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  ix

     Preface 

 Programmable logic controllers (PLCs) continue to 

evolve as new technologies are added to their capabili-

ties. The PLC started out as a replacement for hardwired 

relay control systems. Gradually, various math and logic 

manipulation functions were added. Today PLCs are the 

controller of choice for the vast majority of automated 

processes. PLCs now incorporate smaller cases, faster 

CPUs, networking, and various Internet technologies. 

 This Fourth Edition of  Programmable Logic Control-
lers  continues to provide an up-to-date introduction to all 

aspects of PLC programming, installation, and mainte-

nance procedures. No previous knowledge of PLC sys-

tems or programming is assumed. As one reviewer of this 

edition put it:  “I honestly believe that someone with little 

or no background to PLC systems could take this book 

and teach themselves PLCs.”  

 The primary source of information for a particular PLC 

is always the accompanying user manuals provided by the 

manufacturer. This textbook  is not  intended to replace the 

vendor’s reference material but rather to complement, 

clarify, and expand on this information. With the current 

number of different types of PLCs on the market it is not 

practical to cover the specifics of all manufacturers and 

models in a single text. With this in mind, the text dis-

cusses PLCs in a generic sense. Although the content is 

of a nature to allow the information to be applied to a 

variety of PLCs from different manufacturers, this book, 

for the most part, uses the Allen-Bradley SLC 500 and 

 ControlLogix controller instruction sets for the program-

ming examples. The underlying PLC principles and 

concepts covered in the text are common to most manu-

facturers and serve to maximize the knowledge gained 

through attending PLC training programs offered by dif-

ferent vendors. 

 The text is written at a level and format understandable 

to students being introduced to PLCs for the first time. 

Feedback from instructors indicates that the information 

is well organized, to the point, and easy to understand. 

The content of this new Fourth Edition has been updated 

and reflects the changes in technology since the publica-

tion of the previous edition. 

 Each chapter begins with a brief introduction outlin-

ing chapter coverage and learning objectives. When ap-

plicable, the relay equivalent of the virtual programmed 

instruction is explained first, followed by the appropriate 

PLC instruction. Chapters conclude with a set of review 

questions and problems. The review questions are closely 

related to the chapter objectives and require students to 

recall and apply information covered in the chapter. The 

problems range from easy to difficult, thus challenging 

students at various levels of competence. 

  This new Fourth Edition has been revised to include a 
number of new features: 

    How Programs Operate  When the operation of a 

program is called for,   a bulleted list is used to summa-

rize its execution. The list is used in place of lengthy 

paragraphs and is especially helpful when explaining 

the different steps in the execution of a program.  

   Representation of I/O Field Devices  Recognition 

of the input and output fi eld devices associated with 

the program helps in understanding the overall opera-

tion of the program. With this in mind, in addition 

to their symbols, we provide drawings and photos of 

fi eld input and output devices.  

   New ControlLogix Chapter  Some instructors have 

felt that students tend to get confused when switch-

ing back and forth from SLC 500 Logic to Logix 

5000–based programming within the same chapter. 

For this reason, a  new Chapter 15  has been added that 

is devoted entirely to the Allen-Bradley ControlLogix 

family of controllers and the RSLogix 5000 software. 

Each part of the new Chapter 15 is treated as a sepa-

rate unit of study and includes ControlLogix:

•    Memory and Project Organization  

•   Bit-Level Programming  

•   Programming Timers  

•   Programming Counters  

•   Math, Comparison, and Move Instructions  

•   Function Block Programming       
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x Preface

Chapter changes in this edition include:

Chapter 1

• Drawings and photos of real world fi eld input and 

output devices have been added.

• 50% more fi gures have been added to this chapter 

to increase visual appeal and illustrate key concepts 

further.

• Most recent photographs from major PLC 

manufactures.  

• Revisions to chapter review questions and problems. 

Chapter 2

• Drawings and photos of real world fi eld input and 

output devices have been added.

• Information on the latest selection of PLC hardware 

components.

• Human machine interfacing with Pico controllers 

added.

• Most recent photographs from major PLC 

manufactures.  

• Revisions to chapter review questions and problems. 

Chapter 3

• Improvement in sizing and placement of drawings 

make explanations of the different number systems 

easier to follow.

Chapter 4

• Improvement in sizing and placement of drawings 

make explanations easier to follow.

• Drawings and photos of real world fi eld input 

and output devices have been added to the logic 

diagrams.

Chapter 5

• Information on the ControlLogix memory organiza-

tion relocated to chapter 15.

• Program scan process explained in greater detail.

• Extended coverage of relay type instructions. 

• Instruction addressing examined in greater detail.

• Addressing of a micro PLC illustrated.

• Revisions to chapter review questions and problems.

Chapter 6

• Drawings and photos of real world fi eld input and 

output devices have been added.

• Drawings and photos of real world fi eld input and 

output devices have been included in the ladder 

logic programs. 

• Wiring of fi eld inputs and outputs to a micro PLC 

illustrated.

• Additional coverage of hardwired motor control 

 circuits and their PLC equivalent.

• Revisions to chapter review questions and problems. 

Chapter 7

• Information on the ControlLogix timers relocated to 

chapter 15.

• Drawings and photos of real world fi eld input and 

output devices have been included in the ladder 

logic programs. 

• Bulleted lists used to summarize program execution.

• Most recent photographs from major PLC 

manufactures.  

• Revisions to chapter review questions and problems. 

Chapter 8

• Information on the ControlLogix counters relocated 

to chapter 15.

• Drawings and photos of real world fi eld input and 

output devices have been included in the ladder 

logic programs. 

• Bulleted lists used to summarize program execution.

• Most recent photographs from major PLC 

manufactures.

• Revisions to chapter review questions and problems. 

Chapter 9

• Drawings and photos of real world fi eld input and 

output devices have been included in the ladder 

logic programs. 

• Forcing of inputs and outputs covered in greater 

detail.

• Differences between a safety PLC and a standard 

PLC explained.

• Bulleted lists used to summarize program execution.

• Most recent photographs from major PLC 

manufactures.  

• Revisions to chapter review questions and problems. 

Chapter 10

• Drawings and photos of real world fi eld input and 

output devices have been included in the ladder 

logic programs. 
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 Preface xi

• Examines communications at all levels in an indus-

trial network in much greater detail. 

• Fundamentals of PLC motion control have been 

added.

• Bulleted lists used to summarize program execution.

• New photographs from major PLC manufactures.

• Revisions to chapter review questions and problems.

Chapter 15

• Completely new chapter that concentrates on the 

fundamentals of ControlLogix technology.

• Includes Memory and Project Organization, Bit 

Level Programming, Timers, Counters, Math 

 Instructions, and Function Block Programming.

  Ancillaries 
•      Activity Manual for Programmable Logic 

 Controllers , Fourth Edition. 

 This manual contains:

    Tests  made up of multiple choice, true/false, 

and completion-type questions for each of the 

chapters.  

   Generic programming  hands-on exercises de-

signed to offer students real-world programming 

experience. These assignments are designed for 

use with any brand of PLC.     

•        LogixPro PLC Lab Manual for use with 
 Programmable Logic Controllers, Fourth 

Edition

 This manual contains:

    LogixPro  500 simulator software CD. The 

LogixPro simulation software converts the stu-

dent’s computer into a PLC and allows the stu-

dent to write ladder logic programs and verify 

their real-world operation.  

  Over  250 LogixPro student lab exercises  se-

quenced to support material covered in the text.     

•    Instructor’s Resource Center  is available to in-

structors who adopt  Programmable Logic Control-
lers,  Fourth Edition.   It includes:

    Textbook  answers to all questions and  problems.  

   Activity Manual  answers   to all tests.  

   Computer Simulation Lab Manual  answers for 

all programming exercises.  

   PowerPoint presentations  for each   chapter.  

    EZ Test testing software   with text- coordinated 

question banks.  

   ExamView  text-coordinated question banks.        

• Analog control covered in more detail.

• PID control process explained in a simplifi ed 

manner.

• Bulleted lists used to summarize program execution.

• Most recent photographs from major PLC 

manufactures.

• Revisions to chapter review questions and problems. 

Chapter 11

• Drawings and photos of real world fi eld input and 

output devices have been included in the ladder 

logic programs. 

• Improvement in sizing and placement of drawings 

make explanations of the different math instructions 

easier to follow.

• Bulleted lists used to summarize program execution.

• Most recent photographs from major PLC 

manufactures.  

• Revisions to chapter review questions and problems. 

Chapter 12

• Drawings and photos of real world fi eld input and 

output devices have been included in the sequencer 

programs. 

• Improvements to sequencer line drawings designed 

to make this instruction easier to follow.

• Bulleted lists used to summarize program execution.

• Most recent photographs from major PLC 

manufactures.  

• Revisions to chapter review questions and problems. 

Chapter 13

• Drawings and photos of real world fi eld input and 

output devices have been added. 

• Safety issues examined in greater detail.

• Extended coverage of practical troubleshooting 

techniques.

• Improvement to PLC grounding diagrams makes 

this function easier to follow.

• Bulleted lists used to summarize program execution.

• Most recent photographs from major PLC 

manufactures.  

• Revisions to chapter review questions and problems.

Chapter 14

• All pertinent information from Chapters 14 and 15 

of the 3rd edition have been incorporated into this 

chapter.
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E     P
rogrammable Logic Controllers  makes it 
easy to learn PLCs from the ground up! Up-
to-the-minute revisions include all the new-

est developments in programming, installing, and 
maintaining processes. Clearly developed chapters 
deliver the organizing objectives, explanatory con-
tent with helpful diagrams and illustrations, and 
closing review problems that evaluate retention of 
the chapter objectives. 

     CHAPTER OBJECTIVES overview the chapter, letting stu-

dents and instructors focus on the main points to better grasp 

concepts and retain information. 

      Here, drawings and photos of real-world input and 

output devices have been included 

      In Chapter 14, students not only read about but can also see how 

HMIs fi t into an overall PLC system, giving them a practical 

introduction to the topics 

  Chapter Objectives 

 After completing this chapter, you will be able to: 

2.1  List and describe the function of the hardware 

components used in PLC systems 

2.2  Describe the basic circuitry and applications for 

discrete and analog I/O modules, and interpret typical 

I/O and CPU specifi cations 

2.3  Explain I/O addressing 

2.4  Describe the general classes and types of PLC 

memory devices 

2.5  List and describe the different types of PLC 

peripheral support devices available  

pet10882_ch02_017-042.indd   17 6/30/10   5:05 PM

  Figure 8-20  Alarm monitor program.   
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     Chapter content includes rich illustrative detail and  extensive 
visual aids, allowing students to grasp concepts more quickly 
and understand practical applications 

  Figure 14-7  Human machine interface (HMI).   
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      Additional coverage of communications and control networks 

utilizes clear graphics to demonstrate how things work 

     BULLETED LISTS break down processes to helpfully sum-

marize execution of tasks 

  Figure 14-48  Typical SCADA system.   
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      An entirely new chapter on ControlLogix has 

been added to familiarize students with the 

entire Allen-Bradley family of controllers 

and RSLogix 5000 software   Figure 15-1  Programmable automation controllers (PACs). 
Source: Image Used with Permission of Rockwell Automation, Inc.  

pet10882_ch15_317-371.indd   317 6/30/10   5:11 PM

scan time. 

 The scan is normally a continuous and sequential pro-

cess of reading the status of inputs, evaluating the control 

logic, and updating the outputs.  Figure 5-8  shows an over-

view of the data fl ow during the scan process. For each 

rung executed, the PLC processor will: 

•       Examine the status of the input image table bits.  

•       Solve the ladder logic in order to determine logical 

continuity.  

pet10882_ch05_071-094.indd   77 6/30/10   5:07 PM

•       Update the appropriate output image table bits, if 

necessary.  

•       Copy the output image table status to all of the out-

put terminals. Power is applied to the output device 

if the output image table bit has been previously set 

to a 1.  

•       Copy the status of all of the input terminals to the 

input image table. If an input is active (i.e., there is 

electrical continuity), the corresponding bit in the 

input image table will be set to a 1.     

pet10882_ch05_071-094.indd   77 6/30/10   5:07 PM

      Diagrams, such as this one illustrating an overview of the func-

tion block programming language, help students put the pieces 

together 
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  Figure 15-95  Comparison between ladder logic and the FBD equivalent for a 
10 second TON and TONR timer.   
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E
     END-OF-CHAPTER REVIEWS are structured to reinforce 

chapter objectives 

 EXAMPLE PROBLEMS help bring home the applicability 

of chapter concepts 

1.     Convert each of the following binary numbers to 

decimal numbers: 

a.     10  

b.     100  

c.     111  

d.     1011  

e.     1100  

f.     10010  

g.     10101  

h.     11111  

i.     11001101  

j.     11100011     

2.     Convert each of the following decimal numbers to 

binary numbers: 

a.     7  

b.     19  

c.     28  

d.     46  

e.     57  

f.     86  

g.     94  

h.     112  

i.     148  

j.     230     

3.     Convert each of the following octal numbers to 

decimal numbers: 

a.     36  

b.     104  

c 120

6.     Convert each of the following hexadecimal num-

bers to binary numbers: 

a.     4C  

b.     E8  

c.     6D2  

d.     31B     

7.     Convert each of the following decimal numbers to 

BCD: 

a.     146  

b.     389  

c.     1678  

d.     2502     

8.     What is the most important characteristic of the 

Gray code?  

9.     What makes the binary system so applicable to 

computer circuits?  

10.     Defi ne the following as they apply to the binary 

memory locations or registers:       

a.     Bit  

b.     Byte  

c.     Word  

d.     LSB  

e.     MSB     

11.     State the base used for each of the following num-

ber systems: 

a.     Octal  

b.     Decimal  

c. Binary

  CHAPTER 3 REVIEW QUESTIONS  

pet10882_ch03_043-056.indd   55 6/30/10   5:06 PM

1.     The following binary PLC coded information is to 

be programmed using the hexadecimal code. Convert 

each piece of binary information to the appropriate 

hexadecimal code for entry into the PLC from the 

keyboard. 

a.     0001 1111  

b.     0010 0101  

c.     0100 1110  

d.     0011 1001     

2.     The encoder circuit shown in  Figure 3-17  is used 

to convert the decimal digits on the keyboard to a 

binary code. State the output status (HIGH/LOW) of 

A-B-C-D when decimal number 

a.     2 is pressed.  

b.     5 is pressed.  

  CHAPTER 3 PROBLEMS  

c.     7 is pressed.  

d.     8 is pressed.      

3.     If the bits of a 16-bit word or register are numbered 

according to the octal numbering system, beginning 

with 00, what consecutive numbers would be used to 

represent each of the bits?  

4.     Express the decimal number 18 in each of the fol-

lowing number codes: 

a.     Binary  

b.     Octal  

c.     Hexadecimal  

d.     BCD        

  Figure 3-17  Diagram for Problem 2.   
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  ANCILLARIES THAT WORK 

  Expanded on and updated from the previous edition, this new edition includes an outstanding instructor support package:

 •     ExamView and EZ Test question test banks for each chapter.  

 •    PowerPoint lessons with animations that help visualize the actual process.  

 •    Activity Manual contains true/false, completion, matching, and multiple-choice questions for every chapter in the text. So that 

students get a better understanding of programmable logic controllers, the manual also includes a wide range of programming 

assignments and additional practice exercises.  

 •    On-line Instructor’s Resource Center.    

      In addition, for students, this edition also has available:

 •     LogixPro PLC Lab Manual for use with Programmable Logic Con-
trollers Fourth Edition, with LogixPro PLC Simulator. This manual 

contains:  

 •    LogixPro 500 simulator software CD. The LogixPro simulation 

software converts the student’s computer into a PLC and allows the 

student to write ladder logic programs and verify their real-world 

operation.  

 •    Over 250 LogixPro student lab exercises sequenced to support ma-

terial covered in the text.         

  xvii
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1
 Programmable Logic 
Controllers (PLCs)   
 An Overview  

 This chapter gives a brief history of the evolution 
of the programmable logic controller, or PLC. 
The reasons for changing from relay control sys-
tems to PLCs are discussed. You will learn the 
basic parts of a PLC, how a PLC is used to con-
trol a process, and the different kinds of PLCs 
and their applications. The ladder logic language, 
which was developed to simplify the task of pro-
gramming PLCs, is introduced.   

  Chapter Objectives 

 After completing this chapter, you will be able to: 

1.1  Defi ne what a programmable logic controller (PLC) is 

and list its advantages over relay systems 

1.2  Identify the main parts of a PLC and describe their 

functions 

1.3  Outline the basic sequence of operation for a PLC 

1.4  Identify the general classifi cations of PLCs  

Image Used with Permission of Rockwell Automation, Inc.
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2 Chapter 1 Programmable Logic Controllers (PLCs)

 Programmable controllers offer several advantages 

over a conventional relay type of control. Relays have to 

be hardwired to perform a specifi c function. When the 

system requirements change, the relay wiring has to be 

changed or modifi ed. 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. The programmable control-

ler has eliminated much of the hardwiring associated with 

conventional relay control circuits ( Figure 1-2 ). It is small 

and inexpensive compared to equivalent relay-based pro-

cess control systems. Modern control systems still include 

relays, but these are rarely used for logic.  

 In addition to cost savings, PLCs provide many other 

benefi ts including: 

•        Increased Reliability.  Once a program has been 

written and tested, it can be easily downloaded 

to other PLCs. Since all the logic is contained in 

the PLC’s memory, there is no chance of  making 

a logic wiring error ( Figure 1-3 ). The program 

takes the place of much of the external wiring that 

would  normally be required for control of a  process. 

Hardwiring, though still required to connect fi eld 

devices, is less intensive. PLCs also offer the 

 reliability associated with solid-state components.   

•        More Flexibility.  It is easier to create and change a pro-

gram in a PLC than to wire and rewire a circuit. With a 

PLC the relationships between the inputs and outputs 

are determined by the user program instead of the 

manner in which they are interconnected ( Figure 1-4 ). 

Original equipment manufacturers can provide system 

updates by simply sending out a new program. End 

users can modify the program in the fi eld, or if desired, 

security can be provided by hardware features such as 

key locks and by software passwords.   

•        Lower Cost.  PLCs were originally designed to re-

place relay control logic, and the cost savings have 

been so signifi cant that relay control is becoming 

  1.1 Programmable Logic Controllers 
  Programmable logic controllers ( Figure 1-1 ) are now the 

most widely used industrial process control technology. 

A programmable logic controller (PLC) is an industrial 

grade computer that is capable of being programmed to 

perform control functions. The programmable controller 

has eliminated much of the hardwiring associated with 

conventional relay control circuits. Other benefi ts include 

easy programming and installation, high control speed, 

network compatibility, troubleshooting and testing conve-

nience, and high reliability.  

 The programmable logic controller is designed for 

multiple input and output arrangements, extended tem-

perature ranges, immunity to electrical noise, and resis-

tance to vibration and impact. Programs for the control 

and operation of manufacturing process equipment and 

machinery are typically stored in battery-backed or non-

volatile memory. A PLC is an example of a real-time sys-

tem since the output of the system controlled by the PLC 

depends on the input conditions. 

 The programmable logic controller is, then, basically 

a digital computer designed for use in machine control. 

Unlike a personal computer, it has been designed to op-

erate in the industrial environment and is equipped with 

special input/output interfaces and a control programming 

language. The common abbreviation used in industry for 

these devices, PC, can be confusing because it is also the 

abbreviation for “personal computer.” Therefore, most 

manufacturers refer to their programmable controller as a 

PLC, which stands for “programmable logic controller.” 

 Initially the PLC was used to replace relay logic, but its 

ever-increasing range of functions means that it is found in 

many and more complex applications. Because the struc-

ture of a PLC is based on the same principles as those 

employed in computer architecture, it is capable not only 

of performing relay switching tasks but also of performing 

other applications such as timing, counting, calculating, 

comparing, and the processing of analog signals. 

  Figure 1-1  Programmable logic controller.   
 Source: ( a–b ) Courtesy GE Intelligent Platforms. 

(a) (b)
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 Programmable Logic Controllers (PLCs) Chapter 1 3

obsolete except for power applications. Generally, 

if an application has more than about a half-dozen 

control relays, it will probably be less expensive to 

install a PLC.  

•        Communications Capability.  A PLC can communi-

cate with other controllers or computer equipment to 

perform such functions as supervisory control, data 

gathering, monitoring devices and process parameters, 

and download and upload of programs ( Figure 1-5 ).   

User program

PLC

  Figure 1-3  All the logic is contained in the PLC’s memory.   

  Figure 1-4  Relationships between the inputs and outputs 
are determined by the user program.   

Contactor Light Solenoid

Outputs

Inputs

Pushbutton Limit switch Sensor

•        Faster Response Time.  PLCs are designed for high-

speed and real-time applications ( Figure 1-6 ). The 

programmable controller operates in real time, 

which means that an event taking place in the 

fi eld will result in the execution of an operation or 

output. Machines that process thousands of items 

per second and objects that spend only a fraction 

of a second in front of a sensor require the PLC’s 

quick-response capability.   

•        Easier to Troubleshoot.  PLCs have resident diag-

nostics and override functions that allow users to 

(a)

(b)

 Figure 1-2   Relay- and PLC-based control panels. ( a ) Relay-
based control panel. ( b ) PLC-based control panel.     
 Source: ( a ) Courtesy Mid-Illini Technical Group, Inc.; ( b ) Photo courtesy Ramco 

Electric, Ltd.  
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easily trace and correct software and hardware prob-

lems. To fi nd and fi x problems, users can display the 

control program on a monitor and watch it in real 

time as it executes ( Figure 1-7 ).       

1.2   Parts of a PLC 
  A typical PLC can be divided into parts, as illustrated in 

 Figure 1-8 . These are the  central processing unit (CPU) , 
the  input/output (I/O)  section, the  power supply,  and the 

 programming device.  The term  architecture  can refer to 

PLC hardware, to PLC software, or to a combination of 

both. An  open  architecture design allows the system to be 

connected easily to devices and programs made by other 

manufacturers. Open architectures use off-the-shelf com-

ponents that conform to approved standards. A system 

with a  closed  architecture is one whose design is propri-

etary, making it more diffi cult to connect to other systems. 

Most PLC systems are in fact proprietary, so you must be 

sure that any generic hardware or software you may use 

is compatible with your particular PLC. Also, although 

the principal concepts are the same in all methods of pro-

gramming, there might be slight differences in address-

ing, memory allocation, retrieval, and data handling for 

different models. Consequently, PLC programs cannot be 

interchanged among different PLC manufacturers.  

 There are two ways in which I/Os (Inputs/Outputs) are 

incorporated into the PLC: fi xed and modular.  Fixed I/O  

( Figure 1-9 ) is typical of small PLCs that come in one 

package with no separate, removable units. The processor 

and I/O are packaged together, and the I/O terminals will 

have a fi xed number of connections built in for inputs and 

outputs. The main advantage of this type of packaging is 

lower cost. The number of available I/O points varies and 

usually can be expanded by buying additional units of 

fi xed I/O. One disadvantage of fi xed I/O is its lack of fl ex-

ibility; you are limited in what you can get in the quanti-

ties and types dictated by the packaging. Also, for some 

models, if any part in the unit fails, the whole unit has to 

be replaced.  

  Modular I/O  ( Figure 1-10 ) is divided by compartments 

into which separate modules can be plugged. This fea-

ture greatly increases your options and the unit’s fl exibil-

ity. You can choose from the modules available from the 

manufacturer and mix them any way you desire. The basic 

modular controller consists of a rack, power supply, pro-

cessor module (CPU), input/output (I/O modules), and an 

operator interface for programming and monitoring. The 

modules plug into a rack. When a module is slid into the 

rack, it makes an electrical connection with a series of con-

tacts called the backplane, located at the rear of the rack. 

The PLC processor is also connected to the backplane and 

can communicate with all the modules in the rack.  

 The  power supply  supplies DC power to other modules 

that plug into the rack ( Figure 1-11 ). For large PLC systems, 

this power supply does not normally supply power to the 

fi eld devices. With larger systems, power to fi eld devices is 

  Figure 1-7  Control program can be displayed on a monitor 
in real time.   

PLC Monitor

  Figure 1-5  PLC communication module.   
 Source: Photo courtesy Automation Direct, www.automationdirect.com. 

  Figure 1-6  High-speed counting.  
  Source: Courtesy Banner Engineering Corp. 
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(b) Fixed type

Power supply

Communications

Input

section

Output

section
Memory

CPU

M

(a) Modular type

Central

Processing

Unit (CPU)

Programming device

Memory

Input

sensing

devices

Output

load

devices

Program Data

Optical

isolation

Input

module
Output

module

Processor Module

Optical

isolation

Power supply

module

  Figure 1-8  Typical parts of a programmable logic controller.  
  Source: ( a ) Courtesy Mitsubishi Automation; ( b ) Image Used with Permission of Rockwell Automation, Inc. 

  Figure 1-9  Fixed I/O confi guration.   

PL

Input

connections

Common power bus

Common return bus

Output

connections

Processor PLC

provided by external alternating current (AC) or direct cur-

rent (DC) supplies. For some small micro PLC systems, the 

power supply may be used to power fi eld devices.  

 The  processor  (CPU) is the “brain” of the PLC. A typi-

cal processor ( Figure 1-12 ) usually consists of a micro-

processor for implementing the logic and controlling the 

communications among the modules. The processor re-

quires memory for storing the results of the logical op-

erations performed by the microprocessor. Memory is also 

required for the program EPROM or EEPROM plus RAM.  

 The CPU controls all PLC activity and is designed so 

that the user can enter the desired program in relay ladder 

logic. The PLC program is executed as part of a repeti-

tive process referred to as a scan ( Figure 1-13 ). A typical 

PLC scan starts with the CPU reading the status of inputs. 

Then, the application program is executed. Once the pro-

gram execution is completed, the CPU performs internal 

diagnostic and communication tasks. Next, the status of 

all outputs is updated. This process is repeated continu-

ously as long as the PLC is in the run mode.  
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 The  I/O system  forms the interface by which fi eld de-

vices are connected to the controller ( Figure 1-14 ). The 

purpose of this interface is to condition the various sig-

nals received from or sent to external fi eld devices. Input 

devices such as pushbuttons, limit switches, and sensors 

are hardwired to the input terminals. Output devices such 

as small motors, motor starters, solenoid valves, and in-

dicator lights are hardwired to the output terminals. To 

electrically isolate the internal components from the 

input and output terminals, PLCs commonly employ an 

optical isolator, which uses light to couple the circuits to-

gether. The external devices are also referred to as “fi eld” 

or “real-world” inputs and outputs. The terms  fi eld  or 

 real world  are used to distinguish actual external devices 

that exist and must be physically wired from the internal 

user program that duplicates the function of relays, tim-

ers, and counters.  

  Figure 1-11  The power supply supplies DC power to other 
modules that plug into the rack. 
   Source: This material and associated copyrights are proprietary to, and used 

with the permission of Schneider Electric. 

Power supply

  Figure 1-12  Typical PLC processor modules. 
   Source: Image Used with Permission of Rockwell Automation, Inc. 
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  Figure 1-13  Typical PLC scan cycle.   
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  Figure 1-10  Modular I/O confi guration.   
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 A  programming device  is used to enter the desired pro-

gram into the memory of the processor. The program can 

be entered using relay ladder logic, which is one of the 

most popular programming languages. Instead of words, 

ladder logic programming language uses graphic symbols 

that show their intended outcome. A program in ladder 

logic is similar to a schematic for a relay control circuit. 

It is a special language written to make it easy for peo-

ple  familiar with relay logic control to program the PLC. 

Hand-held programming devices ( Figure 1-15 ) are some-

times used to program small PLCs because they are inex-

pensive and easy to use. Once plugged into the PLC, they 

can be used to enter and monitor programs. Both compact 

hand-held units and laptop computers are frequently used 

on the factory fl oor for troubleshooting equipment, modi-

fying programs, and transferring programs to multiple 

machines.  

 A personal computer (PC) is the most commonly used 

programming device. Most brands of PLCs have software 

available so that a PC can be used as the programming 

device. This software allows users to create, edit, docu-

ment, store, and troubleshoot ladder logic programs ( Fig-

ure 1-16 ). The computer monitor is able to display more 

logic on the screen than can hand-held types, thus sim-

plifying the interpretation of the program. The personal 

computer communicates with the PLC processor via a se-

rial or parallel data communications link, or Ethernet. If 

the programming unit is not in use, it may be unplugged 

and removed. Removing the programming unit will not 

affect the operation of the user program.  

 A  program  is a user-developed series of instructions 

that directs the PLC to execute actions. A  programming 
language  provides rules for combining the instructions 

so that they produce the desired actions. Relay ladder 
logic (RLL) is the standard programming language used 
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  Figure 1-14  Typical PLC input/output (I/O) system connections.   

  Figure 1-15  Typical hand-held programming device. 
   Source: Photo courtesy Automation Direct, www.automationdirect.com. 
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8 Chapter 1 Programmable Logic Controllers (PLCs)

with PLCs. Its origin is based on electromechanical relay 

control. The relay ladder logic program graphically rep-

resents rungs of contacts, coils, and special instruction 

blocks. RLL was originally designed for easy use and un-

derstanding for its users and has been modifi ed to keep up 

with the increasing demands of  industry’s  control needs.   

1.3   Principles of Operation 
  To get an idea of how a PLC operates, consider the simple 

process control problem illustrated in  Figure 1-17 . Here a 

mixer motor is to be used to automatically stir the liquid 

in a vat when the temperature and pressure reach preset 

values. In addition, direct manual operation of the motor 

is provided by means of a separate pushbutton station. 

The process is monitored with temperature and pressure 

sensor switches that close their respective contacts when 

conditions reach their preset values.  

 This control problem can be solved using the relay 

method for motor control shown in the relay ladder dia-

gram of  Figure 1-18 . The motor starter coil (M) is energized 

when both the pressure and temperature switches are closed 

or when the manual pushbutton is pressed.  

 Now let’s look at how a programmable logic controller 

might be used for this application. The same input fi eld 

devices (pressure switch, temperature switch, and push-

button) are used. These devices would be hardwired to an 

appropriate input module according to the manufacturer’s 

addressing location scheme. Typical wiring connections 

for a 120 VAC modular confi gured input module is shown 

in  Figure 1-19 .  

 The same output fi eld device (motor starter coil) would 

also be used. This device would be hardwired to an appropri-

ate output module according to the manufacturer’s addressing 

location scheme. Typical wiring connections for a 120 VAC 

modular confi gured output module is shown in  Figure 1-20 .  

  Figure 1-16  Typical PC software used to create a ladder logic program. 
   Source: Image Used with Permission of Rockwell Automation, Inc. 

Pressure
sensor
switch

Motor

Temperature
sensor switch

Manual pushbutton station

  Figure 1-17  Mixer process control problem.   
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  Figure 1-18  Process control relay ladder diagram.   
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  Figure 1-19  Typical wiring connections for a 120 VAC 
modular confi gured input module.  
  Source: Photo courtesy Automation Direct, www.automationdirect.com. 
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  Figure 1-20  Typical wiring connections for a 120 VAC 
modular confi gured output module.  
  Source: Photo courtesy Automation Direct, www.automationdirect.com. 

 Next, the PLC ladder logic program would be con-

structed and entered into the memory of the CPU. A 

typical ladder logic program for this process is shown in 

 Figure 1-21 . The format used is similar to the layout of 

the hardwired relay ladder circuit. The individual symbols 

represent instructions, whereas the numbers represent the 

instruction location addresses. To program the controller, 

you enter these instructions one by one into the proces-

sor memory from the programming device. Each input 

and output device is given an address, which lets the PLC 

know where it is physically connected. Note that the I/O 

address format will differ, depending on the PLC model 

and manufacturer. Instructions are stored in the user pro-

gram portion of the processor memory. During the pro-

gram scan the controller monitors the inputs, executes the 

control program, and changes the output accordingly.  

 For the program to operate, the controller is placed 

in the RUN mode, or operating cycle. During each op-

erating cycle, the controller examines the status of input 

devices, executes the user program, and changes outputs 

accordingly. Each    symbol can be thought of as a set of 

normally open contacts. The    symbol is considered to 

represent a coil that, when energized, will close a set of 

contacts. In the ladder logic program of  Figure 1-21 , the 

coil O/1 is energized when contacts I/1 and I/2 are closed 

or when contact I/3 is closed. Either of these conditions 

provides a continuous logic path from left to right across 

the rung that includes the coil. 

 A programmable logic controller operates in real time 

in that an event taking place in the fi eld will result in an 

operation or output taking place. The RUN operation for 

the process control scheme can be described by the fol-

lowing sequence of events: 

•       First, the pressure switch, temperature switch, and 

pushbutton inputs are examined and their status is 

recorded in the controller’s memory.  

•       A closed contact is recorded in memory as logic 1 

and an open contact as logic 0.  

•       Next the ladder diagram is evaluated, with each 

internal contact given an OPEN or CLOSED status 

according to its recorded 1 or 0 state.  

•       When the states of the input contacts provide logic 

continuity from left to right across the rung, the 

output coil memory location is given a logic 1 value 

and the output module interface contacts will close.  

•       When there is no logic continuity of the program 

rung, the output coil memory location is set to logic 0 
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and the output module interface contacts will be 

open.  

•       The completion of one cycle of this sequence by the 

controller is called a  scan.  The scan time, the time 

required for one full cycle, provides a measure of 

the speed of response of the PLC.  

•       Generally, the output memory location is  updated 

during the scan but the actual output is not 

 updated until the end of the program scan during 

the I/O scan.    

  Figure 1-22  shows the typical wiring required to im-

plement the process control scheme using a fi xed PLC 
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...
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  Figure 1-21  Process control PLC ladder logic program with typical addressing scheme.   
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  Figure 1-22  Typical wiring required to implement the process control scheme 
using a fi xed PLC controller.   
 Source: Image Used with Permission of Rockwell Automation, Inc. 
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controller. In this example the Allen-Bradley Pico con-

troller equipped with 8 inputs and 4 outputs is used to 

control and monitor the process. Installation can be sum-

marized as follows: 

•       Fused power lines, of the specifi ed voltage type and 

level, are connected to the controller’s L1 and L2 

terminals.  

•       The pressure switch, temperature switch, and push-

button fi eld input devices are hardwired between 

L1 and controller input terminals I1, I2, and I3, 

respectively.  

•       The motor starter coil connects directly to L2 and in 

series with Q1 relay output contacts to L1.  

•       The ladder logic program is entered using the front 

keypad and LCD display.  

•       Pico programming software is also available that 

allows you to create as well as test your program 

using a personal computer.       

1.4   Modifying the Operation 
  One of the important features of a PLC is the ease with 

which the program can be changed. For example, assume 

that the original process control circuit for the mixing op-

eration must be modifi ed as shown in the relay ladder dia-

gram of  Figure 1-23 . The change requires that the manual 

pushbutton control be permitted to operate at any pres-

sure, but not unless the specifi ed temperature setting has 

been reached.  

 If a relay system were used, it would require some re-

wiring of the circuit shown in  Figure 1-23  to achieve the 

desired change. However, if a PLC system were used, no 

rewiring would be necessary. The inputs and outputs are 

still the same. All that is required is to change the PLC 

ladder logic program as shown in  Figure 1-24 .    

1.5   PLCs versus Computers 
  The architecture of a PLC is basically the same as that 

of a personal computer. A personal computer (PC) can 

be made to operate as a programmable logic control-

ler if you provide some way for the computer to re-

ceive information from devices such as pushbuttons 

or switches. You also need a program to process the 

inputs and decide the means of turning load devices 

off and on. 

 However, some important characteristics distinguish 

PLCs from personal computers. First, unlike PCs, the 

PLC is designed to operate in the industrial environ-

ment with wide ranges of ambient temperature and 

humidity. A well-designed industrial PLC installation, 

such as that shown in  Figure 1-25 , is not usually af-

fected by the electrical noise inherent in most industrial 

locations.  

 Unlike the personal computer, the PLC is programmed 

in relay ladder logic or other easily learned languages. 

The PLC comes with its program language built into its 

memory and has no permanently attached keyboard, CD 

drive, or monitor. Instead, PLCs come equipped with ter-

minals for input and output fi eld devices as well as com-

munication ports. 

 Computers are complex computing machines capable 

of executing several programs or tasks simultaneously 

and in any order. Most PLCs, on the other hand, execute a 

single program in an orderly and sequential fashion from 

fi rst to last instruction. 

 PLC control systems have been designed to be easily 

installed and maintained. Troubleshooting is simplifi ed 

by the use of fault indicators and messaging displayed 

on the programmer screen. Input/output modules for 

connecting the fi eld devices are easily connected and 

replaced. 
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Motor
starter

coil

Temperature
switch

Pressure
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  Figure 1-23  Relay ladder diagram for the modifi ed 
process.   

O/1

Motor
starter

coil

I/1

Pressure
switch

I/2

Temperature
switch

I/3

Manual
pushbutton

  Figure 1-24  PLC ladder logic program for the modifi ed 
process.   
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 Software associated with a PLC but written and run on 

a personal computer falls into the following two broad 

categories: 

•       PLC software that allows the user to program and 

document gives the user the tools to write a PLC 

program—using ladder logic or another program-

ming language—and document or explain the 

 program in as much detail as is necessary.  

•       PLC software that allows the user to monitor 

and control the process is also called a  human 
 machine interface (HMI).  It enables the user to 

view a  process—or a graphical representation of a 

 process—on a monitor, determine how the system 

is running, trend values, and receive alarm condi-

tions ( Figure 1-26 ). Many  operator interfaces do 

not use PLC software. PLCs can be integrated with 

HMIs but the same software does not program both 

devices.     

 Most recently automation manufacturers have responded 

to the increased requirements of industrial control systems 

by blending the advantages of PLC-style control with 

that of PC-based systems. Such a device has been termed 

a programmable automation controller, or PAC ( Fig-

ure 1-27 ). Programmable automation controllers combine 

PLC ruggedness with PC functionality. Using PACs, you 

can build advanced systems incorporating software capa-

bilities such as advanced control, communication, data 

logging, and signal processing with rugged hardware per-

forming logic, motion, process control, and vision.    

1.6   PLC Size and Application 
  The criteria used in categorizing PLCs include functional-

ity, number of inputs and outputs, cost, and physical size 

( Figure 1-28 ). Of these, the  I/O count  is the most impor-

tant factor. In general, the nano is the smallest size with 

less than 15 I/O points. This is followed by micro types 

(15 to 128 I/O points), medium types (128 to 512 I/O 

points), and large types (over 512 I/O points).  

 Matching the PLC with the application is a key factor 

in the selection process. In general it is not advisable to 

  Figure 1-26  PLC operator interface and monitor.   
 Source: Courtesy Rogers Machinery Company, Inc. 

  Figure 1-27  Programmable automation controller (PAC). 
   Source: Photo courtesy Omron Industrial Automation, www.ia.omron.com. 

(a)

(b)

  Figure 1-25  PLC installed in an industrial environment. 
   Source: (a–b) Courtesy Automation IG. 
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buy a PLC system that is larger than current needs dic-

tate. However, future conditions should be anticipated to 

ensure that the system is the proper size to fi ll the current 

and possibly future requirements of an application. 

 There are three major types of PLC application:  single- 

ended, multitask, and control management. A  single-
ended  or stand-alone PLC application involves one PLC 

controlling one process ( Figure 1-29 ). This would be a 

stand-alone unit and would not be used for communicat-

ing with other computers or PLCs. The size and sophisti-

cation of the process being controlled are obvious factors 

in determining which PLC to select. The applications 

could dictate a large processor, but usually this category 

requires a small PLC.  

 A  multitask  PLC application involves one PLC control-

ling several processes. Adequate I/O capacity is a signifi -

cant factor in this type of installation. In addition, if the PLC 

would be a subsystem of a larger process and would have to 

communicate with a central PLC or computer, provisions 

for a data communications network are also required. 

 A  control management  PLC application involves one 

PLC controlling several others ( Figure 1-30 ). This kind 

of application requires a large PLC processor designed to 

communicate with other PLCs and possibly with a com-

puter. The control management PLC supervises several 

PLCs by downloading programs that tell the other PLCs 

what has to be done. It must be capable of connection to 

all the PLCs so that by proper addressing it can communi-

cate with any one it wishes to.  

  Memory  is the part of a PLC that stores data, instruc-

tions, and the control program. Memory size is usually 

expressed in K values: 1 K, 6 K, 12 K, and so on. The 

measurement kilo, abbreviated K, normally refers to 

1000 units. When dealing with computer or PLC memory, 

however, 1 K means 1024, because this measurement is 

based on the  binary number system (210 = 1024). Depend-

ing on memory type, 1 K can mean 1024 bits, 1024 bytes, 

or 1024 words. 

 Although it is common for us to measure the memory 

capacity of PLCs in words, we need to know the num-

ber of bits in each word before memory size can be accu-

rately compared. Modern computers usually have a word 

size of 16, 32, or 64 bits. For example, a PLC that uses 

8-bit words has 49,152 bits of storage with a 6 K word 

capacity (8 3 6 3 1024 5 49,152), whereas a PLC using 

32-bit words has 196,608 bits of storage with the same 

6 K memory (32 3 6 3 1024 5 196,608). The amount 

  Figure 1-28  Typical range of sizes of programmable 
controllers.   
 Source: Courtesy Siemens. 

  Figure 1-29  Single-ended PLC application. 
   Source: Courtesy Rogers Machinery Company, Inc. 

  Figure 1-30  Control management PLC application.   
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14 Chapter 1 Programmable Logic Controllers (PLCs)

Table 1-1 Typical PLC Instructions

Instruction Operation

XIC (Examine ON) . . . . . . . . . . . . Examine a bit for an ON condition

XIO (Examine OFF)  . . . . . . . . . . . Examine a bit for an OFF condition

OTE (Output Energize) . . . . . . . . . Turn ON a bit (nonretentive)

OTL (Output Latch) . . . . . . . . . . . Latch a bit (retentive)

OTU (Output Unlatch) . . . . . . . . . Unlatch a bit (retentive)

TOF (Timer Off-Delay) . . . . . . . . . Turn an output ON or OFF after its rung has been OFF for a preset time interval

TON (Timer On-Delay) . . . . . . . . . Turn an output ON or OFF after its rung has been ON for a preset time interval

CTD (Count Down)  . . . . . . . . . . . Use a software counter to count down from a specified value

CTU (Count Up) . . . . . . . . . . . . . . Use a software counter to count up to a specified value

of memory required depends on the application. Factors 

affecting the memory size needed for a particular PLC 

installation include: 

•       Number of I/O points used  

•       Size of control program  

•       Data-collecting requirements  

•       Supervisory functions required  

•       Future expansion    

 The  instruction set  for a particular PLC lists the differ-

ent types of instructions supported. Typically, this ranges 

from 15 instructions on smaller units up to 100 instruc-

tions on larger, more powerful units (see Table 1-1).    
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 Programmable Logic Controllers (PLCs) Chapter 1 15

1.     What is a programmable logic controller (PLC)?  

2.     Identify four tasks in addition to relay switching 

operations that PLCs are capable of performing.  

3.     List six distinct advantages that PLCs offer over 

conventional relay-based control systems.  

4.     Explain the differences between open and propri-

etary PLC architecture.  

5.     State two ways in which I/O is incorporated into 

the PLC.  

6.     Describe how the I/O modules connect to the pro-

cessor in a modular-type PLC confi guration.  

7.     Explain the main function of each of the following 

major components of a PLC: 

a.     Processor module (CPU)  

b.     I/O modules  

c.     Programming device  

d.     Power supply module     

8.     What are the two most common types of PLC pro-

gramming devices?  

9.     Explain the terms  program  and  programming lan-
guage  as they apply to a PLC.  

10.     What is the standard programming language used 

with PLCs?  

11.     Answer the following with reference to the process 

control relay ladder diagram of  Figure 1-18  of this 

chapter: 

a.     When do the pressure switch contacts close?  

b.     When do the temperature switch contacts close?  

c.     How are the pressure and temperature switches 

connected with respect to each other?  

d.     Describe the two conditions under which the 

motor starter coil will become energized.  

e.     What is the approximate value of the voltage 

drop across each of the following when their 

contacts are open? 

(1)   Pressure switch  

(2)   Temperature switch  

(3)   Manual pushbutton        

12.     The programmable controller operates in real time. 

What does this mean?  

13.     Answer the following with reference to the process 

control PLC ladder logic diagram of  Figure 1-21  of 

this chapter: 

a.     What do the individual symbols represent?  

b.     What do the numbers represent?  

c.     What fi eld device is the number I/2 identifi ed 

with?  

d.     What fi eld device is the number O/1 identifi ed 

with?  

e.     What two conditions will provide a continuous 

path from left to right across the rung?  

f.     Describe the sequence of operation of the 

 controller for one scan of the program.     

14.     Compare the method by which the process control 

operation is changed in a relay-based system to the 

method used for a PLC-based system.  

15.     Compare the PLC and PC with regard to: 

a.     Physical hardware differences  

b.     Operating environment  

c.     Method of programming  

d.     Execution of program     

16.     What two categories of software written and run on 

PCs are used in conjunction with PLCs?  

17.     What is a programmable automation controller 

(PAC)?  

18.     List four criteria by which PLCs are categorized.  

19.     Compare the single-ended, multitask, and control 

management types of PLC applications.  

20.     What is the memory capacity, expressed in bits, for 

a PLC that uses 16-bit words and has an 8 K word 

capacity?  

21.     List fi ve factors affecting the memory size needed 

for a particular PLC installation.  

22.     What does the instruction set for a particular PLC 

refer to?    

  CHAPTER 1 REVIEW QUESTIONS  

1.     Given two single-pole switches, write a program 

that will turn on an output when both switch  A  and 

switch  B  are closed.  

 CHAPTER 1 PROBLEMS 

2.     Given two single-pole switches, write a program that 

will turn on an output when either switch  A  or switch 

 B  is closed.  
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16 Chapter 1 Programmable Logic Controllers (PLCs)

5.   Write a program for the relay ladder diagram shown 

in  Figure 1-32 .     

3.     Given four NO (Normally Open) pushbuttons  (A-
B-C-D),  write a program that will turn a lamp on if 

pushbuttons  A  and  B  or  C  and  D  are closed.  

4.     Write a program for the relay ladder diagram shown 

in  Figure 1-31 .   

120 VAC  

S3

TS1PB1

S2

S1 PS1

L1

  Figure 1-32  Circuit for Problem 5.   

LS2

120 VAC  

S1 LS1

L1

  Figure 1-31  Circuit for Problem 4.   
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 This chapter exposes you to the details of PLC 
hardware and modules that make up a PLC con-
trol system. The chapter’s illustrations show the 
various subparts of a PLC as well as general 
connection paths. In this chapter we discuss 
the CPU and memory hardware components, 
including the various types of memory that are 
available, and we describe the hardware of the 
input/output section, including the difference be-
tween the discrete and analog types of modules.   

  Chapter Objectives 

 After completing this chapter, you will be able to: 

2.1  List and describe the function of the hardware 

components used in PLC systems 

2.2  Describe the basic circuitry and applications for 

discrete and analog I/O modules, and interpret typical 

I/O and CPU specifi cations 

2.3  Explain I/O addressing 

2.4  Describe the general classes and types of PLC 

memory devices 

2.5  List and describe the different types of PLC 

peripheral support devices available  

 2
PLC Hardware Components  

Image Used with Permission of Rockwell Automation, Inc.
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18 Chapter 2 PLC Hardware Components

communicate  operating signals  through the output inter-

face to the process devices under its control. 

 Allen-Bradley controllers make a distinction between 

a PLC chassis and rack as illustrated in  Figure 2-2 . The 

hardware assembly that houses I/O modules, processor 

modules, and power supplies is referred to as the chassis. 

Chassis come in different sizes according to the number 

of slots they contain. In general, they can have 4, 8, 12, 

or 16 slots. 

 A  logical rack  is an addressable unit consisting of 128 

input points and 128 output points. A rack uses 8 words in 

the input image table fi le and 8 words in the output image 

table fi le. A word in the output image table fi le and its cor-

responding word in the input image table fi le are called an 

 I/O group.  A rack can contain a maximum of 8 I/O groups 

(numbered from 0 through 7) for up to 128 discrete I/O. 

There can be more than one rack in a chassis and more 

than one chassis in a rack.  

 One benefi t of a PLC system is the ability to locate 

the I/O modules near the fi eld devices, as illustrated in 

 Figure  2-3 , in order to minimize the amount of wiring 

  2.1 The I/O Section 
  The input/output (I/O) section of a PLC is the section to 

which all fi eld devices are connected and provides the in-

terface between them and the CPU. Input/output arrange-

ments are built into a fi xed PLC while modular types use 

external I/O modules that plug into the PLC. 

  Figure 2-1  illustrates a rack-based I/O section made 

up of individual I/O modules. Input interface modules 

accept signals from the machine or process devices and 

convert them into signals that can be used by the con-

troller. Output interface modules convert controller sig-

nals into external signals used to control the machine 

or process. A typical PLC has room for several I/O 

modules, allowing it to be customized for a particular 

application by selecting the appropriate modules. Each 

slot in the rack is capable of accommodating any type 

of I/O module.  

 The I/O system provides an interface between the hard-

wired components in the fi eld and the CPU. The input 

interface allows  status information  regarding processes to 

be communicated to the CPU, and thus allows the CPU to 

  Figure 2-3  Remote I/O rack.   
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  Figure 2-1  Rack-based I/O section.   

Power

supply
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I/O modules
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  Figure 2-2  Allen-Bradley PLC chassis and rack.   
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 PLC Hardware Components Chapter 2 19

   Slot— The slot number is the physical location of the 

I/O module. This may be a combination of the rack 

number and the slot number when using expansion 

racks.  

   Word and Bit— The word and bit are used to identify 

the actual terminal connection in a particular I/O mod-

ule. A discrete module usually uses only one word, 

and each connection corresponds to a different bit that 

makes up the word.    

 With a rack/slot address system the location of a mod-

ule within a rack and the terminal number of a module 

to which an input or output device is connected will 

determine the device’s address.  Figure  2-4  illustrates 

the Allen-Bradley PLC-5 controller addressing format. 

The following are typical examples of input and output 

addresses:     

required. The processor receives signals from the remote 

input modules and sends signals back to their output mod-

ules via the communication module.  

 A rack is referred to as a  remote  rack when it is lo-

cated away from the processor module. To communi-

cate with the processor, the remote rack uses a special 

communications network. Each remote rack requires a 

unique station number to distinguish one from another. 

The remote racks are linked to the local rack through a 

 communications module.  Cables connect the modules 

with each other. If fi ber optic cable is used between the 

CPU and I/O rack, it is possible to operate I/O points 

from distances greater than 20 miles with no voltage 

drop. Coaxial cable will allow remote I/O to be in-

stalled at distances greater than two miles. Fiber optic 

cable will not pick up noise caused by adjacent high 

power lines or equipment normally found in an indus-

trial environment. Coaxial cable is more susceptible to 

this type of noise. 

 The PLC’s memory system stores information about 

the status of all the inputs and outputs. To keep track of 

all this information, it uses a system called  addressing.  An 

address is a label or number that indicates where a certain 

piece of information is located in a PLC’s memory. Just 

as your home address tells where you live in your city, a 

device’s or a piece of data’s address tells where informa-

tion about it resides in the PLC’s memory. That way, if a 

PLC wants to fi nd out information about a fi eld device, it 

knows to look in its corresponding address location. Ex-

amples of addressing schemes include  rack/slot-based,  
versions of which are used in Allen-Bradley PLC-5 and 

SLC 500 controllers,  tag-based  used in Allen-Bradley 

ControlLogix controllers, and PC-based control used in 

soft PLCs. 

 In general, rack/slot-based addressing elements include: 

   Type— The type determines if an input or output is 

being addressed.  

    I1:27/17    Input, fi le 1, rack 2, group 7, bit 17  

    O0:34/07    Output, fi le 0, rack 3, group 4, bit 7  

    I1:0/0    Input, fi le 1, rack 0, group 0, bit 0 (Short 
form blank 5 0)  

    O0:1/1    Output, fi le 0, rack 0, group 1, bit 1 (Short 
form blank 5 0)  

  Figure 2-4  Allen-Bradley PLC-5 rack/slot-based addressing format.   
 Source: Image Used with Permission of Rockwell Automation, Inc. 

O 0 : 0 1 / 00

Terminal number (bit address)

Bit delimiter

Group (0–7); 8 groups in a rack

Rack no.

File delimiter

File no.

File type (O—output; Ι—input)

  Figure 2-5  illustrates the Allen-Bradley SLC 500 con-

troller addressing format. The address is used by the pro-

cessor to identify where the device is located to monitor or 

control it. In addition, there is some means of connecting 

fi eld wiring on the I/O module housing. Connecting the 

fi eld wiring to the I/O housing allows easier disconnec-

tion and reconnection of the wiring to change modules. 

Lights are also added to each module to indicate the ON 

or OFF status of each I/O circuit. Most output modules 

also have blown fuse indicators. The following are typical 
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20 Chapter 2 PLC Hardware Components

in  Figure 2-9 . A module is made up of a printed circuit 

board and a terminal assembly. The printed circuit board 

contains the electronic circuitry used to interface the 

circuit of the processor with that of the input or output 

device. Modules are designed to plug into a slot or con-

nector in the I/O rack or directly into the processor. The 

terminal assembly, which is attached to the front edge of 

the printed circuit board, is used for making fi eld-wiring 

connections. Modules contain terminals for each input 

and output connection, status lights for each of the inputs 

and outputs, and connections to the power supply used to 

power the inputs and outputs. Terminal and status light 

arrangements vary with different manufacturers.  

 Most PLC modules have plug-in wiring terminal strips. 

The terminal block is plugged into the actual module as il-

lustrated in  Figure 2-10 . If there is a problem with a mod-

ule, the entire strip is removed, a new module is inserted, 

and the terminal strip is plugged into the new module. 

Unless otherwise specifi ed, never install or remove I/O 

modules or terminal blocks while the PLC is powered. 

A module inserted into the wrong slot could be dam-

aged by improper voltages connected through the wiring 

arm. Most faceplates and I/O modules are keyed to pre-

vent putting the wrong faceplate on the wrong module. 

In other words, an output module cannot be placed in the 

slot where an input module was originally located.  

 Input and output modules can be placed anywhere in a 

rack, but they are normally grouped together for ease of 

wiring. I/O modules can be 8, 16, 32, or 64 point cards 

( Figure 2-11 ). The number refers to the number of inputs 

or outputs available. The standard I/O module has eight 

inputs or outputs. A  high-density  module may have up to 

64 inputs or outputs. The advantage with the high-density 

module is that it is possible to install up to 64 inputs or 

outputs in one slot for greater space savings. The only dis-

advantage is that the high-density output modules cannot 

handle as much current per output.    

examples of SLC 500 real-world general input and output 

addresses:     

  Figure 2-5  Allen-Bradley SLC 500 rack/slot-based addressing format.   
 Source: Image Used with Permission of Rockwell Automation, Inc. 

Memory

address

Real-world

address

I 1 3 0. /:

File type

File number

Element number

Slot number

Module type

Subelement number

For terminals above #15

0 1

Bit number

Terminal number

    O:4/15    Output module in slot 4, terminal 15  

    I:3/8    Input module in slot 3, terminal 8  

    O:6.0    Output module, slot 6  

    I:5.0    Input module, slot 5  

 Every input and output device connected to a discrete 

I/O module is addressed to a specifi c  bit  in the PLC’s 

memory. A bit is a binary digit that can be either 1 or 0. 

Analog I/O modules use a  word  addressing format, which 

allows the entire words to be addressed. The bit part of 

the address is usually not used; however, bits of the digital 

representation of the analog value can be addressed by the 

programmer if necessary.  Figure 2-6  illustrates bit level 

and word level addressing as it applies to an SLC 500 

controller.  

  Figure 2-7  illustrates the Allen-Bradley ControlLogix 

tag-based addressing format. With Logix5000 controllers, 

you use a tag (alphanumeric name) to address data (vari-

ables). Instead of a fi xed numeric format the tag name 

itself identifi es the data. The fi eld devices are assigned 

tag names that are referenced when the PLC ladder logic 

program is developed.  

 PC-based control runs on personal or industrial hard-

ened computers. Also known as soft PLCs, they simulate 

the functions of a PLC on a PC, allowing open architecture 

systems to replace proprietary PLCs. This implementa-

tion uses an input/output card ( Figure 2-8 ) in conjunction 

with the PC as an interface for the fi eld devices.  

 Combination I/O modules can have both input and out-

put connections in the same physical module as illustrated 
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  Figure 2-6  SLC 500 bit level and word level addressing. ( a ) Bit level 
addressing. ( b ) Word level addressing.     
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  Figure 2-7  Allen-Bradley ControlLogix tag-based addressing format.   
 Source: Image Used with Permission of Rockwell Automation, Inc. 
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  Figure 2-9  Typical combination I/O module.   
 Source: Image Used with Permission of Rockwell Automation, Inc. 
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  Figure 2-10  Plug-in terminal block.   

Terminal
block

Module

  Figure 2-8  Typical PC interface card.   
 Source: Photo © Beckhoff Automation GmbH. 

  2.2 Discrete I/O Modules 
  The most common type of I/O interface module is the  dis-
crete  type ( Figure 2-12 ). This type of interface connects 

fi eld input devices of the ON/OFF nature such as selec-

tor switches, pushbuttons, and limit switches. Likewise, 

output control is limited to devices such as lights, relays, 

solenoids, and motor starters that require simple ON/OFF 

switching. The classifi cation of discrete I/O   covers  bit- 
oriented  inputs and outputs. In this type of input or output, 

each bit represents a complete information element in itself 

and provides the status of some external contact or advises 

of the presence or absence of power in a process circuit.  

 Each discrete I/O module is powered by some  fi eld-
supplied  voltage source. Since these voltages can be of 

different magnitude or type, I/O modules are available at 

various AC and DC voltage ratings, as listed in Table 2-1.    
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 PLC Hardware Components Chapter 2 23

 The modules themselves receive their voltage and cur-

rent for proper operation from the backplane of the rack 

enclosure into which they are inserted, as illustrated in  Fig-

ure 2-13 . Backplane power is provided by the PLC module 

power supply and is used to power the electronics that re-

side on the I/O module circuit board. The relatively higher 

  Figure 2-11  16, 32, and 64 point I/O modules.   
 Source: (all  ) Photos courtesy Omron Industrial Automation, www.ia.omron.com. 

  Figure 2-12  Discrete input and output devices.   
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  Figure 2-13  Modules receive their voltage and current 

from the backplane.   

Backplane power

Power

supply

    Input Interfaces  Output Interfaces 

   12 V AC/DC /24 V AC/DC  12–48 V AC 

      48 V AC/DC  120 V AC 

     120 V AC/DC  230 V AC 

     230 V AC/DC  120 V DC 

    5 V DC (TTL level)  230 V DC 

     5 V DC (TTL level) 

     24 V DC 

Table 2-1 Common Ratings for Discrete 
I/O Interface Modules
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•       The zener diode (Z 
D
 ) voltage rating sets the mini-

mum threshold level of voltage that can be detected.  

•       When light from the LED strikes the phototransis-

tor, it switches into conduction and the status of 

the pushbutton is communicated in logic to the 

processor.  

•       The optical isolator not only separates the higher 

AC input voltage from the logic circuits but also 

prevents damage to the processor due to line volt-

age transients. In addition, this isolation also helps 

reduce the effects of electrical noise, common in the 

industrial environment, which can cause erratic op-

eration of the processor.  

•       For fault diagnosis, an input state LED indicator 

is on when the input pushbutton is closed. This in-

dicator may be wired on either side of the optical 

isolator.  

•       An AC/DC type of input module is used for both 

AC and DC inputs as the input polarity does not 

matter.  

•       A PLC input module will have either all inputs iso-

lated from each other with no common input con-

nections or groups of inputs that share a common 

connection.     

currents required by the loads of an output module are 

normally provided by user-supplied power. Module power 

supplies typically may be rated for 3 A, 4 A, 12 A, or 16 A 

depending on the type and number of modules used.  

  Figure 2-14  shows the block diagrams for one input of 

a typical alternating current (AC)  discrete input module.  
The input circuit is composed of two basic sections: the 

 power  section and the  logic  section. An optical isolator is 

used to provide electrical isolation between the fi eld wir-

ing and the PLC backplane internal circuitry. The input 

LED turns on or off, indicating the status of the input de-

vice. Logic circuits process the digital signal to the pro-

cessor. Internal PLC control circuitry typically operates at 

5 VDC or less volts.  

 A simplifi ed diagram for a single input of a discrete AC 

input module is shown in  Figure 2-15 . The operation of 

the circuit can be summarized as follows: 

•       The input noise fi lter consisting of the capacitor and 

resistors R1 and R2 removes false signals that are 

due to contact bounce or electrical interference.  

•       When the pushbutton is closed, 120 VAC is applied 

to the bridge rectifi er input.  

•       This results in a low-level DC output voltage that is 

applied across the LED of the optical isolator.  

  Figure 2-14  Discrete AC input module block diagram.   

L1

(120 VAC)
Input
signal

L2

Logic

circuits

To processor

(low VDC)

Input status

indicator

Zener

diode

level

detection

Power

Logic

Opto-electrical

isolation
Bridge

rectifier

  Figure 2-15  Simplifi ed diagram for a single input of a discrete AC input module.   
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•       When the processor calls for an output load to be 

energized, a voltage is applied across the LED of 

the opto-isolator.  

•       The LED then emits light, which switches the pho-

totransistor into conduction.  

•       This in turn triggers the triac AC semiconductor 

switch into conduction allowing current to fl ow to 

the output load.  

•       Since the triac conducts in either direction, the out-

put to the load is alternating current.  

•       The triac, rather than having ON and OFF status, 

actually has LOW and HIGH resistance levels, 

respectively. In its OFF state (HIGH resistance), 

a small leakage current of a few milliamperes still 

fl ows through the triac.  

•       As with input circuits, the output interface is usually 

provided with LEDs that indicate the status of each 

output.  

•       Fuses are normally required for the output module, 

and they are provided on a per circuit basis, thus al-

lowing for each circuit to be protected and operated 

separately. Some modules also provide visual indi-

cators for fuse status.  

•       The triac cannot be used to switch a DC load.  

 Discrete input modules perform four tasks in the PLC 

control system. They: 

•       Sense when a signal is received from a fi eld device.  

•       Convert the input signal to the correct voltage level 

for the particular PLC.  

•       Isolate the PLC from fl uctuations in the input 

 signal’s voltage or current.  

•       Send a signal to the processor indicating which sen-

sor originated the signal.    

  Figure 2-16  shows the block diagram for one output of 

a typical discrete output module. Like the input module, 

it is composed of two basic sections: the power section 

and the logic section, coupled by an isolation circuit. The 

output interface can be thought of as an electronic switch 

that turns the output load device on and off. Logic circuits 

determine the output status. An output LED indicates the 

status of the output signal.  

 A simplifi ed diagram for a single output of a discrete 

AC output module is shown in  Figure 2-17 . The operation 

of the circuit can be summarized as follows: 

•       As part of its normal operation, the digital logic cir-

cuits of the processor sets the output status accord-

ing to the program.  

  Figure 2-16  Discrete AC output module block diagram.   
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  Figure 2-17  Simplifi ed diagram for a single output of a discrete AC 
output module.   
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whereas transistor outputs can be used only for control 

of DC devices. The discrete relay contact output module 

uses electromechanical as the switching element. These 

relay outputs can be used with AC or DC devices, but they 

have a much slower switching time compared to solid-

state outputs. Allen-Bradley modules are color-coded for 

identifi cation as follows:     

•       For fault diagnosis, the LED output status indica-

tor is on whenever the PLC is commanding that the 

output load be switched on.     

 Individual AC outputs are usually limited by the size of 

the triac to 1 A or 2 A. The maximum current load for any 

one module is also specifi ed. To protect the output module 

circuits, specifi ed current ratings should not be exceeded. 

For controlling larger loads, such as large motors, a standard 

control relay is connected to the output module. The con-

tacts of the relay can then be used to control a larger load or 

motor starter, as shown in  Figure 2-18 . When a control relay 

is used in this manner, it is called an  interposing  relay.  

 Discrete output modules are used to turn fi eld output 

devices either on or off. These modules can be used to 

control any two-state device, and they are available in AC 

and DC versions and in various voltage ranges and cur-

rent ratings. Output modules can be purchased with  tran-
sistor, triac,  or  relay  output as illustrated in  Figure 2-19 . 

Triac outputs can be used only for control of AC devices, 

  Figure 2-19  Relay, transistor, and triac switching elements.   
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  Figure 2-18  Interposing relay connection.   
 Source: Photo courtesy Tyco Electronics, www.tycoelectronics.com. 
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   Color  Type of I/O 

   Red  AC inputs/outputs 

   Blue  DC inputs/outputs 

   Orange  Relay outputs 

   Green  Specialty modules 

   Black  I/O wiring; terminal blocks 
are not removable 

 Certain DC I/O modules specify whether the module 

is designed for interfacing with current-source or current-

sink devices. If the module is a current-sourcing module, 

then the input or output device must be a current-sinking 

device. Conversely, if the module is specifi ed as current-

sinking, then the connected device must be current- 

sourcing. Some modules allow the user to select whether 

the module will act as current sinking or current sourcing, 

thereby allowing it to be set to whatever the fi eld devices 

require. 

 The internal circuitry of some fi eld devices requires 

that they be used in sinking or sourcing circuits. In gen-

eral,  sinking (NPN)  and  sourcing (PNP)  are terms used to 

describe a current signal fl ow relationship between fi eld 

input and output devices in a control system and their 

power supply.  Figure 2-20  illustrates the current fl ow re-

lationship between sinking and sourcing inputs to a DC 

input module.  

  Figure  2-21  illustrates the current fl ow relationship 

between sinking and sourcing outputs to a DC output 

module. DC input and output circuits are commonly con-

nected with fi eld devices that have some form of internal 
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current signal from the level transmitter fi eld device. This 

input is converted from an analog to a digital value for 

use by the processor. The circuitry of the analog output 

module accepts the digital value from the processor and 

converts it back to an analog signal that drives the fi eld 

tank level meter.  

 Analog input modules normally have multiple input 

channels that allow 4, 8, or 16 devices to be interface to 

the PLC. The two basic types of analog input modules 

are  voltage  sensing and  current  sensing. Analog sen-

sors measure a varying physical quantity over a specifi c 

range and generate a corresponding voltage or current 

signal. Common physical quantities measured by a PLC 

analog module include temperature, speed, level, fl ow, 

weight, pressure, and position. For example, a sensor may 

solid-state circuitry that needs a DC signal voltage to 

function. Field devices connected to the positive (1) side 

of the fi eld power supply are classifi ed as sourcing fi eld 

devices. Conversely, fi eld devices connected to the nega-

tive (2) side or DC common of the fi eld power supply are 

sinking fi eld devices.    

  2.3 Analog I/O Modules 
  Earlier PLCs were limited to discrete or digital I/O in-

terfaces, which allowed only on/off-type devices to be 

connected. This limitation meant that the PLC could have 

only partial control of many process applications. Today, 

however, a complete range of both discrete and analog 

interfaces are available that will allow controllers to be 

applied to practically any type of control process. 

 Discrete devices are inputs and outputs that have only 

two states: on and off. In comparison, analog devices rep-

resent physical quantities that can have an infi nite number 

of values. Typical analog inputs and outputs vary from 

0 to 20 milliamps, 4 to 20 milliamps, or 0 to 10 volts. 

 Figure 2-22  illustrates how PLC analog input and output 

modules are used in measuring and displaying the level 

of fl uid in a tank. The analog input interface module con-

tains the circuitry necessary to accept an analog voltage or 

  Figure 2-20  Sinking and sourcing inputs.   
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  Figure 2-21  Sinking and sourcing outputs.   
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  Figure 2-22  Analog input and output to a PLC.   
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measure temperature over a range of 0 to 500°C, and out-

put a corresponding voltage signal that varies between 0 

and 50 mV. 

  Figure 2-23  illustrates an example of a voltage sensing 

input analog module used to measure temperature. The 

connection diagram applies to an Allen-Bradley Micro-

Logic 4-channel analog thermocouple input module. A 

varying DC voltage in the low millivolt range, propor-

tional to the temperature being monitored, is produced by 

the thermocouple. This voltage is amplifi ed and digitized 

by the analog input module and then sent to the processor 

on command from a program instruction. Because of the 

low voltage level of the input signal, a twisted shielded 

pair cable is used in wiring the circuit to reduce unwanted 

electrical noise signals that can be induced in the conduc-

tors from other wiring. When using an ungrounded ther-

mocouple, the shield must be connected to ground at the 

module end. To obtain accurate readings from each of the 

channels, the temperature between the thermocouple wire 

and the input channel must be compensated for. A cold 

junction compensating (CJC) thermistor is integrated in 

the terminal block for this purpose.  

 The transition of an analog signal to digital values is 

accomplished by an analog-to-digital (A/D) converter, the 

main element of the analog input module. Analog volt-

age input modules are available in two types: unipolar 

and bipolar.  Unipolar  modules can accept an input signal 

that varies in the positive direction only. For example, if 

the fi eld device outputs 0 V to 110 V, then the unipolar 

modules would be used. Bipolar signals swing between a 

maximum negative value and a maximum positive value. 

For example, if the fi eld device outputs 210 V to 110 V 

a bipolar module would be used. The  resolution  of an ana-

log input channel refers to the smallest change in input 

signal value that can be sensed and is based on the num-

ber of bits used in the digital representation. Analog input 

modules must produce a range of digital values between 

a maximum and minimum value to represent the analog 

signal over its entire span. Typical specifi cations are as 

follows:    

Ungrounded
thermocouple

�

�

�

�

Grounded
thermocoupleIN 0�

IN 0�

IN 1�

IN 1�

IN 3�

IN 3�

IN 2�

IN 2�

CJC�

CJC�

  Figure 2-23  MicroLogix 4-channel analog thermocouple input module.   
 Source: Image Used with Permission of Rockwell Automation, Inc. 

   Span 
of 

analog 
input 

 Bipolar 
   10 V  210 to 110 V 

    5 V  25 to 15 V 

   Unipolar 
   10 V  0 to 110 V 

    5 V  0 to 15 V 

   Resolution  0.3 mV 

 When connecting voltage sensing inputs, close adher-

ence to specifi ed requirements regarding wire length is 

important to minimize signal degrading and the effects 

of electromagnetic noise interference induced along the 

connecting conductors. Current input signals, which 

are not as sensitive to noise as voltage signals, are typi-

cally not distance limited. Current sensing input modules 

typically accept analog data over the range of 4 mA to 

20 mA, but can accommodate signal ranges of –20 mA 

to 120 mA. The loop power may be supplied by the sen-

sor or may be provided by the analog output module as 

illustrated in  Figure 2-24 . Shielded twisted pair cable is 

normally recommended for connecting any type analog 

input signal.  

 The  analog output interface module  receives from the 

processor digital data, which are converted into a propor-

tional voltage or current to control an analog fi eld device. 

The transition of a digital signal to analog values is accom-

plished by a digital-to-analog (D/A) converter, the main 
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available is 0 to 100 kHz, which means the module would 

be able to count 100,000 pulses per second.   

  THUMBWHEEL MODULE 

 The thumbwheel module allows the use of thumbwheel 

switches ( Figure 2-27 ) for feeding information to the PLC 

to be used in the control program.   

  TTL MODULE 

 The TTL module ( Figure  2-28 ) allows the transmitting 

and receiving of TTL (Transistor-Transistor-Logic) sig-

nals. This module allows devices that produce TTL-level 

signals to communicate with the PLC’s processor.   

  Figure 2-24  Sensor and analog module supplied power.   
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  Figure 2-25  Typical analog I/O control system.   
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element of the analog output module. An analog output 

signal is a continuous and changing signal that is varied 

under the control of the PLC program. Common devices 

controlled by a PLC analog output module include instru-

ments, control valves, chart recorder, electronic drives, 

and other types of control devices that respond to analog 

signals. 

  Figure 2-25  illustrates the use of analog I/O modules in 

a typical PLC control system. In this application the PLC 

controls the amount of fl uid placed in a holding tank by 

adjusting the percentage of the valve opening. The ana-

log output from the PLC is used to control the fl ow by 

controlling the amount of the valve opening. The valve 

is initially open 100 percent. As the fl uid level in the tank 

approaches the preset point, the processor modifi es the 

output, which adjusts the valve to maintain a set point.    

  2.4 Special I/O Modules 
  Many different types of I/O modules have been developed 

to meet special needs. These include:    

  HIGH-SPEED COUNTER MODULE 

 The high-speed counter module is used to provide an in-

terface for applications requiring counter speeds that sur-

pass the capability of the PLC ladder program. High-speed 

counter modules are used to count pulses ( Figure 2-26 ) 

from sensors, encoders, and switches that operate at very 

high speeds. They have the electronics needed to count 

independently of the processor. A typical count rate 

  Figure 2-26  High-speed counter module.   
 Source: Courtesy Control Technology Corporation. 

High-speed pulses

  Figure 2-27  Thumbwheel switch.   
 Source: Photo courtesy Omron Industrial Automation, www.ia.omron.com. 
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  ENCODER-COUNTER MODULE 

 An encoder-counter module allows the user to read the 

signal from an encoder ( Figure 2-29 ) on a real-time basis 

and stores this information so it can be read later by the 

processor.   

  BASIC OR ASCII MODULE 

 The BASIC or ASCII module ( Figure  2-30 ) runs user-

written BASIC and C programs. These programs are in-

dependent of the PLC processor and provide an easy, fast 

interface between remote foreign devices and the PLC 

processor. Typical applications include interfaces to bar 

code readers, robots, printers, and displays.   

  STEPPER-MOTOR MODULE 

 The stepper-motor module provides pulse trains to a 

 stepper-motor translator, which enables control of a step-

per motor ( Figure 2-31 ). The commands for the module 

are determined by the control program in the PLC.   

  BCD-OUTPUT MODULE 

 The BCD-output module enables a PLC to operate  devices 

that require BCD-coded signals such as seven- segment 

displays ( Figure 2-32 ).  

  Figure 2-28  TTL module.   
 Source: Courtesy Control Technology, Inc. 

  Figure 2-29  Encoder.   
 Source: Photo courtesy of Allied Motion Technologies, Inc. 

  Figure 2-30  BASIC module.   
 Source: Image Used with Permission of Rockwell Automation, Inc. 

  Figure 2-31  Stepper-motor.   
 Source: Courtesy Sherline Products. 
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  Figure 2-33  PID module.   
 Source: Courtesy Red Lion Controls. 

 Some special modules are referred to as  intelligent I/O  

because they have their own microprocessors on board 

that can function in parallel with the PLC. These include:  

  PID MODULE 

 The proportional-integral-derivative (PID) module ( Fig-

ure  2-33 ) is used in process control applications that 

incorporate PID algorithms. An algorithm is a complex 

program based on mathematical calculations. A PID mod-

ule allows process control to take place outside the CPU. 

This arrangement prevents the CPU from being burdened 

with complex calculations. The basic function of this 

module is to provide the control action required to main-

tain a process variable such as temperature, fl ow, level, or 

speed within set limits of a specifi ed set point.   

  MOTION AND POSITION CONTROL 

MODULE 

 Motion and position control modules are used in applica-

tions involving accurate high-speed machining and pack-

aging operations. Intelligent position and motion control 

modules permit PLCs to control stepper and servo motors. 

These systems require a drive, which contains the power 

electronics that translate the signals from the PLC module 

into signals required by the motor ( Figure 2-34 ).   

  COMMUNICATION MODULES 

 Serial communications modules ( Figure 2-35 ) are used to 

establish point-to-point connections with other intelligent 

devices for the exchange of data. Such connections are 

normally established with computers, operator stations, 

process control systems, and other PLCs. Communication 

modules allow the user to connect the PLC to high-speed 

local networks that may be different from the network 

communication provided with the PLC.      

  Figure 2-32  Seven-segment display.   
 Source: Courtesy Red Lion Controls. 

  Figure 2-34  PLC servo module.   
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  Figure 2-35  Serial communications module.   
 Source: Photo courtesy Automation Direct, www.automationdirect.com. 
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  2.5 I/O Specifi cations 
  Manufacturers’ specifi cations provide information about 

how an interface device is correctly and safely used. 

These specifi cations place certain limitations not only on 

the I/O module but also on the fi eld equipment that it can 

operate. Some PLC systems support  hot swappable  I/O 

modules designed to be changed with the power on and 

the PLC operating. The following is a list of some typi-

cal manufacturers’ I/O specifi cations, along with a short 

description of what is specifi ed. 

  Typical Discrete I/O Module 

Specifi cations 

  NOMINAL INPUT VOLTAGE 

 This discrete input module voltage value specifi es the 

magnitude (e.g., 5 V, 24 V, 230 V) and type (AC or DC) of 

user-supplied voltage that a module is designed to accept. 

Input modules are typically designed to operate correctly 

without damage within a range of plus or minus 10 per-

cent of the input voltage rating. With DC input modules, 

the input voltage may also be expressed as an operating 

range (e.g., 24–60 volts DC) over which the module will 

operate.  

  INPUT THRESHOLD VOLTAGES 

 This discrete input module specifi cation specifi es two val-

ues: a minimum ON-state voltage that is the minimum 

voltage at which logic 1 is recognized as absolutely ON; 

and a maximum OFF-state voltage which is the voltage at 

which logic 0 is recognized as absolutely OFF.  

  NOMINAL CURRENT PER INPUT 

 This value specifi es the minimum input current that the 

discrete input devices must be capable of driving to op-

erate the input circuit. This input current value, in con-

junction with the input voltage, functions as a threshold 

to protect against detecting noise or leakage currents as 

valid signals.  

  AMBIENT TEMPERATURE RATING 

 This value specifi es what the maximum temperature of 

the air surrounding the I/O modules should be for best 

operating conditions.  

  INPUT ON/OFF DELAY 

 Also known as  response time , this value specifi es the 

maximum time duration required by an input module’s 

circuitry to recognize that a fi eld device has switched ON 

(input ON-delay) or switched OFF (input OFF- delay). 

This delay is a result of fi ltering circuitry provided to 

protect against contact bounce and voltage transients. 

This input delay is typically in the 9 to 25 mil lisecond 

range.  

  OUTPUT VOLTAGE 

 This AC or DC value specifi es the magnitude (e.g., 5 V, 

115 V, 230 V) and type (AC or DC) of user-supplied  voltage 

at which a discrete output module is designed to operate. 

The output fi eld device that the module interfaces to the 

PLC must be matched to this specifi cation. Output modules 

are typically designed to operate within a range of plus or 

minus 10 percent of the nominal output voltage rating.  

  OUTPUT CURRENT 

 These values specify the maximum current that a single 

output and the module as a whole can safely carry under 

load (at rated voltage). This rating is a function of the 

module’s components and heat dissipation characteris-

tics. A device drawing more than the rated output current 

results in overloading, causing the output fuse to blow. As 

an example, the specifi cation may give each output a cur-

rent limit of 1 A. The overall rating of the module current 

will normally be less than the total of the individuals. The 

overall rating might be 6 A because each of the eight de-

vices would not normally draw their 1 A at the same time. 

Other names for the output current rating are  maximum 
continuous current  and  maximum load current.   

  INRUSH CURRENT 

 An inrush current is a momentary surge of current that an 

AC or DC output circuit encounters when energizing in-

ductive, capacitive, or fi lament loads. This value specifi es 

the maximum inrush current and duration (e.g., 20 A for 

0.1 s) for which an output circuit can exceed its maximum 

continuous current rating.  

  SHORT CIRCUIT PROTECTION 

 Short circuit protection is provided for AC and DC output 

modules by either fuses or some other current-limiting 

circuitry. This specifi cation will designate whether the 

particular module’s design has individual protection for 

each circuit or if fuse protection is provided for groups 

(e.g., 4 or 8) of outputs.  

  LEAKAGE CURRENT 

 This value specifi es the amount of current still conducting 

through an output circuit even after the output has been 

turned off. Leakage current is a characteristic exhibited 

by solid-state switching devices such as transistors and 

triacs and is normally less than 5 milliamperes. Leakage 

current is normally not large enough to falsely trigger an 

output device but must be taken into consideration when 

switching very low current sensitive devices.  
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  ELECTRICAL ISOLATION 

 Recall that I/O module circuitry is electrically isolated to 

protect the low-level internal circuitry of the PLC from 

high voltages that can be encountered from fi eld device 

connections. The specifi cation for electrical isolation, 

typically 1500 or 2500 volts AC, rates the module’s ca-

pacity for sustaining an excessive voltage at its input or 

output terminals. Although this isolation protects the 

logic side of the module from excessive input or output 

voltages or current, the power circuitry of the module may 

be damaged.  

  POINTS PER MODULE 

 This specifi cation defi nes the number of fi eld inputs or 

outputs that can be connected to a single module. Most 

commonly, a discrete module will have 8, 16, or 32 cir-

cuits; however, low-end controllers may have only 2 or 

4 circuits. Modules with 32 or 64 input or output bits are 

referred to as  high-density  modules. Some modules pro-

vide more than one common terminal, which allows the 

user to use different voltage ranges on the same card as 

well as to distribute the current more effectively.  

  BACKPLANE CURRENT DRAW 

 This value indicates the amount of current the module 

requires from the backplane. The sum of the backplane 

current drawn for all modules in a chassis is used to select 

the appropriate chassis power supply rating.   

  Typical Analog I/O Module 

Specifi cations 

  CHANNELS PER MODULE 

 Whereas individual circuits on discrete I/O modules are 

referred to as points, circuits on analog I/O modules are 

often referred to as channels. These modules normally have 

4, 8, or 16 channels. Analog modules may allow for either 

single-ended or differential connections.   Single-ended  

connections use a single ground terminal for all channels 

or for groups of channels.  Differential  connections use a 

separate positive and negative terminal for each channel. 

If the module normally allows 16 single-ended connec-

tions, it will generally allow only 8 differential connec-

tions. Single-ended connections are more susceptible to 

electrical noise.  

  INPUT CURRENT/VOLTAGE RANGE(S) 

 These are the voltage or current signal ranges that an ana-

log input module is designed to accept. The input ranges 

must be matched accordingly to the varying current or 

voltage signals generated by the analog sensors.  

  OUTPUT CURRENT/VOLTAGE RANGE(S) 

 This specifi cation defi nes the current or voltage signal 

ranges that a particular analog output module is designed 

to output under program control. The output ranges must 

be matched according to the varying voltage or current 

signals that will be required to drive the analog output 

devices.  

  INPUT PROTECTION 

 Analog input circuits are usually protected against acci-

dentally connecting a voltage that exceeds the specifi ed 

input voltage range.  

  RESOLUTION 

 The resolution of an analog I/O module specifi es how ac-

curately an analog value can be represented digitally. This 

specifi cation determines the smallest measurable unit of 

current or voltage. The higher the resolution (typically 

specifi ed in bits), the more accurately an analog value can 

be represented.  

  INPUT IMPEDANCE AND CAPACITANCE 

 For analog I/Os, these values must be matched to the ex-

ternal device connected to the module. Typical ratings are 

in Megohm (MV) and picofarads (pF).  

  COMMON-MODE REJECTION 

 Noise is generally caused by electromagnetic interfer-

ence, radio frequency interference, and ground loops. 

Common-mode noise rejection applies only to differ-

ential inputs and refers to an analog module’s ability to 

prevent noise from interfering with data integrity on a 

single channel and from channel to channel on the mod-

ule. Noise that is picked up equally in parallel wires is 

rejected because the difference is zero. Twisted pair wires 

are used to ensure that this type of noise is equal on both 

wires. Common-mode rejection is normally expressed in 

decibels or as a ratio.     

  2.6 The Central Processing 
Unit (CPU) 
  The central processing unit (CPU) is built into single-

unit fi xed PLCs while modular rack types typically use 

a plug-in module. CPU, controller, and processor are all 

terms used by different manufacturers to denote the same 

module that performs basically the same functions. Pro-

cessors vary in processing speed and memory options. A 

processor module can be divided into two sections: the 

CPU section and the memory section ( Figure 2-36 ). The 

CPU section executes the program and makes the deci-

sions needed by the PLC to operate and communicate 
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with other modules. The memory section electronically 

stores the PLC program along with other retrievable digi-

tal information.  

 The PLC power supply provides the necessary power 

(typically 5 VDC) to the processor and I/O modules 

plugged into the backplane of the rack ( Figure  2-37 ). 

Power supplies are available for most voltage sources 

encountered. The power supply converts 115 VAC or 

230 VAC into the usable DC voltage required by the CPU, 

memory, and I/O electronic circuitry. PLC power supplies 

are normally designed to withstand momentary losses of 

power without affecting the operation of the PLC.  Hold-
up time , which is the length of time a PLC can tolerate 

a power loss, typically ranges from 10 milliseconds to 

3 seconds.  

 The CPU contains the similar type of microproces-

sor found in a personal computer. The difference is that 

the program used with the microprocessor is designed to 

facilitate industrial control rather than provide general-

purpose computing. The CPU executes the operating 

system, manages memory, monitors inputs, evaluates the 

user logic (ladder program), and turns on the appropriate 

outputs. 

 The CPU of a PLC system may contain more than one 

processor. One advantage of using multiprocessing is that 

the overall operating speed is improved. Each processor 

has its own memory and programs, which operate simul-

taneously and independently. In such confi gurations the 

scan of each processor is parallel and independent thus 

reducing the total response time. Fault-tolerant PLC sys-

tems support dual processors for critical processes. These 

systems allow the user to confi gure the system with  redun-
dant  (two) processors, which allows transfer of control to 

the second processor in the event of a processor fault. 

 Associated with the processor unit will be a number of 

status LED indicators to provide system diagnostic infor-

mation to the operator ( Figure 2-38 ). Also, a keyswitch 

may be provided that allows you to select one of the fol-

lowing three modes of operation: RUN, PROG, and REM. 

  RUN Position 
•       Places the processor in the Run mode  

•       Executes the ladder program and energizes output 

devices  

•       Prevents you from performing online program edit-

ing in this position  

•       Prevents you from using a programmer/operator in-

terface device to change the processor mode   

  PROG Position 
•       Places the processor in the Program mode  

•       Prevents the processor from scanning or executing 

the ladder program, and the controller outputs are 

de-energized  

•       Allows you to perform program entry and editing  

•       Prevents you from using a programmer/operator in-

terface device to change the processor mode   

  REM Position 
•       Places the processor in the Remote mode: either the 

REMote Run, REMote Program, or REMote Test 

mode  

•       Allows you to change the processor mode from a 

programmer/operator interface device  

•       Allows you to perform online program editing    

 The processor module also contains circuitry to com-

municate with the programming device. Somewhere on 

the module you will fi nd a connector that allows the PLC 

to be connected to an external programming device. The 

decision-making capabilities of PLC processors go far 

beyond simple logic processing. The processor performs 

  Figure 2-36  Sections of a PLC processor module.   
 Source: Courtesy Mitsubishi Automation. 
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other functions such as timing, counting, latching, com-

paring, motion control and complex math functions. 

 PLC processors have changed constantly due to ad-

vancements in computer technology and greater demand 

from applications. Today, processors are faster and have 

additional instructions added as new models are intro-

duced. Because PLCs are microprocessor based, they can 

be made to perform tasks that a computer can do. In ad-

dition to their control functions, PLCs can be networked 

to do supervisory control and data acquisition (SCADA). 

 Many electronic components found in processors and 

other types of PLC modules are sensitive to  electrostatic  

voltages that can degrade their performance or damage 

them. The following static control procedures should be 

followed when handling and working with static-sensitive 

devices and modules: 

•       Ground yourself by touching a conductive surface 

before handling static-sensitive components.  

•       Wear a wrist strap that provides a path to bleed off 

any charge that may build up during work.  

•       Be careful not to touch the backplane connector or 

connector pins of the PLC system (always handle 

the circuit cards by the edge if possible).  

•       Be careful not to touch other circuit components in 

a module when you confi gure or replace its internal 

components.  

•       When not in use, store modules in its static-shield bag.  

•       If available, use a static-safe work station.      

  2.7 Memory Design 
  Memory is the element that stores information, programs, 

and data in a PLC. The user memory of a PLC includes 

space for the user program as well as addressable memory 

locations for storage of data. Data are stored in memory 

locations by a process called  writing.  Data are retrieved 

from memory by what is referred to as  reading . 

 The complexity of the program determines the amount 

of memory required. Memory elements store individual 

pieces of information called  bits  (for  binary digits ). The 

amount of memory capacity is specifi ed in increments of 

1000 or in “K” increments, where 1 K is 1024 bytes of 

memory storage (a byte is 8 bits). 

 The program is stored in the memory as 1s and 0s, 

which are typically assembled in the form of 16-bit 

words. Memory sizes are commonly expressed in thou-

sands of words that can be stored in the system; thus 2 K 

is a memory of 2000 words, and 64 K is a memory of 

64,000 words. The memory size varies from as small as 

1 K for small systems to 32 MB for very large systems 

( Figure 2-39 ). Memory capacity is an important prereq-

uisite for determining whether a particular processor will 

handle the requirements of the specifi c application.  

 Memory  location  refers to an address in the CPU’s 

memory where a binary word can be stored. A word usu-

ally consists of 16 bits. Each binary piece of data is a bit 

and eight bits make up one byte ( Figure 2-40 ). Memory 

 utilization  refers to the number of memory locations re-

quired to store each type of instruction. A rule of thumb 

  Figure 2-38  Typical processor module.   
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for memory locations is one location per coil or contact. 

One K of memory would then allow a program containing 

1000 coils and contacts to be stored in memory.  

 The memory of a PLC may be broken into sections that 

have specifi c functions. Sections of memory used to store 

the status of inputs and outputs are called input status fi les 

or tables and output status fi les or tables ( Figure 2-41 ). 

These terms simply refer to a location where the status of 

an input or output device is stored. Each bit is either a 1 or 

0, depending on whether the input is open or closed. A 

closed contact would have a binary 1 stored in its respec-

tive location in the input table, whereas an open contact 

would have a 0 stored. A lamp that is ON would have 

a 1 stored in its respective location in the output table, 

whereas a lamp that is OFF would have a 0 stored. Input 

and output image tables are constantly being revised by 

the CPU. Each time a memory location is examined, the 

table changes if the contact or coil has changed state.  

 PLCs execute memory-checking routines to be sure 

that the PLC memory has not been corrupted. This mem-

ory checking is undertaken for safety reasons. It helps en-

sure that the PLC will not execute if memory is corrupted.   

  2.8 Memory Types 
  Memory can be placed into two general categories: vola-

tile and nonvolatile. Volatile memory will lose its stored 

information if all operating power is lost or removed. 

Volatile memory is easily altered and is quite suitable for 

most applications when supported by battery backup. 

 Nonvolatile memory has the ability to retain stored 

information when power is removed accidentally or in-

tentionally. As the name implies, programmable logic 

controllers have programmable memory that allows users 

to develop and modify control programs. This memory is 

made nonvolatile so that if power is lost, the PLC holds 

its programming. 

  Read Only Memory (ROM)  stores programs, and data 

cannot be changed after the memory chip has been manu-

factured. ROM is normally used to store the programs and 

data that defi ne the capabilities of the PLC. ROM memory 

is nonvolatile, meaning that its contents will not be lost if 

power is lost. ROM is used by the PLC for the operating 

system. The operating system is burned into ROM by the 

PLC manufacturer and controls the system software that 

the user uses to program the PLC. 

  Random Access Memory (RAM),  sometimes re-

ferred to as  read-write (R/W) memory,  is designed so that 

information can be written into or read from the memory. 

RAM is used as a temporary storage area of data that may 

need to be quickly changed. RAM is volatile, meaning 

that the data stored in RAM will be lost if power is lost. A 

battery backup is required to avoid losing data in the event 

of a power loss ( Figure  2-42 ). Most PLCs use CMOS-

RAM technology for user memory. CMOS-RAM chips 

have very low current draw and can maintain memory 

with a lithium battery for an extended time, two to fi ve 

  Figure 2-39  Typical PLC memory sizes.   
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  Figure 2-40  Memory bit, byte, and word.   
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years in many cases. Some processors have a capacitor 

that provides at least 30 minutes of battery backup when 

the battery is disconnected and power is OFF.  

  Erasable Programmable Read-Only Memory 
(EPROM)  provides some level of security against unau-

thorized or unwanted changes in a program. EPROMs are 

designed so that data stored in them can be read, but not 

easily altered without special equipment. For example, 

UV EPROMs (ultraviolet erasable programmable read-

only memory) can only be erased with an ultraviolet light. 

EPROM memory is used to back up, store, or transfer 

PLC programs. 

  Electrically erasable programmable read-only mem-
ory (EEPROM)  is a nonvolatile memory that  offers the 

same programming fl exibility as does RAM. The EEPROM 

can be electrically overwritten with new data instead of 

being erased with ultraviolet light. Because the EEPROM 

is nonvolatile memory, it does not require battery backup. 

It provides permanent storage of the program and can be 

changed easily using standard programming devices. Typi-

cally, an EEPROM memory module is used to store, back 

up, or transfer PLC programs ( Figure 2-43 ).  

  Flash EEPROMs  are similar to EEPROMs in that they 

can only be used for backup storage. The main difference 

comes in the fl ash memory: they are extremely fast at sav-

ing and retrieving fi les. In addition, they do not need to 

be physically removed from the processor for reprogram-

ming; this can be done using the circuitry within the pro-

cessor module in which they reside. Flash memory is also 

sometimes built into the processor module ( Figure 2-44 ), 

where it automatically backs up parts of RAM. If power 

fails while a PLC with fl ash memory is running, the PLC 

will resume running without having lost any working data 

after power is restored.    

  2.9 Programming Terminal Devices 
  A programming terminal device is needed to enter, mod-

ify, and troubleshoot the PLC program. PLC manufac-

turers use various types of programming devices. The 

simplest type is the hand-held type programmer shown 

in  Figure 2-45 . This proprietary programming device has 

a connecting cable so that it can be plugged into a PLC’s 

programming port. Certain controllers use a plug-in panel 

rather than a hand-held device.  

  Figure 2-42  Battery used to back up processor RAM.   
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�

  Figure 2-43  EEPROM memory module is used to store, 

back up, or transfer PLC programs.    
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  Figure 2-44  Flash memory card installed in a socket on 

the processor.   
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  Figure 2-45  Hand-held programming terminal.   
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 Hand-held programmers are compact, inexpensive, 

and easy to use. These units contain multifunction keys 

and a liquid-crystal display (LCD) or light-emitting 

diode (LED) window. There are usually keys for instruc-

tion entering and editing, and navigation keys for mov-

ing around the program. Hand-held programmers have 

limited display capabilities. Some units will display only 

the last instruction that has been programmed, whereas 

other units will display from two to four rungs of ladder 

logic. So-called intelligent hand-held programmers are 

designed to support a certain family of PLCs from a spe-

cifi c manufacturer. 

 The most popular method of PLC programming is to 

use a personal computer (PC) in conjunction with the 

manufacturer’s programming software ( Figure  2-46 ). 

Typical capabilities of the programming software include 

online and offl ine program editing, online program moni-

toring, program documentation, diagnosing malfunctions 

in the PLC, and troubleshooting the controlled system. 

Hard-copy reports generated in the software can be 

printed on the computer’s printer. Most software pack-

ages will not allow you to develop programs on another 

 manufacturer’s PLC. In some cases, a single manufac-

turer will have multiple PLC families, each requiring its 

own software to program.    

  2.10 Recording and Retrieving Data 
  Printers are used to provide hard-copy printouts of the 

processor’s memory in ladder program format. Lengthy 

ladder programs cannot be shown completely on a screen. 

Typically, a screen shows a maximum of fi ve rungs at a 

time. A printout can show programs of any length and 

analyze the complete program. 

 The PLC can have only one program in memory at 

a time. To change the program in the PLC, it is neces-

sary either to enter a new program directly from the 

keyboard or to download one from the computer hard 

drive ( Figure  2-47 ). Some CPUs support the use of a 

memory cartridge that provides portable EEPROM stor-

age for the user program ( Figure 2-48 ). The cartridge 

can be used to copy a program from one PLC to another 

similar type PLC.     

  2.11 Human Machine Interfaces 
(HMIs)  
  A  human machine interface (HMI)  can be connected to 

communicate with a PLC and to replace pushbuttons, se-

lector switches, pilot lights, thumbwheels, and other op-

erator control panel devices ( Figure 2-49 ). Luminescent 

touch-screen keypads provide an operator interface that 

operates like traditional hardwired control panels.  

 Human machine interfaces give the ability to the op-

erator and to management to view the operation in real 

  Figure 2-46  Personal computer used as the programming 

device.   
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time. Through personal computer–based setup software, 

you can confi gure display screens to: 

•       Replace hardwired pushbuttons and pilot lights 

with realistic-looking icons. The machine operator 

need only touch the display panel to activate the 

pushbuttons.  

•       Show operations in graphic format for easier viewing.  

•       Allow the operator to change timer and counter pre-

sets by touching the numeric keypad graphic on the 

touch screen.  

•       Show alarms, complete with time of occurrence and 

location.  

•       Display variables as they change over time.    

 The Allen-Bradley Pico GFX-70 controller, shown in 

 Figure 2-50 , serves as a controller with HMI capabilities. 

This device consists of three modular parts: an HMI, 

 processor/power supply, and I/O modules. 

 The display/keypad can be used as an operator inter-

face or can be linked to control operations to provide real-

time feedback. It has the ability to show text, date and 

time, as well as custom messages and bitmap graphics, 

allowing operators to acknowledge fault messages, enter 

values, and initiate actions. Users can create both the 

control program and HMI functionality using a personal 

computer with PicoSoft Pro software installed or the con-

troller’s on-board display buttons.      

  Figure 2-49  Human Machine Interfaces (HMIs).   
 Source: Photo courtesy Omron Industrial Automation, www.ia.omron.com. 

  Figure 2-50  Allen-Bradley Pico GFX-70 controller.   
 Source: Image Used with Permission of Rockwell Automation, Inc. 
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1.     What is the function of a PLC input interface 

module?  

2.     What is the function of a PLC output interface 

module?  

3.     Defi ne the term  logical rack.   

4.     With reference to a PLC rack: 

a.     What is a  remote rack?   

b.     Why are remote racks used?     

5.     How does the processor identify the location of a 

specifi c input or output device?  

6.     List the three basic elements of rack/slot-based 

addressing.  

7.     Compare bit level and word level addressing.  

8.     In what way does tag-based addressing differ from 

rack/slot-based addressing?  

9.     What do PC-based control systems use to interface 

with fi eld devices?  

10.     What type of I/O modules have both inputs and 

outputs connected to them?  

11.     In addition to fi eld devices what other connections 

are made to a PLC module?  

12.     Most PLC modules use plug-in wiring terminal 

strips. Why?  

13.     What are the advantage and the disadvantage of 

using high-density modules?  

14.     With reference to PLC discrete input modules: 

a.     What types of fi eld input devices are suitable for 

use with them?  

b.     List three examples of discrete input devices.     

15.     With reference to PLC discrete output modules: 

a.     What types of fi eld output devices are suitable 

for use with them?  

b.     List three examples of discrete output devices.     

16.     Explain the function of the backplane of a PLC 

rack.  

17.     What is the function of the optical isolator circuit 

used in discrete I/O module circuits?  

18.     Name the two distinct sections of an I/O module.  

19.     List four tasks performed by a discrete input 

module.  

20.     What electronic element can be used as the switch-

ing device for a 120 VAC discrete output interface 

module?  

21.     With reference to discrete output module current 

ratings: 

a.     What is the maximum current rating for a typical 

120 VAC output module?  

b.     Explain one method of handling outputs with 

larger current requirements.     

22.     What electronic element can be used as the switch-

ing device for DC discrete output modules?  

23.     A discrete relay type output module can be used to 

switch either AC or DC load devices. Why?  

24.     With reference to sourcing and sinking I/O 

modules: 

a.     What current relationship are the terms  sourcing  

and  sinking  used to describe?  

b.     If an I/O module is specifi ed as a current-sinking 

type, then which type of fi eld device (sinking or 

sourcing) it is electrically compatible with?     

25.     Compare discrete and analog I/O modules with 

respect to the type of input or output devices with 

which they can be used.  

26.     Explain the function of the analog-to-digital (A/D) 

converter circuit used in analog input modules.  

27.     Explain the function of the digital-to-analog (D/A) 

converter circuit used in analog output modules.  

28.     Name the two general sensing classifi cations for 

analog input modules.  

29.     List fi ve common physical quantities measured by 

a PLC analog input module.  

30.     What type of cable is used when connecting a ther-

mocouple to a voltage sensing analog input mod-

ule? Why?  

31.     Explain the difference between a unipolar and bi-

polar analog input module.  

32.     The resolution of an analog input channel is speci-

fi ed as 0.3 mV. What does this tell you?  

33.     In what two ways can the loop power for current 

sensing input modules be supplied?  

34.     List three fi eld devices that are commonly controlled 

by a PLC analog output module.  

35.     State one application for each of the following spe-

cial I/O modules: 

a.     High-speed counter module  

b.     Thumbwheel module  

c.     TTL module  

  CHAPTER 2 REVIEW QUESTIONS  
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44.     List fi ve important procedures to follow when han-

dling static-sensitive PLC components.  

45.     Defi ne each of the following terms as they apply to 

the memory element of a PLC: 

a.     writing  

b.     reading  

c.     bits  

d.     location  

e.     utilization     

46.     With reference to the I/O image tables: 

a.     What information is stored in PLC input and 

output tables?  

b.     What is the input status of a closed switch 

stored as?  

c.     What is the input status of an open switch 

stored as?  

d.     What is the status of an output that is ON 

stored as?  

e.     What is the status of an output that is OFF 

stored as?     

47.     Why do PLCs execute memory-checking 

routines?  

48.     Compare the memory storage characteristics of 

volatile and nonvolatile memory elements.  

49.     What information is normally stored in the ROM 

memory of a PLC?  

50.     What information is normally stored in the RAM 

memory of a PLC?  

51.     What information is normally stored in an 

 EEPROM memory module?  

52.     What are the advantages of a processor that utilizes 

a fl ash memory card?  

53.     List three functions of a PLC programming termi-

nal device.  

54.     Give one advantage and one limitation to the use of 

hand-held programming devices.  

55.     What is required for a personal computer to be used 

as a PLC programming terminal?  

56.     List four important capabilities of PLC program-

ming software.  

57.     How many programs can a PLC have stored in 

memory at any one time?  

58.     Outline four functions that an HMI interface screen 

can be confi gured to perform.    

d.     Encoder-counter module  

e.     BASIC or ASCII module  

f.     Stepper-motor module  

g.     BCD-output module     

36.     List one application for each of the following intel-

ligent I/O modules: 

a.     PID module  

b.     Motion and position control module  

c.     Communication module     

37.     Write a short explanation for each of the following 

discrete I/O module specifi cations: 

a.     Nominal input voltage  

b.     Input threshold voltages  

c.     Nominal current per input  

d.     Ambient temperature rating  

e.     Input ON/OFF delay  

f.     Output voltage  

g.     Output current  

h.     Inrush current  

i.     Short circuit protection  

j.     Leakage current  

k.     Electrical isolation  

l.     Points per module  

m.       Backplane current draw     

38.     Write a short explanation for each of the following 

analog I/O module specifi cations: 

a.     Channels per module  

b.     Input current/voltage range(s)  

c.     Output current/voltage range(s)  

d.     Input protection  

e.     Resolution  

f.     Input impedance and capacitance  

g.     Common-mode rejection     

39.     Compare the function of the CPU and memory sec-

tions of a PLC processor.  

40.     With reference to the PLC chassis power supply: 

a.     What conversion of power takes place within the 

power supply circuit?  

b.     Explain the term  hold-up time  as it applies to the 

power supply.     

41.     Explain the purpose of a redundant PLC processor.  

42.     Describe three typical modes of operation that can 

be selected by the keyswitch of a processor.  

43.     State fi ve other functions, in addition to simple 

logic processing, that PLC processors are capable 

of performing.  
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1.     A discrete 120 VAC output module is to be used to 

control a 230 VDC solenoid valve. Draw a diagram 

showing how this could be accomplished using an 

interposing relay.  

2.     Assume a thermocouple, which supplies the input 

to an analog input module, generates a linear volt-

age of from 20 mV to 50 mV when the temperature 

changes from 750°F to 1250°F. How much  voltage 

will be generated when the temperature of the 

 thermocouple is at 1000°F?  

3.     With reference to I/O module specifi cations: 

a.     If the ON-delay time of a given discrete input 

module is specifi ed as 12 milliseconds, how much 

is this expressed in seconds?  

b.     If the output leakage current of a discrete output 

module is specifi ed as 950 μA, how much is this 

expressed in amperes?  

  CHAPTER 2 PROBLEMS  

c.     If the ambient temperature rating for an I/O 

module is specifi ed as 60°C, how much is this 

 expressed in degrees Fahrenheit?     

4.     Create a fi ve-digit code using the SLC 500 rack/

slot-based addressing format for each of the 

following: 

a.     A pushbutton connected to terminal 5 of module 

group 2 located on rack 1.  

b.     A lamp connected to terminal 3 of module 

group 0 located on rack 2.     

5.     Assume the triac of an AC discrete output module 

fails in the shorted state. How would this affect the 

device connected to this output?  

6.     A personal computer is to be used to program sev-

eral different PLCs from different manufacturers. 

What would be required?      
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 Using PLCs requires us to become familiar with 
other number systems besides decimal. Some 
PLC models and individual PLC functions use 
other numbering systems. This chapter deals 
with some of these numbering systems, including 
binary, octal, hexadecimal, BCD, Gray, and ASCII. 
The basics of each system, as well as conversion 
from one system to another, are explained.   

  Chapter Objectives 

 After completing this chapter, you will be able to: 

3.1  Defi ne the decimal, binary, octal, and hexadecimal 

numbering systems and be able to convert from one 

numbering or coding system to another 

3.2  Explain the BCD, Gray, and ASCII code systems 

3.3  Defi ne the terms  bit, byte, word, least signifi cant bit 
(LSB),  and  most signifi cant bit (MSB)  as they apply to 

binary memory locations 

3.4  Add, subtract, multiply, and divide binary numbers  

 3
Number Systems and Codes  

Image Used with Permission of Rockwell Automation, Inc.
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44 Chapter 3 Number Systems and Codes

3.1   Decimal System 
  Knowledge of different number systems and digital codes 

is quite useful when working with PLCs or with most any 

type of digital computer. This is true because a basic re-

quirement of these devices is to represent, store, and oper-

ate on numbers. In general, PLCs work on binary numbers 

in one form or another; these are used to represent various 

codes or quantities. 

 The  decimal system,  which is most common to us, has a 

base of 10. The radix or base of a number system determines 

the total number of different symbols or digits used by that 

system. For instance, in the decimal system, 10 unique num-

bers or digits—i.e., the digits 0 through 9—are used: the 

total number of symbols is the same as the base, and the 

symbol with the largest value is 1 less than the base. 

 The value of a decimal number depends on the dig-

its that make up the number and the place value of each 

digit. A place (weight) value is assigned to each position 

that a digit would hold from right to left. In the decimal 

system the fi rst position, starting from the rightmost po-

sition, is 0; the second is 1; the third is 2; and so on up 

to the last position. The weighted value of each position 

can be expressed as the base (10 in this case) raised to 

the power of the position. For the decimal system then, 

the position weights are 1, 10, 100, 1000, and so on.  Fig-

ure 3-1  illustrates how the value of a decimal number can 

be calculated by multiplying each digit by the weight of 

its position and summing the results.    

  3.2 Binary System 
  The  binary system  uses the number 2 as the base. The 

only allowable digits are 0 and 1. With digital circuits it is 

easy to distinguish between two voltage levels (i.e., 15 V 

and 0 V), which can be related to the binary digits 1 and 0 

( Figure 3-2 ). Therefore the binary system can be applied 

quite easily to PLCs and computer systems.  

 Since the binary system uses only two digits, each 

position of a binary number can go through only two 

changes, and then a 1 is carried to the immediate left po-

sition. Table 3-1 shows a comparison among four com-

mon number systems: decimal (base 10), octal (base 8), 

hexadecimal (base 16), and binary (base 2). Note that all 

numbering systems start at  zero. 
     The decimal equivalent of a binary number can be de-

termined in a manner similar to that used for a decimal 

number. This time the weighted values of the positions 

are 1, 2, 4, 8, 16, 32, 64, and so on. The weighted value, 

instead of being 10 raised to the power of the position, is 

2 raised to the power of the position.  Figure 3-3  illustrates 

how the binary number 10101101 is converted to its deci-

mal equivalent: 173.  

 Each digit of a binary number is known as a  bit.  In a 

PLC the processor-memory element consists of hundreds 

or thousands of locations. These locations, or registers, 

    Decimal  Octal  Hexadecimal  Binary 

     0   .  .  .  .  .  .    0   .  .  .  .  .  .  .  .    0   .  .  .  .  .  .  .  .  .  .   0 

     1   .  .  .  .  .  .    1   .  .  .  .  .  .  .  .    1   .  .  .  .  .  .  .  .  .  .   1 

     2   .  .  .  .  .  .    2   .  .  .  .  .  .  .  .    2   .  .  .  .  .  .  .  .  .  .  10 

     3   .  .  .  .  .  .    3   .  .  .  .  .  .  .  .    3   .  .  .  .  .  .  .  .  .  .  11 

     4   .  .  .  .  .  .    4   .  .  .  .  .  .  .  .    4   .  .  .  .  .  .  .  .  .  100 

     5   .  .  .  .  .  .    5   .  .  .  .  .  .  .  .    5   .  .  .  .  .  .  .  .  .  101 

     6   .  .  .  .  .  .    6   .  .  .  .  .  .  .  .    6   .  .  .  .  .  .  .  .  .  110 

     7   .  .  .  .  .  .    7   .  .  .  .  .  .  .  .    7   .  .  .  .  .  .  .  .  .  111 

     8   .  .  .  .  .  .   10   .  .  .  .  .  .  .  .    8   .  .  .  .  .  .  .  .   1000 

     9   .  .  .  .  .  .   11   .  .  .  .  .  .  .  .    9   .  .  .  .  .  .  .  .   1001 

    10   .  .  .  .  .  .   12   .  .  .  .  .  .  .  .   A   .  .  .  .  .  .  .  .   1010 

    11   .  .  .  .  .  .   13   .  .  .  .  .  .  .  .   B   .  .  .  .  .  .  .  .   1011 

    12   .  .  .  .  .  .   14   .  .  .  .  .  .  .  .   C   .  .  .  .  .  .  .  .   1100 

    13   .  .  .  .  .  .   15   .  .  .  .  .  .  .  .   D   .  .  .  .  .  .  .  .   1101 

    14   .  .  .  .  .  .   16   .  .  .  .  .  .  .  .   E   .  .  .  .  .  .  .  .   1110 

    15   .  .  .  .  .  .   17   .  .  .  .  .  .  .  .    F   .  .  .  .  .  .  .  .   1111 

    16   .  .  .  .  .  .   20   .  .  .  .  .  .  .  .   10   .  .  .  .  .  .  .  .  10000 

    17   .  .  .  .  .  .   21   .  .  .  .  .  .  .  .   11   .  .  .  .  .  .  .  .  10001 

    18   .  .  .  .  .  .   22   .  .  .  .  .  .  .  .   12   .  .  .  .  .  .  .  .  10010 

    19   .  .  .  .  .  .   23   .  .  .  .  .  .  .  .   13   .  .  .  .  .  .  .  .  10011 

    20   .  .  .  .  .  .   24   .  .  .  .  .  .  .  .   14   .  .  .  .  .  .  .  .  10100 

Table 3-1 Number System Comparisons

  Figure 3-1  Weighted value in the decimal system.   
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  Figure 3-2  Digital signal waveform.   

+5

0

Volts

Time

High (H) (1)

Low (L) (0)

pet10882_ch03_043-056.indd   44pet10882_ch03_043-056.indd   44 7/23/10   9:09 PM7/23/10   9:09 PM

www.Techbooksyard.com



www.manaraa.com

 Number Systems and Codes Chapter 3 45

are referred to as words. Each  word  is capable of storing 

data in the form of binary digits, or bits. The number of 

bits that a word can store depends on the type of PLC sys-

tem used. Sixteen-bit and 32-bit words are the most com-

mon. Bits can also be grouped within a word into bytes. 

A group of 8 bits is a byte, and a group of 2 or more bytes 

is a word.  Figure 3-4  illustrates a 16-bit word made up 

of 2 bytes. The least signifi cant bit (LSB) is the digit that 

represents the smallest value, and the most signifi cant bit 

(MSB) is the digit that represents the largest value. A bit 

within the word can exist only in two states: a logical 1 (or 

ON) condition, or a logical 0 (or OFF) condition.  

 PLC memory is organized using bytes, single words, 

or double words. Older PLCs use 8-bit or 16-bit memory 

words while newer systems, such as the ControlLogix 

platform from Allen-Bradley, use 32-bit double words. 

The size of the programmable controller memory relates 

to the amount of user program that can be stored. If the 

memory size is 1 K word ( Figure 3-5 ), it can store 1024 

words or 16,384 (1024 3 16) bits of information using 16-

bit words, or 32,768 (1024 3 32) bits using 32-bit words.  

 To convert a decimal number to its binary equivalent, 

we must perform a series of divisions by 2.  Figure 3-6  

illustrates the conversion of the decimal number 47 to bi-

nary. We start by dividing the decimal number by 2. If 

there is a remainder, it is placed in the LSB of the binary 

number. If there is no remainder, a 0 is placed in the LSB. 

The result of the division is brought down and the pro-

cess is repeated until the result of successive divisions has 

been reduced to 0.  

 Even though the binary system has only two digits, it 

can be used to represent any quantity that can be repre-

sented in the decimal system. All PLCs work internally in 

the binary system. The processor, being a digital device, 

understands only 0s and 1s, or binary. 

 Computer memory is, then, a series of binary 1s and 

0s.  Figure 3-7  shows the output status fi le for an Allen-

Bradley SLC 500 modular chassis, which is made up of 

single bits grouped into 16-bit words. One 16-bit output 

fi le word is reserved for each slot in the chassis. Each bit 

represents the ON or OFF state of one output point. These 

points are numbered 0 through 15 across the top row from 

  Figure 3-3  Converting a binary number to a decimal 
number.   
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  Figure 3-4  A 16-bit word.   
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  Figure 3-5  1-K word memory.   

0 1 1 0 0 1 1 0 0 0 1 1 1 0 1 1

15

Bits

14 13 12 1110 9 8 7 6 5 4 3 2 1 0

0000

0001

0002

0003

0004

0005

1018

1019

1020

1021

1022

1023

Word
Addresses

  Figure 3-6  Converting a decimal number to a binary 
number.   
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46 Chapter 3 Number Systems and Codes

right to left. The column on the far right lists the output 

module address. Although the table in  Figure 3-7  illus-

trates sequentially addressed output status fi le words, in 

reality a word is created in the table only if the processor 

fi nds an output module residing in a particular slot. If the 

slot is empty, no word will be created.    

  3.3 Negative Numbers 
  If a decimal number is positive, it has a plus sign; if a 

number is negative, it has a minus sign. In binary number 

systems, such as used in a PLC, it is not possible to use 

positive and negative symbols to represent the polarity of 

a number. One method of representing a binary number as 

either a positive or negative value is to use an extra digit, 

or  sign bit,  at the MSB side of the number. In the sign bit 

position, a 0 indicates that the number is positive, and a 

1 indicates a negative number (Table 3-2).    

 Another method of expressing a negative number in 

a digital system is by using the complement of a binary 

number. To complement a binary number, change all the 

1s to 0s and all the 0s to 1s. This is known as the 1’s 

complement form of a binary number. For example, the 

1’s complement of 1001 is 0110. 

 The most common way to express a negative binary 

number is to show it as a 2’s complement number. The 

2’s complement is the binary number that results when 

1 is added to the 1’s complement. This system is shown 

in Table 3-3. A zero sign bit means a positive number, 

whereas a 1 sign bit means a negative number.    

 Using the 2’s complement makes it easier for the PLC 

to perform mathematical operations. The correct sign bit 

is generated by forming the 2’s complement. The PLC 

knows that a number retrieved from memory is a nega-

tive number if the MSB is 1. Whenever a negative num-

ber is entered from a keyboard, the PLC stores it as a 2’s 

complement. What follows is the original number in true 

binary followed by its 1’s complement, its 2’s comple-

ment, and fi nally, its decimal equivalent.   

    Magnitude 
Sign 

   Decimal 
Value 

   Same as 
binary 
numbers                             

 0111  .  .  .  .  .  .  .  .   17 

 0110  .  .  .  .  .  .  .  .   16 

 0101  .  .  .  .  .  .  .  .   15 

 0100  .  .  .  .  .  .  .  .   14 

 0011  .  .  .  .  .  .  .  .   13 

 0010  .  .  .  .  .  .  .  .   12 

 0001  .  .  .  .  .  .  .  .   11 

 0000  .  .  .  .  .  .  .  .    0 

     1001  .  .  .  .  .  .  .  .   21 

     1010  .  .  .  .  .  .  .  .   22 

     1011  .  .  .  .  .  .  .  .   23 

     1100  .  .  .  .  .  .  .  .   24 

     1101  .  .  .  .  .  .  .  .   25 

     1110  .  .  .  .  .  .  .  .   26 

     1111  .  .  .  .  .  .  .  .   27 

Table 3-2 Signed Binary Numbers

    Signed 
Decimal    

 1’s 
Complement 

 2’s 
Complement 

    17   .  .  .  .  .  .  .  .  .  .  0111   .  .  .  .  .  .  .  .  .  .  .  0111 

    16   .  .  .  .  .  .  .  .  .  .  0110   .  .  .  .  .  .  .  .  .  .  .  0110 

    15   .  .  .  .  .  .  .  .  .  .  0101   .  .  .  .  .  .  .  .  .  .  .  0101 

    14   .  .  .  .  .  .  .  .  .  .  0100   .  .  .  .  .  .  .  .  .  .  .  0100 

    13   .  .  .  .  .  .  .  .  .  .  0011   .  .  .  .  .  .  .  .  .  .  .  0011 

    12   .  .  .  .  .  .  .  .  .  .  0010   .  .  .  .  .  .  .  .  .  .  .  0010 

    11   .  .  .  .  .  .  .  .  .  .  0001   .  .  .  .  .  .  .  .  .  .  .  0001 

    0   .  .  .  .  .  .  .  .  .  .  0000   .  .  .  .  .  .  .  .  .  .  .  0000 

    21   .  .  .  .  .  .  .  .  .  .  1110   .  .  .  .  .  .  .  .  .  .  .  1111 

    22   .  .  .  .  .  .  .  .  .  .  1101   .  .  .  .  .  .  .  .  .  .  .  1110 

    23   .  .  .  .  .  .  .  .  .  .  1100   .  .  .  .  .  .  .  .  .  .  .  1101 

    24   .  .  .  .  .  .  .  .  .  .  1011   .  .  .  .  .  .  .  .  .  .  .  1100 

    25   .  .  .  .  .  .  .  .  .  .  1010   .  .  .  .  .  .  .  .  .  .  .  1011 

    26   .  .  .  .  .  .  .  .  .  .  1001   .  .  .  .  .  .  .  .  .  .  .  1010 

    27   .  .  .  .  .  .  .  .  .  .  1000   .  .  .  .  .  .  .  .  .  .  .  1001 

Table 3-3 1’s and 2’s Complement 
Representation of Positive and Negative 
Numbers

Same as 
binary 
numbers

  Figure 3-7  SLC 500 output status fi le.   
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 Number Systems and Codes Chapter 3 47

  3.4 Octal System 
  To express the number in the binary system requires 

many more digits than in the decimal system. Too many 

binary digits can become cumbersome to read or write. 

To solve this problem, other related numbering systems 

are used. 

 The  octal numbering system,  a base 8 system, is used 

because 8 data bits make up a byte of information that 

can be addressed.  Figure 3-8  illustrates the addressing of 

I/O modules using the octal numbering system. The digits 

range from 0 to 7; therefore, numbers 8 and 9 are not al-

lowed. Allen-Bradley PLC-5 processors use octal-based 

I/O addressing while the SLC 500 and Logix controllers 

use decimal-base 10 addressing.  

 Octal is a convenient means of handling large binary 

numbers. As shown in Table 3-4, one octal digit can be 

used to express three binary digits. As in all other number-

ing systems, each digit in an octal number has a weighted 

decimal value according to its position.  Figure 3-9  illus-

trates how the octal number 462 is converted to its deci-

mal equivalent: 306.     

 Octal converts easily to binary equivalents. For ex-

ample, the octal number 462 is converted to its binary 

equivalent by assembling the 3-bit groups, as illustrated 

in  Figure 3-10 . Notice the simplicity of the notation: the 

octal 462 is much easier to read and write than its binary 

equivalent is.    

    Binary  Octal 

    000   .  .  .  .  .  .  .  .   0 

    001   .  .  .  .  .  .  .  .   1 

    010   .  .  .  .  .  .  .  .   2 

    011   .  .  .  .  .  .  .  .   3 

    100   .  .  .  .  .  .  .  .   4 

    101   .  .  .  .  .  .  .  .   5 

    110   .  .  .  .  .  .  .  .   6 

    111   .  .  .  .  .  .  .  .   7 

Table 3-4 Binary and Related Octal 
Code

  Figure 3-8  Addressing of I/O modules using the octal numbering system.   
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  Figure 3-9  Converting an octal number to a decimal 
number.   
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48 Chapter 3 Number Systems and Codes

  3.5 Hexadecimal System 
  The hexadecimal (hex) numbering system is used in pro-

grammable controllers because a word of data consists of 

16 data bits, or two 8-bit bytes. The hexadecimal system 

is a base 16 system, with A to F used to represent decimal 

numbers 10 to 15 (Table 3-5). The hexadecimal number-

ing system allows the status of a large number of binary 

bits to be represented in a small space, such as on a com-

puter screen or PLC programming device display.    

 The techniques used when converting hexadecimal to 

decimal and decimal to hexadecimal are the same as those 

used for binary and octal. To convert a hexadecimal num-

ber to its decimal equivalent, the hexadecimal digits in the 

columns are multiplied by the base 16 weight, depending 

on digit signifi cance.  Figure 3-11  illustrates how the con-

version would be done for the hex number 1B7.  

 Hexadecimal numbers can easily be converted to bi-

nary numbers. Conversion is accomplished by writing the 

4-bit binary equivalent of the hex digit for each position, 

as illustrated in  Figure 3-12 .    

  3.6 Binary Coded Decimal (BCD) 
System 
  The binary coded decimal (BCD) system provides a con-

venient way of handling large numbers that need to be 

input to or output from a PLC. As you can see from look-

ing at the various number systems, there is no easy way 

to go from binary to decimal and back. The BCD system 

provides a means of converting a code readily handled 

by humans (decimal) to a code readily handled by the 

equipment (binary). PLC thumbwheel switches and LED 

displays are examples of PLC devices that make use of 

the BCD number system. Table 3-6 shows examples of 

numeric values in decimal, binary, BCD, and hexadeci-

mal representation.    

 The BCD system uses 4 bits to represent each decimal 

digit. The 4 bits used are the binary equivalents of the 

numbers from 0 to 9. In the BCD system, the largest deci-

mal number that can be displayed by any four digits is 9. 

 The BCD representation of a decimal number is ob-

tained by replacing each decimal digit by its BCD equiva-

lent. To distinguish the BCD numbering system from a 

binary system, a BCD designation is placed to the right 

of the units digit. The BCD representation of the decimal 

number 7863 is shown in  Figure 3-13 .  

 A thumbwheel switch is one example of an input de-

vice that uses BCD.  Figure 3-14  shows a single-digit 

BCD thumbwheel. The circuit board attached to the 

thumbwheel has one connection for each bit’s weight plus 

    Hexadecimal   Binary  Decimal 

    0 .  .  .  .  .  .  .  .  .  .  .  .  .  0000   .  .  .  .  .  .  .  .  .  .  .  0 

    1 .  .  .  .  .  .  .  .  .  .  .  .  .  0001   .  .  .  .  .  .  .  .  .  .  .  1 

    2 .  .  .  .  .  .  .  .  .  .  .  .  .  0010   .  .  .  .  .  .  .  .  .  .  .  2 

    3 .  .  .  .  .  .  .  .  .  .  .  .  .  0011   .  .  .  .  .  .  .  .  .  .  .  3 

    4 .  .  .  .  .  .  .  .  .  .  .  .  .  0100   .  .  .  .  .  .  .  .  .  .  .  4 

    5 .  .  .  .  .  .  .  .  .  .  .  .  .  0101   .  .  .  .  .  .  .  .  .  .  .  5 

    6 .  .  .  .  .  .  .  .  .  .  .  .  .  0110   .  .  .  .  .  .  .  .  .  .  .  6 

    7 .  .  .  .  .  .  .  .  .  .  .  .  .  0111   .  .  .  .  .  .  .  .  .  .  .  7 

    8 .  .  .  .  .  .  .  .  .  .  .  .  .  1000   .  .  .  .  .  .  .  .  .  .  .  8 

    9 .  .  .  .  .  .  .  .  .  .  .  .  .  1001   .  .  .  .  .  .  .  .  .  .  .  9 

    A .  .  .  .  .  .  .  .  .  .  .  .  .  1010   .  .  .  .  .  .  .  .  .  .   10 

    B .  .  .  .  .  .  .  .  .  .  .  .  .  1011   .  .  .  .  .  .  .  .  .  .   11 

    C .  .  .  .  .  .  .  .  .  .  .  .  .  1100   .  .  .  .  .  .  .  .  .  .   12 

    D .  .  .  .  .  .  .  .  .  .  .  .  .  1101   .  .  .  .  .  .  .  .  .  .   13 

    E .  .  .  .  .  .  .  .  .  .  .  .  .  1110   .  .  .  .  .  .  .  .  .  .   14 

    F .  .  .  .  .  .  .  .  .  .  .  .  .  1111   .  .  .  .  .  .  .  .  .  .   15 

Table 3-5 Hexadecimal Numbering 
System

  Figure 3-11  Converting a hexadecimal number to a 
decimal number.   

71 B

7

176

256

439

7 � 160 �

11 � 161 �

1 � 162 �

�

�

�

7 � 1 

11 � 16 

1 � 256 

(Sum of products) 

Decimal number 10

Hex

number

  Figure 3-12  Converting a hexadecimal number to a binary 
number.   

10 1

71 B

10 0 11 0

Hex number

0 1 1
Binary

number 

  Figure 3-10  Converting an octal number to a binary 
number.   

00 1

24 6

01 0 01 1 Binary 
number 

Octal
number
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 Number Systems and Codes Chapter 3 49

a common connection. The operator dials in a decimal 

digit between 0 and 9, and the thumbwheel switch outputs 

the equivalent 4 bits of BCD data. In this example, the 

number eight is dialed to produce the input bit pattern of 

1000. A four-digit thumbwheel switch, similar to the one 

shown, would control a total of 16 (4 3 4) PLC inputs.  

 Scientifi c calculators are available to convert num-

bers back and forth between decimal, binary, octal, and 

  Figure 3-13  The BCD representation of a decimal number.   

37 8

10 0

4 bits used for

each decimal digit 

10 1 0 0 1 0

6

11 0 10 1 BCDBCD

number

Decimal number

    Decimal  Binary  BCD  Hexadecimal 

    0   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   0    .  .  .  .  .  .  .  .  .  .  .  .  .  0000   .  .  .  .  .  .  .  .  .  .  .  .   0 

    1   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   1    .  .  .  .  .  .  .  .  .  .  .  .  .  0001   .  .  .  .  .  .  .  .  .  .  .  .   1 

    2   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  10    .  .  .  .  .  .  .  .  .  .  .  .  .  0010   .  .  .  .  .  .  .  .  .  .  .  .   2 

    3   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  11    .  .  .  .  .  .  .  .  .  .  .  .  .  0011   .  .  .  .  .  .  .  .  .  .  .  .   3 

    4   .  .  .  .  .  .  .  .  .  .  .  .  .  .  100    .  .  .  .  .  .  .  .  .  .  .  .  .  0100   .  .  .  .  .  .  .  .  .  .  .  .   4 

    5   .  .  .  .  .  .  .  .  .  .  .  .  .  .  101    .  .  .  .  .  .  .  .  .  .  .  .  .  0101   .  .  .  .  .  .  .  .  .  .  .  .   5 

    6   .  .  .  .  .  .  .  .  .  .  .  .  .  .  110    .  .  .  .  .  .  .  .  .  .  .  .  .  0110   .  .  .  .  .  .  .  .  .  .  .  .   6 

    7   .  .  .  .  .  .  .  .  .  .  .  .  .  .  111    .  .  .  .  .  .  .  .  .  .  .  .  .  0111   .  .  .  .  .  .  .  .  .  .  .  .   7 

    8   .  .  .  .  .  .  .  .  .  .  .  .  .   1000    .  .  .  .  .  .  .  .  .  .  .  .  .  1000   .  .  .  .  .  .  .  .  .  .  .  .   8 

    9   .  .  .  .  .  .  .  .  .  .  .  .  .   1001    .  .  .  .  .  .  .  .  .  .  .  .  .  1001   .  .  .  .  .  .  .  .  .  .  .  .   9 

    10   .  .  .  .  .  .  .  .  .  .  .  .  .   1010    .  .  .  .  .  .  .  .  .  .  0001 0000   .  .  .  .  .  .  .  .  .  .  .  .   A 

    11   .  .  .  .  .  .  .  .  .  .  .  .  .   1011    .  .  .  .  .  .  .  .  .  .  0001 0001   .  .  .  .  .  .  .  .  .  .  .  .   B 

    12   .  .  .  .  .  .  .  .  .  .  .  .  .   1100    .  .  .  .  .  .  .  .  .  .  0001 0010   .  .  .  .  .  .  .  .  .  .  .  .   C 

    13   .  .  .  .  .  .  .  .  .  .  .  .  .   1101    .  .  .  .  .  .  .  .  .  .  0001 0011   .  .  .  .  .  .  .  .  .  .  .  .   D 

    14   .  .  .  .  .  .  .  .  .  .  .  .  .   1110    .  .  .  .  .  .  .  .  .  .  0001 0100   .  .  .  .  .  .  .  .  .  .  .  .   E 

    15   .  .  .  .  .  .  .  .  .  .  .  .  .   1111    .  .  .  .  .  .  .  .  .  .  0001 0101   .  .  .  .  .  .  .  .  .  .  .  .   F 

    16   .  .  .  .  .  .  .  .  .  .  .  .   1 0000    .  .  .  .  .  .  .  .  .  .  0001 0110   .  .  .  .  .  .  .  .  .  .  .  .  10 

    17   .  .  .  .  .  .  .  .  .  .  .  .   1 0001    .  .  .  .  .  .  .  .  .  .  0001 0111   .  .  .  .  .  .  .  .  .  .  .  .  11 

    18   .  .  .  .  .  .  .  .  .  .  .  .   1 0010    .  .  .  .  .  .  .  .  .  .  0001 1000   .  .  .  .  .  .  .  .  .  .  .  .  12 

    19   .  .  .  .  .  .  .  .  .  .  .  .   1 0011    .  .  .  .  .  .  .  .  .  .  0001 1001   .  .  .  .  .  .  .  .  .  .  .  .  13 

    20   .  .  .  .  .  .  .  .  .  .  .  .   1 0100    .  .  .  .  .  .  .  .  .  .  0010 0000   .  .  .  .  .  .  .  .  .  .  .  .  14 

    126   .  .  .  .  .  .  .  .  .  .  .  111 1110    .  .  .  .  .  .  .  0001 0010 0110   .  .  .  .  .  .  .  .  .  .  .  .  7E 

    127   .  .  .  .  .  .  .  .  .  .  .  111 1111    .  .  .  .  .  .  .  0001 0010 0111   .  .  .  .  .  .  .  .  .  .  .  .  7F 

    128   .  .  .  .  .  .  .  .  .  .   1000 0000    .  .  .  .  .  .  .  0001 0010 1000   .  .  .  .  .  .  .  .  .  .  .  .  80 

    510   .  .  .  .  .  .  .  .  .   1 1111 1110    .  .  .  .  .  .  .  0101 0001 0000   .  .  .  .  .  .  .  .  .  .  .  1FE 

    511   .  .  .  .  .  .  .  .  .   1 1111 1111    .  .  .  .  .  .  .  0101 0001 0001   .  .  .  .  .  .  .  .  .  .  .  1FF 

    512   .  .  .  .  .  .  .  .  .  10 0000 0000    .  .  .  .  .  .  .  0101 0001 0010   .  .  .  .  .  .  .  .  .  .  .  200 

Table 3-6 Numeric Values in Decimal, Binary, BCD, 
and Hexadecimal Representation
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50 Chapter 3 Number Systems and Codes

    Gray Code  Binary 

    0000   .  .  .  .  .  .  .  .  .  .   0000 

    0001   .  .  .  .  .  .  .  .  .  .   0001 

    0011   .  .  .  .  .  .  .  .  .  .   0010 

    0010   .  .  .  .  .  .  .  .  .  .   0011 

    0110   .  .  .  .  .  .  .  .  .  .   0100 

    0111   .  .  .  .  .  .  .  .  .  .   0101 

    0101   .  .  .  .  .  .  .  .  .  .   0110 

    0100   .  .  .  .  .  .  .  .  .  .   0111 

    1100   .  .  .  .  .  .  .  .  .  .   1000 

    1101   .  .  .  .  .  .  .  .  .  .   1001 

    1111   .  .  .  .  .  .  .  .  .  .   1010 

    1110   .  .  .  .  .  .  .  .  .  .   1011 

    1010   .  .  .  .  .  .  .  .  .  .   1100 

    1011   .  .  .  .  .  .  .  .  .  .   1101 

    1001   .  .  .  .  .  .  .  .  .  .   1110 

    1000   .  .  .  .  .  .  .  .  .  .   1111 

Table 3-7 Gray Code and Binary 
Equivalent

  Figure 3-15  PLC number conversion.   

Thumbwheel or

other input

Input

module

BCD

to binary
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Processor Binary
to BCD

Decimal
readout

1 7 6 5

Output
module

Convert-to-decimal PLC instruction

Destination

N7:23

O:20

TOD

To BCD
Source

Input A

4 1 96

  Figure 3-14  BCD thumbwheel switch interfaced to a PLC.   

1
2
4
8
C

1s Input = 0

2s Input = 0

4s Input = 0

8s Input = 1

+ –

Input
module

hexadecimal. In addition, PLCs contain number conver-

sion functions such as illustrated in  Figure 3-15 . BCD-

to-binary conversion is required for the input while 

binary-to-BCD conversion is required for the output. The 

PLC convert-to-decimal instruction will convert the bi-

nary bit pattern at the source address, N7:23, into a BCD 

bit pattern of the same decimal value as the destination 

address, O:20. The instruction executes every time it is 

scanned, and the instruction is true.  

 Many PLCs allow you to change the format of the data 

that the data monitor displays. For example, the change 

radix function found on Allen-Bradley controllers allows 

you to change the display format of data to binary, octal, 

decimal, hexadecimal, or ASCII.   

  3.7 Gray Code 
  The Gray code is a special type of binary code that does 

not use position weighting. In other words, each position 

does not have a defi nite weight. The Gray code is set up 

so that as we progress from one number to the next, only 

one bit changes. This can be quite confusing for count-

ing circuits, but it is ideal for encoder circuits. For ex-

ample, absolute encoders are position transducers that use 

the Gray code to determine angular position. The Gray 

code has the advantage that for each “count” (each transi-

tion from one number to the next) only one digit changes. 

Table 3-7 shows the Gray code and the binary equivalent 

for comparison.    

 In binary, as many as four digits could change for a single 

“count.” For example, the transition from binary 0111 to 

1000 (decimal 7 to 8) involves a change in all four digits. 

This kind of change increases the possibility for error in cer-

tain digital circuits. For this reason, the Gray code is consid-

ered to be an error-minimizing code. Because only one bit 
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 Number Systems and Codes Chapter 3 51

changes at a time, the speed of transition for the Gray code is 

considerably faster than that for codes such as BCD. 

 Gray codes are used with position encoders for accu-

rate control of the motion of robots, machine tools, and 

servomechanisms.  Figure 3-16  shows an optical encoder 

disk that uses a 4-bit Gray code to detect changes in angu-

lar position. In this example, the encoder disk is attached 

to a rotating shaft and outputs a digital Gray code signal 

that is used to determine the position of the shaft. A fi xed 

array of photo diodes senses the refl ected light from each 

of the cells across a row of the encoder path. Depending 

on the amount of light refl ected, each cell will output a 

voltage corresponding to a binary 1 or 0. Thus, a different 

4-bit word is generated for each row of the disk.    

  3.8 ASCII Code 
  ASCII stands for American Standard Code for Informa-

tion Interchange. It is an alphanumeric code because it in-

cludes letters as well as numbers. The characters accessed 

by the ASCII code include 10 numeric digits; 26 lower-

case and 26 uppercase letters of the alphabet; and about 

25 special characters, including those found on a standard 

typewriter. Table 3-8 shows a partial listing of the ASCII 

code. It is used to interface the PLC CPU with alphanu-

meric keyboards and printers.    

 The keystrokes on the keyboard of a computer are con-

verted directly into ASCII for processing by the computer. 

Each time you press a key on a computer keyboard, a 7- or 

8-bit word is stored in computer memory to represent the 

alphanumeric, function, or control data represented by the 

specifi c keyboard key that was depressed. ASCII input 

modules convert ASCII code input information from 

an external device to alphanumeric information that the 

PLC can process. The communication interfacing is done 

through either an RS-232 or RS-422 protocol. Modules 

are available that will transmit and receive ASCII fi les and 

that can be used to create an operator interface. The user 

writes a program in the BASIC language that operates in 

conjunction with the ladder logic as the program runs.   

  3.9 Parity Bit 
  Some PLC communication systems use a binary digit to 

check the accuracy of data transmission. For example, 

when data are transferred between PLCs, one of the bi-

nary digits may be accidentally changed from a 1 to a 0. 

This can happen because of a transient or a noise or be-

cause of a failure in some portion of the transmission net-

work. A parity bit is used to detect errors that may occur 

while a word is moved. 

 Parity is a system in which each character transmitted 

contains one additional bit. That bit is known as a par-

ity bit. The bit may be a binary 0 or binary 1, depend-

ing on the number of 1s and 0s in the character itself. 

Two systems of parity are normally used: odd and even. 

Odd parity means that the total number of binary 1 bits in 

the character, including the parity bit, is odd. Even parity 

means that the number of binary 1 bits in the character, in-

cluding the parity bit, is even. Examples of odd and even 

parity are shown in Table 3-9.      

  3.10 Binary Arithmetic 
  Arithmetic circuit units form a part of the CPU. Mathe-

matical operations include addition, subtraction, multipli-

cation, and division. Binary addition follows rules similar 

to decimal addition. When adding with binary numbers, 

there are only four conditions that can occur:

0 1 0 1

10 10 11 11

0 1 1 0 carry 1

  Figure 3-16  Optical encoder disk.   
 Source: Photo courtesy Baumer Electric.
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52 Chapter 3 Number Systems and Codes

larger binary numbers, the resulting 1s are carried 

into higher-order columns, as shown in the following 

examples.

Decimal Equivalent binary
5 101

12 1 10

7 111

10 10 10

1 3 1   11

13 11 01

 

26 1 1010

112 1    1100

38 1 0 0110

 In arithmetic functions, the initial numeric quantities 

that are to be combined by subtraction are the minuend 

carry

1

carry

1

carry

1

    Character  7-Bit ASCII  Character  7-Bit ASCII 

    A   .  .  .  .  .  .  .  .  .  .  100 0001   X   .  .  .  .  .  .  .  .  .  .  101 1000 

    B   .  .  .  .  .  .  .  .  .  .  100 0010   Y   .  .  .  .  .  .  .  .  .  .  101 1001 

    C   .  .  .  .  .  .  .  .  .  .  100 0011   Z   .  .  .  .  .  .  .  .  .  .  101 1010 

    D   .  .  .  .  .  .  .  .  .  .  100 0100   0   .  .  .  .  .  .  .  .  .  .  011 0000 

    E   .  .  .  .  .  .  .  .  .  .  100 0101   1   .  .  .  .  .  .  .  .  .  .  011 0001 

    F   .  .  .  .  .  .  .  .  .  .  100 0110   2   .  .  .  .  .  .  .  .  .  .  011 0010 

    G   .  .  .  .  .  .  .  .  .  .  100 0111   3   .  .  .  .  .  .  .  .  .  .  011 0011 

    H   .  .  .  .  .  .  .  .  .  .  100 1000   4   .  .  .  .  .  .  .  .  .  .  011 0100 

    I    .  .  .  .  .  .  .  .  .  .  100 1001   5   .  .  .  .  .  .  .  .  .  .  011 0101 

    J   .  .  .  .  .  .  .  .  .  .  100 1010   6   .  .  .  .  .  .  .  .  .  .  011 0110 

    K   .  .  .  .  .  .  .  .  .  .  100 1011   7   .  .  .  .  .  .  .  .  .  .  011 0111 

    L   .  .  .  .  .  .  .  .  .  .  100 1100   8   .  .  .  .  .  .  .  .  .  .  011 1000 

    M   .  .  .  .  .  .  .  .  .  .  100 1101   9   .  .  .  .  .  .  .  .  .  .  011 1001 

    N   .  .  .  .  .  .  .  .  .  .  100 1110   blank   .  .  .  .  .  .  .  .  .  010 0000 

    O   .  .  .  .  .  .  .  .  .  .  100 1111   .    .  .  .  .  .  .  .  .  .  .  010 1110 

    P   .  .  .  .  .  .  .  .  .  .  101 0000   ,    .  .  .  .  .  .  .  .  .  .  010 1100 

    Q   .  .  .  .  .  .  .  .  .  .  101 0001   1   .  .  .  .  .  .  .  .  .  .  010 1011 

    R   .  .  .  .  .  .  .  .  .  .  101 0010   2   .  .  .  .  .  .  .  .  .  .  010 1101 

    S   .  .  .  .  .  .  .  .  .  .  101 0011   #   .  .  .  .  .  .  .  .  .  .  010 0011 

    T   .  .  .  .  .  .  .  .  .  .  101 0100   (    .  .  .  .  .  .  .  .  .  .  010 1000 

    U   .  .  .  .  .  .  .  .  .  .  101 0101   %   .  .  .  .  .  .  .  .  .  .  010 0101 

    V   .  .  .  .  .  .  .  .  .  .  101 0110   5   .  .  .  .  .  .  .  .  .  .  011 1101 

    W   .  .  .  .  .  .  .  .  .  .  101 0111       

Table 3-8 Partial Listing of ASCII Code

    Character 
 Even 

Parity Bit 
 Odd 

Parity Bit 

    0000   .  .  .  .  .  .  .  .  .  .  0   .  .  .  .  .  .  .  .  .  .  .  1 

    0001   .  .  .  .  .  .  .  .  .  .  1   .  .  .  .  .  .  .  .  .  .  .  0 

    0010   .  .  .  .  .  .  .  .  .  .  1   .  .  .  .  .  .  .  .  .  .  .  0 

    0011   .  .  .  .  .  .  .  .  .  .  0   .  .  .  .  .  .  .  .  .  .  .  1 

    0100   .  .  .  .  .  .  .  .  .  .  1   .  .  .  .  .  .  .  .  .  .  .  0 

    0101   .  .  .  .  .  .  .  .  .  .  0   .  .  .  .  .  .  .  .  .  .  .  1 

    0110   .  .  .  .  .  .  .  .  .  .  0   .  .  .  .  .  .  .  .  .  .  .  1 

    0111   .  .  .  .  .  .  .  .  .  .  1   .  .  .  .  .  .  .  .  .  .  .  0 

    1000   .  .  .  .  .  .  .  .  .  .  1   .  .  .  .  .  .  .  .  .  .  .  0 

    1001   .  .  .  .  .  .  .  .  .  .  0   .  .  .  .  .  .  .  .  .  .  .  1 

Table 3-9 Odd and Even Parity

 The fi rst three conditions are easy because they are 

like adding decimals, but the last condition is slightly 

different. In decimal, 1 1 1 5 2. In binary, a 2 is writ-

ten 10. Therefore, in binary, 1 1 1 5 0, with a carry of 

1 to the next most signifi cant place value. When adding 
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and subtrahend. The result of the subtraction process is 

called the difference, represented as:

A (minuend)

2B (subtrahend)

C (difference)

 To subtract from larger binary numbers, subtract col-

umn by column, borrowing from the adjacent column 

when necessary. Remember that when borrowing from 

the adjacent column, there are now two digits, i.e., 0 bor-

row 1 gives 10.  

 The procedure for subtracting numbers using the 1’s 

complement is as follows: 

  Step 1 Change the subtrahend to 1’s complement.  

  Step 2 Add the two numbers.  

  Step 3  Remove the last carry and add it to the number 

(end-around carry).   

Decimal Binary
10 1010 1010

2 6 20110 11001

4 100 10011

   11

   100

 When there is a carry at the end of the result, the result 

is positive. When there is no carry, then the result is nega-

tive and a minus sign has to be placed in front of it.  

End-around carry

1’s complement

 Subtract 1001 from 1101.

1101

21001

0100

 Subtract 0111 from 1011.

1011

20111

0100

 EXAMPLE 

 Binary numbers can also be negative. The procedure 

for this calculation is identical to that of decimal numbers 

because the smaller value is subtracted from the larger 

value and a negative sign is placed in front of the result.  

 Subtract 111 from 100.

111

2100

2011

 Subtract 11011 from 10111.

11011

210111

200100

 EXAMPLE 

 There are other methods available for doing subtraction: 

  1’s complement  

  2’s complement    

 Subtract 11011 from 01101.

01101

1 2 00100 The 1’s complement

10001 There is no carry, 

so we take the 1’s 

complement and add 

the minus sign:

201110

 EXAMPLE 

 For subtraction using the 2’s complement, the 2’s com-

plement is added instead of subtracting the numbers. In 

the result, if the carry is a 1, then the result is positive; if 

the carry is a 0, then the result is negative and requires a 

minus sign.   

 Subtract 101 from 111.

111

1 2 011 The 2’s complement

1010 The fi rst 1 indicates that 

the result is positive, so it 

is disregarded: 

010

 EXAMPLE 
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 Binary numbers are multiplied in the same manner 

as decimal numbers. When multiplying binary numbers, 

there are only four conditions that can occur:

  0 3 0 5 0

 0 3 1 5 0

 1 3 0 5 0

 1 3 1 5 1  

 To multiply numbers with more than one digit, form 

partial products and add them together, as shown in the 

following example.

Decimal Equivalent binary
 5   101

36 3110

30   000
 101
101

11110

 The process for dividing one binary number by an-

other is the same for both binary and decimal numbers, as 

shown in the following example.

Decimal Equivalent binary
   7     111
2 q
_

 14  10 q
_

 1110  
10

11
10

10
10

00

 The basic function of a comparator is to compare the 

relative magnitude of two quantities. PLC data compari-

son instructions are used to compare the data stored in 

two words (or registers). At times, devices may need to 

be controlled when they are less than, equal to, or greater 

than other data values or set points used in the applica-

tion, such as timer and counter values. The basic compare 

instructions are as follows:

  A 5 B (A equals B)

 A . B (A is greater than B)

 A , B (A is less than B)      

 Subtract 101 from 111.

111

1 2 011 The 2’s complement 

1010 The fi rst 1 indicates that 

the result is positive, so it 

is disregarded:

010

 EXAMPLE 
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1.     Convert each of the following binary numbers to 

decimal numbers: 

a.     10  

b.     100  

c.     111  

d.     1011  

e.     1100  

f.     10010  

g.     10101  

h.     11111  

i.     11001101  

j.     11100011     

2.     Convert each of the following decimal numbers to 

binary numbers: 

a.     7  

b.     19  

c.     28  

d.     46  

e.     57  

f.     86  

g.     94  

h.     112  

i.     148  

j.     230     

3.     Convert each of the following octal numbers to 

decimal numbers: 

a.     36  

b.     104  

c.     120  

d.     216  

e.     360  

f.     1516     

4.     Convert each of the following octal numbers to 

 binary numbers: 

a.     74  

b.     130  

c.     250  

d.     1510  

e.     2551  

f.     2634     

5.     Convert each of the following hexadecimal num-

bers to decimal numbers: 

a.     5A  

b.     C7  

c.     9B5  

d.     1A6     

6.     Convert each of the following hexadecimal num-

bers to binary numbers: 

a.     4C  

b.     E8  

c.     6D2  

d.     31B     

7.     Convert each of the following decimal numbers to 

BCD: 

a.     146  

b.     389  

c.     1678  

d.     2502     

8.     What is the most important characteristic of the 

Gray code?  

9.     What makes the binary system so applicable to 

computer circuits?  

10.     Defi ne the following as they apply to the binary 

memory locations or registers:       

a.     Bit  

b.     Byte  

c.     Word  

d.     LSB  

e.     MSB     

11.     State the base used for each of the following num-

ber systems: 

a.     Octal  

b.     Decimal  

c.     Binary  

d.     Hexadecimal     

12.     Defi ne the term sign bit.  

13.     Explain the difference between the 1’s complement 

of a number and the 2’s complement.  

14.     What is ASCII code?  

15.     Why are parity bits used?  

16.     Add the following binary numbers: 

a.     110 1 111  

b.     101 1 011  

c.     1100 1 1011     

17.     Subtract the following binary numbers: 

a.     1101 2 101  

b.     1001 2 110  

c.     10111 2 10010     

  CHAPTER 3 REVIEW QUESTIONS  

pet10882_ch03_043-056.indd   55pet10882_ch03_043-056.indd   55 7/23/10   9:09 PM7/23/10   9:09 PM

www.Techbooksyard.com



www.manaraa.com

56 Chapter 3 Number Systems and Codes

19.     Divide the following unsigned binary numbers: 

a.     1010 4 10  

b.     1100 4 11  

c.     110110 4 10       

18.     Multiply the following binary numbers: 

a.     110 3 110  

b.     010 3 101  

c.     101 3 11     

1.     The following binary PLC coded information is to 

be programmed using the hexadecimal code. Convert 

each piece of binary information to the appropriate 

hexadecimal code for entry into the PLC from the 

keyboard. 

a.     0001 1111  

b.     0010 0101  

c.     0100 1110  

d.     0011 1001     

2.     The encoder circuit shown in  Figure 3-17  is used 

to convert the decimal digits on the keyboard to a 

binary code. State the output status (HIGH/LOW) of 

A-B-C-D when decimal number 

a.     2 is pressed.  

b.     5 is pressed.  

  CHAPTER 3 PROBLEMS  

c.     7 is pressed.  

d.     8 is pressed.      

3.     If the bits of a 16-bit word or register are numbered 

according to the octal numbering system, beginning 

with 00, what consecutive numbers would be used to 

represent each of the bits?  

4.     Express the decimal number 18 in each of the fol-

lowing number codes: 

a.     Binary  

b.     Octal  

c.     Hexadecimal  

d.     BCD        

  Figure 3-17  Diagram for Problem 2.   

Decimal

number

pressed

Binary-coded

0100 output

High

High

Low

Low

Low

Encoder

A

B

C

D

4 input

High

7 8 9

4 5 6

1 2

0

3

0

1

2

3

4

5

6

7

8

9
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4
 Fundamentals of Logic 

 This chapter gives an overview of digital logic 
gates and illustrates how to duplicate this type 
of control on a PLC. Boolean algebra, which is a 
shorthand way of writing digital gate diagrams, 
is discussed briefl y. Some small hand-held pro-
grammers have digital logic keys, such as AND, 
OR, and NOT, and are programmed using Bool-
ean expressions.  

   Chapter Objectives 

 After completing this chapter, you will be able to: 

4.1  Describe the binary concept and the functions of gates 

4.2  Draw the logic symbol, construct a truth table, and 

state the Boolean equation for the AND, OR, and NOT 

functions 

4.3  Construct circuits from Boolean expressions and derive 

Boolean equations for given logic circuits 

4.4  Convert relay ladder schematics to ladder logic 

programs 

4.5  Develop elementary programs based on logic gate 

functions 

4.6  Program instructions that perform logical operations  

Image Used with Permission of Rockwell Automation, Inc.
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58 Chapter 4 Fundamentals of Logic

the outcome and a  symbol  that represents the operation. 

For the purpose of this discussion, the outcome or out-

put is called Y and the signal inputs are called  A, B, C,  
and so on. Also, binary 1 represents the presence of a 

signal or the occurrence of some event, and binary 0 

represents the absence of the signal or nonoccurrence 

of the event. 

  The AND Function 

 The symbol drawn in  Figure 4-3  is that of an AND gate. 

An AND gate is a device with two or more inputs and 

one output. The AND gate output is 1 only if all in-

puts are 1. The AND truth table in  Figure 4-3  shows 

the resulting output from each of the possible input 

combinations.  

 Logic gate  truth tables  show each possible input to the 

gate or circuit and the resultant output depending upon the 

combination of the input(s). 

 Since logic gates are digital ICs (Integrated Circuits) 

their input and output signals can be in only one of two 

possible digital states, i.e., logic 0 or logic 1. Thus, the 

logic state of the output of a logic gate depends on the 

logic states of each of its individual inputs.  Figure 4-4  

4.1    The Binary Concept 
  The PLC, like all digital equipment, operates on the bi-

nary principle. The term  binary principle  refers to the idea 

that many things can be thought of as existing in only one 

of two states. These states are 1 and 0. The 1 and 0 can 

represent ON or OFF, open or closed, true or false, high or 

low, or any other two conditions. The key to the speed and 

accuracy with which binary information can be processed 

is that there are only two states, each of which is distinctly 

different. There is no in-between state so when informa-

tion is processed the outcome is either yes or no. 

 A  logic gate  is a circuit with several inputs but only 

one output that is activated by particular combinations of 

input conditions. The two-state binary concept, applied 

to gates, can be the basis for making decisions. The high 

beam automobile lighting circuit of  Figure 4-1  is an ex-

ample of a logical AND decision. For this application, 

the high beam light can be turned on only when the light 

switch AND the high beam switch are closed.  

 The dome light automobile circuit of  Figure 4-2  is an 

example of a logical OR decision. For this application, the 

dome light will be turned on whenever the passenger door 

switch OR the driver door switch is activated. 

  Logic is the ability to make decisions when one or 

more different factors must be taken into account before 

an action is taken. This is the basis for the operation of 

the PLC, where it is required for a device to operate when 

certain conditions have been met.   

4.2   AND, OR, and NOT Functions 
  The operations performed by digital equipment are 

based on three fundamental logic functions: AND, OR, 

and NOT. Each function has a rule that will determine 

Figure 4-1  The logical AND.   

High beam

light

Light switch

High beam

switch
Inputs Output

AND

Figure 4-2  The logical OR.   

Dome light

Passenger

door switch

Driver
door switch

Inputs Output

AND

Figure 4-3  AND gate.   

A

B Output
Y

Two-input AND 

gate symbol

Inputs
0
0
1
1

0
1
0
1

0
0
0
1

A B Y

Inputs

AND truth table

Output

Figure 4-4  AND logic gate digital signal states.   

Truth table 

0
0
1
1

A

0
1
0
1

B

0
0
0
1

Y

1
Output (Y ) � 1 

1

0
Output (Y ) � 0 

0

1
Output (Y ) � 0 

0

0
Output (Y ) � 0 

1

B

A

B

A

B

A

B

A
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  Figure 4-7  illustrates the four possible combinations of 

inputs for a 2-input OR gate. The basic rules that apply to 

an OR gate are:

•    If one or more inputs are 1, the output is 1.  

•   If all inputs are 0, the output will be 0.     

 The OR logic gate operates similarly to control devices 

connected in  parallel,  as illustrated in  Figure 4-8 . The 

light will be on if switch A or switch B or both are closed.   

illustrates the four possible combinations of inputs for a 

2-input AND gate. The basic rules that apply to an AND 

gate are:

•    If all inputs are 1, the output will be 1.  

•   If any input is 0, the output will be 0.    

  The AND logic gate operates similarly to control de-

vices connected in  series,  as illustrated in  Figure 4-5 . The 

light will be on only when both switch A and switch B 

are closed.   

  The OR Function 

 The symbol drawn in  Figure 4-6  is that of an OR gate. 

An OR gate can have any number of inputs but only one 

output. The OR gate output is 1 if one or more inputs are 

1. The truth table in  Figure 4-6  shows the resulting output 

Y from each possible input combination.  

Figure 4-5  AND logic gate operates similarly to control devices connected in series.   

Truth table 
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Open
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(1)

Hardwired circuit
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Figure 4-6  OR gate.   
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Figure 4-7  OR logic gate digital signal states.   
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Figure 4-8  OR logic gate operates similarly to control devices connected in parallel.   
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  The NOT Function 

 The symbol drawn in  Figure 4-9  is that of a NOT func-

tion. Unlike the AND and OR functions, the NOT func-

tion can have  only one  input. The NOT output is 1 if the 

input is 0. The output is 0 if the input is 1. The result 

of the NOT operation is always the inverse of the input, 

and the NOT function is, therefore, called an  inverter.  The 

NOT function is often depicted by using a bar across the 

top of the letter, indicating an inverted output. The small 

circle at the output of the inverter is termed a state indica-

tor and indicates that an inversion of the logical function 

has taken place.  

 The logical NOT function can be performed on a con-

tact input simply by using a normally closed instead of 

a normally open contact.  Figure 4-10  shows an example 

Figure 4-9  NOT function.   

OutputInput
A

0
1

NOT A

1
0

NOT truth table 

A
A (NOT A)

Figure 4-10  NOT function constructed using a normally closed pushbutton.   

Light
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�

�
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Figure 4-11  NOT function is most often used in 
conjunction with an AND gate.   

Low-pressure

indicator off (0)

(0)

(Pressure

switch closed)

(Power on) 

Low-pressure

indicator on (1)

(1)

A � 1

B � 1 

(Pressure

switch open)

(Power on) 

Pressure
switch Power

Pressure
indicator

0
1

1
1

1
0

Truth table

A � 1 

B � 0 

Figure 4-12  NAND gate symbol and truth table.   
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Figure 4-13  NOR gate symbol and truth table.   
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0
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0
1
0
1

1
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NOR truth table

0
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A B Y

Output
Inputs

Two-input
NOR gate 

B
Y

A

of the NOT function constructed using a normally closed 

pushbutton in series with a lamp. When the input pushbut-

ton is  not  actuated, the output lamp is ON. When the input 

pushbutton is actuated, the output lamp switches OFF.  

 The NOT function is most often used in conjunction 

with the AND or the OR gate.  Figure 4-11  shows the NOT 

function connected to one input of an AND gate for a low-

pressure indicator circuit. If the power is on (1) and the 

pressure switch is not closed (0), the warning light will 

be on (1).  

 The NOT symbol placed at the output of an AND gate 

would invert the normal output result. An AND gate with 

an inverted output is called a  NAND gate.  The NAND   

gate symbol and truth table are shown in  Figure 4-12 . The 

NAND function is often used in integrated circuit logic 

arrays and can be used in programmable controllers to 

solve complex logic.  

 The same rule about inverting the normal output result 

applies if a NOT symbol is placed at the output of the OR 

gate. The normal output is inverted, and the function is re-

ferred to as a  NOR  gate. The NOR gate symbol and truth 

table are shown in  Figure 4-13 .   
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only when one input or the other is HIGH, but not both. 

The exclusive-OR gate is commonly used for the  com-
parison  of two binary numbers.     

4.3   Boolean Algebra 
  The mathematical study of the binary number system and 

logic is called  Boolean algebra.  The purpose of this al-

gebra is to provide a simple way of writing complicated 

combinations of logic statements. There are many appli-

cations where Boolean algebra could be applied to solv-

ing PLC programming problems. 

 A typical Boolean instruction list (also referred to as 

a statement list) is shown in  Table 4-1 . The instructions 

  The Exclusive-OR (XOR) Function 

 An often-used combination of gates is the exclusive-OR 

(XOR) function. The  XOR  gate symbol and truth table are 

shown in  Figure 4-14 . The output of this circuit is HIGH 

Figure 4.14  The XOR gate symbol and truth table.   

Truth table 

Inputs Output

0
0
1
1

0
1
0
1

0
1

0
1

A B Y

Output
Inputs

B
Y

A

Boolean Instruction and Function Graphic Symbol

Store (STR)–Load (LD)
Begins a new rung or an additional branch in a rung with a normally open contact.

Store Not (STR NOT)–Load Not (LD NOT)
Begins a new rung or an additional branch in a rung with a normally closed contact.

Or (OR)
Logically ORs a normally open contact in parallel with another contact in a rung.

Or Not (OR NOT)
Logically ORs a normally closed contact in parallel with another contact in a rung.

And (AND)
Logically ANDs a normally open contact in series with another contact in a rung.

And Not (AND NOT)
Logically ANDs a normally closed contact in series with another contact in a rung.

And Store (AND STR)–And Load (AND LD)
Logically ANDs two branches of a rung in series.

Or Store (OR STR)–Or Load (OR LOAD)
Logically ORs two branches of a rung in parallel.

Out (OUT)
Refl ects the status of the rung (on/off) and outputs the discrete (ON/OFF) state to 
the specifi ed image register point or memory location.

OUT

Or Out (OR OUT)
Refl ects the status of the rung and outputs the discrete (ON/OFF) state to the 
image register. Multiple OR OUT instructions referencing the same discrete point 
can be used in the program.

OROUT

Output Not (OUT NOT)
Refl ects the status of the rung and turns the output OFF for an ON execution 
condition; turns the output ON for an OFF execution condition.

Table 4-1 Typical Boolean Instruction or Statement List
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62 Chapter 4 Fundamentals of Logic

NOT functions. Inputs are represented by capital letters 

A, B, C, and so on, and the output by a capital Y. The 

multiplication sign (3) or dot (•) represents the AND 

operation, an addition sign (1) represents the OR op-

eration, the circle with an addition sign ! represents 

the exclusive-OR operation, and a bar over the letter  
__

 A  
represents the NOT operation. The Boolean equations 

are used to express the mathematical function of the 

logic gate  .

 PLC digital systems may be designed using Boolean 

algebra. Circuit functions are represented by Boolean 

equations.  Figure 4-16  illustrates how logic operators 

AND, NAND, OR, NOR, and NOT are used singly to 

form logical statements.  Figure 4-17  illustrates how basic 

logic operators are used in combination to form Boolean 

equations.   

 An understanding of the technique of writing simpli-

fi ed Boolean equations for complex logical statements 

is a useful tool when creating PLC control programs. 

Some laws of Boolean algebra are different from those 

of ordinary algebra. These three basic laws illustrate 

the close comparison between Boolean algebra and 

Figure 4-15  Boolean algebra as related to AND, OR, and NOT functions.   

Logic symbol Logic statement Boolean equation Boolean notations
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B
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B

A Y

Y

Y Y � A � B 

Y � A

Y � A • B
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Y is 1 if

A or B is 1
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Y is 0 if A is 1
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�

�

�
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not
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result in

AB

AB
Y � AB � C 

A � B
Y � (A � B) C

A � B
Y � (A � B) C 

A

B

C

AND

AND

AND

NAND

OR

OR

NORY � AB � C 

A

B

C

OR

A

B

C

A

B

C

Figure 4-17  Logic operators used in combination to form Boolean equations.   

are based on the basic Boolean operators of AND, OR, 

and NOT. Although these instructions are programmed 

in list format similar to BASIC and other text lan-

guages, they implement the same logic as relay ladder 

logic. 

   Figure 4-15  summarizes the basic operators of Bool-

ean algebra as they relate to the basic AND, OR, and 

A

B

A

B

A

B

A

B

AB

AB

A � B

A + B

NOT AA

AND

NAND

OR

NOR

Figure 4-16  Logic operators used singly to form logical 
statements.   
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  Figure 4-19  shows a logic gate circuit developed from 

the Boolean expression  Y 5 A(BC 1 D).  The procedure 

is as follows: 

   Boolean expression:  Y 5 A(BC 1 D)   

  Gates required: (by inspection)

1 -    AND gate with input  B  and  C   

1 -   OR gate with inputs  B, C,  and  D   

1 -   AND gate with inputs  A  and the output from 

the OR gate         

  4.5 Producing the Boolean Equation 
for a Given Logic Gate Circuit  
 A simple logic gate is quite straightforward in its opera-

tion. However, by grouping these gates into combinations, 

it becomes more diffi cult to determine which combina-

tions of inputs will produce an output. The Boolean equa-

tion for the logic circuit of  Figure 4-20  is determined as 

follows:

•    The output of the OR gate is  A 1 B   

•   The output of the inverter is D
–
  

•   Based on the input combination applied to the AND 

gate the Boolean equation for the circuit is  Y 5 C   
D
–
  (A 1B)      

4.4   Developing Logic Gate Circuits 
from Boolean Expressions  
 As logic gate circuits become more complex, the need to 

express these circuits in Boolean form becomes greater. 

 Figure 4-18  shows a logic gate circuit developed from the 

Boolean expression  Y 5 AB 1 C.  The procedure is as 

follows: 

   Boolean expression:  Y 5 AB 1 C   

  Gates required: (by inspection)

1 -    AND gate with input  A  and  B   

1 -   OR gate with input  C  and output from previous 

AND gate       

A

B

C
Inputs

Output
Y

Figure 4-18  Logic gate circuit developed from the Boolean 
expression  Y 5 AB 1 C.    

B

C

D

Output
Y

A
Inputs

Figure 4-19  Logic gate circuit developed from the Boolean 
expression  Y 5 A(BC 1 D).    

COMMUTATIVE LAW

A 1 B 5 B 1 A
A ? B 5 B ? A

ASSOCIATIVE LAW

(A 1 B) 1 C 5 A 1 (B 1 C )
(A ? B) ? C 5 A ? (B ? C )

DISTRIBUTIVE LAW

A ? (B 1 C) 5 (A ? B) 1 (A ? C )
A 1 (B ? C) 5 (A 1 B) ? (A 1 C )
This law holds true only in 

Boolean algebra.

ordinary algebra, as well as one major difference be-

tween the two:       

Output

Inputs

C

D

Y

A

B

C

D

A � B

Figure 4-20  Determining the Boolean equation for a logic 
circuit.   
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64 Chapter 4 Fundamentals of Logic

called rails or legs, connecting the two power lines with 

what look like rungs of a ladder—thus the name, relay 

ladder schematic.  

 Hardwired logic is fi xed; it is changeable only by al-

tering the way devices are electrically interconnected. 

In contrast, programmable control is based on the basic 

logic functions, which are programmable and easily 

changed. These functions (AND, OR, NOT) are used ei-

ther singly or in combinations to form instructions that 

will determine if a device is to be switched on or off. 

The form in which these instructions are implemented to 

convey commands to the PLC is called the  language . The 

most common PLC language is  ladder logic .  Figure 4-23  

shows a typical  ladder logic program  for the motor start/

stop circuit. The instructions used are the relay equiva-

lent of normally open (NO) and normally closed (NC) 

contacts and coils.  

 PLC contact symbolism is a simple way of expressing 

the control logic in terms of symbols. These symbols are 

 The Boolean equation for the logic circuit of  Fig-

ure 4-21  is determined as follows: 

•   The output of AND gate 1 is A–B   

•   The output of AND gate 2 is AB–   

•   Based on the combination of inputs applied to the 

OR gate the Boolean equation for the circuit is 

Y 5 A–B 1 AB–    

4.6      Hardwired Logic versus 
Programmed Logic 
  The term  hardwired logic  refers to logic control functions 

that are determined by the way devices are electrically in-

terconnected. Hardwired logic can be implemented using 

relays and relay ladder schematics. Relay ladder sche-

matics are universally used and understood in industry. 

 Figure 4-22  shows a typical relay ladder schematic of a 

motor stop/start control station with pilot lights. The con-

trol scheme is drawn between two vertical supply lines. 

All the components are placed between these two lines, 

Inputs

Output

B

Y

A

AB

AB

B

A
1

2

Figure 4-21  Determining the Boolean equation for a logic 
circuit.   

Figure 4-22  Motor stop/start relay ladder schematic.   

STOP
START

M

M

M

L2L1

Rung

Rail 

OL

R

G

M

Input

module

Output

module L2
STOP

STOP

START

PROGRAM

START

Relay contact

equivalent

Rung 1

Rung 2

Rung 3

Relay coil

equivalent

OL

OL

M

M

M

M

G

R

L1

R

G

M

Figure 4-23  Motor stop/start ladder logic program.   
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 Because the PLC uses ladder logic diagrams, the con-

version from any existing relay logic to programmed 

logic is simplifi ed. Each rung is a combination of input 

conditions (symbols) connected from left to right, with 

the symbol that represents the output at the far right. The 

symbols that represent the inputs are connected in series, 

parallel, or some combination of the two to obtain the de-

sired logic. The following group of examples illustrates  

the relationship between the relay ladder schematic, the 

ladder logic program, and the equivalent logic gate circuit.     

basically the same as those used for representing hard-

wired relay control circuits. A rung is the contact sym-

bolism required to control an output. Some PLCs allow 

a rung to have multiple outputs while others allow only 

one output per rung. A complete ladder logic program 

then consists of several rungs, each of which controls an 

output. In programmed logic all mechanical switch con-

tacts are represented by a software contact symbol and 

all electromagnetic coils are represented by a software 

coil symbol. 

SOLLS1 LS2 B YA

Relay schematic Ladder logic program

Inputs

Output

A

B

Y

Gate logic

Boolean equation: AB � Y

Example 4-1  Two limit switches connected in series and used to control a solenoid valve.   

SOLLS1

Boolean equation: A � B � Y

A Y

Relay schematic Ladder logic program
Gate logic

LS2 B

Inputs

Output

A
Y

B

Example 4-2  Two limit switches connected in parallel and used to control a solenoid valve.   

PSLS1

Boolean equation: (A � B)C � Y

PL A C

Relay schematic Ladder logic program Gate logic

LS2 B

G

Y

Inputs

Output

A � B
A

C
YB

Example 4-3  Two limit switches connected in parallel with each other and in series with a pressure switch.   

FS2

LS1

Boolean equation: (A � B) (C � D) � Y 

PL
FS1

Relay schematic Gate logic

LS2

R

Inputs

Output

C � D

A � BA

B

C

D

Y

A

B

C

D

Y

Ladder logic program

Example 4-4  Two limit switches connected in parallel with each other and in series with two sets of fl ow 
switches (that are connected in parallel with each other), and used to control a pilot light.   
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Boolean equation: (AB) � C � Y 

H

Relay schematic Ladder logic program
Gate logic

LS1 LS2

LS3

A B

C

Y

Inputs

Y

Output

ABA

C
B

Example 4-5  Two limit switches connected in series with each other and in parallel with a third limit 
switch, and used to control a warning horn.   

Boolean equation: (AB) � (CD) � Y

PL

Relay schematic

Gate logic

LS1

LS3

LS2

LS4

R

A

C

B

D

Y

Ladder logic program

Inputs

Output

A

B
Y

C

D

Example 4-6  Two limit switches connected in series with each other and in parallel with two other limit 
switches (that are connected in series with each other), and used to control a pilot light.   

PB SOL

Boolean equation: AB � Y

Relay schematic Ladder logic program Gate logic

LS1 A B Y

Inputs
OutputA

B
B

Y

Example 4-7  One limit switch connected in series with a normally closed pushbutton and used to control 
a solenoid valve. This circuit is programmed so that the output solenoid will be turned on when the limit switch 
is closed and the pushbutton is  not pushed.    

Relay schematic Ladder logic program Gate logic

A B
A

B

A B

Boolean equation:  AB � AB � Y
                               A � B � Y 

Y

Y

Inputs

Output

A

B

Y

Example 4-8  Exclusive-OR circuit. The output lamp of this circuit is ON only when pushbutton A or B is pressed, but not both. 
This circuit has been programmed using only the normally open A and B pushbutton contacts as the inputs to the program.   
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Relay schematic

Stops Starts

Ladder logic program Gate logic

C D A

B

C D A

B

M
M

Stops

A

B
M

Starts

C

D

M

M

Example 4-9  A motor control circuit with two start/stop buttons. When either start button is depressed, the motor runs. 
By use of a seal-in contact, it continues to run when the start button is released. Either stop button stops the motor when it is 
depressed.   

Figure 4-24  Word-level AND instruction.   

Source A

B3:5

Source B

B3:7

Destination

B3:10

1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0

1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0

1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0

Input A

1100110000000000

Destination

1111111100000000

Source B

1100110011001100

BITWISE AND

Source A

AND

B3:10

B3:7

B3:5

Figure 4-25  Word-level OR instruction.   

Source A
B3:1 

OR

BITWISE INCLUS OR

Source A  B3:1

Source B

Destination

Source B

B3:2 

Destination

B3:20

1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0

1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0

1 1 1 1 1 1 1 1 1 1 0 0 1 1 0 0

B3:2

B3:20

4.7          Programming Word Level Logic 
Instructions 
  Most PLCs provide word-level logic instructions as part 

of their instruction set.  Table 4-2  shows how to select the 

correct word logic instruction for different situations.  

  Figure 4-24  illustrates the operation of the AND in-

struction to perform a word-level AND operation using 

the bits in the two source addresses. This instruction tells 

the processor to perform an AND operation on B3:5 and 

B3:7 and to store the result in destination B3:10 when 

input device A is true. The destination bits are a result of 

the logical AND operation.  

  Figure 4-25  illustrates the operation of a word-level 

OR instruction, which ORs the data in Source A, bit by 

bit, with the data in Source B and stores the result at the 

destination address. The address of Source A is B3:1, 

the address of Source B is B3:2, and the destination 

address is B3:20. The instruction may be programmed 

conditionally, with input instruction(s) preceding it, or 

unconditionally, as shown, without any input instruc-

tions preceding it.  

  Figure 4-26  illustrates the operation of a word-level 

XOR instruction. In this example, data from input I:1.0 

are compared, bit by bit, with data from input I:3.0. Any 

mismatches energize the corresponding bit in word O:4.0. 

As you can see, there is a 1 in every bit location in the 

destination corresponding to the bit locations where 

Source A and Source B are different, and a 0 in the des-

tination where Source A and Source B are the same. The 

XOR is often used in diagnostics, where real-world in-

puts, such as rotary cam limit switches, are compared 

with their desired states.  

If you want to . . .
. . . use this 
instruction.

Know when matching bits in two different 
words are both ON

AND

Know when one or both matching bits in two 
different words are ON

OR

Know when one or the other bit of matching 
bits in two different words is ON

XOR

Reverse the state of bits in a word NOT

Table 4-2 Selecting Logic Instructions

pet10882_ch04_057-070.indd   67pet10882_ch04_057-070.indd   67 7/23/10   9:12 PM7/23/10   9:12 PM

www.Techbooksyard.com



www.manaraa.com

68 Chapter 4 Fundamentals of Logic

  Figure 4-27  illustrates the operation of a word-level 

NOT instruction. This instruction inverts the bits from the 

source word to the destination word. The bit pattern in 

B3:10 is the result of the instruction being true and is the 

inverse of the bit pattern in B3:9.  

 For 32-bit PLCs, such as the Allen-Bradley Control-

Logix controller, the source and destination may be a 

SINT (one-byte integer), INT (two-byte integer), DINT 

(four-byte integer), or REAL (four-byte fl oating decimal 

point) value.     

Figure 4-27  Word-level NOT operation.   

NOT

NOT

Source
Destination B3:10

Source

B3:9

Destination

B3:10

Input A 

0 0 0 0 0 0 0 0 1 0 1 0 1 0 1 0

1 1 1 1 1 1 1 1 0 1 0 1 0 1 0 1

B3:9

Source A

Ι:1.0

Rotating cam limit switch

XOR

Ι:1.0

O:4.0

Ι:3.0

Destination

Source B

Source A

BITWISE EXCLUS OR

Source B

Ι:3.0

Destination

O:4.0

0 0 0 0 0 0 0 0 1 0 1 0 1 0 1 0

0 0 0 0 0 0 0 0 1 1 1 0 1 0 1 1

0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1

Figure 4-26  Word-level XOR instruction.
Source: Image Used with Permission of Rockwell Automation, Inc.   
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1.   Explain the binary principle.  

2.   What is a logic gate?  

3.   Draw the logic symbol, construct a truth table, and 

state the Boolean equation for each of the 

following:

a.    Two-input AND gate  

b.   NOT function  

c.   Three-input OR gate  

d.   XOR function     

4.   Express each of the following equations as a ladder 

logic program:

a. Y  5 ( A  1  B ) CD   

b. Y  5  A 
__

 B C  1   
__

 D   1 E  

c. Y  5 [(  
__

 A   1   
__

 B  ) C ] 1  DE   

d. Y  5 (  
__

 A B 
__

 C  ) 1 ( D 
__

 E F  )     

5.   Write the ladder logic program, draw the logic gate 

circuit, and state the Boolean equation for the two 

relay ladder diagrams in  Figure 4-28 . 

6.     Develop a logic gate circuit for each of the follow-

ing Boolean expressions using AND, OR, and NOT 

gates:

a. Y 5 ABC 1 D   

b. Y 5 AB 1 CD   

c. Y  5 ( A 1 B )(  
__

 C  1 D )  

d. Y  5   
__

 A  ( B 1 CD )  

e. Y 5  
__

 A B 1 C   

f. Y  5( ABC 1 D )( E 
__

 F  )     

7.   State the logic instruction you would use when you 

want to:

a.    Know when one or both matching bits in two dif-

ferent words are 1.  

b.   Reverse the state of bits in a word.  

c.   Know when matching bits in two different words 

are both 1.  

d.   Know when one or the other bit of matching bits, 

but not both, in two different words is 1.       

  CHAPTER 4 REVIEW QUESTIONS 
 

 Figure 4-28 Question 5 relay ladder diagrams.   

(a) (b)

LS1 LS2

LS3

R

PB1 PB2
H

LS1

PS1

1.    It is required to have a pilot light come on when all 

of the following circuit requirements are met:

•    All four circuit pressure switches must be 

closed.  

•   At least two out of three circuit limit switches 

must be closed.  

•   The reset switch must not be closed.    

   Using AND, OR, and NOT gates, design a logic 

circuit that will solve this hypothetical problem.  

2.   Write the Boolean equation for each of the logic gate 

circuits in  Figure 4-29a–f . 

3.     The logic circuit of  Figure 4-30  is used to acti-

vate an alarm when its output Y is logic HIGH or 

1. Draw a truth table for the circuit showing the 

resulting output for all 16 of the possible input 

conditions. 

  CHAPTER 4 PROBLEMS 

 Figure 4-29 Logic gate circuits for Problem 2.   

(a)

A

C
D

Y

B

(b)

A

C Y

B

D
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(c)

A

C
Y

B

A

C

E

(d )

B

D Y

(e)

A

Y
B

C

D

(f )

A

C

E

Y

B

D

F

Figure 4-29 (Continued )

4.     What will be the data stored in the destination ad-

dress of  Figure 4-31  for each of the following logical 

operations? 

a.    AND operation  

b.   OR operation  

c.   XOR operation   

5.     Write the Boolean expression and draw the gate 

logic diagram and typical PLC ladder logic diagram 

for a control system wherein a fan is to run only 

when all of the following conditions are met:

•    Input A is OFF  

•   Input B is ON or input C is ON, or both B and C 

are ON  

•   Inputs D and E are both ON  

•   One or more of inputs F, G, or H are ON        

 Figure 4-30 Logic circuit for Problem 3.   

Alarm

A

Y

C

D

B

 Figure 4-31 Data for Problem 4.   

Source A 

Source B

Destination

0 00 0 0 0 0 0 0 1 1  0 1 0 10

0 10 0 0 0 0 0 0 1 1 1  0 1 0 1
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 Each input and output PLC module terminal is 
identifi ed by a unique address. In PLCs, the in-
ternal symbol for any input is a contact. Similarly, 
in most cases, the internal PLC symbol for all 
outputs is a coil. This chapter shows how these 
contact/coil functions are used to program a 
PLC for circuit operation. This chapter covers 
only the basic set of instructions that perform 
functions similar to relay functions. You will also 
learn more about the program scan cycle and 
the scan time of a PLC.   

  Chapter Objectives 

 After completing this chapter, you will be able to: 

 5.1 Defi ne and identify the functions of a PLC memory 

map 

 5.2 Describe input and output image table fi les and types 

of data fi les 

 5.3 Describe the PLC program scan sequence 

 5.4 Understand how ladder diagram language, Boolean 

language, and function chart programming language 

are used to communicate information to the PLC 

 5.5 Defi ne and identify the function of internal relay 

instructions 

 5.6 Identify the common operating modes found in PLCs 

 5.7 Write and enter ladder logic programs  

 5
Basics of PLC Programming  

Image Used with Permission of Rockwell Automation, Inc.
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  5.1 Processor Memory Organization 
  While the fundamental concepts of PLC programming are 

common to all manufacturers, differences in memory or-

ganization, I/O addressing, and instruction set mean that 

PLC programs are never perfectly interchangeable among 

different makers. Even within the same product line of a 

single manufacturer, different models may not be directly 

compatible. 

 The memory map or structure for a PLC processor con-

sists of several areas, some of these having specifi c roles. 

Allen-Bradley PLCs have two different memory struc-

tures identifi ed by the terms  rack-based  systems and  tag-
based  systems. The memory organization for rack-based 

systems will be covered in this chapter and that for tag-

based systems in a later chapter. 

 Memory organization takes into account the way a 

PLC divides the available memory into different sections. 

The memory space can be divided into two broad catego-

ries:  program fi les  and  data fi les.  Individual sections, their 

order, and the sections’ length will vary and may be fi xed 

or variable, depending on the manufacturer and model. 

 Program fi les are the part of the processor memory 

that stores the user ladder logic program. The program 

accounts for most of the total memory of a given PLC 

system. It contains the ladder logic that controls the ma-

chine operation. This logic consists of instructions that 

are programmed in a ladder logic format. Most instruc-

tions require one word of memory. 

 The data fi les store the information needed to carry out 

the user program. This includes information such as the 

status of input and output devices, timer and counter val-

ues, data storage, and so on. Contents of the data table can 

be divided into two categories: status data and numbers or 

codes. Status is ON/OFF type of information represented 

by 1s and 0s, stored in unique bit locations. Number or 

code information is represented by groups of bits that are 

stored in unique byte or word locations. 

 The memory organizations of the rack-based Allen-

Bradley PLC-5 and SLC 500 controllers are very similar. 

 Figure 5-1  shows the program and data fi le organization 

for the SLC 500 controller. The contents of each fi le are 

as follows. 

  Program Files 

 Program fi les are the areas of processor memory where 

ladder logic programming is stored. They may include: 

•        System functions (fi le 0) —This fi le is always 

included and contains various system-related in-

formation and user-programmed information such 

as processor type, I/O confi guration, processor fi le 

name, and password.  

•        Reserved (fi le 1) —This fi le is reserved by the pro-

cessor and is not accessible to the user.  

•        Main ladder program (fi le 2) —This fi le is always 

included and contains user-programmed instructions 

that defi ne how the controller is to operate.  

•        Subroutine ladder program (fi les 3–255) —These 

fi les are user-created and are activated according to 

subroutine instructions residing in the main ladder 

program fi le.     

  Data Files 

 The data fi le portion of the processor’s memory stores input 

and output status, processor status, the status of various 

bits, and numerical data. All this information is accessed 

via the ladder logic program. These fi les are organized by 

the type of data they contain and may include: 

•        Output (fi le 0) —This fi le stores the state of the out-

put terminals for the controller.  

•        Input (fi le 1) —This fi le stores the status of the 

input terminals for the controller.  

•        Status (fi le 2) —This fi le stores controller operation 

information and is useful for troubleshooting con-

troller and program operation.  

•        Bit (fi le 3) —This fi le is used for internal relay logic 

storage.  

•        Timer (fi le 4) —This fi le stores the timer accumu-

lated and preset values and status bits.  

  Figure 5-1  Program and data fi le organization for the 
SLC 500 controller.   

De
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User
defined

System functions

Reserved

User program

Subroutine programs

0

1
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3–255
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5

6

7

8

9

Program
files

Data
files

10–255

Output image

Input image

Status

Bit

Timer

Counter

Control

Integer
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Network
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pet10882_ch05_071-094.indd   72pet10882_ch05_071-094.indd   72 7/23/10   9:14 PM7/23/10   9:14 PM

www.Techbooksyard.com



www.manaraa.com

 Basics of PLC Programming Chapter 5 73

processor set up for standard ladder logic, the main pro-

gram will always be in program fi le 2, and program fi les 

3 through 999 will be subroutines. In either case, the pro-

cessor can store and execute only one program at a time. 

  Figure 5-3  shows a typical data fi le memory organiza-

tion for an Allen-Bradley PLC-5 controller. Each data fi le 

is made up of numerous  elements.  Each element may be 

one, two, or three words in length. Timer, counter, and 

control elements are three words in length; fl oating-point 

elements are two words in length; and all other elements 

are a single word in length. A  word  consists of 16 bits, or 

binary digits. The processor operates on two different data 

types: integer and fl oating point. All data types, except the 

fl oating-point fi les, are treated as integers or whole num-

bers. All element and bit addresses in the output and input 

data fi les are numbered octally. Element and bit addresses 

in all other data fi les are numbered decimally.  

 The PLC-5 and SLC 500 store all data in global data 

tables and are based on 16-bit operations. You access these 

data by specifying the address of the data you want. Typical 

addressing formats for the PLC-5 controller are as follows: 

•       The addresses in the output data fi le and the input 

data fi le are potential locations for either input mod-

ules or output modules mounted in the I/O chassis: 

 -   The address O:012/15 is in the output image 

table fi le, rack 1, I/O group 2, bit 15.  

 -   The address I:013/17 is in the input image table 

fi le, rack 1, I/O group 3, bit 17.     

•       The  status data fi le  contains information about the 

processor status: 

 -   The address S:015 addresses word 15 of the 

 status fi le.  

 -   The address S:027/09 addresses bit 9 in word 27 

of the status fi le.     

•        Counter (fi le 5) —This fi le stores the counter accu-

mulated and preset values and status bits.  

•        Control (fi le 6) —This fi le stores the length, pointer 

position, and status bit for specifi c instructions such 

as shift registers and sequencers.  

•        Integer (fi le 7) —This fi le is used to store numerical 

values or bit information.  

•        Reserved (fi le 8) —This fi le is not accessible to the 

user.  

•        Network communications (fi le 9) —This fi le is 

used for network communications if installed or 

used like fi les 10–255.  

•        User-defi ned (fi les 10–255) —These fi les are user-

defi ned as bit, timer, counter, control, and/or integer 

data storage.     

 The I/O address format for the SLC family of PLCs is 

shown in  Figure 5-2 . The format consists of the following 

three parts: 

   Part 1:  I for input, and a colon to separate the module 

type from the slot. 

 O for output and a colon to separate the module type 

from the slot.  

   Part 2:  The module slot number and a forward slash 

to separate the slot from the terminal screw.  

   Part 3:  The screw terminal number.     

 There are about 1000 program fi les for an Allen- 

Bradley PLC-5 controller. These program fi les may be set 

up in two ways: either (1) standard ladder logic program-

ming, with the main program in program fi le 2 and program 

fi les 3 through 999 assigned, as needed, to subroutines; or 

(2) in sequential function charts in which fi les 2 through 

999 are assigned steps or transitions, as required. With the 

  Figure 5-2  I/O address format for the SLC family of PLCs.
Source: Image Used with Permission of Rockwell Automation, Inc.   
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•       The  bit data fi le  stores bit status. It frequently serves 

for storage when using internal outputs, sequencers, 

bit-shift instructions, and logical instructions: 

 -   The address B3:400 addresses word 400 of the 

bit fi le. The fi le number (3) must be included as 

part of the address. Note that the input, output, 

and status data fi les are the only fi les that do not 

require the fi le number designator because there 

can only be one input data, one output data, and 

one status data fi le.  

 -   Word 2, bit 15 is addressed as B3/47 because bit 

numbers are always measured from the beginning 

of the fi le. Remember that here, bits are num-

bered decimally (not octally, as the word repre-

senting the rack and slot).     

•       The  timer fi le  stores the timer status and timer data. 

A timer element consists of three words: the control 

word, preset word, and accumulated word. The ad-

dressing of the timer control word is the  assigned 

timer number. Timers in fi le 4 are numbered  starting 

with T4:0 and running through T4:999. The  addresses 

for the three timer words in timer T4:0 are:  

 The enable-bit address in the control word is T4:0/

EN, the timer-timing-bit address is T4:0/TT, and the 

done-bit address is T4:0/DN.  

•       The  counter fi le  stores the counter status and coun-

ter data. A counter element consists of three words: 

the control word, preset word, and accumulated 

word. The addressing of the counter control is the 

assigned counter number. Counters in fi le 5 are 

numbered beginning with C5:0 and running through 

C5:999. The addresses for the three counter words 

in counter C5:0 are:  

  Figure 5-3  Data fi le memory organization for an Allen-Bradley PLC-5 controller. 
Source: Image Used with Permission of Rockwell Automation, Inc.   

Size, in
elements

Address

range

O:000

O:037

Ι:000

Ι:037

S:000

S:031

B3:000

B3:999

T4:000

T4:999

C5:000

C5:999

R6:000

R6:999

N7:000

N7:999

F8:000

F8:999

Output image file

Input image file

Processor status

Bit file

Timer file

Counter file

Control file

Integer file

Floating-point file

Files to be assigned file nos. 9–999

32

32

32

1–1000

1–1000

1–1000

1–1000

1–1000

1–1000

1–1000
per file

   Control word:   T4:0   
   Preset word:   T4:0.PRE   
   Accumulated word:  T4:0.ACC   

   Control word:   C5:0   
   Preset word:   C5:0.PRE   
   Accumulated word:  C5:0.ACC   

 The count-up-enable-bit address in the control word 

is C5:0/CU, the count-down-enable-bit address 

is C5:0/CD, the done-bit address is C5:0/DN, the 

overfl ow address is C5:0/OV, and the underfl ow ad-

dress is C5:0/UN.  

•       The  control fi le  stores the control element’s sta-

tus and data, and it is used to control various fi le 

instructions. The control element consists of three 

words: the control word, length word, and position 

word. The addressing of the control’s control word 
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is the assigned control number. Control elements in 

control fi le 6 are numbered beginning with R6:0 and 

running through R6:999. The addresses for the three 

words in control element R6:0 are:  

through the input module. Its operation can be summa-

rized as follows. 

•       For the switch that is closed, the processor detects a 

voltage at the input terminal and records that infor-

mation by storing a binary 1 in its bit location.  

•       For the switch that is open, the processor detects no 

voltage at the input terminal and records that infor-

mation by storing a binary 0 in its bit location.  

•       Each connected input has a bit in the input image 

table fi le that corresponds exactly to the terminal to 

which the input is connected.  

•       The input image table fi le is changed to refl ect the 

current status of the switch during the I/O scan 

phase of operation.  

•       If the input is on (switch closed), its corresponding 

bit in the table is set to 1.  

•       If the input is off (switch open), the corresponding 

bit is cleared, or reset to 0.  

•       The processor continually reads the current input 

status and updates the input image table fi le.     

 The  output image table fi le  is that part of the program 

memory allocated to storing the actual on/off status of 

connected discrete outputs.  Figure  5-5  shows a typical 

   Control word:   R6:0   
   Length:    R6:0.LEN   
   Position:   R6:0.POS   

 There are numerous control bits in the control word, 

and their function depends on the instruction in 

which the control element is used.  

•       The  integer fi le  stores integer data values, with a 

range from 232,768 through 32,767. Stored values 

are displayed in decimal form. The integer element 

is a single-word (16-bit) element. As many as 1000 

integer elements, addressed from N7:000 through 

N7:999, can be stored. 

 -   The address N7:100 addresses word 100 of the 

integer fi le.  

 -   Bit addressing is decimal, from 0 through 15. 

For example, bit 12 in word 15 is addressed 

N7:015/12.     

•       The  fl oating-point fi le  element can store val-

ues in the range from 61.1754944e-38 to 

63.4028237e138. The fl oating-point element is a 

two-word (32-bit) element. As many as 1000 ele-

ments, addressed from F8:000 through F8:999, can 

be stored. Individual words or bits cannot be ad-

dressed in the fl oating-point fi le.  

•       Data fi les 9 through 999 may be assigned to dif-

ferent data types, as required. When assigned to a 

certain type, a fi le is then reserved for that type and 

cannot be used for any other type. Additional input, 

output, or status fi les cannot be created.    

 The bit fi le, integer fi le, or fl oating-point fi le can be 

used to store status or data. Which of these you use de-

pends on the intended use of the data. If you are deal-

ing with status rather than data, the bit fi le is preferable. 

If you are using very large or very small numbers and 

require a decimal point, the fl oating-point fi le is prefer-

able. The fl oating-point data type may have a restriction, 

however, because it may not interface well with external 

devices or with internal instructions such as counters and 

timers, which use only 16-bit words. In such a situation, it 

may be necessary to use the integer fi le type. 

 The  input image table fi le  is that part of the program 

memory allocated to storing the on/off status of con-

nected discrete inputs.  Figure 5-4  shows the connection 

of an open and closed switch to the input image table fi le 

  Figure 5-4  Connection of an open and closed switch to the 
input image table fi le through the input module.   
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connection of two pilot lights to the output image table 

fi le through the output module. Its operation can be sum-

marized as follows. 

•       The status of each light (ON/OFF) is controlled by 

the user program and is indicated by the presence of 

1 (ON) and 0 (OFF).  

•       Each connected output has a bit in the output image 

table fi le that corresponds exactly to the terminal to 

which the output is connected.  

•       If the program calls for a specifi c output to be ON, 

its corresponding bit in the table is set to 1.  

•       If the program calls for the output to be OFF, its 

corresponding bit in the table is set to 0.  

•       The processor continually activates or deactivates the 

output status according to the output table fi le status.     

 Typically, micro PLCs have a fi xed number of inputs 

and outputs.  Figure 5-6  shows the MicroLogix control-

ler from the Allen-Bradley MicroLogix 1000 family of 

controllers. The controller has 20 discrete inputs with 

predefi ned addresses I/0 through I/19 and 12 discrete 

outputs with predefi ned addresses O/1 through O/11. 

Some units also contain analog inputs and outputs em-

bedded into the base unit or available through add-on 

modules.     

  5.2 Program Scan 
  When a PLC executes a program, it must know—in real 

time—when external devices controlling a process are 

changing. During each operating cycle, the processor 

reads all the inputs, takes these values, and energizes or 

de-energizes the outputs according to the user program. 

This process is known as a  program scan cycle.   Figure 5-7  

illustrates a single PLC operating cycle consisting of the 

 input scan, program scan, output scan,  and housekeep-

ing duties. Because the inputs can change at any time, it 

constantly repeats this cycle as long as the PLC is in the 

RUN mode.  

  Figure 5-5  Connections of pilot lights to the output image 
table fi le through the output module.   
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  Figure 5-6  Typical micro PLC with predefi ned addresses.
Source: Image Used with Permission of Rockwell Automation, Inc.   
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 The time it takes to complete a scan cycle is called the 

scan cycle time and indicates how fast the controller can 

react to changes in inputs. The time required to make a 

single scan can vary from about 1 millisecond to 20 mil-

liseconds. If a controller has to react to an input signal that 

changes states twice during the scan time, it is possible 

that the PLC will never be able to detect this change. For 

example, if it takes 8 ms for the CPU to scan a program, 

and an input contact is opening and closing every 4 ms, 

the program may not respond to the contact changing 

state. The CPU will detect a change if it occurs during the 

update of the input image table fi le, but the CPU will not 

respond to every change. The scan time is a function of 

the following: 

•       The speed of the processor module  

•       The length of the ladder program  

•       The type of instructions executed  

•       The actual ladder true/false conditions    

 The actual scan time is calculated and stored in the 

PLC’s memory. The PLC computes the scan time each 

time the END instruction is executed. Scan time data can 

be monitored via the PLC programming. Typical scan 

time data include the maximum scan time and the last 

scan time. 

 The scan is normally a continuous and sequential pro-

cess of reading the status of inputs, evaluating the control 

logic, and updating the outputs.  Figure 5-8  shows an over-

view of the data fl ow during the scan process. For each 

rung executed, the PLC processor will: 

•       Examine the status of the input image table bits.  

•       Solve the ladder logic in order to determine logical 

continuity.  

•       Update the appropriate output image table bits, if 

necessary.  

•       Copy the output image table status to all of the out-

put terminals. Power is applied to the output device 

if the output image table bit has been previously set 

to a 1.  

•       Copy the status of all of the input terminals to the 

input image table. If an input is active (i.e., there is 

electrical continuity), the corresponding bit in the 

input image table will be set to a 1.     

  Figure 5-9  illustrates the scan process applied to a sim-

ple single rung program. The operation of the scan pro-

cess can be summarized as follows: 

•       If the input device connected to address I:3/6 is 

closed, the input module circuitry senses  electrical 
continuity  and a 1 (ON) condition is entered into the 

input image table bit I:3/6.  

  Figure 5-7  PLC program scan cycle.   
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  Figure 5-8  Overview of the data fl ow during the scan 
process.   
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•       During the program scan, the processor examines 

bit I:3/6 for a 1 (ON) condition.  

•       In this case, because input I:3/6 is 1, the rung is said 

to be TRUE or have  logic continuity.   
•       The processor then sets the output image table bit 

O:4/7 to 1.  

•       The processor turns on output O:4/7 during the next 

I/O scan, and the output device (light) wired to this 

terminal becomes energized.  

•       This process is repeated as long as the processor is 

in the RUN mode.  

•       If the input device opens, electrical continuity is 

lost, and a 0 would be placed in the input image 

table. As a result, the rung is said to be FALSE due 

to loss of logic continuity.  

•       The processor would then set the output image table 

bit O:4/7 to 0, causing the output device to turn off.     

 Ladder programs process inputs at the beginning of a 

scan and outputs at the end of a scan, as illustrated in  Fig-

ure 5-10 . For each rung executed, the PLC processor will: 

   Step 1   Update the input image table by sensing the 

voltage of the input terminals. Based on the 

absence or presence of a voltage, a 0 or a 1 is 

stored into the memory bit location designated 

for a particular input terminal.  

   Step 2   Solve the ladder logic in order to determine 

logical continuity. The processor scans the lad-

der program and evaluates the logical continu-

ity of each rung by referring to the input image 

table to see if the input conditions are met. If 

the conditions controlling an output are met, the 

processor immediately writes a 1 in its memory 

location, indicating that the output will be 

turned ON; conversely, if the conditions are not 

met a 0 indicating that the device will be turned 

OFF is written into its memory location.  

   Step 3   The fi nal step of the scan process is to update 

the actual states of the output devices by trans-

ferring the output table results to the output 

module, thereby switching the connected out-

put devices ON (1) or OFF (0). If the status of 

any input devices changes when the processor 

is in step 2 or 3, the output  condition will not 

react to them until the next  processor scan.     

 Each instruction entered into a program requires a cer-

tain amount of time for the instruction to be executed. The 

amount of time required depends on the instruction. For 

example, it takes less time for a processor to read the sta-

tus of an input contact than it does to read the accumu-

lated value of a timer or counter. The time taken to scan 

  Figure 5-9  Scan process applied to a single rung program.   

Input 
module

Input 
device

Output 
device

Input 
image
table
file

Output 
image
table
file

Output
module

Program

Data
Processor memory

O:4/7 O:4/7

Ι:3/6 O:4/7

Ι:3/6 Ι:3/6
Field-device
power supply

Field-device
power supply

  Figure 5-10  Scan process applied to a multiple rung 
program.   
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the user program is also dependent on the clock frequency 

of the microprocessor system. The higher the clock fre-

quency, the faster is the scan rate. 

 There are two basic scan patterns that different PLC 

manufacturers use to accomplish the scan function 

( F igure  5-11 ). Allen-Bradley PLCs use the   horizontal  
scan by rung method. In this system, the processor exam-

ines input and output instructions from the fi rst com-

mand, top left in the program, horizontally, rung by rung. 

Modicon PLCs use the  vertical  scan by column method. 

In this system, the processor examines input and output 

instructions from the top left command entered in the lad-

der diagram, vertically, column by column and page by 

page. Pages are executed in sequence. Both methods are 

appropriate; however, misunderstanding the way the PLC 

scans a program can cause programming bugs.    

  5.3 PLC Programming Languages 
  The term  PLC programming language  refers to the 

method by which the user communicates information to 

the PLC. The standard IEC 61131 ( Figure 5-12 ) was es-

tablished to standardize the multiple languages associated 

with PLC programming by defi ning the following fi ve 

standard languages: 

•        Ladder Diagram (LD) —a graphical depiction of a 

process with rungs of logic, similar to the relay lad-

der logic schemes that were replaced by PLCs.  

•        Function Block Diagram (FBD) —a graphical de-

piction of process fl ow using simple and complex 

interconnecting blocks.  

•        Sequential Function Chart (SFC) —a graphical 

depiction of interconnecting steps, actions, and 

transitions.  

•        Instruction List (IL) —a low-level, text-based 

 language that uses mnemonic instructions.  

•        Structured Text (ST) —a high-level, text-based lan-

guage such as BASIC, C, or PASCAL specifi cally 

developed for industrial control applications.     

 Ladder diagram language is the most commonly used 

PLC language and is designed to mimic relay logic. The 

ladder diagram is popular for those who prefer to de-

fi ne control actions in terms of relay contacts and coils, 

and other functions as block instructions.  Figure  5-13  

shows a comparison of ladder diagram programming 

and instruction list programming.  Figure  5-13a  shows 

  Figure 5-11  Scanning can be vertical or horizontal.   
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  Figure 5-12  Standard IEC 61131 languages associated with PLC programming.   
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  Figure 5-13  Comparison of ladder diagram and instruction list programming.   
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the original relay hardwired control circuit.  Figure 5-13b  

shows the equivalent logic ladder diagram programmed 

into a controller. Note how closely the ladder diagram 

program closely resembles the hardwired relay circuit. 

The input/output addressing is generally different for 

each PLC manufacturer.  Figure  5-13c  show how the 

original hardwired circuit could be programmed using 

the instruction list programming language. Note that 

the instructional list consists of a series of instructions 

that refer to the basic AND, OR, and NOT logic gate 

functions.  

 Functional block diagram programming uses instruc-

tions that are programmed as blocks wired together on 

screen to accomplish certain functions. Typical types of 

function blocks include logic, timers, and counters. Func-

tional block diagrams are similar in layout to electrical/

electronic block diagrams used to simplify complex sys-

tems by showing blocks of functionality. The primary 

concept behind a functional block diagram is data fl ow. 

Function blocks are linked together to complete a circuit 

that satisfi es a control requirement. Data fl ow on a path 

from inputs, through function blocks or instructions, and 

then to outputs. 

 The use of function blocks for programming of pro-

grammable logic controllers (PLCs) is gaining wider 

acceptance. Rather than the classic contact and coil repre-

sentation of ladder diagram or relay ladder logic program-

ming, function blocks present a graphical image to the 

programmer with underlying algorithms already defi ned. 

The programmer simply completes needed information 

within the block to complete that phase of the program. 

 Figure 5-14  shows function block diagram equivalents to 

ladder logic contacts.  

  Figure 5-15  illustrates how ladder diagram and func-

tional block diagram programming could be used to pro-

duce the same logical output. For this application, the 

objective is to turn on caution pilot light PL 1 whenever 

both sensor switch 1 and sensor switch 2 are closed. The 

ladder logic consists of a single rung across the power 

rails. This rung contains the two input sensor instructions 

programmed in series with the pilot light output instruc-

tion. The function block solution consists of a logic  Bool-
ean And  function block with two input references tags for 

the sensors and a single output reference tag for the pilot 

light. Note there are no power rails in the function block 

diagram.  

 Sequential function chart programming language is 

similar to a fl owchart of your process. SFC programming 

is designed to accommodate the programming of more 

advanced processes. This type of program can be split 

into steps with multiple operations happening in paral-

lel branches. The basic elements of a sequential function 

chart program are shown in  Figure 5-16 .  

 Structured text is a high level text language primarily 

used to implement complex procedures that cannot be 

easily expressed with graphical languages. Structured text 

uses statements to defi ne what to execute.  Figure 5-17  il-

lustrates how structured text and ladder diagram program-

ming could be used to produce the same logical output. 

For this application, the objective is to energize SOL 1 

whenever either one of the two following circuit condi-

tions exists: 

•       Sensor 1 and Sensor 2 switches are both closed.  

•       Sensor 3 and Sensor 4 switches are both closed and 

Sensor 5 switch is open.       
  Figure 5-14  Function block diagram equivalents to ladder 
logic contacts.   
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  Figure 5-15  PLC ladder and equivalent function block 
diagram.   
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  5.4 Relay-Type Instructions 
  The ladder diagram language is basically a  symbolic  set of 

instructions used to create the controller program. These 

ladder instruction symbols are arranged to obtain the de-

sired control logic that is to be entered into the memory 

of the PLC. Because the instruction set is composed of 

contact symbols, ladder diagram language is also referred 

to as  contact symbology.  
 Representations of contacts and coils are the basic sym-

bols of the logic ladder diagram instruction set. The three 

fundamental symbols that are used to translate relay control 

logic to contact symbolic logic are Examine If Closed (XIC), 

Examine If Open (XIO), and Output Energize (OTE). Each 

of these instructions relates to a single bit of PLC memory 

that is specifi ed by the instruction’s address. 

 The symbol for the  Examine If Closed (XIC)  instruc-

tion is shown in  Figure 5-18 . The XIC instruction, which 

is also called the Examine-on instruction, looks and oper-

ates like a normally open relay contact. Associated with 

each XIC instruction is a memory bit linked to the status 

of an input device or an internal logical condition in a 

rung. This instruction asks the PLC’s processor to exam-

ine if the contact is  closed.  It does this by examining the 

bit at the memory location specifi ed by the address in the 

following manner: 

•       The memory bit is set to 1 or 0 depending on the 

status of the input (physical) device or internal 

( logical) relay address associated with that bit.  

•       A 1 corresponds to a true status or on condition.  

•       A 0 corresponds to a false status or off condition.  

•       When the Examine-on instruction is associated 

with a physical input, the instruction will be set to 1 

when a physical input is present (voltage is applied 

to the input terminal), and 0 when there is no physi-

cal input present (no voltage applied to the input 

terminal).  

•       When the Examine-on instruction is associated by 

address with an internal relay, then the status of the 

  Figure 5-16  Major elements of a sequential function chart 
program.   

Initial
Step 1

Step 2 Action

Step 3 Action

Action

Transition

Wire

Wire
loop

Transition

Transition

Stop

  Figure 5-17  PLC ladder and equivalent structured text 
program.   
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END_IF;

Sensor 1

Sensor 3 Sensor 4 Sensor 5

Sensor 2

Ladder diagram (LD) program

SOL 1

  Figure 5-18  Examine If Closed (XIC) instruction.   
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bit is dependent on the logical status of the internal 

bit with the same address as the instruction.  

•       If the instruction memory bit is a 1 (true) this in-

struction will allow rung continuity through itself, 

like a closed relay contact.  

•       If the instruction memory bit is a 0 (false) this 

 instruction will not allow rung continuity through 

itself and will assume a normally open state just like 

an open relay contact.     

 The symbol for the  Examine If Open (XIO)  instruction 

is shown in  Figure 5-19 . The XIO instruction, which is 

also called the Examine-off instruction, looks and oper-

ates like a normally closed relay contact. Associated with 

each XIO instruction is a memory bit linked to the status 

of an input device or an internal logical condition in a 

rung. This instruction asks the PLC’s processor to exam-

ine if the contact is  open.  It does this by examining the 

bit at the memory location specifi ed by the address in the 

following manner: 

•       As with any other input the memory bit is set to 1 

or 0 depending on the status of the input (physical) 

device or internal (logical) relay address associated 

with that bit.  

•       A 1 corresponds to a true status or on condition.  

•       A 0 corresponds to a false status or off condition.  

•       When the Examine-off instruction is used to ex-

amine a physical input, then the instruction will be 

interpreted as false when there is a physical input 

(voltage) present (the bit is 1) and will be inter-

preted as true when there is no physical input pres-

ent (the bit is 0).  

•       If the Examine-off instruction were associated by 

address with an internal relay, then the status of the 

bit would be dependent on the logical status of the 

internal bit with the same address as the instruction.  

•       Like the Examine-on instruction, the status of the 

instruction (true or false) determines if the instruc-

tion will allow rung continuity through itself, like a 

closed relay contact.  

•       The memory bit always follows the status (true = 1 

or false = 0) of the input address or internal address 

assigned to it. The interpretation of that bit, how-

ever, is determined by which instruction is used to 

examine it.  

•       Examine-on instructions always interpret a 1 status 

as true and a 0 status as false, while Examine-off in-

structions interpret a 1 status as false and a 0 status 

as true.     

 The symbol for the  Output Energize (OTE)  instruc-

tion is shown in  Figure 5-20 . The OTE instruction looks 

and operates like a relay coil and is associated with a 

memory bit. This instruction signals the PLC to ener-

gize (switch on) or de-energize (switch off ) the output. 

The processor makes this instruction true (analogous to 

energizing a coil) when there is a logical path of true 

XIC and XIO instructions in the rung. The operation of 

the Output  Energize instruction can be summarized as 

follows: 

•       The status bit of the addressed Output Energize in-

struction is set to 1 to energize the output and to 0 to 

de-energize the output.  

•       If a true logic path is established with the input 

instructions in the rung, the OTE instruction is ener-

gized and the output device wired to its terminal is 

energized.  

•       If a true logic path cannot be established or 

rung conditions go false, the OTE instruction is 

de-energized and the output device wired to it is 

switched off.     

 Sometimes beginner programmers used to thinking in 

terms of hardwired relay control circuits tend to use the 

same type of contact (NO or NC) in the ladder logic pro-

gram that corresponds to the type of fi eld switch wired to 

the discrete input. While this is true in many instances, it 

is not the best way to think of the concept. A better ap-

proach is to separate the action of the fi eld device from 

  Figure 5-19  Examine If Open (XIO) instruction.   
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the action of the PLC bits as illustrated in  Figure 5-21 . A 

signal present makes the NO bit (1) true; a signal absent 

makes the NO bit (0) false. The reverse is true for an NC 

bit. A signal present makes the NC bit (1) false; a signal 

absent makes the NO bit (0) true.  

 The main function of the ladder logic diagram pro-

gram is to control outputs based on input conditions, as 

illustrated in  Figure  5-22 . This control is accomplished 

through the use of what is referred to as a ladder rung. In 

general, a rung consists of a set of input conditions, rep-

resented by contact instructions, and an output instruction 

at the end of the rung, represented by the coil symbol. 

Each contact or coil symbol is referenced with an address 

that identifi es what is being evaluated and what is being 

controlled. The same contact instruction can be used 

throughout the program whenever that condition needs to 

be evaluated. The number of ladder logic relays and input 

and output instructions is limited only by memory size. 

Most PLCs allow more than one output per rung.  

  Figure 5-20  Output Energize (OTE) instruction.   

Symbol

Output energize

Output
data

Input
data

Program

Ι:1/1

Ι:1/4

Ι:1/1

Ο:2/1

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

ON

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

1

1 1

Output
module

Input

module

Ι:1/4 Ο:2/1

  Figure 5-21  Separating the action of the fi eld device and 
PLC bit.   
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  Figure 5-22  Ladder logic diagram rungs.   
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 The addressing of real inputs and outputs, as well as 

internals, depends on the PLC model used. Addressing 

formats can vary from one PLC family to another as well 

as for different manufacturers. These addresses can be 

represented in decimal, octal, or hexadecimal depend-

ing on the number system used by the PLC. The address 

identifi es the function of an instruction and links it to a 

particular bit in the data table portion of the memory. 

 Figure  5-24  shows the addressing format for an Allen-

Bradley SLC 500 controller. Addresses contain the slot 

number of the module where input or output devices 

are connected. Addresses are formatted as fi le type, slot 

number, and bit.  

 The assignment of an I/O address can be included in 

the I/O connection diagram, as shown in  Figure 5-25 . In-

puts and outputs are typically represented by squares and 

diamonds, respectively.    

 For an output to be activated or energized, at least one 

left-to-right true logical path must exist, as illustrated in 

 Figure 5-23 . A complete closed path is referred to as hav-

ing logical continuity. When logical continuity exists in 

at least one path, the rung condition and Output Energize 

instruction are said to be true. The rung condition and 

OTE instruction are false if no logical continuity path has 

been established. During controller operation, the proces-

sor evaluates the rung logic and changes the state of the 

outputs according to the logical continuity of rungs.    

  5.5 Instruction Addressing 
  To complete the entry of a relay-type instruction, you 

must assign an address to each instruction. This address 

indicates what PLC input is connected to what input de-

vice and what PLC output will drive what output device. 

  Figure 5-23  Logical continuity.   

Rung 0

Rung 1

Rung 2

FTTF

TTTF

TT

T
T

  Figure 5-24  Addressing format for an Allen-Bradley SLC 500 controller.   
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  Figure 5-25  I/O connection diagram.   

O:3/6

Outputs

LL

Inputs

LS1

LL

PB1
SOL1

O:2/3

1 2 1

PL1

2

I:4/5

I:4/6 R

pet10882_ch05_071-094.indd   84pet10882_ch05_071-094.indd   84 7/28/10   9:14 PM7/28/10   9:14 PM

www.Techbooksyard.com



www.manaraa.com

 Basics of PLC Programming Chapter 5 85

 Additional input logic instructions (conditions) can 

be programmed in the output branches to enhance con-

ditional control of the outputs. When there is a true 

logic path, including extra input conditions on an output 

branch, that branch becomes true. In the example shown 

in  Figure 5-29 , either  A  and  D  or  B  and  D  provide a true 

logic path to  E.   
 Input and output branches can be  nested  to avoid 

redundant instructions and to speed up processor scan 

time.  Figure  5-30  illustrates nested input and output 

branches. A nested branch starts or ends within another 

branch.  

 In some PLC models, the programming of a branch 

circuit within a branch circuit or a  nested  branch can-

not be done directly. It is possible, however, to program 

a logically equivalent branching condition.  Figure 5-31  

shows an example of a circuit that contains a nested 

contact  D.  To obtain the required logic, the circuit 

would be programmed as shown in  Figure  5-32 . The 

duplication of contact  C  eliminates the nested con-

tact   D.  Nested branching can be converted into non-

nested branches by repeating instructions to make par-

allel equivalents.   

  5.6 Branch Instructions 
  Branch instructions are used to create parallel paths of 

input condition instructions. This allows more than one 

combination of input conditions (OR logic) to establish 

logic continuity in a rung.  Figure 5-26  illustrates a typical 

branch instruction. The rung will be true if either instruc-

tion  A  or  B  is true.  

 Input branching by formation of parallel branches can 

be used in your application program to allow more than 

one combination of input conditions. If at least one of these 

parallel branches forms a true logic path, the rung logic is 

true and the output will be energized. If none of the paral-

lel branches complete a logical path, logic rung continuity 

is not established and the output will not be de-energized.  

In the example shown in  Figure 5-27 , either  A  and  B,  or  C  

provides logical continuity and energizes output  D.   
 On most PLC models, branches can be established 

at both input and output portions of a rung. With output 

branching, you can program parallel outputs on a rung to 

allow a true logic path to control multiple outputs, as il-

lustrated in  Figure 5-28 . When there is a true logic rung 

path, all parallel outputs become true. In the example 

shown, either  A  or  B  provides a true logical path to all 

three output instructions:  C, D,  and  E.   

  Figure 5-26  Typical branch instruction.   

A

B

C

  Figure 5-27  Parallel input branches.   

B D

C

A

  Figure 5-28  Parallel output branches.   

B
D

E

CA

  Figure 5-29  Parallel output branching with conditions.   

B D E

CA

  Figure 5-30  Nested input and output branches.   

  Figure 5-31  Nested contact program.   
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  Figure 5-33  PLC matrix limitation diagram.   

Maximum 7
parallel lines

Maximum 10 contacts

  Figure 5-34  Program with vertical contact.   

Boolean equation: Y � (AD) � (BCD) � (BE) � (ACE )  

A D

B E

C

Y

  Figure 5-35  Reprogrammed to eliminate vertical contact.   

YDA

C DB

C EA

EB

 Some PLC manufacturers have virtually no limitations 

on allowable series elements, parallel branches, or out-

puts. For others, there may be limitations to the number of 

series contact instructions that can be included in one rung 

of a ladder diagram as well as limitations to the number 

of parallel branches. Also, there is an additional limitation 

with some PLCs: only one output per rung and the output 

must be located at the end of the rung. The only limita-

tion on the number of rungs is memory size.  Figure 5-33  

shows the matrix limitation diagram for a typical PLC. A 

maximum of seven parallel lines and 10 series contacts 

per rung is possible.  

 Another limitation to branch circuit programming is 

that the PLC will not allow for programming of vertical 

contacts. A typical example of this limitation is contact 

 C  of the user program drawn in  Figure 5-34 . To obtain 

the required logic, the circuit would be reprogrammed as 

shown in  Figure 5-35 .   

 The processor examines the ladder logic rung for logic 

continuity from left to right  only.  The processor never al-

lows for fl ow from right to left. This situation presents a 

problem for user program circuits similar to that shown in 

 Figure 5-36 . If programmed as shown, contact combination 

 FDBC  would be ignored. To obtain the required logic, the 

circuit would be reprogrammed as shown in  Figure 5-37 .       Figure 5-36  Original circuit.   

Boolean equation: Y � (ABC) � (ADE) � (FE) � (FDBC)  

A

E

B

D

F

C Y

  Figure 5-32  Program required to eliminate nested 
contact.   
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