


Australia • Brazil • Mexico • Singapore • United Kingdom • United States

STEPHEN L. HERMAN



This is an electronic version of the print textbook. Due to electronic rights restrictions, some third party content may be suppressed. Editorial review has deemed that 
any suppressed content does not materially affect the overall learning experience. The publisher reserves the right to remove content from this title at any time if 

subsequent rights restrictions require it. For valuable information on pricing, previous editions, changes to current editions, and alternate formats, 
please visit www.cengage.com/highered to search by ISBN#, author, title, or keyword for materials in your areas of interest.



Electrical Wiring Industrial, 15th Edition
Stephen L. Herman

Managing Editor: Larry Main

General Manager: Dawn Gerrain

Senior Director, Development: 
Marah Bellegarde

Director, Development-Career and Computing: 
Marah Bellegarde

Senior Product Development Manager: 
James DeVoe

Senior Content Developer: John Fisher

Product Assistant: Scott Royael

Brand Manager: Kristen McNary

Vice President Marketing: Jennifer Baker

Marketing Director: Deborah Yarnell

Product Manager: Erin Brennan

Senior Production Director: Wendy Troeger

Production Manager: Mark Bernard

Content Project Manager: Barbara LeFleur

Senior Art Director: David Arsenault

Technology Project Manager: Joe Pliss

Media Editor: Debbie Bordeaux

Cover image(s): © dotshock/www.
Shutterstock.com

© 2015, 2012 Cengage Learning

ALL RIGHTS RESERVED. No part of this work covered by the copyright herein 
may be reproduced, transmitted, stored, or used in any form or by any means 
graphic, electronic, or mechanical, including but not limited to photocopying, 
recording, scanning, digitizing, taping, Web distribution, information networks, 
or information storage and retrieval systems, except as permitted under 
Section 107 or 108 of the 1976 United States Copyright Act, without the prior 
written permission of the publisher.

Library of Congress Control Number: 2013945442

ISBN-13: 978-1-285-05421-6

Cengage Learning
200 First Stamford Place, 4th Floor
Stamford, CT 06902
USA

Cengage Learning is a leading provider of customized learning solutions with 
offi  ce locations around the globe, including Singapore, the United Kingdom, 
Australia, Mexico, Brazil, and Japan. Locate your local offi  ce at: 
www.cengage.com/global

Cengage Learning products are represented in Canada by Nelson 
 Education, Ltd.

To learn more about Cengage Learning, visit www.cengage.com

Purchase any of our products at your local college store or at our preferred 
online store www.cengagebrain.com

Notice to the Reader
Publisher does not warrant or guarantee any of the products described herein or perform any 
independent analysis in connection with any of the product information contained herein. 
Publisher does not assume, and expressly disclaims, any obligation to obtain and include 
information other than that provided to it by the manufacturer. The reader is expressly warned 
to consider and adopt all safety precautions that might be indicated by the activities described 
herein and to avoid all potential hazards. By following the instructions contained herein, the 
reader willingly assumes all risks in connection with such instructions. The publisher makes no 
representations or warranties of any kind, including but not limited to, the warranties of fi tness 
for particular purpose or merchantability, nor are any such representations implied with respect 
to the material set forth herein, and the publisher takes no responsibility with respect to such 
material. The publisher shall not be liable for any special, consequential, or exemplary damages 
resulting, in whole or part, from the reader’s use of, or reliance upon, this material.

For product information and technology assistance, contact us at
Cengage Learning Customer & Sales Support, 1-800-354-9706

For permission to use material from this text or product,
submit all requests online at www.cengage.com/permissions.

Further permissions questions can be e-mailed to 
permissionrequest@cengage.com

Printed in the United States of America 

1 2 3 4 5 6 7 16 15 14 13 12

WCN: 02-200-203

Firestorm
Typewritten Text
Proudly sourced and uploaded by [StormRG]    Kickass Torrents | TPB | ET | h33t



iii

1
CHAPTER

Preface  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

Plans and Sitework  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Construction Plans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Explanation of Plan Symbols  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Sitework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

Testing the Site for Grounding Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

Interpreting the Site Plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Metrics (SI) and the NEC  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

The Unit Substation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

The High-Voltage Section  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

Transformer Protection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

Overcurrent Protection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

Determining Transformer Fuse Size  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

The Transformer Section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

The Low-Voltage Section  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

The High-Voltage Metering Equipment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

Service Entrances  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

Transformer Maintenance  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

Feeder Bus System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

Feeder Ducts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

The Circuit-Breaker Cubicles  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

Plug-In Busway  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

Bus Plugs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

Panelboards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

Panelboards  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

Branch-Circuit Protective Devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

Panelboard Protective Device  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

Power Panelboards. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

Trolley Busways . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

Three-Phase Trolley Busway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

The Trolley Busway Runs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

Lighting in the Manufacturing Area  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

Lighting in the Boiler Room  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

Using Wire Tables and Determining Conductor Sizes . . . . . . . . . . . . . . . . . . . . . 85

Conductors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

Insulation Type. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

Correction Factors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

Contents

2
CHAPTER

3

4

5

6

CHAPTER

CHAPTER

CHAPTER

CHAPTER

© dotshock/www.Shutterstock.com  



iv 

More Than Three Conductors in Raceway  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

Underground Conductors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

Calculating Conductor Sizes and Resistance  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

Long Wire Lengths  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

Calculating Resistance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Parallel Conductors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

Testing Wire Installations  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

The American Wire Gauge (AWG) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

Signaling Systems  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

The Master Clock  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

The Program System  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

The Paging System  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

The Fire Alarm System  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

Basic Motor Controls  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

Two-Wire Controls. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

Three-Wire Controls  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

Schematic Symbols  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

Overload Relays. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

Schematics and Wiring Diagrams  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

Start–Stop Push-Button Control Circuit  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

Forward–Reverse Control  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

Basic Air-Conditioning Circuit  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

Timing Relays  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

Motors and Controllers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

The Machines and Their Motors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

Motor Types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

Single-Speed Squirrel-Cage Induction Motor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

The Wound-Rotor Induction Motor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

Determining Direction of Rotation for 3-Phase Motors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

Connecting  Dual-Voltage 3-Phase Motors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

Dual-Voltage Single-Phase Motors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

Determining Direction of Rotation for Single-Phase Motors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

Terminal Identification for Direct-Current Motors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

Determining the Direction of Rotation of a Direct-Current Motor. . . . . . . . . . . . . . . . . . . . . . . . . 179

Direct-Current Power Supplies  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

Variable-Frequency Drives  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

Motor Installation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

Motor Nameplate Data  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

Motor Tables  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

Direct-Current Motors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

Single-Phase Alternating-Current Motors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

Two-Phase Motors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

Three-Phase Motors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

Determining Conductor Size for a Single Motor  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

Overload Size. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

Determining Locked-Rotor Current. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

Short-Circuit Protection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

Multiple Motor Calculations  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210

Power Factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

Loading on Alternating-Current Circuits. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217

Power Factor Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224

The Synchronous Condensers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225

7
CHAPTER

8
CHAPTER

9
CHAPTER

10
CHAPTER

11
CHAPTER



C0NTENTS  v

The Tie-In  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228

Correcting Power Factor with Capacitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

Correcting Motor Power Factor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

Installing Capacitors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

Testing Capacitors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

Ventilating, Air Conditioning, and Other Facilities  . . . . . . . . . . . . . . . . . . . . . . 242

The Ventilator and Exhaust Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243

Special Terminology  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245

The Cooling Equipment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245

Liquid Chillers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

The Precipitation Unit  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249

System Protection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254

System Protection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255

Circuit Breakers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256

Circuit-Breaker Time-Current Characteristic Charts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 266

Fuse Time-Current Characteristic Charts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267

Ground-Fault Protector Time-Current Characteristic Charts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267

Coordination  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 268

Lightning Protection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 278

Atomic Structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .279

How Lightning Is Generated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280

Master Label  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 282

Building Protection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 282

Safety Rules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285

Site Lighting  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 286

Lamp Selection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287

Illuminance Selections. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 290

Power Limitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 290

Luminaire Placement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291

Electrical Installation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 292

Programmable Logic Controllers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295

Differences Between Programmable Logic Controllers and 

Personal Computers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296

Basic Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296

Installing Programmable Logic Controllers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 306

The Differential Amplifier . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 307

Developing a Program 

for a PLC  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310

Assigning Inputs and Outputs  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 312

Converting the Schematic  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 312

Fiber Optics  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317

Fiber Optics  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 318

Fiber-Optic Connectors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321

Fiber-Optic Lighting  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325

12
CHAPTER

13
CHAPTER

14
CHAPTER

15
CHAPTER

16
CHAPTER

17
CHAPTER

18
CHAPTER



vi 

Hazardous Locations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 328

Equipment Approval  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 330

Intrinsically Safe Circuits and Equipment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 330

Equipment  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331

Seals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 332

Circuit-Breaker Panelboards  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 335

Luminaires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 336

Motor Controls. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 337

Flexible Cords and Receptacles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 340

Hazardous Areas  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343

Explosionproof Equipment  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347

Harmonics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 352

Harmonic Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353

Circuit-Breaker Problems  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355

Bus Ducts and Panelboard Problems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355

Determining Harmonic Problems on Single-Phase Systems  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 356

Determining Harmonic Problems on 3-Phase Systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359

Dealing with Harmonic Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359

Determining Transformer Harmonic Derating Factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 360

Electrical Specifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 362

Materials  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 362

Lighting  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 362

Receptacles and Switches  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 362

Conduits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 362

Conductors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 362

Trolley Busway Runs for Lighting  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 362

Trolley Busway Runs for Electric Tools  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363

Lighting and Power Panelboards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363

Outlet Boxes and Fittings  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363

Dry-Type Transformers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363

Ventilated Feeder Busway No. 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363

Feeder Busway No. 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363

Plug-In Busway  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363

Motor Branch Circuits and Feeders. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 364

Motors and Controllers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 364

Precipitation Units . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 365

The Synchronous Condensers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 365

The Roof Blowers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 366

Elevator Power Supply. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 366

Air-Conditioning Equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 366

Paging System  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 366

Clock and Program System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 366

Fire Alarm System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 366

The Unit Substation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 367

High-Voltage Metering Facilities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 367

Telephone Raceways  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 367

Code Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 368

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 369

19
CHAPTER

20
CHAPTER



vii

 INTENDED USE AND LEVEL

Electrical Wiring—Industrial is intended for use in industrial wiring courses at two-year 

community and technical colleges. The text walks the reader step by step through an indus-

trial building, providing the basics on installing industrial wiring systems. An accompany-

ing set of plans at the back of the book allows the student to proceed step by step through 

the wiring process by applying concepts learned in each chapter to an actual industrial 

building, in order to understand and meet requirements set forth by the National Electrical 
Code® (NEC®).

 SUBJECT AND APPROACH

The fifteenth edition of Electrical Wiring—Industrial is based on the 2014 NEC. The NEC is 

used as the basic standard for the layout and construction of electrical systems. To gain the 

greatest benefit from this text, the learner must use the NEC on a continuing basis.

In addition to the NEC, the instructor should provide the learner with 

 applicable state and local wiring regulations as they may affect the indus-

trial installation.

In addition to the accurate interpretation of the requirements of the NEC, the successful 

completion of any wiring installation requires the electrician to have a thorough understand-

ing of basic electrical principles, a knowledge of the tools and materials used in installations, 

familiarity with commonly installed equipment and the specific wiring requirements of the 

equipment, the ability to interpret electrical construction drawings, and a constant awareness 

of safe wiring practices.

Electrical Wiring—Industrial builds upon the knowledge and experience gained from 

working with the other texts in the Delmar Cengage Learning electrical wiring series and 

related titles. The basic skills developed through previous applications are now directed 

to industrial installations. The industrial electrician is responsible for the installation of 

electrical service, power, lighting, and special systems in new construction; the change-

over from old systems to new in established industrial buildings; the provision of addi-

tional electrical capacity to meet the growth requirements of an industrial building; and 

periodic maintenance and repair of the various systems and components in the building.

Preface
© dotshock/www.Shutterstock.com  © dotshock/www.Shutterstock.com  
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 FEATURES

An introduction to plans and sitework is the topic 

of the first chapter in the book, providing expla-

nations of identifying symbols and interpreting 

the plans in order to help orient the student to the 

industrial job site. Examples are integrated into 

the text and take the student step by step through 

problems, to illustrate how to derive solutions 

using newly introduced mathematical formulas 

and calculations. Industrial building drawings are 

included in the back of the book, offering students 

the opportunity to apply the concepts that they 

have learned in each chapter as they step through 

the wiring process. Review questions at the end of 

each chapter allow students to test what they have 

learned and to target any sections that require fur-

ther review.

 NEW TO THIS 
EDITION

• Updated to the 2014 National Electrical Code

• New information concerning grounding and 

bonding

• Extended coverage of service-entrance 

 connections

• New information concerning the maintenance 

of transformers

• New information on timing relays

• Additional coverage of multispeed squirrel-

cage motors

• Added information concerning motor name-

plate data

• Additional coverage of power factor

• New information concerning 3-phase power 

and connections

To access additional course materials including 

CourseMate, please visit www.cengagebrain.com. 

At the CengageBrain.com home page, search for 

the ISBN of your title (from the back cover of your 

book) using the search box at the top of the page. 

This will take you to the product page where these 

resources can be found.

This edition of Electrical Wiring—Industrial 
was completed after all normal steps of revis-

ing the NEC NFPA 70 were taken and before 

the actual issuance and publication of the 2014 

edition of the NEC. These steps include the fol-

lowing:

• The National Fire Protection Association 

(NFPA) solicits proposals for the 2014 NEC.

• Interested parties submit proposals to the 

NFPA.

• Proposals are sent to Code-Making Panels 

(CMPs).

• CMPs and the Technical Correlating 

Committee review proposals.

• Report on Proposals document is published.

• Interested parties submit comments on the 

proposals to the NFPA.

• CMPs and Technical Correlating Committee 

review comments.

• Report on comments document is published.

• Review of all Proposals and Comments is 

conducted at the NFPA Annual Meeting.

• New motions are permitted to be made at the 

NFPA Annual Meeting.

• Finally, the Standard Council meets to review 

actions made at the NFPA Annual Meeting 

and to authorize publication of the NEC.

Every effort has been made to be technically 

correct, but there is the possibility of typographi-

cal errors or appeals made to the NFPA board 

of directors after the normal review process that 

could result in reversal of previous decisions by 

the CMPs.

If changes in the NEC do occur after the 

printing of this book, these changes will be incor-

porated in the next printing.

The NFPA has a standard procedure to intro-

duce changes between Code cycles after the 

actual NEC is printed. These are called Tentative 
Interim Amendments, or TIAs. TIAs and cor-

rected typographical errors can be downloaded 

from the NFPA website, http://www.nfpa.org, to 

make your copy of the Code current.
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Learning’s CourseMate brings course concepts to life 

with interactive learning, study, and exam preparation 

tools that support the printed textbook. Watch student 

comprehension soar as your class works with the 

printed textbook and the textbook-specific website.

CourseMate includes an integrated eBook; inter-

active teaching and learning tools including quizzes, 

flashcards, and Engagement Tracker, a first-of-its-

kind tool that monitors student engagement in the 

course; and more.

CourseMate goes beyond the book to deliver 

what you need!

To access additional course material, including 

CourseMate, please visit www.CengageBrain.com. 

At the CengageBrain.com home page, search for the 

ISBN (from the back cover of the book), using the 

search box at the top of the page. This will take you 

to the product page where the resources can be found.

 ABOUT THE 
AUTHOR

Stephen L. Herman has been both a teacher of 

industrial electricity and an industrial electrician 

for many years. He received his formal education at 

Catawba Valley Technical College in Hickory, North 

Carolina. After working as an industrial electrician 

for several years, he became the Electrical Installation 

and Maintenance instructor at Randolph Technical 

College in Asheboro, North Carolina. After nine years, 

he returned to industry as an electrician. Mr. Herman 

later became the lead Electrical Technology instruc-

tor at Lee College in Baytown, Texas. After serving 

20 years at Lee College, he retired from teaching 

and now lives with his wife in Pittsburg, Texas. 

Mr. Herman has received the Halliburton Education 

Foundation’s award for excellence in teaching. He has 

been a guest speaker at professional organizations and 

has three times been a judge for the national motor 

control competition at Skills USA.

 SUPPLEMENTS

The Instructor Resources CD contains an Instructor 

Guide as a PDF with answers to all review questions 

included in the book, as well as an ExamView test-

bank, chapter presentations, and a topical presenta-

tion in PowerPoint. (order #: 978-1-2850-5440-7).

Visit us at http://www.delmarelectric.com, now 
LIVE for the 2014 Code cycle!

This newly designed website provides informa-

tion on other learning materials offered by Cengage 

Learning, as well as industry links, career profiles, 

job opportunities, and more!

An Instructor Companion Website, containing 

the instructor resource content, is also available.

Accessing an Instructor 
Companion Website site from 
SSO Front Door

 1. Go to http://login.cengage.com and log 

in using the Instructor e-mail address and 

password.

 2. Enter author, title, or ISBN in the Add a 
title to your bookshelf search box, and click 

Search.

 3. Click Add to My Bookshelf to add Instructor 

Resources.

 4. At the product page, click the Instructor 

Companion site link.

New Users

If you’re new to Cengage.com and do not have a 

password, contact your sales representative.

Course Mate

CourseMate complements the text and course con-

tent with study and practice materials. Cengage 
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1

CHAPTER 1

OBJECTIVES

After studying this chapter, the student should be able to

• read site plans to determine the location of the specific 
items.

• select materials for electrical sitework.

• identify underground wiring methods.

• perform International System of Units (SI) to English 
and English to SI conversions.

• calculate metric measurements.

Plans and Sitework

© dotshock/www.Shutterstock.com  

Copyright 2015 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). 
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



2 CHAPTER 1  Plans and Sitework

ensure that the installations have the proper cover 

after the final grading. The responsibility of who 

does the ditch-work (general contractor or electri-

cian) is usually agreed upon before the contract is 

awarded.

Figure 1-1 gives the standard symbols used on 

construction site plans for contour lines and other 

features.

Benchmark

The benchmark (BM), as given on the site plan, 

is the reference point from which all elevations are 

located. The benchmark elevation is established by 

the surveyor responsible for the preliminary survey 

of the industrial site. This BM elevation is related to 

a city datum or to the mean sea level value for the 

site. The elevation is usually given in feet and tenths 

of a foot. For example, an elevation of 123.4 ft is 

read as “one hundred twenty-three and four-tenths 

feet.” Table 1-1 is used in making conversions from 

tenths of a foot to inches.

Elevations

The electrician must give careful attention to the 

elevations of the proposed building. These details 

are shown on Sheet Z-1 of the enclosed plans for the 

industrial building. These drawings provide valuable 

information concerning the building construction. 

Measurements on the elevations may be a plus or a 

minus reference to the BM elevation as given on the 

site plan.

Invert Elevation (INV)

When an invert elevation (INV) is given, this 

quantity indicates the level of the lower edge of 

the inside of a conduit entering the manhole (this 

conduit is usually the lower one in an installation). 

Refer ahead to Figure 1-19.

Site Plan Scales

Residential site plans generally are drawn to the 

same scale as is used on the building plans; that is, 1⁄8
== � 

1=-0== or 1⁄4
== � 1=-0==. However, industrial building site 

 CONSTRUCTION 
PLANS

An electrician who has previously wired a resi-

dence or a commercial building is familiar with 

electrical floor plans and symbols. Although the 

electrical plans and symbols are basically simi-

lar for an industrial building project, additional 

emphasis is often placed on the sitework. The 

electrician must continually coordinate and work 

with the general foreman who is employed by the 

general contractor.

After the contract for the project is awarded, 

the electrical contractor must inspect the site plans 

to determine the approximate location of the indus-

trial building on the site, as well as the locations of 

underground wiring, raceways, and manholes. The 

contractor then moves a trailer to the site and locates 

it so that it will require a minimal amount of reloca-

tion during construction. This trailer is used to store 

materials and tools during the construction of the 

building.

Building Location

The building location is given on the site plan 

by referring to existing points such as the center-

line of a street. If the electrical contractor and the 

crew arrive on the site before the general contractor 

arrives, they are not required to “stake out” (locate) 

the building. However, they should be able to deter-

mine its approximate location. A site plan, such as 

the one given on Sheet Z-1 of the industrial build-

ing plans included in this text, shows the property 

lines and the centerlines of the street from which 

the electrician can locate the building and other site 

improvements.

 EXPLANATION OF 
PLAN SYMBOLS

Contour Lines

Contour lines are given on the site plan to 

indicate the existing and the new grading levels. 

If the required underground electrical work is 

to be installed before the grading is complete, 

trenches must be provided with enough depth to 
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 CHAPTER 1  Plans and Sitework 3

Standard format
symbols 

Other symbols
and indications

Benchmark — 
Number — Elevation

Test boring — Number

Existing spot elevation to change

Existing spot elevation to remain

New spot elevation

Existing spot elevation
New spot elevation

Existing contour to change

Existing contour to remain

New contour

Existing contour
New contour

Existing contour to change
Final contour or proposed contour

Fire hydrant

Manhole 
(Number — Rim elevation)

Manhole — Rim elev. — Inv. elev.

Catch basin (Rim elevation)

Curb inlet (Inlet elevation)

Drainage inlet — Inlet elevation

Power and/or telephone pole

Standard format
symbols

Other symbols
and indications

Light standard

Existing tree to remain

Existing tree to be removed

Water main (size)

Telephone line (underground)

Power line (underground)

Gas main (size)

Fuel oil line (size)

Sanitary sewer (size)

Storm sewer (size)

Combined sewer (size)

Drain tile (size)

Fence (or required construction fence)

Contract limit line

Property line

Centerline (as of a street)

New building 

Existing building to remain

Existing building to be removed

BM-1-680.0

TB-1

350.0

352.0

354.0

240

240

244

MH

CB

BM EL. 680.0

+ 350.0

+ 352.0

 + 354.0

+360.0
+362.0

240

240

244

406

404

108

104

MH-4-680.0

CB 680.0

DR 680.0

 680.0

MH EL. 680.0
INV. EL. 675.5

T P

10" diam. oak

10" Oak

10" Oak

10" diam. oak

W 6" W

T

P

G 4" G

O 1" O

SAS 12" SAN

STS 24" ST

COS 18" S

DRT

x x x x 

CLL

PRL

6" DR. T.

FENCE

. ..

FIGURE 1-1 Site plan symbols.
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4 CHAPTER 1  Plans and Sitework

plans typically use scales ranging from 1== � 20= and 

1== � 30= up to 1== � 60=. It is recommended that the 

electrician use a special measuring device, called a 

scale, to measure the site plans, Figure 1-2.

 SITEWORK

There may be requirements for several different 

types of electrical systems to be installed on the site 

apart from the building itself. The electrician should 

review the plans and specifications carefully to be 

aware of all requirements. It is then the responsibil-

ity of the electrical contractor/electrician to ensure 

that these requirements are met and that installations 

are made at the most advantageous time and in a 

fashion that will not conflict with sitework being 

carried out by other trades.

 TESTING THE SITE 
FOR GROUNDING 
REQUIREMENTS

When determining the site for a building, one of the 

most important considerations is the system ground. 

Proper grounding helps protect against transient cur-

rents, electrical noise, and lightning strikes. Several 

methods can be used to test the electrical grounding 

system. The effectiveness of the grounding system 

greatly depends on the resistivity of the earth at the 

location of the system ground. The resistivity of the 

earth varies greatly throughout the world and even 

within small areas. Many factors affect the earth’s 

resistivity such as soil type (clay, shell, sand, etc.), 

moisture content, electrolyte content (acids, salts, 

etc.), and temperature.

In theory, the system ground is considered to 

have a resistance of zero because it is connected to 

system grounds everywhere, via the neutral conduc-

tor, Figure 1-3. In actual practice, however, the cur-

rent carrying capacity of the grounding system can 

vary greatly from one area to another.

Testing

There are different methods for determining the 

resistivity of the grounding system. An old method 

used by electricians for many years is to connect a 

100-watt lamp between the ungrounded (hot) con-

ductor and the grounding conductor, Figure 1-4. To 

perform this test, the grounding conductor must be 

disconnected from the neutral bus in the panel. The 

brightness of the lamp gives an indication of the 

effectiveness of the grounding system. Although this 

TABLE 1-1

Conversions of tenths of a foot to inches.

TENTHS DECIMAL FRACTIONAL

0.1 ft 1.2 in. 13⁄16 in.

0.2 ft 2.4 in. 23⁄8 in.

0.3 ft 3.6 in. 35⁄8 in.

0.4 ft 4.8 in. 413⁄16 in.

0.5 ft 6 in. 6 in.

0.6 ft 7.2 in. 73⁄16 in.

0.7 ft 8.4 in. 83⁄8 in.

0.8 ft 9.6 in. 95⁄8 in.

0.9 ft 10.8 in. 1013⁄16 in.

Copyright © 2015 Cengage Learning®.
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 CHAPTER 1  Plans and Sitework 5

test indicates whether the grounding system works, it 

does not indicate the actual resistance of the system. 

To measure the actual resistance of the grounding 

system requires the use of special equipment such as 

a ground resistance tester, Figure 1-5. There are three 

main tests used to measure ground resistance: the 

Wenner four-point test, the three-point fall-of-poten-

tial test, and the clamp-on ground resistance test.

The Wenner Four-Point Method

The Wenner four-point test is generally performed 

before building construction begins. This method 

measures the ground resistance over a wide area. The 

results are used in designing the grounding system to 

ensure that it performs properly. This test requires the 

use of a 4-pole ground resistance meter, four metal 

rods, and conductors. The four rods are driven into 

the ground in a straight line, with equal space between 

each rod, Figure 1-6. To perform this test, the ground 

resistance tester produces a known amount of current 

between rods C1 and C2, producing a voltage drop 

across rods P1 and P2. The amount of voltage drop 

is proportional to the amount of current and ground 

resistance. Readings are generally taken with probes 

C1 and C2 spaced 5, 10, 15, 20, 30, 40, 60, 80, and 

100 feet apart. If possible, it is recommended to per-

form the test with the probes spaced 150 feet apart.

The calculated soil resistance is the average of the 

soil resistance from the surface to a depth equal to the 

space between the probes. If the probes are set 30 feet 

apart, for example, each probe will provide an average 

resistance measurement from the surface to a depth 

of 30 feet. The tests should not only be made with the 

Service panel

Neutral conductors

Neutral bus

Grounding rod

FIGURE 1-3 All neutral conductors are bonded together, forming a continuous grounding system.
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6 CHAPTER 1  Plans and Sitework

probes spaced different distances apart but also with 

the probes in different directions from a central point. 

If the site is large enough, it is generally recommended 

to perform the test along at least two sides, generally 

from one corner to the other. It should be noted that 

underground structures such as metal water pipes 

can influence the readings. The best results will be 

obtained by gathering as much data as possible.

Three-Point Fall-of-Potential Test

The fall-of-potential test requires the use of a 

ground resistance meter. It is performed after the 

installation of the grounding system and should be 

done annually to ensure the quality of the grounding 

system. Annual testing provides protection against 

the degradation of the system before damage to 

equipment and performance problems occur.

In the three-point fall-of-potential test, the three 

points of ground contact are

 1. the system ground (grounding rod) (point A);

 2. a current probe placed some distance from the 

grounding rod (point B); and

 3. a voltage probe that is inserted at various dis-

tances between the grounding rod and the cur-

rent probe (C). The voltage probe is placed in 

a straight line between the grounding rod and 

the current probe.

Ideally, the current probe (B) should be placed at 

a distance that is at least 10 times the length of the 

grounding rod (A), Figure 1-7. If the grounding 

rod is 8 feet in length, the current probe should be 

placed at least 80 feet from the grounding rod.

To perform this test, the grounding rod must be dis-

connected (electrically isolated) from the neutral bus 

in the service panel. Failure to do so will completely 

invalidate the test. The meter provides a known amount 

of current that flows from the current probe and back 

to the meter through the system grounding rod. The 

resistance of the earth causes a voltage drop that is 

measured between the current probe and the voltage 

probe. The amount of voltage drop is proportional to 

the amount of current flow and the ground resistance. 

Resistance readings should be taken at several loca-

tions by moving the voltage probe a distance equal to 

10% of the distance between the system grounding 

rod and the current probe. If performed properly, the 

100-watt lamp

Grounding conductor

Circuit breaker

Grounding rod

FIGURE 1-4 A 100-watt lamp is used to test the 
grounding system.
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FIGURE 1-5 Ground resistance tester.
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 CHAPTER 1  Plans and Sitework 7

C1 C2P1 P2

Current flow

Voltage drop

Ground resistance meter

System grounding
rod (A)

Voltage
probe (C)

Current
probe (B)

FIGURE 1-6 The Wenner four-point test.
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FIGURE 1-7 The three-point fall-of-potential test.
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8 CHAPTER 1  Plans and Sitework

the effective resistance of the entire grounding 

system.

 4. Because this test is performed by a clamp-on 

meter, there are no connections that have to 

be broken or reconnected, resulting in a safer 

procedure, Figure 1-8.

The clamp-on ground resistance tester, Figure 1-9, 
contains two transformers. One transformer induces 

a small fixed voltage at approximately 2 kHz on the 

grounding conductor. If a path exists, the voltage will 

result in a current flow. The path is provided by the 

grounding system under test, the utility neutral, and 

the utility grounding system. The second transformer 

inside the meter senses the amount of current at the 

unique frequency provided by the first transformer. 

The amount of current is proportional to the induced 

voltage and the resistance of the grounding system. 

The meter uses the two known electrical quantities to 

calculate the resistance of the grounding system.

three-point ground resistance test is the most accurate 

method of determining ground resistance.

The Clamp-On Ground 
Resistance Test

The clamp-on ground resistance test requires the 

use of a special clamp-on ground resistance meter. 

This test has several advantages over the three-point 

fall-of-potential test.

 1. The service grounding system does not have to 

be disconnected and isolated from the neutral 

bus.

 2. There are no probes that have to be driven into 

the ground or long connecting conductors.

 3. The neutral conductor supplied by the utility 

company ties innumerable grounds together in 

parallel. The clamp-on ground tester measures 

Clamp-on
ground tester

Grounding electrode conductor

Grounding rod

Utility neutral
conductor

Neutral bus

FIGURE 1-8 The clamp-on ground resistance test.
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FIGURE 1-9 Ground resistance tester.
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 CHAPTER 1  Plans and Sitework 9

back down to 13.8 kV at a unit substation. The plant 

substation steps the voltage down to 480 volts to 

feed the plant bus system. Other 3-phase and single-

phase transformers are powered by the plant bus. A 

battery backup system is used by an uninterruptable 

power supply. All of these different power systems 

and voltages are connected together via ground-

ing conductors. Grounding is also used to protect 

against lightning, static electricity, and the influence 

of high frequency. It should be noted, however, that 

the grounding requirements listed in the National 
Electrical Code are intended for direct current and 

60-hertz AC systems. These requirements may not 

provide an effective ground for high frequency. 

Alternating current systems are subject to skin 

effect, which is the tendency of electrons to move 

toward the surface of a conductor, Figure 1-11.

The higher the frequency, the greater the skin 

effect. At a frequency of 10 MHz, a 6 AWG cop-

per conductor may exhibit a resistance of several 

thousand ohms. High-frequency circuits must be 

grounded with a conductor that contains a large sur-

face area, such as braided cable or wide copper tape.

Safety

Besides providing a common point of connection 

for different systems and voltages, grounding plays 

Grounding and Bonding 
Considerations

Many technicians and electricians pay little 

attention to grounding and know only the basic 

requirements specified by the National Electrical 
Code. However, grounding is one of the most 

important parts of any electrical installation. Proper 

grounding protects circuits and equipment from 

destruction and personnel from injury. Grounding is 

generally thought of as connecting a system to earth 

via a grounding electrode, as shown in Figure 1-8. In 

reality, grounding is connecting a circuit to a com-

mon point of reference. Almost all grounded systems 

are connected to earth, which is a common point of 

reference, but the earth generally does not provide 

the low-impedance path necessary to protect against 

ground-fault currents. NEC 250.4(A)(5) states, The 

earth shall not be considered an effective ground-

fault current path.

Grounding not only provides a low-impedance 

path for fault currents, but it also provides a com-

mon point of reference for different electrical sys-

tems and voltages, Figure 1-10. A low-impedance 

path exists from the alternator supplying power to 

the last device connected to the circuit. The alterna-

tor has an output of 13.8 kV, which is stepped up 

to 138 kV for transmission. The voltage is stepped 

Battery

Alternator
13.8 kV

13.8 kV
(Plant service entrance)

138 kV
(Transmission line)

480 V
(Plant substation)

(Plant bus system)

208/120 V, 3-phase

240/120 V,
Single-phase

Battery backup

FIGURE 1-10 A low-impedance ground is connected throughout the system.
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