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Automation Defined  -sstrsii

Is the technology by which a process

. . . ;l
or procedure is accomplished without human assistance.

“Automation = Automatic Control”

1 Basic elements of an automated system:

1. Power - to@complis_ﬁ)the process and.operate the
automated system

2. Program of instructions < to direct)the process

3. Control system —@ actuatethe instructions **

P\u\Oma\& sensof, pre
and actvatoT

or uwnder
su‘:ervisio'\

%r om



R (Eiements of an Autometed System)

Power

Process —-




14 Electricity -
The Principal Power Source

= Widely avallable at moderate cost
= Can be readlly converted to alternative forms, e.g.,
mechanical, thermal, light, etc.

= Low level power can be used for signal transmission,
data processing, and communication.

= Can be stored in long-life batteries



% Soushto Accomplish the

Automated Process
PSP TN A N AT !

= (Transport/between operations

J Power for automation:

= (Controller unit )
= Power tofactuate the control signals )
*(_Data acquisition}and(information processing)
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1 2- Program of Instructions

Lais confroller N\ A5l

Set of commands that sﬁé%ify the sequence of steps in
the work cycle and the details of each step

Example: CNC part program
During each step, there are one or more activities
iInvolving changes in one or more process parameters
Examples:

= Temperature setting of a furnace

= Axis position in a positioning system

= Motor on or off
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34 Control System + Two Types

1. Closed-loop (feedback) control system — a system in
which the output variable is compared with an input

parameter, and any difference between the two is used
CB drive the output into agreement with the input.

more complex
2.0pen-loop control system — operates without the
— s hasic contro| sustem ex: on/off
feedback loop !
= Simpler and less expensive.

= Risk that the actuator will not have the intended effect.




(a) Feedback Control System and
(b) Open-Loop Control System

(1)

Input
parameter

Input
parameter

(5) (6) (2)
Controller »{  Actuator » Process
(4)

Feedback - wnereases
sensor S‘\'ob“l""&
Controller 3= Actuator 3 Process

(3)

Output
variable

Output
variable
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Example:

= Positioning System Using Feedback Control: A one-
axis position control system consisting of a lead
screw driven by a DC servomotor and using an
optical encoder as the feedback sensor.

Worktable Actual x
Motor [ R —
x-value input .
— Controller Motor ] T TITTrv i - TTR TR TR UNTY Optical
Leadscrew encoder .
oc¥s “(-\\
no
T Feedback signal to controller *e:gsof




When to Use an

‘J (Open-Loop Control System

= Actions performed by the control system are simple

= Actuating function is very reliable.

= Any reaction forces opposing the actuation are small
enough as to have no effect on the actuation.

If these conditions do not apply, then a closed-loop
control system should be used



Examples of Automation

Day to Day life Industry

= ATM Painting Robots in the

Vending machines automobile mfg industry

Starting of the vehicle Soldering Machines ==

= Car wipers = Automatic capping
machines.

= Automatic filling
machines



. car painting







Example: soldering & brazing
machine
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Examples of Automation

Automated blind controls can be

set 1o open or close based on Integrated cooling and heating
times or light and heat levels enabled to optimise energy use
through pre-determined scheduling
Smart sensors or temperature controls

detect temperature

and light levels //
N

L

{ Hot water systems.
Lighting.

| Air conditioning.

§ Powered window blinds.
Garage doors.

H & " Security systems.
P =

Touchscreen

control unit brings Smart meters let you

together heating, view electricity, gas and
cooling, blinds, water consumption in
Smart glass turns lighting, and more real time

¢ transparent to into one unified
opaque as required control system



In addition to(executing work cycle grogram& an
automated system may be capable of executing
advanced functions that are not specific to a
particular work unit.

In general, functions are concerned with enhancing the
safety and performance of the equipment.

Advanced automation functions are made possible by
ubroutinesiincluded in the program o

instructions.
Safety monitoring

2 Maintenance and repalr diagnostics
3. Error detection and recovery




Safety Monitoring

“Use of sensors|to track the system's operation and
identify conditions that are unsafe or potentially unsafe”

= (Reasons for safety monitoring >
= To protect workers and equipment
= Possible responses to hazards:
= Complete stoppage of the system
= Sounding an alarm
= Reducing operating speed of process

= Taking corrective action to recover from the safety
violation



Temperature sensors

Heat or smoke detectors
Pressure sensitive floor pads
Vision systems




Maintenance and Repair Diagnostics refer to the capabilities’
~of an automated system to assist in identifying the source




. @ Maintenance and Repair Diagnostics

= Status monitoring

= Monitors and records status of key sensors and
parameters during system operation

= Provide information for diagnosing a current failure

= Provide data to predict a future malfunction or failure
= Failure diagnostics

= |nvoked when a malfunction occurs

= Purpose: analyze recorded values so the cause of
the malfunction can be identified

= Recommendation of repair procedure

= Provides recommended procedure for the repair crew
to effect repairs




= Random errors occur as a result of the normal stochastic
nature of the process

= Systematic errors are those that result from some
assignable cause such as a change in raw material
properties

= Aberrrations (disorders) result from either an equipment
failure or a human mistake



1. Eror detection - functions:

= Use the system’s available sensors to determine
when a deviation or malfunction has occurred

= Correctly interpret the sensor signal
= Classify the error
2. Extot recovery - possible strategies:
Make adjustments at end of work cycle
= Make adjustments during current work cycle
= Stop the process to invoke corrective action
= Stop the process and call for help



Why Automation is required ?

= |ncrease in comfort.
= More safety.
= |Improve the quality and precision.

= To do the job for which human beings will not have
the capacity.

'@avoid MonotonNous WOrK. ) sl e
(gt 059 i)
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Manufacturing Systems

A manufacturing system can be defined as a collection of
Integrated equipment and human resources that
performs one or more processing and/or assembly
operations on a starting work material, part, or set of
parts

= The integrated equipment(€onsists of production
machines, material handling and positioning devices,
and computer systems

= The manufacturing systems accomplish the value-
added work on the part or product.



Cyber physical systems
(CPS) based automation

Traditional Automation Pyramid

Traditional manufacturing system
MES Manufacturing Execution System

ERP Enterprise Resource Planning
SCADA (supervisory control and data acquisition)

Smart manufacturing system
(’(

WS sns{'eﬂ'\ s more avtomajed



Automation in Manufacturing
Systems

Level of autmation

r--------1

Enterprise level

\ 4

Plant level

A 4

Cell or system level

A

Machine level

h

Device level

-_r-__-.l.__x-_

Production
system

(1

___________________________________________ E1 Joa

Enterprise level

Manufacturing support
systems
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Manufacturing systems  retm——
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I

Automation and
control technologies

Material handling
technologies

J
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Manufacturing processes and assembly operations
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Levels of Automation

1. Device level — actuators, sensors, and other hardware
components to form individual control loops for the next
level (lowest level in the hierarchy)

2. Machine level — CNC machine tools and similar
production equipment, industrial robots, material
handling equipment




Levels of Automation

3. Cell or system level — a manufacturing cell or system is
a group of machines or workstations connected and
supported by a material handling system, computer and
other equipment appropriate to the manufacturing
process
= Part dispatching and machine loading
= Coordination among machines and material handling

system
= Collecting and evaluating inspection data

S
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Levels of Automation

4. Plant level — factory or production systems level
= Order processing
= Process planning
= |nventory control
= Purchasing
= Material Requirements Planning
=  Shop floor control
= Quality control




Levels of Automation

5. Enterprise level — corporate information system
= Marketing/Sales
= Accounting
= Design
= Research
= Aggregate planning
= Master Production Scheduling




Three Basic Types of Automation

E“ ;;h;‘ *) = [ Fixed automation - the processing or assembly steps
==~ and their sequence are fixed by the equipment

configuration

Soft B Programmable automation - equipment is designed
with the capability to change the program of

Instructions to allow production of different parts or
products

vord : : :

~«% n [ Flexible automation - an extension of programmable
automation in which there is virtually no lost
production time for setup changes or reprogramming




Features of
Eixed Automation

= Thus, little or no flexibility to accommodate product

variety




Features of
Programmable Automation

High investment in general purpose equipment that
can be reprogrammed

Ability to cope with product variety by reprogramming
the equipment

Suited to batch production of different product and
part styles

= Lost production time to reprogram and change the
physical setup

Lower production rates than fixed automation



' < Features of
DR Flexible Automation

= High investment cost for custom-engineered
equipment

= Capable of producing a mixture of different parts or
products without lost production time for changeovers
and reprogramming

= Thus, continuous production of different part or
product styles

= Medium production rates
= Between fixed and programmable automation types



hree Basic Types of Automation

Parts
per year
Fixed - .
E 15000 _} ' automation Robotics
)
»
=
(=~} .
s 500 Flexible
_g - automatiop
£
-
g )
Programmable
‘ automation -
1 | | | 1 1 -
1 3 9 30 100 - 1000 # of different
: - parts

Product variety



Hardware Components for
Automation

= Sensors
= Actuators
= |nterface devices

= Process controllers - usually computer-based devices
such as a programmable logic controller



Automation

Chapter Six:
Hardware Components for
Automation and Process
Control

Dr. Eng. Baha’'eddin Alhaj Hasan
Department of Industrial Engineering
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C losed .
Loop o=

Chapter 6: Hardware
Components

= Sections:

1. Sensors e

2. Actuators ==~

3. Analog-to-Digital Conversion
4. Digital-to-Analog Conversion
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bot not the only function, of controlled p

4 Covifrol

What is A process Control?

sequence of fime dependent processes

= An industrial process control or simglx process control is the

deploying of industrial control systems and control theory to

improve performance, Which could not be achieved purely by
human manual control. awkoratie

Controlle_r

Manval Temperature Gauge
contro\

Transmitter
SP =p o

e

Hand Valve

Control Valve
(Actvater) Process

Process
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Valve

Example: Temperature closed loop
process Control

£5ensSNA % thermometer
e \ements
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https://www.youtube.com/watch?v=maQyGdgvS4M



Closed Loop System

ERROR
DETECTOR ENERGY (FUEL)
emoa CONTROLLER
OUTPUT SINGAL

MANPULATED
VARIABLE
MEASURED
VARIABLE DISTURBANCE
|
CONTROLLED
VARIABLE

.

F eedback Sgne
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Output of the sensofs Odtpotef Actvator

depends Analog sensof's
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Computer-Process Interface
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Computer Process Control System
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Section 6.1

Js~e

* Asensor is a transducer that converts a physical

Sensor categories by stimulus

Stimulus Example

Mechanical Positional variables, velocity, acceleration, force, torque, pressure, stress,
strain, mass, density

Electrical Voltage, current, charge, resistance, conductivity, capacitance

Thermal Temperature, heat, heat flow, thermal conductivity, specific heat

Radiation Type of radiation (e.g. gamma rays, x-rays, visible light), intensity, wavelength

Magnetic Magnetic field, flux, conductivity, permeability

Chemical Component identities, concentration, pH levels, presence of toxic ingredients,

pollutants




(Analoq)
_ Cconﬁnuous
Section 6.1{ Sensors
Discrete

Sensors can be classified into two basic categories:

! Analog (continuous)

Examples: thermocouple, strain gauges,
potentiometers.

-+ 2 (Discrete.
‘Binary (on/off)

Examples: Limit switch, photoelectric switches.

Examples: photoelectric array, optical encoder.




P\P?\{cq'ﬁoh dependent device

Cold

*the most important chamcferistic of a sensor
is the. Linear relation ship between inpufs and ovlputs

Copper Lead Wire

- 829°C/
= 1500°F

Copper Lead Wire

Hot Junction
Junction
®
Wire Type A
Wire Type B
[ ]

» Two different
@-CIRCUITS DIY metals

g o= SIMPLIFYING ELECTRONICS

0 500 1000 1500
(j,,a Temperature T (deg C)

42 0=l
Lineor

[T vs E(D]



*T cant do Linearization Sefihvﬁ‘ﬁ

it will reduce the Reliability of the sensofs A Differencess-
c m % - CC,- ms = Responsiveness is effected b3 H
— ?rofor-l_-\'ona\ - How aceviate is the Lineo(i‘l':&
sensit iV'\fl\JS - Tc'n.ae_rq‘fu\'e. Range
- Aceufacy — depends on the sensitivity




Section 6.1: Sensors

» Resistance-temperature detector: Analog
'temperature measuring device based on increase In
. T’(electrical resistance) of a metallic material as
~" 1(temperature increases.)

temp T = R7T

RTD (Resistance Temperature Detector)

Feature RTD Thermocouple
. \ L\I Measuring range -200 Celsius (C) to +850 C -250 Celsius (C) to +1800
_sLinear reloions
_»RTD —> medo) ¢ |
\\' Accuracy Accuracy up to 1 degree C is typical Accurate, from 2-4 degrees C is typical
. ionsmpe ! |
. or —inverse reladi
aThe’rm\s"'or — Sem‘conduc‘t ! Sensitivity Very good and high sensitivity Low sensitivity
Response time Slower typically from 1to 7 seconds Fast <= 0.1 secondsistypical
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Section 6.1: Sensors

= strain gauges: Widely used analog sensor to
measure force, torque, or pressure.

Tension Qe

Compression &«
Al.......-RY



Discrete sensof
Section 6.1:; Sensors

| ——>Sensoer ovtpvte Vohuae sionals o¢ chang@ in 55«3!\&\\5
eledtical si%ﬂm\s = voltaae Signals

= Limit switch (mechanical):(Binary contact sensor)in

X which lever arm or pushbutton(Closes orfopens)an
electrical contact.
ﬁ




Digjital sensofs
Section 6.1: Sensors

4iRs us indication on
+he revolvhion per =

min

Photoelectric sensory array



Input/output relation of Sensors

- stimolus

S=f(s
outpst —j_;;(.fu_n;,)h'onql

siqral relationship

where S = output signal; s = stimulus; and f(s) = functional relationship

For binary sensors: S =1 if Sé Oand S=0if sg 0.

The ideal functional form for an analogue measuring device is a simple
proportional relationship, such as:

S=C+ms

where C = output value at a stimulus value of zero
and m = constant of proportionality (sensitivity)

«—Linear Relationship

+ constant °$
°‘{+‘:\: \ ou{'fu’r. valve Proporioinalityy
5‘% at a stimulus ( sensehv'd‘“D
value of zero slope , determines

(eonstant offsef) 4y, relationship befween § ond s



Example

= The output voltage of a partlcular thermocouple
sensor is registered to be 42. 3’mV at temperature

105°C. It had previously been set to emit a zero ]
voltage at 0°C. VP ETO e S=T¢
. 23wy _o -

* Determine " TR =0 = sous TH=

(1) the@ransfer function|of the thermocouple, and

(2) the temperature corresponding to a voltage output
of 15.8 mV.




Solution

= (1)
Lehewe  42.3 MV = 0 + m(105°C) = m(105°C)
(ot 70) orm=0.4

oo
S'=0.4 (s)
" (2)
Tempefatue

15.8 MV =04 (s)

15.8/04=s
s =39.22°C




* Lets  say

Vs=\0v
R=1Xon

\/
ouk (ﬁ’m - \00-0*\ ~ 1
v

K 5v

Riw | —— Y
=
qv

(00
PO



Sensor Signhal Conditioning Circuits

: (wheV\ the OV’YPU\' iS very small (mv) 950 we use an amplifier fo enlarge the signa\\

= Signal éoﬁditioning‘is an electronic circuit that
(manipulates a signallin a way that prepares it for the
next stage of processing.

RYEQN | pgv-ge | y
- —f signal conditioning is to take the

signals from the sensors and prepare them for further
processing.

= https://www.youtube.com/watch?v=HSHJXXFigz8
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L=_Vs
R+ R

R'“\ @Tb R&h-vR)

=vs R
Rih +Ry

V,=vg R
Rt R

1K

indoor jwironment

Vo Ha%e

Divider
Circuit

wie o Sls
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(Rry) Vg=V, + v,

Power =L+ IR

supply @
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contfoller

Fixed Out
_ put
resistor § terminals (R)
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Example: Temperature
Measuring Wheatstone Bridge

R3=R1
R3 R1

R2

AV = V-V

-E R
Rq_'l'ks T+R\

Assume R1 = R3.Then,

R, R

AV::(

v =4

R,+R;, R +R

R, R,

)

R+R, R+R

)



Trvected Amplifier
A
&
Vi (E‘l ; - “Transher - -R
" sonchion~ —\/L %‘
- Ve Vin !
Non-T nvechind P\me\'\?\e"‘
R
Ry
T
i Y e
© \l'ln R \
Vin
Deffrentia AmpliFier
< Tev
R
v, ‘i,‘\ Transher 5 Vo =Ra (V,,_-V‘)
R |3 function Vin R,
Vo




SIS all

Section 6.2{ Actuators

Q'\’f is the muscle of he. control syptem (move fopen/close)

= | Actuators’ are hardware devices that convert a

(controller command signallinto a(change in a physic@
(parameter) iL/‘

\/

“* The change is usually mechanical (e.g., position or
velocity).
% [(An actuator IS also a transducer because it

E—— . “——

gnanges one type of physical quantity into some
alternative form (e.g. electric current to rotational

Linéar

speed of electric motor). i tefms of motion <% g tatory

in tefms of source of enerqy o-
Pneumatic / hydrolic / efectrical

@l g s Q_i
é___; medaniol g1 g1 5 1




Section 6.2: Actuators

= https://www.youtube.com/watch?v=LHn706PUaoY



ypes of Actuators

Electrical actuators:
»  Electric motors (linear or rotational)
« DC servomotors

AC motors

Stepper motors

dulsl olily

Solenoids >
 Relay ,“

= Hydraulic actuators: /et types of ererys
Use hydraulic fluid as the driving force

= 'Pneumatic actuators; wu <t y 3 —p
Use compressed air as the driving force
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centrifugal switch drive puley

bearing
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1 1 De iana
Axis of stator field analog signal

Axis of rotor field

Alir gap

Motor shaft

©2003 Pearson Education, Inc., Upper Saddie River, NJ. All rights reserved. This material Is proteciad under all copyright laws 3s they currently exist.
No portion of this material may be reproducead, In any form or by any means, without permission In writing from the publisher. For the exclusive use of adopiers of the book
Automation, Production Systems, and Computer-integrated Manufacturing, Third Edition, by Mikel P. Groover.
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(mognetic field strength T>

DC motors et ¢ & (s
(moﬁ:r speed f) N |

Direct Coumrent mgtor

= DC motors are widely used:
<+ Convenience of using direct current.

Starting torque

< E.g. motors in automobiles. Exn L
<+ Linear Torque-Speed relationship. Operangpoit G2, &

Speed ?j
The Relationship between variables must be Linear

<+ One special type of DC motors is|Servomotors,)A
feedback back loop is used to control speed.




example — water mofors vsed in home

= Most used in industry.

X iAdvantages?i

 Ease of maintenance
\/

= Induction motor el s
L_* ,Synchronous motor o

A/

s/ lGC 770 HiloZoR

"\i'y\ inpu+ and output enemy

b\arol ‘f‘O d‘\qnﬂe
for portable a(bP\icod‘ionS
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Stepper Motors

Lﬁw& con use it tn open Loop

= (Provides rotation)in the form of discrete angular
displacement (step angles). e

= Each step angle is actuated by
a discrete electrical pulse.
= Are used in open loop control systems.

\

Rotor Poles

Y phases =3 polar mofor

step N iy O )

——e
-
—_—
[E—
—_—

each step = 15°
4 steps =4 x 15 =60 prsta

3I650 =24 pulses fo move. one revolution

6+e(>s +
Accuracta T

Stator Coils Shaft Bearing



Stepper Motors

360

Step angle is given by: : sea =

age N

(vwmi of 5’('9-55 -
where n, is the number of steps for Tﬁgpéﬁ;pper motor (integer)

Total angle through which the motor rotates (A,,) is given by: Am = npa
where n, = number of pulses received by the motor. Total angle  Tamperof polses

at which the received. by the mator
motor yatates

L 27f
Angular velocity is given by: @ = £ where f, = pulse frequency

N\%v\&r
Velocity n K

to conve rt

6O)f, etz
Speed of rotation is given by: N =
of Rotation ns

Pulse rate of the stepper motor
Motor step per revolution

Stepper motor speed =



Example

<
= A stepper motor has a step angle = 3.6°.

(1) How many pulses are required for the motor to
n, 2 A= 10X 360 = 3600

rotate through ten complete revolutions?

£ (2) What pulse frequency |sNrequ|/red for the motor to
P o 00 rev/min

rotate at a speed of 100 rpm (rev/min)?




Solution

o =200 | 36°=360/n, 3.6°(n)=360; n,=360/3.6 =100 step angles

(1) Ten complete revolutions: 10(360°) = 3600° = A,
A =n o Therefore n, = 3600 / 3.6 = 1000 pulses

(2) Where N = 100 rev/min:

_ 607, | 100=60f,7100

n 10,000 = 60 f,

f,= 10,000/ 60 = 166.667 = 167 Hz




Stepper motor and Servomotor

Workpart Workhead
. Worktable ' :
Stepping motor Linear motion

\ of worktable
. - | | »-
Pulse train ‘
input P —(—-
Rotation of
leadscrew
g‘/ Workhead
Worktable : :
Comparator Servomotor \ Linear motion
of worktable
. DAC — I | | ] o
Input ——= —> un'.u'.n'.n'.z"Enunnunn Optical
» encoder
Leadscrew

Feedback signal
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Driver Circuits for Actuators

= In electronics, a driver is a circuit or component used
to control another circuit or component.

= (Actuators'need driver circuits that can furnish enough
current to operate them.

= Example: H —bridge driver for DC motor.

N
MCU 1%
(Controller) FET Driver
_)
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P\CC’ v Preumatical
Action < ot
o | ayion iqital Actuato
Di%"*“\ Linear Acctuetio (o SJ‘LIMQJ for)
G“;::;
—
e Spring [return)
=
Forwofd. J/ t =] /( baCKwrd
~——— Coil (not energized)
Length of travel -« Plunger
T = —
Meotion < Linear

in one direction
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Linear Actuator

a— Piston rod « Pistonrod

Com P ressed L L=g—— Fluid port
q.‘ r HbdrOli(' Hydrolic
(a ) (b ) (more pmcise)

. T con contro\ the
Spring (return) way of the flow

e E
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-— Piston

Piaton
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2 \Analog-to+Digital) Conversion

8
=

=

ce

An ADCIconverts a continuous analog signal from

sometimes it &

swienedeice - trgnsducer into digital code for use by computer
= ADC consists of three phases:

1. Sampling — converts the continuous signal into a
series of discrete analog signals at periodic
intervals

2. Quantization — each discrete analog is converted
iInto one of a finite number of (previously defined)
discrete amplitude levels

3. Encoding — discrete amplitude levels are
converted into digital code
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Hardware Devices in
< Analog-to-Digital Conversion

—» Process >

(1) Sensor and
transducer
o (5) ADC < Y
Digital >, (2) Signal
input to «t—— conditioning
computer -
(4) Amplifier <— Other signals
(3)|Multiplexer

multiple input
and sinale_ ou’rpu-r



Features of an ADC

an
-@mpling rate — rate at which continuous analog signal is
5 L . .
cece 2 polled se &3

§ce9’

= Conversion time — how long it takes to convert the
sampled signal to digital code

= Resolution — depends on number of quantization levels

= Conversion method — means by which analog signal is
encoded into digital equivalent

= Example < Successive approximation method

» ADC Method



Analogue
input
x(t)

Analog Signal Converted into a Series

&= of Discrete Data by A-to-D Converter

Analog signal
Variable A ‘(
T
e \'\
\_____/
~— Discrete
sampled signal
ot
Time
Sample rate fg=1/T
Quantization

/ > ‘_r‘,—'_,_r b ouput
x(n)

Sampling l



'\npo‘t \lo\{-ose > refefence vo\hse =21

input Voltage < re?efer&ier;vc‘))\hse =0
10

| Successive Approximation Method

) /,"
S K ! =

= A series of trial voltages are successively compared to
the input signal whose value is unknown

= Number of trial voltages = number of bits used to
encode the signal

%E First trial voltage is 1/2 the full scale range of the ADC

= |f the remainder of the input voltage exceeds the trial
voltage, then a bit value of 1 is entered, if less than trial
voltage then a bit value of zero is entered

= The successive bit values, multiplied by their
respective trial voltages and added, becomes the
encoded value of the input signal



Successive Approximation Method

Example for
input voltage

of 6.8V

oxymvMm L
VO“'QSQ' Inp'-mL " 'S:n(W'\' \}O\_\,a%e' > T‘-;o\\ \JO\'\’O\S& —_ D\%\
voltag: i " anu_\_ \/0\'\"7‘39‘ L Tria\ \Jo\’chSe_ = 9
68V
6 —
4
) 18V .9
055 .55 10,238
— 0.312”0.156
0.625
1.25
25V
Re&erence,
Trial \[Z< 1
57
e\ = 1010 | 1|1 i
&
pu
the wieght for i+ % 5x|
e D e ot o T e u et Sors e utaes T
Fomation, Producton SYSems, and Compu-ntegrated Usn.fscturg, T Eiton, oy ket 2

Yol OU\'P"\' = |
kol ovrpet = 0

For six digit precision,
the regulting binary
digital value 12 101011,

which ia interrupted aa:

Tral voltegqe

1x50V
0% 25V
1« 125V
D 0625V
1x 0312V
140156V

Total= 6718V
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Moy mum QM\OB OU'\'?U\' ——> when all inputs are @)

Digital-to-Analog Conversion

()
SN K ! =

Converts the digital output of the computer into a
continuous analog signal to drive an analog actuator
(or other analog device)

= DAC consists of two steps:

1. Decoding — digital output of computer is
converted into a series of analog values at
discrete moments in time

2. Data holding — each successive value is changed
into a continuous signal that lasts until the next
sampling interval
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Afrom Past fopecs

< =\.6
(9) A stepper motor has a step angle of 1.5 degree. Determine number of steps required for the shaft to make 10 revolutions.

(A) 3600. A = 360
(B) 2400 /r\:
(C)1500
(D) Can't be determined. Ng =360 =240
15
240 x 10 =2Y400
revolutions

N =\00rpm
(10) In 9, what pulse frequency is required for the motor to rotate at a speed of 100 rpm (rev/min)?

| (A) 400 Hz. |
(B) 800 Hz.
(C) 200 Hz. N = 606
(D) 1200 Hz. N
100 = £0 x{s
240
B =24000 = Yoo |y,

60 e



Automation

Chapter Nine:
Discrete Control Using Programmable
Logic Controllers

Dr. Eng. Baha’eddin Alhaj Hasan
Department of Industrial Engineering



1. Discrete Process Control
2. Ladder Logic Diagrams

3. -Programmable Logic Controllers
==

5 PLC — (diserete controlers)

. Low/oHE /o -
0 —sexd Lo /
2 31"11'35 Cl — ext \_“%h/on/--'" —%,/L_JLE .

0 — zefo Volt
4 —five vol¥




Sec 9.1:|Discrete Process Control

= Continuous Control: deals with controlling
continuous variables or parameters in the system.

moments in timer ab discrete events,

= (usually binary (0 or 1, off or on, open or closed,

etc.)



@™ Sensors and Actuators Used in
g Discrete Process Control

Sensors Interpretation Actuators Interpretation

Limit switch Contact/no contact Motor | e sesger On/off
Photo-detector On/off Valve Open/closed
: Clutch Engaged/not
Timer On/off engaged
Push-button switch On/off Control relay Contact/no contact

Control relay

Contact/no contact

Light

On/off

Circuit breaker

Contact/no contact

Solenoid

Energized/not
energized




A

7\5/ Normox\\ﬁ Open switch (,\103

X b /\/ G Push button

e Pushbu‘Hon
V\ofma\\\\& open

f\—.:%— N ofma Il c\osed gunrkeh <N CX
——Q_\_o——— NC push buttom switch N C/ osh button

norma\h‘s c\osed



Categories of Discrete Control

* | Logic control]event-driven changes

* [Sequencing]time-driven changes
* | Logic Control:

* No memory

* No operating characteristics that depend on time
= Also called combinational logic control



0 —>exe Low/o‘H:/ """
2states ., o o wiap/on/

-5 e
0 —zefo Volt
4 —%ive voif

1 High pressure
B =
0 Low pressure
Pressure
Level
- _ Temperature
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Boolean Algebra

The alarm will be triggered when the Boolean variable D
goes to the logic true

state. The alarm conditions are:

1. Low level with high pressure

2. High level with high temperature

3. High level with low temperature and high pressure



A ( Level )
B (pre ssu(é’.}
c (Temperatore)

Boolean Algebra (e

We now define a Boolean expression with AND oBeratlon s that will give a D = 1 for each
condition;]

‘The alarm conditions are:

1. D = Z B will glve D = 1 for condition 1. 1. Low level with high pressure
2.D=A-Cwil glVC D = 1 for condition 2. < Hfgh level W!th g e .

4 3. High level with low temperature and high pressure
3. D= A-C - Bwill give D = 1 for condition 3.

The final logic equation results from combining all three conditions so that if any is true,
the alarm will sound (D = 1). This is accomplished with the OR operation

D=A-B+A-C+A-C-B (2)

This equation would now form the starting point for a design of electronic digital circuitry
that would perform the indicated operations.



Boolean Algebra

Develop a digital circuit using AND/OR gates that implements Equation (2).

Solution
The problem posed in Section 2.3 (with Figure 1) has a Boolean equation solution of

D=A-B+A-C+A-C-B (2)



D=A-B+A-C+A-C-B

Boolean Algebra

Level

A O

Pressure

Jl>c A
&

B o

Temperature

C o~

Af\d A'B

D>

And A3
Of Z'BfA'C
And A-C
P\'\d \NA'B'C
J
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Fundamentals of Logic ~ ©
Hardwilred clrcult
———————o0 —0— ————————— Truth table Loglc representation
SW-A SW-B SW-A SW-B Light SW-A U
ight
1 Lo b Open (0) Open (0) Off (0) —O — d ~\
— ight @ Open (0) Closed (1) Off (0) An \
Closed (1) oin ioi off ioi —o0—— < (And)
SHES 0 e UsSa> ovtpull & 0 e inpvt st g
| e outpid] isSam e 1o Nl a2 i AR pels o

Hardwilred clrcult

o
SW-A Truth table Loglc representation
o SW-A SW-B Light SW-A Light
Swimm .
— -
— Light éb (oR)
Sw-B | o input sl
\eouff“T&&bz-’ 2"

Hardwired circuit

k—\

olo

Truth table Logic representation
N.C. pushbutton

Pushbutton Light

Light
Pressed (1) Off (0)

input
Single input InpUt - S

@A normally closed pushbutton.




Fundamentals

(Power on)
A=1 Low-pressure

! | indicator on (1)
[}
B=0 1) —/

(Pressure
switch open)

Truth table
Pressure Pressure
switch Power indicator
0 1 1
1 1 0
(Power on)
A=1 | Low-pressure
\ indicator off (0)
0 J
B=1 (0)
(Pressure

switch closed)

of Logic

NAND truth table
Inputs  Output

A
A B Y
Inputs NAND Y
B Output 0 0 1
0o 1 1
Two-input 1 0 1
NAND gate L 0

Figure 4-12 NAND gate symbol and truth table.

NOR truth table

Inputs  Output
N A B Y
Inputs o Y SR >

Output

B P 0o 1 0
Two-input 1.0 0
NOR gate 1 1 0

Figure 4-11 NOT function is most often used in
conjunction with an AND gate. Figure 4-13 —

f‘ (XOR\ InputsAY
AY P ot B Output

Ulie
. 2ero

(XNo
g~ 2

input __, output )
LT Fiwe 4.1 (TEYORORASOISHREE)

Truth table
Inputs  Output
A B Y
0 0 0
0 1 1
1 0 1
1 1 0




Table 4-1 Typical Boolean Instruction or Statement List

Boolean Instruction and Function

Graphic Symbol

Store (STR)-Load (LD) — outpet
Begins a new rung or an additional branch in a rung with a normally open contact.

Store Not (STR NOT)-Load Not (LD NOT)

Begins a new rung or an additional branch in a rung with a normally closed contact.

or (OR)
Logically ORs a normally open contact in parallel with another contact in a rung.

Or Not (OR NOT)
Logically ORs a normally closed contact in parallel with another contact in a rung.

And (AND)
Logically ANDs a normally open contact in series with another contact in a rung.

And Not (AND NOT)
Logically ANDs a normally closed contact in series with another contact in a rung.

And Store (AND STR)-And Load (AND LD)
Loglcally ANDs two branches of a rung in series.

Or Store (OR STR)-Or Load (OR LOAD)
Logically ORs two branches of a rung in parallel.

Out (OUT)
Reflects the status of the rung (on/off) and outputs the discrete (ON/OFF) state to
the specified image register point or memory location.

Or Out (OR OUT)

Reflects the status of the rung and outputs the discrete (ON/OFF) state to the
image register. Multiple OR OUT instructions referencing the same discrete point
can be used in the program.

Output Not (OUT NOT)
Reflects the status of the rung and turns the output OFF for an ON execution
condition; turns the output ON for an OFF execution condition.

_“_

+
_“__
—-

_“__
oW

b ;?:D.
L | I

b,
SERTH R = 4)

(our)—

(OroUT)—




Fundamentals of Logic

Logic symbol Logic statement | Boolean equation | Boolean notations
A Yis 1 if Y =Ae«B Symbol Meaning
— AN D Aand Bare 1 or . and
8 Y =AB
i or
A -
Yis1if not
B Y | AorBis1 Y=A+B
g invert
result in
Yis1ifAisO —
A W O—Y | visoitAis1 Y=A

Figure 4-15 Boolean algebra as related to AND, OR, and NOT functions.




A—| A

AND AB b A+B
B—| B
A A

NAND A8 »: ATB
B—— B

Figure 4-16 Logic operators used singly to form logical
statements.



Fundamentals of Logic . . vader diog=n

A c 7
7 m T HO—
/ run%/ _|B
AND AB Y=AB+C ® Y=(A+B)C
B— OR AND>

A |

NAND Y=AB+C
B_
c

Figure 4-17 Logic operators used in combination to form Boolean equations.

in the

Y-TATB)C nex+
AND s\\

1 D T
c e /—> A
CB+D
: o= -
y=A-(CB+D)
A A OutputY

Inputs
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@coﬂd /\'\6@

7= (ReB)C

A+B =D
Y =DC

Y = (hR)C

D=ArB ~_J=A+B

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

i—fr«\&‘—\c\——O—

Pemof! %on's Theory




Fundamentals of Logic

¢ |COMMUTATIVE LAW

A+B=B+A
A-B=B-A

» {ASSOCIATIVE LAW

&7, IR LN » > VR BIAY 0, SOEEny el SNy 59 ) e SRy 8%

¢ | DISTRIBUTIVE LAW

A-B+O=A-B)+(A-0C)
A+B-O)=A+B-(A+C)
This law holds true only in
Boolean algebra.



Fundamentals of Logic

Name AND form OR form
Identity law 1A=A 0+A=A
Null law 0A=0 1+A=1
ldempotent law AA=A A+A=A
Inverse law AA =0 A+A=1
Commutative law | AB = BA A+B=B+A
Associative law (AB)C = A(BC) (A+«B)-C=A+(B+C)
Distributive law A +(BC)- (A+B)A+C) |AB+C)=AB + AC
Absorption law AA+B)=A % A+AB=A
De Morgan'slaw |AB=A+B A+B=AB




Y
I D

Y=AR+AB




Relay schematic Ladder logic program Gate logic

LS1 LS2 SOL | :4 ﬁ /Y A
OO0 € l 1 \ ¥y
| B Output

Inputs

Boolean equation: AB=Y

Relay schematic Ladder logic program
Gate logic
LSt SOL A pe
Ls2 B B
< 11 Output
H Inputs
Boolean equation:A + B=Y
Relay schematic Ladder logic program Gate logic
PL
LS1 PS A c Y A
SRR T I e e
LS2 B B Y
- c Output
Inputs
Boolean equation: (A + B)IC =Y
Relay schematic Ladder logic program Gate logic
LS1 FS1 e A c Y A ALB
B D Y
LS2o—4 FS2 _I I_ _| l_ c ‘ Output
E D cC+D
Inputs

Boolean equation: (A+ B) (C+ D) =Y



Relay schematic Ladder logic program

LS Ls2 . A B Y
00, 0—1 — |——< A—] AB
LS3 C B8— Y
o— B c Output
Inputs

Boolean equation: (AB) + C =~ Y

Example 4-5 Two limit switches connected in series with each other and in parallel with a third limit
switch, and used to control a warning horn.

Gate logic
Relay schematic Ladder logic program A—

Lst sz Pt A B Y 5|
O—0, O — . Y
Ls3 LS4 c D ] Output
0—0, € — o—|
Inputs

Boolean equation: (AB) + (CD) - Y

Example 4-6 Two limit switches connected in series with each other and in parallel with two other limit
switches (that are connected in series with each other], and used to control a pilot light.

Hohy schematic Ladder logic program

Boolean equation: AB - Y

Example 4-7 One limit switch connected in series with a normally closed pushbutton and used to control
a solenoid valve. This circuit is programmed so that the output solenoid will be turned on when the limit switch
is closed and the pushbutton is not pushed.

Relay schematic Ladder logic program Gate logic

_AL B A B % A——Do—

o=l o—

| 1 A B Inputs
Y
Output

Example 4-8 Exclusive-OR circuit. The output lamp of this circuit is ON only when pushbutton A or B is pressed, but not both.
This circuit has been programmed using only the normally open A and B pushbutton contacts as the inputs to the program.



Fundamentals of Logic

\gotes b bas) g »igs

Relay schematic Ladder logic program Gate logic
C Stops D Starts A

Start
55 N 1
B B A—o0
1 8 J_ Stops
0—0MO—<> M —0 c | L
I p—ols r:

Example 4-9 A motor control circuit with two start/stop buttons. When either start button is depressed, the motor runs.
By use of a seal-in contact, it continues to run when the start button is released. Either stop button stops the motor when it is
depressed.




hge raBe RCD+ABTD
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c+ B

e ~AD(c+B)
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ABC+RCD*ABCD + ABC
(o .
, ’_ﬁc’D N - B
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Ac(B+D)+ (RD (¢ ~BT) + nBC
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Simplification Alaebra

— s > _
A (B+A+BC(A+B))

XYZ + (Xy
=A(E+A+EEA+EEE—SE’3 =Xyz +(X+)""§_
T ==
SA R BT . .
=A(B+A + BT (A+D) =>f<v>1,zv+(x+/+z)
T ‘ S o Yols
=A(ECE+\!+P\3 =Z<—)-<'Y+D+-)-(-+),
=A'§E\+Nl _Feyez
= A8 rAR
= A(E\H}
- XY +X(y+2D+y(y+2)
*
= e« 55 gRIERS AR N IASE
(AB(C+Bm+AB)C = Y(x+D+xz+yz
_ e _ =N —
:(ABC_'—MB"’AB)C = y(l+z_\ +X2Z
BB ce=c =) +XZ
= ABC+RBC
= B (A+R)
= Be Z =

2= AB(.+A§-

8- (A
ABc + AB-CA

(A -
= CA_,_
A

——

= ABC + ABA +ABC
AC(B+B)+ AR
A(c+B)

ABC + P\C(E-}-B\)
|

= A(BT+0)
= A(c+B)

ABC +ABC +ABC

T 7
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Fundamentals of Logic

Develop allogic gate circuit [for each of the follow-
ing Boolean expressions using AND, OR. and NOT
gates:

a.Y=ABC+ D

Y=AB + CD

Y=(A+ BNC+ D)

o7

Y = AB + CD)
Y=AB+ C B
Y =(ABC + D)EF)

-e oo






#singdle oufput
# multiple input
4 no #eeclbmd(

Ladder di agram %=

Fundamentals of Logic

% Gates in Ladder Diagram

4. Express each of the following equations as a ladder

logic program:

a. ¥ = (A + BCD AND Gote | A °
b.Y=ABC+D+E (S I
c. Y=[(A+ B)C] + DE (;.33

d. Y = (ABC) + (DEF)

OR Gate 7
(=5'5)

(A+B) B

Lrwerker H\LO—‘
A A



Cp\waus Start From inside the brche’rsv

% Lxpress each of the following equation as a Ladder

Y=(A+B).C +DE




* convery from (Comb'mq’f'\ona\ Logic circui’c\ %o (Ladder Diaafa m)

A ©) 4
JERERS
C
@A "B
B — Y
< J=AB+C
L Demrsqn's Theors

A -

D and ) are outputs

i—H So we Should draw
, them above eachd others

Y=[(a+8)Cc]+DE

u—'ﬂ

[y N\
v \
/

D y=x o) o)

1—”——'
“" il

Qﬁ}‘

XNO(’\

a so:h’.
@ A — 4 A B )
NAND .
gate ‘o )

91

with simgli{‘im’fion

A i Y=R+B
‘[-:l!‘ y
B



A D=R.e+A.C+ACB
D=A .R+A.C+ACB ) Sy ivrans
A, B 5‘ = AR +A(c+TB)
:'i_—” 40_ . —2= ' :-A'B +P\(C'+B)
kl —~| —— 0 with 5\!\1?\:?‘\(0«)(\0'1 =28 +ACHAB
L = B(AR+A) + AC
,HH'_J = B+AC

zl_"":“ (o Ladder N Aoy |y
diaogmm T

q"‘“)’. O .Sime\i'ﬂ'ca‘\ions =5 e L



Example 1:

On a particular piece of operator-controlled production
equipment, the production process may only be performed
by the operator activating two safety switches, located at
some distance from each other. This is to prevent the
equipment from accidentally starting whilst the operator is
loading or unloading the machine. The switches have to
be depressed together by the operator using both hands.

. . . k—>'|'F\(1 means
(@) What is the truth table for this operation? (A:,D )
(b) What is the Boolean logic expression for this
operation?

(c) What is the logic network diagram for the operation?



Example 1 solution:

= (a) Where@ Is first switch, and@is second switch, and
Is the output of switch activation.

Inputs Qutput
X1 X2 Y
0 0 0
0 1 0
1 0 0
1 1 1

- (b)Y = X1"X2
= (c) logic network diagram

e -
| X2 —




No push buﬂon—l_

Q O

NC push bution

Example 2: —olo—

Write the Boolean logic expression for the pushbutton
switch system below using the following symbols:

X1 =S8TART, X2 =S8TOP, Y1 = MOTOR, and Y2 =
POWER-TO-MOTOR.

o
.535+e«\ 3
q'. a—'. Lo Cf".‘

X2

X2 s P, Y2
POwer-10-motor  soror
x1| @ X1 Sur —Oq"

logic network diagram



wop o X2 Y2= (X1+ Y1)- X2
X2
Power-10-motor Motor
Y1
Stant
X1
X1+Y1
— X (X * Y0
Start Stop Motor Power-to-Motor
0 0 0 0
0 1 0 0
i 0 0 i
1 1 0 0
& q T) i i
o 0 1 1 0
This Troth fable $- i 0 T 1
— Logcally is cofreck X (1 D) 1 0

—3but in Reality it is not correct



Sequencing

A switching system that uses internal timing devices

to determine when to initiate changes in output
variables

= Examples: Washing machines, dryers, dishwashers,
Traffic light. — "

XA



Sequencing

. aIIy generated “open loop”

= No feedback that control function is executed

= Sequence of output signals is usuaIIy as in & high

production work cycle

= The signals occur in the same repeated pattern within
each regular cycle

= Common sequencing devices:
= Timer — output switches on/off at preset times
= Counter — counts electrical pulses and stores them



Ladder Logic Diagrams

A diagram where logic elements are

displayed along horizontal lines

(rungs) connecting two rails.

Combines both: logic and
sequencing control.

Hot wire

X1 FS Cl
L w N
| Al \_/

G
S1

Cl
1 F A
! \_/

C2

ES T2

1l W ! - 1
1f gl \_/

C2

_"_
T

G TMR
I 120s

S2

T1
L N
! L

Tl
L

T2

90s

Neutral



Ladder Logic Diagrams

- logical inputs, e.g., limit

switches, photo-detector.

motors, lights, alarms, solen0|ds

3. - to specify length of delay.
4.- to count pulses

received

X1
1

w

Ok

I

Cl

e

Cl
L

Al

e

E S

Qs O

T1
1

Tl
1

e88 Ox g




Components of Ladder Logic
Diagram

X1 FS Cl
1l I N\
" Al \_/
Ladder symbol Hardware component

C1
Il
" ” Normally open contacts (switch,

1 (a) relay, other ON/OFF devices)
Cl
1l =3
) Sed IF Normally closed contacts
ES T2 ¢2 (b) (switch, relay, etc.)
1l W Y
1l P \_/
i () ( ) Output loads (motor, lamp,
T solenoid, alarm, etc.)
1f

Tl
C2 TMR :
| 'Il‘t;lolj (d) — G Timer

F £ (e 1 €CIR — Counter

T1 T2
1l TMR
" 903




Example 1

= Construct the ladder logic diagrams for the

= Solution:

—/o /o g
X1 X2

Y | X1 X2

AND gate.

(sefies)

< 120V

Y

- +




Example 2

= Construct the ladder logic diagrams for the OR gate.

Cparfallel)
= Solution:
X1 Y
§ T N
] L 1 \_/




N
O

.’\\
gkieory
Xi Y
Example 3 5
normqlh;(
opened
= Construct the ladder logic diagrams for the|NOT gate.
= Solution:
W Y Resistance
| ‘N ‘N
—/o—
X1 Xl
o 120V - II
|

 Short
ki 99 LEDY) 2 Gireut

lpd) Switeh J] €5 L X1 2 o o R

X, 20 =31
x31 — 0




Example 4

= Construct the ladder logic diagrams for theNAND gate.

X\

. [ we can simpiyy
. Saltion D yonm

X1 X2 C
(a) NAND I I I I m
Inputs Output [ ./
);1 );2 Y = ):1 X2 C Y
0 1 1 })’ '
1 0 1 /l _/
L 1 0 inverted

= |f X1 or X2 remain open then C coil is unexcited and C contact remains
closed, therefore Y is on.

= |f X1 and X2 are closed then C coil is excited and C contact is opened and Y

Is off c U*S‘ ¥



Construct the ladder logic diagrams for the|NOR gate.

we Can SRMP“‘?'A

Solution: * @o,y V=X X2 —— X%
X, X1 C

()
(b) NOR _ / |
. Multiinputs sing& .
Inputs Output X2 ovteY
X1 X2 Y = X1 = X2
0 0 1 C v
1 : - Y. )
] 0 0

If X1 and X2 remain open then C coil is unexcited and C contact remains

closed, therefore Y is on.

If X1 or X2 are closed then C coil is excited and C contact is opened and Y is

off




Example 6: Safety switches

= The production process may only be performed when the
operator activates two spring activated safety switches.
The switches have to be depressed and held closed
together by the operator using(both hands

AND

3 X Y
Xl—D_Y 1| M ‘
X2 — | [ [ ./ |



Al
X2 X2 Sop N Y2=X, (+%)
o > p,,“u.u\-mnh-lz Motor Y1
. )
?S] X1 Starnt | |
el ’
mofor I Jus)
Y2 e
(X1 ORY1) AND (NOT X2) i I (X—L ;_
|| |
L || X{
(X1+ Y1) X2 Y1

Latched circuit




Example 8

Ladder_n & Feed bacK »29) X+

Diagrom = =

A motor controlled by stop and
start push button switches.

One signal light must be
illuminated when the power is
applied to the motor and another
when it is not applied.

><1 _>ON Oﬂ\
XZ—QOFF or\ls

MU“.‘ '\1\9“'\'5 S‘“S\e' ou\‘p\ﬂ'
X1 X2 Y1
|| |¥ 2
|l £l —/
Y1
I I X“J;ca)fofs
sensofls S oP2
SV hah _, Light 1
|| ( )_
[
9
Y1 o0 —  Light 2
i O—
I

&

5\ Runq (&
one event



elechro maﬁnih'c device

’-—~\\_\+ fg;».l_
’ [}

~~7

Example 9.5

r
It can

also be used to define alternative decisions in

logic control.(Construct the ladder logic diagram of &

©2010 John Wiley & Sons, Inc. M P Groover, Principles of Modern Manufacturing 4/e S| Version



Example 9.5|Control Relay

imfor‘rm\\'

Electromagnetic relay is an electronic control device. It has a
control system (also called an input loop) and a controlled
system (also called an output loop). It is usually used in

automatic control circuits.(It actually a kind of ‘GUiomatic'switch’

that uses a smaller current and a lower current to control a

X | Ci ) ;

1o larger current and a higher voltage.

ojo lilo
X C

{Toad }
: = O Relay NQ(I«\\IA(\\:% Closed
C A NN Y,
LK 5 o
O L L gie—
N - : NO
_| : Q_ |_< Normally jOpen yz

1 _Load }




ovkputs N9 mpots N )

&

Example 9.6 |Fluid Storage Tank
Consider the fluid storage tank illustrated in Flgugg 9.10.
When the start button X1 is depressedf“\L.'ii““

syster Viliic

this closes the control relay C1, which § ol s b~
energizes solenoid S1, which opens a valve L, Ch
allowing fluid to flow into the tank. 1

When the tank becomes full, the float switch™*
FS closes, which opens relay C1, causing -
the solenoid S1 to be de-energized, SO ——
thus turning off the in-flow.

Switch FS also activates timer T1, X—J;[C_]_) = =
which provides a 120-sec delay for a certain FS —@J—*D—E’
chemical reaction to occur in the tank.

N
Chemical Reac\'io’\ Valve L
o)
9.6




Example 9.6 Fluid Storage Tank

= At the end of the delay time, the timer energizes a second relay
C2, which controls two devices: (1) It initiates timer T2, which

= waits 90 sec to allow the contents of the tank to be drained, and
(2) it energizes solenoid S2, which opens a valve to allow the
fluid to flow out of the tank.

= At the end of the 90 sec, the timer breaks the current and de-
energizes solenoid S2, thus closing the out-flow valve.

= Depressing the start button X1 resets the timers and opens their

respective contacts.
®

two types b
k) M High 0SS 4
-\—lme,fs Clogic 1)

of ®

BEp

edgelow



Example 9.6 Fluid Storage Tank

Cl

T

w

L

7,

L

- 3
N I™
- -
-

- 0
[ (]

=
>

7.
v

X1 FS
— #
Cl
|
Cl
|
|
FS
L
Al
FS
|
|
~
Q
—i
Q 2
—} #
S2
_“_

(I).

X1 Relay
Start _ _
button O o el e
y Valve
| W ) |
_ Timer
»120s T1
\ r
Float switch
7
FS
O— | —| C2 |Relay
_— ¥
an Fluid Timer
90s ™
Vy —
Valve | ximel

o

Figure 9.10 Fluid filling operation of Example 9.6.

Timer will be logic 1 when it’s time 1s expired.



Reackion
time

Drain

fime




= An industrial robot performs a machine loading and
unloading operation. IS used as the cell controller.
The cell operates as follows:

(1) a human worker places a part into a nest,

(2) the robot reaches over and picks up the part and places it
iInto an induction heating caoill,

(3) a time of 10 sec is allowed for the heating operation, and (

4) the robot reaches into the coll, retrieves the part, and places
it on an outgoing conveyor.




A limit switch X1 (normally open) is used to indicate that the
part is in the nest in step (1). This energizes output contact
Y1 to signal the robot to execute step (2) of the work cycle
(this is an output contact for

the PLC, but an input interlock signal for the robot controller).

A photocell X2 is used to indicate that the part has been
placed into the induction heating coil C1.

Timer T1 is used to provide the 10-sec heating cycle in step
(3), at the end of which, output contact Y2 is used to signal
the robot to execute step (4).

Construct the ladder logic diagram for the system



' ting coil
—>ci is on if the fimer is on and there is o part on heafing

. X,
mPuTS < X2

Times — T,

“no, cot\
OU‘|'PU1'5 /i robet s\%n«\ nest — heafingcot
X\ —i

€1 heading coil

M2 robet signal
i

qulder diousf am

—o—]
X2 A
[ | | Uose]
10 sec
i

©

4 ®BD—
TI/H

o




% Another Question:

An emergency stop system is to be designed for a certain
automatic production machine.

A single “start” button is used to turn on the power to the
machine at the beginning of the day.

In addition, there are two “stop” buttons located at two
locations on the machine, either of which can be pressed to
iImmediately turn off power to the machine.

Let X1 = start buttom (normally open), X2 = stop button 1
(normally closed), X3 = stop button 2 (normally

closed), and Y = power to the machine.



Another Question:

(a) Construct the truth table for this system.

(b) (b) Write the Boolean logic expression for the
system.

(c) (c) Construct the ladder logic diagram for the
system.



Sec 9.3: Programmable Logic
Controller (PLC)




Sec 9.3: Programmable Logic
Controller (PLC)

= A microcomputer-based controller that uses
stored instructions in programmable memory to
Implement logic, sequencing, timing, counting,
and arithmetic functions through digital or analog
modules, for controlling machines and processes.

did‘l_'a




Components of a PLC

External source

of power
Power
supply
Y <~
. < Input/ |«— Inputs
Progg{ri!égllng - ———| Processor output [<=2
> module /> Qutputs
A —
Y
Memory
unit

Figure 9.11 'Components of a PLC.



Advantages of PLCs Compared
to Relay Control Panels

Programming a PLC is easier than wiring a relay
control

panel

PLC can be reprogrammed

PLCs take less floor space

Greater reliability, easier maintenance

PLC can be connected to computer systems (CIM)

PLCs can perform a greater variety of control
functions



ypical PLC Operating Cycle

. Input scan — inputs are read by processor and stored in
memory

. Program scan — control program is executed

Input values stored in memory are used in the control
logic calculations to determine values of outputs

. Output scan — output values are updated to agree with
calculated values

Time to perform the three steps (scan time) varies between
1 and 25 msec



PLC Programming

= Graphical languages:
1. Ladder logic diagrams — most widely used
2. Function block diagrams — instructions composed
of operation blocks that transform input signals
3. Sequential function charts — series of steps and
transitions from one state to the next (Europe)
= Text-based languages:
1. Instruction list - low-level computer language
2. Structured text — high-level computer language



PLC Programm

ing
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PLC Questions

An Industrial Robot

|X‘

P ©—

5
| T\

ERTLCR A e

—H &

An industrial robot performs a machine loading and unloading operation. A PLC is used as

the cell controller. The cell operates as follows:

(1) a human worker places a part into a nest,

(2) the robot reaches over and picks up the part and places it into an induction heating coil,

(3) atime of 10 sec is allowed for the heating operation, and (

4) the robot reaches into the coil, retrieves the part, and places it on an outgoing conveyor.

A limit switch X1 (normally open) is used to indicate that the part is in the nest in step (1). This energizes
output contact Y1 to signal the robot to execute step (2) of the work cycle (this is an output contact for

the PLC, but an input interlock signal for the robot controller).

A photocell X2 is used to indicate that the part has been placed into the induction heating coil C1.

Timer T1 is used to provide the 10-sec heating cycle in step (3), at the end of which, output contact Y2 is

used to signal the robot to execute step (4).

Construct the ladder logic diagram for the system

¥ lnpuh
Finpvl®

 limit switeh

polt on the nest

P hoto ce\\ . \
por + on heah“‘é et

¥ limer
B
T:10 sec
sovrpul's
kadsadiaid s

Y, : Robot siqnal
ne 5.\. _,hea-hncs coil

)’2 Robot &31\0.(
heating coil ——yCPVYEr

C\ '-hecd-in% coil

Al

‘Jy)ji\ 1

1056,
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.lnPuTS < X2

Timers — T,
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o X . .
TnPU"'So on open \imit switch -

X, close limit switeh W\ a;m @
(&) -
Time 5 1 .7 seconds oUWl = @orer

Sef\sof

7,857 5 josis GO

Automatic opening closing Door PLC Program

OU‘\'PU"'S‘:, )’o open the door
); close the door 2\ 151 %) -

XO0(Infrared Sensor. )

X2(Opening Limit Switch ) \ X1(Closing Limit Switch )/ X2(Opening Limit Switch )
P =D =
YO0(Open the door ) Y1(Close the door )

When someone enters the infrared sensing field, opening motor starts working to open the door
automatically till the door touches the opening limit switch If the door touches the opening limit switch
for 7 sec and nobody

enters the sensing field, the closing motor starts working to close the door automatically till the closing
limit switch touched together. Stop the closing action immediately if someone enters the sensing field
during the door closing process.

Number of PLC Inputs Required

X0 — X0 = ON when someone enters the sensing field.
X1 — Closing limit switch. X1 = ON when 2 switches touched together.
X2 — Opening limit switch. X2 = ON when the door touched the switches.

Number of PLC Outputs Required

Y0 -Opening motor

Y1 - Closing motor

Number of PLC Timers Required

TO —7 sec timer.



o X . i
-I-nPu-‘-s A xoz open \imit switch
—_— X, close limi+ switch

Time ° T :75ec¢>ﬂd5

oukputss, ), open the door
)1 close the doof

Yo

T 7 sec




Consider the Automatic coffee maker as illustrated in Figure 1:

Hot Water

D 3
X0 ﬁm @m
Coin|Detector Ani
X1

YO0 ¢
RPaper|Cup Outlet
]

-
X

T

Automatic Coffee
Making Machine.

Fig.1 Automatic coffee maker
X0 %l
1. When a coin is inserted, 2t"is HIGH (ON) and the following outputs will be activated
at the same time:
- A timer TO will be activated for 2 sec
- YO (paper cup outlet) will be HIGH (ON) and latched (a paper cup will be sent out)
- Y1 (coffee powder outlet) will be HIGH (ON) and latched (a certain amount of coffee
will be poured into the container).
- Y0 and Y1 will be HIGH (ON) for 2 sec, which is the set value of the timer TO.

2. After 2 sec, Y2 (hot water outlet) will be activated HIGH (ON), and the hot water will be
poured in the container. At the same time, YO and Y1 will be closed LOW (OFF).

3. When the liquid in the container reaches a certain amount of pressure:

- A pressure sensor X1 will be activated HIGH (ON).

- Y2 will be reset LOW (OFF)

- Timer T1 will be activated HIGH (ON) for 60 sec.

- The agitator Y3 will be HIGH (ON) for 60 sec, which is the set value of Timer T1.

4. After 60 sec, the agitator Y3 will be Low (OFF) and Y4 ( the ready — made coffee outlet)
will be HIGH (ON) and latched and the ready —made coffee will be pouring out from the
Y4 outlet.

5. When the coffee is poured into the paper cup completely, X1 will be LOW (OFF) and Y4
will be reset LOW (OFF) the ready-made coffee outlet will be closed.

Draw the PLC ladder diagram for the infusing container system above.
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YO (Liquid Alnlet ) Y1(Liquid B Iniet)

START X0

Sensor2

STOP X3

Y2(Mixture Outlet ) é

Solenoid 3 o i

Fig.2

Consider the automatically infusing container with liquids A and B as illustrated in Figure 2:

1. When XO (start button) will be ON when START is pressed. YO will be ON and latched,
and the valve will be opened for infusing liquid A until the level reaches the low-level set
point indicated by float sensor X1.

2. X1 will be ON when the level reaches the low-level float sensor. Y1 will be ON and
latched, and the valve will be opened for infusing liquid B until the level reaches the high-
level float sensor X2.

3. X2 will be ON when the level reaches the high-level float sensor. Y3 will be ON and
activates the motor of the mixer. Also, timer TO will be activated and start to count for 60
sec (mixing period).

4. After 60 sec, TO will be OFF, and the mixer motor Y3 will stop working. Y2 will be ON ,
and the mixture will drain out of the container.

5. When Y2 = ON, timer T1 will be activated and start to count for 120 sec. After 120 sec,
T1 will be Off and Y2 will be OFF. The draining process will be stopped.

6. When an error occurs, press EMERGENCY STOP button X10. The NC contact X10 will
be ON to disable all the outputs. The system will then stop running.

Draw the PLC ladder diagram for the infusing container system above.
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Chapter Seven:
Computer Numerical Control (CNC)

——

_\
\d subﬂm c\'\'ve Manwv &‘ac’furih%
( Material \{emova\\

Dr. Eng. Baha’'eddin Alhaj Hasan
Department of Industrial Engineering



Computer Controlled. .
For machining and manufo(,'\'Uﬁna

ot hand\in
"\‘of assemb(\s\D

CNC—

Unit 7 Computer Numerical Control

Learning Objectives:

U OO

Explain what NC is
Explain what CNC is

Outline how CNC work (Control system,
Controller...)

Explain the fundamentals of motion control in
CNC

Perform basic NC programming



= https://www.youtube.com/watch?v=FNYEXjRmDtl



Fig. 1-8. Believed to be the first NC machine, the one shown above was successfully
demonstrated at MIT in 1952.
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i¥ T have a Computer base

Z:-tken T have o

(CPU)

Numerical Control (NC) Defined

4  Programmable automation in which the mechanical actions of a
*are controlled by a program containing coded

alphanumeric data that represents relative positions between a.
fiat)(e.0. cutting tool) and 2ok pard

O Basic Components of NC: Program Machine

1. Program of instructions Instructions Control Unit
 Part program in machining 1 Too\_,h%h Sreciion
2. Machine control unit (b o progam ¥5,29)

 Controls the process
3. Processing equipment
 Performs the process

Transformation
Process

Z)))

=

Power




the Product is becoming more difficolt

—rur“i"% Machine

Too | &S B
P(odud «.s_lf«’o

CNC Laser Cyttingichine, Cap&gity Lpto 28 mm-Thickness.
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* Drx\\‘.na Tool —>move oltjnamic

worKP'\ece — Rigid and Fixed

* Turnin% tool — fixed and S’f«\'ionaf%

worKPiece —> moves



(2-oxig) W e PAs 0 CNC s

Machining using NC

ia
etc:

Example: Up to 5 motion axes may need to be controlled

simultaneously. (go RONGE U axiS

| The combination of

the maximum travel distances for all the axes determines a-

I : VTOOI
Q Worktable

n Mi\\\'r\ﬂ
Mochines




machine’s work envelope

The Machine Tool Envelo

e Product dimensions shovld be compatable with the wor K e_y\\;e_(oP
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T Rroduct N sass S

CNC 3\ a2l Sxo 3
machine  ~

NC Coordinate Systems

+z 4
‘For flat and prismatic (block-like) parts: >
= Milling and drilling operations Workpart +f°(:J o
= Conventional Cartesian coordinate system _ — A
= Rotational axes about each linear axis N = ( o
A Worktable

— -y
-2
' . +Z A
= Turning operations
= Only x- and z-axes

Workpart
-



m N g

UL EPN(

Computer Numerical Control (CNC)| s

A doss 79\ w9
22 (o oM

‘m has one microcomputer at the
machine tool to control the NC functions

L CNC machines thus provide a high level of:
1 Accuracy
1 Repeatability
d  Programming capability

.‘ CNC advantages ‘

O  Therefore —




tors in CNC machines % cooldinate o
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m S‘fefper Motor — Hiah Precision with low Tofq,ue,
@ Servo motor —> feedback already connected

How CNC Work?

O  Each CNC machine has a CNC controller which can be programmed to drive the machine
through a series of motions

O Axis: Each direction of motion of a CNC machine is called an. It is simply a direction of
motion under the influence of the CNC controller. It can either be linear or rotary.

The drive motor

is the link between the ball screw and the CNC control. The motor can be either a stepper

motor or a servo motor.

L/']O"’Q)

Controller

! ® e ” Table
[®.© = :
L. |
/
Actuaton)| Jeis Aiasb 9

Stepper  pator

Ball Screw




Control Systems

Stepper MoTor (wogacteristic

(El Open-Loop Motion Control System

O Operates without verifying that the actual position achieved in the move is

the desired position
|

Workpart Q/Workhead
. Worktable : :
Stepping motor Linear motion
* \ >—‘ of worktable
. it [ ] - o
Pulse train

Rotation of
leadscrews

1 Closed-Loop Motion Control System

O Uses feedback measurements to confirm that the final position of the
worktable is the location specified in the program

Workhead
Cornparator Servomotor Worktagj Linear rmotion
~ b B of worktable
N \ DAC I | I | .
Input —3 LA ARRREREEY Optical
= j encoder
Leadscrew

Feedback signal



Basic Components of Controller

+ ROM - Operating system + Operator panel
+ RAM - Part programs + Tape reader

I I

L tmpofiant t

[System bus |-:
s, Sloghzgll Jad
components J\

L\

I * Coolant=*" £=—_| tiqrolis oo cie
Position control + Fixture clamping ™ (Ashan o) @ 2

+ Spindle speed control S e




https://www.youtube.com/watch?v=54D1IGBMw_E



Motion Control Systems

] Point-to-Point systems
 Also called position systems

 System moves to a location and performs an operation at that
location (e.g.,

1 Also applicable in robotics

 Continuous path systems

0 Also called contouring systems in machining
 System ierforms an operation during movement (e.g., -

an




Example: Drilling of Three Holes in Flat Plate

Home Position

YA

Sra(t Position
Workpart

/ De s¥inafion Position

TOOI path G and /\l\\ Code
/ Avxi \i.a\‘\s
Machinin, -CS}u:\ciu:v: 3
sitioni "o _:?“ad“\e cw;ccw
/ 1 3 : -Rf\’N\
-feedrate
Tool

starting
point

2y



Example: Profile Milling of Part Outline

Workpart

YA

Tool profile

‘ )/ Tool path

2y
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G-code

Absolute Vs. Incremental Mode

1 Absolute Mode (Re‘?erer\ce‘. &afuM/or{csm\
 the distances moved are relative to the program zero.

the previous point

3O (ncremental Mode: (references e

d the distances moved are relative to the machine’s current
position.



2 Types ~

I 7 Point ~ Absolute Mode Incremental Mode
A 1 X1.0Y(1.0) X1.0Y 1.0

5

o f 2 X2.0Y 1.0 X 1.0Y0.0
o 3 X3.0Y2.0 X1.0Y 1.0
N )G 4 X 4.0Y2.0 X 1.0Y 0.0
/ 3 4 6 5 X 4.0Y 4.0 X 0.0Y 2.0
N I 6 X 5.0Y 2.0 X 1.0 Y=2.0

, 2 ] : " 7 X350Y5.0 X0.0Y 3.0



(G0 absolute Mode
G1l

T nc_re,mehfa\ Mode

Motion Interpolation Methods

' __><°de G9q0
1. Linearinterpolation " ¢ oo x2 y 20
. . . . ove From Home pesition to
= Straight line between two points in space " Stk poster
. . . : Gol X2 Y3 ©
= used in part programming to make a straight cutting Gol X y3 Z°
motion from the cutter start position to its Y Motion from
L X2.0Y1.0
end position. 5 X20Y3.0
: L G01(X) xg.%d\/tg.o
1 O)
0 —% » X
Home. PosiYion 012345¢67 8

dotum

T

= Circular arc defined by starting point, end point, 502/6 ST
center or radius, and direction gy TN
= GO02 instructs the CNC machine to move 7 \ ..,(,,
along a Circular Arc from its current positionto: I\
a new coordinate B 3@\7 m= ﬁ,..mw
datvm © s 10
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0T dw \
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: 1
=4 7
4
1=3 2 _z_@g:
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ST
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G?O absol lvte Mode
G991  Incremental Mode

G90
Goo X4 Y2 Zz0
Go2 X5 Y35 Z0 RS

O O

CCWwW
(602\ (603

i

Home

P, stark

Ps

distination



Motion Interpolation Methods

= Free form curves using higher order equations

©2010 John Wiley & Sons, Inc. M P Groover, Principles of Modern Manufacturing 4/e Sl Version



Circular Motion

Straight line segment
approximation

pr—— ey ——p—

Inside tolerance

Straight line segment
approximation

—_————— e
————r

Outzside Actual curve
tolerance

Straight line segment Outside

approxunatlon tolerance

lirnit
Actual curve

———— —— ay

- ’\# ) Ingside / i

Tolerance tolerance Il
band lirnit



G-coole —vsFecia\ized in motion and machining wal
: 3Ly M-
N -code —vspecialized in operations (329

[0 | Data for producing a part by NC machining

depends on |

ot d Dimension - length, width, height, radius, etc.
Pro Ve esign

[0 Segment shape to calculate tool path - linear, circular,
parabolic, etc.

[0 Diameter of holes to be drilled

depends on [0 Depend on surface quality, required tolerances, type of work
apptication and . . . .
o terial piece (material) and cutting tools, feed rates, spindle speeds,
and auxiliary functions (on/off coolant)

depends on [1 Cutting direction, change of tools, and sequence of operations
human  experience (optimal - OR problem)
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What is|Feed Rate'?

= Feed rate is the distance which the cutting tool during
one spindle revolution. It is also defined as'the
velocity at which the cutter is advanced against the
workpiece. It is measured in either inch per revolution
or millimeters per revolution (ipr or mpr) for turning
and boring processes.




NC Programming Languages

[0 There does not exist a standard NC programming language

Every CNC machine manufacturer has a special language for
programming their machines.

The closest to a standard language are G/M codes.

B A G/M code CNC program is made up of a series of commands. Each
command or block is made up of words

B Each word is composed of a letter address (X,Y,Z,R, etc.) and a
numerical value.

word word word
NOO5 GO0 X10 Y10 Z10 MO3
sequence G - -
I number code dimensions for G code I

Block or Command



(N-words)
G-words)

Example: Instructions to the controller GO0 Point-to-point

rapid speed)

(X-, Y-, z-words)
F-words)

eed rate - in./min.

S-words)

In.

T-words)
H-words)
D-words

(M-words)



Standard codes
(olaio vU agens 5l Galslly)

M- Words

B Miscellaneous function (M-words)
MOO Stop program
MO3 Start spindle on CW direction
MO0O4 Start spindle on CCW direction
MOS Stop spindle
MOG6 Tool change
MO7 Turn coolant on (mist mode) Turn
MO8 coolant on (flood mode) Turn
MO9 coolant off

M30 End of program



G-Words

 Instructions to the controller
GO0 Point-to-point operation (rapid speed) GO01 Linear
interpolation

G02 Circular interpolation - clockwise
GO03 Circular interpolation - counterclockwise G04

Dwell (wait) for programmed duration G90 Absolute
mode

G91 Incremental mode



Example 1

NO15 GO0 X5.0Y5.0

Tool at start position ‘d},
s

|
|
I 5.0
w7 5 Program Zero
5




G0

Goo X5 /5
Gol X5 YI5

Gol X9 AL RY
Example 2 cot W3 i
onay Ll ol direction JI L=y Jsadl Lo| Z°‘ ’)‘(Zzl >;55
ol
Gol X2| Ys
Go3  XIq Yo RL
Gol X13 Yio
G X1 Yy
v+ A I
: GOl X5 Y5
: D(9,19) GO1 E(23,19)
I 602 i &
: " R4
: C(5,15) @ ------ (9,15)
' M‘f'erpolqi'ion
: J(13,10) 1(19,10)
'\ GO1 ————0 G03
| GOl & H(21,8)
| (138)  (198) |1Go1
' F(32,5)
: // G(21,5) GO1




T, cender point started point [y Another Way
0

or = of 1he ArC — of tre arc :
T L7
4 (ep - c&) : :
oo < :G90 600 X200 YHo &0
= 100- = 03 Floo
: T I S
Example 3 oo Go» X0 Yoo REo
center Qo 40y T Go2 XI20 Yg RP
S‘l'clf{' (200/ l'fo)
YAaxis 490
i GO0 X200 Yo 20 .
10 : '
100 (qOI(OOS (WO/ 03 GO3 X |yo JYlo 2o R0 I-4o Jo i
! Go: X120 réo zo Rso F50 &0
60
o (2O°/Lf03
0 > X axis

90 120 140 200

©2010 John Wiley & Sons, Inc. M P Groover, Principles of Modern Manufacturing 4/e Sl Version



G0 GO0 Xo
Gol xo
G02 X2
GOl X3

Example 4 o

gol KO

Yo

74
Y6 R2

Y6

Y2963 R2
Yo

X-2 Y-l
Points Jl9 clirec-hong_ﬂ (_f:by/" d‘é"*” G090

--- D

(9,2.268)

ik
[
|
—
x 1

Initial
position
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Example 5
N0027 G01 X175.25 Y325.00 Z136.50 F125 S800
T1712 M03 M08
M code. _

e

Statement Number 27 (N0O027) a linear-interpolation motion
(G01) to a position defined by (X175.25 Y325.00

Z136.50), with a feed rate of 125 mm/min (F125), and
a spindle speed of 800 rpm (S800), using a tool Number 1712
(T1712), performing a CW turn of the spindle (M03), and
having the coolant on (M08).



ayselics panios 2lis Slyo o0 Points > waF Ll @ e WM Lo g5l 115 =)

direction

Example 6 @ <)

GO2 Go3

& R &
G490 \0 %
600 Xo )0 i ,
30,50
ol xo y2o K | WJ{ "7
G02 X0 y30 R0 (20,40)
Gol X20 Y30 b A 10 |
GO| X 20 y ‘fo \<0 <|0/3°X (zo/g&
Go2 X30 Yso Rlo — i 10 o e o |/
so x5y l| | o - T o
= 20 —

GOL x50 yys RS VO I K10
GOl x50 ys %

o
G02 X4 Y0 R2o0 0J
Gol X0 YO v

1' o )
©2010 John W\ . (?ﬁ) S0




B Manual part programming

O A punched tape is prepared directly from a
part program manuscript

B Computer assisted part programming

[0 Much of the tedious computational work required in manual
programming is performed by the computer

B Manual data input (MDI)

[0 NC program is entered directly into the MCU at the site of the
processing machine

B NC programming using CAD/CAM

[0 an interactive graphics system equipped with NC programming software
is used to facilitate the part programming task

B Computer-automated part programming

[0 extends the notion of automating certain portions of the NC part
programming procedure to its logical conclusion




NC Programming Using CAD/CAM

[l CAD/CAM system

B A computer interactive graphics system equipped with
software to accomplish certain functions in design and mfg.

[1 Geometry definition using CAD/CAM

B Has the capability to create/modify and retrieve/store the part
geometric model

B No need to recreate the geometry of the part during the NC
programming procedure

[1 Tool path generation using CAD/CAM
B Has tool libraries to identify the available tools in tool crib
B Tool offset calculations are done automatically
B Graphic display for the tool path selection and generation



N oO
NO5

N10
N15

N 20
N25

N30
N35
NYo

NY5
N50

N55
N6o
Né5

N70
N75

N30
N85

Ndo

cNe (3D)

Write the G and M code program according to the flowchart to manufacture the part in the

Figure below.

Set up

- Absolute Position

- Start position (0,0,1) 49

- M 06 Tool change Tool # 22

- Feed rate 4 rpm

- M 03 spindle forward clkwise
ﬁoom $2000

-

#.50

TYP P A
[Drilling and Millinh NS
- Drilling 1st hole <
- Drilling 2sd hole
- Milling the slot in four (2'5/2’75/B O
passes ( each pass 0,25 inch)
- M 03 spindle forward clkwise 275 30 &
At 2000 rpm T
(15, [l2s,1 i
Use linear interpolation in i 17 \ \"K 75 -
z- direction for drilling and ‘ &
milling, considerz = 0 at the CO/O) =— 150 _"l \f SCALE 0300
\wface of the peace. j 250 1os R2S
§ ! T
1.00 1
System Shutdown S N S S 1 B -
- Return back to the home L
poistion (0,0,1)
- Shutdown Spindle M 05 f= 4.00 }~ 350 -]'
- End program M30
G90
T22 $2000 MO6 MO ] system
G 00 X0 Yo z\ FYy SQ+UP
G 00 X5 Y25 2|
600 XI5 Y125 2l
Goo  x25 Y275 2|
GOl X25 ya75 2-
600 X25 Yz z)
Gol X325 ¥y3 2-025
GOl X395 Yo75 Z-025
Gol X325 Yo75 Z-05
Gol X325 y3 z-0.5
Gol X325 y3 2-0.75
Gol X325 Y075 2-0.75
Gol X395 Y015 Z-I
Go X325 Y3 Z-1
Goo X325 y3  Z|
Goo  Xxo Yo 21 Mo5S M30



GO02 - Clockwise Circular Interpolation

| J+ (512)
Example: End of GO1
P Y+ Starting Point for G02

» GO1 X5Y12 F200

> G02 X10Y7/10J-5

1
1
I
1
1
1 va 07
10,7
Circular motion : " 0 s\ En(d of G)02
1 ’ ]
I
|
1

Set end position

’ (5.7)
X offset to center point ’ Center Point
. 4
Y offset to center point M o ___4 B >
Xand Y offests are relative to starting point ! (0,0) X+ 1+

f Initial Position

GO02 - Clockwise Circular Interpolation
J4 — (5.12)
Example: A End of GO1
Y+ Starting Point for G02
> GO1 X5Y12 F200 |
>[Go2J[x10Y7]I-5J-10] | 2
T 10| ’ (10,7)
Circular motion : " End of G02
Set end position : 'l
X offset to center point 02 °
Y offset to center point Center Point /Q' _____________ .
X and Y offests are relative to starting point ! (0,0) X+ 4
f Initial Position

GO03 - Counterclockwise Circular Interpolation

J+ (512)
Example: End of GO
Y+ Starting Point for G02

» GO1 X5Y12 F200
> G03 X0Y7 10 J-5

. If | (0.7)
ircular motion End of GO2 ¢ 0

Set end position e

I’ (5.7)
X offset to center point : ¢ Center Point
R ’
Y offset to center point I~ il " >
X and Y offests are relative to starting point ! (0,0) X+ 1+

' Initial Position




C(5.25) GO1 D(25,25)

€ f\ s \(\'.u.)

E(35,15)

‘/' G02

(2515 & - - -

To get the toolpath for the shape shown in the image above we need to following G-

code commands:
H menia

mode
GO0 X5Y5 ; point B
G01 X0 Y20 F200 ;pointC
G01 X20 YO ;point D

G02 X10Y-1010J-10 ; point E
G02X-4Y-81-10J0 ; pointF
GO01X-26Y-2 ; point B
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Industrial Automation

Chapter Thirteen:

Introduction to Manufacturing Systems

Dr. Eng. Baha’eddin Alhaj Hasan
Department of Industrial Engineering
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) workKers
inteqfation befween and

Manufacturing System —
. fhe main objechive fof it is o add valve
Defined

1 “A collection of integrated equipment and‘human
resources, whose function is to perform.one or more
processing and/or.assembly operations on a starting
raw material, part, or set of parts”

1 A'Manufacturing System is where the value added
work is accomplished on the parts and the products.

1 Avalue addition is done over here. , JAT



Production Sas*em

ey

@'\WM% O(@ cost 40%

(MGC"\\V\\Y\?)/Mq‘\’ef'\a\ Re("°"°‘\>

% Mil\in
4 Tur nin%

*Dfilling

/\ Cost 40 %

Hand ling
process
=
& Moving
*‘oﬁen’n‘n%
¥ PicKin%
*fipping
¥ bloc\\ima
* ‘{eedin%
* Fixfuring
£ pillet system

_Jo'm'm%
* Weldin%
* Sclewing
*3Ieuin3
*¥rivating




0, }ion machines
?rOd:v%A‘ Yools

(@ material handling
and wofl positioning
devices

@comeo’rer Sjs\'el‘\s

Manufacturing System Defined

Equipment includes
= Production machines and tools

manvfactuling szsg‘;‘,(\?rs}s
(Machin‘u@ ot
(Mofefial Removal)




)b Tran5P0r+ %
Manufacturing System Foed— Foedsgen | (49852
Defined s

= |Material handling|and work positioning devices

- Load /—

- unload
- . agn . (oduc“ bO.Sed — TVO\UMQ
gaporater - Work positioning P .
° — | vane 4
Pr0(£$5 based

« Work transportation

— (Fixed Routing)
6 worKskations
- a-0-0

T l’\igh poduckion volume

(works’rq’r'\oﬁ T)
<|v\anu¥«c’wﬁﬂ3J\ iy TX

53s+em

product J| #2R) 1
Variable. Routind = (Flexible Van‘e,’r@T ( )
(valve added 1)




Manufacturing System Defined

= Computer systems




Manufacturing System
Defined

= Human resources are required either full-time or

periodicallv to keep the svstem running.

HUMAN RESOURCES



Workstation

= |n a manufacturing system, the term WORKSTATION
refers to a location in the factory, where a well-defined
task or operation is accomplished by an automated
machine, a worker and a machine combination, or a
worker using hand tools and/or portable power tools.




Production Line

= A given manufacturing system consists of one or
more workstations.

= A system with multiple workstations is called a

production line, machine cell depending on its
configuration ad function. |
CREN =9




Material Handling
System

= In most manufacturing systems that process or assemble
discrete parts and products, the following material
handling functions must be provided:

1. Loading work units at each station

2. Positioning work units at each station
3. Unloading work units at each station
4

. Transporting work units between stations in multi-
station systems

5. Temporary storage of work units




Work Transport Between
Stations

= Two general categories of work transport in multi-station
manufacturing systems:

1. Fixed routing

=  Work units always flow through the same
sequence of workstations

B
= Most production lines (flow shop) exemplify this
category

2. Variable routing

= Work units are moved through a variety of different
station sequences

= Most job shops exemplify this category



(a) Fixed Routing (flow shop), and

(b) Variable Routing (job shop. cells. fms)

Arrows indicate Workstations

work flow / \
OO0 —» — L o — — —» OO0
Starting Completed

work units work units
(a)
Arrows indicate Workstations
work flow
B
OO0 0@

Starting Completed
work units work units
— —_—

(b)




CIaSSITICAation Of
Manufacturing

Systems
Factors that define and distinguish @ialiiGCtutinGg

1. Types of operations performed
(assembly/process)

Number of workstations
System layout

Automation and manning level
Part or product variety

A OD



Types of Operations
Performed

Processing operations on work units versus assembly operations to
combine individual parts into assembled entities

Type(s) of materials processed
Size and weight of work units
Part or product complexity
= For assembled products, number of components per product

= For individual parts, number of distinct operations to complete
processing

Part geometry
= For machined parts, rotational vs. non-rotational



Number of
Workstations

= Convenient measure of the size of the system

= Let n = number of workstations
(n=1 single station§n>1 multi station system)

= |ndividual workstations can be identified by subscript i, where
i=1,2,..,n
= Affects performance factors such as workload capacity,
productlon rate, and reliability

- As(n mcreases) thls usually means greater(workload capamty}and
(hlgher production rate>

= There must be a synergistic effect that derives from n multiple
stations working together vs. n single stations




defined

" The WORKLOAD (§the @mount of processing or assembly)
‘work accomplished by the system, expressed in terms of

= |tis the sum of the cycle times of all the work units
completed by the system in a given period of interest.
‘must be performed on the line to make one unit of the




System
Layout

= Applies mainly to multi-station systems

= Fixed routing vs. variable routing

= |n systems with fixed routing, workstations are usually arranged
linearly (product)

= |n systems with variable routing, a variety of layouts are possible
(process, cellular)

= System layout is an important factor in determining the most
appropriate type of material handling system



Automation and Manning
Levels

= Manually operated
= Semi-automated
= Fully automated

* @20 rat one worker mustbeat e staion

= (M;> Dindicates manual operations
= M;< 1 usually denotes some form of automation




Part or Product Variety: @EIEXiBility)

“The degree to which the system is capable of
dealing with variations in the parts or products it

produces”
Three cases:

all parts or products are identical
(sufficient demand/fixed automation)

@ Baich-model ¢éase- different parts or products are
produced by the system, but they are produced in batches
because changeovers are required (hard product variety)

@ Mixed-model ¢éase- different parts or products are
produced by the system, but the system can handle the
differences without the need for time-consuming changes
in setup (soft product variety)




Inhree Cases ot Proauct
Variety in Manufacturing

Systems

Identical work units

Completed units

Manufacturing systems

(a)

Gap in production

r

Completed units

<for changeove
000000 o000

Manufacturing systems

Variety of work units

(b)

Completed units

L 6] 16l lelel } 1@

Manufacturing systems

(¢)

(a) Single-model case, (b) batch model case, and (c) mixed-model case



Enablers of
Flexibility

= The system must be able to identify the differences
between work units in order to perform the correct
processing sequence

. Quick df [ ling instructi

= The required work cycle programs must be readily
available to the control unit

= System must be able to change over the fixtures and
tools required for the next work unit in minimum time



P

Hard

Soft

Product variety

None

Vian
Med]
‘Como

facturi
Jm or
ex|tv

)

g Systems 1or
igh Product

Job shop with multiple
single-station cells,
manned

(Multiple systems
- requiréd)

(Multiple systems

Job shop with multiple
single-station cells,

Multi-station system with
variable routinge manned

Multi-station system with
fixed routing, manned or

manned or automated automated
B Job shop with multiple | Multi-station system with
(Craft shop) single-station cells, fixed routing, manned or
| manned or automated automated
Low Medium High

Annual production quantity




Overview of Classification
Scheme

= Single-station cells
"n=1
= Manual or automated
= Multi-station systems with fixed routing
" n>1
= Typical example: production line
= Multi-station systems with variable routing
= n>1
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Automation

Chapter Fourteen:
Single-Station Manufacturing Cells

Dr. Eng. Baha'eddin Alhaj Hasan
Department of Industrial Engineering



frodvct Ut o>l

manufactuings) a3zl

sas’rem

Manned
machine

—1 > Mapval

Single-station
cell

Automated
machine

Manual
production line

#Kof workers > K of

mochines

= manval

Manufacturing
systems

Multistation
fixed routing

Product )\ 9
Va(iety

Product J\ (. s By 2290

volume.

Automated
production line

#O-F wof Kess <%°Y_

mochines

> P,u’romo\’tef’(

Cellular
manufacturing

Semi avto V"\lk"'ed

Multistation
variable routing

Flexible
manufacturing
system




Classification of

manuFactviing ) g5 s Prodwetl e ; WS

s t\t)s’fef‘\

Single-Station Manufacturing Cells | it T
/

<

SeTtware )| sgao (de ()2 e
hordwae Sl o ST

Number of workersw = 1 <

—

Ke§ 2 .
I "D N oo Bjlodl e w0 £o098) ¥

machines

Number of workers w < 1

Hand tools and portable
powered tools

Manually operated
machine

Semi-automated
machine

Fully automated
machine

Feeding 3 Slues
Fixturing hav\o(\m%
orienting J&v

moving

Supporting
equipment

Supporting
equipment

Supporting
equipment

©2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. For the exclusive use of adopters of the book
Automation, Production Systems, and Computer-Integrated Manufacturing, Third Edition, by Mikell P. Groover.



Hand tools and portable
powered tools (M = 1)

Manned cell

Manually operated
machine (M = 1)

Single-station
manufacturing cells

Semiautomated
machine (M =1)

Machine cluster (M < 1)

Automated cell

Fully automated
machine (M < 1)




Single-Station Manufacturing Cells

B Can be designed for:
® Single model production

©2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. For the exclusive use of adopters of the book
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B E™ Single-Station@anned Cell

. o~
1} 38 ) R

Onefworker tending‘onefproduction machine (most
common model)

B Most widely used production method, especially in
job shop and batch production

B Reasons for popularity:
B Shortest time to implement
B Requires least capital investment
M Easiest to install and operate
M Typically, the lowest unit cost for low production
B Most flexible for product or part changeovers



N & Single-Station'Manned Cell Examples

B Worker operating a standard machine tool
5\?\? B Worker loads & unloads parts, operates machine
B Machine is manually operated
B Worker operating semi-automatic machine

® Worker loads & unloads parts, starts semi-automatic
work cycle

B Worker attention not required continuously during
entire work cycle

B Worker using hand tools or portable power tools at one
location



V\m\d\il\%
\gds Jio j)'!:\ Monval C’Pos’r Processinﬂ

2 I Variations Of /a?\qg\-ig 5 pleo
. %< Single-Station| Manned Cell

B Two (or more) workers required to operate machine

ot < Two workers required to manipulate heavy forging at

forge press |
2 workers Y| (4= gl Lo
B Welder and fitter in arc welding work cell

B One principal production machine plus support equipment

® Drying equipment for a manually operated injection
molding machine

B Trimming shears at impression-die forge hammer to
trim flash from forged part




" Single-StationcAutomated Cell

Fully automated production machine capable of

operating unattended for longer than one work cycle
B Worker not required except for periodic tending
® Reasons why it is important: e
M | abor cost is reduced

M Easiest and least expensive automated system to
Implement

B Production rates usually higher than manned cell

M First step in implementing an integrated muilti-
station automated system




Enablers for

'~ ~ Unattended Cell Operation

| Mi\r\ Volume

B Programmed operation for all steps in work cycle
B Parts storage subsystem

B Automatic loading, unloading, and transfer between
parts storage subsystem and machine

W Periodic attention of worker for removal of finished work
units, resupply of starting work units, and other
machine tending

M Built-in safeguards to avoid self-destructive operation or
damage to work units
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Enablers for

IN & Unattended Cell Operation

‘M For mixed model production:
B All of the preceding enablers, plus:

Fo0

B Work unit identification: 2%
—X:Q bar codes) or

sensors that recognize alternative features of
starting units

W Capability to download programs for each work unit
style (programs prepared in advance)

W Capability for quick changeover of physical setup
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A Parts Storage Subsystem and
L& Automatic Parts Transfer

‘1‘ S\ <l
y R

B Necessary conditions for unattended operation

B Given a capacity = n, parts in the storage subsystem, the
cell can theoretically operate for a time, Tc cycle time: the
time required for apart to be processed. TC equal for all
parts. *el, acessineg

N

UT =n,T,
where|UT = unattended time of operation

o |n reality, unattended time will be less than UT because
the worker needs time to unload finished parts and load
raw workparts into the storage subsystem




Parts Storage Capacity
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¥ Storage Capacity of One Part

B Example: two-position automatic pallet changer (APC)

= With'no pallet changer, work cycle elements of
loading/unloading and processing would have to be
‘performed &equentially’

T=Tp* T,

machine worKer sefvice

where T,,= machine time and T, = worker servicetime
= With"pallet changer work cycle elements can be.
‘performed Simultaneously’
I.=Max{Tp, T} + T,

rq)ogi'\-ioni'\% time

where T,.= repositioning time"b"f“bgﬁret changer
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FB™ Videos

https://www.youtube.com/watch?v=GnZqQpeHVOE

https://www.youtube.com/watch?v=zIh5RSEQ PI

https://www.youtube.com/watch?v=VV1bT-cQLOpk

https://www.youtube.com/watch?v= 55e\WviEPMU

https://www.youtube.com/watch?v=wARIRCTwSSk

https://www.youtube.com/watch?v=svCiWIOx7M4




CNC Machining Center with Automatic
Pallet Changer - Stores One Part

—ToM ‘\3 operations
CNC machining N\'\\\\f\%

center
andk
wa(e
Tool storage o
unit

Automatic
tool-changer

Machine tool
worktable

Pallet rails

O-C—Loadfunload

Automatic position
pallet-changer
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IR Storage Capacities Greater Than One

B Machining centers:

B Various designs of parts storage unit interfaced to
automatic pallet changer (or other automated
transfer mechanism)

B Turning centers:
B [ndustrial robot interface with parts carousel
B Plastic molding or extrusion:

B Hopper contains sufficient molding compound for
unattended operation

B Sheet metal stamping:
B Starting material is sheet metal coil



‘ _. ™ Storage Capacities Greater Than One

Pallets

Machﬁ\’%[T(c:u\*E? R CNC
\ e Parts

APC

P\u’\’oma\'ic Pallet Changer

Machining center and automatic pallet changer with pallet
holders arranged radially; parts storage capacity = 5
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| Storage Capacities Greater Than One

CNC
MC table MC Pallets Parts

= CL.LLEL:

gggggggg

track

Pallet holder

Machining center and in-line shuttle cart system with pallet
holders along its length; parts storage capacity = 16
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._ I™ Storage Capacities Greater Than One

CNC
MC

MC table

™ n Pallet holders

Pallets /
Machining center with pallets held on(indexing table) parts

storage capacity = 6

Indexing
table

Parts
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._ ™ Storage Capacities Greater Than One

CNC
MC
MC table

Pallets
ﬁ / Carougel

Pallet holders

N ooooo

Parts

oAl 5l
Machining center and parts/storage carousel)with parts

loaded onto pallets; parts(storage capacity = 12

e
Stofge §\ (.~
Ca o\cr\—§ -
©2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is ptotecte¥ under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. For the exclusive use of adopters of the book
Automation, Production Systems, and Computer-Integrated Manufacturing, Third Edition, by Mikell P. Groover.



Applications of Single Station
Manned Cells
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BEB™ CNC Machining Center
o ot

Machine tool capable of performing multiple operations that
use rotating tools on a workpart in one setup under NC
control

B Typical operations: milling, drilling, and related operations
‘W Typical features to reduce nonproductive time:
M Automatic tool changer
M Automatic workpart positioning
<M Automatic pallet changer
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center

Tool storage
unit

Automatic
tool-changer

Machine tool
worktable

Pallet rails

Qﬂ—LoadIunload

Autormatic position
pallet-changer
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B Typical operations:
Turning and related operations, e.g., contour turning
rilling and related operations along workpart axis of
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Workpiece  poii for dog

Chuck (Turret)for drills, reamers
Sliding door (shown in open position)

CNC controls \ /
\ : 7
’ L
/]
&_ = | Viewing window
—] | 1
i
v
\ ~«———— Machine base

for turning tools
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Automated Stamping Press

| m

Punch press
Slide
Trim die and // St(})lck Coil stock
t t
scrap chopper //// Piiiiet: straightener

|3

4

\L:lj Coil stock
000
Parts | \
container._| ' . Roll feed
\Fﬁ ol Die
h [ ] [ ]

Stamping press on automatic cycle producing stampings
from sheet metal coill
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sKils )\ de s

{CNC Mill-Turn Center| —— v <

Product Il

® Turning, milling, drilling and related operations
B Enabling feature:

B Capability to control position of c-axis in addition to x-
and z-axis control (turning center is limited to x- and z-
axis control)
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Part with Mill-Turn Features

Example part with turned, milled, and drilled features
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Sequence of Operations of a

...«g Mill-Turn Center for Example Part

Tow Cow

Milling Drill 1 Cutoff
bit J,f fl " tool

o

gl gy gt
L‘_j\ T Y [T

(1) il @) 3) (4)

(1) Turn smaller diameter, (2) mill flat with part in
programmed angular positions, four positions for square
cross section; (3) drill hole with part in programmed
angular position, and (4) cutoff of the machined piece
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Automation

Chapter Sixteen:
Automated Production Lines

Dr. Eng. Baha'eddin Alhaj Hasan
Department of Industrial Engineering



L. I™  Automated Production Lines

= High production of parts requiring multiple processing
operations

= Fixed automation
= Applications:
= Transfer lines used for machining

= Robotic spot welding lines in automotive final
assembly

= Sheet metal stamping
= Electroplating of metals

2/28



Where to Use

gN & Automated Production Lines

= High product demand
= Requires large production quantities
= Stable product design

= Difficult to change the sequence and content of
processing operations once the line is built

= [ong product life
= At least several years
= Multiple operations required on product

= Different operations are assigned to different
workstations in the line

3/28



(kAW Benefits of
a8 ’ Automated Production Lines

= Low direct labor content

= Low product cost

= High production rates

= Production lead time and work-in-process are minimized
= Factory floor space is minimized

% Production Iead tlme (or manufacturing lead time) is the period of time
between a méfchant's purchase order being placed and the manufacturer
completing the order.
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EFXEaRIeUliRg manufacturing system that consists of multiple
workstations linked together by a material handling system to
transfer parts from one station to the next”

=  Slowest workstation sets the pace of the line

= |n a paced line, the items are attached to a con‘%yor, which moves at
a certain speed that allows each worker to work on an item for the
duration of a predetermined takt time (TT).

© peted vansterine

= Uses pallet fixtures to hold and move work parts between
stations

= Free transfer line

= Part geometry allows transfer without pallet fixtures

5/28



Mechanized work

Workstation (#)
f transport system
: Proc Proc Proc Proc Proc Proc
Starting Completed
base parts _—)- Aut A.ut A.ut > A-ut A.ut 7 A.ut parts
—— £¢ —_——
o000 00 Sta Sta Sta “ Sta Sta Sta 0008 E@®
1 2 3 n-2 n-1 7

Work-in-process

General configuration of an automated production line consisting of n
automated workstations that perform processing operations
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BF ™ System Configurations

= [n-line - straight line arrangement of workstations

= Segmented in-line — two or more straight line segments,
usually perpendicular to each other

= Rolary indexing machine (e.g., dial indexing machine)
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L-shaped layout

U-shaped layout

Rectangular configuration

Starting Proc| |Proc| |Proc| |Proc
parts in Aut| | Aut| | Aut| | Aut
—- 0@ [ ] [ ] [ ]
—
Proc
Aut
Proc
Aut
@ —
Completed
parts out
Starting Proc| |Proc| (Proc| |Proc
parts in Aut | | Aut| | Aut| [Aut
—_—
Proc
l Aut
Proc
Completed Ak
parts out -
- O [ ] [ ] [ )
Proc| [Proc| |Proc| [Proc
Aut| | Aut| | Aut| | Aut
Starting Proc| [Proc| |Proc| [Proc| |Proc| |Proc Completed
partsin Aut| [Aut| |Aut| | Aut| [Aut| [Aut parts out
—*.F_. [ | | [ 0o —
—_—
|
< - Wash
Ll Return of

work carriers

©2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. For the exclusive use of adopters of the book

Automation, Production Systems, and Computer-Integrated Manufacturing, Third Edition, by Mikell P. Groover.

8/28



Pallet return
section

Pallet wash

/ station

Free transfer
line

Palletized”

transfer line

Buffer storage between
transfer lines

Operator console

Start
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Rotary Indexing Machine

&4

Fixture to
locate parts

Dial indexing
Starting table

parts in
— ()

/ ]
Completed
parts out
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BERE™ Workpart Transfer Mechanisms

= Linear transfer systems:

e i 8 Continuous motion — not common for automated
systems

fakaiia S,m

=%~ 8 Synchronous motion — intermittent motion, all
parts move simultaneously

win 2. 8 Asynchronous motion — intermittent motion, parts
move independently

= Rotary indexing mechanisms:
= Geneva mechanism
= Others

11/28



Belt-Driven Linear Transfer System

Tengion .
wheel Forward Working

travel carriers
e— f Indexing
— = | —] '
mechanism

—_— Bage
' Return !"’f

Side view of chain or steel belt-driven conveyor (over and under type) for
linear transfer using work carriers
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Walking Beam Transfer System

Workparts

Nest to locate workparts
in stations

Fixed station beam

¥ & ./ 7 g l
va Transfer beam

[ ] I ][ ]I ] [ ] Transfer beam
W N Y A N 14//_

Motion = X : = |
of transfer EE S TS D el v—“_‘_ Fixed station beam
beam
(2)
Motion of
transfer beam
_"'l_.l_v_l_l_v_]_l_v_l_l_v_l_l_v_l_
| v . Y ] = V_l:r* Transfer beam
—_— = —— Fixed station beam
(3)
Motion [ ] ] I ] [ ] ] . _
¥ 2 kil v 4 v Je— Fixed station beam
of transfer : NG o
beam [ Transfer beam
(4)
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https://www.youtube.com/watch?v=gks8wVLSeVE

https://www.youtube.com/watch?v=2atiOFA-gnQ

https://www.youtube.com/watch?v=gRgeE6KArDY




I Geneva Mechanism with Six Slots

Driven member
attached to

Driver workable shaft

Motion of driven
mernber during
each rotation
of driver

Pin attached to driver
enters slot to index
driven member

©2008 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. For the exclusive use of adopters of the book

Automation, Production Systems, and Computer-Integrated Manufacturing, Third Edition, by Mikell P. Groover. 1 5/28



Cam Mechanism to Drive
Dial Indexing Table

Index plate
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& Storage Buffers in Production Lines

“A location in the sequence of workstations where
parts can be collected and temporarily stored before
proceeding to subsequent downstream stations”
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Storage Buffer

Starting Proc| |Proc| [Proc| |Proc Proc| [Proe| |Proc| |Proc Completed
parts in Aut| | Aut| | Aut| | Aut Aut| [Aut| [Aut| | Aut parts out

— 0| & 2 & o @ [ ] 5] ()] 1@ —

—
Stage 2

Stage 1

Storage
buffer

worKsfations)| (o 5.5l g 0SS \eis OB50 ()= /

ngﬁi\?sa:ﬁj A0l o St gy

Storage buffer between two stages of a production line
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e Control Functions in an
& - Automated Production Line

; A~,¢;’f%

5 \
. N
S
| L

= Sequence control

= To coordinate the sequence of actions of the transfer
system and workstations

= Safety monitoring

= To avoid hazardous operation for workers and
equipment
= Quality control

= To detect and possibly reject defective work units
produced on the line
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Applications of

EN & Automated Production Lines

= Transfer lines for machining
= Synchronous or asynchronous workpart transport

= Transport with or without pallet fixtures, depending on
part geometry

= Various monitoring and control features available
» Rotary transfer machines for machining

= Variations include center column machine and trunnion
machine
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L2 Colurmn

Attachment plates
for transfer line base

(a) (b) (¢)

(a) Horizontal feed drive unit, (b) angular feed drive unit, and (c)@ertical
column)feed drive unit
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‘ Rotary Transfer Machine (Plan View)

Rotary transfer
table
Starting
partsin
© Horizontal spindle
Fixture to units (4)

locate parts

Completed
parts out
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Center Column Machine (Plan View )

Angular spindle
units (2)

Rotary transfer

table Center column

Starting
parts in

Fixture to

Vertical spindle
locate parts

units (4)

Horizontal spindle

Completed £ e

parts out
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KEE™ Analysis of Transfer Lines

w...g’ &

b W B

= Three problem areas must be considered:
1. Line balancing

= To divide the total work load among workstations
as evenly as possible

2. Processing technology

= Theory and principles about the manufacturing or
assembly processes used on the line
3. System reliability - two cases:
brds i 0 Transfer lines with no internal parts storage

Ol 5 WY

a5 20w Transfer lines with internal storage buffers
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B s \Vhat the Equations Tell Us —
BN X Lines with No Storage Buffers

= As the number of workstations increases

= Line efficiency andproduction rate are adversely
affected

= As reliability of individual workstations decreases

= Line efficiency andproduction rate are adversely
affected

25/28



Automation

Chapter Eighteen
Cellular Manufacturing
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™ Cellular Manufacturing

To £liminate wasre

(Céliular manufacturing) s allean)method of producing similar

products using cells, or groups of team members,
workstations, or equipment to facilitate operations by
eliminating setup and unneeded costs between operations.

MWt (o (550 oo
SR

A Woerk€élbis a work unit larger than an individual machine or
workstation but smaller than the usual department. Cells
might be designed for a specific process, part, or complete
product.
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Benefits of icellular manufacturing

Hand ling J) Yo
time

Cells shorten the distance a part or product has to move.
This reduces materials handling costs, allows quicker
feedback on potential quality problems, reduces work-in-
process inventories, permits easier scheduling, and
reduces throughput time.

Cells organize the locating of materials at the point of use.
This makes it easy to see the work ahead.

Cell teams better understand the whole process of making
parts/assemblies.

Cell members feel responsibility to a small group, rather
than to an impersonal company. Understandable, logical
participation leads to a feeling of empowerment.



Process J ‘) > Ce“ le J
L(’3 o \ Go ‘LP manvfacturing

versusLayout

Customized goods
Functional grouping of
activities

Varied path/routing

Low/fluctuating demand

General purpose equip.

Fixed costs=low; variable

costs=high
Labor skills high/varied

Standardized goods

Sequential arrangement
of activities

Fixed path/routing
High/stable demand
Special purpose equip.

Fixed costs=high;
variable costs=low

Labor skills limited
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Production Line ( product layout)

Henry Ford:

Founder of Ford Motor
Company.

Invented the Model T car.
Introduced the moving
. NN
assembly line method of
: N A ~——
production into the car
industry.

Popularized the 40-hour
work week.

Py
}

Henrry Ford’s assembly line in full production of
the T -Model




RF ™ |Group Technology (GT)|Defined

V4
RS,
e o
“

“A manufacturing philosophy in which similar parts are
identified and grouped together to take advantage of their
Similarities in design and production”

= Similarities among parts permit them to be classified into
part families.
= |n each part family, processing steps are similar.
= The improvement is typically achieved by organizing the

production facilities into'manufacturing cells that specialize
in production of certain part families.



BRER™ Overview of Group Technology

= Parts in the medium production quantity range are usually
made in batches.

= Disadvantages of batcﬁﬁgéluction:
= Downtime for changeovers
= High inventory carrying costs

= GT minimizes these disadvantages by recognizing that
although the parts are different, there are groups of parts
that possess similarities.




Part Families and

INE ™ Cellular Manufacturing

- exgloits the part similarities by utilizing similar

processes and tooling to produce them.

= | Machines are grouped into cells, each cell specializing in
the production of a part family called cellular
manufacturing.

= Cellular manufacturing can be implemented by manual or
automated methods. When@utomated, the term flexible

manufacturing system is often applied.



2 \When to Use GT and
&~ Cellular Manufacturing

1. The plant currently uses traditional batch production and

a process type layout:
This results in much material handling effort, high in process

inventory, and long manufacturing lead times.

2. The parts can be grouped into part families:
A necessary condition to apply group technology. Each machine cell

is designed to produce a given part family, or a limited collection of
part families, so it must be possible to group parts made in the plant
into families.



R ™ @BBIEH®)n Implementing GT

1. Identifying the part families

= Reviewing all of the parts made in the plant and
grouping them into part families is a substantial
task

2. Rearranging production machines into GT cells

= |tis time-consuming and costly to physically
rearrange the machines into cells, and the
machines are not producing during the
changeover



™ Part Family

“A collection of parts that possess similarities in(GEOMICIID

shape and size, or in the{plocessing)steps used in their
manufacture”

Part families are a central feature of group technology.
There are always differences among parts in a family.

But the similarities are close enough that the parts can be
grouped into the same family.



Thew afe. Rofaional
absolute different parts

g™ Part Families ( roup TeenneloB)

= Ten parts are different in W
size, shape, and material,
but quite similar in terms
of manufacturing

= All parts are machined
from cylindrical stock by
turning; some parts
require drilling and/or
milling

Pork- Family |

(\"‘d‘ﬁ holes)
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= Ten parts are different in
size, shape, and material,
but quite similar in terms
of manufacturing

= All parts are machined
from cylindrical stock by
turning; some parts
require drilling and/or
milling

e 18 Ik o 85y S
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= Each cell
specializes In
producing
one or a
limited
number of
part families

—_—

Celluvlar Mo\nu%durin%
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1. Visual inspection

929 =2

et o :/- Using best judgment to group parts into appropriate
families, based on the parts or photos of the parts

2. Parts classification and coding

= |dentifying similarities and differences among parts
and relating them by means of a coding scheme

3. /Production flow analysis

- =m - Jsing information contained on{route sheets|to

Process
plan A s

for the product CIaSSify pa rtS
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Parts Classification and Coding

“Identification of similarities among parts and relating
the similarities by means of a numerical coding system”

= Most time consuming of the three methods
= Must be customized for a given company or industry
= Reasons for using a coding scheme:

= Design retrieval: access to a part that already exists

= Automated process planning: process plans for similar
code parts

= Machine cell design: composite part concept



l Fecatures of Parts Classification and
X & Coding Systems

Most classification and coding systems are based on one
of the following:

= Part design attributes = 1o

cnpterd Uy (2 agigw) .

= Part manufacturing attributes .. .
= Both design and manufacturing attributes
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M Part Design Attributes

= Major dimensions

= Basic external shape
= Basic internal shape
= Length/diameter ratio
= Material type

= Part function

= Tolerances

= Surface finish
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Part Manufacturing Attributes

an

= Major process

= Operation sequence
= Batch size

= Annual production
= Machine tools

= Cutting tools

= Material type
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Production Flow Analysis (PFA)

“Method for identifying part families and associated machine
groupings based on (production route sheets rather than part

design data”
= Aroute sheet is a document which lists the exact sequence

of operations needed to complete the job.
= Workparts with identical or similar route sheets are
classified into part families.

= Advantages of using route sheet data s

= Parts with different geometries may nevertheless require
the same or similar processing

= Parts with nearly the same geometries may nevertheless
require different processing



Steps in Production Flow Analysis

e R
a5

1. - operation sequence and machine routing for

each part (hnumber)

2. SOMAtiONGHPIOCESSIFOULIAGS)- parts with same sequences and

routings are arranged into “packs”

3. -— each pack is displayed on a PFA chart
= Also called a'part-machine incidence matrix

4. — purpose is to collect packs with similar routings

into groups
= Each machine group = a machine cell

Ro U“-e S\r\e.e," \ 0d<?°‘(¥ u) Parts
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™ Cellular Manufacturing

“Application of group technology in which dissimilar
machines or processes are aggregated into cells, each of
which is dedicated to the production of a part family or
limited group of families”

= TJo shorten manufacturing lead times and material handling
= To reduce Work In Progress (WIP)

= To improve quality

= To simplify production scheduling and process planning

= To reduce setup times
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f™ Composite Part Concept

“A composite part for a given family'is a hypothetical part
that includes all of the design and manufacturing attributes

of the family”

= |n general, an individual part in the family will have some
of the features of the family, but not all of them.

= A production cell for the part family would consist of those
machines required to make the composite part.

= Such a cell would be able to produce any family member,
by omitting operations corresponding to features not
possessed by that part.



Composite part concept: (a)the composite part for a family of
machined rotational parts, and (b) the individual features of the
composite part

Composite part ' ’R ;E /®

consisting of all
seven design and
processing attributes

L e =

(b)
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B Part Features and Corresponding
& - Manufacturing Operations s wi e we s

Produd' Design P(o eSS P\am\m%
Design feature Corresponding operation
fhe plocess
T need

External cylinder Turning

Face of cylinder —— Facing

Cylindrical step —— Turning

Smooth surface —— External cylindrical grinding
Axial hole —— Drilling

Counter bore — Counterboring

Internal threads —— Tapping
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BER™ Machine Cell Designs

. Single machine

.. Multiple machines with manual handling
= Often organized into U-shaped layout

. Multiple machines with semi-integrated handling

~ Automated cell — automated processing and integrated
handling

= Flexible manufacturing cell
= Flexible manufacturing system



1 % Machine Cell with Manual Handling

.o.rk.in Proc. Proc
;.. O b ":. SR ‘c:_)‘

\i‘»r—:',’;-ﬁ'. s : '_{E"'ltv“':' B .

‘Man Man

‘|l ‘|l

Manual handling }5’1‘0@
between machines @ Man

) 8
Proc Proc
Man | < Man

Work out
0P <«

U-shaped machine cell with manual part handling between machines
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Mechanized
work handling

Work in / —_— Work out
. X X N & & & @9 @

In-line layout using mechanized work handling between machines
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Mechanized
work handling

Work in g

—-0080
Work out

~— 08ee

Loop layout allows variations in part routing between machines.
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= Mechanized
Froce B g Proec |  work handling

Man

Workin &% (] D |
o0 Proc

Work out A
-— 009 Man.

Proc Proc

Rectangular layout also allows variations in part routing and allows for
return of work carriers if they are used.
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Machine ——> beoio p
Worke —> Ouwp¥=0

= Other machines in the cell are supporting machines.

= |mportant to maintain high utilization of key machine,
even if this means lower utilization of supporting
machines.
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Benefits of Group Technology

& " |in Manufacturing

Standardization|of tooling, fixtures, and setups is
encouraged.
= IMaterial handling is reduced.

= Parts are moved within a machine cell rather than the
entire factory.

= | Process oroduction scheduling are simplified.

= IWork-in-process and manufacturing lead time are reduced.

= lImproved worker satisfaction in a GT cell
= |Higher quality work
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Ch 19
& Flexible Manufacturing Systems

Sections:

What is a Flexible Manufacturing System?

FMS Components

FMS Applications and Benefits

FMS Planning and Implementation Issues

Quantitative Analysis of Flexible Manufacturing Systems
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£ Where to Apply FMS Technology

= The plant presently either:
= Produces parts in batches or

= Uses manned GT cells and management wants to
automate the cells

= |t must be possible to group a portion of the parts
made in the plant into part families

= The part similarities allow them to be processed
on the FMS workstations

= Parts and products are in the mid-volume, mid-variety
production range



B |lexible Manufacturing System -
Defined

storage system, and controlled by an integrated computer
~system”™
= The FMS relies on the principles of GT

= No manufacturing system can produce an unlimited
range of products

= An FMS is capable of producing a single part family or
a limited range of part families ( - Flexible Manvkachoring \

Celivlar quuhdurin%

e Jgpall 3| o) 0L pgoatal &
Flexibili’rs o Mao
Product Variety 31 o J'sdo



Flexibility Tests in an Automated
& Manufacturing System

To qualify as being flexible, a manufacturing system
should satisfy the following criteria (“yes” answer for
each question):

1. Can it process different part styles in a non-batch
mode?

2. Can it accept changes in production schedule?

3. Can it respond gracefully to equipment malfunctions
and breakdowns?

4. Can it accommodate introduction of new part
designs?



Automated Manufacturing Cell

‘°"‘P“hi'§‘h"f 5 ; L
( iy USSUGIU Tkem is Ywo machines

Robot sute”

Machine warktadle Machine tool and o Cof\\le‘se-r of a homd\m%

sﬁsi'em

Farta carongel

Automated manufacturing cell with two machine tools and robot. Is
it a flexible cell?



™ |Is the Robotic Work Cell Flexible?

1. Part variety test

= Can it machine different part configurations in a
mix rather than in batches?

2. Schedule change test

= Can production schedule and part mix be
changed?




& Is the Robotic Work Cell Flexible?

3. Error recovery test
= Can it operate if one machine breaks down?

= Example: while repairs are being made on the
broken machine, can its work be temporarily
reassigned to the other machine?

4. New part test

= As new part designs are developed, can NC part
programs be written off-line and then downloaded to
the system for execution?




b Types of FMS

= Kinds of operations:
= Processing vs. assembly
= Type of processing
= |f machining, rotational vs. non-rotational
=  Number of machines (workstations):
1. Single machine cell (n=1)
2. Flexible manufacturing cell (n =2 or 3)
3. Flexible manufacturing system (n =4 or more)




| Single-Machine Manufacturing Cell

AN CNC machining
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A single-machine CNC machining cell (photo
courtesy of Cincinnati Milacron)




| Flexible Manufacturing Cell  _ o .2
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A two-machine flexible manufacturing.cell for
machining (photo courtesy of Cincinnati Milacron)
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A five-machine flexible manufacturing(system)for
- machining (photo courtesy of Cincinnati Milacron)




| Features of the Three Categories

A
B
= Flexible
= manufacturing
(@ )
2|8 system
=
HE
p% - Flexible
—{ manufacturing
e cell
g <
§ Single
3 machine
cell
A >
1 20r3 4 or more Number of
machines
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: FMS Types
% |_evel of Flexibility

1. Dedicated FMS
cels ate Fixed 7 Designed to produce a[limited variety of part styles]

(.gsét./:;ﬂ\ pel g 49l

= The complete universe of parts to be made on the
system is known in advance

= Part family likely based on product commonality
rather than geometric similarity

2. Random-order FMS
Fleriiiy Appropriate for|large part families |

dedicated J| (o ds\

= New part designs and engineering changes will be
Introduced

= Production schedule is subject to daily changes




l Dedicated vs. Random-Order FMSs

P

Random-
order FMS

Dedicated
FMS

Flexibility, Part variety

oY

Production rate
annual volume



™ FMS Components

Workstations

Material handling and storage system
Computer control system

Human labor

s wnNn -



' \WWorkstations

= [ oad and unload station(s)
= Factory interface with FMS
= Manual or automated

= |ncludes communication interface with worker to
specify parts to load, fixtures needed, etc.

= CNC machine tools in a machining type system
= CNC machining centers
= Milling machine modules
= Turning modules

= Assembly machines




g™ Material Handling and Storage

= Functions:

= Random, independent movement of parts
between stations

Capability to handle a variety of part styles

= Standard pallet fixture base

= Workholding fixture can be adapted
Temporary storage
= Convenient access for loading and unloading
Compatibility with computer control




& Material Handling Equipment

= Primary handling system establishes basic FMS layout
= Secondary handling system —
Functions:

= Transfers work from primary handling system to
workstations

= Position and locate part with sufficient accuracy and
repeatability for the operation

= Reorient part to present correct surface for
processing

= Buffer storage to maximize machine utilization




o= '__31\ Flexibilitysl ),

™ Five Types of FMS Layouts |™""™

:}d‘ﬁuéﬁi

= The layout of the FMS is established by the material
handling system

= Five basic types of FMS layouts
In-line

Loop

Ladder

Open field

Robot-centered cell

o kO~



FMS In-Line Layout

/— Part transport system

Partially completed

work parts

Unld
Man

—>pee| o Work flow
Starts Man —_—
arting
workparts L] » L]
Mach Mach Mach Mach
Aut Aut Aut Aut
7
Py ey wuéf

Dedicated Il <#

D@ —
Cornpleted
parts

951"+ Straight line flow, well-defined processing sequence similar for all

work units

= Work flow is from left to right through the same workstations
= No secondary handling system



FMS In-Line Layout

Completed parts

-— O000 — Shuttle cart
Load ' '
o Primary line
Y Work flow
Starting s
) |
workparts 4' | | 1 + 1 + | | f * | H*—-— Secondary
handling
S ach e Mach system
Aut Aut Aut Aut

= Linear transfer system with secondary parts handling system at each
workstation to facilitate flow in two directions



| FMS Loop Layout

Mach Mach Mach
Aut Aut At
_~— Parts transport
Completed + f + * loop

parts
- . . . . LOﬁd
Unld Direction of
—- 9000 Man work flow
Starting

workpartg | |+ H ! I |+ H '
Insp. Mach Dach
Aut Aut Ant

= One direction flow, but variations in processing sequence possible for
different part types

= Secondary handling system at each workstation




FMS Rectangular Layout

—- 0000
Starting
workparts

Unld
Man

Mach Mach Mach Mach
Aut Aut Aut Ant
] | |
Lcad Forward loop ———»
Man ~«—— Return loop
[ ] |
4
- &
" Returning pallets

208 —

Completed
parts

= Rectangular layout allows recirculation of pallets back to the first
station in the sequence after unloading at the final station



FMS Ladder .
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% Robot-Centered Cell

Suited to the handling of
rotational parts and turning
operations

Machine worktable

= EI

manufad’urims)& Lol
Robot __—" \mu\dlins a9

Machine tool
'

Parts carousel




™ FMS Computer Functions

1. Workstation control

= |ndividual stations require controls, usually
computerized

2. Distribution of control instructions to workstations

= Central intelligence required to coordinate
processing at individual stations
3. Production control

= Product mix, machine scheduling, and other
planning functions




| FMS Computer Functions

4. Traffic control

= Management of the primary handling system to
move parts between workstations

5. Shuttle control

= Coordination of secondary handling system with
primary handling system

6. Workpiece monitoring
= Monitoring the status of each part in the system




™ FMS Computer Functions

/. Tool control
= Tool location
= Keeping track of each tool in the system
= Tool life monitoring

= Monitoring usage of each cutting tool and
determining when to replace worn tools

8. Performance monitoring and reporting
= Availability, utilization, production piece counts, etc.
9. Diagnostics
= Diagnose malfunction causes and recommend repairs




W™ Duties Performed by Human Labor

Loading and unloading parts from the system
Changing and setting cutting tools

Maintenance and repair of equipment

NC part programming

Programming and operating the computer system
Overall management of the system



™ FMS Applications

= Machining — most common application of FMS technology
= Assembly
= |[nspection

= Sheet metal processing (punching, shearing, bending, and
forming)

= Forging



FMS at Chance-Vought Aircraft

(courtesy of Cincinnati Milacron)
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ONC punch press
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.“ ’ 1, FMS for Sheet Metal Fabrication




s FMS Benefits

= |[ncreased machine utilization
= Reasons:
= 24 hour operation likely to justify investment
= Automatic tool changing
= Automatic pallet changing at stations
= Queues of parts at stations to maximize utilization

= Dynamic scheduling of production to account for
changes in demand

= Fewer machines required
= Reduction in factory floor space required



g™ FMS Benefits

= (Greater responsiveness to change
= Reduced inventory requirements

= Different parts produced continuously rather than in
batches

= |Lower manufacturing lead times
= Reduced labor requirements
= Higher productivity
= Opportunity for unattended production
= Machines run overnight ("lights out operation")

4 A dditional slides

from the recorded Lecture



™ FMS Planning and Design Issues

= Part family considerations
= Defining the part family of families to be processed
= Based on part similarity
= Based on product commonality
* Processing requirements
= Determine types of processing equipment required
= Physical characteristics of workparts

= Size and weight determine size of processing
equipment and material handling equipment



o FMS Planning and Design Issues

= Production volume

= Annual quantities determined number of machines
required

= Types of workstations

= Variations in process routings

= Work-in-process and storage capacity
= Tooling

= Pallet fixtures



| FMS Operational Issues

= Scheduling and dispatching

= Launching parts into the system at appropriate
times

= Machine loading

= Deciding what operations and associated tooling
at each workstation

= Part routing
= Selecting routes to be followed by each part



| FMS Operational Issues

= Part grouping

= Which parts should be on the system at one time
= Tool management

= When to change tools
= Pallet and fixture allocation

= Limits on fixture types may limit part types that can be
processed



Videos

https://www.youtube.com/watch?v=PDSmRPh6TaM&t=3s
https://www.youtube.com/watch?v=Br2eEpiiwvU&t=1s
https://www.youtube.com/watch?v=UzDT9Ev4DDU
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https://drive.google.com/file/d/1bLU8yVL6GOGEk2sgL2TfH4PfrRcb-3DP/view?usp=drivesdk
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