF SINGLE-PHASE
TRANSFORMERS

Single-phase transformers can be connected to form three-phase transformer banks for
stepping voltages up or down in three-phase systems. Four common configurations for
connecting transformers in three-phase systems are delta—delta, wye—wye, wye—delta,
and delta—wye. The first three are shown in Fig. 3-9. The delta—wye is not shown
because it is simply the reverse of the wye—delta connection.

Delta-delta connection The delta—delta connection, shown in Fig. 3-9q, is
widely used for moderate voltages. This connection has the advantage of remaining
operational in what is known as the open delta or V connection if one transformer is
damaged or taken out of service, leaving the remaining two functional. If it is operated
this way, the bank still delivers three-phase currents and voltages in their correct phase
relationships. However, the capacity of the bank is reduced to 57.7 percent of the value
obtained with all three transformers in service.

Wye-wye connection Inthe wye—wye connection, shown in Fig. 3-95b, only 57.7
percent (or 1/1.73) of the line voltage is applied to each winding, but full line current
flows in each transformer winding. The drawback to this connection is that power cir-
cuits supplied from a wye—wye bank generate serious electromagnetic interference,
which could interrupt nearby communications circuits. Because of this and other dis-
advantages, the wye—wye connection is seldom used. However, the wye—wye connec-
tion can be used to interconnect two delta systems and provide suitable neutrals for
grounding both of them.

Delta-wye and wye-delta connections The delta—wye connection (not
shown) is suitable for stepping up voltages because the voltage is increased by the
transformer ratio multiplied by a factor of 1.73. Similarly, the wye—delta connection,
shown in Fig. 3-9¢, is used for stepping down voltages. The high-voltage windings of
most transformers operating at more than 100 kV are wye-connected.
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Figure 3-9 Three-phase transformer connections.

To match the polarities correctly in a wye connection, the H and X markings
must be connected symmetrically. In other words, if an H1 or X1 terminal is con-
nected to the neutral, then all of the H1 or X1 terminals must be connected to the
neutral and the remaining H2 or X2 terminals must be brought out as the line con-
nections, as shown in Fig. 3-95. By contrast, in a delta connection, Hl must always
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be connected to H2 and X1 to X2, and the line connections must be made at these
junctions, as shown in Fig. 3-9a.

When a large number of single-phase loads are to be served from a three-phase
transformer bank, the wye-connected low-voltage winding is recommended because
the single-phase loads can be balanced evenly on all phases.

FOUR-WIRE DELTA SYSTEM

Power circuits for the operation of three-phase motors or other equipment are often
supplied from 240-V delta-connected transformer secondaries, as shown in Figs 3-9a
and 3-9¢. To provide 120 V for lighting circuits, the midpoint of one of the trans-
formers is brought out to form a four-wire delta system. This connection is shown in
Fig. 3-10a; a three-wire, single-phase lighting circuit is formed by conductors A and
B to N (neutral) with 120 V available across A to N and B to N. In this system a three-
wire, three-phase power circuit is formed by conductors A, B, and C, with 240 V avail-
able across any two of the phase conductors A, B, or C.

To support this load adequately, the center-tapped transformer must have a larger
kVA rating than the transformers on each side of it. The shortcoming of this system is
that the phases will be unbalanced because the single-phase lighting load diminishes
the available three-phase capacity.

e s 2o e W e

+—120—+}+—120— —120—
vac | vac VAC
L. 120
240 240—]
v AC v AC \i ;«05
240 ",
G vV AC

+— 208 +1+—208—
: vV AC V AC
- 208

-0 —O

A N B C
3-phase 3-phase
load load
(a) (b)

Figure 3-10 Three-phase transformer secondaries: (a) four-wire delta-
connected; (b) four-wire wye-connected.
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FOUR-WIRE WYE SYSTEM

When it is necessary to power many single-phase loads from a three-phase trans-
former bank, the four-wire wye system is preferred. The wye-connected, low-voltage
winding permits single-phase loads to be balanced evenly on all three phases. Figure
3-10b shows the method for connecting both three-phase and single-phase loads to
a four-wire wye-connected bank. The single-phase 120-V loads are connected
between the three conductors A, B, and C to N, the neutral or grounded wire. In this
system, the three-phase 208-V loads are connected across the phase conductors A,
B, and C. This connection, with phase and line voltages of 120 and 208 V, is used in
urban underground networks.

SCOTT OR T TRANSFORMER CONNECTION

The Scott or T connection is a method of transforming three-phase loads to two-phase
loads, or vice versa, with two transformers, the main transformer and the teaser trans-
former. The connection was originally developed to transform two-phase power from
a hydroelectric plant to three-phase power.

In the T connection shown in Fig. 3-11, the main transformer primary winding AB
is connected from line to line of a three-phase delta input system, and the teaser trans-
former primary winding CD is connected from the midpoint of the main primary
winding C to the third line of the three-phase system. The secondary windings of both
main and teaser transformers, a, b, and ¢, are connected to a two-phase, three-wire
output system.

The teaser transformer can be a duplicate of the main transformer so as to be
interchangeable with it. The main transformer operates at a power factor of 0.866 so
that if the two transformers are to be identical, the teaser transformer must be pro-
vided with an 86.6 percent tap. In this example their total rated capacity will be 15.5

o O
3-phase delta

o —0
primary

O O

A B D
. Cc
Main A ALALAAL NAAAAAL/ Teaser

ransformer AV~ (Y Y Y Yy transformer

a b c
o o} )
2-phase, 3-wire
O Q
secondary
O O

Figure 3-11 T-connected transformers.
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percent greater than the capacity of the load in kVA. When connecting transformers
in T, the relative phase sequence of the windings must be the same or the impedance
of the main transformer could be excessively high and cause an unbalance.

THREE-PHASE TRANSFORMERS

Three-phase voltages can be transformed by three-phase transformers as well as banks
of single-phase transformers. A primary and secondary winding of one phase is placed
on each leg. Three-phase transformer cores can be made with only three legs because the
fluxes set up by the three windings are 120° apart in time phase, as shown in Fig. 2-2.

The core of a three-phase transformer is made with three legs similar to the one shown
in Fig. 3-3. Two core legs act as the return for the flux in the third leg. At any time the flux
is at a maximum value in one leg, it is half that value and in the opposite direction through
the other two legs. A core and coil assembly of a three-phase transformer is shown in Fig.
3-12. This transformer is rated 37.5 kVA, 60 Hz, 2400/4160Y to 240/416Y V.

The prime advantage that a three-phase transformer has over three single-phase
transformers with the same kVA rating is that space and weight are saved by placing

R

Figure 3-12 Three-phase
core and coil distribution
transformer rated for 37.5
kVA, 60 Hz, 2400/4160Y to
240/416Y V.
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three windings on one core. Another advantage of the three-phase transformer is that
it is slightly more efficient than a single-phase transformer, and in the larger ratings it
is less expensive.

A disadvantage of the three-phase transformer is that if one of its phases fails, the
whole transformer is disabled and must be removed from service. By contrast, if one
of three single-phase transformers in a bank fails, that one unit can be replaced, leav-
ing the other two in service.

Three-phase transformers can also be connected according to the four connection
schemes previously discussed for single-phase transformers and illustrated in Fig. 3-9.
These connections are made inside the tank. To make delta—delta connections, only three
high-voltage and three low-voltage conductors need to be brought outside the tank. For
wye-connected windings, however, four connections are brought outside the tank.

THREE-PHASE DISTRIBUTION TRANSFORMERS

A three-phase overhead distribution transformer is shown in Fig. 3-13. Where pole-
mounted overhead distribution is used to supply three-phase power, three-phase trans-
formers occupy less space than a bank of transformers, and they weigh less. Moreover,
the cost of installation and maintenance is lower for a three-phase overhead trans-
former than for a bank of three single-phase units.

Three-phase overhead transformers are made with ratings from 30 to 300 kVA.
Primary voltages range from 4.16 to 34.5 kV, and secondary voltages range from
120 to 480 V. The basic impulse level (BIL) ratings are 45 to 150 kV. They are avail-
able with wye, delta, or T-T connections. These transformers have four output con-
nections, X0, X1, X2, and X3, and their cases are filled with electrical-grade
mineral oil.

A three-phase, pad-mounted compartmental-type distribution transformer is
shown in Fig. 3-14. These transformers are manufactured in ratings from 45 to 7500
kVA with high-voltage ratings from 2.4 to 46 kV. The standard connections are
delta—wye, grounded wye—wye, delta—delta, wye—wye, and wye—delta. The trans-
formers are housed in steel cabinets with front-opening, three-point latching steel
doors. As in the overhead transformers, the cases of pad-mounted transformers are
filled with electrical-grade mineral oil.

TRANSFORMERS CONNECTED IN PARALLEL

For the successful operation of two single-phase transformers connected in parallel,
the instantaneous polarities of the transformers must be known. Two transformers with
their primaries connected to the same power supply are shown in Fig. 3-15. The pri-
mary windings of both transformers no. 1 and no. 2 are wound counterclockwise
around the core. However, the secondary winding of transformer no. 1 is wound coun-
terclockwise, while the secondary winding of transformer no. 2 is wound clockwise.
At the instant line A is positive, the direction of current flow will be from line A to line
B through both primary windings.
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Figure 3-13 Three-phase overhead distribution transformer. Courtesy Cooper Power
Systems

When primary current flows from H1 to H2, voltages are induced in the secondary
windings, which oppose the applied primary voltages. Because the secondaries are
wound in opposite directions, terminal X2 of transformer no. 1 is negative at any
instant, while terminal X1 of transformer no. 2 is positive.

If the secondary windings are to be connected in parallel, both positive terminals
must be connected to one line, such as C, and both negative terminals must be con-
nected to the other line, such as D. The instantaneous voltages induced in the two sec-
ondary windings will then be in phase. Caution: If terminals of unlike polarity are
connected to the same line, the two secondaries will be short-circuited, resulting in
excessive current flow.
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Figure 3-14 Three-phase pad-mounted compartmental-type transformer. Courtesy Cooper
Power Systems
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Figure 3-15 Two transformers
o © Primaries Secondaries 6 ¢  connected for parallel operation.

Two three-phase transformers can also be connected in parallel if they are wound
the same way, are connected with the same polarity, and have the same phase rela-
tionships. Furthermore, if the two transformers have the same voltage ratings, the
same turns ratios, the same impedances, and the same ratios of reactance to resistance,
load current will be divided in proportion to the transformers’ kVA ratings, and there
will be no phase differences between their currents. However, if there are differences
in any of these characteristics, load current can be divided unequally and phase dif-
ferences can occur between the currents in the transformers.
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AUTO ZIGZAG GROUNDING TRANSFORMERS

Three single-phase transformers can be connected in an autotransformer arrangement
to obtain a neutral from a three-phase, three-wire supply (phase shifting). Figure 3-16a
is the schematic diagram for this arrangement, and Fig. 3-16b is the wiring diagram.

C AN
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’ Point
Input A, BorC
to neutral
480-v Neutral S yields
3¢ 277V
3-wire single -
phase
4-wire
B B
A (a)
Common trip device
A B C
0% ¢ e
X X X
X X X
X X X
|8 H H
H H H
H H H
H H H
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Transformer Transformer Transformer
no. 1 no. 2 no. 3
(b)

Figure 3-16 Auto zigzag grounding transformer: (a) for deriving a
neutral; (b) wiring diagram.
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Section 4 of NEC 2002, Article 450, covers autotransformers, and Section 5 covers
grounding autotransformers, specifically zigzag or T-connected transformers connect-
ed to three-phase, three-wire ungrounded systems. These connections are made for
creating three-phase, four-wire distribution systems or providing a neutral reference
for grounding purposes.

BUCK-BOOST AUTOTRANSFORMERS

The buck-boost transformer is a simple and economical means for raising a voltage
that is too low or decreasing a voltage that is too high. This transformer can raise or
lower voltage being supplied to the load more than £5 percent, to improve the effi-
ciency of the device or system. Buck-boost transformers are small single-phase
transformers designed to reduce (buck) or raise (boost) line voltage from 5 to 20
percent. A common application is boosting 208 V to 230 or 240 V AC. For example,
there might be a requirement to power the motor in an air conditioner with a 230- or
240-V AC motor from the 208-V AC supply line. This can be done with a buck-
boost transformer.

Buck-boost transformers are standard distribution transformers with ratings ranging
from 50 VA to 10 kVA. Commercial units are made with primary voltages of 120, 240,
or 480 V AC. They can also power low-voltage circuits for control or lighting appli-
cations requiring 12, 16, 24, 32, or 48 V AC. Schematics of buck-boost transformers
that can transform 120 and 240 V AC to 12 and 24 V AC are shown in Fig. 3-17.

When the primary and secondary lead wires of buck-boost transformers are con-
nected together electrically in a recommended bucking or boosting connection, they

0 o) o 0
120v AC |H4 H3| H2 H1| 120V AC |H4 H3| H2 H1
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YY)
12V AC | 24V AC
output Ix1  x2| X3 x4 output Tx] X2 X3 x4
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240V AC |[H4 H3 H2 H1l| 240V AC |H4 H3 H2 H1
input input
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output X1 X2| X3 X4 output [X1 X2 X3 X4
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Figure 3-17 Wiring diagrams for low-voltage, single-phase,
buck-boost transformers.
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become autotransformers. Some typical connection diagrams for these transformers in
autotransformer arrangements for single-phase systems are shown in Fig. 3-18.

Buck-boost transformers have four windings for versatility. Their two primary and two
secondary windings can be connected eight different ways to provide many different volt-
age and kVA outputs. Because their output voltage is a function of input voltage, they can-
not be used as voltage stabilizers. Output voltage will vary by the same percentage as the
input voltage. These transformers can also function in three-phase systems. Two or three
units can be used to buck or boost three-phase voltage. The number of units needed in a
three-phase installation depends on the number of wires in the supply line.

INSTRUMENT TRANSFORMERS

Instrument transformers are used in power stations and substations to reduce high voltages
and currents to safe and usable values for making electrical measurements with voltmeters,
ammeters, and wattmeters, or to operate control apparatus. These transformers perform
two functions: they act as ratio devices, making it possible to use standard low-voltage and
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low-current instruments and controls; and they act as isolators to protect the instruments,
controls, and personnel from high voltages. The two kinds of instrument transformers are
voltage transformers (also called potential transformers) and current transformers. These
transformers operate on the same principles as power transformers.

Voltage transformers Voltage or potential transformers (VTs) are single-phase
transformers that supply voltage to measurement instruments such as voltmeters, fre-
quency meters, power factor meters, and watthour meters, as well as controls. The
voltage applied to sensitive meters and controls is a fixed fraction of the higher line
voltage being measured, low enough to be used by the instruments and controls with-
out damaging or destroying them. The primary winding of a VT is always connected
across the main power lines, as shown in Fig. 3-19.

These transformers are made to regulate the secondary voltage so that it will remain
constant or nearly constant under all conditions. When the primary winding is con-
nected across the line, the current flowing in the winding sets up a field in the core.
This field linking the secondary winding induces a voltage that is proportional to the
ratio of primary to secondary turns.

Most voltage transformers are designed for 120-V AC operation at the secondary
terminals when the high voltage is applied at the primary winding. Because the load
supplied by the VT is small, VA ratings are small, of the order of 50 to 200 VA. Voltage
transformers are typically rated for 120 to 460 V AC, 50 VA. If VTs are to make mea-
surements on three-phase systems, sets of two or three transformers are installed.
There are, however, higher-rated, oil-filled VTs, rated up to 500 kV, for use outdoors
in substation switching yards.

Current transformers Current transformers (CTs) step down line current to val-
ues that can be used to operate standard low-current measuring instruments and control
devices without damaging them. These instruments and control devices are completely
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Figure 3-19 Instrument transformer connections: voltmeter, wattmeter, and
ammeter.
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insulated and isolated from the high-current circuits, assuring the safety of personnel
monitoring them. The connection of a CT to a high-voltage line is shown in Fig. 3-19.

Current transformers supply current to current-measuring instruments, so their pri-
mary windings are designed to be connected in series with the line. Therefore, the
impedance of the primary windings must be made as low as possible. This is done by
using a few turns of low-resistance wire capable of carrying the higher line current.

Because CTs are ordinarily used to step current down, the secondary winding con-
tains more turns than the primary winding. Thus, the ratio of primary current to sec-
ondary current is inversely proportional to the ratio of the primary to the secondary
turns. These transformers are usually designed so that when the rated current flows in
the primary, 5 A will flow in the secondary.

Dry-type, open-construction auxiliary CTs for summation and ratio-correction
applications are made in current ratings of 0.1 to 50 A. There are also 600-V slip-over
CTs that are built for use outdoors for relaying protection and control circuits. They
are placed on high-voltage insulators (bushings) to allow a 600-V CT to be used on
high-voltage systems. These CTs are encapsulated in cast resin material. Outdoor CTs
for use in substation switch yards have ratings from 5 to 34.5 kV.

The secondaries of the current transformer are usually connected to current-measuring
instruments such as ammeters, wattmeters, watthour meters, and power factor meters.
They can also be connected to certain kinds of relays and the trip coils of some circuit
breakers. One current transformer can operate several instruments connected in series
so that each carries the same secondary current.

If the secondary circuit is opened while the primary winding is energized, the flux
density can be high enough to induce a dangerously high voltage in the open sec-
ondary winding. To prevent damage to connected instruments or electrical shock to
operating personnel, the secondary terminals of a current transformer must be short-
circuited before removing or connecting an instrument in the secondary circuit while
the primary winding is energized.

Although modern current transformers include automatic devices for short-circuiting
the secondary winding when changes are to be made in the secondary circuit, per-
sonnel working with these circuits should make certain that the winding is actually
short-circuited before making any changes in the circuit.

Wattmeters for making power measurements require output from both the voltage
transformer secondary and the current transformer. The connections required to oper-
ate a wattmeter are shown in Fig. 3-19. Note that the secondary circuits are grounded.
This is general practice when the transformers are connected in circuits that have a
potential above ground of 300 V or more.

OVERCURRENT PROTECTION FOR TRANSFORMERS

Section 3 of NEC 2002, Article 450, covers overcurrent protection for transformers.
Protection must be provided for high-voltage transformers rated over 600 V nominal
and 600 V nominal or less in accordance with NEC Tables 450.3(A) and (B).

Table 450.3(A) applies in situations where qualified persons either do or do not
monitor and service the transformer installation. Two alternatives are given: either
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primary-only protection or primary and secondary protection. The transformers rated
over 600 V, dry or fluid-filled, can have any impedance. The ratings of fuses, circuit
breakers, and secondary protective devices are covered as they apply to monitored and
unmonitored locations. Where the indicated percentage of primary current does not
correspond to a standard fuse rating or circuit breaker (CB) setting, the next higher
standard size is permitted.

Table 450.3(B) covers all transformers rated 600 V or less. It states that the basic
overcurrent protection may be provided just on the primary side or may be a combina-
tion of protection on both the primary and secondary sides. For the primary-side pro-
tection of transformers with primary current over 9 A, the maximum rating or setting
of the circuit breaker or fuses is 125 percent of transformer primary full-load current
(TPFLC). The conductors must also be rated 125 percent TPFLC. Here again, where
the indicated percentage of primary current does not correspond to a standard fuse rat-
ing or CB setting (overcurrent device), the next higher standard rating is permitted.

Some of the other provisions of Table 450.3(B) include the following.

B A transformer with a rated primary current of less than 2 A may be protected by
a primary overcurrent device rated or set at not more than 300 percent of rated
primary current.

B A transformer with a rated primary current of less than 9 A may be protected by a
primary overcurrent device rated or set at not more than 167 percent of rated pri-
mary current.

B When using the 167 or 300 percent factors, if the resultant current value is not
exactly equal to a standard rating of fuse or CB, the next lower standard rated over-
current device must be used.

B Protection of the secondary circuit must be independent of the primary-side trans-
former protection.

B [f the transformer secondary has a protective device rated or set not more than 125
percent of the rated secondary current, the primary feeder protective device may be
rated or set at not more than 250 percent of the primary current.

B Secondary protection by overcurrent protective devices, their use in protecting sec-
ondary feeder conductors and lighting panels, and their locations are specified.

If a transformer is equipped with coordinated thermal overload protection capable
of interrupting the primary current, the primary feeder overcurrent device may be
rated or set at not more than 6 times the rated primary current for transformers with
not more than 6 percent impedance or not more than 4 times the rated primary current
for transformers with more than 6 percent but less than 10 percent impedance.

Other NEC requirements related to transformer protection are given in Section 240.21.

Glossary of Transformer Terms

The following technical terms apply to transformers.
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BIL: An abbreviation for basic impulse level, a dielectric strength test. Transformer
BIL is determined by applying a high-frequency square-wave voltage with a steep
leading edge between the windings and between the windings and ground. The BIL
rating provides the maximum input kV rating that a transformer can withstand with-
out causing insulation breakdown. The transformer must also be protected against
natural or man-made electrical surges. The NEMA standard BIL rating is 10 kV.

Exciting current: In transformers, the current in amperes required for excitation.
This current consists of two components: (1) real in the form of losses (no load
watts) and (2) reactive power in kvar. Exciting current varies inversely with kVA rat-
ing from approximately 10 percent at 1 kVA to as low as 0.5 percent at 750 kVA.

Eddy-current losses: Contiguous energy losses caused when a varying magnetic
flux sets up undesired eddy currents circulating in a ferromagnetic transformer core.

Hysteresis losses: Continuous energy losses in a ferromagnetic transformer core
when it is taken through the complete magnetization cycle at the input frequency.

Insulating transformer: A term synonymous with isolating transformer, to
describe the insulation or isolation between the primary and secondary windings.
The only transformers that are not insulating or isolating are autotransformers.

Insulation system temperature: The maximum temperature in degrees Celsius at
the hottest point in the winding.

Isolating transformer: Sece insulating transformer.

Shielded-winding transformer: A transformer with a conductive metal shield
between the primary and secondary windings to attenuate transient noise.

Taps: Connections made to transformer windings other than at its terminals. They are
provided on the input side of some high-voltage transformers to correct for high or low
voltages so that the secondary terminals can deliver their full rated output voltages.

Temperature rise: The incremental temperature rise of the windings and insulation
above the ambient temperature.

Transformer impedance: The current-limiting characteristic of a transformer
expressed as a percentage. It is used in determining the interrupting capacity of a
circuit breaker or fuse that will protect the transformer primary.

Transformer voltage regulation: The difference between the no-load and full-load
voltages expressed as a percentage. A transformer that delivers 200 V at no load and
190V at full load has a regulation of 5 percent.

High-Voltage Circuit Breakers

This section covers high-voltage circuit breakers rated for 1000 V to 72.5 kV intend-
ed for use in electrical power systems. The logic behind calling 1000 V to 72.5 kV a
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medium-voltage range is not obvious unless it is compared with the maximum North
American grid voltages of 800 kV and more common transmission system voltages of
60 to 500 kV. Nevertheless, medium-voltage circuit breakers can protect AC genera-
tors, some transmission and subtransmission lines, and distribution substations.

The industry classifies circuit breakers in the following way:

B Medium-voltage power (1000 V to 72.5 kV)
B Low-voltage power (1000 V and below)

B Industrial molded case (600 V and below)

B Miniature or branch circuit (240 V and below)

All circuit breakers are electromechanical devices that make and break currents
under normal conditions and make, carry for a specified time, and break currents under
abnormal conditions such as short circuits. Circuit breakers, like transformers and bat-
teries, are made in a wide range of ratings. Miniature or branch circuit breakers rated
for 240 V or less are discussed in Chap. 5.

Because the higher-voltage circuit breaker contacts can be damaged or destroyed by the
burning action of electric arcs when the contacts of a high-voltage circuit are opened, var-
ious methods have been developed to provide an appropriate quenching medium around
the contacts that will assist in extinguishing any arcs formed as rapidly as possible.

The names of mediums used for extinguishing the arc are included in the descriptions
of the circuit breaker. For example, there are oil circuit breakers, air-blast circuit breakers,
and magnetic-air circuit breakers. The selection of the appropriate method for quenching
the arcs depends on the cost-effectiveness and availability of sources of and means for
providing air blasts, insulating gas, insulating oil, magnetic fields, or vacuums.

The two basic designs for high-voltage circuit breakers are oil and oil-less. The oil-
type circuit breaker had been the most popular for outdoor service up to 362 kV, but
the air-blast and gas-type versions have been gaining in popularity. At 550 and 800 kV,
oil-less breakers predominate. For new indoor applications magnetic-air and vacuum
circuit breakers predominate, along with some gas-type. Indoor magnetic-air, air-blast,
and vacuum breakers have been adapted for outdoor use in the 2.5- to 34.5-kV range
by protecting them with metal covers.

It is essential that the correct circuit breakers, fuses, and switches be selected for
each power control application because of their importance in the design and function
of the overall electrical system. Immediately upon sensing a short circuit or break in
the supply line, fuses and circuit breakers must isolate the sections of the electrical
network where the fault occurred, to prevent further damage while permitting the
remainder of the network to remain operational.

POWER SYSTEM CIRCUIT BREAKERS
The five general types of high-voltage circuit breakers are as follows.

1 Oil circuit breakers use standard transformer oil, an effective medium for quench-
ing the arc and providing an open break after current has dropped to zero. There are
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two general types of oil circuit breakers: dead-tank for the higher voltage ranges
and /ive-tank for lower voltages. Oil circuit breakers have been improved by adding
such features as oil-tight joints, vents, and separate chambers to prevent the escape
of oil. Also, improved operating mechanisms prevent gas pressure from reclosing
the contacts, making them reliable for system voltages up to 362 kV. However,
above 230 kV, oil-less breakers are more economical.

2 Air-blast circuit breakers were developed as alternatives to oil circuit breakers as
voltages increased. They depend on the good insulating and arc-quenching proper-
ties of dry and clean compressed air injected into the contact region.

3 Magnetic-air circuit breakers use a combination of strong magnetic field with a
special arc chute to lengthen the arc until the system voltage is unable to maintain
the arc any longer. They are used principally in power distribution systems.

4 Gas circuit breakers take advantage of the excellent arc-quenching and insulating
properties of sulfur hexafluoride (SF,) gas. These outdoor breakers can interrupt
system voltages up to 800 kV. These circuit breakers are typically included in gas-
insulated substations (GISs) that offer space-saving and environmental advantages
over conventional outdoor substations. Gas (SF,) circuit breakers are made with rat-
ings up to 800 kV and continuous current up to 4000 A. They are alternatives to oil
and vacuum breakers for metal-clad and metal-enclosed switchgear up to 38 kV.

5 Vacuum circuit breakers, more accurately termed vacuum-bottle interrupters, are
generally used for voltages up to 38 kV and continuous current ratings to 3000 A.
They are used for higher system voltage, current, and interrupting ratings, and are
typically specified for metal-clad and metal-enclosed switchgear in distribution
systems.

HIGH-VOLTAGE CIRCUIT BREAKER CONSTRUCTION
All high-voltage circuit breakers have

B Contacts that operate at system voltage

B Insulation between main contacts and ground potential (porcelain, oil, or gas)
B Operating and supervisory devices

B Insulated links between the operating devices and the main contacts

Most power circuit breakers are opened and closed automatically by remote control.
Various kinds of operating mechanisms are used. Among them are AC or DC sole-
noids, compressed air, high-pressure oil, springs, or electric motors.

HIGH-VOLTAGE CIRCUIT BREAKER RATINGS

High-voltage circuit breakers are rated by maximum voltage, insulation, maximum
continuous and momentary current-carrying capacity, maximum interrupting capaci-
ty, transient recovery voltage, interrupting time, and trip delay.

Circuit interruption occurs when a plasma arc with temperatures exceeding 20,000 K
appears for a short time interval between the main contacts. This occurs when the cur-
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rent passes zero, and it is determined by the time relationship between the buildup of
dielectric strength of the gap between the open contacts and the rise of transient recov-
ery voltage.

The interrupting capacity of a circuit breaker, measured in kilovolt-amperes (kVA),
is the product of the phase-to-ground voltage in kilovolts (kV) of the circuit and the
interrupting ability, in amperes (A), at stated intervals and for a specific number of
operations. The current is the root-mean-square (rms) value existing during the first
half-cycle of arc between contacts during the opening stroke.

Circuit Switchers

Circuit switchers are mechanical devices that combine the features of a disconnect
switch and circuit breaker. They typically combine sulfur hexafluoride (SF,) as an arc-
interrupting medium and a trip device connected to a relay to open the circuit switcher
automatically, with an air-break disconnect switch, under certain abnormal conditions.
Blade-type circuit switchers with fault-interrupting ratings up to 15,000 A are being
manufactured, and they are capable of interrupting voltages of 38 to 230 kV.

The disconnect provides visual isolation, meaning that when the circuit has been
interrupted it can be seen that the disconnect blade, part of the switching mechanism,
has sprung open, leaving a large air gap between the blade end and its closed position.

Circuit switchers are used primarily for transformer protection. They can also pro-
vide load-switching capability, line and loop switching, capacitor or reactor switching,
and load management, usually with protection features. They combine the functions
of a circuit breaker (without its high-speed reclosing capability) and a disconnecting
switch, filling a role between high-power fuses and circuit breakers.

Circuit switchers must be able to make, carry, and break normal load currents with-
in a defined temperature range to prevent damage to key system components such as
contacts, linkage, terminals, and isolators. They must also be able to make and carry
load currents for predetermined lengths of under certain abnormal conditions not seen
as endangering the integrity of the system, and they must be able to break currents
under overcurrent or fault conditions.

The variables that define circuit switchers are maximum operating voltage, basic
insulation level (BIL), rated load current, and interrupting current, whether or not they
include isolators or trip devices or are manually or automatically operated.

CIRCUIT SWITCHER OPERATION

A single pole of a blade-type circuit switcher with the interrupter and blade con-
nected in series is shown in Fig. 3-20. To switch three-phase AC, three poles are
mounted in parallel on a structural steel frame mounted on a pedestal high above the
ground. The three-phase lines are connected to the input ends of the interrupters, and
under normal conditions, three conduction paths are completed through the inter-
rupters, drivers, and hinged disconnect blades to line continuations atop the second
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Figure 3-20 Single pole of a blade-type circuit switcher.

stationary insulators. The circuit is interrupted when the disconnect blades spring
out of their normal positions.

A key component in each pole of the circuit switcher is the live-tank SF_ gas
“puffer”’-type interrupter. This is a spring-loaded piston assembly contained inside a
horizontally mounted section of cylindrical insulator. The interrupter mechanically
generates a “puff” of SF_ to cool and deionize the arc that is established before the cir-
cuit is interrupted. The gas is prepressurized to be ready for ejection when the circuit
switcher is tripped. After the trip signal initiates the process and the blade opens, a
destructive electric arc is formed. It is the task of the puffer to extinguish that arc as
rapidly and harmlessly as possible. The arc actually forms as separate bursts rather
than a continuous stream in response to the current waveform, resulting in two current
zeros every cycle.

At the first current zero the pressurized SF, gas ejected from two tubes is dense
enough to provide the necessary dielectric strength to stop the arc from reestablishing
itself so it is extinguished. However, if the arc is sufficiently “hot” or conductive as it
passes through the SF_gas, and the gas is not dense enough to extinguish it, the
destructive arc could reestablish itself. In modern circuit switchers the entire process
from trip-signal initiation to current interruption takes about 130 ms. The process of
opening and closing one pole of a blade-type circuit switcher is described as follows.

The shunt trip unit (1) receives a trip signal when the relay system detects a fault
within the system or when an operator wants to open the circuit rapidly. The operating
spring is then released and the shunt trip unit rotates the insulator mounted on it at high
speed, thus tripping and opening the driver’s (5) mechanism spring. This actuates the
interrupter (3) to open the circuit and extinguish the arc with SF_ gas jets.

The motor of the drive train rotates the insulator until the disconnect blade (4)
springs open to provide sufficient air isolation to break the circuit. The rotation of the
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insulator continues after the disconnect blade is open to “toggle” the drive-train con-
trol and lock the blade in its open position.

To close the switcher, the rotation of the insulator is reversed until it releases the
drive-train toggle. This allows the disconnect blade to begin closing. (The shunt trip
unit has recharged during the opening operation.) As the disconnect blade closes, the
closing springs are reset by the driver (5). The last few degrees of closing rotation lock
the disconnect blade in its closed position and release the closing spring in the driver,
thus closing the switcher. The opening springs are reset as the closing springs relax. If
the fault has been cleared, the circuit will close into a condition that will permit it to
accept another trip signal to actuate the shunt trip unit. This will allow the opening
process to begin again immediately because all of the springs have been set, the SF,
puffer interrupter is repressurized, and all of the controls are ready.

Reclosers

Reclosers are automatic, high-voltage electric switches used throughout power distri-
bution systems, from substations to residential utility poles. They range from small
units used on single-phase distribution lines to large three-phase reclosers used in sub-
stations and on high-voltage power lines up to 38 kV. Reclosers act like 120/240-V
thermal circuit breakers that shut off electric power when overvoltages and short cir-
cuits occur.

A residential circuit breaker remains shut off until it is reset manually. By contrast,
a power distribution recloser first automatically tests the electrical line to determine
if the fault has been cleared. If it finds that it has been cleared, it then automatically
resets itself to restore electric power. Statistics indicate that 80 to 90 percent of faults
on high-voltage lines are temporary. They are caused by such factors as lightning,
wind-blown tree branches that brush against power lines, or short circuits caused by
birds or rodents. These outages will be quickly removed from the electric line if the
power is shut off before permanent damage to the line occurs. The recloser senses
when trouble occurs and automatically shuts off the power. An instant later (the
length of time might be noticeable as the flickering of a light bulb), the recloser turns
the power back on. However, if the fault is still present, the recloser shuts off the
power again.

The recloser is programmed to permit three attempts at reclosing before it deter-
mines that the problem is permanent and it remains off. A power company crew must
then repair the line fault and manually reset the recloser to restore power. Examples of
permanent outages include power lines or other equipment damaged by lightning
strikes, fallen tree limbs that break the wires, or vehicle collisions that knock down
power poles.

Reclosers save electric power utilities time and expense because they permit power
to be restored automatically, after only a flicker or two. In addition, if the outage
requires a utility crew to make repairs, reclosers minimize the outage area and help the
crews to locate the problem quickly so that power can be restored. In addition, electric
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power customers are saved the inconvenience and possible expenses due to losses that
would be incurred by frequent power outages.

The introduction of the first commercially successful recloser—the Kyle type H—
revolutionized the protection of high-voltage (2.4- to 38-kV) electric lines, making it
possible for electric utilities to provide more dependable electric power service.

Interrupter Switches

The increasing electrical loads on distribution lines caused by increasing demand, par-
ticularly in the suburbs, have caused utilities to raise their operating voltages. Voltages
are now being distributed at 13.8, 23, and 34.5 kV and higher. This higher voltage has
led to the formation of smaller service regions or more sectionalizing to minimize the
impact of an electrical outage in parts of each region.

Ironically, the probability of fault occurrence has increased as operating voltages
have increased because of the combination of higher voltages and longer distribution
lines. These have made the lines more susceptible to outages on lower-voltage, shorter
lines because of the higher probability of transformer bushing flashovers, falling tree
limbs, lightning strikes, and other causes.

Early in the last century conventional disconnect switches met the requirements for
sectionalizing, but this is no longer true. The switching capability of a disconnect,
while marginal at 2.4 to 4.8 kV, is completely inadequate at 13.8 kV and higher. To iso-
late a section of distribution line by opening a disconnect, the entire feeder must first
be dropped, and this adds to the extent of the outage. Moreover, during emergency
conditions the probability of the occurrence of a disconnect caused by operator error
increases proportionally.

Many different kinds of switches are now available to meet a wide variety of
applications economically. The single-pole switch and side-break switch are intend-
ed for pole-top installation on distribution feeders, while the vertical-break switch
was designed for distribution substations or feeders. These switches perform all of
their switching duties without causing external arcing, and they also provide the reli-
able isolation of a visible air gap. A few examples of their versatility and use are the
following.

B During emergency situations requiring fast response, a modern interrupter switch
can drop the load without complicated circuit breaker and switch sequencing.

B There is no need to drop individual loads because the switch can drop the entire
load.

B Lines can be extended and additional load accommodated (within the rating of the
switch) without affecting switching ability.

B A loaded circuit can be dropped inadvertently (through an error or misunderstand-
ing) with no hazard to the operator or to the system.

B Interlocking is not required between the primary switch and the secondary breaker
in transformer operation.
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Because of the no-external-arc feature of most modern interrupter switches, phase
conductor spacing can be much less than that established for the older horn-gap
switch. On the secondary side of the substation there are more feeders and more heav-
ily loaded and longer transmission lines.

Voltage Regulators

All of the components in an electrical system are designed to operate at their rated
voltages for optimum efficiency and long service. An ideal electrical system would
provide constant voltage to all customers under all conditions of load. Unfortunately,
because of the unpredictable dynamics of a practical system, none is ideal. Thus, it is
necessary to include voltage regulators in the system to correct its performance and
keep its voltage reasonably close to an ideal constant.

There are now at least four different methods for maintaining close to ideal voltage on
electric power transmission and distribution systems. These include the use of step-
voltage regulators, transformer load-tap changers, fixed and switched capacitors, and
static var (volt-amperes reactive) systems (SVS). However, single-phase step-voltage reg-
ulators are most frequently used to regulate voltage in electric power distribution systems.

There are many reasons, both technical and economic, why system voltage should be
held close to its intended standard. Among them is the fact that overvoltage shortens
the life of heating elements in resistive appliances, components in electronic products,
and filaments in both incandescent and fluorescent lamps. Moreover, overvoltage can
damage motor-driven appliances and tools.

On the other hand, undervoltage increases the time taken for the resistive elements
of appliances to heat up while also causing motors to overheat and lose efficiency. It
will also reduce the performance of electronic products such as computers, radios, and
TVs, and dim the illumination from luminaires.

STEP-VOLTAGE REGULATORS

Step-type voltage regulators are actually tapped autotransformers that have one wind-
ing common to both the primary and secondary circuits. The primary (exciter) winding
is both magnetically and electrically connected to the secondary (series) winding. The
series winding is connected in series with the load current. Both single-phase and three-
phase step-voltage regulators are being manufactured. They are built in both pole-
mounted and pad-mounted styles.

A single-phase pad-mounted step-voltage regulator is shown in Fig. 3-21. It performs
the same function as the traditional overhead-mounted tank-type and substation-
mounted regulators, with the convenience of pad mounting. The unit shown provides
regulation in 32 voltage steps of approximately /4 percent each for a maximum of 10
percent regulation when used singly or in wye-connected banks.

These voltage regulators are made in ratings of 7620/7200 and 14.4 kV for 60-
Hz systems. Their current ratings are from 50 to 548 A. Voltage regulation is
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Figure 3-21 Single-phase pad-mounted voltage regulator. Courtesy Cooper Power Systems

microprocessor-controlled, and the autotransformer core and coil assembly is
immersed in insulating oil. Pad-mounted voltage regulators are housed in steel
enclosures with front access doors that are painted green to blend in with residen-
tial surroundings.

Figure 3-22 is a simplified wiring diagram for a single-phase step-voltage regulator.
The regulator includes a series winding and a shunt winding that make up the main
transformer and a bridging reactor or preventive transformer. The series winding is
typically rated for 10 percent of the voltage of the shunt winding. There are usually
eight taps attached to the series winding, and these are wired to segments of a dial
switch assembly as individual contacts. The voltage difference between these seg-
ments is 11/4 percent voltage.

Contacts on the center-tapped preventive autotransformer are designed to bridge the
gap between the dial switch segments to avoid momentary loss of the load. Although
arcing occurs as the bridge slides, the load is not lost because one contact remains on
the segment. As a result of this sliding action, load voltage become the average volt-
age of the taps bridged.

A reversing switch permits the polarity of the series winding to be reversed with
respect to the shunt winding, permitting both plus and minus regulation. Both a voltage
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Figure 3-22 Wiring diagram for a typical distribution step-voltage regulator
showing both internal and external connections.

transformer and a current transformer provide the control signal for the regulator. Any
surges propagated on the line will be shunted past the regulator by the bypass arrester.
The lightning arrester also protects the regulator from overvoltage surges.

Source (S), load (L), and source-to-load (SL) or common bushings (indicated as let-
tered circles) permit the wiring to pass into and out of the oil-filled regulator tank.
Tap-changer position indicators and control-panel enclosures are mounted outside
both pole- and pad-mount regulators.

Modern regulators are controlled electronically. They include a voltage sensor that mon-
itors regulator output and signals the control circuit and a switching section that delays
and/or transmits the signal. They also include a fap-changing motor drive circuit for dri-
ving a motor, which changes the taps as necessary to correct the voltage.

Digital controls are available that display voltage, current, power factor, kW, kvar,
and various other quantities. Many control systems can send this information to a
remote terminal unit (RTU). Thus the regulator control becomes a sending station for
a SCADA (supervisory control and data acquisition) system.

Power Factor

If AC current and voltage were always in phase, the average power over a complete
cycle would be equal to the product of the current and voltage and power could be
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measured in watts. However, this is a theoretical situation because there is always
some reactance present in an AC circuit that keeps the current and voltage out of
phase. Where phase difference is minimal, a reasonable approximation of actual power
can be determined as the product of current (/) and voltage (E), which yields watts
(W). This is the formula for determining actual power in a DC circuit.

However, when voltage and current are out of phase, current can be negative and
voltage positive and vice versa at various times during each cycle. As a result, the
value of power is less than the product of £ X I. The terms volt-amperes (VA) or kilo-
volt-amperes (kVA) express the product of the effective values of voltage and current
in an AC circuit. To determine useful or actual power, the volt-ampere product must
be multiplied by a value called the power factor (PF).

Power in a single-phase AC circuit is found from

P (watts) = EI X PF

or

P (kilowatts) = % X PF

By transposing the second equation,

P kW
Power factor = — S
ower factor 7 or .

Thus, power factor is defined as the ratio of the actual power in watts to the volt-
amperes of an AC circuit. When the current and voltage are in phase, power is equal to
E X I'and the power factor is unity. When current and voltage are out of phase by 90°
(as in a purely capacitive or inductive circuit), the power factor is zero. In this situa-
tion no actual power is produced. However, in circuits that contain both resistance and
reactance, the value of PF lies between 1 and 0, and it depends on the relative values
of resistance and reactance in the circuit.

According to the convention used in discussing power factor, voltage in an induc-
tive circuit leads current, and in a capacitive circuit voltage lags current. Power fac-
tor can be expressed as either a decimal or a percentage. Some typical average
power factors encountered in the operation of electrical equipment are expressed as
percentages:

B Incandescent lamps—95 to 100 percent
B Large induction motors carrying rated load—S85 to 90 percent
B Fractional-horsepower induction motors—60 to 75 percent

Current lags voltage both in lamps and motors, which are inductive loads. Current
in an AC circuit is considered to consist of a component in phase and a component out
of phase with the voltage, as illustrated in the vector diagram Fig. 3-23a.
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Figure 3-23 Vector diagrams of active and reactive components in an AC cir-
cuit: (a) voltage and current; (b) real and apparent power.

The in-phase component is called active or real because, when multiplied by volt-
age, it gives the useful or real power in watts or kilowatts. The out-of-phase compo-
nent is called reactive because it contributes nothing to the real power of the circuit.
The product of the reactive component of the current and voltage is called reactive
power or reactive volt-amperes, and it is measured in vars (volt-amperes reactive) or
kilovars. If there were no capacitive component to cancel part of the inductive com-
ponent, voltage and current would be out of phase by 90 electrical degrees.

In Fig. 3-23a the greater the phase angle 6, the greater is the value of the reactive
component. The cosine of the phase angle 0 is the ratio of the active current to the
total current. Because the actual power is the voltage multiplied by the active com-
ponent of current,

P=FEXIcos9

where P = power, £ = voltage, and / = current.

Thus the power factor of an AC circuit is equal to the cosine of the phase angle. The
cosine of 0° is 1 and the cosine of 90° is 0, so as the phase angle is reduced, the power
factor approaches 1.

Figure 3-23b shows the relation between real power in kilowatts (kW), apparent
power in kilovolt-amperes (kVA), and the reactive component in kilovars (kvar), units
appropriate for practical electrical power measurement.

POWER FACTOR CORRECTION

The efficiency of power generation, transmission, and distribution systems is improved
when they are operating near-unity power factor. The most cost-effective way to obtain
near-unity power factor is with the use of high-voltage power factor capacitors.
Capacitors provide leading reactive current that can reduce the lagging inductive current
in the system. An advantage of this method for power factor correction is that capacitors
can be installed near the load. Another unit of equipment, called a synchronous con-
denser, can provide continuous power factor correction without the use of capacitors.
A synchronous condenser is a synchronous motor operated without a mechanical
load for improving power factor. By overexciting its field, a synchronous condenser
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will operate at a very low leading power factor. The only input power required is that
necessary to supply its losses. When used at the end of a long transmission line, the
synchronous condenser neutralizes the effects of lagging power factor loads, thus
improving the regulation of the transmission line.

Primary and Secondary Power
Capacitors

Capacitors for power factor correction are usually connected in shunt across the power
lines. They can be energized continuously or switched on and off depending on load
changes. Two kinds of capacitors perform power factor correction: secondary (low
voltage) and primary (high voltage). These capacitors are rated in kilovars.

Low-voltage capacitors with metallized polypropylene dielectrics are available with
voltage ratings from 240 to 600 V over the range of 2.5 to 100 kvar, three-phase. These
capacitors are usually connected close to the lagging reactive loads on secondary lines.
Low-voltage capacitors can either reduce the kVA requirements on nearby lines and
transformers or allow a larger kilowatt load without requiring higher-rated lines or
transformers.

High-voltage capacitors for primary high-voltage lines have all-film dielectrics and
are available with 2.4- to 25-kV ratings over the range of 50 to 400 kvar. By connect-
ing these capacitors in series and parallel arrangements, higher kvar ratings can be
achieved. Because modern high-voltage capacitors consume lower watts per kvar than
low-voltage capacitors, they can be operated more efficiently.

High-voltage capacitors for overhead distribution systems can be mounted on poles
in banks of 300 to 3600 kvar at nearly any primary voltage up to 34.5 kV, phase-to-
phase. Pad-mounted capacitors for raising the power factor in underground distribu-
tion systems are available in the same range of sizes and voltage ratings.

The increasing use of motor-driven appliances and building service equipment has
increased overall power loads as well as the inductive kvar on most power systems. It
is desirable to cancel them because

B Substation and transformer load capacity can be taxed to full thermal limits.
B High inductive kilovar demands can cause excessive voltage drops.
B Local utilities charge power factor penalties.

The size of the power factor correction (number of kvar) that must be injected into the
electric power system determines the method to be used. If the load is less than 500 kvar,
capacitors can provide the capacitive reactance to cancel the inductive reactance, but if
the load exceeds 500 kvar, a synchronous condenser is commonly installed. Also, if there
are large, rapid, and random swings in kvar demand during the day, a synchronous con-
denser is preferred. However, if the changes in kvar demand are small and can be cor-
rected with capacitors, incremental capacitor banks provide a more practical solution.
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As a result of this kind of correction, circuit current can be brought more nearly in
phase with the applied voltage and the power factor can approach 100 percent.
Capacitors can reduce the kilovar demand from the point of demand back to the gen-
erators. The installation of capacitors can increase generator and substation capability
for additional load at least 30 percent, and can increase individual circuit capability in
terms of voltage regulation from 30 to 100 percent.

In actual power systems, full correction to achieve 100 percent power factor is usu-
ally not attempted. If a system had a constant 24-hr load at an established power fac-
tor, this correction would be possible and even reasonable, but changing load
conditions typically rule that out that possibility.

The addition of a preset number of capacitors to cancel out the inductive (lagging)
kvar would lead to changes between a surplus of leading capacitive kvar at certain
periods during the day to excess inductive kvar at other times of the day. Rather than
maintain a fixed number of capacitors in the system, a fixed number of capacitors is
kept in the system, and they are supplemented by capacitors that are switched incre-
mentally into and out of the system either by automated or manual means as required
to correct inductive reactance and improve power factor.

Kilovarmeters

A recording instrument called a kilovarmeter can plot the graph of power factor versus
time and load conditions as was discussed earlier. Figure 3-24, a plot of kilovars versus
a 24-hr period of time, shows the results of adding switched capacitors to fixed capaci-
tors to cancel inductive reactance. This graph can represent either the kilovar curve of
power demand for a town or an individual feeder on a large distribution system.

It can be seen that the lowest kilovar requirement occurs at 4:00 a.m., when the load
is lowest. The bank of permanently installed 400-kvar capacitors can correct the power
factor at that time. However, additional capacitors from a bank of 1000-kvar switch-
able capacitors can be switched into the system as needed to eliminate leading power
factor in the shaded area from midnight to 4:00 a.m. and from 4:00 a.m. to the next
midnight. It can be seen that maximum load and correction occurs at about 8:00 p.m.

If a severe voltage drop occurs in the system, the capacitors will be removed.
However, if the voltage problems that occur on a distribution system are not serious in
the town or feeder represented in this figure, and the prime purpose for installing
capacitors is to correct power factor on the generators, the capacitors would be prob-
ably be installed at the generating station.

Synchronous Condensers

A synchronous condenser can provide continuous power factor correction without the use
of capacitors. Precision control of the motor fields of the latest synchronous condensers
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produces the exact amount of vars needed to correct any power factor without annoying
switching transients. These units are not affected by the harmonic currents produced by
solid-state motor drives. Features of a standard synchronous condenser are

B Three-phase synchronous brushless motor

B Solid-state voltage and power factor regulators

B Electrically operated main circuit breaker

B Switchboard-grade varmeter and power factor meter
B Start and control logic with internal fault monitors

Phase Converters

Single-phase power can be obtained from any three-phase electrical system by connect-
ing any two phase leads. However, it is not possible to obtain three-phase power from a
single-phase power source without recourse to either a rotary or static phase converter.

A rotary phase converter is a machine that can convert single-phase power to three-
phase power. More accurately termed a phase generator than a converter, it generates
a voltage that, when paralleled with two voltages obtained from single-phase line
power, produces three-phase power. Rotary converters can provide three-phase current
that can power three-phase as well as inductive loads.

Figure 3-25 is a schematic diagram for a rotary converter. The electromechanical
machine is connected to a single-phase source, and it generates a third phase output
for powering three-phase loads and motors. Single-phase lines L1 and L2 are con-
nected to a three-phase fused disconnect switch or magnetic starter. The outputs of the
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switch or starter are designated TT and T2. Parallel branches are fed to the rotary con-
verter terminals, also designated TI and T2. The converter produces an output T3,
which, after passing through the switch or starter, is combined with T1 and T2 to form
the three-phase output (T1, T2, and T3) for driving motors or other three-phase loads.

When the rotary converter is running alone without a load, line T3 provides the
highest voltage with respect to ground. This line should not be used to power any sin-
gle-phase loads. The manufacturers of these machines caution that all electrical equip-
ment should be grounded as required by the NEC, and that the rotary converter should
always be started before energizing motor loads. All wire sizes, lengths, and voltage
drops should be in accordance with the manufacturer’s recommendations.

Rotary converters can power metalworking and woodworking machines, farm
equipment, pumps, compressors, elevators, lasers, battery chargers, plasma cutters,
electrodischarge machining (EDM) systems, heating elements, and variable-frequency
drives. However, they are not suitable for powering heavy starting loads or instantly
reversing or momentarily overloaded motors such as those that power laundry extractors,
paper cutters, air conditioners, hoists, or high-speed lathes.

Because of the high current required to start a motor (which can be from 5 to 10
times the normal running current), the horsepower of the largest motor or combina-
tion of motors started at exactly the same time should not exceed the manufacturer’s
maximum rating for the rotary converter. However, once the motor or combination of
motors has been started, it is acceptable to start additional smaller motors up to but
not exceeding the total horsepower rating of the converter. For example, a 3-hp rotary
converter could run motors whose combined rating is up to 9 hp if they are running
lightly loaded.

Single- L1 * o e v T1
phase
: 3-phase
input L2 ———te e et—ep T2 output
* N

=

T3

3-phase
fused
disconnect
switches or
magnetic
starter

Rotary
onverter

Figure 3-25 Rotary converter generates a third phase to power three-phase
loads from a single-phase supply.
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Magnetic controls or single-phase loads must always be energized by lines T1 and
T2. Phase converter manufacturers warn against connecting a ground or neutral to the
T3 line, the artificially produced phase which can easily be identified as the line with
the highest voltage to ground when the converter is running.

The manufacturers agree that the user must pay close attention to recommended
wiring size and length to prevent slow starting caused by a voltage drop. They add that
when starting a motor whose horsepower rating equals the rating of the rotary con-
verter, lower starting torque can occur. This is most likely to happen when the motor
is driving a heavy load, because of the higher starting current. However, full running
torque usually can be obtained.

Rotary phase converters should be located in a clean, dry room with sufficient air
circulation to provide adequate air cooling. Moreover, the converter should not be
operated near flammable liquids, gasses, or dust, because these could ignite fires in
the insulation of the converter and damage or destroy it.

Rotary phase converters that operate from 220 and 460 V, single-phase power are
available. Almost all machine loads require that the converter be sized at least 50 per-
cent higher than the largest horsepower rating of any motor that is to be driven. Where
large horsepower loads are to be powered, additional rotary phase converters can be
paralleled to drive those loads safely.

A static phase converter is another option for converting single-phase to three-phase
power. These converters are suited only for operating motor loads. For all other appli-
cations, rotary converters must be used. The static phase converter includes capacitors
to start the motor as is done in single-phase capacitor-start motors (see Chap. 10).

Static phase converters do not actually generate three-phase power continuously the
way rotary phase converters do. Just as in capacitor-start motors, the capacitors are
disconnected once the motor has started, and the motor continues to run on single-
phase power. However, because only two of the three windings are powered while the
motor is running, the power output of the motor is reduced to 66 percent of its rated
value. For example, a 10-hp motor will start with a 10-hp output but will run only as
a 6.6-hp motor.

Motor loads that have high starting torque but will run with reduced power are
important characteristics in the selection of an appropriate static phase converter.
These phase converters can be used with air compressors, for example, because of
their high starting torque characteristics. However, in many applications the pulley
diameter of the motor must be reduced to compensate for the loss of horsepower once
the compressor is running.

Static phase converters are not recommended for driving motor loads that operate
close to their maximum rated horsepower ratings. For example, a static phase convert-
er might be acceptable for driving a three-phase motor in a lathe only if it will function
satisfactorily at slow speeds. When higher speed is required, the converter can start the
lathe turning, but the higher speed settings cannot be achieved because of diminished
horsepower output. Rotary phase converters are better suited to these applications.

Another factor to take into account when considering the purchase of a static con-
verter is duty cycle. (This is defined as the percentage of time a motor runs fully or
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nearly fully loaded with respect to its overall operating time.) Three-phase motors that
operate at or close to full load most of the time are more likely to overheat when dri-
ven from a static rather than a rotary phase converter.

Most three-phase motors are either wye- or delta-wired. Those that are delta-wired
typically cannot be operated from a static phase converter, but they will operate with
a rotary phase converter. However, most U.S.-made motors with ratings up to 15 hp
are wye-wired, so they can be run on a static phase converter. While many U.S.-made
motors rated over 15 hp are also wye-connected, delta windings are increasingly com-
mon, especially among motors made in Asia. Static phase converters that operate from
220- and 440-V line power are being made commercially.

Power Semiconductor Devices

SOLID-STATE CIRCUITRY

Over the past 30 years solid-state electronic circuitry has become an increasingly
important factor in electric power and lighting. Discrete power semiconductor devices
such as diodes, transistors, silicon controlled rectifiers (SCRs), and triacs were the
first devices to impact the power industry because they could perform such essential
functions as power switching, rectification, amplification, and lighting and motor con-
trol more reliably and economically than vacuum tubes or electromechanical devices.

With the introduction of small-signal and power integrated circuits, circuit boards
and modules that could perform these functions could be made small enough to be
embedded in the products they controlled.

Later the factory-programmed or field-programmable microcontroller and the soft-
ware-controlled microprocessor with associated peripheral devices replaced analog
functions, gaining an even stronger foothold in monitoring, supervisory control, and
communications equipment.

Finally, programmable controllers and computers made it possible to monitor trans-
formers, circuit breakers, and other power equipment, leading to more efficient oper-
ation of power systems and faster and more economical recovery from outages.

Solid-state circuitry found its way into many consumer, commercial, and industrial
products. These include motor starters and controls, GFCI circuit breakers and recepta-
cles, and infrared, acoustic, and radiofrequency (RF) motion or occupancy sensors. In
addition, this circuitry became integral parts of smoke and carbon monoxide detectors,
surge-protection devices (SPDs), dimmer switches, and standby and emergency lighting.

Electronic ballasts improved the efficiency of familiar fluorescent luminaires and
made compact fluorescent lamps (CFLs) practical replacements for incandescent
lamps. Solid-state relays are faster than the electromechanical relays they replaced,
and they are more reliable. These sealed relays can operate reliably in damp or wet
environments, and because they have no moving contacts that could cause an electric
arc, they eliminate the threat of causing fires or explosions in the presence flammable
or explosive vapors, airborne particulates, or solids.
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POWER RECTIFIER DIODES

A power rectifier diode is a power semiconductor device capable of converting AC
into DC. Its basic structure and schematic diagram are shown in Fig. 3-26. With the
same structure as their small-signal counterparts, power rectifier diodes can conduct
1 A or more of current or dissipate 1 W or more of power. Most are now made from
silicon, having replaced earlier germanium devices. The dies for power diodes have
large PN junctions, which permit them to dissipate the internal heat they generate
safely.

Typically packaged as discrete devices, these rectifiers can be paralleled to
increase their ability to function without being damaged or destroyed in high-voltage
and high-current circuits. They have replaced earlier vacuum- and gas-tube circuitry.
Rectifiers rated from about 12 to 75 A are usually packaged in metal cases. Some
have threaded base studs for fastening their cases directly to heatsinks or other heat-
dissipating surfaces.

Some important electrical ratings for rectifier diodes are

B Repetitive peak reverse voltage, Vi,
B Average forward current, I,
B Repetitive peak forward current, /

> “FRM
Standard PN junction rectifiers are specified for linear power supplies operating at
input frequencies up to 300 Hz. They are, however, inefficient in power supplies
switching at frequencies of 10 kHz or higher because of their slow recovery time.
Recovery time is the finite time required for the minority and majority carriers—
electrons and holes—to recombine after the polarity of the input signal has changed.
The minority carriers must be dispersed before full blocking voltage can be obtained.
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Figure 3-26 Power rectifier silicon PN junction diode rated for
1 W or more: (a) functional diagram; (b) schematic symbol.
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Although standard PN junction rectifiers have slow recovery times, they still have
advantages over higher-frequency rectifiers: they offer lower reverse currents, the
ability to operate at higher junction temperatures, and the ability to withstand higher
inverse voltages.

The three kinds of fast silicon rectifiers that perform more efficiently than standard
PN junctions at the higher-frequency switching rates are

B Fast-recovery rectifiers
B Schottky rectifiers
B Ultrafast (superfast)-recovery rectifiers

POWER RECTIFIER BRIDGES

Power rectifier bridge circuits rectify or convert AC (usually from the AC line) to DC.
The three most widely used circuit configurations for single-phase rectification in
power supplies are

B Half-wave rectifiers
B Full-wave center-tapped rectifiers
B Full-wave bridge rectifiers

The single-phase, full-wave bridge rectifier circuit shown in Fig. 3-27 contains a
bridge consisting of four silicon rectifier diodes (D1, D2, D3, and D4), a transformer
T1, and an output resistor R1. This circuit is capable of providing virtually ripple-free
DC for powering electronic equipment. It is able to provide a smoother DC output
than either the half-wave or the full-wave center-tapped rectifier. Consequently, it is
widely used in DC power supplies for electronic products ranging from test instru-
ments to computers.

As factory-made packaged components, bridge rectifiers save the time and cost of
wiring together discrete rectifiers. These assemblies conserve circuit board space,
and their integral heatsinks improve heat dissipation from the rectifiers. Standard
bridge rectifiers are rated from 1 to 40 A. Power bridges rated 20 A or higher have

D1 D2
AC
input $+
n D3 D4 < DC
R1 :'; output

Figure 3-27 Full-wave rectifier circuit contains a bridge
of four silicon diodes, a transformer, and an output resistor.
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fast-connect, solder, or wire-wrap terminals for external connections. The user fur-
nishes the transformer and the output resistor.

POWER TRANSISTORS

A power transistor is a transistor capable of dissipating 1 W of power or more or draw-
ing 1 A of current or more during normal operation without being damaged. Power
transistors are important components in amplifiers, oscillators, switching power sup-
plies, motor controls, and frequency converters. The three small-signal transistor
geometries that have been scaled up to perform as power transistors are the bipolar
junction transistor (BJT), the Darlington pair, and the MOSFET.

Power bipolar junction transistors Power bipolar junction transistors (BJTs)
have geometries that are similar to those of discrete small-signal transistors. Most
power BITs have vertical geometries, with their bases and emitters grown on top of
the substrate, which also functions as the collector. There are both NPN and PNP
power transistors.

In the absence of a universal versatile power BJT, many different variations have
been developed to provide a wide range of electrical and thermal characteristics to
optimize them for various applications. Each version has its own set of technical per-
formance advantages and disadvantages or trade-offs.

These structural variations can be classed by the number of diffused layers, the use
of an epitaxial base, or combinations of these. BITs can be made with mesa or planar
structures. Some common power bipolar structures are

B Single-diffused (hometaxial)

B Double-diffused (mesa, planar, epitaxial mesa, planar mesa, and multiple epitax-
ial mesa)

B Triple-diffused (mesa and planar)

B Epitaxial-base (mesa)

B Multiple-epitaxial base (mesa)

A mesa is a raised section of the die with the emitter and base geometry in relief
above the level of the silicon collector substrate. It is formed by selectively chemical-
ly etching away all but the corners of a completed double-diffused die. Planar tran-
sistor construction is similar to mesa construction, but the collector—base junction
terminates under a protective oxide layer at the surface.

Power transistors with these topologies have different voltage ratings, switching
speeds, saturation resistances, and leakage currents. The most advanced switching BJTs
have multiple-epitaxial, double-diffused structures.

The following parameters determine the applications for BJTs.

B Voltage rating, collector-to-emitter
B Current rating of the collector
B Power rating
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B Switching speed

B DC current gain

B Gain—bandwidth product
B Rise and fall times

B Safe operating area (SOA)
B Thermal properties

The popularity of switching-regulated or switchmode power supplies has created a
demand for power bipolar transistors capable of switching at frequencies in excess of
10 kHz. A power transistor suitable for this application must be able to withstand at
least twice its input voltage. It must also have collector current ratings and safe oper-
ating areas (SOAs) that are high enough for the intended application.

A bipolar transistor operated at high power densities is subject to second-breakdown
failure. This occurs when a thermal hot spot forms within the transistor chip and the
emitter-collector voltage drops 10 to 25 V. Unless power is quickly removed, current
concentrates in the small region causing the temperature to rise in that region until the
transistor is damaged or destroyed.

Safe operating area (SOA) is a parameter that quantifies the ability of a power tran-
sistor to sustain simultaneous high currents and voltages. It can be shown graphically
with enclosed areas plotted on the collector current versus collector-to-emitter voltage
axes. This plot defines, for both steady-state and pulsed operation, the voltage—current
boundaries that result from the combined limitations imposed by voltage and current rat-
ings, the maximum allowable dissipation, and transistor second-breakdown limitations.

Power Darlington pairs A power Darlington pair consists of two power bipolar
transistors that are formed and internally coupled as DC emitter followers on the same
silicon die. This power device, considered to be discrete, is packaged in a single case
with three external leads. A power Darlington pair can provide higher input resistance
and more current gain than a single power BJT.

Power MOSFETs A power MOSFET is a high-input-impedance, voltage-controlled
transistor with an electrically isolated gate. Figure 3-28a is a cross-sectional view of
an N-channel, enhancement-mode power MOSFET made by the DMOS process. As a
majority-carrier device that stores no charge, it can switch more quickly than a bipo-
lar transistor can.

Most power MOSFETs, unlike small-signal MOSFETSs, have multiple sources and
gates and a single drain. They are fabricated in a vertical geometry with the substrate
functioning as the drain and the sources and gates formed on top of the device.

With no voltage applied between the gate and source terminals, the impedance
between them is very high. But when voltage is applied between the gates and
source terminals, electric fields are set up within the MOSFET that lower the drain-
to-source resistance. Conventional current then flows from the drain to the source,
but electron flow is opposite, moving from the source to the drain, as shown.

Figure 3-28b is the electronic schematic symbol for an N-channel enhancement-
mode power MOSFET. It includes the diode symbol in parallel with the MOSFET
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Figure 3-28 N-channel enhancement-mode power MOSFET: (a) section
view; (b) schematic symbol.

structure to indicate the apparent PN junction in this MOSFET geometry. A P-channel
enhancement-mode power MOSFET is similar in construction to this N-channel MOS-
FET except that the polarities and doped regions are reversed.

Power MOSFETs are widely used in high-frequency switching power supplies,
chopper and inverter systems for DC and AC motor-speed control, high-frequency
generators for induction heating, ultrasonic generators, audio amplifiers, and AM
transmitters. Power MOSFETs have the following advantages over bipolar transistors:

B Faster switching speeds and low switching losses
B Absence of second breakdown

B Wider safe operating area

B Higher input impedance

B High if not higher gain

B Faster rise and fall times

B Simple drive circuitry

THYRISTORS

A thyristor is a four-layer semiconductor switching device whose conduction can be
controlled by applying a voltage to a gate electrode. The most important thyristors are
the silicon controlled rectifier, the triac, and the silicon controlled switch.

Silicon controlled rectifiers A silicon controlled rectifier (SCR) is a four-layer
PNPN thyristor. The functional diagram of an SCR, Fig. 3-294 shows its three junc-
tions and three terminals: anode, cathode, and gate. The SCR is essentially a rectifier
diode with a control element, the gate, but because it is a diode, it can only control DC
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or half-wave AC. Figure 3-295b is the electronic schematic symbol for an SCR. The
anode voltage of the SCR must be positive for conventional forward-biased operation,
but it is nonconducting without positive triggering.

The SCR can be switched ON with a brief positive gate current pulse. Once turned
ON, the gate has no further control, and the SCR remains ON until the anode—cathode
voltage is reduced to near zero. The application of positive gate current can be delayed
up to 90° of the positive cycle, reducing the anode-to-cathode current and power to the
load. This characteristic permits the SCR to dim lamps and control motor speed. The
SCR switches OFF when the anode-to-cathode current is reduced to a value less than
holding current, but this usually occurs when the half-cycle crosses the zero level.

SCRs also function as controlled rectifiers in power bridges. High-power SCRs can
conduct hundreds of amperes or function at voltages up to 1500 V with triggering cur-
rent of less than a few milliamperes. However, most SCRs are rated for 40 A or less.

Triacs A triac (TRIode AC) is a bidirectional gate-controlled thyristor that can con-
trol DC or full-wave AC power. Figure 3-30a is a functional diagram of a triac show-
ing its four junctions and three terminals: ferminal 1, terminal 2, and gate. It functions
like two SCRs in parallel, with the anode of one connected to the cathode of the other,
as shown in its schematic symbol, Fig. 3-305. When the triac anode is positive, a posi-
tive gate pulse will trigger the device into conduction, and when the anode is negative,
a negative gate pulse will trigger the device into reverse conduction.

By delaying the application of gate pulses to the triac, conduction is delayed and
the front ends of both the positive and negative half-cycles of the sine wave applied
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Figure 3-29 Silicon-controlled rectifier (SCR): (a) functional
diagram; (b) schematic symbol.
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Figure 3-30 Triac: (a) functional diagram; (b) schematic
symbol.

to the triac are “chopped” or removed. This results in a narrower series of positive and
negative half-cycle waveforms, which reduce both anode-to-cathode current and
power to the load. This is the characteristic that permits triacs to dim incandescent
lamps and control AC and DC motor and fan speed. Gate pulse delay can reduce load
current from 95 to 5 percent of its full value.

Silicon controlled switches A silicon controlled switch (SCS) is a low-current
SCR with two gate terminals: anode and cathode. A negative pulse on the anode gate
turns the SCS ON, and a positive pulse on that gate turns it OFF. However, a positive
pulse on the cathode gate can also switch the SCS ON, but a negative pulse on that
gate is required to turn it OFF.
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Overview

A block diagram of an independent power generation, transmission, and distribution
system is shown in Fig. 4-1. Completely self-contained public power systems no
longer exist. They are now connected to power grids that cover most of the United
States and extend into parts of Canada and Mexico. They permit the interchange of
electrical energy from many different power sources. Following electric power dereg-
ulation, electrical energy is now becoming more of a commodity that can be bought
and sold on the open market. Moreover, the ownership of many power generation
plants in North America is now being consolidated in corporations that specialize in
that activity.

Copyright 2003, 1997 by The McGraw-Hill Companies, Inc. Click Here for Terms of Use.
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Figure 4-1 Simplified diagram of a power system from generation to distibution.

As a result, most public electric power utilities are predominately power distribution
companies. However, public utilities still own their own generation plants, which are
capable of meeting routine customer demand when supplemented by purchased power,
particularly in periods of heavy demand. Public utilities are free to purchase electrical
power when and where it is needed to add to any existing capacity. Local power utili-
ties typically purchase power from bulk sources if it is cheaper than the cost of gener-
ating it themselves. Power from the grid can make up for losses in local generation
capability during power station maintenance or as a result of disruptions caused by
storms, fires, or floods.

In the past, electric utilities invested 30 to 50 percent of their equipment budgets in
distribution equipment. With more power generation facilities being consolidated in
the hands of national power generation corporations or brokers, shareholder-owned
public utilities have been increasing the shares of their budgets for distribution equip-
ment, operation, and maintenance. They now put more emphasis on meeting specific
customer voltage requirements and improving the reliability of their service.

The blocks in Fig. 4-1 representing the generation and transmission systems and
the bulk power substation were discussed in Chap. 2. This chapter focuses on the
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distribution system, also called the subtransmission system. In this system high-voltage
electrical energy from the bulk power substation is stepped down by distribution
substations for local transmission at lower voltages to serve the local customer base.

Distribution Substations

Distribution substations serve a wide range of private and public customers in distrib-
uting electric power. They can be shareholder, cooperatively, privately, and government
owned. All substations contain power transformers and the voltage-regulating appara-
tus required for converting the high incoming subtransmission voltages to lower pri-
mary system voltages and maintaining them within specified voltage tolerances. Those
voltages, typically 11 to 15 kV, are then sent to distribution transformers and load sub-
stations for serving regional and local customers.

Substations serve many purposes, including connecting generators, transmission or
distribution lines, and loads to each other and generally stepping higher voltages down
to lower voltages to meet specific customer requirements. They can also interconnect
and switch alternative sources of power and control system voltage and power flow.
Power factor can be corrected and overvoltage can be regulated by substations. In
addition, instruments in substations measure power, detect faults, and monitor and
record system operational information.

The basic equipment in substations includes transformers, circuit breakers, discon-
nect switches, bus bars, shunt reactors, power factor correction capacitors, lightning
arresters, instrumentation, control devices, and other protective apparatus related to
the specific functions in the power station.

Circuit breakers and other switching equipment in a substation can be organized to
separate a bus, part of a transformer, or a control device from other equipment. The
common system switching arrangements are shown in the one-line diagrams in Fig. 4-
2. In these diagrams connections are indicated by arrowheads, switches by offset lines,
and circuit breakers by boxes.

The single-bus switching system in Fig. 4-2a is bus protected by the circuit break-
ers on the incoming and outgoing lines. The double-bus system in Fig. 4-2b has two
main buses, but only one is normally in operation; the other is a reserve bus. The ring
bus in Fig. 4-2¢ has the bus arranged in a loop with breakers placed so that the open-
ing of one breaker does not interrupt the power through the substation.

A typical distribution system consists of

B Subtransmission circuits, which carry voltages ranging from 12.47 to 245 kV (of
these, 69, 115, and 138 kV are most common) for delivering electrical energy to the
various distribution substations.

B Three-phase primary circuits or feeders, which typically operate in the range of
4.16 to 34.5 kV (11 to 15 kV being most common) for supplying the load in des-
ignated areas.
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Figure 4-2 One-line diagrams of substation switching arrangements:
(a) single bus; (b) double bus, single breaker; (c) double bus, double
breaker; (d) main and transfer bus; (e) ring bus; (f) breaker-and-a-half;
(g) breaker-and-a-third.
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B Distribution transformers rated from 10 to 2500 kVA, installed on poles, on above-
ground pads, or in underground vaults near customers. These transformers convert
primary voltage to useful voltages for practical applications.

B Secondary circuits at useful voltage levels, which carry the energy from the distri-
bution transformers along highways, streets, or rights-of-way. These can be either
single- or three-phase lines.

B Service drops and service laterals, which deliver energy from the secondary circuits
to the user’s service entrance equipment.

Power is switched from the substation transformers as shown in Fig. 4-1 to separate
distribution buses. In some systems the buses distribute power to two separate sets of
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distribution lines at two different voltages. Smaller transformers connected to the bus
step the power down to a standard single-phase line voltage of about 7.2 kV for resi-
dential and rural loads, while power from larger transformers can leave in another direc-
tion at the higher three-phase voltages to serve large industrial and commercial loads.

SUBSTATION EQUIPMENT

Substation transformers have laminated steel cores and are built with isolated primary
and secondary windings to permit the transfer of power from the primary side to the
secondary side at different voltages. These transformers typically range in size from
small units rated for 1 MVA to large units rated for 2000 MVA.

Most of these transformers are insulated and cooled with oil, making them vulnerable
to fire. Adequate precautions must be taken to minimize the possibility of fire and to
extinguish any fires that occur as rapidly as possible. In addition to the installation of fire
extinguishers, they are located at safe distances from other equipment and positioned in
pits to contain any oil leakage. Additionally, fire walls might be built between them.

Substation circuit breakers capable of interrupting the highest fault currents are
installed in substations. They are typically rated for 20 to 50 times the normal current
and are built to withstand high voltage surges that occur after interruption. Switches
rated only for normal load interruption are called load-break switches.

Disconnect switches have isolation and connection capability but lack current inter-
ruption capability.

Bus bars make connections between substation equipment. Flexible conductor
buses connect insulators, but rigid buses, typically hollow aluminum alloy tubes, are
installed on insulators in air or in gas-enclosed cylindrical pipes.

Shunt reactors compensate for line capacitance in long lines, and shunt capacitors
compensate for the inductive components of the load current.

Current and potential transformers are used to measure currents and voltages, and they
provide low-level currents and voltages at ground potential for control and protection.

Control and protective devices include protective relays that can detect faults rapidly
in substation equipment and lines, identify their locations, and provide appropriate sig-
nals for opening circuit breakers. They also include equipment for controlling voltage
and current and selecting optimum system configurations for the load conditions.
Included in this category are fault-logging and metering instruments, internal and
external communications equipment, and auxiliary power supplies.

Solid-state digital instruments containing microprocessors have replaced many of
the earlier-generation analog moving-coil instruments. Most substations are fully auto-
mated yet have provision for manual override. Essential status information is trans-
mitted via communications channels to the central office dispatcher and can be
displayed on video terminals.

POWER DISTRIBUTION

Power can leave a typical substation in sets of three wires, each headed down the dis-
tribution network in a different direction. Three wires at the top of the poles are
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required for three-phase power, and a fourth or neutral/ground wire is usually posi-
tioned lower down on the utility pole.

Homes and small businesses (offices and stores) usually need only one of the three
phases, so those requirements are met by tapping single-phase power from the three-phase
transmission lines for distribution on individual conductors, at about 7.2 kV. The second
wire, positioned lower on the utility pole, is the neutral/ground wire. In some locations
two single-phase conductors and a neutral/ground wire are carried on the same pole. One
of those phases serves nearby homes and offices, while the second phase continues on as
an individual conductor to serve more distant loads.

In most newer residential subdivisions the single-phase power line is brought down
from a pole near the entrance to the subdivision to pad-mounted transformers for
underground distribution to homes. However, underground service has been provided
for cities for many years in an effort to eliminate the jumble of poles and wires.

Voltage regulators are located along the routes of both overhead and underground
power lines to regulate the voltage on the line, preventing undervoltage or overvoltage
conditions. These regulators contain switches that allow them to be disconnected for
maintenance. Regulator voltage is also typically about 7.2 kV.

Substation voltage is controlled with tap changers on the distribution substation
transformers, but some require separate voltage-regulating transformers, individual
feeder-voltage regulators, or induction voltage regulators. Most distribution substa-
tions perform metering, relaying, and power control automatically. The main units of
equipment to be controlled are the feeder circuit breakers if the substation includes
them. Metering is required to provide consumption data for billing customers if the
power provider does not own the distribution system.

The American National Standards Institute (ANSI) has defined the voltage range
for single-phase residential users as 114/228 V to 126/252 V at the user’s service
entrance and 110/220 V to 126/252 V where it is being used. The difference in these
values recognizes that there will be a voltage drop in the consumer’s system. Nominal
voltage in the United States and Canada is 120/240 V, 60 Hz.

Dips in voltage large enough to cause incandescent lamps to flicker are expected to
be limited to 4 to 6 percent if they occur infrequently and 3 to 4 percent if they occur
several times an hour. Frequent dips caused by the start-up of large electrical machines
such as motors or elevators should be limited to 1.5 or 2 percent.

Primary Distribution Systems

The primary distribution system is that part of the electric distribution system
between the distribution substation and distribution transformers. It is made up of
circuits called primary feeders or distribution feeders. These feeders include the pri-
mary feeder main or main feeder, usually a three-phase, four-wire circuit, and
branches or laterals, which can be either three-phase or single-phase circuits. These
are tapped from the primary feeder main, as shown in the simplified distribution
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Figure 4-3 Simplified diagram of a power distribution feeder.

feeder diagram of Fig. 4-3. A typical power distribution feeder provides power for
both primary and secondary circuits.

In primary system circuits, three-phase, four-wire, multigrounded common-neutral
systems, such as 12.47Y/7.2 kV, 24.9Y/14.4 kV, and 34.5Y/19.92 kV, are used almost
exclusively. The fourth wire of these Y-connected systems is the neutral, grounded at
many locations for both primary and secondary circuits. Single-phase loads are served
by distribution transformers with primary windings that are connected between a
phase conductor and the neutral. Three-phase loads can be supplied by three-phase
distribution transformers or by single-phase transformers connected to form a three-
phase bank. Primary systems typically operate in the 15-kV range, but higher voltages
are gaining acceptance.

The primary feeder main is usually sectionalized by reclosing devices positioned at
various locations along the feeder. This arrangement minimizes the extent of primary
circuitry that is taken out of service if a fault occurs. Thus the reclosing of these
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devices confines the outage to the smallest number of customers possible. This can be
achieved by coordinating all the fuses and reclosers on the primary feeder main.

In block diagram Fig. 4.3, distribution substation voltage is 12.47 kV line-to-line
and 7.2 kV line-to-neutral (this is conventionally written as 12,470Y/7200 V).
However, the trend is toward higher primary four-wire distribution voltages in the 25-
to 35-kV range. Single-phase feeders such as those serving residential areas are con-
nected line-to-neutral on the four-wire systems.

The use of underground primary feeders that are radial three-conductor cables is
increasing. They are serving urban areas where load demand is heavy, particularly dur-
ing the hot summer months, and newer suburban residential developments.

Both cost factors and the importance of reliability to the customers being served
influence the design of primary systems. The simplest and least expensive (as well as
least reliable) configuration is the radial distribution system shown in Fig. 4-4q,
because it depends on a single power source. Despite their lower reliability, radial sys-
tems remain the most economical and widely used distribution systems for serving
homes because an electrical power outage there is less likely to have serious econom-
ic or public safety consequences. As a hedge against outages, most utilities plan their
distribution systems so that they will have backup if those events occur. The goal of

Generator

(a)
Generator Generator

L

] ~—— L 0Op —= ]

(b)

Figure 4-4 Simplified diagrams of the basic electrical
distribution systems: (a) radial and (b) loop.
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all electrical distribution systems is the economic and safe delivery of adequate elec-
tric power to serve the electrical loads.

The reliability of the primary feeder can be improved with the installation of a loop
distribution system, as shown in Fig. 4-4b. In loop systems the feeder, which originates
at one bulk power source, “loops” through the service area and several substations
before terminating at the original substation or another bulk source. The strategic
placement of switches at the substations permits the electric utility to supply cus-
tomers in either direction. If one power source fails, switches are opened or closed to
bring an alternative power source online.

Loop systems provide better service continuity than radial systems, with only
short service interruptions during switching. However, they are more expensive than
radial systems because of the additional switching equipment requirements. As a
result, loop systems are usually built to serve commercial and light industrial build-
ings and shopping malls, where power outages are more likely to endanger human
lives or result in property losses.

Reliability and service quality can be significantly improved at even higher cost with a
multiple parallel circuit pattern. In these systems, two or more circuits are tapped at each
substation. The circuits can be radial or they can terminate in a second bulk power source.
These interconnections permit each circuit to be supplied by many different substations.

Secondary Distribution Systems

The secondary distribution system is that part of the electrical power system between
the primary system and the customer’s service entrance. This system includes distribu-
tion transformers, secondary circuits (secondary mains), customer services (consumer
drops), and watthour meters to measure customer power consumption. Secondary volt-
ages are provided by distribution transformers that are connected to the primary system
and sized for the voltages required for specific parts of the service area.

Heavy industries or mines, which require the most power, are usually supplied with
three-phase power by privately owned or corporate industrial substations. They are
typically located on land owned by those companies and close to the equipment being
served. These substations are capable of providing a wide range of voltages from the
12.47- to 13.8-kV transformers located there.

Factories, high-rise buildings, shopping centers, and other large power consumers
are furnished with three-phase power from load substations in the 480-V to 4.16-kV
range. Many commercial and light industrial customers are supplied by 208Y/120-V
or 480Y/277-V three-phase, four-wire systems.

The most reliable service in densely populated urban business and commercial areas
is provided by grid-type secondary systems at 208Y/120 V or by spot networks, usually
at 480Y/277 V. Spot networks are usually located in urban areas near high-rise office
buildings, factories, hospitals, and dense commercial properties such as shopping
malls, which have high load densities. In these networks the transformers and their pro-
tective equipment are typically placed adjacent to or within the properties being served.
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Secondary network systems are used in about 90 percent of all cities in the United
States with populations of 100,000 or more and in one-third of all cities with populations
between 25,000 and 100,000. Despite the generally high reliability of these systems,
many facilities such as hospitals, computer centers, and chemical or pharmaceutical
industries performing critical processes that cannot tolerate power outages have backup
power sources. These include standby or emergency generators and/or storage batteries
together with automatic switching so that service to critical loads can be maintained if
the normal utility supply is interrupted. Some of these facilities have automatic switch-
ing that puts alternative utility power sources online without human intervention. This
subject is covered in more detail in Chap. 11.

Monitoring Distribution Systems

The components of an electrical power distribution system are vulnerable to the
vagaries of storms, fires, and accidents because of their exposed locations and wide
dispersion throughout the distribution service area. Power lines can be brought down
by ice storms, falling tree branches, or inadvertent severing by excavating machines.
Poles can be knocked down by heavy winds or vehicular collisions, and lightning
strikes can disable status-monitoring and communications links.

The public expects electric utilities to maintain service near the 100 percent level at all
times, even as its dependence on electricity for safety, physical comfort, and preservation
of perishables increases. This has put pressure on utilities to improve their methods for
locating faults and restoring service rapidly following all outages, regardless of cause.

The response time of electric utilities to faults or outages depends on their ability to
identify and locate the source of the problem, determine a solution, and, if necessary,
dispatch service crews to make repairs, all in a timely manner.

Electric utilities use different techniques to monitor the status of control components,
and new technologies are assisting them in their efforts. “Smart” digital relays are
replacing the older-style relays with induction disks, where only their contact positions
indicate when a fault occurs that trips a circuit breaker. The digital relays not only
monitor the status of the system, they also perform self-diagnosis. With these capabil-
ities, the relay can signal the dispatchers that an equipment defect needs attention.
However, an ever-increasing number of relays or indicator lights is required to extend
the coverage beyond simply monitoring the tripping of breakers.

New programmable monitoring controllers are being introduced that eliminate the
need for large numbers of relays or lights. The controllers can perform comprehensive
monitoring of the operational status of all critical control circuits on a continuous
basis. The manual and visual checking of components in those critical circuits has long
been labor-intensive. The programmable controllers monitor the presence of the proper
operating voltages for circuit breakers, the continuity of circuits and device coils, the
state of switch contacts, and condition of the sulfur hexafluoride (SF,) gas supply for
arc quenching and insulating circuit breakers.
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Local Distribution

Power leaves the substation on three, three-phase “hot” power lines that are strung
adjacent to highways or along local roads to points of use. All three phases share a sin-
gle neutral line and have the same voltage, but they are 120 electrical degrees out of
phase with each other, as explained in Chap. 2.

The local electrical utility usually decides where the three-phase and single-phase
services are to be located in the area that it serves. Initially dispatched as three phases,
the phase lines are separated to feed different localities. The three-phase service for
industrial and large commercial customers is separated from the single-phase lines for
serving residential, small business, and rural customers.

The nominal 120/240-V power is obtained from transformers strategically located
on poles for overhead service and above ground on concrete pads or in underground
protective vaults for underground service. Large electrical appliances such as ranges,
water heaters, clothes dryers, and air conditioners typically require 240 V, while 120 V
meets the needs for lighting, small appliances, TVs, personal computers, and conven-
ience outlets. However, when residences are located in an area served by a 208Y/120-V
distributed secondary network, large appliances are powered by 208 V, but lighting,
small appliances, entertainment electronics, and outlets are supplied with 120 V.

COMMON POWER SERVICE

Secondary circuits provide electrical power in various forms to satisfy customer
demand. These include

B Single-phase, three-wire, 120/240 V
B Three-phase, four-wire, 120/208-V wye-connected
B Three-phase, four-wire 120/240-V delta-connected

The most common distribution wiring configuration for homes, small businesses,
and farms is 120/240-V, single-phase service. Figure 4-5 is a schematic diagram of a

Ungrounded @
O C
Secondary f
winding 120V AC
Primary Grounded (neutral)
winding \\ 240V AC
Center tap (CT) 120V AC
O + C
Ungrounded

Figure 4-5 Secondary of a single-phase transformer provides
240 V across A and B and 120 V across either A or B and the neutral.
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distribution transformer for 120/240-V single-phase service. The 240 V is obtained by
making connections between the two ungrounded “hot” conductors, and the 120 V is
obtained by making connections between either of the two “hot” ungrounded conduc-
tors and the neutral (grounded) conductor.

Connection Systems

WYE-CONNECTED SYSTEMS

Different voltages can be obtained with three-phase, four-wire, 120/208-V wye-con-
nected service, as illustrated in Fig. 4-6. The terminal points of the three windings of a
wye-connected transformer are designated A, B, and C. The voltage between any of the
points A, B, and C and the neutral (grounded) conductor is 120 V, and the voltage
between any two of the points A to B, B to C, or C to A is 208 V. This 208 V is the prod-
uct of the voltage between any phase and neutral (120 V) and the square root of 3 or
1.732 (120 V X 1.732 = 207.84 V, rounded off to 208 V). Therefore, the following volt-
ages can be obtained from the wye-connected system:

B 120-V, single-phase, two-wire (A to neutral, B to neutral, and C to neutral)
B 208-V, single-phase, two-wire (A to B, B to C, and C to A)

B 208-V, three-phase, three-wire

B 120/208-V, three-phase, four-wire

Another popular wye-connected three-phase, four-wire system is rated at 277/489
V. Feeder and branch circuits connected to this supply can provide

T & °
120v 208V
B
¥
A ? i o]
120V 208V
MNeutral ¢ 3 °
120V 208V
¥ o

C
Figure 4-6 A wye-connected, three-phase, four-wire secondary
transformer can provide 120- and 208-V AC electric service.
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B 277-V, single phase, two-wire
B 480-V, single-phase, two-wire
B 480-V, three-phase, three-wire
W 277/480-V, three-phase, four-wire

DELTA-CONNECTED SYSTEMS

A different set of output voltages can be obtained with the three-phase, four-wire
delta-connected transformer secondary as shown in the schematic Fig. 4-7. The three
windings are connected in series to form an equilateral triangle or Greek letter A. Each
of the vertices of the triangle is designated by a letter, A, B, or C, representing one of
the three phases that feed the network. The midpoint of the winding between vertices
B and C is grounded at neutral point N. The voltage between any two vertices A to B, B
to C, and C to A is 240 V. However, the voltage between B and neutral and C and neu-
tral is 120 V, while the voltage between A and neutral is 208 V.

This 208 V is obtained by multiplying the 120 V between either C or B and neutral
by the square root of 3 or 1.732 (120 V X 1.732 = 207.84, rounded off to 208 V).
Therefore, the following voltages can be obtained from the delta-connected system:

B 120-V, single-phase, two-wire (B to neutral and C to neutral)
B 240-V, single-phase, two-wire (A to B, B to C, and C to A)
B 240-V, three-phase, three-wire

B 120/208-V, three-phase, four-wire

A
& & o
240V
208V
Y Yy
> Q
cC ® B &
240v 240V
O
120V 120V
¥ ¥ o
Neutral

Figure 4-7 A delta-connected, three-phase, four-wire sec-
ondary transformer can provide three output voltages: 120,
208, and 240 V AC.
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Caution is required when making connections to a three-phase, four-wire trans-
former secondary because of the potential damage that can be caused by accidentally
connecting the “high-leg” A to neutral voltage where the lower voltage is desired.

NEC 2002, Section 215.8, “Means of Identifying Conductor with the Higher Voltage
to Ground,” states that “On a 4-wire, delta-connected secondary where the midpoint of
one phase winding is grounded to supply lighting and similar loads, the phase conductor
having the higher voltage to ground shall be identified by an outer (insulation) finish
that is orange in color or by tagging (or taping) or other effective means.”* The intent
of this NEC precautionary requirement is prevent any connections from being made
accidentally between A and ground and getting 208 V when the intent was to obtain 120
V from either B or C to ground. Thus the wire from A to ground would have orange
insulation or be marked with orange tape or an orange tag.

Underground Distribution Systems

A well-designed distribution system must provide for anticipated load growth that can
be accommodated economically. This means that provisions must be made to furnish
electrical service to new as well as existing customers.

Both overhead and underground distribution systems have existed in large metro-
politan areas for many years, but underground distribution was rarely used in subur-
ban residential areas, small towns, or rural areas because of the high cost of these
installations. Overhead distribution was almost universally used in those locations.

However, within the past 20 years low-cost solid dielectric cables suitable for direct
burial have been introduced and pad-mounted distribution transformers and acces-
sories have been mass-produced, reducing their cost. These developments, along with
the introduction of trenching machines for the mechanizing the burial of cable, have
made underground residential distribution (URD) more affordable.

Despite these reductions, the cost of a typical URD system for a new residential
subdivision can be as much as 50 percent greater than that for an overhead system in
locations where the soil conditions are unfavorable for cable burial. On the other hand,
where the land is dry, relatively treeless, and with few or no underground rocks, the
cost gap between the two technologies has narrowed. It is believed that this cost gap
between URD and overhead service will shrink even further because of the falling
prices of the equipment due to increasing demand.

Studies have shown that both builders and homeowners will accept a reasonable
cost differential because of the recognized improvements made in residential land-
scaping as a result of eliminating overhead wires and poles. It has been estimated that
70 percent of new residences are being served by URDs. Moreover, some states have
passed legislation making underground distribution mandatory for new residential
subdivisions because of the improvements in the appearance of the new developments.

* Reprinted with permission from NFPA 70-2002, National Electrical Code®, copyright © 2001, National Fire
Protection Association, Quincy, Mass. 02269. This and other reprinted material is not the complete and official
position of the NFPA on the referenced subject, which is represented only by the standard in its entirety.
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Most of the widely used underground distribution systems in densely populated
parts of North American cities are secondary systems with cables installed in conduit
or ducts beneath the streets and sidewalks. The conductors for primary voltages of 5
to 35 kV are typically paper-insulated, lead-covered (PILC) cable. Single-conductor
secondary cables for both primary and secondary circuits typically have rubber insu-
lation and neoprene jackets for conducting up to 34 kV, but single-conductor, polyeth-
ylene-insulated cable is gaining in popularity.

While copper predominated as the conductor of choice in the past, aluminum as a
conductor in cable is gaining in popularity for new installations. However, because of
its larger diameter than cable with copper wires, cable with aluminum wires is not usu-
ally used if it is anticipated that it must share the limited internal space of a conduit
with other cables in the future.

Underground Distribution Cables

In suburban areas, underground distribution systems serve shopping centers and com-
mercial and industrial parks. The conductors for this service are typically direct-buried
cables, but they are usually run in conduits or ducts when passing under streets, side-
walks, or other paved surfaces. If the cable must be removed later for replacement or
repair, it would be costly and labor intensive, to say nothing of inconvenient, if it had
to be dug out by breaking up concrete slabs or pavement. Aluminum conductors pre-
dominate in these newer installations. For primary cables, the insulation most widely
used is solid dielectric cross-linked polyethylene and ethylene-propylene rubber
(EPR), also known as ethylene-propylene monomer (EPM).

Concentric neutral wires have become common. Secondary cables in these applica-
tions are constructed of similar material, and aluminum conductors with cross-linked
polyethylene insulation are most common. The neutral in this secondary cable is typ-
ically an insulated conductor, but bare copper neutrals are also being used.

In distribution systems for 5 kV or higher, the cables are usually shielded with con-
ducting or semiconducting materials that cover the cable insulation to confine the
electric field to the insulation. This shielding can be outside the cable insulation,
directly over the main conductor, or both.

Outside shielding, typically done with wound metal tape, a metal sheath, or con-
centric wires, must be grounded. This shielding provides a return path for short-circuit
current if the cable fails, while also protecting installers from shock. Underground
cables can be separately insulated single- as well as two-, three-, and four-conductor,
enclosed by a single sheath or jacket.

NEC UNDERGROUND INSTALLATION REQUIREMENTS

NEC 2002 Sections 300.5, “Underground Installations,” and 310.7, “Direct Burial
Conductors,” cover the requirements for various aspects of underground installations.
Section 300.5, for example, discusses minimum cover requirements, grounding,
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underground cables under buildings, and protection (of conductors) from damage. Section
310.7 gives the requirements for direct-burial conductors. It states that “Cables rated
above 2000 V shall be shielded,” but it also gives some exceptions. This section also
states that “The metallic shield, sheath, or armor shall be grounded through an effective
grounding path meeting the requirements of NEC 2002 250.4(A)(5) or 250.4(B)(4).”

DIRECT-BURIAL CONDUCTORS

TBype USE cable (underground service entrance) is approved for direct burial in the earth
because its moisture-resistant jacket does not require any additional protective cover.
Single-conductor USE cable as well as parallel or cabled conductor assemblies can
include bare copper conductors. These assemblies do not require outer overall jackets.
USE cable can be used for underground services, feeders, subfeeders, and branch circuits.

Type UF cable (underground feeder and branch circuit) is also approved for direct bur-
ial in the earth. It includes copper conductors sized from No. 14 AWG through No. 4/0.
The jackets of type UF cable are flame-retardant and moisture-, fungus-, and corrosion-
resistant. This cable is approved for direct earth burial as feeders or branch circuits if it
meets the rated ampacity overcurrent protection requirements of the NEC.

TBype MC and type MI cable are approved for direct burial under certain conditions.

CABLE BURIAL INSTRUCTIONS

Where single-conductor cables are to be installed, all cables of the feeder circuit, sub-
feeder circuit, or branch circuit (including the neutral and equipment grounding con-
ductors, if any) must be run together in the same trench or raceway.
Nonmetallic-armored cable can also be used in underground installations. Its inter-
locking armor consists of a single strip of interlocking tape that extends the length of
the cable. The round surface of the cable allows it to resist inadvertent blows from
trenching tools better than flat-bend armored cable. The cable must have an outer cov-
ering that will not corrode or rot. A covering of asphalt-jute can be used as cable cov-
ering if the cable is to be exposed to particularly corrosive chemicals such as gasoline.
Cables approved for direct burial range from single-conductor insulated wires for low-
voltage applications to multiconductor cables for conducting electrical energy, commu-
nications, or alarm signals. In direct-burial methods, the conductors are buried in the
ground by placing them at the bottom of an excavated trench, which is later backfilled.
Where soil conditions and circuit configurations are favorable, the cable can be buried
directly with a special machine called a cable plow. It breaks the earth ahead of the
cables, guides them into the furrow, and immediately backfills the furrow over the cable.

DIGGING THE CABLE TRENCH

The methods for installing direct-burial cable vary according to the length and the size
of the cable being installed and the soil conditions. For short runs such as those from
a residential basement to a garage located about 20 ft away, the excavation can be
made manually; but for longer runs, trenching machines or backhoes are usually hired
to perform the work faster and more economically.
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After digging the trench to a depth at least 3 to 4 in. beyond the minimum depth
specified by NEC 2002 Table 300.5, “Minimum Cover Requirements, 0 to 600 Volts,”
all sharp rocks, roots, and extraneous solid objects should be removed from the trench
to prevent them from damaging the direct-burial cable.

MINIMUM COVER REQUIREMENTS

According to NEC 2002, Article 300.5, all underground installations must be grounded
and bonded in accordance with Article 250, and underground cable installed under a
building must be in a raceway that extends beyond the outside walls of the building.
The article further states that direct-buried conductor and cable shall be protected by
enclosures or raceways (including conduit) under the following conditions:

B Emerging from grade from the minimum cover distance to a point at least 8 ft
above finished grade. The protection required need not exceed 18 in. below fin-
ished grade.

B Conductors entering buildings must be protected to the point of entrance.

B Underground service conductors not encased in concrete that are buried at least 18
in. below grade must have their location identified by a warning ribbon that is
placed in the trench at least 12 in. above the conductors.

B Conductors and cables subject to damage must be installed in approved metal or
nonmetallic conduit.

B Listing: Cables and insulated conductors installed in enclosures or raceways in
underground installations must be approved for wet locations.

Figure 4-8 is a cross-sectional view of a trench with two direct-burial cables installed.
NEC 2002, Table 300.5, defines five different types of buried cable and wiring situations:

Finished grade

5 e
Ul vol A A
Y N 43 .
e o °V,a Sl — Warning tape
- R
Minimum S P 7w .
depth DVD& v D e Backfill
18" FL P 4 PN .
residential ay 4 N ‘A . Protective slab
premises o -
¥ l""’K/“Iﬁ/!‘fx(:ables "snaked"
6" to 8"
Sandor
3 tP 4 screened fill

~ 6" separation

Figure 4-8 Section view of a trench containing direct-burial
cables in nonresidential areas.
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1 Direct-burial cables or conductors

2 Rigid or intermediate metal conduit

3 Nonmetallic raceways for direct burial without concrete encasement

4 Residential branch circuits rated 120 V or less with GFCI and overcurrent protection
5 Low-voltage circuits for irrigation or lighting

The table also gives seven different locations of wiring or circuits, of which five are

1 In a trench under a 2-in. concrete slab

2 Under a building

3 Under a concrete slab at least 4 in. thick

4 Under streets, highways, roads, alleys, driveways, and parking lots
5 Under residential driveways

In general, burial depths range from a 4 in. for all categories under 4-in.-thick con-
crete slabs to 24 in. for direct-burial cable in unspecified locations. For example,
direct-burial cables and conductors must be buried at least 18 in. deep under residen-
tial driveways, but GFCI- and overcurrent-protected 120-V or less residential branch
circuits must be buried at least 12 in.

After the trench is dug deeper than the minimum depth requirements, a 3- to 4-in. bed
of sand should be placed at the bottom of the trench to protect the cable from sharp stones
that might still be at the bottom of the trench. The cable or cables should then be placed
in the trench without crossovers and slightly “snaked,” to allow enough slack for earth
settlement, movement, or heaving due to frost action. Single conductor cables should be
kept uniformly apart by about 6 in. along the length of the trench.

After the cable is laid in the trench, another 3-in. layer of sand or sifted backfill
should cover the cables. Then a treated wooden plank or concrete slab, wide enough
to cover the cables, should be placed over them to protect the cables from any future
excavations. The trench is then backfilled another 12 in. (if depth permits). A colored
plastic ribbon should then be placed in the trench before completing the backfilling,
to warn future excavators that electrical conductors are buried underneath.

MANHOLES

A cross-sectional view of a typical electrical manhole is shown in Fig. 4-9. The base
ring or square is positioned at the bottom of the excavation, and the conical or pyramidal
throat is placed on top of the base with its opening at ground or finished-grade level.
Manbholes are sized to provide enough room for installers and maintenance person-
nel to splice cables or mount equipment as well as carry out routine inspections. There
are rules for dimension of access openings and other features of electrical manholes.

B Round access: 1f the manhole is round and it contains only power cables, the diam-
eter must not be less than 26 in.

B Round access: 1f the manhole is round and it contains a fixed ladder that does not
obstruct the opening or it contains optical fiber cables, fire alarm circuits, or remote
control or signaling circuits, the diameter must not be less than 24 in.
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Figure 4-9 Section view of a typical power cable manhole.

B Rectangular access: 1f the opening in the manhole is rectangular, it must not be less
than 26 X 22 in.

B Slope: The slope of the sidewalls must be sufficient to provide protection for cable
splices or other installed equipment so they will not be directly under the opening.

B Drain: The drain must be located centrally under the opening.

B Traps: Where water drainage will go into sewers, suitable traps or other means must
be provided to prevent the entry of sewer gas into the manhole.

Manholes for underground electrical distribution are separated by distances in an
underground duct system that are short enough to permit pulling conductors or cables
between them during initial construction. They also permit access to the conductors or
cables for testing, cable replacement, and maintenance. Access to manholes is gained
through openings or throats extending from the manhole cavity to the surface (ground
level or finished grade). At ground level a heavy, durable manhole cover is used to
close the manhole securely.

Underground cable runs normally terminate inside a manhole, where there is sufficient
room for them to be spliced to another length of cable. Manholes can be constructed man-
ually from bricks and mortar, but today most of them are prefabricated from reinforced
concrete in two parts: a base ring or base square section and a conical or pyramidal throat.

There are three basic designs for electrical/communications manholes: two-way,
three-way, and four-way.

B Two-way manhole: Ducts and cables enter this manhole from one side and leave
from the other side, 180° away.

B Three-way manhole: Same as for a two-way manhole, except that a third duct for
cables leaves the manhole 90° away the other two ducts.

B Four-way manhole: It has two entry ducts and two leaving ducts, all 90° apart.

A cross-sectional view of a typical underground duct system linking two two-way
manholes is shown in Fig. 4-10. The ductwork should be arranged so that it slopes
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Figure 4-10 Section view of a typical underground duct system.

toward the manhole, so that water cannot accumulate in the ducts. Underground duct
systems typically include manholes, handholes, transformer vaults, and risers.

DUCTS AND DUCT BANKS

In electrical construction work, a duct is a single enclosed raceway through which
conductors or cables are pulled. One or more ducts in a single trench is usually
called a duct bank. A duct system provides a protected passageway for power lines,
fiberoptic cables, and telephone and other kinds of communications cables, or both.
A duct bank can usually be placed in a trench and covered with earth or further
enclosed in concrete.

Ducts for underground electrical systems can be made of fiber, vitrified tile, metal,
plastic, or concrete. The cross sections of four electrical ducts banks with one, four,
six, and nine electrical ducts are shown in Fig. 4-11. The drawings are based on NEC
2002, Figure 310.60, “Cable installation dimensions.” There is uniform spacing or 7.5
in. horizontally and vertically between all of the ducts shown.

The inside diameter of ducts for specific applications is determined by the size of the
cables that will be installed in them. Inside diameters of 2 to 6 in. are most common.

Fiber duct is made from wood pulp bonded with adhesives to make a lightweight,
low-cost raceway that resists rotting. These ducts can be enclosed in a concrete enve-
lope if at least a 3-in. thickness of concrete surrounds it on all sides. The smooth inte-
rior walls of fiber duct lengths makes it easy to pull cable through them.

Vitrified clay duct, also called hollow brick, is used principally in underground sys-
tems for low-voltage (under 600-V) conductors and communication cables. These
ducts are recommended where runs must be routed around underground obstacles,
because their lengths are shorter than ducts made from other materials so it is easier
to make direction changes with them. Four-duct banks are most common, but clay
banks with as many as 16 ducts are available. Square conduits are typically 3/, in.
square, but round conduit diameters vary from 3/, to 4!/, in.

Metal conduit is more expensive to install than other underground ducts, but it pro-
vides better protection than many other ducts, especially against later trench digging.

Plastic conduit is made from polyvinyl chloride (PVC), polyethylene (PE), or
styrene. Because it is made in lengths up to 30 ft, fewer couplings are needed than for
most other duct systems.
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Figure 4-11 Electrical duct banks for (a) one duct, (b) four
ducts, (c) six ducts, and (d) nine ducts. Duct bank ¢ can also be
positioned horizontally.

Monolithic concrete ducts are typically poured at the job site. Multiple ducts can be
custom-formed by setting up straight or curved bonded plastic impregnated paper tube
cores within the forms prior to pouring the concrete. The cores can be removed after
the concrete has set. Either way, the ducts have smooth interiors. This duct is recom-
mended where there are to be curves or bends in the duct system.

Cable-in-duct is a popular assembly that can be installed rapidly at low cost because
it is not necessary to pull cable through the ducts. Both the duct and the cable inside it
can be shipped on a reel for ease in installation. If the cable should become defective,
it can be removed and replaced by new cable as in any other duct system.

DUCT INSTALLATION

Soil conditions and voltage levels dictate whether concrete encasement is required in
any underground duct system. If the soil is not firm, unsupported vertical trench walls
are likely to collapse. Therefore, the trench must be made wide enough to accommodate
the ductwork at the specified depth, and concrete encasement is mandatory. Ductlines
that are unable to withstand the pressure of earth backfill must be supported.
However, if the soil is firm enough to permit trenching vertical sidewalls to the
depth required and concrete encasement is still desired or specified, the trench need
only be wide enough for the ducts and their concrete envelope. The concrete is then
poured between the conduit and the earth walls. Where the soil is only marginally firm
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or exhibits variations in firmness and concrete encasement is required, the trench
should be dug 3 in. wider on each side of the duct bank, to provide space for the con-
crete forms.

Ducts can be classified in several different ways, but for power distribution, each
duct should have at least one side exposed to earth or the outside of the concrete enve-
lope. Therefore, in laying out underground power distribution ducts the banks should
be restricted to either two conduit widths or two conduit depths. This permits heat gen-
erated by the transmitted power to radiate or be conducted into the surrounding earth.

Power ducts should not be surrounded by ducts for other kinds of wires or cables.
For example, the inner duct of a nine-duct bank is called a dead duct because heat
from any cables in this duct is not dissipated as fast as it would be from the eight sur-
rounding ducts, making it unsuitable for any power cable. However, dead ducts can be
used for street light wiring or control or communications cable, because the heat emit-
ted by these cables is relatively low. Low-heat-emitting cables can be arranged in any
bank configuration.

BENDING SPACE FOR CONDUCTORS

Section 314.54 of NEC 2002, “Bending Space for Conductors,” covers bending space
for conductors operating at 600 V or below. Section 314.71(A), “For Straight Pulls,”
covers the size of pull and junction boxes, stating that “The length of the box shall not
be less than 48 times the outside diameter, over sheath, of the largest shielded or lead-
covered cable entering the box.” It adds, “The length shall not be less than 32 times
the outside diameter of the largest non-shielded conductor or cable.” Section
314.71(B), “For Angle or U Pulls,” states distance requirements between cable or con-
ductor entry inside the box and the opposite wall of the box and the distance between
a cable or conductor entry and its exit from the box.

Overhead Distribution Connections

Although overhead distribution is losing favor in residential areas, it is still widely
used in many parts of the country, particularly in towns and rural areas. Nevertheless,
overhead distribution still has many economic and technical advantages.

B Old or faulty transformers on existing poles can easily be replaced and new trans-
formers can be added on existing poles with minimum service interruption.

B New poles can be added to extend existing service, and poles can be moved to
accommodate the widening of old roads or the addition of new ones.

B Maintenance of overhead transformers and cables is easier and less costly than it is
for pad-mounted transformers and underground cables.

B Iflocal power requirements are to be upgraded, changes in cables and insulators are
more easily accomplished. (By contrast, the entire underground cable system might
have to be replaced to be upgraded.)
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OVERHEAD DISTRIBUTION CABLE AND CLEARANCE

Service drops are cables from pole-mounted overhead distribution transformers to the
customer’s premises, and service laterals are the underground cables from pad-mounted
distribution transformers to the customer’s premises. These terminate the local power
company’s distribution network. The power company is, however, obligated to pull the
cables to the designated service points or points of attachment on homes or buildings and
make the splices either to the overhead or underground service entrance conductors.

The builder or electrical contractor must establish these entry points according to
specifications issued by the power utility. These are available to the electrical contrac-
tor as written documents that conform to the NEC. However, the utility specifications
and local building codes can be more restrictive than the NEC requirements.

The installation of an overhead service drop is more complex than the installation
of a service lateral because the connection point must be high enough above the grade
to allow the minimum clearance distances specified by the power utility. Figure 4-12a
on p.132 illustrates minimum clearance distances of the service drop.

The location of the service point must be calculated so that it will be high enough to
provide the minimum clearance distances between the estimated cable droop and the
various ground or structural surfaces. The service point can be an anchor bolt driven
into the outside wall of most two-story buildings, but single-story structures typically
require the installation of a rigid steel pipe mast to meet the clearance requirements.

The power company will string the service drop from the pole to the service point
and fasten it to the anchor bolt and insulator installed by the electrical contractor. This
is described in detail in Chap. 5.

The following statements supplement the information given graphically in Fig. 4-12a.

B The service point shall not be less than 12 ft above grade or greater than 21 ft,
unless approved in writing.

B All service connections must be reachable from a ladder placed on the ground, so
their placement above roofs of garages or other building extensions is not allowed.

B There shall be 2-ft minimum clearances between power cables and lateral telephone
lines and TV cables.

B A 3-ft clearance is required from the service drop connections to all windows,
doors, and mountings on the building wall if a pipe mast is not used.

B Add 6 in. to all clearances for any open wire construction.

Figure 4-12b illustrates the specialized service drop clearances over swimming
pools and fountains or spas (hot tubs). It also shows the minimum slant distances from
the edge of the swimming pool to the service drop connection on the pole, and the
high-voltage conductor on the top of the pole. Minimum cable clearance or droop
must take into account the height of any diving boards or other pool-related structures
such as viewing stands or pool heating and water-circulating machinery enclosures.
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Figure 4-12 Clearance dimensions for service laterals: (a) typical
residential situations; (b) over a swimming pool and accessories.
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Overview

Electric service is defined as the conductors and equipment that deliver electrical
power from the electric power utility’s distribution system to the customers being
served. The service entrance is the interface between the overhead or underground
cable from the local transformer where the power utility’s responsibility ends and the
home or building owner’s electrical system and responsibility begin. The utility splices
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the power cable to the owner’s service entrance cable but retains ownership of the
watthour meter.

This chapter also covers main service panels (a.k.a., panelboards or loadcenters)
and the types of circuit breakers and fuses used to protect branch circuits in homes and
offices. It explains the organization of a National Electrical Code (NEC)-approved
grounding system, and discusses some of the test procedures required to assure that
the ground system is performing effectively. Finally, the assemblies of cable, meter,
disconnect, and fittings used for temporary service by builders and electrical contrac-
tors are illustrated and explained. At the end of the chapter is a glossary of electrical
service terms for quick reference.

Overhead Electrical Service

In overhead or aerial service, illustrated in Fig. 5-1, the high voltage from an overhead
(typically) single-phase secondary line attached to a utility pole is transformed to useful
values by a pole-mounted overhead transformer near the building being served. The trans-
former steps the single-phase power, typically at 3 to 8 kV, to 120/240 V AC. The other
elements of an overhead system are the service drop or triplex, the service point or point
of entry, and the service equipment.

A common variation of the single-phase 120/240-V AC overhead system is the
three-phase overhead system. This provides either 120/208 V AC or 120, 208, and
240 V AC. Three-phase power is typically used for commercial or light-industrial
electrical service.

When it reaches a residential district, either underground or overhead, the typical
“hot” secondary line is a single-phase high-voltage conductor. For example, on a typ-
ical outdoor wood utility pole, as shown in Fig. 5-1, the high-voltage “hot” wire is
supported on an insulator mounted on top of the pole. A lower neutral ground or com-
mon wire is strung between poles below the hot wire, and a vertical grounding wire,
spliced to the neutral wire, runs down the pole to a buried grounding rod. Secondary
high voltages also power municipal street lights attached to the same poles as the
transformer.

The pole-mounted or overhead step-down transformer within a cylindrical steel tank
from 4 to 6 ft high is immersed in oil for cooling and insulation. (See Figs. 3-7 and
3-13 for more technical details on overhead transformers.)

Figure 5-2 is a simplified electrical schematic for a single-phase 120/240-V AC
step-down transformer. The primary winding is connected between the high-voltage
(7.6-kV “hot”) conductor and the neutral or grounding conductor. It induces 240 V AC
in the center-tapped secondary winding. The center tap (CT) is positioned equidistant
from the “hot” terminals at each end, and is connected to the same grounding con-
ductor as the primary winding.

The voltage across the two “hot” lines of the transformer secondary (A and B) is
240V AC for heavy-duty appliances such as ranges and clothes dryers. The center tap
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Figure 5-1 Overhead service provides electricity via a service drop
from the utility pole transformer to the building service point.
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Figure 5-2 Single-phase distribution transformer steps
7.6 kV down to 240 V AC across the secondary winding;
120 V AC is obtained across both points A and B and the
grounded conductor.

splits that 240 V to provide 120 V AC between either “hot” line (A or B) and the
grounding conductor for lighting, light-duty appliances such as refrigerators, washing

machines, and toasters, as well as TVs and computers.

The service drop or triplex contains the two “hot” insulated wires that conduct the
240-V power to the service entrance and the bare steel cable that is both the neu-
tral/grounding and support cable for the two 240-V conductors. One end of the bare
cable is fastened to the utility pole and the other end is fastened to an anchor bolt at the
point of attachment to the home or building being served. Overhead pole-mounted step-
down transformers are located on selected utility poles within the service area, so that

one transformer can serve many homes.
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OVERHEAD SERVICE CONNECTIONS

The details of how the service lateral or triplex cable provided by the electrical utility is
fastened and spliced to the customer’s service point are illustrated in Fig. 5-3. The bare
neutral/grounding cable that supports the triplex is fastened at one end to the utility pole
and the other end is fastened at the service point with a combination insulator and anchor
bolt crimped onto the cable. This attachment method leaves the end of the neutral/ground-
ing cable and the bare ends of the two insulated “hot” conductors available for splicing.
Electrical utility employees splice these three ends to corresponding ends of the cus-
tomer’s service entrance (SE) cable, which is installed by the electrical contractor.

The three ends of the customer’s SE cable are pulled through the bushings in a pro-
tective metal hood called the weatherhead or service head with enough slack to per-
mit an adequate drip loop to be formed when the three conductors are spliced. The drip
loop, which must be at least 36 in. long, prevents water from entering the weatherhead.
Without a drip loop, water could drain down the conduit to the cable connections
inside the meter base to the bus bars that power the watthour meter, corroding them
and causing a short circuit.

The details of two different aerial feed service entrances are illustrated in Fig. 5-4. A
200-A service entrance made with three-wire service entrance (SE) cable is shown in Fig.
5-4a. The cable from the weatherhead is brought down to the meter base, where the bus-
bar connections to the meter are made. Another length of SE cable goes from the meter
bus bars to the loadcenter. A second version of a 200-A service entrance has the SE cable
protected by metal or nonmetallic conduit between the weatherhead and the meter base,
as shown in Fig. 5-4b. The service entrances for 175- and 100-A service are identical
except that the SE cable has either a 175- or a 100-A rating. The limits of the meter height
dimensions above grade level are approved by NEC 2002.

A 200-A service with the triplex cable terminating on a metal conduit mast is shown
in Fig. 5-5. The mast projects high enough to comply with NEC 2002 for the minimum

Weatherhead

Anchor bolt Insulator

Bare neutral

Two insulated
hot wires

1-1/2 in. PVC rigid conduit

SE cable leads from service head
: must be long enough to form an
"""" adequate drip loop; 36 in. min.

Figure 5-3 Splice details for an aerial drop to a service entrance cable
at the service point.
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Figure 5-4 Examples of 200-A service entrances using type SE cable: (a) with-
out protective conduit; (b) with conduit.
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distances of the triplex termination above the ground. The hollow pipe functions as both
a mast and a conduit for SE cable from the weatherhead to the meter base. As in Fig. 5-4,
the service entrances for 100- to 175-A service are identical except for the lower SE
cable ratings. All of the dimensional limits shown are those approved by NEC 2002.

GROUNDING OVERHEAD SERVICE

A household electrical system is grounded through a grounding rod driven into the earth,
as shown in Fig. 5-6, a diagram applicable to all overhead service. This figure supple-

Weatherhead

Service drop
attachment

3-wire SE cable
rated for 200 A

Flashing seal
flange glued
and screwed

Metal conduit straps
every 3 to 4 ft

2-in. galvanized steel
pipe mast threaded
into meter base

Raintight
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flange conduit
connector

Watthour meter and
base fromlocal
power utility

"LB" condulet

Max To main disconnect

Min 3'-0"

¥
Y e R L

Finished grade level

Figure 5-5 A 200-A through-roof service entrance. Layouts for 100 and
175 A are similar except that the SE cables have lower ratings.
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Figure 5-6 Riser layout for a typical overhead service entrance, giving
dimensions and grounding details.

ments the information given in Figs. 5-3, 5-4, and 5-5, and all the dimensional limits are
those approved by NEC 2002. The options available for installing an approved ground
in accordance with NEC 2002 are discussed in detail later in this chapter.

Underground Electrical Service

A general overview of underground or buried electrical service is shown in Fig. 5-7. This
service is becoming more popular in new housing developments and industrial parks,
although it has been in use for more than a half-century in large cities. The typical “hot”
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buried 2-4 ftin ground

Figure 5-7 Underground service provides electric power from a pad-
mounted transformer via a service lateral to the service point.

secondary distribution line that reaches a residential area, for either underground or over-
head service, is a single-phase, high-voltage conductor. It usually reaches an above-
ground pad-mounted transformer that transforms this voltage to 120/240 V AC. The
electrical schematic for a pad-mounted, single-phase transformer is identical to that
shown in Fig. 5-2. These transformers, like overhead transformers, are located in posi-
tions where they can serve many customers.

The pad-mounted transformer distributes 120/240 V AC to the meter base via a
buried cable or service lateral. The approved cable for underground service is under-
ground service entrance (USE) cable, a modified form of SE cable. It has three insu-
lated conductors because the neutral/grounding conductor must be insulated.

In an underground feed, the two insulated “hot” conductors and grounded neutral con-
ductor are run from the pad-mounted transformer back underground either direct-buried
or in conduit. When the cable reaches the foundation of the building being served, it
must be brought up through a length of conduit from below grade to the meter base.

The definitions of the terms service entrance and service point are modified when
they to apply to underground electrical service. (See Figs. 3-8 and 3-14 for more tech-
nical details on overhead transformers.)

UNDERGROUND SERVICE CONNECTIONS AND GROUNDING

More details about the installation of an underground service lateral for 200-A service
are given in Fig. 5-8. Here again, all dimensions and limits are those approved by NEC
2002. The details for 175- and 100-A underground service are identical except for the
lower ratings of their USE cable. Underground service must be properly grounded, and
the details are identical to those required for overhead service, as shown in Fig. 5-6.
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Figure 5-8 Underground service lateral rated for 200 A: layouts for 100 and 175
A are similar, but they have lower-rated underground service entrance (USE)
cables.

The options available for installing an approved ground in accordance with NEC
requirements are discussed in detail later in this chapter.

Service Entrance Cable

Type SE (service entrance) cable contains two separate insulated wires and a bare
grounding cable. It conducts power into the home or building from the service drop
splices described previously. SE cable is available in three different styles: U, R, and
USE. All are rated for 600 V. SE cable is covered in NEC 2002, Article 338, “Service-
Entrance Cable: Types SE and USE.” This brief descriptive information is supple-
mented by more technical details in Chap. 6 of this handbook.

Type SE cable has a flame-retardant, moisture-resistant covering. Its installation
requirements are in NEC Article 230, “Services.”

TBype USE cable is for underground use. It has a moisture-resistant covering, but
flame-retardant covering is not required. It can emerge from the ground outside the
terminations in meter bases or other enclosures where protected in accordance with
NEC 2002, Section 300.5(D), “Protection from Damage.”

B U-style SE cable is flat and approved only for above-ground use. It has two insulated
conductors and a multistranded braid that encloses the two insulated conductors. The
jacket is flame-retardant and moisture-resistant, and has sun-resistant properties.
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B R-style SE cable is round and approved only for above-ground use. It contains three
insulated conductors and a grounding wire. The conductors are wrapped in glass-
reinforced tape and enclosed in a polyvinyl chloride (PVC) jacket.

B Style USE (underground service entrance) cable is intended for underground ser-
vice. Its individual conductors, which can be buried or in conduit, are insulated with
cross-linked polyethylene that is moisture-resistant but not flame-retardant.

Watthour Meter Bases

Lengths of overhead or aerial (SE) cable extending from the weatherhead are
clamped to the copper bus bars within the meter base, as shown in Fig. 5-9. These
bus bars provide power for the watthour meter. Both the meter base with bus
bars and the watthour meter are furnished by the electric power utility, but they
must be installed by the owner’s electrical contractor. The meter base is a water-
tight metal box, normally mounted on an outside wall of the home or building
being served.

Wires from utility

Hot marked
with yellow
tape

Hot marked
with blue
tape

Neutral
marked with
white tape

Copper
bus bars

Copper
bus bars

Neutral
marked with
white tape

Hot marked
with yellow
tape

Hot marked
with blue
tape

Wires to main
service panel

Figure 5-9 Overhead service to a meter base: color-coded tapes identify wires
going into and out of the watthour meter.
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PVYC hub male

~ Locknuts
adapter
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Figure 5-10 Underground service to the meter base: color-coded tapes identify
wires going into and out of the watthour meter.

The configuration of the copper bus bars within the meter base is standardized.
The bus-bar terminal clamps are widely separated to provide adequate insulation.
The three wires on one end of a second length of SE cable are clamped to the
opposing terminals of the bus bars, as shown in the figure, and the other end is
extended to the loadcenter. Because of the serious consequences, different colored
tape identifies the three wires entering and leaving the meter base, to avoid mis-
takes in hooking up the wires.

The USE cable connections inside the meter base from an underground service lat-
eral or buried feed are shown in Fig. 5-10. As in Fig 5-9, the incoming wires are
clamped to the top ends of the meter bus bars, but because they enter the meter base
from the bottom of the box, the extra lengths of wire must be bent around inside the
box to make those connections. Again, as in the overhead situation, another length of
service entrance cable is clamped to the lower ends of the bus bars and the other end
is extended to the loadcenter. The “hot” and neutral/grounding conductors are also
color-coded with tape to avoid mistakes in hooking up the wires.
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Loadcenters (Main Service Panels)

Many different names are given to the electrical panels that accept the service entrance
wires from the meter base and distribute power to branch circuits within the home or
building. The terms main service panel, panelboard, and loadcenter are used inter-
changeably and have the same meaning. NEC 2002 refers to them as panelboards, but
the electrical industry and electricians generally call them either main service panels
or loadcenters. The term loadcenter will be used here because it is simpler and more
descriptive than the alternative terms.

Panelboards, as defined by NEC 2002, are metal enclosures for mounting overcur-
rent-protective devices such as fuses and circuit breakers positioned upstream of all
branch circuits in the distribution of power within the building for lighting, appliance,
and other loads. Panelboards are classified by the NEC in two general categories:
lighting and appliance branch-circuit panelboards and power panelboards.

A power panelboard is defined as a panelboard having 10 percent or fewer of its cir-
cuits assigned to lighting and appliance branch circuits that are protected at 30 A or
less, for which neutral connections are provided.

By contrast, a lighting and appliance branch-circuit panelboard is defined by the
NEC as one having more than 10 percent of its circuits assigned to lighting and branch
circuits that are protected at 30 A or less, for which neutral connections are provided.
The NEC also limits the number of overcurrent-protection devices (branch-circuit
poles) to a maximum of 42 in any one cabinet. When more than 42 poles are required,
separate enclosures are required.

All panelboards not defined as lighting and appliance panelboards by the NEC are
classified as power panelboards. They are restricted only to enclosure dimensions with
standard heights and widths. NEC 2002, Article 408, “Switchboards and
Panelboards,” covers the requirements for switchboards, panelboards, and distribution
panels for the control of light and power circuits. The article includes such topics such
as the classification of panelboards, the number of overcurrent devices on one panel-
board, and the overcurrent protection for them. It also covers the location and ground-
ing of panelboards and their construction.

The loadcenter is the distribution center for all branch circuits, and it receives
incoming power from the SE cable. Figure 5-11 is an electrical schematic for a sin-
gle-phase, three-wire loadcenter wiring scheme typical of those for residential elec-
trical service. It is the same as Fig. 5-2 except that more details about how the power
is distributed have been added. The two parallel bus bars A and B carry the “hot” 240
V AC from the distribution transformer. The 120 V AC is obtained by making con-
nections across either “hot” bus A or B to the neutral (grounded) bus. The lighting
load, indicated by the letter L, represents one of many 120-V AC branch circuits that
can be obtained from this connection. Similarly, the motor load indicated by the let-
ter M represents one of the 240-V AC branch circuits connected across the two “hot”
buses A and B.

Figure 5-12 is an electrical schematic for a three-phase, four-wire loadcenter wiring
scheme typically used for commercial and light industrial electrical service. It has

TLFeBOOK



LOADCENTERS (MAIN SERVICE PANELS) 145

Distribution
voltage

Distribution
transformer

Neutral

=120 -»1-120 -»

VAC | VAC Loadcenter

240 -+
Vv AC

NEUTRAL

Lighting
load

Figure 5-11 Schematic diagram for a single-phase, three-
wire loadcenter.

three parallel “hot” buses, A, B, and C. The voltage between any two of these buses is
208 V AC from the distribution transformer. The 120 V AC can be obtained by any
connection between one of the three “hot” buses and the neutral (grounded) bus.
Again, as in the previous figure, the lighting load, indicated by the letter L, represents
one of many 120-V branch circuits that can be obtained from these connections.
Similarly, the motor load indicated by the letter M represents one of the 208-V branch
circuits connected across the two “hot” buses A and C.

The loadcenter contains a heavy-duty circuit breaker also called the main breaker
or disconnect breaker. (If it is a switch, it is called the disconnect switch.) Its primary
purpose is overcurrent protection because it limits the total amount of current enter-
ing the building. These devices are usually located at the top of the loadcenter. All
electric power entering a building passes through this breaker or switch. In an emer-
gency such as a fire, earthquake, or violent storm, either the circuit breaker or a switch
can be operated manually to cut off all power instantly.

The rating of the main breaker or disconnect switch is set by the current-carrying
capacity of the service entrance cable. The main circuit breaker senses the amount
of current flowing into the loadcenter panel and automatically disconnects the
incoming power from the buses if their current ratings are exceeded. For example,
if a home or building has a 200-A loadcenter and the load suddenly exceeds 225 A,
the breaker will open, cutting off all power. The amperage rating of the circuit breaker
is printed on it.
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Figure 5-12 Schematic diagram for a three-phase, four-wire loadcenter.

LOADCENTER ENCLOSURE

The loadcenter enclosure contains the circuit protection devices (today almost exclu-
sively circuit breakers) and their related “hot” and neutral bus bars as well as one end of
the grounding wire. A typical loadcenter enclosure, as shown in Fig. 5-13, is made
of cold-rolled steel and has three main parts: front cover, inner cover or dead front, and
backpan. The National Electrical Manufacturers Association (NEMA) and the
Underwriters Laboratories Inc. (UL) have established guidelines for the construction of
these electrical enclosures.

The NEMA Type 1 enclosure, for general-purpose indoor use, is suitable for most
applications where unusual service conditions do not exist. It provides protection for
persons who might make accidental contact with the “hot” wires and buses within the
enclosure. It also protects the circuit breakers and branch-circuit wiring from dust and
dirt. The NEMA Type 3R enclosure for outdoor use also provides personnel protec-
tion, but in addition protects the internal electrical equipment from falling rain or sleet
and damage from external ice formation. These enclosures have protective gaskets
inside their front covers to seal them against inclement weather.

A loadcenter can be flush-mounted within a wall or surface-mounted on a wall. A
flush-mounted loadcenter is recessed within an opening in a wall, usually fastened
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Figure 5-13 Loadcenter consisting of a front cover with a door and a
backpan, where connections are made for incoming and branch wiring to
the circuit breakers.

between joists. By contrast, a surface-mounted loadcenter is fastened to the outside of
the wall, usually concrete or cinder block, with masonry anchor bolts.

Loadcenters classified by the NEC as lighting and appliance branch-circuit panel-
boards provide for the insertion of class CTL overcurrent devices. This is the UL des-
ignation for its “circuit limiting,” a requirement that limits the number of circuits
within a lighting and appliance branch-circuit panelboard.

The shallow metal box of the loadcenter that is the supporting surface for all mounted
bus bars and fittings is called either the backpan or the backpanel. The “hot” and neu-
tral bus bars and main and branch circuit breakers are mounted within the backpan.
The bus bars are extensions of the incoming power cables that provide mechanical
support for mounting the branch circuit breakers.

BACKPAN/PANELBOARD

Figure 5.14 is a more detailed view of the backpan/panelboard of a loadcenter. The “hot”
bus takes the power from the main circuit breaker and distributes it to two parallel copper
or aluminum strips or “legs” that run down the center of the panel. These “hot” bus legs
are located immediately below the main circuit breaker terminals. Each “hot” leg includes
a row of projections whose ends are bent outward to form fabs or stabs to accept circuit
breaker contacts and lock them into position.

Each leg receives the same voltage with respect to neutral, but it acts like an inde-
pendent power source. The current in each leg of the “hot” bus is obtained from alter-
nate sides of the utility transformer, as shown in the transformer schematic diagram
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Figure 5-14 Backpan includes buses for terminating the “hot,” neutral, and
ground wires, and space for installing circuit breakers and wiring branch-circuit
connections.

Fig. 5-2 and the loadcenter schematic diagram Fig. 5-11. The voltage between the legs
is 240 V AC, and the voltage from each leg to neutral ground is 120 V AC.

The gutter of the loadcenter is the space in the backpan on both sides of the neutral
ground buses where all branch-circuit wiring is positioned before being connected to
the circuit breakers. Gutter posts are the plastic studs positioned at the four corners of
the neutral/ground buses on the panel to prevent the wires from interfering with or
overlapping the buses. They set limits for the wire bundles that will occupy the gutters
on both sides of the buses and guide them into their proper positions. The posts also
assure that all branch-circuit wiring is run vertically on both sides of the neutral bus,
away from the main breaker terminals.

The NEC does not permit wires to cross over the circuit breakers from one gutter to
the other except in special cases, where they must be enclosed by a separate section of
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insulating conduit. The two hex-screw lugs immediately above the main breaker loca-
tion are for connecting the two “hot” wires in the SE cable from the watthour meter
base. A lug at the top of one neutral/ground bus connects the bare neutral wire from
the meter base to that bus, and the second parallel bus is usually connected electrically
and mechanically to the first bus by a conductive tie bar.

There are legs of a neutral /ground or common-return bus outside of each main
bus leg. These strips, which act as ground reference points, are made of aluminum.
Each strip contains a large number of tapped holes, each containing a screw. The
neutral and ground wires from branch circuits are fastened to these buses with
screws in the strips.

Most panel manufacturers put a neutral lug next to the main breaker, convenient as
long as the incoming power enters from the top. However, the neutral lugs on some
panels can be removed and reattached at other locations on the neutral /ground bus.
This feature permits the installer to connect the neutral wire from the meter close to
its point of entry to the panel. It also eliminates the need for winding the wire around
the inside of the panel, taking up space and interfering with the branch-circuit wiring.

Although the neutral is grounded at the utility pole, an additional ground is made by
the installer at the loadcenter to a grounded rod with a solid 4- or 6-AWG copper wire.
For additional protection, a bonding screw is installed, connecting the neutral/ground-
ing bus to the metal frame of the loadcenter.

The bonding screw, called the panel bond, grounds the metal so that it will not become
a conductor if a “hot” wire touches it. In addition, grounding wires from every recepta-
cle and appliance, as well as all neutral wires, are connected to the neutral/ground bus.
If the panel has a conductive tie bar that connects the two buses, it can be removed so
the panel can be converted to a subpanel with a neutral isolated from ground.

CALCULATING THE LOAD

The electrical load of a residence or building should be sized to determine a safe
amperage rating for the service entrance cable, meter base, and main service panel or
loadcenter. It requires a computation of the general lighting load based on floor area
and allowances for appliance outlet circuits as well as a tabulation of major appliance
loads such as washing machines, dishwashers, and clothes dryers. The values for these
can be determined from nameplate ratings or taken from tables such as Table 5-1. For
the purposes of these computations values in watts (W) can be considered equivalent
to values in volt-amperes (VA).

Highly detailed examples of how to make service calculations are published in
Annex D of NEC 2002 with cross-references to Article 220, “Branch-Circuit, Feeder,
and Service Calculations.” The annex includes sample calculations for single-family
homes with variations in floor area and different mixes of major electrical loads. It
also includes calculations for stores, multifamily dwellings, mobile homes, motors,
and generators. The calculations for all homes are made in essentially the same way,
but those with centralized air conditioning and electric home and hot water heating
will have significantly higher electric loads than those with oil or gas home and water
heating, and perhaps a few portable air-conditioning units.
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ING VALUES EQUAL TO RUNNING VALUES FOR SYSTEM LOAD

gA:Eg 5-1 TYPICAL WATTAGE FOR LIGHTING AND APPLIANCES WITH
}A
R

MINATION
APPLIANCE AMPERES* RUNNING/RATED (W)
Air conditioner large (1) 20 (240 V) 4800
Air conditioner, small (1) 15 1800
Clothes dryer 33 (240 V) + 4 (120 V) 8400
Clothes iron 10 1200
Coffee maker 7 850
Computer, desktop 8 960
Dishwasher (2) 12 1440
Dehumidifier 6 720
Drill, electric, small (2) 4 500
Fan (ceiling) (3) 4 480
Fan (furnace, 1/3 hp) (3) 5 600
Fan (portable) (3) 0.6 72
Freezer (3) 4 500
Garbage disposer 6 720
Hair dryer (2) 5-10 1500
Heater (baseboard, 10 ft) 10 (240 V) 2400
Heater (portable) 8 1000
Heater (water, 50 gal) 19 (240 V) 4500
Lamps, incandescent 0.25-1.7 30-200
Microwave oven (4) 6.6 (240 V) 1500
Radio, AM/FM 0.4 50
Range, electric per element 6.5 (240 V) 1500
Refrigerator (3) 5 600
Stereo system 25 300
Stove, electric, per element 6.5 (240 V) 1500
Television (color, large) 5 600
Television (color, small) 1 120
Toaster 7 850
Vacuum cleaner (2) 9 1080
Washing machine (2) 10 1220
Water heater, electric 20 (240 V) 4800
“All voltages are 120 V AC unless otherwise indicated.
NOTES: To estimate starting/surge wattage:
(1) Multiply running/rated value by 1.6.
(2) Multiply running/rated value by 1.25.
(3) Multiply running/rated value by 3.0.
(4) Multiply running/rated value by 1.5.
T ——_—_—_—_——
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A simplified calculation is presented here to convey the concepts, but readers are urged
to study Article 220 and Annex D before making calculations for an actual project.

Consider a single-family home with a floor area of 2000 ft?, exclusive of cellar,
attic, and open porches. It has a 12-kW range, a 1.8-kW dishwasher, a 8.4-kW clothes
dryer, and a 72-kW garbage disposer. Oil is used for home and water heating, so their
load is the operation of fractional horsepower fan and pump motors included in the
appliance load. Loads in watts (W) are entered as volt-amperes (VA).

The general lighting load is calculated as floor area multiplied by 3 VA per ft*:

2000 ft* X 3 VA/ft> = 6000 VA

General load

General lighting 6,000 VA
Three 20-A appliance circuits at 1,500 VA 4,500 VA
Laundry circuit 1,500 VA
Range (at nameplate rating) 12,000 VA
Dishwasher 1,800 VA
Clothes dryer 8,400 VA
Garbage disposer 720 VA
Air-conditioning units 4,000 VA

Total 38,920 VA

Application of a demand factor Because all loads do not operate at the same
time, accept the first 10,000 and take 40 percent of the remainder:

First 10 kVA of general load @ 100% 10,000 VA
Remainder of general load @ 40% (28,920 X 0.4) 11,568 VA
Total general load 22,568 VA

Calculated load for service Net computed load for 120/240-V, three-wire, sin-
gle-phase service:

22,568 VA

=94A
240V

This installation could get by with a 100-A loadpanel, meter base, and service entrance
cable, but 200 A would provide a better safety margin and permit load increases.

SIZING THE LOADCENTER

The amperage rating of the loadcenter is determined by the size of the building and
the anticipated electrical load. The meter base, loadcenter, and SE cable must be sized
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for the same amperage rating. The lowest-rated loadcenters are rated for 100 A, but
some are made with ratings up to 800 A. Loadcenters with 200-A ratings are now
most commonly ordered for new home construction, but 400-A units are increasing
in popularity.

Because of increasing electrical loads, year-round single-family home loadcenters
should not be rated for less than 200 A today. (Exceptions might be made for summer
vacation cottages or cabins.) Load calculations might indicate a load of only 150 A,
but the possibility of increased loading must be considered. If a loadcenter is under-
sized or is running close to its maximum load, the heat generated within the cabinet
could trip the main circuit breaker.

In situations where the load is estimated at more than 200 A—for example, 220 A—
two options are available: install both a 200-A and a 100-A loadcenter, or install a 300-
A loadcenter. If two loadcenters are to be installed, the second should be installed next
to first one, with parallel SE cables coming directly from the meter base bus bars,
which have lugs or clamps that permit parallel-service wiring.

There are three reasons for installing two loadcenters rather than one large one.

1 Difficulty in installing the wiring: A 200-A cable is difficult to bend and install, but
400-A cable is even more difficult to bend and install.

2 Low availability of 300- and 400-A main circuit breakers.

38 Space limitations of a single loadcenter: Two loadcenters with more wiring space
avoid cramming a large number of branch-circuit wires inside a single large cabinet.

To avoid installation problems, a careful estimate should be made of the number of
branch circuits required before specifying the size of the loadcenter. For example, a
200-A loadcenter that can contain from 8 to 40 circuits is typically designated as
40/40. In this case, the first figure refers to the number of tabs or stabs for installing
full-size circuit breakers and the second figure refers to the number of available cir-
cuits if two-in-one or dual breakers are used.

A loadcenter designated 30/40 indicates that it can hold 30 full-size breakers for 30
circuits. However, 40 circuits can be obtained with the 30 tabs if dual breakers are
intermixed with full-size breakers, usually at locations near the bottom of the buses.

In situations where the number of branch circuits exceeds the rated capacity of the
main panel or loadcenter, a subpanel can be used. The diagram Fig. 5-15 illustrates
the method for connecting a main panel to a subpanel. Both neutral and ground
wires can connect to the same bus. Because the ground and neutral buses are sepa-
rated to keep neutral current off the grounding system, a main breaker is not
required in the subpanel.

BALANCING THE LOAD

A balanced electrical load is wired in the loadcenter so that current on one 240-V
“hot” bus or leg is equal or close to the current on the other “hot” bus, canceling out
any current in the neutral bus. This balancing calls for determining the loads on each
leg and organizing the circuit breakers in the panel so that, as far as is practical, com-

TLFeBOOK



LOADCENTERS (MAIN SERVICE PANELS) 153

Main breaker SER cable
feeder

Ground
HES’RSI wire to
Doluble— [ main
pole anel
breaker 7 P
y —SeeNotel || || BEErpr—= 31
Neutra Panel
ground <] bond 1 10-3 w/g
bus cable
Neutral
Tie bar connects See Note 2 bus
both buses
Main panel Subpanel
Notes:

1. Both neutral and ground wires of cable can connect to same bus.

2. Because ground and neutral buses are separated to keep neutral
current off grounding system, main breaker is not required,

Figure 5-15 Wiring layout for adding a subpanel to a main panel.

parable loads operating at the same time are on opposite phases or buses. This is eas-
ier to understand by referring to Fig. 5-11, a simplified schematic for a single-phase,
three-wire loadcenter.

Balancing lowers heat buildup in the wire terminals within the loadcenter and
ensures a higher safe load on the panel. If a loadcenter and main circuit breaker are
rated for 200 A but the wiring permits a 300-A load on only one “hot” bus, the circuit
breaker will trip. However, if the load is split or balanced, the current will be only 150
A on each leg and this will be within the 200-A rating.

The circuit breaker tabs on each “hot” bus are arranged in opposite phases. This per-
mits single-phase branch circuit breakers with the same rating to be installed on oppo-
site phases to cancel each other out. By contrast, double-pole breakers are connected
across both “hot” buses of the panel, so their current will balance automatically.

In general, breakers with the same ratings for loads that will be operating at the
same time should be put on opposite phases. For example, if two 5-A loads are put on
the same phase, current in both the neutral and on one service entrance “hot” bus will
add up to 10 A. However, if they are put on opposite phases, 5 A will flow through
each bus but will cancel out to 0 A in neutral.

Even if current on the neutral bus is not canceled, it will carry the difference
between the loads on the opposite phases. For example, if a 10-A load is on one
phase and a 6-A load is on the other, the current through the service entrance neu-
tral will only be 4 A; if they were both on the same phase, the neutral current
would be 16 A.
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Miniature Circuit Breakers

This chapter focuses on the widely used miniature circuit breakers rated for 240 V or
less. Unlike the higher-voltage circuit breakers discussed in Chap. 3, they are smaller
and lower-rated versions of industrial-grade molded-case circuit breakers rated for 600
V or less. These miniature breakers, called air circuit breakers, are based on thermal,
magnetic, or combined thermal-magnetic principles. They are now almost exclusively
installed in all new residences, small businesses, and offices as well as updates of
existing older electrical systems. They are rated for amperes, voltage, and short-circuit
or fault-current interruption.

Miniature circuit breakers perform the dual functions of a switch and a fuse. They
can open a circuit for safety or maintenance reasons simply by switching their toggle
levers to the OFF position. As substitutes for fuses, they provide automatic circuit pro-
tection and need not be replaced after a dangerous overcurrent has passed or a short
circuit has been corrected.

The ampere rating defines the maximum current the circuit breaker can carry with-
out tripping. For typical miniature circuit breakers this rating is 15 to 125 A. In resi-
dential applications, single-pole breakers protect 20-V branch circuits, and two-pole
breakers protect 240-V branch circuits.

The voltage rating of a circuit breaker can be higher than the circuit voltage, but never
lower. The fault current interruption rating (or short-circuit interrupting rating) is the
maximum available fault current that could be expected from the overhead or pad-
mounted distribution transformer outside a residence. If the transformer can produce
10,000 A of current, each breaker in the loadcenter should be rated for at least 10,000 A.
While residential breakers have ratings of 10,000, 22,000, 42,000, and 65,000 A, the
available fault current for most single-family homes rarely exceeds 10,000 A.

Each miniature or branch circuit breaker, as shown in the cutaway view Fig. 5-16,
includes a bimetal strip or element. When this strip is heated to its threshold tempera-
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Figure 5-16 Internal view of a thermal circuit breaker.
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ture, it bends enough to unlatch a mechanism and open the breaker’s electrical con-
tacts. When the contacts open, the toggle on the circuit breaker automatically switches
to the OFF position. This, in turn, opens the branch circuit.

These small circuit breakers can be reset manually after they have tripped. As with
fuses, the ampere rating of the breaker must match the ampacity of the circuit it pro-
tects. These circuit breakers are also called plug-in breakers, because they are con-
nected to the loadcenter by plugging them into the bus-bar tabs or stabs.

A high-quality thermal circuit breaker will open a 10,000-A fault at 240 V AC in 40
to 50 ms. Under simple overload conditions, the deflection of a bimetal thermal sens-
ing element within the circuit breaker causes the circuit to open when a preset tem-
perature threshold is reached. Rising temperature in a bimetal element is caused
principally by load current (/”R) heating. The thermal element also factors in the heat-
ing or cooling effects caused by nearby heating or cooling sources (furnaces or air
conditioners), as well as changes in the ambient temperature.

The size of the bimetal thermal element and its configuration, shape, and electrical
resistivity determine the current capacity of a circuit breaker. The most common ele-
ment is a “sandwich” of two or three different metals. The low-expansion side, for
example, might be Invar, the center might be copper or nickel, and there is a wide
choice of metals for the high-expansion side.

Some thermal circuit breakers rated for 5 A or lower contain heater coils adjacent
to or in series with the bimetal element. These heater coils compensate for the lower
anticipated heating action of a fault in a low-current circuit. They augment element
self-heating to maintain the temperature of the thermal element closer to the preset
threshold temperature, to speed up the trip response in the presence of overcurrent.

Some miniature thermal circuit breakers also contain a magnetic element to accel-
erate tripping in the presence of an exceptionally fast rising overload. That condition
increases current flow fast enough to create a magnetic field in a small electromagnet
or solenoid that pulls in a mechanical linkage to unlatch the contacts and trip the
breaker before the bimetal element can respond and deflect. The basic elements of a
thermal-magnetic circuit breaker are shown in the simplified diagram Fig. 5-17.

The normal condition of the circuit breaker is illustrated in Fig. 5-17a. The bimetal
element in these breakers responds the same way to overcurrent as the element in a
simple thermal breaker. As shown in Fig. 5-17b, the bimetal element deflects in pro-
portion to the heating effect of the current passing through the wire in close proximi-
ty to it. As in thermal breakers, the bimetal element will open a 10,000-A fault at 240
V AC in 40 to 50 ms. The bending element unlatches the contact mechanism, opening
the contacts.

By contrast, the small solenoid magnetic element has a few turns of low-resistance
wire in series with the wire adjacent to the thermal element, which has little effect on
the impedance of the breaker. In the presence of rapidly rising current, a magnetic
field forms around the solenoid, causing it to pull in the trip bar, which unlatches the
contacts and opens them. This element responds 4 times faster than the bimetal ele-
ment, or in about 10 ms.

Molded-case and miniature circuit breakers are designed to operate in elevated-
temperature environments such as those encountered inside a breaker panel carrying
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load. If the panel door is left open for a long period of time or is removed, the interi-
or of the panel will cool to a lower temperature. This additional cooling will allow the
breaker’s thermal element to exceed its rated continuous current. This could mean that
the load it is protecting could overheat.

Circuit breaker manufacturers have different methods for attaching their breakers to
the “hot” bus bars. Most breakers have some form of notch on one end of their lower
surfaces and conductive clips on the other ends. Typical loadcenter “hot” bus bars have
projections alternating from the inner sides of the bars. As stated earlier, the ends of
these projections are bent outward at right angles to form stabs. The breakers are
installed by hooking the notch at one end under a rail and pressing the conductive clips
down over the stabs to make low-resistance contacts with the “hot” bus bars.

Single- and double-pole breakers are most widely used in loadcenters. Single-pole
units, rated for 120/240 V AC, are designed to be plugged onto a single bus stab to

TLFeBOOK



MINIATURE CIRCUIT BREAKERS 157

obtain 120 V between one of the “hot” bus legs and the neutral bus, as shown in Fig
5-14. These breakers are available in ratings from 15 to 70 A, but ratings of 15 and 20
A are most commonly used in homes. They are available in 1-in.-wide full-size, dual
1-in. widths, and half-size 1/2—in. widths.

Some single-pole units are UL listed as HACR type, for air-conditioning, heating,
and refrigeration equipment service, as well as being UL listed for SWD (switching
duty) for switching 120-V AC fluorescent lighting loads.

Two-pole breakers are rated 120/240 or 240 V AC. Standard sizes are plugged onto
two adjacent stabs to obtain 240 V between both parallel “hot” bus bars. They are
available with 10- to 125-V ratings. These breakers have a single common trip, and
many are HACR type. Some circuit breaker applications by current rating are

B 15 and 20 A: Protection of baseboard heaters and pumps

B 30 A: Protection of water heaters, dryers, and air-conditioning equipment
B 40 to 50 A: Protection of ranges and stoves

B 50 A or more: Protection of electric heaters

Three-pole breakers rated for 240 V require three spaces for contact with three
stabs, and they also have common toggle trips. They are typically listed as HACR type
for use with air-conditioning, heating, and refrigeration equipment.

The number of single-pole circuit breakers that can be installed in a loadcenter is
limited by the number of stabs on the bus bars. For example, a loadcenter with six
stabs can accommodate 12 full-size, single-pole branch circuit breakers that are each
1 in. wide.

If the stab is notched, half-size branch circuit breakers can be used. Half-size circuit
breakers allow two single-pole circuit breakers to be installed in the space originally
intended for a 1-in.-wide full-size breaker. Each half-size unit is only 1/2 in. wide.
Where they are allowed by the local electrical code, these breakers function as well as
full-size breakers and offer the added convenience of a more compact installation.

Some local inspectors do not allow half-size circuit breakers because it is possible
that they could overload the loadcenter or unbalance the system. To balance the loads,
circuit breakers must be evenly allocated by current rating to each side of the stab.

It is important that the maximum continuous amperes and available fault current be
known when specifying loadcenters and overcurrent protection devices. There are two
ways to meet this requirement: full-rating or series-rating method.

B Full-rating method: Circuit protection devices are specified with ratings equal to or
greater than the available fault current. For example, if a building has 22,000 A of
fault current available at the service entrance, every circuit protection device must
be rated at 22,000 A.

B Series-rated method: The main upstream circuit protection device must have an inter-
rupting rating equal to or greater than the available fault current of the system.
Downstream devices connected in series can be rated at lower values. For example, a
building with 20,000 A of available fault current might have the breaker at the service
entrance rated for 20,00 A and additional downstream breakers rated at 10,000 A.

TLFeBOOK



158

SERVICE ENTRANCE, LOADCENTERS, AND GROUNDING

GFCI Circuit Breakers

The NEC requires that ground-fault circuit interrupters (GFCIs) be installed in many
different rooms and locations in both public and private buildings. They are now
required in bathrooms, kitchens, appliance rooms or spaces, and garages. In addition,
they are required in basements, near swimming pools, hot tubs, or fountains, and in
outdoor receptacles. While these requirements are most commonly met with GFCI
dual receptacles, they can also be met with GFCI branch circuit breakers.

GFCI circuit breakers and receptacles protect persons from ground faults. These are
typically caused by “hot” conductors with inadequate insulation coming in contact with
an ungrounded metal object such as an appliance cabinet. If the metal surface is not elec-
trically grounded, a ground fault will be created. Any person touching that metal object
while standing on a conducting surface (for example, a wet floor) could get a fatal elec-
trical shock because his or her body has effectively become the grounding conductor.

The current required to trip a standard circuit breaker is many times greater than the
amount needed to inflict a fatal shock. It was clear that smaller, less expensive, and more
sensitive GFCI circuits were needed because early GFCI circuits were clumsy and expen-
sive. However, later versions that included solid-state electronics were small and could be
mass-produced cheaply. A more complete discussion of ground faults and GFCI circuit
operation is presented in Chap. 6.

To comply with UL Standard 943, Class A, a GFCI must trip in the presence of a
ground fault as small as 5 mA (£1 mA) within about 25 ms. The NEC requires that
GFCI protection be available in the locations previously listed. This can be accom-
plished by installing approved GFCI receptacles at those locations. Alternatively,
GFCI circuit breakers in the loadcenter can protect downstream standard receptacles
in branch circuits serving locations where GFCI protection is required.

GFCI circuits are now included in GFCI receptacles and miniature circuit breakers.
GFCI circuit breakers have the same outline dimensions and are installed in the load-
centers in the same way as standard units. The only visible difference is that they have
two built-in leads. Available in ratings from 15 to 60 A, the 15- and 20-A units are the
most popular. Their amperage ratings must match the amperage ratings of the wire
gauge of the branch being protected. One of the two leads of the GFCI circuit break-
er is connected to the load neutral and the other, identifiable by its black-and-white
stripe, is connected to the neutral bus to establish a zero reference.

The disadvantage of GFCI circuit breakers is that after a ground fault has been
detected, a GFCI circuit breaker will disable the entire branch circuit. The branch cir-
cuit will remain inoperative until someone finds and corrects the fault and then goes
to the loadcenter to reset the circuit breaker manually. This can be awkward and time-
consuming. By contrast, under the same circumstances a GFCI receptacle will disable
only itself and any standard receptacles downstream of it, but not the entire branch cir-
cuit. After correcting the fault, the protected receptacles can be reactivated manually
simply by pushing the reset button on the face of the GFCI receptacle.

The NEC 2002 requirement that all outside outlets be GFClI-protected can be met
with GFCI receptacles, but they are vulnerable to water from rain, snow, lawn sprin-
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klers, and condensation. Consequently, if used outdoors they must be protected by
gasketed metal or plastic weatherproof enclosures. An advantage of GFCI circuit
breakers is that they can protect outside receptacles without the need for weather
protection.

Fuses Rated for 60 A or Less

Fuses are safety devices that protect electrical systems from overloads and short cir-
cuits by interrupting the current flow in the circuit. There are many different kinds of
fuses, ranging from those rated for thousands of amperes for protecting electrical
equipment from generators to distribution lines down to those rated for less than 100
A for protecting electronic circuit boards.

Most residential loadcenters installed before 1965 were designed to accept fuses for
branch circuits rated for less than 50 A. The standard fuses had screw-in-type Edison
bases for protecting 120-V AC power and lighting circuits. General-purpose house-
hold fuses rated up to 30 A contain a conductive metal alloy ribbon that melts or
“blows” if an overload condition occurs. Cartridge fuses were used to protect 240-V
AC appliance circuits and the main shutoff of the loadcenter.

The main disadvantage of these fuses is that they are one-time-only (OTO) devices
that must be replaced if blown. It was recognized that replacing blown fuses is a time-
consuming chore that presents an electrical hazard for all those persons not familiar
with electric circuits. Also, replacing a blown fuse with one having a higher rating can
result in overheating in the circuit it was intended to protect. This could result in a fire
or damaged or destroyed appliances and other electrical devices.

As a result of the shortcomings of standard plug fuses, the NEC now requires that
comparably rated circuit breakers be installed in all new construction. However, many
different ratings and styles of standard fuses are readily available for replacing blown
fuses in older service panels.

The rating of the fuse should match the amperage rating of the wire gauge in the
branch circuit it is protecting. For example, a circuit using No. 12 AWG copper con-
ductors has an ampacity of 20 A, so the fuse must also be rated for 20 A.

The most common household plug fuses rated for 60 A and less are

B W series: fast-acting, general purpose
B S and T series: time-delay, dual-element
B SL and TL series: time-delay, loaded-link

W SERIES GENERAL-PURPOSE FUSES

General-purpose, fast-acting plug fuses with Edison bases, as shown in Fig. 5-18a, are
available in ratings from 1/2 to 30 A, 125 V AC. Their fuse elements are simple metal
links that quickly open when a short circuit or significant overcurrent occurs. These
fuses are suitable for the protection of lighting and other nonmotor circuits.
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The momentary current surge caused by a motor at start-up can cause nuisance
blowing if these fuses are used to protect motors. Series W fuses rated to 20 A have
glass bodies, and those rated for 25 and 30 A have ceramic bodies. Metal rings with
formed threads are attached to the fuse bodies to fit the base threads of fuse sockets.
The NEC permits Edison-base fuses as replacements only in existing fused service
panels. Fuses rated 15 A and less in 120-V AC circuits have hexagonal windows, while
those with ratings of 20, 25, and 30 A have round windows.

S AND T SERIES TIME-DELAY FUSES

S series time-delay, dual-element fuses have ratings of 1/4 to 30 A, and T series fuses
have ratings of ¥/, to 30 A, 125 V AC. These fuses were developed for circuits that
include motors. S and T fuses are all-purpose fuses that function like two fuses in one.
Each fuse contains a simple link element that blows for short circuits and dangerous
overloads and a series-connected element that lets harmless motor overload starting
currents pass without opening. The T series fuse can replace an Edison-base W series
fuse where a time-delay feature is desired.

All Edison-base fuses have the same physical size and threads, so they can be easi-
ly confused—a 15-A fuse can easily be replaced with a 30-A fuse. This can lead to
dangerous circuit underprotection. To overcome this problem, fuse adapters with
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rejection bases were developed for S series fuses. The adapters screw into the threads
of standard fuse sockets, and once screwed in, they cannot be removed. The rejection-
base fuses are then screwed into the adapters. These adapters are now required by the
NEC to prevent accidental insertion of the wrong size fuse. The three ranges for
screw-base adapters are 0 to 15 A, 16 to 20 A, and 21 to 30 A. An S series fuse with
a rejection base is shown in Fig. 5-18b. It has ceramic threads that screw into the fuse
adapter. S series fuses are required in all new service panels that permit the use of
fuses for protection up to 125 V AC.

SL AND TL SERIES TIME-DELAY FUSES

The SL and TL series time-delay, loaded-link fuses are modified S and T fuses with
ratings of 15 to 30 A, 125 V AC. They are intended for use with motors because they
allow 5 times their rated current to flow for up to 6 s. This permits brief overload cur-
rents to pass without needlessly opening the circuit. A heat-absorbing metal bead in
the fusible metal link permits the time delay. Fuses in the TL series, like those in the
T and W series, have Edison bases, but the SL series fuses have rejection bases.

CARTRIDGE FUSES

Cartridge fuses represent the oldest form of fuse construction still in use today. There
are two basic styles, ferrule and knife-blade. Ferrule fuses, available in ratings of 10
to 60 A, are typically used to protect 120/240-V AC appliance circuits. Both fast-act-
ing and time-delay versions are available. These fuses consist of fiber tubes with metal
caps on both ends. This permits them to make electrical contact with the circuit being
protected by snapping them into end clips on fuse holders in the protected circuits.

A fusible metal strip is connected axially inside the fiber tube between both metal
end caps or ferrules, and is embedded in fire-resistive powder. As in other fuses, the
fusible strip vaporizes or blows in the presence of overloads and short circuits.

Knife-blade fuses are generally used for main circuit protection in fused loadcen-
ters. General-purpose versions with ampere ratings of l/8 to 600 A are available with
voltage ratings to 600 V AC. Dual-element, time-delay versions permit a 10-s delay
at 500 percent of rated current. They are rated at 1 to 600 A and up to 600 V AC.
Made basically the same way as ferrule-style fuses, the blades on their end caps per-
mit them to make more secure contact with their metal clips when inserted in pro-
tected circuit fuse holders.

Grounding Electrical Service

Article 250, “Grounding,” of NEC 2002 covers the general requirements for ground-
ing and bonding electrical circuits. Grounding is one of the most important, but least
understood, considerations in designing electrical systems. Grounding refers to tech-
niques for making low-resistance connections from wiring and electrical equipment to
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earth or ground. This connection can be a wire making a direct connection to a
grounding electrode buried in the earth, or it can be a connection to some other
approved ground such as a metal cold-water pipe or metal reinforcing bar projecting
from a concrete foundation or footing. NEC 2002 requires that two approved ground-
ing methods be used, but warns against the use of metal gas pipe for grounding.

Grounding provides protection for personnel, equipment, and circuits by eliminat-
ing dangerous or excessive voltages in the system. Under certain conditions, higher
than normal voltages can occur at points in an electrical system or in electrical equip-
ment connected to the system. Proper grounding ensures that these overvoltages are
channeled to earth or ground.

The two elements in electrical system grounding are wiring system and equipment
grounding. Wiring system grounding is the grounding of one of the wires of the elec-
trical system, such as the neutral, to limit overvoltages on the circuit. Overvoltages can
be caused by lightning or accidental contact with other circuits carrying higher volt-
ages than the grounded circuit. In addition, grounding one of the wires of the system
limits maximum voltage to ground under normal operating conditions. Also, a circuit
with a grounded conductor can have an automatic circuit-opening device installed if a
potentially dangerous ground fault should occur on one of its ungrounded conductors.

Equipment grounding is the permanent and continuous bonding together of all
metal parts of equipment enclosures such as conduit, boxes, cabinets, motor frames,
and lighting fixtures that are not intended to carry current and their connection to a
system grounding electrode. The bonding or interconnection of metal enclosures pro-
vides a low-impedance path for fault-current flow while permitting enough current to
flow to blow the fuses or open the circuit breakers protecting the circuit. This permits
the installation of GFCI circuits which open automatically in the presence of a ground
fault. They prevent the accidental conduction of voltages by metal enclosures, which
can present a possibly fatal shock hazard to personnel who touch the equipment.

NEC 2002, Article 250, defines effective grounding path and establishes mandato-
ry requirements for grounding circuits. There are three required characteristics of
grounding paths that must be satisfied by the installer.

1 Every ground path must be “permanent and continuous.” This can be verified visu-
ally and no specific continuity test is specified.

2 Every grounding conductor must have the “capacity to conduct safely any fault current
likely to be imposed on it.” This is met by adequate sizing of grounding conductors.

38 The impedance of the fault-ground path over the raceways or equipment grounding
conductors must be “sufficiently low” for enough current to flow to open the cir-
cuit breaker of the fuse nearest the fault on its line side. (No specific instructions
are given as to the best test method to determine what is “sufficiently low imped-
ance.”) The installer is burdened with the responsibility for determining that value.

One section of Article 250 gives the conditions under which AC circuits operating at
less than 50 V must be grounded, and another states that all AC wiring systems from 50
to 1000 V must be grounded so that the maximum voltage to ground does not exceed
150 V. It is required that the following systems or circuits have one conductor grounded:
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B 120-V, two-wire

B 240/120-V, three-wire (neutral grounded)

B 208/120-V, three-phase, four-wire, wire-connected (neutral grounded)
B Where the grounded conductor is uninsulated

Other systems operating at higher voltages must be grounded if the neutral conduc-
tors are used as circuit conductors. Neutrals must be grounded to assure that maximum
voltage to ground does not exceed 150 V.

As stated earlier, in 120/240-V single-phase service, one end of the bare wire cable
in the service drop that supports the two “hot” wires from the pole-mounted trans-
former is spliced to the utility pole’s grounding network and the other end is spliced
to the ground wire within the SE cable. After the other end is connected to a copper
bus bar in the meter base, an extension from that bus bar extends to the main circuit
disconnect breaker on the power and lighting loadcenter.

The configuration of “hot” conductive and neutral legs in the loadcenter provides a
safe means for splitting the 240 V AC to yield 120 V AC between the two phases A
and B and the neutral conductor. Both of the 240-V phases derived from the secondary
winding of the transformer are ungrounded, but the neutral is a grounded conductor.

If only 240-V AC loads were connected, the neutral conductor would carry no cur-
rent. However, with the arrangement of conductive legs and neutral conductor within
the loadcenter providing 120-V AC power, the neutral carries the unbalanced load and
becomes a current-carrying conductor. For example, if phase A carries 60 A and phase
B carries 50 A, the neutral conductor would carry only 60 A — 50 A = 10 A. This is
why the NEC allows the neutral conductor in an electric service to have a smaller wire
gauge than ungrounded conductors.

GROUNDING ELECTRODE SYSTEMS

The rules for the grounding electrode arrangement required at the service entrance of
the premises or in a building or other structure fed from another service are covered
in NEC 2002, Section 250.50, “Grounding Electrode Systems,” Section 250.52,
“Grounding Electrodes,” and Section 250.52(A), “Electrodes Permitted for
Grounding.” Generally, all or any of the electrodes listed below, if they are available
on the premises, must be bonded together to form the “grounding electrode system.”

B Metal cold-water pipe with at least 10 ft of its length buried in the ground. The con-
nection must be made to the water pipe at a point less than 5 ft from where the water
pipe enters the building. The cold-water pipe is now considered the least acceptable
electrode, and is the only one that may never be used by itself as the sole electrode. It
must always be supplemented by at least one “additional” grounding electrode. Any
one of the other electrodes listed below is acceptable as the sole grounding electrode.

B Metal frame of a building, provided the frame is effectively grounded (embedded
in earth and /or buried in concrete if it is effectively grounded).

B Concrete-encased electrode within and near the bottom of a concrete foundation or
footing in direct contact with the earth. The electrode must consist of at least 20 ft
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of one or more steel reinforcing bars or rods of not less than '/,-in. diameter, or at
least 20 ft of bare copper conductor not smaller than No. 4 AWG.

B Ground ring encircling the building or structure, buried directly in the earth at least
21/2 ft down. The ground ring must be at least 20 ft of bare No. 2 or larger copper
conductor. (It is expected that the conductor will have to be much longer than 20 ft
to encircle the building.)

B Rod and pipe electrodes that are not less than 8 ft long.

B Plate electrodes with surface areas of at least 2 ft* made of iron or steel plates at least
l , in. thick. Electrodes of nonferrous metal at least 0.06 in. thick are also approved.

NEC 2002, Section 250.52(B), “Electrodes Not Permitted for Grounding
Electrodes,” states that neither metal underground gas piping systems nor aluminum
electrodes can be used as grounding electrodes.

In most residential structures, the only suitable grounding electrode on the premises
is the cold-water pipe, but it must be supplemented by an additional electrode.

The components of a typical residential electric service and the approved connec-
tion methods for grounding two electrodes are shown in Fig. 5-19. Three conductive
wire connections from the neutral/ground bus complete the ground wiring. One, called
the grounding jumper, is clamped to the cold-water pipe, a second is clamped to the
first ground rod, and the third connects the two ground rods together. The underground
metal water pipe shown is in direct contact with the earth for more than 10 ft, making
it an acceptable electrode.

GROUND ROD INSTALLATION

A typical “made” ground rod consists of an 8-ft length of rod or pipe that must be driven
at least 8 ft into the ground. If a rock barrier is encountered before the rod is 8 ft in the
ground, it can be driven at an angle of not more than 45° from the vertical. However, if
the rock surface is so close to grade level that it is not possible to drive 8 ft of the rod in
the earth even at the angle up to 45°, it is acceptable to dig a 2/4-ft-deep trench and posi-
tion the rod horizontally within the trench. In all options, the upper end of the rod must
be flush with or below ground level unless the above-ground end and conductor clamp
are suitably protected by an enclosure.

GROUND ROD/PLATE CHARACTERISTICS

The 8-ft length of metal rod, pipe, or plate electrode must have a resistance to ground
of 25 ) or less. If it has a resistance to earth greater than 25 (), it must be supple-
mented by an additional “made” electrode in parallel and spaced at least 6 ft away.
However, there is no requirement that the resistance of the second electrode have a
resistance to earth of less than 25 (). Even greater spacing is better for rods longer than
8 ft (1.44 m), because the combined resistance to ground is reduced.

In many locations, power company specifications and/or local building codes
require two electrodes regardless of their resistance to ground, because of the poor
conductivity of the soil. Also, in some locations the grounding rods must be copper
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Figure 5-19 Typical service entrance grounding system. A second grounding
rod can lower ground resistance in dry soil.

and at least l/2 in. in diameter. NEC 2002 does not allow grounding rods to be made
from aluminum, but it allows grounding rods with any of the following characteristics:

B !/,-in.-min.-diameter stainless steel or other nonferrous rod

B /c-in.-min.-diameter iron or steel rod

M /,-in.-min.-diameter pipe or conduit with a galvanized or other metal-plated coat-
ing for protection against corrosion
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BONDING THE GROUNDING ELECTRODE SYSTEM

When two or more of the grounding electrodes described in NEC 2002, Section
250.52, are to be combined into a grounding electrode system, the size of the bonding
jumper between pairs of electrodes must not be smaller than the size of the grounding
electrode conductor indicated in NEC 2002, Table 250-66. Table 5-2 is a short form of
this table, but it does not include the notes about multiple service entrance conductors
or situations where there are no service entrance conductors. A ground rod or other
“made” electrode that supplements a water pipe electrode does not require a conduc-
tor larger than No. 6 AWG copper or No. 4/0 AWG aluminum or copper-clad alu-
minum for a bonding jumper that is the only connection.

INSTALLING GROUND CONDUCTORS

The grounding conductor that connects the loadcenter neutral bus to the water pipe
and grounding electrodes must be made of conductive material that is resistant to any
corrosive substances that exist at the site, or must otherwise be suitably protected
against corrosion. The material can be either copper, aluminum, or copper-clad alu-
minum, solid or stranded, coated or bare. The conductor must be in one continuous
length, without a splice or joint, with the following exceptions:

B If the connection is a bus bar, splices are permitted.

B Where a service consists of more than a single enclosure, it is permissible to con-
nect taps to the grounding electrode conductor, provided that the taps are made
within the enclosures.

TABLE 5-2 GROUNDING ELECTRODE CONDUCTORS FOR AC SYSTEMS

SIZE OF LARGEST UNGROUNDED SERVICE
ENTRANCE CONDUCTOR OR EQUIVALENT AREA FOR SIZE OF GROUNDING ELECTRODE
PARALLEL CONDUCTORS (AWG/kcmil) CONDUCTOR (AWG/kcmil)

ALUMINUM OR ALUMINUM OR
COPPER-CLAD COPPER-CLAD

COPPER ALUMINUM COPPER ALUMINUM

2 or smaller 1/0 or smaller 8 6

1o0r1/0 2/0 or 3/0 6 4

2/0 4/0 or 250 4 2

Over 3/0 through 350 Over 250 through 500 2 1/0

Over 350 through 600 Over 500 through 900 1/0 3/0

Over 600 through 1100 Over 900 through 1750 2/0 4/0

Over 1100 Over 1750 3/0 250

Data from NEC 2002, Article 250, Table 250.66, p. 70-107.
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B The grounding electrode conductor may also be spliced an any location with irre-
versible compression-type connectors approved for the purpose, or they may be
welded by an exothermic process.

The size of grounding conductors is governed by the size of the largest service
entrance conductor or its equivalent in parallel conductors.

Ground Testing

Every metal conduit, BX cable, box, and cover should be at ground potential, 0 V.
Equipment that is not self-grounding through its plug should have its metal cover or
cabinet connected to ground with the approved wire size. With the main power off, an
ohmmeter should read 0 {) when used to check the resistance from a metal plumbing
pipe to all grounded points (socket terminals, outlet and switch plates, BX shields,
conduit, appliance cabinets, etc.).

Ground resistance must be low to provide good protection for equipment and per-
sonnel against overvoltages due to lightning discharges or accidental line faults.
Moisture in the soil or other factors cause differences in ground in resistance in dif-
ferent locations. Ground resistance measurements can be made with a special Megger,
similar to those used for testing insulation in high megohm ranges (hi-pot testing), but
modified to test for low readings such as leakage current and potential gradient along
a distance from the ground rod. Figure 5-20 is a schematic diagram for the connection
of a Megger ground tester and its principle of operation.

It is necessary to use separate potential and current reference grounds so that the
Megger readout represents only the resistance associated with the ground rod being
tested. Conversion circuitry is needed in the ground tester for producing AC current in
the earth because if DC current were used, the moisture in the earth could produce
electrolytic polarization at the electrodes that would degrade the measurement.

Temporary Electrical Service

Temporary electrical power and lighting are permitted by NEC 2002, Article 527,
“Temporary Installations,” during the construction, remodeling, maintenance, repair,
or demolition of buildings, structures, equipment, or similar activities. Among the
“similar activities” are traveling carnivals or exhibits, holiday decorative lighting, or
emergency situations that might call for powerful floodlights. Temporary installations
of holiday decorative lighting, for example, are permitted for up to 90 days.

The electrical contractor is responsible for furnishing temporary power to the job
site in new construction work. The temporary installation must meet Occupational
Safety and Health Administration (OSHA) regulations and the NEC requirements and
must have the cooperation and approval of the local electric utility. Utilities charge for
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Figure 5-20 Schematic of a Megger ground resistance tester.

hooking up power lines to the temporary service and removing their power lines, con-
nectors, and other related fittings needed to make the connection. The
contractor/owner must pay the utility in advance and must pay for the electric current
consumed, based on the appropriate service classification.

NEC 2002, Article 527, covers feeders, branch circuits, receptacles, disconnecting
means, lamp and accidental damage protection, and device terminations. Emphasis is
placed on GFCI protection for personnel and grounding provisions.

Many contractors build their own temporary service entrance assemblies to minimize
the time and effort required to set up and remove temporary electrical service. Figure
5-21 illustrates a temporary installation assembly rated for 200 A, and Fig. 5-22 illus-
trates a temporary installation assembly rated for 100 A. The completely wired assem-
blies consist of rigid poles with weatherheads, conduit, service entrance (SE)-type
cable, meter bases, meters, and appropriate grounding connections. These assemblies
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Treated wpod post
20' long min.

3-wire SE cable
rated for 200 A

Metal or PVC
conduit straps

Raintight Metal or PVC
threaded conduit
flange conduit
connector
Watthour meter
and base from
local utility
Max 6'-0"
Min 3-0 Disconnect

Bare copper Metal or PVC

ground wire conduit
No. 6 min.
Finished
grade level

Bare copper
ground rod

5/8"x 8’

disconnect

Figure 5-21 Temporary service entrance assembly rated for
200 A with SE cable protected by conduit to the meter base.

can be self-supporting, fastened to existing utility poles, or fastened to the structure of
the building under construction. The assemblies are constructed so that they can easily
be moved from site to site. In the figures the temporary service is routed underground,
but where adequate overhead space permits, the service might be overhead. A major
East Coast public utility, for example, specifies a treated pole, minimum Class 7, or
equivalent, set in solid earth where no building exists. The contractor/customer is
required to provide substantial and adequate support for the pole, guyed if necessary.
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Treated wood post
20" long min.

3-wire SE cable
rated for 100 A

Metal or P¥C
conduit straps

Raintight

threaded

flange conduit Plywood

connector mounting

/ board
\,

Watthour meter
and base from
local utility

Max 6'-0"

Min 3'-0 Disconnect
Bare copper l Metal or PYC
ground wire —m- conduit
No. 6 min.

Finished
grade level
i /
Bare copper To main
ground rod disconnect

5/8" x 8' E

Figure 5-22 Temporary service entrace assembly rated for
100 A with SE cable exposed to the meter base.

This support can be a 4- X 6-in. timber securely attached to the framing of a building
(not a contractor’s mobile field office) and extending no more than 3 ft above the sup-
port if unguyed or 8 ft if guyed.

Glossary of Electrical Service Terms

Service: The conductors and equipment for delivering electric energy from the
serving utility to the wiring system of the premises served.
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Service cable: Service conductors made up in the form of a cable.

Service conductors: The conductors from the service point to the service discon-
necting means.

Service drop: The overhead service conductors from the last pole or other aerial
support to and including the splices, if any, connecting to the service entrance con-
ductors at the building or other structure. Also called a triplex.

Service entrance conductors, overhead system: The service conductors between
the terminals of the service equipment and a point usually outside the building,
clear of building walls, where joined by tap or splice to the service drop.

Service entrance conductors, underground system: The service conductors
between the terminals of the service equipment and the point of connection to the
service lateral.

Service equipment: The necessary equipment, usually consisting of a circuit
breaker(s) or switch(es) and fuse(s) and their accessories, connected to the load end
of service conductors to a building or other structure, or an otherwise designated
area, and intended to constitute the main control and cutoff of the supply.

Service lateral: The underground service conductors between the street main,
including any risers at a pole or other structures or from transformers, and the first
point of connection to the service entrance conductors and a terminal box or meter
or other enclosure, inside or outside the building wall. Where there is no terminal
box, meter, or other enclosure, the point of connection is considered to be the point
of entrance of the service conductors into the building.

Service point: The point of connection between the facilities of the serving utility
and the premises wiring. Also called the point of entry.

Triplex: See service drop.

Weatherhead: A spherical metal cap mounted at the top of the service entrance
conduit to protect the entrance of the service drop and prevent corrosion caused by
rain or snow entering the conduit, meter socket, and service equipment. Also called
a service head.
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Overview

This chapter focuses on the standard wire, cable, and electrical devices used in homes
and offices, with emphasis on branch circuits. Many different kinds of standard wire and
cable are available for use in 120/240-V AC branch-circuit wiring. Wire is defined as a
single solid or twisted copper or aluminum conductor with or without insulation, and
cables for power and lighting typically consist of two or more insulated wires and a bare
ground wire with a protective jacket. There are also untwisted and twisted wire pairs for
telephone service and coaxial cables for TV and Internet reception.

Conduit is tubing or pipe that encloses and protects wires and cables. It can be metal
or nonmetallic, and rigid or flexible. In outdoor locations, conduit protects the enclosed
wires or cable above ground from rain, snow, condensed moisture, and abrasion as well
as accidental severence during excavation or trench digging. It is also used to protect
buried cable. Short lengths of conduit are used under concrete sidewalks to make it eas-
ier to pull wires or cable under those obstructions. In addition, short lengths are used to
protect wire or cable as it emerges from the ground to a meter base or other enclosure.

Conduit bodies are fittings that permit electrical metallic tubing (EMT) conduit to be
joined in straight lengths or in 90° turns. Many different kinds of conduit connectors
and couplings are available for coupling or connecting similar or dissimilar conduit.
These products are made from materials such as zinc-plated steel, malleable iron, alu-
minum, die-cast zinc, and nylon.

Junction and pull boxes provide access points for pulling and feeding conductors
into a raceway system. Their use is mandatory in conduit runs where the number of
bends between outlets exceeds the maximum permitted by the National Electrical
Code (NEC). Conduit is also used inside homes or buildings to protect wiring or cable
from moisture, dust buildup, or abrasion.

Wall switches are designed for mounting inside wall-mounted outlet boxes and
before being covered with decorative wallplates. Standard switches are available in all
specification grades with ratings of 120/240 V AC, and some industrial and commer-
cial grades are rated for 347 and 600 V AC. Switches can be single-pole, three-way, or
four-way, and they can include pilot lights, lighted handles, and locks.

Conventional dimmers are wall-mounted devices for reducing the illumination lev-
els of incandescent lamps. Other versions with different internal circuits are designed
for dimming fluorescent lamps or controlling the speed of fans. Dimmers can change
the illumination levels in a room and can help to conserve energy.

Motion or occupancy sensors are switches that can turn on lights or other appliances
automatically when a person enters a room, and turn them off when the person leaves.
The most popular motion-sensing technologies are passive infrared (PIR) and ultra-
sonic. These sensors are also used in security systems to warn of intruders inside or
outside homes or buildings.

General-purpose duplex straight-blade receptacles are the familiar electrical outlets
most often seen in homes and offices. They are designed to accept two- or three-prong
plugs on line cords. Ground-fault circuit-interrupter (GFCI) receptacles, now required
by the NEC in many areas of a home, protect persons from electric shock should a bare
or abraded conductor come in contact with an exposed metal object.

TLFeBOOK



INSULATED WIRE CONDUCTORS 175

Locking-type plugs and receptacles are widely used in industry to clamp line cords
from heavy-duty power tools securely in their receptacles. They can preventing possible
injury to operators or damage to property if the plugs are accidentally pulled from their
receptacles. Pin-and-sleeve devices are heavy-duty connectors for distributing electric
power in industrial plants. They include plugs, receptacles, inlets, and connectors.

Insulated Wire Conductors

The American Wire Gauge (AWG) is used in the United States to identify specific
wire diameters. The AWG values for wires commonly used to conduct 120/240-V AC
and communications signals in homes and offices are illustrated in Fig. 6-1.

Ampacity, a word coined by combining the terms ampere and capacity, expresses the
current-carrying capacity of wires and cables in units of amperes. It is important in the
selection of wire and cables for various applications because it signifies maximum safe
current-carrying capacity for conductors.The numbers used to identify wire diameter
and ampacity are inversely related to AWG sizes. For example, 10 AWG wire has an
ampacity rating of 30 A, No. 12 AWG wire has an ampacity rating of 20 A, while No.
14 AWG wire has a lower ampacity rating of 15 A, all for use in 120/240-V circuits.

On the other hand, relatively fine No. 16 and No. 18 AWG wires are not given
ampacity rating because, as low-voltage or signal-level conductors, they are incapable
of carrying useful power.

14 12 10

Gauge: 18 16
Ampacity: 15 A 20 A 30 A
Watts : 1440 % 1929 * 2880 *
{max.) 3840 t o760t
# @ 120V +@240 V
Application: Low voltage for Lighting, appliances, and
thermostats, wall-outlet circuits

door chimes or
control circuits

£
® Cosn
@ 255 333 @%&
Gauge: 8 6 4

Ampacity: 40A S50A

Watts : 7680 t 9600+t
(max.) t @240V

Application: Major appliances, service entrances, and subfeeds

Figure 6-1 Cross sections and ratings of common copper wire gauges.
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The ampacity of insulated wire, solid or stranded, depends on its gauge, metal com-
position, and the thermal properties of its insulation. Copper is preferred for electrical
conductors because of its high conductivity, ductility, and resistance to corrosion, but
aluminum and copper-clad aluminum wire are approved for some applications.

The classification of insulation, either thermoplastic or thermoset, generally deter-
mines its suitability for use under various ambient conditions. Thermoplastic materi-
als, typically plastic resins, soften and flow when they are heated and subjected to
pressure, but they become rigid when cooled. Thermoset materials, by contrast, are
initially set or cured when heated, but after curing they will not soften, flow, or distort.
Some kinds of insulation are approved for wire only if it is to remain in a dry envi-
ronment, preferably within a building, but other insulating materials have been for-
mulated to stand up to environments that are dry and damp, dry and wet, or wet, and
still other materials can withstand extreme temperatures. For example, some insulated
wire can perform effectively only up to 60°C (140°F), while others can perform effec-
tively at temperatures as high as 90°C (194°F).

All modern electrical wire insulation is rated as flame-retardant, but only a few of
these insulation materials are capable of remaining effective insulators following long-
term exposure to sunlight (ultraviolet radiation), ozone, or nuclear radiation.

A letter code has been established to simplify the selection of the optimum insulat-
ed wire for specific tasks while considering operating temperatures and application
environments. A knowledge of this code will permit the user suffucient background
information to make the best selection. Examples of these code designations are RHH,
THHN, TW, and XHHW.

Copper and aluminum wire are identifiable on sight by their color—reddish brown
for copper and silver for aluminum. However, it is difficult to identify copper-clad alu-
minum wire on sight without making a clean cut through the wire to examine the core.
On the other hand, even experts have trouble identifying wire insulation. For this rea-
son, manufacturers print an identification code directly on the wire insulation, giving:

B The trade name of the insulation

B The wire’s maximum operating temperature

B Environments for safe application (dry, damp, wet, or combinations of these)
B Insulation properties (e.g., flame-retardant and moisture- and/or heat-resistant)

Table 6-1, excerpted from Table 310.13 of NEC 2002, translates the insulation
codes printed on the most commonly used insulated wires for electrical power power
conduction. (To keep the table short and easier to read, codes identifying special-pur-
pose insulated wire were omitted.)

Table 6-2, excerpted from Table 310.16 of NEC 2002, gives the ampacity values of
copper, aluminum, and copper-clad aluminum wires from 14 to 4/0 AWG, with a wide
range of insulations indicated by their manufacturing code types such as RHW,
THHW, or XHHW. The maximum temperatures at which these insulated wires can
function effectively are classified into three groups: 60°C (140°F), 75°C (167°F), and
90°C (194°F).

TLFeBOOK



TABLE 6-1 IDENTIFICATION OF INSULATION CODES ON COMMON

ELECTRICAL WIRES

MAX.
TRADE TYPE OPERATING APPLICABLE
NAME LETTER TEMP. LOCATIONS INSULATION
Thermoset RHH 90°C Dry and damp
194°F
Moisture-resistant RHW 75°C Dry and wet; ozone- Flame-retardant,
thermoset 167°F resistant when > 2000V  moisture-resistant
applied thermoset
Moisture-resistant RHW-2 90°C Dry and wet Flame-retardant,
thermoset 194°F moisture-resistant
thermoset
Heat-resistant THHN 90°C Dry and damp (for use Flame-retardant,
thermoplastic 194°F in conduits) heat-resistant
retardant thermoplastic
Moisture- and THHW 75°C Wet Flame-retardant,
heat-resistant 167°F moisture- and
thermoplastic 90°C Dry heat-resistant
194°F thermoplastic
Moisture- and THWN 75°C Dry and wet (for use in Flame-retardant,
heat-resistant 67°F conduits) moisture- and
thermoplastic heat-resistant
thermoplastic
Moisture-resistant ~ TW 60°C Dry and wet Flame-retardant,
thermoplastic 140°F moisture-resistant
thermoplastic
Thermoset XHH 90°C Dry and damp Flame-retardant
194°C thermoset
Moisture-resistant ~ XHHW 90°C Dry and damp Flame-retardant,
thermoset 194°F moisture-resistant
75°C Wet thermoset
167°F
Moisture-resistant XHHW-2 90°C Dry and wet Flame-retardant,
thermoset 194°F moisture-resistant
thermoset
The letter translations are:
H indicates a maximum allowable temperature of 75°C; if not present, the maximum is 60°C.
HH indicates a maximum allowable temperature of 90°C.
HHW indicates a maximum allowable temperature of 90°C for dry locations and 75°C for wet locations.
N indicates a nylon sheath around the thermoplastic insulation.
R indicates thermoset insulation.
T indicates thermoplastic insulation.
W indicates suitability for wet and dry locations.
X indicates cross-linked polyethylene thermoset insulation.
—2 indicates allowable temperature of 90°C, wet or dry.
Source: NEC 2002, Article 310, Table 310.13, pp. 70-138 to 70-141.
. _____________________________________________________________________________________________________________________________________________________|
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The first half of Table 6-2 gives the values for copper wire separately from those for
aluminum and copper-clad aluminum in the second half. The ampacity ratings for alu-
minum and copper-clad aluminum are identical for all guages and temperatures. Many
of the same insulations are used on both copper and aluminum wires. Examination of
the table reveals that all insulated copper wire gauges have higher ampacity ratings
than comparable aluminum wire gauges for all insulations.

Table 6-2 assumes that not more than three of the current-carrying conductors list-
ed are located in one raceway or cable or buried together directly in the earth. A selec-
tion of correction factors for five ambient temperature ranges, from 21-25°C
(70-77°F) to 61-70°C (141-158°F), was taken from NEC 2002, Table 310.16. It will
permit reasonable estimates to be made of the ampacity values of individual insulated
wires at temperatures above and below the base ambient temperature of 30°C (86°F).
The complete NEC table includes 10 ambient temperature ranges, from 21-25°C
(70-77°F) to 71-80°C (159-176°F), for more precise ampacity estimates.

NEC 2002, Table 310.16, also includes wire gauges from 250 to 2000 AWG. A foot-
note reference to NEC 2002 Article 240.4(D) limits the maximum current permitted
in selected wires as follows:

14 AWG copper wire shall not exceed 15 A.

12 AWG copper wire shall not exceed 20 A.

10 AWG copper wire shall not exceed 30 A.

12 AWG aluminum and copper-clad aluminum wire shall not exceed 15 A.
10 AWG aluminum/copper-clad aluminum wire shall not exceed 25A.

Wire Insulation and Cable Coding

INSULATED WIRE CODING

The wire manufacturers’ wire markings give:

B Wire gauge

B Maximum voltage rating

B Insulation code (R for thermoset, T for thermoplastic, X for cross-linked polyeth-
ylene thermoset)

B Maximum temperature code (H for 75°C, HH for 90°C, nothing for 60°C)

B Abbreviation for sheath if present (e.g., N for nylon)

The identification codes for wires with thermoplastic insulation approved for use in
conduit are given in Fig. 6-2a for THHN and in Fig. 6-25 for THWN.

CABLE IDENTIFICATION AND CODING

Cables are identified by their wire gauge and the number of insulated wires they con-
tain. In addition, all cables have a grounding wire. The codes printed on the jackets of
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Wire Thermop|astic Nylon
gauge insulation gp?c sheath

12ZAWG BOOV T HH N |

(a)

AWG BOOY T H W N |

Maximum ¥ 75°C  Wet and dry locations

(b)
Figure 6-2 Codes printed on the thermoplastic insulation

identify the wire as suitable for use in conduit: (a) THHN;
(b) THWN.

181

the major classes of cable for lighting and power applications, service entrance (SE),
nonmetallic (NM or Romex), underground feeder (UF), flexible armored (BX or AC),

and metal-clad (MC) are given in Fig 6-3.
The code for SE cable shown in Fig. 6-3a provides the following information:

Cable type (e.g., service entrance)
Insulation code

Maximum voltage rating

Number and gauge of “hot” conductors
Number and gauge of ground conductors
UL listing

Year of manufacture

The codes on nonmetallic (NM) and underground feeder (UF) cable, as shown in

Fig. 6-3b and c, provide the following information:

B Wire gauge

B Number of conductors

B Presence of ground wire (W/G)

B Function (e.g., nonmetallic sheath or underground feeder)

B Maximum operating temperature (H for 75°C, HH for 90°C, none for 60°C)
B Identification of sheath, if present (e.g., N for nylon)

Service Entrance Cables

Service entrance cable, type SE, as shown in Fig. 6-3a, conducts power into the
building from the splice with the utility’s service cables. Standard SE cable has two
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Cable type Conductors
Aluminum voltage rating Ground conductors

ALTYPE SE CABLE STYLEU XHHW-2 600V 2CDRS&/0) 1CDR(2/0) UL 200

UL listed

1. X: cross-linked polyethylene jacket. Year manufactured
2. HH: conductor temperature rating of 90°C.

3. W cancels HH for wet location rating of 75°C,

4, -2: modifies W, restores temperature rating to 90°C.

(a)

With ground Nonmetallic
Wire gauge sheath Maximum ¥

(b)

- 2 WwW/G TYPE UF B 600v sunlight resistant

No. conductors /cable  Underground Sunlight protected
feeder

(cy
Figure 6-3 Codes printed on the jackets of cables identify them as:
(a) service entrance (SE), (b) nonmetallic (NM), and (¢) underground
feeder (UF).

insulated conductors and a bare ground wire. It is approved for powering 240-V AC
heat pumps and electric furnaces, but it cannot be used where an insulated neutral is
required. Two of the insulated cables are for the 240-V AC load and a return neutral
is for the 120-V AC load. SE cable is available in three different styles, U, R, and
USE, all rated for 600 V AC. The letter X on the insulation indicates that it is cross-
linked polyethylene.

NEC 2002, Article 338, “Service-Entrance Cable: Types SE and USE,” covers the
use, installation, and construction specifications for SE and USE cable.

Service entrance cable, type SE, style U, is a flat cable approved only for above-ground
use. It has two insulated conductors. Both are black, but one might have a red stripe for
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phase identification. The neutral is multistranded braid enclosing the two insulated con-
ductors. Conductors and braid are wrapped in glass-reinforced tape and jacketed in
polyvinyl chloride (PVC) pipe. The jacket is flame-retardant, moisture-resistant, and has
ultraviolet-resistant properties. It is available in AWG 6 and larger. U-style SE cable can-
not be used to power 120/240-V AC appliances such as electric dryers and stoves,
because these appliances require three insulated conductors and ground.

Service entrance cable, type SE, style R, is round cable that contains three insulated
conductors and a grounding wire. As with style USE cable, it is approved only for
above-ground use. The conductors are wrapped with glass-reinforced tape and enclosed
in a PVC jacket. It is available in AWG 6 and larger. R-style SE cable is approved to
feed 120/240-V AC loads such as electric clothes dryers and ranges, because it has
three insulated conductors with an additional bare grounding conductor.

Service entrance cable, type USE, is intended for underground service or for use
within conduit. It contains individual conductors that can be buried or placed in a con-
duit. The conductors are insulated with cross-linked polyethylene. This cable is avail-
able in AWG 6 and larger.

Nonmetallic Cables

Cables labeled 12/2 WG contain two insulated AWG 12 wires and a grounding wire.
Some commonly used cables suitable for use in 120/240-V circuits are described below.

Nonmetallic sheathed cable, type NM, shown in Fig. 6-3b, is widely used for indoor
wiring in dry locations such as bedrooms, family rooms, or kitchens. NM cable, also
called Romex, is available in a wide range of wires sizes with either two or three insu-
lated wires and a bare ground wire. Insulated and bare wires in NM cable are protected
with paper insulation and a thermoplastic jacket. This cable is sold as rolls in boxes of
25 to 250 ft of cable.

NEC 2002, Article 334, “Nonmetallic Sheathed Cable: Types NM, NMC, and
NMS,” covers the use, installation, and construction specifications of nonmetallic
sheathed cable.

Underground feeder cable, type UE shown in Fig. 6-3c, is used for wiring in damp
or wet locations including outdoor lighting circuits. It has two insulated wires and a
bare ground wire that are embedded in a white or gray solid-core vinyl sheathing to
protect against dampness or water seepage. Most local electrical codes allow UF cable
to be buried directly in the ground, and it is also suitable for use indoors in such loca-
tions as laundry rooms or built-in basements where the humidity can be high.

NEC 2002, Article 340, “Underground Feeder and Branch-Circuit Cable: Type UE,”
covers the use, installation, and construction specifications for UF cable.

Large appliance cable has either two or three insulated wires and one bare ground
wire embedded in a white or gray solid-core vinyl sheath. This cable is intended for
powering kitchen ranges, clothes dryers, and water or other electric heaters rated for 30
to 50 A that require No. 8 or 6 AWG wire. Its construction is similar to NM cable, but
its stranded copper wires make the cable easier to bend.
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Metal-Clad Cables

Flexible armored cable, type AC, shown in Fig. 6-4a, also called BX or Greenfield
cable, has either a steel or aluminum armor sheath that serves as a grounding pathway.
Its conductors are insulated with thermoplastic and individually wrapped with a waxed
paper jute. Available with from one to four conductors, it has a No. 16 AWG aluminum
bonding wire inside its jacket that runs its entire length and contacts the metal armor
to reduce its grounding resistance. Any short-circuited current flows through the metal
sheath back to the loadcenter.

NEC 2002, Article 320, “Armored Cable: Type AC,” covers the use, installation, and
construction specifications for AC cable.

Metal-clad cable, type MC, shown in Fig. 6-4b, has cither interlocking armor like
AC cable or a smooth corrugated-tube armor. Standard MC cable has either three or
four insulated No. 6 AWG or larger conductors. The bundle of conductors is wrapped
in paper or plastic. However, it is also available with more smaller-gauge conductors
and one bare grounding wire.

NEC 2002, Article 330, “Metal-Clad Cable: Type MC,” covers the application and
construction specifications for MC cable, and NEC 2002, Article 332, “Mineral
Insulated, Metal-Sheathed Cable: Type ML,” covers the use, installation, and construc-
tion specifications for type MI cable.

Bonding wire Separ_ation
matetrial

Spiral metal Antishort
armor bushing
(a)
Bare equipment
grounding E:;su‘ilifaaﬁecj
conductor

Aluminum Corrugated
armor polyester tape Insulated hot
conductors
(b)

Figure 6-4 Metal-clad cables: (a) flexible armored (AC);
(b) metal-clad (MC).
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Communications Cables

Communications cables are made to carry audio, video, and data signals for tele-
phones, TVs, and computers. These specialized cables are generally installed the same
way as power cables.

Coaxial cable can carry TV, video, and data signals. Its central conductor is insu-
lated by a dielectric material which is covered by conductive wire braid or metal foil
and then an insulating jacket. Coaxial cable is available in lengths up to 25 ft.

Telephone cable (also called station wire) can carry audio or voice signals between
telephones and answering machines, and data for fax machines and computer modems,
over the wired dial-up public telephone system. It is available in the following cables:

B Quad or four-wire, four-color (green, red, black, and yellow)

B Six-wire, six-color (green, red, black, yellow, white, and blue) wires configured as
three twisted-wire pairs

B Eight-wire, six-color (blue, red, green, and brown) banded wire, configured as four
twisted-wire pairs

These cables are discussed in greater detail in Chap. 9.

Metal and Nonmetallic Conduit

Indoor metal and nonmetallic conduit can keep dust and moisture out of wiring and
protect it from mechanical abrasion. Short sections can protect wiring close to the
floor used to power washing machines and clothes dryers in damp basements. These
sections must be anchored to masonry walls where there are no wood studs for sup-
porting them. Conduit is also used as vertical ducting between floors to ease the task
of pulling power and communications cables through floors. It will also protect all
power and communications cables in warehouses and other unoccupied storage build-
ings where there are no dry internal walls or ceilings.

THHN and THWN wire with thermoplastic insulation are approved for use in con-
duit. THHN wire, rated for a maximum operating temperature of 90°C (194°F), can
be used in both damp and dry locations, while THWN wire, rated for 75°C (167°F),
can be used in both wet and dry locations. Service entrance (SE) cable, underground
feeder (UF) cable, and nonmetallic (NM) cable can also be installed in conduit.

METALLIC CONDUIT

Metallic tubing, type EMT, is light, thin-wall metal conduit used primarily to protect
indoor wiring from physical abuse. It is easy to install, but its thin walls provide only
marginal protection from abuse. EMT is available in 10-ft lengths with diameters of
',,3%,, 1.0, 11/,, and 2.0 in. EMT !/,-in.-diameter conduit can hold up to six No. 14
AWG wires, five No. 10 AWG wires, or two No. 8 AWG wires.
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NEC 2002, Article 358, “Electrical Metallic Tubing: Type EMT,” covers the use,
installation, and construction specifications for EMT and associated fittings.

Intermediate metallic conduit, type IMC, has thicker walls than EMT and is galva-
nized so it is approved for exposed outdoor use, but it can also be used indoors where
greater protection against abuse is desired. IMC is connected with watertight threaded
or compression fittings, and is available in 10-ft lengths with /,- and 3/,-in. diameters.

NEC 2002, Article 342, “Intermediate Metal Conduit: Type IMC,” covers the use,
installation, and construction specifications for IMC and associated fittings.

Rigid metal conduit, type RMC, is actually pipe and provides the greatest protec-
tion for wiring, but it is expensive and requires threaded fittings. It is approved for
use in industrial, large commercial, and public buildings under all atmospheric con-
ditions and occupancies. Ferrous raceways and fittings protected from corrosion only
by enamel paint are approved only for indoor use and in places not subject to corro-
sive influences.

NEC 2002, Article 344, “Rigid Metal Conduit: Type RMC,” covers the use, instal-
lation, and construction specifications for RMC and its fittings.

Flexible metal conduit, type FMC, is approved for use in exposed and concealed
locations where rigid conduit is difficult to install. FMC is used to connect perma-
nently wired appliances such as water heaters, electric space heaters, and clothes dry-
ers, because it is easy to bend.

NEC 2002, Article 348, “Flexible Metal Conduit: Type FMC,” covers the use, instal-
lation, and construction specifications for FMC and its fittings.

Liquidtight flexible metal conduit, type LFMC, is approved for exposed or con-
cealed locations where conditions of installation, operation, or maintenance require
flexibility or protection from liquids, vapors, or solids. These conditions are defined
in NEC Secs. 501.4(B), 502.4, 503.3, and 504.20. LFMC is also permitted in other
hazardous locations where specifically approved, and by Sec. 553.7(B).

NEC 2002, Article 350, “Liquidtight Flexible Metal Conduit: Type LEMC,” covers
the use, installation, and construction specifications for LFMC and associated fittings.

NONMETALLIC CONDUIT

Electrical nonmetallic tubing, type ENT, is a nonmetallic round raceway that is corru-
gated. It is made of plastic that is resistant to moisture and chemical atmospheres, and
is also flame-retardant. ENT can be bent by hand with reasonable force to fit it in the
direction desired for the length of the run. It is available with diameters of '/, to 2 in.

NEC 2002, Article 362, “Electrical Nonmetallic Tubing: Type ENT,” covers the use,
installation, and construction specifications for ENT and associated fittings.

Rigid nonmetallic conduit, type RNC, is approved for many different locations that
are dry, damp, and wet as well as those subject to severe corrosive influences from
chemicals. It can also be used in concealed locations within buildings or underground.

NEC 2002, Article 352, “Rigid Nonmetallic Conduit: Type RNC,” covers the use,
installation, and construction specifications for RNC and associated fittings.

Nonmetallic underground conduit with conductors, type NUCC, is approved for
direct burial underground and encasement or embedding in concrete or cinder fill.
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Under certain conditions it can be buried in underground locations where it will be
subject to severe corrosive chemicals.

NEC 2002, Article 354, “Nonmetallic Underground Conduit: Type NUCC,” covers
the use, installation, and construction specifications for NUCC with conductors.

Liquidtight flexible nonmetallic conduit, type LFNC, is approved for use where con-
ductors must be protected from vapors, liquids, or solids and where flexibility is
required for installation, operation, or maintenance. Users are cautioned that some
types of LENC can become brittle in extreme cold and therefore susceptible to dam-
age from physical contact.

NEC 2002, Article 356, “Liquidtight Flexible Nonmetallic Conduit: Type LFNC,”
covers the use, installation, and construction specifications for LFNC and associat-
ed fittings.

Polyvinyl chloride (PVC) is a plastic resin used for extruding nonmetallic conduit in
diameters up to 1 l/2 in. If the conduit is treated to resist ultraviolet light, it is approved for
use where it is continuously exposed to the sun. Unlike metal conduit, PVC conduit does
not corrode when it is in contact with water or damp soil, and it does not need to be
painted. It can protect buried wires transitioning from below ground to above-ground desti-
nations. PVC conduit and fittings can be joined together to form assemblies with a solvent
glue similar to that used for PVC plumbing pipe. Because it is nonconductive, a grounding
wire is required within the PVC conduit. If used underground, it must be buried at a depth
of at least 18 in., but if it is covered by a concrete slab, the depth can be shallower.

Conduit Bodies and Fittings

CONDUIT BODIES AND COVERS

Conduit bodies are tubular hardware units with openings at each end to admit EMC
conduit and cavities that are large enough to give the installer access to the ends of
wires or cables so they can be pulled out and easily be redirected if necessary. These
bodies are available in different sizes and are made to perform such functions as join-
ing two sections of conduit to form either straight lengths or 90° bends.

Figure 6-5 illustrates six different conduit body styles and two different gasketed
cover styles for body cavities, all with tables giving the dimensions of those styles for
mating with standard conduit. Conduit bodies have threaded ports or openings for con-
duit and tapped holes for the screws to fasten the covers over the cavities to form
watertight seals when wire or cable arrangement is complete.

Conduit bodies are especially useful for making right-angle bends in stiff, heavy
conductor bundles or cable such as service entrance (SE) cable. For this reason they
are widely used in making service entrance connections. Conduit bodies are standard
commercial hardware items made from malleable iron or copper-free aluminum. The
iron bodies can be galvanized or painted with enamel to prevent rusting.

Sections 314.5, 314.16, and 314.17 of NEC 2002, Article 314, “Outlet, Device,
Pull, and Junction Boxes; Conduit Bodies; Fittings; and Manholes,” cover the
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C Conduit Body

Dimensions (inches)
C Conduit Bodies

Cor_xduit A B c D
size

c % 519 | 131 | 313 | 1.38
% 575 | 15 | 375 | 1.63

1 706 | 175 | 45 | 1.88

1% 813 | 25 6 2.5

1% 813 | 25 6 2.75

2 10 | 313 | 806 | 344

Dimensions and characteristics of C conduit bodies.

E Conduit Body

Dimensions (inches)
E Conduit Bodies

Coqduit A B c D
size

A 4.5 1.31 3.16 1.38

Y% 5.19 1.5 3.25 1.63

1 6.25 1.75 4.5 1.88

Dimensions and characteristics of E conduit bodies.

Dimensions (inches)

LB Conduit Body LB Conduit Bodies
Conduit
size A B C D E
% 45 | 131 [ 316 | 138 | 15
% 519 | 15 | 325 | 163 | 1.63
1 625 | 1.75 | 45 | 1.88 | 2.09
1% 806 | 25 | 606 | 253 | 2.22
A 1% 806 | 25 | 606 | 275 | 2.38
2 10 | 313 | 813 | 344 | 263
21 13 | 444 | 105 | 444 | 3.88
lti 3 13 | 444 | 105 | 444 | 388
) 3% 1575 | 55 | 1325 | 55 | 456
4 1575 | 55 [ 1325 | 55 | 459
5 2025 | 7.38 | 16.19 | 725 | 5.25

Dimensions and characteristics of LB conduit bodies.

Figure 6-5 Dimensions and characteristics of LB conduit bodies and covers.
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LL Conduit Body

Dimensions (inches)
LL and LR Conduit Bodies

Cor_’ndmt A B C D E
SiIZze

¥ 4.5 1.31 3.16 1.38 1.5

% 5.19 1.5 3.25 1.63 1.63

LR Conduit BOd\/ 1 6.25 1.75 4.5 1.88 2.09
1 C 1% 8.06 25 6.06 253 2.22

1% 8.06 25 6.06 | 2.75 2.38

2 10 3.13 8.13 | 3.44 2.63

Dimensions and characteristics of LL and LR conduit bodies.

T Conduit Body
c Dimensions (inches)
T Conduit Bodies
Conduit| o | g | c | D | E

size

1% 519 | 1.31 313 | 138 | 156
% 575 | 1.5 375 | 163 | 1.63
1 7 1.75 45 | 188 | 213
1% 869 | 25 6 238 | 225
1% 813 | 25 6 275 25
2 10 | 313 | 806 | 344 | 2.19

Dimensions and characteristics of T conduit bodies.

Figure 6-5 (Continued)
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Flat Conduit-Body Cover

Dimensions (inches)

jo— [0 —

° ) Flat Body Covers Domed Body Covers
| A A B A B
3.9 1.31 388 | 1.3t
5 d-Ton Conduit-Body C 463 | 15 459 | 1.5
omed-Top Conduit-Body Cover s3s | 175 538 | 175
725 | 25 725 | 25

14.88 5.5 14.88 5.5
18.25 7.31

T 9.5 3.13 9.56 3.13
() o] B
l 1225 | 4.44 12.25 4.44
f A

Figure 6-5 (Continued)

installation and use of conduit bodies. The maximum number of conductors per-
mitted (fill) in the conduit or tubing to which the bodies are attached is given in
Chapter 9, Table 1, of NEC 2002. Conduit bodies must be durably and legibly
marked with their volumes by the manufacturer to be approved for containing
splices, taps, or other devices.

CONDUIT CONNECTORS, COUPLINGS, AND FITTINGS

Many different kinds of connectors, couplings, and fittings are made for coupling
or connecting similar or dissimilar lengths of conduit and making connections
between conduit and various types of electrical boxes. They are made from materi-
als such as zinc-plated steel, malleable iron, aluminum, die-cast zinc, and nylon.
Conduit connectors and couplings are made in accordance with Underwriter’s
Laboratories, Inc. (UL) standards and are also certified by the Canadian Standards
Association (CSA). Connections can be made by set screws, compression methods,
or screw-down clamps.

Figure 6-6 is a gallery of a representative illustrations of conduit connectors, cou-
plings, and related fittings accompanied by short tables giving their dimensional data.
Most of the connectors illustrated are for EMT conduit, but illustrations and tables are
given for liquidtight straight and angled connectors, connectors for type B conduit,
and connectors for flexible metal conduit and armored cable.

The dimensions given in the tables are based on information provided by several
manufacturers and should be used for reference only. A complete directory of com-
mercial conduit fittings is beyond the scope of this handbook. The reader is advised to
consult the latest manufacturers’ catalogs for styles and dimensions of conduit hard-
ware now being manufactured, because the product offerings are subject to change.

(Text continues on p. 2()4.)

TLFeBOOK



CONDUIT BODIES AND FITTINGS

191

EMT SET SCREW CONNECTORS

B
E D *‘.‘
o
F G [
v 0
—f Uninsulated connector
2-1/2* - 4" SIZES L_ A _’I
2 SET SCREWS
45* APART 1* OR SMALLER
SINGLE SET SCREW
2 SCREWS IN LINE
DIMENSIONS (inches)

A B Thd. Spec. C D E Set Screw F G
157 | 47 1%-14 NPS .63 .78 Tri-drive, 12-24 x .25 in 2.22 72
163 | .34 %-14 NPS .81 .91 Tri-drive, 12-24 x .25 in 1.06 .94
.88 .39 1-11% NPS | 1.03 1.16 Tri-drive, 12-24 x .25 in 1.28 1.19
234 | 63 | 114-112NPS | 1.38 1.41 |HexHead/Slot .25-28 x .31| 1.72 11.22
259 | .63 | 12112 NPS | 1.58 15 Hex Head/Slot .25-28 x .31| 1.94 1.75
247 | .63 2-11% NPS | 2.06 1.78 |Hex Head/Slot .25-28 x .31| 2.42 2.22
294 | .94 | 2%5-11% NPS | 2.56 1.88 Hex Head .31-24 x .34 3.22 2.92

EMT SHORT 90° COMPRESSION CONNECTORS
D
E j—
_.I DIMENSIONS (inches)

| A B (& D

\m 1.13 .78 1.28 122
F 1.38 94 1.59 1.47

\““ —f 1.67 1.69 1.97 1.56

¢ E Thread Spec. F
L 5 %-14 NPT .63

.56 %-14 NPT .81
L- B _.I 5 1- 11.5 NPT 1.03

Figure 6-6 Gallery of drawings and dimensions of conduit connectors, cou-

plings, and straps.
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EMT COMPRESSION CONNECTORS

L———I

DIMENSIONS (inches)

A | B | Thd.Spec. | C D E F
288 | .44 | ®-14NPS 63| 113 | 72 | 125
275 | 44 | %14NPS 63 | 138 | .94 94
144 | 34 | %-14NPS 83 | 167 | 117 | 108
2 39 | 1-115NPs | 1.03 | 219 | 153 94
2 56 | 1%4-115NPS | 138 | 244 | 175 | 1.08
231 | 63 | 1%-115NPS | 161 | 288 | 222 | 1.75
25 | 63 | 2-11.5NPs | 206 | 394 | 294 | 1.69

EMT SET SCREW OFFSET CONNECTORS

A

F —{ D DIMENSIONS (inches)
A B (o D E

2.1 .95 72 .38 30°
1.16 .94 44 30°

A

| 10-24 x .31 in 63 % - 14 NPS

| :
B C F G Screw Type
Py

=

Figure 6-6 (Continued)
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EMT SET SCREW CONNECTORS

45° [+*D >} E EMT Set Screw
Coupling
tt
CB
]
2172 - 4* SIZES L— A —DI
2 SE"I' SCREWS
iEy il 1 SCREW BOTH ENDS
.“gr 1-1/4*TO 2*
LoRRME aniiedtws
DIMENSIONS (inches)
A B C D Thread Specs.
1.75 92 .78 .88 Tri-Drive 12-24 x Y,
1.97 1.08 1.31 .97 Tri-Drive 12- 24 x Y
1.88 1.28 1.19 .88 Tri-Drive 12-24 x 1,
2.69 1.70 1.53 1.30 Hex Head/Slot: ', -28x .31 in
2.88 1.94 1.75 1.39 Hex Head/Slot: ', -28x .31 in
3.44 2.42 2.22 1.67 Hex Head/Slot: %, -28 x .31 in
3.86 3.22 2.45 15 Hex Head/Slot: .31 in -24x .34 in

EMT COMPRESSION CONNECTORS

E F
EMT Compression
Offset Connector |
B C — —f
_> D
-t A >

Figure 6-6 (Continued)

DIMENSIONS (inches)

A B (o D
2.16 1.09 72 .38
2.89 1.31 .95 44
3.03 1.63 1.18 .56

E F THD. Spec.
.88 .63 - 14 NPS
75 .81 % -14 NPS
75 1.05 1-11%NPS
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EMT 90° SET SCREW ELL CONNECTORS

<

N
4
'Y

<|'_

T N
¥
> e

DIMENSIONS (inches)

A B C D E F Screw Type
113] .72 | 10-24x.31 |1.88| .38 | .63 %-14NPS-Siotted
1.34| 94 | 10-24x.31 |2.19| 44| .81 %-14NPS-Siotted

EMT 90° SET SCREW ELL COUPLINGS

T
>

DIMENSIONS (inches)

[o]

T
v

A B C D Screw Type
1.13 71 |10-24x.94 | 1.88 | [Siotted, female to female
1.34 .94 10-24 x .94 | 2.19 Slotted, female to female
163 | 1.19 [10-24x.94 | 313 | [Slotted, female to female

Figure 6-6 (Continued)
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EMT COMPRESSION COUPLINGS

«— b0 —> DIMENSIONS (inches)
A B c D
T (/ _\ 1.66 1.13 72 75
Oollo 1.72 1.38 94 69

B ¢ il 1.97 1.67 1.17 94
l V 0 \QM 2.13 2.19 1.53 1
__J 2.56 2.44 175 1.13

2.88 2.88 2.22 1.28
4.75 3.94 2,94 2

EMT TO RIGID COMPRESSION COUPLINGS

j¢—— ¢ —»
DIMENSIONS (inches)
A B [of D E
T | _f 1.16 .75 1.34 1.13 72
A B E D 1.44 .99 1.53 1.38 .94
l | _+_ | 1.66 1.22 1.63 1.67 1.17

DIMENSIONS (inches)

je— F —>»] G G
e A B c D E
_%‘: 231 | 1 .88 88 | 72
~ 263 | 125 | 1.08 | 1.11 94
316 | 150 | 1.34 | 1.34 | 1.19
. 3| [ a

78 | V4- 28 x %, Hex head screw

P

—— A ———» .84 | V4- 28 x %, Hex head screw
1.06 |%- 28 x %, Hex head screw

Figure 6-6 (Continued)
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EMT ONE-HOLE PUSH-ON STRAPS

A

DIMENSIONS (inches)

ﬁi )}} i A B c D E
E
] 1.63 75 | .25 71 63
219 | 1 28 | 92 | .3
— T 256 | 128 | 28 | 1147 | .75
{z ] 3} B 313 | 164 | 28 | 153 | .88
1 363 | 189 | 34 | 175 | 1
| | 444 | 239 | 34 | 219 | 143
. A . 531 | 306 | 66 | 288 | 125
EMT TWO-HOLE STRAPS
DIMENSIONS (inches)
c , A B c D
T 625 | 2140 | 1625 | 706
{G? ’@ GB>’ A 625 | 2288 | 1715 | .922
A 4 750 | 2750 | 2.140 | 1.163
¢ — E F G
A e 750 | .032x.625| .87
31 1015 [.032x.625 | .187
|_ | 1 1235 |.036x.750 | .250
. B |

EMT MALLEABLE IRON STRAPS

Figure 6-6 (Continued)

DIMENSIONS (inches)

B (o D E

6.44 3.28 .66 2.88 1.81

7.50 4 .66 3.50 2

8.13 45 .83 4 2.13

8.88 5.56 .75 4.50 2.25
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LIQUIDTIGHT STRAIGHT INSULATED/

UNINSULATED STEEL CONNECTORS DIMENSIONS (inches)

Trade Size A B o
%in 1.06 59 1.44
T K%in 1.19 .59 1.44
A % in 1.19 59 1.56
1in 1.69 66 1.69
l 1% in 2,06 63 2.03
1%in 2.38 63 2.03
2in 2.88 66 2.28

— B e 2% in 3.63 1 35
“ ¢ > 3in 4.31 1 3.75

LIQUIDTIGHT 45° INSULATED/

UNINSULATED CONNECTORS DIMENSIONS (inches)
D Trade A B c D
b %in 1.06 59 1.19 1.28
I %in 1.19 .59 1.19 1.28
l ¥ in 1.38 .59 1.19 1.44
1in 1.69 .66 1.38 1.53
1% in 2.06 .63 1.42 1.69
{ 1% in 2.38 .63 1.66 2
y / 2in 2.88 .66 1.69 2.25

LIQUIDTIGHT 90° INSULATED/

UNINSULATED IRON CONNECTORS
DIMENSIONS (inches)

T Tade | A B c D
A N 3 in 1.03 56 1.31 1.44
l \ T %in 1.19 56 1.31 1.44
I | c % in 1.38 59 1.44 1.63
} 1in 1.69 66 1.78 2.19
B % l 1% in 2.06 .63 1.97 2.50
¥ 1%in | 238 63 2.19 2.69
2in 2.88 66 2.53 3.25
le——— 0 —» 2%in | 3.63 1 313 4.25

Figure 6-6 (Continued)
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LIQUIDTIGHT STRAIGHT INSULATED

IRON CONNECTORS WITH GROUND LUGS

DIMENSIONS (inches)

T =] Tade | A B c D
b %in 1.06 59 1.44 78
%in 1.19 59 1.44 78
l %in 1.19 59 1.56 78
( 1in 1.69 66 1.69 78
I 1% in 2,06 63 2.03 78
A | 1%in 2.38 63 2.03 78
2in 2.88 66 2.28 78
l 2% in 363 | 1 35 117
k— & —» 3in 4.31 1 3.75 1147
L c . 3%in a75 | 1 3.75 1.89
4in 5.31 1 3.75 1.89
LIQUIDTIGHT 90° INSULATED/
UNINSULATED IRON CONNECTORS
WITH GROUND LUGS DIMENSIONS (inches)
f Tade | A B c D £
E %in [ 103 | 56 | 1.31 | 144 78
l yin [ 119 | 56 [ 131 | 144 | 78
T yin | 138 | 59 | 144 | 163 | .78
A N \ 1in | 163 | 66 | 1.78 | 219 | .78
1yin | 206 | 63 | 197 [ 250 | .78
l \ \ tyin | 238 | 63 [ 219 | 260 | 78
— 2in | 288 | 66 | 253 | 325 | 78
5 2yin | 363 |1 313 | 425 | 147
{ 3in | 431 |1 369 | 488 | 117
ayin | 475 |1 — — | 189
e— b 4in | 531 |1 419 | 563 | 189

Figure 6-6 (Continued)
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STRAIGHT MESH-INSULATED THROATS

DIMENSIONS (inches)

g A B c D
| ¢— C —»j¢—— D

\ %in 1.06 59 | 144 | 3

—> B |'— %in 1.19 59 144 | 35
T ¥ in 1.38 59 | 156 | 4
A 1in 1.69 66 | 169 | &
l 1%in 2.06 63 | 203 | 6
1%in 238 63 | 222 | 675

2in 288 66 | 228 | 8

STRAIGHT NYLON CONNECTORS
(FOR TYPE B CONDUIT)
. DIMENSIONS (inches)

wla e (o]0 ] 5] 4

%in [114] 183 | 57| 42 1.41 | 130

T M — win [1.30] 214 | 57 [ 55] 1.41 | 1.30
A ] = - D vin |153] 222 | 58| 74| 1.85 | 153
l —3 1in [1.80] 232 | 72| 96| 1.94 | 180
1yin |220] 215 | 74 [1.30] 2.38 | 2.18

_J 1yin (249 | 235 | 76 | 1.45] 263 | 2.43

. S 2in | 305 | 251 | 79 [1.90] 313 | 2.93

90° NYLON CONNECTORS
(FOR TYPE B CONDUIT)

e B »l

DIMENSIONS (inches)

[—— > —

N / E Trade
Size
LT ‘ P

E E

A B ¢ D | ac | aF

. 114 | 226 | 57 | 42 | 1.41 | 130
221|357 | .74 | 1.30 | 2.38 | 2.18

=

ol T

Figure 6-6 (Continued)
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MULTIPOSITION NYLON CONNECTORS

(FOR TYPE B CONDUIT)

DIMENSIONS (inches)

Trade B c
Size A/C AF
Y%in 3.27 57 1.41 1.30
% in 3.66 .58 1.65 1.53
1in 4.00 72 1.94 1.80
Trade Size D F
%in 1.30 1.43 2.00
¥%in 1.53 1.59 2.23
1in 1.80 1.84 2.30

FLEXIBLE METAL TO EMT
CONDUIT CONNECTORS

®

Figure 6-6 (Continued)

DIMENSIONS (inches)

A B C D E
163 | 1.08 75 | %-14NPT | 1.66
1.88 | 1.22 97 |%-14NPT | 1.78
219 | 1.5 1.22 | 1-11.5 NPT | 1.81
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STRAIGHT SQUEEZE CONNECTORS
(FOR FLEXIBLE METAL CONDUIT)

DIMENSIONS (inches)

le— A —» B
D A B Thread C
B Spec.
.94 Al ¥%-14 .34
1.44 41 ¥ -14 .63
—L 1.56 44 %-14 81
¢ 1.75 56 1-11% | 1.08
3 2 83 | 1x-11% | 1.31
D E F
INSULATED / UNINSULATED 41 -53-.66 1.06
A = Qverall length .50 .84 - .97 1.38
B = Thread length and thread specifications
C = Throat inside diameter .66 .87 -1.16 1.59
D = Length to conduit stop
E = Clamping range .56 1.19-1.44 1.84
F = Maximum width of body 119 1.47 -1.69 213
90° SQUEEZE CONNECTORS
(FOR FLEXIBLE METAL CONDUIT)
A B Thread Specs.
A
F b 2 .56 % -14 NPT
r 2 .56 ¥% - 14 NPT
L 213 .50 ¥% - 14 NPT
E 2.88 63 | 1-11% NPT
| _{ 4.88 .63 15 - 11)% NPT
B 5.06 .63 1% - 11% NPT
6.5 .66 2-113% NPT
—J c L— c D E F
.622 75 1.38
.622 .88 44 2
INSULATED / UNINSULATED
A = Overall length 822 1 219
B = Thread length and thread specifications 1.05 1 to 3.38
C = Throat inside diameter
D = Length to conduit stop 1.38 1.06 2.75
E = Clamping range
F = Maximum width of body 1.61 1.63 3.13
2.07 1.88 3.56 3.63

Figure 6-6 (Continued)
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STRAIGHT SCREW-IN CONNECTORS
(FOR FLEXIBLE METAL CONDUIT)

[EE— D le——

DIMENSIONS (inches)

—-| B f¢— Thread
A B Spec. C D
" A [— 1.39 44 | %-14 | 56 .78
UNINSULATED, DIE-CAST ZINC 138 | 88 | k14| 63 [ 78
1.59 .50 ¥%-14 .81 97

STRAIGHT SCREW-IN COUPLINGS
(FOR FLEXIBLE METAL CONDUIT)

—» c j—
U B
“ “ﬁ “ “
DIMENSIONS (inches)
l——— A —> A B C
1.80 .56 .81
UNINSULATED, DIE-CAST ZINC 1.20 75 1
STRAIGHT SET SCREW CONNECTORS
(FOR FLEXIBLE METAL CONDUIT)
E
F G 4 = ﬁv c
l | “é“ —T— DIMENSIONS (inches)
Thread
A B Spec. ¢
«— D —» B 1.48 .38 %-14 .63
e A D E F G
103 |832xy| 1.16 .94

UNINSULATED, DIE-CAST ZINC
Figure 6-6 (Continued)
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STRAIGHT SET SCREW CONNECTORS
(FOR FLEXIBLE METAL CONDUIT)

b
_.| B Je——ou

| A -+

DIMENSIONS (inches)

A

B

Cc

D

A3

44

.38

10-24 x %

DUPLEX CLAMP-TYPE CONNECTORS
(FOR FLEXIBLE METAL CONDUITS)

DIMENSIONS (inches)

A

B

Cc

D

1.56

1.66

.13 -.56

FLEXIBLE METAL TO EMT
CONDUIT CONNECTORS

< B >

®)
T _g
b B}

Figure 6-6 (Continued)

DIMENSIONS (inches)

[

D

1.25

1.31

1.1

72

.53-.63

1.50

1.75

1in

72

.81-.94

1.76

1.83

1.38

.94

1-1.13
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ARMORED CABLE SET SCREW
CONNECTORS

o

DIMENSIONS (inches)
———| B —— A B c D

— A — 1.06 | .59 34 | 10-24x y

ARMORED CABLE CLAMP-TYPE

CONNECTORS
E \ \ )
D C
_T_ _T_ DIMENSIONS (inches)
Thread
A B Spec. c
'|B 84 38 | yux14| .38
A
D E
16-.63| 1.19

Figure 6-6 (Continued)

Electrical Boxes

NEC 2002, Article 314, “Outlet, Device, Pull, and Junction Boxes; Conduit Bodies;
Fittings; and Manholes,” requires that wire connections or cable splices be contained
inside approved metal or plastic boxes. This provision is intended to shield wood
building framing members or other adjacent flammable objects from electrical sparks
should the wiring be defective. Boxes also protect people from accidental electrical
shock and keep moisture and dust out of wire connections or splices.

The outlet, device, pull, and junction boxes that must be sized, selected, and used in
accordance with the latest NEC are classified by application. Boxes with supports are
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required in vertical raceways where the weight of the cable would place excessive
strain on the conductor terminals. These conduit-support boxes are common in high-
rise buildings, where heavy feeder conductors are used. Most electrical boxes are
made from sheet steel and have a painted or galvanized finish, but some are made of
cast iron, aluminum, PVC, or clear polycarbonate.

JUNCTION AND PULL BOXES

Junction and pull boxes provide access points for pulling and feeding conductors into
a raceway system. Their use is mandatory in conduit runs where the number of bends
between outlets exceeds the maximum number permitted by the NEC. Among the
many standard commercial products available are the following:

B Metal surface-mounted pull boxes finished with gray enamel paint are available
with or without knockouts. Widths and heights are from 4 to 24 in., and depths are
from 4 to 8 in. These boxes include covers attached with screws.

B Galvanized metal surface-mounted pull boxes are available with or without knock-
outs. Widths and heights are from 4 to 36 in., and depths are from 4 to 12 in. These
boxes also include covers attached with screws.

B Metal junction pull boxes with hinged covers, finished in gray enamel, are also
available with or without knockouts Widths are from 4!/, to 24 in., heights are from
5 to 12 in., and depths are from 3 to 6 in.

B Moisture-proof, gasketed boxes with metal screw-on covers, finished in gray enam-
el, do not have knockouts. Widths and heights are from 6 to 12 in., and depths are
from 4 to 6 in.

B Double-door metal transformer cabinets, finished in gray enamel, do not have
knockouts. Widths are 36 in., heights are 30 to 36 in., and depths are 10 in.

OUTLET BOXES

The NEC 2002, Article 314, “Outlet, Device, Pull, and Junction Boxes; Conduit
Bodies; Fittings and Manholes,” requires that outlet boxes with the correct fittings be
installed at the following locations:

B Each conductor splice point

B Each outlet, switch point, or junction point

B Each pull point for the connection of conduit and other raceways
B Transitions from conduit to open cables

A wide variety of standard metal and nonmetallic electrical or outlet boxes are avail-
able commercially for installing switches and receptacles, connecting lighting fix-
tures, and protecting splices. Only the most commonly used boxes and their features
are discussed and illustrated in this chapter. These are the rectangular and square metal
and plastic boxes for wall switches and duplex receptacles and the octagonal and
round electrical boxes for making wire connections to ceiling or wall luminaires. All
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of these electrical boxes are available in different depths. The boxes used must be deep
enough to permit switches and receptacles and their wiring to be inserted and removed
easily without crimping or damaging the wires. This applies as well to boxes used to
suspend luminaires.

Because so many different manufacturers offer these electrical boxes, the reader is
advised to consult the latest manufacturers’ catalogs for more details than can be given
here. In addition to depth, boxes are available with different numbers of knockouts
(KOs) or pryouts (POs) to accommodate different arrangements for switch levers, con-
trol knobs, receptacle sockets, or other devices.

Product lines are changed in response to customer demand, and manufacturers drop
products lines that are no longer sold in large enough quantities to be profitable. The
boxes listed below are readily available in hardware and electrical supply stores today.

Rectangular (3-in. X 2-in.) metal and plastic boxes are intended for installing a sin-
gle switch or a duplex receptacle. Also called device boxes, they are normally mounted
vertically in walls by fastening them to wall studs in new construction. A 3-in. X 2-in.
rectangular metal switch box with a detachable side is shown in Fig. 6-7. This box has a
depth of 21/2 in. and a volume of 12.5 in.*>. Boxes with depths of 2.75 in. have minimum
volumes of 14 in?, and those with depths of 3!/, in. have minimum volumes of 18 in.’.

These 3-in. X 2-in. boxes can be ganged together with matching boxes to provide a
single box with twice the volume. After removing the opposing removable sides of
each box, they are fastened together with screws to form one rigid unit. Ganged boxes
can accept two switches or two duplex receptacles with their associated wiring.

Rectangular switch boxes are available with the following features:

B Gangable or nongangable

M Depths of 1!/, to 3!/, in., 2.56, 2.75, and 3.50 in.
B Nonmetallic (NM) and armored cable clamps

lt—— 2.500" —

3.00"

Figure 6-7 Metal 3-in. X 2-in. gangable device box
sized for a single switch or duplex receptacle has a
volume of 12.5 in.%.
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B Beveled back corners on some configurations
B Screw-driven flexible expansion clamps for installing the boxes in drywall cutouts

Metal 4-in. X 2.125-in. utility “handy” boxes are used for mounting switches and
receptacles. The box shown in Fig. 6-8 has a depth of 1.875 in. and a volume of 13 in’.
It has six knockouts (KOs), two each on the sides and back. Handy boxes are deep-
drawn from a single sheet of steel and galvanized for protection. Some have attached
mounting straps. There are also handy boxes with square corners and nine KOs. They
are 1.5 in. deep and have volumes of 11.5 in.%.

Plastic 2’4 -in. X 414, -in. rectangular boxes for mounting switches or duplex recep-
tacles can only be used with nonmetallic (NM) cable. An example of a box with four
NM cable clamps is shown in Fig. 6-9. This plastic box, nominally sized 3 in. X 2 in.,
has a volume of 5.5 in.’. It is intended for use where circuits are being extended in
houses with finished walls. A cutout is made in the gypsum wallboard, and the wire or
wires to be connected are fished out and clamped within the box. The box is then
inserted in the cutout and the swing-out clamps on the top and bottom of the box are
extended by turning the screws in the linkage to clamp the box securely to the back
side of the wallboard.

These so-called retrofit boxes are popular after-market items that can be installed in
finished rooms to add new switches or receptacles. Their use avoids removing and later
replacing drywall sections to expose the wall studs needed for anchoring the boxes.

However, there are 3-in. X 2-in. plastic boxes with preattached nails in bosses
directed at an angle for fastening the boxes to studs in new construction. The NEC
requires that all wall switches installed in any of these plastic boxes have grounding
SCTews.

Square metal boxes measuring 4 in. X 4 in. and 4'!/,; X 4!/, - in. are large enough
to gang two switches or two duplex receptacles in one box or to protect cable splices.
A 4-in. X 4-in. box with a depth of 1.5 in. is shown in Fig. 6-10. This box has a min-
imum volume of 21.0 in.’. The box shown has 17 conduit KOs.

Square boxes are also normally mounted vertically in walls by nailing them to studs
during original construction. A wide selection of cover plates is available for these

’<7 2.125" e— 1,875 "—»|
= 4 B

4.0“

Figure 6-8 Metal utility
3-in. X 2-in. device box
has a volume of 13.0 in.2.
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e 2-1/4"* 4-1 ’47 2-7/8"— &

4-1/4"
3-9/16"*

Knockouts (4)

Swingout clamps (2) —

* Cutout dimensions

Figure 6-9 Plastic 4-in. X 3-in. switchbox for positioning
in a wallboard cutout is fastened with swingout clamps. It
has a volume of 5.5 in®.

i= 4.00" -

Figure 6-10 Metal 4-in.
X 4-in. device box with a
volume of 22.5 in.% can
contain two switches or
duplex receptacles.

boxes, with different cutouts to admit the toggles of strap-mounted switches or to
expose both outlets of strap-mounted dual receptacles. Single switches or duplex
receptacles can be installed in these boxes if an adapter cover plate with a centrally
located cutout is used.

Square 4-in. X 4-in. box depths range from 11/4 to 21/8 in. with corresponding minu-
mum volumes from 18 to 30.3 in.>. Another series of square 4!!/, -in. X 4!/, -in. metal
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boxes has depths from 1/, to 2!/ in. Their corresponding minimum volumes are from
25.5 to 42.0 in.’. These boxes typically have from 13 to 17 conduit knockouts, mount-
ing straps or brackets, and clamps for nonmetallic armored cable. Molded plastic
square 4-in. X 4-in. boxes with fittings for nailing them to wall studs are also available.
They must meet the same grounding requirements as all other plastic switch boxes.

Octagonal metal 4-in. X 4-in. boxes, as shown in Fig. 6-11, are intended for contain-
ing wire connections for ceiling luminaires. These boxes are conventionally measured
diagonally, where their actual dimensions are 4 in., but they have nominal 4-in. dimen-
sions when measured between their flat sides. They can be fastened to ceiling joists or
studs with nails or screws, or can be supported by telescoping metal braces that extend
to fit between adjacent joists. These boxes are frequently used to support luminaires if
there are studs or hickeys in the box, on the box covers, or on cross straps.

Industry standard octagonal metal boxes have depths of 1'/,, 1'/,, or 2/, in., with
corresponding minimum volumes of 12.5 to 21.5 in.%.

Among the choices available for octagonal metal electrical boxes are

Five different internal cable clamps and an internal armored cable clamp
Single- or dual-screw plaster ears

Five or nine !/,-, ¥/,-, or 1-in. conduit knockouts

Grounding clips or screws

Adjustable bar hangers with stud or fastener

A choice of attached straps or brackets

10-32 tapped holes for grounding screws

Extension rings that add 15.8 in.’ to the octagonal box volume

Round ceiling pan boxes with diameters of 31/4 in. have applications similar to those
of octagonal boxes because they can be mounted on walls or ceilings to support light
fixtures. Round boxes with depths of 0.5 in. have volumes of 4 in.%, and those with
depths of 0.75 in. have volumes of 5.5 in.’. A choice of internal cable clamps is offered
with these boxes, and they can accept round covers that fit both round and octagonal
boxes. Plastic versions of these boxes are also available.

i= 4,00" -.=i

Figure 6-11 Octagonal
metal box with a volume of
15.8 in.? can contain wiring
for a ceiling luminaire and a
yoke or strap with a stud to
support it.
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Outlet Box Wiring

NEC 2002, Section 314.16, “Number of Conductors in Outlet, Device, and Junction
Boxes, and Conduit Bodies,” covers the limitations on the contents of any electrical
box including conductors or fittings to assure that the boxes will not be overloaded and
present a fire or shock hazard. These requirements are based on the cross-sectional
area of conductors in relation to the size of the box, fitting, or raceway system. The
maximum number of conductors permitted in standard outlet boxes is listed in NEC
Section 314.16, and Table 314.16 lists a wide selection of standard metal boxes and
states the maximum number of conductors allowed.

B Part (A), “Box Volume Calculations,” defines the volume of a wiring enclosure or
box. The calculations must take into account the volume of the box as well as the
volume of any extensions such as domed covers or extension rings.

B Part (B), “Box Fill Calculations,” describes the method for determining how much
volume (fill) may be occupied by conductors, clamps, support fittings, devices
(switches or receptacles) or equipment, and equipment grounding conductors.

B Part (C), “Conduit Bodies,” covers enclosing No. 6 AWG or smaller conductors and
requires that the maximum number of conductors be computed. (See also “Conduit
Bodies and Fittings,” in this chapter.)

Table 6-3 is a simplified table derived from NEC Table 314.16(A) to focus on the dimen-
sion and maximum number of conductors for eight common metal boxes. Both Table 6-3
and the NEC table apply only where all the wires in a given box are the same size, and the
boxes contain no fittings such as internal cable clamps, luminaire studs, grounding con-
ductors, equipment bonding jumpers, clamps, switches, or receptacles. They also assume
that grounding conductors are not part of the wiring within the box. If any of these items
is present, a number must be deducted from the number of conductors listed.

NEC Section 314.16 also states that ganged boxes must be treated as a single box
with a volume equal to the sum of the volumes of its two sections. The same rules
apply to wires in boxes using any wiring method: conduit, EMT, BX, or NM cable.

The following information summarizes the deductions allowed from the specified
wire count for each box volume.

B Each conductor coming into a box and connecting to a wiring device counts as one
conductor.

Each strap-mounted device such as a switch or receptacle counts as two wires.
One or more ground conductors count as a single conductor deduction of the size
of the largest ground conductor.

Isolated ground conductors count as one conductor.

Unbroken wires running through the box count as one wire.

Each conductor coming into a crimp or twist-on splice device counts as one wire.
One conductor deduction must be made for one or two cable clamps. Moreover,
even if one clamp is left unused, it counts as one wire.

Each hickey or luminaire stud in the box counts as one conductor.

TLFeBOOK



WALL-MOUNTED AC SWITCHES 211

TABLE 6-3 ELECTRICAL METAL BOX CONDUCTOR CAPACITIES

MINIMUM MAXIMUM NUMBER OF
BOX TRADE VOLUME CONDUCTORS IN BOX
SIZE (in.) (in) 14 AWG 12 AWG
4 X 11/4 Octagonal 12.5 6 5
4 x 21 Octagonal 215 10 9
3x2x1Y, Device 7.5 3 3
3x2x2Y, Device 125 6 5
3x2x 3, Device 18.0 9 8
4x 25 x 1, Device 10.3 5 4
4 x 2V x 17/ Device 13.0 6 5
4 x 2V x 21/ Device 14.5 7 6
Grounding and pigtail wires are not counted.
Source: NEC 2002, Table 314.16(A), p. 70-166.

The sample calculation here is based on the use of a 3-in. X 2-in. metal device box
with a depth of 3!/, in. As indicated in Table 6-3, a maximum of nine No. 14 AWG
conductors are permitted, a requirement that can be met if the fill in the box consists
of two 14/2 NM cables, each containing two insulated 14 AWG wires and one bare 14
AWG ground wire, one cable clamp, and one strap-mounted duplex receptacle.

The total is determined as follows:

4 No. 14 AWG insulated wires 4

2 No. 14 AWG ground wires 1

1 strap-mounted receptacle 2

2 cable clamps 1
Total 8

This fill meets the requirements of NEC 2002 Article 314.16.

If for some reason the box will contain conductors with different wire gauges—say,
12 and 14 AWG—Table 314.16(B), “Volume Allowance Required per Conductor,”
permits an alternative method for calculating fill. It gives the free space in in.* and cm®
within the box occupied by conductors sized from 18 to 6 AWG.

Wall-Mounted AC Switches

Standard industrial-specification-grade wall-mounted toggle and locking switches are
rated for 120/277 and 347 V AC from 15 to 30 A. Commercial-specification-grade
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wall-mounted toggle switches are rated for 120/277 V AC for 15 and 20 A, and 120 V
AC, but 347-V AC 15-A units are also available. By contrast, most residential-grade
toggle switches are rated for 120 V AC, 15 A.

The three types of general-purpose wall-mounted switches available are

B Single-pole switches that can control lights from one location.

B Three way-switches that can control lights from two different locations. They are
always installed in pairs.

B Four-way switches that, when used with a pair of three-way switches, can control
lights from three or more locations.

Among the many specialized wall switches available commercially are

B Dimmer switches that permit illumination levels to be controlled

B Pilot-light switches with built-in lamps that glow when lights or appliances are
powered by the switch

B Switch/receptacles that combine a grounded receptacle with a single-pole wall
switch

B Timer switches that can be set to turn lights on and off automatically

B Time-delay switches that can turn off lights after preset time delays

B Motion sensor or proximity switches that project wide-angle infrared beams to
detect movement over large areas to turn lights on automatically

B Programmable switches that include digital controls which can provide four on—off
cycles each day to perform various functions

There are standard, miniature, and specialty switches. Switches can be actuated by
conventional or flush toggles, rockers, pushbuttons, rotary knobs, or sliding handles.
Wall switches can be identified by counting their screw terminals. Single-pole switches
have two screw terminals, three-way switches have three screw terminals, and four-
way switches have four screw terminals. Most electrical wall switches now include a
green-colored grounding screw. The NEC requires that switches be grounded only
when installed in plastic boxes, but it is considered good practice to ground all switches
for extra protection against electrical shock by “pigtailing” a grounding conductor to
a grounding screw.

Many switches can either be side- or back-wired. Switches are back-wired by
removing the insulation on the ends of wires to the length indicated by a gauge molded
on the back of the switch. The wire ends are then inserted into wire wells that contain
clamps to grip the wires. While back-wired connections are fast and easy to make,
connections made to screw terminals are generally considered to be more reliable, par-
ticularly if the switch is near a refrigerator or other motor-powered equipment.
Vibrations transmitted through the floor and walls from this equipment can loosen the
wires from the clamps and open the circuit.

Switches have straps to mount them to the electrical boxes. The “ears” on the straps
brace the switch against the upper and lower edges of the cutout made in the wallboard
for the electrical box.
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Switches are manufactured in three general grades: industrial, commercial, and res-
idential. The industrial-grade products are made to be more durable, but the differ-
ences between the grade essentially relate to the choice and quality of of the materials
used in their construction, and this is reflected in their prices. Regardless of grade,
however, all acceptable switches should at least be UL listed, CSA certified where
applicable, and meet or exceed NEMA and ANSI standards.

Single-pole switches: A single-pole, industrial-grade AC toggle switch is shown in
Fig. 6-12. Rated for 15 A, 120 V AC, it includes a grounding screw and a self-ground-
ing clip. The single-pole wall switch shown in Fig. 6-13a is the most popular type of
wall-mounted toggle switch. It has two screw terminals and a grounding screw. These
switches can control lamps and luminaires, appliances, or receptacles from a single
location. Each single-pole switch toggle is marked with ON and OFF. If the switch is
mounted correctly, the ON mark will be visible when the toggle in the up position.

Three-way switches: A three-way switch is shown in Fig. 6-13b. Three-way switch-
es are always installed in pairs so that they can control lights from two separate loca-
tions. These switches can be identified by their three screw terminals and absence of
ON-OFF markings. The common screw terminal is darker in color than the two frav-
eler screw terminals, which are functionally interchangeable.

Four-way switches: A four-way switch is shown in Fig. 6-13c. It is always installed
between a pair of three-way switches. Four-way switches have four screw terminals
and no ON-OFF markings. When used with three-way switches, the four-way switch
makes it possible to control lights from three or more locations.

Duplex switches: A duplex wall switch is shown in Fig. 6-13d. It has two switch
levers in a single housing. A duplex switch can control two light fixtures or appliances

i
1

= 0,57"

Side
terminals

fet—1,03 S|

Figure 6-12 Single-pole AC toggle switch rated for 15 A, 120 V AC has
two side and one grounding screw terminals.
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Grounding
screw

Common
screw
terminal

Line 1
screw
terminals

ON/OFF [ '@‘\
on  —morff Screw
toggle l.‘ | terminals

Traveler
screw
terminals

Line 2
screw
terminals

(a) (b) (c)

Silver
screw
terminal

tab
Silver
screw
terminal
B Brass
rass screw
screw terminal
terminal
(d) (e) (f

Figure 6-13 Wall switch configurations: (a) single-pole; (b) three-way; (c) four-
way; (d) duplex; (e) pilot-light; () switch/receptacle.

from the same switch box. Typically both halves of the switch are powered by the same
circuit. In these single-circuit installations, three black wires are attached to the dou-
ble switch. The black “hot” wire that brings power into the box is connected to the ter-
minal on the side of the switch with the connecting tab.

The wires carrying power out to other lamps or appliances are connected to the ter-
minals on the side of the switch that does not have a connecting tab. The white neutral
wires are connected together with a wire connector. The connecting tab of the double
switch joining two of the screw terminals can be removed so that each half can con-
trol a separate circuit.

Pilot-light switches: A pilot-light switch, as shown in Fig. 6-13¢, has an internal
incandescent lamp or LED in its actuator that illuminates when the switch is connected
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to an energized circuit and the actuator is in the ON position. Pilot-light switches are
usually installed where a controlled luminaire or appliance cannot be seen from the
switch location. This switch requires a neutral wire connection, and its switch box
must have room to contain two two-wire cables.

Three wires are connected to the switch. The black “hot” wire is connected to the
brass screw terminal on the side of the switch body that does not have a connecting tab.
The white neutral wires are pigtailed to the silver screw terminal, and the black wire
carrying power out to the load is connected to the brass screw terminal next to the tab.
Finally, the bare copper grounding wires are pigtailed to the grounded metal box.

Switch/receptacles: The wall switch/receptacle shown in Fig. 6-13f combines a
grounded outlet with a single-pole wall switch. Three-wire grounded cable is needed
to install this device, because it requires a neutral wire connection.

To wire this switch so that the outlet is powered regardless of switch position, the
“hot” wire bringing power into the switch box should be connected to the side of the
switch with the connecting tab. Then the second “hot” wire carrying power out to
the load should be connected to the brass screw terminal on the side of the switch
body that does not have a connecting tab. The white neutral wire should be pigtailed
to the silver screw terminal. The bare copper grounding wires should be pigtailed to
the green grounding screw on the switch/receptacle and to the grounded metal box.

This device can also be wired so that the outlet is “hot” only when the switch is ON.
The hot wires should be reversed so that the “feed” wire is attached to the brass screw
terminal on the side of the switch that does not have a connecting tab. Finally, the sec-
ond “hot” wire is attached to the brass screw terminal on the side of the switch that
has the connecting tab.

Timer switches include electrically powered control dials that can be set to turn
lights on and off automatically once each day. These switches are usually used to con-
trol both indoor and outdoor luminaires. A switch box containing two cables with neu-
tral wires is required for its installation. Timer switches have three-wire leads: a black
wire for connection to the incoming “hot” wire, a red wire for connection to the wire
carrying power out to the load, and a neutral wire for connection to the neutral wires
of the entering cables. The bare copper grounding wires are pigtailed to the grounded
metal outlet box.

Time-delay switches contain spring-driven mechanisms with dials that must be
wound manually. The dials can be set to turn off a load after delays ranging from 1 to
60 min. These switches are usually used to turn off luminaires, exhaust fans, and
infrared heat lamps in bathrooms or other rooms that are only temporarily occupied.
A time-delay switch has two black leads that are connected to the “hot” circuit wires
with wire connectors. Because a time-delay switch does not need a neutral wire con-
nection, it can be placed in a switch box containing either one or two cables. If the
switch box contains two white neutral wires, they are connected together with wire
connectors. The bare copper grounding wires are pigtailed to the grounded metal box.

Programmable switches, used principally for area security, include digital electronic
controls and a digital display. They have on/off switches and function keys that permit
them to be programmed to provide as many as four on/off cycles per day. These switches
do not require neutral wire connections, so they can be installed in boxes containing
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either one or two cables. The two black wire leads on the switch are connected to the
“hot” circuit wires with wire connectors. If the switch box contains two white neutral
wires, they are connected together with wire connectors. The bare copper grounding
wires are pigtailed to the grounded metal box.

AC manual motor starting switches are heavy-duty switches that provide manual
on/off control of single-phase or three-phase AC motors where overload protection is
not required or is furnished separately. Typical ratings for single-pole, double-throw
switches are 250 V AC, 30 A or 600 V AC, 20 A. Three-pole, three-phase switches
have ratings of 600 V AC, 30 A. These switches are used to control machine tools,
pumps, fans, and conveyors in industrial and commercial facilities. Switches intended
to control motors also have horsepower ratings. Two-pole switches are rated for either
2 or 3 hp, and three-pole switches are rated from 7 to 10 hp.

To qualify for an hp rating, a motor-starting switch is tested at 6 times the full motor
load current corresponding to the hp rating marked on the switch. For DC motor load
controllers, the test is made at 10 times the full motor load current corresponding to
the DC hp rating marked on the switch.

Lamp Dimmers and Fan Controls

Wall-mounted incandescent lamp dimmers are available in at least four different
styles, and fluorescent lamp dimmers, low-voltage lighting, and fan controls are avail-
able in three of these styles:

B Rotary dimmers
B Slide-action dimmers
B Toggle dimmers
B Digital dimmers

Incandescent lamp dimmers are wall-mounted devices that include a triac, which
functions like two silicon controlled rectifiers (SCRs) in parallel. As a result, a triac
can control DC or full-wave AC. When full-wave AC is applied across the triac ter-
minals, positive and negative gate pulses can control the turn-on time of anode-to-
cathode current. By delaying the application of the gate pulses, both load current and
power can be reduced.

Delays in positive and negative gate pulses “chop” or delete the fronts of both pos-
itive and negative half-cycles of the sinusoidal waveform. This results in a narrowed
waveform that reduces the current and therefore power to the load. Delays in applica-
tion of gate pulses can reduce load current from about 95 to 5 percent of full value.

The distorted waveform resembles a series of positive and negative square waves
which introduce step functions to the load. Resistive incandescent lamp loads can tol-
erate these waveforms, but inductive loads including motors and fluorescent lamp bal-
lasts can be damaged by them. The chopped waveforms cause coils or windings to
overheat.
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Dimmers are not, as is widely believed, variable resistors or rheostats. Any rheostat
capable of controlling 120/240 V AC would be too large and heavy to fit in a standard
box. Even if it were housed in a larger metal box, it would dissipate enough power as
heat to be a fire hazard.

The delay in gate pulses in incandescent lamp dimmers is adjusted by turning a
knob on a rotary switch, which moves a wiper on a slide switch. If the knob is in its
OFF position, the triac turns on early in the AC cycle, allowing nearly full current to
be sent to the lamp so it shines brightly. By adjusting the knob, the gate pulses can be
delayed and the lamp is dimmed. The dimming range is set by the dimmer circuitry.
(See also the discussion of triacs in Chap. 3.)

Heat dissipation occurs with triac-based dimmers, but it does not present a problem
as it would be with a rheostat. Triac-based dimmers are equipped with metal heat sinks
to dissipate any heat built up within their metal device boxes. Although a dimmer can
replace a single-pole wall switch in a standard device box, a larger device box is usu-
ally recommended. Dimmer switches have larger bodies than standard switches, and
the extra space in the box assures more air circulation for heat dissipation.

Fluorescent lamp dimmers control the ballasts of fluorescent and low-voltage lumi-
naires. The two basic types of dimming ballasts are magnetic and electronic. Magnetic
dimming ballasts are step-down transformers that present inductive loads, while elec-
tronic dimming ballasts include internal solid-state circuitry, so they are not strictly
inductive.

Dimmers designed for fluorescent and low-voltage lighting systems are rated for
specific magnetic or electronic ballasts. These dimmer circuits must be compatible
with the ballast recommended by the lamp manufacturer, and they should not be used
for any other type of fluorescent ballast.

It is important that incandescent lamp dimmers rot be used to control standard flu-
orescent lamps, low-voltage lighting, or fan speed because of the potentially destruc-
tive effect of the chopped output waveforms from their triac control circuits. However,
some compact fluorescent lamps (CFLs) can be controlled by them. Precautions
should also be taken to be sure that receptacles are not controlled by incandescent
lamp dimmers because of the possibility that fans, vacuum cleaners, power tools, and
other motor loads might be plugged into them and damaged.

Fan speed controls: There are two types of wall-mounted fan speed controls, fully
variable (full-range) and step control. Both types of controls can be used on conven-
tional ceiling paddle fans, regardless of the number of speeds the fan has. Fan speed
is set on its highest setting when the speed control is installed so that it can be varied
through its entire speed range. Fan manufacturers often recommend that specific con-
trols be used with their products. Residential fan speed controls for 120 V AC, 60 Hz
have ratings from 1.5 to 5 A, and commercial-grade units have ratings to 10 A.

DIMMER AND MOTOR CONTROL SPECIFICATIONS

Rotary dimmers: Lamp illumination or fan speed can be controlled by rotating the knob
of a unit such as the one shown in Fig. 6-14a. Some of these dimmers also have a push-
on/push-off feature initiated by pushing on the knob. All rotary dimmers look the same,
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Figure 6-14 Dimmers: (a) rotary and (b) slide contain
different circuits for dimming incandescent and fluores-
cent lamps and controlling fan speeds.

but their internal circuitry can be quite different, and it is important that their intended
applications be known. Some ratings for commercially available units are the following.

B Incandescent lamp single-pole and three-way push-on/push-off versions are rated
for 300 to 2000 W at 120 V AC.

B Fluorescent lamp single-pole versions for controlling 2 to 12 rapid-start fluorescent
lamps with magnetic ballasts are rated for 40 to 480 W at 120 V AC.

B Fan-speed control versions are rated for 1.5 to 5 A at 120 V AC.

Slide-action dimmers control lights or fan speed by moving an actuator on a slide
switch. They typically have two controls: a snap-action toggle switch and a sliding
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potentiometer. The incandescent lamp dimmer shown in Fig. 6-14b includes a toggle
on/off switch. Some ratings for commercially available units are the following.

B Incandescent lamp single-pole and three-way versions, either with or without pre-
set on/off switches and status lamps, have typical ratings of 600 W at 120 V AC.

B Fluorescent lamp single-pole and three-way magnetic versions with preset on/off
switches are rated for 480 or 500 W at 120 and 277 V AC.

B Fan control single-pole and three-way versions with or without preset on/off
switches are rated for 1.5 or 5 A.

Toggle dimmers include both single-pole and three-way styles. Incandescent lamp
versions are rated for 600 W, 120 V AC. The three-way versions permit dimming from
either switch location. They can also be combined with a standard three-way light
switch or a second three-way dimmer. Models that include a combination of a toggle-
style on/off switch and a digital touch pad are also rated for 600 W at 120 V AC.

Touch-pad dimmers provide full-range dimming for incandescent lamps in response
to finger position on the pad. They are typically rated for 600 W at 120 V AC.

Motion/Occupancy Sensors

Motion or occupancy sensors are automatic switches that turn lights or other devices
on in the presence of a person or other moving object. The most popular technologies
are passive infrared (PIR) sensing and ultrasonic. PIR sensors react to heat emitters
such as the human body. They sense occupancy by detecting the difference between
the heat emitted from a warm body (human or animal) and the ambient temperature
of the room or space where the sensor is located. The output signal from the sensor
activates the electronic circuitry that switches on the connected lights or alarms,
either audible or silent.

When a PIR sensor, such as the one shown in Fig. 6-15, detects a person entering a
room, it automatically switches the connected lights on. A switch of this type can turn
on incandescent floodlights or fluorescent lamps with either electronic or magnetic
ballasts. After the person (or other heat-emitting body) leaves, and the room remains
unoccupied for a selected time interval, the sensor automatically switches the lights or
alarm off.

Motion/occupancy sensors with various features are being offered by manufactur-
ers. They are useful for at least three different mutually exclusive reasons:

B They provide convenient “hands-free” light switching for persons entering a room.

B They conserve energy and reduce electric bills by ensuring that controlled lights
left on unintentionally in an unoccupied room are turned off.

B They perform a security function by turning lights or an alarm on in the presence
of unwanted intruders to warn occupants in the place being protected or startle and
perhaps disuade an intruder from trespassing further. (See also Chap. 9.)
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Figure 6-15 Wall-switch passive infrared (PIR) occu-
pancy sensor detects heat from occupants and switches
lamps on.

Wall-mounted occupancy sensors typically have lens systems with a field of view
of 170 to 180°. Most commercial products include the following features:

B A manual switch lever that permits the sensor to be turned on or off.

B A delayed-off time adjustment, which can set the time the lights will remain on
after occupants have departed.

B An ambient light override circuit to prevent the lights from turning on in the pres-
ence of bright natural light.

Many different versions of PIR occupancy sensors are available for mounting in
such locations as enclosed offices, warchouses, hallways, stairways, narrow rooms,
libraries, and selected outdoor locations. The simplest PIR sensors are in cylindrical
housings with both threaded bases and threaded sockets. An incandescent or fluores-
cent lamp is screwed into the device, which, in turn, is screwed into a standard ceiling
lampholder.

PIR occupancy sensors designed for outdoor installation are enclosed in water-resis-
tant cases and typically have wider fields of view, up to 270°. They are usually housed
with one or more floodlights to illuminate residential backyards or commercial stor-
age areas to inhibit intruders.

In locations where the line of sight of a PIR sensor would be blocked, either indoors
or outdoors, an ultrasonic occupancy sensor can be installed. These are volumetric
motion detectors whose response is based on the Doppler principle. The sensors bounce
ultrasonic energy off the objects in t