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PREFACE

Since the first edition of this book in 1988, the capabilities of programmable
logic controllers have grown by leaps and bounds. Likewise, the applications
of PLCs have grown with them. In fact, in today’s increasingly computer-
controlled environment, it is almost impossible to find a technical industry
that does not use programmable controllers in one form or another. To
respond to these phenomenal changes, we introduce the second edition of
Programmable Controllers: Theory and Implementation.

This second edition, like the first, provides a comprehensive theoretical, yet
practical, look at all aspects of PLCs and their associated devices and systems.
However, this version goes one step further with new chapters on advanced
PLC topics, such as I/O bus networks, fuzzy logic, the IEC 1131-3 program-
ming standard, process control, and PID algorithms. This new edition also
presents revised, up-to-date information about existing topics, with expanded
graphics and new, hands-on examples. Furthermore, the new layout of the
book—with features like two-tone graphics, key terms lists, well-defined
headings and sections, callout icons, and a revised, expanded glossary—
makes the information presented even easier to understand.

This new edition has been a labor-intensive learning experience for all those
involved. As with any task so large, we could never have done it alone.
Therefore, we would like to thank the following companies for their help in
bringing this book to press: Allen-Bradley Company—Industrial Computer
Group, ASI-USA, B & R Industrial Automation, Bailey Controls Company,
DeviceNet Vendors Association, ExperTune Software, Fieldbus Foundation,
Hoffman Engineering Company, Honeywell—MicroSwitch Division,
LANcity—Cable Modem Division of Bay Networks, Mitsubishi Electronics,
Omron Electronics, Phoenix Contact, PLC Direct, PMC/BETA LP, Profibus
Trade Organization, Schaevitz Engineering Company, Siemens Automation,
Square D Company, Thermometrics, and WAGO.

We hope that you will find this book to be a valuable learning and reference
tool. We have tried to present a variety of programmable control operations;
however, with the unlimited variations in control systems, we certainly have
not been able to provide an exhaustive list of PLC applications. Only you,
armed with the knowledge gained through this book, can explore the true
limits of programmable logic controllers.

Stephanie Philippo
Editor
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HOW TO USE THIS BOOK

Welcome to Programmable Controllers: Theory and Implementation. Be-
fore you begin reading, please review the following strategies for using this
book. By following these study strategies, you will more thoroughly under-
stand the information presented in the text and, thus, be better able to apply
this knowledge in real-life situations.

BEFORE YOU BEGIN READING

• Look through the book to familiarize yourself with its structure.

• Read the table of contents to review the subjects you will be studying.

• Familiarize yourself with the icons used throughout the text:

Chapter Highlights

Key Terms

• Look at the appendices to see what reference materials have been provided.

AS YOU STUDY EACH CHAPTER

• Before you start a chapter, read the Chapter Highlights paragraph at the
beginning of the chapter’s text. This paragraph will give you an overview
of what you’ll learn, as well as explain how the information presented in
the chapter fits into what you’ve already learned and what you will learn.

• Read the chapter, paying special attention to the bolded items. These are
key terms that indicate important topics that you should understand after
finishing the chapter.

• When you encounter an exercise, try to solve the problem yourself before
looking at the solution. This way, you'll determine which topics you
understand and which topics you should study further.

WHEN YOU FINISH EACH CHAPTER

• At the end of each chapter, look over the list of key terms to ensure that
you understand all of the important subjects presented in the chapter. If
you’re not sure about a term, review it in the text.

• Review the exercises to ensure that you understand the logic and equa-
tions involved in each problem. Also, review the workbook and study
guide, making sure that you can work all of the problems correctly.

• When you’re sure that you thoroughly understand the information that has
been presented, you’re ready to move on to the next chapter.
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INTRODUCTION TO
PROGRAMMABLE CONTROLLERS

CHAPTER
ONE

I find the great thing in this world is not so
much where we stand as in what direction we
are moving.

—Oliver Wendell Holmes
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Figure 1-1.  PLC conceptual application diagram.

CHAPTER

HIGHLIGHTS

Programmable controllers have many definitions. However, PLCs can be
thought of in simple terms as industrial computers with specially designed
architecture in both their central units (the PLC itself) and their interfacing
circuitry to field devices (input/output connections to the real world).

Every aspect of industry—from power generation to automobile painting to
food packaging—uses programmable controllers to expand and enhance
production. In this book, you will learn about all aspects of these powerful and
versatile tools. This chapter will introduce you to the basics of programmable
controllers—from their operation to their vast range of applications. In it, we
will give you an inside look at the design philosophy behind their creation,
along with a brief history of their evolution. We will also compare program-
mable controllers to other types of controls to highlight the benefits and
drawbacks of each, as well as pinpoint situations where PLCs work best.
When you finish this chapter, you will understand the fundamentals of
programmable controllers and be ready to explore the number systems
associated with them.

1-1  DEFINITION

Programmable logic controllers, also called programmable controllers or
PLCs, are solid-state members of the computer family, using integrated
circuits instead of electromechanical devices to implement control functions.
They are capable of storing instructions, such as sequencing, timing,
counting, arithmetic, data manipulation, and communication, to control
industrial machines and processes. Figure 1-1 illustrates a conceptual
diagram of a PLC application.

Programmable
ControllerField

Inputs
Field

Outputs

Measure Control

Process
or

Machine
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The Hydramatic Division of the General Motors Corporation specified the
design criteria for the first programmable controller in 1968. Their primary
goal was to eliminate the high costs associated with inflexible, relay-
controlled systems. The specifications required a solid-state system with
computer flexibility able to (1) survive in an industrial environment, (2) be
easily programmed and maintained by plant engineers and technicians, and
(3) be reusable. Such a control system would reduce machine downtime and
provide expandability for the future. Some of the initial specifications
included the following:

• The new control system had to be price competitive with the use of
relay systems.

• The system had to be capable of sustaining an industrial environment.

• The input and output interfaces had to be easily replaceable.

• The controller had to be designed in modular form, so that subassem-
blies could be removed easily for replacement or repair.

• The control system needed the capability to pass data collection to a
central system.

• The system had to be reusable.

• The method used to program the controller had to be simple, so that
it could be easily understood by plant personnel.

As you will see throughout this book, programmable logic controllers are
mature industrial controllers with their design roots based on the principles of
simplicity and practical application.

The product implementation to satisfy Hydramatic’s specifications was
underway in 1968; and by 1969, the programmable controller had its first
product offsprings. These early controllers met the original specifications and
opened the door to the development of a new control technology.

The first PLCs offered relay functionality, thus replacing the original
hardwired relay logic, which used electrically operated devices to mechani-
cally switch electrical circuits. They met the requirements of modularity,
expandability, programmability, and ease of use in an industrial environment.
These controllers were easily installed, used less space, and were reusable.
The controller programming, although a little tedious, had a recognizable
plant standard: the ladder diagram format.

1-2  A HISTORICAL BACKGROUND

THE FIRST PROGRAMMABLE CONTROLLER



SECTION

1
Introductory
Concepts

6Industrial Text and Video Company    1-800-752-8398
www.industrialtext.com

CHAPTER

1
Introduction to

Programmable Controllers

In a short period, programmable controller use started to spread to other
industries. By 1971, PLCs were being used to provide relay replacement as
the first steps toward control automation in other industries, such as food and
beverage, metals, manufacturing, and pulp and paper.

THE CONCEPTUAL DESIGN OF THE PLC

The first programmable controllers were more or less just relay replacers.
Their primary function was to perform the sequential operations that were
previously implemented with relays. These operations included ON/OFF
control of machines and processes that required repetitive operations, such as
transfer lines and grinding and boring machines. However, these
programmable controllers were a vast improvement over relays. They were
easily installed, used considerably less space and energy, had diagnostic
indicators that aided troubleshooting, and unlike relays, were reusable if a
project was scrapped.

Programmable controllers can be considered newcomers when they are
compared to their elder predecessors in traditional control equipment
technology, such as old hardwired relay systems, analog instrumentation,
and other types of early solid-state logic. Although PLC functions, such as
speed of operation, types of interfaces, and data-processing capabilities, have
improved throughout the years, their specifications still hold to the
designers’ original intentions—they are simple to use and maintain.

TODAY’S PROGRAMMABLE CONTROLLERS

Many technological advances in the programmable controller industry
continue today. These advances not only affect programmable controller
design, but also the philosophical approach to control system architecture.
Changes include both hardware (physical components) and software (con-
trol program) upgrades. The following list describes some recent PLC
hardware enhancements:

• Faster scan times are being achieved using new, advanced micro-
processor and electronic technology.

• Small, low-cost PLCs (see Figure 1-2), which can replace four to ten
relays, now have more power than their predecessor, the simple relay
replacer.

• High-density input/output (I/O) systems (see Figure 1-3) provide
space-efficient interfaces at low cost.

• Intelligent, microprocessor-based I/O interfaces have expanded dis-
tributed processing. Typical interfaces include PID (proportional-
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integral-derivative), network, CANbus, fieldbus, ASCII communica-
tion, positioning, host computer, and language modules (e.g., BASIC,
Pascal).

• Mechanical design improvements have included rugged input/output
enclosures and input/output systems that have made the terminal an
integral unit.

• Special interfaces have allowed certain devices to be connected
directly to the controller. Typical interfaces include thermocouples,
strain gauges, and fast-response inputs.

• Peripheral equipment has improved operator interface techniques,
and system documentation is now a standard part of the system.

Figure 1-3. PLC system
with high-density I/O
(64-point modules).

Figure 1-2.  Small PLC with built-in
I/O and detachable, handheld
programming unit.

All of these hardware enhancements have led to the development of
programmable controller families like the one shown in Figure 1-4. These
families consist of a product line that ranges from very small
“microcontrollers,” with as few as 10 I/O points, to very large and
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sophisticated PLCs, with as many as 8,000 I/O points and 128,000 words of
memory. These family members, using common I/O systems and
programming peripherals, can interface to a local communication network.
The family concept is an important cost-saving development for users.

Figure 1-4. Allen-Bradley’s programmable controller family concept with several PLCs.

Like hardware advances, software advances, such as the ones listed below,
have led to more powerful PLCs:

• PLCs have incorporated object-oriented programming tools and
multiple languages based on the IEC 1131-3 standard.

• Small PLCs have been provided with powerful instructions, which
extend the area of application for these small controllers.

• High-level languages, such as BASIC and C, have been implemented
in some controllers’ modules to provide greater programming flex-
ibility when communicating with peripheral devices and manipulat-
ing data.

• Advanced functional block instructions have been implemented for
ladder diagram instruction sets to provide enhanced software capabil-
ity using simple programming commands.

• Diagnostics and fault detection have been expanded from simple
system diagnostics, which diagnose controller malfunctions, to
include machine diagnostics, which diagnose failures or
malfunctions of the controlled machine or process.

• Floating-point math has made it possible to perform complex calcu-
lations in control applications that require gauging, balancing, and
statistical computation.
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• Data handling and manipulation instructions have been improved and
simplified to accommodate complex control and data acquisition
applications that involve storage, tracking, and retrieval of large
amounts of data.

Programmable controllers are now mature control systems offering many
more capabilities than were ever anticipated. They are capable of
communicating with other control systems, providing production reports,
scheduling production, and diagnosing their own failures and those of the
machine or process. These enhancements have made programmable
controllers important contributors in meeting today’s demands for higher
quality and productivity. Despite the fact that programmable controllers have
become much more sophisticated, they still retain the simplicity and ease of
operation that was intended in their original design.

PROGRAMMABLE CONTROLLERS AND THE FUTURE

The future of programmable controllers relies not only on the continuation of
new product developments, but also on the integration of PLCs with other
control and factory management equipment. PLCs are being incorporated,
through networks, into computer-integrated manufacturing (CIM) systems,
combining their power and resources with numerical controls, robots, CAD/
CAM systems, personal computers, management information systems, and
hierarchical computer-based systems. There is no doubt that programmable
controllers will play a substantial role in the factory of the future.

New advances in PLC technology include features such as better operator
interfaces, graphic user interfaces (GUIs), and more human-oriented man/
machine interfaces (such as voice modules). They also include the
development of interfaces that allow communication with equipment,
hardware, and software that supports artificial intelligence, such as fuzzy
logic I/O systems.

Software advances provide better connections between different types of
equipment, using communication standards through widely used networks.
New PLC instructions are developed out of the need to add intelligence to a
controller. Knowledge-based and process learning–type instructions may be
introduced to enhance the capabilities of a system.

The user’s concept of the flexible manufacturing system (FMS) will deter-
mine the control philosophy of the future. The future will almost certainly
continue to cast programmable controllers as an important player in the
factory. Control strategies will be distributed with “intelligence” instead of
being centralized. Super PLCs will be used in applications requiring complex
calculations, network communication, and supervision of smaller PLCs and
machine controllers.
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Figure 1-5.  Programmable controller block diagram.

Figure 1-6.  Block diagram of major CPU components.
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The central processing unit (CPU) governs all PLC activities. The following
three components, shown in Figure 1-6, form the CPU:

• the processor

• the memory system

• the system power supply
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1-3  PRINCIPLES OF OPERATION

A programmable controller, as illustrated in Figure 1-5, consists of two basic
sections:

• the central processing unit

• the input/output interface system
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Figure 1-7. Illustration of a scan.

The operation of a programmable controller is relatively simple. The input/
output (I/O) system is physically connected to the field devices that are
encountered in the machine or that are used in the control of a process. These
field devices may be discrete or analog input/output devices, such as limit
switches, pressure transducers, push buttons, motor starters, solenoids, etc.
The I/O interfaces provide the connection between the CPU and the informa-
tion providers (inputs) and controllable devices (outputs).

During its operation, the CPU completes three processes: (1) it reads, or
accepts, the input data from the field devices via the input interfaces, (2) it
executes, or performs, the control program stored in the memory system, and
(3) it writes, or updates, the output devices via the output interfaces. This
process of sequentially reading the inputs, executing the program in memory,
and updating the outputs is known as scanning. Figure 1-7 illustrates a
graphic representation of a scan.

The input/output system forms the interface by which field devices are
connected to the controller (see Figure 1-8). The main purpose of the interface
is to condition the various signals received from or sent to external field
devices. Incoming signals from sensors (e.g., push buttons, limit switches,
analog sensors, selector switches, and thumbwheel switches) are wired to
terminals on the input interfaces. Devices that will be controlled, like motor
starters, solenoid valves, pilot lights, and position valves, are connected to
the terminals of the output interfaces. The system power supply provides
all the voltages required for the proper operation of the various central
processing unit sections.

(1)

(2)

(3)
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Figure 1-9. (a) Personal computer used as a programming device and (b) a mini-
programmer unit.

Chapters 4 and 5 will present a more detailed discussion of the central
processing unit and how it interacts with memory and input/output interfaces.
Chapters 6, 7, and 8 discuss the input/output system.

Although not generally considered a part of the controller, the programming
device, usually a personal computer or a manufacturer’s miniprogrammer
unit, is required to enter the control program into memory (see Figure 1-9).
The programming device must be connected to the controller when entering
or monitoring the control program.

Figure 1-8.  Input/output interface.
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1-4  PLCS VERSUS OTHER TYPES OF CONTROLS

PLCS VERSUS RELAY CONTROL

For years, the question many engineers, plant managers, and original
equipment manufacturers (OEMs) asked was, “Should I be using a
programmable controller?” At one time, much of a systems engineer’s time
was spent trying to determine the cost-effectiveness of a PLC over relay
control. Even today, many control system designers still think that they are
faced with this decision. One thing, however, is certain—today’s demand for
high quality and productivity can hardly be fulfilled economically without
electronic control equipment. With rapid technology developments and
increasing competition, the cost of programmable controls has been driven
down to the point where a PLC-versus-relay cost study is no longer necessary
or valid. Programmable controller applications can now be evaluated on their
own merits.

When deciding whether to use a PLC-based system or a hardwired relay
system, the designer must ask several questions. Some of these questions are:

• Is there a need for flexibility in control logic changes?

• Is there a need for high reliability?

• Are space requirements important?

• Are increased capability and output required?

• Are there data collection requirements?

• Will there be frequent control logic changes?

• Will there be a need for rapid modification?

• Must similar control logic be used on different machines?

• Is there a need for future growth?

• What are the overall costs?

The merits of PLC systems make them especially suitable for applications in
which the requirements listed above are particularly important for the
economic viability of the machine or process operation. A case which speaks
for itself, the system shown in Figure 1-10, shows why programmable
controllers are easily favored over relays. The implementation of this system
using electromechanical standard and timing relays would have made this
control panel a maze of large bundles of wires and interconnections.
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If system requirements call for flexibility or future growth, a programmable
controller brings returns that outweigh any initial cost advantage of a relay
control system. Even in a case where no flexibility or future expansion is
required, a large system can benefit tremendously from the troubleshooting
and maintenance aids provided by a PLC. The extremely short cycle (scan)
time of a PLC allows the productivity of machines that were previously under
electromechanical control to increase considerably. Also, although relay
control may cost less initially, this advantage is lost if production downtime
due to failures is high.

PLCS VERSUS COMPUTER CONTROLS

Figure 1-10. The uncluttered control panel of an installed PLC system.

The architecture of a PLC’s CPU is basically the same as that of a general
purpose computer; however, some important characteristics set them apart.
First, unlike computers, PLCs are specifically designed to survive the harsh
conditions of the industrial environment. A well-designed PLC can be placed
in an area with substantial amounts of electrical noise, electromagnetic
interference, mechanical vibration, and noncondensing humidity.
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A second distinction of PLCs is that their hardware and software are designed
for easy use by plant electricians and technicians. The hardware interfaces for
connecting field devices are actually part of the PLC itself and are easily
connected. The modular and self-diagnosing interface circuits are able to
pinpoint malfunctions and, moreover, are easily removed and replaced. Also,
the software programming uses conventional relay ladder symbols, or other
easily learned languages, which are familiar to plant personnel.

Whereas computers are complex computing machines capable of executing
several programs or tasks simultaneously and in any order, the standard PLC
executes a single program in an orderly, sequential fashion from first to last
instruction. Bear in mind, however, that PLCs as a system continue to become
more intelligent. Complex PLC systems now provide multiprocessor and
multitasking capabilities, where one PLC may control several programs in a
single CPU enclosure with several processors (see Figure 1-11).

Figure 1-11.  PLC system with multiprocessing and multitasking capabilities.

PLCS VERSUS PERSONAL COMPUTERS

With the proliferation of the personal computer (PC), many engineers have
found that the personal computer is not a direct competitor of the PLC in
control applications. Rather, it is an ally in the implementation of the control
solution. The personal computer and the PLC possess similar CPU architec-
ture; however, they distinctively differ in the way they connect field devices.

While new, rugged, industrial personal computers can sometimes sustain
midrange industrial environments, their interconnection to field devices still
presents difficulties. These computers must communicate with I/O interfaces
not necessarily designed for them, and their programming languages may not
meet the standards of ladder diagram programming. This presents a problem
to people familiar with the ladder diagram standard when troubleshooting and
making changes to the system.
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The personal computer is, however, being used as the programming device of
choice for PLCs in the market, where PLC manufacturers and third-party
PLC support developers come up with programming and documentation
systems for their PLC product lines. Personal computers are also being
employed to gather process data from PLCs and to display information
about the process or machine (i.e., they are being used as graphic user
interfaces, or GUIs). Because of their number-crunching capabilities,
personal computers are also well suited to complement programmable
controllers and to bridge the communication gap, through a network, between
a PLC system and other mainframe computers (see Figure 1-12).

Figure 1-12.  A personal computer used as a bridge between a PLC system and a
main computer system.

Some control software manufacturers, however, utilize PCs as CPU
hardware to implement a PLC-like environment. The language they use is
based on the International Electrotechnical Commission (IEC) 1131-3
standard, which is a graphic representation language (sequential function
charts) that includes ladder diagrams, functional blocks, instruction lists, and
structured text. These software manufacturers generally do not provide I/O
hardware interfaces; but with the use of internal PC communication cards,
these systems can communicate with other PLC manufacturers’ I/O hardware
modules. Chapter 10 explains the IEC 1131-3 standard.

PLC
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Since its inception, the PLC has been successfully applied in virtually
every segment of industry, including steel mills, paper plants, food-process-
ing plants, chemical plants, and power plants. PLCs perform a great variety
of control tasks, from repetitive ON/OFF control of simple machines to
sophisticated manufacturing and process control. Table 1-1 lists a few of
the major industries that use programmable controllers, as well as some of
their typical applications.

Table 1-1. Typical programmable controller applications.

TYPICAL AREAS OF PLC APPLICATIONS
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Table 1-2. Examples of PLC applications.

Because the applications of programmable controllers are extensive, it is
impossible to list them all in this book. However, Table 1-2 provides a small
sample of how PLCs are being used in industry.
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Table 1-2 continued.
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Table 1-2 continued.

.smetsySlaveirteRdnaegarotS nimehtyrracdnastrapdaolotdesusiCLPA
enalaekilnoitamrofniskcartrellortnocehT.metsyslaveirterdnaegarotsehtnisetot
ralucitrapanistrapfoytitnauqehtdna,senalcificepsotdengissastrapeht,srebmun
rodedaolstrapfosutatsehtnisegnahcdiparswollatnemegnarraCLPsihT.enal
dnastuotnirpyrotnevnisedivorposlarellortnocehT.metsysehtmorfdedaolnu

.snoitcnuflamynaforotarepoehtsmrofni

.smetsySroyevnoC ,smrala,snoitarepolaitneuqesehtfollaslortnocmetsysehT
tI.royevnocenilniamanostrapetalucricdnadaolotyrassecencigolytefasdna

ezimitpootgnitrosenaleludehcsnacdnasenaltcerrocriehtotstcudorpstrososla
deniatboebnacstcejerotstrapdoogfooitarehtgniliatedsdroceR.ytudrezitellap

.tfihshcaefodneehtta

.gnisuoheraWdetamotuA fotnemevomehtsezimitpodnaslortnocCLPehT
,detamotuananistseuqerslairetamfodnuoranruthgihsedivorpdnasenarcgnikcats
esacdnasroyevnocelsiaslortnocoslaCLPehT.esuoherawlacitrev,ebuc-hgih
serugiflortnocyrotnevnI.stnemeriuqerrewopnamecuderyltnacifingisotsrezitellap

.tseuqernodedivorpebnacdnadeniatniamera

M SLATE

.gnikaMleetS nilatemecudorpotsecanrufsetarepodnaslortnocCLPehT
negyxosetaluclacoslarellortnocehT.snoitacificepsteserphtiwecnadrocca

.stnemeriuqerrewopdna,snoitiddayolla,stnemeriuqer

.syollAfognidaolnUdnagnidaoL gnidaoldnagnihgiewetaruccahguorhT
dna,eronori,laocfoytitnauqehtsrotinomdnaslortnocmetsyseht,secneuqes
aotleetsehtfoecneuqesgnidaolnuehtlortnocoslanactI.detlemebotenotsemil

.racodeprot

.gnitsaCsuounitnoC -suounitnocehtoteldaltropsnartleetsnetlomehttceridsCLP
.noitacifidilosrofdlomdelooc-retawaotnideruopsileetsehterehw,enihcamgnitsac

.gnilloRdloC dehsinifotnistcudorpdehsinifimesfonoisrevnocehtlortnocsCLP
tcerrocniatbootdeepsrotomslortnocmetsysehT.sllimgnillor-dlochguorhtsdoog

.lairetamdellorehtfogniguagetauqedaedivorpdnanoisnet

.gnikaMmunimulA eraseitirupmihcihwni,ssecorpgniniferehtrotinomsrellortnoC
eroehtseximdnasdnirgmetsysehT.slacimehcdnataehybetixuabmorfdevomer
erayehterehw,sreniatnocerusserpotnimehtspmupnehtdnaslacimehchtiw

.slacimehceromhtiwdenibmocdna,deretlif,detaeh

P REWO

.metsySrewoPtnalP noitubirtsidreporpehtsetalugerrellortnocelbammargorpehT
esuohrewopsrotinomCLPeht,noitiddanI.maetsro,sag,yticirtceleelbaliavafo
ehT.stropernoitubirtsidsetarenegdna,ygrenefonoitubirtsidseludehcs,seitilicaf
daolcitamotuaehtsallewsa,tnalpehtfonoitarepognirudsdaolehtslortnocCLP

.segatuorewopgnirudgnirotserrogniddehs

.tnemeganaMygrenE eht,serutarepmetedistuodnaedisnifognidaerehthguorhT
metsysCLPehT.tnalpgnirutcafunamanistinugniloocdnagnitaehslortnocCLP
fokcartgnipeekdnaselcycdenimretederpgnirudmehtgnilcyc,sdaolehtslortnoc
sedivorpmetsysehT.emitelcycehtgnirudfforonoebdluohshcaegnolwoh
.stinugniloocdnagnitaehehtybdesuygrenefotnuomaehtnostroperdeludehcs



21

CHAPTER

1
Introduction to

Programmable Controllers

Industrial Text and Video Company    1-800-752-8398
www.industrialtext.com

SECTION

1
Introductory
Concepts

Table 1-2 continued.
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Figure 1-13. PLC product ranges.

Micro PLCs are used in applications controlling up to 32 input and output
devices, 20 or less I/O being the norm. The micros are followed by the small
PLC category, which controls 32 to 128 I/O. The medium (64 to 1024 I/O),
large (512 to 4096 I/O), and very large (2048 to 8192 I/O) PLCs complete
the segmentation. Figure 1-14 shows several PLCs that fall into this
category classification.

The A, B, and C overlapping areas in Figure 1-13 reflect enhancements, by
adding options, of the standard features of the PLCs within a particular
segment. These options allow a product to be closely matched to the
application without having to purchase the next larger unit. Chapter 20
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1-5  PLC PRODUCT APPLICATION RANGES

Figure 1-13 graphically illustrates programmable controller product ranges.
This chart is not definitive, but for practical purposes, it is valid. The PLC
market can be segmented into five groups:

1. micro PLCs

2. small PLCs

3. medium PLCs

4. large PLCs

5. very large PLCs
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covers, in detail, the differences between PLCs in overlapping areas. These
differences include I/O count, memory size, programming language, soft-
ware functions, and other factors. An understanding of the PLC product
ranges and their characteristics will allow the user to properly identify the
controller that will satisfy a particular application.

Figure 1-14. (a) Mitsubishi’s smallest print size PLC (14 I/O), (b) PLC Direct DL105 with 18
I/O and a capacity of 6 amps per output channel, (c) Giddings & Lewis PIC90
capable of handling 128 I/O with motion control capabilities, (d) Allen-Bradley’s
PLC 5/15 (512 I/O), (e) Omron’s C200H PLC (1392 I/O), and (f) Allen-Bradley’s
PLC 5/80 (3072 I/O).
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1-6  LADDER DIAGRAMS AND THE PLC

The ladder diagram has and continues to be the traditional way of represent-
ing electrical sequences of operations. These diagrams represent the inter-
connection of field devices in such a way that the activation, or turning
ON, of one device will turn ON another device according to a predetermined
sequence of events. Figure 1-15 illustrates a simple electrical ladder diagram.

The original ladder diagrams were established to represent hardwired logic
circuits used to control machines or equipment. Due to wide industry use,
they became a standard way of communicating control information from
the designers to the users of equipment. As programmable controllers were
introduced, this type of circuit representation was also desirable because it
was easy to use and interpret and was widely accepted in industry.

Programmable controllers can implement all of the “old” ladder diagram
conditions and much more. Their purpose is to perform these control
operations in a more reliable manner at a lower cost. A PLC implements, in
its CPU, all of the old hardwired interconnections using its software instruc-
tions. This is accomplished using familiar ladder diagrams in a manner that
is transparent to the engineer or programmer. As you will see throughout this
book, a knowledge of PLC operation, scanning, and instruction programming
is vital to the proper implementation of a control system.

Figure 1-16 illustrates the PLC transformation of the simple diagram shown
in Figure 1-15 to a PLC format. Note that the “real” I/O field devices are
connected to input and output interfaces, while the ladder program is
implemented in a manner, similar to hardwiring, inside the programmable
controller (i.e., softwired inside the PLC’s CPU instead of hardwired in a
panel). As previously mentioned, the CPU reads the status of inputs, ener-
gizes the corresponding circuit element according to the program, and
controls a real output device via the output interfaces.

Figure 1-15. Simple electrical ladder diagram.

L1 L2

PL
LS1

PB1

LS2
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EXAMPLE 1-1

In the hardwired circuit shown in Figure 1-15, the pilot light PL will turn
ON if the limit switch LS1 closes and if either push button PB1 or limit
switch LS2 closes. In the PLC circuit, the same series of events will
cause the pilot light—connected to an output module—to turn ON.
Note that in the PLC circuit in Figure 1-16, the internal representation
of contacts provides the equivalent power logic as a hardwired circuit
when the referenced input field device closes or is pushed. Sketch
hardwired and PLC implementation diagrams for the circuit in Figure
1-15 illustrating the configurations of inputs that will turn PL ON.

SOLUTION

Figure 1-17 shows several possible configurations for the circuit in
Figure 1-15. The highlighted blue lines indicate that power is present
at that connection point, which is also the way a programming or
monitoring device represents power in a PLC circuit. The last two
configurations in Figure 1-17 are the only ones that will turn PL ON.

As you will see later, each instruction is represented inside the PLC by a
reference address, an alphanumeric value by which each device is known in
the PLC program. For example, the push button PB1 is represented inside the
PLC by the name PB1 (indicated on top of the instruction symbol) and
likewise for the other devices shown in Figure 1-16. These instructions are
represented here, for simplicity, with the same device and instruction names.
Chapters 3 and 5 further discuss basic addressing techniques, while Chapter
6 covers input/output wiring connections. Example 1-1 illustrates the similar-
ity in operation between hardwired and PLC circuits.

Figure 1-16. PLC implementation of Figure 1-15.

L1 L1 L2L2

PLPB1

LS1 LS2

PB1 LS1 PL

LS2

represents input module                represents output module
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Figure 1-17. Possible configurations of inputs and corresponding outputs.

1-7  ADVANTAGES OF PLCS

In general, PLC architecture is modular and flexible, allowing hardware and
software elements to expand as the application requirements change. In the
event that an application outgrows the limitations of the programmable
controller, the unit can be easily replaced with a unit having greater memory
and I/O capacity, and the old hardware can be reused for a smaller application.
A PLC system provides many benefits to control solutions, from reliability
and repeatability to programmability. The benefits achieved with program-
mable controllers will grow with the individual using them—the more you
learn about PLCs, the more you will be able to solve other control problems.
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Table 1-3.  Typical programmable controller features and benefits.

Without question, the “programmable” feature provides the single greatest
benefit for the use and installation of programmable controllers. Eliminating
hardwired control in favor of programmable control is the first step towards
achieving a flexible control system. Once installed, the control plan can be
manually or automatically altered to meet day-to-day control requirements
without changing the field wiring. This easy alteration is possible since there
are no physical connections between the field input devices and output
devices (see Figure 1-18), as in hardwired systems. The only connection is
through the control program, which can be easily altered.

Table 1-3 lists some of the many features and benefits obtained with a
programmable controller.
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A typical example of the benefits of softwiring is a solenoid that is controlled
by two limit switches connected in series (see Figure 1-19a). Changing the
solenoid operation by placing the two limit switches in parallel (see Figure 1-
19b) or by adding a third switch to the existing circuit (see Figure 1-19c)
would take less than one minute in a PLC. In most cases, this simple program
change can be made without shutting down the system. This same change to
a hardwired system could take as much as thirty to sixty minutes of downtime,
and even a half hour of downtime can mean a costly loss of production. A
similar situation exists if there is a need to change a timer preset value or some
other constant. A software timer in a PLC can be changed in as little as five
seconds. A set of thumbwheel switches and a push button can be easily
configured to input new preset values to any number of software timers. The
time savings benefit of altering software timers, as opposed to altering
several hardware timers, is obvious.

The hardware features of programmable controllers provide similar
flexibility and cost savings. An intelligent CPU is capable of communicating
with other intelligent devices. This capability allows the controller to be
integrated into local or plantwide control schemes. With such a control

Figure 1-18.  Programmable controller I/O connection diagram showing no physical
connections between the inputs and outputs.
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configuration, a PLC can send useful English messages regarding the
controlled system to an intelligent display. On the other hand, a PLC can
receive supervisory information, such as production changes or scheduling
information, from a host computer. A standard I/O system includes a variety
of digital, analog, and special interface modules, which allow sophisticated
control without the use of expensive, customized interface electronics.

Figure 1-19.  Example of hardwiring changes as opposed to softwiring changes.

LS1 LS2 SOL LS1 LS2 SOL

LS1 LS3 SOL LS1 LS3 SOL

LS1

LS2

SOL LS1 SOL

LS2

LS2 LS2

(a) SERIES

(b) PARALLEL

(c) Adding One LS In Series

HARDWIRED PLC

(a) Series

(b) Parallel

(c) Adding one LS in series

EASE OF INSTALLATION

Several attributes make PLC installation an easy, cost-effective project. Its
relatively small size allows a PLC to be conveniently located in less than half
the space required by an equivalent relay control panel (see Figure 1-20). On
a small-scale changeover from relays, a PLC’s small, modular construction
allows it to be mounted in the same enclosure where the relays were located.
Actual changeover can be made quickly by simply connecting the input/
output devices to the prewired terminal strips.
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In large installations, remote input/output stations are placed at optimum
locations (see Figure 1-21). A coaxial cable or a twisted pair of wires connects
the remote station to the CPU. This configuration results in a considerable
reduction in material and labor costs as compared to a hardwired system,
which would involve running multiple wires and installing large conduits.
The remote subsystem approach also means that various sections of a total
system can be completely prewired by an OEM or PLC vendor prior to
reaching the installation site. This approach considerably reduces the time
spent by an electrician during an on-site installation.

Figure 1-21.  Remote I/O station installation.

Figure 1-20. Space-efficient design of a PLC.
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EASE OF MAINTENANCE AND TROUBLESHOOTING

Figure 1-23.  Failures in a PLC-based system.

Figure 1-22. (a)  A PLC processor and (b) an intelligent module containing several
status indicators.
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From the beginning, programmable controllers have been designed with ease
of maintenance in mind. With virtually all components being solid-state,
maintenance is reduced to the replacement of modular, plug-in components.
Fault detection circuits and diagnostic indicators (see Figure 1-22), incorpo-
rated in each major component, signal whether the component is working
properly or malfunctioning. In fact, most failures associated with a PLC-
based system stem from failures directly related to the field input/output
devices, rather than the PLC’s CPU or I/O interface system (see Figure 1-23).
However, the monitoring capability of a PLC system can easily detect and
correct these field device failures.
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Figure 1-24. A programming device being used to monitor inputs and outputs,
with highlighted contacts indicating an ON condition.

KEY

TERMS

With the aid of the programming device, any programmed logic can be
viewed to see if inputs or outputs are ON or OFF (see Figure 1-24).
Programmed instructions can also be written to enunciate certain failures.

These and several other attributes of the PLC make it a valuable part of any
control system. Once installed, its contribution will be quickly noticed and
payback will be readily realized. The potential benefits of the PLC, like any
intelligent device, will depend on the creativity with which it is applied.

It is obvious from the preceding discussion that the potential benefits of
applying programmable controllers in an industrial application are
substantial. The bottom line is that, through the use of programmable
controllers, users will achieve high performance and reliability, resulting in
higher quality at a reduced cost.

address
central processing unit (CPU)
execute
hardware
input/output system
interface
ladder diagram
programmable logic controller (PLC)
programming device
read
relay logic
scan
software
solid-state
write
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In this chapter, we will explain the number systems and digital codes that are
most often used in programmable controller applications. We will first
introduce the four number systems most frequently used during input/output
address assignment and programming: binary, octal, decimal, and hexadeci-
mal. Then, we will discuss the binary coded decimal (BCD) and Gray codes,
along with the ASCII character set and several PLC register formats. Since
these codes and systems are the foundation of the logic behind PLCs, a basic
knowledge of them will help you understand how PLCs work.

2-1  NUMBER SYSTEMS

A familiarity with number systems is quite useful when working with
programmable controllers, since a basic function of these devices is to
represent, store, and operate on numbers, even when performing the simplest
of operations. In general, programmable controllers use binary numbers in
one form or another to represent various codes and quantities. Although these
number operations are transparent for the most part, there are occasions where
a knowledge of number systems is helpful.

First, let’s review some basics. The following statements apply to any
number system:

• Every number system has a base or radix.

• Every system can be used for counting.

• Every system can be used to represent quantities or codes.

• Every system has a set of symbols.

The base of a number system determines the total number of unique symbols
used by that system. The largest-valued symbol always has a value of one less
than the base. Since the base defines the number of symbols, it is possible to
have a number system of any base. However, number system bases are
typically chosen for their convenience. The number systems usually
encountered while using programmable controllers are base 2, base 8, base
10, and base 16. These systems are called binary, octal, decimal, and
hexadecimal, respectively. To demonstrate the common characteristics of
number systems, let’s first turn to the familiar decimal system.

DECIMAL NUMBER SYSTEM

The decimal number system, which is the most common to us, was
undoubtedly developed because humans have ten fingers and ten toes. Thus,
the base of the decimal number system is 10. The symbols, or digits, used in
this system are 0, 1, 2, 3, 4, 5, 6, 7, 8, and 9. As noted earlier, the total number
of symbols (10) is the same as the base, with the largest-valued symbol being
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one less than the base (9 is one less than 10). Because the decimal system is
so common, we rarely stop to think about how to express a number greater
than 9, the largest-valued symbol. It is, however, important to note that the
technique for representing a value greater than the largest symbol is the same
for any number system.

In the decimal system, a place value, or weight, is assigned to each position
that a number greater than 9 would hold, starting from right to left. The first
position (see Figure 2-1), starting from the right-most position, is position 0,
the second is position 1, and so on, up to the last position n. As shown in Figure
2-2, the weighted value of each position can be expressed as the base (10 in
this case) raised to the power of n (the position). For the decimal system,
then, the position weights from right to left are 1, 10, 100, 1000, etc. This
method for computing the value of a number is known as the sum-of-the-
weights method.

Figure 2-1.  Place values.

Figure 2-2. Weighted values.

The value of a decimal number is computed by multiplying each digit by the
weighted value of its position and then summing the results. Let’s take, for
example, the number 9876. It can be expressed through the sum-of-the-
weights method as:

Number
Position n. . . . . . 3       2       1       0

Value      Vn. . . V3  V2  V1  V0

100= 1

101= 10

102= 100

103= 1000

Weight Value = Base Position
Position (n)                 3       2       1       0

Value (V)     V3  V2  V1  V0
(Base = 10 for decimal)

6 x 100=

7 x 101=

8 x 102=

9 x 103=

6

70

800

9000

9876

Position                 3       2       1      0

Number 9 8 7 6

10
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As you will see in other number systems, the decimal equivalent of any
number can be computed by multiplying each digit by its base raised to the
power of the digit’s position. This is shown below:

Therefore, the sum of N0 through Nn will be the decimal equivalent of the
number in base b.

Figure 2-3. The binary numbers, 1 and 0, on a computer’s power switch represent ON and
OFF, respectively.

Z0 x b0 = N0

Z1 x b1 = N1

Z2 x b2 = N2

Z3 x b3 = N3

Zn x bn = Nn

Position                 n                              3       2      1      0

Number Base = bZ3Zn Z2 Z1 Z0

BINARY NUMBER SYSTEM

The binary number system uses the number 2 as the base. Thus, the only
allowable digits are 0 and 1; there are no 2s, 3s, etc. For devices such as
programmable controllers and digital computers, the binary system is the
most useful. It was adopted for convenience, since it is easier to design
machines that distinguish between only two entities, or numbers (i.e., 0 and
1), rather than ten, as in decimal. Most physical elements have only two
states: a light bulb is on or off, a valve is open or closed, a switch is on or off,
and so on. In fact, you see this number system every time you use a
computer—if you want to turn it on, you flip the switch to the 1 position; if
you want to turn it off, you flip the switch to the 0 position (see Figure 2-3).
Digital circuits can distinguish between two voltage levels (e.g., +5 V and 0
V), which makes the binary system very useful for digital applications.
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As with the decimal system, expressing binary numbers greater than the
largest-valued symbol (in this case 1) is accomplished by assigning a
weighted value to each position from right to left. The weighted value
(decimal equivalent) of a binary number is computed the same way as it is for
a decimal number—only instead of being 10 raised to the power of the
position, it is 2 raised to the power of the position. For binary, then, the
weighted values from right to left are 1, 2, 4, 8, 16, 32, 64, etc., representing
positions 0, 1, 2, 3, 4, 5, 6, etc. Let’s calculate the decimal value that is
equivalent to the value of the binary number 10110110:

Thus, the binary number 10110110 is equivalent to the number 182 in the
decimal system. Each digit of a binary number is known as a bit ; hence, this
particular binary number, 10110110 (182 decimal), has 8 bits. A group of 4
bits is known as a nibble; a group of 8 bits is a byte; and a group of one or more
bytes is a word. Figure 2-4 presents a binary number composed of 16 bits,
with the least significant bit (LSB), the lowest valued bit in the word, and the
most significant bit (MSB), the largest valued bit in the word, identified.

Figure 2-4.  One word, two bytes, sixteen bits.

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

Most
Significant Bit

(MSB) Bit

Least
Significant Bit

(LSB)

Byte

Word

Byte

0 x 20 =

1 x 21 =

1 x 22 =

0 x 23 =

1 x 24 =

1 x 25 =

0 x 26 =

1 x 27 =

0

2

4

0

16

32

0

128

Position

Number 01 0 1 1 1 1 0
37 6 5 4 2 1 0

18210

2
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Counting in binary is a little more awkward than counting in decimal for the
simple reason that we are not used to it. Because the binary number system
uses only two digits, we can only count from 0 to 1—only one change in one
digit location (OFF to ON) before a new digit position must be added.
Conversely, in the decimal system, we can count from 0 to 9, equaling ten
digit transitions, before a new digit position is added.

In binary, just like in decimal, we add another digit position once we run out
of transitions. So, when we count in binary, the digit following 0 and 1 is 10
(one-zero, not ten), just like when we count 0, 1, 2…9 in decimal, another digit
position is added and the next digit is 10 (ten). Table 2-1 shows a count in
binary from 010 to 1510.

Table 2-1.  Decimal and binary counting.

OCTAL NUMBER SYSTEM

lamiceD yraniB

0 0
1 1
2 01
3 11
4 001
5 101
6 011
7 111
8 0001
9 1001
01 0101
11 1101
21 0011
31 1011
41 0111
51 1111

Writing a number in binary requires substantially more digits than writing it
in decimal. For example, 9110 equals 10110112. Too many binary digits can
be cumbersome to read and write, especially for humans. Therefore, the
octal numbering system is often used to represent binary numbers using
fewer digits. The octal number system uses the number 8 as its base, with its
eight digits being 0, 1, 2, 3, 4, 5, 6, and 7. Table 2-2 shows both an octal and
a binary count representation of the numbers 0 through 15 (decimal).
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Table 2-2. Decimal, binary, and octal counting.

As noted earlier, the octal numbering system is used as a convenient way of
writing a binary number. The octal system has a base of 8 (23), making it
possible to represent any binary number in octal by grouping binary bits in
groups of three. In this manner, a very large binary number can be easily
represented by an octal number with significantly fewer digits. For example:

Like all other number systems, each digit in an octal number has a weighted
decimal value according to its position. For example, the octal number 1767
is equivalent to the decimal number 1015:

lamiceD yraniB latcO

0 0 0
1 1 1
2 01 2
3 11 3
4 001 4
5 101 5
6 011 6
7 111 7
8 0001 01
9 1001 11
01 0101 21
11 1101 31
21 0011 41
31 1011 51
41 0111 61
51 1111 71

Binary Number1 1 1 0 0 0 1 1 1 1 1 0 1 0 1 1

3-Bit Groups1 1 1 0 0 0 1 1 1 1 1 0 1 0 1 1

Octal Digits1 6 1 7 5 3

7 x 80=

6 x 81=

7 x 82=

1 x 83=

7

48

448

512

Position                 3       2       1      0

Number 1 7 6 7 8

101510
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So, a 16-bit binary number can be represented directly by six digits in octal.
As you will see later, many programmable controllers use the octal number
system for referencing input/output and memory addresses.

The hexadecimal (hex) number system uses 16 as its base. It consists of 16
digits—the numbers 0 through 9 and the letters A through F (which represent
the numbers 10 through 15, respectively). The hexadecimal system is used for
the same reason as the octal system, to express binary numbers using fewer
digits. The hexadecimal numbering system uses one digit to represent four
binary digits (or bits), instead of three as in the octal system. Table 2-3 shows
a hexadecimal count example of the numbers 0 through 15 with their decimal
and binary equivalents.

As with the other number systems, hexadecimal numbers can be represented
by their decimal equivalents using the sum-of-the-weights method. The
decimal values of the letter-represented hex digits A through F are used when
computing the decimal equivalent (10 for A, 11 for B, and so on). The
following example uses the sum-of-the-weights method to transform the
hexadecimal number F1A6 into its decimal equivalent. The value of A in the
example is 10 times 161, while F is 15 times 163. Thus, the hexadecimal
number F1A6 is equivalent to the decimal number 61,862:

Table 2-3.  Binary, decimal, and hexadecimal counting.

yraniB lamiceD lamicedaxeH

0 0 0
1 1 1
01 2 2
11 3 3
001 4 4
101 5 5
011 6 6
111 7 7
0001 8 8
1001 9 9
0101 01 A
1101 11 B
0011 21 C
1011 31 D
0111 41 E
1111 51 F

HEXADECIMAL NUMBER SYSTEM
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Like octal numbers, hexadecimal numbers can easily be converted to binary
without any mathematical transformation. To convert a hexadecimal number
to binary, simply write the 4-bit binary equivalent of the hex digit for each
position. For example:

1 1 1 1

F 1 A 6

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

6 x 160=

10 x 161=

1 x 162=

15 x 163=

6

160

256

61440

Position                 3       2       1      0

Number F 1 A 6

6186210

16

2-2  NUMBER CONVERSIONS

In the previous section, you saw how a number of any base can be converted
to the familiar decimal system using the sum-of-the-weights method. In this
section, we will show you how a decimal number can be converted to binary,
octal, or any number system.

To convert a decimal number to its equivalent in any base, you must perform
a series of divisions by the desired base. The conversion process starts by
dividing the decimal number by the base. If there is a remainder, it is placed
in the least significant digit (right-most) position of the new base number. If
there is no remainder, a 0 is placed in least significant digit position. The
result of the division is then brought down, and the process is repeated until
the final result of the successive divisions is 0. This methodology may be a
little cumbersome; however, it is the easiest conversion method to under-
stand and employ.

As a generic example, let’s find the base 5 equivalent of the number Z (see
Figure 2-5). The first division (Z ÷ 5) gives an N1 result and a remainder R1.
The remainder R1 becomes the first digit of the base 5 number (the least
significant digit). To obtain the next base 5 digit, the N1 result is again divided
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by 5, giving an N2 result and an R2 remainder that becomes the second base 5
digit. This process is repeated until the result of the division (Nn ÷ 5) is 0,
giving the last remainder Rn, which becomes the most significant digit (left-
most digit) of the base 5 number.

Now, let’s convert the decimal number 3510 to its binary (base 2) equivalent
using this method:

Figure 2-5.  Method for converting a decimal number into any base.

Division Remainder

35 ÷ 2 = 17

17 ÷ 2 = 8

8 ÷ 2 = 4

4 ÷ 2 = 2

2 ÷ 2 = 1

1 ÷ 2 = 0

1

1

0

0

0

1

Therefore, the base 2 (binary) equivalent of the decimal number 35 is
100011.

As another exercise, let’s convert the number 135510 to its hexadecimal (base
16) equivalent:

Division Remainder

Z ÷ 5 = N1

New base 5 number is (Rn... R4R3R2R1)5

N1 ÷ 5 = N2

N2 ÷ 5 = N3

N3 ÷ 5 = N4

Nn ÷ 5 = 0 Rn

R1

R2

R3

R4
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Thus, the hexadecimal equivalent of 135510 is 54Bhex (remember that the
hexadecimal system uses the letter B to represent the number 11).

There is another method, which is a little faster, for computing the binary
equivalent of a decimal number. This method employs division by eight,
instead of by two, to convert the number first to octal and then to binary from
octal (three bits at a time).

For instance, let’s take the number 14510:

Division Remainder

145 ÷ 8 = 18

18 ÷ 8 = 2 

2 ÷ 8 = 0

1

2

2

2 2 1

0 1 00 1 0 0 0 1

8

2

The octal equivalent of 14510 is 2218, so from Table 2-2, we can find that 2218

equals 010010001 binary:

Division Remainder

1355 ÷ 16 = 84

84 ÷ 16 = 5 

5 ÷ 16 = 0

11

4

5

2-3  ONE’S AND TWO’S COMPLEMENT

The one’s and two’s complements of a binary number are operations used by
programmable controllers, as well as computers, to perform internal
mathematical calculations. To complement a binary number means to change
it to a negative number. This allows the basic arithmetic operations of
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subtraction, multiplication, and division to be performed through successive
addition. For example, to subtract the number 20 from the number 40, first
complement 20 to obtain –20, and then perform an addition.

The intention of this section is to introduce the basic concepts of
complementing, rather than to provide a thorough analysis of arithmetic
operations. For more information on this subject, please use the references
listed in the back of this book.

ONE’S COMPLEMENT

Let’s assume that we have a 5-bit binary number that we wish to represent as
a negative number. The number is decimal 23, or binary:

101112

There are two ways to represent this number as a negative number. The first
method is to simply place a minus sign in front of the number, as we do with
decimal numbers:

–(10111)2

This method is suitable for us, but it is impossible for programmable
controllers and computers to interpret, since the only symbols they use are
binary 1s and 0s. To represent negative numbers, then, some digital comput-
ing devices use what is known as the one’s complement method. First, the
one’s complement method places an extra bit (sign bit) in the most significant
(left-most) position and lets this bit determine whether the number is positive
or negative. The number is positive if the sign bit is 0 and negative if the sign
bit is 1. Using the one’s complement method, +23 decimal is represented in
binary as shown here with the sign bit (0) indicated in bold:

0 101112

The negative representation of binary 10111 is obtained by placing a 1 in the
most significant bit position and inverting each bit in the number (changing
1s to 0s and 0s to 1s). So, the one’s complement of binary 10111 is:

1 010002

If a negative number is given in binary, its one’s complement is obtained in
the same fashion.

–1510 = 1 00002

+1510 = 0 11112
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TWO’S COMPLEMENT

The two’s complement is similar to the one’s complement in the sense that
one extra digit is used to represent the sign. The two’s complement compu-
tation, however, is slightly different. In the one’s complement, all bits are
inverted; but in the two’s complement, each bit, from right to left, is inverted
only after the first 1 is detected. Let’s use the number +22 decimal as an
example:

+2210 = 0 101102

Its two’s complement would be:

–2210 = 1 010102

Note that in the negative representation of the number 22, starting from the
right, the first digit is a 0, so it is not inverted; the second digit is a 1, so all digits
after this one are inverted.

If a negative number is given in two’s complement, its complement (a
positive number) is found in the same fashion:

–1410 = 1 100102

+1410 = 0 011102

Again, all bits from right to left are inverted after the first 1 is detected. Other
examples of the two’s complement are shown here:

+1710 = 0 100012

–1710 = 1 011112

 +710 = 0 001112

   –710 = 1 110012

  +110 = 0 000012

   –110 = 1 111112

The two’s complement of 0 does not really exist, since no first 1 is ever
encountered in the number. The two’s complement of 0, then, is 0.

The two’s complement is the most common arithmetic method used in
computers, as well as programmable controllers.
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ASCII

2-4  BINARY CODES

An important requirement of programmable controllers is communication
with various external devices that either supply information to the controller
or receive information from the controller. This input/output function in-
volves the transmission, manipulation, and storage of binary data that, at
some point, must be interpreted by humans. Although machines can easily
handle this binary data, we require that the data be converted to a more
interpretable form.

One way of satisfying this requirement is to assign a unique combination of
1s and 0s to each number, letter, or symbol that must be represented. This
technique is called binary coding. In general, there are two categories of
codes—those that represent numbers only and those that represent letters,
symbols, and decimal numbers.

Several codes for representing numbers, symbols, and letters are standard
throughout the industry. Among the most common are the following:

• ASCII

• BCD

• Gray

Alphanumeric codes (which use a combination of letters, symbols, and
decimal numbers) are used when information processing equipment, such as
printers and cathode ray tubes (CRTs), must process the alphabet along with
numbers and special symbols. These alphanumeric characters—26 letters
(uppercase), 10 numerals (0-9), plus mathematical and punctuation sym-
bols—can be represented using a 6-bit code (i.e., 26 = 64 possible characters).
The most common code for alphanumeric representation is ASCII  (the
American Standard Code for Information Interchange).

An ASCII (pronounced as-kee) code can be 6, 7, or 8 bits. Although a 6-bit
code (64 possible characters) can accommodate the basic alphabet, numbers,
and special symbols, standard ASCII character sets use a 7-bit code (27 = 128
possible characters), which provides room for lower case and control charac-
ters, in addition to the characters already mentioned. This 7-bit code provides
all possible combinations of characters used when communicating with
peripherals and interfaces.



47

CHAPTER

2
Number Systems

and Codes
SECTION

1
ntroductory
Concepts

Industrial Text & Video Company          1-800-752-8398
www.industrialtext.com

An 8-bit ASCII code is used when parity check (see Chapter 4) is added to a
standard 7-bit code for error-checking purposes (note that all eight bits can
still fit in one byte). Figure 2-6a shows the binary ASCII code representation
of the letter Z (1328). This letter is generally sent and received in serial form
between the PLC and other equipment.

Figure 2-6b illustrates a typical ASCII transmission, again using the
character Z as an example. Note that extra bits have been added to the
beginning and end of the character to signify the start and stop of the ASCII
transmission. Appendix B shows a standard ASCII table, while Chapter 8
further explains serial communication.

Figure 2-6. (a) ASCII representation of the character Z and (b) the ASCII transmis-
sion of the character Z.

1P 0 1 1 0 1 0

Parity Bit Even P = 0
Odd P = 1

1 23

(a) Z = 132 in 7-bit ASCII code

(b) 010110102 = Z

1Bit Number 2 3 4 5 6 7 8 9

0 1 0 1 1 0 1 0

10

S
ta

rt

S
to

p

BCD

The binary coded decimal (BCD) system was introduced as a convenient
way for humans to (1) handle numbers that must be input to digital machines
and (2) interpret numbers that are output from machines. The best solution to
this problem was to convert a code readily handled by man (decimal) to a code
readily handled by processing equipment (binary). The result was BCD.

The decimal system uses the numbers 0 through 9 as its digits, whereas BCD
represents each of these numbers as a 4-bit binary number. Table 2-4
illustrates the relationship between the BCD code and the binary and decimal
number systems.
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The BCD representation of a decimal number is obtained by replacing each
decimal digit with its BCD equivalent. The BCD representation of decimal
7493 is shown here as an example:

BCD  →
Decimal  →

    
0111

7
    

0100

4
    

1001

9
    

0011

3

Typical PLC applications of BCD codes include data entry (time, volume,
weight, etc.) via thumbwheel switches (TWS), data display via seven-
segment displays, input from absolute encoders, and analog input/output
instructions. Figure 2-7 shows a thumbwheel switch and a seven-segment
indicator field device.

Nowadays, the circuitry necessary to convert from decimal to BCD and from
BCD to seven-segment is already built into thumbwheel switches and seven-
segment LED devices (see Figures 2-8a and 2-8b). This BCD data is
converted internally by the PLC into the binary equivalent of the input data.
Input and output of BCD data requires four lines of an input/output interface
for each decimal digit.

Figure 2-7.  (a) A seven-segment indicator field device and (b) a thumbwheel switch.

Table 2-4. Decimal, binary, and BCD counting.

lamiceD yraniB DCB

0 0 0000
1 1 1000
2 01 0100
3 11 1100
4 001 0010
5 101 1010
6 011 0110
7 111 1110
8 0001 0001
9 1001 1001

(a) (b)



49

CHAPTER

2
Number Systems

and Codes
SECTION

1
ntroductory
Concepts

Industrial Text & Video Company          1-800-752-8398
www.industrialtext.com

GRAY

Figure 2-8. (a)  Thumbwheel switch converts decimal numbers into BCD inputs for the PLC.
(b) The seven-segment display converts the BCD outputs from the PLC into a
decimal number.

Table 2-5. Gray code, binary, and decimal counting.

One-digit
TWS

Four wires
provided per
one-digit
BCD number

Decimal converted
to BCD inside TWS 

5
BCD
output
from
PLC

BCD
input
to
PLC

Four wires
provided per
one-digit
BCD number

One-digit
7-segment
display

BCD converted
to 7-segment
inside display

(b)(a) (a) (b)

The Gray code is one of a series of cyclic codes known as reflected codes and
is suited primarily for position transducers. It is basically a binary code that
has been modified in such a way that only one bit changes as the counting
number increases. In standard binary, as many as four digits can change when
counting with as few as four binary digits. This drastic change is seen in the
transition from binary 7 to 8. Such a change allows a great chance for error,
which is unsuitable for positioning applications. Thus, most encoders use
the Gray code to determine angular position. Table 2-5 shows this code with
its binary and decimal equivalents for comparison.

edoCyarG yraniB lamiceD

0000 0 0
1000 1 1
1100 01 2
0100 11 3
0110 001 4
1110 101 5
1010 011 6
0010 111 7
0011 0001 8
1011 1001 9
1111 0101 01
0111 1101 11
0101 0011 21
1101 1011 31
1001 0111 41
0001 1111 51
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Figure 2-10. A 16-bit register/word.

An example of a Gray code application is an optical absolute encoder. In this
encoder, the rotor disk consists of opaque and transparent segments arranged
in a Gray code pattern and illuminated by a light source that shines through
the transparent sections of the rotating disk. The transmitted light is received
at the other end in Gray code form and is available for input to the PLC in
either Gray code or BCD code, if converted. Figure 2-9 illustrates a typical
absolute encoder and its output.

2-5  REGISTER WORD FORMATS

As previously mentioned, a programmable controller performs all of its
internal operations in binary format using 1s and 0s. In addition, the status of
I/O field devices is also read and written, in binary form, to and from the
PLC’s CPU. Generally, these operations are performed using a group of 16
bits that represent numbers and codes. Recall that the grouping of bits with
which a particular machine operates is called a word. A PLC word is also
called a register or location. Figure 2-10 illustrates a 16-bit register com-
posed of a two-byte word.

Figure 2-9.  An absolute encoder with BCD and Gray outputs.

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Most
Significant Bit

Most Significant Byte Least Significant Byte

Least
Significant Bit

Converter

Gray
Code

Output

BCD
Output

Gray Code
Phototransistors

Drive Shaft

Rotary Disc
Optic System

LED
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Although the data stored in a register is represented by binary 1s and 0s, the
format in which this binary data is stored may differ from one programmable
controller to another. Generally, data is represented in either straight
(noncoded) binary or binary coded decimal (BCD) format. Let’s examine
these two formats.

Figure 2-11. A 16-bit register containing the binary equivalent of 6553510.

If the most significant bit of the register in Figure 2-12 is used as a sign bit,
then the maximum decimal value that the 16-bit register can store is +3276710

or –3276710.

Figure 2-12. Two 16-bit registers with sign bits (MSB).

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

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

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

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

+3276710

-3276710

Sign Bit

The decimal equivalents of these binary representations can be calculated
using the sum-of-the-weights method. The negative representation of
3276710, as shown in Figure 2-12, was derived using the two’s complement
method. As an exercise, practice computing these numbers (refer to Section
2-3 for help).

BCD FORMAT

The BCD format uses four bits to represent a single decimal digit. The only
decimal numbers that these four bits can represent are 0 through 9. Some
PLCs operate and store data in several of their software instructions, such as
arithmetic and data manipulations, using the BCD format.

BINARY FORMAT

Data stored in binary format can be directly converted to its decimal
equivalent without any special restrictions. In this format, a 16-bit register
can represent a maximum value of 6553510. Figure 2-11 shows the value
6553510 in binary format (all bits are 1). The binary format represents the
status of a device as either 0 or 1, which is interpreted by the programmable
controller as ON or OFF. All of these statuses are stored in registers or words.
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In BCD format, a 16-bit register can hold up to a 4-digit decimal value, with
the decimal values that can be represented ranging from 0000–9999. Figure
2-13 shows a register containing the binary representation of BCD 9999.

In a PLC, the BCD values stored in a register or word can be the result of
BCD data input from a thumbwheel switch. A 4-digit thumbwheel switch
will use a 16-bit register to store the BCD output data obtained during the
read section of the scan (see Figure 2-14).

EXAMPLE 2-1

Illustrate how a PLC’s 16-bit register containing the BCD number
7815 would connect to a 4-digit, seven-segment display. Indicate the
most significant digit and the least significant digit of the seven-
segment display.

SOLUTION

Figure 2-15 illustrates the connection between a 16-bit register and a
4-digit, seven-segment display. The BCD output from the PLC register
or word is sent to the seven-segment indicator through an output
interface during the write, or update, section of the scan.

Figure 2-13. Register containing BCD 9999.

Figure 2-14. A 4-digit TWS using a 16-bit register to store BCD values.

15 14 13 12 11 10 9

9 9 9 9

8 7 6 5 4 3 2 1 0

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

0101 0011 0010 0111

5 3 2 6
BCD Output

To PLC
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Figure 2-15. A 16-bit PLC register holding the BCD number 7815.

0111 1000 0001 0101

4 Bits 4 Bits 4 Bits 4 Bits

Data Sent

From PLC

Most
Significant

Digit

Least
Significant

Digit

alphanumeric code
ASCII
base
binary coded decimal (BCD)
bit
byte
decimal number system
Gray code
hexadecimal number system
least significant bit (LSB)
least significant digit
most significant bit (MSB)
most significant digit
nibble
octal number system
one’s complement
register
sum-of-the-weights method
two’s complement
weighted value
word
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HIGHLIGHTS

To understand programmable controllers and their applications, you must
first understand the logic concepts behind them. In this chapter, we will
discuss three basic logic functions—AND, OR, and NOT—and show you
how, with just these three functions, you can make control decisions ranging
from very simple to very complex. We will also introduce you to the
fundamentals of Boolean algebra and its associated operators. Finally, we
will explain the relationship between Boolean algebra and logic contact
symbology, so that you will be ready to learn about PLC processors and their
programming devices.

3-1  THE BINARY CONCEPT

Note that in Table 3-1, the more positive voltage (represented as logic 1) and
the less positive voltage (represented as logic 0) were arbitrarily chosen. The
use of binary logic to represent the more positive voltage level, meaning the
occurrence of some event, as 1 is referred to as positive logic.

Table 3-1. Binary concept using positive logic.

)V+(1 )V0(0 elpmaxE

gnitarepO gnitarepotoN hctiwstimiL
gnigniR gnignirtoN lleB

nO ffO blubthgiL
gniwolB tneliS nroH
gninnuR deppotS rotoM
degagnE degagnesiD hctulC

desolC nepO evlaV

The binary concept is not a new idea; in fact, it is a very old one. It simply
refers to the idea that many things exist only in two predetermined states. For
instance, a light can be on or off, a switch open or closed, or a motor running
or stopped. In digital systems, these two-state conditions can be thought of as
signals that are present or not present, activated or not activated, high or low,
on or off, etc. This two-state concept can be the basis for making decisions;
and since it is very adaptable to the binary number system, it is a fundamental
building block for programmable controllers and digital computers.

Here, and throughout this book, binary 1 represents the presence of a signal
(or the occurrence of some event), while binary 0 represents the absence of
the signal (or the nonoccurrence of the event). In digital systems, these two
states are actually represented by two distinct voltage levels, +V and 0V, as
shown in Table 3-1. One voltage is more positive (or at a higher reference)
than the other. Often, binary 1 (or logic 1) is referred to as TRUE, ON, or
HIGH, while binary 0 (or logic 0) is referred to as FALSE, OFF, or LOW.
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Negative logic, as illustrated in Table 3-2, uses 0 to represent the more
positive voltage level, or the occurrence of the event. Consequently, 1
represents the nonoccurrence of the event, or the less positive voltage level.
Although positive logic is the more conventional of the two, negative logic is
sometimes more convenient in an application.

Table 3-2. Binary concept using negative logic.

Figure 3-1. Symbol for the AND function.

)V+(1 )V0(0 elpmaxE

gnitarepotoN gnitarepO hctiwstimiL
gnignirtoN gnigniR lleB

ffO nO blubthgiL
tneliS gniwolB nroH

deppotS gninnuR rotoM
degagnesiD degagnE hctulC

nepO desolC evlaV

3-2  LOGIC FUNCTIONS

The binary concept shows how physical quantities (binary variables) that can
exist in one of two states can be represented as 1 or 0. Now, you will see how
statements that combine two or more of these binary variables can result in
either a TRUE or FALSE condition, represented by 1 and 0, respectively.
Programmable controllers make decisions based on the results of these kinds
of logical statements.

Operations performed by digital equipment, such as programmable control-
lers, are based on three fundamental logic functions—AND, OR, and NOT.
These functions combine binary variables to form statements. Each function
has a rule that determines the statement outcome (TRUE or FALSE) and a
symbol that represents it. For the purpose of this discussion, the result of a
statement is called an output (Y), and the conditions of the statement are called
inputs (A and B). Both the inputs and outputs represent two-state variables,
such as those discussed earlier in this section.

THE AND FUNCTION

Figure 3-1 shows a symbol called an AND gate, which is used to graphically
represent the AND function. The AND output is TRUE (1) only if all inputs
are TRUE (1).

OutputInputs
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An AND function can have an unlimited number of inputs, but it can have
only one output. Figure 3-2 shows a two-input AND gate and its resulting
output Y, based on all possible input combinations. The letters A and B
represent inputs to the controller. This mapping of outputs according to
predefined inputs is called a truth table . Example 3-1 shows an application
of the AND function.

Figure 3-2. Two-input AND gate and its truth table.

EXAMPLE 3-1

Show the logic gate, truth table, and circuit representations for an
alarm horn that will sound if its two inputs, push buttons PB1 and PB2,
are 1 (ON or depressed) at the same time.

SOLUTION

1BP 2BP nroHmralA

)0(dehsuptoN )0(dehsuptoN )0(tneliS
)0(dehsuptoN )1(dehsuP )0(tneliS

)1(dehsuP )0(dehsuptoN )0(tneliS
)1(dehsuP )1(dehsuP )1(gnidnuoS

Line Voltage
L1

PB1 PB2

Line Voltage (Common)
L2

Electrical Ladder Circuit

A

B

 Logic Representation

Alarm Horn
PB1

PB2

Y

hturTDNA elbaT

stupnI tuptuO

BA Y

00 0
10 0
01 0
11 1

AND Truth Table
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Figure 3-3. Symbol for the OR function.

THE OR FUNCTION

Figure 3-4.  Two-input OR gate and its truth table.

As with the AND function, an OR gate function can have an unlimited
number of inputs but only one output. Figure 3-4 shows an OR function truth
table and the resulting output Y, based on all possible input combinations.
Example 3-2 shows an application of the OR function.

EXAMPLE 3-2

Show the logic gate, truth table, and circuit representations for an
alarm horn that will sound if either of its inputs, push button PB1 or
PB2, is 1 (ON or depressed).

Figure 3-3 shows the OR gate symbol used to graphically represent the OR
function. The OR output is TRUE (1) if one or more inputs are TRUE (1).

OutputInputs

A

B
Y

PB1 PB2

Electrical Circuit

+

–

V

hturTRO elbaT

stupnI tuptuO

BA Y

00 0
10 1
01 1
11 1
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SOLUTION

Line Voltage
L1

PB2

PB1

Line Voltage (Common)
L2

Electrical Ladder Circuit

1BP 2BP nroHmralA

)0(dehsuptoN )0(dehsuptoN )0(tneliS
)0(dehsuptoN )1(dehsuP )1(gnidnuoS

)1(dehsuP )0(dehsuptoN )1(gnidnuoS
)1(dehsuP )1(dehsuP )1(gnidnuoS

Electronic Representation

PB1

+
V

PB2

Alarm
Horn

+

Alarm Horn
PB1

PB2

Logic Representation

THE NOT FUNCTION

Figure 3-5 illustrates the NOT symbol, which is used to graphically represent
the NOT function. The NOT output is TRUE (1) if the input is FALSE (0).
Conversely, if the output is FALSE (0), the input is TRUE (1). The result of
the NOT operation is always the inverse of the input; therefore, it is
sometimes called an inverter.

Electrical Circuit
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The NOT function, unlike the AND and OR functions, can have only one
input. It is seldom used alone, but rather in conjunction with an AND or an OR
gate. Figure 3-6 shows the NOT operation and its truth table. Note that an A
with a bar on top represents NOT A.

Figure 3-6.  NOT gate and its truth table.

Figure 3-5.  Symbol for the NOT function.

Input Output

At first glance, it is not as easy to visualize the application of the NOT function
as it is the AND and OR functions. However, a closer examination of the
NOT function shows it to be simple and quite useful. At this point, it is
helpful to recall three points that we have discussed:

1. Assigning a 1 or 0 to a condition is arbitrary.

2. A 1 is normally associated with TRUE, HIGH, ON, etc.

3. A 0 is normally associated with FALSE, LOW, OFF, etc.

Examining statements 2 and 3 shows that logic 1 is normally expected to
activate some device (e.g., if Y = 1, then motor runs), and logic 0 is normally
expected to deactivate some device (e.g., if Y = 0, then motor stops). If these
conventions were reversed, such that logic 0 was expected to activate some
device (e.g., if Y = 0, then motor runs) and logic 1 was expected to deactivate
some device (e.g., Y = 1, then motor stops), the NOT function would then have
a useful application.

1. A NOT is used when a 0 (LOW condition) must activate some device.

2. A NOT is used when a 1 (HIGH condition) must deactivate some
device.

The following two examples show applications of the NOT function.
Although the NOT function is normally used in conjunction with the AND
and OR functions, the first example shows the NOT function used alone.

NOT Truth Table

tupnI tuptuO

A A

0 1
1 0

A

NOT

A A
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Note:  In this example, the level switch L1 is normally open, but it closes when the liquid
level reaches L1. The ladder circuit requires an auxiliary control relay (CR1) to
implement the not normally open L1 signal. When L1 closes (ON), CR1 is energized,
thus opening the normally closed CR1-1 contacts and deactivating V1. S1 is ON when
the system operation is enabled.

EXAMPLE 3-3

Show the logic gate, truth table, and circuit representation for a
solenoid valve (V1) that will be open (ON) if selector switch S1 is ON
and if level switch L1 is NOT ON (liquid has not reached level).

SOLUTION

0
0
1
1

0
1
0
1

1
0
1
0

0
0
1
0

S1 L1 V1(L1)

Truth Table

S1

L1

V1

Logic Representation

S1

Level
Switch

L1

V1

L1 L2

CR1

CR1-1

L1

V1S1

Electrical Ladder Circuit
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EXAMPLE 3-4

Show the logic gate, truth table, and circuit representation for an alarm
horn that will sound if push button PB1 is 1 (ON or depressed) and PB2
is NOT 0 (not depressed).

SOLUTION

Logic Representation

Alarm Horn
PB1

PB2

PB1 PB2

+
V

Electrical Ladder Circuit

Line Voltage
L1

PB1 PB2

Line Voltage (Common)
L2

1BP 2BP nroHmralA

)0(dehsuptoN )0(dehsuptoN )0(tneliS
)0(dehsuptoN )1(dehsuP )0(tneliS

)1(dehsuP )0(dehsuptoN )1(gnidnuoS
)1(dehsuP )1(dehsuP )0(tneliS

Note:  In this example, the physical representation of a field device element that
signifies the NOT function is represented as a normally closed, or not normally open,
switch (PB2). In the logical representation section of this example, the push button
switch is represented as NOT open by the      symbol.

Electrical Circuit
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Figure 3-7. Two-input NAND gate
and its truth table.

3-3  PRINCIPLES OF BOOLEAN ALGEBRA AND LOGIC

The two previous examples showed the NOT symbol placed at inputs to a
gate. A NOT symbol placed at the output of an AND gate will negate, or
invert, the normal output result. A negated AND gate is called a NAND gate.
Figure 3-7 shows its logic symbol and truth table.

The same principle applies if a NOT symbol is placed at the output of an OR
gate. The normal output is negated, and the function is referred to as a NOR
gate. Figure 3-8 shows its symbol and truth table.

hturTDNAN elbaT

stupnI tuptuO

BA Y

00 1
10 1
01 1
11 0

NAND Truth Table

B

A
Y

An in-depth discussion of Boolean algebra is not required for the purposes of
this book and is beyond the book’s scope. However, an understanding of the
Boolean techniques for writing shorthand expressions for complex logical
statements can be useful when creating a control program of Boolean
statements or conventional ladder diagrams.

In 1849, an Englishman named George Boole developed Boolean algebra.
The purpose of this algebra was to aid in the logic of reasoning, an ancient
form of philosophy. It provided a simple way of writing complicated
combinations of “logical statements,” defined as statements that can be
either true or false.

When digital logic was developed in the 1960s, Boolean algebra proved to be
a simple way to analyze and express digital logic statements, since all digital
systems use a TRUE/FALSE, or two-valued, logic concept. Because of this

Figure 3-8. Two-input NOR gate
and its truth table.

hturTRON elbaT

stupnI tuptuO

BA Y

00 1
10 0
01 0
11 0

NOR Truth Table
A

B

Y
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Figure 3-9. Boolean algebra as related to the AND, OR, and NOT functions.

relationship between digital logic and Boolean logic, you will occasionally
hear logic gates referred to as Boolean gates, several interconnected gates
called a Boolean network, or even a PLC language called a Boolean language.

Figure 3-9 summarizes the basic Boolean operators as they relate to the basic
digital logic functions AND, OR, and NOT. These operators use capital
letters to represent the wire label of an input signal, a multiplication sign (•)
to represent the AND operation, and an addition sign (+) to represent the OR
operation. A bar over a letter represents the NOT operation.

Logical Symbol Logical Statement Boolean Equation

Ala

2
Y

Y

Y

A

B

A

Y is 1 if A AND B are 1

Y is 1 if A OR B is 1

Y is 1 if A is 0
Y is 0 if A is 1

Y = A • B
      or
Y = AB

Y = A + B

Y = A

A

B

Y = A

In Figure 3-9, the AND gate has two input signals (A and B) and one output
signal (Y). The output can be expressed by the logical statement:

Y is 1 if A AND B are 1.

The corresponding Boolean expression is:

Y = A • B

which is read Y equals A ANDed with B. The Boolean symbol • for AND
could be removed and the expression written as Y = AB. Similarly, if Y is the
result of ORing A and B, the Boolean expression is:

Y = A + B

which is read Y equals A ORed with B. In the NOT operation, where Y is the
inverse of A, the Boolean expression is:

which is read Y equals NOT A. Table 3-3 illustrates the basic Boolean
operations of ANDing, ORing, and inversion. The table also illustrates how
these functions can be combined to obtain any desired logic combination.
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Table 3-3. Logic operations using Boolean algebra.

3. Boolean Algebra Rules. Control logic functions can vary from simple to very
complex combinations of input variables. However simple or complex the functions
may be, they satisfy the following rules. These rules are a result of a simple combi-
nation of basic truth tables and may be used to simplify logic circuits.

A A

  

A B AB

0 0 0

0 1 0

1 0 0

1 1 1

AND   

A A

0 1

1 0

NOT  

A B A + B

0 0 0

0 1 1

1 0 1

1 1 1

OR  

A B AB

0 0 1

0 1 1

1 0 1

1 1 0

NAND   

A B A + B

0 0 1

0 1 0

1 0 0

1 1 0

NOR

2. Combined Gates.  Any combination of control functions can be expressed in
Boolean terms using three simple operators: (•), (+), and (–).

A+B
A

B

AB
A

B

A+B
A

B

AB
A

B

A

Y = AB + C
B
C

AB

A

Y = (A+B)(C)
B
C

A + B

A

Y = AB + C
B
C

AB

A

Y = (A+B)(C)
B
C

A + B

1. Basic Gates. Basic logic gates implement simple logic functions. Each logic
function is expressed in terms of a truth table and its Boolean expression.

    

Commutative Laws

De Morgan’s Laws

A B B A
AB BA

A B AB

AB A B

A A

A AB A B

AB AC BC AC BC

+ = +
=

+ =

= +

= = =

+ = +

+ + = +

(

  

)

( )

, ,1 0 0 1

    

Associative Laws

Distributive Laws

Law of Absorption

A B C A B C
A BC AB C

A B C AB AC
A BC A B A C

A A B A AB A

+ + = + +
=

+ = +
+ = + +

+ = + =

( ) ( )

( ) ( )

( )

( )( )

( )
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Table 3-3 continued.

4. Order of Operation and Grouping Signs. The order in which Boolean opera-
tions (AND, OR, NOT) are performed is important. This order will affect the result-
ing logic value of the expression. Consider the three input signals A, B, and C.
Combining them in the expression Y = A + B • C can result in misoperation of the
output device Y, depending on the order in which the operations are performed.
Performing the OR operation prior to the AND operation is written (A + B) • C, and
performing the AND operation prior to the OR is written A + (B • C). The result of
these two expressions is not the same.

The order of priority in Boolean expression is NOT (inversion) first, AND second,
and OR last, unless otherwise indicated by grouping signs, such as parentheses,
brackets, braces, or the vinculum. According to these rules, the previous expres-
sion A + B • C, without any grouping signs, will always be evaluated only as A + (B
• C). With the parentheses, it is obvious that B is ANDed with C prior to ORing the
result with A. Knowing the order of evaluation, then, makes it possible to write the
expression simply as A + BC, without fear of misoperation. As a matter of conven-
tion, the AND operator is usually omitted in Boolean expressions.

When working with Boolean logic expressions, misuse of grouping signs is a com-
mon occurrence. However, if the signs occur in pairs, they generally do not cause
problems if they have been properly placed according to the desired logic. Enclos-
ing two variables that are to be ANDed within parentheses is not necessary since
the AND operator would normally be performed first. If two input signals are to be
ORed prior to ANDing, they must be placed within parentheses.

To ensure proper order of evaluation of an expression, use parentheses as group-
ing signs. If additional signs are required brackets [ ], and then braces { } are used.
An illustration of the use of grouping signs is shown below:

Y1 = Y2 + Y5 [X1(X2 + X3)] + {Y3[Y4(X5 + X6)]}

5. Application of De Morgan’s Laws. De Morgan’s Laws are frequently used to
simplify inverted logic expressions or to simply convert an expression into a usable
form.

According to De Morgan’s Laws:

Y=A + B
A

B

A

B
Y= A B

A

B

Y=A + BY=AB
A

B B

A A

B

AB = A + B

and A + B = AB
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3-4  PLC CIRCUITS AND LOGIC CONTACT SYMBOLOGY

Hardwired logic refers to logic control functions (timing, sequencing, and
control) that are determined by the way devices are interconnected. In
contrast to PLCs, in which logic functions are programmable and easily
changed, hardwired logic is fixed and can be changed only by altering the way
devices are physically connected or interwired. A prime function of a PLC is
to replace existing hardwired control logic and to implement control func-
tions for new systems. Figure 3-10a shows a typical hardwired relay logic
circuit, and Figure 3-10b shows its PLC ladder diagram implementation. The
important point about Figure 3-10 is not to understand the process of changing
from one circuit to another, but to see the similarities in the representations.
The ladder circuit connections of the hardwired relay circuit are implemented
in the PLC via software instructions, thus all of the wiring can be thought of
as being inside the CPU (softwired as opposed to hardwired).

Figure 3-10a.  Hardwired relay logic circuit.

L1 L2

M1
PB1

STOP

S1
SWITCH

PB2
STOP

PB3
START

PB4
START

M1

All
OL's1

All
OL's3

M2

PB5
EMERGENCY

STOP

PB6
STOP

PB7
START

M2

OL2

M4

M4

PB10
STOP

PB11
START

M3
PB8

STOP

PB9
START

M3

S2
SWITCH

CR1

PL1

SOL1

PL2

M5SEL3
OL5

OL's6

OL's7

All OL's8

M6

M7

M8

All
OL's4
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Figure 3-10b. PLC ladder diagram implementation of Figure 3-10a.

The logic implemented in PLCs is based on the three basic logic functions
(AND, OR, and NOT) that we discussed in the previous sections. These
functions are used either alone or in combination to form instructions that will
determine if a device is to be switched on or off. How these instructions are
implemented to convey commands to the PLC is called the language. The
most widely used languages for implementing on/off control and sequencing
are ladder diagrams and Boolean mnemonics, among others. Chapter 9
discusses these languages at length.

The most conventional of the control languages is ladder diagram. Ladder
diagrams are also called contact symbology, since their instructions are
relay-equivalent contact symbols (i.e., normally open and normally closed
contacts and coils).

L1 L1 L2L2

PB1

PB3

PB2

0

1

2

31

SOL1

0

3

30 

33

34

35

1 2 30

PB4

S1

3

4 31

4

4 32

PB5
5

5 6 7 33

PB6
6

PB7

7

5 10 11 34

PB8
10

PB9

11

12 13 35

PB10
12

PB11

13

35 36

S2

14

14 15 37

SEL3

15

37 40

37 41

37 42

M1
All

OL's1

All
OL's3
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Contact symbology is a very simple way of expressing control logic in terms
of symbols that are used on relay control schematics. If the controller
language is ladder diagram, the translation from existing relay logic to
programmed logic is a one-step translation to contact symbology. If the
language is Boolean mnemonics, conversion to contact symbology is not
required, yet is still useful and quite often done to provide an easily under-
stood piece of documentation. Table 3-6a, shown later, provides examples of
simple translations from hardwired logic to programmed logic. Chapter 11
thoroughly explains these translations.

The complete ladder circuit, in Figure 3-10, shown earlier, can be thought of
as being formed by individual circuits, each circuit having one output. Each
of these circuits is known as a rung (or network); therefore, a rung is the
contact symbology required to control an output in the PLC. Some controllers
allow a rung to have multiple outputs, but one output per rung is the
convention. Figure 3-11a illustrates the top rung of the hardwired circuit from
Figure 3-10, while Figure 3-11b shows the top rung of the equivalent PLC
circuit. Note that the PLC diagram includes all of the field input and output
devices connected to the interfaces that are used in the rung. A complete PLC
ladder diagram program, then, consists of several rungs. Each rung controls
an output interface that is connected to an output device, a piece of equipment
that receives information from the PLC. Each rung is a combination of input
conditions (symbols) connected from left to right between two vertical lines,
with the symbol that represents the output at the far right.

Figure 3-11. (a) Top rung of the hardwired circuit from Figure 3-10 and (b) its
equivalent PLC circuit.

(a)

(b)
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The symbols that represent the inputs are connected in series, parallel, or some
combination to obtain the desired logic. These input symbols represent the
input devices that are connected to the PLC’s input interfaces. The input
devices supply the PLC with field data. When completed, a ladder diagram
control program consists of several rungs, with each rung controlling a
specific output.

The programmed rung concept is a direct carryover from the hardwired relay
ladder rung, in which input devices are connected in series and parallel to
control various outputs. When activated, these input devices either allow
current to flow through the circuit or cause a break in current flow, thereby
switching the output devices ON or OFF. The input symbols on a ladder rung
can represent signals generated by connected input devices, connected output
devices, or outputs internal to the controller (see Table 3-4).

Table 3-4. ON/OFF input and output devices.

seciveDtupnI seciveDtuptuO

nottubhsuP thgiltoliP
hctiwsrotceleS evlavdioneloS

hctiwstimiL nroH
hctiwsytimixorP yalerlortnoC

tcatnocremiT remiT

ADDRESSES USED IN PLCS

Each symbol on a rung will have a reference number, which is the address in
memory where the current status (1 or 0) for the referenced input is stored.
When a field signal is connected to an input or an output interface, its address
will be related to the terminal where the signal wire is connected. The address
for a given input/output can be used throughout the program as many times
as required by the control logic. This PLC feature is an advantage when
compared to relay-type hardware, where additional contacts often mean
additional hardware. Sections 5-4 and 6-2 describe more about I/O interaction
and its relationship with the PLC’s memory and enclosure placement.

Figure 3-12 illustrates a simple electrical ladder circuit and its equivalent
PLC implementation. Each “real” field device (e.g., push buttons PB1 and
PB2, limit switch LS1, and pilot light PL1) is connected to the PLC’s input
and output modules (see Figure 3-13), which have a reference number—the
address. Most controllers reference these devices using numeric addresses
with octal (base 8) or decimal (base 10) numbering. Note that in the electrical
ladder circuit, any complete electrical path (all contacts closed) from left to
right will energize the output (pilot light PL1). To turn PL1 ON, then, one
of the following two conditions must occur: (1) PB1 must be pressed and LS1
must be closed or (2) PB2 must be pressed and LS1 must be closed. Either of
these two conditions will complete the electrical path and cause power to flow
to the pilot light.
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Figure 3-12. Electrical ladder circuit and its equivalent PLC implementation.

Figure 3-13. Field devices from Figure 3-12 connected to I/O module.

The same logic that applies to an electrical ladder circuit applies to a PLC
circuit. In the PLC control program, power must flow through either ad-
dresses 30 (PB1) and 32 (LS1) or through addresses 31 (PB2) and 32 (LS1)
to turn ON output 40. Output 40, in turn, energizes the light PL1 that is

L1 L2

PL1PB1

PB2

LS1

PL1PB1

PB2

LS1

L1 L2 L1 L2

Field Input Devices Field Output DevicesControl Program

I l d i PLC

32 4030

31

4030

31

32

Inputs Outputs

PB1 PL1

PB2

LS1

40

41

42

43

44

45

46

47

30

31

32

33

34

35

36

37

CPU

Electrical Ladder Circuit

PLC Implementation
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Figure 3-14. Relay and PLC contact symbols showing a relay coil and normally open
and normally closed contacts.

connected to the interface with address 40. In order to provide power to
addresses 30, 31, or 32, the devices connected to the input interfaces
addressed 30, 31, and 32 must be turned ON. That is, the push buttons must
be pressed or the limit switch must close.

Programmable controller contacts and electromechanical relay contacts
operate in a very similar fashion. For example, let’s take relay A (see Figure
3-14a) which has two sets of contacts, one normally open contact (A-1) and
one normally closed contact (A-2). If relay coil A is not energized (i.e., it is
OFF), contact A-1 will remain open and contact A-2 will remain closed (see
Figure 3-14b). Conversely, if coil A is energized, or turned ON, contact A-1
will close and contact A-2 will open (see Figure 3-14c). The blue lines
highlighting the coil and contacts denote an ON, or closed, condition.

CONTACT SYMBOLS USED IN PLCS

A

A-1

A-2

Relay Coil A

Contact A-1 (NO)

Contact A-2 (NC)

A

A-1

A-2

OFF

Open

Closed

(a) Standard configuration for relay coil A with normally 
open contact A-1 and normally closed contact A-2.

(b) Coil A de-energized.

A

A-1

A-2

ON

Closed

Open

(c) Coil A energized.
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Remember that when a set of contacts closes, it provides power flow, or
continuity, in the circuit where it is used. Each set of available coils and its
respective contacts in the PLC have a unique reference address by which they
are identified. For instance, coil 10 will have normally open and normally
closed contacts with the same address (10) as the coil (see Figure 3-15). Note
that a PLC can have as many normally open and normally closed contacts as
desired; whereas in an electromechanical relay, only a fixed number of
contacts are available.

Figure 3-15. Multiple contacts from a PLC output coil.

Figure 3-16. Input 20 has multiple contacts in the PLC control program.

A programmable controller also allows the multiple use of an input device
reference. Figure 3-16 illustrates an example in which limit switch LS1 is
connected to reference input module connection 20. Note that the PLC
control program can have as many normally open and normally closed
reference 20 contacts in as many rungs as needed.

The symbols in Table 3-5 are used to translate relay control logic to contact
symbolic logic. These symbols are also the basic instruction set for the ladder
diagram, excluding timer/counter instructions. Chapter 9 further explains
these and more advanced instructions.

10

10

10

10

10

L1 L2
20LS1 20

20

20

Control ProgramField Inputs
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The following seven points describe guidelines for translating from
hardwired logic to programmed logic using PLC contact symbols:

• Normally open contact. When evaluated by the program, this sym-
bol is examined for a 1 to close the contact; therefore, the signal
referenced by the symbol must be ON, CLOSED, activated, etc.

• Normally closed contact. When evaluated by the program, this
symbol is examined for a 0 to keep the contact closed; thus, the signal
referenced by the symbol must be OFF, OPEN, deactivated, etc.

• Output. An output on a given rung will be energized if any left-to-
right path has all contacts closed, with the exception of power flow
going in reverse before continuing to the right. An output can control
either a connected device (if the reference address is also a termina-

Table 3-5. Symbols used to translate relay control logic to contact symbolic logic.
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tion point) or an internal output  used exclusively within the pro-
gram. An internal output does not control a field device. Rather, it
provides interlocking functions within the PLC.

• Input.  This contact symbol can represent input signals sent from
connected inputs, contacts from internal outputs, or contacts from
connected outputs.

• Contact addresses. Each program symbol is referenced by an ad-
dress. If the symbol references a connected input/output device, then
the address is determined by the point where the device is connected.

• Repeated use of contacts. A given input, output, or internal output
can be used throughout the program as many times as required.

• Logic format. Contacts can be programmed in series or in parallel,
depending on the output control logic required. The number of series
contacts or parallel branches allowed in a rung depends on the PLC.

Table 3-6a show how simple hardwired series and parallel circuits can be
translated into programmed logic. A series circuit is equivalent to the
Boolean AND operation; therefore, all inputs must be ON to activate the
output. A parallel circuit is equivalent to the Boolean OR operation;
therefore, any one of the inputs must be ON to activate the output. The STR
and OUT Boolean statements stand for START (of a new rung) and
OUTPUT (of a rung), respectively. Table 3-6b further explains Table 3-6a.

KEY

TERMS

AND
Boolean operators
contact symbology
gate
input device
internal output
language
NAND
negative logic
NOR
normally closed
normally open
NOT
OR
output device
parallel circuit
positive logic
rung
series circuit
truth table
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CHAPTER

4
 Processors, the Power Supply,

and Programming Devices

The processor and the power supply are important parts of the central
processing unit. In this chapter, we will take a look at these CPU components,
concentrating on their roles and requirements in PLC applications. In addi-
tion, we will discuss the importance of CPU subsystem communications,
error detection and correction, and power supply loading. Finally, we will
present some of the most common programming devices for entering and
editing the control program. The next chapter will discuss the other major
component of the CPU—the memory system—and will explore the relation-
ship between input/output field devices, memory, and the PLC.

4-1  INTRODUCTION

Figure 4-1. CPU block diagram.

Processor

Power
Supply

Memory
I
N
P
U
T
S

O
U
T
P
U
T
S

CPU

As mentioned in the first chapter, the central processing unit, or CPU, is the
most important element of a PLC. The CPU forms what can be considered to
be the “brain” of the system. The three components of the CPU are:

• the processor

• the memory system

• the power supply

Figure 4-1 illustrates a simplified block diagram of a CPU. CPU architecture
may differ from one manufacturer to another, but in general, most CPUs
follow this typical three-component organization. Although this diagram
shows the power supply inside the CPU block enclosure, the power supply
may be a separate unit that is mounted next to the block enclosure containing
the processor and memory. Figure 4-2 shows a CPU with a built-in power
supply. The programming device, not regarded as part of the CPU per se,
completes the total central architecture as the medium of communication
between the programmer and the CPU.

CHAPTER

HIGHLIGHTS
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The term CPU is often used interchangeably with the word processor;
however, the CPU encompasses all of the necessary elements that form the
intelligence of the system—the processor plus the memory system and power
supply. Integral relationships exist between the components of the CPU,
resulting in constant interaction among them. Figure 4-3 illustrates the
functional interaction between a PLC’s basic components. In general, the

Figure 4-3. Functional interaction of a PLC system.
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Figure 4-2. Two PLC CPUs with built-in power supplies (left with fixed I/O blocks and
right with configurable I/O).
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processor executes the control program stored in the memory system in the
form of ladder diagrams, while the system power supply provides all of the
necessary voltage levels to ensure proper operation of the processor and
memory components.

 4-2  PROCESSORS

The principal function of the processor is to command and govern the
activities of the entire system. It performs this function by interpreting and
executing a collection of system programs known as the executive. The
executive, a group of supervisory programs, is permanently stored in the
processor and is considered a part of the controller itself. By executing the
executive, the processor can perform all of its control, processing, communi-
cation, and other housekeeping functions.

The executive performs the communication between the PLC system and the
user via the programming device. It also supports other peripheral communi-
cation, such as monitoring field devices; reading diagnostic data from the
power supply, I/O modules, and memory; and communicating with an
operator interface.

Figure 4-4. Allen Bradley’s PLC processors—models 5/12, 5/15, and 5/25.

Very small microprocessors (or micros)—integrated circuits with tremen-
dous computing and control capability—provide the intelligence of today’s
programmable controllers. They perform mathematical operations, data
handling, and diagnostic routines that were not possible with relays or their
predecessor, the hardwired logic processor. Figure 4-4 illustrates a processor
module that contains a microprocessor, its supporting circuitry, and a
memory system.
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The CPU of a PLC system may contain more than one processor (or micro)
to execute the system’s duties and/or communications, because extra pro-
cessors increase the speed of these operations. This approach of using several
microprocessors to divide control and communication tasks is known as
multiprocessing. Figure 4-5 illustrates a multiprocessor configuration.

Power Supply

Main CPU
Processor

Basic Computer
Processor Module

PID Processor
Module

Figure 4-5. A multiprocessor configuration.

Another multiprocessor arrangement takes the microprocessor intelligence
away from the CPU, moving it to an intelligent module. This technique uses
intelligent I/O interfaces, which contain a microprocessor, built-in memory,
and a mini-executive that performs independent control tasks. Typical
intelligent modules are proportional-integral-derivative (PID) control mod-
ules, which perform closed-loop control independent of the CPU, and some
stepper and servo motor control interfaces. Figure 4-6 shows some intelligent
I/O modules.

Figure 4-6. (a)  A single-axis positioning module and (b) a temperature control interface.
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The microprocessors used in PLCs are categorized according to their word
size, or the number of bits that they use simultaneously to perform operations.
Standard word lengths are 8, 16, and 32 bits. This word length affects the
speed at which the processor performs most operations. For example, a 32-
bit microprocessor can manipulate data faster than a 16-bit micro, since it
manipulates twice as much data in one operation. Word length correlates with
the capability and degree of sophistication of the controller (i.e., the larger the
word length, the more sophisticated the controller).

4-3  PROCESSOR SCAN

Figure 4-7.  PLC total scan representation.

Update
Outputs

Read
Inputs

Program
Execution

EOS

Read input status

Solve the control
program and turn 

internal coils ON/OFF

Update outputs

The basic function of a programmable controller is to read all of the field input
devices and then execute the control program, which according to the logic
programmed, will turn the field output devices ON or OFF. In reality, this last
process of turning the output devices ON or OFF occurs in two steps. First,
as the processor executes the internal programmed logic, it will turn each of
its programmed internal output coils ON or OFF. The energizing or de-
energizing of these internal outputs will not, however, turn the output devices
ON or OFF. Next, when the processor has finished evaluating all of the
control logic program that turns the internal coils ON or OFF, it will perform
an update to the output interface modules, thereby turning the field devices
connected to each interface terminal ON or OFF. This process of reading the
inputs, executing the program, and updating the outputs is known as the scan.

Figure 4-7 shows a graphic representation of the scan. The scanning process
is repeated over and over in the same fashion, making the operation sequential
from top to bottom. Sometimes, for the sake of simplicity, PLC manufacturers



87

CHAPTER

4
 Processors, the Power Supply,

and Programming Devices

Industrial Text & Video Company          1-800-752-8398
www.industrialtext.com

SECTION

2
Components
and Systems

call the solving of the control program the program scan and the reading of
inputs and updating of outputs the I/O update scan. Nevertheless, the total
system scan includes both. The internal processor signal, which indicates that
the program scan has ended, is called the end-of-scan (EOS) signal.

The time it takes to implement a scan is called the scan time. The scan time
is the total time the PLC takes to complete the program and I/O update scans.
The program scan time generally depends on two factors: (1) the amount of
memory taken by the control program and (2) the type of instructions used in
the program (which affects the time needed to execute the instructions). The
time required to make a single scan can vary from a few tenths of a millisecond
to 50 milliseconds.

PLC manufacturers specify the scan time based only on the amount of
application memory used (e.g., 1 msec/1K of programmed memory). How-
ever, other factors also affect the scan time. The use of remote I/O subsystems
can increase the scan time, since the PLC must transmit and receive the I/O
update from remote systems. Monitoring control programs also adds time to
the scan, because the microprocessor must send data about the status of the
coils and contacts to a monitoring device (e.g., a PC).

The scan is normally a continuous, sequential process of reading the status of
the inputs, evaluating the control logic, and updating the outputs. A processor
is able to read an input as long as the input signal is not faster than the scan
time (i.e., the input signal does not change state—ON to OFF to ON or vice
versa—twice during the processor’s scan time). For instance, if a controller
has a total scan time of 10 msec (see Figure 4-8) and must monitor an input

Figure 4-8.  Illustration of a signal that will not be detected by a PLC during a
normal scan.
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signal that changes states twice during an 8 msec period (less than the scan),
the programmable controller will not be able to “see” the signal, resulting in
a possible machine or process malfunction. This scan characteristic must
always be considered when reading discrete input signals and ASCII charac-
ters (see the ASCII section in Chapter 8). A programmable controller’s scan
specification indicates how fast it can react to inputs and still correctly solve
the control logic. Chapter 9 provides more information about scan evaluation.

Figure 4-9. (a)  Single-pulse and (b) double-pulse signals.

SOLUTION

In Figure 4-9a, the PLC will recognize the signal, even though it is
shorter than the scan, because it was ON during the read section of
the scan. In Figure 4-9b, the PLC will recognize the first signal, but it
will not be able to detect the second pulse because this second ON-
OFF-ON transition occurred in the middle of the scan. Thus, the PLC
can not read it.

EXAMPLE 4-1

What occurs during the scanning operation of a programmable
controller if the signal(s) from an input field device behave as shown
in Figures 4-9a and 4-9b?

Program Execution Update
Outputs

Read
Inputs

Previous
Scan

Logic 0

Logic 0

Logic 1

Logic 1

EOS Signal EOS Signal

10 msec

(a)

(b)
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Note that although the signal in Figure 4-9a is shorter than the scan,
the PLC recognizes it. However, the user should take precautions
against signals that behave like this, because if the same signal occurs
in the middle of the scan, the PLC will not detect it.

Also note that the behavior of the signal in Figure 4-9b will cause a
misreading of the pulse. For instance, if the pulses are being counted,
a counting malfunction will occur. These problems, however, can be
corrected, as you will see later.

Read
Immediate
Input

Program
Execution

Back to
Program
Execution

Update
Outputs

Update
Immediate
Output and Back

Read
Input

Figure 4-10.  PLC scan with immediate I/O update.

The common scan method of monitoring the inputs at the end of each scan
may be inadequate for reading certain extremely fast inputs. Some PLCs
provide software instructions that allow the interruption of the continuous
program scan to receive an input or to update an output immediately. Figure
4-10 illustrates how immediate instructions operate during a normal program
scan. These immediate instructions are very useful when the PLC must react
instantaneously to a critical input or output.

Another method for reading extremely fast inputs involves using a pulse
stretcher, or fast-response module (see Figure 4-11). This module stretches
the signal so that it will last for at least one complete scan. With this type of
interface, the user must ensure that the signal does not occur more than once
per two scans; otherwise, some pulses will be lost. A pulse stretcher is ideal
for applications with very fast input signals (e.g., 50 microseconds), perhaps
from an instrumentation field device, that do not change state more than once
per two scans. If a large number of pulses must be read in a shorter time than
the scan time, a high-speed pulse counter input module can be used to read all
the pulses and then send the information to the CPU.
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One Scan

Read Update

One Scan

Logic 1

Logic 0

Logic 1

Logic 0

Program Execution

50 µsec
Signal

EXAMPLE 4-2

Referencing Figure 4-12, illustrate how, in one scan, (a) an immediate
instruction will respond to an interrupt input and (b) the same input
instruction can update an immediate output field device, like a
solenoid.

Figure 4-12. Example scan and signal.
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SOLUTION

(a) As shown in Figure 4-13, the immediate instruction will interrupt the
control program to read the input signal. It will then evaluate the signal
and return to the control program, where it will resume program
execution and update outputs.

(b) Figure 4-14 depicts the immediate update of an output. As in part
(a), the immediate instruction interrupts the control program to read
and evaluate the input signal. However, the output is updated before
normal program execution resumes.

Figure 4-14. Immediate update of an output field device.

Figure 4-13. Immediate response to an interrupt input.
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4-4  ERROR CHECKING AND DIAGNOSTICS

Figure 4-15. Typical PLC subsystem configuration.

The distance between the CPU and a subsystem can vary, depending on the
controller, and usually ranges between 1,000 and 15,000 feet. The communi-
cation medium generally used is either twisted-pair, twinaxial, coaxial, or
fiber-optic cable, depending on the PLC and the distance.

The PLC’s processor constantly communicates with local and remote sub-
systems (see Chapter 6), or racks as they may also be called. I/O interfaces
connect these subsystems to field devices located either close to the main CPU
or at remote locations. Subsystem communication involves data transfer
exchange at the end of each program scan, when the processor sends the latest
status of outputs to the I/O subsystem and receives the current status of inputs
and outputs. An I/O subsystem adapter module, located in the CPU, and a
remote I/O processor module, located in the subsystem chassis or rack,
perform the actual communication between the processor and the subsystem.
Figure 4-15 illustrates a typical PLC subsystem configuration.
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The controller transmits data to subsystems at very high speeds, but the actual
speed varies depending on the controller. The data format also varies, but it
is normally a serial binary format composed of a fixed number of data bits
(I/O status), start and stop bits, and error detection codes.

Error-checking techniques are also incorporated in the continuous communi-
cation between the processor and its subsystems. These techniques confirm
the validity of the data transmitted and received. The level of sophistication
of error checking varies from one manufacturer to another, as does the type
of errors reported and the resulting protective or corrective action.

ERROR CHECKING

Figure 4-16. (a)  A 16-bit data transmission of 1s and 0s and (b) the same transmission
with a parity bit (P) in the most significant bit position.

(a)

(b)

The processor uses error-checking techniques to monitor the functional status
of both the memory and the communication links between subsystems and
peripherals, as well as its own operation. Common error-checking techniques
include parity and checksum.

Parity.  Parity  is perhaps the most common error detection technique. It is
used primarily in communication link applications to detect mistakes in long,
error-prone data transmission lines. The communication between the CPU
and subsystems is a prime example of the useful application of parity error
checking. Parity check is often called vertical redundancy check (VRC).

Parity uses the number of 1s in a binary word to check the validity of data
transmission. There are two types of parity checks: even parity, which checks
for an even number of 1s, and odd parity, which checks for an odd number of
1s. When data is transmitted through a PLC, it is sent in binary format, using
1s and 0s. The number of 1s can be either odd or even, depending on the
character or data being transmitted (see Figure 4-16a). In parity data transmis-
sion, an extra bit is added to the binary word, generally in the most significant
or least significant bit position (see Figure 4-16b). This extra bit, called the
parity bit  (P), is used to make each byte or word have an odd or even number
of 1s, depending on the type of parity being used.

P 1011 0110 1000 1010
P 1011 0110 1000 1000

Even 1s
Odd 1s

Parity
(P = 0 or 1)

→

1011 0110 1000 1010
1011 0110 1000 1000

Even 1s
Odd 1s
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Let’s suppose that a processor transmits the 7-bit ASCII character C
(1000011) to a peripheral device and odd parity is required. The total number
of 1s is three, or odd. If the parity bit (P) is the most significant bit, the
transmitted data will be P1000011. To achieve odd parity, P is set to 0 to obtain
an odd number of 1s. The receiving end detects an error if the data does not
contain an odd number of 1s. If even parity had been the error-checking
method, P would have been set to 1 to obtain an even number of 1s.

Parity error checking is a single-error detection method. If one bit of data in
a word changes, an error will be detected due to the change in the bit pattern.
However, if two bits change value, the number of 1s will be changed back, and
an error will not be detected even though there is a mistransmission.

In PLCs, when data is transmitted to a subsystem, the controller defines the
type of parity (odd or even) that will be used. However, if the data
transmission is from the programmable controller to a peripheral, the parity
method must be prespecified and must be the same for both devices.

Some processors do not use parity when transmitting information, although
their peripherals may require it. In this case, parity generation can be
accomplished through application software. The parity bit can be set for odd
or even parity with a short routine using functional blocks or a high-level
language. If a nonparity-oriented processor receives data that contains parity,
a software routine can also be used to mask out, or strip, the parity bit.

Checksum.  The extra bit of data added to each word when using parity error
detection is often too wasteful to be desirable. In data storage, for example,
error detection is desirable, but storing one extra bit for every eight bits means
a 12.5% loss of data storage capacity. For this reason, a data block error-
checking method known as checksum is used.

Checksum error detection spots errors in blocks of many words, instead of in
individual words as parity does. Checksum analyzes all of the words in a data
block and then adds to the end of the block one word that reflects a
characteristic of the block. Figure 4-17 shows this last word, known as the
block check character (BCC). This type of error checking is appropriate for
memory checks and is usually done at power-up.

There are several methods of checksum computation, with the three most
common being:

• cyclic redundancy check

• longitudinal redundancy check

• cyclic exclusive-OR checksum

Cyclic Redundancy Check. Cyclic redundancy check (CRC) is a technique
that performs an addition of all the words in the data block and then stores the
resulting sum in the last location, the block check character (BCC). This
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summation process can rapidly reach an overflow condition, so one variation
of CRC allows the sum to overflow, storing only the remainder bits in the BCC
word. Typically, the resulting word is complemented and written in the BCC
location. During the error check, all words in the block are added together,
with the addition of the final BCC word turning the result to 0. A zero sum
indicates a valid block. Another type of CRC generates the BCC using the
remainder of dividing the sum by a preset binary number.

Longitudinal Redundancy Check. Longitudinal redundancy check (LRC)
is an error-checking technique based on the accumulation of the result of
performing an exclusive-OR (XOR) on each of the words in the data block.
The exclusive-OR operation is similar to the standard OR logic operation (see
Chapter 3) except that, with two inputs, only one can be ON (1) for the output
to be 1. If both logic inputs are 1, then the output will be 0. The exclusive-OR

operation is represented by the ⊕ symbol. Figure 4-18 illustrates the truth
table for the exclusive-OR operation. Thus, the LRC operation is simply the
logical exclusive-OR of the first word with the second word, the result with
the third word, and so on. The final exclusive-OR operation is stored at the end
of the block as the BCC.

Figure 4-17. Block check character at the end
of the data block.

Figure 4-18. Truth table for the exclusive-
OR operation.

Cyclic Exclusive-OR Checksum. Cyclic exclusive-OR checksum (CX-
ORC) is similar to LRC with some slight variations. The operation starts with
a checksum word containing 0s, which is XORed with the first word of the
block. This is followed by a left rotation of the bits in the checksum word. The
next word in the data block is XORed with the checksum word and then

Exclusive-OR Truth Table

stupnI tuptuO

BA Y

00 0
10 1
01 1
11 0

Word 1

Word 2

Word 3

Last Word

Checksum
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Figure 4-19. Cyclic exclusive-OR checksum operation.

EXAMPLE 4-3

Implement a checksum utilizing (a) LRC and (b) CX-ORC techniques
for the four, 6-bit words shown. Place the BCC at the end of the data
block.

word 1 1 1 0 0 1 1
word 2 1 0 1 1 0 1
word 3 1 0 1 1 1 0
word 4 1 0 0 1 1 1

SOLUTION

(a) Longitudinal redundancy check:

word 1 1 1 0 0 1 1
⊕ ⊕

word 2 1 0 1 1 0 1

result 0 1 1 1 1 0

⊕ ⊕
word 3 1 0 1 1 1 0
result 1 1 0 0 0 0

⊕ ⊕
word 4 1 0 0 1 1 1
result 0 1 0 1 1 1

rotated left (see Figure 4-19). This procedure is repeated until the last word
of the block has been logically operated on. The checksum word is then
appended to the block to become the BCC.

A software routine in the executive program performs most checksum error-
detecting methods. Typically, the processor performs the checksum compu-
tation on memory at power-up and also during the transmission of data. Some
controllers perform the checksum on memory during the execution of the
control program. This continuous on-line error checking lessens the possibil-
ity of the processor using invalid data.

1 0 1 1 0 1 0 1

0 1 1 0 1 0 1
1

0 1 1 0 1 0 1 1

7Bit

Data

6 5 4 3 2 1 0

Bit 7 Rotates to Bit 0 Position

Data Before
Rotation

Data After
Rotation

Data During
Rotation
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LRC data block:

word 1 1 1 0 0 1 1
word 2 1 0 1 1 0 1
word 3 1 0 1 1 1 0
word 4 1 0 0 1 1 1
BCC 0 1 0 1 1 1

(b) Cyclic exclusive-OR check:

Start with checksum word 000000.

CS start 0 0 0 0 0 0

⊕ ⊕
word 1 1 1 0 0 1 1

result 1 1 0 0 1 1

left rotate 1 0 0 1 1 1

⊕ ⊕
word 2 1 0 1 1 0 1

result 0 0 1 0 1 0

left rotate 0 1 0 1 0 0

⊕ ⊕
word 3 1 0 1 1 1 0

result 1 1 1 0 1 0

left rotate 1 1 0 1 0 1

⊕ ⊕
word 4 1 0 0 1 1 1

result 0 1 0 0 1 0

left rotate 1 0 0 1 0 0 (final checksum)

CX-ORC data block:

word 1 1 1 0 0 1 1
word 2 1 0 1 1 0 1
word 3 1 0 1 1 1 0
word 4 1 0 0 1 1 1
BCC 1 0 0 1 0 0

Error Detection and Correction.  More sophisticated programmable con-
trollers may have an error detection and correction scheme that provides
greater reliability than conventional error detection. The key to this type of
error correction is the multiple representation of the same value.
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The most common error-detecting and error-correcting code is the Hamming
code. This code relies on parity bits interspersed with data bits in a data word.
By combining the parity and data bits according to a strict set of parity
equations, a small byte is generated that contains a value that identifies the
erroneous bit. An error can be detected and corrected if any bit is changed by
any value. The hardware used to generate and check Hamming codes is quite
complex and essentially implements a set of error-correcting equations.

Error-correcting codes offer the advantage of being able to detect two or more
bit errors; however, they can only correct one-bit errors. They also present a
disadvantage because they are bit wasteful. Nevertheless, this scheme will
continue to be used with data communication in hierarchical systems that are
unmanned, sophisticated, and automatic.

CPU DIAGNOSTICS

The processor is responsible for detecting communication failures, as well as
other failures, that may occur during system operation. It must alert the
operator or system in case of a malfunction. To do this, the processor performs
diagnostics, or error checks, during its operation and sends status information
to indicators that are normally located on the front of the CPU.

Typical diagnostics include memory OK, processor OK, battery OK, and
power supply OK. Some controllers possess a set of fault relay contacts that
can be used in an alarm circuit to signal a failure. The processor controls the
fault relay and activates it when one or more specific fault conditions occur.

The relay contacts that are usually provided with a controller operate in a
watchdog timer fashion; that is, the processor sends a pulse at the end of each
scan indicating a correct system operation. If a failure occurs, the processor
does not send a pulse, the timer times out, and the fault relay activates.

In some controllers, CPU diagnostics are available to the user during the
execution of the control program. These diagnostics use internal outputs that
are controlled by the processor but can be used by the user program (e.g., loss
of scan, backup battery low, etc.).

4-5  THE SYSTEM POWER SUPPLY

The system power supply plays a major role in the total system operation. In
fact, it can be considered the “first-line manager” of system reliability and
integrity. Its responsibility is not only to provide internal DC voltages to the
system components (i.e., processor, memory, and input/output interfaces),
but also to monitor and regulate the supplied voltages and warn the CPU if
something is wrong. The power supply, then, has the function of supplying
well-regulated power and protection for other system components.
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THE INPUT VOLTAGE

Usually, PLC power supplies require input from an AC power source;
however, some PLCs will accept a DC power source. Those that will accept
a DC source are quite appealing for applications such as offshore drilling
operations, where DC sources are commonly used. Most PLCs, however,
require a 120 VAC or 220 VAC power source, while a few controllers will
accept 24 VDC.

Since industrial facilities normally experience fluctuations in line voltage
and frequency, a PLC power supply must be able to tolerate a 10 to 15%
variation in line voltage conditions. For example, when connected to a 120
VAC source, a power supply with a line voltage tolerance of ±10% will
continue to function properly as long as the voltage remains between 108 and
132 VAC. A 220 VAC power supply with ±10% line tolerance will function
properly as long as the voltage remains between 198 and 242 VAC. When the
line voltage exceeds the upper or lower tolerance limits for a specified
duration (usually one to three AC cycles), most power supplies will issue a
shutdown command to the processor. Line voltage variations in some plants
can eventually become disruptive and may result in frequent loss of produc-
tion. Normally, in such a case, a constant voltage transformer is installed to
stabilize line conditions.

Constant Voltage Transformers.  Good power supplies tolerate normal
fluctuations in line conditions, but even the best-designed power supply
cannot compensate for the especially unstable line voltage conditions found
in some industrial environments. Conditions that cause line voltage to drop
below proper levels vary depending on application and plant location. Some
possible conditions are:

• start-up/shutdown of nearby heavy equipment, such as large motors,
pumps, welders, compressors, and air-conditioning units

• natural line losses that vary with distance from utility substations

• intraplant line losses caused by poorly made connections

• brownout situations in which line voltage is intentionally reduced by
the utility company

A constant voltage transformer compensates for voltage changes at its
input (the primary) to maintain a steady voltage to its output (the secondary).
When operated at less than the rated load, the transformer can be expected to
maintain approximately ±1% output voltage regulation with an input voltage
variation of as much as 15%. The percentage of regulation changes as a
function of the operated load (PLC power supply and input devices)—the
higher the load, the more fluctuation. Therefore, a constant voltage trans-
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former must be properly rated to provide ample power to the load. The rating
of the constant voltage transformer, in units of volt-amperes (VA), should be
selected based on the worst-case power requirements of the load. The
recommended rating for a constant voltage transformer can be obtained from
the PLC manufacturer. Figure 4-20 illustrates a simplified connection of a
constant voltage transformer and a programmable controller.

Figure 4-20. A constant voltage transformer connected to a PLC system (CPU
and modules).

The Sola CVS standard sinusoidal transformer, or an equivalent constant
voltage transformer, is suitable for programmable controller applications.
This type of transformer uses line filters to remove high-harmonic content and
provide a clean sinusoidal output. Constant voltage transformers that do not
filter high harmonics are not recommended for programmable controller
applications. Figure 4-21 illustrates the relationship between the output
voltage and input voltage for a typical Sola CVS transformer operated at
different loads.

Primary
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Isolation Transformers.  Often, a programmable controller will be installed
in an area where the AC line is stable; however, surrounding equipment may
generate considerable amounts of electromagnetic interference (EMI). Such
an installation can result in intermittent misoperation of the controller,
especially if the controller is not electrically isolated (on a separate AC power
source) from the equipment generating the EMI. Placing the controller on a
separate isolation transformer from the potential EMI generators will
increase system reliability. The isolation transformer need not be a constant
voltage transformer; but it should be located between the controller and the
AC power source.

LOADING CONSIDERATIONS

The system power supply provides the DC power required by the logic
circuits of the CPU and the I/O circuits. The power supply has a maximum
amount of current that it can provide at a given voltage level (e.g., 10 amps
at 5 volts), depending on the type of power supply. The amount of current that
a given power supply can provide is not always sufficient to satisfy the
requirements of a mix of I/O modules. In such a case, undercurrent conditions
can cause unpredictable operation of the I/O system.

In most circumstances, an undercurrent situation is unusual, since most power
supplies are designed to accommodate a mix of the most commonly used I/O
modules. However, an undercurrent condition sometimes arises in applica-
tions where an excessive number of special purpose I/O modules are used
(e.g., power contact outputs and analog inputs/outputs). These special pur-
pose modules usually have higher current requirements than most commonly
used digital I/O modules.

Figure 4-21. Relationship of input versus output voltages for a Sola unit.
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Power supply overloading can be an especially annoying condition, since the
problem is not always easily detected. An overload condition is often a
function of a combination of outputs that are ON at a given time, which means
that overload conditions can appear intermittently. When power supply
loading limits have been exceeded and overload occurs, the normal remedy
is to either add an auxiliary power supply or to obtain a supply with a larger
current capability. To be aware of system loading requirements ahead of time,
users can obtain vendor specifications for I/O module current requirements.
This information should include per point (single input or output) require-
ments and current requirements for both ON and OFF states. If the total
current requirement for a particular I/O configuration is greater than the total
current supplied by the power supply, then a second power supply will be
required. An early consideration of line conditions and power requirements
will help to avoid problems during installation and start-up.

Power Supply Loading Example.  Undoubtedly, the best solution to a
problem is anticipation of the problem. When selecting power supplies,
current loading requirements, which can indicate potential loading problems,
are often overlooked. For this reason, let’s go over a load estimation example.

Consider an application where a PLC will control 50 discrete inputs and 25
discrete outputs. Each discrete input module can connect up to 16 field
devices, while each output module can connect up to 8 field devices. In
addition to this discrete configuration, the application requires a special servo
motor interface module and five power contact outputs. The system also uses
three analog inputs and three analog outputs.

Figure 4-22 illustrates the configuration of this PLC application. The first
plug-in module is the power supply, then the processor module, and then the
I/O modules.

Figure 4-22. Configuration of an example PLC.
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Application Note

Power supply requires one slot (slot 00).
Processor requires one slot (slot 0).
Twelve I/O slots are used, four are spare.
Auxiliary power supplies, if required, must be placed in slot 8.

Slot 00 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
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The first step in estimating the load is to determine how many modules are
required and then compute the total current requirement of these modules.
Table 4-1 lists the module types, current requirements for all inputs and
outputs ON at the same time, and the available power supplies for our
programmable controller example.

Table 4-1. Listing of modules and their current requirements.

The total power supply current required by this input/output system is 4655
mA, or 4.655 amps. Adding this current to the 1.2 amps required by the
processor results in a total of 5.855 amps, the minimum current the power
supply must provide to ensure the proper operation of the system. This total
current indicates a worst-case condition, since it assumes that all I/Os are
operating in the ON condition (which requires more current than the OFF
condition).

For this example, there are several power supply options. These options
include using a 6 amp power supply or using a combination of a smaller
supply with an auxiliary source. If no expansion is expected, the 6 amp power
source will suffice. Conversely, if there is a slight possibility for more I/O
requirements, then an auxiliary supply will most likely be needed. The
addition of an auxiliary supply can be done either at setup or when required;
however, for the controller configuration in Figure 4-22, the auxiliary source
must be placed in the eighth slot, resulting in I/O address changes if the
auxiliary supply is added after setup. Therefore, the reference addresses in the
program will have to be reprogrammed to reflect this change. Also, remember
that the larger the power supply, the higher the price in most cases. You must
keep all these factors in mind when configuring a PLC system and assigning
I/O addresses to field devices.
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4-6  PROGRAMMING DEVICES

Although the way to enter the control program into the PLC has changed since
the first PLCs came onto the market, PLC manufacturers have always
maintained an easy human interface for program entry. This means that users
do not have to spend much time learning how to enter a program, but rather
they can spend their time programming and solving the control problem.

Most PLCs are programmed using very similar instructions. The only
difference may be the mechanics associated with entering the program into
the PLC, which may vary from manufacturer to manufacturer. This involves
both the type of instruction used by each particular PLC and the methodology
for entering the instruction using a programming device. The two basic types
of programming devices are:

• miniprogrammers

• personal computers

MINIPROGRAMMERS

Miniprogrammers , also known as handheld or manual programmers, are an
inexpensive and portable way to program small PLCs (up to 128 I/O).
Physically, these devices resemble handheld calculators, but they have a
larger display and a somewhat different keyboard. The type of display is
usually LED (light-emitting diode) or dot matrix LCD (liquid crystal display),
and the keyboard consists of numeric keys, programming instruction keys,
and special function keys. Instead of handheld units, some controllers have
built-in miniprogrammers. In some instances, these built-in programmers are
detachable from the PLC. Even though they are used mainly for editing and
inputting control programs, miniprogrammers can also be useful tools for
starting up, changing, and monitoring the control logic. Figure 4-23 shows a
typical miniprogrammer along with a small PLC, in which miniprogrammers
are generally used.

Most miniprogrammers are designed so that they are compatible with two or
more controllers in a product family. The miniprogrammer is most often used
with the smallest member of the PLC family or, in some cases, with the next
larger member, which is normally programmed using a personal computer
with special PLC programming software (discussed in the next section). With
this programming option, small changes or monitoring required by the larger
controller can be accomplished without carrying a personal computer to the
PLC location.

Miniprogrammers can be intelligent or nonintelligent. Nonintelligent
handheld programmers can be used to enter and edit the PLC program with
limited on-line monitoring and editing capabilities. These capabilities are
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limited by memory and display size. Intelligent miniprogrammers are micro-
processor-based and provide the user with many of the features offered by
personal computers during off-line programming (disconnected from the
PLC). These intelligent devices can perform system diagnostic routines
(memory, communication, display, etc.) and even serve as an operator
interface device that can display English messages about the controlled
machine or process.

Some miniprogrammers offer removable memory cards or modules, which
store a complete program that can be reloaded at any time into any member
of the PLC family (see Figure 4-24). This type of storage is useful in
applications where the control program of one machine needs to be duplicated
and easily transferred to other machines (e.g., OEM applications).

Figure 4-23. A typical miniprogrammer and a small PLC.

Figure 4-24. A removable memory card for a miniprogrammer.
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PERSONAL COMPUTERS

Common usage of the personal computer (PC) in our daily lives has led to the
practical elimination of dedicated PLC programming devices. Due to the
personal computer’s general-purpose architecture and standard operating
system, most PLC manufacturers and other independent suppliers provide the
necessary PC software to implement ladder program entry, editing, documen-
tation, and real-time monitoring of the PLC’s control program. The large
screens of PCs can show one or more ladder rungs of the control program
during programming or monitoring operation (see Figure 4-25).

Personal computers are the programming devices of choice not so much
because of their PLC programming capabilities, but because PCs are usually
already present at the location where the user is performing the programming.
The different types of desktop, laptop, and portable PCs give the programmer
flexibility—they can be used as programming devices, but they can also be
used in applications other than PLC programming. For instance, a personal
computer can be used to program a PLC, but it may also be connected to the
PLC’s local area network (see Figure 4-26) to gather and store, on a hard disk,
process information that could be vital for future product enhancements. A
PC can also communicate with a programmable controller through the RS-
232C serial port, thus serving either as the data handler and supervisor of the
PLC control or as the bridge between the PLC network and a larger computer
system (see Figure 4-27).

Figure 4-25.  A PLC ladder diagram displayed on a personal computer.
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Figure 4-26. A PC connected to a PLC’s local area network.

Figure 4-27.  A PC acting as a bridge between a PLC network and a mainframe
computer system.
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In addition to programming and data collection activities, PC software that
provides ladder programming capability often includes PLC documentation
options. This documentation capability allows the programmer to define the
purpose and function of each I/O address that is used in a PLC program. Also,
general software programs, such as spreadsheets and databases, can commu-
nicate process data from the PLC to a PC via a software bridge or translator
program. These software options make the PC almost invaluable when using
it as a man/machine interface, providing a window to the inner workings of
the PLC-controlled machine or process and generating reports that can be
directly translated into management forms.

block check character (BCC)
checksum
constant voltage transformer
cyclic exclusive-OR checksum (CX-ORC)
cyclic redundancy check (CRC)
diagnostics
exclusive-OR (XOR)
Hamming code
I/O update scan
isolation transformer
longitudinal redundancy check (LRC)
microprocessor
miniprogrammer
multiprocessing
parity
parity bit
program scan
scan time
vertical redundancy check (VRC)
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HIGHLIGHTS

The most important characteristic of a programmable controller is the user’s
ability to change the control program quickly and easily. The PLC’s architec-
ture makes this programmability feature possible. The memory system is the
area in the PLC’s CPU where all of the sequences of instructions, or
programs, are stored and executed by the processor to provide the desired
control of field devices. The memory sections that contain the control
programs can be changed, or reprogrammed, to adapt to manufacturing line
procedure changes or new system start-up requirements.

MEMORY SECTIONS

Executive

Memory

Area

Application

Memory

Area

Figure 5-1. Simplified block diagram of the total PLC memory system.

The executive memory is a collection of permanently stored programs that
are considered part of the PLC itself. These supervisory programs direct all
system activities, such as execution of the control program and communica-
tion with peripheral devices. The executive section is the part of the PLC’s

Now that you’ve learned about the first three major components of the
programmable controller, it’s time to learn about the last—the memory
system. Understanding the PLC’s memory system will help you understand
why it operates as it does, as well as how it interacts with I/O interfaces.
In this chapter, we will discuss the different types of memory, including
memory structure and capabilities. Then, we will explore the relationship
between memory organization and I/O interaction. Finally, we will explain
how to configure the PLC memory for I/O addressing.

The total memory system in a PLC is actually composed of two different
memories (see Figure 5-1):

• the executive memory

• the application memory

5-1  MEMORY OVERVIEW
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memory where the system’s available instruction software is stored (i.e., relay
instructions, block transfer functions, math instructions, etc.). This area of
memory is not accessible to the user.

The application memory provides a storage area for the user-programmed
instructions that form the application program. The application memory area
is composed of several areas, each having a specific function and usage.
Section 5-4 covers the executive and application memory areas in detail.

5-2  MEMORY TYPES

The storage and retrieval requirements for the executive and application
memory sections are not the same; therefore, they are not always stored in the
same type of memory. For example, the executive requires a memory that
permanently stores its contents and cannot be erased or altered either by loss
of electrical power or by the user. This type of memory is often unsuitable for
the application program.

Memory can be separated into two categories: volatile and nonvolatile.
Volatile memory loses its programmed contents if all operating power is lost
or removed, whether it is normal power or some form of backup power.
Volatile memory is easily altered and quite suitable for most applications
when supported by battery backup and possibly a disk copy of the program.
Nonvolatile memory retains its programmed contents, even during a com-
plete loss of operating power, without requiring a backup source. Nonvolatile
memory generally is unalterable, yet there are special nonvolatile memory
types that are alterable. Today’s PLCs include those that use nonvolatile
memory, those that use volatile memory with battery backup, as well as those
that offer both.

There are two major concerns regarding the type of memory where the
application program is stored. Since this memory is responsible for retaining
the control program that will run each day, volatility should be the prime
concern. Without the application program, production may be delayed or
forfeited, and the outcome is usually unpleasant. A second concern should be
the ease with which the program stored in memory can be altered. Ease in
altering the application memory is important, since this memory is ultimately
involved in any interaction between the user and the controller. This interac-
tion begins with program entry and continues with program changes made
during program generation and system start-up, along with on-line changes,
such as changing timer or counter preset values.

The following discussion describes six types of memory and how their
characteristics affect the manner in which programmed instructions are
retained or altered within a programmable controller.
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READ-ONLY MEMORY

RANDOM-ACCESS MEMORY

Read-only memory (ROM) is designed to permanently store a fixed
program that is not alterable under ordinary circumstances. It gets its name
from the fact that its contents can be examined, or read, but not altered once
information has been stored. This contrasts with memory types that can be
read from and written to (discussed in the next section). By nature, ROMs are
generally immune to alteration due to electrical noise or loss of power.
Executive programs are often stored in ROM.

Programmable controllers rarely use read-only memory for their application
memory. However, in applications that require fixed data, read-only memory
offers advantages when speed, cost, and reliability are factors. Generally, the
manufacturer creates ROM-based PLC programs at the factory. Once the
manufacturer programs the original set of instructions, the user can never alter
it. This typical approach to the programming of ROM-based controllers
assumes that the program has already been debugged and will never be
changed. This debugging is accomplished using a random-access memory–
based PLC or possibly a computer. The final program is then entered into
ROM. ROM application memory is typically found only in very small,
dedicated PLCs.

Random-access memory (RAM), often referred to as read/write memory
(R/W), is designed so that information can be written into or read from the
memory storage area. Random-access memory does not retain its contents if
power is lost; therefore, it is a volatile type of memory. Random-access
memory normally uses a battery backup to sustain its contents in the event of
a power outage.

For the most part, today’s programmable controllers use RAM with battery
support for application memory. Random-access memory provides an excel-
lent means for easily creating and altering a program, as well as allowing data
entry. In comparison to other memory types, RAM is a relatively fast
memory. The only noticeable disadvantage of battery-supported RAM is that
the battery may eventually fail, although the processor constantly monitors
the status of the battery. Battery-supported RAM has proven to be sufficient
for most programmable controller applications. If a battery backup is not
feasible, a controller with a nonvolatile memory option (e.g., EPROM) can be
used in combination with the RAM. This type of memory arrangement
provides the advantages of both volatile and nonvolatile memory. Figure
5-2 shows a RAM chip.
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Figure 5-2.  A 4K words by 8 bits RAM memory chip.

PROGRAMMABLE READ-ONLY MEMORY

Programmable read-only memory (PROM) is a special type of ROM
because it can be programmed. Very few of today’s programmable control-
lers use PROM for application memory. When it is used, this type of memory
is most likely a permanent storage backup for some type of RAM. Although
a PROM is programmable and, like any other ROM, has the advantage of
nonvolatility, it has the disadvantage of requiring special programming
equipment. Also, once programmed, it cannot be easily erased or altered; any
program change requires a new set of PROM chips. A PROM memory is
suitable for storing a program that has been thoroughly checked while
residing in RAM and will not require further changes or on-line data entry.

ERASABLE PROGRAMMABLE READ-ONLY MEMORY

Erasable programmable read-only memory (EPROM) is a specially
designed PROM that can be reprogrammed after being entirely erased by an
ultraviolet (UV) light source. Complete erasure of the contents of the chip
requires that the window of the chip (see Figure 5-3) be exposed to a UV
light source for approximately twenty minutes. EPROM can be considered
a semipermanent storage device, because it permanently stores a program
until it is ready to be altered.

EPROM provides an excellent storage medium for application programs that
require nonvolatility, but that do not require program changes or on-line data
entry. Many OEMs use controllers with EPROM-type memories to provide
permanent storage of the machine program after it has been debugged and is
fully operational. OEMs use EPROM because most of their machines will not
require changes or data entry by the user.
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An application memory composed of EPROM alone is unsuitable if on-line
changes or data entry are required. However, many controllers offer EPROM
application memory as an optional backup to battery-supported RAM.
EPROM, with its permanent storage capability, combined with RAM, which
is easily altered, makes a suitable memory system for many applications.

Figure 5-3. A 4K by 8 bits EPROM memory chip.

ELECTRICALLY ERASABLE PROGRAMMABLE
 READ-ONLY MEMORY

Electrically erasable programmable read-only memory (EEPROM) is
an integrated circuit memory storage device that was developed in the mid-
1970s. Like ROMs and EPROMs, it is a nonvolatile memory, yet it offers the
same programming flexibility as RAM does.

Several of today’s small and medium-sized controllers use EEPROM as the
only memory within the system. It provides permanent storage for the
program and can be easily changed with the use of a programming device
(e.g., a PC) or a manual programming unit. These two features help to
eliminate downtime and delays associated with programming changes. They
also lessen the disadvantages of electrically erasable programmable read-
only memory.

ELECTRICALLY ALTERABLE READ-ONLY MEMORY

Electrically alterable read-only memory (EAROM) is similar to EPROM,
but instead of requiring an ultraviolet light source to erase it, an erasing
voltage on the proper pin of an EAROM chip can wipe the chip clean. Very
few controllers use EAROM as application memory, but like EPROM, it
provides a nonvolatile means of program storage and can be used as a backup
to RAM-type memories.
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One of the disadvantages of EEPROM is that a byte of memory can be written
to only after it has been erased, thus creating a delay. This delay period is
noticeable when on-line program changes are being made. Another disadvan-
tage of EEPROM is a limitation on the number of times that a single byte of
memory can undergo the erase/write operation (approximately 10,000).
These disadvantages are negligible, however, when compared to the remark-
able advantages that EEPROM offers.

5-3  MEMORY STRUCTURE AND CAPACITY

Figure 5-4.  Units of PLC memory: bits, bytes, and words.

Word

Byte Bit

BASIC STRUCTURAL UNITS

PLC memories can be thought of as large, two-dimensional arrays of single-
unit storage cells, each storing a single piece of information in the form of 1
or 0 (i.e., the binary numbering format). Since each cell can store only one
binary digit and bit is the acronym for “binary digit,” each cell is called a bit.
A bit, then, is the smallest structural unit of memory. Although each bit stores
information as either a 1 or a 0, the memory cells do not actually contain the
numbers 1 and 0 per se. Rather, the cells use voltage charges to represent 1 and
0—the presence of a voltage charge represents a 1, the absence of a charge
represents a 0. A bit is considered to be ON if the stored information is 1
(voltage present) and OFF if the stored information is 0 (voltage absent). The
ON/OFF information stored in a single bit is referred to as the bit status.

Sometimes, a processor must handle more than a single bit of data at a time.
For example, it is more efficient for a processor to work with a group of bits
when transferring data to and from memory. Also, storing numbers and codes
requires a grouping of bits. A group of bits handled simultaneously is called
a byte. More accurately, a byte is the smallest group of bits that can be handled
by the processor at one time. Although byte size is normally eight bits, this
size can vary depending on the specific controller.

The third and final structural information unit used within a PLC is a word.
In general, a word is the unit that the processor uses when data is to be operated
on or instructions are to be performed. Like a byte, a word is also a fixed group
of bits that varies according to the controller; however, words are usually one
byte or more in length. For example, a 16-bit word consists of two bytes.
Typical word lengths used in PLCs are 8, 16, and 32 bits. Figure 5-4 illustrates
the structural units of a typical programmable controller memory.
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Figure 5-5.  Block illustration of (a) a 4K by 8 bits storage location and (b) a 4K by
16 bits storage location.

The memory capacity of a programmable controller in units of K is only an
indication of the total number of storage locations available. Knowing this
maximum number alone is not enough to determine memory requirements.

MEMORY CAPACITY AND UTILIZATION

Memory capacity is a vital concern when considering a PLC application.
Specifying the right amount of memory can save the costs of hardware and
time associated with adding additional memory capacity later. Knowing
memory capacity requirements ahead of time also helps avoid the purchase
of a controller that does not have adequate capacity or that is not expandable.

Memory capacity is nonexpandable in small controllers (less than 64 I/O
capacity) and expandable in larger PLCs. Small PLCs have a fixed amount
of memory because the available memory is usually more than enough to
provide program storage for small applications. Larger controllers allow
memory expandability, since the scope of their applications and the number
of their I/O devices have less definition.

Application memory size is specified in terms of K units, where each K unit
represents 1024 word locations. A 1K memory, then, contains 1024 storage
locations, a 2K memory contains 2048 locations, a 4K memory contains
4096 locations, and so on. Figure 5-5 illustrates two memory arrays of 4K
each; however, they have different configurations—the first configuration
uses one-byte words (8 bits) and the other uses two-byte words (16 bits).

(a) (b)

Byte Byte Byte

0000
0001
0002

4096

0000
0001
0002

WordWord

4096
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Additional information concerning how program instructions are stored will
help to make a better decision. The term memory utilization refers to the
amount of data that can be stored in one location or, more specifically, to the
number of memory locations required to store each type of instruction. The
manufacturer can supply this data if the product literature does not provide it.

To illustrate memory capacity, let’s refer to Figure 5-5. Suppose that each
normally open and normally closed contact instruction requires 16 bits of
storage area. With these memory requirements, the effective storage area of
the memory system in Figure 5-5a is half that of Figure 5-5b. This means
that, to store the same size control program, the system in Figure 5-5a would
require 8K memory capacity instead of 4K, as in Figure 5-5b.

After becoming familiar with how memory is utilized in a particular control-
ler, users can begin to determine the maximum memory requirements for an
application. Although several rules of thumb have been used over the years,
no one simple rule has emerged as being the most accurate. However, with a
knowledge of the number of outputs, an idea of the number of program
contacts needed to drive the logic of each output, and information concerning
memory utilization, memory requirement approximation can be reduced to
simple multiplication.

Table 5-1. Memory utilization requirements.

noitcurtsnI deriuqeRyromeMfosdroW

)stcatnoc(FFOroNOenimaxE 1

lioctuptuO 1

erapmoc/tcartbus/ddA 1

retnuoc/remiT 3

EXAMPLE 5-1

Determine the memory requirements for an application with the
following specifications:

• 70 outputs, with each output driven by logic composed of 10
contact elements

• 11 timers and 3 counters, each having 8 and 5 elements,
respectively

• 20 instructions that include addition, subtraction, and com-
parison, each driven by 5 contact elements

Table 5-1 provides information about the application’s memory
utilization requirements.
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SOLUTION

Using the given information, a preliminary estimation of memory is:

(a) Control logic = 10 contact elements/output rung
Number of output rungs = 70

(b) Control logic = 8 contact elements/timer
Number of timers = 11

(c) Control logic = 5 contact elements/counter
Number of counters = 3

(d) Control logic = 5 contact elements/math and compare
Number of math and compare = 20

Based on the memory utilization information from Table 5-1, the total
number of words is:

(a) Total contact elements (70 x 10) 700
Total outputs (70 x 1)   70
Total words 770

(b) Total contact elements (11 x 8)   88
Total timers (11 x 3)   33
Total words 121

(c) Total contact elements (3 x 5)   15
Total counters (3 x 3)     9
Total words   24

(d) Total contact elements (20 x 5) 100
Total math and compare (20 x 1)   20
Total words 120

Thus, the total words of memory required for the storage of the
instructions, outputs, timers, and counters is 1035 words (770 + 121
+ 24 + 120), or just over 1K of memory.

The calculation performed in the previous example is actually an approxima-
tion because other factors, such as future expansion, must be considered
before the final decision is made. After determining the minimum memory
requirements for an application, it is wise to add an additional 25 to 50%
more memory. This increase allows for changes, modifications, and future
expansion. Keep in mind that the sophistication of the control program also
affects memory requirements. If the application requires data manipulation
and data storage, it will require additional memory. Normally, the enhanced
instructions that perform mathematical and data manipulation operations
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will also have greater memory requirements. Depending on the PLC’s
manufacturer, the application memory may also include the data table and I/O
table (discussed in the next section). If this is the case, then the amount of
“real” user application memory available will be less than that specified.
Exact memory usage can be determined by consulting the manufacturer’s
memory utilization specifications.

Executive

Data Table

Scratch Pad

User Program

System
Memory

Application
Memory

Figure 5-6. A simplified memory map.

Although two different programmable controllers rarely have identical
memory maps, a generalized discussion of memory organization is still valid
because all programmable controllers have similar storage requirements. In
general, all PLCs must have memory allocated for four basic memory areas,
which are as follows:

• Executive Area. The executive is a permanently stored collection of
programs that are considered part of the system itself. These supervi-
sory programs direct system activities, such as execution of the
control program, communication with peripheral devices, and other
system housekeeping activities.

5-4  MEMORY ORGANIZATION AND I/O INTERACTION

The memory system, as mentioned before, is composed of two major
sections—the system memory and the application memory—which in turn
are composed of other areas. Figure 5-6 illustrates this memory organiza-
tion, known as a memory map. Although the two main sections, system
memory and application memory, are shown next to each other, they are not
necessarily adjacent, either physically or by address. The memory map shows
not only what is stored in memory, but also where data is stored, according
to specific locations called memory addresses. An understanding of the
memory map is very useful when creating a PLC control program and
defining the data table.
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• Scratch Pad Area. This is a temporary storage area used by the CPU
to store a relatively small amount of data for interim calculations and
control. The CPU stores data that is needed quickly in this memory
area to avoid the longer access time involved with retrieving data from
the main memory.

• Data Table Area. This area stores all data associated with the control
program, such as timer/counter preset values and other stored con-
stants and variables used by the control program or CPU. The data
table also retains the status information of both the system inputs
(once they have been read) and the system outputs (once they have
been set by the control program).

• User Program Area. This area provides storage for programmed
instructions entered by the user. The user program area also stores the
control program.

The executive and scratch pad areas are hidden from the user and can be
considered a single area of memory that, for our purpose, is called system
memory. On the other hand, the data table and user program areas are
accessible and are required by the user for control applications. They are
called application memory.

The total memory specified for a controller may include system memory and
application memory. For example, a controller with a maximum of 64K may
have executive routines that use 32K and a system work area (scratch pad) of
1/4K. This arrangement leaves a total of 31 3/4K for application memory (data
table and user memory). Although it is not always the case, the maximum
memory specified for a given programmable controller normally includes
only the total amount of application memory available. Other controllers may
specify only the amount of user memory available for the control program,
assuming a fixed data table area defined by the manufacturer. Now, let’s take
a closer look at the application memory and explore how it interacts with the
user and the program.

APPLICATION MEMORY

The application memory stores programmed instructions and any data the
processor will use to perform its control functions. Figure 5-7 shows a
mapping of the typical elements in this area. Each programmable controller
has a maximum amount of application memory, which varies depending on
the size of the controller. The controller stores all data in the data table section
of the application memory, while it stores programmed instructions in the
user program section.
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Data Table Section. The data table section of a PLC’s application memory
is composed of several areas (see Figure 5-7). They are:

• the input table

• the output table

• the storage area

These areas contain information in binary form representing input/output
status (ON or OFF), numbers, and codes. Remember that the memory
structure contains cell areas, or bits, where this binary information is stored.
Following is an explanation of each of the three data table areas.

Input Table. The input table is an array of bits that stores the status of digital
inputs connected to the PLC’s input interface. The maximum number of input
table bits is equal to the maximum number of field inputs that can be
connected to the PLC. For example, a controller with a maximum of 64 field
inputs requires an input table of 64 bits. Thus, each connected input has an
analogous bit in the input table, corresponding to the terminal to which the
input is connected. The address of the input device is the bit and word location
of its corresponding location in the input table. For example, the limit switch
connected to the input interface in Figure 5-8 has an address of 130078 as its
corresponding bit in the input table. This address comes from the word
location 1308 and the bit number 078, both of which are related to the module’s
rack position and the terminal connected to the field device (see Section 6-2).
If the limit switch is OFF, the corresponding bit (130078) is 0 (see Figure 5-
8a); if the limit switch is ON (see Figure 5-8b), the corresponding bit is 1.

During PLC operation, the processor will read the status of each input in the
input module and place a value (1 or 0) in the corresponding address in the
input table. The input table is constantly changing to reflect the changes of the
input module and its connected field devices. These input table changes take
place during the reading part of the I/O update.

Figure 5-7.  Application memory map.
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Output Table. The output table is an array of bits that controls the status of
digital output devices that are connected to the PLC’s output interface. The
maximum number of bits available in the output table equals the maximum
number of output field devices that can interface with the PLC. For example,
a PLC with a maximum of 128 outputs requires an output table of 128 bits.

Like the input table, each connected output has an analogous bit in the output
table corresponding to the exact terminal to which the output is connected.
The processor controls the bits in the output table as it interprets the control
program logic during the program scan, turning the output modules ON and
OFF accordingly during the output update scan. If a bit in the table is turned
ON (1), then the connected output is switched ON (see Figure 5-9a); if a bit
is cleared, or turned OFF (0), the output is switched OFF (see Figure 5-9b).
Remember that the turning ON and OFF of field devices via the output
module occurs during the update of outputs after the end of the scan.

Storage Area. The purpose of the storage area section of the data table is to
store changeable data, whether it is one bit or a word (16 bits). The storage
area consists of two parts: an internal bit storage area and a register/word

Figure 5-8.  Limit switch connected to a bit in the input table.
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Figure 5-9. Field output connected to a bit in the output table.

storage area (see Figure 5-10). The internal bit storage area contains storage
bits that are referred to as either internal outputs, internal coils, internal
(control) relays, or internals. These internals provide an output, for interlock-
ing purposes, of ladder sequences in the control program. Internal outputs do
not directly control output devices because they are stored in addresses that
do not map the output table and, therefore, any output devices.

When the processor evaluates the control program and an internal bit is
energized (1), its referenced contact (the contact with this bit address) will
change state—if it is normally open, it will close; if it is normally closed, it
will open. Internal contacts are used in conjunction with either other internals
or “real” input contacts to form interlocking sequences that drive an output
device or another internal output.

The register/word storage area is used to store groups of bits (bytes and
words). This information is stored in binary format and represents quantities
or codes. If decimal quantities are stored, the binary pattern of the register
represents an equivalent decimal number (see Chapter 2). If a code is stored,
the binary pattern represents a BCD number or an ASCII code character (one
character per byte).
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Figure 5-10.  Storage area section of the data table.

Values placed in the register/word storage area represent input data from a
variety of devices, such as thumbwheel switches, analog inputs, and other
types of variables. In addition to input values, these registers can contain
output values that are destined to go to output interface modules connected to
field devices, such as analog meters, seven-segment LED indicators (BCD),
control valves, and drive speed controllers. Storage registers are also used to
hold fixed constants, such as preset timer/counter values, and changing
values, such as arithmetic results and accumulated timer/counter values.
Depending on their use, the registers in the register/word storage area may
also be referred to as input registers, output registers, or holding registers.
Table 5-2 shows typical constants and variables stored in these registers.
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Table 5-2. Constants and variables stored in register/word storage area registers.
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Figure 5-12. Closed limit switch connected to an internal output.

SOLUTION

When LS closes (see Figure 5-12), contact 10 will close, turning
internal output 2301 ON (a 1 in bit 01 of word 23). This will close contact
2301 (        ) and turn real output 20 ON, causing the light PL to turn ON
at the end of the scan.

Figure 5-11. Open limit switch connected to an internal output.

EXAMPLE 5-2

Referencing Figure 5-11, what happens to internal 2301 (word 23, bit
01) when the limit switch connected to input terminal 10 closes?

10

LS 10 2301 PL

2301 20

20

07 06 05 04 03 02 01 00

23

Word

Internal 2301

10

LS 10 2301 PL

2301 20

20

07 06 05 04 03 02 01 00

231

Word

Internal 2301 ON

2301
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EXAMPLE 5-3

For the memory map shown in Figure 5-13, illustrate how to represent
the following numbers in the storage area: (a) the BCD number 9876,
(b) the ASCII character A (octal 101) in one byte (use lower byte), and
(c) the analog value 2257 (1000 1101 0001 binary). Represent these
values starting at register 400.

SOLUTION

Figure 5-14 shows the register data corresponding to the BCD number
9876, the ASCII character A, and the analog value 2257.

Figure 5-13.  Memory map.
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Figure 5-14.  Solution for Example 5-3.

User Program Section. The user program section of the application memory
is reserved for the storage of the control logic. All of the PLC instructions that
control the machine or process are stored in this area. The processor’s
executive software language, which represents each of the PLC instructions,
stores its instructions in the user program memory.
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When a PLC executes its program, the processor interprets the information in
the user program memory and controls the referenced bits in the data table that
correspond to real or internal I/O. The processor’s execution of the executive
program accomplishes this interpretation of the user program.

The maximum amount of user program memory available is normally a
function of the controller’s size (i.e., I/O capacity). In medium and large
controllers, the user program area is made flexible by altering the size of the
data table so that it meets the minimum data storage requirements. In small
controllers, however, the user program area is normally fixed. The amount of
user program memory required is directly proportional to the number of
instructions used in the control program. Estimation of user memory require-
ments is accomplished using the method described earlier in Section 5-3.

DATA TABLE ORGANIZATION

The data table’s organization, or configuration as it is sometimes called, is
very important. The configuration defines not only the discrete device
addresses, but also the registers that will be used for numerical and analog
control, as well as basic PLC timing and counting operations. The intention
of the following discussion of data table organization is not to go into detail
about configuration, but to review what you have learned about the memory
map, making sure that you understand how memory and I/O interact.

First, let’s consider an example of an application memory map for a PLC.
The controller has the following memory, I/O, and numbering system
specifications:

• total application memory of 4K words with 16 bits

• capability of connecting 256 I/O devices (128 inputs and 128 outputs)

• 128 available internal outputs

• capability of up to 256 storage registers, selectable in groups of 8-
word locations, with 8 being the minimum number of registers
possible (32 groups of 8 registers each)

• octal (base 8) numbering system with 2-byte (16-bit) word length

5-5  CONFIGURING THE PLC MEMORY—I/O ADDRESSING

Understanding memory organization, especially the interaction of the data
table’s I/O mapping and storage areas, helps in the comprehension of a PLC’s
functional operation. Although the memory map is often taken for granted by
PLC users, a thorough understanding of it provides a better perception of how
the control software program should be organized and developed.
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To illustrate this memory map may seem unnecessary, but at this point, we do
not know the starting address of the control program. This does not matter as
far as the program is concerned; however, it does matter when determining the
register address references to be used, since these register addresses are
referred to in the control program (i.e., timer preset and accumulated values).

With this in mind, let’s set the I/O table boundaries. Assuming the inputs are
first in the I/O mapping, the input table will start at address 00008 and end at
address 00078 (see Figure 5-15). The outputs will start at address 00108 and
end at address 00178. Since each memory word has 16 bits, the 128 inputs
require 8 input table words, and likewise for the outputs. The starting address
for the internal output storage area is at memory location address 00208 and
continues through address 00278 (8 words of 16 bits each totaling 128 internal
output bits). Address 00308 indicates the beginning of the register/word
storage area. This area must have a minimum of 8 registers, with a possibility
of up to 256 registers added in 8-register increments. The first 8 required

Figure 5-15.  I/O table and user memory boundaries.
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registers, then, will end at address 00378 (see Figure 5-16). Any other 8-
register increments will start at 00408, with the last possible address being
04278, providing a total of 256 registers.

If all available storage registers are utilized, then the starting memory address
for the control program will be 04308. This configuration will leave 3816
(decimal) locations to store the control software. Figure 5-15 showed this
maximum configuration.

Most controllers allow the user to change the range of register boundaries
without any concern for starting memory addresses of the program. Nonethe-
less, the user should know beforehand the number of registers needed. This
will be useful when assigning register addresses in the program.

Figure 5-16.  Breakdown, in groups of eight, of the register storage area at its
maximum capacity.

Word
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0037
0040

0047
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0057
0060

0427
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Registers
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256 Registers

I/O ADDRESSING

Throughout this text, we have mentioned that the programmable controller’s
operation simply consists of reading inputs, solving the ladder logic in the
user program memory, and updating the outputs. As we get more into PLC
programming and the application of I/O modules, we will review the
relationship between the I/O address and the I/O table, as well as how I/O
addressing is used in the program.
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The input/output structure of a programmable controller is designed with one
thing in mind—simplicity. Input/output field devices are connected to a
PLC’s I/O modules, which are located in the rack (the physical enclosure that
houses a PLC’s supplementary devices). The rack location of each I/O device
is then mapped to the I/O table, where the I/O module placement defines the
address of the devices connected to the module. Some PLCs use internal
module switches to define the addresses used by the devices connected to the
module. In the end, however, all of the input and output connections are
mapped to the I/O table.

Assume that a simple relay circuit contains a limit switch driving a pilot light
(see Figure 5-17). This circuit is to be connected to a PLC input module and
output module, as shown in Figure 5-18. For the purpose of our discussion,
let’s assume that each module contains 8 possible input or output channels
and that the PLC has a memory map similar to the one shown previously in
Figure 5-15. The limit switch is connected to the number 5 (octal) terminal of
the input module, while the light is connected to the number 6 (octal) terminal
of the output module.

LS

Hardwired Logic

PL

L1 L2

Figure 5-17. A relay circuit with a limit switch driving a pilot light.

Let’s assume that, due to their placement inside the rack, the I/O modules’
map addresses are word 0000 for the input module and word 0010 for the
output module. Therefore, the processor will reference the limit switch as
input 000005, and it will reference the light as output 001006 (i.e., the input
is mapped to word 0000 bit 05, and the output is mapped to word 0010 bit 06).
These addresses are mapped to the I/O table. Every time the processor reads
the inputs, it will update the input table and turn ON those bits whose input
devices are 1 (ON or closed). When the processor begins the execution of the
ladder program, it will provide power (i.e., continuity) to the ladder element
corresponding to the limit switch, because its reference address is 1 (see
Figure 5-18). At this time, it will set output 001006 ON, and the pilot light
will turn ON after all instructions have been evaluated and the end of scan
(EOS)—where the output update to the module takes place—has been
reached. This operation is repeated every scan, which can be as fast as every
thousandth of a second (1 msec) or less.
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Figure 5-18.  Input/output module connected to field devices.

Figure 5-19.  PLC ladder implementation of Figure 5-17 using an internal output bit.

Note that addresses 000005 and 001006 can be used as often as required in the
control program. If we had programmed a contact at 001006 to drive internal
output 002017 (see Figure 5-19), the controller would turn its internal output
bit (002017) to 1 every time output 001006 turned ON. However, this output
would not be directly connected to any output device. Note that internal
storage bit 002017 is located in word 0020 bit 17.
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The instructions used to represent the simple control program, shown in
Figure 5-22, are stored in the user memory section, where specific binary 1s
and 0s represent the instructions (e.g., the          instruction). During the PLC
scan, the executive program reads the status of inputs and places this data into
the input data table. Then, the programmable controller scans the user
memory to interpret the instructions stored. As the logic is solved rung by rung
according to the status of the I/O table, the results from the program evaluation
are stored in the output table and the storage bit table (if the program uses
internals). After the evaluation (program scan), the executive program
updates the values stored in the output table and sends commands to the output
modules to turn ON or OFF the field devices connected to their respective
interfaces. Figure 5-23 on the page 26 shows the steps that will occur during
the evaluation of the PLC circuit shown in Figure 5-22.

Figure 5-20.  An example of a PLC memory map.

Executive
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Input Table
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Internal Bit
and Register Storage

User Memory
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13
14
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Memory

5-6  SUMMARY OF MEMORY, SCANNING, AND I/O
INTERACTION

So far, you have learned about scanning, memory system organization, and
the interaction of input and output field devices in a programmable controller.
In this section, we will present an example that summarizes these PLC
operations. In this example, we will assume that we have a simple PLC
memory, organized as shown in Figure 5-20, and a simple circuit (see Figure
5-21), which is connected to a PLC via I/O interfaces.

0010
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LS 0010 0010 0407 0407 PL

Figure 5-22. Instructions used to represent the control program.

5-7  MEMORY CONSIDERATIONS

Figure 5-21.  A simple circuit connected to a PLC via I/O interfaces.

L1

L1

L2 L2PL
LS

LS connected to 
address 0010

PL connected
to address 0407

Input
Module

Output
Module

The previous sections presented an analysis of programmable controller
memory characteristics regarding memory type, storage capacity, organiza-
tion, structure, and their relationship to I/O addressing. Particular emphasis
was placed on the application memory, which stores the control program and
data. Careful consideration must also be given to the type of memory, since
certain applications require frequent changes, while others require permanent
storage once the program is debugged. A RAM with battery support may be
adequate in most cases, but in others, a RAM and an optional nonvolatile-type
memory may be required.

It is important to remember that the total memory capacity for a particular
controller may not be completely available for application programming. The
specified memory capacity may include memory utilized by the executive
routines or the scratch pad, as well as the user program area.

The application memory varies in size depending on the size of the controller.
The total area available for the control program also varies according to the
size of the data table. In small controllers, the data table is usually fixed, which
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means that the user program area will be fixed. In larger controllers, however,
the data table size is usually selectable, according to the data storage
requirements of the application. This flexibility allows the program area to be
adjusted to meet the application’s requirements.

When selecting a controller, the user should consider any limitations that may
be placed on the use of the available application memory. One controller, for
example, may have a maximum of 256 internal outputs with no restrictions
on the number of timers, counters, and various types of internal outputs used.
Another controller, however, may have 256 available internal outputs that are
restricted to 50 timers, 50 counters, and 156 of any combination of various
types of internal outputs. A similar type of restriction may also be placed on
data storage registers.

One way to ensure that memory requirements are satisfied is to first under-
stand the application requirements for programming and data storage, as well
as the flexibility required for program changes and on-line data entry.
Creating the program on paper first will help when evaluating these capacity
requirements. With the use of a memory map, users can learn how much
memory is available for the application and, then, how the application
memory should be configured for their use. It is also good to know ahead of
time if the application memory is expandable. This knowledge will allow the
user to make sound decisions about memory type and requirements.

application memory
data table
electrically alterable read-only memory (EAROM)
electrically erasable programmable read-only memory (EEPROM)
erasable programmable read-only memory (EPROM)
executive memory
input table
memory
memory map
nonvolatile memory
output table
programmable read-only memory (PROM)
random-access memory (RAM)
read-only memory (ROM)
scratch pad memory
storage area
user program memory
volatile memory

KEY

TERMS
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HIGHLIGHTS

Input/output (I/O) systems put the “control” in programmable controllers.
These systems allow PLCs to work with field devices to perform pro-
grammed applications. This chapter introduces the most common type of I/O
system—the discrete interface—and explains its physical, electrical, and
functional characteristics. You will learn how discrete I/O systems provide
the connection between PLCs and the outside world. In the following two
chapters, you will further explore the operation and installation of input/
output systems, learning about analog and special function I/O interfaces.

6-1  INTRODUCTION TO DISCRETE I/O SYSTEMS

The discrete input/output (I/O) system provides the physical connection
between the central processing unit and field devices that transmit and accept
digital signals (see Figure 6-1). Digital signals are noncontinuous signals that
have only two states—ON and OFF. Through various interface circuits and
field devices (limit switches, transducers, etc.), the controller senses and
measures physical quantities (e.g., proximity, position, motion, level, tem-
perature, pressure, current, and voltage) associated with a machine or process.
Based on the status of the devices sensed or the process values measured, the
CPU issues commands that control the field devices. In short, input/output
interfaces are the sensory and motor skills that exercise control over a
machine or process.

Figure 6-1. Block diagram of a PLC’s CPU and I/O system.

The predecessors of today’s PLCs were limited to just discrete input/output
interfaces, which allowed interfacing with only ON/OFF-type devices. This
limitation gave the PLC only partial control over many processes, because
many process applications required analog measurements and manipulation
of numerical values to control analog and instrumentation devices. Today’s
controllers, however, have a complete range of discrete and analog interfaces,
which allow PLCs to be applied to almost any type of control. Figure 6-2
shows a typical discrete I/O system.
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Figure 6-2.  Typical discrete input/output system.

Figure 6-3. Example of an I/O rack enclosure.

6-2  I/O RACK ENCLOSURES AND TABLE MAPPING

An I/O module is a plug-in–type assembly containing circuitry that commu-
nicates between a PLC and field devices. All I/O modules must be placed or
inserted into a rack enclosure, usually referred to as a rack, within the PLC
(see Figure 6-3). The rack holds and organizes the programmable controller’s
I/O modules, with a module’s rack location defining the I/O address of its
connected device. The I/O address is a unique number that identifies the input/
output device during control program setup and execution. Several PLC
manufacturers allow the user to select or set the addresses (to be mapped to
the I/O table) for each module by setting internal switches (see Figure 6-4).
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Figure 6-4. Internal switches used to set I/O addresses.

A rack, in general, recognizes the type of module connected to it (input or
output) and the class of interface (discrete, analog, numerical, etc.). This
module recognition is decoded on the back plane (i.e., the printed circuit
board containing the data bus, power bus, and mating connectors) of the rack.

The controller’s rack configuration is an important detail to keep in mind
throughout system configuration. Remember that each of the connected I/O
devices is referenced in the control program; therefore, a misunderstanding
of the I/O location or addresses will create confusion during and after the
programming stages.

Generally speaking, there are three categories of rack enclosures:

• master racks

• local racks

• remote racks

The term master rack (see Figure 6-5) refers to the rack enclosure containing
the CPU or processor module. This rack may or may not have slots available
for the insertion of I/O modules. The larger the programmable controller
system, in terms of I/O, the less likely the master rack will have I/O housing
capability.

A local rack (see Figure 6-6) is an enclosure, which is placed in the same area
as the master rack, that contains I/O modules. If a master rack contains I/O
modules, the master rack can also be considered a local rack. In general, a
local rack (if not a master) contains a local I/O processor that sends data to and
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Figure 6-6. Local rack configuration.

Figure 6-5. Master racks (a) without I/O modules and (b) with I/O modules.

from the CPU. This bidirectional information consists of diagnostic data,
communication error checks, input status, and output updates. The I/O image
table maps the local rack’s I/O addresses.

As the name implies, remote racks (see Figure 6-7) are enclosures, contain-
ing I/O modules, located far away from the CPU. Remote racks contain an I/O
processor (referred to as a remote I/O processor) that communicates input and
output information and diagnostic status just like a local rack. The I/O
addresses in this rack are also mapped to the I/O table.

The rack concept emphasizes the physical location of the enclosure and the
type of processor (local, remote, or main CPU) that will be used in each
particular rack. Every one of the I/O modules in a rack, whether discrete,
analog, or special, has an address by which it is referenced. Therefore, each
terminal point connected to a module has a particular address. This connec-
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Figure 6-7.  Remote rack configuration.
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Power
Supply
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CPU

Remote I/O
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Remote I/O Processor

Remote Rack #2

Remote I/O

tion point, which ties the real field devices to their I/O modules, identifies
each I/O device by the module’s address and the terminal point where it is
connected. This is the address that identifies the programmed input or
output device in the control program.

I/O RACK AND TABLE MAPPING EXAMPLE

PLC manufacturers set specifications for placing I/O modules in rack enclo-
sures. For example, some modules accommodate 2 to 16 field connections,
while other modules require the user to follow certain I/O addressing
regulations. It is not our intention in this section to review all of the different
manufacturers’ rules, but rather to explain how the I/O typically maps each
rack and to illustrate some possible restrictions through a generic example.

As our example, let’s use the PLC I/O placement specifications shown in
Table 6-1. As Figure 6-8 illustrates, several factors determine the address
location of each module. The type of module, input or output, determines the
first address location from left to right (0 for outputs, 1 for inputs). The rack
number and slot location of the module determine the next two address
numbers. The terminal connected to the I/O module (0 through 7) represents
the last address digit.
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Table 6-1.  Specifications for the I/O rack enclosure example.

Figure 6-8. Illustration of the example I/O rack enclosure (x = 1 for inputs, 0 for outputs).
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The maximum capacity of this system is 512 inputs or 512 outputs, or a total
combination of 512 inputs and outputs that do not overlap addresses. The 512
possible inputs come from the following word addresses:

Again, note that the capacity is a total of 512 inputs and outputs together, not
512 each. If one input module takes a slot in the input table, the mirror image
slot in the output table is taken by those inputs. The same applies for output
modules.

For instance (see Figure 6-9), if a 4-point output module (see Figure 6-9b) is
placed in rack 0, slot 0 (terminal addresses 0–3), the output table word 0008,
bits 0–3, represented by the shaded area in Figure 6-9c, will be mapped for
outputs. Consequently, the input table image corresponding to the slot
location 1008, bits 0–3 (represented by the word taken) will not have a mapped
reference input, since it has already been taken by outputs. If an 8-point input
module is used in rack 0, slot 2 (see Figure 6-9a), indicating word location
1028 (input = 1), the whole eight bits of that location in the input table (location
1028 bits 0–7) would be taken by the mapping; the corresponding address in
the output table (word location 0028, bits 0–7 in Figure 6-9c) would not be able
to be mapped. The bits from the output table that do not have a mapping due
to the use of input modules could be used as internal outputs, since they cannot
be physically connected output field devices (e.g., bits 4–7 of word 000).

For example, in Figure 6-9c, output addresses 0004 through 0007
(corresponding to word 000, bits 4–7 in the I/O table) cannot be physically
connected to an output module because their map locations are taken by an
input module (at word 100, bits 4–7). Therefore, these reference addresses can
only be used as internal coil outputs. The use of these output bits as internal
outputs is shown in Figure 6-10, where output 0004 (now used as an internal
coil) will be turned ON if its logic is TRUE and contacts from this output can
be used in other output rungs.

While the 512 possible outputs come from word addresses:

10008 (word 100, bit 0)
    •

512 input addresses     •
(64 words × 8 bits/word)    to

    •
    •
17778 (word 177, bit 7)

00008 (word 000, bit 0)
    •

512 output addresses     •
(64 words × 8 bits/word)    to

    •
    •
07778 (word 077, bit 7)
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Figure 6-9. Diagrams of (a) an I/O table, (b) two 4-point I/O modules in one slot, and (c) an
I/O table mapping.

Note: The shaded
areas indicate a slot
taken by an input or
output module.
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Figure 6-10. Output 0004 used as an internal coil.

0004

0004

6-3  REMOTE I/O SYSTEMS

In large PLC systems (upwards of 512 I/O), input/output subsystems can be
located away from the central processing unit. A remote I/O subsystem is a
rack-type enclosure, separate from the CPU, where I/O modules can be
installed. A remote rack includes a power supply that drives the logic circuitry
of the interfaces and a remote I/O adapter or processor module that allows
communication with the main processor (CPU). The communication be-
tween I/O adapter modules and the CPU occurs in serial binary form at speeds
of up to several megabaud (millions of bits transmitted per second). This
serial information packet contains 1s and 0s, representing both the status of
the I/O and diagnostic information about the remote rack.

The capacity of a single subsystem (rack) is normally 32, 64, 128, or 256
I/O points. A large system with a maximum capacity of 1024 I/O points may
have subsystem sizes of either 64 or 128 points—eight racks with 128 I/O,
sixteen racks with 64 I/O, or some combination of both sizes equal to 1024
I/O. In the past, only discrete interface modules could be placed in the racks
of most remote subsystems. Today, however, remote I/O subsystems also
accommodate analog and special function interfaces.

Individual remote subsystems are normally connected to the CPU via one or
two twisted-pair conductors or a single coaxial cable, using either a daisy
chain, star, or multidrop configuration (see Figure 6-11). The distance a
remote rack can be placed away from the CPU varies among products, but it
can be as far as two miles. Another approach for connecting remote racks to
the CPU is a fiber-optic data link, which allows greater distances and has
higher noise resistance.

Remote I/O offers tremendous materials and labor cost savings on large
systems where the field devices are clustered at various, distant locations.
With the CPU in a main control room or some other central area, only the
communication link must be wired between the remote rack and the proces-
sor, replacing hundreds of field wires. Another advantage of remote I/O is that
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subsystems may be installed and started up independently, allowing mainte-
nance of individual subsystems while others continue to operate. Also,
troubleshooting and connection checks become much easier, since hundreds
of wires do not need to be checked all the way back to the master rack.

Figure 6-11. Remote I/O configurations: (a) daisy chain, (b) star, and (c) multidrop.

6-4  PLC INSTRUCTIONS FOR DISCRETE INPUTS

The most common class of input interfaces is digital (or discrete). Discrete
input interfaces connect digital field input devices (those that send noncon-
tinuous, fixed-variable signals) to input modules and, consequently, to the
programmable controller. The discrete, noncontinuous characteristic of digi-
tal input interfaces limits them to sensing signals that have only two states
(i.e., ON/OFF, OPEN/CLOSED, TRUE/FALSE, etc.). To an input interface
circuit, discrete input devices are essentially switches that are either open or
closed, signifying either 1 (ON) or 0 (OFF). Table 6-2 shows several
examples of discrete input field devices.
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Many instructions are designed to manipulate discrete inputs. These instruc-
tions handle either single bits, which control one field input connection, or
multibits, which control many input connections. Regardless of whether the
instruction controls one discrete input or multiple inputs, the information
provided by the field device is the same—either ON or OFF.

During our discussion of input modules, keep in mind the relationship
between interface signals (ON/OFF), rack and module locations (where the
input device is inserted), and I/O table mapping and addressing (used in the
control program). Remember that each PLC manufacturer determines the
addressing and mapping scheme used with its systems. Manufacturers may
use a 1 for an input and a 0 for an output, or they may simply assign an I/O
address for the input or output module inserted in a particular slot of a rack.
Figure 6-12 illustrates a simplified 8-bit image table where limit switch LS1
is connected to a discrete input module in rack 0, which can connect 8 field
inputs (0–7). Note that LS1 is known as input 014, which stands for
rack 0, slot 1, connection 4.

When an input signal is energized (ON), the input interface senses the
field device’s supplied voltage and converts it to a logic-level signal (either
1 or 0), which indicates the status of that device. A logic 1 in the input table
indicates an ON or CLOSED condition, and a logic 0 indicates an OFF or
OPEN condition. PLC symbolic instructions, which include the normally
open (       ) and normally closed (       ) instructions, transfer this field status
information into the input table.

For multibit modules that receive multiple inputs, such as thumbwheel
switches used in register (BCD) interfaces, block transfer or get data instruc-
tions place input values into the data table (see Figure 6-13). Chapter 9
explains single-bit and multibit instructions in more detail.

Table 6-2.  Discrete input devices.
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EXAMPLE 6-1

For the rack configuration shown in Figure 6-14, determine the
address for each field device wired to each input connection in the 8-
bit discrete input module. Assume that the first four slots of this 64 I/O
micro-PLC are filled with outputs and that the second four slots are
filled with inputs. Also, assume that the addresses follow a rack-slot-
connection scheme and start at I/O address 000. Note that the number
system is octal.

Figure 6-13.  Block transfer and get data instructions transferring multibit input values
into the data table.

Figure 6-12. An 8-bit input image table.

Multibit
Input

Device
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SOLUTION

The discrete input module (where the input devices are connected)
will have addresses 070 through 077, because it is located in rack 0,
slot number 7. Therefore, each of the field input devices will have
addresses as shown in Figure 6-15; LS1 will be known as input 070,
PB1 as input 071, and LS2 as input 072. The control program will
reference the field devices by these addresses. If LS1 is rewired to
another connection in another discrete input, its address reference will
change. Consequently, the address must be changed in the control
program because there can only be one address per discrete field
input device connection.

07

Word

LS1 (070)
PB1 (071)
LS2 (072)

7 6 5 4 3 2 1 0

Figure 6-15.  Field device addresses for the rack configuration in Example 6-1.

Figure 6-14. Rack configuration for Example 6-1.
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6-5  TYPES OF DISCRETE INPUTS

As mentioned earlier, discrete input interfaces sense noncontinuous signals
from field devices—that is, signals that have only two states. Discrete input
interfaces receive the voltage and current required for this operation from the
back plane of the rack enclosure where they are inserted (see Chapter 4 for
loading considerations). The signal that these discrete interfaces receive from
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Figure 6-16. Block diagram of an AC/DC input circuit.

input field devices can be of different types and/or magnitudes (e.g., 120
VAC, 12 VDC). For this reason, discrete input interface circuits are available
in different AC and DC voltage ratings. Table 6-3 lists the standard ratings for
discrete inputs.

AC/DC INPUTS

Table 6-3. Standard ratings for discrete input interfaces.
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To properly apply input interfaces, you should have an understanding of how
they operate and an awareness of certain operating specifications. Section
6-9 discusses these specifications, while Chapter 20 describes start-up and
maintenance procedures for I/O systems. Now, let’s look at the different
types of discrete input interfaces, along with their operation and connections.

Input
Signal

Bridge
Rectifier

Noise
and

Debounce
Filter

Threshold
Level

Detection

To
Processor

Isolator Logic

Power Isolation Logic

Power LED Logic LED

Figure 6-16 shows a block diagram of a typical AC/DC input interface
circuit. Input circuits vary widely among PLC manufacturers, but in general,
AC/DC interfaces operate similarly to the circuit in the diagram. An AC/DC
input circuit has two primary parts:

• the power section

• the logic section

These sections are normally, but not always, coupled through a circuit that
electrically separates them, providing isolation.
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The power section of an AC/DC input interface converts the incoming AC
voltage from an input-sensing device, such as those described in Table 6-2,
to a DC, logic-level signal that the processor can use during the read input
section of its scan. During this process, the bridge rectifier circuit of the
interface’s power section converts the incoming AC signal to a DC-level
signal. It then passes the signal through a filter circuit, which protects the
signal against bouncing and electrical noise on the input power line. This filter
causes a signal delay of typically 9–25 msec. The power section’s threshold
circuit detects whether the signal has reached the proper voltage level for the
specified input rating. If the input signal exceeds and remains above the
threshold voltage for a duration equal to the filter delay, the signal is
recognized as a valid input.

Figure 6-17 shows a typical AC/DC input circuit. After the interface detects
a valid signal, it passes the signal through an isolation circuit, which
completes the electrically isolated transition from an AC signal to a DC,
logic-level signal. The logic circuit then makes the DC signal available to the
processor through the rack’s back plane data bus, a pathway along which data
moves. The signal is electrically isolated so that there is no electrical
connection between the field device (power) and the controller (logic). This
electrical separation helps prevent large voltage spikes from damaging
either the logic side of the interface or the PLC. An optical coupler or a pulse
transformer provides the coupling between the power and logic sections.

Figure 6-17. Typical AC/DC input circuit.
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Input
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R2

R3 D To Logic
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Bridge Filter IsolatorThreshold
Detection

Most AC/DC input circuits have an LED (power) indicator to signal that the
proper input voltage level is present (refer to Figure 6-16). In addition to the
power indicator, the circuit may also have an LED to indicate the presence of
a logic 1 signal in the logic section. If an input voltage is present and the logic
circuit is functioning properly, the logic LED will be lit. When the circuit has
both voltage and logic indicators and the input signal is ON, both LEDs must
be lit to indicate that the power and logic sections of the module are operating
correctly. Figure 6-18 shows AC/DC device connection diagrams.
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Figure 6-18. Device connections for (a) an AC input module and (b) a DC input module
with common wire connection “C” used to complete the path from hot.
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DC INPUTS (SINK/SOURCE)

A DC input module interfaces with field input devices that provide a DC
output voltage. The difference between a DC input interface and an AC/DC
input interface is that the DC input does not contain a bridge circuit, since it
does not convert an AC signal to a DC signal. The input voltage range of a DC
input module varies between 5 and 30 VDC. The module recognizes an input
signal as being ON if the input voltage level is at 40% (or another
manufacturer-specified percentage) of the supplied reference voltage. The
module detects an OFF condition when the input voltage falls under 20% (or
another manufacturer-specified percentage) of the reference DC voltage.

A DC input module can interface with field devices in both sinking and
sourcing operations, a capability that AC/DC input modules do not have.
Sinking and sourcing operations refer to the electrical configuration of the
circuits in the module and field input devices. If a device provides current
when it is ON, it is said to be sourcing current. Conversely, if a device
receives current when it is ON, it is said to be sinking current. There are both
sinking and sourcing field devices, as well as sinking and sourcing input
modules. The most common, however, are sourcing field input devices and
sinking input modules. Rocker switches inside a DC input module may be
used to select sink or source capability. Figure 6-19 depicts sinking and
sourcing operations and current direction.
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During interfacing, the user must keep in mind the minimum and maximum
specified currents that the input devices and module are capable of sinking or
sourcing. Also, if the module allows selection of a sink or source operation
via selector switches, the user must assign them properly. A potential
interface problem could arise, for instance, if an 8-input module was set for
a sink operation and all input devices except one were operating in a source
configuration. The source input devices would be ON, but the module would
not properly detect the ON signal, even though a voltmeter would detect a
voltage across the module’s terminals. Figure 6-20 illustrates three field
device connections to a DC input module with both sinking and sourcing
input device capabilities.

Figure 6-19. Current for (a) a sinking input module/sourcing input device and (b) a
sourcing input module/sinking input device.
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Figure 6-21.  Conversion circuit interfacing a sinking output with a sourcing input
module.

The majority of DC proximity sensors used as PLC inputs provide a sinking
sensor output, thereby requiring a sinking input module. However, if an
application requires only one sinking output and the controller already has
several sourcing inputs connected to a sourcing input module, the user may
use the inexpensive circuit shown in Figure 6-21 to interface the sinking
output with the sourcing input module. The sourcing current provided by this
input is approximately 50 mA. Note that if the supply voltage (VS) is
increased, the current Iout will be greater than 50 mA.

Figure 6-20. Field device connections for a sink/source DC input module.
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Figure 6-22. Device connection for an AC/DC isolated input interface.
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Isolated input interfaces provide fewer points per module than their standard
counterparts. This decreased modularity exists because isolated inputs re-
quire extra terminal connections to connect each of the return lines.

If isolation modules are not available for an application requiring singular
return lines, standard interfaces may be used. However, the standard inter-

ISOLATED AC/DC INPUTS

Isolated input interfaces operate like standard AC/DC modules except that
each input has a separate return, or common, line. Depending on the manufac-
turer, standard AC/DC input interfaces may have one return line per 4, 8,
or 16 points. Although a single return line, provided in standard multipoint
input modules, may be ideal for 95% of AC/DC input applications, it may
not be suitable for applications requiring individual or isolated common
lines. An example of this type of application is a set of input devices that are
connected to different phase circuits coming from different power distribu-
tion centers. Figure 6-22 illustrates a sample device connection for an AC/
DC input isolation interface capable of connecting five input devices.
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faces will lose inputs, because to keep isolation among inputs, they can have
only one input line per return line. For example, a 16-point standard module
with one common line per four points can accommodate four distinct
isolated field input devices (each from a different source). However, as a
result, it will lose 12 points. Figure 6-23 illustrates an 8-point module with
different commons for every four inputs, thus allowing two possible
isolated inputs.

Figure 6-23.  An 8-point standard input module used as an isolated module.
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TTL INPUTS

Transistor-transistor logic (TTL)  input interfaces allow controllers to
accept signals from TTL-compatible devices, such as solid-state controls and
sensing instruments. TTL inputs also interface with some 5 VDC–level
control devices and several types of photoelectric sensors. The configuration
of a TTL interface is similar to an AC/DC interface, but the input delay time
caused by filtering is much shorter. Most TTL input modules receive their
power from within the rack enclosure; however, some interfaces require an
external 5-VDC power supply (rack or panel mounted).

Transistor-transistor logic modules may also be used in applications that use
BCD thumbwheel switches (TWS) operating at TTL levels. These interfaces
provide up to eight inputs per module and may have as many as sixteen
inputs (high-density input modules). A TTL input module can also interface
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with thumbwheel switches if these input devices are TTL compatible. Figure
6-24 illustrates a typical TTL input module connection diagram with an
external power supply.

Figure 6-24. TTL input connection diagram.
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Multibit register/BCD input modules enhance input interfacing methods
with the programmable controller through the use of standard thumbwheel
switches. This register, or BCD, configuration allows groups of bits to be
input as a unit to accommodate devices requiring that bits be in parallel form.

Register/BCD interfaces are used to input control program parameters to
specific register or word locations in memory (see Figure 6-25). Typical input
parameters include timer and counter presets and set-point values. The
operation of register input modules is almost identical to that of TTL and DC
input modules; however, unlike TTL input modules, register/BCD interfaces
accept voltages ranging from 5 VDC (TTL) to 24 VDC. They are also grouped
in modules containing 16 or 32 inputs, corresponding to one or two I/O
registers (mapped in the I/O table), respectively. Data manipulation instruc-
tions, such as get or block transfer in, are used to access the data from the
register input interface. Figure 6-26 illustrates a typical device connection for
a register input.
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Figure 6-25.  BCD interface inputting parameters into register/word locations
 in memory.

Figure 6-26. Register or BCD input module connection diagram.
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Some manufacturers provide multiplexing  capabilities that allow more than
one input line to be connected to each terminal in a register module (see Figure
6-27). This kind of multiplexed register input requires thumbwheel switches
that have an enable line (see Figure 6-28). When this line is selected, the TWS
provides a BCD output at its terminals; when it is not selected, the TWS does
not provide an output. If the TWS set provides four digits with one enable line
(see Figure 6-29), then the enable line will make all of the outputs available
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Figure 6-29. A 4-digit TWS with one common enable line.

Figure 6-27.  Multiplexing input module connection diagram.

Figure 6-28. Single-digit TWS with enable line.

5 8 6 7
Enable

Output available
when enable is
selected0 1 0 1 1 0 0 0 0 1 1 0 0 1 1 1

5 8 6 7
TWS4

4 8 6 7
TWS3

3 8 6 7
TWS2

2 8 6 7
TWS1

16 16 16 16

16

B
C
D

M
O
D
U
L
EMultiplex

Memory

Register
Storage

TWS1
TWS2
TWS3
TWS4 Block transfer

or get data 
instruction

4th 3rd 2nd 1st
Digits

5
Enable

Not Selected

No
Output

5
Enable

Selected

Output
Available

0 1 0 1



161

CHAPTER

6
The  Discrete

Input/Output System

Industrial Text & Video Company          1-800-752-8398
www.industrialtext.com

SECTION

2
Components
and Systems

Figure 6-30.  Block diagram of a multiplexed input module connected to four 4-digit TWS.

EXAMPLE 6-2

Referencing Figure 6-30, determine the values of the registers (in
BCD) after an input transfer is made (in this case via a block transfer
input of data). The input has a starting destination register of 4000 and
a length of 4 registers (i.e., from registers 4000 to 4003). Assume that
TWS set 1 is read first, TWS set 2 is read second, etc.

when it is selected. This multiplexing technique minimizes the number of
input modules required to read several sets of four-digit TWS. For instance,
a 16-bit input module capable of multiplexing 6 input devices (6 × 16 = 96
total inputs) could receive information from six 4-digit thumbwheel
switches. The user would not need to decode each of the six sets of 16 input
groups, since the multiplexed module enables each group of 16 inputs to be
read one scan at a time. However, the user may have to specify the register or
word addresses where the 16-bit data will be stored through an instruction that
specifies the storage location, along with the length or number of registers to
be stored. Figure 6-30 illustrates a block diagram connection for a module
capable of multiplexing four 4-digit TWS (four 16-bit input lines).
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SOLUTION

The contents of register 4000 in BCD will be the BCD code equivalent
of the first set of thumbwheel switches connected to the PLC register
input module, and likewise for registers 4001, 4002, and 4003. Figure
6-31 shows the register contents. Note that the contents of each
register does not represent the decimal equivalent of the binary
pattern stored in that location, but rather the BCD equivalent. To
change this number to decimal, you must convert the BCD pattern to
its decimal equivalent using other instructions. For instance, the
decimal equivalent of the binary (BCD) pattern stored in register 4000
is 13,699, not 3,583, as the TWS (BCD number) indicates.

Figure 6-31. Register contents for Example 6-2.
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6-6  PLC INSTRUCTIONS FOR DISCRETE OUTPUTS

Like discrete input interfaces, discrete output interfaces are the most
commonly used type of PLC output modules. These outputs connect the
programmable controller with discrete output field devices. Many single-bit
and multibit instructions are designed to manipulate discrete outputs.

During this discussion of output modules, keep in mind the relationship
between output interface signals (ON/OFF), rack and module locations
(where the output modules are inserted), and I/O table maps and addresses
(used in the control program). Figure 6-32 illustrates a simplified 8-bit output
image table. The coil of the motor starter (M1) is connected to a discrete
output module (slot 7) in rack 0, which can connect 8 field inputs (0–7). Note
that the starter will be known as output 077, which stands for rack 0, slot 7,
terminal connection 7.

Output interface circuitry switches the supplied voltage from the PLC ON or
OFF according to the status of the corresponding bit in the output image table.
This status (1 or 0) is set during the execution of the control program and is
sent to the output module at the end of scan (output update). If the signal
from the processor is 1, the output module will switch the supplied voltage
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Figure 6-33. Functional block instruction transferring the output register contents to
the module.

(e.g., 120 VAC) to the output field device, turning the output ON. If the signal
received from the processor is 0, the module will deactivate the field device
by switching to 0 volts, thus turning it OFF. Typically, an output coil (          )
instruction, like the one shown in Figure 6-32, activates the output interface
when the reference address is logic 1 (ON).

Figure 6-32. An 8-bit output image table with the module’s L2 connection completing
the path from L1 to L2.

Multibit outputs, such as BCD register outputs, use functional block instruc-
tions (e.g., block transfer out) to output a word or register to the module (see
Figure 6-33). These instructions, in conjunction with input instructions, are
heavily utilized during the programming and control of discrete I/O signals.
Chapter 9 provides more information about the use and operation of func-
tional block instructions.
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EXAMPLE 6-3

For the rack configuration shown in Figure 6-34, determine the
addresses for each of the output field devices wired to the output
connections in the 8-bit discrete input module. Assume that the first
four slots of this 64 I/O micro-PLC are filled with outputs and that the
second four are filled with inputs. The addressing scheme follows a
rack-slot-connection convention (like Example 6-1), which starts at I/O
address 000. Note that the number system is octal.

SOLUTION

The field devices in this discrete output module will have addresses
010 through 017 because the module is located in rack 0, slot number
1 and the 8 field devices are connected to bits 0 through 7. Therefore,
each of the field output devices will have the addresses shown in
Figure 6-35—PL1 will be known as output 010, M1 as 011, and SOL1
as 012. Every time a bit address becomes 1, the field device with the
corresponding address will be turned ON.

Figure 6-34. Rack configuration for Example 6-3.

Figure 6-35.  Field device addresses for the outputs in Example 6-3.

If M1 is rewired to another connection in another discrete output, the
address that turns it ON and OFF will change. Consequently, the
control program must be changed, since there can be only one
reference address per discrete field output device connection.

01
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Figure 6-36.  AC output circuit block diagram.
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6-7  DISCRETE OUTPUTS

Discrete output modules receive their necessary voltage and current from
their enclosure’s back plane (see Chapter 4 for loading considerations). The
field devices with which discrete output modules interface may differ in their
voltage requirements; therefore, several types and magnitudes of voltage are
provided to control them (e.g., 120 VAC, 12 VDC). Table 6-4 illustrates
some typical output field devices, while Table 6-5 lists the standard output
ratings found in discrete output applications.

AC output circuits , like input circuits, vary widely among PLC manufactur-
ers, but the block diagram shown in Figure 6-36 depicts their general
configuration. This block configuration shows the main sections of an AC
output module, along with how it operates. The circuit consists primarily of
the logic and power sections, coupled by an isolation circuit. An output
interface can be thought of as a simple switch (see Figure 6-37) through
which power can be provided to control an output device.

Table 6-4. Output field devices. Table 6-5.  Standard output ratings.
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During normal operation, the processor sends an output’s status, according
to the logic program, to the module’s logic circuit. If the output is to be
energized (reflecting the presence of a 1 in the output table), the logic section
of the module will latch, or maintain, a 1. This sends an ON signal through
the isolation circuit, which in turn, switches the voltage to the field device
through the power section of the module. This condition will remain ON as
long as the output table’s corresponding image bit remains a 1. When the
signal turns OFF, the 1 that was latched in the logic section unlatches, and
the OFF signal passed through the isolation circuit provides no voltage to
the power section, thus de-energizing the output device. Figure 6-38 illus-
trates a typical AC output circuit.

Figure 6-37. “Switch” function of an output interface.

Figure 6-38. Typical AC output circuit.

The switching circuit in the power section of an AC output module uses either
a triac or a silicon controlled rectifier (SCR) to switch power. The AC switch
is normally protected by an RC snubber and/or a metal oxide varistor (MOV),
which limits the peak voltage to some value below the maximum rating.
Snubber and MOV circuits also prevent electrical noise from affecting the
circuit operation. Furthermore, an AC output circuit may contain a fuse that
prevents excessive current from damaging the switch. If the circuit does not
contain a fuse, the user should install one that complies with the
manufacturer’s specifications.
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As with input circuits, AC output interfaces may have LEDs to indicate
operating logic signals and power circuit voltages. If the output circuit
contains a fuse, it may also have a fuse status indicator. Figure 6-39
illustrates an AC output connection diagram. Note that power from the field
(L1) supplies the voltage that the module uses to turn ON the output devices.
Chapter 20 discusses other considerations for connecting AC outputs.

Figure 6-39. AC output module connection diagram.

DC OUTPUTS (SINK/SOURCE)

L1L2

1

2
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C

L1

4 MS

L1 L2

DC output interfaces control discrete DC loads by switching them ON and
OFF. The functional operation of a DC output is similar to that of an AC
output; however, the DC output’s power circuit employs a power transistor
to switch the load. Like triacs, transistors are also susceptible to excessive
applied voltages and large surge currents, which can cause overdissipation
and short-circuit conditions. To prevent these conditions, a power transistor
is usually protected by a freewheeling diode placed across the load (field
output device). DC outputs may also incorporate a fuse to protect the
transistor during moderate overloads. These fuses are capable of opening, or
breaking continuity, quickly before excessive heat due to overcurrents occurs.

As in DC inputs, DC output modules may have either sinking or sourcing
configurations. If a module has a sinking configuration, current flows from
the load into the module’s terminal, switching the negative (return or
common) voltage to the load. The positive current flows from the load to the
common via the module’s power transistor.



168

SECTION

2
Components
and Systems

Industrial Text & Video Company          1-800-752-8398
www.industrialtext.com

CHAPTER

6
The  Discrete

Input/Output System

In a sourcing module configuration, current flows from the module into the
load, switching the positive voltage to the load. Figure 6-40 illustrates a
typical sourcing DC output circuit, and Figure 6-41 shows device connections
for both sourcing and sinking configurations. Note that in sinking output
devices, current flows into the device’s terminal from the module (the module
provides, or sources, the current). Conversely, the current in sourcing output
devices flows out of the device’s terminal into the module (the module
receives, or sinks, the current).

+VDC

MOV

Output

Return

C

D

From
Logic

Figure 6-40. Typical sourcing DC output circuit.

Figure 6-41. Field device connections for a sinking/sourcing DC output module.
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ISOLATED AC AND DC OUTPUTS

Isolated AC and DC outputs operate in the same manner as standard AC
and DC output interfaces. The only difference is that each output has its own
return line circuit (common), which is isolated from the other outputs. This
configuration allows the interface to control output devices powered by
different sources, which may also be at different ground (common) levels.
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A standard, nonisolated output module has one return connection for all of its
outputs; however, some modules provide one return line per four outputs if
the interface has eight or more outputs. Isolated interfaces provide less
modularity (i.e., fewer points per module) than their standard counterparts,
because extra terminal connections are necessary for the independent return
lines. Figure 6-42 illustrates connections to an isolated AC output interface.

Figure 6-42. Connection diagram for an isolated AC output interface.
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REGISTER/BCD OUTPUTS

Multibit register/BCD output interfaces provide parallel communication
between the processor and an output device, such as a seven-segment LED
display or a BCD alphanumeric display. Register output interfaces may also
drive small DC loads with low current requirements (0.5 amps). Register

TTL output interfaces allow a PLC to drive output devices that are TTL
compatible, such as seven-segment LED displays, integrated circuits, and 5-
VDC devices. Most of these modules require an external 5-VDC power
supply with specific current requirements, but some provide the 5-VDC
source voltage internally from the back plane of the rack. TTL modules
usually have eight available output terminals; however, high-density TTL
modules may be connected to as many as sixteen devices at a time. Typical
output devices that use high-density TTL modules are 5-volt seven-segment
indicators. Figure 6-43 illustrates typical output connections to a TTL output
module. A TTL output interface requires an external power supply.
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Figure 6-44. Register/BCD output interface connected to seven-segment indicators.

output interfaces provide voltages ranging from 5 VDC (TTL level) to 30
VDC and have 16 or 32 output lines (one or two I/O registers). Figure 6-44
illustrates a typical device interface connection for a register output module.

Figure 6-43. Connection diagram for a TTL output module.
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Figure 6-45.  Output data table sending a 16-bit word to a register output module.
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In a register output module, the information sent to the module originates in
the register storage data table (see Figure 6-45). A 16-bit word or register is
sent from this table to the module address specified by the data transfer or
I/O register instruction (e.g., block transfer out). Once the data arrives at the
module, it is latched and made available at the output circuits.

Figure 6-46. Multiplexed output module.
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Register output modules may also have multiplexing capabilities (see Figure
6-46). As is the case with multiplexed inputs, multiplexed output devices
(e.g., BCD display digits) require enable line capability to select the BCD
display group that will receive the parallel, 16-bit data from the module (see
Figure 6-47). A single-digit seven-segment display will be able to receive
data if the enable is selected. Conversely, if the enable is not selected, the
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The use of multiplexed outputs does not require special programming, since
there are output instructions that specify the multiplexing operation. The only
requirement is that the output devices (e.g., LED displays) must possess
enable circuits allowing the module to connect the enable lines to each set of
loads controlled by each set of 16 bits. Figure 6-49 shows a block diagram of
a multiplexed output module with four sets of seven-segment LED indicators.

If output modules with enable lines are multiplexed, only passive-type output
devices (i.e., seven-segment indicators, displays, etc.), as opposed to control-
type elements (i.e., low-current solenoids), can be controlled. The reason for
this is that while multiplexed outputs are very useful, their output data does
not remain static for one channel, or set, of 16 bits or 32 bits; it changes for
each circuit that is being multiplexed. The only way to use multiplexed

display will be blank or will contain the last data that was latched, because
it may latch the data until the enable reselected and new data is available. If
the BCD display contains four digits and one enable line (see Figure 6-48),
the operation will be the same, except that the enable will control all four
displays. With this option, one interface can control several groups of 16 or
32 outputs, depending on the modularity. For example, if a multiplexed
output can handle four sets of 16-bit outputs, then it can drive up to four sets
of 4-digit seven-segment indicators. Register data from the output table is sent
to the module once a scan, updating each multiplexed set of output devices.

Figure 6-47. Single-digit seven-segment BCD display with enable line.

Figure 6-48.  A 4-digit seven-segment BCD display with one common enable line.
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Figure 6-49. A multiplexed output module with four sets of LED displays.
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modules and still have correctly operating output devices is to incorporate
additional latching/enabling circuits into the output devices’ hardware (see
Figure 6-50). Such a situation may be encountered in the transmission of
parallel data to instrumentation or computing devices that have enable and
latching lines for incoming data.

Figure 6-50.  Latching/enabling circuit.
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Figure 6-52. Timing diagram of enable signals from a BCD multiplexed module.

Figure 6-51.  Storage table for Example 6-4.

EN1
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EN3

EN4

1st Scan 2nd Scan 3rd Scan 4th ScanModule

EXAMPLE 6-4

Assume that the contents of the registers in the storage table shown
in Figure 6-51 are transferred to a BCD multiplexed module and,
subsequently, to a BCD display. (a) What will be the value displayed
on the seven-segment indicators during the third scan as shown in the
timing diagram in Figure 6-52? (b) Also indicate, using Figure 6-49 as
a reference, the lines (e.g., enable bits 0–17) that will be active during
the third-scan transfer.

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

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

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

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

4000

4001

4002

4003

3583

2578

3810

4917

Word of
Register

Contents
in BCD

SOLUTION

(a) During the third scan (see Figure 6-53), the enable line EN3 will
be ON, allowing the BCD data 3810 to go to BCD set #3. The value of
register 4002 will be sent to the module through the wires connected
to it. Since only BCD set #3 is enabled, it will accept all of the signals.

(b) The active lines, including the enable, are shown in blue. Note that
in the other BCD sets, the BCD values from each set’s respective
register are shown in gray. These values may remain on the display
because they have been latched from previous scans. They are not
shown in blue because they are not active.
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Figure 6-53. Multiplexed output module for Example 6-4.
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CONTACT OUTPUTS

Contact output interfaces allow output devices to be switched by normally
open or normally closed relay contacts. Contact interfaces provide electrical
isolation between the power output signal and the logic signal through
separation between contacts and between the coil and contacts. These outputs
also include filtering, suppression, and fuses.

The basic operation of contact output modules is the same as that of standard
AC or DC output modules. When the processor sends status data (1 or 0) to
the module during the output update, the state of the contacts changes. If the
processor sends a 1 to the module, normally open contacts close and normally
closed contacts open. If the processor sends a 0, no change occurs to the
normal state of the contacts.

Contact outputs can be used to switch either AC or DC loads, but they are
normally used in applications such as multiplexing analog signals, switching
small currents at low voltages, and interfacing with DC drives to control
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Figure 6-55.  Example of a contact interface connection.
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different voltage levels. High-power contact outputs are also available for
applications that require the switching of high currents. Figure 6-54 shows a
contact output circuit. The device connection for this output module is similar
to an AC output module. In this circuit, one side (1A) goes to L1, while the
other (1B) goes to the load.

Figure 6-54. Contact output circuit.

Figure 6-55 illustrates an interfacing example where four analog voltage
references are connected to a contact output module. These references
represent preset speed values, which if connected to a speed drive controller,
can be used to switch different motor velocities (e.g., two forward, two
reverse). Note that each contact in this interface must be mutually exclusive—
that is, only one contact can be closed at a time. Interlocking logic in the
control program is necessary to prevent two or more output coils from being
energized at the same time.
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Figure 6-56. Typical bypass device.

Figure 6-57. Bypass unit placed between the PLC and a field device.
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6-8  DISCRETE BYPASS/CONTROL STATIONS

Bypass/control stations are manual backup devices that are used in PLC
systems to allow flexibility during start-up and output failure. By incorporat-
ing a selector switch that allows a field output device to be switched ON
regardless of the state of its output module, these devices can override a PLC’s
output signal. Bypass devices can also be configured to place field outputs
under PLC output control or to change them to an OFF condition.

Figure 6-56 shows a diagram of a typical bypass device. Bypass units provide
8 to 16 isolated points, each protected by a circuit breaker or fuse, for use with
any PLC’s discrete output modules. Bypass devices are placed between the
PLC’s output interface and the digitally controlled element (see Figure 6-57).
Indicators, which are incorporated into the control system, show the ON/ OFF
state of the field device. Bypass units provide a way to control field devices
without the PLC. These devices are very useful during maintenance situa-
tions, system start-up, and emergency disconnect of particular field devices.
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6-9  INTERPRETING I/O SPECIFICATIONS

ELECTRICAL

Perhaps with the exception of standard I/O current and voltage ratings,
specifications for I/O circuits are all too often treated as a meaningless
listing of numbers. Nevertheless, manufacturers’ specifications provide
valuable information about the correct and safe application of interfaces.
These specifications place certain limitations on the module and also on the
field equipment that it can operate. Failure to adhere to specifications can
result in a misapplication of the hardware, leading to faulty operation or
equipment damage. Table 6-6 provides an overview of the electrical, me-
chanical, and environmental specifications that should be evaluated for each
PLC application. Following is a more detailed explanation of each specifica-
tion. These specifications should also be evaluated for the interfaces covered
in the next two chapters (analog and special function).

Input Voltage Rating.  This AC or DC value defines the magnitude and type
of signal that will be accepted by the circuit. The circuit will usually accept
a deviation from this nominal value of ±10–15%. This specification may also
be called the input voltage range. For a 120 VAC–rated input circuit with a
range of ±10%, the minimum and maximum acceptable input voltages for
continuous operation will be 108 VAC and 132 VAC, respectively.

Input Current Rating.  This value defines the minimum input current at the
rated voltage that the input device must be capable of driving to operate the
input circuit. This specification may also appear indirectly as the minimum
power requirement.

Input Threshold Voltage.  This value specifies the voltage at which the input
signal is recognized as being absolutely ON. This specification is also called
the ON threshold voltage. Some manufacturers also specify an OFF voltage,
defining the voltage level at which the input circuit is absolutely OFF.

Input Delay.  The input delay defines the duration for which the input signal
must exceed the ON threshold before being recognized as a valid input. This
specification is given as a minimum or maximum value. This delay is a result
of filtering circuitry provided to protect against contact bounce and voltage
transients. The input delay is typically 9–25 msec for standard AC/DC inputs
and 1–3 msec for TTL or electronic inputs.

Output Voltage Rating.  This AC or DC value defines the magnitude and type
of voltage source that the I/O module can control. Deviation from this
nominal value is typically ±10–15%. For some output interfaces, the output
voltage is also the maximum continuous voltage. The output voltage



179

CHAPTER

6
The  Discrete

Input/Output System

Industrial Text & Video Company          1-800-752-8398
www.industrialtext.com

SECTION

2
Components
and Systems

Table 6-6. Summary of I/O specifications.
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specification may also be stated as the output voltage range, in which case
both the minimum and maximum operating voltages are given. An output
circuit rated at 48 VDC, for example, can have an absolute working range
of 42 to 56 VDC.

Output Current Rating.  This specification is also known as the ON-state
continuous current rating, a value that defines the maximum current that a
single output circuit can safely carry under load. The output current rating is
a function of the electrical and heat dissipation characteristics of the compo-
nent. This rating is generally specified at an ambient temperature (typically
0–60°C). As the ambient temperature increases, the output current decreases.
Exceeding the output current rating or oversizing the manufacturer’s fuse
rating can result in a permanent short-circuit failure or other damage.

Output Power Rating.  This maximum value defines the total power that an
output module can dissipate with all circuits energized. The output power
rating for a single energized output is the product of the output voltage rating
and the output current rating expressed in volt-amperes or watts (e.g., 120 V

× 2 A = 240 VA). This value for a given I/O module may or may not be the
same if all outputs on the module are energized simultaneously. The rating for
an individual output when all other outputs are energized should be verified
with the manufacturer.

Current Requirements. The current requirement specification defines the
current demand that a particular I/O module’s logic circuitry places on the
system power supply. To determine whether the power supply is adequate,
add the current requirements of all the installed modules that the power
supply supports, and compare the total with the maximum current the power
supply can provide. The current requirement specification will provide a
typical rating and a maximum rating (all I/O activated). An insufficient power
supply current can result in an undercurrent condition, causing intermittent
operation of field input and output interfaces.

Surge Current (Max).  The surge current, also called the inrush current,
defines the maximum current and duration (e.g., 20 amps for 0.1 sec) for
which an output circuit can exceed its maximum ON-state continuous current
rating. Heavy surge currents are usually a result of either transients on the
output load or power supply line or the switching of inductive loads.
Freewheeling diodes, Zener diodes, or RC networks across the load terminals
normally provide output circuits with internal protection. If not, protection
should be provided externally.

OFF-State Leakage Current.  Typically, this is a maximum value that
measures the small leakage current that flows through the triac/transistor
during its OFF state. This value normally ranges from a few microamperes to
a few milliamperes and presents little problem. It can present problems when
switching very low currents or can give false indications when using a
sensitive instrument, such as a volt-ohm meter, to check contact continuity.
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Output-ON Delay.  This specification defines the response time for the output
to go from OFF to ON once the logic circuitry has received the command to
turn ON. The ON response time of the output circuit affects the total time
required to activate an output device. The worst-case time required to turn an
output device ON after the control logic goes TRUE is the total of the two
program scan times plus the I/O update, output-ON delay, and device-ON
response times.

Output-OFF Delay. The output-OFF delay specification defines the re-
sponse time for the output to go from ON to OFF once the logic circuitry has
received the command to turn OFF. The OFF response time of the output
circuit affects the total time required to deactivate an output device. The
worst-case time required to turn an output device OFF after the control logic
goes FALSE is the total of the two program scan times plus the I/O update,
output-OFF delay, and device-OFF response times.

Electrical Isolation.  This maximum value in volts defines the isolation
between the I/O circuit and the controller logic circuitry. Although this
isolation protects the logic side of the module from excessive input/output
voltages or currents, the power circuitry of the module can still be damaged.

Output Voltage/Current Ranges.  This specification is a nominal expression
of the voltage/current swing of the D/A converter in analog outputs. This
output will always be a proportional current or voltage within the output range.
A given analog output module may have several hardware- or software-
selectable, unipolar or bipolar ranges (e.g., 0 to 10 V, –10 to +10 V, 4 to 20 mA).

Input Voltage/Current Ranges.  This specification defines the voltage/
current swing of the A/D converter in analog inputs. This specification will
always be a proportional current or voltage within the input range. A given
analog input module may have several hardware- or software-selectable,
unipolar or bipolar ranges (e.g., 0 to 10 V, –10 to +10 V, 4 to 20 mA).

Digital Resolution.  This specification defines how closely the converted
analog input/output current or voltage signal approximates the actual analog
value within a specified voltage or current range. Resolution is a function of
the number of bits used by the A/D or D/A converter. An 8-bit converter has
a resolution of 1 part in 28 or 1 part in 256. If the range is 0 to 10 V, then the
resolution is 10 divided by 256, or 40 mV/bit.

Output Fuse Rating.  Fuses are often supplied as a part of the output circuit,
but only to protect the semiconductor output device (triac or transistor). The
manufacturer carefully selects the fuse that is employed or recommended for
the interface based on the fusing current rating of the output switching device.
Fuse rating incorporates a fuse opening time along with a current overload
rating, which allows opening within a time frame that will avoid damage to
the triac or transistor. The recommended specifications should be followed
when replacing fuses or when adding fuses to the interface.
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ENVIRONMENTAL

MECHANICAL

Points Per Module.  This specification defines the number of input/output
circuits that are on a single module (encasement). Typically, a module will
have 1, 2, 4, 8, or 16 points per module. The number of points per module has
two implications that may be of importance to the user. First, the less dense
(fewer the number of points) a module is, the greater the space requirements
are; second, the higher the density, the lower the likelihood that the I/O count
requirements can be closely matched with the hardware. For example, if a
module contains 16 points and the user requires 17 points, two modules must
be purchased. Thus, the user must purchase 15 extra inputs or outputs.

Wire Size.  This specification defines the number of conductors and the
largest gauge wire that the I/O termination points will accept (e.g., two #14
AWG). The manufacturer does not always provide wire size specifications,
but the user should still verify it.

Ambient Temperature Rating.  This value is the maximum temperature of
the air surrounding the input/output system for best operating conditions.
This specification considers the heat dissipation characteristics of the circuit
components, which are considerably higher than the ambient temperature
rating itself. The ambient temperature rating is much less than the heat
dissipation factors so that the surrounding air does not contribute to the heat
already generated by internal power dissipation. The ambient temperature
rating should never be exceeded.

Humidity Rating. The humidity rating for PLCs is typically 0–95%
noncondensing. Special consideration should be given to ensure that the
humidity is properly controlled in the area where the input/output system is
installed. Humidity is a major atmospheric contaminant that can cause circuit
failure if moisture is allowed to condense on printed circuit boards.

Proper observance of the specifications provided on the manufacturer’s data
sheets will help to ensure correct, safe operation of control equipment.
Chapter 20 discusses other considerations for properly installing and main-
taining input/output systems.

6-10  SUMMARY OF DISCRETE I/O

For the most part, all PLC system applications require the types of discrete
I/O interfaces covered in this chapter. In addition to discrete interfaces, some
PLC applications require analog and special I/O modules (covered in the next
two chapters) to implement the required control.
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All I/O interfaces accept input status data for the input table and accept
processed data from the output table. This information is placed in or written
from the I/O table (in word locations) according to the location or address of
the modules. This address depends on the module’s placement in the I/O rack
enclosure; therefore, the placement of I/O interfaces is an important detail to
keep in mind.

The software instructions that are generally used with discrete-type interfaces
are basic relay instructions (ladder type), although multibit modules use
functional block instructions as well as some advanced ladder functions.
Chapter 9 explains these software instructions. Figure 6-58 shows several
programmable controller input and output modules and enclosures.

Figure 6-58. PLC families sharing the use of I/O modules and enclosures.
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KEY

TERMS

AC/DC I/O interface
bypass/control station
contact output interface
DC I/O interface
digital signal
discrete input interface
discrete output interface
I/O address
I/O module
isolated I/O interface
local rack
master rack
multiplexing
rack enclosure
register/BCD I/O interface
remote I/O subsystem
remote rack
sinking configuration
sourcing configuration
TTL I/O interface
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Industrial Text & Video’s Basic 
Introduction to PLCs Video 
Training Series is a complete PLC 
course designed for electrical 
maintenance personnel. It covers the 
basic operation of PLCs, as well as all 
the critical maintenance functions, such 
as troubleshooting the PLC and I/O 
system and preventive maintenance.

Highlighting the fundamental points of 
PLCs, this training series is 
recommended as a prerequisite to 
either our MicroLogixTM 1000 
Controller Total Training Series or 
Advanced PLC Video Training Series.

Many of the specifics presented in the 
video are taken from our industry-
standard reference on PLCs— 
Programmable Controllers: Theory 
and Implementation, 2nd Edition.

This series provides approximately four 
hours of instructional material and 
topics covered are equivalent to a 1-day 
PLC course.  Plus, you can train multiple 
people by simply ordering additional 
student kits.

Basic Introduction to PLCs
Video Training Series

A Rockwell Automation Encompass Partner

No matter which brand of PLC you use, 
this is the perfect introductory series.

• Two Videos.  Explain the basics of 
PLCs including addressing and 
programming instructions as well 
as installation requirements, 
troubleshooting procedures, and 
maintenance how-tos.

• Video Reference Handbook. 
Reinforces the material in the 
videos and provides review 
questions and answers.

• Electronic Courseware Series 
Software. Tests people on the 
material in the videos and validates 
your training program without any 
extra work for you.

• General PLC References.  
Programmable Controllers: Theory 
and Implementation, 2nd Edition— 
the best-selling, award-winning book 
applicable to all PLCs.

Programmable Controllers: 
Workbook/Study Guide—the 
companion workbook to the
industry-standard reference on PLCs.

• Maintenance Focus. The videos 
target electrical maintenance 
personnel by covering what a PLC is, 
basic relay and timer instructions, the 
I/O system, motor controls, trouble-
shooting, and more.
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Together. The videos explain the
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go—process control, analog I/O, plant 
networks, and more. Workbooks
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skills as well as the training program 
in your plant.
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review quiz, and be back to work in 
under two hours. 

• Money-Back Guarantee. Our
program is backed by a 30-day,
unconditional, money-back guarantee.
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TAPE 1 CONTENTS (31:33min)
• PLC Principles of Operation

• Ladder diagrams and the PLC

• Ladder symbology and power flow:
continuity and logic

• Binary concepts and number systems
used in PLCs 

• Input and Output (I/O) system 
addressing and structure

• Discrete I/O modules: interface
installation and wiring

• Basic relay instructions

TAPE 2 CONTENTS (33:20 min)
• Timer control: ON-delay

and OFF-delay timers 

• PLC control circuit examples and 
implementations: start/stop motor 
circuit (2-wire and 3-wire control),
wiring and interfacing to magnetic
starters, reversing motor control
and interlocking

• Troubleshooting the CPU
and I/O system

• Isolating faults 

• Sections to leave hardwired for
safety reasons

• PLC preventive maintenance

✔ If you’re using PLCs to control motors, make sure 
you’re implementing low-voltage protection—we’ll 
show you how and help you avoid potential injury 
to personnel and equipment

✔ Is your PLC system safely and properly installed— 
learn which sections of the control circuit must be 
left hardwired for safety reasons

✔ One small wiring mistake during troubleshooting 
will make things worse—we’ll show you the right 
way to do it

✔ Follow our step-by-step method of converting a 
hardwired relay system to a PLC—do it quickly 
and do it right!

✔ Troubleshoot the complete discrete I/O system— 
see it graphically—from power line problems to 
wiring connections to I/O modules to the 
detection of a bad field device

✔ Does everyone on your staff know how to 
troubleshoot PLCs and I/O—learn how to use the 
power of the PLC and its monitoring capabilities 
to help you

PLCs—What Everyone Needs to Know

—George Cooros, PLC Training Instructor, US Steel Co.

Video Program and Reference Handbook

This program covers it all—from number 
systems to general operation to introductory 
programming.  You’ll learn how to convert an 
electromechanical (hardwired) system to a 
PLC-based system, troubleshoot I/O, 
and much more.

It's packed full of industry secrets, installation hints, and maintenance how-tos—all to make your job easier. 
This program gives maintenance personnel the skills necessary to troubleshoot the controller and determine 
whether the problem is with the controller, the wiring, or a field device. And, the video reference handbook 
acts as an on-the-job reference tool for all your basic PLC questions.

We liked Industrial Text & Video’s 
program so much we bought it 
immediately. They cover everything 
that we really need to know.



Electronic Courseware Series

Sample question from the ECS Trainer

Produce simple reports to assess the performance 
of each person going through the Basic Introduc-
tion to PLCs Video Training Series and validate the 
entire training process.

No Licensing Fees
Unlike most software packages, our ECS software 
doesn’t have any licensing fees. The program is 
licensed per facility. This means you can install it 
on one computer or 1,000 computers. Employees 
can even install it on their computers at home. 
We do recommend, however, that you order extra 
student kits for everyone who will be going 
through the program. 

• No licensing fees
• Networkable
• 160 questions
• A-R-M technology
• Training and testing modes
• Random question selection on final exams

• 486 PC (Pentium recommended)
• Windows™ 3.1 and 4MB RAM 

or Windows™ 95, 98, or NT and 16MB RAM
• 256-color monitor
• 15MB free hard-drive space
• Mouse

”“I really thought that I knew it all until I sat 
down and started answering the questions.

—John Rzeczkowski, Journeyman Electrician

• Take it anytime you want
• Take it anywhere you want
• Immediate feedback
• Great for refresher training
• Reduced learning time
• Self-paced

As one of the steps in the training process, the 
Electronic Courseware Series (ECS) software 
lets your people sharpen and test their 
knowledge on the material covered in the 
videos. It consists of two parts—the ECS Trainer 
for testing and the ECS Administrator for 
reporting. Once your people use this software, 
you can be sure they are qualified to work with 
the PLCs in your facility.

Use our exclusive interactive software to train and 
evaluate everyone going through the videos— 
without any extra work for you.

The ECS Trainer has practical, real-life questions of 
varying levels of difficulty. You can use it to test 
employees as well as prescreen new hires.

It’s easy. Just watch one of the videos. Then, take 
a review quiz to see how much was learned. 

Instant feedback. Using A-R-M (Automatic 
Reinforcement Mode) technology, if someone 
misses a question, they get instant feedback and 
receive a follow-up question to make sure they 
understand the explanation.

Features at a glance: Benefits of computer testing:

Minimum system requirements:

ECS Trainer ECS Administrator
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✔ Follow our 11 major steps in selecting a PLC for an application and 
avoid using the wrong controller

✔ Install sinking and sourcing inputs and outputs properly—one 
wrong wire and it won’t work

✔ Implement safety circuits correctly in PLC applications to protect 
people and equipment

✔ Prevent noise, heat, and voltage variations from ruining your PLC 
system 

✔ Implement a step-by-step static and dynamic start-up checkout to 
guarantee smooth PLC system operation

✔ Design preventive safety and maintenance into your total control 
system 

SELECTION, INSTALLATION & SAFETY

TROUBLESHOOTING & MAINTENANCE
✔ Learn no-nonsense troubleshooting procedures to reduce 

downtime
✔ Troubleshoot analog I/O and avoid undesirable count jumps
✔ Learn 6 preventive maintenance procedures to keep your PLC 

system running fault free
✔ Learn a step-by-step procedure for finding hidden ground loops 
✔ Learn how to deal with leaky inputs 
✔ Identify vibration problems and use them for preventive 

engineering control
✔ Control excessive line voltage and avoid intermittent shutdowns 

PROGRAMMING
✔ Learn the number systems and codes used in PLC addressing
✔ Eliminate the confusion of ladder logic programming
✔ Master all types of timers and counters used in real-life 

applications
✔ Avoid ladder scan evaluation problems
✔ Implement a safe circuit with hardware and software interlocking 

Catalog# ABT-ITV206BOOK (included in the package)

The biggest book on PLCs. Written by industry experts, this book covers 
important, up-to-date, real-world programmable controller topics and 
applications. This new edition is completely revised and updated to give you the 
latest developments and insights from the field. At 5 pounds and 1,035 pages, it 
puts all the PLC information you need at your fingertips. And, since this is a 
generic PLC reference, it will help you with all of the different PLCs in your facility.

But, this book is about more than just PLCs—it also thoroughly explains process 
control, instrumentation, and plant networks. Whether you’re already an expert 
on PLCs or just starting out, our problem-solving approach is guaranteed to help 
you succeed.

• Valuable Maintenance Tips •

PLC Reference Book

You covered a huge amount of detail very well. It was 
very easy to understand.

  —Jeff Camp, United Control Corp.



Sample pages from the workbook

Imagine having the answers to over 800 PLC problems at your fingertips. That’s 
what you get with Programmable Controllers: Workbook and Study Guide.  At 
334 pages, it’s the perfect companion to Programmable Controllers: Theory and 
Implementation, 2nd Edition.

This workbook provides not only valuable summaries of each of the text-
book’s twenty-one chapters, but also over 800 review questions. And each of 
the review questions includes a detailed answer and explanation. Use it on 
the job to brush up on the essentials and to solve any PLC problem.

Whether you’re an expert or just learning about PLCs, you’ll find plenty to put 
your skills to the test.

Catalog #ABT-ITV206WKBK (included in the package)

Programmable Controllers: Workbook/Study Guide

You Will Learn:

• Proper address assignment and interfacing

• Basic PLC ladder program implementation

• Data measurement

• Internal coil assignments

• Proper digital and analog interfacing procedures

• Advanced function block programming

• Network protocols

• Analog input and output data handling

• Correct PLC installation   

A sample problem from 
Chapter 11 of the workbook:

System Programming and Implementation

Circle the locations where timer 
traps will be used in the PLC
implementation of this reduced-
voltage start motor circuit. 
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the questions, I oftentimes had to refer back to the 
theory book.

        —Ernest Presto, Electrical Engineer, Polyclad Laminates, Inc.
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