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Preface

The foundations of this book lic in several carlier texts by Alan Morris: Principles of
Measurement and Instrumentation (Prentice-Hall, 1988, 1993), Essence of Measurement
(Prentice Hall, 1996) and, Measurement and Instrumentation Principles (Butterworth-
Hememann, 2001). Since the most recent of these was published in 2001, there have been
significant developments in the field of measurement, particularly in smart sensors, intelligent
mstruments, microsensors, digital signal processing, digital recorders, digital ficldbuses, and
new methods of signal transmission. It is therefore timely to create an up-to-date book that
ncorporates all of the latest developments in measurement. Whilst doing this, the opportunity
has been taken to strengthen the book by bringing in a second author, Professor Reza Langari of
Texas A & M University, who has made significant contributions especially in the arcas of data

acquisition and signal processing and the implementation of these using industry standard
LabView software.

The overall aim of the book is o present the topics of sensors and instrumentation, and their use
within measurement systems, as an integrated and coherent subject. Measurement systems
the mnstruments and sensors used within them. are of immense importance in a wide variety of
domestic and industrial activitie . The
mdustry has been particularly signific.

and

owth in the sophistication of instruments used in

1t as advanced automation schemes have been
developed. Similar developments have also been evident in military and medical applications.

Unfortunately, the erucial part that measurement plays in all of th

¢ systems tends o get
overlooked.

1ce that it deserves. For
nto de sophisticated ic control systems, but little
CUrac

and measurement 15 therefore rarely given the impor
example, much effort goe
reg

rd is given (o the a

and quality of the raw measurement data that such systems use as
their inputs. This disregard of measurement system quality and performance means that such
control systems will never achieve their full potential, as it is very difficult to incr
performance beyond the quality of the raw measurement data on which they depend.

¢ their

Ideally, the principles of good measurement and instrumentation practi

¢ should be taught
throughout the duration of enginee:

v level and moving on

ring courses, starting at an elements
to more advanced topics as the course progresses. With this in mind, the material contained in
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this book 15 designed both to support Juctory courses in and instrume:

and also to provide in-depth coverage of advanced topics for higher-level courses. In addition,
besides its role as a student course text, 1t is also anticipated that the book will be useful to
practicing engineers, both to update their knowledge of the latest developments in measurement
theory and practice, and also to serve as a guide to the typical charactenstics and capabilities of
the range of sensors and instruments that are currently in usc.

As is normal with m

surement texts, the principles and theory of measurement are covered in
the first set of chapters and then subsequent chapters cover the ranges of instruments and
sensors that are available for measuring various physi

al quantities. This order of coverage
means that the general charactenstics of measuring instruments, and their behaviour in different
operating en

are well blished before the reader 1s introduced to the procedures
involved in choosing a measurement device for a particular application. This ensures that the
reader will be properly equipped to appreciate and critically appraise the v
characteristics of different instruments when faced with the task of choos
instrument

ious merits and
suitable

It should be noted that, while measurement theory inevitably involves some mathematics,
the mathematical content of the book has deliberately been kept to the minimum necessary
for the reader to be able to design and build measurement systems that perform to a level
commensurate with the needs of the automatic control scheme or other system that they
support. Where mathematical procedures are necessary. worked examples are provided as
necessary throughout the book to illustrate the principles involved. Self-a L quest

are also provided at the end of each chapter to enable readers to test their level of understanding.
The apters are organized such that all of the elements i a typical measurement s
are presented in a lo; tarting with da
through the stages of signal processing

cquisition from sensors and then proceed
sensor output transducing, signal transmission, and
signal display or recording. Ancillary 1ssues, such as calibration and measurement system
reliability, are also covered. Discussion starts with a review of the different classes of
instruments and sensors available,

and the sorts of applications in which these different types
are typically used. This opening discussion includes analysis of the static and dynamic
charactenstics of instruments

and exploration of how these affect instrument u 7
A comprehensive discussion of measurement uncertainty then follows, with appropriate
procedures for quantifying and reducing mes
of calib

urement errors being presented. The importance
ation procedures n all aspects of measurement systems, and particularly to satsfy the
requirements of standards such as [SO9000 and ISO14000, 15 recognized by devoting a full
chapter to the issues involved. The principles of computer data acquisition are covered next,
and a comprehensive explanation is given about how to implement this using industry-standard
LabVIEW software. After this, signal processing using both analogue and digital filters is
plained, with implementation using LabVIEW software in the digital ca

e. Then, after a
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nd test instruments that are used o monitor

chapter mvum the range of clectrical indicating
cl g signals, the f 2 chapter discusses the display, recording, and
presentation of measurement data. A chapter is then devoted to presenting the range of variable
o sion elements (transd s) and techniques that are used to convert non-electrical sensor
outputs into electrical signals, with particular emphasis on electrical bridge circuits. The
probl of signal it are ¢ dered next, and various means of
improving the quality of transmitted signals are presented. This is followed by a discussion of
intelligent devices, including the digital computation principles used within them, and the
methods used to create communication mechanisms between such devices and the other
components within a measurement system. To conclude the set of chapters covering
measurement theory, a chapter is provided that discusses the issues of measurement system
reliability, and the Llhuol unreliability on plant safety sysiems. This discussion also includes
the important subject of software reliability, since | clements are now embedded
m most measurement .\y.ﬁklll\.

variables are
mtroduced by a chapter that reviews the various different technologies that are used in
measurement sensors. The chapters that follow provide comprehensive coverage of the main
types of sensors and mstruments that exist for measuring all the physical quantities that a
practicing engineer is likely to meet in normal situations. However, while the coverage is as
comprehensive as possible, the distinction is emphasized between (a) instruments that are
current and in common usc, (b) instruments that are current but not widely used except in
special applications, for reasons of cost or limited capabilities, and (¢) instruments that are
largely obsolete as regards new industrial impl but are sull enc ered on older
plant that was installed some

The subsequent chapters covering the measurement of particular physi

years ago. As well as emp this di some g
is given about how to po about choosing an instrument for a particular measurement
application

Resources

for Instructors: A solutions manual and image bank containing electronic versions of

figures from the book are available by registering at » ooks.clsevier.com
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1.1 Introduction

Measurement techniques have been of immense importance ever since the start of human
civilization, when measurements were first needed to regulate the transfer of goods in barter
trade i order to ensure that exchanges were fair. The industrial revolution during the 19th
century brought about a rapid development of new instruments and measurement techniques to
satisfy the needs of industrialized production techniques. Since that time, there has been a large
and rapid growth in new industrial technology. This has been particularly evident during the last
part of the 20th century because of the many developments in electronics in gene

and
computers in particular. In tum. this has required a parallel growth in new instruments and
measurement techniques.

The massive growth in the application of computers to industrial process control and monitoring
tasks has greatly expanded the requirement for instruments to measure, record, and control
process variables. As modem production techniques dictate working (o ever tighter accuracy

limits, and as economic forces to reduce production costs become more severe, so the requirement
for instruments to be both accurate and inexpensive becomes ever harder to satisfy. This

latter problem is at the focal point of the rescarch
manufacturers. In the past few

nd development efforts of all instrument
ars, the most cost-effective means of improving instrument
accuracy has been found in many cases to be the inclusion of digital computing power within
instruments themselves. These mtelligent instruments therefore feature prominently in current
nstrument manufacturers’ catalo

This opening chapter covers some fundaments

aspects of measurement. First, we look at
how standard measurement units have evolved from the carly units used in barter trade to the

nent and Instrumestation: Theory and Application
2 Bluevier fnc. A ghts eeserved



2 Chapter 1

tems. We then go on
nally, we look at

more exact units belonging to the Imperial and metric measurement sy
to study the major considerations in designing a measurement system.
some of the main applications of measurement systems,

1.2 Measurement Units

The very first measurement units were those used m barter trade 1o quantify the amounts
being exchanged and to establish clear rules about the relative values of different commodities

surement were based on whatever was available as a measuring

Such early systems of m

enient ol and gave us

unit, For purposes of m
units of the hand, the foot, and the cubi
such measurement units are, of course
next. Therefore, there has been a progressive movement toward measurement units that
defined much more accurately.

uring length, the human torso was a con
Although generally adequate for barter trade systems,
do from one person to the

imprecise, varying s the

The first improved measurement unit was a unit of length (the meter) defined as 107 times
the polar quadrant of the earth. A platinum bar made to this length was established as a
standard of length in the carly part of the 19th century. This was superseded by a superior
quality standard bar in 1889, manufactured from a platinum—iridium alloy. Since that time,
ch has enabled further improvements to be made in the standard used
st,in 1960, a standard meter was redefined in terms of 1.65076373 > 10
on from krypton-86 in vacuum. More recently, in 1983, the meter
n as the length of path traveled by hight in an interval of /299,792 45
hion, standard units for the measurement of other physical quantities

technological resea

o

for defining length. F
velengths of the
redefined yet 4
seconds. In a

Wi

W

B
nilar

have been defined and progressively improved over the v The latest standards for

al variables are

defining the units used for measuring a range of phys

The early establishment of standards for the measurement of physical quantities proceeded in
several countries at broadly parallel times; i consequence, several sets of units emerged

for measuring the same physical variable. For instance, length can be measured 1 yards

meters, or several other units. Apart from the major umts of length, subdivisions of standard

units exist such as feet, inches, centimeters, and millimeters, with a fixed relationship between

cach fundamental unit and its subdivisions.

Yards, feet. and inches belong to the Imperial system of units, which is characterized by having
varying and cumbersome multiplication factors relating fundamental umits to subdivisions such
as 1760 (miles to yards), 3 (ya
alternative set of units, which includes, for instance, the unit of the meter and its centimeter

rds to feet), and 12 (feet to inches). The metric system is an

and millimeter subdivisions for measuring length, All multuples and subdivisions of basic
metric units 3

e related to the base by factors of 10 and such units are theretore much easier to
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Table 1.1 Definitions of Standard Units

Physical Quantity Standard Unit Definition

Length Meter Length of path traveled by light in an interval of
1/299,792,458 seconds

Mass Kilogram Mass of a platinum-mdium cylinder kepe in the International
Bureau of Weights and Measures, Sevres, Pans

Time Second 9192631770 x 10° cycles of radiation from vaponzed cesium
133 (an accuracy of 11n 10'* or one second in 36,000 years)

Temperature Degrees Temperature difference between absolute zero Kelvin and the
tnple point of water is defined as 273.16 K

Current Amphere One ampere is the current flowing through two infinitely
long parallel conductors of negligible crass section placed 1
meter apart in vacuum and producing a force of 2 % 1077
newtons per meter length of conductor

Lummous intensity Candela One candela s the lummous intensity in a given direction from a
source emitting monochromatic radiation at a frequency of
540 terahertz (Hz x 10"%) and with a radiant density in that
direcuion of 14641 mW/steradian (1 steradian s the solid
angle, which, having its vertex at the centre of a sphere, cuts
off an area of the sphere surface equal to that of a square with
sides of length equal to the sphere radius)

Matter Mole Number of atoms in a 0.012-kg mass of carbon 12

use than Impenal units. However, in the case of derived units such as velocity, the number of
alternative ways in which these can be expressed in the metric system can lead to confusion.

As a result of this, an internationally agreed set of standard units (ST units or Systemes
mternationales d'unités) has been defined, and strong efforts are being made to encourage the
adoption of this system throughout the world. In support of this effort, the SI system of units is
used exclusively n this book. However, it should be noted that the Imperial system is still

widely used in the engineering industry, particularly in the United States.

The full range of fundamental ST measuring units and the further set of units derived from them

are givenin Tubles | 2 and 13, Conversion tables relating common Imperial and metric units to
ther equivalent ST units can also be found in Appendix 1

1.3 Measurement System Design

This section looks at the main ¢ m ming a mea t system. First, we
learn that & measurement system usually consists of several separate components. although only
one component might be involved for some very simple measurement tasks. We then go on to
look at how measuring instruments and systems are chosen to satisfy the requirements of
particular measurement situations.
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Table 1.2 Fundamental SI Units

(a) Fundamental Units

Quantity Standard Unit Symbol
Length meter m
Mass klogram kg
Time second s
Electnc current ampere A
Temperature kehan K
Luminous candela «d
Matter mole mol

(b) Supplementary Fundamental Units

Quantity Standard Unit Symbol
Plane angle radian rad
Solid angle seradian s

1.3.1 Elements of a Measurement System

A measuring system exists to provide mformation about the physical value of some variable
bewng measured. In simple cases, the system can consist of only a single unit that gives an output
reading or signal according to the magnitude of the variable applied to it. However,
in more complex tuations, a system consists of several separate
elements as shown in Figure | 1, These components might be contaned within one or more
boxes, and the boxes holding individual measurement elements might be either close together
or physically separate. The term measuring instrument 1s used commonly to describe
measurement system, whether it contains only one or many elements, and this term is widely
used throughout this text.

The first clement in any measuring system is the primary sensor: this gives an output that

1s a function of the measurand (the mput applied to it). For most but not all sensors. this
function is at least approximately linear. Some examples of primary sensors are liquid-in-
glass thermometer, a thermocouple, and a strain gauge. In the case of a mercury-mn-glass
thermometer, because the output reading is given in terms of the level of the mercury, this
particular primary sensor 1s also a complete measurement system in itself. However, in gencral,
the primary sensor is only part of a measurement system. The types of primary sensors available
for measuring a wide range of physical quantities are presented in the later chapters of this book

Vanable conversion elements are needed where the output variable of a pnimary transducer is in
an meonvenient form and has to be converted to a more convenient form. For instance, the

displacement-measuring strain gauge has an output in the form of a varying resistance. Because
the resistance change cannot be measured casily, it is converted to a change in voltage by a
bridge circuir, which 1s a typical example of a variable conversion element. In some cases, the
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Table 1.3 Derived SI Units

Quantity Standard Unit Symbol Derivation Formula
Arca square meter m’
Volume cubic meter m!
Velocity metre per second m/s
Acceleration metre per second squared m/s*
Angular velocity radian per second rad/s
Angular acceleration radian per second squared rad/s’
Density klogram per cubic meter kg/m’
Specific volume cubic meter per kilogram m'/ky
Mass flow rate lalogram per second ke/s
Volume flow rate cubic meter per second m's
Force newton N kg-m/s®
Pressure pascal Pa N/m’
Torque newton meter Nem
Momentum talogram meter per second kpm/s
Moment of inertia kilogram meter squared kg-m?
Kinematic viscosity square meter per second m?/s
Dynamic viscosity newton second per sq metre N-s/m*
Work, energy, heat joule ] Nem
Specific energy joule per cubic meter Jm'
Power watt w s
Thermal conductivity watt per meter Kelvin W/m-K
Flectric charge coulomb. (e As
Voltage, e.m £, pot diff volt v W/A
Electne field strength volt per meter V/im
Electne resistance: ohm Q V/IA
Electric capacitance farad ¥ AV
Electric inductance henry H Ves/A
Flecinic conductance siemen s %
Resistivity ohm meter Qm
Permitvity farad per meter F/m
Permeability henry per meter H/m
Current density ampere per square meter Alm?
Magnetic flux weber Whb Vis
Magnetie flux density tesla % Wb/m*
Magnetic field strength ampere per meter Alm
Frequency henz Hz <2
Luminous flux lumen Im cd-sr
Luminance candela per square meter cd/m’
lumination lux Ie fm/m’
Molar volume cubic meter per mole w'/mol
Molarity mole per kilogram mol/kg
Molar energy joule per mole J/mol
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Measured
variable Output
(measurand) measyrement
[
Sensar Variable Signal :
conversion processing |
eloment 1
I
I
Output !
display! -
recording
Signal
presentaton
o recording
Figure 1.1
Elements of a measunng system
primary sensor and variable c clement are combined; this combination is known

as a transducer.

urement

Signal processing elements exist to improve the quality of the output of a m
system m some way. A very common type of signal processing element is the electronic
amplifier, which amplifies the output of the primary transducer or variable conversion element,
thus improving the sensitivity and lution of This element of a measuring
system is particularly important where the primary transducer has a low output. For example,
thermocouples have a typical output of only a few millivolts. Other types of signal processing
elements are those that filter out induced noise and remove mean levels, ete. In some devices,
signal processing 1s incorporated into a transducer, which is then known as a transnutter.

In addition to these three comp Just d, some me systems have one
oriwo other components, first to transmit the s
record the signalif'itis not fed automatically into a feedback control system. Signal transmission
is needed when the observation or application point of the output of a measurement system is
some distance away from the site of the prmary transducer. Sometimes, this separation is made
solely for purposes of convenience, but more often, it follows from the physical maccessibility
or environmental unsuitability of the site of the pnmary transducer for mounting the signal
presentation/recording unit. The signal clement has trad Iy consisted of single
or multicored cable, which is often screened to minimize signal corruption by induced
electrical noise. However, fiber-opuice cables are being used in ever-increasing numbers in
modern installations, in part because of their low transmission loss and imperviousness to the
effects of electrical and magnetic fields.

enal to some remote point and second to display or

" In some cases, the word s

nsor” is used genencally (o refer to both transducers and transmitters
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The final optional element in & measurement system is the point where the measured signal is
omitted altogether because the measurement is used
nd the transmitted signal is fed directly into the
stem takes the form
signal presenta ake many forms
according 10 the requirements of the particular measurement application, and the range of
possible units is discussed more fully in Chapter 8.

utilized. In some cases, this element
as part of an automatic control scheme,
control system. In other cas
cither of a

. this element in the measurement s;

on unit or of a signal-recording unit. These

1.3.2 Choosing Appropriate Measuring Instruments

ble nstrument to use for measurement of a

The starting point in choosing the most sui
particular quantity in a manufactuning plant or other system 1s specification of the instrument
charactenisties required, especially parameters such as desired measurement accuracy,
resolution, sensitivity, and dynamic performance (see the next chapter for definitions of these).
It 1s also essential to know the environmental conditions that the mstrument will be subjected
ly either elimi; the | bility of using certain types
a requirement for expensive protection of the instrument.

10, as some condi will

of mstruments or else will create
It should also be noted that protection reduces the performance of some instruments, especially in
terms of their dynamie characteristics (e.g., sheaths protecting thermocouples and resistance
thermometers reduce their speed of response). Provision of (h:\ type of mformation usually
requires the expert knowledge of personnel who are ly ac 1 with the of of
the manufacturing plant or system in question. Then, led instrument 1, having
knowledge of all nstruments available for measuring the quantity i question, will be able to
cost, and suitability for the
r as possible,
© as insensitive as possible to the

gl

evaluate the possible list of instruments in terms of their accura
environmental conditions and thus choose the most appropriate instrument. As fi

measurement systems and mstruments should be chosen that
operating environment, although this requirement is often difficult to meet because of cost and
other performance considerations, The extent to which the measured system will be disturbed
For example,
ues of flow

during the measuring process is another important factor in instrument choice

significant pressure loss can be caused to the measured system in some tecl

measurement.

Published literature is of considerable help in the choice of a suitable instrument for a particular
ailuble that give valuable assistance in the necessary
evaluation by providing lists and data about all instruments availuble for measuring a range

of physical quantities (e.g., the later chapters of this text). However, new techniques and
instruments are being developed all the time, and therefore a good instrumentation engineer
must keep abreast of the Jatest developments by reading the appropriate technical journals

measurement situation. Miny books are

regularly.
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The instrument characteristics discussed in the next chapter are the features that form the
technical basis for a comparison between the relative menits of different instruments. Generally.
the better the characteristics, the higher the cost. However, in comparing the cost and relative
suitability of different instruments for a particular 3 situation, 1 of
durability, maintainability, and constancy of performance are also very important because
the mslrumcm chosen will often have to be capable of operating for long periods without

el ance degrad: and a require;

In of this,

lln initial cost of an instrument often has a low weighting in the evaluation exercise.

Cost1s correlated very strongly with the perf ofan ,as d by its static
charactenistics. Increasing the accuracy or resolution of an mstrument, for example, can

only be done at a penalty of increasing its manufucturing cost. Instrument choice therefore
proceeds by specifying the minimum charactenstics required by a measurement situation
and then searching manufacturers’ catalogues to find an instrument whose characteristics
match those required. To select an instrument with characteristics superior to those required
would only mean paying more than necessary for a level of performance greater than that
needed.

As well as purchase cos

, other important fac

1ors in the assessment exereise are instrument

Absliny and 1 A 2 that one had $20,000 to spend, one
would m)l :p«.ml $15,000 on a new motor car \\husc projected life was 5 years if a car of
with a projected life of 10 years was available for $20,000.

leuvm: durability 1s an lmpnmm constderation in the choice of instruments. The
projected life of mstruments often depends on the conditions in that the instrument will
have 10 operate. Maintenance requirements must also be taken into account, as they also
have cost implications

Asa gsmml rulu a good .mu\mrnl criterion is obtained if the total purchase cost and
¢ costs of an i over uis life are divided by the period of its
expected life. The figure obtained is thus a cost per year. However, this rule becomes
modified where mstruments are being installed on a process whose life 1s expected to be
limited. perhaps i the manufucture of a particular model of car. Then, the total costs can only
be divided by the period of time that an instrument
alternative

expected to be used for, unless an
use for the mstrument is envisaged at the end of this period

To summanze therefore, mstrument choic
ruggedness and durability, mamtenance requirements, and purchase cost. To carry out such

an evaluation properly, the instrument engineer must have a wide knowledge of the range of
struments available for measuring particular physical quantities, and he/she must also have o
deep understanding of how instrument characteristics ar
situations and operating conditions.

¢ 1S & compromise among performance characteristics,

affected by particular measurement
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1.4 Measurement System Applications

in most facets of human

Today, the techniques of are of mportanc
cvilization. Present-day applications of measuring mstruments can be classified into three
major areas. The first of these 1s their use in regulating trade, applying instruments that measure
physical quantities such as length, volume, and mass in terms of standard units. The particular
mstruments and transducers employed in such appl ription
of instruments presented in the later chapters of this book.

1 are inc|

led in the general des

The second application area of measuring instruments 1s in monitoring functions, These
provide information that enables human beings to take some prescribed action accordingly.
The gardener uses a thermometer to determine whether he should turn the heat on in his
ecenhouse or open the windows if 1t is t0o hot, Regular study of a barometer allows us to
decide whether we should take our umbrellas if we are planning to go out for a few hours. While
uses of instrumentation 1 our normal domestic lives, the majority of
ary to allow a human being to

there are thus ma
monitoring functions exist to provide the information ney
control some industrial operation or process. In a chemical procs
of chemical reactions is indicated by the measurement of tempe a
various points, and such measurements allow the operator to make correet decisions, parding
the electrical supply to heaters, cooling water flows, valve positions, and so on. One other

for instance, the progress

wures and pressure

important use of monitoring instruments is in calibrating the instruments used in the automatic

process control systems described here.

1 of

Use as part of automatic feedback control systems forms the third application a
measurement systems. Figure 1.2 shows a functional block diagram of a simple temperature
control system in which temperature 7, of a room is maintained at reference value 7. The value

Comparator
Referenco Error Heater Room
= Room
value T, signal temporature
=
=

Temperalure measuring
device

Figure 1.2
Elements of a simple closed-loop control system
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of the controlled vanable, T, as deter
with the refe

cd by a ing device, is compared
nce value, Ty, and the difference, e, is applied as an error signal to the heater.
The heater then modifies the room temperature until 7, = T. The charactenstics of the
measuring instruments used in any feedback control system are of fundamental importance
to the quality of control achieved The accuracy and resolution with which an output variable
of a process is controlled can never be better than the accuracy and resolution of the meas uring
mstruments used. This is a very important principle, but one that is often discussed inadequately
1 many texts on automatic control systems. Such texts explore the theoretical aspects of control
system design in considerable depth, but fail to give suf

ient emphasis to the fact that all
g and phase margin performance calculations are entirely dependent on the quality of the
process measurements obtained.

1.5 Summary

This opening chapter covered some fund

1 aspects of t systems. First,
we looked at the importance of having standard measurement units and how these have

evolved into the Impenial and metric systems of units. We then went on to look at the main
aspects of measurement system design and, in particular, what the main components in
measurement system are and how these are chosen for particular measurement requirements.
Finally, we had a brief look at the range of applications of measurement systems.

1.6 Problems

How have systems of measurement units evolved over the years?

™

What are the main elements in a measurement system and what are their functions?
Which elements are not needed in some measurement systems and why are they not
needed?

What are the main factors governing the choice of a measuring instrument for & given
application?

Name and discuss three application areas for measurement systems.
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2.1 Introduction

Two of the important aspects of measurement covered in the opening chapter concermed
ppropriate instruments for a particular apphication and a review of the
main applications of measurement. Both of these activities require knowledge of the
characteristics of different classes of instruments and, in particular, how these different
classes of instrument pertorm in different applications and operating environments,

how to choose

wmentation: Theory wnd Application

11
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We therefore start this chapter by reviewing the various classes of mstruments that exist. We sce
first of all that instruments can be divided between active and p:
whether they have an energy source contained within them. The next disunction is between
null-type mstruments that require adjustment until a datum level is reached and deflection-type
instruments that give an output measurement in the form of either a deflection of a pointer
against a scale or a numerical display. The third distinction covered 1s between analogue
and digital instruments, which differ according to whether the output varies continuously
(analogue mstrument) or in discrete steps (digital instrument). Fourth, we look at the
disunction between istruments that are merely indicators and those that have a signal output.
Indicators give some visual or audio indication of the magnitude of the measured quantity
and are commonly found i the process industries. Instruments with a signal output are
commonly found as part of automatic control systems. The final distinction we consider is
between smart and nonsmart instruments. Smat, often known as intelligent, instruments are
very imp today and pred in most applicati Because of their
importance, they are given more detailed consideration later in Chapter 11

¢ ones accordi

‘The second part of this L‘lluplcr looks at the various attributes of mstruments that determine their
performance and s y for different and appl s. We look
first of all at the static dumun\lm of nstruments. Thnc are their steady-state attributes

(when the output measurement value has settled to a constant reading afier any initial varying
output) such as accuracy, measurement sensitivity, and resistance to errors caused by v:

1ations
in their operating environment. We then go on to look at the dynamic characteristics of
instruments. This describes their behavior following the time that the measured quantity
changes value up until the ime when the output readi
of dynamic behavior can be observed in different instruments ranging from an output that varies
slowly untl it reaches a final constant value to an output that oscillates about the final value
until a steady reading is obtained. The dynamic characteristics are a very important factor in
deciding on the suitability of an mstrument for a particular measurement application. Finally, at
the end of the chapter, we also brefly consider the issue of instrument calibration, although this
d i much greater detail later in Chapter 4.

2 altains a steady value. Various Kinds

15 consides

2.2 Review of Instrument Types

Instruments can be subdivided into separate classes according to several criteria, These
subclassifications are useful in broadly establishing

several attributes of particular insiruments

such as accuracy, cost, and general applicability to different applications

2.2.1 Active and Passive Instruments

Instruments are divided into active or passive ones according to whether instrument output is
produced entirely by the quantity being measured or whether the quantity being measured
simply modulates the magnitude of some extemal power source. This is illustrated by examples
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An example of a passive instrument is the pressure-measuring dev

Spring —__

Piston —__ |

Fluid —

Pointer,
Scale
| ——
o)
Pivot

Figure 2.1

Passive pressure gauge.

shown in Figure 2.1,

The pressure of the fluid 1s translated into movement of a pointer agamst a scale, The energy

expended in moving the pointer is derived entirely from the change in pre:

there are no other en inputs to the system.

An example of an active instrument is
in Fipuee 2.2, Here, the chan

sure measured:

float-type petrol tank level indicator as sketched

¢ in petrol level moves a potentiometer arm, and the output
signal consists of a proportion of the external voltage source applied a

cross the two ends

of the potentiometer. The energy in the output signal comes from the external power
source: the primary transducer float system is merely modulating the value of the voltage
from this external power source

In active mstruments, the external power source

usually mn electrical form, but in some cases,

1t can be other forms of energy, such as a pneumatic or hydraulic one.

One very important difference between active and pa

n

sive nstruments is the level of

surement resolution that can be obtained. With the simple pressure gauge shown, the

Float Pivot

L Power
/g/ source

Output signal

Figure 2.2

Petrol-tank level indicator.



14 Chapter 2

amount of movement made by the pointer for a particular pressure change is closely defined
by the nature of the instrument. While it is possible to ncrease measurement resolution by
making the pointer longer, such that the pomter tip moves through a longer arc, the scope for
such improvement is clearly restricted by the practical limit of how long the pointer can
conveniently be. In an active i however, adjustment of the itude of the external
energy input allows much greater control over measurement resolution. While the scope for
improving measurement resolution 15 much greater incidentally, it is not infinite because

of hmitations placed on the magnitude of the external energy input, in consideration of
heating effects and for safety reasons.

In terms of cost, passive instruments are normally of a more simple construction than active
ones and are therefore less expensive to manufacture. Therefore, a choice between active
and passive for a particula lic involves carefully balancing the

1 L cost.

2.2.2 Null-Type and Deflection-Type Instruments

‘The pressure gauge just mentioned is a good example of a deflection type of instrument,
where the value of the quanuty being measured is displayed in terms of the amount of
movement of a pointer. An alternative type of pressure gauge 1s the dead-weight gauge
shown in Figure 2.3, which is a null-type instrument. Here, weights are put on top of the
piston until the downward force balances the fluid pressure, Weights are added unul the
piston reaches a datum level, known as the null point. Pressure measurement is made in
terms of the value of the weights needed to reach this null position.

The accuracy of these two instruments depends on different things. For the first one it
depends on the linearity and calibration of the spring, whereas for the second it relies on
calibration of the weights. As calibration of weights is much easier than careful choice and
calibra
normally be the more accurate. This is in accordance with the general rule that null-type

ion of a lincar-characteristic spring, this means that the second type of instrument will

instruments are more accurate than deflection types.

___— Weights

Piston

Reference mark

| «— Measured pressure
oo ]

Figure 2.3
Dead-weight pressure gauge
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In terms of usag

a deflection-type mstrument is clearly more convenient, It is far simpler
1o read the position of a pointer against a scale than to add and subtract weights until a null
point is reached. A deflection-type instrument is therefore the one that would normally be
used in the workplace, However, for calibration duties, a null-type instrument is preferable
because of its superior accuracy. The extra effort required to use such an instrument is perfectly
acceptable in this case because of the infrequent nature of calibration operations,

2.2.3 Analogue and Digital I s

An analogue mstrument gives an output that varies continuously as the quantity being
measured changes. The output can have an infinite number of values within the range that
the mstrument is designed to measure. The deflection-type of pressure gauge described
ample of an analogue instrument. As the input
es, the pointer moves with a smooth continuous motion. While the pointer can

carlier m this chapter (Figure 2.1) 15 a good

value chan;

therefore be in an infinite number of positions within its range of movement, the number of
different positions that the eye can discriminate between is strictly limited; this discrimination
1s dependent on how large the scale is and how finely 1t is divided.

A digital instrument has an output that varies in discrete steps and so can only have a finite
number of values. The rev counter sketched in Figure 1s an example of a digi
A cam is attached to the revolving body whos beng measured, and on cach

revolution the cam opens and closes a switch. The switching operations are counted by an
Tl
(

al strument.

motion

clectronic counte
motion that 1s less

s system can only count whole revolutions and cannot discriminate any

a full revolution:

The distinction between analogue and digual instruments has become particularly important
with rapid growth i the application of microcomputers to automatic control systems. Any
digital computer system, of which the microcomputer is but one example, performs its

computations in digital form. An instrument whose output is in digital form is therefore

particularly advantageous in such applications, as it can be interfaced directly to the control

(]

]

Switch Counter

Cam
Figure 2.4
Rev counter
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computer, Analogue instruments must be interfaced to the microcomputer by an analogue-

to-digital (A/D) converter, which converts the analogue output signal from the instrument into
an equivalent digital quantity that can be read into the computer. This conversion has several
disadvantages. First, the A/D converter adds a significant cost to the system. S
time is involved in the process of converting an analogue signal to a digital quantity. and this
time can be critical in the control of fast processes where the accuracy of control depends on
the speed of the controlling computer. Degrading the speed of operation of the control computer
by imposing a requirement for A/D conversion thus impairs the accuracy by which the process
is controlled.

ccond, a finite

2.2.4 Indicating | and I with a Signal Output

The final way in which instruments can be divided is between those that merely give an audio
or visual indication of the magnitude of the physical quantity measured and those that give
an output in the form of a measurement signal whose magnitude is proportional to the
measured quanuty.

The class of indicating instruments normally includes all null-type
passive ones. Indicators can also be further divided into those that I
and those that have a dig

struments and most

ve an analogue output
al display. A common analogue indicator 1s the liquid-in
thermometer. Another common indicating device, which exists i both analogue and digital
forms, is the bathroom scale. The older mechanical form of this is an analogue type of
instrument that gives an output consisting of a rotating pointer moving agaimst a scale

(or sometimes a rotating scale moving against a pomnter). More recent electronic forms of
bathroom scales have a digital output consisting of numbers presented on an electronic

display. One major drawback with indicating devices is that human mtervention s required
1o read and record a measurement. This process s particularly prone to error in the case of
analogue output displays, although digital displays ar
human reader is careless

not very prone to error unless the

Instruments that have a signal-type output are used commonly as part of automatic control
systems. In other circumstances, they can also be found in measurement systems where the
output measurement signal is recorded in some way for later use. This subject is covered in later
chaplers. Usually, the measurement signal involved is an electrical voltage, but it can take other
forms in some systems, such as an clectrical current, an optical signal, or & pneumatic signal

2.2.5 Smart and Nonsmart Instruments

The advent of the microprocessor has created a new division i instruments between those
that do incorporate & microprocessor (smart) and those that don’t. Smart devices are considered
in detail n Chapter 11,
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2.3 Static Characteristics of Instruments

If we have a thermometer in a room and its reading shows a temperature of 20°C, then

1t does not really matter whether the true temperature of the room is 19.5 or 20.5°C.

Such small variations around 20°C are too small to affect whether we feel warm enough
ornot. Our bodies cannot discriminate between such close levels of temperature and
therefore a thermometer with an accuracy of +0.5°C is perfectly adequate. Tf we

1 to measure the temperature of certain chemical processes, however, a variation of
0.5°C might have a significant effect on the rate of reaction or even the products of

A process. A measurement inaccuracy much less than £ 0.5°C is therefore clearly required.

Accuracy of measurement is thus one consideration in the choice of instrument for a particular
application. Other parameters, such as sensitivity, linearity, and the reaction to ambient
temperature changes, are further considerations. These attributes are collectively known

as the statie charactenistics of instruments and are given in the data sheet for a particular
mstrument. It 1s important to note that values quoted for instrument cha in such

a data sheet only apply when the instrument is used under specified standard calibration
conditions. Due allowance must be made for variations in the characteristics when the

acteristics

mstrument is used in other conditions

The

10us static characteristics

¢ defined n the following p:

agraphs.

2.3.1 Accuracy and Inaccuracy (Measurement Uncertainty)

The accuracy of an instrument is a measure of how close the output reading of the
instrument 1s 1o the correct value. In practice, it is more usual 10 quote the inaccuracy
or measurement uncertainty value rather than the accuracy value for an instrument

Inaccura

Y or measurement uncertamnty s the extent to which a reading might be
wrong and 15 often quoted as a percentage of the full-scale (f.s.) reading of an
instrument

Because the maximum

measurement error in an nstrument is usually related to the full-scale reading of the mstrument,
are substantially less than the full ading means that the

possible measurement error is amplified. For this reason, it is an important system desigi

The aforementioned example caries a very important messag

measuring quantities the

rule
that instruments are chosen such that their range is appropriate o the spread of values being
measured inorder that the best possible aceuracy is maintained in instrument readings. Clearly,
2 pressures with expected values between 0 and 1 bar, we would not use an
nstrument with a measurement range of 0-10 bar,

il we are measuri
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Example 2.1

of the erroris 0

le error of 0.1 bar s 10% of the measurement v
=]

2.3.2 Precision/Repeatability/Reproducibility

Precision is a term that describes an instrument’s degree of freedom from random errors.
If a large number of readings are taken of the same quanuty by a high-preciston instrument,

then the spread of readings will be very small. Precision is often, although mcorrectly,
surement

confused with accuracy. High precision does not imply anything about mea
accuracy. A high-precision instrument may have a low accuracy. Low accuracy me
trom a high-precision instrument are normally caused by a bias in the measurements, which is

removable by recalibration.

but are applied n

The terms repeatability and reproducibility mean approximately the san
different contexts, as given later. Repeatability descnbes the closeness of output readings
when the same input is applied repetitively over a short period of time, with the same
measurement conditions, same instrument and observer, same location, and same conditions
of use mamtaned throughout. Reproducibility describes the closeness of output readings

are changes in the method of measurement, observer, measuring
, and time of measurement. Both terms thus describe the

for the same input when thes
instrument, location, conditions of us
spread of output readings for the same input. This spread is referred to as repeatability if the
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measurement conditions are constant and as reprod y if the mea U
conditions vary.

The degree of cibility in from an instrument is an
alternative way of expressing its precision. Figure 2.5 illustrates this more clearly by showing
results of tests on three industrial robots programmed to place components at a particular
point on a table. The target point was at the center of the concentric circles shown, and black
dots represent points where each robot actually deposited components at each attempt. Both the
accuracy and the precision of Robot | are shown to be low in this trial. Robot 2 consistently
puts the component down at approximately the same place but this is the wrong point.
Therefore, it has high precision but low accuracy. Finally, Robot 3 has both high precision and
high accuracy because 1t consistently places the component at the correct target position.

ity or repr

(a) Low precision,
low accuracy

ROBOT 1

(b) High precision,

low accuracy

ROBOT 2

(c) High precision,
high accuracy

ROBOT 3
Figure 2.5
Companison of accuracy and precision
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Example 2.1

meas
{ ]
B Solution
() The maximum error expec < ]
reading, wh 10 }
error s 1.0 1
{b) 1 e
in e
measunng. It
ar is 10% ¢
o
2.3.2 Precision/Repeatability/Reproducibility

Precision is a term that describes an instrument’s degree of freedom from random errors

It a large number of readings are taken of the same quantity by a high-precision instrument
then the spread of readings will be very small. Precision is often, although incorrectly,
confused with accuracy. High precision does not imply anything about measurement
accuracy. A high-precision mstrument may have a low accuracy. Low accuracy measurements

from a high-precision mstrument are normally caused by a bias in the measurements, which is
removable by recalibration.

The terms repeatability and reproducibility mean approximately the same but are
different contexts, as given later. Repeatability describes the closeness of output readings
when the same input is applied repetitvely over a short period of time, with the same
measurement conditions, same instrument and observer, same location, and same conditions
of use maintained throughout. Reproducibility describes the closeness of output readings

for the same mput when there are changes in the method of measurement, observer, measuring
instrument, location, conditions of use, and time of measurement. Both terms thus describe llll-
spread of output readings for the same wmput. This spread is referred o as repeatability if the

applied n
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measurement conditions are constant and as reproducibility 1if the
conditions vary.
The degree of bility or reproducibility in from an inst (s an

alternative way of expr re 2

sing its preciston, I 5 illustrates this more clearly by showing
results of tests on three industrial robots programmed to place components at a particular
point on a table. The target point was at the center of the concentric circles shown, and black
dots represent poimts where each robot actually deposited components at each attempt. Both the
accuracy and the precision of Robot 1 are shown to be low in this trial. Robot 2 consistently
puts the component down at approximately the same place but this is the wrong point.
Therefore, it has high precision but low accuracy. Finally, Robot 3 has both high precision and
high accuracy because it consistently places the component at the correct target position.

() Low precision,
low accuracy

ROBOT 1

(b) High precision,

low accuracy

ROBOT 2

(c) High precision,
high accuracy

ROBOT 3
Figure 2.5

Comparnison of accuracy and precision
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2.3.3 Tolerance

Tolerance is a term that is closely related to accuracy and defines the maximum error that
is 10 be expected in some value. While it is not, sirictly speaking, @ static characteristic of
ing i 1S, it s, 1oned here because the accuracy of some instruments 1s
sometimes quoted as a tolerance value. When used correctly. tolerance describes the
maximum deviation of a manufactured component from some specified value. For
instance, crankshafts are machined with a diameter tolerance quoted as so many micrometers
(107 m), and electric circuit components such as resistors have tolerances of perhaps 5%

B Solution

The r

2.3.4 Range or Span
The range or span of an instrument defines the minimum and maximum values of a quantity

that the mstrument 1s designed o measure.

2.3.5 Linearity

Tt is normally desirable that the output reading of an instrument is linearly proportional to
the quantity being measured. The Xs marked on Figure 2.6 show a plot of typical output
readings of an instrument when a sequence of input quantities are applied to it. Normal
procedure is to draw a good fit straight line through the X, as shown in |

onable accuracy by eye, it is always preferable (o

(While this can often be done with rea
apply a mathematical least-squares line-fitting technique, as described in Chapter 8.)
Nonlinearity is then defined as the maximum deviation of any of the output readings
marked X from this straight line. Nonlinearity is usually expressed as a percentage of

full-scale reading,
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Output
reading

Gradient = Sensitivity of
measurement

;i Measured
quantity
Figure 2.6

Instrument output charactenstic
2.3.6 Sensitivity of Measurement

The sensitivity of measurement is a measure of the change i instrument output that occurs
when the quantity being measured changes by

given amount. Thus,

ensitivity is the ratio:

scale defle

on

value of measurand producing deflection

The sensiuvity of measurement is theretore the slope of the straight line drawn on Figure

6.
If, for exampl;

apressure of 2 bar produces a deflection of 10 degrees in a pressure transducer,
the sensitivity of the instrument is 5 degrees/bar (assuming that the deflection is zero with zero
pressure applied)

Example 2.3

B
L]



22 Chapter 2

8 Solution

If these values are plotted

change and temperature

2.3.7 Threshold

1f the input to an instrument is increased gradually from zero, the input will have to reach a
certain minimum level before the change i the instrumient output reading 1s of a large enough
magnitude to be detectable. This minimum level of mput is known as the threshold of the
instrument. Manufacturers vary in the way that they specify threshold for instruments, Some
quote absolute values, whereas others quote threshold as a percentage of full-scale readings. As
anll acar speed typically has a threshold of about 15 km/h. This means that, it
the vehicle starts from rest and accelerates, no output reading is observed on the speedometer
until the speed reaches 15 km/h.

2.3.8 Resolution

When an instrument 1s showing a particular output reading, there is a lower imit on the
magnitude of the change m the input measured quantity that produces an observable change
in the instrument output. Like threshold, resolution is sometimes specified as an Jl!\ll[\lh.:
value and sometimes as a percentage of 5. deflection. One of the major factors nfluencing
the resolution of an instrument is how finely its output scale 1s divided into subdivisions 4
Using a car speedometer as an example again, this has subdivisions of typically 20 km/h. This
means that when the needle is between the scale markings, we cannot estimate speed more
accurately than to the nearest 5 km/h. This value of 5 km/h thus represents the resolution of
the mstrument.

2.3.9 Sensitivity to Disturbance

cifications of an mstrument are only valid under controlled conditions
of temperature, pressure, and so on. These standard ambient conditions are usually defined in
the instrument specification, As vartations occur in the ambient temperature, certain stutic
instrument characteristics change, and the sensitvity to disturbance is a measure of the
nitude of this ch
ways, known as zero drift and sensutivity drift. Zero drift is sometimes known by the alternative
term, bias.

¢. Such environmental changes affect mstruments in two main
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Zero dnft or bias describes the effect where the zero reading of an instrument is modified by a
change in ambient conditions. This causes a constant error that exists over the full range of
surement of the instrument. The mechanical form of a bathroom scale is a common
there is a reading
of perhaps 1 kg with no one on the scale. If someone of known weight 70 kg were to get on
the scale, the reading would be 71 kg, and if someone of known weight 100 kg were to get on
the scale, the reading would be 101 kg. Zero drift is normally removable by calibration. In the
case of the bathroom scale just described, a thumbwheel is usually provided that can be turned
until the reading 1s zero with the scales unloaded. thus removing zero drift.

mes

ample of an instrument prone to zero drift. It is quite usual to find tha

The typical unit by which such zero driftis measured is volts/*C. This is often called the zero drift
coefficient related to temperature changes. If the characteristic of an instrument is sensitive to
al zero dnft coetficients, one for each
aracteristic of a pressure gauge

several environmental parameters, then it will have sevel
environmental parameter. A typical change in the output cb

subject to zero drift is shown i Figure 2

Scale Scale
reading reading

Characteristic with = Characteristic with
zer0 drift - sensitivity drift o
Nominal characteristic
Pressuro Prossuro
(a) (b)
Scale Characteristic vith zero
reading diift and sensitivity drift

. Nominal characteristic
-

——
Pressure

()

Figure 2.7
Effects of disturbance: (a) zero dnft, (b) sensiivity dnift, and (c) zero dnift plus sensitivity dnife
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Sensiviry drift (also known as scale facior drift) defines the amount by which an instrument’s
sensitivity of measurement varies as ambient conditions change. It is quantified by sensitivity
drift cocfficients that define how much drift there is for a unit change n each environmental
p1rnmclu that the instrument charactenistics are sensitive to. Many components within an
areaffected by envi

| fluctuations, such as temperature changs
the modulus of elasticity of a spring is temperature dependent. Fizure
sensitivity drift can have on the output characte

forinstance,
7b shows what effect
stic of an instrument. sitivity drift is
measured inunits of the form (angular degree/bar)/"C. If an instrument suffers both zero drifi and
sensttivity drift at the same time, then the typical modification of the output charactenistic is
shown in Frouee 2.7¢,

Example 2.4

B Solution
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B Example 2.5

15 calibrated in an nent at a te rature of 20°C and ha

B Solution

2.3.10 Hysteresis Effects

Figure 2

¢ illustrates the output charactenistic of an imstrument that exhibits hysteresis. 1f
the imput measured quantity to the mstrument is increased steadily from a negative value, the
output reading varies in the manner shown in curve A. If the input variable is then decreased
steadily, the output varies in the manner shown in curve B. The noncoincidence between these
loading and unloading curves is known as hysteresis. Two quantties are defined, maximum
input hysteresis and maximum output hysterests, as shown in |

These are normally
expressed as a percentage of the full-scale input or output reading, respectively.

Hysteresis s found most commonly in instruments that contain springs,

uch as a passive

pressure gauge (Feure 2 D and a Prony brake (used for measunng torque). Itis also evident when
friction forces in a system have different magnitudes depending on the direction of movement.
such as in the pendulum-seale mass-measuring device. Devices such as the mechanical flyball
{a device for measuring rotational velocity) suffer hysteresis from both of the aforementioned
sources because they have friction in moving parts and also contain a spring, Hysteresis can also
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Curve B - variable
decreasing

Output
reading
Maxmum TRy
output Curve A - variable
hysteresis increasing
; f Measured
i | vanatie
1
; 22 Maimum input
¥ | hysteresis
(d 1
:._.Aat——_—- Dead space

Figure 2.8
Instrument characteristic with hysteresis.

occur in mstruments that contain electrical windings formed round an tron core, due (o magnetic
hysteresis in the iron. This occurs i devices such as the variable inductance displacement
transducer, the linear variable differential transformer, and the rotary differential transtormer.

2.3.11 Dead Space

Dead space is defined as the range of different input values over which there 15 no change in
output value. Any instrurent that exhibits hysteresis also displays dead space, as marked on
ome instruments that do not suffer from any significant hysteresis can still exhibit »

Figure 2
dead space in their output charactenstics, however. Backlash in gears is atypical cause of dead
space and results in the sort of instrument output characteristic shown in 9. Backlash 1s
commonly experienced in gear sets used to convert between translational and rotational motion
(which is a common technique used to measure translational velocity)

2.4 Dynamic Characteristics of Instruments

acteristics of measuring instruments are concerned only with the steady-state

The static cl
reading that the instrument settles down to, such as accuracy of the reading.

The dynamic charactenistics of a measuring instrument describe its behavior between the time a
measured quantity changes value and the time when the instrument output attains a steady value in
response, As with static characteristics, any values fordynamic characteristics quoted in instrument
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Output
reading
- +
Measured
variable
—t
Dead space
Figure 2.9

Instrument charactenstic with dead space

data sheets only apply when the instrument is used under specified environmental conditions.
Outside these calibration conditions, some variation in the dynamic parameters can be expected.

In any hnear, time-invariant measuring

tem, the following general relation can be written
between input and output for tme (1) > 0:

d'q, d"'q, dq, d"q, da™ gy dq,
y — In-1 ==y o b=+ a0qp = by =+ bt == oo b =+
R IFTh) AT T T T Ay Ay
(2.1)
where g, is the measured quantity, ¢, is the output reading, and a,, .. . a,,, b,, . . . b, are constants.

“The reader whose mathematical background is such that Equation (2.1) appears daunting should not
worry unduly, as only certain special, simplified cases of it are applicable in normal measurement
situations, The major point of importance is to have a practical appreciation of the manner in which
various different types ol instruments respond when the measurand applied to them varies,

Ifwe limit consideration to that of step changes in the measured quantity only, then Equation (2.1
reduces to

d"q, T dq,
o e e g e (e e iy 22
ar dp-\ T a) ot g, 04, (22)

Further simplification can be made by taking certamn special cases of Equation (2.2), which
collectively apply to nearly all measurement systems
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2.4.1 Zero-Order Instrument
1f all the coefficients a; . . a, other than @, in Equation (2.2) are assumed zero, then

agdo = bogi  or g, = boyi/ap = Kq,. (2.3)
where K is a constant known as the instrument sensitivity as defined carlier.

Any instrument that behaves according to Equation (231 1s said 1o be of a zero-order type
Following a step change in the measured quantity at time £, the instrument output moves
immediately to a new value at the same time instant £, as shown in Fizure 210, A potentiometer.
which measures motion, is a good example of such an instrument, where the output voltage
changes mstantancously as the slider is displaced along the potentiometer track.

2.4.2 First-Order Instrument

1f all the coefficients a@; . ... a, except for a, and @, are assumed zero n Equation | then

ay e anq, = bug,
dt ek

Any instrument that behaves according 1o Equaion

41 is known as a first-order instrument
If d/dr 15 replaced by the £ operator n Fouion (2

), we get

aDg, + avq, = g,

Measured
quantity

Time

Instrument
output

0 t Time
Figure 2.10

Zero-order instrument charactenstic
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and rearranging this then gives

(bo/ao)g,
{1+ (ay/a0)D] "

Go =

(25)

Defining K = bo/ag as the static sensitivity and © = @,/ag as the ume constant of the system,
Equation (2.5) becomes

Ky,

TRy

(2.6)

I Equation (2,61 s solved analytically, the output quantity g, in response 1o a step
change in ¢, at tme ¢ varies with time he tme
constant t of the step response is time taken for the output quantity ¢, to reach 63% of

is final value.

the manner shown in Figure 2,11,

The thermocouple (see Chapter 14) is a good example of a first-order instrument. It
is well known that if a thermocouple at room temperature is plunged into boiling
water, the output e.m [, does not rise instantancously to a level indicating 100°C, but
instead approaches a reading indicating 100°C in & manner similar to that shown in

Figure 2.11

A lurge number of other instruments also belong to tus first-order class: this is of particular
importance n control systems where it is necessary to take account of the time lag that occurs
between a measured quantity changing in value and the measuring instrument indicating

Magnitude
g Measured quantity

N Instrument output

o

Time
(¥me constant)

Figure 2.11
First-order instrument charactenstic.
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the change. Fortunately, because the ime constant of many first-order instruments is small relative
10 the dynamics of the process being measured, no serious problems are created.

Example 2.6

B Solution
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Applying initial conditions: Act — 0, T, = 10, that s, 10 ~ Ce

10

n can be written a

e aforementioned expression to cafcula

table can be constructed:
T Atorude
o 0 0
0.36
o ) 0.5
0 0.6
0.70
072
¢ 00 m, t 1000 seconds., C 7 1 the aforementioned expression:
7 10~ 075 1000 - 15
} nant »ximates to zero and so T, can be written as
0 - 0.05(985 9.25°C
This result might h en inferred from t en earlier where it can be seen that
er nver toward aval 0.75. Fo values of t, the ransducer reading
lags the true temperature value by a period of time o the time constant of
conds. | 1e, the b, 5 meters and the termperature
falls by 0 Thus for large val re dways 0.75° less than ic
uld be
s L]

2.4.3 Second-Order Instrument

1 all coefficients ay ... a, other than ag, ay, and @, in Equation (2.2) are assumed zero,
then we get

d*q, lq,
"2]‘-’; by 5:—, + doqs = bogi. 27

Applywng the D operator again:

aD*q, + a\Dq, + angs = bodis

and rearranging:

28)
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1t is convenient to reexpress the variables ag. ay. aa, and by in Fyuation (2 5) i terms of three
K (static s ivity). @ (und: d natural frequency), and & ing ratio),

where

K=bo/ay ; @=+\/a/a ;

€ can be written as

ay 4
2agy/arfay 2%

w

1t Equation (2 8) 1s now divided through by ag, we get

g (bo/ao)q
qo = 3 (29)
1 4 (ay/ag)D + (a:/ag)D*

The terms in Equation (29) can be written in terms of o and £ as follows:

b, ap) 2 A b
oK ; b= ; 2pr=—.
£ (Ju) (.u,)l o

Hence, dividing Fquation (2.9) through by ¢, and substituting for a,, a;, and a; pives

Yo LS
(2.10)

4 DYt +2DDjo+ 1

This 1s the standard equation for a second-order system, and any instrument whose response can
be described by it is known as a second-order instrument. If Equation (2.9) 1s solved analytically,

the shape of the step response obtained depends on the value of the damping ratio parameter &

The output resp of a second-order ins for various values of £ following a step change
in the value of the measured quantity at time 7 are shown in Figure 2.1 2. Forcase A, where & - 0
there is no damping and the instrument output exhibits constant amplitude oscillations w l,]m
disturbed by any change i the physical quantity measured. For light damping of £ — 0.2,
represented by case B, the responise to a step change i input is still oscillatory but the oscillations
die down gradually. A further increase in the value of £ reduces oscillations and overshoots still
more, as shown by curves C and D, and finally the response becomes very overdamped, as shown
by curve E, where the output reading creeps up slowly toward the correct reading. Clearly, the
extreme response curves A and E are grossly unsuitable for any measuring instrument ll..m
instrument were to be only ever subjected to step inputs, then the design strategy would be to aim
toward a damping ratio of 0.707, which gives the critically damped response (C). Unfortunately,
most of the physical quantities that istruments are required to measure do not change in the
mathematically convenient form of steps, but rather in the form of ramps of varying \ln;\c\ As the
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Magnitude
Moasured
quantity
0 t Time
Output A €=00 OWPUL D+ mme e 1.0
Output B = e v = 0.2 OUIPULE wmerommss £ 1.5

OUPULC evne

¢ = 0.707

Figure 2,12

Response characteristics of second-order insruments

form of the nput variable changes, so the best value for & varies,

and choice of & becomes one
of compromise between those values that are best fo

ach type of input variable behavior
anticipated. Commercial second-order instruments, of which the accelerometer is a common
example, are penerally designed to have a damping somewhere in the range of 0.6-0.8,

2.5 Necessity for Calibration

The foregoing discussion has deseribed the static and dynamic characteristics of measuring

nstruments in some detail, However, an important qualification that has been omitted from this
discussion is that an nstrument only conforms to stated static and dynarmic patterns of behavior
after it has been calibrated. It can Iy be a 1 that a new inst

t will have been
calibrated when itis obtamed from an instrument manufacturer and will therefore initially behave
according to the charactenistics stated in the spec

ations. During use, however, its behavior will
adually diverge from the stated specification for a variety of reasons. Such reasons

include
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mechanical wear and the effects of dirt, dust. fumes, and chemicals in the operting environment.
The rate of divergence from standard specifications vanies according to the type of instrument, the
frequency of usage, and the severity of the operating condutions. However, there will come a time,
determined by practical knowledge. when the characteristics of the instrument will have drifted
from the standard specification by an unacceptable amount. When this situation is reached, it is
necessary to recalibrate the instrument back to standard specifications. Such recalibration is
4l d by adjusting the ateach point in its output range until s output readings are

the same as those of 4 second standard instrument to which the same wputs are applied. This
second instrument is one kept solely for calibration purposes whose specifications are accurately

known. Calibration procedures are discussed more fully in Chapter 4

2.6 Summary

This chapter began by reviewing vanous different classes of instruments and considering how
these differences affect their typical usage. We saw, for example. that null-type instruments

are favored for calibration duties because of their supenor accuracy, Whereas deflection-type
instruments are easier o use for routine measurements. We also looked at the distmction between

active and passive analogue and digital i s, indicators and signal output-ty pe
instruments, and, finally, smart and nonsmart instruments. Following this, we went on to look at
the variou cch eristics of i . These define the quality of measurements when an

instrument output has settled to a steady reading. Several important lessons arose out of this
coverage. In particular, we saw the important distinction between accuracy and precision,
which are often equated incorrectly as meaning the same thing. We saw that high precision does
not pronuse anything at all about measurement accurac

can give very poor m: taccuracy. The final topic covered in this chapter was

in fact, a high-precision instrument

the dynamic charactenistics of instruments. We saw that there are three Kinds of dynamic
characteristics: zero order, first onder, and second order. Analysis of these showed that both first.
and second-order instruments take time to settle 1o a steady-state reading when the measured
quantity changes. It 1 therefore necessary to wait until the dynamic motion has ended before
a reading is recorded. This places a serious limitation on the use of first- and second-order
instruments to make repeated measurements. Clearly, the frequency of repeated measurements is
limited by the time taken by the instrument to settle 1o a steady-state reading

2.7 Problems
2.1. Briefly explain four ways in which measuring instruments can be subdivided into

different classes according to thetr mode of operation, giving examples of instruments
that fall into each class.
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22

Explain what is meant by

(a) active instruments

(b) passive mstruments

Give examples of cach and discuss the relative mernits of these two classes of
mstruments,

Discuss the advantages and disadvantages of null and deflection types of measuring
wstruments. What are null types of instruments mainly used for and why?

What are the differences betw and digital 8?7 What ad

do digital instruments have over analogue ones?
Explain the difference between static and dynam
instruments.

charactenstics of measuring

Briefly define and explain all the static charactenstics of measuring instruments.
How 15 the accuracy of an instrument usually defined? What is the difference between
accuracy and precision?

Draw s

ctehes to illustrate the dynamic charactenistics of the following:
(4) zero-order nstrument

(b) firs
(©) second-order instrument

-order nstrument

In the case of a second-order instrument, indicate the effect of different degrees of
damping on the time response

State brietly how the dynamie characteristics of an instrument affect its usage.

A tungsten resistance thermometer with a range of <270 to + 1100°C has a quoted
inaccuracy of £ 1.5

wding. What is the likely measurement error when

it1s reading a temperature of 950°C?

A baich of steel rods is manufactured o a nominal length of 5 meters with a quoted
tolerance of £ 2%, What 1s the longest and shortest length of rod to be expected in the
batch?

What 15 the measurement range for a micrometer designed to measure diameters
between 5.0 and 7.5 cm?

A tungsten/5% rhenium-tungsten/26% rhenium thermocouple has an output e.m.f.
as shown in the following table when its hot (measuring) junction is at the temperatures

shown. Determine the seasitivity of for the ther ple inmV/ C.
mv 137 8.74 13,11 1748
(& 250 500 750 1000

Define s

ensitivity drift and zero drift. What factors can cause sensitivity drift and zero
drift i mstrument characteristics?
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2.15. (a) An mstrument is calibrated in an environment at a temperature of 20°C and the
following output readings y are obtained for various nput values 1

655 786

131 262 393 524
30

Y
10 15 20 25

x 5

Determine the measurement sensitivity, expressed as the ratio y/x.
(b) When the 1 18 subsequently used in an env at a temperature of

50°C, the input/output characteristic changes to the following

¥ 147 294 44 588 735 882
x 5 10 15 20 25 30

Determine the new measurement sensitivity. Hence determine the sensitivity drift

due 10 the change in ambient temperature of 30°C.
were taken with an infrared thermometer

being out of calibration

2.16. The ing
that produced biased due to the

Caleulate the bias n the measurements.

Values measured by uncalibrated

instrument ( C) Correct value of temperature ( C)

20 215
35 365
50 518
65 66.5

2.17. A load cell is calibrated in an environment at a temperature of 21°C and has the

following deflection/load characteristic:

Load (kg) 0 50 100
Deflection (mm) 00 10 20

When used m an environment at 35°C. its characteristic char

0 50 100

Load (kg)
13 24

Deflection (mm) 02

ensitvity at 21 and 35°C.

(2) Determine the

(b) Calculate the total zero dnft and sensttvity deft at 35°C

() Hence determmne the zero dnift and sensitivity dnft coefficients (in units of pm/
and (un per kg)/(°C).

An unmanned submarine 1s equipped with temperature- and depth-measuring

instruments and has radio equipment that can transmit the output readings of these

instruments back to the surface. The submarine 1s initially floating on the \;Jll.u of the

sea with the mstrument output readings in stcady state. The depth-measuring
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2:19.

instrument is approximately zero order and the temperature transducer first order with
a time constant of 50 seconds. The water temperature on the sca surface, 7, is 20°C
and the temperature 77 at a depth of x meters is given by the relation:

T, =Ty~ 001

(a) If the submarine starts diving at time zero, and thereafter goes down at a velocity of

0.5 meters/second, draw a table showing the temy ¢ and depth

reported at intervals of 100 seconds over the first 500 seconds of travel. Show also

in the table the ¢
(b) What temperature does the submarine report at a depth of 1000 meter:
Write down the general differential equation describing the dy:
second-order measuring instrument and state the expressions relating the static
sensitivity, undamped natural frequency, and damping ratio to the parameters in this
ditferential equation. Sketeh the instrument response for cases of heavy damping,
cntical damping, and light damping and state which of these is the usual target when a
cond-order mstrument is being designed.

or in cach temperature reading.

mic response of a
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3.1 Introduction

We have already been introduced 1o the subject of measurement uncertainty in the last chapter,
i the context of defining the accuracy charactes
ol measurement unc

tic of a measuring instrument. The existence
nty means that we would be entirely wrong to assume (although the
uniitiated might assume this) that the output of a measuring instrument or larger measurement
system gives the exact value of the measured quantity. Me

urement errors are impossible to
avoid, although we can minimize their magnitude by good measurement system design
accompaniced by appropriate analysis and processing of measurement data,

We can divide errors in measurement systems into those that an

¢ during the measurement
¢ due to later corruption of the measurement signal by induced
noise during transfer of the signal from the point of measurement 1o some other point. This

process and those th

chapter considers only the first of these, with discussion on induced nois
Chapter 6

s being deferred 10

It as extremely important in any measurement system (o reduce errors to the minimum
possible level and then to quantify the maximum remaining crror that may exist in any
instrument output reading. However, in many cases, there is a further complication that the
ed by combining together two or more
measurements of separate physical variables. In this case, special consideration must also

final output from a measurement system is caleu

be given to determining how the caleulated error levels in each separate measurement should
be combined to give the best estimate of the most likely error magnitude 1n the calculated

output quantity. This subject is considered in Section 3.7,

The starting pomtin the quest to reduce the incidence of errors ansing during the measurement
process 1s 1o carry out a detailed analysis of all error sources in the system. Each of these
error sources can then be considered in tum, looking for ways of eliminating or at least reducing
the magnitude of errors. Errors ansing during the measurement process can be divided into
o groups. known as systematic errors and random errors.
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Systematic errors describe errors in the output readings of @ measurement system that are
consistently on one side of the correct reading, that is, either all errors are positive or are
all negative. (Some books use alternative nane bias errors for systematic errors, although this
is not entirely incorrect, as systematic errors include errors such as sensitivity drift that are
not biases.) Two major sources of §
and the effect of environmental changes (sometimes known as modifving inputs),
n Scctions 34,1 and 3.4 2. Other sources of systematic error include bent meter needles, use
of d i s. drift in characteristics, and poor cabling practices.
Even when systematic errors due to these factors have been reduced or eliminated. some
errors remain that are inherent in the manufacture of an instrument. These are quantified
by the accuracy value quoted in the published specifications contained in the instrument

tematic errors are system disturbance during measurement

s discussed

data sheet.

Random errors, which are also called precision errors in some books, are perturbations of the
measurement either side of the true value caused by random and unpredictable effects, such that
positive errors and negative errors oceur in approximately equal numbers for a series of
measurements made of the same quantity. Such perturbations are mainly small, but large
perturbations occur from time to time, again unpredictably. Random errors often arise when
measurements are taken by human observation of an analogue meter, especially where this
mvolves interpolation between scale points. Electrical noise can also be a source of random
errors, To a large extent, random errors can be overcome by taking the same measurement 4
number of times and extracting & value by averaging or other statistical techniques, as
discussed in Section 3.5, However, any quantification of the measurement value and statem
of error bounds remains a statisical quantity. Because of the nature of random errors and
the fact that large perturbations in the measured quantity occur {rom time to time, the best that
we can do is to express measurements in probabilistic terms: we may be able (o assign 4 95 of
even 99% confidence level that the measurement is & certain value within error bounds of, say,

1%, but we can never attach & 100% probability to measurement values that are subject 1o
random ervors. In other words, even if we say that the maximum error is < 40 5% of the
measurement reading, there is still @ 19 chance that the error is

eater than +0.5%

Finally, a word must be said about the distinction between systematic and random errors, Fry or
sources in the measurement sy e of
error is present, systematic or random, and to apply the appropriate treatment. In the case
of manual data measurements, a human observer may make a different observation at each
attempt, but it is often reasonable to assume that the errors are random and that the mean of
these readings is likely to be close to the correct value. However, this is only true as long

as the human observer is not introducing a parallax-induced systematic error as well by
persistently reading the position of a needle against the scale of un analogue meter from one side
rather than from directly above. A human-induced systematic error is also introduced if an

tem must be examined carefully to determine what typ
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nstrument with a first-order charactenstic is read before it has settled to its final reading.
Wherever a systematic error exists alongside random errors, correction has to be made for the
systematic error in the measurements before staustical techniques are applied to reduce the
effect of random errors.

3.2 Sources of Systematic Error

The main sources of systematic error in the output of measuring instruments can be
summarized as

effect of environmental disturbances, often called modifying inputs

disturbance of the measured system by the act of measurement

changes in characteristies due to wear in instrument components over a period of time
resistance of connecting leads

These varous sources of' s

rror, and w;

in which the magnitude of the errors can be
reduced, are discussed here.

3.2.1 System Disturbance due to Measurement

Disturbance of the measured system by the act of measurement is a common source of

systematic error. I we were to start with a beaker of hot water and wished to measure its
temperature with @ mercury-mn-glass thermometer, then we would take the thermometer, which
would initially be at room temperature, and plunge it into the water. In so doing, we would be
mtroducing a relatively cold mass (the thermometer) into the hot wate

and aheat transfer
would take place between the water and the thermometer. This heat transfer would lower the
temperature of the water. While the reduction in temperature in this case would be so small as to
be undetectable by the hmited measurement resolution of such a thermometer, the effect is

fimite and clearly establishes the principle that, in nearly all measurement situations, the process
of measurement disturbs the system and alters the values of the physical quantities being
measured.

A particularly important example of this occurs with the onifice plate. This is placed into a
fluid-carrying pipe to measure the flow rate, which 1s a function of the pressure that 1s measured
cither side of the orifice plate. This measurement procedure causes a permanent pressure loss in
the Mlowing fluid. The disturbance of the measured system can often be very significant.

Thus, as a general rule, the process of measurement alw.

vs disturbs the system being measured.
The magmitude of the disturbance varies from one measurement system (o the next and is
aftected particularly by the type of instrument used for measurement. Ways of minimizing
disturbance of measured systems are important considerations in instrument design. However,
te for this.

an accurate understanding of the mechanisms of system disturbance is a prerequis
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Measurements in electric circuits

Tn analyzing system disturbance during measurements in electric circu

, Thévenin’s theorem
(see Appendix 2) is often of great assistance. For instance, consider the ¢

cuit shown in
Figure 312 in which the voltage across resistor Ry is to be measured by a volimeter with
resistance R,,.. Here,

» acts as a shunt resistance across Ry, decreasing the resistance between
points AB and so disturbing the circuit. Therefore, the voltage

measured by the meter is
not the value of the voltage E, that existed prior to measurement. The extent of the disturbance

can be assessed by calculating the open-circuit voltage E, and comparing it with £, .

Thévenin's theorem allows the cireut of

comprising two voltage sources and
five resistors to be replaced by an equivalent circuit containing a single resistance and one

riieias |
|
' '
1 SRy
| i
1 1
1 1
1
5 i
Voitmeter
(@)
&y
E E E R,
R
®)

Figure 3.1
Analysis of circuit loading: (a) circuit in which t+

e voltage across Ry is to be meas.
(b) equivalent circuit by Thévenin's theorem, and (c) circuit used to find the equivale nt
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voltage source, as shown n Fipuee 3 1b, For the purpose of defining the cquivalent single
resistance of a circuit by Thévenin's theorem, all voltage sources are represented just by their
nternal resistance, which can be '.\ppru‘(imulcd 10 zero. ure 3.1¢. Analysis
proceeds by caleulating the equivalent resistances of sections of the circuit and building these
up until the required ;quwul;m resistance of the whole of the circuit is obtained. Starting at ©
and D, the cireuit to the left of € and D consists of a series pair of resistances (R, and R) in
parallel with R, and the equivalent resistance can be written as

(R,-rk 2R
Ri+Ra+Ry

shown in Fig

Moving now 10 A and 8, the circuit to the left consists of a pair of series resistances (Rep and Ry)
i parallel with Rs. The equivalent circuit resistance Ry can thus be written as
1 ! 1 (Rs + Re)Rs

el v sl e :
Ran s RED TR Ryeh dmi 5 Ry REp RS

Substituting for Rep using the expression derived previously, we obtain

(R, + Ra)Rs
Ry 4+ Ry + Ry

+Ry|R

Defining 7 as the current flowing in the circuit when the measuring instrument is connected to
11, we can write

Ran+Rm.

and the volt

measured by the meter is then given by

Ew

In the absence of the measuring mstrument and its resistance R,,,, the voltage across AB would
;- The effect of measurement is
therefore 1o reduce the voltage across AB by the rano given by

be the equivalent circuit voltage source whose value s E,

et 32
Be s £ (3:2)

Tt is thus obvious that as X, gets la
de

or, the rato £, /E,, gets closer to unity, showing that the
n strategy should be to make R, as high as possible to minimize disturbance of the
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measured system. (Note that we did not caleulate the value of £,

as this is not required n
quantifying the effect of R,,..)

Atthis point, it is interesting to note the constraints that exist when practical attempts are made
to achieve a lugh internal resistance in the design of @ moving-coil volimeter. Such an
instrument consists of a coil carrying a pomter mounted in a fixed magnetic field. As current
flows through the coil, the interaction between the field generated and the fixed ficld causes
the pointer it carries o tum in proportion to the applied current (for further details, see
Chapter 7). The simplest way of increasing the input impedance (the resistance) of the meter is
either to increase the number of tums in the coil or to construct the same number of coil
tumns with a higher resistance material. However, either of these solutions decreases the current
flowing in the coil, giving less magnetic torque and thus decreasing the measurement
sensitivity of the instrument (1¢., for a given applied voltage, we get less deflection of the
pointer). This problem can be overcome by changing the spring constant of the restraining
springs of the instrument, such that less torque is required to tum the pointer by a given amount.
However, this reduces the ruggedness of the instrument and also demands better pivot
design 1o reduce friction. This highlights a very important but tiresome principle w instrume it
design: any attempt to improve the performance of an instrument in one respect generally
decreases the performance in some other aspect. This is an inescapable fact of life with |u\;|\ ¢
nstruments such as the type of voltmeter meationed and is often the reason for the use of
alternative active instruments such as digital voltmeters, where the inclusion of auxiliary pocyer
improves performance greatly.

Bridge circuits for measuring resistance values are a further example of the aeed for careful
design of the measurement system. The impedance of the instrument measuring the bridge
output voltage must be very large in comparison with the component rcmunu; in the bnd
circuit. Otherwise, the measuring instrument will load the circuit and draw current from it
1s discussed more fully m Chapter 9.

hus

Example 3.1

Ippos c f

; have the following
values: :
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Solution

Pre lin Thé hec find lent circuit to that of

Figure 3,14 of the form shown in Figure 3.1b, and sub

values into the equation for Ry, (3.1), we obtain

g the given

P

00 Q)

Equation (3.2), we have

3.2.2 Errors due to Environmental Inputs

An environmental input is defined as an apparently real input to a measurement system that

is actually caused by a change in the environmental cond g the

systemt. The fact that the staue and dynamic characteristics specified for measuring instruments
are only valid for particular environmental conditions (e.g.. of temperature and pressure) has
These specitied conditions must
be reproduced as closely as possible during calibration exercises because, away from the
specified calibration conditions, the characteristics of measuring instruments vary (o some extent

already been discussed at considerable length in Chapter

and cause measurement errors, The magnitude of this environment-induced variation is
quantified by the two constants known as sensitivity drift and zero drift, both of which are
generally included in the published specifications for an instrument. Such variations of
environmental conditions away from the calit 1 are i lesenbed as
modifying inputs 1 the measurerient system because they modify the output of the system. When
such modifying inputs are present, it 1s often difficult 1o determine how much of the output
change in a measurement system is due to a change in the measured variable and how much
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is due to a change in environmental conditions, This is illustrated by the following example.
Suppose we are given @ small closed box and told that it may contain either @ mouse or  rat
We are also told that the box weighs 0.1 kg when empty. If we put the box onto @ bathroom
scale and observe a reading of 1.0 kg, this does not immediately tell us what is in the box because
the reading may be due to one of three things:

(1) @09 kg rat m the box (real input)

(b) an empty box with a 0.9 kg bias on the scale due to a temperature change
(environmental input)

(¢) @04 kg mouse in the box together with a 0.5 kg bias (real + environmental nputs)

Thus, the magnitude of any environmental input must be measured before the value of the
measured quantity (the real input) can be determined from the output reading of an instrument.

Tn any general measurement situation, it is very difficult to avoid environmental inputs, as it

is cither iy cal or impossible to control the I cond g the
measurement system. System .lcslgnu\ are lhf.ulum cluq.ul with the task of either reducing the
ibility of s 1o 1 inputs or, alternatively, quantifying the

cffects of environmental inputs and correcung for them in the instrament output reading. Th
techniques used to deal with environmental inputs and minimize their effects on the final output
measurement follow a number of routes as discussed later.

3.2.3 Wear in Instrument Components

Systematic errors can frequently develop over a period of ime because of wear in instru
components. Recalibration often provides a full solution to this problem.

3.2.4 Connecting Leads

In connecting together the components of a measurement system, & common source of error
is the failure to take proper account of the resistance of connecting leads (or pipes in the case
of pneumatically or hydraulically actuated measurement systems). For instance, in typical

separated from other parts of the measurement system by perhaps 100 meters. The resistance of
such a length of 20-gauge copper wire is 7 ©, and there is a further complication that such
wire has a temperature coefficient of 1 m€)/ C.

of a resistance , 1t is common to find that the thermometer is

Therefore, careful consideration needs to be given to the choice of connecting leads. Nog

only should they be of adequaie cross section so that their resistance is minimized, but they should
be sereened adequately if they are thought likely to be subject to electrical or magnetic fields
that could otherwise cause induced noise, Where screening is thought essential, then the routing
of cables also needs careful planning. In one application in the author's personal ¢ xperience
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involving instrumentation of an clectric-are steelmaking fumace, sereened signal-carrying cables
between transducers on the are fumace and a control room at the side of the fumace were initially
cortupted by high-amplitude 50-Hz noise. However, by changing the route of the cables between
the transducers and the control room, the magnitude of this induced noise was reduced by a factor
bout fen,

3.3 Reduction of Systematic Errors

The prerequisite for the reduction of systematic errors is a complete analysis of the
measurement system that identifies all sources of error. Simple faults within a system,
such as bent meter needles and poor cabling practices, can usually be rectified readily
and inexpensively once they have been idenufied. However, other error sources
require more detailed analysis and treatment. Various approaches to error reduction are
considered next.

3.3.1 Careful Instrument Design

Caretul instrument design is the most useful weapon in the battle against environmental inputs
by reducing the sensitivity of an instrument to environmental inputs to as low a level as
possible. For instance, in the design of strain gauges, the element should be constructed from a
material whose resistance has a very low temperature coeflictent (i.c., the variation of the

resistance with temperature is very small). However, errors due to the way in which an

mstrument is designed are not always easy to correct, and a choic
he on and the altemative of
accuracy if redesign is not unde

often has to be made

epuing the reduced measurement

ctween the high cost of redes

3.3.2 Calibration

Instrument calibration is a very important consideration in measurement systems and therefore
calibration procedures are considered in detail in Chapter 4. All instruments suffer drift in their
charactensties, and the rate at which this happens depends on many factors, such as the

re used and the frequency of their use. Error
due o an nstrument being out of calibration is never zero, even immediately after the
nstrument has been calibrated, because there is always some inherent error in the reference
instrument that @ working instrument is calibrated against during the calibration exercise.
libration error
acteristics unul the time of the next
calibration. The maxumum error that exists just before an instrument is recalibrated can
therefore be made smaller by increasing the frequency of recalibration so that the amount

of drift between calibrations is reduced.

environmental conditions in which instruments

Nevertheless, the error immediately after calibration is of low magmtude: The

then grows steadily with the drift in instrument ch:
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3.3.3 Method of Opposing Inputs

‘The method of opposing inputs compensate:

for the effect of an environmental input in &
measurement system by introducing an equal and opposite environmental input that cancels it out,

One example of how this techmique is applied is i the type of millivoltmeter shown in Fizue 52
This consists of a coil suspended n a fixed magnetic field produced by a permanent magnet.
When an unknown voltage is applied to the coil, the magnetic field due to the current interacts

with the fixed field and causes the coil (and a pointer attached to the coil) to wm. If the coil
resistance R, 1s sensitive to temy

then any env al input 1o the system in
the form of a temperature change will alter the value of the coil current for a given applied

give :
oltage and so alter the pointer output reading. Compensation for this is made by introducing a
compensating resistance R, intothe circuit, where R, ..., has a temperature coefficient equal in
‘magnitude but opposite in sign to that of the coil. Thus, m response to an increase in temperature

R increases but R, ., decreases, and so the total resistance remains approximately the same

3.3.4 High-Gain Feedback

The benefit of adding high-gain feedback to many measurement systems is illustrated by
onsidering the case of the voltage-measunng mstrument whose block diagram iy shown

in Figure 3.3, In this system, unknown voltage £, is applied to 4 motor of torque constant &
and the nduced torque tums a pointer against the restraining action of & spring with spring

7329

wm
Figure 3.2

Analogue millivoltmeter mechanism
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l D, 1 o,
Voltage lT‘ Torque J]E__’
E l——-l X

Coil Spring
Figure 3.3
Block diagram for voltage-measuning instrument

constant K, The effect of environmental inputs on the motor and spring constants is represented
by vanables 12, and D, In the absence of env Linputs, the displacement of the pointer X,
is given by Xo = K, K.E,. However, in the presence of environmental inputs, both K, and K,
change, and the relationship between X, and F, can be affected greatly. Therefore, it becomes
ditticult o impossible to caleulate £, from the measured value of X,,. Consider now what happens
M the system is converted into a high-gain, closed-loop one, as shown in Figure 3.4, by adding an
amplifier of gain constant K, and a feedback device with gain constunt K. Assume also that the
cltect of environmental puts on the values of K, and K, are represented by D, and Dy, The
feedback device feeds back a voltage £, proportional to the pointer displacement X,,. This is
compared with the unknown voltage E, by a comparator and the ervor 1s amplified. Writing down

the equations of the system, we have

KeXos

(E; = Ky X,) KKK,
Thus

EKKK, = (1+ K KKK )X,

Feedback device
Figure 3.4
asuring with high-gain feedback.

Block diagram of vol
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that is,
KKK
1+ KKK, K,

X,

Because K, is very large (it is a high-gain amplitier), K; - K,, - K,,, - K, >> 1, and Equation (3 3)
reduces to
= EJK;.

“This 15 a highly important result because we have reduced the relationship between X, and
E; 10 one that involves only K. The sensitivity of the gain constants K, K, and K, 10 the
environmental inputs D, Qm, and D, has thereby been rendered imrelevant, and we only have to
be concerned with one environmental input, Dy. Conveniently, it is usually easy to design 4
feedback device that is insensitive to environmental mputs: this is much casier than tryir
to make a motor or spring insensitive. Thus, high-gain feedback techniques are often a very
effective way of reducing a system’s VIt 10 env 1 inputs. However,
one potential problem that must be mentioned 1s that there 1s a possibility that high-gain feedback
will cause instability in the system. Therefore, any application of this method must include careful
stability analysis of the system.

3.3.5 Signal Filtering

One frequent problem in measurement systems is corruption of the output reading by penodic
noise, often at a frequency of 50 Hz caused by pickup through the close proximity of the
measurement system 10 apparatus or current-carrying cables operating on & mains supply.
Periodic noise corruption at ugher frequencies is also often introduced by mechanical osc 1H;xxiuu
or vibration within some component of & measurement system. The amplitude of all such
noise components can be substantially attenuated by the inclusion of filtening of an appropriate
form in the system, as discussed at greater length in Chapier 6, Band-stop filters can be specially
useful where corruption is of one particular known frequency, or, more generally, low -pass ;
filters are employed to aitenuate all noise in the frequency range of S0 Hz and above

Measurement systems with a low-level output, such as a bridge circuit measuring a strain-pau,

5 4 : g 4 £ a strain-gauge
resistance, are particularly prone (o noise, and Fiowe 35 shows typical corruption of
bridge output by 50-Hz pickup. The beneficial effect of putting 4 simple passive RC low-pass

filter across the output is shown in Fiowe 35

3.3.6 Manual Correction of Output Reading

In the case of errors that are due either to system disturbance during the act of me surement
or to environmental changes, & good measurement technician can substantially reduce errors it
the output of & measurement system by calculating the effect of such systematic errors an d

2 ) 2 and
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Figure 3.5
Signal filtering

making appropriate correction to the instrument readings. This is not necessarily an casy task
and requires all distutbances n the measurement system (o be quantified. This procedure is

carned out ally by intelligent

3.3.7 Intelligent Instruments

Intelligent instruments contain extra sensors that measure the value of environmental inputs
and automatically compensate the value of the output reading. They have the ability to deal
very effectively with systematic errors in measurement systems, and errors can be attenuated
10 very low levels in many cases. A more detailed coverage of intelligent instruments can
be found in Chapter 11.

3.4 Quantification of Systematic Errors

Once all pracuical steps have been taken to eliminate or reduce the magnitude of systematic
errors, the final action required is to estimate the maximum remaining error that may exist
in 4 measurement due to systematic errors. This quantification of the maximum likely
systematic error in a measurement requires careful analysis.
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1 ) ic Error Components

3.4.1 Quantification of I

The first complication in the quantification of systematic errors is that it 1s not usually
possible 1o specify an exact value for a component of systematic error, and the quantification
has (o be in terms of & “best estimate.” Once systematic erors have been reduced as far as
reasonably possible using the techniques explained i Section 3 3, a sensible approach to
estimate the various kinds of remaining systematic error would be as follows.

Environmental condition errors

Tierald 1

1fa is subject o environmental ¢ , the usual course of action

is to assume midpoint environmental conditions and specify the maximum measurement error s

4x% of the output reading to allow for the maximum expected deviation in environmental
conditions away from this midpoint. Of course, this only refers to the case where the environmental
conditions remain essentially constant during 2 period of measurement but vary unpredictably on
perhaps a daily basis. If random fluctuations occur over a short period of time from causes such
as random draughts of hot or cold air, this is @ random ervor rather than a systematic error
that has to be quantified according to the techniques explained in Scction * 5

Calibration errors

All measuring mstruments suffer from drift in their characteristics over a period of time The
schedule for recalibration is set so that the frequeacy at which an instrument is calibrated means
that the drift in characteristics by the time just before the mstrument is due for recalibration is
kept within an acceptable limit. The maximum error just before the instrument is due for
recalibration becomes the basis for estimating the maximun likely error. This error due to the
instrument being out of calibration is usually in the form of a bias. The best way o express
this is to assume some midpoint value of calibration eoror and compensate all lm‘.nulrm\;n» by
this nudpoint error. The maximum measurement error over the full period of tme bet -
when the
can then be expressed as 1% of the outpui re

ween

strument has just been calibrated and time just before the next calibration is due

ading

Example 3.2
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Solution

System disturbance errors

Disturbance of the measured

ystem by the act of measurement itself introduces a systematic
crror that can be quantified for any given set of measurement conditions. However, if the
quantity bemng measured and/or the conditions of measurement can vary, the best approach is
1o caleulate the maximum likely error under worst-case system loading and then to express
the likely error as a plus or munus value of half this calculated maximum error, as suggested
for calibration errors

Measurement system loading errors

These have asimilar effect to system disturbance errors and are expressed in the form of 1%
of the output reading, where v is half the magnitude of the maximum predicted error under
the most adverse loading conditions expected

3.4.2 Calculation of Overall Systematic Error

The second complication m the analysis to quantify systematic errors in a measurement system
15 the fact that the total systemic error in & measurement is often composed of several separate
components, for example, measurement system loading, environmental factors, and calibration
crrors, A worst-case prediction of maximum error would be to simply add up cach separate
systematic error. For example, if there are three components of systematic error with a
magnitude of © 15 each, @ worst-case prediction error would be the sum of the separate errors,
that s, + 3%, However, it1s very unlikely that all components of error would be at their
maximum or minimum values simultancously. The usual course of action 1s therefore to
combine separate sources of syste

alic error using a root-sum-squares method. Applying this
method for 2 systematic component errors of magnitude +x,%, £x,%, £x3%, - +x,%, the

best prediction of likely systematic error by the root-sum-squares method is

emor = =y /x} X3 +x] + - x2
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Before closing this discussion on quanufying systematic ertors, a word of warning must be

given about the use of manufacturers’ data sheets. When instrument manufacturers provide data
sheets with an instrument that they have made, the measurement uncertainty or inaceuracy
value quoted in the data sheets is the best estimate that the manufacturer

1 give about the
way that the instrument will perform when it is new, used under specified conditions. and

recalibrated at the recommended frequency. Therefore, this can only be a starting point in
estimating the measurement accuracy that will be achieved when the instrument is actually
used. Many sources of systematic error may apply in a particular measurement situation that are
not included in the accuracy caleulation in the manufacturer’s data sheet, and careful
quantification and analysis of all systematic errors are necessary, as de:

ribed carlier.
Example 3.3

Three

3.5 Sources and Treatment of Random Errors

e caused by unpredictable variations in the meas
system. In some books, they are known by the alternative name precision error

urement
sources of random ervor are

Typical
measurements taken by human observation of an analogue meter

this involves interpolation between s
clectrical noise.

especially where
ale points.

random environmental changes. for example, sudden draught of air.
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Random errors are usually observed as small perturbations of the measurement either side of
the carrect value. that is, positive errors and negative errors occur in approximately equal numbers
for a series of measurements made of the same constant quantity. Therefore, random errors can
largely be eliminated by caleulating the average of a number of repeated measurements. Of
course, this 1s only possible if the quantity being measured remains at a constant value during
peated measurements. This averaging process of repeated measurements can be done
automatically by intelligent instruments, as discussed in Chapter 11

While the process of averaging over a large number of measurements reduces the magnitude
of random crrors substantially, it would be entirely incorrect to assume that this totally
climinates random errors. This 1s because the mean of a number of measurements would only
be equal to the correct value of the measured quantity if the measurement set contained
an infinite number of values. In practice, it is impossible to take an infimte number of
measurements, Therefore, m any practical situation, the process of averaging over a finite
number of measurements only reduces the magnitude of random error to a small (but nonzero)
that the ted mean value is close to the correct value of
the measured quantity can be indicated by calculating the standard deviation or variance
of data, these being parameters that describe how the measurements are distributed about the
mean value (see Sectons 301 and 2.6.2). This leads to a more formal quantification of
this degree of confidence in terms of the standard error of the mean in Scction 3.6 6,

value. The degree of confidenc

3.6 Statistical Analysis of Measurements Subject to Random Errors

3.6.1 Mean and Median Values

The average value of a set of measurements of a constant quantity can be expressed as either
the mean value or the median value, Historically, the median value was easier for a computer
a series of

to compute than the mean value because the median computation involy
logic operations, wher

1s the mean computation requires addition and division. Many years
nd
there were computational speed advantages in calculating average values by computing
rapidly to a point

4po, a computer performed logic operations much faster than arithmetic operation:

the median rather than the mean, However, computer power incre

where this advantage disappeared many years ago.

As the number of measurements increases, the difference between mean and median values
becomes very small. However, the average caleulated in terms of the mean value is always
shightly closer to the correct value of the measured quantity than the average calculated as
the median value for any finite set of measurements. Given the loss of any computational
speed advantage because of the massive power of modern-day computers, this means that there

1s now little argument for calculating average values in terms of the median.
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Forany set of n measurements xy, Xa
mean given by

of a constant quantity, the most likely true value is the

e R (34)

This is valid for all data sets where the measurement errors are distributed equally about the
zero error value, that is, where positive erors are balanced in quantity and magnitude by
negalive eIrors.

The median is an approximation to the mean that can be written down without hav ing o
sum the measurements. The median 1s the middle value when measurements in the data set
are written down in ascending order of magunitude. For a set of # measurements X, 1o Xy
of a constant quantity, written down in ascending order of magnitude, the median value

is given by

Fmadian = Xns1[2- (3.3)

Thus, for a set of nine measurements vy, x> - Xy arranged in order of magnitude, the median
value is a5 For an even number of measurements, the median value is midway between the
two center values, that is, for 10 measurements X, =X, the median value 15 given by

(5 a2,

Suppose that the length of a steel bar is measured by a number of different observers and
the following set of 11 measurements are recorded (units millimeter). We will call this
measurement set A.

398 420 394 416 404 408 400 420 396 413 430 (Measurement set A)
Using Equations (34) and (3.5), mean = 409.0 and median = 408. Suppose now that the
measurements are taken again using a betier measuring rule and with the observers taking more
care to produce the following measurement set B

409 406 402 407 405 404 407 404 407 407 408 (Measurement st B)

For these measurements, mean = 406.0 and median — 407. Which of the two measurement
sets, A and B, and the corresponding mean and median values should we have the most
confidence in? Intuitively, we can regard measurement set B as being more reliable bec
the measurements are much closer together. Tn set A, the spread between the smal
(396) and largest (430) value is 34, while in st B, the spread is only 6

ause

lest

Thus, the smaller the spread of the measurements, the more confidence we
miean or median valwe calculated.

have in the

Let us now see what happens if we increase the number of measurements by extendinge
measurement set B to 23 measurements. We will call this measurement set C &
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409 406 402 407 405 404 407 404 407 407 408 406 410

(Measurement set C)
406 405 408 406 409 406 405 409 406 407

Now, mean — 406.5 and median — 406

This confirms our earlier statement that the median value tends toward the mean value

as the number of measurements increases

3.6.2 Standard Deviation and Variance

Expressing the spread of measurements simply as a range between the largest and the smallest
value is not, in fact, a very good way of examining how measurement values are distributed
about the mean value. A much better way of expressing the distribution 1s to calculate the
vartance or standard deviation of the measurements. The starting point for calculating these
parameters is 1o caleulate the deviation (error) d; of each measurement v, from the mean value
Lvwn 102 SEL OF Measurements Xy, X, - X

f ==X = Xueeun (3.6)

The variance (V) of the set of measurements 1y defined formally as the mean of the squares of
deviations.

Vi gy o
n

(3.7)

The standard deviation () of the setof measurements is defined as the square root of the variance:

o= VVi=y 4 (3.8)

Unfortunately, these formal definitions for the varian

nd standard deviation of data are
made with respect to an nfinite population of data values whereas, in all practical situations, we
can only have

a finite set of measurements. We have made the observation previously that
the mean value x,, of « finite set of measurements will differ from the true mean p of the
theoretical infinite population of measurements that the finite set is part of. This means that
there 15 an error in the mean value X, used in the calculation of d; in Equation (3 6). Because
of this, Bquanons (57 and (15) give a biased estimate that tends to underestimate the
varunce and standard deviation of the infinite set of measurements. A better prediction of
the vanance of the mfinite population can be obtained by applying the Bessel correction factor

(n/n— 1) to the formula for V, in Equation (3.7):

J 3.9)
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where V, is the variance of the finite set of measurements and V is the variance of the infinite
population of measurements.

This leads 10 a similar better prediction of the standard deviation by taking the square root of the
vanance in Equation (3.9):

o= (3.10)
Example 3.4
|
Solution
Fir )

en, from Equations (3.9) and (3.10), V=" (deviations®)/n—1 = 1370/10 = 137

3.9)and (3.10),V=4.2and 5 - 2.05




rom this data, using Equations (3.9) and (3.10), V = 3.53 and o = 1.88,
1 C ! lu { o for measurement set B .compared with A
ond with the respective size of the spread in t ge berween maximum and
. € ¢ ¥ r confidenc
|
|
| i f
| §
| i f
| | |
| i Ho\ ¢, ¢ t cal analysis of random
L ; |

3.6.3 Graphical Data Analysis Techniques—Frequency Distributions

Graphical techniques are a very useful way of analyzing the way in which random
measurement errors are distributed, The simplest way of doing this is to draw a histogram,
in which bands of equal widih across the range of measurement values are defined and the
number of measurements within each band is counted. The bands are often given the name
data bins. A uselul rule for defining the number of bands (bins) is known as the Sturgis rule,
which caleulates the number of bands as

Number of bands = 1 + 3.3 log,,(n),

where 7 1s the number of measurement values.

T Example 3.5

2 .
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Solution

For 23 measurements, the recommended number i

ban. lated according to the
Sturgisruleis 1 + 3.3log10(23) 9. This rot t t

wimber of bands must
be an integer number.

Tocoverthe span of measurements in daca ser C
wide. The boundaries of these bands
on the boundary between different |

them in. Because the measurements

defining the range of the first ban

drawn as i Figure 3.6 by counting the number of measurements in each band
In the first band from 401.5 ¢

t0403.5, th

histogram in this band is 1 unit

asurement, s

In the next band from 403 .5 10 405 5, th € measurements, so
histogram in this band 15 1 = § unirs

The rest of the histogram is compl

When a histogram is d

wn using a sufficiently large
will have the characteristic shape sh

the mean value of the measurement

number of measuremen

n by truly

om data, with syms

However, for a
measurements, only approximate symmetry in the histo;

mean value, It is 2 matter of judgmer

enough to symmatry o justi

relat small numt

s 10 whether the

y.a conclus

that data

Number

4015 4005 4055 4075 4095
(-05) 03) (-0.1) (a1)

Figure 3.6
Histogram of measurements and deviations

411.5 Measurements
(+0.3) (+05) (Deviations)
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23 me 1 ad Lo draw 1e histogram
Figure 3.6 were chosen carefully to produce a symmem:al histogram but exact
symmetry would not normally be expected for a measurement data set as small as 23.

| € of ment error that is usually of most concem, It 1

Figure 3.6).

t ngy distributi
|

Figure 3.7 Thn ordmate of this curve is the frcqutn:y uf occurrence
’ of each deviation valuc F(D) and the abscissa is the magnitude of deviation, D.

! Pigures 2.6 and 3.7 about the zero deviation value is very useful
for showing graphically lh.n measurement data only have random errors. Although
| these figures cannot be used to quantfy the magnitude and distribution of the errors

D)

1
1
1
1
1
1
1
1
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l
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1
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!
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Figure 3.7

Frequency distribution curve of deviations
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easily, very similar graphical techniques do achieve this. If the height of the fn:qu.cncy.
distribution curve is normalized such that the area under it is unity, then the cuv"ve in this
form is known as a probability curve, and the height F(D) at any particular deviation
magnitude D is known as the probability density function (p.d.f.). The condition that
the area under the curve is unity can be expressed mathematically as

Thus, the ¢.d
sh t Figure 3.7,

ve (Figure 3.7) is the value of deviation that has the greatest probability. If the
erors are entirely random in nature, then the value of D, will equal zero. Any nonzero
value of D, indicates systematic errors in data in the form of a bias that is often removable

by recalibration.
|

3.6.4 Gaussian (Normal) Distribution

Measurement sets that only contain random ervors usually conform to a distribution with a
mance must always be tested (see

particular shape that is called Gaussian, although this cont
the later section headed “Goodness of fit”). The shape of 2 Gaussian

frequency of small deviations from the mean value is much greater than th
renits subject 1o random errors

curve 18 such that the

e frequency of large

deviations. This coincides with the usual expectation in measuren
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that the number of measurements with a small error is much larger than the number of
measurements with a large error. Alternative names for the Gaussian distribution are normal
distribution or bell-shaped distribution. A Gaussian curve is defined formally as a normalized
frequency distribution that is symmetrical about the line of zero error and in which the
frequency and magnitude of quantities are related by the expression:

r =
[~ (x=m)

F(x) =——=e

(3.13)
a2

where m is the mean value of data set x and the other quantities are as defined before.
Fauation (315 s particularly useful for analyzing a Gaussian set of measurements and
predicting how many measurements lie within some particular defined range. If measurement
deviations D are calculated for all measurements such that D = v — m, then the curve of
deviation frequency F(D) plotted against deviation magnitude D is a Gaussian curve known
as the error frequency distribution curve. The mathematical relationship between F(D) and D

can then be derived by moditying Equation (2

1) 1o give

F(D) = ——elP

oV2n

(3.14)

The shape of a Gaussian curve is influenced strongly by the value of o, with the width
of the curve decreasing as o becomes smaller. As a smaller o corresponds with typical
deviations of measurements from the mean value becoming smaller, this confirms the carlier
observation that the mean value of a set of measurements gets closer to the true value as
o decreases

It the standard deviation is used as a unit of error, the Gaussian curve can be used to
determine the probability that the deviation in any particular measurement in a Gaussian
data set is greater than a certain value. By substituting the expression for F(D) in
Eq into probability Equation (3111, the probability that the error lies
i a band between error levels Dy and D; can be expres

D,
POy <D <Dy) = j o (3.15)
LAV 4
b
Solution of this expression is simplified by the substitution
:=Dja (3.16)

The effect ol this is to change the error distribution curve into a new Gaussian distribution that
has astandard deviation of one (o = 1) and a mean of zero.

his new form, shown in Figure 3.8,
is known as a standard Gaussian curve (ov sometimes as a = distribution), and the dependent
variable 1s now = mstead of D. Equation (3 15) can now be re

-expressed as
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Figure 3.8

Standard Gaussian curve [Hz) versus z]

PDy<D<Dy)=Pn<:z<

= ! | (-2n)g. (317)
aV2n

5
Unfortunately, neither Equation (3.15) nor Equation (3.17) can be solved analytically using
tables of standard integrals, and numerical integration provides the only method of solution.
However, in practice, the tedium of numerical mtegration can be avoided when analyzing
duta because the standard form of Equation (3.17), and its independence from the particular
values of the mean and standard deviation of data, means that standard Gaussian tables that
tabulate #(z) for various values of = can be used.

3.6.5 Standard Gaussian Tables (z Distribution)

A standard Gaussian table (sometimes called = distribution), such as that shown in |
tabulates the area under the Gaussian curve F(z) for various values of =, where F(o) is
given by

2) .
dz 3.18)

Thus, F(z) gives the proportion of data values that are less than or equal to =. This proportion is
the arca under the curve of F(z) against = that 1s to the left of = Therefore, the expression
given in Equation (3.17) has to be evaluated as [F(z;) - F(z,)]. Study of
that £(2) = 0.5 for 2 = 0. This confirms that, as expected, the number of data values < 0 is 50¢
of the total. This must be so if data only have random errors. It will also be observed that y
Table 3.1, in common with most published standard Gaussian tables, only gives £(-) for

shows
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Table 3.1 Error Function Table (Area under a Gaussian Curve or z Distribution)
z 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08  0.09

00 0.5000 | 05000 0.5080| 0.5120| 0.5160| 0.5199| 05239 ( 0.5279( 0.5319 | 05359
01 05398| 0.5438| 05478 | 0.5517| 05557 | 0.5596| 0.5636 | 05675 0.5714 [ 0.5753
02 0.5793| 0.5832| 0.5871| 05910| 05948| 0.5987| 0.6026| 0.6064| 06103 | 0.6147
03 0.6179| 06217| 06255 06293 | 06331 | 0.6368( 06406 06443 | 06480 | 0.6517
04 0.6554 | 0.6591| 06628| 06664| 06700| 0.6736| 06772 0.6808| 06844 [ 0.6879
0s 0.6915| 06950 | 0.6985| 0.701¢| 07054 | 0.7088 | 0.7123| 07157 | 0.7190 0.7224
06 0.7257| 07291| 0.7324| 07357 | 0.7389| 0.7422| 07454 | 0.7486( 0.7517 [ 0.7549
07 0.7580| 0.7611| 0.7642| 07673 | 07703 | 0.7734| 0.7764| 0.7793| 07823 | 0.7852
08 0.7881| 0.7910| 0.7939| 07967 | 0.7995| 08023 | 08051 | 0.8078| 0.8106 08133
09 08159 | 08186 0.8212| 08238| 08264 | 0.8289 | 0.8315| 0.8340| 08365 0.8389
1.0 0.8413 | 08438 | 08461| 08485 08508 0.8531 0.8554| 0.8577| 0.8599| 0.8621
P ) 0.8643 | 0.8665| 08686| 0.8708) 0.8729| 0.8749| 0.8770| 0.8790| 0.8810| 0.8830
12 0.8849 | 08869 | 0.8888 | 0.8906 | 0.8925| 0.8943 | 0.8962| 0.8980| 0.8997] 0.9015
13 0.9032 | 0.9049| 0.9066| 09082} 0.9099| 0.9115| 09131 0.9147| 09162] 0.9177
14 0.9192| 09207| 09222| 0.9236| 0.9251| 09265| 0.9279| 0.9292| 09306 0.9319
5 0.9332| 0.9345| 0.9357| 09370| 0.9382] 0.9394| 09406| 0.9418| 09429 0.9441
6 09452 | 09463 | 09474 | 0.9484| 0.9495] 0.9505| 09515| 09525| 09535 0.9545
7 0.9554| 09564] 0.9573| 09582| 09591 | 0.9599{ 0.9608| 0.9616| 09625 0.9633
8

9

09641 | 09648| 0.9656| 09664 | 09671 | 0.9678| 0.9686| 09693 | 09699 | 0.9706
09713| 09719| 09726 0.9732] 0.9738{ 0.9744| 09750 0.9756 | 09761 0.9767
0 097721 09778 09783 0.9788| 0.9793| 0.9798| 09803 | 0.9808| 09812 09817
1 09821 09826 | 09830 0.9834| 09838 0.9842| 09846 0.9850| 09854 | 0.9857
2 09861 0.9864| 09868 | 0.9871| 0.9875| 0.9878| 09881 0.9884| 0.9887 | 0.9890
3 0.9593 | 0.9896| 098958 09901 | 0.9904| 0.9906| 09909] 0.9911| 0.9913| 0.9916
4 09918 | 0.9920] 09922 09924 09926| 0.9928| 0.9930| 0.9932| 0.9934 | 0.9936
s 09938 | 09940| 0.9941] 09943 | 0.9945| 0.9946| 0.9948| 0.9949| 0.9951] 0.9952
6 09953 | 0.9955( 09956| 0.9957| 0.9959| 0.9960( 0.9961| 09962 09963 | 0.9964
7 09965 | 0.9966| 0.9967| 09968 | 0.9969| 09970| 09971 0.9972| 09973 ( 0.9974
8 69974 | 0.9975| 09976 0.9977 | 09977 | 0.9978( 09979 0.9979| 0.9980| 0.9981
9 0.9981| 09982 0.9982| 09983 | 0.9984 | 09984 0.9985| 0.9985| 09986 | 0.9986
0 0.9986 | 0.9987| 09987 | 09988 | 0.9988{ 0.9989| 09989 0.9989| 0.9990| 0.9990
1 0.9990 | 0.9991] 0.9991| 0.9991| 09992| 0.9992| 09992 09992| 09993 | 0.9993
2 09993 | 0.9993| 0.9994| 09994 0.9994| 0.9994 | 0.9994| 0.9995| 0.9995| 0.9995
3 09995| 0.9995]| 09995 0.9996| 09996 | 0.9996] 0.9996| 0.9996] 0.9996 | 0.9996
4 0.9997 | 0.9997| 099971 0.9997 | 09997| 0.9997| 0.9997 | 0.9997| 0.9997 | 0.9998

5 09995 | 09998 09998| 0.9998| 0.9998| 09998 0.9998| 0.9998| 0.9998 | 0.9998
36 0.9998 | 0.9998| 0.9998| 09999| 09999| 0.9999| 09999 | 0.9999| 0.9999 | 0,9999

positive values of = For negative values of 2, we can make use of the following relationship
because the frequency distribution curve is normalized:

F(=2) = 1 = F(2). (3.19)

[F(—2) s the area under the curve to the left of (= =), i.e.. it represents the proportion of data
values < - z.]
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Example 3.6

-}
Solution
The required num { E 19
This can be expre

essed mathematically as P(E< — g or E> + ) = P(E< — ) +P(E> +0)-
ForE=-0,z= -1.0 [from Equation (3.14)].

Using Table 3.1: P(E< —a) = (- 1)=1- F(1) =1~ 0.8413=0.1587.
Similarly, for £ Table3.1 gives P(E> + 6) =1 - P(E<+0)=1-F(1)=
1-0.8413=0.1587. (This last step is valid because the frequency distribution curve is
normalized such that the total area under it is unity.) Thus, P[E< ~a] + P[E>+6] ;
0.1587 + 0.1587 = 0.3174 ~ 32%, that is, 32% of the measurements lie outside the =G
boundaries, then 68% of the measurements lie inside.

F(E)

-0 [

Figure 3.9

o boundane
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3.6.6 Standard Error of the Mean

The foregomng analy

is has examned the way i which measurements with random errors are
distributed about the mean value. However, we have already observed that some error exists
between the mean value of a finite set of measurements and the true value, that is, averaging
a number of measurements will only yield the true value if the number of measurements
subsets are taken from an infinite data population with a Gaus
distribution, then, by the central hmit theorem, the means of the subsets will form a Gaussian
distribution about the mean of the mfinite data set. The standard deviation of mean values of
a series of finite sets of measurements relative to the true mean (the mean of the infinite
population that the finite set of measurements is drawn from) is defined as the standard
error of the mean, . This is calculated as

1s nfinite. If sev

o =a/yn. (3.20)

Clearly, 2 tends toward zero as the number of measurements (72) in the data set expands
toward intuity.

The next question is how do we use the standard error of the mean to predict the error
between the caleulated mean of a finite set of measurements and the mean of the infinite
population? In other words, if we use the mean value of a finite set of measurements to
predict the true value of the measured quantity, what is the likely error in this predictio
This likely error can only be expressed in probabilistic terms. All we know for certain i
the standard deviation of the error, which is expressed as o in Equation (3.20). We also
know that a range of = one standard deviation (i.e., =) enc asses 68% of the ds

of sample means either side of the true value. Thus we can say that the measurement
value obtained by calculating the mean of a set of 7 measurements, Xy, Xa, -+ X, can be

expressed as

with 68% certainty that the magnitude of the error does not exceed lal, For data set C of length
measurements used carlier, n = 23, o = 188, and o = 0.39. The length can therefore be
expressed as 406.5 + 0.4 (68% confidence limit).
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The problem of expre: ‘mg‘lhc error with 68% certainty is that there is a 329 chance
that the error is greater than o Such a high probability of the error being greater than

o may not be acceptable in many situations. If this is the case, we can use the fact lh.u(
a range of 4 two standard deviations, that 15, £ 2, encompasses 954 of the deviations

of sample means either side of the true value. Thus, we can express the measurement

value as

L2y

ean
with 95.4% certainty that the magnitude of the error does not exceed 12al. This means that
there s only 4 4.6% chance that the error exceeds 2%, Referring again (o set € of length i
measurements, 20 = 376, 2 = 078, and the length can be expressed as 406.5 £ 0.8 (95.4%
confidence limits).

1f we wish 1o express the maximum error with even greater probability that the value is
correct, we could use = 3z limits (9. 7% confidence). In this case, for length measurements agam,
30 = 5.64, 32 = 1.17, and the length should be expressed as 406.5 == 1.2 (99.7% confidence
limits). There is now only & 0.3% chance (3 in 1000) that the error exceeds this value of 1.2

3.6.7 Estimation of Random Error in a Single Measurement

In many situations where measurements are subject to random errors, it is not practical (o take

repeated measurements and find the average value. Also, the averaging process becomes invahid
if the measured quantity does not remain at a constant value, as is usually the case when process
variables are being measured. Thus, if only one measurement can be made, some means of
estimating the likely magnitude of error in it is required. The normal approach to this is 1o
calculate the error within 95% confidence limits, that is, to calculate the value of deviation 1 such
that 95% of the area under the probability curve lies within limits of + 0. Thes
10 a deviation of 1 1.960. Thus, it is necessary to mamtaimn the measured quaniity at a constant

limits correspond

value while a number of measurements are taken in order to create a reference measurem
set from which & can be calculated. Subsequently, the maximum likely deviation in a sin
measurement can be expressed as Deviation = -+ 1.960. However, this only expresses
maximum likely deviation of the measurement from the calculated mean of the reference
measurement set, which is not the true value as observed carlier. Thus the calculated value for
the standard error of the mean has (o be added 1o the likely maximum deviation value. To

be consistent, this should be expressed 10 the same 95% confidence limits. Thus, the maximum
likely emor in a single measurement can be expressed as

Ermor = £1.96(0 + % 3.21)

Before leaving this matter, it must be emphasized that the maximum error specified for a

measurement is only specified for the confidence limits defined. Thus, if the maximum error is
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specified as -+ 1% with 95% confidence limits, this means that there is still 1 chance n 20 that
the error will exceed + 1%

Example 3.7

Solution

vation (3.21), 1.96(¢ + ) = 1.06. The mass value should therefore be
expressed as 105.6 + 1.1 kg,

3.6.8 Distribution of Manufacturing Tolerances

Many aspeets of manufacturing processes are subject to random variations caused by factors
simular (o those that cause random errors in measurements. In most cases, these random
varnations m manufacturing, which are known as tolerances, fit a Gaussian distribution,

and the previous analysis of random measurement errors can be applied to analyze the
distribution of these vartations i manufactuning parameters.

m Example 3.8

m Solution
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Thus, 93.32

3.6.9 Chi-Squared (\*) Distribution

We have already observed the fact that, if we calculate the mean value of successive ‘.sch
of samples of N measurements, the means of those samples form a Gaussian distribution
about the true value of the measured quantity (the true value being the mean of the infite
data set that the set of samples are part of). The standard deviation of the distribution of
the mean values was quantified as the standard error of the mean.
It is also useful for many purposes to look at distribution of the variance of successive seis
of samples of N measurements that form part of a Gaussian distribution. This is expressed as the
chi-squared distribution F(y%), where 3 is given by

1 =ka i/’ (322)
where c." is the variance of a sample of N measurements and o is the variance of the
infinite data set that sets of N samples are part of. k is a constant known as the number of degrees
of freedom and i
The shape of the 7 distribution depends on the value of k, with typical shapes being shown

in Figure 3.10. The area under the %~ distribution curve is unity but, unlike the Gaussian
by is not symmetrical. However, it tends toward the symmetrical

equal to (N~1).

the 1 d
shape of a Gaussian distribution as k becomes very large.

The y* distribution expresses the expected variation due to random chance of the variance ofa
sample away from the varance of the infinite population that the sample is part of. The
magnitude of this expected variation depends on what level of “random chance” we set. The
level of random chance is normally expressed as a level of significance, which is usually
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Fle®)

Figure 3.10
Typical %” distnbutions.

Figure 3.11
Meaning of symbol x for * distnbution.

denoted by the symbol «. Referring to the

* distribution shown in Figure 3.11, value 72
denotes the 27 value to the left of which lies 100(1 —2)% of the area under the * distribution
curve. Thus, the area of the curve to the right of 32 is o and that to the left is (1 —a).

Numerical values for 3* are obtained from tables that express the value of % for various
degrees of freedom K and for various levels of sig ance . Published tables differ in the
number of degrees of freedom and the number of levels of significance covered. A typical table
is shown as Table 3.2,

One major use of the 7* distribution is to predict the variance o of an infinite data set, given the
measured variance o,” of a sample of N measurements drawn from the infinite population.
The boundaries of the range of 2* values expected for a particular level of significance % can be
expressed by the probability expression

|’7i nf2 S
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Table 3.2 Chi-Squared (x* ) Distribution
\ 0.005 0025  0.050 0.900 0.950 0.975 0.990

1 393 | 0%82| 0%393| 271 384 502 663
10-5
2 0100 | 0506 | 103 | 4.61 599 738 9.21
3 0717 | 216 352 | 625 | 781 935 13
4 0207 484 m 778 949 1 133
5 412 831 115 9.24 ua 128 15
6 676 124 164 106 126 144 168
7 989 | 169 | 217 | 120 | 41 160 185
8 134 | 218 | 273 | 134 | 155 175 201
9 173 | Eagone a3l 1a7 169 | 190 | 217
10 216 | 325 | 394 | 160 | 183 | 205 | 232
" 260 382 457 173 197 ns 247
2 307 | 440 | 523 | w5 | 20 | 233 | 262
13 357 | sov | 589 | vws | 24| 247 | 277
14 407 563 6.57 pAR} 237 261 291
15 460 | 626 | 726 | 223 | 250 | 275 | 306
16 514 9N 796 235 263 288 320
17 570 7.56 867 248 276 302 334
18 626 823 9.39 260 289 s 348
19 684 891 101 272 301 329 362
20 743 | 959 | 109 | 284 | 314 [ 342 [ 376
2 803 | 103 [ 116 [ 296 | 327 | 355 [ 389
2 864 10 123 308 339 368 403
23 926 nz 131 320 352 381 416
24 9.89 124 138 332 364 394 430
25 105 131 146 344 377 406 443
26 1n2 138 154 356 389 419 456
27 18 146 162 367 401 432 470
28 125 | 153 | 169 | 379 | 413 | a45 | 483
29 131 160 7.7 391 426 457 496
30 138 168 185 403 | 438 470 509
35 172 206 125 461 ‘ 498 5§32 573
40 207 244 265 , 518 558 593 637
45 243 284 306 ! 575 617 654 | 700
50 280 | 324 | M8 | &2 | 75| 714 | 762
75 w2 | s29 | se1 | su1 | s62 | 1008 | 1064
100 673 | 742 [ 779 | ves | 1243 | 1296 | 1358

To put this in simpler terms, we are saying that there s a probability of (1

x %)% that *

lies within the range bounded by y7 | 5 and x7 , for a level of significance of . For example,

fora level of significance x = (1.5, there is 2 95% probability (95% confidence level) (h :
) )

between 2575 a0d 25

at x- lies
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Substituting into Fquation (3.23) using the expression for 3* given in Equation (3.22);

ko’
—“‘;‘SXS,: =

Pl o Ll

This can be expressed in an alternative but equivalent form by inverting the terms and changing
the <" relationships to

>" ones:

Now multiplying the expression through by ka,” gives the following expression for the
boundaries of the variance o°;

> =l-a (3.24)

The thing that is immediately evident in this solution is that the range within which the true
variance

and standard deviation lies 1s very wide. This 1s a consequence of the relatvely small
number of measurements (10) in the sample. It is therefore highly desirable wherever possible
10 use a considerably larger sample when making predictions of the true variance and standard
deviation of some measured quantity.

The solution to Example 210 shows that, as expected, the width of the estimated range in which
the true value of the standard deviation lies gets wider as we increase the confidence level from
90 10 99% T is also interesting to compare the results in Examples 3.9 and 3.10 for the same
The ratio between maximum and minimum values of estimated
vanance 1s much greater for the 10 sumples in Example 3.9 compared with the 25 samples in
I #0100 This shows the benefit of having a larger sample size when predicting the
variance of the whole population that the sample is drawn from

confidence level of 95%

w Example 3.9
|
[

m Solution
|
|
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Apolying Equation (3.24), the true variance is bounded by the values of 110
and 1467 /42

Looking up the

Toars = 2705 ¥z 5
The true variance can ther k pressed
The true s rd deviation can be ex
28<€ 0% 74
]
\ €
from whic S &
(b) 95%, and
=

Solution

Degrees of freeda

Fora;* =68, }

() For cor el of 9

Applying Equation (3.24), the true variance is bounded by the values of
and 16.

(b) For confid

Applying Equation (3.24), the true vaniance is bounded by the values of

and 163

Look

The true s

) For con
() For co

Equation (3.24), the true variance is bounded by the values of

The true var
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3.6.10 Goodness of Fit to a Gaussian Distribution

All of the ang
belong o a €

sis of random deviations presented so far only applies when data being analyzed
aussian distribution. Hence, the degree to which a set of data fits a Gaw
distribution should always be tested before any analys
out n one of three ways:

n
arried out. This test can be cartied

@) Inspecting the shape of the histogram: The simplest way to test for Gaussian distribution
of datais to plot a histogram and look for a “bell shape™ of the form shown earlier
in Figure 7 6. Deciding whether the histogram confirms a Gaussian distribution is a
matter of judgment. For a Gaussian distribution, there must always be approximate
symmetry about the line through the center of the histogram, the highest point of the
histogram must always coincide with this line of symmietry, and the histogram must
get progressively smaller either side of this point. However, because the histogram
can only be drawn with a finite set of measurements, some dev

ation from the perfect
shape of histogram as described previously is to be expected even if data really are

(b)  Using a normal probability plor: A normal probability plot involves dividing data
values into a number of ranges and plotting the cumulative probability of summed
painst data values on special graph paper.” This line should be
a straight line af the data distribution is Gaussian, However, carcful judgment is
required, as only a finite number of data values can be used and therefore the line
drawn will not be entirely straight even if the distribution is Gaussian, Considerable
experience is needed to judge whether the line is straight enough to indicate a
Gaussian distribution. This will be easier to understand if data in measurement set
C are used as an example. Using the same five ranges as used to draw the histogram,
the following table is first drawn

data frequencies

401.5 w0 403.5 to 405.5 o 407.5 to 409.5 wo
403.5 405.5 407.5 409.5 4115
Number of data items in 1 5 " s 1
range
Cumulative number of data 1 6 17 22 23
Cumulative er of data 43 261 739 957 1000

The normal probability plot drawn from this table is shown in Figure 3,12, This is

sufficiently straight to indicate that data in measurement set C are Gaussian,

This 15 available trom specialist stationery suppliers
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Figure 3.12
Normal probability plot

(€) The * test: The y* distribution provides a more formal method for testing whether data
follow a Gaussian distribution. The principle of the z° test is to divide data into p equal
width bins and to count the number of measurements n; in each bin, using exactly the
same procedure as done to draw & histogram. The expected number of measurements n, 10
cach bin for a Gaussian distnbution is also calculated. Before proceeding any further, &
check must be made at this stage to confirm that at least 80% of the bins have a data
count greater than a minimum number for both n, and n, . We wilfapply a minunum
number of four, although some statisticians use the smaller minimuny of three and some
use a larger minimum of five. If this check reveals that oo many bins have data counts less
than the minimum number, it is necessary (o reduce the number of bins by redzfining
their widths. The test for ai least 80% of the bins exceeding the minimum number then has
to be reapplied. Once the data count in the bins is satisfactory, a x° value is calculated for

data according to the following formula:

\L (m,
T~ g

eater than would

The x test then examines whether the calculated value of LS
be expected for a Gaussian distnbution according to some specified level of ch
This involves reading off the expected value from the % distribution table ( )
for the specified confidence level and comparing this expected value with that calc ulated

in Equation (3.25). This procedure will become clearer if we work throust

y an example
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B Example 3.11

ample of 100 pork pies produced in a bakery is taken, and the mass of each pie
to examine whether the data set formed by the set

A
(grams) is measured, Apply the ¥
neasurements shown here conforms to a Gaussian distribution.

503 507 494 489 501 510491
8 496 500 519 499 495 490
06 S02 484 495498 502 496 512 504 490 497
02 487 499 3 498 508 492 498 486 511

510 516 499 495 507 498 514 506 500 508 494
-}

of 100 mas

494 505 501 48
00494 503 500 ¢

487 504 501 515491 496 482
01 500493 505
192 510 4

80 509496 5

199 504 4 1513 509 49

® Solution

urgis rule, the recommended number of data bins p for N dara points is

ilt choose data bin
504.5

h bin bou 489.5, 4945

» ambiguity aboutr which

19.5 (boundaries ser so that there is nc
ta value fits in) next step involves counting the number of
ch bin. These ar es;i = 1 8, tor Equation (3.25),

stated minimum threshold of

he expected numbers of

paint for this

100 mass

Gaussian distnbution. The 5

v value { fon of the
lated usin Equancns(.& 4)and (3.10) as p = 499.53 and
o = 8.389. We now calculatc (hc zv:lucs corresponding to the measurement values (x) at
the upper end of each data bin using Equarion (3.16) and then use the error function
table (Table 5 1) to caleulate F(2). £(2) gives the proportion of zvalues that are < z, which
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en
gives the proportion of measurements less than the corresponding x values. Thls th
al|ows calculation of the expected number of measurements

the!

us consider rov ne
15 0,037, Because the

data points less than 4845 s 3.7. R

than 489515 11.6 Tt oral

in the VIOUS 1¢ n i t L

and 489.5 is 11

The steps of the
cakuhnon are shown in the followmg table.

Bin number

fora Ga

Table 3
have to speafy the number of degrees of freedom, k. In this case, k
bins minus 2, because data are manipulated twice to obtain the i and o statistic.
used in the calculation of

- Before doing this, we
is the number of

al values

Table 3.2 shows that, for k = 6,
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We will now look at a shightly different example where we meet the problem that our initial
division of data into bins produces 100 many bins that do not contain the minimum number of
data points necessary for the 7 test to work reliably.

m Example 3.12

Example 311 is modified to try and reduce the amount of variation in mass. The mass of
anew sample of 100 pork pies is then measured. Apply the 1 test to examine whether the
dara set formed by the set of 100 new mass measurements shown here conforms to a
Gaussian distribution.

il m
® Solution

| ) urgl
| Example 3,11, Mass measurements in this new data set span
the range from 481 to §17. Hence, data bin widths of 5 grams are still suggested, with bin
boundaries set at 479.5, 484.5, 489.5, 494.5, 499.5, 504.5, 509.5, 514.5, and 519.5.
The number of measurements in each bin is then counted, with the counts given in the
following table:
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Now, none of the bin

s have a

50 we
dev

caleulate th

can proceed to ca

jon of the new m:

values cor

of each data bin, read off the ¢ d lues from Table 3.1, and so calculate
the expected number of measunments

We now ¢

: X - Equation (3.25). The steps of the calcu-
lation are shown in the Fnllowmg mble.

Bin number (p)

The value of =1
12 = 0.091. Th

be expected for

i Table This
time, k = 2, as there are r’aur bins and kis the number of bins minus 2 (as explained in
Example 3.11, data were manipulated twice to obtain the jt and o statistical values used
in the calculation of

Table 3.2 shows that, fork = 2,

caleulated value fer

distribution is si b

Qut of

wale

obr

i

For six degrees o

lanion from Table 3.2 is 2.20 ata 90% confidence level. Thus the confidence that datafita
Gaussian distribution is substantially less than 90% given the
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calculating - f

3.6.11 Rogue Data Points (Data Outliers)

In a set of measurements subject to random error, measurements with a very large error
sometimes occur at random and unpredictable umes, where the magnitude of the error is
much larger than could reasonably be attributed to the expected random variations in
measurement value. These are often called rogue data points or data outliers, Sources of such
abnormal error include sudden transient voltage surges on the main power supply and
incorrect recording of data (e.g., writing down 146.1 when the actual measured value was
164.1). Tt is accepted practice in such cases to discard these rogue measurements, and a
threshold level of a + 30 deviation is often used to determine what should be discarded. It is
rare for measurement errors (o exceed + 36 limits when only normal random effects are
affecting the measured value,

While the aforementioned represents a reasonable theoretical approach to identifying
and eliminating rogue data points, the practical implementation of such a procedure needs
10 be done with care, The main practical difficulty that exists m dealing with rogue data
pomnts is in establishing what the expected standard deviation of the measurements is.
When a new set of measurements is being taken where the expected standard deviation is
possibility exists that 4 rogue data point exists within the measurements.
Sumply applying @ computer program to the measurements to calculate the standard
deviation will produce an erroneous result because the caleulated value will be biased by
the rogue data point. The simplest way to overcome this difficulty s to plot a histogram of

not known, (!

any new set of measurements and examine this manually to spot any data outliers. If no
outliers are apparent, the standard deviation can be calculated and then used in a +30
threshold against which 1o test all future measurements. However, if this initial data
hustogram shows up any outliers, these should be excluded from the calculation of the
standard deviation

Tt is interesting at this point (o retum to the problem of ensuring that there are no outliers in the
set of data used to caleulate the standard deviation of data and hence the threshold for rejecting
outliers. We have suggested that a histogram of some initial measurements be drawn and

examined for outliers. What would happen if the set of data given earlier in Example 3.13

was the initial data set that was examined for outliers by drawing a histogram? What would
happen if we did not spot the outlier of 4.59? This question can be answered by looking at the
effect on the caleulated value of standard deviation if this rogue data point of 4,59 is included
in the caleulation. The standard deviation caleulated over the 19 values, excluding the 4.59
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measurement, is 0052, The standard deviation caleulated over the 20 values, including the 4.59

measurement, is 0.063 and the mean data value is changed to 4.42. This gives a 30 threshold of

0.19, and the bound: for the 4 30 threshold operation are now 4.23 and 4.61. This does not

exclude the data value of 4.59, which we identified previously as a being a rogue data point!
This confirms the necessity of looking carefully at the imitial set of data used to calculate the
thresholds for rejection of the rogue data pont to ensure that initial data do not contain any rogue
data points. If drawing and examining @ histogram do not clearly show that there are no rogue data
points in the “reference” set of data, it s worth taking another set of measurements (0 see whether
a reference set of data can be obtained that is more clearly free of rogue data points

Example 3.13

|
Solution
Beca
L}
3.6.12 Student t Distribution
When the number of measurements of a quantity is parti mall (less bout 30

samples) and statistical analysis of the distribution of ¢
devi,

or values is required, the possible

ation of the mean of measurements from the true 1

nt value (the n of the
wfinite population that the sample is part of) may be reater than is sugpested by
analysis based on a = dismbution. In response to this, a statistician called Willi un Gosset
developed an alternative distribution function that gives 4 more accur

diction of the error
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distribution when the number of samples is small. He published this under the pseudonym

“Student” and the distribution is commonly called student t distribution. 1t should be noted that ¢
distribution has the same requirement as the = distribution in terms of the necessity for data to
belong to a Gaussian di

nbution.

The student £ variable expresses the difference between the mean of a small sample (X;eqn ) and
the population mean (1) in terms of the following ratio:

lerror in mean!

(3.26)

standard error of the mean

Because we do not know the exact value of &, we have to use the best approximation to o that
we have, which is the standard deviation of the sample, o,. Substituting this value for o in
Ey

ion (3.26) g

(3.27)

vN

Note that the modulus operation (I---1) on the error in the mean in Equanons (3.26) and (3.27)

means that 7 is always posinve,

ording to the
bemng shown in

The shape of the probability distribution curve F(¢) of the ¢ variable vari
value of the number of degrees of freedom, k (= N — 1), with typical curv
Froure 2 1L As K=o, F(1) — F(z). that is, the distribution becomes a standard Gauss

one. For values of k < oo, the curve of F(1) against  is both narrower and less high in the center
than a standard Gaussian curve, but has the same properties of symmetry about 1 = 0 and a

total arca under the curve of unity.

In a similar way to = distribution, the probability that 7 will lie between two values t; and t; is
given by the area under the F(7) curve between t; and 1>, The 7 distribution is published in the
form of a standard table (see Table 3.3) that gives values of the area under the curve o for
vanous values of k, where
~
o F(u)dt (3.28)

t

The area o is shown in 2 corresponds to the probability that 7 will have a value
greater than 1 1o some specified confidence level. Because the total area under the (1) curve is
unity, there is also a probability of (1 - 2) that £ will have a value less than ts. Thus, for a value
o= 0,05, there is u 95% probability (i.c., u 95% contidence level) that 1 < .



[
Figure 3.13
Typical t-distibution curves.

Table 3.3 t Distribution

« = 0.005

« = 0.025 a = 0.01

[ a=010  a- 008
1 3.078 6314 2n 3182
2 1.886 2920 4303 6965
3 1638 2353 3182 454
4 1533 2132 2776 3747
5 1476 2015 2571 3365
6 1.440 1943 2447 3143

7 1415 1895 2385 2.998
8 1397 1.860 2306 289
9 1383 1833 2262 2821
10 1372 1812 2228 2764
1 1.363 179 2201 2718
12 1356 1782 2179 2.681
15 1.350 1771 2160
14 1345 1761 2145
15 1341 1753 2131
16 1337 1746 2120 |
17 1333 1740 2110
18 1330 173¢ | 2100 |
19 1328 1729 I 2093 |
20 1325 1725 2086 |
2 1323 1721 ’ 2080 |
2 1321 1717 2074 |
23 1319 1714 | 2069 |
2 1318 | 208 |
25 1316 1708 |
2 1315 1706 |
7 1314 1.703 !
2 1313 1701 |
29 1311 1699 | |
| |
1

30 1310 1697
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Fo)

t
Figure 3.14
Meaning of area = for t-distnbution curve
Because of the symmetry of ¢ distribution, % is also given by

= JF(ndx (3.29)
~
as shown in Fiewse 315, Here, o corresponds to the probability that 1 will have
a value less than —ty, with a probability of (1 — ) that # will have a value greater
than —t;.
Fluations (125 and (3.29) can be combined to express the probability (1 - 2) that ¢ lies
between two values —t; and +1y. In this case, 2 is the sum of two areas of /2 as shown in
Figure 516, These two arcas can be represented mathematically as
y x

S a E
F(t)dt (left-hand area) and 5 = |Ft)dt (right-hand area)

S 9

£

o !
Figure 3.15
Alternative interpretation of area a for t-distribution curve
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FO

Figure 3.16
Area between ~1/2 and +2/2 on t-distribution curve.

The values of ty can be found in any ¢ distribution table, such as Tuble

7). this can be expressed in the form:

Refernng back to Fquation (3
16,
11— Xeoean = A
Hence, upper and lower bounds on the expected value of the population mean pi (the true valse
of x) can be expressed as
_ WOk 140,

= S W= Xgean S +
W N

(e e L 3.30)
a5 S e + 5

Out of interest, let us examine what would have happened if we had caleulated the error bounds
on p using standard Gaussian (z-distribution) 1ables. For 95% confidence, the maximum
ermor 18 given as +1.96a/ VN, that is, 20.96, which rounds to +1.0 mm, meaning the mean
intemal diameter is given as 1054 = 1.0 mm. The effect of using ¢ distribution instead of
zdistribution clearly expands the magnitude of the likely error in the mean value 1o compensate
for the fact that our calculations are based on a relatively small number of measurements.

Example 3.14
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m Solution

f 1} A the n of degrees of freedom (k) = 14

05. 1

Thus, applying Equation (3.30):

for k = 14 and /2 — 0.025 gives t = 2.145.

3.7 Aggregation of Measurement System Errors

Errors in measurenment systems often arise from two or more different source:

and these
must be a;

ated in the correct way in order to obtain a prediction of the total likely error in
output readings from the measurement system. Two different forms of aggregation are

required: (1) a single measurement component may have both systematic and random errors
and (2) @ measurement sy

tem may consist of several measurement components that each
have scparate crrors.

3.7.1 Combined Effect of Sy ic and Rand

Errors

It 4 measurement is affected by both systematic and random errors that are quantified as

v (systematic errors) and £y (random errors), some means of expressing the combined
effect of both types of errors is needed. One way of expressing the combined error would
be 1o sum the (wo separate components of error, that is, to say that the total possible error
is ¢ = 2(x + y). However, a more usual course of action is to express the likely maximum
error us

e=/(2+)y) (3.31)
19850 that this is the best expression for the error statistically, as
it tukes into account the reasonable assumption that the systematic and random errors are
mdependent and so it s unhikely that both will be at their maximum or mnimum value
simultancously

It can be shown (ANSI/ASMI
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3.7.2 Aggregation of Errors from Separate Measurement System Components

- A measurement system often consists of several separate components, each of which is subject
1o errors. Therefore, what remains 1o be mvestigated is how crrors associated with cach
measurement system component combing together so that a total error calculation can be
made for the complete measurement system. All four mathematical operations of addition,
subtraction, muluphu.\lmu and division may be performed on measurements derived from

different i d ma system. Appropriate techniques for the
various situations that arise are covered later.

Error in a sum

1f the two outputs y and = of separate measurement system components are (o be added
together, we can wnite the sum as § = y + =. If the maximum errors in y and = are = ay and
Z:bz, respectively, we can express the maximum and minimum possible values of 5 as

Sux = (y+a 2% (ay + bz

24+ b2) i Sen = (v —ay) +

This relationship for $ is not convenient because in this form the error fem cannot be
expressed as a fraction or percentage of the calculated value for S, Fortunately, statistical
analysis can be applied (see Topping. 1962) that expresses S in an alternative form such that the
most probable maximum error in § is represented by a quantity
of the absolute ervors as

. where ¢ is calculatedn terms

e=\/(my) + (b2} 3

Thus § = (v + ) £ . This can be expressed in the alternative form

S={+:2)(1 £f).

where = e/(y + 2).

It should be noted that Fjua 3.32) and (3 are only valid provided that the
measurements are uncorrelated (i.e., each measurement is entirely
the others).

wdependen

Example 3.15

e o and
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Error in a difference

1f the two outputs y and = of separate measurement systems are (0 be subtracted from one
another, and the possible errors are +ay and + bz, then the difference § can be expressed (using
statistical analysis as for calculating the error in a sum and as ing that the are
uncorrelated) as

or S=(y—2)(1£f).

where ¢ is calculated as in Equation (3.32) and f = ¢/(y ~ 2).

This example illustrates very poignantly the relatively large error that can arise when
calculations are made based on the difference between two measurements.

TExample3.16
| s

| d fcan be calculated as
|

l (

Error in a product

1f outputs y and = of two measurement system components are multiplied together, the product
can be written as P - yz. If the possible error in y is £ ay and in = is £ bz, then the maximum and
minimum values possible i P can be written as

Pua = (v + @y)(z + 2) = y2 + ayz + byz + ayhz ; Poun = (y — ay)(z — b2)
vz = ayz — hyz + aybh:

For typical measurement system components with output errors of up to 1 or 2% in magnitude,
both « and b are very much less than one in magnitude and thus terms in aybz are negligible
compared with other terms, Therefore, we have Py =yz(l +a+b) 3 Pyy=y(1 ~a—h).
Thus the maximum error in product P is 4(a + b). While this expresses the maximum possible
error in P, it tends 1o overestimate the likely maximum error, as it is very unlikely that the
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crors in y and = will both be at the maximum or minimum value at the same time. A statistically
better estimate of the likely maximum error ¢ in product P, provided that the measu rements are

uncorrelated, is given by Topping (1962
e=Va + b

Note that in the case of multiplicative errars, ¢ is calculated in terms of fractic ynal errors in y and
2 (as opposed 10 absolute error values used in caleulating additive errors).

Example 3.17
If the power in a arcul u d ¢
which the calculated maximum errors spactive
Yikely error in the calculated power va lculated Equation (3.34) is
-\/0.017 0,02 22 or £2.2
a

Error in a quotient

If the output measurement y of one system component with possible error +ay is divided by the
output measurement = of another system component with possible error £ bz, then the maximum
and minimum possible values for the quotient can be written as

y+ay _(v+ay)z+bz) yz+ayz+byz+avh:

e ==
O z=br (z=bz)(z+b2)

+ ayhz

y—ayl(z—bz)

ble compared with the other terms

Fora << land b << 1, terms in ab and b” arc ne
¥ (l t+a+b)

Hette Quay = —————: Qi =

Thus the maximum error in the quotient is =(a + b). However. using the same

as made earlier for the product of measurements, a statistically better estimate (s

1962) of the likely maximum emor in the quu(mu O, provided that the meas

uncorrelated, is that given in Fguition

— :that is, Q = ‘_ a

argument

urements are

Example 3.18

3.34)is

ale v Lquan.m(
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3.7.3 Total Error When Combining Multiple Measurements

The final case to be covered is where the final measurement is calculated from several

that are combined together in a way that involves more than one type of
arthmetic operation. For cxumplg. the density of a rectangular-sided solid block of material can
be calculated from measurements of its mass divided by the product of measurements of its
length, height, and width, Because errors involved in each stage of arithmetic are cumulative,
the total measurement error can be calculated by adding together the two error values associated
with the two multiplication stages involved in calculating the volume and then caleulating the
error in the final arithmetic operation when the mass is divided by the volume.

Example 3.19
i is m. If the value
) ki 0
i3 ]
T Solution
|
|
|
! 0 |
| a
3.8 Summary

rs are a fa
wn never reduce errors entirely
10 zero. We started the chapter off by noting that measurement uncertainty comes in two distinct
forms, known respectively as systematic error and random error. We leamed that the nature

of systematic errors was such that the effect on a measurement reading was to make it either
consistently ter than or consistently less than the true value of the measured quantity. Random
ermors, however, are entirely random in nature, such that successive measurements of i constant
quantity are randomly both greater than and less than the true value of the measured quantity.

testimony to the great importance attached to this sub)

although we can do much (o reduce the magnitude of erors, we

re.

In our subsequent study of systematic measurement errors, we first examined all the sources of
this kind of error. Following this, we looked at all the techniques available for reducing the
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ed. Finally, we

magnitude of systematic errors arising from the vanous error sousees idenufi
er all reasonable

examined ways of quantfying the remainng syS(emic Measurement ereo
means of reducing error magmitude had been applied.

ical sources of these.

Our study of random measurement errors also started off by studying 1]
We observed that the nature of random errors means that we can get close to the correct value of
the measured quantity by averaging over a number of measurement: dthough we noted that

we could never actually get 1o the correct value unless we achieved the
having an infinite number of measurements to average over. We found that how close we getto
the correct value depends on how many measurements We average over and how widely
the measurements are spread. We then examined the two altemative ways of ¢ Icul.um-g an
average in terms of the mean and median value of o set of measurements. Follow ing this, we
looked at ways of exp g the spread of about the dian value. This
led 10 the formal mathematical quantification of spread wn terms of standard deviaiion and
variance. We then started 1o look at graphical ways of expressing the spread. Ininially, we
idered re of spread as a hustoy and then went on to show how histograms
expand into frequency distributions in the form of a smooth curve. We found that truly random
data are described by a particular form of frequency distribution known as Gaussian (0
normal). We introduced the = variable and saw how this can be used 1o estimate the number of
i a set of that have an error magnitude between two specified
values. Following this, we looked at the implications of the fact that we can only ever have a
finite number of measurements. We saw that a variable called the standard crvor of the mean
could be calculated that estimates the difference between the mean value of a finite set of
measurements and the true value of the measured quantity (the mean of an infinite data
set). We went on to look at how this was useful in estimating the likely error in a sin,
measurement subject to random errors in the situation where it is not possible 1o average over
a number of measurements. As an aside, we then went on 10 look at how the - var ..;Nc
was useful in analyzing tolerances of manufactured components subject 1o random varistions
in a parallel way to the analysis of measurements subject to random variations. | ollowing
this, we went on to look at z* distribution. This can be used to quantify the variation in the
variance of a finite set of measurements with respect to the variance of the inf inite set that the

impossible task of

finite set is part of. Up until this point in the chapter, all analysis of random errors assumed
that the measurement set fitted 4 Gaussian distribution. However, this assumption must
always be jusufied by :lp[\'_\lllg‘\’(ln./'h‘\\ of fit tests, so these were explained in the following
section, where we saw that a % test is the most rigorous test available for goodness of fit \
particular problem that can affect the analysis of random errors adversely is the presence of
rogue data points (data outliers) in measurement data. These we re considered, and the
conditions under which they can justifiably be excluded from the analyzed data set were
explored. Finally, we saw that yet another problem that can affect the analy
erors is Where the measurement set oaly has a small number of values !-v’xhr case,

s of random



94 Chapter 3

calculations based on = distribution are inaccurate, and we explored the use of a better
distribution called ¢ distribution.

The chapter ended with looking at how the effects of diff errors are aggregated
together (o predict the total error in @ measurement system. This process was considered in two
parts. First, we looked at how systematic and random error magi des canbe bined together in
an optimal way that best predicts the likely total error in a particular measurement. Second, we
looked at situations where two or more measurements of different quantities are bined h
10 give a composite measurement value and looked at the best way of dealing with each of the four
anithmetic operations that can be carried out on different measurement components.

3.9 Problems

3.1, Explain the difference between systematic and random errors. What are the typical
sources of these two types of errors?

3.2, In what ways can the act of measurement cause a disturbance in the system being
measured?

33. In the circuit shown in Eigure 317, the resistor values are given by Ry = 1000 Q ;
R = 1000 Q; V = 20 volts. The voltage across AB (i.c., across Rs) is measured by a
voltmeter whose internal resistance is given by R,, = 9500 Q.

(2) What will be the reading on the voltmeter?

(b) What would the voltage across AB be if the voltmeter was not loading the circuit
(e, if Ry, = infinity)?
() What is the measurement error due to the loading effect of the volimeter?
34, Suppose that the components in the circuit shown in Figure 3 1a have the following
values:

Ry = 3304 R; = 1000 Q: Ry = 1200Q; Ry = 220 :Rs = 270 Q.

If the instrument measuring the output voltage across A8 has a resistance of 5000 €2,
what 1s the measurement error caused by the loading effect of this instrument?

R, A
D.C. Volimeter
Voltage R
source »
Ry
e
Figure 3.17

Circurt for Problem 3.3
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35. (@) Explan what is meant by the term “modifying wnputs.”

(b) Explain bnefly what measures can be taken to reduce or eliminate the effect
of modifying inputs.

3.6. Tnstruments are normally calibrated and their charcteristics defined for particular
standard ambient conditions. What procedures are normally taken to avoid measurement
emors when using instruments subjected to changing ambient conditions?

37. The voltage across a resistance Ry in the circuit of £
volimeter connected across it.

¢ 3,18 is 10 be measured by a

(@) If the voltmeter has an intemal resistance (R,.) of 4750 Q, what is the measurement
error?
(b) What value would the voltmeter intemal resistance need 10 be in order to reduce
the measurement error to 152
3.8. Inthe circuit shown in

© 319, the current flowing between A and B is measured
by an ammeter whose intemal resistance is 100 . What is the measurement error
caused by the resistance of the measuring instrument?

2000 2500
AN/ AR e
B,
R S s00n R, Q5000
3000
A
Figure 3.18
Circuit for Problem 3.7
Ammeter
FE o ey
2000 1500 !
V- AMA +
I
I
|
5000 l'
=
3000 5
A ﬁ# 3
B
Figure 3.19
Circuit for Problem 3 8
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‘What steps can be taken to reduce the effect of envi 1 inputs in

systems?

(a) Explain why a voltmeter never reads exactly the correct value when it is applied to
an electrical cireuit to measure the voltage between two points.

(b) For the circuit shown in Figure 3.17, show that the voltage E,, mcasured across
points AB by the volimeter is related to the true voltage £, by the following
expression:

-Ra) +

2Rm

(©) If the parameters in Fipure 317 have the following values, R; = 500 Q; R
Q: R, = 4750 Q, calculate the percentage error in the voltage value measured
across points AB by the voltmeter.

The output of a p i ter is d by a vol having R, as

shown in Figure 320, R, 15 the resistance of the total length X, of the potentiometer, and

R is the resistance between the wiper and common point C for a general wiper position

X;. Show that the measurement error due 10 the resistance, R,,,, of the measuring

instrument is given by

KRR,
iR+ RuR¢ ~ R,

Error = E

Hence show that the maximum error occurs when X, is approximately equal to 2X,/3.
(Hint: differentiate the error expression with respect to R, and set to 0. Note that
maximum error does not occur exactly at X, = 2X,/3, but this value is very close to the
position where the maximum error occurs.)

Inasurvey of 15 owners of a certain model of car, the following values foraverage fuel
consumption were reported:

25.5 30.3 31.1 29.6 32.4 39.4 28.9 30.0 33.3 31.4 295 30.5 31.7 33.0 29.2

Calculate mean value, median value, and standard deviation of the data set.

C

Figure 3.20
Circuit for Problem 3.11
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3 a . sere made using 2
3.13. The following 10 measurements of the freezing point of aluminum were made using

platinum/thodum thermocouple:
6582 659.8 661.7 662.1 659.3 660.5 637.9 6624 639.6 662.2

fance s mes enis.
Find (2) median, (b) mean, (¢) standard deviation. and (d) \'-.nn.\n& ¢ of the uu‘\f:r'r::u .
3.4, The following 25 measurements were taken of the thickness of steel emerging

rolling mill:
397 3.99 4,04 400 3.98 4.03 4.00 3.98 3.99 396 4.02 3.99 4.01

397 402 399 395 403 401 4.05 3.95 400 4.04 398 4.02

s { the me. enls.
Find (@) median, (b) mean, (¢) standard deviation, and (d) variance of the me ‘n»u:r:‘l:c
3.15. The following 10 measurements were made of output voltage from a high-g
amplifier contaminated due to noise fluctuations:
1.53, 157, 1.54, 1.54 ,1.50, 1,51, 1.55, 1.54, 1.56, 1.53

Determine the mean value and standard deviation. Hence, estimate the accuracy (0
which the mean value is determined from these 10 measurements. 1f 1000 measurcments
were taken, mstead of 10, but 6 remained the same, by how much woulkd the accuracy
of the calculated mean value be improved?

3.16. The following measurements were taken with an analogue meter of current flowing
a circuit (the circuit was in steady state and therefore, although measurements vaned
due to random errors, the current flowing was actually constant):

215, 22.1, 21.3, 21.7, 22,0, 22.2, 21.8, 21.4, 219, 22.§ mA
Calculate mean value, deviations from the mean, and standard deviation
3.17. Using the measurement data given in Problem 3.14, draw a histogram of errors (s
error bands 0.03 units wide, i.c., the center band will be from - (0 015 10 +0.015)
318, () What do you understand by the term probability density function’?

(b) Write down an expression for 1 Gaussian probability density function of given
mean value p and standard deviation & and show how You would obtain the
best estimates of these two quantitics from a sample of population ».

3.19. Measurements in a data set are subject to random errors, but it is known th a1 the data set

fits a Gaussian distribution. Use standard Gaussian tables to deter nune the percentage
anes of 1. 1.50, where o is the standard

of measurements that lie within the bound:
deviation of the measurements

3.20. Me.uummcm,\muduuc(;arnuh)mmr.:mlumum:\ but it is known that the data set
fits & Gaussian distribution. Use error function tables 1o d ¢ value of x
within the b sof 4 va, where ot

required such that 95% of the measurements lie
is the standard deviation of the measurements
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321

324

3.26

By applying error function tables for mean and standard deviation values caleulated in
Problem 3.14, estimate

(1) How muny measurements are <4.007

(b) How many measurements are < 3.95
(¢) How many measurements are between 3.98 and 4.02?

Check your answers against real data,

The resolution of the instrument referred to in Problem 3.14 is clearly 0.01.
Because of the way in which error tables are presented, estimations of the

number of measurements in & particular error band are likely to be closer to the

real number if boundaries of the error band are chosen to be between measurement
values. In part ¢ of Problem 3.21, values > 3.98 are subtracted from values > 4.02, thus
excluding measurements equal o 3.98. Test this hypothesis out by estimating:

(2) How many measurements are < 3.995?

(b) How many measurements are < 3.955?
(¢) How many measurements are between 3.975 and 4.0.
Check your answers against real data,

Measurements in a data set are subject to random errors, but it is known that the data set

fits a Gaussian distribution. Use error function tables to determine the percentage of

measurements that lic within the boundaries of -£2a . where @ is the standard deviation

of the measurements.

A silicon-integrated circuit chip contains 5000 ostensibly identical transistors.

Measurements are made of the current gain of each transistor. Measurements have a

mean of 20.0 und a standard deviation of 1.5, The probability distribution of the

measurements 15 Gaussian,

(4) Write down an expression for the number of transistors on the chip that have a
current gain between 19,5 and 20.5.

(b) Show that this number of transistors with a current gain between 19.5 and 20.5 is
approximately 1300,

(

@

Calculate the number of transistors that have a current gain of 17 or more (this
is the minumum current gain necessary for a transistor 10 be able to drive the
succeeding stage of the circuit in which the chip is used).

In a particular manufacturing process, bricks are produced in batches of 10.000.
Because of random variations in the manufacturing proces
the target length of the bricks produced. If the bricks havi

random errors oceur in
a mean length of 200 mm
with a standard deviation of 20 mum, show how the error function tables supplied can be
used to calculate the following:

(2) number of bricks with a length between 198 and 202 mm

(b) number of bricks with a length greater than 170 mm,

The temperature-controlled environment in a hospital intensive care unit is monitored
by an intelligent instrument that measures temperature every minute and calculates
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{he mean and standard deviation of (he measurements. If the mean 18 5 C and the

standard deviation is 215, L
(a) What percentage of the time 18 the lemperatuie less than 70°C? sy
(b) What percentage of the time is the temperature between 73 and 77°C?

327, Calculate the standard error of the mean for measurements given i Problem 3.13.
Hence, express the melting point of aluminum together with the possible errorin the
value expressed.

328, The thickness of asetof gaskets varies because of rando A
but thickness values measured belong o aGaussian distribution. e
is 3 mm and the standard deviation is 0. calculate the percentage
Tave a thickness greater than 2.5 mu. y
329, 1 the measured variance of 25 samples of bread cakes taken from a large batch is
485 grams, calculate the true vanance of the mass for a whole batch of bread cakesiod
95% sigmficance level.

330, Caleulate true standard deviation of the diameter of a large batch of ures oa
confidence level of 99% if the measured standard deviation in the diameter fora
sample of 30 tires is 0.63 cm.

331, One hundred fifty measurements are taken of the thickness of a coil of rolled steel
sheet d at approximately equidi points along the center tine of is length.
Measurements have a mean value of 11.291 mm and a standard deviation of (.263 ma
The smallest and largest measurements in the sample are 10.73 and 1189 mum
Measurements are divided mto eight data bins with boundaries at 10.695, 10.845
10,995, 11,145, 11.295, 11445, 11.595, 11.745, and 11.895. The first bin, containing

measurements between 10,695 and 10.845. has eight measurements in it, and the ‘.\;u
ofmfmucm:nbm the following successive bins is 12, 21, 34, 31. 25, 14, and 5. Apply
the 3 test to see whether the measurements fit a Gaussian distnibution to a 95% 5
confidence level.

3.32. The temperature in a fumace is regulated by a control system that aims 1o keep the
temperature close to 800°C. The temperature is measured every minute over a 2-hoar
peniod, during which time the minimum and maximum temperatures measured are 782
and §19°C. Analysis of the 120 measurements shows a mean value of 800.3°C ..m;'

s{mdani deviation of 7.58°C. Measurements are divided into eight data bins of § (‘.l
widih with boundaries at 780.3, 785.5, 790.5, 795.5, §00.5 80S.5, 810.5, 815.5. and
§20.5. The measurement count in bin one from 780.5 to 785.5°C was 3, and the t‘uum

m manufaciunng disturbances,
he mean thickness
of gaskets that

in the other successive bins was 8, 21, 30, 28, 19,9, and 2. Apply the ¥ test 1
whether the measurements fit a Gaussian distribution 1o (1) a 904 A.-.A]|1ln‘/;l -LI v ‘»‘l\“
(b)a 95% confidence level (think carefully about whether the 77 test will 1\“[“]\ l‘l -JM
the measurement counts observed and whether there needs (o be any ¢l ‘ A” e
number of data bins used for the 7 test) < sy S
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33,

P
i
o

3.36.

The volume contained in each sample of 10 bottles of expensive perfume is measured.
If the mean volume of the sample measurements is 100.5 ml with a standard deviation
of 0.64 ml, calculate the upper and lower bounds to a confidence level of 95% ol
the mean value of the whole batch of perfume from which the 10 samples were
taken.

A 3-volt d.c. power source required for a circuit is obtained by connecting I

two 1.5-volt batteries in series. If the error in the voltage output of cach b.mr:vy is
specitied as £ 1%, caleulate the likely maximum error in the 3-volt power source that
they make up.

A temperature measurement system consists of a thermocouple whose amplified
output is measured by a voltmeter. The output rel hip for the ther couple
is approximately linear over the temperature range of interest. The e.m.f./temp
relationship of the thermocouple has a possible error of + 1%, the amplifier gain
value has a possible error of +0.5%, and the voltmeter has
What is the possible error in the measured temperature?

a possible error of +2%.

A pressure measurement system consists of @ monolithic piezoresistive pressure
transducer and a bridge circuit to measure the resistance change of the transducer. The
resistance (R) of the transducer is related to pressure (P) according to R = K P and the
output of the bridge circuit (1)) is related to resistance (R) by V = K, R. Thus, the output
is related to pressure according to V = K K, P. 1t the maximum error in K is
, the maximum error in K, is +1.5%, and the voluneter itself has a maximum
measurement error of 4 19, what is the likely maximum error in the pressure
measurement?

A requirement for a resistance of 1220 Q in a circuit is sausfied by connecting together
resistances of 1000 and 220 Q in series. If cach re:
is the likely tolerance in the total resistance?

stance has atolerance of + 5%, what

In order to calculate the heat loss through the wall of a building, it is necessary (o know

the temperature difference between nside and outside walls. Temperatures of 5 and

20°C are measured on each side of the wall by mercury-in-glass thermometers with a

range of 0 1o + 50°C and a quoted maccuracy of £ 1% of full-scale reading.

(a) Calculate the likely maximum puwhk error m the caleulated value for the
temperature difference.

(b) Discuss briefly how using measuring mstruments with a different measurement
FANge may IMprove measurement accuracy.

A fluid flow rate is calculated from the difference i pressure measured across a

venturi, Flow rate 1s given by F = K(p> -~ py), where py and p» are the pressures either

side of the venturt and X 1s a constant. The 1wo pressure measurements are 15.2 and

14.7 bar

(a) Caleulate the possible error in flow measurement if pressure-measuring instruments
have a quoted ermor of +0.2% ol their reading.
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(b) Discuss bricfly why using a differential pressure sensor rather than (wo separate
pressure sensors would improve measurement accuracy. e e
3.40. The power dissipated in a car headlight is calculated by measuring L u. .. mgﬂm
across it and the current flowing through it (P = V' = /). If possible “f‘;'_“ gt
measured voltage and current values are = | and £2%, respectively. caleulate
likely maximum possible error in the power value deduced. 3 B
341, The resistance of a carbon resistor is measured by applying a d.c. ‘ﬂlh\bf ‘-‘L f;nur':d i
measuring the current flowing (R = V/1). 1 the voltage and current v ‘\l\{c.\ are .H?L
1040.1 V and 21445 mA. respectively, express the value of the carbon .Il,hbl“r-l
342, The specific energy of a substance is calculated by measuring the ene "'.“":le'? =
of a cubic meter volume of the substance. f the errors in energy uw.\surcnrmul an \‘0 ne
measurement are £ | and + 2%, respectively, what is the possible error in the CJlL"ul;“td
value of specific energy (specific energy = energy per umt volume of “ulf"“”t
343, Ina particular measurement system, guantity o is calculated by subtr .YIL“"‘E' a X
measurement of a quanuty = from a measurement of a quantity y, thatis, + =¥ =2
1f the possible measurement ervors in y and = are +ay and
that the value of x can be expressed as x = y

+ bz, respectively, show

- 2 % (ay — b2).

() What is inconvenient about this expression for x, and what is the basis for the
following expression for ¢ that is used more commonly?

r=(r-2)te

where ¢ = v (ay)* + (b=)°.
(b) In a different measurement system, quantity p is calculated by muluplying
together measurements of two quantities ¢ and r such that P = gr. 1t the possible
measurement errors in ¢ and r are tag and = br, respectively, show that the
value of p can be expressed as p = (gril +[a + b]). The volume flow rate
of a liquid in a pipe (the volume flowing in unit time) is measured by allowing the
end of the pipe to discharge into a vertical-sided tank with a rectangular luu‘l\(c
Figure 3.21). The depth of the liquid in the tank is measured
and 1 minute later it is measured as ks meters. If the |
Land w meters, respectively, write down an expression for the volume flow rate of
the liquid in cubic meters per minute. Calculate the volume flow rate of the |
the measured parameters have the following values

atthe start as hy meters
ength and width of the tank are

quid if
b =08m;h=13m;! 42m w=29m
n’(h.:pmnhlr::nunm(hcnmmmnmmn hy by Landware 1. 1 0.5, and 0.5%
respectively, calculate the possible error in the alculated value of the flow rate.
344, The density of a material is calculated by measuring 1k

block of the matenial whose edges h

¢ mass

1 rectangular-sided
ave lengths of . b What is

i

the possible error



length measurement are £0.5%7
ledilulmluedbymmnng its drpth (€) in a calibrated

2 it into a ing system. The length and
c tank are (@) and (b) lupemvcly and thus the density is given by

d=mjlaxbxc)

measured mass of the liquid emptied out. If the possible errors in the
isofa, b, ¢, and mare 1, 1, 2, and 0.5%. respectively, determine the likely

num possible error in the calculated value of the density ().

 volume flow rate of a liquid is calculated by allowing the liguid to flow into

 eylindrical tank (stood on its flat end) and measuring the height nf the hquxd

u before and after the liquid has flowed for 10 mi The

minules s given by

Volume = (hy — h\)r(d/2)’,

nﬂhm the starting and finishing surface heights and d is the measured
the tank.

by = 2m, hy = 3m, and d = 2 m, calculate the volume flow rate in m*/min.

possible enor in cach measurement by, hix, and d is 4 1%, determine the

1y maximum possible error in the calculated value of volume flow rate (it is

2d that there is negligible error in the time measurement).

(1985). ASME performance fest codes, on and part 1:
New York: iwoan Society of hanical i
Ervors of observation and their treatment. Chapman and Hall

R
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4.1 Introduction

We just d the various systematic and random mea error sources in the last
il )

chapter. As far as systematic errors are concemed, we observed that recalibration at a suitable
frequency was an important weapon in the quest to minimize errors due to drift in instrument
characteristics. The use of proper and rigorous calibration procedures iy essential in order o
ensure that recalibration achieves its intended purpose; to reflect the importance of getting
these procedures right, this whole chapter is dedicated (o0 explaining the various facets of
calibration.

We start in Section 4 2
performed and considenng how to calculate the frequency with which the calibration ex

formally defining what calibration means, explaining how it is

cise
should be repeated. We then go on o look at the calibration environment in S where
we leam that proper control of the environment i which instruments are calibrated is an

essential component in good calibration procedures. Sec 44 then continues with a review of

how the calibration of working instruments against reference instruments 1s linked by the
calibration chain to national and intemational reference standurds relating 10 the quantity that
the instrument being calibrated i designed to measure. Finally, emphasizes the
importance of maintaining records of instrument calibrations and »
for such records.

ests appropriate formats

Mrssremest 124 Iadrumeotaion: Theary ond Appiscation
2012 vt . AT e remeved

103
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4.2 Principles of Calibration

Calibration consists of comparing the output of the mstrument or sensor under test against the
output of an instrument of known accuracy when the same input (the measured quantity) is
applied to both instruments. This procedure is carried out for a range of inputs covering the
whole measurement range of the instrument or sensor. Calibration ensures that the measuring
accuracy of all instruments and sensors used in a measurement system is known over the
whole measurement range, provided that the calibrated instruments and sensors are used in
environmental conditions that are the same as those undkr \lhltll (hcy were mhhralcd For use
of instruments and sensors under different env ction has
1o be made for the ensuing modifying inputs. as described in Chapter 3. thlhcr applied to
instruments or sensors, calibration procedures are identical, and hence only the term instrument
will be used for the rest of this chapter, with the understanding that whatever is said for
instruments applies equally well 1o single measurement sensors.

Tnstruments used as a standard in calibration procedures are usually chosento be of greater inherent
accuracy than the process instruments that they are used to caliby Because such i are
only used for calibration purposes, greater accuracy can often be achieved by specifying a type of
nstrument that would be unsuitable for normal process measurements. For instance, ruggedness is
not a requirement, and freedom from this constraint opens up a much wider range of possible
tnstruments. In practice, high-accurscy, null-type instruments are used very commonly for
calibration duties, as the need for a human operator is not a problem in these circumstances.

Instrument calibration has o be repeated at preseribed intervals because the charactenstics of
any instrument change over a period. Changes i instrument characteristics are brought about
and the effects of dirt, dust, fumes, chemicals, and

temperature change in the operating environment. To a great extent, the magnitude of the drift
teristics depends on the amount of use an instrument receives and hence on the amount
of wear and the length of time that it is subjected to the operating environment. However, some
2 elfects in components within the instrument.

by such factors as mechanical w

in chars

drift also occurs evea in stor

as aresultof agy

Determination of the frequency at which should be calibrated is on
several factors that require specialist knowledge. It an instrument is required to measure some
quantity and an inaccuracy of £ 2% 15 acceptable, then a certain amount of performance
degradation can be allowed il its inaccuracy immediately after recalibration is £ 1%. What is
important is that the pattern of performance degradation be quantified, such that the instrument
v has reduced to the limit defined by the application.

can be recalibrated before its accurs

Susceptibility to the various factors that can cause changes in instrument characieristics varies
according 1o the type of instrument involved. Possession of an in-depth knowledge of the

mechanical construction and other features involved in the instrument is necessary in order (o
be able to quantfy the effect of these quantities on the accuracy and other characteristics of an
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mstrument. The type of instrument, its frequency of use, and the prevailing environmental
conditions all strongly influence the calibration frequency necessary, and because so many
factors are involved. it is difficult or even impossible to determine the required frequency
of instrument recalibration from theoretical considerations. Instead, practical experimentation
has 10 be applied to determine the rate of such changes. Once the maximum permissible
measurement error has been defined, knowledge of the rate at which the characteristics of
an instrument change allows a time mterval to be calculated that represents the moment in
time when an instrument will have reached the bounds of its acceptable performance level.
The instrument must be recalibrated either at this tme or earlier, This measurement eror
Tevel that an instrument reaches just before recalibration is the ervor bound that must be quoted
in the d d fi for the i

A proper course of action must be defined that describes the procedures 1o be followed when an
instrument is found 1o be out of calibration, that is, when its output is different to that of the
calibration instrument when the ssme input is applied. The required action depends very much
on the nature of the discrepancy and the type of instrument involved. In many cases, deviations
i the form of a simple output bias can be corrected by a small adjustment to the instrument
(following which the adjustment screws must be sealed to prevent tampering). In other cases,
the output scale of the instrument may have to be redrawn or scaling factors altered where the
instrument output is part of some automatic control or nspection system. [n extreme cases,
where the calibration procedure shows signs of instrument damage, it may be necessary 1o send
the instrument for repair or even scrap it

Whatever system and frequency of calibration are established, it is important to review this
from time 10 time 1o ensure that the system remains effective and efficient. Tt may happen that
a less expensive (but equally effective) method of calibration becomes available with the
passage of time, and such an altemative system must clearly be adopted in the mterests of cost
efficiency. However, the mam item under scrutiny in this review is normally whether the
calibration interval is still appropriate. Records of the calibration history of ‘xh‘ instrument
will be the primary basis on which this review is made. It may happen um’.m instrument starts
1o go out of calibration more quickly after a period of time, cither because of aping f
within the instrument or because of changes in the operating environment. The ¢ ;m\im.-m or
mode of usage of the instrument may also be subject to change. As the environmental and
usage conditions of an instrument may change beneficially as well as adversely. there is the
possibility that the recommended calibration interval may decrease as well

actors

as Increase

4.3 Control of Calibration Environment

Any instrument used as a standard in calibration procedures must he ke ptsolely for calibration
duties and must never be used for other purposes. Most particularly, 1t must not be reparded us o

spare instrument that can be used for process measuremens if the instrument normally used for
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that purpose breaks down. Proper provision for process instrument failures must be made by
keeping a spare set of process struments. Standard calibration instruments must be totally
separate.

To ensure that these conditions are met, the calibration function must be managed and executed
n & professional manner. This will normally mean setting aside a particular place withm the
mstrumentation department of a company where all calibration operations take place and where
all instruments used for calibration are kept. As far as possible this should take the form of a
separate room rather than a sectioned-ofl arca in a room used for other purposes as well. This
will enable better environmental control to be applied in the calibration area and will also offer
better protection against unauthorized handling or use of calibration instruments. The level of
environmental control required during calibration should be considered carefully with due
regard to what level of accuracy is required in the calibration procedure, but should not be
overspecified, as this will fead to unnecessary expense. Full air conditioning 18 not normally
required for calibration at this level, as it is very expensive, but sensible precautions should be
taken to guard the area from extremes of heat or cold; also, good standards of cleanliness should
be maintained

While it s desirable that all calibration functions are performed i this carefully controlled
environment, it s not always practical 1o achieve this. Sometimes, it is not convenient or
possible to remove instruments from a process plant, and in these cases, it is standard practice to
calibrate them in situ, In these circumstances. appropriate corrections must be made for the
deviation in the calibration environmental conditions away from those specified. This practice
does not obviate the need (o protect calibration wstruments and maintain them in constant
conditions in a calibration laboratory at all times other than when they are involved in such
calibration dutics on plant.

As far as man:

sment of calibration procedures is concemed, it is important that the
performance of all calibration operations is assigned as the clear responsibility of just one
person. That person should have total control over the calibration function and be able to hmit
aceess 1o the calibration laboratory to designated, approved personnel only. Only by giving
this appointed person total control over the calibration function can the function be expected
10 operate efficiently and effectively. Lack of such definite management can only lead to
unintentional neglect of the calibration system, resulting in the use of equipment in an
out-ol-date state of calibration and subsequent loss of traceability to reference standards.
Professional management is essential so that the customer can be assured that an efficient
calibration system is in operation and that the accuracy of measurements is guaranteed.

Calibration procedures that relate in any way to measurements used for quality control
functions are controlled by the intemational standard 150 9000 (this subsumes the old British
quality standard BS 5750). One of the clauses in 1SO 9000 requires that all persons using
calibration equipment be adequately trained. The manager in charge of the calibration function
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is clearly responsible for ensuring that this condition is met. Training must be adequate and
targeted at the particular needs of the calibration systems involved. People must understand
what they need to know and especially why they must have this information. Successful
completion of training courses should be marked by the award of qualification certificates.
These attest to the proficiency of personnel involved in calibration duties and are & convenient
way of demonstrating that the 1SO 9000 training requirement has been satistied.

4.4 Calibration Chain and Traceability

The calibration facilities provided within the instrumentation department of & company provide
the first link in the calibration chain. Instruments used for calibration at this level are known as
working standards. As such. working standard instruments are kept by the instrumentation
department of a company solely for calibration duties, and for no other purpose, then it can
be assumed that they will maintain their accuracy over a reasonable period of time because
use-related deterioration 1n accuracy is largely eliminated. However, over the longer term.
the characteristics of even such standard instruments will drift, mainly due to aging ciiccts
components within them. Therefore, over this longer term, a program must be imstituted for
calibrating working standard instruments at appropriate intervals of time against instraments
of yet higher accuracy. The instrument used for calibrating working standard instru
known as a secondary reference standard. This must obviously be a very well-cngineered
instrument that gives high accuracy and is stabilized against dnft in its performance with
tme. This implies that it will be an expensive mstrument to buy. It also requires that the
environmental conditions in whichi it 15 used be controlled carefully in respect of wmbient
temperature, humidity, and so on.

ents is

When the working standard instrument has been calibrated by an authorized standards
laboratory. a calibration certificate will be issued. This will contain at least the following
information:

identification of the equipment calibrated
calibration results obtained

measurement Uncertainty

any use limitations on the equipment calibrated
date of calibration
authority under which the centificate is issued

‘The establish of a company dards laboratory to provide a calibration facility of the
required quality is economically viable only in the case of very large companies where large
numbers of instruments need (o be calibrated across several factories. In the cuse of small to
medium size companies, the cost of buying and maintaining such equipment is not justified.

Instead. they would normally use the calibration service provided by various ompanies that
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specialize in offering & standards laboratory, What these specialist calibration companies do
fectively is 1o share out the high cost of providing this highly .xuur.uc but infrequently used
calibration service over a large number of companies. Such fards Tab ies are closely

monitored by national standards organizations.

¢l

In the United States, the appropriate national standards org ion for valid, dard:
luboratories is the National Burcau of Standards, whereas in the United Kingdom it is the
National Physical Laboratory. An international standard now exists (ISO/AEC 17025, 2005),
which sets down criteriu that must be satisfied in order for a standards laboratory to be
validated. These eriteria cover the management requirements necessary 1o ensure proper
operation and effectiveness of a quality management system within the calibration or testing
laboratory and also some technical requirements that relate (o the competence of staff,
specification, and maintenance of calibration/tes i and practical calibration
procedures used

National standards organizations usually moniter both instrument calibration and mechanical
testing luboratories. Although each different country has its own structure for the maintenance
of standands, cach of these different frameworks tends to be cquivalent in its effect m ensuning
that the requirements of ISOAEC 17025 are met. This provides confidence that the goods and

services that cross national boundaries from one country to another have been measured by
properly calibrated instraments.

The national standards organizations lay down strict conditions that a standards laboratory has to
meet before it is approved. These conditions control laboratory management, environment,
equipment, and documentation. The person appointed as head of the laboratory must be suitably

qualified, and independence of operation of the Lab v must be d. The i
structure must be such that any pressure to rush or skip calibration procedures for produc
reasons can be resisted. As far as the laboratory envi is d. proper

and humidity control must be provided, and high standards of cleanliness and housckeeping
must be maintained. All equipment used for calibration purposes must be maintained to reference
standards and supported by calibration certificates that establish this traceability. Finally, full
documentation must be maintained. This should describe all calibration procedures, maintain
an index system for recalibration of equipment, and include a full mventory of apparatus and
traceability schedules. Having met these conditions, a standards laboratory becomes an mruincd
calibration services and issuing calit i This

wreviewed at approximately 12 monthly intervals to ensure that the laboratory is continuing to
satisfy the conditions for approval laid down.

laboratory for providing

Primary reference standards, as lisied in Table 1.1, describe the highest level of accuracy

achievable in the measurement of any particular physical quantity. All items of equipment used in
standards laboratories as secondary reference stundards have to be calibrated themselves against
primary reference standards at appropriate intervals of time. This procedure is acknowledged by
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the 1ssue of a calibration certificate in the standard way. National standards organizations
maintam suitable facilities for this calibration. In the United States, this is the National
Bureau of Standards, and in the United Kingdom it is the National Physical Laboratory.
Similar national standards organizations exist in many other countries. In certain cases, such
primary reference standards can be located outside national standards organizations. For
instance, the primary ref standard for di is defined by the
wavelength of the orange-red line of krypton light, and it can therefore be realized in any
laboratory equipped with an interferometer. In certan cases (e.g., the measurcment of
viscosity), such primary reference standards are not available and reference standards for
calibration are achieved by collaboration between several national standards organizations

who perform measurements on identical samples under controlled conditions [150 5725
(1994) and 1SO 5725-2/Corl (2002)].

What has emerged from the foregoing discussion is that calibration has a chain-like structure
in which every mstrument in the chain is calibrated against a more accurate instrument
immediately above it i the chain, as shown in Figure 4. 1. All of the elements in the calibration
chain must be known so that the calibration of process instruments at the bottom of the chain s
traceable to the fundamental dards. This knowledge of the full chain of
instruments involved in the calibration procedure 15 known as traceabiliry and is specified as &
mandatory requirement in satisfying the 1ISO 9000 standard. Documentation mast exist that
shows that process instruments are calibrated by standard insteuments linked by a chain of
increasing accuracy back to national reference standards. There must be clear evidence 1o show

that there 15 no break in this chain.

| (Primary reference
| standards)

(Secondary reference
standards )

(Workang standards)

Figure 4.1
Instrument calibration chain
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lodine-stabikzed Inaccuracy
helium-neon laser 1in10°
Inaccuracy
1in 107
1in10%

Standard Inaccuracy
gauge blocks 1in10%

Shop-ficor Inaccuracy
micrometer 1in 10
Figure 4.2

Typical calibration chan for micrometers.

To illustrate @ typical calibration chain, consider the calibration of micrometers (Figure 4.2),
A typical shop floor micrometer has an uncertainty (inaccuracy) of less than 1 in 10*. These
would normally be calibrated in the st tation deg or standurds laboratory of a
company against laboratory standard gaugpe blocks with a typical uncertainty of less than 1 in 10",
A specialist calibration service company would provide facilities for calibraung these laboratory
standard gauge blocks against reference-grade gauge blocks with a typical uncertainty of less
than 1 in 10° More accurate calibration h still is provided by national standard
organizations. The National Bureau of Standards and National Physical Laboratory maintain two
sets of standards for this type of calibration, a working standard and a primary standard. Spevmnl
lamps are used to provide a working reference standard with an uncertainty of less than | in 1w’
The primary standard is provided by an iodine-stabilized helium-ncon laser that has a specified
uncertainty of less than 1 in 107, All of the links in this calibration chain must be shown in any
documentation that describes the use of micrometers in making quality-related measurements.

4.5 Calibration Records

An essential element in the maintenance of measurement systems and the operation of
calibration procedures is the provision of full documentation, T&us must give a full description
of the measurement requirements throughout the workpl used. and calibration
system and procedures operated. Individual ulnhx.mun records for cach instrument must be
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the issue of a calibration certificate in the standard way. National standards organizations
maintain suitable facilities for this calibration. In the United States, this is the National
Bureau of Standards, and 1n the United Kingdom 1t is the Natonal Physical Laboratory.
Similar national standards organizations exist in many other countries. In certain cases, such
primary reference standards can be located outside national standards orga izations. For
instance, the primary refs standard for d is defined by the
wavelength of the orange-red line of krypton light, and it can therefore be re: alized in any

Tab y equipped with an interfs

ter. In certain cases (¢.g., the measurcment of
viscosity), such primary reference standards are not available and reference standards for

calibration are achieved by collaboration between several national standards organizations

who perform measurements on identical samples under controlled conditions [1S0 572§
(1994) and 18O 5725-2/Cor) (2002)].

‘What has emerged from the foregoing discussion is that calibration has a chan-like structue
in which every instrument in the chain is calibrated against a more accurate mstrument
immediately above it in the chain, s shown in Figure 4.1. All of the elements in the calibration
chain must be known so that the calibration of process instruments at the bottom of the cham s
traceable 1o the fundamental measurement standards. This knowledge of the full chain of
mstruments m\ohcd in the calibration procedure is known as fraceabelity and is specified as 2
q n fying the 1SO 9000 standard. Documentation must cxist that

shows Lhu process instruments are uhlnml by standard mstruments linked by a chain of

increasing accuracy back to national reference standards. There must be clear evidence 1o show
that there 15 no break in this chain.

(Primary reterence
°0s)

Sandarcs 1 (Secondary reference
isboratory ! standards)
|
AN S
Company instrument | (Warkang standards,
lsboratory |
F‘E_Lm g
| insumens |
S ol |

41
Instrument calibration chain
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1in 10°

Inaccuracy
1in 107

1in10°

Inaccuracy
1in10°

Inaccuracy
tint0*

Figure 4.2
Typical calibration chain for micrometers

To illustrate & typical calibration chain, consider the calibration of micrometers (Figure 4.2).
A typical shop floor micrometer has an umcmm() (nnwum\)of less than 1 in 10*. These
would normally be calibrated in the or standards lub yola
company against laboratory standard gauge blmkxmlhuypx al uncertainty of less than 1 10°.
Aspecialist calibration service company would provide facilities for calibrating these laboratory
standard puuge blocks against reference-grade gauge blocks with a typical uncertainty of less
than 1 in 10°, More accurate calibration equi still is provided by national
organizations. The National Bureau of Standards and National Physical Laboratory maintain two
sets of standards for this type of calibration, a working standard and a primary standard. Spectral
lamps are used 1o provide a working reference standard with an uncertainty of less than | in 1w,
The primary standard is provided by an iodine-stabilized helium-neon laser that has a specified
uncertainty of less than 1 107, All of the links in this calibration chain must be shown in any
documentation that describes the use of micrometers in making quality-related measurements,

4.5 Calibration Records

An essential element i the maintenance of measurement systems and the operation of
calibration procedures is the provision of full documentation. This must give a full description
of the measurement requirements throughout the workplace, i used. and calibration

system and procedures operated. Individual calibration records for cach instrument must be
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included within this, This documentation is 4 necessary part of the quality manual, although it
may exist physically as a separate volume if this is more convenient. An overriding constraint
on the style in which the documentation is presented is that it should be sumple und casy 1o read.
This is often facilitated greatly by a copious use of appendices.

The starting point i the d ion must be a s of what measurement limits have

been defined for each measurement system documented. Such limits are established by
balancing the costs of improved accuracy against customer requirements, and also w ith regard
to what overall quality level has been specified in the quality manual. The technical procedures
required for this, which involve assessing the type and magnitude of relevant measurement
errors, are described in Chapter 3. It is customary to express the final measurement limit
calculated as +2 standard deviations, that is, within 95% confidence limits (for an explanation
of these terms, see Chapter 3).

Tnstruments specified for each measurement situation must be listed next. This list must be
accompanied by full instructions sbout the proper use of the instruments concemed. These
instructions will include details about any eavironmental control or other special precautions
that must be taken to ensure that the instruments provide measurements of sufficient accuracy
1o meet the measurement limits defined. The proper training courses appropriate o plant
personnel who will use the instruments must be specified

Having disposed of the question sbout what i are used, documentation must go on o

cover the subject of calibration. Full calibration is not applied (o every measuring mstrament

used in a workplace because [SO 9000 acknowledges that formal calibration procedures are pot
necessary for some equipment where i is uneconomic or technically unnecessary because the
accuracy of the measurement involved has an insignificant effect on the overall quality tanget
for a product, However, any equipment excluded from calibration procedures in this manmer
must be specified as such in the documentation. Identification of equipment that is in this
category is a matter of mformed judgment.

For instruments that are the subject of formal calibration, documentation must specify what
standard instruments are to be used for the purpose and define a formal procedure of ;.mhuum
This procedure must include instructions for the storge and handling of standard . alibration
instruments and specify the required environmental conditions under which calibration is 1o be

formed \M] lib ' durc for a panticular instrument uses published standand
practices, itis sutficient to nclude reference 1o that standard procedure in the doc umentation rather
than to reproduce the whole procedure. Whastever calibration system is estublished a formal review
procedure must be defined in the documentation that ensires its continued effec tivery :

Ll css at regular
intervals. The resulis of each review must also be documented i a formal way .

A standard format for the recording of calibration results should be defined m the documentation.
A separate record must be kept for every instrument present in the workplace, irrespective of
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Whether the instrument is normally in use or is just kept as a spare. A form similar to that shown
in Fig i should be used that includes details of the instrument’s description, required
calibration frequency. date of cach calibration, and calibration results on each occasion. Where
appropriate, documentation must also define the manner in which calibration results are to be
recorded on the instruments themselves.

ure

Documentation must specify procedures that are to be followed if an instrument is found to be
outside the calibration limits. This may involve adj d 2 its scale, or withdrawi
an instrument, depending on the nature of the discrepancy and the lyp: of mstrument lnvolvcd
Instruments withdrawn will either be repaired or be scrapped. In the case of withdrawn
nstruments, « formal procedure for marking them as such must be defined (o prevent them
being put back into use accidentally.

Two other items must also be covered by the calibration document. The traceability of the
calibration system back to national reference standards must be defined and supported by

calibration certificates (see Section 4 3). Training procedures must also be documented,

Typa of instrument: Company serial number:
M.mulaciull:l 's part number: Manutacturer's serial number:

Me, huh‘"\eﬂl lmit Date introduced:

 Location:

luumu\auc for use:

(‘..r,l\uuun frequency: Signature of person responsible

for calibration
CAUBRATION BECORD
f‘ul.\m\ha| date Calbraion results Gabibrated by
Figure 4.3

Typical format for instrument record sheets.
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specifying the particular training courses Lo be attended by various personnel and what, it any,
refresher courses are required.

All aspects of these documented calibration procedures will be given consideration as part of
the periodic audit of the quality control system that calibration procedures are instigated to

support. While the basic responsibility for choosing a suitable interval between calibration
checks rests with the S ble for the i

s concerned. the quality system
auditor will need 10 see the results of tests that show that the calibration interval has been chosen
correctly and that instruments are not going outside allowable measurement uncertainty limits
between calibrations. Particularly important in such audits will be the existence of procedures
instigated in response to instruments found to be out of calibration. Evidence that such
procedures are effective in avoiding degradation in the quality assurance function will also be
required.

4.6 Summary

Proper v libration is an essential comyp in good measurement practice, and this
chapter has been dedicated to explaining the various procedures that must be followed in order
to perform calibration tasks efficiently and effectively. We have leamed how working
instruments are calibrated against a more accurate “reference” instrument that is mantamed
carefully and kept just for performi; libration tasks. We considered the importance of
carcfully dest and ing the calib envi in which calibration tasks are
performed and observed that proper traming of all personnel involved n carry:
calibration tasks had similar importance. We also leamed that “first stage™ cali m of a
working instrument against a reference standard is part of a chain of calibrations that provides
traceability of the working instrement calibration 10 national and intemational reference
standards for the quantity being measured, with the latter representing the most accurate
standards of measurement accuracy achievable. Finally, we looked at the importance of
maintaining calibration records and suggested appropriate formats for these

out

4.7 Problems

4.1. Explain the meaning of instrument calibration.

4.2. Explain why calibration is necessary.

4.3. Explain how the necessary calibration frequency is determined for 3 measuring
nstrument.

44. Explain the following terms:
(a) calibration chain
(b) traceability
(¢) standards laboratory
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4.5. Explain how the calib procedure should be J, particularly with regard to
control of the calibration environment and choice of reference instruments.

4.6, Will a calibrated measuring instrument always be accurate? If not, explain why not and
explain what procedures can be followed (o ensure that accurate measurements are
obtamned when u\mg, cahibrated ulslmmcms.

4.7. Why s there no fund | referency d for temp calibration? How is this
difficulty overcome when lcmpcmlun: sensors are calibrated?

4.8. Discuss the necessary proced in i i SENsors.

49. Explan the construction and working ‘ham(cmnu of the followng three kinds of
mstruments used as a reference standard in pressure sensor calibration: dead-weight
gauge, U-tube manometer, and barometer.

4.10.  Discuss the main procedures involved in calibrating pressure sensors.

4.11.  Discuss the special equip needed and p dures involved in calibrating nstruments
that measure the volume flow rate of liquids.

412, What kind of equipment is needed for calibrating instruments that measure the volume
flow rate of gases? How is this equipment used?

413, Discuss the general procedures involved in calibrating level sensors.

444, What is the main item of equip used in calibrati ng i 7
Sketch the following instruments and discuss briefly their mode of upcnuon beam
balance, weigh beam, and pendulum scale.

4.15. Discuss how the following are calibrated: lational displ sd and
linear-motion accelerometers.

4.16. Explain the general procedures involved in calibarting (a) vibration sensors and
(b) shock sensors.

417, Discuss briefly the procedures nvolved in the following: rotational displacement
sensors, rotational velocity sensors, and rotational acceleration sensors.

4.18. How are dime casuring calibrated iy?

4.19.  Discuss briefly the two main ways of g angl 2

4.20.  Discuss the equipment used and procedures involved in calib Y i
mstruments

4.21. Discuss briefly the calit of and humidi
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5.1 Introduction

This chapter is designed to introduce the reader 1o the concept of computer-based data
acquisition and to LabVIEW, a software package developed by Natonal Instruments. The main
reason for focusing on LabVIEW is its prevalence in laboratory setting. To be sure there are
other software tools that support laboratory data acquisition made by a range of vendors. These
are reviewed briefly in the appendix due to their limited presence in the educational sctung. We
should also point out that Matlab and other software tools used 10 model and simulate dynamic
systems are at times used in laboratory setting although their use is often limited 1o specialized
applications such as real-time control. For this reason, these tools are not discussed in this
chapter,

LabVIEW uself is as an extensive programmung platform. It includes a multitude of functionalities
ranging from basic algebruc operators to advanced signal processing components that can be
i d into vather sophi: d and complex

. For pedagogical reasons we only

areman vad Insruamvatation. Theory 104 Applkaien
LTy a— 115
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introduce the main ideas from LabVIEW that are necessary for functioning in a typical
undergraduate eng ing lat y envi . Advanced p g skills can be
developed over time as the reader gains comfort with the basic functioning of LabVIEW and

its external interfaces.

Specific topics discussed in this chapter and the associated leaming objectives are as follows.

Structure of personal computer (PC)-based data acquisition (DAQ) systems, the
purpose of DAQ cards, and the role of LabVIEW in this context

Development of simple virtual instruments (VIS) using basic functionalities of
LabVIEW, namely arithmetic and logic operations

Construction of functionally enhanced VIs using LabVIEW program flow control
operations, such as the while loop and the case structure

Development of VIs that allow for interaction with external hardware as, for instance,
acquisition of external signals via DAQ card input channels and generation of
functions using DAQ card output channels

These functionalities are essential to using LabVIEW in laboratory setting. Additional
capabilities of LabVIEW are explored in the subsequent chapter on signal processing in l
LabVIEW

5.2 Computer-Based Data Acquisition

Tn studying mechanical systems, it is often necessary 1o use electronic sensors (0 measure certain
variables, such as temperature (using thermocouples or RTDs), pressure (using piezoelectric
transducers), strain (Using strain gauges), and so forth. Although it is possible to use oscilloscopes i
or multimeters (o monitor these variables, it is often preferable 1o use a PC to view and record the
data through the use of 4 DAQ card. One particular advantage of using computers m this respect is
that data can be stored and converted to a format that can be used by spreadsheets (such as
Microsoft Excel) or other software packages such as Matlab for more extensive analysis. Another
advantage 15 that significant digital processing of data can be performed in real time via the same
platform used o acquire the data. This can significantly improve the process of performing an
experiment by making real-time data more useful for further processing.

5.2.1 Acquisition of Data

One important step in the data acquisition process is the conversion of analogue signals
received from sensing instruments to digital representations that can be processed by the
computer. Because data must be stored in the computer’s memory in the form of individual dara
points represented by binary numbers, incoming analogue data must be sampled at discrete
tume intervals and guantized 1o one of a set of predefined values. In most cases, this is
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dusing a digital-t il (D/A) conversion comp on the DAQ card inside
the PC or interconnected to it via a Universat Serial Bus (USB) port. Note that both options are
used commonly. However, laptop computers and/or low-profile PCy generally require the use
of USB-based DAQ devices.

5.3 National Instruments LabVIEW

LabVIEW 15 a software package that provides the functional tools and a user interface for
data acquisition. Figure 5.1 depicts a schematic of data flow in the data acquisition process. Note
that the physical system may be a mechanical system, such as a beam subjected (o0 stress. a
chemical process such as a distillation column, a DC motor with both mechanical and electrical
components, and so forth. The key issue here is that certain measurements are taken from the
given physical system and are acquired and processed by the PC-based data acquisition system.

LabVIEW plays a pivotal role in the data acquisition process. Through the use of Vs, LabVIEW
directs the real-time sampling of sensor data through the DAQ card (also known as the 1O cand)
and is capable of storing, processing, and displaying the collected data. In most cases. one of
more sensors transmit analogue readings to the DAQ card in the computer. These analo
are then converted o individual digital values by the DAQ card and are made ava
LabVIEW, at which point they can be displayed to the user. Although LabVIEW is ¢
some data analysis functions, it is often preferable 10 export the data 1o a spreadsheet for detailed
analysis and graphical presentation

0

pable of

PC System
Scasor
10 Cand
L RSl

¥
*o—L

SbVIEW
C—

Mechanical
System

[w]

User Interface

Figure 5.1
Schematic of data acquisition process
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5.3.1 Virtual Instruments

A Vlis a program, created in the LabVIEW programming env that al

2 phys
or hard instruments such as oscilloscopes or function generators. A simple VI used (o produce a
waveform is depicted in Figure 5.2, The front panel (shown in Figure 5.2) acts as the user
interface, while data acquisition (in this case the generation process) is performed by a
combination of the PC and the DAQ card. Much like the front panel of a real instrument, the
front panel window contains controls (1.e., knobs and switches) that allow the user to modify
certain parameters during the experiment. These include a selector to choose the type of

wavelform and numerical controls to choose the frequency and amplitude of the generated
waveform, as well as uts phase, amplitude and offset

The front panel of a VI typically also contamns indicators that display data or other important
wformation related to the experiment. Tn this case, a graph is used to depict the waveform. The
hlock diagram (not shown but discussed later) is analogous to the wiring and infernal components
wration of the VI's block diagram determines how front panel
controls and indicators wre related. It also incorporates functions such s communicating with the
DAQ card and exporting data to disk files in spreadsheet format.

of a real nstrument. The con

5.4 Introduction to Graphical Programming in LabVIEW

LabVIEW makes use of a graphical programming language that determines how cach VI will
work. This section discusses the inner workings of 4 simple LabVIEW VI used 1o add and
subtract two numbers. While this VI is not particularly useful in a laboratory setting, it

Source Parametars
Waveform
Sine Waveform
Frequency (Hz) Amplitude (V)
Amplitude Offset (V) Phase (Sed
0.00 0.00

Figure 5.2
A simple function generator virtual instrument

TRIEE
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illustrates how basic LabVIEW components can be used to construct a VI and hence helps the
reader move towards developing more sophisticated VIs. Fioure 5% shows the front panel and
block diagram of the VI, which accepts two numbers from the user (X and Y) via two simple
numeric controls and produces the sum and difference (X + Y and X

Y) of the numbers
displaced on the front panel via two simple numeric indicators.

The block diagram of the VT is a graphical. or more accurately a data flow, program that defines
how the controls and indicators on the front panel are interrelated. Controls on the front panel of
the VI show values that can be modified by the user while the VIis operating. Indicators display
values that are output by the VI. Each control and indicator in the front pancl window 1s
associated with a terminal in the block diagram window. Wires in the block diagrum window
represent the flow of data within the VI. Nodes are additional programming elements that can

perform operations on variables, perform input or output functions through the DAQ card, and
serve a vanety of other functions as well.

The two nodes in the VI shown in .

5.3 (add and subtract) have two inputs and one output. as
for instance is depicted in Figore 5.4, Data can be passed to a node through its input temminals

(usually on the left). and the results can be accessed through the node’s output temminals, usaally
on the right.

238 %8 5 Bk Dagam

CREN F L P i fe - ,,,.E‘!

Figure 5.3
Addition and subtraction VI
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B>

Figure 5.4
The add node

Because LabVIEW diagrams are data flow driven, the sequence in which the various operations
in the VI are executed is nor determined by the order of a set of commands. Rather, a block
diagram node executes when data are present at all of its input terminals. As a result, in the
case of the block diagram in Figure 5%, one does not know whether the add node or the
subtract node will execute first. This issue has implications in more complex applications but
1s not particularly important in the present context. However, one cannol assume an order
of execution merely on the basis of the position of the computational nodes (top to bottom or
left to right). If a certain execution order is required or desired, one must explicitly build
program flow control mechanisms into the VI, which in practice is not always possible nor is
iin the spint in which LabVIEW was originally designed.

5.4.1 Elements of the Tools Palette

The mouse pointer can perform a number of different functions in the LabVIEW environment
depending on which pointer tool is selected. One can change the mouse ponter tool by
selecting the desired tool from the tools palette shown in Figure §.5. (If the tools palette does
not appear on the screen, it can be displayed by selecting Tools on the View menu.)

Choices available in the wols palette are as follows:

\wtomanic tool selection. Automatically selects the tool it assumes you

need depending on context. For instance, it can be the positioning tool,

the wiring tool, o the fext tool as further noted later,

Operating tool. This tool is used operate the front panel controls before or while

the VI is munmng

It + Positioning tool, This wol is used to select, move, or resize objects in either the
front panel or the diagram windows. For example, to delete a node in a diagram,
one would first select the node with the positioning tool and then press the delete
key.

lﬁl Text tool. This wol is used to add or change a label. The enter key is used to
finalize the sk

l;] Wiring tool. This tol is used to wire objects together in the diagram window.

" When this wol is selected, you can move the mouse pointer over one of anode’s
Input or output terminals to see the description of that terminal.
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Figure 5.5
The tools palette

One can add controls and indicators to the front panel of a VI by dragging and dropping
them from the controls palette depicted in Figuse 5 6 and which is visible only when the froat
panel window is active

If, for some reason, the controls paletie is not visible, one can access it by
anywhere in the front panel window. Once a control or indicator 1s added to the front panct of
a VI, the corresponding terminal is created automatically in the block diag 1 window
Adding additional nodes to the block diagram requires use of the funcizons tte, which
is accessible once the block diagram window is visible. One can add anithmetic and logic
elements to the block diagram window by dragging and dropping these elements from 1)1:
functions palette. The functions to add, subtract, and so on can be found in the numeric
subpalette of the programming scction of the functions palette (i1 . the fourth icon
from the left). One can also use constants from the numeric subpaletie in a block duagram and
wire those constanis as mputs (o various nodes.

t clicking

5.5 Logic Operations in LabVIEW

In more complex VIs, one may encounter suuations where the VI must react differently
depending on the condition at hand. Forexample. in a data acquisition process, the VI may need
to twmona waming light when an input voltage exceeds a certuin threshold and theretore it may
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Figure 5.6
The controls palette
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be necessary to compare the wput voltage with the threshold value. In addition, the VI needs to
make a decision based on the result of the comparison (tum on a light on the screen or extemal
10 the DAQ system, produce an alarm sound, ete.). To allow for these types of applications,
many logic operators are available in LabVIEW. These can be found in the comparison
subpalette of the programming section of the functions palette. Note that as stated carlier, the
functions paletie is available when the diagram window is the top (focus) window on the screen.
If one needs (o idenuily the comparison subpaleite, one can move the mouse pointer over the
programming section of the palette to call out the different subpaleties.

Companison nodes, as, tor instance, depicted in Figure 5.4, are used (o compare iwo numbers.
Their output is either frue or false. This value can be used to make decisions between two
numbers as shown in I ipure 5 % Another important node in this respect is the select node,
which is also available in the same subpalette. This node makes a decision based on the
outcome of & previows comparison, such as depicted in Figure 5.8, If the select node’s middle
mput s true, it selects its top input as its output. If its middle input is false. it selects its bottom
input s its output. In this way, one can pair the comparison nodes with a select node to produce
an appropriate action for subsequent processing

-
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Figure 5.7
The funcoions palette

Figure 5.8

Logk example

5.6 Loops in LabVIEW

In building more sophisticated VIs it will not be sufficient 1o simply perform an Operation onge.
For example, if LabVIEW is being used to compute the factonial of an inie ger. n, the program will
need to continue o multiply # by # — 1, 1 ~ 2, and so forth. More pestinently, in dats acquisiton
processes, one needs to acquire multiple samples of data and proces

data. For this reason,
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Figure 5.9
Example loop VI.

LabVIEW includes several types of loop structures. These can be found in the structures
subpaletie of the programmung section in the functions palette. (Note that as with every one of
LabVIEW's toals, one can use LabVIEW's help feature or its quick help feature to get more
information on these constructs. ) Here the user can find a while loop, afor loop, a case statement,
and several other important 10op structures. Figure 5.9 depicts a simple program that utilizes a loop.
There are several important items o note about using loops. Everything contained inside the loop
willbe repeated until the ending condition of the loop is met. For aywhile loop, this will be some type
of logical condition. In our example given earlier, we have used a button to stop the loop. The loop
will stop when a value of ue is passed 1o the stop button at the completion of the loop.

Inaddition, itis often important to be able 1o pass values from onei he next. T th 1
given previously, we needed 10 take the number from the last iteration and add one o it. This is
accomplished using « shuft register. To add a shift register, one has to right click (or option click ona
Mac)on the right or left side of the loop and use the hat opens up o add the shift register. Touse
fer, one must wire the value to be passed toth

Fipure 5.9, To use the value from the previous iteration, one draws wire from lh: left side of the
loop box 1o the terminal of one's choasing. In addition, elements initially wired together can be
included in a loop simply by creatmg one around these elements, The wiring initially in place will be
preserved. Finally, note that the inthe loop he loap so that i lme‘Thiﬁ

clement is available from the timing subpaletie in the § ing section of the functions p

At st b e s i it o

5.7 Case Structure in LabVIEW

The case strucare s o programming construct that is useful in emulating a switeh, similar
1o what appears on the front panel of 4 hard instrument to allow the user to select one of multiple
available tasks. [n terms of its appearance in LabVIEW, a case structure works much like a
while loop as evident m Fipure 510, However, significant differences exist between a case
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Figure 5.10
A case structure in LabVIEW.

structure and a while loop in that a case structure performs a separate operation for each case of
the conditional statement that drives this structure. The conditional statement takes a value
chosen by the user at runtime from among the set of values for which the given case structure is
programmed to execute. This set can be (0.1}, as is the case initally when a case structure is
added to a VI, and can be expanded during the programming stage by right clicking on the
conditional statement and choosing “Add case™ as necessary. For each case, the VI must include
an appropriate execution plan that is placed within the bounding box of the case structure The
conditional statement associated with a case structure is typically driven by a ring. which is
placed on the front panel of the given VI and appears outside the bounding box of the case
structure in the block diagram panel of the VI
‘This ring is connected to the question mark box on the right side of the case structure in the
block diagram. This is illustrated in Figure 511 in conjunction with a four-function calculator
implemented in LabVIEW. Itis evident in Figure 5.1 that the ring, acting as an operation selecion
drives the condition statement, whereas variables X and Y, implemented via numerical controls on
the front panel, pass their value to the case structure, which embeds the actual mathematical
operation for cach of the four functions (add, subtract, multiply, and divide) in a dedicated panel
Figure 5.11 depicts the panel associated with the divide operatilth. Ammows in the condition
statement of the case structure can be used dunng the programming stage to open cach of the cases
that the case structure is intended to implement. The ring outside the case structure must have 88
many elements as there are cases in the respective case structure. Here, it is imiportant (o make sure
that the order of the selections in the ring and the order of the functions in the case structure
cormespond to each other. I the finst option in the ring is “add,” the fint function of the case
structure poeds to implement the addition function. Excrcise 5.6 deals with this issuc st more
length. Note that as is the case with other LabVIEW elements, righ clicking on a given element
allows the user to view a detailed description and examples associated with that ¢lement

§.8 Data Acquisition Using LabVIEW

LabVIEW is primarily  data acquisition tool. The typical setup in the laboratory 1 shown in
Figure 5.12. Aside from the hard instraments shown in Figare $ 12, which are also used 1o
perform data acquisition and monitoring tasks. a terminal box is needed 10 obiain the input from
sensors and to allow a way to produce output voltages from the dats ac quisition card.
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Figure 5.11
A menu ning used in conjunction with a case structure

A typical setup for LabVIEW-based data acquisition.
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Figure 5.13
A NI BNC-2120 connector block.

5.13. This is National Instrument BNC-2120

A typical connector block is shown in )
Pin numbers and the style of the tenminal box will vary depending on the model being used.
The experiments described Later in this chapter use BNC-2120, but several will use different
terminals. For the exercise discussed below the data acquisition card’s differential mode i wsed.
meaning that it reports the voltage difference across a channel (channel 0 in our Case). The cad
can also operate in an absolute mode where it references the reading 1o the ground level. Funally
there is one last piece of equipment. which will be needed in the subsequent discussion: the
function generator, which can be seen in Figwe 5 10,

As the name suggests, this picce of equipment is used (o gencrate a sine wave, a inangle wave,
or a square wave. The amplitude of the wave can be adjusted by using the amplitude knob. The
frequency of the wave can also be adjusted using the relevant buttons. The main use of this

device in the present context is to produce an extemal input to a custom V1 that is shown in
Figure 5. 14, which converts the voltage produced by the function generator into 4 te mperature
reading in Celsius and Fahrenbed wnits

Functions related to communication with the DAQ card are handled by the “DAQ Assistant”
function. The board ID and channel sertings specify information sbout the DAQ card that tells
the VI where to look for data. The algebraic operations that implement the conversion of data
are more or less straightforward as depicted in © o

5.9 LabVIEW Function Generation

goncrator, that s, the V1 should

In this section we will create a VI that emulates & function
produce a periodic signal with a user-selected shape, {requency, and amplitude 10 an output
channel on the National Instruments DAQ card. In addition, the user should be able to select



Figure 5.14

Thermometer V1.

the resolution of the waveform (i.¢., the number of data points per period). The VI's front panel
should also include & wavetorm graph that displays at least one period of the. wmfmm'dmad
as it appears in Figuee 815,

The VI produces 2 sine wave, (riangle wave, or square wave as selected by the user. This
requires that 4 case structure be wrapped around the signd;ewlmblwksﬂllmmlﬂ
communicate between the front panel and the case This 15 di 1
LabVIEW exercises at the end of the chapter.

5.10 Summary

This chapter was meant 1o introduce the reader to the usage of IAbVlBWhMWM
data acquisition. Basic LabVIEW programming concepts, namely mlfﬂ!. mmmt

simple nodes used to
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Figure 5.15

Function generator front panel

constructs, that is, while loop and case structure, were introduced. These building blocks
were used to implement increasingly more complex LabVIEW Vis. These Vis can be usedas
stand-alone LabVIEW programs or expanded to form sophisticated VIs in conjunction with
additional LabVIEW elements. These include signal processing tools, which are discussed
in the subsequent chapter. The exercises that follow enable the reader 1o practice
constructing a number of VIs that are of value in & laboratory setting

5.11 Problems

5.1. In order to demonstrate your understanding, build the VI found in To get
started, click on the LabVIEW icon found on the desktop of your computer (assuming #
is previously installed). This should pop up a window with several choices. Select “Blank
VI and click "OK.” From here you should see the front panel (it is gray). To open the
block diagram window go to the window and then the show block diagra wi (Cul-E
or Cmd-E also do the same). On the front panel, you will need 1o add the required
numeric controls for X and Y and numernic indicators for X + Y and X — Y. These are
available in the modem subpalette of the controls palette, which is aviuilable by nght
clicking in the front pancl. You will then use the block disgram window and implement
the add and subiract nodes (available in the numeric section of the programming
subpalette of the functions paletic, which itself can be viewed by right licking in the
block diagram window) and connect them to the appic
Note that you can change the labels of each entity by using the text ol from the fools
palette, Changing the label of an indicator or control in the block diagram window
changes its label in the front panel as well. Once vou have inserted !Iu. necessary nodes

spriste controls and indicators,
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and wired them together properly, you can run the VI by pressing the run button (3] at the
upper left corner of the front panel window. The digital indicators should then display the

results of the and subtraction operations, You can also use continuous run button
@&, which is next to the run button.

. Create a program that will take the slope of a line passing between any two points. In

other words, given two points. (X,.Y,) and (X,,Y2). find the slope of the line, Y = mX +
b, that passes through these points. This program should have four digital inputs (as
numeric controls) that allow the user 1o seleet the two coordinates. It should have one
digital indicator that provides the value of the slope of the line between them.

- Using ideas similar to those in Figure 5.5, demonstrate your understanding of the logic

operations by adding an additional indicator that will display the greater of the two
numbers determined from your addition and subtraction operations in Exercise 5.1, Is the
number obtained by the addition operation always the greatest?

. Demonstrate your understanding of logic operations by building a VI that takes as input

three numbers and outputs the greatest and the smallest value of the three. This will
wvolve very similar logic operations to the one performed in the carlier VL.

After you have had a brief exposure to the operation of loops and other structures in
LabVIEW, practice by creating the program from Figure 5 9. When fully operational, the
program should continue 1o increment by a counter 1 every 0.1 seconds until the stop
button is pushed. Venfy that this is true and that waiting longer to press the stop button
results i a larger number. What is the difference between inside and outside loop
displays? Why do you think this happens? If you let the program run and forgot to turn it
off when you left the lab, would your program ever be able to reach infinity? Explain
your answer.

- The specific task that you will perform is to create a calculator that will add, suburact,

multiply, or divide two numbers using a case structure as depicted earlier in Figure .11,
This will require you to use two inputs, an output. and a nng on the front panel. You will
need a case structure in the diagram window, which initially will have only two cases
(0.1} but these can be extended by right clicking on the condition statement in the block
diagram. The case structure itself can be found in the structures subpalette of the

functions palette. The ring should be added to the front panel of the VI and can be found
on the modern subpaletie of the controls paletie. The properties dialog box of the ring,
which opens up by right clicking on the ring, allows you (o add cases as you need (in this
case. four cases). Make sure the order of the list on the ring corresponds to the case list.

- Data scquisition is probably the most important aspect of LabVIEW. To be able o

understand completely what takes place when you are faking data, it is important (o know
what tasks are performed by a VI that acquires data from an extemal source, The VI
introduced earlier in Fiowe 514 takes a temperature measurement every time the run
bution s pushied. While this is useful for taking measurements where femperature is
Constunt (2., room temperature), it is not useful in tracking temperature changes.
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(The next exercisc addresses this issue viaa loop structure. ) [a low-frequency square wave
isused, however, itis possible to verify that the VI functions as intended. Connect a function
generator o the DAQ card. Make sure that the function generalor is set 1o produce a square
wave and that the frequency is set to be about 0.1 Hz. You may wish to view the signal
on an oscilloscope o ensure that the function generator is indeed producing the desired
waveform. This can be done by connecting the outpat of the function generator via a BNC
connector to Channel A (or Channel 1) on a typical two-channel scope. Be sure to set the
trigger mode to extemal (EXT) and choose Channel A for Chunnel 1) as the trigger source.
You may have to initially use the ground function of the scope to ensure that the beam is
zeroed at the midlevel of the screen and that the vertical and horizontal scales are set up
properly. The same BNC connector can be used to connect the function generator to the
BNC-2120, which acts as the interface between the DAQ card and the function generaior.
5.8, In this exercise we need to add a loop to the VI from the previous excrcise so that the
VI can take readings continuously until a stop button on the front panel of the VI is
pushed and the VI is stopped. The loop construct is in the structure subpaletie of the
section of the fi palette. You can also find the stop button in the
Boolean subpaleite of the classic section of the controls palette. Venfy that this works
and watch how the temperature reading changes with time. Change the frequency of the
function generator and observe the effects of the output. What difficulties arise when the
frequency is too fast relative to the timing capacity of the loop? If we had no digital
indicator, only thermometers, would this be a problem?

5.9. In this exercise, we will add more functions to the VI from the previous excrvise. If we
anly want to maintain some temperature (¢ g., in & thenmostat), we might only care shout
the highest value of the temperature. Use the logic operators to determine the hig

Ip of all the (hint: you will need a shift register). In LabVIEW,
there are many different options for data types (scalar, dynamic data, waveform, etc )
Forthis part of the experiment. you will need to convert from the dynamic data 1o a single
scalar. To do this, night click in the block diagram and select express, signal manipuls-
tion, from DDT. Then place the block. select single scalar, and then click OK

This VI gives a little more insight into data acquisition with LabVIEW and some of the
difficulties that may arise. With this VI, will you be able 1o tell how temperature changes
as a function of time? What could we do 1o solve this problem (in general)” What are
some of the problems with the various output styles that we have considered” What
might be some more beneficial ideas?

5.10. Based on the function generutor in | 15, random noise should he added 1o the signal
by means of the “add noise™ option of the signal simulation block, in the signal analysiy
toolbox. The output from the function gencrator should be added 1o the noise using an
addition block, as it can add both signals and constants. Send this noisy signal 1o a new
waveform graph. In order to extract the original signal from the noisy signal, a (ilter will be
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applied. The filter reduces the effect of portions of th
frequency. This allows us to remove the high-frequency noise. The filter block can be found
in the signal analysis toolbox. Configure the filter to remove noise from the signal. Your
front panel window should look much like Iy 5.16.

nal that are above a specified

Select three sets of operating conditions (i.¢., amplitude and frequency) for the mangle
wave pattern and measure the actual amplitude and frequency of the waveform shown on
the oscilloscope. This will require you to connect the DAQ board to the scope inputs
using BNC cables. Verify that your measured amplitudes and frequencies are the same as
those you input to the VI. Vary the noise amplitude between 0 and twice the signal

amplitude and take screen captures of the results

5.12 Appendix: Software Tools for Laboratory Data Acquisition
5.12.1 Measurement Foundry

Measurement Foundry is produced by Data Translation and has significant capabilities for
rapid application development in conjunction with DT-Open Laters for NET class library and
compliant hardware. It offers the ability to acquire, synchronize, and carrelate data and to
perform control loop operations. Tt also features automatic documentation of programs and
links with Excel and Matlab

:
:
:
:

Figure 5.16
on generator and filker front panel
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5.12.2 DasyLab

DasyLab from Mmsunmcm Computing Corporation (MCC) allows for the integration of
Bioal it :

P including PID control, and real-time display via
charts, meters, and g,r.\phs, and incorporates an extensive library of computational functions. It

provides serial, OPC, ODBC, and network interfuce functions and supports data acquisition
hardware from MCC, 10tech, and other vendors.

5.12.3 iNET-iWPLUS

This software, sold by Tomega, which is also a distributor of DAQ cards and sensors, can be
used to generate analogue and digital output waveforms and run feedback/control loops, such as

PID, and has capabilities similar in concept to LabVIEW. which allow for the creation of
custom virtual instruments.

5.12.4 WinWedge

WinWedge is yet another data acquistion software that uses a Microsoft Windows Dynamic
Data Exchange mechanism to provide data acquisition and instrument control in conjunction
with Microsoft Excel, Access, and so on. It provides a menu-driven configuration pro;
is used mainly in conjunction with serial data streams.
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6.1 Introduction

Analogue and digital filters are used extensively in sensor signal processing. In this chapter,
both of these topics are discussed and examples using LabVIEW are presented. The main use
of these signal-processing techniques is in pre- and postprocessing of sensor signals. In
particular, analogue filters are often used to deal with the so-called aliasing phenomenon that
s common in data acquisition systems. Dxpul filters are gcnernlly used to Wm
acquired signals and can be used in ¢ with d digital signal

technigues such as Fast Fourier Transform to perform spec(nll wnalysis of M\l“‘d signals.
With this in mind, the chapter introduces the reader to the following topics:

Analogue filters, their analysis, and synthesis using passive comp istors and
capacitons) as well as active components (operational amplifiers).

M ssont o bacts vamabation. Voo s amd Application

[T ——
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Frequency response of a low-pass filter using Bode plots
the filter with varying frequency of the mput signal.
The concept of a digital filter as counterpart to the analogue filter and built using
software.
Implementation of moving average (MA) and autoregressive moving average
(ARMA) model-based digital filters and their implementation in LabVIEW.
Using LabVIEW to develop virtual instruments (VIs) that implement digital filters
and demonstrate their functioning using a graphical display of pre- and postfiliered
signals,

illustrating the response of

These leaming ob)uuvhamllluslnlu\i through detailed descriptions, examples, and exercises.
The p ion refers to supp g hard from I Instruments and other
manufacturers (namely Analog Devices, 1 maker of micromechanical accelerometers
and similar microel chanical comp used as sensors in measurement

and nstrumentation).

The reader 1s expected 1o have access 1o a laboratory environment that allows for
mplcmcnmuon of analogue filters via passive and active clectronic components, test

such as oscillose and function gencrators, and, more importantly, access (o
LabVIEW for implementation of the virtual instruments discussed in the sequel. Use of &
small inexpensive fan, which can be the basis for stadying the impact of rotor imbalance
and vibration that is filtered with a combination of analogue and digital filters, is also
useful. Other sources of real data can be used, however, so long as the measured signal
manifests a combination of “good” and “bad” information, preferably at low and high
frequencies, respectively, which can be used as the basis for the experimental component
of the examples and exercises discussed in this chapter. It is possible, however, 1 produce
virtual sensor data using LabVIEW itself, as it is done in several of the examples, 1o
illustrate signal processing techniques, although i is always important 1o use real data at
some point in the process of leaming to apply signal-processing techniques

6.2 Analogue Filters

Analogue filters are used primarily for two reasons: (i) 1o buffe reduce the impedance
of sensors for interface with data acquisition devices and (i) 1o eliminate high-frequency
noise from the original signal so as to prevent aliasing in analogue-to-digital conversion
Analogue filters can be construcied using passive components (namely resistor
and. at times, inductors) or via a combination of passive and ¢
or, more commonly, operational amplifiers) leads
both cases here.

, capacitors,

ive components (ransistors

to active filier designs. We consmider
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6.2.1 Passive Filters

Passive filters are designed with a few simple el I (resi and cap

The basic low-pass filter, depicted in Figure 6.1, can be used 1o remove (or attenuate)
high-frequency noise in the original signal, in this case denoted by v, The underlying
assumption is that any ume function can be viewed as being a combination of sinusoidals.
More exactly, any periodic function of time is approximated by an infinite series of sinusoids
at frequencies that are multiples of the so-called fundamental frequency of the original signal
(the so-called spectral content of the signal). Nonperiodic functions can be viewed in
essentially the same way but we must allow for a coutinuous spectrum. For example, the
origmal signal, v,, may be approximated by

v = Vigsin(orn) + V2 sin(201) + Vossin(31) + -+« o1

where V, 1.V 2.Vos - are the amplitudes of the consecutively higher [requency components or
harmonics of the original signal.

These higher frequency comp may rep 1 ions (or, In many cases, electrical
noise) that we may wish (o attenuate 1o prevent aliasing (appearance of high-frequency
components in the analogue signal as low-frequency aliases of these comp d generally

to present a clean signal 1o the DAQ system. The filter in Figure 6.1 produces an output, v,
which has the same ser of compaonents (in terms of the respective frequencies) as the original
signal, v, but at reduced amplitudes:

vo = Voasin(or) + Vs sinQ2ar) + V,ssin(3@r) + -+ (62)
where V. 1.V, 2.V, . are the amplitudes of the sinusaidal inv,. In general, Vo1,
VaaVas. are smaller than their counterparts in the input ugnll ViaViaVig, <. - For

instance, depending on the values of R and C in the filter shown in Figure 6.1, V,,; may be very
close to Vi say Y8 of this value, but V, » may be about 70% of V, » and so forth, The reason
for this is that the given low-pass filter cach signal ding (o 1ts freq the
higher the frequency. the larger the attenuation (heace the smaller the amplitude of the given
component in the output signal). The precise amount of attenuation can be found from the

so-called frequency response graph of the filer (commonly referred (o as its Bode plot) as, for

wstance, depicted in Figure 6.2

igure 6.1
Passive low-pass filter.
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Figure 6.2
Bode plox of low-pass filter.
‘The specific equation for the filter from the application of KirchofT's current law at the outpat
node (assuming an open circuit of 6o load at the output) is given by

{6.3)

This can be sumplified o

dv,
Rf—ﬁw-,-n. 64)

As a first-order differential equation, it can be transformed into transter function form, using
Laplace transform, as

Pizven, (6.5)

where r = RC'is the time constant of the filter, that is, essentially the time it takes for the filter to
respond to a step input function by reaching 63% (almost two-thirds) of its stcady-state output
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The inverse of t, that is, @, = 1/z, is known as the corner frequency of the filter, that is,
the frequency above which the filter starts to attenuate its mput. These are discussed further
below in the context of the so-called Bode plor of the filter. Assuming sinusoidal functioas of
the form v, = V,(ex), whose Laplace transform is given by

2 wl

Vi =, (6.6)

and substituting in Equation (6.6), taking partial fractions and simplification (including
dropping the transient response term as detailed in the appendix), the steady-state output would
be v, =V, sin(wr + @), where

and¢ = — tan"* (z2). (6.7)

) V {tw)” +1

In more standard form, we have

V.| 1

V| 20l0p e < 201081 - 1010 ((r0)" + 1) (68
il Vior +1

Ve | 0 w<<]

Vil | -20logre 1<<to 163)

The graph of the V.V, |z is precisely what was depicted ealier in Figuce 6.2 where it is evident that
higher frequencies, particulardy those higher than the comer frequency of 101/s, are attenuated at
an increasing rate, leading 1o the reduction of high-frequency components in the filtered signal,

6.2.2 Active Filters Using Op-amps

The passive filter shown previously is simple and can, in principle, be used to filter out
undesirable components of a given signal. However, becausc it is made up of entirely passive
components (resistors and capaciions), it has to draw current from the input and will, in addition,
“Joad” the circuit connected 1o the output of the filter. Op-amps can eliminate this problem, as
the current that is drawn from the input stage is very small (because op-amps have large intemnal
resistances, of the order of 10 ME). Likewise, as active devices, op-amps supply current 1o
drive their output and hence nunimize the smpact of the filier on any output circuit, such as the
DAQ card, thereby less affecung the reading of the acquired signal. With this in mind. op-amps
are olten used in conjunction with resistors and capacitors (0 create an active filter. A sample
configuration is given in Figuie 6.3,

To be able to utilize this circuit, we must determine the relation between the input v, and the
output v,. The summation of currents at the inverting input is given by
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Active low-pass filter.

- C‘iu(\x. ) =0

R, 2

Now, given that in a negative feedback configuration as shown carlier, v v, = 0, we can

simplify this to

Vi Ve -
BTl oA ) =0,
Ry R (dl("’ s

We can rewrite this as

Vo + R;C‘% {v,) = l%‘r‘

This is very similar to a passive filter equation, with the exception of the gawn on v, The
negative sign means that the filtered signal will lag at least 180 degrees behind the unfiltered
one, (This issue can be resolved via an inverting filter of gain of - 1.) We can call this gain &,
s0 k = Ry/Ry. In addition, we see that the tme constant is given by * = R.C. So, we have two
degrees of freedom in our filter configuration. We may adjust the gain constant. k. to amplify
low-frequency signals. However, this will also raise the value of the crossover frequency and
therefore allow noise to have a higher amplification. In addition, we can change the comer
frequency (@, = 1/t) by adjusting the relevant parameters. This will have cffects on the gain as
well, which must be taken into account. These can be better understood by examining the
system mn the frequency domain. In the frequency domain, the ratio of the output to the nput
voltage 1s given by

= 20logh mmy(a:u;‘ +1)

Yol _ 20logk << |
s 20logk - 0logrer 1 << 102

1
:
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We can understand better how the filter works by examining the Bode plot of the system, which
is indeed similar to that m Fewee 6 20 with the only exception being an upward shift of the graph
by 201ogk. As discussed carlier, the graph is meant (o illustrate how the filter passes through
signals of frequency up to its comer freq y and gradually those beyond this level
as depicted in |

6.2.3 Impl ion on a Breadboard

In a laboratory setting, one can build and test various circuits, including low-pass filters using
breadboards, Figu depicts one such breadboard made by National Instruments (NI).
Simular boards with more or less additional features are available from various manufacturers.
This particular breadboard has a connector (lower left comer) that autaches readily to an NI
DAQ card. Other breadboards are also available from NI and other manufacturers.

6.2.4 Building the Circuit

I ¢

Assuming access to a breadboard similar to . circwts can be built on the white
section of the breadboard. The horizontal sections of holes in the wider strips of this

section are connected together to allow placement of circuit components that may have

Figure 6.4

Breadboard for filter implementation

PP T ——
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different sizes, while the thinner sections provide a mechamism for access 1o power and
ground (or common signals). In addition, as stated earlier, this particular board has the
ability to interface with the data acquisition card. Inputs and outputs trom the card can be

taken from the pins shown in Fizwre 64 and connected etther to the breadboard or 1o
external devices.

6.2.5 Electronic Components

A variety of electronic components are used to build analogue filters with resistors, capacitors
being the most common types. Resistors can be cither fixed or variable. As the name implies, a
fixed resistor has one resistance value and cannot be changed. A vanable resistor, howeyv
be adjusted to have different values. Resistors are coded by color as shown in 1

an

Figure 6.5
Resistor color-coding scheme
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Table 6.1 Example Resistors

Band 1 " Band2  Bandd Multiplier Tolerance Value
C 1%
Orange ¢ N/A Brown Brown 3300+
Blue Gray Black Green Blue 68 MQ + 0.25%
Black Green Green Red Red 5500 Q2 4 2%
Ry White Yellow Gold Violet 2940 £01%

Note that colors may not be evident but this same (igure is generally available online at a
number of sources.

Note that not all resistors have the same number of bands, so it is important to know the type of
resistor at hand. If & resistor has only four bands, then it does not have the third digit. A few
examples are illustrated in Table 6 |

6.1.

Tnaddition to resistors, ¢ apacitors are used in building analogue filters. A picture of a ceramic

plate capacitor is shown in Figure 6 6. Unlike ' haye theicyalye

printed on them. Capacitance values can usually be read off in either a picofuarad (F_F) scale
Intermediate scales arc used very seldom. In addition, it %

& capacitor has some parasitic resistance as well, although this is

o & microfarad (JF) scale
fmportant to note that
usually very small.
Finally, op-amps are key components of analogue filters. A picture of a typical op-amp,
LM 741, is depicted in Figure 67, It is important 10 be sure that the correct pins are used when

coanecting the op-amp. The data sheet for the device, generally available from the manufacturer,
provides detailed specifications in this regard.

Figure 6.6
Ceramic plate capacitor.
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Figure 6.7
Operational amplifier in DIP package

6.2.6 Op-amps in Analogue Signal Processing
As stated earlier, op-amps can be used (0 perform simple or more complex tasks. For instance
as shown in Figure 6.8, to add two signals, v, and v,, together, an op-amp and three resistors

are used. This can be useful, for instance, m adjusting for a d.c. offset in an accelerometer
signal or similar cases. If we were to derive the relationships between the inputs, we would

arrive at the following:
R
Vo=—(Vit+ V)

R

Therefore, if we set v, to be the negative value of the DC offset from the accelerometer, we

will be able to remove this offset successfully

Ay A A

N—AAAA |

By i | |
v —\\M\J‘il‘./\_l
kel

Figure 6.8
Amplifier schematic diagrar



Signal Processing with LabVIEW 145

c
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Figure 6.9
Offset removal and low-pass filtering

More importantly, we will generally need to remove high-frequency noise in the sensor
signal prior to sampling the signal with an A/D converter. For this reason, the combination of
op-amps in Fipore 6.9 is used.

In practical implementation, color coding the wiring is helpful in preventing confusion.
Typically the coding scheme uses red, positive supply voliage; black, ground; and blue, signal.

Other colors are used to supplement these and di fate the different signals, Exercise 6.1
sefers to this in more detail in the context of p ing a simple accelerati
l'lp('l“ll\‘l“

AR AR i (e A

6.3 Digital Filters

Digital filicring uses diserete data points sampled at regular intervals. These data points are
usually sampled from an analogue device such as the output of a sensor (say an accelerometer
used 10 measure vibration in a beam). Digital filters as shown schematically in Figure 6.10 rely
E not only on the current value of the measured variable, but also o its past values (either in raw or
filtered form). This leads to two kinds of filters, which are examined in the sequel.

6.3.1 Input Averaging Filter

In the mput averaging filter, the previously unfiltered values of the given signal are used in the
scheme, Tas filter takes the form of

i = ag + (1~ 2. (6.10)
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6.10
Diagram of a digral filter.

Note that we can write 2y = 2 and x; = 1 — x and hence wrnite the above as

Vi = ToMg + gy (6.11)

and thus further extend this formulation to more complex filters such as
M= 2+ iy F Xalle 2 o Anllin (6.12)

‘This general form is called a moving average filter, as it i effect averages past values of the
input signal. each with its respeetive weight. Selection of these weights is often an issue and can
be formalized, although in the present context we will deal with simpler cases in which an
intuitive approach to selecting these values can be used.

6.3.2 Filter with Memory
In a filter with memory, previously filtered values are used to adjust the new output. This filter
takes the form

Ye = 2 + (1 - 2)yy
where a is the weight on the current value of the unfiltered signal, u,. The remainder is from
the previous value of the filtered signal, v, ;. Varying % will change the extent to which
the input signal is filtered. In particalar, a relatively large 7 weighs in the current value of the
input signal, while a small % weighs in the past (filtered) signal, v, Normally, % < 1
This is evident in the following exampie.

6.3.3 Example

A set of data points is measured from a continuous signal s given in 1
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Table 6.2 Data for Digital-Filtering Example

k b
o 0.10
1 1.05
2 1.92
3
4
S

3.90
402
494

A simple input averaging filter with « values of 0.25. 0.5, 0.75, and 1.0 is used to filter
these values as depicted later (Fipure 6.11). The filters produce a continuum of response
patterns indicating that no single value of a 1s best. However, one can argue, based on
proximity to the general pattern of the input signal, that o = 0.5 may be reasonable.

Tn practice, one hus (o fine-tune = or similar parameters of @ given filter to fit the application in
mind. There are, as shown later, formal methods (hased on digital signal processing) that allow
the user to select the filter parameter (o affect the frequency response of the filter (similar
1o the analogue case). The mathematical techniques underlying these tools are beyond the
scope of this book although their application is discussed later.

Figure 6.11
Simple averaging filter results.
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6.3.4 LabVIEW Implementation

One can implement a digital filter in LabVIEW as shown in Fioore 0120 The block diagram
of this filter appears in Figure 613, The filter parameters are set at 0.5 and 0.5 in the lower
left comer of the front panel but can be changed if necessary. The block diagram depicts a
sinusoidal signal generator, as well as a noise generator on the left side. The in-place operation
allows the addition of individual data elements

The in-place element structure allows a simple operation such as addition o vccur on the
corresponding clements of two dynamic arrays produced by the sinusoidal and noise signal

generators. This node can be found in the structures subpalette of the programming section of
the fuctions palette as depicted i ©

The filter iself 1

s implemented as 4 finite impulse response (FIR) filter node (found in the
advanced FIR filtering section of the filters subpaletic of the s

al-processing section of the
functions palette ). which cffectively implements a moving average filter typ
filter cocfficients appears in the froat panel of

array of

Note that in this case the source

-

Figure 6.12

The focation of thcse nodcs in the respective p
bowever, possible to search for a spo

»,\‘r
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signal 1s gencrated internally but it is possible to do the same task using an extermal input signal
as, for mstance, generated by a function gencrator.

6.3.5 Higher Order Digital Filters

While the simple filter in the previous section works reasonably well, one can build more
effective filters using a combination of autoregressive terms and MOVING average ierms, via an

ARMA model, also referred to as an infinite impulse response (IIR) filter. The gen
for such a filter is given as

equation

Yo = =AYy = Ay

2= da)p-a + + botey + by baug_ 3 + b33 + (6.13)

Note that a; and b; must be chosen properly for stable and effective performance. This is nota
trivial task and requires advanced techniques that extend beyond the scope of this text. The
essential idea is to place the so-called poles and zeros (the roots of the denominator and

numerator of the comesponding discrete time transfer function) in reas
complex plar

able locations in the
. However. there are well-known design strategies that have performed well,

including Butterworth, Chebyshev, and Bessel, that are programmed in LabVIEW. It is also
possible to produce the filter coefficients in Matlab or a similar ool and use a similar technique
as in the previous section (albeit using an R filter node) to implement the
Implementation using LahVIEW built-in functions 1s depicied in [

given filier

6.15. Filter parameters

‘B

Figure 6.15
Front panel of B
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6.16
Block diagram of Butterworth filter design.

melude the sampling frequency, which in this case is the same frequency used to generate the
signal in the Ginst place. The cutoff frequency is also another required parameter, which is
chosen to correspond 1o the frequency at which the noise components start to dominate the real
signal. The block diagram is depicted in ¥ puse 616, The filter node (from the signal processing
seetion of the function palette) requires filter type (set o zero for a low-pass filter) as well
as the two parameters mentioned earlier. Note that the unconnected terminal of the filter
node (the high-frequency cutof) is not required for a low-pass or high-pass filter but s required
for a bandpass filter.

The response of the filter depicted in the front panel diagram in Figure 6.15 typifies the

low-pass filtering effect of a Butterworth filter, which indeed performs better than the simple
filter we designed carlier

6.4 Conclusions

This chapter considered signal-processing tech used ly in conjunction with
N based data acy systems. As a pn.-ludc 10 digital ugml pmwuiu via
[ABVIEW, wo considored analopiis signal using )

This process 1s often essential to successful computer-based data acquisition, s lhﬂ ml““l
signal may be contaminated with noise, which leads to aliasing in the digitize signal (a process
akin 1o the appearance of ghost images on television screens). We fusther discussed digital
filtering using moving average and autoregressive moving average models.
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6.5 Problems
6.1. Tmplement the analogue filter design described m Figure 610 using a pair of LM-741

62

6.4

op-amps and appropriate resistors and capacitors. You will need to choose 4 reasonable
capacitor value for C, say 0.1pF. and then choose an appropriate resistor value for Ry, to
achieve a comer frequency of 10 Hz (effectively 60 rad/s). For tis exercise. design the
gain of your filter to be unity (1) by selecting R», = R, kewise, choose Ry, = Ra,
because you will use the first stage only to invert the signal produced by the function
generator (since it will be inverted again by the second stage filter). In building the
circuit, pay close attention to the color coding marked on the figure. Do nof power up the
board or connect power to the circuit without first ensuring that connections are made

properly.
Perform preliminary evaluation of the filter in the previous exercise by generating
a sipnal using a function capable of producing a dal function of

varying frequency (similar to that shown in the previous chapter). You can connect the
function generator output to v; input in the filter and ground v, input since if is not used
i this exercise. (It is always good practice to ground unused inputs to prevent the
cireuit from picking up and introducing noise in the actual signal.) You will need
an oscill 10 evaluate the ioming of the filter. Vary the frequency of the
signal from 1 to 100 Hz and make an estimate of the filter performance (in terms of
attenuation of the signal amplitude) by recording (reading of f the scope) the amplitude
of the signal as a function of frequency. Compare your graph with Fipure ¢ 2 Note
that the figure is drawn on a logarithmic scale. Be mindful of this fact i your
comparison. Bear in mind the comer frequency of the filter, which is expected 1o be at
10 Hz
Create the VI shown in Figure 6.17. This VI can be used to evaluate the analogue filter
discussed in the previous exercises. The signal generated by the VI is filtered with
the analogue filter implemented in the previous exercises. The spectrum of both
unfiltered and filtered signals is shown in the respective panels of the front panel of the
VI. Set the wave type to be 4 sine wave, the frequency to be 10 Hz, the ampliude
10 be between 2 and 5 V, and the noise amplitude to be 10% of the signal amplitude.
Use an oscilloscope to verify that you are producing the correct signal © that the VI
should be implemented such that the Analogee Output Channcl 0 on the National
Instruments interface board is used to produce the generated signal. In addition,
examine the spectrum of the signal given in the VI Later you will want to filter the
noise, not the signal. Having an idea of where the spectrum of the signal dominates
enables one to filter the signal propesly.
You can use the signal gencrated by the VI (via Analogue Output Channel 0) of
Figure 6.17 with the analogue filter from the previous exercises, The output of the filter
should be used as Analogue Input Channel 0 S0 you can cvaluate the performance of

r
|
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Figure 6.17

vanel of analogue filter test VI
F 8

the unalogue Gilter using the VI Set the noise amphitude to zero in your VI. Starting
djust the frequency in steps of 2, 5, and 10, up to 1000 Hz. Determine the

with | Hz
signal amplitude.

frequency at which the filiered wave amplitude is 1/10th the ori
Also, review the spectrum of the signal as it appears in the respective panel of the VI
In this step, you will evaluate the performance of the filter as & function of noise
ampliude, You wall Giest set the signal frequency at 10 Hz, and set the amplitude to be
2V Adjust the noise amplitude from 010 2 V. Measure the amplitude of the filtered
signal and Gl in T In addition, note the impact of increasing the noise
unphitude on the trequency spectrum of the filtered and unfiltered signals.
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60.

6.7,

=

0.8,

Table 6.3 Noise ion as a ion of Amplitud
{ Noise amp (V) Filtered amp (V)
0.1
02
05
08

vw e

You can demonstrate further how the filter may be used in a real system. To do this you
can use a small fan with a small weight attached to one of the blades with sturdy tape
that prevents the added weight to fly off as the fan rotates. A semiconductor-based
(MEMS) accelerometer similar to that shown in Figure 618 may be attached to the
base of the fan to record the acceleration due to an unbalanced rotor. We wish to
filter out all the noise that occurs sbove the fan's rotational frequency. In order to do
this, we must first know what the frequency is. Determine the frequency from the fun
specifications, which should be available from manufacturer data sheets.

Create the VI for use with the accelerometer as shown in Figure 6,19 The VI must be
able to read the accelerometer signal and produce filtered and unfiltered displays of
this signal along with the spectrum of the signal.

Connect the accelerometer to the amplifier in Figure 6. 9. The accelerometer. i the
packaging shown in Figure 6,18, is manufactured by Analog Devices (and is connected

Figure 6.18
MEMS accelerometer (Analog Dewices)
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Figure 6.19

VI for use with accelerometer

readily with the filter). Examine the output of the filter on an oscilloscope to ensure that
Assuming that the accelerometer 1s
without any added

the signal trom the acceleros et makes sense

1]

condition, 1.

attached (o the base of the fan (in normally operating
mass (o create rotor unbalance) you should see the fan frequency on the oscilloscope,
The accelerometer may have an offset that can be removed in the next siep.
69, Usingthe Vldevelc arhier, produce the offset necessary (o eliminate the accelerometer

offset

6.10.  Given the frequency of the fan at its high setting, calculate the comer frequency
that would be needed 1o filter the rotational speed of the fan. You may use the same
filter that you used previously or, if the comer frequency is very different, you may
change your resistances to achieve a better design. In addition, you will need to

aplifier 1 amplity the accelerometer voltage and subtract

ed e

merease the gain of your

olf the DC offts

6.11 ¢ effects of adding an imbalance to the fan. Power down the board,
wed tan, and connect the unbalanced fan following the same
proce ‘
6.12. Modity the filter in 17 so that it allows a dial gauge [] to represent a, the

filter parameter. This is a simple modification but allows you to better understand

the filter structure
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6.13.  Create acase diagram to allow multiple types of noise (uniform, eic.) to be added t the
signal in Figure 6.12. Does changing the wave type seem to have any effect on the
quality of the filtered output? Does the filter reproduce each wave exactly?

6.14. What effect does changing the frequency have on the spectrum of Gltered and
unfiltered signals? What happens to the frequency spectrum of the filiered signal at
high frequencies”

6.15. What is the effect of noise amplitude? What happens when it is small? What is the
result when it geis 1o be the same amplitude as that of the signal, or larger? How did
changing the noise amplitude atfect the frequency spectrum? What information does
this give you?

6.1

)

Tn using unbalanced fan vibration as the source of your measurements, compare
the filtered responses at low and high speeds with unfiltered responses. For which
fan speed is the filtered response cleaner? How does this relate to your cutoff
frequency?

For the experiments discussed carlier the fan speeds were fairly close. so designing

a filter that would be acceptable for both speeds is not very difficult. What are some
of the problems with trying to use the same filter design if the two speeds are drastically
differem? (Hint: If the speed is low. how will the noise frequencies change?)

What are some potential problems of using filters in real systems? (Hint: In the carlier
exercises, we knew exacrly what we were looking for. What if we do not?)

6.19. Why does high-frequency noise get reduced in low-pass digital filters?

6.20. Would using more sample points in the filter be beneficial in eliminatng high

frequency noise? What would happen if too many points are used, that is. close to the
total number of data points collected?

617,

6.18.

6.21.  What are some potential problems of using filters in real sysiems? (Hint: Think if vou
need data in real nme and a higher order filier 1s needed.) ;
6.6 Appendix
6.6.1 Simple Filter Solution
We start with
V 1
¥ r5 4 | (6.4

Assunung sinusoidal functions of the form
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We have the following partial fraction exapansion
1 wV, A B (¢ (6.15)

—_———t e} -
s+l 4+ s+ 1/t J+jw+s-}w

Vo =

_ where
'! A wV, ot 6.16
| A= lim (s +1/0)0(s) = QT il s (6.16)
i ol
' = + J)Vu(5) = e 6.17
| B : I‘m;l“(x Jo)v.(s) Fernian (6.17)
wV,
> = = ja)e(s) = 6.18
o, ‘ly:‘ (5 — jov(s) G0 (6.18)
Now noting that
V(1) = Ae™" 4 B 4 Ce™™ (6.19)
and that the first term dies out with time, we look at the steady state value of v, (1) as
Sl aV, ol i (6.20)

(—jra + 1)(—71,':.:) " o+ Dz
and further into
(e + 1)V, (-mu+l)V. L

= 0.
R Ty T 1 L v T ¥
and further into
Vi
volo) TN ‘(Um‘ 1)e ™~ (—jto + 1))
and
olt) ‘V”( ,’) (e 4 &) — (e** = &™)
and
in{e!)
vol1) Ty e (o) = Ysin(r))
and
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and
vo(f) = Vi(—sin(¢) cos{@s) + cos(¢) sin(en)) (6.26)
where tan(¢) = 7. We thus have

vo(1) = Visinjext — @) (6.27)

6.6.2 Matlab Solution to the Butterwerth Filter Design

As you observed simple first-order filters may do well for climinating random noise, but they

do not do well at attenuating signals with a certain frequency. For this reason. there are many
other digital-filtering approaches. Many revolve around designing an analoguc filter and
approximating it as a digital filter. Thisis the case for the Butterworth filter. Luckily, this design
process can be d nicely using Matlab. Matlab acommand called butter to generate
the coefficients for a filter with a certain order and cutoff frequency. A sample command is
ven here.

..nsd\ /:t“ A

>> Majsbutter(10.1)
b= 40087 GOUST Q0029

N
B b b

4= 10008 ~23N1 L9054 -5
PR e

% 2 2 a

The Just given a third-order Butterworth filter. The first term in the
command (3 in this example) is the order of the filter. By setting this term, vou can control how
many past data points the filter uses. The second term in the argument is the ratio of the cutoff
frequency to the Nyquist frequency. The Nyquist frequency is one-half of the sampling rate, so
this ratio, 1, is given by 3

These frequencies are both given in Hz, which makes 7 a unitless quantay Ity Hmportant to note
that digital filters only filter frequencies relative 1o the sampling frequency. 1f the catoff
frequency ix increased and the sampling frequency is increased by the same amount, the same



1
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result is achicved. In addition, the i value of 7 is 1.0 (why do you think this 157).
However, this would pond to an ltered

Recall that the equation for the filter is given by

1
Y= a—( @r¥io1 — @iz — a3y o+ ot + byg_y +baga + bytte-3)-
0

The b vector contains the b, coefficients. The leftmost number corresponds to hy. The next
number corresponds to by and so on. The coefficients of « are given by the next vector. Notice
that our Butterworth filter has an a, term. This isn't present in the main part of the lab, The
reason for this is that the term is always set 1o be 1, as seen by the values of a given earlier. So,
realizing that a, is always one allows us to sumplify this expression into the following:

¥e = @iy = @e-2 = as¥i-s + bot + by <+ Batg 2 + b3

Here are a few additional examples of Butterworth filter designs:

>> [ba] = buner (3,0.05)

b = 0.0004 0.0012 0.0012 0.0004

a = L0000 —2.6862 24197 —0.7302
>> [b,a) butter (3,0.2)

b = 00181 0.0543 0.0543 00181

a = L0000 —1.7600 1.1829 -0.2781

For more information on this subject, see Digital Signal Processing by Proakis and Maolakis.
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7.1 Introduction

The mode of operation of most measuring instruments is 1o convert the measured uantity
into an electrical signal. Usually, this output quantity is in the form of voliage, although m-hn
forms of output, such as signal frequency or phase changes, are sometimes found.

We shall leam in this chapter that the magnitude of voltage sgnals can be measured by vanous

electrical indicating and test mstruments. These can be divided broadly mto electrical

Nrasmresent 1o tatromeatason: Theary sad \piasen
© 2612 Bluevier o, AR ights rceved
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meters (in both analoguc and digital forms) and various types of oscilloscopes. As well as signal
level voltages, many of these instruments can also measure higher magnitude voltages, and
this is indicated where appropriate. The oscilloscope is particularly useful for interpreting
instrument outputs that exist in the form of a varying phase or frequency of an electrical signal.

Electrical meters exist in both digital and analogue forms, although use of an analogue form
now tends to be restricted to panel meters, where the analogue form of the output display
means that abnormal conditions of monitored systems are identified more readily than is the
case with the numeric form of output given by digital meters. The various forms of digital and
analogue meters found commonly are presented in Seciions 7.2 and 7.3,

The oscilloscope is a very versatile measuring instrument widely used for signal measurement,
despite the measurement accuracy provided being inferior to that of most meters. Although
existing in both analogue and digital forms, most instruments used professionally are now
digital, with analogue versions being limited to inexpensive, low- ification i

intended for use in cducational establishments. Although of little use (o professional users,
the features of analogue instruments are covered in this chapter because students are quite
likely to meet these when doing practical work associated with their course. As far as digital
oscilloscopes are concermed, the basic type of instrument used 1s known as a digital storage
ascilloscope. More recently, digital phosphor oscill have been il d, which have a
capability of detecting and recording rapid transients in voltage signals. A third type is the
digital sampling oscilloscope, which is able 1o measure very high-frequency signals. A fourth
and final type is a personal computer (PC)-based oscilloscope, which is effectively an add-on
unit 1o a standard PC. All of these different types of oscilloscopes are discussed in Section 7.4,

7.2 Digital Meters

All types of digital meters are basically modified forms of the digital volimeter (DVM),
imespective of the quantity that they are designed to measure. Digital meters designed to
meastre quantities other than voltage are, in fact, digital voltmeters that contain appropriate
electrical circuits (o convert current or resistance measurement signals into voltage signals.
Digital muldtimeters are also essentially digital voltmeters that contain several conversion
the measurement of voltage. current, and resistance within one

circuits, thus allowing
instrument

Digital meters have been developed 1o satisty a need for higher measurement accuracies and a
faster speed of response (o voltage changes than can be achieved with analogue instruments.
They are technically superior to analogue meters in almost every respect. The binary nature of
the output reading from a digital instrument can be applied readily to a display that is in the form
of discrete numerals. Where human operators are required to measure and record signal voltage
levels, this form of output makes an important contribution to measurement reliability and
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accuracy, as the problem of analogue meter parallax error is climinated and the possibility of

gross error through misreading the meter output is reduced greatly. The availability in many

instruments of a direct output in digital form is also very useful in the rapidly expanding
range of computer control applications. Quoted maccuracy values are between £0.005%
(measuring d.c. voltages) and +2%. Digital meters also have very high input impedance
(10 MQ compared with 1 -20 K€ for analogue meters), which avoids the measurement system
loading problem (see Chapter 3) that occurs frequently when analogue meters are used.
Additional advantages of digital meters are their ability 1o measure signals of frequency up o |
‘MHz and the common inclusion of features such as automance ranging, which prevents overload
and reverse polanty connection, elc.

erts the analogue voltage being

ital voltmeter is the circuitry that con
1 quantity. As the dymeasures d.c. quantities in its basicmode,
another necessary component within it 1s onc that performs a.c.~d.c. conversion and thereby
gives it the capacity to measure a.c. signals. After conversion, the voltage value is displayed by
means of indicating tubes or a set of solid-state light-emitting diodes. Four-, five-, or even
six-figure output displays are used commonty, and although the instrument itself may not be
inl some analogue types, this form of display enables measurements to
be recorded with much greater sccuracy than that obtainable by reading an analogue meter scale

The major part of a di

Digital voltmeters differ mainly in the technique used to affect the analogue-to-digital
conversion between the measured analogue voltage and the output digital reading. As a general
rule, the more expensive and complicated conversion methods achieve a faster conversion
speed. Some common types of DVM are discussed here

7.2.1 Voltage-to-Time Conversion Digital Voltmeter

This is the simplest form of DVM and is a ramp type of instrument. When an unknown voltase
signal is applied to input terminals of the instrument, a negative slope ramp waveform is )
generated intemally and compared with the mput signal. When the two are equal, a pulse is
generated that opens a gate, and at 2 later point in time & second pulse closes the gate when
the negative ramp voltage reaches zero. The length of time between the
closing is monitored by an electronic counter, which produces 1 d y according to the
level of the input voltage signal. Its main drawbacks are nonlincantics in the shape of the
ramp waveform used and lack of noise rejection: these problems Jead 1o a ty pical inaccuracy
of £0.05%. It is relatively inexpensive, however

7.2.2 P i ic Digital Voltm

This uses a servo principle, m which the error between the unknown mput voltage level and
a reference voltage is apphied w a servo-dniven potentiometer that adjusts the referciice
voltage until it balances the unknown voltage. The output reading is produced by a mechanical

c opening and

1tal displ
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drum-type digital display driven by the potentiometer. This 1s also a relatively inexpensive form
of DVM that gives excellent performance for its price.

7.2.3 Dual-Slope Integration Digital Voltmeter

This is another relatively simple form of DVM that has better noise-rejection capabilities than
many other types and gives corresp 2ly better aceuracy (i y as low
as £0.005%). Unfortunately, it is quite expensive. The unknown voltage is applied to an
miegrator for a fixed time, 75, following which a reference voltage of opposite sign is applied to
the integrator, w huh tlI\L hm es down to a zero output in an interval, 75, measured by a counter.

The outpu orthei is shown in EFigure 7.1, from which the unknown
voltage, V,, can be ulsul.xlul geometrically from the triangle as
o« = Vigg(Ty/T3). (7.1)

7.2.4 Voltage-to-Frequency Conversien Digital Voltmeter

In this instrument, the unknown voltage signal is fed via a range switch and an amplifier into
A converter circuit whase output is in the form of a train of voltage pulses at a frequency
proportional (o the magnitude of the input signal. The main advantage of this type of DVM is its
ability to reject a.c. noise

7.2.5 Digital Multimeter

This is an extension of the DVM. It can measure both a.c. and d.c. voltages over a number of
ranges through inclusion within it of & set of switchable amplifiers and attenuators. It is used
widely in circuit test applications as an al ive to the analog i and includes
protection circuits that prevent damage if high voltages are applied (o the wrong range.
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Figure 7.1 A
Output-time relauonship for an ntegrator in a dual-slope digital voltmeter.
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7.3 Analogue Meters

Despite the technical superiority of digital meters, particularly in terms of their greater accuracy

and much higher input impedance, analogue meters continue (0 be used in 4 sienificant number
of applications, First, they are often preferred as indicators in system conirol panels. This is
because deviations of controlled parameters away from the normal expected range are spotied
more casily by a pointer moving againsta scale in an analogue meter rather than by variations in
the numeric output display of a digital meter. A typical, commercially available analogue panel
meter i shown in Figure 7.2. Analogue instruments also tend to suffer less from noise and
isolation problems, which favor their use in some applications. In addition, because analogue
instruments are usually passive instruments that do not need a power supply. this is often very
useful in measurement applications where a suitable main power supply is not readily available.
Many examples of analogue meters 2lso remain m use for historical reasons

Analogue meters are electromechanical devices that drive a pointer against a scale. They are
prone (o measurement errors from a number of sources that include inaccurate scale marking
during manufacture. bearing friction, bent pointers, and ambient temperature variations.
Further human errors are introduced through parallax error (not reading the scale from directly
above) and mistakes in interpolating between scale markings. Quoted inaccuracy values are
between £0.1 and =3%. Various types of analogue meters are used as discussed here

7.3.1 Moving Coil Meter

A moving coil meter is a very commonly used form of analogue voltmeter because of us
sensitivity, accuracy, and linear scale, although it only respoads to d.c. signals. As shown
schematically in Figure 7.3, it coasists of a rectangular coil wound round a :uu won core that i
pended in the field of ap magnet. The signal being measured is applicd to the coil
which produces a radial magnetic field. Interaction between this induced ficld and the ficld

—

Figure 7.2

Elime analogue panel meter (reproduced by permission of Eltiem
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Figure 7.3
Mechanism of a mowing coil meter.

produced by the permanent magnet causes torque, which results in rotation of the coil.
The amount of rotation of the coil is measured by attaching a pointer 1o it that moves past
& graduated scale. The theoretical torque produced is given by

T=BlhwN, (12)

; where B is the flux density of the radial field. £ is the current flowing in the coil, 4 the height °f
the coil, w is the width of the coil, and N is the number of tums in the coil. If the iron core is
©ylindrical and the air gap between the coil and pole faces of the permanent magnet is uniform,
then the flux density B is constant and Eguation (7.2) can be rewritien as

T=KF (7.3)
that is, torque is proportional 1o the coil current and the instrument scale is linear.

As the basic instrument operates at low current levels of one milliamp or so, it is only suitable

for measuring voltages up 10 around 2 volis. If there is a requirement to measure higher
: voltages, the measuring range of the instrument can be increased by placing a Nﬂmﬂ“ in
'| series with the coil, such that only a known ion of the applied voltage i by the
meter. In this situation the added resistance is known as a shunting resistor,
While Figure 7.3 shows the trad 1 moving coil ith along U-shaped
magnet, many newer instrumients employ much shorter magn d ly developed

magnetic materialy such as Alnico and Alcomax. These materials produce u substantially
greater flux density, which, in addition t allowing the magnet 0 be smaller, has additional
advantages i allowing reductions to be made in the size of the coil memw?ﬂe
range of deflection of the coil to about 1207, Some versions of the lso ha ther a
specially shaped core or specially shaped magnet pole faces to cater for special situations where
anonhinear scale. such as & logarithmic one, is required.

am
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7.3.2 Moving Iron Meter

As well as measuring d.c. signals, the moving iron meter can also measure a.c. signals at
frequencies up to 125 Hz. Tt is the least expensive form of meter available and, consequently,
this type of meter is also used commonly for measuring voltage signals. The signal to be

measured is applied to a stationary coil. and the associated field p

ced is often

by the presence of an iron structure associated with the fixed coil. The moving element

lified

in the instrument consists of an iron vane suspended within the field of the fixed coil.
When the fixed coil is excited, the iron vane tums in a direction that increases the flux

through it

The majonity of moving-iron instruments are either of the altraction type or of the

pulsion type. A few i

belong to a third combination type. The attractuon

type. where the iron vane is drawn wto the field of the coil as the current is increased,

is shown schematically i Fipwie 7

44. The altemative repulsion type is sketched in

Figure 7.4b. For an excitation current. /. the torque produced that causes the vane to

tum is given by

PaM
T 20

where M is the mutual inductance and 8 is the angular deflection. Rotation is opposed by &

spring that produces a backwards torque given by

T, = Ko,

ron vane

bon vane

(a)

o
Figure 7.4

Mechanisms of moving wron meters: (2) attraction type ar

on type
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Atequilibnum, 7 = 7', and 0 is therefore given by
PaM
=i 4
9 2Kd0 14
The i thus has a square-l: where the deflection is p 1o th
of the signal being measured, that is, the uutpul reading isa mmn«squnrod (rm.s. )qulnnly

The instrument can typically measure voltages in the range of 0 to 30 volts. However, it can be
modified to measure higher voltages by placing a resistance in series with i, as in the case of
moving coil meters. A scries resistance is particularly beneficial in a.c. signal measurements
because it compensates for the effect of coil inductance by mdncmg the wul ntlil!m-‘t/
inductance ratio, and hence accuracy is improved. A ble series

18 often provided within the casing of the instrument 1o facilitate range extension. However,
when the voltage measured exceeds about 300 volts, it becomes impractical to use a series
wsistance within the casc of the instrument because of heai-dissipation problems, and an
external resistance is used instead.

7.3.3 Clamp-on Meters

These are used for measuring circuit currents and voltages in a noninvasive manner that
avoids having 1o break the circuit being measured. The meter clamps onto a current-camying
conductor, and the output reading is obiained by transformer action. The principle of operation
15 illusteated i Vipuie 75, where it can be seen that the clamp-on jaws of the instrument act as
4 transformer core and the current-carrying conductor acts as a primary winding. Current
induced in the secondary winding is rectified and applied to a moving coil meter, Although itis

igure 7.5
Schemauc drawing of a clamp-on meter.
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avery 1ent i 1o use, the clamp-on meter has low seasitivity and the minimum
current measurable 15 usually about 1 amp
7.3.4 Analogue Multimeter
The analogy 1 is now les: than its ¢ part, the digital mul butis
sull widely available. Itis a ifunction i that can measure current and resistance,

as well as d.c. and a.c. voltage signals. Basically. the instrument consists of a moving coil
analogue meter with a switchable bridge rectifier to allow it to measure a.c. signals, as shown in
Figure 7.6. A set of rotary switches allows the selection of various series and shunt resistors,
which make the instrument capable of measuring both voltage and current over a number of
ranges. An internal power source is also provided 1o allow it to measure resistances as well.
‘While this instrument is very useful for giving an indication of voltage levels, the compromises
in its design that enable it to measure so many different quantities necessarily mean that its
accuracy is not as good as that are purposely designed 10 measure just one quantity
over a single measuring range.

7.3.5 Measuring High-Frequency Signals with Analogue Meters

One major limitation in using analogue meters for a.c. voltage measurcment is that the
maximum frequency measurable directly is low—2 kHz for the dynamometer voltmeier and
only 100 Hz in the case of the moving iron instrument. A partial solution to this limitation is 1o
rectify the voltage signal and then apply it to 3 moving coil meter, as shown i re This
extends the upper measurable frequency fimit to 20 kHz. However, inclusion of the bridge
rectifier makes the measurement system particularly sensitive to environmental temperature

Figure 7.6

Circuitry of an analogue multmeter
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Figure 7.7
Measurement of high-frequency voltage signals,

changes, and nonlinearities significantly affect measurement accuracy for voltages that are
small relative to the full-scale value.

7.3.6 Calculation of Meter Outputs for Nonstandard Waveforms
The two examples given here provide an exercise in calculating the output reading from various

types of analogue volumeters. These examples also serve as a useful reminder of the mode of
operation of cach type of meter and the form that the output takes.

Example 7.1
Caleutate th rwid be observed on & moving toil anymetst when it 15
sh i Figure 7.8.
L]
® Solution
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7.4 Oscilloscopes

The oscilloscope is probably the most ile and usetul i ilable for signal

measurement. While oscilloscopes still exist in both analogue and digital forms, analogue

models tend to be low specification, low-cost produced for ional use in

schools, colleges, and universities. Almost all oscilloscopes used for professional work now

tend 1o be digital models. These can be divided into digital storage oscilloscopes, digital
hosph cill and digital ling oscilloscopes.

The basic function of an oscilloscope is to draw a graph of an electrical signal. In the most
common arrangement, the v axis (vertical) of the display represents the voltage of a measured
signal and the x axis (horizontal) represents time. Thus, the basic output display is a graph of the
vanation of the magnitude of the measured voltage with ume.

The oscilloscope is able to measure a very wide range of both a.c. and d.c. voltage signals and i
used particularly as an item of test equipment for circuit fault finding. In addition to measuring
voltage levels, it can also measure other quantities. such as the frequency and phase of a signal.
It can also indicate the nature and magnitude of noise that may be corrupting the measurement
signal. The most expensive models can measure signals ai frequencies up 10 25 GHz, while the
least expensive models can only measure signals up to 10 MHz. One particularly strong merit of
the oscilloscope is 1ts high input impedance, typically | M, which means that the instrument
has a negligible loading effect in most ions. As a test i itis
often required to measure voltages whose frequency and magnitude are totally unknown.
The set of rotary switches that alter its time base so easily. and the circuitry that protects it
from damage when high voltages are applied to it on the wrong range, make it ideally suited for
such applications. However, it is not a particularly accurate instrument and 15 best used where
only an approximate measurement is required. In the best i can be
limited to + 1% of the reading, but inaccuracy can approach + 5% in the least expensive
instruments.

The most important aspects in the specification of an oscilloscope are its bandwidih, rise time,
and accuracy. Bandwidth is defined as the range of frequencies over which the oscilloscope

amplifier ain is within 3 dB* of its peak value, as illustrated in Figure 7.9, The — 3-dB pointis
where the gain is 0.707 times its maximum value. In most oscilloscopes, the amplifier is direct
coupled, which means that it amplifies d.c. voltages by the same factor as low-frequency a.c.
ones. For such instruments, the minimum frequency measurable is zero and the bandwidth can
be interpreted as the maximum frequency where the sensitivity (deflection/volt) is within 3 dB
of the peak valuc. In all measurement situations, the oscilloscope chosen for use must be such

* The decibel, commonly writien dB, (s wsed 10 expross the ratio between two quaniitics. For two voliage levels, ¥y
and 'V, the ditforence between the twa lovels is expressed in decibels as 20l0gy(Vi/Va), It follows from this that

2log,,(0.7071) Jan
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that the maximum frequency to be measured is well within the bandwidth. The —3-dB

specification means that an oscilloscope with a specified inaccuracy of +2% and a bandwidth
of 100 MHz will have an inaccuracy of = 5% when measuring 30-MHz signals: this inaccuracy

will increase still further at higher frequencies. Thus, when applied to signal-amplitude
measurement, the oscillostope is only usable at frequencies up to about 0.3 K nes its specified
bandwidth.
Rise time is the transit ime between 10 and 90% levels of the response when a step inpul is
applied to the oscilloscope. Oscilloscopes are normally designed such that

bandwidth x rise time = 0.35

Thus, for a bandwidth of 100 MHz, rise time = 0.35/100.000.000 — 3.5 ns
All oscilloscopes are relatively complicsted instruments constructed from a number of
subsystems, and it is necessary to consider each of these in twm in order (o understand how the
complete nstrument functions. To achieve this, it s useful o start with an explanation of an
analogue oscilloscope, as this was the onginal form in which oscilloscopes were made and
many of the terms used to describe the function of oscilloscopes emanate from analogue forms.

7.4.1 Analogue Oscilloscope (Cathode Ray Oscilloscope)

Analogue oscilloscopes were originally called cathode ray oscilloscopes because a fundsmental
component within them is a cathode ray twbe. In recent tmes, digital oscilloscopes have almost
entirely replaced analogue versions in professional use. However, some v
versions of analoguc oscilloscopes still exist that find educational uses in schools colleges, and

y inexpensive
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universities. The low cost of basic analogue models is their only ment, as their inclusion of a
cathode ray tube makes them very fragile, and the technical p of digital equival
is greatly supenior.

The cathode ray tube within an anal 05 pe 1s shown in Figure 7.10.
The cathode consists of a4 barium and strontium oxide-coated. thin, heated filament from
which a stream of electrons is emitted. The stream of electrons is focused onto a well-defined
spot on a fluorescent screen by an electrostatic focus ystem that consists of a series of metal
discs and cylinders charged at various potentials. Adjustment of this focusing mechanism is
provided by a focus control on the front panel of an oscilloscope. An intensity control varies the
cathode heater current and the rate of ion of el and thus adjusts the
mtensity of the display on the screen. These and other typical controls are shown in the
illustration of the front panel of a simple oscilloscope given in Figure 7.1, It should be noted
that the layout shown is only one example. Every model of oscilloscope has a different layout of
control knobs, but the functions provided remain similar irrespective of the layout of the
controls with respect 1o cach other.

Application of potentials to two sets of deflector plates mounted at right angles to one another
within the wbe provide for deflection of the stream of electrons, such that the spot where the
electrons are focused on the sereen is moved. The two sets of deflector plates are nomally known
as horizontal and vertical deflection plates, according to the respective motion caused (o the spot
on the sereen. The magnitude of any signal applied to the deflector plates can be caleulated by
measuring the deflection of the spot against a cross-wires graticule etched on the screen.

Channel

One channel describes the basic subsysiem of an electron source, focusing system, and
deflector plates. This subsystem is often duplicaied one or more times within the cathode ray
tube 1o provide a capability of displaying two or more signals at the same time on the screen.

Cathode Focusing Deflecuor Fluorescent
ol
plates plates ven :
sen
Figure 7.10

Cathode ray tube

L
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Controls of a sunple oscilloscope

‘The common oscilloscope configuration with two channels can therefore display two separate
signals simultancously.

Single-ended input

This type of input only has one input terminal plus a ground terminal per oscilloscope chasnel
and, consequently, only allows signal voltages to be measured relative o ground. 1t is normally
only used in simple oscilloscopes.

Differential input

This type of input is provided on more expensive oscilloscopes. Two input terminals
plus & ground terminal are provided for each chanoel, which allows the potentials at two
nongrounded points in a circuit 1o be compared. This type of input can also be used in
single-ended mode (o measure a signal relative to ground by using just one of the npuot
terminals plus ground.
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Time base circuit

The purpose of a time base is 1o apply a voltage to the horizontal deflector plates such that the
horizontal position of the spot is proportional to time. This voltage, in the form of a ramp.
known as 4 sweep waveform, must be applied repetitively. such that the motion of the spot
across the sereen appears as a straight line when a d.c. level is applied to the input channel,
Furthermore, this time base voltage must be synchronized with the input signal in the general
case of a ime-varying signal, such that a steady picture is obtained on the oscilloscope screen,
The length of time taken for the spot 1o traverse the screen is controlled by a rme/div switch,
which sets the length of time taken by the spot 1o travel between two marked divisions on the
screen, thereby allowing signals at a wide range of frequencies to be measured.

Eachcycle of the sweep waveform is initiated by a pulse from a pulse generator The input to the
pulse generator is a sinusoidal signal known as a triggering signal. with a pulse being generated
every time the triggering signal crosses a preselected slope and voltage level condition, This
condition is defined by trigger level and trigger slope switches. The former selects the voltage
level on the trigger signal, commenly zero, at which a pulse is generated, while the latter selects
whether pulsing occurs on a positive or negative going part of the triggering waveform,

Synchronization of the sweep waveform with the d dis achi ily by denving
the tngger signal from the i signal, a procedure k as internal mggering. Al i
exiernal triggering can be applied if the frequencies of the triggering signal

related by aninteger constant such that the display ionary. luiggering i ywhen

the amplitude of the measured signal is too small to drive the pulse generator; it is also used in
applications where thete 18 a requirement to measure the phase difference between (wo sinusoidal
signals of the same frequency. Tt is very convenient to use 50-Hz line voltage for extemal tnggering
when measuring signals at mains frequencys this is often given the name line rggering.

Vertical sensitivity control

This consists of & series of attenuators and preamplifiers at the input to the vscilloscope.
These condition the measured signal to the optimum magnitude for input 10 the main amplifier
and vertical deflection plates, thus enabling the instrument 1o measure  very Wide range of
different signal magnitudes. Selection of the appropriate input amplifi is made
by setting @ volrs div control associated with each oscilloscope channel. This defines the
magnitude of the input signal that will cause a deflection of one division on the screen.

Display position control

This allows the position at which a signal is displayed on the screen to be commlla.! in

two ways. The horizontal position is adjusted by a horizontal position knob on the oscilloseope
front pancl, and similarly a vertical position knob controls the vertical position. These controls
adjust the position of the display by biasing the measured signal with d.c. voltage levels.
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7.4.2 Digital Storage Oscilloscopes

Digital storage oscilloscopes are the most basie form of digital oscilloscopes but even these
usually have the ability 10 perform extensive wavelom processing and provide permanent
storage of measured signals. When first created, & digital storage oscilloscope consisted of a
conventional analogue cathode ray oscilloscope with the added facility that the measured
analogue signal could be converted to digital format and stored 1 compuier memory w ithin the
instrument. These stored data could then be reconverted to analogue form at the frequency
necessary to refresh the analogue display on the screen, producing a nontading display of the
signal on the screen.

While examples of such early digital oscilloscopes might sull be found in some workplaces,
modem digital storage oscilloscopes no longer use cathode ray twbes and are entirely digital in
construction and operation. The front panel of any digital oscilloscope has a similar basic
layout to that shown for an analogue oscilloscope in Figure 711, except that the controls for
“focusing” and “intensity” are not needed in a digital instrument. The block diagram in
Figure 7.12 shows typical componeats used in the digital storage oscilloscope. A typical
commercial instrument was also shown earlter in Figure 5.1. The first component (as in an
analogue oscilloscope) is an amplifier/attenuator unit that allows adjustment of the magnitude
of the input voltage signal to an appropriate level. This is followed by an analogue-to-digital
converter that samples the input signal a1 discrete points in time. The sampled signal values are
stored in the acquisition memory component before passing info a microprocessor, This camies
out signal processing functions, manages the front panel control settings, and prepures the
output display. Following this, the output signal is stored in a display memory module before
being output to the display itself. This consists of either a monochrome or a multicolor ligud
crystal display (see Chapter 8). The signal displayed is actually a sequence of individual dots
rather than a continuous line as displayed by an analogue oscilloscope. However, as the density

of dots increases, the display becomes closer and closer 10 a continuous line. The density of the

e

memory v
Dsplay

OPIOCESSOr

Figure 7.12

Components of a digital storage oscilloscope
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dots is entirely dependent on the sampling rate at which the analogue signal is diguized and
the rate at which the memory contents are read to reconstruct the original signal. As the
speed of sampling and signal processing is a function of instrument cost, more expensive
mstruments give better performance in terms of dot density and the accuracy with which the
analogue signal is recorded and rey 1. N heless, the cost of puting power is
now sufficiently low to mean that all but the least expensive instruments now have a display that
looks very much like a continuous trace.

In addition to their ability to display the magnitude of voltage signals and other parameters,
such as signal phase and frequency, most digital oscilloscopes can also carry out analysis of the
measured waveform and compute signal such as i and mini signal
levels, peak-peak values, mean values, r.m.s. values, rise time, and fall time. These additional
functions are controlled by extra knobs and push buttons on the front panel. They are also
ideally suited to capturing transient signals when set to single-sweep mode. This avoids the
problem of the very careful synchronization that is necessary to capture such signals on an
analogue oscilloscope. In addition, digital oscilloscopes often have fucilities to output analogue
signals 1o devices such as chart recorders and output digital signals in a form compatible with
standird interfaces such as TEEE488 and RS232.

The principal limitation of a digital storage oscilloscope is that the only signal information
capiured is the status of the signal at each sampling instant. Thereafier, no new signal information
s capured during the time that the previous sample is bemg processed. This means that any signal
changes occurming between sampling instants, such as fast transients, are not detected. This
problem is overcome in the digital phosphor oscilloscope.

7.4.3 Digital Phosphor Oscilloscope

This newer type of oscilloscope, first inroduced in 1998, uses & pmalldfmcmms architeeture
mstead of the serial-processing architecture found in digital s
of the instrument are shown schematically in Figure 7.13 mmphﬁn/mcnumqrund analogue-
pe. However, the signal p
mechanism i substantially different. Output from the analogue-to-digital converter passes into
a digital phosphor memory unit, which is, in fact, entirely electronic and not composed of

¢ as ils name might imply. Therealter, data follow two parallel palplx. Finst, &
microprocessor processes data acquired at cach sampling mstant according to the seitings on the

control pancl and sends the processed signal to the instrument display unit. In addition to this, &

snapshot of the input signal is sent directly to the display unit at & rate of 30 images per second.
This enhanced processing capability enables the mstrument to have a higher waveform capiure
rate and 1o detect very fast sipnal transients missed by digital storage oscilloscopes.

to-digital converter are the same asin a digital storage osc

chemical phosph
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Figure 7.13

Components of a digital phospher escilloscope

7.4.4 Digital Sampling Oscilloscope

The digital sampling oscilloscope has a bandwidth of up to 25 GHz, which is about 10 times
better than that achieved by other types of oscilloscopes. This increased bandwidth is achieved
by ing the posy of the anal digital converter and the amplificr, as shown in the
block diagram in Figure 7.14. This reversal means that the sampled signal applied to the
amplifier has a much lower frequency than the original signal, allowing use of a low bandwidith
amplifier. However, the fact that the input signal is applied directly to the analogue-to-dignal
converter without any scaling means that the instrument can only be used 10 measure signals
whose peak magnitude 1s within a relatively small range of typically 1 volt peak-peak In
contrast, both digital storage and digital phosphor oscilloscopes can typically deal with mputs
up 1o 500 vols.
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7.4.5 Personal Computer-Based Oscilloscope

A PC-based oscilloscope con of a hard unit that to a standard PC via
either & USB or a parallel port. The hardware unit provides signal scaling, analogue-10-
digital conversion, and buffer memory fi i found in a ional oscilloscope. More

expensive PC-based oscilloscopes also provide some high-speed digital signal processing
functions within the hardware unit. The host PC itself provides the control interface and
display facilities.

The primary advantage of a PC-based oscilloscope over other types is one of cost: the cost
saving is achieved because use of the PC obviates the need for & display unit and front
control panel found in other forms of oscilloscopes. The larger size of a PC display. compared
with a conventional oscilloscope often makes the output display easier to read. A further
advantage is one of portability, as a laptop plus add-on hardware unit is usually smaller and
lighter than a conventional oscilloscope. PC-based oscilloscopes also facilitate the transfer of
output data into standard PC software such as dshy and word p

Although PC-based oscilloscopes have a number of Hages over ional B
they also have disad ges. First, ek ic noise oniginating in PC circuits requires
the hardware unit to be well shielded in order 10 avoid corruption of the measured signal.

Second, signal sampling rates can be limited by the mode of connection of the hardware unit
nto the PC

7.5 Summary

This chapter looked at the various ways of measuring electrical signals that form the output
of most types of measuring instruments. We noted that these signals were usually i the form
of varying voltages, although a few instruments have an output where either the phase or
the frequency of an electrical signal changes. We observed that varying voltages could be
measured either by electrival meters or by one of several forms of oscilloscopes. We also
leamed that the latter are also able to interpret frequency and phase changes in signals.

Our discussion started with electrical meters, which we found now mainly existed “‘ digital
form, but we noted that analogue forms also exist, which are mainly used as meters L wf‘"“‘
panels. We looked first of all at the various forms of digital meters and followed this with a
presentation on the types of analogue meters still in use.

Our discussion on oscilloscopes also revealed that both analogue and digital forms exist. but
we observed that analogue are now hmited to less expensive
versions used in education markets, However, because the students at which this l_ka is
aimed are quite likely 1o meet analogue oscilloscopes for practical work during their course,
we started off by looking at the features of such nstruments. We then went on o look at the
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four alternative forms of digital oscilloscope that form the basis for almost all oscilloscopes
used professionally. We leamned that the basic form is known as a digital storage oscilloscope
and that even this is superior in most respects to an analogue oscilloscope. Where better
rf¢ is needed, particularly if the observed signal has fast transients, we saw that a
new type known as a digital phosphor oscilloscope is used. A third kind, known as a digital
sampling oscilloscope, is designed especially for measuring very high-frequency signals,
However, we noted that this could also measure voltage signals that were up to 1 volt peak-
to-peak in magnitude. Finally, we looked at the merits of PC-based oscilloscopes. In addition
10 offering oscilloscope facilities at a lower cost than other forms of oseilloscopes, we leamed
that these had several other advantages but also some disadvantages.

7.6 Problems

7.1. Summarize the advantages of digital meters over their analogue counterparis.
7.2. Explain the four main aliemative mechanisms used for affecting analogue-to-digital
conversion in a digital volumeter.
7.3, What sort of appli are anal meters siill ¢ ly found in?
74. Explain the mode of operation of 2 moving coil meter.
7.5. Explain the mode of operation of a moving iron meter.
7.6. How does an oscilloscope work?
7.7. What are the main differences between analogue and digital oscilloscopes?
7.8. Explain the following terms: (a) bandwidth and (b) rise ume. In designing
oscilloscopes, what relationship is sort between bandwidth and nise time?
79. Explain the following terms in relation to an oscilloscope: (a) channel, (b) single-
ended input, (¢) differential input, (d) time base, (¢) vertical sensitivity, and (f) display
position control
Sketch a block diagram showing the main components in a digital storage oscilloscope
and explain the mode of operation of the instrument.
7.11. Drawa block diagram showing the mam components in a digital phosphor oscilloscope.
What advantages does a digital phosphor oscilloscope have over a digital storsge one
7.12. Nllustrate the main components in a digital sampling oscilloscope by skeiching 3 block
diagram of them. What performance advantages does a digital samipling oscilloscope
have over a digital storage one?
7.13. Whatis a PC-based oscilloscope? Discuss its advantages and disadvantages compared
with a digital oscilloscope
7.14. What are the main differences among a digital storage oscilloscope, a digital phasphor
oscilloscope, and a digital samplin,
their performance and typical usag

s
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oscilloscope? How do these differences affect
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8.1 Introduction

Earlier chapters in this book have been jall d with ing ways of
high-quality. error-free data at the output of & measurement system. Having gotten that data.

the next consideration is how to present it in  form where it can be readily used and analyzed.
This chapter th stants by 2 the techni available 1o either display measurement

Mot 1ad o wmcntoin: The smd Appiinn

o b AR g 183




184 Chapter 8

data for current use or record it for future use. Following this, standards of good practice for
presenting data in either graphical or tabular form are covered, using cither paper or 4 computer
monitor screen as the display medium. This leads to a discussion of mathematical regression
techniques for fiting best lines through data points on a graph. Confidence tests 1o assess the
correctness of the line fitted are also described. Finally, correlation tests are described that
determine the degree of assoctation between two sets of data when both are subject to random

fluctuanons.

8.2 Display of Measurement Signals

Measurement signals in the form of @ varying electrical voltage can be displayed cither by an
oscilloscope or by any of the electrical meters described carlier in Chapter 7. However, if
signals are converted to digital form, other display options apart from meters become possible,

such as electronic output displays or use of & computer monitor.

8.2.1 Electronic Output Displays

Electronic displays enable a parameter value to be read immediately, thus allowing for any
necessary response to be made immediately. The mam requirement for displays is that they
should be clear and unambiguous. Two common types of character formats used in displays
seven-segment and 7 x 5 dot matnix, are shown in Fipure ¥ 1. Both types of displays have the
advantage of being able to display alphabetic as well as numeric information, although the
seyen-segment format can only display a limited 9-letter subset of the full 26-letier alphabet
This allows added meaning to be given to the number displayed by including a word
code, It also allows a single display unit (o send information about several parameter values
cycling through each in tum and includimg alphabetic mformation to indicate the nature of
vanable currently displayed.

o lettor

Electronic output units usually consist of a number of side-by-side cells, where each cell
displays one character. Generally, these accept either serial or parallel di

al input signals, and
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Character formats used in electronic displays: (a) seven segment and (¢ |
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the mput format can be cither binary-coded decimal or ACSIL Technologics used for the
mdividual elements in the display are either light-emitting diodes or liquid-crystal elements.

8.2.2 Computer Monitor Displays

Now that computers are part of the furniture in most homes, the ability of computers to display
information is widely understood and appreciated. Computers are now both inexpensive and
tughly reliable and provide an excellent mechanism for both displaying and storing

As well as alphanumeric displays of industrial plant variable and status data, for which the plant
operator can vary the size of font used to display the mformation at will, it is also relatively 3
casy to display other information, such as plant layout diagrams and process flow layouts. This
allows notonly the value of parameters that go outside control limits to be displayed, butalso their
location on a schematic map of the plant. Graphical displays of the behavior of a measured
variable are also possible. However, this poses difficulty when there is a req to display
the variable's behavior over a long period of time, as the length of the time axis is constrained
by the size of the monitor’s screen. To overcome this, the display resolution has to decrease
as the time period of the display increases.

Touch sereens have the ability to display the same sort of information as a conventional
computer monitor, but also provide a command-input facility in which the operator simply has
to touch the screen at points where images of keys or boxes are displayed. A full “qwerty"
keyboard is often provided as part of the display. The sensing elements behind the screen are
protected by plass and continue to function even if the glass gets scratched. Touch screens are

usually totally scaled, thus providing intrinsically safe m

8.3 Recording of Measurement Data

As well as displaying the current values of measured parameters, there is often a need to make
continuous recordings of measurements for later analysis. Such records are particularly usfl‘ul
when faults develop in systems, as analysis of the changes in measured parameters in !h: e
before the fault s discovered can often quickly indicate the reason for the fault. Options

for recording data include chant recorders, digual oscilloscopes, digital data recorders, and
hard-copy devices such as inkjet and laser printers, The various types of recorders used are
discussed here

8.3.1 Chart Recorders

Chart recordens have particular adyantages in providing a non-corruptible record that has the
merit of instant “viewability.” This means that all but paperiess forms of chart m:ordcrf :
satisfy regulations set for many industries that require bles to be monitored and

continuously with hard-copy output. ISO 9000 quality assurance procedures and 1SO 14000
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environmental protection systems set similar requi nts, and special regulati in the
defense industry go even further by requiring hard-copy output to be kept for 10 years. Hence,
while many people have been predicting the demise of chart recorders, the reality of the
situation is that they are likely to be needed in many industries for many years (o come.

Originally, all chart recorders were electromechanical i operation and worked on the same

principle as a galvanometric moving coil meter (see analogue meters in Chapter 7) except that
the moving coil to which the measured signal was applied carried a pen, as shownin Figure 8.2,
rather than carrying a pointer moving against a scale as it would do in a meter. The pen drew an
ink trace on a strip of ruled chart paper that was moved past the pen at constant speed by an
electrical motor. The resultant trace on chart paper showed variations with time in the magnitude
of the measured signal. Even early recorders commonly had two or more pens of ditferent colors
50 that several measured parameters could be reconded simultancously.

The first improvement to this basic recording arrangement was to replace the galvanometric
mechanism with a servo system, as shown in Figure 83, in which the pen is driven by a
servomotor, and a sensor on the pen feeds back a signal proportional to pen position. In this
form, the instrument is known as a porentiomerric recorder. The servo system reduces the
typical inaccuracy of the recorded signal to £ 0.1%, compared to £ 2% in a galvanometeric
mechanism recorder. Typically, the measurement resolution is around 0.2% of the full-scale
reading. Originally, the servo motor was a standard d.c. motor, but brushless servo motors
are now invariably used 10 avoid the commutator problems that occur with d.c. motors.

The position signal is measured by a poteatiometer in less expensive models, but more
expensive models achieve better performance and reliability using a noncontacting ultrasonic
sensor to provide feedback on pen position. The difference between the pen position and

Rotatng
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Figure 8.2
Onginal form of gahanometnic chart r
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Servo system of a potentiometric chart recorder:

the measured signal is applud as an error signal that drives the motor. One consequence of this
clectromechanical balancing cha is that the i has a slow response umc.. n

the range of 0.2-2.0 seconds, which means that el chanical p
are only suitable for measuring d.c. and slowly time-varying signals.

All current potentiometric chart recorders contain a microprocessor controller, where _Ihc
functions vary according to the particular chart recorder. Common functions are sclection
of range and chart speed, along with specification of alanm modes and levels to detect
when measured variables go outside acceptable limits. Basic recorders can recond up o
three different signals using three different colored pens. However, multipoint recorders
can have 24 or more inputs and plot six or more different colored traces simultaneously.
As an alternative to pens, which can run out of ink at inconvenient times, recorders
using a heated stylus recording signals on heat-sensitive paper are available. Another
vanation is the circular chart recorder, 1 which the chart paper is circular in ﬂmpc,“"d
18 rotated rather than moving translationally. Finally, paperless forms of recorder exist
where the output display is generated entirely electronically. These various forms are
discussed i more detuil later,

Pen strip chart recorder

A pen stap chart recorder refers to the basic form of the electromechanical potentiometric
chart recorder mentioned earlier. 1t is also called a hybrid chart recorder by some manufacturers.
The word “hybrid” was used origmally to differentiate chan recorders that had a mw.mpmc.cssar
controller from those that did not. However, because all chart recorders now contain i micro-
processor, the term hybnd has become superfluous,

Strip chart recorders typically have up to three inputs and up o three pens in different colors,

g el |
allowing up 10 thice different signals to be recorded. A typical commercially Aymlahlchnuxlcmnn
is shown in | 4. Chart paper comes in either roll or fan-fold form. The drive mecl
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Figure 8.4
Honeywell DPR100 strip chart recorder (reproduced by permission of He

ywell International, Inc.)

can be adjusted to move the chart paper at different speeds. The fastest speed is typically
6000 mm/hour and the slowest is typically 1 mmbour

As well as recording signals as a continuous trace, many models also allow for the printing of
alphanumeric data on the chart to record date, tme, and other process information. Some
models also have a digital numeric display to provide information on the current values of
recorded varables.

Multipoint strip chart recorder

A multipoint strip chart recorder is a modification of the pen strip charnt recorder that uses a
dotmatrix print head striking against an ink ribbon instead of pens. A typical model might allow
up to 24 different signal inputs 10 be recorded simultancously using a six-color ink nbboa

1 recordens

Certain models of such recorders also have the same enhancements as pes stip ¢
in temms of printing alphanumeric information on the charn and providing a digital
output display.

Heated-stylus chart recorder

A heated-stylus chart recorder is another variant that records the inpot signal by applying
4 heated stylus (o heat-sensitive chart paper. The main purpose of this alicrative printing

chant recorders

mechanism is 1o avoid the problem experienced in other forms of paper-base
of pen cartridges or printer ribbons running out of ink af inconyenient L
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Circular chart recorder

A circular chart recorder consists of 4 servo-driven pen bly that records the d
signal on a rotating circular paper chart, as shown in Figure 8.5, The rotational speed of the
chart can be typically adj d b one lution in 1 hour to one 1on in 31 days,

Recorded charts we replaced and stored after each revolution, which means replacement
intervals that vary between hourly and monthly according to the chart speed. The major
advantage of a circular chart recorder over other forms is compactness. Some models have up to
four duf colored pen blies, allowing up to four different parameters to be recorded
simultancously.

Paperless chart recorder

A paperless chart recorder, sometimes altematively called & virual chart recorder or a digital
5 EPORTT ' 1

chart recorder, displays the time history of ignal using
liquid crystal display. This avoids the chore of periodically replacing chart paper and ink
cartridges associated with other forms of chart Reliability is al: hanced

with clectromechanical recorders. As well as displaying the most recent time history of
measured signals on its sereen. the instrument also stores a much larger past history. This stored
data can be recalled in batches and redisplayed on the screen as required. The only downside
compared with other forms of chart recorders is this limitation of anly displaying on full
of mformation at a time. Of course, conventional recorders allow the whole past history of
signals (o be viewed at the same time on hard-copy, paper recordings. Otherwise, specifications
are very similar to other forms of chart recorders, with vertical motion of the screen display

Circutar chart paper
on rotating platiom

Record of
measured signal

Figure 8.5
Circular chart recorder.
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varying between 1 and 6000 mm/hour, typical inaceuracy less than +0.1%, and capability of
recording multiple signals simultancously in different colors.

Videographic recorder

A videographic recorder provides exactly the same facilities as a paperless chart recorder but
has additional display modes, such as bar graphs (histograms) and digital numbers. However,
it should be noted that the distinction is becoming blurred between the various forms of
paperless recorders described earlier and videographic recorders as manufacturers enhance
the facilities of their instruments. For historical reasons, many manufacturers retain the
names that they have traditionally used for their recording istruments but there is now much
overlap between their respective capabilities as the functions provided are extended.

8.3.2 Ink-Jet and Laser Printers

Standard computer output devices in the form of ink-jet and laser printers are now widely used
as an alternative means of storing measurement system output in paper form. Because a
computer is & routine part of many data acquisition and processing operations, it often makes
sense to output data in a suitable form (o a computer printer rather than a chart recorder,
This saves the cost of a separate recorder and is faciluated by the ready availability of software
that can output measurement data in a graphical tormat,

8.3.3 Other Recording Instruments

Many of the devices mentioned in Chapters 5 and 7 have facilitics for storing measurement dats
digitally. These include data logging acquisition devices and digital storage oscilloscopes
These data can then be converted into hard-copy form as required by transferring it 10 cither &
chart recorder or & computer and printer,

8.3.4 Digital Data Recorders

Digital data recorders, also known as data loggers, have already been introduced in
Chapter S in the context of data acquisition. They provide & further alternative way of
recording measurement data in a digital format. Data so recorded can then be \y‘.mxcx.lnl at
a future time to a computer for further analysis. to any of the for
devices di
Section 8

B of measurement display
ussed in Section 8.2, or to one of the hard-copy output device

s described n

Features contained within a data recorder/data logger obviously vary according
manufacturer/model under discussion, However, most recorders have 1
measurements i the form of both analogue and diginal als. Common analogue input signals
allowed include d.c. voltages, d.c. currents, a.c. voltages, and a.c. currents. Di »

10 the particular

acihities 1o handle

ial inputs can
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usually be cither in the form of data from digital measuring instruments or discrete data
representing events such as switch Llosurcs or relay operations. Some models also pmvnde
alarm {aeilities to alert w0 1 ditions during data di

Many data recorders provide special input faulmcs optimized fu' pam:uhr kmdx of
measurement sensors, such as ac
thermometers, strain gauges (including strain gauge bndgu). linear vanable differential
transformers, and rotational differential transformers. Some instruments also have special
facilities for dealing with inputs from less common devices such as encoders, counters, timers,
lill.ho'nclcm and clocks. A few recorders also incorporate integral sensors when they are

0 a particular type of physical variable.

The quality of data recorded by a digital recorder is a function of the cost of the instrument.
Paying more usually means getting more c memory 10 provide a greater data storage capacity,
greater | in the analog 1 to give better ding accuracy,

and faster data processing to allow thalu data sampling frequency.

8.4 Presentation of Data

The two formats available for presenting data on paper are tabular and graphical, and the

relative menits of these are compared later. In some circumstances, it is clearly best to use only
one or the other of these two altematives alone. However, in many data collection exercises,
part of the measurements and calculations are expressed in tabular form and part graphically,
making best use of the merits of cach technique. Very similar arguments apply to the relative

merits of graphical and wbular presentations if a computer sereen is used for presentation
mstead of paper

8.4.1 Tabular Data Presentation

A tabular presentation allows data values 1o be recarded in a precise way that exactly maintains
the accuracy to which the data values were measured, In other words, the data values are
written down exactly as measured, In addition to raw data values d. tables
often also contain Turther values calculated from raw data, An example of a tabular data
presentation is given in Table € 1. This records resalts of an experiment (o determine the strain
induced in a bar of material subjected 10 @ range of stresses, Data were oblained by applying a
sequence of forces 1o the end of the bar and using an extensomeler (o measure the change in
length. Values of the siress and strain in the bar are calculated from th andare
also included in Table 8§ 1 The final row, which is of crucial importance in any tabular
presentation, is the estimate of possible error in each calculated result,
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Table 8.1 Table of Measured Applied Forces and Extensometer Readings
and Calculations of Stress and Strain

Extensometer
Force Applied (KN) Reading (Divisions)  Stress (N/m’)
[ o o
2 40 185
4 58 3o
6 74 ‘I 485
8 90 620
10 108 775
12 122 930
14 13.7 1085 |
Possible error in |
measurements (%) +02 02 l £1.5 1 =10

A table of measurements and calculations should conform to several rules as illustrated in
Table 8.1:

The table should have a title that explains what data are being presented within the table.
Each column of figures in the table should refer to the measurements or calculations
associated with one quantity only.

Each column of figures should be headed by a title that identifies the data values
contained in the column.

Units in which quantities in each column are measured should be stated at the 1op of the
column.

All headings and columns should be separated by bold honzontal (and sometimes
vertical) lines.

Errors associated with cach data value quoted in the table should be given. The form
shown in Table 8.1 is a suitable way to do this when the crror level is the same for
all data values in a particular column. However, if error levels vary, then it is preferable
(o write the error boundaries alongside cach entry in the table

8.4.2 Graphical Presentation of Data

Presentation of data in graphical form involves some compromise in the sccuracy to which

dara are recorded, as the exact values of measurements are lost. However, graphical presentation
has v

ges over tabular pe

Graphs provide a pictorial representation of resules that is comprehended more readily than
a set of tabular results. '
Graphs are particularly useful for expressing the quantitative significance of results
and showing whether a linear relationship exusts between two vanables

shows a
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Stress
(N/m?)
1204
100
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0 20 40 60 80 gyan(x10%)

Figure 8.6
Sample graphical presentation of data: graph of stress against strain

praph drawn from the stress and strain values given in Table ¥ 1. Construction of the
graph involves first of all marking the poinis corresponding to the stress and strain values.
The next step is 1o draw some line through these data points that best represents the
relationship between the two variables. This line will normally be either a straight one or a

; smooth curve, Data points will not usually lie exactly on this line but instead will lie

: on cither side of 1t. The magnitude of the excursions of the data points from the line drawn
will depend on the magnitude of the random measurement erors associated with data.

*+  Graphs can sometimes show up on a data point that is clearly outside the straight line or
curve that seems 1o it the rest of the data points. Such a data pmm is probnbly due either
to a human mistake in reading 1 ortoa in the
measuring instrument itsell. If the graph shows such a data point whtre @ human mistake or
instrument malfunction is suspected. the proper course of action is to repeat that particular
measurement and then discard the original data point if the mistake or malfunction is

confirmed

=
5

an

Like tables, the proper representation of data in graphical form has to conform (o certain rules:

] = The graph should have a tide or caption that explains what data are being presented in
the graph

+  Both axes of the praph should be labeled to express clearly what variable is associated with
each axis and 1o define the units in which the variables are expressed.
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+  The number of points marked along each axis should be kept reasonably small—about five
divisions is often a suitable number.

+  Noattempt should be made to draw the graph outside the boundaries corresponding to the
maximum and minimum data values measured, that is, in Figure 8.6, the graph stops ata
point ponding to the highest d stress value of 108.5.

Fitting curves to data points on a graph

The procedure of drawing a straight line or smooth curve as appropriate that passes close woall

data points on a graph, rather than joining data points by a jagged line that passes through

each data point, is justified on account of the random errors known to affect measurements.
Any line between data points is mathematically scceptable as a graphical representation of
dataif the maximum deviation of any data point from the line is within the boundaries of the
identificd level of possible measurement errors. However, within the range of possible lines
that could be drawn, only one will be the optimum one. This optimum line is where the sum of
negative errors in data points on one side of the line 1s balanced by the sum of positive errors
in data points on the other side of the line. The nature of data points is often such that &
perfectly ble approxi 10 the opti can be obtained by drawing a line through
the data points by eye. In other cases, however, it is necessary to fit a line mathematically,
using regression technigues.

Regression techniques

Regression techniques consist of finding & mathematical relationship between measurements of
two variables, y and x, such that the value of vanable y can be predicted from a measurement
of the other variable, x. However, regression techniques should not be regarded as a magic
formula that can fit a good relationship to measurement data in all circumstances, as the
characteristics of data must satisfy certain conditions. In determining the suitability of
measurement data for the application of regression techaiques, it is recommended practice

1o draw an app graph of the d data points, as this is ofien the best means of
detecting aspects of data that make it unsuitable for regression analysis. Drawing a graph of data
will indicate, for example, whether any data points 2ppear 10 be erroncous. This may indicate that
human mistakes or instrument malfunctions have affected the eroncous data points, and it is
assumed that any such data pomts will be checked for comecimess

Regression techniques cannot be applied successfully if the deviation of any particular
data point from the line to be fitted is greater than the maximum possible error calculated
for the measured variable (i.c., the predicted sum of all systematic and random errors)
The nature of some measurement data sets is such that this criterion cannot be satisfied,
and any attempt (o apply regression techmigues is doomed 1o failure. In that event, the only
valid course of action is o express the measurements in tabular form. This can then be
used as an -y look-up table, from which values of the variable v corresponding to
particular values of x can be read off. In many cases, this problem of large erron in some
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data points only becomes apparent during the process of attempting (o fit a relationship
by regression

A further check that must be made before attempting 1o it a line or curve (o measurements
of two variables, x and y, is to examine data and look for any evidence that both vanables are
subject to random errors. It is a clear condition for the validity of regression techniques d-l'.ll only
one of the measured variables is subject (o random errors, with no eror in the other vumlbl.:. 1t
random errors do exist in both measured variables., regression techniques cannot be applied
and recourse must be made instead to correlation analysis (covered later in this chap(c_rl
Simple examples of a situation where both variables in a measurement data set are subjeet (o
random errors are measurements of human height and weight, and no attempt should be made
1o fit a relationship between them by regression.

Having determined that the technique is valid, the regression procedure is simplest if 3
straight-line relationship exists between the variables, which allows arelationship of the form
¥ @ + bx (o be estimated by linear least-sq ion. Unfy ly, in many cases,
a straight-line relationship between points does not exist, which is shown readily by ploting
W data points on a graph. However, knowledge of physical laws governing data FaIl
often suggest a suitable alternative form of relationship between the two sets of annab{c
measurements, such as a quadratic relationship or a higher order polynomial relationship.
Also, in some cases, the measured variables can be transformed into a form where a linear
relationship exists. For example, suppose that two variables, y and x, are related acconding

0V ad. A linear relationship from this can be derived, using a logarithmic transformation,
as log(v) = logia) + ¢ log(x).

aht-T
Thus, if @ praph is constructed of log(y) plotted against log(x), the parameters of a straig
relationship can be estimated by linear least-squares regression.

5 jable, x, can
All quadratic and Iugher order relationships relating one vanable, v, to another variable

be represented by a power series of the form:

¥ = g+ a4 @y’

+ apt®.
= 3 value. Fortunately, &

Estimation of the parameters dy. ..a, is very difficult if p has a large value. radml me

) b “ c least-
relationship where p only has a small value can be fitted to most data sc(s“Qlll ot ar

\ L SR s

Squares regression 1s used to estimate parameters where p has a value of two; for larg
. polynomial least-squares regression is used for parameter estimation.

Where the appropriate form of relationship between variables in mensur»cmcv‘n (vlﬂlil ::t::d
not obvious either from visual wspection or from consideration of physical |wa ﬂ, e

that i effectively a tnal and error one has 1o be applied. This consists l.xf “‘“ma‘.‘";‘“nd that
paramietens of successively higher order relationships between y and x until a curve ‘f e
fits data sufficiently closely. What level of closencss is acceplable is considered Ll

section on confidence tests.
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Linear least-squares regression

If a linear relationship between y and v exists {01 & set 0f 7 MEASUCIMENIS, ViV, 4o,
then this relationship can be expressed as ¥ = a + by, where coetficients ¢ and b are constants.
‘The purpose of 1 que gression is (o select opti values for @ and b such that the line
gives the best fit to the measurement data.

The deviation of each point (x;.y,) from the line can be expressed as o, where o, v, (@ + by,

The best-fit line is obtained when the sum of squared deviations, §, is a munimum, that is,
when

" =
S;Z(.I,") ~Z\\' —a-by)?
= =1

1S @ minimum.

The minimum can be found by setting partial derivatives d8/da and 05/0b to zero and solving
the resulting two simultancous (normal) equations:

05/8a = 20y, —a—bx)(-1) =0 (8.1)
i lb—\,‘lt\,—a by)(—x) =0 (8.2)
2

Values of the coefficients @ and b at the minimum point can be represenied by a and b,
which are known as the least-squares estimates of @ and b. These can be calculated as
follows.

From Equaton (8.1},

Y= T a 45w = i+ 53

and thus,

i) = a3 + B3 w2

Now substitute for @ mn Eguastion (841 using &

(O =Y x) %
Sl - B R |

n
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Collecting terms in b,

= Z(“'-"') o EX_;'}:E

Rearranging gives

o[ n{ (o)} ] - St~
which can be expressed as
h:Z| 2 ru,,z] = Z(I,_\‘) — MY
where x,, and v, are the mean values of x and y. Thus,

20

- ~ M)
b Y v
P gt aa
And, trom Equation (8.3):
~ bXp (8.0)
® Example 8.1
|
| ctensocs of a displacement sensor with a voltage
[ ded wh et of standard
|
| 7 T 100
E 4 8 %3 212
J » nd estimate the
| 4 s
L ]

{isplacement. Then a suitable
srocerd to 1l stumates for the

{ L quavens (8.5)and (8.6). The first step is to calculate the mean

| values of x and y. These are found to be x,, = 5.5 and y,, = 11.47, Next, we need to

| tabulate xy, and a7 for each pair of darta values:

u Solution
|
|



n2e
: !vun&iant—ur 10; Vixy 1+ 801.0;

ESL] 256 195 v.43
3 4 § 3

y ‘AR
b, wohich s the equation of a seght fine whose coctfic et can be

) and (8.6). Therefore, proceed in the same way as
required:
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g

v t B
(:,) (xr:.) “‘s-)
< 1 138 !
302 4
X 18 &
Now calculat n
204; x 4.0 alues ¢ mequauons (85) and (8.6).
b : 0.301; @ ~ 0.9422 +10301% $0¥=2145
K 8 §8: T - 1/b= ~TA-0301) =332
L}
Quadratic least-squares regression

Quadratc least-squares regression is used to estimate the p:nmmu's of a relationship.
Y=a+bi+ex, between two sets of measurements, vy ... ¥ . X+«

The deviation of each POint (x;,¥,) from the line can be expressed as d), where d,=
Yoo l@+ by 4 ex ).

The best-fit line is obtained when the sum of the squared deviations, S, 15 a minimum, that is,
when

$= 3 (@) = 30 0 ~hu v’
=l =i
15 8 minimum.

©
The minimum can be found by setting the partial derivatives 85/0a, 0S/ih, and OS/0e

zero and solving the resulting Il

as for the linear

c
case given carlier. Standard computer mgnms 10 estimate mwﬂmﬂm%" and hy

i aled ;
numerical methods are widely available and adetailed i
Poly ial loast-squares 33
Poly Least-squares reg isused i o2

Y=g+ aex b any® + - a1 between (wo sets of measurements, ¥y -« Y+ X1+ X
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The deviation of cach point (x,.y;) from the line can be expressed as o), where

d; = ¥~ (a0 + @ +aan® 4+ -+ ).

The best-fit line is obtained when the sum of squared deviations given by

5= (a%)
=1
is a4 minimum.

The minimum can be found as before by setting p partial derivatives d8/dag . .. 0S/da,

10 zero and solving the resulting simultancous equations. Again, as for the quadratic least-
squares regression case, standard computer programs 10 estimate the parameters dg . . .d, by
numerical methods are widely available and therefore a detailed solution is not presented here.

Confidence tests in curve fitting by least-squares regression

Once data have been collected and a math ical relationship that fits the data points has been
d ined the fevel of confid that the mathematical relationship fitted is
correct must be expressed in some way. The first check that must be made is whether the
fundamental requirement for the validity of regression techniques is satisfied, that is, whether
the deviations of data points from the fitted line are all less than the maximum eror level
predicted for the measured variable. If this condition is violated by any data point that a line or
curve has been fitted to, then use of the fitted relationship is unsafe and recourse must be made
to tabular data presentation, as described carlier.

The second check concems whether random errors affect both measured varisbles. If attempis
are made 1o fit relationships by regression to data where both measured vanables contain
random errors, any relationship fitted will only be approximate and it is likely that one or more
data points will have a deviation from the fitted line or curve greater than the maximum
error level predicted for the measured variable. This will show up when the appropriate checks
are made.

Having carried out the aforementioned checks to show that there are no aspects of data that
suggest that regression analysis is not appropriate, the next sicp is 1o apply least-squares
regression to estimate the parameters of the chosen relationship (lincar quadratic, ete.). After
this, some form of follow-up procedure is clearfy required 1o assess how well the estimated
relationship fits the data points. A simple curve-fitting confidence test 1s 1o calculate the sum of
squared deviations § for the chosen y'x relationship and compare it with the value of §
calculated for the next higher order regression curve that could be fitted 1o data, Thus if &
straight-line relationship is chosen, the value of § calculated should be of # si

ilar magnitude o
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that obl I by fitting a dratic relationship. If the value of § were substantially lower
for a quadratic relationship, this would indicate that a quadratic relationship was a better fit to
data than a straight-line one and further tests would be needed to examine whether a cubic or
higher order relationship was a better fit sull.

Other more sophisticated confidence tests exist, such as the F-ratio test, However, these are
outside the scope of this book.

Correlation tests

Where both variables in a measurement data set are subject to random fluctuations, correlation
analysis is applicd to determine the degree of association between the vanables. For example,
in the case already quoted of a data set containing measurements of human height and
weight, we certainly expect some relationship between the vanables of height and weight
because a tall person is heavier on average than a short person. Correlation tests determine
the strength of the rel hip (or dependence) beiween the 4 variables, which
is expressed in the form of a comrelation coefficient,

For two sets of measurements y,...¥, , &y. . .x, with means x,, and y,,, the correlation
coelfficient M 15 given by

T (x = xa) (i = )

O = i y
V [T~ ..)’] [£0i -]

The value of 191 always lies between 0 and 1, with 0 representing the case where the
vanables are completely independent of one another and 1 is the case where they are totally
related to one another. For 0 < Kbl < 1, linear least-squares regression can be applied 1o
find relationships between the variables, which allows x to be predicted from a measurement of
v, and y W be predicted from a measurement of x. This involves finding two separate regression
lines of the form

v=a+ht and x=c+dy.

These two lines are not nommally comcident, as shown i Figure § 7. Both lines pass through the
centroid of the data points but their slopes are different.

As D1 1, the lines tend 1o coincidence, representing the case where the two vanables are

totally dependent on one another,

As KDL~ 0. the lines tend (o orthogonal ones paralle! to the x and y axes. In this case, the two sets
of variables are totally independent. The best estimate of x given any measurement of ¥ is X,
and the best estimate of v given any measurement of X iS Y.
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variable

x
wvanable
87
Relationship berween two variables with random fluctuavions

For the general case, the best fit to data is the line that bisects the angle between the lines on
Figure 8.7,

8.5 Summary

This chapter began by looking at the various ways that measurement data can be displayed,
cither using electronic display devices or using a computer monitor, We then went on to
consider how measurement data could be recorded in @ way that allows future analysis. We
noted that this facility was particularly useful when faults develop in systems, as analysis of the
changes in measured parameters in the time before the fault is discovered can often quickly
indicate the reason for the fault. Options available for recording data are numerous and include
chart recordens, digital oscilloscopes, digital data recorders, and hard-copy devices such as
ink-jet and laser printers. We gave consideration 1o each of these and indicated some of the
circumstances in which each altemative recording device might be used

The next subject of study in the chapter was recommendations for good practice in the
presentation of data. We looked at both graphecal and tabelas forms of presentation using either
Paper or a computer monitor screen as the display mediom. We then went on to consider the
best way of fitting lines through data points on a graph. This led 1o a discussion of mathermatical
regression techniques and the associated confidence tests necessary 1o assess the comectness of
the line fitted using regression. Finally, we looked at correlation tests. These are used to

d ine the degree of i between two sets of data when they are both subject to
random fluctuations.
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8.6

8.1

84
8.5.

88
89

8.10.

Problems

ble for ¢ Iing industrial manufacturing systems? (Di 1on on el
displays and computer monitors is expected.)
cuss the range of i and techniques available for i !
signals, mentioning particularly the frequency response characteristics of each mstrument
or technique and the upper frequency limit for signals in each case
Discuss the features of the main types of chart recorders available for recording
measurement signals.
What 1s a digital data recorder and how does it work?
(a) Explain the derivation of the expression

What are the main ways available for displayil wvalues to human operators

K KO KV,
0+ + B
IR Y JR

describing the dynamic response of a galvanometric chart recorder following a step
change i the clectrical voltage output of a transducer connected 1o its nput.
Explain also what all the terms in the expression stand for. (Assume thatimpedances
of both the transducer and the recorder have a resistive component only and that
there is negligible friction in the system.)

(b) Derive expressions for the measuring sysiem natural frequency, o, the damping

factor, S, and the steady-state sensitivity.

Explain simple ways of increasing and decreasing the damping factor and deseribe

the corre: ling effect on ity

(d) What damping factor gives the best system bandwidih?

(€) What aspects of the design of a chart recorder would you modify in order to improve
the system bandwidth? What is the b dih typically bl in
chart recorders, and if such a maximum-bandwidth instrument is available, what is
the highest frequency signal that sech an instrument would be generally regarded us
being suitable for measuring if the accuracy of the signal amplitude measurement is
important?

Discuss the relative merits of tabular and graphical methods of I
data,

What would you regard as good practice in record datain
form?

What would you regard as good practice in reconding measurement data in mbulur‘fum\‘.’
Explain the for finding a

cchnigue of linear least-sq

between two sets of measurement data.
Explain the techmiques of (a) quadratic least-sqy 2 and (b) poly

least-squares regression. How would you determine whether either quadratic or

4
s
§
!
i
!
i
]



204 Chapter 8

P jal least-sq 2 provides a better {it to a set of measurement data
than lincar least-squares regression?

811, Durmg cahibration of ap i , the following temperature and
resistance values were measured:

Resistance () 2128 2186 2253 2336 2408 2466
Temperature (°C) 300 320 340 360 380 400

The temperature measurements were made using a primary reference standard

instrument for which the measurement errors can be assumed to be zero. The

resistance measurements were subject to random errors but it can be assumed that

there are no systematic errors in them.

(a) D ine the itivity of in Q/°C in as accurale 4 manner as
possible.

(b) Write down the temperature range that this sensitivity value is valid for.

(c) Explain the steps that you would take 1o test the validity of the type of mathematical
relationship that you have used for data.

812, Th ical iderations show that ities x and vy are related in a linear fashion
such that y =ax+ b. Show that the best estimate of the constants a and b are given by

)

n— xll :
4= Xal b=y, — ax,

Explain carefully the meaning of all the terms in the aforementioned (wo equations
813, Thech istics of a chromel: thermocouple is known to be approximately
lincar over the temperature range of 300~ 800°C. The output ¢.m. 1. was measured
practically at a range of temperatures, and the following table of results was obtained. Using |
least-squares regression, calculate coefficients a and b for the relationship 7 = a + bE tha
best describes the tempersture —e.m f. characteristic

Temp ("C) 300 325 350 375 400 425 A4S0 475 500 525 SSQ
emf(mV) 210 232 250 269 286 313 328 350 372 385 407
Temp ("C) S7S &0C 625 650 70 725 750 7 800
emf (mV) 430 452 476 493 530 S§S 572 s9 510

8.14.  Measurements of the current (/) flowing through a resistor and the corresponding
voltage drop (V) arc shown:

ifamp) 1 2 3 4

Vivoks) 108 204 307 405 S$00

Instruments used to measure voltage and carrent were accurate i all respects except thag
they each had a zero error that the observer failed 1o take account of or 1o correct at the
time of measurement. Determine the value of the resistor from data measured
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A measured quantity y is known from theoretical considerations to depend on variable
v according (o the relationship y = a + by*. For the following set of measurements of
xand y, use linear least-squares 0 ine the esti of p

@ and b that fit data best

x 0 1 2 3 4 s
y 09 92 334 725 1301 2008

The mean time (o failure (MTTF) of an integrated circuit is known to obey a law of
the following form: MTTF =C exp T/T, where T is the operating temperature and
Cand 7, are constants. The following values of MTTF af various temperatures were
obtained from accelerated life tests.

MTTF (hours) 54 105 206 411 941 2145
Temperature ('K) 600 S80 S60 540 520 S00

(@) Estimate the values of C and 7. [Hint: log (MTTF) = log (C) + Ty/T. This equation
is now & straight-line relationship between log(MITF) and //T, where log(C) and T,
are constants.|

(b) For an MTTF of 10 years, calculate the maximum allowable temperature.
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9.1 Introduction

We have already observed that outputs from measurement sensors often take the form of
voltage signals. These can be measured using the voliage wdicating and test instruments
discussed in chapter 7. However, we have also discovered that sensor output does not take the
form of an clectrical voltage in many cases. Examples of these other forms of sensor output
include translational displacements and changes in various electrical parameters such as
resistance, inductance, capacitance, and current. In some cases, the output may alternatively
take the form of vanations in the phase or frequency of an a.c. electrical signal.

We therefore need to have a means of converting sensor outputs that are itially in some
noavoltage form into a more convenient form. This can be achieved by putting various types of
ients into the system. We considerthese in this chapter. First,
we will see that bridge circuits are a particularly important type of variable conversion element;
these are covered in some detail. Following this, we look at various aliemative techniques for

iransducing the outputs of a measurement sensor into a form that is measured more readily.

vanable conversion ¢!

9.2 Bridge Circuits

Brdge circuits are used very commonly as a variable conversion element in measurement
systems and produce an output in the form of a voltage level that changes as the measured
physical quantity changes. They provide an accurate method of measuring resistance,
inductance. and capacitance values and enable the detection of very small changes in these
quantities about a nominal value. They are of portance in system
technology because so many transducers measuring physical quantities have an output that is
expressed as a change in resistance, inductance, or capacitance. A i
strain gauge, which has a varying resistance output, is but one example of this class of
transducers. Normally, excitation of the bridge is by a d.c. voltage for resistance measurement
and by an a.c. voltage for mductance or capacitance measurement. Both null and deflection
types of bridges exist, and, in a like manoer to instruments in general, null types are employed
mainly for calibration purposes and deflection types are used within closed loop automatic
control schemes

9.2.1 Null-Type d.c. Bridge (Wheatstone Bridge)

A null-type bridge with d.¢, excitation, known commonly as # Wheatstone bridge, has the
form shown in | I The four arms of the bridge consist of the unknown resistance R,
two equal value resistors Ry and R, and variable resistor R, (usually a decade resistance box).
A dc. voltage V. is applied across the points AC, and resistance R, is varied until the
voltage measured across points BD is zero. This null point is usually measured with a high

semsitivity galvanometer

4™ bt fu
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Figure 9.1
Wheatstone bridge.

To analyze the Whetstone bridge, define the current flowing in cach amu 10 be /, | PR
shown in Figure 9.1. Normally. if a high impedance voltage-measuring instrument is used
current /,, drawn by the measuring mstrument will be very small and can be approximated 1o
zero, If this assumption is made, then, for [, = 0: 1, = Liand 1, = ],

Looking at path ADC, we have voltage V, applied across resistance R, + R, and by Ohm's law

Sumlarly, for paih ABC.

Now we can calculate the voltage drop across AD and AB
ViR, VR
Ry °

Van = iR, =

By the principle of superposition, V,, = Vi = Vo + Vi ! 1
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Thus,
Vo= 9.1)
At the null point V,, = 0, so
Re R
R, +R; R.+R:
Inverting both sides,
Rit+R:i R, +R:
VSR i
that is,
or
RsR, 9:2)
Ry=—=.

Thus, it R, =Ry, then R, = R,. As R, isan accurately known value because it is denved from a
vaniable decade resistance box, this means that &, is also accurately known.

A null-type bridge is somewhat tedious to use as careful adjustment of variable resistance
is needed to get exactly 1o the null point, However, it provides  highly mmm
of resistance, leading 1o this being the preferred type when sensors are being calibrated.

9.2.2 Deflection-Type d.c. Bridge

A deflection type bridge with d.c. excitation is shown in Figure 9.2, This differs fln.m
the Wheatstone bridge mainly in that variable resistance R, is replaced by ﬁ.”d Feasancy
Ry of the same value as the nominal value of unkn i R, As R

changes, s0 output voltage V;, varies, and this relationship between Vo and R, must be
calculated

This relationship is simplified it we again assume that a high impedance voltage-measuring
instrument is used and the current drawn by it, £,., can be approximated 1 i m“ e
when this assumption does not hold is covered laier in this section.) The analysis is then
exacily the same as for the preceding example of the Wheatstone bridge, except that R, is
replaced by R,. Thus, from Equation (911, we have
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Figure 9.2
Deflecuon-type d.c. bridge

R,
=V
’(l\’a +R;
‘When R, is at its nominal value, that is. for R, = Ry, it is clear that V, = 0 (since R, = Ry). For
other values of R, Vi has negative and positive values that vary in a nonlinear way with &,

The deflection-type bridge is somewhat easier to use than a null-type bridge hecause the

oulput measurement is given directly m the form of a voltage measurement. However, its

measurement accuracy is not as good as that of a null-type bndge. Despute its inferior sccuracy,
ease of use means that it is the preferred form of bridge 1 most general measurement situations
unless the greater accuracy of a nall-type bridge is absolutely necessary

Example 9.1

A certam byp

3
\
E
|
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wfinite. If, in order 1

s, the maximurn permissible gauge

e the maximum permissible bridge excitation voltage.
338 mil/bar and the maximum bridge
the bridge output voltage when measunng a

heating effe

cutrent is 30 mA

If the sensit

excitation voltage

pressure of 10 bar
e L |
8 Solution

This is the type of brndge circuit shown in £izure 9.2 in which the components have the

following values:

Ry = Ry = Ry = 12082

n path ADC of the brdge, we can wiite

alue allowsble foe 1, is 0 03A Hente, V, = 0.03
 bridge excitarion veltage allowableis 7.2 valts:

3 B resistance change is 3.384), thatis, R, is then equal
Equ\‘lroﬂ (9.3), we can write

The nontinear relationship between output reading and measured quantity exhibited by
Eguanion (9.3) is inconvenient and does not conform with the mlxul W“mf"'m

inpui-output relationship. The method of coping with thi ceordi h‘m
form of primary transducer involved in the measurement SYM
One special case is where the change in unk i L vl

the nominal value of R, If we calculate the new voltage Vu'm‘h‘mk in
Eguation (9.3) changes by an amount 8R,,, we have

ey ek J.’L.) 9.4)
‘(_»M +Ry l.Hh" £
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The change of voltage output is therefore given by
VIR,
R, +0R. + Ry’

Wo=Vo =Vo=

If OR, < < R, then the ing linear ionship is
Ve v
T T R 95
R, R.+Fs 98y
This expression descnbes the seasitivity of the bridge. Such an approximation to

make the relationship linear is valid for transducers such as strun gauges where the typical
changes of resistance with strain are very small compared with nonunal gauge resistance.

However, many i that are inh Iy linear themselves, at least over a limited

measurement range, such as resistance thermometers, exhibit large changes in output as the
input quantity changes, and the approximation of Equation (9.5) cannot be applied. In such
cases, specific action must be taken to improve lineanty in the relationship between bridge
output voltage and measured quantity. One common solution (o this problem is to make the
values of the resistances R, and R at least 10 times those of R, and R, (nominal). The effect of
this is best observed by looking at a numerical example.

Consider a platinum resistance thermometer with a range of 0--50°C whosc resistance at 0°C is
500 € and whose resistance varies with temperature at the rate of 4 /' C, Over this range of

the output ch istic of the th itself is nearly perfectly linear.
(Note that the subject of resistance thermometers is discussed further in Chapter 14.)

Taking first the case where Ry =R, =
ALOC, V=0
AL2SC. R, =600Q and L,.m(“’" 5"") 0455V

4=500Qand V, = 10 V, and applying Equation (9 3

1100 1000
700 500
ALSO'C, Ry =T000 and Vo= 10— . X 0.833 V
1200 1000
‘This relationship between Vi, and R, is plotied a5 curve A m | ad nonlinearity is
apparent. Inspection of the manner in which output voltage Vi above changes for equal steps of
temperature change also clearly demonstrates nonlincarity

For the temperature change from 0 10 25°C, the change in Vi is (0455 — 0) = 0455V
For the temperature change from 25 10 50°C, the change in Vi is (0.833 — 0.455) = 0378V

It the relationship was linear, the change in V), for the 25 - S0°C temperature step would also
be 0.455 V, giving a value for Vy of 0910V at $0°C

:
<
i




Uinearization d"‘

Now take the case where R, = 500 Q but Ry
ALOC, Vo=0
AL25°C, R, =600Q and

ALSO'C, R, 700Q and

Ton
ey

x:
\

This relationship is shown as curve B in Fi
is achicved. This is more apparent it differences
seps are mspected.

i
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From 0 1o 25°C, the change 1n V is 0424 V
From 25 10 50°C, the change in Vi 1s 0409 V

Changes in V;; over the two temperature steps are much closer to being equal than betore,
demonstrating the improvement i linearity. However, in increasing the values of Ry and Ry, it
was also necessary to increase the excitation voltage from 10 t0 26.1 V to obtain the same
output levels. In practical applications, V; would nonmally be set at the maximum level
consistent with limitation of the effect of circuit heating in order to maximize the measurement
sensitivity (Vi/oR,, relationship). It would therefore not be possible 1o increase V), further if Ry
and Rx were increased, and the general effect of such an increase in R, and Ry is thus a decrease
in the sensitivity of the measurement system.

The importance of this inherent nonlinearity in the bridge output relationship is diminished
greatly if the primary transducer and bridge circuit are incorporated as elements within

an intelligent instrument. In that case, digital computation is applied to produce an output
in terms of the measured quantity that automatically compensates for nonlinearuty in the
bridge circuit.

Case where current drawn by measuring instrument is not negligible

For various reasons, it is not always possible to meet the condition that impedance of

the instrument measuring the bridge output voltage is sufficiently large for the current
drawn by itto be negligible. Wi the curvent is not negligible, an altermative
relationship between bridge input and bridge output must be derived that takes the current
drawn by the measuring mstrument into account. '/

‘Thévenin's theorem is again a useful tool for this purpose. Replacing voltage source V, in
Figure 9.4a by a zero internal resistance produces the circuit shown in
equivalent representation shown i Frpure 9 40, T is apparent from |
circuit resistance consists of a pair of parallel resistors, R, and R
resistor pair Ry and R Thus, Rps s given by

or the
that equivalent
in series with the paraliel

96)

The equivalent circuit derived via Thévenin's theorem with resistance K
instrument connected across the output is shown in |
across DB, Ey, is the output voltage calculated carlier (1
of R, = O

« of the measuning
The open-circuit voliage

| for the case

Eo=V (R ) 97




Figure 9.4
{2) A brdge circuic. (b) Equivalent circuit by Thévenin's
(d) Equivalent circuit for alternative

1f the current flowing is /,, when the measuring
across DB, then. by Olun’s law, £, is given by
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Substtuting for Ey and Rpp, in Equation (9.9, using the relationships developed in
Equations (9.6) and (9.7), we obtain
_ ViR/Ry +Rs) ~ Ri/(Ry +Ra) IR,
"7 RiR2/(Ry +Ra) + RuR3 /(R + R3) + Ry’

Simplifymg:
ViR,.(R.R> — RR:)
Vi {RuR: — Ry ZE = (9.10)
RiR:(R, + R3) + RR:(Ry + R2) + Ru(Ry + R2)(R, + Ry) >
Example 9.2
A bridge circuit Y Figure 9.5, is used to measure the value of the unknown

resistance R, of a strain gauge of nominal value 500 Q. The outpur voltage measured
across points DB in the bridge is measured by a voltmeter. Calculate the measurement
sensitivity in volts per ohm change in R, if

(a) resistance R

(b) account aken of the

10V

Figure 9.5
Bridge circuit for




. '{‘NR,, 500 Q, V., - 0. To determine sensitivity,
{a) Applying Equation (9.3):

Substituting in values

SO0 mV per ohm change in R,
(b) Applying Equation (9:10) and

g Vo = — —

= S00°(1001] + 500 = 501(1000) 4 1

{ Thus, if proper accaunt is taken of the 10:K0 value of gy
| measurement sens
- L

9.2.3 Error Analysis

In the application of bridge cumxs,ducmﬂilﬂlﬂd
u——anyumm.m)hmmh a

10 anull-type (Wh bridge, but s
badge. The maximum mmmhm
Bguation (9.2) with each parameter in the equation
the maximum value of &,,. Similarly, the minimum
required error band 1s then the span between these ¢

‘Example 9.3

#n the Wheatstone br

nominal value.
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B Solution

Applying Equation (9.2) with R, = 520.4 Q + 0.2% = 521.44 Q, Ry =5000 Q +
0.1% = 5005 Q, R, = 5000 Q — 0.1% = 4995 0, we get

5 $00

Applying Equation (9.2) with R, = 520.4 Q — 0.2% = 519.36 2, Ry = 5000 Q ~ 0.1% =
4995 Q, R, = 5000 Q + 0.1% = 5005 Q, we get

Thus, the ermor band for R, s
The cumulative effec s d
seen. Although the
the measured valu 4
and special measure
value olerances. O a i
is one of ¢ ods o ige ba
e L]
Apex balancing

One form of apex balancing consists of placing an additional variable resistor Ry at junction ¢
between resistances Ry and Ry and applying excitation voltage V, to the wiper of this varisble
resistance, as shown in Frowe 96,

For calibration pupuse_‘ R, and R, are replaced by two equal resistances whose values are known
accurately, and Ry is varied untl output voltage Vi, is zero. At this point, if the portions of
resistance on either side of the wiper on Rs are Ry and Ry (such that Rs — R, + R-). we can write
Ry +R. =Ry + Ry
‘We have thus eliminated any source of eror due (o tolerance in the value of R, and R, and
"

the error in the measured value of R, depends only on the accuracy of one componen, the
decade resistance box R, e

¢ Rs 15 © 9.6 to balan,
the circuit. The bridge components have the following values: R, ~ 500 , R, 50{;’0
Ry = S15€, Ry =480 Q, R; = 100 Q = :




|
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ces R, and R; of the parts of the porentiometer
balance the bridge and compensate for the

[}
® Solution
rence, 515 + Ry = 480 »lQ,Also,bnanul.de;

¢ ter track R, whose resistance is 10043 Rs 1 R; = 100;
(100 - R); that is; 2Rs2 380 51§ =68 Thus, By = 325

e 00525 eran u

9.2.4 a.c. Bridges

1

Bridges with a.¢. excitation are used to measure uaknown impedances (cap itance d
nductances). Both null and deflection types exist. As for d.c. bridges, null types ure
accurate but also more tedious (o use. Therefore, null types arc nomally reserved for use in
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Figure 9.7
Null-type impedance bridge

calibration duties and any other application where very high measurement accuracy is required
Otherwise, in all other general applications, deflection types are preferred

Null-type impedance bridge

A typical null-type impedance brdge is shown in Figure 9 7. The null point can be detected
convenicntly by monitoring the output with a pair of headphones connected via an operational
amplifier across points BD. This is a much less expensive method of null detection than
application of an expensive galvanometer required for a d.c. Wheatstone bridge

Referring to Figure 9.7, at the null point, /,R, = LRy ; 1,Z, = IZ,.
Thus,

Z ZR,

(9.11)

R:

1fZ,, is capacitive, that is, Z, = 1/jsC,,, then Z, muast consist of a vaniable capacitance box, which
is readily available, If Z, is nductive, then 7, =R, + jol

Note that the expression for Z, as an induetive impedance has a resistive term in it because it is
mpossible 1o realize & pure inductor. An inductor coil slways has @ resistive component,
although this is made as small as possible by designing the coil 1o have a high © factor (Q factor
is the ratio inductance/resistance). Therefore, Z, must consist of a vanable resistance box and a
variable inductance box. However, the latter is not readily available because it is difficult and
hence expensive to manufacture a set of fixed value inductons (o make up a varisble inductance
box. For this reason, an altemative kind of nall-type bridge circuit, known as the Maywell
bridge. 1s used commonly 10 measure unknown inductances
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Mawell bridge

A Maxwell bridge is shown in Figure 9 8. The for a varisble iduct i
is avoided by introducing instead a second variable resistance. The circuit requires.
standard fixed-value capacitor, two variable resistance boxes, and one standard fixed-value

3 . e ing 0
fesistor, all of which are components that are readily available and inexpensive. Referring
Figure 9 8, we have at the null output point:

hZy =0LZy 2 hipe = his

Thus,

ZocZia ©12)

The quantities in Fauation (9.12) have the following values:

R

1 1

A ks ~ Zap = ———
Tn R IO e

Zuw =Ry 1 Zpe=R,tjoly 3 Zoc=Re
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Substituting the values nto Equation (9123,

RaRs(1 + joCR,)

R, +joL, = 7

Taking real and imagmary parts:

Ry=——

L.=R:R.C
R i

(9.13)
“This expression [Equation (9.13)] can be used to calculate the quality factor (Q value) of the coil:
al, _ ©R:RCR,
R, RiRs

1f a constant frequency o is used. O = R,

Q= = @CR,.

‘Thus, the Maxwell bridge can be used to measure the Q value of a coil directly using this
relationship.

w Example 9.5

i the Ma 1

Figure 9.8, let the fixed-value bridge components
have the fnlluwmg va)ue.s Ry=5 ﬂ C = 1 mF. Calculate the value of the unknown
impedance (L, R,) if Ry = 159 Q and R, = 10 Q at balance.

[
B Solution
ihstitating va Eq
&8 ]
B Example 9.6
Calculate the O fac X at a supply frequency
of 50 Hz.
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® Solution

Deflection-type a.c. bridge i
A common deflection type of a.c. bridge circuit is shown in Figure 9.9.
For capacitance measurement:
Z, = 1/joC, : Z) = 1/jeC.
For inductance measurement (making the simplification that the resistive component of the

inductor is small and approximates to zero):

Z,=jaly 5 Zy=jal;.

Figure 9.9
Comman deflection-type a.c. bndge. |
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Analysis of the circuit to find the relationship between Vi and Z, s simplified greaty if one
assumes that /,, 1s negligible. This is valid provided that the mstrument measuring Vo has high
impedance. For [, = 0, currents in the two branchies of the bridge, as defined i Frowe 99, are pivenby
Vi
= 2l
I 77 H
Also Vap=11Z, and V5 = LR+

Hence,

Vo=Vao=Vap —Vas = h(

Thus, for capacitances,

Sl R
e '(I/C\ +1/C, R

(9.14)

and, for inductances.

L. R: )

RTIE A @.43)

This latter relationship [Equation (9. 15)] 15, in practice, only approximate, as inductive
impedances are never pure inductances as assumed bul always contair: o finite resistance
(i.e., Z,=jwl, + R). However, the spproximation is valid i many circumstances

Example 9.7

A deflection bridge Figure 9.9 is used to measure an unknown capacitance,
C,. The components in the bridge have the following values

\

Solution

From Equation (9.14),
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® Example 9.8
An unknown ind 15 measured using a deflection type of bridge as shown in
Figure 9.9, ('amponents in \‘.he bridge have the following values:
\ 20 mH, R = 10080
W the ¥ e
Jes L]
B Solution
n Equation (9.15),
. 0.1+ 0.5 =06
a6l
6L, L Y = 30 mH
04
= L |

9.2.5 Commercial Bridges

Ready-built bridges are available commercially, although these are substantially more

expensive than a “homemade™ bridge made up from discrete components and a voltmeter
10 measure the output voltage

9.3 Resistance Measurement

Devices that convert the measured quantity into a change in resistance include a resistance
thenmometer, thermistor, wire-coil pressure gauge, and strain gauge. Standard devices and
methods available for measuring change in resistance, which 1s measured in units of olums (),
include a d.c. bridge circuit, vol eter method, resi ibsti method, digital
volumeter, and ohmmeter. Apart from the ohmmeter, these instraments are normally only used o
meastre medium values of resistance in the range of 1 £ to 1 MQ, but this range is entirely
adequate for all current sensors that convert the measured quantity into @ change in resistance.

9.3.1 d.c. Bridge Circuit

de, bridge circuits, as discussed eardier, provide the most ly used method of
medium value resistance values, The best measurement accuracy 18 pmvxdedbyd\:nulln.nmm-
type Wheatstone bridge, and inaccuracy values of less than +0.02% are achievable with
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ilable v Defl -type bridge circuits are simpler to use in
practice lhnn the null output type, but their measurement accuracy is inferior and the nonlinear
output relationship is an additional difficulty. Bridge circuits are particularly useful in
converting resistance changes into voltage signals that can be mput directly into automatic
control systems.

9.3.2 Voltmeter—Ammeter Method
The vollmclcr—.unmucr method consists of applying a measured d.c. voltage across the
and ing the current flowing. Two altematives exist for connecting
the two meters, as shown in Fioue 9,10, In Figure 9104, the ammeler measures current flowing
in both the voltmeter and the resistance. The ervor due to this is mimimized when the measured
resistance is small relative to volumeter resistance. In the altemative form of connection,
Figure 9.10b, the voltmeter measures voltage drop across the unknown resistance and the
ammeter. Here, the measurement error is mummized when the unknown resistance is large with
respect 1o ammeter resistance. Thus, method (a) is best for measurement of small resistances
and method (b) for large ones.

Having thus measured the voltage and current, the value of resistance is then calculated very
simply by Ohm’s law, This is a suitable method wherever the measurement inaccuracy of up o
+ 1% that it gives is acceptable.

9.3.3 Resistance—Substitution Method

In the voltmeter-ammeter method just given, either the voltmeter is measuring the voltage
across the ammeter, as well as across the resistance, or the ammeter is measunng the current
flow through the voltmeter, as well as through the resistance. The measurement error caused by
this is avoided in the resistance-substitution techimque. In this method, the unknown resistance
in a circuit is replaced temporarily by a variable resistance. The variable resistance s adjusted
until the measured circuit voltage and curvent are the same as existed with the unknown
resistance in place. The vanable resistance at this point is equal in value 10 the unknown
resistance.

Volrmeter

Ammeter R

@

Figure 9.10

Voltmeter-ammeter method of measur
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9.3.4 Use of Digital Vol to M Resi:

A digital voltmeter can also be used for measuring resistance if an accurate current source is
included within it that passes current through the resi This can give &
inaccuracy as small as +0.1%.

9.3.5 Ohmmeter

Obhmmeters are used 10 measure resistances over a wide range from a few milhohms up ©
50 MQ. The first generation of chmmeters contained a battery that applied a known voltage
across a combination of the unknown resistance and a known resistance in series, s shown in
Figure U 11, Measurement of voltage, V... across known resistance, R, allows unknown
resistance, R, to be caleulated from

RV,
Ve

where V,, is the battery voltage, Unfortunately, this mode of resistance measurement gives a

typical inaccuracy of + 2%, which is only acceptable in a very limited number of applications.

Because of this, first-generation ohmmeters have been mostly replaced by a new type of
electronic ohmmeter.

Ris

The electronic ohmmeter contains two circuits. The first circuit generates 4 constant current (U
that is passed through the unknown resistance. The second circuit measures the voltage (V)
actoss the resistance. The resistance is then given by Obm's law as R = V/I. Electronic
ohmmeters can achieve measurement inaccuracy as low as £0.02%.
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Most digital and analogue multimeters contain circuitry of the same form as in an ohmmeter,
and hence can be used similarly 10 obtain measurements of resistance.

9.4 Inductance Measurement

The main device that has an output in the form of a change m inductance 1s the wductive
displacement sensor. Inductance is measured in Henry (H). It can only be measured accurately
by an a.c. bridge circuit, and various commercial inductance bridges are available. However,
when such a commercial inductance bridge is not available immediately, the following method
can be applied to give an approximate measurement of inductance.

This approximate method consists of connecting the unknown inductance in series with a
vartable resi

ance, in a circuit excited with a sinusoidal voltage. as shown in Figure 9.12,
Variable resistance is adjusted until the voliage measured across the resistance 1s equal to that
across the ind: The two impedances are then equal, and value of the

inductance, L, can be calculated from

2xf

where R is the value of the variable resistance, 7 is the value of the inductor resistance, and f is
the excitation frequency

9.5 Capacitance Measurement

Devices that have an output in the form of a change in capacitance include # capacitive level
gauge, capacitive displacement sensor, capacitive moisture meter, and capacitive hygrometer
Capacitance is measured in units of farads (F). Like inductance, capacitance can only be
mcasured accurately by an a.c. bridge circuit, and various types of capacitance bridges are

e ]

A ' \/ v

4 ]
A

Figure 9.12
Approximate method of measurin;
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Figure 9.13
App method of
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available commercially. In circumstances where a proper capacitance bridge is not available
i Jiately, and if an approxi of capacitance is ble, one of the
fallowing two methods can be considered.

The fust of these, shown in Figure 913, consists of connecting the unknown capacitor in serics
withaknown resistance ina circuitexcited atak

Anac. volimeteri

the voltage drop across both the resistor and the capacitor. The capacitance value is then given by

where V, and V_ are the voltages d across the and capaci respectively.
S5 the excitation frequency, and R is the known resistance.

An altemative approximate method of measurement is to measure the time constant of the
capacitor connected m an RC circuit.

9.6 Current Measurement

Cumreat measurement is needed for devices such as the thermocouple-gauge i
sensor and the wonization gauge that have an output in the form of a varying elecm.ml c\mun
I is often also needed in signal transmission systems that convert the measured signal into
8 varying cunent. Any of the digital and anslogue voltmeters discussed in chapter 7 can
measure current if the meter is placed in series with the current-carrying curcuit and the
same frequency limits apply for the measured signal as they do for voltage m_emwm!.
The upper frequency limit for a.¢, cusrrent measurement can be raised by rectifying the
current prior 1o measurement. To minimize the loading effect on the measured system, any
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current-measuring instrument must have a small resistunce. This is opposite of the case for
voltage where the i 1s required to have a high resistance for minimal
circuit loading,

Tn addition to the requirement to measure signal level currents, many measurement applications
.\Iw require higher magnitude electrical currents to be measured. Hence, the following
1 covers the of currents at both the signal level and higher magnitudes.

Analogue meters are useful in applications where thete is a need o display the measured value on
a control panel. Moving coil instruments are used as panel meters 10 measure d.c. current in
the milliamp range up to one ampere. Moving iron meters can measure both d.c. and a.c. up to
several hundred amps directly. To measure larger currents with electromechanical meters, it is
necessary o insert a shunt resistance into the circuit and measure the voltage drop across it
Apart from the obvious disturbance of the measured system, one particular difficulty that results
from this technique 15 the large power dissipation in the shunt. In the case of ac. current
measurement, care must also be taken to match the resistance and reactance of the shunt (o that of
the measuning instrument so that frequency and of d in the measured signal are
avoided.

Current transformers provide an alternative method of measuning high-magniude currents,
which avoids the difficulty of designing a suitable shunt. Different versions of these exist for
transforming both d.c. and ac. currents. A d.c. current transformer is shown in |

ure 9.14.
Th Id e cond inthe is threaded through two magnetic cores that camy two
Tugh i d. windings ce ed in serics opy . It can be shown that current Nowing

in the windings when excited with an a.c. voltage is proportional to the d.c. current in the central
conductor. This output current is commonly rectified and then measured by a d ¢ volimeter

An ac, cumrent transformer fypically has a pnmary winding consisting of only a few copper
furns wound on a rectangular or nng-shaped core. Secondary winding, however, would
normally have several bundred wms according to the current step-down rutio required. The

o)

Current transformer
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output of secondury winding is measured by any suitable current-measuring instrument. The
design of current transformers is substantially different from that of voltage lmm'fonncrs.» 'l"hf-
rigidity of its mechanical construction has to be sufficient to withstand the large forces rms!ng
from short-circuit currents, and special attention has to be paid to the insulation between its
windings for similar reasons. A low-loss core material is used, and flux densities are kept as
small as possible to reduce losses. In the case of very high currents, primary winding often
consists of a single copper bar that behaves as a single-tumn winding. The clamp-on mefer,
deseribed in chapter 7, is a good example of this.

All of the other instruments for measuring voltage discussed in Chapier 7 can be applied
10 current measurement by using them to measure the voltage drop across a known
resistance placed in series with the current-carrying circuit. The digital voltmeter is widely
applicd for measuring currents accurately by this method, and the oscilloscope is nsed
frequently to obtain approximate in circuit test applications. Finally,
mention must also be made of the use of digital and analogue multimeters for current
measurement, particularly in circuit test applications. These instruments include a :mAnf
switchable-dropping resistors and so can measure currents over a wide range. Profective
circuitry within such instruments prevents damage when high currents are applied on the
Wrong input range

9.7 Frequency Measurement

Frequency measurement is required as part of those devices that convert the measured
physical quantity into a frequency change, such as a variable reluctance velocity transducer,
stroboscopes. vibrating-wire foree sensor, resonant wire pressure sensor, turbine flowmeter,
Doppler-shift ulirasonic flowmeter, transit-time ulirasonic flowmeter, vibrating level sensor.
quartz moisture meter, and quartz thermometer. In addition, the output relationship in some
forms of a.c. bridge circuits used for measuring inductance and capacitance requires accurate
measurement of the bridge excitation frequency.

Frequency 15 measured in units of herez (Hz). A digital counterftimer is the most common
mstrument for measuring frequency. Aliematively, a phase-locked loop can hcused.An
ascilloscope 15 also used commonly, especially in circuit test and fault diagnosis applications.
Finally, for measurements within the audio frequency range, a Wien bridge is another

mstrument that ts sometimes used

9.7.1 Digital Counter/Timer

A digital counter/timer is the most accurate and flexible instrument available for measur;ng

* £
frequency . Inacouracy can be reduced down to | partin 107, and all frtquenuesbelv{un
and several gigahertz can be measured. The tial comp within &

e

¥

£
.‘
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Figure 9.15

Digital counter/timer system

instrument is an oscillator, which provides a very accurately known and stable reference
frequency. \whu.h is l)plcl“\v cither 100 kHz or I MHz. This is often maintained in a

within the i 10 guarantee its accuracy. The
oscillator output is transformed by a pulse shaper circuit into a train of pulses and applied w0
an electronic gate. as shown in Figure 9.15. Successive pulses at the reference frequency
altemately open and close the gate. The inpat signal of unknown frequency is similarly
transformed into a train of pulses and applied to the gate. The number of these pulses that get
through the gate during the time that it is open during each gate cycle is proportional 10 the
frequency of the unknown signal.

The accuracy of measurement obviously depends on how far the unknown frequency is
above the reference frequency. As it stands. therefore, the nstrument can only accurately
measure frequencies that are substantially above | MHz, To enable the instrument to
measure much lower frequencies, a series of decade frequency dividers are provided
within it. These increase the time between the reference frequency pulses by factors of 10
and a typical instrument can have gaie pulses scparated in time by between 1 ps and

1 second.

Improvement in the accuracy of low-{requency measurement can be obtained by modifying
the gating arrangements such that the signal of unknown frequency s made to control

the opening and closing of the gate. The number of pulses at the refercnce frequency that
pass through the gate during the open period is then & measure of the frequency of the
unknown signal.

9.7.2 Phase-Locked Loop

A phase-locked loop is a circuit consisting of a phase-sensitive detector, a vollage-controlled
oscillator (VCO), and amplifiers, connected in a closed loop system as shown in Figure 9,16
Ina VCO, the oscillation frequency is proportional 1o the applicd volt
phase-locked loop is as follows. The phase-sensitive detector compares the phase of the

= Operation of a
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Phase-sensitve
Amplifier detector Amplifiec
Measurement
signal
Output 1 [
Voltage-controlied
oscliator
Figure 9.16

Phase-Jocked loop

amplified input signal with the phase of the VCO output. Any phase difference generates an
ermor signal, which is amplified and fed back to the VOO, This adjusts the frequency of the VCO
until the error signal goes 1o zero, and thus the VOO becomes locked to the frequency of the input
signal. The d.c. output from the VCO is then proportional to the input signal frequency.

9.7.3 Oscilloscope

Many dignal oscilloscopes (particularly the more expensive ones) have a push button on
the front panel that causes the instrument 1o automatically compute and display the frequency of
the input signal as a numeric value.

Where this direct facility is not available (in some digital oscitloscopes and all analogue ones).
wo alternative ways of using the instrument (o measure frequency are available. First, the
ntemal time base can be adjusted until the distance between two successive cyeles of the
measured signal can be read against the calibrated graticule on the screen. Measurement
accuracy by this method is limited, but can be optimized by measuring between points in the
cyele where the slope of the waveform is steep, generally where it is crossing through r"”f‘h‘
negative 10 the positive part of the cyele. Calculation of the unknown frequency from this
measured tme interval is relatively simple. For example, suppose that the distance between (wo
cyclesis 2.5 divisions when the intemal time base is set at 10 ms/div. The cycle time is therefore
25 ms and hence the frequency is 1000725, that is, 40 Hz. Mcasurement aceuracy is dependent
on how accurately the distance between two cycles is read, and it is very difficult to reduce the
eror level below £ 5% of the reading.

An altemative way of using an oscilloscope to measure frequency is to generate Lisajous
patterns. These are produced by applying a known reference frequency sine wave to the y
tnput (vertical deflection plates) of the ascilloscope and the unknown frequency sinusoidal
sipmal o the v mput (horizontad deflection plates). A patiem is produced on the screen acconding
10 the frequency ratio between the two signals, and if the numerator and denominator in the
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Lisajous pattems.

Phase difference x ~ y

ratio of the two signals both represent an mlcgul numl’w of cycles, the pattem is stationary
Examples of these pattems are shown in Figere ¥ 17, which also shows (hat phase difference
between the waveforms has an effect on the shape. Frequency measurement proceeds by adjusting
the reference frequency until a steady pattem is obtained on the screen and then calculating the
unknown frequency according to the frequency ratio that the pattem obtained represents.

9.7.4 Wien Bridge

The Wien bridge, shown in Figare 9 1%, ts a special form of ac ge circuit that can be
used to measure frequencies in the audio range. An altemnative use of the strament s as a
source of audio frequency signals of accurately known frequency. A simple sct of headphones

is often used to detect the null-output balance condition. Other suitable ins

trumenty for this
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Figure 9.18
Wien bridge.
purpase are the oscilloscope and the el ic voll At batance, the unk is
calelated according to
1
i 2RR:C;

The tnstrument is very accurate at audio frequencies, but at higher frequencies, emrors due (©
losses in the capacitors and stray capacitance effects become significant.

9.8 Phase Measurement

Instruments that convert the measured variable into a phase change in  sinusoidal electrical
signal include a ransit time ulirasonic flowmeter, radar level sensor, LYDT, and resolver. The
most accurate instrument for measuring the phase difference between two signals is lhe
electronic counter/timer. However, other methods also exist. These include plotting the signals
on an X-¥ plotter using an oscilloscope and a phase-seasitive detector.

9.8.1 Electronic Counter/Timer

In principle. the phase difference between two sinusoidal signals can be determined by
measunng the tme that elapses between the two signals crossing the time axis. HM"R. wn
practice, this is insccurate because 2er0 ings are ible to noise The
nomal solution 1o this problem is to amplify/attenuate the wo signals so that they have the
same amplitude and then measure the time that elapses between the two signals crossing some

nonzero threshold value
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Signal 1
Threshold
voltage

Figure 9.19
Phase measurement with digital counter/timer

The basis of this method of phase measurement is a digital counter/timer with & quartz-
controlled oscillator providing a frequency standard, which is typically 10 MHz. The crossing
points of the two signals through the reference threshold voltage level are applied (0 4 gate
that starts and then stops pulses from the oscillator into an electronic counter, as shown in
Figure 9.19. The elapsed time, and hence phase difference, between the two input signals is thea
measured in terms of the counter display.

9.8.2 X-Y Plotter

This is a uselul tech for app! phase but is limited to low frequencies

because of the very limited bandwidth of an X-¥ plotter. If two input signals of equal magnitude
are applied to the X and ¥ mputs of a plotter, the plot obtained 15 an ellipse, as shown in
Figure 9.20. If the X and ¥ inputs are given by

Vy =Vsinfw) : Vy=Vsin{on + ¢)
At1=0, Vy=0and Vy=V sin¢. Thus, from F: 3.20, for Vy = 0, Vy h
sing = +h;V (9.16)

Solution of Bquation (9.4) gives four possible values for ¢ but the ambipuity about which
quadrant ¢ is in can usually be solved by observing the two signals plotted against time on 2
dual-beam oscilloscope.

9.8.3 Oscilloscope

As for the case of frequency measurement, many digital oscilloscopes (particularly the
more expensive ones) have a push button on the fromt pancl that causes (he nstrument 1o
automatically compute and display the phase of the wput signal as a numenc value
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Figure 9.20
Phase measurement using X-Y plotter

Where this durect facility is not available (in some digital oscilloscopes and all analoguc ones),
“pproximate measurement of the phase difference between signals can be made using -ny»tﬁﬂl'
beam oscillascope. The two signals are applied to the two oscillascope inputs and a suitable
Hme base is chosen such that the time between the crossing points of the two signals can

be measured. The phase difference of both low- and high-frequency signals can be mb_lﬁ“md
by this method, with the upper frequency limit measurable being dictated by the bandwidth of
the oscilloscope (which is normally very high).

9.8.4 Phase-Sensitive Detector
A phase-sensitive dch:cu\rc.mbeu\cdlmmamrcﬂ!cpluscdilfuu\c:meﬂ\mii!mhm

have an identical frequency. This can be exploited in d such us the varying-
phase output resolver (see Chapter 20)

9.9 Summary

This chapier has been concermed with looking at ways of dealing with outputs from 2
mecasurement scasor that are not in the form of a readily measureable voltage signal. We s_"md
off by wentifying the various aliemative forms of output that we might have to deal \_'llﬂL
Our hist wncluded translational displacement change outpats; changes in various e?ecmtﬂ
parameters, such as resistance, inductance, capacitance, and current; and changes in the phase
or frequency of an ac, electrical signal
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This led us to realize that we needed mechanisms for converting these sensor outputs that
are initially in some nonvoltage form mto a more convenient form. Such mechanisms are
collectively called variable conversion elements, Because mechanisms for measuning transla-
tional displacements are needed for other purposes as well, we have deferred consideration of
these until Chapter 19, where the subject of translational measurement is considered in detail.
The rest of this chapter has therefore only been concerned with looking at the ways of dealing
with nonvoltage electrical parameter outputs and outputs in the form of a frequency of phase
change m an electrical signal.

We learned first of all in this study that bridge circuits are a particularly important type of
variable conversion element, and we therefore went on to cover these in some detail. One
particularly important thing that we leamed was that bridge circuits exist in two forms, null type
and deflection type. Of these, null types are more tedious to use but provide better measurement
accuracy, leading to these being the preferred form when sensors are being calibrated. We
noted also that both d ¢. and a.c. bridges exist, with the former being used 1o interpret the output
of sensors that exhibit a change in resistance and the latter for sensors that convent the measured
quantity into a change in either inductance or capacitance.

We then went on to look at the ways u( dealing with sensor outputs in other forms. In tum, we
covered resi i

ways 1o using a d.c. bridge circuit), inductance
and current measurement. Finally, we looked at ways
of interpreting the output of sensors that is in the form of a change in either the frequency or the
phase of an electrical signal.

9.10 Problems

9.1, Explain what a d.c. bridge circuit is and why it is so useful in measurcment systems.
List a few measurement sensors for which you would commonly use a d.c. bridge
circuit to convert the sensor output into a change in output voltage of the bndge

9.2 Ifelements in the d.c. bridge circuit shown in Figwre 9 2 have the following values—&,
HOQ R, = 1000 R, = 1000 R~ 10000V, = 10V
the o . of the vol
Apply hlu ation (9.31.]

9.3. Suppose that the resistive components in the d.c. bridge shown in Figure 9 2 have
the following nominal values: R, = 3K : & 6K R, - SKQ; R; =~ 4K
The actual value of each resistance is refated 1o the nominal value

calculate output voltage Vo if

g is assumed to be infinite, [

according 1o
Ricuat = Ruvaninat + OR, where JR has the following values: R, W0 Q ; OR,

=209 0R; = 400 ; IR, = — 50 2. Calculate the open circuit bridge output voltage if

bridge supply voliage 1 is SO V.

(a) Suppose that the unknown resistance R, in |
whose resistance at 100°C is 500 © and whose

94.

wie 9.2 18 a resistance thennometer

istance vanes with temperatire
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at the rate of 0.5 Q/°C for small temperature changes around IOQ"C» Caleulate the
sensitivity of the total measurement system for small changes in femperature
around 100°C, given the following resistance and voltage values measured at
15°C by instruments calibrated at 15°C: Ry = 500 Q; Ry = Ry = 5000 Q;
V,=10V, 2
(b) If the resistance thermometer is measuring a fluid whose true temperature 1S
104°C, caleulate the error in the indicated temperature if the ambient lcmp::l"-“:ll'e
around the bridge circuit is 20°C instead of the calibration temperature of 15°C,
given the following additional information:
Voltage-measuring instrument zero drift coefficient = +1.3 mV/'C
Voltage-measuring instrument sensitivity drift coefficient = e
Resistances Ry, Ry, and R, have a positive temperature coefficient
of +0.2% of nominal value/*C
ource V, is unatfected by temperature changes.

9.5, Four strain gauges of resistance 120 Q each are amanged mto a d.c. bridge
configuration such that each of the four arms in the bridge has one strain g.augc it
The maximum permissible current in each strain gauge is 100 mA. Wl is |hc‘ #
fuaximum bridge supply voltage allowable, and what poweris dissipated in each strain
sauge with that supply voltage?
9.6, (a) Suppose that the variables shown in Figere 9.2 have the following values:
Ry = 100Q. By = 100 Q. Ry = 100Q; ¥, = 12 V. R, is a resistance Lllelmomcn;‘
with a resistance of 100 Q at 100°C and a temperature cocfﬁcicm‘()f +03 98
over the temperature range from 50 10 150°C {i.c., the resistance increases as S
the temperature goes up). Draw a graph of bridge output voliage Vo @r Ihideer
Sleps in temperature between 100 and 150°C fcalculating Vy according (o
Equation (9.3)].
(b) Discuss briefly whether you expect the graph that you have just drawn to be &
straight line, A
(€) Draw a graph of Vg for similar temperature valucs if Ry = Ry = 100092 W;.d:"
other components have the same values as given in part (a). Note that s “:
thiough the data poinis is straighter than that drawn in part (a) but the outpu!
voltage 1s much less at cach temperature point.
(d) Discuss briefly the change in lineanity of the graph drawn for part (¢) m‘,’ d::)
change in w Hrement seasitivity compared with the graph drawn TpULIL);
9.7.

g
The unkunown resistance R, in a d.c. bridge circuit, connected as shown in l‘lg::r:n:“"':
15 dresistance thermometer. The thermometer has a resistance of 350 Qat 50 s
temperature coefficient is + 1 Q7C (the resistance inmmasnmcmpcﬂl“fk &
The components of the system have the following values: Ry = 350 Q. Ry = rix\ue
2ROQR. - 20KQV - § V. Whatis the output voltage reading when the tempet

15 100°C? [Hint: Use Equation (9, 10y
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9.8,

9.9:

9.10.

LA S

9.12.

The active element in @ load cell is a strain gauge with a nominal resistance of 500 Q
in its unstressed state. The cell has a sensitivity of 4 0.5 Q per Newton of applied
force and is connected in a d.c. bridge cireunt where the other three anms of the bridge
cach have a resistance of 500 Q.
(a) If the bridge excitation voltage is 20 V. what is the measurement sensitivity of the
system in volts per Newton for small applied forces?
(b) What is the bridge output voltage when measuring an applied force of 500 Newtons?
Suppose that the unknown resistance R in £ 9.2 1s a resistance thermometer
whose resistance at 100°C is 600  and whose resistance vanies with temperature at the
rate of +0.4 Q7C for small temperature changes around 100°C. Calculate the
Mtivity of the total system for small changes in temperature around
100°C, given the following resistance and voltage values:

Ry =600 Q:R: = R; = 6000 Q: V, =20V

Assume that the ambient temperature around the bridge circuit was the same as that at
which the voltage-measuring instrument and all bridge component values were calibrated.
‘The unknown resistance R, of a resistance thermometer is measured by a deflection-
type bridge circuit of the form shown in Figuse 9 2, where the parameters have the
following values:

Ry = 100 Ry = Ry = 1000V, =20V

The thermometer has & resistance of 100 Q at 0°C and the resistance varies with
temperature at the rate of 0.4 {2°C for small temperature changes around 0°C
(a) Calculate the bridge sensitivity in umis of volts per ohm.
(b) Calculate the sensitivity of the total measurement system in umits of volts/ C for
small emperature changes around (°C.
The unknown resistance R, of a strain gauge is 10 be measured by a bndge circuit of
the form shown i Figure © 5 but where the biidge components and the excutation voltage
are different to the values shown in Figure 9.5, having instead the following values
Nominal strain gauge resistance = 100 € R, = 10 KQ (unchanged)
Ry =100Q R, = 1000Q, Ry~ 10000, ¥ v
(1) Using Thévenin's theorem, derive an expression for the sensitivity of the bridge
in terms of the change in outpat voltage V. that occurs when there is a small change
in the resistance of the strain gauge.
(b) If the strain gauge is part of a pressuse transducer with a sensitivity of 400 mé&bar,
Iculate the pressure me: sensitivity in bridge output volis (V) per bar.
The unknown resistance R, of a thermistor 1s 10 be mcasured by a bridge curcuit of
the form shown in Figure 9.5 but where the bnidge components and the excitation
voltage are different to the values shown in Figare © 5, having instead the following
values:
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9.13.

9.14

9.15

Ry = 1000 Q, R> = 1000 Q. Rs= 1000, V, = 10V, R,, = 20KQ

The resistance (R,,) of the thermustor is related to the measured temperature (T) in
degrees kelvin (“K) according to the foll i

R, = 1000exp {3075 (71‘ = 0.003354)]

Draw a graph of the bridge output in volts for values of the measured temperature in

steps of 5°C between 0 and 50°C.

In the d.c. bridge circuit shown in Figure 921, the resistive components have the

tollowing values: Ry = R> = 1200 Rs = 17 Q: R = 123Q; R, = R, =1000 Q.

(2) What are the resistance values of the parts of the potentiometer track either side
of the slider when the potentiometer is adjusted to balance the bridge?

(b) What then is the effective resistance of each of the two left-hand arms of the
bridge when the bridge is balanced?

List a few measurement transducers and sensors for which you would commonly

use an a.¢. bridge circuit to convert the sensor output into a change in output voltage

of the bridge.

A Maxwell bridge, designed to measure the unk imped: (R, L,) of a coil,

is shown in Bigure 9.5,

A

LA

Ve

Figure 9.21
A d.c. bndge with apex balancing,
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9.16.

9.17.

9.18.

=

9.19,

9.20,

() Derive an expression for R, and L, under balance conditions,

(b) If the fixed bridge component values are Ry = 100 Q and € -~ 20 pF, caleulate the
value of the unknown impedance if Ry = 3183 Q and R = 50 Q at balance.

(¢) Caleulate the Q factor for the coil if the supply frequency 1s 50 Hz,

A deflection bridge as shown mn Fipuie 99 is used to measure an unknown inductance,

L,. The components in the bridge have the following values: V, = 30V,

Ly = 80mH, R; =70 Q, R« = 30 Q. If L, = S0 mH. calculate the output

voltage, Vo,

Anunknown capacitance, C. is measured using a deflection bndge as shown in Figure 9.9,

The components of the bridge have the following values: V, = 10V, €, = S0 uF,

Ry = 80 Q, Ry = 20 Q. If the output voltage is 3 V., calculate the value of C,..

A Hays bridge is often used for measuring the inductance of high Q coils and has the

configuration shown i Figure & 205

(a) Obtain the bridge balance conditions.

(b) Show that if the @ value of an unknown inductor is high, the expression for the
inductance value when the bridge 1s balanced is independent of frequency.

(c) If the Q value is high, calculate the value of the inductor if the bridge component
values at balance are as follow: Ry = Rs = 1000 Q : C = 0.02 pF.

Discuss altemative methods of measuning the frequency of an electrical signal and

indicate the likely measurement accurscy obtained with cach miethod

Using the Lisajous figure method of measuring frequency. a reference frequency

signal of 1 kHz is upplied to the Y channel of an oscilloscope and the unknown

frequency is applied to the X channel. Determine the unknown frequency for each of

the oscilloscope displays shown m Figure 923, Also indicate the approximate phase

difference of the unknown signal with respect 1o the reference signal

Figure 9.22
Hays bridge
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10.1 Introduction

There is often & necessity in many measurement systems (0 transmil measurement signals
over quite large distances from the point of measurement 10 the place where the signals are
recorded and/or used in a process control system. The need to separate the procesain
parts of a measurement system from the point of measurement can arise for several reasons
One major reason for the separation is the enviroament around the point of measurement, which
is often hostile toward one or more components in the rest of the measurement sysiem
Extremes of temperature, humidity. weather, or fumes are typical examples of environments at
the point of measurement that are 100 hostile for other measurement sysiem components.
Remoteness of the point of measurement can be another reason for transmuting measured
signals to another point. We often see this problem in environmental and weather momitoring

freconding

systems. One example is water quality measurement in rivers, where sensors may actually be
anchored in the river, In this sort of situation, po mams-powered clectiicity supply is available.
While it is possible to use battery or solar power for the sensors ¢
is normally needed for the necessary signal processing. Furthermare, there are usually no

buildings available to protect the signal processing elements from the cavironment. For these
reasons, transmussion of the measurements 10 another point s necessa

welves, mains power

y
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We therefore devote this chapter o a study of the various ways in which measurement dalacgn be
transmitted. We will see that the need to transmit measurcment signals over what can sometimes
be large distances creates several problems that we will i igate, As di 'il\‘ lht
following pages, of the many difficulties associated with long distance signal transmission,
contanination of the measurement signal by noise is the most serious. Many mmc\nfnol.sceml
in industrial environments, such as radiated elec fields from electrical mach _“‘d
power cables, induced electromagnetic fields through winng loops, and spikes (large transient
voltages) that sometimes occur on the mains .. power supply Oux mv&m;mon mlo‘ﬂg“ﬂl
transmission techniques shows us that signals can be
optically, or by radiotelemetry in either analogue or digital format. We nlmdlscovcr that optical
data transmussion can be further divided into fiber-optic transmission and optical wireless

trnsmission, according 1o whether a fiber-optic cable or just  plain air path is used as the
transmission medium

10.2 Electrical Transmission

The simplest method of electrical (ransmission is to transmit the measurement signal as a
varying analogue voliage. However, this mode of ission often causes the .

signal 1o become cormupted by noise. To avoid such commption, the signal can hcmmmnl.ml asd
varymg current instead of as a varying voltage. An aliemative solution is {0 transmit the signal by
supenmposing it on an wc. carer system. All of these methods are discussed here.

10.2.1 Transmission as Varying Voltages

As most signals already exist in an electrical form as varying analogue voltages. the
simplest mode of transmission is to maintain the signals in the same form. However,
electrical transmission suffers problems of signal atienuation and also exposes siguals 10
corruption through induced noise. Therefore, special have o be taket

these problems,

Because output signal levels from many types of measurement transducers are very low,
signal amplification prior 1o transmission is essential if a reasonable signal- -to-noise ratio is
10 be obtaimed afier transmission. Amplification at the input to the transmission system is also
required 1o compensate for the attenuation of the signal that results from the resistance of the
signal wires

1 s also wsually necessary (o provide shielding for the signal wires. Shielding consists of
surrounding the sipnal wires in a cable with a metal shield connected to the earth. This plvVl'thS a
high degree of nose protection, especially agsinst capacitive-induced noise due 10 the proximity
of signal wires to lugh-cwrent power conduciors.
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10.2.2 Current Loop Transmission

The signal ion effect of esistances can be minimized if varying voltage
signals are transmitted as varying current signals. This technique, which also provides high
immunity to induced noise, is known as current loop transmission and uses currents in the range
between 4 and 20 mA* 1o represent the voltage level of the analo nal. It requires a
voltage-to-current converter of the form shown in Fipuse 101, which is commonly known as
a4~ 10 20-mA current loop interface. Two voltage-controlled current sources are used, one
providing a constant 4-mA output used as the power supply current and the other providing a
variable 0- to 16-mA output scaled and proportional to the input voltage level. The net output
current therefore varies between 4 and 20 mA, corresponding to analogue signal levels
between zero and the maximum value. Use of & positive, nonzero current level (o represent a
zero value of the transmitted signal enables transmission faults to be idenufied readily. If
the transmitted current is zero, this automatically indicates the presence of a transmissionfault,
as the mimmum value of current that represents a proper signal is 4 mA

Current o voltage conversion is usually required at termination of the transmission line to
change the transmitted currents back 1o voltages. An operational amplifier, connected as shown

wn Figare 10.2, is suitable for this purpose. Output voltage Vis s
current / by V = JR.

iply related to the input

The advent of intelligent devices has also led 1o the development of a modified current loop
interface known as the extended 4- to 20-mA crrent interface proiocol. This provides for
the transmission of command/states information and the device power supply in analogue foom on

v ‘::f _—'—@ﬁ 4-16 mA

4,
A AmA
Figure 10.1
Voltage-to-current convertor {current loop
* The 4 to 20-mA standard was agreed in 1972, prior 1o whach a vanety of difterent curment ranges wore Used for
signal transmission.
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Lsoo

" Figure 102

Current-to-voltage convertor.

signal wires. In this extended protocol, signals in the range of 3.8 10 20.5 mA are ws“d: m‘;
“normal” measurement signals, thus allowing for under- and overrange fm‘m the 4- 10 2 36
measurement signal standard. The current bands immediately outside this in the range of 3
1038 MA 4nd 20.5 10 21.0 mA arc used forth i dejgih

of
and the receipt of status information from it. This means that, if signal Wiresare @\ﬂd mmcfz
the power supply to the sensorftransmitter, the power supply current must be limited m 3‘-5

less 10 avoid the possibility of it being interpreted as & sigmal or il indieioe )
Signals greater than 21 mA (and less than 3.6 mA. if signal mmwm"{"wwy
are normally taken to indicate either a short circuit or an open circuit m the signal winng.

10.2.3 Transmission Using an a.c. Carrier

. ® ignals 18 (@
Another solution to the problem of noise corruption in low-level d.c. \o]mg.egli:ﬂmmr
wransfer the signal onto an a.c. camier system before transmission and extract it i
atthe end of the v line. Both amplitud lation (AM) and freqy

(FM) can be used for this.

Amplitude modidation consists of ranslating the varying voltage signal into "‘":;mim

the amplitude of a carrier sine wave at a frequency of several kilohertz. An a.c. dg Tt ;
cireuitis used commonty for this as part of the system for transducing the Wo:[mhnk 4
have a varying resistance (R), capacitanee (C). or inductance (L) form of output. Rl,‘emllir

1o Equations (9.14) and (9.15) in Chapter 9, for a sinusoidal bridge excitation v uf:mgc 5

V, = Vsin(ox), the outpat can be represented by ¥, = FV' u“lw,).v..“gﬂnumdll iihe

the same trequency as the bridge excitation frequency, and its amplitude, il MW?:

magnitude of the sensor input (R, C, or L) to the bridge. For example, in the case

Equation (9.15):
I oMy )‘.‘
2 (L, +1, RitRy
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=
Analogue ke 2 Output pulse
voltage }_ train at
signal frequency f
Reset
Preset
threshold
Figure 10.3

Voltage-to-frequency convertor.

After shifting the d.c. signal onto a high-frequency a.c. carrier, a high-pass filter can be applied
to the AM signal. This successfully rejects noise in the form of low-frequency drift voltages
and mains interference. At the end of the transmission line, demodulation is carried out to
extract the measurement signal from the carrier

Frequency modulation achieves even beiter noise rejection than AM and mvolves translating
i AR =

voltage signal quency vaniations in a high-frequency carmier signal
A suitable voltage-to-frequency conversion circuit is shown in Figure 10 3 in which the analogue
voltage signal input is integrated and spplied (o the input of a comparaior preset 10 a certain
threshold voltage level. When this threshold level is reached. the comparator generates an outpat
pulse that resets the integrator and is also applied to a monostable. This causes the frequency, £, of
the output pulse train to be proportional to the amplitude of the input analogue voltage

At the end of the transmission line, the FM signal is usually converted back 10 an analoguc
voltage by a frequency-to-voltage converter. A sustable conversion circuit is shown
Figure 10.4 in which the input palse tain is applicd to an integrator that charges up for

a specified time. The charge on the integrator decays thuough a leakuge resistor, and a
balance voltage is established between the input charge oa the intcgrator and the decaying
charge at the output. This output balance voltage is proportional 1o the input pulse train at
frequency /.

troquency f l [ L voRage

Monostable Integrator wan
charge leakage
resaion

Figure 10.4

Frequency-to-voltage convertor
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10.3 P tic Tr issi

In recent years, preumatic transmission tends 10 have been replaced by other "W‘:;; i
nmost new implementations of i systems, although many exzfmplﬂ ‘f"'

i i {ndistries P i issi 15 of

found in operation in process I i s
analogue signals as a v arying pneumatic pressure level that is usually in the range ?f};i:; in
(Imperial units are still used o ly in process industries, although the eq

St units is 2071034 mbar, which is often rounded 10 200~ 1000 mbar in metric 5}’?‘““_".:”
A few systems also use altemative ranges of 3-27 or 6-48 p.s.i. FW‘I“*“'I!" the initial sl.g

is in the form of & varying voltage level that is dmto a B 5
pressure. However, in some examples of pneumatic transmission, the signal “m“";‘m
current form to start with, and a current-to-pressure converterisused 1o convert "f‘_""}m
current signals into pacumatic signals prior to ion. Pneumatic transmiss s
the advantage of being intrinsically safe. and it provides similar levels of noise mmum 2
curreat loop transmission. However, one disadvantage of using air as the mlm ton.
medium is that the transmission speed is much slower than electrical “"“l’“_“‘ s i X
A further potential source of error would arise if there were a pressure Mm:llmg .

3 with
transmission tube. This would introduce a cor L
lemperature

& g where sensors,
Pacumatic trans 1is found larly in control systems

actuators, or both are pneumatic. Typical preumsatic sensors are the m<m:iu
(see Chapter 14) and the motion-sensing nozzle flapper (sce Chapter 19); atypical aciia often
pacumatic cylinder that convents pressure into linear motion. A PoORmINC mplicrls
wsed 1o amplity the pacumatic signal to a suitable level for ransmission,

10.4 Fiber-Optic Transmission

g iting information. For
Light has a number of advantages over ek v as a medium for mamid ;
example, 101y intruically safe, and noise cormuption of signals by i ists of
fields is almost eliminated. The most common form of optical LrAnsmIsSIon COnsIsts

S exXIsts a8
transmiting light along a fiber-optic cable, although wircless transmission also
desenibed in S

Apart from noise reduction, optical signal attcneation along a fiber-optic ““k:omf‘; o
than electne signal attenuation along an equivalent length of metal conductor. ith
18 an associated cost penalty because of the higher cost of a fiber-opic W“nd:mp' e
the cost of metal conductors. Tn short fiber-optic links, cost i-dumm?dby m““‘“:"m‘“
transducens needed W transtoru electrical signals into optical ones and vice versa. significant.
the lengih of the lnk increases, the cost of the fiber-optic cable itself becomes more

1ty

AU
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Fiber-optic cables are used for signal transmission in three distinet ways. First, celatively
short fiber-optic cables are used as part of various instruments to transmit light from conventional

Sensors o d more location for p ing, often in si where space is very short
m the point of measurement. Second, lnngcr fiber-optic cables are used to connect remote

0 lers in i rks. Third, even longer links are used for data

systems in telephone and networks. These three application classes have

different requirements and tend to use different types of fiber-optic cable.

Signals are normally transmitted along a fiber-optic cable in digital format, although analogue
transmission is sometimes used. If there is a requirement 1o transmit more than one signal, it is
more economical to multiplex the signals onto a single cable rather than transmut the signals
separately on multiple cables. Multiplexing involves switching the analogue signals in um, n
a synchronized sequential manner. int an analogue-to-digital converter that outputs onto the
transmission line. At the other end of the transmission line, a digital-to-analogue converter
transforms the digital signal back into analogue form and it is then switched in tum onto separate
analogue signal lines.

10.4.1 Principles of Fiber Optics

The central part of a fiber-optic system is a light-transmitting cable contaming one or more
fibers made from either glass or plastic. This is termunated at cach end by & transducer, as shown
in Figure 10,5, At the input end, the transducer converts the signal from the clectrical fonm in
which most signals onginaie into light. At the output end. the transducer converts the
transmitted light back into an electnical form suitable for use by data recording, manipulation,
and display systems. These two transducers are often known as the transmitter and receiver,
respectively.

Fiber-optic cable consists of an inner cylindnical core summounded by a cylindncal cladding
and a protective jacket, as shown in Figure 10.6. The jacket consists of several layers of
polymer material and serves to protect the core from mechanical shocks that might affect s
optical or physical propertics. The refractive index of the inner core is greater than that of the
surrounding cladding matenial, and the relationship between the two refractive indices affects
the transmission charactenstics of light along the cable. The amount of attenuation of light as i
travels along the cable varies with the wavelength of the Hght transmitted. This characteristic
is very nonlinear, and a graph of attenuation sgainst wavelength shows a number of peaks

] — [
Light transmitter Fidre-opiic cable Light receiver

Figure 10.5
Fiber-opuic cables and transducers
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Figure 10.6
Cross section through fiber-optic cable.

s. The position of these peaks and troughs varies according to the matenal used
for the fibers. Tt should be noted that fiber manufacturers rarely mention these nonlinear

attenuation characteristics and quote the value of attenuation that occurs at the most favorable
wavelength

Two forms of cables exist, known as single mode Single mode cabl

known as monomode cables) have a small diameter core, typically 6 pm, whereas multimode
cables have a much larger core, typically between 50 and 200 jum in diameter, Both glass and
plastic in different combinations are used in various forms of cable. One option is to use different
types of glass fiber for both the core and the cladding. A second, and less expensive, option s to
have a glass fiber core and a plastic cladding. This has the additional advantage of being less
bratle than the all-glass version. Finally, all-plastic cables also exist, where two types of plastic
fiber with ditferent refractive indices are used. This is the least expeasive form of all, but has the
disadvantage of having high attenvation ch ics, making it unsuitable for ission of
light over medium to large distances

Protection 15 normially given fo the cable by enclosing it in the same types of insulating and
armoring materials used for copper cables. This protects the cable against various hostile
environments and also against mechanical damage. When suitably protected,
fiher-optic cables can even withstand being engulfed in flames.

aperatin,

The fiber-opiic transmitter is responsible for 2 the el signal from a
sensor 1nto hieb and wansfemag this into the fiber-optic cable, Tt is theoretically possible
1o encade the measurement signal by modulating the inteasity, phase, or polar

of the light injected into the cable, but light intensity modulation has now ndlicvedlw
position 1n most fiber-oplic transmission systems, Either laser diodes or light-cmitting diodes
(LED) can be used as the light source in the transmitter. Laser diodes generate coherent light of
a higher power than the incoherent light produced by LED. However, laser diodes are more
complex. more expensive, and less relisble than LED. Also the relationship between the input
current and e T bt output is more linear for light-emitting diodes. Hence, the latter are prefemred
in most applications.

&
u
-
X
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The charactenstics of the light source chosen for the transmitter must closely match the
attenuation charactenistics of the light path through the cable and the spectral response of
the receving transducer. This 1s because the proportion of the power from the light source
coupled into the fiber-optic cable is more important than the absolute output power of the
emitted light. This proportion is maximized by making purpose-designed transmitters that have
aspherical lens incorporated into the chip during manufacture. This produces an approximately
parallel beam of light into the cable with & typical diameter of 400 pm.

‘The proportion of light entering the fiber-optic cable is also governed by the quality of the
end face of the cable and the way it is bonded to the transmitter. A good end face can be
produced by either polishing or cleaving. Polishing involves gnnding the fiber end down with
progi ly finer polishi ds until a surface of the required guality is obtained.
Attach 10 the itter is then ily achicved by gluing. This is a time-consuming
process but uses inexpensive materials. Cleaving makes use of special kits that nick the fiber,
break it very cleanly by applying mechanical force, and then attach it to the transmitter by
crimping. This is a much faster method but cleaving Kits are quite expensive. Both methods
produce good results.

A further factor that affects the proportion of light transmitted into the optic fibers in the
cable is transmitter alignment. It is very important to achieve proper alignment of the
transmitter with the center of the cable. The effect of misalignment depends on the relative
diameters of the beam and the core of the cable. Figure 107 shows the effect on the proportion
of power transmitted into the cable for cases of (a) cable core diameter > beam diameter,
(b) cable core diameter = beam diameter, and (¢} cable core diameter < beam diameter. This
shows that some degree of misalignment can be tolerated except where the beam and cable core
diameters are equal. The cost of producing exact alignment of the transmitter and cable is
very high, as it requires the light source to be aligned exactly in its housing, the fiber to be
aligned exactly in its connector, and the hoasing 1o be aligned exactly with the connector
Therefore, great cost savings can be achieved wherever some misalignment can be tolerated in
the specification for the cable.

The fiber-optic receiver is the device that converts the optical signal back into electrical form. It
is usually cither a PIN diode or phototransistor. Phototransiston have good sensitivity but only
have a low bandwidth. However, PIN diodes have a much higher bandwidth but a lower
sensitivity. If both high bandwidth and high sensitivity are required, then special avalanche
photodiodes are used, but at a severe cost penalty. The same considerstions shout losses ot the
interface between the cable and the receiver apply as for the transmiter, and both polishing
and cleaving are used (o prepare the fiber ends.

Output voltages from the receiver are very small and smplification is always necessary. The
System is very prone (o noise corruption at this point, However, the development of receivens that
incorporte an amplifier is finding great success m reducing the scale of this noise problem
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Coupled power
/Fhvdmnh-nm.
Fiber diam. = beam diam.
Fiber dam. < beam diam.
Misaignment
107

Effect of ransmitcer alignment on light power transmitted.

10.4.2 Transmission Characteristics

Single mode cables have very simple transmission characteristics becase the core has a very
small diameter and light can only travel in a straight line down it. However, multimode

cables have quie complicated transmission charsctenistios because of the relatively large
diameter of the core

While the transmitter is designed to maximize the amount of light that enters the cable n a
direction paraliel t its length, some light will incvitably enter de cabl herangles.
Light that enters o multimode cable at any angle ather than normal 10 the end face will be
refracted in the core. Tt will then travel in a straight line until it meets the boundary between
the core and cladding materials. At this boundary, some of the light will be reflected back
into the core and some will be refracted in the cladding.

For materials of retractive indices 1, and ny as shown in Figure 10.8, light entering from
the extemnal medium with refractive index ng at angle %, will he refracted at angle 1, lll‘lfw‘
and, when it mcets the core-cladding boundary, pan will be reflected at angle f; back “‘W.
the core and part will be refracted at angle B in the cladding, %) and o, are related by Snell’s
law according o

Ha SN = Ay SNy (o.1)
Similarly, §; and fi; are related by

ny sinfl; = ny sinfly. (102)

Al
P
q




is lost and w ion of the itted signal

of Equation (10.1) shows how this loss can be prevented.

ray will travel aloag the boundary between the core and cladding, 0
am will be reflected back into the core. The case where B = 9,

Sl Ia teesnfone tho criticel magle for total | 6,51
boundary. The condition for this is that sinfl, = 1.
0t

.lilﬂ| il

sinf, =%/, .
vs that cosx, = sinfl,. Hence,

&»/’l—em’u.ty/l—dn’ﬂ.'\/l——i—n;;:
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Therefore, provided that the angle of incidence of light into the cable is greater than the "ArA"“"a]
angle given by 0 < sin "o, all of the light will be intemnally reflected at the core/claddmgl
boundary. Further reflections will occur as light passes down the fibers, and it will thus travel in
a zigzag fashion to the end of the cable.

While has been 1, there is a ining problem that the trat

time of the parts of the beam that wavel in this zigzag manner will be greater than hg’fl l‘“.“ iad
the fiber at 90° 10 the face and so travels in a straight line to the other end. In practice, incident
light rays to the cable will be spread over the range given by sin ‘o, < 0<90°, and so mc,.
transmission times of these separate parts of the beam will be distributed over a SR
range. These differential delay characteristics of the light beam are known as modal dlspc‘!slm-
The practical effoct is that a step change in light intensity at the input end of the cable will be

Teceived over 4 finite period of time at the output. Multimode cables where this happens are
known as step index cables

Tis posible to largely overcome this latter problem in multimode cables by using cublt?s mm.lc solely
from glass fibers in which the refractive index changes gradually over the cross section of the Y
core rather thun abruptly at the core/cladding interface as in the step index cable dw‘cu‘ssml w f_ﬂl' . This
special type of cable is known as a graded index cable and it progressively bends light incident ;
Atless than 90° 10 its end face rather than reflecting it off the core/cladding boundary. Although parts
of the beam away from the center of the cable travel further. they also travel faster than the beam
passing straight down the center of the cable because the refractive index is lower AWy from the
center. Hence, all parts of the beam are subject to approximately the same propagation delay. ?“
coasequence, astep change in light intensity st the input produces an approximate step change of |lghf
iniensity at the output. The altemative solution is to use a single mode cable. This usually ipn.)pug-l!ﬂb
light in a single mode only, which means that time dispersion of the signal is almost climinated.

10.4.3 Multiplexing Schemes

Various types of multiplexing schemes are available. It is outside the scope of this u:xll
1o discuss these in detail, and interested readers are recommended 1o consult a specm..hsl text

in fiber-optic wansmission. It is sufficient to note here that lengtl

i used pred 1y fiber-optic systems. This uses a multiplexer in lhf:

o merge the di mput signals together and a ds i in the
10 separale out the separate signals again. A different modulated freq y is used o
cach signal. Because a single optic fiber is capable of propagating in excess of 100 different
lengths without o . multiplexing allows more than 100 separate distnbuted
sensons 1o be add d. Waveleagth division multiplexing systems ¢ {ly use single mode
cable of 9 pm d . although there are also ples of usage of 50- or 62.5-pm-diameter
mulumode cable

T T T
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10.5 Optical Wireless Telemetry

‘Wareless telemetry allows signal transmission to take place without laying down a physical
link in the form of electrical or fiber-optic cable. This can be achieved using either radio or light
waves to carry the transmitted signal across a plain air path between a transmitter and a receiver.

Optical wircless transmission was first developed in the carly 19805 It consists of a light
source (usually infrared) transmitting encoded data information across an open, unprotected air
path to a light detector. Three distinet modes of optical telemetry are possible. known as point to
point. directed, and diffuse.

*  Point-to-point telemetry uses a narrowly focused. fine beam of light, which is used
commonly for transmission between adjacent buildings. A data transmission speed of
§ Mbit/s is possible at the maximum transmission distance of 1000 m. However. if the
transmission distance is limited to 200 m, a transmission speed of 20 Mbit/s is possible.
Point-to-point telemetry is used commonly to connect electrical or fiber-optic
networks in adjacent butldings
*  Directed telemetry transmits a slightly divergent beam of light that is directed oward
reflective surfaces, such as walls and ceilings i a room. This produces a wide area of
coverage and means that the transmitted sigoal can be received at a number of points
However, the maximum (ransmission rate possible s only 1 Mbit/s a1 the maximum
transmission distance of 70 m. If the transmission distance is limited (0 20 m, a transmission
speed of 10 Mbivs is possible.
Diffuse telemetry is similar to directed telemetry but the beam is even more divergent
This increases the area of coverage but reduced transmission speed and range. At the
maximum range of 20 m, the maximum speed of transmission 1s 00 kbiv/s, although tis
ncreases to 2 MBiys at a reduced runge of 10m.

In practice, implementations of optical wireless telemetry are relatively uncommon because
the transmission of data across an open, unprotected ar path is susceptible to random interruption
In cases where immunity to electromagnetic noise 1s particularly important, open path optical
transmission is sometimes used because it provides immunity of the tansmitted signal o
electromagnetic noise at low cost, However, other ways of providing immunity 10 the transmutied
signal against ¢l noise are often p 4, despite their higher cost

The usual altemnative (o optical transmission for solving clectromagnetic noise problems s 0
use fiber-optic transmission. In cases where lays
radio transmission is used commonly. This 1s preferred over optical transmission because itis
much less prone (o interf than optical tr  over an open air path, as radio waves
can pass through most matenals. However, there are some situations where ©
1s subject to {rom neighboring rad
wavelength and, in such circumstances, optical transmission is sometimes a betier option

a physical fiber-optic cable link is difficult,

) LFANNMTHARION

Y systems operating at a simula
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10.6 Radiotelemetry (Radio Wireless Transmission)

Radiotelemetry 1s normally used over transmission distances up to 400 miles, although this can
be extended by special technigues to provide ¢ ication through space over millions of
miles. However, I y is also used ¢ ly over quite short distances 10 transmit
signals where physical electrical or fiber-optic links are difficult to install or maintain, This occurs
particularly when the source of the signals is mobile. The great advantage that radiotelemetry has
over optical wireless transmission through @n air medium is that radio waves are attenuated much
less by most types of obstacles between the energy transmitter and receiver, Hence, as noted
carlier, radiotelemetry usually performs better than optical wireless telemetry and 1s therefore
used much more commonly.

In radiotelemetry, data are usually transmitted in a frequency-modulated format. A typical
scheme is shown in Figure 10.9, although other arrangements also exist. In this particular
scheme shown, 18 data channels are provided over the frequency range from 0.4 to 70 kHz, as
given in the table that follows. Each channel is known as a subcamnier frequency and can be uscd
10 transmit data for a different physical vanable. Thus, the system can transmit information
Trom 18 different sensors simultancously.

Data
S —e— 04 H2
signal 1 I‘u‘_
) T RF signal
i =
N, (5 - Moer Frequency
Data { Antenna
—_— 17-—4’.'0»{: - i
signat il || = R
Transducer 18 Subcamer
Banc-pass
Demachdator 1 fiker et
Data
signal 1
Data
sgnal 18

Figure 10.9
Radio ansmission using FM/FM system.
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Band 1 2 3 4 s 5 7 8 9
Center frequency (kHz) 04 056 073 0.96 13 17 23 30 39
Band 10 1 12 13 14 15 16 17 18

Center frequency (kHz) 54 7.35 105 145 220 300 400 s2.5 70.0
Maximum frequency dewation allowed s %7 §%

A voltage-to-frequency converter is used in the first FM stage 1o convert each analogue
voltage signal into a varying frequency around the center frequency of the subcarrier assigned
for that channel. The 18 channels are then mixed into a single signal spanning the frequency
range 0.4 to 70 kHz. For transmission, the length of the antenna has o be one-quarter or
one-half of the wavelength. At 10 kHz, which is a typical subcarrier frequency in an 18-channel
system, the wavelength is 30 km. Hence, an antenna for transmission at this frequency is totally
impractical. In consequence, a second FM stage is used to translate the 0.4- 10 70-kHz signal into
the radio frequency range as modulations on a typical camer frequency of 217.5 MHz.™ At
this frequency, the wavelength is 1.38 m, so a transmission antenna length of 0.69 or 0345 m
would be suitable. The signal is received by an antenna of identical length some distance away.
A frequency converter is then used to change the signal back into the 0.4- 10 70-kHz subcarmer
frequency spectrum, following which a series of band-pass filters are applied (0 exuact the 18
separate bands containing me: data. Finally, a demodulator is applied to each
channel to return each signal into varying voltage form

The inaccuracy of radiotelemetry is typically = 1. Thus, measurement uncertainty in

a signal with a range of 0~ 100°C over one chanael
would be & 1%, that is, £ 1°C. However, if unused transmission channels are available, the
signal could be divided into two ranges (030 and S0-100°C) and transmitted over two
channels, reducing the measurement uncertainty to £0.5°C. By using 10 channels for one
variable, 4 maximum measurement uncertainty of =0.1°C could be achieved

In theory, radiotelemetry is very reliable because, although the radio frequency waveband

is relatively crowded, specific frequencies within it are allocated 1o specific usages under
national agreements normally backed by legislation. Interference is avoided by licensing cach
frequency to only one user in a particular area, and limiting the wansmission range through
limits on the power level of transmitied signals, such that there 1 no interference to other
licensed users of the same frequency m other areas. Unformunately, interference can sull occur
in practice, due both to adverse atmospheric conditions extending the transimussion range
beyond that expected into adjoining areas and to unauthorized transmissions by other parties at
the lengths licensed to regi d users. There is a legal solution to this latter problem,
although some time may elapse before the offending transmission s stopped successfully

* Particular frequencies arc allocated for indusinial telemetry. These are suboct 1o wational agrocments snd Vary
different counines.



260  Chapter 10

10.7 Digital Transmission Protocols

Digital ¢

has very significant advantag, pared with analogue transmission
because the bility of signal iption during s reduced greatly. Many
different protocols exist for digital signal transmission. However, the protocol normally used
for the transmission of data from a measurement sensor or Circuit is asynchronous serial
transmission, with other forms of transmission being reserved for use in mstrumentation and
computer networks. Asynchronous transmission involves converting an analogue vulmsc_ %
signal into a binary equivalent, using an anal digital Thus is then )

as & sequence of voltage pulses of equal width that represent binary “1" and “0™ digits.
Commonly, a voltage level of either +5 or +6 V is used to represent binary *1.” and zero volt
represents binary “0." Thus, the transmitted signal takes the form of a sequence of 6-V pulses
separaied by zero volt pulses. This is often known by the name of pulse code mndulflll'ﬂn: Such
transmission in digital format provides very high immunity 1o noise because noise is typically
much smaller than the amplitude of a pulse representing binary 1. At the receiving C""""“
transmitted signal, any pulse level between 0 and 3 V can be interpreted as a binary “0" and
anything greater than 3 V can be interpreted as a binary “1.” A further advantage of digital
transmission is that other information. such as the status of industrial equipment, can be conveyed
as well as parameter values. However, consideration must be given to the potential problems of
aliasing and quantization, and the sampling frequency must therefore be chosen carefully.

Many different mediums can be used to transmit digital signals. Electrical cable, in the
form of 4 twisted pair or coaxial cable, is used commonly as the transmission path. However,
in some industrial environments, the noise fevels are so high that even digital dllll become
corrupted when transmitted as electrical pulses. In such cases, alternative transmission
mechanisms have to be used

One aliemanve is to modulate the palses onto 2 high-froquency carmier, with positive and

#ero pulses being represented as two distinet frequencies either side of a center carrier fltq“f“‘)’-
Once in such a frequency-modulated format, a normal mains electricity mpPly cable operatng at
mains frequency is often used to carry the data signal. The large frequency differcnce bc“"e?“'-‘:
signal carmier and the mains frequency prevents any comuption of data transmitied, :md simpl
tiltering and demodulation are able 10 extract the measurement signal after uansmrsu:ld“:
public switched telepone network can also be used to transmit frequency-modulated data
speeds up to 1200 bity's, using acoustic couplers as shown in Figure l(l.l.(l). The lmm“;““:f]
coupler converts cach buary “1" into atonc at | 4 kHzand each bil'l:n"y “0." into atone at 2.1 kHz,
while the receiving coupler converts the tones back into binary digits.

Avother solution ix 10 apply the signal to a digital-to-current converier unit and lhl-tﬂ \l;:_
current loop transmission, with 4 mA representing binary “0” and 20 mA "pmwmf'g ey
Y17 This permics baud rates up to 9600 bir/s at transmission distances up to 3 km. Fiber-opiic
links and radiotelemetry are also widely used to transmit digital data.

Prrep—
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Telephone transmission

10.8 Summary

‘This chapter on techni for it signals over what can, in some
circumstances, be quite large d npl the di on the different components that
exist in a measurement system. However, as for some other n system comp

such as variable conversion elements. a mechanism for signal transmission is not needed in all
measurement systems.

Our discussion began by observing that signals can be transmitted from the sensor at the point of
measurement to the rest of the measurement system m a number of alternative ways. As well as
alternatives of electric, pneumatic, optical, and radio transmission, both analogue and digital
forms exist as alternative transmission formats to camy the transmitted measurement signal

We d off by noting that electrical 1s the simplest way to convey measurement
signals over some distance, but noted that this has associated problems of attenuation of the
measured signal and also a tendency for the measured signal 1o be cormupted by noise. We
therefore went on to look at solutions 1o these problems. The first solution covered was o
amplify the measurement signal to compensate for attcnuation dering transmission and to
shield transmission wires to minimize noise cormuption. We went on 10 look at the alternative
clectrical transmission method known as current loop transmission, whereby the measurement
signal is transmitted as a varying current rather than a varying voltage in order 1o betier protect
the measurement signal from induced noise. Finally, we looked at a solution that mvolved
transmiting the measurement signal on a casrier wave using cither amplitude modulation of
frequency modulation,

Our next subject was pneumatic transmission. We noted that this had the disadvantage of
only transmitting measurement signals at relatively slow speeds and, in consequence, was
now much less used than it has been in the past. However, we observed that poeumatic
transmission 18 still used in three specific circumstances, First, because it is an inteinsically
safe method of transmission, it is stll used in some applications where imtrinsic safety 15
required. Second, it provides an altemative to current loop transmission when o high level of nose
immunity is required. Finally, it s convenient to use pacumatic transmission in poeumatic control
systems where the sensors, actuators, or both are preumatic

B
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Our discussion then moved on to fiber-optic transmission, where we noted that fiber optics
pmvuhu both intrinsically safe operation and gave the lnnsmmzd signal immunity to noise
by neighboring elec gnetic fields of the itted signal long &

hbcr npuv. cable is also muth less than for varying voltage transmission along anequwllml
length of electric cable.

As well as optical transmission of measurement data along a fiber-optic cable. we noted that
1t was also possible to transmit data optically across air space rather than along a cable.
We observed that this type of transmission existed in three forms, known as pnlm-lo-poml
telemetry, directed telemetry, and diffuse y. U allof these

from the ¢ problem of ,indm ission because the ission patl s
susceptible 1o random interruption when dats are d across an open, unp dair path.
In consequence. use of a fiber-optic cable is usually preferred for transmission of data, even
though this is much more expensive than transmitting data across an open air path.

We then weat on to look at radio transmission, We noted that this is normally used Wﬂ'
transmission distances up to 400 miles, but special techniques can allow i

through space over millions of miles. In addition. radiotel v 15 also used ly aver
quite short distances to transmit signals where physical electrical or fiber-optic links are
difficult w install or maintain, particularly when the measurement signal is mobile. Although
obstacles between the energy transmitter and the receiver can cause some atienuation of
ransonitted measurement data, this problem is far less than that which occurs when attempts are
made 1o transmit data optically over an open air path. While radnou:lmﬂry is generally

reliable, two problems can occur, which are both related ¢ li
licensing arrangements give each radio transmission sysiem a unique u-mnmsslon fm‘l““—"‘y
within a given geographical arca. Unfortunately, adverse h

range of transmission systems into ad; 2 arcas and cause 1on of itted

sigaals. A similar problem can occar when there are unauthorized transmissions by other
parties at the wavelengths licensed to registered users

To conclude the chapter, we looked finally at digital transmission protocols. We noted that digital
transmission has very significant advantages compared with analogue ion because the
possibility of mipnal comuption dunng transmission is reduced greatly. While many differeat
protocols exist for digital signal transmission, we noted that the one nomally used for the
trwnsmission of dats rom 4 measarement seasor of circuit is asynchronous serial transmission.
Having looked at how this works, we finished off by Iu\imuhmmoww“

transmuting dipital data, aloag a “twisted pair” or coaxial electrical cable, and as modulated
pulses on a high-frequency camier.
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10.9 Problems

10.1.  Discuss some reasons why it iS NECessary in miny measurcment Siuations 1o transmit
signals from the point of measurement (o some other point.
10.2. Discuss the main features of electrical, pneumatic, fiber-optic, and radio signal
Give ples of the sorts of situations where you would use each of
these transmission methods.
Discuss the different forms of electrical signal transmissions. What are the merits and
demerits of each altemative form?

104. What is a current loop interface? Discuss some measurement situations where this
would be the preferred form of signal transmission.

10.5. Pneumatic transmission is now rarely used in transmission systems. Why has this form
of transmission fallen out of favor? What sorts of conditions might cause a system
designer (o still specify & preumatic system In a new measurement system?

10.6. Discuss the main features of fiber-optic transmission

10.7. What are the principal advantages of fiber-optic transmission? Given its significant
advantages, why is fiber-optic transmission not used more widely?

10.8. Discuss the three different ways in which fiber-optic cables are used for signal
ransmisston.

109. A fiber-optic transmitter converts an electrical measurement signal into 1
injects this into the fiber-optic cable. Discuss the suportant design features that
maximize the proportion of light produced in the transmitter that passes into the cable

10.10. Discuss the main features of single mode and multimode fiber-oplic transmission

103

it and then
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i use n lications. The term intelligent is used to denote any

measurement device that uses computational power to enhance its measurement performance.

We are probably aware that digital computers have been used in conjunction with measurement
systems for many years in the typical control system seenanio where a compuier uses data
on process variables supplied by a system (o compute a control signal that is then
applied to an actuator in order to modify some aspect of the controlled process. In this case,
the computer was not actually part of the measurement system but merely works with it by

taking data from the system.

As the cost of computers fell and their power increased, it became common practice to use the
computer assigned to a process control function to enhance the quality of measurements by
performing various signal processing operations digitally that were carried out previously by
arcuits, b . in these carly applications of digital signal processing,
the computer remained as a disunctly separate component within the measurement system

We have now moved on one stage further to the point where the computer that performs
digital signal processing to enhance measurement guality is incorporated into the measurement
device. Such devices that incorporate digital signal processing are given the generic name
intelligent devices. Individual intelligent devices aitract various names such as intelligent
instrument, intelligent sensor, smart sensor, and smart transmitter. There are no hard
distinctions between the function of any of these, and which term 15 used 0 refer o an
intelligent device is largely due to the preference adopied by different manufacturers for one
name or another. Similar variation exists in the name used 10 descnibe the computational power
within the intelligent device, with terms such as micrecomputer and muicroprocessor being
common.

The subject of this chapter is therefore intelligent devices. However, 10 start off with, we look
more generally at some basic principles of digital computation, as this will enable us 10 beties
understand how imtelligent devices function and what potential difficulties exist i theu
application and operation.

11.2 Principles of Digital Computation
11.2.1 Elements of a Computer

‘The primary function of a digital compater is the manipulation of data. The three clements
essential to the fulfillment of this task are the contral processing wil, memony, and nput-output
interface, as shown in Figure 11.1. These clements are collectively known as computer hardware
and each element exists physically as one or more integrated circust chips mounted on a printed
circuit board. Where the central processing unit (CPU) consists of a single microproce ssor

it is usual to regard the system as a microcomputer. The distinction among the termy



Intelligent Devices 267

Data bus

Control bus

Figure 11.1

Elements of a microcomputer.

microcomputer, minicomputer, and mainframe compuler is & very arbitrary division made
= b
according to relative computer power. However, this ifi has become

meamngless, with present-day microcomputers being more powerful than mainframe
computers of only a few years ago.

e Central processing unit part of a computer can be regarded as the brain of the system.
A relatively small CPU is commonly called a microprocessor. The CPU determines what
computational operations are carmied out and the seq 1n which the operati . i
During such operation, the CPU makes use of one or more special storage locations within
itselt known s registers. Another part of the CPU is the arithmetic and logic unit, which is
where all arithmelic operations are evalusted. The CPU operates according to & “"""nml. it
of required operations defined by a compater program, known as computer software. This
program is hield in the second of the three system components known as computer memory.

Computer memory also serves several other functions besides this role of holding the computer
program. One of these is to provide temporary storage locations that the CPU uses 10 store

variables during execution of the computer program. A further common use of memory 1S o
stone data tables used for scaling and vagable conversion purposes dunng program execution.

Memory can be visualized as & conseeutive sequence of boxes in which various im"“ are

stored, as shown in Figure 1.2 for a typical memory size of 65,536 storage units. I(Lh'ls storage
mechanism is o be usetul, then it iy essential that a means be provided for giving a unique g
1o cach storage box. This is achieved by labeling the first box as 0 the next one as 1.and so on

SRS S
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28

Figure 11.2

memary (numbers in parentheses
llt memory addresses in hexadecimal notation)

= BeE
EH

for the rest of the storage locations. These numbers are known as memory addresses. While
these can be labeled by decimal numbers, it is more wsual (o use hexadecimal notation

‘Two main types of computer memory exist and there are important differences between these
The two kinds are random access memory (RAM) snd read only memory (ROM). The CPU can
both read from and write to the former, but it can only read from the latter. The importance of
ROM becomes apparent if the behavior of cach kind of memory when the power supply is
tumned oft is considered. At power-off time, RAM loses its contents but ROM maimntains them,
and this is the value of ROM. Tntelligent devices normally use ROM for storage of the
program and data tables and just have a small amount of RAM used by the CPU 1o temporary
variable siorage during program execution.

The third essential element of a computer system is the inpud—owtpur (1O} iterface, which
allows the computer to communicate with the outside world by reading i data values and
ouwnng results l!\enl\e appropriate compitation has been execuied. In the case of a

(l g a signal g function within an intelfipent device, this means
reading m ﬂn vallu:s obtaimed from one or more sensors and outputting a processed value for
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presentation at the instrument output. All such external peripherals are identified by a unique
number, as for memory addresses.

Communication among these three computer elements is provided by three electronic highways
known as the data bus, address bus, and conrrol bus. At each data transfer operation exceuted
by the CPU, two items of information must be conveyed along the electronic highway—the irem
ol data being transferred and the address where it is being sent. While both of these items of
information could be conveyed along a single bus, it is more usual (o use two busses—the
data bus and the address bus. The timing of data transfer 1ons is imp particularly when
transters take place to peripherals such as disc drives and keyboards where the CPU often has (o
wait until the peripheral is free before it can initialize a data transfer, This tming information
1s carried by a third highway known as the control bus.

The current trend made possible by advances in very large-scale integration technology is
to incorporate all three functions of the central processor unit, memory, and /0 wnlhm asingle
chip (known as a computer on a chip or microcamputer). The term mic TOprocessoris often used
1o deseribe such an integrated unit, but this is strictly incorrect as the device contains more than
Just processing power,

11.2.2 Computer Operation

As has alieady been mentioned, the fundamental role of a computer is the manipulation of data.
Numbers are used both in quantifying items of data and also in the form of codes that define
the computational operations that are 1o be executed. All numbers used for these lwop\u-pm
must be stored within the computer memory and also transporied along the communication

busses

Programming and program execution

In most modes of usage, including use as part of intelligent devices, computers are mvolyed
i manipulating data. This requires data values 1o be input, processed, and “,mm‘ m.:cmn!
10 4 sequence of operations defined by the computer program. However, in practice, 3
programming the microprocessor within an intelligent device is not normally the province
of the mstrument user; indeed. there is rarely any provision for the user o creale or mo-dlfy
aperating programs even if he/she wished to do so. There are several reasons for this. FW«“‘?
signal processing needed within an mtelligent device is usually well deﬁud.}l#l!lﬂdm A
is more efficient for a manufacturer 1o produce this rather than o have mh ""“’.“"‘" Cofi
produce near entical programs separately. Second, htucl:' program integrity and Immis i
operation is achieved if a standard program produced by the et 0 g
Finally, use of a standard program l'.\llu\\'a it to be burnt into ROM, thereby projecting “;d“'“
any failure of the wstrament power supply. This also facilitates software mainicnance
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updates by the mechanism of the manufacturer providing anew ROM that simply plugs into the
slot occupied previously by the old ROM.

However, even though it is not normally a task undertaken by the user, some appreciation of
icrop ing for an intelli device is useful background knowledge. To
illustrate the 1) dinp consider a very simple program that reads in
a value from a sensor, adds a prestored value to it to compensate for a bius in the sensor

measurement, and outputs a corrected reading 10 a display device.

1

Let us assume that the addresses of the sensor and output display device are 0000 and 00C1,
respectively, and that the required scaling value has already been stored in memory address 0100.
The instructions that follow are formed from the instruction st for a Z80° microprocessor
and make use of CPU registers A and B.

INACO
IN B.100
ADD AB
OUT CLA

This list of four instructions constitutes the compuler program necessary 10 execute the required
task. The CPU normally executes the instructions one al a time, starting at the top of the list and
working downward (although jump and branch mstructions change this order). The fiest
instruction (IN A,CO) reads in a value from the sensor &t address C0 and places the value in CPU
register A (often called the accumulatori. The mechanics of the exccution of this instruction
consist of the CPU putting the required address C0 on the address bus and then puiting &
command on the control bus that causes the contents of the target address (C0) to be cop
the data bus and subsequently transferred wto the A register. The next mstruction (IN B, 100)
reads in a value from address 100 (the prestored biasing value) and stores it in register B
The following instruction (ADD A B) adds together the contents of registers A and B and stores
the result in register A, Register A now contains the measarement read from the sensor bul
corrected for bias. The final instruction (OUT C1A) transfens the contents of register A 1o the
output device on address C1.

d onto

11.2.3 Computer Input—-Output Interface

The input-output interface connects the computer 1o the outside world and i therefore an
essential part of the computer system. When the CPU puts the address of a penipheral onto the
address bus, the input-output interface decodes the address and identifies the unique compulier
peripheral with which a data transfer operation is to be executed The interface also has o

* The Z80 is now an obsolete 8-bit processor but its simplicaty is well se } Ang progranuming techaigues
Similar, but ly more complex, instructions are

and 32-bst processan
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mterpret the command on the control bus so that the timing of data transfer is correct, One
turther very important function of the input-output interface is to provide a physical electronic
highway for the flow of data between the computer data bus and the extemal peripheral. In
many computer applications, including their use within intelligent devices. the extemal
peripheral requires signals 1o be in analogue form. Therefore the input-output interface must
provide for conversion between these analogue signals and the digital signals required b?' a
digital computer. This is satistied by analog digital and digital-10-anal
clements within the input-output interface.

The rest of this section presents some elementary concepts of interfacing in simple terms.

Address decoding

A typical address bus in a microcomputer is 16 bits wide, allowing 65.536 separate addresses
10 be accessed in the range 0000~ FFFF (in hexadecimal representation). Special commands
on some computers are reserved for accessing ihe bottom end 256 of these addresses in the
range 0000 00FF, and, if these commands are used, only 8 biis are needed 10 specify the
required address. For the purpase of explaining address-decoding techniques, the scheme
shown in Fizure 13 shows that the lower 8 bits of the 16-bit address fine arc decoded to
wdenufy the unique address referenced by one of these special commands. Decoding of all 16
address lines follows u similar procedure but reguires 4 substantially greater number of
ntegrated circuit chips

Address decoding 1s performed by a suitable combination of logic gates. Figure ”,’3 Hhawea
very simple hardware scheme for decoding 8 address lines. This consists of 256 f‘lghl~lnP“|
NAND gates, which cach uniquely decode one of 256 addresses. A NAND gfllx: s a lqglc
clement that only gives a logic level | output when all inputs are zero and gives a logic
level O output for any other combination of wputs. Inputs (o the NAND gates are camected
onto the lower 8 lines of the address bus, and the computer peripherals are connected to the
output of the particular gates that decode their unique addresses, There are lw? pins for each
nput to the NAND gates that respectively invert and do not invert the input sngnal. By
connecting the N address lines appropriately to these two ive pins at cach input. the gate
1s made to decode 4 unique address. Consider, for instance, the pin connections "hnm‘ m

I Thus NAND gate decodes address €5 (hexadecimal), which is 11000101 in
binary. Because of the way in which the input pins to the chip are connected, the NAND gate
will see all zeros at its iput when 11000101 is on the lower 8 bits of the m“ busznd -
therefore will have an owput of 1. Any other binary number on the address bus will o iy
NAND gate 10 have a zero output

Nowadays, S2-but and even 64-bit address ficlds are also available.
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Address bus

13

Penpheral dewioe 255

Simple hardware scheme for decoding eight address hines
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Figure 11.4

Pin connections to NAND gate to decode address C5
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Data transfer control

The wansfer of data between the computer and peripherals is managed by control and
status signals carried on the control bus that determine the exact sequencing and timing of
VO operations. Such management is necessary because of the different operating speeds
of the computer and its peripherals and because of the multitasking operation of many

This means that, at any particular instant when a data transfer operation is requested, either
the computer or the peripheral may not be ready (o take part in the transfer. Typical control
and staws lines, and their meanings when set at a logic level of 1, are shown here.

BUSY Peripheral device busy
READY Peripheral device ready for data transfer
ENABLE CPU ready for data transfer
ERROR Malfunction on peripheral device
Similur control signals are set up by both the computer and perpherals, but different

are olien used to define the status of each device. Differing conventions oceur P‘““"’"’y
when the computer and peripherals come from differcnt manufacturers and might mean, for
instance, that the computer interprets a logic level of 1 as defining a device 1o be busy Detithe
peripheral device uses logic level 0 1o define “device busy™ on the appropriate Cﬂ_ﬂ‘ml line.
Theretore, translation of control lines between the computer and peripherals is required, which
achieved by a further series of logic gates within the U0 interface.

11.2.4 Practical Considerations in Adding Computers to M toytems

ving discussion has presented some of the necessary elements in an input-output
mterface in a relatively simplistic manner that is just sufficient to give the reader the flavor
Of what iy involved in an interface. Much fine detail has been omilted, and the munl of
work involved in the practical design of a real interface should not be nndcn:smnnlcd One
significant omission so far is discussion of the scaling that is generally required within the
analogue-digital interface of a computer. The raw analogue input and outpu signals are
eenerally cither oo large or too small for compatibility with the operating voltage l.evels ofa
digital computer and have to be scaled upward or downward. This is nnrm'ﬂ“)' schicyed by
operational amplifiers and/or potentiometers. The main features Of.lll operational amplificr are
its in (ypically » 1,000.000) and its large bandwidih (typically | MHZ or better).
However, when one is used at very high frequencies, the bandwidih benmws Sl_gmﬁﬂ"L The
quality of an amplifier is often measured by a criterion called the ylm—bandwﬂﬂ‘ podiEt i
which 1y the product of its gain and bandwidh, Other important attributes af the, gperutiona)
amplifier, particularly when used in 4 computer input-output interface or within mulhg:m
devices, are its distortion level, overload recovery capacity, and 9[(5!! Izvc'l. Special
nstrumentation amplifiers that are particularly good in these attributes have been
developed for instrumentation applications.
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Suitable care must always be taken when introducing & computer into @ measurement
system to avoid creating sources of measurement noise. This applics particularly where one
computer is used to process the output of sev eral transducers and is connected to them by signal
wnu ln w:h i the and o cting wires can create noise through

1l ials, t lectri ials, offset \oll.\bu introduced by common
mode lmpedanccs, and a.c. noise at power. audio, and radio frequencics. Recognition of all
these possible noise sources allows them to be eliminated in most cases by employing good
practice when designing and ¢ the system.

11.3 Intelligent Devices

The term intelligent device is used 1o describe a package contaning cither a complete

systent or a comp: within a system, which incorporates a digital
processor. Ptoccsung of(he output of measurement seasors 1o correct for errors inherent in the
large impr sin accuracy. Such mulll}cm

rt

devices are known by various names, such as inelligent instrument, intelligent sensor,
sensor, and smart transmitter. There is no formal definition for any of these names, _uu] xhcw is
considerable overlap between the characteristics of particular devices and the names given (o
them. The name used for any particular device depends Larngely on the whims and style of device
manufacturers. The discussion that follows tries to lay out the hustorical development of intelligent
devices and summarizes general undenstanding of the sorts of charucteristics possessed by the
various forms of intelligent devices. Their applications to measure particular physical variables
are then covered in greater detail i the later chapiers of this book

11.3.1 Intelligent Instruments

The first intelligent instrument appeared over 30 years ago. although high prices when such
devices first became available meant that their use within measurement systerms initially grew
very slowly. However, since those carly days, there has boen & dramatic reduction 1 the price
of all intelligent devices, and the cost differential berween imtelligent and conventional devices
15 now very small. Indeed, an intelligent device s somctimes pow less expensive than its

nonintelligent equivalent because of the greater sales volume for the intelligent version. Thus,
ntelligent devices are now bought routinely instead of noninielligent versions in many cases.

The

within an intell
g and data ipul lgorithms to me This prewritten software is
uﬂen known by the name of embedided software. One of the main functions performed by
the first intelligent instruments (o become available was compensation for environmental
disturbances 1o measurements that cause systematic errors. Thus, apart from a primary sensor
to measure the variable of interest, intelligent instruments usually have one or more secondary

P allows it to apply preprogrammed signal
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sensors to monitor the value of envi | disturb These extra ;
allow the output reading to be corrected for the effects of environmentally induced errors,
subject to the following preconditions being satisfied.

(1) The physical mechanism by which a measurement sensor is affected by ambicnt condnx':
changes must be fully understood and all physical quantities that affect the output must

identified

(b) The effect of each ambient variable on the output characteristic of the primary sensor must
be quantified.

©)

Suitable secondary sensors for monitoring the value of all relevanl‘mﬂm““ﬂl“‘ "'.""H“
must be available that will be operate sati ily in the p
conditions,

Condution (a) means that the thermal expansion and contraction of all elements within a sensor
must be considered in order to evaluate how it will respond to ambient |en-1pcﬂﬂ|"€ Ch’"‘i“’;
Similarly, the sensor response, if any, to changes in ambient pressure, bumidity, gravitat
force, or power supply level (active instruments) must be examined.

Quantification of the effect of each ambient variable on the characteristics o.f te mcmmml
sensor iy then necessary, as stated in condition (b). Analytic qnanliﬁcmfm of mblc::; -
condition changes from purely th cal consid i of the ¢ r}nfa .sc'nr‘itd
usually extremely complex and so is normally avoided. Instead. l.h:-effccl is ‘luanu'
empirically in laboratory tests. In such tests, the output characteristic of the sensor is
observed as the ambient env ircamental conditions are changed in a controlled manner.

One carly application of intelligent instruments was in volume flow rate '"'““'::rm e
where the flow rate is inferred by measuring the differential I""C’W"e mss m\hc ‘::':m
placed ina fluid-carrying pipe (see Chapter 16). The flow rate mpnpumﬂﬂ-’ﬂl:f’ |::i{umhip 15
ol the difference in pressure across the onifice plate. For a given flow rate, l:m in the
affected both by the temperature and by the mean pressure in the pipe, nnt{ o mig]ummr
ambient value of cither of these cause measurement emors. A (yplgal ntelligent Dlhe S
therefore contains three sensors: a primary one measuring pressure d‘“‘ﬁc;‘{@nn:mﬂﬂ =
plate and secondary ones measuring absolute pressure ‘““» Tuxperl:‘:‘- nmr‘ ding to
programmed to correct the output of the primary differential-p ‘ diw& that quantify the
values measured by the secondary sensors, using appropriate physic: al relationship between
effect of ambient temperature and pressure changes on the t@dzmenl rel S e
flow and differential pressure. Even 30 years ago, such intelligeat ﬂuw-lm:;eir ngonimcl\igd\l
achieved typical inaccuracy levels of +0.1%, compared with £0.5% for

equivalents

tal di s 1y i very ump
Although automatic compensation for em h devices perform additional
anrnbute of ntelligent instruments, many versions of such de S form
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functions, which was so even in the carly days of their development. For example, the
orifice-plate fl Justdi d usually converts the square root relationship between
flow and signal output into a linear one, thus making the output much casier 1o interpret.
Other examples of the sorts of functions performed by intelligent instruments are:

correction for the loading effect of measurement on the measured system

signal damping with selectable time constants

switchable ranges (using several primary sensors within the instrument that each
measure over & different range)

switchable output units (¢.g.. display in Imperial or ST units)

linearization of the output

selt-diagnosis of faults

remote adj and control of i parameters from up to 1500 meters away
via four-way, 20-mA signal lines

These features are discussed in greater detail in Sections 11.32 and 11.33.

Over the intervening years since their fint introduction, the size of intelligent instruments
has gradually reduced and the functions performed have steadily increased. One particular

has been el of a mi sor within the sensor itself in devices that are

usually known as smart sensors. As further size reduction and device integration has taken
place, such smart sensors have been incorporated o packages with other sensors and signal
pmecssmg cmculu While such a packsge conforms to the definition of an intelligent insirument
givenp L most now tend to call the package a smart ransmiiter rather than
an intelligent instrument, although the latter term has continued i use I some cases.

11.3.2 Smart Sensors

The name smart sensor is used most commonly 10 describe any sensor that has local processing
power that enables it to react to local conditions without having to refer back 1o a central
controller. Smart sensors are usually at least twice as sccurate ax nonsman devices, have
reduced maintenance costs, and require less wiring to the site where they are used. In addition,
long-term stability is iy 1, redu the required calibvation frequency

Functions possessed by smart sensors vary widely, but consist of at Jeast some of the following
Remote calibration capability
Sclt-diagnosis of faults

of accuracy and compensation for random errors

Adj; for | iies to produce a linear output
Compensation for the loading effect of the measuring process on the measured system
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Calibration capability

Self-calibration is very simple in some cases. Sensors with an electrical output can use & ktfuwn
reference voltage level o carry out selfcalibration. Also, load cell types of sensors, Whlc!l

are used in weighing systems, can adjust the output reading to zero when there is no applied
mass. n the case of other sensors, two methods of self-calibration are possible: use of a look-up

table and an pol technique. Unfi a look-up table requires a large memory
capacity to store correction points. Also, a large amount of data has to be galhet?d fmm
the sensor during caliby In the interpolation calibration is

preferable. This uses an interpolation methiod to calculate the correction required 0 any
particular measurement and only requires & small matrix of calibration points.

Self-diagnosis of faults

Smart sensors perform self-diagnosis by monitoring intemal signals for evidence anjulis
While 1t is difficult o achieve a sensor that can carry out self-diagnosis of all possible
faults that might anse, it is often possible to make simple checks that dﬂ".‘" Hyabits
more common faults. One example of self-diag N & Sensor is u‘? Shfm#
cupacitance and resistance in insulated th ples to detect breakdown of the .
Usually, a specific code is gencrated to indicate each type of possible fault (e.g., a failing of
wsulation in a device).

One difficulty that often arises in self-diagnosis is in differentiating between DRl
measurement deviations and seasor faults. Some smart sensors overcome this by Faal
multiple measured values around a set point and then calculating minimum and maximum
expected values for the measured quantity.

Uncertainty techniques can be applied to measure the impact of sensor fault on mtaslfllmﬂ::'-m
quality. This makes it possible in certain circumstances 10 continue (0 use 4 sensor ‘:n: S
has developed a fault. A scheme for generating a validity index llmbttlip'wd that indic

the validity and quality of & measurement from a seasor (Heary, 1995).

Automatic calculation of *mmynlmmﬂmuﬂf""‘m"’"

curacy onli uting the mean over &
Many smart sensors can caleulute measurement accuracy online by comp! . :’ Tt
number of measurements and analyzing all factors affecting accuracy. ln“’l IEragl
also serves 1o reduce the magnitude of random measurement errors greatly.

Adjustment for measurement nonlinearities

AEK! S d quantity and the
In the case of sensors that have a nonl lationsh l‘“‘j"“";h Vid.ln‘;d’ﬂ‘lhc e
sensor output. digital processing can convert the 0“‘1"'}0“_1““"‘:""‘”0 b
ol the nonlineanty is kaown so that an equation descrnibing it can be prograr
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functions, which was so even in the carly days of their development. For example, the
orifice-plate flowmeter just discussed usually converts the square root relationship between
flow and signal output into a linear one, thus making the output much casier (o interpret.
Other ples of the sorts of functions performed by intelligent instruments are:

correction for the loading effect of measurement on the measured system

signal damping with selectable time constants

switchable ranges (using several primary sensors within the instrument that each
measure over a different range)

switchable output units (¢.g.. display in Imperial or ST units)

linearization of the output

selt-diagnosis of faulis

remote adjustment and control of instrument parametens from up to 1500 meters away
via four-way, 20-mA signal lines

and 11.3.3

These features are discussed in greater detail in Sections 113

Over the intervening years since their finst introduction, the size of intelligent instrumenis
lm gradually reduced and the functions performed have steadily increased. One particular

Lo has been incl of a processor within the seasor iself in devices that are
usually known as smart sensors. As further size reduction and device integration has taken
place, such smart sensors have heen incorporated into packages with other sensors and signal
processing circuits. While such a package conforms o the definition of an intelligent instrument
given previously, most manufacturers now tend to call the package a smiart iransmuer rather than
an intelligent instrument, although the Later term has continued in use i some cases

11.3.2 Smart Sensors

The name smart sensor is used most commonly 1o describe any sensor that has local processing
power that enables it to react 1o local conditions without having o refer back 1o a central
controller. Smart sensors are usually at least twice as sccurate as nonsmart devices, have
reduced maintenance costs, and require less wining fo the site whee
long-term stability is improved, reducing the required calibration frequency

they are used. In addition,

Functions possessed by smuart sensors vary widely, but comsist of at least some of the following

Remoie calibration capability

Self-diagnosis of faults
i calculation of accuracy and compensation for random envors
Ad for ! s 10 produce 4 linear output

Compensation for the loading effect of the measuring process on the measured system
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Calibration capability

Self-calibration is very simple in some cases. Sensors with an electrical output can use nh!own
reference voltage level to carry out sclf-calibration. Also, load cell types ofscn.fms. whn:l.l
are used in weighing systems, can adjust the output reading to zero when there is no applied
mass. In the case of other sensors, two methods of ulfwalibrauonnmpomiblei use of a look-up
table and an nterpolation technique. Unfortunately, a look-up table requires a large memory
capacity to store correction points. Also, a large amount of data has to be gumlcr_ell fr?m
the sensor during calib In q the interpolati calibfulion ¢ is
preferable. This uses an nterpolation method to caleulate the correction n?qllll!d 1o any
particular measurement and only requires & small matrix of calibration points.

Self-diagnosis of faults

Smart sensors perform self-diagnosis by monitoring intemal signals fo'r evitdenco otj faalis
While it is difficult to achieve a sensor that can carry out sclf-diagnosis of all pomb::m
faults that might arise, it is often possible 1o make simple l‘h“k‘: that d‘“t,d mrmy: ih
more common faults. One example of self-diag in a sensor 15 “"f # ?
capacitance and resistance in insulated the: ples to detect ; kdown of the Gt
Usually, a specific code is generated to indicate each type of possible fault (e.g.,a failing
wnsulation i a device).

One difficulty that often arises in self-diagnosis is in differentiating an i .
measurement deviations and sensor faults. Some smart sensors OvarEe this ‘:'y m?;im
multiple measured values around a set point and then calculating mmimum and max
expected values for the measured Quantity.

surement
Uncertainty techniques can be applied to measure the impact of seasor faul o:::a[mr o
quality. This makes it possible in certain circumstances (o continue (o use a R
has developed a fault. A scheme for generating a validity index “”h'x';’ v
the validity and quality of a measurement from a scasor (Henry, 1995).

i indom errors
Automatic calculation of measurement accuracy and compensation for ra

" i ean over 4
o by computing the m
Many smart sensors can calculate measurement accuracy online by comp

i : . This averaging process
number of measurements and analyzing all factors atfecting ‘lfmtm“nysmmy.
also serves to reduce the de of random

Ad)

< : ity and th
o
SN the measured guantity
In the case of sensors that have a nonlincar velationship bc‘l‘_"“" o, providing that the nanure
Semor output, digital processing can convert the output 1o & “:’nrbepm RS
ol the nonlinearity is known so that an equation describing it o

!
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11.3.3 Smart Transmitters

In concept, a smart itter is almost i | to other intelligent devices described earlier.
While the name smart iter is imes used i 1 bly with the name smart
.muar, i Il perhaps used more commonly o describe an imtelligent dc\ ice that has greater

1 y than just the p isted sensing of a variable that a smart sensor
convennonnlly does, particularly in respect of output functions and ability to compensate for
environmental disturbances. In some mnstances, smart i are known al ively as
intelligent transmitters. The term multivariable transmutter is also sometimes used, particularly
for a device such as a smart flow-measuring instrument. This latter device measures absolute
pressure, differential pressure. and process temperature and computes both mass flow rate
and volume fow rate of the measured fuid.

Many of lhe smart u-.mmmum presently available still have an analogue output because of
the 2 and i in 4- to 20-mA current transmission systems.

While most dcvm now available have a digital outpat, many users convert this (o analogue
form to maintain compatibility with existing mstrumentation systems,

Comparison of performance with other forms of transmitters

The capabilities of smart transmitters can perhaps best be emphasized by comparing them
with the atiributes of analogue wansmitters and also with devices known as progranmable
transmitters. The latter have computational power but do not have a bidirectional communication
ability, meaning that they are not truly itelligent. The respective aitributes of these devices are

() Analogue transmitiers:
Require one transmitter for every sensor type and every sensor range
Require additional transmitters to comect for cavironmental changes
Require frequent calibeation.
(b) Programmable transmitiers:
Include a microprocessor but do not have bidirectional communication (hence are not
truly intelligeat).
Require field calibration.
(€)  Smart transmitiers:
Include a microprocessor and have bidirectional communication
Include secondary sensors that can measure, and 5o compensate, Tor cnyironmental

disturbances,

Usually incory signal cond 2 and analogue 10 digital conversion

Often incorporate multiple seasors covering different measurement ranges and allow
automatic selection of required range. The range can be altered readily if initially

estimated incorrectly.

e
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ibration capability that allows removal of zero drift and sensitivity drift

CITOrS.

Have a self-diagnostic capability that allows them to report problems or requirements
for maintenance.

Can adjust for noninearities to produce a linear output.
Summary of advantages of smart transmitters

The main disadvantage that could be cited for using a smart transmitter instead o‘fz
nonsmart one is that it is usually a little larger and heavier than its nonsmart cqmvalfnl.
but this is not a problem in most applications. There is also normally a greater associated
purchase cost. However, these potential disadvantages are minor in most circumstances and

are outweighed greatly by the advantages that smart transmitters have, which can be
summanized as

Improved accuracy and repeatability.

Automatic calculation of measurement accuracy and compensation for random errors.
Compensation for the loading effect of the measuring process on the measured system.
Long-term stability is imp d and required ibrati _fmqucncyumdnccd.
Adjustment for measurement nonlineanties to produce a linear output.

Reduced maintenance costs.

Self-diagnosis of faults il
Large L;II];C coverage, allowing interoperability and giving increased ﬂcxnbllny.PC
Remote adjustment of output range on command from a portable keyboard or a PC.
This sav c.s‘ml technician time compared with carrying out adjustment nl_nl“ll"Y- =
Reduction in number of spare instruments required, as one spare transmitter can
configured to cover any range and so replace any faulty transnutter. 5
Possibility of including redundant sensors, which can be used to replace failed sensors
and so improve device reliability. 5

Allowing l.cu\mc recalibration or reranging by sending a diglml_ sngqﬂ 0 mmm
Ability 0 store last calibration date and indicate when next calibration is r:q‘:m
Single penetration into the measured process fuhcr than the multiple Pm:'

required by diserete devices, making installation e;w.er and less expﬂmv‘/‘| yw[
Ability 10 store data so that plant and imlmmu'u pcﬂonnzmc‘caln be an: " ;u;md
For example. data relating to the effects of environmental variations can

and used o correct output measurements over a large range.

Self calibration

cons antl asc nsors lo medsure environmental
The common use of multiple primary sensors and scu.umhry: iy Gt
3 i more comp
parameters means that the self-c: P for m‘“. b i peitalialon s
than that for simpler smart sensors. While the general approacl
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similar to that explained carlier for smart sensors, the calibration procedure has to be repeated for
cach primary and secondary sensor within the transmutter. Recommended practice is 10 use the
simplest calibration procedures available for each sensor in the transmitter. However, care has
10 be taken to ensure that any interaction between measured variables is taken account of. This
often means that look-up tables in a smart transmitter have (o have a particularly large memory
requirement in order 1o take the cros: itivity to other p (e.g., lemperature) inlo
account because a matrix of correction values has to be stored. This means that interpolation
calibration is even more preferable to look-up table calibration than it is in the case of calibrating
SMArt sensors.

Self diagnosis and fault detection

Fault diagnosis in the sensors within & smart transmitier 1s often difficult because it is not
easy 1o distinguish between measurement deviation due to & sensor fault and deviation due to &
plant fault. The best theoretical approach to this difficulty is 10 apply mathematical modeling
techniques to the sensor and plant in which it is workmg, with the aim of detecting inconsistencies
in data from the sensor. However. there are very few industrial applications of this approach
1o fault detection in practice because (1) of the cost of implementation and (2) of the difficulty
of obtaining plant models that are robust to plant disturbances. Thas, it is usually necessary

10 resort (o having multiple sensors and using a scheme such as two-out-of-thiee voting. Further
advice on self-checking procedures can be found elsewhere (Bignell and White, 1990)

11.4 Communication with Intelligent Devices

The inclusion of comp g power in intell imstruments and intelligent actuators
creates the possibility of btuldmg an mstrumentation system where several intelligent devices
collaborate together, transmit information to one another, and execute process control functions.
Such an arrangement is often known as a distribused controd 5y stem. Additional computer
processons can also be added 1o the system as necessary 1o provide the necessary computational
power when the computation of complex control algorithms s required. Such an mstrumentation
system is far more fault tolerant and reliable than older control schemes where data from several
discrete instruments are camied to a centralized computer controller via long mnstrumentation
cables. This improved reliability anses from the fact that the presence of conp
every unit injects a degree of redundancy into the system. Therefore, micasurenent and control
action can still continue, albeil in a degraded form, if one unat fals

©F PrOCESSONS in

In order to affect the necessary communication when two or more intelligent devices are 1o
be connected together as nodes in a distributed system, some form of clectronic highway
must be provided between them that permits the exchange of information. Apart from data
transfer, a certain amount of control information also has to be transferred. The mun purposc of

S
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this control information is to make sure that the target device is ready to receive mformation
before data transmission starts. This control information also prevents more than one device
trymng to send information at the same time.

In modem 1 all and data ission between

nodes in a distributed instrumentation and control system 1s carmied out digitally along some
form of electronic highway. The highway can be a parallel interface, a local area network
(LAN), a digital fieldbus, or a combined LAN/ficldbus. A parallel mterface protocol is'
used commonly for connecting a small number of devices spread over a small geographical
arca. typically a single room. In the case of a large number of devices spread over larger
geographical distances, typically a single building or site, an electronic highway in lhe_fmm
ofeither a LAN or a digital ficldbus is used. Instrumentation networks that mgeogmph}ca"y
larger than a single building or site can also be built. but these generally require transmission
systems that include telephone lines as well as local networks at particular sites within the
large system

Manufacturers normally provide all the hardware and software necessary in order to creae
an instrumentation network using the various intelligent devices in their product fanga
However, problems usually occur if the designer of an instrumentation llclwods “131“5 tause
Components sourced from different manufacturers where quite serious compatibility issues
can anise. To overcome this, the Institute of Electronics and Electrical Engincers (IEEE) has
developed TEEE 1451, This is a series of smant device interface standards that allow components
from different manufacturers (o be connected onfo the same network.

11.4.1 Input—Output Interfiace

AN nput owput interfuce \s vequired to connect each intelligent device onto the electronic
highway. Sensors with a digital output pose litle interfacing problems. ]{owcvcrp.mmﬂl‘mylmd
intelligent devices still have an analogue outpat that uses the standard 4- to 20-mA 1
Tequires an analogue-to-digital converter in the input-output interface, For these. lp;::l’wm
known as HART (Highway Addressable Remote Transducer) is the one used R h:yued
provide the nee ('\\u; connection of such devices onto & dngl"! Mw“ mT u{::
networking protocol that has become a de facto standard fo( intelligent dc\.nmin::umm
anaddogue sensor output. HART-compatible devices are provided by all major
manutacturers. =

HART way always intended to be an interim network protocol I“, m.'sfy ‘:'d; mnm‘:l‘:'z‘t:lnfdé
1 the transitional period between the use of analogue communication Wil the digital
devices and fully digital communication with intelligent devices according mels“m
fickdbus protocol. Because of this need 1o support both old and new systems,

two modes of use—a hybrid mode and a fully digital mode.

¢
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Tn hybrid mode, staus/command signals are digital but data transmission takes place
analogue form (usually in the 4- 10 20-mA format). One serious limitation of this mode is that
it is not possible 1o transmit multiple measurement signals on a single bus, as the analogue
signals would corrupt each other. Hence, when HART is used in hybrid mode, the network
must be arranged in a star configuration using a separate line for each field device rather than
a common bus.

In fully digital mode, data transmission is digital as well as status command signals. This enables one
cable to carry signals forup to 13 intelligent devices. In practice, the fully digital mode of HART is
rarely used, as the data transmission speed is very limited compared with ficldbus protocols.
Therefore, the main application of the HART protocol has been to provide a communication
capubility with intelligent devices when existing analogue measuremuent signal ransmission has (o
be retained because conversion to fully digital operation would be 100 expensive

11.4.2 Parallel Data Bus

There are a number of different parallel data buses i existence. All of these have the common
feature of transmitting data in parallel. that is, several bits are transmitted simultancously. They
also have separate data and control lines, which means that the data lines are used solely for data
transmission and all control signals are routed onto dedicated control lines. This oplimizes data
transmission speed. However, apart from having this common functionality, there is linle
compatibility between the different parallel data busses available, with significant differences
existing in the number of data lines used, the number of control lines used, the mtemupt
structure used. the data timing system, and the logic fevels used for operation. Equipment
manufacturers tend to keep to the same paralicl inerface protocol for all ther range of devices.
but different manufacturers use different protocols. Thus, while ot will nommually be casy 10
connect together a number of intelligent devices that all come from the same manufacturer,
interfacing difficultics are likely to be experienced if devices from different manulaciurens are
connected together. Fortunately, the situation in the ficld is not as bad as 1t sounds because the
TEEE 488 bus has now gained prominence as the preferred paraliel databus for nstrumentation
networks and has been adopted by a large number of manufacturens. Smce it was first mtroduced
in 1975, the published standard for this bus has been revised on several occasions, with the
most recent being in 2004 when the TEEE published a standard jomuly with the Internatonal
Electrotechnical Commussion (TEC) as standard [FC couss (114 W The TEEE 488/
lE(, 60488 bus provides a parallel interface that facilitates the connection of imelligent
and ¢ Hers within a single room. Physically, the bus consists of &
shielded, 24-conductor cable. For a standard TEEE 488 bus, the maximum length of bus
allowable is 20 m, with no more than 15 instruments distributed along its length. However
this limit on length and number of instruments can be overcome using an active (ie. with
auxiliary power supply) bus extender. The maximum distance between (wo particular units on
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the bus should not exceed about 2 m. The maximum data transfer rate permitted by the bus is
1 Mbit/s in theory, although the maximum data rate achieved in practice over a full 20-m
leagth of bus is mare likely to be in the range of 250500 Kbut/s.

71.4.3 Local Area Networks

Local area networks wransmit data in digual format along serial transmission lines. Synchronous
transmission is nommally used because this allows relatively high transmission speeds by y
transmitting blocks of characters at a time. A typical data block consists of 80 characters: Ihif is
preceded by a synchronization sequence and is followed by a stop sequence. The synchronization
sequence causes the receiver to synchronize its clock with that of the transmitter. The two
main standards for synchronous, serial transmission are RS422 and RS485, These are now
forally published by the ANSI Telecos ations Industry A ion/Electronic
Alliance (TIA/EIA) with the codes ANSITIA/EIA-422-B and ANSITIA/EIA-48S. A useful
Comparison between the performance and characteristics of each of these and the older R$232
standard (asynchronous serial transmission) can be found in Brook and Herklot (1996).

Local area networks have particular value in the monitoring and control of systems that have a
number of scparate sensors, actuators, and control units dispersed over alarge area. Indeed, for
such large nstrumentation systems, a local area network 15 the only viable transmigsion
medium in terms of performance and cost. Parallel data buses, which transmit data in analogue
form. suffer from signal attenuation and noise pickup over large distances, and the high cost of
the Jong, multicore cables that they need is prohibitive.

However, the develoy of ins i cks is not without problems. Careful
dexipn of the network is required (o prevent corruption of data when two or more devices on the
network wy 1o access it simultancously and perhaps put information onto the data bus at the
same time, This problem is solved by designing a suitable network pmlu.col that :nsnms»llr.\l
network devices do not access the network thus p g data P

In a local arca network, the electronic highway can take the form tztlcilh:(wppcrmn‘du.cu?rsnof
fiber-optic cable. Copper conductors are the least c\p{cmiw: option and al.low .l;nu:‘l)s::)vu
speeds up to 10 Mbis, using cither 4 simple pair of twisted wires ora comanfl vci;“m o ¥
fiber-optic cables are prefemed in many networks for a number of mm!m e e
fiber-optic cables as a data transmission medium have been ew@ in Chapter '.n“sfu
{rom the high immunity of the signals to noise, a fiber-optic U‘InSmISSIOfI system can‘ o
data at speeds up to 240 Mbivs, The red: n .'agm'l during e
means that much loager transmission distances are possible without repeaters being e
For instance. allowable distances between rcpeI::r; for :m?:;:ﬁ::;:: [:c ‘::dl e
1 km for a halt-duplex operation and up to 3.5 or a L g

bandwidth of hl\'l‘ -npu:-‘ wansmission is higher than for electrical transmission. Some cost




284 Chapter 11

savings can be achieved using plastic fiber-optic cables, but these cannot generally be used over
distances greater than about 30 m because signal attenuation is too high

There are many different protocols for local area networks but these wre all based onone of three
network structures known as star networks, bus networks, and nng networks, as shown in
Figure 115, A local area network operates w ithin a single building or site and can transmit data
over distances up to about S00 m without signal attenuation being a problem. For transmission
over greater distances, telephone lines are used i the network. latelligent devices are
interfaced to the telephone line used for data transmission via a modem. The modem converts
the signal into a frequency-modulated analogue form. In this form, it can be tansmitted over
cither the public switched telephone network or over prvate lines rented from telephone
companies. The latter, being dedicated lines, allow hugher data transmission rates.

Figure 11.5
Network protocols: (a) star, (b) bus, and (¢) ning
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Star networks

In a star network, each instrument and actuator is connected directly to the supervisory
computer by its own signal cable. One apparent advantage of a star network is that data can be
transferred if necessary using a simple serial communication protocol such as R$232. This is an
ndustry standard protocol and so compatibility problems do not arise, but it represents very old
technology in which data wransfer is very slow. Because of this speed problem, parallel
Ccommunication is usually preferred even for star networks.

While star networks are simple in structure, the central supervisory computer node is a critical
pointin the system and failure of this means total failure of the whole system. When any device
n the network needs to communicate with another device, & request has (o be made to the

central supervisory computer and all data transferred are rwlzd through this central node. lm“
central node is inoperational for any reason, then dat. w th ork i

Ring and bus networks

In contrast to star netwaorks, both ring and bus networks have a high degree of resilience

1 the face of one node breaking down. Hence, they are generally preferred to star networks,
I the processar in any node breaks down. data transmiission paths in the network are still
Maintained. Thus, the network can continue (o operate. albeit af a degraded performance |f-‘""v
using the remaining computational power in the other processors. Most computer and in‘(:lhgml
nstrument/actuator manufacturers provide standand conversion modules that allow their
Cquipment o interface to one of these standand networks.

Ina rang nenwork, all intelligent devices are connected to a bus that is formed into l.conlmuous
ning. The ring protocol sends a special packet (or token) continuously round the ring to Az
control access to the network. A station can only send data when it receives the token, During
data tansmission, the token is attached 1o the back of the message sent so that, once the
nformation has been received safely, the token can continue ou its journey round the network.

A bus network is similar to a ring network but the bus that the devices are cmuwaed.onm
15 not continuous. Bus networks are also resilient toward the breakdown of one nodc in ﬂle
network. A contention profocol is nonually used. This allows any station to have immediate
access 1o the network unless another station is using it simultaneously, in which case the
protocol manages the situation and prevents data loss/corruption. Ethernet is the most common
form of & bus -ncl\\m\, which has now gained a dominant position in the LAN marketplace.

11.4.4 Digital Fieldbuses

Fieldbus is a genonc word that describes a range of high-speed. bus-based. ml\rlt:rk ;:mwcols
fhat support two-way communication in d:gual format be(wem:a anmemr dcwt:l
n & local area network. All forms of are twisted pair, coax
cable, fiber optic, and radio links.
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Intelligent devices in an automated system comprise @ range of control clements, actuators,
information processing devices, storage systems. and operator displays, as well as measurement
devices, Hence, any fieldbus pru(owl must include provision for the needs of all system

1 and the | qui of field m devices cannot be viewed
in isolation from these other elements. The design of a network protocol also has to cater
for implementation in both large and small plants. A large plant may contain a number of
processors in a distributed control system and have @ large number of sensors and actuators,
Howeveer, a small plant may be controlled by a single personal computer that provides an
operator display on its monitor as well as communicating with plant sensors and actuators,

After fieldbus technology was first introduced in 1988, there was no rapid move to develop an
international standard und, in consequence, different manufacturers all developed their own
versions. This resulted in more than 50 different fieldbus protocols, with the more prominent
ones being Foundation Fieldbus. Profibus, WorldFIP, CoatrolNet, P-net, and Interbus. Each
version supports all devices within the product range of each manufacturer, but there is lintle
compatibility among the different protocels oa offer. They differ in many major respects, such
as message format, access protocels, and rules for performance prediction. In recognition

of the difficulties inherent in attempting to connect devices from different manufacturers that
use a variety of incompatible interface standards and actwork protocols, the Intemational
Electrotechnical Commission set up a working part that was charged with defining a standard
interface protocol, However, individual manufacturers continued to develop their own versions
of ficldbus in parallel with the IEC initiative. The result of this is that although the IEC managed
in 1999 to publish a ficldbus standard (IEC 61155 1999), this had cight different protocol sets
defining a standard for each of the eight main fickdbus systems then in operation and nvolved
a document with more than 4000 pages. Since that tume, there has been a further increase in
the number of standards covered as additional parts of IEC 61158, particulady in respect of
high-speed, Ethernet-based fieldbuses

Dequle the faxlum of le 61158 to establish a single fieldbus standard, 2 consortium of major
m. rers has set up the Ficldbus Foundation in an attempt
1o move toward one worldwide fieldbus standard. This has resulied in Foundation Fieldbus,
which at least provides a common standard for, and wierchang,
1 by members of the However. compe:
Profibus, remain,

The basic architecture of Foundation Fieldbus has two levels, an upper
level provides for communication between field devices and ficld input
whereas the upper level enables field input-output devices 1o communicate with controllers
These two levels have quite different charactenistics. The lower level generally requires fow
only needs a rel ly slow data transfer rate, and must support intrinsically
safe working, However, the upper level requires numerous connections and fast data transfer

bility between, all devices

standards, in particular

lower, The lower

ptpat devices
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but does not have o satisfy intrnsic safety requirements. Theee standard bus speeds are
currently specified for the Foundation Fieldbus lower level of 31.25 kbit/s, 1 Mbit/s, and
2.5 Mbit/s. Maximum cable lengths allowed are 1900 m at 31,25 kbit/s, 750 m at | Mbit/s, and
00 m at 2.5 Mbi/s. For the upper Foundation Fieldbus layer, 4 high-speed Ethemet protocol
provides a data transfer rate up to 100 Mb/s.

L B Summary

The primary purpose of this chapter has been to introduce the subject of intelligent devices.
However, because ¢ | power is the that separates intelligent devices from
their nonintelligent counterparts, we started the chapler off by reviewing the main prnciples of
digual computation. This led us to study the main elements in & computer, how computers
Uperite particularly in respect of program execution, and how computers interface to outside
components. We ended this mtroduction to digital computation with a review of the practical

1ssues that have 1o be considered when nto devices.

Moving on to the subject of intelligent devices, we found that several different terms are
used to describe these. Prominent among these terms are names such as intelligent instrument,
tntelligent sensor, smart sensor, and smart transmitter. We leamed that there are no industry-wide
definitions of what any of these names mean, except that all are distinguished by incorporating
some form of computational power. As a consequence, the same kind of device, even with very
Stmilar attributes, may be known by two or more names. Therefore, the name used to describe
@ particular intelligent device is subject to the whims and style of its manufacturer.

Having explained this arbitrary natwre in the way that intelligent devices are named, we
went on 1o describe some commonly held views about the sorts of functions performed by
devices known as smart sensors and the functions typically performed by devices known
a5 smart transmitters. The conclusion drawn from this comparison of functions was that
devices called smuart transmitters tended to have a greater functionality than those called

Smart sensors,

Our investigation into the features of intelligent devices led us (o conclude that these have
sizmificant advantages compared with nonmtelligent devices. Perhaps the biggest single hencl’u
s improved measurement accuracy. This is achieved by use of a computer memr within
cach device that performs actions such s compensation for random errors, ad.justmenx for
measurement nonhinearities, and compensation for the loading effect of the measuring process on
(e measured sysiem. Processing power also enables devices 1o perform functions such as remote
selt-calibration and self diagnosis of faults. Smart transmitters typically have additional features
such as incorporation of multiple primary sensors covering different measurement ranges and
allowing sutomatic selection of required range, inclusion of secondary sensors “m. ‘c:m vu-.mnc
and compensate for environmental d es, plus poration of signal and




logue-to-digital ions. Sometimes smat i also have
sensors, which can be used to replace failed sensors and so improve device reliability.

‘We then went on to look at the issues surrounding communication between intelligent devices
and other el ina control system. We noted that all communication
and data ission between p nodes in a distributed ation and control
system required the use of some form of electronic highway, which can be a parallel interface, a
local area network, a digital fieldbus, or a combined LAN/ficldbus. We then concluded the

chapter with a look in broad detail at the various features in these altemative forms of electronic
highways, but observed that there was little point in studying the fine details of any particular
form of highway because there were continuing developments in the format of highways,

particularly in the protocols used in local area networks snd digital ficldbusses. This means that
the inclusion of any detailed study in the book would become out of date very quickly.

11.6 Problems

Explain the principal components in the microprocessor contained within an

intelligent instrument.

112, Whatare the two main types of computer memory? Which type is used predominantly
in intelligent instruments and why?

11.3. What are the mechanisms for programming and program execution within an
intelligent instrument?

11.4. Discuss operation of the input-output inter{ace within the processor of an

instrument, mentioning particularly the mechamsms of address decodir

o

neltigo

and data

transfer control.
11.5. What are the practical considerations mvolved in implemonting 4 computer processor
within a measurement system?
11.6. How does an intelligent instrament cormect for environmentally induced errors in
? What precond: must be satisfied to allow an intellig
1o correct for such emons? How are these preconditions satstied?
11.7.  Explain how adding intelligence 10 an instrument improves the accuracy of volume
flow rate measurements.
1.8, What additional functions does an mielligent mstrument typically perirom apart from
the comection of environmentally mduced ermors m measure
11.9. Describe the typical function of devices known a5 sy sens
11.10. Describe the mechanisms for communication between an intelligent sensor and other
COMPONEHLS N 3 MEASUMENt sy siem

tinstrement
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12.1 Introduction

Previous chapters of this book discussed the design of measurement systems and sud a lot
about how the performance of measurement systems in respect of parametens such as sccuracy
can be improved. However, this earlier discussion has mamnly been about the attributes of
measurement systems when they are new, We have considered the effects of the passage of
time only in respect of noting that the charactenistics of measurement systems degrade over

Momorrmest 20d Inviromcetation: Thoary s Appiesdion
112612 Blacowr lac A% nghs zsend 291
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time and have to be restored back to their starting point by the process of recalibration. What we
have not considered so far is the possibility of faults developing in measurement systems. At
best, these faults impair the performance u! the system, and at worst, they cause the syslcm o
stop working entirely. In safety-critical ap i system faul

serous adverse effect on the larger \)mm that the measurement system is part of.

Itis therefore appropriate for us to devote this chapter to a study of measurement system
reliability issues and their effect on safety. We start off by looking at how reliability is
formally defined and will say hing about its th ical principles. This will then lead us
10 consider ways in which reliability can be ified. We will look particularly at two
laws that quanufy the reliability of system components that are in series and in parallel with
one another. This will enable us 10 examine how these laws can be applied to improve the
relability of measurement systems. We will also ook at the general precautions that can
be taken to reduce the failure rate of {uding choosing that can
d expecied, p ing them adeqy apainst damage
during use, calibrating them at the prescribed intervals to ensure that measurement
inaccuracy remains within acceptable bounds, and duplicating critical measurement system
components

withstand the operating ¢

Because software is an imp w© system
with the current widespread use of intelligent devices, we will extend our treatise on mhabllny 10
consider the reliability of the software within a measurement system, We will see that the
fuctors affecting reliability in software are fundamentally different than those affecting
the reliability of hardware components. This is because software does not change with time.
Iherelore, we realize that the reliability of software has to be quantified in terms of the
probubility of failure of the software because of some undetected error in the software that
hias existed since it was written. This Kind of failure usually occurs when some particular
combination of input data is applied to the software and, in consequence, may not occur unul
the software has been in use for some considerable period of time, Having established a
satisfactory way of quantifying software reliability, we g0 on to consider what can be done to
improve reliability

Our final consideration in this chapter will be system safety. We will see that measurement
systerns can have an impact on system safety in two main ways. First, failure of the measurement
Syatem may cause @ dangerous siuation (o arise in a process because incorrect data are fed into
the process control system. Second. the process itself may develop a dangerous fault that the
measurenient system fails o detect, thus preventing the operation of suchas
the sounding of alarms oc the opening of pressure-relicf valves, lnordcllumspmdlodnpou‘nhll
safety problems associated with the malfunction of measurement systems, we will look at the
ailable of desipning safety systems,

LA Ways av
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12.2 Reliability

The reliability of measurement systems can be quantified as the mean time between faults
occurring in the system. In this context, a fault means the occurrence of an unexpecied
condition in the system that causes the measurement output (o either be incorrect or not 1o exist
at all. The following sections summarize the principles of reliability theory relevant to
measurement systems. A fuller account of reliability theory, particularly its application in
manufacturing systems, can be found elsewhere (Mo 1997),

12.2.1 Principles of Reliability

The reliability of a measurement system is defined as the ability of the sysiem to perform its
required function within spcnlncd working conditions for a stated period of time. Unfortunately,
factors such as inan and varying operating conditions
conspire to make the faultless operating life of a system impossible to predict. Such factors are
subject fo random vanation and chance, and therefore reliability cannot be defined m absolute
terms. The nearest one can get to an ahsolute quantification of relisbility are quasi-absolute
terms such as mean time between failures (MTBF). which expresses the average time that the
measurement system works without failure. Otherwase, relizbility has 1o be expressed s a
statistical parameter that defines the probability that no faults will develop over a specified
wnterval of time.

Inquantifying reliability fora system, an insncdiate diffiauy that anises is defiming
what counts as a fault. Total loss of & measuremient output is an obvious fault, but a fault that
causes & finite but incorrect measurement &s more difficult 1o identily. The usual approsch i
identify such faults by applying statistical process control technigues (Moms, 1997)

Reliability quantification in quasi-absohute terms

‘While reliability is essentially probabilistic in nature, it can be quantificd in quasi-absolute

terms by time-bet failure and -40-failure (MTTF) pargmeters. Tt must be
hasized that these two g arc usually average values calculated over a number

of identical instruments, and therefore the actual valoes for any particular imatrument may Vary

substantially from the average value.

The mean tme berween failures is & paramcter that cxpresses the averape lime between faults

ng in an Iculated over a given period of tume. For example, suppose that
the history of an instrument is logged over a 360-day period snd the tme interval in days
between faults occurring was as follows:

112327161932624 132126151433 29121722
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The mean interval is 20 days, which 1s therefore the mean time between failures. An alternative
way of calculating MTB! imply to count the number of faults occurring over a given period.
Tu the example just given, there were 18 faults recorded over a period of 360 days and so
the MTBF can be calculated as MTBF = 360/18 = 20days.

Unfortunately. in the case of instraments that have a high reliabi
of reliabilit

suchi
terms of the number of faults occurring over a given period of time becomes
grossly inaccurate because faults occur too infrequently. In this case, MTBF predictions
provided by the instrument manufacturer can be used. as manufacturers have the opportunity
10 monitor the performance of a number of identical instruments installed in different companics.
If there are a total of F faults recorded for N identical instruments in time T, the MTBF can
be caleulated as MTBF = TN/F. One drawback of this approach is that it does not take conditions
of use, such as the operating environment, into account.

The mean time to failure is an altemative way of quantifying reliability that is normally used
for devices such as thermocouples that are discarded when they fail. MTTE expresses the
average time before failure occurs. calculated over a number of identical devices. Suppose that
@ baich of 20 thermocouples is put through an accelerated-use test in the same environment and
the ume before failure (in months) of each device is as follows:

79136101189 1488 1291511910128 11
he mean of these 20 numbers is 10. Therefore, the simulated MTTE is 10 months.

The final reliability-associated term of importance in measurement systems 1s the mean time
o repair (MTTR). This expresses the average time needed for repair of an instrument, MTTR
can also be interpreted as the mean time o replace, as replacement of a faulty mstrument
by a spare one is usually preferable in manufacturing systems to losing production while
an instrument is repaired. As an example. suppose that the time in hours taken to repair an
instrument over a history of I8 breakdowns is recorded, with the following times:
413219217234132441
The mean of these values is 3 and the MTTR is therefore 3 hours,

The MTBF and MTTR parameiers are often expressed in terms of & combined quantity known
s the availability figure, This measures the proportion of total time that an instrument is
working. that is. the propoetion of wofal time that it is in an unfailed state. The availability is
defined as the rauo.

MIBF
T
MIBF « MTTR
In measurement systems, the auny must always be to maximize the MTBE igurc und it
the MTTR figure, thereby maximizing the availability. As far ss MTBF and MTTF figures are

Availability =
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concemed, good design and high-quality control standards during manufacture are the
appropriate means of maximizing these figures. Design procedures that mean that faults are
casy to repair are also an important factor m reducing the MTTR figure.

Failure patterns

The pattem of failure in an instrument may increase, stay the same. or decrease over its life.
In the case of electronic components, the failure rate typically changes with time in the
‘manner shown in Figure 12 1. This form of charactenstic is frequently known as a hathub
curve. Early in their life, electronic components can have quite a high rate of fault mcidence up
totime T (see Figure 12.14). After this witial working period, the fault rate decreases o &
low level and remains at this low level until time 75 when aging effects cause the fault rate 1o
start (o increase again, Instrument manufacturers often “bum in™ electronic components for

a length of time comresponding to time T, This means that the components have reached
the high-reliability phase of their life before they are supplied to customers

Mechanical components usually have different failure charactenstics, as shown i Foure 12 18
Material fatigue is a typical resson for the fuilure rate to increase over the life of 2 mechancal
component. In the early part of their life, when all componeats are relatively new, many

Falure rate
¥ :
H i
° 13 1 Age
)
Failure rate
o T. vy
®
Figure 12.1

Typical vanation of reliability with component age. () electronic componernts (bathte
(b} mechanical components

b curve) and
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o

exhibit a low incids

of faults. Then. at a later stage, when fatigue and other aging
processes start to have a sigmificant effect. the rate of faulls increases and continues 1o increase
thereafter.

Complex sy ining many dif! comp often exhibit a constant pattern of failure
over their lifetime. The various components within such systems each have their own failure

pattem where the failure rate is increasing or decreasing with time. The greater the number of
such components within a sysiem, the greater the tendency for the failure patems in the
individual componcnts to cancel out and for the rate of fault incidence o assume a constant value.
Reliabil e e e pobababats

In probabilistic terms, the reliability, R(7), of

X is defined as the probability that the
mstrument will not fail within a certain period of time. 7. The unreliability or likelihood of
flihe.m) 1s a comresponding term that expresses the probability that the instrument will fail
Within the specified time interval. R(T) and F(T) are related by the expression:

F(T) =1 —R{T) (12.1)
TBM R(D), accelerated lifctime testing* is carried out for a number (N) of identical
instramionts. Providing all have simitar cond;

of use, times of failure, 7; . 2. - < Tae
will be distributed about the mean time to failure, 7, 1f the probability density of the time 10

Hallure is represcated by f(7). the probability that 3 particular instrument will fail in a time interval,
&, i given by fr)dz, and the probability that the instrument will fail before time T is given by

T
F(T) = {juhh
@

The probability that the instrument will fail in & time mterval AT following 7, assuming that it
has survived 1o time 7', is piven by

RO 4 AT) - F(T)

R(T)

Where R(T) is the probability that the instrument will survive to time 7. Dividing this expression
by AT gives the average failure rate i the interval trom T 1o 7'+ AT as

* Acockrated lifetme wstng means sabjccting an asrumon (o 3 much greater frequency of use than would
omally be expested I strusnent is normally wsed 10 times per day, then 100 days of nomial use cats be
simulated by wsiag 1 1000 twnes w3 daghe day
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F(T + AT) — K(T)
ATR(T)

In the limit as AT— 0, the instantancous failure rate at time 7' is given by

dF(R)] 1 _F()
T R R

(122)

If it is assumed that the instrument is m the constant-failure-rate phase of its life, denoted
by the interval between times ¢, and £> in Figare 12,1, then the instantancous failure rate at T'is
also the mean failure rate that can be expressed as the reciprocal of the MTBF. that is, mean
failure rate =0; = 1/1,,.

Differentiating Equation (12.1) with respect to time gives F'(7) = — R'(T). Hence, substituting
for F(Din Equation (12.2) gives

R(T)
| RNl
O R(T)

This can be solved (Johason et al., 2010) to give the following expression:
RIT) = exp(~6,7). {(12.3)

Examination of Equation (12 3) shows that, at time ¢ = 0, the unreliability is zevo. Also, as ¢
tends to x, the unreliability tends to a value of 1. This agrees with intuitive expectations that the
value of unreliability should lie between values of 0 and 1. Another point of interest in
Equation (12.3) is to consider the unreliability when T = MTBF, that is, when T = 7, Then
F(I)=1 -exp(- 1) =0.63, that is. the probability of a product failing after 1t has been operating
for a length of time equal to the MTBF s 63%

Further analysis of Equation (12.%) shows that, for 707, < 0.1
=T/, {124)

This is a useful formula for calcutating (approximately ) the reliability of a critical product that
is only used for a time that is & small proportion of its MTEF

Example 12.1
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® Solution

From Equation (12.3),

RT) = expl~8T) =

B Example 12.2

If the mean tme o failure of an an’d‘n
that it wall not fail during che first 8000 hours af

ase, T't, = 80,000,/8000 = 0.1 and so Equi
HT):;I - T/t,,~0.9. To illustrate the

M.

systems usually comp

hence it is necessary to know how the reliabilities ¢ 4
reliability fipure for the whole systen, In some cases,
pasalicl 1o improve retiability because the
componeuts fail. These two cases are covered by |

Reliability of components in series :
A measurement system consisting of several oc
the scy f develops & fault. The relia
ﬂmmmuwlhumdhw.‘
u)mmnmmamm
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Example 12.3

tem consists of a s

A measurement sys

signal process

respectively. Calc

=
B Solution E
Applying Equation (12.5), Rs = 0.9 % 0.95 x 0.99 = 0.85.
L]
Reliability of components in parallel
One way of improving the reliability of 3 me. system is (0 connect (wo or more

instruments in parallel. This means that the system oaly fails if every parallel instrument fails
For such systems, system reliability, By, is given by

Rs=1-F;, 12.6)

where Fy is the unreliability of the system. The equation for calculating F is similar to
Equation (12.5). Thus, for & instruments in parallel, the unreliability is given by

s=FF--F, (12.m
Ifall the instruments in paraticl are identical, then Faguation (12 71 can be wanitten in the sumpler fomm
Fs = (Fx)* (128)

where Fy is the unreliability of each instrument

Example 12.4

In a parsicular safiry-cr

connected n p

refiabiity o

8 Solution

From Equation (12.1), the unreliability of each instrument Fy is given by
Fi=1-Ry=1-0.95=0.0S. Applying Equation {128},
Fs=(F)*=(0.05)" = 0.000125. Thus, from Fauation (12.6),
Ry=1-Fg=1-0.000125=0.999875
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12.2.3 Improving Measurement System Reliability

When designing a measurement system, the aim is always to reduce the probability of the
system failing 1o as low a level as possible. An essential requirement in achieving this is to
ensure that the system is replaced at or before time 1> its life shown in Figure 12 1 when the
satistical frequency of failures starts to increase. Therefore, the initial aim should be to set the
lifetime T equal 10 £, and minimize the probability F(T) of the system failing within this
specified lifetime. Once all measures (o reduce F(T) have been applied. the acceptability of the
reliability R(T) has to be assessed against the requirements of the measurement system.
Inevitably, cost enters info this, as efforts (o increase R(7) usually increase the cost of buying
and maintaining the system. Lower reli ity is acceptable in some systems
where the cost of failure is low, such as in manufactunng systems where the cost of lost
production or loss due to making out-of-specification products is not serious. However, in other
applications, such as where failure of the measurement system incurs high costs or causes
safety problems, high reliability is essential, Some special applications where human access is
very difficult or impossible, such as in d sy i, satelfites, and
suclear power plants, demand especially high reliability because repair of faulty measurement
systems is impossible.

The vanous means of increasing R(T) are considered here. However, once all efforts to increase
R(T have been exhausted, the oaly solution available if the reliability specified for a working
period T is still not high enough is to reduce the period T over which the reliability 1s
caleulated by replacing the measurement system earfier than time 7=,

Choice of instrument

The types of components and instruments used within measuring systems has a large effect
on the system reliability. Of particular i in choosing is regarding the
type of operating environment i which they will be used. In parallel with this, appropriate
protection must be given (e.g., enclosing thermocouples in sheaths) if it is anticipated that
the environment may cause premature failure of an instrument. Some instruments are more
alfected than others, and thus more likely 1o fail, in certain environments, The necessary
knowledge 1o make informed choices about the suitability of instruments for pmicu!ar
environments, and the correct protection (o give them, requires many years of experience,
although mstrument manufacturers can give useful advice in most cases,

Instrument protection
Adequate protection of instrurments and sensors (rom the effects of the operating environment

i necessary. For example, th couples and should be p
by & sheath in adverse operating conditions,

EIL
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Regular calibration
The most common reason for faulls occurring in & measurement system, whereby the error
in the gocs outside acceptable linits, is drift in the performance of the

instrument away from its specified characteristics. Such faults can usually be avoided by
ensuring that the instrument is recalibrated at the recommended intervals of time. Types of
intelligent instrument and a sensor that perform self-calibration have clear advantages in
this respect.

Redundancy

Redundancy means the use of 1wo or more measuring instruments of measurement system
components in parallel such that any one can provide the required mcasurement. Example 12.4
showed the use of three identical instruments in parallel 10 make a particular measurement
instead of a single instrument. This increased the relisbility from 95 10 99.99%. Redundancy
can also be applied in larger measurement sysiems where particular components within

it seriously degrade the overall reltability of the system. Consider the five-component
measurement system shown in Figuee 12 24 in which the reliabilitics of the individual system
components are Ry = Ry = Rs =099 and R, = R, = 0.95

Using Equation (12.5), the system reliability is given by K5 =0.99 x 0.95 x 0.99 x 0,95 »
0.99 =0.876. Now, consider what happens if redundant instruments are put i parallel with
the second and fourth system components, as shown in Figure . The reliabilities of
these sections of the measurement system are now modified to new values £ and B, which
can be calculated using Equations (12.1), (12.6), and (12 %) as follows: F, = | -R, =008
Henge, Fy'=(0.05)" =0.0025 and Ry’ = | —F,' =0.9975. R =Ry since R, =K

Using Eyguation {12.5) again, the system reliability is now Ry = 0.99 x 0.9975 x 0.99 x
0.9975% 0.99 = 0.965.

Figure 12.2

Improving measurement system rehiabilay” (a) ongnal system and
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Thus, the redundant i have improved the system reliability by a large amount,
However, this improvement in reliability 1s only achieved at the cost of buying and maintaining
the redundant components that have been added 1o the measurement system. If this practice
of using redundant instruments to improve reliability is followed, provision must be provided
for replacing failed components by the standby units. The most efficient way of doing this
18 10 use an automatic switching system, but manual methods of replacement can also work
reasonably well in many circumstances.

The principle of increasing reliability by placing components in parallel is often extended 1o
other aspects of measurement systems, such as the connectors in electrical circuits, as bad
connections are a frequent cause of malfunction. For example, two separate pairs of plugs
nd sockets are used frequently to make the same connection. The second pair is redundant,
that is, the system can usually function st 100% efficiency without it, but it becomes useful
i the first pair of connectors fails.

12.2.4 Software Reliability

As computer processors, and the software within them, are found increasingly in most
measurement systems, the issue of the reliability of such components has bcml:"C very
important. Computer hardware behaves very much like electronic components in EF“““'"
and the rules for calculating relisbility given earier can be applied. However, f‘““f‘ '":'c“"g
reliability in software are fund: lly different. Application of the gencral engincering
definition of reliability (o software is not appropriate because characteristics of the error
mechanisms in software and in engineering hardware are fundamentally diffe-rcnl: Hardware
systems that work comectly when first introduced can develop faults at any time in the
future, and so the MTBE is a sensible measure of reliability. Howeser, software does not change
with tme: i it stants off being eror free. then it will remain so. Therefore, what wewl“
know, in advance of its use. is whether fuuits are going to be found in the software 'm
has been put inta use. Thus, for software, a MTBF reliability figure Is O'f little value. d
Wwe must somehow express the probability that errors will not oceur in it.

Quantifying software reliabibity

A tundamental problem in predicting that erors will not occur in software “‘mb::wm
exhuustive the testing, it is impossible to say with certainty that all emors have D“u 5
and climinated. Ervors can be quantified by three parameters, D, U, and T, Wb::m i
number of erron detected by testing the software, U is the number of undetect 3
115 the total pumber of erors (both detected and undetected). Hence,

U-T-D. (12.9)

7 so that U tends
Good program testing can detect most errors and so rrukcp lpp:f:hm ahois
ward zero However, as the value of T can never be predicted rtant
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difficult to predict that software is error free, whatever degree of diligence is applied during
testing procedures.

Ll iad

his taken 1o quantifying reliability, testing is an
to the quantification methods available. While it is never possible to detect all (hg crrors !hnl
might exist, the aim must always be to find and correct as many errors as possible by applying
4 nigorous testing procedure. Software testing 18 a particulady important aspect of the wider
field of software engincering. However, as it is 4 subject of considerable complexity, detailed
procedures available are outside the scope of this book. A large number of books now cover good
software engineering in general and software testing procedures in pasticular, and the reader
requiring further information is referred (o refercaced texts such us Foni >t
(1998), Fenton and Bieman (2010}, Naik and Tripathy (2008), Plloeger and A
Shooman (2002).

2009), and

One approach to quantifying software reliability (Fenion wnd Plleczer, 199%) is to monitor the rate
of ervor discovery during testing and then extrapolste this mio an estimate of the mean time
between fuilures for the software once it has been put into use. Testing can then be extended until
the predicted MTBF is greater than the projected time horizon of usage of the software. This
approach is rather unsatisfactory because it accepts that errors in the software exist and only
predicts that errors will not emerge very frequently
Confidence in the measurement system is much greater if we can say “there is a high
probability that there are zero ermons in the software™ rather than “there arc a finite namber of
errors in the sofiware but they are unlikely to emerge within the expected hifetume of is
usage.” One way of achieving this is to estimate the value of 7 (total number of errors) from
initial testing and then carry out further software testing until the predicted value of T is zom in
a procedure known as error seeding (Mills, 1972). In thas method, the progeyrumer responsible
for producing the software deliberately puts 4 number of emvons, E, into the progmm, such
that the total number of errors 1n the program increases from 7w 7" where I 7+ F. Testing s
then carried out by a dilferent programmer who will sdentify a number of crrors given by I,
where D’ =D + E' and E' is the number of deliberately inserted emors detectod by this second
programmer. Normally, the real emors detected () will be less than 7 and the seeded ervors
detected (EY) will be less than £. However, on the assumption that the ratio of seeded crrons
detected to the total number of seeded errors will be the same as the rato of teal cmon detected
to the total number of real errors, the following expression can be wiitten
2L 12.10)
iy i
As E'ismeasured, E is known and D can be caleulsted from the number of erron 1 detected by
the second programmer according to D =D’ — £, the value of 7 can then be calculated as

T = DEJE’ (12.11)
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One law in Fxquation (12.11) is the assumption that seeded errors are representative of all real
(unseeded) errors in the software, both in proportion and in character. This assumption is never
entirely valid in practice because, if errors are unknown, then their characteristics are also
unknown. Thus, while this approach may be able 1o give an approximate indication of the value
of 7. it can never predict its actual value with certainty,

An alternative to error seeding is the double-testing approach, where wo independent
programmers test the same program (Fenton and Pleeger. 1998). Suppose that the number of

errors detected by each 15 D; and D, respx ly. N detected by the
two programmers will be in part common and i pant different. Let C be the number of common
errors that both prog find. The d success of each programmer can be

Quantified as
Sy =DyT; $:=DyT, (12.12)

1 is reasonable to assume that the proportion of errors D, that programmer | finds out of the
total number of errors Tis the same proportion as the number of errors € that he/she finds out of
the number D found by programmer 2, that is:

Bi=.G
D;

=5

7=
and hence

(12.13)

From | G (12020, T = DyJS,, and substituting in the value of ; oblained from
t . the following expression for T is obtamed:

T =C/5$: (12.14)
From 8, = C/D,, and from Equation (12.12), §2=Dx8,/D; =CIDy. Thus,

substituting for 8§y and §; in Equation (12,14

T Dy, (12.15)

Program testing should continue wntil the number of errors that have been found m:qual w!he
predicted total number of erors 7. I the case of Example 12.6, miswcmwl fesung
until 30 ervors have been found. However, the problem with doing_this is that T is only an
estimated quantity and there may actually be oaly 28 or 29 errors in the program. Thus, l;
continue testing until 30 errors have been found would mean testing forever! Huw:m 28or
29 ervors have been found and continued testing for a sigmficant time after this has dmuad:m
more ermons, the testing procedure should be terminated, even though the F‘W'ﬂd
contain | or 2 errors. The app nature of the lated value of T omeat ..'...mmm
value could be 31 or 32, and therefore the software may still contain errors if Lesting s stopped
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onee 30 errors have been found. Thus, the fact that 7 is oaly an estimaied value means the
statement that a program is error free once the number of errors detected is equal to 7' can only

be expressed in probabilistic terms.

To quantify this probability, further testing of the program is necessary. The starting point
for this further testing is the stage when the total number of ervors 7" that are predicted
have been found (or when the number found is shightly less than 7 burt further testing
does not seem (o be finding any more errors). The next siep is to seed the program \:uh
W new errors and then test it until all W seeded errors have been found. Prov l‘dcd that
no new errors have been found during this further testing phase, the probability that

the program is error free can then be expressed s ¢

P=W/W+1). (12.16)

However, if any new error is found dunng this further testing phase, the error must be corrected
and then the sceding and testing procedure must be repeated. Assunuing that no new crrors
are detected, a value of W = 10 gives P = 0.91 (probabity 91% that the program is error free)
To get (0 99% error-free probability, W bas 1 be 99.

Example 12.5

The avthar of a

]
B Solution
The (e
from Equation (12.11), T=DE/E =24 x 12/10=28.8
| ]

B Example 12.6

=
@
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B Solution

4 6, and ¢ 1. Hence, spplying Equation (12.15),
l T = D\D,/C = 24 % 26/21=129.7.

Improving software reliability

The a priori requirement in achieving high reliability in software s to ensure that it is
produced according to sound software engincering principles. Formal standards for achieving
high quality in software are set out in BS/ASOAEC 90003 (2004). Libraries and bookshops,
cspecially academic ones, offer a number of texts on good software design procedures. These
difter significantly in their style of approach, but all have the common aim of encouraging the
production of error-free software that conforms to the design specification. It is not within
the scope of this book to enter into arguments about which software design approach is best,
 the choice between different software design techniques largely depends on personal
preferences. However, it is essential that software contributing o a measurement system
15 produced according to good sofiware enginecring principles.

Ihe second stage of reliability enhancement is application of a ngorous testing procedure as
described in the last section. Because this is a very ti ing and hence expeasive b
testing should only continue until the calculated level of reliahility is the minimum needed for
requirements of the measurement system. However, if a very high level of reliability is demanded,
such ngorous testing becomes extremely expensive and an altemative approach, known as
N-version programming, is often used. N-version prog ¢ requires N different

to produce N different versions of the same software according to & common specification. Then,
assuming that there are no errors in the specification itself, any difference in the output of one
program compared with others indicates an ervor in that program, Commoaly, N = 3 is used, that
. three dilferent vensioas of the program are produced, but N = 5 is used for measurement
systems that are very eritical. In this latter case, a “voting ™ system is used, which means that up to
two out of the five versions can be faulty without incorrect outputs being penerated.

Unfortunately, while this approach reduces the chance of software errors in measurement
systems, it is not foolproof because the degree of independence between programs cannot be
puaranteed. Different programmers, who may be trained in the same place and use the .mm:
design techuiques, may generate different programs that have the same errors. Thus, this
methad has the best chance of success if the pr are trained i dently and use
different design technigues.

I anguages such as ADA also impeove the safety of software because they contain special
features designed 1o detect the kind of programming erors that are comnwn?y nude Such
Lanpuases have been developed specifically with safety-critical applications in mind.
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12.3 Safety Systems

Measurement system reliability is usually inexorably linked with safety issues. as measuring
instruments to detect the onset of dangs ituations that may p ! P ise safety
are a nécessary part of all safety systems implemented. Statutory safety legislation now exists
in all countries around the world. While the exact content of legislation varies from country
1o country, i common theme is (o set out responsibilities for all personnel whose actions may
affect the safety of themselves or others. Penalties are prescribed for contravention of the
legislation, which can include fines. custodial sentences, of both. Legislation normally sets out
duties for both employers and employees.

Duties of employers include:

To ensure that the process plant is operated and maintained in a safe way so that the
health
and safety of all employees are protecied.
To provide such training and supervision as is necessary 1o ensure the health and
salety of all employees.
To provide & monitoring and shuidown system (safety system) for any process plant
or other equipment that may cause danger if certain conditions arise
To ensure the health and safety, as far as is reasonably practical, of all persons who are
not employees but who may reasonzbly be expected 10 be at nisk from operations
carried out by a company.

Duties of employees include:

To take reasonable care for thew own safety
To take reasonable care for the safety of others

To avoid mi or d g any o or system designed (o proteet
people’s safety
The primary concem of and tion technologists with regand to safety

Tegislation is to (1) ensure that all measurement systems are mstalled and operated in a
safe way and (2) ensure that instruments and alarms installed as part of safety protection
systems operate reliably and effectively

Intrinsic safety
Intrinsic safety describes lhc ability of measuring mstruments and other systeras to operate in
losive o fl env without any risk of sparks or arcs causing an explosion

or ﬁm The detailed design of systems to make them minasically safe is outside the scope
of this book. However, the general principles are either 1o design electncal systoms in a way
that avoids any possibility of parts that may spark coming into contact with the operating




environment or o avoid using clectrical components altogether. Thc‘lat{«pumlfe-;lﬁl
PReumatic sensors and actuators continue to find favor in some applications, despite
advantages of electrical devices in most other respects.

Installation practice

Good installation practice is necessary to prevent any possibility of people getting B
shocks from me. systems. | that have a mam.\ pRte .n“iy T
subject to normal rules about the condition of supply cables, clamping of wires, and carthing
of all metal parts. However, most measurement Sysicaps apepiey “ l“ydmhm:'mwx
no direct threat unless parts of the system come into contact with Wm ¢
should be prevented by applying codes of practice that w“ ‘“_ Ehjing (oo quipment
Sysiems be kept physically separate from that used for camying A VAR L and m,“
Nomually, this prohibits the use of the same trunking to house both signal wires =
cables, although some special forms of trunking are available that have l‘;:‘mm
channels separated by & metal barrer, thus allowing them to be used for e
Cables and signal wires. This subject is covered in depihifs the LR
nstallation practice

12.3.1 Introduction to Safety Systems

’ : other
The purpose of safety systems is to monitor parameter values in ﬂm“f‘bm"*g:::::rnﬂ
SYStems and 1o make an effective response when plant g d,,,:; ;::ymu can be
operating values and cause a potentially dangerous 3 take more direct action
either 1o generate an alam for the plant operator to take x‘fm“l:m systems are now
10 shut down the plant automatically. The design and operation of safety
subject 1o puidelines set by intemational standard IEC 61508,

IEC 61508

 that safety systems work
TEC 61508 (2005) sets out a code of practice ‘k,\\gn.cd_ mid, ¢|,el::l| elecnz:ic.lﬁd
elfectively and reliably. Although concerned primarily W ibodied by the standard can be
Programmable electronic safety systems. the principles : i and.

8 1

MRV, s
applied as well 1o systems with other tec such
hydraulic devices
irements:
The TEC 61508 standand is subdivided into three sets of requ Y
Proper management of design, mlﬂmxﬁm“ il o
Competence and trainiag of personnel inv gning, implementing.

mamtanmg safety systems. ke, St
Lechnical requirements for the safety system el

- P —

A A i s b S s
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A full analysis of these various requirements can be found elsewhere (Deun, 1999),

A key feature of IEC 61508 is the safety integrity level (SIL), which is expressed as the degree
of confidence that a safety system will operate correctly and ensure that there is an adequate
response 1o any malfunctions in the manufacturing plant that may cause a hazard and put human
beings at risk. The SIL value is set according to what the tolerable risk is in terms of the rate of
failure for a process. The procedure for defining the required SIL value is Known as risk
analysis. What is “tolerable™ depends on what the consequences of a dangerous failure are in
terms of injury (o one or more pcople or death to one or more people. The acceptable level
of tol for and p sses is set according to puidelines defined by
safety regulatory authorities, expert .\dn« and legal requirements. The following table gives
the SIL value corresponding to various levels of tolerable nisk for a continuous operating plant

Probabiity of dangerous Probability of dangerous
i falure per hour failure per year
4 10 wi0® 10" %wi0 *
3 10 ‘w0’ 10 ‘w10 ?
2 10 "wie® 10 w10
1 W wio ® 10 *wi0’

The safety system is required to have sufficient reliability 10 match the rate of dangerous
failures in a plant 1o the SIL value set. This relishility level is known as the safery integriny of
the system, Plant reliability is calculated by identical prnciples to those set out m Sectn 122
for measurement systems and is based on 2 count of the number of faults that occur over a
certain interval of time. However, it must be emphasized that the frequency of potentially
dangerous failures is usually less than the rate of occmmence of faults in general. Thus, the
reliability value for a plant cannot be used directly 25 3 prediction of the rate of occurmence
of dangerous failures. Hence, the total failures over a period of time must be analyzed and
divided between faults that are potentially dangerous and those that are not

Once risk analysis has been carried out to determine the apperopriate SIL value, the required
performance of the safety protection system can be calculated. For exan if the maximam
allowable probability of dangerous failures per howr is specified as 10 " and the sctual probabiity
of dangerous failures in a plant is caloulated as 10 ¥ per howr, then the safety system must have a
winimum reliability of 1010, that is, 10° * failures for » 1-hour period A fuller account
of calculating safety system req nls is given clsewhere (Sungese £ )

12.3.2 Design of a Safety System

A typical safety system consists of a sensor. a tnip amplificr, and cither an sctustor or an
alam generator. as shown in Figere 12,3, For example, in a safety system desipned (o protect
against abnormally high pressures in a process, the sensor would be some form of pressure
transducer, and the trip amplifier would be a device that amplifies the mewvured pressure
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Monitored
process 1»,‘,
variable or dum mu
Figure 12.3
Elements of a nfdy system.

signal and generates an output that activates either an actuator or an alarm if the measured pressure
signal exceeded a preset threshold value. A typical actuator in this case would be a relief valve,

Software is increasingly embedded within safety systems to provide intelligent interpretation of
sensor outputs, such as identifying trends in measurements. Safety systems that mmpome

soltware and a computer processor are known ly as microproc based p
sysiems. In any system containing software, the mlumlu) of Lhc mﬁwm is cmcml 1o the
overall reliability of the safety system, and the reliabil tinigues described in

Sevw Lo 3 assume great importance.

Toachieve the very high levels of reliahility normally specified for safety systems, itis usual to guard
agamst system (ailure by either triplicating the safety sysiem and implementing two-out-of-three
voung or providing & swilchable, standby safiety system. These technigues are considered next.

Two-out-of three voting system

This system involves triplicating the safety system, as showi in Figure 12 4. Shutdown actionis
taken, or an alarm is generated, if two out of the three systems indicate the requircment for
action. This allows the safety system to operate reliably if any one of the triplicated systems
fails and 15 often known as a two-out-of-three voting system. The reliability Ry is given by
Ry probability of all three systems operating correctly
i probability of any two systewms operaing correctly
s + RiFaRs + FIRARs), (12.17)

|
Mantored Response
process to taull
variable

Figure 12.4

Two-out-of three voting system
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where Ry, Ry, and Ry and F), Fy, and F5 are the reliabilities and unreliabilitics of the three
systems, respectively. If all of the systems are identical (such that Ry = R Ry= R, ele):

Ry =R’ +3R°F = R + 3R%(1 - R). (12.18)

Example 12.7

In a particular protection systeim
and a sworouc-of-three

systems is 0.95, calculate the ove
L]
® Solution
Applying Equation (12.18), Rs = 0.95% +[3 X 0.95% x (1 - 0.95)] = 0.993.
[

Standby system

A standby system avoids the cost of providing and running three scparate safety systems in
parallel. Use of a standby system means that only two safety systens have 1o be provided. The
first system is in continuous use but the second systen is noamally not operating and is oaly
switched info operation if the first system develops a fsult. The faws in this approsch are the
necessity for faults in the primary system to be detected reliably and the requirement that the
switch must always work comectly. The probability of failure, F . of a standby sy stem of the form
shown in Figure 125, assuming no switch failures duning nomal operation. can be expressed as

Fx = probability of systems §; and $> both failing, given successful s
+ probability of S, and the switching system hoth failing st the same time
= F\FaRoRy + Fi(l - RpRys )

wching

Roapanse
10 tauh

Figure 12.5

Standby system
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System reliability is given by
Ry =1 = Fs = 1 = Fy(1 + FaRpRw ~ RoRw). (12.19)
where Ry, is the reliability of the fault detector and Ry is the reliability of the switching system.

The derivation of Fquation (12 19) assumes that there are no switch failures during nomal
operation of the system, that is, there are no switch failures during the time that the controlled
Pprocess is operating satisfactorily and there is no need to switch over to the standby system.
However, because the switch is subject to a continuous flow of current, its reliability cannot be
assumed to be 100% . 1f the reliability of the switch in nonmal operation is represented by Ry, the
expression in Equation (12.19) must be multiplied by Ry and the reliability of the system becomes:

Ry = Ry[1 — F\(1 + F:RpRy — RoRw)| (1220)

The problem of detecting faults in the primary safety system reliably can be solved by
operating both safety systems in parallel. This enables faults in the safety system to be
distinguished from faults in the monitored process. If only one of the two safety systems
widicates a failure, this can be taken to indicate a failure of one of the safety systems rather than
a failure of the monitored process. However, if both safety systems mdlc;lr:lfnull'lhm almost
certainly means that the itored process has developed a p lly d. fault. This
scheme is known as one Jf-two voting, but it is obviously iferior in reliability o the two-
out-of-three scheme described earlier.

® Example 12.8

tchable standby safety system is used to-increase
em, and the switching

and D 95, rrspecnvdy and d\e rellabolny of ﬁu switch in normal

operation is 0.98, calculate the reliability of the protection system.

® Solution

n (12.20), the parameter values are F, =0.05, F,=0.04, and
RpRyy 0 95 and Ry =~ 0.98. Hence,

04 x 095} ~ 093 0976

" Becsuse the standby system is not ‘.n,m <0 normal ase, ks reliability lmdsmhch;hammlhcmlwy:ym
cven 1f the twa systons conssst of nomunatly ideniical components.
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Actuators and alarms

The final element in a safety system is either an automatic actuator or an alamm that requires
a human response. The reliability of the actuator can be calculated in the same way as all
other elements in the system and incorporated into the calculation of the overall system reliability
as expressed in Equations (12.17) through (12.20). However, the reliability of alarms cannot be
quantified in the same manner. Therefore, safety system reliability calculanions have to exclude
the alarm element. In consequence, the system designer needs 1o take steps 1o maximize the
probability that the human operator will take the necessary response to alarms that indicate a
dangerous plant condition.

Some useful gui for hnologists involved in designing alanm systems
are provided hy Branshy (1999). A very important criterion in system design is that alarms
about dangerous conditions in & plant must be much more prominent than alanus about conditions
that are not dangerous. Care should also be taken to ensure that the operator of a plant is not
bombarded by too many alanms, as this leads the operator to get into the hubit of ignoring alanms.
Ignoring an alann indicating that & fault is starung (o occur may cause dangerous conditions in
the plant to develop. Thus, alarms should be uncommon rather than routine so that they attract the
attention of the plant operator. This ensures, as far as possible. that the operator will (ake the
proper action in response o an alarm shout 3 potentially dangerous situation

12.4 Summary

The topic studied in this chapter has been the subgect of measurement system reliability and
the effect that this can have on other systenis associated with the measurement system. We started
off by studying the prnciples of reliability and looking t how the reliabdlity of a measurement
system can be quantified. We weat on to look & the principal Laws of reliability and considered
how these could be applied to improve the reliability of 2 system. We also looked at other
precautions that could be taken when designing and opersting measurement systems 1o avoid
either fuilure or impaired performance. These precautions ncluded choosing sustable wsinuments
acconding to the expected operating conditions, profecting instruments approprately when using
them in adv i e g them at the recommended froquency . and bailding an
element into instruments used in critical parts of & measurcment system

We then went on to consider the subject of software reliability. We noted that this was
now very important in view of the widespread use of intelligent instruments contaning
software. This study showed us that substantial differences exist smong the mechanismy
contributing to the reliability of sofiware and hardware. The relisbulity of instrument
hardware is related to factors such as mechanical wear, degradation because of the effect of
the i i and mechanical failure. Thoese are faults that develop over 4
period of time. However, the mechanisms of software fatlure are fendamentally different
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Software does not change with time, and if it is crror free when first written, it will remain
crror frec forever. What happens when software is used is that errors that it has had all its life
suddenly cause a problem when particular conditions occur, usually when particular
combinations of input values are applied. Thus, the usual rules of reliability quantification
applied 1o hardw; in systems are not appropriate for associated
software, Instead, we ha\c seen that special procedures have to be applied to quantify
software reliability in terms of the probability that it will not fail. Having established
appropriate ways of quantifying software reliability, we went on to look at how reliability can
be improved.

Ourfinal topic of study in the chapter was that of system safety issues. Having first looked at the
definition and quantification of safety levels and the associated IEC 61508 code of practice
for safety systems, we went on to look at how safety systems could be designed to address
safety issues. We then ended the chapter by looking in some detail at particular designs of safety
Systems in terms of fwo-out-of-three voting systems, using standby systems and appropriate use
ol safety actuators and alarms,

12.5 Problems

121 How is the reliability of a measurement system defined? What is the difference
between quantifying reliability in quasi-absolute terms and quantifying it in
probabilistic erms?

12.2. Explain the rules for calculating the overall reliability of system components that are
connected (a) in series with each other and (b) in parallel with each another.

123, Discuss ways in which the reliability of measurement systems can be improved.

e

124, How do mechanisms affecting the reliability of software differ from those affecting the
reliability of mechanical and electrical system components?
How can software reliability be quantified?
126, Discuss some ways in which the reliability of software comp within
systems can be improved,

127, What are the principal duties of employers and employees with regard 10 safety? How
do these impact the design and operation of measurement systems?

128 Explain the following terms that are met in the design of safety systems: (a) two-out-
of-three voting system and (b) standby system,

129

The performance of & measuring instument is monitored over a I-year (365-day)
period, and intervals between faulis being recorded are as follows:

2761841 542946 1449381726
Calculate the mean time between failures. 2
1210 The days on which an instrument failed were recorded over a 12-month period s
follows (such that day 1 = Janvary 1, day 32 = February 1, etc.):
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12,11,

1z

1213,

1214,

1215,

12.16.

12.19.

12.20.

1221,

Day number of faults: 18 72 111 173 184 227 2806 309 350
Calculate the mean time between failures.
A fi itors the p of a new type of instrument that is installed
at 20 different locations. If a total of 9 faults are recorded over a 100-day period,
calculate the mean time between faiture that should be specified for any one instrument.
The time hefore failure of each a platinum resistance thermometer used in a particular
location is recorded. The times before failure in days for 10 successive thermometers
are recorded as:
405 376 433 425 388 402 445 412 397 366

Calculate the mean nme (o failure.

Repair times in hours of an instrument over a history of 10 breakdowns are recorded as
follows:

105575825300 125 15065 325 145925

Calculate the mean time to repaic

1f the mean time between failure for an mstrement is 247 days and the mean time

repair is 3 days, calculate s availabiliy.

1f the mean time to failure of an instrument is 100.000 houn, calculate the probability

that it will not fail in the first 50.000 hours.

1f the mean time to failure of an instrument i 100,000 hours, calculate the probability

llm it will not faul i the first 5000 bouns
d in series have the following rehabiliies
0.98 093 0.95 (! 9‘) Calculate the reliability of the whole measurcment system

. In a particular measwement system. two instraments with an mdividual relisbaity of

0.95 are connected together in paraliel. Caloulate the relisbility of the measurement
system if it can continue o function as losg as both of the smstruments do not fail at the
same time.

Caleulate the reliability of the measurement system shown n i v il

the reliabilities of the individual components are R, =K = Ry = 095 . K, = Ry« 0.90.
In order to estimate the number of ervors m 2 new piece of softwase by applying the
error-seeding approach, a programmer pats 10 deliberate (scoded) faults wio the
program. A second programmer then tests the program and finds 27 erron, of which
Sare d by the first prog 10 be soeded emrors. Estimate the original
number of faults in the program (i.c., excluding scedod ermon)

The double-testing approach is applicd 1o test & new computor program and the two
programmers who do the testing find 31 and 34 ervors, respectively 11 27 of the ermon
found by programmer 1 are the same as ervors i the list produced by programmer 2,
estimate the actual number of erors in the program




% ber of errors is esti d as 16. The program
ith 20 deliberate errors and further testing is then carried out until all
have been found.
w undetected) ervors are found during this further testing 1o
ceded ervors, calculate the probability that the program is error free after

‘many seeded errors would have to be put into the prog: and then

: mmunmnmfmﬁ

dinp n A protection system and a two-out-of-

w hmltm reliability of each of the three systems 1s 0.90,

the overall reliability of the whole protection system.

able standby safety system is used 10 fliability in ap

1f the reliability of the main system is 0.90. that of the standby system is 0.91,

the fauk detector/switching system is 0.90 and the reluability of the switch in
ation is 0.96, the lity of the pr ion sy
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