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product quality. But, by the same token, it has a high initial
cost and may lead to loss of flexibility in production. Never-
theless, since the mid-1980s, many large firms have invested
heavily in the procurement of automation hardware and soft-
ware that created extensive demand and accelerated Re-
search and Development related to automation. Also, there
are publicly funded programs such as the Automated Manu-
facturing Research Facility (AMRF). The collaboration be-
tween organizations and governments for the development of
automation also is quite noticeable. As a result, these efforts
have shifted automation from the general conceptual stage to
widely practiced implementation.

The advances and widespread use of computers played a
major role in the development and implementation of automa-AUTOMATION AND CONTROL EQUIPMENT
tion. Computers find applications in large systems as the di-
rect digital control (DDC), supervisory control, distributedThe term automation refers to an engineering philosophy that

concerns the automatic nature of a collection of machines, or control systems (DCS), hybrid control systems, supervisory
control and data acquisition (SCADA) as well as simple sys-entire processes or systems having many components config-

ured to achieve a goal. An automatic system can be character- tems such as single loop controllers. SCADA, for example,
allows reliable communication between devices located in re-ized as being self-actuating, self-regulating, and self-reliant

by carrying out preset commands combined with automatic mote sites by using various communication techniques such
as microwave signal transmission. Further developments infeedback. Automation is widely practiced as a substitution for

human effort and intelligence, thus finding applications in in- automation are supported by many secondary concepts, such
as computer aided design (CAD) and computer aided engi-dustrial and nonindustrial human endeavors. The application

areas include communication, defense, transportation, educa- neering (CAE). Automation is integrated with management
concepts in the form of computer aided manufacturing (CAM),tion, recreation, health care, retail industry, banking, manu-

facturing, research and development, business and commerce, computer integrated manufacturing (CIM), just-in-time (JIT)
inventory management, and flexible manufacturing systemchemical, and other process industries. However, because of

economic, social, environmental, and other restraints, sys- (FMS).
CAD and CAE involve design and geometric modeling oftems may not be fully automated, but they can be semiauto-

mated. Because automation and process control find a wide drawings, engineering analysis, and computer kinetics to ob-
serve the animated movement of parts. CAM is developed inrange of applications, many companies, as listed in Table 1,

offer an extensive range of related equipment. a number of areas, such as machine automation, interconnec-
tion of machines, computer numerical control, robotics, pro-Automation involves numerous scientific and engineering

disciplines, such as electronics, electrical, control, mechani- cess planning, and factory management. In many applica-
tions, CAD and CAM are used together to increase efficiencycal, chemical, metallurgical, and industrial engineering.

There are four basic building blocks of automation: (1) a of operations. The JIT approach eliminates the need to keep
large stocks by allowing the acquisition of goods and servicessource or power to perform action, (2) feedback control and

data from the process, (3) machine programming, and (4) as required. CIM enables the logical integration of engi-
neering, production, cost accounting, physical distribution, in-decision making. All these require extensive knowledge of

measurement and control technologies, computers, and in- ventory control, planning, purchasing, marketing, and other
support functions into a single system. FMS enables manu-formation and communication sciences supported by exten-

sive knowledge in mathematics and physics. Nowadays, facturers to run different batches at the same time or to
change production lines easily from one to different products.these fundamental elements are enhanced to the extent

that most modern automated systems can operate without The modern industrial automation systems largely use dis-
tributed control systems. A DCS is made from three mainhuman intervention.

Recently, progress made in control systems, the derivation components: the data highway, the operator stations, and the
microprocessor-based controllers. The data highway handlesof mathematical theories, information and communication

systems, sensors and measurement systems, computers and information flow between components and ensures effective
communications. The microprocessor controllers are responsi-digital systems, and man–machine interactions enhanced the

automation systems and made them cost effective for wide- ble for effective control of the process and are configured to
accommodate multiloop or single-loop controllers. The opera-spread application. Automation has become the cutting edge

of technology leading to higher productivity; hence it has be- tor stations allow the control command to be given, the sys-
tem database to be maintained, and the process informationcome the major factor for deciding the competitiveness or the

survival of many businesses or even countries. to be displayed. For instance, the displays can be arranged to
be group displays, detail displays, trend displays, or alarmToday, many advanced automation systems, such as mo-

bile or fixed robots, are readily available. In many cases, auto- annunciation displays. Operator consoles can handle a large
number of loops, up to 10,000. Nevertheless, there are limita-mation is custom-designed to meet specific application re-

quirements. From the business point of view, the decision of tions in DCS such as user orientation, communications, ca-
pacity, speed, reliability, and sequencing. Some of these prob-whether to go automated or not is shaped by the cost, profit-

ability, and long-term objectives of the organization. In gen- lems are eased by faster and improved communication
highways, powerful microprocessors, effective database man-eral, automation leads to improved productivity and better
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Table 1. List of Manufacturers

Automated System Engineering Custom Engineering, Inc. Jade Corporation Precision Automation Company, Inc.
11821 Parklawn Drive 16250 E. 33rd Place 3063 Philmont Avenue Box 2848-T
Rockville, MD 20852 Aurora, CO 80011 Huntington Valley, PA Macon, GA 31203
Tel.: 800-221-0286 Tel.: (303) 375-0050 19006-4299 Tel.: (912) 741-0918

Fax: (303) 375-1112 Tel.: (800) 787-1798 Fax: (912) 741-4402
Automating Tooling Systems Fax: (800) 400-6575

Process Controls2222 Shasta Way Dynaologic Engineering, Inc.
Jewet Automation, Inc. 475 Som Center RoadSimi Valley, CA 93065 3285 Martin Road, Suite 106
2901 Maury Street Mayfield Village, OH 44143Tel.: (805) 583-8961 Walled Lake, MI 48390
Richmond, VA 23224 Tel: (216) 979-7378Fax: (805) 583-0442 Tel.: (810) 669-3275
Tel.: (804) 233-9861 Fax: (216) 442-1811Fax: (810) 669-1150
Fax: (804) 233-6732Automation Application, Inc.

Sims Machine and Control, Inc.680 Flinn Avenue, Unit 36 Dynamic Automation, Inc. Kolbus Controls, Inc. 15338-B Aviation Loop DriveMoorpark, CA 93021 320 North Michigan Avenue, 8408 Rainbow Hwy., Brooksville, FL 34609Tel.: (805) 529-4374 Suite 405 Building #1 Tel.: (904) 799-2405Fax: (805) 529-8630 Chicago, IL 60610 West Salem, OH 44287 Fax: (904) 796-5842Tel.: (312) 782-8555 Tel.: (800) 833-5194Automation Displays, Inc. Fax: (312) 782-8808 Fax: (419) 853-4834 Southern Engineering and3533 N. White Avenue
Automation, Inc.Eau Claire, WI 54703 FeedeR Corporation of America Kuntz Manufacturing

1166 Kapp DriveTel.: (715) 834-9595 4429-T James Place. Company, Inc.
Clearwater, FL 34625Fax: (715) 834-9596 Melrose Park, IL 60160 402 Goetz Street, Dept. 7
Tel.: (813) 446-1922Tel.: (800) 225-5322 Santa Ana, CA 92707
Fax: (813) 443-4178Automation Innovators, Inc. Fax: (708) 343-0057 Tel.: (714) 540-7370

5364 Mainsail Drive Fax: (714) 540-6287 State Engineering
Roscoe, IL 61073 FTI International, Inc.

4419 Ardmore AvenueMcNeill InternationalTel.: (815) 637-6963 10914 North Second Street
Ft. Wayne, IN 468097041 Hodgson RoadFax: (815) 637-6855 Rockford, IL 61115-1400
Tel.: 800-777-6195Mentor, OH 44060Tel.: (815) 877-4080
Fax: (219) 747-4990Burns Machinary, Inc. Tel.: (216) 953-0005Fax: (815) 877-0073

2580 South Brannon Strand Fax: (216) 953-1933 Swanson-Anaheim Company
Road Hierath Automated System Dept. E, 4955 London DriveMekanize Engineering, Inc.

Dothan, AL 36301 4950 Iris Street Anaheim, CA 92807975 Elkton Drive, Dept. T
Tel.: (334) 793-7086 Wheat Ridge, CO 80033 Tel.: (800) 554-3142Colorado Springs, CO 80907
Fax: (334) 671-0310 Tel.: (303) 423-641 Fax: (714) 970-8709Tel.: (719) 598-3555

Fax: (303) 423-7405
Bristol Babcock Westech Automation SystemsMSK Automation Company
1100 Buckingham Street Industrial Computer Source 720 Dartmouth Lane158 Viking Avenue
Watertown, CT 06795 9950 Barnes Canyon Road Buffalo Grove, IL 60089-6999Brea, CA 92621
Tel.: (203) 575-3000 San Diego, CA 92121-2720 Tel.: (708) 541-5070Tel.: (714) 255-0960
Fax: (203) 575-3170 Tel.: 800-619-2666 Fax: (708) 541-0096

Orbitron Systems, Inc.
Capitol Technologies, Inc. Inox-Tech, Inc. 8400 Magnolia Avenue, Westfield Controls, Inc.
3613 Voorde Drive 405-C Queen Street, Box #302 Suite G 152-2 Remington Boulevard
South Bend, IN 46628 Southington, CT 06489 Santee, CA 92071 Ronkonkoma, NY 11779-6912
Tel.: (219) 232-3311 Tel.: (514) 638-5441 Tel.: (619) 448-5676 Tel.: (516) 467-2397
Fax: (219) 233-7082 Fax: (514) 638-2865 Fax: (619) 448-6916 Fax: (516) 467-2398

agement, improvements in programming languages, and en- Control is not limited to the software in a computer, but it
resides in the whole loop that includes instruments and ele-hanced data storage capacity.

The understanding and study of the control of systems is ments. A fundamental and essential part of automation are
the instruments that include sensors, transducers, and otheran important part of modern automation. In order to imple-

ment automation, the process is monitored continuously, and measuring systems. The instrumentation is a part of the pro-
cess involving the choice of measurement and the use of thethe data are acquired from the sensors and actuators that are

operating on the floor. After the data are collected, automa- output information. Advances in sensor technology provide a
vast array of measuring devices that can be used as compo-tion and process control can be implemented. Therefore, the

automation and control equipment is largely based on the nents of automation systems. These devices include highly
sensitive electromechanical sensors, optical scanners, andmeasurement and control of process variables, the transmis-

sion of information, signal conditioning, and decision making. machine vision. In all applications, the reliable and effective
way of measuring the process variables is essential, so thatToday, highly advanced measuring devices exist for monitor-

ing process variables, and variously sized computers, micro- further decisions may be made concerning the overall auto-
mation of the system. The monitoring instruments are de-processors, and microcontrollers are used for information

gathering, decision making, and decision implementation. signed to maintain prescribed relationships between the pa-



148 AUTOMATION AND CONTROL EQUIPMENT

rameters being measured and physical variables under
investigation. The physical parameter being measured is
known as the measurand. The sensors and transducers are
the primary sensing elements in the measuring system that
senses the physical parameters to produce an output. When
the sensors generate the signals, the type of signal processing
depends on the information required from it. In many auto-
mation applications, the outputs of the sensors are converted
to digital form to integrate the information with the overall
system.

There is a diverse range of sensors and transducers avail-
able to meet the measurement requirements of a physical sys-
tem. For instance, many different methods are available for
position or motion sensing. These methods include capacitive

Process plant

Sensors/
transducers

Operator

Interface

Computer system

Actuator/
controller

Computer
subsystems

Peripherals

sensors, inductive sensors, and optical sensors, and they may
be used for static or dynamic measurements. The static mea- Figure 1. A computer control system. Digital systems and computers

are used extensively in automation and control applications. The digi-surements are relatively simple because the physical quantity
tal systems interface with the process by means of analog and digitaldoes not change in time (e.g., fixed dimensions and weights).
interface units. Man–machine interface and the information flow be-If the physical quantity is changing with time, which is often
tween digital equipment are easy to handle compared to analog coun-the case, the measurement is said to be dynamic. In this case,
terparts.steady state and transient behavior of the physical variable

must be analyzed and matched with the dynamic behavior of
the instrument. In choosing the equipment for measurement,

trol of process variables that cannot be measured directly butthe first priority is deciding the type of measurement to be
can be computed from other measurable variables; (2) de-done and why. The sensors and transducers, instruments and
termining set points, setting limits for variables and signalsmeasurements are a vast area, which can not be dealt with
that represent variables; (3) selecting variables and per-here in detail. Interested readers can refer to the references
forming programmed operations for control and decision-mak-in the bibliography [e.g., Connel (1996)]. It is sufficient to say
ing purposes; (4) determining logic and conditional moves.that sensors and transducers are important parts of automa-

In many automation and control systems, the computerstion, and in this article, some detailed treatment of specific
are arranged in a centralized, distributed, or hierarchicaltypes will be given in the following sections.
manner, and networked together by using one of the tech-
niques illustrated in Fig. 2. In a centralized computer control
system, all the information is gathered, and the decision isDIGITAL AUTOMATION AND CONTROL EQUIPMENT
made and implemented by a central computer. Typical exam-
ples of centralized computer control systems are MDC 85 andNowadays, digital systems, computers, microprocessors, and

other integrated circuits (ICs) are essential parts of automa- PCS 8000. These computers are not general computers with
control software, but are specifically designed and manufac-tion and control. They are widely accepted because they offer

many advantages, such as improved sensitivity, system flex- tured for process control applications. The control functions
are programmed in such a way that the user can select fromibility, ease of information transmission, and so on. Most of

the equipment associated with digital systems can be divided a library as required. The dependence of the entire automated
system on a single computer and hence a single computerinto a number of major sections, such as sensing and control-

ling instrumentation of the process, interface devices, input manufacturer is the major drawback.
There are many distributed digital control systems on theand output facilities, communication devices, main informa-

tion processing equipment, and man–machine interfaces. A market, such as the Honeywell TDC series and the Toshiba
TOSDIC series. The multitask function of a centralized com-typical digital control arrangement is illustrated in Fig. 1.

Digital control systems enable the implementation of ad- puter system is divided into independent, dedicated func-
tional units. The spatial distribution of the modules is madevanced control methods such as predictive control, inferential

and internal model control, adaptive control, statistical con- possible by using data highways. All distributed systems have
a control layer, a communication layer, and a process inter-trol, fuzzy control, and neural network and other artificial in-

telligent control methods such as expert systems and a combi- face layer as illustrated in Fig. 3.
A hierarchical control system is a combination of central-nation of advanced techniques. Some of these control methods

will be detailed in the following sections. ized and distributed control systems. It has two layers of com-
puters; one of the layers is dedicated to in situ process control,Digital automation systems are organized by taking the

following factors into consideration: (1) user requirement or whereas the other layer contains a central computer responsi-
ble for the management of the total plant. In this system, allspecifications, (2) functional design specifications, (3) com-

plete system design and structure, (4) test specification, (e.g., the computers work together via a communication network,
such as a local area network (LAN) or a wide area networkcodes and integrated testing), (5) warranty and other support

such as training, and (6) health and safety issues. (WAN).
Regardless of the computer system selected, digital dataDigital devices perform several functions: (1) computing

on-line mathematics, which enables the monitoring and con- communication must obey software protocols to ensure effec-
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Therefore, careful selection of communication techniques and
equipment is critical.

PROCESS MODELING

The processes are modeled to capture the process dynamics
with sufficient accuracy to ensure good control performance.
The model of a process gives a good understanding of the in-
herent nature and characteristics of the system, an indication
concerning future changes of the system, and the system re-
sponse to external stimuli. The two main approaches concern
system identification via process input/output data and math-
ematical modeling from physical laws.

A number of different types of process models can be con-
figured; these are the analog models, pilot plant models, sim-
ulation models, and mathematical models. Analog models are
the electrical representation of the system, which can be con-
structed in the form of circuits. In pilot plant models, a
smaller version of the system is implemented to gain experi-
ence about the process. Simulation models purport to approxi-
mate the real system by using computers. Mathematical mod-
els represent the system by sets of differential and difference

Server

Star topology

Ring topology (loop)
Tree topology

Bus topology

Client

equations derived from fundamental physical laws, as exem-
Figure 2. Networking of computers. The digital systems are net- plified in Table 3.
worked to enable information flow among the members. The network Even though all types of models have advantages and dis-
topology selected depends on the process, hardware, and software advantages, mathematical models enable the application of
available. In automation systems, the bus structure appears to be

theoretical concepts. In mathematical modeling, the dynamicpopular. The contention and collision problems generated by the use
behavior of the system is described by differential equations,of the bus by many devices need to be addressed carefully.
and the relations between the inputs and outputs are ob-
tained in the form of transfer functions.

Transfer functions represent the interconnected compo-
tive and efficient data flow. The protocols are managed by in- nents in the form of block diagrams or signal flow graphs. If
ternational organizations such as the Institute of Electrical the system is represented in a linear form, other mathemati-
and Electronic Engineering (IEEE) and International Stan- cal tools, such as the Laplace transform, can be applied. A
dards Organisation (ISO). The communication protocols have typical single-input single-output closed-loop control system
a number of layers as illustrated in Table 2. model is shown in Fig. 4. In this figure, the relation between

In automation, the characteristics of the signal conversion the input and output of the open-loop system is obtained from
and transmission can affect the overall accuracy of the system ordinary differential equations as
in terms of possible losses and interference of useful signals.
The losses can be caused by electrical or mechanical interfer-
ence, noise, cabling arrangements, power supplies, and so on. an

dnc(t)
dtn

+ an−1
dn−1c(t)

dtn−1
+ · · · + a0c(t)

= bm
dmr(t)

dtm
+ · · · + b0r(t) (1)

where c(t) is the output, r(t) is the input, and an, an�1, . . .,
a0, bm, . . ., b0 are the coefficients of the differential equation.

If all the initial conditions are zero, this equation can be
expressed in Laplace as

M(s) = C(s)
R(s)

= bmsm + bm−1sm−1 + · · · + b0

ansn + an−1sn−1 + · · · + a0 (2)
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Figure 3. A hierarchical arrangement of computers. The central For example, neglecting friction, the linear motion of a mass
computer interfaces with all the other computers located in different under a tractive effort of an engine can be expressed by
parts of a complex automated system. Apart from process control,
many other tasks such as system optimization, product design, sched-
uling, and inventory control can be implemented by the central com-
puter.

f (t) = Md2x(t)
dt2 + B

dx(t)
dt

(3)
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Table 2. OSI Reference Model

No Layer Application Protocols

1 Physical Electrical, mechanical, and packaging specifications. Func- ISO/IEEE 802.4, Broadband 10Mbs data rate, phase
tional control of data circuits. Coherent Carrier Band, etc.

2 Link Transmission of data in local network. Establish, maintain IEEE 802.4 Token Bus. IEEE 802.2 Type 1 Connec-
and release data links, error, and flow. tion services.

3 Network Routing, switching, segmenting, blocking, error recovery, ISO DIS 8473, Network services, ISO DAD 8073 (IS).
flow control. Wide area addressing and relaying.

4 Transport Transparent data transfer, mapping, multiplexing, end-to- ISO Transport, Class 4. ISO8073 (IS).
end control, movement of data among network elements.

5 Session Communication and transaction management, synchroniza- ISO Session Kernel. ISO 8237 (IS).
tion, administration of control sessions between two or
more entities.

6 Presentation Transformation of information such as file transfer. Data in- Null/MAP transfer. ISO 8823 (DP).
terpretation, format, and code transformation.

7 Application Common application service elements (CASE); manufactur- ISO 8650/2 (DP), RS-511, ISO 8571 (DP), IEEE802.1.
ing message services (MMS); file transfer and manage-
ment (FTAM); network management.

In Laplace transform, for zero initial conditions, Many other types of models such as stochastic models, dis-
crete time system models, adaptive system models, and opti-
mal system models are also available. For instance, the pro-F(s) = (Ms2 + Bs)X (s) (4)
cess modeling for an optimal control may be explained as
follows.M(s) = X (s)

F(s)
= 1

Ms2 + Bs
(5)

Optimal control maximizes (or minimizes) the value of a
function chosen as the performance index or cost function fromThe mathematical model of the system in Fig. 4 can be writ-
an operational control system subject to system constraints.ten in the form of the closed-loop transfer function as
Modern optimal control theory is developed within a state-
space framework, and performance indexes can be complex.
Suppose that the control command of a system is expressedM(s) = C(s)

R(s)
= G(s)

1 + G(s)H(s)
(6)

in vectorial form as u and the state of the system is described
by x. Further, suppose that the rate of chance of state Ẋ is aAn alternative modeling is offered by the state-space ap-
function of state x, control command u, and time tproach in the form of a first-order differential equation

Ẋ̇ẊX = f (xxx,uuu, t) xxx(0) = xxx0 known (9)dxxx(t)
dt

= AxAxAx(t) + BrBrBr(t) + FwFwFw(t) (7)
Then a control law u(x, t) or a control history u(t) is deter-
mined such that a performance index or a scalar functionalwhere A is the state vector, B is the input vector, and F is

the disturbance vector. Then the output may be expressed as
JJJ(u) =

∫ T

0
g(xxx(τ ),uuu, τ ) dτ (10)

CCC(t) = DxDxDx(t) + ErErEr(t) + HwHwHw(t) (8)

takes a minimum value out of all other possibilities, and aMatrices A, B, C, D, E, F, and H can be manipulated for solu-
boundary relationship x(T) � xf must also be met as a con-tions.
straint.The automatic control theory and equipment are essential

A most common form of J(u) is the minimum time controlparts of automation. The most common type of automatic con-
in whichtrol is based on the closed-loop control systems. Nevertheless,

the application of control includes traditional negative feed-
back control, optimal control, adaptive control, and artificial
intelligence techniques that require different types of mathe-

JJJ(u) =
∫ T

0
dτ = T (11)

matical models.
Many different criteria can also be used. These include mini-The optimal control and adaptive control theories are con-
mum fuel, minimum energy, and other quadratic forms ascerned with defining an appropriate index performance for

the process and then operating the process to optimize its per-
formance under continuously changing and unpredictable en-
vironment. In artificial intelligent models, computers are pro-

JJJ(u) =
∫ T

0
|uuu(τ )| dτ (12)

grammed to exhibit characteristics that are commonly
orassociated with human intelligence. These characteristics in-

clude understanding, capacity to learn, reasoning ability,
problem solving ability, and rendering a diagnosis concerning
a condition or situation.

JJJ(u) =
∫ T

0
uuu2(τ ) dτ (13)
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or

JJJ(u) =
∫ T

0
(qxxx2(τ ) + ruuu2(τ )) dτ (14)

A general term for the continuous time performance index
leading to optimal control is expressed as

JJJ(uuu(t)) =
∫ T

0
g(xxx(τ ),uuu(τ )) dτ (15)

This performance index is minimized for the constraints

Ẋ̇ẊX (t) = f (xxx(t),uuu(t), t) for t ∈ (t0, tf) and

xxx(t) is an admissible state, xxx(t) ∈ XXX (t),∀ t ∈ (t0, tf) is satisfied

Slight variations of these equations lead to mathematics of
the discrete time or digital versions of optimal control.

In a process, there may be many variables. The task of the
designers is to identify those variables that affect the process.
The variables also need to be controllable such that the pro-
cess can be controlled by the manipulation of these variables.
These carefully identified variables of the process are sensed
by the use of many appropriate sensors ranging from simple
thermocouples to sophisticated microsensors. The signals
from the sensors are processed to achieve a good control sys-
tem and effective automation.

PROCESS CONTROLLERS

Feedback control systems constitute an important part of
modern automated systems. A feedback control consists of
five basic components: (1) the input, (2) the process under con-
trol, (3) the output, (4) the sensing elements, and (5) the con-
trollers and actuators, as illustrated in Fig. 5.

The input to the system is the set point or the reference
value for the system output, which represents the desired
value. The input is given as a reference signal by setting an
appropriate mechanical device or electrical signal in analog
or digital form. If the nature of the input signal of the process
is not known, test signals in the form of step input, ramp
input, or parabolic inputs are used as the test signals.

Table 3.  Fundamental Physical Laws for Modeling

Transfer functions for electrical networks

Transfer functions of mechanical systems

Transfer functions of  rotational mechanical systems

Capacitance
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Inductance

Spring
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The output and other important system parameters are
sensed by the sensing elements. The value of the output of
the system is then compared with the desired input to correct
any deviations. The sensing elements are selected and de-
signed appropriately depending on the requirements of the
process, and they can include a wide variety of sensors and
instrumentation systems. For example, in the manufacturing
industry, for position, motion, and speed sensing, the choice
may be made between servo systems, encoders, potentiome-
ters, limit switches, optical sensors, ultrasonic techniques,
photoelectric devices, and so on. Some sensing elements ap-
propriate for particular automation systems will be detailed
below.

G(s)
C(s)E(s)R(s) +

–

H(s)

Figure 4. A closed-loop control system. The system has a forward Process Controllers
path transfer function G(s) and a feedback path transfer function

Process controllers can be divided into four main levels. (1)H(s). The relation between the input and output which is used in
Individual controllers control single machine or simple pro-analysis and design of systems can be expressed in terms of these

two terms. cesses, where few controlled parameters are involved. They



152 AUTOMATION AND CONTROL EQUIPMENT

Figure 5. The components of a closed-loop control
system. The sensing elements are used to monitor the
system variables and the output. Information gath-
ered from the sensors is processed to control the actu-
ators and other system controllers so that the desired
response from the system can be achieved.
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can be programmed as single purpose as well as multipur- single seat, double seat, V port, cage), ball valves (e.g., plug,
eccentric disc, camflex), and gate valves (e.g., diaphragm, but-pose. (2) Group controllers are two or more devices working

together to complete a task. A master controller coordinates terfly, pinch valve, slide valve). The proper selection and siz-
ing of control valves is crucial for the stable, safe, and eco-the operation of group controllers. (3) Total process control-

lers are a number of work cells coordinated further to achieve nomical operation of control systems.
In general, controllers, which are sometimes called actua-total plant control. (4) Enterprise controllers include control

decisions that take into account many other issues such as tors, are driven by electric, pneumatic, and hydraulic power.
They can be grouped to be continuous or two-position actua-forecasting future production levels and cost reduction sched-

uling. tors. Continuous actuators can be electric, pneumatic or hy-
draulic two-position actuators that are obtained magneticallyThe range of individual controllers embraces a wide vari-

ety of devices. In simple cases, the controller can be an ampli- by solenoids, some of which may be pneumatic as in the case
of diaphragm and piston-type actuators. Electric motors arefier, mechanical linkages, filters, or other control elements de-

pending on the nature of the system. In more sophisticated used in valve-type actuators that link to the system via gears.
Pneumatic actuators usually have a diaphragm–spring ar-cases, the controller can be a computer or a system of comput-

ers and microprocessors. The controllers, acting as the actuat- rangement. Hydraulic actuators are composed of pistons and
hydraulic motors, and they are used in systems where largeing devices, in a single-loop feedback system, take corrective

action to reduce the difference between the input and the out- forces and stiffness are required.
In most automation applications, one of the following con-put. They are the mechanisms that change the process to ac-

complish the desired output. These mechanisms are usually trollers is used: a simple on–off controller, a phase lead and
phase lag controller, or a proportional, integral, and/or deriv-designed in accordance with the system specifications. They

consist of a variety of electrical, chemical, and mechanical de- ative (PID) controllers. These controllers can be located at
various points in the feedback system, as illustrated in Fig.vices such as motors, valves, solenoid switches, piston cylin-

ders, pulley systems, gears, chain drives, hydraulic or pneu- 6. The most popular arrangement is the forward path control
arrangement. On–off controllers produce two discrete controlmatic apparatus, or a combination of these devices.

Controllers acting as actuators can be very simple or very positions, which are either wide open or completely shut. The
frequency of operation of the on–off controllers determinescomplex. For example, a switch connected to a temperature

sensor is the controller and actuating device for a heating sys- the variations in the system output.
Phase lead and phase lag controllers are often used, andtem. When the temperature is below the set point, the switch

turns on the heating element to increase the temperature. If they can easily be obtained by passive network elements as
the temperature is higher than the set point, the switch turns
off the heating element. On the other hand, a complex vision
system may be the controller and actuator of a robotic assem-
bly plant.

Controllers may be divided into such subgroups as direct
acting controllers, logic control systems, valves, and actu-
ators.

Direct acting or self-actuating controllers do not require an
external power supply, such as a spring mechanism or a
safety valve. They are also called regulators. They tend to be
inexpensive and very robust. Other typical examples of these
regulators would be the manometric temperature regulators

Gc1(s) Gc3(s) Gp(s)

Gc4(s)

Gc5(s)

Gc2(s)

C(s)R(s) +
++
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and self-actuating pressure controllers, among others.
Figure 6. Controllers in a feedback system. The controllers can beLogic controllers may be extremely simple or very complex.
located at various positions on the closed-loop control system. Gc1(s)

A simple logic controller is an on–off control switch. More so- is the precompensator, Gc2(s) is the feedforward compensator, Gc3(s) is
phisticated ones are programmable controllers, logic arrays, the series compensator (cascade), Gc4(s) is the minor feedback com-
and pneumatic or hydraulic logic control systems. pensator, and Gc5(s) is the state feedback compensator. These compen-

Control valves are an important category of controllers. sators may be introduced in combination to allow more degrees of
freedom. The cascade compensator is the most commonly used type.There are several different types, such as globe valves (e.g.,
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the controllers is known as tuning the controllers. Successfully
tuning the controllers depends on many factors such as pro-
cess conditions, nonlinearities, and the operator’s skill and ex-
perience. Some modern automation systems perform the tun-
ing of the PID automatically by using many different
methods, including artificial intelligence. PID controllers
were implemented originally by pneumatic devices, but nowa-
days most consist of electronic devices, computers, actuators,
and control valves.

In simple systems, PID or cascaded PID are readily avail-
able as ratio or cascaded ratio controllers in electrical, me-
chanical, or pneumatic form. In large systems, more complex
controllers are available as noninteracting controllers, multi-
variable controllers, and delay controllers.

Although the most common type of control systems is the
set point feedback control system, in some applications it is
necessary to control one process variable at a value that de-
pends on the value of the second process variable, known as
the ratio control. In these cases, the set point of the first vari-
able is automatically adjusted in relation to the value of the
second variable by so-called ratio controllers. In computer-
based systems, the ratio function is generated in the software.

In other applications, the output of an automatic controller
can be a set point of another controller as in the case of cas-
cade control systems. These controllers are called primary
and secondary controllers, inner and outer controllers, or
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master and slave controllers. In some cases, selective control-
lers, which select one of the controllers, may be used. In thisFigure 7. Phase lead (a) and phase lag (b) controllers. These control-
case, the function of each controller is different, but each con-lers can easily be obtained by simple passive electrical components.
troller is selected by logic or programming depending on theThey can also be obtained by using operational amplifiers.
status and requirements of the process.

In most industrial applications, plants have many single
and interactive control loops. For such situations, the general,shown in Fig. 7. Their Laplace transfer function can be ex-
practical, and theoretical approach is multivariable control.pressed as
The theoretical approach involves the modeling of the plant
in matrix form by identifying the loops and interactions be-
tween the loops. In practical applications, depending on theGc(s) = s + z

s + p
(16)

severity and significance of the interactions and control objec-
tives, the controllers can be detuned by lowering their set-The ratio of z/p determines if it is a phase lead or a phase
tings, or the system may be decoupled by disconnecting onelag controller.
or more of the loops.The proportional controller generates a signal that is di-

Process control can be regulated by using closed-loop feed-rectly proportional to the error between the output and the
back systems or sequential operation involving many interre-input. In the integral controller, the time and size of the error
lated devices. Process monitoring uses alarms, graphical dis-signal is considered by taking the integral of the signal. As
plays, and simple reporting of data. The entire process can belong as the error exists, integral action takes place to drive
managed by interrelating the overall functions by means ofthe output to reduce the error. In the case of derivative con-
product tracking, historical information, production switch-trollers, the rate of change of error is taken into account. If
ing, process accounting, laboratory data collection, reliabilitythe error is constant, the derivative controllers will have no
and safety analysis, scheduling, advisory control, modelingeffect on the operation of the system. However, if the rate of
and optimization, and so on.change of error is high, the controller will act to reduce the

rate of change. The transfer function of a PID controller can
be expressed as Application of Controllers

Modern process controllers find a wide range of applications
in high-volume and highly automated production facilities, forGc(s) = KP + KDs + KI

s
(17)

instance, in chemical industries, petroleum refining, and food
processing. In a typical modern process plant, the facilitieswhere KP, KD, and KI are real constants.
may be divided into a number of processing units, as illus-The design problem involves the determination of these
trated in Fig. 8. Each of these units may have its own comput-three constants so that the performance of the system meets
ers to perform scanning, control, and alarm functions. Thethe requirements. For a process system to operate satisfacto-
computers of each unit are connected to a central computerrily, each constant associated with the PID controller is ad-

justed to match the process characteristics. The adjustment of in a hierarchical configuration. The individual computers may
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applications (e.g., land, air, and naval operations), (3) service
industries (e.g., healthcare, banking, financial services, gov-
ernment service, and retail trade), and (4) consumer products
(e.g., microwave ovens, washing machines, alarm systems,
and cars).

POWER CONVERTERS

There are many sources of energy and power converters avail-
able, but the most commonly used form of energy is electric
power. Electric power can be generated in many ways, such
as burning fossil fuels, capturing hydroelectric energy, solar
or wind energy, or nuclear energy. The choice of power gener-
ation depends on the type of application at hand. For exam-
ple, a natural choice for powering satellites would be solar
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power. Electric power can also be converted to other types of
power that may be necessary in automation systems, such asFigure 8. A process plant. In a plant, computers are responsible for
mechanical, hydraulic, and pneumatic power.controlling dedicated areas of the process. Computers are connected

to form a network for effective and efficient operation of the plant. The power in automation and control systems is used to
perform at least two tasks: (1) processing and (2) transfer and
positioning of materials. Depending on the application, the
process may involve many activities such as shaping metals,deal with hundreds of control loops and thousands of parame-

ters involving many control loops (maybe over 2000) such as molding plastic, switching signals in telecommunications,
data processing in a computerized information system, andtemperature, pressure, flow rate, chemical concentration, and

many other variables that are essential to the process. The operating robots in an assembly plan. All these actions trans-
form energy from one state to another.central computer receives data from the process computers

and ensures optimum operation of the entire plant. Often, controlling a process or an operation is done with
electronic equipment by adjusting the amount of power sup-Many metallurgical industries use automation to handle a

large variety of products. Control programs are developed to plied to the system via high- and low-level controllers. Usu-
ally, the power requirements of controllers such as motor-schedule the sequence and rate of processes. One example of

such a process is rolling hot metal ingots for different orders driven solenoids, valves, fans, and pumps, are beyond the
output capabilities of simple electronic devices, such as opera-and to different specifications in the steel and aluminium in-

dustries. tional amplifiers, logic gates, and computer or microprocessor
input/output (I/O) boards. Therefore, for system control, addi-Automation is applied extensively in the assembly indus-

try. A typical assembly line consists of several stations, which tional power converters that are capable of handling high
powers are necessary.perform adding and fastening of components. A typical work-

head includes automatic equipment such as screwdrivers, riv- In some applications, a control system requires the power
to be switched either on or off. The equipment that accom-eting machines, welding facilities, and other joining devices.

Modern assembly lines consist of programmable and adapt- plishes this task is the dc or ac power switch. Dc power
switches are often referred to as dc output modules, and acable assembly systems connected to a central computer. The

master computer schedules and coordinates the production power switches are called solid state relays. They can be con-
structed as discrete components as well as integratedand informs the workstation computers of their designated

tasks. modules.
Dc output modules are capable of providing high currentsIn the electronic industry, automated systems are used to

design, analyze, produce, and test electronic components, IC, and voltages to the equipment as well as providing low volt-
ages and currents as control signals. The input circuitry of dcand the like. Examples of automation in the electronic indus-

try are part insertion machines and wire rap machines. Some output modules is sensitive enough to be driven directly from
the output of a programmable controller, a logic gate, an opof these machines include complex equipment, such as vision

systems. Automation is also used in the communication in- amp, or a computer I/O port. Generally, it uses optically iso-
lated transistor switches to prevent high-voltage faults to bedustry to monitor thousands of telephone lines, provide tones,

make connections, monitor calls, and perform many other electrically coupled to low-voltage control devices. Some mod-
ules have input protection against the reversal of polarity.customer and management services.

In many applications, computer aided design is used in There are many types of commercially available dc output
modules; generally those used in control systems have an in-conjunction with computer aided manufacturing. The technol-

ogy is applied in many industries including machine compo- put voltage range of 3 V to 32 V. The typical output current
rating is 3 A to 5 A, and the output voltage rating is 60 V.nents, electronic products, and chemical processes. Suitable

computers are used to process, store, and display large Solid state relays are similar to output modules in func-
tion, construction, and appearance. They are specifically de-amounts of data representing product specifications.

Automation is used in many other industries, such as (1) signed for ac applications with typical ratings of 120 V to 240
V ac. Their current ratings are much higher than those oftransportation (e.g., airline reservation, automatic pilots in

aircraft, rapid surface transit systems, and cars), (2) military their dc counterparts, being typically 10 A to 50 A. There are
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Figure 9. A typical circuit for a solid state relay. As
soon as sufficient current flows through R1 and D2, Q2

provides a path for the gate current to the triac Q3. The
bridge rectifier in the front allows the relay to be trig-
gered by ac voltages. Solid state relays are used pri-
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marily to switch ac power.

two distinct types of solid-state relays—random-trigger and controllers, the output power can be automatically con-
trolled, based on decisions made by a software program.zero-trigger relays. A random-trigger relay supplies power the

instant the input trigger current requirement is met. A zero-
trigger relay turns the voltage on when the load supply volt- Today, many ac and dc power converters are made from
age is less than a specified value, typically 20 V. A typical power semiconductors, such as diodes, thyristors, and triacs.
example of zero-switching solid relays is given in Fig. 9. Any power semiconductor system employed for rectifying, in-

However, in many applications, simply switching the load verting, or modulating the output of an ac–dc energy source
power on and off is not acceptable, and a continuous control of is called a converter system, or sometimes the power condi-
power is necessary. There are a number of ways of achieving tioning system. They can be classified as ac voltage control-
continuously varying power supply, especially by using tran- lers, rectifiers, dc-to-dc converters (choppers), inverters, and
sistors and diodes. a cycloconverters.

1. Linear analog dc amplifiers—Power transistors, such as
1. Ac voltage controllers are used to vary the root meanDarlington, and power field effect transistors (FET) are

square (rms) value of an alternating current supply byused together with operational amplifiers. The opera-
using switched power semiconductors, such as thyris-tional amplifiers supply the control voltages to the gates
tors. They are employed as on–off or phase controllers.or bases of the transistors.
In a phase-controller, the thyristors supply a specific

2. Linear digital dc amplifiers—Power transistors are portion of each cycle of the single-phase or three-phase
used to supply high voltage and high currents similar voltage source. They are configured to be full-wave or
to the linear analog dc amplifiers. Using these amplifi- half-wave voltage controllers. A typical full-wave, Wye
ers with microprocessors or microcontrollers that gener- connected, three-phase controller is illustrated in Fig.
ate digital signals for control purposes is particularly 11.
effective.

2. Rectifiers can be classified as controlled uncontrolled,
3. Pulse-width modulation—An efficient alternative to lin- with the majority being controlled. They vary the aver-

ear amplification is pulse-width modulation (PWM). In age value of the direct voltage applied to the load. They
this case, the output transistors operate in two distinct are suitable for use in rectification of a single-phase or
modes, either fully saturated or fully cut off. By control-
ling the duration of the width of the pulses and filtering
these pulses, the average amount of power supplied can
be controlled. A pulse width modulator has four main
components: a triangular wave oscillator, a comparator,
a power switch, and an output switch. A typical PWM
circuit is shown in Fig. 10. With the use of PWM voltage
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Figure 10. A typical pulse width modulator. They consist of an oscil-
lator, a comparator, a power switch, and an output filter. The fre- Figure 11. A typical full-wave voltage controller. There are various

thyristor voltage control configurations. The selection depends on thequency of oscillator is usually about 20 kHz, and the control voltage
varies slowly with respect to this frequency. The output of the com- type of connection (e.g., delta or wye), load characteristics, and range

of control. In all circuits, the firing of the thyristors control the cur-parator switch Q1 and Q2 alternately from saturation to cutoff at a
rate equal to the frequency of oscillator. The level of the control volt- rent flow through the circuit. At least two lines must be conducting

for the load current to flow.age determines the duration of each pulse.
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three-phase constant ac supply. A typical three-phase,
full-wave thyristor bridge rectifier is shown in Fig. 12.

3. Dc-to-dc converters (choppers) vary the average value of
the direct voltage applied to a load circuit by introduc-
ing one or more thyristors between the load and a con-
stant dc source. There are two types of choppers, type
A and type B. In a type A chopper, the dc currents and
voltages can only be positive as illustrated in Fig. 13,
whereas in a type B chopper, the currents and voltages
can be positive or negative.

4. Inverters convert dc power to ac power at some desired
output voltage and frequency. They are manufactured
as half-wave or full-wave inverters that can supply sin-
gle-phase or three-phase ac power. The output voltage
of an inverter is not sinusoidal, containing many har-
monics. In many applications, these harmonics are re-
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duced by suitable filtering techniques. An advanced ver-
sion of an inverter is the frequency converter, which is Figure 13. Block diagram of a dc chopper. The chopper applies a

series of unidirectional pulses to the load circuit. Although the magni-a combination of a rectifier and an inverter. Ac power is
tudes of the pulses are the same as the input voltage, variations offirst converted to dc and then inverted back to ac, hav-
the time between pulses determine the average value of the dc out-ing variable amplitude and frequency.
put. After thyristors are turned on, they will conduct unless the cur-

5. Cycloconverters convert an m-phase ac source to an n- rent flow is forced to zero. This is called commutation.
phase ac source at a desired frequency. They can be de-
signed as single-phase to single-phase or three-phase to
single-phase cycloconverters, line-commutated fre-

of power converters are nonlinear; therefore the conventionalquency multipliers, and cycloinverters.
fixed structure PID-type regulators cannot be optimized eas-
ily for all operating conditions. Neural network-based control-Nowadays, microprocessors and microcontrollers are exten-
lers can handle such nonlinearities. For example, in one ap-sively used in all kinds of power converters. With the aid of
plication, the neural network identifies the convertersoftware, they simplify the hardware, implementation, and
dynamics in cases of uncertainties in the load parameter.trouble shooting of control electronics by acting as timers and
Conventional closed-loop control techniques are applied forlogic circuits and by performing arithmetic. The software can
the regulation of the converter in a closed-loop manner bybe modified and changed easily and can be integrated with
means of neurocontrollers. Fuzzy logic controllers equippedartificial intelligence and other control algorithms. They can
with appropriate algorithms are also used and implementedcontrol many devices when equipped with appropriate I/O
by means of microprocessors in power converters.and interface facilities.

In general, the electric power supply for electronic instru-Artificial neural networks, fuzzy logic controllers and arti-
ments and process computers should be reliable. This reliabil-ficial intelligence are used for the control of power converters.
ity will be achieved not only by maintaining the required volt-Artificial intelligence techniques are often applied in order to
age on the power lines but also by supplying clean power atmeet more stringent distortion and power factor requirements
all times. Some of the power reliability issues may be ad-in ac and dc power converters. Generally, the characteristics
dressed by having standby battery or generator systems. The
choice depends on the nature and amount of power consumed
by the devices to be maintained and the cost of such installa-
tions.

MOTION CONTROLLERS

Motion is the movement of an object from an initial point
through an infinite series of points to a destination along a
path or trajectory. Such movement may be linear or curvilin-
ear, taking place in two dimensions or three dimensions.

Speed relates the motion to the time required to move from
one position to another. Speed is a scalar quantity describing
the magnitude of velocity. Velocity is a vector quantity denot-
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ing both the direction and the speed of linear motion, or the
Figure 12. A typical thyristor bridge rectifier. The thyristors are

direction and rotation of an angular motion. Industrial lineartriggered in pairs in sequential manner to supply current to a single
speeds are generally obtained from rotational motion gener-load. The current from all phases flows in one direction on the load
ated by machines. Acceleration is the rate of change of veloc-thus giving a dc. Because of the way that thyristors operate, consider-
ity with respect to time, an important parameter to be mea-able harmonics are introduced in the output therefore suitable filters

must be used to obtain clean dc. sured in many automation and control systems.



AUTOMATION AND CONTROL EQUIPMENT 157

In automation and control, the excursion of motion can be sponse, installation environment, and cost. For example, the
combination of electronic motion controllers with hydraulica point-to-point system, a path or a trajectory system, a su-

perimposed motion system, and a fixed motion path system. actuation gives advantages by providing high power-to-size
ratio and high-speed linear motion. Recently, a great deal ofIn a point-to-point motion system only the end points are

described, and the coordinates of tool position do not refer to progress has been recorded in the development of digital con-
trol for hydraulics. This fact, coupled with the increased so-the movement between these points. This type of system is

usually encountered in fixed automation systems, such as phistication of electronics and software, results in control sys-
tems that are easier to use in industrial machinery.warehousing and retrieval systems. In path or trajectory sys-

tems, the tool movement takes place in a tightly controlled In automation and control, a variety of electrical motion
control systems in the ac and the dc ranges are used. In addi-path. A typical example of a trajectory motion system is the

automatic welding in which a definite path must be followed. tion to conventional ac and dc motors, servomotors and servo-
systems, permanent magnet dc motors, brushless motors,In a superimposed motion system, additional motion is im-

posed on top of a normal trajectory. An example of this would stepper motors, and linear and planar motors find a wide
range of applications. In general, servo systems and ac andbe automatic painting where wobbling is superimposed on the

beginning and end of the motion trajectory. Fixed motion dc motors are selected for continuous motion control, whereas
stepper motors are preferred for incremental motion control.paths are used in fixed automation equipment, such as trans-

fer lines, conveyor belts, and packaging and printing Although electrical drives are an essential part of automation
and control, the subject is vast and because of the lack ofequipment.

Modern motion control is the product of control theory, ap- space it will not be treated in detail. Interested readers
should refer to the bibliography.plications of rapidly progressing technology, and the avail-

ability of suitable semiconductors. Development and applica- In order to control the motion of systems, the drives them-
selves need to be controlled. Drives are generally controlledtion of alternative, less expensive motor technologies has

become a major factor in minimizing the cost of electronic by silicon control rectifiers (SCR), other solid state electronics,
analog controllers, and power amplifiers. Some of the control-drive systems. Advances in digital motion controllers have

also gained much attention. Motion technology has reached a lers will be discussed in greater detail in the speed control
section of this article.level that permits the cost-effective conversion of mechanical

to electronic motion control solutions. It appears that this de- Many modern motion control systems are integrated with
microprocessors and computers. An example of this is the pro-velopment will persist, and drives and controllers will con-

tinue to become more powerful, more versatile, and more grammable motion controller (PMC), which is designed to
operate as an intelligent velocity and position controller incost-effective.

There is a diverse range of equipment available for motion response to high-level ASCII commands. PMCs can be inter-
faced with servo drives, tachometers, encoders, and the like,control technology in industrial automation applications. A

designer may face a confusing array of equipment choices, to form a closed-loop digital motion control system. Micropro-
cessors allow the use of high-level user-oriented motion con-ranging from powerful microchips to multilevel distributed

control systems. There are five groups of motion control trol commands. In addition, dedicated motion processors offer
an alternative to packaged motion controllers. They are de-equipment
signed indirectly into the printed circuit board of the ma-
chine. This capability enables engineers to package motion1. Chip level controllers that consist of a few integrated
control capabilities into the required precise space configura-circuits combined to produce signals that drive position-
tion. In recent years, such processors have gained extensiveing equipment.
industrial applications. Currently, several motion processors2. Board level controllers that are made from one or more
are available, including stepper motors, servomotors, and dccircuit boards containing computer functions as well as
brushless servomotors.input and output; they include general-purpose motion

controllers and personal computer add-ons. These de-
vices often handle control, sensing, and the power drive

SPEED CONTROLfor positioning equipment.
3. Fixed capability controllers or box-level devices that are

Variable speed drives can be classified as hydraulic, mechani-
in menu-driven programming format form; they gener-

cal, or electrical. In automation and control applications, the
ally combine displays, keyboards and computing.

question of cost and capabilities of the variable speed control-
4. Modular, configurable controls with flexible program- lers is important. The range of the speed and how quickly it

ming languages. can change in response to the process requirements is signifi-
5. Dedicated controllers that include programmable logic cant. Coupling is necessary to change from one speed to an-

controllers and pneumatic sequencers. These are de- other and from one motion to another. Therefore, correct se-
signed to handle specific chores common to factory- lection of speed control systems, suitable for a particular
floor control. application, is important.

Variable-speed hydraulic motors are driven by fluid pres-
sure. In some systems, the controller’s fluid couplings consistIn automation and control systems, the equipment for mo-

tion control is generally electrical, mechanical, or electrohy- of two halves, one driven by a constant speed electric motor
and the other connected to the controlled device. The speed isdraulic. In addition, purely hydraulic or purely pneumatic

motion control systems also find applications. The choice of regulated by the manipulation of the fluid flow between the
two halves. In others, the hydraulic speed controller is baseddrive depends on factors such as load, mass, required re-
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on the control of the fluid flow rate in a pipe by means of
pumps and control valve settings. The fluid pumped through
the system is usually driven by a motor (usually an electric

Thyristor
controlled
rectifier

Thyristor
inverter

AC
power
input

Motor

motor). A servomotor-driven valve controls the oil flow to the
hydraulic motor. A closed-loop control can be achieved by Figure 14. A frequency converter. There are many different types of
sensing the fluid flow rate. frequency converters. A popular method employs the conversion of ac

voltages to dc voltages by means of thyristor circuits and then in-Mechanical speed control systems are based on the control
verting back to ac giving the desired frequencies. The output of theof the generated torque and rotational velocity of petrol- or
inverters contains considerable harmonics; therefore, the use of filterssteam-driven engines equipped with suitable throttles con-
may be necessary for sensitive loads.trolling the energy input to the engine and a suitable gear ar-

rangement.
In many modern automation and control applications, the

example of a frequency converter is illustrated in Fig. 14 inspeed control is realized electrically. A diverse range of elec-
block diagram form. These electronic speed controllers aretrical equipment is designed for speed control, such as electro-
carefully designed by considering issues such as overvoltagemechanical and solid state relays, control transformers, com-
protection, current limits, starting requirements, and phase-mon or specialized electric motors, potentiometers, and solid
loss trip.state power control devices. The electric speed drives include

The speed of the dc motor is mainly controlled by adjusting
currents and voltages supplied to the armature and field

1. dc drives, which can further be subdivided as windings. These adjustments are achieved by using electronic
circuits and devices, as in the case of ac motors.• single-phase, full-wave SCR

Electrical motor speed control systems have existed for• three-phase, full-wave SCR
many years, but usually involve complex and expensive me-• three-phase, full-wave SCR power bridge
chanical and electrical solutions. Low-cost, microprocessor-• PWM
based speed control regulators can provide a flexible building• brushless dc or ac servo
block approach to the problems of accurate closed-loop motor2. ac drives, which include
speed control. Several manufacturers provide families of

• variable frequency control (VFC)
closed-loop digital speed controllers and total control system

• variable voltage input
design. By using equipment from the same family, the equip-

• current source inverter (CSI) ment cost and the time taken for the system design can gener-
• pulse width variation (PWV) ally be reduced.

Modern techniques find many applications in the speed
control of electrical drives. For example, in the speed controlThe main considerations in selecting a suitable electric
system of an induction motor, a full fuzzy controller may bedrive to control the speed of a system are the torque-speed
used to sense the speed and generate the appropriate com-characteristics, the type of power supply available, the preci-
mand current corresponding to any speed discrepancy. Asion needed, and the cost. The selection can be made from (1)
deadbeat fuzzy scheme in the current feedback loop forces thedc motors such as series, shunt, compound, permanent mag-
actual current to track the command current.net, and electronic control motors; (2) three-phase ac motor

In another speed control system, the process takes place insuch as induction, synchronous, wound rotor; (3) single-phase
two stages. The first stage yields the number of fuzzy rulesac motors such as capacitor, split-phase, two capacitor, repul-
and the rules themselves for the fuzzy neural controller. Ini-sion, shaded pole, universal; and (4) special motors such as
tial estimates for centers and widths for membership func-servos, synchros, resolvers, stepper motors, Hall-effect mo-
tions associated with the controller input and output vari-

tors, hysteresis, linear, inside-out, and other special control ables can also be obtained. From this information, a fuzzy
motors. Dc motors are used when full torque is needed at neural-controller is configured. The resulting controller is fur-
widely varying speeds, but they tend to be relatively large in ther tuned by using a backpropagation type algorithm. The
size and expensive. Ac motors are essentially constant speed fuzzy controller can be applied to dc and ac drives, replacing
devices, but they can be made to operate as speed devices by the conventional PID controllers.
suitable electronics. Artificial neural network (ANN)-based speed control

Electric motors have control systems for convenient start- schemes are often used. Control is achieved by adjusting the
ing, dynamic torque-speed characteristics, time delays be- controller parameters. The controller coefficients are tuned by
tween speeds, and current voltage surges during operations. using signals from an ANN that observes the speed patterns
A simple control for all kinds of motors is the on–off control. exhibited in the motor speed history. These schemes have the
This is accomplished by the use of relays, limit switches, tim- ability to adapt to any variations in the motor parameters.
ers, and the like, as in the case of most programmable logic In general, speed control strategies based on artificial in-
controllers (PLC). telligence (AI) involve on-line tunable controllers. Motor-drive

The speed of an ac motor is directly proportional to the system parameter uncertainties and the unknown nonlinear
frequency of the ac supply. Therefore, a common method of mechanical load characteristics motivate the use of these two
controlling ac motor speed is achieved by variable frequency AI-based speed controllers over the extended range of op-
drives. The variable frequencies are obtained by using circuits erating conditions. Because the values of the motor-drive sys-
based on solid state electronics, power transistors, SCRs such tem parameters are not required, the controlled motor-drive

system becomes robust and insensitive to the variations inas triacs, thyristors, and gate turn off thyristors. A typical
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system parameters, operating conditions, and load excur-
sions.

ADAPTIVE CONTROLLERS

Many processes have time-dependent dynamics and are non-
linear and subject to frequent variations in the operating con-
ditions. Therefore, they are subject to parameter changes,
thus resulting in deviations from the required performance of
the closed-loop control systems. In these systems, self-tuning

Control
parameter
mapping

Controller

Adaptive or self-tuning algorithms

System
identification

Plant

Sensors

+

–

controllers or self-adaptive controllers, which have the ability
Figure 15. A self-tuning adaptive controller. The tuning of processto learn about the closed-loop process, can be employed. This
controller is done by changing the coefficients of the model and set-is based on the assumption that the present control strategy
ting the control parameters accordingly. For this purpose, parameterscan be based on past closed-loop observations.
must be identified carefully to represent the model. The implementa-There are many schemes for implementing adaptive con-
tion of an adaptive controller is achieved by using computers andtrollers, such as dead-time compensation, gain scheduling,
microprocessors.

model reference optimal control, and feedforward adjust-
ments, which are based on the measurable quantities. These
schemes are suitable in control systems for which the charac-

applications in automation and control. A typical implementa-teristics of their components are fully known or can easily be
tion of an adaptive controller is illustrated in Fig. 15.modeled. However, in many processes, the behavioral change

The implementation of the closed-loop adaptive controllerof the system is either unknown or unobservable and difficult
depends on the way that the model is constructed from theto model. There are two different commercially available self-
process. If the process model is known a priori, the controltuning control implementations—expert systems and process
system is known as the model reference adaptive systemmodel approach.
(MRAS). If the model is constructed by identification meth-The expert system is a branch of artificial intelligence. Of-
ods, the system is called a model identification adaptive sys-ten, it is in the form of software, which attempts to perform
tem (MIAS). Most commercial systems are MIAS type, andlike a human expert in a constrained and deep field of knowl-
they are in digital form, although analog forms are alsoedge by using heuristics or rules of thumb. It tries to achieve
available.a desired control-loop response by incorporating tuning rules

A simple way of getting information on the process behav-experienced by control engineers to manually tune controllers
ior is by using pattern recognition. The time response of aplus additional rules discovered during field tests.
process can be analyzed with simple rules, and the new pa-

In automation and control, there are two types of expert rameters are calculated and set according to the known tun-
systems—diagnostic systems and design systems. Diagnostic ing rules. The result is analyzed again, and optimum tuning
systems are used to suggest reasons for a failure or malfunc- is achieved after some iteration. Self-tuning algorithms are
tion. In design systems, alternatives to human controllers to used to track overshoots, damping, and process periods to cal-
make decisions are implemented. The tuning changes the pro- culate the tuning parameters. The basic control algorithm is
cess response without any need for mathematical modeling. usually PID three-term control. Other algorithms, such as
The control-loop response is expressed in terms of patterns, deadbeat and minimum variance, are also used extensively.
such as peak heights, periods, slopes, frequency contents, and Electronic industrial adaptive controllers are available to
zero-crossings. The control structure is usually chosen as the provide accurate process control, adaptation, and autotuning,
PID controller because of its widespread use in industry. The using digital technology and microcontroller chip sets. The
discrete nature of the pattern characteristics is combined main control loops of the controllers use algorithms that are
with the tuning rules that are expressed in IF-THEN-ELSE based on the single-loop control, ratio control, dual-loop cas-
format. cade control, auto tuning, gain-scheduling, adaptive PIDs,

The model-based self-tuning approach depends on the pro- and so on.
cess model. It tries to achieve a desired control-loop response Currently, adaptive control techniques are combined with
by updating coefficients in the model and using the coeffi- other control technique, such as fuzzy logic controllers. For
cients to calculate the control parameters. The model-based example, an adaptive fuzzy controller can be constructed from
approach is flexible enough to accommodate a wide variety a set of fuzzy IF–THEN rules whose parameters are adjusted
of parameter identification techniques and controller design on-line according to some adaptation law for the purpose of
strategies such as optimal control. For good control, the model controlling the plant to track a given trajectory. The adaptive
must describe the system accurately by taking the nonlineari- fuzzy controllers may be based on the Lyapunov synthesis ap-
ties, disturbances, dead-zones, and backlashes into consider- proach. It is generally required that the final closed-loop sys-
ation. The self-tuning laws (e.g., pole placement and mini- tem be globally stable in the sense that all signals involved
mum variance control) entail a system identification, such as (states, controls, parameters, etc.) must be uniformly
a Kalman type filter, and then mapping these parameters bounded. Adaptive fuzzy controllers can be designed by fol-
into the control parameters by the use of appropriate func- lowing these steps. First, construct an initial controller based
tions. The self-tuning controllers combined with artificial in- on linguistic descriptions (in the form of fuzzy IF–THEN

rules) about the unknown plant from human experts; then,telligence and optimal control techniques find a wide range of
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develop an adaptation law to adjust the parameters of the is fixed. The preprogrammed commands are contained in the
machines in the form of cams, gears, wiring, and other hard-fuzzy controller on-line. This approach of combining different

control techniques has several advantages: (1) all signals in ware that is not easily changed from one type of product to
another. The programmable and flexible automation systemsthe closed-loop systems are uniformly bounded, (2) the

tracking errors converge to zero, (3) no linguistic information are extensively used in flexible manufacturing systems
(FMS). In this case, several machine tools are connected byis necessary, and (4) after incorporating some linguistic fuzzy

rules into the controllers, the adaptation speed becomes faster means of a materials handling system, all controlled by a cen-
tral computer. Each machine is controlled by a CNC system,and the tracking error becomes smaller.
and the central processor sends programs to each controller
in accordance with a preplanned schedule.

Flexible manufacturing systems are composed of severalMACHINE TOOLS
machining and/or turning centers. To be cost-effective, these
manufacturing systems need a particular range of products,Machine tools are an important part of industrial automation.

The basic property of machine tools is the ability to position a minimum batch size, and/or recurrent products. However,
especially in tool shops, these conditions seldom occur becausethe axes of a machine accurately and to control the cutting

feeds and speeds from the information created by the user. single-part production with total specifications is common. In
tool shops, it is important to make the product as soon asThere are two basic types—numerical control (NC) machines

and computerized numerical control (CNC) machines. possible immediately after the design is ready, in order to
meet customers expectations. Therefore, machine tool manu-The shaping of metal by means of cutting tools was one of

the first manufacturing processes to be automated. An exam- facturers have adapted their machines to the demands of
their customers.ple of machining a high volume of metals at high production

rates is the transfer line arrangement. A transfer line is di- Modern machine tools are integrated with computers and
microprocessors, which give them advanced capabilities asvided into a series of workstations, each performing a desig-

nated machining operation. The raw work parts enter from previously explained. Recent advances in other areas of tech-
nology have also contributed to progress in the design andone end of the transfer line, proceed through the worksta-

tions, and emerge at the other end as a completed part. use of machine tools. A typical example is the use of laser
technology. In the last few years, lasers have found applica-Modern machine tools are precision devices that are con-

trolled by computers. Because of recent advances in technol- tions in production engineering as tools for surface treatment,
cutting, welding, drilling, and marking. By combining conven-ogy and the application of computers, the new generation of

intelligent machine tools are able to communicate and cooper- tional metal-cutting technologies with laser processes in one
machine, complete processing of a workpiece with differentate with others, conduct the premachining preparation, carry

out the machining operation, process the postoperation infor- technologies in one setting is realized. One of the main advan-
tages of the integration of lasers into machine tools is themation, and learn the process performed for the future appli-

cations. reduction of material flow between the production machines,
which leads to a reduction in processing time and logisticsSeveral control techniques are applied to industrial ma-

chining processes, such as adaptive and other advanced con- and an enhancement of manufacturing quality.
One point worth mentioning here is that using machinetrol methods, and artificial intelligence. As an example, sev-

eral adaptive control strategies developed particularly for tools in industry is expensive; therefore, their efficient opera-
tion is important. Because of the substantial investment inmetal-cutting machine tools have self-tuning capability in

cutting and milling operations. The control objective is di- tools and the high cost of tooling in machining centers, the
cutting and idle times are generally optimized by consideringrected mainly to maintain the geometric accuracy of the work-

piece. These strategies often involve look-up tables to be able the tool consumption and the nonmachining time cost compo-
nents. In most computer-aided processes, plans are made con-to implement advanced methods such as hierarchical fuzzy

controllers. By using these techniques, the index known as tinually to improve system effectiveness by means of tool-op-
eration assignments, machining conditions, appropriate toolthe metal removal rate is increased, and the in-process time

is reduced, thus higher production rates can be obtained. magazine organization, and an operations sequence that re-
sults in minimum production cost.Another form of machine tools is numerical control (NC),

which is a form of programmable automation. In NC, num-
bers rather than symbols that have been coded in a storage
medium control the machine. In modern NC systems, the FUZZY LOGIC CONTROLLERS
storage medium usually is the computer or microprocessor
rather than punched paper tapes or other storage media, Even though conventional controllers have served their pur-

pose in most automation and control applications, they arewhich were used in the past. The coded numbers in the pro-
gram use sequencing to indicate the various positions of the based on the assumption of precise mathematical characteris-

tics of the system and the controller. However, accurate math-cutting tool relative to the work part. Usually, position feed-
back mechanisms are used to verify that the coded instruc- ematical models of a complex real-life system are difficult, if

not impossible, to determine. This is mainly caused by thetions have been performed correctly.
One of the most important applications of machine tools nonlinearity of the plant, the uncertainty of the operation sit-

uations, and the involvement of a large number of variablesis in the manufacturing industry. Three types of automation
systems can be associated with machine tools in manufactur- and constraints. Other factors that contribute to further dif-

ficulties are noise, limitations on the measurement instru-ing: (1) fixed, (2) programmable, and (3) flexible automation.
In fixed (or hard) automation, the equipment configuration ments, and a wide range of temperature variations. This has
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Figure 16. Basic structure of fuzzy controllers. These con-
trollers find a wide range of applications in automation and
control. Fuzzification, fuzzy inference, and defuzzification
are the three basic steps in the implementation of fuzzy con-
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Input
(crisp or
discrete)

Output
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discrete)

(Fuzzy) (Fuzzy)

trollers.

led to the study and development of alternative control strate- quadratic, cubic, triangular, and trapezoidal. By far, triangu-
lar or trapezoidal functions are the most popular because ofgies to overcome such problems. An example of such efforts is

the development of the fuzzy logic controller (FLC). The FLC the simplicity of implementation and calculation. The number
of fuzzy terms can also be extended to any number n. In thestudy originated in the early 1970s when the first linguistic

rule-based controller for a laboratory-scale steam engine was case of height, other fuzzy terms such as extremely tall, very
tall, and medium tall can also be incorporated if so desired.developed. Since then, FLC has gained acceptance and has

been recognized as a viable solution to a broad range of con- Basic operations on the fuzzy sets are similar to those used
in classical logic operations. They are complement (NOT), in-trol applications. This includes domestic appliances, indus-

trial process plants, and the automotive industries. The fol- tersection (AND), and union (OR). Similar to the many math-
ematical expressions proposed to implement the fuzzy func-lowing sections provide a description of the basic structure

of an FLC and a discussion on the implementation of fuzzy tions, there have been numerous methods suggested to
calculate the results of the fuzzy operations. Again, the mostlogic controllers.

The basic structure of an FLC is shown in Fig. 16. A con- popular and simple method is described here, and readers in-
terested in other forms are encouraged to consult the readingtrol action is derived based on three basic steps: fuzzification,

fuzzy inference based on a set of fuzzy rules, and defuzzifica- list. The basic operations are
tion. Prior to the description of these procedures, an introduc-
tion to fuzzy set theory and its operations must be introduced.

The theory of FLC is fundamentally based on fuzzy set the-
ory proposed by Professor L. A. Zadeh in the mid 1960s. In
classical set theory, operations are limited to and based on a

Complement (NOT): µ−A(x) = 1 − µA(x)

Intersection (AND): µA(x)
⋂

µB(y) = min[µA(x), µB(x)]
Union (OR): µA(x)

⋃
µB(x) = max[µA(x), µB(x)]

(21)
binary system. An element x is considered to be either a mem-
ber of a set or not a member of a set as shown in the following

Two sets A and B are defined by two different variables, xexpression
and y. The set A is the input variable, and B is the output
command. Now the fuzzy relationship can be established in
the form of IF A THEN B. The relationship function denoted
by R can be defined as R � A � B in which the values are
calculated from

Membership of a set A,µA(x) =
{

1, if x is a member of A

0, if x is not a member of A
(18)

A threshold value is normally used to determine such mem- µR(x, y) = µA×B(x, y) = min[µA(x), µB(y)] (22)
bership, that is,

In the context of control, a sample relationship or rule can be
established as

µA(x) = 1, if x ≥ threshold value

µA(x) = 1, if x < threshold value T
(19)

IF the error is large, THEN the control action is large.
However, such threshold value is arbitrary in real life, espe-
cially in situations where human decisions are involved. For

A set of rules is then required to represent the knowledge onexample, one may consider a height of 1.9 m as the threshold
how to determine the output based on the fuzzy inputs. Thisvalue of ‘‘tall.’’ But surely, one cannot conclude another per-

son with a height of 1.89 m as ‘‘not tall.’’ On the other hand,
someone of 1.4 m has little chance to be considered as a tall
person. Hence, the term ‘‘tall’’ is fuzzy in the sense that it has
no discrete or ‘‘crisp’’ threshold value. So, when one tries to
relate the height of a person to some form of linguistic de-
scriptions, a mapping as shown in Fig. 17 is more appro-
priate. Such mapping is termed a fuzzy set of the term ‘‘tall’’
and it can be expressed as

µA: X → [0, 1] (20)

µ
A

Short Medium

Height

Tall
1

0
where � is the membership value between 0 and 1, X is the
physical height and A is the fuzzy term. Figure 17. Mapping in fuzzy controllers. The basic operation of a

A number of mathematical functions have been used by fuzzy controller is similar to classical logical operations. Mapping is
fuzzy logic practitioners to implement the mapping between an important step in determining the membership. The mapping may

be Gaussian, trapezoidal, cubic, etc.the value X and fuzzy membership. Examples are Gaussian,
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forms the fuzzy rule base of the system. In order to infer the plementation is the increase in the cost–performance ratio.
However, this puts limitations on the number of variablesoutput, the composition rule of inference can be used:
and the number of rules that can be handled. Examples of
such dedicated processors are the AL220 from Adaptive LogicµB′ (y) = maxx min[µA′ (x):µR(x, y)] (23)
and the VY86C570 fuzzy coprocessor from Togai InfraLogic.

This means that given the fuzzy relationship of R between A Another approach to hardware implementation is the integra-
and B, and the input of A is y�, the membership of the fuzzy tion of fuzzy logic into conventional control devices such as
output variable, B is y�. For multiple inputs and outputs, the the PID and PLC controllers. An example of this approach is
fuzzy relationship can be extended as follows: the Omron E5AF temperature controller, which integrates an

advanced PID control unit and a fuzzy logic unit.
R1: IF Error is large AND Change of Error is small THEN

Action is medium.
R2: IF Error is small AND Change of Error is small THEN NEURAL NETWORK BASED CONTROLLERS

Action is small.
Control law is essentially a mapping from measurement his-

Because these basic operations are simple and the tory to commands. To this extent, it is possible that the his-
hardware/software is easy to implement, fuzzy controllers of- tory can be learned by machines using some appropriate self-
fer attractive solutions when compared to the alternative learning or that self-taught techniques and decisions can be
highly complex mathematical techniques. made automatically. The generic term for machine learning

is artificial intelligence. Among many others, the artificial
neural network (ANN) is one of the branches of AI.Fuzzification, Fuzzy Inference, and Defuzzification

Artificial neural networks are based on the idea of merging
Fuzzification is the process of converting the discrete or crisp the mechanism of the biological operation of the human brain
input variables to fuzzy variables. It is essentially a mapping with computing theories. The ANN is composed of numerous
between the range of input to the membership values of each single computational elements, known as neurons, operating
fuzzy variable. This is where the definitions of fuzzy sets de- in parallel as shown in Fig. 18. A computational element
termine the membership values. sums the weighted inputs and passes the result through a

Based on the composition rule of inference, the fuzzified nonlinear function. A sigmoid function is used as the nonlin-
input is then applied to each rule in the rule base to deter- ear element. A typical sigmoid function is
mine the membership value of the output from each rule. The
output at this stage is in fuzzy format expressed in member-
ship values for each variable. f (y) = 1

1 + e−y
(24)

This process translates the fuzzy outputs from the infer-
ence process into a discrete or crisp output value. There are

For a single neuron, if the result of the sigmoid function isagain many suggestions for the calculation of the output val-
above a built-in threshold level, the element is activated andues based on fuzzy membership values.
set to a trained value. There are many different variations of
ANN; for example, in this article the discussion will centerImplementation of Fuzzy Logic Controllers
on back-propagation and feedforward error back-propagation

Implementation of a fuzzy logic controller has traditionally techniques, which are the most basic ones.
been realized with a software program running on a general- The feedforward error back-propagation network (EBP) is
purpose computer platform. Many commercial software pack- composed of a number of layers of neurons, as illustrated in
ages or tools are now available to aid the development of the Fig. 18. The neurons are characterized by activation functions
fuzzy rule base, fuzzification, defuzzification, and inference and threshold levels. Although there are some variations, in
processes. These software tools include Fuzzy Logic Toolbox
from MatLab, FIDE from Aptronix, RT/Fuzzy in MATRIX,
CubiCalc from HyperLogic, and the fuzzy logic code genera-
tor, just to name a few examples. The main features of such
tools are the improvement of productivity in the design pro-
cess, the incorporation of a simple or user friendly interface,
and the ability to integrate fuzzy logic without knowing how
to implement it from ground level. These packages normally
vary in terms of prices, computing platforms, programming
approaches and interface, services, technical support, and fu-
ture development of the product. Also, software tools are de-
signed to generate code specifically for dedicated microcon-
trollers and digital signal processing (DSP) devices such as
the 8051, 80C196, TMS-320, HC05, HC11 and HC12. This
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allows the development of a dedicated microcontoller-based Figure 18. Layers of an artificial neural network. An ANN is com-
system instead of a general-purpose computer. posed of computational elements called neurons. The weights of these

On the other hand, hardware implementation of a fuzzy neurons are adjusted depending on relations of the inputs and out-
logic controller is now possible with new devices and off-the- puts to the neuron. There are a number of layers such as input layer,

output layer, and hidden layers.shelf control systems. The main advantage of hardware im-
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general, the following sigmoid activation function is often ANN design tools. The hardware implementation can be done
by electronics such as Intel’s ETANN 80170 chip. Generally,used:
the programmed commands determine the action to be accom-
plished by the automated system. These commands specify
what should be achieved by the system and how the various

vj = 1
1 + e(−βφ j)

(25)

components of the system must function to accomplish the
where v is the activation at neuron j with the value of poten- desired result. The contents of the program is developed de-
tial �, and � controls the steepness of the activation function. pending on the system, and it can vary from one automated

The network is comprised of synapses connecting the layer system to another even if they are performing similar tasks.
of neurons and the input potential. � for a neuron is defined In some simple cases, the programs may specify a limited
as number of well-defined actions that are performed repeatedly

in sequential or cyclic manner. In the case of complex sys-
tems, the level and number of commands can be very highφ j =

∑
i

Wij vi + τ j (26)
and detailed. It is also possible to change programs and com-
mands to perform different tasks.

where W is the weight of the synapse between neurons i and The commands are related to feedback systems by estab-
j, v is the activation state of neuron i, and � is the threshold lishing appropriate inputs for each loop or various loops that
of neuron j. make up the entire system. In automation systems, not all

The training technique back-propagation error is based on the programmed commands are electrical, but they can be
the comparison between the output pattern produced by the mechanical in the form of mechanical cams or linkages. How-
forward pass and the target values resulting from a specific ever, it is common today for automated equipment to use com-
given input pattern. The absolute differences are collected in puters or microprocessors to generate, store, and execute com-
a summation function, and an error E is calculated. By begin- mands for controlled action.
ning each weight at the output nodes and working back to the Artificial neural networks are applied to all aspects of au-
weight at the input layer, a gradient is determined. This pro- tomation and control systems. A typical example is machine
cess is described as the back propagation of an error. The gra- learning used in the decision-making process in manufactur-
dients are then summed for each weight over the combination ing. The machine-learning techniques are applied to repre-
of all the input and output patterns. As a function of the re- sent the machine-specific performance behavior of machine
sulting gradient, the weights are then updated. tools for a ‘‘knowledge base’’ in intelligent machining. Ac-

cessing this knowledge base allows the selection of process
parameters for a given machining operation on a specific ma-
chine tool based on the desired evaluation criteria. Determin-

�Wn
ij = η

∑
P

∂E
∂Wij

(27)

ing the process parameters in this manner replaces less accu-
In this weight update rule, the index n refers to the nth itera- rate methods such as reading process parameters from
tion in the process, and � describes the learning rate, being a machining tables. The learning algorithms use an artificial
discrete step size. This procedure is iterated until error E for neural network structure to map the process parameters to
all outputs is within the predetermined tolerance or until the the evaluation criteria. Learning is achieved by exposing the
predefined number of iterations is reached. The process is es- algorithm to training data.
sentially an improved gradient descent optimization tech- Another example of applying ANN to intelligent control in
nique performed on the energy surface. The dimension of this modern process automation is fault detection. The ability to
surface is equal to the number of weights in the network. detect faults is essential to improved reliability and security

Common to all steep descent methods is the problem of the of a complex control system. Parameter estimation methods,
choice of the step size. A large value for � will induce rapid state observation schemes, statistical likelihood ratio tests,
learning, but it will also lead to oscillations and instability, in rule-based expert system reasoning, pattern recognition tech-
which circumstances the network may fail to converge. On niques, and artificial neural network approaches are the most
the other hand, a small step size will result in a slow conver- common methodologies employed. The artificial neural net-
gence, and it may be trapped in local minima. Some of these work, through a back-propagation learning algorithm com-
problems may be addressed by adding a momentum term, bined with fuzzy approximate reasoning for fault diagnosis,
which changes the weight update rule as follows: yields superior results compared to the other methods. Ana-

lytical fault symptoms are usually obtained by system dynam-
ics measurements and classification through a multilayer
feedforward network. The control actions are based mainly on

�Wn
ij = −η

∑
P

∂EP

∂Wij
+ a�Wn−1

ij (28)

fuzzy reasoning.
Robots are an important part of automation systems, par-where � is the momentum term in the range from zero to one.

The effect of this is the learning rate for flat regions of ticularly in the manufacturing industry. Artificial neural net-
works, with such characteristics as learning, graceful deg-weight space or across local minima; whereas in steep re-

gions, movement is focused downward by damping the oscilla- radation, and speed inherent to parallel distributed
architectures, provide a flexible solution to the real-time con-tions caused by the alternating signs of the gradient.

Neural networks are capable of tackling linear and nonlin- trol of robotic systems. Artificial neural networks are gener-
ally used to learn about the process and to coordinate trans-ear continuous and discrete control tasks. They are applied in

the form of software supported by the appropriate hardware. formation mapping of robots. In many cases, hybrid
controllers that include some form of multilayered neural net-Common mathematical packages, such as MATLAB, support
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works are used. In this way, the dynamics of the environment
that is contacted can be identified and optimized to determine
the parameters of controllers such as PID controllers. After
being trained, the robots respond to the training patterns
with flexibility and adaptability to the differences between
the patterns.
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AUTOMATION OF BANKS. See BRANCH AUTOMATION.
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