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Foreword

Metrology is the science and technology of measurement. Since time immemorial, reliable
measurement of various commodities and quantities has been important for trade and
commerce as well as for agricultural and industrial activities. The present-day drive towards
globalisation of the economy has made this to be a priority task both at national and
international levels. Modern engineering practices require sufficiently precise and fast
measurements. Science is breaking new ground in measuring the very tiny and the very big.
Therefore, an introductory course on instrumentation principles, with an appreciation of the
possible errors in the measurements, constitutes an important part of learning for both
science and engineering students.

Although many voluminous treatises on this subject are available, Dr Ghosh’s
Introduction to Instrumentation and Control is a well-focussed textbook covering the
physical principles rather than the engineering details, which can be taught in one semester
of the undergraduate curriculum. The contents of the book cover most of the requirements
of the students. Of course, each topic can become the subject of a detailed discussion. For
example, the topic of signal conditioning is by itself a vast area of research work. Students
specialising in various subjects will however find a common minimum amount of learning
in this book.

Dr Ghosh’s presentation is lucid and the style is not verbose. I am sure that the book
will be welcomed by the student community and become a success in its area.

Prof ES Raja Gopal

Emeritus Scientist

Department of Physics

Indian Institute of Science, Bangalore
Formerly, Director

National Physical Laboratory

New Delhi



Preface

I am happy to present the Fourth Edition of the book within twelve years of its first

publication.

In this edition, apart from minor additions and alterations here and there, I have
included the following new topics:

Chapter
Chapter

Chapter
Chapter
Chapter
Chapter
Chapter
Chapter

3:
5:

6:
8:
9:

Linearisation and Spline interpolation

Classification of transducers, Hall effect, Piezoresistivity, Surface acoustic
waves, Optical effects. The Piezoelectricity section has been rewritten.

Proximity sensors
Hall effect and SAW transducers

Proving ring, Prony brake, Industrial weighing systems, Tachometers

10: ITS-90, SAW thermometer
12: Glass gauge, Zero suppression and zero elevation, Level switches
13: Rewritten the section on ISFET

Also, I have added a new chapter titled Hazardous Arcas and Instrumentation
(Chapter 15).

I shall be happier if the book in its present form is found more useful by them for whom
it is written. I shall welcome any suggestion or comment on the book for its further
improvement which, as it is said, is a continuous process.

Arun K Ghosh
arunkghosh bect@yahoo.com

xi



Preface to the First Edition

Although many wonderful treatises on instrumentation have been written, this textbook is
designed to provide a comprehensive introduction to physical principles, rather than
constructional details, that can be taught in one semester of our undergraduate engineering
courses. The book is an outgrowth of my teaching experience satisfying these two criteria.
I thank the University Grants Commission at the outset for sponsoring this endeavour.

The organisation of the book is as follows. In the introductory Chapter 1, I have
stressed the fact that an instrument can be considered as a combination of a sensor/
transducer, a signal conditioner, and a suitable display/recording device. After covering the
background material concerning static and dynamic behaviours of instruments in Chapters
2 to 4, I have discussed transducers in general in Chapter 5. The text continues in Chapters
6 to 10 with a presentation of detailed treatment of transducers for the measurement of
five representative non-electrical physical quantities, namely displacement, strain, pressure,
temperature and flow. Some discussion on calibration of temperature and pressure
transducers has been included in the relevant chapters.

Next comes the topic of conditioning signals. This topic is presented in three chapters.
First, the bridge circuits are described in Chapter 11 since both dc and ac bridges are used
very commonly in measurement systems. Secondly, many linear and nonlinear processes
involved in signal conditioning are covered in Chapter 12. Thirdly, techniques for recovery
of signals from noise as well as for conversion of signals to digital forms have been discussed
in Chapter 13.

Display and recording devices constitute the last segment of an instrumentation system
and act as the man—machine interface. While discussing these devices in Chapter 14, I have
omitted many obsolete ones, for example, nixie tubes, and included only those which are
in vogue.

Just as a study of static and dynamic characteristics of instruments is an integral
component of instrumentation, I feel that some knowledge of process control and stability
is equally indispensable to gain an insight into the subject. Therefore, the concluding
Chapter 15 is devoted to this topic.

A few mathematical topics which the students should be aware of, but the inclusion
of which in the body of the text makes it cumbersome, have been included in appendices.
Also, an appendix on miscellaneous data, such as SI units, conversion of units and meaning
of various prefixes, has been added for the sake of completeness.

xiii



xiv Preface to the First Edition

I have excluded telemetry and a few very specialised instrumentation systems, such as
nuclear and cryogenic, on the plea that even an elementary knowledge of these areas is
hardly necessary in the Indian context. Nowadays, almost all the instrumentation systems
have computer interfaces and microprocessor control. I have excluded them as well because
they are subjects by themselves and one can do little justice to them by their cursory
inclusion under display and recording devices.

I have included solved problems throughout the text with a view to bringing out the
meaning of many discussions. Also, questions and problems culled from examination papers
of some universities are presented at the end of chapters. Such an exercise was undertaken
only with the objective of giving the student a feel of the ground realities about the type
of questions set in various tests.

All my endeavours will be rewarded only if this book finds any use in the teaching and
learning of instrumentation at the appropriate level. As a natural corollary to that, any
criticism and suggestions for improvement will be highly appreciated.

I am indebted to Professor ES Raja Gopal, formerly Director, National Physical
Laboratory, New Delhi (presently Emeritus Scientist, Department of Physics, Indian
Institute of Science, Bangalore) for writing a Foreword for this book. I wish to thank my
colleagues Sushanta Biswas and Sanjay Das for helping me in collecting question papers for
this book. I am also grateful to my friends Professor S K Deb and Dr Ratnabali Banerjee
who have been most helpful in making constructive suggestions. I am also very appreciative
of the help of my wife Giti who offered constructive criticism and provided constant
encouragement. Lastly, I thank my daughter Rumi who processed the entire LaTeX text
for its conversion to MS-Word format.

Arun K Ghosh
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CHAPTER 1

Introduction

1.1 Measurements

Measurements are made or measurement systems are set up for one or more of the following
functions:

1. To monitor processes and operations
2. To control processes and operations

3. To carry-out some analysis.

The functions are elaborated below.

Monitoring

Thermometers, barometers, anemometers, water, gas, electricity meters only indicate certain
quantities. Their readings do not perform any control functions in the ordinary sense. These
measurements are made for monitoring purposes only.

Control

The thermostat in a refrigerator or geyser determines the temperature of the relevant
environment and accordingly switches OFF or ON the cooling or heating mechanism to keep
the temperature constant, i.e. to control the temperature. A single system sometimes may
require many controls. For example, an aircraft needs controls from altimeters, gyroscopes,
angle-of-attack sensors, thermocouples, accelerometer, etc.

Controlling a variable is rather an involved process and as such it is a subject of study by
itself.

Analysis
Measurements are also made to
1. test the validity of predictions from theories,

2. build empirical models, i.e. relationships between parameters and quantities associated
with a problem, and

3. characterise materials, devices and components.

In general, these requirements may be called analysis.
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1.2 Instruments

Measurements are made with the help of instruments. Instruments, in general, consist of a
few elements. But before we go into the contents of a generalised instrument, let us define
what we mean by an instrument.

An instrument can be defined as a device or a system which is designed in such a way that it
maintains a functional relationship between a prescribed property of a substance and a physical
variable, and communicates this relationship to a human observer by some ways and means.
For example, a mercury-in-glass thermometer is an instrument, because it maintains a linear
relationship between thermal expansion of mercury (prescribed property) and temperature
(physical variable) and communicates this relationship to us through a graduated scale.

A generalised instrument can be schematically represented as shown in Fig. 1.1. It consists
of

1 A transducer
2 A signal conditioner and transmitter, and
3 A display/recording device.

Measured
medium

Signal Signal Display/ : V

Transducer —| conditioning —* .~ Recording —» :
) transmitter . vf{
unit device

Human observer

Fig. 1.1 A generalised instrument.

Transducer

A transducer senses the physical variable to be measured (i.e. measurand) and converts it to
a suitable signal, preferably an electrical one.

One point has to be noted in this context. All transducers extract some energy from the
measured medium which implies that the measurand is always disturbed by the measurement
system. Therefore, a perfect measurement is theoretically impossible.

We will consider transducers in general in Chapter 5 and a few representative transducers
for measurement of a few non-electrical quantities in Chapters 6 to 11.

Signal Conditioner and Transmitter

The signal generated by the transducer may need to be amplified, attenuated, integrated,
differentiated, modulated, converted to a digital signal, and so on. The signal conditioner
performs one or more such tasks. Since electrical signals have distinct advantages in this
respect, more so with the development of electronics, a signal conditioner is now basically an
electronic gadget. We will, however, discuss basics of signal conditioning in Chapter 16.

Signal transmitters are necessary for remote measurements. Remote measurements and
control, called telemetry, is a highly-developed subject. We will exclude this topic from our
consideration.
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Display/Recording Device

The purpose of this element of an instrument is obvious—to communicate the information
about the measurand to the human observer or to present it in an intelligible form. This
aspect of instrumentation is discussed in Chapter 17.

We will study the subject element-wise. But before doing that we need to study the static
(Chapter 2) and dynamic (Chapter 4) characteristics of instruments, and understand how
to estimate errors (Chapter 3) because all these matters determine the performance of an
instrumentation system.



CHAPTER 2

Static Characteristics of
Instruments

By static characteristics we mean attributes associated with static measurements or
measurement of quantities which are constant or vary very slowly with time. For example,
the measurement of emf (electromotive force) of a cell or the resistance of a resistor at
constant temperature are both static measurements.

Static characteristics of instruments can broadly be divided into two categories—desirable
and undesirable—each consisting of a few characteristics as shown in Fig. 2.1.

Static characteristics

Desirable Undesirable
Acculracy
Sensitivity Drift Dead zone  Static error
Repeatability
Reproduciblity Threshold
Hysteresis
Creep
Resolution

Fig. 2.1 Static characteristics tree.

2.1 Desirable Characteristics

The nature of these characteristics is discussed below.

Accuracy

Accuracy determines the closeness of an instrument reading to the true value of the measurand.
Suppose, a known voltage of 200 V is being measured by a voltmeter and the successive
readings are 204, 205, 203, 203 and 205 volts. So, the accuracy is about 2.5%. Here, though
the repeatability of readings is not too bad, the accuracy is low because the instrument may
be having a large calibration error. Hence, the accuracy can be improved upon by better
calibration of the instrument.
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Precision

Precision is another term which is often used in the same connotation as the accuracy. But in
reality precision is different from accuracy. In the above example, the reading can be expressed
as 204 + 1 V, which means that the precision is a little less than 0.5% in this case.

Precision is, therefore, related to the repeatability! of the instrument reading and is a
characteristic of the instrument itself. To improve the precision of an instrument, its design
and construction have to be improved upon.

Symbolically, therefore, if a denotes accuracy, p the precision and c the calibration error
thena =p+c.

Precision of a measurement also depends on what is called the number of significant figures.
An example will perhaps make the point clear. Suppose the resistance of a conductor is being
measured by an analogue ohmmeter. The ohmmeter indicates the true value, but the observer
is unable to read the exact value because of lack of graduation beyond a certain number of
decimals. Thus, though the instrument is showing the correct value, the precision of the
measurement depends upon the number of significant figures to which the observer can read
the value. And in an involved measurement where many measurands have to be combined,
the number of significant figures plays a crucial role to determine the precision of the ultimate
measurement. We discuss below this aspect in somewhat greater detail.

Significant figures

Significant figures convey information regarding the magnitude of precision of a quantity. For
example, if a measurement reports that the line voltage is 220 V, it means that the line voltage
is closer to 220 V than it is to 219 V or 221 V. Alternatively, if the reported value is 220.0 V,
it means that the value is closer to 220.0 V than it is to 219.9 V or 220.1 V. Talking in terms
of significant figures, it is 3 in the former case and 4 in the latter case. Significant figures play
an important role in figuring out the final value in an involved measurement. Suppose, four
resistors of values 28.4, 4.25, 56.605 and 0.76 ohms are connected in series.

28.4
4.25

56.605
0.76

90.015

What should be the value for the total resistance? The general tendency is to report the
result obtained by a straightforward addition, i.e. 90.015 ohms. But a close look reveals
that this result conveys a wrong information regarding the precision of the measurement. If
we signify doubtful figures by italics, it will be evident from the calculation shown above
that the value when reported as 90.0 ochms would convey the right information regarding its
precision. The simple rules arriving at such figures in mathematical manipulation of data are
now enumerated.

Addition and subtraction. After performing the operation write the result rounded to the
same number of decimal places as the least accurate figure.

1See Section 2.1 at page 9.
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Multiplication and division. After the operation round the result to the same number of
significant figures as the least accurate number.

Example 2.1
Four capacitors of values 45.1, 3.22, 89.309 and 0.48 uF, are connected in parallel. Find the
value of the equivalent capacitor to the appropriate number of significant figures.

Solution
The straightforward addition yields 138.109 uF. Rounding it off to the same number of decimal
places as the least accurate figure, namely 45.1 uF, the acceptable value is 138.1 pF.

Example 2.2
A current of 3.12 A is flowing through a resistor of 53.635 Q. Find the value of the voltage
drop across the resistor to the appropriate number of significant figures.

Solution
The straightforward multiplication yields 167.3412 V. Rounding it off to three significant
figures—the same as that of 3.12—the value to be reported is 167 V.

Sensitivity

Sensitivity is defined as the absolute ratio of the increment of the output signal (or response)
to that of the input signal (or measurand). Stated mathematically, S = Aq,/Aq; where g;
and g, are input and output quantities respectively.

Suppose in a mercury-in-glass thermometer the meniscus moves by 1 cm when the
temperature changes by 10°C. Its sensitivity is, therefore, 1 mm/°C.

The sensitivity of a voltmeter, however, is expressed in ohm/volt. A voltmeter is considered
to be more sensitive if it draws less current from the circuit which, in turn, is ensured by the
high resistance of the voltmeter that has to be connected in parallel with the circuit. For this
reason, the sensitivity of a voltmeter varies inversely with the current required for full-scale
deflection (FSD). Thus,

1(V)

Irsp (A)

where, Irgp is the current required for FSD of the meter movement.

Sensitivity = ohm /volt

Example 2.3
What is the sensitivity of a voltmeter having 50 uA FSD?

Solution
The required sensitivity is given by

Sensitivity = — = 20,000 ohm/volt

1
50 x 10
Lab quality voltmeters should have a minimum sensitivity of 20 k2 /volt.
Linearity and nonlinearity

If the functional relationship between the input quantity and the output reading of an
instrument is linear, we call it a linear instrument. For example, a mercury-in-glass thermo-
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meter is a linear instrument while a simple thermocouple arrangement for measuring

temperature is nonlinear.
The sensitivity of a linear instrument is constant while that of a nonlinear one varies from

range to range as will be evident from Fig. 2.2.

. .. \ 3
b Linear characteristic Nonlinear
characteristic

=3
~ N
2 B
= =
o) @)

Input g, i Input g;
(a) (b)

Fig. 2.2 Sensitivity: (a) linear instrument where the sensitivity is constant over the entire range, (b)
nonlinear instrument where sensitivity varies from one range to another.

A perfectly linear instrument is rather difficult to realise, because almost all the so-called
linear instruments show some deviation from linearity. This deviation may assume one of the
following three forms as illustrated in Fig. 2.3.

qi q; q,‘
(a (b) (c)
Fig. 2.3 Deviation from linearity: (a) oscillation with fixed amplitude, (b) oscillation with varying
amplitude, and (c) combined type oscillation around the best-fit straight line.

1. The actual output of the instrument may oscillate with the same amplitude around the
best-fit straight line. In this case, the nonlinearity is expressed in terms of the amplitude
(or maximum deviation). The amplitude is calculated as the + of the full scale deflection
(FSD ).

2. The actual output of the instrument may oscillate around the best-fit straight line,
but the amplitude of oscillation varies with the input value. Here, the nonlinearity is
expressed as a function of the input value. Actually, the slopes of lines connecting positive
and negative deviations are determined and the one with a higher deviation from the
best-fit line is used to express the per cent nonlinearity with respect to the input value.

3. The actual output may oscillate with a fixed amplitude around the best-fit straight line
over a certain range and then the amplitude may become a function of the input over
the rest. In that case, two computations are made—one for the fixed amplitude part and
expressed as =% of the FSD, and another for the varying amplitude part, expressed as
1% of the input value. Nonlinearity is expressed in terms of the higher value.
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Example 2.4
The output of a temperature transducer is recorded over its full-scale range of 25°C as shown

below:

Calibration temperature (°C) 0.0 5.0 100 150 200 25.0
Output reading (°C) 00 50 9.8 14.8 199 25.0

Determine (a) the static sensitivity of the device, and (b) the maximum nonlinearity of the
device.

Solution
Let  g; be the calibration temperature in °C
go be the output reading in °C
S be the sensitivity = Ag,/Ag;
D be the deviation from the calibration temperature
Al be the nonlinearity = 100D /FSD = 4D since FSD = 25°C.

Then, we have

2 (°C) Ag (°C) ¢, (°C) Ag. (°C) S D (°C) Al (%)

0.0 0.0 0.0 0.0
5.0 5.0 5.0 5.0 1.0 0.0 0.0
10.0 5.0 9.8 4.8 0.96 0.2 0.8
15.0 5.0 14.8 5.0 1.0 0.2 0.8
20.0 5.0 19.9 5.1 1.02 0.1 0.4
25.0 5.0 25.0 5.1 1.02 0.0 0.0

Thus Spin = 0.96 and maximum nonlinearity = 0.8%

So far we discussed about the nonlinearity of an output when it is expected to be linear
even from theoretical considerations. But there are cases where the output is not expected to
be linear, and we have to resort to linear approximations for convenience. For example, the
emf-temperature relation of a thermocouple can be written to a first approximation as

E = oT + BT? (2.1)

where, o and (8 are constants for a given thermocouple and T is the temperature of the hot
junction, the cold junction being kept at 0°C. For such a thermocouple, if we assume emfs are
FE; and FEs at temperatures 77 and T, and that a linear relationship exists between emf and
temperature, then

E, - E
Elinear — (ﬁ) T=dT (2.2)
E —
where, o/ = Tl—T2 In this case, the nonlinearity N may be expressed as
1— 12

N = Eactual — Elinear = (a - a/)T + 5T2 (23)

Alternatively, the nonlinearity may be defined in terms of the nonlinear term AT? in
expression (2.1). We will consider a case in Example 10.1.
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Repeatability

Repeatability is defined broadly as the measure of agreement between the results of successive
measurements of the output of a measurement system for repeated applications of a given
input in the same way and within the range of calibration of the measurement system. The
tests should be made by the same observer, with the same measuring equipment, on the same
occasion (i.e. successive measurements should be made in a relatively short span of time),
without mechanical or electrical disturbance, and calibration conditions such as temperature,
alignment of loading, and the timing of readings held constant as far as possible.

Reproducibility

Reproducibility is defined as the closeness of the agreement between the results of
measurements of the same physical quantity carried out under changed conditions of
measurement. A valid statement of reproducibility requires specification of the particular
conditions changed and typically refers to measurements made weeks, months, or years
apart. It would also measure, for example, changes caused by dismantling and re-assembling
the equipment.

Reproducibility, therefore, determines precision of an instrument. The related undesirable
characteristic is drift.

2.2 Undesirable Characteristics

As discussed before, the undesirable characteristics of instruments can be divided into three
categories—drift, dead zone and static errors.

Drift

Drift denotes the change in the indicated reading of an instrument over time when the value
of the measurand remains constant. If there is no drift, the reproducibility is 100%.

Several causes contribute to the drift. Stray electromagnetic fields, mechanical vibrations,
changes in superincumbent temperature or pressure, Joule heating of the components of the
instrument, etc. are some of the causes. In the case of suspended coil permanent magnet
moving coil (PMMC) instruments the release of internal strain of the suspension wire causes
drift of the zero-setting.

Dead Zone

Four phenomena —hysteresis, threshold, creep and resolution—contribute to the dead zone.

Hysteresis

Not all the energy put into a system while loading is recoverable upon unloading. For example,
a spring balance may show one set of readings when the weight is increased in steps and another
set of readings when the weight is decreased in steps. As a result the pointer reading vs weight
plot may have the appearance of Fig. 2.4.

The loading and unloading curves do not coincide because of consumption of some energy
by the internal friction of the solid, and also because of the external sliding friction between
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9

49
Fig. 2.4 Hysteresis effects shown in an exaggerated way.

components of the instrument. This phenomenon, which is akin to the one experienced during
magnetising and demagnetising a magnetic material, is called ‘hysteresis’.

Threshold

Suppose an instrument is in its zero position, i.e. there is no input to it. If now an input
is gradually applied to it, the instrument will require some minimum value of input before it
shows any output (Fig. 2.5).

9

54—»5 q;

Threshold
Fig. 2.5 Threshold effect.

This minimum input which is necessary to activate an instrument to produce an output is
termed its threshold.

Creep

A measurement system may take some time to adjust fully to a change in the applied input,
and the creep of a transducer is usually defined as the change of output with time following a
step increase in the input from one value to another. Many instrument manufacturers specify
the creep as the maximum change of output over a specified time after increasing the input
from zero to the rated maximum input. Figure 2.6 shows an example of a creep curve where
the transducer exhibits a change in output from R; to R over a period of time from #; to to
after a step change between 0 and ¢;. In figures this might be, say, 0.03% of the rated output
over 30 minutes.

Creep recovery is the change of output following a step decrease in the applied input to
the transducer, usually from the rated maximum input to zero. For both creep and creep
recovery, the results will depend on how long the applied input has been at zero or the rated
value respectively before the input is changed.

Resolution

Even above the threshold input, an instrument needs a minimum ¢ncrement in input to
produce a perceptible output. This minimum necessary increment is called the resolution of
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Creep recovery

g " Time

Fig. 2.6 Creep and creep recovery.

the instrument. Thus, resolution which denotes the smallest measurable change in input is
similar to sliding friction while threshold signifies the smallest initial input resembling the
static friction.

Example 2.5
An analogue ammeter has a linear scale of 50 divisions. Its full-scale reading is 10 A and half
a scale division can be read. What is the resolution of the instrument?

Solution

1 scale division = 10/50 A = 0.2 A. Thus, resolution = 1/2 scale division = (0.2/2) A = 0.1 A.

Example 2.6
The dead-zone in a pyrometer is 0.125% of the span. The instrument is calibrated from 800
to 1800°C. What temperature change must occur before it is detected?

Solution
The span is (1800 — 800) = 1000°C. The dead zone is 0.125% of 1000°C, i.e. 1.25°C. Hence,
no change in temperature below 1.25°C can be detected.

Static Errors

The tree in Fig. 2.7 depicts the classification of errors.

Errors

e

Human Random Systematic

Gross error Misuse Observational  Instrumental Environmental

Inherent Interferen Multiple  Loading
shortcomings erierences earths effects

Fig. 2.7 The error tree.
Human errors

One may see from the tree that these errors can be subdivided into the following three classes—
gross errors, misuse and observational errors.
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Gross errors. Gross errors are basically human mistakes in reading or recording values.
Suppose an instrument shows a value of 47.0 while the observer reads it as 42.0. Or, even if
he reads the correct value, records it as 41.0. Such errors can be eliminated by automation or
minimised by taking multiple readings of the same value at different times and by different
observers.

Misuse. A casual approach on the part of the operator is the cause of this error. For example,
in electrical measurements, if the leads are not connected firmly, or an ohmic contact? is not
established or if the initial adjustment such as zero-checking is not done properly, or for a
microvolt order measurement proper care is not taken to avoid thermo-emfs arising out of
junctions of dissimilar metals, etc. errors will creep in. Alertness and perception on the part
of the operator are the only remedy for such errors.

Observational errors. As distinct from gross errors or errors arising out of misuse,
observational errors are caused by the observer’s lack of knowledge in measurement methods.
Parallax is one such error. There may be many more sources of observational errors from
set-ups which depend on the so called eye estimation or human reflexes. One such example is
the measurement of time period of a pendulum by a stopwatch. Here the precision of the
measurement depends on the reflexes of the observer who clicks the stopwatch ON or OFF by
noting the position of the bob of the pendulum visually.

Systematic errors

As shown in Fig. 2.7, this error may have two possible origins—instrumental and
environmental.

Instrumental error. The instrumental error, in turn, may originate from four different causes—
inherent shortcomings, interference, multiple earths and loading effects.

Inherent shortcomings. As the name implies, this error creeps in owing to malfunctioning of
the components of instruments due to ageing, etc. For example, the spring of a galvanometer
may become weak, thus changing its calibration. Therefore, to avoid this error the calibration
of the instrument should be checked from time to time.

Interference. Thevenin’s theorem states that a network consisting of linear impedances and
voltage sources can be replaced with an equivalent circuit having a voltage source and a
series impedance, while Norton’s theorem states that such a network can be replaced with an
equivalent circuit consisting of a current source in parallel with an impedance (Fig. 2.8).

Linear
network

(a) () ©

Fig. 2.8 (a) A linear circuit and its (b) Thevenin, and (c) Norton equivalents.

21f materials to be contacted are metals, it is easy to establish an ohmic contact between them through a
proper cleaning of their surfaces. But if the contact is between a metal and a semiconductor, it is necessary
to consider their Fermi levels or else, a rectifying contact may result. For a discussion on this, see Solid State
Electronic Devices, 4th ed., by B G Streetman, Prentice-Hall of India (1993), pp 187-189.
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Let us consider a voltage transmission system having a Thevenin voltage source Vrp,
Thevenin impedance Zr, load impedance Z,, cable resistance Rc and interference voltage
Vr in series as shown in Fig. 2.9. Such interference is called the ‘series mode interference’.
Here, the current through the load is

jo YtV
Zr+Rc +ZL

O—vW\

v, oy, RS2 i

z A
R.12
AYA%AY

Fig. 2.9 Voltage transmission with series mode interference.

Therefore, the voltage across the load is

Vr +Vr

Ve — T
L Zr¥Rc+ 21

Z1 (2.4)
It is a normal practice to choose Zy, > (R¢ + Zr) to ensure maximum voltage transfer to the
load. With this condition Eq. (2.4) becomes

Ve =Vp+Vy (2.5)

Equation (2.5) shows that the output contains unabated interference or noise voltage. The
signal-to-noise ratio is defined as
S W

Vr
2 10log =2 dB = 20log -L dB
N Wy N7

where, Wg and Wy indicate signal and noise powers respectively. Thus, if Vo = 1 mV and V;
= 0.1 mV, S/N =20 dB.

Next we consider a current transmission system having a Norton current source iy along
with the same interference voltage V; in series, as shown in Fig. 2.10.

V. R.2 1

o [J2 )2

Fig. 2.10 Current transmission with series mode interference.

Then according to the rule of current division, current ¢ through the load is

1=1 Zn
~ NZN+Re + Z1
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And the interference current through the load due to interference voltage is

ir = Vi
I ZN+Rc+ 21
Therefore, the total voltage across the load is
Z N Z L

Vi =({+i5)ZL =inZL

+V;
Zn+Rc+ 7y "ZN +Rc+ 21

The normal practice is to make Zy > (Rc + Z1) so that maximum current is transferred to

the load. Then
) ZL
Vi =inZp +Vi——
ZN
Since, Z1, < Zp, the contribution of noise voltage to the output voltage is negligible in current
transmission.
Next we consider a common mode interference where a common voltage V. is added to

both sides of the signal circuit (Fig. 2.11).

o R/2 ! A
Z Vi 1 D 4
R./2
AN

B
ch

Fig. 2.11 Signal transmission with common mode interference.

Here, transmitted voltages at A and B are

Va=Ve+Vr
Ve =V,
Therefore, Vi =V4—-Vg=Vr (2.6)

Equation (2.6) shows that the common mode interference voltage V. does not affect the voltage
across the load.

Multiple earths. Although the earth potential is assumed to be zero, it may not be so
everywhere owing to existence of leakage current from heavy electrical equipment. As a
result, if a circuit is grounded at multiple points and if a potential difference exists between
those points, then series and common mode interference may occur in measurements.

Consider the situation as shown in Fig. 2.12. As before, we assume, Z;, > (Zr + Rc¢).
Hence negligible current flows through the ABCD loop.

But leakage impedances at the source Zg and receiver Zg exist and therefore a voltage
difference Vg exists between the earth points at the source and the receiver. As a consequence,
a current iy flows in the circuit CFEB. It is given by

"~ Zs+Zg+Zr+Rc/2

ig (2.7)
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v R./2
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R./2
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]2 ]2
1 Z/;‘ VL
Fl——171 O HE

Fig. 2.12 Multiple earth situation.

Previously, potentials between (A and D) and (C and B) were equal because almost no current
flowed through the ABCD loop. Now, because of ig, potentials at these points are

Vo = Ve —ig(Zg + Zs)
Ve —inZp (2.8)
Vp=Vy=Vg— iE(ZE + Zs) + Vr
Vg is common mode interference and its value is found from Egs. (2.8) and (2.7) as

B ZrVE
 Zs+Zg+Zp+ Rc/2

The series mode interference can be obtained by figuring out the voltage across the load as

Va

Vi =Va—-Vp= VE—iE(ZE + Zs) +Vpr —igZp
= [VE—iE(ZE+Zs+ZR)]+VT
ipRc

= 2 + Vp (29)
Thus, we find from Eq. (2.9) that the series mode interference is
iR VER
Vi = tphe ElC

2 2(Zs+Zg+Zgr) + Rc

To minimise Vi as well as ig, Zs and Zgr should be as large as possible. But this may not
always be possible in an industry. That may give rise to measurement error as will be clear
from the following example.

Example 2.7

In a thermocouple installation the tip of the thermocouple touches the thermowell and the
thermowell is bolted to a metal pipe which in turn is connected to one point in the earth plane.
The emf generated is taken to a receiver 500 metres away by means of a cable of resistance
0.1 ©Q per metre. The receiver is isolated from earth but a 1 V potential difference exists
between the source earth and the receiver earth. If this 1 V source has 1 Q impedance and the
impedance between receiver and earth is 10 Q while that between the source and the earth
is 10 €2, calculate the series mode interference voltage. What changes will be observed if the
receiver is earthed?
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Solution
The diagram for the problem is shown below.

ANV
R.12 \
— 10,
R.12
s AMA R
]2 ]2
i, ZL-' VE
£ 1 m
= — el =
Given,
Rc/2 = (500 x 0.1) Q =50 Q
VE=1V Ze=1Q
Zsg=10Q Zp=10%Q
Therefore,
) Vi
g =
Zs+Zp+Zp+ Rc/2
1
= =0.999 x 107% A

108 + 10+ 1+ 50

Series mode interference voltage,Vr = ig - Rc/2 = 0.999 x 1076 x 50 = 50 uV. Now, if the
receiver is earthed, Zr = 0. Then,

Ve 1

= = =0.0164 A
Zs+Zg+ Rc/2 104+1+450

ig

Therefore,
Vi =ig-Rc/2=10.0164 x 50 = 0.82 V

Thus, the series mode interference voltage increases from 50 uV to 820 mV when the receiver
is earthed.

Loading effects. We have already mentioned that any measurement involves extraction of
some energy, however small, from the measured medium changing thereby the value of the
measurand from its pristine undisturbed state. This makes perfect measurement theoretically
impossible.

This phenomenon of extraction of energy by a measurement system from the measured
medium is known as the loading effect. We will consider this effect from the standpoint of
electrical measurements.

Parallel or shunt connection (voltage measurement): Suppose the voltage across the terminals
A and B of the circuit in Fig. 2.13 is being measured in the usual way. No sooner is the
voltmeter attached to the terminals A and B, than the circuit is changed and the value of E,
is altered. The following analysis will make the point clear.
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Rs E, fL %RL@ E, E, $Z

& @ ° (b)

Fig. 2.13 Loading effect in voltage measurement: (a) schematic arrangement, (b) its Thevenin equivalent.

If Z, is the true impedance between A and B, Zj, is the impedance of the loading circuit
(here, the voltmeter), F, is the true voltage between A and B, and E, is the voltage seen by
the loading circuit, their values may be derived as follows:

(R1 + R2)R3

7 Ri+ Ry + R3
° (R +Ry)Rs
Ri+ Ry + R3

+R4+R5

Z1, = Rnm, EL=FE,—i1Z, =117 E,=i1(Z,+ Z1)

Therefore B = 2 = !
’ E, i(Zo+2Z1) 1+ (Z,/Z1)
E,
E= ———— 2.10
o L= 1Y (2./21) (2.10)

For the sake of simplicity, we made a dc analysis, but it holds true for ac as well. In fact, the
voltage is modified both in magnitude and phase in the case of ac. The point will be clear
from Example 2.11. In any case, it is clear from this analysis that the instrument will give
true result if Z;, — o0, and a reasonably accurate one if Z > Z,.

Series connection (current measurement): If AB in Fig. 2.14 is shorted, and i, is the current
flowing through the circuit, then i, = F,/Z,. When the current in the circuit is measured by
an ammeter of impedance Zy,, the current changes from i, to i;,. Now,

By inZe
 Zo+ 21 Zo+ Zrp 1+(21)Z,)

kO

Fig. 2.14 Loading effect in current measurement.

0 O I

B

Therefore, to minimise the measurement error, i.e. to make i;, — i,, it is necessary that
Zo> 7.
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Example 2.8

What is the value of current in R in Fig. 2.15(a)? If an ammeter of resistance 2 kQ is used
to measure the current what will it read? If an accuracy of 99% is desired, what should the
ammeter resistance be?

10kQ 5kO 5kQ

= g
(a) (b)
R, 5kQ
o> g
©

Fig. 2.15 Example 2.8.

Solution
Successive Thevenin-equivalents of the circuit are shown in Fig 2.15(b) and (c). From these

we find
10

= x10V=5V
10 + 10
10 x 10
Ri=10kQ |10 kQ = — =2 kQ = 5 kQ
10 + 10

Similarly,
E,=25V R, =5 kQ.
Actual value of the current through R is

E, 25

I,= —=——— mA =— mA =100 pA
TR, t5+15 T2 ™ H
The ammeter will read
E, 2.5
I = ——————mA=— mA =926 uA
LT Ro4b+15+2 0 27 H
For 99% accuracy,
1
I _ 1 — 0.99
1, 14 Ry
R, + (5+15) x 103
1
= ——=10.99
1+ _ B
25 x 103
The left hand side can be written approximately as
Ry
1-—————=1-0.01
25 x 103

= R = 25x 103 x 0.01 = 250 Q
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Example 2.9
What is the true value of the voltage across the terminals A and B (Fig. 2.16)? What would
a voltmeter of 20 kQ2/V sensitivity read on the 50 V and 10 V ranges?

500 kO
A

+
20V

500 kO

B
Fig. 2.16 Example 2.9.

Solution

Current in the circuit, I = 20/(500 + 500) mA = 0.02 mA. Therefore, E, = (0.02 x 1073 x
500 x 103) V = 10 V. But the voltmeter offers different load resistances in its different ranges.
In the 50 V range: The load resistance, Ry, = (20 x 10 x 50) Q = 10° Q. Therefore,

10
EFf=———— =80V
L 1+250X103
108
In the 10 V range: Ry = (20 x 103 x 10) = 2 x 10° Q. So,
10
Ff = ——— ~44V
L 1+250X103
2 % 105

Note: How a wrong setting of the instrument can introduce a huge error!

Example 2.10
What percentage error may be expected in measuring the voltage by the arrangement shown
in Fig. 2.17(a)?

100 kQ2 100 kO R, 100 kQ

]
o> E %9
s Z

50kQ 100kQ 100 kQ
(a) R” (b)
> = g
©)

Fig. 2.17 Example 2.10.

Solution
Computing the Thevenin equivalent of the first stage on the left, we get

, 100 x (50 + 50)

y=—————>=50Q
100 + 50 + 50
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E:
E,l———" x50
100 + 50 + 50
_Ey
4

Thus, the effective circuit becomes that as shown in Fig. 2.17(b). The Thevenin equivalent of
this circuit is

(R, + 100)(100 + 50)

R// _
° " R! +100 + 50 + 100
=750
B E! x 50
° R! 4100 4 50 + 100
E; 50
= — X —
4 300
24

The effective circuit now looks like Fig. 2.17(c). The voltage developed across the 1 kQ
resistance of the measuring instrument is

E! x 1000 1000
= o X B - — 0.9302E

Ey=-—2""" _F'x
M= Rryio00 ~° 1075

Therefore, the error in measurement is

E' — By

i % 100 = (1~ 0.9302) x 100 = 6.98%
o

Example 2.11

An oscilloscope having an input resistance of 1 MQ shunted by a 50 pF capacitor is connected
across a circuit having an effective resistance of 10 kQ (Fig. 2.18). If the open circuit voltage
has 1.0 V peak for a sine wave, what voltage will the oscilloscope indicate when the frequency

is (a) 100 kHz and (b) 1 MHz?
10 kQ <::::>

ﬁ
_‘,

G
L =
Fig. 2.18 Example 2.11.

50 pF

0

i

a—
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Solution
(a) 100 kHz setting: The relevant quantities expressed by usual symbols are:

1 1 10°
Xe = = =—0
T 2nfC 2w x 10° x 50 x 1012 7
Rr(—yX 10%(—y10° 108
ZL: L( J C): ( J )/W%—]—Q
R; — 71X, 106 — 5105 /7 T
™
EL = E, = ! = I_JE
Z, T T o
1+=— 1+ (—
1+ +10 +(35)
1—70.314
R e X 70.286 =0.954 V£ —17.4°
1.098
(b) 1 MHz setting: Here,
10* 10*
Xoe=—Q Z;,~-7—/—Q
T T
1 1—ym

Er

T i 0.092 — 70.289 = 0.303 V£ — 72.3°
T m

Note: In the second case not only is the measured voltage much lower than the actual value,
but also the phase change is substantial.
In this context of loading a measuring medium by a measuring instrument, we now discuss

an important relevant theorem, called the mazimum power transfer theorem.

Maximum power transfer theorem. This theorem states that for maximum power transfer to
the load, the Thevenin-equivalent resistance R, of the circuit should be equal to the load
resistance, Ry,.

Proof: Power transferred to the load,

- E_% - ﬂ (2.11)
R 2 ’
L (Ro + RL)
E2
9 (2.12)

Rl + (Ro/R)P
For maximum power transfer,

arP
dR;

B (1 2RL )=o0
(Ro + Rp)? R, +Ry/

or R;, = R,

Therefore,
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In the case of ac circuits,

if

Z, = impedance of the source = R, + 37X,
Z} = complex conjugate of Z,
Z1, = impedance of the load = R, + )X,

it can be shown that for maximum power transfer,

Z1, =27 =R, — 31X,

Four points have to be noted in this context:

1.

2.
3.

4.

It is obvious that as Ry, — 0, P — 0 [see Eq. (2.11)], and that as R, — oo, P — 0 [see
Eaq. (2.12)].
Pruax = E2/4AR,,.
Impedance matching is not critical, because,
P 4(Ru/R,)

Pame 1 F BL/R)1 (213)

Hence, for a 10% deviation, i.e. (Rr/R,) = 1.10r0.9, P/Ppax = 1, which means power
transfer is almost 100% for this impedance mismatch. For a 20% deviation, the
corresponding figure is nearly 99% and even for a 100% deviation the power transfer is
as much as 89%. Figure 2.19 offers a visual estimation of the amount of power transfer
vis-a-vis the impedance mismatch as judged from the present theorem.

100

—» 100P/P,,,

20

0.01 0.1 1 10 100
— R,/R,

Fig. 2.19 Impedance matching characteristics.

At R = R,, the current in the circuit I = E,/(2R,). Therefore, the power absorbed by
the load is
2

P, =1I’R, =
L o 4Ro

But, the total available power is

2 E;
Pr = I*(2R,) = ¢
(o}
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Thus, the efficiency at maximum power transfer condition is

Py, 1

P2 50%
Example 2.12
A source having an open circuit voltage of 20 V and an output impedance of (0.5 + y1) Q is
connected through a transmission network of impedance (1.5 + 74) Q. What should be the
load impedance so that the maximum power will be delivered to it? Calculate the maximum
deliverable power.

Solution

Zsource = (0.5 4+ 31) Q. Zirans = (1.5 + 34) Q. Therefore, Z, = Zsource + Ztrans = (2 + 35) Q.
Hence for maximum power transfer, Zjoaqa = Z5 = (2 — 35) Q. E, = 20 V. So, the transferred
power = 20%2/(4 x 2) W = 50 W.

Example 2.13

In a series circuit if E,, R, and Ry, are the source voltage, source resistance and load resistance
respectively, and P and Pyax are power transferred to the load and the maximum power that
can be transferred to the load respectively. Find the value of the ratio P/Pyax in per cent
when the source resistance is 50% of the load resistance.

Solution

Given, R, /R, = 2. Hence from Eq. (2.13), we have

P 4x2 8
= = — = 88.9%.
Ppax (1422 9 %

Example 2.14
A human nerve cell has an open circuit voltage of 80 mV and it can deliver a current of 5 nA
through a 6 MQ load. What is the maximum power available from the cell?

Solution

Given E, = 80 mV, I, = 5 nA and R; = 6 MQ. Now,
E,=1IL(R,+ Ry)

which gives

E, 80 x 1073 5
R,=——-Rp=|————F—-6x10°) Q=10 MQ
o=, T ( 5x109 %
Therefore, the maximum available power is
(80 x 1073)2
Ppax = —————— =0.16 nW
maX = % 10 x 106 "

Environmental error. Environmental factors, such as atmospheric pressure, temperature and
humidity affect many measurements and consequently change certain parameters. Consider
the simple length measurement with the help of a scale. Plastic scales, now very common,
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change their lengths in humid conditions, while metal scales, although enjoying immunity from
humidity, are affected by changes in temperature. Vibrations caused by running machinery or
vehicles play havoc in measurements involving highly-sensitive instruments such as electron
microscopes. Most electromagnetic instruments are affected by stray electromagnetic fields.

The remedy from such factors is, of course, controlling temperature and humidity or using
vibration-free mountings for instruments and shielding electromagnetic fields. Theoretical
corrections may be made for factors such as atmospheric pressure, gravity, etc. which cannot
be controlled.

Random error

Even if all the sources of error, as narrated above, are taken care of, some fluctuation in
the measured value remains. This fluctuation is caused by many random happenings such as
cosmic ray showers, changes in geomagnetism, thunder-cloud activities, minor earth tremors,
etc. The effect of such disturbances which we are not aware of, are grouped together and are
termed random (or residual) errors. These errors can be estimated from a statistical treatment
of data.

In the next chapter, we will consider the estimation of static errors in measurement.

Review Questions

2.1 What are the different errors encountered in measurements? Explain with suitable
examples.

2.2 Define and explain briefly the static performance parameters of instruments.

2.3 Explain, giving an example, as to why the input effective resistance of the measuring
instrument should be very high like that of a potentiometer or a voltage follower if we
want to measure temperature by a thermocouple accurately.

2.4 What are various sources of gross, systematic and random errors in a process of
measurement? How are these errors minimised?

2.5 What are various sources systematic errors? How do these errors influence the accuracy
of measurements?

2.6 The true value of a voltage is 100 V. Values indicated by a measuring instrument are 104,
103, 105, 103 and 105 volts. Find the accuracy of the measurement and the precision of
the instrument.

2.7 A voltmeter has a uniform scale with 100 divisions. The full-scale reading is 5 V and
1/5th of a division can be read. What is the resolution of the instrument?

2.8 The dead zone in a pyrometer is 0.125% of the span. The instrument is calibrated from
800 to 1800°C. What temperature change must occur before it is detected?

2.9 Define the terms accuracy, precision, resolution and sensitivity.
2.10 List the desirable and undesirable static characteristics of instruments.

2.11 Explain with an example the difference between accuracy and precision of measurement.
On what factors does precision depend? How can the accuracy be improved upon?
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2.12 Systematic errors can be classified as
(a) Imstrumental errors
(b) Environmental errors
(c) Observational errors.

Discuss the above types of errors giving suitable examples. Explain the measures taken
to minimise these errors.

2.13 Explain with example the terms ‘static sensitivity’, ‘linearity’, ‘hysteresis’ and ‘dead-
zone’ in an instrumentation system.

2.14 Choose the correct answers:
(a) A 50 Q resistor dissipates 2 W of power. The voltage across the resistor is
(i) 100 V
(i) 25 V
(iii) 12.5 V
(iv) 10V
(b) The errors committed by a person in the measurement are
(i) gross errors
(ii) random errors
(iii) instrumental errors
(iv) environmental errors
(¢) A reading is recorded as 68.0 2. The reading has
(i) three significant figures
(ii) five significant figures
(iii) four significant figures
(iv) none of the above

(d) The degree of reproducibility among several independent measurements of the same
value under reference conditions is known as
(i) accuracy
(ii) precision
(iii) linearity
(iv) calibration
(e) In an instrument the smallest measurable input is known as
(i) threshold
(ii) resolution
(iii) dead zone
(f) The threshold of an instrument is normally defined
(i) as the smallest measurable input change (non-zero value) which can be detected
(ii) as the smallest measurable input which can be detected
(iii) in terms of linearity of scale
)

(iv) as a function of drift



26 Introduction to Measurements and Instrumentation

(g) The term ‘precision’ used in instrumentation means
(i) gradual departure of the measured value from the calibrated value.
(ii) smallest increment in the measurand that can be detected by the instrument
(iii) maximum distance or angle through which any part of a mechanical system
may be moved in one direction without causing motion of the next part
(iv) the ability of the instrument to give output readings close to each other, when
the input is constant.

(h) A voltmeter connected across the 10 kQ resistor in Fig. 2.20 reads 5 V. The voltmeter
is rated at 1000 ohms/volt and has a full scale reading of 10 V.

50 kQ
Vs [ 10 kQ
Fig. 2.20

The supply voltage V; in volt is

(i) 30

(ii) 50
(iii) 55
(iv) 80

(i) Threshold of a measurement system is
(i) the smallest change in input which can be detected
(ii) a measure of linearity of the system
(iii) the smallest input which can be detected
(iv) a measure of precision of the system
(j) A common practice of reducing hysteresis error in the output for a given value of
input is
(i) to maintain a high rate of change of input
(ii) to maintain a low rate of change of input
(iii) to take observations either in the ascending or in the descending order
(iv) to take observations both in the ascending and descending orders and then take
average value of the output

(k) The power supplied by the voltage source in the circuit, shown in Fig. 2.21, is

3Q
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(i) oW
(ii)) 1.0 W
(iii)) 2.5 W
(iv) 3.0 W
() The current I supplied by the dc voltage in the circuit, shown in Fig. 2.22, is

1

1V 1Q 1A

Fig. 2.22

2.15 Why is the linearity of an instrument an important specification? How is it expressed?

2.16 An ammeter has a range of 0 to 30 A. The instrument gave the following readings:

Current flow (A) 0 5 10 15 20 25
Ammeter reading (A) 1 4 12 14 22 28
The nonlinearity of the instrument in terms of full scale reading (FSR) = ... % FSR

2.17 Define (any four) of the following:
(a) Instrumental error
(b) Limiting error

(¢) Calibration error

(e) Random error

)

)

(d) Environmental error

)

(f) Probable error

2.18 A circuit arrangement consists of a dc voltage source of 150 V in series with two resistors
of value 100 k2 and 50 k2 respectively. It is desired to measure the voltage across the
50 k< resistor. Two voltmeters are available for this measurement: Voltmeter 1 with a
sensitivity of 1 kQ/V and Voltmeter 2 with a sensitivity of 20 kQ2/V. Both meters are
used on their 50 V range. Calculate

(a) The reading of each meter, and

(b) The error in each reading expressed as a percentage of the true value.
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2.19 In the circuit shown in Fig. 2.23, the voltmeter is connected across AB. If the voltmeter
has a resistance of 1200 €2, the measured value differs from the true value by ... V.

200Q A
—

|
40V 300 Q <V>
i

B
Fig. 2.23
2.20 Match the terms and their definitions:
(a) Accuracy (e) The ability to display the same reading when measuring
a quantity
(b) Sensitivity (f) Smallest perceptible change in the output
(c) Repeatability (g) Error between the measured value and the absolute value
(d) Resolution (h) Closeness of the measurement to the mean value

(i) Ratio of change in the instrument reading to the change in
the measured quantity



CHAPTER 3

Estimation of Static Errors and
Reliability

While reporting a measured value of a quantity, it is necessary to indicate the possible error
in the measurement. A question may be asked, how do we estimate a measurement error?
Before going into that, let us define a few necessary parameters.

3.1 Definition of Parameters

The parameters we need to define are
1. Error
2. Scale range
3. Scale span
4. Limiting error
5. Probable error

Error

If X,, is the measured value of the quantity, and X; is the true value of the quantity then the
absolute static error is defined as
€0 = |Xm - th

Often a relative static error is reported. Its definition is

| Xm— Xi| &0
_ Xm = Xe| G0 3.1
&r X, X, (3.1)

Mostly, an error is much less than the true value making ¢, < 1. Now from Eq. (3.1), we get

X

m
= ——1
TR,
X
t 1+5r m( 67)

While defining the absolute and relative static errors, we have used the term true value. The
questions are, what is the true value of a physical quantity and how do we know it? It is said

29
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that if we make an infinite number of measurements with the help of a calibrated measuring
instrument and observe that the individual measurements agree between themselves within a
specified degree of accuracy, we may assume that the measured value is the true value of the
quantity.

Scale Range

The terms scale range is defined as follows. If Xy, and X pnax are the minimum and maximum
values that an instrument can measure, then

Scale range = Between Xpin and Xpmax

Sometimes, the dynamic range of an instrument is specified.
Dynamic range

The dynamic range is defined as

Range of operation

Dynamic range N =
y € Resolution

It is a common practice to specify dynamic range in dB as
Dynamic range = 20log;, N

Thus, an instrument having a 40 dB dynamic range means that it can handle input sizes of
100 to 1.

Example 3.1
A voltmeter has a range of [4 V, 20 V] and a resolution of 1 mV. The dynamic range of the
instrument is

(a) 21 dB (b) 60 dB (c) 72 dB (d) 84 dB
Solution

The range of operation of the instrument is (20 — 4) = 16 V and the resolution is 1 x 1073 V.
So,

16
Dynamic range = 20log Tx10=3 — 84dB

10
Therefore, the answer is (d).

Scale Span

If Xmin and Xmax are the minimum and maximum values that an instrument can measure,
then the scale span is defined as

Scale span = Xmax — Xmin

Example 3.2
A voltmeter is calibrated between 10 V and 250 V. The scale span and scale range are
respectively

(a) 250, 250 (b) 240, 250 (c) 250, 240 (d) 240, 240

Solution
The nearest answer is (d). But it is better said that the scale range is 10 to 250 V.
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3.2 Limiting Error

Suppose the length of a rod is being measured with the help of a vernier scale which has
a vernier constant of 0.1 mm. One may measure the length only once by the vernier scale
and report value as L £ 0.1 mm, if the measured value is L mm. This reported error is
called the limiting error (or guarantee error), because this is the maximum error which might
have occurred during the measurement, assuming that the vernier scale has no calibration
error. Many components (e.g. resistor, capacitor) or instruments are sold by manufacturers
with some limits in their values or readings and indicated by gold or silver bands. These are
limiting errors of the components.

Probable Error

Alternatively, in the foregoing example, one may measure the same length a number of times,
take the arithmetic mean of the values obtained, calculate the error by one of the statistical
methods (discussed later) and report the value as L £ AL mm. This error may be termed
probable error.

Estimation of limiting error for a single measurand is pretty simple, though it may be a
bit involved for a measurement involving many measurands each having its own limiting error,
while for probable errors even a single measurand demands attention.

We will take up both these methods of estimation one after another. It will be seen that
the statistical treatment offers a more optimistic picture in the final analysis.

Combination of Limiting Errors

Suppose u and v are measurands and X is the final result. For simplicity we consider two
measurands only though it is easy to generalise the results for many measurands. A few
fundamental mathematical operations such as addition, subtraction, multiplication, division,
raising to powers which connect the measurands to the final result are individually considered
below.

Addition and subtraction. Here, X = v+ v. Then

ﬂ_duidv udu:l:vdv

X X X Xu Xov
But because errors are £6u and +év, we have for both addition and subtraction,

SX—:I: u5u+v5v
X Xu Xovw

Multiplication and division. Here, either X = uwv or X = u/v. Taking logarithm of both sides,
the two cases can be written as
InX=Inuxlnv

Taking differentials, we get
dX du " dv

X U v
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But, because of the nature of the errors as stated before,

0X ou v
(=4 =
X (u+v>

Indices. Say, X = «™v"™. On logarithmic differentiation,

dX du dv
- = - + n—

X mn U v
Hence,
0X " m6u +n5v
X U v
Example 3.3

Three resistors have the following values: R; = 200 Q + 10%, Ry = 100 Q + 5% and
R3 = 50 Q=+ 5%. Determine the magnitude of the resultant resistances and the limiting errors
if they are connected in (a) series, and (b) parallel.

Solution SR SR SR
() R=Ry+ Ry + R3 =350 Q. —~ = 0.1 and —2 = —2 — 0.05.
Ry R, Rs

Therefore,
R  R10Ry  R20R; R30R3
R R R, R Ry R R3

_ 299061y + 22%0.05) + 22 (0.05) = 0.079
T 350 350 350 7
Thus, R = 350 Q 4+ 7.9%.

11 117
b)Here — = — + — + — = —_ H R~286 Q.
(b) Here = = 505+ 100 * 50 ~ 200" Hee®

(7)) lw) (=)

dR _dR, dR;  dRs

which gives =— 4+ —+ —
R? R? R2 RZ

Therefore,
SR RG&R, RGOSRy, R ORs
R Ri R, Ry R R3 Rs
28.6 28.6 28.6
Thus,

R=286Q+57%
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Example 3.4
The following are the data for a Hay’s ac bridge: R; = 1000 Q £ 1 part in 10,000,
Ry, = 16,800 © £ 1 part in 10,000, R3 = 833+ 0.25 Q, C = 1.43+ 0.001 uF. If frequency of
the supply voltage is 50 &= 0.1 Hz and the formulae for L and R in the balanced condition of
the bridge are

L — CR]_R2 and R — R1R2R302w2
1+ w2C2R2 1+ w2C?R2

determine the values of L and R of the coil and their limits of error.

Solution
6R; OR
Given: —1 _ 2 _ 1 part in 10,000 = 0.01%
Ri R,
§Rs 025
=8 = 22 % 100% = 0.03
R, 833 < 100% %
§C 0.001
= = 100% 2 0.07
c 143 X 100% %
sw 0.1
& 22 % 100% = 0.2%
w 0
(1.43 x 1076)(1000)(16800)
Th L= ~2]1.1H
1S 1+ (1007)2(1.43 x 10-6)2(833)2
§L _6C 6R, O6Ry, _6Rs _bw
R R ot i Y R AT had
I °ct R TR TR %W
= [(3 x 0.07) + 0.01 4+ 0.01 + (2 x 0.03) + (2 x 0.2)]% = 0.69%
Therefore, L=21H+0.69%
. (1000)(16800)(833)(1.43 x 10~)2(1007)?
Similarl = = 2477 Q
Harly, 1+ (100m)2(1.43 x 10-9)2(833)2
SR 6R, &R, _6Rs 6C 6w
a2 e RES: Qs Y B it
R R R R, PO TS
=[0.01 + 0.01 + (3 x 0.03) + (4 x 0.07) + (4 x 0.2)]% = 1.19%
Therefore, R=2477 Q+1.19%
Example 3.5

A 0-10 ampere ammeter has a guaranteed accuracy of 1% of the full-scale deflection. The
limiting error while reading 2.5 A is

(a) 1% (b) 2%
(c) 4% (d) none of the above
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Solution
The full-scale deflection is 10 A. Therefore, the guaranteed accuracy is 10 x 1% = 0.1 A. A 0.1
amp error in 2.5 amp amounts to

0.1

— x100=14

2.5 %
Therefore, the correct answer is (c).

Example 3.6
What is the percentage error in the measurement of kinetic energy of a body if percentage
errors in the measurement of mass and speed are 2% and 3% respectively?

Solution
We know that the expression for kinetic energy is
19

E=§mv

Taking logarithm of both sides and then differentiating, we get

O0FE om ov
= _ +2—

FE m v
= 0.02 + 2(0.03) = 0.08

Thus, the required error is 8%.

Method of Equal Effects

The most general method of finding what is called the mazimum possible error (or absolute
error) is as follows. If

X:f(pvqara"')

where p, ¢, r are individual measurands, then the maximum possible error AX of the quantity
X is given by
of of of
AX =|—6 —4 —&
‘ apF| " g q‘ i ‘ or

where 0p, dq, Or are measurement errors of variables p, ¢, r.

Pl (3.2)

i

3.3 Statistical Treatment

As pointed out earlier, one has to resort to statistical methods to estimate random errors even
for only one measurand. Statistical treatments are carried out on two kinds of samples—multi-
sample and single-sample. By multi-sample test it is meant that the data have been acquired
by different instruments, different observers and different methods, while the single-sample
test signifies that instrument, observer and method remaining the same, the data have been
acquired at different times.

Without going into details of the statistical methods and their mathematical backgrounds
we consider only those aspects which are of importance to us in processing of data.
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Suppose, we have measured the heights of 200 students of a college with the height of each
student recorded in inches. A student’s height may be any value such as 62.35 inches. It
does not make sense to figure out how many students have heights of 62.35 inches. It may so
happen that we may not find another student exactly 62.35 inches tall. It is better if we divide
heights within a few ‘class’es or ‘cell’s such as 56-58 inches, 58-61 inches and so on. The cell
demarcation is arbitrary, but we care to see that each cell possesses a midpoint which is a
convenient whole number. Let the grouped data so obtained be graphed as given in Fig. 3.1.

80+
704

60

504

40

Frequency

304

204

10+

0 [ —

51 54 57 60 63 66 69 72 75 78 8l
Height

Fig. 3.1 Frequency distribution of the height of 200 students.

This graph is called the frequency distribution or histogram. Next, the question arises as
to how we can characterise the frequency distribution of a sample with a single descriptive
measure, or simple statistic. In fact, there are two highly useful descriptions: one is the central
point of the distribution and the other is the spread.

Measures of Central Tendency

Statistically speaking, a central point or average is a value which is typical or representative of
a set of data. Since the average tends to lie centrally within a set of data arranged according
to magnitude, it is also called the central point or a measure of central tendency.

Generally six types of averages are defined. They are:

Mode

Median

Arithmetic mean or simply, mean
Geometric mean

. Harmonic mean, and

ISR o

. Root mean square
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Mode

Mode is defined as the most frequent value. In the frequency distribution of heights of students
(Fig. 3.1), the mode value is 66 inches.
The mode may not exist, or even it does it may not be unique.

Example 3.7
What are the mode values for the following three sets?

(a) 2,3,5,6,9,10, 10, 10, 11, 12, 12, 14, 18
(b) 3,5,6,9,10, 11, 12, 14, 18
() 2,3,5,5,5,6,9,10, 11, 11, 11, 12, 12, 14, 18

Solution
The mode of set (a) is 10. Set (b) has no mode.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>