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Preface

Most textbooks related to programmable controllers start with the basics of
ladder logic, Boolean algebra, contacts, coils and all the other aspects of learning to
program PLCs. However, once they get more deeply into the subject, they generally
narrow the field of view to one particular manufacturer's unit (usually one of the more
popular brands and models), and concentrate on programming that device with it's
capabilities and peculiarities. This is worthwhile if the desire is to learn to program that
unit. However, after finishing the PLC course, the student will most likely be employed
in a position designing, programming, and maintaining systems using PLCs of another
brand or model, or even more likely, many machines with many different brands and
models of PLC. It seems to the authors that it would be more advantageous to
approach the study of PLCs using a general language that provides a thorough
knowledge of programming concepts that can be adapted to all controllers. This
language would be based on a collection of different manufacturer types with generally
the same programming technique and capability. Although it would be impossible to
teach one programming language and technique that would be applicable to each and
every programmable controller on the market, the student can be given a thorough
insight into programming methods with this general approach which will allow him or her
to easily adapt to any PLC encountered.

Therefore, the goal of this text is to help the student develop a good general
working knowledge of programmable controllers with concentration on relay ladder logic
techniques and how the PLC is connected to external components in an operating
control system. In the course of this work, the student will be presented with real world
programming problems that can be solved on any available programmable controller or
PLC simulator. Later chapters in this text relate to more advanced subjects that are
more suitable for an advanced course in machine controls. The authors desire that
this text not only be used to learn programmable logic controllers, but also that this text
will become part of the student’s personal technical reference library.

Readers of this text should have a thorough understanding of fundamental ac
and dc circuits, electronic devices (including thyristors), a knowledge of basic logic
gates, flip flops, and Boolean algebra, and college algebra and trigonometry. Although
a knowledge of calculus will enhance the understanding of PID controls, it is not
required in order to learn how to properly tune a PID.
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Chapter 1 - Ladder Diagram Fundamentals

Chapter 1 - Ladder Diagram Fundamentals

1-1. Objectives

Upon completion of this chapter, you will be able to
O identify the parts of an electrical machine control diagram including rungs,
branches, rails, contacts, and loads.
3 correctly design and draw a simple electrical machine control diagram.
(Jrecognize the difference between an electronic diagram and an electrical machine
diagram.
(J recognize the diagramming symbols for common components such as switches,
control transformers, relays, fuses, and time delay relays.
(J understand the more common machine control terminology.

1-2. Introduction

Machine control design is a unique area of engineering that requires the knowledge
of certain specific and unique diagramming techniques called ladder diagramming.
Although there are similarities between control diagrams and electronic diagrams, many
of the component symbols and layout formats are different. This chapter provides a study
of the fundamentals of developing, drawing and understanding ladder diagrams. We will
begin with a description of some of the fundamental components used in ladder diagrams.
The basic symbols will then be used in a study of boolean logic as applied to relay
diagrams. More complicated circuits will then be discussed.

1-3. Basic Components and Their Symbols

We shall begin with a study of the fundamental components used in electrical
machine controls and their ladder diagram symbols. It is important to understand that the
material covered in this chapter is by no means a comprehensive coverage of all types of
machine control components. Instead, we will discuss only the most commonly used ones.
Some of the more exotic components will be covered in later chapters.

Control Transformers
For safety reasons, machine controls are low voltage components. Because the

switches, lights and other components must be touched by operators and maintenance
personnel, itis contrary to electrical code in the United States to apply a voltage higher than
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120VAC to the terminals of any operator controls. For example, assume a maintenance
person is changing a burned-out indicator lamp on a control panel and the lamp is powered
by 480VAC. If the person were to touch any part of the metal bulb base while it is in
contact with the socket, the shock could be lethal. However, if the bulb is powered by
120VAC or less, the resulting shock would likely be much less severe.

In order to make large powerful machines efficient and cost effective and reduce line
current, most are powered by high voltages (240VAC, 480VAC, or more). This means the
line voltage must be reduced to 120VAC or less for the controls. This is done using a
control transformer. Figure 1-1 shows the electrical diagram symbol for a control
transformer. The most obvious peculiarity here is that the symbol is rotated 90° with the
primaries on top and secondary on the bottom. As will be seen later, this is done to make
it easier to draw the remainder of the ladder diagram. Notice that the transformer has two
primary windings. These are usually each rated at 240VAC. By connecting them in
parallel, we obtain a 240VAC primary, and by connecting them in series, we have a
480VAC primary. The secondary windings are generally rated at 120VAC, 48VAC or
24VAC. By offering control transformers with dual primaries, transformer manufacturers
can reduce the number of transformer types in their product line, make their transformers
more versatile, and make them less expensive.

HT o H3 (JH2  Hé

\/W \VED)]

Figure 1-1 - Control Transformer

Fuses

Control circuits are always fuse protected. This preventsdamageto —{] [}
the control transformer in the event of a short in the control circuitry. The Figure 1-2 -
electrical symbol for a fuse is shown in Figure 1-2. The fuse used in control Fuse
circuits is generally a slo-blow fuse (i.e. it is generally immune to current
transients which occur when power is switched on) and must be rated at a current that is
less than or equal to the rated secondary current of the control transformer, and it must be
connected in series with the transformer secondary. Most control transformers can be
purchased with a fuse block (fuse holder) for the secondary fuse mounted on the
transformer, as shown in Figure 1-3.
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Secondary Fuse Holder
(Allen Bradley)

Switches

There are two fundamental uses for switches. First, switches are used for operator
input to send instructions to the control circuit. Second, switches may be installed on the
moving parts of a machine to provide automatic feedback to the control system. There are
many different types of switches, too many to cover in this text. However, with a basic
understanding of switches, it is easy to understand most of the different types.

Pushbutton

The most common switch is the pushbutton. It is also the one that needs the least
description because it is widely used in automotive and electronic equipment applications.
There are two types of pushbutton, the momentary and maintained. The momentary
pushbutton switch is activated when the button is pressed, and deactivated when the button
isreleased. The deactivation is done using an internal spring. The maintained pushbutton
activates when pressed, but remains activated when it is released. Then to deactivate it,
it must be pressed a second time. For this reason, this type of switch is sometimes called
a push-push switch. The on/off switches on most desktop computers and laboratory
oscilloscopes are maintained pushbuttons.
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The contacts on switches can be
of two types. These are normally open [ ﬂJ_k
(N/O) and normally closed (N/C). —®@ o
Whenever a switch is in it's deactivated e e
position, the N/O contacts will be open Figure 1-4 - Momentary Pushbutton Switches
(non-conducting) and the N/C contacts
will be closed (conducting). Figure 1-4 shows the schematic symbols for a normally open
pushbutton (left) and a normally closed pushbutton (center). The symbol on the right of
Figure 1-4 is a single pushbutton with both N/O and N/C contacts. There is no internal
electrical connection between different contact pairs on the same switch. Most industrial
switches can have extra contacts “piggy backed” on the switch, so as many contacts as
needed of either type can be added by the designer.

The schematic symbol for the maintained pushbutton is shown
in Figure 1-5. Note that it is the symbol for the momentary —e K o
pushbutton with a “see-saw” mechanism added to hold in the switch

actuator until it is pressed a second time. As with the momentary . il
switch, the maintained switch can have as many contacts of either ] ~
type as desired. Figure 1-5 -

Maintained Switch
Pushbutton Switch Actuators

The actuator of a pushbutton is the part that you depress to activate the switch.
These actuators come is several different styles as shown in Figure 1-6, each with a
specific purpose.

The switch on the left in Figure 1-6 has a guarded or shrouded actuator. In this
case the pushbutton is recessed 1/4"-1/2" inside the sleeve and can only be depressed by
an object smaller than the sleeve (such as a finger). It provides protection against the
button being accidentally depressed by the palm of the hand or other object and is
therefore used in situations where pressing the switch causes something potentially
dangerous to happen. Guarded pushbuttons are used in applications such as START,
RUN, CYCLE, JOG, or RESET operations. For example, the RESET pushbutton on your
computer is likely a guarded pushbutton.

The switch shown in the center of Figure 1-6 has an actuator that is aligned to be
even with the sleeve. ltis called a flush pushbutton. It provides similar protection against
accidental actuation as the guarded pushbutton; however, since itis not recessed, the level
of protection is not to the extent of the guarded pushbutton. This type of switch actuator
works better in applications where it is desired to back light the actuator (called a lighted
pushbutton).
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The switch on the right is an extended pushbutton. Obviously, the actuator extends
beyond the sleeve which makes the button easy to depress by finger, palm of the hand, or
any object. It is intended for applications where it is desirable to make the switch as
accessible as possible such as STOP, PAUSE, or BRAKES.

Figure 1-6 - Switch Actuators

The three types of switch actuators shown in Figure 1-6 are not generally used for
applications that would be required in emergency situations nor for operations that occur
hundreds of times per day. For both of these applications, a switch is needed that is the
most accessible of all switches. These types are the mushroom head or palm head
pushbutton (sometimes called palm switches, for short), and are illustrated in Figure 1-7.

Figure 1-7 - Mushroom Head Pushbuttons

Although these two applications are radically different, the switches look similar. The
mushroom head switch shown on the left of Figure 1-7 is a momentary switch that may be
used to cause a machine run one cycle of an operation. For safety reasons, they are
usually used in pairs, separated by about 24", and wired so that they must both be pressed
at the same time in order to cause the desired operation to commence. When arranged
and wired such as this, we create what is called a 2-handed palming operation. By doing
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so, we know that when the machine is cycled, the operator has both hands on the
pushbuttons and not in the machine.

The switch on the right of Figure 1-7 is a detent pushbutton (i.e. when pressed in it
remains in, and then to return it to its original position, it must be pulled out) and is called
an Emergency Stop, or E-Stop switch. The mushroom head is always red and the switch
is used to shutoff power to the controls of a machine when the switch is pressed in. In
order to restart a machine, the E-Stop switch must be pulled to the out position to apply
power to the controls before attempting to run the machine.

Mushroom head switches have special RUN E-STOP
schematic symbols as shown in Figure 1-8. Notice that
they are drawn as standard pushbutton switches but ¢ e @ P

have a curved line on the top of the actuators to indicate Figure 1-8 - Mushroom Switches

that the actuators have a mushroom head.

Selector Switches

A selector switch is also known as a rotary STOP-~._ RUN
switch.  An automobile ignition switch, and an ]
oscilloscope’s vertical gain and horizontal timebase ¢ o
switches are examples of selector switches. Selector —® LA
switches use the same symbol as a momentary Figure 1-9 - Selectors
pushbutton, except a lever is added to the top of the actuator, as shown in Figure 1-9. The
switch on the left is open when the selector is turned to the left and closed when turned to
the right. The switch on the right side has two sets of contacts. The top contacts are
closed when the switch selector is turned to the left position and open when the selector
is turned to the right. The bottom set of contacts work exactly opposite. There is no
electrical connection between the top and bottom pairs of contacts. In most cases, we
label the selector positions the same as the labeling on the panel where the switch is
located. For the switch on the right in Figure 1-9, the control panel would be labeled with
the STOP position to the left and the RUN position to the right.

Limit Switches

Limit switches are usually not operator accessible.
Instead they are activated by moving parts on the o %ﬁk
machine. They are usually mechanical switches, but can
also be light activated (such as the automatic door Figure 1-10 - Limit Switches
openers used by stores and supermarkets), or magnetically operated (such as the
magnetic switches used on home security systems that sense when a window has been
opened). An example of a mechanically operated limit switch is the switch on the
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refrigerator door that turns on the light inside. They are sometimes called cam switches
because many are operated by a camming action when a moving part passes by the
switch. The symbols for both types of limit switches are shown in Figure 1-10. The N/O
version is on the left and the N/C version is on the right. One of the many types of limit
switch is pictured in Figure 1-11.

Figure 1-11 - Limit Switch

Indicator Lamps

N /

All control panels include indicator lamps. They tell the operator m
when power is applied to the machine and indicate the present operating

status of the machine. Indicators are drawn as a circle with “light rays” N
extending on the diagonals as shown in Figure 1-12. Figure 1-12 -
Lamp

Although the light bulbs used in indicators are generally
incandescent (white), they are usually covered with colored lenses. The colors are usually
red, green, or amber, but other colors are also available. Red lamps are reserved for
safety critical indicators (power is on, the machine is running, an access panel is open, or
that a fault has occurred). Green usually indicates safe conditions (power to the motor is
off, brakes are on, etc.). Amber indicates conditions that are important but not dangerous
(fluid getting low, machine paused, machine warming up, etc.). Other colors indicate
information not critical to the safe operation of the machine (time for preventive
maintenance, etc.). Sometimes it is important to attract the operator’s attention with a
lamp. In these cases, we usually flash the lamp continuously on and off.

Relays

Early electrical control systems were composed of mainly relays and switches.
Switches are familiar devices, but relays may not be so familiar. Therefore, before
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continuing our discussion of machine control ladder diagramming, a brief discussion of
relay fundamentals may be beneficial. A simplified drawing of a relay with one contact set
is shown in Figure 1-13. Note that this is a cutaway (cross section) view of the relay.

INSULATOR
NORMALLY CLOSED CONDUCTOR NORMALLY CLOSED
(N/C) CONTACT / (N/C) CONTACT
INSULATOR
MOVABLE CONTACT -
- -
NORMALLY OPEN NORMALLY OPEN
(N/O) CONTACT (N/O) CONTACT
PLUNGER T INSULATOR
CORE COIL
SPRING

Figure 1-13 - Relay or Contactor

A relay, or contactor, is an electromagnetic device composed of a frame (or core)
with an electromagnet coil and contacts (some movable and some fixed). The movable
contacts (and conductor that connects them) are mounted via an insulator to a plunger
which moves within a bobbin. A coil of copper wire is wound on the bobbin to create an
electromagnet. A spring holds the plunger up and away from the electromagnet. When
the electromagnet is energized by passing an electric current through the coil, the magnetic
field pulls the plunger into the core, which pulls the movable contacts downward. Two fixed
pairs of contacts are mounted to the relay frame on electrical insulators so that when the
movable contacts are not being pulled toward the core (the coil is de-energized) they
physically touch the upper fixed pair of contacts and, when being pulled toward the cail,
touches the lower pair of fixed contacts. There can be several sets of contacts mounted
to the relay frame. The contacts energize and de-energize as a result of applying power
to the relay coil (connections to the relay coil are not shown). Referring to Figure 1-13,
when the coil is de-energized, the movable contacts are connected to the upper fixed
contact pair. These fixed contacts are referred to as the normally closed contacts
because they are bridged together by the movable contacts and conductor whenever the
relay is in its "power off" state. Likewise, the movable contacts are not connected to the
lower fixed contact pair when the relay coil is de-energized. These fixed contacts are
referred to as the normally open contacts. Contacts are named with the relay in the de-
energized state. Normally open contacts are said to be off when the coil is de-energized
and on when the coil is energized. Normally closed contacts are on when the coil is de-
energized and off when the coil is energized. Those that are familiar with digital logic tend
to think of N/O contacts as non-inverting contacts, and N/C contacts as inverting contacts.
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It is important to remember that many of the schematic symbols used in electrical
diagrams are different than the symbols for the same types of components in electronic
diagrams. Figure 1-14 shows the three most common relay symbols used in electrical
machine diagrams. These three symbols are a normally open contact, normally closed
contact and coil. Notice that the normally open contact on the left could easily be
misconstrued by an electronic designer to be a capacitor. That is why it is important when
working with electrical machines to mentally “shift gears” to think in terms of electrical
symbols and not electronic symbols.

CR1 CR101 CR1

| 2 O

Figure 1-14 - Relay Symbols

Notice that the normally closed and normally open contacts of Figure 1-14 each
have lines extending from both sides of the symbol. These are the connection lines which,
on a real relay, would be the connection points for wires. The reader is invited to refer back
to Figure 1-13 and identify the relationship between the normally open and normally closed
contacts on the physical relay and their corresponding symbols in Figure 1-14.

The coil symbol shown in Figure 1-14 represents the coil of the relay we have been
discussing. The coil, like the contacts, has two connection lines extending from either side.
These represent the physical wire connections to the coil on the actual relay. Notice that
the coil and contacts in the figure each have a reference designator label above the
symbol. This label identifies the contact or coil within the ladder diagram. Coil CR1 is the
coil of relay CR1. When coil CR1 is energized, all the normally open CR1 contacts will be
closed and all the normally closed CR1 contacts will be open. Likewise, if coil CR1 is de-
energized, all the normally open CR1 contacts will be open and all the normally closed CR1
contacts will be closed. Most coils and contacts we will use will be labeled as CR (CR is
the abbreviation for “control relay”). A contact labeled CR indicates that it is associated
with a relay coil. Each relay will have a specific number associated with it. The range of
numbers used will depend upon the number of relays in the system.

Figure 1-15 shows the same relay symbols as in Figure 1-14, however, they have
not been drawn graphically. Instead they are drawn using standard ASCII printer
characters (hyphens, vertical bars, forward slashes, and parentheses). This is a common
method used when the ladder diagram is generated by a computer on an older printer, or
when it is desired to rapidly print the ladder diagram (ASCII characters print very quickly).
This printing method is usually limited to ladder diagrams of PLC programs as we will see
later. Machine electrical diagrams are rarely drawn using this method.
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CR1 CR101 CR1
e B DA GNP R

Figure 1-15 - ASCII Relay Symbols

Relays can range in size from extremely small reed relays in 14 pin DIP integrated
circuit-style packages capable of switching a few tenths of an ampere at less than 100 volts
to large contactors the size of a room capable of switching thousands of amperes at
thousands of volts. However, for electrical machine diagrams, the schematic symbol for
a relay is the same regardless of the relay’s size.

Time Delay Relays

It is possible to construct a relay with a built-in time delay device that causes the
relay to either switch on after a time delay, or to switch off after a time delay. These types
of relays are called time delay relays, or TDR’s. The schematic symbols for a TDR coil
and contacts are the same as for a conventional relay, except that the coil symbol has the
letters “TDR” or “TR” written inside, or next to the coil symbol. The relay itself looks similar
to any other relay except that it has a control knob on it that allows the user to set the
amount of time delay. There are two basic types of time delay relay. They are the
delay-on timer, sometimes called a TON (pronounced Tee-On), and the delay off timer,
sometimes called a TOF (pronounced Tee-Off). Itisimportant to understand the difference
between these relays in order to specify and apply them correctly.

Delay-On Timer (TON) Relay

When an on-timer is installed in a circuit, the user adjusts the control on the relay
for the desired time delay. This time setting is called the preset. Figure 1-16 shows a
timing diagram of a delay-on time delay relay. Notice on the top waveform that we are
simply turning on power to the relay’s coil and some undetermined time later, turning it off
(the amount of time that the coil is energized makes no difference to the operation of the
relay). When the coil is energized, the internal timer in the relay begins running (this can
be either a motor driven mechanical timer or an electronic timer). When the time value
contained in the timer reaches the preset value, the relay energizes. When this happens,
all normally open (N/O) contacts on the relay close and all normally closed (N/C) contacts
on the relay open. Notice also that when power is removed from the relay coil, the contacts
immediately return to their de-energized state, the timer is reset, and the relay is ready to
begin timing again the next time power is applied. If power is applied to the coil and then
switched off before the preset time is reached, the relay contacts never activate.
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TDR
Coll —
Power

TDR

N/O
Contact

TDR
N/C
Contact

Figure 1-16 - Delay-On Timer Relay

On
Delay

Delay-on relays are useful for delaying turn-on events. For example, when the
motor is started on a machine, a TON time delay relay can be used to disable all the other
controls for a few seconds until the motor has had time to achieve running speed.

Delay-Off Timer (TOF) Relay

Figure 1-17 shows a timing diagram for a delay off timer. In this case, at the instant
power is applied to the relay coil, the contacts activate - that is, the N/O contacts close, and
the N/C contacts open. The time delay occurs when the relay is switched off. After power
is removed from the relay coil, the contacts stay activated until the relay times-out. If the
relay coil is re-energized before the relay times-out, the timer will reset, and the relay will

remain energized until power is removed, at which time it will again begin the delay-off
cycle.

TDR
Coil — 4—81-1:'
Power | elay

TDR
N/O
Contact —-

TDR
N/C
Contact

Figure 1-17 - Delay-Off Timer Relay

Delay-off time delay relays are excellent for applications requiring time to be
“stretched”. As an example, it can be used to operate a fan that continues to cool the
machine even after the machine has been stopped.

1-4. Fundamentals of Ladder Diagrams
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Basic Diagram Framework

All electrical machine diagrams are drawn using a standard format. This format is
called the ladder diagram. Beginning with the control transformer, we add a protective
fuse on the left side. As mentioned earlier, in many cases the fuse is part of the
transformer itself. From the transformer/fuse combination, horizontal lines are drawn to
both sides and then drawn vertically down the page as shown in Figure 1-18. These
vertical lines are called power rails or simply rails or uprights. The voltage difference
between the two rails is equal to the transformer secondary voltage, so any component
connected between the two rails will be powered.

T

Figure 1-18 - Basic Control Circuit

Notice that the right side of the control transformer secondary is grounded to the
frame of the machine (earth ground). The reason for this is that, without this ground,
should the transformer short internally from primary to secondary, it could apply potentially
lethal line voltages to the controls. With the ground, an internal transformer short will cause
a fuse to blow or circuit breaker to trip farther “upstream” on the line voltage side of the
transformer which will shutdown power to the controls.

Wiring

The wires are numbered. In our diagram, the left rail is wire number 2 and the right
rail is wire number 1. When the system is constructed, the actual wires used to connect
the components will have a label on each end (called a wire marker), as shown in
Figure 1-19, indicating the same wire number. This makes it easier to build, troubleshoot,
and modify the circuitry. In addition, by using wire markers, all the wires will be identified,
making it unnecessary to use more than one color wire to wire the system, which reduces
the cost to construct the machine. Generally, control circuits are wired with all black, red,
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or white wire (do not use green - it is reserved for safety ground wiring). Notice that in
Figure 1-18 the wire connecting T1 to F1 is not numbered. This is because in our design
we will be using a transformer with the fuse block included. Therefore, this will be a
permanent metal strap on the transformer and will not be a wire.

The wire generally used within the controls circuitry
is AWG14 or AWG16 stranded copper, type MTW or THHN.

MTW is an abbreviation for “machine tool wire” and THHN
indicates thermoplastic heat-resistant nylon-coated. MTW 9 .
has a single PVC insulation jacket and is used in J

applications where the wire will not be exposed to gas or oil.

It is less expensive, more flexible, and easier to route,

bundle, and pull through conduits. THHN is used in areas

where ’ghe wire may be exposed to gas or oil (such as  Figure 1-19 - Wire Marker
hydraulically operated machines). It has a transparent, oil-

resistant nylon coating on the outside of the insulation. The drawback to THHN is that it
is more expensive, is more difficult to route around corners, and because of its larger
diameter, reduces the maximum number of conductors that can be pulled into tight places
(such as inside conduits). Since most control components use low currents, AWG14 or
AWG16 wire is much larger than is needed. However, it is generally accepted for panel
and controls wiring because the larger wire is tough, more flexible, easier to install, and can
better withstand the constant vibration created by heavy machinery.

Reference Designators

For all electrical diagrams, every component is given a reference designator. This
is a label assigned to the component so that it can be easily located. The reference
designator for each component appears on the schematic diagram, the mechanical layout
diagram, the parts list, and sometimes is even stamped on the actual component itself.
The reference designator consists of an alphabetical prefix followed by a number. The
prefix identifies what kind of part it is (control relay, transformer, limit switch, etc.), and the
number indicates which particular part it is. Some of the most commonly used reference
designator prefixes are as follows:

T transformer
CR control relay

R resistor

C capacitor

LS limit switch

PB pushbutton

S switch

SS selector switch
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TDR or TR time delay relay

M motor, or motor relay

L indicator lamp or line phase

F fuse

CB circuit breaker

oL overload switch or overload contact

The number of the reference designator is assigned by the designer beginning with the
number 1. For example, control relays are numbered CR1, CR2, etc, fuses are F1, F2, etc.
and so on. ltis generally a courtesy of the designer to state on the electrical drawing the
“Last Used Reference Designators”. This is done so that anyone who is assigned the job
of later modifying the machine will know where to “pick up” in the numbering scheme for
any added components. For example, if the drawing stated “Last Used Reference
Designators: CR15, T2, F3", then in a modification which adds a control relay, the added
relay would be assigned the next sequential reference designator, CR16. This eliminates
the possibility of skipping a number or having duplicate numbers. Also, if components are
deleted as part of a modification, it is a courtesy to add a line of text to the drawing stating
“Unused Reference Designators:” This prevents someone who is reading the drawing from
wasting time searching for a component that no longer exists.

Some automation equipment and machine tool manufacturers use a reversed
component numbering scheme that starts with the number and ends with the alphabetical
designator. For example, instead of CR15, T2, and F3, the reference designators 15CR,
2T, and 3F are used.

The components in our diagram example shown in Figure 1-18 are numbered with
reference designators. The transformer is T1 and the fuse is F1. Other components will
be assigned reference designators as they are added to the diagram.

Boolean Logic and Relay Logic

Since the relays in a machine perform some type of control operation, it can be said
that they perform a logical function. As with all logical functions, these control circuits must
consist of the fundamental AND, OR, and INVERT logical operations. Relay coils, N/C
contacts, and N/O contacts can be wired to perform
these same fundamental logical functions. By properly  swiTcH1 SWITCH2

wiring relay contacts and coils together, we can create | | ( () )
any logical function desired.

LAMP1

AND
Generally when introducing a class to logical
operations, an instructor uses the analogy of a series Figure 1-20 - AND Lamp Circuit
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connection of two switches, alamp and a battery toillustrate the AND function. Relay logic
allows this function to be represented this way. Figure 1-20 shows the actual wiring
connection for two switches, a lamp and a battery in an AND configuration. The lamp,
LAMP1, will illuminate only when SWITCH1 AND SWITCH2 are ON. The Boolean
expression for this is

Lampl = (Switchl) e (Switch2) -1

If we were to build this function using digital logic chips, the logic diagram for Equation 1-1
and Figure 1-20 would appears as shown in Figure 1-21. However, keep in mind that we
will not be doing this for machine controls.

SWITCH1—
LAMP1
SWITCH2 —

Figure 1-21 - AND Circuit

To represent the circuit of Figure 1-21 in ladder logic form in an electrical machine
diagram, we would utilize the power from the rails and simply add the two switches (we
have assumed these are to be pushbutton switches) and lamp in series between the rails
as shown in Figure 1-22. This added circuit forms what is called a rung. The reason for
the name “rung” is that as we add more circuitry to the diagram, it will begin to resemble
a ladder with two uprights and many rungs.

YAV
SWITCH1 SWITCH2 LAMP1
‘ ‘ N /
3 4
—@ o —0 [ m
PB1 PB2 /\\/\

Figure 1-22 - Ladder Diagram
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There are a few important details that have been added along with the switches and
lamp. Note that the added wires have been assigned the wire numbers 3 and 4 and the
added components have been assigned the reference designators PB1, PB2, and L1. Also
note that the switches are on the left and the lamp is on the right. This is a standard
convention when designing and drawing machine circuits. The controlling devices (in this
case the switches) are always positioned on the left side of the rung, and the controlled
devices (in this case the lamp) are always positioned on the right side of the rung. This
wiring scheme is also done for safety reasons. Assume for example that we put the lamp
on the left side and the switches on the right. Should there develop a short to ground in the
wire from the lamp to the switches, the lamp would light without either of the switches being
pressed. Foralamp to inadvertently light is not a serious problem, but assume that instead
of alamp, we had the coil of a relay that started the machine. This would mean that a short
circuit would start the machine without any warning. By properly wiring the controlled
device (called the load) on the right side, a short in the circuit will cause the fuse to blow
when the rung is activated, thus de-energizing the machine controls and shutting down the
machine.

OR SWITCH1

—1 LAMP2
The same approach may be taken for the OR —@

function. The circuit shown in Figure 1-23 illustrates two swmmﬁ Q

switches wired as an OR function controlling a lamp, _

LAMP2. As can be seen from the circuit, the lamp will | ®

illuminate if SWITCH 1 OR SWITCH 2 is closed; that is,

depressing either of the switches will cause the lamp + ‘

LAMP2 to illuminate. The Boolean expression for this ‘ ‘

circuit is

Figure 1-23 - OR Lamp Circuit
Lamp?2 = (Switchl) + (Switch2) (1-2)

For those more familiar with logic diagramming, the OR gate representation of the OR
circuit in Figure 1-23 and Equation 1-2 is shown in Figure 1-24. Again, when drawing
machine controls diagrams, we do not use this schematic representation.

SWITCH1
LAMP2
SWITCH2

Figure 1-24 - OR Circuit
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We can now add this circuit to our ladder diagram as another rung as shown in
Figure 1-25. Note that since the switches SWITCH1 and SWITCH2 are the same ones
used in the top rung, they will have the same names and the same reference designators
when drawn in rung 2. This means that each of these two switches have two N/O contacts
on the switch assembly. Some designers prefer to place dashed lines between the two
PB1 switches and another between the two PB2 switches to clarify that they are operated
by the same switch actuator (in this case the actuator is a pushbutton)

When we have two or more components in parallel in a rung, each parallel path is
called a branch. In our diagram in Figure 1-25, rung two has two branches, one with PB1
and the other with PB2. It is possible to have branches on the load side of the rung also.
For example, we could place another lamp in parallel with LAMP2 thereby creating a
branch on the load side.

2
YAV
SWITCH1 SWITCH2 LAMP1
AN /
e | o’ o | ° 4
PB1 PB2 /U\
L1
SWITCH1 \'—A'V'PZ/
L 5 7
® pg1 ® \_/
/ AN
SWITCH2 L2
R
® 5

Figure 1-25 - Add Rung 2

It is important to note that in our ladder diagram, it is possible to exchange rungs 1
and 2 without changing the way the lamps operate. This is one advantage of using ladder
diagramming. The rungs can be arranged in any order without changing the way the
machine operates. It allows the designer to compartmentalize and organize the control
circuitry so that it is easier to understand and troubleshoot. However, keep in mind that,
later in this text, when we begin PLC ladder programming, the rearranging of rungs is not
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recommended. In a PLC, the ordering of the rungs is critical and rearranging the order
could change the way the PLC program executes.

AND OR and OR AND
Let us now complicate the circuitry somewhat. Suppose that we add two more
switches to the previous circuits and configure the original switch, battery and light circuit

as in Figure 1-26.

SWITCH1 SWI"I'CHZ

e e o
PB1 PB2

SWITCHS SWI"I'CH4

® pp3 @ PB4

+ }\

Figure 1-26 - AND-OR Lamp Circuit

Notice that two switches have been added, SWITCH 3 and SWITCH 4. For this system to
operate properly, the LAMP needs to light if SWITCH 1 AND SWITCH 2 are both on, OR
if SWITCH 3 AND SWITCH 4 are both on. This circuit is called an AND-OR circuit. The
Boolean expression for this is illustrated in Equation 1-3.

Lamp3 = (Switchl e Switch2)+ (Switch3e Switch4) (1-3)

The opposite of this circuit, called the OR-AND circuit is shown in Figure 1-27. For
this circuit, LAMP4 will be on whenever SWITCH1 OR SWITCH2, AND SWITCH3 OR
SWITCH4 are on. For circuits that are logically complicated, it sometimes helps to list all
the possible combinations of inputs (switches) that will energize a rung. For this OR-AND
circuit, LAMP4 will be lit when the following combinations of switches are on:

SWITCH1 and SWITCH3
SWITCH1 and SWITCH4
SWITCH2 and SWITCH3
SWITCH2 and SWITCH4
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SWITCH1 and SWITCHZ2 and SWITCH3
SWITCH1 and SWITCHZ2 and SWITCH4
SWITCH1 and SWITCH3 and SWITCH4
SWITCH2 and SWITCH3 and SWITCH4
SWITCH1 and SWITCHZ2 and SWITCH3 and SWITCH4

SWITCH1  SwITCH3
e T ® s 07 _LAMP4
SWITCH2 | SWITCH4 )
%2 ® % L4
+| ] |

Figure 1-27 - OR-AND Lamp Circuit

The Boolean expression for the OR-AND circuit is shown in Equation 1-4

Lamp3 = (Switchl + Switch2) e (Switch3 + Switch4) (1-4)

These two rungs will now be added to our ladder diagram and are shown in
Figure 1-28. Look closely at the circuit and follow the possible power paths to energize
LAMP3 and LAMP4. You should see two possible paths for LAMP3:

SWITCH1 AND SWITCH2
SWITCH3 AND SWITCH4

Either of these paths will allow LAMP3 to energize. For LAMP4, you should see four
possible paths:

SWITCH1 AND SWITCH3
SWITCH1 AND SWITCH4
SWITCH2 AND SWITCH3
SWITCH2 AND SWITCH4.

Any one of these four paths will energize LAMP4.
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1
SWITCH1 SWITCH2 LAMP1
AN /
e o o °
PB1 PB2 /\J\
L1
SWITCH1 LAMPZ.
® pg1 ® \__/
/ AN
SWITCH2 L2
_
® B
SWITCH1 SWITCH2 '\-AMP3/
®pe1® ®pa2® \__/
/ AN
SWITCH3 SWITCH4 L3
SR ShTee
® g3 ® ® B4
SWITCH1 SWITCH3 LAMP4
AN /
®pe1® T ®pa3® \__/
/ AN
SWITCH2 SWITCH4 L4
I _
® 5 ® ® o4

Figure 1-28 - Add Rungs 3 & 4

Now that we have completed a fundamental study of ladder diagram, we should
begin investigating some standard ladder logic circuits that are commonly used on electric
machinery. Keep in mind that these circuits are also used in programming programmable
logic controllers.
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Ground Test

Earlier, we drew a ladder diagram of some switch circuits which included the control
transformer. We connected the right side of the transformer to ground (the frame of the
machine). For safety reasons, it is necessary to occasionally test this ground to be sure
that is it still connected because loss of the ground circuit will not affect the performance
of the machine and will therefore go unnoticed. This test is done using a ground test
circuit, and is shown in Figure 1-29.

™

2 1
GROUND s
TEST
GROUND TEST PASS
O
s N
L7

Figure 1-29 - Ground Test Circuit

Notice that this rung is unusual in that it does not connect to the right rail. In this
case, the right side fo the lamp L1 has a wire with a lug that is fastened to the frame of the
machine under a screw. When the pushbutton S1 is pressed, the lamp L1 lights if there
is a path for current to flow through the frame of the machine back to the X2 side of the
control transformer. If the lamp fails to light, it is likely that the transformer is no longer
grounded. The machine should not be operated until an electrician checks and repairs the
problem. In some cases, the lamp L1 is located inside the pushbutton switch S1 (this is
called an illuminated switch).

The Latch (with Sealing/Latching Contacts)

Occasionally, it is necessary to have a relay “latch” on so that if the device that
activated the relay is switched off, the relay remains on. This is particularly useful for
making a momentary pushbutton switch perform as if it were a maintained switch.
Consider, for example, the pushbuttons that switch a machine on and off. This can be
done with momentary pushbuttons if we include a relay in the circuit that is wired as a latch
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as shown in the ladder diagram segment Figure 1-30 (the transformer and fuse are not
shown for clarity). Follow in the diagram as we discuss how this circuit operates.

First, when power is applied to the rails, CR1 is initially de-energized and the N/O
CR1 contact in parallel with switch S1 is open also. Since we are assuming S1 has not yet
been pressed, there is no path for current to flow through the rung and it will be off. Next,
we press the START switch S1. This provides a path for current flow through S1, S2 and
the coil of CR1, which energizes CR1. As soon as CR1 energizes, the N/O CR1 contact
in parallel with S1 closes (since the CR1 contact is operated by the CR1 coil). When the
relay contact closes, we no longer need switch S1 to maintain a path for current flow
through the rung. It is provided by the N/O CR1 contact and N/C pushbutton S2. At this
point, we can release S1 and the relay CR1 will remain energized. The N/O CR1 contact
“seals” or “latches” the circuit on, and the contact is therefore called a sealing contact or
latching contact.

The circuit is de-energized by pressing the STOP switch S2. This breaks the flow
of current through the rung, de-energizes the CR1 coil, and opens the CR1 contact in
parallel with S1. When S2 is released, there will still be no current flow through the rung
because both S1 and the CR1 N/O contact are open.

RUN
START STOP CR1
_
S2
RUN
| |
| |
CR1

Figure 1-30 - Latch Circuit

The latch circuit has one other feature that cannot be obtained by using a maintained
switch. Should power fail while the machine is on, the latch rung will, of course, de-
energize. However, when power is restored, the machine will not automatically restart. It
must be manually restarted by pressing S1. This is a safety feature that is required on all
heavy machines.

2-Handed Anti-Tie Down, Anti-Repeat

Many machines used in manufacturing are designed to go through a repeated fixed
cycle. An example of this is a metal cutter that slices sheets of metal when actuated by an
operator. By code, all cyclic machines must have 2-handed RUN actuation, and anti-
repeat and anti-tie down features. Each of these is explained below.
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2-Handed RUN Actuation

This means that the machine can only be cycled by an operator pressing two
switches simultaneously that are separated by a distance such that both switches cannot
be pressed by one hand. This assures that both of the operator’s hands will be on the
switches and not in the machine when it is cycling. This is simply two palm switches in
series operating a RUN relay CR1, as shown in Figure 1-31.

LEFT RIGHT
START START RUN

dh dh CR1

s ® ® 5,0

Figure 1-31 - 2-Handed Operation

Anti-Tie Down and Anti-Repeat

The machine must not have the capability to be cycled by tying or taping down one
of the two RUN switches and using the second to operate the machine. In some cases,
machine operators have done this so that they have one hand available to guide raw
material into the machine while itis cycling, an extremely hazardous practice. Anti-tie down
and anti-repeat go hand-in-hand by forcing both RUN switches to be cycled off and then
on each time to make the machine perform one cycle. This means that both RUN switches
must be pressed at the same time within a small time window, usually 7z second. If one
switch is pressed and then the other is pressed after the time window has expired, the
machine will not cycle.

Since both switches must be pressed within a time window, we will need a time
delay relay for this feature, specifically a delay-on, or TON, relay. Consider the circuit
shown in Figure 1-32. Notice that we have taken the 2-handed circuit that we constructed
in Figure 1-31 and added additional circuitry to perform the anti-tie down. Follow along in
the circuit as we analyze how it operates.

The two palm switches S1 and S2 now each have two N/O contacts. In the first rung
they are connected in series and in the second rung, they are connected in parallel. This
means that in order to energize CR1, both S1 and S2 must be pressed, and in order to
energize TDR1, either S1 or S2 must be pressed. When power is applied to the rails,
assuming neither S1 nor S2 are pressed, both relays CR1 and TDR1 will be de-energized.
Now we press either of the two palm switches. Since we did not yet press both switches,
relay CR1 will not energize. However, in the second rung, since one of the two switches
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is pressed, we have a current path through the pressed switch to the coil of TDR1. The
time delay relay TDR1 begins to count time. As long as we hold either switch depressed,
TDR1 will time outin 72 second. When this happens, the N/C TDR1 contact in the first rung
will open, and the rung will be disabled from energizing, which, in turn, prevents the
machine from running. At this point, the only way the first rung can be enabled is to first
reset the time delay relay by releasing both S1 and S2.

If S1 and S2 are both pressed within 2 second of each other, the TDR1 N/C contact
in the first rung will have not yet opened and CR1 will be energized. When this happens,
the N/O CR1 contact in the first rung seals across the TDR1 contact so that when the time
delay relay TDR1 times out, the first rung will not be disabled. As long as we hold both
palm switches on, CR1 will remain on and TDR1 will remain timed out.

If we momentarily release either of the palm switches, CR1 de-energizes. When this
happens, we loose the sealing contact across the N/C TDR1 contact in the first rung. If we
re-press the palm switch, CR1 will not re-energize because TDR1 is still timed out and is
holding its N/C contact open in the first rung. The only way to get CR1 re-energized is to
reset TDR1 by releasing both S1 and S2 and then pressing both again.

LEFT RIGHT
START START RUN
dh dh TDR1 CR1
—e | e —e | e
S1 | S2 |
| | CR1
I I
: TDR1, 0.5s
®s1 ®
ANTI-TIE DOWN
® 2
Figure 1-32 - 2-Handed Operation with Anti-Tie Down and
Anti-Repeat

Single Cycle
When actuated, the machine must perform only one cycle and then stop, even if the

operator is still depressing the RUN switches. This prevents surprises and possible injury
for the operator if the machine should inadvertently go through a second cycle. Therefore,
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circuitry is usually needed to assure that once the machine has completed one cycle of
operation, it stops and waits for the RUN switch(es) to be released and then pressed again.

In order for the circuitry to be able to determine where the machine is in its cycle, a
cam-operated limit switch (like the one previously illustrated in Figure 1-11) must be
installed on the machine as shown in Figure 1-33. The cam is mounted on the mechanical
shaft of the machine which rotates one revolution for each cycle of the machine. There is
a spring inside the switch that pushes the actuator button, lever arm, and roller to the right
and keeps the roller constantly pressed against the cam surface. The mechanism is
adjusted so that when the cam rotates, the roller of the switch assembly rolls out of the
detent in the cam which causes the lever arm to press the switch’s actuator button. The
actuator remains pressed until the cam makes one complete revolution and the detent
aligns with the roller.

ROLLER
ACTUATOR BUTTON \

TERMINALS

LEVER ARM

NC  ®O—PIVOT

SWITCH
Figure 1-33 - Cam-operated Limit Switch

The cam is aligned on the shaft so that when the machine is at the stopping point
in its cycle (i.e., between cycles), the switch roller is in the cam detent. The switch has
three terminals, C (common, or wiper), N/O (normally open), and N/C (normally closed).
When the machine is between cycles, the N/O terminal is open and the N/C is connected
to C. While the machine is cycling, the N/O is connected to C and the N/C is open.

The circuit to implement the single-cycle feature is shown in Figure 1-34. Note that
we will be using both the N/O and N/C contacts of the cam-operated limit switch LS1. Also
note that, for the time being, the START switch S1 is shown as a single pushbutton switch.
Later we will add the 2-handed anti-tie down, and anti-repeat circuitry to make a complete
cycle control system. Follow along on the ladder diagram as we analyze how this circuit
works.
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START 53'1\'
I
L ()
S1
CR1 CR3 RUN LATCH
|| ||
| | | |
CYCLE CR2
P
LS1A
CYCLE CR1 CYCLE LOCK
2 i
LS1B
CR3 CR3

Figure 1-34 - Single-Cycle Circuit

When the rails are energized, we will assume that the machine is mechanically
positioned so that the cam switch is sitting in the cam detent (i.e., the N/O contact LS1A
is open and the N/C contact LS1B is closed). At this point, CR1 in the first rung will be off
(because the START switch has not yet been pressed), CR2 in the second rung is off
(because CR1 is off and LS1A is open), and CR3 in the third rung is on because LS1B is
closed and the N/C CR1 contact is closed. As soon as CR3 energizes, the CR3 N/O
contact in the third rung closes. At this point, the circuit is powered and the machine is
stopped, but ready to cycle.

Now we press the START switch S1. This energizes CR1. In the second rung, the
N/O CR1 contact closes. Since the N/O CR3 contact is already closed (because CR3 is
on), CR2 energizes. This applies power to the machine and causes the cycle to begin.

As soon as the cam switch rides out of the cam detent, LS1A closes and LS1B
opens. When this happens, LS1A in the second rung seals CR2 on. In the third rung,
LS1B opens which de-energizes CR3. Since CR2 is still on, the machine continues in its
cycle. The operator may or may not release the START switch during the cycle. However,
in either case it will not affect the operation of the machine. We will analyze both cases:

1. If the operator does release the START switch before the machine finishes it's
cycle, CR1 will de-energize. However, in the second rung it has no immediate effect
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because the contacts CR1 and CR3 are sealed by LS1A. Also, in the third rung, it has no
immediate affect because LS1B is open which disables the entire rung. Eventually, the
machine finishes it’s cycle and the cam switch rides into the cam detent. This causes LS1A
to open and LS1B to close. In the third rung, since the N/C CR1 contact is closed (CR1 is
off because S1 is released), closing LS1B switches on CR3. In the second rung, when
LS1A opens CR2 de-energizes (because the N/O CR1 contact is open). This stops the
machine and prevents it from beginning another cycle. The circuit is now back in it's
original state and ready for another cycle.

2. If the operator does not release the START switch before the machine finishes
it's cycle, CR1 remains energized. Eventually, the machine finishes it’s cycle and the cam
switch rides into the cam detent. This causes LS1A to open and LS1B to close. In the third
rung, the closing of LS1B has no effect because N/C CR1 is open. In rung 2, the opening
of LS1A causes CR2 to de-energize, stopping the machine. Then, when the operator
releases S1, CR1 turns off, and CR3 turns on. The circuit is now back in it's original state
and ready for another cycle.

There are some speed limitations to this circuit. First, if the machine cycles so
quickly that the cam switch “flies” over the detent in the cam, the machine will cycle
endlessly. One possible fix for this problem is to increase the width of the detent in the
cam. Howevers, if this fails to solve the problem, a non-mechanical switch mechanism must
be used. Normally, the mechanical switch is replaced by an optical interrupter switch and
the cam is replaced with a slotted disk. This will be covered in a later chapter. Secondly,
if the machine has high inertia, it is possible that it may “coast” through the stop position.
In this case, some type of electrically actuated braking system must be added that will
quickly stop the machine when the brakes are applied. For our circuit, the brakes could be
actuated by a N/C contact on CR2.

Combined Circuit

Figure 1-35 shows a single cycle circuit with the START switch replaced by the two
rungs that perform the 2-handed, anti-tie down, and anti-repeat functions. In this circuit,
when both palm switches are pressed within 0.5 second of each other, the machine will
cycle once and stop, even if both palm switches remain pressed. Afterward, both palm
switches must be released and pressed again in order to make the machine cycle again.
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LEFT RIGHT
START START RUN
dh dh TDR1 CR1
. | . . | .
S1 } S2 }
‘ ‘ CR1
| |
| : TDR1, 0.5s
|
—® Sg ,., I
ANTI-TIE DOWN
® 5
CR1 CR3 RUN LATCH
| | | |
| | | |
CYCLE CR2
o
LS1A
CYCLE CR1 CYCLE LOCK
o o Q—
LS1B
CR3 CR3

Figure 1-35 - 2-Handed, Anti-Tie Down, Anti-Repeat, Single-
Cycle Circuit
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1-5. Machine Control Terminology

There are some words that are used in machine control systems that have special
meanings. For safety purposes, the use of these words is explicit and can have no other
meaning. They are generally used when naming control circuits, labeling switch positions
on control panels, and describing modes of operation of the machine. A list of some of the
more important of these terms appears below.

ON

OFF

RUN

STOP

JOG

INCH

CYCLE

This is a machine state in which power is applied to the machine and
to the machine control circuits. The machine is ready to RUN. This
is also sometimes call the STANDBY state.

Electrically, the opposite of ON. Power is removed from the machine
and the machine control circuits. In this condition, pressing any
switches on the control panel should have no effect.

A state in which the machine is cycling or performing the task for
which it is designed. This state can only be started by pressing RUN
switches. Don’t confuse this state with the ON state. Itis possible for
a machine to be ON but not RUNNING.

The state in which the machine is ON but not RUNNING. If the machine is
RUNNING, pressing the STOP switch will cause RUNNING to cease.

A condition in which the machine can be “nudged” a small amount to
allow for the accurate positioning of raw material while the operator is
holding the material. The machine controls must be designed so that
the machine cannot automatically go from the JOG condition to the
RUN condition while the operator is holding the raw material.

Same as JOG.

A mode of operation in which the machine RUNs for one complete
operation and then automatically STOPs. Holding down the CYCLE
button will not cause the machine to RUN more than one cycle. In
order to have the machine execute another CYCLE, the CYCLE
button must be released and pressed again. This mode is sometimes
called SINGLE CYCLE.
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2 HAND OPERATION

A control design method in which a machine will not RUN or CYCLE
unless two separate buttons are simultaneously pressed. Thisis used
on machines where it is dangerous to hand-feed the machine while it
is cycling. The two buttons are positioned apart so that they both
cannot be pressed by one arm (e.g., a hand and elbow). Both buttons
must be released and pressed again to have the machine start
another cycle.

1-6. Summary

Although this chapter gives the reader a basic understanding of conventional
machine controls, it is not intended to be a comprehensive coverage of the subject.
Expertise in the area of machine controls can best be achieved by actually practicing the
trade under the guidance of experienced machine controls designers. However, an
understanding of basic machine controls is the foundation needed to learn the
programming language of Programmable Logic Controllers. As we will see in subsequent
chapters, the programming language for PLCs is a graphic language that looks very much
like machine control electrical diagrams.
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Chapter 1 Review Questions

1.

2.

10.

11.

What is the purpose of the control transformer in machine control systems?

Whys are fuses necessary in controls circuits even though the power mains
may already have circuit breakers?

What is the purpose of the shrouded pushbutton actuator?

Draw the electrical symbol for a two-position selector switch with one contact.
The switch is named “ICE” and the selector positions are “CUBES” on the left
and “CRUSHED” on the right. The contact is to be closed when the switch
is in the “CUBES” position.

Draw an electrical diagram rung showing a N/O contact CR5 in series with
a N/C contact CR11, operating a lamp L3.

A delay-on (TON) relay has a preset of 5.0 seconds. If the coil terminals are
energized for 8 seconds, how long will its contacts be actuated.

If a delay-on (TON) relay with a preset of 5.0 seconds is energized for 3
seconds, explain how it reacts.

If a delay-off (TOF) relay with a preset of 5.0 seconds is energized for
1 second, explain how the relay reacts.

Draw a ladder diagram rung similar to Figure 1-30 that will cause a lamp L5
to illuminate when relay contacts CR1 is ON, CR2 is OFF, and CR3 is OFF.

Draw a ladder diagram rung similar to Figure 1-30 that will cause a lamp L7
to be OFF when relay CR2 is ON or when CR3 is OFF. L7 should be ON at
all other times. (Hint: Make a table showing all the possible states of CR2
and CR3 and mark the combinations that cause L7 to be OFF. All those not
marked must be the ones when L7 is ON.)

Draw a ladder diagram rung similar to Figure 1-30 that will cause relay CR10
to energize when either CR4 and CRS5 are ON, or when CR4 is OFF and CR6
is ON. Then add a second rung that will cause lamp L3 to illuminate 4
seconds after CR10 energizes.
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Chapter 2 - The Programmable Logic Controller

2-1. Objectives

Upon completion of this chapter you will know
(J the history of the programmable logic controller.
(J why the first PLCs were developed and why they were better than the existing
control methods.
J the difference between the open frame, shoebox, and modular PLC
configurations, and the advantages and disadvantages of each.
(J the components that make up a typical PLC.
(J how programs are stored in a PLC.
(J the equipment used to program a PLC.
(J the way that a PLC inputs data, outputs data, and executes its program.
(J the purpose of the PLC update.
(3 the order in which a PLC executes a ladder program.
(J how to calculate the scan rate of a PLC.

2-2. Introduction

This chapter will introduce the programmable logic controller (PLC) with a brief
discussion of it's history and development, and a study of how the PLC executes a
program. A physical description of the various configurations of programmable logic
controllers, the functions associated with the different components, will follow. The chapter
will end with a discussion of the unique way that a programmable logic controller obtains
input data, process it, and produces output data, including a short introduction to ladder
logic.

It should be noted that in usage, a programmable logic controller is generally
referred to as a “PLC” or “programmable controller”. Although the term “programmable
controller” is generally accepted, it is not abbreviated “PC” because the abbreviation “PC”
is usually used in reference to a personal computer. As we will see in this chapter, a PLC
is by no means a personal computer.
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2-3. A Brief History

Early machines were controlled by mechanical means using cams, gears, levers and
other basic mechanical devices. As the complexity grew, so did the need for a more
sophisticated control system. This system contained wired relay and switch control
elements. These elements were wired as required to provide the control logic necessary
for the particular type of machine operation. This was acceptable for a machine that never
needed to be changed or modified, but as manufacturing techniques improved and plant
changeover to new products became more desirable and necessary, a more versatile
means of controlling this equipment had to be developed. Hardwired relay and switch logic
was cumbersome and time consuming to modify. Wiring had to be removed and replaced
to provide for the new control scheme required. This modification was difficult and time
consuming to design and install and any small "bug" in the design could be a major
problem to correct since that also required rewiring of the system. A new means to modify
control circuitry was needed. The development and testing ground for this new means was
the U.S. auto industry. The time period was the late 1960's and early 1970's and the result
was the programmable logic controller, or PLC. Automotive plants were confronted with
a change in manufacturing techniques every time a model changed and, in some cases,
for changes on the same model if improvements had to be made during the model year.
The PLC provided an easy way to reprogram the wiring rather than actually rewiring the
control system.

The PLC that was developed during this time was not very easy to program. The
language was cumbersome to write and required highly trained programmers. These early
devices were merely relay replacements and could do very little else. The PLC has at first
gradually, and in recent years rapidly developed into a sophisticated and highly versatile
control system component. Units today are capable of performing complex math functions
including numerical integration and differentiation and operate at the fast microprocessor
speeds now available. Older PLCs were capable of only handling discrete inputs and
outputs (thatis, on-off type signals), while today's systems can accept and generate analog
voltages and currents as well as a wide range of voltage levels and pulsed signals. PLCs
are also designed to be rugged. Unlike their personal computer cousin, they can typically
withstand vibration, shock, elevated temperatures, and electrical noise to which
manufacturing equipment is exposed.

As more manufacturers become involved in PLC production and development, and
PLC capabilities expand, the programming language is also expanding. This is necessary
to allow the programming of these advanced capabilities. Also, manufacturers tend to
develop their own versions of ladder logic language (the language used to program PLCs).
This complicates learning to program PLC's in general since one language cannot be
learned that is applicable to all types. However, as with other computer languages, once
the basics of PLC operation and programming in ladder logic are learned, adapting to the
various manufacturers’ devices is not a complicated process. Most system designers
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eventually settle on one particular manufacturer that produces a PLC that is personally
comfortable to program and has the capabilities suited to his or her area of applications.

2-4. PLC Configurations

Programmable controllers (the shortened name used for programmable logic
controllers) are much like personal computers in that the user can be overwhelmed by the
vast array of options and configurations available. Also, like personal computers, the best
teacher of which one to select is experience. As one gains experience with the various
options and configurations available, it becomes less confusing to be able to select the unit
that will best perform in a particular application.

Basic PLCs are available on a single printed circuit board as shown in Figure 2-1.
They are sometimes called single board PLCs or open frame PLCs. These are totally
self contained (with the exception of a power supply) and, when installed in a system, they
are simply mounted inside a controls cabinet on threaded standoffs. Screw terminals on
the printed circuit board allow for the connection of the input, output, and power supply
wires. These units are generally not expandable, meaning that extra inputs, outputs, and
memory cannot be added to the basic unit. However, some of the more sophisticated
models can be linked by cable to expansion boards that can provide extra 1/0. Therefore,
with few exceptions, when using this type of PLC, the system designer must take care to
specify a unit that has enough inputs, outputs, and programming capability to handle both
the present need of the system and any future modifications that may be required. Single
board PLCs are very inexpensive (some less than $100), easy to program, small, and
consume little power, but, generally speaking, they do not have a large number of inputs
and outputs, and have a somewhat limited instruction set. They are best suited to small,
relatively simple control applications.
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Figure 2-1 - Open Frame PLC
(Triangle Research Inc., Pte. Ltd.)

PLCs are also available housed in a single case (sometimes referred to as a shoe
box) with all input and output, power and control connection points located on the single
unit, as shown in Figure 2-2. These are generally chosen according to available program
memory and required number and voltage of inputs and outputs to suit the application.
These systems generally have an expansion port (an interconnection socket) which will
allow the addition of specialized units such as high speed counters and analog input and
output units or additional discrete inputs or outputs. These expansion units are either
plugged directly into the main case or connected to it with ribbon cable or other suitable
cable.
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Figure 2-2 - Shoebox-Style PLCs
(IDEC Corp.)

More sophisticated units, with a wider array of options, are modularized. An
example of a modularized PLC is shown in Figure 2-3.

Figure 2-3 - Modularized PLC
(Omron Electronics)
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The typical system components for a modularized PLC are:

1. Processor.

The processor (sometimes call a CPU), as in the self contained units,
is generally specified according to memory required for the program to be
implemented. In the modularized versions, capability can also be a factor.
This includes features such as higher math functions, PID control loops and
optional programming commands. The processor consists of the
microprocessor, system memory, serial communication ports for printer, PLC
LAN link and external programming device and, in some cases, the system
power supply to power the processor and I/O modules.

2. Mounting rack.

This is usually a metal framework with a printed circuit board
backplane which provides means for mounting the PLC input/output (1/O)
modules and processor. Mounting racks are specified according to the
number of modules required to implement the system. The mounting rack
provides data and power connections to the processor and modules via the
backplane. For CPUs that do not contain a power supply, the rack also holds
the modular power supply. There are systems in which the processor is
mounted separately and connected by cable to the rack. The mounting rack
can be available to mount directly to a panel or can be installed in a standard
19" wide equipment cabinet. Mounting racks are cascadable so several may
be interconnected to allow a system to accommodate a large number of 1/0
modules.

3. Input and output modules.

Input and output (I/O) modules are specified according to the input
and output signals associated with the particular application. These modules
fall into the categories of discrete, analog, high speed counter or register

types.

Discrete I/0O modules are generally capable of handling 8 or 16 and,
in some cases 32, on-off type inputs or outputs per module. Modules are
specified as input or output but generally not both although some
manufacturers now offer modules that can be configured with both input and
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output points in the same unit. The module can be specified as AC only, DC
only or AC/DC along with the voltage values for which it is designed.

Analog input and output modules are available and are specified
according to the desired resolution and voltage or current range. As with
discrete modules, these are generally input or output; however some
manufacturers provide analog input and output in the same module. Analog
modules are also available which can directly accept thermocouple inputs for
temperature measurement and monitoring by the PLC.

Pulsed inputs to the PLC can be accepted using a high speed counter
module. This module can be capable of measuring the frequency of an input
signal from a tachometer or other frequency generating device. These
modules can also count the incoming pulses if desired. Generally, both
frequency and count are available from the same module at the same time
if both are required in the application.

Register input and output modules transfer 8 or 16 bit words of
information to and from the PLC. These words are generally numbers (BCD
or Binary) which are generated from thumbwheel switches or encoder
systems for input or data to be output to a display device by the PLC.

Other types of modules may be available depending upon the
manufacturer of the PLC and it's capabilities. These include specialized
communication modules to allow for the transfer of information from one
controller to another. One new development is an 1/O Module which allows
the serial transfer of information to remote 1/O units that can be as far as
12,000 feet away.

4. Power supply.

The power supply specified depends upon the manufacturer's PLC
being utilized in the application. As stated above, in some cases a power
supply capable of delivering all required power for the system is furnished as
part of the processor module. If the power supply is a separate module, it
must be capable of delivering a current greater than the sum of all the
currents needed by the other modules. For systems with the power supply
inside the CPU module, there may be some modules in the system which
require excessive power not available from the processor either because of
voltage or current requirements that can only be achieved through the
addition of a second power source. This is generally true if analog or
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external communication modules are present since these require £ DC
supplies which, in the case of analog modules, must be well regulated.

5. Programming unit.

The programming unit allows the engineer or technician to enter and
edit the program to be executed. In it's simplest form it can be a hand held
device with a keypad for program entry and a display device (LED or LCD)
for viewing program steps or functions, as shown in Figure 2-4. More
advanced systems employ a separate personal computer which allows the
programmer to write, view, edit and download the program to the PLC. This
is accomplished with proprietary software available from the PLC
manufacturer. This software also allows the programmer or engineer to
monitor the PLC as it is running the program. With this monitoring system,
such things as internal coils, registers, timers and other items not visible
externally can be monitored to determine proper operation. Also, internal
register data can be altered if required to fine tune program operation. This
can be advantageous when debugging the program. Communication with
the programmable controller with this system is via a cable connected to a
special programming port on the controller. Connection to the personal
computer can be through a serial port or from a dedicated card installed in
the computer.
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(IDEC Corporation)

2-5. System Block Diagram

A Programmable Controller is a specialized computer. Since itis a computer, it has
all the basic component parts that any other computer has; a Central Processing Unit,
Memory, Input Interfacing and Output Interfacing. A typical programmable controller block
diagram is shown in Figure 2-5.
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MEMORY
ROM & RAM
INPUT OUTPUT
SWITCHES,
RELAY CONTACTS ETC. —> DISCRETE DISCRETE ——> RELAYS, LIGHTS ETC.
POTENTIOMETERS, CPU ANALOG DISPLAYS,

FEEDBACK VOLTAGES ETC. ANALOG ANALOG CONTROL VOLTAGES ETC.

THUMBWHEEL SWITCHES,
ENCODERS ETC.

—> REGISTER REGISTER —> DIGITAL DISPLAYS

Figure 2-5 - Programmable Controller Block Diagram

The Central Processing Unit (CPU) is the control portion of the PLC. Itinterprets the
program commands retrieved from memory and acts on those commands. In present day
PLC's this unit is a microprocessor based system. The CPU is housed in the processor
module of modularized systems.

Memory in the system is generally of two types; ROM and RAM. The ROM memory
contains the program information that allows the CPU to interpret and act on the Ladder
Logic program stored in the RAM memory. RAM memory is generally kept alive with an
on-board battery so that ladder programming is not lost when the system power is
removed. This battery can be a standard dry cell or rechargeable nickel-cadmium type.
Newer PLC units are now available with Electrically Erasable Programmable Read Only
Memory (EEPROM) which does not require a battery. Memory is also housed in the
processor module in modular systems.

Input units can be any of several different types depending on input signals expected
as described above. The input section can accept discrete or analog signals of various
voltage and current levels. Present day controllers offer discrete signal inputs of both AC
and DC voltages from TTL to 250 VDC and from 5 to 250 VAC. Analog input units can
accept input levels such as £10 VDC, £5 VDC and 4-20 ma. current loop values. Discrete
input units present each input to the CPU as a single 1 or 0 while analog input units contain
analog to digital conversion circuitry and present the input voltage to the CPU as binary
number normalized to the maximum count available from the unit. The number of bits
representing the input voltage or current depends upon the resolution of the unit. This
number generally contains a defined number of magnitude bits and a sign bit. Register
input units present the word input to the CPU as it is received (Binary or BCD).
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Output units operate much the same as the input units with the exception that the
unitis either sinking (supplying a ground) or sourcing (providing a voltage) discrete voltages
or sourcing analog voltage or current. These output signals are presented as directed by
the CPU. The output circuit of discrete units can be transistors for TTL and higher DC
voltage or Triacs for AC voltage outputs. For higher current applications and situations
where a physical contact closure is required, mechanical relay contacts are available.
These higher currents, however, are generally limited to about 2-3 amperes. The analog
output units have internal circuitry which performs the digital to analog conversion and
generates the variable voltage or current output.

2-6. ... -Update - Solve the Ladder - Update - ...

When power is applied to a programmable logic controller, the PLC’s operation
consists of two steps: (1) update inputs and outputs and (2) solve the ladder. This may
seem like a very simplistic approach to something that has to be more complicated but
there truly are only these two steps. If these two steps are thoroughly understood, writing
and modifying programs and getting the most from the device is much easier to
accomplish. With this understanding, the things that can be undertaken are then up to the
imagination of the programmer.

You will notice that the “update - solve the ladder” sequence begins after startup.
The actual startup sequence includes some operations transparent to the user or
programmer that occur before actual PLC operation on the user program begins. During
this startup there may be extensive diagnostic checks performed by the processor on
things like memory, I/O devices, communication with other devices (if present) and program
integrity. In sophisticated modular systems, the processor is able to identify the various
module types, their location in the system and address. This type of system analysis and
testing generally occurs during startup before actual program execution.

2-7. Update

The first thing the PLC does when it begins to function is update I/0O. This means
that all discrete input states are recorded from the input unit and all discrete states to be
output are transferred to the output unit. Register data generally has specific addresses
associated with it for both input and output data referred to as input and output registers.
These registers are available to the input and output modules requiring them and are
updated with the discrete data. Since this is input/output updating, it is referred to as I/O
Update. The updating of discrete input and output information is accomplished with the
use of input and output image registers set aside in the PLC memory. Each discrete input
point has associated with it one bit of an input image register. Likewise, each discrete
output point has one bit of an output image register associated with it. When I/O updating
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occurs, each input point that is ON at that time will cause a 1 to be set at the bit address
associated with that particular input. If the input is off, a O will be set into the bit address.
Memory in today's PLC's is generally configured in 16 bit words. This means that one word
of memory can store the states of 16 discrete input points. Therefore, there may be a
number of words of memory set aside as the input and output image registers. At I/O
update, the status of the input image register is set according to the state of all discrete
inputs and the status of the output image register is transferred to the output unit. This
transfer of information typically only occurs at I/0O update. It may be forced to occur at other
times in PLC's which have an Immediate I1/O Update command. This command will force
the PLC to update the I/O at other times although this would be a special case.

One major item of concern about the first output update is the initial state of outputs.
This is a concern because their may be outputs that if initially turned on could create a
safety hazard, particularly in a system which is controlling heavy mechanical devices
capable of causing bodily harm to operators. In some systems, all outputs may need to be
initially set to their off state to insure the safety of the system. However, there may be
systems that require outputs to initially be set up in a specific way, some on and some off.
This could take the form of a predetermined setup or could be a requirement that the
outputs remain in the state immediately before power-down. More recent systems have
provisions for both setup options and even a combination of the two. This is a prime
concern of the engineer and programmer and must be defined as the system is being
developed to insure the safety of personnel that operate and maintain the equipment.
Safety as related to system and program development will be discussed in a later chapter.

2-8. Solve the Ladder

After the I/O update has been accomplished, the PLC begins executing the
commands programmed into it. These commands are typically referred to as the ladder
diagram. The ladder diagram is basically a representation of the program steps using relay
contacts and coils. The ladder is drawn with contacts to the left side of the sheet and coils
to the right. This is a holdover from the time when control systems were relay based. This
type of diagram was used for the electrical schematic of those systems. A sample ladder
diagram is shown in Figure 2-6.
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Figure 2-6 - Sample Ladder Diagram

The symbols used in Figure 2-6 may be foreign at this point, so a short explanation
will be necessary. The symbols at the right of the ladder diagram labeled CR1, CR2, CR3
and CR4 and are circular in shape are the software coils of the relays. The symbols at the
left which look like capacitors, some with diagonal lines through them, are the contacts
associated with the coils. The symbols that look like capacitors without the diagonal lines
through them are normally open contacts. These are analogous to a switch thatis normally
off. When the switch is turned on, the contact closes. The contact symbols at the left that
look like capacitors with diagonal lines through them are normally closed contacts. A
normally closed contact is equivalent to a switch that is normally turned on. It will turn off
when the switch is actuated.

As can be seenin Figure 2-6, contact and coil position is as described above. Also,
one can see the reason for the term ladder diagram if the rungs of a stepladder are
visualized. In fact, each complete line of the diagram is referred to as one rung of logic.
The actual interpretation of the diagram will also be discussed later although some
explanation is required here. The contact configuration on the left side of each rung can
be visualized as switches and the coils on the right as lights. If the switches are turned on
and off in the proper configuration, the light to the right will iluminate. The PLC executes
this program from left to right and top to bottom, in that order. It first looks at the switch
(contact) configuration to determine if current can be passed to the light (coil). The data
for this decision comes from the output and input image registers. |If current can be
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passed, the light (coil) will then be turned on. If not, the light (coil) will be turned off. This
is recorded in the output image register. Once the PLC has looked at the left side of the
rung it ignores the left side of the rung until the next time it solves that particular rung.
Once the light (coil) has been either turned on or off it will remain in that state until the next
time the PLC solves that particular rung. After solving a rung, the PLC moves on to solve
the next rung in the same manner and so forth until the entire ladder has been executed
and solved. One rule that is different from general electrical operation is the direction of
current flow in the rung. In a ladder logic, rung current can only flow from left to right and
up and down; never from right to left.

As an example, in the ladder shown in Figure 2-7, coil CR1 will energize if any of the
following conditions exist:

CR7 CR6 CR1
|Y | | {
| I \ 7

CR2 CR5

CR1 CR4 | CR3

H

Figure 2-7 - lllustration of allowed current flow in ladder rung

1. CRY7 is off, CR6 is on.
2. CRY7 is off, CR2 is on, CR5 is on.
3. CRY7 is off, CR2 is on, CR3 is on.
4. CR1is on, CR4 is on, CR3 is on.
5. CR1is on, CR4 is on, CR5 is on.
You will notice that the current flow in the circuit in each of the cases listed above is from

left to right and up and down. CR1 will not energize in the case listed below:
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CR1is on, CR4 is on, CR2 is on, CRG6 is on, CR5 is off, CR3 is off, CR7 is on.

This is because current would have to flow from right to left through the CR2 contact. This
is not allowed in ladder logic even though current could flow in this direction if we were to
build it with real relays. Remember, we are working in the software world not the hardware
world.

To review, after the I/O update, the PLC moves to the first rung of ladder logic. It
solves the contact configuration to determine if the coil is to be energized or de-energized.
It then energizes or de-energizes the coil. After this is accomplished, it moves to the left
side of the next rung and repeats the procedure. This continues until all rungs have been
solved. When this procedure is complete with all rungs solved and all coils in the ladder
set up according to the solution of each rung, the PLC proceeds to the next step of it's
sequence, the I/O update.

At 1/O update, the states of all coils which are designated as outputs are transferred
from the output image register to the output unit and the states of all inputs are transferred
to the input image register. Note that any input changes that occur during the solution of
the ladder are ignored because they are only recorded at I/0O update time. The state of
each coil is recorded to the output image register as each rung is solved. However, these
states are not transferred to the output unit until /O update time.

/0 UPDATE

|
TRANSFER INPUT
INPUTS STATES TO INPUT
IMAGE REGISTER

SOLVE
LADDER

TRANSFER OQUTPUT
OUTPUTS IMAGE REGISTER
TO QUTPUT UNIT

Figure 2-8 - Scan Cycle
This procedure of I/O update and solving the ladder diagram and I/O update is
referred to as scanning and is represented in Figure 2-8. The period between one I/O
update and the nextis referred to as one Scan. The amount of time it takes the PLC to get
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from one 1/O update to the next is referred to as Scan Time. Scan time is typically
measured in milliseconds and is related to the speed of the CPU and the length of the
ladder diagram that has to be solved. The slower the processor or the longer the ladder
diagram, the longer the scan time of the system. The speed at which a PLC scans memory
is referred to as Scan Rate. Scan rate units are usually listed in msec/K of memory being
utilized for the program. As an example, if a particular PLC has a rated scan rate of
8 msec/K and the program occupies 6K of memory, it will take the PLC 48 msec to
complete one scan of the program.

2-9. Summary

Before a study of PLC programming can begin, it is important to gain a fundamental
understanding of the various types of PLCs available, the advantages and disadvantages
of each, and the way in which a PLC executes a program. The open frame, shoebox, and
modular PLCs are each best suited to specific types of applications based on the
environmental conditions, number of inputs and outputs, ease of expansion, and method
of entering and monitoring the program. Additionally, programming requires a prior
knowledge of the manner in which a PLC receives input information, executes a program,
and sends output information. With this information, we are now prepared to begin a study
of PLC programming techniques.
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Chapter 2 Review Questions

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

How were early machines controlled before PLC's were developed?
When were the first PLC's developed?

What is a shoe box PLC?

List four types of I1/0O modules?

List five devices that would be typical inputs to a PLC. List five devices that
a PLC might control.

What types of memory might a PLC contain?

Which type or types of memory would store the program to be executed by
the PLC?

What is the purpose of the programming unit?.

What type of control system did the PLC replace? Why was the PLC better?
What industry was primarily responsible for PLC development?

What are the two steps the PLC must perform during operation?

Describe I/O Update.

What is the Output Image Register?

Describe the procedure for solving a rung of logic.

What are the allowed direction of current flow in a ladder logic rung?
Define scan rate.

If a PLC program is 7.5K long and the scan rate of the machine is 7.5
msec/K, what will the length of time between I/O updates be?

Define scan time.
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19.

20.

At what time is data transferred to and from the outside world into a PLC
system?

What common devices may be used to understand the operation of coils and
contacts in ladder logic?
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Chapter 3 - Fundamental PLC Programming

3-1. Objectives

Upon completion of this chapter, you will know
(J how to convert a simple electrical ladder diagram to a PLC program.
J the difference between physical components and program components.
(J why using a PLC saves on the number of physical components.
(J how to construct disagreement and majority circuits.
(J how to construct special purpose logic in a PLC program, such as the oscillator,
gated oscillator, sealing contact, and the always-on and always-off contacts.

3-2. Introduction

When writing programs for PLCs, it is beneficial to have a background in ladder
diagramming for machine controls. This is basically the material that was covered in
Chapter 1 of this text. The reason for this is that at a fundamental level, ladder logic
programs for PLCs are very similar to electrical ladder diagrams. This is no coincidence.
The engineers that developed the PLC programming language were sensitive to the fact
that most engineers, technicians and electricians who work with electrical machines on a
day-to-day basis will be familiar with this method of representing control logic. This would
allow someone new to PLCs, but familiar with control diagrams, to be able to adapt very
quickly to the programming language. It is likely that PLC programming language is one
of the easiest programming languages to learn.

In this chapter, we will take the foundation knowledge learned in Chapter 1 and use
it to build an understanding of PLC programming. The programming method used in this
chapter will be the graphical method, which uses schematic symbols for relay coils and
contacts. In a later chapter we will discuss a second method of programming PLCs which
is the mnemonic language method.

3-3. Physical Components vs. Program Components

When learning PLC programming, one of the most difficult concepts to grasp is the
difference between physical components and program components. We will be
connecting physical components (switches, lights, relays, etc.) to the external terminals on
a PLC. Then when we program the PLC, any physical components connected to the PLC
will be represented in the program as program components. A programming component
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will not have the same reference designator as the physical component, but can have the
same name. As an example, consider a N/O pushbutton switch S1 named START. If we
connect this to input 001 of a PLC, then when we program the PLC, the START switch will
become a N/O relay contact with reference designator INOO1 and the name START. As
another example, of we connect a RUN lamp L1 to output 003 on the PLC, then in the
program, the lamp will be represented by a relay coil with reference designator OUT003
and name RUN (or, if desired, “RUN LAMP”).

As a programming example, consider the simple AND circuit shown in Figure 3-1
consisting of two momentary pushbuttons in series operating a lamp. Although it would be
very uneconomical to implement a circuit this simple using a PLC, for this example we will
do so.

SWITCH1 SWITCH2 LAMP1
AN /
% o e
—@® o—© ®
PB1 PB2 /L/\

Figure 3-1 - AND Ladder Diagram

When we convert a circuit to run on a PLC, we first remove the components from
the original circuit and wire them to the PLC as shown in Figure 3-2. One major difference
in this circuit is that the two switches are no longer wired in series. Instead, each one is
wired to a separate input on the PLC. As we will see later, the two switches will be
connected in series in the PLC program. By providing each switch with a separate input
to the PLC, we gain the maximum amount of flexibility. In other words, by connecting them
to the PLC in this fashion, we can “wire” them in software any way we wish.

The two 120V control voltage sources are actually the same source (i.e., the control

transformer secondary voltage). They are shown separately in this figure to make it easier
to see how the inputs and output are connected to the PLC, and how each is powered.
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SWITCH1

PLC N s
—L LAMP1 /™ L1
/ AN
SWITCH2
o
IN3  OUT3
IN4  OUT4
+ 120V 120V —
">~ ) CONTROL CONTROL| "}~
VOLTAGE VOLTAGE
COM COM

Figure 3-2 - PLC Wiring Diagram for
implementation of Figure 3-1

Once we know how the external components are wired to the PLC, we can then
write our program. In this case we need to connect the two switches in series. However,
once the signals are inside the PLC, they are assigned new reference designators which
are determined by the respective terminal on the PLC. Since SWITCH1 is connected to
IN1, it will be called IN1 in our program. Likewise, SWITCH2 will become IN2 in our
program. Also, since LAMP1 is connected to OUT1 on the PLC, it will be called relay
OUT1 in our program. Our program to control LAMP1 is shown in Figure 3-3.

| IN1 IN2 OUT1

Figure 3-3 - AND PLC Program

The appearance of the PLC program may look a bit unusual. This is because this ladder
rung was drawn by a computer using ASCII characters instead of graphic characters.
Notice that the rails are drawn with vertical line characters, the conductors are hyphens,
and the coil of OUT1 is made of two parentheses. Also, notice that the right rail is all but
missing. Many programs used to write and edit PLC ladder programs leave out the rails.
This particular program (TRILOGI by TRi International Pte. Ltd.) Leaves out the right rail,
but puts in the left one with a rung number next to each rung.
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When the program shown in Figure 3-3 is run, the PLC first updates the input image
register by storing the values of the inputs on terminals IN1 and IN2 (it stores a one if an
input is on, and a zero if it is off). Then it solves the ladder diagram according to the way
it is drawn and based on the contents of the input image register. For our program, if both
IN1 and IN2 are on, it turns on OUT1 in the output image register (careful, it does NOT turn
on the output terminal yet!). Then, when it is completed solving the entire program, it
performs another update. This update transfers the contents of the output image register
(the most recent results of solving the ladder program) to the output terminals. This turns
on terminal OUT1 which turns on the lamp LAMP1. At the same time that it transfers the
contents of the output image register to the output terminals, it also transfers the logical
values on the input terminals to the input image register. Now it is ready to solve the ladder
again.

For an operation this simple, this is a lot of trouble and expense. However, as we
add to our program, we will begin to see how a PLC can economize not only on wiring, but
on the complexity (and cost) of external components.

Next, we will add another lamp that switches on when either SWITCH1 or SWITCH2
are on. If we were to add this circuit to our electrical diagram in Figure 3-1, we would have
the circuit shown in Figure 3-4

1
SWITCH1 SWITCH2 LAMP1
AN /
e’ e s
e o o °
PB1 PB2 /U\
L1
SWITCH1 \'—A'V'F’Z/
— ®pg ® \__/
/ AN
SWITCH2 L2
N
® 5

Figure 3-4 - OR Circuit
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Notice that to add this circuit to our existing circuit, we had to add additional contacts to the
switches PB1 and PB2. Obviously, this raises the cost of the switches. However, when
doing this on a PLC, it is much easier and less costly.

The PLC wiring diagram to implement both the AND and OR circuits is shown in
Figure 3-5. Notice here that the only change we’'ve made to the circuit is to add LAMP2 to
the PLC output OUT2. Since the SWTICH1 and SWITCH2 signals are already available
inside the PLC via inputs IN1 and IN2, it is not necessary to bring them into the PLC again.
This is because of one unique and very economical feature of PLC programming. Once
an input signal is brought into the PLC for use by the program, you may use as many
contacts of the input as you wish, and the contacts may be of either N/O or N/C
polarity. This reduces the cost because, even though our program will require more than
one contact of IN1 and IN2, each of the actual switches that generate these inputs, PB1
and PB2, only need to have a single N/O contact.

SWITCH1 ol
— L LAMP1 /L1
—® ogy & IN1  OUTH W,
SWITCH2 o
— L LAMP2 /L2
e ® —IN2 OUT2
PB2
/U\
IN3  OUT3
INA  OUT4
+ 1\ 120v 120V —
" ) CONTROL CONTROL| "}~
VOLTAGE VOLTAGE
COM COM

Figure 3-5 - PLC Wiring Diagram to Add
SWITCH2 and LAMP2

Now that we have the inputs and outputs connected, we can write the program. We
do this by simply adding to the program the additional rung that we need to perform the OR
operation. This is shown in Figure 3-6. Keep in mind that other than the additional lamp
and the time it takes to add the additional program, this additional OR feature costs
nothing.
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Figure 3-6 - PLC Program with Added OR Rung

OUT1

Next, we willadd AND-OR and OR-AND functions to out PLC. For this, we will need
two more switches, SWITCH3 and SWITCH4, and two more lamps, LAMP3 and LAMP4.
Figure 3-7 shows the addition of these switches and lamps.

Jr
AT 120v

SWITCH1
1
® pg1 ®

SWITCH2
1

® P2 ®

SWITCH3

S N
%P3 ®

SWITCH4
1

—®pBs @

/) CONTROL
VOLTAGE

PLC
IN1 ouT

IN2 OouT2

IN3 OuT3

IN4 OouT4

CcoOM COM

N

LAMP1 /\/ L1

/U\
LAMP2 L2

/u\
LAMP3\m/ L3

/\\/\
LAMP4\m/ L4

N

/ N

120V —
CONTROL }
VOLTAGE

Figure 3-7 - PLC Wiring Diagram Adding
Switches PB3 and PB4 and Lamps L3 & L4.

Once the connection scheme for these components is known, we can add the additional
programming required to implement the AND-OR and OR-AND functions. This is shown

in Figure 3-8.
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| IN1 IN2 OUT1
1-———| ===~ I (OUT) |
|

|

|

| IN1 OUT2
2= | | T oo (OUT) |
| IN2 |

[===1 |-——+

|

|

|

| IN1 IN2 OUT3
3= ===~ I (ouT) |
| IN3 IN4 [

[-——=1 |- [ l-——+

|

|

|

| IN1 IN3 OUT4
4-—=| |=====—- | === (ouT) |
| IN2 | IN4 |

Figure 3-8 - PLC Program with AND-OR and OR-AND Added

3-4. Example Problem 1

A lighting control system is to be developed. The system will be controlled by four
switches, SWITCH1, SWITCH2, SWITCH3, and SWITCH4. These switches will control the
lighting in a room based on the following criteria:

1. Any of three of the switches SWITCH1, SWITCH2, and SWITCH3, if turned
ON can turn the lighting on, but all three switches must be OFF before the
lighting will turn OFF.

2. The fourth switch SWITCH4 is a Master Control Switch. If this switch is in
the ON position, the lights will be OFF and none of the other three switches
have any control.

Problem: Design the wiring diagram for the controller connections, assign the inputs
and outputs and develop the ladder diagram which will accomplish the task.

The first item we may accomplish is the drawing of the controller wiring diagram.
All we need do is connect all switches to inputs and the lighting to an output and note the
numbers of the inputs and output associated with these connections. The remainder of the
task becomes developing the ladder diagram. The wiring diagram is shown in Figure 3-9.
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%

SWITCH1 PLC
LIGHTS
®&— IN1 ouT1 m

/

SWITCH2 CR1
& —IN2 OuT2 —

‘

S1

%

:

S2

SWITCH3

:

i
T

S3 IN3 OuUT3 —

;

SWITCH4

I

sS4 IN4  OUT4 —

+ 120V 120V —
">~ ) CONTROL CONTROL| "}~
VOLTAGE VOLTAGE

cCoOM COM

Figure 3-9 - PLC Wiring Diagram for Example
Problem 1.

Notice that all four switches are shown as normally open selector switches and the output
is connected to a relay coil CR1. We are using the relay CR1 to operate the lights because
generally the current required to operate a bank of room lights is higher than the maximum
currenta PLC output can carry. Attempting to operate the room lights directly from the PLC
output will most likely damage the PLC.

For this wiring configuration, the following definition list is apparent:

INPUT IN1 = SWITCH1

INPUT IN2 = SWITCH2

INPUT IN3 = SWITCH3

INPUT IN4 = SWITCH4 (Master Control Switch)
OUTPUT OUT1 = Lights control relay coil CR1

This program requires that when SWITCH4 is ON, the lights must be OFF. In order
to do this, it would appear that we need a N/C SWITCH4, not a N/O as we have in our
wiring diagram. However, keep in mind that once an input signal is brought into a PLC, we
may use as many contacts of the input as we need in our program, and the contacts may
be either N/O or N/C. Therefore, we may use a N/O switch for SWITCH4 and then in the
program, we will logically invert it by using N/C IN4 contacts.

The ladder diagram to implement this example problem is shown in Figure 3-10.
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IN1 IN4 ouT1
(OUT) 4

l_

IN2 |

e
IN3 |
o

}—I

Figure 3-10 - Example 1, Lighting Control Program

First, note that this ladder diagram looks smoother than previous ones. This is
because, although it was created using the same program, the ladder was printed using
graphics characters (extended ASCII characters) instead of standard ASCII characters.

Notice the normally closed contact for IN4. A normally closed contact represents
an inversion of the assigned element, in this case IN4, which is defined as SWITCH 4.
Remember, SWITCH 4 has to be in the OFF position before any of the other switches can
take control. In the OFF position, SWITCH 4 is open. This means that IN4 will be OFF
(de-energized). So, in order for an element assigned to IN4 to be closed with the switch
in the OFF position, it must be shown as a normally closed contact. When SWITCH 4 is
turned ON, the input, IN4, will become active (energized). If IN4 is ON, a normally closed
IN4 contact will open. With this contact open in the ladder diagram, none of the other
switches will be able to control the output. REMEMBER: A normally closed switch will open
when energized and will close when de-energized.

3-5. Disagreement Circuit

Occasionally, a program rung may be needed which produces an output when two
signals disagree (one signal is a logical 1 and the other a logical 0). For example, assume
we have two signals A and B. We would like to produce a third signal C under the condition
A=0, B=1 or A=1, B=0. Those familiar with digital logic will recognize this as being the

exclusive OR operation in which the expressionis C= AB+ AB = A® B . Thiscanalso
be implemented in ladder logic. Assume the two signals are inputs IN1 and IN2 and the
result is OUT1. In this case, the disagreement circuit will be as shown in Figure 3-11.

| 1N1 IN2 OuUT1
1— | |/ —— (0UT)
} IN1 N2 |

/1 | |
' 171 [

Figure 3-11 - Disagreement Circuit
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For this program, OUT1 will be OFF whenever IN1 and IN2 have the same value, i.e.,
either both ON or both OFF, and OUT1 will be ON when IN1 and IN2 have different values,
i.e., ei