Shunt DC Motor

%%
L arm

V cemr

Equivalent circuit of a D.C. Shunt Motor
By using Mesh analysis, we can obtain the following equation describing a Shunt Wound DC Motor:
Vline = Vcemf + larm Rarm (negIeCting Larm)

Viine IS the instantaneous voltage potential from the DC Drive Controller that is applied directly to the armature. As we
have seen before Vems can be expressed as:

Vcemf = k(PfS

k = motor constants
©f = field flux
S = speed

Increasing Vi, Will increase the amount of I, that will flow. This will likewise increase the torque delivered to the
motor increasing its speed. The Vs Will naturally increase with speed causing I, to decrease. However, I, will settle
to a value that is higher than its original value. Therefore, the end result is an increase in motor speed. A similar
statement could be made for a decrease in Vji,.. It can therefore be seen that the speed of a Shunt Wound DC Motor is
controlled by manipulating V.

Combining the two above equations, we can obtain an expression describing the speed of a Shunt Wound DC Motor.

— VL B Iarm Rarm
kdr

S

To avoid confusion let's reiterate that we control the speed of a DC Motor by controlling I, This may seem to contradict
our last statement, which said that we vary Vj;,. to control the speed. However, our previous discussion also revealed that
a change in Vi, would produce a similar change in L.

It can therefore be concluded that both arguments are true since they both make the same statement.

Our equation for the speed of a DC Motor also reveals another method of controlling speed, through the variation of .
This may seem odd at first, so let's consider a scenario. Let's say we decreased . This would cause a decrease in Veens,
which in turn would cause an increase in I, The result would be an increase in motor speed. As stated in an earlier
discussion, this is referred to as Field Weakening.
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In an effort to reduce its inertia, as little wire as possible is used during the winding of the armature. This means that the
resistance of the armature is very low, usually less than 1 Q. This low resistance, combined with the absence of Veny,
requires that V. be reduced during starting in order to keep L., from reaching dangerously high levels. With the field
connected in parallel with the armature, a reduction of Vi, will also reduce the magnetic flux produced by the field
windings. Without the presence of field flux the motor will exhibit poor starting torque.

To improve the starting torque of a Shunt Wound DC Motor, the field is excited by a different source than of the
armature. This allows the field to be at full strength at starting and greatly improves the starting torque. This
configuration is referred to as the Separately Excited DC Shunt Motor and is the most common type found in industry.
The equivalent circuit is shown below.

R arm

L arm

_C

V cemr

Equivalent circuit of a Separately Excited D.C. Shunt Motor

The low resistance of the armature (1 to 3 ohms), combined with its low inductance, does allow it to be very responsive.

— VL B Iarm Rarm
kdp

S

In the above equation, 1aR4 is at maximum only 5% of V|, because R, is so small. Therefore, the most effect on speed a
change in current from no load to full load can have is 5%.

_ No Load Speed - Full Load Speed .
Full Load Speed

SR% 100

The small armature resistance and the small effect armature current has on speed makes the Shunt Motor the best of all

DC Motor configurations in the area of speed regulation.
The separately excited DC shunt wound motor is by far the most utilized DC motor in industry; therefore, it will be the

only one we discuss in detail.
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Series DC Motor

R Arm

VL

L arm

V cEmF

T

Because the field is now in series with the armature, the current in each will be equal. Therefore, some of the equations
describing the motor operation will change slightly.

For example, the equation for speed now becomes:

S: VL'Iarm(Rarm+Rf)
k[arm

The expression for torque will also change:
T=klym

The series motor will also exhibit its own unique characteristics. One of these characteristics is its high starting torque.
Because the field is now in series with the armature, reduced voltage starting is no longer necessary. The resistance of
the field winding will prevent the armature current from reaching a level that would prove destructive.

A less desirable characteristic of the series motor is its poor speed regulation. The field winding possesses a very high
inductance. Since inductance opposes a change in the magnitude or direction of current flow, the motor cannot respond
to quick load changes. This obviously affects its ability to maintain a constant speed over a varying load.

As seen from the speed formula above, as |, decreases, speed increases. Therefore, care must be taken to never operate
the motor unloaded, or it will run away.
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DIODES

Anode Cathode Anode Cathode
+ ’ - + I:I] -
Schematic Symbol . .
Physical Device

1. The diode acts like a check valve, allowing current flow in one airecuon ana restricung 1t in we other direction.

2. Current flows from cathode to anode (electron current flow).

3. Germanium Diodes are normally low current, used on signal type circuits with about .3 volt drop when forward
biased.

4. Silicon Diodes are normally high current, used on power supply type circuits with about .7 volt drop when

forward biased.

HOW TO CHECK WITH AN OHMMETER USING R1 SCALE

Red Black Red Black
Lead Lead Lead Lead
+ LA - +4 MY -
00X 0]

50 - 200
Note: This value Forward Bias Reverse Blas ctions.

A. Low power devices
B. Medium power devices
C. High power devices

T

NAAW

c

/%_

Cathodes
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HALF WAVE RECTIFICATION

Voltage Diode Voltage

. n L »{ L out

Shown above is a diode connected in an AC circuit. Current can flow only from the cathode to the anode. With an AC
voltage source applied, the diode will conduct when the supply voltage connected to the anode is positive. During the
positive half cycle, the diode conducts and the supply voltage is delivered to the load. Since the diode is a semiconductor
device, there is a voltage drop across it while it is conducting. The two main types of materials used for diodes are silicon
and germanium. Silicon diodes have approximately .7 volt drop while germanium has approximately .3 volt drop. This
diode drop is very small but has to be considered for the voltage level delivered to the load.

When the supply voltage reverses polarity at the end of the positive half cycle, the diode no longer conducts. It now acts
as an open circuit and no current is delivered to the load. Consequently, the diode only conducts during the positive half
cycles which converts the AC voltage source to a pulsating DC voltage. The voltage supplied to the load is alternating
but not changing polarity, therefore, it is a usable DC voltage. This is half-wave rectification since only half of the input
waveform is usable.
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Let's evaluate the value of the DC output voltage to the load if the input supply voltage is 24 volts rms. The rms value of
the AC input waveform is the effective value for the complete sine wave. Since the diode blocks part of the waveform,
this rms value does not apply to the DC output waveform. We must convert the rms value to a peak value so we can

calculate the DC output voltage.

Vrms

INPUT =
Ve = 207
24V
INPUT = 227
Vek = 207

INPUT V px = 33.946volts

This 33.946 volts is the peak value for the input waveform. The voltage drop of the diode now has to be subtracted from
this peak value. Let's use a silicon type diode.

OUTPUT ¥ »x = INPUT V g - DD
OUTPUT V px = 33.946 - .7 volts

OUTPUT V px = 33.246volts

The rms value of the AC input waveform is the effective value for the complete sine wave. This value can't be used for
the output waveform since it is not a sine wave anymore. The average value for half-wave DC must be used.

OUTPUT V ¢
T

AV

V. = 33.246volts x .318

Vi = 10.583volts

This Vv value is the effective or average DC voltage which can be used just as though it were a battery. Notice that we
used p in this calculation. Remember p represents 180° in radian mode. This is the average DC voltage usable for this

basic half-wave rectifier.

Copyright © 2002 CenTec, Inc.
All rights reserved. No part of this material may be reproduced or distributed in an form or by any means,
or stored in any data base or retrieval system, without the prior written permission from:
CenTec, Inc. P.O. Box 5127, Greenville, S.C, 29606



FULL WAVE RECTIFICATION

D1

D2

-

Input Peak Voltage
+ P 9 + Output Peak Voltage
- Diode Drop
| | \./ | | | | 1

St Jary
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diode (D1) will conduct during the positive half-cycle and (D2) conducts during the negative half-cycle. There is still
only one diode drop to be considered since only one is conducting at any time. Also notice that there is a transformer and
the voltage/current/turns relationships have to be considered.

Again the voltage supplied to the load is alternating but not changing polarity. It is a usable DC voltage and now there
are two output cycles for one input cycle. This is full-wave rectification.

Let's evaluate the value of the DC output voltage to the load if the input supply voltage across half of the secondary
winding of the transformer is 24 volts rms. This will give us a good comparison to the half-wave calculations from
before. We must again convert the rms value to a peak value so we can calculate the DC output voltage.
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INPUT =
Vek = 207

24V

INPUT = 227
Vek = 207

INPUT V px = 33.946volts

This 33.946 volts is the peak value for the input waveform applied to the rectifier. The voltage drop of the diode again
has to be subtracted from this peak value.

OUTPUT V px = INPUT V px - DD
OUTPUT V px = 33.946 - .7 volts
OUTPUT V px = 33.246volts

The rms value of the AC input waveform is the effective value for the complete sine wave. This value also can't be used
for the output waveform since it is not a sine wave either. The average value for this full-wave DC must be used.

OUTPUT v
Vi = 2(———2)
T
V. = 33.246volts x .637

Vi = 21.165volts

This Vv value is the effective or average DC voltage which can be used just as though it were a battery. Notice that this
relationship is the same as for half-wave rectification, except we have multiplied by 2. This is the average DC voltage

usable for this basic full-wave rectifier.
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FULL WAVE BRIDGE RECTIFICATION

D1 D2
D3 D4
RL
+ Input Peak Voltage + Output Peak Voltage
- Diode Drops
Shown abovt - \/ -
type. Withtl.c coeen v S g A S e st rrg ) e \mr  semaas Ae o) eees St e et ey e e w s re g e

and (D2 and D3) conducts during the negative half-cycle. Now there will be two diode drops to be considered since two
diodes are conducting. Also don't forget to consider the voltage/current/turns relationships due to the transformer.

Again the voltage supplied to the load is alternating but not changing polarity. It is a usable DC voltage and there are two
output cycles for one input cycle. This is full-wave bridge rectification.

Let's evaluate the value of the DC output voltage to the load if the input supply voltage of the secondary winding of the
transformer is 24 volts rms. We must again convert the rms value to a peak value so we can calculate the DC output
voltage.
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INPUT =
Vek = 207

24V

INPUT = 227
Vek = 207

INPUT V px = 33.946volts

This 33.946 volts is the peak value for the input waveform applied to the rectifier. The voltage drop of the two diodes
has to be subtracted from this peak value.

OUTPUT V px = INPUT V px - DD
OUTPUT V px = 33.946 - 1.4 volts
OUTPUT V px = 32.546volts

The rms value of the AC input waveform is the effective value for the complete sine wave. This value also can't be used
for the output waveform since it is not a sine wave either. The average value for this full-wave DC must be used.

OUTPUT V )

Vi = 2(
T

Vi = 32.546volts x .637

Vi = 20.732volts
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POWER SUPPLY FILTERING WITH A CAPACITOR

O .

D3 D4
— R
TN t
L
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Electrolytic capacitors are very popular in this application because of their availability and low cost.

The capacitor will quickly charge during a portion of each half-cycle and then slowly discharge, causing the full-wave
rectified waveform to take the shape of the one shown below. As can be seen, the load voltage never drops below V| oap
min- The result is a more continuous load current and increased DC or average voltage. The peak to peak ripple value of
this new waveform is a product of the size of the capacitor added to the circuit. Since the waveform is not linear, the
sizing of the capacitor would be a complicated process.

+ Voltage

V LOAD PEAK
A ————— NEW DC AVERAGE VOLTAGE

NS~ —— — —
N\ I ——— N
VLOAD MIN
I - _ OLD DC AVER&E VOLTAGE
[—

VAR

Time

- Voltage
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What is a PLC?

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

Why change from relay logic? Even though the electromechanical relay (control relays,
pneumatic timer relays, etc.) has served well for many generations, often, under
adverse conditions, the ever-increasing sophistication and complexity of modern
processing equipment requires faster acting, more reliable control functions than
electromechanical relays and/or timing devices can offer. Relays have to be hardwired
to perform a specific function, and when the system requirements change, the relay
wiring has to be changed or modified. In many cases complete control panels had to be
replaced since it was not economically feasible to rewire the old panels with each
system changeover.

It was, in fact, the requirements of the auto industry and other highly specialized, high-
speed repetitive manufacturing processes that created a demand for smaller, faster
acting, and more reliable control devices. The electrical/electronics industry responded
with modular-designed, solid-state electronic devices. These early devices, while
offering solid-state reliability, lower power consumption, expandability, and elimination of
much of the hard-wiring, also brought with them a new language. The language
consisted of AND gates, OR gates, NOT gates, OFF RETURN MEMORY, J-K flip flops,
and so on. Most of industry’s technical staff resisted these new systems.

What happened to simple relay logic and ladder diagrams they asked the solid-state
device manufactures. The reluctance of the end user to learn a new language and the
advent of the microprocessor gave the industry what is now known as the
programmable logic controller (PLC). Richard (Dick) E. Morley, who was the founder
of the Modicon Corporation, invented the first programmable logic controller in 1969.

Internally there are still AND gates, OR gates, and so forth in the processor, but the
design engineers have preprogrammed the PLC so that programs can be entered using
RELAY LADDER LOGIC. While RELAY LADDER LOGIC may not have the mystique of
other computer languages such as FORTRAN and COBOL, it is a high level, real world,
graphic language that is understood by most electricians.
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The National Electrical Manufacturing Association (NEMA) defines a programmable
controller as follows:

A programmable controller is a digital electronic apparatus with a programmable
memory for storing instructions to implement specific functions, such as logic,
sequencing, timing, counting, and arithmetic to control machines and processes.

What does a PLC consist of, and how is it different from a computer control system?
The PLC consists of a programming device (keyboard), processor unit, power supply,
and an input/output interface such as the system illustrated below.

Power Supplv

J

Process | =—

nw-H4CTWVWZ—

—HCc My 4cO

Ul

Term
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NOTE: An interface occurs when two systems come together and interact, or
communicate. In the case of the PLC, the communication or interaction is between the
inputs (limit switches, push buttons, sensors, etc.), outputs (coils, solenoids, lights, and
so forth), and the processor. This interface happens when any input voltage (AC or DC)
or current signal is changed to a low-voltage DC signal that the processor uses
internally for the decision making process.

< > >

CONTROL CIRCUIT POWER CIRCUIT

PUSH- MOTOR
BUTTON PLC STARTER MOTOR

The actual
interfacing
takes place in
both of these
places

Inputs Processor

I

Power Supply

PLC’s are designed to be operated by plant engineers and maintenance personnel with
limited knowledge of computers. The PLC is like the computer, which has an internal
memory for its operation and storage of a program, the PLC also has memory for
storing the user program, or LOGIC, as well as a memory for controlling the operation of
a process machine or driven equipment.
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But unlike the computer, the PLC is programmed in RELAY LADDER LOGIC, not one of
the computer languages. It should be stated, however, that some PLC’s will use a form
of Boolean Algebra to enter the RELAY LADDER LOGIC. Some of the newest PLC
software packages are now programming with graphical blocks, similar to a flowchart.

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

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

Although the PLC and the computer are different in many ways, the computer is often
used for programming and monitoring the PLC. Using computers in conjunction with
PLC’s will be discussed in later chapters.

A typical PLC can be divided into four components. These components, as shown
below, consist of the processor unit, power supply, the input/output sections
(interfaces), and the programming device.

Power Supply

J

Process —

wHCTZ—
—“Cc My 4coO

IR!
D Term
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The processor unit houses the processor which is the decision-maker, or “brain” of the
system. The brain is a microprocessor-based system that replaces control relays,
counters, timers, sequences, and so forth, and is designed so that the user can enter
the desired program in RELAY LADDER LOGIC. The processor then makes all the
decisions necessary to carry out the user program, based on the status of the inputs
and outputs for control of a machine or process. It can also perform arithmetic
functions, data manipulation, and communications between the local input/output
section, remotely located I/O sections, and/or other networked PLC systems.

Shown below is the family of PLC 5 Enhanced
Processors. To the right is a line drawing that shows
the: status LEDs, keyswitch, communication ports,
battery cover.

keyswilch;
selects processor mode —Me

channel 0 serial port —3=-

channel 1A status indicator —me-

8-pin mini-DIN, DH+ programming—3=
terminal connection
channel 1A communication —=
port;

NOTE: Some manufacturers refer to the processor as a CPU or central processing unit.
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The power supply is necessary to convert 120 or 240 volts (V) AC voltages to the low
voltage DC required for the logic circuits of the processor, and for the internal power
required for the /0O modules. The power supply can be a separate unit, one of modular
design that plugs into the processor rack(shown below), or one, depending on the
manufacturer, that is an integral part of the processor.

Slot mounted power supplies

These power supply modules are used in 1771 I/O chassis to provide
5Vdc power directly to the chassis back plane. These power supplies
occupy one or two slots and can provide up to 8 amps per supply to the
I/O chassis

NOTE: The power supply does not supply power for the actual input or output devices
themselves; it only provides the power needed for the internal circuitry of the input and
output modules. DC power for the input and output devices, if required, must be
provided from a separate source.

The size or amperage rating of the power supply is based on the size, number, and type
of 1/0 modules that are to be used. Power supplies are normally available with output
current ratings of 3-20 amps.

NOTE: Consider future needs and the possibility of expansion when initially sizing the
power supply. Itis cheaper in the longrun to install a larger power supply initially than to
try and add additional capacity at a later date.
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The input/output section consists of input modules and output modules. The
number of input and output modules necessary is dictated by the requirements
of the equipment that is to be controlled by a PLC. Modules are “plugged-in” or
added as required.
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A 16 point SLC A fully populated SLC Chassis A 16 point
SL.C
Input Card Power Supply on the left Output card

Processor in the first slot
Then six cards in the 1/O section

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

Real-world input and output devices are of two types: discrete and analog. Discrete /O
devices are either ON or OFF, open or closed, while analog devices have an infinite
number of possible values. Examples of analog input devices are temperature probes,
and pressure indicators. The input from an analog input
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device (varying voltage or current) is converted by way of an Analog-to-digital converter
(ADC). The conversion value is proportional to the analog input signal and is stored in
memory for later use or comparison. Limit switches, push buttons, and the like, are
examples of discrete input devices. The drawing below shows discrete inputs and
outputs.

PROCESSOR
-V +V L1 L2
O 0 0O
INPUTS MEMORY OUTPUTS
(- ~
e M)
(-
oo — Tﬂ—c H ——o/\ o—
[ ole | —> —> DY/ o

(O
= —C

i

POWER SUPPLY

Examples of discrete output devices are motor starter coils, solenoids, and indicator
lamps. Analog output devices require varying voltage or current levels to control the
analog output. The varying value will be accomplished using a Digital-to-Analog
Converter (DAC). The analog output normally is isolated from the output logic circuitry
by means of optical coupling.
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A reference was made earlier in this chapter to the I/O section as an interface.
Although not a common reference, it is an accurate one. The |/O section contains the
circuitry necessary to convert input voltages of 120-240 V AC or 0-24 V DC, etc., from
discrete input devices to low-level DC voltages for the processor. Similarly, the output
module changes low-level DC signals from the processor to 120-240 V AC or DC
voltages required to operate the discrete output devices. This is a brief overview of the
I/0O section and its function. How input and output devices are wired to I/0O modules and
more information about the module circuitry itself is covered in Chapter 2.

The programming device is used to enter the desired program or sequence of
operation into the PLC memory. The program is entered using RELAY LADDER
LOGIC, and it is this program that determines the sequence of operation and ultimate
control of the process equipment or driven machinery. The programming device can
be any one of the three types: hand-held; dedicated; or personal computer.

The hand-held programmer used either LED (light emitting diode) or LCD (liquid crystal
display). The hand-held programmers are small, lightweight, and convenient to use in
the field. The small size, however, limits the display capabilities, which in turn limits its
effectiveness for reviewing the program or using the programmer for troubleshooting.

Several manufacturers offer a dedicated programmer that uses a standard video display
terminal (VDT) for displaying the program. The use of a standard viewing screen allows
more of the program to be viewed at one time and makes troubleshooting and memory
access much easier.

A personal computer (PC) can be used to program most of the PLC’s on the market
today if it can run DOS and it is IBM compatible. Some PLC’s require only software to
communicate with a personal computer, while others require special hardware keys
and/or communication cards for them to work successfully as programming devices.
Once communicators between the personal computer and the PLC have been
established, the PC provides all the benefits of the dedicated programmer, plus it
provides program storage as well as runs all the various software packages we have
come to depend on today such as spreadsheets, word processing, and graphics.
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Due to the versatility and lower cost-when compared to dedicated programmers- PCs
have become the most popular programming device.

Communicating to a PLC-5 Processor

PLC-5 Family Processor

1784-KTx Card

1784-CP12
or -CP13 cable

Bl dece]

Peer Communication
Intarface Gonnector

Communicating to a Single SLC 500 Processor Using a Point-to-Point DH-485 Network

To

1784-KTx == Tam |
Card B | (9B |FF
—] | (P SLC 500 Controller
| | Se====] 1747-AIC 1747-C10 ar -C11 cable
[EESSSSS552S0N

Personal Computer

Shown in the figure above are just two of the possible communications configurations
possible with a personal computer and a PLC.
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SUMMARY

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

This chapter introduces the number systems and digital codes that are most often encountered in
programmable logic controllers. The most common number systems used for addressing the input and
output assignments as well as developing programs are the binary, decimal, hexadecimal and octal systems.

A familiarity with number systems is a necessity when working with PLC's. This is true because the basic
function of these devices is to represent, store, and operate on numbers. In general, PLC's work on binary
numbers in one form or another to do even the simplest of operations. The work being done in the PLC is
normally unseen to the troubleshooter but there will be occasions when they will need to interpret the various
codes or quantities being used.

First let's review the basics of number systems:

Each system has a base or radix.

Each system can be used for counting.

Each system can be used to represent quantities or codes.
Each system uses a set of symbols.

Each system uses positional weighing.

Each system can be converted to another.

L 2R 28 2% 2% 2% 2

NUMBER SYSTEM IDENTIFICATION

When working with different number systems, it is often necessary to have some method of
identifying which number system the digits are being used in. This is even more evident
with numbers using only O's and 1's. For example, the number 101 is one hundred and
one in the decimal system. Yet, in the binary system it represents a quantity of five.

To distinguish one system from another a small subscript number is generally written after the number. The
identifying subscript is the base or radix of the number system being used. Several examples are given
below.

1012 = 510

10140= 1100101,

Remember the base of a number system is set by the number of symbols used in that
system. The number systems normally encountered while using PLC's are base 2, base 8,
base 10, and base 16. These systems are labeled binary, octal, decimal and hexadecimal
respectively. To study the common characteristics of these number systems, let's study
the most familiar system, the decimal system.
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DECIMAL NUMBER SYSTEM

People usually learn to count to ten then by tens and that is the decimal system. The decimal system is a
base 10 system. It has 10 symbols or digits. This number system is based on the fact that most people have
either ten fingers or toes, so we learned to count in groups of ten. The symbols or digits for the decimal
system are 0, 1, 2, 3, 4, 5, 6, 7, 8, and 9. We use these symbols to represent quantities that we have
counted.

The decimal system is so familiar to us that we don't even think about what to do if we count beyond the basic
group. How do we show a number with a value greater than 9? The method we are so familiar with is the
same method used in all number systems, positional weighing. As shown below, each position can be
expressed as a power of ten. Starting with 10° as the least significant position, each position moving to the
left is then increased by a power of one. The first position is called the units place and any digit from 0-9 can
be used there. The next position to the left of the units place is the tens place; next is the hundreds place, the
thousands place and so on, with each place expanding the capability of the decimal system by a power of 10
as shown below.

PLACE NAME THOUSANDS HUNDREDS TENS UNITS
BASE/EXPONENT 10° 102 10’ 10°
DIGITS 0-9 0-9 0-9 0-9

What we don't even think about when we use the decimal system is how we interpret the
digits in the different positions into a total value. In any number system, the digit in a
position is multiplied by its positional weight, which is the system base to the positions
exponent. Then we add all of these products. In other words each position's digit times its
positional weight is added to the total number.
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For example if we used the number 1948 in the base 10 system as an
example, we actually do the following conversion without thinking
about it.

THOUSANDS HUNDREDS TENS UNITS
10°= 1000 10%= 100 10'=10 10°=1
1 9 4 8
1x10°= 1000 9 x 10°=900 4x10"'=40 8x10°=8

8

40
900
+1000
19484,

vVvy

The concept of positional weighing is common to almost all number systems. As we can see in the example
above the exponent of the base starts with zero for the least significant digit and increases by one for each
position to the left. This will be true for each of the number systems we study.
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BINARY NUMBER SYSTEM

The basic distinguishing characteristic of a number system is its base. The base indicates the number of
symbols or digits used in that system. The binary system has a base of 2 since only the symbols or digits 1
and 0 are used in counting or representing quantities.

The binary system is simple but inconvenient to use because we are not familiar with it. Once you understand
the system it is easy to work with. You can see the benefits of the system when it comes to constructing the
hardware used in digital systems.

In a digital system using the binary code only two states need to be represented, on or off, a 1 ora 0. If we
used the decimal code we would have to construct a circuit that could generate ten distinct states. A circuit
that has only two states is simpler and cheaper to construct and much more reliable.

If we apply the concepts that we know are the same in all number systems, we can consider the table below
for a binary number.

PLACE NAME EIGHTS FOURS TWOS ONES
BASE/EXPONENT 2° 2? 2 20
DIGITS 0-1 0-1 0-1 0-1

What we will have to think about when we use the binary system is how we interpret the digits in the different
positions into a total value. As in any number system, the digit in a position is multiplied by its positional
weight. Then we add all of these products. In other words each position's digit times its positional weight is
added to the total number.
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For example if we used the number 1011 in the base 2 system as an example, we can do the following
conversion.

EIGHTS FOURS TWOS ONES
2°=8 2°= 2'=2 2°=1
1 0 1 1
1x2°=8 0x2°=0 1x2'=2 1x2°=1

vVVvyvVYY

The quantity represented by the binary number 1011 was determined by multiplying its
positional weight by each digit and obtaining a sum. We have just converted from one
number system, binary, to another, decimal, by using the positional weight method. When
we analyze the size of the number, we find that the binary system did not represent as
large of number with four positions as the decimal system did. This is the binary system's
main drawback. Even though the binary system is cumbersome for large numbers a digital
machine must use some form of number system using O's and 1's.
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HEXADECIMAL NUMBER SYSTEM

The hexadecimal number system was designed to overcome the shortcomings of the binary system. The hex
system uses 16 different symbols. Therefor it is a base 16 number system. The symbols used are 0-9 and A-
F, with 0 being the least and F being the most significant. The letters are used because it is necessary to
represent 164 different values with a single symbol for each value as shown below.

Decimal Binary Hex
0 0000 0
1 0001 1
2 0010 2
3 0011 3
4 0100 4
5 0101 5
6 0110 6
7 0111 7
8 1000 8
9 1001 9
10 1010 A
11 1011 B
12 1100 C
13 1101 D
14 1110 E
15 1111 F

When comparing the three number systems side by side in the above table we can see
that the hexadecimal system uses fewer characters to represent larger numbers. As with
the other number systems the hexadecimal system can be represented by its decimal
equivalent using the positional weight method.
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The table below shows the hexadecimal positional weight method.

PLACE NAME 4096'S 256'S 16'S ONES
BASE/EXPONENT 16° 162 16" 16°
DIGITS 0-F 0-F 0-F 0-F

In any number system, the digit in a position is multiplied by its positional weight. Then we
add all of these products. In other words each position's digit times its positional weight is
added to the total number. The one thing we have to do in the hexadecimal system is use
the decimal value of each hexadecimal digit as shown in the example below. If we used
the number BA4F in the base 16 system as an example, we do the following conversion.

4096's 256's 16's 1'S
16°=4096 16°=256 16'=16 16°=1
B A 4 F
11x16°=45056 10x16%=2560 4x16'=64 15x16°=15

15

64
2560
+45056
4769540

vvy

We see that the hexadecimal number BA4F is equivalent to the
decimal number 47,695. This illustrates the hexadecimal number
system's ability to represent very large numbers with smaller groups
of digits.
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OCTAL NUMBER SYSTEM

The last number system that we cover is the octal system. Allen-Bradley uses the octal numbering system for
I/O addressing in the PLC-2 and the PLC-5 families. We need to understand the octal system in order to
simplify the maintenance and troubleshooting of these systems.

Octal means eight, so we can expect this system to have a base 8. This means that this system will only use
the digits 0-7 as shown in the table below.

PLACE NAME 512'S 64'S 8's 1S
BASE/EXPONENT 8 8? 8’ 8°
DIGITS 0-7 0-7 0-7 0-7

Again, as in any number system, the digit in a position is multiplied by its positional weight.
Then we add all of these products. In other words each position's digit times its positional
weight is added to the total number. For example if we used the number 6742 in the base
8 system as an example, we can do the following conversion.

512'S 64'S 8's 1'S
8°=512 82=64 8'=8 8°=1
6 7 4 2
6x8°=3072 7x8°=448 4x8'=32 2x8%=2

2

32
448
+3072
35544

vvy

By using the positional weight times the digits and then adding the sum of the products, we find that the
number 67424 represents the same quantity as the number 3554,,. We have converted an octal number to a
decimal number.
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If we look at the number systems that we have covered in the table below, we recognize the relationships
between them. We see the use of positional weighing and realize that we can convert any of the systems to
decimal.

Decimal Binary Octal Hex
0 0000 0 0
1 0001 1 1
2 0010 2 2
3 0011 3 3
4 0100 4 4
5 0101 5 5
6 0110 6 6
7 0111 7 7
8 1000 10 8
9 1001 11 9
10 1010 12 A
11 1011 13 B
12 1100 14 C
13 1101 15 D
14 1110 16 E
15 1111 17 F

There is a need to convert between the number systems. It is very common to have to convert from decimal
to octal or octal to hexadecimal. We have seen the method of conversion from binary, hexadecimal, and octal
to decimal is the positional weight method. Now we need to learn some more techniques.
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NUMBER SYSTEM CONVERSIONS

First, we will deal with the most direct conversions and the most common. If we have a quantity represented
in the binary format, all we need to do to convert it to hexadecimal or octal is group the digits. In the table
below, the octal numbers are shown below the binary equivalent.

BINARY 111 110 101 100 011 010 001 000

OCTAL 7 6 5 4 3 2 1 0

The table shows us that a group of three binary digits represent each of the octal digits up to the number
7s. How will we convert larger octal numbers? Time for some mathematical shenanigans. Because the
base 8 of the octal system is the third power of 2, which is the base of the binary numbers, the conversion
is simple. Three binary numbers are used to represent each octal digit. Convert each octal digit one at a
time to its binary equivalent, as shown in the examples below.

EXAMPLE 1 EXAMPLE 2
2 3 «octal— 7 6 1 7 5 2
A A \A 2 A A A A \A
010 011 «binary— 111 110 001 111 101 010

By converting one digit at a time, we have converted 233 to 010011, and 7617523 to
111110001111101010,. Grouping the binary digits into groups of three and converting them directly to
octal also works as shown in the examples below.

EXAMPLE 1 EXAMPLE 2

100 011 101 011 <binary— 101 111 000 001
\2 \2 \2 \2 \2 \2 \2 \2 \2
4 3 5 3 «octal— 5 7 0 1

This converted the number 100011101011, to 43533 and the number 101111000001, to 57015. The
simplicity of converting from octal to binary and vice versa has many advantages in digital systems. Itis
easier to print out, read and record octal numbers than the long strings of binary numbers.
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Now we have a quantity represented in the binary format, and we want to convert it to hexadecimal. All
we need to do to convert it to hexadecimal is group the binary digits. In the table below, the hexadecimal
numbers are shown above the binary equivalent.

BINARY 1111 1110 1101 1100 1011 1010 1001 1000

HEX F E D C B A 9 8

The table shows us that a group of four binary digits represent each of the hexadecimal digits Fqg to 845.
The grouping method will also work from 04 up to the number 7,,. How will we convert larger
hexadecimal numbers? The mathematical shenanigans we looked at before again comes into play.
Because the base 16 of the hexadecimal system is the fourth power of 2, which is the base of the binary
numbers, the conversion is simple. Four binary numbers are used to represent each hexadecimal digit.
Convert each hexadecimal digit one at a time to its binary equivalent, as shown in the example below.

HEX— 7 F D A 5 C
\ \ \ \ \ \ \
BINARY—> 0111 1111 1101 1010 0101 1100

By converting one digit at a time, we have converted 7FDA5C4 to 011111111101101001011100,.
Grouping the binary digits into groups of four and converting them directly to hexadecimal also works as
shown in the table below.

BINARY— 1011 1111 1000 1001
\ \ \ \ \
HEX— B F 8 9

This converted the number 1011111110001001, to BF89:. The simplicity of converting from
hexadecimal to binary and vice versa has the same advantages as octal conversions did when working
with digital systems. It is easier to print out, read and record the hexadecimal numbers than the long
strings of binary numbers.
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The grouping method also works very well for converting from hex
to octal or vice versa if the binary system is used as an
intermediary. Examine the examples shown below.

EXAMPLE 1 EXAMPLE 2
OCTAL— 3 4 7 HEX—> F A
\2 \2 \2 \2 2 2 )

BINARY— 011 100 111 BINARY—> 1111 1010

REGROUPED REGROUPED

0 1110 0111 11 111 010
\2 \2 \2 \2 2 2 2 )
HEX—> 0 E 7 OCTAL—> 3 7 2

The last conversions we will consider will be those from decimal to the other number systems. Each
conversion uses the same method, the divide by base, to convert a decimal number into its system. Start
with a decimal to binary conversion. To convert 2274, to its binary equivalent, we must divide it by the
base of the binary system and record the remainder. Continue to divide the decimal number until there is
only a remainder as shown below.

Remainder
227 = 2 = 113 1 (LSB)
13 = 2 = 56 1
56 + 2 = 28 0
28 + 2 = 14 0
14 + 2 = 7 0
7 + 2 = 3 1
3 + 2 = 1 1
1 + 2 = 0 1 (MSB)
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The remainder from the first division is recorded as the least
significant bit and the last remainder is the most significant bit of
the binary number. Therefore:

22740 =11100011;

If we convert the same decimal number to either hex or octal the easiest method is first
to convert to binary then use the grouping method to do the final conversion to either
hex or octal.
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BINARY CODED DECIMAL

The last concept in numbers that we have to deal with is not a counting system but a CODE. Binary
coded decimal was introduced as a convenient means for us to handle numbers that had to be input to
digital machines and to interpret numbers output from the machines. The best solution to this need was a
direct conversion code from decimal to digital. In decimal, we have the digits 0-9, in binary coded
decimal; a 4-bit binary number represents each of these decimal digits. The table below shows this.

Decimal Binary BCD
0 0000 0000
1 0001 0001
2 0010 0010
3 0011 0011
4 0100 0100
5 0101 0101
6 0110 0110
7 0111 0111
8 1000 1000
9 1001 1001

The BCD representation of a decimal number is obtained simply by replacing each decimal digit by its
four-bit BCD equivalent. The BCD representation of the decimal number 7493, is shown below.

0111 0100 1001 0011

Typical PLC applications of BCD codes include data entry via thumbwheel switches,
data display via 7-segment displays, input from optical encoders, and many other uses.
Typically the conversion of decimal to BCD or vice versa takes place in the thumbwheel
switch or 7-segment display. The PLC is provided the BCD data and converted
internally to binary code through some instruction. Input or output of BCD takes four
lines for each decimal digit.

To distinguish a BCD coded number, the letters BCD are used as the subscript. For example:239q in
BCD is 0010 0011 1001gcp.

One advantage of the BCD code is that because so many types of electronic equipment use it as their
input or output format, it has become so accepted that it is almost a standard. Another benefit of BCD is
that the ten BCD code combinations are easy to remember. Once you begin to work with them they may
be almost as recognizable to you as decimal numbers
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