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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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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 to . . . 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: 

• 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

• 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.

• 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.
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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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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—from, say 0-100 in. H2O to 0-200 in. H2O. 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. 

Figure 1-1: Differential Pressure Diaphragm and Sensor Assembly (Courtesy: Endress+Hauser)
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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.

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. 

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

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.

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



Chapter 1: Process Instrumentation 9

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 lbs./ft.3

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:

• Inferential methods

• Velocity methods

• 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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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 

Figure 1-4: First Fitting Causes Profile Distortion; Second Fitting Superimposes the Swirl
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Figure 1-5: Typical Pressure Profile of an Orifice

Figure 1-6: Magnetic Flowmeter Principle of Operation
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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.

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 

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

Figure1-8: Vortex Shedding Phenomenon
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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 

Figure 1-10: Clamp-on Ultrasonic Flow Meter (Courtesy: Endress+Hauser)
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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. 

Figure 1-11: Coriolis Mass Flowmeter with Single, Straight Tube (Courtesy: Endress+Hauser)

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:

• 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.

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

• 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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Analytical Instrumentation

By James F. Tatera
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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
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Table 2-1: Examples of Analyzer Types/Classification

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/modify 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—like 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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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. 

Figure 2-1: Example of a Boxed Sampling System 
(Courtesy of Technical Automation Service Corp. [TASC])
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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.

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

Figure 2-3: An Inside View of an Analyzer Shelter (Courtesy of ABB Process Analytics)
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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.

Figure 2-4: An Outside View of an Analyzer Shelter 
(Courtesy of Technical Automation Service Corp. [TASC])
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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: 

• Closed Loop Control

• Open Loop Control

Figure 2-5: Example of a Process GC Oven (Courtesy of ABB Process Analytics)
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• 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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Continuous Control

By Harold Wade
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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.)

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 

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

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. 

Figure 3-2: Piping and Instrumentation Diagram (P&ID)
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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. 

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

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

• 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. 

• 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.

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

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

• 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 

Figure 3-3: Symbols for Continuous Controllers and Other General Instruments, 
from ISA-5.1-1984 (R1992) - Instrumentation Symbols and Identification
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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:

(3-1)

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 KC (controller gain), TI (integral 
time) and TD (derivative time) represent tuning parameters that must be adjusted for each application. 

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

Figure 3-5: Block Diagram of “Ideal” PID Algorithm, 
also Showing Functional Form of Automatic – Manual Switch

 

 

m KC e 1
TI
----- e t + TD

ed
dt
-----d∫+ 

 =

 

Setpoint



Chapter 3: Continuous Control 33

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 TD = 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:

(3-2)

The integral mode tuning parameter may be expressed in reciprocal form, called reset rate. Whereas TI 
is normally expressed in “minutes per repeat,” reset rate is expressed in “repeats per minute.” The 
derivative mode tuning parameter, TD, 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.

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 “off” pulse of 7 seconds. An output of 75% will produce an “on” pulse of 7.5 seconds and an “off” 

Figure 3-6: Block Diagram of Interactive PID Algorithm
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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 algorithms, if the deriva-
tive mode is being used (TD ≠ 0), a setpoint change will induce an undesirable spike on the controller 

Figure 3-7: Block Diagram of Parallel Algorithm (Showing Independent Gains on Each Mode)
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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.

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: (3-3)

Increment sum of errors:

Compute controller output:

Save Sn and en 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 nth sample instant.

Figure 3-8: Block Diagram of Ideal PID Algorithm with Both 
Proportional and Derivative Modes on Measurement

 

Setpoint

n n ne SP CV= −  

1n n nS S e−= +

( )1
D

n C n n n n
I

T T
m K e S e e

T T
−

∆= + + −
∆



36 BASIC CONTINUOUS CONTROL – I

Compute change in controller output:

(3-4)

Add the incremental output to the previous value of controller output, to create new value of output:

(3-5)

Save mn, en-1, and en-2 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 KC, TI (or their equivalents, proportional 
band and reset rate), and TD 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 (Kp), the 
dead time in the process (Td), and the process time constant (τp). 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, Kp, Td and τp. 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

Figure 3-9: Decay Ratio Definitions

Figure 3-10: Approximating the Open-Loop (Controller in Manual) Response to 
Step Change in Output with a Simplified Process Model

P-Only PI PID

KC

TI --- 3.33Td 2.0Td

TD --- --- 0.5Td
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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, λ. 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:

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

• 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.

• The technique is very sensitive to parameter estimation error, particularly if the ratio of 
Td/τp 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.

• A disturbance to the process during the test will severely deteriorate the quality of the data.

• 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,” KCU) that 
produced sustained oscillation, and the period of the oscillation, PU. 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

There are also problems with the closed-loop method. 

• It may not be possible to subject the process to a sustained oscillation.

P-Only PI PID

KC 0.5KCU 0.45KCU 0.6KCU

TI --- 0.83PU 0.5PU

TD --- --- 0.125PU
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• Even if that were possible, it is difficult to predict or to control the magnitude of the oscilla-
tion.

• 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.)

• The method inherently includes the effect of a sticking valve.

• Moderate disturbances during the testing can be tolerated.

• 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. 

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, PU, 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:

(3-6)

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. 

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

 (3-7)

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/TI 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 15o.

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—KC, TI, 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. 

(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 KC 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 TI:

(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 beneficial 
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.

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.

Figure 3-12: Ratio Control Strategy
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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.

Figure 3-13: Example of Cascade Control Strategy
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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:

(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 

Figure 3-14: Combined Feedback-Feedforward Control with Dynamic Compensation

Figure 3-15: Generic Feedback-Feedforward Control Structure
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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 P11, P12, P21 and P22 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.

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 P21(s). The other is through the 
decoupling element D21(s) and the process element P22(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

(3-11)

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

(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 D12(s) can be implemented and D21(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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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.

Figure 3-17: Application Example of the Use of Selector (Override) Control
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3.6 References

3.6.1 Books
The Automation, Systems, and Instrumentation Dictionary, Fourth Edition. ISA, 2003.

Shinskey, F.G. Process Control Systems: Application Design and Tuning. 4th Ed. McGraw-Hill, 1996.

Wade, H.L. Basic and Advanced Regulatory Control: System Design and Application. ISA, 2004.

3.6.2 Articles
Wade, H.L. “Inverted Decoupling, A Neglected Technique.” ISA Transactions, Vol. 36, No. 1. 1997.

Wade, H.L. “Trial and error: An organized procedure.” InTech, May 2005.

3.6.3 Standards
ISA-5.1-1984 (R1992), Instrumentation Symbols and Identification.

About the Author

Harold Wade, Ph.D., is president of Wade Associates, Inc., a Houston-based consulting firm specializ-
ing in control systems engineering, instrumentation, and process control training. He has more than 
40 years of instrumentation and control industry experience with Honeywell, Foxboro, and Biles and 
Associates. A Senior Member of ISA and a licensed professional engineer, he is the author of Basic and 
Advanced Regulatory Control: System Design and Application, 2nd Ed., published by ISA in 2004. He started 
teaching for ISA in 1987. He was a 2002 inductee into Control Magazine’s “Automation Hall of Fame.”


