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Preface

Preface to the Second Edition

In the few months of its existence, this “AutoBoK” is already making an impact by better defining the
automation profession, both to automation practitioners and to academicians working to improve
automation curricula, and by helping automation professionals prepare for the Certified Automation
Professional (CAP) exam.

Now, circumstances have allowed us to make revisions and improvements to the book much sooner
than we expected. A team working to provide technical expertise to a new self-study program for CAP,
“ISA CAP Learning System” — Lee Lane, Nick Sands, and Joe Bingham — has identified several areas
of improvement and has worked to make those changes happen. Their efforts have resulted in a much
better book.

The topics on Analog Communications, Motion Control, and Electrical Installations have been
strengthened to better cover the material in those topics; the topics on Digital Communications, Indus-
trial Networks and Maintenance have had minor changes; and topics have been added on Continuous
Emissions Monitoring Systems and on Custom Software to give more weight to those topics.

In addition, an appendix has been added on Control Equipment Structure. This appendix goes into
some historical detail since an understanding of that history is useful to an understanding of how
automation systems are structured today.

Prior to the 1970s when programmable control hardware for discrete applications began to see wide-
spread use, discrete control was much more difficult and was thus limited in functionality. However,
available analog controllers were very capable for continuous control; so most of the more complex
control application work and most of the automation professionals worked on process applications.

Today, virtually all new control is performed in programmable devices which do a very good job for
both discrete and continuous applications. However, the tremendous opportunities in manufacturing
(discrete and motion) applications have caused this area to overtake the continuous applications and a
major fraction of automation professionals today work outside the process industries.

Though a variety of control devices today can do a variety of discrete, motion, and process applica-
tions, many of the devices are best suited to specific areas. The design of these devices is influenced by
the historical expectations of that manufacturing area as well as by the true requirements of the auto-
mation task.

April, 2006

Preface to the First Edition

This book is intended to be read and studied both by automation professionals and by those who want
to learn about automation—not just used for looking up facts and figures. However, it contains so
much technical information you may also find it useful as a reference.
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Preface

Because each topic was written by a highly respected expert, or experts, in that subject area, there is
much more detailed information than you would expect in a typical overview. Even so, each topic is
short enough to be read like a summary.

This book emerged from the work to develop ISA’s Certified Automation Professional (CAP) program.
However, its value is much broader than just as a helpful text for CAP.

The topics in this book represent THE scope of automation application, which makes it one of the most
important books published by ISA. This is a unique book that will go a long way toward defining the
scope of automation and helping to establish automation “engineering” as a profession.

The term “automation” includes all topics that have traditionally been identified using names such as
instrumentation, instruments and control, process control, process automation, control systems, automation and
control, manufacturing control, manufacturing automation, and system integration. Automation professionals
are the practitioners responsible for the direction, design, and deployment of systems and equipment
for manufacturing and control systems.

A number of organizations in recent years have developed a document that defines their knowledge
base, frequently referred to as the Body of Knowledge. Some of those documents are bibliographies of
the relevant literature, some are a critique of the literature, and some are an overview of the topics.
This book is obviously the latter type. Because this book contains only a small fraction of all the infor-
mation in automation knowledge, it might be titled “Overview,” “Summary,” or “Introduction.” How-
ever, following the lead of the Project Management Institute with their A Guide to Project Management
Body of Knowledge, which is now an ANSI standard, many organizations use the Guide fo . . . nomencla-
ture. We also have chosen to follow that usage.

This book is intended to serve as a technical summary of automation knowledge for those who need a
comprehensive perspective on automation in their job, including:

e Automation professionals who need to understand the basics of an unfamiliar topic. They
might, for example, need to determine if it is useful in the application on which they are
currently working. Or, they may have been assigned to use that technology, and they need
to begin to learn about it.

¢  Anyone who knows something about a topic, but needs to gain a better understanding of
the range of information in the topic

¢  Academicians who need guidance in developing and improving curriculum or courses, and
who wish to expand their own knowledge and that of their students

e  Managers who need a better perspective of all aspects of automation, enabling them to bet-
ter set direction and make staffing decisions

¢ Those who work in fields related to automation, and who need a comprehensive under-
standing of what automation is all about. For example, just as automation professionals
need to learn much more about information technology (IT), people in IT working on sys-
tems related to manufacturing need to learn more about plant floor control and information
systems.

e  Students, novices, and others evaluating career decisions
¢  Those studying for ISA’s Certified Automation Professional (CAP) exam

To be useful in all these ways, each of the 35 topics in the book needed to be understandable to those
who know very little about that topic while, at the same time, useful to those knowledgeable and
experienced in that subject. And, each topic needed to include real technical information—not just a
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newsy overview. Achieving all that was a real challenge in the short space that could be devoted to
each topic.

Some users will find the material fully meets their educational or reference needs on a particular topic;
others, who find they need more depth or more background, will find it useful to study some of the
listed references. Those studying for the CAP exam, for example, may find that this material meets
their needs in topics where they have some familiarity, but in topics where they know very little, they
may also need to consult other sources to adequately understand the material.

Also, while this book attempts to cover all the topics in the scope of the CAP exam, many CAP exam
questions will not be covered in this book, because CAP questions can be drawn from any book or
referred paper in automation. Still, a good knowledge of the material in this book will be a big step
towards preparing for the CAP exam.

The organization of the 35 topics in this book is somewhat arbitrary and evolved from more than a
year of work trying to capture as many topics as possible in a logical category. The continuous num-
bering of the topics from 1 to 35 is to indicate the topics themselves are really the most important
headings. The seven topic categories are for convenience only.

Deciding what not to include was as big a challenge as deciding what should be covered. Older tech-
nologies less used today have been skipped, as well as technologies that are very specialized. Tech-
niques used less frequently—even ones very important in some applications— are often not covered
simply because of space limitations. Applications used only by a particular industry are also not
included. For example, automation professionals working in chemical and refining applications may
feel that distillation column control is so basic that it should have been included. However, those out-
side those industries—a majority of today’s automation professionals—may hardly know, or care,
what a distillation column is.

You may feel your area of automation is slighted, or find that some topics you consider important in
the scope of automation are not addressed. We welcome hearing from you about topics that you think
should be included in future editions. If there are errors or topics that need further clarification, please
let us know. Send your comments to info@isa.org.

The idea for this book first came from Ken Baker, who, as a member of the CAP Steering Team, real-
ized the value of putting the entire scope of automation together into one book. Chip Lee, Director of
Publications on the ISA staff, was also a strong proponent from the beginning and continued to pursue
the idea even though some, including me, initially thought a useful coverage of such a broad scope in
one reasonably sized book was not practical.

Lois Ferson on the ISA publications staff undertook the big task of identifying authors for each topic
and convincing them to deliver a comprehensive technical document in fewer words than they proba-
bly imagined possible. Jim Strothman did the editing for format and style and to overcome our ten-
dency as engineers to use too many unnecessary words. But it is the authors of the 35 topics who are
most responsible for this book. Though many of them initially resisted the tough assignment of cover-
ing significant technical detail in such a small space, particularly with a tight time schedule, each did
an outstanding job addressing their topic. Many of the authors have written books specifically on their
topic, and a number of the authors are the recognized expert on their topic. About a third of the
authors are ISA Fellows.

Vernon Trevathan
September, 2005
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Process Instrumentation

= By Vernon L. Trevathan

Topic Highlights
Pressure

Level

Flow

Temperature

Smart Instruments

1.1 Introduction

Good control requires measurements that are accurate, reliable, responsive and maintainable. These
factors are influenced by the choice of principle used for the measurement, the detailed specifications
and features of the instrument selected and specified, how well the instrument and its installation is
maintained, and particularly the installation details.

The vast majority of physical measurements in processes are of the big four: flow, pressure, level, and
temperature. This topic will focus on the more popular methods for measuring these variables. Analyt-
ical measurements are covered in the next topic. While this topic is titled “process” instrumentation
because the larger number of applications are in process and utility applications, much of this instru-
mentation is used in many other areas of automation application wherever continuous measurements
are needed.

Much of the focus in this topic is on compact “transmitters”—devices that combine the sensor and
communicating electronics in one package. Some temperature measurements are an exception to this,
since those devices often separate the sensor and the communicating electronics. These transmitters
sometimes take on different names: level transmitters become level gauges and flow transmitters
become flowmeters.

1.1.1 Measurement Concepts
All continuous measurements share certain parameters of accuracy, repeatability, linearity, turndown
and speed of response.

Accuracy is the ratio of the error to the full-scale output, generally expressed as a percentage of span.

Repeatability is how well an instrument gives the same output for the same input when the input is
applied in the same way over a short time period. It is also often expressed as the error as a percent of
span.

Linearity only applies to measurements that are supposed to be linear; then, it also is a percent of span
of the deviation of the measurement versus actual value from a straight line.

wl
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Response speed is defined as the length of time required for the measured value to rise to within a cer-
tain percentage of its final value as a result of a step change in the actual value. A 98% response time,
for example, while indicative of the time to get a good measurement, is much longer than a first order
time constant. The first order time constant of the measurement is of most interest in the performance
of a control loop.

Other response characteristics like hysteresis, dead band, and stiction are primarily related to mechan-
ical equipment, such as control valves, and do not normally apply to electronic transmitters.

Measuring instruments can generally be adjusted for span and zero. Span error is how well the full
scale output of the instrument matches a full span change in the actual variable, usually expressed as a
percent of span. Zero error is the output of the instrument for a measurement that is at the low end of
the span, usually expressed as a percent of span. A zero error causes a constant offset for any measure-
ment.

The turndown ratio is the ratio of the maximum to minimum measurable value. For example, if the
maximum flow that can be measured is 100 gallons per minute (gpm) and the turndown ratio is 3
(typical for an orifice), then the minimum flow that can be accurately measured will be 33 gpm. How-
ever, if the turndown ratio is 100 (possible for a Coriolis meter), then the minimum flow that can be
accurately measured will be 1 gpm.

1.2 Pressure

Transmitters for measuring the pressure of a liquid or gas are very common in process and utility
applications, since they are used both for actual pressure and also frequently used in the measurement
of level and flow.

Pressure is generally measured in pounds per square inch or in inches of water column. The pressure
measurement can be designed to measure the amount that the pressure is above atmospheric pressure
(positive pressures only—a.k.a. “gauge”), the amount the pressure is above or below atmospheric
pressure (positive and negative pressures—a.k.a. “compound range”), or it can be the amount that the
pressure is above absolute zero pressure (“absolute”). At sea level, atmospheric pressure is 14.7
pounds, but it varies about 0.5 psi per 1,000 feet of elevation.

Pressure measurements can also be either simple pressures (i.e., a single input port) or differential
pressure (i.e., two input ports). Differential pressure transmitters are critical—for example, when mea-
suring a small differential pressure, say 20 inches of water in the presence of a high common pressure,
say 1,000 pounds, it would not be possible to measure each pressure and then take the difference elec-
tronically. The inaccuracy of the transmitters and subtraction devices would make the resulting differ-
ence hopelessly inaccurate.

The ideal gas law says that pV/T is a constant where p is the pressure, V is the volume, and T is the
absolute temperature. Obviously, then, the pressure is highly dependent on temperature and volume.

While a variety of pressure measurement methods are available, such as manometers, bourdon tubes
and bellows, most pressure transmitters today, both single pressure and differential, measure pressure
by sensing the deflection of a diaphragm. The sensing device for that deflection is a strain gauge or
other technique and is often on a secondary diaphragm for temperature and shock protection. Figure
1-1 shows the internals of a differential pressure transmitter and the secondary diaphragm that is cou-
pled by oil filled channels. The output of the sensor is then amplified for transmission. The sensor is
analog whether the signal conditioning and transmission is digital or analog.

The diaphragm that contacts the process fluid must be of a material that will withstand the tempera-
ture and corrosive effects of the process. Since the diaphragms are thin, they have little tolerance for
corrosion. Diaphragms are available in stainless steel, a variety of alloys, and ceramic.
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Figure 1-1: Differential Pressure Diaphragm and Sensor Assembly (Courtesy: Endress + Hauser)

Pressure transmitters may be connected to the process by a length of tubing or the diaphragm can be
mounted flush to the process vessel using a pressure transmitter specially configured for that purpose.
Some prefer the transmitter to be located for convenient maintenance access, which may mean that
long tubing connections to the process piping or vessels are required. Others prefer for the transmitter
to be close-coupled to the process piping or vessel to minimize leakages and tubing pluggauge and fill
problems. That is, you can locate the transmitter for easy access so that, when it has a problem, it can
be easily serviced. Or, you can locate it for reliability so it is less likely to need to be serviced.

Span and zero calibration is a major issue with analog pressure transmitters. Digital pressure transmit-
ters tend to be much more accurate and stable than all analog transmitters. In addition, digital trans-
mitters have a number of other functional advantages.

Various types of devices for developing pressures in the field have long been used by instrument tech-
nicians for calibration of span. These are used by first valving off the pressure transmitter from the
process, and then connecting the transmitter to this portable pressure source. A known pressure mea-
surement gauge can then be used to compare to the transmitter output. With analog instruments, this
is the only way to change the span setting—{rom, say 0-100 in. H,O to 0-200 in. H,O. Calibration of
digital transmitters can be done entirely within the digital electronics and remotely via the communi-
cations wiring. In addition, digital transmitters today are likely to be more accurate than the pressure
gauge that can be handled in the field. Because of this, field calibration is diminishing.

1.3 Level

Level measurements of liquids or solids are used extensively in all types of bulk manufacturing and
storage facilities plus many utilities. The level measurement may be for accurate inventory, to deter-
mine the contents in a vessel where reactions are taking place, or just be to keep the tank from over-
flowing or from going empty. The location of the surface may be measured directly for solids or
liquids. For liquids, level can be inferred from the pressure at the bottom of the tank. In difficult appli-
cations, the tank can be weighed. Solid level measurement is often inaccurate because the surface is
an upward cone shape under the filling location or downward cone shape over the discharge location.
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Even liquids may have turbulent surfaces from boiling or agitation which can cause inaccuracies in
some types of level measurements.

1.3.1 Direct Level Measurement

Float

The most obvious measurement method is to use a float to determine a liquid level. This method is
used in process applications, but possibly its most important use is in very large tanks with expensive
contents. In those large tank applications it is called tank gauging. To achieve maximum accuracy the
gauging system also utilizes vessel shape changes due to atmospheric temperatures and fill bloating
and many other seemingly minor things. The float connects via a cable or tape to a measuring device
outside the tank that precisely measures the length to the float.

Ultrasonic and Radar (Microwave)

These measurements work by sending a pulsed wave signal from the top of the tank that hits the sur-
face of the material and reflects back to the instrument. The distance to the surface is then determined
by the transmission time. Ultrasonic measurements have the advantages of no contact with the pro-
cess and are suitable for various liquids and bulk products. Their disadvantages are that the process
must not produce too much surface foam, and they are not suitable for high temperature, pressure or
vacuum. Radar has the advantage of broad applicability on most liquids and measurement indepen-
dent of pressure, temperature and vapor. Disadvantages are that the measurement may be lost due to
heavy agitation of the liquid or the formation of foam. Radar instruments are now approaching the
price of ultrasonic and are the fastest growing type of level measurement.

Capacitance

A metal probe is located vertically in the tank and electrically isolated from the tank. The probe and
the walls of the tank form a capacitor that has a value that depends on the amount of material in the
tank and the medium between the probe and the wall. When only vapor is present, the capacitance
will be low. The capacitance will increase incrementally as the process material covers the probe. This
method is suitable for liquids or solids, has no moving parts, and is suitable for highly corrosive media.
The disadvantages are limited application for products with changing electrical properties and may be
sensitive to coatings on the probe. Sensor selection is critical to the measurement, particularly if the
sensed material is conductive.

Radioactive

A radioactive source—either point or strip—is placed on one side and outside the tank, and a radiation
detector (Geiger counter), or series of detectors, is placed on the other side. The amount of radiation
reaching the detector(s) is dependent on the amount of material in the tank. This type is expensive
and requires stringent personnel safety requirements and licensing, so it is used only as a last resort.
The measurement is very nonlinear unless a strip source and a series of detectors are used.

1.3.2 Inferring Level from Head Measurement

Displacer

A displacer is a vertical body that is heavier than the fluid being measured. When placed so it is partly
submerged, an upward force is generated that is based on the difference between the weight of the
displacer and the amount of liquid displaced. Since the displacer is often installed in a vertical pipe
attached to the tank at both ends, it can see a very still liquid surface and is very accurate. A displacer
is expensive to install and maintain.

Bubbler

In this type of measurement, a tube is placed in the tank from the top and connected to a source of air.
A needle valve in the air stream is adjusted to allow a slow flow of air at maximum level, as deter-
mined by bubbles escaping the bottom of the tube, and also typically by a flow indicator. The pressure
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of the air stream downstream of the needle valve is measured and is equal to the head generated at the
bottom of the tube. This method is very simple and is widely used in open vessels and sumps.

Differential Pressure Transmitter

Probably the most common method of determining level of a liquid is by measuring the pressure or
head at some point in the tank below the zero level. Since this method is often used in closed tanks, it
is necessary to also measure the pressure in the vapor space at the top of the tank and subtract that
pressure. A differential pressure (dP) transmitter is ideal for this application.

Since there will be process fluid in the tubing connecting the dP cell to the bottom of the tank, this has
to be taken into account in the calibration of the transmitter. It may be intended that the tubing con-
necting the dP cell to the top of the tank contains only gas which has little impact on the calibration,
but often that leg will become filled with liquid from condensation or from an occasional high level in
the tank. Alternately, if it is intended that that tubing be filled with liquid, the liquid may evaporate
unless it is continually replenished with a purge flow. Either unintended situation will cause a signifi-
cant error in the reading.

Transmitters are available that bolt flush to the bottom of the tank and thus eliminate that tubing con-
nection; transmitters are also available that have a hydraulic filled tube between the dP cell diaphragm
and a remote diaphragm. These remote diaphragms can be connected flush to the top and bottom of
the tank, eliminating all tubing with process fluid. Figure 1-2 shows a differential pressure transmitter
with diaphragm seals. Filling these systems requires utmost care to eliminate all air bubbles before
being filled with the hydraulic fluid. In spite of their additional cost, the advantages of filled systems
make them popular and some companies use them for all appropriate applications.

e
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Figure 1-2: dP Transmitter with Filled System Connecting to Remote Diaphragms
(Courtesy: Endress + Hauser)

Since the head or pressure of the material in the tank is a function of both level and density, changes
in density will introduce errors into the level calculation.
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1.3.3 Level Switches

Since high and low levels are so important in tanks, level switches are often used instead of a continu-
ous measurement. Several types are available, such as a rotating paddle wheel for solids and a tuning
fork for either liquids or solids.

In the paddle wheel type, the paddle is rotated by an electric motor through a clutch. When the paddle
becomes covered with material, the paddle stalls and triggers a microswitch.

In the tuning fork type, the vibrating fork is driven to its resonant frequency in air by a piezoelectric
crystal. When immersed in a liquid, the resonant frequency will shift approximately 10-20%. This
shift in resonant frequency is picked up by a receiver crystal. Figure 1-3 shows a tuning fork switch.
Tuning forks used in solids/particulates also vibrate at their resonant frequency, but detection is based
on monitoring the decreased amplitude of fork motion when covered by solids.

These level switches are low cost and likely more accurate and reliable than a continuous level mea-
surement, even if buildup occurs on the sensor.

Figure 1-3: Tuning Fork Level Switch (Courtesy: Endress + Hauser)

1.4 Flow

This flow discussion will focus on measuring flow in closed pipes. Flow measurement in open chan-
nels is not discussed, though that is an important type of measurement in large utility streams.
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Flow is laminar or turbulent, depending on the flow rate and viscosity. This can be predicted by calcu-
lating the Reynolds number, which is the ratio of inertial forces to viscous forces:

Re =123.9 pVD/u (1-1)
where:
Re = Reynolds number
p = density in Ibs./ft.?
V= average velocity in ft/sec.
D = pipe diameter in inches
u = viscosity in centipoises

Reynolds numbers less than 2000 indicate laminar flow and above 4000 indicate turbulent flow. How-
ever, some velocity meters require values above 20,000 to be absolutely certain that the flow is truly
turbulent and that a good average velocity profile is established that can be measured from a single
point on the flow profile. Most liquid flows are turbulent while highly viscous flows like polymers or
very low flow rates are laminar.

Flow measurements can be of the average velocity, velocity at one point, volume of material flowing,
or the mass of material. Velocity measurements in particular require that the flow stream velocity be
relatively consistent across the diameter of the pipe. Less than fully turbulent flow creates lower veloc-
ities near the pipe wall.

Fittings, valves—anything else other than straight, open pipe upstream of the sensor—will cause
velocity variations across the diameter of the pipe. Figure 1-4 illustrates the variations in velocity that
can occur from pipe fittings. To achieve uniform flow, different types of flowmeters require straight
pipe runs upstream and downstream of the measurement. These run requirements are expressed as a
certain number of straight, open pipe diameters. For example, for a 6-inch pipe, 20 diameters would
be 10 feet. There are no consistent recommendations even for a particular flowmeter type; it is best to
follow the manufacturer’s recommendations. Recommendations vary from 1 to 20, or even more,
upstream diameters and a smaller number of downstream diameters.

Flow measurements can be grouped into four categories:
e Inferential methods
e Velocity methods
e  Mass methods

. Volumetric methods

1.4.1 Inferential Methods

Placing an obstruction in the flow path causes the velocity to increase and the pressure to drop. The
difference between this pressure and the pressure in the pipe can be used to measure the flow rate of
most liquids, gases, and vapors, including steam. In turbulent flow, the differential pressure is propor-
tional to the square of flow rate.

An orifice plate is the most common type of obstruction, and, in fact, differential pressure across an
orifice is used more than any other type of flow measurement. The installed base of orifice meters is
probably as great as all other flowmeters combined. The orifice plate is a metal disc with typically a
round hole in it, placed between flanges in the pipe. Differential pressure can be measured at the pipe
flanges directly upstream and downstream of the orifice or further upstream and downstream. The
calculation formulas of differential pressure for a given orifice size and given location of the pressure
taps are well developed, so no field calibration based on actual flow is needed (although the dP cell
may have to be calibrated).
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Figure 1-4: First Fitting Causes Profile Distortion; Second Fitting Superimposes the Swirl

Orifice flow measurements are relatively cheap to purchase but have relatively high installation costs.
They have high operating costs because they create a fairly large unrecoverable pressure loss. Also,
they have low turndown, in part due to the squared relationship. Orifices are suitable for high temper-
ature and pressure, and are best for clean liquids, gases, and low velocity steam flows. They require
long straight runs upstream and downstream. They are subject to a number of errors, such as flow
velocity variations across the pipe and wear or buildup on the orifice plate. Because of these error
sources, they are not generally very accurate even when highly accurate differential pressure trans-
mitters are used.

Other types of obstructions include venturis and flow tubes which have less unrecoverable flow loss. A
pitot tube is a device that can be inserted in large pipes or ducts to measure a differential pressure.

1.4.2 Velocity Methods

Magnetic Flowmeters

Magnetic flowmeters depend on the principle that motion between a conductor (the flowing fluid)
and a magnetic field develops a voltage in the conductor that is proportional to the velocity of the
fluid.

Coils outside the pipe generate a pulsed DC magnetic field. The material to be measured flows through
the meter tube, which is lined with a non-conductive material such as Teflon, polyurethane, or rub-
ber. Measuring electrodes protrude through the liner and contact the fluid and sense the generated
voltage. Figure 1-6 shows the location of the coils and sensing electrodes.

The flowing fluid must be conductive, but there are very few other restrictions—most aqueous fluids
are suitable. There are fewer Reynolds number limitations; the instrument is the full diameter of the
pipe so there is no pressure loss; a wide range of sizes are available from a very small 1/8 inch to an

enormous 10 feet in diameter; the flowing material can be liquids, slurries and suspended solids; and
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there are minimum straight run requirements. Figure 1-7 shows two very large meters. These meters
are widely used in utility as well as process applications and are particularly widely used in Europe.
Calibration is factory determined and is rarely checked in the operating facility.

Figure 1-7: Magnetic Flowmeter (Courtesy: Endress + Hauser)

Vortex Shedding Flowmeters

Vortex shedding flowmeters measure the frequency of vortices shed from a blunt obstruction, called a
“bluff body”, placed in the pipe. As the flow divides to go around the bluff body, vortices are created
on each side of the divided stream. The rate of vortex creation is proportional to the stream velocity.
Since each vortex represents an area of low pressure, the presence-then-absence of low pressures is
counted and the count is proportional to the velocity. Vortex flowmeters provide good measurement
accuracy with liquids, gases, or steam and are tolerant of fouling. They have high accuracy at low flow
rates and the measurement is independent of material characteristics. They require long runs of
straight pipe. Even though the accuracy of vortex meters is often stated as a percent of flow rate rather
than of full scale which does indicate higher accuracies, below a certain flow rate they cannot measure
at all. At some low flow rate the Reynolds number will be low enough so that no vortices will be shed.

Turbine Meters

Turbine meters use a multi-bladed rotor supported by bearings in the pipe. The flowing fluid drives the
rotor at a speed that is proportional to the fluid velocity. Movement of the rotor blades is sensed by a
magnetic pickup outside the pipe and the number of blade tips passing the pickup is counted to get
rotor speed.

These meters have high accuracy for a defined viscosity. They are suitable for very high and low tem-
peratures and high pressures. However, they are sensitive to viscosity changes, and the rotor is easily
damaged by overspeed. Because of the relatively high failure rate of their moving parts, they are not
used as much as in the past.

Ultrasonic Flowmeters

Ultrasonic flowmeters send sound waves through the flowing stream. They can measure either the
Doppler shift as ultrasonic waves are bounced off particles in the flow stream, or the time differential
of ultrasonic waves with the flow stream compared to against the flow stream. Either method gives a
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Figure 1-9: Turbine Meter

signal which is proportional to flow velocity. The Doppler method works with liquids with suspended
solids, and the Transit time method works with liquids and gases. In both methods, the signal is pro-
portional to flow velocity.

Ultrasonic meters are non-invasive but are relatively low accuracy. A clamp on meter is shown in Fig-
ure 1-10, which requires no connection to the pipe. Because these clamp-on meters are so easy to
install, they can be used temporarily to verify the flowmeter that is permanently installed in the pipe.
Since the same meter can do a variety of sizes, they are particularly cost effective in large sizes.

1.4.3 Mass Methods
Mass flowmeters measure actual mass flow. While it is possible to calculate mass flow from a velocity
or inferential measurement and other variables like temperature for known fluids, only one meter
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Figure 1-10: Clamp-on Ultrasonic Flow Meter (Courtesy: Endress + Hauser)

type commonly measures liquid mass directly, the Coriolis meter. This meter used to be applied only
for when highly accurate, mass flow was required. Now with lower prices, a wider range of configura-
tions and easier installation, it is being applied more routinely.

The heart of a Coriolis meter is a tube(s) that is vibrated at resonant frequency by magnetic drive coils.
When fluid flows into the tube during the tube’s upward movement, the fluid is forced to take on the
vertical momentum of the vibrating tube. Therefore, as the tube moves upwards in the first half of the
vibration cycle, the fluid entering the tube resists the motion of the tube and exerts a downward force.
Fluid in the discharge end of the meter has momentum in the opposite direction, and the difference in
forces causes the tube to twist. This tube twist is sensed as a phase difference by sensors located on
each end of the tube arrangement, and twist is directly proportional to mass flow rate.

In addition to having high accuracy and a true mass flow measurement, Coriolis meters have no
upstream and downstream straight run requirements, are independent of fluid properties, are low
maintenance, and have a turndown ratio of as much as one hundred. While the meters originally
were only available in a double U-shape, they are now available in a variety of configurations. Figure
1-11 shows a single, straight, full bore tube design. Coriolis meters are available in sizes up to 10
inches.

1.4.4 Positive Displacement Meters

This type of meter separates the flow stream into known volumes and by vanes, gears, pistons or dia-
phragms, and then counts the segmented volumes. They have good-to-excellent accuracy, can mea-
sure viscous liquids, and have no straight run requirements. However, they do have a non-recoverable
pressure loss, and their moving parts subject to wear.

1.5 Temperature

Temperature is measured in Kelvin, Celsius, Fahrenheit, or Rankin. Unlike the other “big four” mea-
surements, in many temperature applications the sensor is separate from the transmitter. While the
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Figure 1-11: Coriolis Mass Flowmeter with Single, Straight Tube (Courtesy: Endress + Hauser)

transmitter or amplifier can be located in the housing of the sensor, it can also be remote—either in a
field box containing a number of temperature transmitters, in the control room, or the output of the
sensor can be connected directly to a temperature logger or directly to a DCS or PLC controller.

1.5.1 Thermocouples

The thermocouple is the most popular type of sensor. Thermocouples are based on the principle that
two wires made of dissimilar materials connected at either end will generate a potential between the
two ends that is a function of the materials and temperature difference between the two ends.

—
T1 \ T2
MEASURING / REFERENCE
JUNCTION —> JUNCTION
]
< THERMOCOUPLE INSTRUMENT
]
MEASURING
JUNCTION REFERENCE
JUNCTION

Figure 1-12: Thermocouples
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A number of material choices are in common use. Base metal thermocouples are useful for measuring
temperatures under 1000 degrees C. This class includes iron/constantan (Type J), Chromel/Alumel
(Type K) and a number of others. Nobel metal thermocouples are useful to about 2000 degrees C. This
class includes tungsten-rhenium alloy thermocouples and others.

The potential generated is in millivolts and is a nonlinear function of temperature. In practice, one end
is placed near the material to be measured and the other end is connected to the instrument. Since the
thermocouple materials are not typically good materials for transmission, wires with similar character-
istics are used when the transmitting instrument is remote.

1.5.2 Resistive Temperature Detectors (RTDs)

RTDs are made of a metal wire or fiber or of semiconductor material that responds to temperature
change by changing its resistance. Platinum, nickel, and tungsten and other metals are used that have
high resistivity, good temperature coefficient of resistance, good ductile or tensile strength, and chem-
ical inertness with packaging and insulation materials. When the material is a semiconductor, the sen-
sor is called a thermistor.

The change in resistance can be determined using a bridge circuit. Since resistance changes in the con-
nection wire due to ambient temperature changes can also affect the resistance reading, a third wire is
used from another leg in the bridge to balance that change.

RTDs are generally more accurate than thermocouples, but are less rugged and cannot be used at as
high temperatures.

All types of temperature measuring devices suffer from slow response, since it is necessary for the heat
to conduct through the protective sheath, and through any installed well. Locating the well (or unpro-
tected sensor) so that it sees as high a velocity of process material as possible helps reduce this lag, as
does having the sensor contact the well. A bare thermocouple touching the sheath and/or well, how-
ever, generates a ground and requires an isolated amplifier.

1.6 Smart Instruments

The ISA Automation, Systems, and Instrumentation Dictionary defines a “smart” instrument as one that is
microprocessor-based, may be programmed, has memory, can be communicated with from a remote
location, and is capable of reporting faults and performing calculations and self-diagnostics. This does
not specifically say that they have to communicate digitally, but they do.

For some automation professionals, common usage is to call transmitters “smart” that use the HART
protocol and to call transmitters that communicate with some type of fieldbus as simply “fieldbus”
transmitters. Regardless of the name, these transmitters give tremendous benefits:

e  The calibration can be changed remotely by pushing a few buttons on a hand-held calibrator
connected anywhere to the signal wiring or by entering the information from a computer
connected to the control/asset management system. This makes it unnecessary, for example,
to go to the field with a stack of equipment, pump up a pressure, and carefully turn screws
until the span of a dP cell is changed to a new value. (Reading this “smart” information from
transmitters is beyond the capability of past generation control systems, and the need to pro-
vide this capability has been part of the justification for some control system upgrades.)

¢  Many of the instruments can measure and report several variables: a pressure transmitter
may also report temperature for example.

e  The transmitter may be capable of reporting its specifications such as model number, materi-
als of construction, calibration, tag number, and other items.



Chapter 1: Process Instrumentation 17

e  Many types of transmitter failures can be detected by the transmitter itself and reported—
ideally to an asset management system that will in turn, report the failure to a computerized
maintenance management system (CMMS) so a repair work order can be issued.

¢  The transmitter can monitor its internal parameters: for example, a Coriolis meter might
report its excitation current, frequency of the tubes, and other internal variables which can
assist in troubleshooting and error detection.

e  Some transmitters are even able to detect a change in the noise level of the signal and relate
that to plugged process connection tubing and also call for repair.
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2.1 Introduction

Process analytical instruments are a unique category of process control instruments. They are a special
class of sensors that enable the control engineer to control and/or monitor process and product char-

acteristics in significantly more complex and varying ways than traditional physical sensors—such as

pressure, temperature and flow—allow.

Today’s safety and environmental requirements, time sensitive production processes, inventory reduc-
tion efforts, cost reduction efforts, and process automation schemes have made process analysis a
requirement for many processes’ control strategies. Most process analyzers are providing real-time
information to the control scheme that many years ago would have been the type of feedback the pro-
duction process would have received from a plant’s quality assurance laboratory. Most processes
require faster feedback to control the process, rather than just being advised that their process was or
wasn’t in control at the time the lab sample was taken, and/or the sample was or wasn’t in specifica-
tion.

Different individuals have made several attempts to categorize the large variety of monitors typically
called process analyzers. None of these classification schemes has been widely accepted; the result is
there are a number of simultaneous categorization schemes in use. Most of these schemes are based
on either the analytical technology being utilized by the monitor, the application to which the monitor
is being applied, or the sample type. There are no hard and fast definitions for analyzer types. Conse-
quently, most analytical instruments are classed under multiple and different groupings. Table 2-1
depicts a few of the analyzer type labels commonly used.

An example of how a single analyzer can be classed under many types would be a pH analyzer. This
analyzer is designed to measure the pH (an electrochemical property of a solution—usually water-
based). As such it can be used to report the pH of the solution and may be labeled as a pH analyzer or
electrochemical analyzer (its analytical technology label). It may be used to monitor plant’s water out-
fall and, as such, may be called an Environmental or Water Quality Analyzer (based on its application
and sample type). It may be used to monitor the acid or base concentration of a process stream and, as

19
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Table 2-1: Examples of Analyzer Types/Classification

Compositional Single Component
Physical Properties Sulfur in Oil
Oxygen Moisture
Inferential/Virtual Auto Titrators
Chromatography Spectroscopy
Safety Environmental
Air Quality Water Quality
BTU LEL

such, be labeled a single component concentration analyzer (based on its application and the desired
result being reported). This is just an example and is only intended to assist you to understand you will
probably come in contact with many process analyzers that will be labeled under multiple classifica-
tions. Please don’t allow this to confuse or bother you.

There are too many process analyzer technologies to try to mention them all in this chapter, so only a
few will be used as examples. Many books are published on the subject of process analysis. A few are
listed in the reference summary at the end of this chapter. The balance of this chapter will be used to
introduce some concepts and technical details important in the application of process analyzers.

2.2 Sample Point Selection

Which sample to analyze is usually an iterative process that is based on several factors and inputs.
Some of these factors include regulatory requirements, product quality, process conditions, control
strategies, economic justifications, and more. Usually, the final selection is a compromise that may not
be optimum for any factor, but is the overall best of the options under consideration. Too often, mis-
takes are made on existing processes when selections are based on a simple guideline like the final
product or the intermediate sample that has been routinely taken to the lab. True, you usually have
relatively good data regarding the composition of that sample. But, is it the one that will help you best
control your process to continuously make good product? Or, is it the one that will just tell you that
you have or haven’t made good product? Both are useful information, but usually the latter is more
effectively accomplished in a laboratory environment.

When you consider all the costs of procurement, engineering, installation, and maintenance; you
rarely save enough money to justify installing process analyzers to shut down or replace some of your
lab analyzers. Large savings are usually achieved through improved process control, based on the ana-
lyzers input. If you can see a process moving out of control, and bring it back before it has gone out,
you can avoid making any bad product, rework, waste, etc. If you have to rely on detecting final prod-
uct that is already moving out of specification, you are more likely to make additional bad product.

Think of a distillation process. Typically, lab samples are taken from the top or bottom of columns and
the results usually contain difficult-to-measure, very low concentrations of lights or heavies, as they
have been distilled out. Often you can better achieve your goal by taking a sample from within the
column at or near a major concentration break point. This sample can tell you that lights or heavies
are moving in an undesired direction before a change has reached the column take-offs, and you can
adjust the column operating parameters (temperature, pressure, and/or flow) in a way that returns
the column operation to what you want. This sample, from within the distillation column, usually
contains analytes in concentrations that are less difficult and more robust to analyze.

In order to accomplish this type of selection process, a multidisciplinary team is a good approach. In
the distillation example mentioned above, you would probably want a process engineer, controls engi-
neer, analyzer specialist, quality specialist, and possibly others on the team to help identify the best
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sampling point. If you have the luxury of an appropriate pilot plant, it is often the best place to start.
You do not have to risk interfering with production as you possibly experiment with different sample
points and control strategies. Pilot plants are also often allowed to intentionally make bad product and
demonstrate undesirable operating conditions.

Another tool that is often used to help identify desirable sample points and control strategies is multi-
ple Temporary Relocatable Process Analyzers (TURPAs). With an appropriate selection of these instru-
ments, you can do a great job modeling the process and evaluating different control strategies. Once
you have identified the sample point and desired measurement, you are ready to begin the instrument
selection phase of the process.

2.3 Instrument Selection

Process analyzer selection is also typically best accomplished through a multidisciplinary team. This
team’s members often include the process analytical specialist, quality assurance and/or research lab
analysts, process analyzer maintenance personnel, process engineers, instrument engineers, and possi-
bly others. The list should include all the appropriate individuals who have a stake in the project. Of
these job categories, the ones most often not contacted until the selection has been made—and the
ones probably most important to its long-term success—are the maintenance personnel. Everyone
relies on them having confidence in it and keeping it working over the long term.

At this point, you have identified the sample to be measured (concentration range to be monitored
under normal and upset operating conditions, required measurement precision and accuracy, speed of
analysis required to support the identified control strategy, etc.). You also should have identified other
components/materials that could be present under normal and abnormal conditions. These other
components/materials are used in the method selection process to ensure they will not interfere with
the selected method/technology.

You are now identifying possible technology candidates and trying to select the best for your total sit-
uation. If you have a current lab analytical method for this or a similar sample, you should not ignore
it, but more often than not, it is not selected as the best technology for the process analysis. It is often
too slow, complex, fragile, expensive, or has other issues, to successfully pass the final cut. Lastly, if
you have more than one good candidate, consider the sites’ experience maintaining these technolo-
gies. Are they something with which maintenance has experience and training? Does the site have
existing spare parts and compatible data communications systems? If not, what are the spare parts
supply and maintenance support issues?

All of these items and more maintenance concerns should be brought up by the maintenance repre-
sentative on your selection team and need to be taken seriously in the selection process. The greatest
measurement in the world that cannot be maintained and kept performing in a manner consistent
with your processes operations will not meet your long-term needs.

At this point, your selection team needs to review its options and select the analytical technology that
you believe will best serve your needs over the long term. The analytical technology selected does not
need to be the one that will yield the most accurate and precise measurement. It needs to be the one
that will provide the measurement that you require in a timely, reliable and cost effective manner
over the long term.

2.4 Sample Conditioning Systems

Sample conditioning sounds simple. You simply take the sample that the process provides and condi-
tion/modity it in ways that allow the selected analyzer to accept it. In spite of this relatively simple
sounding mission, most process analyzer specialists attribute 50 to 80% of process analyzer failures to
sample conditioning issues. Recall that the system has to deliver acceptable sample to the analyzer
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under a variety of normal, upset, start up, shut down, and other process conditions. Usually the sam-
pling system not only has to consider the interface requirements of getting an acceptable sample from
the process to the analyzer, but it usually has to dispose of that sample in a reliable and cost effective

manner. Disposing the sample often involves returning it to the process and sometimes conditioning it
to make it appropriate for the return journey.

What is considered an acceptable sample for the analyzer? Usually, this is defined as one that is “repre-
sentative” of the process stream and compatible with the analyzer’s sample introduction requirements.
In this case “representative” can be a confusing term. It usually doesn’t have to represent the process
stream in a physical sense. Typical sample conditioning systems usually change the process sample’s
temperature, pressure and some other parameters in order to make the process sample compatible
with the selected process analyzer. In many cases, conditioning goes beyond the simple temperature
and pressure issues and includes things that actually change the composition of the sample—things
like filters, demisters, bubblers, scrubbers, membrane separators, and more. These are things that actu-
ally change the sample composition. However, as long as the resulting sample is compatible with the
analyzer and the resulting analysis is correlatable/representative of the process it is considered a good
job of sample conditioning.

Some sampling systems also provide stream switching and/or auto calibration capabilities. Since the
process/calibration samples often begin at different conditions and to reduce the possibility of cross
contamination, most of these include multiple process sampling systems with stream selection capabil-
ities (often double block and bleed valving) just before the analyzer.

Figure 2-1 depicts a typical boxed sample conditioning system. A total sampling system would nor-
mally also include the sample extraction approach (possibly a tee, probe, vaporizer, etc.,) transport
lines, return lines, fast loop, slow loop, sample return, etc. In the figure you can see an assortment of
filters, flow controllers, valves, etc. Figure 2-2 depicts an in situ analyzer installation that has required
very little sample conditioning and is essentially installed in the process loop.

Most analyzers are designed to work on clean, dry, non-corrosive samples in a given temperature and
pressure range. The sample system should accomplish the process sample’s conversion to the ana-
lyzer’s sample requirements in a timely, “representative,” accurate, and usable form. A well-designed,
operating, and maintained sampling system is necessary for the success of the process analyzer project.
Sampling is a crucial art and science for successful process analysis projects. It is a topic that is too large
to more than touch on in this chapter. For more information on sampling, refer to some of the refer-
ences listed.

2.5 Process Analytical System Installation

The installation requirements of process analyzers vary dramatically. Figure 2-2 depicts a very envi-
ronmentally hardened process viscometer installed directly in the process environment with very little
sample or environmental conditioning. Figure 2-3 depicts process gas chromatographs (GC) installed
in an environmentally conditioned shelter. These GC analyzers require a much more conditioned/
controlled sample and installation environment.

Figure 2-4 shows the exterior of one of these environmentally controlled shelters. Note the heating
and ventilation unit near the door on the left and the sample conditioning cabinets mounted on the
shelter wall, under the canopy.

The next most important thing to measurement and sampling technologies, when installing a process
analyzer—Ilike real estate—is location. If the recommended environment for a given analyzer is not
appropriate, the project is likely doomed to failure. Also, environmental conditioning can be very
expensive and needs to be included in the project cost. In many cases the cost of a shelter and/or other
environmental conditioning can easily exceed the costs of the instrument itself.
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Figure 2-1: Example of a Boxed Sampling System
(Courtesy of Technical Automation Service Corp. [TASC])

Some analyzers can operate with a moderate amount of process-induced vibration, sample condition
variation, and ambient environmental fluctuations. Others require highly stable environments (almost
a lab type environment). Some analyzers are suitable for installation in various hazardous process
environments, while others may not be. This all needs to be taken into consideration in the earlier
technology selection processes. To obtain the best choice for the situation, you need to consider sam-
pling issues, such as how far you will have to transport a sample to install the analyzer in a suitable
location.

Typical installation issues, for example, include the process sample area’s hazardous rating, as com-
pared to the process analyzers hazardous area certification. Are there a number of large pumps and
compressors that may cause a lot of vibration and require special or distant analyzer installation tech-
niques? Each analyzer comes with detailed installation requirements. These should be reviewed prior
to purchasing. Generalized guidelines for various analyzer types are mentioned in some of the refer-
ences cited at the end of this chapter.



24 BASIC CONTINUOUS CONTROL - |

Figure 2-2: Process Viscometer Installation (Courtesy of Brookfield Engineering Labs Inc.)

2.6 Maintenance

Maintenance is the backbone of any analyzer project. If you can’t maintain it and keep it performing
when the process wants to use its results, you shouldn’t have installed it. No analyzer user company
has an objective of buying analyzers. They buy them to save money and/or to keep their plants run-
ning.

A cadre of properly trained and dedicated craftsmen with access to appropriate maintenance resources
is essential to keep process analyzers working properly. It is not uncommon for a complex process ana-
lyzer system to require 5 to 10% of its purchase price in annual maintenance. One Raman spectros-
copy application actually required a $25,000 laser twice a year. The system only cost $150,000. The
result was a 33% procurement cost to annual maintenance ratio. This is high, but not necessarily
unacceptable, depending on the benefit the analyzer system is providing.

Plants using a number of maintenance approaches have successfully used analyzers. Most of these
approaches have included a combination of predictive, preventive, and break-down maintenance.
Issues like filter cleaning, utility gas cylinder replacement, mechanical valve and other moving part
overhauls, and many others tend to lend themselves to predictive and/or preventive maintenance.
Many process analyzers are complex enough to require microprocessor controllers, and many of these
have excess capacity that vendors have put to work performing appropriate diagnostics to advise the
maintenance men of failures and/or approaching failures.
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Figure 2-3: An Inside View of an Analyzer Shelter (Courtesy of ABB Process Analytics)

Analyzer shelters have helped encourage frequent and good maintenance checks as well as appropri-
ate repairs. Analyzer hardware is likely to receive better attention from your maintenance department
if it is easily accessible and housed in a desirable work environment (like a heated and air conditioned
shelter). Figure 2-5 depicts a moderately complex GC analyzer oven. It has multiple detectors, multi-
ple separation columns and multiple valves to monitor, control and synchronize the GC separation
and measurement.

Obviously this complex of a system will be more easily maintained in a well-lighted and environmen-
tally conducive work environment. Complex analyzers like many GC systems and spectroscopy sys-
tems have typically demonstrated better performance when installed in environmentally stable areas.
Figure 2-3 depicts one of these areas with three process GCs. The top section of the unit includes a
microprocessor and the complex electronics required to control the analyzer functions and operation,
communicate with the outside world, and sometimes to control a variety of sample system features.
The middle section is the utility gas control section and controls the required flows of several applica-
tion essential gases. The lower section is the guts, so to speak. It is the thermostatically controlled sep-
aration oven with an application specific assortment of separation columns, valves, and detectors
(internally depicted in Figure 2-5).

Utilizing an acceptable (possibly not the best) analytical technology that your maintenance depart-
ment is already familiar with can have many positive benefits. Existing spare parts may be readily
available. Maintenance technicians may already be generally trained in the technology and, if the
demonstrated applications have been highly successful, they may go into the start-up phase with a
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Figure 2-4: An Outside View of an Analyzer Shelter
(Courtesy of Technical Automation Service Corp. [TASC])

very positive attitude. Your control system may already have connections to appropriate GC or other
data highways.

Calibration is generally treated as a maintenance function. Calibrations are treated differently in differ-
ent applications and facilities. Most regulatory and environmental applications require frequent cali-
brations (auto or manual). Many plants that are strongly into SPC and six sigma have come to realize
they can actually induce some minor instability into a process by over calibrating their monitoring and
control instruments. These organizations have primarily begun averaging multiple calibrations and
using the average number for their calibration. They then conduct benchmark calibrations, or calibra-
tion checks, and as long as the check is with in the statistical guidelines of the original calibration
series, they make no adjustments to the instrument. If the results are outside of the acceptable statisti-
cal range, they not only recalibrate but also go over the instrument/application to try to figure out
what may have cause the change.

With the declining price of microprocessors, they are finding their way into more and more even sim-
pler analytical instruments. With the excess computing capability that comes with many of these sys-
tems, an increasing number of vendors have been developing diagnostic and maintenance packages to
aid in maintaining these analytical systems. They are typically called performance monitoring and/or
diagnostics systems. They often monitor the status of the instrument, its availability to the process,
keep a failure and maintenance history, contain software maintenance documentation/manuals, and
provide appropriate alarms to the process and maintenance departments.
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Figure 2-5: Example of a Process GC Oven (Courtesy of ABB Process Analytics)

Lastly, maintenance work assignments and priorities are especially tricky for process analytical instru-
ments. Most are somewhat unique in complexity and other issues. Two process GC systems that look
similar may require significantly different maintenance support because of process, sample, and/or
application differences. Consequently it is usually best to develop your maintenance workload assign-
ments based on actual maintenance histories when available, averaged out to eliminate individual
maintenance worker variations, and time weighted to give more weight to recent history and conse-
quently give more weight to the current (possibly improved or needing replacement) installation.

Maintenance priorities are quite complex and require a multidisciplinary team effort to determine.
What the analyzer is doing for you at any given time can impact its priority. Some analyzers are prima-
rily used during start up and shut down and have a higher priority as these operations approach. Oth-
ers are absolutely required to run the plant (environmental and safety may be in this category) and,
consequently, have an extremely high priority. Others can be prioritized based on the financial savings
they provide for the company.

The multidisciplinary team must decide which analyzers justify immediate maintenance, including
call-ins and/or vendor support. Some may only justify normal available workday maintenance activi-
ties. After you have gone through one of these priorities setting exercises, you will likely have a much
better understanding of the value of your analytical installations to your operation. If you don’t have
adequate maintenance monitoring programs/activities in place, it can be very difficult to assess work-
loads and/or priorities. The first step in implementing these activities must be to collect the data that is
necessary to appropriately make these types of decisions.

2.7 Utilization of Results

Process analytical results are used for many purposes. The following list covers some of the most
prominent uses:

e  Closed Loop Control

o Open Loop Control
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e  Process Monitoring

Product Quality Monitoring

¢  Environmental Monitoring

Safety Monitoring

With the large installed data communications base that exists in most modern plants, the process anal-
ysis results/outputs are used by most major systems including process control systems, laboratory
information management systems, plant information systems, maintenance systems, safety systems,
enterprise systems, and regulatory reporting systems (like environmental reports to the EPA). How
these results are used by the various groups have been alluded to in several of the previous sections
and is more completely discussed in some of the cited references.
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3.1 Introduction

Continuous control refers to a form of automatic process control in which the information—both from
sensing elements and to actuating devices—can have any value between minimum and maximum
limits. This is in contrast to discrete control, where the information normally is in one of two states,
such as on-off, open-closed, run-stop, etc.

Continuous control is organized into feedback control loops, as shown in Figure 3-1. In addition to a
controlled process, each control loop consists of a sensing device that measures the value of a con-
trolled variable, a controller that contains the control logic plus provisions for human interface, and an
actuating device that manipulates the rate of addition or removal of mass or energy or some other
property that can affect the controlled variable. (In emerging technology, the control logic may be
located at either the sensing or the actuating device.)

Actuator

Control Process
and HMI Unit

Sensor

Figure 3-1: Components and Information Flow in a Feedback Control Loop

Continuous process control is used quite extensively in industries where the product is in a continu-
ous, usually fluid, stream. Representative industries are petroleum refining, chemical and petrochemi-
cal, power generation, and municipal utilities. Continuous control can also be found in processes in

29
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which the final product is produced in batches, strips, slabs, or as a web in, for example, the pharma-
ceutical, pulp and paper, steel and textile industries. There are also applications for continuous control
in the discrete industries—for instance, a temperature controller on an annealing furnace, or motion

control in robotics.

Since the components in a feedback control loop may be physically separated by 50 meters (m) to
500 m or more, some form of signal communication must be employed. An early technology for signal
transmission used in the process industries employed pneumatic signals, where 3 pounds per square
inch (psi) [20.684 kiloPascals (kPa)] represented the minimum value and 15 psi (103.42 kPa) repre-
sented the maximum value. This technology has largely been replaced by electric signal transmission,
utilizing a signal range of 4-t0-20 milliamps (mA) direct current (DC). Electric signal transmission is
the dominant technology used today, although this is being replaced by shared digital signals and by
wireless communication.

The central device in a control loop, the controller, may be built as a stand-alone device or may exist as
shared components in a digital system, such as a distributed control system (DCS) or programmable
logic controller (PLC).

Process control systems, plus the related functions of measurements and alarms, are represented using
special symbols on “piping and instrument diagrams” (P&IDs). A P&ID shows the outline of the pro-
cess units and connecting piping as well as a standard symbolic representation of the instrumentation
and control (I&C) systems. Figure 3-2 is an example of a small P&ID for a heat exchanger. In actual
practice, however, a typical P&ID will encompass many process units, measurements and controls, and
will be densely drawn on one or more large sheets of paper.
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Figure 3-2: Piping and Instrumentation Diagram (P&ID)

The symbols used to represent various types of instrumentation devices, the type of communication
between devices, and the nomenclature for device identification are defined by the standard
ISA-5.1-1984 (R1992) -Instrumentation Symbols and Identification. Figure 3-3 shows the symbols used for
continuous controllers and other general instrumentation, as defined in this standard.
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Figure 3-3: Symbols for Continuous Controllers and Other General Instruments,
from ISA-5.1-1984 (R1992) - Instrumentation Symbols and Identification
3.2 Process Characteristics

In order to understand feedback control loops, one must understand the characteristics of the con-
trolled process. Listed below are characteristics of almost all processes, regardless of the application or
industry.

¢ Industrial processes are non-linear; that is, they will exhibit different responses at different
operating points.

e  Industrial processes are subject to random disturbances, due to fluctuations in feedstock,
environmental effects, and changes or malfunctions of equipment.

e Most processes contain some amount of dead time; a control action will not produce an
immediate feedback of its effect.

e Many processes are interacting; a change in one controller’s output may affect other process
variables besides the intended one.

° Most process measurements contain some amount of noise.

e  Most processes are unique; processes using apparently identical equipment may have indi-
vidual idiosyncrasies.

A typical response to a step change in signal to the actuating device is shown in Figure 3-4.

In addition, there are physical and environmental characteristics that must be considered when select-
ing equipment and installing control systems.

e  The process may be toxic, requiring exceptional provisions to prevent release to the environ-
ment.

e The process may be highly corrosive, limiting the selection of materials for components that
come in contact with the process.

e The process may be highly explosive, requiring special equipment housing or installation
technology for electrical apparatus.

3.3 Feedback Control

The principle of feedback control is that, if a controlled variable deviates from its desired value (set-
point), corrective action moves a manipulated variable (the controller output) in a direction that
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Typical response of controlled variable
to a step change in controller output

Controller Output (Manual Mode)

Figure 3-4: Typical Response of Controlled Variable to Step-Change in Controller Output (Manual Mode)

causes the controlled variable to return toward setpoint. Most feedback control loops in industrial pro-
cesses utilize a proportional-integral-derivative (PID) control algorithm. There are several forms of the

PID. There is no standardization for the names. The names “ideal,” “interactive,” and “parallel” are
used here, although some vendors may use other names.

3.3.1 Ideal PID Algorithm
The most common form of PID algorithm is the ideal form (also called the “ISA” form). This is repre-
sented in mathematical terms by Equation 3-1, and in block diagram form by Figure 3-5:
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Figure 3-5: Block Diagram of “Ideal” PID Algorithm,
also Showing Functional Form of Automatic — Manual Switch

Here, m represents the controller output; e represents the error (difference between setpoint and con-
trolled variable). Both m and e are in percent of span. The symbols K (controller gain), 7; (integral
time) and Tp, (derivative time) represent tuning parameters that must be adjusted for each application.
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The terms in the algorithm represent the proportional, integral, and derivative contributions to the
output. The proportional mode is responsible for most of the correction. The integral mode assures
that, in the long-term, there will be no deviation between setpoint and controlled variable. The deriv-
ative mode may be used for improved response of the control loop. In practice, the proportional and
integral modes are almost always used; the derivative mode is often omitted, simply by setting Tp = 0.

There are other forms for the tuning parameters. For instance, controller gain may be expressed as
proportional band (PB), defined as the amount of measurement change (in percent of measurement
span) required to cause 100% change in the controller output. The conversion between controller
gain and proportional band is shown by Equation 3-2:

:@ PB—IOO

K - 7
"~ pB Kc

(3-2)

The integral mode tuning parameter may be expressed in reciprocal form, called reset rate. Whereas T;
is normally expressed in “minutes per repeat,” reset rate is expressed in “repeats per minute.” The
derivative mode tuning parameter, Tp, is always in time units, usually in minutes. (Traditionally, the
time units for tuning parameters has been “minutes.” Today, however, many vendors are expressing
the time units in “seconds.”)

3.3.2 Interactive PID Algorithm

The interactive form, depicted by Figure 3-6, was the predominant form for analog controllers and is
used by some vendors today. Other vendors provide a choice of the ideal or interactive form. There is
essentially no technological advantage to either form; however, the required tuning parameters differ
if the derivative mode is used.
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Setpoint (e) (Auto or Man)
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Variable dt T f
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Figure 3-6: Block Diagram of Interactive PID Algorithm

3.3.3 Parallel PID Algorithm

The parallel form, shown in Figure 3-7, uses independent gains on each mode. This form has tradition-
ally been used in the power generation industry and in such applications as robotics, flight control,
motion control, etc. Other than power generation, it is rarely found in the continuous process indus-
tries. With compatible tuning, the ideal, interactive, and parallel forms of PID produce identical perfor-
mance; hence no technological advantage can be claimed for any form. The tuning procedure for the
parallel form differs decidedly from that of the other two forms.

3.3.4 Time Proportioning Control

Time proportioning refers to a form of control in which the PID controller output consists of a series of
periodic pulses whose duration is varied to relate to the normal continuous output. For example, if the
fixed cycle base is 10 seconds, a controller output of 30% will produce an “on” pulse of 3 seconds and
an “oft” pulse of 7 seconds. An output of 75% will produce an “on” pulse of 7.5 seconds and an “oft”
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Figure 3-7: Block Diagram of Parallel Algorithm (Showing Independent Gains on Each Mode)

pulse of 2.5 seconds. This type of control is usually applied where the cost of an on-off final actuating
device is considerably less than the cost of a modulating device. In a typical application, the “on”
pulses apply heating or cooling by turning on a resistance heating element, an SCR (silicon controlled
rectifier) or a solenoid valve. The mass of the process unit, say, a plastics extruder barrel, acts as a filter
to remove the low-frequency harmonics and apply an even amount of heating or cooling to the pro-
cess.

3.3.5 Manual-Automatic Switching

It is desirable to provide a means for process operator intervention in a control loop in event of abnor-
mal circumstances, such as a sensor failure or a major process upset. Figures 3-5, 3-6, and 3-7 show a
manual-automatic switch that permits switching between manual and automatic modes. In the man-
ual mode, the operator can set the signal to the controller output. However, when the switch is
returned to the automatic position, the automatic controller output must match the operator’s manual
setting or else there will be a “bump” in the controller output. (The term bumpless transfer is frequently
used.) With older technology, it was the operator’s responsibility to prevent bumping the process. With
current technology, bumpless transfer is built into most control systems; some vendors refer to this as
initializing the control algorithm.

3.3.6 Direct and Reverse Acting

For safety and environmental reasons, most final actuators such as valves will close in the event of loss
of signal or power to the actuator. There are instances, however, when the valve should open in the
event of signal or power failure. Once the failure mode of the valve is determined, the action of the
controller must be selected. Controllers may be either direct acting (DA) or reverse acting (RA). If a con-
troller is direct acting, an increase in the controlled variable will cause the controller output to
increase. If the controller is reverse acting, an increase in the controlled variable will cause the output
to decrease. Since most control valves are fail-closed, then the majority of the controllers are set to be
reverse acting. The setting—DA or RA—is normally made at the time the control loop is commis-
sioned. With some DCSs, the DA/RA selection can be made without considering the failure mode of
the valve; then a separate selection is made as to whether to reverse the analog output signal. This per-
mits the human-machine interface (HMI) to display all valve positions in a consistent manner, 0% for
closed and 100% for open.

3.3.7 Activation for Proportional and Derivative Modes

Regardless of algorithm form, there are certain configuration options that every vendor offers. One
configuration option is the DA/RA setting. Other configuration options pertain to the actuating signal
for the proportional and derivative modes. Note that, in any of the forms of algorithmes, if the deriva-
tive mode is being used (T #0), a setpoint change will induce an undesirable spike on the controller
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output. A configuration option permits the user to make the derivative mode sensitive only to changes
in the controlled variable, not to the setpoint. This choice is called “derivative-on-error” or “deriva-
tive-on-measurement.”

Even with derivative-on-measurement, on a setpoint change, the proportional mode will cause a step
change in controller output. This, too, may be undesirable. Therefore, a similar configuration option
permits the user to select “proportional-on-measurement” or “proportional-on-error.” Figure 3-8
shows both proportional and derivative modes sensitive to measurement changes alone. This leaves
only the integral mode on error, where it must remain, since it is responsible for assuring the long-
term equality of setpoint and controlled variable. In event of a disturbance, there is no difference in
the responses of derivative-on-measurement, proportional-on-measurement, and the configuration
with all modes on error.
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Figure 3-8: Block Diagram of Ideal PID Algorithm with Both
Proportional and Derivative Modes on Measurement

3.3.8 Discrete Forms of PID

The algorithm forms presented above, using calculus symbols, are applicable to analog controllers that
operate continuously. However, control algorithms implemented in a digital system are processed at
discrete sample instants (for instance, one-second intervals), rather than continuously. Therefore, a
modification must be made to show how a digital system approximates the continuous forms of the
algorithm presented above. Digital processing of the PID algorithm also presents an alternative that
was not present in analog systems. At each sample instant the PID algorithm can calculate either a
new position for the controller output or the increment by which the output should change. These
forms are called the position and the velocity forms, respectively. Assuming that the controller is in the
automatic mode, the following equations are processed at each sample instant for the position algo-
rithm. The subscript “n” refers to the nth processing instant, “n-1” to the previous processing instant,
and so on.

Compute the error: e, = SP, — CV, (3-3)
Increment sum of errors: S, = S,_1 + e,

T T
Compute controller output: m, = K¢ {en + T—Sn + r?(en—en_1)}

I

Save §,, and ¢,, values for the subsequent processing time.

The velocity mode or incremental algorithm is similar. It computes the amount by which the control-
ler output should be changed at the n'h sample instant.
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Compute change in controller output:

Am, = K¢ {(en—en_l) + ——e, + E(en—Zen_1+en_2)} (3-4)

Add the incremental output to the previous value of controller output, to create new value of output:
m, = m,_| + Am, (3-5)
Save m,, e,_;, and ¢,,_, values for the subsequent processing time.

From a user point of view, there is no advantage of one form over the other. Vendors, however, may
prefer a particular form due to the ease of incorporation of features of their system, such as tuning and
bumpless transfer.

The configuration options—DA/RA, derivative- and proportional-on-measurement, or error—are also
applicable to the discrete forms of PID. In fact, there are more user configuration options offered with
digital systems than were available with analog controllers.

3.4 Controller Tuning

In the previous section, it was mentioned the parameters K, T; (or their equivalents, proportional
band and reset rate), and T must be adjusted so the response of the controller matches the require-
ments of a particular process. This is called “tuning the controller.” There are no hard and fast rules as
to the performance requirements for tuning. These are largely established by the particular process
application and by the desires of the operator or controller tuner.

3.4.1 Acceptable Criteria for Loop Performance

One widely used response criterion is the loop should exhibit a quarter-amplitude decay following a
setpoint change. See Figure 3-9. For many applications, however, this is too oscillatory. A smooth
response to a setpoint change with minimum overshoot is more desirable. A response to setpoint
change that provides minimum overshoot is considered less aggressive tuning than quarter-amplitude
decay. The penalty for less aggressive tuning is that a disturbance will cause a greater deviation from
setpoint or a longer time to return to setpoint. The controller tuner must decide the acceptable crite-
rion for loop performance before actual tuning.

Controller tuning techniques may be divided into two broad categories: those that require testing of
the process, either with the controller in automatic or manual, and those that are less formal, often
called trial-and-error tuning.

3.4.2 Tuning from Open Loop Tests

The open-loop process testing method uses only the manually-set output of the controller. A typical
response to a step change in output was shown in Figure 3-4. It is often possible to approximate the
response with a simplified process model containing only three parameters—the process gain (X,), the
dead time in the process (T,), and the process time constant (7,). Figure 3-10 shows the response of a
first-order-plus-dead-time (FOPDT) model that approximates the true process response.

Figure 3-10 also shows the parameter values, K, T; and 7,. There are a number of published correla-
tions for obtaining controller tuning parameters from these process parameters. The best known is
based upon the Ziegler-Nichols reaction curve method. Correlations for P-only, PI, and PID controllers
are given here in Table 3-1.
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Table 3-1: Controller Tuning Parameters Based Upon Open Loop Test Data

P-Only Pl PID

Kc
T 091 1.21
KpTd KpTd KpTd
T 3.337, 2.0T,4
Tp 0.57,
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Another tuning technique that uses the same open-loop process test data is called “lambda tuning.”
The objective of this technique is for the setpoint response to be an exponential rise with a specified
time constant, A. This technique is applicable whenever it is desired to have a very smooth setpoint
response, at the expense of degraded response to disturbances.

There are other elaborations of the open-loop test method, including multiple valve movements in
both directions, numerical regression methods for obtaining the process parameters, etc. Despite its
simplicity, the open-loop method suffers from the following problems:

e It may not be possible to interrupt normal process operations to make the test.

e If there is noise on the measurement, it may not be possible to get good data, unless the con-
trolled variable change is at least five times the amplitude of the noise. For many processes,
that may be too much disturbance.

e  The technique is very sensitive to parameter estimation error, particularly if the ratio of
Ty/7T, is small.

¢  The method does not take into consideration the effects of valve stiction.
¢  The actual process response may be difficult to approximate with an FOPDT model.
e A disturbance to the process during the test will severely deteriorate the quality of the data.

e  For very slow processes, the complete results of the test may require one or more working
shifts.

¢  The data is valid only at one operating point. If the process is nonlinear, additional tests at
other operating points may be required.

Despite these problems, under relatively ideal conditions—minimal process noise, minimal distur-
bances during the test, minimal valve stiction, etc.—the method provides acceptable results.

3.4.3 Tuning from Closed Loop Tests

Another technique is based on testing the process in the closed-loop. (Ziegler-Nichols referred to this
as the “ultimate sensitivity” method.) To perform this test, the controller is placed in the automatic
mode, integral and derivative actions are removed (or a proportional-only controller is used), a low
controller gain is set, then the process is disturbed—either by a setpoint change or a forced distur-
bance—and the oscillating characteristics are observed. The objective is to repeat this procedure with
increased gain until sustained oscillation (neither increasing nor decreasing) is achieved. At that point,
two pieces of data may be obtained: the value of controller gain (called the “ultimate gain,” K;) that
produced sustained oscillation, and the period of the oscillation, P;;. With this data, one can enter
Table 3-2 and calculate tuning parameters for a P-only, PI, or PID controller.

Table 3-2: Controller Tuning Parameters Based Upon Closed Loop Test Data

P-Only Pl PID
Kc 0.5Kcy 0.45Kzy, 0.6Kcy
7, 0.83P, 0.5P,
o 0.125P,

There are also problems with the closed-loop method.

¢ It may not be possible to subject the process to a sustained oscillation.
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e  Even if that were possible, it is difficult to predict or to control the magnitude of the oscilla-
tion.

e  Multiple tests may be required, resulting in long periods of interruption to normal operation.
Despite these problems, there are certain advantages to the closed-loop method.

¢  Minimal uncertainty in the data. (Frequency, or its inverse, period, can be measured quite
accurately.)

e  The method inherently includes the effect of a sticking valve.
e Moderate disturbances during the testing can be tolerated.
e No a priori assumption as to the form of the process model is required.

A modification of the closed-loop method, called the relay method, attempts to exploit the advantages
while circumventing most of the problems. The relay method utilizes the establishment of maximum
and minimum limits for the controller output. For instance, if controller output normally is 55%, the
maximum output can be set at 60% and the minimum at 50%. While this does not establish hard lim-
its for excursion of the controlled variable, persons familiar with process will feel comfortable with
these settings or will reduce the difference between the limits.

The process is then tested by a setpoint change or a forced disturbance, using an on-off controller. If an
on-off controller is not available, then a P-only controller with a maximum value of controller gain
can be substituted. The controlled variable will oscillate above and below setpoint, with the controller
output at either the maximum or minimum value, as shown in Figure 3-11.

Py
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Figure 3-11: On-Off Controller Output and Oscillating Controlled Variable in a Relay Test

If the period of time when the controller output is at the maximum setting exceeds the time at the
minimum, then both the maximum and limits should be shifted upward by a small but identical
amount. After one or more adjustments, the output square wave should be approximately symmetri-
cal. At that condition, the period of oscillation, Py, is the same as would have been obtained by the
previously described closed-loop test. Furthermore, the ultimate gain can be determined from a ratio
of the controller output and CV amplitudes:

4 A
Key = ——— (3-6)
T ACV

Thus the data required to enter Table 3-2 and calculate tuning parameters has been obtained in a
much more controlled manner than the unbounded closed loop test.
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While the relay method is a viable technique for manual testing, it can also be easily automated. For
this reason, it is the basis for some vendors’ self-tuning techniques.

3.4.4 Trial-and-Error Tuning

Despite these tools for formal process testing for determination of tuning parameters, many loops are
tuned by trial-and-error. That is, an unsatisfactory loop closed-loop behavior is observed, and an esti-
mate (often merely a guess) is made as to which parameter(s) should be changed and by how much.
Good results often depend upon the person’s experience. Various methods of visual pattern recogni-
tion have been described but, in general, such tuning techniques remain more of an art than a science.

A recently published technique, Wade's Basic and Advanced Regulatory Control: System Design and Applica-
tion (see 3.6.1) called improving as-found tuning, or “intelligent trial-and-error tuning,” attempts to place
controller tuning on a more methodological basis. The premise of this technique, which is applicable
only to PI controllers, is that a well-tuned controller exhibiting a slight oscillation (oscillations that are
decaying rapidly) will have a predictable relation between the integral time and period of oscillation.
The following relation has been found to provide acceptable results:

15<f <20 (3-7)
1y

Further insight into this technique can be gained by noting that the phase shift through a PI controller,
from error to controller output, depends very strongly on the ratio P/T; and only slightly on the decay
ratio. For a control loop with a quarter-amplitude decay, the limits above are equivalent to specifying a
phase shift of approximately 15°.

If a control system engineer or instrumentation technician is called upon to correct the errant behav-
ior of a control loop, then (assuming that it is a tuning problem and not some external problem) the
“as-found” behavior is caused by the “as-found” tuning parameter settings. The behavior can be char-
acterized by the decay ratio (DR) and the period (P) of oscillation. The as-found data set—K, T}, DR,
P—represents a quanta of knowledge about the process. If either an open-loop or closed-loop test
were made in an attempt to determine tuning parameters, then the existing knowledge about the pro-
cess would be sacrificed.

From Equation 3-7, upper and lower limits for an acceptable period can be established.
15T < P<20T7T; (3-8)

If the as-found period P meets this criteria, the implication is the integral time is acceptable. Hence,
adjustments should be made to the controller gain K until the desired decay ratio is obtained. If the
period is outside this limit, then the present period can be used in the inverted relation to determine a
range of acceptable new values for T}:

0.5 P <T; < 0.67P (3-9)

Wade’s Basic and Advanced Regulatory Control: System Design and Application (see 3.6.1) and “Trial and
error: an organized procedure” (see 3.6.2) contain more information, including a flow chart, describ-
ing this technique.

3.4.5 Self-Tuning
Although self-tuning, auto-tuning and adaptive-tuning have slightly different connotations, they will
be discussed collectively here.
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There are two different circumstances where some form of self-tuning would be desirable:

1. If a process is highly nonlinear and also experiences a wide range of operating points, then a
technique that automatically adjusts the tuning parameters for different operating condi-
tions would be highly beneficial.

2. If a new process unit with many control loops is to be commissioned, it would be beneticial
if the controllers could determine their own best tuning parameters.

There are different technologies that address these situations.

For initial tuning, there are commercial systems that in essence automate the open-loop test proce-
dure. On command, the controller will revert to the manual mode, test the process, characterize the
response by a simple process model, then determine appropriate tuning parameters. Most commercial
systems that follow this procedure display the computed parameters and await confirmation before
entering the parameters into the controller. An automation of the relay tuning method described pre-
viously falls into this category.

The simplest technique addressing the nonlinearity problem is called scheduled tuning. If the nonlinear-
ity of a process can be related to a key parameter such as process throughput, then a measure of that
parameter can be used as an index to a lookup table (schedule) for appropriate tuning parameters. The
key parameter may be divided into regions, with suitable tuning parameters listed for each region.
Note that this technique depends upon the correct tabulation of tuning parameters for each region.
There is nothing in the technique that evaluates the loop performance and automatically adjusts the
parameters based upon the evaluation.

There are also systems that attempt to recognize features of the response to normal disturbances to the
loop. From these features, heuristic rules are used to calculate new tuning parameters. These may be

displayed for confirmation, or they may be entered into the algorithm “on the fly.” Used in this man-
ner, the system tries to adapt the controller to the random environment of disturbances and setpoint

changes as they occur.

There are also “third party” packages, typically running in a notebook computer, that access data from
the process, such as by transferring data from the DCS data highway. The data is then analyzed and
advisory messages are presented that suggest tuning parameters and provide an indication of the
“health” of control loop components, especially the valve.

3.5 Advanced Regulatory Control

If the process disturbances are few and not severe, feedback controllers will maintain the average
value of the controlled variable at setpoint. But in the presence of frequent or severe disturbances,
feedback controllers permit significant variability in the control loop. This is because a feedback con-
troller must experience a deviation from setpoint in order to change its output. This variability may
result in an economic loss. For instance a process may operate at a safe margin away from a target
value to prevent encroaching on the limit and producing off-spec product. Reducing the margin of
safety will produce some economic benefit, such as reduced energy consumption, reduced raw mate-
rial usage or increased production. Reducing the variability cannot be done by feedback controller
tuning alone. It may be accomplished by the use of more advanced control loops such as ratio, cas-
cade, feedforward, decoupling, and selector control.

3.5.1 Ratio Control

Often, when two or more ingredients are blended or mixed, the flow rate of one of the ingredients
paces the production rate. The flow rates for the other ingredients are controlled to maintain a speci-
fied ratio to the pacing ingredient. Figure 3-12 shows a ratio control loop. Ratio control systems are
found in batch processing, fuel oil blending, combustion processes where the air flow may be ratioed
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to the fuel flow, and many other applications. The pacing stream is often called the “wild” flow, since it
may or may not be provided with an independent flow rate controller—only a measurement of the
wild flow stream is utilized in ratio control.

"Wild" Flow
||
(D
Ratio set by
Operator or by
the Output of a X
Feedback
Controller FFC
FT

Controlled Flow

Figure 3-12: Ratio Control Strategy

The specified ratio may be manually set, automatically set from a batch recipe, or adjusted by the out-
put of a feedback controller. An example of the latter is a process heater that uses a stack oxygen con-
troller to adjust the air-to-fuel ratio. When the required ratio is automatically set by a higher-level
feedback controller, the ratio control strategy is merely one form of feedforward control.

3.5.2 Cascade Control

Cascade control refers to control schemes that have an inner control loop nested within an outer loop.
The feedback controller in the outer loop is called the “primary” controller. Its output sets the setpoint
for the inner loop controller, called the “secondary.” The secondary control loop must be significantly
faster than the primary loop. Figure 3-13 depicts an example of cascade control applied to a heat
exchanger. In this example a process fluid is heated with a hot oil stream. A temperature controller on
the heat exchanger output sets the setpoint of the hot oil flow controller.

If the temperature controller directly manipulated the valve, there would still be a valid feedback con-
trol loop. Any disturbance to the loop, such as a change in the process stream flow rate or a change in
hot oil supply pressure, would require a new position of the control valve. Therefore, a deviation of
temperature from setpoint would be required to move the valve.

With the secondary loop installed as shown in Figure 3-13, a change in hot oil supply pressure will
result in a change in hot oil flow. This will be rapidly detected by the flow controller which will then
make a compensating adjustment to the valve. The momentary variation in hot oil flow will cause
minimal, if any, disturbance to the temperature control loop.

In the general situation, all disturbances within the secondary loop—a sticking valve, adverse valve
characteristics, or (in the example) variations in supply pressure—are confined to the secondary loop
and have minimal effect on the primary controlled variable. A disturbance that directly affects the pri-
mary loop, such as a change in process flow rate in the example, will require a deviation at the pri-
mary controller for its correction regardless of the presence or absence of a secondary controller.
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When examining a process control system for possible improvements, consider whether intermediate
control loops can be closed to encompass certain of the disturbances. If so, the effect of these distur-
bances will be removed from the primary controller.

3.5.3 Feedforward Control

Feedforward control is defined as the manipulation of the final control element—valve position or set-
point of a lower-level flow controller—using a measure of a disturbance rather than the output of a
feedback controller. In essence, feedforward control is open loop control. Feedforward control requires
a process model in order to know how much and when correction should be made for a given distur-
bance. If the process model were perfect, feedforward control alone could be used. In actuality, the
process model is never perfect; therefore, feedforward and feedback control are usually combined.

The example in the previous section employed cascade control to overcome the effect of disturbances
caused by variations in hot oil supply pressure. It was noted, however, that variations in process flow
rate would still cause a disturbance to the primary controller. If the process and hot oil flow rates var-
ied in a proportionate amount, there would be only minimal effect on the process outlet temperature.
Thus a ratio between the hot oil and process flow rates should be maintained. While this would elimi-
nate most of the variability at the temperature controller, there may be other circumstances, such as
heat exchanger tube scaling, that would necessitate a long-term shift in the required ratio. This can be
implemented by letting the feedback temperature controller set the required ratio as shown in

Figure 3-14.

Ratio control, noted earlier as an example of feedforward-feedback control, corrects for the steady-
state effects on the controlled variable. Suppose that there is also a difference in dynamic effects of the
hot oil and process streams on the outlet temperature. In order to synchronize the effects at the outlet
temperature, dynamic compensation may be required in the feedforward controller.

To take a more general view of feedforward, consider the generic process shown within the dotted
lines in Figure 3-15. This process is subject to two influences (inputs)—a disturbance and a control
effort. The control effort may be the signal to a valve or to a lower level flow controller. In this latter
case, the flow controller can be considered as a part of the process. Transfer functions A(s) and B(s) are
mathematical abstractions of the dynamic effect of each of the inputs on the controlled variable. A
feedforward controller C(s), a feedback controller, and the junction combining feedback and feedfor-
ward are also shown in Figure 3-15.
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Figure 3-15: Generic Feedback-Feedforward Control Structure

There are two paths of influence from the disturbance to the controlled variable. If the disturbance is
to have no effect on the controlled variable (that is the objective of feedforward control), these two
paths must be mirror images that cancel out each other. Thus the feedforward controller must be the
ratio of the two process dynamic effects, with an appropriate sign adjustment. The correct sign will be
obvious in any practical situation. That is:

A(s)
B(s)

C(s) = - (3-10)

If both A(s) and B(s) have been approximated as FOPDT models (see Section 3.4.2), then C(s) is com-
prised of, at most, a steady-state gain, a lead-lag and a dead-time function. These functions are con-
tained in every vendor’s function block library. The dynamic compensation can often be simpler than
this. For instance, if the dead times through A(s) and B(s) are identical, then no dead-time term is
required in the dynamic compensation.

Now consider combining feedback and feedforward control. Figure 3-15 shows a junction for combin-
ing these two forms of control but does not indicate how they are combined. In general, feedback and
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feedforward can be combined by adding or by multiplying the signals. A multiplicative combination is
essentially the same as ratio control. In situations where a ratio must be maintained between distur-
bance and control effort, multiplicative combination of feedback and feedforward will provide a rela-
tively constant process gain for the feedback controller. If the feedback and feedforward were
combined additively, variations in process gain seen by the feedback controller would require frequent
retuning. In other situations, it is better to combine feedback and feedforward additively, a control
application often called “feedback trim.”

Regardless of the method of combining feedback and feedforward, the dynamic compensation terms
should be only in the feedforward path, not the feedback path. It would be erroneous for the dynamic
compensation terms to follow the combining junction in Figure 3-15.

Feedforward control is one of the most powerful control techniques for minimizing variability in a
control loop. It is often overlooked due to lack familiarity with the technique.

3.5.4 Decoupling Control

Frequently in industrial processes, a manipulated variable—a signal to a valve or to a lower-level flow
controller—will affect more than one controlled variable. If each controlled variable is paired with a
particular manipulated variable through a feedback controller, interaction between the control loops
will lead to undesirable variability.

One way of coping with the problem is to pair the controlled and manipulated variables so as to
reduce the interaction between the control loops. A technique for pairing the variables, called relative
gain analysis, is described in most texts on process control, as well as in both books referenced in 3.6.1.
If, after applying this technique, the residual interaction is too great, the control loops should be mod-
ified for the purpose of decoupling. With decoupled control loops, each feedback controller output
affects only one controlled variable.

Figure 3-16 shows a generic process with two controlled inputs—a signal to valves or setpoints to
lower-level flow controllers—and two controlled variables. The functions P;;, P;,, P5; and P, repre-
sent dynamic influences of inputs on the controlled variables. With no decoupling, there will be inter-
action between the control loops. However, decoupling elements can be installed so that the output of
PID#1 has no effect on CV#2, and PID#2 output has no effect on CV#1.

PROCESS
Decoupler ~ — — — — — ]
Elements
SP #1 Z';D ﬂiz, | > P (5) T
— [ = Dy2(8) I — | =1 P12(5) I Controlled
I I Variables
P..(s
—1 Dy4(3) j\ I { Py(s) I
PID ‘ > B

SP#2 5 = = o

Figure 3-16: Multiple-Input, Multiple-Output (2x2) Process with Decoupled Feedback Control Loops
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Using an approach similar to feedforward control, note that there are two paths of influence from the
output of PID#1 to CV#2. One path is through the process element P,,(s). The other is through the
decoupling element D,;(s) and the process element P,,(s). For the output of PID#1 to have no effect on
CV#2 these paths must be mirror images that cancel out each other. Therefore, the decoupling ele-
ment must be

D21(S)=—I;L§SS§ (3-11)

In a practical application, the appropriate sign will be obvious. In a similar fashion, the other decou-
pling element is given by

Du(S)=—iz—§SS; (3-12)

If the process elements are approximated with FOPDT models as in Section 3.4.2, the decoupling ele-
ments are, at most, comprised of gain, lead-lag and dead-time functions, all of which are available
from most vendors’ function block library.

The decoupling technique described here can be called “forward decoupling.” Inverted decoupling, an
alternative described in Wade’s “Inverted Decoupling, A Neglected Technique” (see 3.6.2), has certain
advantages as well as possible disadvantages.

If one variable is of greater priority than the other, partial decoupling should be considered. Suppose
that CV#1 in Figure 3-16 is a high-valued product and CV#2 is a low-valued product. Variability in
CV#1 should be minimized, whereas variability in CV#2 can be tolerated. Therefore the decoupling
element Dj,(s) can be implemented and D,;(s) omitted.

3.5.5 Selector (Override) Control

Selector control, also called “override” control, differs from the other techniques because it does not
have as its objective the reduction of variability in a control loop. It does have an economic conse-
quence, however, because the most economical operating point for many processes is near the point of
encroachment on a process, equipment, or safety limit. Unless a control system is present that pre-
vents such encroachment, the tendency will be to operate well away from the limit, at a less-than-
optimum operating point. Selector control permits operating closer to the limit.

As an example, Figure 3-17 illustrates a process heater. In normal operation, an outlet temperature
controller controls the firing rate of the heater. During this time, a critical tube temperature is below its
limit. Should, however, the tube temperature encroach on the limit, the tube temperature controller
will override the normal outlet temperature controller and reduce the firing rate of the heater. The
low-signal selector in the controller outputs provides for the selection of the controller that is demand-
ing the lower firing rate.

If ordinary PI or PID controllers are used for this application, one or the other of the controlled vari-
ables will be at its setpoint, with the other variable less that its setpoint. The integral action of the non-
selected controller will cause it to wind up—that is, its output will climb to 100%. In normal opera-
tion, this will be the tube temperature controller. Should the tube temperature rise above its setpoint,
its output must unwind from 100% to a value that is less than the other controller’s output before
there is any effect on heater firing. Depending upon the controller tuning, there may be a considerable
amount of time when the tube temperature is above its limit.

When the tube temperature controller overrides the normal outlet temperature controller and reduces
heater firing, there will be a drop in heater outlet temperature. This will cause the outlet temperature
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Figure 3-17: Application Example of the Use of Selector (Override) Control

controller to wind up. Once the tube temperature is reduced, returning to normal outlet temperature
control is as awkward as was the switch to tube temperature control.

These problems arise because ordinary PID controllers were used in the application. Most vendors
have PID algorithms with alternative functions to circumvent these problems. Two techniques will be
briefly described.

Some vendors formulate their PID algorithm with “external reset.” The integral action is achieved by
feeding the output of the controller back to a positive feedback loop that utilizes a unity-gain first-
order lag. With the controller output connected to the external feedback port, the response of a con-
troller with this formulation is identical to that of an ordinary PID controller. Different behavior occurs
when the external reset feedback is taken from the output of the selector, as shown in Figure 3-17.
The non-selected controller will not wind up. Instead, its output will be equal to the selected control-
ler’s output plus a value representing its own gain times error. As the non-selected controlled variable
(for instance, tube temperature) approaches its limit, the controller outputs become more nearly
equal, but with the non-selected controller’s output being higher. When the non-selected controller’s
process variable reaches the limit, the controller outputs will be equal. Should the non-selected con-
troller’s process variable continue to rise, its output will become the lower of the two—hence it will be
selected for control. Since there is no requirement for the controller to unwind, the switch-over will
be immediate.

Other systems do not use the external feedback. The non-selected controller is identified from the
selector switch. As long as it remains the non-selected controller, it is continually initialized so that its
output equals the other controller output plus the value of its own gain times error. This behavior is
essentially the same as external feedback.

There are many other examples of selector control in industrial processes. On a pipeline, for instance,
a variable speed compressor may be operated at the lower speed demanded by suction and discharge

pressure controllers. For distillation control, reboiler heat may be set by the lower of the demands of a
composition controller and a controller of differential pressure across one section of a tower, indicative
of tower flooding.
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4.1 Introduction

A control valve is a power-actuated device that modifies the fluid flow rate in a process control system.
The valve is connected to an actuator mechanism that is capable of changing the position of the valve’s
closure member in response to a signal from the controlling system.

A control valve is used to control properties such as upstream pressure, downstream pressure, flow
rate, or liquid level. The control valve responds to a controller that measures and compares one of
these properties to a setpoint. The controller’s signal to the control valve will vary to maintain the
property at the setpoint. Functionally, a control valve can be described as a controlled variable orifice.

The control valve’s actuator positions the closure member, in the valve body, in a position consistent
with the controller’s signal. The closure member, often called a plug or a disc, creates a flow area in
conjunction with a seat or a guiding cage that modifies the flow rate.

4.2 Valve Types

Control valves have two basic styles: linear and rotary motion. The valve stem of linear motion valves
moves linearly up and down. The valve shaft of rotary motion valves rotates without any linear
motion. A globe valve is a typical linear motion valve; ball valves and butterfly valves are both rotary
motion valves. Linear motion valves are commonly used for more severe duty, with the rotary motion
valves generally used in moderate to light duty service in sizes above 2-inch. For the same line size,
rotary valves are smaller and lighter than linear motion valves and the rotary motion valves are more
economical in cost, particularly as the line sizes increase.

A ball valve, used as a control valve, will usually have design modifications to improve its perfor-
mance. Instead of a full spherical ball, it will typically have a 1/3 ball segment. This reduces the
amount of seal contact and, therefore, reduces friction, allowing for more precise positioning. The
leading edge of the ball segment may have a V-shaped groove to improve the control characteristic. A
ball valve’s trim material is generally 300 series stainless steel.
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Figure 4-1: Segmental Ball Valve Cross Section (Courtesy: Masoneilan/Dresser)

A butterfly valve used as a control valve may have a somewhat S-shaped disc to reduce the flow-
induced torque on the disc, allowing for more precise positioning. A butterfly valve’s trim material
may be bronze, ductile iron, or 300 series stainless steel.

LINE FLANGES ANCHOR PUSH-IN LINER.
SOURCE: MASONEILAN/DRESSER

Figure 4-2: Butterfly Valve (Courtesy: Masoneilan/Dresser)
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Another rotary control valve is the eccentric disc with the closure member shaped similar to a mush-
room and is attached slightly offset to the shaft. The style provides good control along with tight shut-
off, as the offset supplies leverage to flex the disc face into the seat. This valve’s advantage is tight
shutoff without the elastomeric seat seals that are used in ball and butterfly valves. Eccentric disc
valves’ trim material is generally 300 series stainless steel, which may be clad with stellite hardfacing.

SEAT

PLUG CENTERS

SHAFT CENTER

> CLOSED

Figure 4-3: Eccentric Control Valve

Linear motion control valves have two common styles: post-guided and cage-guided.

Post-guided valves have the moving closure member guided by a bushing in the valve’s bonnet. The
closure member is usually unbalanced, and the fluid pressure drop acting on the closure member can
create significant forces. Post-guided trims are well suited for slurries and fluids with entrained solids.
The post-guiding area is not in the active flow stream, reducing the chance of solids entering the guid-
ing joint. Post-guided valve trim materials are usually either 400 or 300 series or 17-4PH stainless
steel.

Cage-guided valves have a cylindrical cage between the body and bonnet. Below the cage is a seat
ring. The cage/seat ring stack is sealed with resilient gaskets on both ends. The cage guides the closure
member, also known as the plug. The plug is often pressure balanced with a dynamic seal between the
plug and cage. The balanced plug will have passageways through the plug to eliminate the pressure
differential across the plug and the resulting pressure induced force. The trim materials for cage guided
valves are often either 400 or 300 series or 17-4PH stainless steel sometimes nitrided or stellite hard
faced.

The valve closure member is connected to the actuator with either a stem or a shaft. Stem is the term
used for linear motion valves, and shaft is used for rotary motion. The stem/shaft connects from inside
the valve body to the actuator outside. The fluid pressure is sealed with a packing box; a cylindrical
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Figure 4-4: Post-Guided Control Valve

chamber with a guiding bushing; generally a packing spring or other means of applying a resilient
compressive force to the packing; several rings of packing; and a packing follower. The packing rings
need to be compressed to effect a tight seal. The fluid pressure will usually provide sufficient compres-
sion force on the packing rings. The packing rings usually lose some of their volume, reducing the
stacked height of the packing. The packing spring serves to accommodate the volume change of the
packing rings as well as providing a sufficient initial force as the valve is being pressurized to ensure a
tight seal.

4.3 Standards and Codes

A control valve is a pressure vessel and must meet an industry code such as ASME/ANSI B16.34 -
1996 - Valves Flanged, Threaded, and Welding End. This code provides calculations for minimum wall
thicknesses, along with temperature/pressure ratings for 40 different body materials. It also provides
rules for marking and hydrostatic testing. Valves have pressure ratings indicating their allowed work-
ing pressures at various temperatures. The pressure ratings are Classes 150, 300, 400, 600, 900, 1500,
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Figure 4-5: Cage-Guided Control Valve

2500, and 4500. The pressure class does not directly relate to a specific pressure/temperature relation-
ship but is a generic designation for the pressure rating class. The class number matches the allowable
pressure at an intermediate temperature around 600°F to 800°F. The valve’s body and bonnet materi-
als are, most commonly, carbon steel, chrome moly steel, and stainless steel. Chrome moly steel is
used for elevated temperature applications such as power generation, and stainless steel is used for
corrosive applications such as petrochemical.

There is a broad range of valve end connections used to connect a control valve to a pipeline: flanged,
butt weld, socket weld, threaded end, and flangeless. The flangeless connection is installed between
two pipeline flanges using long studs to clamp the valve between the flanges.

4.4 Valve Selection

Choosing the appropriate control valve for a particular application is a multistep process. The initial
and most important consideration is determining the required flow capacity by calculating the valve
sizing coefficient, Cy,. The basic formula for incompressible fluids is

where
Q is the flow rate
Gy is the fluid’s specific gravity
AP is the pressure drop across the valve

ANSI/ISA-75.01.01-2002 (60534-2-1 Mod) - Flow Equations for Sizing Control Valves fully describes the
variations of the basic formula for liquid, vapor and two phase flows with consideration for cavitation,
flashing, and sonic velocity—all affecting the required Cy. Most control valve manufacturers have flow
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sizing programs available for use on their Web sites. Manufacturers rate their valves to the maximum
and minimum controllable Cy to enable the proper selection of valve for the particular application.

Control valves create a pressure drop in the flow stream to modify the flow rate. A reduced flow area
is developed by the position of the closure member relative to the seat or cage port. The flowing fluid
loses pressure and accelerates as it passes through the reduced flow area. The point of highest fluid
velocity and lowest pressure is called the vena contracta. Downstream of the vena contracta, the fluid
pressure partially recovers. The degree of pressure recovery is a major element in choosing the appro-
priate control valve for a particular situation.

Figure 4-6 shows the pressure drops and pressure recovery as fluid passes through a restriction. In the
example shown, the lowest pressure is at the vena contracta (Pyc) with the pressure recovering about
35% to the outlet pressure. The vena contracta pressure becomes very significant for liquid flow when
the fluid vapor pressure is greater than the vena contracta pressure. If the liquid vapor pressure shown
as Vapor Pressure 1 is higher than the vena contracta pressure and below the outlet pressure, then lig-
uid vaporizing at the vena contracta will recondense to a liquid, resulting in cavitation in the region
between Vapor Pressure 1 and the vena contracta. If the vapor pressure shown as Vapor Pressure 2 is
higher than the outlet pressure, then the liquid will vaporize or “flash” leaving the valve as a liquid/
vapor mixture. Each of these phenomena can cause operational problems.

Inlet Pressure = P,

Vapor Pressure 2 ﬁ\ P,-P,

Outlet Pressure = P,

Vapor Pressure 1—— /

LVena Contracta = P,

P -P

1 VC

Figure 4-6: Pressure Drops and Recovery as Fluid Passes Through Restriction

Figure 4-6 shows the flow profile for a typical linear motion globe valve. A rotary motion valve, such
as a ball or butterfly valve, with the same inlet and outlet pressures will require the pressure drop
between the inlet pressure and the vena contracta to be about 75% larger, for the same overall pres-
sure drop. This is due to its straight-through, streamlined flow path and higher pressure recovery char-
acteristic. This phenomenon makes these valves more susceptible to cavitation.

The vena contracta pressure is also significant for gas and vapor tflow. The gas or vapor flow rate can-
not exceed the sonic velocity. The valve’s maximum flow velocity occurs at the vena contracta and,
once the flow velocity becomes sonic, the flow is choked and further reductions in the downstream
pressure will not increase the flow rate through the valve.

Cavitation occurs in liquid flow when the fluid pressure drops below the liquid’s vapor pressure and
the vapor pressure is below the outlet pressure. In this region, the liquid will flash to a vapor and then
suddenly collapse back to a liquid. This sudden collapse creates very high localized shock waves that
will cause surface damage when it occurs at, or adjacent to, components of the valve.

Flashing occurs in liquid flow when the fluid pressure drops below the liquid’s vapor pressure and the
vapor pressure is above the outlet pressure. The liquid will continue to flash downstream of the valve
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as the fluid pressure decreases. The flowing mixture of liquid and vapor may cause erosion of the valve
and pipe surfaces and create a higher flow noise level than for liquid flow.

Cavitation and flashing flow with entrained vapor may limit the flow rate due to the increased volume
of the liquid/vapor.

4.5 Operation

Effective control valve operation requires a rigorous application process. The operating conditions
must be known, as most misapplications come from having incorrect or incomplete information. The
application information may include identification of the flowing fluid, along with its viscosity and
density, inlet and outlet pressures, fluid temperature, and range of flow rates. Not all applications
require each of these data elements, but the more severe service requires a comprehensive specifica-
tion. The primary element is the calculation of the Cy, value.

The next step is usually choosing between linear or rotary motion valves. If there is a wide range in
the flow rate, the minimum Cy should be calculated. Rangeability is the ratio of maximum to mini-
mum controllable Cy values. Each valve style has its rangeability limits. Fluid flow noise is also a con-
sideration, since excessive flow noise, above the permissible noise levels of OSHA regulations, can
harm a person’s hearing permanently and can shorten valve life. Aerodynamic noise from vapor flow
can be predicted using the standard ISA-75.17-1989 - Control Valve Aerodynamic Noise Prediction. The Cy,
calculation process will indicate if cavitation or flashing is likely and also if the flow rate will be choked
from cavitation, flashing, or sonic velocity.

Control valves are seldom fully open or closed and generally are moving in response to the control sig-
nal. However, when the valves are closed, the allowable seat leakage is important, affecting the choice
of trim style, seat material, and actuator size.

A control valve’s seat tightness is specified by Leakage Classes as defined in the ANSI/FCI 70-2 Control
Valve Leakage standard. Six leakage classes are specified: Classes I, I, I IV, V, and VI. Classes I through
VI progressively require increasingly stringent sealing performance. As examples, Class II allows 0.5%
of the valve’s rated flow capacity (that is .5% of the valve’s rated maximum Cy;). Class VI, normally
applied to resilient seated valves, allows 0.45 ml of liquid leakage per minute at 50 psi for a 2” valve.

The required Cy value can be calculated using ANSI/ISA-75.01.01-2002 (60534-2-1 Mod) - Flow
Equations for Sizing Control Valves. Aerodynamic noise from vapor flow can be predicted using ISA-
75.17-1989 - Control Valve Aerodynamic Noise Prediction.

The relationship between the valve’s trim travel and the trim’s flow coefficient, Cy, is the “Inherent
Characteristic” determined by flow testing with a constant differential pressure applied across the
valve throughout the valve travel. The two more common characteristics are Equal Percentage and
Linear.

The linear characteristic Cy value is linear to the valve travel. The equal percentage characteristic is
defined as an equal percentage increase in Cy for each equal increment of valve travel. The equal per-
centage Cy value increases slowly at the lower end of the valve travel and then increases more rapidly
as the trim opens. Inherent valve flow characteristics are chosen with respect to operating conditions
such that the resulting installed characteristic is approximately linear. An equal percentage character-
istic has two important advantages: it offers more precise control at the lower end of travel and, in
applications where the pressure drop across the valve significantly decreases as the valve opens, the
resulting installed characteristic approximates a linear characteristic, providing effective control.
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Figure 4-7: Valve Trim Characteristics

4.6 Actuators and Accessories

A control valve actuator will precisely position the closure member in response to the control signal.
There are three major groups of actuators: pneumatic, electric, and hydraulic.

The most common is the pneumatic actuator, mainly in a spring/diaphragm style but also in a piston
style, with or without a spring. The spring in a pneumatic actuator opposes the force of the pneumatic
pressure—usually air—against the diaphragm or piston. The pneumatic pressure is increased to create
motion by compressing the spring, or the pressure is reduced to allow motion in the opposite direction
by partially uncompressing the spring. The spring/diaphragm actuator can be used for rotary motion
valves by converting the linear motion to rotary with lever linkage. The spring/diaphragm actuator
can be configured so the spring can open the valve (direct acting) or so the spring can close the valve
(reverse acting). The reverse acting mode will fail closed when actuating pressure is lost. The direct
acting mode will fail open.

Pneumatic actuators” main advantage is lower cost than the other styles, together with low friction
and low dead band.

The hydraulic actuator is very similar to the pneumatic actuator, except its force is provided by pres-
surized liquid. A hydraulic actuator’s style is usually piston. An advantage of a hydraulic actuator is
the actuating fluid is incompressible, resulting in a more stable device that is less affected by rapidly
changing closure member forces than the pneumatic actuator. The hydraulic actuator’s other advan-
tage is its construction allows higher actuating pressures.

The electric actuator uses an electric motor with a gear train to rotate a threaded stem nut, for linear
valves, or a shaft for rotary valves.

Actuators have three major accessories: positioners, limit switches, and pressure transducers.

A positioner measures the valve’s stem/shaft position, comparing it to the signal. The positioner will
adjust the force applied by the actuator—whether pneumatic, hydraulic, or electric—to maintain the
position of the valve closure member relative to the signal. The positioner’s signal may be pneumatic,
electric (variable current), or a digital electronic input. A positioner can be considered a valve control-
ler. A digital “smart” positioner can communicate back to the controller, sending the positioner’s actual
position, supply pressure, actuator pressure, and a performance diagnosis of itself and the valve/actua-
tor system.
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SERIES 127 DIRECT ACTING

Figure 4-8: Direct Acting Spring/Diaphragm Actuator (Courtesy: Norriseal)

The limit switches monitor the stem/shaft position, opening or closing the switch’s contacts when the
stem/shaft is in a particular position, usually fully open or closed.

Pressure transducers are usually used to convert an electric input signal to pneumatic or hydraulic
pressure.

Precision positioning is a major goal of a control valve actuator, with friction being a major cause for
losses of precision. Friction may also create significant deadband. Deadband is the range the signal may
be varied, upon reversal of direction, without stem/shaft motion. If the static friction is much higher
than the dynamic friction, the pneumatic actuator will increase pressure to overcome the high static
friction and then may surge past its intended position, as the lower dynamic friction cannot contain
the excess pressure. After this happens, the positioner reverses direction and tries to achieve the
intended position again, overshooting going into a hunting cycle. High friction can also cause hystere-
sis between the increasing signal position and the position of the same decreasing signal. Some valve
applications require very accurate control. Achieving this requires an accurate positioner and low fric-
tion on all moving parts.
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SERIES 137 REVERSE ACTING

Figure 4-9: Reverse Acting Spring/Diaphragm Actuator (Courtesy: Norriseal)
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5.1 Introduction

The earliest process control instruments were mechanical devices in which the sensor was directly
coupled to the control mechanism, which in turn was directly coupled to the control valve. Usually, a
dial indicator was provided so the technician could read the process variable value. These devices are
still being used today and are called “self-actuating controllers” or often just “regulators.” These
mechanical controllers often take advantage of a physical property of some fluid to operate the final
control element. For example, a fluid-filled system can take advantage of the thermal expansion of the
fluid to both sense temperature and operate a control valve. Likewise, process pressure changes can be
channeled mechanically or through filled systems to operate a control valve. Such controllers are pro-
portional controllers, with some gain adjustment available through mechanical linkages or some other
mechanical advantage. We now know they can exhibit some offset error.

Filled-element
Thermowell

pr—— —

Control Valve
Figure 5-1: Self-actuating Controller
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5.2 Pneumatic Signals

Although self-actuating controllers are usually low-cost devices, the industry soon recognized it would
be easier and safer for the process operator to monitor and control processes if there was an indication
of the process variable in a more convenient and protected place. Therefore, a need was established to
communicate the process variable from the sensor that remained in the field to a remote operator
panel. The mechanism created for this communications was air pressure over the range 3-to-15
pounds per square inch gauge (psig). This is called pneumatic transmission. European standardization
in international units was 20-to-100 kilopascal (kPa), which is very close to the same pressures as 3-
to-15 psi. The value of using 3 psi (or 20 kPa) rather than zero is to detect failure of the instrument air
supply. The measurement 15 psi (or 100 kPa) is selected for 100 percent, because it is well below nom-
inal pressures of the air supply for diagnostic purposes.

However, the operator still had to go to the field to change the set point of the controller. The solution
was to build the controller into the display unit mounted at the operator panel using pneumatic com-
puting relays. Organizations could also more easily service the panel-mounted controller than a con-
troller in the field.

Pneumatic
Controller

Controller Output
Transmission

PV Transmission Valve position air

pressure

3-15 psi or
20-100 kPa

Control Valve

Transmitter Actuator/Motor

Control Valve Positioner
High Pressure Ain

]

Control Valve

Figure 5-2: Pneumatic Analog Transmission

The controller output was also in the 3-to-15 psi air pressure range and piped to a control valve that
was, by necessity, mounted on the process piping in the field. The control valve was operated by a
pneumatic actuator or force motor using higher pressure air for operation. Once the pneumatic con-
troller was created, innovative suppliers soon were able to add integral and derivative control to the
original proportional control to make the control more responsive and to correct for offset error. Addi-
tionally, engineers created pneumatic valve positioners to provide simple feedback control of control
valve position.

Thousands of pneumatic instruments, controllers, and control valves remain in use more than 50
years after the commercialization of electronic signal transmission—and well into the digital signal
transmission age. However, except for a few processes for the manufacture of extremely hazardous
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gases and liquids such as ether, there is no growth in pneumatic instrumentation and signal transmis-
sion. Many pneumatic process control systems are being modernized to electronic signal transmission
or directly to digital data transmission and control. Although pneumatic data transmission and control
proved to be highly reliable, it is relatively expensive to interconnect sensors, controllers, and final
control elements with leak-free tubing. Frequent maintenance is required to repair tubing and also to
clean instruments of entrained oil from air compressors and silica gel from air driers.

5.3 Current Signals

The replacement for pneumatic signal transmission was decided in the 1960s to be a small analog
direct current (DC) signal, which could be used over considerable distances on small gauge wiring
without amplification. While the majority of supplier companies agreed that the range of 4-to-20
milliamp (mA) was probably the best, one supplier persisted in its demand for 10-to-50 mA, since its
equipment was not sensitive enough to transmit and receive at the lower range. The first ANSI/ISA
§$50.1-1975 standard (now ANSI/ISA-50.00.01-1975 [R2002] — Compatibility of Analog Signals for
Electronic Industrial Process Instruments) was for 4-20 mA DC, with an alternative at 10-50 mA.
Eventually, that one supplier changed technologies and accepted 4-20 mA DC analog signal commu-
nications. The alternative for 10-50 mA was removed for the 1982 edition of this standard.

There are different explanations for the selection of 4 mA for the low end of the transmission range—
it provides a live zero to prove that the field instrument is operating and it is also required to provide
the minimal electrical power necessary to energize the field instrument.

One reason for selecting a current-based signal is that sufficient electrical power to energize the sensor
can be delivered over the same pair of wires as the signal. Another reason for using a current signal is
that, within overall resistance limits, current does not vary with the length of the wire as would a volt-
age-based signal. Using two wires for both the signal and power reduces the cost of installation. Some
field instruments require too much electrical energy to be powered from the signal transmission line
and are said to be “self-powered,” meaning they are powered from another source than the 4-20 mA
transmission line.
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Because a 250-ohm resistor is typically used at the input of the controller to generate a 1-5V signal,
this low impedance resistor reduces noise effects.

Although the transmitted signal is a 4-20 mA analog current, the control valve is most often operated
by high-pressure pneumatic air, because it is the most economic and responsive technology to move
the position of the control valve. This requires that the 4-20 mA output from the controller be used to
modulate the high-pressure air driving the control valve actuator. These devices may be simply a con-
verter from 4-20 mA to 3-15 psi (or 20-100 kPa), commonly called an I/P converter. The output of
the I/P then goes to a pneumatic valve positioner. However, more often the conversion actually takes
place in an electronic control valve positioner that uses feedback from the control valve itself and
modulates the high-pressure pneumatic air to achieve the position required by the controller based on
its 4-20 mA output.

The 4-20 mA signal is achieved by the field transmitter or the controller acting as a current regulator
or variable resistor in the circuit. The two-wire loop passing from the DC power source through the
field transmitter can, therefore, have a maximum total resistance such that the total voltage drop can-
not exceed that of the DC power source—nominally 24V. One of the voltage drops is the resistor
placed across the analog controller or the analog input I/O card of a multiplexer in a digital control
system. Other instruments may also be wired in series connection in the same two-wire current loop
as long as the total loop resistance does not exceed approximately 800 ohms.

Panel-Mounted
Controller/Indicator

24 vDC

Field Indicator Power Supply

Field
Transmitter

!
e

Figure 5-4: Loop-powered Devices

Even 20 years after the work began to develop a digital data transmission standard, 4-20 mA DC still
dominates the process control market for both new and revamped installations because it now serves
as the primary signal transmission method for Highway Addressable Remote Transducer (HART) pro-
tocol. HART uses its one 4-20 mA analog transmission channel for the primary variable, usually the
process variable measurement value, and transmits all other data on its digital signal channels.
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Because it is a continuous signal, analog electronic signal transmission remains the fastest way to
transmit a measured variable to a controller. This is especially true when the measurement mechanism
itself continuously modulates the output current as in force-motor driven devices. However, even in
more modern field transmitters that use inherent digital transducers, delays to produce the analog sig-
nal are very small compared to process dynamics and are virtually continuous themselves.

Continuous measurement, transmission, and analog electronic controllers are not affected by the sig-
nal aliasing errors that can occur in sampled data digital transmission and control.

The design of process manufacturing plants is usually documented on process and instrumentation
diagrams (P&IDs), which attempt to show the points at which the PV is measured, where control
valves are located, and the interconnection of instruments and the control system. While the docu-
mentation symbols for the instruments and control valves are covered elsewhere in this book, the
P&ID graphic representations for the instrumentation connections are covered in ISA-5.1-1984
(R1992) — Instrumentation Symbols and Identification.

5.4 Suppression and Elevation of Zero

Although not pertaining to the analog signal directly, what zero actually means is a characteristic of
the measurement side. In this case 0% is always 4 mA; however, what does 0% represent? If it repre-
sents the true zero, such as 0 psi, 0 gpm flow, 0 gage pressure, or O fill level, the measurement is
referred to as zero based and 0% = 0 (measurement value) = 4 mA.

Alternatively, when using pressure to determine level in an open tank, the measurement sensor is
usually some distance above the tank bottom. It is best not to uncover the sensor, so some distance
above the sensor is called the 0% of fill value, meaning there is a positive pressure on the transmitter
that is calibrated as 0%. As an example, say the empty level is 10 inches above the sensor. Then, even
though the transmitter is actually measuring 10 inches of water, the 4 mA (0%) point is set there. This
is zero suppression, because the true zero pressure has been suppressed below the instrument zero.

If, however, you have a pressurized tank and are using a differential pressure transmitter to measure
the tank level and it is a condensing fluid, use a wet leg to the low side (or use remote seals, which
have mostly replaced the wet leg). Figure 5-5 is a simple diagram illustrating this scenario.
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Figure 5-5: Wet Leg
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In this case, the pressure on the wet leg connected to the low side of the transmitter (when the take is
in the lower level portion, which is perhaps all the time) will be greater than the pressure on the high
side. When this occurs, it is called a negative pressure. In this case, setting 0% (4 mA) of the instru-
ment to represent the negative pressure as zero results in elevating the true zero.

It is easy to keep straight. If you set the instrument zero to a positive value, you are performing zero
suppression; to a negative value, zero elevation; to zero, zero based.

5.5 Other Signals

5.5.1 Motion Control Signals

There are other communications standards that use analog signals, particularly those that input into
PLC analog I/0. Motion controls typically use either a +5V or a +10V signal to indicate both direction
and velocity, and depending upon the number of axis can determine position and other physical
metrics.

5.5.2 Voice Channel

With the advent of communication links into the control network hierarchy came, at least for a while,
the voice channel. It is still widely used in SCADA. The voice channel is the telephone electrical signal
representation (analog) of a voice for transmission over a pair of wires.

Assuming the worst-case scenario, the voice channel was designed to pass intelligence, not fidelity. It
starts at 300 Hz (voice frequencies below 300 Hz do not materially contribute to signal intelligence),
and the upper frequencies were limited to 3000 Hz (frequencies above that add to the quality of a sig-
nal but not the intelligence). As a result, the pass band (span) of a voice channel is 3 KHz.

Because of the lower limit of 300 Hz, signals with extended stays at one value or another (digital) can-
not pass in raw form over this channel, which is probably the most common electrical circuit in the
world. This is why a modem (modulator-demodulator) is required for digital operation over a voice
channel, but that is the subject of a different section. Electrical signals found on this channel vary
immensely. Voice conversation is generally measured in dbm (db relative to a milliwatt), but the typi-
cal voice battery when off the hook is about 4-6V. Ringing is 90 VDC interrupted 20 times a second
(typically). Other than a design impedance of 600 ohms (500 in some cases) and the pass band, signal-
ing requirements for a voice channel in terms of amplitude are determined by the operational unit.

5.6 Analog-to-Digital and Digital-to-Analog Conversion

Modern electronic controllers are digital. Although some transmitters and the majority of systems con-
trollers communicate in digital format, the measurements found in industry operate in a continuous
world: the analog world of measurement. For a digital device to communicate with and control analog
devices, analog-to-digital (A/D) and digital-to-analog (D/A) conversions are required. There are differ-
ent methods for performing either type of conversion, and this section will outline some of the more
prevalent techniques.

5.6.1 Binary Codes
Analog-digital conversions involve coding. Different converters output (A/D) and input (D/A) differ-
ent codes. To properly understand analog-digital conversions, you must understand the coding.

The binary number system can be used in its natural format. If the binary number system uses binary
0 to represent the least positive voltage and a binary 1 to represent the most positive voltage, then the
coding system is called natural binary.
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5.6.1.1 Natural Binary

Natural binary is also called unipolar, because it is used to represent voltages (such as currents) of only
one polarity (e.g., 0 to +5V). The binary number system previously discussed (values 0 to 15 repre-
sented by 0 to F Hex) would be natural binary if it were used to represent 0 to some positive value.
Binary numbers are used in their fractional form in many industrial settings. Table 5-1 illustrates a
four-bit fractional code.

Table 5-1: Natural Binary Values
MSB B2 B1 LSB Decimal Fractional

1 1 1 1 0.8375 15116

1 1 1 0 08750 14116 718
1T 1 0 1 08125 13116

1 1 0 0 07500 12116 314
10 1 1 (08375 11116
10 1 0 06250 10116 5/8
1 0 0 1 05625 9116
10 0 0 05000 816 112
0O 1 1 1 04375 716

o 1 1 0 03750 6116 38
o 1 0 1 03125 5116

0 1 0 0 02500 416 114
o 0 1 1 01875 3Nne

o 0 1 0 01250 2116 18
0 0 0 1 00625 116

a o 0 0 00000 0

Note that if a four-bit number is used to represent 0 to 1 volt, or 0 to 100 percent of full scale, there is
an error inherent in the representation. This is 1/16 or 0.0625. There is always one least significant bit
(LSB) error in the binary representation of a range if 0 is chosen to be the binary zero value and the
scale corresponds to the binary fractions. At any part of the input range of the A/D conversion process
there is a constant value between digital codes (in this case +0.0625V). This is the least amount of
error (with the number of bits used) for the system. In real systems this error can be determined as
shown in equation 5-1.

Full scale

Quantization Error: =
Q No. of bits

(5-1)
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In this equation, Q = quantization error or quantization noise, which is the uncertainty of the mea-
surement due to the conversion process. The only way to reduce this error is by increasing the number
of bits used. In industrial systems the following bit numbers can be found in Table 5-2.

Table 5-2: Common Conversion Word Sizes

Eits In + (Error)
Conversionyyord
3 000331
10 0.00097
12 0.00024
14 0.00008
16 0.00001%5

Generally full scale is standardized at either 0 to +5 volts or 0 to +10 volts for unipolar converters.

5.6.1.2 Bipolar Codes

If you wish to represent + values, you will use a bipolar coding. The standard bipolar values are +2.5V,
+5.0V, and +10.0V. To represent these values, straight or natural binary can be used by allowing the
“all zeros” state to represent the most negative value, and the “all ones” state to represent the most
positive value. Table 5-3 illustrates a four-bit natural binary bipolar coding.

Table 5-3: Bipolar Coding using Natural Binary

Natural Binary Fraction
1111 + 718
1110 + 6/8
1101 + 5/8
1100 + 4/8
1011 + 3/8
1010 + 28
1001 + 1/8
1000 + 08
0111 - 1/8
0110 - 218
0101 - 378
0100 - 4/8
o011 - 578
o010 - B8
0001 -7/8
oooo - 878

When natural binary is used to represent bipolar values, the halfway value, 1000, represents the value
0. So 1000 (binary) is the “offset” from binary 0000. This is why natural binary is called offset binary
when it is used to represent bipolar values.

Although there are many other codes to represent bipolar values, the two’s complement is the most
common in computer-driven systems. Two’s complement coding is illustrated in Table 5-4.
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Table 5-4: Two’s Complement

Natural Twos

Binary Complement Decimal
1111 0111 +7/8
1110 0110 +6/8
1101 0101 +5/8
1100 0100 +4/8
1011 0011 +3/8
1010 0010 +2/8
1001 0001 +1/8
1000 0000 0/8
0111 1111 - 1/8
0110 1110 -2/8
0101 1101 -3/8
0100 1100 -4/8
0011 1011 -5/8
0010 1010 - 6/8
0001 1001 -7/8
0000 1000 -8/8

Several items concerning two’s complements coding should be noted. Zero value is represented by
0 binary. If you add a positive number and the same negative number (for example, +2/8 added to
—-2/8), the result is 0 with a carry. Actually, two’s complement is the offset (natural) binary system
with the most significant bit inverted (complemented). Most binary computers perform arithmetic
operations using two’s complement, so its use in these systems is understandable.

5.6.2 Digital-to-Analog Conversion
Digital-to-analog conversions are discussed first for a number of reasons, the primary one being that
most successive approximation analog-to-digital converters use a digital-to-analog converter (either
internally or externally) as a reference.

Many different techniques have been used for converting digital values to either voltage or current
values. Almost all contemporary converters are of the parallel type, meaning that they convert the
entire number of bits simultaneously to the voltage or current value.

5.6.2.1 Weighted Resistor Networks
One of the more popular methods used by discrete circuitry or hybrid integrated circuit converters is
one using a weighted resistor network. This is illustrated in Figure 5-6.

In the figure the switches, are either on or off, and the current-limiting resistors have a binary weight.
This of course is a simplified diagram. The switches are put in the ON state by a positive voltage (repre-
senting the one state), and OFF by 0 volts (representing the zero state). If the natural binary number
“1000,” with “1” the MSB, is applied to this circuit, the switch with R will be on; the others are off.
The output voltage will be VREF/2, because R is equal to R. This means that the voltage at the output
will be what you would expect with a four-bit system using natural binary coding as binary “1000” =
1 full scale.

Each bit has a resistor that is twice the value of the preceding resistor. Because the currents are
summed, if more than one resistor is ON, you only have to add the current values to obtain the
output.
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LSB MSB
1 2 4 8
0 0 0 1
R iR R R

Vout
=®

Figure 5-6: Weighted Resistor Network

5.6.2.2 R-2R Networks
One of the more common methods of D/A conversion uses a resistive network comprised of only two

values. It is called the R-2R ladder method. It is used primarily with the successive approximation type
A-to-D converters and is quite suitable for integrated circuit construction, as the range of resistance

values required are just two.

LSB MSB
1—’1"e_f Switch =1, 5V
Switch =0, 0V
0V is Ground

% x V out

Figure 5-7: R-2R Ladder
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Figure 5-7 illustrates a R-2R ladder. Only a three-bit ladder is shown for simplicity. Determining the
operation is really just an exercise in Ohm’s law. If two resistors of the same value are in parallel, the
equivalent resistance is one-half the value. In this case, if you have 2R Il 2R, then the equivalent is R.

5.6.2.3 Other Considerations

Regardless of which method is used, the output will not be continuous but rather a series of levels,
switching each time a new binary value is placed into the D-to-A unit. To smooth out the switching
transients, the output signal is averaged over time (integrated). This may be accomplished by using a
low-pass filter, or an integrating device. Although the integrated output is an approximation of the
output, the more bits used, the closer the approximation to the binary representation. The lower the
rate of change from one level to another, in other words, the lower the frequency of the signal, the
more accurately the output represents the binary value.

5.6.3 Analog-to-Digital Conversion
The three types of conversions discussed in this text are integrating, successive approximation, and
parallel conversions.

5.6.3.1 Integrating
One common method for converting low frequency signals, which includes most industrial process
variables, is the integrating type. There are two different techniques presently used. These are:

e dual slope

e  voltage to frequency

5.6.3.2 Successive Approximation

Successive approximation is one of the most widely used techniques for analog-to-digital conversion.
Compared to the integrating methods it is quite complex and has the disadvantage of losing some code
combinations if the design is not carefully considered. However, it is very fast. Modern integrated cir-
cuit designs can approach 500,000 conversions per second in a relatively inexpensive package. The
basic block diagram is illustrated in Figure 5-8. Note there is a D/A used as a reference. The successive
approximation converter uses the principle of binary division to make the least amount of decisions
necessary to locate a random number in its range.

signal low-pass sample comparator
conditioning [  filter — and hold A

D/A
LI

timing and
control
L[]
output
register

Figure 5-8: Successive Approximation Block Diagram
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The operation is as follows:

1. The signal is input through conditioning circuits, some form of attenuator and amplitude
limiter. There is also a low-pass filter, which limits the upper frequency of the input signal
and is crucial to proper operation of the converter.

2. The signal is then gated through to one leg of a comparator; the other leg of the comparator
is connected to the D/A.

3. At the start of conversion the D/A is fed by a timing and control register with the binary 2
tull-scale value placed in it by the control circuit. Therefore, if the input voltage is above the
reference voltage (above % full scale), the comparator output will be a “1” state. If the input
voltage had been below the reference, the output of the comparator would have been a “0”
state.

4. The input signal is again tested against this new value, with the same operation and each
succeeding bit treated the same way. In this way successive tests approximate the input sig-
nal level closer and closer to its true value.

The sample clock (the frequency at which the sample and hold circuit is switched) must be at least
twice the highest frequency expected. It could be many times more, but at the very least it must be
twice as much. This is to ensure at least two samples per waveform. You may correctly conclude that
the bit rate is the number of bits times the sample rate.

5.6.3.3 Flash (Parallel) Conversion

Figure 5-9 illustrates parallel conversion, also known as “flash” conversion. This is the fastest method
of A/D conversion. The speed is limited only by the settling time of the comparators and the gate prop-
agation time of the decoder logic. A precision reference is divided down between each of the compar-
ators. The number of comparators required is one less then two raised to the number of bits (i.e., an
eight-bit flash converter will require 255 comparators). Because this is a rather large number of com-
parators even for modern integrated circuitry, methods of combining to four-bit converters (each
requiring 15 comparators) are used at the penalty of slightly slower operation. Technology has been
used to reduce the price of flash converters where they are now competitive against successive
approximation types, and still have the very high speed of conversion.

Decoder

Figure 5-9: Flash A/D Conversion
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6.1 Reasons for Documentation

The documentation used to define modern control systems has evolved over the past 50 years. Its pur-
pose is to impart, efficiently and clearly, to a knowledgeable viewer enough information so that the
result is an operating plant producing the desired product. The documents described in this chapter
form a typical set for use in the design of a continuous process plant. Some of the documents are also
used in other process types. The typical set is not necessarily a standard set. Some designs may not
include all of the described documents, and some designs include documents not described.

All of the illustrations and much of the description used in this section were published in 2004 by ISA
in Instrumentation and Control System Documentation by Frederick A. Meier and Clifford A. Meier. That
book includes many more illustrations and much more explanation.

ISA is the abbreviation for The Instrumentation, Systems, and Automation Society. For this reason,
this section uses the term “automation and control” (A&C), rather than “instrument and control”
(I&C) used in the Meiers’ book to describe the engineers and designers developing the control system
documentation.



76 BASIC CONTINUOUS CONTROL - |

6.2 Types of Documentation
Descriptions and typical sketches are included for the following:

e  Process Flow Diagrams (PFD)
o Piping and Instrument Diagrams (P&ID)
e Loop Numbering
e Instrument Lists
e  Specification Forms
e  Logic Diagrams
o Location Plans (Instrument Location Drawings)
¢ Installation Details
e  Loop Diagrams
e  Standards and Regulations
. Operating Instructions

Figure 6-1, or the timeline, illustrates a possible sequence for document development. Information
from one document is used to develop succeeding documents.

Time Intervals
1 2 3 4 5 6 7 8 9 10 11 12
Process Diagram ()_[]
r
P&ID O E ]
.
Instrument List ! L:|
L]
Specification Form d L
Logic Diagram O——[]
Location Plans () L
Installation Details O
Loop Diagrams O
Typical % of Control Systems Engr. Hours Legend
P&IDs 25% Installation Details 5% O Start of Activit
art of Activi

Instrument List 5% Loop Diagrams 25% v

Spec. Forms 25% @ Issued for Engineering

Logic Diagrams 10%

9 . 9 ° <> Issued for Information
Location Plans 5%
D Issued for Construction

Figure 6-1: Instrument Drawing Schedule
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The time intervals vary. The intervals might be days, weeks, or months, but the sequence remains the
same. The documents listed are not all developed or used solely by a typical automation and control
group (A&C). However, the A&C group contributes to, and uses, the information contained in them
during plant design.

6.3 Process Flow Diagram (PFD)

A Process Flow Diagram defines a process schematically. PFDs are most valuable for continuous pro-
cess chemical plants. The PFD shows what and how much of each product a plant might make;
descriptions and quantities of the raw materials necessary; by-products produced; critical process con-
ditions—pressures, temperatures, and flows; necessary equipment; and major process piping.

Figure 6-2 shows a simple PFD of a knockout drum, which separates the liquid from a wet gas stream.
Process engineers frequently produce PFDs. Some PFDs include basic, important—or high-cost—A&C
components. There is no ISA standard for PFDs, but ISA-5.1-1984 (R1992) Iustrument Symbols and Iden-
tification and ISA-5.3-1983 Graphic Symbols for Distributed Control/Shared Display Instrumentation, Logic,
and Computer Systems contain symbols that can be used to show A&C components.

@ TO FLARE
D-001
> ©) TO SEPARATOR
G-005
ISA COURSE FG15
STREAM | | O\ DESCRIPTION TEMP PRESSURE | SP GRAVITY
—— : PROCESS FLOW DIAGRAM
@ | 10,000Hr WET GAS 90"~ 180" F 20 psi -
@ | 1.000#Hr DEGASSED MATERIAL 70°-170°F 50psi | 0.9AT6OF PLANT 001 KNOCKOUT DRUM 0-001
® | 9000#mr LIGHT ENDS TOFLARE |  80°-140°F 4psi - DRG #PFD-1

Figure 6-2: Process Flow Diagram

Batch process plants may configure their equipment in various ways, as raw materials and process
parameters change. Many different products are often produced in the same plant. A control recipe, or
formula, is developed for each product. A PFD may be developed for each recipe.



78

BASIC CONTINUOUS CONTROL - |

6.4 Piping and Instrument Diagrams (P&ID)

The acronym P&ID is widely understood within the process industries to mean the principal document
used to define the process—the equipment, piping, and all A&C components. ISA’s Automation, Sys-
tems, and Instrumentation Dictionary definition for P&ID tells us what they do. P&IDs “show the inter-
connection of process equipment and instrumentation used to control the process.”!

P&IDs are developed in steps by members of the various design disciplines as a project proceeds. Infor-
mation placed on a P&ID by one discipline is used by other disciplines as the basis for their design.

The P&ID shown in Figure 6-3 has been developed from the PFD in Figure 6-2. The P&ID includes the
control system definition using symbols from ISA-5.1 and 5.3. There are two electronic loops which
are part of the shared display/distributed control system (DCS): FRC-100, a flow loop with control and
recording capability, and LIC-100, a level loop with control and indicating capability. There is one
field-mounted pneumatic loop, PIC-100, with control and indication capability. There are several
switches and lights on a local (field) mounted panel, including hand operated switches and lights HS
and Z1.-400, HS and HL-401, and HS and HL-402. There are other control system components shown,
in addition to the above. The P&ID now includes more piping and mechanical equipment details.

6.4.1 Loop Numbering
Letter designations and tag numbers identify all A&C components. All devices in a loop have the same
tag number but different letter designations.

Figure 6-4 consists of LT-100, a field mounted electronic transmitter; LI-100, a field mounted elec-
tronic indicator; LIC-100, a level controller which is part of the DCS; LY-100, a current-to-pneumatic
(I/P) converter; and LV-100, a pneumatic butterfly control valve. ISA-5.1 states that loop numbers
may be parallel, requiring a new number sequence for each process variable, or serial, using a single
numeric sequence for all process variables. Figure 6-3: P&ID uses a parallel numbering system. There
is a flow loop FRC-100, a level loop LIC-100, and temperature loop TI-100. The level gauges, pressure
gauges, and thermometers all are numbered starting with 1: LG-1, PI-1, TI-1.

Figure 6-5 shows how tag marks may also identify the loop location or service. Other numbering sys-
tems are used that tie instruments to a P&ID, a piece of equipment or a location.

6.5 Instrument Lists

The Instrument List (or instrument index) is an alphanumeric listing of all tag-marked components.
Each tag mark will reference the relevant drawings and documents for that device.

Figure 6-6 is a partial listing which includes the level devices on D-001—K.O. drum: LG-1, level
gauge; LT-100, level transmitter; and LI-100, level indicator (all from Figure 6-3: P&ID). In addition,
the list shows other instruments on other P&IDs, not included. Figure 6-6 has six columns—for P&ID,
Spec Form, Req. #, Location Plan, Installation Detail, and Piping Drawing.

The Instrument List is developed by the A&C group. There is no ISA standard defining an Instrument
List. With the advent of computer-aided design techniques, the Instrument List may contain a large
number of columns for various uses during project design, construction, and operation.

6.6 Specification Forms

The A&C group defines the tag-marked devices so suppliers may quote and supply the correct device.
A Specification Form (or data sheet) is filled out for each device.

1. The Automation, Systems, and Instrumentation Dictionary, 4™ edition (ISA, 2003), pg. 273.
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LV 100
BYPASS

I/P

o~
msocsoas TID<VH2A ™ [F<HP<H
of30

1" 300S

>

Figure 6-4: Level Loop LIC-100

* Use Basic Number if project is small and there are no area,
unit, or plant numbers:

— Basic Number FT-2 or FT-02 or FT-002

* If project has a few areas, units, or plants (9 or less), use the
first digit of the plant number as the tag number:

— FT-102 (1 = area, unit, or plant number)
* If project is divided into area, units, or plants:
- 1-FT002
- 01-FT002
— 001-FT002

Figure 6-5: Instrument Numbering

Let's look at ILT-100 from Figure 6-3. The P&ID symbol defines it as an electronic displacement-type
level transmitter.

Figure 6-7 is the completed Specification Form for LT-100. This form is from ISA-20-1981, Specification
Forms for Process Measurement of Control Instruments, Primary Elements and Control Valves. There are many
variations of Specification Forms. Most engineering contractors have developed a set, some control
component suppliers have their set, and ISA has another newer set in technical report, ISA-
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Tag # Desc. P&ID # Spec REQ # Location | Install. Piping Drawing
Form # Plan # Detail

LG-1 D-001-K.0. Drum 1 L-1 L-1 - — ISO-010

LG-2 D-001 Distil. Column | 2 L-1 -1 — — ISO-015

LG-3 C-002 Stripper 3 L1 L-1 - - 1SO-016

LT-100 D-001 K.O. Drum 1 L-100 T-1 LP-1 ID-001 ISO-010

LI-100 D-001 K.O. Drum 1 1-100 I-1 LP-1 ID-002 -

LT-101 C-001- Distil. Column | 2 L-100 T-1 LP-4 ID-001 ISO-015

LT-102 C-002 Stripper 3 L-100 T-1 LP-5 ID-001 ISO-016

Figure 6-6: A Typical Instrument List

TR20.00.01-2001, Specification Forms for Process Management & Control - Part 1: General Considerations. The
purpose of all of the forms is to aid the A&C group to organize the information needed to fully and
accurately define control components so they may be quoted on, and supplied, by vendors. Specifica-
tion Forms are filled out by the A&C group. Their development is a significant part of the group's
effort.

6.7 Logic Diagrams

Continuous process control is shown clearly on P&IDs. Different presentations are needed for on/off
control. Logic Diagrams are one form of these presentations. ISA's set of symbols are defined in ISA-
5.2-1976(R1992) - Binary Logic Diagrams for Process Operations.

ISA symbols AND, OR, NOT and MEMORY (FLIP-FLOP) with an explanation of their meaning are
shown in Figures 6-8 and 6-9. Other sets of symbols and other methods may be used to document on/
off control. Some examples: text descriptions, a written description of the on/off system; ladder dia-
grams; or electrical elementaries.

Some designers develop a Functional Specification or Operation Description to document the entire
system. These documents usually include a description of the on-off control of the process.

A motor start circuit is shown in Figure 6-10 in ISA logic form and also by an elementary diagram.

6.8 Location Plans (Instrument Location Drawings)

There is no ISA standard that defines a Location Plan or an Instrument Location Drawing. Location
Plans show the location and elevation of control components on plan drawings of a plant.

Figure 6-11 shows one approach for a Location Plan. It shows the approximate location and elevation
of the tag-marked devices included on the P&ID, Figure 6-3, air supplies for the devices, and intercon-
nection tubing needed to complete the pneumatic loop. Other approaches to Location Plans might
include conduit and cabling information and fitting and junction box information. Location Plans are
developed by the A&C or electrical groups. They are used during construction and by maintenance
personnel after the plant is built to locate the various devices.
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LEVEL INSTRUMENTS SHEET OF
DISPLACER OR FLOAT) SPEC. NO. REV.
& NO BY DATE | REVISION|321 0
g 0 FAM 12/15/2003 CONTRACT DATE
1234 1/3/2003
REQ. - P.O.
J-6 J-12
BY CHK'D APPR.
FAM CHK CAM|LF
1 Tag Number LT-100
2 | Service K.O. DRUM
3 Line Number / Vessel Number 01-D-001
4 | Body or Cage Material C.S.
Rating 300 psi
5 Conn Size & Location Upper 11/2" TOP
Type 300 psi FLG
6 | Conn Size & Location Lower 11/2"BTM
Type 300 psi FLG
BODY/CAGE 7 | Case Mounting SIDE
Type
8 Rotatable Head NOT REQ
9
10 | Orientation LEFT HAND
11 | Cooling Extension NOT REQ
12
13 | Dimensions 48"
14 | Insertion Depth
15 | Displacer Extension
glsl}:thAI‘ErR 16 | Disp. or Float Material 304 S.S.
17 | Displacer Spring/Tube Mtl. MFG. STD.
18
19
20 | Function TRANSMITTER
21 | Output 4-20 mAdc
22 | Control Modes
23 | Differential
XMTR/CONT. 24 | Output Action: Level Rise INCREASE
25 | Mounting INTEGRAL
26 | Enclosure Class NEMA 8
27 | Elec. Power or Air Supply 24Vdc from shared
28 display
29 | Upper Liquid WET GAS
30 | Lower Liquid DEGASSED MTL.
31 | Sp. Gr.: Upper Sp. Gr.: Lower 9@60F
SERVICE 32 | Press. Max. Normal 50 PSI 4 PSI
33 | Temp. Max. Normal 400 F 90-150 F
34
35
36 | Airset | Supply Gage | |
37 | Gage Glass Connections
38 | Gage Glass Model No.
39 [ Contact: No. [Contact: Form [ [
40 | Contact Rating
OPTIONS 41 | Action of Contacts
42
43
44
45
46 | Manufacturer LATER
47 | Model Number LATER
48
NOTES:
© 1981 ISA ISA FORM S20.26

Figure 6-7: Level Instrument - Specification Form

6.9 Installation Details

Installation Details define the requirements to correctly install the tag-marked devices. The Installation
Details show process connections, pneumatic tubing, or conduit connections, insulation and winteriz-
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AND OR
A A
B B
“C” exists if, and only “C” exists if, and only
if, “A and B” exist. if, “A andfor B” exist.

Figure 6-8: Binary Logic Symbols - AND & OR

NOT MEMORY (FLIP-FL.OP)
) X g ¥ °
L B R D
“B* EXISTS IF AND ONLY IF S - SET MEMORY
“A” DOES NOT EXIST. R - RESET MEMORY

“C" EXISTS AS SOON AS "A” EXISTS
AND CONTINUES INDEPENDENT OF
“A” UNTIL “B” EXISTS.

“D” EXISTS WHEN “C” DOES NOT.

IF A AND B EXIST SIMULTANEOUSLY,
AND AN OVERRIDE IS DESIRED, CIRCLE
S IFA OVERRIDES B AND CIRCLER IF B
OVERRIDES A.

Figure 6-9: Binary Logic Symbols - NOT & MEMORY (FLIP-FLOP)

ing requirements, and support methods. There is no ISA Standard that defines Installation Details.
However, libraries of Installation Details have been developed and maintained by engineering contrac-
tors, A&C device suppliers, some plant owners, installation contractors, and some individual designers.
They all have the same aim—successful installation. They may differ in details as to how to achieve it,
however.

Figure 6-12 shows one approach. This drawing includes a material list to aid in procuring installation
materials and assisting installation personnel.

Installation Details may by developed by the A&C group during the design phase. However, they are
sometimes developed by the installer during construction or by an equipment supplier for the project.
6.10 Loop Diagrams

ISA’s Automation, Systems, and Instrumentation Dictionary defines a Loop Diagram as “a schematic repre-
sentation of a complete hydraulic, electric, magnetic or pneumatic circuit.”! The circuit is called a loop.
For a typical loop see Figure 6-4. ISA-5.4-1991, Instrument Loop Diagrams presents six typical loop dia-
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Figure 6-10: Motor Start Logic
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Figure 6-11: Location Plan, Approach A

1. Ibid., pg. 299.
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grams, two each for pneumatic, electronic, and distributed control (DCS). One of each type shows the

Figure 6-12: Installation Detail, Type 2 - Flow Transmitter

minimum items required, and the other shows additional optional items.

Figure 6-13 is a Loop Diagram for electronic flow loop FIC-301. Loop Diagrams are not always
included in a design package. Some plant owners do not believe they are worth their cost, which is
significant. Loop Diagrams are sometimes produced by the principal project A&C supplier, the installa-

tion contractor, or by the plant owner's operations, maintenance, or engineering personnel. Some-

times Loop Diagrams are produced on an “as needed” basis after the plant is running.
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6.11 Standards and Regulations

6.11.1 Mandatory Standards

Federal, state, and local laws establish mandatory requirements: codes, laws, regulations, require-
ments, etc. The Food and Drug Administration issues Good Manufacturing Practices. The National Fire
Protection Association (NFPA) issues Standard 70, the National Electric Code (NEC). The United States
government manages about 50,000 mandatory standards. The Occupational Safety and Health
Administration (OSHA) issues many regulations including government document 29 CFR 1910.119,
Process Safety Management of Highly Hazardous Chemicals (PSM). There are three paragraphs in the PSM
which list documents required if certain hazardous materials are handled. Some of these documents
require input from the plant A&C group.

6.11.2 Consensus Standards

Consensus Standards include recommended practices, standards, and other documents developed by
professional societies and industry organizations. The standards developed by ISA are the ones used
most often by A&C personnel. Relevant ISA standards include: ISA-5.1-1984-(R1992), Instrumentation
Symbols and Identification, which defines symbols for A&C devices; ISA-5.2-1976-(R1992), Binary Logic
Diagrams for Process Operations, which provides additional symbols used on Logic Diagrams; and ISA-
5.3-1983, Graphic Symbols for Distributed Control/ Shared Display Instrumentation, Logic and Computer Sys-
tems, which contains symbols useful for DCS definition. The key elements of ISA-5.3 are now included
in ISA-5.1, and ISA-5.3 will be withdrawn in the future.

ISA-5.4 Instrument Loop Diagrams includes additional symbols and six typical instrument Loop Dia-
grams. ISA-5.5 Graphic Symbols for Process Displays establishes a set of symbols used in process display.
Other ISA standards of interest include ISA-20-1981, Specification Forms for Process Measurement and Con-
trol Instruments, Primary Elements and Control Valves. ISA TR20.00.01-2001, Specification Forms for Process
Control and Instrument, Part 1: General Considerations, updates ISA-20. ANSI/ISA-84.00.01-2004 - Func-
tional Safety: Safety Instrumented Systems for the Process Industry Sector, defines the requirements for safe
systems. ANSI/ISA-88.01-1995, Batch Control Part I Models and Terminology, shows the relationships
involved between the models and the terminology.

In addition to ISA, other organizations develop documents to guide professionals. These organizations
include American Petroleum Institute, American Society of Mechanical Engineers, National Electrical
Manufacturers Association, Process Industry Practice, and Technical Association of the Pulp and Paper
Industry.

6.12 Operating Instructions

Operating Instructions are necessary to operate a complex plant. They range from a few pages describ-
ing how to operate one part of a plant to a complete set of books covering the operation of all parts of
a facility. They might be included in a functional specification or an operating description. There is no
ISA standard to aid in developing Operating Instructions. They might be prepared by a group of
project, process, electrical and A&C personnel during plant design. Some owners prefer plant opera-
tions personnel to prepare these documents. The Operating Instructions guide plant operators and
other personnel during normal and abnormal plant operation, including start-up, shutdown, and
emergency operation of the plant.

OSHA requires operating procedures for all installations handling hazardous chemicals. Their require-
ments are defined in government document 29 CFR 1910.119(d) Process Safety Information, (f ) Operat-
ing Procedures and (1) Management of Change. For many types of food processing and drug
manufacturing, the Food and Drug Administration issues Good Manufacturing Practices.
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7.1 Introduction and Overview

Sensors, actuators, and control algorithms were discussed in previous sections. Integrating the hard-
ware and software of these three elements to produce a control loop is the subject of this section.

The earliest process plants were characterized by numerous local measurement indicators and many
local control valves. Operators would walk around the plant and make manual adjustments to valves,
based on their experience and readings on the indicators. Perhaps they might carry a clipboard or
equivalent on which to record a few key measurement values and some overall coordinating instruc-
tions. The operator was the controller, as well as the connection between the sensor and the actuator.

The earliest direct integration between sensors and controllers is generally believed to be the governor
on a steam engine, developed by James Watt in the 1780s, which regulated steam pressure via
mechanical action. In the 1870s, William Fisher developed a regulator that adjusted steam flow to a
pump based on its outlet pressure. Around 1900, pneumatic controllers appeared that combined a
pneumatic sensor that detected flow, level, or pressure; calculated a required change in output; and
sent a pneumatic signal to a diaphragm valve. These controllers were mounted locally and, again, the
operator would walk through the plant and make individual adjustments to the controller settings.

Pneumatic transmitters appeared in the 1930s and permitted remote display of variable response and
remote adjustment of controller setpoints. This led to the first centralized control rooms where coordi-
nated control action on many different controllers could be made in one location. Typically, large cir-
cular charts were used to display responses, and the control rooms would have walls filled with these
charts. Electronic single loop analog controllers appeared in the 1940s and 1950s. They eventually
were adopted in place of pneumatic controllers because of improved control response, increased accu-
racy, reduced size, and reduced maintenance costs.

In the late 1950s through the 1960s there were several installations of control systems using central-
ized computer systems to execute all plant control algorithms directly. These systems were called
direct digital control (DDC). However, cost and reliability issues limited widespread adoption of this
technology. During the 1970s, distributed control systems (DCSs), based on commercial microproces-
sors, were introduced and widely adopted. These systems converted all data to digital form, executed
multiple controllers in a single electronic component, used cathode ray tubes (CRTs) for the operator
interface and keyboards for control, and connected all components together with a single digital data
network. The “distributed” in DCS implies that various control software tasks are performed in differ-
ent physical devices with an overall coordinating and scheduling software program. Development in
the 1990s of lower-cost personal computers (PCs) with their associated servers, standard operating
systems such as Microsoft Windows, external communication standards, and standard digital bus pro-
tocols permitted a new generation of DCSs to be introduced.

The elements of a modern DCS are shown in the Figure 7-1.

Major components of a typical system include input/output connectivity and processing, control mod-
ules, operator stations, system workstations, application servers, and a process control bus. Each is dis-
cussed further in the following sections.

7.2 Input/Output (1/0)

The first step in control is to convert the sensed measurement into a reading that can be evaluated by
the control algorithms. It has been common in the past to bring all the I/O in the plant to marshalling
panels located in a control building, from which connections are made to the controllers. This facili-
tates maintaining and upgrading equipment. There are many types of equipment that have to be con-
nected to a modern DCS, with different specific electronic and physical requirements for each
interface. Each input/output type discussed below requires its own specialized I/0 interface card that
will convert the signal to the digital value used in the DCS.
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Figure 7-1: Elements of a Modern DCS

7.2.1 Pneumatic Component Interface — 3-15 psi

With the development of pneumatic controllers and transmitters, it became apparent that a standard
input and output range was required so equipment from multiple manufacturers could be used in the
same plant. The 3-15 pounds per square inch (psi) range was adopted with 3 psi representing 0% of
span and 15 psi representing 100%. There are many pneumatic controllers still operating, and inter-
facing them to a modern DCS typically requires a pressure/current (P/I) converter on the input and an
I/P converter on the output from the I/O card to the controller with the actual interface card a stan-
dard electronic analog type.

7.2.2 Standard Electronic Analog I/0 — 4-20 mA

When electronic instrumentation was first introduced, there were also many different standards for
the electronic I/0 signals. Eventually the 4-20 milliampere (mA) analog direct current (DC) signal was
adopted as standard and is still the most widely used input/output format. Each signal used for control
has its own wire, which is brought back to the marshalling panel and then connected to the controller.
The most common analog I/0 cards used are 16-bit converters, meaning the maximum resolution is
about 0.1%, i.e., 4 significant digits.

7.2.3 Discrete 1/0
There are a number of devices, such as limit switches and motors, whose state is binary, i.e., off or on.
These require separate I/O processing than the analog I/0 and, most commonly, separate I/O cards.
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7.2.4 Serial Communication

For relatively complicated equipment such as gas chromatographs, vibration monitors, turbine con-
trols, and PLCs, it is desirable to communicate more than just an analog value and/or a digital signal.
Serial communication protocols and interface electronics were developed to support this communica-
tion. Modbus is one of the most common protocols. I/0 registers within the device support predefined
read/write commands. Recent implementations support block data transfer as well as single value
transmission.

7.2.5 HART

With continuing computer miniaturization, it became possible to add enhanced calculation capability
to field devices (“smart” instrumentation). This created a need for a communication protocol that
could support transmitting more information without adding more wires. The Highway Addressable
Remote Transducer (HART) protocol was developed initially by Rosemount in the 1980s and turned
over to an independent body, the HART Communication Foundation, in 1993. The HART protocol
retains the 4-20 mA signal for measurement and transmits other diagnostic information on the same
physical line via a digital protocol. A specialized HART 1/0 card is required that will read both the ana-
log signal and diagnostic information from the same wire.

7.2.6 Digital Buses

Since modern DCSs are digital and new field instrumentation supports digital communication, there
was a natural demand for a fully digital bus to connect them. Such a communication protocol reduces
wiring requirements, since several devices can be connected to each bus segment; it is not necessary to
have individual wires for each signal. There are several digital buses in use with some of the more pop-
ular ones described below. It is common to connect the bus wiring directly to the controller, bypassing
the marshalling panel and further reducing installation costs.

Fieldbus

FOUNDATION fieldbus is a digital communication protocol supporting interconnection between sensors,
actuators, and controllers. It provides power to the field devices, supports distribution of computa-
tional functions, and acts as a local network. For example, it is possible, with FOUNDATION fieldbus, to
digitally connect a smart transmitter and a smart valve and execute the PID controller algorithm con-
necting them locally in the valve electronics—with the increased reliability that results from such an
architecture. The FOUNDATION fieldbus standard is administered by an independent body, the Fieldbus
Foundation.

Profibus

Profibus, or PROcess FieldBUS, was originally a German standard and is now a European standard.
There are several variations. Profibus DP or Decentralized Peripherals is focused on factory automation,
while Profibus PA targets the process industries. It is administered by the Profibus International orga-
nization.

AS-i

AS-i, or Actuator Sensor interface, provides a low-cost digital network that transmits information that
can be encoded in a few digital bits. It is popular for discrete devices supporting on/otf indicators such
as motor starters, level switches, on/off valves, and solenoids.

DeviceNet

DeviceNet is a digital communication protocol that can support bi-directional messages up to eight
bytes. It is commonly used for variable speed drives, solenoid valve manifolds, discrete valve controls,
and some motor starters.

Ethernet
Some field devices, such as sophisticated on-line analyzers, are now supporting direct Ethernet con-
nectivity using standard TCP/IP protocols.
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7.2.7 Specialized 1/0

There are many specialized measurements with equally special interface requirements.

Thermocouples

Thermocouples may be cold junction compensated or uncompensated. Each of these input formats
requires different calculations to convert the signal to a reading. Multiplexers are often used for multi-
ple thermocouple readings to reduce 1/0 wiring.

Pulse Counts
For turbine meters and some other devices it is necessary to accumulate the number of pulses trans-
mitted since a predefined start time.

7.2.8 Wireless
Wireless communication is becoming more popular, particularly for non-critical readings. Standards in
this area are rapidly evolving but should stabilize in the near future.

7.3 Control Network

The control bus network is the backbone of the DCS and supports communication among the various
components. Data and status information from the I/O components is transferred to and from the con-
troller. Similarly, data and status information from the I/O and controllers goes to and from the HMI.
Transit priorities are enforced—data and communication concerning control is the highest priority
with process information and configuration changes lower priority. Typically, the bus is redundant
and supports high speed transfer. With early DCSs, each vendor had their own proprietary bus proto-
col that defined data source and destination addressing, data packet length, and the speed of data
transmission. Today, Ethernet networks with TCP/IP base protocol and IP addressing have become the
most common choice. The International Organization for Standardization — Open System Intercon-
nection (ISO-0OSI) model is the defining standard for the overall control networks implementation and
is followed by most vendors. It consists of seven layers of implementation references from the physical
layer through the application layer.

7.4 Control Modules

The control modules in a typical DCS are connected to the I/0O cards by a high speed bus that brings
the raw data to the module. The module contains a microprocessor that executes, in real time, the fol-
lowing actions:

o Process variable processing

¢ Scan execution frequency control

¢ Process variable status checking

e Process variable engineering units conversion—this may involve flow element conver-
sion, mass flow compensation, square root extraction, linearization, filtering, and/or
totalization

e Comparison of variable against alarm limits, and alarming if outside limits

e Signal characterization

¢ C(Calculated variable generation—combining one or more variables via addition, subtrac-
tion, multiplication, division, integration, accumulation, high/low select and dynamic
compensation, such as lead/lag and dead time

e “Bad” input propagation through the calculations

e  Control algorithms

¢ Mode change—manual, auto, remote, computer
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¢ Algorithm initialization on first execution of new mode

¢ Control loop execution at defined frequency—PID, ratio, override, cascade, feedforward

¢ Advanced control function execution—Model Predictive Control, Fuzzy Logic Control,
Adaptive Control

e Windup protection

¢ Loop performance monitoring—mode, I/0 condition, variability

Controlled variable output processing
¢ Output clamping and rate of change limit implementation
Discrete input variable processing

¢ Change of state detection

e Set/reset flip flops

¢ Logic calculations via Boolean functions—and, or, not, nand, nor
e Comparison logic—equal to, greater than, less than, not equal to

Discrete output processing

¢ Execute pulse or latching outputs
e Manual execution

Sequential control

e Execute step
¢ Execute algorithm after preset delay
¢ Execute algorithm after counter reaches preset value
e Execute algorithm when comparison logic is true
e Execute algorithm when Boolean logic is true
e Hold step if condition exists
e Restart step if condition exists
e Skip one or more steps if condition exists
¢ Recycle to previous step if condition exists

Historian/Trending

e Store analog and digital values and status for later retrieval and trending
¢ Store alarm information for later retrieval
¢ Store operator entered information for later retrieval

Diagnostics

¢ Execution of performance diagnostics on the functions above
¢ Field instrument diagnostic information capture

System access control enforcement

The microprocessors used for real time execution have limited processor capacity and memory,
though these limits are continually being raised with the ongoing developments in the computer
industry. As a result, the number of I/O points, the number of control loops, and the number of calcu-
lations processed in a single module are limited. Multiple modules are used to handle the complete
requirements for a process. Control modules are usually located in a climate controlled environment.

7.4.1 Database
Each module contains a database that stores the current information scanned and calculated as well as
configuration and tuning information.



Chapter 7: Control Equipment 95

7.4.2 Configuration

Configuration of the control module is normally performed off-line in the engineering workstation
with initial configuration and updates downloaded to the control module for execution. Configuration
updates can be downloaded with only momentary interruption of process control. Today, this config-
uration is usually done in a GUI based system with drop-and-drag icons, dialog windows and fill-in-
the-blank forms, with no programming required. A typical screen for configuration is shown in Figure
7-2, where the boxes represent I/0 or PID control blocks. Lines represent data transfer between con-
trol blocks.
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Figure 7-2: Typical Configuration Screen

Generally there will be predefined templates for standard I/0O and control functions, which combine
icons, connections, and alarming functions. Global search and replace is supported. Prior to download-
ing to the control modules, the updated configuration is checked for validity and any errors identified.

7.4.3 Redundancy
For critical control functions, redundant control modules are often used. These support automatic
switching from the primary to the backup controller upon detection of a failure.

7.4.4 Backup
Current database and configuration information is normally generated without taking a control mod-
ule offline and stored for backup purposes.

7.4.5 Online Version Upgrade

Hardware and software for DCSs continue to evolve, and it is desirable to be able to install new
releases without taking the control module offline. If redundant modules are available, this can be
done by running on the primary module, switching the hardware for the secondary module, and/or
downloading the new release of software, switching to the secondary module for control (after appro-
priate initialization), and repeating the update for the primary module.
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7.5 Human Machine Interface (HMI)

7.5.1 Operator Station

There are usually two different user interfaces for the DCS—one for the operator running the process,
and a second one for system support used for configuration, system diagnostics, and maintenance. In a
small application these two interfaces may be physically resident in the same workstation hardware.
For systems of moderate or larger size, they will be physically separate. The operator interface is cov-
ered in this section and the system interface in the next section. A typical operator station is shown in
Figure 7-3.

Figure 7-3: Typical Operator Station

The number of consoles required is set by the size of the system and the complexity of the control
application. The consoles access the control module database via the control bus to display information
about the current and past state of the process and are used to initiate control actions such as setpoint
changes to loops and mode changes. Access security is enforced by the consoles through individual
login and privilege assignment.

7.5.2 Keyboard

Standard computer keyboards and mice are the most common operator console interface, supple-
mented occasionally with dedicated key pads that include common sets of keystrokes preprogrammed
into individual keys.

7.5.3 Standard Displays
The Graphical User Interface (GUI) consoles are equipped with standard display types commonly used
by the operator.

Faceplates
Faceplate displays show dynamic and status parameters about a single control loop and permit an
operator to change control mode and selected parameter values for the loop.

Custom Graphic Displays

These displays present graphic representations of the plant with real time data displays, regularly
refreshed, superimposed on the graphics at a point in the display corresponding to their approximate
location in the process. A standard display is shown in Figure 7-4, with a faceplate display superim-
posed.

Displays can be grouped and linked via hierarchies and paging to permit closer examination of the
data from a specific section of a plant or an overview of the whole plant operation.

7.5.4 Alarms
Alarms generated will cause a visible display on the operator console such as a blinking red tag identi-
fier and often an audible indication. Operators acknowledge active alarms and take appropriate action.
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Figure 7-4: Standard Display with Faceplate Display Superimposed

Alarms are time stamped and stored in an alarm history system retrievable for analysis and review.
Different operator stations may have responsibility for acknowledgement of different alarms. Alarm
“floods” occur when a plant has a major upset, and the number of alarms can actually distract the
operator and consume excessive system resources. Responding to these “floods” and providing useful
information to the operator in real emergency situations is an area of active system development.

7.5.5 Sequence of Events

Other events such as operator logins, setpoint changes, mode changes, system parameter changes, sta-
tus point changes, and automation equipment error messages are captured, time stamped, and stored
in a sequence of events system—again retrievable for analysis and review. If sequence of events
recording is included on specific process equipment, such as a compressor, it may be integrated with
this system.

7.5.6 Historian/Trend Package

A historical data collection package is used to support trending, logging, and reporting. The trend
package shows real time and historical data on the trend display. Preconfigured trends are normally
provided along with the capabilities for user defined trends. A typical trend display is shown in Figure
7-5.

7.6 HMI—System Workstation

The system workstation supports the following functionality, which has been discussed previously:
e  System and control configuration
e  Database generation, edit and backup
. System access management
e  Diagnostics access

e  Area/plant/equipment group definition and assignment
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Figure 7-5: Typical Trend Display

Other functionality includes:

Graphic Building

A standard utility is provided to generate and modify user defined graphics. This uses preconfigured
graphic elements, including typical ISA symbols and user fill-in tables. New graphics can be added and
graphics deleted without interrupting control functionality.

Simulation/Emulation

It is desirable to test and debug configuration changes and graphics prior to downloading to the control
module. Simulation/emulation capabilities permit this to be performed in the system workstation
using the current actual plant configuration.

Audit Trail/Change Control
It is common to require an audit trail or record of configuration and parameter changes in the system,
along with documentation of the individual authorizing the changes.

7.7 Application Servers

Application servers are used to host additional software applications that are computationally inten-
sive, complicated, or transaction-oriented, such as batch execution and management, production
management, operator training, online process/energy optimization, etc.

7.7.1 Remote Accessibility
It is desirable for users to be able to access information from the DCS remotely. Application servers can
act as a secure remote terminal server, providing access for multiple users simultaneously and control-
ling privileges and area access.

7.7.2 Connectivity
The application server is also used to host communication software for external data transfer. There
are several standards that are commonly used for this transfer.

OPC

The Object Linking and Execution (OLE) standard was initially developed by Microsoft to facilitate
application interoperability. The standard was extended to become OLE for Process Control (OPC),
which is a specialized standard for the data transfer demands of real time application client and serv-
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ers. It is widely supported in the automation industry and permits communication among software
programs from many different sources.

XML/SOAP/Web Services

Providing a single Web-based user interface to multiple applications is the goal of many software appli-
cations. The eXtensible Markup Language (XML) is a standard message/document protocol to permit
communication between applications and the user interface. The Simple Object Access Protocol
(SOAP) uses XML and Remote Procedure Calls (RPC) to permit programs in different programming
languages to communicate. Web services use SOAP and XML-RPC to provide the user interface to
multiple applications and permit web access to the information. This framework is used in Microsoft’s
.NET software architecture.

7.8 Other Control Systems

7.8.1 Emergency Shutdown Systems (ESD)

Emergency shutdown systems are specialized control systems installed in plants with the objective to
automatically shutdown a plant and bring it to a safe state in the event of a major emergency. Typically
they will have separate valves and transmitters to those used for normal control. In place of a control
module is a logic solver that is programmed to detect specified unsafe conditions. If these conditions
occur, the ESD is activated to shutdown the equipment in question or an entire plant.

7.8.2 Programmable Logic Controllers

Comparing PLCs with DCSs, PLCs typically cost less initially per I/O point but have, in general, less
functionality and less redundancy. PLCs are the common choice for systems that are predominately
discrete I/0O with relatively fixed logic, and also for machine control and motion control where very
high speed scanning is required. DCSs are most often chosen for continuous, semi-continuous and
process batch applications, and applications where the analog I/O count is high. Other differences
include separate databases for the I/0, the control, and the human-machine interface (HMI) for PLCs,
while DCSs have a common database for all of these functions. Configuration of PLCs is predominately
done with ladder logic, while DCSs have automated fill-in-the-blanks configuration editing and high-
level language support. Many PLCs require the system be taken offline for control logic modifications
while most DCSs can be updated online. Advanced automation applications’ support, like batch and
advanced control, is typically greater in a DCS, as compared with a PLC.

7.8.3 HMI-SCADA Systems

The development of cheaper personal computers (PCs) led to development of lower-cost systems,
based on these PCs, that could be used to monitor equipment conditions; concentrate data, perhaps
from geographically distinct areas and display it to operators and managers. These systems are often
called HMI-SCADA systems, where SCADA stands for supervisory control and data acquisition. Typi-
cally control functionality is limited in these systems.

7.9 Future DCS Evolution

New functionality is continually added to DCSs with the ongoing evolution of computation and com-
munication capabilities. Several trends are evident. One is that central control rooms are being
installed physically remote from the actual plant, in some cases hundreds of miles distant, with
responsibility for many plants simultaneously. This increases the demand for diagnostic information
on both the instrumentation and other process equipment to better diagnose and predict process prob-
lems so that corrective action can be taken before they occur. A second related trend is the increased
requirement for “sensor to boardroom” integration that imposes ever increasing communication
bandwidth demands. Good, real-time corporate decisions depend on good, real-time information
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about the state of the plant. Secure integration of wireless field devices and terminals into the control
system is an active area of current development.

7.10 References
For further information on the evolution of control see:

Feeley, J., et al. “100 Years of Process Automation.” Control Magazine. (Vol. XII, No. 12), December
1999 (Special Issue).

Standards
ANSI/ISA-50 Series, Parts 2-6 - Fieldbus Standard for Use in Industrial Control Systems.

IEC 61158 Series, Parts 1-6 - Digital Data Communications for Measurement and Control — Fieldbus for Use in
Industrial Control Systems.
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8.1 Introduction

Historically, the practice of discrete control evolved quite differently from continuous process control,
with very little overlap in technologies and applied principles. Early discrete manufacturing machines
were wholly mechanical contrivances, harnessing waterpower through ingenious combinations of
drive shafts, cams, and levers to accomplish ever more complex automation goals.

The advent of electrical motors caused little change at first, with mechanical control still the norm.
Highly automated assembly and fabrication systems were often based on a central camshaft driven by
a motor, with the entire sequence of the system defined by a single turn of the camshaft. All motions
were driven by cams on this shaft, with lobes triggering activity at the appropriate interval.

8.1.1 Separating the Control Function

The first real separation of control and actuation came with the increasing use of electromechanical
relays, especially in the automotive industry. This ultimately led to complex control configurations of
these relays arranged to create latches and combinatorial functions, creating motion through the use
of electrically driven hydraulic or pneumatic valves (solenoid-actuated valves or, simply solenoid
valves).

In this new world of separate control and actuation, some functionality was actually lost. The actua-
tion technologies were crude and simple: pneumatic and hydraulic cylinders which, when the related
solenoid valve was triggered, would dumbly extend to the limit of their travel as defined by a mechan-
ical stop. Speed of travel of these actuators could be controlled to some degree by installing a flow
valve or pressure regulator in the hydraulic or pneumatic supply line, and these could be adjusted
manually.

But the exacting control of acceleration and deceleration through the entirety of the stroke, which had
been possible by skilled practitioners of cam technology, had been lost and would not be regained until
new actuation technologies were introduced.

Beginning in some industries as early as the 1980s, additional sophistication of actuation and control
became increasingly necessary. Compelled by the need for further automation spurred by increasing
labor costs, as well as by increasing demands among consumers for broad product choices and custom-
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ization, automation practitioners were required to produce more flexible machines. Often these
machines were required to be soft-configurable—automatically adjustable under electronic control to
manufacture slightly different products, or products of different sizes.

This trend led to the use of more flexible actuation technologies, including servo motors, stepping motors,
and servo-controlled hydraulics. With corresponding advances in control, these technologies regained
the precise control over motion, adding the benefit of automatic adjustment under software control.

8.1.2 Evolution in Sensing Technologies

A simultaneous trend dramatically affected the sensing technologies used in discrete control. In early
systems, limit switches were often employed to sense the end of travel of mechanical motions driven by
simple pneumatic cylinders. Often these limit switches were incorporated directly into a control
scheme to trigger the next function in sequence.

Flexible machinery, however, brought with it the requirement for more flexible sensing. In many
cases it was no longer adequate to sense when an actuator reached a single position; rather, it became
necessary to sense multiple positions, or to continuously sense the absolute position of an actuator at
all times. Sensing devices such as encoders, linear potentiometers, and magnetostrictive transducers came into
more widespread use to accomplish this goal.

Sensing technology has also been driven by a parallel trend—that toward the imposition of ever-
greater quality requirements, with the corresponding need to measure and control all relevant param-
eters relating to the manufacture of a product. It is now common for discrete manufacturing equip-
ment to measure temperatures and hydraulic or pneumatic pressures present at the time of a product’s
manufacture, as well as to take critical dimensional measurements of a product either in-process or
upon completion. This data is then used either in a control scheme to meet qualitative goals, or is
stored as proof of product quality.

Therefore, where previously digital inputs (those capable of sensing only “on” or “off” states) were
employed in discrete control, now analog inputs are increasing in widespread use to sense the many
variables of interest to the control engineer.

The rest of this topic will look at the technologies and devices mentioned above in greater detail.

8.2 Actuation Technologies and Their Control
Actuation technologies in common use today include the following:
e  Fluid power devices

¢ Pneumatic cylinders, rotary actuators, and air motors
¢ Hydraulic cylinders and motors

. Electrical motors

e DC motors

¢ AC synchronous motors and variable frequency drives

¢ Servo motors

e Stepping motors

e There are also a number of specialty actuators in use, such as piezoconstrictive devices and
voicecoil actuators, which will be described in passing.

The choice of an actuation technology is typically dictated by the characteristics of each technology
and how those characteristics match the needs and circumstances of an application. For example:
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Pneumatic cylinders can create linear motion with reasonably high degrees of force in a small space.
The amount of force achievable is determined by the air pressure applied multiplied by the area of the
cylinder’s piston, as shown in Equation 8-1: Force Obtained from a Cylinder Actuator.

F=PA (8-1)
where:

F = Force in pounds

P = Applied pressure in PSI

A = Area of cylinder in square inches

With adequate air supply, high actuation speeds are also possible, making pneumatic actuation suit-
able for many small, high-speed automation systems, and indeed the technology is in widespread use
because of its advantages.

In applications requiring great levels of force, however, two limitations of pneumatic actuation
become prominent. The first is the inherent compressibility of the actuation medium, air. This implies
that there will be at least a small amount of resilience present in a pneumatic system.

The second limitation is the pressure available for actuation. For reasons of safety and practicality, air
pressure as distributed in typical “shop air” systems is limited to roughly 80 PSI (5.5 bar). For a given
cylinder diameter, this puts an upper limit on the amount of force achievable.

For higher force applications, hydraulic systems are often employed with pressures up to 5000 PSI
(345 bar). Disadvantages include cost, since localized hydraulic pumps are often required, and the
inevitable leakage of hydraulic fluid, which precludes use of the technology in clean environments.

As the cost of related control technology declines, increasing use is being made of electrical actuation
technologies, including servo motors and stepping motors. With appropriate gearing, these devices can
generate great amounts of force, although the force is typically in the form of rotary motion. To obtain
linear motion, which is often the requirement in automated systems, a lead screw or belt drive is fre-
quently employed. Drive and control costs, as well as the cost of conversion of rotary to linear motion,
can be a substantial impediment to using electrical motor actuation, but the cleanliness and extent of
control that are possible are often overriding factors.

8.2.1 Control of Fluid Power Actuation

The most common method of interfacing fluid power (hydraulic or pneumatic) actuators to a control
system is through the use of solenoid valves. These are valves which are actuated by means of an electric
solenoid—application of electrical power to a coil of wire generates a magnetic field, which acts upon
a metallic actuator that switches the valve.

8.2.2 Configurations of Solenoid Valves

Pneumatic valves for control purposes are often categorized as two-way, three-way or four-way
valves. A two-way valve possesses two ports to which pneumatic connections may be made. When
actuated, the valve creates a connection between the two ports (assuming “normally closed” design of
the valve) allowing flow to take place. Such a valve might be used in an air motor, for example, where
air flow is applied to make the motor turn, and removed to make it come to a stop.

Three-way valves are outfitted with three ports. One of these (the “load” port) is switched between a
connection to the “exhaust” port and, when actuated, the “supply” port. Such valves are often used to
control single-acting pneumatic cylinders. These are cylinders driven by compressed air in only one
direction, and are outfitted with a spring that will return them to a rest position. A source of com-
pressed air is connected to the supply port, and the cylinder is connected to the load port. Upon actua-
tion, these two ports are interconnected, allowing compressed air to flow to the cylinder, which
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overcomes its spring and extends. Upon deactivation, however, the pressure behind the cylinder’s pis-
ton must be relieved or the cylinder will fail to retract. This is accomplished by leaving the exhaust
port of the valve open to atmosphere. When the valve returns to its deactivated position, the load port
(connected to the pressurized cylinder) is connected back to the exhaust port, allowing the pressure to
release to atmosphere.

Four-way valves are typically used to control double-acting cylinders—those having pneumatic connec-
tions on either side of the piston. Two valve connections are provided for exhaust and supply, and two
more for the two ends of the cylinder under control. In one position, the valve connects one end of
the cylinder to the supply pressure and the other to exhaust. When the valve is switched, these con-
nections are reversed.

Hydraulic valves work similarly, except that instead of exhausting compressed air to atmosphere,
depressurized hydraulic fluid is returned via plumbing to a reservoir tank.

Miniature solenoid valves intended for small automated machines can be quite small—as little as 0.5
cu. in. (8 cc)—and are often mounted on air manifolds that provide a common air supply to the valves
without individual plumbing. Some suppliers provide valve assemblies mounted on printed circuit
boards, simplifying both pneumatic and electrical connection of the devices.

Figure 8-1: Valve Manifolds Integrated with Electronic Circuit Boards
(Courtesy: Clippard Instrument Laboratory, Inc.)

Where greater air or hydraulic flows are required than are possible with small low-power valves, two
options exist. The first is obvious: use a larger valve, switched by a higher-power solenoid, often
requiring additional electrical interfacing to provide the necessary current. An alternative is to use a
piloted valve—a valve which is actuated by pneumatic or hydraulic pressure—and use a low-power
solenoid valve to supply the required actuation pressure.

The electrical interface to a solenoid valve depends on its voltage and current requirements. Although
AC-powered valves (e.g., 120 VAC) were formerly the norm, the near universality of electronic con-
trol has resulted in 24 VDC valves predominating, with lower voltage valves common in some forms
of equipment. In any case, solenoid valves are typically controlled through digital outputs of appropri-
ate rating on a programmable logic controller (PLC) or other control system (see 8.2.6: Output Inter-
facing Techniques).

8.2.3 Proportionate Control Valves

In fluid power applications requiring more exacting control of motion characteristics, proportionate
control valves are sometimes employed. These valves are similar in principle to standard solenoid
valves, as described above, but are constructed and controlled such that intermediate states between
the valve’s two extreme positions are possible. The valve can be controlled to slowly meter air or
hydraulic fluid to a cylinder, thus allowing more gradual control of the motion, all under electronic
control. When used in conjunction with position sensing in a feedback loop, exacting control of posi-
tion is also possible.
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Proportionate control valves are sometimes provided with their own control electronics, and typically
require an analog signal (e.g., 0 to £10 VDC) as a control input.

8.2.4 Electrical Actuation Control
Several forms of electrical actuation are commonly applied in industrial automation today including,
of course, AC and DC motors of various sorts and, increasingly, linear motors.

A common motor technology used in undemanding applications is the AC induction motor. These are
commonly controlled through the use of motor starters, subsystems which typically include a switching
mechanism and some form of overload protection. Often, motor starters are equipped with circuitry—
typically resistors or inductors—which limit the initial starting current drawn by the motor. Once the
motor has begun running, an additional switch is triggered which bridges the limiter, taking it out of
the circuit.

Because of the amount of energy used in AC motors, they have been the focus of much innovation
and product development in recent years, the details of which would fill many volumes. The common
AC induction motor may still be the workhorse of industry, but it has given way in many applications
to more advanced technologies.

One of the strongest trends has been toward the more widespread use of variable frequency drives
(VEDs) which, instead of driving a motor with a constant 60 Hz (or 50 Hz) AC waveform, use elec-
tronic circuitry to vary the frequency of the power being supplied to the motor, thus varying its speed.
In applications where the required output from the motor varies greatly and is often less than full out-
put, the VED can result in considerable savings of energy.

8.2.5 DC Motor Technologies

For many applications in discrete manufacturing, however, much smaller motors are often required,
and these are often DC motors. With declining cost in drive technologies and computing power, step-
ping motors and servo motors are becoming increasingly widespread in use. Motors are covered in
more detail in Topic 10, Motor and Drive Control, in this book.

The advantages offered by these technologies include the ability to position actuators quickly and
accurately under program control, making them ideal for robotics and other applications in which
flexibility is paramount. Even the need for linear motion—long a drawback of motors whose motion is
inherently rotary—has been addressed through the development of linear motors. These are often pat-
terned after stepping motors, but with the stator stretched out in linear form.

Other advanced and highly specialized forms of electrical actuation are employed in specific industries,
such as microelectronics, where unusually demanding requirements are present. Such technologies
include piezoconstrictive devices, which make use of microscopic dimensional changes in certain
materials when an electrical current is applied, and voicecoil actuators, which make use of the same
principle that moves the cone of a loudspeaker.

8.2.6 Output Interfacing Techniques

Virtually all of the actuation devices mentioned in this section will ultimately need to be made subject
to electronic control, typically by a programmable controller or other computer-based system. In the
case of programmable controllers, several types of output devices are commonly used for this function,
typically in the form of output modules to be inserted into the programmable controller system. These
output devices will be briefly discussed here.

8.2.7 DC Outputs

Although some industries historically have favored the use of AC-powered devices, low voltage DC
devices are typically preferred for new applications, with 24 VDC being a commonly used control volt-
age. The reasons for this choice include safety, the relaxed wiring standards that are often possible
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with low-voltage devices, and the ease and low cost of interfacing such devices to electronic systems.
Programmable controller DC output modules containing 16, or even 32 outputs are commonly avail-
able, greatly increasing the density of control possible.

The two most common forms of DC outputs are open-collector transistor and field effect transistor (FET)
outputs. The application of these two forms is similar, although the terminology used may differ, so
they will be treated identically for most of this discussion.

EMITTER COLLECTOR SOURCING
+24 V.D.C.O \ _Z CONFIGURATION
BASE LOAD
PNP EG
TRANSISTOR SOLENOID
CONTROL VALVE)
COMMON O
+24 V.D.C.O
CONTROL LOAD
NPN (SEé(EIéNOID
TRANSISTOR VALVE)
BASE
COMMON O 7_ _: SINKING
EMITTER COLLECTOR CONFIGURATION

Figure 8-2: Open-Collector Outputs

Open-collector outputs employ transistor devices internally as switches, which are used to switch
power to the external load (e.g., solenoid valve, etc.). Transistors are supplied with three terminals,
named the base, collector, and emitter (in an FET, they are called the gate, source, and drain). In an open-
collector output, the base and emitter are connected to internal circuitry in the output module. The
base is the control terminal, often connected to microprocessor circuitry comprising the controller’s
logic, and the emitter acts as a common terminal, typically connected together with emitters of the
other output channels on a given module. The collector terminal is brought out for external connec-
tion, hence the term open-collector.

8.2.8 Using Open-Collector Outputs

Externally, the load being controlled is connected between the collector and one pole of a power sup-
ply, the other pole of the power supply being connected to a common terminal on the output module.
When a signal is sent from the microprocessor to turn on the transistor, the transistor allows current to
flow from the collector to the emitter, essentially acting like a switch which has been turned on. This
completes the circuit, sending power to the external load device.
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There are two forms of open-collector output modules available—sourcing and sinking. In the case of
sourcing outputs, the common terminal is connected to the positive pole of the DC power supply; the
transistors, when switched, will source this positive voltage to the load device. In such a case, the other
side of each load device is connected to the negative pole of the power supply.

With sinking outputs, the common terminal is connected to the negative pole of the power supply.
The transistors, when switched on, will sink one terminal of the load device to this negative voltage
(often referred to as ground, or common). Assuming the other side of the external load has a fixed
connection to the positive pole of the power supply, it will then turn on.

8.2.9 DC Output Precautions

There is a general preference toward the use of sourcing outputs, due to the fact the negative terminal
of the power supply is sometimes connected to electrical ground and, therefore, to the frame of an
automated system. In the sourcing configuration, the loads have a fixed connection to the negative
terminal, and, therefore, an accidental short circuit between a wire leading to a load device and the
external metalwork will not cause the unintentional energization of an actuator. With sinking config-
urations, however, one side of each load device is always connected to a positive voltage source, such
that an inadvertent short circuit leading from the other connection on the load device to ground
would cause the device to turn on.

In addition, it must be realized that transistors are not perfect switches. When energized, there is a
small offset voltage across the transistor, which generates heat equal to the product of current and
voltage. This heat determines a maximum current rating for the output, which must be carefully
obeyed.

Similarly, transistor outputs have a maximum voltage rating. Usually, the voltage of the DC power
supply and control devices used is selected based on this rating. Even so, however, the rating can be
inadvertently violated. Inductive devices, such as solenoid coils, motors, or even electromechanical
relays, will generate a high voltage when current to the device is interrupted, such as when they are
turned off. This voltage, called back EMF, can be high enough to destroy a transistor output unless pre-
cautionary measures are taken.

Often, a protection diode will be connected in reverse polarity across an inductive load, providing a
harmless discharge path for this back-EMF and protecting the output transistor. Some output modules
have integrated protection diodes, making this precaution unnecessary.

Another potential source of failure—either of an output transistor or the control system it is part of—
is electrostatic discharge (ESD) and inducted electrical noise. Many processes, particularly high-speed pro-
cesses involving plastic films, can generate high levels of static electricity, as can human beings walking
across a wool carpet in rubber-soled shoes. When the eventual discharge path for this static electricity
includes the exposed output or input circuitry of a control system, damage can result. In such environ-
ments, voltage limiting devices such as metal-oxide varistors (MOVs) may be used to provide some degree
of protection, as can shielding of exposed wiring.

Another source of spurious and potentially-damaging high voltage is electrical noise that can be cou-
pled from adjacent wiring. It is common practice to physically separate low-voltage and high-voltage
wiring to avoid or limit the amount of inductive or capacitive coupling to sensitive circuits.

An almost universal protection technique used to avoid damage to or malfunction of microprocessor-
based control systems is the use of optical isolation between any external connections (inputs or out-
puts) and the internal microprocessor circuitry. Microprocessors are highly susceptible to even minor
fluctuations in voltage, which can cause them to reset or execute randomly, and optoisolation pro-
vides an important protective shield between the electrically noisy industrial environment and this
sensitive circuitry.
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8.2.10 AC Outputs

Electronic control systems employ two different technologies for controlling AC load devices: triacs and
electromechanical relays. It is assumed that electromechanical relays are well understood—the control
system energizes the relay’s coil, which electromagnetically switches a mechanical switch, which in
turn may be used to control an external load device. The drawbacks of relays are also well known.
Over time, the contacts may become pitted and worn, particularly when used to control reactive loads,
and will often require replacement well in advance of their solid-state counterparts.

Triacs are semiconductor switches that, when triggered, can pass current in both directions, making
them well suited to the control of AC load devices. Some specific characteristics of triacs deserve atten-
tion, however, as they can affect the success and reliability of an installation.

When the control signal is removed from a triac, it will remain turned on until such time as the cur-
rent through it falls to near zero. At this time, the voltage across it must also be near zero or the rapid
rise in voltage across the device could spuriously trigger it into conduction again. Unfortunately, when
driving an inductive load (such as a solenoid valve, motor, relay, or just about any other device you
would typically drive with a triac), the load creates a phase shift between the voltage and current
waveforms, such that the triac is unable to turn off. To allow for the triac’s proper operation, a suubber
network composed of a serially connected resistor and capacitor is typically connected across the triac’s
main terminals, controlling the rate of voltage rise across the device and allowing it to turn off.

LEAKAGE PATH
R-C SNUBBER
NETWORK
HOTO . ¢
TRIAC
CONTROL
LOAD
(E.G.,
SOLENOID
VALVE)
NEUTRAL O

Figure 8-3: Triacs, Snubbers, and the Effects of Leakage

An unfortunate side-effect of this snubber network is that it will always leak a small amount of cur-
rent. Although small, this current will sometimes be enough to keep a very-low-power device, such as
a small solenoid valve, actuated even when the triac output has been turned off. This also means that
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a strategy of connecting a triac output to a controller’s AC input for signaling purposes will often fail,
because the low current requirement of the input will often be met by the leakage current provided by
the snubber network, whether the triac output is turned on or not.

Even with this shortcoming, however, triacs and related semiconductor devices are popular and suc-
cessful choices for AC control, when carefully applied with an understanding of their limitations.

8.3 Sensing Technologies and Interfacing Techniques

Sensing devices have increased dramatically in sophistication as the impetus for their use has evolved
over the years. Simple limit switches originally served to detect the completion of a mechanical
motion prior to initiation of the next motion, thus preventing damage and allowing a machine to
operate at a speed determined solely by its mechanical capabilities.

Figure 8-4: Limit Switches (Courtesy: Omron Electronics LLC)

With the advent of flexible machinery, new sensing technologies such as encoders were employed to
allow a single mechanism to accommodate different sizes or configurations of workpieces. Then, as
quality issues began to predominate in industrial automation, still more sophisticated technologies
such as machine vision systems were deployed to automate high-speed in-process inspection.

This progression represents a gradual supplanting of human involvement in the manufacturing pro-
cess. Indeed, the earliest “sensors” were the eyes and ears of the operator, who then operated the
machine through manual control switches. Although there are certainly a number of areas where
electronic sensors exceeded human capabilities—in speed, exactitude, or consistency—some of the
more basic judgments made by the human counterpart have taken decades to evolve technology with
comparable performance. The simple question, “is the part upside down?” may not be so simple for a
Sensor to answer.

8.3.1 Limit Switches

In its original meaning, a /imit switch is a switch placed to sense when a mechanism has reached the
end, or limit, of its travel. Although some automated systems are designed to rely on the passage of
time alone to infer that a motion has been completed, it is generally considered a safer technique to
sense the actual completion of a motion prior to commencing the next part of a sequence of operation.
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This is especially true if mechanical damage or danger to an operator could occur in the event of an
undetected jam.

The simplest form of limit switch is a mechanical switch designed to be mounted to a machine compo-
nent. Often, these are equipped with actuators that allow some degree of overtravel without damage
to the switch. Depending on the environmental and regulatory requirements of an application, limit
switches may be plastic-encased devices with exposed electrical terminals, or fully metal-enclosed
devices sealed against moisture.

Driven in large part by reliability concerns, there is a strong trend to the use of non-contact electronic
sensors in place of conventional mechanical switches. Hall-effect sensors, for example, sense the proxim-
ity of a magnetic field, and proximity switches are available to sense a variety of materials including non-
metallics. Photoelectric sensors send out a beam of light—typically infrared—and sense its reflection off
an approaching object. The light beam is often modulated so that ambient light can be etfectively fil-
tered from the reflected signal.

Each type of sensor has its applications:

e Some suppliers equip the piston inside a pneumatic or hydraulic cylinder with a magnetic
element, allowing Hall-effect sensors to be mounted on the outside of the cylinder to sense
the piston at various points in its stroke.

e  Proximity sensors can be applied to discriminate between various materials, or to sense
objects in environments where optical sensing might be unreliable due to dust, oil or other
contaminants.

e  Photoelectric sensors can be employed to sense across distances or, using fiber optic technol-
ogy, in tight quarters where other types of sensing would not be practical.

8.3.2 Interfacing Concerns with Limit Switches

Careful attention must be paid to the electrical characteristics of a limit switch to determine the proper
way to interface it to an electronic control system. This is true even with mechanical switches—the
low voltages used in some control systems may not be sufficient to break through the layer of oxida-
tion or contamination buildup on mechanical switch contacts, rendering them unreliable. For this rea-
son, gold-plated contacts are frequently used on mechanical switches intended for interfacing to a
control system.

Although some sensing devices—notably certain photoelectric sensors—are equipped with internal
relays for interfacing, most devices instead have solid-state outputs with limitations that must be
obeyed. Two-wire and three-wire devices are commonly available. Two-wire devices rely on a low
level of current constantly passing through the device to power its internal electronics. For this reason,
the electronic system to which it is connected must allow for this “leakage” current without falsely
triggering. When the sensor enters its active state, it draws sufficient additional current to bring the
voltage across the sensor down to a few volts—again, the control system must reliably see this state as
an on condition, even in the presence of this offset voltage.

Interfacing three-wire sensors is less exacting, since the three wires leading to the sensor allow for
power, a common connection, and a separate output connection from the sensor to the control sys-
tem. The output is often of the open-collector variety and may be sinking or sourcing. Current and volt-
age ratings must be respected, of course, but the additional concerns of leakage and offset voltage tend
not to be significant factors.

8.3.3 Position-Sensing Technologies
There is now frequently a need to obtain position information beyond the simple end-of-stroke indica-
tion provided by limit switches. Examples include:
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¢  Feedback confirmation of mechanical positioning (e.g., for robotic arms, X-Y positioning
tables, etc.)

e  Triggering secondary events at specific points in a primary motion.
e Velocity control feedback, through differentiation of successive position indications.

The most common application for position sensing of this sort is in connection with servo motors (see
Topic 11), and the technologies employed for this purpose are incremental and absolute encoders and
resolvers.

Two other position sensing technologies are worthy of note, although their application is somewhat
more specialized. Potentiometric sensing makes use of a linear or rotary potentiometer, which consists of an
electrically resistive element on which an electrical contact rides. Often, the extreme ends of the resis-
tive element are connected across a precise fixed voltage, at which point the voltage sensed on the
moving contact is analogous to its position along the element. This approach provides an analog volt-
age directly proportionate to position (subject to the linearity of the resistive element). One drawback
to be aware of, however, is the relatively limited life of the resistive element due to wear from the
moving contact.

Finally, magnetostrictive sensing is sometimes applied for linear position sensing of long hydraulic cylin-
ders, for example. This technique uses a long waveguide, down which an electromagnetic reference
pulse is induced. A permanent magnet, typically connected to a moving mechanical element (e.g., a
piston in a hydraulic cylinder) rides on this waveguide and, when the reference pulse reaches the
magnetic field of this magnet a strain pulse is generated which travels back down the waveguide. Pre-
cise timing measurement between the induction of the reference pulse and the receipt of the strain
pulse provides the position of the magnet, and therefore the piston. Magnetostrictive sensing allows
the sensing elements to be completely sealed, making it an appropriate technology for many industrial
environments.

8.3.4 Sensing Other Physical Variables

Automation of discrete manufacturing processes today often carries with it the need for sensing a very
broad range of physical variables. Often, this is to create a permanent record of manufacturing condi-
tions relating to a given workpiece. Other times, the measurement is used directly as feedback for the
process being controlled. Topic 1 in this book discusses pressure and temperature measurements.

8.3.5 Tracking Product Using Electronic Identification

In many cases, automated systems must be able to identify a specific workpiece being acted upon. This
is true where customization of individual products to a customer’s specification is required, and also
where regulatory authorities require tracking and recording of manufacturing data.

One approach to product tracking is the use of barcode technology, through the application of a
unique barcode or Data Matrix code to a product or product carrier. Fixed-mount barcode readers are
then employed to read and transmit the barcode information to a control system, typically via an RS-
232 serial interface.

Another tracking technology that has some advantages for industrial application is RFID (Radio Fre-
quency IDentification). This approach consists of a “tag” capable of transmitting a unique identification
number back to a nearby transceiver. Passive tags consist simply of an etched antenna and an integrated
circuit, and derive sufficient power from the RF energy received by the antenna to power the IC to
send a response. Active tags contain an internal power source (and are therefore slightly larger) and
often have the capability to store additional information received from the transceiver. In environ-
ments where a ubiquitous plant network is not feasible, this allows a workpiece equipped with such a
tag to accumulate data about its manufacture as it progresses through stages of production.
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8.3.6 Machine Vision

Machine vision is a sensing technology which is seeing increasing interest and application due to its
potential to extend the reach of automation into operations which formerly required human interven-
tion. Applications for machine vision today include automated inspection for a wide range of charac-
teristics such as placement, dimensional measurements, surface defects and color grading, as well as
providing visual feedback for robotic positioning and component orientation.

Available systems span a broad range of cost and capability, from relatively simple and inexpensive
systems capable of performing some pattern matching and basic orientation, to smart cameras incorpo-
rating integrated processors allowing some more advanced functionality, to larger and more complex
systems which may be custom programmed for a highly sophisticated tasks. The latter often require
the specialized skills of a system integrator experienced in vision system design for successful applica-
tion.

The electrical interface of a machine vision system involves two aspects. First, a trigger input is typi-
cally provided, which may be a signal from a sensor detecting the presence of a workpiece, or a com-
mand from a control system. Often, vision systems are provided with high-speed trigger inputs to
accommodate machines with high production rates and fast-moving product.

The output from a vision system often takes one of two forms—a simple “good/bad” signal, or more
complex data which may include a captured image for subsequent processing or storage. Systems
often incorporate discrete outputs which may be programmed to signal, for example, when a stored
pattern is matched, and often have additional communications capabilities (serial or Ethernet) to com-
municate higher-level information to a control system.

8.4 Remote and Networked 1/0

A discussion of input/output technologies used in automation control would not be complete without
mention of the dramatic shift in I/O architecture taking place today, driven by the prevalence of net-
working technologies in the plant environment. Where formerly all sensors, valves, and other control
devices would be wired back to a single programmable controller, increasingly a more distributed form
of connectivity is being applied.

The first step in this progression was the use of “device-level” networks such as Modbus, Profibus and
DeviceNet, which provided a means of reducing wiring costs by combining devices on a common serial
network. Widespread use of these bus technologies encouraged the development of functional sub-
systems—for example, motion controllers and temperature controllers—such that time-critical infor-
mation did not have to be relayed back to a central controller, and low level tasks could be offloaded to
the local processing capability of the subsystem. These subsystems would then take their high-level
commands from, and provide their high-level results to, the central controller across the bus.

With the near-universal acceptance of Ethernet for plant data communications, variants of each of the
device-level serial networking protocols have been developed that may be used across Ethernet.
Although the initial impetus for this migration was cost savings—to achieve commonality of equip-
ment and wiring with that already used in the plant—the result has been another rethinking of 1/0
architecture.

With sensing and actuation no longer tied physically to a proximate control system, there is once more
a blurring of actuation and control, such that smart sensors and smart actuators are coming into broad
use. Localized processing—in some cases, localized control—has changed and will continue to change
the face of sensing and actuation in discrete manufacturing. The functions mentioned in this section
will increasingly appear in aggregated form as subsystems on a network, interchanging high-level
information with peer and supervisory systems, a most interesting trend to watch.
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For more information on networking technology, refer to Topic 22, Digital Communications, and Topic
23, Industrial Networks.
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9.1 Introduction

Discrete control is concerned with finite numbers of stable states—devices such as on/off valves,
pumps and manifolds. The interest of the user is in an orderly transition from one state to the other,
and whether a situation is normal or abnormal.

A related aspect of control in common industrial processes is known as sequential control. With
sequential control, a process moves through a succession of distinct states, usually carried out by dis-
crete control functions, but also occasionally by manipulating process outputs and monitoring process
inputs.

To introduce this section for new engineers reading this, here are basic definitions, taken from ISA’s
Automation, Systems, and Instrumentation Dictionary (2003):

e Discrete control — On/Off control. One of the two output values is equal to zero.

¢ Sequential control - A class of industrial process control functions in which the objective
of the control systems is to sequence the process units through a series of discrete states (as
distinct from continuous control).

9.2 Discrete/Sequential Control Concepts and Hardware Systems

One of the principal means used by industry to achieve or execute discrete and sequential control
methodologies is the programmable (logic) controller (PLC).

This technology has become so important that the International Electrotechnical Committee (IEC) cre-
ated and maintains the standard IEC 61131, comprised of seven parts that describe, define, and pro-
vide application guidance for PLCs.

In this standard, a PLC is defined as:

Digitally operating electronic system, designed for use in an industrial environment, which uses a program-
mable memory for the internal storage of user-oriented instructions for implementing specific functions such

11



118 BASIC DISCRETE, SEQUENCING, AND MANUFACTURING CONTROL - 1l

as logic, sequencing, timing, counting and arithmetic, to control, through digital or analog inputs and out-
puts, various types of machines or processes. Both the PLC and its associated peripherals are designed so that
they can be easily integrated into an industrial control system and easily used in all their intended functions.

Here is a basic definition, taken from ISA’s Automation, Systems, and Instrumentation Dictionary (2003):

PLC — Programmable Logic Controller — 1. A controller, usually with multiple inputs and outputs, that
contains an alterable program (ANSI/ISA-5.1-1984[R1992]).

9.2.1 Programmable Logic Controllers
Programmable logic controllers (PLCs) are high-speed control computers. Typical features of a PLC are:

¢ ahigh-speed CPU
e flexible I/0 systems with specialized cards for handling motion control
e aseparate human machine interface

PLCs were traditionally programmed using relay ladder logic. Ladder logic is a powerful language for
handling electrical motor control, but though it replaces traditional hardwired control, it can be con-
sidered a low-level programming language. Adding more advanced elements to traditional ladder logic
can give the programmer the power to design complex control applications.

The PLC offers a very flexible programming environment. However, it still does not offer all the built-
in functionality of a distributed control system (DCS) in terms of sharing process information through
tags and tracking data quality. PLCs offer redundancy features for most critical components (power
supply, CPU, I/0). However, exploiting these features typically requires more effort from program-
mers than a DCS requires. PLCs are now used for medium- and large-size control of analog process
variables.

9.3 Basic Functional Structure of a Programmable Controller System

The general structure with main functional components in a programmable controller system is illus-
trated in the Figures 9-1, 9-2 and 9-3. These functions communicate with each other and with the sig-
nals of the machine/process to be controlled.

The operation of most PLCs consists of a repeated cycle of four major steps.

1. Allinputs from appropriate interfaces are scanned, providing a consistent “image” of control
input data. These represent field sensors such as switches, proximities, temperatures, data
from other PLCs, etc.

2. Asingle “scan” is made of the user’s control program, calculating or deriving a new “image”
of control output data. At the same time all program variables, timers, counters, etc., are
updated.

3. The new “image” of control output data is transferred to the appropriate interfaces for trans-
fer to the target control devices. These represent field actuators such as relays, motor drive
commands, displays, data to other PLCs, etc.

4. Finally, “housekeeping” tasks are performed on a time available basis. These may include
communication with operator stations, some supervisory communication, diagnostics rou-
tines, etc.

After completion of the “housekeeping” the cycle repeats.

There are variations on this method, but, in general, this represents the overall process.
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Figure 9-1: Basic Functional Structure of a PLC System

Some programmable controller systems with separate I/0 and/or communications processors provide
for overlapping the scanning of the user program with the scanning of the inputs (Step 1) and outputs
(Step 3) and communication functions (Step 4). In these cases, special programming mechanisms may
be needed to achieve concurrency and synchronization between the program and I/0 scans, and
between the program and communications processing.

A turther feature of some PLCs is the incorporation of a multi-tasking operating system. As in general
computing, the PLC operating system serves to coordinate the multitude of hardware and software
resources and capabilities of the PLC. The incorporation of a multi-tasking operating system serves to
allow the PLC to essentially execute multiple instances of the basic operation cycle described above,
rather than a single instance, at the same time. This affords much increased flexibility and capability
over a single-tasking operating system PLC.

In PLCs incorporating multi-tasking operating systems, mechanisms may be needed to achieve appro-
priate levels of task coordination and synchronization between the multiple instances of the basic
operating cycle. As an example, one task’s results may affect another task’s decisions—especially with
regard to I/0.
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Al Communication interface/port for local 1/0
Ar Communication interface/port for remote 1/0O station
Be Open communication interface/port also open to third party devices (e.g., personal computer used for

programming instead of a PADT)

Bi Internal communication interface/port for peripherals

C Interface/port for digital and analog input signals

D Interface/port for digital and analog output signals

E Serial or parallel communication interfaces/ports for data communication with third party devices

F Mains power interface/port. Devices with F ports have requirements on keeping downstream devices

intelligent during power up, power down and power interruptions.

G Port for protective earthing

H Port for functional earthing

J 1/0 power interface/port used to power sensors and actuators
K Auxiliary power output interface/port

Figure 9-3: Interface/Port Descriptions for Figure 9-2
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9.4 User's Control Objectives and Application Requirements

With clear objectives and application requirements in mind, discussions with the vendor about con-
trollers become immeasurably easier. This design information is essential and should include a general
description of the process or equipment to be controlled. This will enable the user and the vendor or
manufacturer to establish general equipment requirements and considerations.

Major topics that should be considered:

e  process to be controlled

e user control objectives

e general control and operation requirements

e plant and personnel protection considerations

e general installation and environmental considerations

e  expansion and integration requirements

¢  hardware configuration and regulations

e  system availability requirements

e  equipment breakdown implications

e  spare parts requirements

e redundancy

e  applicable local/national/international standards and regulations

e  performance requirements

¢ interface to other systems

*  maintenance

e  cable wiring, routing and termination

e company regulations

e  documentation: content, format

e regulatory/certification/approval requirements

e delivery and equipment installation schedule

e  engineering responsibility: hardware, software, documentation, protective measures, test-
ing, commissioning

e  other considerations, as required

9.4.1 User System Description
This subclause refers to information to be presented to the vendor by the user as shown by the dashed
lines in Figure 9-4.

The user must provide the vendor information about the existing system engineering, including cur-
rent information about any third-party engineer. The vendor should be apprised of plant engineering,
as well—both production engineering and maintenance engineering.

This system description should succinctly define the user’s objective and give the vendor clear and rel-
evant information concerning operations, monitoring, and configuration of any hardware and soft-
ware. Additionally, corresponding documentation, such as diagrams, drawings, and signal (1/0)
sequence and timing requirements should be used as support.

9.4.2 User System Characteristics
User system characteristics include such matters as:

e  continuous or batch processing

e loop (PID) control

e  distributed control

o changing of process (recipe supporting)
e downloading



122 BASIC DISCRETE, SEQUENCING, AND MANUFACTURING CONTROL - 1l

PC manufacturer > User's own system > Plant engineering
and/or engineering
and/or
< . <
software third party system < and/or
developer engineer production engineering
and/or and/or and/or
supplier of contactor maintenance
the PC system engineering

Information flow:
—»  Guidelines, recommendations, manuals
G Specifications, need, operational experience

Figure 9-4 : System Description Information Flow

¢ autonomy of local stations
e  system availability requirements
e  total system response time
¢ redundancy

e multitasking

e alarm handling

¢ trending

e  operator interface

e  operator prompt

e remote supervision

e manual over-ride

e  protection/safety considerations
e interlocks

¢  dynamic characteristics

¢ non-linearities

e  authorization

¢ normal shutdown

o automatic restart

¢  data communication

e  peripherals

¢ networks (LAN, WAN)

9.4.3 Control System Parameters

Important elements of the control system should be defined when process control is required. This can
include the specific operation of the plant and equipment, the specific allowable process variables and
values, the limits for actions and reactions, etc.

Other topics, that should also be considered, include:

e I/0 listing

e sensors: types, signal level, power requirements
¢  signal conditioning

e control outputs: types, power requirements

e  data transfer/access

e Jocal/remote display
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e logging and archiving

e  electrical interference rejection criteria

e  system availability

e 1/0 redundancy: single or voting (e.g. two out of three)

9.4.4. Alarms
The user's system description should include alarm requirements. The organization concept, priority,
alarm operation and display should be defined.

Other major topics to be considered include:

e alarm sensing methods

o first fault identification

e  fault discrimination

¢  dedicated alarm display

e alarm at man-machine interface
¢ alarm acknowledgment

e alarm logging

9.4.5 Human-Machine Interface
Human-machine interface (HMI) requirements include considerations for operator intervention,
access control, and security arrangements.

Other major topics include:

e multistation display

e  dedicated display areas

¢ dynamic graphics

e access control, authorization and passwords

e  keylocks

e  software locks

e  keyboard, track ball, mouse, touch screen, etc.
o ergonomics

9.4.6 Interlocks, Sequencing
Interlocks are used to arrange the control of machines or devices so their operation is interdependent,
in order to assure they are coordinated properly (ISA-RP55.1-1975 [R1983]).

Interlocks may be:

e A physical device, equipment, or software routine that prevents an operation from begin-
ning or changing function until some condition or set of conditions is fulfilled;

e A device, such as a switch, that prevents a piece of equipment from operating when a hazard
exits;

e A device used to prove the physical state of a required condition and to furnish that proof to
the primary control circuit;

e A device or group of devices (hardware or software) that are arranged so to sense a limit or
off-limit condition or an improper sequence of events. To avoid an undesirable condition,
they then shut down the offending or related piece of equipment or prevent it from proceed-
ing in an improper sequence. (ANSI/ISA-77.44.01 &.02-1995).
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In a similar fashion, sequencing is the ordering of overall process events, such that one control process
properly completes its assigned task before handing off control to the next task process in the overall
event path.

Major considerations for the interlocks and sequencing include:

¢  physical requirements of interlock

e types of systems to be interlocked

e systems and system communication
¢ requirements for data network.

9.4.7 System Outage
Topics relating to system outage include the following:

e power supply configuration

e  system back-up

o diagnostics

e  failure mode

e failure display levels: system, module, or card
e  restart: cold, hot, or warm

e  protection of personnel and equipment.

9.5 Selecting a PLC System

9.5.1 Main processing unit
The user should refer to IEC 61131-1 and IEC 61131-2 for relevant details, as well as Table 9-1 for a
listing of selection considerations.

9.5.2 Human-Machine Interface

The human-machine interface (HMI) should be carefully specified and selected because it will be the
operator's window to the plant control system. It may also be the access facility for programming and
fault diagnosis for the PC system. Selection criteria for HMI are listed in Table 9-2.

Table 9-1: Main Processing Unit— Selection Criteria

Criteria Comments and considerations
User program The organization and size of user application program memory
memory
Memory back-up Power back-up for volatile memory
System hardware - Racks
configuration - Cables

- Bus expanders

- Power supplies

- Number of 1/0 modules per type
- Memory allocation per 1/0 type
- etc.

Programming

- Languages supported by the MPU

languages - Conformance to the P.C. language standard
supported - Any differences in objects, instructions, semantic and syntactic rules should be noted
Scan time The calculation of scan time which includes:

- Scan

- Memory utilization

- Transfer

- Program execution

- User's program diagnostics
1/0 memory i.e., use of I/0 image registers periodically refreshed, “get/put” type instructions,
processing interrupt and event-driven programs, etc. and their effects on system response times,

including restart (cold, warm, hot restart)
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Table 9-2: Human-Machine Interface— Selection Criteria
Criteria Comments and considerations

Types 1) Integrated in PLC - uses PLC-MPU and memory, may restrict display features and PC
operating features

2) Intelligent - permits extensive displays and operating features, which may include
operator support

Display - Brightness

- Contrast

- Screen size

- Definition

- Resolution

- Color purity

- Number of characters
- Labels

- Touch screen

- Mouse

- Rollerball

- Display refresh time

- Formats

- Windows

- Menus

- Native language support

Keyboard - Tactile feel
- Ergonomics
- Mouse, rollerball

Access control - Operator and/or programmer
- Keylock or software protected levels

Alarms - Separate display

- Screen windows

- Active data points
- Alarm management

9.6 Software, Programs and Programming Languages

Software is a general term that designates a set of computer programs designed to carry out specific
tasks.

A program is a series of actions that a computer takes to achieve a certain result. Activities such as
“locate,” “read,” “interpret,” and “execute the instruction” are repeated in sequence for each instruc-

tion throughout the program.

i

A programming language is a set of representations, conventions, and rules used to convey informa-
tion and instructions to the computer. The language of the digital electronic circuits inside the com-
puter is comprised of the binary codes that represent the numbers, letters, symbols, and commands
used by humans to give instructions to the computer. The language the human user uses must be con-
verted into digital codes that the machine understands. This digital code is called machine language.

To facilitate communication between humans and machines, a high-level language is required. This is
a general-purpose programming language such as C/C++, Java, FORTRAN, BASIC, Pascal, and ADA.
These high-level languages are organized in a way that is directly related to the way humans solve
problems. An intermediate language, called Assembly language, is also used to bridge the high level
language with the machine language in the program compiler, although nowadays this is transparent
to the user.

Many years ago, a programmer might have used assembly language to write a program using instruc-
tion abbreviations called mnemonics. The program was then converted into a machine-language pro-
gram using an Assembler. When a facility purchases the digital control system, the computer is usually
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preprogrammed to communicate in a high-level language. Some systems are also equipped with con-
figurable prewritten programs for specific applications. These systems are referred to as a configurable
digital system. They can be easily configured by engineers without specialized computer backgrounds.
The global capability of these configurable digital systems includes all conventional control system
functions plus many capabilities not easily implemented using analog hardware, including feed-for-
ward, dead-time compensation, and multi-variable control.

Traditionally, control systems have been implemented using a wide variety of languages from Assem-
bler to general-purpose language such as BASIC, FORTRAN, or C. Over the intervening years, in an
effort to simplify and enhance the control engineers experience and effectiveness, programming lan-
guages specific to the needs of the industrial process control application space have been developed.

These languages are:

®  Relay ladder logic. This programming language was initially a software rendition of the hard-
wired logic control that was implemented using electromechanical relays. The roots of this
language lie in discrete machine control. Ladder logic has evolved extensively from its ori-
gins to incorporate many sophisticated control elements, including mathematical expres-
sions (integer and real), controllers (PID), and Table manipulation. The relay ladder logic
language is traditionally used by programmable logic controllers (PLC).

e Function block. This language is a software representation of basic analog process control ele-
ments. Function block components include: scaling, alarming, PID, and many others. The
function block language is used in single-loop controllers and distributed control systems
(DCS).

The increasing demands of complete plant integration and the high level of automation now required
by industrial operations have revealed many deficiencies in the conventional relay ladder and function
block languages. Those shortcomings can be summarized as follows:

e Language implementations vary between different systems.

It is difficult to reuse standard software elements (no object orientation).

Complex data addressing using real address instead of symbolic variable names.

It is difficult to program sequence operation.

9.6.1 IEC 61131 Features and Programming Languages

Because of the difficulties traditional programming languages pose for process control, the Interna-
tional Electrotechnical Commission (IEC) commissioned a standard to help standardize control system
programming: IEC 61131, Part 3 (usually referred to as IEC 1131). It covers all important aspects of
control systems programming.

The standard allows facilities to implement modern software architectures, for example: structured
functional blocks, the definition of reusable software elements, and symbolic variable names.

This part of IEC 61131 specifies the syntax and semantics of a unified suite of programming languages
for PLCs. These consist of two textual languages,

e Instruction List (IL), and
e  Structured Text (ST)

and two graphical languages,

e Ladder Diagram (LD)
¢  Function Block Diagram (FBD)
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Sequential Function Chart (SFC) elements are defined for structuring the internal organization of pro-
grammable controller programs and function blocks. Also, configuration elements are defined which
support the installation of programmable controller programs into programmable controller systems.

The selection of software and hardware are complementary procedures and should be concurrently
evaluated during system selection procedures. These PLC programming languages, defined within
IEC 61131-3, are generally available for PLC hardware.

9.6.2 Sequential Function Charts (SFCs)

Sequential function chart (SFC) is a graphical language for depicting the sequential behavior of a con-
trol system (see Figure 9-5). It is used to define control sequences that are time and event-driven. SFC
is an extremely effective graphical language for expressing both the high-level sequential parts of a
control program and for programming low-level sequences, for example, to program an interface to a
device.
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Figure 9-5: Sequential Function Chart

The SFC elements are used to structure the internal organization to perform sequential control func-
tions in order to partition a set of steps and transitions that are connected by directed links. Only func-
tion blocks and programs can be structured using these.

A transition is the condition where the control passes from one step to another, along the correspond-
ing directed link. Each transition step has an associated transition condition which is the result of eval-
uation by a single Boolean expression. Associated with each step will be zero or more actions.

For further information and additional details on best target applications (user guidance), as well as
key features/capabilities, see reference IEC 61131-3, 2.6.
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9.6.3 Instruction List

Instruction list (IL) is a low-level “assembler-like” language that is based on similar instruction list lan-
guages found in a wide range of today's PLCs (see Figure 9-6). An Instruction List program is com-
posed of a series of relatively simple instructions. Precise syntax is required, although blank lines may
be inserted between instructions. Each line must begin on a new line and contain an operator, along
with optional modifiers, and, if necessary to the operation, one or more operands that must be sepa-
rated by commas.

LD T1
JMPC Reset
LD Temp 1
ST Max_Temp
Set: LD 0
ST D V76

Figure 9-6: Instruction List

For additional details on best target applications (use guidance), as well as key features/capabilities, see
reference IEC 61131-3, 3.2.

9.6.4 Structured Text (ST)

Structured text is a high-level textual language that encourages structured programming. It has a lan-
guage structure (syntax) that strongly resembles Pascal and supports a wide range of standard func-
tions and operators. The IEC 61131-3 standard defines ST’s formal syntax (see Figure 9-7). Structured
text is based on traditional software programming language look and feel.

INT CMD := MANUAL CMD & MANUAL MODE OR AUTO CMD & NOT
AUTO CMD CHECK & NOT MANUAL _MODE

CMD ON_TMR(IN := INT CMD, PT := T_CMD_MIN)
ALRM XY(S1:= CMD ON TMR.Q & NOT PERM, R := OK)
ALRM := ALRM_XY.Q1

Figure 9-7: Structured Text

For further information and additional details on best target applications (user guidance), as well as
key features/capabilities, see reference IEC 61131-3, 3.3.

9.6.5 Ladder Diagram (LD)
Ladder diagram is a graphical language that is based on traditional relay ladder diagrams. Diagrams
represent power flow. This language was the first commonly used language to program traditional
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PLCs (see Figure 9-8). However, the IEC ladder diagram language also allows user-defined function
blocks and functions to be interconnected so they can be used in a hierarchical design.
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Figure 9-8: Ladder Diagram

For further information and additional details on best target applications (user guidance), as well as
key features/capabilities, see reference IEC 61131-3, 4.2.

9.6.6 Function Block Diagram (FBD)

Function block diagram is a graphical language for depicting signal and data tflows through function
blocks that is, reusable software elements (see Figure 9-9). FBD is very useful for expressing the inter-
connection of control system algorithms and logic. It is based on the look and feel of the traditional
logic diagram. In it, the diagrams represent data flow. The function block diagram is a network in
which the nodes are function block instances, graphically represented functions (procedures), vari-
ables, literals, and labels.

For further information and additional details on best target applications (user guidance), as well as
key features/capabilities, see reference IEC 61131-3, 4.3.1.

9.6.7 Compatibility of 61131 Languages

IEC 61131-3 takes into account the different courses of evolution of programmable controllers in
North America, Europe, and Japan, and the wide variety of applications of programmable controllers
in modern industry.

Figure 9-10, 9-11, and 9-12 below show the application of the LD, ST, and FBD languages to imple-
ment a simple command execution and monitoring function. In general, a desired functionality can be
programmed in any one of the IEC languages. Hence, languages can be chosen depending on their
suitability for each particular application. And, this demonstrates the mutual compatibility of the lan-
guages.

Programming discrete control devices for continuous control functionality is covered under an earlier
topic in the book.
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Figure 9-9: Function Block Diagram

AUTO_MODE  ATTO_CHD CHD
el BN EEE | Jmmmmmmmmmmmeees +==0 17
| |

R P I 1===mm--- ¢ 1=-=== +

ACK ALRM

| 1= (R~ === mm e e e o e e oo
CMD_TMR

CHD o FDEK ALEM

L IN - @f---1f 1--- (51 —====-~1

T_CMD_Max—{PT ET

Figure 9-10: Application Using Ladder Diagram Language

CMD := AUTO CMD & AUTO MODE OR MAN_CMD & NOT MAN CMD CHECK & NOT
AUTO MODE

CMD_TMR(IN := CMD, PT := T_CMD_MAX)

ALRM FF(S1:= CMD TMR.Q & NOT FBDK, R : = ACK)

ALRM := ALRM FF.Q1

Figure 9-11: Application Using Structured Text Language
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Figure 9-12: Application Using Function Block Diagram Language

9.6.8 System Software
Major topics to be considered include:

e  programming structure/programming language

. PADT

e access to control programs: access methods, authorization
e  documentation

e  computer aided engineering tools

e on-line/off-line configuration.
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10.1 Introduction

In order to truly understand modern day automation, it is vital that a study of motor and electronic
drive principles be undertaken. The drive is the device that controls the motor. The two interact to
provide the torque, speed, and horsepower (HP) necessary to operate the application.

10.2 DC Motors and Their Principles of Operation

There are two basic circuits in any direct current (DC) motor: the armature (device that rotates) and
the field (stationary part with windings). The two components magnetically interact with one another
to produce rotation of the armature. Both the armature and the field are two separate circuits and are
physically next to each other, in order to promote magnetic interaction.

The armature (I,) has an integral part, called a “commutator” (see Figure 10-1). The commutator acts
as an electrical switch, always changing polarity of the magnetic flux to ensure there is a “repelling”
force taking place. The armature rotates as a result of the “repelling” motion created by the magnetic
flux of the armature, in opposition to the magnetic flux created by the field winding (Iy).

The physical connection of voltage to the armature is done through “brushes.” Brushes are made of a
carbon material that is in constant contact with the armature’s commutator plates. The brushes are
typically spring loaded to provide constant pressure of the brush to the commutator plates.

10.2.1 Control of Speed

The speed of a DC motor is a direct result of armature voltage applied. The field receives voltage from
a separate power supply, sometimes referred to as a “field exciter.” This exciter provides power to the
field which, in turn, generates current and magnetic flux. In a normal condition, the field is kept at
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Figure 10-1: Armature and Field Connections (Courtesy of ABB Inc.)

maximum strength, allowing the field winding to develop maximum current and flux (known as the
“armature range”). The only way to control the speed is through change in armature voltage.

10.2.2 Control of Torque

Under certain conditions, motor torque remains constant, when operating below base speed. How-
ever, when operating in the field weakening range, torque drops off inversely as 1/Speed?. If field flux
is held constant, as well as the design constant of the motor, then torque is proportional to the arma-
ture current. The more load the motor sees, the more current that is consumed by the armature.

10.2.3 Enclosure Types and Cooling Methods
In most cases, to allow the motor to develop full torque at less than 50% speed, an additional blower
is required for motor cooling. The enclosures most commonly found in standard industrial applications

are:

DPFG (Drip-proof - Fully Guarded) — This type of enclosure is self-ventilated and has no
external means of cooling. Most DPFG designs can generate 100% rated torque down to
50% of base speed (see Figure 10-2).

TENV (Totally Enclosed Non-Ventilated) — This type of enclosure has no external cooling,
but uses an internal fan to circulate the air within the motor. This type of motor is capable of
delivering 100% torque down to 10 or 5% of base speed.

TEFC (Totally Enclosed Fan Cooled) — This type of enclosure has an externally mounted fan
on the commutator end shaft. Air flow is a direct result of the speed of the motor, which also
means that this type of enclosure is not suitable for low speed applications.

10.2.4 Protection and Ratings

Ambient Temperature - Typical recommendations are for the motor ambient conditions not
to exceed 40°C (104°F). Motors continuously used in higher temperatures will need a lower
temperature rise class of insulation. Major insulation temperature classes refer to mechanical
and dielectric strength, and are: A (lowest grade), B, F and H (highest grade).
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Figure 10-2: DPFG Motor (Courtesy of ABB Inc.)

e Over-Temperature Conditions - Placing the motor into overload conditions is one cause of
over-temperature. High temperature inside the motor causes expansion stress in the wire
insulation, resulting in cracks which, in turn, can cause contamination and eventual wire
failure.

e Nameplate Ratings - Typical DC motor nameplate ratings are: Frame, HP, Amps/Field &
Armature, Base/Max Speed. Additional ratings include: enclosure type, thermostat type,
ambient rating, catalog and serial number, and tachometer, duty ratings.

10.3 DC Motor Types

10.3.1 Series Wound

A series wound DC motor has the armature and field windings connected in a series circuit. Starting
torque developed can be as high as 500% of the full load rating. The high starting torque is a result of
the field winding being operated below the saturation point. An increase in load will cause a corre-
sponding increase in both armature and field winding current, which means both armature and field
winding flux increase together. Torque in a DC motor increases as the square of the current value.
Compared to a shunt wound motor, a series wound motor will generate a larger torque increase for a
given increase in current.

10.3.2 Parallel (Shunt) Wound
Shunt wound DC motors have the armature and field windings connected in parallel (see Figure
10-3).

This type of motor requires two power supplies—one for the armature and one for the field winding.
The starting torque developed can be 250-300% of the full load torque rating, for a short period of
time. Speed regulation (speed fluctuation due to load) is acceptable in many cases, between 5-10% of
maximum speed, when operated from a DC drive.
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Figure 10-3: Shunt Wound DC Motor and Curve

10.3.3 Compound Wound

Compound wound DC motors are basically a combination of shunt and series wound configurations.
This type of motor offers the high starting torque of a series wound motor and constant speed regula-
tion (speed stability) under a given load. The torque and speed characteristics are the result of placing
a portion of the field winding circuit, in series, with the armature circuit. When a load is applied, there
is a corresponding increase in current through the series winding, which also increases the field flux,
increasing torque output.

10.3.4 Permanent Magnet

Permanent magnet motors are built with a standard armature and brushes, but have permanent mag-
nets in place of the shunt field winding. The speed characteristic is close to that of a shunt wound DC
motor. This type of motor is simple to install, with only the two armature connections needed and also
simple to reverse—simply reverse the connections to the armature. Though this type of motor has
very good starting torque capability, the speed regulation is slightly less than that of a compound
wound motor. Peak torque is limited to about 150%.

10.4 AC Motors and Their Principles of Operation

All alternating current (AC) motors can be classified into single-phase and polyphase motors (poly,
meaning many phase or 3-phase). For industrial applications, 3-phase induction motors are mainly
used, due to efficiency. A more powerful motor can be built into a smaller frame, compared to a sin-
gle-phase motor.

The main parts in an AC induction motor are the rotor (rotating element) and the stator (stationary
element that generates the magnetic flux). The rotor consists of copper or aluminum bars, connected
together at the ends with end rings. The rotor is filled with many individual discs of steel, called “lam-
inations.” The stator consists of cores that are also constructed with laminations. These laminations are
coated with insulating varnish and then welded together to form the core (see Figure 10-4).

The revolving field set up by the stator currents cut the squirrel-cage conducting aluminum bars of the
rotor. This causes voltage in these bars, with a corresponding current flow, which sets up north and
south poles in the rotor. Torque (turning of the rotor) is produced due to the attraction and repulsion
between these poles and the poles of the revolving stator field.
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Figure 10-4: Induction Motor Construction

Each magnetic pole pair in Figure 10-5 is wound in such a way that allows the stator magnetic field to
“rotate.” A simple 2-pole stator shown in the figure has three coils in each pole group. (A 2-pole motor
would have 2 poles x 3 phases = 6 physical poles.) Each coil in a pole group is connected to one phase
of the 3-phase power source. With 3-phase power, each phase current reaches a maximum value at

different time intervals. This is shown by maximum and minimum values in the lower part of Figure

10-5.
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10.4.1 Control of Speed

The speed of a squirrel-cage motor depends on the frequency and number of poles for which the
motor is wound (Equation 10-1).

v = 120xF
P

_Slip (10-1)

N = Shaft Speed (RPM)
F = frequency of the power supply (Hertz)
P = number of Stator poles (pole pairs)

Squirrel-cage motors are built with the slip ranging from about 3% to 20%. The actual “slip” speed is
referred to as Base Speed, which is the speed of the motor at rated voltage, rated frequency, and rated
load. Motor direction is reversed by interchanging any two motor input leads.

10.4.2 Control of Torque and Horsepower (HP)
HP takes into account the “speed” at which the shaft rotates (Equation 10-2). By rearranging the
equation, a corresponding value for torque can also be determined.

P = TxXN
5252

(10-2)

T = Torque in lb-ft.
N = Speed in RPM

A higher number of poles in a motor means a larger amount of torque is developed, with a corre-
sponding lower base speed. With a lower number of poles, the opposite would be true.

10.4.3 Enclosure Types and Cooling
The more common types of AC motor enclosures are:

e Open Drip-Proof Motor (ODP) - This enclosure type is constructed so that drops of liquid or
solids falling on the machine from a vertical direction cannot enter the machine.

e Totally-Enclosed Non-Ventilated Motor (TENV) - This enclosure type is totally-enclosed and
is not equipped for cooling from external devices.

e Totally-Enclosed Fan-Cooled Motor (TEFC) - This enclosure type has a shaft-mounted fan to
blow cooling air across the external frame (see Figure 10-6).

10.4.4 Protection

To adequately protect the motor from prolonged overload conditions, motor overloads are installed,
typically in the same enclosure as the 3-phase contactor (motor starter). These overloads (OLs) oper-
ate as “heater elements”—heating to the point of opening the circuit and mechanically disconnecting
power. Overloads can be purchased with a specific time designed into the element. A Class 10 overload
indicates the overload will allow 600% inrush current for 10 seconds, before opening the circuit.
Class 20 would allow 600% for 20 seconds, Class 30 for 30 seconds.

An insulation system is a group of insulating materials in association with conductors and the support-
ing structure of a motor. Insulation systems are divided into classes according to the thermal rating of
the system: Class A — (temperature up to 105° C), B — (temperature up to 130°C), F — (temperature up
to 155°C), and H — (temperature up to 180°C).
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Figure 10-6: Totally Enclosed Fan Cooled (TEFC) AC Motor (Courtesy of ABB Motors)

AC motors also include a voltage insulation system in the stator windings. These classes are designated
by Class B, E and H, for example. National Electrical Manufacturers Association (NEMA) standard
MG, Part 31 indicates the motor insulation voltage classes relative to use on AC drives.

10.4.5 Ratings

Because of the variety of torque requirements, NEMA has established different “designs” to cover
almost every application. These designs take into consideration starting current and slip, as well as
torque (see Figure 10-7).

% Torque
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Figure 10-7: Comparison of NEMA Designs, Across the Line (Speed/Torque Characteristics)

e NEMA Design A — This type of motor has a high breakdown torque characteristic, compared
to NEMA Design B motors. These motors are normally designed for specific use, with a slip
characteristic usually less than 5%.

e NEMA Design B — This type of motor is designed for general purpose use, and accounts for
the largest share of induction motors sold. The typical slip for a Design B motor is 3-to-5% or
less.
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e NEMA Design C — This type of motor has a high starting torque, with a relatively normal
starting current and low slip. The type of load applied to a Design C is one where breakaway
loads are high upon start.

e NEMA Design D — This type of motor has high starting torque, high slip, but also low full
load speed. Because of its high slip (5-to-13%), the speed can easily fluctuate due to changes
in load.

e NEMA Design E — This type of motor is known for high efficiency and is used mainly where
the starting torque requirements are low (e.g., centrifugal fans and pumps).

It should be noted that in the motor world, there are two rating designations—NEMA and IEC. NEMA
frame motors are in widespread use throughout U.S. industry. IEC is the acronym for the International
Electrotechnical Commission. Though NEMA and IEC standards use different terms, they are essen-
tially similar in ratings and, in many cases, are interchangeable. NEMA standards are probably more
conservative, which allows for interpretations in design. IEC standards are more specific and catego-
rized. NEMA MG-1, Part 31 standards indicate that motors operated on drives of 600V or less, should
be capable of withstanding peak voltage of 1600V. Motors with a 1200V or 1000V insulation strength
should not be applied to AC drives, unless additional precautions are taken.

10.5 AC Motor Types

10.5.1 Standard AC Induction

AC Motors can be divided into two major categories: asynchronous and synchronous. The induction
motor is probably the most common type of asynchronous motor (meaning speed is dependent on
slip). All standard motors include a small rectangular slot, cut lengthwise in the shaft, called a “key-
way” or “keyseat.” This slot includes a tapered cut rectangular piece of steel, called a “key,” which is
pressure fit into a coupler for a mechanical connection (see Figure 10-8).

Shaft (with Internal Fan
Keyway and Key)
Stator
Rotor
Frame
Bearings
9 Conduit Box

Figure 10-8: AC Induction Motor Construction (Courtesy of ABB Motors)
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10.5.2 Wound Rotor

The “wound rotor” motor has controllable speed and torque characteristics. Different values of resis-
tance are inserted into the rotor circuit to obtain various performance. They are normally started with
a secondary resistance connected to the rotor circuit. The resistance is reduced to allow the motor to
increase in speed. This type of motor can develop substantial torque and, at the same time, limit the
amount of locked rotor current.

10.5.3 Synchronous

The two types of synchronous motors are: non-excited and DC-excited. Without complex electronic
control, this motor type is inherently a fixed-speed motor. The synchronous motor could be consid-
ered a 3-phase alternator, only operated backwards. DC is applied directly to the rotor to produce a
rotating electromagnetic field, which interacts with the separately powered stator windings to produce
rotation. In reality, synchronous motors have little to no starting torque. An external device must be
used for the initial start of the motor.

10.5.4 Multiple Pole

Multiple pole motors could be considered “multiple speed” motors. Most of the multiple pole motors
are “dual speed.” Essentially, the conduit box would contain two sets of wiring configurations—one
for low-speed and one for high-speed windings. The windings would be engaged by electrical contacts
or a two-position switch.

10.5.5 Specialty Motors (Stepper and Vector)

A “stepper” motor is one in which electrical pulses are converted into mechanical movements. A step-
per motor rotates in fixed increments whenever it is “pulsed on.” The size of the step, or step angle, is
determined by the motor construction or by the type of controller connected. (Note: Step angle is
determined in fractions of 360°). For example, the step resolution of 90° would be four steps per rev
(revolution). Due to their exactness of rotation, Stepper motors are used, “open-loop,” in control sys-
tems where position is critical. They are 2-phase, brushless motors that can deliver high torque at zero
speed, with no drifting of the shaft position. The direction of rotation is reversed by reversing the
direction of pulses from the controller.

A “vector” motor is a specific type that would be applied to an AC vector or flux vector drive. Princi-
ples of operation are identical to the standard AC induction motor. Vector control means the require-
ment of full torque at zero speed. The vector motor is specially designed to operate at low slip and be
able to handle the heat generated by providing full torque at zero speed.

Principles of operation lie with analyzing voltage and flux vectors. The rotor is divided into 360° of
rotation, which is one complete rotation. A vector would be the direction and amount of a certain
quantity in the motor circuit—in this case, rotor flux or stator flux (see Figure 10-9).

Physical torque developed is a by-product of the magnitude of the stator and rotor flux vectors. Stator
flux is a function of the input voltage to the motor. (The voltage vectors are indicated by U; to Uy in
Figure 10-9.) We could consider the dashed curve pair the torque span developed in the motor. A vec-
tor or flux vector drive would control the amount of stator and rotor flux generated. In most cases, the
vector motor must have provisions for the mounting of a feedback device (encoder or resolver) on the
shaft end. The feedback device sends information back to the drive control, indicating exact rotor posi-
tion.

10.6 Choosing the Right Motor

10.6.1 Application Related
Both torque and speed need to be assessed for any speeds during the operation cycle. The DC motor
has a higher “starting torque” capability operated from a drive. Technology advancements have
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Figure 10-9: Vector Motor Relationships — Stator and Rotor Flux (Courtesy of ABB Inc.)

brought the AC motor starting torque close to that of the DC motor. Typical NEMA-D, AC motor clas-
sifications create over 300% starting torque across the line. Additional considerations relate to the
environment, heat, humidity, accessibility, duty cycle, and overload requirements.

10.6.2 AC versus DC

There are no fundamental performance limitations that would prevent a flux vector variable fre-
quency drive (VFD) from being used in any application where DC drives are used. In areas such as
high speed operation, the inherent capability of AC motors exceeds the capability of DC motors.
Inverter duty motors have speed range capabilities that are equal to or above the capabilities of DC
motors. DC motors usually require cooling air forced through the interior of the motor in order to
operate over wide speed ranges. Totally enclosed AC motors are also available with wide speed range
capabilities.

Although DC motors are usually significantly more expensive than AC motors, the motor-drive pack-
age price for a VFD is often comparable to the price of a DC drive package. If spare motors are
required, the package price tends to favor the VFD. Since AC motors are more reliable in a variety of
situations, and have a longer average life, the DC drive alternative may require a spare motor while
the AC drive may not. AC motors are available with a wide range of optional electrical and mechanical
configurations and accessories. DC motors are generally less flexible and the optional features are gen-
erally more expensive.

DC motors are typically operated from a DC drive, which has reduced efficiency at lower speeds. Since
DC motors tend to be less efficient than AC motors, they generally require more elaborate cooling
arrangements. Most AC motors are supplied in totally enclosed housings that are cooled by blowing
air over the exterior surface.

The motor is the controlling element of a DC drive system, while the electronic controller is the con-
trolling element of an AC drive system. The purchase cost of a DC drive, in low horsepower sizes, may
be less than that of its corresponding AC drive of the same horsepower. However, the cost of the DC
motor may be twice that of the comparable AC motor. Technology advancements in VFD design have
brought the purchase price gap closer to DC. DC motor brushes and commutators must be maintained
and replaced after periods of operation. AC motors are typically less maintenance intensive, and are
more “off-the-shelt” compared to comparable horsepower DC motors.
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10.7 Variable Speed Drives (Electronic DC)

10.7.1 Principles of Operation

This type of drive converts fixed voltage and frequency AC to an adjustable voltage DC. A DC drive
can operate a shunt wound DC motor or a permanent magnet motor. Most DC drives use silicon con-
trolled rectifiers (SCRs) to convert AC to DC (see Figure 10-10).

\ \ Variable DC

A Output

[XX\

3-Phase AC }

Field
Exciter

Figure 10-10: SCR Full Wave Bridge Rectification

SCRs provide output voltage when a small voltage is applied to the gate circuit. Output voltage
depends on when the SCR is “gated on,” causing output for the remainder of the cycle. When the SCR
goes through zero, it automatically shuts off until it is gated “on” again. 3-phase DC drives, use six
SCRs for full-wave bridge rectification. Insulated gate bipolar transistors (IGBTs) are now replacing
SCRs in power conversion. IGBTs also use an extremely low voltage to gate “on” the device.

When the speed controller circuit calls for voltage to be produced, the M contactor (main contactor) is
closed and the SCRs conduct. In one instant of time, voltage from the line enters the drive through
one phase, is conducted through the SCR, and into the armature. Voltage flows through the armature
and back into the SCR bridge and returns through the power line through another phase. At the time
this cycle is about complete, another phase conducts through another SCR, through the armature and
back into yet another phase. The cycle keeps repeating 60 times per second due to 60 Hz line input.
Shunt field winding power is supplied by a DC field exciter, which supplies a constant voltage to the
field winding, thereby creating a constant field flux. Many field exciters have the ability to reduce sup-
ply voltage, used in above base speed operation.

10.7.2 Control of Speed and Torque
A “speed reference” is given to the drive’s input, which is then fed to the “speed controller” (see
Figure 10-11).

The “speed controller” determines the output voltage for desired motor speed. The “current control-
ler” signals the SCRs in the “Firing Unit” to “gate on.” The SCRs in the converter section convert fixed
3-phase voltage to a DC voltage and current output in relation to the desired speed. The “current mea-
suring/scaling” section monitors the output current and makes current reference corrections based on
the torque requirements of the motor. If precise speed is not an issue, the DC drive and motor could
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Figure 10-11: Digital Speed & Current Controllers and Field Exciter

operate “open loop.” When more precise speed regulation is required, then the “speed measuring/scal-
ing” circuit will be engaged by making the appropriate “feedback selection.” If the “feedback” is using
the “EMF measurement” circuit, then the “speed measuring/scaling” circuit will monitor the armature
voltage output. The summing circuit will process the speed reference and feedback signal and create
an “error” signal. This “error” signal is used by the “speed controller” as a new speed command—or a
corrected speed command.

If tighter speed regulation is required (<1%), then “tachometer generator” feedback is required (e.g.,
tach feedback or tacho). A tachometer mounts on the end of the motor, opposite that of the shaft, and
feeds back exact shaft speed to the speed controller. When operating in current regulation mode (con-
trolling torque), the drive closely monitors values of the “current measuring/scaling circuit.”

10.7.3 Single and 4-Quadrant Drives
There are (4) possible modes of motor operation, determined by the relationship of speed, torque and
direction (Figure 10-12).

Operation in the first quadrant means the motor is actually driving the load, with torque and speed in
the positive direction. This method of operation is usually accomplished with a single controller (one
armature SCR bridge rectifier, and a field winding supply). The natural inertia of the system will bring
the motor to a stop in acceptable time (“coast to stop”).

If “coasting” to a stop is not acceptable, then a reverse polarity voltage is applied to the armature,
reversing the magnetic field, and bringing the motor to a quick stop. This is called “plug” stopping.
Using reverse torque to stop a motor is called “two quadrant operation.”



Chapter 10: Motor and Drive Control 145

+ Torque
A
2nd Quadrant 1st Quadrant
Reverse Direction Motoring Forward
(Reverse Torque (Forward Torque
Applied - Braking) Applied)
-Speed » + Speed
3rd Quadrant 4th Quadrant
Motoring Reverse Forward Direction
(Negative Torque (Forward Torque
Applied) Applied - Braking)
v
- Torque

Figure 10-12: Single, Two and Four-Quadrant Operation

If true control throughout the positive and negative speed and torque range is desired, then a 12 SCR
bridge controller is required (two armature SCR bridge rectifiers—one in the forward and one in the
reverse direction), as is a field winding supply. The motor can be brought to a very fast stop by engag-
ing the reverse armature supply bridge and “regenerating” the motor’s energy back into the power
line. This is called “regenerative braking.” A 4-quadrant supply (4-quadrant operation) is used if
“motoring” the load in the reverse speed and torque direction is required. The “reverse” SCR bridge is
now used as the driving supply and the “forward” SCR bridge acts as the braking device to bring the
motor quickly back to zero speed.

10.7.4 Braking Methods (Dynamic and Regenerative)
After “ramp to stop,” the next fastest stopping time would be achieved by dynamic braking (see Figure
10-13).

This form of stopping uses a fixed, high wattage resistor (or bank of resistors) to transform the rotating
energy into heat. This system uses a contactor to connect the resistor across the DC bus at the time
needed to dissipate the voltage generated by the motor.

The fastest “electronic” stopping method is that of “regeneration.” With “regenerative braking,” all of
the motor’s energy is fed directly back into the AC power line. In order to accomplish this, a second set
of “reverse connected” SCRs is required. This allows the drive to conduct current in the opposite direc-
tion (generating the motor’s energy back to the line). A regenerative drive allows “motoring” and
“regenerating” in both the forward and reverse directions.

10.8 Variable Speed Drives (Electronic AC)

10.8.1 Principles of Operation — Pulse Width Modulation (PWM)

There are several types of AC drives (VFDs—Variable Frequency Drives). All of them have one concept
in common: they convert fixed voltage and frequency input into a variable voltage and frequency out-
put to change the speed of a motor (see Figure 10-14).

3-phase power is applied to the input section of the drive, called the “converter.” This section contains
(6) diodes, arranged in an electrical “bridge.” These diodes convert AC power to DC power. The “DC
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Figure 10-14: PWM Drive (VFD) Block Diagram (Courtesy of ABB Inc.)

bus” section accepts the now converted, AC to fixed voltage DC. The “DC bus” filters and smoothes the
waveform, using “L” (inductors) and “C” (capacitors). The diodes reconstruct the negative halves of
the waveform onto the positive half, with an average DC voltage of approximately 650-680 Volts
(460VAC unit).
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Once filtered, the DC bus voltage is delivered to the final section of the drive, called the “inverter” sec-
tion. This section “inverts” DC voltage back to AC—but in a variable voltage and frequency output.
Devices called insulated gate bipolar transistors (IGBTs) act as power switches that turn on and off the
DC bus voltage, at specific intervals. Control circuits, called gate drivers, cause the control part of the
IGBT (gate) to turn “on” and “off” as needed.

10.8.2 Control of Speed and Torque

The torque of a motor is determined by a basic characteristic—the volts per Hertz ratio (V/Hz). If an
induction motor is connected to a 460 volt power source, at 60 Hz, the ratio is 7.67 V/Hz. As long as
this ratio is kept in proportion, the motor will develop rated torque. The output of the drive doesn’t
actually provide an exact replica of the AC input sine waveform (see Figure 10-15).

ON OFF Off Time =
= Frequency
Voltage A/ Output
Output
Switch Frequency Carrier
o ...

(Hz)
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) \\ ,
| e

N
Output Frequency \.

(Hz) I i

Figure 10-15: Frequency and Voltage Creation from PWM

It actually provides voltage pulses that are at a constant magnitude in height. The positive and nega-
tive switching of the IGBTs re-creates the 3-phase output. The speed at which IGBTs are switched is
called the “carrier frequency” or “switch frequency.” The higher the switch frequency, the more reso-
lution each PWM pulse contains (typical carrier frequencies range from 3kHz to 16kHz).

10.8.3 Other VFD Types (Variable Voltage Inverter, Current Source Inverter, Flux Vector,
Sensorless Vector, Torque Controlled)

A VVI design takes the supply voltage, rectifies it using controllable SCRs and sends the variable volt-
age to the DC bus and then to the inverter section. The inverter section then “inverts” the variable
voltage DC to a variable voltage and frequency AC. The inverter section contains power semiconduc-
tors such as transistors or thyristors (SCRs).

A CSI drive has components similar to the VVI drive. The major difference is that it is more of a cur-
rent-sensitive drive, as opposed to a VVI which is more voltage-sensitive. This design also takes the
supply voltage, rectifies it, and sends the variable voltage to the DC bus and then to the inverter. The
inverter section “inverts” variable voltage DC to a variable voltage and frequency AC. The inverter sec-
tion is made up of power semiconductors such as transistors or thyristors (SCRs).
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One of the basic principles of a flux vector drive is to simulate the torque produced by a DC motor (full
torque at zero speed). Until the advent of flux vector drives, slip had to occur [30 to 50 revolutions per
minute (RPM)], in order for motor torque to be developed (termed a V/Hz or scalar drive). With flux
vector control, the drive forces the motor to generate torque, at zero speed.

A flux vector drive features field-oriented control similar to that of a DC drive, where the shunt field
windings continuously have flux, even at zero speed. The motor’s electrical characteristics are simu-
lated in the drive controller circuitry called a “motor model.” The motor model takes a mental impres-
sion of the motor’s flux, voltage, and current requirements for every degree of shaft rotation. To
emulate the magnetic operating conditions of a DC motor, the flux-vector drive needs to know the
angular position of the rotor flux. The rotor status is fed back to the drive logic by a “pulse encoder”
and a microprocessor is used to mathematically model and process the data. The advantages of this
type of drive include: good torque response (<10 msec) and full torque at zero speed (at approximately
0.5 Hz output).

Sensorless flux vector control is similar to a DC drive’s electromagnetic field (EMF) control. With sen-
sorless flux vector control, a modulator is used to vary the strength of the field, which is in reality, the
stator.

The role of sensorless flux vector fits generally in between the standard PWM open loop control
method and a full flux vector, closed loop control method. This method provides higher starting and
running torque, as well as smoother shaft rotation at low speed, compared with standard V/Hz, PWM
drives. One of the main advantages of sensorless flux vector over standard PWM is higher starting
torque on demand.

The direct torque control method is similar to an AC sensorless vector drive, which uses a direct torque
control scheme. Field orientation is achieved without feedback using advanced motor theory to calcu-
late the motor torque directly. There is no modulator used in direct torque control and no need for a
tachometer or position encoder for speed or position feedback of the motor shaft. This drive has a
torque response that is as much as 10 times faster than any AC or DC drive. The dynamic speed accu-
racy of this drive is many times better than any open loop AC drive. It is also comparable with a DC
drive that uses feedback.

Direct torque control includes the basic building blocks upon which the drive does its calculations,
based on a motor model (see Figure 10-16).

The two fundamental sections of direct torque control are the torque control loop and the speed control
loop. During drive operation, two output-phase current values and the DC bus voltage value are mon-
itored, along with the IGBT switch positions. This information is fed to the adaptive motor model. The
motor model calculates the motor data on the basis of information it receives during a self-tuning pro-
cess (motor identification). During this automatic tuning process, the drive’s motor model gathers
information, such as stator resistance, mutual inductance, and saturation coefficients, as well as the
motor inertia.

The output of this motor model is the representation of actual motor torque and stator flux for every
calculation of shaft speed. The values of actual torque and flux are fed to their respective comparators,
where comparisons are performed every 25 Us. Every 25 Us, the inverter IGBTSs are sent optimum
pulse information for obtaining accurate motor torque. The correct IGBT switch combination is deter-
mined during every control cycle.

10.8.4 Braking Methods (Dynamic and Regenerative)

The DC bus of a typical AC drive will take on as much voltage as possible, without tripping. If an over-
voltage trip occurs, the operator has three choices—increase the deceleration time, add “DC injection
braking” (a parameter), or add an external dynamic braking package. If the deceleration time is
extended, the DC bus has more time to dissipate the energy and stay below the trip point.
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Figure 10-16: The Direct Torque Control (DTC™) Method (Courtesy of ABB, Inc.)
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With DC injection braking, DC voltage is “injected” into the stator windings for a pre-set period of
time. Braking torque (counter torque) brings the motor to a quicker stop, compared to “ramp.”
Dynamic braking (DB) uses an externally mounted fixed, high wattage resistor (or bank of resistors) to
transform the rotating energy into heat (see Figure 10-17).
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Figure 10-17: AC Drive Dynamic Braking
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When the motor is going faster than commanded speed, the rotational energy is fed back to the DC
bus. Once the bus level increases to a pre-determined point, the “chopper” module activates, and the
excess voltage is transferred to the DB resistor.

For regenerative braking, a second set of “reverse connected” power semiconductors is required. The
latest AC regenerative drives use two sets of IGBTs in the converter section (some manufacturers term
this an “active front end”). The reverse set of power components allows the drive to conduct current
in the opposite direction (taking the motor’s energy and generating it back to the line). As expected
with a 4-quadrant system, this unit allows driving the motor and regenerating in both the forward and
reverse directions.

10.9. Automation and the Use of VFDs

The more complex AC drive applications are now accomplished with modifications in drive software,
which some manufacturers call “firmware.” IGBT technology and high-speed application chips and
processors have made the AC drive a true competitor to that of the traditional DC drive system.

10.9.1 Intelligent and Compact Packaged Designs

Because of the use of microprocessors and IGBTs, a 1 HP drive of today is about one-third the size of a
1 HP drive 10 years ago. This size reduction is also attributed to “surface mount” technology used to
assemble components to circuit boards. AC drive designs have fewer parts to replace, and include trou-
bleshooting features available through “on-board” diagnostic or “maintenance assistant” software. In
most cases, packaged AC drives of approximately 50 HP or less only use two circuit boards—control
board and motor control board.

Programming is typically done with a removable touch keypad or remote operator panel. With the lat-
est advancements in E2PROMs and “flash PROMs,” the programming panel can be removed from
power after permanently storing parameter values. Drive panels guide the user through use of a “start-
up assistant” and feature multi-language programming and “soft keys” similar to that of a cell phone.
The functions of the keys change depending on the mode of the keypad. Keypads also feature pre-pro-
grammed default application values called “macros” such as PID (proportional-integral-derivative), as
shown in Figure 10-18.

10.9.2 Serial and Fiber Optic Communications

Control and diagnostic data can be transferred to the upper level control system at a rate of 100 milli-
seconds. With only three wires for control connections, the drive “health” and operating statistics are
available through any connected laptop.

Fiber optic communications use plastic or silica (glass fiber) and an intense light source to transmit
data. With optical fiber, thousands of bits of information can be transmitted at a rate of 4 million bits
per second (4M Baud). Several drive manufacturers offer serial and fiber optic software that installs
directly onto a laptop or desktop computer, giving access to all drive parameters.

10.9.3 Fieldbus Communications (PLCs)

Data links to programmable logic controllers (PLCs) are common in many high-speed systems that
process control and feedback information. Several manufacturers of PLCs offer a direct connection to
many drive products. Because each PLC uses a specific programming language, drive manufacturers
are required to build an “adapter” box (called a fieldbus module) to translate one language to another
(called a protocol). Several manufacturers allow drive connections to existing internal network struc-
tures through the use of Ethernet modules. Modules that communicate through TCP and IP addresses
allow high level controls through automated internal systems. Additional interfaces through wireless
technologies and personal digital assistants (PDAs) are also making their way into programmable
VEDs.
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Figure 10-18: PID Control in a Pumping Application

10.9.4 Drive Configurations

Several manufacturers offer a variation of the standard 6-pulse drive. An AC drive that is termed
“12-pulse ready” offers the optional feature of converting a standard 6-pulse drive to a 12-pulse drive
(addition controls and a phase-shift transformer are required). The 12-pulse drive does an impressive
job of reducing the highest contributors of harmonic distortion back to the power line.

One of the features of AC drive technology is the ability to “bypass” the drive if it stops operating for
any reason. Known as “bypass,” this configuration is used in many applications where a fan or pump
must continue operating, even though it is at fixed speed. One manufacturer, ABB Inc., offers
“E-bypass” circuitry. If required, a circuit board operates all the diagnostics and logic for an “auto-
matic” transfer to bypass and feeds bypass information to the building automation system.

10.9.5 Chapter Summary

The use of electronic motor speed controls is expected to grow in non-traditional applications, such as
automotive subsystems, household appliances, electric vehicles, people movers and marine propulsion
units. As of this printing, VFDs comprise over 50% of the control methods used on standard induction
AC motors. That trend will only increase in the years to come, due to increased focus on energy saving
devices and micro-drive use (below 5 HP). Trends in AC drives appear to include: drives with increased
intelligence; extensive use of communication options; and the use of external control devices for drive
information, I/0O and feedback status. Future technology will allow for an identification (ID) chip to be
embedded into the motor, allowing for an almost “automated” start-up.
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11.1 What is Motion Control?

Motion control of machines and processes began with humans turning cranks or moving levers to
actuate motion as they watched a measuring scale. Their brains were the control as they compared the
desired position to the actual scale and took whatever corrective action was necessary to bring them
into agreement. As automation was introduced, the scale was replaced with a feedback device; the
human muscle was replaced with an actuator (motor); and the brain was replaced with electronics
(controller). An operator (or input device) would enter the desired position; the controller would
compare the feedback position to this desired position and decide the direction and speed needed to
achieve the desired position. The controller would send these instructions to the motor on a continual
basis until the desired position was achieved. Initially, machine tools were the major beneficiary of this
automation. Today, packaging, material handling, food and beverage processing, and any industry
that uses machines with movable members are enjoying the benefits of motion control.

11.2 Advantages of Motion Control

Saving time is a major benetit of motion control. It might take a person a minute or two to hand crank
a machine a short distance and align it with the scale. A typical servo will do it in less than 0.5 seconds.
Accuracy is another plus. In 0.5 seconds, the servo will get the machine to within the accuracy of the
system. To achieve this accuracy manually may take verniers or other time-consuming means.
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Coordinating two axes is impossible with manual hand cranks, but easy with servos. Servo clamping is
another benefit. As will be seen shortly, a servo will return an axis to position when an outside force
has moved the axis.

11.3 Feedback

The feedback device can be considered the eyes of the system. It determines the velocity and the posi-
tion of the axis in a motion system. Motion control systems use many different types of feedback
devices, which can be analog or digital and come in both incremental and absolute configurations.
Both incremental and absolute types of devices can track position changes: the difference is in how
they respond to a loss of power. Absolute devices can determine their position on power up, providing
the axis was calibrated during start up. Incremental devices will lose their position and need to go
through a homing sequence on power up. In this chapter we will briefly discuss several of the more
popular types of feedback devices.

11.3.1 Resolvers

Resolvers are analog devices relying on magnetic coupling to determine position. They do this by look-
ing at the magnetic coupling of a rotating winding, the rotor, compared to two stationary windings,
stators (see Figure 11-1). This coupling varies with the angle of the shaft relative to the stators. As
such, resolvers are rotary transformers and typically are interfaced with an A/D circuit to be used with
a digital controller. These circuits typically provide 12 or 13 bits of resolution, although there are mod-
els with up to 16 bits of resolution. Resolvers are commonly used as velocity feedback devices in
brushless AC servomotors. They are extremely rugged and provide absolute feedback for one revolu-
tion of their shafts. This makes them ideal for AC servomotors, as the absolute nature in one rev
allows the drive to know where the motor shaft is. This allows it to commutate the motor. Although
this works well for commutation, it is less than ideal for position absolute feedback. Typically an axis
travels over more than 1 revolution of a motor shaft; therefore a single resolver loses its ability to act
as an absolute device. If the application allows the axis to perform a homing routine on power up, this
configuration offers the advantage of using a single feedback device. You can use the resolver for the
drive for commutation and the controller for position and velocity. To achieve absolute positioning
over multiple turns, use a dual resolver set or master vernier resolver set. Two resolvers are connected
to the load, but each resolver is geared at a different ratio. By looking at the phase shift between the
two resolvers it is possible to determine the absolute position of the axis over multiple turns.

Brushless
Transformer

Figure 11-1: Resolver
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11.3.2 Magnetorestrictive Transducers

Magnetorestrictive transducers are unique due to the noncontact nature of this type of feedback
device, which makes them ideal for linear hydraulic applications. Magnetorestrictive transducers oper-
ate in a manner similar to sonar. A sensing magnet is placed on or, in the case of a hydraulic cylinder,
inside the actual load. The magnetorestrictive transducer sends out a pulse to the moving magnet,
which causes a mechanical strain that is conducted back to the unit. The time it takes for the strain to
conduct back determines the position of the axis. These devices are absolute and must be used in lin-
ear applications. The downside to these devices is their limited resolution, typically several hundred
counts per inch with moderate accuracy.

11.3.3 Encoders

Encoders are extremely popular in motion control applications. They are digital, relatively inexpen-
sive, and have very high resolution and accuracy. Encoders come in both incremental and absolute
configurations and are available from many vendors.

Incremental encoders are extremely popular and are used in many motion control applications. They
are basically discs with slots cut in them and a through-beam photo sensor (see Figure 11-2). This con-
figuration creates a pulse train as the encoder shaft is turned. The controller counts the pulse train and
thereby determines how far the axis has traveled from a known position. This known position is deter-
mined at power up by going through a homing sequence. Typically there are two photo detectors,
channel A and B, set 90 degrees apart. By looking at which channel rises first, the controller deter-
mines the direction of travel. The price of incremental encoders is primarily determined by their reso-
lution. Incremental encoders of 1000 counts or less are very inexpensive. Incremental encoders with
more than 10,000 counts are considerably more expensive. Specialty encoders with greater than
50,000 counts per rev are available but are very expensive.

Light ! .
Source
i Photo-
detector
l ‘Fixed
Mask
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or Scale ‘

Figure 11-2: Incremental Encoder

Absolute encoders, as their name suggests, are absolute devices. Instead of creating a pulse train, an
absolute encoder uses a disc that reveals a specific binary or gray code based on the position of the
disc. Absolute encoders can be either single turn or multiturn. A single turn absolute encoder, like a
resolver, gives an absolute position over one turn of its shaft. A multiturn absolute encoder incorpo-
rates an integrated gear that is encoded so that the number of turns can be recorded. Like incremental
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encoders, the higher the resolution, the more expensive the encoder is. Typical systems use absolute
encoders with 12 bits (4096 counts) or 13 bits (8192 counts) per revolution. In addition, a multiturn
absolute encoder will record 12 or 13 bits of revolutions. Typically a multiturn encoder will be
described by the resolution bits plus the revolution bits; therefore a 13-bit (8192) resolution disc with
the ability to track 12 bits (4092) revolutions will be referred to as a 25-bit multiturn absolute encoder.
Many of today’s absolute encoders are programmable and sit on a variety of industrial networks such
as Asi, CAN, Devicenet, or Profinet.

ot

\

Figure 11-3: A Three-bit Absolute Encoder Rotary Disc

Linear encoders are incremental encoders that have been rolled out along the length of an axis. Also
known as a glass scale, these encoders have been used for decades in machine tool applications. A
reader is placed on the moving axis and picks up the pulse train generated by moving along the glass
scale. Today, with the increasing use of linear motors, this form of encoder is seeing more and more
use.

11.3.4 Other Feedback Devices

There are many other types of feedback devices that we have not discussed. These include linear vari-
able displacement transducers (LVDTs), laser interferometers, synchros, and even Hall effect devices.
These devices, while in use today, are not as prevalent as the previously described types of feedback in
industrial systems. LVDTs still see a lot of use in aerospace applications, and laser interferometers are
used in very high-precision applications. Today, using special interfaces and encoders with sine and
cosine signals, it is possible to achieve 4 million counts per rev! Many servo drive and motor vendors
offer this technology, which is patented by a company in Germany.

11.4 Actuators

The actuator takes the command from the controller and moves the axis. Based on the signal coming
from the feedback device, the controller will command the actuator to move the axis at a particular
velocity until it comes to the desired position. The actuator provides the means of accelerating and
decelerating the axis and maintaining its velocity and position. The actuator can be considered the
muscles of the motion control system and can be pneumatic, hydraulic, or electric.

11.4.1 Pneumatic

Pneumatic systems employ compressed gas under high pressure to move an axis. Compressed gas is
held in a tank and released into an expandable chamber with a rod attached to it. The gas is released
into the chamber through the use of an electrically operated valve. As the gas expands in the chamber
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it pushes the rod forward. The rod can be pulled back in either through a second chamber on the other
side of the rod, or through a mechanical mechanism such as a spring. Due to the compressibility of a
gas, pneumatic systems are usually not stiff enough for typical industrial motion control applications.
They have limited use in specialty robotics or are used to position point-to-point systems, such as a
flipper or diverger. Typically these systems are open loop, relying on a mechanical or prox switch to
tell them that the axis is in position.

11.4.2 Hydraulic

Hydraulic systems are used when great force is required to move the axis and its load. Like pneumatic
systems, hydraulic systems employ a pump and a valve, but in this case a liquid is used. The liquid is
incompressible; thus the system is extremely stiff when tuned correctly. This liquid, hydraulic fluid, is
made up of many different chemicals and is typically toxic to people and the environment. Proper
equipment maintenance and proper storage and handling are therefore very important, which
increases the ongoing costs of the system. However, there are applications that simply must use this
actuator due to its capability to provide tremendous force on demand. Typical applications use a mag-
netorestrictive transducer for feedback and a hydraulic actuator to move large loads. An example is a
transfer line in an automotive engine-machining center. The transfer bar, lifting several engine blocks
from one station to the next, would be powered by a hydraulic actuator.

11.4.3 Electric

Electric systems consisting of a servomotor and drive are widely used in industry for motion control
applications. This combination can consist of permanent magnet DC or brushless AC motors and
drives. Today the performance of variable frequency drives and induction motors has increased tre-
mendously. In some simple applications they have been used to control positioning of axis. The
demanding high-performance applications still use servomotors over standard drives; however, the
two types of drives are evolving together. Today many servo drives can use either synchronous (servo)
or standard induction motors. There is also an increase in the use of linear motors. A linear motor is
basically a synchronous motor rolled out on a flat plane. Linear motors are capable of incredible accel-
eration, high force, and very accurate positioning.

11.5 Electric Motors

The motion control industry uses several types of electrical motors. The stepper motor is used in sim-
ple applications, because it is less expensive than a servo. It is popular in its simplicity. You simply tell
it how many steps you want it to move. Typically, it doesn’t have feedback; you assume it moves the
programmed amount.

Many motion control applications do not require positioning. A variable frequency drive runs a motor
at a speed proportional to the input signal. For turning a drill or milling cutter, this is sufficient. When
you need better speed regulation, use velocity feedback to close a velocity loop. The velocity regula-
tion is determined by how good the velocity feedback device is.

More demanding applications use servo drives and motors, which are typically sold as a set from a par-
ticular vendor. This allows the motor to be precisely matched to the drive to extract the maximum
performance from the system. Permanent magnet DC and brushless AC are the most common types of
servomotors.

11.5.1 Permanent Magnet DC

Permanent magnet DC servos are DC motors that use a permanent magnet to create a field rather than
a field winding with current as is used in most DC motors. This eliminates the need for a field winding,
but increases cost because it requires high-quality rare-earth magnets. DC motors use a wound rotor.
The rotor has windings in it to carry current; this current creates a second magnetic field that is acted
upon by the field created by the permanent magnet. This produces torque on the motor shaft. To keep
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the rotor turning, the current must switch directions every half revolution. A modern DC motor is
more complex than this, but this example demonstrates the theory. A DC motor uses brushes to
switch current in the windings on the rotor. This is known as a brush commutator.

Brush/
Commutato r/ i

+Tmax

1 B

Figure 11-4: Permanent Magnet DC Motor

You must replace the brushes in DC servomotors after extended running time due to abrasion caused
by the brushes contacting the moving rotor. The brush commutator also suffers from an effect called
arc over. This occurs when the speed of the motor becomes great enough to induce a spark from one
plate to another on the commutator. Due to the wound rotor, DC motors tend to have poor heat dissi-
pation. Still, they are relatively inexpensive and require fewer electronics than AC servo motors do.

11.5.2 Brushless AC

Brushless AC motors are a permanent magnet DC motor turned inside out. The windings move to the
stator, and the magnets move to the rotor. As the name suggests, the brushes are no longer used.
Instead they employ electronic commutation and divide current into the appropriate windings to keep
the motor turning. The windings are typically configured in a three-phase Y. Using a resolver on the
rotor allows the drive to know where the rotor is, and therefore where the magnets are. Using this
information allows the current in the windings to be adjusted to produce smooth torque. The division
of the current in the windings produces sinusoidal commutation; thus these motors are referred to as
synchronous AC motors. Heat dissipates better with this configuration, because the windings are in
the stator and thus are able to use the body of the motor to dissipate heat. This allows for higher peak
torques compared to the equivalent DC motor. With the elimination of the brushes there is no arc
over; therefore AC motors are able to achieve higher speeds.

11.6 Controllers

The controller is the brain of the system. Its commands can be entered manually or downloaded. Man-
ual entry occurs through the operator’s station (keyboard, switches, etc.) The earliest controllers used
punched paper tape to enter prepared commands, but almost any computer friendly media is possible
now, as is downloading from a host computer and even a Web browser. The controller executes the
program, produces the command signal, reads the feedback, compares it to the command, and decides
the action that needs to be signaled to the amplifier/motor to bring the difference to zero.

The motion controller has evolved over time. It has gone from a dedicated unit that interfaced with
other CPUs on the machine, typically a PLC, to becoming integrated with the PLC. Some vendors have
added limited PLC functionality to their motion controllers, while others have integrated the motion
controller into the PLC. This has led to many improvements to motion systems, such as eliminating
the need to program two CPUs with different languages and to create handshaking routines to deal
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with two asynchronous processors. A single software package and single CPU make it easier to pro-
gram and troubleshoot a modern system. The integrated controllers can be either resident on a PC or
in a traditional dedicated hardware package. Either way, today’s user will be able to use less space,
have fewer points of failure, and use less wiring than the traditional systems of a PLC and dedicated
motion controller.

11.7 Servos

A servo is the combination of the three components described above. Its basic block diagram has two
elements as shown in Figure 11-5. The summing network that subtracts the feedback number from
the digital command, thereby generating an error, is part of the controller.

Command

Feedback

Figure 11-5: Basic Servo Block Diagram

The amplifier consists of the drive and motor. The feedback device that shows the movements is
attached to the physical motor output or to the load. The error signal from the summing network to
the drive can be either digital or analog, depending on the drive used. The drive is designed to run the
motor at a velocity proportional to this error signal.

The beauty of a servo is the error must be zero for the motor to be at rest. This means the motor will
continue to drive the load in the proper direction until the command and feedback are equal. Only
then will it remain at rest. For positioning servos, this has the added benefit that if some external force
disturbs the load, the resulting position loop error will force the motor back into position.

Servo motion control systems typically consist of three cascaded loops. The innermost loop is the cur-
rent or torque loop. This loop is typically set by the vendor of the drive motor package and controls the
amount of torque produced by the motor. Torque is produced by current: the more current in the
motor, the more torque is produced. The amount of torque produced is based on the Kt constant of
the motor. The Kt constant is a measure in units of torque per ampere. The amount of torque pro-
duced by the motor can be calculated by T=Kt*A, where T is torque and A4 is the amps going to the
motor. This loop always resides in the drive.

The velocity loop is the second loop. This loop takes a velocity command and feeds it into the torque
loop to control acceleration or deceleration. This loop can reside in either the drive or the motion con-
troller depending on what mode you are operating the drive in. If the drive is set to torque mode, then
the velocity loop resides in the controller. This means the controller will give the drive a torque com-
mand. If the drive is in velocity mode, then the drive handles the velocity loop. In this configuration
the controller produces a velocity command for the drive. The velocity loop must be tuned by the user,
and it determines the ability of the system to accurately follow the velocity command and to overcome
disturbances to the velocity of the axis. The velocity loop must always be properly tuned before the
user attempts to tune the position loop.
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The position loop is the outermost loop, and it always resides in the motion controller. This loop is the
final loop the application engineer must tune. The methods employed to tune a position loop are sim-
ilar to the methods used to tune any other loop. In the end the user typically verifies performance by
looking at following error. Following error is the difference between the command and actual posi-
tion. Typically following error will jump when an axis accelerates or decelerates, and it tends to
become smaller when the axis is at steady speed. By using velocity feedforward, you can minimize the
jump in position error when changing speeds. The smaller the following error is at speed, the hotter
the axis is tuned. Depending on the application this can be good or bad. In a point-to-point move an
extremely hot system will tend to overshoot, which would not be desirable. For an application requir-
ing two axes to be synchronized, an electronic gearing or camming situation, it is desirable to mini-
mize following error. It is up to the user to determine the best method of tuning the axis and what
level of performance is expected.

11.8 Feedback Placement

When the feedback is directly on the motor shaft (the usual case), the shaft is exactly where the servo
is being commanded to go when the system comes to rest. Because there may be a coupling, gearbox,
rotary-to-linear converter, or other element between the motor and the actual load, the load may not
be perfectly in position. Backlash and wind-up are the two main culprits explaining the discrepancy,
so the mechanical design has to keep these below the maximum error allowed. An alternative is to
place the feedback on the load itself, but now the backlash and wind-up are within the servo loop and
may present stability problems. There are notch filters and other compensation networks that can alle-
viate some of these stability problems, but they are not for the novice. A solid mechanical design is
paramount.

11.9 Multiple Axes

Most applications require multiple axes, so the coordination of those axes becomes a major issue. Most
“set-up” type applications allow the axes to run independently and reach their positions at different
times. For instance, corrugated box making requires that dozens of axes be moved during setup to
accommodate the different box sizes. These axes will determine where the cuts, creases, and printing
occur. They can all be moved independently. However, once the machine starts running the boxes,
any movements must be coordinated. Historically, gears and cams coordinated these motions
mechanically, but electronics is taking over many functions.

11.10 Leader/Follower

Many machines (automotive transfer lines or cereal packaging) were originally designed with a line
shaft that ran the length of the machine. Each station where particular operations occurred had one or
more cams attached to the shaft to synchronize the operations within the station and with other sta-
tions. The shape of the cam dictated the movement that any particular axis had to make. The entire
line was controlled by changing the speed of the line shaft. The electronic leader/follower is replacing
these mechanisms. Each axis now has a servo, and its command is generated from a data table. The
data table for each axis contains the position needed for that axis at each count position of the leader.
The leader could be a counter that allows you to vary the count rate to simulate the line speed chang-
ing. This “electronic cam” arrangement allows many axes to be synchronized to a variable leader.

11.11 Interpolation

Linear/circular interpolation is a common way to coordinate two axes. It uses an algorithm that

meters out movement increment commands to each axis servo on a fixed-time basis (1 millisecond is a
typical time basis). Interpolation was incorporated in the earliest numerical controls for machine tools
in the 1950s and is still in common use today. Parts that needed to be milled could get quite complex,
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but the theory was that any complex shape could be described with a series of straight lines and cir-
cles. The Electronic Industry Association developed a programming standard (RS-274) for instructing
the machines in the early 1960s. The linear/circular algorithm executed those instructions.

For linear interpolation, it is only necessary to program the end point and velocity. The controller fig-
ures out how far each axis must move in every time increment to get it from its present location to the
end point at the required speed. For circles, you must program the center of the circle from the present
machine position, the end point on the circle, the velocity, and whether it should execute the circle in
a clockwise or counterclockwise direction. The velocity can be changed by operator intervention with-
out affecting the coordination, so the process can be slowed down or sped up as needed.

11.12 Performance

The performance of a motion control axis is typically specified in bandwidth or in response to a step
input. Bandwidth refers to the frequency at which the servo loop output begins to fall off from its
command. If you command a position loop servo with an AC function, the output will follow exactly
at low frequencies. As you increase the frequency, a point is reached where the output begins to fall
off, and it will do so rapidly with further frequency increases. The bandwidth is defined as the point
where the output is 0.7071 of the input in amplitude. With typical industrial machinery, this is about
3 Hertz. Amplifier/drive builders also use bandwidth to rate the performance of their products. This is
the bandwidth of the velocity loop that they provide, not the position loop. When tied to a real
machine, you can expect this velocity loop bandwidth to be in the 30-Hertz ballpark. Many vendors
might claim 100 Hertz or more, but that is not possible on industrial machinery.

Response to a step input is a measure of how fast the servo will get to its final state when a small com-
mand is initiated. You might recall that a spring/mass system gets to 63.6% of its final value in one
time constant and follows the natural logarithmic curve. This time constant and the amount of over-
shoot (if any) are the values to consider for performance. A typical position loop servo on industrial
machinery will have a time constant of 50 milliseconds. The amplifier/drive (velocity loop) will have
about a 5-millisecond time constant.

11.13 Conclusion

Motion control has offered many benetfits in automating factories. Its use continues to expand faster
than the economy grows, as companies convert many applications to this better technology. The ven-
dors are also making controllers easier to apply and tune, thereby taking some of the previous mys-
tique away.
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12.1 Fundamentals

Process models are used to provide important controlled variables (CV1%,)), such as stream composi-
tions, from process inputs (X1,, and X2,)), such as flows, pressures, and temperatures. Process models
help automation systems increase the efficiency and capacity of production systems despite changes in
product grade, raw materials, utilities, environment, and equipment operating conditions by providing
better controlled variables and finding more optimum setpoints. The change in a model output
(ACV1*,) with time, the dynamic response, for a change in process inputs (AX1, and AX2,)) as shown
in Figure 12-1, is of greatest interest for determining how well a controlled variable can be predicted
or moved to a better setpoint. The fundamental and practical ability of process models to provide the
correct dynamic response in terms of three fundamental parameters called process gain (K;; and K;,),
total dead time (T4;), and the open loop time constant (T,;) is important, and the degree to which
these parameters vary is a measure of the nonlinearity and difficulty of the system.

The conventional indication of model fidelity is based on process design where the emphasis is on the
error (Elg) between the modeled controlled variable (CV1) and the measured process variable
(PV1) for inputs (X1 and X2) all at steady state, as noted in Figure 12-1. Presently, “high fidelity”
models for process design have “low fidelity” in terms of process dead time, cycling, and noise because
transportation delays, sensors, valves, and transient behavior are not adequately modeled. The fidelity
for control system, rather than process design, should be emphasized. For control system design, the
dynamic delta error (AE1,) between the time response of a change in a modeled controlled variable
(ACV1,) and a change in a measured process variable (APV1,) is of greatest interest. Offsets or fixed
errors between steady state values from the model and process can easily be corrected by a bias to the
model output.

If one variable depends upon another variable, there is a cross correlation from cause and effect. If cur-
rent values of an input or output variable depend upon past values of the same variable—as would be
the case for a process variable with a time constant in its dynamic response, such as temperature—
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For a batch or disturbed process in a transient, the delta between successive measurement scans or model executions is important
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Figure 12-1: Dynamic and Steady State Model Fidelity

there is an auto correlation. It is desirable that there be a significant cross correlation between the
model output and each model input. Cross correlations between model inputs or between model out-
puts and auto correlations in model inputs are problematic.

Linear dynamic estimators, multivariate statistical process control, and artificial neural networks are
generated from plant data, ideally plant tests, and are thus termed experimental models. First principal
models are based on physical laws and require equations for physical properties and process outputs as
functions of the process compositions and conditions of each stream.

Online, test skid, or laboratory measurements of the process variables must be used to verify and
improve the accuracy of the model’s prediction of the dynamic response of the controlled variable. As
shown in Figure 12-1, the best method is by changing inputs to the process and model and computing
the error between the controlled variable and the process variable. It is mistakenly thought that mod-
els can be generated from historical data that does not change, as might be the case with a process that
is at steady state, or for process variables that are never measured.

12.2 Linear Dynamic Estimators

A Linear Dynamic Estimator (LDE), as shown in Figure 12-2, is an incremental model that sums the
products of the changes in process inputs and their process gains (K;;*AX1, and K;,*AX2,) and adds
a feedback correction from a lab or online measurement of the process variable (PV1,,). Note that the
subscripts n and n-1 denote the current and last measurement scan or model execution, respectively.
In an LDE, the change in the controlled variable (ACV1,) is added to the last value of the controlled
variable (CV1,_;) to create an instantaneous value of the controlled variable (CV1,)) delayed by just
the execution time.
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Figure 12-2: Linear Dynamic Estimator

The elimination of process dead time in the response provides considerable improvement in the per-
formance of the control system and predicts where the controlled variable will be in the future. How-
ever, in order to get feedback correction, the controlled variable must be synchronized with the field
or lab measurement. The delta between the instantaneous value (CV1,) and an initial value (CV1) is
delayed by a time equal to the process dead time, filtered with a filter time equal to the process time
constant, and added back in the initial value (CV1). The resulting synchronized controlled variable
(CV1#,) is subtracted from the measurement of the process variable (PV1,) and multiplied by a frac-
tional feedback gain (Ky,) and summed with the changes from the inputs to correct the LDE output.

The process gain, dead time, and time constant are obtained by manual or automatic tests and identifi-
cation. The same software and techniques used for developing and deploying model predictive control
(MPC) are used for linear dynamic estimators. The incremental nature of both the LDE and MPC is
critical because the deltas capture the local slope and minimize the nonlinearities for small changes at
an operating point to provide a better dynamic response.

In a tieback model, the percent manipulated variable (%MV1,), a PID controller output, is tied back to
the percent controlled variable (%CV1,), a PID controller input, as shown in Figure 12-3. While these
models may have provisions for a process gain, time constant, and dead time, these parameters are
typically left at defaults or are at best manually set to provide a general type of response suggested by
operations. Since the process gain normally changes significantly over the scale range, and a tieback
model is not an incremental model, the model fidelity is usually poor even when the gain parameter is
adjusted. The tieback model uses a single input and provides a single output and therefore does not
show the effect of interactions and disturbances.

12.3 Multivariate Statistical Process Control

Multivariate statistical process control (MSPC) uses principal component analysis (PCA) to provide a
small set of uncorrelated principal components, called latent variables, from a linear combination of a
large set of possibly correlated process inputs. Consider a three-dimensional (3-D) plot of process out-
put data versus three process inputs as shown in Figure 12-4. The first latent variable (PC1) is a line
through the data in the direction of maximum variability. The second latent variable (PC2) is a line
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Figure 12-3: Tieback Model

perpendicular (orthogonal) to the first in the direction of second greatest variability. The data pro-
jected on this new plane is a “Scores” plot. While this example is for three process inputs reduced to
two latent variables, MSPC can reduce hundreds of process inputs into a few principle components
and still capture a significant amount of the variability in the dataset.

If the data points are connected in the proper time sequence, they form a “Worm” plot, as shown in
Figure 12-5, where the head of the worm is the most recent data point (PV1,,). Outliers, such as data
point at scan n-x (PV1,,_), are screened out as extraneous values of a process variable, possibly
because of a bad lab analysis or sample. When the data points are batch end points, the plot captures
and predicts abnormal batch behavior. In Figure 12-5, the sequence of data points indicates that the
process is headed out of the inner circle of good batches.

A Partial Least Squares (PLS) estimator predicts a controlled variable based on a linear combination of
the latent variables that minimizes the sum of the squared errors in the model output. To synchronize
the predicted with the observed process variable, each process input is delayed by a time approxi-
mately equal to the sum of the process dead time and time constant.

12.4 Artificial Neural Networks

An Artificial Neural Network (ANN) consists of a series of nodes in hidden layers where each node is a
nonlinear sigmoidal function to mimic the behavior of the brain. The input to each node in the first
hidden layer is the summation of the process inputs biased and multiplied by their respective weight-
ing factors as shown in Figure 12-6. The outputs from nodes in a layer are the inputs to the nodes in a
subsequent layer. The predicted controlled variable is the summation of the outputs of the nodes from
the last layer. The weights of each node are automatically adjusted by software to minimize the error
between the predicted and measured process variables in the training data set. The synchronization
method for an ANN is similar to that for a PLS estimator, although an ANN may use multiple instances
of the same input with accordingly set delays to simulate the exponential time response from a time
constant.
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12.5 First Principal Models

First principal models use equations that obey the laws of physics, such as the conservation of quanti-
ties of mass, component, energy, charge, and momentum. The rate of accumulation of a given physi-

cal quantity is the rate of the quantity entering minus the rate of the quantity exiting the volume. The
controlled variables are computed from the accumulation, equipment dimensions, physical properties,
and equations of state. The mass balance for level and pressure is calculated by the integration of the

mass flows entering and exiting the liquid and gas phase, respectively. Temperature is computed from
an energy balance and pH from a charge balance.

Industry tends to use ordinary differential equations for dynamic first principal models where the
physical quantity of interest is assumed to be evenly distributed throughout the volume. Profiles and
transportation delays are modeled by the breaking of a process volume, such as the tube side of a heat
exchanger, into several interconnected volumes. This lumped parameter method avoids the use of
partial differential equations and the associated boundary value problems.

In steady state models, physical attributes, such as composition and temperature, of a stream are set by
an iterative solution proceeding from input to output streams, or vice versa, to converge to a zero rate
of accumulation of a quantity, such as the mass of a chemical component or energy, within the vol-
ume. In dynamic models, the rate of accumulation is nonzero and is integrated. However, most
dynamic models have steady state models and thus iterative solutions for pressure-flow interrelation-
ship of liquid streams because the integrations step sizes required for the millisecond momentum bal-
ance response time are too small. Special dedicated software is required to use momentum balances to
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Figure 12-5: Worm Plot for 2 Principal Components

study hydraulics, hammer, and surge. Steady state models generally do not have a pressure-flow
solver because it makes convergence of the overall model too difficult and lengthy. Consequently, a
stream flow must be directly set in such models because a change in valve position or operating point
on a pump curve does not change flow.

Figure 12-7 is an example of a dynamic and steady state model to compute level. In the dynamic
model the rate of accumulation of liquid mass (AMp,, /At) is the net mass flows (F1,, and F2,) into and
out of the volume (F3,). The rate of accumulation multiplied by the integration step size (At) and
added to the last accumulation (AM; ,_;) gives the new accumulation (AML,,). The liquid level (L) is
the present accumulation of mass divided by the product of the liquid density (p;) and cross sectional
area (Ay) of the vessel. In the steady state model, the liquid mass (My,,) and level (L;,) is constant
since the rate of accumulation is zero. Also, the mass flow out (F3,,) of the vessel is not a function of
the pressure drop, maximum flow coefficient of the control valve, and the level controller output, but
is set equal to sum of the mass flows into the vessel (F1,, + F2}).

Dynamic models run real time if the time between successive executions of the model (execution
time) is equal to the integration step size. A dynamic model will run faster than real time if the execu-
tion time is less than the integration step size. In order for the model to be synchronized with the con-
trol system, both must start at the same point in time and run at the same real time factor, which is
difficult if the model and control system are in separate software packages. Frequently, complex
dynamic models will slow down because of a loss of free time during an upset when the dynamic
response of the model and control system is of greatest interest.
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12.6 Capabilities and Limitations

A Linear Dynamic Estimator (LDE) and Multivariate Statistical Process Control (MSPC) use linear
models. Both require that there be no correlations between process outputs. However, the MSPC is
designed via PCA to handle correlated process inputs. An LDE by definition can accurately model pro-
cess outputs with significant time constants and auto correlations. However, presently, LDE software
tend to have practical limits of 50 process inputs, and most LDE have less than five process inputs,
whereas MSPC and ANN software are designed to handle hundreds of inputs.

An ANN excels at interpolation of nonlinear relationships. However, extrapolation beyond the train-
ing set can lead to extremely erroneous process outputs because of the exponential nature of the
response. Also, a large number of inputs and layers can lead to a bumpy response.

An LDE requires testing the process to accurately identify the dynamic response. Both MSPC and ANN
advertise that you can develop models by just dumping historical data. Generally, the relationships
between whole values rather than changes in the inputs and outputs are identified. Consequently,
these models are at risk of not identifying the actual process gain at operating conditions. An MSPC
and ANN also generally require the process to be self-regulating, meaning output variables reach
steady states determined by measured process inputs. Non-stationary behavior (shifting process out-
puts) from an unmeasured disturbance or an integrating response is better handled by identification
and feedback correction methods employed by an LDE.
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Figure 12-7: First Principal Dynamic and Steady State Level Models

First principal models can inherently handle all types of nonlinearities, correlations, and non-self-reg-
ulation, and show the compositions and conditions of streams. However, the physical property data is
missing for many components, requiring the user to construct theoretical compounds. Also, these
models tend to focus on process relationships and omit transportation and mixing delays, thermal lags,
non-ideal control valve behavior, and sensor lags. Consequently, while first principal models poten-
tially show nonlinear interrelationships better than experimental models, the errors in the process
dead times and times constants are much larger than desired.

First principal models offer the significant opportunity to explore new operating regions, investigate
abnormal situations, and provide online displays of the composition of all streams and every conceiv-
able indicator of process performance.

An LDE requires step changes five times larger than the noise band for each process input with at least
two steps held for the time to steady state, which is the dead time plus four time constants.

An MSPC and ANN should have at least five data points, preferably at different values significantly
beyond the noise level, for each process input. A hundred process inputs would require at least 500
data points. A feedback correction from an online or laboratory measurement can be added to an
MSPC and ANN similar to an LDE. If laboratory measurement is used, the synchronizing delay must
be based on the time between when the sample was taken and the analysis entered. In most cases, the
total number and frequency of lab samples is too low.
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MSPC and ANN models that rely totally upon historical data, rather than a design of experiments, are
particularly at risk at identifying a process input as a cause, when it is really an effect or a coincidence.
For example, a rooster crowing at dawn is not the cause of the sunrise and the dark background of
enemy tanks at night is not an indicator that the tanks are a legitimate target. Each relationship should
be verified that it makes sense, based on process principals. A sure sign of a significantly weighted
extraneous input is an MSPC or ANN model that initially looks good but is inaccurate for a slight
change in process or equipment conditions.

The LDE, MSPC, and ANN all offer future values of controlled variables by the use of the model output
without the process time delay and the time constant for synchronization with the process measure-
ment needed for model development and feedback correction. The synchronization for an LDE is
more accurate than for an MSPC or ANN because it includes the process time constant.

Frequently the process gain, dead time, and time constant of controlled variables, such as temperature
and composition, are inversely related to flow rate. Consequently, an experimental model is only valid
for limited changes in production rate. For large changes in throughput, different models should be
developed and switched if the process gain, dead time, and time constant cannot be computed and
updated in the model.

Steady state first principal models offer projected steady states. However, it may take 30 minutes or
more for a large steady state model to converge. Dynamic first principal models can run faster than
real time to rapidly show the dynamic response into the future, including response as it moves
between steady states. It is not limited to self-regulating processes and can show integrating and run-
away responses. The step size should be less than one fifth of the smallest time constant to avoid
numerical stability, so faster than real time execution is preferably achieved by a reduction in the exe-
cution time rather than an increase in integration step size. The fastest real time multiple is the largest
stable integration step size divided by the original step size or the original execution time divided by
the calculation time (execution time minus the wait time).

Dynamic models can be run in a computer with a downloaded configuration and displays of the actual
automation system to form a virtual plant. A virtual plant provides inherent synchronization and inte-
gration of the model and the automation system, eliminates the need for emulation of the control
strategy and the operator interface, and enables migration of actual configurations.

Steady state first principal models are limited to continuous processes and steady states. Thus, the first
principal model needs to be dynamic to predict the process outputs for chemical reaction or biochemi-
cal cell kinetics, behavior during product or grade transitions, and for batch and non-self-regulating
processes. Parameters, such as heat exchanger coefficients, must be corrected within the models based
on the mismatch between the process model and the actual plant. For steady state models, this is done
by a reconciliation step where the process model is solved for the model parameter. For online
dynamic models in a virtual plant synchronized with actual plant, a model predictive controller has
been shown to be effective in adjusting model parameters.

Only dynamic first principal models are capable of simulating valve resolution (stick-slip) and dead-
band (backlash). However, most to date do not include this dynamic behavior of control valves and
consequently will not show the associated limit cycle or dead time.

Often the compositions of raw materials are not measured comprehensively enough or frequently
enough. Most of the variability of well automated systems is typically caused by raw materials.

It is important to distinguish fidelity based on the purpose. In general, process models for control sys-
tem optimization require the most fidelity. Process models for configuration testing require the least

fidelity. Operator training for familiarization with displays can be accomplished by low fidelity models.
However, process training, control strategy prototyping, and abnormal situation management require
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at least medium fidelity models. It is difficult to achieve more than low fidelity in the modeling of
start-ups and shutdowns and many first principal models will crash for zero volumes.

12.7 Costs and Benefits

Process models provide process knowledge and identify more optimum operating points whose bene-
fits generally pay for the cost of the LDE, MSPC, and ANN software in less than a year. The cost of
comprehensive first principal modeling software with physical property packages is generally several
times greater, and consequently require much larger applications and longer payoff periods.

The process knowledge needed to implement first principal models is greater but correspondingly, the
process knowledge gain is more extensive and deeper. Some LDE, MSPC, and ANN software require
little, if any, outside support after the first application, but require some process understanding to
verity cause and effects. The cost of inside application engineering to configure, identify, and run these
experimental models is usually less than the software cost after the learning curve. However, the sys-
tems engineering cost to integrate, interface, and historize data between new external software and an
existing automation system can be several times greater than application engineering cost.

First principal models presently require outside support or internal simulation experts and a total engi-
neering cost that generally exceeds the software cost. All of the models require an on-going yearly
maintenance cost that is about 10-t0-20% of the initial installed cost, or else the benefits will steadily
diminish and eventually disappear.

The total cost of an LDE, MSPC, and ANN process model is generally less than the installed cost of a
field analyzer with a sample system. However, the cost of improving the accuracy of lab analysis and
increasing the frequency of lab samples must be considered. Often overlooked are the benetfits from
reducing the effect of noise, dead time, and failures on existing analyzers, and taking advantage of the
composition information in density measurements from Coriolis meters.
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13.1 Fundamentals

In advanced process control, process knowledge by way of process models is used to make the control
system more intelligent. The Process Modeling topic shows how quantitative process models can pro-
vide inferred controlled variables, such as stream compositions, that can be less expensive, faster, and
more reliable than the measurements from field analyzers. In this section, the quantitative models
from the previous section and qualitative models based on fuzzy logic are used to provide better con-
troller tuning settings, setpoints, and algorithms for feedback and feedforward control.

13.2 Fuzzy Logic Control

Fuzzy logic uses qualitative measures in linguistic rules that mimic the rapid nonlinear and synergistic
characteristics of human logic. The qualitative measures are signs, such as “negative” and “positive,”
and relative sizes, such as “small” and “moderate.” The linguistic rules usually take the form of “If,
Then” statements. The relative value scaled from -1 to +1 of each antecedent (condition) and each
consequent (result) is determined by membership functions that are often geometrically represented
by triangles and bars. The technique and terminology is not commonly understood and is best
explained by looking at a simple but significant example in industry.

In the process industry, a fuzzy logic controller that only requires four rules has successfully replaced a
proportional-integral (PI) controller. For a reverse acting controller, these rules are:

e Rule I:If the error is negative and the change in error is negative, then the change in output
is positive.

e Rule 2: 1f the error is negative and the change in error is positive, then the change in output
is zero.
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*  Rule 3: 1f the error is positive and the change in error is negative, then the change in output
is zero.

e Rule4:Tf the error is positive and the change in error is positive, then the change in output is
negative.

A PI controller works to keep an output from the process termed the controlled variable (CV) at a
desired operating point called the setpoint (SP) by adjusting an input to the process known as the
manipulated variable (MV). The control error (E) is the controlled variable minus the setpoint. The
subscripts “n” and “n-1” denote the value of the variable at scans, n and n-1, respectively. The CV, SP,
and E in a PI control algorithm are converted to percent of measurement scale, and the MV is the per-
cent of the scale of whatever is manipulated, which could be a valve, speed, or setpoint. In a fuzzy
logic algorithm, these variables are converted to fractional value from -1 to +1 based on scale factors
that the user must enter for each variable. A PI controller is tuned by adjusting the gain or propor-
tional band and integral time settings. A fuzzy logic controller is tuned by adjusting the scale factors.

The rules for the fuzzy logic replacement for a PI controller have two antecedents (conditions) and one
consequent (result). The fuzzy inputs to the first and second antecedents are a scaled error (Eg), and a
scaled change in error (AE,), respectively. The fuzzification of the PI controller inputs, which is the
controlled variable (CV) and the setpoint (SP), to provide these fuzzy inputs with values that range
from -1 to +1 is computed from the scale factors for error (Sg) and change in error (Sg).

E, = (CV, - SP,) / Sg (13-1)

AE = [(CVEg - SP,) - (CV,.; — SP,,.1)] / SDg (13-2)

To better understand how the algorithm works, consider an error that is -80% of the error scale
(E =-0.8*Sg) and a change in error that is -20% of the change in error scale (AE = -0.2*DSg).

The value of the “positive” membership set for the error (Pg) and the “negative” membership set for
the error (Ng) is the intersection of the scaled error input with the respective right triangle in
Figure 13-1 and can be computed as follows for each antecedent:

Pg = 0.5 + 0.5*E (13-3)
Pg = 0.5 + 0.5%(-0.8) = 0.1

Ng = 0.5 - 0.5*E, (13-4)
Ng = 0.5 - 0.5%(-0.8) = 0.9

The value of the “positive” membership set for the change in error (P5g) and the “negative” member-
ship set for the change in error (Ng) is the intersection of the scaled change in error input with the
respective right triangle in Figure 13-2 and can be computed as follows for antecedent:

Ppp = 0.5 + 0.5%AF (13-5)
Ppg = 0.5 + 0.5%(-0.2) = 0.4

Npg = 0.5 - 0.5*AE, (13-6)

Npg = 0.5 - 0.5%(-0.2) = 0.6



Chapter 13: Advanced Process Control 177

Ng Pe
1.0

0.9

0.1
0.0

'SE 0 +SE
E = _0.8*SE

Figure 13-1: FLC Antecedent Membership for Error

1.0

0.6

0.4

0.0

-SAE O +SAE

AE = —0.2+S,¢

Figure 13-2: FLC Antecedent Membership for Change

The FLC computes a change in output that becomes the change in the manipulated variable (AMV) for
feedback control. The value of the “positive” membership set for the change in output (Pppy), the
“negative” membership set for the change in output (Npyy), and the “zero” membership set for the
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change in output (Zj\y) are the height of the bars in Figure 13-3 and can be computed as follows for
a reverse acting controller by simply taking the minimum value of each antecedent:

Rule 1:
Papmy = minimum (Ng, Npg) (13-7)

Papmy = minimum (0.9, 0.6) = 0.6

Rules 2 and 3:
Zapy = maximum (minimum (Ng, Ppg), minimum (Pg, Nag)) (13-8)

Zapy = Mmaximum (minimum (0.9, 0.4), minimum (0.1, 0.6)) = 0.4

Rule 4:
Namy = minimum (Pg, Ppg) (13-9)
Napmy = minimum (0.1, 0.4) = 0.1
N v Zamv P amv
1.0
9 0.6
®04
0.1 Center of Gravity
T 0.0 +
[
-Samv 0 +S, v

AMV = 0‘45*SAMV

Figure 13-3: FLC Consequent Membership for Change in Output

The conversion of the change in FLC output to a change in the manipulated variable (defuzzification)
is done by computing the center of gravity (centroid) from the location and height of the bar for each
of the 3 membership sets for the output multiplied by the scale factor (Sapy)-

AMYV = (PpApy = Namy) 7 (Pamy + Zamy + Namy) * Samy (13-10)

AMYV = (0.6 - 0.1) / (0.6 + 0.4 + 0.1) * Syppy = 0.45 * Sppry
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The FLC scale factor for the error, change in error, and change in output can be computed from a pro-
cess model, existing PI controller tuning settings, or the ultimate period and gain identified by an auto
tuner for a particular range of dead time to time constant ratios. If the nominal size of setpoint changes
is included in the calculations, the setpoint response can be improved. Derivative action on changes in
the process variable as implemented in an industrial proportional-integral-derivative (PID) can be
added to the FLC.

While this was an example of how fuzzy logic has been successfully deployed on a wide scale, applica-
tion specific fuzzy logic algorithms have been developed to deal with variable and severe unknown
nonlinearities, particularly as would be encountered in the pH control of plant waste.

13.3 Adaptive Control

The term adaptive control has been liberally used to describe any application where the controller tun-
ing was changed. For example, error squared and notch gain controllers have been called adaptive
controllers because the controller gain is changed as a function of error. Also, “on demand” auto tun-
ers that calculate tuning settings from a manual or automated test sequence initiated by a person have
been sometimes termed adaptive.

This section will focus on the adaptation of the tuning of the PID controller, where quantitative pro-
cess models are continuously identified online and used to compute tuning settings. Figure 13-4
shows the general structure of these “self-tuning” controllers, where there are a process model, super-
visor, and a set of tuning rules. Users may not be aware what is at work behind the scene because the
model parameters and tuning rules may not be visible or accessible.

ACV /ADV process gain,
dead time, and time constant

> Feedforward f Feedforward
> Model ®  cCalculations
A l
- Feedforward Feedforward Controller
d Supervisor Gain, Delay, and Lead-Lag

ADV
ASP ACV
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A 4
Yy

PID Controller Process >
ACV
SF::::I?:; < Feedback Controller Gain
or PB, Reset, and Rate
> Feedback < Feedback
> Model Tuning Rules

ACV /AMV process gain,
dead time, and time constant

Figure 13-4: Adaptive Feedback and Feedforward PID Controller
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The most widely applied self tuning controller in the process industry in the 1980s used a heuristic
model based on pattern recognition. The controller gain was increased until the loop oscillates. The
height and time interval of peaks were used to compute the overshoot, period, and damping (decay)
of the oscillation. The Ziegler-Nichols type tuning rules were then applied but with the ratios of the
reset and derivative time to the period adjusted by the algorithm.

A new generation of adaptive controllers has been developed that identifies parameters that minimize
the squared error between the response of the model and the process to known changes in the set-
point or output of the controller. The algorithm uses model switching (fastest known adaptation
method) with parameter interpolation and re-centering (proven optimal approach) to provide the best
value for the process gain, dead time, and the time constant. The model parameters can be historized
and stored into user defined operating regions as a function of any process or manipulated variable.
The stored model parameters can be used to provide a preemptive scheduling of the tuning settings
when the controller enters a region so that controller does not have to wait for an excitation and adap-
tation. Tuning rules (Lambda, Internal Model Control, and modified Ziegler-Nichols), the degree of
performance versus robustness, modes (monitoring, learning, scheduling, and full adaptive), and trig-
gers can be set by the user.

The same identification procedure used to find the model for the process response to changes in the
manipulated variable for feedback control can be used to find the model for the process response to
measured disturbances. The feedback and feedforward process models are then used to compute the
feedforward gain to give the correct magnitude and the feedforward delay and lead-lag time to provide
the correct timing of the correction. These models can also be historized and stored for preemptive
scheduling of feedforward settings.

13.4 Model Predictive Control

Model predictive control (MPC) uses incremental models of the process where the change in a con-
trolled (CV) or constraint variable (AV) for a change in the manipulated (MV) or disturbance variable
(DV) is predicted. The initial values of the controlled, constraint, manipulated, and disturbance vari-
ables are set to match those in the plant when the MPC is in the initialization mode. The MPC can be
run in manual and the trajectories monitored. While in manual, a back calculated signal from the
downstream function blocks is used so the manipulated variables track the appropriate setpoints.

A simplified review of the functionality of the MPC helps to provide a better understanding important
for a later discussion of its capabilities and limitations. Figure 13-5 shows the response of a change in
the controlled variable to a step change in each of two manipulated variables at time zero. If the step
change in the manipulated variables was twice as large, the individual responses of the controlled vari-
able would be predicted to be twice as large. The bottom plot shows the linear combination of the two
responses. Nonlinearities and interdependencies can cause this principal of linear superposition of
responses to be inaccurate.

Any errors in the modeled versus actual process response shows up as an error between the predicted
value and actual valve of the controlled variable as shown in the upper plot of Figure 13-6. A portion
of this error is then used to bias the process vector as shown in the middle plot. The MPC algorithm
then calculates a series of moves in the manipulated variables that will provide a control vector that is
the mirror image of the process vector about the setpoint as shown in the bottom plot of Figure 13-6.
If there are no nonlinearities, load upsets, or model mismatch, the predicted response and its mirror
image should cancel out with the controlled variable ending up at its setpoint. How quickly the con-
trolled variable reaches setpoint depends upon the process dead time, time constant, move suppres-
sion, move size limit, and number of moves set for the manipulated variables.
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Figure 13-5: Linear Superposition of MPC Response

The first move in the manipulated variable is actually the linear summation of all the first moves based
on controlled, disturbance, and constraint variables. Only the first move is executed because the
whole algorithm is revaluated in the next controller execution.

As an example of an emerging MPC application, consider a feed-batch reactor. The process objectives
in this case are to minimize batch cycle time and losses of reactant and product in the overhead sys-
tem. Online first principal estimators are first developed and commissioned to provide online concen-
trations of the reactant in the overheads and product in the reactor that match periodic lab samples.
The MPC setup uses these concentrations as controlled variables, the condenser temperature setpoint
and reactant ratio as manipulated variables, the reactor jacket and condenser coolant valve positions
as constraint variables, and the reactor temperature and feed flow as optimization variables. The reac-
tor temperature and reactant feed rate is maximized to reduce the batch cycle time, if the projected
coolant valve positions are below their high limit. The MPC setup is shown in Figure 13-7 with the rel-
ative trajectories for each pairing of a controlled and constraint variable with a manipulated variable.

MPC Models must be able to provide a reasonably accurate time response of the change in each pro-
cess output (controlled or constraint variable) for a change in each process input (manipulated or dis-
turbance variable). Any control loops that use these MPC variables must be in manual while the
process is tested, otherwise it is difficult to impossible to separate the response of the controller algo-
rithms and tuning from the process. The smallest size MPC should be sought that meets the process
objectives to minimize the number of loops in manual and the test time.
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The first process test makes a simple step change in each MV and DV and is commonly known as a
bump test. This initial test provides an estimate of the model parameters as well as an evaluation of the
step size and time to steady state. The parameters provide an estimate of the condition number of the
matrix that is critical for evaluation of the variables selected.

The next test is either a more numerous series of steps each held for the longest time to steady state or
a pseudo random binary sequence (PRBS). The PRBS test is favored because it excites more of the fre-
quencies of the process and when combined with a noise model can eliminate the effects of noise and
load upsets. In a PRBS test, each subsequent step is in opposite directions like the bump test, but the
time between successive steps is random (a coin toss). However, one or more of the steps must be held
to steady state and the minimum time between steps, called the flip time, must be larger than a frac-
tion of the time lag. Theoretically the flip time could be as small as 1/8 of the time lag, but in practice
it has been found that industrial processes generally require flip times larger than 1/2 of the time lag.

The number of flips and consequently the duration of the PRBS test are increased for processes with
extensive noise and unmeasured upsets. A normal PRBS test time is about 10 times the longest time to
steady state multiplied by the number of process inputs. For example, a typical PRBS test time would
be four hours for a process with four manipulated variables and a maximum Tgg of six minutes. For
distillation columns, the test can easily span several shifts and is susceptible to interruption by abnor-
mal operation. While the PRBS test can theoretically make moves in all of the manipulated variables,
PRBS tests are often broken up into individual tests for each manipulated variable to reduce the risk
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Figure 13-7: MPC Setup for a Batch Reactor

from an interruption and to make the identification process easier. If more than one manipulated vari-
able is moved, it is important that the moves not be correlated. The PRBS sequence is designed to pro-
vide random step durations and uncorrelated moves to insure the software will identify the process
rather than the operator.

Sometimes even the most sophisticated software gets confused and can cause gross errors in parame-
ters and even a response in the wrong direction. The engineer should estimate the process gain, time
delay, and time lag from the simple bump test and verify that the model direction and parameter esti-
mates are consistent with these observations and process fundamentals. The manually estimated val-
ues can be used when the software has failed to find a model that fits the data. The rule is “if you can
see the model, and it makes sense, use it.”

13.5 Real Time Optimization

If a simple maximization of feed or minimization of utility or reagent flow is needed, a controlled vari-
able that is the setpoint of the manipulated flow is added to the matrix. The setpoint of the flow loop is
ramped towards its limit until there is a projected violation of a constraint or an excessive error of a
controlled variable. While the primary implementation has been for flow, it can also used for the max-
imization of other manipulated variables.

It is important to realize that the optimum always lies at the intersection of constraints. This can be
best visualized by looking at the plot of the lines for the minimum and maximum values of controlled,
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13.

constraint, and manipulated variables plotted on a common axis of the manipulated variables as
shown in Figure 13-8.
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Figure 13-8: Linear Program Optimization of a 2 Dimensional System

If the best targets for controlled variables have a fixed value or if the same intersection is always the
optimum one in Figure 13-8, the targets can be manually set based on the process knowledge gained
from development and operation of the MPC and RTO. In this case the linear program (LP) or RTO
can be run in the advisory mode. If the optimum targets of controlled variables move to different
intersections based on costs, price, or product mix, then a LP can continuously find the new targets.

If the lines for the variables plotted in Figure 13-8 shift from changes in process or equipment condi-
tions and cause the location of intersections to vary, then a high fidelity process model is needed to
find the optimum. Steady state simulations are run for continuous processes. The model is first recon-
ciled to better match the plant by solving for model parameters, such as heat transfer coefficients and
column tray efficiencies. The model is then converged to find the optimums. This procedure is
repeated several times and the results are averaged when the plant is not at a steady state. For batch
operations and where kinetics and unsteady operation is important, dynamic models whose model
parameters have been adapted by the use of an MPC and a virtual plant as shown in Figure 13-9 can
be run faster than real time to find optimums.

Any controlled variable whose setpoint should be optimized is a prime candidate for an MPC, because
the MPC excels at responding to setpoint changes and handling constraints and interactions. The best
results of real time optimization are achieved in multivariable control when the setpoints are sent to
an MPC rather than PID controllers.

6 Capabilities and Limitations

An FLC can provide a nonlinear feedback correction of disturbances and setpoint changes where the
gain and reset action increases as the feedback control error get larger. If the scale factors have been
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Figure 13-9: Non-intrusive Adaptation of a High Fidelity Process Model by an MPC

adjusted for a range of low dead time to time constant ratios and the size of a typical change in set-
point, an FLC has been shown to provide both a better load rejection and setpoint response than a PID
controller for a process with a large time constant. The improvements have been most noteworthy in
temperature loops, which have a large thermal lag. For this reason, manufacturers of extruder temper-
ature control systems offer an FLC.

The order of execution of rules is not important for FLC and new rules can be readily added based on
the decision logic from a proficient and knowledgeable process engineer. However, the scaling factors
and the performance of a heuristic FLC algorithm are difficult to compute a priori, which makes the
behavior of a special purpose FLC unpredictable. Thorough testing for abnormal situations and
unmeasured upsets in an adapted virtual plant can alleviate these concerns.

All model based control is based on a simplification of the process dynamics. Figure 13-10 of the block
diagram of a loop and a more realistic understanding of model parameters reveals the potential prob-
lems in the implementation of adaptive and model predictive control.

The process gain is really an open loop or static gain that is the product of the gains associated with the
manipulated variable, the process variable, and controlled variable. For a manipulated variable that is
a control valve, the gain is the slope of the installed characteristic at a given valve position for a perfect
valve. Valve deadband from backlash and resolution from sticktion reduces the gain to a degree that is
dependent upon the direction and size of the change in controller output. A slip larger than the stick
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Figure 13-10: Block Diagram of the Gains, Dead Times (Delays), and Time Constants (Lags) in a Control
Loop

will increase the valve gain. Deadband will result in a continuous cycle in integrating processes, such
as level, and in cascade control systems where both controllers have integral action. Stick-slip will
cause a limit cycle in all control systems. Excessive deadband and stick-slip has been the primary cause
of the failure of adaptive controllers. For the more important process variables, such as temperature
and composition, the process gain is a nonlinear function of the ratio of the manipulated flow to the
feed flow and is thus inversely proportional to feed flow. For all controller algorithms, such as the PID
with a percent input, the controlled variable gain is inversely proportional to measurement calibration
span.

The process time constant is essentially the largest time constant in the loop; it does not necessarily
have to be in the process but can be in the valve, measurement, and controller beside the process.
Control valve time constants from large actuators are extremely difficult to predict and depend upon
the size of the change in controller output. Process time constants may be interactive lags that depend
upon differences in temperature and composition or are derived from residence times that are
inversely proportional to throughput. Temperature sensor and electrode time constants are greatly
affected by velocities, process conditions, sensor location, and sensor construction.

The process dead time is really a total loop dead time that is the sum of all the pure delays from the
pre-stroke dead time of the actuator, the dead time from valve backlash and sticktion, process and sen-
sor transportation delays that are inversely proportional to flow, unpredictable process delays from
non-ideal mixing, and the execution time of digital devices and algorithms. All time constants smaller
than the largest time constant add an equivalent dead time as a portion of the small time constant that
gets larger as its size get smaller compared to the largest time constant.

Adaptive controllers require that the process be excited by a known change to identify the process
gain, dead time, and time constant. When the controller is in manual, changes in valve position made
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by the operator trigger the identification of the process model. When the controller is in automatic,
small pulses automatically injected into the controller output or changes in the setpoint initiate the
identification. The models reportedly developed from closed loop control operation without any
known excitation is really a combination of the process and controller. Studies have shown that it is
not feasible to reliably extract the complete process model from the combined model of the controller
and process for unknown disturbances and quiescent operation.

Unless the process exhibits or mimics an integrating or runaway response, an adaptive controller
whose model is identified from excitations will wait for the time to steady state to find the process
gain, dead time, and time constant. For a self-regulating process, which is a process that will go to
steady state, the time to reach steady state is the total loop dead time plus four time constants. For pro-
cesses with a large time constant, the time required for adaptation is slow. In the case where the time
constant is much larger than the dead time, specifying the process as a pseudo integrator enables the
identification to be completed in about four dead times, which could easily be an order of magnitude
faster. This is particularly important for batch operations since there is often no steady state.

Pattern recognition controllers must wait for several damped oscillations, each of which is at least four
or more times the total loop dead time. Thus, for processes where the dead time is very large, the iden-
tification is slow. Noise and limit cycles from non-ideal valves can lead to erroneous results. Integra-
tors and runaway responses with windows of allowable gain, where too low besides too high of a
controller gain causes oscillations, can cause a downward spiral in the gain.

Figure 13-11 shows how an MPC has a view of the trajectory of each controlled and constraint vari-
able from changes in the manipulated and disturbance variables.

MPC sees future trajectory based on past moves of
manipulated variables (AMV) and present changes in
disturbance variables (ADV) as inputs to a linear
PID  model. It provides an integral-only type of control.
loop
only .
sees PID dead time controlled variable (CV)

this compensator or constraint variable (AV)
sees one dead

time ahead

response Seprinf

manipulated variable (MV)

time

PID has rate action that is helpful for lag

dominated single loops with large frequent
present  unmeasured upsets, severe unknown operating
time point nonlinearities, and runaway responses.

Figure 13-11: MPC and PID Views
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In contrast, a PID controller only sees the current value and the rate of change of its controlled vari-
able. The addition of a dead time compensator only extends its view of the future to the end of the
dead time. However, besides the integral (reset) mode, it has a derivative (rate) mode that provides
some anticipation based on the slope of response of the controlled variable and a proportional (gain)
mode that result in immediate and abrupt action. Feedforward and decoupling can be added, but the
addition of these signals to controller output is again based on current values, has no projected future
effect, and is designed to achieve the goal of returning a single controlled variable back to its setpoint.

These fundamental differences between the MPC and the PID are a key to their relative advantages for
applications. The MPC offers performance advantages to meet process objectives and deal with inter-

actions. Since it also computes the trajectories of constrained variables and has built-in capabilities for
move suppression and the maximization or minimization of a manipulated variable, it is well suited to
multivariable control problems and optimization.

The PID algorithm assumes nothing about the future and is tuned to provide immediate action based
on change and rate of change and a driving action via reset to eliminate offset. The PID offers perfor-
mance advantages for runaway and nonlinear responses and unmeasured, and hence unknown, load
disturbances where the degree and speed of the change in the process variable is the essential clue.
The key to whether a loop should be left as a PID controller is the degree that the proportional and
derivative mode is needed. For well tuned controllers with large gain settings (> 4) or rate settings

(> 60 seconds), it may be inadvisable to move to MPC. Such settings are frequently seen in loops for
tight column and reactor temperature, pressure, and level control. PID controllers thrive on the
smooth and gradual response of a large time constant (low integrator gain) and can achieve unmea-
sured load disturbance rejection that is hard to duplicate.

The A/D chatter and resolution limit of large scale ranges of temperature inputs brought in through
DCS cards rather than via dedicated smart transmitters severely reduces the amount of rate action that
a PID can use without creating valve dither. The low frequency noise from the scatter of an analyzer
reading also prohibits the full use of rate action. Process variable filters can help if judiciously set,
based on the DCS module execution time and the analysis update time. An MPC is less sensitive to
measurement noise and sensor resolution because it looking at the error over a time horizon and does
not compute a derivative.

Valve deadband (backlash) and resolution (stick-slip) is a problem for both the PID and MPC. In the
MPC, an increase in the minimum move size limit to be just less than the resolution will help reduce
the dead time from valve deadband and resolution but will not eliminate the limit cycles.

In general, there is a tradeoff between performance (minimum peak and integrated error in the con-
trolled variable) and robustness (maximum allowable unknown change in the process gain, dead time,
or time constant). Higher performance corresponds to lower robustness.

An increase in the process dead time of 50% can cause damped oscillations in a typically tuned PID,
but a decrease in process dead time of 50% can cause growing oscillations in an MPC with default tun-
ing that initially has a better performance than the PID.

An MPC is more sensitive to a decrease than an increase in dead time. A decrease in process dead time
rapidly leads to growing oscillations that are much faster than the ultimate period. An increase in dead
times shows up as much slower oscillations with a superimposed high frequency limit cycle. A PID
goes unstable for an increase in process dead time. A decrease in process dead time for a PID just trans-
lates to lost opportunity associated with a greater than optimal controller reset time and a smaller than
optimal controller gain increased.

For a single controlled and manipulated variable, model predictive control shows the greatest
improvement over PID for a process where the dead time is larger than the time constant. However,
MPC is more sensitive to an unknown change in dead time.
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For measured disturbances, the MPC generally has a better dynamic disturbance model than a PID
controller with feedforward control, primarily because of the difficulty in properly identifying the
feedforward lead-lag times. Often the feedforward dynamic compensation for PID controllers is omit-
ted or tuned by trial and error.

For constraints, the MPC anticipates a future violation by looking at the final value of a trajectory ver-
sus the limit. MPC can simultaneously handle multiple constraints. PID override controllers, however,
handle constraints one at a time through the low or high signal selection of PID controller outputs.

For interactions, the MPC is much better than PID controller. The addition of decoupling to a PID is
generally just based on steady state gains. However, the benefits of the MPC over detuned or decou-
pled PID controllers deteriorate as the condition number of the matrix increases.

The steady state gains in the 2x2 matrix in Equation 13-11 show that each manipulated variable has
the same effect on the controlled variables. The inputs to the process are linearly related. The determi-
nant is nearly zero and provides a warning that MPC is not a viable solution.

{ACVI } {4.1 6.0}{&\41/1 }

= (13-11)
ACYV, 44 62| | AMYV,
The steady state gains of a controlled variable for each manipulated variable in Equation 13-12 are not
equal but exhibit a ratio. The outputs of the process are linearly related. Such systems are called stiff
because the controlled variables move together. The system lacks the flexibility to move them inde-

pendently to achieve their respective setpoints. Again, the determinant is nearly zero and provides a
warning that MPC is not a viable solution.

{ACVI } [4.1 6.0}([&\41/1 }

= (13-12)
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The steady state gains for the first manipulated variable (MV,) are several orders of magnitude larger
than for the second manipulated variable (MV,) in Equation 13-13. Essentially there is just one
manipulated variable MV, since the effect of MV, is negligible in comparison. Unfortunately, the
determinant is 0.9, which is far enough above zero to provide a false sense of security. The condition
number of the matrix provides a more universal indication of a potential problem than either the

determinant or relative gain matrix. A higher condition number indicates a greater problem. For
Equation 13-13, the condition number exceeds 10,000.

ACY, 1 0.001]|, | AMY,
= * (13-13)
ACYV, 100 1 AMYV,
The condition number should be calculated by the software and reviewed before an MPC is commis-
sioned. The matrix can be visually inspected for indications of possible MPC performance problems by
looking for gains in a column with the same sign and size, gains that differ by an order of magnitude or
more, and gains in a row that are a ratio of gains in another row. Very high process gains may cause

the change in the MV to be too close to the dead band and resolution limits of a control valve and very
low process gains may cause an MV to hit its output limit.

13.7 Costs and Benefits

The cost of an industrially proven FLC replacement for the PID is about the same as a PID. The cost of
an adaptive controller varies from $2K to $20K per loop. The cost of MPC software varies from $10K
to $100K, depending upon the number of manipulated variables. The cost of high fidelity process
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modeling software for real time optimization varies from $20K to $200K. The installed cost of FLC and
an adaptive controller is similar to a PID controller. The installed cost of MPC and RTO varies from
about 2 to 20 times the cost of the software depending upon the condition of the plant and the knowl-
edge and complexity of the process and its disturbances.

Process tests and model identification reveal measurements that are missing or non-repeatable and
control valves that are sloppy or improperly sized. Simple preliminary bump tests should be conducted
to provide project estimates of the cost of upgrades and testing time.

Often a plant is running beyond nameplate capacity or at conditions and products never intended. An
MPC or RTO applied to a plant that is continually rocked by unmeasured disturbances or where
abnormal situations are the norm, require a huge amount of time for testing and commissioning.

The proper use of advanced control can reduce the variability in a key concentration or quality mea-
surement. A reduction in variability is essential to the minimization of product that is downgraded,
recycled, returned, or scrapped. Less obvious is the product given away in terms of extra purity or
quantity in anticipation of variability. Other benetfits from a reduction in variability often manifest
themselves as a minimization of fuel, reactant, reagent, reflux, steam, coolant, recycle, or purge flow
and a more optimum choice of setpoints. Significant benefits are derived from the improvements
made to the basic regulatory control system identified during testing. New benetfits in the area of
abnormal situation management are being explored from monitoring the adaptive control models as
indicators of changes in the instrumentation, valve, and equipment.

The benefits for MPC generally range from 1 to 4% of the cost of goods for continuous processes with
an average of around 2%. The benefits of MPC for fed-batch processes are potentially 10 times larger
because the manipulated variables are constant or sequenced despite varying conditions as the batch
progresses. Other advanced control technologies average significantly less benefits. RTO has had the
most spectacular failures but also the greatest future potential.
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14.1 What Is a Batch Process?

A batch process is generally regarded as one in which a discrete amount of material is operated on (or
processed) in a stepwise fashion. While the equipment can vary greatly, a batch chemical processing
facility is usually comprised of vessels and other processing equipment tied together with an appropri-
ate piping network. The piping network is generally segmented with valves, hoses, or other diversion
equipment. Such forces as pumps, process pressure, or gravity power material movement. Energy is
introduced or removed through equipment like agitators, heat exchangers, vessel jackets, etc.

Some batch processes are dedicated to a single product or family of products. Others are purposely
flexible enough to allow a variety of different products to be processed. Some have fixed sets of pro-
cessing equipment, while others optionally include or exclude one or more pieces of processing equip-
ment. Some are routinely reconfigured by changing the piping network or by resetting the valves in a
fixed piping network. There is considerable variety in batch processing, which is at once its strength
and the key to its complexity.

14.1.1 Why Have Batch Processes?

The general view of the process industry has been heavily influenced by the efficiency and economics
of large continuous chemical processing plants. The ability to process large amounts of material, to
control and optimize the process, to minimize energy and other operating costs, to maximize produc-
tivity, and to precisely predict material requirements all make continuous processing options attrac-
tive. However, the need for batch or stepwise processing remains—in spite of the manifest advantages
of continuous processing technologies.
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Batch can be the technology of choice for several reasons. The amount of material to be manufactured
may be small, tilting economics toward multi-purpose equipment that can make many different prod-
ucts. In other situations it is just better to use batch technology. Wine is fermented as a lot (in some
cases a very large lot). Beans are washed, cut, cooked, and canned in sequential steps, but as one or
more lots. Special colors of paint are produced one lot at a time. Time to market is generally less if
products can be introduced in existing flexible equipment. There are a multitude of other forcing func-
tions that can make batch methods attractive. In spite of the diversity of reasons, however, most of the
forces at work can be traced to business need as opposed to technology.

14.1.2 Typical Batch Processing Configurations

Batch plants are typically classified by plant topology and by number of products manufactured. It is
convenient to divide those plants into three general categories, according to type of processing activity.
The simplest is one which repetitively goes through the same sequence the same way every time it is
called on to make another batch of the single product it is designed to produce.

The second type of plant is more common. In this case, the same general procedures are followed, but
parameters are varied to produce a family of products that differ but have common characteristics.
Typical of this kind of plant would be a paint manufacturing operation in which many different colors
or grades of paint can be produced using essentially the same sequence of operations.

The third type of plant is flexible and often reconfigurable. It can make many differing products; it is
the most common, as well as the most complex, of the three types. It tends to use both formula infor-
mation and a specific procedure to describe the processing that is unique to a product. The product
manufacturing rules are usually defined as a recipe that specifies both the sequence of operations to be
followed and the parameters that define materials, quantities, rates, temperatures, etc. There is no rea-
son the procedure for one product has to resemble the procedure for another. This type of process is
an order of magnitude more difficult to control than either of the other two—and, for many reasons, is
the most usual type.

14.1.3 Batch versus Continuous Process Control

The fundamental difference between batch control and more traditional control of continuous pro-
cesses is the need to control procedure in a batch process. Of course there is a startup and a shutdown
procedure inherent in any continuous process, but that is usually done manually and more or less dis-
appears from a control agenda. There, the process may spend more than 95% of its time in a steady
state, and the startup and shutdown procedures are viewed as a trivial part of the overall operation. In
batch, the procedure is active essentially 100% of the time the process is operating. It is hard to ignore.

In the past, manual control of procedure was a standard part of most batch manufacturing. Simple
batch systems were occasionally “automated” with fixed sequences, implemented with programmable
logic controllers (PLCs), drum programmers, or other fixed sequence devices. Systems that could deal
with variable sequences for flexible processes were not broadly available until 1985 or later. In that
time frame, several proprietary batch control products became available, but terminology, flexibility,
and features varied widely. In spite of the interest, no broadly accepted approach to batch control
emerged.

The first part of the ISA-88 Batch Control standard, named ISA-S88.01, was published in 1995 and
changed all that. Later, it was adopted by the American National Standards Institute and renamed
ANSI/ISA-88.01-1995. However, it is still known broadly as S88. It provides standard terminology, an
internally consistent set of principles and a set of hierarchical models that can be applied to virtually
any batch process. Actually, it can be (and has been) applied to many other manufacturing processes
that require procedural control.
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14.2 What Is the ANSI/ISA-88 Standard?

Commonly called S88, it is an ANSI standard in five parts. The first part, Models and Terminology,
defines most of the important principles and is the subject of this discussion. However, two other
application-oriented parts have been completed. They are Part 2: Data Structures and Guidelines for
Language, and Part 3: General and Site Recipe Models and Representation. As of this writing (mid-
2005), Part 4: Batch Production Record has not yet been published. Neither has Part 5: Recipe to
Equipment Interface, which will follow Part 4. In addition to the ANSI/ISA version, the International
Electrotechnical Commission (IEC) has published an international equivalent—IEC 61512-1.

The standard provides a common batch control language via models and terminology and defines the
framework for hierarchical recipe management and process segmentation. It does not supplant tradi-
tional control but defines two or more layers of control and functionality above the traditional tech-
nologies focused on control of individual equipment. Traditional control has an almost total focus on
loops and devices. Batch control is focused on the procedural and coordinating functions that set the
states or target conditions of those loops and devices.

Batch control has another function that differs. While collection and transmission of manufacturing
data has been a common feature of traditional control for many years, batch control makes a signifi-
cant step toward connecting the entire process to the business. There was a significant change in the
role of control when it became obvious that it is necessary to control procedure. The addition of proce-
dure as a major type of control changed everything. All of a sudden it was no longer possible to ignore
how to make the product. That meant the control functionality also had to “know” when to make
what product. The disturbing aspect of this realization was that control engineers could no longer stay
in a comfortable cave, concerned only with the control of single pieces or small groups of equipment,
or regulating a few process variables at a time. In addition to automation and control, S88 describes a
business process because automation works best with good connection of the process to the business.
Like it or not, with the advent of ANSI/ISA-95.00.01-2000 - Enterprise-Control System Integration (com-
monly known as ISA S95) to complete the connection, control (automation) is no longer an isolated
technology, but is in the business mainstream. It is possible to do control well or poorly but, if business
requirements are not recognized properly in a batch process, poorly is certain.

14.2.1 Principles

The S88 standard set out to define, in a consistent way, the control functionality and associated termi-
nology necessary to control a batch process. In the process, several principles emerged. It is worth-
while to review some of those principles before digging into the structure of batch control.

Principle #1

The first and most important principle is that control is a function. Functions happen—regardless of the
mechanism that makes it happen. To understand control, what happens is initially more important
than how it is made to happen. Control is a function that makes equipment do things. Control hap-
pens—it doesn’t matter how. It can be manual. It can be automatic. It can be a little of both. Regard-
less of how it is implemented, it must exist in some form to make a product. Given that understanding,
it is obvious that batch control is not new. It has been around for many years. It just didn’t necessarily
look like control because most of it was done manually. It is helpful, then, to understand the control
functions that have been implemented with manual control, if automatic control is to accomplish
some of the things a well-trained person can do.

Principle #2

Separate the recipe from equipment control. All batch processes have some sort of recipe that defines how a
product is to be made. Many early attempts at batch automation included some or all of the recipe
information as part of the sequential control that manipulated equipment. ISA S88 recognizes that
equipment control can be designed to carry out process-oriented tasks and that the recipe can then
designate which tasks need to be done, their order, and the values or parameters required for the task.
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By separating the recipe information from equipment control, it is possible to let the recipe drive the
process. This also means that, by changing only the recipe, many different products or versions of a
product can be produced with no change in the equipment control. This enables major benefits in
flexibility, cost, and reliability.

Principle #3

Both the recipe and the process are made up of smaller pieces. The process is made up of units. The recipe is
made up of Unit Recipes. A Unit Recipe directs initiation of process-oriented tasks in a unit. The result
is a view of control in which a process is made up of modules with dedicated procedural control for
each module such that each module can independently do a number of process tasks—tasks that are
usually not product-specific. This allows a separate recipe that is product-specific to set the order mod-
ules should execute— and provide the values to use when they execute.

Principle #4

Equipment Modularity. A process cell contains all of the equipment in a process, but recipes direct the
units. Units are a major module but are made up of other subordinate modules called equipment mod-
ules and control modules. The result is a hierarchy of modules as shown in Figure 14-1, each made up
of subordinate modules. Each level in the equipment hierarchy has an associated hierarchy of control
functionality, also shown in Figure 14-1. Each level in the associated hierarchies has a different func-
tional purpose.

Principle #5
Equipment Entities. It has been traditional to look at control and equipment separately, much as it is
depicted in Figure 14-1. When most control was associated with single pieces or small groupings of

Physical Model Control Activity Model
I
Enterprise . ‘
el o Production Production
Site F — Planning and — Information
Management ,
Scheduling Management
Area
Cell Management
Unit Unit.
Super|V|S|on
Equipment Loop &
Module Device Process
Control (may Control
Control be manual)
Module I
Final Control Elements Safety Protection
(Actuators/Sensors)

Figure 14-1: Physical and Control Activity Model
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equipment, there was, in essence, a single level of automatic equipment control throughout a process.
It was possible to think of a process as equipment that does the work and some separate control that
sets or regulates final control elements, like valves and motors, to help get the work done and keep
things stable. However, with hierarchies of equipment and control that require that each level in the
hierarchy has unique function and procedural control that affects large groupings of equipment, it is
no longer possible to look at control as a single kind of thing separate from the equipment. This led to
the concept of the equipment entity. If one thinks of combining equipment and control into a single
combined entity, then one can think of that combined entity as equipment that can be commanded,
can carry out the commanded functionality, and can report on what it has done.

At each level in the equipment hierarchy, then, one can think of the defined equipment combined
with all of the necessary control for that level as a single object that is capable of carrying out desig-
nated tasks or functions. We then have, as the standard defines, an equipment entity. This applies at
each level in the hierarchy, so there is a hierarchy of equipment entities—a process cell entity, a unit
entity, an equipment module entity, and a control module entity. (Please note this is a concept, not an
implementation. The control may well be implemented manually or in a remote box, but the func-
tionality that is destined to control a specific grouping of equipment is implemented in a way that
allows the control to be mapped directly to the equipment grouping in question.)

An equipment entity at all levels has independent function and is stand-alone. It has equipment. It has
function defined by that control regardless of how the control is implemented. It may be manual. Tt
may be automatic. It may be some of both, but both control and equipment are needed to have an
equipment entity.

14.2.2 The Modules

The entire ISA S88 standard is built on the presumption that any process can be broken down into the
modules described. Actually defining the boundaries of modules in an optimally segmented process
requires good understanding of both process and control issues, is most easily done with some experi-
ence, and is unfortunately beyond the scope of this overview. However, a good understanding of the
modules in the hierarchy is the necessary first step. The hierarchy of equipment entities is shown in
Figure 14-2.

The Process Cell

The process cell is the whole thing. It contains all equipment entities (modules) necessary to make one
or more products. It is the interface to the business. ANSI/ISA-95.00.01-2000 - Enterprise-Control System
Integration calls it a work center as a general term for any kind of manufacturing. When used specifi-
cally for batch, the term process cell is still the one to use. The process cell is made up mostly of units,
along with their components parts. A process cell may have more than one batch active at a time and
each of those batches may be following the same or different paths through the equipment. A batch
does not need to use all the equipment in a process cell, and all batches of the same product do not
need to follow the same path through the process cell. A process cell has many functions, but is mostly
concerned with getting the proper unit recipe information to the proper unit at the proper time and
keeping the batches and units sorted out into an orderly process.

The Subordinate Modules

The unit is the only grouping of equipment that can make something all by itself. It is the main S88
module for automatic control. Making a batch usually requires multiple units, although a batch can be
completed in a single unit. It is made up of equipment modules and control modules. It is important to
recognize that, while control modules are required, equipment modules are optional and, in many
cases, may not be required at all. If used, equipment modules may be a permanent part of a unit, or a
common resource that is temporarily attached to a unit and released for use by another unit when it
has done its job. However, once a common resource is attached to a unit, it functions like any other
permanent object in the unit.
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Figure 14-2: Equipment Entities

The Unit

The unit is the primary S88 module for automatic control. Nothing can be made without at least one
unit. The primary function of a unit is to organize and execute procedural elements such as a unit pro-
cedure, operations, and phases. A unit procedure is made up of a hierarchy of operations and phases
(see Figure 14-3). An operation is made up of an ordered set of phases. It executes or causes the exe-
cution of the phases to carry out process tasks. Only one batch at a time can be active in a unit. How-
ever, it can carry out several tasks at one time on that single batch because it can execute more than
one phase at a time. The unit is the main module.

How can you tell if a grouping of equipment is a unit? If a grouping of equipment requires a variable
sequence of procedures or tasks in order to operate, it is a unit. If not, most likely it is part of a unit.
A unit is generally centered on a major piece of processing equipment, such as a mixing tank or reac-
tor. It carries out product-related processing procedures such as combining material, initiating a chem-
ical reaction, cooling a batch, etc. A unit can only operate on one batch of material, or portion of a
single batch, at a time because it can execute only one unit procedure at a time. It gets a portion of a
recipe (a unit recipe) that turns it into a mini process for making a single product.

The Parts and Pieces of a Unit
The unit is all the recipe cares about, but a unit is made up of smaller modules. Building a unit up from
many smaller pieces makes all of the equipment modular so they can be combined like snap-together
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Figure 14-3: Procedure Model

blocks to “build” a unit. Having modular equipment entities not only makes it easier to define a unit, it
also enables reusability. This adds enormous value and can result in lots of reusable work and much
more uniformity of function. Subordinate parts of a unit are necessary because units are all about con-
trolling procedure. Units tell their equipment modules, if they exist, when to execute their phase(s)
and tell control modules what states or condition to set in what order. Control modules actually con-
trol equipment such as valves and control loops. The unit (or equipment module) commands a control
module to set a condition. It is the job of the control module to set the condition and strive to maintain
it. Control modules contain the physical actuators and sensors that manipulate equipment and mea-
sure process conditions.

Control Modules

There is nothing new about control modules. The process control domain is where most traditional
control has always been done. The only difference is that S88 treats the control module entity as a
module so all of the basic control that goes on at that level can be encapsulated in reusable modules.
Control modules directly connect to and contain process actuators and sensors as well as other simpler
control modules. The simpler control modules are, in essence, the loops or devices that have long
existed in traditional control. They are where essentially all basic control takes place—where the rub-
ber meets the road. All elements encapsulated in a control module are treated as a single entity. The
total purpose of a control module is to set a process state or condition and hold it, if at all possible,
until commanded to change. In a loop configuration, the job is to set and maintain a process value. In
a device configuration, the job is to set and maintain an equipment state. Control modules can contain
other control modules. Whether they are simple or compound, their function is the same—they set a
state and hold it. A typical example of a compound control module might be a valve header containing
four valves that select a destination. Each of the valves could be a standard simple control module
wrapped together in a control module that simply sets the proper valve to open and the others to
close. The command to the overall control module might be the destination, and the conditions
reported back could be “in transition” or “at state x” or “alarm.”

Only a control module can directly manipulate a final control element. All other modules can affect
equipment only by commanding one or more control modules. Every physical piece of equipment is
controlled by one (and only one) control module. Sensors are treated differently. Regardless of which
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control module contains measurement instrumentation, all modules can share that information. Con-
trol modules do not execute phases, so they do not carry out process-oriented tasks. They are all about
setting and holding a state or condition. However, a control module can take its equipment through

a sequence of intermediate steps required in the transition from one commanded state to the next
commanded state. Although it is a sequence, it is not a procedure. It is state transition logic necessary
to the setting of a state or condition. In a typical situation, a control module is commanded to go to

a state. It will take the equipment through steps required to get there. It will then maintain the com-
manded state, if at all possible, report its condition, and trigger an alarm if it cannot maintain the com-
manded state.

Equipment Modules

The equipment module is left until last because it is easier to understand once units and control mod-
ules are in mind. An equipment module is essentially a partition of a unit complete with its own
phase(s) and its own control modules. This sort of module is required to allow a unit to acquire a com-
mon resource that can carry out a process-oriented task. Typical of this might be a raw material supply
system that can deliver raw materials to several different units, but only one at a time. Since it can’t
belong exclusively to any one of the units, it must be the kind of animal that can be acquired, com-
plete with its procedure (phase), and become part of the unit for a time. It can then be “told” to exe-
cute its phase and the amounts of a specific material to deliver to a specific destination; it can do that
and then wait until it is told to deliver another charge, or is released. Once released, it belongs to no
unit and can’t contribute to the making of a batch until it is once again acquired. It is made up of con-
trol module entities and its own control, which is one or more phase(s). An equipment module must
have at least one phase to function. If it has no phase, it is a control module. Equipment modules can
also be configured as a permanent part of a unit.

Whether they are temporarily acquired, or are a permanent part of a unit, they exist to provide ser-
vices to a unit. They do relatively simple, usually dedicated, procedural tasks using their own control
modules. Since a unit can execute a phase, and contains control modules, the existence of a perma-
nently configured equipment module is, in essence, optional. For that reason, many units may have
no equipment modules at all and are still able to carry out the same process tasks. Their use as a per-
manently configured part of a unit is sometimes useful to provide partitions that prevent the phase
that is not part of the equipment module from commanding control modules within the equipment
module.

14.3 Recipe

Units carry out process-oriented tasks. The recipe turns the process into a machine to make a specific
product by specifying which tasks are to be executed, the order in which they are to be executed, and
the parameters or values to be used during that execution. The recipe is a little like the cartridge for a
video game in that inserting a new cartridge totally changes the game even though no change at all
was made to the control circuitry in the game controller. Recipes are easier to write than control code
and are much more bulletproof in that safeguards can be built into the control code to keep really bad
things from happening if a novice recipe author chooses to do something dumb. Usually, equipment
control is the domain of control engineers, while process engineers and others familiar with the pro-
cess, but not the control strategy, can write recipes.

ISA S88 defines a recipe with five parts:

Header — administrative information: recipe ID, description, author name, dates, source docu-
ment references, revision history, etc.

Procedure — the sequence of operations and phases needed to make a product.

Formula — defines material inputs, expected outputs, and other parameters needed by the phases
as they execute.



Chapter 14: Control of Batch Processes 199

Equipment Requirements — defines equipment (or equipment class) needed to make the product.

Other Information — such product specific information as safety and regulatory information (does
not contain global information like material safety data sheets, standard shipping requirements,
etc.).

The standard also specifies four types of recipes:

General Recipe — the form of the processing plan that exists at the highest level of the organization
or corporation. It is product and chemistry specific but defines the parameters and processing
steps in a general and nonrestrictive way. Such items of information as batch size or specific
selection of processing equipment are left for more focused versions of the recipe.

Site Recipe — a recipe version similar to the general recipe but changed to make it specific to an
identified plant site. In some cases there will be no change in the recipe. In others, items of infor-
mation will be added, such as local regulations, the language of choice for reports, and operator
displays.

Master Recipe — a form of the recipe that has been made specific to either a process cell or a set of
essentially identical process cells. Raw materials are designated by local code and quantities in
engineering units. It is the template for a recipe that can be executed in the appropriate process
cell.

Control Recipe — the executable recipe. It begins as a copy of the master recipe and is further mod-
ified to make it specific to a batch. Such information as batch ID and raw material lots may be
identified at this level. If the control is manual, it might be called a “batch card” or something
analogous. The difference between the control recipe and the master recipe is that options in the
master recipe become absolute realities in the control recipe.

14.3.1 Schedule

In traditional control, schedules are something that happen somewhere in the operations department.
In batch control, the schedule may come from the same place but is a vital part of control. Much as the
recipe directs the tasks that must execute in order to make a product, the schedule directs the recipes
that must execute in order to meet business requirements. It may also contain information that modi-
fies the control recipe to make it specific to a single batch. The schedule is the primary business con-
nection to the process and contains most of the information that ties the process to the business. It is
very important. In a batch environment it has major impact on how well the process runs. A well-
crafted schedule can directly and significantly improve quality, cost, throughput, inventory and other
production metrics. A poorly crafted schedule can swing those metrics as much as 50% in the wrong
direction.

14.3.2 Recipe Linkage

Recipes link to units through high-level control activities in the process cell. The procedural control
model is split. Part of the procedure (the part for a product) is in the recipe. The rest is in the units (the
product independent part). Although linkage can occur at any level in the procedure model (see
Figure 14-3), the most usual level is at the phase level as illustrated in Figure 14-4. In that example,
recipe phases link to equipment phases. The equipment phase is control that is embedded in equip-
ment control and carries out a procedure. The control can be implemented as control code or can be
implemented manually, but it is still an equipment phase carrying out a process-oriented task.

14.3.3 Tying It All Together

There is a logical sequence of events that takes place at the process cell level to start making a batch.
First, the batch must be scheduled, and that information must be conveyed to the process manage-
ment function that is part of the process cell. The process cell then requests a copy of the appropriate
master recipe. It assigns a unique batch ID to the recipe copy, turning it into a control recipe. It then
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Figure 14-4: Recipe Procedure to Equipment Procedure Linkage

makes any further changes to the control recipe needed to make it specific for the batch to be made. It
then separates the control recipe into unit recipes and, when the correct unit is available, hands the
unit recipe off to that unit. At that point, the actual processing takes place in the unit. When the unit
has totally finished the required processing, it becomes idle and available for the process cell to assign
to another batch.

14.4 Summary

Automatic control of a batch process involves making the process operate the way it should—auto-
matically. That requires knowledge of how the process should be operated. As a result, the first step in
batch automation requires fundamental understanding of exactly how it should be run—in excruciat-
ing detail, recognizing that business requirements may change and the way the process is operated
may also have to change. This goes beyond the typical engineering control problem. Focusing on con-
trol loops and valves, etc., can’t solve it. The solution must focus on required functionality, recognizing
that batch control is connected to the “business” and must be flexible enough to meet business
requirements.

Regulatory control is a technology that has been around since the 1980s. It helps people who operate
a plant do a better job. It is a necessary component of today’s processing plants and has become so
ubiquitous that it is more a safety and hygiene issue than an optional technology. Batch control is a
technology that relies on, and directs, regulatory control, and it defines the way a plant will operate.
Batch control is automation.
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15.1 Introduction

Environmental controls are installed for a variety of reasons and incentives. They are like the tradi-
tional “carrot and stick” approach to modify behavior. There are significant rewards (carrots) possible
as a result of environmental controls, but there are also significant penalties (sticks) that can result
from poor implementation of environmental controls.

15.2 Risk Reduction

Environmental controls are one way of limiting liability and penalties such as fines and, potentially,
incarceration. Environmental monitoring such as a Continuous Emission Monitoring System (CEMS)
and other environmental systems for monitoring controlled and fugitive emissions from a facility are
the most common way of ensuring a facility is in compliance with the associated operating licenses
and regulations. In the United States, it is the responsibility of the Environmental Protection Agency
(EPA) to mandate, through the appropriate Code of Federal Regulations (CFR), the rules and regula-
tions regarding acceptable limits and measurement methods for a variety of substances considered
harmful to the environment. In many cases, these operating limits form part of the license to operate a
facility, meaning it is possible that lack of compliance with the regulations stipulated in the license can
result in the temporary or permanent closure of a facility.

Leak Detection and Repair (LDAR) programs are another legislated tool used to minimize fugitive
emissions from a facility. This program is not just a “stick” since it comes with the “carrot” that, if a
facility consistently demonstrates low levels of fugitive emissions, the frequency at which the potential
leak points need to be monitored can be reduced. A consistently “clean” environmental record not
only reduces the potential of the “stick,” but it is also the first of many “carrots.” The broader commu-
nity in which a company operates recognizes environmental efforts as those of a good corporate citi-
zen adding value to a region through employment opportunities with negligible negative side effects.

15.3 Economic Incentives

Many companies have found that by tracking and minimizing their losses to the environment of a
variety of substances, including their desired product, they are able to improve the operation of their
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facility. Obviously, every unit of product not lost to the environment results in increased revenue,
because it is now being sold as product. In addition, facilities are finding that, by concentrating their
effluent stream, it is possible to sell the resulting concentrate as a specialty product or, alternately, as a
feed stock to a nearby facility to convert to a higher value product of their own.

The economics, or feasibility, of each recovery project can only be determined locally. However, what
is “given” is that you cannot control what you cannot measure, so proper measurement and control of
the process, and especially the stream constituents of interest, is critical. Fortunately, the analytical
technology that is under development and becoming available continues to improve in reliability,
repeatability, sensitivity, and accuracy.

What is commonly accepted and has been demonstrated is that converting a process loop from open to
closed loop control results in a halving of the standard deviation of the system. This is demonstrated in
Figure 15-1 that shows how a process will continue to have the same number of incidents when it will
exceed the operating constraint but because the standard deviation is less, it is possible to move the
mean, representing the process setpoint closer to that limit.

&\ Control or License Limit

Manual

............. - Closed Loop

Manual

Figure 15-1: Impact of Tighter Loop Control

15.4 Building Controls

An often overlooked component of environment controls is the control of buildings in which workers
and, in many cases, processes are housed.
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In the case of workers, it is important to maintain a comfortable environment with a limited range of
temperature and fresh air. “Sick Building Syndrome” was a periodic problem in the past because—in
the quest for energy efficiency that included ensuring a building was “air tight”—a number of facilities
were built that did not have enough fresh air being exchanged to prevent the concentration of gases,
such as carbon dioxide and vapors from the building components themselves. This resulted in people
having headaches and other symptoms that negatively impacted their ability to work.

Building controls are also taking on a more important role in industries as well, especially in the phar-
maceutical and electronics industries. Both types of facilities have requirements for “clean environ-
ments” and, in the case of pharmaceutical facilities, the temperature must be maintained within a
limited range. Electronics, of course, also require maintenance of building humidity, as well as a
means to control static electricity.

For this reason, many facilities now have control systems dedicated to maintenance of the building
environment/envelope that are comparable to the ones used for plant automation, often sharing the
same components used to control the operating facility itself.

15.5 Environmental Control Issues

Environmental controls share many commonalities with other control systems and components of a
facility. In addition, many analyzers used for detecting environmental constituents require regular
maintenance to replenish consumables and maintain/verify the accuracy of measurements required of
them by legislation.

15.5.1 Accuracy

In most control systems, repeatability is more important than accuracy. However, in the case of envi-
ronmental monitoring, accuracy is also important. Accuracy of environmental systems, as verified by
calibration and/or reference checking, must include the entire system from sample probe through to
the signal, as received by the control system.

A Statistical Quality Control (SQC) process should be used to monitor any change, with the introduc-
tion of each reference gas sample and a change to the system’s calibration factor made only when it is
statistically significant and the reason for the change has been identified and resolved. Doing otherwise
will result in the system continuing to “chase” the calibration gas and will not improve system accu-
racy at all.

15.5.2 Maintenance

All equipment and software applications require maintenance; environmental systems are no differ-
ent. Without maintenance, the equipment will deteriorate and cease to function. Because of the spe-
cialized nature of the equipment used for environmental measurement, especially analyzers, the most
effective way of ensuring continued reliable signals is to have a dedicated support team in place. This
team should be made up of maintenance technicians/mechanics, engineers/technicians, and chemists
working together to keep systems operating as they should. A poorly maintained system is a liability to
a company, since it costs money to install and does not provide the benefit used to offset this cost.
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16.1 Introduction

Today’s automation professional is not only involved with his company’s plant monitoring and control
systems, but also the air pollution control systems that the EPA (Environmental Protection Agency)
has mandated. He will be responsible for many aspects of the environmental monitoring system
design, installation, operations, maintenance, and upgrades. Currently within some companies, the air
pollution monitoring systems have a huge impact on operations, maintenance, and profitability (due
to possible fines).

16.2 Origins

In 1955, after many state and local governments had passed legislation dealing with air pollution, the
federal government decided that this problem needed to be dealt with on a national level. Congress
passed the Air Pollution Control Act, the nation's first piece of federal legislation. The bill identified air
pollution as a national problem and called for research and additional steps to improve the situation. It
was an act to make the nation more aware of this environmental hazard.
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Although important legislative precedents had been set, the existing laws were deemed inadequate.
By 1970, the issue of air pollution was addressed again with the introduction of the Clean Air Act of
1970. Though this act was technically an amendment, the Clean Air Act of 1970 was a major revision
and set much more demanding standards.

In 1990, after a lengthy period of inactivity, the federal government believed that they should again
revise the Clean Air Act due to growing environmental concerns. The Clean Air Act of 1990 emerged,
addressing five main areas: air-quality standards, motor vehicle emissions and alternative fuels, toxic
air pollutants, acid rain, and stratospheric ozone depletion. In many ways, this law set out to
strengthen and improve existing regulations.

16.3 Affected Companies

Though an automation professional will face a great deal of environmental monitoring issues, stack
gas monitoring and its affects, will be a primary and frequent concern.

The Clean Air Act mandates that the oil, gas, petrochemical, power generation, utilities, and industrial
facilities monitor their stack emissions for certain non-attainment pollutants. In addition, these facili-
ties are required to maintain their emission levels at the state, local, and/or federal limits, utilizing a
Continuous Emission Monitoring System (CEMS). A CEMS refers to a packaged system of gas analyz-
ers, gas sampling system, flow, and temperature monitors. Technical requirements for CEMS can be
found in 40 CFR (Code of Federal Regulations) part 60 and CFR part 75. State implementation plans
are based on the EPA’s regulatory authority in 40 CFR, though some technical variations exist from
each state and local Air Pollution Control Districts (APCDs). Here is a basic list of industries and the
pollutant(s) that they are required to monitor:

e Refineries — No,/SO,/CO/ or CO, and flow;

e Chemical Plants - NO/NO,/ NH;3 (as CO,);

e  Gasification & Gas Plants — NO,/O,/CO/CO,/ and Flow;

e Gas Turbine Power Plants — NO,/CO/CO,/0,/ and Flow;

e  Cogeneration -- NO,/CO/CO,/0,/ and Flow;

e  Coal Fired Power Plants -- NO,/CO/CO,/0,/Flow and Opacity;
e  Steel and Cement -- NO,/CO/CO,/0,/Flow and Opacity;

e  Copper Smelting — SO,; and

¢  Semiconductor — VOC (Volatile Organic Compounds);

These are but the most common industries and pollutants to be monitored. State and local APCD’s
may require additional monitoring requirements.

16.4 Extractive CEMS Hardware

All of the monitoring requirements for CEMS have similar configurations. (See Figure 16-1.) A typical
extractive CEMS will be comprised of a stack probe, sample line, sample conditioning system, analyz-
ers, PLC or other controller for calibrations, and Data Acquisition System (DAS).
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Figure 16-1: Typical CEMS Enclosure

16.4.1 Stack Probes
A stack probe is the primary connection to the source being monitored and is typically made out of
316 stainless steel. Some special materials include:

e Inconel,
e  Hastalloy, and
e  Monel.

An ANSI Class 150, 4-inch RF flange is used to attach the probe to the process or exhaust stream. Most
stack probes are heated to keep the sample gas above dew point. A typical stack probe will have a pri-
mary filter around 10 microns and made up of 316 Stainless Steel to keep any large particulate from

clogging the sample line, sample conditioning system and/or the analyzers. The basic probe will also
have a one-way check valve connection to allow for calibration gas to flood the probe (also known as
a dilution calibration) or a solenoid in order for the system to perform a calibration. (See Figure 16-2.)

Some processes are extremely dirty and require an additional connection to the probe in order to pro-
vide a regularly scheduled cleaning of the probe. Instrument air is normally used for this process, and
controlled by a solenoid valve.

16.4.2 Sample Lines

The sample line transports the gas that is being sampled to the sample conditioning system and analyz-
ers. (See Figure 16-3.) The line is heated to prevent the formation of moisture and acid gas condensa-
tion during sample extraction and transport, preserving the integrity of the gas sample for accurate
measurement. A sample line is made up of many pieces and is typically three to four inches in diame-
ter. It contains the sample line, calibration line, blow back line, possible electrical signal and a heating
element running the length of the sample line. The sample line and the calibration line are usually
made of PFA or FEP tubing, which has a high resistance to chemical absorption. If absorption occurs
due to moisture or containments, it will cause the sample gas to read incorrectly. There are two meth-
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Figure 16-2: Typical Class 1 Division 1 Heated Sample Probe

ods of heat tracing available for heated sample lines to keep the sample under dew point prior to sam-
ple gas analysis: self-limiting and constant wattage.
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Figure16-3: Schematic Diagram of a Sample Bundle

Self-Limiting (has no temperature controller) heat tracing becomes more resistive as its temperature
rises, limiting power delivery. It is only acceptable for temperatures up to 250 degrees Fahrenheit.

Constant wattage (has a temperature controller) heat tracing allows for higher operational tempera-
tures. It is used for sample systems requiring temperatures above 250 degrees Fahrenheit, or in appli-
cations where temperature must be closely controlled.

16.4.3 Sample Conditioning System

The gas sample must be delivered to gas analyzers in a timely manner and must be clear of all contam-
ination from condensed liquids, condensable water vapor, and particulate matter. The sample condi-
tioning system is designed to remove moisture and particulate matter and to handle the calibration
gases. A sample chiller is used to drop the sample gas below dew point and condense out the moisture.
The moisture is then removed by a peristaltic pump. Inline filters are used to remove particulate mat-
ter, as well as any moisture the sample chiller was unable to remove.

The sample conditioning system also handles the calibration gases, using solenoids to select which cal-
ibration gas is sent to the probe through the calibration line. This provides a bias calibration. This type
of calibration sends the calibration gas through the calibration line to the sample probe and floods the
probe so that only the calibration gas is drawn through the sample line and the sample conditioning
system. Bias calibrations indirectly check the entire sample gas transport system. If there are any leaks,
the analyzers are unable to pass their individual calibrations. An internal calibration is also available to
allow for multiple calibrations without sending the calibration gas all the way to the probe and back.
This type of calibration is typically performed during maintenance or repair periods.
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16.4.4 Analyzers

There are many brands of analyzers that employ multiple types of methods to detect a single, or sev-
eral different pollutants (Figure 16-4). Analyzers are becoming more and more sophisticated. Today’s
modern analyzers are almost like your typical plant monitoring system. They have Human Machine

Interfaces (HMI's), internal networks between each component, control valves, and flow meters.

: T
" I }

Figure 16-4: Example of Typical Multi-pollutant Analyzer

Below is a list of the different types of pollutants and the best and/or most common detecting
methods:

16.4.4.1 NOy

Chemiluminescence analyzers are more accurate and widely used over infrared analyzers. This
method has been developed for measurement of NO and O, using a specific reagent which reacts with
NO or O3 to produce a light (chemiluminescence).

16.4.4.2 CO

Infrared absorption is the most common method of detecting carbon monoxide. Gaseous materials
normally contain absorption molecules peculiar to the infrared region. CO is one of the infrared active
gases. A non-dispersive infrared gas analyzer (NDIR), with a reference cell sealed with the measuring
component or other gases having absorption spectrum identical with the measuring component, and
detects the change in the absorption of infrared rays at particular wavelength in a sample cell. To mea-
sure the concentration of gases in ambient air or in flue gas this non-dispersive infrared gas analyzer is
normally used.

16.4.4.3 SO,
There are three categories of analyzers for measuring sulfur dioxide. They are solution conductivity,

infrared absorption, and constant potential electrolysis. Currently, infrared absorption systems are the
most commonly used.

16.4.4.40

Oxygen beh%lVCS as a paramagnetic gas in the presence of an uneven field. When an uneven magnetic
field is applied to a paramagnetic gas, the gas is attracted towards the strongest region of the field, rais-
ing the pressure in that region. A sample gas containing a large volume of oxygen will move vigor-
ously in the presence of a strong oscillating magnetic field. A sample containing a relatively small
volume of oxygen will move relatively less, and a sample containing no oxygen will not change pres-
sure in a magnetic field. A paramagnetic analyzer excites an electromagnet to create pressure changes
in the measurement call. A capacitor microphone detects the pressure changes and converts them to
an electrical signal. The output of the detector is linear with the concentration of oxygen.

16.4.4.6 Flow

A mass flow meter, or orifice meter, is typically used to measure fuel flow and is used for the calcula-
tion for stack flow. Optical flow meters are independent of the pressure, temperature, and density of
the flue gas. They have an automatic calibration check that runs at a regular interval and require very
little, or no calibration.
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16.5 Calibrations

The EPA requires all CEM systems to pass a daily calibration. This guarantees that the facility CEMS
will always be accurate and within a reasonable degree of error. The CEMS will be equipped with a
Programmable Logic Controller (PLC) or the analyzer will have a built-in advanced calibration con-
troller. Each pollutant will have to be calibrated for zero and span, and pass within five percent of
each. If a calibration fails, the system is seen as being out of control, and the DAS system will substi-
tute missing data until the pollutant finally passes its required calibration.

16.6 DAS/RTU Systems

Each CEM System is required to have a Data Acquisition System/Remote Terminal Unit (DAS/RTU)
recording all of the CEMS monitored pollutants, the CEMS calibrations, and all other required moni-
toring (i.e. fuel flows, fuel temperature, fuel temperature, stack flow — calculated or derived, and
equipment on/off status, etc.). The DAS/RTU’s HMI (Human Machine Interface) will give the automa-
tion professional the ability to view all of the monitored data, CEMS calibrations, and required reports.

The RTU portion of the HMI is responsible for transmitting the required monitored data to the local
APCD or the EPA. The HMI will also provide the operator the ability to view the reports, see when
they were transmitted, and retransmit them as necessary.

16.7 Chart Recorders

A paper (also known as a strip chart recorder) or digital based chart recorder is required as a backup to
the DAS system and is considered a critical part of the overall DAS system. Recorder failure is seen as a
DAS failure, and missing data is required to be used during the time the recorder was down.

The recorder is required to monitor the pollutants, pressures, stack flows, fuel flows, temperatures,
and status signals (for calibrations start/stop, alarms, equipment on/off, etc.) in parallel with the DAS/
RTU.

16.8 System Design & Integration

Some CEMS/DAS/RTU systems are integrated into the facility’s already existing plant monitoring/con-
trols system and/or existing industrial data highway. Automation professionals use the existing sys-
tems to help reduce the installation costs of the system or systems, and to provide operations and
engineering personnel additional data for plant operations and predictive maintenance. For example,
monitoring a boilers Carbon Monoxide (CO) can help you determine the boiler’s efficiency (the more
efficient the boiler, the less fuel per BTU of heat out, providing a possible significant cost savings).

16.9 Writing a Request for Proposals

One of the keys to a successful installation is to have a strong Request For Proposal (RFP). The main
purpose of an RFP is to fully document your company’s needs. The RFP should provide a short history
of your company’s monitoring needs and detail the type of monitoring system that you currently
employ. This will help the vendor determine whether it can use your existing hardware in order to
reduce costs, or if it will be necessary to replace everything.

You should also include:
¢ A detailed listing of your equipment’s I/O (analog and digital Inputs and outputs).

e  The pertinent sections from your facilities air quality permit involving your monitoring and
reporting requirements.
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16.

16.

e A copy of all of the rules and regulations that your facility falls under (this way they cannot
say that they did not know, or have the information).

e  The date when the proposal is due, as well as what time frame in which the project needs to
be started and completed.

e A list of specific personnel who may serve as a point of contact for technical or purchasing
questions.

In writing an RFP, it is important that you involve certain key company personnel. The purchasing
agent will send out the proposals and handle the responses. He should create two reports for review.
One package will consist of the received reports based on their merits and offerings; the second report
should be organized based on cost.

Accounting will need to create a capital work order and chart of accounts for the project. They will
also be responsible for making sure that the vendors get paid.

Facility management and operations involvement will be crucial to the success of the project, as they
will be responsible for maintaining and operating the system. They may also have special concerns or
want custom reports. If you have an Environmental Department and/or Engineering Department,
they will either be involved in the project management or deployment of the system. In rare cases the
Information Technology (IT) Department will also be involved.

10 Writing Contracts

Most CEMS/DAS/RTU systems are considered a capital expenditure and require more than a basic
Purchase Order. In writing a CEMS/DAS contract, it is important that you use basic, straight forward
language and refrain from using technical jargon and uncommon acronyms. Most of the data required
will come from you RFP and the vendors’ proposals. Making sure that everyone - from the plant man-
ger to the operator - is able to understand what the contractual obligations are for both parties. This
information will be one of the keys to the CEMS installation success and differs from company to com-
pany. Some companies have project managers or project engineers who are more than capable of han-
dling the technical requirements, while other companies may relegate the responsibility to the plant
manager, operations supervisor or even the local operator (although this rarely happens).

11 Testing/Certifications

After your CEMS/DAS/RTU system has been installed, you will be required to perform a compliance
verification test: a Relative Accuracy Test Audit (RATA).

A RATA (CFR 40, part 75, App. A) test requires a third party testing company to come out to your
facility in a large box van (also known as the Reference Method) and monitor your exhaust stack side
by side with your existing system. See Figure 16-5.

There are many qualification checks that a system must pass in order to be certified. Here are the basic
requirements:

e  7-day calibration error check (CFR 40 part 75, App. A, Section 3.1 for NO, and O,, and CFR
40 part 60 for CO)

e  Linearity check (CFR 40, part 75 App. A)
o Cycle/Response time test (CFR 40, part 75 App. A, Section 6.4)

e Gaseous Stratification (CFR 40, part 75, App. A)
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The source testing company will perform 12 runs monitoring the same pollutants that your CEMS is
required to monitor. They will monitor your stack flow using an s-type probe, stack temperature, and
moisture (see CFR 40 Part 60, Method 1 —4). The information from each run will be compared to your
DAS system and a final Bias Adjustment Factor (BAF) will be tabulated for your monitored pollutants.
The bias test will be applied to the NO, concentration, NO, mass emission rate and volume flow rate
relative accuracy test audit results. If the mean difference between the reference method (RM) aver-
age and the source CEM average is less than the confidence coefficient, then the parameter passes the
bias test and is assigned a Bias Adjustment Factor (BAF) of 1.000. If the mean difference is greater
than the confidence coefficient, than the parameter fails the bias test and is assigned a BAF according
to the equation below:

1419
BAF =1+ cpyr |

In the event that the parameter fails the bias test, but the CEM average is greater than the RM value,
no adjustment is necessary and a BAF of 1.000 is assigned.

Figure 16-5: Source Test Van at a Power Plant

16.12 Maintenance, Quality Assurance/Quality Control

To reduce operational costs and extend the life of your CEM/DAS/RTU system, a proper QA/QC
(Quality Assurance/Quality Control) program should be put in place. The QA/QC program will
involve the operations, maintenance, and automation professionals. The QA/QC program is also a
requirement of the EPA. Not having and/or performing a QA/QC program could put your facility in
violation. The facility may be fined per incident, per day from when the violation first occurred.

Operation personnel are usually tasked with the daily, weekly, and monthly inspections and replace-
ment of basic consumables (i.e. filters, chemical type NO, converters, etc.).

Maintenance personnel will usually be tasked to change out pumps, chemically cleaning the sample
lines, cleaning the probe, and fixing the air conditioning system.

Automation professionals will be tasked with making sure that the QA/QC program is being properly
followed and performing high level maintenance on the systems. They will analyze problems with
CEMS and DAS systems, work on the analyzers, and perform needed repair. They will also perform
backups of the computer systems, conduct routine inspections, and recommend any needed system
upgrades or replacements.
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16.13 Chapter Summary

Congressional legislation regulatory air quality demands that companies modify their process to
reduce air pollution, install monitoring systems, and report the mass emissions to the local APCD or
the EPA on a daily basis. These requirements are costly and do not typically provide a return on
investment. However, forward thinking companies have been able to take advantage of the regulatory
monitoring requirements to aid in the maintenance of their equipment and to increase equipment
efficiency.

16.14 References

1. www.EPA.gov (Environmental Protection Agency)

2. Code of Federal Regulations 40 Part 60 (appendices)

3. Code of Federal Regulations 40 Part 72 to 80
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17.1 Introduction & Overview

This chapter is designed to provide insight into the industry that automates large buildings. Each large
building has a custom-designed heating, ventilating, and cooling (HVAC) air conditioning system to
which automated controls are applied. Access control, security, fire, life safety, lighting control, and
other building systems are also automated as part of the building automation system. These systems
are viewed by building management on-site and off-site with standard computer technology. In the
past, this was done by proprietary communication systems using telephone modems, but now the
trend is to browser-based presentation using Internet access with open communication standards.

The names given to building automation systems are varied:
¢  Building Automation Systems or BAS
¢  Building Management Systems or BMS
e  Facility Management Systems or FMS
. Energy Management Systems or EMS
e  Energy Management Control Systems or EMCS
¢  (Client Comfort System or CCS

plus others, based on building-based functions such as lighting control, fire/life safety, security, video,
digital signage, etc.

Basic climate control systems (building HVAC) vary widely, depending on owner and building
requirements and the mechanical engineer’s design. To provide insight into the complete process, this
chapter includes an example of how the instrument design for a typical air handing system is laid out.
The building zoning is determined by the design engineer and owner of the building and is based on
cost versus comfort. Thermal zones usually reflect the internal thermal barriers of the building.

N
—_
~
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Most controls are based on simple feedback of space temperature. However, the complexity comes
from optimizing the interaction of the central equipment—such as the chillers, boilers, pumps, and
air-handling equipment—with the great number of individual zones that make up the HVAC system.

Solar control is sometimes used to operate window shades, but most North American building designs
depend on brute strength to overcome heating and cooling requirements. The green building move-
ment is slowly changing this type of thinking, encouraging passive designs and interactive control of
the building envelope. Outdoor air is used when possible for free cooling, but many buildings have
only minimum outside air to provide for ventilation. Temperature is generally sensed with low-cost
thermistors.

The energy management control for a building can be as simple as time clock control or as complex as
Gridwise, which provides connections based on interactive Web information that allow the building to
be a controllable load on the nation’s electrical grid. In smaller buildings and homes, the controls are
often packaged and provided with the heating or cooling equipment.

17.2 History of the Evolution to Direct Digital Control or DDC

A brief history of control evolution provides insight to the development of direct digital control, or
DDC, an industry foundation. The automated buildings evolution followed the growth of the pneu-
matic control industry for a century, seeing the gradual introduction of pneumatic transmission, fol-
lowed by electric and electronic control. In the mid-1960s, electronic control evolved to multiplex
control systems that evolved into the first computerized systems using head-end computers. This
quickly gave way to minicomputers, then ended with microcomputers and the DDC revolution. In the
late 1970s and early 80s, the use of DDC exploded, greatly expanding the scope of the traditional
building automation control market while displacing the traditional pneumatic control industry. The
automated building control market growth curve went almost vertical. The decade between mid-1980
and mid-1990 saw the growth of many new control companies able to bring low cost, high functional-
ity, proprietary protocol control systems rapidly to the marketplace. By the mid-1990s, the cost of
DDC was much lower than the cost of pneumatics. This rapidly fueled the replacement of pneumatic
controls and the expansion of traditional and non-traditional automation markets.

During the mid-1990s, the BACnet movement, “one of the first open communication protocols,”
began to gain momentum, and a few systems were built around the evolving standard. About the
same time, the industry started to follow the revolution that was occurring in other industries with
products based on the Echelon chip. Standard protocols became something the industry wanted to
achieve. Slowly, but surely, the number of proprietary communication standards were reduced and
replaced by open-standard communication protocols.

The next revolution to hit was the Internet/intranet and browser-based presentations of everything.
This forced all companies to look hard at what the information technology (IT) industry was doing to
standardize presentation models. Some companies had built their new systems around IT thinking and
were able to rapidly follow, and even lead, this new trend. Once DDC concepts were embedded in
browser-based presentations, their convergence fueled rapid evolution with wireless cell phones, per-
sonal digital assistant (PDA) interfaces, e-mailed alarms, etc. With this followed the rapid evolution
that further explored Internet capabilities and increased the understanding of the complete power of
the newly inherited tools from the Web environment; with this, building automation functionality
exploded. Figure 17-1 provides a visual portrayal of all these events.

17.2.1 Example of the Application of DDC

An example of the points list for a basic DDC for an air handling system—shown in Table 17-1 on the
following page, with accompanying Figure 17-2 following—is reprinted here with permission from its
source, BC Buildings Corp. (BCBC), Victoria, British Columbia, Canada.
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Figure 17-1: Automated Buildings Evolution

The BCBC Client Comfort System Design Manual is primarily intended to instruct and assist designers who
are specifying computerized building controls for BC Buildings Corp. It starts with an introduction that
describes how to use the manual for the procurement process.

Once you conceptually understand how this is done, you will see how automation is applied to other
building components. Sensing and control points are provided for each air system, plus all other major
pieces of equipment provided in the mechanical building design. Both hardware and software points
are specified.

The points list provides each hardware and software point with a unique number, shown on Figure
17-2. The point type is indexed in a specification which provides a complete detailed specification for
each end sensing and control device as well as all software points.

The graphic of how this system should be represented on the computer screen is part of the specifica-
tion and shows the exact location of each of the required sensing points and the actuated devices.
Software points, which are detailed in the specification, are also shown. The actual location on the
graphic where the operator would click to get trend information, time schedules, access to control pro-
grams, etc., is also shown.

The graphic is followed by the control language, which shows the exact relationship between the real
and virtual points in the automation system presented in a basic If, Then, Else, control language.

This is an example of one air system. In an extremely large building, there could be hundreds of air
systems, typically one per floor in high-rises, plus thousands of individual terminal zones—each with
their own DDC control. In addition, central equipment such as chillers and boilers to provide heating
or cooling all have their own control systems. These DDC control points are all networked together to
allow interaction of all points. This is done in the control language and the presentation to the opera-
tor is via a browser-based interface.
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Table 17-1: Example Points List for a Basic DDC Air Handling System
(Source: BC Buildings Corp. Reprinted with permission.)

Project Number: Project Name:
Graphic Logic Location Point Name Mnemonic | Point| Hardware Point | Virtual|Notes See Page # Note
Point Description System Point Type | DO | DI | AO| Al | Point Comments #
1.1|Supply Fan Start/Stop SF CR1 1
1.2|Supply Fan Status SF_S \ 1
1.3|Supply Fan Program SF_PG PG 1
1.4|Supply Fan Trendlog SF TL TL 1|SF,SF_ASD,SAT,SAP
1.5[Supply Fan Run Hours SF TZ Tz 1
1.6|Weekly Schedule Ws WS 1
1.7|Supply Fan ASD SF_ASD DDC 1
2.1|Return Fan Start/Stop RF CR1 1
2.2|Return Fan Program RF_PG PG 1
2.3|Return Fan Trendlog RF_TL TL 1|RF,RAT,BSP,ASD
2.5|Return Fan ASD RF_ASD DDC 1
3.1{Mixed Air Damper MAD DA2 1
Mixed Air Damper Controller MAD_CO Cco 1|use SAT:SAT_SP
Mixed Air Damper Minimum MAD_MIN \ 1
Mixed Air Damper Ramp RAMP \ 1
3.2|Mixed Air Program MAD_PG PG 1
3.3|Mixed Air Trendlog MAD_TL TL 1|SF_S,FRZ,MAD,MAT
Cooling Mode CLG_MODE |V 1
4.1|Cooling Coil Valve Cccv Cv3 1
Cooling Coil Controller CCV_Co Cco 1|use SAT:SAT_SP
4.2|Cooling Coil Trendlog CLG_TL TL 1|CCV,SAT_SP,SAT,EC
4.3|Cooling Coil Program CCV_PG PG 1
Heating Mode HTG_MODE |V 1
5.1|Heating Coil Valve HCV CVv3 1
Heating Coil Controller HCV_CO CO 1|use SAT:SP =12
5.2|Heating Program HTG_PG PG
5.3|Heating Coil Valve Trendlog HCV_TL TL 1/HCV,SAT_SP,SATHCP
5.4|Heating Coil Pump HCP CR1 1
5.5|Heating Coil Pump Run Hours HCP_TZ TZ 1
6.1|Evaporative Cooling EC CR1 1
6.2|Evaporative Cooling Program EC_PG PG 1
6.3|Evaporative Cooling Run Hours EC_TZ TZ 1
7.1|Return Air Temperature RAT DTS2 1
8.1|Mixed Air Temperature MAT DTS1 1
9.1|Freeze Control FRZ FRZ 1
10.1|Room Temperature Minimum RT_MIN Vv 1
10.2|Room Temperature Average RT_AVG \ 1
10.3|Room Temperature Maximum RT_MAX Vv 1
10.4|Room Temperature Setpoint RT_SP \ 1
10.5|Room Temperature Trendlog RT_TL TL 1|SAT,MIN,AVG,MAX
10.6|Building Pressure BSP DPS 1
10.7|Building Pressure Setpoint BSP_SP Vv 1
11.1|Supply Air Temperature SAT DTS2 1
11.2|Supply Air Temp Setpoint SAT_SP \ 1
11.3|Supply Air Temp Program SAT_PG PG 1
12.1|Supply Air Pressure SAP DPS 1
12.2|Supply Air Pressure Setpoint SAP_SP \ 1
12.3|Supply Air Pressure Program SAP_PG PG 1
Supply Air Pressure Controller SAP_CO Cco 1|use SAP:SAP_SP
Total 4 1) 5 5 34

17.3 Open Protocols used in Building Automation

In the past, proprietary protocols were used to network DDC points. However, today it is more likely
open protocols such as BACnet, LonWorks, and/or TCP/IP, oBIX , and Niagara standards would be
used.

BACnet is an acronym for a data communication protocol for Building Automation and Control Net-
works. The American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
maintains a BACnet website. See: http://www.bacnet.org/.
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1.3 Supply Fan (SF_PG)
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IF RF ON-FOR 30 SEC THEN
START SF

ELSE STOP SF

IF SAP > 30 THEN SF_S = ON
ELSE SF_S = OFF

[Supply Fan ASD]

IF SF ON THEN
SF_ASD = SAP_CO

ELSE SF_ASD =0

Return Fan (RF_PG)

IF WS ON OR RT_AVG < 14 THEN
START RF

IF WS OFF AND RT_AVG > 16 THEN

STOP RF
[Return Fan ASD]

BSP_SP = DEFAULT = 20 Pa
IF RF ON THEN
RF_ASD = SF_ASD - (BSP_SP - BSP)
ELSE RF_ASD =0
Mixed Air Damper (MAD_PG)
MAD_MIN = DEFAULT = 30%
DO EVERY 3 S RAMP = RAMP + 1%
IF SF OFF THEN
RAMP = 0%
IF RAMP > 100% THEN
RAMP = 100% END DO
IF SF_S ON AND WS ON AND FRZ OFF THEN

4.3 Cooling (CLG_PG)
IF SF_S ON THEN
IF RT_AVG > RT_SP + 1.3 OR
RT_MAX > RT_SP + 2 THEN
CLG_MODE = ON, CCV =CCV_CO
IF RT_AVG < RT_SP + 0.8 AND
RT_MAX < RT_SP + 1.5 THEN
CLG_MODE = OFF, CCV =0

ELSE
CLG_MODE = OFF, CCV =0
5.2 Heating (HTG_PG)

IF SAT < 10 THEN
HTG_MODE = ON, HCV = HCV_CO
IF SAT > 14 THEN

HTG_MODE = OFF, HCV =0

[Heating Coil Pump]

IF HCV > 15 OR MAT < 3 THEN

START HCP

IF HCV <2 AND MAT > 7 THEN

STOP HCP

6.2 Evaporative Cooling (EC_PG)
IF SF_S ON AND CLG_MODE OFF THEN

IF RT_AVG > RT_SP + 0.5 OR

IF CLG_MODE ON OR HTG_MODE ON THEN

IF RAT < OAT OR HTG_MODE ON THEN

MAD = MAD_MIN
ELSE MAD = 100%
ELSE
MAD = MAX(MAD_MIN, MAD_CO)
MAD = MIN(MAD, RAMP)
ELSEMAD =0

5_VL1.CDR

RT_HIGH > RT_SP + 1 THEN

START EC
IF RT_AVG <RT_SP + 0.1 THEN

STOP EC
ELSE STOP EC

RT_SP =
SAT_SP =18 - (RT_AVG - RT_SP) * 4)
12.3 Supply Air Pressure (SAP_PG)
SAP_SP = DEFAULT = 100 Pa

Updated: 94/10/31 by KWS

11.3 Supply Air Temp (SAT_PG)

DEFAULT = 22

Page

Figure 17-2: Unique Number Provided for Each Hardware and Software Point
(Source: BC Buildings Corp. Reprinted with permission.)
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LonMark International is a global membership organization created to promote and advance the
business of efficient and effective integration of open, multi-vendor control systems utilizing ANSI/
EIA/CEA 709.1 and related standards. See: http://www.lonmark.org/.

TCP/IP is the acronym for Transmission Control Protocol/Internet Protocol, the suite of communica-
tions protocols used to connect hosts on the Internet.

oBIX stands for Open Building Information Xchange, an industry wide initiative to define XML- and
Web Services-based mechanisms to present building systems-related information on TCP/IP networks
such as the Internet. See: http://www.obix.org/.

Niagara is a different way to address the challenge of creating true interoperable and open systems.
Niagara takes data from diverse systems and “morphs” all of the data into uniform software “compo-
nents.” It's a comprehensive software framework designed to address the challenges of integrating
diverse smart devices into unified systems. These components can then easily be assembled into appli-
cations—for example, dynamic displays, control sequences (even across different systems and
devices), alarms, schedules, reports, etc. Niagara makes it possible to expose all this data to the enter-
prise in a unified IT-friendly way. Niagara combines the capabilities of network management, protocol
conversion, distributed control, and the user interface into a single software solution that can operate
on a wide range of hardware platforms from very small to the very large. It can be used on PCs, on
servers and in small, embedded controllers. See: http://www.tridium.com/.

The art of the automated buildings industry is connecting and creating the correct relationships of
these thousands of DDC points, while providing communication to a Web browser with open proto-
cols. Rapid evolution in the automated buildings industry has been fuelled with the standardization of
communication protocols.

Figure 17-3 is from the Reliable Controls Web site at http://www.reliablecontrols.com/, and is
reprinted here with permission. It provides a good example of how an open protocol operating system
using BACnet protocol takes the DDC points and creates a relationship for each point in a control lan-
guage (BASIC Code) and displays them on a standard internet browser.

17.4 How to Specify Building Automation Systems

What is CtrlISpecBuilder?

CtrlSpecBuilder™ is a free online productivity tool for preparing bid specifications for HVAC control
systems. CtrlSpecBuilder can prepare BACnet specifications or specs that allow other protocols. You
can view the spec online and download it as a Microsoft Word file.

CtrISpecBuilder provides tool for preparing quicker, easier specifications

A new Website has been launched providing HVAC engineers with a new productivity tool. Previ-
ously, engineers wrote specifications from scratch, cut and pasted from previous projects, or relied on
proprietary vendor “canned” specifications. CtrlSpecBuilder is a free, online tool that prepares non-
proprietary, custom specifications. It follows ASHRAE Guideline 13-2000, specifying DDC systems,
and CSI MasterFormat for section 15900. This tool also generates point lists and sequences of control
for all HVAC equipment in the project, and can provide specifications in U.S. or metric units.

CtrlSpecBuilder can be accessed at http://www.ctrlspecbuilder.com/.

17.5 Future of Web Services in Building Automation

The following is an excerpt from an article published January 2002 on AutomatedBuildings.com’s
Web site. The article, titled Information Model: The Key to Integration at http://www.automatedbuild-
ings.com/news/jan02/art/alc/alc.htm, has been widely read and is a cornerstone for Web-based evolu-
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Figure 17-3: Display Showing How BACnet Protocol Is Applied

(Source: Reliable Controls Corp., Victoria, British Columbia, Canada. Reprinted with permission.)

tion. Its authors are Eric Craton, head of product development, and Dave Robin, head of software
development, at Automated Logic Corp., Atlanta, Ga.

Let's look at the four trends in terms of Web services:

1.

Content is becoming dynamic - A Web service has to be able to combine content from
many different sources. That may include furniture inventories, maintenance schedules and
work orders, energy consumption and forecasts, as well as traditional building automation
information.

Bandwidth is getting cheaper - A Web service can now deliver types of content (stream-
ing video or audio, for example) unthinkable a few years ago. As bandwidth continues to
grow, Web services must adapt to new content types.

Storage is getting cheaper - A Web service must be able to deal with massive amounts of
data intelligently. That means using technologies such as database replication, LDAP directo-
ries, caches, and load balancing software to make sure that scalability isn't an issue.

Enterprise computing is becoming more important - A Web service can't require that
users run a traditional browser on some version of Windows. Web services have to serve all
sorts of devices, platforms, and browser types, delivering content over a wide variety of con-
nection types for a wide variety of purposes.

17.6 Web-Based Facilities Operations Guide

In August of 2002, I prepared a supplement for Engineered Systems Magazine, called A Guide to Web-Based
Facilities Operations. See: http://www.automatedbuildings.com/news/aug02/articles/ksin/ksin.htm.
Here’s an excerpt:
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“Doing more with less by using Web-based anywhere information to amplify your existing build-
ing operational resources.

“The reality of today and tomorrow's economy is that we will be doing more with less to etfec-
tively manage our buildings. Our saviour is that technology in the form of Web-based everything
is now providing us a path to improved communications, while simplifying the movement of
complex building information to the evolving Building Operations Specialist.

“The rapid movement of the building automation industry towards Web-based allows us to inter-
weave critical dynamic building information into a browser-based anywhere presentation. This
allows us to concentrate and amplify our existing building operation resources and operators into
virtual operational centres, in which all critical information is exposed to all stakeholders.

“This visible-from-anywhere information allows authorized users to provide the correct input,
management and dollar accountability skills that will provide excellent comfort/energy perfor-
mance with total accountability.

“A Web-based presentation of dynamic building information allows not only operators to operate
from anywhere with full functionality, it allows interaction of contractors, equipment suppliers,
and consultants to provide valuable feedback and feed-forward information to the building oper-
ating equation. Upper management can also participate by having browser-based bottom line
screens that provide the dynamic proof of the success or failure of building performance.

“This new concentration and amplification of existing building operational resources and person-
nel will provide a strong re-focus on the values of good operating principles.

“This focus will cause management and operations to re-establish communications on what is
important and what is required to achieve cost effective excellent building operations.”

17.7 Summary

We are witnessing a large building automation industry converging with corporate enterprises. As
technologies converge, clients' expectations are fueled by the ease of access and freedom of informa-
tion on the Internet. The scope has increased to encompass environmental control, energy metering/
accounting systems, lighting control, life safety/fire, security, communications, high tech tools, Web
resources, and interactive information systems. With the trend towards IT-type solutions, video, card
readers, and enterprise-based solutions are all becoming an active part of what is now called building
automation.

17.8 Resources to Learn More

Below are some of the resources available free with the online magazine, AutomatedBuildings.com
(http://www.automatedbuildings.com), that will help you learn more about the industry. The maga-
zine is updated monthly and provides connection to almost all the dot coms in the evolving automated
building industry.

Automated Building Systems Education
http://www.automatedbuildings.com/frame_education.htm

The rapid changing Automated Building industry has always required that all players be constantly re-
educating themselves to keep current, but never has there been a time when this is so important.

Technology Roadmap for Intelligent Buildings
http://www.auto