
Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.  WCN 02-200-322



7th  Edi t ion

Technician’s Guide
to Programmable Controllers

Terry R. Borden | Richard A. Cox

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

Copyright 2023 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.



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.

Important Notice: Media content referenced within the product description or the product 
text may not be available in the eBook version.

Copyright 2023 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.

Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.  WCN 02-200-322



© 2023, © 2013, © 2007, © 1996 Cengage Learning, Inc. 
ALL RIGHTS RESERVED. No part of this work covered by the copyright 
herein may be reproduced or distributed in any form or by any means, 
except as permitted by U.S. copyright law, without the prior written 
permission of the copyright owner.
Unless otherwise noted, all content is © Cengage.

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

or support.cengage.com.

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

Library of Congress Control Number: 2021917612
ISBN: 978-0-357-62249-0
Cengage 

200 Pier 4 Boulevard 

Boston, MA 02210 

USA
Cengage is a leading provider of customized learning solutions with 
employees residing in nearly 40 different countries and sales in more  
than 125 countries around the world. Find your local representative at  
www.cengage.com.

To learn more about Cengage platforms and services, register or access 
your online learning solution, or purchase materials for your course, visit 
www.cengage.com.

Technician’s Guide to Programmable 
Controllers, 7th Edition

Terry Borden and Richard Cox

SVP, Higher Education Product Management: Erin Joyner
VP, Product Management, Learning Experiences: Thais Alencar
Product Director: Jason Fremder
Product Manager: Lauren Whalen
Product Assistant: Bridget Duffy
Learning Designer: Elizabeth Berry
Content Manager: Manoj Kumar, Lumina Datamatics, Inc.
Digital Delivery Quality Partner: Elizabeth Cranston
IP Analyst: Ashley Maynard
IP Project Manager: Nick Barrows
Production Service: Lumina Datamatics, Inc
Designer: Felicia Bennett
Cover and Interior Image Source: udorn_1976 /Shutterstock; Alexander Supertramp /Shutterstock; Mr.B-king/Shutterstock

Printed in the United States of America

Print Number: 01  Print Year: 2021

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 
fitness 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 readers’ use of, or reliance upon, this material.

Copyright 2023 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.

WCN: 02-300



iii

Table of Contents

Preface ........................................................................................................................... xi

Chapter 1

What Is a Programmable Logic Controller (PLC)?..................................................................1

 Introduction to Programmable Logic Controllers .............................................................1

  The Main Components of a Programmable Logic Controller System  .............................3

 Chapter Summary .......................................................................................................6

 Key Terms ..................................................................................................................7

 Review Questions ........................................................................................................7

Chapter 2

Numbering Systems ..........................................................................................................8

 Decimal System ..........................................................................................................8

 Binary System ..........................................................................................................10

 2s Complement ........................................................................................................12

 Octal System ............................................................................................................20

 Hexadecimal System .................................................................................................21

 BCD System .............................................................................................................24

 Using Numbering Systems .........................................................................................25

 Chapter Summary .....................................................................................................27

 Key Terms ................................................................................................................28

 Review Questions ......................................................................................................28

Chapter 3

Understanding the Input/Output (I/O) Section....................................................................31

 I/O Section ...............................................................................................................31

  Fixed I/O...............................................................................................................32

  Modular I/O...........................................................................................................33

 Discrete I/O Modules .................................................................................................35

  Discrete Input Module ...........................................................................................35

  AC Discrete Input Module ......................................................................................35

  DC Discrete Input Module ......................................................................................40

  Fast-Responding DC Input Modules .........................................................................40

Copyright 2023 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.



iv Table of Contents

  Diagnostic Digital Input Modules ............................................................................41

  Discrete Output Modules ........................................................................................41

  AC Output Module .................................................................................................43

  Output Fuses ........................................................................................................45

  Status Lights.........................................................................................................46

  Module Keying ......................................................................................................46

  DC Output Modules ...............................................................................................46

  Sourcing and Sinking .............................................................................................48

  Contact Output Modules .........................................................................................50

  Interposing Relay ..................................................................................................50

  Transistor-Transistor Logic (TTL) I/O Modules ...........................................................51

 Analog I/O Modules ...................................................................................................51

 Safety Circuit ...........................................................................................................53

 Chassis Installation ...................................................................................................56

 Electrical Noise (Surge Suppression) ..........................................................................57

 Grounding ................................................................................................................59

 I/O Shielding ............................................................................................................60

 Categorizing Conductors and Routing ..........................................................................61

  Control and AC Power ............................................................................................61

  Signal and Communication .....................................................................................61

  Internal to Enclosure .............................................................................................62

 Chapter Summary .....................................................................................................62

 Key Terms ................................................................................................................63

 Review Questions ......................................................................................................63

Chapter 4

Processor Unit ................................................................................................................65

 The Processor ...........................................................................................................66

 Memory Types ..........................................................................................................70

 Memory Size ............................................................................................................72

 Memory Structure .....................................................................................................73

 Programming Devices ................................................................................................73

 Computer Programmers .............................................................................................74

 Chapter Summary .....................................................................................................76

 Key Terms ................................................................................................................77

 Review Questions ......................................................................................................77

Chapter 5

Memory Organization ......................................................................................................79

 Memory Words and Word Locations .............................................................................79

 Memory Organization ................................................................................................82

  Storage Memory ....................................................................................................83

  User Memory.........................................................................................................83

Copyright 2023 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.



Table of Contents v

 Allen-Bradley Logix Memory .......................................................................................83

  Data Types ............................................................................................................88

  Arrays ...................................................................................................................89

  Tags .....................................................................................................................92

  Tasks ....................................................................................................................93

  Programs ..............................................................................................................94

  Routines ...............................................................................................................95

 Chapter Summary .....................................................................................................96

 Key Terms ................................................................................................................96

 Review Questions ......................................................................................................97

Chapter 6

Understanding and Using Ladder Diagrams .......................................................................98

 Wiring Diagrams .......................................................................................................98

 Ladder Diagrams ......................................................................................................99

 Ladder Diagram Rules .............................................................................................100

 Basic STOP/START Circuit .......................................................................................103

 Sequenced Motor Starting .......................................................................................105

 Digital Logic Gates ..................................................................................................106

 Chapter Summary ...................................................................................................114

 Key Terms ..............................................................................................................114

 Review Questions ....................................................................................................114

Chapter 7

Relay Type Instructions .................................................................................................117

 Programming Contacts ............................................................................................118

 Examine On ...........................................................................................................121

 Examine Off ...........................................................................................................121

 Clarifying Examine On and Examine Off ....................................................................128

 Chapter Summary ...................................................................................................133

 Key Terms ..............................................................................................................133

 Review Questions ....................................................................................................134

Chapter 8

Programming a PLC ......................................................................................................135

 Programming an Allen-Bradley Micro810 PLC ...........................................................136

 Programming a ControlLogix PLC with Studio 5000 ...................................................149

 Controller Communications ......................................................................................167

  Communicating with Allen-Bradley PLCs ...............................................................169

  Allen-Bradley Micro800 and Connected Components Workbench Software ................169

  Allen-Bradley ControlLogix and Studio 5000 Software .............................................176

 Chapter Summary ...................................................................................................185

Copyright 2023 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.



vi Table of Contents

 Key Terms ..............................................................................................................185

 Review Questions ....................................................................................................185

Chapter 9

Programming Considerations ..........................................................................................187

 Network Limitations ................................................................................................187

 Programming Restrictions ........................................................................................191

 Program Scanning ..................................................................................................195

 Buffering I/O ..........................................................................................................197

 Programming STOP Buttons .....................................................................................199

 Logical Holding Contacts  ........................................................................................200

 Discrete Holding Contacts .......................................................................................200

 Overload Contacts ...................................................................................................200

 Chapter Summary ...................................................................................................203

 Key Terms ..............................................................................................................203

 Review Questions ....................................................................................................203

Chapter 10

Program Control & Miscellaneous Instructions .................................................................205

 Master Control Relay Instructions .............................................................................205

  Allen-Bradley MCR Instruction ..............................................................................206

 Latching Relay Instructions .....................................................................................207

 Jump and Label Instructions ....................................................................................209

 Jump to Subroutine, Subroutine, and Return Instructions ...........................................211

 Temporary End Instruction .......................................................................................212

 Always False Instruction ..........................................................................................212

 One-Shot Instruction ...............................................................................................213

 One-Shot Rising Instruction .....................................................................................213

 One-Shot Falling Instruction ....................................................................................213

 Chapter Summary ...................................................................................................215

 Key Terms ..............................................................................................................215

 Review Questions ....................................................................................................215

Chapter 11

Programming Timers .....................................................................................................216

 Pneumatic Timers (General) .....................................................................................216

 Allen-Bradley Timers ...............................................................................................223

 Programming Allen-Bradley Logix 5000 Timers ..........................................................229

 Cascading Timers ....................................................................................................230

 Chapter Summary ...................................................................................................230

 Key Terms ..............................................................................................................230

 Review Questions ....................................................................................................231

Copyright 2023 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.



Table of Contents vii

Chapter 12

Programming Counters ..................................................................................................232

 Allen-Bradley Counters ............................................................................................232

 Combining Timers and Counters ...............................................................................238

 Programming Allen-Bradley Logix 5000 Counters.......................................................239

 Chapter Summary ...................................................................................................242

 Key Terms ..............................................................................................................242

 Review Questions ....................................................................................................242

Chapter 13

Data Manipulation ........................................................................................................244

 Data Transfer ..........................................................................................................244

 Allen-Bradley Logix Data Transfer Instructions ...........................................................245

 Data Compare.........................................................................................................249

 Allen-Bradley Logix Data Compare Instructions ..........................................................249

 Chapter Summary ...................................................................................................260

 Key Terms ..............................................................................................................260

 Review Questions ....................................................................................................260

Chapter 14

Math Functions ............................................................................................................261

 Using Math Functions .............................................................................................261

 Allen-Bradley LOGIx Math Instructions .....................................................................261

 Combining Math Functions ......................................................................................266

 Chapter Summary ...................................................................................................268

 Review Questions ....................................................................................................268

Chapter 15

Array Instructions .........................................................................................................269

 Synchronous Bit Shift Arrays ....................................................................................271

  Allen-Bradley Bit Shift Instructions .......................................................................271

 Asynchronous Shift Arrays (FIFO) .............................................................................275

  Allen-Bradley FIFO Instructions ............................................................................276

  Allen-Bradley Last-In First-Out (LIFO) Instructions ..................................................277

 Miscellaneous Array Instructions ..............................................................................278

  File Arithmetic and Logic (FAL) Instruction ............................................................279

  File Search and Compare Instruction .....................................................................280

  File Copy Instruction ............................................................................................282

  File Fill (FLL) Instruction .....................................................................................283

  File Average (AVE) Instruction ...............................................................................284

  File Sort (SRT) Instruction ....................................................................................285

Copyright 2023 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.



viii Table of Contents

 Chapter Summary ...................................................................................................286

 Key Terms ..............................................................................................................286

 Review Questions ....................................................................................................286

Chapter 16

Sequencers ..................................................................................................................288

 Sequencer..............................................................................................................288

  Mask ..................................................................................................................291

 Allen-Bradley Sequencer Instructions .......................................................................291

 Chapter Summary ...................................................................................................296

 Key Terms ..............................................................................................................296

 Review Questions ....................................................................................................297

Chapter 17

Process Control Signals, Scaling, and PID Instructions .....................................................298

 Process Control Signals and Scaling .........................................................................298

 Allen-Bradley Scaling Type Instructions .....................................................................306

  Micro800 Scaler Instruction (SCL) ........................................................................307

 Analog I/O Configuration ..........................................................................................308

  ControlLogix Analog I/O Module Configurations .......................................................309

 Allen-Bradley Logix 5000 PID Instruction .................................................................317

  PID Program Example ..........................................................................................328

 PID Loop Tuning .....................................................................................................333

  Loop Tuning Techniques .......................................................................................335

  Ziegler and Nichols Ultimate Gain Tuning Method (Closed Loop Technique)  .............335

  Ziegler and Nichols Reaction Curve Tuning Method (Open Loop Technique)  ..............338

  PID Tuning Considerations ....................................................................................340

 Chapter Summary ...................................................................................................341

 Key Terms ..............................................................................................................341

 Review Questions ....................................................................................................341

Chapter 18

Function Block Diagram and Structured Text Programming ...............................................343

 Function Block Diagram Programming ......................................................................343

 Structured Text Programming ...................................................................................345

  Assignments .......................................................................................................345

  Expressions .........................................................................................................346

  Instructions ........................................................................................................348

  Constructs ..........................................................................................................349

   IF…THEN .......................................................................................................349

   CASE…OF .......................................................................................................351

Copyright 2023 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.



Table of Contents ix

   FOR…DO ........................................................................................................352

   WHILE…DO ....................................................................................................353

   REPEAT…UNTIL ..............................................................................................353

  Comments ..........................................................................................................354

  Structured Text Programming Example ..................................................................354

 Chapter Summary ...................................................................................................356

 Key Terms ..............................................................................................................356

 Review Questions ....................................................................................................356

Chapter 19

Sequential Function Chart Programming .........................................................................358

 Sequential Function Charts ......................................................................................358

  Creating Steps ....................................................................................................360

  Creating Transitions .............................................................................................364

  SFC Programming Example ..................................................................................368

 Chapter Summary ...................................................................................................373

 Key Terms ..............................................................................................................373

 Review Questions ....................................................................................................373

Chapter 20

Understanding Communication Networks .............................................................................................374

 History ...................................................................................................................374

 Networking Principles .............................................................................................375

 Network Categories  ................................................................................................376

 Network Configurations ...........................................................................................378

 Network Media .......................................................................................................380

  Twisted-Pair Cable  ..............................................................................................380

  Coaxial Cable ......................................................................................................382

  Fiber Optic Cable ................................................................................................383

  Reducing Electromagnetic Interference  ................................................................386

 Network Addressing ................................................................................................386

 Network Access Methods (Access Protocols) ..............................................................387

 Network Protocols ...................................................................................................389

 Network Messages ..................................................................................................389

 Network Communication Instructions ........................................................................392

 Industrial Communication Networks .........................................................................393

 Industrial Protocols .................................................................................................395

 Chapter Summary ...................................................................................................404

 Key Terms ..............................................................................................................404

 Review Questions ....................................................................................................405

Copyright 2023 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.



x Table of Contents

Chapter 21

Start-Up and Troubleshooting .........................................................................................407

 Start-Up ................................................................................................................407

 Testing Inputs ........................................................................................................409

 Testing Outputs ......................................................................................................410

 Final System Checkout ............................................................................................411

 Troubleshooting ......................................................................................................411

  Example Troubleshooting Scenario ........................................................................412

  Troubleshooting Analog I/O ...................................................................................413

 Chapter Summary ...................................................................................................418

 Review Questions ....................................................................................................418

Chapter 22

PLC Programming Examples ..........................................................................................419

 Example 1—PUSH ON/PUSH OFF Circuit .................................................................420

 Example 2—½ Second Pilot Light Flasher Circuit ......................................................421

 Example 3—Motor Starter Fault-Monitoring Logic ......................................................421

 Example 4—Three-Wire Motor Control Logic with Fault Monitoring,  

  Pilot Light, and Flasher Circuit .............................................................................423

 Example 5—Time-Based Events ...............................................................................423

 Example 6—Analog Signal Filter Algorithm ...............................................................426

 Example 7—Parts Conveyor Tracking Logic ................................................................428

 Chapter Summary ...................................................................................................431

 Programming Challenge ...........................................................................................432

 Challenge ...............................................................................................................433

Glossary .......................................................................................................................434 

Index ...........................................................................................................................451

Copyright 2023 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.



xi

PREFACE

Programmable logic controllers, first introduced in 1969, have become an unqualified 
 success. They can be found in almost every industrial and manufacturing facility  worldwide. 
This computer-based device has become the industry standard, replacing the hard-wired 
electromechanical devices and circuits that had controlled the process machines and 
driven equipment of industry in the past.

Programmable logic controllers, or PLCs as they are referred to, vary in size and sophis-
tication. When PLCs were first introduced, they typically used a dedicated programming 
device for entering and monitoring the PLC program. The programming device could only 
be used for programming a specific brand of PLC. These dedicated programmers, while 
user friendly, were very expensive and could not be used for anything except program-
ming a PLC. Today, personal laptop computers have replaced the dedicated programming 
devices of the past.

Many electricians and/or technicians seem apprehensive about PLCs and their application 
in industry. One of the purposes of this text is to explain PLC basics using a plain, easy-to-
understand approach so that electricians and technicians with no PLC experience will be 
more comfortable with their first exposure to PLCs.

Half the battle of understanding any PLC is to first understand the terminology of the PLC 
world. This text covers terminology, as well as explaining the input/output section, proces-
sor unit, memory organization, program instructions, communications, and much more.

A chapter has been included to explain not only ladder diagrams but also Relay Ladder 
Logic, which is the programming language used in the majority of programmable con-
trollers. Additional chapters are included to cover Function Block, Structured Text, and 
Sequential Function Chart programming.

Examples of basic programming techniques used with typical PLCs are discussed and illus-
trated, as are the commonly used commands and functions. There are a variety of PLCs 
on the market today, and it would be impossible to write a book that explains how they all 
work and are programmed. Instead, this book is intended to discuss PLCs in a somewhat 
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xii Preface

general, or generic, sense, and to cover the basic concepts of operation that are common to 
all. All of the examples used in this text are based on the Allen-Bradley Logix 5000 family 
of PLCs.

New to This Edition: Completely updated with all new color figures and photos, this edition 
features step-by-step programming examples using the latest Rockwell Automation, Inc. 
software and hardware. It also features expanded sections on analog configuration and 
troubleshooting. The introductory chapter on communication networks has been updated to 
include the latest industrial protocols. Programming instructions along with examples have 
been included throughout this edition including array and PID instructions. 

Although this text only scratches the surface of available instructions and other advanced 
 programming capabilities of the PLCs on the market today, the reader will gain a basic under-
standing of the most commonly used instructions and how they work. A chapter, “PLC Program-
ming Examples,” will provide the reader with several examples of PLC programming code/logic 
utilizing many of the instructions covered in previous chapters. The examples are intended to 
help the reader gain a better understanding of the various PLC instructions and how they can be 
combined to provide simple control logic solutions.

As with any new skill, a firm base of understanding is required before an electrician or 
technician can become proficient. After completing the text, the reader will possess a good 
foundation upon which additional PLC skills and understanding can be built.

The best teacher, of course, is experience, and the only way to really fully understand any 
given PLC is to work with that PLC and its associated software. If a PLC is not available, 
the next best thing is a workshop or seminar sponsored by a local PLC distributor. If a work-
shop or seminar is not available, obtain as much literature and other information as pos-
sible from a local electrical distributor, PLC representative, or the Internet.

PLC manufacturers and third-party vendors are continually adding new hardware that 
can communicate across different platforms. The day of proprietary hardware and com-
munications is all but gone. With the rapid advancements in PLCs and software, the 
technician without an electronics background need not feel intimidated. The manufac-
turers are doing everything possible to make the PLC easy to install, program, trouble-
shoot, and maintain.

Technician’s Guide to Programmable Controllers is organized to take the student from 
“What is a PLC?” to learning the basic hardware, software, communications, and program-
ming languages used with most PLCs on the market today. Each chapter is designed to 
build on the knowledge gained from previous chapters. Students that complete the text will 
have a solid foundation and understanding of what PLCs are, how they are used, and the 
programming language required to make them perform the automation tasks required in 
today’s industrial world.
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1

Chapter

Learning Objectives

After completing this chapter, you should have the knowledge to:

•	Describe	several	advantages	of	a	programmable	logic	controller	(PLC)	over	hardwired	
relay	systems.

•	 Identify	the	four	major	components	of	a	typical	PLC.
•	Describe	the	function	of	the	four	major	components	of	a	typical	PLC.	
•	Define	the	acronyms	PLC,	CPU,	PC,	I/O,	ADC,	and	DAC.	

•	Define	the	term	discrete.

•	Define	the	term	analog.

1 What	Is	a	Programmable	
Logic	Controller	(PLC)?

Introduction to Programmable Logic Controllers
A	programmable	logic	controller	is	a	solid-state	system	originally	designed	to	perform	the	logic	functions	
previously	accomplished	by	components	such	as	electromechanical	relays,	drum	switches,	mechanical	
timers/counters,	etc.,	for	the	control	and	operation	of	manufacturing	process	equipment	and	machinery.

The	electromechanical	relay	(control	relays,	pneumatic	timer	relays,	etc.)	had	served	well	for	many	
generations,	often	under	adverse	conditions.	The	ever-increasing	sophistication	and	complexity	
of	modern	processing	equipment	required	faster-acting,	more	reliable	control	functions	than	
electromechanical	relays	and/or	timing	devices	could	offer.	Relays	had	to	be	hardwired	to	perform	a	
specific	function,	and	when	the	system	requirements	changed,	the	relay	wiring	had	to	be	changed	or	
modified.	In	extreme	cases,	such	as	in	the	auto	industry,	complete	control	panels	had	to	be	replaced	
since	it	was	not	economically	feasible	to	rewire	the	old	panels	with	each	model	changeover.

It	was,	in	fact,	the	requirements	of	the	auto	industry	and	other	highly	specialized,	high-speed	
manufacturing	processes	that	created	a	demand	for	smaller,	faster-acting,	and	more	reliable	control	
devices.	The	electrical/electronics	industry	responded	with	modular-designed,	solid-state	electronic	
devices.	These	early	devices,	while	offering	solid-state	reliability,	lower	power	consumption,	
expandability,	and	elimination	of	much	of	the	hardwiring,	also	brought	with	them	a	new	language.	
The	language	consisted	of	AND,	OR,	NOT	gates,	J-K	flip	flops,	and	so	on.
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What	happened	to	simple	relay	logic	and	ladder	diagrams?	That	was	the	question	plant	engineers	
and	maintenance	electricians/technicians	asked	the	solid-state	device	manufacturers.	The	reluctance	
of	the	end	user	to	learn	a	new	language	and	the	advent	of	the	microprocessor	gave	the	industry	what	
is	now	known	as	the	programmable logic controller (PLC).	The	first	PLC	was	invented	in	1969	by	
Richard	(Dick)	E.	Morley,	the	founder	of	the	Modicon	Corporation.

Internally,	there	are	still	AND	gates,	OR	gates,	and	so	forth	in	the	processor,	but	the	design	engineers	
have	preprogrammed	the	PLC	so	that	programs	can	be	entered	using	Relay	Ladder	Logic.	While	
Relay	Ladder	Logic	may	not	have	the	mystique	of	other	computer	languages	such	as	Python,	Java,	
and	C++,	it	is	however	a	high-level,	real-world,	graphic	programming	language	that	is	understood	
by	most	electricians	and	technicians.	Relay	Ladder	Logic	programming	is	the	most	common	
programming	language	used	today,	but	other	programming	languages	such	as	Sequential	Function	
Chart,	Structured	Text,	and	Function	Block	languages	can	also	be	found.	A	brief	description	of	each	
will	be	covered	in	later	chapters.

The	International	Electrotechnical	Commission	(IEC)	IEC61131	defines	a	programmable	controller	as:

A digitally operating electronic system, designed for use in an industrial environment, which uses a 

programmable memory for internal storage of user-oriented instructions for implementing specific 

functions such as logic, sequencing, timing, counting and arithmetic, to control, through digital or 

analogue inputs and outputs, various types of machines or processes. Both the PLC and its associ-

ated peripherals are designed so that they can be easily integrated into an industrial control system 

and easily used in all their intended functions.

What	does	a	PLC	consist	of,	and	how	is	it	different	from	a	computer	system?	The	PLC	consists	of	a	
programming	device	(computer),	processor	unit,	power	supply,	memory,	and	an	input/output	(I/O)	
interface	such	as	the	system	illustrated	in	Figure	1–1.	And	while	there	are	similarities,	there	are	also	
some	major	differences.
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Figure 1–1 Comparison of a Computer System and a PLC
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Note: An interface occurs when two systems come together and interact or communicate. In 

the case of the PLC, the communication or interaction is between the inputs (limit switches, push 

buttons, sensors, and the like), outputs (coils, solenoids, lights, and so forth), and the processor 

(CPU). This interface happens when any I/O voltage (AC or DC) or current signal is changed to or 

from a low-voltage DC signal that the processor uses internally for the decision-making process.

PLCs	are	designed	to	be	operated	and	maintained	by	plant	engineers	and	maintenance	personnel	with	
limited	knowledge	of	computers.	Like	the	computer,	which	has	an	internal	memory	for	its	operation	
and	storage	of	programs	and	data,	the	PLC	also	has	memory	for	storing	the	user	program,	or	Logic,	as	
well	as	memory	for	storing	data.	But	unlike	the	computer,	the	PLC	is	typically	programmed	in	Relay	
Ladder	Logic,	not	one	of	the	computer	languages	and	is	designed	for	controlling	the	operation	of	a	
process	machine	or	driven	equipment.	

The	PLC	is	also	designed	to	operate	in	an	industrial	environment	with	wide	ranges	of	ambient	
temperature,	vibration,	and	humidity,	and	is	not	usually	affected	by	the	electrical	noise	that	is	
inherent	in	most	industrial	locations.

Note: Electrical noise is discussed in Chapter 3.

Maybe	one	of	the	biggest,	or	at	least	the	most	significant	difference	between	the	PLC	and	a	
computer,	is	that	PLCs	have	been	designed	for	installation	and	maintenance	by	plant	electricians	
who	are	not	required	to	be	highly	skilled	electronics	or	computer	technicians.	Troubleshooting	is	
simplified	in	most	PLCs	because	they	include	fault	indicators,	blown-fuse	indicators,	I/O	status	
indicators,	and	written	fault	information	that	can	be	displayed	on	the	PLC	and/or	programmer.

Although	the	PLC	and	the	personal	computer	(PC)	are	different	in	many	ways,	the	PC	is	often	used	
for	programming	and	monitoring	the	PLC.	Using	PCs	in	conjunction	with	PLCs	will	be	discussed	in	
later	chapters.

The Main Components of a Programmable Logic Controller System 

A	typical	PLC	can	be	divided	into	four	main	components.	These	components	consist	of	the	processor 

unit, power supply,	input/output	section	(I/O	interface),	and	the	programming	device	(programmer).

The	processor	unit	or	central	processing	unit (CPU) houses	the	processor,	which	is	the	decision-
maker	or	“brain”	of	the	system.	The	brain	is	a	microprocessor-based	system	that	replaces	control	
relays,	counters,	timers,	sequencers,	and	so	forth,	and	is	designed	so	that	the	user	can	enter	the	
desired	program	in	Relay	Ladder	Logic.	The	processor	then	makes	all	the	decisions	necessary	to	
carry	out	the	user	program,	based	on	the	status	of	the	inputs	and	outputs	for	control	of	a	machine	or	
process.	It	can	also	perform	arithmetic	functions,	data	manipulation,	and	communications	between	
the	local	I/O	section,	remotely	located	I/O	sections,	and/or	other	networked	PLC	systems.	Figure	1–2	
shows	the	Allen-Bradley	1756-L85E	PLC	processor	unit.

The	power	supply	is	necessary	to	convert	the	available	power	source,	120	or	240	volts	AC,	24,	48,	
or	125	volts	DC,	to	the	low-voltage	DC	required	for	the	logic	circuits	of	the	processor,	and	for	the	
internal	power	required	for	the	I/O	modules.	The	power	supply	can	be	a	separate	unit	as,	shown	in	
Figure	1–3,	one	of	modular	design	that	plugs	into	the	processor	chassis	or	rack,	or,	depending	on	the	
manufacturer,	one	that	is	an	integral	part	of	the	processor.

Note: The power supply does not supply power for the actual input or output devices 

themselves; it only provides the power needed for the internal electronic circuitry of the input and 

output modules. Power for the input and output devices, if required, must be provided from a 

separate source.
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4	 Technician’s	Guide	to	Programmable	Controllers

The	size	or	power	rating	of	the	power	supply	is	based	on	the	number	and	type	of	I/O	modules	that	are	
to	be	installed.	Power	supplies	are	normally	available	with	output	power	ratings	of	30	to	75	watts.

Note: Consider future needs and the possibility of expansion when initially sizing the power supply. 

It is cheaper in the long run to install a larger power supply initially than to try to add additional 

capacity at a later date.

The	I/O	section	consists	of	I/O	modules	that	are	either	fixed	or	modular.	The	number	of	inputs	and	
outputs	necessary	is	dictated	by	the	requirements	of	the	equipment	that	is	to	be	controlled	by	
the	PLC.	Figure	1–4	shows	a	chassis	or	rack	with	modular	I/O	modules	installed.	I/O	modules	are	
“plugged	in”	and	added	as	needed.

I/O	modules	are	where	the	real-world	devices	are	connected.	The	real-world	input	(I)	devices	can	be	
push	buttons,	limit	switches,	analog	sensors,	pressure	switches,	selector	switches,	etc.,	while	the	
real-world	output	(O)	devices	can	be	hardwired	motor	starter	coils,	solenoid	valves,	indicator	lights,	
positioning	valves,	and	the	like.	The	term	real world	is	used	to	distinguish	actual	devices	that	exist	
and	must	be	physically	wired	to	the	I/O	modules	as	compared	to	internal	functions	of	the	PLC	system	
that	duplicate	the	function	of	relays,	timers,	counters,	and	so	on,	even	though	none	physically	exists.	
This	may	seem	a	bit	strange	and	hard	to	understand	at	this	point,	but	the	distinction	between	what	
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Figure 1–2 Allen-Bradley 1756-L85E PLC Processor Unit Figure 1–3 Allen-Bradley PLC Power Supply
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the	processor	can	do	internally—which	eliminates	the	need	for	all	the	previously	used	control	relays,	
timers,	counters,	and	so	forth—will	be	graphically	shown	and	readily	understandable	later	in	the	text.

Real-world	I/O	devices	are	of	two	types:	discrete	and	analog.	Discrete	I/O	devices	are	either	ON	or	
OFF,	open	or	closed,	while	analog	devices	have	a	range	of	possible	values.	Examples	of	discrete	
devices	are	limit	switches,	push	buttons,	motor	starter	coils,	and	indicator	lamps.	Examples	of	
analog	devices	are	pressure	sensors,	temperature	probes,	panel	meters,	variable	speed	drive	signals,	
and	modulating	valves.	When	reference	is	made	to	an	I/O	device,	the	terms	discrete input device, 
discrete output device, analog input device, and	analog output device	are	commonly	used	to	
describe	the	type	of	device.

A	reference	was	made	earlier	in	this	chapter	to	the	I/O	section	as	an	interface.	Although	not	a	
common	reference,	it	is	an	accurate	one.	The	I/O	section	contains	the	circuitry	necessary	to	convert	
input	voltages	from	discrete input devices	to	low-level	DC	voltages	(typically	5V)	that	the	processor	
uses	internally	to	represent	the	status	or	condition	(ON	or	OFF ).	Similarly,	the	I/O	section	changes	
low-level	DC	signals	from	the	processor	to		AC	or	DC	voltages	required	to	operate	the	discrete output 

devices.	The	I/O	section	also	converts	varying	voltage	or	current	signals	from	analog input devices	
into	corresponding	decimal	values	by	way	of	an	Analog-to-Digital	converter	(ADC).	This	same	process,	
but	reversed	via	a	Digital-to-Analog	converter	(DAC),	is	used	by	the	I/O	section	to	convert	decimal	
values	into	corresponding	voltage	or	current	signals	necessary	to	operate	analog output devices.	
The	field	signals	from	both	digital	and	analog	devices	are	normally	isolated	from	the	low-level	logic	
circuitry	of	the	processor	by	means	of	optical	coupling.	This	is	a	brief	overview	of	the	I/O	section	and	
its	function.	How	I/O	devices	are	wired	to	I/O	modules,	optical	coupling,	and	more	information	about	
the	module	circuitry	itself	is	covered	in	Chapter	3.

The	programming	device	is	used	to	enter	the	desired	program	or	sequence	of	operation	into	the	
PLC	memory.	The	program	is	entered	using	relay	ladder	logic,	or	one	of	the	other	PLC	programming	
languages,	and	it	is	this	program	that	determines	the	sequence	of	operation	and	ultimate	control	of	
the	process	equipment	or	driven	machinery.	The	programming	device	is	typically	a	PC.	

Figure 1–4 PLC Chassis with I/O Modules Installed
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6	 Technician’s	Guide	to	Programmable	Controllers

A	PC	is	used	to	program	nearly	all	the	PLCs	on	the	market	today.	The	PLC	programming	software	that	
is	installed	on	the	PC	and	a	communications	cable	is	sometimes	all	that	is	required	to	program	a	
PLC.	At	other	times	special	hardware	keys	and/or	communication	cards	are	required	to	be	installed	
on	the	PC	for	it	to	work	successfully	as	a	programming	device.	The	PC	provides	the	benefit	of	a	large	
viewing	screen	that	allows	more	of	the	program	to	be	viewed	at	one	time	and	makes	troubleshooting	
and	memory	access	much	easier.	It	also	provides	program	storage,	as	well	as	runs	all	the	various	
software	packages	we	have	come	to	depend	on	today,	such	as	spreadsheets,	word	processing,	etc.	
Figure	1–5	shows	a	laptop	PC	that,	with	the	appropriate	software,	is	used	to	program	and	monitor	
a PLC.

Chapter Summary

Programmable	logic	controllers	(PLCs)	have	made	it	possible	to	precisely	control	large	process	
machines	and	driven	equipment	with	less	physical	wiring	and	lower	installation	costs	than	is	
required	with	standard	electromechanical	relays,	pneumatic	timers,	drum	switches,	and	so	on.	The	
programmability	allows	for	fast	and	easy	changes	in	the	Relay	Ladder	Logic	to	meet	the	changing	
needs	of	the	process	or	driven	equipment	without	the	need	for	expensive	and	time-consuming	
rewiring.	Designed	to	be	“technician	friendly,”	the	modern	PLC	is	easier	to	program	and	can	be	
used	by	plant	engineers	and	maintenance	technicians	who	have	little	or	no	electronic	or	computer	
background.

Figure 1–5 Laptop Computer Connected to an Allen-Bradley Micro PLC
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Key Terms

programmable	logic	controller	(PLC)	 I/O

processor	unit	 power	supply

programmer	 CPU

input	device	 output	device

discrete input	 discrete	output

analog input	 analog	output

Review Questions

	1.	 List	the	four	main	components	of	a	programmable	logic	controller.

	2.	 Define	the	term	interface.

	3.	 Define	the	term	real world.

	4.	 Define	the	term	discrete.

	5.	What	do	the	following	acronyms	stand	for?

	 	 CPU	 ADC	 PC

	 	 I/O	 DAC	 PLC

	6.	 Define	the	term	analog.

	7.	What	is	typically	used	to	program	and	monitor	PLCs?

	8.	 Relay	Ladder	Logic	is	a	high-level	graphic	computer	language.

	 	 T	 	 F

	9.	What	is	the	major	advantage	of	a	PLC	system	over	the	traditional	hardwired	control	system?
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Chapter

Learning Objectives

After completing this chapter, you should have the knowledge to:

•	Describe	decimal,	binary,	octal,	hexadecimal,	and	binary	coded	decimal	(BCD)	
numbering	systems.

•	Convert	from	one	numbering	system	to	another.
•	Express	negative	numbers	in	2s	complement.

•	Add	signed	numbers.

•	Convert	a	negative	binary	display	to	its	decimal	equivalent.

•	Complete	a	subtraction	and	addition	problem	using	2s	complement.

2 Numbering	Systems

Electricians,	technicians,	or	other	personnel	who	are	required	to	program,	modify,	or	maintain	a	PLC	
must	have	a	“working”	knowledge	of	the	different	numbering	systems	that	are	used.	For	example,	
the	input/output	addresses	may	use	the	octal	numbering	system;	the	timer	and	counter	addresses	
may	use	the	decimal	numbering	system;	accumulated	and	preset	values	of	the	timers	and	counters	
may	use	the	binary	numbering	system;	and	the	hexadecimal	system	may	be	used	for	setting	I/O	
module	configurations.	The	numbering	system	used	in	each	area	discussed	varies	with	the	different	
PLC	manufacturers,	but	it	is	obvious	that	to	fully	understand	and	program	a	PLC,	an	understanding	
of	the	various	numbering	systems	is	necessary.

Decimal System
Electricians	and	technicians	use	the	decimal	numbering	system	every	day,	therefore	it	is	a	
system	they	are	comfortable	with.	This	system	uses	10	unique	numbers,	or	digits,	which	are	0–9.	
A numbering	system	that	uses	10	digits	is	said	to	have	a	base	of	10.	The	value	of	the	decimal	
number	depends	on	the	digit(s)	used	and	each	digit’s	place	value.	Each	position	can	be	represented	
as	a	power	of	10,	starting	with	100,	as	shown	in	Figure	2–1.	In	the	decimal	system,	the	first	position	
to	the	left	of	the	decimal	point	is	called	the	units	place,	and	any	digit	from	0–9	can	be	used.	
The	next	position	to	the	left	of	the	units	place	is	the	tens	place;	next	is	the	hundreds	place,	the	
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Numbering	Systems	 	 9

thousands	place,	and	so	on,	with	each	place	extending	the	capability	of	the	decimal	system	by	10,	
or	a	power	of	10.	

Note: Any number that uses an exponent of 0, such as 100, has a place value of 1. Exponent 100	
equals 1.

A	specific	decimal	number	can	be	expressed	by	adding	the	place	values,	as	shown	in	Figure	2–2.

Mathematically,	each	place	value	is	expressed	as	a	digit	number	times	a	power	of	the	base,	or	10,	in	the	
decimal	numbering	system.	Another	example	is	shown	in	Figure	2–3	using	the	decimal	number	239.

Figure 2–1 Place Value and Corresponding 
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10	 Technician’s	Guide	to	Programmable	Controllers

Binary System
The	binary	system	uses	only	two	digits:	1	and	0.	Since	only	two	digits	are	used,	this	system	has	a	
base	of	2.	Like	the	decimal	system—and	all	numbering	systems	for	that	matter—each	digit	has	a	
certain	place	value.	The	first	place	to	the	left	of	the	starting	point,	or	binary	point,	is	the	units	or	
1s	location	(base	20).	The	next	place,	to	the	left	of	the	units	place,	is	the	2s	place,	or	base	21,	as	
shown	in	Figure 2–4.	The	next	place	value	is	the	4s	place,	or	base	22,	then	the	8s	place,	or	base	23,	
and	so	forth.	A binary	number	is	always	indicated	by	placing	a	2	in	subscript	to	the	right	of	the	unit’s	
digit.	Figure	2–4	illustrates	how	a	binary	number	is	converted	to	a	decimal	equivalent	number.	Note	
the	subscripted	2	at	the	lower	right-hand	corner	of	the	binary	number	line	that	indicates	a	base	2,	or	
binary	number.

Figure 2–4 Converting a Binary Number to a Decimal Number
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To	convert	a	decimal	number	into	a	binary	number,	or	to	any	numbering	system	for	that	matter,	
use	the	following	procedure,	as	shown	in	Figure	2–5.	Divide	the	decimal	number	by	the	base	you	
wish	to	convert	to,	in	this	case	2.	The	remainder	is	the	1s	value	(see	Step	1).	Now	divide	the	
quotient	from	the	first	division	again;	the	remainder	becomes	the	value	that	is	placed	in	the	2s	
location	(see	Step	2).	The	quotient	of	each	preceding	division	is	then	divided	by	the	base	2	until	
the	base	can	no	longer	be	divided	(see	Step	8),	and	the	remainder	(1)	becomes	the	last	digit	in	
the	binary	number.	

It	is	important	to	arrange	the	remainders	correctly	when	making	the	decimal-to-binary	conversion.	
The	first	digit	placed	in	the	1s	position	is	called	the	least	significant	digit,	whereas	the	last	digit	
is	called	the	most	significant	digit.	The	last	digit	placed	has	the	highest	place	value	(128s)	which	
is	why	it	is	called	the	most	significant	digit.	This	reference	to	least	and	most	significant	digits	is	
common,	and	refers	to	the	relative	position	of	any	given	digit	within	a	number.
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Numbering	Systems	 	 11

The	following	steps	summarize	this	decimal-to-binary	conversion.

Step 1. The	decimal	number	is	divided	by	2	(base	of	the	binary	numbering	system).	The	
quotient	is	listed	(119)	as	well	as	the	remainder	(1).

Step 2. Divide	the	quotient	of	Step	1	(119)	by	base	2,	and	list	the	new	quotient	(59)	and	the	
remainder	(1).

Step 3. Divide	the	quotient	of	Step	2	(59)	by	base	2,	and	list	the	new	quotient	(29)	and	
remainder	(1).

Step 4. Divide	the	quotient	of	Step	3	(29)	by	2,	and	list	the	new	quotient	(14)	and	the	
remainder	(1).

Step 5. Divide	the	quotient	of	Step	4	(14)	by	2,	and	list	the	new	quotient	(7)	and		
remainder	(0).

Step 6. Divide	the	quotient	of	Step	5	(7)	by	2,	and	list	the	new	quotient	(3)	and		
remainder	(1).

Step 7. Divide	the	quotient	of	Step	6	(3)	by	2,	and	list	the	new	quotient	(1)	and		
remainder	(1).

Step 8. Divide	the	quotient	of	Step	7	(1)	by	2,	and	list	the	new	quotient	(0)	and		
remainder	(1).

Note: When using a calculator to do the division, the value to the right of the decimal must be 

multiplied by the base to get the actual remainder. For example, when 239 is divided by 2 (Step 1) 

on a calculator, the answer is 119.5. To find the actual remainder, the 0.5 is multiplied by 2, the 

base, to find the remainder 1. This procedure is true for any numbering system. The base times the 

value to the right of the decimal point equals the actual remainder.

The	binary	numbering	system	is	used	to	store	information	in	the	processor	memory	in	the	form	of bits.

Figure 2–5 Converting a Decimal Number to a Binary Number

1 1 1 1 2
Decimal  Number 239.10 1 1 1 0

239
2

119 remainder 1

119
2

59 remainder 1

59
2

29 remainder 1

29
2

14 remainder 1

14
2

7 remainder 0

7
2

3 remainder 1

3
2

1 remainder 1

1
2

0 remainder 1

1.

2.

3.

4.

5.

6.

7.

8.

=

=

=

=

=

=

=

=
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2s Complement
Virtually	all	programmable	controllers,	computers,	and	other	electronic	calculating	equipment	
perform	counting	functions	using	the	binary	system.	For	those	PLCs	that	are	programmed	to	perform	
arithmetic	functions,	a	method	of	representing	both	positive	(+)	and	negative	(–)	numbers	must	be	
used.	The	most	common	method	is	2s complement.	The	2s	complement	is	simply	a	convention	for	
binary	representation	of	negative	decimal	numbers.

Before	going	any	further	with	a	discussion	of	2s	complement,	a	review	of	adding	binary	numbers	may	
be	helpful.	In	decimal	addition,	numbers	are	added	according	to	an	addition	table.	A	partial	addition	
table	is	shown	in	Figure	2–6.

Figure 2–6 Decimal Addition System

4200 1 3

420 1 3 5

5311 2 4

6422 3 5

533 4

44 5

To	use	the	table,	the	first	number	to	be	added	is	located	on	the	vertical	line,	and	the	second	number	
on	the	horizontal	line.	The	sum,	or	total,	is	found	where	the	two	imaginary	lines	intersect.	For	
example,	3	+	2	=	5	(as	shown	in	Figure	2–7).

Figure 2–7 Adding 2 and 3

4200 1 3

420 1 3 5

5311 2 4

6422 3 5

533 4

44 5

For	binary	addition,	a	similar	addition	table	is	constructed.	The	table	is	small	because	the	binary	
system	only	has	two	digits	(1	and	0)	(Figure	2–8).

00 1

0 1

11 10

Figure 2–8 Binary Addition Table
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Numbering	Systems	 	 13

To	use	the	table,	the	first	number	(digit)	to	be	added	is	located	on	the	vertical	line,	the	second	digit	
is	located	on	the	horizontal	line.	The	sum,	or	total,	is	found	where	the	two	imaginary	lines	intersect.	
Figure	2–9	shows	an	example	of	adding	1	+	0	=	1.

00 1

0 1

11 10

Figure 2–9 Adding Binary 1 and 0

Notice	that	if	1	and	1	are	added,	the	table	shows	1	0,	not	2,	as	might	be	expected.	1	0	is	the	binary	
representation	of	2	(Figure	2–10).

0 0 1 0 2

1248

Figure 2–10 Binary Representation of 2

Figure	2–11	shows	how	binary	numbers	10112	and	1102	are	added.

1 0 1 1 20

0 1 1 0 20

0 0 0 1 21

+

=

124816
111

Figure 2–11 Adding Binary Numbers

In	the	1s	column	1	+	0	=	1.
In	the	2s	column	1	+	1	=	0,	with	a	carryover	of	1.
In	the	4s	column	1	+	0	+	1	=	0,	with	a	carryover	of	1.
In	the	8s	column	1	+	1	+	0	=	0,	with	a	carryover	of	1.	
In	the	16s	column	1	+	0	+	0	=	1.
The	sum	(total)	of	10112	and	1102	is,	therefore,	100012.
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14	 Technician’s	Guide	to	Programmable	Controllers

To	verify	our	results	we	can	convert	the	binary	numbers	to	decimal	equivalent	numbers	and	add	
them,	as	shown	in	Figure	2–12.

1 0 1 1 20

1

0 1 1 0 20

0 0 0 1 21

2

8

1110

2

4

610

1

16

1710

+

=

124816

Figure 2–12 Converting Binary Numbers to Decimal Equivalents

Another	example	of	adding	binary	numbers	is	shown	in	Figure	2–13,	where	110112	and	112	are	
added.

11001 1 11

1 11

11+ 11

021111 11 11

Figure 2–13 Addition of Binary Numbers

In	the	1s	column	1	+	1	=	0,	with	a	carryover	of	1.	
In	the	2s	column	1	+	1	+	1	=	1,	with	a	carryover	of	1.

Note: 1 + 1 + 1 = 3. The binary equivalent of 310 is 112.

In	the	4s	column	1	+	0	=	1.	
In	the	8s	column	1	+	0	=	1.	
In	the	16s	column	1	+	0	=	1.
The	sum	of	110112	and	112	is	111102.
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To	verify	this	method,	convert	the	binary	numbers	to	decimal	numbers,	and	add	them,	as	shown	in	
Figure	2–14.

101 1 1

1+ 1

0211 1 1

= 2710

=   310

= 3010

Figure 2–14 Comparing Binary and Decimal Addition

To	represent	negative	numbers	using	the	binary	numbering	system,	one	bit	is	designated	as	a	signed	
bit.	If	the	designated	bit	is	a	0	(zero),	the	number	is	positive,	and	if	the	bit	is	a	1,	the	number	is	
negative.

Using	a	4-bit	word	length,	and	using	bit	4	as	the	designated	signed	bit,	00012	represents	+1	
decimal	(see	Figure	2–15).

0 0 0 1

124
Signed

Bit

1234

Place Value

Bit #

= +110

Figure 2–15 4-Bit Word with a Signed Bit

The	table	in	Figure	2–16	shows	all	of	the	possible	numbers	for	a	4-bit	word	using	2s	complement.	

+70111

DecimalBinary Number

+60110

+50101

+40100

+30011

+20010

+10001

00000

–11111

–21110

–31101

–41100

–51011

–61010

–71001

–81000

Figure 2–16 2s Complement Numbers for a 4-Bit Word
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16	 Technician’s	Guide	to	Programmable	Controllers

Notice	that	the	negative	numbers	go	to	–8	while	the	positive	numbers	only	go	to	+7.	In	this	case,	the	
signed	bit	is	used	for	its	place	value,	which	is	8.	The	same	holds	true	for	8-,	16-,	and	32-bit	words.	
The	maximum	negative	number	is	always	one	number	higher	than	the	maximum	positive	number.	

To	display	a	negative	binary	number	requires	that	the	same	value	positive	number	be	complemented	(all	
1s	changed	to	0s	and	all	0s	changed	to	1s)	and	a	value	of	1	added.	The	result	is	the	2s	complement	of	
the	number.	Figure	2–17	shows	the	steps	to	express	–5	in	2s	complement	using	a	4-bit	word.

0 1 0 1

124
Signed

Bit

Place Value

1 0 1 0

1

1 0 1 1

1. Positive Binary Expression of the Number (5)

2. Complement

3. Add 1

Negative Binary Display = –510

Figure 2–17 Expressing –5 in 2s Complement

Another	example	of	2s	complement	is	shown	in	Figure	2–18	with	the	steps	required	to	express	–7	in	
2s	complement.

0 1 1 1

124
Signed

Bit

Place Value

1 0 0 0

1

1 0 0 1

1. Positive Binary Expression of the Number (7)

2. Complement

3. Add 1

Negative Binary Display = –710

Figure 2–18 Expressing –7 in 2s Complement

To	convert	a	negative	binary	number	to	the	decimal	equivalent,	the	negative	binary	display	is	
complemented,	1	is	added,	the	binary	sum	is	converted	to	decimal,	and	the	negative	sign	(–)	is	
added.	Figure	2–19	shows	what	steps	are	necessary	to	determine	the	negative	value	of	11102.

1 1 1 0

124
Signed

Bit

Place Value

0 0 0 1

1

0 0 1 0

1. Complement

2. Add 1

Binary Sum

–2103. Add Negative Sign

Figure 2–19 2s Complement to Decimal Equivalent

An	easy	way	to	convert	a	negative	binary	number	to	its	equivalent	negative	decimal	number	is	to	
subtract	the	place	value	of	the	signed	bit	from	the	value	of	the	binary	digits.	In	Figure	2–19,	the	
binary	sum	1110	is	equal	to	–210,	which	is	the	decimal	number	–2.	In	this	example,	a	4-bit	word	is	
used	with	bit	4	being	the	signed	bit.	The	fourth	bit	normally	would	have	a	place	value	of	8.	In	this	
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example,	the	value	8	is	subtracted	from	the	value	of	the	binary	number	1102	which	is	equal	to	6,	
6	–	8	=	–2.	

Another	example	using	this	method	of	converting	negative	binary	numbers	to	their	decimal	
equivalent	is	shown	in	Figure	2–20,	using	an	8-bit	word	with	bit	8	being	the	signed	bit.

1 1 1 0

(1)(2)(4)(8)

1 1 0 1

(16)(32)(64)(128)

Signed
Bit

Place Value

Figure 2–20 8-Bit Word 2s Complement

In	this	example,	the	signed	bit	would	have	a	value	of	128	(27),	whereas	the	numeric	value	of	the	
other	bits	would	be	94,	as	shown	in	Figure	2–21.

1 1 1 0

(1)(2)(4)(8)

1 1 0 1

(16)(32)(64)(128)

Signed
Bit

Place Value

64

16

8

4

2

94

94 – 128 = –34

Figure 2–21 8-Bit Word (2s Complement) with Bits Added

Subtracting	the	place	value	of	the	signed	bit	(128)	from	the	numeric	value	of	the	other	bits	(94)	
gives	us	the	decimal	number:	94	–	128	=	–34.	To	verify	this	answer,	complement	the	original	binary	
number	1101	1110	to	get	0010	0001.	Then	add	1.

	 0010	0001
	 1

	 0010	0010

The	answer	is	25	+	21	or	32	+	2	=	34;	adding	the	negative	sign	gives	us	a	final	answer	of	–34,	the	
same	answer	we	got	when	we	subtracted	the	place	value	of	the	signed	bit	(128)	from	the	numeric	
value	of	the	binary	number	94.

If	the	PLC	system	uses	2s	complement	for	arithmetic,	the	highest	positive	number	that	a	16-bit	
word	can	represent	is	+32,767,	as	shown	in	Figure	2–22.	The	highest	positive	number	that	a	32-bit	
word	can	represent	is	+2,147,483,647.
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1 x 20 = 1

1 x 22 = 4
1 x 21 = 2

1
2
4
8

16
32
64

128
256
512

1,024
2,048
4,096
8,192

16,384

32,767
1 1 1 11 1 1 11 1 1 10 1 1 1

1 x 215 = 0 = Positive Number
1 x 214 = 16,384

1 x 213 = 8,192
1 x 212 = 4,096

1 x 211 = 2,048
1 x 210 = 1,024

1 x 29 = 512
1 x 28 = 256

1 x 27 = 128
1 x 26 = 64

1 x 25 = 32
1 x 24 = 16

1 x 23 = 8

Figure 2–22 Maximum Positive Value of 2s Complement 16-Bit Word

The	largest	negative	number	that	can	be	represented	by	a	16-bit	word	is	–32,768,	as	shown	
in	Figure	2–23.	The	largest	negative	number	that	can	be	represented	by	a	32-bit	word	is	
–2,147,483,648.

0 0 0 00 0 0 00 0 0 01 0 0 0

1 x 215 = –32,768

Signed
Bit

Rule: Subtract Signed Bit Place Value from the
Numeric Value of the Other Bits.

Signed Bit Place Value = 32,768
0 – 32,768 = –32,768

Figure 2–23 Maximum Negative Value of 2s Complement 16-Bit Word

Another	method	of	converting	positive	numbers	to	2s	complemented	negative	numbers	is	as	follows:	
starting	at	the	least	significant	bit	and	working	to	the	left,	copy	each	bit	up	to	and	including	the	first	
1	bit,	and	then	complement	or	change	each	remaining	bit.	Figure	2–24	shows	this	alternate	method	
of	expressing	–2	in	2s	complement	using	a	4-bit	word.

0 0 1 01. Original Positive Number (+2)

1 0

1 1 1 0

1 1 1 0

2. Copy Up to First (1) Bit

3. Complement the Remaining Bits

2s Complement –2

Figure 2–24 Alternate Method of 2s Complement
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A	further	example	is	shown	in	Figure	2–25	for	2s	complementing	the	value	24	using	an	8-bit	word.

1 0 0 00 0 0 11. Original Positive Number (+24)

1 0 0 0

1 0 0 01 1 1 0

1 0 0 01 1 1 0

2. Copy Up to First (1) Bit

3. Complement the Remaining Bits

2S Complement –24

Figure 2–25 2s Complement of –24 Decimal

By	using	2s	complement,	negative	and	positive	values	can	now	be	added.	The	two	steps	for	adding	
–710	and	+510	using	2s	complement	with	a	4-bit	word	are	shown	in	Figure	2–26.

0 1 1 1

124
Signed

Bit

Place Value

1. Express –7 In 2S Complement

A. Positive Expression of Number (+7)

Binary Sum = –210

Negative Binary Display

1 0 0 0

1

1 0 0 1

1 0 0 1

0 1 0 1

1 1 1 0

B. Complement

C. Add 1

2. Add –7 And +5 +

Figure 2–26 Adding Positive and Negative Numbers

Note: When adding signed binary numbers, any carryover from the signed bit column is discarded.

Once	addition	of	signed	numbers	is	possible,	the	other	arithmetic	functions	(subtraction,	
multiplication,	and	division)	are	also	possible,	because	they	are	achieved	by	successive	addition	on	a	
PLC.

Example: Subtracting the number 20 from 26 is accomplished by complementing 20 to obtain –20, and then 

performing addition.

Subtracting	20	from	26	by	complementing	20	and	performing	addition	using	an	8-bit	word	is	shown	
in	Figure	2–27.

1 0 1 01

1 1 0 00

0 1 1 00

124816

0 0 0

3264
Signed

Bit

1 1 1

0 0 0

Place Value

+26

–20

+610

+

Figure 2–27 Subtraction by Addition
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Octal System
The	octal	system,	or	base	8,	is	made	up	of	8	digits,	numbers	0–7.	The	first	digit	to	the	left	of	the	
octal	point	is	the	units	place,	or	1s,	and	has	a	base	or	power	of	80.	The	next	place	is	eights	(8s)	
or	base	81.	The	next	place	is	sixty-fours	(64s)	or	base	82,	followed	by	five	hundred	twelves	(512s)	
or	base	83,	and	four	thousand	ninety-sixes	or	base	84,	and	so	on.	An	octal	number	will	always	be	
expressed	by	placing	an	eight	in	subscript	to	the	right	of	the	unit’s	digit,	as	shown	in	Figure	2–28.

357.8
Figure 2–28 Octal Number

The	method	of	converting	an	octal	number	to	a	decimal	equivalent	number	is	illustrated	in	Figure	
2–29.

3 5 7 8

(1)

7

(8)

40

(82) (80)(81)

(64)

192

192

40

7

239.10

1. Octal Number

2. Place Values

3. Place Values Expressed
as Powers of 8

4. Product of Steps 1 & 3

5. Decimal Equivalent (Sum of Products)

++

Figure 2–29 Converting an Octal Number to a Decimal Number

The	decimal	number	239	is	converted	to	an	octal	number	in	Figure	2–30.

3 5 7 8
Decimal  Number 239.10

239
8

29 Remainder 7

29
8

3 Remainder 5

3
8

0 Remainder 3

1.

2.

3.

=

=

=

Figure 2–30 Converting a Decimal Number to an Octal Number

Step 1. The	decimal	number	239	is	divided	by	8	(base	for	the	octal	numbering	system).	The	
quotient	is	listed	(29)	as	well	as	the	remainder	(7).	A	calculator	shows	the	answer	
as 29.875.	The	quotient	is	29,	and	the	remainder	is	0.875	×	8,	or	7.

Step 2. Divide	the	quotient	of	Step	1	(29)	by	8,	and	list	the	new	quotient	(3)	and	the	remain-
der	(5).	A	calculator	gives	the	answer	3.625.	The	quotient	is	3,	and	the	remainder	is	
0.625	×	8,	or	5.
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Step 3. Divide	the	quotient	from	Step	2	(3)	by	8,	and	list	the	new	quotient	(0)	and	remainder	
(3).	The	quotient	3	divided	by	8	equals	0.375.	The	new	quotient	is	0,	and	the	remain-
der	is	0.375	×	8,	or	3.

The	decimal	number	239	is	the	same	as	the	octal	number	357.

Since	the	largest	single	number	that	can	be	expressed	using	the	octal	numbering	system	is	seven	
(7),	each	octal	digit	can	be	represented	by	using	only	three	(3)	binary	bits	(base	2).	Figure	2–31	
illustrates	how	to	convert	an	octal	number	to	a	binary	number.	The	figure	shows	three	sets	of	binary	
bits	and	the	place	value	of	each	bit.	For	the	least	significant	digit	(7),	a	one	(1)	must	be	placed	in	
the	1s	place,	the	2s	place,	and	the	4s	place	to	equal	7.	For	the	middle	digit	(5),	a	1	is	placed	in	the	
1s	place	and	the	4s	place,	while	a	0	is	placed	in	the	2s	place.	This	combination	equals	5.	For	the	
most	significant	digit	(3),	a	1	is	placed	in	the	1s	place	and	the	2s	place,	and	a	0	is	placed	in	the	4s	
place.	This	combination	adds	up	to	3.	

1 0 1

4 2 1

3 5 7 8

1 1 1

4 2 1

0 1 1

4 2 1

Figure 2–31 Conversion of Octal Number to Binary

Some	older	PLCs	used	the	octal	numbering	system	for	I/O	addressing.	The	terminals	of	the	input	
and	output	modules	would	be	labeled	00	through	07	and	10	through	17,	rather	than	0	through	15	
as	would	be	the	case	with	decimal	numbering	(which	is	used	in	many	PLCs	today).	When	using	the	
octal	numbering	system,	words	are	labeled	000–007,	010–017,	020–027,	and	so	forth,	whereas	
the	bits	are	labeled	00–07	and	10–17.	Figure	2–32	shows	a	memory	word	with	the	internal	bits	
addressed	using	the	octal	numbering	system.

0 0 0

05 04 03

0 0 0

02 01 00

0 0 0

10 07 06

0 0 0

13 12 11

0 0 0

16 15 14

0

17

WORD 010

Figure 2–32 Word and Bit Labeling Using the Octal Numbering System

Hexadecimal System
The	hexadecimal	system,	often	referred	to	as	HEX,	consists	of	a	number	system	with	base	16.	

It	seems	logical	that	the	numbers	used	in	base	16	would	be	0–15.	However,	only	numbers	0–9	
are	used,	and	the	letters	A–F	represent	numbers	10–15,	respectively.	The	place	values	from	the	
hexadecimal	point	are	1s—160,	16s—161,	256s—162,	4096s—163,	and	so	on.
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Each	hexadecimal	digit	is	represented	by	four	binary	digits.	The	binary	equivalents	are	shown	in	the	
table	in	Figure	2–33.

00000

DecimalBinary Number

10001

20010

30011

40100

50101

60110

70111

81000

91001

101010

111011

121100

131101

141110

151111

0

Hexadecimal

1

2

3

4

5

6

7

8

9

A

B

C

D

E

F

Figure 2–33 Hexadecimal Equivalents for Binary and Decimal

The	decimal	number	4,780	is	converted	to	hexadecimal,	as	illustrated	in	Figure	2–34.

1 2 A 16
Decimal Number 478010

298
16

18 Remainder 10

18
16

1 Remainder 2

1
16

0 Remainder 1

2.

3.

4.

=

=

=

C

4780
16

298 Remainder 121. =

121021

Figure 2–34 Converting a Decimal Number to a Hexadecimal Number

Step 1. The	decimal	number	is	divided	by	16	(base	for	the	hexadecimal	numbering	system).	
The	quotient	is	listed	(298)	as	well	as	the	remainder	(12).	A	calculator	provides	the	
answer	298.75.	The	quotient	is	298,	and	the	remainder	is	0.75	×	16,	or	12.

Step 2. Divide	the	quotient	of	Step	1	(298)	by	16,	and	list	the	new	quotient	(18)	and	the	
remainder	(10).	The	answer	is	18.625.	The	quotient	is	18,	and	the	remainder	is	
0.625	×	16,	or	10.
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Step 3. Divide	the	quotient	from	Step	2	(18)	by	16,	and	list	the	new	quotient	(1)	and	the	
remainder	(2).	Eighteen	divided	by	16	equals	1.125.	The	quotient	is	1,	and	the	
remainder	is	0.125	×	16,	or	2.

Step 4. Divide	the	quotient	from	Step	3	(1)	by	16,	and	list	the	new	quotient	(0)	and	the	re-
mainder	(1).	One	divided	by	16	equals	0.0625.	The	quotient	is	0,	and	the	remainder	
is	0.0625	×	16,	or	1.

Converting	a	hexadecimal	number	to	a	decimal	number	is	illustrated	in	Figure	2–35.

1 2 A C 16

(1)

12

(16)

160

(256)

512

(163) (160)(161)(162)

(4096)

4096

4096

512

160

12

4780.10

1. Hexadecimal Number

2. Place Values

3. Place Values Expressed
as Powers of 16

4. Product of Steps 1 & 3

5. Decimal Equivalent (Sum of Products)

+++

Figure 2–35 Converting a Hexadecimal Number to a Decimal Number

Note: Remember that A is equivalent to 10, and C is equivalent to 12. 

The	binary	equivalent	of	the	hexadecimal	number	12AC	is	shown	in	Figure	2–36.

1 2 A C 16

1 0 1 0

8 4 2 1

0 0 1 0

8 4 2 1

0 0 0 1

8 4 2 1

1 1 0 0

8 4 2 1

Figure 2–36 Binary Equivalent of a Hexadecimal Number

Since	the	largest	number	that	can	be	displayed	using	the	hexadecimal	numbering	system	is	15,	or	F	
(as	shown	in	the	table	in	Figure	2–33),	only	four	binary	bits	are	needed	to	display	each	hexadecimal	
digit.	The	conversion	to	binary	simply	places	the	1s	in	the	correct	binary	locations	to	duplicate	the	
hexadecimal	digit	(1	through	F),	as	illustrated.	The	C	has	a	value	of	12,	so	1s	are	placed	in	the	8s	
and	4s	locations,	while	zeros	(0)	are	placed	in	the	2s	and	1s	locations	for	a	total	binary	value	of	12.	
The	same	procedure	is	followed	for	the	remaining	digits	A	(10),	2,	and	1.

The	HEX	system	is	used	when	large	numbers	need	to	be	processed.	The	hexadecimal	system	is	also	
used	by	some	PLCs	for	entering	output	instructions	into	a	sequencer.
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Figure	2–37	shows	the	conversion	of	a	16-bit	binary	number	to	its	hexadecimal	equivalent.

1 0 1 1

8 4 2 1

0 0 1 0

8 4 2 1

1 0 0 1

8 4 2 1

0 1 0 1

8 4 2 1

9 2 B 5

11 x 161 5 x 1602 x 1629 x 163

36,864
512

176
5

37,55710

16-bit Binary Word Grouped

Decimal Equivalent

Hexadecimal
Equivalent

Figure 2–37 16-Bit Binary to Hexadecimal

The	first	step	in	converting	16-bit	binary	to	hexadecimal	is	to	group	the	16-bit	binary	word	into	
groups	of	four	(conversion	to	BCD).	Each	group	of	four	digits	is	converted	to	its	hexadecimal	
equivalent.	In	Figure	2–37,	the	hexadecimal	number	is	92B516.

The	conversion	of	92B516	to	decimal	is	37,55710.	Figure	2–38	shows	the	conversion	of	the	original	
16-bit	binary	number	to	its	decimal	equivalent.

11 x 20 = 1
1 x 22 = 4

1 x 24 = 16
1 x 25 = 32

1 x 27 = 128
1 x 29 = 512

1 x 212 = 4,096
1 x 215 = 32,768

4
16
32

128
512

4,096
32,768

37,557100 1 0 11 0 1 10 0 1 01 0 0 1 2

Figure 2–38 Converting a 16-Bit Digital Number to a Decimal Number

BCD System
When	large	decimal	numbers	are	to	be	converted	to	binary	for	memory	storage,	the	process	becomes	
somewhat	cumbersome.	To	solve	this	problem	and	speed	conversion,	the	Binary	Coded	Decimal	
(BCD)	system	was	devised.	In	the	BCD	system,	four	binary	digits	(base	2)	are	used	to	represent	
each	decimal	digit.	To	distinguish	the	BCD	numbering	system	from	a	binary	system,	the	designation	
BCD	is	subscripted	and	placed	to	the	lower	right	of	the	units	place.	Converting	a	BCD	number	to	a	
decimal	equivalent	is	shown	in	Figure	2–39.	

1. Bcd  Number

2. Place Values

3. Place Values Expressed
as Powers of 2

4. Product of Steps 1 & 3

5. Decimal Equivalent (Sum of Products)

BCD

8
0
0
1
9.10

0
0
2
1
3

(20)(21)(22)(23)

0
0
2
0
2

(20)(21)(22)(23) (20)(21)(22)(23)

1008 +++1200 +++0200 +++

(1)(2)(4)(8)(1)(2)(4)(8)(1)(2)(4)(8)

1 0 0 10 0 1 10 0 1 0

Figure 2–39 Converting a BCD Number to a Decimal Number
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When	using	a	BCD	numbering	system,	three	decimal	numbers	may	be	displayed	using	12	bits	(3	
groups	of	4),	or	16	bits	(4	groups	of	4)	may	be	used	to	represent	four	decimal	numbers	or	digits.	

When	only	three	decimal	digits	are	to	be	represented,	using	12	bits,	they	are	further	identified	as	
most significant digit	(MSD),	middle digit	(MD),	and	least significant digit	(LSD)	(Figure	2–40).

MSD

1 0 0 1 BCD0 0 1 10 0 1 0

MD LSD

Figure 2–40 Significant Digits

When	using	the	BCD	system,	the	largest	decimal	number	that	can	be	displayed	by	any	four	binary	
digits	is	9.	The	table	in	Figure	2–41	shows	the	four	binary	digit	equivalents	for	each	decimal		
number	0–9.

Decimal
Equivalent

Place Value

(1)

0

1

2

3

4

5

6

7

(2)(4)(8)
23 22 21 20

0000

1000

0100

1100

0010

1010

0110

1110

80001

91001

Figure 2–41 Binary to Decimal Equivalents

Using Numbering Systems
The	alphanumeric	keys	of	many	programming	terminals	generate	standard	ASCII	characters	and	
control	codes.	ASCII	is	an	acronym	for	American	Standard	Code	for	Information	Interchange.	The	
ASCII	code	uses	different	combinations	of	7-bit	binary	(base	2)	information	for	communication	of	
data.	The	data	may	be	communicated	to	a	printer,	barcode	reader,	or	be	shown	on	the	display	of	the	
programmer	and/or	computer.

Note: ASCII information is often expressed in hexadecimal (base 16). Figure 2–42 shows the 

128 standard ASCII control codes and character set with both the binary and hexadecimal 

numbering systems.
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BINARY

HEX

Figure 2–42 Standard ASCII Control Code and Character Set

The	digital	or	hexadecimal	number	is	determined	by	first	locating	the	vertical	column	where	the	code	
or	character	is	located,	and	then	the	horizontal	row.

Example: The letter A is in column 4, row 1. The binary number that transmits the letter A is 100 0001. The 

hexadecimal number is 41. The symbol # is 010 0011 in binary and 23 in HEX.

An	eighth	bit	is	often	used	by	programmers	to	provide	error-checking	of	information	that	is	
transmitted.	This	eighth	bit	is	called	the	parity bit.

For	even	parity,	the	parity	bit	(the	eighth	bit)	is	added	to	the	seven	bits	that	represent	the	ASCII	
codes	and	characters	so	that	the	number	of	1s	will	always	add	up	to	an	even	number.

Example: The binary number for the # symbol is 010 0011. The 1s add up to three, an odd number. By adding an 

eighth bit and making it a 1, the total of 1s is now 4, or even, as shown in Figure 2–43.
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1 0 0 1 100 1

Parity
Bit ASCII Code Bits

Even Parity

Figure 2–43 Parity Bit Set to 1 for Even Parity

The	letter	A,	which	is	the	binary	number	100	0001,	has	two	1s	and	is	already	even.	In	this	case,	the	
parity	bit	would	be	a	0,	as	shown	in	Figure	2–44.

0 0 0 0 101 0

Parity
Bit ASCII Code Bits

Even Parity

Figure 2–44 Parity Bit Set to 0 for Even Parity

The	ASCII	control	code	BS	(backspace)	is	binary	number	000	1000.	For	even	parity,	a	1	is	added	for	
the	parity	bit,	as	shown	in	Figure	2–45.

1 1 0 0 000 0

Parity
Bit ASCII Code Bits

Even Parity

Figure 2–45 Even Parity

By	checking	each	character	or	control	code	that	is	sent	for	an	even	number	of	1s,	transmission	errors	
can	be	detected	when	an	odd	number	of	1s	is	found.

For	systems	that	operate	on	odd	parity,	the	parity	bit	is	used	to	make	the	total	of	1s	add	up	to	an	odd	
number.

Example: The number 5 has a binary number of 011 0101. The 1s add up to 4. The parity bit is set to 1, making 

the 1s total 5, or an odd number. Figure 2–46 illustrates this concept.

1 0 1 0 110 1

Parity
Bit ASCII Code Bits

Odd Parity

Figure 2–46 Parity Bit Set to 1 for Odd Parity

For	systems	that	do	not	use	a	parity	bit	for	error-checking,	the	8	bit	is	always	a	zero	(0).

Chapter Summary

There	are	several	numbering	systems	that	are	used	to	store	information	in	the	form	of	binary	digits	
(bits)	into	the	memory	system	of	a	processor.	The	specific	numbering	system	or	the	combination	of	
numbering	systems	used	depends	on	the	hardware	requirements	of	the	specific	PLC	manufacturer.	
The	important	thing	to	remember,	however,	is	that	no	matter	which	numbering	system	or	systems	are	
used,	the	information	is	still	stored	as	1s	and	0s.
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For	programmable	controllers	to	perform	arithmetic	functions,	a	way	must	be	found	to	represent	both	
positive	and	negative	numbers.	One	of	the	most	common	methods	used	is	called	2s	complement.	
Using	2s	complement,	negative	and	positive	numbers	can	be	added,	subtracted,	divided,	and	
multiplied.	In	reality,	however,	all	arithmetic	functions	are	accomplished	by	successive	addition.

Key Terms

binary 2s	complement

octal	 BCD

hexadecimal	 bits

most	significant	digit		 ASCII

least	significant	digit	 middle	digit

parity	bit

Review Questions

	 1.	When	information	is	stored	using	only	1s	and	0s,	it	is	called	a	___________________	system.

 2. A	bit	is	an	acronym	for	_________________________________________________________.

 3. The	decimal	numbering	system	uses	10	digits,	or	a	base	of	10.	List	the	base	for	each	of	the		

following	numbering	systems.

	 	 a. binary	 	 base	___________________

	 	 b.	hexadecimal	 base	___________________

	 	 c.	octal	 	 base	___________________

 4. Convert	binary	number	11011011	to	a	decimal	number.

 5. Convert	decimal	number	359	to	a	binary	number.

 6. Convert	hexadecimal	number	14CD	to	a	decimal	number.

 7. Convert	decimal	number	3247	to	a	hexadecimal	number.

 8.	Convert	decimal	number	232	to	an	octal	number.

 9. How	do	we	prevent	binary	numbers	10	and	11	from	being	confused	as	decimal	numbers?

	10. Convert	the	following	binary	values	to	decimal.

  a. 10011000

  b. 01100101

  c.	 10011001

  d. 00010101
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	11. Convert	the	following	BCD	values	to	decimal.

  a. 1001	1000

  b. 0110	0101

  c. 1001	1001

  d. 0001	0101

12. The	BCD	value	1001	0011	0101	is	not

  a. 935	decimal

  b. 0011	1010	0111	binary

  c. 647	octal

  d. 3A7	hexadecimal

13. The	hexadecimal	value	2CB	is	not

  a. 715	decimal

  b. 1313	octal

  c. 0010	1100	1011	binary

  d. 0111	0001	0011	BCD

14. Express	the	following	signed	decimal	numbers	in	2s	complement.	Use	8-bit	words.	Show	

all work.

  a. (–)7

  b. (–)4

  c. (–)3

15.	Convert	the	following	decimal	numbers	to	2s	complement	and	add.	Use	8-bit	words.	Show	

all work.	

  a. (+)4

	 	 		 (–)7

  b. (–)10

	 	 		 (+)22

  c. (+)22

	 	 		 (+)33

	16.	Convert	the	following	negative	binary	values	(8-bit	word)	to	decimal.	Show	all	work.

  a.	 10010011

  b. 11001100

  c. 11100111
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17.	Convert	the	following	decimal	numbers	to	2s	complement	and	subtract.	Use	8-bit	words.	Show	

all	work.

   a. (+)30

	 	 		 (+)21

  b. (+)48

	 	 		 (+)32

  c. (+)67

	 	 		 (+)116
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Chapter

Learning Objectives

After completing this chapter, you should have the knowledge to:

•	Describe	the	I/O	section	of	a	programmable	logic	controller.
•	Describe	how	basic	AC	and	DC	I/O	modules	work.

•	Define	optical isolation.	
•	Describe	why	optical isolation	is	used.

•	Describe	the	proper	wiring	connections	for	I/O	devices	and	their	corresponding	modules.

•	Explain	why	a	hardwired	emergency-stop	function	is	desirable.
•	Define	the	term	interposing.

•	Describe	what	I/O	shielding	does.
•	List	environmental	concerns	when	installing	PLCs.

3 Understanding	the	Input/
Output	(I/O)	Section

I/O Section
The	input/output	section	(I/O section)	is	the	major	reason	that	PLCs	are	so	versatile	when	used	
with	process	machines	or	driven	equipment.	The	I/O	section	has	the	ability	to	change	virtually	any	
type	of	voltage	or	current	signal	into	a	logic-level	signal	(typically	5V	DC)	that	is	compatible	with	
the	PLC	processor.	The	I/O	section	automatically	makes	the	conversions	necessary	for	the	processor	
to	interpret	input	signals	and	to	activate	output	devices,	even	when	the	I/O	devices	are	of	various	
voltage	and	current	levels.

A	DC	input	module,	for	example,	can	be	used	with	a	24V	DC	proximity	switch	to	turn	on	a	240V	AC	
motor	starter	coil	that	is	connected	to	an	AC	output	module.	The	conversion	and	interfacing	is	all	
accomplished	automatically	in	the	I/O	section	of	the	PLC,	and	it	is	the	ease	with	which	the	interfacing	
is	accomplished	that	has	made	the	PLC	such	a	viable	tool	in	industrial	and	process	control.

The	input	modules	of	the	I/O	section	provide	the	status	(ON	or	OFF )	of	push	buttons,	limit	switches,	
proximity	switches,	and	the	like,	to	the	processor	so	decisions	can	be	made	to	control	the	machine	or	
process	in	the	proper	sequence.	Outputs,	such	as	motor	starter	coils,	indicator	lights,	and	solenoids	are	

Copyright 2023 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.



32	 Technician’s	Guide	to	Programmable	Controllers

interfaced	to	the	processor	through	the	output	section	of	the	I/O.	Once	a	decision	has	been	made	by	
the	processor,	a	signal	is	sent	to	the	output	section	to	control	the	flow	of	current	to	the	output	device.	
In	general,	the	status	of	the	inputs	are	relayed	to	the	processor	and,	based	on	the	logic	of	the	program	
that	has	been	written,	a	decision	is	made	to	turn	the	outputs	to	ON	or	OFF.	All	of	the	different	types	and	
levels	of	signals	(voltages	and	currents)	used	in	the	control	process	are	interfaced	in	the	I/O	section.

The	I/O	section	generally	can	be	divided	into	two	categories:	fixed	I/O	and	modular	I/O.

Fixed I/O

PLCs	with	fixed	I/O	typically	come	in	a	complete	unit	that	contains	the	processor,	I/O	section,	and	
power	supply.	The	I/O	section	contains	a	fixed	number	of	inputs	and	outputs.	For	example,	the	Allen-
Bradley	Micro850	PLC	shown	in	Figure	3–1	has	a	combination	of	digital	inputs	(14)	and	outputs	
(10)	in	a	self-contained	unit.	Like	most	small	PLCs,	it	can	be	DIN-rail	or	panel	mounted.
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Figure 3–1 Allen-Bradley Micro850 PLC with Embedded I/O

If	more	I/O	capability	is	required	or	different	voltages	are	needed,	expansion	units	with	various	I/O	
configuration	can	be	added	to	many	of	the	micro	and	small	PLCs	on	the	market	today.	Figure	3–2	
shows	an	Allen-Bradley	5370	CompactLogix	PLC	with	16	embedded	digital	inputs	and	outputs	with	
the	capacity	for	six	optional	expansion	modules	and	up	to	an	additional	80	I/O	points.
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Figure 3–2 Allen-Bradley CompactLogix 5370 PLC with Embedded I/O
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Micro	and	small	PLCs	with	fixed	I/O	typically	have	a	discrete	input	and	output	section.	As	discussed	
in	Chapter 1,	discrete-type	I/O	signals	are	ON	or	OFF	and	do	not	vary	in	level.	For	example,	when	
a	120V	limit	switch	contact	closes	or	is	ON,	the	signal	to	the	input	section	will	be	120V,	and	the	
signal	will	be	0V	when	the	limit	switch	contact	is	open	(OFF).	Many	manufacturers	offer	models	with	
a	combination	of	digital	and	analog	inputs	and	outputs.	

While	these	PLCs	are	small	in	size,	they	are	big	on	features.	Most	include	full-feature	instruction	
sets,	embedded	communications	ports,	real-time	clocks,	and	much	more.	One	should	consult	the	
specific	dealer	for	a	full	list	of	features.

As	the	cost	of	these	compact	units	has	decreased,	their	use	has	increased.	The	costs	are	so	
competitive	that	any	control	processes	that	uses	only	a	small	number	of	relays	and/or	timers	can	now	
be	accomplished	using	a	small	micro	type	PLC.	The	use	of	a	small	PLC	not	only	saves	money,	but	
also	gives	added	reliability	and	flexibility.

Modular I/O

Modular	I/O,	as	the	name	implies,	is	modular	in	nature,	more	flexible	than	fixed	I/O	units,	and	
provides	added	versatility	when	it	comes	to	the	type	and	number	of	I/O	devices	that	can	be	
connected	to	the	system.	The	various	types	of	I/O	modules	that	make	up	the	I/O	section	are	
housed,	or	installed,	in	an	I/O	chassis	or	rack.	Chassis-based	I/O	modules	are	specifically	designed	
for	a	particular	PLC	controller.	You	can	install	the	I/O	modules	locally	in	the	same	chassis	as	the	
controller,	or	in	some	cases	remotely	through	the	use	of	I/O	communication	networks.	In	some	
smaller	PLCs,	the	I/O	modules	do	not	actually	mount	in	a	physical	chassis,	rather	they	connect	to	
each	other	and	the	processor	to	create	a	rackless	design.

The	I/O	chassis	or	rack	is	a	framework	or	housing	into	which	modules	are	inserted.	Figure	3–3a	
shows	a	10-slot	I/O	chassis	and	Figure	3–3b	a	17-slot	chassis.	Figure	3–3c	shows	a	chassis	with	the	
I/O	modules	installed	to	the	right	of	the	power	supply.
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Figure 3–3a Allen-Bradley 1756-A10 I/O Chassis
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Figure 3–3b Allen-Bradley 1756-A17 I/O Chassis
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Figure 3–3c I/O Chassis with I/O Modules & Power Supply Installed

Chassis	come	in	many	sizes	and	typically	allow	for	4	to	17	modules	to	be	inserted.	Chassis	that	
contain	I/O	modules	and	the	PLC	controller	are	referred	to	as	the	local chassis or	local	I/O.	Chassis	
that	contain	I/O	modules,	remote	communication	modules,	and	are	mounted	separately	or	away	from	
the	PLC	controller,	are	referred	to	as	a	remote chassis or	remote	I/O.	An	advantage	of	remote	I/O	is	
that	you	can	distribute	the	I/O	closer	to	the	field	devices	(sensors	and	actuators),	reducing	wiring	
costs.	The	number	of	remote	I/O	chassis	that	a	processor	can	control	varies	with	each	manufacturer.	
The	communication	between	the	remote	chassis(s)	and	the	PLC	controller	is	accomplished	using	
several	different	types	of	I/O	communication	methods.	These	methods	include	coaxial	cable,	
twin	axial	cable,	shielded-twisted	pair,	or	fiber	optic	cable.	If	distance	or	electrical	noise	are	
considerations,	the	fiber	optic	communication	method	may	be	the	best	option.	Figure	3–4	shows	
a local	and	remote	I/O	chassis.
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Figure 3–4 Local Chassis and Remote I/O Chassis

Most	modern	chassis	or	racks	today	do	not	require	any	additional	configurations	other	than	to	be	
mounted	and	modules	installed.	On	the	other	hand,	older	PLC	systems	required	that	jumpers	or	
switches	had	to	be	set	or	configured.	

I/O	modules	can	be	separated	into	three	basic	groups:	discrete	or	digital	input/output	modules,	
analog	input/output	modules,	and	specialized	modules.
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Discrete I/O Modules
Discrete	I/O	modules	are	types	of	modules	that	only	accept	digital	or	ON-	and	OFF-type	signals.	These	
modules	only	recognize	these	two	states	or	conditions,	ON	or	OFF.	If	a	discrete	device,	such	as	a	limit	
switch,	is	connected	to	a	digital	input	module,	the	module	determines	the	state,	or	position,	of	the	
limit	switch,	and	communicates	that	status	to	the	processor.	If	the	limit	switch	contact	is	open	(OFF),	
the	module	indicates	to	the	processor	that	the	limit	switch	is	OFF.	This	OFF	condition	is	stored	in	the	
processor	memory	as	a	zero	(0).	Had	the	limit	switch	contact	been	in	a	closed	position,	the	module	
would	have	sent	a	signal	to	the	processor	indicating	that	the	limit	switch	was	ON,	or	closed.	The	ON	
condition	would	have	been	stored	in	the	processor	memory	as	a	one	(1).	All	information	stored	in	the	
processor	memory	about	the	status	or	condition	of	discrete	I/O	devices	is	always	in	ones	and	zeros.	
Understanding	this	basic	concept	is	critical	in	learning	to	program	and	interpret	PLC	Ladder	Logic.

Discrete	modules	are	the	most	common	type	used	in	a	majority	of	PLC	applications	and	can	be	
divided	into	two	groups:	input	and	output.

Discrete Input Module

The	discrete input module	communicates	the	status	of	the	various	real-world	input	devices	
connected	to	the	module	(ON	or	OFF)	to	the	processor.

Note: As discussed in Chapter 1, the term real world is used to indicate that an actual device is 

involved. As you will learn later in the text, the PLC has the ability to provide timing and counting 

functions for a machine, even though the timers and counters exist only within the processor, and 

are not wired into the circuit as with real-world, or actual, devices.

Once	the	real-world	input	device	is	connected,	an	open	or	closed	electrical	circuit	exists,	depending	
on	the	position	(open	or	closed)	of	the	device.	The	status	of	the	real-world	input	device	is	then	
converted	to	a	logic-level	DC	electrical	signal	by	the	input	module	and	sent	to	the	processor.

Discrete	input	modules	come	in	a	wide	range	of	voltages	for	various	applications.	Some	of	the	more	
common	voltages	are	120V	AC,	240V	AC,	24V	DC,	and	130V	DC.	Some	manufacturers	give	their	
modules	an	AC/DC	rating	to	increase	their	flexibility	and	reduce	required	inventory.	It	is	important	to	
note,	however,	that	while	the	module	may	be	used	with	either	AC	or	DC	input	voltages,	the	voltages	
cannot	be	intermixed	on	the	same	module.

Input	modules	can	be	purchased	with	a	wide	range	of	input	terminals	or	points,	which	determine	the	
number	of	individual	field	devices	that	can	be	connected	to	the	module.	Common	sizes,	depending	
on	the	manufacturer,	are	8,	16,	and	32	points.	Sixteen-	and	32-point	modules	are	often	referred	to	
as	high-density	modules	since	they	are	physically	the	same	size	as	an	8-point	module.	High-density	
modules	usually	provide	lower	cost	per	point,	or	input	device,	but	are	also	more	difficult	to	wire.	
The	increased	difficulty	in	wiring	is	caused	by	the	closer	proximity	of	the	wiring	terminals	and	the	
increased	number	of	wires	in	the	wiring	harness.

AC Discrete Input Module

Figure	3–5	shows	a	simplified	diagram	of	one	of	the	input	circuits	of	a	typical	AC	discrete	input	
module.	Resistors	and	capacitors	are	used	to	filter	and	limit	the	voltage	signal.	The	filter	requires	
that	the	AC	signal	be	not	only	of	a	specific	value	but	also	be	present	for	a	specific	amount	of	time	
before	the	module	views	it	as	a	real	signal	and	communicates	the	results	to	the	processor.	A	valid	
signal	is	relayed	through	an	optically coupled circuit,	across	the	backplane	of	the	I/O	chassis	to	the	
processor.
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Figure 3–5 Simplified AC Input Module Circuit

The	optically	coupled	circuit	uses	a	light-emitting	diode	(LED)	to	turn	ON,	or	forward	bias,	a	photo	
transistor	to	complete	the	electrical	circuit	to	the	processor.	When	the	LED	is	turned	ON	to	indicate	
that	the	actual	input	device	has	closed	its	contact	and	is	providing	a	voltage	to	the	input	terminal,	
the	light	from	the	LED	is	picked	up	by	the	photo	transistor,	which	makes	the	transistor	conduct	
or	switch	on,	completing	a	5V	DC	logic	circuit,	and	the	status	of	the	input	is	communicated	to	
the	processor.	This	form	of	optical	coupling	is	also	referred	to	as	optical isolation.	By	employing	
optical	coupling	or	isolation,	there	is	no	actual	electrical	connection	between	the	input	device	and	
the	processor.	This	eliminates	any	possibility	of	the	input	line	voltage,	i.e.,	120	or	240V	AC,	from	
coming	in	contact	with	and	damaging	the	low-voltage	DC	section	of	the	processor	or	I/O	module.	
Optical	isolation	also	protects	the	processor	and	I/O	module	from	electrical	noise,	voltage	transients,	
or	spikes.	In	summary,	optical	isolation	prevents	any	unwanted	voltage	from	the	I/O	section	from	
reaching	the	logic	section	of	the	processor	or	I/O	module.

Individual	status	lights	are	provided	on	the	front	of	I/O	modules	for	each	input	terminal	(Figure 3–6).	
The	status	light	is	ON	when	the	input	device	is	providing	a	voltage	to	the	input	terminal	(contact	
closed)	and	is	OFF	when	a	voltage	is	absent	(contact	open).	With	the	status	lights	showing	the	
actual	state	of	the	various	input	devices	connected	to	the	input	module,	they	make	a	valuable	
troubleshooting	aid.	The	electrician	or	technician	need	only	look	at	the	input	status	lights	on	the	
input	module	to	determine	the	state,	or	status,	of	any	input	device.

Figure 3–6 AC Input Module with Input Indicator Lights
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A	typical	I/O	module	consists	of	two	parts:	a	printed	circuit	board	and	a	removable	terminal	block	
(RTB)	assembly.	The	printed	circuit	board	plugs	into	a	slot,	or	connector,	in	the	I/O	chassis,	or	in	the	
case	of	a	rackless	system,	the	adjacent	module	and	contains	the	solid-state	electronic	circuits	that	
interface	the	I/O	devices	with	the	processor.	The	RTB	assembly	then	attaches	to	the	front	edge	of	the	
printed	circuit	board,	which	may	or	may	not	have	a	protective	cover,	depending	on	the	manufacturer.	
Figure	3–7	shows	a	typical	16-point	AC	input	module	without	the	RTB	attached.
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Figure 3–7 16-Point AC Input Module

Figure	3–8	shows	how	the	input	module	is	installed	in	the	I/O	chassis.

Figure 3–8 Installing I/O Module in I/O Chassis

After	the	input	modules	have	been	installed	in	the	I/O	chassis	or	rack,	they	are	ready	to	have	one	
side	of	each	input	device	connected	to	their	RTB	(Figure	3–9).	Do	to	the	density	and	size	of	the	
terminal	blocks,	you	may	find	it	easier	to	wire	the	removable	terminal	blocks	before	installing	them	
on	the	module.	In	some	cases,	as	an	alternative	to	buying	RTBs	and	connecting	the	wires	yourself,	
you	can	buy	a	wiring	system	that	connects	to	the	I/O	modules	through	prewired	and	pretested	cables.	
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RTBs	allow	I/O	modules	to	be	replaced	without	unwiring	them.	Figure	3–10	shows	the	RTB	installed	
on	the	I/O	module.	

I/O Module

RTB

Figure 3–9 Removable Terminal Block (RTB)

						
Figure 3–10 Removable Terminal Block  

(RTB) Installed on I/O Module

While	each	input	device	has	two	wires	connected,	only	one	wire	is	connected	directly	to	the	
input	module.	The	other	wire	of	each	input	device	is	connected	to	L1	(Figure	3–11a).	The	same	
connection	scheme	is	used	for	8-,	16-,	or	32-point	input	modules.	Figure	3–11b	shows	the	wiring	
connections	for	a	typical	120V	AC	16-point	input	module.
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Figure 3–11a Field Wiring for AC Input Module
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The	wires	from	the	individual	devices	are	referred	to	as	field wiring,	since	the	wires	are	external	to	
the	PLC	and	are	connected	in	the	field.	On	larger	PLC	systems,	the	field	wiring	that	is	brought	into	
the	I/O	chassis	or	rack	can	consist	of	hundreds	of	wires.	The	basic	rule	is	that	one side	of	each	input	
device	is	wired	to	a	hot	conductor	(L1	for	AC	or	+	for	DC),	and	the	other	side	of the	device	is	wired	
to	an	input	terminal	on	the	RTB	of	the	input	module.	The	input	module	has	a	common	connection	
for	the	neutral,	or	grounded	potential	(L2),	for	AC	modules,	and	the	negative	(–)	for	DC	modules.	
Consult	the	manufacturer’s	literature	that	comes	with	each	input	module	to	ensure	that	the	correct	
wiring	connections	are	made.

Figure	3–12	shows	two	simplified	circuits.	In	the	first,	or	traditional	circuit,	the	input	device	
(single-pole	switch)	is	connected	to,	and	controls,	the	light.	In	the	PLC	circuit,	the	input	device	is	
connected	directly	to	the	input	module	instead	of	the	light.	The	module	converts	the	AC	input	signal	
to	5V	DC,	and	communicates	the	status	of	the	single-pole	switch	to	the	processor	which,	in	turn,	
controls	a	light	that	is	connected	to	an	output	module.
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Figure 3–12 Traditional Wiring for Single Pole Switch Compared to PLC Wiring
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