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Module 5
MANUFACTURING CONTROL AND AUTOMATION
CNC technology - An overview: Intmoduction 1o NC/CKC/DNC machine ools, Classification of NC
MCHC machine tools, Advantage. disadvantages of BKC (CKRC machine tools, Application of NCACNC
Part programming: CHC programming and inredoction. Manoal  part programming:  Basic
{Drilling, milling, wrning ee.), Special part programming, Advanced parl programming, Computer
aided part programming (APT)
Introduction: Automation in production system principles and strategies of automation,
basic Elements of an automated system. Advanced Automation functions. Levels 'of
Automations, introduction to automation productivity
Control Technologies in Awtomation: Industrial control system. Process industry vs discrete

mamifacturing industies. Continnous vs discrete control. Continuous process and its fomms, Other
contral system components.
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CNC technology - An overview
Introduction to NC/CNC/DNC machine tools
AN OVERVIEW OF CNC MACHINES

Historical Perspective

The word NC which stands for numerical control refer to control of a machine or a process
using symbolic codes consisting of characters and numerals. The word CNC came into
existence in seventies when microprocessors and microcomputers replaced integrated civeuit
IC based controls used for NC machines. The development of numerical control owes much
to the United States air force. The concept of NC was proposed in the late 19405 by John
Parsons who recommended a method of automatic machine control that would guide a
milling cutter to produce a curvilinear motion in order to generate smooth-profiles on the
work-pieces. In 1949, the U.S Air Force awarded Parsons a contract to develop new type of
machine tool that would be able to speed up production methods. ;

Parsons sub-contracted the Massachusetts Institute of Technology (MIT) to develop a
practical implementation of his concept. Scientists and engineers at M.LT built a control
system for a two axis milling machine that used a perforated paper tape as the input media.
This prototype was produced by retrofitting a conventional tracer mill with numerical control
servomechanisms for the three axes of the machine. By 1955, these machines were available
to industries with some small modifications.

The machine tool builders gradually began-developing their own projects to introduce
commercial NC units. Also, certain industry users, especially airframe builders, worked to
devise numerical control machines to satisfy their own particular production needs. The Air
force continued its encouragement of NC development by sponsoring additional research at
MIT to design a part programming kinguage that could be used in controlling N.C. machines.
In a short period of time, all the major machine tool manufacturers were producing some
machines with NC, but it was not until late 1970s that computer-based NC became widely
used. NC matwred as an“automation technology when electronics industry developed new
products. At first, miniature electronic tubes were developed. but the controls were big,
bulky. and not wery reliable. Then solid-state circuitry and eventually modular or integrated
circuits were developed. The control unit became smaller. more reliable, and less expensive.

Computer Numerical Control

Computer numerical control (CNC) is the numerical control system in which a dedicated
computer is built into the control to perform basic and advanced NC functions. CNC controls
are also referred to as soft-wired NC systems because most of their control functions are
implemented by the control software programs. CNC is a computer assisted process to
control general purpose machines from instructions generated by a processor and stored in a
memory system. It is a specific form of control system where position is the principal
controlled variable. All numerical control machines manufactured since the seventies are of
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CNC type. The computer allows for the following: storage of additional programs. program
editing, running of program from memory, machine and control diagnostics, special routines,
inch/metric, incrementalfabsolute switchability .

CNC machines can be used as stand alone units or in a network of machines such as flexible
machine centres. The controller uses a permanent resident program called an executive
program to process the codes into the electrical pulses that control the machine. In any CNC
machine, executive program resides in ROM and all the NC codes in RAM. The information
in ROM is written into the electronic chips and cannot be erased and they become active
whenever the machine is on. The contents in RAM are lost when the controller is tumed off.
Some use special type of RAM called CMOS memory, which retains its contents-even when
the power is turned off.

CNC milling machine

Direct Numerical Control

In a Direct Numerical Control system (DNC), a mainframe computer is used to coordinate
the simultapecus operations of a number NC machines as shown in the figures 21.2 & 21.3.
The mam tasks performed by the computer are to program and edit part programs as well as
download part programs to NC machines. Machine tool controllers have limited memory and
a part program may contain few thousands of blocks.So the program is stored in a separate
computer and sent directly to the machine one  block at a  time
First DNC system developed was Molins System 24 in 1967 by Cincinnati Milacron and
General Electric. They are now referred to as flexible manufacturing systems (FMS). The
computers that were used at those times were quite expensive.
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Figure 21.3:DNC system

Advantages & Disadvantages of CNC machine tools

Manually operated milling
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Computer controlled machine milling machine
Some of the dominant advantages of the CNC machines are:

s CNC machines can be used continuously and only need to be switched off for
occasional mamtenance.

+ These machines require less skilled people to operate unlike manual lathes / milling
machines etc.

+  CNC machines can be updated by improving the software used to dn'uethe machines.
Training for the use of CNC machines can be done through' the use of 'virtual
software’.

s+ The manufacturing process can be simulated virtually-and no need to make a
prototype or a model. This saves time and money.

s+ Once programmed. these machines can be left ind do not require any human
mntervention, except for work loading and unloading.

= These machines can manufacture several components to the required accuracy
without any fatigue as in the case of manually operated machines.

= Savings in time that could be achieved with the CINC machines are quite significant.

Some of the disadvantages of the CNC machines are:

CNC machines are generally more expensive than manually operated machines.

The CNC machine operator only heeds basic training and skills, enough to supervise several
machines.

Increase in electrical maintemance, high initial investment and high per hour operating costs
than the traditional systems.

Fewer workers are reguired to operate CNC machines compared to manually operated
machines. Investment in CNC machines can lead to unemployment.

Applications of NC/CNC machine tools

CNC was initially applied to metal working machinery: Mills, Drills, boring machines, punch
presses etc and now expanded to robotics, grinders, welding machinery, EDM's, flame cutters
and also for inspection equipment etc. The machines controlled by CNC can be classified into
the following categories: CNC mills and machining centres.

CNC lathes and turning centers

CNC EDM

CNC grinding machines

CNC cutting machines { laser, plasma, electron, or flame)

CNC fabrication machines ( sheet metal punch press, bending machine, or press brake)

CNC welding machines

CNC coordinate measuring machines
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CNC Coordinate Measuring Machines:

A coordinate measuring machine is a dimensional measuring device, designed to move the
measuring probe to determine the coordinates along the swface of the work piece. Apart from
dimensional measurement, these machines are also used for profile measurement, angularity,
digitizing or imaging.

A CMM consists of four main components: the machine, measuring probe, control system
and the measuring software. The control system in a CMM performs the function of a live
interaction between various machine drives, displacement transducers, probing systems and
the peripheral devices. Control systems can be classified according to the following groups of
CMMs.

1. Manually driven CMMs

2. Motorized CMMs with automatic probing systems

3. Direct computer controlled (DCC) CMMs

4. CMMs linked with CAD, CAM and FMS etc.

The first two methods are very commoen and self explanatory. In the case of DCC CMMs, the
computer control is 1eupmmhte for the movement of the slides-readout from displacement
transducers and data communication. CMM are of different configurations-fixed bridge.
moving bridge, cantilever arm figure 21.5(a), hm‘tmnta! arm -and gantry type CMM as shown
in figure 21.5(h).

Figure 21 .5(a) Cantilever type CMM

|
1

Figure 21 .5(b) Guu:u}f' type CMM

CNC welding machines:
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Figure 21.6 4 axis CNC Tig welding machine
The salient features of CNC welding machines are:
s Superior quality and weld precision. :
+ These machines are also equipped with rotary tables.
+ Weld moves, welding feed rate, wire feed. torch heights & welding current can be
programmed.
= CNC welding machines are used for laser welding, welding of plastics, submerged arc
welding, wire welding machines, butt welding, flash butt welding etc.
These machines are generally used in automobile work shops
Cost of these machines will be twice than the conventional welding machines.

CNC EDM & WEDM machines:

EDM is a nontraditional. machining method primarily used to machine hard metals that could
not be machined by traditional machining methods. Material removal will be taking place by
a series of electricarcs discharging across the gap between the electrode and the work piece.
There are two main types- ram EDM & wire cut EDM. In wire-cut EDM., a thin wire is fed
through the work piece and is constantly fed from a spool and is held between upper and
lower guides. These guides move in the x-y plane and are precisely controlled by the CNC.
Wire feed rate is also controlled by the CNC.
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Figure 21.6 (a) Ram EDM Figure 21.6 (b) V fire cut EDM

CLASSIFICATION OF CNC MACHINE TOOLS

{ 1) Based on the motion type ' Point-to-point & Contouring systems

There are two main types of machine tools’and the control systems required for use with them
differ because of the basic differencesin the functions of the machines to be controlled. They
are known as point-to-point and contotring controls.

( 1.1} Point-to-point systems

Some machine tools for example drilling, boring and tapping machines etc. require the cutter
and the work piece to be placed at a certain fixed relative positions at which they must remain
while the cutter does its-work. These machines are known as point-to-point machines as
shown in figure 22.1 (a) and the control equipment for use with them are known as point-to-
point control equipment. Feed rates need not to be programmed. In theses machine tools,
each axis is driven separately. In a point-to-point control system, the dimensional information
that must be given to the machine tool will be a series of required position of the two slides.
Servo systems can be used to move the slides and no attempt is made to move the slide until
the cutter has been retracted back.

([ 1.2yContouring systems (Continuous path systems)

Other type of machine tools involves motion of work piece with respect to the cutter while
cutting operation is taking place. These machine tools include milling, routing machines etc.
and are known as contouring machines as shown in figure 22.1 (b) and the controls required
for their control are known as contouring control.

Contouring machines can also be used as point-to-point machines, but it will be
uneconomical to use them unless the work piece also requires having a contouring operation
to be performed on it. These machines require simultaneous control of axes. In contouring
machines. relative positions of the work piece and the tool should be continuously controlled.
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The control system must be ahle to accept information regarding velocities mnd positions of
the machines slides. Feed rates should be programmed.

Figure 22 1 (a) Point-to-point system Figure 22 1 (b} Contouring system
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Figure 22 1 (c) Contouring systems

Based on the control leops ' Open loop & Closed loop systems
Open loop systems:

Programmed -instructions are fed into the ¢ ontroller through an input device. These
instructions.are then converted to electrical pulses (signals) by the controller and sent to the
servo amplifier to energize the servo motors. The primary drawback of the open-loop system
is that-there is no feedback system to check whether the program position and velocity has
beenr achieved. If the system performance is affected by load, temperature, humidity, or
lubrication then the actual output could deviate from the desired output. For these reasons the
open -loop system is generally used in point-to-point systems where the accuracy
requirements are not critical. Very few continuous-path systems utilize open-loop control.
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Figure 22 2 (a) Open loop control system Figure 22 2 (b) Closed loop control system

Command Signal

Motors (EEE— Machine slides

Figure 22 2 (c) Open loop system

Closed loop systems:

The closed-loop system has a feedback subsystem to monitor the actual output and correct
any discrepancy from the programmed input. These systems use position and velocity feed
back. The feedhack system.eould be either analog or digital. The analog systems measure the
variation of physical variables such as position and velocity in terms of voltage levels. Digital
systems monitor output variations by means of electrical pulses. To control the dynamic
behavior and the fihal position of the machine slides. a variety of position transducers are
employed. Majarity of CNC systems operate on servo mechanism, a closed loop principle. If
a discrepancy is revealed between where the machine element should be and where it actually
is, the sensing device signals the driving unit to make an adjustment, bringing the movable
component to the required location.

Closed-loop systems are very powerful and accurate because they are capable of monitoring
opérating conditions through feedback subsystems and automatically compensating for any
variations in real-time.
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Figura 22 2 (d) Closad loap systam
Based on the number of axes ' 2, 3, 4 & 5 axes CNC machines.

i 3.1)2& 3 axes CNC machines:

CNC lathes will be coming under 2 axes machine$. There will be two axes along which
motion takes place. The saddle will be moving longitudinally on the bed (Z-axis) and the
cross slide moves transversely on the saddle(along X-axis). In 3-axes machines, there will be
one more axis, perpendicular to the above two axes. By the simultaneous control of all the 3
axes, complex surfaces can be machined.

{ 3.2 4 & 5 axes CNC machines:

4 and 5 axes CNC machines provide multi-axis machining capabilities bevond the standard 3-
axis CNC tool path movements. A 5-axis milling centre includes the three X, Y. Z axes, the
A axis which is rotarytilting of the spindle and the B-axis, which can be a rotary index table.

Figuee 3323 Frn aees CHC machiss

Five axes CNC machine
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Importance of higher axes machining :

Eeduced cycle time by machining complex components using a single setup. In addition to
time savings, improved accuracy can also be achieved as positioning errors between setups
are eliminated.

o Improved surface finish and tool life by tilting the tool to maintain optimum tool to
part contact all the times.

+ Improved access to under cuts and deep pockets. By tilting the tool, the tool can be
made normal to the work surface and the errors may be reduced as the major
component of cutting force will be along the tool axis.

+ Higher axes machining has been widely used for machining sculptures surfaces in
serospace and automobile industry.

Turning centre:

Traditional centre lathes have horizontal beds. The saddle moves longitudinally and the cross
slide moves transversely. Although the tools can be clearly seen.the operator must lean over
the tool post to position them accurately. Concentration of chips may be creating a heat
source and there may be temperature gradients in the machine tool. Keeping the above points
in view, developments in the structure of the turning centres lead to the positioning the saddle
and the cross slide behind the spindle on a slant bed a& shown in the figure 22.4. Chips fall
freely because of slant bed configuration which-is more ergonomically acceptable from
operator's point of view.

Figure 22 4 Slant bed turning centre

Based on the power supply ' Electric, Hydraunlic & Pneamatic systems

Mechanical power unit refers to a device which transforms some form of energy to
miechanical power which may be used for driving slides, saddles or gantries forming a part of
machine tool. The input power may be of electrical, hydraulic or preumatic.
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Mechanical Power Units

Electric Motors Hydraulic Preumantic Hybrid
System System System

Motor Having Rams Rams Hydraulic Rams
Controlled Backed by
cluches Pneumantic pressure
d.cJ:let field) Motors Motors

d.c.

Seperatly

Exited fiald

22.4.1 Electric systems:

Electric motors may be used for controlling both positioning and contouring machines. They
may be either a.c. ord.c. motor and the torque and direction of rotation need to be controlled.
The speed of a d.c. motor can be controlled byvarying either the field or the armature supply.
The clutch-controlled motor can either be#n a.c. or d.c. motor. They are generally used for
small machine tools because of heat losses in the clutches. Split field motors are the simplest
form of motors and can be controlled in a manner according to the machine tool. These are
small and generally run at high maximum speeds and so require reduction gears of high ratio.
Separately excited motors are-used with control systems for driving the slides of large
machinetools. '

22.4.2 Hydraulic systems:

These hydraulic systems may be used with positioning and contouring machine tools of all
sizes. These systems may be either in the form of rams or motors. Hydraulic motors are
smaller than electric motors of equivalent power. There are several types of hydraulic motors.
The advantage of using hydraulic motors is that they can be very small and have considerable
torgue. This means that they may be incorporated in servosystems which require having a
rapid response.

Gururaj H, AP, Department aof Mechanical Engineering, KLS VDI'T, Haliyal-581329.




Karmatak Law Society's
Vishwanathrao Deshpande Institute of Technology, Haliyal

S {.i"ru'ur.ﬁ'rfl. Kngown ey KLY Vishwanathroe Deshpernde Buoral insoinge of Technelogy, Halival)
Approved by AKCTE, New Delld. Affiliated to Y'TU, Belagavi)
Udwog YVidya Nagar, Halival — SH132%, Dist: Uttar Kanisida
Flooase: (8284-2 20861, 220334, 214004, Fax: 8284-220813
Web: www.vidreit org email: klsvdre it valss. com

'—l'

Different components related to CNC machine tools
Any CNC machine tool essentially consists of the following parts:

i 1.1} Part program:

A part program is a series of coded instructions required to produce a part. It controls the
movement of the machine tool and on/off control of auxiliary functions such as spindle
rotation and coolant. The coded instructions are composed of letters. numbers and symbuls.

{ 1.2 } Program input device:

The program input device is the means for part program to be entered into the CNC control.
Three commonly used program input devices are punch tape reader. magnetic tape reader,
and computer via RS-232-C communication. )

i 1.3 )y Machine Control Unit:

The machine control unit (MCU) is the heart of a CNC system. It is used to perform the

following functions:
Toread the coded instructions.
To decode the coded imstructions.
To implement interpolations (linear; Circular., and helical) to generate axis motion
commarneds.

+ To feed the axis motion commands to the amplifier circuits for driving the axis

mechanisms.
Toreceive the feedback signals of position and speed for each drive axis.
To implement auxiliary control functions such as coolant or spindle on/off and tool
change.

{ 1.4 } Drive System:

A drive system consists of amplifier circuits, drive motors, and ball lead-screws. The MCU
feeds the. control signals (position and speed) of each axis to the amplifier circuits. The
control signals are augmented to actuate drive motors which in turn rotate the ball lead-
screws to position the machine table.

i 1.5 ) Machine Tool:

CNC controls are used to control various types of machine tools. Regardless of which type of
machine tool is controlled. it always has a slide table and a spindle to control of position and
speed. The machine table is controlled in the X and Y axes. while the spindle runs along the
Z axis.
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{ 1.6 } Feed Back System:

The feedback system is also referred to as the measuring system. It uses position and speed
transducers to continuously monitor the position at which the cutting tool is located at any
particular instant. The MCU uses the difference between reference signals and feedback
signals to generate the control signals for correcting position and speed errors.

ADVANTAGE

CNC machines can be used continuously 24 hours a day, 365 days a year and only need to
be switched off for occasional maintenance.

CNC machines are programmed with a design which can then be manufactured hundreds
or even thousands of times. Each manufactured product will be exactly the same.
~ Less skilled/trained people can operate CINCs unlike manual lathes / millimg machines etc..
which need skilled engineers.

CNC machines can be updated by improving the software used to drive the machines

~ Training in the use of CNCs is available through the use of *virtual software’. This is
software that allows the operator to practice using the CNC.machine on the screen of a
computer. The software is similar to a computer game.

CMNC machines can be programmed by advanced design software such as
Pro/DESKTOPE, enabling the manufacture of products that cannot be made by manual
machines. even those used by skilled designers / engineers.

— Modem design software allows the designer o simulate the manufacture of histher idea.
There is no need to make a prototype or a model This saves time and money.

One person can supervise many CNC machines as once they are programmed they can
usually be left to work by themselves. Sometimes only the cutting tools need replacing
occasionally.
= A skilled engineer can make the same component many times. However, if each
component is carefully studied. each one will wvary slightly. A CNC machine will
manufacture each component as an exact match.

DISADVANTAGES
~ CNC machines are’more expensive than manually operated machines, although costs are
slowly coming dowh.

The CNC machine operator only needs basic training and skills, enough to supervise
several machines. In vears gone by, engineers needed vears of training to operate centre
lathes. milling machines and other manually operated machines. This means many of the old
skills are been lost.

Less workers are required to operate CNC machines compared to manually operated
machines. Investment in CNC machines can lead to unemployment.

— Many countries no longer teach pupils / students how to use manually operated lathes /

milling machines etc... Pupils / students no longer develop the detailed skills required by
engineers of the past. These include mathematical and engineering skills.
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APPLICATION
CNC machine is used
It the metal removal industry
— In the metal fabrication industry
= In the electrical discharge machining industry
In the woodworking industry
Laser welding in awtomobile industry
Laser machining and Cutting ~

Other Industries where CNC machines are used: 55
Many forms of lettering and engraving systems use CNC technology. Water jet mnc:l‘urung
uses a high pressure water jet stream to cut through plates of material. CNC is even used in

the manufacturing of many electrical components. For example, there are l:'.,‘:‘Né coil winders,
and CNC terminal location and soldering.

£«
'\\
5,
QHC programming and introduction A
~ The part-program is a collection of all data required to pmmee the part. It is arranged in

the form of blocks of information. L
Each block contains the numerical data required for meemg a segment of the work
piece.

Part program is of two type: AN
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MANUAL PART PROGRAM
Dept. of mechanical Engineering, GIET BBSR

Manual part program is written in a special set of instruction called manuscript.
—The instruction are prepared in précised manner because the typist prepare the NC tape
directly from the manuscript

Manuscript includes instructions and also other data such as other preparatory commands,
miscellaneous instructions and speed/feed specifications all of which need to operate the
machine under tape control .

/ PTP JOBS
MANUAL PART PROGRAM
\ COUNTOURING JOBS

COMPUTER ASSISTED PART PROGRAMMING
Programmers Activities:
Geometry workspace entry
Entry of sequence of operation
Computer Activities:
= Input Translation
Advance computation
Cutting tool offset calculation
Post processing

Pasi
PO aFTrmET

K- " K ayiiinely
APFT
=i
( Cmparier's jah
it [.lurllhn-n: ' Curl ber Fosl

tramlation [+ |calcilations oliwy [ BN A = [:j |“1;El

BT

Preparatory command (G code)

The G codes prepare the MCU for a given operation, typically involving a
cutter motion.

GO0 rapid motion, point-to-point positioning

GO1 linear interpolation {generating a sloped or straight cut)

GO6 parabolic interpolation (produces a segment of a parabola)

G177 XY plane selection

G20 circular interpolation

G28 sutomatic return to reference point
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(333 thread cutting

Miscellaneous commands (M code)

MO0 program stop

MO3 start spindle rotation (cw)

MO6 tool change

MO7 twurn coolant on

Feed commands ( F code)

Used to specify the cutter feed rates in inch per minute.

Speed commands (S code) .

Used to specify the spindle speed in rpm. &y

Tool commands (T code) ¢l

Specifies which tool to be used, machines with automatic tool changer.

Computer Tasks in Computer-Assisted Part Programming. The computer's

role in compuicr-assisted part programming consists of the following tasks, performed
more or kess in the sequence noted: (1) input translation, (2) arithmetic and cutier offser
computations, (3) editing, and (4) postprocessing. The first three tasks are carried out under
the supervision of the language processing program. For example, the APT languags uses
a processor designed 10 interpret and process the words, symbols, and numbers written in
APT. Ouher languages require their own processors. The fourth task, postprocessing, re-

=

Paurt

. o Definc part Defne b parth anad Spccilv stber fonctions.
- "ﬂ' . growetry T uperaton seqecnce speads leeih cic
: _— f ]
Commpubet @ Nimgmsi Anithmcine and outler oo Editimg | | =
s . TELEy Lt | olfsdt casmpraliatarie e - prucoisor

| e p— | -
Fligure 6.19 Tasks in computer-assisicd part programming

quires a scparate compuler program | he scquence and relationship of the lasks of the
part programmer and the computer are portrayed in Figure 6.19,

The part programmer enters the program using APT or some other high-level part
programming language. The mmput rransiotion module converts the coded instructions con-
tained in the program into compuier-usable form, preparatory to further processing In
APT, input translation accomplishes the following tasks: (1) syntax check of the inpan cude
1o identify errors in format. punctuation. spelling, and statement sequence; {2) assigmng a
sequeénce numbcr to cach APT statement in the program; (3} converting geometry ele-
ments into a suitable form for computer processing: and (4) generating an intermediate
file called PROFIL that is utilized in subsoquent arithmetic calculations
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Part Programming with APT

In this section, we present some of the basic principles and vocabulary of the APT lan-
guage APT is an acronym that stands for Amomatically Programmed Tooling. 1t is a three-
dimensional NC part programming system thal was developed in the [ote 1950s and carly
60s (Historical Note 6.3). Today it remains an important and widely used language in the
Umnited States and around the world. APT is also important because many of the concepts
ncorporated into it formed the basis for other subsequently developed languages. APT was
originally iniended as a contouring language, but modern versions can be used jor both
point-to-point and contouring operations in up to five axes. Our discussion will be limitad
10 the three hinear axes, x, v, and 2. AP'T can be used for a variety of machming operations
Our coverage will concentrate on drilling (point-to-point) and milling {conlouring) oper-
ations. There are more than 500 words in the APT vocabulary. Only a small (but importart)
fraction of the 1otal lexicon will be covered here. The Appendix to this chapter lists some
of these important APT words
AFT is not only a language; it is also the computer program that processes the AFT
statements to calculate the corresponding cutter positions and generate the machine tool
control commands. To program in AFT. the pan geometry must first be defined. Then the
tool is directzd o various point locations and along surfaces of the workpart 10 accom-
plish the requircé machining operations. The viewpoint of the programmer is that the
workpiece remains stationary, and the tool is instructed to move relative to the part. To
complete the program, speeds and feeds must be specified, tools must be called, tolerances
must be givea for circular interpolation, and so forth. Thus, there are four basic types of
statements m the APT language:

L. Geomerwry sutemenis, also called definition statements, are used 1o define the geome-
iry elements that compnse the part.

2. Monon commands are used to specify the tool path.

3. Pasiprocessor statements control the machine 100l operation, for example, 10 specify
speeds and fecds, set tolerance values for circular interpolation. and actuate other
capabilities nf the machine ool

4. Auxiliary statements, a n:rmpnl miscellaneous statements used 1o name the par pro-
gram. msm comments in the program asd accomplish similar functions
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These statements are consiructed of APT vocabulary words, symbols. and numbers, all
arranged using appropriste punctuation. APT vecabulary words consist of six or fewer
characters. | he characters are almost always letters of the alphabet. Only a very few APT
vocabulary words contain numerical digits-so few in fact that we will not encounter any of
them ia our treatment of APT in this chapter. Most APT statements include a slash (/) as
part of the punctuation. APT vocabulary words that immediately precede the slash are
called major words, whercas thuse that follow the slash are called minor words.

Geometry Statements. The geometry of the part must be defined to identify the
surfaces and features that are to be machined. Accordingly, the points, lines, and surfaces
must be defined in the program prior 10 specifying the motion statements The general
form of an APT geometry statement is the following:

SYMBOL = GEOMETRY TYPE/descriptive data (6.3)
An example of such a stalcment is

Pl = POINT/20.0,40.0,60.0

An APT geometry statement consists of three sections The first is the symbol used
1o identify the geometry element. A symbol can be any combination of six or fewer al-
phabetical and numerical characters, at least one of which must be alphabetical. Also, the
symbol cannot be an APT vocabulary word. Some examples are presented in Table 6,12 10
illustrate what is permissible as a symbol and what is not. The second section of the APT
geometry statement is an APT major word that identifies the type of geometry element.
Examples are POINT, LINE, CIRCLE, and PLANE. The third section of the APT geom-
eiTy statement provides the descriptive data that define the clement precisely, compietely,
and uniquely. These data may include numerical values to specify dimensional and peosition
data, previously defined geometry elements, and APT minor words.

Punctuation in an AFT geomeltry statement is indicated in Eq. (6.3). The definition
statement is written as an equation, the symbol being equated 1o the geometry element
type, followed by a slash with descriptive data to the right of the slash. Commas are used
to separate the words and numerical values in the descriptive data.
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Autarrafion is the lechnology by which a process or procedure is accomplished without
human assistance. I is implemented using a program of instructions combined with a con-
trof syxtem that executes the instructions. To automate a process, power is required, bath o
drive the process itself and to operate the pragram and control system. Although automa-
tion can be apphied in a wide variety of areas, it is most dosely ussociated with the manu-
facturing industries. It was in the context of manufacturing that the term was origtnally
cotned hy an enginesring manager at Ford Motor Company in 1946 10 describe the vari-
ety of automatie ransfer devices and feed mechanisms that had been installed in Ford's pro-
duction plants (Historical Note 3.1), It is ironic that nearly all modern applications of
autemabon are controlled by computer technologies that were not available in 1948,

In this pert of the book, we examine technologics that have been developed 1o au-
tomate munufacturing operations. The position of automation and control technologies in
the larger production system is shown in Figure 11, In the present chapier, we provide an

B1
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Figure 3.1 Awomation and control technologies in the production system.

overview of automation: What are the elements of an automated system? What are some
of the advanced leatures beyond the basic elements? And what are the levels in an enter-
prise where aulomation can be applied” In the following two chapters, we discuss indus-
trial control systems and the hardware componenis of these systems These two chapters
serve as a foundation for the remaining chapters in our coverage of aulomation and con-
trol technalogies. These technologies are: (1) numerical control (Chapter 6), (2) industri-
al robotics (Chapter 7), and (3) programmable logic controllers (Chapter B).

Historical Note 3.1 History of automation'

The history of automation ean be triced ta the development of basic mechanieal devices such
s the wheel {Erea 3200 B.C.), lever, winch (circs 600 B.C.), com (circa AL, 1000), screw
(4.0, 1405), and gear in ancient and medieval times These basic devices were refined and
used to construct the mechanisms in waterwheels, windmills (cirea A D, 650}, and steam engines
(403 1763). These machings gencérated the power (0 operate other machineéry of various kinds,
such as fowr mills (circa &5 B,C.), weaving machines ( Nlying shuotile, 1733 ), machine tools (bor-
ing mill, 1775}, steamboats { 17687), and railroad locomotives {1803}, Power, and the capacity to
generate it and (ransmit it 10 operate a process, @ one of the three bagic elements of an auto-
mated syslem.

After his first stearn engine in 1765, James Wart and his partner, Maithew Boulton, made
several improvements in the design. One of the improvements was the flymg-ball governor
{around 1785), which provided feedback to comtrol the throttle of the engine. The gowemor con-
sisted of a ball on the end of 2 hinged lever attached o the rotating shaft. The lever was con-
nected (o the throttle valve. As the speed of rhe rotating shaft increased, the ball was forced
to move outwerd by centrifugal force; this in turn caused the lever to reduce the vilve open-
wg and slow the motor speed. As retational speed decreased, the ball and bever relaxed, thus
allowing the valve 10 open. The flying-ball governor was one of the first examples in sngi-
neering of leedback control, an important type of control system—the second basic element of
an automated system.

The third basic clement of an sutomared system i for the actions of the syalem or ma-
chine to be directed by a program of instructions, One of the first examples of machine pro-

' Sourees of most of the datss m this Historical Mote: (1) R, Platt, Secithaomian Visal Timeline of Tnvem-

fiors { London: Dorling Kindersicy Led., 1994): and (2) “The Fower of [nvention.” Newswesk Speciaf fone, Win

et

1597-98 {pp. 6-79).
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pramming was the Jaequard loom. invented around 1800, T ais loom was & machine for weav:
g cloth from yarn, The program of wstrections that determined the weaving patiern of the
cloth consigted o1 a metal plate eontmning holes The hole pattera in the plate directed the
| shuttle motwons of the loum, which in wrn determined the weaving patiern. Dilferent hole pai-
terns vichled dilleront cloth patterns. Thus, the Jacquard loom: was a programmable machine.
ey ool b Dt o 11 ki
| B the cirly IR0, the three basa slewents of sotomared Sysiens—pawer suroe, 000-
trub, undd programmable machines—hml heen developed. although theie clements were prim-
itive by (odyys standards. 1D took many vears of refinement and many new inventions and
developmenis boih in these basig elements as well 45 in Lhe enabling infrastructure of the man-
whnctar ng yndostiies, before fully awemaied production systems were o become o oommds
realitv, Iipportan champles of these mveations and developments inciede imerchongeabie
parts {circh [$00. Historical Notc 2.1 ), efectriffoagion {starting in 1881} the moving assembiy line
{1913, Hisorical Mote 171 ) mechaniped frans fer nes tor ass prodoction. whose programs
were fived by their hardware configuration | 1924, Historical Note 131 ) a mathematical the-
ory of cmtreod yaenns (1930 and 194i): and the MARK [ clectromechanical computer at
{ Harvird Ulacversily (L), These imvestions and developmenis had all bean reaheed by the
| end of Worle War 11
Since 1945, many now inventivns and devclopments have conmibuted significantly 1o
auinmaign lecimalogy. Del Harder comed the word auromasion around 1946 in reference o
the many awcomane devices that the Fiord Motor Company had developed for it production
| lines The firsl clectronic digital eompater was developed at University of Penasvlvania in
1446, The hist semeerical contref machine tool was developed and demonstrated in 1952 at
Melassachusetis Insutute of Fechnolngy based un & concept proposed by Jnhn Parsons and Frank
Stulen (Fhstorical Note 1), By the late 19s and early |99s digital computers were being
comnectsd w machine toak. In 1954, the first induseetol robor was designed and patented (is-
sugd 1961) by Greorge Devol [Histoncal Mote 7.1 ) The first commercial robot was installed 1o
unilrupd parts in @ die casting operation m 1961, In the kate 19808, the firt fTesible manufaciar-
drg avatern in the Uinited States wos installed al Tngersoll Rand Company 1o perform machin:
ing operdtion on a vimety of parts (Historical Note 16,1 . Around 1969, the first programmable
fugic contraliee s miroduced (thaoncal Note 3.1), In 1978, the first commercial personal
cemvagiiter { PC) Bid Been introduced by Apple Computer, although a similar product had been
introdocied in kil form as early ay 1975
Develapments In compuier technulogy were mace possible by advances in sleciromics
inclucing the rraeiseor { 190, hard disk Tor computer memory | 1956) dnneyraied circaiz {1960),
e innernprocd tioe (19T, random access mewiry | 1984), mﬂl‘l}'le CHpaCHY MMy chipa
teirci 19, ond the Meatium microprocessors (1993). Software developments reluted 10 su-
tomation have been eyually important, including the FORTRAN computer programming lan-
guage (1955). the APT programming language for numerncal control (NC) machine tools
(1801 ) the UMY operating sysiem (1969}, 1he VAL language for robot programiming { 1979},
Microsoll Windows {1985), and the JAVA programming language {1995). Advances and en-
hancamenis in these technulogles continge. |

-—

4.1 BASIC ELEMENTS OF AN AUTOMATED SYSTEM

An automated system consists of three basic elements (1) power to accomplish the process
and vperate the system, (2) a progrant of instructions 1o direct the process, and (3) a con-
fead system to actuate the insiructions. The relationship amongst 1hese elements it illus-

trated in Figure 3.2. All systems that qualify as being sutomated include these three basic
elements in ane form or anather.
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Figure 3.2 Elements of an automated system: (1) power, (2} pro-
gram of instructions, and {3) control systems.

3.1.1 Power to Accomplish the Automated Process

An antomated svstem {8 used 1o operate some process, and power i8 required 1o drive
the provess as well as the controls, The principul source of power in sutomaied systems
is electriciy. Electric power has many advantages in automated as well as nonautomat-
ed processes

# Flecirical power s widely nvnilable at moderate codt. 1t s an imporiant part of our
industrial infrastructure.

# Clecirical power can be readily converted o alternative energy forms: mechanical,
thermal, light, acoustic, hydvaulic, and pneumatic,

* Elegctrical power at low levels can be used to accomplish functions such as signal
transmission, information processing, and data storage and communication,

* Electrical energy can be stored in long-life balteries for use in locations where an ex-
ternal source of electrical power i not conveniently available.

Alternative power sources include fossii fuels, solar energy, water, and wind, However,
their exclusive use is rare in auiomated systems In many cases when alternative power
sources are used to drive the process itself, electrical power is used for the controls that au-
tomate the operation. For example, in casting or heat treatment, the furnace may be heat-
el by fossil fuels. but the control system o regulate temperature and time cycle is cloctrical,
[n other cases, the energy from these alternative sources is converted to electric power Lo
operate both the process and its automation. When solar energy is used as a power source
for an automated system. it is generally converted in this way.

Pawer for the Process.  In production, the term process refers to the manufactur-
ing operation that is performed on & work unit. In Table 3.1, a list of common manufachunng
processes is compiled aleng with the form of power required and the resulting action on
the work unit. Must of the power in manufacturing plants is consumed by these kinds of
operations The “power form” indicated in the middle colurmn of the table refers to the en-
ergy that is appiied direcily to the process. As indicated above, the power source for each
operation is usually converted from electricity.

In addition to driving the manufacturing process itself, power is also required for the
following material handling funcrions:

* Loading and unlpading the work unit, Al of the processes listed in Table 3.1 are ac-
complished on discrete parts. These parts must be moved into the proper positicn
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TABLE 3.1 Common Manufacturing Processes and Their Power Requirsments

Process Poawar Form Action Accomplishad

Casting Thermasl Melting the metal before pouring into 8 mold cavity
where sglidification occurs.

Electric dischargs Elsetrizal Maetal rernawval 15 accomplished by a series of discrete

machinng {(EDM} electrical discharges batween electrode (tool) and
workpiece, The alactric discharges causa vary high
lpcalized temnpoaraturas that melt the metal.

Forging Mechanical Metal workpart is deformed by opposing dies. Workparts
gre aften heated in advance of deformation, thus
thermal power i% alsa required.

Heat treating Therma! Metallic work unit is heatod to emperature balow maelting
paint ta effect microstructural changes,

Injection malding Thermal and Heat 5 used to raise temparature of polymer to highly

Laser beaam cutting
Machining
Sheet metal punching

and hlanking
Walding

mipchanical
Light and thermad
Mechanical
Mechanecal

Thermal (Maybe
mechanical

plostic congietency, and mechanical force is used to
inject tha potymer mel into @ mold cavity,

& highly coherant light beam iz used 10 cut matarial by
vaporization and malting.

Cutting of metal is accomplished by relative motion
between toal and workp'ece.

Mechanical power is used to shear metal sheats and
plates.

Most welding processes use heat ta cause fugion and
coalescanca of two (or moral metal parts at thair
contacting surfaces. Some welding processes also
app'y mechanical prassure 10 the surfaces,

and orienlation for the process o be performed, and power is required for this (rans-
port and placement function. At the conclusion of the process, the work unin must sim-
ilarly be removed. If the process is completely automated, then some form of
mechaneed power i4 used. IF the process is manually operated or semiautomated,
then human power may be used (o position and locate the work unit,

* Material tramsport between operations, [n addition: 1o loading and unloading at a given
operation. the work unils must be moved between operations. We consider 1he ma-
lerial handling technologies associnled with this transport function in Chapler 10.

Power for Automalion,

Above and beyond the basic power requirements for the

manufaciuring operation, additional power is required for automation, The additional
power is used for the following furctions:

* Conroller wnit. Modern industrial controllers are based on digital computers, which
require electrical power to read the program of instructions, make the control calcu-
lations, and execute the instructions by transmitting the proper commands 1o the ac-

tuating devices.

& Priver to actuate the conteol signal. The commands sent by the controller unit are car-
ried out by means of electromechanical devices, such as swilches and motars, called
actuators (Section 5.2). The commands are generally transmitted by means of low-voli-
age control signals. To accomplish the commands, the actuators reguire more power,
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and so the control signals must be amplified 1o provide the proper power level for the
pctuating device,

s Data acquisition and information processing. In most control systems, data must be
collected from the process and used as inpul to the control algorithms. ln addition, a
requirement of the process may include keeping records of process performance or
product guality, These data acquisition and record keeping functions require power,
althowgh in modest amounis.

31.2 Program of instructions

The actions perivrmed by an aviomated process are defined by a program of insiructions.
Whether the manufacturing operation involves low, medium, or high production {Section
1.1}, cach part or product stvle made in the operation requires one or more processing
steps that are ynigue to that style. These processing steps are performed during a work
cycle. A new part is completed during each work cycle (in some manufacturing Operalions,
maore than one part is produced during the work cyele: e.g.. a plastic injection molding op-
eralion may produce multiple parts each cyde using a multiple cavity mold). The partica-
lar processing steps for the work cycle are specified in a work cycle program. Work cycle
programs are called parf programs m numerica! control { Chapter 6). Other process control
apphications use different names for this type of program.

Work Cycle Programa.  In the simplest antomated processes, the work cycle consists
of essentially one step, which is to maintain a single process parameter at a defined level, for
example, maintain the temperature of a furnace at a designated valve for the duration of a
heal treatment cycle. (We assume thal loading and unloading of the work unils mto and
from the furnace is performed manually and is therefore not part of the automatic cycle. )
In this case, programming simply involves serting the temperature dial on the furnace. To
change the program, the operator simply changes the lemperature setting. An exteasion of
this simple case is when the single-step process is defined by more than one process para-
meter, for example, n fumace in which both temperature and atmosphere are controlled

In more complicated systems, the process involves a work cycle consisting of mulii-
ple steps that are repeated with no deviation from one cycle to the next. Most discrete par
manulacturing operations are in this catepory A typical sequence of steps (simphified) w:
(1) load the part into the production machine, (2) perform the process, and (3) unload the
part. During each step, there are one or more activities that involve changes in one or more
process parameters. Process pargmeters are inputs 1o the process. such as iemperature sel-
ting of a furnace, coordinate axis value in 8 positioning system, valve opened or closed in
a fluid flow system, and motor on or off. Process parameters are distinguished from progcess
variables, which are outputs from the process; for example, the actual temperature of the
furnace, the actual position of the axis, the actual flow rate of the fluid in the pipe, and the
rotational speed of the motor. As our list of examples suggests, the changes in process pa-
rameter values may be continuous {gradual changes during the processing step: for exam.-
pie, gradually increasing temperature during a heat treatment cycie ) ur discrete (stepwise
changes; for example, on'off). Different process parameters mey be involved in each step.

EXAMPLE 3.1 An Automsted Turning Operation

Consider an automated turning operation in which a cone-shaped geomeiry i
generated. Assume the system is automated and that a robot & used to load
and unload the work unit. The work cycle consists of the following steps: (1) load
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stanting workpicee. (2} position cutting tool prior Lo turming. (3) turn, (4) repo-
sition tool 10 4 safe location at end of turning, and (5) unload finished 'M:l'kpﬂll‘lr
1dentify 1he activity{ies) and process parameteris) in cach step of the operation.

Solution: nstep (1) the activities consist of the robol manipulstor rcaching for the raw
work part . lifting and positioning the part into the chuck jaws of the Lithe,then
peimoviig e wampulaier 0 8 safe position o await unloading The process
parameters for these activities are the axis values of the robol manipulator
i which change continuousiv ). the gnpper value {open or closed ). and the chuck
jaw value (open or closed)

Ir. step (2). the activity involves the movement of the cutting tool 10 a
“ready” position, The process paramcters associated with this sctivity are the
v-and z-axis position of the tool,

Step (3) is the turning operation. [t requires the simultancous control of
three process paramelcrs: rotational speed of the workpiece (rev/min), fced
(mm/rev), and radisl distance of the cutting tool from the axis of rotation. To
cur the conical shape, radial distance must be changed continuously at a constant
rate for each revolution of the workpiece For a consistent finish on the surface,
the rotational speed must be continuously adjusied 1o maintain & constant sur-
face speed (my/min); and for egual feed marks on the surface, the feed most be
sel at a constanl value. Depending on the angle of the cone, mullipie Tuming
passes may be required 1o gradually genenale the desired contour. Each pass rep-
resents an additional step in the sequence.

Steps (4) and (5) involve the reverse activities as steps () and (1), re-
spectively, and the process parameters are the same.

Many production operations consist of maliiple steps. sometmes more complicated
than our turning example. Examples of these operations include automatic screw machine
cycles sheet metal stamping operations, plastic injection malding, snd dic casting. Each of
these manufacturing processes has been used for many decades, In earbier versions of these
operations. the work cycles were controlicd by hardware components, such as hmit switch-
es, timers, cams, and electromechanical relavs In effect, the hardware componcnts and their
prrangaments served os the program of instructions tha directed e seguence of steps in
the processing cycle. Although these devices were guite adeguate i performing their sc-
quencing lunction, they suffercd from the following disadvantages: (1) They often required
considerale time to design and fabricate, thus forcing the production equipment to be
used for batch production only; (2) making even minor changes in the program was diffi-
cult and time consuming: and (3) the program was m a physical form that is not readily com-
patible with compuicer data processing and communication.

Modern controilers used in automated systems are based on digital computers. In-
stead of cams, timers, relays, and other bardware devices. the programs for computer-con-
trolled equipment are contained in magnetic tape, d:skettes, compact disks (CD-ROMs),
compuler memaory, and other modern storage technologies, Virtually all new equipment
that perform the above mass production operations are designed with some type of com-
puter controlier to execute their respective processing cycles. The use of digital comput-
ers as the progess contraller allows improvements and upgrades to be made n the control
programs, such as the addition of control functions not foreseen during initizl equipment

design. These kinds of control changes are ofien difficult 1o make with the previpus hard-
ware devices,
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The work cycle may include manual steps, where the operator perfurms cerlgm ac-
tivities during the work cycle and the antomated system performs the resl. A comman cx-
ample is the loading and unloading of parts by the operator into and from a numernical
control machine between machining cycles, where the machine performs the cutting op-
eration under part program control. Initiation of the cutting operation of cach cycle is (rig-
gered by the operator activating a “start” bution afier the pari has been loaded.

Decision-Making in the Programmed Work Cycle.  In our previous discussion of
automated work eyeles, the only iwe features of the work evele are ([ ) the number and s2-
quence of processing steps and (2) the process paramerer changes in ¢ach step. Each work
cycle consists of the same steps and swsociated process parameter changes with no vana-
tion from one cycle to the next. The program of nstructions is repeaied each work cyde
without deviation, In fact, many aulomuted munufacluring operations require decisions io
be made during the programmed work cycle 1o cope with variations i the cycle. In many
cases, the variations are routine elements of the cycle, and the corresponding instructions
for dealing with them are incorporated into the regular part program. |hese cases include:

& Chperator interaction. Alhough the program of instructions is imtended 10 be carned
out without human interaction, the coatroller unit may require input data from a
human aperator in order 1o function. For example. in an avtomated engraving oper
ation, the operator may have 1o enter the alphanumeric characters that are (o be ¢n-
graved on the work unit (e.g.. plague, trophy, belt buckle). Having entered the
charazters, the engraving operation is accomplished automatically by the system. (An
everyday example of operator interaction with an automated sysiem is a bank cus-
lomer using an automated teller machine. The customer must enter the codes indi-
cating what transaction is 1o be accomplished by the teller machine )

* LDifferent part or product styles processed by the system, |n this instance, the auto-
mated system is programmed to perform different work cycles on different part or
product styles. An example i an industrial robot thut performs a series of spot weld-
ing operations on car bodies in a fina) assembly plant. These plants are often de-
signed 1o build different body siyles on the same automaied assembly line, such s
two-door and four-door sedans. As each car body enters & given welding stauon on
the line, sensors identify which siyle it is. and the robot performs the correct series of
welds for that style,

* Varianions in the tarting work units, In many manufacturiag operations the staning
work units are not consistent. A good example i & sand casting as the starling work
unit in & machining operation. The dimensional variations in the raw castings some-
times necessitate an exira machining pass to bring the machined dimension to the

specified value, The part program must be coded 1o allow for the additional pass
when necessary,

In all of these examples, the routine variations can be sccommaodated in ihe regular work
cycle program. The program can be designed to respond to sensor or operator inputs by
cxecuting the appropriate subroutine corresponding to the input. In other cases, the vari-
ations in the work cycle are not routing a1 all. They are infrequent and unexpected, such
us the faiture of an equipment component. In these nstances, the program must include con-
tingency procedures or modifications in the sequence Lo cope with conditions that lie oul-
side the normal routine, We discuss these measures (eter in the chapter in the conrext of
advanced automanen functions {Section 3,2).
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TABLE 3.2 Features of Work Cycle Programe Lised in Automated Systems

Program Feature Examples or Alternatives

Staps in work cycle

Exampla
» Typical saquance of steps: {1) load, {2}, process, (3) unload

Process paramatars linpule) A tarnalivas

in sach atap

« One parameler versus multiple parsmetars that must be changed
during the stap

« Cantinuous parameters varaus discrote paramelor

* Parameters that change during the step; for axample, 8 positioning
aystam whoss Axes valuas change during the procassing siep

Manual steps in waork cycle Allarnalives:

* Manual gteps versus no manual glepa (complataly aulomated work
oyl

Fxampla:

« OQpergtar loading and unloading parts to and from maching

Operatar interaction Alternativiae:

« Oparalar intorection vargus complataly aulomated work cyclo

Example: _
* Oparator entering processing infarmation for currenrt warkpan

(Mitfaram part o product styles Altsrnalivig:

« |dantical part or product style ssch cycla imass or baich
preduction) verdus difterent part or produn styles each cyola
(Mlaxible automation)

Varigtions im starting wark units Exampin:

« Variations in starting dimensiona or part features

A variety of production situations and work cycle programs has been discussed here.
The features of work eycle programs (part progrums) used to direct the operations of an
awtomated system are summarized gs in Table 3.2

3.1.3 Control System

The control element of the automated syslem executes the program of instructions, The
control system causes the process to accomplish its defined function, which for our purpose
I8 10 CAITY Oul Some manufacluring operation. Lel us provide a brief introduction 1o con-
trol systems here. The following chapter describes this important industrial technology in
more detail,

The controls m an automated system can be ¢ither dosed loop or open loop. A closed
toop control sestem, also known as a feedback conrrol system. is one in which the output vari-
able is compared with an input parameter, and uny difference between the two is used to
drive the output into agreement with the input, Az shown in Figure 3.3, a clused loop con-
trol system consist~ of six hasic elements: (1} input parameter, {2} process, (3) output vari-
able, (4} feedback sensor.(5) controlier. and (/) actuator. The input parameter, often referred
to s the et poni, represents the desired value of the output. In a home temperature con--
irol system, the set point is the desired thermostar setting. The process is the operation or
function being controlled. In particular. it is the owlpur variable that is being controtled in
the loap. In the present discussion. the process of interest is usuaily a manufacturing op-
eration, and the output varishle is some process variable, perhaps a critical performance



m

Chap. 3 | Iatroduction to Automation

il R} i#] ] (3

Input | " ‘ Cutpul
——— " Canlialler i—f Hetmtor [ Process = variabla

23]

W
Feedback |
L]

Figure 3.3 A feedback control system,

maasure in the process, such as temperature or forge or flow rate, A sensor is used 1o mea-
sure the outpul variable and close the loop between input and output. Sensors perform
the fecdback function in u closed loop control system. The contraller compares the ouput
with the input and makes the required adjustment in the process to reduce the differenee
between them. The adjustment is accomplizhed using one or more actuators, which are the
hardware devices that phystcally carry out the conteol actions, such as an electric motor or
a flow valve, It should be mentioned that our model in Figure 3.3 shows only one loop,
Most indusirial processes require multiple loops, one lor each process variable that must
be controlled.

In contrast to the closed loop control system, an epen loop conirel system operales
withoul the feedback loop, as in Figure 3.4. In this case, the controls operate withoul mea-
suring the output variable, so no comparison is made between the actual value of the out-
put and the desired input parameter. The controller relies on an accurate model of the
effect of its actustor on the process variable, With an open loop system, there is alweys the
risk that the actuator will not have the intended effect on the process, and that is the dis
advantage of an open loop system. Ly advantage {3 that it 8 generally simpler and less ex:
pensive than a closed loop system, Open loop systems are usually appropriate when the
foilowing conditions apply: (1) The actions performed by the control system are simple,
{2) the actuating function is very relable, and (3) any reaction forces opposing the actua-
tion are small encugh to have no effect on the actuation. If these characteristics are not ap-
plicable, then a closed boop control system may be more appropriate.

Consider the difference between a closed loop @nd open loop system for the case of
a positioning system. Posilioning systems are common in manufacturing to locate a work-
part relxtive 1o a tool or workhead. Figure 3.5 illustrates the case of a closed loop posi-

Input " Dl
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Figure 3.4 An open luop control system.
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Figure 3.5 A {one-axis) positioning systemn consisting of a leadscrew
driven by a dc servamator.
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tiening system. In operation, the system is directed to move the worktable 1o a specified
location as defined by a coordinate value in a Cartesian (or other) coordinate system. Most
positioning systems have at least two axes (e.g., an 1 ~ y positioning table) with a control
system for each axis, but our diagram only illustrates one of these axes. A de servomotor
comnected 1o a leadserew is a commaon actuator for each axis. A signal indicating the coor-
dinate value {e.g.. r-value) is sent from the contraller to the mator that drives the leadserew,
whose rotation i3 converted into linear motion of the positioning table. As the 1able moves
choser to the desired r-coordinate value, the difference between the actual y-position and
the inpul v-value is reduced. The acinal -position is measured by a feedback sensor (e.g.
an optical encoder). The controller continues te drive the motor until the actual table po-
sition corresponds 10 the inpul position value.

For the open loop case, the diagram for the positioning system would be similar to the
preceding. except that no feedback loop is present and a stepper motor is used in place of
the de servomaotorn. A stepper motor is designed to rotate a precise fraction of 2 tum for cach
pulse received from the contreller. Since the motor shaft s connected to the leadserew,
and the leadscrew drives the workiable, each pulse converts into a small constant linear
movement of the table, To move the tahle a desired distance, the number of pulses come-
sponding to that distance is sent 1o the motor. Given the proper application. whose char-
acteristics match the preceding list of operating conditions, an open loop positoning system
works with high rehability.

We consider the engineering analysis of closed loop and open loop positioning sys-
tems in the contex] of numerical conftrol in a subscquent chapler {Section 6.6).

3.2 ADVANCED AUTOMATION FUNCTIONS

Tn addition to executing work cvele programs, an automated system may be capable of ex-
ecuting advanced functions that are not specific to a particular work unit. In general, the
functions are concerned with enhancing the performance and safety of the equipment. Ad-
vanced agtomation functions include the following: (1) sefety monitoring, (2) maintenance
and repair diagnostics, and (3) error detection and recovery.

Advanced automation functions are made possible by special subroutines included
in the program of nstructions. In some cases, the functions provide information only and
do nat invalve any physical actions by the control system. An example of this case includes
reporting i list of preventive maintenance lasks that should be accomplished. Any actions
taken on the basis of this report are decided by the human operators and managers of the
system and not by the sysiem iiselll In oiher cuses, the program of instructions must be
physically executed by means of the control system using available actuators A simple ex-
ample of this casc s a safety moniloring sysiem that sounds an alarm when a human work -
er gets dangerously close to the automated system:,

321 Safety Monitoring

One of the significant reasons fur aulomating a manufacturing operation is to remove
worker(s) from a hazardous working environment. An automated system is often installed
tovperform a potentially dangerous operation that would otherwise be accomplished man-
&atﬁf by human workers. However, even in automated systems. workers are still needed to
service the sysiem, at penodic time intervals if not full-time. Accordingly. it is important that
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the automated system be designed to operate safely when workers are in attendance. In ad
dition, it is essential that the automated system carry oul its provess ina wiy that is not self-
destructive. Thus, there are two reasons for providing an automated sysiem with a safety
monitoring capability: (1) to protect human workers in the vicimity of the system and (2} 1o
protect the equipment associated with the system.

Safety momitoring means mare than the conventional safety messures taken in s man-
ufacturing operation, such as protective shickls around the aperation or the kinds of man-
ual devices that might be utilized by human workers. such as emergency stop buttons. Safery
mortitewring in an automated sysiem involves the use of sensors to track the systom's oper-
ation and identifty conditions and events thal are unsafe or potentially unsafe, The safety
monitarng syitem 18 programmed to respond o unsafe conditions in some appropriate
wiy, Possibie responses 1o various hazards might include one or more of the following:

complete stoppage of (the automaled system

sounding an alarm

reduang the operating speed of the process

tiking corrective actions 1o recover from the sufety violation

This last response is the most suphisticated and is suggastive of an imtelligent machine per-
farming some advanced strategy. This kind of response is applicable 1o a varioty of possi-
kle mishaps, not necessarily confined to safely issues, and is called error detection and
recovery {Section 3,2,3).

Sensors for safety monitoring range from very simple devices Lo highly sophisticat-
ed systems The topic of sensor technology is discussed in Chapter 5 (Section 5.1). The fol-
lowing list suggests some of the possible sensors and their applications for safety monitoring;

* Limil switches to detect proper positioning of a part in a workholding device so that
the processing cycle can begin.

= Photoelecinic sensors triggered by the interruption of a light beam, this could be used
ta indicale that a part is in (the proper position or to detect the presence of a human
intruder into the work cell,

* Temperature sensors 1o indicate thal a metal workpart is hot enough to proceed with
a hot forging operation, If the workpart is not sufficiently heated, then the metal's duc-
tility may be too low, and the forging dies might be damaged during the operation,

* Heat or smoke deteciors to sense fire hazards.

* Pressure-sensitive floor pads to defect human intruders into the work cell.

* Machine vision systems to supervise the automated system and its surroundings.

It should be mentioned that a given safety monitoring system is linuted in its ability
ta reapond 1o harardous conditions by the possible irregularitics that have been foreseen
by the system designer. If the designer has not anticipated a particular hazard, and conse-
quently has not provided the system with the sensing capability to detect that hazard, then
the safety monitoring system cannot recognize the event if and when it occurs,

3.22 Maintenance and Repair Diagnostics
Modern amomated production systzms are becoming increasingly complex and sophist

cated, thus complicating the problem of maintaining and repairing them. Mairtenance arnd
repair diagrnostics refers to the capabilities of an automated system to assist in the idenii-
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fication of the source of potential or actual malfunctions and failures of the system. Thm
modes of operation are typical of o modern maintenance and repair diagnostics subsystemn

). Swning monitoring. In the status monitoring mode, the diagnostic subsystem moni-
fors and records the status of key sensors and parameters of the system during nor-
ma. operation. On request, the diagnostics subsystem can display any of these values
anc provide wn interpretution of current system status, perhaps warning of an immi-
neri failure.

2. Failure diagnostics. The fuilure diagnostics mode is invoked when a malfunction oc
failure pecurs Tts purpose 18 1o interpret the current values of the monitored vari-
ahles and to analyze the recorded values preceding the failure so thai the cause of the
failure can be identified.

3, Hecompmendation of repair procedure. In the third mode of operation. the subsysiem
provides a recommended procedure to the repair créw as to the steps that should be
laken to cifect repairs Methods for developing the recommendations are somelhimes
bascd on the use of expert systems in which the collective judgments of many repair
experts are pooled and incorporated inte a computer program that uses artificial in-
telligence technigques

Status monitoring serves two important functions in machine diagnostics: {1} pro-
viding information for diagnosing a current failure and (2) providing data 1o predict a fu-
ture malfunction or failure. First, when a failure of the equipment has occurred, it is usually
difficult for the repair crew to deterrmine the reason for the failure and what steps should
be taken to make repairs. It is often helpful to reconstruct the events leading up to the fail-
ure, The compier is programmed 1o monilor and record the varables and (o draw log-
cal inferences [rom their values about the reason for the malfunction. T his diagnosis helps
the repuir personnel make the ncocssary repairs and replace the appropriate components.
This is especislly helpful in electronic repairs where it is often difficult 1o determine on the
hasig of visusl mspection which components have fajled

The second function of status monitoring is to ideatify signs of an impending failure,
5o that the alfected components can be replaced before failure actually causes the system
1o po down. These part replacements can be made during the night shifi or other time
when the process is not operating, with the result that the system experiences po hoss of reg-
ular operaton.

3.2.3 Error Detection and Recovery

In the operation of any automaled system, there are hardware malfunctions and unex-
pected events that occur during operation. These events can result in costly delays and loss
of production until the problem has been corrected and regular operation is restored. Tra-
ditionally. equipment malfunctions are corrected by human workers, perhaps with the aid
of a maintenance and repair diagnostics subroutine. With the increased use of computer con-
trol for manufacturing processes, there is a trend 1oward using the control computer not only
1o disgnose the malfunctions but also to automatically take the necessary currective aciion
to restore the sysiem to normal operation. The term error desection and recovery is used
whten the computer performs these functions,
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Error Detection.  Asindicated by the term, error detection and recovery consists of
two steps: (1) error detection and (2) error recovery. The error detection sicp uses the au-
tomated svstem's available sensor systems to determine when a deviation or malfunction
has occurred, correctly interpret the sensor signal{s), and classify the error. Design of the
error deteciion subsystem must begin with a classification of the possible errors that can
oceur dunng system operation. The errors in a manufacturing process tend 1o be very ap-
phcation specific. They must be anticipated in advance in order to select sensors that will
enable their detection,

In analyzing a given production operation, the possible errors can be classified into
one of three general categories: () random errors, | 2) systematic errors, and (3) aberrations.
Random errors oecut as o result of the normal stochastie nature of the process. These er-
rors occur when the process is in stalistical control (Section 21.1). Large variations in part
dimensions, even when the production process is in statistical control, can cause problems
in downstream operations. By detecting these deviations on a part-by-part basis, corrective
action can be taken in subsequent operations Sysiematic errors are those that result from
some assignable cause such as a change in raw material properties or a drift in an equip-
ment setting. T hese errors usually cause the product to deviate from specificalions so as 1o
be unacceptable in quality terms. Finally. the third type of error. aberrations, results from
either an equipment failure or a human mistake. Examples of equipment failures include
fracture of 8 mechanical shear pin, bursts in & hydrauhc line, rupture of a pressure vesse!,
and sudden failure of a cutting tool. Examples of human mistakes include errors in the
control program, improper fixture sclups, and substitution of the wrong raw materials

The two main design problems in error detection are: (1) 1o anticipate all of the pos-
sible errors that can occur in a given process and (2) to specify the appropriate sensor sys-
tems and associaled interpretive software so that the system is capable of recognizing each
error, Solving the first problem requires o systematic evaluation of the possibilities under
ench of the three error classifications. f the error has not been anticipated, then the erros
detection subsysiem cannol corveclly detect and identify i,

EXAMPLE 3.2 Error Detection in an Automsted Machining Cell

Conssder an automated cell consisting of a CNC machine tool, a parts storage
unit, and a robot for loading and unloading the parts between the machine and
the storuge unit, Possible errors thal might affect this system can be divided
into the following categories: (1) machine and process, (2) cutting tools, (1) work.
holding fixture. (4) part storage unit, and (5) load/unioad robat. Develop a list
of possible errors (deviations and malfunctions) that might be included in each
of thede five categorigs.

Solution: A list of possible errors in the machining cell is presented in Table 3.3.

Error Recovery. Error recovery is concerned with applying the necessary correc.
tive aclion to overcome the error and bring the system back (0 normal operation. The
prablem of designing an error recovery system focuses on devising appropriate sirategies
and procedures that will either correct or compensate for the variety of errors that can
occur in the process. Generally, a specific recovery strategy and procedure must be de-
signed tor each different error. The (ypes of stralegies can be dassified as follows:

L. Make adjustrments at the end of the current work cycle. When the current work cycle
is completed, the part program branches to a corrective action subroutine specifically
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TABLE 33 Error Dataction Step in an Automated Nachining Cell Error Camgories and
Possiple Malfunctiana Within Each Catégory

Error Categoras Possibis Malfunctions

1.

Machine and process Loas ¢f power, power overioad, thermal deflection,

eutting temparature oo Righ, vibostion, no coolen,
chip fowling, wreng part program, defectiva par

Cutling toola Tool breakage, too wear-out, vibration, tool not present,

wiing tool

. Workholding fisture Part nol in fixturs, clamps not actuated, part dislodged

during
machining, part deflectlon during machining, pan
breakage, chips causing location problems

Pan siorage unit Workpart not prasant, wrong workpart, oversized or

undersizad workpart

Load/unlosd robot Improper grasping of workpar, robol drops workpart,

ne part present at pickup

b

designed for the ervor detected, execuies the subroutine, and then retums to the work
cycle program. | his action reflects a bow level of urgency and is most commonly as-
saciated with random errors in the process,

. Muke adjiusorients durmg the cureent evefe. | s gencrally indicates a higher level of

urgency than the preceding tvpe In this case, the action o correct or compensate for
the detected error is initiated as soun us the error is detected. However, it must be
possible wr accomplish the designated corrective action while the work cycle is still
being execuled.

Y. Stap the process io tnveke correetive action. [n this case, the deviation or malfunction

requires that the execution of the work eyele be suspended duning corrective action,
It is assumed that the system s capable of automatically recovering from the error
without human assislance, At the end of the corrective action, the regular work cycle
% continued.

Steap the process and call for help. In this case, the error requiring stoppage of the process
cannol be resolved through sutomated recovery procedures. This situation anises be-
canse: | 1) the automated cell is not enabled 1o correct the problem or (2) the error can-
not be dassificd into the predefined list of errors. In cither case, human assistance
required to correct the problem und restor: the system to fully automated operation,

Error detéction and recovery requires an interrupt system (Section 4.3.2). When an

eTror in the process i sensed and identified, an interrupt in the current program execution
s invoked 1o hranch 1o the appropriate recovery subroutine, This is done either at the end
of the ¢urrent eycle (1vpe 1 above) or immediately (1ypes 2.3, and 4). At the completion of
the recovery procedure, program execution reverts back to normal operation,

EXAMPLE 33 Ereor Recovery in an Automated Machining Cell

Fur the automated cell of Example 3 2, develop a hist of possible corrective ac-
tions Lhai might be taken by the system to address certain of the emrors.

Sodption: A st of possible corrective actions is presented in Table 3.4,
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TABLE 3.4 Error Recovery in an Automated Machiring Cell: Possible Corrective Actions That
Might Be Taken in Response to Errors Detected During the Operation

Errars Detected Possibie Corractiva Actions fo Recover
Part dimensions deviating dus ta Adjust coordinates in part program to compensate
tharmal deflection of machine tool {category 1 corractive action)

Part dropped by robat during pickup Reach for another part (category 2 cormetive action)

Part is dimensionally oversized Adjusl part progeam to take a preliminary machiring
pass poross the work surface {category 2 corrective
Aclio)

Chatter (tool vibration) increase of decrease cutting speed to change harmomc
frequency (categary 2 corrective action)

Cutting temperature too high Reduce cutting speed (category £ corrective action)

Failure of cutting tool Replace cutting 100l with another sharp tool icategory
3 correclive sction).

Mo maore pars in parts slorage unit Call operator to resupply starting warkparts {categorny 4
carractive acticn)

Chips fouling machining speration Call gperator to clear chips from work area {catagony 4

COFrgCtive action)

3.3 LEVELS OF AUTOMATION

The concept of automated systems can be applied 1o various levels of factory operations
Omne normally asociates automation with the individual production machines. However,
the production machine itsell s made up of subsystems that may themselves be antomar-
ed. For example. one of the important automation technologies we discuss in this part of
the book s numerical control (Chapter ). A modern numerical control (NC) machine toal
15 an automated system. However, the NC machine itself is compaosed of muliple control
systerns. Any NC machine has ag least iwo axes of motion, and some machines have up to
five axes Each of these axes operales as a positioning system, as described in Section 3.1.3,
and is, in effcct, itsell an antomated system. Similarly, a NC machine is often part of a larg-
er munufocturing system, and the larger system may itself be automated. For example, two
of three machine lools may be connected by an aulomated part handling system operat-
ing under computer control. The machine tools also receive instructions (e, part pro-
grams) from the computer. Thus we have three levels of automation and control included
here (the positioning system level, the machine tool level, and the manufacturing system
fuvel). For pur purposes in this text, we can identify five possible levels of automation ina
production plant They are defined next, and their hierarchy is depicted in Figure 3.6.

1. Device level, This is the lowest level in our automation hierarchy. [t includes the ac
luators, sensors, and other hardware components that comprise the machine level.
The devices are combined into the individual control loops of the machine; for ex-
ample, the feedback control loop for one axs of a CNC machine or one joint of an
industrinl robot,

Muachine fevel, Hardware ay the device level is assembled into individual machines, Fx-
amples include CNC maching tools and similar production equipment, industrial ro-
bots, powered conveyors, and avtomated guided vehicles. Control funclions al this

3
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Figare L6 Five levels of sutomation and control in manufacturing.

level include performing the sequence of steps in the program of instructions in the
correct order and making sure that each step is properly executed,

3, Cell or system level. This 15 the manulacturing cell or system level, which operates
under mstructions from the plant level. A manufacturing cell or system 12 a group of
machines or workstations connected and supported by a material handling system,
computer. and other equipment appropriate 10 the manufacturing process. Produc-
tion lines are included in this level. Functions include part dispatching and machine
loading, coordination among machines and material handling system, and collecting
and evaluating inspection Jata,

4, Plant level. This as the factory or production systems level. Il réceives instructions
from the coiporate infurmation system and transiates them into operational plans
for production. Likely lunctions include: urder processing, process planning, inven-
tory contrul, purchasing, matenal requirements planning, shop floor control, and qual-
ity control,

5. Emerprise level This is the tughest level, consisting of the corporate information sys-
tem, It concerned with all of the functions necessary 1o manage the company: mar-
koting and sales, accounting, design, research, aggregate plannming, and master
production scheduling.

Must of the technologics discussed in this part of the book are at level 2 (the ma-
chine level), although we discuss level | automation technologies (the devices that make
up a control systcm) in Chapter 5, The level 2 rechnologies include the individual con-
trotlers {e.g.. programmable logic controllers and digital computer controllers), numerical
cantral machines, and industrial robota The matenial handling equipment discussed in Part
Il #lsiy represent technologies at level 2. although some of the handling equipment are
themselves sophisticated aulomated systems. The automation and control issues at level 2
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ure concemmed with the basic operation of the equipment and the physical processes they
porform.

Conirollers, machines, and material handling equipment are combined into manu-
facturing eclls, or production lines. or similar systems, which make up level 3, considered
in Part 1L A manufucturing sysiem is defined in this book as a collection of integrated
apuipment designed for some special mission, such as machining a defined part family or
assembly of a certabin product, Manufaciuring systems also include people. Certain highly
avtomated manufacturing systems can operate for extended periods of time without hu-
mans present to attend to their needs. But most manufacturing systems include workers as
important elements of the system: for example, pssembly warkars on a conveyvorized pro-
duction hne or part loaders/unloaders in o machimng cell, Thus, manufpcturing systema
are designed with varying degrees of avtomation; some are highly automated, others are
completely manual, and there is a wide range beiween,

The manufaciuring systems in a factory are components of u larger sysiem, which we
refer o as a production system. We define o production system as the people, equipment,
and procedures that are arganized for the combination of materials and processes that
comprise & company’s manufacturing operations. Production systems are at level 4, the
plant level, while manufacturing systems are at level 3 in our automation hierarchy. Pro-
duction systems include not only the groups of machines and workstations in the factory
BUL also Lhe support procedures that make them work, I'hese procedures include produc-
tion control, inventory control. material requirements planning, shop floor control, and
quality control, These systems are discussed in Purts 1V and V, They are ofien implement-
ed not only at the plant level but also at the corporate level (level 5).
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The coniryl system iz one of the three basic components of an automation system (Sec-
tion 3.1). In this chapter, we examine industrial control systems, in particular how digital
compulers are used 1o implement the control function in production. frdwsrial comntrol is
deftned here as the automatic regulation of unit operations and their associated equip-
ment as well as the integration and coordination of the unit operations into the larger

i)
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production sysiem. In the cantext of our book, the term unir operafions usually refers to
manulacturing operations; however, the term also appiies to the operation of material han-
dling and other industrial equipment. Let us begin our chapize by comparing industrial
control as it is applied in the processing industries and how 1t is applied in the discrete
manufactanng industies.

4.1 PROCESS INDUSTRIES VERSUS DISCRETE
MANUFACTURING INDUSTRIES

In our previous discussion of industry types in Chapler 2, we divided industries and their
production operations into two basic categories: (1) process industries and (2} discrele
manufs¢iunng industries { Section 2.1 ). Process industnes perform their production oper-
ations on ametins of materials, because the materials fend to be liguids, gases, powders, and
similar materials, whereas discreie manufacturing industries perform their operations on
quannties of materials, because the materials tend 1o be discrete parts and products. The
kinds of unit operations performed on the materials are different in the two industry eat-
egories. Some of the typical unit operations in each category are listed in Table 4.1.

41.1 Levels of Automation in the Two Industries

The levels of automation (Section 3.3) in the two industries are compared in Table 4.2.
The significant differences are seen in the low and intermediate levels. At the dovice level,
there are dilferences in the types of actuators and sensors used in the two industry cate-
gories, simply because the processes and equipment are different. In the process indus-
tries, the devices are used mostly for the control loops in chemical, thermal, or similar
processing operations, whereas in discrete manufacturing, the devices coniral the me-
chanical actions of machines, At the next level above, the difference is thet unit operations
are controlled in the process industries, and machinegs are controlled in the discreie man-
ufacturing operations. Ai the third level, the difference is between control of intercon-
nected unil processing operations and inwsrconnected machines. At the upper levels (plant
and enterprise), the control issues are similar, allowing for the fact that the products and
processes are different.

TABLE 4.1 Typical Unit Operations in the Process Industries and Discrete
Manufacturing industries

Typical Linit Oparations Typical Unit Operations in the
in the Process Industrios Digermta Manufacturing Industriog

Chamioal reactions Casting

Comminution Farging

Depasition l&.g. chemical vapar Extrusian

dupoaitian) Machining

Cristiflatron Mechanical nasembiy

Heating Plasiic malding

Mixing and blanding of ingredianty Sheet maotal stamping

Separation of ingracients

——
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TABLE 4.2 Levels of Automation im the Process Industries and Discrete Manufacturing industries

Love! of Autarmation

Level af Awtomation in the Discrefe
Manufacturing industries

Laval in the Process Indusiries
5 Corporate level—managament Corporate level—managamant
infarmation gystom, stratagio planning, infarmation system, strategio planning,
high-lovel mansgrment of anterprise high-lavel managemant of entarprise
4 Plant level—scheduling, tracking Plant or faztory leval-—=schaduling,
materials, ngquipment monitaring tracking work-in-process, routing parta
through rmachinas, machine utilization
3 Suparvigory control lmvel—contral and Manufaciuring call ar syatam level—
coordination of asvara| infarconnected unil cantrol and coardination of groups of
operations that make up the total procoss machines and supponing #guipment warking
in coordination, including material handling
oL prant
2 Regulatary control levek—contral of unit Machine level —production machines and

oparations

Davice level—sansors and actuators comprising
tha biasic contral loops for unit operations

workstations for disorete part and product
manulacture

Davics level—sansors and actuators to
sccomplish contral of meching actions

4.1.2 Variabies and Parameters in the Two Industries

The distinclion belween process industries and discrete manufacturing industries extends
to the variables and parameters that characterize the respective production operations. The
reader will recall from the previous chapter (Section 3.1.2) that we defined variables as out-
puts of the process and parameters as inputs 1o the process. In the process indusiries, the vari-
ables and parameters of interest tend 1o be continuows, whereas in discreie manufacturing,
they tend to be discrete. Let us explain the differences with reference 1o Figure 4.1,

it
2
g a0
u Diiscrate variahle
E other than binary
= 0
2
g Dheciew: binary
= warighle signal

18 {Qorl)

Puliz data
i] x Az 1"7.;“

Figure 4.1 Continuous and discrete variables and parameters in

manufacturing operations.
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A continuous variable (or parameter) is one that is uninterrupted as time proceeds.
at least during the manufacturing operation. A continuous variable is generally consid-
cred 10 be gnalog, which means it can take on any value within a certain range. The van-
able is nol restricted to a discreie set of values. Production operations in both the process
industries and discrete parts manufacturing are characrerized by continpous variables. Ex-
amples include force, temperature, flow rate, pressure, and velocity. All of these variables
(whichever ones apply to a given production process) are continuous over lime during the
process, and they can take on any of an infinite number of possible values within a certain
practical range.

A digcrere variable (or parameter) is one that can take on only certain values within
a given range. The most common type of discrete variable is birary, meaning il can take on
either of two possible values, ON or OFF, open or closed, and so on. Examples of discrzte
binary variables and parameters in manufactiuring include: limit switch open or closed,
motor on of off, and workpart present or not present in a fixture. Not all discrete vanables
{and parameters) are binary. Other possibilities are vaniables that can take on more than
two possible values but less than an infinite number, that is. discrete variables other than bi-
rary. Examples include daily piece counts in a production operation and the display of a
digital tachometer. A special form of discrete vaniable (and parameter) is pulse data, which
consist of a train of pulses as shown in Figure 4.1, As a discrete variable, 2 pulse train mighit
be used to indicate piece counts; for example, parts passing on a conveyor activate a pho-
tocell 1o produce a pulse for each part detected. As a process parameter, & pulse train might
be used 1o drive a stepper motor,

4.2 CONTINUOUS VERSUS DISCRETE CONTROL

Industrial control systems used in the process industries have tended to emphasize the
control of continuous variables and parameters. By contrast, the manufacturing indusiries
produce discrete parts and products, and the controllers used here have iended 1o empha-
size discrete variables and parameters. Just as we have two basic types of variables and pa-
rameters that characterize production operations, we also have two basic types of control:
(1) comtimuons cortrod, in which the variables and parameters are continuous and analog:
and (2) discrete control, in which the variables and parameters are discreie, mostly binary
discrete. Some of the differences between continuous control and discrete control are sum-
marized in Table 4.3,

In reality, most operations in the process and discrete manufacturing industries tend
to include both continuous as well as discrete variables and parameters. Consequently,
many industrial controllers are designed with the capability to receive, operate on, and
transmit both types of signals and data. In Chapter 5, we discuss the various types of sig-
nals and data in industrial control systems &nd how the data are converied for use by dig-
ital computer controllers,

To complicate matters, with the substitution of the digital computer to replace ana-
log controllers in continuous process control applications starting around 1960 (Historical
Note 4.1), continuons process vanibles are no longer measured continuously. Instead, they
are sampled periodically, in effect creating a discrete sampled-data system that approximates
the actual continuous system. Similarly, the control signals sent to the process are typical-
ly stepwise functions that approximate the previous continuous control sipnals iransmitted
by analog controllers. Hence, in digital computer process control, even continucus vari-
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TABLE 4.2 Comparison Betwean Cortinuaus Control and Discrete Comrol

Comparison Factor

Continuouws Controd
in Process Industries

Dhscrete Control in Discrete
Marnufsctunng indusfries

Typical maasures of product
output

Typical quality measures

Typical variablas and
parameters

Typical sensors

Typical actustors

Typlcal process time
constants

Weight measures, liguid volume
maasures, so'id volume measures

Consistency, concentration af
solution, absence of contaminants,
eonformance 1o spectfication

Temperature, vodume flow rate,
pressure

Flow maters. tharmocouplas,
PrEssurn SEnsors

Valves, haaters, pumps
Seconds, minutes, hours

Nurmber of parns, number of
products

Dimensone, surface finish,
appearance, abserce of defects,
product reliability

Position, velocity, acosleration,
force

Lirnit switches, photoelectric
SANSOrE, strain gages,
plaraaiactric sensors

Swilches motors, pistons
Less than & second

nblcs and parameters possces chagsciorstics of discrete dath, and these Characierisiics must
be considered in the design of the computer-process interface and the conirol algorithms
used by the eontraller

421 Continuous Control Systems

In continuous control. the wsual objective is 10 maintain the valoe of an outpul variable #
a desired level, similar to the operation of a feedback control system as defined in the pre-
vious chapter (Section 3.1.3). However, most continuous processes in the practical world
consist of many separate feedback loops, all of which have 1o be controlled and coordi-
nated (o maintain the output vaniable at the desired value. Examples of continuous process.
&8 are the following:

* Control of the vutput of a chemical reaction that depends on temperature, pressure,
#nd input fow rates of several reactants, All of these variables and/or parameters are
conlinuwous,

* Control of the position of a workpart relative 1o a cutting tool in a contour milling op-
eration in which complex curved surfaces are generated. The position of the part is
defined by x-, y-, and r-coordinate values As the part moves, the 1, v, and 7 values
can he considered as continuous variabies and/or parameters that change over time
to machine the part.

There are several approaches by which the control objective s achieved in a contin-

uous process control system. In the following puragraphs, we survey the most prominent
calcgOries.

Reguiatory Control. In regulatory contral the objsctive is 1o maintain process per-
lormance at a certain level or within a given tolerance band of that level. This is appropriate,
for exumple, when the perlummance attribule is some measure of product quality, and it is
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important to kcep the guality at the specified level or within a specified range. In many ap-
plications, the performance measure of the process, sometimes called the index of perfor-
marice, must, be calculated based on several output vanables of the process. Except for this
feature. reguiatory contrel is to the overall process what feedback control is to an individ-
ual control loop in the process, as supgested hy Figure 4.2,

The trouble with regulatory control {the same problem exists with a simple feedback
control loop) is that compensating action is taken only after a disturbance has affected the
process output. An error must be present for any control action (o be taken. The presence
of an error means that the output of the process is different from the desired value. The fol-
inwing control mode, feedforward control, addresses this issue.

Feedforward Control.  The strategy in feedforward comrel I8 to anticipate the ef-
fect of disturbances that will upset the process by sensing them and compensating for them
before they can affect the process. As shown in Figure 4.3, the feedforward control ele-
mernis sense the presence of a disturbance and take corrective action by adiusting a process
parameter thal compensates for any effect the disturbance will have on the process. In the
ideal case, the compensation is completely effective, However, complete compensation s
unlikely because of imperfections in the feedback measurements, actuator aperations, and
control algorithms, so feedforward control is usually combined with feedback control, as
shown in our figure. Regulatory and feedforaard control are more closely associated with
the process industeies than with discrete product manufacturing,

I;llll_u!rblnnu
Input parameiers - _,_i ___ Dnatput varnishibes
L —— e
Aclpuiments Measiprad
_L.. . 0 Lput r variabies
Fuadiorward ] P |
contral akements | ol hattoter |
s — Lo of
Peelormance perfornannee
targe Jevel

Figure 4.3 Feedlorward control, combined with feedback control,
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Steady-State Optimization, This term refers to a class of optimization technigues
in which the progess cxhibis the following characteristics: (1) there is a well-defined index
of performance, such as product cost, production rate, or process yield: (2) the relationship
hetween the process variables und the index of performance is known; and (31 the values
of the system parameters that optimize the index of performance can be determined math-
ematically. When these characteristics apply, the control algorithm is designed to make ad-
justmienis in the process parameters (o drive the process toward the optimal state. The
control svstem is open-loop, as seen in Figure 4.4, Several mathematical technigues are
available for solving steady-state optimal control problems, including differential calculus,
calenlus of variations, and a variety of mathematical progrumming methods,

Adaptive Control.  Steady-siate optimal control operutes as un open-loop system.
I works successfully when there are no disturbances that invalidate the known relation-
ship between process paramelers and process performance. When such disturbances are pre-
sent in the application, a self-correcting form of optimal control can be used, called adaptive
control. Adapiive control combines leedback control and optimal contral by measuring
the relevant process variables during operation (as in feedback conteol) and using a con-
trol algonthm that attempts (o optieize some index of performance (as in optimal control).

Adaptive control is distinguished from feedback control and steady-state optimal
cuntrol Iy s unigue capability 1o cope with & time-varving environment. 10 is not unus-
al for a system Lo operate in an environmen! thal chunges over time and for the changes
lo have & potential effect on system performance. If the internal puramelen or mecha-
nisms of the sysiem are fixed, as in feedback control or optimal control, the system may per-
form quite differently in one type of environment than in another. An adaptive control
system is designed to compensate for its changing environment by monitoring its own per-
formance and altéring some aspect of it$ control mechanism to achieve optimal or near-op-
timal performance. In a production process, the “lime-varying environment” consists of
the day-to-day variations in raw materials, looling, stmospheric conditions, and the like,
any of which may affect performance

The general configuration of an adaplive control system is ilhastrated in Figure 4.5.
To evaluate its performance and respond accordingly, an adaptive control system performs
three functions, as shown in the figure:

L. Idemification function. In this function, the current value of the index of performance
of the system is determined, based on measurements collected from the process. Since

Inpui parameters Crarput vanables Periormance
- —— M fstire
b  Proces - -
oo o )
Adjustmenis {1y
oo it — Index of
Parameterd pesformance (1F)
Comtrofles :
L&
Algoritam to {2)
determine oplimum Mathematics] mode]
inpu! parameter of process and TF
vitlues

Figure 4.4 Steady-state {open-loop} optimal control.
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Figure 4.5 Configuration of an adaptive control system.

the environment changes over time, system performance also changes. Accordingly,
the identification function must be accomplished more or less continuously over time
during sysicm operation,

2. Decison function. Once system performance has been determined, the next function
i5 1o decide what changes should be made to improve performance. The decision
function is implemented by means of the adaptive system’s programmed algorithm.
Depending on this algorithm. the decision may be to change one or more input pa-
rameters o the process, to alter some of the intemnal parameters of the controller, or
other chanpes

3. Modification function, The third function of adaptive control is to implement the de-
cision, Whereas decision is a logic function, modification ks concerned with physical
changes in the sysiem, It involves hardware rather than software, [n modifization,
the gystem paramelers or process inputs are altered using available actuators to drive
the system toward a more optimal state.

Adaplive control 18 most applicable at levels 2 and 3 i our automation hierarchy
{ Table 4.2), Adaptive control has been the subject of research and development for sever-
al decades, originally motivated by problems of high-speed flight control in the age of jet
aircraft. The principles have been applied in other arcas as well,including manufacturing
Omne potable effort is adapiive control machining,

On-Ling Search Strategies. On-linc search strategics can be wsed 1o address a
special class of adaptive control problem in which the decision function cannot be suffi-
cienily defined: that is, the relationship between the input parameters and the index of per-
formunce is not known, or nod known well enough 1o use adaptive conlrol as previously
described, Therefore, it is not possible 1o decide on the changes in the internal parameters
of the system to produce the desired performance improvement. [nstead, experiments must
be performed on the process. Small systematic changes are made in the input parameters
of the process to ubserve what effect these changes will have on the output variables Based

on the results of these experiments, larger changes are made in the input paramelers to drive
the process toward improved performance,
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On-line search strategies include a variety of schemes 1o explore the effects of changes
in process parameters, ranging from trial-and-error techniques to gradien: m:hudlnlhl'l of
the schemes attempt to determine which input parameters cause the greatest positive ¢f-
fect on the index of performance and then move the process in that direction. There is lit-
tle evidence that on-hine search techniques are used much in discrete parts manufacturing,.
Their applicalions are more commun in the continuous process industries

Other Specialized Technigues. Other specialized techniques include stralegics
that are currently evolving in control theory and computer science. Examples include learn-
ing systems, expert systems, neural networks, and other artificial intelligence methods for
priocess control.

4.2.2 Discrete Control Systams

In discrere contral, the parameters and variables of the system are changed at discrete mo-
ments in time. The changes involve variables and parameters that are also discrele, typically
binary (ON/OFF). The changes are defined in advance by means of a program of instruc-
tions, for example, a work cycle program (Section 3.1.2). The changes are execwled either
because the state of the system has changed or because a certain amount of time has
clapsed. These two cases can be distinguished as { 1) eveni-driven changes of (2} time-
driven changes [3].

An event-driven change is executed by the controller in response Lo some event that
has caused the state of the system to be altered. The change can be to initiate an opération
or terminate an operation, start a motor or stop it, open a valve or close it, and so forth. Ex-
amples of event-driven changes are:

* A robot oads a workpart into the fixture, and the part is sensed by a limit switch, Sens-
ing the part’s presence is the event that alters the system state. The event-driven
change is that the automatic machining cvele can now commence.

* The diminishing level of plastic molding compound in the hopper of an injection
molding machine Lriggerns i low-level switch, which in tumn triggers a valve 10 open that
starts the flow of new plastic into the hopper. When the level of plastic reaches the
high-evel switch, this triggers the valve 1o close, thus stopping the flow of pellets inte
the hopper.

* Counting parts moving along o conveyor past an optical sensor is an event-driven
system. Each part moving past the sensor is an event that drives the counter.

A time-driven change is executed by the control system either at a specific point in
time or after & certain lime lapse has occurred. As before, the change uswally consists of
starting something or stopping something, and the time when the change occurs is impor-
tant. Examples of time-driven changes are:

* In factories with specific starting times and ending times for the shift and uniform
break periads for all workers, the “shop clock™ is set to sound a bell at specific mo-
ments during the day to indicate these start and stop times.

* Heat treating operations must be carried out for a certain length of time. An auto-
mated heat treating cycle consists of sutomatic loading of parts into the furnace {per-

haps by a robot) and then unloading after the parts have been heated for the specified
length of time.
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o In the operation of 8 washing machineg, once the laundry b has been filled o the
preset level, the agitation cyele continues for a length of time set on the controls.
When this tme 18 up, the Limer stops the agitation and initiales drwining of the tub.
{ By companison with the agitation cycle, filling the laundry tub with water i event-
driven, Filling continues until the proper level has been sensed, which causes the injel
valve 1o close. )

The two types of change correspond to two different types of discrete control, called
combinational logic control and sequential control. Combunarional logic control is used 10
control the execution of eveni-driven changes, and sequenrial control is used 10 manage
time-driven changes. These types of contrul are discussed in our expanded coverage of dis-
erete control in Chapler B,

Diserete control is widely used in discrete manufacturing as well as the process in
dustries, In diserete manufacturing, it is used to contral the vperation of conveyors ancd
other material transport systems (Chapler 10, amtomated storage systems (Chapter 11),
stand-alone production machines (Chapter 14), Aexible manufacturing systems (Chapter
16), sutemated transfer lines (Chapter 18), and automated assembly systems (Chapter 19),
Al of these sysiems operate by following a well-defined sequence of start-and-stop ac-
tions, such as powered feed motions, parts transfers between workstations, and on-line au-
tomated inspections, which are well-suited 1o discrete control,

In the process industries, discrete control is associated more with batch processing than
with continuous processes. In a typical batch processing operation, each batch of starting
ingredients ks subjected 10 a cyele of processing steps that involves changes in process pa-
rameters (e.g. temperature and pressure changes ), possible (low from one container 1o an-
other dunng the cycle, and finally packaging. The packaging step differs depending on the
product, For fonds, packaging may involve canning or boxing. For chemicals, it means fill-
ing containers with the liquid product. And for pharmaceuticals, it may involve filling bot-
tles with medicine tablets In batch process control, the objactive is 10 muanage the sequéence
and timing of processing steps as well as to regulate the process parameters in each step.
Accordingly, batch process control typically includes both continuous control as well as
discrete control,

4.3 COMPUTER PROCESS CONTROL

The use of digital computers to control industrial processes had its origins in the continu-
ous process indusiries in the late 1930s (Historical Note 4.1). Prior to then, analog con-
trollers were used to implement continuous control, and relay systems were used o
impiement discrets control, At that time, computer technology was in its infancy, and the
only computers available for process control were large, expensive mainframes. Compared
with today's technology, the digital computers of the 1950s were slow, unreliable, and not
well suited to process control applications. The computers that were installed sometimes
cost more than the processes they controlled, Around 1960, digital computers started re-
placing analog controllers in continuous process control applications; and around 1970,
programmabie logic controllers started replacing relay hanks in diserete control applica-
tions, Advances in computer technology since the 1960s and 1970s have resulted in the de-
velopment of the microprocessor. Today, virtually all industrial processes, certainly new
installations, are controlied by digital computers based on microprocessor technology Mi-
croprocessor-based controllers are discussed in Section 4.4 6,
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l-_l-lint-:ri:al Mote 4.1 Computer process control {2], [12].

Conirol of industrial priesses by digital compaters can be traced o the process ind ustriel,-. in
the late 14505 and early 190s. Those industries, such as oil refineries and chemscals, use high-
wolume continuous prodiction processes characterized by many variables and sssociated con-
trol Joops, The processes had irsditionally heen comtreolled by analog devices, cach loop having
it W Set poind value and in moet imstances operating independently of other loops. Any co-
ordination of the process was accomplished in a cemral control room, where workers adjust-
od the individual settings stiempting 1o achieve stability and economy in the process. The cost
of the analeg devices for all of the control loops was considerable, and the human coordina-
tinn of the process was less than optimal The commercial development of the digital com-
i puterin the 1950 offercd 1he upportunity to replace some of the anaiog contzol devices with
the computee.

The first known ailemp to wsc a Sigital computer for process ontrol was at @ lexaco
refinery in Porl Arthur, Texas in the [ate 19508 Texaco had been contacted in 1956 by computer
manulzctures Thomsan Rama Waedlridge ( TRW). and a fzasibility study was conducted on a
podymernzation unt at the refinery, The compurer conirol system went un-line in March 1959,
The content apphoation involved 26 flows 72 temperatines, 3 pressures and 3 comgosittons. This
prangering work did not escape the notice of other companies i the process industries as well
iy other computer companies, The process industrics saw computer process control as @ means
of gutemazion, and the Computos coimpailics sew a potential market fog their products,

The yvaileble computers w the late 19505 were not reliable, and most of the subsequent
prowess guateod installations operated by esther printing oyt instruetions for the operator or by
muking adiwstments in the set pounts of analog controllers, Ihereby redusing the risk of process
downiime due 1o computer problems The [atter mode of operation was called ser potnr con-
trel. By March 1901, @ votal of 37 computer process control systems had been mstalled. Much
expenicnes was ghned from these carly inatallations The interrupd fratee (Section 4.3.2), by
which the compuier suspends current program evecution to guickly respond te a process need,
wis developed during this period,

The first direct digriat condral (DI vystem {Section 4.4.2 ), m whieh ceran analog de-
viees ure reflaced by the computer, wis installed by Impenal Chemical Industries in England
i 1962, 1o this rmplententation, 224 process variables were measured, and 129 actuators {valves)
wire controlled. Improvemenis in DDC technology were made, and additional systems ware
installed daring the 19608 Advaniages of DDC noted during this time included: (1) cost sav-
ings from elininstion of analog instrumentation for lacee sydtems, (1) simplified operator dis-
play pancly, and {3} flexibility through reprogramming capabality,

Computer lechnobogy wis advancing. leading (o the development of the sinicomiputer
in the Bte 1960s Process contral applications were easicr 10 justify using these smaller, legs-
expensivie eompaters, Development of the miicroc amputer in the early 19705 continued this
tronad. Lawer cost process control hardware and interface equipment (such as analog-10-digi-
tal eopverters) were becuming avadlabe due 1o the larger markets made possible by low-cost
coatipier controllers,

Mast ol the developments in computer process control up to this ime were based loward
the process industrles rather than drscretc part and product manufactunng. Tt as analog de-
¥lees had been uwsed (o automate process industry operations, relay banks were widely used (o
satinly the clscrele process control (ONHOFF) requirements in manufacturing automation, The
programmeble logic conteeller (PLCY, a control computer designed for discrete prooess con-
trol, was developed i the early 1970s (Historical Note 8.1 Also, aumertcal control {NC) ma-
chine usols (Historieal Note 6.1) and mdusirinl robotr {Fistorical Note 7.1), technologies ihat
prioeded compater conirol,startgd te be doagnod wieh dhigial comignilers 49 thelr controflers

The avallability of low-cost microcomputers and programmable logic conrollers re-
vulted in a growing number of installatons in which a process was controlied by multiple com-
puters networked together, The ierm disiributed convrof win used for this kind of syitem, ihe
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first of which was & product offcred by Honeywell ia 1975, In the early 19%90s, personal com-
puiters | PCs) began being utilized on the factory floor.sometimes to provide schedilbing and en.
gincering data 1o shop Noor personnel. in ather cases as the operator mterdace 10 processes
controlied by PLCs, Today, a growing number of PCr are being used 10 directly control man-
ufeturing operations,

Let us consider the requirements placed on the computer in industrial control ap-
plications. We then examing the capabilitics that have been incorporated into the control
computer to address these requirements, and finally we observe the hierarchical structure
of the functions performed by the control computer.

4.3.1 Control Requirements

Whether the application involves continuous control, discrete control, or both. there are cer-
tain basic requirements that tend to he common to nearly all process control applications
By and large, they are concerned with the need to communicate and interact with the
process on a real-lime basis. A real-time coniroller 18 able 1o respond to the process within
u short enough time period that process performance is not degraded. Factors that deter.
mine whether a computer controller can operate in real-time include: (1) the speed of the
controller's central processing unit (CFUT) and its interfaces, (2) the controller's operating
system, (3) the design of the application software, and (4) the number of different input/out-
put events 1o which the controller is designed o respond, Real-time control usually re-
quires the controller 1o be capable of miltitasking, which means coping with multiple tasks
concurrently without the tasks interlering with one ancther.

There are two basic requirements that must be managed by the controller (o achieve
real-time control;

1. Process-insbated internipis, The controller must be able 1o respond 10 incoming sig-
nals from the process Depending on the relative imporance of the signals, the com-
puter may need to interrupt execution of a current program 1o service & higher prionly
need of the process A process-initiated interrupt is often triggered by abnormal op-
erating conditions, indicming that some corrective action must be taken promptly.

1. Timer-iminigind pctiomns. T he contraller must be capable of executing cerlgin actiong al
specified points in time, Timer-initiated actions can be generated at regular tme in-
tervals, ranging from very low values (e.g., 100 ps) lo several minutes, or they can be
generated al distinct points in time, Typical timer-initiated actions in process control
include; (1) scanning sensor values from the process st regular sampling intervals,
(2} turning on and off switches, motors, and other binary devices asscciated with the
process at discrete points in time during the work cycle, (3) displaying performance
data or. the operator’s console at regular times during a production run, and (4) re-
computing cpiimal pricess parameter values at specified times

These two requirements correspond to the two types of changes mentioned previously in
the context of discrete control systems: (1) eveni-driven changes and {2) time-driven changes.

In addition 1o these basic requirements. the control computer must also deal with
other types of interruptions and evenis, These include:

3. Computer commands to process. In addition 10 incoming signals from the process,
the control computer must be able to send contrel signals 10 the process to accom-
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plish a corrective action. These output signals may actuate a certain hardware device
or readjust # sct point in 3 coptrol keop.

4. Swstem- and programe-mitated events. These are events related to the computer sys-
tem itsell They are similar 1o the kinds of computer operations associnied with bus-
ness and engineering applications of computers. A system-imitiafed event involves
communications among computers and peripheral devices linked together in a net-
work. In these multiple compuier nelworks, feedback signals, contral commands, and
other data must be transterred back and forth among the computers in the overall con-
trol of the provess. A program-initiared event is when some non-progess-relaled ac-
tion is called for in the program. such as the proting or display of reports on a printer
ot monitor. In process conirol, swstem- amd program-initisied events penerally oocu-
pY a low level of prionty compared with process micrrupts, commands (o the process.
and timeranitiated events.

5. Operatar-initiated events. Finally. the conirol computer must be able 1o accept inpul
from operating personnel. Operator-imitiated events include: (1) entering new pio-
prams; | 2) editing vxiting programs; (3) entering customer data, order number. or
startup instructions for the next production run: (4) request for process data; and
(5} emerggency stop,

d4.3.2 Capabilitias of Computer Control

The above requirements can be satisfied by providing the controller with certain capabil -
itics that aliow it to internet on a real-time busis with the process and the operator, The ca-
pabilities are: (1) polling, (2) interlocks, (3} interrupt system, and {4) exception handiing.

Poiling (Data Sampling). [n computer process control, pofling refers to the pen-
odic sampling of data that indicates the status of the process. When the data consist of a con-
tinuous analog signal. sampling meass that the continuous signal s substituled with a series
of mumerical values that represent the continuows signal gl discrete moments in lime. The
siume Kind of substitution holds for discrete data, cxcept that the pumber of possible nu-
merical values the data can take on is more limited—certainly the case with binary dala,
We discuss the techmigques by which continuous and discrete dain are entered invo and
transmitted ftom the computer in Chapler 5. Other names used for polling include sampling
and fcanning,

[ some systems, the poiling procedure simply reguests whether any changes have
occurred in the data since the last polling cycle and then collects only the new data from
the process. This tends to shorten the cycle time required for polling. Issucs related o
polling include:

1. Polling freqgivency, This is the reciprocal of the time inerval between when data
are collecied

2. Polling order, The polling order is the seguence in which the different data callection
points of the process are sampled.

3. Polling format. This refers w the manngr in which the sampling procedure s de-
signed, Uhe alternatives include: () entering all new data from all sensors and other
devices every polling cycle, {b) updating the conirol sysiem only with data thar have
chinged since the last polling cycle: or (c) using kigh-fevel and fow-level scanning, or
conditional scanning. in which onlv certain key data are normally coliected each
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polling cycle (high-level scanning). but if the data indicates some irregularity in the
process, a low-level scan is undertaken to collect more-complete data to ascertan
the source of the irregularity.

These issucs become increasingly eritical with very dynamic processes in which changes in
prrocess siatiy oocnr rapadiy.

Intariocks. A interlock is a safeguard mechanism for coordinating the activities of
two or more devices and preventing one device from imlerfering with the other{s). In process
control, interlocks provide a means by which the controller is able 10 sequence the activi-
ties in a work cell, enswring that the actions of one piece of equipment are complered be-
fore the next piece of equipment begins its activity. Interlocks work by regulating the flow
of control signals back and forth between the controller and the external devices.

There are two types of interlocks, inpul interlocks and output interlocks, where mput
and output are defined relative to the controller, An inpul interlock is a signal that ong-
nates from an external device (e.g., a himit switch, sensor, or production machine ) and s sent
to the contraller, Input interdock s can be used for either of the following functions:

1. To proceed with the execution of the work cycle program. For example, the production
machine communicates a signal 1o the controller that it has completed its processing
of the part. This signal constitutes an input interlock indicating that the controller can
now proceed 10 the next step in the work cycle, which is 10 unload the part.

2. To inserrupt the execution of the work cycle program. For example, while unloading
the part from the machine, the robot accidentally drops the part. The sensor in its
gripper transmits an interlock ignal 1o the controller indicating that the regular work
cvcle seguence should be interrupted until corrective action is taken.

An oaipur inferlock is a signal sent from the controller to some external device. [t s
used to control the activities of each external device and to coordinate its operation with
that of the other cquipment in the cell. For example, an output interlock can be used 10 send
a control signal 1o a production maching 1o begin its aulomatic cycle after the workpart has
been loaded inta it.

Interrupt System. Closely related to interlocks is the interrupt syslem. As sug
gested by our discussion of input interlocks, there are occasions when it becomes necessary
for the process or operator to interrupt the regular controller operation to deal with more-
pressing matters, All computer systems are capable of being interrupied; il nothing else, by
turming off the power. A more-sophisticated interrupt system is required for process con-
trol applications. An inrerrupt systiem is a computer control feature that permits the exe-
cution of the current program (o be suspended to execute another program or subroutine
in response to an incoming signal indicating a higher priority event. Upon receipt of an in-
terrupt signal, the computer system transfers 10 a predetermined subroutine designed 1o
deal with the specific mterrupt, The status of the current program s remembered o that
its execution can be resumed when servicing of the interrupt has been completed.

Ineerrupt conditions can be classified as internal or external. Internal interrupts are
general it by the computer system itself These include tmer-initizted events, such as polling
of duta from sensors connected 10 the process, or sending commands to the process at spe-
cific points in clock time. System- and program-ipitiated interrupts are also classified as
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TABLE 4.4 Possible Pricrity Levels in an Inferrupt System

Friaeity Lewval Computer Funcion

7 ilowest priarity) hMost gperaior (nputs
. System 8N program interrupis
3 Timer ntérrupis

4 Commands (o process

5 Procass interrupts

B |highest prigrity Emergency stop (operator input)

micrnal because they are generated within the sysium. External interrupic are external to
the computer system: they inclade process-initiated interrupts and operator inputs.

An interrupt system is required in process control because il i essential that more-
important programs {ones with higher priority) be executed before less-important pro-
grams (ones with Jower priorities). The sysiem designer must decide what level of priority
should be aituched 1o each control fanction. A higher priority function can interrupl a
lewer priority function. A function al a given prioriiy level cannot interrupt a function at
the same priority level, The number of prionty levels and the relative importance of the
functions depend on the teguirements of the individual process conirol snuation. For ox-
ample, emergency shutdown of a process because of safety hazards would occupy a very
high priority level, even though i1 muy be an operator. matated mtcrrupt. Most operator in-
puts would have low prioritiss.

One possible organization of priority rankings for process control functions w shown
i Table 4.4, OF course, the priority system may have more or less than the number of lev-
els shown herz, depending on the control situation. For cxample, some process mfermupts
may be more important than others, and some system interrupts may lake precedence over
certamn process interrupts, thus requiring more than the six levels indicated in our table

Tir respomd 1o the varions levels of priority defined for & given control application.
an interrupt system can have one or more interrupt levels. A single-devel interriept system
has only 1wo modes of operation: normal mode and nterrupt mode. The normal mode can
be inferrupted. but the interrupt moge cannol. This means that overlapping interrupts are
serviced on a finst-come, first-served hasis, which could have potentially hazardous conse-
guences il an important process interrupt was forced 1o wail its turm while a series of less-
important operator and system interrupts were serviced. A muliilevel interrupn system has
a normal operating mode plus more than one interrupt level. The normal mode can be in-
terrupded By any interrupd level, but the interrupt levels have relative prionties that de-
fermeng which functions can interrupt others. Example 4.1 illustrates the difference between
the single-leve| and multileve] interrupl systems

EXAMPLE 41 Single-Level Versus Mubilevel Interrupt Systems

Threc imerrupts representing tasks of three different priority levels arrive for ser-
vioe in Lhe reverse order of thewr respective priorities. Task | with the lowest pri-
urity, armives first, Shortly later. higher prionty Task 2 amives And shortly later,
highest priority Task 3 arrives. How would the computer control system respond
under (a) a single-level intermupt sysiem and (B) o mubilevel interrupt system?
Sofution: e response of the system for the two interrupt systems is shown in Figore 4

—
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Figure 4.6 Response of the computer control system in Example
4.1 to three dilferent priority interrapis for (a) o single-level inter-
rupt system and (b) a multileve! interrupt system, Task 3 has the
highest level priority, Task | has the lowest level. Tasks arrive for
servicing in the order 1. then 2, then 3 In (a), Task 3 must want until

Tasks 1 and 2 have been completed. In (b), Task 3 interrupts execu-
thon of Task 2, whose privrity level allowed it (o interrupt Thsk [

Exception Handling. In process control, an exceprion s an cvenl that is outside
the normal or desired operation of the process or control sysiem. Dealing with the excep-
tion is an essential function in industrial process control and generally occupies a major por-
tion of the control algorithm. The need for exception handling may be indicated through
the normal polling procedure or by the interrupt system. Examples of events that may in-
voke exception handling routines include:

product guality problem

process variables operating oviside their normal ranges

shortage of raw materials or supplies necessary 10 sustain the process
hazardous conditions such as » fire

contraller malfunction

- 8 W = @

In effect, exception handling is a form of error detection and recovery, discussed in the
context of advanced avtomation capabilities (Section 3.2.3),

4.3.3 Levels of Industrial Process Control

In general, mdustrial control systems possess a hierarchical structure consisting of multi-
ple levels of functions. similar 1o our levels of automation described in the previous chap-
ter (Table 4.2}, ANSIISA-588.01-19¢5" (1] divides process control functions into three

VIhis standard || ] was prepared for hatch process canmol but myost of the rminclogy
: mpl.l..lﬂﬂl: ar
applicabde 10 dacrele parts manufaciunng and contiouods process control.
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Figure 4.7 Mapping of ANSITSA S88.01-1995 [1] control levels into
the levels of automation in a factory.

levels: (1) basic control, (2) procedural control, and (3) coordination control. These control
levels map into our automation hicrarchy as shown in Figure 4.7. We now describe the
three control levels, perhaps adapting the standard to tit our own models of continuous
and discrete control (the reader is referred 1o the original standard [1], available from the
Instrumecnt Society of Amenca).

Basie Control.  This is the lowesi level of control defined in the standard, corre-
sponding 1o the device level in our automation hierarchy. In the process industries, this
level ix concerned with feedback control in the basic control loops, In the discrete mana-
facturing industrics, basic control is concerned with directing the servomotors and other ac-
tuators of the production machines. Basic control includes functions such as feedback
control, polling, interlocking. interrupts, and certain exception handling actions. Basic con-
trol functions may be activated, deactivated, or modified by either of the higher control lev-
els [procedural or conrdination control) or by operator commuands.

Procedural Contral.  This intermediate leve| of control maps into regulatory con-
frol of g operations in the process industres snd into the machine level in discrete man-
ulacturing automation (Table 4.2). In continuous control, procedural vontrol functions
melude vsing data colfected during polling to compute some process parameter value,
changing setpoints and ather process parumeters in basic control, and changing controller
gain canstants. In discrete control, the functions are concerned with executing the work
eyele program, that is.directing the maclune 1o perform actions in an ordered sequence o
accomplish some productive 1ask. Procedural control may also involve executing error de-
tection and recovery procedures and making decisions regarding safety hazards that occur
durng the process,
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Coordination Control.  This is the highest level in the control hierarchy in the
ANSVISA standard. 1t eorresponds to the supervisory level in the process industries and
the cell or system level in discrete manufacturing. Tt is also likely to involve the plant and
possibly the enterprise levels of automation. Coordination control initiates, directs, or al-
ters the exceution of programs at the procedural control level. Its actions and oulcomes
change over lime, as in procedural control, but its control algorithms arz nof struchuned
for a specific process-orieated task. 1T 18 more reactive and adaptive. Funchions of coordi-
nation control at the cell level include: coordinating the actions of groups of equipment or
mschines, coordinating material handling activitics between machines in a cell or system,
allocating production orders 1o machines in the cell, and selecting among alternative work
cycle programa

Al the plam and enterprise levels. coordination control is concerned with manufac-
turing support functions, including production planming and scheduling: coordinating com-
mon resources, such as equipment used in more than one production cell; and supervising
availability, utilization. and capacity of equipment. These control functions are accom-
plished through the company’s integrated computer and information system.

4.4 FORMS OF COMPUTER PROCESS CONTROL

There are various ways in which computers can be used to control a process. First, we can
distinguish belween process monitoring and process conirol as illusirated in Figure 4.8, In
process monitoring. the computer is used to simply collect data from the process, while in
prowess control, the computer regulites the process In some process control implementa-
tions, certain actions are implemented by the control computer that require no feadback
data to be collecied from the process. This is open-loop control However, in most cases,
some form of feedback or interlocking is required 1o ensure that the control instructions
have been properly carried out, This more commaon situation is closed-loop control.

Process warialhes
Camgritet Process —
Diats collecisun
(a)
Coroul
[——_' AumEnands [ —'_‘I Process variahles
Ui ter . - Progess -
Wi Ik i |
{b)
Conirol
commangds [ Proces: vaniahles
Compiier - Process -
' -
Dhats collection
{eh

Figure 48 (a) Process monitoring, (b) open-loop process control,
and (¢) closed-loop process control. .
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In this section, we survey the various forms of compuler process momlonng and con-
trol, all but one of which are commonly used in mdustry today. 'T'he survey covers the [ol-
lowing categories. (1) compuater process monioring, {2) direct digital control, (3) numerical
control and robotics, (4) programmable logie controllers. (5 ) supervisury control, and {6) dis-
iributed control systems and personal computers. The second category, direct digital eon-
trol, represeats a transitory phase in the evolution of computer contral technology. In its
pure form, it no longer wsed today, However, we briefly describe DDC 1o expose the op-
portunities il contributed. The sixth category, distributed control systems and personal
compulers. represents the most recent means of implementing computer process contral.

44,17 Computer Process Monitoring

Computer process monitoring is one of the ways in which the computer can be interfaced
with a process, Computer process momiforing involves the use of the computer 10 observe
the process and associated equipment and w colleet and record data from the operation.
The compuler is not used to directly control the process, Control remains in the hands of
humans who use the data 1o guide them in managing and operating the process.

The data colleeted by the computer in compulter process monitoring can generally be
clagstfivd imto three categories:

1. Process data, Thesc are measured vialues of input parameters and outpul vaniables thai
indicute process performance, When the values are found to indicale a problem, the
human aperator takes corfective action,

2. Equipment data. These data indicate the status of the equipment in the work cell.
Functivns served by the data include monitonng machine utilization, scheduling tool
changes, avoiding machine breakdowns, diagnosing equipment malfunctions, and
planning preventive maintenance

3. Praduct data. Government regulations require certain manufacturing industries to
collect and peesérve production data on their products, The pharmacetical and med-
ical supply industries are prime examples, Computer monitoring is the most conve-
ment means of satisfying these regulations A firm may also want o collect product
dana for its own use,

Coltecting data from factory operations can be accomplished by any of several means,
Shop data can be entered by workers through manual terminals located throughout the
plant or can be collected automatically by means of limit switches, sensor sysiems, bar code
readers, or other devices. Sensors are described in Chapter 5 (Section 5.1). Bar codes and
similar awtomatic identtfieation wechnologies are discussed in Chapter 12. The collection
and vse of production data in factory operations for scheduling and tracking purposes is
called shop floor control, explained m Chaprer 26.

442 Direct Digital Control

Mirect digilal control was certainly une uf the important steps in the development of com-
puter progess control. Let us gy examine this computer contrel mode and its limitations,
which motivated improvements leading to modern computer control technology. Direct
digital cortrol (DDC) 15 a computer process control system in which certain componenls
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in a conventional analog control system are replaced by the digital computer. The regula-
tion of the process is accomplished by the digital computer on a time-shaied, sampled-data
basis rather than by the many individual anzlog components working in a dedicated con-
tinuous manner. With DDC, the computer culculates the desired values of the input para-
meters and set points, and these values are applied through a direct link (o the process,
hence the mume " direct digital” control,

The difference between direct digital control and analog control can be seen by com-
paring Figures 4.9 and 4,100, The first figure shows the instrumentation for a typical analog
control loop. The entire process would have many individual control loops, bul only one is
shown here. Typical hardware components of the analog control loop include the sensor and
transducer, an instrument for displaying the output variable (such an instrument is not al-
ways included in the loop), some means for establishing the sel point of the loop (shown
s w chinl in the figure, suggesting that the setting is determined by a human operator). s com-
parator (to compare set point with measured output variable), the analog controller, am-
plifier, and actuator that determines the input parameter to the process,

In the DDC system (Figure 4.10), some of the control loop components remain un
changed, including (probably) the sensor and transducer as well as the amplifier and ac-
tuator. Components likely 1o be replaced in DDC include the analog controller, recording
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Figure 4.9 A typical analog control loop.
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and display metruments, ser point diats, and comparator. New components in the loop m-
clude 1he digital computer, analog-io-digital and digitahio-analog converters {ADCs and
DACS). and multiplexers to share data from different control loops with the same compuler

DI was originally conceived as a more-efficient means of performing the same
kinds of contral actions as the analog components it replaced. However. the practice of
simply using the digital computer fo imitate the operation of analog controllers seems 1o
have becn a trunsitional phase in computer process control. Additional opporiunities for
the control computer were soon recognised, including:

* More controd options thar traditional analog. With digital computer control, i 1s pos-
sihle 1o perform more-complex control algorithms than with the conventional
proportional-integral-derivative contrel modes used by analog controllers; for ex-
ample. on/off control or nonlinearites in the control funclions can be implemented.

o Integration and optimization of muliple locps Thisis the ability to intcgrate feedback
measutements from multiple 10ops and 1o implement optimizing strategies o um-
prove overall process perlormance.

o Edittng the contral programs. Using a digital computer makes it relatively easy to
change the control algovithm if that becomes necessary by simply reprogramming
the computer. Reprogramming the analog control loop is likely to require hardware
changes that are more costly and less convenient.

These enhancements have rendered the onginal concept of direa digital control more or
less obsolete, In addition, computer fechnology itself has progressed dramatically so that
much smaller and less-expensive yet more-powerful computers are available for process
control than the large mainframes available in the early 1960s. This has allowed computer
process control 1o be econvmically justified for much smaller scale proceses and eguip-
ment. 1t his also motivated the use of distributed control systems, in which a network of mi-
crocomputers is utilized (o controd a complex process consisting of multiple wnit operations
ancdlor machines.

443 Numerical Control and Robotics

Numericul conirol {NC) is anciher form of industrial computer control. It involves the use
of the computer (again, & microcomputer) 1o direct # machine tool through a sequence of
processing steps defined by a program of instructions that specifies the details of each step
and thelr sequence. The distinctive feature of NC is control of the relative position of a
tool with respect 1w the object (workpart) being processed. Computations must be made
Lo determine the trajectory that must be followed by the cutting 1ool lo shape the par
geometry. Henge, NU requires the controller 1o execule not only sequence control but geo-
metric calculations as well, Because of ils imponance in manufacturing sutomation and in-
dustrial control. we devote Chapler 6 1o the 1opic of NC

Closely related to NC is industrial robotics, in which the joints of the manipulstor
{robol wrm) are controlled 10 move the end-ol-arm through » sequence of positions dur-
ing the work cycle, As in NC, the controller must perform calculations during the work
cycle 1o implement motion interpolation. feedback control, and other functions. In addition,
& robotic work cel| usumlly melndes other eguipment besides the robot, and the sctjvitics
of the othor equipment in the work cell must be coordinated with those of the robor This
coordinanion is achicved using interlocks. We discuss industrial robotics in Chapter 7.



100

Chagp. 4 | Industrial Cantrol Systems
444 Programmable Logic Controllers

Programmable logic controllers (PLCs) were introduced around 1970 as an improvement
on the eleciromechanical relay controllers used at the time (o implement discrete control
in the discrete manufacturing industries. The evolution of PLCs has been facilitated by ad-
vances in computer technology, and present-day PLUs are capable of much more than the
19708-¢ra controllers, We can defline a modern programmable logic confroller us a micro-
processor-based controller that uses stored instructions in programmahle memory 1o im-
plement logse, sequencing, iming, counting, and anthmetic control functions for contrallicg
machines and processes. Todny's PLCs are wsed for bath continuows control and discrane
control applications in both the process indusiries and discrale manufacturing. We cover
PLCs and the kinds of control they are used to implement in Chapter 8.

445 Supervisory Control

The term supervisory control is usually associated with the process industries, but the con-
cept applies equally well to discrete manufactuning automation. where it corresponds to the
cell or system level. Thus, supervisory control coincldes closely with coordination control
in the ANSI/ISA-S88 Standard (Section 4.3.3). Supervisory control represents a higher
level of control than the preceding forms of process control that we have surveyed in this
section (i.e, DDC,NC and PLCs). In general. these other types of control systems are in
lerfaced directly to the process. By contrast, supervisory control is often superimposed on
these process-level control systems and directs their operations, The relationship between
supervisory control and the process-level control techaques is dlustrated in Figure 4.11
In the context of the process industries, supervisory control denotes a control system
that manages the activitics of a number of integrated unit operations to achieve certain
economic abjectives for the process. In some applications, supervisory control is nod much
more than regulatory control or feedforward control, In other applications, the supe rviso-
ry control system is designed 1o implement optimal or adaptive control. Tt seeks (o optimize
some well-defined objective function, which 15 usually based on economic criteria such as
vield, production rate, cost, quality, or other objectives that pertain to process performance,

Input ]
Pl pATAMETE Ourput varable L Baianass
- ubjectives
—_— i FTﬂl'."tﬂ —
j_.-- -
Aciuators for Feedbadk Trom
input pansmebers ——— oufpul variabbes
LDec! process
caomirodler |

Supervisory ""_"'r-m
oo teal __,_t wnterice

Figure 4.11 Supervisory control superimposed on other process-
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In the contexi of discrete manufacturing. supervisory control can be defined 2< the
control svstem that directs and coordinates the activities of several interacting pieces of
eyuipment in a manutacturing cell or system, such as a group of machines im:.-mrm:}*ﬁcd
b o material handling system. Again. the objectives of supervisory control are motivated
by economic considerations. The control sbjectives might inclade: (o minimize part or
product costs by determining oplimum operating sonditions. lo maximize machine wt-
lization through efficient scheduling. o minimize tooling costs by tracking tool lives and
scheduling tool changes. and similar supervisory goals. In NC, supervisory contrel 1akes
the form of o rect numterical controf (Section 6.3), now more commonly referred (o as dis-
irthuted piamierical cortrol,

It is tempting 10 conceptualine 4 supervisory control system as being complelely au-
tomated, that i implemented su that the svstem operaiés with no human inlerfcrence of
assistance. But in virtually all cases. supervisory control systems are designed 1o allow for
interaction with human operators, and the responsibility for control i« shared between the
controller and the human, The relative proportions of responsibility diffcr. depending on
ihe application,

448 Distributed Control Systems
and Personal Computers

Development of the microprocessor has had a signaficant impact on the design of control
systems. In this section, we consider (wo related aspects of this impact: { 1) distributed con-
irol systems snd (2) the use of porsonal computers in control svelems, Belore discusing
these Llopies, bet us provide a bnel background of the microprocessor and its uses,

Microprocessors. A microprocessor is an integrated circuit chip contaming Uhe
digital loge ¢lements needed 1o perform arithmetic calculations, execule mstrictions stored
in memory, and earry out other data processing tasks. The digital logic elements and their
intereonnections in the circuit form & buili-in sci of instructions tha determines the func-
tion of the microprocessorn, A very commion funciion 1§ to serve s the central processing
unit (CPLY) of o microcomputer. By definition, a microcompeter s simply 8 small digital
computer whose CPL is a microprocessor and which porforms the hasic functions of a
computer. These basic functions consist of data manipulation and computation, carried
out according 1o sofiware stored in memaory 1o sccomplish user applications, The most fa-
miliar and widely used example of a microcomputer is the persona! compaier {PC), usual-
by programmed with software for business and personal applications,

Microprocesaors ane also widelv used gs controllers in industnal controd svsiems An
important distinction between a PC and a controller is that the controlier musi be capable
of interaciing with the provess being controlied, s discussed in Section 4.3.1, 1) must be able
lo accept data from sensors connected Lu the process, and it must be ahle 10 send com-
mand signaks o actuators attached 1o the process, These transactions are mudc possible by
providing the eontroller with an extensive imput'outaul (1/0) capability and by designing
its microprocessor so that it can make use of this V'O capability, The number and type of
VO ports are impornant specifications of a microprocessor-based controller, By type of 110
ports, we are referring to whether the type of data and signals communicated between the
controller and the process arc continuous ar discrete. We discuss 100 rechuigues in Chap-
ter 5. In contrast, PCs are usually specificd on the basis of memory size and exceution
speed. and the microprocessors used i them are designed with this in mind.
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Distributed Controf Systems.  With the development of the microprocessar, it be-
came feasible to connect multiple microcomputers together to share and distribute the
process control workload. The term distributed control system [DCS) is used 10 describe
such a configuration, which consists of the following, components and features [13]:

o Multiple process canrral staiony located throughout the plant to control the individ-
ual loops and devices of the process,

= A central contrel room equipped with operator stations, where supervisory control of
the plant is accomplished.

o Local operator siations distributed throughout the plant, This provides the DCS with
redundancy. If a control failure eecurs in the central control room, the local opera-
tor staticns take over the central control functiona If a local operator station fails, the
other local operator stations assume the functions of the failed station.

* All process and operator stations interact with each other by means of a eommuini-
ety memork, of dara Righaaay, as it s often ealled,

These components arc lustraled in a typical configuration of a distributed process con-
trol system presented in Figure 4,12, There are a number of benefits and advantages of the
NS (1) A DEOS con be installed for o given application in a very basic configuration, then
enhanced and expanded ns needed in the luture; (2) since the system consists of multiple
computers. this facilitates paralle] multitasking: (3) because of its multiple computers, a
DS has built-in redundancy: (4) control eabling is reduced compared with a central com-
puter control configuration: and (5) networking provides process nformation throughout
the enterprise for more-etficient plant and process management,

Development of DCSs started around 1970, One of the first commercial systems was
Honeywell's TDC 2000, introduced in 1975 [2]. The tirst DCS applications were in the
process industries. In the discrete manufacturing industries, programmable logic controllers
were introduced about the same (ime. The concept of distributed control applies equally
well o PLCs; that is, multiple PLCs located throughout a factory 10 control individual
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Figure 4.12 Distributed control system.
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picces of equipment but integrated by means of a common commumications netw!:'rrk. In-
traluction of the PC shortly after the DCS und PLC, and iis subsequent increase in Som-
puting pewer and reduction in cost over the years, have stimulated a significant growth in
the adoplion of PC-based DCSs for process control applications,

PCs it Provess Cosbeed. Todlay, POs doininate e compuater worhd, They have be-
come the standard ool by which business is conducted, whether in manufacturing or in
the service sector. Thus, it is no surprise that PCs are being vsed in growing numbers in
process control applications Two basic categories of PC applications in process control can
be distinguished: (1) operntor interface and (2) direct control. Whether used as the oper-
ator interfaee or for direet comtrol, POs sre likely w be networked with other computers
to create DCSs,

When used as Uhe operaiar imerfoce. the PC s inerfaced w one or more PLOCs or
other devices (possibly other microcomputers) that directly control the process. Personal
computers have been used to perform the operator interface function since the early 1980
In this function, the computer performs certain monitoring and supervisory control func-
tions, but it does not directly control the process. Advantages of using a PC' as only the op-
eratar interface include: (1) The PO provides a user-(rigndly interface for the operator;
(23 the PC can be used for all of the conventional computing and data processing fune-
tions that PCs rraditionally perform: (3) the PLC or other device that i directly control-
ling the process is isolated from the PC, so a PC failure will not disrupt control of the
process; and (4) the computer can be easily upgraded as PC technology advances and ca-
pabalitics improve, while the PLC control software and connections with the process can
remain in place,

Direer comtrod means that the PC is interfaced directly 1o the process and controls its
opcrations in real ime. The traditional thinking has been that it is oo risky 1o permit the
PC 1o directly control the production operation, If the computer were to fail, the uncon-
trolled operation might stop working, produce a defective product, or become unsafe, An-
other factor ia that conventional PCs, equipped with the usual business-oriented operating
system and applications software, are designad for computing and data processmg funciions,
nol for process control. They are not intended to be interfaced with an external process in
the manner necessary for real-time process control. Finally, most PCs are designed o be
used in an office environment, nol in the harsh factory almosphers,

Recent zdvances in both PC technology and available software have challenged this
traditional thinking. Starting in the carly 19908, PCs have been installed at an accelerating
pace for direct contrel of industrial processes. Several [actors can be identified that have
enabled this trend:

o widespread famuliarity with PCs
= avallability of high-performance PCx
¢ rend toward open architecture philosophy in control systems design

* Microsoft’s Windows NT™ (the latest version is Windows 2000™ ) as the operating
system of cheice,

The PCis widely known to the general population in the United States and other in-
dustrialized nattons. A large and growing number of individuals own them. Many others who
do not personally own them use them at work, User-friendly software for the home and
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business has certainly contributed to the popularity of PCs There is a prowing expectaiaon
by workers that they be provided with a computer in their workplsce, even if thai work-
place is in the factory.

High-performance CPUs are available in the latest PCs, and the next generation of
PCs will be even more powerful. For the last 20 years, it has been obscrved that processar
gpeed doubles every 12 18 months T'his trend, cafled Moores Law. 15 expecied to contia-
ue for al least another 15 yvears Al the same time. processor costs have decreased by sev.
eral orders of magnitude, and this trend is expected 1o continue as well. The progecied
results are seen in Table 4.5, in which perfurmance s measured in millions of instructions
per second {mips), and cost is measured in dollars per mips. In the carly-io-mid 1990s, PO
performance surpussed that of most digital signal processors and other component's used
in proprietary controllers [16]. New generations of PCs are currently being intraduced mose
rapidly than PLCs are, allowing cycle speeds of PCs 10 exceed those of the latest PLCs

Another important factor in the use of PCs for control apphcations s the availabil-
ity of control products designed with an open architecture philosophy. in which vendors of
control hardware and software agree W comply with published standards that allow then
prixlucts to be interoperable. This means that components from different vendors can he
interconnected in the same contral system. The traditional philosophy had been for cach
vendor to design proprietary sysiems, requirmg the user to purchase the compiete hard-
ware and software package from one supphier. Open architecture aliows the user a wider
choice of products in the design of & given process control system, including the POs used
in the system,

For process control applications. the PC's operating systerm must {acilitate real-time
control and networking. At time of writing, Microsofl's Windows NT™ (now Windows
2000™ ) is being adopted increasingly as the operating system of choice for control and
networking applications. Windows NT provides a multitasking environment with sufficicnt
security, relability, and fault tolerance for many if Dot most process control applications
Al the same me, it provides the user friendliness of the desktop PC and most of the power
of an cngineering workstation. Instalied in the factory, & PC equipped with Windows NT
can perform muluple functions simultaneously, such as data logging. trend analysis. tool
life monitoning, and displaying an animated view of the process as it proceeds, all while re-
serving a portion of its CPU capacity for direct control of the process.

Mot all control engineers agiec Uial Windows NT can be used for critical process con-
trol tasks, For applications requining microsecond response times, such as real-time mo
tion control for machine tools, many control engineers are reluctant 10 rely on Windows NT
A common salutiun 1o this dilemma i 10 install a dedicated coprocessor in the PC. The mo-
tion servo loops are contralled in real lime using the coprocessor motion control card, but
the overall operating system is Windows NT.

TABLE 4.5 Trends in Processor Performance and Cost Moore's Law

Year Mips* Cost per Mips /5
1678 125 8,600.00
1588 333 B.00
201 100,000 02

" Migs = milisons of insructions per ssennd
Sowpa: Swdeiogioer 181
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Regarding the factory environment issue, this can be addressed by using ilru:luﬂiiaia
gricke PCs which are equipped with enclosures designed for the rugged plant environment.
Compared with the previously discussed PC/PLC configuration, in which the PLis used only
as the operator interface, there is a cost savings from installing one PC for direct control
ruther than a PC plus a PLC. A related issue i« data integration: Sctting up o data hink be-
tween a PC and a PLC is more complex than when the data are all in one PO

Enterprise-Wida Integration of Factory Data. The most recent progression in
PC-based distributed control is enterprisc-wide integration of (sclory operations dati, o
depicted m Figure 4.13, This is a trend that is consisient with modern information man-
agement and worker empowerment philosophics, These philosophies assume fewer levels
of company managemenlt and greater responsibilities for front-line workers in sales, order
sehiduling. and production. The setworking technologies that allow such integration are
available. Windows 2000" provides o number of built-in and optional features for con-
necting the industrial control svstem in the factory 1o enterprisc-wide business systems and
supporting data exchange between various applications (e.g., allowing data collected in the
Aani 1o be used in analysis packages, such as Excel spreadsheets), Following arc some of
the capablities that are enabled by making process data svailable throughout (he enferprise.

I Manugers can have more direct access to factory floor operations.

2. Production planncrs can use the most current duta on times and production rates in
wcheduling future orders,
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Sales personnel can provide realistic cstimates on delivery dates to customers, based
an current shop oading,

. Order trackers are able to provide inquiring customers with current status informa-

twn on Lherr arders

. Quality control personnel are made aware of real or potential quality problems on

current urders, based on access to quality performance histories from previous ordera.

. Cost accounting has access to the mast recent production cost data.
. Production personnel can sccess part and product design details to clanfy ambigui-

ties and do their job more effectively.
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